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Aims Recent studies in patients with cardiovascular diseases suggest potential for the
use of orally administered l-arginine, the precursor of nitric oxide, as a therapeutic
agent. This crossover study was designed to examine the pharmacokinetics of single
i.v. and oral doses of l-arginine in healthy volunteers (n=10).
Methods A preliminary control study (n=12) was performed to assess the variation
in plasma l-arginine concentrations when ingesting a normal diet. The observed
variation was taken into account when interpreting the pharmacokinetic data
obtained after exogenous administration.
Results The mean baseline plasma concentration of l-arginine in the control study
was 15.1±2.6 mg ml−1. After intravenous administration (30 g over 30 min), the
plasma concentration reached 1390±596 mg ml−1. The disappearance of l-arginine
appeared biphasic, with an initial rapid disappearance due to concentration-
dependent renal clearance followed by a slower fall in plasma concentrations due to
nonrenal elimination. The peak concentration after oral administration (10 g) was
50.0±13.4 mg ml−1, occurring 1 h after administration. Renal elimination was not
observed after oral administration of this dose. The absolute bioavailability of a
single oral 10 g dose of l-arginine is #20%.
Conclusions This study provides basic knowledge of l-arginine pharmacokinetics in
healthy humans. Intravenous and oral administrations show at minimum a biphasic
pattern. Further studies will assess whether a similar profile is observed when the
drug is administered to patients.
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ure. NO is a potent endogenous vasodilator and has
Introduction

antiplatelet and other properties that may inhibit athero-
genesis. While impaired availability of NO in endotheliuml-arginine is considered a nutritionally dispensable (or

non essential) amino acid in humans [1]. l-arginine is and platelets has been associated with cardiovascular risk
factors and with ageing [3], experimental [4–9] andthe substrate from which the ubiquitous mediator nitric

oxide (NO) is synthesized [2]. There is now considerable clinical studies [10–16] have shown that the attenuation
of vascular and platelet NO activity can be reversed ininterest in the potential therapeutic properties of l-

arginine in modulating NO bioavailability in the vasculat- some of these conditions by oral or intravenous
administration of l-arginine. As a potential therapeutic
agent, information about l-arginine kinetics in humans isCorrespondence: Dr Terrence F. Blaschke, Division of Clinical Pharmacology,
needed. Due to various limitations related to the routeS-009 Stanford University Medical Center, Stanford, California 94305–5130,

USA. of administration, assay sensitivity and methods of data
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Belgium. volunteers.
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by centrifugation and stored frozen at −70° C until
Methods

analysis. Urine samples were also collected at 4 h intervals
during the study and stored at the same temperature.Subjects

Ten healthy volunteers (6M, 4F) aged 23–52-years old
Control study In a separate protocol designed to evaluate

(mean±s.d.: 35±11) with normal body mass index
the effects of a normal diet on plasma l-arginine

(mean±s.d.: 25±3 kg m−2) were enrolled in this study.
concentrations, 12 healthy volunteers were admitted to

These subjects were nonsmokers, took no regular
the General Clinical Research Center (GCRC). Blood

medication and had no significant past medical illnesses.
and urine samples were collected over an 8h period with

They were screened by physical examination, blood tests
a diet similar to that given during the pharmacokinetic

(CBC, SMA-20), urinalysis and resting ECG. Written
studies containing normal amounts of proteins and l-

informed consent was obtained after full explanation of
arginine. Plasma samples were analysed for l-arginine

the study procedure. The protocol was approved by the
concentrations and these data were used to interpret the

Administrative Panel on Human Subjects in Medical
variations observed after exogenous administration of

Research at Stanford University.
l-arginine.

Protocol Assay procedures

Plasma l-arginine concentrations were determined byPharmacokinetic study No medication was permitted for
at least 1 week prior to the study. Consumption of high performance liquid chromatography (h.p.l.c.) with

fluorescence detection as described previously byalcohol and caffeine was also restricted 24 h before the
study. This study was designed as a crossover study. The Gopalakrishnan et al. [20]. Briefly, the assay involves

precolumn derivatization of l-arginine with naphthalene-subjects were admitted on two separate occasions (with
at least a 1 week interval between them) for oral or dicarboxaldehyde (NDA) and cyanide (CN) followed by

h.p.l.c. with u.v. detection. The coefficient of variationintravenous administration of l-arginine. The sequence
of administration for each volunteer was randomly for this assay is less than 2%. Some plasma and urine

samples were analysed using a Beckman 6300 Aminoselected. On the study day, volunteers were admitted in
the morning in a fasting state. Meals without caffeine Acid Analyser (Palo Alto, CA) which detects the coloured

ninhydrin derivative of most amino acids at 570 nm.were provided 2 h after l-arginine administration. For
the intravenous dose, 300 ml of a 10% l-arginine
hydrochloride solution (30 g) (R-Gene10, Kabi

