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ABSTRACT
Morphine is used to treat pain in several medical conditions including
cancer. Here we show that morphine, in a concentration typical of that
observed in patients’ blood, stimulates human microvascular endothelial
cell proliferation and angiogenesis in vitro and in vivo. It does so by
activating mitogen-activated protein kinase/extracellular signal-regulated
kinase phosphorylation via Gi/Go-coupled G protein receptors and nitric
oxide in these microvascular endothelial cells. Other contributing effects
of morphine include activation of the survival signal PKB/Akt, inhibition
of apoptosis, and promotion of cell cycle progression by increasing cyclin
D1. Consistent with these effects, morphine in clinically relevant doses
promotes tumor neovascularization in a human breast tumor xenograft
model in mice leading to increased tumor progression. These results
indicate that clinical use of morphine could potentially be harmful in
patients with angiogenesis-dependent cancers.

giogenesis, and promotes breast tumor growth by stimulating tumor
neovascularization. Morphine does so by stimulating MAPK/ERK
phosphorylation via PTX-sensitive GPCRs and NO, and by activating
survival signaling via Akt phosphorylation and cyclin D1.
MATERIALS AND METHODS

Cell Culture. We isolated HDMEC from neonatal human foreskins as
described (24). Culture medium consisted of medium MCDB 131 (Life Technologies, Inc., Gaithersburg, MD) with 1 g/ml hydrocortisone acetate,
5 ⫻ 10⫺4 M dibutyryl cyclic AMP, 10 mM L-glutamine, 100 units/ml penicillin,
100 units/ml streptomycin, 0.25 mg/ml amphotericin B, 0.004% heparin, 10
g/liter epidermal growth factor, and 20% heat inactivated male human serum.
MCF-7 human breast cancer cells were maintained in phenol red-free improved MEM plus insulin and 10% FCS. Wild-type Chinese hamster ovary
cells, which do not express any opioid receptors, were used as negative
controls.
INTRODUCTION
Proliferation Assays. We seeded HDMEC overnight at 5000/well in a
Angiogenesis is closely associated with the etiology and pathogen- 24-well plate or 50,000/well in a six-well plate. For serum-replete conditions,
esis of several pathological conditions including tumor progression cells were incubated with inducers/inhibitors for 48 h in complete culture
medium without the growth factor. For serum-depleted conditions, cells were
and metastasis (1– 4). Despite the widespread use of opioids to treat
serum and growth factor starved overnight and then incubated for an additional
pain in patients with cancer, little is known about the effect of these 48 h without serum and growth factor but with morphine, opioid agonists,
drugs on vascular endothelium.
naloxone, or VEGF. Cells were enumerated using a Coulter counter and with
Whereas the pharmacology and functions of opioids have been WST-8 assay kit (Dojindo Molecular Technologies, Gaithersburg, MD), which
extensively characterized in the central nervous system, little is known forms a colored formazan by the activity of cellular dehydrogenases of viable
about their effect on non-neuronal systems. In the central nervous cells (25). Optical density obtained was extrapolated for the number of cells
system, opioids act via specific, well-defined MOR,3 DOR, and KOR, using calibration curves for known number of cells.
Western Blot Analysis. Cell lysates (30 g protein) resolved on 10%
and they are associated with several neuro-psychological effects including analgesia, tolerance, and addiction (5–10). Recent studies SDS-PAGE were transferred to a polyvinylidene difluoride membrane (Imsuggest a possible role for opioids in non-neuronal tissues. For ex- mobilon; Millipore, Bedford, MA). For immunoblotting we used antibodies to
Phospho-p44/42 MAPK/ERK (Thr202/Tyr204), total MAPK/ERK, phosphoample the presence of specific opioid receptors, including MOR, has
Akt, total Akt (New England Biolabs, Beverly, MA), or to Cyclin D1 and
been shown on endothelial cells (11, 12), and in the vascular endo- ␤-actin (Santa Cruz Biotechnology, Santa Cruz, CA). The immunoreactive
thelium morphine activates NO via MOR and leads to vasodilatation proteins were visualized with ECF Western blotting system (Amersham Life
(12). Opioids also activate MAPK/ERK in nonendothelial cells Sciences, Buckinghamshire, United Kingdom), and chemiluminescent signals
(13–16) and promote cell proliferation (13–18). These findings are were acquired using Storm 860 PhosphorImager (Molecular Dynamics, Sunnyreminiscent of NO-dependent MAPK/ERK phosphorylation and vale, CA). Densitometric analysis was performed using Molecular Analyst
angiogenesis induced by the endothelial cell specific growth and Software (Molecular Bioscience Group, Hercules, CA).
