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Summary 

Introduction 

Dietary supplements are nutritional complements which ingested in conjunction with a 

healthy diet may improve health and/or sports performance. By their own definition, these 

substances are legal and not banned by international agents such as the World Antidoping 

Agency. Accordingly, these products are free-sale, which makes them highly popular between 

different athletic populations. 

As it is presented in chapter 1 capsaicinoids are a group of compounds naturally found 

in spicy fruits like chili peppers. Due to their clinical and ergogenic potential applications, new 

scientific research has been conducted around these compounds in the last two decades. Over 

the last decade, another group of capsaicinoids analogues called capsinoids has also been 

studied to reduce the discomfort generated when capsaicin is orally ingested. Capsinoids are 

mainly found in CH-19 Sweet peppers, a type of non-pungent peppers which have been 

genetically modified to eliminate the natural spiciness of capsaicinoids. Both substances, 

capsaicinoids and capsinoids, interact with the transient receptor potential vanilloid 1 (TRPV1), 

which exerts the most important physiological functions of these substances. However, 

capsinoids are well-documented as a poor bioavailable group of compounds. Moreover, after 

their ingestion, capsinoids are rapidly metabolized and conjugated, resulting in non-detectable 

circulating levels in the bloodstream. By contrast, after their ingestion, different capsaicin 

formulations have a fast effect on different tissues, such as the small intestine, liver, and 

stomach, which may be extrapolated to peripheral tissues such as the skeletal muscle. On the 

other hand, the use of oral capsaicin has been reported to be conflictive due to its pungent 

characteristics that can increase the risk of discomfort during exercise. Therefore, the 

formulation of new capsaicin analogues that can reduce the optimal physiological dose seems 

to be a priority approach on this field. For this reason, during the last years a new group of 

synthetic analogues of traditional capsaicin known as “capsaicyns” has been developed. Among 

these substances it is found one of special interest called phenylcapsaicin (PC), which has 

emerged as an alternative to traditional oral purified capsaicin supplementation. PC is a 

microencapsulation of 98% of PC and 1-1.5% lipidic excipients and cellulose as primary 

metabolic vehicles. 

In addition, as it was aforementioned, TRPV1 agonist drugs have exhibited 

improvements on several pathophysiological conditions, such as chronic musculoskeletal and 

neuropathic pain, gastrointestinal disruptions (e.g., gastroduodenal mucosal injury) and 
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metabolic disorders (e.g., overweight). On the other hand, sport performance seems to be 

enhanced through lower ratings of perceived exertion, reductions on discomfort and an increase 

on mechanical performance (e.g., total volume load). In this regard, the physiological effects of 

capsaicin are mediated by reductions in inflammatory hyperalgesia, downregulating voltage-

activated calcium channels, and influencing thermoception, being all of them common links 

between healthcare and performance fields. TRPV1 are presented in small diameter nerve fibers 

which are involved in the processing of nervous signals. Accordingly, in the peripheral nervous 

system TRPV1 are mainly found in III and IV afferent nerve fibers, a type of peripheral afferent 

fibers linked to the development of central fatigue by affecting both supraspinal and spinal 

levels of the nervous system during different tasks, as well as to the detection of a large variety 

of nociceptive stimuli. 

Although the mechanisms presented in this section may be relevant to the sports 

performance field, current direct research on humans’ performance is scarce. In this regard, 

Before the research intervention of this doctoral thesis was conducted, only 5 studies had 

evaluated the impact of capsaicinoids or capsinoids supplementation on resistance training 

outcomes in humans. Overall, the findings of these studies suggest a positive impact of 

capsaicinoids and capsinoids on strength endurance until exhaustion and the perceptual 

responses to resistance training. In this sense, these substances provide a “counter-fatigue” 

effect driven by their analgesic improvement in pain and discomfort through their TRPV1 

interaction and the enhancement of muscle contraction due to the increase of calcium release 

from the sarcoplasmic reticulum. For instance, in a previous study, the group that ingested 

purified capsaicin (12 mg) performed more repetitions in all the sets of a 4x70% of one 

repetition maximum (1RM) back squats (SQ) protocol until muscle concentric failure. This 

effect elicited a significantly increase in the total volume performed in the supplementation 

condition (measured as total weight lifted). 

The literature addressing the effects of capsaicinoids or capsinoids on high-intensity 

interval training is negligible. To date, only two experiments have evaluated this type of 

exercise under these substances’ supplementation. The first study showed a lack of an ergogenic 

effect on a repeated sprints protocol, which contrasts with the findings of the second study.  In 

this second study, it was reported an enhancement in the number of efforts performed and the 

time to reach 90% of oxygen uptake consumption peak (VO2 peak) without changes in VO2 

values after 12 mg of purified capsaicin supplementation in a high-intensity interval exercise. 

The neuromuscular improvements of capsaicin increase in 13 extra efforts and 188 s extra time 

the task in the supplementation condition compared to placebo. Furthermore, overall-body 



 

 

15 

ratings of perceived exertion (RPE-OB) was maximum in both groups, which suggests that 

capsaicin improves the total number of efforts until exhaustion or reduces the neuromuscular 

effort when volume is matched. However, in spite of the positive effect of capsaicin in 

peripheral neuromuscular performance, how it impacts on sport bioenergetics and central 

adaptations to exercise remains unclear. 

Finally, the metabolic and bioenergetic impact of capsacicin and its analogues is poorly 

studied in the current literature. In this regard, only two studies have reported the metabolic 

effects of a capsaicinoids or capsinoids on substrate oxidation in healthy individuals. In the first 

study, participants exhibited equal respiratory exchange ratios (RER) after ingesting 12 mg of 

capsiate supplementation during cycling exercise performed at 70% of the maximal aerobic 

speed. In the second study, a meal with 10 g of hot peppers (i.e., without standardizing the 

active agent) 2.5 hours prior to 1 hour of aerobic exercise at 60% VO2peak showed an increase 

in RER compared to placebo. In addition, only one study has addressed substrate oxidation 

standardizing maximal fat oxidation (MFO), which is critical for a real objective evaluation of 

these variables. However, this study was conducted in overweight participants, which may not 

be extrapolated to other populations due to the reduced metabolic flexibility of this population. 

 

Aims 

The main aim of this doctoral thesis research project was to assess the potential use of 

different doses of PC to enhance physical performance and to reduce mechanical, metabolic, 

biochemical, perceptual and electrophysiological fatigue in different exercise interventions. 

Before the start of this research project, two preliminary studies were conducted to evaluate the 

supplementation patterns of national trained athletes and to systematically aggregate the impact 

of capsaicinoids and capsinoids supplementation in prior studies. With the development of the 

three studies of this doctoral dissertation, the descriptive, physiological, perceptual and 

mechanical gaps presented in the introduction section have been assessed.  

The design, methodological aspects, main results, and conclusions of each of the three 

studies that are part of this doctoral thesis and also justify the original contribution of the author, 

are presented hereunder. 

 

First study: Effects of phenylcapsaicin supplementation on mechanical performance and 

neuromuscular activity 

This study was conceived as a randomized, triple-blinded, crossover, placebo-controlled 

trial with the purpose of addressing the neural and mechanical responses to resistance exercise 
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after PC supplementation. The whole development of the present study is presented in chapter 

2. Twenty-five 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, 1RM normalized to body mass = 1.64 ± 0.22) with at 

least two years of experience in resistance training (range = 2-5 years) were enrolled to this 

study. Participants performed each session at the same individual time of the day under stable 

environmental conditions (22-24 ºC and 55% humidity). 

Two weeks before the beginning of the study, participants were anthropometric (body 

mass and height), 1RM and load-velocity relationship in SQ tested. Then, participants 

completed three experimental conditions, each one composed of a main session and a 24 hours 

second session (post-24h). The three experimental conditions were identical with the only 

difference of the supplement ingested. In addition, participants 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, participants completed a SQ protocol that consisted of three sets of 

eight repetitions at 70% 1RM. Before (Pre), immediately after (Post), and 24 hours after (Post-

24h) the SQ protocol, a battery of tests was conducted to analyze the fatigue induced by each 

condition: Countermovement jump (CMJ), two SQ repetitions with 60% 1RM, and maximal 

isometric SQ at 90º, in that order. Since it is important to standardize temporalization to measure 

the acute responses, the tests were conducted in the following time points at Post: CMJ (one-

minute post-exercise), SQ with 60% 1RM (two minutes post-exercise), and isometric SQ (three 

minutes post-exercise). Electromyographical assessment of each session was recorded while 

participants were performing the SQ tests. Supplements and placebo were prepared and 

packaged by a non-involved researcher in independent installations. To ensure the triple 

blinding, each package was encoded with a number from one to three. Packages were not 

unblinded until a third-party statistician performed all the analyses. Supplements were 

composed of a HD of PC (2.5 mg), LD of PC (0.625 mg) or PLA and were ingested 45 min 

prior to the first session. 

A two-way repeated measures analysis of variance (ANOVA) (condition x time) with 

Bonferroni post-hoc was used to explore the effect of the interventions (LD, HD, PLA) across 

time on the magnitude of each dependent variable and to address whether an order effect is 

presented. A one-way repeated measures ANOVA was used to compare the total volume load. 

Statistical significance was established at p ≤ 0.05. 

Two-way repeated measures ANOVAs did not reveal any condition x time interaction 

(p range < 0.26 to 0.69). However, a significant time effect for root mean square (RMS) at 60% 

1RM, median frequency (MDF) at isometric SQ, MDF at 60% 1RM, and MDF during the SQ 



 

 

17 

protocol (p range < 0.001 to 0.006) was observed. Post-hoc Bonferroni for time only revealed 

significant differences at 60% load RMS for 1/2 sets (p = 0.01; d =1.11) and 2/ 3 (p = 0.006; d 

= 1.19) sets comparisons. 

Regarding the SQ test with 60% 1RM, the two-way repeated measures ANOVAs did 

not reveal significant condition × time interactions (p range = 0.74 to 0.95). However, 

significant time effect (p < 0.001) and condition effect (p = 0.03) for mean propulsive velocity 

(MPV) was observed. Moreover, the two-way repeated measures ANOVAs did not reveal 

significant condition × time interaction (p range = 0.09 to 0.89), or significant differences for 

time (p range = 0.06 to 0.78), or condition (p range = 0.19 to 0.97) for any of the isometric 

outcomes. 

Two-way repeated measures ANOVA revealed significant condition x time interaction 

for CMJ height (p < 0.01) and a condition main effect (p < 0.001). Post-hoc Bonferroni tests 

showed that HD attained higher CMJ height than PLA (p < 0.001; d = 0.72) and LD (p < 0.001; 

d = 0.37). 

One-way repeated measures ANOVAs reported no significant differences between 

conditions for total volume load (F = 1.09, p = 0.35). The two-way repeated measures ANOVAs 

did not reveal significant condition × time interaction for any variable (p range = 0.12 to 0.98). 

However, it revealed significant time effects (p range = 0.001 to 0.008) for all the outcomes 

analysed. Moreover, a significant condition effect was observed for 60% load (p = 0.03), MPV 

(p = 0.02)] and Velocity loss [VLoss (p = 0.04)]. Bonferroni post-hoc revealed no significant 

differences for conditions ((p range = 0.06 to 0.07). Post-hoc Bonferroni 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 to 0.73). However, between sets 1 and 3, Bonferroni post-hoc time analyses only 

reported significant differences for mean 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). One-way ANOVA for intra-set analysis revealed 

significant differences in repetitions 13, 15, 16, 17, 23, and 24 in favor of HD and LD (p range 

= 0.03 to 0.04). 

The results of the present study suggest that acute PC ingestion may be considered as 

ergogenic aid (2.5 mg) for dynamic resistance exercise sessions when more than 1 exercise is 

performed. Consistently, mechanical fatigue after a submaximal exercise may be delayed and 

attenuated by PC. In addition, further research must deeply examine if neural mechanisms 

underlying capsaicinoids ergogenic impact exist. 
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Second study: Effects of phenylcapsaicin on muscle damage, protein breakdown, recovery 

and perceptual responses 

A randomized, triple-blinded, placebo-controlled crossover trial was used to explore the 

effects of PC on resistance training performance, muscle damage [aspartate aminotransferase 

(AST)], protein breakdown (urea) and metabolic (lactate), as well as perceptual responses. 

These findings are presented in chapter 3.  

Participants attended the laboratory twice per week for a total study duration of three 

weeks. Each week of the study consisted of a main experimental session and a follow-up 

session. For each condition, six capillary blood extractions, a warm-up, a SQ testing protocol, 

and a 24-hour recovery and muscle damage follow-up session were performed. All procedures 

were completed at the same time of the day and under stable environmental conditions for each 

participant. 

Twenty-five healthy men (age = 21.0 ± 2.2 years, body mass = 76.5 ± 9.5 kg, height = 

176.4 ± 7.5 cm, SQ 1RM normalized to body mass = 1.66 ± 0.22) enrolled voluntarily to this 

study. Of the total sample, 2 participants dropped out of the study, 1 due to causes not related 

to the study and the other after the placebo session. All participants were resistance-trained men 

with at least 2 years of experience (experience= 3.61 ± 1.43 years). Exclusion criteria comprised 

cardiovascular, neurological, physical and/or metabolic disorders that may disturb the primary 

outcomes. To ensure blinding, supplements and placebo were encapsulated and packaged with 

numbered labels by an independent researcher (i.e., not involved in the study). Packages and 

capsules were indistinguishable in appearance, smell and taste and their content was only 

revealed after an independent researcher performed the statistical analyses. Supplements were 

composed of a HD of PC (2.5 mg), LD of PC (0.625 mg) or PLA and were ingested 45 min 

prior to the first session. 

One week before the beginning of the study, SQ strength and anthropometric 

measurements (i.e., body mass and height) were tested for all participants. Participants were 

asked not to consume alcohol, caffeine, or other ergogenic aids. Besides, they could not to 

perform intense exercise or modify their macronutrients distribution, calorie intake and food 

selection 24 and 48 hours before each session.  

A two-way repeated measures ANOVA (condition x time) was used to explore the effect 

of the interventions (LD, HD, PLA) across the time on the magnitude of each dependent 

biochemical and perceptual variable. Bonferroni post-hoc comparison was performed when 

ANOVA significance was reached. A one-way repeated measures ANOVA was used to 
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compare velocity analyses. If non-parametric data was examined, Friedman and post-hoc 

Wilcoxon were used instead. Statistical significance was set at p ≤ 0.05. 

The results of the present study exhibit that lactate and urea absolute changes (pre-post 

comparisons) were significant for time (p < 0.001), although there were not found differences 

for condition (F = 1.49, p = 0.23) or condition × time interaction (F = 0.94, p = 0.34). For AST, 

it was revealed a significant difference in favour of HD in the post-values (p = 0.03). Post-hoc 

test revealed significantly higher post-levels of AST for PLA compared to HD (p = 0.02). 

Movement velocity outcomes were significant for mean velocity and maximal velocity 

loss (p range ≤ 0.001 to 0.05) for HD. Bonferroni post-hoc comparisons revealed significant 

differences between HD and LD for maximal VLoss (p = 0.008) and it was almost achieved 

between HD and PLA for the mean velocity variable (p = 0.06). The magnitude of the 

differences between the different conditions ranged from negligible to large.  

Concerning ratings of perceived exertion, RPE-OB reported significant differences for 

time (F = 49.00, p < 0.001) but not for condition (F = 2.77, p = 0.07) or condition × time 

interaction (F = 1.339, p = 0.26). However, Bonferroni post-hoc analyses revealed no 

significant differences. For active muscle ratings of perceived exertion (RPE-AM), both 

condition (F = 9.19, p < 0.001) and time (F = 36.154, p < 0.001) reached significant differences 

but not condition × time interaction (F = 0.553, p = 0.70). Bonferroni post-hoc analyses showed 

significant differences for all time comparisons (p range ≤ 0.001 to 0.002) and for comparisons 

between PLA and HD (p = 0.004) and between HD and LD (p = 0.02). On the other hand, it 

was not found significant differences between conditions for perceived recovery status (PRS) 

(F = 0.698, p = 0.46).  

Overall, the results of the present study suggest that a HD (2.5 mg) of PC 

supplementation ingested 45 minutes before exercise may increase SQ performance and reduce 

muscle damage, as well as peripheral quadriceps perceived exertion in strength-trained 

participants in comparison to a LD (0.625 mg) and PLA.  Therefore, the ergogenic effect of PC 

may appear after a “dose” threshold is reached. 

 

Third study: Effects of phenylcapsaicin on substrates oxidation, energy expenditure, 

metabolic, perceptual and thermal responses during exercise 

A randomized, triple-blinded, placebo-controlled crossover trial was used to analyze the 

effects of PC on energy expenditure and substrate oxidation, skin body temperature, heart rate 
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and perceptual responses to submaximal steady-state and maximal effort cycling tests. This 

study is further presented in chapter 4.  

In this research project, participants attended the laboratory four times, separated by 72-

96 h to ensure a complete recovery from central and peripheral fatigue. Before the preliminary 

session, participants were anthropometric (i.e., height, body mass, % muscle, % body fat) and 

sociodemographic characterized. Then, a submaximal incremental exercise test followed by a 

maximal effort incremental test, were conducted in a preliminary session. The submaximal 

exercise test was used to determine the MFO and the cycling power values (W) at MFO 

(FATmax intensity). The maximal effort test assessed maximal oxygen consumption (VO2max) 

and the maximal cycling power achieved during the test. The three experimental sessions were 

identical, only differing in the supplement (PLA, LD of PC, and HD of PC), which was 

administered 45 min before the first cycling task. In each experimental session, participants 

performed a steady-state test (60 min at FATmax) followed by a maximal incremental effort 

test (25 W increments every min until volitional exhaustion). Each participant was constantly 

tested at the same time of the day and under similar environmental conditions. 

To ensure the detection of differences 17 physically active males were enrolled in the 

study. Participants enrolled in the study through a poster that was shared on social media. None 

of the participants reported any physical limitation or health condition that could compromise 

cycling performance. Participants were instructed not to perform any intense physical exercise 

during the two days preceding each visit to the laboratory and from consuming stimulant 

beverages or any dietary supplement within 24 h preceding each testing session. To ensure intra 

and inter-individual reliability in metabolic variables like fat oxidation (FATox), dietary intake 

was standardized at least 6 hours previous to exercise testing. For this purpose, participants 

performed each test with at least 6 hours of fasting prior to the start of each session and the last 

meal before the fasting period was standardized with 45 g of maltodextrin powder and 30 g of 

protein powder for all participants. 

Concerning the supplements used, the contents of the capsules were as follows: a LD of 

0.625 mg of PC, a HD of 2.5 mg HD of PC, and a PLA composed of maltodextrin and 

excipients. Supplements and placebo were encapsulated and packaged with alphanumeric labels 

to ensure blinding. Accordingly, an independent technician (i.e., not involved in the study) 

prepared the capsules in the original producer´s industry. 

A two-way repeated measures analysis of variance ANOVA (condition x time) was used 

to analyse the effect of the supplementation (LD, HD, PLA) across the time on each dependent 

metabolic, performance, and perceptual variable. A Bonferroni post-hoc comparison was 
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performed when ANOVA significance was reached. A one-way repeated measures ANOVA 

was used to compare intra-test effects for each stage and for the maximal metabolic values of 

the steady-state test. For non-parametric data, Friedman`s test and post-hoc Wilcoxon 

corrections were used instead. Statistical significance was set at p ≤ 0.05. 

For circulating lactate levels, overall-body (RPE-OB), active muscle (RPE-AM) ratings 

of perceived exertion and heart rate significant differences were not reported among conditions 

(p range = 0.08 to 0.56). However, significant differences were found for time in the heart rate, 

RPE-OB, and RPE-AM variables (p < 0.001). Bonferroni post-hoc analyses revealed significant 

differences for all time comparisons (pre, '30' and '60') in heart rate, RPE-OB, and RPE-AM (p 

range < 0.001 to 0.004). Significant condition x time interaction was only found for RPE-OB 

due to higher values in LD compared to PLA (d = 27) and HD (d = 0.27).  

Significant differences in skin body temperature (p = 0.27) or mean heart rate (p = 0.24) 

were not detected for the condition analyses. Moreover, maximal carbohydrate oxidation, 

energy expenditure and RER did not differ between conditions (p ranged from 0.10 to 0.77). 

However, significant differences were found for maximum heart rate (p = 0.03) and MFO (p = 

0.05), in favor of HD. Nevertheless, Bonferroni post-hoc did not reveal differences between 

conditions in any of the outcomes (p range = 0.09 to 0.99; d range = 0.20 to 0.31).  

Significant differences for condition were not reported for any of the American Society 

of Heating, Refrigerating, and Air Conditioning Engineers (ASHRAE) outcomes measured (p 

range = 0.17 to 0.78; ƞp² range = 0.01 to 0.12). However, significant differences were reported 

in time for all the variables (p < 0.001; ƞp² range = 0.52 to 0.73). A significant condition x time 

interaction was found for the clavicle (p = 0.04; ƞp² = 0.16) area due to the lower value of HD 

in comparison to LD an PLA. The other areas did not exhibit condition x time interactions (p 

range = 0.12 to 0.60; ƞp² range = 0.04 to 0.12).  

No significant differences were found for the area under the curve (AUC) of energy 

expenditure (EE), FATox (fat oxidation) or CHOox (carbohydrate oxidation) (p range = 0.09 

to 0.54; ƞp² range = 0.04 to 0.18). Non-significant differences were either found for condition 

in FATox (p = 0.06; ƞp² = 0.14), CHOox (p = 0.19; ƞp² = 0.10), EE (p = 0.54; ƞp² = 0.008), nor 

RER (p = 0.21; ƞp² = 0.10). Nevertheless, significant differences for time in all the 

aforementioned variables (p < 0.001; ƞp² range = 0.54 to 0.79) but not for condition x time 

interaction (p range = 0.17 to 0.96; ƞp² range = 0.003 to 0.06) were revealed. Intra-test analysis 

only exhibited a significant effect on FATox at min 5 (p = 0.005; ƞp² = 0.28), 10 (p < 0.001; 

ƞp² = 0.29), and 55 (p = 0.04; ƞp² = 0.24) for HD and LD and for CHOox at min 5 (p = 0.05; 

ƞp² = 0.25) and RER (p = 0.003; ƞp² = 0.25) at min 5 in favor of PLA but not for other variables 
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in any other stage. Post-hoc Bonferroni reported significant differences in favor of HD and LD 

between PLA/ HD at 5 min (p = 0.002; d = 0.92), PLA/LD at 5 min (p = 0.002; d = 0.74), 

PLA/HD (p = 0.002; d = 0.66) and PLA/LD at 10 min (p = 0.002; d = 0.56) for FATox.  

None of the variables (i.e., heart rate, lactate, RPE-OB at 30 and 90%, and RPE-AM) 

recorded during the maximal effort test differed between the experimental conditions (p ranged 

from 0.011 to 0.915) except RPE-OB at 60% due to the lower values of HD compared to LD 

and PLA (p = 0.05). 

The results of this last study suggest that LD and HD of PC modulate the metabolic 

response (FATox, CHOox and RER) to exercise and HD of PC reduces maximum heart rate 

values during aerobic exercise. However, PC only improves the perceptual responses (i.e., RPE-

OB and clavicle thermal perception) to exercise when it is consumed in HD. 

 

Conclusions 

 Collectively, the findings of the present doctoral thesis exhibit through the three research 

projects conducted that PC supplementation is an effective nutritional ergogenic aid to enhance 

sports performance in resistance and aerobic training.  These results provide a new background 

to develop future studies addressing the chronic and in new populations effects of this 

compound. 

 According to the hypotheses presented in this doctoral thesis and the specific objectives 

raised, the main results and conclusions are shown hereunder. First, PC is able to increase 

physical performance due to peripheral mechanisms and to the reduction of acute mechanical 

and perceptual fatigue during resistance exercise. Due to the improvement in mechanical 

performance, after PC is ingested the acute post-session fatigue and the following day muscle 

damage are reduced. Second, although PC is effective enhancing resistance training 

performance, the neural responses during exercise are not increase, which elicits the need of 

future studies addressing the peripheral ergogenic mechanisms underlying the effect of this 

substance. Third, PC increases the metabolic responses to aerobic exercise shifting the 

contribution of energy substrates during exercise and leading to a higher contribution of FATox, 

as well as a reduction in maximum heart rate. 

