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ABSTRACT  

The focus of the investigation was to examine the effects of citrulline malate on muscular fatigue 

in healthy, recreationally trained participants. Twelve participants (males = 6; females = 6) (24.1 

± 3.9 yrs) visited the lab on three separate days all separated by one week. Each visit consisted of 

consuming one of three treatments: placebo (PLA), citrulline malate (8 g) (CM), and control 

(CON) in which no drink mixture was consumed. For each day of testing, participants consumed 

assigned treatment and performed one high-intensity exercise trial consisting of squats, lunge 

jumps, squat jumps, and lateral jumps. Participants performed the exercises in the listed order, 

which was designated as one round. Each participant performed 3 rounds, with the work to rest 

ratio being 20 sec work, 30 sec rest. A one min rest was given between rounds. A pre/post-

exercise isokinetic leg extension test was performed to measure for peak power, peak torque, and 

rate of fatigue. Additionally, blood lactate was obtained pre/post-exercise. There were no 

treatment or interaction effects (p > 0.05) for peak torque, peak power, rate of fatigue, or blood 

lactate accumulation. However, there was a statistical significant decrease from pre/post-ex for 

peak torque (p = 0.003), peak power (p = 0.003), and rate of fatigue (p = 0.001). Additionally, 

lactate accumulation did increase significantly from pre/post-ex (p = 0.0001). Lastly, neither 

total work nor final heart rate was statistical significant between the treatments (p > 0.05). 

Citrulline malate was not effective in improving performance or alleviating fatigue following a 

high-intensity exercise session.  

  

Key words: Fatigue; power/force; high-intensity exercise; lactate; ergogenic aid  
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INTRODUCTION  

Within the last few years, citrulline malate (CM) has been gaining attention for its ability to 

inhibit fatigue and enhance skeletal muscle power output via the decline in metabolic by-product 

reduction. Citrulline malate is composed of the non-essential amino acid citrulline and malate, a 

Krebs cycle intermediate. When taken together, CM has been shown to enhance a greater 

oxidative energy turnover and lower power/pH ratio (4), which in turn will lower the ATP cost 

of muscle force production (8). Studies have reported CM to enhance aerobic energy production 

(4), augment muscular force output (15), alleviate muscle fatigue (4), and improve performance 

during lower-body resistance exercise (22).  

The exact mechanisms of how CM works on alleviating fatigue are unknown, however, the 

idea is that since citrulline is one of the amino acids of the ureagenesis cycle, an excess 

availability will help with the facilitation of ammonia clearance. An accumulation of intracellular 

ammonia stimulates glycolysis while blocking the aerobic utilization of pyruvate (20). The 

subsequent effect is then a switch in energy metabolism toward the exclusive formation of lactate 

(15). As for malate, its primary role is that of a metabolic intermediate of the Krebs cycle, as 

well as having the capability of behaving as a metabolic shuttle between the cytoplasm and 

mitochondria (20). This capability of being a metabolic shuttle enables the blockade of the 

oxidative system to be bypassed, thus, ensuring a greater oxidative energy turnover (4). A greater 

oxidative capacity ensures a lower formation of lactate, thus, alleviating the development of 

muscular fatigue. Therefore, based upon the physiology of CM, supplementing could be 

beneficial in lowering ammonia accumulation and preserving force production during time of 

importance, such as athletic competition.  
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Another promoted ergogenic benefit of CM supplementation is the ability to increase nitric 

oxide (NO) by increasing L-arginine concentrations (5, 17). Nitric oxide has many physiological 

roles, however, it is best known to be an important vasodilator during exercise (19). Hickner et 

al. has reported that the inhibition of NO synthase decreases local skeletal muscle blood flow 

during exercise (9), while others have demonstrated a reduced maximal oxygen consumption 

when NO synthase was inhibited (12). To increase NO production, many have tried to 

supplement with L-arginine due to NO being synthesized from L-arginine via the NO synthase 

(11). However, despite infusing with L-arginine, local muscle blood flow has been shown to be 

unaltered (9), thus, brings to the reason why L-citrulline has become popular with blood flow 

changes. L-citrulline supplementation has been shown to increase L-arginine concentrations to a 

higher level than oral L-arginine administration (10), with over 80% of L-citrulline being 

recycled to L-arginine in endothelial cells to produce NO (16). Taken together, CM 

supplementation may help to increase O2 delivery to working muscle. This in turn will help 

alleviate fatigue through the clearance of metabolic waste products, which accumulate during 

times of high-intensity exercise.   

