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Abstract

Objectives: Arginine is an amino-acid supplement and precursor for nitric-oxide synthesis,
which affects various biologic processes. The objective of this study was to determine the effects
of arginine supplementation on growth hormone (GH) and metabolic parameters.

Methods: Thirty physically active, healthy men (age 18-39 y; body mass index: 18.5-25 kg/m?)
were randomized in a double-blind, placebo-controlled, crossover trial. Arginine (10 g) and
placebo (0 g) beverages were consumed after an overnight fast. Blood samples were collected

at baseline and 1.5, 3.0, and 24 h after supplementation. The primary outcomes were serum

GH and metabolomics. Also, amino acids, glucose, insulin, triacylglycerols, thyroid hormones,
testosterone, cortisol, dehydroepiandrosterone, and mood state were assessed. Individuals with
detectable increases in GH were analyzed separately (responders: n = 16; < 0.05 ng/mL at 1.5 h).
Repeated-measure analyses of variance estimated the treatment effects at each timepoint.

Results: Arginine levels increased at 1.5 h (146%) and 3.0 h (95%; £ < 0.001) and GH (193%)
and thyroid-stimulating hormone (TSH; 10%) levels at 24 h (P < 0.05) after arginine versus
placebo consumption. Arginine versus placebo increased glucose levels at 1.5 h (5%) and 3.0

h (3%; P< 0.001). Arginine versus placebo did not affect other dependent measures, including
mood state (P> 0.05), but changes in the urea, glutamate, and citric-acid pathways were observed.
Among responders, arginine versus placebo increased GH at 1.5 h (37%), glucose at 1.5 h (4%)
and 3.0 h (4%), and TSH at 24 h (9%; P< 0.05). Responders had higher levels of benzoate
metabolites at baseline and 1.5 h, and an unknown compound (X-16124) at baseline, 1.5 h, and 24
h that corresponds to a class of gut microbes (P < 0.05).
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Conclusions: Arginine supplementation modestly increased GH, glucose, and TSH levels in
younger men. Responders had higher benzoate metabolites and an unknown analyte attributed to
the gut microbiome. Future studies should examine whether the increased prevalence of these gut
microorganisms corresponds with GH response after arginine supplementation.
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Introduction

More than half of U.S. adults and nearly 90% of young male athletes take a dietary
supplement [1-3]. One specific amino acid found in protein foods that is supplemented

in individuals attempting to improve their physical function is arginine, which is a precursor
to nitric oxide (NO) and regulates peripheral blood flow [4,5]. Arginine is a conditionally
essential amino acid, and can be synthesized from citrulline.

The no observed adverse event level for arginine is 30 g/d [6], and the average dietary intake
is approximately 4.4 g/d [7]. For protein, the acceptable macronutrient distribution range

is 10% to 35% of calories, and the recommended dietary allowance is 0.80 g of protein

per kg of body weight. However, this level of protein is not sufficient during exposure to
various types of metabolic stressors, and a greater amount of protein is required during these
conditions [8,9]. Most research has focused on the health outcomes of protein intake, but
limited data are available on the metabolic effects of individual amino acids. Thus, this study
focused on the effects of an acute dose of the amino acid arginine on metabolism, because its
endocrine effects could alter physical and mental functions [10].

One potentially positive effect of arginine is the enhancing release of NO, which may
regulate vascular tone and cardiovascular homeostasis [4]. Arginine may function as an
ergogenic aid by modifying a variety of functions, including protein synthesis, glucose
homeostasis, and muscle function [11]. Additionally, oral arginine may acutely increase
plasma growth hormone (GH) levels [12-14], but has been used as a test for healthy levels
of GH secretion when administered via intravenous infusion [15]. GH can increase secretion
of insulin-like growth factor-1 [16], which has positive effects on muscle mass in adults [17].
Thus, increasing levels of arginine intake may potentially be beneficial to preserve muscle
mass and quality of life [18].

