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microperfusion of hindlimb muscle without
affecting blood pressure in rats
Fumio Ohta*†‡, Tomo Takagi*, Hiroyuki Sato*, and Louis J. Ignarro†‡
*Laboratory of Amino Acid Application, AminoScience Laboratories, Ajinomoto Co., Inc., 1-1 Suzuki-cho Kawasaki-ku, Kawasaki 210-8681, Japan;
and †Department of Molecular and Medical Pharmacology, David Geffen School of Medicine, University of California, Los Angeles, CA 90095
Contributed by Louis J. Ignarro, November 17, 2006 (sent for review October 12, 2006)

exercise 兩 nitric oxide
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itric oxide (NO) is a widespread signaling molecule that is
involved in mammalian physiological processes including
the relaxation of blood vessels (1–3), immune function (4),
inhibition of platelet aggregation (5, 6), and neurotransmission
(7). The amino acid L-arginine is the natural precursor for the
formation of NO (8), and exogenous L-arginine administration
causes the relaxation of blood vessels through the action of NO
(9, 10). Although NO synthase, the enzyme that produces NO
from L-arginine, is theoretically saturated with its natural substrate, exogenous L-arginine administration leads to increased
NO production, and this phenomenon is known as the arginine
paradox (9, 10). Therefore, many investigators have been interested in the effects of supplementation with L-arginine to
produce increased beneficial effects of NO, including prevention
of the progression of atherosclerosis (11, 12), prevention of
pulmonary artery endothelial dysfunction (13, 14), enhancement
of cellular immune response of T lymphocytes (4), and amelioration of hypertension (15, 16). Other studies indicate that oral
supplementation of L-arginine also corrects endothelial dysfunction of chronic heart failure (17), and it increases exercise
capacity in patients with precapillary pulmonary hypertension by
increasing peak oxygen consumption and decreasing pulmonary
arterial pressure and pulmonary vascular resistance thorough
the action of NO (18).
Because oxygen and carbon dioxide exchange takes place only
in the capillary bed, the peripheral blood flow correlates with the
rate of oxygen uptake in these tissues (19). Therefore, increased
capillary blood flow represents an important function of the
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pathway. Moreover, L-arginine may increase the
blood flow not only to the lung but also to the muscle capillary.
Smooth muscle relaxation of blood vessels may induce both
blood flow increment and blood pressure fall, but only the blood
flow increment is desirable for increasing exercise capacity.
Accordingly, to determine whether L-arginine administration
can increase blood flow without decreasing the systemic blood
pressure, it is necessary to test the effects of various doses of
L-arginine. The objective of the present work was to examine the
actions of L-arginine infusion on peripheral perfusion and
systemic blood pressure in rats.
Results
Influence of L-Arginine Infusion on Mean Blood Pressure (MBP) and
Skin Surface Blood Flow: Laser Doppler Study. All rats appeared to

be healthy, and no adverse effects were observed throughout the
study. Typical records of the hemodynamic study are illustrated
in Fig. 1, and the effects of L-arginine and nicardipine on the
systemic MBP of anesthetized rats are summarized in Fig. 2.
Intravenous L-arginine infusion tended to lower the MBP, but a
statistically significant response was obtained only at a dose of
500 mg/kg of body weight. The magnitude of the latter hypotensive response was similar to that of nicardipine, which decreased the MBP at a dose of 0.4 g/kg. Fig. 3 illustrates the
effect of sample infusion on the femoral skin surface blood flow.
A significant increment in blood flow was detected after Larginine infusion at doses of 50 and 150 mg/kg. Nicardipine, at
a dose of 0.4 g/kg, also increased the skin blood flow, and the
efficacy of nicardipine was similar to that of 50–150 mg of
L-arginine per kg. Interestingly, 500 mg of L-arginine per kg
failed to increase blood flow, although an increase in blood flow
was observed at lower doses. Neither L-arginine nor nicardipine
produced significant effects on heart rate (data not shown).
L-Arginine infusion tended to increase both blood velocity and
blood mass in the 50 mg/kg and 150 mg/kg L-arginine groups, but
these differences were not statistically significant (Fig. 4). On the
contrary, nicardipine significantly increased blood mass, suggesting that the increment in blood flow produced by nicardipine
was mainly the result of the increment in blood mass (Fig. 4).
Influence of L-Arginine Infusion on Peripheral Blood Flow: Microsphere
Study. All rats appeared to be healthy, and no adverse effects

