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Abstract

Background: Arginine is considered to be an essential amino acid in various (patho)physiologic conditions of high demand.
However, dietary arginine supplementation suffers from various drawbacks, including extensive first-pass extraction.
Citrulline supplementation may be a better alternative than arginine, because its only fate in vivo is conversion into
arginine.

Objective: The goal of the present research was to determine the relative efficiency of arginine and citrulline
supplementation to improve arginine availability.

Methods: Six-week-old C57BL/6J male mice fitted with gastric catheters were adapted to 1 of 7 experimental diets for
2 wk. The basal diet contained 2.5 g L-arginine/kg, whereas the supplemented diets contained an additional 2.5, 7.5, and
12.5 g/kg diet of either L-arginine or L-citrulline. On the final day, after a 3-h food deprivation, mice were continuously
infused intragastrically with an elemental diet similar to the dietary treatment, along with L-["*Cglarginine, to determine the
splanchnic first-pass metabolism (FPM) of arginine. In addition, tracers were continuously infused intravenously to
determine the fluxes and interconversions between citrulline and arginine. Linear regression slopes were compared to
determine the relative efficiency of each supplement.

Results: \Whereas all the supplemented citrulline (105% * 7% SEM) appeared in plasma and resulted in a marginal
increase of 86% in arginine flux, supplemental arginine underwent an ~70% FPM, indicating that only 30% of the
supplemental arginine entered the peripheral circulation. However, supplemental arginine did not increase arginine flux.
Both supplements linearly increased (P < 0.01) plasma arginine concentration from 109 wmol/L for the basal diet to 159
and 214 pwmol/L for the highest arginine and citrulline supplementation levels, respectively. However, supplemental
citrulline increased arginine concentrations to a greater extent (35%, P < 0.01).

Conclusions: Citrulline supplementation is more efficient at increasing arginine availability than is arginine supplemen-

tation itself in mice. J Nutr2017;147:596-602.

Keywords: amino acid, arginine, citrulline, first-pass metabolism, requirements

Introduction

Arginine is considered to be a dispensable amino acid in many
species, including humans. However, certain physiologic (rapid
growth, pregnancy) or pathophysiologic conditions with a high
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demand for arginine [e.g., preterm birth (1), sepsis (2, 3), and
diabetes (4)] may lead to arginine becoming essential. Typically,
such conditions may benefit from exogenous arginine supple-
mentation, because this amino acid is required for NO (3),
creatine (6), polyamine (7), and protein synthesis. However, oral
supplementation with arginine may suffer from various draw-
backs. First, arginine undergoes first-pass metabolism (FPM)®
via the gastrointestinal tract and liver. Earlier FPM determina-
tions vary from 38% in humans (8) to 75% in mice (9). It is
unclear whether this wide range is due to species differences
or to different arginine intake amounts with respect to their

8 Abbreviations used: CAT, cationic amino acid transporter; FPM, first-pass
metabolism; OAT, ornithine aminotransferase.
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requirements. Second, chronic dietary supplementation with ar-
ginine may cause gastrointestinal distress and diarrhea (10).
Lastly, arginine supplementation may cause a sudden drop in
blood pressure, and some reports have found arginine
supplementation to cause adverse outcomes in critically ill
patients (11).

Given these drawbacks of arginine supplementation, citrul-
line has been suggested as a potential alternative to increase
arginine availability. The main support for citrulline supple-
mentation comes from the premise that citrulline does not
undergo FPM in the gut or liver (12) [although this has been
questioned (13)] and that the only known fate of citrulline
in vivo is its conversion to arginine (12). Furthermore, some
studies have demonstrated that citrulline supplementation is as
efficient as, if not more efficient than, arginine supplementation
itself in increasing NO production (14, 15); however, there is a
lack of quantitative data on the metabolic fate of these 2
supplements, and it is unclear which one is more efficient at
increasing arginine availability. Thus, the purpose of this study
was to quantify the metabolic fate of dietary arginine and ci-
trulline supplementation under varying supplementation levels.
Our hypothesis was that dietary supplementation with citrulline
is more efficient than that with arginine to increase systemic
arginine availability over the long term, because arginine undergoes
increasing FPM.

