
Abstract. Our previous results have suggested that increasing
aggressiveness of breast tumour cells is associated with the
down-regulation of the expression of nitric oxide synthase
(NOS). As increasing aggressiveness is associated with a
propensity for metastasis, this study aimed to investigate
whether our theory applied to the processes of motility and
invasion. Although the well-established dual roles of nitric
oxide (NO) were evident, most of the results are consistent
with our theory. We demonstrated that basal motility is higher
in the MCF-7-ADR multidrug-resistant variant cell line
compared to the MCF-7 parent cell line and that treatment
with NOS inhibitors increased motility in MDA-MB-231 and
T47D cells. Exogenous NO was associated with a trend to
increase adhesion in the MCF-7 and MDA-MB-231 cell lines.
These results are consistent with the theory that loss of NOS
expression may be associated with the progression of breast
cancers via increase in motility and loss of adhesion.

Introduction

Breast cancer is the most common type of cancer and the
second most common cause of cancer deaths in women in
the UK. Although >90% of women who are newly diagnosed
with breast cancer do not have full-blown metastasis to
distant organs at the time of diagnosis, subsequent relapse
usually results in metastatic spread (1) leading to most
patients succumbing to the disease. Therefore, an improvement
in understanding the metastatic process is crucial to enable
methods that can reduce metastatic disease progression to be
developed.

Alterations in the two processes of cell migration and
adhesion play a vital role in the metastasis of tumour cells.
The metastatic process involves an initial loss of tumour cell-

cell adhesion facilitating the dissociation of cancer cells from
the primary tumour. Changes in adhesion to the extracellular
matrix (ECM) allow the tumour cells to migrate through the
tissue and to intravasate into vessels with subsequent transport
in the circulation. This is followed by adhesion to endothelial
cells with extravasation from the vessels, and migration at the
secondary site (2).

There is considerable evidence suggesting that nitric oxide
(NO) plays a significant part in almost all stages of cancer
including cell migration and adhesion (3). Although several
studies have confirmed that NO plays an important role in
the two processes (4-6), its function appears to be complex as
NO production has been shown to enhance cell migration
(7,8) and decrease cell adhesion in some cell types (9) and,
conversely, to reduce cell migration (10) and increase cell
adhesion in other cell types (11).

The metalloproteinases (MMPs) are a family of enzymes
capable of degrading the extracellular matrix. Therefore, the
activation of MMPs has an important function in tumour cell
migration and invasion (12). Most normal tissues only express
very low MMP activity, which is activated in malignant
tissue (13,14). One of the possible ways that NO influences
tumour cell invasion is by modulating MMP expression
(15,16).

This study aimed to investigate the effect of endogenously
and exogenously produced NO on cell motility, adhesion and
MMP secretion in several human breast cancer cell lines.

Materials and methods

Detection of cell motility by wound healing assay. Wound
healing assays were carried out to detect motility in MCF-7,
MCF-7-ADR, T47D and MDA-MB-231 cells. Cells were
treated with each of the NOS inhibitors: L-NAME (2 mM);
L-NIO (500 μM); AMT (500 μM); L-arginine (5 mM), with or
without L-NAME (2 mM); or SNP (200 μM). Cells (2x106)
were plated out in 35-mm tissue culture dishes and grown
until they were 90% confluent. The cells were treated with
various chemicals and left to incubate for 1 h at 37˚C. Wounds
were made on the culture dishes with a pipette tip by a single
scratch. The culture dishes were left to incubate for different
lengths of time during which the cells bordering the wound
began to migrate into the wound. The culture dishes were
stained with a solution containing 0.25% Coomassie blue
R-250, 50% methanol and 10% acetic acid for 10 min to arrest
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the cells and prevent further migration, and de-stained in
distilled water until a clear contrast was obtained. Motility of
the cells was determined by the amount of wound closure
(17,18).

