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Abstract
L-Citrulline may improve non-invasive vascular function and cardiometabolic risk markers through increases in L-arginine bioavailability and
nitric oxide synthesis. A meta-analysis of randomised controlled trials (RCT) was performed to examine longer-term and postprandial effects of
L-citrulline supplementation and watermelon consumption on these markers for CVD in adults. Summary estimates of weighted mean
differences in vascular function and cardiometabolic risk markers with accompanying 95 % CI were calculated using random or fixed-effect
meta-analyses. Seventeen RCT were included involving an L-citrulline intervention, of which six studied postprandial and twelve longer-term
effects. Five studies investigated longer-term effects of watermelon consumption and five assessed effects during the postprandial phase.
Longer-term L-citrulline supplementation improved brachial artery flow-mediated vasodilation (FMD) by 0·9 %-point (95 % CI 0·7, 1·1,
P< 0·001). Longer-term watermelon consumption improved pulse wave velocity by 0·9 m/s (95 % CI 0·1, 1·5, P< 0·001), while effects on
FMD were not studied. No postprandial effects on vascular function markers were found. Postprandial glucose concentrations decreased
by 0·6 mmol/l (95 % CI 0·4, 0·7, P< 0·001) following watermelon consumption, but no other longer-term or postprandial effects were observed
on cardiometabolic risk markers. To conclude, longer-term L-citrulline supplementation and watermelon consumption may improve vascular
function, suggesting a potential mechanism by which increased L-citrulline intake beneficially affects cardiovascular health outcomes in adults.
No effects on postprandial vascular function markers were found, while more research is needed to investigate the effects of L-citrulline and
watermelon on risk markers related to cardiometabolic health.

Key words: L-citrulline: Watermelon: Vascular function: Cardiometabolic health: Meta-analysis

L-Citrulline – a non-essential amino acid abundantly found in
watermelon – is the immediate precursor for the synthesis of
L-arginine(1,2). Through increased L-arginine bioavailability,
L-citrulline stimulates the synthesis of endogenous nitric oxide
(NO)(3) that may exert several beneficial cardiometabolic and
vascular health effects(4–6), thereby reducing the risk on devel-
oping CVD(7). A recent review indeed found that L-citrulline
supplementation consistently increased both plasma L-arginine
and cyclic guanosine monophosphate concentrations, which is
an indicator of NO production(8). We already reported in our
very recent meta-analysis of human trials that L-arginine
improved longer-term (i.e. 3 d to 6 months) fasting and 2-h
postprandial vascular endothelial function, which was
explained by an increased NO bioavailability(9). Remarkably,
increasing evidence now indicates that dietary L-citrulline

supplementation may be an even more efficient intervention
to increase L-arginine and NO bioavailability than supplemen-
tationwith L-arginine itself(10–12). In fact, dietary L-arginine is – in
contrast to L-citrulline – partly metabolised to L-ornithine and
urea by the enzyme arginase in the gastrointestinal tract and
the liver resulting in lower plasma L-arginine concentrations
as compared with dietary L-citrulline that bypasses intestinal
and first hepatic metabolism(8,13,14).

Two meta-analyses of human intervention studies have
already reported that L-citrulline supplementation decreases
blood pressure(15,16). Also, L-arginine intake has previously been
shown to lower TAG concentrations(17) and to play an important
role in glucosemetabolism(18). It is therefore of interest to study if
L-citrulline supplementation may also beneficially affect cardio-
metabolic risk markers, such as total cholesterol, glucose and
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insulin concentrations. Studies on these cardiometabolic risk
markers are, however, equivocal. In addition, several trials
already investigated the effects of dietary L-citrulline on various
vascular function markers addressing different aspects of the
vasculature during the fasting and postprandial phase, but effects
have not been systematically and quantitatively reviewed.
Moreover, results of watermelon consumption on vascular func-
tion and cardiometabolic risk markers have not been quantita-
tively summarised before. Therefore, the aim was to
investigate and compare the effects of L-citrulline supplementa-
tion and watermelon consumption on vascular function and car-
diometabolic risk markers in randomised controlled trials (RCT)
involving adults. Focus was on longer-term and postprandial
effects, while different vascular function markers were consid-
ered that exist along the pathway between diet andCVD.