Apoptosis and Cell Cycle Analysis. We performed flow cytometric analsurvival factor, vascular permeability factor/VEGF (19 –23).
Therefore, we hypothesized that morphine may activate MAPK/ ysis of propidium iodide-labeled cells to quantitate the percentage of cells in
ERK phosphorylation via NO in the endothelium and thereby stimu- A0, G0/G1, S, and G2/M phases of the cell cycle, as described (26), using a
FACScalibur (Becton Dickinson, Mountain View, CA) and FlowJo software
late angiogenesis. Using a variety of angiogenesis assays and a breast
(Becton Dickinson). We also confirmed apoptosis by terminal deoxynucleotitumor model, we show that a medically relevant concentration of dyl transferase (TdT)-mediated dUTP nick end labeling to detect DNA strand
morphine sulfate promotes HDMEC proliferation, survival, and an- breaks (Boehringer Mannheim, Indianapolis, IN; Ref. 27).
Tube Formation Assay. We seeded HDMECs (5 ⫻ 104) on the surface of
growth factor reduced Matrigel (10 mg/ml; Collaborative Research, Bedford,
Received 3/5/02; accepted 5/23/02.
The costs of publication of this article were defrayed in part by the payment of page
MA) previously polymerized for 30 min at 37°C. Then VEGF, morphine,
charges. This article must therefore be hereby marked advertisement in accordance with
naloxone, or vehicle were added and cultures incubated for 18 h. Tubes were
18 U.S.C. Section 1734 solely to indicate this fact.
1
photographed and enumerated as described previously (28).
Supported by NIH Grant HL30160 (to R. P. H.), and by The Concern Foundation,
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Murine Matrigel Angiogenesis Assay. As described, (29) we injected 0.5
2
To whom requests for reprints should be addressed, at Department of Medicine,
ml of Matrigel (Collaborative Research), admixed with 10 M morphine, 10
MMC 480, 420 Delaware Street S.E., Minneapolis, MN 55455. Phone: (612) 625-7648;
g/ml VEGF, 10 M naloxone, or vehicle s.c., in the left and right flank of
Fax: (612) 625-6919; E-mail: gupta014@umn.edu.
3
6 – 8-week-old female Balb/cJ mice (Jackson Laboratory, Bar Harbor, ME).
The abbreviations used are: MOR,  opioid receptor; DOR, ␦ opioid receptor; KOR,
 opioid receptor; NO, nitric oxide; MAPK, mitogen-activated protein kinase; ERK,
Ten days later, 25 mg/ml FITC-dextran was injected systemically, and blood
extracellular signal-regulated kinase; VEGF, vascular endothelial growth factor; HDMEC,
samples were collected. After sacrificing the mice, Matrigel implants were
human dermal microvascular endothelial cell; PTX, pertussis toxin; GPCR, G proteinresected and photographed under a fluorescent microscope, and then homogcoupled receptor; DAMGO, [D-Ala2,N-Me-Phe4,Gly5-ol]-Enkephalin; NOS, nitric oxide
enized with 5 units/ml dispase (Life Technologies, Inc., Grand Island, NY).
synthase; PI3k, phosphatidylinositol 3⬘-kinase; D-NAME, N-nitro-D-arginine methyl
Angiogenic response was expressed as the fluorescence ratio of Matrigel
ester; L-NAME, Nw-nitro-L-arginine methyl ester; PE, phycoerythrin.
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implant:plasma, obtained using a Fluorescence Multi Plate Reader (Applied
Biosystems, Foster City, CA).
