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ABSTRACT
The accumulation of lactate in muscle and blood during high-inten-
sity exercise is negatively correlated with the duration exercise can
be sustained. Removal of lactate is a key component of acute recov-
ery between consecutive bouts of such exercise. Low-intensity exer-
cise enhances recovery by accelerating lactate turnover in
metabolically active tissues, largely mediated by blood flow to these
tissues. Therefore, the purpose of this research was to clarify if L-cit-
rulline, a nutritional supplement purported to promote vasodilation
via enhanced nitric oxide availability, would augment the removal of
blood lactate during active recovery (AR). L-citrulline ingestion will
augment the rate of blood lactate concentration decrease during AR,
reduce the oxygen-cost of submaximal exercise, and increase time-
to-exhaustion and peak oxygen uptake (V_O2peak) during a test of
maximal aerobic power. Healthy university students (five males &
five females) participated in this double-blind, randomized, placebo-
controlled study. Participants exercised on a cycle ergometer at sub-
maximal steady-state intensities followed by progressively increasing
intensity to exhaustion, 10min of AR, and then supramaximal inten-
sity exercise to exhaustion. Oxygen uptake was measured through-
out the trial and blood lactate was sampled repeatedly during AR.
The protocol elicited very high peak blood lactate concentrations
after exercise (11.3þ 1.3mmol/L). L-citrulline supplementation did
not significantly alter blood lactate kinetics during AR, the oxygen
cost of exercise, V_O2peak, or time-to-exhaustion. Despite a strong
theoretical basis by which L-citrulline could augment lactate removal
from the blood, L-citrulline supplementation showed no effect as an
exercise-recovery supplement.
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Background

Supramaximal-intensity exercise is defined for the purposes of this report as an exercise
intensity with a metabolic demand that exceeds an individual’s ability to meet the
energy requirement via aerobic metabolism, i.e. the demand exceeds an individual’s
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maximal aerobic power. The dependency on anaerobic energy metabolism for such
exercise is associated with a well-established accumulation of high concentrations of lac-
tate in muscle and blood. However, commencing high intensity exercise with preexisting
high levels of lactate in blood has been reported to negatively affect performance
(Klausen et al. 1972; Greenwood et al. 2008). Therefore, an acceleration of lactate
removal from blood or muscle is considered a key component of acute recovery, par-
ticularly between bouts of supramaximal intensity exercise. Active recovery after high-
intensity exercise, involving low-intensity exercise, enhances recovery by accelerating
lactate turnover via consumption in metabolically active tissues (Menzies et al. 2010).
This process is mediated largely by an increased metabolism and removal of lactate
facilitated by blood flow to and from lactate-containing tissues (Gladden 2004).
L-citrulline is a non-essential amino acid that is commercially available as a nutri-

tional supplement and is frequently promoted as a vasodilatory ergogenic aid. It is
found in nature (Cutrufello et al. 2015; Figueroa et al. 2017) and synthesized within the
body through the urea cycle and the citrulline-nitric-oxide cycle (Barbul 1986;
Alderton et al. 2001; Schwedhelm et al. 2008). Following a two-step enzymatic reaction,
L-citrulline is converted into L-arginine (Barbul 1986; Alderton et al. 2001; Flam et al.
2007), which, in turn, is converted back into L-citrulline while also producing nitric
oxide (NO), a small, short-lived molecule involved in vasodilation (Moncada and Higgs
1993; Jobgen et al. 2006; Flam et al. 2007; Schwedhelm et al. 2008). Resynthesis of L-cit-
rulline enables cyclic generation of nitric oxide from L-citrulline to occur and is an
essential process for maintaining nitric oxide bioavailability within the body (Geller and
Billiar 1998; Alderton et al. 2001; Solomonson et al. 2003; Flam et al. 2007). Thus, the
citrulline-nitric-oxide cycle is a critical process for the maintenance of NO bioavailabil-
ity, and thus, vasodilatory function in the body.
When comparing supplementation with L-citrulline and L-arginine, L-citrulline sup-

