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Abstract: Given the increasing popularity of CrossFit® as a high-intensity functional training program
and the potential benefits of citrulline malate (CM) in enhancing exercise performance through its
role as a precursor to L-arginine and nitric oxide production, this study aimed to investigate the
acute effects of CM supplementation on CrossFit® performance and cardiovascular function. Using a
randomized, double-blind, placebo-controlled, cross-over design, 21 recreationally active participants
(mean age 22.2 ± 2.6 years, mean body weight 75.9 ± 10.4 kg) with CrossFit® experience completed
the “Cindy” workout under CM and placebo conditions. Participants consumed 4.4 g of CM or a
placebo 60 min before the workout, and the performance was measured by the number of rounds com-
pleted. Secondary outcomes included heart rate response, time spent in different heart rate intensity
zones, and post-exercise recovery time. The results indicated no significant difference in the number
of rounds completed between the CM and placebo conditions (13.5 ± 5.2 vs. 13.8 ± 6.7 rounds,
respectively; p = 0.587). However, the time spent in zone 4 (80–90% of HR max) was significantly
increased in the CM condition (527 ± 395 s vs. 453 ± 334 s; p = 0.017), suggesting a potential benefit
for aerobic capacity and anaerobic threshold. No significant differences in post-exercise recovery
time were observed (6.6 ± 4.7 h vs. 6.9 ± 4.7 h; p = 0.475). This study highlights the need for further
research with larger sample sizes, both genders, and different CM dosages to clarify these findings
and better understand CM’s role in enhancing athletic performance.

Keywords: citrulline malate; CrossFit®; exercise performance; cardiovascular function; ergogenic aid;
heart rate zones; post-exercise recovery
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1. Introduction

Citrulline is a non-protein, non-essential amino acid that has garnered significant
interest in recent years for its potential to enhance exercise performance, primarily due to
its role as an endogenous precursor to L-arginine, the main substrate of nitric oxide [1].
Citrulline is one of the most popular ergogenic ingredients included in pre-workout sup-
plements, as found in a study investigating their use by both recreational and professional
athletes [2]. Citrulline is commonly taken as citrulline malate (CM), a form in which malic
acid is combined with L-citrulline in ratios ranging from 1:1 to 2:1 [3]. Systematic reviews
and meta-analyses on citrulline supplementation generally highlight its potential benefits
in delaying fatigue during high-intensity strength training [1], reducing muscle soreness,
and improving post-exercise recovery [4]. However, as some studies have failed to demon-
strate its benefits on overall performance [5–7], research on the performance benefits of
citrulline remains inconclusive. Further studies are necessary to elucidate its effectiveness
and determine the optimal conditions for its use.

The potential efficacy of CM in enhancing performance relies on three primary
metabolic mechanisms: (1) improving blood and oxygen delivery during exercise via
the L-arginine-NO pathway [8], (2) delaying fatigue and supporting oxidative metabolism
by enhancing ammonia clearance through the urea cycle, thereby reducing blood lac-
tate accumulation and facilitating the use of pyruvate for oxidative metabolism [9], and
(3) potentially increasing adenosine triphosphate (ATP) turnover, as malate is involved in
anaplerotic reactions within the TCA cycle, with its dehydrogenation into oxaloacetate
being critical for sustained aerobic ATP production [10]. Given these proposed benefits,
CM shows great potential in delaying fatigue and improving post-exercise recovery to
enhance overall performance. To explore these benefits, numerous studies, both acute and
chronic, have demonstrated its positive effects across various types of exercise, including
endurance, high-intensity, and resistance training [4]. These benefits are particularly rele-
vant for improving CrossFit® performance, as CrossFit® combines high-intensity training
and fatiguing exercises where high amounts of lactate accumulation and increased ATP
requirements are present [11]. Yet, to our knowledge, no study has been conducted on the
effects of CM on CrossFit® performance.

