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ABSTRACT

Opioids are potent drugs that are widely used to control wound or cancer pain.
Increasing evidence suggest that opioids mediate clinically relevant effects that
go beyond their classical role as analgesics. Of note, opioids appear to modulate
angiogenesis - a process that is critical in wound healing and cancer progression. In
this review, we focus on pro- and anti-angiogenic facets of opioids that arise from the
activation of individual opioid receptors and the usage of individual concentrations or
application routes. We overview the still incompletely elucidated mechanisms of these
angiogenic opioid actions. Moreover, we describe plausible opioids effects, which -
although not primarily studied in the context of vessel formation - may be related to
the opioid-driven processes of angiogenesis. Finally we discuss the use of opioids as
an innovative therapeutic avenue for the treatment of chronic wounds and cancer.

INTRODUCTION

Angiogenesis is the formation of new blood vessel
out of pre-existing ones and includes endothelial cell
activation, proliferation and chemotactic-driven migration.
Angiogenesis has a pivotal role in embryonic development
and growth [1], whereas desired and undesired effects are
seen in adults. Beneficial effects of angiogenesis include
efficient wound healing and the rescue of ischemic
myocardium at early stages after myocardial infarction
[2, 3]. Detrimental effects of angiogenesis appear in
pathological processes such as macular degeneration,
retinopathy, tumor growth, and metastasis [4-6].

Over recent years, the evidence has grown that
opioids exceed their primarily known function as
analgesic drugs and modulate wound healing and tumor
progression [7, 8]. Opioids significantly influence wound
closure or tumor growth by acting on endothelial cells and
controlling angiogenesis. The review outlines the current
knowledge of opioids’ action on angiogenic processes and
discusses the potential exploitation of these effects for
clinical use.

THE OPIOID SYSTEM AND ITS ROLE
IN ANGIOGENESIS

The endogenous opioid system represents a
pivotal part of the innate central pain-relieving systems,

which is operated by different opioid ligands and opioid
receptors. Opioids are divided into “endogenous” and
“exogenous” opiates, all having a potent analgesic
effect. Endogenous opiates (Endorphins), such as beta-
endorphin, Met-enkephalin, the endomorphins and the
dynorphins are peptide hormones, which are generated
in neurons of the nociceptive system and are released
in pain and stress situations; exogenous opiates are non-
peptidergic opioid receptor agonists. Prominent members
of exogenous opiates are morphine, an alkaloid isolated
from the poppy plant Papaver somniferum, and its semi-
synthetic derivatives such as fentanyl, buprenorphine and
oxycodone - classical analgesic drugs in clinical use [9,
10].

Opioid receptors belong to the family of G-protein
coupled receptors (GPCRs) and are highly expressed in
pain-modulating neurons of the central nervous system.
Based on individual protein sequences and ligand
selectivity, different opioid receptors can be distinguished.
Besides the classical mu (p-), delta (6-) and kappa (k-)
opioid receptor types (further termed MOR, DOR and
KOR), the opioid receptor family further includes the zeta
(€-) receptor, also known as the Met-enkephalin receptor/
opioid growth factor (OGF) receptor (further termed
OGFR), and the nociception/orphanin stimulated FQ
opioid-receptor like 1 (NOPr/ORL1) [11, 12]. Activation
of opioid receptors initiates various intracellular signaling
cascades which leads to the inhibition of adenylyl cyclase
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activity, modulation of ion conductance, transactivation
of receptor tyrosine kinases, stimulation of phospholipase
C, PLK/AKT and the ras/raf/ERK1/2 signaling module
[13-18]. Moreover, ligand binding also induces receptor
phosphorylation, beta-arrestin recruitment and receptor
internalization, which is believed to be a critical step
in desensitization or termination of opioid receptor
signaling [13]. The physiological function of neuronal
opioid receptors became obvious by selective knockout of
individual opioid receptor types in mice, which uncovered
their special roles in nociception and mood disorders [19-
22].

