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Background: Arginine (Arg) has been shown to possess numerous useful physiological properties.
However, the effect of Arg on various cancers remains controversial. This study investigated the effect of
Arg supplementation on highly metastatic human colorectal adenocarcinoma xenograft in nude mice.
Methods: Nude mice (n=20) were inoculated with 1 x 107 SW620 cells and randomly assigned to two
groups. The control group (n=10) was fed a semipurified diet, the experimental group (n=10) was
supplied an identical diet except that part of the casein was replaced by Arg, which provided 2% of the
total energy intake. After consuming the respective diets for 5 weeks, tumors and blood were obtained
for angiogenic protein measurement, and immunocytochemical findings of CD31 expressions in tumor
tissues were analyzed.

Results: Plasma matrix metalloproteinase-9, epidermal growth factor, vascular endothelial growth factor
receptor concentrations, and tumor homogenate matrix metalloproteinase-9 and nitric oxide levels were
higher in the Arg group than those of the control group (p < 0.05). There were more CD31-positive cells
and higher immunoreactive intensities in mice fed with Arg than those fed with the control diet.
Conclusion: The results of this study suggest that dietary Arg supplementation may enhance angiogenic

protein production in metastatic human colon cancer-implanted nude mice.
Copyright © 2011, Taipei Medical University. Published by Elsevier Taiwan LLC. All rights reserved.

1. Introduction

Arginine (Arg), a nonessential amino acid for healthy adults, is
required for the synthesis of proteins, creatinine, and polyamines.!
Although Arg is synthesized in the body, it is not made in sufficient
amount to support growth or meet metabolic requirements during
periods of stress. Arg was shown to possess numerous useful
physiological properties. Many studies have demonstrated the
benefits of Arg supplementation on immune functions." Arg is the
substrate of nitric oxide synthase (NOS) and the precursor of nitric
oxide (NO). NO is a neurotransmitter and vasodilator. Also, NO plays
a critical role in antipathogen and tumoricidal responses of the
immune system.>* However, NO has been implicated as a delete-
rious agent in various pathophysiological conditions, including
cancer.>® The Arg-NO mediated modulatory effect on various
cancers remains controversial.

Cancer was the first leading cause of death in Taiwan in 2009,
and colorectal cancer (CRC) was the third leading cause of mortality
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among cancer patients.” Changing the diet or certain dietary
components has become an important developing strategy to
decrease the incidence of CRC and improve its prognosis. Arg is
often used in immunonutrition regimens. Currently, Arg is added to
enteral formulas at pharmacologic levels in an attempt to boost
immune function and improve outcomes of critically ill patients. A
previous study showed that immune-enhancing diets containing
Arg reduced the infection rate in the postoperative period of head,
neck, and esophageal cancer patients.® A study by Ma et al°
revealed that Arg given during the initiation phase significantly
reduced colorectal tumor production and crypt cell proliferation in
rats. Our laboratory demonstrated that Arg supplementation
inhibits the progression of primary colon cancer (SW480) in in vivo
and in vitro models.!” However, a report by Park et al'! described an
increase in tumor proliferation markers in patients with breast
cancer treated with dietary Arg supplements. Yerushalmi et al'?
also found that Arg promotes colonic tumorigenesis in intestinal
neoplastic mice. The contradictory results may have resulted from
different features of the cancer cells and models. SW480 and
SW620 are human colorectal adenocarcinoma cell lines which both
derived from the same patient. SW480 was isolated from the
primary adenocarcinoma arising in the colon, whereas SW620 was
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isolated some years later from a lymph node metastasis.'> We have
examined the effect of Arg on the progression of SW480; however,
the role of Arg in the development of SW620 has not been clarified.
In this study, the SW620 cell line was used in a xenograft model in
athymic nude mice. We analyzed NO levels and several angiogenic
factors including epidermal growth factor (EGF), vascular endo-
thelial growth factor (VEGF), VEGF receptor (VEGFR), matrix met-
alloproteinase (MMP)-2,9, and platelet-endothelial cell adhesion
molecule (PECAM)-1 in plasma and tumors to evaluate the effect of
Arg supplementation on the angiogenesis induced by SW620.

