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Introduction: The use of single supplements as ergogenic aids to enhance performance in strength-oriented sports is widespread among athletes (74%). The aim of this study was to increase knowledge about the combined effects of caffeine and L-arginine dietary supplements on performance.

Methods: In this double-blind, randomized and counterbalanced crossover study, 29 participants (age: 23.2 ± 3.6 yr.; height: 181.0 ± 7.6 cm; weight: 77.0 ± 8.8 kg) each underwent six trials. In each trial performance tests were conducted to examine the effects of the supplement combinations on maximum (NmMax) and averaged torque (NmM), maximum (JMax) and averaged work (JM), the blockwise mean values of torque and work, and rate of perceived exertion (RPE) during an isokinetic leg extension task (90°·s−1) with the right leg for two sets of 40 repetitions and a set rest of 3 min on a dynamometer. The first and second trials were used to familiarize the participants with the movements in the dynamometer and no supplements were taken. After this 2-week pre-test trial, the supplement combinations of placebo/placebo, caffeine/placebo (5 mg·kg−1), L-arginine/placebo (0.15 g·kg−1), and caffeine/L-arginine (5 mg·kg−1 + 0.15 g·kg−1) were ingested.

Results: The main finding of this study is the absence of an ergogenic effect of the combined supplements caffeine and L-arginine during voluntary maximal isokinetic leg extensions, although an increase of 3.5% was noted for Nmmax compared to the placebo trial. However, the administration of caffeine was able to increase the NmMax of the quadriceps femoris muscle about 5.1% (p = 0.043). In addition, caffeine (4.2%, p = 0.026) and also L-arginine (4.2%, p = 0.040) significantly increased NmM over a complete set. No single or combined supplement had an effect on muscle fatigue looking at the blockwise mean values of torque and work or RPE (all p > 0.05).

Conclusion: The combination of caffeine and L-arginine was not superior to the isolated intake of both supplements in a strength-based exercise and a synergistic effect was absent.
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1 Introduction

Approximately 74% of athletes report using caffeine as an ergogenic aid (1). The reason for this is likely due to the proven performance-enhancing effect in endurance and strength-oriented sports and tests. An umbrella review showed ergogenic effects for aerobic endurance (Cohen’s d = 0.22–0.61), muscle strength (d = 0.16–0.20), muscle endurance (d = 0.28–0.38), power (d = 0.18–0.27) and jumping performance (d = 0.17), among others (2). The amino acid L-arginine has also been studied to examine its effects on aerobic and anaerobic exercise (3). A meta-analysis on the effects of L-arginine supplementation reported more benefits for aerobic performance (standardized mean difference (SMD) = 0.84) than for anaerobic performance (SMD = 0.24), such as the Repeated Sprint Ability Test, strength exercises (isokinetic flexion/extension, bench press) or the Wingate Test (3). According to the meta-analysis, L-arginine is said to be effective at a dose of 0.15 g·kg−1. However, several systematic reviews made contradictory statements on the acute effects of L-arginine on strength-related parameters (4, 5).

Previous research has examined the effects of caffeine on maximum force development and fatigue resistance during repetitive strength exercise. For example, caffeine induced a significantly greater number of repetitions in participants during a strength endurance exercise (40% of 1 repetition maximum) when the performances in the caffeine conditions (3 and 6 mg·kg−1) were compared with the placebo condition of the first set (6). Similarly, in an isometric measurement of the leg extensors with a knee angle of 70°, it was found that caffeine supplementation (6 mg·kg−1) realized the maintenance of a given submaximal force for a longer time compared to the placebo condition (11.9%) (7). Additionally, in this study, participants increased maximum voluntary isometric strength by 5.9% (7). In another study, in which isokinetic strength of the leg extensors was measured at an angular velocity of 60°·s−1, significant differences were shown between the caffeine and placebo conditions for maximum torque (Hedges’ g = 0.30) and average power (Hedges’ g = 0.29) (8). The positive effect of caffeine on strength during isokinetic exercise at 60° and 180°·s−1 was also confirmed by a meta-analysis with a SMD value of 0.19 (95% CI = 0.06, 0.32, +6.1%) (9). A larger performance improvement of 7% for maximal voluntary contractions was evidenced by the meta-analysis of Warren et al. (10) with a SMD value of 0.37. Possible mechanisms explaining this increase in performance include improved activity of the sodium-potassium pump, calcium release in the muscle, and a delay in fatigue due to central nervous system effects (11).

