Citrulline in elite sports: is there a point?
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Abstract 
[bookmark: _GoBack]Despite the contradictory data on the effect citrulline has on various aspects of performance and post-exercise recovery, it is commonly used in sports. Most of the available studies have been performed in recent years, which affirms the increased interest in this substance. The inconsistent data on the effectiveness of citrulline can be associated with the heterogeneity of both the research protocols and the study samples. Thus, coaches and athletes of various levels may be interested in the results of high methodological quality research that assessed the effect of acute and chronic intake of citrulline on various aspects of physical performance.
This review included 22 randomized placebo-controlled trials analyzing 427 members of the general population of both sexes, aged 18 to 51 years. The body of research available has examined physically active healthy members of the general population and recreational athletes opposed to elite athletes. Strength and aerobic performance were estimated, along with indicators such as heart rate (HR), rating of perceived exertion (RPE), delayed onset muscle soreness (DOMS) and lactate concentration (La). The analysis provided contradictory results on the effect of citrulline on various aspects of physical performance and post-exercise recovery, and the scant research conducted among elite athletes was notably.
Concurrently, the available literature regarding the effectiveness of citrulline was gathered from the general population who performed non-specific exercises, therefore this data cannot be extrapolated to elite sports. Considering these factors, the current environment does not allow the recommendation of citrulline use by elite athletes. Background:
Over the last decade, there has been an increasing interest in assessing the effectiveness of citrulline when aiming to improve various aspects of athletic performance. 
Although, there is no published literature on the effectiveness of citrulline among elite athletes, which prevents any clear conclusion being established regarding its application in elite sports.
Hypothesis:
The analysis of training protocols, dosing regimens and sampling of participants in research of high methodological quality that assess the effect of citrulline on various aspects of performance and post-exercise recovery does not advocate its usage in elite athletes. 