Methods

Eligibility criteria

Human RCT investigating postprandial or longer-term effects of
L-citrulline supplementation or watermelon consumption with
an appropriate control group on (i) non-invasive vascular func-
tion parameters and (ii) cardiometabolic risk markers were
included. Vascular function parameters included brachial artery
flow-mediated vasodilation (FMD), pulse wave analysis (PWA),
pulse wave velocity (PWV), and related outcomes.
Cardiometabolic risk markers included circulating glucose,
serum insulin and total cholesterol concentrations. Only articles
published in English involving an adult study population were
included. Longer-termwas defined as supplementing L-citrulline
or consuming watermelon for at least one day.

Search method and data extraction

Two systematic searches using the electronic databases
PubMed, EMBASE, MEDLINE and the Cochrane Library were
performed to retrieve potentially relevant articles published
before June 2021. A search was conducted for studies assessing
effects on: (i) the vascular function parameters and, (ii) cardi-
ometabolic risk markers. The following search terms were
used: flow-mediated dilation (or vasodilatation or vasodilation
or dilatation or FMD), endothelial (or endothelium) function (or
dysfunction), vascular reactivity, PWA, PWV, L-citrulline (or cit-
rulline malate), watermelon (or citrullus lanatus), glucose, insu-
lin (or proinsulin) and insulin resistance (or clamp or glucose
tolerance test or matsuda or HOMA-IR or QUICKI). Detailed
information on the search terms used can be found in
Supplemental Table 1.

Titles and abstracts of all potentially eligible articles were
first screened independently by two of the authors. The full text
of selected articles was then read. Discrepancies were resolved
by discussion until consensus was reached. Studies were
excluded if relevant data were missing. Also, studies were
not included if the intervention involved infusion of L-citrulline
or multiple consecutive bolus ingestions for studies investigat-
ing postprandial effects. After inclusion, data were extracted
relating to participant (i.e. age, BMI, sex and health status),

treatment characteristics (i.e. watermelon or L-citrulline inter-
vention, study duration, relevant outcome parameters with
accompanying measures of variability), the total number of
dropouts and funding received. If the amount of L-citrulline was
not provided, it was calculated using the information that
1000 g of fresh watermelon flesh corresponds on average to
2 g of L-citrulline(19). It should be noted, however, that fresh
watermelon flesh may contain slightly more L-citrulline than
watermelon rind(19). If available, data on circulating markers of
L-arginine metabolism (i.e. L-citrulline, L-arginine, L-ornithine –

an intermediate amino acid involved in the conversion of
L-arginine back into L-citrulline(20) – and NOx (i.e. nitrate and
nitrite) concentrations) were also extracted.

Risk of bias and GRADE assessment

Studies were assessed for their risk of bias (i.e. low, some con-
cerns or high risk) using the Cochrane Risk of Bias 2 (RoB 2)
assessment tool for randomised parallel and cross-over trials(21).
In addition, the quality of evidence (i.e. very low, low, moderate
or high) was determined by the GRADE assessment. RCT were
qualified as high-quality studies by using this assessment
tool, whereas downgraded RCT provided moderate quality of
evidence. Finally, (very) low quality of evidence was derived
from double or triple-downgraded RCT(22).

Statistical analyses

Quantitative meta-analyses were conducted when at least two
independent studies investigated the impact of L-citrulline sup-
plementation or watermelon consumption on one of the vascu-
lar function parameters or cardiometabolic risk markers. All
statistical analyses were performed using Stata 12.1 (Stata
Corporation, College Station). As described(23), effect sizes for
all outcomes in cross-over trials were calculated by subtracting
the mean value at the end of the treatment period from the mean
value at the end of the control period. Mean changes in the con-
trol group were subtracted from mean changes in the interven-
tion group for outcomes in parallel studies. Mean changes were
defined as the difference between the end and start of the study
values. Multiple study arms were included if results were only
provided for different study populations separately (i.e. men
v. women, or young v. old participants). For postprandial studies,
the time point with the most pronounced effect was taken if
multiple time points were measured.

For all outcomes, summary estimates of weighted mean
differences (WMD) and 95 % CI were determined using
fixed-effect meta-analyses and visualised using forest plots.
The inverse of the within-subject variance (i.e. 1/(standard
error)2) was used as weighing factor. If only one study was
available, no weighting was involved in the calculation of the
statistical summary. Heterogeneity was quantified using I2, that
is, the percentage of variability in effect estimate that is due to
heterogeneity rather than sampling error. If relevant hetero-
geneity between studies was present, as indicated by an I2

above 50 %, random-effect meta-analyses were performed.
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Results

Study selection

A total of 1983 potentially relevant articles were retrieved from
both systematic searches and 1928 papers were excluded for
different reasons, such as no inclusion of a watermelon or L-
citrulline intervention, no adult study population or no RCT.
The full text of the fifty-five remaining articles were reviewed
and twenty-six were included in the present meta-analysis
(Fig. 1).

