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Abstract

This study investigated the effect of arginine (Arg) supplementation on angiogenesis in human colon cancer. The in vitro study investigated the effects of
different Arg levels and inducible nitric oxide (iNO) synthase inhibitor on angiogenic protein expressions stimulated by SW480 cells. The results showed that the
production of vascular endothelial growth factor (VEGF), basic fibroblast growth factor with 100 and 1000 umol/L Arg and matrix metalloproteinase (MMP)-2
with 1000 umol/L Arg was lower than that with 0 and 50 pumol/L Arg. Inhibition of iNO resulted in higher angiogenic protein expressions comparable with groups
with low Arg administration, indicating that Arg administration at levels similar to or higher than physiological concentrations reduced the progression of colon
cancer, and iNO may partly play a role in reducing angiogenesis. The in vivo study used a human colon cancer xenograft model in nude mice. Mice were
inoculated with 1x107 SW480 cells and assigned to two groups. The control group was fed a semipurified diet, while the experimental group was supplied an
Arg-supplemented diet. After 5 weeks, tumors were harvested and spleens were excised for further analysis. Results showed that the MMP-2, MMP-9 and VEGF
receptor levels in tumors were significantly lower, whereas tumor NO levels and spleen natural killer (NK) cell activities were higher in the Arg group than in the
control group. These results were consistent with the in vitro study that dietary Arg supplementation inhibits the progression of colon cancer possibly by

increasing NO secretion and consequently enhancing NK cell activity.
© 2010 Elsevier Inc. All rights reserved.
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1. Introduction

Arginine (Arg) is a nonessential amino acid for healthy adults with
plasma concentrations of approximately 100 pmol/L [1]. Arg has been
shown to possess numerous useful physiological properties. The
significant effects of Arg on nitrogen metabolism and immune
function were shown by animal experiments and studies in humans
[2-4]. Arg is considered to be an essential amino acid for patients with
catabolic conditions [5,6]. Arg is the substrate of nitric oxide synthase
(NOS) and the precursor of nitric oxide (NO). NO can act as a signal
transducer and cellular messenger in homeostasis and host defense.
Previous studies showed that NO plays critical roles in the antipatho-
gen and tumoricidal responses of the immune system [7,8]. However,
NO has also been implicated as a deleterious agent in various
pathophysiological conditions including cancer [9,10]. The Arg NO-
mediated modulatory effect on various cancers remains controversial.

Cancer was the leading cause of death in Taiwan in 2007. Colorectal
cancer (CRC) is ranked second in mortality among cancer patients in
Taiwan. Therefore, developing strategies to decrease the incidence of
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CRC and improve its prognosis by changing the diet or certain dietary
components have become important issues of study. Arg is often used
in immunonutrition regimens. A previous study showed that
immune-enhancing diets containing Arg reduced the infection rate
in postoperative head, neck and esophageal cancer patients [11]. Arg-
supplemented formulae may be recommended for cancer patients. A
study by Ma et al. [12] showed that Arg given during the initiation
phase significantly reduced colorectal tumor production and crypt cell
proliferation in rats. They also found that Arg treatment restrained the
inhibitor of apoptosis protein expression in patients with colorectal
adenocarcinoma, and this effect may have been related to the
increased serum NO concentration [13]. Because reduced plasma
Arg concentrations are often present in cancer patients [14], and the
role of Arg-derived NO in angiogenesis and tumor growth has not
been clearly clarified, we designed these in vitro and in vivo studies to
investigate the effects of Arg and/or Arg-derived NO on the
development of a human colorectal adenocarcinoma cell line
(SW480). The aims of this study were to investigate (a) the effect of
different Arg concentrations (0, 50, 100 and 1000 umol/L) on the
progression of colon cancer cells, (b) the role of inducible NO (iNO)
production in tumor angiogenesis and (c) the effect of dietary Arg on
the development of colorectal tumor in a xenograft model of nude
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mice. We analyzed several angiogenic factors including alpha (v) beta
(3) (avp3), platelet endothelial cell adhesion molecule-1 (PECAM-1),
vascular endothelial growth factor (VEGF), VEGF receptor (VEGFR),
basic fibroblast growth factor (bFGF) and matrix metalloproteinase
(MMP). Since increased production of NO is associated with the target
cell killing ability of natural killer (NK) cells [15], the effect of dietary
Arg on splenocyte NK cell activity in colorectal tumor-implanted nude
mice was also evaluated.