Oral arginine of 5 g and 9 g has been reported to elicit significant increases in GH levels in
healthy young men [19]. A higher area under the curve for GH was observed after the 9 g
dose of arginine in that study, and supports the use of higher arginine doses. The objective of
the current investigation was to determine the effects of acute arginine supplementation on
GH levels, endothelial function, appetite, and mood in younger, healthy men. Additionally,
this study examined the effects of arginine on the serum metabolomic profile, and provides
new information regarding the endocrine and cardiovascular responses to this amino acid

in younger, healthy men. New information will help elucidate the mechanism by which
arginine has previously been shown to increase GH levels. The hypothesis was that arginine
supplementation increases GH levels compared with placebo.
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This study was conducted according to the guidelines of the Declaration of Helsinki. All
participants were given verbal and written explanations about the study, provided signed
informed consent, and received a monetary stipend. The study was approved by both the
Pennington Biomedical institutional review board and U.S. Army Medical Research and
Development Command, Human Research Protection Office. The study was registered at
ClinicalTrials.gov (NCT 03409380).

Participants were healthy men, age 18 to 39 y, with a normal body mass index (18.5-25
kg/m?2). All participants were physically active for at least 2 d/wk, and willing to refrain
from alcohol and dietary supplement use for the duration of the study. The exclusion criteria
included human immunodeficiency virus/acquired immunodeficiency syndrome infection,
uncontrolled cardiovascular disease, type | or Il diabetes, eating disorders, non-normal
sleeping patterns (i.e., nightshift worker), use of nicotine or tobacco products, heavy caffeine
use (=350 mg caffeine/d), or protein wasting disease. Participants could not be taking
medication that affected fluid balance, metabolism, or body weight.

Study design

This study was a double-blind, randomized, controlled, crossover trial examining acute
arginine versus placebo supplementation performed at the Pennington Biomedical Research
Center in Baton Rouge, Louisiana. A biostatistician (RAB) used a block randomization

of size 4 and random number procedure in SAS, version 9.4, to order the two sets of
treatments. Participants initially visited the center for a screening visit. If they volunteered to
participate and met the inclusion/exclusion criteria, the participants underwent a washout
period (=14 d) without alcohol and nutritional supplement use, if necessary. Then,
participants returned to the center for 2 d of food provision and the first supplement,
followed by a washout period (=7 d). Finally, participants returned for 2 d of food provision
and the second supplement.

Screening visit

All participants underwent a screening visit to determine eligibility. At the screening
visit, medical history information was collected. Medications, including supplement use
and caffeine intake, were assessed. Anthropometrics, including height, weight, waist and
hip circumference, and blood pressure, were obtained. For screening purposes, a fasting
blood sample was obtained to measure glucose, triacylglycerol, high density lipoprotein
cholesterol, and total cholesterol levels, as well as standard clinical indicators of liver and
kidney function and a complete blood count.

Supplements

The arginine supplement contained 10 g of arginine, as well as 2.8 g of cranberry-
pomegranate—flavored powder, 6.6 g of lemonade—flavored powder, 3.5 g of citric acid,

and 0.6 g of lemon-lime—flavored powder. The placebo had 0 g of arginine, 2.5 g of
cranberry-pomegranate—flavored powder, 5.5 g of lemonade—flavored powder, 0.5 g of citric
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acid, and 0.3 g of lemon-lime—flavored powder. Both powdered supplements were mixed
with approximately 355 mL of water and chilled. Pilot testing confirmed that the cranberry
and lemonade beverages could not be reliably distinguished. Participants had 5 min to
consume the beverage from the time of the first sip.

At the study visits, participants arrived after a 10 h to 12 h fast, and were well rested. Fasting
body weight was obtained, and baseline blood sampling was initiated between 07:30 h and
08:30 h. For each participant, each supplement (or period) blood sampling started at the
same time. Blood samples were collected at baseline (fasting), 1.5 h, 3.0 h, and 24 h after
supplementation. Blood was collected in vacutainers for serum, sodium heparinized plasma,
and ethylenediaminetetra-acetic-acid-treated plasma. After the baseline (fasting) sample was
drawn, the supplement was consumed. Peripheral arterial tonometry (PAT) was performed
after the 1.5 h blood draw and questionnaire administration.