Methods

Mice and housing. Six-week-old male C57BL/6] mice were obtained
from the Jackson Laboratory. Mice were housed in a pathogen-free
temperature (22°C)- and humidity (55%)-controlled facility under a 12-h
(0600-1800) light cycle. Ad libitum access to LabDiet SVSR unpurified
diet (59 g fat/kg, 24 g fiber/kg, 570 g carbohydrates/kg, 180 g crude
protein/kg, 7.5 g arginine/kg, and 50 g ash/kg) and water was provided.
Upon 2 d of acclimatization, mice were surgically fitted with gastric
catheters as previously described (16) and housed in individual cages. All
mouse procedures were approved by the Baylor College of Medicine
Institutional Animal Care and Use Committee.

Diet and infusion treatments. After recovery to presurgery body
weight (5 d postsurgery), mice were randomly assigned to 1 of 7 dietary
treatment groups (# = 9) described below. We have shown that for
maximal growth, C57BL/6] mice have an arginine requirement (17).
Thus, to meet this arginine requirement, a base (control) diet was
formulated by adding L-arginine (2.5 g arginine/kg diet; L-arginine, free
base; Research Diets) to an elemental arginine-free diet (Research Diets)
formulated based on Teklad 9020 (17). Over and above the base diet

arginine content, the diet was supplemented with 3 levels of either
L-arginine or L-citrulline (2.5, 7.5, or 12.5 g/kg diet) (Sigma) (Table 1).
Because arginine and citrulline have similar molecular weights (174 and
175 g/mol, respectively), diets were also considered to provide
supplemental (quasi)isomolar amounts of arginine and citrulline. The
powdered diets were consumed ad libitum from glass jars for 2 wk; feed
intake and body weight were determined 2 times/wk.

On the day of the infusion after a food deprivation of 3 h beginning at
0700, mice were implanted with a tail-vein catheter, and the intragastric
and intravenous catheters were connected to separate syringe infusion
pumps as previously described (9). After a 1-h bolus priming dose,
continuous intravenous (5 mL - kg~' - h™') and intragastric (22 mL -
kg™' - h™!') infusions were carried out for 4 h before collection of blood
samples. We showed previously that plateau isotopic enrichment of the
tracers infused, as well as their products, are achieved within this period
(18).

The intragastric infusate was an elemental diet formulated to mimic the
respective treatment diets (Supplemental Table 1), delivering 75 wmol
arginine - kg~! - h™! (control) and supplemented with 75, 225, or
375 wmol - kg~ - h™! of arginine or citrulline for the arginine and citrulline
treatments, respectively (Table 1). In addition, the intragastric infusate
contained U-[*>C] arginine in order to estimate the FPM of arginine (the
priming dose and rate are shown in Supplemental Table 2). The
intravenous infusate contained U-['*N,] arginine, (ureido)[**N] citrulline,
5,5-*H,] ornithine, (ring)[*Hs] phenylalanine, and 3,3-[*H,] tyrosine,
which were used to determine fluxes and interconversions (the priming
doses and rates are shown in Supplemental Table 2).

Blood and tissue sampling. Blood samples were collected after the 4-h
infusion by cheek puncture and centrifuged immediately at 4000 X g for
10 min at 4°C. Mice were killed with carbon dioxide and liver tissue was
collected for expression analysis and snap-frozen in liquid nitrogen.
Plasma and liver samples were stored at —80°C until analysis.