CrossFit® is a rapidly growing high-intensity functional training program with af-
filiates in over 150 countries worldwide [12]. It aims to optimize physical competence
across ten fitness domains, including cardiovascular endurance, strength, flexibility, and
balance [13]. The intense and competitive nature of CrossFit, designed to enhance mul-
tidimensional fitness, likely contributes to its rising popularity and growing number of
affiliates [14]. CrossFit® workouts, known as “workouts of the day” (WODs), involve
performing high-intensity exercises quickly, repetitively, and with minimal or no recov-
ery time between sets [15]. A study comparing CrossFit (CF) to ACSM-based training
found CF to be more intense, with participants describing it as “very hard” [16]. The
training incorporates elements of gymnastics, weightlifting, and cardiovascular activities,
emphasizing constantly varied functional movements to enhance overall fitness [13]. Due
to its nature, CrossFit®‘s training paradigm often demands advanced level techniques
performed at maximum intensity with minimal rest between sets [17]. This high-intensity
approach, combined with an insufficient recovery time between high-volume loads and
training sessions, can lead to early fatigue. The overload can result in increased oxidative
stress, reduced resistance to repetitive exercise strain, a heightened perception of effort, and
potentially unsafe movement execution [13]. Compared to ACSM-based training, CrossFit
leads to higher fatigue, muscle soreness, swelling, and movement difficulties within 48 h
post-workout. Workouts of the day (WODs) demand high physiological exertion, with
heart rates reaching 54–98% HRmax, blood lactate levels of 6–15 mmol/L, and RPE scores
of 8–9/10 [13]. Due to its demanding nature, CrossFit participants often seek solutions to
enhance their performance and overall wellbeing. A study of 2576 CrossFit® practitioners
revealed a strong tendency towards supplement use to improve post-exercise recovery,
with the majority (82.2%) using at least one ergogenic nutritional supplement. Pre-workout
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supplements were the most popular (20.7%) [18]. Given that most pre-workout supple-
ments (70%) include CM [2], it is likely that CrossFit® practitioners are using CM to enhance
their performance. However, no studies have specifically investigated the impact of CM
alone on CrossFit® performance. Therefore, the primary purpose of this study is to examine
the effects of CM as compared to the placebo on CrossFit® workout performance. CM
supplementation was hypothesized to improve performance as compared to the placebo.
Secondary study purposes included examining effects of CM as compared to the placebo
on (a) heart rate response, (b) time spent in heart rate intensity zones, and (c) post-exercise
recovery time. For all three, CM was hypothesized to improve post-exercise recovery by
increasing the time spent in higher intensity zones, reducing recovery time, and decreasing
heart rate response.

2. Materials and Methods
2.1. Participants

A total of 21 healthy, recreationally active young men, aged 18–35 years, took part
in this study (mean ± SD: body height 178 ± 5 cm, body weight 75.9 ± 10.4 kg, body fat
percentage 12.7 ± 4.6%). Participants were recruited through study flyers and University
social media channels. The inclusion criteria were the following: (1) having at least
3 months of CrossFit® experience and having completed the “Cindy” CrossFit® exercise.
The study occurred during the 5-week preparation phase of the annual training program,
with all participants following the Cindy protocol and completing five weekly sessions
focused on strength, endurance, and power. A total of 11 volunteers were excluded based
on the following criteria: (2) taking medication or dietary ergogenic aids within one year
prior to the study, (3) failure to provide detailed nutrition and exercise logs, or (4) having
any medical conditions that might affect performance. All participants were informed about
the study procedures and provided written informed consent prior to participation. This
study received approval from the Eötvös Loránd University Research Ethics Committee
(2023/364) and was conducted in accordance with the Declaration of Helsinki.

2.2. Study Procedure

In a randomized, double-blind, crossover study design, participants were first as-
signed to two groups at random using an online randomization tool, and a one-week
washout period was implemented to eliminate any carryover effects (Figure 1). During the
experimental visits, everything was set identically except the supplement administered.
Both the CM and placebo capsules were identical in size, color, and appearance to prevent
any indication of the supplements ingested. To ensure blinding, an independent investiga-
tor (pharmacist) handled the preparation and administration of all supplements, making
sure that both the researchers and participants were unaware of the specific conditions. The
researchers responsible for measuring outcomes were kept completely separate from the
randomization process and did not know the allocation sequence at any point during the
study or data analysis. They consumed either two capsules of CM (4.4 g total, with each
capsule containing 2.2 g) (BioTechUSA Kft., Budapest, Hungary) or two placebo capsules
(4.4 g total, with each capsule containing 2.2 g) 60 min before starting the Cindy workout
protocol. The participants consumed a substantial amount of water (250–300 mL) with the
capsules to support supplement absorption. The supplementation timing was determined
according to recommendations from previous research on the effects of CM on exercise
performance. Participants were instructed to avoid alcohol, caffeine, strenuous exercise,
and nicotine for 24 h before coming to the laboratory. They were advised to maintain
their regular diet, stay well hydrated, refrain from eating three hours before testing, and
continue their usual training routine throughout the study. During the initial visit, a trained
ISAK Level 1 anthropometrist gathered anthropometric measurements. These included
height, measured with a stadiometer (Seca 217, Hamburg, Germany), and body weight,
measured with a calibrated scale (InBody 720, Seoul, Republic of Korea), following ISAK
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measurement procedures. All participants completed a study questionnaire that included
questions on their chronological age, years of training experience, and type of sport.
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Figure 1. Study Flow Diagram.

The “Cindy” workout was chosen due to its status as a standardized CrossFit® routine,
well documented in the literature. Participants completed as many rounds as possible
within 20 min, adhering to CrossFit® movement standards. Each round consisted of five
pull-ups, ten push-ups, and fifteen air squats. The performance was measured by the
total number of rounds completed within the 20 min timeframe. Certified CrossFit® Level
1 or 2 evaluators verbally counted rounds and excluded repetitions that did not meet
the movement standards, providing immediate feedback to ensure compliance. Each
participant performed the workout individually, without any visible clock, timing device,
or music. The exercise protocol was conducted indoors at a room temperature of 22 ◦C.

