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Abstract
Purpose Citrulline (CIT) and beetroot extract (BR) have separately shown benefits in rowing performance-related outcomes. 
However, effects of combined supplementation remain to be elucidated. The main purpose of this research was to study the 
effects of 1 week of daily co-supplementation of 3.5 g BR (500 mg  NO3

−) plus 6 g CIT on aerobic performance, maximal 
strength, and high-intensity power and peak stroke in elite male rowers compared to a placebo and to a BR supplementation.
Methods 20 elite rowers participated in this randomized, double-blind, placebo-controlled crossover trial completing 1 week 
of supplementation in each group of study: Placebo group (PLAG); BR group (BRG); and BR + CIT group (BR-CITG). 
3 main physical tests were performed: aerobic performance, Wingate test and CMJ jump, and metabolic biomarkers and 
physiological outcomes were collected.
Results The Wingate all-out test showed no between-condition differences in peak power, mean power, relative power, or 
fatigue index (P > 0.05), but clearance of lactate was better in BR-CITG (P < 0.05). In the performance test, peak power 
differed only between PLAG and BR-CITG (P = 0.036), while VO2peak and maximum heart rate remained similar. CMJ 
jumping test results showed no between-condition differences, and blood samples were consistent (P > 0.200).
Conclusion Supplementation with 3.5 g of BR extract plus 6 g of CIT for 7 days improved lactate clearance after Wingate 
test and peak power in a performance test. No further improvements were found, suggesting longer period of supplementa-
tion might be needed to show greater benefits.
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Introduction

Aerobic performance and maximal power have been pro-
posed as the 2 main physiological determinants and predic-
tors of rowing performance (Ingham et al. 2002; Izquierdo-
Gabarren et al. 2010). Aerobic performance can be explained 
by central and peripheral factors determining the capacity 
to sustain power production for a given time (Coyle 2007). 
Among them, whole-body peak oxygen uptake  (VO2peak) is 
a widely used outcome associated with performance and 
exercise capacity and determines the aerobic capacity of an 
individual (Bassett and Howley 2000). In professional row-
ers, the  VO2peak is positively correlated with performance 
during high-intensity endurance efforts lasting between 5 
and 7 min (Papadakis et al. 2022; Penichet-Tomas et al. 
2023).  VO2peak is partly determined by the capacity of the 
heart to provide blood to peripheral tissues—explained by 
the stroke volume and maximal heart rate—and therefore, 
maximum heart rate has been always considered a critical 
outcome (Coyle 2007). Moreover, aerobic performance can 
be also explained by the ability to oxidize substrates at cel-
lular level—the so-called mitochondrial function—that is 
commonly assessed in sports field by the blood lactate con-
centration due to its inverse correlation with fatty acid oxida-
tion and mitochondrial respiration (San-Millán and Brooks 
2018; Brooks 2020). In addition, the ability to produce and 
maintain peak stroke power is positively associated with 
muscle strength (maximal strength) (Bell et al. 1989) and 
related to performance (the higher is the power production—
high peak power—and maintenance—high mean power and 
low fatigue index—, the higher the rowing performance) 
(Lawton et al. 2013).

Both main physiological determinants are usually 
improved with training and nutritional interventions and 
optimized to a greater level with additional interventions 
(i.e., use of supplementation products) that athletes rely 
on (Jeukendrup 2017; Tiller et al. 2019). Nitric oxide syn-
thase-related supplements such as nitrate-rich beetroot (BR) 
extract, or amino acids such as citrulline (CIT) and argi-
nine, have garnered attention due to their potential beneficial 
influence on outcomes related to performance (Bescos et al. 
2012; Bryan 2018; Maughan et al. 2018). Nitrate serves as 
the precursor of nitric oxide (NO), an important bioactive 
molecule that is produced endogenously from L-arginine, 
as extensively described elsewhere (Lundberg et al. 2008; 
Milton-Laskibar et al. 2021). Briefly, NO production from 
precursors’ supplementation produced positive effects that 
could positively influence sports performance (Bailey et al. 
2009; Bescos et al. 2012; Jones 2014a; Dominguez et al. 
2018; Gonzalez and Trexler 2020; Viribay et al. 2020).

Supplementation with BR elevates circulating nitrate 
 (NO3

−) levels and the production of NO (Milton-Laskibar 

et al. 2021). BR’s most remarkable effects are vascular 
vasodilation, increasing blood flow supply and tissue 
oxygenation (Clements et al. 2014), and acute or chronic 
BR supplementation has shown positive effects on per-
formance. Previous literature showed that BR ingested 
2.5 h before exercise improved aerobic power by reducing 
the total time to complete a 4 km time trial in cyclists 
(Lausch et al. 2017). Similar effects were observed in 
highly trained rowers ingesting this supplement 2 h before 
exercise (Hoon et al. 2014). Concerning short-term inges-
tion (8 days of daily BR intake), a previous study showed 
no improvement on a 1500 m time trial in elite runners 
(Boorsma et al. 2014). Conversely, in a sample of trained 
rowers, 6 days of daily BR intake improved exercise per-
formance after consecutive 6 × 500 m trials (Bond et al. 
2012). In addition, BR seems to improve human muscle 
contractile capacity (Coggan and Peterson 2018; Coggan 
et al. 2021) and could positively influence muscle strength 
and peak force production. A previous study performed in 
trained adolescents showed improvements in all-out Win-
gate test-related parameters such as peak power, average 
power, and fatigue index after BR intake 2.5 h before exer-
cising (Bender et al. 2018). Daily supplementation of BR 
for 6 days improved resistance-trained males’ strength and 
resistance exercise performance (Mosher et al. 2016). Nev-
ertheless, differences between studies are large and that 
could be related to the amount of BR intake (BR amount 
ranged from 5.5 to 19.7 mmol) which arouses the necessity 
to study the potential correlation between effects and sup-
plementation dosage (Bond et al. 2012; Hoon et al. 2014; 
Boorsma et al. 2014; Mosher et al. 2016; Lausch et al. 
2017; Coggan and Peterson 2018; Bender et al. 2018; Cog-
gan et al. 2021). The CIT is an amino acid that possesses 
potential ergogenic properties, as extensively described 
elsewhere (Curis et al. 2005; Wu et al. 2009). CIT sup-
plementation is supposed to reduce the accumulation of 
blood lactate and acidosis during high-intensity exercise, 
which may result in enhanced aerobic performance and 
muscle strength production (Rhim et al. 2020). In trained 
males, CIT consumed 1 h before exercise reducing the 
time necessary to cover 4 km (Suzuki et al. 2016). Simi-
larly, in healthy males and females, CIT consumed 3 h 
before exercise increasing the time until exhaustion (Hick-
ner et al. 2006). Concerning muscle strength production, 
CIT supplementation could stimulate muscle protein syn-
thesis (Goron et al. 2019). For instance, acute ingestion of 
CIT 1 h pre-exercise favored improvements in the strength 
production capacity in both trained and untrained males 
(Pérez-Guisado and Jakeman 2010; Wax et al. 2015; Trex-
ler et al. 2019). Despite the potential effects of aforemen-
tioned studies, two recent systematic review and meta-
analysis studies suggested that CIT supplementation might 
not influence aerobic exercise performance (Viribay et al. 
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2022) and muscle strength production capacity (Aguiar 
and Casonatto 2022). However, a wide range of intensi-
ties (60–100%  VO2max) were included in one meta-analysis 
(Viribay et al. 2022) and only 4 studies were included in 
the remaining one (Aguiar and Casonatto 2022), suggest-
ing data around effects of CIT on  VO2peak and strength 
is still scarce. Nevertheless, as BR and CIT supplements 
elevate NO production (Bescos et al. 2012), the study of 
their ergogenic effects on athletes’ performance deserves 
attention (Lansley et  al. 2011; Hernández et  al. 2012; 
Haider and Folland 2014). Nowadays, an emerging field 
of study is the combination of BR and CIT supplements. 
In fact, it is plausible to hint at potential synergic benefits 
with the combination of BR and CIT (Roux-Mallouf et al. 
2019), and other NO-related supplements such as CIT and 
arginine (Suzuki et al. 2019). In this regard, improvements 
in aerobic power performance and maximal and endurance 
strength have been found after 9 weeks of combined sup-
plementation in trained miles (Burgos et al. 2021). Moreo-
ver, same supplementation protocol confirmed enhanced 
recovery status (biochemical parameters) and performance 
in aerobic power test (Burgos et al. 2022). However, avail-
able literature on the combined supplementation of BR and 
CIT using different intake durations (e.g., long-time intake 
supplementation vs. acute intake supplementation), and 
across sport modalities is still limited. Thus, their potential 
effect on performance deserves attention.

