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Objectives: This in vitro study investigated the effects of different arginine (Arg) concentrations on
angiogenic protein expressions of HeLa cells and endothelial cells (ECs) after stimulation. In
addition, an inducible nitric oxide (iNO) synthase inhibitor (1400 W) was used to investigate the
possible role of iNO in angiogenesis.
Methods: Endothelial cells and HeLa cells were treated with different concentrations of Arg and
1400 W: Arg 0, 50, 100, and 1000 mmol/L; Arg 100 mmol/Lþ 1400 W 10 mmol/L; and Arg 1000 mmol/
Lþ 1400 W 10 mmol/L for 24 h. Then, ECs and HeLa cells were cocultured for 2 h, and the super-
natant in the transwell was collected for analysis of angiogenic protein secreted. The expression of
CD51/CD61 by ECs was also analyzed.
Results: The productions of vascular endothelial growth factor, basic fibroblast growth factor,
prostaglandin E2, and matrix metalloproteinase-2 were higher with Arg 100 and 1000 mmol/L than
with Arg 0 and 50 mmol/L Arg, and this was consistent with the expression of CD51/CD61 by ECs.
Inhibition of iNO production resulted in lower angiogenic protein expressions comparable with
groups with low Arg administration.
Conclusion: The findings of this study suggest that Arg administration at levels similar to or higher
than physiologic concentrations enhance the production of angiogenic protein and iNO may partly
play a role in promoting angiogenesis in the presence of HeLa cells.

� 2010 Elsevier Inc. All rights reserved.
Introduction

Arginine (Arg) is a non-essential amino acid for healthy adults
with plasma concentrations of w100 mmol/L [1]. Arg has been
shown to possess numerous useful physiologic properties.
Previous reports have shown that supplemental dietary Arg
accelerates wound healing, enhances immune function, and
improves survival in injured conditions [2–4]. Also, Arg is
fundamental for the function of T lymphocytes [5,6]. Studies in
tumor-bearing mice and patients with cancer have indicated that
increased metabolism of L-Arg inhibits the T-lymphocyte
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response [7,8]. Several animal tumor models and many clinical
trials have demonstrated that immunotherapy in subjects with
advanced tumors failed to achieve a therapeutic response as
a result of loss of the T-cell response [9]. Arg supplementation is
important in restoring T-cell antitumor function. Arg is often
used in immunonutrition regimens. A previous study has shown
that immunoenhancing diets containing Arg decrease the
infection rate in the postoperative period for patients with head,
neck, and esophageal cancers [10]. However, a report by Park
et al. [11] described an increase in tumor proliferation markers in
patients with breast cancer treated with dietary Arg supple-
ments. Previous studies also have shown that Arg deprivation
arrests the growth of cells and causes the death of malignant
cells [12,13].

Arginine is the substrate of nitric oxide synthase (NOS) and
a precursor of nitric oxide (NO). NO can act as a signal transducer
and cellular messenger in homeostasis and host defense.
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Previous studies have shown that NO plays a critical role in
antipathogenic and tumoricidal responses of the immune system
[14,15]. However, NO has also been implicated as a deleterious
agent in various pathophysiologic conditions including cancer
[16,17]. Some studies have shown that tumors expressing NOS
are more aggressive than their counterparts without NOS
expression [16,17]. The Arg–NO-mediated modulatory effect on
various cancers remains controversial.

Cancer was the leading cause of death in Taiwan in 2008.
Cervical cancer was ranked eighth in mortality among all
patients with cancer [18]. Because plasma Arg concentrations are
decreased and protein–energy malnutrition is often present in
patients with cancer [19], an Arg-supplemented formula may be
recommended for patients with cancer. However, human gyne-
cologic cancers are malignant tumors with high levels of NOS
activity [20]. A study by Wheatley et al. [21] also found that Arg
deprivation reduced DNA synthesis and protracted the cell cycle
in HeLa cells. We speculated that Arg supplementation might
promote the progression of cervical cancer. Therefore, we
designed this in vitro study using a transwell apparatus to
investigate the interactions between endothelial cells (ECs) and
a cervical cancer cell line (HeLa). ECs and HeLa cells were
cocultured at different Arg concentrations (0, 50, 100, and 1000
mmol/L). Several angiogenic factors including CD51/CD61 (avb3),
vascular endothelial growth factor (VEGF), basic fibroblast
growth factor (bFGF), and matrix metalloproteinase (MMP)
produced by cancer cells and ECs were analyzed. N(-[3-(amino-
methyl)benzyl]acetamidine) (1400 W) is a highly selective
inhibitor for inducible NOS (iNOS) [22]. In this study, we used
1400 W to investigate the possible role of inducible NO (iNO) in
angiogenic protein production.