2. Materials and Methods
2.1. Cell culture

The SW620 human colorectal adenocarcinoma cell line was
purchased from the Food Industry Research and Development
Institute (Hsinchu, Taiwan) and cultured in L-15 medium supple-
mented with 10% fetal bovine serum 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 trypsinied
(0.05% trypsin/EDTA) and subcultured in flasks.

2.2. 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 main-
tained in a temperature- and humidity-controlled room with a 12-
hour light-dark cycle. Care of the laboratory animals was established
by Taipei Medical University, and protocols were approved by the
Animal Care Committee. All mice were allowed free access to
a sterilized standard chow diet for 1 week before the study.

2.3. Tumor cell inoculation and study protocol

Nude mice (n=20) were weighed and anesthetized followed by
inoculation with 1 x 107 SW620 cells in a total volume of 100 L of
culture medium in the right of left flank. We waited until the tumors
were visible and then the mice 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
(Sigma Chemical Co, St Louis, MO, USA), which provided 2% of the
total energy intake (Table 1). This amount of Arg was previously
found to enhance the immune response!*!®> and have effects on

Table 1 Composition of the experimental diets

Component (g/kg) Control Arginine
Soybean oil 100 100
Casein 200 158
Arginine 0 20.9
Salt mixture” 35 35
Vitamin mixture! 10 10
Methyl cellulose 31 31
Choline chloride 1 1
Methionine 3 3
Corn starch 620 641.1

+ Salt mixture contained the following (mg/g): calcium phosphate dibasic, 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; ' Vitamin mixture contained the following
(mg/g): 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-o-tocopherol acetate, 20; cholecalciferol, 0.25; and
menaquinone, 0.005.
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inhibiting the progression of primary colon cancer in rodents.!
Although casein was isonitrogenously substituted by Arg, the
amount of protein in the Arg group was adequate for growth and
maintenance according to the reported nutrient requirements for
mice.' The diets were sterilized and stored at —20°C in bags. The
body weight was recorded weekly, and the growth rates of tumor
were determined by weekly measurements of two diameters of the
tumor with a vernier caliper. After consuming the respective diets
for 5 weeks, mice were anesthetized with ether and sacrificed by
cardiac puncture. Blood samples were collected in tubes containing
heparin and were centrifuged for further measurements. Tumors
were immediately harvested and stored at —70°C for further
analysis.

2.4. Measurement of tumor volume

Tumors were measured with a microcaliper, and the ellipsoid tumor
volume was calculated using the formula: volume = length x
width x height x /6.

2.5. Plasma EGF, VEGF, VEGFR, and MMP-9 concentrations

Plasma EGF, VEGF, VEGFR, and MMP-9 concentrations were
measured by using commercially available enzyme-linked immu-
nosorbent assay kits (R&D Systems, Minneapolis, MN, USA). Anti-
bodies specific for mouse EGF, VEGF, VEGFR, and MMP-9 were
coated onto the wells of the microtiter strips provided. Procedures
were followed according to the manufacturer’s instructions.

2.6. VEGF; VEGF-R; MMP-2, 9; and NO, /NO3~ levels in tumors

Tumor homogenates were prepared by adding 1 mL of 0.1M Tris-HCl
(pH 7.5) containing 10 mM of a CaCl, solution to 0.1 g tissue using
a homogenizer. The homogenates were centrifuged to remove cell
debris. The supernatant was used for the analysis of MMP-9, VEGF,
and VEGFR concentrations in tumors using commercially available
enzyme-linked immunosorbent assay kits. Antibodies specific for
human MMP-9, VEGF, and mouse VEGFR were coated onto the wells
of the microtiter strips provided (R&D Systems, Minneapolis, MN,
USA).

