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Abstract Opioids including morphine are commonly
used in pain management during and after cancer surgery
but have been linked to a variety of pro- and anti-tumor
effects. In the present study the effect of morphine administration on the localization and growth of breast tumor cells
in lungs and the level of extracellular matrix (ECM) proteases were investigated. In a mouse syngeneic model of
intravenously inoculated breast cancer cells, morphine
administration led to a reduction in the localization and
growth of tumors in the lungs and a reduction in circulating
matrix metalloproteinase-9 (MMP-9) and urokinase-like
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plasminogen activator (uPA). To model the involvement of
non-malignant cells of the tumor microenvironment in the
changes we observed in the level of proteases, we co-cultured breast cancer cells with macrophages, endothelial
cells and fibroblasts. We found a significant elevation of
matrix proteases as well as matrix protease inhibitors in cocultures of breast cancer cells with macrophages or endothelial cells. Interestingly, morphine treatment of these cocultures reduced the level of MMP-9 and increased its
endogenous inhibitor, TIMP-1, thereby altering the proteolytic profile. Morphine affected the level of enzymes in cocultures but not in cells grown individually. This suggests
that anti-tumor effects of morphine observed in our in vivo
model could be mediated at least in part through modulation
of paracrine communication between cancer cells and nonmalignant cells in the tumor microenvironment.
Keywords Breast cancer ! Endothelial cells !
Macrophages ! Matrix metalloproteinase-9 !
Morphine ! Urokinase plasminogen activator
Introduction
Cancer recurrence after surgical resection of primary
tumors is a major challenge in cancer treatment. There is
now abundant evidence that perioperative medications
could have a significant impact on the outcome of cancer
surgery (reviewed in [1]). Morphine is one of the most
effective perioperative analgesic drugs and is commonly
used in cancer surgery. Evidence suggests that morphine
can influence tumor growth, metastasis and angiogenesis in
animals [2]. At cellular level it is shown to affect proliferation, survival, migration, adhesion and invasion of
multiple cancer cell types [3].
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Tumor growth and metastasis requires reciprocal interactions between tumor cells and stromal cells including
immune cells, fibroblasts and endothelial cells. These
interactions are mediated through the release of multiple
growth factors, cytokines and proteases that enable tumor
cell transendothelial and tissue migration and provide a
permissive milieu for malignant cells in the secondary
organs [4].
We employed a mouse syngeneic model of breast cancer
where murine breast tumor cells were intravenously inoculated in immunocompetent mice and subjected them to
morphine. Short-term administration of morphine, similar
to a perioperative analgesic regimen, decreased the number
of tumor foci in lungs and the level of circulating proteases.
Due to the significance of tumor-host interaction in the
regulation of ECM proteases, we further examined the
level of proteases in co-cultures of breast cancer cells with
the most prominent non-malignant cells in the microenvironment namely macrophages, endothelial cells and fibroblast. We tested the effect of morphine on the interaction of
macrophages or endothelial cells with breast cancer cells.
We hypothesized that morphine administration might
affect the colonization of circulating tumor cells in the
lungs as primary site of distant metastasis in our model. We
further hypothesized that the effect of morphine would be
mediated by modulation of the proteolytic profile resulting
from interaction of tumor cells with macrophages and
endothelial cells.