plementation is reported to increase the concentration of L-arginine and nitric oxide
metabolites in the blood more so than supplementation with L-arginine (Morita et al.
2014; Figueroa et al. 2017; Gonzales et al. 2017), and the difference has been attributed
to L-arginine being subject to first-pass metabolism while L-citrulline is not
(Schwedhelm et al. 2008; Figueroa et al. 2017; Gonzales et al. 2017). Both acute
(Raghavan and Dikshit 2001; Sureda et al. 2009; Mori et al. 2015; Le Roux-Mallouf
et al. 2017) and prolonged supplementation (i.e. 7þ days) (Schwedhelm et al. 2008;
Alsop and Hauton 2016; Gonzales et al. 2017; Safi et al. 2017) with L-citrulline have
been previously reported to enhance vasodilation by facilitating production of
nitric oxide.
Lactate concentration is associated with fatigue during acute high intensity exercise

and its rate of removal from the muscle and blood influences the onset of fatigue dur-
ing exercise and the rate of recovery afterwards (Klausen et al. 1972; Gladden 2000;
2004). This process is influenced by the rate at which lactate appears in blood and is
transported to tissues capable of metabolizing it, a process which can be augmented by
increasing blood flow (Madias 1986; Gladden 2000; 2004) both from the site of lactate
production and to tissues where it is metabolized. It stands to reason that augmentation
of vasodilation, and thus blood flow, should increase the rate at which lactate is trans-
ported to metabolically active tissues and its subsequent removal from the
blood plasma.
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In light of the reported vasodilatory effects of L-citrulline supplementation, the pur-
pose of this study was to investigate the effects of L-citrulline on blood lactate kinetics
during active recovery following exhaustive exercise and performance in a subsequent
bout at a supramaximal intensity in healthy young adults. We hypothesized that five
days of supplementation with exogenous L-citrulline would significantly increase the
rate at which lactate is cleared from the blood during active recovery following
supramaximal-intensity exercise. Additionally, we hypothesized that five days of supple-
mentation with exogenous L-citrulline would significantly lower the oxygen-cost of
steady-state exercise, and significantly increase time to exhaustion during a supramaxi-
mal bout of exercise following active recovery.

Methods

Study design

This study was a randomized, double-blind, placebo-controlled, crossover design that
had participants engage in the same exercise protocol on three separate occasions to
assess the effects of oral L-citrulline supplementation on: 1. blood lactate kinetics during
active recovery following exhaustive exercise to fatigue (EXH), and 2. performance
measures (i.e. time to exhaustion) on a subsequent supramaximal bout (SUP) of exercise
immediately following a period of active recovery. Participants performed a control/
familiarization (CON) trial first, in which the exercise protocol was completed with no
intervention. The highest power output that was achieved during EXH of the CON trial
determined the end point power outputs used for the remaining two trials. The second
and third trials were intervention trials, in which participants were randomized to
receive capsules containing either 100mg/kg of L-citrulline (CIT) or 3 g of glucose (pla-
cebo; PLA) daily for five consecutive days, including the day of the trial. We based this
protocol on the previously mentioned findings that both acute (Raghavan and Dikshit
2001; Sureda et al. 2009; Mori et al. 2015; Le Roux-Mallouf et al. 2017) and prolonged
supplementation (i.e. 7þ days) (Schwedhelm et al. 2008; Alsop and Hauton 2016;
Gonzales et al. 2017; Safi et al. 2017) with L-citrulline have been previously reported to
enhance vasodilation by facilitating production of nitric oxide. Participants were con-
tacted each day of their supplement dosing schedule to ensure protocol compliance.
Following each trial, there was a minimum 2-day washout period, which allowed for 7
full days between testing days.

Subjects

A sample size requirement of 10 participants was determined from previous research
evaluating recovery conditions on blood lactate removal kinetics (Mota et al. 2017).
This study found that active recovery hastened lactate clearance by a difference of 0.25
and within-subject SD of 0.17mmol/L/min; we assumed that if supplementation with L-
citrulline affected lactate removal kinetics, it would do so to a comparable magnitude.
Therefore, we conducted a sample size calculation using online software (Schoenfeld
2010) with a two-sided alpha of .05 and power of 0.8 and with the delta and variance
stated above. Healthy, moderately active men and women (n¼ 10; $️¼ 5) ages 18-25
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were recruited to participate in the study (Table 1 – physical characteristics). Participant
exclusion criteria included current use of any nutritional ergogenic aids (except protein
and carbohydrate supplements). Participants were asked to maintain their regular diet
throughout the duration of the study, and to abstain from caffeine consumption or
exercise on trial days. All participants completed all trials without any complications. It
was verbally confirmed that participants were unaware as to which supplement (CIT or
PLA) they were ingesting for the trials.