Notwithstanding the claims of the promoted benefits of CM supplementation, acute ingestion 

of CM still remains controversial (5). For example, Cutrufello and colleagues reported that 6 g of 

citrulline consumed 1-2 hrs before exercise was ineffective in altering the anaerobic threshold or 

time to exhaustion during a graded exercise test (6). Also, the authors reported that CM did not 

improve the total number of upper-body repetitions of the chest press at 80% of participant one-

repetition maximum (1RM) (6). In another study performed by Cunniffe et al., participants 

consumed 12 g of CM 60 min prior to repeat maximal cycle sprints (10 x 15 s; 30 s recovery), 

and had no significant impact upon power fatigue index or acid-base balance (5). Additionally, 
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others have reported a reduction in time to exhaustion during a graded treadmill test following 3-

9 g of CM taken 3-24 hrs before testing (10). On the other hand, Wax et al. found that CM may 

be beneficial in improving exercise performance during lower-body multiple-bout resistance 

exercise (22). Within the Wax investigation, participants performed five sequential sets at 60% 

1RM to failure on the leg press, hack squat, and leg extension. Although the exercise protocol 

resulted in a significant decrease of repetitions, the CM group performed significantly higher 

number of repetitions for all three exercises compared to a placebo group (22). Discrepancies 

amongst the literature can be accounted for by the differences in dosages (3 g-12 g), dosage 

timing (acute vs chronic supplementation; 60 min-120 min prior to exercise), and/or exercise 

modalities (resistance exercise vs endurance exercise).  

To our knowledge, no investigation has focused on muscle contractile properties such as 

power, torque, and rate of fatigue following high-intensity exercise, especially within major 

muscle groups such as the quadriceps. Investigations have used high-intensity exercise as a 

modality, however, no investigation has used a protocol that is commonly found amongst 

strength and conditioning/health practitioners. Based upon the notion of CM supplementation 

and its promoted effect upon metabolite accumulation, it was the purpose of this investigation 

was to examine the effects of CM upon muscle fatigue following high-intensity exercise. 

Additionally, this investigation also wanted to determine if heart rate and total work were 

improved following CM supplementation. Our hypothesis was that supplementing with CM 

would help to attenuate local muscle fatigue and improve contractile efficiency through the 

clearance of metabolite accumulation. An additional hypothesis was that supplementing with CM 

would allow for more work to be completed along with a lower HR during the high-intensity 

exercise.      
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METHODS  

Experimental Approach to the Problem  

The purpose of this investigation was to investigate if citrulline malate (CM) had an impact 

in alleviating muscle fatigue following a high-intensity exercise trial. In order to determine the 

impact of CM on fatigue, a single blind balanced cross-over design was used with each 

participant performing 3 experimental testing sessions after consuming one of the three 

treatments in a randomized order: 1) 8 g of a commercially available amino acid supplement 

(citrulline malate) (CM) mixed into 20 oz of sugar free flavored water, 2) a Placebo (PLA) 

containing 20 oz of sugar free flavored water with no CM, or 3) a Control (CON) containing no 

administration of a drink. The order of treatment consumption was randomized for all 

participants. All testing sessions were conducted on separate days with a one-week “wash-out” 

period for each treatment. For each of the testing sessions, all participants performed one high-

intensity exercise protocol consisting of four exercises: squats, lunge jumps, squat jumps, and 

side-to-side jumps. All exercises were performed as fast as possible with as many reps within 20 

sec. Participants wore a weighted vest for all testing sessions, with males wearing 40 lbs. of 

weight in the vest, and females wearing 20 lbs. of weight. To determine muscle fatigue, a 

fatiguing isokinetic leg extension test was performed both pre- and post-exercise. Additionally, a 

lactate sample was collected from each participant both prior to the leg extension test, and 

immediately following the high-intensity exercise session. The following variables were 

measured or derived for analysis within this investigation: rate of quadriceps fatigue, perceived 

local fatigue, relative muscular strength, total work, and lactate accumulation.  
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Participants  

