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Background: L-citrulline is an amino acid discovered in watermelon (Citrullus lanatus,
Cucurbitaceae) and is a known component of the nitric oxide (NO) cycle that plays an
important role in adjusting blood circulation and supplying NO and a key component of the
endothelium-derived relaxing factor. Objective: The objective of this study is to evaluate
the effect of L-citrulline on a newly established stress-induced cold hypersensitivity mouse
model. Materials and Methods: When normal mice were forced to swim in water at 25°C
for 15 min, their core body temperature dropped to 28.9°C, and then quickly recovered to
normal temperature after the mice were transferred to a dry cage at room temperature (25°C).
A 1-h immobilization before swimming caused the core body temperature to drop to ca.
24.1°C (4.8°C lower than normal mice), and the speed of core body temperature recovery
dropped to 57 % of the normal control. We considered this delay in recovery from hypothermia
to be a sign of stress-induced cold hypersensitivity. Similar cold hypersensitivity was induced
by administration of 50 mM L-NG-nitroarginine methyl ester, a NO synthesis inhibitor.
Results: In this study, we showed that recovery speed from the stress-induced hypothermia
remarkably improved in mice fed a 1% L-citrulline-containing diet for 20 days. Furthermore,
the nonfasting blood level of L-arginine and L-citrulline increased significantly in the L-citrulline
diet group, and higher serum nitrogen oxide levels were observed during recovery from the
cold. Conclusions: These results suggested that oral L-citrulline supplementation strengthens
vascular endothelium function and attenuates stress-induced cold hypersensitivity by
improving blood circulation.
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INTRODUCTION

Watermelon (Citrullus lanatus [Thunb] Matsum. et Nakai;
syn. Citrullus vulgaris schrad) is a rich natural source
of the nonessential amino acid L-citrulline. L-citrulline
content in watermelon flesh ranges from 3.9 to 28.5 mg/g
dry weight and 1.1 to 4.7 mg/g fresh weight,* and rind
contains more citrulline than flesh based on dry weight, but
it contains a little less based on fresh weight. L-citrulline
is not a structural protein, but it can be metabolized
to L-arginine, a conditionally essential amino acid.!
Collins e alP! have reported that consumption of 780
or 1560 g of watermelon juice/day, which provided 1

Address for correspondence:

Prof. Yoshinori Kobayashi, School of Pharmaceutical Sciences,
Kitasato University, 5-9-1, Shirokane, Minato-ku,

Tokyo 108-8641, Japan.

E-mail: kobayashiy@pharm.kitasato-u.ac.jp

Pharmacognosy Research | October-December 2014 | Vol 6 | Issue 4

or 2 g of L-citrulline, respectively, increased the fasting
concentration of plasma arginine by 12-22% in healthy
humans. Although L-arginine is a direct substrate used in
the synthesis of nitric oxide (NO) in the NO cycle, it is
easily metabolized in the small intestine and liver when
administered orally. Contrary, L-citrulline is not metabolized
in the small intestine and liver, and mostly circulates as a
free amino acid, which is then converted into L-arginine
in the kidney. Furthermore, arginine seem to be vulnerable
to oxidation,!® L-citrulline is an efficient hydroxyl radical
scavenger.”! Therefore, L-citrulline is expected to be an
efficient source of L-arginine, and play an essential role
in the maintenance of vascular function. In rabbits fed
a high-cholesterol diet, ingestion of L-citrulline (2% in
drinking water) for 12 wecks led to a marked improvement
in endothelium-dependent vasorelaxation and blood flow; a
dramatic regression in atheromatous lesions, and a decrease
in superoxide production and oxidation-sensitive gene
expression.”! In Zucker diabetic fatty rats, drinking water
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containing 63% watermelon pomace juice for 4 weeks
increased serum concentrations of arginine; reduced-fat
accretion; lowered the serum concentrations of glucose,
free fatty acids, homocysteine, and dimethylarginine;
enhanced guanosine triphosphate cyclohydrolase-1
activity and tetrahydrobiopterin concentrations in the
heart; and improved acetylcholine-induced vascular
relaxation.”! Perinatal supplementation with citrulline
in drinking water (L-citrulline, 2.5 g/L) increased
renal NO at 2 weeks and persistently ameliorated the
development of hypertension in females and until
20 weeks in males.'” In a double-blind, randomized,
placebo-controlled parallel-group trial, L-citrulline
supplementation (5.7 g/day for 1 week) significantly
increased plasma citrulline, arginine, and serum nitrogen
oxide (NOx). Because of the correlation between the
plasma arginine increase and a reduction in baPW,
short-term L-citrulline supplementation may functionally
improve arterial stiffness.l""! The swelling of the lower leg
in females during long-term seating was also reduced by
oral L-citrulline supplementation."” Thus, there is growing
evidence that oral L-citrulline could be an effective supplier
of endothelial NO through the L-citrulline/L-arginine
pathway and consequently improve various cardiovascular
diseases.