Breast Tumor Growth. Four- to 6-week-old female nude mice (National
Cancer Institute, Frederick, MD) were implanted with a 0.125 mg slow release
17 ␤-estradiol pellet (Innovative Research of America, Sarasota, FL). MCF-7
cells (5 ⫻ 106) were injected into the mammary fat pad. Mice were given s.c.
injections of: (a) normal saline (control); (b) morphine sulfate at 0.714 mg/kg
mouse/day for first 15 days and then 1.43 mg/kg mouse/day (equivalent to 50
mg and 100 mg morphine per day, respectively, for a 70 kg human); (c)
naloxone (equimolar to morphine); or (d) both morphine and naloxone.
Tumor growth was measured biweekly and expressed as tumor volume
(mm3) by the formula: volume ⫽ (smaller dimension2 ⫻ large dimension)/2
(30). Animal experimentation was in accordance with institutional guidelines.
Tumor Neovascularization. Serial cryosections of tumors were immunostained with anti-CD31-PE (PharMingen, San Diego, CA). Digital images of at
least three different areas of each section (from three different sections per
tumor) were binarized and linearized to quantitate total PE-positive pixels and
blood vessel length, ends, and nodes using the Image Processing Tool kit,
Plug-in Functions for PhotoShop (Reindeer Games, Asheville, NC), as described (31).
Statistical Analysis. All of the data are expressed as mean ⫾ SD. A
multivariate ANOVA was conducted for comparisons between different treatment groups. Dunnett’s method was used to determine whether any treatment
differed from control. Cell cycle data were analyzed by subsequent pair-wise
contrasts constructed between treatments for different phases and tested using
t statistics. For tumor progression, comparisons between different treatments
were made after adjusting for multiple comparisons by Bonferroni’s method.
Differences were considered statistically significant at P ⬍ 0.05.

RESULTS
Morphine Stimulates Angiogenesis. We studied the effect of
morphine and specific opioid receptor agonists on human microvascular endothelial cells, the type of endothelial cells most relevant to
the process of pathophysiological neovascularization. We first confirmed the presence of MOR, DOR, and KOR on HDMEC by reverse
transcription-PCR, and sequencing of the amplified products, immunofluorescence microscopy, and Western immunoblotting (data not
shown). Morphine as well as MOR, DOR, and KOR agonists (at 1
M) induced significant HDMEC proliferation under both serum-free
and serum-replete conditions, and almost to the same extent as stimulated by 100 ng/ml VEGF165 (Fig. 1a). The degree of stimulation by
most individual agonists was similar in both serum-replete and -depleted conditions, but the MOR agonist DAMGO stimulated HDMEC
proliferation by 68% in serum-replete conditions as compared with
37% in serum-free conditions (P ⫽ 0.006). None of these opioids had
any effect on wild-type Chinese hamster ovary cells (data not shown).
Therefore, morphine, and MOR, DOR, and KOR agonists induce
endothelial proliferation directly, and MOR agonist also potentiates
the serum-induced proliferation.
We then examined the effect of morphine concentration (1 nM to 10
mM) on HDMEC proliferation. Morphine is used clinically in doses of
10 –2450 mg/day, resulting in serum concentrations that are only 2 nM
to 3.5 M (32, 33). We found that a significant proliferative effect
occurred in the range of 10 nM to 100 M morphine (P ⬍ 0.005 versus
control; Fig. 1b). At 1 mM and higher concentrations, only ⬃10% of
HDMEC remained viable, as assessed by a cytotoxicity assay and
trypan blue dye exclusion. Thus, at medically relevant concentrations
morphine stimulates endothelial proliferation, but it is cytotoxic
for endothelial cells at higher concentrations that are not clinically
relevant.