Although the supplement L-arginine showed performance-enhancing effects in the meta-analysis listed above (3), it is worth mentioning in relation to the methodological approach of our study that the studies included in the meta-analysis did not demonstrate significant performance enhancement in isokinetic strength tests (12, 13). One explanation for the nonsignificant result of one study was an acute dose that was too low, representing only 50% of the amount of L-arginine described as effective (0.08 mg·kg−1) for the selected sample (13). This is also the problem with many other studies that investigated the acute effect of L-arginine on physiological parameters or performance increases and could not demonstrate an ergogenic effect (4). However, one study was able to measure an increase in nitric oxide production indirectly via NO2−, which is produced by the oxidation of NO by ceruloplasmin and through the binding of NO to the Cu2+ active site of cytochrome c oxidase and represents a good indication of endothelial nitric oxide synthase (eNOS) activity in humans. Since an increase in performance was also observed during high-intensity exercise, it could be assumed that L-arginine has ergogenic potential (14).

Based on the available literature, it is therefore assumed that the supplement caffeine has a performance-enhancing effect on strength parameters when taken in isolation and acutely (9). For L-arginine some studies only show performance-enhancing tendencies for strength parameters, whereby, with reference to Viribay et al. study, the dosage of L-arginine administered was too low. Specifically for isokinetic movements, there are no studies that show ergogenicity (3, 4). There are currently no studies on a combined effect of caffeine and L-arginine on muscle strength. Thus, the study aimed to investigate the isolated and combined effects of the two supplements caffeine and L-arginine without other concomitant substances on muscle strength during an isokinetic exercise.



2 Materials and methods


2.1 Sample

The sample consisted of 32 participants, which was reduced to 29 (age: 23.2 ± 3.6 yr.; height: 181.0 ± 7.6 cm; weight: 77.0 ± 8.8 kg) after the pretests because three participants dropped out for personal reasons. The remaining 29 participants, four of whom were female, completed all testing and were included in the analysis. Only individuals aged 18–40 years were included as participants who did not consume other supplements (e.g., creatine, nitrates or bicarbonate) and were fully able to exercise and to attend all tests. Participants with a habitual intake of caffeinated beverages (e.g., coffee, espresso) were also included in the study. Thirteen participants consumed caffeine through their diet and estimated the average amount to be 169.23 ± 111.87 mg·d−1 (Minimum: 50 mg·d−1, Maximum: 450 mg·d−1). Consequently, subjects who complained of tendomuscular or joint pain and were therefore unable to demonstrate unrestricted exercise capacity were excluded from the study. The subjects were informed on the study objectives and gave their written consent to participate in the study. The study was planned and performed on the basis of the Declaration of Helsinki (15) and was approved by the responsible Ethics Board (2020/55) of the RPTU Kaiserslautern-Landau.

The sample calculation was determined following the studies of Viribay et al. (3) and Grgic and Pickering (9). The calculation using G*Power 3.1.9.2 (alpha error = 0.05, power = 0.8 and effect size = 0.22) resulted in a sample size of 30.



2.2 Design

The double-blind randomized crossover study comprised six trials, which consisted of two pretests (Pre1, Pre2) without supplement intake and four trials (placebo, caffeine, L-arginine, caffeine + L-arginine) with supplement intake. After the pretests, which were intended to familiarize the participants with the load and the dynamometer, the participants were divided into three groups of equal strength based on the maximum torque achieved in order to ensure a balanced order of supplements. In addition, participants were instructed to keep a food diary each week for 48 h prior to testing, including testing day. In addition, they were instructed that the diet on the days prior to testing should be the same for each test. No caffeine or L-arginine was allowed 24 h before testing. The participants were also made aware that they should not engage in any sporting activity or heavy physical work for 24 h prior to testing. There was a one-week break between testing to ensure an adequate wash-out period, which served to completely metabolize the active compounds (16, 17). Care was taken to ensure that the participants were tested on the same day and at the same time each day.