Amino acid analysis. Amino acid enrichments in plasma were
determined as their dansyl derivatives with the use of LC~tandem MS
(TSQ Vantage; ThermoFisher Scientific) by monitoring the ions as
previously described (19). In addition, plasma amino acid concentrations
were determined with the use of L-homoarginine as an internal standard.
The following precursor-product ion transitions were monitored: argi-
nine (m/z 408—170, 410—170, 411—170, 412—170, 413—170,
414—170, 408—391, and 409—391), citrulline (m/z 409—170,
411—-170, 412—170, 414—170, 409—392, and 410—392), orni-
thine (m/z 599—170, 601 —170, 602— 170, and 604 —170), phenyl-
alanine (m/z 399—120 and 404—125), tyrosine (m/z 415—136,
417—138, and 419 —140), and homoarginine (m/z 422 —170).

Tissue sample analysis. Liver samples (7 = S/treatment) were homog-
enized in guanidinium thiocyanate-phenol-chloroform extraction solution
(TRIzol; Life Technologies), and RNA was isolated with the use of Qiagen
RNeasy MinElute columns. After cDNA synthesis, PCR amplification and

TABLE 1 Arginine and citrulline concentrations of diets fed to mice and arginine and citrulline infusion rates of the different

treatments

Treatment diets and infusions

Arginine-supplemented

Citrulline-supplemented

Control Al A3 A5 C1 C3 C5

Contents, g/kg diet

Basal arginine 25 25 25 25 25 25 25

Supplemental arginine 0 25 75 12.5 0 0 0

Supplemental citrulline 0 0 0 0 25 75 125
Infusion, pmol - kg™" - h™"

Basal arginine 75 75 75 75 75 75 75

Supplemental arginine 0 75 225 375 0 0 0

Supplemental citrulline 0 0 0 0 75 225 375
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gene differentiation expression for arginasel, cationic amino acid transporter
(CAT) 1, CAT2A, CAT2B, ornithine transcarbamylase, and ornithine amino-
transferase (OAT) (primer sequences are shown in Supplemental Table 3) were
performed with SYBR Greenl on a multicolor real-time PCR detection
system (CFX96; BioRad Laboratories). GAPDH expression was used to
normalize the expression of the genes of interest.

Calculations. Rates of appearance and conversion, as well as splanchnic
FPM, were calculated as described elsewhere (16). In brief, the rate of
appearance was calculated based on the isotopic dilution of the tracer
infused and the rate of conversion based on the transfer of the label from
the precursor to the product. Arginine FPM was calculated based on the
disappearance of the intragastric tracer in comparison with the intra-
venously infused tracer. Arginine FPM was expressed as a rate (micromoles
per kilogram per hour) and as percentage of the total arginine intragastric
infusion rate. The clearance of the different amino acids, the virtual
volume of plasma cleared per unit of time, was calculated for each
individual amino acid by dividing the amino acid flux by the corresponding
plasma amino acid concentration.

Statistics. All data are reported as means = SEMs. Linear regression
analyses were performed to determine the relation between the supplemen-
tation level [4 supplemental levels for arginine supplementation (control and
3 arginine concentrations) and 4 supplemental levels for citrulline supple-
mentation (control and 3 citrulline concentrations)] and the different
variables. Depending on the response variable, the independent variable was
the dietary content of arginine or citrulline (e.g., weight gain and feed intake)
or the intragastric infusion rate of arginine or citrulline (e.g., fluxes,
interconversions, clearances, or FPM). To determine the differences between
arginine and citrulline supplementation, the dummy variable technique was
used (20). To compare linear and nonlinear models (quadratic), goodness of
fit was evaluated with the use of the extra sum of squares F test. All statistical
analyses were performed with the use of RStudio, version 0.99.484 (21).
Differences were considered to be significant at P < 0.05.

Results

All mice recovered to their presurgery body weight within 5§ d
postsurgery. Over the 2-wk feeding of experimental diets, mouse
weight gain (2.0 + 0.13 g/2 wk) and feed intake (3.5 = 0.15 g/d)
were not different (P > 0.24) between the different experimental
diets. Because of the design of the feeders, some mice lost their
intragastric catheters; the final number of mice is shown in the
corresponding tables and figures.