Detection of matrix metalloproteinases by gelatin zymo-
graphy. Conditioned media from the four cell lines (1x106)
were run on SDS-PAGE to assess the pro- and activated forms
of MMP-2 and -9 using zymography. Cells (2x106) were plated

out in 6-well plates. Cells, 80-90% confluent, were washed
with PBS three times and cultured in serum-free medium
overnight. Treatments were added to the serum-free media in
the wells and incubated for 24 h. The conditioned media were
concentrated ~50-fold using Amicon micro-concentrators.
The electrolysis equipment was set up using a Mini-Protean®II
electrophoresis cell, and sodium dodecyl sulphate-poly-
acrylamide gels were prepared with 10% resolving and 4%
stacking gel. A sample (20 μl) was mixed with sample buffer
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Figure 1. Motility in (i) MCF-7 (ii) MCF-7-ADR (iii) T47D and (iv) MDA-MB-231 cells. Wound healing assay was carried out in treated and untreated MCF-7
cells to detect motility after a time period of 24 h. (A) Initial (just after making the wound), (B) control (after 24 h), (C) L-NAME (2 mM), (D) AMT (500 μM),
(E) L-NIO (500 μM), (F) L-arginine (5 mM), (G) L-arginine (5 Mm) + L-NAME (2 mM) and (H) SNP (200 μM).
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(100 μl) and placed in a water bath at 55˚C for 15 min. The
sample mixture (20 μl) was loaded onto the gels and electro-
phoresed at 120 volts for 60 min. Gels were washed twice for
30 min in 2.5% (v/v) Triton X-100 to renature the gelatinase
activity. The gels were incubated overnight in 1X low-salt
collagenase buffer, stained in 0.1% Coomassie blue R-250
for 3 h, and destained in 30% (v/v) methanol:10% (v/v) acetic
acid, until clear bands were visible on a blue background.
The brightness of the bands was analysed on a computer
using the Grabber™ software.

Detection of adhesion. Adhesion assay was carried out using
the CyQuant cell proliferation assay kit according to the
manufacturer's protocol. Cells (1x105) were treated with the
various NOS-specific inhibitors, SNP (200 μM) or L-arginine
(5 mM), and left to incubate on a shaking platform for 30 min
before plating out in duplicate 96-well tissue culture plates.
The plates were incubated for different periods of time to
allow for adhesion of the cells to the well of the plates. The
adhesion process was abrogated when one of the duplicate
plates was overturned and patted gently to dislodge any non-
adhered cells. The other duplicate plate was centrifuged at
5000 x g at 4˚C to give the total cell number. CyQuant dye
(100 μl) was added to each of the wells and the plates were
read on a Fluroskan Ascent 1.3 fluorescent plate reader. The
readings showed the number of cells that had adhered to the
wells. A percentage of the number of cells that had adhered
to the total number of cells was calculated for each treatment
for different time periods (19).

Statistical analysis. Statistical significance was determined
using the analysis of variance (ANOVA) followed by Dunnett
multiple comparison test and the differences were regarded
as significant for values p<0.05.

Results

Detection of cell motility by wound healing assay. Treatment
with NOS inhibitors alone in the MCF-7 and MCF-7-ADR
cell lines did not produce any significant changes in motility
of the cells [Fig. 1(i)C, (i)D, (i)E and (ii)C, (ii)D, (ii)E]. In the
MDA-MB-231 and T47D cell lines, incubation of the cells
with the eNOS selective inhibitor, L-NIO [Fig. 1(iii)E and

(iv)E] produced increased motility compared to the untreated
[Fig. 1(iii)B and (iv)B], L-NAME [Fig. 1(iii)C and (iv)C] or
AMT-treated [Fig. 1(iii)D and (iv)D] cells.

Although treatment with 5 mM L-arginine did not produce
much motility in MCF-7 cells [Fig. 1(i)F] there was a slight
increase in motility in the MCF-7-ADR cells [Fig. 1(ii)F].
On treatment of the MDA-MB-231 and T47D cell lines with
L-arginine, there was enhanced motility of the cells to close the
wound as seen in Fig. 1(iii)F and (iv)F. The increased motility
was abrogated in the cell lines by treating L-arginine-induced
cells with the general NOS inhibitor, L-NAME [Fig. 1(iii)G
and (iv)G].

While treatment of the MCF-7 and MCF-7-ADR cell lines
with the NO donor, SNP (200 μM), did not stimulate the cells
to close the wounds [Fig. 1(i)H and (ii)H], incubation of the
MDA-MB-231 and T47D cells with SNP resulted in enhanced
motility in the two cell lines [Fig. 1(iii)H and (iv)H].