Introduction
Citrulline is an essential amino acid found in the body under natural conditions. Citrulline is an endogenous precursor of arginine, which is the main substrate for nitric oxide synthase (NO-synthase, NOS) in the NOS pathway. Arginine affects various body functions by regulating vasodilation, blood flow, mitochondrial respiration, and platelet function [3]+[4].
Arginine is used as a supplement with a proven vasodilatory effect, where one of the main mechanisms behind its potential performance-enhancing effect is the increase in blood flow to the skeletal muscle due to endothelium-dependent vasodilation [5].
The potential performance improvement produced by citrulline is also mediated by several other mechanisms, namely; 1) an enhanced ammonia and lactic acid metabolism and improved oxygen delivery caused by increased vasodilation [6]; 2) a significant increase in the rate of oxidative phosphorylation during exercise (+34%), and in the rate of post-exercise phosphocreatine recovery (+20%) [7]; 3) an increase in the plasma concentration of L-arginine and enhanced NO-dependent signaling during intense exercise, which can disrupt metabolic homeostasis and lead to amino acid catabolism and limited availability of L-arginine; 4) ensuring the delivery of nitrogen which is required to maintain sufficient nitrogen balance and as a precursor of arginine, which is synthesized in the kidneys, endothelial and immune cells [8]; and 5) the conversion of citrulline into arginine is considered the rate-limiting step of the NOS pathway, and adding citrulline increases the arginine plasma concentration [9, 10].
Unlike arginine, citrulline is not used by the gut and is not absorbed by the liver. It is most effectively absorbed when administered perorally, and is then transported to the kidneys where it is converted into L-arginine [11]. Simultaneously, the research confirming that citrulline improves vasodilation and skeletal muscle perfusion is scant and contradictory. However, several studies have reported that L-citrulline supplements may improve physical performance and recovery [12]. 
In sports, citrulline malate (CM) is often used as a performance-enhancing supplement. Citrulline malate is an organic salt of citrulline that consists of the essential amino acid L-citrulline and L-malic acid (an intermediate substance in the citric acid cycle).
According to Jagim et al., CM is present in more than 70% of the most popular multi-substance pre-workout supplements. In this regard, it is secondary only to beta-alanine (87%) and caffeine (86%), and is combined significantly more often than tyrosine, taurine and creatine (63%, 51% and 49%, respectively). Furthermore, the average dose of CM in these supplements is 4.0 ± 2.5g [13].
Citrulline is not included on the prohibited list of the World Anti-Doping Agency. However, its use, including as part of a combined pre-workout supplement, may enhance the risk of an un-intentional violation of anti-doping regulations due to the widespread contamination of various legal dietary supplements and sports nutrition aids with prohibited substances [14].
According to unpublished data obtained by the authors of this article when conducting an anonymous survey of elite Russian endurance athletes, more than 40% of these athletes used citrulline and considered it effective during recovery (own unpublished data). Thus, citrulline is among the most commonly used substances in athletes of varying competitive levels, despite the fact that there is still no scientifically proven evidence to suggest that, as well as a number of other substances (branched chain amino acids, adenosine triphosphate, β-hydroxy-β-methylbutyrate, minerals, most vitamins and arginine), are indeed effective [15].
What are the potential positive effects of citrulline that cause its active use by professional athletes? According to currently available scientific literature, the range of applications of citrulline is vast.  There is evidence to suggest its effectiveness in the treatment of asthenic syndromes and erectile dysfunction, sarcopenia in elderly, pulmonary hypertension in newborns, carbamoyl phosphate synthetase deficiency and ornithine transcarbamylase deficiency. It has also been shown to effectively lower blood pressure in hypertension patients, as well as an increase in strength and aerobic performance and enhance post-exercise recovery [8, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25]. Therefore, a real-world assessment into the effectiveness of citrulline and the implementation of proven protocols for its usage that consider the specifics of the sporting discipline and the daily training process of professional athletes is of great practical interest.
Thus, the purpose of this study was to analyze the results of existing research of high methodological quality which assessed the standardized and single isolated ingestion of citrulline on various parameters of physical performance and post-exercise recovery. 
Materials and methods
The Pubmed database was searched for randomized controlled trials in the language of English conducted from 2000 to 2021 in healthy subjects of different levels of physical fitness to assess the effect of a single, standardized administration of citrulline or citrulline malate on the following parameters of physical performance and post-exercise recovery: rating of perceived exertion (RPE), the severity of delayed onset muscle soreness (DOMS), concentrations of lactate (La), creatine phosphokinase (CK), strength, power, endurance, speed, heart rate (HR) and blood pressure.
The words ‘citrulline malate’ and ‘citrulline’, as well as their combinations with words and phrases ‘rating of perceived exertion’, ‘delayed onset muscle soreness’, ‘lactate’, ‘strength’, ‘power’, ‘endurance’, ‘speed’, ‘physical performance’, ‘heart rate’, ‘creatine phosphokinase’ and ‘blood pressure’ were used as search queries.
The term "elite athletes" referred to athletes who had consistently performed in their chosen sport for at least two years and had competed in adult national championships (for individual sports) or had played for teams of the highest division in the championship of their country.
To ensure a thorough search of publications met the acceptance criteria, the references and recommended articles of each of the forementioned studies were also analyzed.
The search was carried out by two independent experts where any disputes were resolved by the opinion of the main author of the study. The exclusion criteria were as follows:
- age of participants less than 18 years;
- participants with any somatic pathology;
- use of citrulline or citrulline malate in combination with other substances.
Since all the collated data were in the public domain, local ethics committee approval was not required.

Results
A total of 1286 studies were found, of which 22 (427 participants) were randomized controlled trials (RCT) that met the inclusion criteria. The majority of research was conducted in amateur-level athletes or physically active healthy people from the general population aged 18 to 51 years. Six studies analyzed the effect of a standardized ingestion, while 16 analyzed the effect of a single dose of citrulline on various aspects of physical performance, cardiovascular performance and post-exercise recovery. Commonly, RPE, La, DOMS, dynamic changes in strength and aerobic performance and HR were estimated.
In studies that examined the effect of various citrulline protocols, the standardized dose was 2.4-6g daily for 1-4 weeks. Only 1 study analyzed the effect of a citrulline protocol on the concentration of La in Turkish handball players from 1.Lig (1g 3 times a day for 4 weeks), but these players could not be considered elite athletes. While 2 studies analyzed the effects of citrulline in team sports, the participants were the aforementioned handball players of the Turkish 1.Lig and members of varsity basketball and football teams [26], [27]. When the effect of a single dose of citrulline was analyzed, doses of 1.17 to 12g were administered 40-120 minutes before exercise. Most often, 6-8g of citrulline were used in single-dose experiments. 