Heart rate (HR) measurements were taken before, during, and after the Cindy work-
out using a Polar Team Pro system (Polar Electro, v3.5.4, Kempele, Finland). The system
includes a chest belt equipped with a sensor unit (Polar H7 Bluetooth 4.0 smart chest strap)
that features built-in ECG electrodes, a 10 Hz integrated GPS, and a 200 Hz microelectrome-
chanical system motion sensor. The Data collected by this device were transmitted to the
Polar Beat software (v3.5.4). The Polar Team Pro software records heart rate (HR), tracks
time spent in various intensity zones (seconds), measures distance covered, and monitors
speeds (meters). Additionally, it calculates the load on the circulatory system, recovery time
(hours), energy expenditure (Kcal), and heart rate variability (HRV), which is the variation
in time intervals between consecutive heartbeats [19].

2.3. Statistical Analysis

An a priori power analysis was conducted for a repeated measures Analysis of Vari-
ance (ANOVA) to assess within-between interactions in a study examining the effects
of acute CM supplementation on weightlifting exercise performance [20]. Assuming an
anticipated effect size (ES) of 0.44, an alpha level of 0.05, two measurements, two groups, a
correlation of 0.5 between measurements, a statistical power of 80%, and a nonsphericity
correction epsilon of 1, the analysis determined that 14 participants were needed. However,
we included 16 participants to account for potential dropouts, incomplete data, and to
ensure the robustness of our findings. This power analysis was performed using G*Power
(version 3.1.9.7; Düsseldorf, Germany).
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Data analyses were performed using SPSS 29.0 statistical software (IBM, Armonk, NY,
USA). All data are presented as mean and standard deviation (SD). Dependent variables
were checked for normality using the Kolmogorov–Smirnov and Shapiro–Wilk tests before
further analysis. The Wilcoxon sign rank test was used to compare the CM and placebo
trials and to identify any potential learning effects between the first and second sessions.
Percent changes in performance between sessions due to the learning effect were calculated
with the formula: ((session 2–session 1)/session 1) × 100. Percent changes in repetitions
due to the supplement were calculated using: ((carnitine—placebo)/placebo) × 100. A
two-way repeated measures ANOVA (supplement × time) with partial eta-square effect
size was used to analyze the CrossFit® exercise performance following CM and placebo
supplementation. Statistical significance was set at p < 0.05. The magnitude of differences
between CM and placebo trials was evaluated using Cohen’s d, with effect sizes classified
as follows: large (d > 0.8), moderate (d = 0.8–0.5), small (d = 0.5–0.2), and trivial (d < 0.2).

3. Results

The anthropometric characteristics of the participants are detailed in Table 1. The mean
age of the participants was 22.2 ± 2.6 years, while the mean training experience (year) was
14.3 ± 3.8 years. The average body height was 178.3 ± 5.8 cm, and the mean body weight
was 75.9 ± 10.4 kg. Regarding body composition, the participants had an average fat mass
of 9.9 ± 4.8 kg, representing 12.7 ± 4.6% of their total body weight. The mean muscle mass
was 37.7 ± 4.2 kg, which constituted 49.9 ± 2.6% of their body weight. Additionally, the
mean lean body mass was 65.9 ± 7.0 kg, and the total body water averaged 49.6 ± 8.6 kg.

Table 1. Anthropometric and body composition characteristics of participants.

Mean ± SD
(n = 21)

Age (year) 22.2 ± 2.6
Training Experience (year) 14.3 ± 3.8

Body Height (cm) 178.3 ± 5.8
Body Weight (kg) 75.9 ± 10.4

Fat Mass (kg) 9.9 ± 4.8
Fat Percentage (%) 12.7 ± 4.6

Lean Body Mass (kg) 65.9 ± 7.0
Total Body Water (kg) 49.6 ± 8.6

Table 2 illustrates the performance-related parameters of both conditions. In the CM
group, a significant difference was observed between the time spent in P intensity zone
4 (M = 527 ± 395 s) and P intensity zone 5 (M = 194 ± 349 s) (F(1,20) = 6.762, p = 0.017,
η2

p = 0.25), favoring zone 4.

Table 2. Performance metrics for placebo (EA) and citrulline malate (CM) conditions in ‘CrossFit®’
ZCindy exercises.

EA CM
F p η2

pMean ± SD
SD Mean ± SD

PO (bpm) 67.3 ± 23.0 72.8 ± 18.8 2.060 0.167 0.09
Pmax (bpm) 183.8 ± 18.3 181.2 ± 11.5 0.433 0.518 0.02
Pmean (bpm) 148.1 ± 14.8 151 ± 16 2.032 0.169 0.09

P intensity zone (4) (s) 453 ± 334 527 a ± 395 2.217 0.152 0.10
P intensity zone (5) (s) 237 ± 344 194 b ± 349 1.102 0.306 0.05

Total distance (m) 482 ± 179 492 ± 178 0.231 0.636 0.01
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Table 2. Cont.