 Therefore, the compendium of studies that forms this doctoral thesis highlights the 

plausible use of PC as a nutritional ergogenic aid, which provides valuable information for 

strength and conditioning, healthcare and specific sports performance professionals.  
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Resumen 

Introducción 

Los suplementos dietéticos son complementos nutricionales que consumidos junto a una 

dieta saludable pueden mejorar la salud y/o el rendimiento deportivo. Bajo su propia definición, 

estos son sustancias legales, las cuales no están prohibidas por ningún agente internacional 

como la Agencia Mundial Antidopaje. En consecuencia, estos productos son de venta libre, lo 

que los hace muy populares entre distintas poblaciones deportistas. 

Como queda expuesto en el capítulo 1, los capsaicinoides son un grupo de compuestos 

que se encuentran de forma natural en frutas picantes como el chile. Debido a sus usos clínicos 

y ergogénicos, en las dos últimas décadas se han llevado a cabo nuevas investigaciones 

científicas en torno a estos compuestos. A su vez, en la última década, también se ha estudiado 

otro grupo de análogos de los capsaicinoides, llamados capsinoides, con el fin de reducir las 

molestias ocasionadas por el consumo oral de capsaicina. Los capsinoides se encuentran 

fundamentalmente en los pimientos dulces CH-19, un tipo de pimientos no picantes que han 

sido modificados genéticamente para eliminar la pungencia natural de los capsaicinoides. 

Ambas sustancias, capsaicinoides y capsinoides, interactúan con el receptor de potencial 

transitorio vaniloide 1 (TRPV1), que ejerce las principales funciones fisiológicas de estas 

sustancias. Sin embargo, la literatura actual ha demostrado que los capsinoides son un grupo de 

compuestos con escasa biodisponibilidad, ya que, tras su consumo, estos se metabolizan y 

conjugan rápidamente, lo que da lugar a niveles circulantes en el torrente sanguíneo no 

detectables. En cambio, tras su consumo, las distintas formulaciones de capsaicina muestran un 

rápido efecto en varios tejidos, como el intestino delgado, el hígado y el estómago, lo que puede 

extrapolarse a tejidos periféricos como el músculo esquelético. Por otro lado, se ha 

documentado que el uso de capsaicina oral puede ser conflictivo debido a sus características 

picantes, las cuales aumentan el riesgo de molestias durante el ejercicio. Por lo tanto, la 

formulación de nuevos análogos de capsaicina purificada que puedan reducir la dosis 

fisiológica óptima parece ser una prioridad en este campo. Por este motivo, en los últimos años 

se ha desarrollado un nuevo grupo de análogos sintéticos de la capsaicina tradicional conocidos 

como "capsaicyns". Entre estas sustancias se encuentra la denominada fenilcapsaicina (PC), la 

cual ha surgido como alternativa a la suplementación oral tradicional con capsaicina purificada. 

La PC es una microencapsulación de 98% de PC y 1-1,5% de excipientes lipídicos y celulosa 

como vehículos de transporte primarios. 
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Más allá de lo expuesto, los fármacos agonistas de TRPV1 han mostrado mejoras en 

varias condiciones fisiopatológicas, como el dolor musculoesquelético y neuropático crónico, 

las alteraciones gastrointestinales (por ejemplo, la alteración de la mucosa gastroduodenal) y 

los trastornos metabólicos (como el sobrepeso). En referencia al rendimiento deportivo, parece 

que estos compuestos ejercen su efecto generando una disminución de la percepción del 

esfuerzo, reduciendo la percepción del dolor y aumentando la eficiencia mecánica (por ejemplo, 

el tonelaje movilizado). En este sentido, los efectos fisiológicos de la capsaicina están mediados 

por la reducción de la hiperalgesia inflamatoria, la regulación a la baja de los canales de calcio 

activados por voltaje y la influencia sobre la “termorrecepción”, siendo todos ellos vínculos 

comunes entre los ámbitos de la salud y el rendimiento. Los TRPV1 se encuentran en una serie 

de fibras nerviosas de pequeño diámetro que intervienen en el procesamiento de señales 

nerviosas. En consecuencia, en el sistema nervioso periférico los TRPV1 se encuentran 

principalmente en las fibras nerviosas aferentes III y IV, un tipo de fibras aferentes periféricas 

vinculadas al desarrollo de la fatiga central al afectar tanto a los niveles supraespinales como 

espinales del sistema nervioso durante diferentes tareas, así como a la detección de una gran 

variedad de estímulos nociceptivos. 

Aunque los mecanismos presentados en esta sección pueden ser relevantes para el 

campo del rendimiento deportivo, la investigación actual directa sobre el rendimiento en 

humanos es escasa. En este sentido, antes de realizar la intervención experimental de esta tesis 

doctoral, sólo 5 estudios habían evaluado el impacto de la suplementación con capsaicinoides 

o capsinoides en el entrenamiento de fuerza en humanos. Los resultados de estos estudios 

sugieren un impacto positivo de los capsaicinoides y capsinoides sobre la resistencia a la 

pérdida de fuerza y las respuestas perceptivas al entrenamiento de fuerza. Por ello, estas 

sustancias proporcionan un efecto "anti-fatiga" explicado por su mejora analgésica del dolor a 

través de su interacción con los TRPV1 y a la mejora de la contracción muscular debido al 

aumento de la liberación de calcio del retículo sarcoplasmático. Por ejemplo, en un estudio 

previo, el grupo que ingirió capsaicina purificada (12 mg) realizó más repeticiones en todas las 

series de un protocolo de sentadilla trasera (SQ) de cuatro series al 70% de la máxima repetición 

(1RM) hasta alcanzar el fallo muscular concéntrico. Esto a su vez provocó un aumento 

significativo del volumen total realizado en el grupo que consumió capsaicina.  

La bibliografía que evalúa los efectos de los capsaicinoides o capsinoides en el 

entrenamiento interválico de alta intensidad es escasa. Hasta la fecha, sólo dos estudios han 

evaluado este tipo de ejercicio bajo la suplementación de estas sustancias. El primer estudio 

mostró una ausencia de efecto ergogénico en un protocolo de esprines repetidos, lo que 
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contrasta con los resultados del segundo estudio.  En este segundo estudio se observó una 

mejora en el número de esfuerzos realizados hasta la extenuación y en el tiempo hasta alcanzar 

el 90% del pico de consumo pico de oxígeno (VO2peak), mientras que los valores de VO2peak 

no fueron incrementados tras la suplementación con 12 mg de capsaicina purificada en un 

protocolo de ejercicio de intervalos de alta intensidad. Concretamente, las mejoras 

neuromusculares de la capsaicina incrementaron en 13 esfuerzos extra y 188 s el tiempo de 

duración de la tarea en la condición de suplementación en comparación con el placebo. Además, 

el esfuerzo percibido general (RPE-OB) fue máximo en ambos grupos, lo que sugiere que la 

capsaicina mejora el número total de esfuerzos hasta el agotamiento o reduce el esfuerzo 

neuromuscular si se iguala el volumen. Sin embargo, a pesar del efecto positivo de la capsaicina 

en el rendimiento neuromuscular periférico, sigue sin estar claro cómo influye en la 

bioenergética deportiva y en las adaptaciones centrales al ejercicio. 

Por último, el impacto metabólico y bioenergético de la capsacicina y sus análogos está 

poco estudiado en la bibliografía actual. A este respecto, sólo dos estudios han informado de 

los efectos metabólicos de un capsaicinoide o capsinoide sobre la oxidación de sustratos 

energéticos en individuos sanos. En el primer estudio, los participantes mostraron tasas de 

intercambio respiratorio (RER) iguales tras ingerir 12 mg de un suplemento de capsiato durante 

un protocolo en cicloergómetro realizado al 70% de la velocidad aeróbica máxima. En el 

segundo estudio, una comida con 10 g de pimientos picantes (es decir, sin estandarizar el 

principio activo) 2,5 horas antes de 1 hora de ejercicio aeróbico al 60% del VO2peak mostró 

un aumento del RER en comparación con el placebo. Más allá de esto, sólo un estudio ha 

evaluado la oxidación de sustratos energéticos estandarizando la máxima oxidación de ácidos 

grasos (MFO), lo cual es fundamental para garantizar la evaluación objetiva de estas variables. 

Sin embargo, este estudio se realizó en participantes con sobrepeso, lo que puede no ser 

extrapolable a otras poblaciones debido a la menor flexibilidad metabólica de esta población. 

 

Objetivos 

El objetivo principal de esta tesis doctoral fue evaluar el uso potencial de diferentes 

dosis de PC para mejorar el rendimiento físico y reducir la fatiga mecánica, metabólica, 

bioquímica, perceptiva y electrofisiológica en diferentes intervenciones de ejercicio. Antes de 

iniciar este proyecto de investigación, se realizaron dos estudios preliminares para evaluar los 

patrones de suplementación de atletas entrenados a nivel nacional y para compendiar 

sistemáticamente la literatura previa sobre el impacto de la suplementación con capsaicinoides 

y capsinoides. Con el desarrollo de los tres estudios de esta tesis doctoral se han evaluado las 
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lagunas descriptivas, fisiológicas, perceptivas y mecánicas presentadas en el apartado de 

introducción.  

A continuación, se presenta el diseño, aspectos metodológicos, resultados y 

conclusiones de cada uno de los tres estudios que forman parte de esta tesis doctoral y que 

además justifican la aportación original del autor como contribuciones científicas originales. 

 

Primer estudio: Efectos de la suplementación con fenilcapsaicina en el rendimiento 

mecánico y la actividad neuromuscular 

 Este estudio fue concebido bajo un diseño aleatorizado, triple ciego, cruzado y 

controlado con placebo con el propósito de abordar las respuestas neurales y mecánicas al 

ejercicio de fuerza tras la suplementación con PC. La totalidad del presente estudio puede ser 

hallada en el capítulo 2 de esta tesis doctoral. Veinticinco varones sanos (edad = 21,7 ± 3,7 

años, masa corporal = 77,4 ± 9,1 kg, altura = 176,7 ± 7,2 cm, 1RM en sentadilla trasera SQ = 

125,6 ± 21,0 kg, 1RM normalizado a la masa corporal = 1,64 ± 0,22) con al menos dos años de 

experiencia en el entrenamiento de fuerza (rango = 2-5 años) participaron en este estudio. Los 

participantes realizaron cada sesión a la misma hora individual del día en condiciones 

ambientales estables (22-24 ºC y 55% de humedad). 

Dos semanas antes del inicio del estudio, los participantes fueron sometidos a 

evaluaciones antropométricas (masa corporal y altura), de la 1RM y de la relación carga-

velocidad en SQ. En las sesiones experimentales los participantes fueron sometidos a tres 

condiciones de suplementación, cada una compuesta por una sesión principal y una segunda 

sesión a las 24 horas (post-24h). Las tres condiciones experimentales eran idénticas con la única 

diferencia del suplemento ingerido. Los participantes ingirieron aleatoriamente un placebo 

(PLA) o una dosis baja (LD) o alta (HD) de PC antes de la primera sesión semanal. Durante la 

primera sesión semanal, los participantes completaron un protocolo de SQ que consistió en tres 

series de ocho repeticiones al 70% 1RM. Antes (Pre), inmediatamente después (Post) y 24 horas 

después (Post-24h) del protocolo de SQ, se realizó una batería de pruebas para analizar la 

respuesta a la fatiga inducida en cada condición en el siguiente orden: Salto contramovimiento 

(CMJ), dos repeticiones de SQ con 60% 1RM, y SQ isométrica máxima a 90º. Dado que es 

importante estandarizar la temporalización para medir las respuestas agudas, las pruebas se 

realizaron en los siguientes puntos temporales en el momento Post: CMJ (un minuto post-

ejercicio), SQ con 60% 1RM (dos minutos post-ejercicio), y SQ isométrica (tres minutos post-

ejercicio). La evaluación electromiográfica de cada sesión se registró mientras los participantes 

realizaban las pruebas de SQ. Los suplementos y el placebo fueron preparados por un 
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investigador no implicado en el desarrollo del estudio en instalaciones independientes. Para 

garantizar el triple cegamiento, cada paquete se codificó con un número del uno al tres. Los 

paquetes no se desenmascararon hasta que un estadístico externo realizó todos los análisis. Los 

suplementos se componían por una HD de PC (2.5 mg), LD de PC (0.625 mg) o PLA, que 

fueron ingeridos 45 min previos a la primera sesión. 

Se utilizó un análisis de varianza (ANOVA) de medidas repetidas de dos vías (condición 

x tiempo) con ajuste post-hoc de Bonferroni para explorar el efecto de las intervenciones (LD, 

HD, PLA) a lo largo del tiempo sobre la magnitud de cada variable dependiente y para abordar 

si se presenta un efecto de orden. Se utilizó un ANOVA de medidas repetidas de una vía para 

comparar el tonelaje total. La significación estadística se estableció en p ≤ 0,05. 

Los ANOVA de medidas repetidas de dos vías no revelaron ninguna interacción 

condición x tiempo (rango de p < 0,26 a 0,69). Sin embargo, se observó un efecto temporal 

significativo para la raíz de la media cuadrática (RMS) al 60% 1RM, frecuencia mediana 

(MDF) en SQ isométrica, MDF al 60% 1RM y MDF durante el protocolo de SQ (rango de p < 

0,001 a 0,006). El ajuste post-hoc de Bonferroni reveló diferencias significativas al 60% RM 

para el tiempo en la RMS para las comparaciones de 1/2 series (p = 0,01; d = 1,11) y 2/ 3 (p = 

0,006; d = 1,19) series. 

En cuanto a la prueba de SQ con un 60% de 1RM, los ANOVA de medidas repetidas 

de dos vías no revelaron interacciones significativas entre condición × tiempo (rango de p = 

0,74 a 0,95). Sin embargo, se observó un efecto significativo del tiempo (p < 0,001) y de la 

condición (p = 0,03) para la velocidad media propulsiva (MPV). Además, los ANOVAs de 

medidas repetidas de dos vías no revelaron una interacción significativa condición × tiempo 

(rango p = 0,09 a 0,89), o diferencias significativas para el tiempo (rango p = 0,06 a 0,78), o 

condición (rango p = 0,19 a 0,97) para cualquiera de los resultados isométricos. 

El ANOVA de medidas repetidas de dos vías reveló una interacción significativa de 

condición x tiempo para la altura en el CMJ (p < 0,01) y un efecto principal de condición (p < 

0,001). Las pruebas post-hoc de Bonferroni mostraron que HD alcanzó una mayor altura en 

CMJ que PLA (p < 0,001; d = 0,72) y LD (p < 0,001; d = 0,37). 

Los ANOVA de medidas repetidas de una vía no revelaron diferencias significativas 

entre condiciones para el tonelaje movilizado (F = 1,09, p = 0,35). Los ANOVAs de medidas 

repetidas de dos vías no revelaron una interacción significativa condición × tiempo para 

ninguna variable (p rango = 0,12 a 0,98). Sin embargo, se encontraron efectos temporales 

significativos (rango p = 0,001 a 0,008) para todos los resultados analizados. Además, se 

observó un efecto significativo de la condición para la carga del 60% (p = 0,03), la MPV media 
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(p = 0,02) y la pérdida de velocidad [VLoss (p = 0.04)]. El ajuste post-hoc de Bonferroni no 

reveló diferencias significativas para las condiciones (rango p = 0,06 a 0,07). Los análisis post-

hoc de Bonferroni para el tiempo revelaron diferencias significativas entre las series 1 y 2 para 

todos los resultados (rango p < 0,001 a 0,007; rango d = 0,47 a 0,73). Sin embargo, entre las 

series 1 y 3, los análisis post hoc de Bonferroni para el tiempo sólo revelaron diferencias 

significativas para la MPV media (p < 0,001; d = 0,80). Para las comparaciones entre las series 

2 y 3, todos los resultados de velocidad de movimiento mostraron diferencias temporales 

significativas (rango p < 0,001 a 0,04; rango d = 0,21- 0,78). El ANOVA de una vía para el 

análisis intra-set reveló diferencias significativas en las repeticiones 13, 15, 16, 17, 23 y 24 en 

favor de HD y LD (rango p = 0,03 a 0,04). 

Los resultados del presente estudio sugieren que el consumo agudo de PC (2,5 mg) 

puede ejercer un efecto ergogénico para las sesiones de ejercicios de fuerza dinámica cuando 

se realiza más de un ejercicio. En relación a esto, la fatiga mecánica tras un ejercicio submáximo 

puede retrasarse y atenuarse con el uso de PC. Más allá de esto, las investigaciones futuras 

deben evaluar en profundidad si existen mecanismos neurales subyacentes al impacto 

ergogénico de los capsaicinoides. 

 

Segundo estudio: Efectos de la fenilcapsaicina sobre el daño muscular, la degradación 

proteica, la recuperación y las respuestas perceptivas. 

En este estudio fue utilizado un diseño cruzado aleatorizado, triple ciego y controlado 

con placebo para examinar los efectos de la PC en el entrenamiento de fuerza, el daño muscular 

[aspartato aminotransferasa (AST)], la degradación proteica (urea), así como en las respuestas 

metabólicas (lactato) y perceptivas. El desarrollo de este estudio puede encontrarse en el 

capítulo 3.  

Los participantes acudieron al laboratorio dos veces por semana durante un total de tres 

semanas de estudio. Cada semana del estudio consistió en una sesión experimental principal y 

una sesión de seguimiento. Para cada condición, se realizaron seis extracciones de sangre 

capilar, un calentamiento, un protocolo de sentadilla libre y una sesión de seguimiento a las 24 

horas para evaluar la recuperación y el daño muscular. Todos los procedimientos se realizaron 

a la misma hora del día y en condiciones ambientales estables para cada participante. 

Veinticinco varones sanos (edad = 21,0 ± 2,2 años, masa corporal = 76,5 ± 9,5 kg, altura 

= 176,4 ± 7,5 cm, SQ 1RM normalizada a la masa corporal = 1,66 ± 0,22) participaron 

voluntariamente en este estudio. De la muestra total, dos participantes abandonaron el estudio, 

uno por causas no relacionadas con el estudio y el otro tras la primera sesión con placebo. Todos 
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los participantes eran hombres experimentados en el entrenamiento de fuerza (experiencia= 

3,61 ± 1,43 años). Los criterios de exclusión estaban compuestos por la presencia de trastornos 

cardiovasculares, neurológicos, físicos y/o metabólicos que pudieran alterar los resultados 

principales. Para garantizar el cegamiento, los suplementos y el placebo fueron encapsulados y 

envasados con etiquetas numeradas por un investigador independiente (es decir, no implicado 

en el estudio). Los envases y las cápsulas eran indistinguibles en apariencia, olor y sabor, y su 

contenido sólo fue revelado después de que un investigador independiente realizara los análisis 

estadísticos. Los suplementos se componían por una HD de PC (2.5 mg), LD de PC (0.625 mg) 

o PLA, que fueron ingeridos 45 min previos a la primera sesión. 

Una semana antes del inicio del estudio, se evaluó la fuerza en SQ y se determinaron las 

medidas antropométricas (la masa corporal y la altura) de todos los participantes. 

Se solicitó a los participantes que no consumieran alcohol, cafeína u otras ayudas 

ergogénicas previo al estudio. Además, no podían realizar ejercicio intenso ni modificar su 

distribución de macronutrientes, ingesta calórica y selección de alimentos 24 y 48 horas antes 

de cada sesión respectivamente. 

Se utilizó un ANOVA de medidas repetidas de dos vías (condición x tiempo) para 

explorar el efecto de las intervenciones (LD, HD, PLA) a lo largo del tiempo sobre la magnitud 

de cada variable dependiente bioquímica y perceptiva. Se realizó una comparación post-hoc de 

Bonferroni cuando se alcanzó la significación en el test ANOVA. Se utilizó un ANOVA de 

medidas repetidas de una vía para comparar las variables mecánicas de velocidad. Para aquellas 

variables que resultaban no paramétrica, fueron utilizadas las pruebas de Friedman y Wilcoxon 

post-hoc. La significación estadística se fijó en p ≤ 0,05. 

Los resultados del presente estudio muestran que las variaciones absolutas de lactato y 

urea (comparaciones pre-post) fueron significativas para el tiempo (p < 0,001), aunque no se 

encontraron diferencias para la condición (F = 1,49, p = 0,23) o la interacción condición × 

tiempo (F = 0,94, p = 0,34). Para el marcador AST, se reveló una diferencia significativa en 

favor de HD en los valores post (p = 0,03). La prueba post-hoc reveló niveles significativamente 

más altos de AST para PLA en comparación con HD (p = 0,02). 

Los resultados de las variables de velocidad fueron significativos para la velocidad 

media y la pérdida de velocidad máxima (rango de p ≤ 0,001 a 0,05) en favor de HD. Las 

comparaciones post-hoc de Bonferroni revelaron diferencias significativas entre HD y LD para 

la pérdida de velocidad máxima (p = 0,008) y casi se alcanzó entre HD y PLA para la variable 

de velocidad media (p = 0,06). La magnitud de las diferencias entre las distintas condiciones 

osciló entre insignificante y grande. 
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En cuanto al esfuerzo percibido, para el RPE-OB se registraron diferencias 

significativas para el tiempo (F = 49,00, p < 0,001), pero no para la condición (F = 2,77, p = 

0,07) o la interacción condición × tiempo (F = 1,339, p = 0,26). Sin embargo, los análisis post-

hoc de Bonferroni no revelaron diferencias significativas. Para el esfuerzo percibido local 

(RPE-AM), tanto la condición (F = 9,19, p < 0,001) como el tiempo (F = 36,154, p < 0,001) 

alcanzaron diferencias significativas, pero no la interacción condición × tiempo (F = 0,553, p = 

0,70). Los análisis post hoc de Bonferroni mostraron diferencias significativas para todas las 

comparaciones temporales (rango de p ≤ 0,001 a 0,002) y para las comparaciones entre PLA y 

HD (p = 0,004) y entre HD y LD (p = 0,02). Por otro lado, no se encontraron diferencias 

significativas entre condiciones para el estado de recuperación percibido (PRS) (F = 0,698, p = 

0,46). 

Los resultados del presente estudio sugieren que una HD (2,5 mg) de suplementación 

de PC ingerida 45 minutos antes del ejercicio puede aumentar el rendimiento en SQ y reducir 

el daño muscular, así como el esfuerzo percibido periférico del cuádriceps en participantes 

entrenados en fuerza en comparación con una LD (0,625 mg) y PLA.  Por lo tanto, el efecto 

ergogénico de la PC puede aparecer tras alcanzar un umbral "dosis-respuesta". 

 

Tercer estudio: Efectos de la fenilcapsaicina sobre la oxidación de sustratos, el gasto 

energético y las respuestas metabólicas, perceptuales y de temperatura durante el 

ejercicio. 

 En este último estudio se recurrió a un diseño cruzado, aleatorizado, triple ciego y 

controlado con placebo para analizar los efectos de la PC sobre el gasto energético y la 

oxidación de sustratos, la temperatura corporal cutánea, la frecuencia cardiaca y las respuestas 

perceptivas en una prueba continua submáxima en cicloergómetro, así como en un test 

incremental hasta la extenuación. Este estudio se presenta con más detalle en el capítulo 4.  

En este proyecto de investigación, los participantes acudieron al laboratorio cuatro 

veces, separadas por 72-96 h para garantizar una recuperación completa de la fatiga central y 

periférica entre sesiones. Antes de la sesión preliminar, los participantes se sometieron a una 

caracterización antropométrica (altura, masa corporal, % de músculo, % de grasa corporal) y 

sociodemográfica. A continuación, en una sesión preliminar, se realizó una prueba de ejercicio 

incremental submáxima seguida de una prueba incremental de esfuerzo máximo. La prueba de 

ejercicio submáximo se utilizó para determinar la MFO y los valores de potencia de pedaleo 

(W) asociados a la MFO (intensidad FATmax). La prueba de esfuerzo máximo evaluó el 

consumo máximo de oxígeno (VO2max) y la potencia de pedaleo máxima alcanzada durante 
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la prueba. Las tres sesiones experimentales fueron idénticas, diferenciándose únicamente en el 

suplemento ingerido (PLA, LD de PC y HD de PC), el cual se administró 45 min antes de la 

primera prueba en cicloergómetro. En cada sesión experimental, los participantes realizaron la 

prueba continua (60 min a FATmax) seguida de la prueba de esfuerzo máximo incremental 

(incrementos de 25 W cada min hasta el agotamiento). Las pruebas se realizaron respetando las 

mismas condiciones temporales y ambientales para cada participante. 