The main objective of this study was to determine the 
effects of short-term intervention (1 week) with oral co-
supplementation of BR (3.5 g per day) extract (500 mg 
 NO3

− per day) plus CIT (6 g per day) on aerobic perfor-
mance (power output,  VO2 peak, lactate clearance and heart 
rate), by graded incremental test, maximal strength by coun-
ter-movement jump test (height), and high-intensity power 
and peak stroke by Wingate test (mean, relative and peak 
power, and fatigue index) in elite male rowers compared to 
a placebo and to a BR supplementation (1 week each).

Methods

Study design and participants

Twenty male elite rowers from the first rowing professional 
Spanish league Asociación de Clubes de Traineras (ACT) 
with an average of 14 years of experience in rowing partici-
pated in this randomized, double-blind, placebo-controlled 
crossover trial (Fig. 1). Initially, the rowers were evaluated 
by a researcher with a precise anamnesis and medical exami-
nation. The rowers were not on any prescribed medication 
and were not following any nutritional intervention (e.g., 
supplementation and/or ergogenic aids) or dietary advice 
before their inclusion in the current study.

The rowers trained a total of 10 h/week, with a frequency 
of 6 days/week and internal training load was monitored 
using a heart rate monitor and by asking athletes’ rate of per-
ceived effort (Borg RPE-CR10 scale). Their outdoor training 
routine involved both, aerobic and specific outdoor rowing 
training (5 h/session; 2 sessions/week; 70–80% maximum 
heart rate). During their indoor training routine, the rowers 
elicited in a rowing ergometer (3 h/session; 2 sessions/week; 
75–100% maximum heart rate), and strength exercises (2 h/
session; 2 sessions/week; 8 in Borg RPE-CR10 scale). Dur-
ing the weeks of study, the rowers performed their training 
sessions without experiencing significant changes in their 
training routine. To this end, all training sessions were reg-
istered in a training diary during the intervention and the 
rowers replicated the same training sessions and training 
load prescribed by the team’s coach as explained above. In 
this regard, the rowers trained all together as a part of their 
seasonal preparation.

Before the nutritional intervention, an exhaustive nutri-
tional anamnesis was performed by a registered dietitian to 
assess potential nutritional preferences, food intolerances 
and/or allergies, etc. During the entire nutritional interven-
tion, nutritional intake and supplementation were prescribed 
by a registered dietitian. Nutritional plans were formulated 
to enhance health status and exercise performance of the 
participants by ensuring an appropriate energy intake (mean 
energy intake = 40.8 ± 3.5 kcal/kg body weight (BW)/day), 
following their respective training loads and energy expendi-
ture, and following international consensus (Burke et al. 
2019). Concretely, specific outdoor sessions (in the sea) 
were planned with 5–6 g carbohydrates (CHO) per kg BW, 
2–2.2 g proteins (PRO), and 1.5–1.8 g fatty acids (FAT)/kg 
BW, respectively. Strength sessions were fueled accordingly 
(3–4 g CHO, 2.2–2.4 g PRO, and 1.5 g FAT/kg BW, respec-
tively), and efforts sessions with 6–7 g CHO, 2–2.2 g PRO, 
and 1.25–1.5 g FAT/kg BW, respectively). Non-training ses-
sions were adjusted to 2–2.5 g CHO, 2.4–2.5 g PRO and 
1.25–1.5 g FAT/ kg BW. The day before each study visit, 
rowers were provided with an individualized and standard-
ized meal plan aiming to guarantee glycogen load was suc-
cessfully achieved (10 g CHO, 1.8 g PRO and 1.25 g FAT/
kg BW).

The rowers were instructed to exclusively consume the 
designated supplement and refrain from using any other 
ergogenic aid/supplement. Moreover, participants were 
instructed to isolate daily supplement intake from toothpaste 
use and any other food and drinks, suggesting isolated intake 
of the supplement with water at the same time of the day (2 h 
before daily exercise and same time on rest day).

All study participants were thoroughly briefed on the 
research procedures and provided written informed consent. 
The study was conducted in compliance with the ethical 
principles outlined in the Declaration of Helsinki (2008) and 
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its Fortaleza update (2013). Ethical approval was granted by 
the Human Research Ethics Committee at the University of 
Deusto, Bilbao, Spain (ETK-13/18–19).

Nutritional supplementation randomization

As abovementioned, this is a randomized, double-blind, 
placebo-controlled, crossover study. Thus, rowers were 
randomized and allocated to one of the three groups by an 
independent investigator, and researchers and participants 
were not informed about the supplement intake in each con-
dition. Each group corresponded to a predetermined sup-
plement intake order (Fig. 1), and the supplements were: 
(i) Placebo group (PLAG); (ii) BR group (BRG); and (iii) 
BR + CIT group (BR-CITG). Supplementation intervention 
was performed in three consecutive weeks (i.e., 1 week per 
supplement intake condition). The amounts provided per day 
were: (i) 5 capsules of placebo (maltodextrin encapsulated 
by researchers in the same color capsules as the BR cap-
sules) and 6 g of maltodextrin in powder; (ii) 5 capsules 
(500 mg) of BR (Lindens Health Nutrition®, Wakefield, 
UK) and 6 g of maltodextrin in powder; or, (iii) 5 capsules 

of BR (500 mg) and 6 g of CIT in powder (L-Citrulline pow-
der, MyProtein, Manchester, UK) provided in a bag with a 
dispenser to each participant. Weekly, an independent inves-
tigator, who had prepared the capsules, gave each athlete his 
supplement and checked that the protocol was being carried 
out correctly according to the guidelines.

Familiarization visit

Before starting the study, the rowers came to the laboratory 
for a familiarization session (Fig. 1) and measurement of 
basal conditions as explained below. Then, the rowers per-
formed a 5-min warm-up at a subjective intensity of 5–6 on 
the CR10 Borg scale (Borg 1998) on a wind resistance brake 
rowing ergometer (Concept II, model D, Morrisville, VT, 
USA) equipped with a static seat, with the knees in semi-
flexion and the length of the arms adapted to each rower. 
This position was maintained for all measurements per-
formed on the rowing machine during the entire study. After 
the warm-up, the rowers performed the counter-movement 
jump (CMJ) test and a test for assessing their  VO2peak. Both 
procedures are extensively detailed below.

Fig. 1  Study design detailing the familiarization visit and the three 
study visits (replicated) after every week of supplementation. 
CMJ Countermovement jump test, VO2peak whole-body peak oxy-

gen uptake, PLAG placebo supplement (maltodextrin) group, BRG 
nitrate-rich beetroot extract supplement group, BR-CITG BR extract 
plus citrulline (CIT) supplement group
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After the familiarization session, the independent inves-
tigator in charge of randomization provided supplementa-
tion for the first week assigned randomly in groups, and the 
nutritional supplementation intervention started.

Study visits for assessing dependent outcomes

The protocol described here was performed thrice, exactly 
following the same procedures, one after each week of sup-
plementation (Fig. 1). The same procedure was replicated 
for each study visit, and the same standardized training and 
nutritional programs were followed. In addition, rowers 
were instructed not to perform any strenuous exercise 24-h 
before each study visit and to consume their individualized 
and standardized meal plan to guarantee glycogen load as 
detailed above.

For every visit, the rower attended the research center 
early in the morning after a 10–12  h overnight fasting 
period, avoiding stimulants 12 h before the study visit and 
drugs 24 h before. In addition, upon the rowers’ arrival, 
the researchers checked for compliance with rest (i.e., no 
exercise during the preceding 24 h) and the individualized 
nutritional plan.

Blood samples, from the antecubital vein, were obtained 
as detailed below. Then, the rower was weighed using a 
validated weight scale (InBody 570, In Body, Cerritos, CA, 
USA)., and heart rate and blood pressure were measured 
(M6 comfort, Omron, Hoofddorp, Netherlands) after lying, 
in the supine position, on a stretcher for 5 min. Subsequently, 
the rowers warmed up for 5-min at an intensity of 60% of the 
 VO2peak assessed in the familiarization visit (Fig. 1). Follow-
ing the warm-up, the CMJ test was conducted. The second 
test consisted of the Wingate test, an all-out test in which 
the participant rowed with maximum drag at the highest 
possible intensity for 45 s.

