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Morphine decreases the 
pro-angiogenic interaction 
between breast cancer cells and 
macrophages in vitro
Samira Khabbazi1, Zeyad D. Nassar1,†, Yannick Goumon2 & Marie-Odile Parat1

Interactions between the various cell types that constitute a solid tumour are essential to the biology 
of the tumour. We evaluated the effect of morphine on the proangiogenic interaction taking place 
between macrophages and breast cancer cells in vitro. The conditioned medium (CM) from breast cancer 
cells co-cultured with macrophages elicited endothelial cell proliferation and tube formation. This effect 
was inhibited if the co-culture occurred in the presence of morphine. The CM from breast cancer cells or 
macrophages grown individually, whether or not prepared in the presence of morphine, was ineffective 
in stimulating EC proliferation or tube formation. Using a mouse antibody array, we identified several 
angiogenesis-regulating factors differentially expressed in the CM of co-cultured cells prepared in the 
presence or absence of morphine, amongst which interleukin (IL)-6, tumour necrosis factor (TNF)-α and 
vascular endothelial growth factor (VEGF)-A. VEGF was induced in both cell types by the co-culture and 
this was prevented by morphine in a non-naloxone reversible fashion. The effect of CM from co-cultured 
cells on endothelial tube formation, but not proliferation, was prevented by anti-VEGF neutralizing 
antibody. Our results indicate that morphine prevents, in part via modulating VEGF-A expression, the 
pro-angiogenic interaction between macrophages and breast cancer cells.

In addition to the uncontrolled proliferation of cancer cells, components of the microenvironment, including 
non-malignant cells such as tumour associated macrophages (TAMs), endothelial cells and fibroblasts, play a 
key role in promoting tumour development. Within the tumour, paracrine interactions between stromal and 
cancer cells exacerbate the local inflammatory, pro-metastatic and pro-angiogenic features of the microenviron-
ment1. Vascular endothelial growth factor (VEGF)-A is a master regulator of normal and pathological angiogen-
esis that acts on endothelial cell (EC) receptors to promote vascular permeability and EC survival, proliferation, 
migration and tube formation2. Upregulation of VEGF-A expression is primarily stimulated by hypoxia via the 
hypoxia-inducible factor (HIF)3. Both cancer and stromal cells4 can respond to hypoxia by overexpression of 
VEGF and other hypoxia-regulated genes. In addition, VEGF-A gene expression is also regulated by oncogenic 
mutations, and by cytokines and other growth factors. Specifically, it has been shown that interaction between 
stromal cells and cancer cells can increase VEGF expression in normoxic conditions5,6.

Morphine is administered to cancer patients, either to manage the perioperative pain associated with tumour 
ablation, or to control cancer-induced pain. Opioids are documented to play a role in the regulation of tumour 
growth and metastasis, without a clear consensus on whether their net effect is beneficial or deleterious7. The dis-
crepancy between studies may stem from the use of different models, a vast range of opioid dose and concentra-
tions in chronic or acute regimens, and actions on opioid as well as non-opioid receptors8. It is clear that opioids 
regulate a number of processes involved in tumour growth and metastasis, including cancer cell proliferation and 
survival, immune surveillance and angiogenesis (reviewed in7). In this context, published data on the effect of 
morphine on tumour angiogenesis in mouse models are particularly interesting. Morphine was initially found 
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to be pro-angiogenic in a model involving human MCF7 breast cancer cells injected in the mammary fat pad of 
immuno-compromised mice9 and this was later confirmed in a syngeneic breast tumour model10, then in a trans-
genic mouse spontaneously developing breast carcinoma11. The three studies employed low, sub-analgesic doses 
of morphine. Diametrically different results were obtained using Lewis lung carcinoma cells implanted subcuta-
neously with matrigel in athymic mice and high doses of morphine12,13. Interestingly, one proposed mechanism 
was the inhibition by morphine of tumour leucocyte infiltration13. Recently, morphine administered at analgesic 
doses to two models of breast tumour-bearing mice did not affect tumour growth or angiogenesis14.