Detection of matrix metalloproteinases by gelatin zymo-
graphy. MMP-9 was either not secreted from the MCF-7 and
T47D cell lines or was secreted at levels below the detection
limit of the assay (data not shown). The MMP-9 pro-form was
detected in the conditioned media from incubations of the
highly invasive, MDA-MB-231, and the multi-drug resistant,
MCF-7-ADR, cell lines. Therefore, only these two cell lines
were used in further studies to detect MMP-9 secretion under
the influence of various treatments. General (L-NAME) and
NOS-selective inhibitors (AMT and L-NIO) were used to
detect whether endogenously produced NO had any effect on
MMP-9 secretion. It was observed that the NOS-selective
inhibitors did not affect MMP-9 secretion levels in MCF-7-
ADR cells (Fig. 2). Similar results were obtained in the MDA-
MB-231 cell line (data not shown). A similar zymographic
analysis was performed on the MCF-7-ADR and MDA-MB-
231 cell lines after incubating them overnight with a NO
donor, SNP (Fig. 3), to study the effect of exogenously
produced NO on MMP-9 secretion. An increase in MMP-9
secretion was observed. The same result was obtained in the
MDA-MB-231 cells (data not shown).

Detection of adhesion. In MCF-7, incubating the cells with
NOS inhibitors did not produce any significant change in
adhesion for any of the time courses compared to the control
cells [Fig. 4(i)A]. Incubation of the cells with L-arginine also
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Figure 2. Gelatin zymography analysis of MCF-7-ADR. Conditioned media
from treated cells were micro-concentrated, run on electrophoresis gels
containing 1% gelatine, stained with Coomassie brilliant blue and de-stained
until a good contrast was obtained. Lane 1, kaleidoscope pre-stained standard;
lane 2, MCF-7-ADR untreated; lane 3, MCF-7-ADR + L-NAME (2 mM);
lane 4, MCF-7-ADR + L-NIO (500 μm); lane 5, MCF-7-ADR + AMT
(500 μm); lane 6, MMP-9 positive control and lane 7, MMP-2 positive
control.

Figure 3. Gelatin zymography analysis of MCF-7-ADR. Conditioned media
from treated cells were micro-concentrated, run on electrophoresis gels
containing 1% gelatine, stained with Coomassie brilliant blue and de-stained
until a good contrast was obtained. Lane 1, MMP-9 positive control; lane 2,
MMP-2 positive control; lane 3, MCF-7-ADR untreated and lane 4, MCF-7-
ADR + SNP (200 μM).
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Figure 4. Adhesion in (i) MCF-7 (ii) MCF-7 ADR (iii) T47D and (iv) MDA-MB-231 cells. Adhesion assay was performed on cells after incubating for 30 min
(A) with and without the inhibitors of L-NAME (2 mM), AMT (500 μm), L-NIO (500 μm) and (B) with and without L-arginine (5 mM), L-NAME (2 mM) or
SNP (200 μm).
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did not produce any significant effect in the adhesion, but the
addition of L-NAME to the L-arginine-treated cells produced
a significant decrease (p<0.05) in adhesion (66%, p<0.02) at
the 30-min time period compared to the L-arginine-stimulated
cells (88%), as shown in Fig. 4(i)B. Treatment of the cells with
the NO donor, SNP, showed an enhanced adhesion for the time
points and achieved significance at the 10-min incubation
period (119%, p<0.05) compared to the control (59%).

A similar trend was observed in the MCF-7-ADR cell line.
NOS inhibitors [Fig. 4(ii)A] and L-arginine [Fig. 4(ii)B]
failed to produce any significant effect on adhesion in the
MCF-7-ADR cells. However, the addition of L-NAME to the
L-arginine-treated cells resulted in a significant decrease in
adhesion at the 5-min incubation time (66% for L-arginine
only, compared to 32% for L-arginine plus L-NAME, p<0.05)
and 30-min time period (83% for L-arginine only, compared
to 35% for L-arginine plus L-NAME, p<0.05). Incubation
of the MCF-7-ADR cells with SNP failed to produce any
significant effect on adhesion for any of the time periods.