2. Materials and methods
2.1. Cell culture

The SW480 human colorectal adenocarcinoma cell line was purchased from the
Food Industry Research and Development Institute (Hsinchu, Taiwan) and cultured in
L-15 medium supplemented with 10% fetal bovine serum (FBS) and a penicillin/
streptomycin mixture. Adherent monolayer cultures were maintained at 37°C in a
mixture of 5% CO, and 95% air. Cells were routinely trypsinized (0.05% trypsin/EDTA)
and subcultured in flasks. Human umbilical vein endothelial cells (HUVECs) were
isolated from an umbilical cord vein according to the method of Jaffe et al. [16]. The
umbilical vein was cannulated, washed with phosphate-buffered saline (PBS) and
perfused with PBS containing 0.1% collagenase for 10 min at 37°C in 5% CO,. HUVECs
were collected and established as a primary culture in medium-199 (M-199)
containing 20% fetal calf serum, 20 mM NaHCOs;, 25 mM HEPES, antibiotics (100 U/
ml penicillin and 100 pg/ml streptomycin), 10 IU/ml heparin sodium and 15 mg/L
endothelial cell (EC) growth factor at 37°C in 5% CO, and 95% humidity. Cells were
serially passaged two to three times for the experimental assay. HUVECs (1x10° cells/
well) from second subcultures were grown on fibronectin-coated inserts (3-um pore
size, 6.4 mm, Becton Dickinson, Franklin Lakes, NJ) until the monolayer was confluent.

2.2. In vitro study

HUVECs and SW480 cells were incubated in M-199 (with 20% heat-inactivated
FBS) with different concentrations of Arg and 1400W as shown: (a) 0 umol/L Arg, (b) 50
umol/L Arg, (c) 100 pmol/L Arg, (d) 1000 pmol/L Arg, (e) 100 umol/L Arg+10 umol/L
1400W and (f) 1000 pmol/L Arg+10 pmol/L 1400W for 24 h. The viability of HUVECs
and SW480 after incubation was more than 95% as confirmed by trypan blue staining.

2.2.1. Measurements of MMP-2, MMP-9, VEGF and bFGF in the supernatant

HUVECs were placed in the upper chamber and SW480 cells were placed in the
lower chamber of a transwell apparatus unit. After the SW480 cell-HUVEC interaction
had proceeded for 6 h, solutions in the upper chambers of the transwells were collected
and centrifuged at 1200 rpm for 10 min for further analysis. Concentrations of MMP-2,
MMP-9, VEGF and bFGF were measured using commercially available enzyme-linked
immunosorbent assay (ELISA) kits. Antibodies specific for human MMP-2, MMP-9,
VEGF and bFGF were coated onto the wells of the microtiter strips provided (R&D
Systems, Minneapolis, MN, USA). Procedures followed the manufacturer's instructions.