Amino acid fluxes, concentrations, and clearance rates.
Citrulline supplementation resulted in a linear increase (P < 0.001)
in citrulline and arginine fluxes (Figure 1A and B). In contrast,
arginine supplementation did not increase the peripheral arginine
flux (P = 0.41) (Figure 1B). All of the supplemental citrulline
appeared in plasma (slope = 1.05 = 0.07; R* = 0.96), which
resulted in a marginal increase of 86% on the arginine flux
(i.e., the increase in arginine flux per unit of supplemental
citrulline; slope = 0.86 * 0.21; R> = 0.61) (Figure 1B). The plasma
concentration of citrulline increased linearly with increasing
citrulline supplementation levels (P < 0.01), but arginine supple-
mentation had no effect on citrulline concentration (P = 0.31).
Both citrulline and arginine supplementation increased plasma
arginine concentration (P < 0.01); however, citrulline supplemen-
tation resulted in a larger increase (P < 0.01) (Table 2). Both arginine
and citrulline supplementation resulted in a linear increase in the
flux and plasma concentration of ornithine (P < 0.01), but there was
no difference between the 2 supplements (P = 0.27 and P = 0.83,
respectively) (Figure 1C). The fluxes and plasma concentrations of
phenylalanine and tyrosine were not affected by the different
experimental diets fed to the mice (P > 0.20) (Supplemental
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FIGURE 1 Fluxes of citrulline (A), arginine (B), and ornithine (C) in

mice infused intragastrically with a dextrose/amino acid mixture
containing different amounts of CIT and ARG. Values are means =
SEMs, n=6-9. ARG, supplemental arginine; ArgFlux, flux of arginine;
CIT, supplemental citrulline; CitFlux, flux of citrulline; OrnFlux, flux of
ornithine.

Figure 1 and Table 1). Plasma clearances were not different for
the amino acids studied (Table 3), with the exception of plasma
arginine clearance, which decreased with increasing citrulline
supplementation levels.

Amino acid interconversions. The rate of conversion of
citrulline to arginine (de novo arginine synthesis) increased
linearly with increasing concentration of citrulline supplemen-
tation (P < 0.001), whereas it remained unaffected by arginine
supplementation (P = 0.97) (Figure 2A). The rate of conversion
of circulating arginine to ornithine increased linearly with
citrulline and arginine supplementation (P < 0.03) (Figure 2B).
However, citrulline supplementation resulted in a greater
increase in the rate of conversion of arginine into ornithine
(P < 0.01). Neither arginine nor citrulline supplementation had
an effect on the rates of conversion of phenylalanine to tyrosine
(P > 0.40) (Supplemental Figure 2).

Splanchnic FPM of arginine. Arginine FPM increased from
32.5% for mice on the control diet to 60.4% for mice on the



TABLE 2 Selected plasma amino acid concentrations of mice fed diets with various levels of supplemental arginine or citrulline for 2

wk’

Treatment diets

Arginine-supplemented

Citrulline-supplemented

Plasma concentration, pM Control Al A3 A5 C1 C3 C5 Parg Peit Pcit,A,gz
n 9 7 7 9 9 6 7

Arginine 109 = 11 126 = 7 141 £ 15 159 = 14 131 =11 169 = 5 214 =12 0.002 <0.001 0.008
Citrulline 74 =2 73%2 73+3 n=*2 M9 4 224 + 8 283 =19 0.31 <0.001 <0.001
Ornithine 94 +2 140 = 7 145 =9 199 = 11 123+ 8 165 = 8 186 + 18 <0.001 <0.001 0.83

Phenylalanine 186 + 4 184 + 7 171 = 8 183 + 6 187 = 6 188 = 9 185 =9 0.52 0.98 0.66

Tyrosine M4 =6 M4 =7 109 = 7 M =5 124 = 9 117 =8 123 =13 0.63 0.78 0.62

" Values are means = SEMs. Control, 75 wmol arginine - kg~ ' - h™'; A1, A3, and A5 provided 75, 225, and 375 wmol supplemental arginine - kg~

C5 provided 75, 225, and 375 umol supplemental citrulline - kg™ - h™", respectively.