Morphine has been documented to inhibit hypoxia-induced VEGF expression in endothelial and myocar-
dial cell lines (in vitro) and in a rat coronary ligation model of myocardial ischemia (in vivo)15,16. We previ-
ously showed that morphine modulates the paracrine interaction between breast cancer cells and stromal cells 
in co-culture models; the production of matrix metalloprotease (MMP)-9 and the expression of macrophage 
alternative activation markers were decreased if the co-culture occurred in the presence of morphine17. In the 
present study, we hypothesized that morphine decreases the pro-angiogenic interaction between breast cancer 
cells and macrophages. We investigated the effect of morphine on the production of proangiogenic factors and 
functional consequences resulting from the paracrine communication between RAW264.7 macrophages and 4T1 
breast cancer cells.

Results
Morphine prevents co-culture CM-induced proliferation and tube formation of endothelial cells.  
To examine the effect of the interaction between cancer cells and macrophages on angiogenesis-regulating factors, 
the 48 h conditioned media of RAW264.7 cells and 4T1 cancer cells grown individually or in transwell co-culture 
in the presence or absence of morphine were collected and added to endothelial cells. EC proliferation (Fig. 1a,b) 
and tube formation (Fig. 1c) were measured. The proliferation assay, via either the AlamarBlue (Fig. 1a) or MTT 
(Fig. 1b) assay, showed that the conditioned media from the co-cultured cells induced a significant increase in EC 
proliferation at 48 h, compared to unconditioned medium or conditioned medium of cells grown individually. 
Interestingly the increased proliferation of EC induced by CM from co-cultured cells was prevented if morphine 
was present during the co-culture (Fig. 1a,b). Morphine added to unconditioned medium did not affect EC pro-
liferation. Further to EC proliferation, EC capillary like tube formation in vitro in response to conditioned media 
was measured (Fig. 1c,d). Quantification of the number of branching points indicated that the CM from co-cul-
tured cells was more efficient in eliciting tube formation than the CM from RAW264.7 and 4T1 cells grown alone. 
The tube formation induction by CM from co-cultured cells was abolished if the co-culture was carried out in 
the presence of morphine (Fig. 1c). These results indicate that morphine modulates the paracrine proangiogenic 
interaction between macrophages and breast cancer cells.

Morphine alters the production of proangiogenic factors in the conditioned medium of 
co-cultured cells.  To determine which angiogenic factor(s) in the macrophage and breast cancer cells 
co-culture CM are affected by morphine, an angiogenesis antibody array membrane was used. Membranes were 
incubated with CM from cells co-cultured the presence or absence of 20 μ​M morphine (Fig. 2a). Densitometric 
analysis showed that the production of several angiogenic factors in co-cultured cell-CM was significantly 
decreased by morphine (Fig. 2b). Three pro-angiogenic factors were chosen for further analysis: TNF-α​ and IL-6, 
because their production was most strongly inhibited by morphine, and VEGF-A, because of its role as a master 
regulator of angiogenesis.