2.2.2. Measurements of CD51/CD61 expression by HUVECs

HUVEC surface expressions of av33 (CD51/CD61) were measured after the SW480
cell-HUVEC interaction had proceeded for 6 h in the transwell co-culture system. After
removing the supernatant, HUVECs were washed twice with PBS, and the pellets were
incubated with iced medium containing 2 mM EDTA to detach adherent ECs. Then, the
pellets were incubated with 100 pl M-199 (FBS free, containing 2 mM EDTA) for a
further 30 min at 4°C with the addition of fluorescein isothiocyanate-conjugated mouse
anti-human CD51 and phycoerythrin-conjugated mouse anti-human CD61 (Serotec,
Oxford, UK). The suspension was collected into a tube and resuspended in 500 pl PBS
(containing 0.3 ml of 350 mM formaldehyde). The fluorescence intensity of a 5x10° cell
population was counted and analyzed by flow cytometry (Coulter, Miami, FL, USA).
Results are presented as the percentages of CD51/CD61-presenting cells in 5x10% ECs.

2.2.3. Migration assay

HUVECs (1x10° cells/well) from second subcultures were grown on fibronectin-
coated inserts (8-pm pore size, 6.4 mm, Becton Dickinson), which were then placed in a
24-well plate until the monolayer was confluent. They were then incubated in M-199
(with 20% heat-inactivated FBS) with different concentrations of Arg and 1400W as
described above for 24 h. The viability of HUVECs after incubation was >95% as
confirmed by trypan blue staining. SW480 cells (1x10° cells/100 pl/well) were grown
in L-15 (with 10% heat-inactivated FBS) with different concentrations of Arg and
1400W in a 24-well plate. Subsequently, HUVECs were washed twice with PBS and
cultured with various concentrations of Arg and 1400W (without FBS) and 100 pl of
supernatant obtained from SW480 cells cultured for 3 h. The supernatant of the cancer
cells was placed in the lower chamber of the transwell. After that, HUVECs were
allowed to migrate and fall into the lower chamber for 3 h. HUVECs were quantified by a
microscopic counter in a hemocytometer [17].

2.3. In vivo study

2.3.1. Animals

Male, 4-week-old ICR nu/nu mice were purchased from the National Laboratory
Animal Center (Taipei, Taiwan). The mice were housed in a specifically designed
pathogen-free isolation facility and maintained in a temperature- and humidity-
controlled room with a 12-h light-dark cycle. The study protocol was approved by the
Animal Care Committee of Taipei Medical University, Taipei, Taiwan. The care of the
laboratory animals was in full compliance with the Guide for the Care and Use of
Laboratory Animals (National Research Council, 1985) as reviewed by the animal care
and use committee.

2.3.2. Tumor cell inoculation and study protocol

Nude mice (N=20) were weighed and anesthetized, followed by inoculation with
1x107 SW480 cells in a total volume of 100 l of culture medium in the left flank. Mice
were allowed to recover and were randomly assigned to a control group or an Arg
group of 10 animals each. The control group was fed a common semipurified diet, and
the Arg group was supplied an identical diet except that part of the casein was replaced
by Arg, which provided 2% of the total energy intake (Table 1). This amount of Arg was
previously found to enhance the immune response in rodents [3,18,19]. The diets were
sterilized and stored at —20°C in bags. The body weight was recorded weekly, and
growth rates of the tumors were determined by weekly measurement of two diameters
of the tumor with a vernier caliper. After receiving the respective diets for 5 weeks,
mice were anesthetized by ethanol and sacrificed by cardiac puncture. Blood samples
were collected in tubes containing heparin for analysis. Spleens were excised for
further NK cell activity assay. Tumors were immediately harvested and stored at —70°C
for further analysis.

2.3.3. Measurement of tumor volume
Tumors were measured with a microcaliper, and the ellipsoid tumor volume was
calculated using the following formula: volume=lengthxwidthxheightxm/6.