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 NO,~/NO3~ in tumor homogenates were
determined with a commercial kit (Assay Designs, Ann Arbor, MI,
USA). Protein concentrations of homogenates were measured by
Lowry’s method. The MMP-2, 9, VEGF, VEGFR and NO levels in
tumors were based on milligram protein of tumor homogenates.
Procedures were followed according to the manufacturer’s
instructions.

2.7. CD31 immunocytochemistry

To demonstrate PECAM-1 (CD31) immunoreactivity, consecutive
frozen sections of tumors (at a thickness of 10 um) were obtained
using a Bright Cryostat (Bright, Huntingdon, UK) at —20°C and
preincubated in a blocking solution containing 10% normal goat
serum and 0.3% H,0, in 0.1M phosphate buffer for 1 hour 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 0.1M phosphate buffer, for 24 hours at
4°C. After washing in buffer, sections were next incubated in bio-
tinylated goat anti-mouse immunoglobin G (diluted 1:300,
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Chemicon, Temecula, CA, USA) for 1 hour at room temperature.
After reaction with the peroxidase-linked Avidin-Biotin complex
(Vector, Burlingame, CA, USA) for 1 hour 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 cyto-
plasm. All tissue sections were mounted on silane-coated slides and
coverslipped by Permount (Fisher Scientific, Pittsburgh, PA, USA),
examined with a Zeiss Axiphot light microscope equipped with
a digital camera (Carl Zeiss, Oberkochen, Germany), and photo-
graphed. Image of immunoreactive areas were assessed with the
digital image analysis system Image Pro Plus 5.1 (Media Cyber-
netics, Silver Spring, MD, USA). We used the “count/size” and “area”
commands to perform the intensity of CD31 immunoreactivity. The
automatic object counting and measuring process was used to
quantify the immunoreactive areas in the sections. The values were
expressed as square micrometer. At least eight microscopic fields
per section and three independent samples for each group were
analyzed and the averaged areas were obtained for each group.

2.8. Statistical analysis

All data are expressed as the mean + standard deviation. Student’s ¢
test was used to analyze the significance of differences between
mean values. Linear regression analysis was used to determine the
correlation between plasma concentrations of EGF and MMP-9 and
the MMP-9 levels between plasma and tumors. A p value less than
0.05 was considered statistically significant.

3. Results
3.1. Body weights and tumor size

There were no differences in the initial body weights and weights
after feeding the diets for 5 week (control, 20.2 + 0.8 g vs. Arg,
211 +0.5 g, p > 0.05). The tumor size of the Arg group tended to be
higher than that of the control group at the end of the experiment;
however, no statistically significant difference was observed
between the two groups (control, 4076+ 891 mm> vs. Arg,
4538 +931 mm?, p = 0.06).

3.2. Plasma EGF, VEGF, VEGFR, and MMP-9 concentrations

Plasma EGF, VEGFR and MMP-9 levels in the Arg group were
significantly higher than those in the control group. There was
a positive correlation between EGF and MMP-9 levels (p = 0.018).
No differences in VEGF concentrations were observed between the
Arg and control groups (Table 2).

3.3. VEGF; VEGF-R; MMP-2, 9; and NO levels in tumors

The MMP-9, VEGFR, and NO levels were significantly higher in the
Arg group than those of the control group. Tumor MMP-9 was
positively related to plasma MMP-9 levels (p=0.001). No

Table 2 Plasma EGF, VEGF, VEGFR, and MMP-9 concentrations of the two groups

Variable Control group (pg/mL) Arginine group (pg/mL)
EGF 2.26+0.01 5.01+2.68"

VEGF 27.2+19 31.5+49

VEGFR 4943 +69.5 549.3 +£62.3"

MMP-9 0.126 £0.014 0.295+0.113"

» Significantly differs from the control group at p < 0.05. Data are presented as the
mean =+ SD.
EGF = epidermal growth factor; MMP-9 = matrix metalloproteinase; SD = standard
deviation; VEGF = vascular endothelial growth factor; VEGFR = VEGF receptor.
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differences in MMP-2 and VEGF concentrations were observed
between the Arg and control groups (Table 3).