As shown in Fig. 1, seventeen studies involved L-citrulline sup-
plementation. Six studies with eight relevant study arms investi-
gated postprandial effects(24–29), while twelve studies with twelve
relevant study arms investigated longer-term effects(27,30–40). One
trial investigated both postprandial and longer-term effects(27).

Ten studies involved a watermelon intervention: five studies with
five relevant study arms examined postprandial effects(25,41–44)

and the other five studies with five relevant study arms investigated
longer-term effects of watermelon consumption(45–49). One study
included both a L-citrulline and watermelon intervention(25).

Study characteristics

Three studies did not receive any funding(30,36,40), while one
study did not report any information on funding or grants(27).
Ten studies mentioned that their supplements were provided
by Pronat Laboratories, NOW Foods, Milne Fruits or Cobell
Ltd, without receiving any direct funding(31,32,35,37,39,45–49), while
two studies reported that they received funding from the
National Watermelon Promotion Board(41,44).

Fig. 1. PRISMA 2009 flow diagram of the study selection process of human randomised controlled trials that investigated postprandial and longer-term effects of L-
citrulline supplementation or watermelon consumption on vascular function and cardiometabolic risk markers. a one study included a L-citrulline and watermelon inter-
vention; b one study examined both postprandial and longer-term effects.
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Studies investigating longer-term effects of L-citrulline
supplementation had a study duration between 1 week and 4
months(27,30–40). In total, 311 participants were included ranging
from fifteen to thirty-eight participants per study arm. Their mean
age varied between 22 to 71 years, and their BMI from 23·7 to
35·0 kg/m2. The dose of L-citrulline ranged from 3 to 6 g per d.
One study provided a dose of 100 mg/kg per d(37). Five studies
included a healthy study population(27,33,34,37,38). The other studies
included participants with overweight and/or obesity(31,32,39), heart
failure(30,35), coronary artery disease(36) or type 2 diabetes(40).
Postprandial effects were studied after 1 to 5 h(24–29). These studies
included in total of 123 participants ranging from 7 to 27 per study
arm. Their mean age was between 21 to 81 years, and their BMI
from 23·5 to 29·0 kg/m2. Studies provided 5·6 to 10 g of L-citrulline.
Six studies involved a healthy study population(24–29) and one study
included participants with heart failure(26) (Tables 1 and 2).

Five studies investigated longer-term consumption of a water-
melon intervention(45–49). Study duration varied from 16 d to
6 weeks. These studies included fifty-six participants with a mean
age from 22 to 58 years and a mean BMI from 23·6 to 38·1 kg/m2.
One study supplemented with watermelon juice providing 3·4 g
of L-citrulline per d(45). The remaining studies used watermelon
powders or extracts providing 2·7 to 6 g of L-citrulline per d.
Two studies included healthy participants(45,48). The other studies
included patients with pre-hypertension(46) or obese patients with
(pre)hypertension(47,49). Five studies investigated postprandial
effects of watermelon consumption(25,41–44). In total, eighty-six
participants ranging from six to twenty-seven per study arm were
included. Mean age ranged from 21 to 35 years and mean BMI
from 21·2 to 28·7 kg/m2. Varying amounts of (L-citrulline-
enriched) watermelon juice(25,41,42) or watermelon(43,44) were pro-
vided in the studies corresponding to 0·8 to 6·9 g of L-citrulline.
Four studies involved a healthy study population(25,41–43), whereas
one study included overweight and obese participants(44)

(see Tables 3 and 4).