	Authors
	Design
	Participants
	Dosing
	Analyzed parameters
	Participant level
	Effectiveness
	Adverse effects

	[bookmark: _Hlk77159499]1. Cunniffe B, 2016 
	RDB
	10 well-trained men
	12 g of CM, single dose, 60 minutes before a repeated cycling sprint
	HR (-), time to exhaustion (0), power (0), RPE (0)
	Amateurs
	
	No

	[bookmark: _Hlk77159511]2. Farney TM, 2019 
	RSB (randomized single-blind)
	12 healthy participants (6 men, 6 women), mean age 24.1±3.9 years
	8 g of CM, single dose, before a high-intensity strength workout
	Isokinetic leg extension pre- and post-exercise (peak power, maximum torque) (0), RPE (0), La (0)
	Amateurs
	
	N/A (not assessed)

	3. Gonzalez AM, 2018 
	RDB
	12 amateur men
	8 g of CM, single dose, 40 minutes before a high-intensity strength workout
	Strength endurance (0), exercise effectiveness (0), fatigue (0), RPE (0)
	Amateurs
	
	N/A

	[bookmark: _Hlk77027533]4. Wax B, 2016
	RDB
	14 well-trained men, mean age 23.3±1.5 years, mean height 1.79±0.07 m, mean weight 87.8±9.1 kg
	8 g of CM, single dose, 60 minutes before a high-intensity strength workout
	Strength endurance (+), blood La (0), arterial blood pressure (0)
	Amateurs
	
	N/A

	5. Glenn JM, 2017 

	RDB
	15 women, mean age 23±3 years, mean height 162.6 cm, mean weight 67.1 kg
	8 g of CM, single dose, 60 minutes before a high-intensity strength workout
	Strength endurance (+), HR (0) and RPE (+)
	Amateurs
	
	No

	[bookmark: _Hlk77027559]6. Glenn JM,2016 
	RDB
	17 women (51±9 years), tennis players
	8 g of CM, single dose, 60 minutes before testing
	Strength (+), power(0), anaerobic endurance (+)
	Amateurs
	
	No

	[bookmark: _Hlk77027571]7. Gills JL, Glenn 2021 
	RDB
	28 young men (20.9±2.8 years), amateur cyclists
	8 g of CM, single dose, 60 minutes before testing
	Aerobic endurance (0), anaerobic endurance (0)
	Amateurs
	
	N/A

	[bookmark: _Hlk77028747]8. Stanelle ST, 2020 
	RDB
	9 well-trained men (24±3 years), cyclists
	7 days regimen of 6 g CM daily (last dose taken 120 minutes before the test, a 40-km cycle with a following repeated sprint)
	Aerobic endurance (+)
HR (-), RPE (+), mean power output during exercise (+)
	Amateurs
	
	N/A

	[bookmark: _Hlk77028795]9. Suzuki T, 2016 
	RDB
	22 well-trained men
	A 7-day regimen of 2,4 g L-citrulline daily, 2,4 g of L-citrulline administered on the 8th day 60 minutes before a 60-minute exercise cycle ride
	Endurance (+), RPE (+)
	Amateurs
	
	N/A

	[bookmark: _Hlk77029226]10. Chappell AJ, 2020
	RDB
	19 participants (8 women), mean age 25.7±7.7 years
	8 g of CM, single dose before a strength workout
	Number of reps (0), La level (0), creatine phosphokinase level (0), DOMS (+)
	Amateurs
	
	No

	[bookmark: _Hlk77029809]11. Martínez-Sánchez A, 2017 
	RDB
	21 healthy men, mean age 35.3±11.4 years, mean height 175.5±7.6 cm, mean age 73.6±9.1 kg
	Fashion watermelon juice enriched with CM (3.45 g per 500 ml), single dose 120 minutes before a half-marathon
	Jump height (+), HR and RPE(0), La concentration (+), DOMS (+)

	Amateurs
	
	N/A

	[bookmark: _Hlk77036060]12. Hwang P, 2018
	RDB
	75 men
	8 weeks of strength training; a regimen of 2 g daily 1 h before the workout
	Strength endurance (0), muscle mass and strength after 8 weeks (0)
	Amateurs
	
	No

	[bookmark: _Hlk77038236]13. Bailey SJ, 2015 
	RDB
	10 healthy men
	A 7-day regimen of 6 g of CM daily

	Kinetics of lung oxygen consumption (V̇o2)(+),  physical performance(+), blood pressure(+)
	Amateurs
	
	N/A

	14. da Silva D.K., 2017
	RDB
	9 young untrained men, mean age 24.0±3.3 years
	6 g of CM, single dose, before a high-intensity strength workout
	Strength endurance (0), DOMS and RPE (0), CK level and testosterone/cortisol ratio (0)
	Amateurs
	
	No

	15. Chappell AJ, 2018 
	RDB
	18 physically healthy men and women (13 men, 5 women), mean age 23.67±2.41 years, mean weight 75.15±13.67 kg
	8 g of CM, single dose, before a high-intensity strength workout
	Strength endurance (0), post-workout isometric, concentric and eccentric peak force (0), DOMS(-)