In addition to endothelial proliferation, endothelial tube formation
is necessary for the formation of new vessels. We observed that 1 M
morphine induced endothelial tube formation (P ⫽ 0.0003 versus
without morphine) on growth factor-reduced Matrigel, an effect sim-

Fig. 1. Morphine and opioid receptor agonists stimulate HDMEC proliferation. a, after
48 h of incubation,1 M each of morphine, MOR, DOR, and KOR agonists (DAMGO,
DPDPE {[D-Pen (2, 5)]-Enkephalin} and U-50488H {trans-(⫾)-3,4-Dichloro-N-methylN-(2-[1-Pyrrolidinyl] Cyclohexyl)-Benzeneacetamide}, respectively) stimulated HDMEC
proliferation to the same extent as 100 ng/ml VEGF165, under serum-free (o) as well as
serum-replete (f) conditions. ⴱ, P ⬍ 0.0001; §, P ⬍ 0.05; #, P ⬍ 0.01; ¶, P ⬍ 0.05,
compared with serum-free control; †, P ⬍ 0.0001; , P ⬍ 0.0002, compared with
serum-replete control. b, morphine concentration-dependent stimulation of HDMEC proliferation after 48 h of incubation. ⴱ, P ⬍ 0.005; §, P ⬍ 0.0001, compared with without
morphine. Each experiment was repeated three times in triplicate, and each value indicates
mean; bars, ⫾ SD.

ilar to that of VEGF165 (Fig. 2a). Quantitatively, morphine induced a
2.25-fold higher number of tubes than untreated controls, after 18 h of
stimulation, compared with 3-fold for VEGF165 (Fig. 2b). In keeping
with the endothelial cytotoxicity seen with morphine at mM concentrations, Matrigel cultures with a high concentration of morphine (1
and 10 mM), with or without naloxone, showed aggregates of round
and dead cells, and no endothelial tubes were formed (data not
shown). Naloxone (1 M) did not antagonize the stimulatory effect of
1 M morphine. Nonetheless, these results are consistent with the
proliferative activity of medically relevant concentrations of morphine
described above.
The significance of these in vitro observations is greatly increased
by our observation that morphine stimulates angiogenesis in vivo in
Matrigel implants in mice. We found that both VEGF (P ⬍ 0.0001)
and morphine (P ⫽ 0.0001) containing implants showed significantly
higher neovascular ingrowth, as compared with vehicle containing
controls (Fig. 2, c and d). Histological analysis of Matrigel plug
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Fig. 2. Morphine stimulates angiogenesis in vitro and in vivo. a, HDMECs were seeded on growth factor reduced Matrigel and incubated for 24 h in serum-free medium containing
vehicle (control), 100 ng/ml VEGF165, 1 M morphine, 1 M morphine plus 1 M naloxone, or 1 M naloxone alone. Phase contrast micrographs showing stimulation of endothelial
tube formation by morphine as well as VEGF165. Top left, control; top right, VEGF165; middle left, morphine; middle right, morphine plus naloxone; and bottom, naloxone alone.
Magnification ⫻100. Representative of three separate experiments, each was performed in triplicate. b, mean of the number of tubes counted in 10 fields/well of the above experiments.
ⴱ, P ⬍ 0.0001; ¶, P ⬍ 0.0005; §, P ⬍ 0.005; compared with control. c, Matrigel was admixed with either vehicle (control), 10 g/ml VEGF165, 10 M morphine, 10 M morphine
plus 10 M naloxone, or 10 M naloxone, and then injected into the flanks of mice. Matrigel plugs dissected out 10 days after implantation show FITC-dextran loaded microvessels.
Representative figures from three reproducible and independent experiments are shown. Magnification ⫻100. d, FITC-dextran ratio in Plasma versus Matrigel plugs were determined
to quantify the intact vessels observed in c above. Mean of three separate experiments is shown. ⴱ, P ⬍ 0.0001; ¶, P ⬍ 0.0002; §, P ⬍ 0.0005, compared with control; bars, ⫾ SD.

cryosections from the contralateral flank of the same animal, using
anti-CD31 antibody, confirmed the neovascular ingrowth (not
shown). Naloxone neither antagonized morphine-induced angiogenesis nor induced angiogenesis by itself (Fig. 2, c and d). Notably,
Matrigel implants with a high (supra-therapeutic) concentration of
morphine (10 mM), with or without 10 mM naloxone, did not promote

angiogenesis (data not shown). Thus, morphine in medically relevant
concentrations also induces angiogenesis in vivo.
Morphine Stimulates MAPK/ERK Signaling. We and others
have shown earlier that VEGF and other growth factors promote
angiogenesis by activating the MAPK/ERK signaling pathway (19,
27). Here, we observed that morphine and opioid receptor agonists
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induced a time-dependent activation of MAPK/ERK in HDMEC (Fig.