Finally, after a passive recovery of 20 min, while the 
rower was sitting, a  VO2peak performance test was con-
ducted. It is worth mentioning that the procedure for this 
test was identical to the  VO2peak test conducted during the 
familiarization session. As during the Wingate test, the gas 
exchange was continuously measured using a K5 system. All 
procedures are extensively detailed below, in their respec-
tive section.

Blood samples and blood pressure assessments

After an overnight fast (10–12 h), blood samples were col-
lected from the antecubital vein with the rowers seated in 
a comfortable position using a Vacutainer tube (BD Vacu-
tainer, Beckton, Dickinson, and Company, Franklin Lanes 
NJ, USA) with gel and clot activator to obtain serum. Then, 
following standardized procedures were centrifuged (3000 
revolutions per minute), aliquoted, and sent to refrigerated 

before analysis. Then, hemoglobin, hematocrit, leucocytes, 
urea, creatinine, total protein, albumin, prealbumin, gamma-
glutamyl transferase, lactate dehydrogenase, glutamic pyru-
vic transaminase, glutamic-oxaloacetic transaminase, cre-
atine kinase, c-reactive protein, testosterone, and cortisol 
were determined, and the testosterone-to-cortisol ratio cal-
culated as follows: Testosterone

Cortisol
.

Blood pressure was assessed twice, using an automatic 
monitor (M6 comfort, Omron, Hoofddorp, Netherlands), 
from the right arm while the rowers were resting in a sitting 
position.

Countermovement jump test

After the warm-up, the CMJ test was conducted (Krishnan 
et al. 2017). A jumping mat (Chronojump-Boscosystem, 
Barcelona, Spain) was used (Pueo et al. 2017). Briefly, the 
rowers stand upright with hands on their hips, then, they 
performed a quick downward movement by flexing their hips 
and knees (to a 90-degree angle), and immediately after the 
downward movement, they explosively jump upward as high 
as possible. During the flight phase, the rowers should not 
bend the legs and at no time were the hands separated from 
the hips. The rowers made three attempts with a minimum 
of 30-s resting period between jumps. The best attempt was 
used for further analyses.

Wingate test assessment

After the CMJ test, rowers were allowed to rest for a few 
minutes before eliciting the Wingate test. The test was con-
ducted in the same row ergometer mentioned above, and all 
rowers performed the Wingate test in the same ergometer but 
with their individualized seat positioning (see Familiariza-
tion visit subsection). Finally, for all rowers, a maximum 
drag factor (aerodynamic resistance factor) was set.

Once the subject was ready, a researcher gave the start 
signal and the 45-s all-out Wingate anaerobic test started 
(Calbet et al. 1997). During the test, the rower was encour-
aged to give his maximum effort. Then, mean power (in 
Watts [W]), peak power and lowest power (maximum and 
minimum W yielded within the test, respectively), and stroke 
rate were recorded, and relative power (W relative to body 
weight) and fatigue index were computed as: meanpower

rower
�
sbodyweigth

 

and 
(

(peakpower−lowestpower)

peakpower

)

× 100 , respectively.
In addition, before the Wingate test starts, capillary lac-

tate concentration (hereinafter blood lactate concentration) 
was determined from the ear using a digital lactate analyzer 
(Lactate Pro 2, Arkray, Barcelona, Spain) equipped with a 
blood lactate test strip (Lactate Pro 2, Arkray, Barcelona, 
Spain), heart rate was monitored using a chest strap sen-
sor (Polar H10, Polar Electro Oy, Kempele, Finland), and 
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capillary glucose concentration (hereinafter blood glucose 
concentration) was determined using a digital glucose ana-
lyzer (Exactive EQ Impulse, MicroTech Medical, Hangzhou, 
China) equipped with a blood glucose test strip (Exactive 
EQ Impulse, MicroTech Medical, Hangzhou, China). After 
the Wingate test, blood lactate concentrations were assessed 
3- and 5-min post-exercise.

Performance test assessment

After the Wingate test, a minimum of 20-min resting period 
was left to ensure that the rower recovered from the all-
out exercise. The performance test started with an initial 
power of 135 W (with a drag factor of 160), increasing every 
1 min by 25 W until volitional exhaustion. The rowers could 
select the cadence they felt most comfortable in and were 
encouraged by the evaluators throughout the test. The rowers 
were considered to have reached their peak performance and 
 VO2peak when at least two of the following criteria were met 
(Midgley et al. 2007): (i) a plateau in oxygen consumption, 
defined as an increase of ≤ 1.5 ml/kg/min in two consecutive 
workloads; (ii) respiratory exchange ratio > 1.15; and, (iii) 
maximum heart rate value > 95% of their predicted maxi-
mum heart rate value (using the 220 – age formula).

During the performance test, gas exchange was measured 
breath-by-breath using a K5 system. The K5 system was cal-
ibrated (both flow and gas analyzers) before each test strictly 
following the manufacturer’s recommendations. Heart rate 
was monitored during the test using a Polar H10 transmit-
ter (Polar Electro, Lake Success, NY, USA). At the end of 
the test, peak power (watts), heart rate (maximum heart rate 
recorded), effort perception (CR10 Borg scale) (Borg 1998), 
blood lactate, and glucose concentrations were recorded.

Statistical analysis

Results are presented as mean and standard deviation (SD) 
unless otherwise stated. All analyses were conducted using 
Statistical Package for Social Sciences (SPSS; v.25.0 for 
macOS, IBM SPSS Statistics, IBM Corporation, Chicago, 
IL, USA). All figures were created using GraphPad Prism 
software (v.9 for macOS, San Diego, California, USA). The 
significance level was set at P < 0.05.

Analysis of covariance (ANCOVA), with Bonferroni 
comparisons, was used for testing between study conditions 
and participants’ characteristics. Then, to test between-con-
ditions differences in Wingate all-out test outcomes (i.e., 
lowest, maximum, mean, and relative power, fatigue index, 
and stroke rate), ANCOVA analysis, with Bonferroni com-
parisons was used. On the other hand, to further study the 
blood lactate levels concentrations during the Wingate test, a 
two-factor (Time × Supplement) repeated-measures analysis 
of variance (ANOVA), with Bonferroni comparisons was 

used. In addition, ANCOVA, with Bonferroni comparisons, 
was used for testing between-conditions differences in per-
formance outcomes (i.e., peak power,  VO2peak, maximum 
heart rate, post-performance test blood lactate, and blood 
glucose concentrations level, and Borg RPE-CR10 scale). 
Finally, to test between-conditions fasting blood samples, 
ANCOVA with Bonferroni comparisons was used.

Results

A total of 20 men (29 ± 7 years old, 13 ± 6 rowing expe-
rience) participated in the study. Additional participants’ 
characteristics are presented in Table S1. Of note, body 
weight remained unaltered (P > 0.05) across study condi-
tions (Table S1).

ANCOVA analyses showed no between-conditions dif-
ferences in peak power (Fig. 2A), mean power (Fig. 2B), 
relative power (Fig. 2C), and fatigue index (Fig. 2D) outputs 
from the Wingate all-out test. In addition, repeated-measures 
ANOVA showed no Time × Supplement interaction effect at 
different points of sampling (pre-Wingate, post-Wingate, 
and 3-min and 5-min post-Wingate; Fig. 3). Blood lactate 
concentration patterns were similar regardless of the sup-
plement intake, and all showed a significant Time effect (all 
P < 0.001). Bonferroni post hoc analyses showed differences 
between all period comparisons for PLAG (all P < 0.05), 
and BR (all P < 0.05), while for BR-CITG differences were 
observed for all period comparisons but 3rd vs. 4th period 
(P = 0.211). Additional outcomes related to the Wingate test 
are presented in Table S2.

ANCOVA analyses showed between-conditions differ-
ences in peak power (Fig. 4A) output from the performance 
test. However, no between-conditions differences were 
observed in  VO2peak (Fig. 4B) and maximum heart rate 
(Fig. 4C). Finally, Bonferroni post hoc analyses showed dif-
ferences between PLAG and BR-CITG (P = 0.036; Fig. 4A). 
Additional outcomes related to the performance test are pre-
sented in Table S3.

ANCOVA analyses showed no between-conditions differ-
ences in maximum height (cm) achieved in the CMJ jumping 
test (Fig. 5).

Finally, no between-conditions differences were observed 
in blood samples (all P > 0.200), as all blood outcomes 
remained unaltered between study conditions (Table S4).