 Para garantizar la detección de diferencias, fueron incluidos en el estudio 17 varones 

físicamente activos. Los participantes se inscribieron en el estudio a través de un póster que se 

compartió en las redes sociales. Ninguno de los participantes declaró ninguna limitación física 

o de estado de salud que pudiera comprometer su rendimiento en las pruebas. Los participantes 

fueron instruidos para no realizar ningún tipo de ejercicio físico intenso durante los dos días 

anteriores a cada visita al laboratorio y de no consumir bebidas estimulantes o cualquier 

suplemento dietético dentro de las 24 h anteriores a cada sesión experimental. Para garantizar 

la fiabilidad intra e interindividual en las variables metabólicas como la oxidación de grasas 

(FATox) se estandarizó la ingesta dietética al menos 6 horas antes de las pruebas 

experimentales. Para ello, los participantes realizaron cada prueba con al menos 6 horas de 

ayuno antes del inicio de cada sesión y estandarizando la última comida antes del periodo de 

ayuno con 45 g de maltodextrina en polvo y 30 g de proteína en polvo. 

 En cuanto a los suplementos utilizados, el contenido de las cápsulas era el siguiente: una 

LD de 0,625 mg de PC, una HD de 2,5 mg de PC y un PLA compuesto de maltodextrina y 

excipientes. Los suplementos y el placebo se encapsularon y envasaron con etiquetas 

alfanuméricas para garantizar el cegamiento. Esto fue posible ya que un técnico independiente 

(es decir, no implicado en el estudio) preparó las cápsulas en las instalaciones de origen. 

 Se utilizó un ANOVA de medidas repetidas de dos vías (condición x tiempo) para 

analizar el efecto de la suplementación (LD, HD, PLA) a lo largo del tiempo sobre cada variable 

metabólica, de rendimiento y perceptiva dependiente. Se realizó una comparación post-hoc de 

Bonferroni cuando se alcanzó la significación del ANOVA. Se utilizó un ANOVA de medidas 

repetidas de una vía para comparar los efectos intra-prueba para cada etapa y para los valores 

metabólicos máximos de la prueba continua. Para las variables no paramétricas, se utilizó en su 

lugar la prueba de Friedman y las correcciones post-hoc de Wilcoxon. La significación 

estadística se fijó en p ≤ 0,05. 

 Los niveles de lactato circulante, esfuerzo percibido general (RPE-OB) y de músculo 

activo (RPE-AM), así como de frecuencia cardiaca no reportaron diferencias significativas 

entre condiciones (rango p = 0,08 a 0,56). Sin embargo, se encontraron diferencias 
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significativas para el tiempo en las variables de frecuencia cardiaca, RPE-OB y RPE-AM (p < 

0,001). Los análisis post-hoc de Bonferroni revelaron diferencias significativas para todas las 

comparaciones temporales (pre, '30' y '60') en la frecuencia cardiaca, RPE-OB y RPE-AM 

(rango p < 0,001 a 0,004). Sólo se encontró interacción significativa condición x tiempo para 

RPE-OB debido a los valores más altos en LD en comparación con PLA (d = 27) y HD (d = 

0,27). 

No se detectaron diferencias significativas en la temperatura corporal cutánea (p = 0,27) 

ni en la frecuencia cardiaca media (p = 0,24) para los análisis de condición. Además, la 

oxidación máxima de carbohidratos, el gasto energético y la RER no difirieron entre 

condiciones (p osciló entre 0,10 y 0,77). Sin embargo, se encontraron diferencias significativas 

para la frecuencia cardiaca máxima (p = 0,03) y la MFO (p = 0,05), donde PLA alcanzó los 

valores máximos y la HD los más bajos. Sin embargo, el post-hoc de Bonferroni no reveló 

diferencias entre condiciones en ninguno de los resultados (p rango = 0,09 a 0,99; d rango = 

0,20 a 0,31). 

 No se observaron diferencias significativas de condición para ninguno de los resultados 

medidos de la escala de American Society of Heating, Refrigerating, and Air Conditioning 

Engineers (ASHRAE) (p rango = 0,17 a 0,78; ƞp² rango = 0,01 a 0,12). Sin embargo, se 

registraron diferencias significativas en el tiempo para todas las variables (p < 0,001; rango ƞp² 

= 0,52 a 0,73). Se encontró una interacción significativa condición x tiempo para la zona de la 

clavícula (p = 0,04; ƞp² = 0,16) debido al menor valor de HD en comparación con LD y PLA. 

Las demás zonas no mostraron interacciones condición x tiempo (rango p = 0,12 a 0,60; rango 

ƞp² = 0,04 a 0,12). 

No se encontraron diferencias significativas para el área bajo la curva (AUC) del gasto 

energético (EE), FATox (oxidación de grasas) o CHOox (oxidación de carbohidratos) (p rango 

= 0,09 a 0,54; ƞp² rango = 0,04 a 0,18). Tampoco se encontraron diferencias significativas por 

condición en la FATox (p = 0,06; ƞp² = 0,14), CHOox (p = 0,19; ƞp² = 0,10), EE (p = 0,54; ƞp² 

= 0,008), ni RER (p = 0,21; ƞp² = 0,10). No obstante, se revelaron diferencias significativas 

para el tiempo en todas las variables mencionadas (p < 0,001; ƞp² rango = 0,54 a 0,79), pero no 

para la interacción condición x tiempo (p rango = 0,17 a 0,96; ƞp² rango = 0,003 a 0,06). El 

análisis intra-prueba sólo mostró un efecto significativo sobre FATox en min 5 (p = 0,005; ƞp² 

= 0,28), 10 (p < 0,001; ƞp² = 0,29) y 55 (p = 0,04; ƞp² = 0.  24) para HD y LD; y para CHOox 

en min 5 (p = 0,05; ƞp² = 0,25) y RER (p = 0,003; ƞp² = 0,25) en min 5 a favor de PLA, pero 

no para ninguna otra variable en ninguna otra etapa. El análisis post-hoc de Bonferroni post-

hoc informó de diferencias significativas en favor de HD y LD entre PLA/ HD a los 5 min (p = 
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0,002; d = 0,92), PLA/LD a los 5 min (p = 0,002; d = 0,74), PLA/HD (p = 0,002; d = 0,66) y 

PLA/LD a los 10 min (p = 0,002; d = 0,56) para FATox.  

Ninguna de las variables (es decir, frecuencia cardiaca, lactato, RPE-OB al 30 y 90%, y 

RPE-AM) registradas durante la prueba de esfuerzo máximo difirió entre las condiciones 

experimentales (p osciló entre 0,011 y 0,915) excepto el RPE-OB al 60% debido a los valores 

más bajos de HD en comparación con LD y PLA (p = 0,05). 

Los resultados de este último estudio sugieren que LD y HD de PC modulan la respuesta 

metabólica (FATox, CHOox y RER) al ejercicio y HD de PC reduce los valores de frecuencia 

cardiaca máxima durante el ejercicio aeróbico. Sin embargo, la PC sólo mejora las respuestas 

perceptivas (es decir, RPE-OB y percepción térmica de la clavícula) al ejercicio cuando se 

consume en HD. 

  

Conclusiones 

 En conjunto, los hallazgos de la presente tesis doctoral demuestran a través de los tres 

proyectos de investigación realizados, que la suplementación con PC es una ayuda ergogénica 

nutricional eficaz para mejorar el rendimiento deportivo en el entrenamiento de fuerza y 

aeróbico.  Estos resultados proporcionan un nuevo marco teórico para desarrollar futuros 

estudios que aborden los efectos crónicos y en nuevas poblaciones de este compuesto. 

 De acuerdo con las hipótesis planteadas en esta tesis doctoral y los objetivos específicos 

planteados, a continuación, se muestran los principales resultados y conclusiones. En primer 

lugar, la PC es capaz de aumentar el rendimiento físico debido a mecanismos periféricos y a la 

reducción de la fatiga mecánica y perceptiva aguda durante el ejercicio de fuerza. Debido a la 

mejora del rendimiento mecánico, tras la ingesta de PC se reduce la fatiga aguda post-sesión y 

el daño muscular el día posterior. En segundo lugar, aunque la PC es eficaz para mejorar el 

rendimiento en el entrenamiento de fuerza, las respuestas nerviosas durante el ejercicio no se 

ven aumentadas, lo que plantea la necesidad de futuros estudios que aborden los mecanismos 

ergogénicos periféricos subyacentes al efecto de esta sustancia. En tercer lugar, la PC aumenta 

las respuestas metabólicas al ejercicio aeróbico, modificando la contribución de los sustratos 

energéticos durante el ejercicio y dando lugar a una mayor contribución de la oxidación de 

grasas, así como a una reducción de la frecuencia cardíaca máxima. 

 Por lo tanto, el compendio de estudios que conforma esta tesis doctoral pone de 

manifiesto el plausible uso de la PC como ayuda ergogénica nutricional, lo que aporta una 

valiosa información para los profesionales del acondicionamiento físico, la salud y el 

rendimiento deportivo específico. 
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Symbols and abbreviations 

 
1RM: One repetition maximum 

ANOVA: Analysis of variance. 

ASHRAE: American Society of Heating, Refrigerating, and Air Conditioning Engineers  

AST: Aspartate aminotransferase 

AUC: Area Under the curve 

CHOox: Carbohydrate oxidation 

CMJ: Countermovement jump 

CV: Coefficient of variation 

d: Cohen’s d as a measure of the effect size in two-group comparisons. 

EE: Energy expenditure 

EFSA: European Food Safety Authority  

EMG: Electromyography 

F: Analysis of variance statistic 

FATmax: cycling power values at maximal fat oxidation 

FATox: Fat oxidation 

FOpeak: Fat oxidation peak 

HD: High dose 

ICC: Intraclass correlation coefficient 

LD: Low dose 

MDF: Median frequency 

MFO: Maximal fat oxidation 

MIF: Maximal isometric force 

MPS: Muscle protein synthesis 

MPV: Mean Propulsive Velocity  

ƞp2: Eta partial squared as a measure of the effect size 

p: p-value of significance 

PC: Phenylcapsaicin 

PLA: Placebo 

PRS: Perceived recovery status  

RER: Respiratory exchange ratio 

RFD: Rate of force development 

RMS: Root mean square 
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RPE-AM: Active muscle ratings of perceived exertion  

RPE-OB: Overall body ratings of perceived exertion 

SQ: Back squats 

TRPV1: Transient receptor potential vaniloid 1 

VCO2: Carbon dioxide production 

VL: Vastus lateralis 

VLoss: Velocity loss 

VM: Vastus medialis 

VO2 peak: Oxygen uptake consumption peak 

VO2max: Maximal oxygen consumption  
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The details about the indexation of each journal and other activities of the doctoral 

candidate that justify this compendium are presented in Chapter 8. The justification of each of 

the included articles is presented in the section 1.7. 
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1. Introduction 

Dietary supplements are nutritional complements which ingested in conjunction with a 

healthy diet may improve health and/or sports performance (Maughan et al., 2018). By their 

own definition, these substances are legal and not banned by international agents such as the 

World Antidoping Agency (Maughan et al., 2018). Accordingly, these products are free-sale, 

which makes them highly popular between different athletic populations (Daher et al., 2022; 

Montuori et al., 2021). Within this context, amateur and professional athletes are well-known 

targets for the marketing of companies that sell these products  (Montuori et al., 2021). These 

findings are also reinforced with the exponential growth of this industry in the last years, when 

a wide variety of new nutraceuticals have emerged (Kamiński et al., 2020; Piccolella et al., 

2019). However, some of these new compounds are sold without strong scientific research 

supporting their effects (AlAli et al., 2021). On other occasions, these new compounds are based 

in new formulations of substances previously described in scientific literature without a direct 

testing of the new developments (AlAli et al., 2021). This topic will be discussed in the next 

sub-sections of this introduction, as well as in future chapters of this doctoral dissertation based 

on the approach of the supplement capsaicin and its new technological formulations. 

 

1.1 A structural overview of capsaicinoids and capsinoids 

Capsaicinoids are a group of compounds naturally found in spicy fruits like chili peppers 

(Luo et al., 2011). Due to their clinical and ergogenic potential applications, new scientific 

research has been conducted around these compounds in the last two decades (Arora et al., 

2021; Hayman & Kam, 2008).The most abundant and well-documented capsaicinoid in chili 

peppers is capsaicin (trans-8-methyl-N-vanillyl-6-nonenamide), a vanilloid-structured 

substance found in the placental tissue of Capsicum (Basith et al., 2016). The vanillyl moiety 

of capsaicin seems to be the responsible of its pungency as well as of some of its 

pharmacological effects in health, pain relief, weight loss and sports performance (Luo et al., 

2011; Sharma et al., 2013). 

Over the last decade, another group of capsaicinoids analogues called capsinoids has 

also been studied to reduce the discomfort generated when capsaicin is orally ingested (Lang 

et al., 2009; Luo et al., 2011). Capsinoids are primarily found in CH-19 Sweet peppers, a type 

of non-pungent peppers which have been genetically modified to eliminate the natural spiciness 

of capsaicinoids (Lang et al., 2009). Furthermore, although some structural similarities between 

both active principles can be mentioned (an aliphatic hydroxyl group in vanillyl alcohol with a 
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fatty acid), their central linkages are different, changing an amide moiety for an ester moiety, 

which elicits their main functional differences (Luo et al., 2011). 

Both substances, capsaicinoids and capsinoids, interact with the transient receptor 

potential vanilloid 1 (TRPV1) (Hayman & Kam, 2008; Jiménez-Martínez, Ramírez-Campillo, 

et al., 2022), which exerts the most important physiological functions of these substances. 

TRPV1 agonists display an important role in the management of perceived heat and analgesia 

due to the downregulation of the voltage activated calcium channels and the reduction of 

inflammatory hyperalgesia states (de Moura e Silva et al., 2021). Although the effects of the 

stimulation of TRPV1 will be discussed in the next sub-section of this introduction (1.2), some 

concerns should be addressed previously. In this regard, capsinoids are well-documented as a 

poor bioavailable group of compounds (EFSA, 2012). Moreover, after their ingestion, 

capsinoids are rapidly metabolized and conjugated (EFSA, 2012), resulting in non-detectable 

circulating levels in the bloodstream (EFSA, 2012). By contrast, after their ingestion, different 

capsaicin formulations have reported a fast effect on different tissues, such as the small 

intestine, liver, and stomach (Turck, et al., 2019), which may be extrapolated to peripheral 

tissues such as the skeletal muscle. On the other hand, their specific interaction with TRPV1 is 

conflictive and should be pointed out (Sasahara et al., 2010). Although capsiates were able to 

provide a significant circulating concentration, their final binding with TRPV1 is approximately 

1/10 compared to capsaicinoids such as capsaicin (Sasahara et al., 2010). This biochemical 

mechanism may be a secondary reason of the current differences reported in scientific literature 

between both types of compounds (Jiménez-Martínez, Ramírez-Campillo, et al., 2022). 

Therefore, it could be stated that based on a physiological perspective, capsaicinoids and mainly 

capsaicin, are the best options to evaluate the impact of TRPV1 modulators on physical 

performance. 

 

1.2 Transient receptor potential vanilloid 1: more than a biochemical approach 

In the previous sub-section, capsaicin was defined as a vanilloid-structured substance, 

which makes it possible to interact with the TRPV1 (Hayman & Kam, 2008). TRPV1 are 

receptors chemically composed by six transmembrane domains and a short pore-forming 

hydrophobic stretch that provides a similar configuration to other ion channels (Tominaga & 

Tominaga, 2005). This receptor belongs to the TRP family, which it is generally involved in 

the regulation of perception (Hayman & Kam, 2008). Furthermore, the lipophilic nature of 

capsaicin and its analogues provide some advantages for their interaction with this receptor 

(Tominaga & Tominaga, 2005). In this sense, capsaicin seems to be able to bind with the 
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cytosolic domain of TRPV1, something that may be explained by its ability to pass through the 

cell membrane until reaching the intracellular surface of TRPV1 (Baamonde et al., 2005). In 

addition, TRPV1 agonist drugs have exhibited improvements on several pathophysiological 

conditions, such as chronic musculoskeletal and neuropathic pain, gastrointestinal disruptions 

(e.g., gastroduodenal mucosal injury) and metabolic disorders (e.g., overweight) (Basith et al., 

2016). On the other hand, sport performance seems to be enhanced through lower ratings of 

perceived exertion, reductions on discomfort and an increase on mechanical performance (e.g., 

total volume load) (Jiménez-Martínez, Ramírez-Campillo, et al., 2022; Taylor et al., 2016). In 

this regard, the physiological effects of capsaicin are mediated by reductions in inflammatory 

hyperalgesia, downregulating voltage-activated calcium channels, and influencing 

thermoception, being all of them common links between healthcare and performance fields 

(Baamonde et al., 2005; Fattori et al., 2016; Hayman & Kam, 2008). 

Moreover, how TRPV1 specifically interacts with nervous system may also be detailed 

to understand the underlying mechanisms of capsaicin. Nervous system provides afferent and 

efferent feedback from the peripheral to the central nervous system and back to modulate human 

motor responses (Alix-Fages, Del Vecchio, et al., 2022). TRPV1 are presented in small 

diameter nerve fibers which are involved in the processing of nervous signals (Kaufman et al., 

1982). Accordingly, in the peripheral nervous system TRPV1 are mainly found in III and IV 

afferent nerve fibers, a type of peripheral afferent fibers linked to the development of central 

fatigue by affecting both supraspinal and spinal levels of the nervous system during different 

tasks, as well as to the detection of a large variety of nociceptive stimuli (Alix-Fages, Del 

Vecchio, et al., 2022; Okano et al., 2015).  

These afferent fibers are highly sensitive to metabolic changes, which also makes them 

possible to link the peripheral and central mechanisms of fatigue (Taylor et al., 2016). 

Accordingly, bearing in mind the close relationship between these fibers and the onset of 

discomfort, some responses related to exercise fatigue such as calcium overload, as well as the 

accretion and accumulation of metabolic waste subproducts during exercise, the modulation of 

peripheral nerve TRPV1 activity may be a biochemical target to improve sports performance 

(de Moura e Silva, Cholewa, Billaut, et al., 2021; Taylor et al., 2016). For instance, recent 

evidence points out that the infiltration of lumbar intrathecal fentanyl, a substance that provides 

afferent blockage, during an intermittent knee‐extension exercise performed until exhaustion is 

effective attenuating afferents III and IV feedback (Broxterman et al., 2018). This blockage 

produced a large reduction on the perceived discomfort and exertion, as well as an improvement 

on physical performance (Broxterman et al., 2018). For this reason, this finding clearly suggests 
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that the metabolic responses to mechanical forces are detected by afferent nerves fibers 

contributing to the development of peripheral and central fatigue (Blain et al., 2016; Sidhu et al., 

2017).  

On the other hand, chronic training adaptations (i.e., exercise experience) modulate the 

tolerance of the nervous system to fatigue and discomfort, eliciting a higher ability to perform 

a task until exhaustion (Alix-Fages, Del Vecchio, et al., 2022). Nevertheless, although it could 

be hypothesized that capsaicin may provide different responses depending on the training 

experience of participants, current research has shown that capsaicin and its analogs  modulate 

the neuromuscular responses to exercise in a similar extent in trained and untrained participants 

(Jiménez-Martínez, Ramírez-Campillo, et al., 2022). Therefore, afferents III and IV responses 

to parameters such as peripheral fatigue and metabolic stress or mechanical tension are 

generally expressed in humans fatigue without differences according to the fitness level or 

training experience of the participants when capsaicin is ingested (Carroll et al., 2017; Jiménez-

Martínez, Ramírez-Campillo, et al., 2022; Taylor et al., 2016).  

Finally, one explanation underlying the link between afferents and force production may 

be related to the firing behavior of these fibers during strenuous physical exercise (Boat & 

Taylor, 2017). During exercise, the aforementioned fibers increase their firing to spinal and 

supraspinal structures of the nervous system, which directly or indirectly inhibits motor neurons 

activity (Taylor et al., 2016). As a consequence, the neural drive finally received by the muscle 

fibers is impaired, resulting in lower rates of force production (Del Vecchio et al., 2018). Then, 

if the firing from afferents III and IV is reduced,  lower levels of pain and discomfort during 

exercise will be manifested, which also preserves motor units' performance (Boat & Taylor, 

2017). Note that once the action potential is propagated along the muscle fiber membrane and 

spread through the T-tubules, it provokes the release of the calcium ions from the sarcoplasmic 

reticulum after interacting with the dihydropyridine (that act as voltage sensors) and ryanodine 

receptors (González-Badillo & Gorostiaga, 1995). With the transient increase of calcium 

concentration in the muscle cell cytoplasm and its interaction with troponin, the crossbridge 

cycling is caused by the interaction between myosin and actin allowing the muscle contraction 

to produce force (González-Badillo & Gorostiaga, 1995). All these processes mentioned occur 

because of the neural stimulation, being the action potentials propagated by the axon of the 

motor neuron and initiated in the muscle fibers through the transmission produced in the 

neuromuscular junction by the release of acetylcholine neurotransmitters (González-Badillo & 

Gorostiaga, 1995). Hence, being the action potential the regulator of the excitation–contraction 

coupling (i.e., the series of events that happen from the generation of the action potential and 
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its propagation through the membrane of the muscle fibers to the beginning of the muscle force 

after calcium release), it could be stated that the nervous system controls muscle force (Alix-

Fages, Del Vecchio, et al., 2022). In this sense, if motor neurons are working in a greater manner 

because of a lower afferent firing, muscle fibers are going to receive a higher degree of neural 

drive and this will improve the calcium release (Alix-Fages, Del Vecchio, et al., 2022).  

Overall, the neuromuscular implications of TRPV1 and the link with neuromuscular 

fatigue must be highlighted when the onset of neuromuscular fatigue is discussed. Therefore, it 

could be hypothesized that from a physiological point of view, capsaicinoids and mainly 

capsaicin may be highly valuable substances to improve sports performance due to their 

agonistic TRPV1 activity (Jiménez-Martínez, Ramírez-Campillo, et al., 2022). 

 

1.3 Phenylcapsaicin as a new technological analog 

A common concern about the drug delivery profile of a substance is the bioavailability 

that it presents (Fernandes & Jozala, 2022). Bioavailability can be defined as a measure of the 

fraction of a drug that after entering in the body is able to bind successfully to its target domain 

or site of action (Fernandes & Jozala, 2022). Moreover, oral bioavailability is determined by 

several factors, such as drug permeability, dissolution rate, pre and first-pass metabolism and 

the hydrophilic or lipophilic nature of the drug (Gomez-Orellana, 2005). To improve the 

bioavailability of drugs, the pharmaceutical industry has documented some useful strategies 

that can be used. This includes the use of: (a) inactive prodrugs that human organism transforms 

in active drugs, (b) chemical medicine that optimizes oral absorption, (c) formulation strategies 

(i.e., solubility, hydrophilic ability, sustained release and “gastroretentive” systems) and 

macromolecules and biopharmaceuticals techniques (Gomez-Orellana, 2005). 

In this regard, the use of oral capsaicin has been reported to be conflictive due to its 

pungent characteristics that can increase the risk of discomfort during exercise (Jiménez-

Martínez, Ramírez-Campillo, et al., 2022). Therefore, the formulation of new capsaicin 

analogues that can reduce the optimal physiological dose seem to be a priority approach on this 

field. For this reason, during the last years a new group of synthetic analogues of traditional 

capsaicin known as “capsaicyns” has been developed (Turck et al., 2019).  