Since NO counteracts norepinephrine-dependent
vascular contraction,”® the stress-induced reaction of
an overactivated sympathetic nervous system may be
significantly attenuated by prior exposure to a NO supplier.
However, little is known about the efficacy of L-citrulline
on stress-induced physiological changes.

In this study, we established a stress-induced cold
hypersensitivity model in mice and evaluated the
ameliorating effects of alimentary L-citrulline.

MATERIALS AND METHODS

Animals

All the experiments were performed with 5-week-old male
ddY mice (Japan SLC, Ltd., Tokyo, Japan). The animals
were maintained at the Laboratory Animal Research Center
of Kitasato University, housed in polycarbonate cages with
a 12 h: 12 h light-dark cycle at 55% 5% humidity and an
ambient temperature of 22°C £ 1°C, and the mice had
access to food and water ad /ibitum. During the acclimation,
standard diet (CE-2; CLEA Japan Inc., Tokyo, Japan) and
water were provided ad /ibitum for at least 3 days. Animal
protocols were approved by the Kitasato University
School of Pharmaceutical Sciences Animal Care and Use
Committee (approval number F10-1, 07 July 2010), and
all experiments were conducted in accordance with the
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Institute for Laboratory Animal Research Guide for Care
and Use of Laboratory Animals.

Drugs

L-citrulline (purity >98.5%) was obtained from
Kyowa Hakko Bio Co., Ltd. (Tokyo, Japan). The
L-citrulline-containing experimental diet was prepared as a
1% L-citrulline-containing CE-2-based pellet diet by CLEA
Japan Inc. (Tokyo, Japan). The control diet was prepared
by substituting cornstarch for the L-citrulline.

L-NG-nitroarginine methyl ester (L-NAME hydrochloride,
purity >98.0%; Wako Pure Chemical Industries Ltd,
Tokyo, Japan) was dissolved in saline and administered
intraperitoneally 1 h prior to the forced cold-water
swimming. The dosage of L-NAME was determined
according to preliminary expetiments.

Preparation of the stress-induced cold hypersensitivity
model

The mice were fasted for 18 h, but were allowed free
access to water. They were then placed in the restraint
cages (Natsume Seisakusho Co. Limited, Tokyo, Japan)
and immersed vertically up to the neck in warm
water (37°C £ 1°C) for 1 h, before a mild cold-exposure.
Hypothermia was induced by a mild cold exposure by
placing individual mice in a tank of water (depth = 12 cm,
temperature = 25°C + 1°C) for 15 min. The mice were
forced to swim in the tank and then the water was wiped
from the body surface and the mice were transferred to a
dry cage at room temperature (25°C £ 1°C).

Although the 1-h immobilization stress both with and
without warm water immersion at 37°C showed similar
effects, the former showed better reproducibility of the
results (data not shown). Therefore, we adopted the 1-h
immobilization stress with warm water immersion as a
stress load method.