Discussion

This study aimed to assess the impact of short-term chronic 
(1 week) supplementation with oral co-ingestion of 6 g of 
CIT and 3.5 g of BR extract (500 mg or 8 mmol  NO3

−) per 
day on maximal strength (CMJ jump test), high-intensity 
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power (mean, relative and peak power, and fatigue index 
in Wingate test), and aerobic performance (by analyzing 
power output,  VO2 peak, lactate clearance and heart rate) in 
elite male rowers, compared with BR extract taken alone and 
PLA. The results showed no between-conditions (PLAG, 
BRG, and BR-CITG supplementation intervention) differ-
ences in Wingate test-related outcomes. However, 5-min 
post-Wingate test blood lactate concentration levels showed 
a significant difference in BR-CITG condition compared to 
BRG and PLAG conditions, thus suggesting a better post-
exercise lactate clearance. Furthermore, differences were 
found in peak power during the aerobic performance test in 
BR-CITG compared to PLAG. Nonetheless, other related 
physiological parameters such as  VO2peak and maximum 
heart rate showed no differences. No other differences were 

observed in CMJ test-related outcomes and fasting blood 
circulating markers. Our results might confirm the proposed 
synergic effects of BR-CITG supplementation.

NO is an important bioactive molecule that has been 
related to improved oxygen  (O2) delivery by impacting out-
comes such as  VO2 max, exercise economy, and fractional 
utilization of the  VO2 max (Jones 2014b). As  NO3

− and CIT 
serve as precursors of endogenous NO production (Lundberg 
et al. 2008; Milton-Laskibar et al. 2021), supplements con-
taining  NO3

− such as BR extract and CIT abundant supple-
ments like citrulline-malate have been studied to understand 
potential effects on  O2 delivery. Larsen et al. (2007) studied 
for the first time the impact of 3 days of sodium nitrate sup-
plementation (0.1 mmol/kg body weight) in  VO2 max and no 
effects were found, but surprisingly a reduction of 5% in  O2 
cost at submaximal intensity (80%  VO2 max) was observed. 
Subsequent studies using BR supplementation confirmed 
similar findings (Bailey et al. 2009, 2010; Vanhatalo et al. 
2010; Cermak et al. 2012; Wylie et al. 2013a) to those 
observed by Larsen et al. (2007), although some positive 
changes have been also observed in  VO2 max (Larsen et al. 
2010). To date, a direct effect of any form of  NO3

− sup-
plementation on  VO2 max is elusive, and more studies are 
needed. However,  NO3

− supplementation benefits on exer-
cise economy seem to be ineludible (Jones 2014b). On the 
other hand, supplementation of both BR and CIT separately 
has shown improvements in aerobic performance. Hoon 
et  al. (2014) observed improvements in aerobic power, 
defined as time to complete a 2000 m test in highly trained 
rowers after ingesting 140 ml BR juice (8.4 mmol  NO3

−) 2 h 

Fig. 2  Wingate all-out test mean power (Panel A), peak power (Panel 
B), relative power (Panel C) and fatigue index (Panel D) performance 
results across study conditions. Notes: data are presented as mean and 
standard deviation. Mean and peak (i.e., peak power) were assessed 
within the Wingate test, while relative power was calculated as the 
mean power-to-body weight ratio, and the fatigue index as the ([peak 
power – the lowest power]/peak power) × 100. PLAG placebo supple-
ment (maltodextrin) group. BRG nitrate-rich beetroot extract supple-
ment group. BR-CITG BR extract plus citrulline (CIT) supplement 
group. P values derived from analysis of covariance (ANCOVA; 
n = 20) to examine between-conditions adjusted mean differences

Fig. 3  Capillary blood lactate concentration obtained across time 
and supplement conditions within the Wingate test. Notes: Pre-, 
Post-, 3ʹ-post and 5ʹ post-Wingate periods correspond to each period 
in which the lactate concentration was measured. Data are presented 
as mean and standard deviation. PLAG placebo supplement (malto-
dextrin) group, BRG nitrate-rich beetroot extract supplement group, 
BR-CITG BR extract plus citrulline (CIT) supplement group. P value 
from two-factor (Time × Supplement) repeated-measures analysis of 
variance (ANOVA; n = 20) comparisons
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before exercise. Their results were later confirmed in a study 
carried out on trained cyclists, as the authors observed that 
BR supplementation 2.5 h before the exercise reduced the 
time necessary to complete the 4 km time trial (Lausch et al. 
2017). Interestingly, in the study by Lausch et al. (2017), 
the BR supplementation was lower (6.2 mmol  NO3

−) than 
in the Hoon et al. (2014) study. Beyond acute supplementa-
tion,  NO3

− chronic intake elicits potential interest due to 
the evidenced muscle’s capacity to accumulate, transfer 
and metabolize  NO3

− and nitrite  (NO2
−), and its key role in 

whole-body NO pool maintenance (Nyakayiru et al. 2020; 
Piknova et al. 2022). In this regard, Cermak et al. (2012) 
and Rokkedal-Lausch et al. (2019) found improvements in 
10-km cycling time trial in trained and well-trained cyclists 
after 7 days of supplementation with 12.4 and 8.8 mmol 
BR juice, respectively. Similar results have been reported 
following short-term chronic CIT supplementation. For 
instance, improvements in time to complete a 4 km cycling 
time trial were shown after ingesting 2.4 g of CIT for 7 days 
(Suzuki et al. 2016). Chronic intake (daily intake during 9 
consecutive weeks) of 3 g/day of CIT combined with 2.1 g/
day of BR extract led to improvements in estimated  VO2 max 
(using the following formula: 22.351 × Distance covered 
(km) in Cooper test – 11.288) and aerobic power perfor-
mance of experienced triathletes when compared to placebo 
and BR extract conditions alone (Burgos et al. 2021). In the 
current study, the obtained peak power in the incremental 
aerobic exercise protocol test showed significant differences 
when comparing co-ingestion of CITG and BRG to PLAG, 
but we did not observe differences vs. the BRG condition. 

Fig. 4  Performance test peak power (Panel A), whole-body peak 
oxygen uptake  (VO2peak, Panel B), and maximum heart rate (HR, 
Panel C) results across study conditions. Notes: data are presented as 
mean and standard deviation. All outcomes were assessed within the 
performance test (i.e., effort test until volitional exhaustion). PLAG 

placebo supplement (maltodextrin) group, BRG nitrate-rich beetroot 
extract supplement group, BR-CITG BR extract plus citrulline (CIT) 
supplement group. P values derived from analysis of covariance 
(ANCOVA; n = 20) to examine between-conditions adjusted mean 
differences

Fig. 5  CMJ jump test height (cm) results across study conditions. 
Data are presented as mean and standard deviation. Notes: Data are 
presented as mean and standard deviation. PLAG placebo supplement 
(maltodextrin) group. BRG nitrate-rich beetroot extract supplement 
group. BR-CITG BR extract plus citrulline (CIT) supplement group. 
P values derived from analysis of covariance (ANCOVA; n = 20) to 
examine between-conditions adjusted mean differences
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These benefits, however, were not accompanied by improved 
 VO2 peak or heart rate responses. Although more data are 
needed to confirm the effects observed in our study and to 
better understand the physiological mechanisms behind 
them, results might suggest that short-term chronic (i.e., 
7 days) co-supplementation of CIT and BR supplements 
could improve peak power elicited during an aerobic per-
formance test in elite male rowers.

Previous literature has described that NO may have a 
positive effect on blood vessel dilation and blood flow incre-
ment specifically in type II muscle fibers (Ferguson et al. 
2013; Jones et al. 2016). BR juice can improve the release 
and re-uptake of calcium in the sarcoplasmic reticulum, thus 
improving muscle contractile capacities (Hernández et al. 
2012). Therefore,  NO3

− supplements intake could poten-
tially offer positive effects in high-intensity efforts where the 
ability to deliver and maintain high peak power is determi-
nant, such as rowing (Bell et al. 1989). Wylie et al. (2013b) 
found, in recreational team-sport players, improvements in 
6 s sprints after supplementing 8.4 mmol  NO3

− for 8 days, 
but no other benefits were reported in sprints lasting between 
30 and 60  s. However, using similar supplementation 
(8 mmol  NO3

− for 7 days), benefits in 60 s sprint have been 
found in active men (Rowland et al. 2023). Although other 
benefits have been reported in efforts lasting 30–60 s such 
as after a Wingate test (i.e., 45 s), these studies used acute 
intake of  NO3