Materials and methods
Materials
Dulbecco’s modified Eagle’s medium (DMEM), DMEM/
F12, RPMI-1640, foetal bovine serum (FBS), and penicillin/streptomycin were purchased from Invitrogen (Life
Technologies, Mulgrave, VIC, Australia). The following
reagents were purchased from Sigma-Aldrich (Castle Hill,
NSW, and Australia): bovine skin gelatine type B, bovine
milk casein and bovine plasma plasminogen. DBL" morphine sulfate injection was from Hospira (Mulgrave, VIC,
Australia).
Cell culture
4T1 murine breast cancer cells were maintained in RPMI1640 medium supplemented with 5 % (v/v) FBS, 100 U/ml
penicillin, 100 lg/ml streptomycin and 1 % (v/v) sodium
pyruvate. RAW264.7 murine macrophages and NIH3T3
murine fibroblasts were maintained in DMEM with 10 %
FBS, 100 U/ml penicillin, 100 lg/ml streptomycin. H5V
murine endothelial cells were maintained in DMEM-F12
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medium supplemented with 5 % FBS, 100 U/ml penicillin,
100 lg/ml streptomycin. All cells were kept in a humidified atmosphere containing 5 % CO2.
Conditioned media preparation
To prepare conditioned media, 80 % confluent cells were
rinsed with serum-free medium and placed in serum-free
medium for 48 h. The conditioned media were then collected and centrifuged at 1,1009g for 5 min. Supernatants
were collected and kept at -20 #C until analysed.
Animal studies
All animal experiments have been conducted in accordance
with the ethical standards and according to national and
international guidelines and were approved by institutional
animal ethics committees. 6–8 week old female mice were
used. Mice were maintained under 12:12 light/dark cycles,
controlled temperature and humidity. Animals had free
access to standard food and tap water. To test the effect of
morphine on tumor cell retention and growth in lungs, 4T1
cells (2 9 105) in phosphate buffer saline (PBS) or PBS as
control were intravenously injected into the tail vein of
BALB/c mice. Animals were treated for three days with
10 mg/kg morphine or with saline I.P. every 12 h. Mice
were euthanized 18 days after tumor inoculation and their
blood was collected, serum samples were prepared and
analysed by in-gel zymography. To enumerate metastatic
foci in the lungs, the lungs were stained by intra-tracheal
injection of 15 % (w/v) India ink solution in water. Lungs
were collected, washed and fixed in Feket’s solution (62 %
ethanol v/v, 3.5 % formaldehyde v/v and 1.5 % acetic acid
v/v). White tumor nodules against the black stained lung
tissue were counted.
Our studies employ 10 mg/kg morphine twice daily for
three days after tumor inoculation. Doses in mg/kg cannot
be compared between humans and mice because mice
metabolize morphine mainly to l opioid receptor-inactive
morphine-3-glucuronide (M3G), whereas humans convert
morphine into both M3G and active morphine-6-glucuronide (M6G), and thus require lower doses for equivalent
analgesia. Studies of pain in mice commonly use 10 to 40
and even up to 100 mg/kg intraperitoneal or subcutaneous
morphine [5–7]. Importantly, the dose of morphine that we
employ in this study leads to serum concentrations in mice
similar to the range we use in our in vitro experiments [8,
9].
Co-cultures
4T1 cells and RAW264.7 murine macrophages were cultured alone or together in equal numbers (8 9 104) in
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24-well plates. 4T1 cells and H5V endothelial cells or
NIH3T3 fibroblasts were cultured alone or together in
equal numbers (5 9 104) in 24-well plates. Cells were
seeded and maintained in a medium consisting of a 1:1 mix
of the medium of each cell line for 24 h. Cells were washed
twice and incubated in a 1:1 mix of the same media without
serum, added with morphine (0–10 lM). These concentrations of morphine do not affect the viability of any of the
cell types used in our in vitro experiments. The 48 h conditioned media were collected, tested for protein content
and analysed by gelatine, reverse gelatine and casein–
plasminogen zymography. In another set of experiments,
4T1 cells were incubated with the conditioned medium of
RAW26.7 macrophages or H5V endothelial cells treated
with morphine (0–10 lM). RAW 264.7 cells and H5V cells
were also incubated with the 48 h conditioned medium of
4T1 cells. The conditioned media of these co-cultures were
analysed for proteases by zymography.

were compared using Student’s t test. One-way or two-way
analysis of variance was used as appropriate when more
than two groups were compared. p \ 0.05 was considered
as statistically significant.

Gelatine, reverse gelatine and casein–plasminogen
zymography

Morphine inhibits the colonization of breast cancer
cells in lungs and decreases the level of circulating
proteases in mice

Conditioned media and sera were analysed for MMPs and
uPA content using gelatine and casein–plasminogen zymography, respectively. An 11 % polyacrylamide gel
containing 1 % (w/v) gelatine was used to measure the
level of gelatinases (MMP-2 and MMP-9). To measure
uPA, 1.5 % (w/v) casein and 0.02 U/ml plasminogen were
added to the gel. In order to measure TIMPs, NIH3T3
conditioned medium was added to a 12 % polyacrylamide
gel as a source of gelatinase along with 1 % (w/v) gelatine.
Equal amounts of protein were separated by SDSPAGE. The gels were incubated in a renaturing solution
(50 mM Tris, 5 mM CaCl2, and 2.5 % (v/v) Triton X-100)
overnight. The gels were rinsed and incubated at 35 #C in a
solution containing 50 mM Tris–HCl and 5 mM CaCl2 for
3 h. Gels were stained with staining solution (0.25 % (w/v)
Coomassie Blue R-250, 45 % (v/v) methanol, 10 % (v/v)
glacial acetic acid) and destained with a solution of 25 %
(v/v) methanol, 10 % (v/v) acetic acid until the proteolytic
bands appeared clear on a dark background, or the proteolysis inhibition appeared as dark areas against a pale
background. The gels were scanned using a high-resolution
flatbed scanner and the intensity of the bands was measured
with NIH Image J software. Results are expressed as
arbitrary units, except in coculture studies where results
were expressed as percent of the group representing the
most appropriate control.
Statistical analysis
Results are presented as mean values (± SEM). Statistical
analysis was performed using Graphpad Prism. Groups