Data collection

An Excalibur Sport (Lode B.V., Groninge, The Netherlands) electronically-braked cycle
ergometer was used for all exercise. A portable metabolic cart, Metamax 3B (Cortex,
Germany), was used to measure rate of oxygen uptake (VO2) throughout exercise.
Blood lactate concentration was assayed in whole blood obtained from a finger prick
using a Lactate Scout Plus (EKF, United Kingdom).
Participants followed an exercise protocol involving steady-state cycling at 75W for

5min and then 150W for 5min, followed by step increases in power output by 25W
every minute, until exhaustion. Each participant was instructed to maintain a cadence
of 60-80 rpm throughout the entire exercise protocol. When the participant reached
exhaustion (failure to maintain a cadence of 60 rpm) or reached the highest power out-
put achieved during the control trial, the resistance was lowered and participants imme-
diately began active recovery (AR), which consisted of cycling at 100W at 75 rpm for
10min. Following AR, participants immediately performed the supramaximal portion of
the protocol (SUP), whereby the resistance was increased to the highest power output
that was completed in a 60 s period during the exercise ramp protocol (EXH) and the
participants were asked to maintain 60-80 rpm for as long as possible. Time to exhaus-
tion in this study was defined as the time when participants could no longer main-
tain 60 rpm.
Blood was sampled from a finger-tip puncture and assayed for whole blood lactate

concentration immediately following EXH and every 2min during the 10min of AR
(t¼ 0, 2, 4, 6, 8, 10).
Respiratory gas exchange was monitored throughout the exercise protocol to deter-

mine oxygen consumption at submaximal � 75W and 150W (V75, V150; respectively) -
and maximal (i.e. VO2peak) exercise intensities.

Table 1. Mean values for participant characteristics.
Mean values [n¼ 10]

Age (years) 21.3 ± 1.16
Height (cm) 171.1 ± 7.67

Control Placebo L-citrulline p value�
Weight (pre-exercise) (kg) 67.81 ± 9.19 67.51 ± 9.05 67.95 ± 9.26 .444
Systolic blood pressure (pre-exercise) (mmHg) 104.5 ± 9.01 107.5 ± 8.18 106.1 ± 9.05 .393
Diastolic blood pressure (pre-exercise) (mmHg) 60.3 ± 9.39 62.1 ± 8.95 59.1 ± 8.94 .538
Mean arterial pressure (pre-exercise) (mmHg) 75.0 ± 7.85 77.3 ± 7.60 74.8 ± 7.76 .705
�p value represents the level of significance obtained in a repeated measures analysis of variance (ANOVA) with a confi-
dence interval of 95%.
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Results

Participants

Ten participants ($️¼ 5) enrolled to participate in this study. All ten participants com-
pleted all three trials (CON, PLA, CIT). Participant characteristics are displayed in
Table 1. There were no significant changes in weight, systolic, diastolic or mean arterial
blood pressure (MAP ¼ 1/3(SBP – DBP) þ DBP) across all three trials (Table 1).

Oxygen cost

The average oxygen cost of each exercise intensity was determined for each participant
by averaging the breath-by-breath oxygen consumption measured during the final 30 s
of exercise at 75W and at 150W steady-state exercise phases, respectively. The mean
values for each trial are displayed in Table 2 and Figure 1. There were no differences
between trials for the oxygen cost of exercise at either 75 or 150W .

Aerobic power

VO2peak was determined as the highest achieved rate of oxygen consumption prior to
exhaustion during the EXH and SUP phases of exercise. VO2peak There were no signifi-
cant differences between any trials for VO2peak during either the Progressive Phase or
the Supramaximal Phase of exercise (Table 2 and Figure 2).

Lactate kinetics

Lactate removal kinetics were determined by sampling blood lactate concentration from
a finger six times during the AR phase of exercise (minutes 0, 2, 4, 6, 8, 10). Mean trial
values for blood lactate concentration were graphed and analyzed with a linear regres-
sion equation, providing a line of best fit and a slope value. The resulting slope values
for each trial were statistically compared. Mean blood lactate concentration values are
in Table 3 and Figure 3. Mean blood lactate concentration values with associated line of
best fit are displayed in Figure 4. The slope values for mean blood lactate concentration
values are displayed in Table 2. The were no significant differences found between any
of the trials for each of blood-lactate sample times, or the lactate slopes from each trial.