− (Dominguez et al. 2017b; Jodra et al. 2020). 
However, when combined supplementation with BR extract 
and CIT was given to triathletes for 9 weeks, improvements 
in 1 min maximal abdominal test were shown, suggesting 
potential synergic effects between both supplements (Burgos 
et al. 2021). CIT supplementation can stimulate muscle pro-
tein synthesis and, therefore, could potentially improve mus-
cle strength (Goron et al. 2019). Nonetheless, the literature 
addressing the unbiased effect of CIT supplementation on 
sport performance is scarce. In our present study, the com-
bined supplementation strategy showed no effect (Fig. 2) 
on 45 s Wingate test performance and its related outcomes 
(peak power, mean power, relative power, and fatigue index), 
suggesting 1 week of supplementation is not enough to gen-
erate hypothesized muscle adaptations. Interestingly, we 
showed a better blood lactate concentration clearance in the 
BR-CITG condition compared to BRG and PLAG conditions 
after 5 min post-Wingate test (Fig. 3). As lactate clearance 
relies on oxidative capacity, it is plausible that the reported 
effects of supplementation on aerobic metabolism could pos-
itively impact on athletes’ oxidative capacity and therefore 
be an indirect sign of improved aerobic performance. Some 
studies have also reported lower blood lactate concentrations 
after CIT supplementation (Rhim et al. 2020; Divito et al. 
2022), but the literature regarding BR supplements remains 
unclear. In fact, potential mechanisms related to lower blood 
lactate values after CIT supplementation might be related to 

enhanced aerobic pathway, as reported for instance by higher 
levels of plasma lactate dehydrogenase enzyme (Rhim et al. 
2020), which could be in accordance to previously identified 
effects of NO-related supplements such as BR. In addition, 
our study showed no improvements in CMJ jump between 
conditions (Table S1), a finding that contrasts with improve-
ments found in horizontal jump after 9 weeks of the same 
combined supplementation (Burgos et al. 2021), and may 
suggest the need for longer than 7 days supplementation 
periods to improve strength and high peak power outcomes 
in elite rowers. Therefore, these results refuted the proposed 
hypothesis of a complementary way of improving muscle 
strength through a better excitation–contraction coupling 
after 6 g CIT and 3.5 g BR extract (500 mg or 8 mmol  NO3

−) 
supplementation. As it has been hypothesized that elite ath-
letes are potentially less sensitive to improvements after BR 
supplementation (Dominguez et al. 2017a), it is plausible 
that quantities required to show beneficial effects might be 
higher than 8 mmol  NO3

−/day or should be related to body 
weight or fat-free mass, to individualize the supplement dose 
to the athlete.

Concerning biochemical biomarkers, we showed no dif-
ferences between conditions after 1 week of supplement 
intake. Although some literature has studied the influence 
of CIT and BR supplementation alone on recovery status 
through hormones and functional tests (da Silva et al. 2017; 
Garnacho-Castaño et al. 2020; Daab et al. 2021), their effect 
remains unclear and more studies are needed. However, 
9 weeks of BR + CIT supplementation showed improve-
ments in the testosterone-to-cortisol ratio accompanied by 
enhanced aerobic performance test (Burgos et al. 2022). 
Considering all together, our study reinforces the idea to 
study longer periods of CIT and BR combined intake in 
elite rowers.

The impossibility to measure blood  NO3
− and  NO2

− con-
centrations in participants after ingesting supplements elicits 
a potential limitation that, however, it can be less determi-
nant considering the chronic supplementation protocol used 
in this study. Methodologically, the absence of a CIT-only 
supplementation group can be considered a limitation to be 
noted, although CIT alone did not show any benefits com-
pared to BR-only and BR + CIT supplementation in previous 
studies (Burgos et al. 2021, 2022). Moreover, muscle and 
strength-related effects could be taken as speculative as only 
performance tests were performed and no muscle samples 
(e.g., biopsies) were obtained for analyses. Finally, consider-
ing the impact of oral and gut microbiota and environment 
in  NO3

− and  NO2
− metabolism that can lead to different 

results (González-Soltero et al. 2020), the lack of rowers’ 
microbiota samples could represent a limitation. Neverthe-
less, the sample was composed of high-level rowers, which 
is a real strength of this study, due to the difficulty to access 
to this kind of athletes. Moreover, the design of the study 
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and performance tests included in the study should be also 
acknowledged.

Future research should continue to study the combina-
tion of NO-related supplements in the long term to better 
understand their role in muscle  NO3

− and  NO2
− storage and 

related physiological and metabolic mechanisms. In addi-
tion, the potential synergic effects of supplements using 
compatible pathways in different performance outcomes 
could be of interest. Moreover, interventions lasting between 
1 and 9 weeks should be addressed to be able to design 
higher efficacy supplementation protocols. Beyond measur-
ing performance, mechanisms which by NO could impact 
oxidative and glycolytic metabolism, and muscle contrac-
tile function should be also studied in detail as this remains 
partially unknown yet. Finally, the impact of exogenously 
stimulated NO production in female athletes remains to be 
elicited to date, and therefore, it should be widely studied.

Practical implications

Combining supplements with similar physiological and 
metabolic mechanisms is interesting to optimize supple-
mentation protocols in athletes regardless of their training/
competition level. This study showed that even elite rowers 
find certain (although slightly) performance improvements 
by BR + CIT supplementation for 1 week.

Conclusion

The daily combination of 3.5 g of BR extract plus 6 g of 
CIT supplementation for 7 days seems to improve blood 
lactate clearance (oxidative capacity) compared to the PLA 
after the completion of a Wingate test, and the peak power 
after an aerobic performance test in a sample of elite row-
ers. No further improvements in maximal strength, high-
intensity power and peak stroke power, and other aerobic 
performance-related outcomes were observed between sup-
plements conditions. Our results may suggest that more than 
7 days are necessary to better understand the potential syner-
gic effects of BR + CIT supplements on sports performance.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00421- 024- 05415-4.

Acknowledgements The authors would like to thank Kirolene (Basque 
Public Center for Sports Education) and Isuntza professional rowing 
club for their support during this study.

Author contributions All the authors have read and agreed to the pub-
lished version of the manuscript. AV and AC-B: design and conception 
of research, analysis and data interpretation, paper drafting, critical 
review, and the final version submitted for publication approval. AV, 
JMAA and JM-A: analysis and data interpretation, paper drafting, 

critical review, and the final version submitted for publication approval. 
AV, JM-A, AC-B and JMAA: paper drafting, critical review, and the 
final version submitted for publication approval.

Funding Open Access funding provided thanks to the CRUE-
CSIC agreement with Springer Nature. J.M.A.A. is supported 
by the Grant FJC2020-044453-I funded by MCIN/AEI/https://
doi.org/10.13039/501100011033and by “European Union 
NextGenerationEU/PRTR”.

Data availability The datasets generated during and/or analysed dur-
ing the current study are available from the corresponding author on 
reasonable request.

Declarations 

Conflict of interest The authors affirm no conflict of interest.

Ethical approval This trial was designed in accordance with the Dec-
laration of Helsinki (2008) and the Fortaleza update (2013) and was 
approved human Research Ethics Committee at the University of 
Deusto, Bilbao, Spain (ETK-13/18-19).

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Aguiar AF, Casonatto J (2022) Effects of citrulline malate supplemen-
tation on muscle strength in resistance-trained adults: a system-
atic review and meta-analysis of randomized controlled trials. J 
Diet Suppl 19:772–790. https:// doi. org/ 10. 1080/ 19390 211. 2021. 
19394 73

Bailey SJ, Winyard P, Vanhatalo A et al (2009) Dietary nitrate sup-
plementation reduces the  O2 cost of low-intensity exercise and 
enhances tolerance to high-intensity exercise in humans. J Appl 
Physiol 107:1144–1155. https:// doi. org/ 10. 1152/ jappl physi ol. 
00722. 2009

Bailey SJ, Fulford J, Vanhatalo A et al (2010) Dietary nitrate supple-
mentation enhances muscle contractile efficiency during knee-
extensor exercise in humans. J Appl Physiol 109:135–148. https:// 
doi. org/ 10. 1152/ jappl physi ol. 00046. 2010

Bassett DRJ, Howley ET (2000) Limiting factors for maximum oxy-
gen uptake and determinants of endurance performance. Med Sci 
Sports Exerc 32:70–84. https:// doi. org/ 10. 1097/ 00005 768- 20000 
1000- 00012

Bell GJ, Petersen SR, Quinney HA, Wenger HA (1989) The effect of 
velocity-specific strength training on peak torque and anaerobic 
rowing power. J Sports Sci 7:205–214. https:// doi. org/ 10. 1080/ 
02640 41890 87298 41