Results
The presence of tumors increases circulating matrix
proteases
We determined the amount of circulating gelatinases and
uPA in mice 18 days after tail vein inoculation of 4T1
cells. A significant elevation of the activity of MMP-9
(Fig. 1a, b), and uPA (Fig. 1a, c) was observed in the
serum of tumor-bearing mice compared to the control
group. The level of MMP-2 was unchanged in tumor
compared to no-tumor group (data not shown).

BALB/c mice intravenously inoculated with 4T1 breast
cancer cells were treated with 10 mg/kg morphine or saline
I.P. every 12 h for 3 days. Tumor nodules in the lungs were
enumerated 18 days after inoculation (Fig. 2a). The number of metastatic foci in lungs was significantly lower in
morphine-treated mice compared to saline-treated mice
(Fig. 2b). Serum samples were analysed by zymography
(Fig. 3). In tumor-bearing mice circulating levels of MMP9, but not MMP-2, were significantly reduced by morphine
treatment (Fig. 3a, c). Similarly in tumor-bearing mice, the
level of uPA was lower in the serum of morphine-treated
mice compared to saline-treated mice, while tPA levels
seemed unchanged (Fig. 3b, d). In tumor-free mice morphine did not have any significant effect on circulating
matrix proteases at day 18.
Interaction of tumor cells with stromal cells remodels
their proteolytic profile
To refine our understanding of the interaction between
breast cancer cells and stromal cells, we established coculture models and tested gelatinases, uPA and TIMPs in
the conditioned media. 4T1 breast cancer cells were cultured with RAW264.7 macrophages, H5V endothelial cells
or NIH3T3 fibroblasts. The 48 h conditioned medium of
individual or co-cultured cells was tested using zymography. The level of MMPs, TIMPs or uPA were not different
in the co-cultures of 4T1 breast cancer cells with NIH3T3
fibroblasts compared to the level of proteases produced by
4T1 or NIH3T3 cells alone (not shown). However, the
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Fig. 1 Tumor-bearing mice
have increased circulating
matrix proteases. Mice were
injected with 4T1 cells in the
tail vein and serum collected at
euthanasia. MMP-9 was
assessed by gelatine
zymography, uPA by casein–
plasminogen zymography.
Representative gels are shown
(a). Gels were scanned and
analysed by densitometry (b, c).
Mean ± SEM is shown,
n = 4–8 per group.
***p \ 0.001, ****p \ 0.0001