2 Comparison between citrulline and arginine; slopes differed for P < 0.05.

highest arginine supplementation concentration (Figure 3A). A
quadratic model was a better fit (P < 0.001) for the arginine FPM
data than was a linear model (quadratic R? = 0.72; linear R? = 0.60).
Citrulline supplementation, in contrast, had no effect on arginine
FPM (P = 0.54). Increasing amounts of arginine were metabolized
by the splanchnic tissue (slope = 0.69 = 0.04; R* = 0.95) (Figure 3B)
with increasing arginine supplementation levels, indicating that
69% of the supplemental arginine disappeared during FPM.
As a consequence, only 31% * 3% of the supplemental
arginine escaped first-pass splanchnic extraction and entered
the general circulation.

Liver expression of arginase and other enzymes related to
arginine metabolism. No differences in liver expression were
detected for arginase 1, ornithine transcarbamylase, or arginine
transporters (CAT1, CAT2A and CAT2B) from arginine or
citrulline supplementation (results not shown). OAT expression,
however, increased linearly with arginine and citrulline supple-
mentation (P < 0.01) (Figure 4).

Discussion

Citrulline, the endogenous precursor for the synthesis of
arginine, has been proposed as an alternative to arginine
supplementation (14, 22, 23). Because of the reduced FPM of
citrulline and the fact that the only known fate of this amino acid
is its conversion to arginine, citrulline has the potential not only
to circumvent the adverse side effects of arginine supplementa-
tion, but also to be a more efficient option to increase arginine
availability.

-h™", respectively; C1, C3, and

To directly compare the metabolic fate and the efficiency of
arginine and citrulline supplementation, we used a strain of mice
(C57BL/6]) in which we had previously defined the arginine
requirements for growth (2.5 g/kg diet) (17). This arginine
requirement was associated with the ability of this strain to
produce citrulline, which is the rate-limiting step in the
endogenous synthesis of arginine (24), rather than the ability of
converting citrulline into arginine. The supplementation levels
were designed to provide 1 time, 3 times, and 5 times the
arginine requirement. This was to mimic the mean human intake
of arginine (~4 g/d) (25) and common arginine supplemental
regimens used in humans (low: 4 g/d, medium: 12 g/d, and high:
20 g/d) (15, 26, 27). It is noteworthy to mention that regular
rodent maintenance unpurified feed (e.g., Teklad Global 2014 or
LabDiet 5V5R) contains ~8 g arginine/kg diet (similar to our A5
diet), and complete life-cycle diets (e.g., LabDiet 5001) contain
up to ~16 g arginine/kg diet. Because arginine is in excess of
requirements, the basal diet in many supplementation studies
already contains excess arginine (28, 29); thus, those compar-
isons are not between unsupplemented and supplemented diets,
but rather between high and higher arginine supplement levels.
For this reason, the lack of response to arginine supplementation
in some studies (30) could be due to the fact that the arginine
contained in the regular unpurified diet had already maximized
the physiologic response.

Citrulline escapes first-pass splanchnic extraction. Our
data demonstrate that whereas supplemental citrulline escaped
FPM, a large fraction (~70%) of the supplemental arginine
underwent extraction by the gut and the liver. The negligible

TABLE 3 Selected plasma amino acid clearances of mice fed diets with various levels of supplemental arginine or citrulline for 2 wk’

Treatment diets

Arginine-supplemented

Citrulline-supplemented

Clearance rate, L - kg~' - h™' Control Al A3 A5 c1 3 5 Parg Pt PeitArg
n 9 7 7 9 9 6 7