Longer-term and postprandial effects on vascular function
markers

Longer-term (i.e. 1 week to 4 months) L-citrulline supplementa-
tion significantly improved FMD by 0·9 %-point (95 % CI 0·7, 1·1,
P< 0·001, Table 5 and Fig. 2), while no heterogeneity was
observed between studies (P= 0·85). No studies have investi-
gated longer-term effects of watermelon consumption on
FMD. Longer-term (i.e. 16 d–6 weeks) watermelon consumption
significantly improved PWV by 0·9 m/s (95 % CI –1·5, –0·1,
P< 0·001), while L-citrulline supplementation did just not reach
statistical significance (WMD –0·2 m/s, 95 % CI –0·4, 0·0,
P= 0·10, Table 5 and Fig. 3). Several PWA-related outcomes
(i.e. augmentation index (corrected for heart rate), mean arterial
pressure, transit time to reflected wave and augmentation index
after a cold pressure test) were assessed in the longer-term trials.
No effects of L-citrulline and watermelon were observed on the
augmentation index (WMD 0·8 %-point, 95 % CI –2·4, 3·9,
P= 0·63 and WMD –0·1 %-point, 95 % CI –6·9, 6·7, P= 0·99,
respectively). After a cold pressure test, however, L-citrulline
supplementation decreased the augmentation index by 7·8 %
point (95 % CI –13·0, –2·6, P= 0·003, Table 5).

Postprandial FMDwas not affected by L-citrulline supplemen-
tation (WMD 0·1 %-point, 95 % CI −1·9, 2·2, P= 0·89) or water-
melon consumption (WMD 0·4 %-point, 95 % CI −1·5, 2·3,
P= 0·67). Only one study investigated postprandial effects of
L-citrulline supplementation on PWV and found no significant
effect (WMD −0·3 m/s, 95 % CI −1·1, 0·4, P= 0·41, Table 6).
No postprandial studies investigated the effects of L-citrulline
or watermelon on augmentation index and other PWA-related
outcomes parameters.

Longer-term and postprandial effects on cardiometabolic
risk markers

In only one study, longer-term effects on circulating glucose con-
centrations after watermelon consumption were reported, but
no effects were observed (WMD 0·0 mmol/l, 95 % CI −0·0,
0·0, P= 1·00). However, a trend towards reduced glucose con-
centrations was observed after L-citrulline supplementation
(WMD −0·9 mmol/l, 95 % CI −1·9, 0·8, P= 0·06). Total choles-
terol concentrations were not changed after longer-term L-citrul-
line supplementation (WMD 0·0 mmol/l, 95 % CI −0·4, 0·4,
P= 0·98, Table 7).

Postprandial glucose concentrations significantly decreased
by 0·6 mmol/l after watermelon consumption (95 % CI −0·7,
−0·4, P< 0·001), with significant heterogeneity between studies
(P< 0·001). Effects of L-citrulline supplementation on postpran-
dial glucose, insulin and total cholesterol concentrations were
only studied in one trial and no effects were found. Moreover,
only one trial included postprandial total cholesterol concentra-
tions after watermelon consumption, which were not affected
(see Table 8).

Longer-term and postprandial effects on circulating
markers of L-arginine metabolism

Longer-term L-citrulline supplementation and watermelon con-
sumption increased L-arginine concentrations (WMD 40·7 μmol/l,
95% CI 19·1, 62·3, P< 0·001 and WMD 49·0 μmol/l, 95% CI 43·5,
54·5, P< 0·001, respectively). Longer-term watermelon con-
sumption (WMD 79·0 μmol/l, 95 % CI 66·1, 91·7, P< 0·001), but
not L-citrulline supplementation (28·0 μmol/l, 95% CI –15·7,
71·7, P= 0·21), also showed significantly increased L-citrulline
concentrations in one study. L-Citrulline and watermelon did
not affect NOx concentrations (WMD –1·6 μmol/l, 95% CI –5·9,
2·7, P= 0·46 and WMD 8·5 μmol/l, 95% CI –78·9, 95·9,
P= 0·85, respectively, Table 6). Effects on L-ornithine concentra-
tions were not studied.

L-citrulline supplementation increased significantly postpran-
dial L-citrulline, L-arginine and L-ornithine concentrations
(WMD 1647·5 μmol/l, 95 % CI 1362·7, 1932·1, P< 0·001, WMD
101·7 μmol/l, 95 % CI 87·7 to 115·8, P< 0·001 and WMD
55·8 μmol/l, 95 % CI 35·2, 76·3, P< 0·001, respectively).
Postprandial L-arginine and L-citrulline concentrations were
also significantly increased by watermelon consumption (WMD
27·9 μmol/l, 95 % CI 17·7 to 38·1, P< 0·001 and WMD
49·5 μmol/l, 95 % CI 21·9, 77·2, P< 0·001, see Table 8), while
effects on L-ornithine concentrations were not investigated.
Only one study examined the effects of L-citrulline supplemen-
tation on postprandial NOx concentrations and found no
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Table 1. Overview of studies involving longer-term L-citrulline supplementation on vascular function and cardiometabolic risk markers included in this meta-analysis