Effect of morphine on the production of IL-6, TNF-α and VEGF-A by co-cultured macrophages 
and breast cancer cells.  We assessed the effect of morphine on the production of IL-6, TNF-α​ and VEGF-A 
by macrophages and breast cancer cells grown individually or co-cultured in a transwell (Fig. 3). The 48 h CM 
were collected and tested using ELISA. Control cells were grown individually with or without morphine. The 
results confirmed that the concentrations of IL-6 (Fig. 3a), TNF-α​ (Fig. 3b) and VEGF-A (Fig. 3c) were sig-
nificantly decreased by morphine in the CM from co-cultured RAW264.7 and 4T1 cells. However, the amount 
of IL-6 and TNF- α​ was lower in CM from co-cultured cells than in the CM from RAW264.7 cells grown indi-
vidually, indicating that although they might contribute to it, neither of these cytokines directly mediates the 
pro-angiogenic effect of the CM from co-cultured cells. In contrast, the interaction of the macrophages and can-
cer cells resulted in a significant increase in VEGF-A production compared with the CM of cells grown individu-
ally (Fig. 3c). Moreover, morphine prevented the increase in VEGF-A production in co-cultured cells while it had 
no effect on the production of VEGF-A by cells grown individually (Fig. 3c), a pattern reminiscent of the effect of 
morphine on CM in functional assays (Fig. 1). The concentrations of morphine used in our in vitro experiments 
are in the higher range of concentrations determined in the circulation of cancer patients receiving high doses of 
morphine18. To test the relevance of our findings to patients receiving lower doses of morphine19, we examined 
VEGF-A production in RAW264.7 and 4T1 cells co-cultured in the presence a range of morphine concentrations 
(10 nM, 100 nM, 500 nM, 1 μ​M, 5 μ​M, 10 μ​M, 20 μ​M) (Fig. 3d). A statistically significant decrease in VEGF-A 
production was observed at concentrations of morphine of 500 nM and higher (Fig. 3d).

Contribution of breast cancer cells and macrophages to the expression of VEGF-A expression 
and its regulation by morphine.  To assess the contribution of each cell type to increased VEGF-A produc-
tion within the co-culture, and their response to morphine, RNA from breast cancer cells and macrophages was 
prepared and the expression of VEGF mRNA tested by real time RT-PCR (Fig. 4). Both RAW264.7 (Fig. 4a) and 
4T1 cells (Fig. 4b) contribute to increase VEGF-A expression when they are placed in co-culture in a transwell. 
Interestingly, morphine significantly reduced the co-culture-induced VEGF-A expression by both cell types at 
mRNA level. To test whether the effect of morphine was opioid receptor-mediated, the cells were incubated in 
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medium containing 20 μ​M morphine in the presence or absence of the antagonist naloxone at equimolar con-
centration. The effect of morphine on VEGF mRNA production in transwell co-cultures was not reversed by 
naloxone in either cell type (Fig. 4c,d).

VEGF-A mediates the modulatory effect of morphine on EC tube formation but not EC proliferation  
induced by CM from co-cultured cells.  To determine whether the effect of morphine on CM-mediated 
EC proliferation and tube formation is VEGF-A mediated, we tested EC proliferation and in vitro tube formation 
in response to CM from co-cultured cancer cells and macrophages in the presence of neutralizing anti-mouse 
VEGF antibody. The effect of the neutralizing antibody was compared to that of non-immune IgG. The neutraliz-
ing anti-VEGF-A antibody prevented the increased tube formation induced by CM from co-cultured cells, bring-
ing it down to the level observed with CM of co-cultured cells prepared in the presence of morphine (Fig. 5a). The 
neutralizing antibody had no effect on tube formation in un-conditioned medium or in CM from breast cancer 
cells or macrophages co-cultured in the presence of morphine (Fig. 5a). These results suggest that decreased 

Figure 1.  Morphine prevents the ability of CM from co-cultured cells to elicit EC proliferation and tube 
formation. (a) Determination of BAEC proliferation using the AlamarBlue assay. BAEC were exposed for 
48 h to the conditioned media of 4T1, RAW264.7 cells grown alone or together in the presence (10 or 20 μ​M 
as indicated) or absence of morphine. Cells were added with AlamarBlue Reagent and incubated for 4 h. The 
absorbance at 570 nm and 600 nm was recorded. Cell viability is presented as the percentage of AlamarBlue 
reagent reduction. Mean ±​ S.D. is shown for N =​ 3 independent experiments. *​P =​ 0.05. (b) Determination 
of BAEC proliferation using the MTT assay. BAEC were exposed for 48 h to the conditioned media of 4T1, 
RAW264.7 cells grown alone or together in the presence (10 or 20 μ​M as indicated) or absence of morphine. 
Cells were incubated for 5 h in MTT-containing medium. The absorbance at 595 nm was determined. Cell 
viability is presented as the percentage of viability of control cells. Mean ±​ S.D. is shown for N =​ 3 independent 
experiments. (c) BAEC were incubated with either 4T1, RAW264.7 cell-conditioned media or unconditioned 
media as the control and added onto polymerized matrigel for 6 h. Capillary-like tubes were imaged for 
quantification. Results are reported as the mean number of branching points ±​ S.D. N =​ 3 independent 
experiments. *​P =​ 0.05. (d) Representative images of the capillary-like tubes formed by BAEC.
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VEGF-A production may mediate the effect of morphine on decreased CM-induced tube formation. In contrast, 
the neutralizing anti-VEGF-A antibody had no effect on the increased EC cell proliferation induced by the CM 
from co-cultured cells (Fig. 5b,c). This indicates that the EC proliferation induced by CM from co-cultured cells is 
mediated by other pro-angiogenic factor(s) whose production is increased when paracrine interaction takes place 
between macrophages and tumour cells, and down-regulated by morphine.