were observed throughout the study. Because the initial blood
flow showed individual variation, blood flow changes were
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The objective of this work was to evaluate the influence of
exogenous L-arginine on the capillary blood flow of peripheral
tissues of normotensive subjects. Rats were anesthetized with
sodium pentobarbital, and the blood flow of femoral, dorsal, and
ventral skin and gastrocnemius and soleus muscle was measured
by laser Doppler flow and microsphere methods to compare the
blood flow before and after the L-arginine infusion. L-Arginine
lowered the mean blood pressure in a dose-dependent manner,
but a statistically significant reduction in mean blood pressure was
detected only at a high dose of 500 mg/kg of body weight. The
significant blood flow increment was detected after the L-arginine
infusion at doses of 50 and 150 mg/kg without causing hypotension. Nicardipine, a calcium channel blocker, also increased the skin
blood flow, but the blood flow increment and blood pressure fall
were comparable. A significant increment in microperfusion was
detected in gastrocnemius, soleus muscle, and ventral skin compared with control group by the microsphere method. No adverse
effects were observed during L-arginine and microsphere infusion.
The present work indicates that L-arginine infusion increases muscle capillary blood flow in rats that are not performing exercise.
Supplementation with L-arginine might provide additional blood
flow at rest and during exercise and result in the improvement of
muscle performance and exercise capacity.

Fig. 3. Time course changes of femoral skin blood flow by using laser
Doppler flow method and heart rate (HR) during L-arginine [Arg 15 (15 mg/kg
L-arginine for 30 min), Arg 50 (50 mg/kg L-arginine for 30 min), Arg 150 (150
mg/kg L-arginine for 30 min), Arg 500 (500 mg/kg L-arginine for 30 min)] and
nicardipine (Nic; 0.4 g/kg nicardipine for 30 min) i.v. infusion. (Upper) Each
point represents the percent change in MBF from preinfusion at 10-min
intervals. (Lower) The individual values of mean heart rate at 10-min intervals
are shown. Solid underbars represent sample infusion time. Data are illustrated as means ⫾ SEM. *, P ⬍ 0.05; **, P ⬍ 0.01; significantly different vs.
control value determined by factorial analysis of variance followed by Dunnet’s test for mean values comparison.

Fig. 1. Recording of MBP, heart rate and blood flow, blood velocity, and
blood mass of femoral skin during L-arginine (150 mg/kg for 30 min) infusion
in one rat. Preinfusion values were recorded for ⬎10 min before infusion to
confirm stability, and the onset of recording is expressed as time 0. L-Arginine
was infused from the 10-min to the 40-min period for 30 min, as indicated by
the solid underbar.

method. In most of the tissues, the peak blood flow response to
was observed at a dose of 150 mg/kg. Soleus muscle,
however, showed a peak blood flow response at a dose of 50 mg
of L-arginine per kg.

L-arginine

Discussion
The objective of the present work was to evaluate the influence
of exogenous L-arginine on the blood flow of peripheral tissues

compared by the ratio of postinfusion value to the preinfusion
value (Fig. 5). Saline infusion itself caused a significant decrease
in gastrocnemius tissue blood flow, but such effects were not
observed in other tissues. Intravenous L-arginine infusion tended
to increase the microperfusion of all tissues analyzed in this work
in a dose-dependent manner, but no decrease in blood flow was
observed in internal organs such as duodenum, liver, kidney, and
epididymal fat pad (data not shown). L-Arginine infusion, however, elicited significant increases in microperfusion of gastrocnemius, soleus muscle, and ventral skin compared with the
control group. No significant changes occurred in spleen. The
range of blood flow increment determined by the microsphere
method was similar to that measured by the laser Doppler