Capsaicyns are characterized by providing a composition wherein R is alkyl, 

trifluoromethyl, cycloalkyl, phenyl, or halogen, and when the substituent R comprises a carbon 

chain, it is straight-chained or branched and optionally further substituted with alkyl, alkenyl, 

alkynyl, allyl, aryl, alkoxy, aryloxy, alkanoyl, aroyl, amino alkylthio, arylthio, cyano, 

cycloalkyl, cycloalkenyl, halo, hydroxy, oxo, nitro, or trifluoromethyl (Turck et al., 2019).  
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Among these substances it is found one of special interest called phenylcapsaicin (PC), 

which has emerged as an alternative to traditional oral purified capsaicin supplementation 

(Turck et al., 2019). PC is a microencapsulation of 98% of PC and 1-1.5% lipidic excipients 

and cellulose as primary metabolic vehicles (Turck et al., 2019). PC levels are fast presented in 

different tissues after it ingestion and the hepatic glucuronidation pass (Turck et al., 2019). For 

this reason, high concentrations of PC are observed after 30 minutes of it ingestion in the liver, 

small intestine, stomach and possibly in peripheral tissues such as the skeletal muscle (Turck 

et al., 2019). Within this context, the use of lipidic excipients as a vehicle of microencapsulation 

might reduce the risk of digestive system mucosa irritation while improving the bioavailability 

of capsaicin (Framroze, 2022). Therefore, given that purified capsaicin ergogenic dose is set 

around 12 mg consumed 45 min prior to exercise (de Freitas, Cholewa, Freire, et al., 2018), PC 

might exert a positive ergogenic effect reducing the ergogenic dose below 2.5 mg. The rationale 

of this hypothesis is in line with the current European Food Safety Authority (EFSA) experts 

panel opinion about the security of PC as a dietary supplement (Turck et al., 2019). In this 

sense, the current upper limit of PC as  a dietary supplement is fixed in the aforementioned dose 

(i.e., 2.5 mg) (Turck et al., 2019). 

 

1.4. Capsaicinoids and capsinoids on resistance training performance 

Before the research intervention of this doctoral thesis was conducted, only 5 studies 

had evaluated the impact of capsaicinoids or capsinoids supplementation on resistance training 

outcomes in humans. The methodology employed in each of these studies is detailed in Table 

1. 
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Table 1. Characteristic of the studies involving capsaicin supplementation or its analogues and 

resistance training interventions. 

CON, Control; F, Female; M, Male; RPE: Rating of perceived exertion; SUP, Supplement; 

1RM, 1Repetition maximum. Adapted from: Jiménez-Martínez, P., Ramirez-Campillo, R., 

Flandez, J., Alix-Fages, C., Baz-Valle, E., & Colado, J.C. (2023). Effects of oral capsaicinoids 

and capsinoids supplementation on resistance and high intensity interval training: A systematic 

review of randomized controlled trials. Journal of Human Sport and Exercise, 18(2), 375-389. 

Study Sample Training status 
Exercise 

protocol 

Supplementation 

protocol 
Main Outcomes 

Walter et 

al. 

(2009) 

20 (20M) 

21.5±1.4 

years 

Recreationally 

active 

Graded 25 W 

incremental test 

every 2 min 

until exhaustion 

1-RM in bench 

press and leg 

press 

Acute 

SUP: 200 mg caffeine, 

33.34 mg capsaicin, 5 

mg bioperine, 20 mg 

niacin 

CON: 175 calcium 

carbonate, 160 mg 

microcrystalline 

cellulose, 5 mg stearic 

acid, 5 mg magnesium 

stearate 

Bench press (kg) 

Leg press (kg) 

 

de 

Freitas et 

al. 

(2018) 

 

10 (10M) 

22.7±4.0 

years 

Young men. 

At least 1 year 

experience 

4 sets of back 

squats until 

muscular failure 

with 70% 1RM/ 

90 s rest. 

Acute 

SUP: 12 mg of purified 

capsaicin 

CON: 50 mg of starch 

Total weight lifted 

(kg) 

Total repetitions 

until failure 

RPE 

 

de 

Freitas et 

al. 

(2019) 

 

11 (11 M) 

23.3 ±2.2 

years 

At least 1 year 

experience in 

resistance 

training 

5-km 

intermittent run 

in 1:1 effort and 

pause ratio; 10 

minutes passive 

rest and 4x70% 

1RM back 

squats until 

failure. 

Acute 

SUP: 2 dose of 12 mg 

of purified capsaicin 

CON: 2 dose of 12 mg 

of starch 

RPE 

Total repetitions 

until failure 

Total weight lifted 

(kg) 

 

Cross et 

al. 

(2020) 

 

9 (5F/4M) 

23.6±1.5 

years 

Recreationally 

active 

participants 

120 maximal 

isokinetic knee 

extensions at 

120º per second 

with passive 

flexion at 240º 

per second 

Acute 

SUP: 1.2 mg of 

capsaicin containing 

gummy. 

CON: eucaloric 

placebo 

Peak torque (N⋅m-

1) 

Summed torque 

(N⋅m-1) 

Fatigue index (%) 

 

de Moura 

et al. 

(2021) 

 

20 (M) 

18-30 

years 

Young 

untrained 

males 

3 sets of 45º leg 

press, 3 sets of 

bench press 

until failure 

with 70% of 

1RM and 90s 

rest between 

sets. 

Chronic (6 weeks)/ 

mixed 

SUP: 12 mg of capsiate 

capsules 

CON: Starch capsules 

Strength at 45 leg 

press (kg) 

Strength at bench 

press (kg) 

Weight lifted at 45 

leg press (kg) 

Repetitions until 

failure at 45 leg 

press 

Weight lifted at 

bench press (kg) 

Repetitions until 

failure at bench 

press 

Peak power for 3 

sets (W) 
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Overall, the findings of these studies suggest a positive impact of capsaicinoids and 

capsinoids on strength endurance until exhaustion and the perceptual responses to resistance 

training (de Freitas, Cholewa, et al., 2019; de Freitas, Cholewa, Freire, et al., 2018). In this 

sense, these substances provide a “counter-fatigue” effect driven by their analgesic 

improvement in pain and discomfort through their TRPV1 interaction (Knotkova et al., 2008; 

Lebovitz et al., 2012) and the enhancement of muscle contraction due to the increase of calcium 

release from the sarcoplasmic reticulum (Ito et al., 2013; Zhai et al., 2020). For instance,  in a 

previous study (de Freitas, Cholewa, Freire, et al., 2018), the group that ingested purified 

capsaicin (12 mg) performed more repetitions in all the sets of a 4x70% of one repetition 

maximum (1RM) in a back squats (SQ) protocol until muscular concentric failure. This effect 

elicited a significantly increase in the total volume performed in the supplementation condition 

(measured as total weight lifted). 

Moreover, the effects of capsaicin on strength endurance have also been reported when 

resistance training is performed imbedded in a concurrent protocol with high-intensity interval 

training (de Freitas, Cholewa, et al., 2019). In this experiment, resistance training consisted of 

the same protocol as in the previous study cited (de Freitas, Cholewa, Freire, et al., 2018) with 

the only difference of being completed after the interval exercise task. Therefore, 4 sets with 

70% 1RM until concentric exhaustion were completed after 5-km of running at 1:1 work to rest 

ratio also performed until exhaustion. To date, this is the unique study in which a mono-

ingredient (i.e., only composed of one ingredient) of capsaicin (12 mg) is assessed on 

concurrent training. Authors reported similar findings that those provided by their previous 

study (de Freitas, Cholewa, Freire, et al., 2018), exhibiting a benefit on strength endurance due 

to the reductions of perceived exertion during the sets and the overall session, as well as 

impacting positively on the total weight lifted. 

Only one study have evaluated the chronic effects of a capsaicin analogue on resistance 

training performance (de Moura e Silva, Cholewa, Jäger, et al., 2021). In this study, significant 

effects were not reported for lower body strength, peak power, inflammatory response or total 

repetitions until failure (acutely or chronically) after 12 mg of capsiate (i.e., a type of capsinoid) 

supplementation. Nevertheless, fat-free mass changes were augmented significantly in the 

supplementation group. For this reason, two elements may have modulated the null response of 

the supplement on resistance training performance. First, it is possible that the use of a capsinoid 

could not stimulate TRPV1 to a required extent (EFSA, 2012). Second, if capsiates were able 

to stimulate TRPV1, this was done in a chronic way. It is known that long term TRPV1 agonists 
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use produce endocytosis and lysosomal degradation of TRPV1 (Sanz-Salvador et al., 2012). 

Thus, there is a potential mechanism which suggests that TRPV1 agonist supplements may only 

provide benefits with acute consumption or after wash-out periods. 

In the other two studies, some critical limitations may be addressed. First, in Walter et 

al. (2009) the supplement ingested was a multi-ingredient formulation (200 mg caffeine, 33.34 

mg of capsaicin, 5 mg piperine, 20 mg niacin) instead of a purify capsaicin or capsiate form. 

Besides, in Cross et al. (2020) participants consumed a low dose (1.2 mg) of capsaicin. Hence, 

the non-significant results reported in both studies may be biased by these two points. 

Overall, capsaicin or its analogues supplementation seem to be safe and do not increase 

injury risk in exhaustion resistance training tasks (de Freitas, Cholewa, Freire, et al., 2018). For 

this reason, it could be stated that capsaicin can improve the tolerance to neuromuscular fatigue 

without a total disinhibition of nervous system alarm mechanisms. 

1.5 Capsaicinoids and capsinoids on high-intensity interval training performance 

The literature addressing the effects of capsaicinoids or capsinoids on high-intensity 

interval training is scarce. To date, only two experiments have evaluated this type of exercise 

under these substances’ supplementation. These studies are detailed in Table 2. 

 

Table 2. Characteristic of the studies involving capsaicin supplementation or its analogues and 

high-intensity interval training interventions. 

CON, Control; F, Female; M, Male; RPE: Rating of perceived exertion; SUP, Supplement. 

Adapted from: Jiménez-Martínez, P., Ramirez-Campillo, R., Flandez, J., Alix-Fages, C., Baz-

Valle, E., & Colado, J.C. (2023). Effects of oral capsaicinoids and capsinoids supplementation 

on resistance and high intensity interval training: A systematic review of randomized controlled 

trials. Journal of Human Sport and Exercise, 18(2), 375-389. 

Study Sample Training status 
Exercise 

protocol 

Supplementation 

protocol 
Main Outcomes 

Opheim 

et al. 

(2012) 

 

19 (9M) 

22.6±2.6 

years 

Experienced 

athletes 

15x30-m sprints 

on 35 s intervals 

One week 

SUP: capsaicin, 6 

capsules of 4.3 mg) 

CON: 6 gelatin 

capsules of 500 mg of 

toasted wheat flour 

Medium sprint time 

(s) 

Total sprint time (s) 

 

de 

Freitas et 

al. 

(2019) 

13 (13M) 

24.4±4.0 

years 

Active men. 

At least 6 

months 

experience 

15 s at 120% of 

sVO2 peak/ 15 s 

of passive 

recovery until 

exhaustion 

Acute 

SUP: 12 mg of purified 

capsaicin 

CON: 12 mg of starch 

Time to reach 90% 

VO2 peak (s): 

Number of efforts 

performed 

RPE 
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In the first study, Opheim et al. (2012) did not exhibit improvements in medium sprint 

time or total sprint time with 25.8 mg of capsaicin versus placebo. The selected protocol 

included a 15x30-m interval repeated sprint test and it was conducted in experienced athletes. 

The null effects reported in this study may contrast with those of the previous sub-section due 

to the time of force application and the rest differences of both types of tasks. While resistance 

training studies include efforts with a usual 90 s rest between sets performed until failure, sprints 

protocols used 35 seconds, which could modify the contribution of each energy system leading 

to different manifestations of fatigue (Wells et al., 2009). Other reason may be related to the 

higher gastrointestinal discomfort rates reported in this study (Opheim & Rankin, 2012). In this 

sense, a 13.5% of participants withdrew before the end of the intervention due to intestinal 

cramps, diarrhea, nausea and/or flatulence in the supplementation group. This finding is 

valuable because although in other research in which capsaicin was consumed in a high dose 

(Walter et al., 2009) discomfort was not reported, the use of a dose of 25.8 mg may impair 

sports performance. 

Nevertheless, de Freitas et al. (2019) exhibited an enhancement in the number of efforts 

performed and time to reach 90% of the oxygen uptake consumption peak (VO2 peak) without 

changes in VO2 values after 12 mg of purified capsaicin supplementation in high-intensity 

interval exercise. The neuromuscular improvements of capsaicin increase in 13 extra efforts 

and 188 s extra time the task in the supplementation condition compared to placebo. 

Furthermore, overall-body ratings of perceived exertion (RPE-OB) was maximum in both 

groups, which suggests that capsaicin improves the total number of efforts until exhaustion or 

reduces the neuromuscular effort when volume is matched. However, in spite of the positive 

effect of capsaicin in peripheral neuromuscular performance, how it impacts on sport 

bioenergetics and central adaptations to exercise remain unclear. 

 

1.6 Capsaicinoids and capsinoids: metabolic and bioenergetic effects 

In previous sub-sections, it was described how capsaicinoids and capsinoids can 

modulate peripheral adaptations to exercise, however, the metabolic and bioenergetic effects of 

these substances are poorly studied in the current literature. Hence, an overview of the scarce 

scientific literature about this topic is provided in this sub-section.  

Lipids comprise the main energy substrate that human body stores as an energy pool (Chait & 

den Hartigh, 2020). The use of lipids as energy fuel occurs due to a process named as beta 

oxidation (Duncan et al., 2007). Fatty acids are stored esterified in the form of triglycerides. 
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When adipose tissue detects biochemical signals like catecholamines release, these triglycerides 

are broken down during the lipolysis process, resulting in three free fatty acids molecules and 

a molecule of glycerol. Then, fatty acids are transported inside the mitochondria to be oxidized 

as energy fuel (Duncan et al., 2007). In some aerobic sports, the maximal capacity to oxidize 

fatty acids (MFO) efficiently may be an important factor in performance (Purdom et al., 2018). 

2018). For this reason, some critical factors must be pointed out when MFO is discussed. 

First, training level, primarily in trained athletes, is a strong moderator of MFO during 

long time exercise (i.e., more than 90 minutes) at moderate or low intensities (45-75% VO2 

max) (Purdom et al., 2018). In these athletes, intramuscular fatty acids stores are increased and  

the metabolic respiratory thresholds shifted (Purdom et al., 2018). The underlying mechanisms 

that explain these adaptations are related to the chronic stimulation of different molecular 

pathways that increase (a) the content and density of mitochondria, (b) enzymatic efficiency 

(e.g., b-hydroxyacyl-CoA dehydrogenase), (c) the function of fatty acids transporter proteins, 

as well as (d) capillary density (Maunder et al., 2018; Purdom et al., 2018; Yeo et al., 2011). 

Moreover, sexual dimorphism also contributes to MFO due to the higher levels of AMP-

activated protein kinase (AMPK) and peroxisome proliferator-activated receptor gamma co-

activator-1α (PGC-1α) reported in women (Maunder et al., 2018).  This can be explained 

because of the upper levels of estrogens presented in females in comparison to males 

(Chenevière et al., 2011; Maunder et al., 2018; Purdom et al., 2018). Finally, dietary factors 

such as the amount of dietary carbohydrates ingested can acutely modify the use of energy 

substrates during exercise (Yeo et al., 2011). However, low carbohydrates diets can impair 

sports performance due to reductions on the pyruvate dehydrogenase (PDH) enzyme activity 

(Volek et al., 2015; Yeo et al., 2011). Within this context, some nutritional ergogenic aids have 

demonstrated being able to increase fatty acid oxidation during physical activity. Among these 

substances, caffeine, teacrine, green tea extract and its polyphenols, as well as p-synephrine 

clearly enhance MFO (González-Cano et al., 2022; Gutiérrez-Hellín et al., 2020; Gutiérrez-

Hellín & Del Coso, 2016). Nevertheless, although some potential mechanisms of TRPV1 

agonists have been linked to an increase of free fatty acids for beta-oxidation, to date, there are 

several gaps in the use of capsaicinoids and capsinoids for this purpose (de Moura e Silva, 

Cholewa, Billaut, et al., 2021). Accordingly, research addressing capsaicinoids and capsinoids  

is mostly conducted in preclinical models, and human studies are poorly standardized in healthy 

athletes (Jiménez-Martínez, Ramirez-Campillo, et al., 2022). 

In this regard, only two studies have reported the metabolic effects of a capsaicinoid or 

capsinoid on substrate oxidation in healthy individuals (Lim et al., 1997; Rossi et al., 2022). In 
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the first study, participants exhibited equal respiratory exchange ratios (RER) after ingesting 

12 mg of capsiate supplementation during exercise performed at 70% of the maximal aerobic 

speed (Rossi et al., 2022). In the second study, a meal with 10 g of hot peppers (i.e., without 

standardizing the active agent) 2.5 hours prior to 1 hour of aerobic exercise at 60% VO2peak 

showed an increase in RER compared to placebo  (Lim et al., 1997). Furthermore, other studies 

where these substances are evaluated do not provide reports of substrate  oxidation  (Santos 

et al., 2022). In addition, only one study has addressed substrate oxidation standardizing MFO, 

which is critical for a real objective evaluation of these variables (Amaro-Gahete et al., 2018, 

2019; Osuna-Prieto et al., 2022). However, this study was conducted in overweight participants 

(Osuna-Prieto et al., 2022), which may not be extrapolated to other populations due to the 

reduced metabolic flexibility of this population (San-Millán & Brooks, 2018). In spite of these 

limitations, in the aforementioned study (Osuna-Prieto et al., 2022), 12 mg of dihydrocapsiate 

supplementation did not exhibited significant differences in fat oxidation (FATox), 

carbohydrate oxidation (CHOox), non-esterified fatty acids, energy expenditure, and skin 

temperature in sedentary overweight men. 

Moreover, other metabolic and central variables such as cardiovascular responses to 

exercise or lactate circulating levels have not been evaluated after TRPV1 agonists ingestion in 

low or moderate aerobic exercise. Nonetheless, one recent study has shown that the 

supplementation with purified capsaicin does not alter heart rate during an incremental exercise 

test in  cycloergometer until exhaustion at high intensity (i.e., above 85% of maximal work rate) 

(Giuriato et al., 2022). In addition, although preclinical research has shown that lactate is a 

potent endogenous inhibitor of TRPV1 activity (de la Roche et al., 2016), there is no current 

data that this mechanism is presented in humans during aerobic exercise. 

Overall, the current research of the metabolic impact of capsaicin and its analogues on 

bioenergetic variables is poor and scarce, which may hinder their real applicability of these 

compounds in sports performance. 

 

1.7 Aims of this doctoral research project 

The main aim of this doctoral thesis research project was to assess the potential use of 

different doses of PC to enhance physical performance and to reduce mechanical, metabolic, 

biochemical, perceptual and electrophysiological fatigue in different exercise interventions. 

Before the start of this research project, two preliminary studies were performed to evaluate the 

supplementation patterns of trained athletes (González-Cano et al., 2022) and to systematically 

aggregate the impact of capsaicinoids and capsinoids supplementation in prior studies 
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(Jiménez-Martínez, Ramírez-Campillo, et al., 2022). With the development of the three studies 

of this doctoral dissertation, the descriptive, physiological and mechanical gaps presented in 

the introduction section have been assessed. Therefore, as it is shown in the sub-section 1.7.1, 

all the articles of this compendium doctoral thesis are justified to evaluate the aims of this 

project. 

The specific objectives, which were assessed each one in one of the studies, are detailed 

hereunder in the order presented in this doctoral thesis: 

 1. Examine the effects of two doses of PC supplementation on mechanical (velocity, 

force and power) and neuromuscular [root mean square (RMS) and median frequency (MDF)] 

performance and fatigue outcomes on the squat exercise (velocity loss), as well as in a battery 

of strength and conditioning physical tests [countermovement jump (CMJ) and isometric squat] 

in young males. 

2. Evaluate the impact of two doses of PC on the squat exercise performance, general 

and specific perceived exertion (RPE-OB and RPE-AM) muscle damage [aspartate 

aminotransferase (AST)], protein breakdown (urea), metabolic response (lactate), and 24 hours 

perceived recovery (PRS) in young males. 

3. Assess the effects of two PC doses on aerobic capacity (VO2max), substrate oxidation 

(FATox, CHOox, RER), energy metabolism (energy expenditure) and exercise physiological 

variables (lactate, RPE, thermal perception and heart rate) in young males. 

 

1.7.1 Hypotheses 

 All the current hypotheses that are going to be presented are based on the previous 

evidence that was presented throughout the introduction section of this doctoral thesis. 

Accordingly, it was hypothesized that: 

 1. PC would be able to increase physical performance due to peripheral mechanisms and 

to the reduction of acute fatigue during the exercise.  

 2. As a consequence of the greater intensity achieved, a higher level of mechanical, 

metabolic, biochemical, perceptual and electrophysiological fatigue would be expected in the 

post-exercise window after ingesting PC. 

 3. PC would increase the metabolic, cardiovascular and perceptual responses to aerobic 

exercise shifting the contribution of energy substrates during exercise. 

 These hypotheses are linearly developed in chapters 2,3 and 4 in a chronological order. 

Each chapter corresponds to one article of the present compendium. Particularly, the first study 

(Jiménez-Martínez, Sánchez-Valdepeñas, et al., 2023) was used to examine the neuromuscular 
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and mechanical responses to PC supplementation on resistance training, the second (Jiménez 

Martínez et al., 2023) to assess the perceptual, protein breakdown, mechanical and muscle 

damage responses to PC supplementation on resistance training, and the third (Jiménez-

Martínez, Alix-Fages, et al., 2023) to evaluate the physiological and metabolic responses to PC 

supplementation on aerobic exercise. 
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2. Effects of phenylcapsaicin on mechanical performance and 

neuromuscular activity 

In the next three chapters (chapters 2, 3 and 4), the ergogenic use of PC in different 

exercise tasks is discussed. Accordingly, in this first study the mechanical and neuromuscular 

impact of PC on resistance exercise performance and fatigue is presented. Besides, this 

information is complemented in the next chapters. 

Human voluntary movement and force production are determined by the nervous 

system behavior (Alix-Fages, Grgic, et al., 2022). During strenuous exercise, changes in 

neuronal circuitry (e.g., supraspinal structures excitability) lead to a decline in fatigue tolerance 

and sports performance (Alix-Fages, Del Vecchio, et al., 2022). In this regard, as it was 

explained in the introduction section, a heterogeneous group of substances known as 

capsaicinoids, which are found in chili peppers, have emerged as plausible ergogenic nervous 

system modulators (Jiménez-Martínez, Ramírez-Campillo, et al., 2022). As a vanilloid-

structured substance, capsaicin interacts with the TRPV1 (Hayman & 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 (Alix-Fages, Del Vecchio, et al., 2022; 

Okano et al., 2015).  In this regard, TRPV1 agonists display their main physiological functions 

through reductions in inflammatory hyperalgesia, downregulating of voltage-activated calcium 

channels, and influencing thermoception (Baamonde et al., 2005; Fattori et al., 2016; Hayman 

& Kam, 2008). Accordingly, some discomfort related responses to exercise, such as 

metabolites accumulation and calcium overload, are linked to III and IV afferent nerve fibers 

activity  during exercise (de Moura e Silva, Cholewa, Billaut, et al., 2021; Taylor et al., 2016). 

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 (Jiménez-Martínez, Ramírez-Campillo, et al., 2022; Taylor et al., 2016). 

Consequently, the upregulation of TRPV1 lead to a decline in ratings of perceived exertion and 

the perception of pain, as well as discomfort during exercise (Jiménez-Martínez, Ramírez-

Campillo, et al., 2022).  

