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A decade-old meta-analytic work indicated that L-arginine supplementation might have a blood pressure (BP)-lowering effect in different
populations. However, several relevant investigations have emerged in the last 10y, and an up-to-date systematic review and meta-analysis on
this topic is currently lacking. Therefore, we aimed to examine the impact of L-arginine supplementation on BP by conducting a systematic review
and dose-response meta-analysis of randomized placebo-controlled clinical trials (RCTs). We searched online databases using relevant keywords up
to April 2021 to identify RCTs using oral L-arginine on systolic BP (SBP) and diastolic BP (DBP) in adults. Inclusion criteria were adult participants and
an intervention duration >4 d. Exclusion criteria were the use of L-arginine infusion and acute interventions. A random-effects model was used to
estimate the weighted mean difference (WMD) and 95% Cl. Twenty-two RCTs with 30 effect sizes were included in this meta-analysis. The pooled
analysis demonstrated significant decreases in SBP (WMD = —6.40 mmHg; 95% Cl: —8.74, —4.05; P < 0.001) and DBP (WMD = —2.64 mmHg;
95% Cl: —3.94, —1.40; P < 0.001) after L-arginine supplementation. Subgroup analysis showed significant reductions in SBP and DBP regardless
of baseline BP category (normotensive, hypertensive), study duration (<24 d, >24 d), sex (female, male), health status (healthy, unhealthy), and
BMI (normal, overweight, obese). No significant changes were observed with dosages >9 g/d, trial duration >24 d, or in obese individuals. L-
Arginine supplementation also appears to decrease DBP more effectively in females than in males. Moreover, meta-regression analysis for DBP
demonstrated a significant relation between the dose of L-arginine intake and changes in DBP (P = 0.020). In the nonlinear dose-response analysis,
the effective dosage of L-arginine supplementation was detected to be >4 g/d for SBP (P = 0.034), independent of trial duration. Overall, L-arginine
supplementation may be effective for decreasing BP. This study was registered at PROSPERO as CRD42021242772. Adv Nutr 2022;13:1226-1242.

Statement of Significance: This meta-analysis was performed for the following reasons: 1) The last meta-analysis on this topic was done
in 2010, and since then many relevant studies have been published. Therefore, there was a need for an up-to-date systematic review and
meta-analysis on this topic. 2) To establish the appropriate clinical dose and duration of L-arginine supplementation. 3) To evaluate the effects
of L-arginine supplementation in adults with different baseline blood pressure categories, BMIs, genders, and health statuses. 4) To conduct a
new analysis (nonlinear dose—response analysis by 1-stage robust error meta-regression model analysis), which was not previously performed
in the decade-old meta-analytic work.
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Introduction with preserved ejection fraction, hemorrhagic stroke, and
According to the WHO, the prevalence of hypertension in  cognitive impairment is high blood pressure (BP), which has
adults is expected to increase from 26.4% to 29.2% by 2025, been linked to millions of deaths per year (3, 4). To combat
affecting more than 1 billion people (1, 2). Indeed, the single-  the hypertension epidemic, effective dietary interventions are
most-important and modifiable risk factor for heart failure ~desperately needed.
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L-Arginine is an amino acid that our body obtains
either from dietary sources or endogenous metabolism. It
is the substrate for numerous enzymatic pathways involved
in regulating vascular tone, immune activation, and cell
growth (5). L-Arginine is metabolized by NO synthase
(NOS) into NO and vr-citrulline in endothelial cells (5). L-
Arginine supplementation has been shown to exert several
beneficial effects on cardiometabolic markers, including BP,
microvascular endothelium-dependent dilation, adiposity,
and insulin resistance (6-9). Several studies have examined
the impact of L-arginine on resting BP. For instance, a diet
rich in L-arginine significantly reduced both systolic BP
(SBP) and diastolic BP (DBP) in healthy participants (10).
Similarly, 3 to 12 g/d L-arginine supplementation reduced
both SBP and DBP in patients with mild hypertension (11)
and pre-eclamptic women (12), indicating an antihyperten-
sive effect. A meta-analysis of 11 randomized controlled trials
(RCTs) has shown a decreased SBP and DBP in those who
received a median dose of 9 g (4-24 g/d) for a median
duration of 4 wk (2-24 wk), which was impacted by little to
considerable heterogeneity (I*= 73.3% and 34.4% for SBP
and DBP, respectively). However, no significant correlation
was found between dosage, duration of supplementation,
or baseline BP on net alteration of SBP and DBP (13). In
contrast, studies have found that L-arginine supplementation
failed to induce significant BP reductions in pregnant women
with mild chronic hypertension (14) and in young, healthy
individuals (15).

Consequently, research on the association between L-
arginine supplementation and hypertension has shown
mixed findings, which may be due to several factors,
including diverse BP categories, dosages, and durations.
Although there is a previous meta-analysis on this topic
(13), this investigation was conducted a decade ago, and
several relevant articles have emerged since then. Therefore,
we conducted a thorough meta-analysis including the latest
literature on the impact of L-arginine supplementation on
SBP and DBP in adults.