Bender D, Townsend JR, Vantrease WC et al (2018) Acute beetroot 
juice administration improves peak isometric force production in 

https://doi.org/10.1007/s00421-024-05415-4
https://doi.org/10.13039/501100011033
https://doi.org/10.13039/501100011033
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1080/19390211.2021.1939473
https://doi.org/10.1080/19390211.2021.1939473
https://doi.org/10.1152/japplphysiol.00722.2009
https://doi.org/10.1152/japplphysiol.00722.2009
https://doi.org/10.1152/japplphysiol.00046.2010
https://doi.org/10.1152/japplphysiol.00046.2010
https://doi.org/10.1097/00005768-200001000-00012
https://doi.org/10.1097/00005768-200001000-00012
https://doi.org/10.1080/02640418908729841
https://doi.org/10.1080/02640418908729841


European Journal of Applied Physiology 

adolescent males. Appl Physiol Nutr Metab 43:816–821. https:// 
doi. org/ 10. 1139/ apnm- 2018- 0050

Bescos R, Sureda A, Tur JA, Pons A (2012) The effect of nitric-oxide-
related supplements on human performance. Sports Med 42:99–
117. https:// doi. org/ 10. 2165/ 11596 860- 00000 0000- 00000

Bond H, Morton L, Braakhuis AJ (2012) Dietary nitrate supplemen-
tation improves rowing performance in well-trained rowers. Int 
J Sport Nutr Exerc Metab 22:251–256. https:// doi. org/ 10. 1123/ 
ijsnem. 22.4. 251

Boorsma RK, Whitfield J, Spriet LL (2014) Beetroot juice supplemen-
tation does not improve performance of elite 1500-m runners. 
Med Sci Sports Exerc 46:2326–2334. https:// doi. org/ 10. 1249/ 
MSS. 00000 00000 000364

Borg G (1998) Borg’s perceived exertion and pain scales. Human 
Kinetics

Brooks GA (2020) Lactate as a fulcrum of metabolism. Redox Biol 
35:101454. https:// doi. org/ 10. 1016/j. redox. 2020. 101454

Bryan NS (2018) Safe and effective use of nitric oxide-based sup-
plements and nutrition for sports performance. Nutrition and 
enhanced sports performance, 2nd edn. Elsevier, pp 309–316

Burgos J, Viribay A, Fernández-Lázaro D et al (2021) Combined 
effects of citrulline plus nitrate-rich beetroot extract co-supple-
mentation on maximal and endurance-strength and aerobic power 
in trained male triathletes: a randomized double-blind, placebo-
controlled trial. Nutrients. https:// doi. org/ 10. 3390/ nu140 10040

Burgos J, Viribay A, Calleja-González J et al (2022) Long-term com-
bined effects of citrulline and nitrate-rich beetroot extract sup-
plementation on recovery status in trained male triathletes: a ran-
domized, double-blind, placebo-controlled trial. Biology (basel). 
https:// doi. org/ 10. 3390/ biolo gy110 10075

Burke LM, Castell LM, Casa DJ et al (2019) International association 
of athletics federations consensus statement 2019: Nutrition for 
athletics. Int J Sport Nutr Exerc Metab 29:73–84. https:// doi. org/ 
10. 1123/ ijsnem. 2019- 0065

Calbet JA, Chavarren J, Dorado C (1997) Fractional use of anaerobic 
capacity during a 30- and a 45-s Wingate test. Eur J Appl Physiol 
Occup Physiol 76:308–313. https:// doi. org/ 10. 1007/ s0042 10050 
253

Cermak NM, Gibala MJ, van Loon LJC (2012) Nitrate supplementa-
tion’s improvement of 10-km time-trial performance in trained 
cyclists. Int J Sport Nutr Exerc Metab 22:64–71

Clements WT, Lee S-R, Bloomer RJ (2014) Nitrate ingestion: a 
review of the health and physical performance effects. Nutrients 
6:5224–5264

Coggan AR, Peterson LR (2018) Dietary Nitrate enhances the con-
tractile properties of human skeletal muscle. Exerc Sport Sci Rev 
46:254

Coggan AR, Baranauskas MN, Hinrichs RJ et al (2021) Effect of 
dietary nitrate on human muscle power: a systematic review and 
individual participant data meta-analysis. J Int Soc Sports Nutr 
18:66. https:// doi. org/ 10. 1186/ s12970- 021- 00463-z

Coyle EF (2007) Physiological regulation of marathon performance. 
Sport Med 37:306–311. https:// doi. org/ 10. 2165/ 00007 256- 20073 
7040- 00009

Curis E, Nicolis I, Moinard C et al (2005) Almost all about citrulline 
in mammals. Amino Acids 29:177–205. https:// doi. org/ 10. 1007/ 
s00726- 005- 0235-4

da Silva DK, Jacinto JL, de Andrade WB et al (2017) Citrulline malate 
does not improve muscle recovery after resistance exercise in 
untrained young adult men. Nutrients. https:// doi. org/ 10. 3390/ 
nu910 1132

Daab W, Bouzid MA, Lajri M et al (2021) Chronic beetroot juice sup-
plementation accelerates recovery kinetics following simulated 
match play in soccer players. J Am Coll Nutr 40:61–69. https:// 
doi. org/ 10. 1080/ 07315 724. 2020. 17355 71

Divito B, McLaughlin M, Jacobs I (2022) The effects of L-citrulline on 
blood-lactate removal kinetics following maximal-effort exercise. 
J Diet Suppl 19:704–716. https:// doi. org/ 10. 1080/ 19390 211. 2021. 
19263 92

Dominguez R, Cuenca E, Mate-Munoz JL et al (2017a) Effects of 
beetroot juice supplementation on cardiorespiratory endurance 
in athletes: a systematic review. Nutrients. https:// doi. org/ 10. 3390/ 
nu901 0043

Dominguez R, Vicente Garnacho-Castano M, Cuenca E et al (2017b) 
Effects of beetroot juice supplementation on a 30-s high-intensity 
inertial cycle ergometer test. Nutrients. https:// doi. org/ 10. 3390/ 
nu912 1360

Dominguez R, Mate-Munoz JL, Cuenca E et al (2018) Effects of beet-
root juice supplementation on intermittent high-intensity exer-
cise efforts. J Int Soc Sports Nutr 15:2. https:// doi. org/ 10. 1186/ 
s12970- 017- 0204-9

Ferguson SK, Hirai DM, Copp SW et al (2013) Impact of dietary 
nitrate supplementation via beetroot juice on exercising muscle 
vascular control in rats. J Physiol 591:547–557. https:// doi. org/ 10. 
1113/ jphys iol. 2012. 243121

Garnacho-Castaño MV, Palau-Salvà G, Serra-Payá N et al (2020) 
Understanding the effects of beetroot juice intake on CrossFit 
performance by assessing hormonal, metabolic and mechanical 
response: a randomized, double-blind, crossover design. J Int Soc 
Sports Nutr. https:// doi. org/ 10. 1186/ s12970- 020- 00388-z

Gonzalez AM, Trexler ET (2020) Effects of citrulline supplementa-
tion on exercise performance in humans: a review of the current 
literature. J Strength Cond Res 34:1480–1495. https:// doi. org/ 10. 
1519/ JSC. 00000 00000 003426

González-Soltero R, Bailén M, de Lucas B et al (2020) Role of oral 
and gut microbiota in dietary nitrate metabolism and its impact 
on sports performance. Nutrients. https:// doi. org/ 10. 3390/ nu121 
23611

Goron A, Lamarche F, Blanchet S et al (2019) Citrulline stimulates 
muscle protein synthesis, by reallocating ATP consumption to 
muscle protein synthesis. J Cachexia Sarcopenia Muscle 10:919–
928. https:// doi. org/ 10. 1002/ jcsm. 12435

Haider G, Folland JP (2014) Nitrate supplementation enhances the 
contractile properties of human skeletal muscle. Med Sci Sports 
Exerc 46:2234–2243. https:// doi. org/ 10. 1249/ MSS. 00000 00000 
000351

Hernández A, Schiffer TA, Ivarsson N et al (2012) Dietary nitrate 
increases tetanic [Ca 2+] i and contractile force in mouse fast-
twitch muscle. J Physiol 590:3575–3583. https:// doi. org/ 10. 1113/ 
jphys iol. 2012. 232777

Hickner RC, Tanner CJ, Evans CA et al (2006) L-citrulline reduces 
time to exhaustion and insulin response to a graded exercise test. 
Med Sci Sports Exerc 38:660–666. https:// doi. org/ 10. 1249/ 01. 
mss. 00002 10197. 02576. da