Data analysis
Pharmacia, Clayton, NC, USA) was infused in one
antecubital vein over a period of 30 min. For the oral Plasma concentrations of l-arginine were used to deter-

mine the area under the plasma concentration (AUC) vsdose, 100 ml of a 10% l-arginine solution (10 g) was
swallowed in less than 2 min. This oral dose of l-arginine time curve for 8 h after the administration of either an

oral or iv dose of l-arginine. The AUC produced byis similar to those used in previous clinical studies [11,
15, 19]. The intravenous dose is that used clinically for exogenous (i.v. or oral) administration of l-arginine

(AUCEXoral or AUCEXi.v.) was calculated by the linearthe investigation of growth hormone secretion, and it
was chosen to provide sufficiently high concentrations trapezoidal method using the plasma concentration above

the baseline value from each individual study and thenfor the determination of pharmacokinetic parameters. In
both cases, the treatment was administered immediately adjusting the area for endogenous variation by subtracting

the AUC derived from the control study. In some cases,after a baseline blood sample was obtained. Vital signs
and possible adverse effects were monitored throughout the subject served as his/her own control, while in other

cases an average control value was used. The bioavail-the study.
Blood samples (5 ml) were drawn via an indwelling ability (F) of l-arginine was calculated as:

[AUCEXoral]/[AUCEXi.v.] where the numerator andcatheter in the antecubital vein (in the arm opposite that
used for the i.v. administration) at intervals from 0 to 8 h denominator were normalized to the oral or i.v. dose.

Based on the urine concentration data, #5 g of l-after intravenous administration and from 0 to 8 h after
oral administration. A few subjects had samples drawn at arginine was excreted in urine after a 30 g intravenous

infusion of l-arginine. Urinary excretion did not occur24 h after the dose. The duration of sampling was
determined on the basis of data obtained from a previous following oral administration of 10 g. To calculate the

nonrenal clearance after intravenous administration, westudy of the pharmacokinetics of l-arginine following
exogenous administration to humans [17]. Blood was corrected for the loss of drug due to renal excretion after

the intravenous dose, which occurred rapidly and hadcollected into heparinized tubes and the plasma separated
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little influence on AUCEX. Thus, the intravenous dose
was normalized to a dose of 25 g and nonrenal clearance
was obtained by dividing this dose by AUCEX i.v. The
renal clearance of l-arginine was calculated in two
subjects according to the equation U/AUCtotal where U
is the urinary l-arginine concentration and AUCtotal is
the total area under the plasma concentration vs time
during the urine collection interval. Means±s.e.mean are
shown for all parameters except where stated otherwise.

Results

Tolerability

Both intravenous and oral l-arginine administrations were Time after administration of L-arginine (min)
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well tolerated. No significant effect was detected on the
Figure 2 Plasma concentrations of l-arginine in a representativevital signs recorded during the study (data not shown).
subject after receiving 10 g l-arginine orally (circles) or 30 g by

No adverse reaction was observed. intravenous infusion over 30 min (squares).

Control study 90 min, during which the renal threshold for reabsorption
was presumably exceeded. After oral administration

The spontaneous variation of daytime plasma l-argin-
(10 g), the peak plasma concentration of l-arginine was

ine concentrations over 8 h (09.00 h to 17.00 h) with
50.0±13.4 mg ml−1, occurring 1 h after dosing

a normal diet is shown in Figure 1. The average base-
(Figure 2). There was no significant renal clearance after

line plasma concentration of l-arginine was 15.1±
oral administration of 10 g. When plotted vs time on a

2.6 mg ml−1.
semilogarithmic scale, the difference between plasma
concentrations of l-arginine (after oral or i.v. adminis-

Pharmacokinetics tration) and the plasma concentrations of l-arginine at
the corresponding times was not log-linear (Figure 2)

After the 30 min intravenous infusion, l-arginine
indicating that the disposition of the amino acid is at a

plasma concentrations reached a maximum of
minimum biphasic in its pattern. Average bioavailability

1390±596 mg ml−1 and then declined rapidly (Figure 2).
was 21±4% and the average nonrenal clearance was

Approximately 5 g l-arginine was excreted into urine
360 ml min−1 (Table 1). The maximum renal clearance

after the 30 g intravenous infusion. Substantial urinary
of intravenous l-arginine observed during the first 90 min

excretion of l-arginine occurred only within the first
in two volunteers was 1.16 and 1.18 ml min−1 kg−1.