Methods

The current research used the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) declara-
tion (16). The present study was registered at PROSPERO
(CRD42021242772).
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Search strategy

To find relevant prospective studies on the effects of L-
arginine supplementation on BP published up to March
2021, we executed a systematic literature search in scientific
databases including PubMed/Medline, Scopus, Web of Sci-
ence, EMBASE, the Cochrane databases, and Google Scholar.
Moreover, the bibliography of related studies, including
prior meta-analytic work (13), was scrutinized to find
potential missing studies. There were no restrictions on
the length of time or language of publications. The PICO
(Participant, Intervention, Comparison/Control, Outcome)
search framework was used to search for items related to
L-arginine supplementation and BP. The combination of
Medical Subject Heading (MeSH) and non-MESH terms
was used for the search, as follows: (arginine OR L-
arginine) AND (“blood pressure” OR systolic OR diastolic
OR SBP OR DBP OR hypertension OR hypertensive OR
HTN) AND (Intervention OR “Intervention Study” OR
“Intervention Studies” OR “controlled trial” OR randomized
OR randomized OR random OR randomly OR placebo OR
“clinical trial” OR Trial OR “randomized controlled trial” OR
“randomized clinical trial” OR RCT OR blinded OR “double
blind” OR “double blinded” OR trial OR “clinical trial” OR
trials OR “Pragmatic Clinical Trial” OR “Cross-Over Studies”
OR “Cross-Over” OR “Cross-Over Study” OR parallel OR
“parallel study” OR “parallel trial”).

Study selection

We incorporated studies that satisfied the following criteria:
I) RCTs (parallel or crossover), 2) used oral intake of L-
arginine, 3) examined the effects of L-arginine supplemen-
tation on SBP and DBP, 4) had an intervention duration of
at least 4 d (RCTs with >2 eligible arms were considered
as separate studies), 5) were performed in adults (>18 y
old), and 6) provided means and SDs for SBP and DBP,
or any other effect sizes from which the calculation of
mean and SD was possible. The searches were limited to
human studies with no language restrictions. Two authors
(FS and OA) independently screened the title and abstracts
of the included publications, extracted results, and assessed
the validity of the qualifying studies to determine whether
they qualified. Any disputes were settled with discussion.
Exclusion criteria included animal studies, reviews, and in
vitro studies. Moreover, studies in children and adolescents,
gray literature, conference abstracts, editorial papers, books,
and RCTs without a placebo or control group were also
excluded. Further exclusion criteria consisted of studies in
which L-arginine was administered by infusion, consumed
for less than 4 d, in combination with vitamins or minerals,
and those that reported mean arterial BP as the only outcome.
In addition, studies assessing BP responses to exercise (post-
exercise) were excluded unless resting BP data at pre- and
post-L-arginine supplementation were reported.

Data extraction
All eligible RCTs were re-checked separately, and the follow-
ing information was extracted by 2 independent investigators
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(OA and FS). The first author’s name, country, publication
year, type of clinical trial, participant characteristics (mean
age, BMI, sex), randomization, blinding, sample size, the
number of participants in the intervention and control
groups, the form and dose of supplemented arginine, study
duration, and related data were extracted for further mea-
sures. If the L-arginine doses were reported in milligrams per
day, they were converted to grams per day. The mean and SD
for SBP and DBP at the start and end of each intervention (for
both parallel and crossover trials) were also collected. If these
data were not present, the mean difference was calculated by
subtracting the mean value at baseline from the mean value
at the end of the study.

Quality assessment

The Cochrane Collaboration tool was used to assess the
quality of the studies (17). All studies were judged for
any source of bias, which included randomized sequence
generation, allocation concealment, participant and staff
blinding, outcome assessor blinding, inadequate outcome
data, selective reporting, and other biases. As a result, 3
groups were created: high risk of bias, low risk of bias, and
uncertain risk of bias (Table 1). Two reviewers (FS and
OA) separately assessed the quality of the work, and any
conflicting opinions were settled by discussion.

Statistical analysis

The statistical analysis was conducted using Stata version
11.0 (StataCorp). All tests were 2-tailed, and P values
<0.05 were considered statistically significant. A random-
effects model was used for the calculation of the pooled
weighted mean difference (WMD) to account for existing
heterogeneity (18). We calculated mean differences in SBP
and DBP from baseline to the postintervention between -
arginine supplementation and control groups. The SD of the
mean difference was calculated using the following formula:
SD = square root [(SD at baseline)* + (SD at the end of
study)® - (2 r x SD at baseline x SD at the end of study)]
(19). We used the Hozo et al. (20) approach to transform SEs,
95% CIs, and IQRs to SDs, in each study that reported SE
instead of SD. The formula SD = SE x /1 (n = the number of
individuals in each group) was used to calculate SD. A corre-
lation coefficient of 0.8 was used for r (21). Subgroup analysis
was conducted to determine the source of heterogeneity.
Subgroups were selected based on the required minimum
number of studies according to the criteria set forth by Fu
and colleagues (22, 23), where there should be at least 6
to 10 studies for continuous and a minimum of 4 studies
for categorical subgroup variables. The analyses of baseline
SBP (<130 mmHg, >130 mmHg) and DBP (<80 mmHg,
>80 mmHg) were based on the American Heart Association’s
BP categories (24), whereas those for intervention duration
(<24 wk, >24 wk) and dosage of L-arginine (>9 g/d) were
based on the median values of the included studies. Other
subgroup analyses were performed according to sex (male,
female), health status (healthy, unhealthy), and baseline
BMI [kg/m?; normal (18.5-24.9), overweight (25-29.9), and
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obese (>30)]. In the meta-analyses, the I> or Cochrane’s
Q test was used to measure statistical heterogeneity (25),
with values greater than 40% indicating strong heterogeneity
(26).