Hoon MW, Jones AM, Johnson NA et al (2014) The effect of variable 
doses of inorganic nitrate-rich beetroot juice on simulated 2000-m 
rowing performance in trained athletes. Int J Sports Physiol Per-
form 9:615–620. https:// doi. org/ 10. 1123/ ijspp. 2013- 0207

Ingham SA, Whyte GP, Jones K, Nevill AM (2002) Determinants of 
2000 m rowing ergometer performance in elite rowers. Eur J Appl 
Physiol 88:243–246. https:// doi. org/ 10. 1007/ s00421- 002- 0699-9

Izquierdo-Gabarren M, Expósito RGT, de Villarreal ESS, Izquierdo 
M (2010) Physiological factors to predict on traditional rowing 
performance. Eur J Appl Physiol 108:83–92. https:// doi. org/ 10. 
1007/ s00421- 009- 1186-3

Jeukendrup AE (2017) Periodized nutrition for athletes. Sport Med 
47:51–63. https:// doi. org/ 10. 1007/ s40279- 017- 0694-2

Jodra P, Domínguez R, Sánchez-Oliver AJ et al (2020) Effect of beet-
root juice supplementation on mood, perceived exertion, and per-
formance during a 30-second Wingate test. Int J Sports Physiol 
Perform 15:243–248. https:// doi. org/ 10. 1123/ ijspp. 2019- 0149

https://doi.org/10.1139/apnm-2018-0050
https://doi.org/10.1139/apnm-2018-0050
https://doi.org/10.2165/11596860-000000000-00000
https://doi.org/10.1123/ijsnem.22.4.251
https://doi.org/10.1123/ijsnem.22.4.251
https://doi.org/10.1249/MSS.0000000000000364
https://doi.org/10.1249/MSS.0000000000000364
https://doi.org/10.1016/j.redox.2020.101454
https://doi.org/10.3390/nu14010040
https://doi.org/10.3390/biology11010075
https://doi.org/10.1123/ijsnem.2019-0065
https://doi.org/10.1123/ijsnem.2019-0065
https://doi.org/10.1007/s004210050253
https://doi.org/10.1007/s004210050253
https://doi.org/10.1186/s12970-021-00463-z
https://doi.org/10.2165/00007256-200737040-00009
https://doi.org/10.2165/00007256-200737040-00009
https://doi.org/10.1007/s00726-005-0235-4
https://doi.org/10.1007/s00726-005-0235-4
https://doi.org/10.3390/nu9101132
https://doi.org/10.3390/nu9101132
https://doi.org/10.1080/07315724.2020.1735571
https://doi.org/10.1080/07315724.2020.1735571
https://doi.org/10.1080/19390211.2021.1926392
https://doi.org/10.1080/19390211.2021.1926392
https://doi.org/10.3390/nu9010043
https://doi.org/10.3390/nu9010043
https://doi.org/10.3390/nu9121360
https://doi.org/10.3390/nu9121360
https://doi.org/10.1186/s12970-017-0204-9
https://doi.org/10.1186/s12970-017-0204-9
https://doi.org/10.1113/jphysiol.2012.243121
https://doi.org/10.1113/jphysiol.2012.243121
https://doi.org/10.1186/s12970-020-00388-z
https://doi.org/10.1519/JSC.0000000000003426
https://doi.org/10.1519/JSC.0000000000003426
https://doi.org/10.3390/nu12123611
https://doi.org/10.3390/nu12123611
https://doi.org/10.1002/jcsm.12435
https://doi.org/10.1249/MSS.0000000000000351
https://doi.org/10.1249/MSS.0000000000000351
https://doi.org/10.1113/jphysiol.2012.232777
https://doi.org/10.1113/jphysiol.2012.232777
https://doi.org/10.1249/01.mss.0000210197.02576.da
https://doi.org/10.1249/01.mss.0000210197.02576.da
https://doi.org/10.1123/ijspp.2013-0207
https://doi.org/10.1007/s00421-002-0699-9
https://doi.org/10.1007/s00421-009-1186-3
https://doi.org/10.1007/s00421-009-1186-3
https://doi.org/10.1007/s40279-017-0694-2
https://doi.org/10.1123/ijspp.2019-0149


 European Journal of Applied Physiology

Jones AM (2014a) Dietary nitrate supplementation and exercise perfor-
mance. Sports Med 44(Suppl 1):S35-45. https:// doi. org/ 10. 1007/ 
s40279- 014- 0149-y

Jones AM (2014b) Influence of dietary nitrate on the physiological 
determinants of exercise performance: a critical review. Appl 
Physiol Nutr Metab 39:1019–1028. https:// doi. org/ 10. 1139/ 
apnm- 2014- 0036

Jones AM, Ferguson SK, Bailey SJ et al (2016) Fiber type-specific 
effects of dietary nitrate. Exerc Sport Sci Rev 44:53–60. https:// 
doi. org/ 10. 1249/ JES. 00000 00000 000074

Krishnan A, Sharma D, Bhatt M et al (2017) Comparison between 
standing broad jump test and Wingate test for assessing lower limb 
anaerobic power in elite sportsmen. Med j, Armed Forces India 
73:140–145. https:// doi. org/ 10. 1016/j. mjafi. 2016. 11. 003

Lansley KE, Winyard PG, Bailey SJ et al (2011) Acute dietary nitrate 
supplementation improves cycling time trial performance. Med 
Sci Sports Exerc 43:1125–1131. https:// doi. org/ 10. 1249/ MSS. 
0b013 e3182 1597b4

Larsen FJ, Weitzberg E, Lundberg JO, Ekblom B (2007) Effects of 
dietary nitrate on oxygen cost during exercise. Acta Physiol (oxf) 
191:59–66. https:// doi. org/ 10. 1111/j. 1748- 1716. 2007. 01713.x

Larsen FJ, Weitzberg E, Lundberg JO, Ekblom B (2010) Dietary nitrate 
reduces maximal oxygen consumption while maintaining work 
performance in maximal exercise. Free Radic Biol Med 48:342–
347. https:// doi. org/ 10. 1016/j. freer adbio med. 2009. 11. 006

Lausch TR, Larsen RG, Poulsen MK et al (2017) Effects of beetroot 
juice supplementation and hypoxia on time trial performance in 
well-trained cyclists. Med Sci Sports Exerc 49:566. https:// doi. 
org/ 10. 1249/ 01. mss. 00005 18469. 57191. bd

Lawton TW, Cronin JB, McGuigan MR (2013) Strength, power, and 
muscular endurance exercise and elite rowing ergometer perfor-
mance. J Strength Cond Res 27(7):1928–1935

Le Roux-Mallouf T, Pelen F, Vallejo A et al (2019) Effect of chronic 
nitrate and citrulline supplementation on vascular function and 
exercise performance in older individuals. Aging (albany, NY) 
11:3315. https:// doi. org/ 10. 18632/ AGING. 101984

Lundberg JO, Weitzberg E, Gladwin MT (2008) The nitrate-nitrite-
nitric oxide pathway in physiology and therapeutics. Nat Rev 
Drug Discov 7:156–167. https:// doi. org/ 10. 1038/ nrd24 66

Maughan RJ, Burke LM, Dvorak J et al (2018) IOC consensus state-
ment: dietary supplements and the high-performance athlete. 
Br J Sports Med 52:439–455. https:// doi. org/ 10. 1136/ bjspo 
rts- 2018- 099027

Midgley AW, McNaughton LR, Polman R, Marchant D (2007) Criteria 
for determination of maximal oxygen uptake: a brief critique and 
recommendations for future research. Sports Med 37:1019–1028. 
https:// doi. org/ 10. 2165/ 00007 256- 20073 7120- 00002

Milton-Laskibar I, Alfredo Martínez J, Portillo MP (2021) Current 
knowledge on beetroot bioactive compounds: role of nitrate and 
betalains in health and disease. Foods 10:1314

Mosher SL, Sparks SA, Williams EL et al (2016) Ingestion of a nitric 
oxide enhancing supplement improves resistance exercise perfor-
mance. J Strength Cond Res 30:3520–3524

Nyakayiru J, van Loon LJC, Verdijk LB (2020) Could intramuscu-
lar storage of dietary nitrate contribute to its ergogenic effect? A 
mini-review. Free Radic Biol Med 152:295–300. https:// doi. org/ 
10. 1016/j. freer adbio med. 2020. 03. 025

Papadakis Z, Etchebaster M, Garcia-Retortillo S (2022) Cardiorespi-
ratory coordination in collegiate rowing: a network approach to 
cardiorespiratory exercise testing. Int J Environ Res Public Health 
19:13250