In recent years, opioid receptors - together with
Met-enkephalin and dynorphin - were also found in
endothelial cells during pre- and post-natal blood
vessel development in mice and rats [23-25]. However,
individual opioid receptors appear to elicit individual
angiogenic effects as exemplified by the stimulation
of OGFR, DOR and MOR in endothelial cells of the
chorioallantoic membrane: whereas activation of OGFR
by Met-enkephalin inhibits the formation of blood
vessels by the opioid-exposed endothelial cells [26],
stimulation of DOR (by Deltorphin I) or MOR (by
Endomorphin-1 and -2) enhances blood vessel formation
in the experimental setting [27]. In addition, inhibition
of MOR by the antagonist naltrexone unexpectedly
increased vessel formation by chorioallantoic membrane
endothelial cells [26]. This finding suggests that MORs
possess divergent roles in angiogenesis: whereas receptor
stimulation by an opioid agonist leads to pro-angiogenic
effect, the naltrexone-sensitive, constitutive (basal)
receptor activity transmits anti-angiogenic effects [26, 28].
These differences may be explained by specific receptor
conformations which are responsible for constitutive
and agonist-induced activity of GPCRs [29, 30]. It has
been shown that specific receptor conformations lead to
the activation of individual G-proteins, which in turn are
coupled to different intracellular signaling cascades [31].
It is therefore attractive to speculate that the constitutive
active MOR conformation is coupled to inhibitory
(anti-angiogenic), whereas agonist-occupied MORs are
connected to stimulatory (pro-angiogenic) signaling
pathways. Although further analysis of the divergent
effects is missing, these findings yet indicate that opioid
receptors may transmit both pro- and anti-angiogenic
effects.

OPIOID EFFECTS ON ISOLATED
ENDOTHELIAL CELLS

Formation of new blood vessels during angiogenesis
bases on endothelial cell proliferation, migration and tube
formation. These processes are tightly coordinated by pro-
and anti-angiogenic factors via stimulating respective cell
surface receptors and signaling pathways in endothelial
cells. A variety of pro-angiogenic factors have been

identified during the last decades - the Vascular Endothelial
Growth Factor (VEGF-A) and its splice variants VEGF ,,
VEGF ., VEGF , being most potent [32, 33]. VEGF
binds to and activates the receptor tyrosine kinases VEGF
receptor-1 (VEGFR-1/FlItl) and VEGFR-2 (KDR/Flk-
1) [34], which leads to the stimulation of JNK, ERK1/2,
PI.K/AKT, and focal adhesion kinases. All of these VEGF/
VEGFR-driven effector molecules are well-described
regulators of endothelial cell survival, proliferation, cell
migration, and thus vessel neo-formation [35].

Stimulatory opioid effects on endothelial cells

A close interaction of the opioid system and
VEGF-mediated angiogenesis is suggested by two
major observations. (i) VEGF enhances the expression
of MOR in endothelial cells. (i) Morphine activates
endothelial VEGF receptors including their associated
signaling molecules AKT and ERK1/2 [36]. Gupta et
al. [37] observed that treatment of endothelial cells
(HDMEG; isolated from neonatal human foreskin) with
VEGF , as well as clinically relevant concentration of
morphine cause cell proliferation and tube formation.
Studies on endothelial cells derived from different tissues
further confirmed a causal relationship of opioids and
angiogenesis: proliferation and migration of dermal
microvascular and retinal endothelial cells were enhanced
upon morphine treatment [36, 38]. The mode by which
morphine triggers these endothelial cell reactions is
currently under debate. The classical signaling via
binding to opioid receptors is rather unlikely as morphine-
induced proliferation and tube formation cannot be
blocked by the opioid-receptor antagonist naloxone
[37]. In contrast, the endothelial morphine effects could
be blocked by a VEGF receptor inhibitor [38]. This
finding leads to the suggestion that morphine activates
VEGF receptors and exploits their angiogenic signaling
on endothelial cells. Detailed understanding of Aow
morphine masters VEGF receptor activation is currently
lacking. Activation of VEGF receptors may arise from
two different mechanisms: one is VEGF-dependent,
the other one is VEGF-independent. The growth factor-
dependent mechanism bases on an activation of matrix
metalloproteinases, which initiate VEGF receptor
transactivation by the release of extracellular matrix-
bound VEGF (“outside-in mechanism”). In contrast, the
VEGF-independent mechanism triggers VEGF receptor
activation through phosphorylation of the receptor
protein by the intracellularly localized non-receptor
tyrosine kinase c-Src [39]. The “outside-in mechanism”
seems to play a minor role in morphine-induced VEGF
receptor activation, as morphine was shown to prevent
VEGF ,, and VEGF  release from stimulated endothelial
cells [40]. Increasing evidence in turn supports the
ligand-independent activation as c-Src was shown to be
activated in endothelial cells upon morphine treatment
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[38]. Moreover, c-Src knock-down by siRNA prevented
morphine-induced VEGF receptor activation, endothelial
cell proliferation and tube formation. These findings
indicate that the pro-angiogenic morphine effects result
from c-Src-dependent VEGF receptor transactivation [38].