3.4. CD31 expression in tumor

The distribution of CD31-immunoreactive cells with hematoxylin
stained-nuclei in tumor tissues is shown in Figure 1. The arrows
point to CD31-positive cells with brown cytoplasm and hematox-
ylin-stained nuclei. The immunocytochemical findings showed that
the brown CD31-positive cells were few and less intense in the
control group, and most of them were found in the vicinity of blood
vessels (Figure 1A). In the Arg-fed group, CD31-immunoreactive
cells with stained nuclei were randomly distributed throughout the
whole tissue. As shown in Figure 1, CD31-positive cells exhibited
higher immunoreactive intensities in mice fed with Arg than those
fed with the control diet (Figure 1B). The quantification of CD31
immunoreactive areas between groups were shown in Figure 1C,
and the immunoreactive areas were significantly higher in the Arg
group than in the control group (p = 0.0036).

4. Discussion

In the present study, we found that although the tumor size tended
to be greater in the Arg group, no significant difference was observed
between the two groups. Because tumor growth was noted for only 5
week, whether longer period may differentiate the growth rates
between groups requires further investigation. However, we did
observe some angiogenic protein expressions were higher in the
Arg-supplemented group in xenograft nude mice with CRC. Angio-
genesis is a prerequisite for tumor growth and metastasis. Vascular
endothelial cell proliferation, migration, and capillary formation are
stimulated by angiogenic growth factors.”” EGF and VEGF are potent
proangiogenic proteins. Levels of EGF and VEGF are positively asso-
ciated with angiogenesis.!®!® VEGF activates VEGFR expressed by
vascular endothelial cells. VEGFR activation also plays an important
role in the progression of tumor growth.2? MMPs are a family of zinc-
dependent neutral endopeptidases collectively capable of degrading
essentially all matrix components. MMP-2 and MMP-9 degrades
components of the basement membranes and is believed to be
crucial for invasion by malignant tumors.?!

In this study, we found that plasma EGF and MMP-9 concen-
trations were correlated. EGF, VEGFR, and MMP-9 were all higher in
the Arg group than in the control group. These results were
comparable with higher MMP-9 levels and PECAM-1 expressions
observed in tumors of the Arg group. A study performed by Ohnishi
et al'® also reported that MMP-9 expression was positively corre-
lated with EGF. EGF increased the promoter activities of MMP-9
genes and may consequently promote the invasion activity of
cancer cells.!”” PECAM-1 (CD31) is a member of the immunoglobin
gene superfamily of cell adhesion molecules. It is highly expressed
on the surface of endothelial cells.??> Previous study showed that
PECAM-1 deficient mice exhibited defects in their angiogenesis and

Table 3 VEGF, VEGFR, MMP-9, and NO concentrations in the tumor homogenates

Variable Control group Arginine group
MMP-2 (ng/g protein) 382.4+141.9 450.5 £23.1
MMP-9 (ng/g protein) 8.14+139 47.0+27.1"
VEGF (pg/g protein) 209495 223+8.6
VEGEFR (pg/g protein) 314.1+140.2 521.3+123.1"
NO (uM/g protein) 7.9+6.7 15.7+8.8"