Publication bias was checked by the funnel plot test (27,
28). To analyze each study’s effect on the pooled effect
size, the leave-one-out method (i.e., removing 1 trial at a
time and recalculating the impact size) sensitivity analysis
was conducted to see how many inferences were dependent
on a specific sample. We used the trim-and-fill method to
detect and adjust the impact of the publication bias (29).
Meta-regression was performed for assessing the potential
effects of L-arginine (g/d) dosage and duration on SBP and
DBP. Furthermore, for the dose-response analysis between
L-arginine supplementation and SBP and DBP, we used a
1-stage robust error meta-regression (REMR) model focused
on inverse variance-weighted least-squares regression and
cluster robust error variances for dealing with the synthesis
of the correlated dose-response data from different studies
(30, 31).

Certainty assessment

The overall certainty of evidence across the studies was
assessed and summarized using the GRADE (Grading of
Recommendations Assessment, Development, and Evalua-
tion) approach, as previously described (32).

Results

Flow of study selection

The flow chart presented in Figure 1 describes the selection
process and the references retrieved from the database. A
total number of 4821 studies were identified in the first step of
the literature search of electronic databases. After excluding
duplicate (n = 1891) and irrelevant studies based on titles
and abstracts (n = 2804), 126 potentially relevant articles
were considered for full-text review. After the screening,
98 studies were excluded due to the following reasons:
insufficient outcome data reported, intravenous infusion,
acute oral ingestion, or short duration of supplementation
(<4 d). Finally, 28 studies were included in the qualitative
synthesis, but we could not find the full text of a study
in which BP was a secondary outcome (33). Of the 28
reports retrieved for detailed assessment, 6 studies, including
Siani et al. (10), Orea-Tejeda et al. (34), Miller et al. (35),
Kelly et al. (36), and Jahangir et al. (37), were excluded
because they were not placebo-controlled. The study by
Pezza et al. (38) was not included due to the uncertainty of
the washout period and the possibility of carryover effect
and the combined effects of BP medication with rL-arginine
supplementation (38). All of the studies were written in
English, while one was in Portuguese (39). Finally, 22 studies
were included (11, 12, 14, 15, 39, 41-56) in the present
meta-analysis, and their characteristics are illustrated in
Table 2.
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for eligibility
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A

A 4

Studies included in
qualitative synthesis
(n=28)

y

Studies included in
quantitative synthesis
(meta-analysis)
(n=28)

FIGURE 1 Flowchart of study selection for trial inclusion in the systematic review of the effects of L-arginine supplementation on blood

pressure in adults.

Study characteristics

These studies were published between 1996 and 2021 and
originated in Iran (40, 54), China (15), Italy (14, 42, 46-
50), Poland (11, 12, 52), Portugal (39), Brazil (53), the
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United Kingdom (41), Austria (56), Germany (43), France
(44), the United States (45, 51), and Mexico (55). The
study design characteristics are presented in Table 2. The
WMD and 95% CI of SBP and DBP and their changes
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A Duration of
%  intervention L-Arginine
Author Effect (95% CI) Weight (days) dose (g/d)
Chin-Dusting et al. 1996 (15) ! —— 7.40 (-1.69, 16.49) 2.55 28 20
Clarkson et al. 1996 (41) | —— -1.00 (-5.00, 3.00) 3.68 28 21
Piatti et al. 2001 (42) —— : -18.00 (-21.08, -14.92) 3.85 28 9
Sydow et al. 2002 (43) —_—— -4.00 (-15.19, 7.19) 2.13 56 24
Rytlewski et al. 2005 (12) - -7.30 (-9.04, -5.56) 4.03 21 3
West et al. 2005 (44) —_——— -2.70 (-8.80, 3.40) 3.23 21 12
Hladunewich et al. 2006 (45) , —_—— 8.00 (1.41, 14.59) 3.11 7 14
Lucotti et al. 2006 (47) — ! -23.00 (-27.43, -18.57) 3.60 21 83
Facchinetti et al. 2007 (48) —— -2.40 (-5.93, 1.13) 3.77 28 4
Fontanive et al. 2009 (49) —— -5.00 (-9.75, -0.25) 3.53 21 6
Lucotti et al. 2009 (46) - -6.00 (-7.73, -4.27) 4.03 24 6.4
Astetal. 2010 (A) (11) ——— -4.20 (-9.69, 1.29) 3.36 28 6
Astetal. 2010 (B) (11) — -2.10 (-6.83, 2.63) 3.53 28 12
Astetal. 2010 (C) (11) —_— -5.00 (-10.77, 0.77) 330 28 12
Astetal. 2010 (D) (11) —— -6.50 (-10.38, -2.62) 3.71 28 6
Neri et al. 2010 (14) ——| -3.40 (-6.56, -0.24) 3.84 84 4
Battaglia et al. 2010 (50) —— -5.00 (-8.44, -1.56) 3.79 180 8
Willoughby et al. 2011 (51) - H— 1.74 (-10.50, 13.98) 1.94 7 12
Astetal. 2012 (A) (52) —_—— -5.00 (-12.58, 2.58) 2.88 28 6
Ast et al. 2012 (B) (52) —_—— -1.00 (-8.85, 6.85) 2.82 28 12
Lima et al. 2012 (39) —-—— -4.82 (-7.96, -1.68) 3.84 30 6
Malfatti et al. 2014 (A) (53) — -10.91 (-15.46, -6.36) 3.57 4 2
Malfatti et al. 2014 (B) (53) —— ! -30.64 (-35.19, -26.09) 3.57 4 4
Pahlavani et al. 2014 (54) - -11.40 (-13.30, -9.50) 4.02 60 2
Camarena Pulido et al. 2016 (55) - ! -10.13 (-12.42, -7.85) 3.97 140 3
McNeal et al. 2018 (A) (56) —_——1— -4.20 (-11.06, 2.66) 3.05 90 15
McNeal et al. 2018 (B) (56) —rt -7.70 (-15.56, 0.16) 2.82 90 30
McNeal et al. 2018 (C) (56) | —T1— 2.10 (-4.89, 9.09) 3.02 90 15
McNeal et al. 2018 (D) (56) ——— -10.70 (-17.70, -3.70) 3.02 90 30
Salmani et al. 2021 (40) —_—— -3.70 (-13.20, 5.80) 2.46 70 3
Overall, DL (I = 90.4%, p = 0.000) <> -6.40 (-8.74, -4.05) 100.00
| I