2.3 Interventions

Study participants were administered one of the following supplement combinations during the four trials according to their sequence affiliation:

1. placebo-placebo (PLA)

2. placebo-caffeine (CAF)

3. placebo-arginine (ARG)

4. caffeine-arginine (CAFARG)

The amount of caffeine (Caffeine Pur, Powerstar Food, Homburg, Germany) was 5 mg·kg−1 body weight (9) and the amount of L-arginine (Arginine High End Cranberry, Powerstar Food, Homburg, Germany) was 0.15 g·kg−1 body weight (3). The placebo (Maltodextrin 100, Sponser, Wollerau, Germany) was always administered in the same amount. Caffeine and the caffeine placebo were filled into empty capsules (Extrakt Manufaktur, Rösrath, Germany) according to body weight. L-arginine and its placebo were mixed as a powder with 300 mL of water and consumed orally. Each supplement combination was taken 1 h before the start of testing.



2.4 Measurements

To record the isokinetic force of the right knee extensors, a concentric force measurement was performed on the dynamometer (IsoMed 2000, D&R Ferstl GmbH, Hemau, Germany) at an angular velocity of 90°·s−1. The torque in Newton meters (Nm) and the work in joules (J) during knee extension were used for the analysis. The flexion movement was performed without the force input and was disregarded for the study. From the measured parameters, it was then possible to subsequently filter the maximum torque (Nmmax) and maximum work (Jmax) done of the best trial from both series. In addition, the average torque (NmM) and average work (JM) over all repetitions of the best series could be calculated. As a subjective measure, the rate of perceived exertion (RPE) during the measurements was also recorded using the Borg scale (18) after completion of the two sets.



2.5 Procedure

The test days of the participants started with the intake of the supplement combination. After a one-hour waiting period, the participants performed a prescribed exercise program (e.g., high knees run, walking lunges and squats) for 5 min, which served to warm up the leg muscles. After a recovery period of 90 s, five counter movement jumps were performed to activate the leg extensor muscles. A pause of 10 s was observed between the jumps. Immediately thereafter, the participants sat down on the dynamometer with a hip angle of 100°. The participants were fixed at the shoulders, hips and thigh of the test leg. The rotational axis of the dynamometer was aligned with the joint space between the femur and tibia of each subject. Static gravity correction was performed according to the manufacturer’s instructions. The range of motion was 80° and was set to 10–90° of knee flexion (0° being full extension). The test administrators instructed the participants to extend their knee with maximum force during each repetition and to perform the return of the knee to the flexed position without the use of force. The participants performed two sets of 40 repetitions each. There was a rest of 3 min in between. Immediately after the last repetition, perception of exertion was assessed using the Borg scale. After completion of the isokinetic strength measurement, the participants were asked to estimate which supplement combination they had been given at the beginning of the test day. In addition, any side effects that occurred were to be reported in conclusion.



2.6 Analysis

Data from the isokinetic measurements (Nm, J) were entered into Microsoft Excel 2019 (Redmond, WA, United States) and maximum and mean values were determined before importing the data into IBM SPSS 28 (Armonk, NY, United States) and calculating the statistics. The descriptive statistics are presented by average values (M) and standard deviations (SD). To determine differences between trials, repeated-measures analyses of variance (ANOVA) with Tukey post hoc procedures were performed for the variables NmMax, NmM, JMax, JM, and RPE. An additional repeated measures ANOVA with between-subjects factor trial was calculated for the blockwise mean values of torque (Nm1–10, Nm11–20, Nm21–30, Nm31–40) and work (J1–10, J11–20, J21–30, J31–40). Also, repeated measures ANOVA was calculated for the macronutrients (carbohydrates, fats, proteins) based on the dietary protocols. Inferential statistics were calculated after verification of the preconditions of normality (Shapiro–Wilk test), variance homogeneity (Levene test), and Box test. In the case of a missing normal distribution, the repeated measures ANOVA was retained because it is generally robust to non-normally distributed data (19). In the absence of sphericity, a Greenhouse–Geisser correction was applied up to an epsilon of 0.75, and a Huynh field correction was applied above that. The significance level was set at p < 0.05.