Fig. 2. Responses of MBP during L-arginine infusion at four different doses
of 15, 50, 150, and 500 mg/kg, and nicardipine infusion at 0.4 g/kg. Each
column and vertical bar shows the mean ⫾ SEM. *, P ⬍ 0.05; **, P ⬍ 0.01;
significantly different vs. control value determined by factorial analysis of
variance followed by Dunnet’s test for mean values comparison.
1408 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0610207104

Fig. 4. Responses of blood velocity and blood mass in femoral skin during
L-arginine infusion at four different doses of 15, 50, 150, and 500 mg/kg, and
nicardipine infusion at a dose of 0.4 g/kg. Each column and vertical bar shows
the percent change from preinfusion values, and data are expressed as
means ⫾ SEM. *, P ⬍ 0.05; significantly different vs. control value determined
by factorial analysis of variance followed by Dunnet’s test for mean values
comparison.
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pharmacological action between calcium channel blockers and
Blood viscosity is a parameter that defines the blood
velocity (45–47). Therefore, effects on blood viscosity may
provide a possible explanation of the difference in pharmacological action between calcium channel blockers and L-arginine.
The observation that L-arginine administration can lower the
MBP and increase blood flow at different doses is not well
understood, and further investigation is needed to clarify the
biphasic action of L-arginine on hemodynamics.
Blood flow increases in exercise are caused by vasodilation,
muscle pump action, and increased cardiac output, whereas the
blood flow increment by L-arginine is caused by vasodilation
alone. Muscle pump action, which represents the muscle contraction-induced widening of arteriovenous pressure difference,
augments blood flow (48) during locomotion, and it provides a
greater increase in blood flow than that caused by the vasodilation alone (48). In this work, the increases in muscle blood flow
after L-arginine administration were equal to or less than that
caused by exercise, as reported in refs. 50–53. Therefore, the
significance of the blood flow increment by L-arginine is that
L-arginine administration increased the blood flow in subjects
that were at rest.
Accordingly, one question that can be raised is whether the
vasodilation at rest caused by L-arginine can improve exercise
capacity. L-Arginine has already been reported to be useful in
reducing exercise-induced increases in plasma lactate and ammonia (54). Improved muscle blood flow after L-arginine administration can explain the reduction in muscle and plasma
lactate and ammonia levels. Flaim et al. (51) reported that
exercise increases blood flow in muscle and brain, whereas
splanchnic blood flow decreases, which may involve the shunting
of blood away from splanchnic regions and into the muscle area.
In contrast, L-arginine itself may not cause shunting of blood
from splanchnic regions, and splanchnic blood flow may be
maintained. Blood flow increment at rest might be beneficial to
avoid oxygen deficit and/or to cancel an oxygen debt during and
after the exercise.
In this work, gastrocnemius and soleus muscle, which represent fast-twitch and slow-twitch muscles of the leg, respectively,
were studied to evaluate the impact of L-arginine on both types
of muscle. Treadmill and aquatic exercise were shown to increase
the blood flow and oxygen transport in both types of muscle (51,
52). Although L-arginine infusion increased blood flow in both
types of muscle, the response to L-arginine infusion at a dose of
50 mg/kg was greater in soleus muscle than in gastrocnemius,
which strongly suggests that slow-twitch muscle provides the
greatest response to NO-derived vasodilation compared with
fast-twitch muscle and other organs. Slow-twitch muscle is
important in endurance exercise, and performance of endurance
exercise depends on the oxygen supply to the muscle (55). Other
studies describe that endurance training itself increases oxygen
transport by increasing diffusing capacity and blood flow (56),
and exercise increases insulin sensitivity by increasing blood flow
and glucose uptake in muscle (57). L-Arginine infusion also
increases glucose clearance in muscle by enhancing NO production rather than by increasing insulin secretion from the pancreas
(58). Therefore, increases in muscle blood flow might mimic the
impact of endurance training on muscle metabolic capacity to
some degree, and L-arginine supplementation might also elicit
these effects by increasing blood flow in muscle. These observations suggest that L-arginine supplementation might provide
beneficial effects in sports nutrition.
The present work indicates that L-arginine infusion increases
muscle capillary blood flow in normotensive subjects, at least in
rats, and that a dietary supplement can boost muscle blood flow
in animals that are not performing exercise. These observations
indicate that L-arginine supplementation, in addition to reducing
the severity and progression of atherosclerosis (11, 12), might