The production of VEGF-A in CM from co-cultured cells is secondary to that of IL-6 but not TNF-α.  
Hypoxic-response element-independent induction of VEGF production in cancer cells in response to IL-6 has 
been documented20. Similarly, TNF-α​ has been reported to induce VEGF production in macrophages21. To test 
whether the effect of morphine on VEGF production might be secondary to its effect on IL-6 and/or TNF-α​
, we assessed whether anti-IL-6 or anti-TNF-α​ neutralising antibodies altered the concentration of VEGF in 
the conditioned medium of co-cultured cells. To that extent, co-culture of breast cancer cells and macrophages 
was carried out with neutralizing antibody or non-immune IgG, in the presence or absence or morphine. The 
anti-TNF-α​ antibody did not significantly alter the co-culture-induced increase in VEGF-A production despite a 
trend towards decreased concentrations of VEGF for each morphine concentration (Fig. 6a), indicating that the 
effect of morphine on VEGF production is not likely to be mediated by the decrease in TNF-α​ production. In 
contrast, the anti-IL-6 antibody neutralized the co-culture induced increase in VEGF concentration in the condi-
tioned medium, and morphine had no further effect than the antibody, in favour of morphine-induced reduction 
in IL-6 mediating the morphine-induced decrease in VEGF production (Fig. 6b).

Discussion
Hypoxia is a major inducer of VEGF expression and occurs when the tumour reaches a size such that tumour cells 
in the center exceed in distance from the nearest capillary the limit of oxygen diffusion (100–200 μ​m)22. It has been 

Figure 2.  Morphine decreases co-culture-induced IL-6, TNF-α and VEGF-A production. Conditioned 
media of 4T1 and RAW264.7 cell co-cultured in the presence (20 μ​M) or absence of morphine were added 
to mouse angiogenesis antibody array membranes. (a) The images were captured using a ChemiDoc Touch 
Imaging System (Bio-Rad Laboratories Inc.) Green, Blue and red circling were added to locate duplicate spots 
corresponding to VEGF, TNF-α​ and IL-6, respectively. (b) Results are normalized to positive control signal 
intensities and angiogenic factors expressed as % of the amount measured in the no-morphine control. Graph 
shows mean ±​ S.D. (N =​ 3 separate experiments, each performed with a mix of three independent co-culture 
media). *​P =​ 0.05.
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Figure 3.  Effect of morphine on the production of pro-angiogenic factors IL-6, TNF-α and VEGF-A. 
Protein level of (a) IL-6, (b) TNF-α​ and (c) VEGF–A in the conditioned media of 4T1, RAW264.7 alone or 
in co-culture in the presence (10 μ​M and 20 μ​M) or absence of morphine was measured by ELISA. (d) ELISA 
quantification of VEGF-A present in the conditioned medium of RAW264.7 cells co-cultured with 4T1 in the 
absence or presence of morphine at indicated concentrations (10 nM, 100 nM, 500 nM, 1 μ​M, 5 μ​M, 10 μ​M and 
20 μ​M). Results are shown as the mean of growth factor concentrations ±​ S.D. in three independent experiments 
(N =​ 3), *​P =​ 0.05.