As it was previously presented PC  is a capsaicin's synthetic analog composed of 98% 

of PC and excipients (Turck et al., 2019). PC pharmacokinetics has shown a fast metabolism 

(i.e., 30 minutes) after administration (Turck et al., 2019). For these reasons, although the PC 

ergogenic dose may be lower than traditional purified capsaicin, this remains to be verified. On 
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the other hand, capsaicin has demonstrated a positive influence on repetitions until failure, total 

volume load, and rate of perceived exertion during resistance exercise interventions (de Freitas, 

Cholewa, Freire, et al., 2018). Previous research has elucidated the effects of capsaicin on 

dynamic exercise (Jiménez-Martínez, Ramírez-Campillo, 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 exertion of four sets at 70% of 1RM in the SQ of a double-

blinded, randomized and placebo-controlled intervention. However, these previous studies 

have not addressed different concerns that are still present in the literature. First, previous 

research is based on strength endurance protocols (Jiménez-Martínez, Ramírez-Campillo, 

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 includes the assessment of mechanical fatigue, have not 

been evaluated yet (de Moura e Silva, Cholewa, Billaut, et al., 2021). Moreover, in these 

previous studies, submaximal (i.e., not performed until failure) intensities were not assessed 

(Jiménez-Martínez, Ramírez-Campillo, et al., 2022), which reduce the real applicability of 

capsaicin on physical conditioning because of the induction of excessive fatigue can disturb 

training adaptations (Pareja-Blanco, Alcazar, et al., 2020). Furthermore, most of the current 

research has 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 & 

González-Badillo, 2011). This new objective approach is presented in chapters 2, 3 and 4. 

Besides, as capsaicin may produce an analgesic effect, its impact on direct muscle force 

production and electromyographical outcomes is relevant. To date, there are not 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 difficult to extrapolate this finding to sport 

performance. In addition, this issue must be highlighted because of the neural strategies of the 

nervous system during exercise are reflected in force production during sports and in the 

induction of fatigue (Alix-Fages, Del Vecchio, et al., 2022). Concerning force production, none 
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of the previous studies have directly evaluated the effects of capsaicin on this variable. 

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 to determine if this substance 

alters the amount, slope or time of force production. On the other hand, the “desensitizer” effect 

of capsaicin on a sport 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, Ramírez-Campillo, et al., 2022). This issue must be pointed out because 

an acute increase of fatigue could lead to a reduction on force production and sport performance 

during the subsequent training sessions or competitions (Pareja-Blanco, Rodríguez-Rosell, 

et al., 2020). Overall, information about how capsaicin may modulate resistance training 

performance and fatigue, as well as the neural and mechanical mechanisms underlying these 

effects are still lacking in current research. 

Therefore, this second study aims to examine the effects of two different doses of PC 

on fatigue and short-term mechanical responses, by measuring isometric and dynamic 

performance, as well as neural activity, in CMJ and SQ exercises. This study included for the 

first time the confluence of neural responses, dynamic and isometric exercise performance and 

mechanical fatigue after a 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 the post-test measurements were also expected. 

 

2.1 Materials and methods 

2.1.1 Experimental design 

This study was conceived as a randomized, triple-blinded, crossover, placebo-

controlled trial. Two weeks before the beginning of the study, participants were anthropometric 

(body mass and height), 1RM and load-velocity relationship in SQ tested (see dynamic full 

squat test sub-section). Then, participants completed three experimental conditions, each one 

composed of a main session and a 24 hours second session (post-24h). The three experimental 

conditions were identical with the only difference of the supplement ingested. In addition, 

participants 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, participants completed a SQ 

protocol that consisted of three sets of eight repetitions at 70% 1RM. Before (Pre), immediately 

after (Post), and 24 hours after (Post-24h) the SQ protocol, a battery of tests was conducted to 
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analyze the fatigue induced by each condition: CMJ, two SQ repetitions with 60% 1RM, and 

maximal isometric SQ at 90º, in that order. Since it is important to standardize temporalization 

to measure the acute responses, the tests were conducted in the following time points at Post: 

CMJ (one-minute post-exercise), SQ with 60% 1RM (two minutes post-exercise), and 

isometric SQ (three minutes post-exercise). Electromyographical assessment of each session 

was recorded while participants were performing the SQ tests. Participants performed each 

session at the same individual time of the day under stable environmental conditions (22-24 ºC 

and 55% humidity). The overall design of the study is depicted in Figure 1.  

 

Figure 1. Timeline of the experimental protocol. PC, Phenylcapsaicin; CMJ, 

Countermovement Jump; EMG, Electromyography; 1RM, one-repetition maximum; S1/S2, 

Sesssion 1/2. 

 

2.1.2 Participants 

Sample size calculation was performed using the G*POWER software (Heinrich-

Heine-Universität Düsseldorf, Germany) with an alpha value of 0.05. Statistical power was 

fixed at 0.80 and effect size at 0.60. Based on the total volume in the SQ exercise of previous 

research (de Freitas, Cholewa, Freire, et al., 2018), at least 21 participants were required for 

this study. Finally, twenty-five 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, 1RM normalized to body mass = 

1.64 ± 0.22) with at least two years of experience in resistance training (range = 2-5 years) 

were enrolled to this study. If participants suffered from any cardiovascular, muscular, 
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neurological, and/or metabolic disorder, they were directly excluded. Once participants were 

informed about the aim of the study, procedures and possible risks, participants 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 

European Food Safety Authority (EFSA) expert panel (Turck et al., 2019). 

Participants 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 two days before the tests. One of the researchers reminded participants to maintain their 

normal dietary intake and not to train each one of the two days before the weekly testing 

sessions with a text message. During the three weeks of the study, two participants withdrew 

from the study. One of them due to injury and the other because of missing a session. 

 

2.1.3 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 the triple 

blinding, each package was encoded with a number from one to three. Packages were not 

unblinded until a third-party statistician performed all the analyses. Packages and capsules were 

identical in appearance, color, and taste, and their content was only revealed after the 

statistician independent researcher finished all the analyses. Capsules composition included: I) 

PLA: a maltodextrin and excipients placebo with a red dye; II) HD: 2.5 mg of PC (Axivite, 

Malmö, Sweden); and III) LD: 0.625 mg of PC. Randomization and crossover were performed 

two weeks before the beginning of the study. To reduce possible bias, a third-party researcher 

assigned participants to each condition with the Research Randomizer website 

(www.randomizer.org). Each participant consumed one condition per week during the three 

total weeks of the study. PC doses or placebo were ingested 45 minutes previous to the first 

exercise session. Researchers encourage participants to freely select a capsule from the daily 

assigned condition package. 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, nine PLA in week one; seven HD, ten LD, eight PLA in week 

two; ten HD, seven LD, eight PLA in week three. This information was pooled after unblinding. 

http://www.randomizer.org)/
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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. 

 

Electromyography 

Before electromyography (EMG) recording, a researcher checked if participants were 

correctly shaved. Then, a black permanent marker  was used to ensure consistency in electrodes 

position across conditions (Pareja-Blanco, Alcazar, et al., 2020). 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 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 with 

a bipolar, parallel-bar surface electromyographic wireless Trigno™ sensor (Delsys Inc, MA, 

USA) (r range = 0.92–0.99) (Poitras et al., 2019). Baseline noise was established on < five µV 

peak-to-peak and sampling rate was 1926 Hz. EMG system was set on an inter-electrode 

distance of ten mm, common mode rejection ratio >80 dB, and bandwidth filter between 20 

and 450 Hz ± 10% (Delsys Inc, MA, USA). Data was stored using EMG works Acquisition 

software (Delsys Inc, MA, USA). For each measure, MDF [ICC (95% CI): 0.95 (0.90–0.98) 

and CV: 5.3%] and 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 according to previous research (Kattla & Lowery, 2010; Piqueras-Sanchiz et al., 

2021). All the outcomes measured were recorded for each repetition (over sliding windows of 

500ms with an overlap of 499ms) and averaged for further analysis for the 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 minutes after capsule ingestion in the first 

session and immediately after participants arrived at the laboratory in the second session. All 

participants were inspected regarding EMG marks before the warm-up. The general warm-up 

consisted of five minutes of continuous running at nine km·h-1. Then, a specific warm-up was 

conducted before each test. The specific warm-up consisted of three sets of ten repetitions of 

bodyweight SQs followed by three progressive CMJs, and two maximal CMJs. After that three 
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SQ sets of two repetitions with 40%, 50%, and 60% 1RM were performed before the main SQ 

test. 

 

Countermovement jump test 

CMJ height was determined using an infrared timing system (OptojumpNext, 

Microgate, Bolzano, Italy) (r = 0.99) (Glatthorn et al., 2011). Participants were instructed in 

performing CMJs with their arms akimbo during eccentric and concentric phases. Accordingly, 

CMJ technique was established as about 90° of knee flexion, followed by a maximal vertical 

jump. For each attempt, the landing was required to be in an upright position without knees 

bending until the movement was completed. For each measurement, participants were required 

to perform two attempts separated by ten seconds 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 

jump height difference was greater than two cm between trials, a third measurement was 

required 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 the load-velocity relationship in the full SQ exercise 

(González-Badillo et al., 2017). A smith machine with no counterweight mechanism was used 

(Multipower Fitness Line, Peroga, Murcia, Spain). Mean propulsive velocity (MPV) was 

directly measured for each repetition with a linear velocity transducer (T-Force System, 

Ergotech, Murcia, Spain) (r = 0.99) (Sánchez-Medina & González-Badillo, 2011) attached 

perpendicularly to the barbell (González-Badillo & Sánchez-Medina, 2010). Although all the 

participants 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 three months, 

the initial session was also used as familiarization. Accordingly, all the participants performed 

after the progressive loading test the isometrics and CMJs tests. 

Regarding the progressive loading test, the initial load used was 30 kg and it was 

progressively increased in ten kg until reaching a mean propulsive velocity (MPV) of 0.50 m·s1 

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 in 

three minutes for light and medium loads and five minutes for heavy loads. Load-velocity 
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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. 

The SQ was performed on a Smith Machine (Fitness Line, Peroga, Murcia, Spain) with 

participants starting from the upright position with the knees and hips fully extended, parallel 

feet and stance approximately shoulder-width apart, and the barbell resting across the back at 

the level of the acromion. Each participant descended in a continuous motion until the top of 

the thighs were below the horizontal plane, the posterior thighs and shanks making contact with 

each other (35-40 knee flexion), then immediately reversed motion and raised back to the 

upright position. Unlike the eccentric phase that was performed at a controlled mean velocity 

(0.50-0.65 m·s-1), participants were encouraged to always perform the concentric phase of the 

SQ at maximal intended velocity (Pareja-Blanco et al., 2014). The mean propulsive values of 

velocity (MPV) were acquired from 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 analysis. Resting between sets was fixed in two minutes. 

 

Isometric squat test 

Maximal isometric SQ test was performed on 90° of knee flexion position (180° = full 

extension) for elucidating the effects of PC on maximal isometric force (MIF) [ICC (95% CI): 

0.99 (0.97–0.99) and CV: 3.4%] and maximal rate of force development (RFDmax) [ICC (95% 

CI): 0.94 (0.86–0.97) and CV: 13.8%] (Martinopoulou et al., 2022; Piqueras-Sanchiz et al., 

2021). For this purpose, a Smith machine with customizable height supports was equipped with 

an 80 x 80-cm dynamometric platform (FP-500, Ergotech, Murcia, Spain). Participants were 

instructed to push with their legs against the floor of the platform as hard as possible after the 

cue “ready, set, go!”. Participants were required to execute two 5-s attempts separated by one 

minute of rest per test. External forces of each attempt were collected at a sampling rate of 

1000 Hz and processed with specific software (T-Force System, Ergotech, Murcia, Spain) (r = 

0.99) (Sánchez-Medina & González-Badillo, 2011). For RFDmax assessment, the maximum 

slope in the force-time curve in 20-ms time intervals was selected. Furthermore, as RFD data 

was 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 

analysis. MIF was presented as the percentage of change from the pre-values. The specific 
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warm-up consisted of two submaximal attempts at 70% and 90% of maximal perceived 

exertion.  

 

Full-squat protocol 

The execution technique and setting have been described in the “Dynamic full squat 

test” sub-section. The SQ protocol consisted of three sets of eight repetitions with 70% 1RM 

with a two-minute rest period between sets. According to warm-up sets and individual load-

velocity relationships, a 70% 1RM load was established daily for each participant. The MPV 

values for every repetition were recorded. 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 & González-Badillo, 2011). The total volume 

load accumulated within the session was calculated as absolute load lifted (kg) x total 

repetitions. 

 

2.1.4 Statistical analysis 

The normal distribution of the variables and homoscedasticity were tested with 

Shapiro-Wilk and Levene's test, respectively (p > 0.05). A two-way repeated measures analysis 

of variance (ANOVA) (condition x time) with Bonferroni post-hoc was used to explore the 

effect of the interventions (LD, HD, PLA) across time on the magnitude of each dependent 

variable and to address whether an order effect is presented. 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, USA). 

Statistical significance was established at p ≤ 0.05. To assess the magnitude of the differences, 

partial eta squared values (ƞp²) were obtained derived from ANOVAs 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 the 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). 
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2.2 Results 

2.2.1 Electromyography 

Descriptive values and statistical comparisons for EMG outcomes are presented in 

Table 3. Two-way repeated measures ANOVAs did not reveal any condition x time interaction 

(p range < 0.26 to 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 to 0.006) 

was observed. Post-hoc Bonferroni for time only revealed significant differences at 60% load 

RMS for 1/2 sets (p = 0.01; d =1.11) and 2/ 3 (p = 0.006; d = 1.19) sets comparisons. 

  



 Chapter 2. Effects of phenylcapsaicin on mechanical performance and neuromuscular activity. 

 

 

75 

Table 3. Two-way repeated measures analysis of variance (ANOVA) comparing the 

electromyographical responses to the three different supplementation conditions. 

 

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; Post24: 24-hours post-exercise measure. Isometric: values obtained from the 

isometric squat test; 60% 1RM load: values obtained from the 2 full-squat (SQ) repetitions 

against the 60% 1RM load; SQ protocol; values obtained from the SQ protocol, i.e., from 3 SQ 

sets of 8 repetitions with 70% 1RM load. * Significant difference (p ≤ 0.05). 
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2.2.2 Countermovement jump test 

Two-way repeated measures ANOVA revealed significant condition x time interaction 

for CMJ height (p < 0.01) and a condition main effect (p < 0.001) (table 5). Post-hoc 

Bonferroni tests showed that HD attained higher CMJ height than PLA (p < 0.001; d = 0.72) 

and LD (p < 0.001; d = 0.37). 

 

2.2.3 Dynamic and isometric squat tests 

Regarding the SQ test with 60% 1RM, the two-way repeated measures ANOVAs did 

not reveal significant condition × time interactions (p range = 0.74 to 0.95). However, 

significant time effect (p < 0.001) and condition effect (p = 0.03) for MPV was observed (Table 

4). Moreover, the two-way repeated measures ANOVAs did not reveal significant condition × 

time interaction (p range = 0.09 to 0.89), or significant differences for time (p range = 0.06 to 

0.78), or condition (p range = 0.19 to 0.97) for any of the isometric outcomes (Table 4). 
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Table 4. Two-way repeated measures analysis of variance (ANOVA) comparing the isometric 

mechanical responses to the three supplementation conditions.  

 
Mean ± standard deviation. PLA, Placebo; HD, High Dose; LD, Low dose; MIF; Maximal 

isometric force; RFDmax, maximal rate of force development; RFD0-50: rate of force 

development from the onset of force production to 50 ms; RFD0-100: rate of force 

development from the onset of force production to 100 ms; RFD0-150: rate of force 

development from the onset of force production to 150 ms; RFD0-200: rate of force 

development from the onset of force production to 200 ms; RFD0-400: rate of force 

development from the onset of force production to 400 ms.  
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2.2.4 Full-squat protocol 

One-way repeated measures ANOVAs reported no significant differences between 

conditions for total volume load (F = 1.09, p = 0.35). The two-way repeated measures 

ANOVAs did not reveal significant condition × time interaction for any variable (p range = 

0.12 to 0.98). However, it revealed significant time effects (p range = 0.001 to 0.008) for all 

the outcomes analysed. Moreover, a significant condition effect was observed for 60% load (p 

= 0.03), MPVmean (p = 0.02) and VLoss (p = 0.04) (Table 5). Bonferroni post-hoc revealed 

no significant differences for conditions ((p range = 0.06 to 0.07). Post-hoc Bonferroni 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 to 0.73). However, between sets 1 and 3, Bonferroni post-hoc time 

analyses reported significant differences for mean 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). One-way ANOVA for intra-set analysis revealed 

significant differences in repetitions 13, 15, 16, 17, 23, and 24 (p range = 0.03 to 0.04). Post-

hoc Bonferroni 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).  
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Table 5. Two-way repeated measures analysis of variance (ANOVA) comparing the 

mechanical responses to the three supplementation conditions and one-way repeated measures 

ANOVA comparing the descriptive total volume of the squat protocol between the three 

supplementation conditions. 

 
Mean ± standard deviation. PLA, Placebo; HD, High Dose; LD, Low dose; Mean propulsive 

velocity; VLoss, Percentage of velocity loss during a set; Best, the highest value of each set; 

Mean, the mean value of all repetitions conducted in each set; CMJ, Countermovement jump. 

* Significant difference (p ≤ 0.05). 
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Figure 2. One-way repeated measures analysis of variance (ANOVA) of the intra-set 

comparisons of individual repetitions and repetitions across time for the different 

supplementation conditions (PLA, HD, LD). PLA, Placebo; HD, High dose; LD, Low dose. 

(* p ANOVA ≤ 0.05; # p Bonferroni ≤ 0.05). 

 

2.3 Discussion 

The objective of this second 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 doses of PC do not modulate the 

electrical signals of quadriceps muscles compared to PLA. However, HD condition attained 

higher velocity values during the main SQ test than LD and PLA. Furthermore, 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 of a nervous system modulator effect was rejected according to the 

collected electrical signals. Therefore, 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 previous literature (Jiménez-

Martínez, Ramírez-Campillo, et al., 2022). 
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In the present study, changes in the 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 of the intensity of the electrical signals across the SQ sets. In this regard, 

increments 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 force production from the fresh state due to impairments 

in neural conduction velocity and discharge rates of motor units (Allison & Fujiwara, 2002). 

Thus, during and after high-intensity exercise, EMG can reflect the changes in neural strategies 

of the muscle related to the increase in the metabolic activity, hydrogen ions accumulation and 

other physiological events inducing fatigue (Mendez-Villanueva et al., 2008). Contrary to the 

present findings, previous research has documented that topical capsaicin administration may 

alter Henneman´s size principle (De Luca & Contessa, 2012) eliciting a greater number of 

motor units recruited in upper-limbs 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 mechanical performance was higher in the HD of PC 

condition (i.e., lower velocity loss in all the sets), the null changes on 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, Cholewa, Billaut, 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, 

Del Vecchio, et al., 2022), 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 the acetylcholine turnover 

without a direct effect on the neural raw output (de Moura e Silva, Cholewa, Billaut, 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 CMJ height 

and intra-set lifting velocities were reported significant in the post-hoc comparisons. However, 

as velocity were higher in both PC conditions, a plausible delaying effect on neuromuscular 

fatigue may have been presented (i.e., lower velocity loss in all the sets and 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, Ramírez-

Campillo, et al., 2022). For instance, a four sets at 70% 1RM until failure SQ protocol 
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documented an ergogenic response to 12 mg of purified capsaicin in comparison to a placebo 

(de Freitas, Cholewa, Freire, et al., 2018). In this study, authors reported higher number of 

repetitions until exhaustion, and consequently, a rise in 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, 

Cholewa, Billaut, et al., 2021; Jiménez-Martínez, Ramírez-Campillo, et al., 2022). 

Accordingly, these previous protocols may provide a low applicability on the strength and 

conditioning or sports performance fields due to the high levels of fatigue induced (Pareja-

Blanco, Rodríguez-Rosell, et al., 2020). Nevertheless, according to the current results and 

previous research, capsaicin may improve efforts performed near to muscular failure due to the 

regulation of TRPV1 in the context of high degrees of metabolic fatigue during  exercise (de 

Freitas, Cholewa, et al., 2019; de Freitas, Cholewa, Freire, et al., 2018), 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 previous research may be explained 

by the fact that in the present study volume was matched. This is corroborated by the growing 

gap reported between lifting 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., lifting MPV with 60% 1RM and CMJ height), exhibited higher values in the 

post exercise window in favor of HD.  According to previous literature, SQ dynamic strength 

(Nuzzo et al., 2008) is highly correlated with 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 due to the reported improvements in the mechanical outcomes can be associated to 

a 2.5% enhancement of force production (Sánchez-Medina et al., 2017). Nonetheless, in both 

dynamic mechanical recovery variables, the post-24 values returned near 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 it 

was aforementioned, 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 exercise when the range of motion was restricted (Cross 
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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 (Alix-Fages, Del Vecchio, et al., 2022; Collins et al., 2018). Within this 

context, exercise “perceived pain” could be explained as a manifestation of these nerve fibers 

firing, which is a biochemical target of PC supplementation, and leads to a lesser extent 

efficiency in the neuromuscular junction (e.g., regulation of calcium overload) reducing the 

velocity of crossbridge cycling, a mechanism directly involved in dynamic contractions 

(Collins et al., 2018; de Moura e Silva, Cholewa, Billaut, et al., 2021; Jiménez-Martínez, 

Ramírez-Campillo, 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 previous literature (Jiménez-Martínez, Ramírez-Campillo, 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 (Framroze, 2022; Jiménez-Martínez, Alix-

Fages, et al., 2023; Jiménez-Martínez, Ramírez-Campillo, et al., 2022; Turck et al., 2019). 

Collectively, an acute dose of HD (i.e., 2.5 mg) of PC may reduce mechanical fatigue 

(e.g., higher CMJ height) after submaximal resistance exercise, as a consequence of a positive 

effect on the mechanical performance (i.e., higher MPV values and lower % of VLoss) 

compared to a LD and PLA. Therefore, PC may be a tool for high-volume resistance exercise 

workouts. Finally, this study presented important strengths such as a triple-blind, crossover, 

placebo-controlled design and as previous research suggested (de Freitas, Cholewa, Freire, et 

al., 2018), the enrollment of trained participants. Nevertheless, some limitations may be pointed 

out. First, nutritional follow-up of participant’s diet and supplementation was not directly 

registered. Secondly, this study was conducted in 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 may add more accurate measures such as 

high-density EMG for the assessment of the neural effects of PC. Finally, ratings of perceived 

exertion or perceived pain were not evaluated in this study which may be useful in future 

studies to understand the sensitivity mechanisms underlying the supplementation with 

capsaicin. On the other hand, it would be valuable to determine the impact of PC in protocols 
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where exercise volume was not matched. In addition, sets may be performed until exhaustion 

and a force platform and linear transducer may be used. 

2.4 Conclusion 

The results of the present study suggest that acute PC ingestion may be considered as 

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 must deeply examine if neural mechanisms 

underlying capsaicinoids ergogenic impact exist. 
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3. Effects of phenylcapsaicin on muscle damage, protein breakdown, 

recovery and perceptual responses 

As the neuromuscular responses to PC supplementation were evaluated in the previous 

study (Jiménez-Martínez, Sánchez-Valdepeñas, et al., 2023), the present study was focused on 

the impact of PC supplementation on resistance training biochemical and perceptual responses. 

Furthermore, in the previous study it was found a positive effect of PC on dynamic mechanical 

performance (i.e., higher velocity with a matched load) and mechanical fatigue (i.e., lower CMJ 

height loss across time). However, the physiological mechanisms underlying these effects were 

not reported before under reliable conditions in scientific literature. 

Within this context, as supplements are popular ergogenic aids among athletes aiming 

to improve their sport performance (González-Cano et al., 2022; Maughan et al., 2018), 

capsaicinoids have emerged as a plausible ergogenic aid for strength conditioning and high-

intensity sports (de Freitas, Cholewa, Freire, et al., 2018; Jiménez-Martínez, Ramírez-Campillo, 

et al., 2022). As it was described in the introduction section, capsaicinoids are a group of 

compounds naturally found in spicy chili peppers which are characterized by their vanilloid 

structure (Lang et al., 2009). Capsaicin (8-methyl-N-vanillyl-trans-6-nonenamide), which is 

found in the placental tissue of Capsicum fruit, has emerged as the primary and most abundant 

capsaicinoid with therapeutic and physical performance relevance (de Freitas, Cholewa, Freire, 

et al., 2018; Sharma et al., 2013). In this sense, capsaicin has exhibited improvements on several 

pathophysiological conditions, such as chronic musculoskeletal and neuropathic pain, 

gastrointestinal disruptions (e.g., gastroduodenal mucosal injury) and metabolic disorders (e.g., 

overweight) (Basith et al., 2016; Framroze, 2022). On the other hand, capsaicin seems to 

enhance sport performance by reducing ratings of perceived exertion and perceived discomfort 

while improving mechanical performance (e.g., total volume load) (Jiménez-Martínez, 

Ramírez-Campillo, et al., 2022; Taylor et al., 2016). 