Author and
year

No of par-
ticipants
analysed

No of
dropout

Sex: male
(%) Age (years)

BMI (kg/
m2) Health status Treatment Control Duration Amount

Study
design Funding

Vascular function
markers*

Cardiometabolic
risk markers

Longer-term studies
Azizi

2021(40)
45 9 61/68 47·6/50·0 29·8/28·3 Type 2 diabetes

patients
L-citrulline Microcrystalline cellu-

lose
8 weeks 3 g/d Parallel No funding Glucose, choles-

terol
Balderas-

Munoz
2012(30)

35 5 80/53·3 68·2/65·8 – Heart failure
patients

(NYHA class
I and II)

Citrulline
malate

Optimal pharmaco-
logical treatment

4 months 3 g/d (2 × 1·5 g) Parallel No funding Photoplethysmography

Figueroa
2010(33)

17 1 100 22 25·7 Healthy L-citrulline Maltodextrin 4 weeks 6 g/d Cross-
over

College of Human Sciences
Research Award and
Bess Ward Honors
Thesis award.
Supplements provided
by NOW Foods

PWA

Figueroa
2015(32)

27 0 0/0 58/58 33·8/35·0 Obese postme-
nopausal

Whole
body
vibration
exercise
training
þ L-cit-
rulline

Whole body vibration
exercise trainingþ

maltodextrin

8 weeks 6 g/d (2 × 3·0 g) Parallel Supplements provided by
NOW Foods

PWA, PWV

Figueroa
2016(31)

16 0 100 24·0 29·3 Overweight and
obese

L-citrulline Maltodextrin 2 weeks 6 g/d (2 × 3·0 g) Cross-
over

Supplements provided by
NOW Foods

PWA, PWV

Gonzales
2017(34)

25 0 48 70·5 23·7 Healthy L-Citrulline Maltodextrin 2 weeks 6 g/d (2 × 3·0 g) Cross-
over

American Heart Association
Beginning Grant-in-Aid

PWV

Ochiai
2012(27)

15 0 100 58·5/58·0 25·2/24·9 Healthy L-Citrulline Placebo (unspecified) 1 week 5·6 g/d Parallel Not reported PWV† Glucose, choles-
terol

Orea-Tejeda
2010(35)

27 3 60·0/53·3 66·8/63·1 – Heart failure
patients

(NYHA class
I and II)

L-citrulline
malate

L-arginine (8 g/d) 2 months 3 g/d Parallel Supplements provided by
Pronat Laboratories

Photoplethysmography

Safi 2017(36) 30 0 60 56·5 – Coronary artery
disease
patients

L-citrulline Placebo (unspecified) 15 d 3 g/d Cross-
over

No funding FMD

Sanchez-
Gonzalez
2013(37)

16 0 100 23·0 27·1 Healthy L-citrulline Maltodextrin 2 weeks 100 mg/(kg × d) Cross-
over

Supplements provided by
NOW Foods

PWA

Schwedhelm
2008(38)

20 0 65·0 57·0 25·6 Healthy L-citrulline Placebo (unspecified) 1 week 6 g/d (2 × 3·0 g) Cross-
over

Angiogenix Inc, Burlingame,
CA, USA and
Angsagenix, Inc

FMD

Wong
2016(39)

38 3 0/0 58·0/58·0 33·8/35·0 Obese postme-
nopausal

Whole
body
vibration
exercise
training
þ L-cit-
rulline

Whole body vibration
exercise trainingþ

maltodextrin

8 weeks 6 g/d (2 × 3·0 g) Parallel Supplements provided by
NOW Foods

PWA

* PWA, pulse wave analysis; PWV, pulse wave velocity; FMD, flow-mediated vasodilation.
† PWV provided as cm/s instead of m/s. Values are converted into m/s before analyses.
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Table 2. Overview of studies involving postprandial L-citrulline supplementation on vascular function and cardiometabolic risk markers included in this meta-analysis

Author and
year

No of par-
ticipants
analysed

No of
dropout

Gender
Male
(%)

Age
(years)

BMI (kg/
m²)

Health
status Treatment Control Duration Amount

Study
design Funding

Vascular
function
markers†

Cardiometabolic
risk markers

Postprandial studies
Churchward-

Venne
2014(24)