Materials and methods

Cell culture

Human umbilical vein endothelial cells were isolated from an umbilical cord
vein according to the method of Jaffe et al. [23]. The umbilical vein was cannu-
lated, washed with phosphate buffered saline (PBS; Sigma Chemical Co., St. Louis,
MO, USA) and perfused with PBS containing 0.1% collagenase for 10 min at 37 �C
in 5% CO2. ECs were collected and established as a primary culture in medium-
199 (Gibco Life Technologies, Rockville, MD, USA) containing 20% fetal bovine
serum (FBS; Gibco Life Technologies), 20 mM NaHCO3, 25 mM HEPES, antibiotics
(penicillin 100 U/mL and streptomycin 100 mg/mL), heparin sodium 10 IU/mL,
and endothelial cell growth supplement 15 mg/L (Gibco Life Technologies) at
37 �C in an environment with 5% CO2. Cells were serially passaged two to three
times for the experimental assay. ECs (1�105 cells/well) from second subcultures
were grown on fibronectin-coated inserts (3-mm pore size, 6.4 mm; Becton
Dickson, Franklin Lakes, NJ, USA) until the monolayer was confluent. HeLa cells
were purchased from the Food Industry Research and Development Institute
(Hsinchu, Taiwan), and cultured in L-15 medium supplemented with 10% FBS and
a penicillin/streptomycin mixture. Adherent monolayer cultures were main-
tained at 37 �C in 5% CO2. Cells were routinely trypsinized (0.05% trypsin/ethyl-
enediaminetetra-acetic acid) and subcultured in flasks. ECs and HeLa cells were
incubated in medium-199 (with 20% heat-inactivated FBS) with different
concentrations of Arg and 1400 W: Arg 0 mmol/L, Arg 50 mmol/L, Arg 100 mmol/L,
Arg 1000 mmol/L, Arg 100 mmol/Lþ 1400 W 10 mmol/L, and Arg 1000 mmol/
Lþ 1400 W 10 mmol/L for 24 h. The viability of human umbilical vein endothelial
cells and HeLa cells after incubation was greater than 95% as confirmed by trypan
blue staining.

Measurements of MMP-2, MMP-9, VEGF, bFGF, and PGE2 in the supernatant

The ECs were placed in the upper chamber and HeLa cells in the lower
chamber of a transwell apparatus unit (Becton Dickson). After the EC–HeLa cell
interaction had proceeded for 2 h, solutions in the upper chambers of the
transwells were collected and centrifuged at 125� g for 10 min for further
analysis. Concentrations of MMP-2, MMP-9, VEGF, and bFGF were measured
using commercially available sandwich enzyme-linked immunosorbent assay
kits (R&D Systems, Minneapolis, MN, USA). PGE2 concentrations were measured
by competitive enzyme-linked immunosorbent assay. Acetylcholinesterase
covalently coupled to PGE2 was used as the enzymatic tracer (R&D Systems).
Procedures followed the manufacturer’s instructions.
Measurements of CD51/CD61 expression by ECs

The EC surface expressions of CD51/CD61 were measured after the EC–HeLa
cell interaction had proceeded for 4 h in the transwell coculture system. After
removing the supernatant, ECs were washed twice with PBS, and the pellets were
incubated with iced medium containing 2 mM ethylenediaminetetra-acetic acid
to detach adherent ECs. Then the pellets were incubated with 100 mL of medium-
199 (FBS free, containing 2 mM ethylenediaminetetra-acetic acid) 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 mL of PBS (containing 0.3 mL of 350 mM formaldehyde). The percentages
of CD51/CD61 expressed on ECs were analyzed by flow cytometry (Coulter,
Miami, FL, USA). Fluorescence data were collected and the results are presented
as a percentage of CD51/CD61-presenting cells in 5�103 ECs.
Tube formation assay

The tube formation assay was performed as previously described [24].
Twenty-four–well plates were coated with 100 mL of Matrigel per well and
incubated at 37 �C for 30 min to promote jelling and then seeded with ECs
(1�104 cells). After being cultured with various concentrations of Arg and
1400 W as described earlier and stimulated with supernatant of HeLa cells for
18 h at 37 �C, the formation of capillaries by ECs was observed using a microscope
(400�). Three random measurements of each of four wells at each culture
condition were made. Each experiment was repeated at least three times.
Statistical analysis