In the MDA-MB-231 cells treated with L-NIO, a significant
decrease in adhesion was observed at the 5-min (28%, p<0.05)
time period compared to the control (51%), Fig. 4(iii)A.
Treating the cells with L-arginine showed a decrease in
adhesion for the time periods as shown in Fig. 4(iii)B with
the decrease being statistically significant at the 5-min time
period (23%, p<0.05) compared to the control (51%). The
addition of L-NAME to the L-arginine-stimulated cells failed
to produce any significant effect on adhesion. When cells
were treated with the NO donor, SNP, there was an increase
in adhesion at the 15- and 30-min time points which achieved
significance at 15 min (50%, p<0.05) compared to the control
(35%).

In the T47D cell treatment with AMT, a significant
increase in adhesion at the 5-min (85%, p<0.05) time period
compared to the control (63%) was produced, as can be seen
in Fig. 4(iv)A. Treatment with L-arginine did not affect cell
adhesion. Similarly, adding L-NAME to the L-arginine-
stimulated cells failed to produce any significant effect on
adhesion. Exogenously produced NO, produced by the NO
donor, SNP, showed a significant decrease in the percentage
of adhesion (49%, p<0.05) at the 5-min time period compared
to the control (63%).

Discussion

Cell migration is a key aspect of tumour metastasis and
although NO is thought to play an important role in this
process, its precise function in cell motility has yet to be
properly defined. We have previously demonstrated a reduced
expression of iNOS and eNOS in estrogen-independent (20)
and multidrug-resistant (21) human breast cancer cell lines.
Furthermore, we have shown a negative correlation between
eNOS expression and histological grade, and a positive
correlation between eNOS and estrogen receptor expression
in primary invasive ductal breast carcinoma (22). Taken
together these results indicate a down-regulation of the
expression of NOS with increasing aggressiveness of the
tumour. In general, the increasing aggressiveness of a tumour
tends to be associated with a propensity for increased motility
leading to increased metastatic capability.

Our current results are consistent with loss of the NOS
expression being associated with increased motility. We
demonstrated basal motility in the multi-drug resistant MCF-7-
ADR cell line to be greater than that in the MCF-7 parent cell
line, consistent with a reduced NOS expression in the variant
cell line. We also showed basal motility to be greater in the
more aggressive MDA-MB-231 cell line, again consistent with
a reduced NOS expression. We suggest that a constant
production of NO in the less aggressive human breast cancer
cell lines leads to suppression of their motility. This possibly
occurs through a similar mechanism to that which has been
demonstrated with neutrophils, where NO derived from human
umbilical vein endothelial cells was shown to act on neutro-
phils to inhibit transendothelial migration via the activation
of soluble guanylyl cyclise (23). Similarly, up-regulation of the
iNOS gene has been shown to inhibit migration of the B88t
oral cancer cell line (24). Furthermore, in MDA-MB-231 and
T47D cells, reduction of the NO level by adding the L-NIO
inhibitor caused an increase in motility, again supporting the
theory that a reduced NO production is associated with
increasing motility.

Interestingly, in all of the cell lines, L-arginine caused an
increase in motility. Although this does not fit neatly with
our theory, it is well established that NO has a controversial
role to play in cancer cell biology. The well-established
difficulty in markedly unravelling the apparently opposing
roles of NO has been eloquently described by others who have
referred to NO as having a ‘dual personality’ (25), being ‘two
sides of the same coin’ (26) and a biological double-faced
Janus (27). In keeping with its dual role, NO has been
shown to be involved in enhancing cell migration through the
modification of actin (28) and to have an inhibitory effect on
cellular migration via the dissociation of actin stress fibres
(29).

The biphasic responses of tumour cells to NO appear to be
due to several factors including NO concentration, length of
exposure, and NO-induced redox flux (30). The results herein
are yet another example of the biphasic nature of NO in
cancer cell biology where a low basal level of NO production
is capable of suppressing cell motility but when higher
concentrations of NO are generated either endogenously with
L-arginine or exogenously with SNP it leads to enhanced cell
motility.