Twelve (males: n = 6; females: n = 6) recreationally trained adults (24.1 ± 3.9 yrs) 

participated in this study. In order to qualify to participate within this investigation, each 

participant had to have been involved in a structured exercise training program (including both 

aerobic and anaerobic) for the last six months, and be free from any knee/hip injuries. At the 

time of testing, none of the participants had any recent surgeries or knee/hip injuries, as well as 

none were pregnant or smokers. After explanation of the experimental procedures, all 

participants gave their written informed consent before study commencement which was 

approved by the local institutional review board. All participants underwent a health screening 

procedure according to the American College of Sports Medicines’ Guidelines for Exercise 

Testing and Prescription. Prior to the beginning of the testing sessions, all participants were fully 

familiarized with the laboratory exercise testing procedures. 

Procedures  

Participants reported to the lab for a total of four visits. The first day of testing was 

considered the familiarization trial, and was done to determine if participants were able to sustain 

the protocol. Upon arriving to the laboratory, all participants were informed of all aspects of the 

study, giving written consent to participate, and a health screening to determine eligibility. 

During the familiarization trial, all participants performed both the pre/post-exercise isokinetic 

leg extension test, and the high-intensity exercise protocol. Additionally, all participants were 

fitted with the weighted vest to determine the appropriate amount of weight to be used for the 

subsequent three testing sessions. Males were originally fitted with 40 lbs. (which was the max 

the vest could contain), while females were fitted with 20 lbs. The weighted vest was set up so 

that 4 lb. increments could be removed to ensure participant completion of the high-intensity 
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exercise protocol. The subsequent three days of testing were considered the experimental trials, 

and all testing days were separated by a one-week. In addition to the pre/post-exercise isokinetic 

leg extension test and exercise protocol, lactate was collected pre/post-exercise.  

Isokinetic Leg Extension Test 

Participants performed an isokinetic leg extension test on a Biodex dynamometer to 

determine changes in peak power, peak torque, and rate of fatigue in the dominant quadriceps. 

Following a standardized five min warm-up via a cycle ergometer, participants were seated on 

the Biodex dynamometer with straps across the upper body and hips to ensure total isolation of 

the dominant quadriceps. While on the dynamometer, participants were adjusted so that the 

starting position for each participant was with the knee joint flexed, and the medial condyle of 

the working leg was centered with the attachment arm of the Biodex. For all experimental trials, 

and including the familiarization trial, participants begin the isokinetic test with no resistance for 

ten repetitions (reps). Upon completion of the warm-up set and following a ten sec rest, 

participants performed 15 maximal leg extensions. The maximal leg extensions were performed 

at a constant rate of 180°·sec-1. This isokinetic leg extension test was performed both pre and 

post high-intensity exercise. Peak torque, peak power, and fatigue rate were used in data 

analysis. Fatigue rate was displayed as a percentage, and was derived by the difference between 

peak torque and lowest torque, divided by peak torque, and finally multiplied by 100 to get into a 

percentage.   

 High Intensity Exercise Protocol 

Each participant performed three high-intensity exercise sessions, with each session 

consisting of four exercises: squats, lunge jumps, squat jumps, and lateral jumps. These exercises 

were selected due to the high contribution of the quadriceps muscles throughout each movement 
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Exercises began immediately following the pre isokinetic leg extension test. Participants were 

instructed to perform the exercises in the order listed above with the completion of all four 

exercise and rest times between each exercise being designated as a round. Each participant 

completed three rounds of exercises with a one min rest between each round. Upon completion 

of the three rounds, the post isokinetic leg extension test was performed. Each testing session 

consisted of performing each exercise for a period of 20 sec with a 30 sec rest between each 

exercise. All four exercises for each visit were performed wearing a weighted vest (composed of 