Assessment of cold hypersensitivity

Cold hypersensitivity induced by a 1-h immobilization was
evaluated by monitoring the time course of changes in core
body temperature and peripheral body surface temperature
after cold exposure in comparison to that of the normal
mice without the immobilization stress preconditioning,

The core body and peripheral body surface temperatures
were measured with a wireless thermometer (electronic
identification transponder and digital control system - 5001
handheld Reader Systems; Bio Medic Data Systems, Inc.,
Seaford DE, USA) and an infrared thermal radiometric
camera (MobIR M3; IRSYSTEM CO., LTD, Tokyo,
Japan), respectively, to avoid disturbing the mice by
handling,
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Wireless thermometer implantation

Under anesthetization with pentobarbital, a wireless
thermometer was implanted in the abdominal cavity of
a mouse. The mouse was then given free access to food
and water for at least 3 days to recover from the surgical
operation.

Measurement of spontaneous motor activity
Spontaneous motor activity was measured using a passive
infrared sensor detection system (Supermex CompACT
AMS; Muromachi Kikai Co., Limited, Tokyo, Japan) as we
reported previously."

Measurement of plasma nitrate and amino acid
concentrations

Measurement of plasma nitrate was conducted according to
a previously reported method with a slight modification.!!
Each blood sample in 1 mg/ml ethylenediaminetetraacetate
was centrifuged at 12,000 rpm for 15 min at 4°C to
separate the plasma. To remove the plasma proteins,
an equal volume of methanol was added to the plasma
sample, mixed well, and centrifuged at 15,000 rpm for
10 min. The concentrations of NOx in the supernatant
were measured with a NOx analyzer (ENO-20; Eicom
Corporation, Kyoto, Japan).

Plasma amino acid determinations were performed in an
AminoTac JLC-500/V analyzer using a multi-segment
tandem column (Jeol, Tokyo, Japan) according to previously
reported methods.'*!"

Measurement of serum cortisol

Serum cortisol levels were measured using the cortisol
express enzyme immunoassay Kit (Cayman Chemical
Company, Michigan, USA).
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Statistical analysis

All data are presented as mean T standard deviation
values. The Student’s #test (unpaired) was employed to
evaluate statistical differences. P <0.05 was considered
as statistically significant. P values are shown as *P < 0.05
and **P < 0.01.

RESULTS

In this experiment, forced swimming in cold water was
used as a mild cold exposure. The body temperature of
the mice dropped to 28.9°C when forced to swim for
15 min in water at 25°C. After the mice were transferred
to a dry cage and left at room temperature, their core
body temperature recovered to normal temperature
within 20 min [Figure 1]. In contrast, a 1-h immobilization
with a warm water (37°C) immetsion ptiot to the forced
cold-water swimming resulted in a drop in core body
temperature that was 4.8°C lower than that in mice
without the immobilization stress. The time required
for the recovery of core body temperature in mice with
immobilization stress was 3-times longer than that in mice
without the immobilization stress. Recovery speed during
the first 15 min was 0.40°C/min in the normal mice and
0.23°C/min in the mice exposed to the immobilization
stress. The change in peripheral body surface temperature
also showed a similar trend |[Figure 2].

The cold hypersensitivity induced by the immobilization
stress was similar to that induced by the administration
of 50 mg/kg L-NAME, a NO synthesis inhibitor.
Administration of L-NAME 1 h prior to the forced
swimming in cold-water caused the core body temperature
to drop 2.4°Clower than that in the control mice after forced
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Figure 1: Time course of the changes in core body temperature
after cold exposure with (open circles) or without (closed triangles)
immobilization stress preconditioning. Values shown are the means
+ standard deviation (n = 4). Statistical analysis: Unpaired t-test
(*P < 0.05; **P < 0.01 vs. the control)
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Figure 2: Time course of changes in the tail skin surface temperature
after cold exposure with (open circle) or without (closed triangle)
preconditioning with immobilization stress. Values shown are mean
+ standard deviation (n = 4). Statistical analysis: Unpaired t-test
(*P < 0.05; **P < 0.01 vs. the control)
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swimming, and the time for the core body temperature
recovery was delayed to 60 min [Figure 3|. Recovery speed
during the first 15 min was 0.32°C/min in the control
mice and 0.23°C/min in the mice administered IL.-NAME.
The change in peripheral body surface temperature
after administration of L-NAME also showed a similar
trend [Figure 4].