Since the motility of tumour cells can only occur after the
extracellular matrix (ECM) is proteolysed, we investigated
whether NO played a role in MMP secretion. It was observed
that although endogenously produced NO did not affect
MMP-9 secretion, exogenously produced NO was able to
cause an increase in MMP-9 secretion in MCF-7-ADR and
MDA-MB-231 human breast cancer cell lines. This is
consistent with enhanced motility in MDA-MB-231 cells
with the addition of SNP.

Several studies concur with our findings. NO produced
after cytokine stimulation has been shown to increase MMP-2
activity in cultured rat mesangial cells with a further increase
in production following co-incubation with L-arginine (31). In
a murine mammary adenocarcinoma cell line, it was demon-
strated that enhanced NO production by stimulation of the
cells by IFN-Á and LPS led to an up-regulation of MMP-2 and
a down-regulation of TIMP-2 and -3 levels (32). High levels
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of NO led to an increased production of MMP-2 and -9 in
rabbit articular chondrocytes (33) and the addition of a NOS
inhibitor to IL-1ß-stimulated chondrocytes reduced MMP
activation, suggesting that NO plays a role in cytokine-induced
MMP activation in the cells (34).

In our study NOS inhibitors had no effect on MMP-9
secretion in MCF-7-ADR or MDA-MB-231 human breast
cancer cells, as demonstrated by other studies. When human
cervical explants and fibroblasts were treated with a NO
donor, in vivo and in vitro, it was observed that exogenously
added NO had no effect on the secretion of MMP-2 and -9
(35).

Throughout the literature the conflicting, contrasting and
apparently contradictory results of investigations into the roles
of NO in tumour biology have been continually highlighted
(26,36,37). The effect on MMP expression is no exception.
In contrast to the previous studies that have agreed with our
current findings in suggesting a role for exogenous NO in
increasing MMP secretion, there are equally valid studies
suggesting that NO has an inhibitory role on MMP secretion,
again highlighting the dual action of NO in tumour cell
biology.

It has been observed that when a NO donor was used in
conjunction with a cytokine, the NO donor exhibited a strong
inhibitory effect on the MMP-9 mRNA level (38). In another
study, in rat mesangial cells it was shown that the addition of a
NOS inhibitor dose-dependently increased the steady-state
mRNA levels of cytokine-induced MMP-9, suggesting that
endogenously produced NO exerted a tonic inhibition of
MMP-9 expression (39). Rat-aortic smooth muscle cells were
transfected with the eNOS gene and on studying the gelatino-
lytic activity it was observed that there was a decrease in
MMP-2 and -9 activity (40).

Our current results are consistent with NOS expression
being associated with increased adhesiveness. We demon-
strated basal adhesiveness in the multidrug-resistant variant
MCF-7-ADR breast cancer cells to be lower than in the parent
cell line MCF-7, and this is consistent with a reduced NOS
expression in the variant cell line. We also showed basal
adhesiveness to be reduced in the more aggressive MDA-
MB-231 cell line, again consistent with a reduced NOS
expression and an increased tumour aggressiveness.

There is a growing body of evidence suggesting that NO
is a naturally occurring anti-adhesive molecule as seen in
studies where NO is capable of inhibiting platelet aggre-
gation (41) and adhesion to the vascular endothelium (42)
and subendothelial matrix (43). Similarly, endogenously and
exogenously produced NO are able to attenuate tumour cell
adhesion to postcapillary venules (44) and fibronectin (45).

However, in keeping with its dual role, there is evidence
suggesting that NO increases adhesion via mechanisms
involving protein kinase G-mediated P-selectin mobilization
and PAF synthesis (46). In the present study, our results may
favour this role for NO in adhesion as the SNP treatment
exhibited a trend to increase adhesion in the MCF-7 and
MDA-MB-231 cell lines but not in T47D.

In conclusion, nitric oxide plays an important role in
cancer cell biology especially during the metastatic process.
As with most of its other functions, its role in motility and
adhesion is subject to the same inconsistencies. We have

shown that NO decreases motility and increases adhesion in
some human breast cancer cells. However, further investigation
is necessary to resolve the complexities before clinical
advances can be implemented.
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