3 Results

In Table 1 and Figure 1 it can be seen that in the CAF, ARG, and CAFARG trials the variables NmMax, NmM, JMax, JM always achieve greater values or percentage increases than in the PLA trial. Through the supplementation of caffeine, the majority of the highest values could be realized. An additional effect due to the combination of the two supplements cannot be identified from the descriptive analysis.



TABLE 1 Change in performance during an isokinetic leg extension in the CAF, ARG, and CAFARG trials compared to the PLA trial.
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FIGURE 1
 Maximum torque (A) and maximum work (B) from a series, average torque (C) and average work (D) across all repetitions of a series for the pretests (Pre1, Pre2) and the placebo (PLA), caffeine (CAF), L-arginine (ARG), and caffeine + L-arginine (CAFARG) trials. *p < 0.050.


The variable NmMax showed a significant difference between the PLA and CAF trials, F(2.51, 70.32) = 3.616, p = 0.023, ηp2 = 0.11 (p = 0.043; Mdiff = −12.10, 95%-CI[−23.965, −0.242]). ANOVA also revealed a significant difference between trials for NmM, F(3, 84) = 4.895, p = 0.003, ηp2 = 0.15, distinguishing PLA and CAF (p = 0.026; Mdiff = −6.920, 95%-CI[−13.252, −0.588]) and PLA and ARG (p = 0.040; Mdiff = −7.110, 95%-CI[−13.998, −0.223]). Analyses on JMax and JM revealed no significant differences between trials (all p > 0.05).

Looking at the initial level and the power decrease within the sets of trials, it can be noted that the PLA trial started at a lower level, but the fatigue symptoms that occurred did not differ graphically between the trials (PLA, CAF, ARG, CAFARG) (Figure 2). This was more evident in the measured torques than in the work performed.

[image: Figure 2]

FIGURE 2
 Group means of torque (A) and work (B) over the course of a series for the placebo (PLA), caffeine (CAF), L-arginine (ARG), and caffeine + L-arginine (CAFARG) trials. *p < 0.001.


ANOVA revealed a significant main effect for the factor block with F(1.33, 148.57) = 738.593, p < 0.001, ηp2 = 0.87 between blocks Nm1–10, Nm11–20, Nm21–30, Nm31–40 (all p < 0.001). However, no significant interaction effect occurred for block × trial, F(3.98, 148.57) = 0.727, p = 0.895, ηp2 = 0.01. For the variable work, a significant reduction also occurred between blocks J1–10, J11–20, J21–30, J31–40 (all p < 0.001) with F(1.24, 138.99) = 512.101, p < 0.001, ηp2 = 0.82. There was no interaction effect between block × trial with F(3.72, 138.99) = 0.231, p = 0.910, ηp2 = 0.01.

Furthermore, no significant differences were found between trials with respect to RPE (all p > 0.05).

The query regarding the supplements administered showed that only 23.5% of the answers were correct. Thus, one of four trials in the participants’ answers corresponded to the actual supplement sequence. Only one participant correctly determined all trials.

In general, very few side effects were reported. Four participants reported slight nervousness in the ARG and CAF trials. One participant felt headache only during the CAFARG trial and two other participants complained of nausea (CAFARG), one of whom additionally reported nausea in the PLA and ARG trials.

With regard to dietary behavior, no significant differences were found for the macronutrients carbohydrates, fats and proteins between the trials (all p > 0.05).



4 Discussion

The primary result of this study and research question is a lack of ergogenic effect of the combination of the supplements caffeine and L-arginine during an isokinetic extension protocol of the right leg. However, it was found in the tests that the administration of caffeine was able to increase the maximum force development (NmMax) of the quadriceps femoris muscle. In addition, caffeine and also L-arginine significantly increased the average torque (NmM) over a set of 40 repetitions. An effect on RPE could not be achieved in any of the trials.