3a). Morphine-induced MAPK/ERK phosphorylation peaked at 1
min, 10 –15 min and later, suggesting that it may be because of the
activation of more than one opioid receptor. Indeed, MOR, DOR, and
KOR activation by receptor-specific agonists stimulated MAPK/ERK
phosphorylation at early, late, and intermediate time points, respectively (Fig. 3a). The loading control for total MAPK/ERK on stripped
and reprobed membranes did not show any time-induced changes
(representative figure for morphine is shown in last row, Fig. 3a),
indicating that the quantity of MAPK/ERK in HDMEC remained
unaltered. Thus, morphine as well as MOR, DOR, and KOR opioid
receptor-specific agonists stimulate MAPK/ERK phosphorylation in
endothelial cells.
It is known that opioids generally act via PTX-sensitive Gi/Go coupled
GPCRs (6) and that in the endothelium morphine stimulates NO production (12). We observed that both PTX and the NOS inhibitor L-NAME
blocked morphine-induced MAPK/ERK phosphorylation at early and
later time points, as seen by densitometric analysis of the protein bands
(Fig. 3, b and c). MAPK/ERK phosphorylation was not inhibited by
naloxone but was completely blocked by the specific MAPK/ERK inhibitor PD98059 (data not shown). These inhibitors (PTX, L-NAME, and
PD98059) also blocked morphine-induced HDMEC proliferation (Fig.
3d). Our results indicate that morphine acts through PTX-sensitive

GPCRs, and activates NO and MAPK/ERK in a sequential manner to
promote angiogenesis.
Morphine Inhibits Endothelial Apoptosis and Promotes Cell
Cycle Progression by Activating Akt and Cyclin D1. The coupled
relationship between promotion of cell proliferation and inhibition of
cell death is a particularly potent driving force for the promotion of
angiogenesis (34). We observed that, compared with serum-replete
HDMEC, serum-starved HDMEC showed a significant increase
(32 ⫾ 12%) in the A0 peak that represents apoptotic cells and a
significant decrease (8 ⫾ 3.5%) in the S phase peak that represents
DNA synthesis (P ⬍ 0.005 and ⬍0.05, respectively; Fig. 4a). Treatment of serum-starved cells with morphine inhibited apoptosis and
promoted cell cycle progression to the same extent as that seen with
serum or VEGF165 (Fig. 4a). The changes in percentage of apoptosis
by fluorescence-activated cell sorter analysis of propidium iodidestained cells were paralleled by changes of similar magnitude in
percentage of apoptotic cells by terminal deoxynucleotidyl transferase
(TdT)-mediated dUTP nick end labeling assay (data not shown).
One report has shown that morphine stimulates the phosphorylation
of survival signal Akt in MOR-expressing cells (35). Akt acts as a
regulator of apoptosis, cell growth, and cell cycle progression by
inducing the transcription of cyclin D1 (36). We observed that morphine stimulated Akt phosphorylation, which peaked at 1 min and

Fig. 3. Morphine stimulates proangiogenic signaling in HDMEC. a, time-dependent MAPK/ERK1 and 2 phosphorylation by 1 M morphine or 1 M specific opioid receptor
agonists. Left column shows morphine or specific receptor agonist used (receptor specificity of each agonist is shown in parenthesis). US indicates unstimulated cells, and 0 indicates
that the agonist was added and removed immediately. Bottom panel shows total MAPK/ERK bands obtained after stripping and reprobing the morphine membrane (top row). Each
represents five to seven experiments performed independently. b, pretreatment with 100 ng/ml PTX (blocker of Gi/o type GPCR) overnight inhibited morphine-induced MAPK/ERK
phosphorylation at both 1 and 10 min, but did not inhibit VEGF165-induced MAPK/ERK phosphorylation. Densitometric analysis of the representative bands is shown as density units
⫻103 in the top panel. Each experiment was repeated reproducibly and independently three to five times. c, pretreatment with NOS inhibitor L-NAME (100 M) for 5 min inhibited
morphine as well as VEGF165-induced MAPK/ERK phosphorylation, but its inactive enantiomer D-NAME did not have any effect. Densitometric analysis is shown as described above,
and each experiment is representative of three to five reproducible experiments. d, PTX, L-NAME, and MAPK inhibitor PD98059 (1 M) significantly inhibited morphine-induced
HDMEC proliferation (P ⬍ 0.05), but naloxone or D-NAME did not have any significant effect (P ⬎ 0.05) as compared with morphine stimulated control. Data from three separate
experiments performed in triplicate were normalized to the untreated control, which was set at 100% (shown as mean); bars, ⫾ SD.