* Significantly differs from the control group at p < 0.05. Data are presented as the
mean + SD.
EGF =epidermal growth factor; MMP = matrix metalloproteinase; NO = nitric
oxide; SD=standard deviation; VEGF=vascular endothelial growth factor;
VEGFR = VEGF receptor.
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inflammatory responses to foreign body challenges.?> PECAM-1
plays an important role in survival, migration, and functional
organization of endothelial cells during vascular development and
angiogenesis.?* The higher EGF, VEGFR, and MMP-9 expressions in
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Figure 1 Expression of CD31 immunoreactivity in tumor tissues in the (A) control
group and (B) arginine group. The arrow points to CD31-positive cells with brown
cytoplasm and hematoxylin-stained nuclei. Only a few brown CD31-labeled cells were
detected in the control group, and most of them were found in the vicinity of blood
vessels. The expression of CD31 exhibited higher immunoreactive intensities in mice
fed with arginine, and the CD31-positive cells were distributed randomly throughout
the tissue. Scale bars =100 um. (C) Indicates the quantification of immunoreactive
areas between groups in the target region (n = 3). The areas were assessed with Image
Pro Plus 5.1 (Media Cybernetics, Silver Spring, MD, USA) and were calculated as
described in the Materials and methods section. They are significantly different
between the control group and arginine group (p = 0.0036).
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plasma and more CD31-positive cells and higher immunoreactive
intensities in tumors of mice fed with Arg suggest that dietary Arg
supplementation may enhance angiogenesis in metastatic colon
cancer-implanted nude mice.

In this study, we observed that NO levels were higher in the Arg
group than in the control group, which was consistent with higher
expression of MMP-9 in tumors. NO has multifaceted roles in cancer
and the impact of NO on the progression of various cancers remains
controversial. Some studies suggested that expression of NOS was
correlated with reduced metastasis,>>2® others showed that there is
greater expression of iNOS in higher tumor grades, which tend to be
more invasive.?”?8 The results of this study support the description
that NO promotes angiogenesis of colorectal adenocarcinoma cells
in xenograft nude mice. Our results were consistent with reports by
Yerushalmi et al'? and Yeatman et al.>® The former study found that
iNO derived from Arg promoted colonic tumorigenesis in congen-
ital multiple intestinal neoplastic mice. Yeatman et al*® examined
the effects of dietary Arg on the growth of murine colon cancer
metastatic to the liver and found that Arg supplementation may
stimulate the growth of tumor in vivo. However, the results of this
study contradict a previous report performed by our laboratory,
which showed that Arg supplementation increased NO secretion
and may consequently inhibit the progression of colon cancer.!® In
that experiment, colon primary adenocarcinoma cells (SW480)
were used, whereas metastatic colon carcinoma SW620 cells were
selected in this study. Zhou et al*® revealed that SW620 cells had
higher tissue factor expression than did SW480 cells. Tissue factors
are believed to play important roles in tissue repair, angiogenesis,
and tumor metastasis. Cianchi et al>® found that iNOS activity was
higher in metastatic colorectal tumors than in nonmetastatic ones,
and there was a significant correlation between iNOS and VEGF
expressions. A previous study performed by Cendan et al’!
compared the L-Arg transport system between SW480 and
SW620 cells. They found that 1-Arg transport occurs primarily
through the sodium-independent system y*, and the y* system
activity in SW620 cells was almost twofold higher than that of
SW480 cells. They concluded that the increased Arg transport y*
activity may be a mechanism to provide continuous substrate for
tumor growth.’! We speculated that an Arg-supplemented diet
increases L-Arg transport and endogenous NO synthesis in SW620
tumor cells and may consequently upregulate the expressions of
angiogenic proteins. Because the angiogenic process is very
complicated, factors other than endogenous NO may also have
played roles in tumor angiogenesis in this study.

In summary, this study showed that dietary Arg supplementa-
tion resulted in higher EGF, VEGFR, and MMP-9 levels and higher
NO secretion. Also, tumor CD31 expressions were higher in SW620
cancer cell-implanted nude mice. These results suggest that Arg
administration may promote angiogenesis of metastatic colon
cancer. This study implies that dietary Arg supplementation in
metastatic colon cancer should be carefully evaluated.
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