-50 0 50
NOTE: Weights are from random-effects model
B Duration of

%  intervention L-Arginine
Author Effect (95% CI) Weight (days) dose (g/d)
Chin-Dusting et al. 1996 (15) —_—— 1.20 (-2.80, 5.20) 3.72 28 20
Clarkson et al. 1996 (41) i —_—— 7.00 (3.54, 10.46) 4.09 28 21
Piatti et al. 2001 (42) —— -3.00 (-5.82, -0.18) 4.56 28 9
Sydow et al. 2002 (43) _ -1.00 (-5.47, 3.47) 3.40 56 24
Rytlewski et al. 2005 (12) L -5.00 (-5.43, -4.57) 5.84 21 3
West et al. 2005 (44) —— 0.10 (-3.22, 3.42) 4.20 21 12
Hladunewich et al. 2006 (45) _— 1.00 (-3.58, 5.58) 3.33 7 14
Lucotti et al. 2006 (47) —_—— ! -11.00 (-15.42, -6.58) 3.43 21 83
Facchinetti et al. 2007 (48) —_— -2.90 (-5.50, -0.30) 472 28 4
Lucotti et al. 2009 (46) —-— | -8.00 (-8.91, -7.09) 5.71 24 6.4
Ast et al. 2010 (A) (11) <+ -3.90 (-10.31, 2.51) 2.35 28 6
Astet al. 2010 (B) (11) _ -2.80 (-8.49, 2.89) 2.70 28 12
Astetal. 2010 (C) (11) e s -1.80 (-5.62, 2.02) 3.84 28 12
Ast et al. 2010 (D) (11) —t— -3.50 (-6.71, -0.29) 4.27 28 6
Neri et al. 2010 (14) —_— -1.20 (-3.94, 1.54) 4.62 84 4
Battaglia et al. 2010 (50) —_—— -5.00 (-8.27, -1.73) 4.23 180 8
Willoughby et al. 2011 (51) g -5.58 (-14.18, 3.02) 1.59 7 12
Astet al. 2012 (A) (52) — -4.10 (-10.71, 2.51) 2.27 28 6
Astetal. 2012 (B) (52) — -0.70 (-7.59, 6.19) 2.15 28 12
Lima et al. 2012 (39) —_—— -5.59(-7.91,-3.27) 4.92 30 6
Malfatti et al. 2014 (A) (53) L 0.00 (-16.07, 16.07) 0.56 4 2
Pahlavani et al. 2014 (54) — -0.65 (-2.51, 1.21) 5.22 60 2
Camarena Pulido et al. 2016 (55) —— -3.88 (-5.61, -2.15) 5.30 140 3
McNeal et al. 2018 (A) (56) —_———— -0.70 (-5.78, 4.38) 3.03 90 15
McNeal et al. 2018 (B) (56) <+ -3.50 (-9.77, 2.77) 2.42 90 30
McNeal et al. 2018 (C) (56) e -3.10 (-9.00, 2.80) 2.59 90 15
McNeal et al. 2018 (D) (56) . 0.20 (-6.29, 6.69) 2.32 90 30
Salmani et al. 2021 (40) g -2.10 (-8.04, 3.84) 2.57 70 3
Overall, DL (I’ = 84.0%, p = 0.000) <> -2.67 (-3.94, -1.40) 100.00
| |
-20 0 20

NOTE: Weights are from random-effects model

FIGURE 2 Forest plots detailing weighted mean WMDs and 95% Cls of the effects of L-arginine supplementation on SBP (A) and DBP (B)
in adults. Horizontal lines represent 95% Cls. Diamonds represent pooled estimates from random-effects analysis. DBP, diastolic blood
pressure; SBP, systolic blood pressure; WMD, weighted mean difference.