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angiogenesis in an MCF-7 cell breast tumor xenograft model in mice
in vivo. Tumors became detectable at day 15 in all of the groups
except for the naloxone group, in which measurable tumors first
appeared at day 22 (Fig. 5a). Repeated measures ANOVA of the
log-transformed tumor volumes revealed that tumor volume changed
with time at the 5% level of significance (Wilks’ ; P ⫽ 0.0063). As
compared with controls, the morphine group showed a statistically
significant increase in tumor volume after 32 days (P ⬍ 0.05, 0.02,
and 0.002 for day 32, 35, and 38, respectively).
Acceleration of tumor growth in morphine-treated mice was associated with increased vascularization. We observed increased microvessel density (as anti-CD31PE-positive pixels) and higher vessel
number (ends), increased total length, and more vessel branching in
the morphine group as compared with controls (P ⫽ 0.002 for density
and ⬍0.0001 for all of the other parameters; Fig. 5b). The observed
1.8 –2-fold increase in these angiogenesis parameters closely correlated with the average 1.9-fold increase in tumor volume on day 38 in

Fig. 4. Morphine promotes HDMEC survival, stimulates Akt phosphorylation, and
promotes cyclin D1. a, HDMEC were incubated in serum-free medium for 48 h, with 1
M morphine, 100 ng/ml VEGF165, or 10% human serum. Representative histograms (left
panel; from five separate experiments) show the distribution of cells in different phases of
cell cycle. In the right panel, percentage of cells in each phase of cell cycle are shown as
mean from five separate experiments. Morphine significantly inhibited apoptosis
(P ⬍ 0.0001) and increased the number of cells in both G1 and S phases of cell cycle
(P ⬍ 0.0001 and 0.05, respectively), as compared with serum-free cells. b, time-dependent
phosphorylation of survival signal Akt/PKB by 1 M morphine and also by 10 min
stimulation with 100 ng/ml VEGF165. In Lane 1, US indicates unstimulated cells, and in
Lane 2, 0 indicates that morphine was added and removed immediately. Representative of
three separate and reproducible experiments. c, HDMEC were treated as described above
for 4a. Morphine (1 M) promoted cyclin D1 to the same extent as promoted by VEGF165
(100 ng/ml), as compared with serum-free control (second lane from the left). Loading
control using ␤-actin antibody (bottom row) did not show these changes. Representative
of three separate and reproducible experiments is shown.

then declined to the basal levels (Fig. 4b), and also induced cyclin D1
protein expression in HDMEC (Fig. 4c). This effect of morphine on
cyclin D1 expression was comparable with that of VEGF165 (Fig. 4c).
These data indicate that morphine acts as an endothelial cell survival
factor in the same fashion as VEGF.
Morphine Stimulates Tumor Angiogenesis and Breast Tumor
Growth. Because morphine induced angiogenesis in several in vitro
and in vivo assays, we investigated whether morphine could stimulate

Fig. 5. Morphine stimulates angiogenesis in a breast tumor xenograft model. a, breast
tumor growth in mice treated with vehicle (f), morphine (‚), morphine plus naloxone
(䡺), or naloxone (Œ). Repeated measures ANOVA of log-transformed tumor volumes
showed significant changes with time at 5% level of confidence (Wilk’s ; P ⫽ 0.0063).