Discussion

This pharmacokinetic study carried out in healthy subjects
shows a biphasic elimination pattern after both oral and
intravenous l-arginine administration, and concentrations
of l-arginine have not returned to baseline after 8 h of
sampling. Moreover, plasma concentration data obtained
from the control study over 8 h with a normal diet clearly
show that there is a substantial variation in plasma
concentrations of l-arginine. The variation in the daytime
concentrations was taken into account in the analysis of
these data in order to better estimate values for clearance
and bioavailability following oral and intravenous exogen-
ous l-arginine administration.

A review of data in the literature shows that theTime of day
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pharmacokinetics of l-arginine in humans has not beenFigure 1 Average plasma concentrations of l-arginine in 12
extensively studied and is not well understood. In onesubjects who did not receive l-arginine (control study) but

ingested a normal hospital diet. study, using an enzymatic assay for l-arginine [17], the
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Table 1 Summary of pharmacokinetic data in 10 normal volunteers*. For the intravenous study, 30 g l-arginine hydrochloride was
infused over 30 min. For the oral study, 10 g l-arginine solution was swallowed in less than 2 min.

AUCEX i.v. AUCEX oral Non-renal clearance Non-renal clearance
Subject (mg ml−1 min) (mg ml−1 min) F (ml min−1) (ml min−1 kg−1)

1 94 745 5442 0.14 264 4.55
2 72 151 7530 0.26 346 4.28
3 60 980 11 968 0.50 416 4.63
4 71 718 5455 0.19 349 4.84
5 39 798 4575 0.29 628 7.85
6 63 160 4439 0.18 396 5.82
7 79 130 3744 0.12 320 5.16
8 105 235 6219 0.15 238 3.17
9 107 366 2257 0.05 235 4.20

10 61 963 6611 0.27 403 5.68
Average 75 624 5824 0.21 360 5.02
±s.e.mean ±6779 ±832 ±0.04 ±37 ±0.40

*See text for details of these parameter calculations.

pharmacokinetics of l-arginine was examined in eight all be reasons why concentrations in plasma after
exogenous administration failed to return to baseline.volunteers using four different doses from 6 to 44 g given

as an intravenous infusion over 30 min. The pharmaco- Further research will be needed to determine the precise
mechanism responsible for this observation, and wouldkinetic calculations were performed based on the assump-

tion that steady state had been reached at the end of the best be carried out using a radiolabled or stable isotopic
form of l-arginine. From a practical point of view, aninfusion and clearance and half-life were calculated from

only two data points (at the end of the infusion and important consequence of our design is that we were
unable to determine a half-life for l-arginine.15 min later). The steady-state assumption is incorrect,

and therefore the pharmacokinetic parameters obtained Oral administration of 10 g l-arginine, a dose within
the range of those proposed for therapeutic purposes [11,from this study are unreliable. In a second study [18],

30 g l-arginine was given by intravenous infusion over 15], was associated with a three-fold increase in plasma
concentration of the amino acid. The mean absolute30 min. Plasma concentration data points were available

for only 60 min after the end of the infusion due to low bioavailability for this oral dose was modest (20%) but a
wide range was observed among subjects (5%-50%).assay sensitivity in that study. These authors observed a

log-linear decline after the infusion and used it to estimate Further studies will be needed to determine the precise
mechanism responsible for this intersubject variability andhalf-lives. We have shown that renal clearance is

significant and occurs after infusion of high doses, when the relationship between plasma concentrations of l-
arginine and NO-mediated functions such as vascularplasma l-arginine concentrations exceed the renal thresh-

old. This phenomenon was neglected in both studies relaxation and platelet aggregation. As with other amino
acids, the intestinal absorption of l-arginine occurs in thewhen analysing pharmacokinetic parameters. Neither of

these two studies [17, 18] provides definitive data on the jejunum, where there is a specific transport system,
known as system Y+ [21]. After its absorption by thedisposition of l-arginine or its bioavailability after

oral dosing. brush-border membrane, l-arginine is extensively catabol-
ized by enterocytes [21].During the control study we found that the mean

value for the baseline plasma concentration of l-arginine Studies in humans have also demonstrated that total
body arginine homeostasis is related to the rate ofwhen ingesting a normal diet over 8 h is 15.1±

2.6 mg ml−1. This level is consistent with a previous degradation by hepatic arginase [22]. The activity of this
enzyme is directly related to the concentration of arginineobservation in hypercholesterolaemic subjects [11]. The

variability in plasma concentrations of l-arginine observed substrate [23]. Excess arginine intake in animals is also
associated with increased urinary excretion of the aminofrom 09.00 h to 17.00 h in this control study may

theoretically be influenced by dietary intake and acid [24] as the renal tubular reabsorption of arginine in
the distal loop of Henle exhibits a transport maximummodifications in l-arginine synthesis and/or clearance.