This finding, however, raises the next question: sow
does morphine stimulate c-Src? A potential candidate
stimulus is the platelet-derived growth factor (PDGEF-
BB). PDGF-BB was found to be released from morphine-
stimulated endothelial cells [41]. Moreover, PDGF-
BB is known to induce c-Src activation upon binding
to PDGF receptors (PDGFR; [42, 43]. As PDGFRs
were additionally found to be co-activated with VEGF
receptors in morphine-treated endothelial cells [36], these
facts suggest that morphine may induce VEGF receptor
activation by stimulating the PDGF/PDGFR/c-Src
signaling cascade (Figure 1). Considering the release of
PDGEF as the critical starting point of this scenario, it is still
unclear how morphine induces this process in an opioid-
receptor independent manner. It might be speculated that
morphine triggers PDGF secretion by direct activation of
G-proteins, which was identified to account for histamine
release from morphine-stimulated mast cells [44].
However, the regulating processes of PDGF secretion

morphine

(opioid receptor-
independent)

o®©
PDGF-BB

o

as well as the identity of 454 non-redundant putative
morphine off-targets are still obscure [45, 46]. Thus, the
opioid-receptor independent signaling machinery behind
morphine-induced PDGF release remains an unsolved
question.

Inhibitory opioid effects on endothelial cells

Opioids were also shown to inhibit the angiogenic
activity of endothelial cells [47-49]. In contrast to the
aforementioned opioid receptor-independent morphine
effects, stimulation of two specific opioid receptors types
were identified to transmit anti-angiogenic effects on
isolated endothelial cells. One is the vascular-selective pu3-
opioid receptor, which was found to elicit the production
of lethal amounts of nitrogen oxide (NO) after stimulation
by a high dose of morphine [48, 50]. NO was further
proven to have a causal role in morphine-induced death
of endothelial cells, as inhibition of NO synthase by
L-NAME rescued cells from apoptosis. Also, naloxone
prevented cells from morphine-induced apoptosis [48]
which underlines opioid receptor-dependent stimulation
of NO synthase activity may counteract the angiogenic

Q ©
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receptor VEGER @
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Figure 1: Proposed mechanism of morphine-mediated PDGFR/VEGFR co-activation in endothelial cells. Morphine
stimulates the release of PDGF-BB by an opioid-receptor-independent, yet unknown mechanism. Released PDGF-BB leads to an autocrine
activation of endothelial PDGF-f receptors, which subsequently recruit and activate c-Src kinase. Stimulated c-Src kinase triggers
phosphorylation and thus VEGF-independent activation of VEGF receptors (VEGFR).
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activity of endothelial cells.

The second opioid receptor type with anti-angiogenic
properties is the KOR, which was shown to impair VEGF-
induced endothelial cell responses. Stimulation of KORs
by U50,488H or Nalfurafine reduced VEGR expression
levels in endothelial cells and significantly hampered
VEGF-induced migration and tube formation [51]. These
effects were reversed by the KOR antagonist nor-BNI or
siRNA-mediated KOR knock-down, indicating that the
regulation of VEGF receptor expression is indeed KOR-
dependent. In line, Kor knockout mice show enforced
expression of VEGF receptors in endothelial cells [51].
The causative mechanisms of these findings have not been
investigated so far, but it might be envisioned that KORs
affect transcription factors, promoter activity or mRNA
stability controlling VEGF receptor protein expression.

OPIOID EFFECTS ON
VASCULARIZATION

PLUG

In analogy to the conflicting results obtained from
isolated endothelial cells, morphine also exerts different
effects on in-vivo vessel formation, which was revealed
by Matrigel plug assays. In this approach, Matrigel plugs
are implanted subcutaneously into mice and monitored
for vascularization that is indicative for chemotactic
endothelial cell migration, proliferation and vessel
formation. When morphine was incorporated into the plug
matrix, plugs were significantly stronger vascularized
than morphine-free controls [37] - suggesting morphine
a chemoattractant for invading endothelial cells as it
has been reported for monocytes and neutrophils [52].
Vascularization of morphine plugs was not affected by
naloxone, which suggests morphine-triggered chemotaxis
does not depend on opioid receptor stimulation [53]. The
processes of chemotaxis are highly complex and involve
various signaling mechanisms and pathways, which might
represent potential morphine off-target. In monocytes, for
instance, chemotaxis is facilitated by activated potassium
channels [54]. Interestingly, morphine was found to
stimulate ATP-dependent potassium currents by an opioid-
receptor independent mechanism in hepatocytes [55] As
ATP-dependent potassium channels are also expressed
in endothelial cells [56], morphine might be assumed to
stimulate chemotaxis via direct activation of potassium
currents. Nevertheless, the precise factors accounting for
morphine-stimulated chemotaxis are still elusive.