Tumor volumes increased significantly after 28 days of morphine treatment until 38 days
(P ⬍ 0.05) as compared with control (vehicle-treated). Each point represents the mean of
five separate experiments. b, sections of tumors from treated groups described above were
stained with anti-CD31-PE (top row). Digital images were binarized (not shown) and then
skeletonized (middle row) to quantitate PE-positive pixels, number of nodes (equivalent
to vessel branching), vessel ends (for the number of vessels), and line length (vessel
length), which are shown numerically below the figure. Three different areas from each
section and three sections per tumor (from five tumors per group) were analyzed. Each
value thus represents the mean of multiple images from five different tumors per treatment
group. ¶, P ⬍ 0.005 and ⴱ, P ⬍ 0.0001, as compared with control. Magnification ⫻100;
bars, ⫾ SD.
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the morphine group. Coadministration of naloxone with morphine
consistently reduced tumor volumes (morphine versus morphine ⫹ naloxone, P ⫽ 0.04, 0.01, and 0.001 for days 32, 35, and 38,
respectively) and resulted in slower growth of tumors than controls
(Fig. 5a), apparently because naloxone by itself inhibited tumor
growth as compared with controls. However, naloxone did not have a
significant effect on tumor angiogenesis. It did not inhibit vessel
branching (nodes) and number of microvessels (ends; P ⬎ 0.05 versus
control; Fig. 5b), which are specific characteristics of tumor microvessel architecture (31). Together, these results indicate that morphine
promotes tumor growth by stimulating tumor angiogenesis. Naloxone
directly inhibits tumor growth possibly by an independent mechanism
and not by antagonizing the effect of morphine.
DISCUSSION
We show that morphine at medically relevant concentrations stimulates endothelial proliferation, survival, and cell cycle progression,
and angiogenesis in both in vitro and in vivo assays. Because of the
potential limitations of in vitro angiogenesis assays (37), we also
demonstrate that these effects of morphine translate into enhanced
tumor neovascularization in vivo in a breast tumor model. One previous study showed that high concentrations of morphine [1.65, 3.3,
and 16.5 mM morphine (5, 10, or 50 g/4 l)] inhibited angiogenesis
in the chick chorioallantoic membrane assay (38). We found that
morphine is cytotoxic to endothelial cells at high concentrations.
Therefore, the inhibition of angiogenesis by mM concentration of
morphine, observed by others (38), could be because of its cytotoxic
effect at such concentrations. However, as serum/plasma concentrations of morphine in patients reach levels of only between 2 nM and
3.5 M (32, 33), the proangiogenic activity of 1 M morphine observed by us in the present study is more likely to be the clinically
relevant effect.
The opioid receptor antagonist naloxone did not inhibit the proangiogenic activity of morphine. However, there are many exceptions to
the expected antagonist activity of naloxone, both functionally as well
as pharmacologically (11, 39). Opioid receptors may be present as
several subtypes and spliced variants (7, 40, 41). Opioid receptor
homo- and heterodimerization has also been demonstrated (42– 45). It
is possible that either the opioid receptor subtype or oligomerization
or the presence of “nonconventional” receptors on HDMEC allow the
morphine activity described here to be nonresponsive to naloxone. In
a recent study the immunosuppressive activity of DOR antagonist
naltrindole remained unaltered in triple MOR/DOR/KOR receptordeficient mice, suggesting the presence of yet to be discovered opioid
receptors (46). Therefore, it is possible that morphine activity on the
endothelium may be mediated by these nonclassical opioid receptors.
The functional proangiogenic activity of morphine and opioid receptors is additionally supported by our observations that morphine
and MOR, DOR, and KOR agonists stimulated the MAPK/ERK
signaling pathway in parallel with stimulating proliferation of
HDMEC. In addition, morphine also stimulated the migration of
HDMEC in vitro by 23.7 ⫾ 8.4% over control (migration in the
absence of morphine; P ⬍ 0.05). Thus, our results link the morphineinduced signaling to the promotion of angiogenesis. In several other
cell types, morphine and these opioid receptors have been shown to
stimulate MAPK/ERK phosphorylation (13–16). Similar to classical
opioid receptor-mediated mechanisms, we found that morphine-induced MAPK/ERK phosphorylation and proliferation in HDMEC
were dependent on PTX-sensitive GPCRs and on NO. Among the
several known biological proangiogenic factors, only VEGF is dependent on NO-mediated MAPK/ERK phosphorylation (20, 21).