The results on CAF trial confirmed the positive effect by caffeine on increasing muscle strength and endurance (2, 9). Possible mechanisms are improvement of sodium-potassium pump activity, calcium release in muscle and delay of fatigue by central nervous system effects (11). For L-arginine, the effect on Nmmax in our study is not confirmed by the data, despite a slight increase. According to one study, there appear to be direct and indirect effects that influence contractile properties. Direct effects of NO lead to nitrosation or metal nitrosylation of target proteins. Among other things, this causes inhibition of muscle contraction through reduced force and shortening velocity. Indirect effects, on the other hand, are mediated by cyclic guanosine monophosphate (cGMP). The NO/cGMP system causes an immediate, reversible change in the contracting muscles by positively influencing the maximum force and the initial rate of force increase during a tetanic isometric contraction. Although this metabolic pathway can cause positive changes in muscle contraction, these effects are countered by the direct effects of NO, which bring about the opposite changes (brake action) and could partly cancel out the indirect effects of NO/cGMP (e.g., reduction of the initial rate of force increase) (20). However, arginine bioavailability and NO-dependent signaling was not measured in the current study and therefore we cannot evaluate these potential mechanisms of action.

Alvares et al. had three sets of 10 maximal isokinetic flexion movements of the elbow performed at 60°·s−1 and found a greater muscle blood volume during the set breaks, but an increase in maximal torque and absolute work did not occur (13). An opposite result is provided by the study of Campbell et al. (12), in which a significant increase in NmMax was reported. However, a comparison with this study is difficult because in Campbell et al., L-arginine α-ketoglutarate was not ingested as a single dose but at 12 g·d−1 for 3 weeks (12). Another study investigated the acute effect of the supplements caffeine (300 mg), L-arginine (3 g) and branched-chain amino acids (5 g) together with carbohydrates and a mixture of all supplements on repeated sprint ability (21). Although no supplement combination was able to significantly reduce the average and total sprint time, a statistical increase in peak power and average power was observed. Although the pairwise comparisons of the conditions were not significant, the participants with caffeine (peak power: 638.33 ± 147.12 W; average power: 564.17 ± 135.87 W) and L-arginine (peak power: 623.23 ± 129.96 W; average power: 542.45 ± 128.46 W) increased their power compared to carbohydrates (peak power: 596.11 ± 133.82 W; average power: 530.60 ± 138.47 W). With the intake of both supplements plus branched-chain amino acids and carbohydrates, the peak (655.97 ± 126.15 W) and average power (572.91 ± 115.23 W) could be increased even further. Despite the additional supplements contained, this is the first evidence of a synergistic effect of caffeine and L-arginine on performance (21).

In the current study, L-arginine was found to increase NmM over one set of isokinetic knee extensions. Despite methodological differences, this confirms the result of Stevens et al., who measured an increase in total work (J) during 35 isokinetic concentric-eccentric knee extensions after the intake of 6 g L-arginine plus 2 g glycine and 3.2 g α-ketoisocaproic acid (22). The improvement of NmM by L-arginine was shown in other studies by a higher, but only partially significant, endurance ratio or fatigue resistance index when set work or total work were used to determine the indices. These indices expressed a positive trend in fatigue rate between the placebo and L-arginine trials (13, 22). Our results could not confirm the lower drop in performance. When the repetition blocks were compared, fatigue occurred to the same extent regardless of the trial (Figure 2A). Only the level between the PLA trial and the supplements differed. To what extent an insufficient fatigue of the thigh muscles was provoked and a possible buffer capacity by L-arginine could possibly not be exhausted remains open. In a similar study, 100 isokinetic repetitions were performed with the leg extensor at 90°·s−1 and 20 repetitions each were averaged for comparison. The result also showed a continuous and significant decrease in torque between all blocks. Consequently, it is possible that our exercise protocol would have to include more repetitions or sets in order to demonstrate the possible effects of improved blood flow and thus increased buffering capacity. However, it is striking that from the beginning the torque of the ARG trial is more pronounced than in the PLA trial. Especially at the beginning of the set, this cannot have been caused by better blood flow or attributed to increased creatine synthesis by L-arginine (23). A more likely explanation could be the metabolic pathway of NO/cGMP that we mentioned above (20).