Figure 4.  Morphine inhibits induction of VEGF-A mRNA in co-cultured breast cancer cells and 
macrophages. Quantitative Real-time PCR determination of VEGF-A mRNA levels in (a) RAW264.7 cells and 
(b) 4T1 cells co-cultured for 48 h. Results are reported relative to each cell type grown individually. Mean ±​ S.D. 
is shown. N =​ 3–5 independent experiments. *​P =​ 0.05, *​*​P =​ 0.004. (c, d) RAW264.7 macrophages and 4T1 
cells were cultured alone or together in the presence of morphine (20 μ​M) and naloxone (20 μ​M) as indicated. 
Quantitative Real-time PCR determination of VEGF-A mRNA levels in (c) RAW264.7 cells and (d) 4T1 cells. 
Mean ±​ S.D. is shown. N =​ 3 independent experiments. *​P =​ 0.05.
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previously shown that morphine prevented hypoxia-induced VEGF production by Lewis lung carcinoma (LLC) 
cells in vitro via inhibition of nuclear localization and DNA binding of the hypoxia-induced factor HIF-1α​12.

Experiments conducted in “normoxia” show that morphine prevents the induction of VEGF production in 
cultured RAW264.7 macrophages exposed to lipopolysaccharide (LPS)23. This is in agreement with our results. In 
our experiments, induction of VEGF occurs at transcriptional level when breast cancer cells and macrophages are 
placed in separate chambers and allowed to interact in a paracrine manner. Our results show that both cell types 

Figure 5.  Effect of anti-VEGF antibody on BAEC tube formation and proliferation in response to CM from 
breast cancer cells and macrophages grown individually or in co-culture. (a) BAEC added onto polymerized 
matrigel and incubated for 6 h with un-conditioned or conditioned media in the presence of anti-VEGF-A 
antibody or non-immune IgG. Results are shown as the number of branching points. N =​ 3 independent 
experiments. *​P =​ 0.05. (b) BAEC were exposed for 48 h to the conditioned media of 4T1, RAW264.7 grown 
individually or co-cultured in the presence or absence of morphine (10 μ​M and 20 μ​M). Anti-VEGF antibody or 
non-immune IgG were added to the medium. Cells then were added with AlamarBlue Reagent and incubated 
for 4 h. The absorbance at 570 nm and 600 nm was measured. Cell viability is presented as the percentage of 
AlamarBlue reagent reduction. Mean ±​ S.D. is shown in N =​ 3 independent experiments. *​P =​ 0.05. (c) BAEC 
were exposed for 48 h to the conditioned media of 4T1, RAW264.7 grown individually or co-cultured in the 
presence or absence of morphine (10 μ​M and 20 μ​M). Anti-VEGF antibody or non-immune IgG were added 
to the medium. Cells were incubated for 5 h in MTT-containing medium. The absorbance at 595 nm was 
determined. Cell viability is presented as the percentage of viability of control cells. Mean ±​ S.D. is shown for 
N =​ 3 independent experiments. *​P =​ 0.05.
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contribute to the increase in VEGF in the conditioned medium that they share, and that both cell types respond 
to morphine by decreasing VEGF mRNA synthesis. That morphine can decrease hypoxia-independent VEGF 
induction complements its hypoxia-dependent effects in tumours with hypoxic regions, and may further be rele-
vant to the biology of micrometastases, where the center of the tumour mass is not yet hypoxic.