The aforementioned physiological effects of capsaicin have been associated to the 

TRPV1 (de Moura e Silva, Cholewa, Billaut, et al., 2021). TRPV1 content is specially high in 

afferents III and IV nerve fibers, which are linked to peripheral and central fatigue during high-

intensity tasks (Alix-Fages, Del Vecchio, et al., 2022; Alix-Fages, Grgic, et al., 2022; Collins 

et al., 2018). The feedback from afferents III and IV could directly or indirectly reduce 

motoneuron firing and motor unit recruitment (Alix-Fages, Del Vecchio, et al., 2022; Alix-

Fages, Grgic, et al., 2022). Thus, as a TRPV1 agonist, capsaicin could improve muscle 

contraction by increasing the perceived heat-analgesia and the release of calcium from the 
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sarcoplasmic reticulum, which are linked to motor units function (Ito et al., 2013; Jiménez-

Martínez, Ramírez-Campillo, et al., 2022; Zhai et al., 2020).  

To date, capsaicinoids supplementation has mainly been tested on sports performance 

with encapsulated capsaicin formulations (Jiménez-Martínez, Ramírez-Campillo, et al., 2022). 

Purified acute (i.e., 45 minutes before exercise) oral capsaicin supplementation has 

demonstrated an ergogenic effect in upper- and lower-limbs resistance training tasks (da Silva 

et al., 2022; Jiménez-Martínez, Ramírez-Campillo, et al., 2022). For instance, de Freitas et al. 

(de Freitas, Cholewa, Freire, et al., 2018) in a double-blind, randomized placebo-controlled trial 

found that acute 12 mg of capsaicin increased significantly the number of repetitions until 

failure, the total weight lifted, and reduced RPE-OB in SQ with a not-volume-matched design. 

However, although the effects of capsaicinoids have been tested in well-controlled conditions 

(Jiménez-Martínez, Sánchez-Valdepeñas, et al., 2023), acute muscle damage, protein 

breakdown, and recovery variables have not been assessed in response to capsaicin 

supplementation yet. As intense exercise may increase metabolic, biochemical, and 

neuromuscular fatigue in acute and short-term ways (Izquierdo et al., 2010; Taylor et al., 2016), 

exploring the biochemical, perceptual, and neuromuscular effects of capsaicin on these topics 

may also be relevant for researchers and practitioners. 

Besides, although the TRPV1 activity of capsaicinoids may be linked to their spiciness 

(Basith et al., 2016; Sharma et al., 2013), encapsulated capsaicin has not got a direct pungent 

taste. However, previous research has reported intestinal discomfort after high-dose oral 

encapsulated-capsaicin supplementation (25.8 mg) (Opheim & Rankin, 2012), which  suggests 

that capsaicin may be irritating, in spite of the vehicle of administration used. For this reason, 

in agreement with the previous study (Jiménez-Martínez, Sánchez-Valdepeñas, et al., 2023), 

PC was also used in this study as an alternative to traditional oral purified capsaicin 

supplementation (Turck et al., 2019). Furthermore, as it was explained in the introduction 

section, PC is rapidly metabolized through hepatic glucuronidation, which presents high levels 

of PC in tissues such as the small intestine, stomach, and liver after 0.5 hours of ingestion 

(Turck et al., 2019). Therefore, it is supposed that microencapsulation might entail a lower 

pungency power, less digestive system mucosa irritation, and potentially a higher 

bioavailability (Framroze, 2022; Turck et al., 2019). Therefore, given that purified capsaicin 

ergogenic dose oscillates around 12 mg (de Freitas, Cholewa, Freire, et al., 2018), as it was 

corroborated in the previous study, the ergogenic PC is lower (Jiménez-Martínez, Sánchez-

Valdepeñas, et al., 2023) (i.e., less than 2.5 mg). This reasoning may be aligned with current 

European Food Safety Authority (EFSA) PC permitted limits for dietary supplements (i.e., 2.5 
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mg) (Turck et al., 2019). 

Overall, the aim of this study was to explore the effects of a LD and HD of PC on lower-

limbs performance in the SQ exercise under velocity-based control, metabolic responses to 

exercise, acute biochemical muscle damage and protein breakdown, RPE, and perceived 

recovery in resistance-trained men. These assessments were approached under a randomized, 

triple-blinded, placebo-controlled, crossover design. It was hypothesized that PC may exert a 

positive impact in a dose-response way on velocity outcomes and RPE. However, a concomitant 

increment of perceived fatigue, protein breakdown, and muscle damage would have appeared 

after PC supplementation due to the increase in physical performance. It was expected that 

impairments in performance as well as muscle and protein damage were higher in the HD 

condition. 

 

3.1 Materials and methods 

3.1.1 Participants 

Twenty-five healthy men (age = 21.0 ± 2.2 years, body mass = 76.5 ± 9.5 kg, height = 

176.4 ± 7.5 cm, SQ 1RM normalized to body mass = 1.66 ± 0.22) enrolled voluntarily to this 

study. Of the total sample, two participants dropped out of the study, 1 due to causes not related 

to the study and the other after the placebo session. All participants were resistance-trained men 

with at least 2 years of experience (experience= 3.61 ± 1.43 years). Exclusion criteria comprised 

cardiovascular, neurological, physical and/or metabolic disorders that may disturb the primary 

outcomes.  

One week before the beginning of the study, SQ strength and anthropometric 

measurements (i.e., body mass and height) were tested for all participants. Participants were 

asked not to consume alcohol, caffeine, or other ergogenic aids. Besides, they could not to 

perform intense exercise or modify their macronutrients distribution, calorie intake and food 

selection 24 and 48 hours before each session. The experimental protocol was explained before 

the informed consent and sample collection agreement was signed prior to the first experimental 

session. The study protocol adhered to and respected the tenets of the Declaration of Helsinki 

and was approved by the Institutional Review Board of Pablo of Olavide University (Code: 

0513-N-22). 
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3.1.2 Experimental design 

A randomized, triple-blinded, placebo-controlled crossover trial was used to explore the 

effects of PC on resistance training performance, muscle damage, and metabolic responses. 

Participants attended the laboratory twice per week for a total study duration of 3 weeks. Each 

week of the study consisted of a main experimental session and a follow-up session. For each 

condition, six capillary blood extractions, a warm-up, a SQ testing protocol, and a 24-hour 

recovery and muscle damage follow-up session were performed.  

The order of the interventions was randomized for all participants by an external 

researcher in a balanced way before the beginning of the study in order to reduce training bias 

risk. The Research Randomizer website (www.randomizer.org) was used. All procedures were 

completed at the same time of the day and under stable environmental conditions (22-24 ºC and 

55% humidity) for each participant. The overall design of the study is depicted in Figure 3.  

 

 

Figure 3. Overview of the experimental protocol and methodological aspects of the 

timeline. PC, phenylcapsaicin; S1/2, Session 1/2; 1RM, one-repetition maximum; AST 

aspartate aminotransferase. 

 

3.1.3 Supplementation procedures 

To ensure blinding, supplements and placebo (Life Pro Nutrition industries, Madrid, 

Spain) were encapsulated and packaged with numbered labels by an independent researcher 

(i.e., not involved in the study). Packages and capsules were indistinguishable in appearance, 

http://www.randomizer.org)/
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smell and taste and their content was only revealed after an independent researcher performed 

the statistical analyses. 

Oral ingestion of each condition was performed 45 minutes before the first physical 

testing session of each week according to previous research (Jiménez-Martínez, Ramírez-

Campillo, et al., 2022; Turck et al., 2019). Participants were encouraged to freely select one 

capsule of the assigned numbered condition under researchers’ supervision. Participants were 

only allowed to consume the selected capsule with water. Capsules contained a 0.625 mg LD 

of PC, a 2.5 mg HD of PC (Axivite, Malmö, Sweden), and a PLA composed of maltodextrin 

and excipients. According to EFSA, both PC doses are considered in the safety range proposed 

by its expert panel judgment (Turck et al., 2019). 

 

3.1.4 Blood testing 

Blood samples were extracted and analyzed at 4 different times each week. Before the 

beginning of each first session, baseline capillary lactate, blood urea, and aspartate 

aminotransferase (AST) samples were collected from the index fingertip of each participant. 

The timeline for each biomarker was chosen due to suitability and reproducibility according to 

previous data  (Izquierdo et al., 2010; Pal et al., 2018). Capillary blood extractions were 

conducted with a sterilized lancet after cleaning and drying the fingertip of participants before 

each attempt. Lactate Pro 2 LT-1730 (Arkray, Kyoto, Japan) was used for lactate measurements 

as it has been shown previously as reliable throughout the physiological range of 1.0-18.00 

mmol·l-1 (Pyne et al., 2000). Post-test lactate was approached 90 seconds after the last SQ set 

as a metabolic indicator of the exercise intensity (Mora-Custodio et al., 2018). Urea and AST 

were tested with 28.5-31.5 µl blood samples using automatic reflectance photometry 

(Reflotron, Roche, Boheringer Mannhein, Germany) (Cattozzo et al., 1988; Pearson et al., 

1988) as whole-body protein breakdown and muscle damage measurements, respectively. For 

the determination of urea and AST, heparinized capillary tubes, pipettes, and the manufacturer 

reagent strips were used immediately after each extraction (Izquierdo et al., 2010). According 

to previous research, post-tests extractions and analyses were performed 40 minutes (Izquierdo 

et al., 2010)  after the last SQ set for urea as a purine cycle indicator (Warburton, 2002) and 

before starting the 24 hours follow-up session for AST (Pal et al., 2018) (figure 3). 
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3.1.5 Resistance training protocol 

Progressive loading test 

Before the beginning of the study, each participant undertook an initial test with 

increasing loads for the individual determination of the 1RM and the load-velocity relationship 

in the SQ exercise (González-Badillo et al., 2017). For this purpose, a smith machine with no 

counterweight mechanism was used (Multipower Fitness Line, Peroga, Murcia, Spain). MPV 

was directly measured for each repetition with a linear velocity transducer (T-Force System, 

Ergotech, Murcia, Spain) attached perpendicularly to the barbell (González-Badillo & Sánchez-

Medina, 2010).  

Concerning the progressive loading test, the initial load was set at 30 kg and it was 

progressively increased in 10 kg until the mean propulsive velocity (MPV) was 0.50 m·s-1. 

Then, the load was increased with smaller increments (2.5–5.0 kg) until the repetition could not 

be completed. Three repetitions were completed for light loads (≥ 1.00 m·s-1), 2 for medium 

loads (1.00–0.80 m·s-1), and one for the heaviest loads (≤ 0.80 m·s-1). Rest periods were 3 

minutes for light and medium loads and 5 minutes for heavy loads. Only the best repetition (i.e., 

highest MPV) with each load was considered for load-velocity relationship calculation 

(Piqueras-Sanchiz et al., 2021).  

The SQ was performed with participants starting from the upright position with the 

knees and hips fully extended, parallel feet and stance approximately shoulder-width apart, and 

the barbell resting across the back at the level of the acromion. Each participant descended in a 

continuous motion until the top of the thighs was below the horizontal plane (35-40 knee 

flexion), then immediately reversed motion and raised back to the upright position. Unlike the 

eccentric phase that was performed at a controlled mean velocity (0.50-0.65 m·s-1), 

participants were encouraged to always perform the concentric phase of the SQ at maximal 

intended velocity (Pareja-Blanco, Alcazar, et al., 2020).  

Warm-up 

The standardized warm-up of the two weekly SQ sessions consisted of (I) five minutes 

of running at nine km·h-1, (II) three sets of ten repetitions of bodyweight squat, (III) three 

progressive CMJ, and (IV) three sets of two SQ repetitions with the 40%, 50%, and 60% of 

1RM resting two minutes between sets. These warm-up intensities were chosen based on 

previous research on the field (Piqueras-Sanchiz et al., 2021) in order to progressively prepare 

participants but not to fatigue them. 
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Full Squat protocol 

The execution technique has been described in the progressive loading test section. The 

SQ protocol consisted of three sets of eight repetitions with 70% 1RM with a two-minutes rest 

period between sets. Therefore, training volume was matched for all sessions. Thus, velocity 

loss could be compared for the same training performed after different interventions.  

According to warm-up sets velocities and the individual load-velocity relationship, 70% 

1RM load was daily established for each participant. This load was chosen because this 1RM 

percentage may involve a submaximal non-extenuating (i.e., without reaching muscle failure) 

high effort for the selected repetitions (Sánchez-Medina & González-Badillo, 2011). Finally, 

as MPV and consequently, the percentage of VLoss are indicators of neuromuscular fatigue 

(Sánchez-Medina & González-Badillo, 2011), two repetitions with 60% 1RM load were 

performed 3 minutes and 24 hours after the last set of the 3x8 protocol. Velocity values were 

treated as the fastest, mean and slowest obtained for the three sets. The percentage of mean and 

maximal VLoss were calculated in agreement to previous research (González-Badillo et al., 

2015).  

 

3.1.6 Rating of perceived exertion and perceived recovery status assessment 

Subjective fatigue and recovery assessment was conducted using PRS, RPE-OB, and 

active muscle RPE-AM scales. PRS, RPE-AM, and RPE-OB are subjective recovery and 

fatigue status pictographs where cut-off points ranged from 0 to 10. Although participants were 

familiarized with both pictographs before the start of the study, both pictographs were presented 

during the previous session to the study start. In PRS, the perceived recovery is set between 

“very poorly recovered/extremely tired” (value 0) and “very well recovered/highly energetic” 

(value 10) (Colado et al., 2018; Laurent et al., 2010). PRS was explained again and evaluated 

before the start of the post 24 hours follow-up session for each condition. 

Fatigue was evaluated using RPE-AM and RPE-OB immediately after each 3x8 set 

(Swank & Robertson, 1989). RPE scales were explained after the 60% 1RM load and before 

the 3x8 protocol for each condition. Maximum perceived exertion was set on the value 10, 

which corresponds to reaching exhaustion (i.e., last set rating of exertion of the progressive 

loading test), and basal intensity is represented with the value 0. RPE-AM was set up as the 

locally perceived exertion of the quadriceps and RPE-OB as the traditional general perceived 

exertion of the whole body (Swank & Robertson, 1989). Both validated scales were printed and 

participants were able to visualize each one when they required them. 
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3.1.7 Sample size calculation 

Sample size calculation was performed using the G* POWER software (Heinrich-

Heine-Universität Düsseldorf, Germany) with an alpha of 0.05, a statistical power of 0.80, and 

an effect size of 0.60 based on previous resistance training performance  (i.e., total mass lifted) 

in previous literature (de Freitas, Cholewa, Freire, et al., 2018). Accordingly, at least 21 

participants were required for this study. Plausible drop-out rate was set on 15% and 25 

participants were recruited (de Morton, 2009; Sánchez-Moreno et al., 2020).  

 

3.1.8 Statistical analysis 

Data are presented as means and standard deviations (Mean ± SD). The normal 

distribution of the variables (Shapiro-Wilk test) and the homogeneity of the variances (Levene's 

test) were tested for each variable (p > 0.05). A two-way repeated measures ANOVA (condition 

x time) was used to explore the effect of the interventions (LD, HD, PLA) along the time on 

the magnitude of each dependent biochemical and perceptual variable. Bonferroni post-hoc 

comparison was performed when ANOVA significance was reached. A one-way repeated 

measures ANOVA was used to compare velocity analyses. The Greenhouse-Geisser correction 

was applied when Mauchly's sphericity test was significant (p ≤ 0.05). The Cohen's d effect 

size (ES) with 95% confidence intervals was calculated to evaluate the magnitude of the 

differences using the following scale: negligible (< 0.20), small (0.20–0.49), moderate (0.50–

0.79), and large (≥ 0.80) (Cohen, 1988). If non-parametric data was examined, Friedman and 

post-hoc Wilcoxon were used instead. Statistical analyses were performed using the software 

package SPSS (IBM SPSS version 25.0, Chicago, IL, USA). Statistical significance was set at 

p ≤ 0.05. 

 

3.2 Results 

3.2.1 Blood testing 

Two-way repeated measures ANOVAs reported significant differences of lactate and 

urea concentrations for time (pre-post comparisons) (F = 269.62, p < 0.001) but not for 

condition (F = 1.49, p = 0.23) or condition × time interaction (F = 0.94, p = 0.34) (Table 6). 

For AST, Friedman test revealed no significant differences between conditions in pre-values (p 

= 0.77), showing similar baseline levels. However, significant differences between conditions 

were found for AST post-values (p = 0.03, Table 6). Post-hoc Wilcoxon test revealed 

significantly higher post-levels of AST for PLA compared to HD (p = 0.02). 
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Table 6. Metabolic response to the different conditions of phenylcapsaicin supplementation. 

Variable Time 

 Condition ANOVA 

PLA LD HD Condition Time 
Condition 

× time 

Lactate 

(mmol/L) 

Pre 1.9 ± 0.6 1.7 ± 0.4 1.6 ± 0.4 F = 1.49 

p = 0.23 

F = 269.62 

p < 0.001* 

F = 0.94 

p = 0.34 Post 12.4 ± 3.5 12.7 ± 4.5 11.5 ± 2.8 

Urea 

(mg/dl) 

Pre 32.0 ± 11.6 29.8 ± 10.7 30.3 ± 10.4 F = 0.11 

p = 0.89 

F = 32.44 

p < 0.001* 

F = 0.94 

p = 0.39 Post 38.9 ± 17.4 40.8 ± 14.2 37.5 ± 18.2 

AST (U/L) 
Pre 18.6 ± 9.9 17.4 ± 11.3 16.4 ± 11.3 Pre; p# = 0.77 

Post 29.6 ± 8.6 27.1 ± 14.7 22.4 ± 10.9 Post; p#  = 0.03* 

Mean ± standard deviation. AST, Aspartate aminotransferase; PLA, Placebo; HD, High dose; 

LD, Low dose. Pre; measurements; Taken each week before the first session. Post; Taken 90 

seconds after squat testing for lactate, 40 min for urea and 24 hours for AST. * Significant 

difference (p ≤ 0.05). # non-parametric outcome. 

 

3.2.2 Resistance training protocol 

One-way repeated measures ANOVAs of movement velocity outcomes revealed 

significant effects for mean velocity and maximal VLoss (p range ≤ 0.001 to 0.05, Table 7). 

Bonferroni post-hoc comparisons revealed significant differences between HD and LD for 

maximal VLoss (p = 0.008) and it was almost achieved between HD and PLA for the mean 

velocity variable (p = 0.06). The magnitude of the differences between the different conditions 

ranged from negligible to large (Table 8). 
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Table 7. Mechanical characteristics of the training session carried out under different 

conditions of phenylcapsaicin supplementation. 

Variable 
Condition 

ANOVA 

PLA LD HD 

Repetitions (n) 23.8 ± 0.6 24.0 ± 0.0 24.0 ± 0.0 F =#, p=# 

Fastest-V (m·s-1) 0.78 ± 0.04 0.78 ± 0.03 0.80 ± 0.06 F= 2.45; p = 0.09 

Mean-Vt (m·s-1) 0.59 ± 0.05 0.61 ± 0.07 0.64 ± 0.07 F = 4.14, p = 0.02* 

Slowest-Vt (m·s-1) 0.43 ± 0.10 0.45 ± 0.09 0.49 ± 0.09 F = 2.69, p = 0.08 

MeanLoss-V (%) 31.2 ± 9.9 31.7 ± 9.3 27.7 ± 8.8 F = 2.79, p = 0.07 

MaxLoss-V (%) 36.9 ± 10.8 38.0 ± 10.6 32.8 ± 8.3 F = 0.33, p = 0.05* 

Mean ± standard deviation. Repetitions, Repetitions performed in the protocol; fastest-V, the 

highest velocity measured in the 3 sets; mean-V, mean velocity of all repetitions during the 3 

sets; Slowest-V, Slowest velocity measured in the 3 sets; MeanLoss-V, mean percent loss in 

velocity from the fastest to the slowest repetition over the 3 sets; MaxLoss-V, maximum percent 

loss in velocity from the fastest to the slowest repetition over the 3 sets; PLA, Placebo; LD, 

Low dose; HD, High dose; * Significant difference (p ≤ 0.05); # value not defined. 

 

 

Table 8. Cohen's d effect size (ES) with 95% confidence intervals (CI) comparing mechanical 

outcomes between conditions.  

 LD vs. PLA HD vs. PLA LD vs. HD 

Fastest-V (m·s-1) 2.22 (1.76, 2.67) 0.41 (0.00, 0.82) 1.17 (0.65, 1.17) 

Mean-Vt (m·s-1) 0.08 (-0.36, 0.51) 0.53 (0.08, 0.99) -0.37 (-0.65, -0.08) 

Slowest-Vt (m·s-1) 0.16 (-0.36, 0.069) 0.53 (-0.06, 1.13) -0.37 (-0.65, -0.08) 

MeanLoss-V (m·s-1) 0.09 (-0.26, 0.44) -0.33 (-0.80, 0.14) 0.38 (0.06, 0.69) 

MaxLoss-V (m·s-1) -0.15 (-0.21, 0.52) -0.28 (-0.73, 0.17) 0.45 (0.15, 0.75) 

Mean ± standard deviation. Repetitions, Repetitions performed in the protocol; 60% fastest-V, 

highest velocity measured in the 60% sets; fastest-V, highest velocity measured in the 3 sets; 

mean-V, mean velocity of all repetitions during the 3 sets; Slowest-V, Slowest velocity 

measured in the 3 sets; MeanLoss-V, mean percent loss in velocity from the fastest to the 

slowest repetition over the 3 sets; MaxLoss-V, maximum percent loss in velocity from the 

fastest to the slowest repetition over the 3 sets; PLA, Placebo; LD, Low dose; HD, High dose. 

A positive ES indicates a higher value for HD compared to PLA, LD compared to PLA, and 

LD compared to HD.  

 

3.2.3 Rating of perceived exertion and perceived recovery status assessments 

Two-way repeated measures ANOVAs for RPE-OB reported significant differences for 

time (F = 49.00, p < 0.001) but not for condition (F = 2.77, p = 0.07) or condition × time 

interaction (F = 1.339, p = 0.26) (Figure 4A). However, Bonferroni post-hoc analyses revealed 

no significant differences. For RPE-AM, both condition (F = 9.19, p < 0.001) and time (F = 

36.154, p < 0.001) reached significant differences but not condition × time interaction (F = 

0.553, p = 0.70). Bonferroni post-hoc analyses showed significant differences for all time 
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comparisons (p range ≤ 0.001 to 0.002) and for comparisons between PLA and HD (p = 0.004) 

and between HD and LD (p = 0.02) (Figure 4B). On the other hand, one-way repeated measures 

ANOVAs found no significant differences between conditions for PRS (F = 0.698, p = 0.46, 

Figure 4C).  

 

Figure 4. Individual (points) and mean (bars) values of: (a) RPE-OB, Overall body rating 

of perceived exertion; (b) RPE-AM, Active muscle rating of perceived exertion; (c) PRS, 

Perceived recovery status for the different supplementation conditions (PLA, HD, LD). 

PLA, Placebo; HD, High dose; LD, Low dose. (* p ANOVA ≤ 0.05; # p Bonferroni ≤ 0.05). 