Table 2. Mean values for measured variables.
Mean values [n¼ 10] Control Placebo L-citrulline p value�
VO2 (ml/min/kg) � 75 Watts 22.81 ± 2.52 23.90 ± 3.28 23.93 ± 4.24 .645
VO2 (ml/min/kg) � 150 Watts 34.57 ± 4.09 35.88 ± 4.19 35.71 ± 3.97 .269
VO2peak (ml/min/kg) -

Progressive Phase
44.71 ± 6.25 45.38 ± 5.32 46.29 ± 7.13 .866

VO2peak (ml/min/kg) -
Supramaximal Phase

45.05 ± 6.97 44.87 ± 6.63 46.30 ± 7.57 .244

Lactate Slope (Dmmol/L/min) �0.27 �0.30 �0.28 .954
Time to Exhaustion during Supramaximal Exercise (seconds) 104.50 ± 41.04 104.80 ± 36.32 117.80 ± 32.66 .362
�p value represents the level of significance obtained in a repeated measures analysis of variance (ANOVA) with a confi-
dence interval of 95%.
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Figure 2. Aerobic power, expressed as VO2peak for all three trials (control, placebo, and L-citrulline).
Data represents mean values and standard deviation for all participants (n¼ 10) during each trial.
Statistical significance is indicated as �p< 0.05.

Figure 1. Oxygen cost of exercise for all three trials (control, placebo, and L-citrulline). Data repre-
sents mean values and standard deviation for all participants (n¼ 10) during each trial. Statistical sig-
nificance is indicated as �p< 0.05.
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Time to exhaustion during supramaximal exercise

Time to exhaustion during supramaximal-intensity exercise was determined during the
SUP phase of the exercise protocol. Time to exhaustion was defined as the duration
from the start of the SUP phase of exercise until the point at which the participant
could no longer maintain pedaling cadence above 60 rpm. Mean data for time to
exhaustion are displayed in Table 2 and Figure 5. There were no significant between-
trial differences.

Table 3. Mean values for blood lactate concentration during the active recovery phase of exercise.
Blood lactate concentration during Active Recovery (mmol/L) Control Placebo L-citrulline p value�
Minute 0 10.97 ± 2.17 11.60 ± 2.83 11.13 ± 2.82 .658
Minute 2 10.75 ± 1.74 11.01 ± 1.72 11.53 ± 2.52 .334
Minute 4 10.34 ± 1.67 10.87 ± 2.06 10.62 ± 2.00 .530
Minute 6 9.43 ± 1.87 10.39 ± 1.65 10.14 ± 1.70 .198
Minute 8 9.05 ± 1.56 9.00 ± 2.06 9.09 ± 1.71 .988
Minute 10 8.36 ± 1.58 8.66 ± 1.93 8.77 ± 1.90 .763
�p value represents the level of significance obtained in a repeated measures analysis of variance (ANOVA) with a confi-
dence interval of 95%.

Figure 3. Blood lactate concentration ([lactate]bl.) during active recovery for all three trials (control,
placebo, and L-citrulline). Data represents mean values and standard deviation for all participants
(n¼ 10) during each trial. Statistical significance is indicated as �p< 0.05.

JOURNAL OF DIETARY SUPPLEMENTS 7



Discussion

The purpose of this study was to assess the efficacy of nutritional supplementation with
L-citrulline as an ergogenic aid that would enhance supramaximal intensity exercise per-
formance and the recovery after exhaustive exercise. We hypothesized that five days of
supplementation with L-citrulline would increase the rate at which lactate disappears
from the blood following exhaustive exercise and during active recovery. Based on the
results of this study, it can be concluded that five days of supplementation with L-citrul-
line does not impact that rate at which lactate is cleared from the blood during active
recovery. While prior research indicates that supplementation with L-citrulline aug-
ments vasodilatory responses in the body (Gonzales et al. 2017; Safi et al. 2017) and
other research suggests that augmenting vasodilation facilitates greater lactate removal
from the blood (Gladden 2000; 2004), the results of the current investigation do not
support this relationship. Research up to this point on the effects of L-citrulline supple-
mentation and exercise-induced blood lactate are mixed. Research utilizing L-citrulline
supplementation over a 4-week athletic training period reported a reduction in blood
lactate concentration at the end of exercise but not during recovery (Kiyici et al. 2017).
Despite the reduction in blood lactate concentration following exercise, this research
supports our conclusion that L-citrulline supplementation is insufficient to improve lac-
tate removal kinetics during recovery. Furthermore, a recent meta-analysis of research
(Rhim et al. 2020) reported that an acute dose of L-citrulline does not significantly