Blood parameters

Diet

Serum GH, prolactin, insulin, thyroid-stimulating hormone (TSH), triiodothyronine,
thyroxine, sex hormone binding globulin, testosterone and dehydroepiandrosterone,

and cortisol were measured on a Siemens Immulite 2000 using immunoassay with
chemiluminescent detection. Serum glucose and triacylglycerols were measured on a
Beckman Coulter DXC600 using an oxygen electrode and blanked timed endpoint,
respectively. Amino acids, including citrulline, were measured using heparinized plasma
on an Agilent Technologies HPLC 1100 using HPLC with fluorescent detection. Frozen
serum was sent to Metabolon, Inc. (Durham, NC) for analysis. A metabolomic analysis was
conducted using standardized procedures [20].

Isocaloric diets were provided to participants for consumption for 3 d for each
supplementation period. The first 2 d were for consumption preceding each supplement

and day 3 was for postsupplement consumption (but before 24 h timepoint). Day 3 was
isocaloric to other food provision days, but consumed in a shorter time span. Energy needs
were determined by estimated resting energy expenditure x 1.7 physical activity level [21].
The menu provided 12.5% protein, 30% fat, and 57.5% carbohydrate. Arginine intake was 3
to 5 g/d during the feeding periods. The first meal (breakfast the first 2 d and lunch day 3)
was consumed on site, but the remaining meals were packaged and eaten at home.

Psychological assessments

Several questionnaires were administered at baseline, as well as 1.5 h, 3.0 h,6.0 h, and 24 h
after supplementation.

Profile of mood states

The profile of mood states (POMS) is a 65-item inventory of self-reported mood states
that is sensitive to a wide variety of nutritional manipulations, including undernutrition
and environmental factors (e.g., sleep loss and subclinical doses of various drugs) [22-25].
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Participants rated each of the 65 mood-related adjectives on a five-point scale in response to
the question “how are you feeling right now?” The adjectives factor into six mood subscales
(tension/anxiety, depression/ dejection, anger/hostility, vigor/activity, fatigue/inertia, and
confusion/bewilderment). The POMS has six subscales and 65 questions: Tension (score
range, 0-36), depression (score range, 0-60), anger (score range, 0v32), confusion (score
range, 0-28), vigor (score range, 0-32), fatigue (score range, 0v28), and a total mood
disturbance score (score range, —32 to 200) [26].

Visual analogue scale for self-reported ratings of appetite

The visual analogue scale assessed average ratings of satiety that participants experienced.
Its validity and reliability to assess cognitive states related to energy intake have been
demonstrated [27].

Peripheral arterial tonometry

Endothelial function was assessed after the 1.5 h blood sample using an Endo-PAT 2000
device (Itamar Medical Ltd., Caesarea, Israel) to examine endothelial function in response
to NO release generated by arterial occlusion [28]. The measurement has been previously
described [29]. During the measurement, participants were in the supine position, with the
hands at the level of the heart and fingers hanging freely. Fingertip probes were placed

on both index fingers, and the amplitude of pulse waves was detected and recorded. After
an approximate 10-min baseline measurement, arterial flow was occluded using a cuff on
the non-dominant arm. The cuff was inflated to 60 mmHg above systolic pressure (but not
<200 mmHg), and increased as needed to occlude blood flow. After 5 min of occlusion, the
cuff was rapidly deflated to allow reactive hyperemia to occur. Pulse wave amplitudes were
recorded again for at least 5 min.