21 0 100 73·7/71·9 28·0/26·7 Healthy Wheyþ resis-
tance exer-
cise training
þ L-citrul-
line

Wheyþ resist-
ance exer-
cise
trainingþN-
EAA

5 h 10 g Parallel Canadian
Institutes for
Health
Research and
Natural
Sciences and
Engineering
Research
Council of
Canada
Postgraduate
Scholarship

Glucose, insulin

Cutrufello
2015(25)

22 0 50 20·8 23·5* Healthy 710 ml
sucrose
solutionþ
L-citrulline

710 ml sucrose
solution

1 h 6 g Cross-over Not reported FMD

Kim 2015-
a(26)

7 0 71·4 26 25·6 Healthy L-Citrulline Serine, glycine
and alanine

6 h 10 g Cross-over Pepper Center
Grant

Forearm
blood flow

Kim 2015-
b(26)

7 0 28·6 81 29·0 Heart fail-
ure

L-Citrulline Serine, glycine
and alanine

6 h 10 g Cross-over Pepper Center
Grant

Forearm
blood flow

Ochiai
2012(27)

15 0 100 58·5/58·0 25·2/24·9 Healthy L-Citrulline Placebo
(unspecified)

1 h 5·6 g Parallel Not reported PWV‡ Glucose, choles-
terol

Rogers
2020(28)

24 3 71·4 22·3 24·0* Healthy L-Citrulline Dextrose 1 h 8 g Cross-over State
Undergraduat-
e Research
Fund,
University of
Arkansas
Honors
College
Undergraduat-
e Research
Grant, and
Nutrition 21,
LLC

FMD

Trexler
2020(29)

27 3 100 22 24·8 Healthy L-Citrulline
malate

Blackcurrant
juice

2 h 8 g Cross-over National
Strength and
Conditioning
Association
Foundation

Femoral
artery
blood flow

* BMI calculated by provided height and weight.
† FMD: flow-mediated vasodilation; PWV: pulse wave velocity.
‡ PWV provided as cm/s instead of m/s. Values are converted into m/s before analyses.
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Table 3. Overview of the studies investigating postprandial watermelon consumption on vascular function and cardiometabolic risk markers included in this meta-analysis

Author and
year

No of
participants
analysed

No of
dropout

Sex
Male
(%)

Age
(years)

BMI
(kg/
m²)

Health
status Treatment Control Duration Amount

L-
Citrulline

Study
design Funding

Vascular
function
markers†

Cardiometabolic
risk markers

Postprandial studies
Blohm

2020(41)
27 7 48·1 24·6 22·8 Healthy Watermelon

juice
Gatorade

juice
45 min 355 ml 0·8 g Cross-over National Watermelon

Promotion Board
Glucose

Cutrufello
2015(25)

22 0 50 20·8 23·5* Healthy Watermelon
juice

Sucrose sol-
ution

1 h 710 ml 1·0 g Cross-over Not reported FMD

Fan
2020(44)

6 1 33·3 32·2 28·7 Overweight
and
obese

Watermelon
(flesh)

Control meal 8 h 278 g‡ 0·01 g Cross-over National Watermelon
Promotion Board

FMD

Martinez-
Sanchez
2017(42)

21 0 100 35·3 23·9 Healthy L-Citrulline
enriched
water-
melon
juice

Placebo
juice
(unspeci-
fied)

72 h 500 ml 6·9 g Cross-over Juan de la Cierva
Grant

Glucose, choles-
terol

Robert
2008(43)

10 0 50 31·4 21·2 Healthy Watermelon Glucose 2 h 893 g 1·8 g§ Cross-over Funding from Universiti
Sains Malaysia,
Cargill Inc., ILSI
Europe, Dutch
Sugar Bureau, and
Mars Inc.

Glucose

* BMI calculated by provided height and weight.
† FMD, flow-mediated vasodilation.
‡ Amount of watermelon calculated based on the Dutch nutritional centre indicating that 278 g of watermelon contain 100 kcal.
§ Amount of L-Citrulline not provided but calculated with the information that 1000 g of watermelon contains approximately 2 g of L-Citrulline.
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effects (WMD 0·1 μmol/l, 95 % CI –76·8, 77·1, P= 1·00). These
effects were not investigated after watermelon consumption.