level of MMP-9 and TIMP-1 was significantly higher in the
conditioned media of co-cultures of 4T1 cells with macrophages compared to 4T1 cells alone (Fig. 4). MMP-2 and
TIMP-2 levels in these co-cultures were not different from
that produced by 4T1 cells alone. In co-cultures of 4T1
cells with endothelial cells, MMP-9, MMP-2, TIMP-1,
TIMP-2 and uPA were all elevated compared to conditioned media from individual cells, although the increase
did not reach statistical significance for MMP-9 (Fig. 4).
These results show that interaction of breast tumor cells
with stromal cells such as macrophages or endothelial cells
alters their proteolytic profile.
Morphine modulates the proteolytic enzyme
remodelling induced by co-culture of breast tumor cells
with either macrophages or endothelial cells
To assess the effect of morphine on the interaction between
breast cancer cells and either macrophages or endothelial
cells, co-cultures of breast cancer cells with macrophages or
endothelial cells as well as individual cell cultures were
exposed to 0.1–10 lM morphine in serum-free medium for
a duration of 48 h. The conditioned media were analysed by
zymography. Morphine did not alter the level of proteolytic
enzymes produced by 4T1, RAW264.7 or H5V cells cultured alone (data not shown). Interestingly, in co-cultures of
4T1 cells with H5V endothelial cells, morphine caused a
significant decrease in MMP-9 level as well as a significant
increase in the level of TIMP-1, resulting in a considerable
decrease in MMP-9/TIMP-1 ratio (Fig. 5). Similar results
were observed in co-cultures of 4T1 cells with RAW264.7
macrophages (Fig. 5). These results indicate that morphine
can modulate the induction of matrix proteases and their
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inhibitors caused by the interaction of endothelial cells and
macrophages with breast cancer cells. MMP-2, TIMP-2 and
uPA levels were not significantly altered by morphine either
in cells cultured alone or in co-cultures.
To determine the role of soluble factors released from
each cell type on the proteases released by the other, we
incubated breast cancer cells with the 48 h conditioned
medium of macrophages or endothelial cells—and incubated endothelial cells or macrophages with the 48 h
conditioned medium of breast cancer cells to analyze their
media by zymography. The most noticeable change was
seen with the conditioned media from macrophages, which
was capable of inducing a similar increase in MMP-9
production by 4T1 cells as observed when cells were in
direct contact (Fig. 6a). To further test whether this paracrine interaction was modulated by morphine, 4T1 cells
were placed in the conditioned medium of morphine-treated macrophages. A decrease in MMP-9 and an increase in
TIMP-1, resulting in decreased MMP-9/TIMP-1 ratio were
detected (Fig. 6b–d). The change was not due to a lower
amount of MMP-9 in the conditioned medium of the
morphine treated macrophages, or to the direct effect of
residual morphine in the conditioned medium from macrophages on the 4T1 cells (Fig. 6e). These results suggest
that morphine decreases the ability of macrophages to
elicit, via paracrine factor(s), breast cancer cell proteolytic
activity.

Discussion
The question of whether morphine might influence tumor
growth and metastasis has been hotly debated in recent
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Fig. 2 Morphine reduces breast cancer cell take in the lungs. BALB/
c mice were injected with 200 000 4T1 cells via the tail vein. The
mice then received saline or morphine I.P. every 12 h for 3 days. The
lungs were collected after 18 days, and the number of tumors
assessed. a Representative pictures of lungs of three mice from each
group. b Number of lung tumors in each group of mice. Mean ±
SEM is shown, n = 8 per group, *p \ 0.05

years. It is of particular importance due to the fact that
opioids are widely used in cancer surgery patients. In the
present study, we dissected out the influence of morphine
on the growth and metastatic potential of breast tumor cells
using a combination of in vitro and in vivo assays. Other
studies have tested the role of morphine on breast tumor
cell seeding in the context of surgical stress response [10],
or the effect of long term, sub-analgesic doses of morphine
on spontaneous metastasis from tumors [11]. We chose an
in vivo model that employed a three day opioid regimen

similar to what cancer surgery patients receive, and the
direct injection of breast tumor cells in the tail vein to
mimic the presence of cancer cells in the circulation during
and after tumor ablation.
Administration of morphine to mice decreased retention
and growth of breast tumor cells in lungs (Fig. 2). This
may be the result of complex, combined actions that
morphine has at cellular, organ and systemic levels.
Morphine is known to have both direct and indirect effects
on tumor cells, influencing their growth, survival, invasiveness and ability to metastasize [2]. In bioassays,
morphine administered to mice further has pro-migratory
effects that can be demonstrated ex vivo [12]. The effect
of morphine on the sympathetic nervous system, immune
system, vasculature as well as tumor microenvironment
further influences tumor growth and metastasis in the body
[13–16]. Our results are in agreement with studies from
other groups showing that morphine reduces tumor growth
in vivo [15, 17, 18] but in contradiction with studies
showing that morphine increases breast tumor growth and
metastasis in murine breast cancer models [11, 13].
Explanations for these discrepancies include differences in
genetic variations of opioid sensitivity between mouse
strains, different experimental conditions, wide ranges of
morphine doses, integrity of the mouse immune system,
and the presence or absence of pain in the model studied
[2, 19]. Our model employs a syngeneic system, and
therefore allows immunocompetent mice, which is an
advantage considering that morphine affects the immune
system via numerous mechanisms that are believed to
result in overall immunosuppression. Furthermore, some
of the studies showing pro-tumor effects of morphine on
breast cancer employed morphine below clinically relevant
doses [11, 13, 20] and for longer duration than did our
study [11, 13, 14].
Our experiments show that morphine induced lower lung
retention and growth of tumor cells introduced into the
blood stream of mice via tail vein injection. Experiments in
rats have concluded that morphine reduced the metastatic
spread of tail vein-injected tumor cells when the animals
were subjected to pain and surgical stress [10, 21]. The
possibility that morphine acts by alleviating, in our mouse
model, pain originating from the inoculation or early metastatic foci cannot be ruled out. Furthermore, opioids cause
bronchoconstriction and reduced pulmonary blood flow by
sympathomimetic actions and histamine release [22], suggesting that fewer tumor cells might be entrapped in the
lungs of morphine-treated mice. However this possibility
can be ruled out by the fact that morphine treatment was
started more than 12 h after tumor inoculation in our studies.
Our search for a mechanism of action for morphine in
our in vivo model led to the discovery that ECM-degrading
enzymes such as MMP-9 and uPA, whose production is up-
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Fig. 3 Morphine administration reduces serum MMP-9 and uPA in
tumor-bearing mice in vivo. a MMP-9 activity was seen predominantly in the tumor-bearing mice and was decreased by morphine
treatment. Activity of a 72 kDa gelatinase, corresponding to MMP-2,
was seen in all samples and seemed unaltered by the presence of
tumors or the morphine treatment. b uPA activity was observed
predominantly in the tumor-bearing mice and was decreased by
morphine treatment. tPA was seen in all samples and appeared