Data are expressed as the mean � standard deviation. Results are repre-
sentative of three independent experiments. Differences among groups were
analyzed by analysis of variance using Duncan’s test. P< 0.05 was considered
statistically significant.
Results

MMP-2, MMP-9, VEGF, bFGF, and PGE2 concentrations in the
supernatant

Concentrations of VEGF, and bFGF were higher with Arg 100
and 1000 mmol/L than with Arg 0 and 50 mmol/L. PGE2 levels
were higher with Arg 1000 mmol/L than in the other groups.
MMP-2 concentrations were higher in the Arg 100 and 1000
mmol/L groups than in the other groups. There were no differ-
ences in MMP-9 concentrations among all groups. Increments in
MMP-2, VEGF, bFGF, and PGE2 levels were abolished when
1400 W was added (Table 1).
CD51/CD61 expression by ECs

The CD51/CD61 expression by ECs was higher with Arg 100
and 1000 mmol/L when stimulated with HeLa cells than with Arg
0 and 50 mmol/L. There were no differences in percentages of
CD51/CD61-expressing cells among the Arg 0 and 50 mmol/L and
the groups with 1400 W administration (Fig. 1).
Tube formation of ECs

Cells incubated with Arg 0 and 50 mmol/L had large numbers
of unorganized cells (Fig. 2A,B), whereas the Arg 100 and 1000
mmol/L groups formed more organized tubes than did the Arg
0 and 50 mmol/L groups (Fig. 2C,D). The enhanced EC differen-
tiation in the Arg 100 and 1000 mmol/L groups was abrogated
when 1400 W was administered (Fig. 2E,F).



Table 1
Effects of various concentrations of Arg and 1400 W on VEGF, bFGF, PGE2, MMP-2, and MMP-9 concentrations in supernatant*

VEGF (pg/mL) bFGF (pg/mL) PGE2 (pg/mL) MMP-2 (ng/mL) MMP-9 (ng/mL)

Arg 0 mmol/L 105.5� 2.1 246.2� 70.1 671.3� 22.8 306.7� 3.2 8.89� 0.3
Arg 50 mmol/L 123.7� 3.4 301.4� 60.2 699.7� 28.6 312.2� 2.6 8.94� 0.4
Arg 100 mmol/L 140.3� 7.6y 373.1� 31.6y 702.2� 32.6 321.0� 2.5y 9.01� 0.4
Arg 1000 mmol/L 166.7� 5.6y 419.2� 25.4y 732.5� 26.8y 331.5� 1.8y 9.16� 0.8
Arg 100 mmol/Lþ 1400 W 110.0� 4.2 206.3� 51.6 563.3� 32.6 298.5� 2.0 8.81� 0.6
Arg 1000 mmol/Lþ 1400 W 115.3� 3.2 184.2� 23.1 545.1� 30.8 293.0� 2.2 8.96� 0.8

1400 W, N(-[3-(aminomethyl)benzyl]acetamidine); Arg, arginine; bFGF, basic fibroblast growth factor; MMP, matrix metalloproteinase; PGE2, prostaglandin E2; VEGF,
vascular endothelial growth factor

* Results are representative of triplicate measurements. Data are presented as mean� SD.
y Significantly differs from the Arg 0- and 50-mmol/L groups and groups with 1400 W.
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Discussion

Supplemental Arg has been demonstrated to improve the
immunologic response. The clinical relevance of the effects has
been documented in several animal experiments and human
studies [2,4,25,26]. To understand whether Arg concentrations
may have an effect on progression of cervical cancer cells, we
treated ECs and HeLa cells with different Arg concentrations,
including low (50 mmol/L), approximately physiologic (100 mmol/
L), and high (1000 mmol/L) Arg levels in an in vitro study to
observe the EC–HeLa cell interactions.