Although the combination of both supplements produced the greatest increase in NmM compared with the PLA trial, the differences from the CAF and ARG trials were small. The results clearly showed that there was no synergistic or additive effect from the combination of caffeine and L-arginine. Thus, there was no significant performance enhancement by the two supplements (21). One possible explanation could be an opposing physiological effect on the muscles by the two supplements. In an animal study, the induced caffeine caused an immediate reduction of all NOS isoforms in the muscle cells. Lower NOS expression led to lower NO production and increased contractile force. Administration of L-arginine partially reversed the effects of caffeine (24). Consequently, there could be a counterbalancing of the supplement effects.

In the end, it must be stated that the study design may have provoked too little fatigue at the local level in the stressed muscle to achieve the mentioned effects of the supplements. Despite positive effects with acute supplementation of L-arginine, a multi-day supply could be beneficial to achieve the desired physiological adaptations (3). The measurement of isokinetic movements with a dynamometer represents a special load for the muscles, therefore the transfer of the results to sport-specific and natural movements is limited. Furthermore, no measurements were taken of the amount of L-arginine in the blood and NO. The strengths of the study are the crossover design used, which allows an intra-individual comparison between the trials. In addition, the supplements were administered in isolated form without accompanying substances, so that effects could be determined directly from the measurements. In addition, the use of a dynamometer and the laboratory conditions enabled standardized test conditions.



5 Conclusion

When maximum torques were required several times during a knee extension series over a period of about 2 min, supplementation with caffeine was able to increase both maximum and average torque. The supplement L-arginine also achieved an increase in average torque. In contrast, the combination of both supplements did not result in a greater increase in performance.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The studies involving humans were approved by the Ethics Committee of the RPTU Kaiserslautern-Landau. The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study.



Author contributions

SZ: Conceptualization, Data curation, Formal analysis, Methodology, Visualization, Writing – original draft, Writing – review & editing. MB: Data curation, Investigation, Resources, Writing – original draft, Writing – review & editing. SB: Conceptualization, Methodology, Writing – review & editing. MF: Conceptualization, Methodology, Writing – review & editing.



Funding

The author(s) declare that no financial support was received for the research, authorship, and/or publication of this article.



Acknowledgments

The authors would like to express their sincere thanks to Lara-Sophie Schumacher, student of the Bachelor of Science program and member of the project team, for her support in collecting and processing the data. The authors would also like to thank all study participants for their participation.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Abbreviations


ARG, L-arginine trial; PLA, placebo trial; CAF, caffeine trial; CAFARG, caffeine + L-arginine trial; NO, nitric oxide; RPE, rate of perceived exertion; SMD, standardized mean difference.


References

 1. Del Coso, J, Muñoz, G, and Muñoz-Guerra, J. Prevalence of caffeine use in elite athletes following its removal from the World Anti-Doping Agency list of banned substances. Appl Physiol Nutr Metab. (2011) 36:555–61. doi: 10.1139/h11-052


 2. Grgic, J, Grgic, I, Pickering, C, Schoenfeld, BJ, Bishop, DJ, and Pedisic, Z. Wake up and smell the coffee: caffeine supplementation and exercise performance-an umbrella review of 21 published Meta-analyses. Br J Sports Med. (2020) 54:681–8. doi: 10.1136/bjsports-2018-100278 

 3. Viribay, A, Burgos, J, Fernandez-Landa, J, Seco-Calvo, J, and Mielgo-Ayuso, J. Effects of arginine supplementation on athletic performance based on energy metabolism: a systematic review and Meta-analysis. Nutrients. (2020) 12:1300. doi: 10.3390/nu12051300 