Risk of bias and GRADE assessment

Longer-term and postprandial L-citrulline studies were all classi-
fied as having a low risk of bias. Moreover, the included water-
melon studies also had a low risk of bias (online Supplemental
Tables 2a and b). GRADE assessment revealed that the included
studies provided moderate or high quality of evidence.

Discussion

In this meta-analysis of human RCT, we found that longer-term L-
citrulline supplementation significantly improved FMD, while
watermelon consumption beneficially affected PWV. No post-
prandial effects of L-citrulline or watermelon on vascular func-
tion markers were observed. Watermelon consumption
beneficially affected glucose concentrations during the post-
prandial phase, but other postprandial or longer-term effects
on cardiometabolic risk markers were not observed.

Longer-term L-citrulline supplementation significantly
improved vascular endothelial function as FMD increased by
0·9 %-point. Moreover, we here also provide evidence for an
improved arterial stiffness as PWV decreased by 0·9 m/s after
longer-term watermelon consumption. In line with this, benefi-
cial effects on PWA outcomes were also found after both L-citrul-
line supplementation and watermelon consumption. These
improvements in vascular function are of clinical relevance as
they are associatedwith a reduced risk to develop cardiovascular
events(50–53). Longer-term L-citrulline supplementation nearly
improved PWV, but effects were less pronounced as compared
with those of watermelon. The amount of L-citrulline was com-
parable between the L-citrulline (2·7–6 g/d) and watermelon (3–
6 g/d) studies, but L-citrulline studies were shorter (i.e. 1 to 4
weeks v. 6 weeks), which could be a possible explanation for
the observed smaller effects. Moreover, the effects of L-citrulline
could have been more pronounced following supplementation
with higher dosages were provided, as dose-dependent effects
were observed with a maximum effect reached at 10 g/d(10).
Besides, differential effects between L-citrulline and watermelon
on vascular function may also be explained by beneficial effects
of other components next to L-citrulline provided watermelon,
such as L-arginine, lycopene and vitamin C(54). In fact, meta-
analyses have shown that these components beneficially impact
vascular endothelial function as well(55,56) and may also reduce
arterial stiffness(57,58).

Since we spend most of the time in the postprandial phase, it
is of interest to investigate if watermelon consumption and L-cit-
rulline supplementation also affect vascular function during the
postprandial phase. No effects on vascular function markers
were found during the postprandial phase. However, most stud-
ies assessed vascular function 1 h postprandially. It cannot be
excluded that effects on FMD have not been reached within
1 h as Borucki and colleagues(59) have indeed shown that 2-h
and 3-h postprandial FMD, but not 1-h FMD, were improved
after supplementation with L-arginine.T
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Table 5. Effects of longer-term L-Citrulline supplementation and watermelon consumption on vascular function markers

Variable No of study arms WMD 95% CI P

Vascular function markers*
Brachial artery flow-mediated vasodilation (%)

L-Citrulline 2 0·9 0·7, 1·1 < 0·001
Watermelon – – – –

Pulse wave analysis-related outcomes
Augmentation index (%)

L-Citrulline 4 0·8 –2·4, 3·9 0·63
Watermelon 4 –0·1 –6·9, 6·7 0·99

Augmentation index corrected for heart rate (AIx75, %)
L-Citrulline† 1 –4·0 –8·3, 0·3 0·068
Watermelon 3 3·3 –4·3, 11·0 0·39

Mean arterial pressure (mmHg)
L-Citrulline 3 –0·4 –6·7, 5·9 0·91
Watermelon† 1 –6·0 –10·7, –1·3 0·013

Transit time to reflected wave (ms)
L-Citrulline 4 1·0 –3·6, 5·5 0·68
Watermelon 3 –5·7 –11·1, –0·4 0·035

Augmentation index after cold pressure test (%)
L-Citrulline 2 –7·8 –13·0, –2·6 0·003
Watermelon† 1 –2·1 –5·5, 1·3 0·23

Pulse wave velocity (m/s)
L-Citrulline 5 –0·2 –0·4, 0·0 0·096
Watermelon 2 –0·9 –1·3, –0·4 < 0·001

Photoplethysmography (MAT/TT, %)‡
L-Citrulline 2 –20·1 –56·2, 15·9 0·27
Watermelon – – – –

* No data available for forearm and femoral artery blood flow.
† n= 1; no weighting is involved in calculation of statistical summary of a single study.
‡MAT/TT, maximum amplitude time/total time.