This novel effect of morphine in moderating the paracrine reciprocal stimulation between breast cancer cells 
and stromal cells adds to previously documented actions for this opioid within the tumour microenvironment; 
our earlier work showed that morphine decreased matrix metalloprotease (MMP)-9 production by breast cancer 
cells co-cultured with either macrophages or endothelial cells24. MMP-9 plays a key role in tumour pathogenesis 
and progression and triggers the angiogenic switch during carcinogenesis25. One of the mechanisms of action for 
MMP-9 is via extra cellular matrix degradation and release of bioactive VEGF-A25,26. Our present results show 
that morphine prevents VEGF mRNA synthesis, rendering unlikely (but not ruling out) that decreased MMP-
9-mediated release of VEGF from the extracellular matrix contributes to the decreased VEGF concentration in 
the conditioned media of morphine-treated, co-cultured cells. Furthermore, the effect of morphine on co-culture 
increase in MMP-9 was reversed by naloxone17, while our current results show that the effect of morphine on 
co-culture increase in VEGF mRNA is not, suggesting that different mechanisms are at play. Another mode of 
action for morphine pertinent to the tumour microenvironment is the modulation of the tumour associated 
macrophage (TAM)-like activation of macrophages. Our previous results show that morphine decreases the alter-
nate activation/M2 polarization of cultured macrophage cells exposed to either IL-4, the prototypical alternate 
activation-inducing cytokine, or to paracrine stimulation by breast cancer cells17. TAMs are known to promote 
angiogenesis and lymphangiogenesis26,27, suggesting yet another mechanism by which morphine may prevent 
these processes.

The effect of morphine on the expression of VEGF in the co-culture of breast cancer cells with macrophages 
could be a consequence of TNF-α​ activation. TNF-α​ has been reported to increase VEGF production in retinal 
pigment epithelial cells28,29 and in macrophages21. Our experiments show only partial inhibition of VEGF induc-
tion by TNF-α​ neutralizing antibody, with no statistical significance, indicating TNF-α​ is not the sole/major 
regulator of VEGF production in co-cultures of breast cancer cells with macrophages. IL-6 has also been shown to 
induce VEGF expression in cancer cell lines20,30,31. The effect of IL-6 was unaffected by the removal of the hypoxia 
responsive element from the VEGF promoter20. This is in agreement with our results, indicating that the increase 
in VEGF elicited by macrophage – cancer cell paracrine interaction is secondary to increased IL-6 production in 
the absence of hypoxia.

Figure 6.  Effect of anti-TNF-α or anti-IL-6 antibody on VEGF production in the CM of breast cancer cells 
and macrophages in co-culture. (a) 4T1 and RAW264.7 cells were grown in co-culture in the presence of anti-
TNF-α​ antibody or non-immune IgG and added or not with morphine. N =​ 3–7 independent experiments.  
*​*​P <​ 0.01. (b) 4T1 and RAW264.7 cells were grown in co-culture in the presence of anti-IL-6 antibody or non-
immune IgG and added or not with morphine. N =​ 4–7 independent experiments. *​P <​ 0.05, *​*​P <​ 0.01.
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Relying on in vitro cell-cell communication models to unveil how epithelial and stromal crosstalk promotes 
cancer (and how morphine prevents this) is both a strength and a limitation of our study. Cell lines grown in 
monoculture underlie the vast majority of studies on signalling pathways and therapeutic responses relevant 
to cancer research. In comparison, co-culture systems are advantageous in gene expression studies, and they 
better model the behaviour of tumour cells in relation to their microenvironment32. Co-cultures further allow 
incremental increases in system complexity so that interactions between specific cell types can be dissected 
out, and superior control of the experimental parameters compared with an in vivo interaction. However, such  
in vitro studies need integration with in vivo preclinical models and human tissue studies to translate into valuable 
understanding of the tumour microenvironment with therapeutic potential32.

Overall, our experiments reveal reciprocate proangiogenic interaction between macrophages and breast can-
cer cells, where both cell types increase, in a non-opioid receptor mediated fashion, their VEGF production, 
which in turns promotes capillary like tube formation. This is toned down by morphine, as is the basal production 
of TNF-α​ and IL-6. Our results further indicate that the change in VEGF induction may be secondary to reduced 
IL-6 production in the presence of morphine. Together, these results point to a new mechanism by which mor-
phine may affect the tumour micro-environment and regulate tumour growth and metastasis.