10 - 4 lb. weights) (40 lb. for males; 20 lb. for females). Heart rate (HR) and the amount of reps 

completed were obtained for each exercise for each round. However, for data analysis, total 

amount of reps performed for the entire day of testing, and only the final HR at the completion of 

the protocol were included. Total amount of repetitions completed per testing session was 

referred to as total work. Lastly, blood lactate was recorded via a standard finger prick 

immediately before the pre isokinetic leg test, and immediately post high-intensity exercise.  

The squats was performed by standing with feet shoulder width apart, and hands either 

behind the head or at the sides. From this point, participants began the movement by flexing the 

knees and hips until the upper leg was parallel with the ground. Once this position was achieved, 

participants quickly reversed position by extending both the knees and hips until the participant 

was in the original starting position. The lunge jumps were performed by starting off in a 

staggered position with one leg in the forward position, thigh parallel to the ground, and the 

opposite leg stepping backward up onto the ball of the foot. Participants then jumped and 

switched legs, ending with the opposite leg in the forward position. The jump squats were 

performed by starting off in the same position as the squats, with the initial start being the exact 

same in the eccentric portion of the movement. Once the participants lowered the body 
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downward into a regular squat, they jumped upward as explosively as possible. As the 

participants landed, they lowered their body back into the squat position to complete one rep. 

The lateral jumps were performed by starting off with feet hip-width apart, and sitting back into 

a shallow squat position. To begin, participants would slightly flex the knees, then jump 

explosively off both feet to either the right or left. Upon landing softly, the participants would 

immediately jump back to the other side.   

Supplementation 

Citrulline malate was the supplement investigated within this project. Participants consumed 

all treatments one hr prior to the pre-isokinetic leg extension test. All participants consumed 

three separate treatments on different days, in a randomized order, all separated by a one-week 

“wash-out” period. Treatments included: L-Citrulline DL-Malate (CM) (Bulk Supplements, 

Henderson, NV), placebo (PLA), and control (CON). The CM treatment contained 8 g of CM 

mixed into 20 oz of sugar free flavored water (Great Value, Wal-Mart Stores Inc, Bentonville, 

AR). The PLA treatment contained 20 oz of sugar free flavored water. The CON treatment 

contained no administration of a drink.  

Data Analysis 

Two-way (supplement x time) ANOVA with repeated measures was used to analyze for 

differences between trials (CM, PLA, CON) across time (pre-/post-exercise) for peak power, 

peak torque, fatigue rate, and lactate accumulation. A one-way (supplement) ANOVA with 

repeated measures was used to analyze for differences between trials (CM, PLA, CON) for final 

heart rate and total work completed.  If needed, appropriate post-hoc tests were used to make all 

pairwise comparisons for specific differences across the three experimental trials and/or time 

points. The experiment wise error rate (α = 0.05) was maintained throughout all post-hoc tests 
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for specific differences. Finally, a generalized eta squared following the equations of Bakeman 

was used for effect size determination (2). 

RESULTS  

All participants completed all aspects of this study. No significant main effects for 

supplement were observed (p > 0.05) for peak torque (η2 = 0.02), peak power (η2 = 0.01), rate of 

fatigue (η2 = 0.05), blood lactate accumulation (η
2 = 0.07), final heart rate (η2 = 0.10), or total 

reps completed (η2 = 0.08) (Table 1).  

As expected, there was a significant main effect for time where there was a decrease 

following the high-intensity exercise compared to pre-exercise for peak power (p = 0.003, η
2 = 

0.57), and peak torque (p = 0.003, η
2 = 0.57) (Table 2), as well as a significant increase in fatigue 

rate for the isokinetic test (p = 0.001, η
2 = 0.63), and a significant increase in lactate 

accumulation (p = 0.0001, η2 = 0.97) following the high-intensity exercise compared to pre-

exercise (Table 2).  