Angiogenesis is a prerequisite for tumor growth and metas-
tasis. Vascular EC proliferation, migration, and capillary formation
are stimulated by angiogenic growth factors [27]. VEGF is
a mitogen specific for ECs. Levels of VEGF have been positively
associated with angiogenesis [28]. Basic FGF acts synergistically
with VEGF in stimulating capillary growth [29]. PGE2 is a product
of arachidonic acid metabolism and may contribute to physiologic
neovascularization and tumor-associated angiogenesis [30]. One
study has shown that VEGF and bFGF mRNA expressions are
induced by PGE2 in a rat retinal glial cell line [31]. MMPs are
a family of zinc endopeptidases capable of degrading essentially
cell matrix components. MMP-2 and MMP-9 degrade compo-
nents of basement membranes and are believed to be crucial for
the invasion by malignant tumors [32]. In this study we measured
the angiogenic proteins, which were produced by ECs and HeLa
cells. Angiogenic proteins are involved in remodeling during
tissue morphogenesis and wound healing in physiologic and
pathologic conditions. Although ECs produced angiogenic
proteins, these proteins were predominantly secreted by tumor
cells under the present experimental condition. We found that all
of these proteins, except MMP-9, were higher with Arg 100 and
1000 mmol/L than those with Arg 0 and 50 mmol/L. These findings
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Fig. 1. Expression of CD51/CD61 by endothelial cells induced by HeLa cells.
* Significantly differs from the Arg 0 and 50 mmol/L groups and the groups with
1400 W. 1400 W, N(-[3-(aminomethyl)benzyl]acetamidine); Arg, arginine.
parallel that of the effect of Arg on EC CD51/CD61 expressions.
Integrin CD51/CD61 is a glycoprotein membrane receptor. ECs
exposed to growth factors or those undergoing angiogenesis in
tumors express high levels of CD51/CD61 [33]. Previous studies
have suggested that CD51/CD61 may serve as a useful diagnostic
or prognostic indicator of tumors [34]. The results observed in this
study suggest that low Arg levels result in lower angiogenic
protein expressions, whereas normal or higher than physiologic
Arg levels promote angiogenesis. Angiogenesis involves base-
ment membrane degradation and EC attachment, migration, and
proliferation. In this study, we used Matrigel as a basement
membrane matrix on which ECs underwent capillary-like tube
formation. We found that ECs treated with Arg 100 and 1000
mmol/L formed organized tubes, whereas those treated with Arg
0 and 50 mmol/L did not, indicating that normal or higher than
physiologic Arg treatment enhanced EC differentiation in vitro.

Several in vitro studies have used exogenous NO to investi-
gate the effect of NO on the progression of tumor cells. In this
study, we administered Arg to evaluate the effect of Arg-derived
NO on angiogenic protein secretion. In addition, 1400 W, an iNOS
inhibitor, was used to evaluate the possible role of iNO in regu-
lating angiogenesis and tube formation. Our results showed that,
concomitant with the administration of the iNOS inhibitor, the
adverse effects of increasing angiogenic protein expressions and
the increased tube formation observed with physiologic and high
Arg administrations were abolished. These findings provide
evidence for a modulatory role of iNO in EC–HeLa cell interac-
tions. A study by Ma et al. [35] found that L-Arg administration
suppressed colorectal tumorigenesis, and this effect was thought
to be related to the increased serum NO concentration. In
contrast to the antitumor roles of NO, NO has been proposed to
be an important mediator of tumor growth [16,17,36]. Discrep-
ancies among studies may have resulted from the environmental
exposure of tissues to the concentrations and duration of NO
itself, the types of cells, or the potentiation of other genotoxic
agents [37]. Cervical cancers are tumors that express NOS [21].
Previous studies have shown that the activities of some angio-
genic factors are upregulated by NO [38]. In addition, NO
increases the production of PGE2, which may in turn increase the
leakiness of a tumor’s vasculature. Enhanced permeability may
promote angiogenesis, thus facilitating further tumor growth
[39]. Our data support the description that NO may play a critical
role in the progression of HeLa cells.

In summary, this in vitro study showed that a low Arg
concentration resulted in lower VEGF, bFGF, MMP-2, and PGE2

secretions and reduced the CD51/CD61-expressing EC percentage
when stimulated with HeLa cells. Arg administration at levels
similar to or higher than physiologic concentrations increased
angiogenic protein production. Also, ECs undergoing capillary-like
tube formation were more pronounced. Inactivation of iNO



Fig. 2. Effect of various concentrations of arginine and N(-[3-(aminomethyl)benzyl]acetamidine) (an inducible nitric oxide synthase inhibitor) on the formation of capillaries
by human umbilical vein endothelial cells. (A) Arginine 0 mmol/L; (B) arginine 50 mmol/L; (C) arginine 100 mmol/L; (D) arginine 1000 mmol/L; (E) arginine 100 mmol/LþN(-[3-
(aminomethyl)benzyl]acetamidine) 10 mmol/L; (F) arginine 1000 mmol/LþN(-[3-(aminomethyl)benzyl]acetamidine) 10 mmol/L.
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resulted in lower angiogenic protein expressions, a finding that
indicates that iNO at least partly plays a role in promoting angio-
genesis in the presence of HeLa cells. These results imply that Arg
supplementation in cervical cancer should be carefully evaluated.
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