 4. Gonzalez, AM, Townsend, JR, Pinzone, AG, and Hoffman, JR. Supplementation with nitric oxide precursors for strength performance: a review of the current literature. Nutrients. (2023) 15:660. doi: 10.3390/nu15030660 

 5. Nyawose, S, Naidoo, R, Naumovski, N, and McKune, AJ. The effects of consuming amino acids L-arginine, L-Citrulline (and their combination) as a beverage or powder, on athletic and physical performance: a systematic review. Beverages. (2022) 8:48. doi: 10.3390/beverages8030048


 6. Karayigit, R, Naderi, A, Akca, F, Cruz, CJG, Sarshin, A, Yasli, BC , et al. Effects of different doses of caffeinated coffee on muscular endurance, cognitive performance, and cardiac autonomic modulation in caffeine naive female athletes. Nutrients. (2021) 13:2. doi: 10.3390/nu13010002


 7. Chen, HY, Wang, HS, Tung, K, and Chao, HH. Effects of gender difference and caffeine supplementation on anaerobic muscle performance. Int J Sports Med. (2015) 36:974–8. doi: 10.1055/s-0035-1550048


 8. Grgic, J, Venier, S, and Mikulic, P. Examining the effects of caffeine on isokinetic strength, power, and endurance. J Funct Morphol Kinesiol. (2022) 7:71. doi: 10.3390/jfmk7040071 

 9. Grgic, J, and Pickering, C. The effects of caffeine ingestion on isokinetic muscular strength: a meta-analysis. J Sci Med Sport. (2019) 22:353–60. doi: 10.1016/j.jsams.2018.08.016 

 10. Warren, GL, Park, ND, Maresca, RD, McKibans, KI, and Millard-Stafford, ML. Effect of caffeine ingestion on muscular strength and endurance: a meta-analysis. Med Sci Sports Exerc. (2010) 42:1375–87. doi: 10.1249/MSS.0b013e3181cabbd8


 11. Guest, NS, VanDusseldorp, TA, Nelson, MT, Grgic, J, Schoenfeld, BJ, Jenkins, NDM , et al. International Society of sports nutrition position stand: caffeine and exercise performance. J Int Soc Sports Nutr. (2021) 18:1. doi: 10.1186/s12970-020-00383-4


 12. Campbell, B, Roberts, M, Kerksick, C, Wilborn, C, Marcello, B, Taylor, L , et al. Pharmacokinetics, safety, and effects on exercise performance of L-arginine Α-ketoglutarate in trained adult men. Nutrition. (2006) 22:872–81. doi: 10.1016/j.nut.2006.06.003 

 13. Alvares, TS, Conte, CA, Paschoalin, VM, Silva, JT, Meirelles Cde, M, Bhambhani, YN , et al. Acute L-arginine supplementation increases muscle blood volume but not strength performance. Appl Physiol Nutr Metab. (2012) 37:115–26. doi: 10.1139/h11-144


 14. Bailey, SJ, Winyard, PG, Vanhatalo, A, Blackwell, JR, DiMenna, FJ, Wilkerson, DP , et al. Acute L-arginine supplementation reduces the O2 cost of moderate-intensity exercise and enhances high-intensity exercise tolerance. J Appl Physiol. (2010) 109:1394–403. doi: 10.1152/japplphysiol.00503.2010 

 15. World Medical Association
. World medical association declaration of Helsinki: ethical principles for medical research involving human subjects. JAMA. (2013) 310:2191–4. doi: 10.1001/jama.2013.281053


 16. Busto, U, Bendayan, R, and Sellers, EM. Clinical pharmacokinetics of non-opiate abused drugs. Clin Pharmacokinet. (1989) 16:1–26. doi: 10.2165/00003088-198916010-00001 

 17. Bode-Böger, SM, Böger, RH, Galland, A, Tsikas, D, and Frölich, JC. L-arginine-induced vasodilation in healthy humans: pharmacokinetic-Pharmacodynamic relationship. Br J Clin Pharmacol. (1998) 46:489–97. doi: 10.1046/j.1365-2125.1998.00803.x