2.3.4. VEGF, VEGF-R, MMP-2 and MMP-9 levels in tumors

Tumor homogenates were prepared by adding 1 ml of 0.1 M Tris-HCl (pH 7.5)
containing 10 mM CaCl, solution using a homogenizer. The homogenates were
centrifuged to discard cell debris. The supernatant was used for the analysis of MMP-2,
MMP-9, VEGF and VEGFR concentrations in tumors using commercially available ELISA
kits. Antibodies specific for human MMP-2, MMP-9 and VEGF and for mouse VEGFR
were coated onto the wells of the microtiter strips provided (R&D Systems). Protein
concentrations of homogenates were measured by Lowry's method. The MMP-2, MMP-
9, VEGF and VEGEFR levels in tumors were expressed as per gram of protein. Procedures
followed the manufacturer's instructions

2.3.5. Analysis of tumor PGE, and NO27/NO3~ concentrations

NO is highly unstable in solution and cannot readily be assayed. However, NO is
converted to stable nitrite and nitrate ions in an aqueous solution. After conversion of
nitrate to nitrite using nitrate reductase, nitrite concentrations were measured using
the Griess reagent. Concentrations of NO27/NO3~ in tumor homogenates were
determined with a commercial kit (Assay Designs, Ann Arbor, MI, USA). PGE,
concentrations were measured by ELISA. The surfaces of the microtiter plates were
precoated with an antibody specific for PGE,, and acetylcholinesterase covalently
coupled to PGE, was used as the enzymatic tracer (R&D Systems). Procedures followed
the manufacturer's instructions. Levels of PGE2 and NO27/NO3~ were expressed as
picograms and millimolar per gram of protein in the tumor.

Table 1

Composition of the experimental diets (in grams per kilogram)

Component Control Arg
Soybean oil 100 100
Casein 200 158
Arg 0 209
Salt mixture?® 35 35
Vitamin mixture® 10 10
Methyl cellulose 31 31
Choline chloride 1 1
Methionine 3 3
Corn starch 620 641.1

¢ The salt mixture contained the following (in milligrams per gram): calcium
phosphate diabasic, 500; sodium chloride, 74; potassium sulfate, 52; potassium citrate
monohydrate, 20; magnesium oxide, 24; manganese carbonate, 3.5; ferric citrate, 6;
zinc carbonate, 1.6; cupric carbonate, 0.3; potassium iodate, 0.01; sodium selenite, 0.01;
and chromium potassium sulfate, 0.55.

b The vitamin mixture contained the following (in milligrams per gram): thiamin
hydrochloride, 0.6; riboflavin, 0.6; pyridoxine hydrochloride, 0.7; nicotinic acid, 3;
calcium pantothenate, 1.6; p-biotin, 0.05; cyanocobalamin, 0.001; retinyl palmitate, 1.6;
pL-a-tocopherol acetate, 20; cholecalciferol, 0.25; and menaquinone, 0.005.
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2.3.6. CD31 immunocytochemistry

For the demonstration of CD31 immunoreactivity, consecutive frozen sections (at a
thickness of 10 pm) were obtained using a Bright Cryostat (Bright, Huntingdon, UK) at
—20°C and preincubated in a blocking solution containing 10% normal goat serum
(NGS) and 0.3% H,0, in 0.1 M phosphate buffer for 1 h to block endogenous peroxidase
activity and the nonspecific binding of antibodies. Sections were then incubated with a
mouse monoclonal primary antibody against CD31 (AbD Serotec, Martinsried, Planegg,
Germany), diluted 1:100 in 0.1 M phosphate buffer, for 24 h at 4°C. After washing in
buffer, sections were next incubated in biotinylated goat anti-mouse immunoglobulin
G (diluted 1:300, Chemicon, Temecula, CA, USA) for 1 h at room temperature. After
reaction with the peroxidase-linked avidin-biotin complex (Vector, Burlingame, CA,
USA) for 1 h at room temperature, a diaminobenzidine solution kit (Vector) was used to
detect CD31 immunoreactivity. Hematoxylin (Sigma, St. Louis, MO, USA) nuclear
staining was also applied to contrast the cell nucleus with cytoplasm. All tissue sections
were mounted on gelatin-coated slides using Permount (Fisher, Fair Lawn, NJ, USA),
examined with a Zeiss Axiophot light microscope equipped with a digital camera (Carl
Zeiss, Germany) and photographed.