are presented in Figure 2A and B, respectively. There were
18 parallel (11, 14, 39, 40, 43, 45-49, 51-56), 2 crossover
(41, 44), and 2 prospective designed (12, 50) studies. The
mean age, baseline BMI, and SBP ranged from 20 to 64 vy,
23.34 to 39.1, and 108 to 151 mmHg in the intervention

group, respectively. The duration of supplementation ranged
from 4 to 180 d. Thirteen studies included only males or
females, and 9 included both sexes. The daily dosage of L-
arginine supplementation ranged from 2 to 30 g. Studies
included participants with hypercholesterolemia (41, 44),
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type 2 diabetes (42, 47), peripheral arterial disease (43),
pre-eclampsia (12, 45, 48), pregnancy with high risk of
developing pre-eclampsia (55), ischemic heart failure (40),
coronary artery disease (46), hypertension (14, 39, 53), mild
and moderate systolic heart failure (49), polycystic ovary syn-
drome (50), overweight and obese but otherwise healthy (56),
as well as normotensives (11, 51, 52, 54). Ast et al. (11) and
Malfatti et al. (53) included 2 different L-arginine doses in
their studies. The studies by de Lima et al. (39), Salmani et
al. (40), and Willoughby et al. (51) evaluated the effects of L-
arginine consumption on BP responses to exercise; therefore,
only resting SBP and DBP data at pre- and postintervention
were included. In the investigation by McNeal et al. (56), 2
doses of L-arginine (15 and 30 g/d) in both females and males
were assessed so that 4 arms were considered for this study.
Out of the 22 RCTs, 10 showed a significant antihypertensive
effect of L-arginine supplementation on SBP (11, 12, 15, 44,
47,48, 50, 53,55,56) and 9 on DBP (11, 12, 15, 40, 44, 47, 48,
50, 55).

Adverse events

Information on adverse effects was mentioned in the studies
by Clarkson et al. (41) (increased stool frequency and
abdominal bloating), Facchinetti et al. (48) (diarrhea),
Fontanive et al. (49) (asthenia, skin rash, and eosinophilia),
and Camarena Pulido et al. (55) (dyspepsia and abdominal
pain).

Qualitative data assessment

Based on the Cochrane Risk-of-Bias Assessment tool, 19
studies were considered high-quality (Good) (11, 12, 14,
15, 40-48, 50-52, 54-56) with a total low risk of bias for
all domains of this tool. Two studies had moderate quality
(Fair) in which 1 or more domains had an unclear risk of
bias (39, 49). Only 1 of the studies had low quality since
it had a high risk of bias for 1 or more domains (53)
(Table 1).

Effect of L-arginine supplementation on SBP

Overall, 30 effect sizes from 22 studies with a total sample
size of 431 in the intervention group and 394 in the
placebo group for SBP were included in the analysis (11,
12, 14, 15, 39, 41-56). L-Arginine supplementation sig-
nificantly reduced SBP [WMD = —6.40 mmHg; 95% CI:
—8.74 to —4.05; P < 0.001 (Figure 2A)]. Between-study
heterogeneity was also observed (I* = 90.4%). Additionally,
subgroup analyses showed that L-arginine supplementa-
tion significantly reduced SBP in all subgroups, except in
the high-dose interventions (>9 g/d) (11, 15, 41, 43-45,
48, 51, 52, 56), duration longer than 24 d, and studies
conducted in obese participants (BMIL: >30) (14, 47, 56)
(Table 3).

Effect of L-arginine supplementation on DBP

Opverall, 30 effect sizes from 22 studies with a total sample size
of 392 participants in the intervention and 361 in the placebo
group were included in the analysis (11, 12, 14, 15, 39, 41-56).
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Pooled effect sizes indicated a significant decrease in DBP
[WMD = —2.64 mmHg; 95% CI: —3.94, —1.40; P < 0.001
(Figure 2B)]. Between-study heterogeneity was also observed
(I> = 84.00). Moreover, the subgroup analysis revealed that
L-arginine supplementation did not affect DBP when a high
dose of L-arginine (>9 g/d) was used or in studies conducted
in males, both sexes, and obese participants (BMI: >30)
(Table 3).

Publication bias

Although the visual inspection of funnel plots showed slight
asymmetries, no significant publication bias was detected for
SBP, but it was considerable for DBP (Supplemental File 1).

Nonlinear dose-response analysis by REMR model
analysis

For the dose-response analysis between L-arginine supple-
mentation and SBP and DBP, we used a 1-stage REMR model.
The dose-response analyses revealed nonlinear associations
between L-arginine supplementation and SBP. A significant
negative association between the dose and SBP was found.
Moreover, the effective dosage of L-arginine supplementa-
tion was detected to be >4 g/d (coeflicients = —0.435,
P = 0.028; Figure 3A). However, there was no significant
association between dose-response and DBP (coefhicients =
—0.151, P = 0.119; Figure 3B).

Meta-regression analysis for SBP and DBP
Meta-regression analyses were performed to assess whether
BP was affected by L-arginine doses and intervention
durations. We did not find a significant linear relation
between dose (g/d) (coefficient = 0.264; 95% CI: —0.09,
0.62; P = 0.145) and duration (d) (coefficient = 0.853; CI:
—1.87, 2.25; P = 0.853) of intervention and changes in
SBP (Figure 4). In addition, there was no significant linear
relation between duration of intervention and changes in
DBP (coefficient = —0.56; CI: —5.67, 4.53; P = 0.821).
However, we found a significant relationship between the
dose of intervention and changes in DBP (coefficient = 0.977;
CI: 0.12, 1.83; P = 0.028) (Figure 5).