Arginine 6.0+ 02 49 + 04 45 + 04 54+ 05 47 =04 48 + 03 41 +03 0.44 0.012 0.21
Citrulline 16 =01 15+ 0.1 15+ 0.1 16 =01 16 =01 17 =01 18 =01 0.66 0.18 0.42
Ornithine 26 = 0.1 19+02 22+ 05 20+03 19+02 18+02 21 +04 0.39 0.09 0.58
Phenylalanine 28 = 0.1 2.7 =01 23+02 25+02 24 +02 28 +02 25+ 0.1 0.09 0.86 0.39
Tyrosine 38+02 40+ 03 34 +02 36 =03 34 +03 37 +04 33+04 0.16 0.71 0.63

" Values are means + SEMs. Control, 75 wmol arginine - kg~

C5 provided 75, 225, and 375 wmol supplemental citrulline - kg™" - h™", respectively.
2 Comparison between citrulline and arginine; slopes differed for P < 0.05.

=1

-h™"; A1, A3, and A5 provided 75, 225, and 375 wmol supplemental arginine - kg

" h™", respectively; C1, C3, and
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FIGURE 2 Rc of citrulline to arginine (de novo arginine synthesis)
(A) and circulating arginine to ornithine (B) in mice infused
intragastrically with a dextrose/amino acid mixture containing differ-
ent amounts of CIT and ARG. Values are means = SEMs, n = 6-9.
ARG, supplemental arginine; CIT, supplemental citrulline; Rc, rate of
conversion.

splanchnic FPM of citrulline is consistent with previous reports
(12) and with the early observation by Krebs and Henseleit (31)
that liver slices were poorly permeable to citrulline. More
recently, this has been questioned in patients undergoing
hepatectomy because of colorectal metastasis (13), in which
citrulline uptake by the liver was observed. It is unclear whether
these observations were due to species differences, the arterio-
venous method used to determine uptake, or the hepatic tumors
present in these subjects. Here, we have shown that the escape of
citrulline into circulation resulted in an =4-fold increase in flux
and plasma concentration; however, the citrulline clearance
remained unchanged (~1.6 L - kg~' - h™") regardless of the
citrulline suppplementation amount, suggesting that even at the
highest supplementation level, there is still spare ability to
convert citrulline into arginine. This excess capacity for the
disposal of citrulline was first postulated in rats (24); however, a
large oral citrulline dose may at least temporarily overwhelm the
ability of the kidney and other tissues to convert citrulline into
arginine (32). Of note is that whereas the continuous delivery of
citrulline here and in research by Dhanakoti et al. (24) resulted
in an ~4-fold increase in plasma citrulline concentration, the
single citrulline dose administered in research by Moinard et al.
(32) raised plasma citrulline >100-fold.

Arginine extraction by the gut and liver. Arginine FPM has
been described in many species, including humans (8, 9, 33). We
showed previously in C57BL/6 mice consuming an 8 g
arginine/kg diet that the FPM of this amino acid was 75%; a
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large fraction of this FPM seems to take part in the liver, because
only a moderate reduction in arginine extraction (65% FPM)
was observed in mice lacking arginase II (9). However, other
pathways for arginine utilization by the gut (e.g., protein
synthesis) have not been quantified, and their contribution to
FPM remains unknown. Here, we have shown that arginine
FPM is not a fixed amount or fraction, and that it varies
depending on arginine intake. When the arginine content of the
diet was just above requirements, the FPM of arginine was 32%
for the control diet or 37% for the citrulline-supplemented diets.
These values are remarkably similar to the ones reported by
Castillo et al. (8) in humans on a 1 g protein - kg™! - d™* diet
(32% and 38%). Thus, it seems that previous reports in different
species reflect differences in arginine intake and arginine
demand, rather than true species differences. The marginal
arginine FPM of 70% resulted in an increase in the fractional
FPM with increasing arginine supplementation levels that agrees
with our previous observation in mice consuming a regular
unpurified diet (9, 16). Despite the >10-fold increase in arginine
extraction during first pass in the arginine-supplemented mice
between the control diet and the highest arginine supplementa-
tion concentration, we were unable to detect changes in the
expression of arginase 1 or in arginine transporters (CAT1,
CAT2A, and CAT2B) in the liver. However, the main hepatic
arginine transporter (CAT2A) is a low-affinity, high-capacity
transporter (34), with the highest Michaelis-Menten constant
(3.5 mmol/L) of the CAT family (e.g., that for CAT1 is
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FIGURE 3 FPM of arginine as a percentage of total arginine infused
intragastrically (A) or as an absolute rate (B) in mice infused
intragastrically with a dextrose/amino acid mixture containing different
amounts of CIT and ARG. The slope of FPM in panel A for citrulline
was not different from zero (P = 0.50; not shown for clarity of
presentation). Values are means = SEMs, n = 6-9. ARG, supplemen-
tal arginine; CIT, supplemental citrulline; FPM, first-pass metabolism.
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FIGURE 4 OAT expression in the liver of mice fed diets containing
different amounts of CIT and ARG. Values are means = SEMs, n = 5.
ARG, supplemental arginine; CIT, supplemental citrulline; OAT, orni-
thine aminotransferase.