Therefore, it appears that morphine acts in a fashion similar to VEGF

in the endothelium. Very recently, MOR activation has been shown to
transactivate epidermal growth factor receptor via MAPK/ERK phosphorylation in HEK293 cells (47), leading us to speculate that morphine may be transactivating VEGF receptors in the endothelium. A
recent in vitro study shows that morphine inhibits hypoxia-induced
VEGF expression in human umbilical vein and mouse heart microvascular endothelial cells (48). Because tumors continue to grow in
patients receiving morphine for long periods of time, this does not
affect either tumor angiogenesis or tumor growth. Indeed, we observe
that morphine promotes both tumor angiogenesis as well as tumor
growth in a mouse model, which is discussed below.
We have shown previously that MAPK/ERK phosphorylation is
also essential for HDMEC survival (27). Indeed, morphine promoted
endothelial survival and cell cycle progression by activating the cell
survival signal Akt and increasing cell cycle protein cyclin D1 in
HDMEC. Akt phosphorylation, which is dependent on PI3k activation, activates NOS and cell cycle progression by modulating cell
cycle proteins in the nucleus (36). Morphine has been shown to
activate PI3k and Akt phosphorylation in MOR-transfected cells (49).
We also observed that Manumycin A and Ly294002, inhibitors of
GTP-Ras and PI3k, respectively, completely inhibited morphineinduced HDMEC proliferation (data not shown). The morphineinduced mitogenic and survival signaling that we have observed is
comparable with the effect of VEGF on the endothelium (19, 22, 23).
Our observations are consistent with reports showing that the KOR
agonist U69,593 activates DNA synthesis in glioma cells by activating
Ras and MAPK/ERK signaling via PTX-sensitive, Gi/Go-coupled G
protein receptors (16). In these glioma cells, KOR agonist-mediated
stimulation of DNA synthesis was comparable with that induced by
basic fibroblast growth factor (16). Considering these data from the
literature together with our present results we propose a signaling
mechanism for morphine in the endothelium (Fig. 6). Briefly, morphine, through Gi/Go-coupled G protein receptors, activates Ras,
PI3k, NO, and MAPK/ERK, and endothelial proliferation in a sequential manner and promotes endothelial survival by the Akt signaling
pathway.
Because angiogenesis actively participates in tumor progression
(2), we also examined the effect of morphine in a breast tumor model.
We observed that morphine induced tumor neovascularization and
increased tumor progression. Other studies have shown that morphine
inhibits the proliferation of MCF-7 breast cancer cells (50) used in the

Fig. 6. Proposed model for morphine signaling in endothelium. Morphine can activate
MAPK/ERK phosphorylation, a critical signaling pathway in endothelial survival and
angiogenesis. Morphine acts via PTX-sensitive GPCRs and NO to activate MAPK/ERK
phosphorylation and induce proliferation. It also activates survival signaling by stimulating Akt phosphorylation and increasing cyclin D1. Morphine signaling and angiogenic
activity is similar to VEGF signaling and angiogenic activity (shown in boxes).
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tumor model in this study. Therefore, the morphine-induced tumor
progression we observed appears to be primarily dependent on morphine-induced tumor angiogenesis. This is also supported by our
observation that morphine did not influence the initial growth of the
tumors, which is less likely to be influenced by angiogenesis. Most of
the clinically used opioid analgesics are MOR agonists, and we have
shown here that MOR agonist DAMGO had the same effect as
morphine on endothelial signaling as well as function. Nevertheless,
the effect of other opioid analgesics on angiogenesis needs to be
specifically studied. Similar to the observations made by others (51),
we also observed that naloxone by itself inhibited breast tumor
growth. Because of the therapeutic potential of inhibition of tumor
growth by naloxone, we are currently investigating its mechanism of
action.
Previously, little was known about the effect of morphine on the
vascular endothelium and angiogenesis. The proangiogenic activity of
morphine shown here might have implications for its therapeutic
application in cardiovascular medicine and wound healing. In contrast, opioid administration to patients with cancer or retinopathy
might inadvertently increase angiogenesis, raising concerns about the
widespread use of these analgesics in patients with cancer.
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