 

3.3 Discussion 

This is the first study where the impact of a capsaicinoid has been evaluated on several 

topics such as muscle damage, protein breakdown, recovery and peripheral perceived exertion, 
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with an acute 24 hours design in strength-trained men. The main finding of this study was that, 

although HD reduced RPE-AM and enhanced mechanical performance, it also exhibited lower 

muscle damage in comparison to PLA and LD. The main HD effects were documented through 

reductions in maximal VLoss and eliciting a positive trend in the velocity of the slowest 

repetitions compared to LD and PLA. Collectively, contrary to the initial hypothesis, the 

ergogenic effects of PC on performance variables were only verified for HD. In addition, a 

significant dose-response relationship for LD and HD was not fulfilled for any of the particular 

outcomes. On the other hand, contrary to our initial hypothesis, HD was effective in reducing 

muscle damage. Therefore, the results of the present study confirm a plausible ergogenic effect 

of PC on strength training and performance, but an HD seems to be necessary. 

Regarding metabolic blood testing, previous literature has described that the 

involvement of major muscle mass areas (e.g., lower-limbs exercise) and the execution time 

are key factors in lactate response (Wirtz et al., 2014). In this sense, a higher velocity loss is 

linearly correlated with an increase in lactate levels after SQ exercise (Sánchez-Medina & 

González-Badillo, 2011). Accordingly, the resistance training stimulus applied in the present 

study was effective inducing a lactate response between pre and post exercise states. These 

results agree with the only previous study where lactate was assessed after capsaicin 

supplementation (de Freitas, Cholewa, Freire, et al., 2018). Within this context, in our study 

post exercise lactate levels trended to be lower in the HD condition compared to PLA and LD. 

Preclinical data has shown that lactate is a potent endogenous inhibitor of TRPV1 activity (de 

la Roche et al., 2016). For this reason, PC may have modulated sarcoplasmic calcium efflux 

channels lowering lactate levels (de la Roche et al., 2016). This finding agrees with a previous 

study (de Freitas, Cholewa, Freire, et al., 2018), in which although participants significantly 

performed more repetitions after capsaicin ingestion compared to placebo, non-significant 

lower lactate levels were reported for capsaicin condition. This reduction on lactate kinetics 

after oral capsaicin administration has also been reported in other high-intensity exercise 

modalities, such as running time trial (de Freitas, Cholewa, Gobbo, et al., 2018).   

Concerning, protein breakdown, previous literature has observed an accelerated 

catabolic effect on purine nucleotides in skeletal muscle after strenuous exercise (Sutton et al., 

1980; Warburton, 2002). As a waste product of ammonium, urea levels are linked to exercise 

intensity (i.e., closeness to muscle failure), which can be assessed through VLoss (Sánchez-

Medina & González-Badillo, 2011; Warburton, 2002). Previous research has fixed purine 

breakdown threshold on 35% of VLoss in the SQ exercise (Sánchez-Medina & González-

Badillo, 2011). In the present study, all protocols induced moderate increases in urea levels 
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following exercise. However, none of the protocols achieved this cut-off threshold. 

Nevertheless, although significant differences were not reported between conditions, the 

absolute increase trended to be lower in HD, which reported a significantly lower maximal 

VLoss. In agreement with protein breakdown, strenuous exercise also raises inflammation and 

oxidative stress, which can be observed in different muscle damage biomarkers (Baird et al., 

2012; Bessa et al., 2016). AST is a liver and musculoskeletal enzyme which react 24 hours after 

demanding exercise (Bessa et al., 2016; Pal et al., 2018; Villavicencio-Kim & Wu, 2020). In 

this regard, HD exhibited lower levels of AST than PLA after 24 hours. This finding may be 

linked to the lower mechanical stress suffered during the HD conditions, since HD obtained 

higher velocities and lower VLoss values. This mechanical hypothesis may be more intuitive 

instead of a direct “antioxidant” or recovery effect of PC due to its synthetic composition (Turck 

et al., 2019).  

Related to the SQ protocol, the present results agree with previous literature where 

capsaicin enhanced performance when it was acutely ingested (de Freitas, Cholewa, Freire, et 

al., 2018; Jiménez-Martínez, Ramírez-Campillo, et al., 2022). In previous research, capsaicin 

(i.e., 12 mg) raised the total number of repetitions performed until failure in a 4x70% 1RM 

protocol (de Freitas, Cholewa, Freire, et al., 2018). Within this context, as MPV is a reliable 

predictor of the number of repetitions (Morán-Navarro et al., 2019), the observed trend of 

higher MPV values in the last repetitions (i.e. the slowest repetitions) of HD might have implied 

an increase in the total repetitions until exhaustion if the volume had not been matched. 

Furthermore, as previous research elicited further benefits of capsaicin in the last set of higher-

volume training protocols, plausible greater effects would have been reported by increasing the 

total number of sets (de Freitas, Cholewa, et al., 2019; de Freitas, Cholewa, Freire, et al., 2018). 

Regarding the potential ergogenic mechanisms underlying capsaicin effects on SQ 

performance, according to previous research, they may be linked to an increase of calcium 

released by the sarcoplasmic reticulum, higher acetylcholine levels, and its analgesic effect (de 

Moura e Silva, Cholewa, Jäger, et al., 2021; Jiménez-Martínez, Ramírez-Campillo, et al., 2022). 

As afferents III and IV fibers seem to contribute to the development of central fatigue at spinal 

and supraspinal levels of the central nervous system (Collins et al., 2018; Kaufman et al., 1982), 

this “desensitizer” agent may provide a higher tolerance to firing rate reductions during 

strenuous exercise. Thus, as muscle force is critically affected by the motor unit activity (Del 

Vecchio et al., 2019), and MPV is a mechanical manifestation of muscle force (Sánchez-Medina 

& González-Badillo, 2011), the analgesic effect of PC may have played a retardant effect on 

neuromuscular fatigue improving MPV, especially at the last repetitions. Consequently, the 
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ergogenic effect of PC on mechanical outcomes might be explained by a plausible reduction in 

neural fatigue (Heckman & Enoka, 2004; Jiménez-Martínez, Ramírez-Campillo, et al., 2022). 

Concerning perceived exertion variables, previous research has reported RPE-OB 

reductions after 12 mg of acute capsaicin supplementation (de Freitas, Cholewa, et al., 2019; 

de Freitas, Cholewa, Freire, et al., 2018). However, although a positive trend was observed, our 

results did not support these RPE-OB reductions when PC, in HD or LD, was ingested in 

comparison to PLA. In this sense, most of the previous research protocols were performed until 

muscle failure where the plausible analgesic effect of capsaicinoids may be higher (de Freitas, 

Cholewa, Freire, et al., 2018; de Moura e Silva, Cholewa, Jäger, et al., 2021). On the other 

hand, in the present study, local quadriceps RPE-AM was highly affected by HD in comparison 

to LD and PLA. Considering that RPE can be modulated by changes in the neuronal circuitry 

of the brain  (Alix-Fages et al., 2020; Okano et al., 2015) and afferent feedback from III and IV 

afferents may raise exercise-related discomfort (Taylor et al., 2016) and RPE (Amann et al., 

2010), this effect of PC on RPE-AM could be mediated by TRPV1 interaction. In addition, 

since HD but not LD produced significant effects on RPE-AM, peripheral analgesic effects of 

PC (Arora et al., 2021) during exercise could be dose-dependent. This conjecture agrees with 

the only previous study where a low dose of a regular-bioavailable capsaicin supplement was 

consumed before a resistance training protocol (Cross et al., 2020). In this study, fatigue index 

and isometric knee torque was not affected after 1.2 mg of capsaicin (Cross et al., 2020). On 

the other hand, although PC in HD exerted a positive effect on muscle damage and RPE-AM, 

PC effects did not produce any improvements in PRS. Hence, the possible analgesic effect of 

PC may only appear acutely. Intriguingly, as previous research (Jiménez-Martínez, Ramírez-

Campillo, et al., 2022) hypothesized that capsaicin may increase injury risk due to its analgesic 

effect, in this study only two participants dropped out, one  for personal reasons and the other 

during the placebo session. 

Collectively, our findings suggest that a 2.5 mg dose of PC provides a plausible 

ergogenic effect on strength performance, muscle damage, and peripheral perceived exertion in 

comparison to PLA and a lower dose of 0.625 mg. This novel information is valuable because 

never before a capsaicinoid has been evaluated concerning muscle damage, protein breakdown, 

and peripheral fatigue. Finally, this study presents important strengths as a triple-blinded, 

placebo-controlled crossover design, trained participants enrollment, and the uses of velocity 

measures as performance indicators. However, some limitations should be addressed. First, 

electromyographical assessment may have completed the internal reliability of the peripheral 

effects of PC (see chapter 2). Another possible limitation is that the study was only carried out 
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in male athletes, for this reason, these results may not be extrapolated to other populations such 

as female athletes or untrained participants. Furthermore, these results should be cautiously 

interpreted for other exercises and tasks (see chapter 4) not performed in a laboratory 

environment. Finally, as in this study only 3 sets of SQ in a single training session were 

performed, further research may evaluate the effects of PC during longer workouts and chronic 

trials to verify whether or not these benefits are replicated in these conditions. 

 

3.4 Conclusion 

The results of the present study suggest that a HD (2.5 mg) of PC supplementation 

ingested 45 minutes before exercise may increase SQ performance and reduce muscle damage, 

as well as peripheral quadriceps perceived exertion in strength-trained participants in 

comparison to a LD (0.625 mg) and PLA.  Therefore, the ergogenic effect of PC may appear 

after a “dose” threshold is reached. 
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4. Effects of phenylcapsaicin on substrates oxidation, energy expenditure, 

metabolic, perceptual and thermal responses during exercise 

Scientific literature concerning the impact of capsaicinoids or capsinoids in resistance 

and high-intensity training is larger and more robust than that addressing the effects of these 

substances in the physiological responses to aerobic exercise (Jiménez-Martínez, Ramirez-

Campillo, et al., 2022). In the previous chapters, it has been discussed if the pungent properties 

of capsaicinoids, are really associated with their ergogenic effects (Jiménez-Martínez, Ramirez-

Campillo, et al., 2022). In this sense, although capsaicin spiciness has been proposed as an 

athletic enhancer mechanism, capsinoids (i.e., new non-pungent analogues) have been proposed 

as a plausible alternative (Luo et al., 2011). It is important to stand out this difference between 

both type of substances as research evaluating the physiological responses to exercise has used 

both types of compounds. 

As it was explained in the introduction section capsinoids composed a group of 

capsaicinoids non-pungent analogues (e.g., capsiate) found in sweet peppers (Lang et al., 2009). 

Although capsaicinoids and capsinoids have a similar chemical structure, these substances 

present differences in their functional properties and their metabolism. Accordingly, capsinoids 

are rapidly metabolized and conjugated after their ingestion (EFSA, 2012), resulting in non-

detectable circulating levels in the bloodstream (EFSA, 2012). By contrast, after their ingestion, 

different capsaicin formulations, including PC, have a fast effect on different tissues, such as 

the small intestine, liver, and stomach (Turck, et al., 2019).  

Once again, the ergogenic effects of capsaicinoids and capsinoids seems to be mediated 

by their interaction with the TRPV1 in afferent III and IV nerve fibers (Jiménez-Martínez, 

Ramirez-Campillo, et al., 2022). Besides, ingesting these substances enhance muscle 

contraction as a consequence of the improvement in motoneurons recruitment, calcium release, 

and perceived analgesia (de Moura e Silva, Cholewa, Billaut, et al., 2021). Additionally, other 

potential ergogenic mechanisms related to TRPV1 stimulation concern metabolic effects such 

as an increase in fatty acid oxidation (more FFAs available for beta-oxidation), an increase in 

glycogen sparing, and a positive effect in the acetylcholine turnover (de Moura e Silva, 

Cholewa, Billaut, et al., 2021). However, current human evidence regarding the positive 

metabolic impact of these substances is scarce, albeit the plausible mechanisms aforementioned 

are well documented in preclinical models (Basith et al., 2016; Jiménez-Martínez, Ramirez-

Campillo, et al., 2022). 
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In the present study, only active males were recruited as previous research has exhibited 

that the effects of capsaicin on substrate oxidation are unaffected by the sex of the participants 

(Lejeune et al., 2003). To date, only two studies have reported the metabolic effects of a 

capsaicinoid on substrate oxidation (Lim et al., 1997; Rossi et al., 2022). In the first study, 

participants exhibited equal RER values after 12 mg of capsiate supplementation during 

exercise performed at 70% of the maximal aerobic speed (Rossi et al., 2022). In the second 

study, a meal with 10 g of hot peppers 2.5 hours prior to 1 hour of aerobic exercise at 60% 

VO2peak showed an increase in RER compared to placebo  (Lim et al., 1997). An important 

limitation in current research is that human substrate oxidation is not usually reported in 

previous studies (Santos et al., 2022). For instance, 10 mg/kg of capsiate supplementation 60 

min prior to aerobic exercise decreased RER in mice males (Santos et al., 2022). On the other 

hand, 12 mg of dihydrocapsiate supplementation has not exhibited significant differences in fat 

FATox, non-esterified fatty acids, energy expenditure (EE), and skin temperature in sedentary 

overweight men during aerobic exercise (Osuna-Prieto et al., 2022). Furthermore, most current 

studies do not standardize MFO measurement in the pre-test, which may bias the metabolic 

endpoints measured (Santos et al., 2022).  

Concerning the metabolic effects of these substances on high-intensity training (i.e., 

resistance training and high-intensity interval training), 12 mg of capsaicin supplementation has 

exhibited lower lactate levels compared to placebo after four sets until failure in the SQ exercise 

(de Freitas, Cholewa, Freire, et al., 2018). This reduction in lactate values has also been reported 

in other high-intensity tasks, such as repeated sprints after 12 mg of capsaicin supplementation 

(de Freitas, Billaut, et al., 2019). Additionally, previous research has documented a negligible 

effect of capsaicin supplementation on heart rate. Overall, evidence regarding the metabolic 

impact of capsaicinoids and capsinoids during exercise is scarce and inconclusive. Furthermore, 

the effects of PC on physiological aerobic exercise variables and sport performance have not 

been tested yet. For this reason, if this new capsaicin analogue, which is supposed to be more 

bioavailable, produces an ergogenic effect on substrate oxidation, energy metabolism and 

aerobic capacity and if a dose threshold exists must be investigated. 

Therefore, this last study of the compendium aimed to assess the effects of a LD of 

0.625 mg and a HD of 2.5 mg of PC on aerobic capacity, energy metabolism, substrate oxidation 

and other physiological variables such as circulating lactate levels, energy expenditure, body 

temperature response, RPE and perceived temperature compared to placebo in active males. 

We hypothesized that PC supplementation increases FATox, skin body temperature, 
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mechanical performance and energy expenditure while reduces RPE in a dose-dependent 

manner.  

 

4.1 Materials and methods 

4.1.1 Participants 

Sample size calculation was performed using the G* POWER software (Heinrich-

Heine-Universität Düsseldorf, Germany) with an alpha of 0.05, an effect size of 0.4 and a 

statistical power of 0.80. Based on previous studies (Josse et al., 2010; Osuna-Prieto et al., 

2022), 12 participants were required to establish statistical differences between conditions. To 

ensure the detection of differences 17 physically active males were enrolled in the study (Table 

9). Participants enrolled in the study through a poster that was shared on social media. None of 

the participants reported any physical limitation or health condition that could compromise 

cycling performance. Participants were instructed not to perform any intense physical exercise 

during the two days preceding each visit to the laboratory and from consuming stimulant 

beverages or any dietary supplement within 24 h preceding each testing session. Before being 

included in the study, all potential participants were comprehensively informed about the study 

purpose, procedures and the benefits, risks, and discomforts that might result from participation. 

Each participant provided informed consent and was free to withdraw from the study at any 

time. The study protocol adhered to the tenets of the last revised Declaration of Helsinki and 

was approved by the Institutional Review Board (blinded for peer review).  

 

Table 9. Characteristics of the study participants (n=17). 
 Mean ± standard deviation 

Age (years) 24.7 ± 6.0 

Height (cm) 175.9 ± 7.6 

Body mass (kg) 77.2 ± 11.7 

Muscle mass (%) 41.2 ± 6.2 

Fat mass (%) 6.9 ± 5.3 

FATmax (W) 68.8 ± 37.7 

MFO (g/min) 0.27 ± 0.09 

FATmax, intensity linked to maximal fat oxidation; MFO, maximal fat oxidation. 

 

4.1.2 Experimental design  

A randomized, triple-blinded, placebo-controlled crossover trial was used to analyze the effects 

of PC on energy expenditure and substrate oxidation, skin body temperature, heart rate and 
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perceptual responses to submaximal steady-state and maximal effort cycling tests (Figure 5). 

Participants attended the laboratory four times, separated by 72-96 h to ensure a complete 

recovery from central and peripheral fatigue (Alix-fages et al., 2023; Carroll et al., 2017). 

Before the preliminary session, participants anthropometric [(i.e., height, body mass, % muscle, 

% body fat (Tanita BC 418 segmental, Tokyo, Japan; Seca 202 Stadiometer, Seca Ltd., 

Hamburg, Germany)] and sociodemographic characteristics were obtained (see Table 9). Then, 

two tests, a submaximal incremental exercise test followed by a maximal effort incremental 

test, were conducted in the preliminary session. The submaximal exercise test was used to 

determine the MFO and the cycling power values (W) at MFO (FATmax intensity). The 

maximal effort test assessed maximal oxygen consumption (VO2max) and the maximal cycling 

power achieved during the test. The three experimental sessions were identical, only differing 

in the supplement (PLA, LD of PC, and HD of PC), which was only administered 45 min before 

the first cycling task. In each experimental session, participants performed a steady-state test 

(60 min at FATmax) followed by a maximal incremental effort test (25 W increments every 

min until volitional exhaustion). Each participant was constantly tested at the same time of the 

day and under similar environmental conditions (22-24 ºC and 55% humidity).  
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Figure 5. General overview of the study (A) and design of the experimental sessions (B) 

aiming to analyze the effects of two doses of phenylcapsaicin on metabolic, thermal, 

perceptual, and mechanical responses to steady-state and maximal cycling tests. HD, high 

dose; LD, low dose; PLA, placebo; HR, heart rate; RGE, respiratory gas exchange; RPE-OB, 

general ratings of perceived exertion; RPE-AM, ratings of perceived exertion of quadriceps; 

SS, steady-state. Created with BioRender.com 

 

4.1.3 Supplementation procedures 

Capsules were ingested with water. The contents of the capsules were as follows: a LD 

of 0.625 mg of PC, a HD of 2.5 mg HD of PC (Axivite, Malmö, Sweden), and a PLA composed 

of maltodextrin and excipients. According to EFSA, both PC doses are considered in the safety 

range proposed by its expert panel judgment (Turck, et al., 2019). Supplements and placebo 

were encapsulated and packaged with alphanumeric labels to ensure blinding. Accordingly, an 

independent technician (i.e., not involved in the study) prepared the capsules in the original 
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producer´s industry (Life Pro Nutrition industries, Madrid, Spain). Participants selected one 

capsule of the daily randomized assigned condition under the supervision of at least one 

researcher. To reduce possible bias, an independent researcher assigned participants to each 

condition with the Research Randomizer online software (www.randomizer.org). Packages and 

capsules were indistinguishable in appearance, smell and taste and their content was only 

revealed after an independent researcher performed the statistical analyses to prevent 

evaluators’ bias. Adverse effects were not reported for any of the conditions. 

 

4.1.4 Dietary intake standardization 

To ensure intra and inter-individual reliability in metabolic variables (e.g., FATox), 

dietary intake was standardized at least 6 hours previous to exercise testing (Amaro-Gahete 

et al., 2018; Rothschild et al., 2022). For this purpose, participants performed each test with at 

least 6 hours of fasting prior to the start of each session. The last meal before the fasting period 

was standardized with 45 g of maltodextrin powder and 30 g of protein powder for all 

participants (Life Pro Nutrition industries, Madrid, Spain). 

 

4.1.5 Exercise procedures 

The three tests were performed employing an electronically braked cycle ergometer 

(Excalibur Sport; Lode, Groningen, The Netherlands). Respiratory gas exchange was monitored 

during all tests with a gas analyzer (Ergocard CPX, Medisoft, Belgium). The testing procedures 

and variables collected in each test are described below: 

 

1. Submaximal incremental exercise test. This test was used to determine MFO and 

FATmax in the preliminary session. The exercise protocol started with a 3 min stage at 25 W, 

and the intensity was increased in steps of 25 W every 3 min until the respiratory exchange 

ratio (RER) was ≥ 1 for at least 30 s (Sanchez-Delgado et al., 2018). During the submaximal 

exercise test, VO2 and carbon dioxide production (VCO2) data were averaged over the last 60 

s of each 3 min stage. Then, FATox was calculated from the aforementioned values. FATox 

values (g/min) from the different stages of the submaximal exercise test were plotted against 

the relative exercise intensity (W). Third-degree polynomial regression was built to determine 

the absolute MFO (g/min) (Midgley et al., 2007; Sanchez-Delgado et al., 2018). EE was 

estimated with Weir's abbreviated equations (Weir, 1949) and FATox and CHOox with Frayn' 

's stoichiometric equations assuming a negligible urinary nitrogen excretion (Frayn, 2016; 

http://www.randomizer.org)/
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Osuna-Prieto et al., 2022). Subsequently, RER was calculated from the CHOox and FATox 

obtained data. This procedure was further used for the next sessions. The equations used are 

presented hereunder: 

EE (kcal/min) = (1.106 * VCO2) + (3.941 * VO2) 

RER = (VCO2/VO2) 

CHOox (g/min) = (4.55 * VCO2) - (3.21 * VO2) 

FATox (g/min) = (1.67 * VCO2) - (1.67 * VO2) 

 

2. Maximal effort test. This test was performed in the preliminary and the three 

experimental sessions, 15 min after the first test of each session. The exercise protocol started 

with a 1 min stage at 25 W, and the intensity was increased in steps of 25 W every min until (i) 

volitional exhaustion was reached, or (ii) participants had to stop because of peripheral fatigue. 

The dependent variables considered in this test were: (i) final stage completed in the protocol, 

(ii) VO2max, (iii) circulating lactate concentration recorded 90 seconds after test cessation with 

a portable lactate analyzer (Lactate PRO2, Arkray, Kyoto, Japan) (Crotty et al., 2021), (iv) 

RPE-OB and quadriceps RPE-AM (RPE 0-10) and heart rate (Polar RS800, Polar Electro Inc., 

Woodbury, NY, USA) (Hernando et al., 2018) at an intensity representing the 30%, 60% and 

90% of the maximal power attained at the final stage completed in the preliminary session. 

Lactate blood was extracted with a sterilized lancet after cleaning and drying the fingertip of 

participants before each attempt. VO2 was monitored using a galvanic fuel cell, and VCO2 was 

evaluated using a non-dispersive infrared sensor. The gas analyzer was calibrated following 

standard gas concentrations as suggested by the manufacturer. 

 

3. Steady-state test. Participants cycled for 60 min at the intensity of FATmax 

determined in the preliminary session. Circulating lactate, RPE-OB, RPE-AM, and heart rate 

were recorded pre-exercise, in the middle of the test (30 min), and at the end (60 min). The skin 

body temperature was also recorded throughout the test with a set of eight DS-1922 L 

iButtonTM wireless thermometers (Thermochron, Dallas, TX, USA) (Smith et al., 2010; van 

Marken Lichtenbelt et al., 2006) attached to the participant's skin in different places: (i) 

forehead, (ii) right scapula, (iii) left chest, (iv) right% deltoid), (v) left elbow, (vi) left hand, 

(vii) right thigh and (viii) right gastrocnemius. Data were processed as mean blocks of 5 mins. 

Consequently, a total of 12 temperature stages were recorded and averaged for the final 

analysis. 
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The equation used to assess the effects of PC and PLA on body temperature is described 

hereunder:  

Overall mean skin temperature = (Forehead*0.07) + (Right Scapula*0.175) + 

(Left Chest*0.175) + (Right Deltoid*0.07) + (Left Elbow*0.07) + (Left Hand*0.05) + 

(Right Thigh*0.19) + (Right Gastrocnemius*0.2) (Martinez-Tellez et al., 2017). 