 18. Borg, GA
. Psychophysical bases of perceived exertion. Med Sci Sports Exerc. (1982) 14:377–81. doi: 10.1249/00005768-198205000-00012 

 19. Blanca, MJ, Arnau, J, García-Castro, FJ, Alarcón, R, and Bono, R. Non-Normal data in repeated measures Anova: impact on type I error and power. Psicothema. (2023) 35:21–9. doi: 10.7334/psicothema2022.292 

 20. Maréchal, G, and Gailly, P. Effects of nitric oxide on the contraction of skeletal muscle. Cell Mol Life Sci. (1999) 55:1088–102. doi: 10.1007/s000180050359


 21. Ermolao, A, Zanotto, T, Carraro, N, Fornasier, T, Zaccaria, M, Neunhaeuserer, D , et al. Repeated Sprint ability is not enhanced by caffeine, arginine, and branched-chain amino acids in moderately trained soccer players. J Exerc Rehabil. (2017) 13:55–61. doi: 10.12965/jer.1732722.361


 22. Stevens, BR, Godfrey, MD, Kaminski, TW, and Braith, RW. High-intensity dynamic human muscle performance enhanced by a metabolic intervention. Med Sci Sports Exerc. (2000) 32:2102–8. doi: 10.1097/00005768-200012000-00021 

 23. Wu, G, and Morris, SM Jr. Arginine metabolism: nitric oxide and beyond. Biochem J. (1998) 336:1–17. doi: 10.1042/bj3360001 

 24. Corsetti, G, Pasini, E, Assanelli, D, Saligari, E, Adobati, M, and Bianchi, R. Acute caffeine administration decreased Nos and Bcl2 expression in rat skeletal muscles. Pharmacol Res. (2007) 55:96–103. doi: 10.1016/j.phrs.2006.10.001




OPS/images/fnut-10-1303805-t001.jpg
Variable CAFARG A PLA- A PLA- A PLA-

CAF (%) ARG (%)  CAFARG (%)

Ny
Ny,
™

T

ARG, L-ar

2259743881 238.07449.47 2321444267 233.83+47.07 5% 29
161.36£30.90 168.28+34.58 168.47+35.42 169.37£35.50 42¢ 42¢
159.1431.72 165.10£38.06 161.76+35.93 161.86£36.09 37 19
109.91£20.04 112572158 1116342281 112432205 25 L4

ine; CAF, caffeine; CAFARG, caffeine + L-arginine; |, average work; Jy.., maximum work; Ny, average torque; Ny, maximum torque; PLA, placebo. *p<0.05.

35

5.1

24





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Isolated but not combined ergogenic effects of caffeine and L-arginine during an isokinetic knee extension



		1 Introduction



		2 Materials and methods



		2.1 Sample



		2.2 Design



		2.3 Interventions



		2.4 Measurements



		2.5 Procedure



		2.6 Analysis









		3 Results



		4 Discussion



		5 Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Abbreviations



		References



















OPS/images/fnut-10-1303805-g001.jpg
Torque (Nm)

Torque (Nm)
g B &8 8§ 8 B

8

pre1

145.9|

Pre1

pre2

1156.3

Pre2

—
LA caF ARG
—

—
PLA AR ARG

CAFARG

CAFARG.

Work (1)

Work (1)

20

200

180

160

140

120

Pre1

Pre1

Pre2

1109|

Pre2

PLA

PLA

car

cAF

ARG

ARG

CAFARG

CAFARG





OPS/images/fnut-10-1303805-g002.jpg
Torque (Nm)

110 1120 2130 3140 110 1120 2130 3140
Repetitions Repetitions

@=-PLA —O—CAF Q- ARG —il— CAFARG ce@=PLA —O—CAF Q- ARG —i— CAFARG





OPS/images/cover.jpg
, frontiers | Frontiers in Nutrition

Isolated but not combined
ergogenic effects of caeff ine and
L-arginine during an isokinetic
knee extension












OPS/images/crossmark.jpg
(®) Check for updates







OPS/images/logo.jpg
’frontiers ‘ Frontiers in Nutrition