Endo-PAT software compared the arterial pressure ratio in the two fingers before and after
occlusion. The reactive hyperemia index (RHI), a ratio of the average pulse wave amplitude
measured over 60 s starting 1 min after cuff deflation to the average pulse wave amplitude
measured at baseline, was also calculated. The arm that was not occluded served as a
control, and the ratio was corrected for changes in the systemic vascular tone. The RHI is
the post-to-preocclusion PAT signal in the occluded arm relative to the same ratio in the
control arm, corrected for baseline vascular tone of the occluded arm. The augmentation
index (Al), a measure of arterial stiffness calculated based on a pulse wave analysis of the
signal measured by the EndoPAT device, was calculated. Also, Al.75 is the augmentation
index (%) normalized to heart rate (75 bpm).

Metabolomics

Blood samples collected at 0 h, 1.5 h, and 24 h were used for the metabolomic

analysis. Samples were processed immediately, and plasma was isolated and stored at
—80°C until shipped to Metabolon, Inc. for analysis. The untargeted metabolomic analysis
procedures were conducted as described previously [30-32]. Briefly, a reverse phase/
ultraphase liquid chromatography—-tandem mass spectrometry with positive and negative ion
electrospray ionization and hydrophilic interaction liquid chromatography/ultraperformance
liquid chromatography-tandem mass spectrometry with negative ion electrospray ionization
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were conducted for the metabolomic analyses. A Thermo Scientific Q-Exactive high
resolution/accurate mass spectrometer interfaced with a heated electrospray ionization
source, and an Orbitrap mass analyzer operated at 35 000 mass resolution. Dynamic
exclusion was used during the mass spectrometry analysis, and the scan range covered 70 to
1000 mass-to-charge ratio.

Raw data were extracted, peak-identified, and quality-control processed. Peaks were
quantified using the area under the curve. Compounds were identified by comparison

with library entries of purified standards or recurrent unknown entities. Biochemical
identifications were based on the retention index within a narrow retention-index window
of the proposed identification, accurate mass match with the library £10 ppm, and the
tandem mass spectrometry forward and reverse scores between the experimental data and
authentic standards. Samples were quality controlled and curated using software developed
at Metabolon, Inc. to ensure high-quality data for the statistical analysis. A pathway
enrichment analysis was conducted using MetaboAnalyst (version 5.0) to determine the
metabolic pathways involved from significant time x treatment interactions.

Statistical analysis

Power calculation—Based on a previous study [19], 30 participants were needed to be
powered at 80% with a = 0.05 to detect a difference of 98 min pg/L of growth hormone
between arginine and placebo treatments. Also, the Metabolon, Inc. recommended power
was approximately 25 to 40 samples per group. However, fewer samples may be needed if
taking repeated samples from the same individual.

Data analyses

Descriptive statistics were performed to characterize participants. Continuous variables were
summarized using means and standard deviations. Categorical variables were summarized
by counts/frequencies. Data were checked for normality. A mixed effect model was used to
compare the differences between the two supplements (treatments for statistical purposes)

at 1.5 h, 3.0 h, and 24 h, and accounted for the crossover study design. For variables that
have nondetectable values, a Wilcoxon test was used to compare the two groups accordingly,
while taking the crossover design into account [33]. Carryover effects were tested before the
main comparisons were performed. The intent-to-treat principle was applied in all analyses.

A subgroup analysis for responders was performed. The responder analysis was based

on whether there were detectable levels of GH in the immunoassay (with < 0.05 ng/mL
considered as nondetected) at the 1.5-h timepoint after only the arginine supplement.
Responders had GH levels < 0.05 ng/mL at the 1.5-h timepoint of the arginine supplement.
This determined the split for this analysis throughout the results, and examined these

16 responders versus the same participants in the placebo supplement. Tukey’s honestly
significant difference test was used to compare the two groups at each timepoint. < 0.05
was considered significant.