EA CM
F p η2

pMean ± SD
SD Mean ± SD

Max. speed (km/h) 6.9 ± 0.7 7.1 ± 1.2 0.761 0.393 0.04
Mean speed (km/h) 1.21 ± 0.49 1.2 ± 0.5 1.079 0.311 0.05

Total load 55.9 ± 17.6 57.3 ± 16.6 0.668 0.423 0.03
Cardio load 42.6 ± 15.1 42.4 ± 14.2 0.005 0.945 0.00

Recovery time (h) 6.9 ± 4.7 6.6 ± 4.7 0.529 0.475 0.03
Calories (Kcal) 297 ± 60 297 ± 56 0.000 0.993 0.00

Mean R-R interval (ms) 415 ± 42 403 ± 45 3.071 0.095 0.13
HRV (RMSSD) (ms) 31.5 ± 21.0 25.9 ± 14.8 1.304 0.267 0.06

Abbreviation: PO: minimum pulse rate before exercise, Pmax: maximum pulse rate during exercise, Pmean: mean
pulse rate during exercise, P intensity zone 4: 80–90% of HRmax (152–172 bpm); P intensity zone 5: 90–100% of
HR max (171–190 bpm), Rrmax: Maximum time between consecutive heartbeats (beat-to-beat interval) recorded
during the training session (milliseconds), Rrmean: the mean difference between HRmax and HRmin during each
respiratory cycle (milliseconds), HRV(RMSSD): The mean square root of the difference in successive RR intervals.
a,b: paired t-test, p < 0.05, η2

p = 0.17.

Table 3 shows the total number of rounds completed during sessions, alongside the
percentage changes in performance metrics across these sessions. There was a significant
difference in the rounds completed during the first and second sessions (12.4 ± 5.3 vs.
14.9 ± 6.3 rounds, Z = −3.394, p < 0.001), demonstrating a learning effect. No significant
difference was found for the rounds completed between supplement and placebo conditions
(13.5 ± 5.2 vs. 13.8 ± 6.7 rounds, Z = −0.544, p = 0.587).

Table 3. Percent changes in performance between different sessions, indicating a learning effect, and
conditions specified by total rounds.

Subject ID Session 1 Treatment Session 1
Total Rounds

Session 2 Total
Rounds

Percent Changes
between
Sessions

Percent Changes
between

Conditions

A01 CM 7.0 9.0 28.6 −22.2
A02 CM 6.0 5.0 −16.7 20.0
A03 CM 14.0 13.0 −7.1 7.7
A04 CM 9.0 9.0 0.0 0.0
A05 CM 11.0 10.0 10.0 −9.1
A06 CM 21.0 24.0 14.3 −12.5
A07 CM 21.0 24.0 14.3 −12.5
A08 CM 25.0 19.0 31.6 −24.0
A09 CM 16.0 21.0 31.3 −23.8
A10 CM 23.0 18.0 27.8 −21.7
A11 CM 9.0 11.0 22.2 −18.2
A12 CM 12.0 16.0 33.3 −25.0
A13 Placebo 25.0 23.0 8.7 8.7
A14 Placebo 6.0 15.0 150.0 150.0
A15 Placebo 11.0 7.0 57.1 57.1
A16 Placebo 10.0 12.0 20.0 20.0
A17 Placebo 11.0 8.0 37.5 37.5
A18 Placebo 9.0 7.0 −22.2 −22.2
A19 Placebo 15.0 12.0 25.0 25.0
A20 Placebo 15.0 12.0 25.0 25.0
A21 Placebo 11.0 10.0 −9.1 −9.1

4. Discussion

This study evaluated the impact of acute CM supplementation on Cindy workout
performance and recovery, as determined by heart rate response and post-exercise recovery
time via HR monitor, in CrossFit® practitioners. The main findings indicated that acute
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CM supplementation had no significant effect on exercise performance or recovery time.
However, a significant learning effect was observed between the first and second sessions
of “Cindy.” In addition, another aim of this study was to enhance the literature on CM
supplementation and exercise performance by assessing its impact on training zones
identified through HR data, thereby contributing to a more comprehensive understanding
of its potential benefits in athletic performance. Results showed that the intensity of exercise
was significantly lower in the CM trial (towards zone 4) compared to the placebo.

No significant performance improvement was detected between CM and placebo
conditions in the present study. These findings align with some of the existing literature,
suggesting that CM does not consistently provide ergogenic benefits during high-intensity
exercise protocols [21–23]. An acute CM supplementation study at a dose of 12 g/day
indicated no ergogenic benefit on time-to-exhaustion in well-trained individuals [21].
Another study evaluating the acute effect of CM supplementation (8 g taken 40 min
before exercise) on upper-body resistance performance also showed that CM did not
improve exercise performance in recreationally resistance-trained men [23]. Since CrossFit®

combines high-intensity workouts with functional multi-joint movements [13], it can be
compared to other studies on high-intensity exercises. However, direct comparisons are
challenging due to variations in protocols, exercise types, supplement doses and timing,
citrulline/malate ratios, and participant demographics. Therefore, further research is
needed to strengthen the evidence for CM as an ergogenic aid and to understand its
mechanisms under different conditions of high-intensity exercise models.

It is important to note that a significant learning effect was observed between the
first and second sessions. Similar results have been found in other CrossFit® studies,
with performance improvements of 16% [24] and 7.3% [25] within sessions. Crawford’s
intervention showed physical fitness improvements ranging from 3.3% to 8.8%, whereas
Stein et al. [25] did not find any performance benefits within trials. It was recommended
to conduct at least two [26] to three [27] familiarization sessions when using unfamiliar
protocols to minimize systematic error. To address this, although we did not conduct a
formal familiarization session, we asked participants if they had previously completed the
“Cindy” workout. Although the learning effect had a small effect size, a 22.9% improvement
in CrossFit® performance could be significant during competition. These findings suggest
that the learning effect during CrossFit® workouts may overshadow the effects of ergogenic
aids, even among experienced CrossFit® participants, where the learning effect is presumed
to be minimal.