Sensitivity analysis
Upon removing individual study effects for sensitivity analy-
sis, no study was found to affect the overall results.

GRADE assessment

Using the GRADE evidence profile, the certainty in outcomes
of L-arginine supplementation on BP is shown in Table 4.
Because of severe inconsistencies and indirectness for both
SBP and DBP, the quality of evidence was low.

Discussion

We performed an updated systematic review and meta-
analysis to investigate the effects of L-arginine supplemen-
tation on BP by summarizing the data from published
RCTs. The results showed that L-arginine supplementation
significantly lowered SBP and DBP in adults. Subgroup



TABLE 3 Subgroup analyses of populations in the included studies investigating the effects of L-arginine supplementation on blood

pressure in adults’

Heterogeneity

Number of P between
studies WMD (95% Cl) P ? Tau-squared subgroups
Subgroup analyses of L-arginine supplementation on SBP

Overall effect 30 — 640 (—8.74, —4.05) <0.001 90.4% 34.77

Baseline SBP 0.831
<130 mmHg 14 —5.39(—8.26, —2.53) <0.001 88.2% 22.79
>130 mmHg 16 —738(—=1145,—-3.30) <0.001 92.2% 60.11

Trial duration 0.150
<24d 9 — 896 (—14.57, —3.34) 0.002 95.4% 65.91
>24d 21 —5.26(—7.66, —2.87) <0.001 84.1% 23.21

Intervention dose <0.001
<9g/d 17 —9.36(—12.24, —6.49) <0.001 93.0% 32.00
>99/d 13 —1.66 (—4.36, 1.03) 0.226 50.8% 1171

Sex <0.001
Male 8 —7.52(—=14.79, —0.26) 0.042 93.7% 9747
Female 9 —4.62(—7.19, —2.05) <0.001 79.9% 10.93
Both 13 —6.82(—10.69, —2.95) 0.001 89.8% 41.81

Health status 0.101
Healthy 9 —4.64(—8.15,—1.13) 0.010 80.2% 19.09
Unhealthy 21 —7.22(—10.29, —4.16) <0.001 92.3% 43.84

Baseline BMI (kg/m?) 0.142
Normal (18.5-24.9) 4 —6.86 (—11.36, —2.36) 0.003 80.3% 15.54
Overweight (25-29.9) 11 — 591 (=947, —2.35) <0.001 86.2% 28.17
Obese (>30) 6 —7.93(—15.87,0.001) 0.050 91.9% 88.35

Subgroup analyses of L-arginine supplementation on DBP

Overall effect 28 —2.66(—3.93,—1.39) <0.001 84.0% 7.4

Baseline DBP 0.785
<80 mmHg 18 —2.17 (—4.35, —0.004) 0.050 87.6% 16.26
>80 mmHg 10 — 344 (=5.15,—1.73) <0.001 71.4% 4.24

Trial duration <0.001
<24d 7 —482(—=7.21,—-243) <0.001 89.9% 597
>24d 21 —1.99 (—3.27, -0.71) 0.002 60.9% 465

Intervention dose <0.001
<9g/d 16 —4.26(—561,-291) <0.001 83.6% 428
>9g/d 14 —0.15(—1.99, 1.68) 0.869 45.5% 4.94

Sex <0.001
Male 7 —0.51(—=1.91,0.88) 0471 0.0% 0.00
Female 9 —3.60 (—4.86, —2.35) <0.001 59.6% 1.68
Both 12 —2.95(—6.01,0.10) 0.058 89.0% 23.53

Health status <0.001
Healthy 9 —2.09 (—3.53, —0.65) 0.004 24.0% 1.04
Unhealthy 19 —2.86(—4.40,—1.31) <0.001 86.6% 7.64

Baseline BMI (kg/mz) <0.001
Normal (18.5-24.9) 4 —2.86(—5.60,—0.12) 0.041 49.7% 3.64
Overweight (25-29.9) 11 —3.17(—4.14, —2.20) <0.001 6.3% 0.17
Obese (>30) 6 —332(—6.87,0.22) 0.067 68.7% 12.88

P < 0.05 was considered significant. DBP, diastolic blood pressure; SBP, systolic blood pressure; WMD, weighted mean difference.

analyses portrayed a novel finding that r-arginine supple-
mentation may effectively decrease BP regardless of resting
BP category (normal, elevated BP, or hypertension), BMI
(normal, overweight, or obese), and health status. L-Arginine
supplementation also appears to decline DBP effectively in
females but not in males.