unaltered by the presence of tumors or the morphine treatment.
c MMP-9 in-gel activity was quantified by densitometry **p \ 0.01
tumor saline vs tumor morphine. Mean ± SEM is shown, n = 8 per
group (two-way ANOVA analysis with Bonferoni multiple comparisons). d uPA in gel activity was quantified by densitometry
**p \ 0.01 tumor saline vs tumor morphine. Mean ± SEM is shown,
n = 4–6 per group (two-way ANOVA analysis with Bonferoni
multiple comparisons)

regulated by tumors, can be modulated by morphine. These
proteases regulate tissue invasion and metastasis as well as
the recruitment of immunocytes and endothelial cells to the
tumor. Furthermore, MMPs regulate cell adhesion, proliferation, differentiation and apoptosis and directly affect
tumor growth, angiogenesis and metastasis. uPA on the
other hand converts plasminogen to plasmin which activates several enzymes and growth factors important to the
microenvironment including MMPs. Activation of uPA
receptor (uPAR) on the cell surface also directly affects
cell adhesion, migration and proliferation. We found significantly elevated circulating MMP-9 and uPA levels in
tumor-bearing mice, in agreement with previous studies
[23–25]. However, circulating MMP-2 was unaltered by
the presence of tumors. Moreover, our experiments show

for the first time that morphine treatment reduces the level
of MMP-9 and uPA (but not MMP-2) in tumor-bearing
mice.
Expression and activity of ECM proteases is closely
regulated by non-malignant cells in the tumor microenvironment including fibroblasts, endothelial cells and macrophages [26]. To characterize the effect of morphine on
protease production by breast cancer cells and stromal
cells, we employed co-culture systems. These experiments
showed that co-culture of breast cancer cells with macrophages or endothelial cells led to the up-regulation of
proteases and their inhibitors, resulting in a cell type-specific profile: interaction with macrophages led to increased
MMP-9 and TIMPs, while interaction with endothelial
cells led to increased MMP-9 (although statistically not
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Fig. 4 Interaction between breast cancer and macrophages or endothelial cells in culture modulates the matrix proteolytic profile. Cells
were cultured separately or together as indicated and their conditioned
medium collected. a MMP-9 and 2 were detected by gelatine
zymography. TIMPs were assessed by reverse gelatine zymography,
while uPA was measured by casein–plasminogen zymography.

b Quantification of MMPs, uPA and TIMPs in conditioned media
of 4T1 cells and endothelial cells grown alone or together. c Quantification of MMPs, uPA and TIMPs in conditioned media of 4T1
cells and macrophages grown alone or together. Mean ± SEM is
shown, n = 3–10 per group *p \ 0.05, **p \ 0.01, ***p \ 0.001

significant) and increased MMP-2, TIMPs and uPA. These
changes are in agreement with previous data on the overexpression of MMP-2 and -9 in co-cultures of cancer cells
with monocytes and macrophages [27, 28] and MMP-2,
MMP-9, TIMP-1 and uPA in the cocultures of cancer cells
with endothelial cells [29–31] and could reflect a promigratory environment for tumor cells, in line with the
published literature on tumor-promoting effects of stromal
cells [27, 32–34]. We designed the co-cultures using cells
of the same species (namely murine cells) to promote their
interaction, but as a consequence we could not differentiate