The present findings showed that although CM did not significantly increase CrossFit®

performance, as assessed by the number of rounds during each trial, time spent in zone
4 was significantly increased while time spent in zone 5 decreased in the CM condition
compared to the placebo. A study by Kliszczewicz et al. [28] found that during the
‘Cindy’ benchmark WOD, CrossFit® beginners maintained heart rates above 93% of their
maximum, classifying the exercise as vigorous according to the American College of Sports
Medicine [29]. Between 80 and 90% of HR max is classified as hard intensity, compared
to above 90% of HR max, where athletes may enhance their ability to sustain high-speed
endurance [30,31]. This increased time in zone 4 suggests that CM supplementation may
be effective in improving both aerobic capacity and anaerobic threshold levels in CrossFit®

practitioners. Additionally, these findings support the notion that acute CM may have
a small ergogenic effect on muscle endurance during high-intensity strength training, as
demonstrated in a recent meta-analysis of eight studies [32]. Therefore, while CM may not
directly boost CrossFit® performance in terms of rounds completed, it appears to enhance
the physiological factors that contribute to sustained high-intensity effort.

Considering the hypothetical benefits of CM in delaying fatigue, studies on CM often
investigate its efficacy during or post-exercise recovery [20,21,33]. A meta-analysis on
pre-exercise citrulline supplementation (either 3–6 g of L-citrulline or 6–12 g of citrulline
malate) showed that citrulline supplementation decreased muscle soreness and the rat-
ing of perceived exertion (RPE), regardless of blood lactate modulation, in a sample of
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mostly trained individuals [4]. The included studies mainly determined its efficacy by
measuring muscle soreness, blood lactate levels, and/or RPE using the BORG or OMNI-
RPE scale. These findings are inconsistent with the results of the current study, as we
did not find any significant difference in recovery time, determined by the HR monitor,
after the Cindy workout in CrossFit® practitioners. Additionally, few studies align with
our results, showing no benefits of acute CM supplementation [7,34,35]. One possible
reason for the inconsistency could be the different methodologies used to measure recovery.
While previous studies primarily relied on either objective (via blood lactate levels or
fatigue-related biomarkers) [5,6,21,33,36] or subjective measures such as muscle soreness
and RPE [20,23], our study used heart rate monitoring to determine recovery time. The
discrepancy might also be due to differences in the exercise protocols, sample populations,
or the acute dose of CM supplementation in our study compared to others (4.4 g vs. 8 g CM,
respectively). Although there is no certain recommended dose for CM supplementation,
further research, including various recovery predictors and applying a higher CM dose in
CrossFit® practitioners, is needed to clarify these findings.

The strength of this study stems from its cross-over, placebo-controlled, double-blinded
design, enabling participants to act as their own controls and accurately assess the effects
of acute supplementation. We utilized the Cindy workout protocol, a well-established
training regimen, to evaluate exercise performance in CrossFit® practitioners. However,
several limitations should be noted. We administered a dose of 4.4 g of CM (1:1 ratio), while
the literature typically recommends a dose of 3–6 g of L-citrulline or 8 g of CM [4]. No
familiarization sessions were conducted prior to the experimental protocol. Nevertheless,
to mitigate this, we included only CrossFit® athletes experienced with the Cindy protocol,
suggesting the lack of familiarization sessions likely did not significantly impact the results.
The experimental protocols were carried out with participants alone, without a visible
clock or music, to maintain internal validity. However, CrossFit® gyms usually feature
music, numerous people, and a visible clock, which could influence real-life performance.
Although a 24 h exercise restriction was prescribed to control for the potential impact of
recent training sessions, we did not collect training logs during the experimental period.
This could affect the results, as weekly training volume might influence performance due to
potential overtraining or fatigue/delayed onset muscle soreness from other sessions. Lastly,
we only included male CrossFit® athletes, limiting the generalizability of the findings to
female CrossFit® athletes.

5. Conclusions

This study found that a 4.4 g dose of CM taken prior to the “Cindy” workout did not
significantly enhance performance, as measured by the number of rounds completed, in
recreational CrossFit® athletes. Additionally, no significant improvements in post-exercise
recovery time were observed. However, CM supplementation did result in increased time
spent in the high-intensity zone 4, suggesting potential benefits for aerobic capacity and
anaerobic threshold. These findings align with some of the existing literature, indicating
that while CM may not directly improve performance metrics, it could enhance certain
physiological factors. Further research is needed, with larger sample sizes, the inclusion of
both genders, and an evaluation of both acute and chronic CM supplementation, to fully
understand the potential benefits of CM in CrossFit® athletes.