2.3.7. The NK cell activity assay

Splenocytes were harvested by mechanically dispersed and filtered through a 100-
pum-pore-size nylon cell strainer to produce a single cell suspension. Erythrocytes were
lysed using sterile distilled water for 15 s and immediately neutralized to isotonic cell
suspensions. After washing with PBS three times (300xg for 5 min), splenocytes were
resuspended in RPMI-1640 (Gibco BRL, Grand Island, NY, USA). The NK cell activity of
splenocytes was assessed by a flow cytometry assay [20], using target cells from the
mouse Moloney leukemia cell line, YAC-1. Briefly, splenocytes were adjusted to 4x10°
cell/ml with RPMI-1640 medium as effector cells. YAC-1 cells, as target cells, were
washed with Hanks' balanced salt solution and adjusted to 2x10° cells/ml. Target cells
at 200 pl were labeled with 2 pl of DiOC;g membrane dye (3 mM) (Molecular Probes,
Eugene, OR, USA) at 37°C for 20 min. The effector splenocytes and labeled target cells
were mixed at different ratios (40:1, 20:1, 10:1 and 5:1) and were co-cultured in a 5%
CO, humidified incubator at 37°C for 2 h. The supernatants were removed, and the
same volume of propidium iodide nuclear dye (0.2 mg/ml, Molecular Probes) was
added to stain dead cells. The splenocyte-mediated cytotoxicity was determined by
flow cytometry (Becton Dickinson FACS CaliburTM). During data acquisition, a “live”
gate was set in the FL1 histogram on the green fluorescent target cells in order to
discriminate effector and target cells. At least 5000 target cells per sample were
collected. The percent specific cytotoxicity was determined by subtracting the
percentage of dead cells in the incubated targets alone from the percentage of killed
target cells in the test samples.

24. Statistical analysis

Data are expressed as the mean4S.D. Results are representative of three
independent experiments in the in vitro study. Differences among groups were
analyzed by analysis of variance using Duncan's test. Student's t test was used to
analyze the significance of differences between mean values in the animal study. P
value <.05 was considered statistically significant.

3. Results
3.1. In vitro study

3.1.1. VEGF, bFGF, MMP-2 and MMP-9 secreted by ECs and/or
SWA480 cells

Levels of VEGF and bFGF in the supernatant of the transwell
apparatus were lower with 100 and 1000 pmol/L Arg than with 0 and
50 umol/L Arg and the groups with 1400W. VEGF levels with 0 and 50
umol/L Arg and bFGF with 50 umol/L Arg were lower than those groups
with 1400W. MMP-2 and MMP-9 concentrations were lower in the
1000-pmol/L Arg group than in the groups with 0 and 50 umol/L Arg
and the groups with 1400W. MMP-2 levels with 50 and 100 pmol/L Arg
and MMP-9 with 100 umol/L Arg were lower than those groups with
1400W. There were no differences in bFGF, MMP-2 and MMP-9 levels
among 0 umol/L Arg and groups with 1400W (Table 2).

3.1.2. CD51/CD61 expression by HUVECs

CD51/CD61 expression by ECs was lower with 50, 100 and 1000
umol/L Arg when stimulated with SW480 than with 0 pmol/L Arg,
and levels with 100 and 1000 umol/L Arg were even lower than that
with 50 pmol/L Arg. There were no differences in CD51/CD61
expressions among O pmol/L Arg and the groups with 1400W
administration (Fig. 1).