the enzymes produced by each cell type based on their
electrophoretic size.
To determine the mechanism of morphine’s action in
our coculture model, we tested whether contact or cross
talk between macrophages and breast cancer cells was
required, or if morphine prevented a simple, unidirectional
paracrine effect of the macrophages on 4T1 proteolytic
potential. Our results show that morphine prevents the
production or the action of factor(s) produced by macrophages that induce increased proteolytic ability of breast
cancer cells. This effect of morphine was less significant
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Fig. 5 Morphine reduces MMP-9 and increases TIMP-1 in cocultured breast cancer and stromal cells. Morphine (up to 10 lM) was
applied to co-cultures of 4T1 cells with either H5V or RAW264.7 as
indicated. Conditioned media were tested by gelatine or reverse
gelatine zymography. Results (n C 3 separate experiments) were
quantified by densitometry. Mean ± SEM is shown, n = 3 per group
**p \ 0.01, ***p \ 0.001. The ratio MMP-9/TIMP-1 was further
plotted

than when the cells were in contact. This might be due to
the fact that overall the conditioned medium is used for a
total of four days on live cells (48 h on each cell type) in
the assay (Fig. 6) Versus 48 h in total when the cells were
in contact (Fig. 5). Alternatively, this unidirectional
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paracrine effect may only be part of the mechanism by
which morphine acts on macrophage-4T1 communication,
and this may be enhanced by response from the breast
cancer cells or by cell–cell contact.
Other studies have documented an effect of morphine on
ECM-degrading enzymes produced by cancer cells. Direct
exposure of colon cancer cells to morphine reduced the
activity of MMP-2 and MMP-9 in the conditioned media in
a concentration-dependent manner [35]. Treatment of HT29 colon cancer cells with morphine increased uPA production [36]. Similarly Gach et al. showed that morphine
decreased MMP-2 and MMP-9 but increased uPA in MCF7
breast cancer cells [37, 38]. Interestingly, when we added
morphine to cells grown individually or together, morphine
altered the proteolytic profile of co-cultured but not individual cells. These observations are novel and suggest that
morphine interferes with the action of paracrine factors or
with cross talk between cell types, and further exemplify
morphine’s different effects between simple and complex
systems. We have verified that each of the cell type used in
our co cultures, namely 4T1, RAW264.7 macrophages and
H5V, express the l opioid receptor at a level detected via
immunoblotting (not shown). Candidate mediators of
breast cancer and immune cell interaction, including nitric
oxide, colony stimulating factor interleukin-1, interferon-c,
and tumor necrosis factor-a [39–41] can be modulated by
morphine administration (reviewed in [2]) although for
these factors the effect of morphine has not been demonstrated directly in co-culture systems.
It is difficult to determine whether, in vivo, morphine
reduces the proteolytic potential of the tumor microenvironment which in turn reduces tumor growth, or whether
morphine otherwise decreases tumor growth, which results
in less circulating proteases. The results from our co-culture experiments are in favor of the reduced MMP-9/TIMP1 ratio as a mechanism for decreased tumor growth.
However the co-culture experiments did not show any
reduction of uPA by morphine. The in vivo reduction of
circulating uPA that we detect in morphine-treated, tumorbearing mice might thus be secondary to the reduction in
MMP-9, the lower number of tumors, or both.
It is obvious from the current literature that morphine
acts on tumor growth and metastasis via a myriad of
interrelated mechanisms. A conclusively demonstrated, net
effect of morphine in cancer surgery patients is still lacking, but clinical trials will hopefully provide answers in the
future. In the mean-time, studies like this one contribute to
our current knowledge of morphine’s effects on breast
cancer by dissecting out one such mechanism. Here we
showed that while morphine had no effect on the level of
ECM proteases produced by cells alone, it could attenuate
the potentially pro-invasive paracrine interaction between
tumor cells and macrophages or endothelial cells. Our
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Fig. 6 Morphine modulates the
paracrine action of macrophages
on breast cancer cell proteolytic
profile. a 48 h conditioned
medium from RAW cells was
prepared, then applied to 4T1
cells for 48 h, collected and
analysed by gelatin
zymography. b–d The 48 h
conditioned medium from
morphine-treated macrophages
was applied to 4T1 cells for a
further 48 h period, then
analysed by gelatine
zymography and reverse
zymography. e Representative
zymograph showing the effect
of morphine on paracrine cell
interaction. Mean ± SEM is
shown, n = 3 per group
*p \ 0.05, ***p \ 0.001

findings indicate a possible new level of anti-tumor effects
for morphine in the tumor microenvironment.
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