Author Contributions: Conceptualization, K.M.H., F.I. and R.Z.; formal analysis, F.I., A.D.-L. and
K.M.H.; methodology, K.M.H., F.I., R.K. and R.Z.; data collection, M.D., A.C.H., P.G., P.C. and J.T.;
writing—original draft, A.D.-L. and F.E.G.; writing—review and editing, K.M.H., K.W., T.R. and
B.K.; visualization, A.D.-L.; supervision, B.K. and K.M.H. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.



Nutrients 2024, 16, 3235 9 of 10

Institutional Review Board Statement: This study received approval from the Eötvös Loránd
University Research Ethics Committee (2023/364) 04 July 2023 and was conducted in accordance
with the Declaration of Helsinki.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study can be obtained by contacting the
corresponding author, subject to privacy and ethical considerations.

Acknowledgments: The authors would like to thank the Cambridge University ReachSci Society for
their support and assistance. This project was an outcome of the Mini-PhD Global Programme 2023:
Food Science & Nutrition.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Aguiar, A.F.; Casonatto, J. Effects of Citrulline Malate Supplementation on Muscle Strength in Resistance-Trained Adults: A

Systematic Review and Meta-Analysis of Randomized Controlled Trials. J. Diet. Suppl. 2022, 19, 772–790. [CrossRef] [PubMed]
2. Jagim, A.R.; Harty, P.S.; Camic, C.L. Common Ingredient Profiles of Multi-Ingredient Pre-Workout Supplements. Nutrients 2019,

11, 254. [CrossRef] [PubMed]
3. Trexler, E.T.; Persky, A.M.; Ryan, E.D.; Schwartz, T.A.; Stoner, L.; Smith-Ryan, A.E. Acute Effects of Citrulline Supplementation

on High-Intensity Strength and Power Performance: A Systematic Review and Meta-Analysis. Sports Med. 2019, 49, 707–718.
[CrossRef] [PubMed]

4. Rhim, H.C.; Kim, S.J.; Park, J.; Jang, K.-M. Effect of Citrulline on Post-Exercise Rating of Perceived Exertion, Muscle Soreness, and
Blood Lactate Levels: A Systematic Review and Meta-Analysis. J. Sport Health Sci. 2020, 9, 553–561. [CrossRef] [PubMed]

5. Chappell, A.J.; Allwood, D.M.; Johns, R.; Brown, S.; Sultana, K.; Anand, A.; Simper, T. Citrulline Malate Supplementation Does
Not Improve German Volume Training Performance or Reduce Muscle Soreness in Moderately Trained Males and Females. J. Int.
Soc. Sports Nutr. 2018, 15, 42. [CrossRef]

6. Chappell, A.J.; Allwood, D.M.; Simper, T.N. Citrulline Malate Fails to Improve German Volume Training Performance in Healthy
Young Men and Women. J. Diet. Suppl. 2020, 17, 249–260. [CrossRef]

7. Bezuglov, E.; Morgans, R.; Lazarev, A.; Kalinin, E.; Butovsky, M.; Savin, E.; Tzgoev, E.; Pirmakhanov, B.; Emanov, A.; Zholinsky, A.;
et al. The Effect of a Single Dose of Citrulline on the Physical Performance of Soccer-Specific Exercise in Adult Elite Soccer Players
(A Pilot Randomized Double-Blind Trial). Nutrients 2022, 14, 5036. [CrossRef]

8. Gough, L.A.; Sparks, S.A.; McNaughton, L.R.; Higgins, M.F.; Newbury, J.W.; Trexler, E.; Faghy, M.A.; Bridge, C.A. A Critical
Review of Citrulline Malate Supplementation and Exercise Performance. Eur. J. Appl. Physiol. 2021, 121, 3283–3295. [CrossRef]

9. Bendahan, D.; Mattei, J.P.; Ghattas, B.; Confort-Gouny, S.; Guern, M.E.L.; Cozzone, P.J. Citrulline/Malate Promotes Aerobic
Energy Production in Human Exercising Muscle. Br. J. Sports Med. 2002, 36, 282–289. [CrossRef]

10. Wax, B.; Kavazis, A.N.; Luckett, W. Effects of Supplemental Citrulline-Malate Ingestion on Blood Lactate, Cardiovascular
Dynamics, and Resistance Exercise Performance in Trained Males. J. Diet. Suppl. 2016, 13, 269–282. [CrossRef]

11. Feito, Y.; Burrows, E.K.; Tabb, L.P. A 4-Year Analysis of the Incidence of Injuries Among CrossFit-Trained Participants. Orthop. J.
Sports Med. 2018, 6, 2325967118803100. [CrossRef] [PubMed]

12. CrossFit. Available online: https://www.crossfit.com/map (accessed on 4 July 2024).
13. Claudino, J.G.; Gabbett, T.J.; Bourgeois, F.; Souza, H.D.S.; Miranda, R.C.; Mezêncio, B.; Soncin, R.; Cardoso Filho, C.A.; Bottaro,

M.; Hernandez, A.J.; et al. CrossFit Overview: Systematic Review and Meta-Analysis. Sports Med. Open 2018, 4, 11. [CrossRef]
[PubMed]