Penichet-Tomas A, Jimenez-Olmedo JM, Pueo B, Olaya-Cuartero J 
(2023) Physiological and mechanical responses to a graded exer-
cise test in traditional rowing. Int J Environ Res Public Health 
20:3664

Pérez-Guisado J, Jakeman PM (2010) Citrulline malate enhances 
athletic anaerobic performance and relieves muscle soreness. J 
Strength Cond Res 24:1215–1222. https:// doi. org/ 10. 1519/ JSC. 
0b013 e3181 cb28e0

Piknova B, Schechter AN, Park JW et al (2022) Skeletal muscle nitrate 
as a regulator of systemic nitric oxide homeostasis. Exerc Sport 
Sci Rev 50:2–13

Pueo B, Lipinska P, Jiménez-Olmedo JM et al (2017) Accuracy of 
jump-mat systems for measuring jump height. Int J Sports Physiol 
Perform 12:959–963. https:// doi. org/ 10. 1123/ ijspp. 2016- 0511

Rhim HC, Kim SJ, Park J, Jang KM (2020) Effect of citrulline on post-
exercise rating of perceived exertion, muscle soreness, and blood 
lactate levels: a systematic review and meta-analysis. J Sport Heal 
Sci 9:553–561. https:// doi. org/ 10. 1016/j. jshs. 2020. 02. 003

Rokkedal-Lausch T, Franch J, Poulsen MK et al (2019) Chronic high-
dose beetroot juice supplementation improves time trial perfor-
mance of well-trained cyclists in normoxia and hypoxia. Nitric 
Oxide Biol Chem 85:44–52. https:// doi. org/ 10. 1016/j. niox. 2019. 
01. 011

Rowland SN, Da Boit M, Tan R et al (2023) Dietary nitrate supple-
mentation enhances performance and speeds muscle deoxyhae-
moglobin kinetics during an end-sprint after prolonged moderate-
intensity exercise. Antioxidants 12(1):25

San-Millán I, Brooks GA (2018) Assessment of metabolic flexibility by 
means of measuring blood lactate, fat, and carbohydrate oxidation 
responses to exercise in professional endurance athletes and less-
fit individuals. Sport Med 48:467–479. https:// doi. org/ 10. 1007/ 
s40279- 017- 0751-x

Suzuki T, Morita M, Kobayashi Y, Kamimura A (2016) Oral L-citrul-
line supplementation enhances cycling time trial performance in 
healthy trained men: double-blind randomized placebo-controlled 
2-way crossover study. J Int Soc Sports Nutr 13:6. https:// doi. org/ 
10. 1186/ s12970- 016- 0117-z

Suzuki I, Sakuraba K, Horiike T et al (2019) A combination of oral 
L-citrulline and L-arginine improved 10-min full-power cycling 
test performance in male collegiate soccer players: a randomized 
crossover trial. Eur J Appl Physiol. https:// doi. org/ 10. 1007/ 
s00421- 019- 04097-7

Tiller NB, Roberts JD, Beasley L et al (2019) International society 
of sports nutrition position stand: nutritional considerations for 
single-stage ultra-marathon training and racing. J Int Soc Sports 
Nutr 16:1–58. https:// doi. org/ 10. 1186/ s12970- 019- 0312-9

Trexler ET, Persky AM, Ryan ED et al (2019) Acute effects of cit-
rulline supplementation on high-intensity strength and power 
performance: a systematic review and meta-analysis. Sports Med 
49:707–718. https:// doi. org/ 10. 1007/ s40279- 019- 01091-z

Vanhatalo A, Bailey SJ, Blackwell JR et al (2010) Acute and chronic 
effects of dietary nitrate supplementation on blood pressure and 
the physiological responses to moderate-intensity and incremental 
exercise. Am J Physiol Integr Comp Physiol 299:R1121–R1131. 
https:// doi. org/ 10. 1152/ ajpre gu. 00206. 2010

Viribay A, Burgos J, Fernández-Landa J et al (2020) Effects of argi-
nine supplementation on athletic performance based on energy 
metabolism: a systematic review and meta-analysis. Nutrients. 
https:// doi. org/ 10. 3390/ nu120 51300

Viribay A, Fernández-Landa J, Castañeda-Babarro A et al (2022) 
Effects of citrulline supplementation on different aerobic exercise 
performance outcomes: a systematic review and meta-analysis. 
Nutrients. https:// doi. org/ 10. 3390/ nu141 73479

Wax B, Kavazis AN, Weldon K, Sperlak J (2015) Effects of supplemen-
tal citrulline malate ingestion during repeated bouts of lower-body 
exercise in advanced weightlifters. J Strength Cond Res 29:786–
792. https:// doi. org/ 10. 1519/ JSC. 00000 00000 000670

Wu G, Bazer FW, Davis TA et al (2009) Arginine metabolism and 
nutrition in growth, health and disease. Amino Acids 37:153–168. 
https:// doi. org/ 10. 1007/ s00726- 008- 0210-y

https://doi.org/10.1007/s40279-014-0149-y
https://doi.org/10.1007/s40279-014-0149-y
https://doi.org/10.1139/apnm-2014-0036
https://doi.org/10.1139/apnm-2014-0036
https://doi.org/10.1249/JES.0000000000000074
https://doi.org/10.1249/JES.0000000000000074
https://doi.org/10.1016/j.mjafi.2016.11.003
https://doi.org/10.1249/MSS.0b013e31821597b4
https://doi.org/10.1249/MSS.0b013e31821597b4
https://doi.org/10.1111/j.1748-1716.2007.01713.x
https://doi.org/10.1016/j.freeradbiomed.2009.11.006
https://doi.org/10.1249/01.mss.0000518469.57191.bd
https://doi.org/10.1249/01.mss.0000518469.57191.bd
https://doi.org/10.18632/AGING.101984
https://doi.org/10.1038/nrd2466
https://doi.org/10.1136/bjsports-2018-099027
https://doi.org/10.1136/bjsports-2018-099027
https://doi.org/10.2165/00007256-200737120-00002
https://doi.org/10.1016/j.freeradbiomed.2020.03.025
https://doi.org/10.1016/j.freeradbiomed.2020.03.025
https://doi.org/10.1519/JSC.0b013e3181cb28e0
https://doi.org/10.1519/JSC.0b013e3181cb28e0
https://doi.org/10.1123/ijspp.2016-0511
https://doi.org/10.1016/j.jshs.2020.02.003
https://doi.org/10.1016/j.niox.2019.01.011
https://doi.org/10.1016/j.niox.2019.01.011
https://doi.org/10.1007/s40279-017-0751-x
https://doi.org/10.1007/s40279-017-0751-x
https://doi.org/10.1186/s12970-016-0117-z
https://doi.org/10.1186/s12970-016-0117-z
https://doi.org/10.1007/s00421-019-04097-7
https://doi.org/10.1007/s00421-019-04097-7
https://doi.org/10.1186/s12970-019-0312-9
https://doi.org/10.1007/s40279-019-01091-z
https://doi.org/10.1152/ajpregu.00206.2010
https://doi.org/10.3390/nu12051300
https://doi.org/10.3390/nu14173479
https://doi.org/10.1519/JSC.0000000000000670
https://doi.org/10.1007/s00726-008-0210-y


European Journal of Applied Physiology 

Wylie LJ, Kelly J, Bailey SJ et al (2013a) Beetroot juice and exercise: 
pharmacodynamic and dose-response relationships. J Appl Phys-
iol 115:325–336. https:// doi. org/ 10. 1152/ jappl physi ol. 00372. 2013

Wylie LJ, Mohr M, Krustrup P et al (2013b) Dietary nitrate supplemen-
tation improves team sport-specific intense intermittent exercise 
performance. Eur J Appl Physiol 113:1673–1684. https:// doi. org/ 
10. 1007/ s00421- 013- 2589-8

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1152/japplphysiol.00372.2013
https://doi.org/10.1007/s00421-013-2589-8
https://doi.org/10.1007/s00421-013-2589-8

	Impact of a short-term nitrate and citrulline co-supplementation on sport performance in elite rowers: a randomized, double-blind, placebo-controlled crossover trial
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusion 

	Introduction
	Methods
	Study design and participants
	Nutritional supplementation randomization
	Familiarization visit
	Study visits for assessing dependent outcomes
	Blood samples and blood pressure assessments
	Countermovement jump test
	Wingate test assessment
	Performance test assessment
	Statistical analysis

	Results
	Discussion
	Practical implications
	Conclusion
	Acknowledgements 
	References