Lastly, there were no significant supplement x time interactions (p > 0.05) for peak power (η
2 

= 0.12) (Figure 1), peak torque (η2 = 0.11) (Figure 2), fatigue rate (η2 = 0.15) (Figure 3), or 

lactate accumulation (η2 = 0.13) (Figure 4).  

 

******************INSERT TABLE 1 HERE 

******************INSERT TABLE 2 HERE 

******************INSERT FIGURE 1 HERE 

******************INSERT FIGURE 2 HERE 

******************INSERT FIGURE 3 HERE 

******************INSERT FIGURE 4 HERE 
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DISCUSSION  

There are few studies investigating CM, and to our knowledge, the current investigation was 

the first to compare the changes in quadriceps fatigue while supplementing with CM. The main 

findings from this investigation was that CM did not have an effect upon quadriceps fatigue 

within recreationally active males and females. Peak power, peak torque, fatigue rate, and lactate 

accumulation were no different with or without CM. It is apparent that these findings add to the 

already existing controversial findings of CM supplementation, thus, more research is still 

warranted. Although the different treatments had no effect upon lactate accumulation, the post-

exercise values when pooled across treatments were statistically significant compared to the pre-

exercise values. Additionally, considering that lactate was elevated post-exercise, we can assume 

that ammonia was elevated as well based upon the known relationship between lactate and 

ammonia (3).  

Despite knowing that our protocol was efficient in raising metabolic by-products, we still 

were unable to report that CM had any impact in alleviating fatigue within the quadriceps 

muscles. Citrulline malate has been shown to be effective in performance, for supplementation 

has been reported to enhance skeletal muscle power output while promoting a greater oxidative 

energy turnover and a lower pH to power ratio (4). Furthermore, CM supplementation has been 

reported to improve muscle contractile efficiency in rats (8), prevent the decline in muscle force 

production in rats with endotoxemia (7), and facilitate ammonia clearance (18). Knowing that 

CM has been shown to enhance skeletal muscle power output, the protocol used within this 

investigation was chosen due to the likelihood of accumulating a high amount of metabolic by-

products. However, peak power, peak torque, or fatigue rate were all unaltered with or without 

CM supplementation. Our results do compare with Cunniffe and colleagues who showed 12 g of 
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CM does not provide an acute ergogenic benefit (5). Within the Cunniffe article, participants 

performed 10 repeated maximal cycling sprints, with no changes observed in either peak power 

or mean power. On the other hand, others have shown that when supplementing with 8 g of CM, 

participants were able to increase work capacity by an average of 19% when performing high-

intensity anaerobic exercise with short rest times (15). However, one potential discrepancy 

between the two conflicting articles was that in the Perez-Guisado article (15), a bench press 

protocol was used which incorporates smaller muscle mass, therefore, posing the argument that 

there is a different metabolic and cardiovascular demand between upper and lower body muscles. 

Nonetheless, our findings do agree with those of Cunniffe et al., which both protocols utilized 

exercises that had a major lower body component.        

One of the primary promoted reasons for supplementing with CM is the ability to reduce the 

onset of fatigue through the elimination of metabolic by-product accumulation. Citrulline malate 

is supposedly able to reduce this waste accumulation via malate being able to act as a shuttle 

between the sarcoplasm and mitochondria, as of which would help to reduce lactate formation 

and increase pyruvate production (4, 21). Lactate is constantly being produced during both rest 

and exercise, however, during times of strenuous exercise, concentrations can be elevated to over 

20 mmol·L-1 (13, 14). Our study was effective in raising lactate levels throughout all treatments, 

however, there were no differences between the individual treatments. These results do follow 

those of Wax et al. (22) where there were no differences in lactate accumulations between CM 

and a placebo, despite lactate levels being elevated significantly following a lower-body 

resistance training protocol (22). Based upon our findings and those of Wax and colleagues (22), 

it is difficult to conclude that CM has an ergogenic benefit by acting as a buffer to help maintain 

an acid-base balance.    
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In light of L-citrulline being a precursor to NO production, it was our hypothesis that HR 

would have been lower with CM supplementation along with a greater amount of work being 

performed. However, no difference was found in both HR and total work with or without CM 

supplementation. Although our HR response with CM supplementation does agree with those of 

Wax et al. (22), the amount of reps completed was unaltered while Wax and colleagues were 

able to report a greater number of reps performed compared to a placebo (22). One major 

discrepancy between our work and that of Wax et al. (22) were the rest times. Within our 

investigation, participants rested only 30 sec between exercises, and one min between rounds. 