Figure 4. Blood lactate concentration ([lactate]bl.) during active recovery for all three trials (control,
placebo, and L-citrulline) with line of best fit. Data represents mean values for all participants (n¼ 10)
during each trial with associated line of best fit. Statistical significance is indicated as �p< 0.05.
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affect blood lactate concentration following endurance-based exercise, further support-
ing our conclusion.
Similarly, previous research reports that dietary supplementation with nitrate and L-

arginine decreases the oxygen cost of submaximal exercise (Larsen et al. 2007; Bailey
et al. 2009; 2010; Vanhatalo et al. 2010; Jones 2014). It was therefore hypothesized in
the current investigation that supplementation with L-citrulline would lower the oxygen
cost of submaximal exercise, due to its ability to augment L-arginine and NOx (nitric
oxide, nitrite, nitrate) concentrations in the blood (Moncada and Higgs 1993;
Greenwood et al. 2008; Menzies et al. 2010). However, the current study did not yield
supporting results, as there were no significant effects of L-citrulline supplementation
on the oxygen cost of submaximal exercise.
While the mechanisms for L-citrulline’s actions are relatively clear and well sup-

ported, the current study’s results raise questions about the efficacy of L-citrulline for
augmenting the performance of cellular systems which may likely already be maximally
engaged during exercise. For example, when considering the rate of lactate disappear-
ance from the blood (Table 2, Figures 3 and 4) it is important to recognize that lactate
removal from the blood is dependent on its metabolism by metabolically active tissues
throughout the body, capacities and limitations to transport, and the degree of blood
flow which facilitates the transport of lactate to those metabolically active tissues. It is
clear that blood vessel radius is a key determinant of peripheral blood flow, and thus a
primary determinant of the degree of lactate removal from the blood should be vaso-
dilatory control of blood vessel radius. Therefore, from a theoretical perspective, there is

Figure 5. Time to exhaustion during supramaximal-intensity exercise for all three trials (control, pla-
cebo, and L-citrulline). Data represents mean values for all participants (n¼ 10) during each trial with
associated standard deviation bars. Statistical significance is indicated as �p< 0.05.
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certainly a basis for L-citrulline or any supplement that augments in vivo nitric oxide
concentration, to increase the rate of lactate disappearance from the blood. However,
the results of this study suggest that the previously documented vasodilatory effects of
L-citrulline ingestion may not extend to being relevant to the magnitude of physio-
logical responses and reserves already activated and called upon in response to supra-
maximal intensity exercise. The results of this study suggest that there may be a
physiological limit to the potential for L-citrulline supplementation to ameliorate the
rate of lactate removal, the oxygen cost of exercise, and VO2peak.

Limitations

We acknowledge that a lack of measurement of NO or NOx is a study limitation. Our
study design and hypothesis were based upon the previously mentioned findings that
both acute (Raghavan and Dikshit 2001; Sureda et al. 2009; Mori et al. 2015; Le Roux-
Mallouf et al. 2017) and prolonged supplementation (i.e. 7þ days) (Schwedhelm et al.
2008; Alsop and Hauton 2016; Gonzales et al. 2017; Safi et al. 2017) with L-citrulline
have been previously reported to enhance vasodilation by facilitating production of
nitric oxide. Thus, while the measurement of NOx would have provided information as
to the magnitude of the effect provided by L-citrulline, we are very confident that NOx

levels were sufficiently elevated and we do not believe that the lack of this measurement
undermines the validity of the study. Nevertheless, whether or not NO was elevated suf-
ficiently by our protocol, our conclusion that 5 days of supplementation with L-citrulline
does not enhance blood lactate clearance remains sound.

Conclusion

Five days of dietary supplementation with L-citrulline does not affect the rate of lactate
disappearance from the blood following exhaustive exercise during active recovery.
Furthermore, five days of supplementation with L-citrulline does not affect VO2peak, the
oxygen cost of exercise, and time-to-exhaustion during supramaximal intensity exercise.
The findings of this study suggest that L-citrulline is likely not an effective ergogenic
aid for the acceleration of recovery after exhaustive exercise in young, healthy adults.
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