	Amateurs
	
	No

	16. Pérez-Guisado J, 2010 

	RDB
	41 men
	8 g of CM, single dose, before a high-intensity strength workout (bench press, 16 sets)
	DOMS(+), strength endurance(+)

	Amateurs
	
	Stomach discomfort (14.63% of the participants)

	[bookmark: _Hlk77159611]17. Wax B, 2015 Mar
	RDB
	12 men
	8 g of CM, single dose, before a high-intensity strength workout
	Strength endurance (+), La level (0), HR (0) and blood pressure before and after the exercise (0)
	Amateurs
	
	No

	[bookmark: _Hlk77160655]18. Tarazona-Díaz MP, 2013 
	RSB
	7 athletes
Students of the Department of Physical Activity and Sport Science, Faculty of Sport, Catholic University of Murcia (7 men, mean age±SD 22.7±0.8 years; mean weight 68.9±3.8 kg; mean height 170.8±3.6 cm; mean BMI 24.0±0.6 kg/m2). The subjects were not competitive athletes, but did sports regularly.
	500 ml of organic watermelon juice (1.17 g of L-citrulline), enriched watermelon juice (4.83 g of L-citrulline + 1.17 g of watermelon), single dose, before a 1RM load on a cycle ergometer
	HR (+) and DOMS (+)
	Amateurs
	
	N/A

	[bookmark: _Hlk77161924]19.Kiyici, 2017
	RSB
	22 handball players during pre-season training (11 athletes, mean age 21.57±4.58 years, mean height 179.86±5.73 cm, mean weight 70.59±7.08 kg) received Stimol;
11 handball players, mean age 18.00±2.00 years, mean weight 179.27±10.55 kg, mean weight 79.35±7.08 kg received placebo
	A 1-month regimen of 1 g of CM (Stimol), thrice daily
	Lactate immediately after the exercise (+), but not before it or 5 and 20 minutes after it
	Professionals (Turkish Handball 1.Lig)
	
	N/A

	[bookmark: _Hlk77162543]20.Bailey, 2016
	RDB
	8 men
	A 16-day regimen of 3.4 g of CM daily
 
	Blood pressure (-), time to exhaustion (0)
	Amateurs
	
	No

	21. Cutrufello PT, 2015
	RDB
	22 physically active men and women (11 participants of each sex)
	1 and 6 g of citrulline, single dose, 60 and 120 minutes before the workout
	Bench press (0), time to exhaustion in a treadmill test (0), maximal oxygen consumption (0)
	Amateurs
	
	No

	[bookmark: _Hlk77164130]22. Hickner RC, 2006 
	RDB
	17 young physically active healthy men and women of 18-34 years
	Single dose, 3 g 3 h before test, or 9 g over 24 h prior to testing
	Time to exhaustion (-), RPE (-), maximal oxygen consumption (0)

	Amateurs
	
	N/A






Table 1. Protocols for the implementation of citrulline malate and citrulline used in research of high methodological quality conducted in physically healthy adults representative of the general population and athletes.
Note: "-" corresponds to a negative effect on the studied parameter
"+" corresponds to a negative effect on the studied parameter
 "0" corresponds to a neutral effect on the studied parameter

When data on the effectiveness of citrulline obtained from the selected studies were analyzed, it was reported that 10 out of 22 studies could provide no evidence that citrulline effectively improved any of the analyzed parameters. In other studies, citrulline was most effective in improving strength parameters (6 studies), endurance parameters (5 studies) and reducing the severity of DOMS (4 studies). Regarding RPE, only 3 studies reported a positive effective of citrulline. Two more studies provided evidence of a negative effect on RPE. There was also no evidence to suggest the effectiveness of citrulline on CK concentration. The level of this enzyme is often used as an indicator of the severity of physical activity and muscle damage [Brancaccio et al.]. The effectiveness of citrulline in reducing La production at any time post-exercise was shown in only 2 studies.


Figure 1. The number of RCTs analyzing the effect of citrulline on the parameters of physical performance and post-exercise recovery 

	Effects
	Total
	(+)
	(-)
	References (+) (#)

	Strength
	12
	6
	6
	4,5, 6, 8, 11, 18

	Endurance
	12
	5
	7
	6,8, 9, 13, 16 

	Heart Rate (HR)
	8
	2
	6
	8, 18

	DOMS
	6
	4
	2
	10, 11, 16, 18

	RPE
	9
	3
	6
	5, 8, 9

	Lactate (La)
	8
	2
	6
	11, 19

	Blood Pressure
	4
	1
	3
	13



Table 2. The number and results of RCTs that evaluated the effect of single and standardized intake of citrulline on physical performance and post-exercise recovery 

Notably, administering 1-12g of citrulline can be deemed safe from the development of adverse effects, as only 1 out of 10 studies analyzed reported any negative effects. Contrastingly, Pérez-Guisado et al. found that 15% of participants developed stomach discomfort [28].