0.12 mmol/L) (35). This implies that transporter activity is very
responsive to increased portal arginine concentration, which is
consistent with the linear increase in arginine disappearance
observed during first pass. This low affinity of the transporter
has been postulated as a mechanism to protect arginine against
high concentrations of hepatic arginase (36).

Supplementation increases arginine availability. Only
~30% of the supplemented arginine escaped splanchnic FPM
and reached peripheral circulation, increasing plasma arginine
concentrations; however, arginine supplementation failed to
increase the flux of arginine. In contrast, citrulline supplemen-
tation not only resulted in an increase in arginine flux, but also
in a greater increase in plasma arginine concentration than
arginine supplementation itself. For these reasons, citrulline
was a more efficient supplement than arginine in increasing
arginine availability. Although we were able to account for
only a fraction (86%) of the supplemental citrulline as an
increase in arginine flux, and that the estimation of the de novo
arginine synthesis was 63% of the citrulline flux, it is likely that
all the supplemented citrulline was converted into arginine. This
is due to the fact that the only known fate of citrulline is its
conversion into arginine and because citrulline losses in the urine
are minimal (even when large citrulline doses are administered
as a single bolus) (32). The widespread expression of arginino-
succinate synthase and lyase suggests that most tissues are able
to use citrulline for arginine synthesis to meet their local needs
for this amino acid (37, 38). However, because this arginine does
not enter the circulation, it cannot be detected in the blood and
thus it is not accounted for in the de novo arginine synthesis
estimation.

Arginine disposal. Although arginine is used in the synthesis of
many different compounds (protein, creatine, polyamines, and
NO), quantitatively, the fate of excess arginine is its disposal
through arginase and the production of ornithine. Here, we
demonstrated that both arginine and citrulline supplementation
did increase the flux of ornithine as expected. Whereas arginine
supplementation increased the disposal of arginine and subse-
quent conversion to ornithine before entering the peripheral
circulation, citrulline supplementation increased the disposal of
plasma arginine into ornithine. Regardless, the 2 supplements
resulted in a similar increase in the expression of hepatic OAT.
This enzyme is the main route for ornithine disposal (39),
yielding glutamate semialdehyde and glutamate. The deamina-
tion of glutamate results in a-ketoglutarate, which can then

enter the tricarboxylic cycle, where it is oxidized to generate
energy.

In conclusion, citrulline supplementation resulted in an
increase in arginine flux and a greater increase in plasma arginine
concentration than did arginine supplementation itself. Whereas
citrulline escaped FPM, 70% of the supplemental arginine
disappeared before reaching the peripheral circulation. This
extensive extraction by the splanchnic organs limits the ability
of arginine supplementation to increase arginine availability. This
is likely the reason why supplementation with citrulline resulted
in a greater response in NO production (14, 135).
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