Table 2
Effects of various concentrations of Arg and 1400W (an iNOS inhibitor) on the VEGF,
bFGF, MMP-2 and MMP-9 concentrations in the supernatant

VEGF bFGF MMP-2 MMP-9
(pg/ml) (pg/ml) (ng/ml) (ng/ml)
Arg 0 umol/L 100.4+11% 1707458  16.67+0.7  10.24+0.6
Arg 50 umol/L 102.7+2.4%  14214£62°  10.01+12%  9.54+0.2
Arg 100 pmol/L 89.67+16% 1205+36°  9.01+14*  8.03+0.3°
Arg 1000 pmol/L 87.04+2.6" 1232+24°  344418"  616+03°
Arg 100 pmol/L+1400W 117.04+32  163.8+5.6 154422  11.81+06
Arg 1000 pmol/L+1400W 1163432  178.9+6.1 16.242.0  11.96+0.8

Results are representative of triplicate measurements. Data are presented as the
mean=+S.D.

¢ Significantly differs from groups with 1400W.

b Significantly differs from Arg 0 and 50 pmol/L and groups with 1400W.

3.1.3. Migration of HUVECs stimulated by SW480

HUVEC migration was lower with 50, 100 and 1000 pmol/L Arg
than with 0 pmol/L Arg, and migration extents with 100 and 1000
pumol/L Arg were even lower than that with 50 umol/L Arg. However,
the reduced EC migration in the Arg-supplemented groups was
abrogated when 1400W was administered (Fig. 2)

3.2. In vivo study

3.2.1. Body weight and tumor size of the mice

There were no differences in the initial body weights and weights
after feeding the diets for 5 weeks (data not shown). The tumor size of
the Arg group was significantly lower than that of the control group at
the end of the experiment (5834445 mm’® vs. 1069543 mm>,
P<.05).

3.2.2. NO, MMP-2, MMP-9, VEGF, VEGF-R and PGE; levels in
tumor homogenates

The MMP-2, MMP-9 and VEGEFR levels were significantly lower,
whereas NO levels were higher in the Arg group than in the control
group. No differences in VEGF and PGE, concentrations were observed
between the Arg and the control group (Table 3).

3.2.3. Splenocyte NK cell activity

Spleen NK cell activities in mice fed Arg were significantly higher
than those of control mice (Arg: 18.7+3.1% vs. control: 13.143.9%,
P<.05).

3.2.4. CD31 expression in tumors

The immunocytochemical findings of tumor tissues with hema-
toxylin staining showed that the brown CD31-immunoreactive cells
with stained nucleus were distributed randomly in the control group,
and most of them were found in the vicinity of blood vessels (Fig. 3A).
There were only a few cells that had CD31 immunoreactivity in
tumors of mice fed Arg, and these CD31-positive cells were frequently
observed in the periphery of the blood vessels (Fig. 3B). The arrows
point to CD31-positive cells with brown cytoplasm and hematoxylin-
stained nuclei. As shown in Fig. 3, the CD31-positive cells exhibited
less immunoreactive intensities in mice fed Arg than those fed the
control diet.

4. Discussion

Supplemental Arg has been demonstrated to improve the
immunologic response in both in vivo and ex vivo studies. Most in
vitro studies have used exogenous NO to investigate the effect of NO
on the progression of tumor cells. Studies investigating the effects of
Arg-derived NO on angiogenesis are rare. To understand whether Arg
concentrations may affect the progression of colon cancer cells, we
treated ECs and SW480 cells with different Arg concentrations,
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Fig. 1. Expression of CD 51/CD61 by ECs induced by SW480 cells. *Significantly differs
from the 0- and 50-uM Arg groups and the groups with 1400W. *Significantly differs
from the other groups (P<.05).