Discussion
Currently, there is growing interest in the benefits of citrulline and the potential positive affect on various aspects of physical performance. The majority of available research concerning high methodological quality performed in adult populations have been published in the last 10 years. Recent meta-analyses have shown that the administration of a single large dose of CM may have a positive effect of varying intensity on DOMS and RPE, but not on blood La levels [29], [30].
Concurrently, there is also evidence that citrulline is more effective than arginine in improving physical performance as an ergogenic aid. According to a meta-analysis conducted by Huerta Ojeda et al., citrulline had a positive effect on RPE and muscle pain in addition to a decrease in La concentrations. Although, there is still a lack of empirical evidence concerning the effective dosage and timing of dose of citrulline when employed to positively affect physical performance [31].
When examining randomized controlled trials, 50% of this research could not find evidence of its effectiveness for improving the various aspects of performance. In all studies, citrulline was only ingested before exercise, and not during or after it. It should also be noted that more than 90% of studies were conducted with amateur athletes and physically active representatives of the general population, which does not allow extrapolation of the data to high-level athletes.
This notion was confirmed by Lamprecht., who highlighted that the effectiveness of administering nitric oxide donors (which included citrulline) depended on the individuals current training status. Studies examining untrained and physically healthy subjects have shown that nitric oxide donors can improve the tolerance of aerobic and anaerobic exercises, but no positive effect on performance was observed in studies involving highly trained athletes [32].
Sureda et al., supported the findings of Lamprecht., suggesting that the effect of citrulline on physical performance depends on the existing fitness level of the subject, and additionally citrulline did not produce a positive effect in well-trained representatives of the general population [4]. It is also important to recognize that the type of physical activity employed in these studies (leg press, bench press, pull-ups, cycle ergometry) are not specific to all sporting populations.
Furthermore, high-level athletes often use several dietary supplements and medicinal substances during a training week (according to  Maughan et al., 85% of elite track and field athletes are currently consuming such aids). Commonly used supplements include vitamins, minerals, protein, creatine, and various ‘ergogenic’ compounds [33]. In the Maughan et al., study cohort, the mean supplement and medicinal substance count for each of the athletes were 1.7 and 0.8, respectively. The most commonly used substances were non-steroidal anti-inflammatory drugs (0.27 per athlete), respiratory tract medication (0.21 per athlete) and analgesics (0.13 per athlete) [34].
Undoubtedly, the combined ingestion of various ergogenic supplements and medicinal products such as NSAIDs can significantly affect important parameters of exercise tolerance and fatigue such as RPE and DOMS and thus make it impractical to objectively assess the individual effect of each substance. These findings suggest that the available data are extreme heterogeneous in terms of training protocols, participant sampling, dose sizes and dosing regimens.
Future research should consider the effectiveness of citrulline usage in professional athletes. These studies should analyze various protocols and use sport-specific exercises of sub-maximal and maximal intensity to determine the real-world impact of citrulline implementation in the training and competition activities of professional athletes.

Conclusion
The analysis of the existing randomized controlled trials into the effect of citrulline on various aspects of physical performance and post-exercise recovery showed an extreme heterogeneity of design and an inconsistency in the obtained data.
This research did not involve elite athletes or use strength specific exercises relevant to all sports. Furthermore, only a small number of studies examined data on the effectiveness of citrulline in improving performance indicators important for athletes, such as strength, endurance, DOMS and La concentration. 
It is also noteworthy that citrulline is included in many combined pre-workout supplements. This can lead to an un-intentional violation of anti-doping regulations caused by contamination of these supplements with prohibited substances not clearly indicated.
Given these important factors, the current sporting context does not support the recommendation of citrulline usage by elite athletes. Future studies need to assess the effectiveness of CM administered to professional athletes using real-world dosing protocols and sport-specific exercises.
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Effects
All	Strength	Endurance	Heart Rate	DOMS	RPe	Lactate	Blood Pressure	12	12	8	6	9	8	4	(+)	Strength	Endurance	Heart Rate	DOMS	RPe	Lactate	Blood Pressure	6	5	2	4	3	2	1	(-)	Strength	Endurance	Heart Rate	DOMS	RPe	Lactate	Blood Pressure	6	7	6	2	6	6	3	