Similar models were used for all secondary outcomes, and all model assumptions were
met for the statistical analyses. Multiple testing adjustment was not performed. The proc
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mixed procedure of the SAS software (version 9.4; SAS Institute, Cary, NC) and the

base package of the R software (version 3.3.2; R Core Team, Vienna, Austria) were used

for the statistical analysis and data representation. Metabolomic data were analyzed by
Metabolon, Inc. A linear mixed model was used to identify significant (P< 0.05; q <

0.05) metabolomic interactions between the supplements (arginine vs. placebo) and time (0
h, 1.5 h, 24 h). Q was adjusted for the false discovery rate. Significant interactions were
followed with pairwise contrasts to determine metabolomic differences (£ < 0.05) between
the supplements. An exploratory analysis of variance (P < 0.05; g < 0.20) with pairwise
analysis-of-variance contrasts was conducted to determine metabolomic differences between
responders and nonresponders.

Thirty participants enrolled in the study, and 29 participants completed both study

periods (Fig. 1). Participant characteristics are shown in Table 1. No differences were
seen in baseline demographic characteristics and anthropometrics in responders versus
nonresponders (data not shown; 2> 0.05). Also, body weight did not differ between visits.

Arginine versus placebo analysis

GH was significantly higher at 24 h after arginine compared with placebo supplementation
(0.41 £0.85 vs. 0.14 + 0.28 ng/mL; P< 0.05). Glucose was higher at 1.5 h and 3.0 h after
arginine versus placebo supplementation (Table 2). TSH was higher at 24 h after arginine
supplementation compared with the placebo supplement. Other neuroendocrine parameters
and timepoints were not different (data not shown; £> 0.05).

Circulating levels of arginine increased with the arginine versus placebo supplement at 1.5
h and 3 h (P< 0.001). Citrulline did not have a significant time-by-treatment interaction.
Leucine, isoleucine, and valine levels decreased at 1.5 h and 3.0 h in the arginine versus
placebo periods (P < 0.05). Histidine, cysteine, methionine, threonine, tyrosine, alanine,
glutamine, lysine, glycine, and asparagine levels were not different at any timepoint for
arginine versus placebo supplements.

PAT outcomes are shown in Table 3. RHI and Al were not different between the arginine and
placebo supplements.

Arginine supplementation resulted in a shift in metabolomic profiles identified by
significant interactions (treatment x time). Of the 1286 metabolytes, 93 were altered after
arginine supplementation (g < 0.05; Table 4). The metabolomic effects of arginine were
predominately found at 1.5 h, with a few differences found at 24 h, and are consistent with
the pattern of plasma arginine observed as arginine levels peaked at 1.5 h. Metabolomics
demonstrated that many analytes in the urea cycle, arginine, and proline subpathways (i.e.,
arginine, argininosuccinate, and ornithine) were elevated after arginine supplementation
(Table 4). Additionally, arginine supplementation decreased the levels of some amino acids
(i.e., isoleucine and leucine), medium- (caprate [10:0], laurate [12:0]) and long-chain fatty
acids (myristoleate [14:1c55], myristate [14:0], and stearidonate), and increased several
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tricarboxylic acid cycle intermediates (a-ketoglutarate, citrate, and succinate). We also
conducted a pathway enrichment analysis to determine the pathways enriched from the time
x treatment interactions (Fig. 2). These findings suggest significant enrichment in arginine
biosynthesis; the alanine, aspartate, and glutamate metabolism; and arginine and proline
metabolism.

Arginine consumption did not affect mood state (P> 0.05). Arginine supplementation versus
placebo decreased reports of “like to eat something sweet” at the 1.5 h and 6.0 h timepoints
(42.5+23.9vs.48.3+25.7;47.6 £ 25.5vs. 52.3 + 2 5.7; P> 0.05), but other timepoint and
variables were not different.

Responder analysis in arginine supplement group

GH levels increased in arginine responders at 1.5 h compared with placebo (placebo 1.53
+ 3.3 vs. arginine 2.1 £ 3.2 ng/mL; P< 0.05). Arginine responders also had elevated
glucose levels after 1.5 h and 3.0 h compared with the placebo supplement (P< 0.01).
TSH was higher in arginine versus placebo responders at 24 h (P < 0.05). The other assays
were not different between the supplements in the arginine responders versus the placebo
supplements.