The mean and maximum heart rates recorded throughout the test were also compared 

between the experimental conditions. The substrate oxidation (fat and carbohydrates), energy 

expenditure, and RER during the 60 min steady-state test were also estimated and compared 

between the conditions. FATox, CHOox and EE were also expressed as the area under the curve 

(AUC) using the trapezoidal rule. For metabolic variables, the highest value achieved during 

the test (i.e., peak) and the individual analysis of each stage (i.e., intra-test analysis) were 

performed. Finally, the American Society of Heating, Refrigerating, and Air Conditioning 

Engineers (ASHRAE) scale was used to record thermal perception before and after the test. The 

scale was recorded for the following body areas: (i) clavicle, (ii) abdominal, (iii) arms, (iv) 

hands, (v) legs, (vi) feet, and (vii) overall body. Each item is scored with the following values: 

cold (−3), cool (−2), slightly cool (−1), neutral (0), slightly warm (1), warm (2), to hot (3). 

 

4.1.6 Statistical analysis 

Data are presented as means and standard deviations (Mean ± SD). The normal 

distribution of all the variables presented was tested with the Shapiro-Wilk test, and the 

homogeneity of the variances with the Levene's test (p > 0.05). A two-way repeated measures 

ANOVA (condition x time) was used to analyze the effect of the supplementation (LD, HD, 

PLA) across the time on each dependent metabolic, performance, and perceptual variable. F 

value were retrieved from each ANOVA calculation. A Bonferroni post-hoc comparison was 

performed when ANOVA significance was reached. A one-way repeated measures ANOVA 

was used to compare intra-test effects for each stage and for the maximal metabolic values of 

the steady-state test. The Greenhouse-Geisser correction was applied when Mauchly's 

sphericity test was significant (p ≤ 0.05). For non-parametric data, Friedman`s test and post-

hoc Wilcoxon corrections were used instead. Statistical analyses were performed using the 

software package SPSS (IBM SPSS version 25.0, Chicago, IL, USA). Statistical significance 

was set at p ≤ 0.05. The magnitude of the differences was assessed with partial eta squared 

values (ƞp²) derived from ANOVAs and were interpreted as low (<0.04), moderate (0.04–0.13) 

and large (>0.13) for all the parametric outcomes. The effect size of the post-hoc comparisons 
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was calculated by means of Cohen’s d, which was interpreted as a low (<0.50), moderate (0.50–

0.80), or large effect (>0.80) (Cohen, 1988). 

 

4.2 Results 

4.2.1 Circulating lactate levels, RPE and heart rate during steady-state test 

Two-way repeated measures ANOVAs did not reveal significant differences for 

condition in circulating lactate levels, general and local RPE, nor heart rate (p range = 0.08 to 

0.56) (Table 10). Significant differences were reported in time for heart rate, RPE-OB, and 

RPE-AM (p < 0.001) (Table 10). Bonferroni post-hoc analyses revealed significant differences 

for all time comparisons (pre, '30' and '60') in heart rate, RPE-OB, and RPE-AM (p range < 

0.001 to 0.004). Significant condition x time interaction was only found for RPE-OB due to 

higher values in LD compared to PLA (d = 27) and HD (d = 0.27) (Table 10). 

 

Table 10. Two-way repeated measures analysis of variance (ANOVA) comparing circulating 

lactate levels, general and local RPE, and heart rate between the different experimental 

conditions during the steady-state test. 

 
Mean ± standard deviation. PLA, Placebo; HD, High dose; LD, Low dose; Pre; Before the start 

of the session; 30', at minute 30 of steady-state test; 60', at minute 60 of steady test; RPE-OB, 

general ratings of perceived effort; RPE-AM, ratings of perceived effort in quadriceps; a.u., 

arbitrary units. * Significant difference: p ≤ 0.05. 
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4.2.2 Skin body temperature, maximal metabolic respiratory variables and mean 

and maximum heart rate during steady-state test 

One-way repeated measures ANOVAs did not reveal significant differences in skin 

body temperature (p = 0.27) or mean heart rate (p = 0.24) (Table 11). Maximal carbohydrate 

oxidation, energy expenditure and RER did not differ between conditions (p ranged from 0.10 

to 0.77). However, significant differences were found for maximum heart rate (p = 0.03) and 

MFO (p = 0.05) (Table 11), in favor of HD compared to PLA. However, Bonferroni post-hoc 

did not revealed differences between conditions in any of the outcomes (p range = 0.09 to 0.99; 

d range = 0.20 to 0.31). 

 

Table 11. One-way repeated measures analysis of variance (ANOVA) comparing skin body 

temperature, mean and maximum heart rate, and maximal metabolic respiratory variables 

between the three experimental conditions during the steady-state test. 

 
Mean ± standard deviation. PLA, Placebo; HD, High dose; LD, Low dose; FOpeak, Peak of fat 

oxidation; CHOOXpeak, Peak of carbohydrate oxidation; MEEpeak, Peak of energy 

expenditure; MRERpeak, Peak of respiratory exchange ratio. * Significant difference: p ≤ 0.05. 

 

4.2.3 Thermal perception during steady-state test 

Significant differences for condition were not reported for any of the ASHRAE 

outcomes measured (p range = 0.17 to 0.78; ƞp² range = 0.01 to 0.12). However, significant 

differences were reported in time for all the variables (p < 0.001; ƞp² range = 0.52 to 0.73). A 

significant condition x time interaction was found for the clavicle (p = 0.04; ƞp² = 0.16) area 

due to the lower value of HD in comparison to LD an PLA. The other areas did not exhibit 

condition x time interactions (p range = 0.12 to 0.60; ƞp² range = 0.04 to 0.12) (Figure 6). 
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Figure 6. Two-way repeated measures analysis of variance (ANOVA) comparing the 

effects of consuming different dosis of phenylcapsaicin (HD and LD) or placebo (PLA) on 

thermal perception (ASHRAE scale) at different time points. PLA, Placebo; HD, High dose; 

LD, Low dose; PC, Phenylcapsaicin. PRE: Before the start of the session; Post 1: Between the 

steady state test and maximal effort test; Post 2: After the maximal effort test. 
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4.2.4 Energy expenditure and substrate oxidation during steady-state test 

No significant differences were found for AUC EE, AUC FATox, and AUC CHOox (p 

range = 0.09 to 0.54; ƞp² range = 0.04 to 0.18). Two-way repeated measures ANOVAs exhibited 

non-significant differences for condition in FAToxidation (p = 0.06; ƞp² = 0.14), CHOox (p = 

0.19; ƞp² = 0.10), EE (p = 0.54; ƞp² = 0.008), and RER (p = 0.21; ƞp² = 0.10). However, two-

way repeated measures ANOVA revealed significant differences for time in all the 

aforementioned variables (p < 0.001; ƞp² range = 0.54 to 0.79) but not for condition x time 

interaction (p range = 0.17 to 0.96; ƞp² range = 0.003 to 0.06). Intra-test one-way repeated 

measures ANOVA only exhibited a significant effect on FATox at min 5 (p = 0.005; ƞp² = 

0.28), 10 (p < 0.001; ƞp² = 0.29), and 55 (p = 0.04; ƞp² = 0.24) for HD and LD, and for CHOox 

at min 5 (p = 0.05; ƞp² = 0.25) and RER (p = 0.003; ƞp² = 0.25) at min 5 in favor of PLA but 

not for any variable in any other stage. Post-hoc Bonferroni reported significant differences in 

favor of HD and LD between PLA/ HD at 5 min (p = 0.002; d = 0.92), PLA/LD at 5 min (p = 

0.002; d = 0.74), PLA/HD (p = 0.002; d = 0.66) and PLA/LD at 10 min (p = 0.002; d = 0.56) 

for FATox (Figure 7). 
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Figure 7. Two-way repeated measures analysis of variance (ANOVA) comparing the 

effects of phenylcapsaicin and placebo (PLA, HD, LD) across time on substrate oxidation, 

energy expenditure and respiratory exchange ratio during the 60 min steady-state test. 
AUC, Area Under the curve; FATox, Fat oxidation; CHOox, Carbohydrates oxidation; EE, 

Energy expenditure; RER, Respiratory exchange ratio; PLA, Placebo; HD, High dose; LD, Low 

dose; PC, Phenylcapsaicin. Intra-test analysis (one-way repeated measures ANOVA): * p ANOVA 

≤ 0.05; # p Bonferroni ≤ 0.05. 

 



Chapter 4. Effects of phenylcapsaicin on substrate oxidation, energy expenditure, metabolic perceptual and 

thermal responses. 

  

 

   

118 

 

 

4.2.5 Maximal effort test 

None of the variables (i.e., heart rate, lactate, RPE-OB at 30 and 90%, and RPE-AM) 

recorded during the maximal effort test differed between the experimental conditions (p ranged 

from 0.011 to 0.915) except RPE-OB at 60% due to the lower values of HD compared to LD 

and PLA (p = 0.05) (Table 12). 
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Table 12. One-way repeated measures analysis of variance (ANOVA) or Friedman`s test 

comparing different variables obtained during the incremental test. 

 
Mean ± standard deviation. ANOVA, Analysis of variance; PLA, Placebo; LD, Low dose; HD, 

High dose; VO2max, maximal oxygen consumption; RPE-OB, general rate of perceived 

exertion; RPE-AM, quadriceps rate of perceived exertion; a.u., arbitrary units. * Significant 

difference: p ≤ 0.05. 
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4.3 Discussion 

The study presented in this chapter aimed to evaluate for the first time the effects of two 

doses of PC on several metabolic and perceptual responses during a steady-state and a maximal 

incremental test. The main finding of this study was that LD and HD of PC increase fat 

oxidation during different stages of the steady-state test and the peak of fat oxidation (FOpeak) 

in comparison to PLA. Furthermore, both PC doses, exhibited a reduction in CHOox and RER 

during the first stage of the steady-state test which suggest a shift on substrate oxidation. HD 

of PC also reduced maximum heart rate during the steady-state test. Contrary to our hypothesis, 

LD elicited higher RPE-OB values compared to PLA and HD during the steady-state test. 

Intriguingly, although skin body temperature was not affected by PC, the thermal perception 

was significantly lower in the supraclavicular area for HD. Nevertheless, only RPE-OB at 60% 

of maximal intensity was lowered with the HD of PC supplementation during the incremental 

test. Therefore, the present results suggest that PC enhances fat oxidation during aerobic 

exercise and modulate the perceptual responses to exercise and the maximum heart rate. 

However, these perceptual and heart rate effects are only reported when the HD is ingested. 

In the present study, the FOpeak during the steady-state test and the rate of fat oxidation 

during different stages of this test were higher for HD and LD in comparison to PLA (see fig.3). 

In addition, both PC doses also exhibited lower carbohydrates oxidation and RER values during 

the first stage of the steady-state test, which may suggest a shift on substrate oxidation induced 

by PC (de Moura e Silva, Cholewa, Billaut, et al., 2021). These results are reported for the first 

time with the use of PC. Furthermore, only two studies have previously documented the 

metabolic effects of a capsaicinoid on substrate oxidation, reporting contradictory findings 

between them (Lim et al., 1997; Rossi et al., 2022). The increase of fat oxidation reported in 

the current study might be explained by the exercise protocol employed and the type of 

supplement ingested (EFSA, 2012; Turck, et al., 2019). Additionally, contrary to previous 

research, in the present study MFO and FATmax were calculated for each participant which 

matched the metabolic and mechanical training intensities of the participants. This fact is 

essential due to different factors such as the exercise intensity, metabolic cart use, or the 

ergometer employed, influence the metabolic responses during exercise (Amaro-Gahete et al., 

2018, 2019). Concerning the type of supplement used, previous studies revealed that capsinoids 

supplementation does not modulate the metabolic responses during aerobic exercise (Osuna-

Prieto et al., 2022; Rossi et al., 2022). Although a MFO protocol was used by Osuna-Prieto et 
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al. (2022), previous research has reported that capsinoids are hydrolyzed in the gastrointestinal 

tract, and their metabolites are excreted rapidly after their ingestion (Bernard et al., 2008). 

Capsiate circulating levels are significantly much lower in comparison to capsaicin levels, and 

their final linkage with TRPV1 is approximately 1/10 compared to capsaicinoids such as PC 

(Sasahara et al., 2010). Accordingly, PC might be able to activate in a higher way TRPV1 

leading to a greater increase in fatty acid oxidation and increasing glycogen sparing. This 

finding may be important due to the relevant link between muscle glycogen and performance 

in aerobic sports (Murray & Rosenbloom, 2018). 

Although the TRPV1 temperature threshold is set at 43 ºC on dorsal root ganglia cells, 

capsaicin seems to decrease the activation threshold to 36.8ºC (Szolcsányi, 2015). In humans, 

topical capsaicin has been demonstrated to increase heat loss by increasing peripheral 

vasodilation thereby improving the skin's vasoconstrictive tone, increasing heat dissipation 

during exercise and increasing thermal perception and heat stress (Botonis et al., 2019). 

However, oral capsiate supplementation has not exhibited any of these effects on overweight 

participants (Osuna-Prieto et al., 2022). As our study presents an encapsulated formulation of 

PC, the null effect on skin body temperature may be related to the nature of the vehicle used. 

Accordingly, if a non-encapsulated powder formulation might have been ingested, a 

thermoregulatory response could be expected due to the direct contact of PC with the esophagus 

and gastrointestinal tissues (Szolcsányi, 2015). However, in the present study, the thermal 

perception was reduced in the clavicle area for the HD condition. Because PC was encapsulated 

and a burning reflux effect was not reported by any of the participants, this finding contrasts 

most literature where capsaicinoids spiciness is discussed (Naves et al., 2019). A plausible 

explanation for this issue may be that the digestion of the capsules did not produce an irritant 

effect, albeit they may have increase the internal temperature (i.e., not directly measured with 

skin temperature assessment) (Patcharatrakul et al., 2020). As a consequence, participants may 

have experienced a counterregulatory response to PC at the end of the test on the 

aforementioned area (see fig.2). Moreover, LD seems to be an insufficient dose to alter the 

thermal perception. Besides, as heat perception contributes to the development of fatigue during 

exercise, this finding may be helpful to counteract fatigue in aerobic sports (Willmott et al., 

2020). Overall, future research should assess if this finding depends on the ingestion of PC 

instead of traditional capsaicin formulations, the effect of the application vehicle on capsaicin's 

pungency perception and the plausible existence of a counterregulatory mechanism of PC on 

thermal perception.  
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The effects of capsaicin and red peppers on cardiovascular responses are currently 

controversial due to the vast heterogeneity between protocols and doses used in previous 

literature (Shirani et al., 2021). However, recent research has shown that supplementation with 

purified capsaicin does not alter heart rate during an incremental exercise test in a 

cycloergometer until exhaustion (Giuriato et al., 2022). These studies employed intensities 

above 80% of VO2max (Grgic et al., 2022), which therefore are not comparably to lower 

intensities. In the present study, although the medium heart rate did not differ between 

conditions, HD exhibited a significantly lower maximum heart rate during the steady-state test. 

As in the present study the intensity was matched in the steady-state test, it is possible that under 

HD supplementation, participants experienced a higher mechanical efficiency, which may have 

reduced the relative workload, resulting in lower cardiovascular demands during the test (Mikus 

et al., 2009). In addition, circulating lactate response across time trended to be lower with both 

PC doses in the steady-state test. Previous preclinical research has shown that lactate is a potent 

endogenous inhibitor of TRPV1 activity (de la Roche et al., 2016). According to this possible 

mechanism, PC may have modulated sarcoplasmic calcium efflux channels lowering lactate 

levels during both tests (de la Roche et al., 2016). This finding agrees with previous research in 

resistance training and high-intensity running (de Freitas, Billaut, et al., 2019; de Freitas, 

Cholewa, Freire, et al., 2018). Furthermore, this lactate lowering effect of PC may also be 

partially explained by the shift on substrate oxidation produced by this substance and provides 

novel information about the physiological independence between this effect and the intensity 

of the exercise used. However, contrary to previous research where capsaicin supplementation 

led to lower RPE values, in our data, participants showed higher RPE scores under the LD 

condition, and improvements were not reported with HD compared to PLA (de Freitas, 

Cholewa, Freire, et al., 2018). The low intensity demanded in this task may be insufficient to 

report an ergogenic effect of PC on perceptual variables (Jiménez Martínez et al., 2023). 

However, LD of PC reported for the first time a worsening effect of a capsaicinoid on RPE. 

Therefore, if PC at LD in low intensity tasks produces a counterregulatory effect on perceptual 

performance or if the sensitivity of RPE under these novel conditions is altered, should be 

corroborate in further studies. 

Concerning the incremental test, the HD of PC reduced RPE-OB at 60% of the maximal 

intensity achieved. Additionally, the reduction in RPE values during high-intensity exercise 

after capsaicin supplementation is well documented (Jiménez-Martínez, Ramirez-Campillo, 

et al., 2022). During high-intensity exercise capsaicinoids reduce perceived exertion due to 

TRPV1 activation. TRPV1 are linked to afferent III and IV nerve fibers (Collins et al., 2018). 
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These fibers influence central fatigue during exercise, which finally reduce motoneuron firing 

during high-intensity tasks (Jiménez Martínez et al., 2023). For this reason, HD might have 

produced a “desensitizer” effect leading to a lower perception of exertion in the maximal 

incremental test. This threshold may not be achieved by the LD. Additionally, these findings 

align with previous research that has reported that capsaicin supplementation does not increase 

VO2max or any other metabolic outcome during high-intensity exercise, although the time to 

exhaustion in interval training is increased (de Freitas, Billaut, et al., 2019).  

This study presents essential strengths such as the control of the fasting conditions and 

the meal before each session, and the randomized, triple-blinded, crossover design. 

Nonetheless, some limitations should be addressed. Firstly, the study only included active 

males, and these results may not be extrapolated to other populations. Secondly, these results 

cannot be extrapolated to other exercise modalities or intensities. Finally, the chronic effects of 

PC on metabolic responses during exercise should not be extrapolated from this acute study. 

4.4 Conclusion 

The results of this last study suggest that LD and HD of PC modulate the metabolic 

response (FATox, CHOox and RER) to exercise and HD of PC reduces maximum heart rate 

values during aerobic exercise. However, PC only improves the perceptual responses (i.e., RPE-

OB and clavicle thermal perception) to exercise when it is consumed in HD. 
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5. Future research 

 The findings of this doctoral thesis provide a new background to address the concerns 

of the use of capsaicin or its analogues on sports performance. In addition, PC has emerged as 

a valuable replacement of traditional purified capsaicin, eliciting a positive effect on 

performance while reducing the ergogenic dose required and the common side effects of higher 

capsaicin doses. In this line, further research is guaranteed to assess the impact of PC on 

resistance and aerobic exercise. 

 In chapters 2, 3 and 4 the mechanical and bioenergetic performance effects of PC are 

well documented. However, the three research projects were developed in trained young males, 

for this reason, how PC would impact on female athletes or different age ranges should be 

addressed in future research. This remains especially important on resistance training exercise 

due to the lack of studies addressing the effects of capsaicin or its analogues in females. 

Furthermore, although there is one previous study in which males’ and females’ responses to 

capsaicin supplementation in bioenergetic variables were compared, that study present 

important standardization limitations (see chapter 4) that guarantees future research in this 

topic. 

Bearing in mind the procedures employed in the two resistance training studies, both 

evaluated lower-limb multi-joint tasks (e.g., CMJ, SQ), which makes necessary to conduct 

future research on upper-limbs and/or single-joint exercises. This could be of primary 

importance due to the higher fatigue tolerance that participants may be able to afford in these 

protocols in comparison to the SQ exercise. 

 Moreover, the evaluation of the neuromuscular properties of the skeletal muscle during 

resistance exercise should be conducted with the use of high-density electromyography in 

future research. This tool can provide a deeper overview of the individual behavior of motor 

units and estimate how neural drive change across conditions, its velocity and distribution in 

different region of the nervous system, as well as the origin of the neural impulse. In this sense, 

in the study presented in chapter 2 a bipolar, parallel-bar surface electromyographic wireless 

device was employed, which is able to detect the neural strategies of the skeletal-muscle but 

not to discriminate the aforementioned neuromuscular variables. 

 Concerning muscle damage and recovery, future research should assess other new 

biomarkers (e.g., creatine kinase, myoglobin, alanine aminotransferase) not previously 

measured during different timeslots after a strenuous resistance exercise session. In chapter 3, 

only urea was evaluated 40 minutes post exercise and AST 24 hours post previous session. In 
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this doctoral thesis only high-intensity submaximal protocols were employed due to the use of 

velocity as an objective measure of performance. Hence, future studies should address the 

effects of PC on muscle damage and protein breakdown when training volume is not matched 

and sets are performed until muscle failure to increase the practical applications of the findings. 

Furthermore, the recovery and muscle damage effects of PC should be evaluated in other tasks 

such as aerobic sports.  

Regarding the metabolic and bioenergetic responses to exercise, there is a vast field 

pending to be explored about the use of PC as ergogenic aid. Accordingly, in the current thesis 

only FATmax and maximal incremental intensities were tested, which provide a wide range of 

efforts unaddressed. In addition, although it was not the main purpose of the third study, some 

concerns about skin temperature should be mentioned. As it is detailed in chapter 4, the clavicle 

thermal perception changed across time. Although skin thermometers were not used in this 

anatomical area, evaluating the thermal changes of clavicle could be of special interest due to 

the close relationship between it, brown adipose tissue distribution and its metabolic activity, 

which suggests that PC may be able to stimulate the acute thermal responses of brown adipose 

tissue. 

 Finally, all the studies presented in this doctoral thesis were designed as acute research 

projects. For this reason, the applicability of PC in the long-term remains unclear and should 

be evaluated to extrapolate the current findings to a greater extent in the strength and 

conditioning and sports performance fields. 
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6. Conclusions 

 The present doctoral thesis compendium includes two articles concerning the effects of 

PC on resistance exercise performance and recovery and one article about the bioenergetic as 

well as aerobic impact of PC supplementation. All the articles that composed the present 

doctoral thesis as well as all the scientific congress communications and publications not 

directly related to this thesis, but conducted and/or published during the doctoral period, can be 

found listed in chapter 8 (appendices).  

The conclusions of each of the three studies are detailed hereunder in three sections, 

each one addressing each of the studies included, and presented in the development order. 

6.1 Effects of phenylcapsaicin on mechanical performance and neuromuscular 

activity 

According to the first hypothesis, the findings highlighted in chapter 2 demonstrate that 

acute PC supplementation at a dose of 2.5 mg is able to enhance dynamic resistance exercise 

performance when more than 1 exercise is completed. Consistently, mechanical fatigue after a 

submaximal exercise may be delayed and attenuated by PC. However, this hypothesis was only 

verified for the HD and not for the LD. Moreover, contrary to what it was hypothesized, PC 

supplementation seems not to be effective modulating the neural responses to exercise. Overall, 

PC can be effectively used as a “counter-fatigue” agent during resistance training sessions 

without impacting in the neural output. 

6.2 Effects of phenylcapsaicin on muscle damage, protein breakdown, recovery 

and perceptual responses 

The results of the second study of this doctoral thesis (chapter 3) reveal that a dose of 

2.5 mg of PC ingested 45 minutes prior to resistance exercise increases SQ performance and 

reduces muscle damage, as well as quadriceps RPE-AM in strength-trained participants in 

comparison to a 0.625 mg dose and PLA. Accordingly, the initial hypothesis suggesting that 

PC could reduce perceived exertion was partially verified (only for HD), albeit the hypothesis 

presented about a higher time course of recovery was not verified, probably due to the volume 

of the protocol was matched. Collectively, a HD of PC could be used as a new nutritional 

ergogenic aid in resistance trained men. 

6.3 Effects of phenylcapsaicin on substrates oxidation, energy expenditure, 

metabolic, perceptual and thermal responses during exercise  

The last study of this doctoral thesis (chapter 4) shows that, both, 0.625 and 2.5 mg 

doses of PC modulate the metabolic responses (i.e., substrate oxidation) to aerobic exercise 
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according to the initial hypothesis presented. Moreover, the higher dose of PC reduces 

maximum heart rate values during aerobic tests as it was previously hypothesized. However, 

the third hypothesis was only partially verified because the perceptual benefits of PC (i.e., RPE-

OB and clavicle thermal perception) are only obtained when it is consumed in HD. Therefore, 

PC can be used as a tool to maximize fat oxidation and the physiological responses to aerobic 

exercise. 
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