Changes in the baseline due to dietary intake, changes in [25, 26]. The 90-fold increase in l-arginine plasma
concentration observed after i.v. infusion in our studyl-arginine production or in clearance, or differences in

subject diet between the control and the study day could is consistent with a measurement obtained in a
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environmental tobacco smoke in normocholesterolemicpharmacodynamic study using the same dose in healthy
rabbits. Hypertension 1997; 29: 1186–1191.volunteers [19]. Interestingly, this increase was associated

5 Cooke JP, Andon NA, Girerd XJ, Hirsch AT, Creager MA.with the transient presence of renal excretion
Arginine restores cholinergic relaxation of(1.17 ml min−1 kg−1) which was not observed after oral
hypercholesterolemic rabbit thoracic aorta. Circulation 1991;

administration. After this initial urinary loss, plasma 83: 1057–1062.
l-arginine declined slowly by nonrenal clearance 6 Tsao PS, Theilmeier G, Singer AH, Leung LLK, Cooke JP.
(5 ml min−1 kg−1). This pattern is consistent with the l-arginine attenuates platelet reactivity in

hypercholesterolemic rabbits. Arterioscler Thromb 1994; 14:concept that high concentrations of the amino acid
1529–1533.exceeds the renal threshold for reabsorption in humans.

7 Cooke JP, Singer AH, Tsao P, Zera P, Rowan RA,We did not evaluate the effects of exogenous l-
Billingham ME. Antiatherogenic effects of l-arginine in thearginine on in vivo indices of NO production. However,
hypercholesterolemic rabbit. J Clin Invest 1992; 90:

available data suggest that the intravenous dose, but not 1168–1172.
the oral dose, used in our study is likely to be associated 8 Böger RH, Bode-Böger SM, Mugge A, et al.
with an increase in NO generation. In aqueous solu- Supplementation of hypercholesterolemic rabbits with
tion, NO is rapidly oxidized to nitrite (NO−

2 ) and nitrate l-arginine reduces the vascular release of superoxide anions
and restores NO production. Atherosclerosis 1995; 117:(NO−

3 ); both compounds are present in plasma and
273–284.subsequently excreted into urine, mainly as NO−

3 [27].
9 Wang BY, Candipan RC, Arjomandi M, Hsiun PTC, TsaoUnder standardized dietary intake of NO−

3 , the quantifi-
PS, Cooke JP. Arginine restores nitric oxide activity andcation of NO−

2 and NO−
3 has been suggested as a

inhibits monocyte accumulation after vascular injury in
suitable noninvasive method to determine NO activity in hypercholesterolemic rabbits. J Am Coll Cardiol 1996; 28:
vivo [28]. A single intravenous administration of l- 1573–1579.
arginine in healthy subjects at a dose similar to that used 10 Tsao PS, McEvoy LM, Drexler H, Butcher EC, Cooke JP.

Enhanced endothelial adhesiveness in hypercholesterolemia isin our study (30 g over 30 min) has been shown to be
attenuated by l-arginine. Circulation 1994; 89: 2176–2182.associated with an 80% increase in urinary excretion of

11 Clarkson P, Adams MR, Powe AJ, et al. Oral l-arginineNO−
3 [19]. Another study showed that supplementation

improves endothelium-dependent dilation inwith l-arginine in the diet (40 g day−1) during 6 days
hypercholesterolemic young adults. J Clin Invest 1996; 97:

did not alter the total daily rate of urinary NO−
3 excretion 1989–1994.

nor the plasma concentration of NO−
3 [29]. 12 Dubois-Rande JL, Zelinsky R, Chabrier PE, Castaigne A,

This study, by integrating the variation of endogenous Geschwind H, Adnot S. l-arginine improves endothelium-
plasma l-arginine concentrations, provides important new dependent relaxation of conductance and resistance coronary

arteries in coronary artery disease. J Cardiovasc Pharmacolinformation on l-arginine pharmacokinetics in healthy
1992; 20: S211–S213.subjects. Further studies are needed in patients, particularly

13 Drexler H, Zeiher AM, Meinzer K, Just H. Correction ofin hypercholesterolaemic subjects, to determine if the
endothelial dysfunction in coronary microcirculation ofsame pattern is observed.
hypercholesterolemic patients by l-arginine. Lancet 1991;
338: 1546–1550.
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