Recovery from stress-induced cold hypersensitivity
improved significantly in mice fed 1% L-citrulline-containing
diet for 20 days [Figures 5 and 6]. In the L-citrulline diet
group, the decrease in core body temperature after forced
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Figure 3: The effects of single administration of L-NG-nitroarginine
methyl ester (L-NAME) on the time course of changes in core
body temperature after cold exposure without immobilization stress
preconditioning. L-NAME was administered intraperitoneally 1 h prior to
forced cold-water swimming. Open triangles: L-NAME, closed triangles:
Vehicle. Values shown are the means + standard deviation (n = 6).
Statistical analysis: Unpaired t-test (*P < 0.05; **P < 0.01 vs. the control)

cold-water swimming was slightly (0.8°C) less than that
in the control diet group. Recovery speed during the
first 15 min improved 22%, and the time required for
full recovery of core body temperature was shortened
by 30 min [Figure 5]. Recovery speed during the first
15 min was 0.22°C/min in the L-citrulline diet group and
0.18°C/min in the control diet group. Although intake
of the citrulline diet for 20 days did not affect body
weight, food intake, or spontaneous motor activity, the
nonfasting blood levels of L-arginine and L-citrulline
increased [Table 1].
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Figure 4: The effects of administration of a single L-NG-nitroarginine
methyl ester (L-NAME) dose on the time course of changes in tail
skin surface temperature after cold exposure without immobilization
stress preconditioning. L-NAME was administrated intraperitoneally
1 h prior to forced cold-water swimming. Open triangles: L-NAME,
closed triangles: Vehicle. Values shown are the means + standard
deviation (n = 6). Statistical analysis: Unpaired t-test (*P < 0.05;
**P < 0.01 vs. the control)
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Figure 5: The effects of an L-citrulline-containing diet on the time
course of changes in core body temperature after cold exposure with
immobilization stress preconditioning. Closed circles: L-citrulline diet,
open circles: Control diet. Values shown are the means + standard
deviation (n = 12). Statistical analysis: Unpaired t-test (*P < 0.05;
**P < 0.01 vs. the control)
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Figure 6: The effects of an L-citrulline-containing diet on the time course
of changes in tail skin surface temperature after cold exposure with
immobilization stress preconditioning. Closed circles: L-citrulline diet,
open circles: Control diet. Values shown are the means + standard
deviation (n = 12). Statistical analysis: Unpaired t-test (*P < 0.05;
**P < 0.01 vs. the control)
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Table 1: Comparison of body weight, food

intake, serum arginine, serum citrulline, and
spontaneous motor activity between mice fed the
L-citrulline diet group and the control diet group

Control Citrulline
Nonfasting body weight (g) 38.6+2.1 38.84£2.2
Fasting body weight (g) 33.9+2.0 34.4+1.9
Calculated daily diet intake (g/mouse)
Day 7 4.9 4.4
Day 14 4.9 4.8
Day 20 6.0 6.0

Nonfasting serum arginine (uM) 140.6+17.8 230.6+41.8

Fasting serum arginine (M) 88.616.6 78.0+14.0
Nonfasting serum citrulline (uM) 14444215 197.9457.4
Fasting serum citrulline (uM) 68.5£20.0  80.5+19.0

Spontaneous motor activity 1050414007 887013035

(counts/60 min)