Materials and Methods
Materials.  Cell culture medium, serum and supplements were from Life Technologies (Mulgrave, VIC, 
Australia). Morphine and naloxone were from Hospira (Mulgrave, VIC, Australia). Matrigel (Basement mem-
brane matrix) was from In Vitro Technologies (Noble Park, VIC, Australia). The mouse angiogenesis antibody 
array was purchased from Abcam (Melbourne, VIC, Australia). The ELISA kits were purchased from Elisa.com 
(Scoresby, VIC, Australia). Anti-murine IL-6 and anti-murine TNF-α​ antibodies were from Lonza (Mount 
Waverley, VIC, Australia) and antimurine VEGF antibody was from R&D Systems (Noble Park, VIC, Australia). 
AlamarBlue was from Thermo Fisher Scientific (Scoresby, VIC, Australia). Other reagents were purchased from 
Sigma-Aldrich (Castle Hill, NSW, Australia).

Cell culture.  Mouse RAW264.7 macrophages were grown in Dulbecco’s modified Eagle’s medium (DMEM) 
supplemented with 10% (v/v) foetal bovine serum (FBS), penicillin (100 units/ml) and streptomycin (100 μ​g/ml).  
Murine mammary breast carcinoma cells (4T1) were grown in Roswell Park Memorial Institute medium (RPMI-
1640) with 5% FBS (v/v), 1% sodium pyruvate (v/v), penicillin (100 units/ml) and streptomycin (100 μ​g/ml). 
Bovine aortic endothelial cells (BAEC) were maintained in Dulbecco’s Modified Eagle Medium: Nutrient Mixture 
F-12 (DMEM/F12) containing 5% FBS, penicillin (100 units/ml) and streptomycin (100 μ​g/ml). All cells were 
incubated in a humidified atmosphere at 37 °C with 5% CO2.

Co-cultures.  4T1 and RAW264.7 cells were seeded in equal numbers (1 ×​ 105 cells) in a 12-well plate tran-
swell system, separated by a porous polycarbonate membrane filter (0.4 μ​M pore size, Corning, NSW, Australia) 
in a 1:1 mix of complete medium of each cell line and incubated overnight. The medium was replaced with a 1:1 
mix of serum-free DMEM and RPMI media, and cells treated with various concentrations of morphine sulfate for 
48 h. The cell lysates of RAW264.7 and 4T1 cells and conditioned media were collected.

AlamarBlue cell proliferation assay.  BAEC (5,000 cells/well) were seeded in a 96-well plate in 100 μ​l 
serum-containing DMEM/F12 and incubated for 24 h at 37 °C. The cells were washed with PBS twice and placed in 
100 μ​l of either unconditioned medium (DMEM/F12) or conditioned media from 4T1 and RAW264.7 cultured indi-
vidually or together in the presence or absence of 10 μ​M or 20 μ​M morphine. Negative control wells with media but 
no cells were included. After 48 h, a volume of 10 μ​l AlamarBlue reagent was added and cells incubated for another 
4 h. The absorption at 570 nm and 600 nm was then measured using a SPECTROstar Nano absorbance microplate 
reader. The calculation of the % of AlamarBlue reduction was performed according to the manufacturer’s protocol:

=
× − ×
× − ×

×
E A E A
E C E C

% Reduction of AB Reagent ( 600 570) ( 570 600)
( 570 600) ( 600 570)

100oxi oxi

red red

where Eoxi and Ered are molar extinction coefficient (E) of oxidized AB reagent at 570 and 600 nm, respectively. 
A570 and A600 represent absorbance of test wells at 570 and 600 nm, respectively. C570 and C600 represent 
absorbance of negative control at 570 and 600 nm, respectively. Replicate determinations were performed on 
samples from three independent experiments (N =​ 3).