Arginine supplementation increased arginine versus placebo after 1.5 h and 3.0 h in
responders (P < 0.001; Table 5). Leucine and isoleucine levels decreased in the arginine
versus placebo supplement groups at 1.5 h, and glutamic acid levels decreased in the
arginine versus placebo supplement groups at 1.5 h (P< 0.05). No differences were found
at 24 h. No differences were seen between responders and nonresponders with RHI, Al, or
Al.75 (data not shown; £> 0.05).

The metabolomics analysis revealed seven analytes that were different between GH arginine
responders and nonresponders (£ < 0.001; q < 0.20). Of the seven analytes, methyl-4-
hydroxybenzoate sulfate, X-13729, and X-16124 were different at 0 h and 1.5 h. Both
X-13729 and X-16124 have been found to be associated with the presence of certain gut
microorganisms in humans [34]. Differences were also found in amino- and fatty-acid
profiles, but were less consistent.

Arginine consumption did not affect sleep or mood state in responders versus nonresponders
(P> 0.05). In addition, most feelings of appetite questions were unaffected, but responses

to “how strong is your desire to eat”, “would you like to eat something fatty”, and “would
you like to eat something sweet” were decreased in the arginine versus placebo supplement
groups at the 1.5 h, 1.5 h, and 6.0 h timepoints, respectively (57.9 + 15.2 vs. 66.2 + 21.3;
51.7 + 14.4 vs. 61.6 + 11.6; 42.3 + 20.6 vs. 48.4 + 18.3; P< 0.05), but other timepoints and
variables were not different.

Discussion

This study examined neuroendocrine, cardiovascular, and metabolic effects after an acute
high dose of arginine. Acute oral arginine supplementation had limited physiological
effects compared with placebo in healthy men. GH levels were elevated 24 h after
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arginine supplementation compared with placebo. Arginine supplementation increased
plasma arginine levels and associated subpathway metabolites, which likely led to changes
in branched chain amino acids. Arginine had no effect on endothelium-mediated changes
in vascular tone (PAT). Responders, defined as individuals with detectable GH values

1.5 h after arginine supplementation, had elevated glucose and TSH levels, as well as
altered amino acid profiles. Additionally, the metabolomic analysis revealed higher levels
of dicarboxylic fatty acids, benzoate metabolites, and unknown compounds after arginine
supplementation in responders compared with nonresponders. To our knowledge, this is
the first well-powered study to comprehensively investigate the effects of arginine in
healthy participants, using a dose that is approximately twice the average daily intake

of arginine, on neuroendocring, cardiovascular, and metabolic endpoints, including an
untargeted metabolomic analysis.

When arginine is administered intravenously, the elevation of GH and other endocrine
parameters appears to be a greater and more rapid [35,36]. Oral ingestion is an inherently
slower process than intravenous administration, so a delayed response is to be expected.
This suggests that method of administration is an important variable when conducting and
comparing arginine studies. Also, arginine appears to have dose-dependent effects regardless
of the type of administration [19,36].

Reports of the effects of arginine on glucose have had mixed results [37]. One study reported
increased glucose concentrations, a maximum 124 mg/dL after 30 min, after participants
consumed 1 mmol arginine/kg of lean mass plus 25 g of glucose [38]. However, the
arginine-only supplementation resulted in no differences to the glucose area under the curve
compared with water. Furthermore, no difference was seen in levels of insulin with arginine
only. In this study with 30 participants, an increase in glucose was noted. In three studies

of healthy adults at rest, acute supplementation of arginine at various doses did not have

a significant effect on insulin concentrations as shown in the present study [38-40]. Thus,
arginine may modestly increase glucose levels.