Fig. 5. Effect of L-arginine infusion at doses of 50 and 150 mg/kg on regional
blood flow. Each column and vertical bar shows the percent change from
preinfusion values, and data are expressed as means ⫾ SEM. *, Significant
difference vs. preinfusion values, P ⬍ 0.05; †, significant difference vs. control
group, P ⬍ 0.05.

and systemic MBP of normotensive rats. Although a great deal
of research has been conducted on the effects of exogenous
L-arginine on the circulatory system, most of the studies have
focused on the effect of L-arginine administration on blood
pressure in experimental models of hypertension (20–22) and in
patients (16, 23, 24); the improvement of blood flow or exercise
capacity in patients with chronic heart failure (17), hypertension
(18), and hypercholesterolemia (25); and the prevention of
atherosclerosis (11). Few reports exist on the effect of L-arginine
on capillary blood flow in normotensive subjects (16, 26–29).
The therapeutic effect of L-arginine supplementation in improving exercise capacity in healthy subjects has often been attributed
to an increase in plasma growth hormone levels (27–29). However, L-arginine administration does not always increase plasma
growth hormone levels (30, 31). The beneficial effects of Larginine supplementation on exercise capacity are thought to
come from increases in blood flow by the NO pathway rather
than from growth hormone secretion (32). To our knowledge,
the effects of L-arginine on capillary perfusion of muscle and
skin of normotensive subjects have not been reported.
Some previous studies have reported that L-arginine failed to
show beneficial effects related to NO function such as the
improvement of renal function in patients with chronic transplant dysfunction (33), the improvement of exercise capacity in
patients with chronic heart failure (34), the amelioration of
hypoxia from acute mountain sickness (35), and the attenuation
of vasoconstrictor response elicited by application of lower body
negative pressure (36), although L-arginine supplementation
increased plasma L-arginine levels and NO production, and it
was well tolerated without causing any adverse effects. Other
studies on healthy subjects indicated that L-arginine supplementation showed no significant effects on forearm blood flow
responses to acetylcholine (37) or that infusion of D-arginine, the
biologically inactive enantiomer of L-arginine, provided greater
vasodilation than L-arginine infusion (38). These negative reports on L-arginine action have led to some confusion regarding
the benefit of supplementation of L-arginine in healthy subjects.
In this work, L-arginine prompted an MBP fall and blood flow
increase at different doses, whereas nicardipine infusion produced an MBP fall and blood flow increase at the same dose. It
is unclear why L-arginine at a high dose of 500 mg/kg decreased
MBP without affecting peripheral blood flow. The effects of
nicardipine on hemodynamic responses are in agreement with
previous reports (39, 40), and similar effects were reported for
other calcium channel blockers (41–44). These differences in
hemodynamic responses may be attributed to the difference in
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also provide beneficial effects in healthy subjects by improving
skeletal muscle blood flow. The effect of L-arginine on muscle
blood flow is likely attributed to an increase in vascular endothelial NO production, as is the case for the antiatherosclerotic
action of L-arginine (11, 59). Dietary supplementation with
L-arginine may, therefore, provide therapeutic benefit in both
healthy individuals and in subjects with cardiovascular disease.
Materials and Methods
All procedures performed on the animals were performed according to the Guidelines for Experiments of the Pharmaceutical
Research Laboratories, Ajinomoto Co., Inc. (Kawasaki, Japan).
Subjects. Sixty-six male Sprague–Dawley rats weighing 310–490
g were obtained from Charles River Japan (Yokohama, Japan)
and used in this work. Animals were housed in a controlled 12-h
light/12-h dark photoperiod with food and water available ad
libitum.
Recording of MBP and Blood Flow by Laser Doppler Method. Rats