Favour of impairment Favour of improvement

Fig. 2. Forest plot of human randomised controlled trials that investigated postprandial and longer-term effects of L-citrulline supplementation or watermelon consump-
tion on brachial artery flow-mediated vasodilation (FMD). Solid squares represent individual studies, whereas the diamond square represents the weighed mean differ-
ence (WMD) in FMD as calculated by random-effect meta-analyses.
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Overall, cardiometabolic risk markers were not affected. A
possible explanation could be that muscle glucose uptake and
insulin sensitivity are improved,while fasting circulating concen-
trations remain unaffected or that the study duration (i.e. 7–16 d)
was not long enough to exert long-term effects on fasting circu-
lating glucose concentrations. However, we did observe a post-
prandial decrease in plasma glucose of 0·6 mmol/l after
watermelon consumption. One mechanism by which water-
melonmay affect glucose concentrations is by increasing plasma
L-arginine concentrations, which may increase NO bioavailabil-
ity(8) thereby affecting muscle glucose uptake(60). We indeed
observed that the consumption of watermelon increased both
plasma L-citrulline and L-arginine concentrations during the post-
prandial phase, which may in turn affect glucose and insulin
metabolism via an increased NO bioavailability. However, no
changes in longer-term glucose and insulin concentrations were
observed.

L-Citrulline, either via supplementation or watermelon
intake(61), is not metabolised by intestinal and hepatic argi-
nases, and released as L-arginine into the systemic circulation
after conversion by the kidneys(14). This may account for the
observation that dietary L-citrulline increases L-arginine and
NO bioavailability more efficient than intake of L-arginine
itself(10–12). We did observe in this meta-analysis that intake
of L-citrulline and watermelon increased postprandial as well
as longer-term L-arginine concentrations. However, no effects
on plasma nitrate and nitrite concentrations were observed,
which may be used as a marker for NO bioavailability. A better
approach to assess NO bioavailability is to assess substrates
and endogenous inhibitors of endothelial NO synthase, the

enzyme responsible for NO production, such as L-arginine,
homo-arginine and asymmetric dimethylarginine concentra-
tions(62,63). Therefore, the observed absence of effects on
plasma nitrate and nitrite concentrations should be inter-
preted with caution as they do not necessarily represent an
absence of effect on NO bioavailability.

This is the first meta-analysis to compare the effects of water-
melon consumption and L-citrulline supplementation on
longer-term and postprandial vascular function and cardiome-
tabolic risk markers. Our results are derived from studies with
low risk of bias providing moderate-to-high quality of evi-
dence. The protocol was however not pre-registered to
PROSPERO and our systematic literature search did not include
a search for grey literature. However, our meta-analysis did fol-
low the AMSTAR 2.0 tool and Cochrane handbook(21,64).
Another potential limitation is the small number of longer-term
studies, while only a limited number of postprandial studies
was included. Subgroup analyses could therefore not be per-
formed to investigate if observed results were depending on
subject or treatment characteristics. More well-designed trials
are thus still needed to further explore health effects and also
the safety of watermelon consumption and L-citrulline supple-
mentation. Unfortunately, the studies included did not report
plasma L-citrulline concentrations after supplementation.
Moreover, it was not mentioned which part of the watermelon
was used, which can be important as differences exist in L-cit-
rulline concentrations between rind and flesh. However, most
studies did analyse the amount of L-citrulline in the study prod-
uct. Finally, certain medications may affect L-citrulline metabo-
lism. Furhter investigation is thus still needed to study whether

Favour of impairment Favour of improvement

Fig. 3. Forest plot of human randomised controlled trials that investigated postprandial and longer-term effects of L-citrulline supplementation watermelon consumption
on pulse wave velocity (PWV). Solid squares represent individual studies, whereas the diamond square represents the weighed mean difference (WMD) in PWV as
calculated by fixed-effect meta-analyses.
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the use of medication affects potential benefits of L-citrulline on
CVD risk(65).

Conclusion

In conclusion, this meta-analysis provided evidence that longer-
term L-citrulline andwatermelon consumptionmay improve vas-
cular function in adults, suggesting a potential mechanism by
which an increased L-citrulline intake may beneficially affect
cardiovascular health outcomes. No effects on postprandial vas-
cular function markers were found. Longer-term effects on car-
diometabolic risk markers were not observed, but more research
is still needed to investigate the effects of L-citrulline and water-
melon on cardiometabolic health.
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