14. Moscatelli, F.; Messina, G.; Polito, R.; Porro, C.; Monda, V.; Monda, M.; Scarinci, A.; Dipace, A.; Cibelli, G.; Messina, A.; et al.
Aerobic and Anaerobic Effect of CrossFit Training: A Narrative Review. Sport Mont. 2023, 21, 123–128. [CrossRef]

15. Meier, N.; Schlie, J.; Schmidt, A. Physiological Effects of Regular CrossFit® Training and the Impact of the COVID-19 Pandemic—A
Systematic Review. Front. Physiol. 2023, 14, 1146718. [CrossRef] [PubMed]

16. Drum, S.N.; Bellovary, B.N.; Jensen, R.L.; Moore, M.T.; Donath, L. Perceived demands and postexercise physical dysfunction in
CrossFit® compared to an ACSM based training session. J. Sports Med. Phys. Fit. 2017, 57, 604–609. [CrossRef]

17. Sprey, J.W.C.; Ferreira, T.; de Lima, M.V.; Duarte, A.; Jorge, P.B.; Santili, C. An Epidemiological Profile of CrossFit Athletes in
Brazil. Orthop. J. Sports Med. 2016, 4, 2325967116663706. [CrossRef]

18. Brisebois, M.; Kramer, S.; Lindsay, K.G.; Wu, C.-T.; Kamla, J. Dietary Practices and Supplement Use among CrossFit® Participants.
J. Int. Soc. Sports Nutr. 2022, 19, 316–335. [CrossRef]

19. McCraty, R.; Shaffer, F. Heart Rate Variability: New Perspectives on Physiological Mechanisms, Assessment of Self-Regulatory
Capacity, and Health Risk. Glob. Adv. Health Med. 2015, 4, 46–61. [CrossRef]

20. Glenn, J.M.; Gray, M.; Wethington, L.N.; Stone, M.S.; Stewart, R.W.; Moyen, N.E. Acute Citrulline Malate Supplementation
Improves Upper- and Lower-Body Submaximal Weightlifting Exercise Performance in Resistance-Trained Females. Eur. J. Nutr.
2017, 56, 775–784. [CrossRef]

https://doi.org/10.1080/19390211.2021.1939473
https://www.ncbi.nlm.nih.gov/pubmed/34176406
https://doi.org/10.3390/nu11020254
https://www.ncbi.nlm.nih.gov/pubmed/30678328
https://doi.org/10.1007/s40279-019-01091-z
https://www.ncbi.nlm.nih.gov/pubmed/30895562
https://doi.org/10.1016/j.jshs.2020.02.003
https://www.ncbi.nlm.nih.gov/pubmed/33308806
https://doi.org/10.1186/s12970-018-0245-8
https://doi.org/10.1080/19390211.2018.1513433
https://doi.org/10.3390/nu14235036
https://doi.org/10.1007/s00421-021-04774-6
https://doi.org/10.1136/bjsm.36.4.282
https://doi.org/10.3109/19390211.2015.1008615
https://doi.org/10.1177/2325967118803100
https://www.ncbi.nlm.nih.gov/pubmed/30370310
https://www.crossfit.com/map
https://doi.org/10.1186/s40798-018-0124-5
https://www.ncbi.nlm.nih.gov/pubmed/29484512
https://doi.org/10.26773/smj.230220
https://doi.org/10.3389/fphys.2023.1146718
https://www.ncbi.nlm.nih.gov/pubmed/37089417
https://doi.org/10.23736/S0022-4707.16.06243-5
https://doi.org/10.1177/2325967116663706
https://doi.org/10.1080/15502783.2022.2086016
https://doi.org/10.7453/gahmj.2014.073
https://doi.org/10.1007/s00394-015-1124-6


Nutrients 2024, 16, 3235 10 of 10

21. Cunniffe, B.; Papageorgiou, M.; O’Brien, B.; Davies, N.A.; Grimble, G.K.; Cardinale, M. Acute Citrulline-Malate Supplementation
and High-Intensity Cycling Performance. J. Strength Cond. Res. 2016, 30, 2638–2647. [CrossRef]

22. Gills, J.L.; Glenn, J.M.; Gray, M.; Romer, B.; Lu, H. Acute Citrulline-Malate Supplementation Is Ineffective during Aerobic Cycling
and Subsequent Anaerobic Performance in Recreationally Active Males. Eur. J. Sport Sci. 2021, 21, 77–83. [CrossRef] [PubMed]

23. Gonzalez, A.M.; Spitz, R.W.; Ghigiarelli, J.J.; Sell, K.M.; Mangine, G.T. Acute Effect of Citrulline Malate Supplementation on
Upper-Body Resistance Exercise Performance in Recreationally Resistance-Trained Men. J. Strength Cond. Res. 2018, 32, 3088.
[CrossRef] [PubMed]

24. Crawford, D.A.; Drake, N.B.; Carper, M.J.; DeBlauw, J.; Heinrich, K.M. Are Changes in Physical Work Capacity Induced by
High-Intensity Functional Training Related to Changes in Associated Physiologic Measures? Sports 2018, 6, 26. [CrossRef]
[PubMed]

25. Stein, J.A.; Ramirez, M.; Heinrich, K.M. Acute Caffeine Supplementation Does Not Improve Performance in Trained CrossFit®