This study found that arginine supplementation had no effect on endothelial function in
younger, healthy men. Arginine is a precursor of NO, which is a key factor in vascular
function [41]. As previously shown, acute or chronic ingestion of oral arginine does not
appear to have a significant effect on endothelial function in healthy men at rest or after
resistance exercise [42-46]. However, a meta-analysis of placebo-controlled, randomized
clinical trials suggests that short-term oral arginine supplementation improves flow-mediated
dilation when baseline flow-mediated dilation is low [47]. In support of this hypothesis,
acute ingestion of arginine improved markers of endothelial function in healthy young
smokers [48]. Thus, arginine may improve function in a less healthy population, but has
limited beneficial effects in a healthy, younger, adult population.

To the best of our knowledge, no prior study has investigated comprehensive metabolomic
response to arginine supplementation. The metabolomic analysis confirmed increased
arginine and urea cycle activity (e.g., arginosuccinate and ornithine) after arginine
supplementation in all participants. Similarly, acetylated (e.g., n-acetylarginine) and
methylated (e.g., dimethylarginine) arginine derivatives also increased. Dimethylarginine
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may inhibit NO synthase synthesis, which may explain the null PAT findings observed

in this and other studies [49]. The changes observed 24 h after supplementation suggest
that excess arginine is preferentially redirected toward ornithine biosynthesis, and these
effects of arginine supplementation were at least 24 h in duration. Under healthy conditions,
mammals can tolerate excess ornithine levels by a reversible enzymatic reaction between
ornithine and glutamate semialdehyde via the ornithine aminotransferase [50,51]. However,
in conditions of ornithine-aminotransferase deficiency, low arginine diets are prescribed

to prevent hyperornithinemia [52]. Although speculative, this pathway may explain the
elevated glutamate (glutamic acid) levels we observed 1.5 h after arginine ingestion. Besides
ornithine, glutamate can form proline; thus, glutamate may increase proline levels through
glutamate semialdehyde after arginine supplementation.

The synthesis of glutamate from excess ornithine may have also increased Krebs cycle
activity. Glutamate dehydrogenase acts enzymatically on glutamate to form a-ketoglutarate,
a Krebs-cycle constituent that was elevated in this study. Other Krebs-cycle analytes

were also elevated. Acetyl-CoA is necessary for the formation of citrate (Krebs cycle
intermediate), and can be synthesized from leucine and isoleucine. This study found that
both leucine and isoleucine concentrations were lower after arginine supplementation (Table
2). To the authors knowledge, previous research has not observed a decrease in branched
chain amino acids with arginineonly supplementation. However, arginine-plus-glucose
supplementation in healthy participants has also resulted in decreased branched chain amino
acids [38]. Research with rodents showed that arginine had limited effects on branch chain
amino acids; however, this was not in response to an arginine bolus as performed in

this study, but the chronic administration of high amounts of arginine in food [53]. The
increased glutamate pool likely resulted in the decreased levels of branched chain amino
acids, possibly due to decreased transamination. Although speculative, supplemented and
dietary amino acids may need to be coordinated to ensure balanced amino-acid intake to
prevent the pooling of specific amino acids.

GH increased in 16 volunteers tested in this study after arginine consumption (i.e.,
responders). This finding suggests that in some, but not all, healthy individuals, arginine
intake may have a possible endocrine benefit. In the present study, approximately 55%

of participants were responders, and approximately 75% were responders in the study by
Collier et al. [19]. GH is increased by suppressing somatostatin. GH secretion is also
associated with increased lipolysis of triacylglycerol in adipose tissue and elevated fatty
acid uptake by skeletal muscles to promote growth [54]. Interestingly, 3-methyladipate
was elevated in responders 1.5 h after arginine supplementation, and may represent the
mobilization of fatty acids for skeletal muscle uptake. The skeletal muscle uptake of fatty
acids may also be responsible for the decreased levels of (R)-3-hydroxybutyrylcarnitine at
24 h in responders.