including low (50 umol/L), approximately physiological (100 pumol/L)
and high (1000 pmol/L) Arg levels to observe EC-SW480 cell
interactions. In the present in vitro study, we found that Arg
administration at levels similar to or higher than physiological
concentrations decreased angiogenesis of colon cancer cells.
Angiogenesis is a prerequisite for tumor growth and metastasis.
Vascular EC proliferation, migration and capillary formation are
stimulated by angiogenic growth factors [21]. VEGF is a mitogen specific
for ECs. Levels of VEGF have been positively associated with angiogen-
esis as judged by microvessel counts [22]. bFGF acts synergistically with
VEGF in stimulating capillary growth [23]. Degradation of the
extracellular matrix is crucial for malignant tumor growth, invasion
and angiogenesis. MMPs are a family of zinc-dependent neutral
endopeptidases collectively capable of degrading essentially all matrix
components. MMP-2 and MMP-9 degrade components of basement
membranes and are believed to be crucial for invasion by malignant
tumors [24]. In this study, we found that all of these proteins, except
MMP-9, secreted by ECs and/or SW480 cells were lower with 100 and
1000 umol/L Arg than those with 0 and 50 umol/L Arg. These findings
paralleled those of the effects of Arg on EC cell migration and avp3
expression. Integrin avR3 (CD51/CD61) is a glycoprotein membrane
receptor. ECs exposed to growth factors or those undergoing angiogen-
esis in tumors express high levels of awv3 [25]. Previous studies
suggested that av33 may serve as a useful diagnostic or prognostic
indicator of tumors [26]. The results observed in this study suggest that
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Fig. 2. Effect of different Arg levels and an iNOS inhibitor (1400W) on SW480 cell-
stimulated migration of HUVECs. *Significantly differs from the 0- and 50-uM Arg
groups and the groups with 1400W. *Significantly differs from the other groups (P<.05).

Table 3
NO, MMP-2, MMP-9, VEGF, VEGFR and prostaglandin E, (PGE;) concentrations in
tumor homogenates

Arg group Control group
NO (mM/g protein) 13.08+0.31" 737177
MMP-2 (ng/g protein) 25144105 286.7+75
MMP-9 (ng/g protein) 2.128+156" 4.344-1.47
VEGF (pg/g protein) 10.344-2.47 9.314+1.89
VEGEFR (pg/g protein) 27961293 " 640.14-89.7
PGE; (pg/g protein) 26.09+7.4 251476

Data are presented as the mean+S.D.
* Significantly differs from the control group at P<.05.

low Arg levels result in higher angiogenic protein expressions, whereas
normal or higher than physiological Arg levels decrease angiogenesis.
Angiogenesis involves basement membrane degradation, EC attach-
ment, migration and proliferation. In this study, we found that EC
migration extents with 100 and 1000 pmol/L Arg were lower than that
with 0 and 50 pmol/L Arg, indicating that normal or higher than
physiological Arg treatment decreased EC migration in vitro. In this
study, we also found that concomitant with the administration of an
iNO synthase (iNOS) inhibitor, the beneficial effects of decreasing
angiogenic protein and EC av33 expressions as well as the decreased EC
migration observed with physiological and high Arg administration
were abolished. These findings provide evidence for a modulatory role
of iNO in colon cancer cell-EC interactions.

The results of the animal study are consistent with those of the in
vitro study, in that we found that dietary Arg supplementation

Fig. 3. Expression of CD31-immunoreactive cells in mice fed the control diet (A) and Arg
diet (B). Most CD31-immunoreactive cells were found close to blood vessels. Cell nuclei
were contrast-stained with hematoxylin. The arrows point to CD31-positive cells with
brown cytoplasm and hematoxylin-stained nuclei. Note that there were more
immunopositive cells in mice fed the control diet. The scale bar represents 100 pm in
Panels A and B.
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exhibited a smaller tumor size and lower angiogenic protein
expressions in xenograft nude mice with CRC. In addition to MMP-2,
MMP-9 and VEGF, we also analyzed VEGFR and PGE, in the tumors.
VEGF activates VEGFR expressed by vascular ECs. VEGFR activation
plays an important role in tumor angiogenesis [27]. PGE, is a product
of arachidonic acid metabolism, modulates vascular reactivity and
may contribute to physiological neovascularization as well as tumor-
associated angiogenesis [28]. In this study, we found that MMP-2,
MMP-9 and VEGFR concentrations in tumors were lower in the Arg
group than in the control group. These results were comparable with
PECAM-1 expression by ECs. PECAM-1/CD31 is a member of the
immunoglobulin gene superfamily of cell adhesion molecules. It is
highly expressed on the surface of ECs [29]. PECAM-1 plays an
important role in survival, migration and functional organization of
ECs during vascular development and angiogenesis [30]. In this study,
we found fewer CD31-immunoreactive cells in mice fed Arg than
those fed the control diet. These results indicated that dietary Arg
supplementation reduced angiogenesis in colon cancer implanted in
nude mice. Our result is consistent with a previous report that Arg
supplementation in tumor-bearing hosts inhibits tumor growth [31].
However, Park et al. [32] described an increase in tumor proliferation
markers in patients with breast cancer treated with dietary Arg
supplements. The discrepancies among studies may have resulted
from the types of cancer cells, the potentiation of other genotoxic
agent present or the environmental exposure of tissues to various
concentrations and durations of NO.