Within the Wax investigation, participants rested 3 min between all sets and exercises. 

Therefore, the longer rest periods may have been sufficient enough time for metabolic recovery. 

On the other hand, the shorter rest periods within our investigation may have been too short, 

thus, overwhelming the system with metabolic by-product formation. Our results do agree with 

others that found no change in work capacity (5), or those that found a decrease in performance 

while supplementing with CM (10). Those that did find CM supplementation to have a 

significant effect supplemented with 6 g/day for seven days, and found an enhanced endurance 

performance and a faster overall VO2 kinetics (1). Therefore, chronic supplementation of CM 

may be the best way for it to have a positive effect with enhancing performance, as opposed to 

an acute consumption. Therefore, the limitation of the current investigation was the acute 

consumption of 8 g of CM, thus, future research should incorporate supplementing chronically 

with CM.  
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PRACTICAL APPLICATIONS   

An acute dose (8 g) of CM provided to participants approximately 60 min before performing 

a high-intensity exercise session was ineffective in reducing fatigue or increasing the total 

amount of reps completed among recreationally trained individuals. Based upon our findings, we 

cannot support the use of CM to improve performance or help to lessen the onset of fatigue for 

body weight activates performed at a high-intensity. Practitioners interested in helping to 

increase performance or lessen fatigue should find alternative routes rather than supplementing 

with CM. Considering that CM is promoted to enhance skeletal muscle metabolism, future 

research should incorporate protocols that promote a high metabolic demand. This may include 

extending the time of work per set, such as going form 20 s of work per set to around 1-2 min of 

work per set. Additionally, future protocols should continue using exercises that incorporate 

multiple muscle groups with a short work:rest ratio to determine the effectiveness of CM on 

performance. This could provide beneficial information to those working in such arenas as 

tactical strength and conditioning.  
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Figure Legends  

Figure 1. Supplement x Time Interaction for Peak Power. 

Values are mean ± standard deviation; p = 0.24. 

 

Figure 2. Supplement x Time Interaction for Peak Torque  

Values are mean ± standard deviation; p = 0.28. 

 

Figure 3. Supplement x Time Interaction for Fatigue Rate 

Values are mean ± standard deviation; p = 0.18. 

 

Figure 4. Supplement x Time Interaction for Lactate   

Values are mean ± standard deviation; p = 0.25.   
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Table 1. Supplement main effects 

Variable Citrulline 
Malate (CM) 

Placebo      
(PLA) 

Control 
(CON) 

p-value 

Peak Power (W) 495 ± 162 493 ± 149 487 ± 132 0.82 
Peak Torque (Nm) 159 ± 52 159 ± 48 156 ± 43 0.82 
Fatigue Rate (%) 29 ± 5 28 ± 6 27 ± 7 0.60 
Lactate (mmol·L-1) 7.02 ± 1.99 6.61 ± 1.42 7.19 ± 1.43 0.47 
Final Heart Rate (bpm) 172 ± 11 175 ± 10 173 ± 8 0.30 
Total Work (reps) 192 ± 29 189 ± 31 195 ± 27 0.35 

Values are mean ± standard deviation. 
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Table 2. Time main effects 

Variable Pre-Exercise Post-Exercise p-value 
Peak Power (W) 516 ± 152 467 ± 142 0.003* 
Peak Torque (Nm) 166 ± 49 150 ± 45 0.003* 
Fatigue Rate (%) 26 ± 4 31 ± 5 0.001* 
Lactate (mmol·L-1) 1.97 ± 0.81 11.91 ± 2.18 0.001* 

Values are mean ± standard deviation; *= p < 0.05.  
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