Responders had higher levels of methyl-4-hydroxybenzoate sulfate and X-16124 at 0 h
and 1.5 h in both the arginine and placebo supplement groups. The elevations of both
X-13729 and X-16124 indicate that the microbiome could be catabolizing benzoate and
driving the GH response. X-16124 is an unidentified metabolite that recently has been
linked to the Eggerthellaceae family of bacteria in the microbiome, and multiple gut
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microbiome species are capable of catabolizing benzoate [34,55]. Additionally, bacteria of
the phylum Firmicutes family are phylogenetically associated with benzoate catabolism and
X-13729, the latter of which was elevated in responders at 0 h and 1.5 h during placebo
supplementation. Although our analysis is exploratory, the upregulation in benzoate analytes
suggests that the microbiome and gut permeability may be critical in determining responder
versus nonresponder status after arginine supplementation. To confirm this link, future
investigations should examine whether the GH response to arginine corresponds with the
presence of certain gut microbes, gut permeability, and their corresponding serum analytes.

This study was a double-blind, placebo-controlled, randomized, crossover trail that provided
2 d of controlled feeding before testing, assessed numerous blood parameters, and
performed untargeted global metabolomics, which are all study strengths. However, this
study also had limitations. A younger, healthy, male population was studied, so the

findings may not be applicable to other populations. Women, unhealthy individuals, and
older adults could additionally be studied. In addition, only a single dose of 10 g

of arginine was administered. Only blood samples were analyzed, so although markers

of gut microorganisms were found, gut microbiota were not measured. Lastly, chronic
supplementation may have differential effects. Some [56,57], but not all [58-63], articles
suggest that L-arginine supplementation may cause harm. Additionally, chronic or long-term
supplementation should be investigated in additional, well-powered, separate studies.

Conclusions

Arginine ingestion was associated with an increase in arginine levels and its derivatives,
changes in glutamate metabolism, and increases in tricarboxylic acid cycle intermediates,
but had limited effects on most neuroendocrine parameters, as assessed in younger, healthy
men. However, glucose was increased at 1.5 h and 3 h, but GH was not until 24 h.

Arginine supplements also decreased branched chain amino acids and altered the fatty-

acid metabolism. In addition, responders had higher levels of benzoate- and microbiome-
associated metabolites. This finding suggests the metabolites of the microbiome found in
serum may mediate the GH response after arginine supplementation. Follow-up studies are
needed to confirm the potential role of specific gut microbes in serum that correspond to GH
responses after arginine supplementation.
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Fig. 1.

CONsolidated Standards of Reporting Trials (CONSORT) diagram. Not all persons
performed Web Screening. N = 173 eligible Web Screenings phone screened. N = 23 just
performed Phone Screening. Study was performed from February 2018 till November 2018

in Baton Rouge, Louisiana.
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Overview of Enriched Metabolite Sets (Top 25)
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Fig. 2.
KEGG pathway enrichment analysis. The overview of the enriched metabolite sets following

arginine vs. placebo supplementation.
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Subject characteristics

Table 1

Agey
Race, n

Caucasian

Other
Body mass index, kg/m?2
Waist circumference, cm
Hip circumference, cm

Waist-to-hip ratio

26.1+5.8

21

9
226+1.6
78.7+6.3
91.1+6.0
0.85+0.05

Systolic blood pressure, mmHg ~ 115+9

Diastolic blood pressure, mmHg 71+ 6

Resting heart rate, bpm

62+7

Data are mean + standard deviation, except for race.
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Table 3

Effects of acute arginine versus placebo supplementation on peripheral arterial tonometry in young, healthy
men (N = 29)

Arginine Placebo P-value
Reactive hyperemia index  22.5 (1.99-2.51) 2.26 (2.07-2.45) 0.922
Augmentation index -10.01 (-14.72t0 -5.30)  -12.76 (-19.99t0 -5.23)  0.118

Augmentation index.75* 2015 (-24.72t0 ~1558)  ~22.55 (-29.24 10 ~15.86)  0.098

Data are presented as estimate and 95% confidence interval.

*
Augmentation index percentage normalized to heart rate (75 bpm)
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