NO has multifaceted roles in cancer. In this study, we observed that
NO levels in tumors were higher in the Arg group than in the control
group, which was inversely correlated with the expressions of
angiogenic proteins. A study by Ma et al. [13] found that L-Arg
administration suppressed colorectal tumorigenesis, and this effect
was thought to be related to increased serum NO concentrations. Our
data support the description of NO possibly inhibiting the progression
of colorectal adenocarcinoma cells in xenograft nude mice. A previous
study showed that the SW480 cell line has high iNOS expression [33].
High NO levels in the cellular microenvironment induce cytostasis and
cytotoxicity in tumor cells [34]. This result was similar to a report by
Scott et al.[35] that iNOS plays an antineoplastic role in a mouse model
of familial adenomatous polyposis. However, our study was incon-
sistent with a previous report by Yerushalmi et al. [36], who found that
iNO derived from Arg promotes colonic tumorigenesis in congenital
multiple intestinal neoplastic mice. The contradictory results related
to iNOS involvement in colonic carcinogenesis may have resulted from
different animal models. In their experiment, elevated dietary Arg
increased colonic NO and peroxynitrite concentrations, which can
cause DNA damage resulting in mutagenesis and tumor initiation [36].
In our study, dietary Arg supplementation may have resulted in
endogenous NO production by tumor cells and host cells, which may
consequently have reduced tumor progression. In addition, NK cell
function may also play an important role in nonspecific immunity
when nude mice are implanted with tumor cells.

NK cells constitute a subtype of cytotoxic lymphocytes with large
granules. The function of NK cells is to play an important role in
tumoricidal and antimicrobial activities of mononuclear phagocytes
[37]. A previous study found that Arg supplementation of human
volunteers increased the killing capacity of NK cells [38]. A study by
Xiao et al. [39] also found that the addition of L-Arg led to dose-
dependent NO generation, which paralleled NK cell activity,
indicating that NO is a mediator of tumor cell killing by NK cells.
In this study, we also observed that concomitant with higher NO
levels, NK cell activity increased when Arg was administered to
nude mice. This result is consistent with reports by others that Arg
supplementation in tumor-bearing hosts inhibits the growth and
dissemination of immunogenic tumors by up-regulating NK cell
function [31,40,41].

In summary, the in vitro study showed that Arg administration at
levels similar to or higher than physiological concentrations
decreased angiogenic protein production and reduced EC migration.
Inactivation of iNO resulted in higher angiogenic protein and avp3
expressions, indicating that iNO at least plays a partial role in
decreasing angiogenesis in the presence of SW480 cells. The in vivo
study also showed that dietary Arg supplementation resulted in
lower angiogenic protein levels and higher NO secretion and NK
activity in xenograft nude mice with colon cancer, suggesting that
Arg supplementation inhibits the progression of colon cancer
possibly by increasing NO secretion and consequently enhancing
NK cell activity.
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