MTT cell proliferation assay.  Cell proliferation was evaluated using the 3-(4,5-Dimethylthiazol-2-yl)−​
2,5-diphenyltetrazolium bromide (MTT) assay. BAEC (5,000 cells/well) were seeded for 24 h and treated with 
unconditioned or conditioned media for 48 h as above. Cells were then incubated in 100 μ​l of MTT-containing 
medium (0.5 mg/mL MTT in serum-free medium) at 37 °C for an additional five hours. The medium was 
removed and the formazan crystals in cells were dissolved in 100 μ​l of DMSO. Absorbance was measured at 
595 nm with an Imark plate reader (BioRad, USA). The results are expressed as percent of the viability of control 
cells from replicate determinations from three independent experiments (N =​ 3).

Tube formation.  Matrigel matrix (60 μ​l) was loaded into each well of a 96 well plate and incubated to polym-
erize at 37 °C for 45 min. BAECs (5 ×​ 104 cells) were added on matrigel pre-coated wells in 100 μ​l of the conditioned 
medium from either RAW264.7 cells grown individually, 4T1 cells grown individually, or 4T1 and RAW264.7 
co-cultured in the presence or absence of morphine. BAECs were incubated for 4–6 h at 37 °C. The formation of 
capillary-like tubules was documented using a phase-contrast microscope and the number of branching points was 
counted33. Results are presented as the number of branching points forming in conditioned media (mean ±​ S.D.).
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Mouse angiogenesis antibody array.  Membranes were placed in a 2-well plate in blocking buffer for 
30 min at room temperature according to the manufacturer’s protocol. The membranes were incubated overnight 
at 4 °C with equal protein amount of the conditioned medium of 4T1 cells and RAW264.7 cells co-cultured in 
the presence or in the absence of morphine. Co-culture conditioned medium used in each experiment was a 
mix of three separate experiments, and the array assay was performed three times (so that a total of 9 separate 
co-culture conditioned media were employed). The membranes were rinsed thrice with washing buffer I and 
twice with washing buffer II before incubation with Biotin-Conjugated Anti-Cytokine antibodies (1 ml/well) at 
4 °C overnight. After washing the membranes, antibodies were detected using HPR-Conjugated Streptavidin by 
chemiluminescence. The images were captured using a ChemiDoc Touch Imaging System (Bio-Rad Laboratories 
Inc.). Densitometric analysis was performed using Image J software.

Enzyme-linked immunosorbent assay (ELISA).  The concentrations of VEGF-A, TNF-α​ and IL-6 in 
conditioned media were determined using mouse ELISA kits (Elisakit, Melbourne, Australia) according to the 
manufacturer’s instructions. For quantification, a calibration curve of TNF-α​, IL-6 or VEGF-A standards was 
generated. The concentration of the proteins of interest in the samples was calculated using the log–log regression 
equation of the best fit curve in the graph. Results are presented as mean concentration of the protein ±​ S.D.

Quantitative RT-PCR.  Total RNA was isolated from the cells and purified using the PureLink RNA 
Mini Kit (Ambion; Life Technologies, VIC, Australia). RNA (1000–2000 ng) was reverse transcribed using the 
High-Capacity cDNA Reverse Transcription Kit (Life Technologies, VIC, Australia) and amplified using TaqMan 
Fast Universal PCR Master Mix (Life Technologies, VIC, Australia) with AmpliTaq Gold DNA Polymerase, and 
TaqMan Gene Expression Assay VEGF-A (Mm00437306_m1) in a StepOnePlus 7500 real time PCR system 
(Applied Biosystems, Carlsbad, CA, USA). Quantification was performed relative to 18S ribosomal RNA using 
the comparative critical threshold (Ct) method34 and relative expression of the target gene measured in at least 
three separate experiments was compared to that of the appropriate control.

Statistical analysis.  Results are shown as mean ±​ S.D. of at least three separate experiments and were ana-
lysed using Graphpad Prism software (version 6). Differences among groups were analysed using one tailed non 
parametric Mann-Whitney test and statistical significance was considered at P =​ 0.05.
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