Athletes. Sports 2020, 8, 54. [CrossRef]
26. Glaister, M. Multiple-Sprint Work: Methodological, Physiological, and Experimental Issues. Int. J. Sports Physiol. Perform. 2008, 3,

107–112. [CrossRef]
27. Hibbert, A.W.; Billaut, F.; Varley, M.C.; Polman, R.C.J. Familiarization Protocol Influences Reproducibility of 20-Km Cycling

Time-Trial Performance in Novice Participants. Front. Physiol. 2017, 8, 488. [CrossRef]
28. Kliszczewicz, B.; Quindry, C.J.; Blessing, L.D.; Oliver, D.G.; Esco, R.M.; Taylor, J.K. Acute Exercise and Oxidative Stress: CrossFitTM

vs. Treadmill Bout. J. Hum. Kinet. 2015, 47, 81–90. [CrossRef]
29. Garber, C.E.; Blissmer, B.; Deschenes, M.R.; Franklin, B.A.; Lamonte, M.J.; Lee, I.-M.; Nieman, D.C.; Swain, D.P. Quantity and

Quality of Exercise for Developing and Maintaining Cardiorespiratory, Musculoskeletal, and Neuromotor Fitness in Apparently
Healthy Adults: Guidance for Prescribing Exercise. Med. Sci. Sports Exerc. 2011, 43, 1334. [CrossRef]

30. Ammar, A.; Boujelbane, M.; Simak, M.; Fraile-Fuente, I.; Rizz, N.; Washif, J.; Zmijewski, P.; Jahrami, H.; Schöllhorn, W. Unveiling
the Acute Neurophysiological Responses to Strength Training: An Exploratory Study on Novices Performing Weightlifting Bouts
with Different Motor Learning Models. Biol. Sport 2023, 41, 249–274. [CrossRef]

31. Admin_Polar Running Heart Rate Zones|The Basics. Available online: https://www.polar.com/blog/running-heart-rate-zones-
basics/ (accessed on 2 August 2024).

32. Vårvik, F.T.; Bjørnsen, T.; Gonzalez, A.M. Acute Effect of Citrulline Malate on Repetition Performance During Strength Training:
A Systematic Review and Meta-Analysis. Int. J. Sport Nutr. Exerc. Metab. 2021, 31, 350–358. [CrossRef]

33. Farney, T.M.; Bliss, M.V.; Hearon, C.M.; Salazar, D.A. The Effect of Citrulline Malate Supplementation on Muscle Fatigue Among
Healthy Participants. J. Strength Cond. Res. 2019, 33, 2464. [CrossRef] [PubMed]

34. Fick, A.N.; Kowalsky, R.J.; Stone, M.S.; Hearon, C.M.; Farney, T.M. Acute and Chronic Citrulline Malate Supplementation on
Muscle Contractile Properties and Fatigue Rate of the Quadriceps. Int. J. Sport Nutr. Exerc. Metab. 2021, 31, 490–496. [CrossRef]
[PubMed]

35. Mayo, J.; Lyons, B.C.; Tucker, W.S.; Wax, B. Acute Citrulline Malate Supplementation Does Not Improve Anaerobic Capacity in
Healthy Young Adults: A Pilot Study: Original Research. JEN 2023, 6, 11–17. [CrossRef]

36. da Silva, D.K.; Jacinto, J.L.; de Andrade, W.B.; Roveratti, M.C.; Estoche, J.M.; Balvedi, M.C.W.; de Oliveira, D.B.; da Silva, R.A.;
Aguiar, A.F. Citrulline Malate Does Not Improve Muscle Recovery after Resistance Exercise in Untrained Young Adult Men.
Nutrients 2017, 9, 1132. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1519/JSC.0000000000001338
https://doi.org/10.1080/17461391.2020.1722757
https://www.ncbi.nlm.nih.gov/pubmed/31994989
https://doi.org/10.1519/JSC.0000000000002373
https://www.ncbi.nlm.nih.gov/pubmed/29210953
https://doi.org/10.3390/sports6020026
https://www.ncbi.nlm.nih.gov/pubmed/29910330
https://doi.org/10.3390/sports8040054
https://doi.org/10.1123/ijspp.3.1.107
https://doi.org/10.3389/fphys.2017.00488
https://doi.org/10.1515/hukin-2015-0064
https://doi.org/10.1249/MSS.0b013e318213fefb
https://doi.org/10.5114/biolsport.2024.133481
https://www.polar.com/blog/running-heart-rate-zones-basics/
https://www.polar.com/blog/running-heart-rate-zones-basics/
https://doi.org/10.1123/ijsnem.2020-0295
https://doi.org/10.1519/JSC.0000000000002356
https://www.ncbi.nlm.nih.gov/pubmed/29176388
https://doi.org/10.1123/ijsnem.2021-0117
https://www.ncbi.nlm.nih.gov/pubmed/34470906
https://doi.org/10.53520/jen2023.103149
https://doi.org/10.3390/nu9101132
https://www.ncbi.nlm.nih.gov/pubmed/29057836

	Introduction 
	Materials and Methods 
	Participants 
	Study Procedure 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