In a decade-old meta-analysis, Dong and colleagues (13)
performed a study in 387 participants in 11 RCTs with oral L-
arginine interventions ranging from 4 to 24 g/d. The findings
were in line with the present study demonstrating that oral
L-arginine intake could considerably reduce both SBP and

DBP. An inverse relation between baseline SBP and net shift
in SBP was found in the previous meta-regression analysis,
but it was not significant. Moreover, our findings highlighting
the BP-lowering effect of L-arginine supplementation are
corroborated by several investigations in both human and
animal models (11, 12, 15, 40, 44, 47, 48, 50, 53, 55-57).
Clinically, declines of 2 mmHg in resting SBP and DBP
can reduce the mortality from stroke by 6% and 15% and
from heart disease by 4% and 9%, respectively (58, 59).
Therefore, the results from our pooled analysis showing
significant reductions in resting SBP (—6.40 mmHg) and
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FIGURE 3 Nonlinear dose-response analysis of the effects of L-arginine dose on SBP (A) and DPB (B) in adults (REMR model analysis).
Individual trials are represented by circles, with their weight in the overall analysis represented by circle size. The solid lines represent the
estimated dose-response for L-arginine supplementation on (A) SBP, (B) DBP. The dashed lines represent 95% Cl. DBP, diastolic blood
pressure; REMR, robust error meta-regression; SBP, systolic blood pressure.

DBP (—2.64 mmHg) support the clinical significance of L- NO, which induces endothelium-dependent dilation (8),
arginine supplementation as a nonpharmacological strategy  increases blood supply to tissues, and stimulates the secretion
for BP control. of hormones such as insulin and human growth hormone

The positive effects of L-arginine on BP may be attributed (60, 61). NO is an endogenous messenger molecule that plays
to several signaling pathways. Arginine is a precursor to arole in several processes that ameliorate the atherosclerotic
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FIGURE 4 Random-effects meta-regression plots of the associations between dose of L-arginine (A) or duration of intervention (B) and
WMD of SBP in adults. Line show linear prediction; each trial is represented by a circle that shows the actual coordinates (observed effect
size by latitude) for that study. The size (specifically, the area) of each circle is proportional to that study’s weight in the analysis. SBP,
systolic blood pressure; WMD, weighted mean difference.

process by decreasing monocyte adhesion and atheroma for- ~ 65). Moreover, elevated extracellular L-arginine increases
mation (62, 63). Although limited information exists on the NO output in both the endothelial and inner medullary
factors regulating NO synthesis in hypertension, L-arginine  collecting duct (IMCD) cells of the kidneys (5). Improved
has been shown to increase NO bioavailability by increasing NO in epithelial cells, like the IMCD, causes reduced
its formation and subsequent superoxide scavenging (64, sodium reabsorption, resulting in heightened sodium and

L-Arginine supplementation on blood pressure 1237
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FIGURE 5 Random-effects meta-regression plots of the association between dose of L-arginine (A) or duration of intervention (B) and
WMD of DBP in adults. Line show linear prediction; each trial is represented by a circle that shows the actual coordinates (observed effect
size by latitude) for that study. The size (specifically, the area) of each circle is proportional to that study’s weight in the analysis. DBP,

diastolic blood pressure; WMD, weighted mean difference.

water excretion, decreased extracellular and plasma volume,
and consequently lower BP. Similarly, an improvement in
L-arginine transport in endothelial and epithelial cells lowers
BP by reducing vascular resistance or increasing sodium and
water excretion (66).

1238 Shiraseb et al.

Increased plasma NO concentrations by L-arginine
blunted angiotensin II-induced hypertension and prevented
renal damage (66). This finding adds support to the
concept that, in addition to reducing arterial pressure,
antihypertensive therapies that improve L-arginine and



TABLE 4 GRADE profile of included studies investigating the effects of L-arginine supplementation on blood pressure in adults’

Quality assessment

Summary of findings

Number of
Publication intervention/ Quality of
Outcomes Risk of bias  Inconsistency Indirectness Imprecision bias control WMD (95% ClI) evidence’®
SBP No serious Very serious Serious No serious No serious 431/39%4 —640 (=874, @O0 Low
limitations limitations? limitations? limitations limitations —4.05)
DBP No serious Very serious Serious No serious No serious 392/361 —266(—393, @O0 Low
limitations limitations® limitations? limitations limitations —1.39)

" DBP, diastolic blood pressure; GRADE, Grading of Recommendations Assessment, Development, and Evaluation; SBP, systolic blood pressure; WMD, weighted mean difference.

The test for heterogeneity is significant, and the I is moderate, 90.4%.
3Studies conducted in participants with various conditions.
“The test for heterogeneity is significant, and the I is moderate, 84.0%

@ symbol shows +1 quality evidence; for every serious limitation, one of this quality evidence is lost and changes to O symbol; @& Q: low (The true effect may differ

significantly from the estimate).

NO bioavailability can attenuate hypertension-related
renal damage (67). In rat aortic smooth muscle cells,
angiotensin II improves L-arginine transport and the
expression of the cationic amino acid transporter 1 (CAT1)
mRNA (68). Increased extracellular L-arginine to promote
endogenous NO synthesis should therefore be implemented
in angiotensin II-induced hypertension. It seems that CAT1
is upregulated in angiotensin II-induced hypertension,
allowing the antihypertensive effects of L-arginine to be
more efficient (66, 68). Moreover, L-arginine has also been
shown to suppress the angiotensin-converting enzyme in
humans (69).

Endothelin-1 is a potent endothelium-derived vasocon-
strictor synthesized in conditions of high cardiovascular
risk such as hypertension. L-Arginine lowers endothelin-
1 concentrations in humans via endothelial NO-induced
inhibition of endothelin-1 synthesis (70, 71). NO reduces
endothelin-1 secretion and endothelin-1 gene expression
since it promotes superoxide synthesis during chronic
angiotensin II infusion. Therefore, reducing endothelin-1
concentrations lowers superoxide bioavailability and raises
NO concentrations (72, 73).