were anesthetized with sodium pentobarbital (50 mg/kg, i.p.),
and anesthesia was maintained by constant infusion of sodium
pentobarbital (20 mg/kg per h). The right common carotid artery
was cannulated for the measurement of MBP with a pressure
transducer (TP-400; Nihon Koden, Tokyo, Japan), and the right
jugular vein was also cannulated for drug administration. A laser
Doppler blood flow meter (FLO-N1; Omegawave, Tokyo, Japan) probe was positioned in the left femur surface to monitor
skin blood velocity, blood mass, and blood flow. MBP and blood
flow were recorded with the aid of the MacLab system (ADInstruments Japan, Nagoya, Japan). The body temperature was
maintained at 37–38°C with the aid of a heating pad.
After the stabilization period, test agents were infused i.v.
through the cannula for 30 min: Arg 15, 15 mg/kg L-arginine for
30 min; Arg 50, 50 mg/kg L-arginine for 30 min; Arg 150, 150
mg/kg L-arginine for 30 min; Arg 500, 500 mg/kg L-arginine for
30 min; Nic, 0.4 g/kg nicardipine for 30 min; control, saline.
These agents were infused continuously with a motor-driven
syringe pump (CFV-3200; Nihon Koden). MBP, heart rate, and
blood flow of the left femur skin were observed and recorded
throughout the study.
Blood Flow Analysis by Microsphere Method. Microperfusion analysis

using microspheres was performed as described in refs. 49, 60, and
61 with minor modification. Thirty-three male Sprague–Dawley
rats were sedated with a sodium pentobarbital bolus (50 mg/kg, i.p.)
followed by constant infusion of sodium pentobarbital (20 mg/kg
per h). A polyethylene tube was implanted in the left ventricle of the
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heart through the right common carotid artery to inject microspheres (15-m diameter; Primetech, Tokyo, Japan), and the right
femoral artery was cannulated to collect reference blood. Both
catheters were filled with heparinized saline. The right jugular vein
was also cannulated to infuse test agents.
After the stabilization period, the first microspheres were
injected. Microspheres were sonicated and vigorously agitated
with a vortex mixer before the injection; then 300,000 microspheres were injected and flushed with 400 l of saline into the
left ventricle of the heart over a 60-s period. Starting 10 s before
injection of the microspheres, the reference blood was withdrawn from the femoral arterial cannula at a rate of 300 l/min
for 90 s with a syringe pump (CFV-3200). Microspheres were
distributed and trapped in the microcirculation of different
organs in proportion to regional blood flow. L-Arginine solution
or saline was infused into the jugular vein 10 min after the first
microsphere injection for 30 min: Arg 50, 50 mg/kg L-arginine for
30 min; Arg 150, 150 mg/kg L-arginine for 30 min; control, saline;
followed by the second microsphere injection. The time of the
second microsphere injection was determined after the time of
peak blood flow. The rats were killed by acute sodium pentobarbital injection, and gastrocnemius, soleus and heart muscle,
dorsal and ventral skin, and spleen were excised. Organs and
blood samples were digested in 4 mol/liter potassium hydroxide
at 70°C for 4 h, and they were filtered through a polyester filter
to trap the microspheres. After the filtration, polyester filters
were transferred into a 5-ml polyethylene sample tube and dried
at 50°C for 1 h. Three hundred microliters of acidified cellosolve
acetate was then added to dissolve the microspheres, and tubes
were centrifuged at 1,500 ⫻ g for 10 min to separate undissolved
materials. Two hundred microliters of the supernatant was taken
from the tube and put on 96-well glass plates (FB-96; Nippon
Sheet Glass, Tokyo, Japan). Photometric absorption of each
solution was measured with the aid of a microplate reader
(Benchmark Plus; Bio-Rad Laboratories Japan, Tokyo, Japan).
The number of microspheres was calculated by using the specific
absorbance value of the dyes used in each experiment. Organ
blood flow was calculated according to the formula: organ
flow ⫽ microsphere number in organ ⫻ reference blood flow per
minute divided by the microsphere number in reference blood.
Data Analysis. Results were expressed as means ⫾ SEM, and they
represent unpaired data. The statistical significances within a
parameter were evaluated by factorial analysis of variance
followed by Dunnet’s test for mean values comparison. A P value
⬍0.05 was considered statistically significant.
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