Values shown are the means+SD (n=42) for body weight, (n=6-8) for serum amino
acids and (n=14) for spontaneous motor activity. Statistical analysis: Unpaired t
test (*P<o0.05, **P<0.01 vs. the control). SD: Standard deviation
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Figure 7: The effects of an L-citrulline-containing diet on the time course
of changes in serum nitrogen oxide (NOx) levels after cold exposure
with immobilization stress preconditioning. Closed circles: L-citrulline
diet, open circles: Control diet. Values shown are the means + standard
deviation (n = 6-8). Statistical analysis: Unpaired t-test (*P < 0.05;
**P < 0.01 vs. the control)

Furthermore, higher serum NOx (the sum of nitrite plus
nitrate) was observed during recovery from hypothermia
in the L-citrulline diet group [Figure 7; P = 0.09 at 5 min],
and the area under the curve of NOx level was 1.16 times
higher in the mice in the L-citrulline diet group.

Although a significant elevation in serum cortisol was
induced after forced cold-water swimming, there was no
significant difference in serum cortisol levels between the
control diet group and the L-citrulline diet group (before
forced swimming 0.77 £ 0.37 ng/ml and 0.81 + 0.32 ng/
ml, respectively; after forced swimming 2.06 + 0.43 ng/ml
and 2.01 £ 0.42 ng/ml, respectively).
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DISCUSSION

The results obtained in this study suggested that alimentary
L-citrulline strengthens vascular endothelium function
through the enhancement of endothelial NO supply during
recovery from the cold, improves blood circulation, and
attenuates stress-induced cold hypersensitivity.

In Japan, there is a symptom commonly referred to as
Hiesho, which can be defined as hypersensitivity to cold
in a particular part of the body. It frequently occurs in
winter, and more than 30% of women in all age groups
suffer from it. The mechanism of Hiesho has not been
sufficiently elucidated; however, it is thought to be a type
of circulatory disturbance caused by vasoconstriction
of peripheral arteries.!'"® In addition, at least some
women with this hypersensitivity have characteristics
of sympathetic hyperactivity.'” Hypersensitivity to
cold is evaluated clinically by the ice water immersion
test. Hypersensitivity with an inferior vasoconstriction
reaction showed a much slower recovery of toe skin
temperature after cold exposure.'” In this paper, we
established a stress-induced cold hypersensitivity model
in mice. A 1-h immobilization stress resulted in a much
slower recovery from hypothermia induced by a mild cold
exposure. Because the 1-h immobilization and L-NAME
administration induced similar cold hypersensitivity in
mice, immobilization stress might disturb endothelial
function in the peripheral arteries.

Peripheral arteries are classified as either superficial arteries
or deep arteries. Cold induces vasoconstriction of the
superficial arteries. Adrenergic function is thought to be
involved in this cold-induced vasoconstriction, because
inhibition of sympathetic adrenergic function significantly
reduces the cutaneous vasoconstrictor response to direct
local cooling,” Constriction of the cutaneous blood vessels
in response to cooling is a protective physiological response
that acts to reduce the loss of body heat.? In contrast, deep
arteries in the rat hind limb were dilated upon exposure to
cold.” Expansion of deep arteries delivers warm blood to
cooled extremities. Less expansion leads to slower recovery
to cold temperature. Both deep and superficial arteries are
dilated during recovery from cold.

Dietary L-citrulline might function in the dilation of these
arteries by strengthening endothelial function, because mice
fed L-citrulline had reduced immobilization stress-induced
cold hypersensitivity and elevated serum NOx levels.
Similar effects of oral L-citrulline supplementation
(6 g/day for 4 weeks) were reported by the cold pressor
test in healthy human subjects.” In the cold pressor test,
acute increases of brachial systolic blood pressure and
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aortic systolic blood pressure were observed during the
immersion of the right foot up to the ankle in 4°C water
for 2 min, and this could be translated as the results of
sympathetic-mediated vasoconstriction. And oral citrulline
attenuated these changes. Thus, the stress-induced cold
hypersensitivity mouse model would be a useful tool for
the evaluation of the endothelial function, blood circulation
and thermoregulation improving agents, like L-citrulline.
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