Insulin induces vasodilation by enhancing the production
of NO over that of endothelin-1. Thus, insulin resistance has
been associated with endothelial dysfunction and hyperten-
sion (74, 75). Evidence from a few RCTs has shown that L-
arginine supplementation with 6.4 to 30 g/d reduced blood
glucose and insulin, indicating improved glucose control
and insulin sensitivity in adults with normoglycemia (56),
prediabetes, and type 2 diabetes (42, 46, 76). Therefore,
L-arginine supplementation may reduce BP via improved
insulin-mediated control of endothelial function (42, 46, 56).

Another role attributed to L-arginine is that of an
ROS scavenger, preventing endothelial cells from releasing
oxygen-free radicals (77). Notably, L-arginine can generate
NO by reacting with hydrogen peroxide in a nonenzymatic
pathway (78). In hypertension, uncoupled NOS releases
more superoxide than NO, resulting in a vicious loop that
dramatically reduces NO. Under such circumstances, the
nonenzymatic pathway that produces NO from L-arginine

could play a key role in increasing NO output (79). L-
Arginine can “recouple” uncoupled NOS in the kidneys and
disrupt the vicious loop that decreases NO bioavailability.
These findings suggest that L-arginine supplementation
can increase NO output not only through the traditional
pathway but also through a variety of other accessory
pathways (67). This is in line with the “arginine paradox”
concept, which refers to the fact that NO synthesis and
vasodilatory function are dependent on the extracellular
concentration of L-arginine (5). Multiple mechanisms have
been proposed to clarify this concept. For instance, the
cytoplasmic compartmentalization of L-arginine presents
the possibility that CAT1 and endothelial NOS1 (eNOS)
appear in the plasma membrane of endothelial cells and
may be unable to reach intracellular L-arginine pools (80).
Since eNOS and CAT1 are similar, eNOS may prefer to
use L-arginine transferred from the extracellular fluid by
CATI. Endogenous NOS antagonists, such as asymmetric
dimethylarginine, have also decreased NOS sensitivity to L-
arginine (81). Moreover, increased extracellular L-arginine
bioavailability can be used to counteract the inhibitory effects
of this endogenous compound (81). An additional possible
mechanism that may play a part in the BP-lowering effect of
L-arginine supplementation is the mediating effect of NO on
cardiac autonomic function. Prior findings indicate that NO
may enhance vagal and diminish sympathetic activity (82—
84), which may result from an improved baroreflex sensitivity
(85). Indeed, poor baroreflex sensitivity has been inversely
associated with BP in different populations (86, 87).

This meta-analysis has various strengths and limitations.
The accuracy of the individual studies determined the
validity of this meta-analysis. While all studies were random-
ized, allocation concealment, randomization efficiency, and
withdrawal information were not continuously published.
Specific study sample sizes were minimal, limiting the
ability of randomization to reduce the possible effects of
confounding variables. Individuals with varying degrees of
health statuses were included in the studies, contributing to a
heterogeneous sample. Moreover, a few trials had concerns
about the harmful effects of L-arginine supplementation
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and the inefficiency of long-term supplementation due to
a rise in arginase activity, leading to a reduction in NO
bioavailability and an elevation in ROS production (88).
Indeed, arginase overactivation by high-dose, long-term
L-arginine supplementation, as indicated by catabolism of
L-arginine to ornithine and urea, may explain the lack of
antihypertensive effects in males with overweight and obesity
(56). In the present meta-analysis, the majority of included
studies were short-term, lasting less than 3-4 wk. Our present
findings demonstrate that daily oral L-arginine becomes
ineffective in decreasing BP after 24 d of supplementation.
Therefore, the effects of chronic L-arginine supplementation
on BP and its vascular protection need further research. Some
RCTs were not primarily designed to assess the effects of
L-arginine supplementation on BP. The absence of controls
for baseline BP in some studies and different study designs
should also be considered. Last, the assessment of BP differed
across studies as some trials used the supine, while others
utilized the seated or standing position. A strength of
this study is the inclusion of all RCTs with no limitation
on language and time of interventions. Moreover, studies
were included based on inclusion criteria, which made it
possible to analyze several subgroup variables. Furthermore,
most RCTs were double-blinded and placebo-controlled. In
addition, sensitivity tests in this study were used to identify
potential sources of heterogeneity among studies.

This meta-analysis indicated that L-arginine supplemen-
tation had a positive effect on decreasing SBP and DBP.
Future homogeneous and well-designed RCTs and mech-
anistic studies are needed to understand the effects of L-
arginine on SBP and DBP in humans. Based on our findings,
it seems that consuming low dosages of L-arginine (<9 g/d)
for a short term (<24 d) is more effective than consuming
higher dosages for longer durations. L-Arginine is beneficial
for healthy and unhealthy individuals, hypertensive and
normotensive, in all BMI categories, and regardless of sex,
but especially favorable for women (39, 48, 56). Moreover,
RCTs included in the current meta-analysis revealed no
major side effects following the high dosages of L-arginine
supplementation.
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