In a setting where morphine was applied
systemically via intraperitoneal or subcutaneous injections
for a long time (chronic application), plug vascularization
was impaired. In these studies, implanted plugs contained
lipopolysaccharide (LPS) or the angiogenic factors VEGF
and FGF. Although all of these “plug ingredients” are
potent inducers of angiogenesis, plug vascularization
was significantly reduced upon long-term, systemic
morphine application [47, 57, 58]. Thus, systemically

applied morphine seems to prevent LPS- and VEGF/FGF-
mediated endothelial cell invasion and subsequent vessel
formation. A first mechanistic insight was given by the
finding that vascularization of VEGF plugs was restored
in MOR deficient mice, which revealed the inhibitory
morphine effect depends on opioid receptor stimulation
[53]. Although further insights are lacking, alternative
morphine effects may be considered to enlighten the
processes of impaired plug vascularization. Vascularization
of Matrigel implants is facilitated by endothelial cells
which are attracted and finally stimulated by a gradient of
angiogenic factors. In the case of VEGF plugs, endothelial
cells are directly triggered by plug-released VEGF. The
activity of endothelial cells to detect and follow the VEGF
gradient is enhanced by the Endothelial Cell-Specific
Chemoattractant Receptor (ECSCR), also known as the
Endothelial Cell-Specific Molecule 2 (ECSM2), which
improves the sensitivity and responsiveness of VEGF
receptors towards VEGF stimulation [59, 60]. Expression
of ECSCR is increased by inflammatory processes [61], so
that local inflammation, which arises from plug injection
- as indicated by the enrichment of inflammatory immune
cells in the plug transplants [62] - strongly supports
VEGF-mediated chemotactic activity of endothelial cells.
Long-term, systemically applied morphine, however, has
immune suppressive and anti-inflammatory effects [63].
It could be said that morphine affects endothelial cell
chemotaxis and therefore VEGF plug vascularization
through its anti-inflammatory effect, which probably
hinders ECSCR expression and angiogenic signaling in
endothelial cells.

Plug-released LPS triggers vessel formation by
direct stimulation of the angiogenic Toll-like receptor/
TRAF6 signaling pathway in endothelial cells [64] and by
attracting and stimulating VEGF-producing macrophages
[65]. Both processes may represent hypothetical morphine
targets. A recent study reported that morphine-stimulated
MORs on macrophages counteract LPS-induced miR-
146a expression [66]. As miR-146a triggers VEGF
synthesis [67], morphine-exposed macrophages may
fail to provide a sufficient VEGF gradient which is
required for endothelial cell chemotaxis and activation.
Moreover, chronic morphine was revealed to inhibit LPS-
induced activation of TRAF6 signaling in macrophages
by inducing miR-124 expression [68]. If this effect
would also occur in endothelial cells, morphine could
hamper LPS-stimulated vessel formation by blocking the
angiogenic TRAF6 signaling in endothelial cells.

The lack of FGF-plug vascularization may be
also explained by a morphine effect on an angiogenic
FGF signaling partner. FGF-induced vessel formation
requires the presence of integrins, which serve as direct
FGF-binding receptors as well as signaling partner and
enhancer of the FGF/FGF receptor signal complex [69]. A
recent study has shown that long-term treatment of mice
with morphine induces a reduction of integrin expression
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in neurons of the spinal cord [70]. If this morphine effect
also occurs outside the central nervous system, it may be
possible that impaired vascularization of FGF-plugs arises
from a morphine-induced loss of integrins in angiogenic
active endothelial cells.

OPIOID EFFECTS
VASCULARIZATION

ON WOUND

Wound healing is a highly dynamic process,
which requires vasodilatation, fibrin clot formation,
infiltration of neutrophils, macrophages and lymphocytes,
proliferation of fibroblasts, re-epithelization by stimulated
keratinocytes, and tissue maturation. Each of these healing
phases is supported by wound vascularization, which
guarantees restoration of tissue oxygenation, nutrition
supply and stimulation of wound-associated cells to fill-up
and re-organize the wound space [71]. As opioid receptors
have been discovered in wound-associated endothelial
cells as well as in VEGF-expressing fibroblasts and
keratinocytes, a prominent role of the opioid system in
wound vascularization is suggested [72, 73].

Positive effects on wound angiogenesis

In an ischemic wound model, topically applied
morphine, hydromorphone and fentanyl enhanced wound
vascularization by inducing endothelial cell proliferation
[74, 75]. As endothelial cells in opioid-exposed wounds
showed an increased activation of PDGFR-B [74]
and higher abundance of VEGFR-1 [75], the in-vitro
observed endothelial PDGFR/VEGFR co-signaling [36]
may also account for opioid-stimulated proliferation of
endothelial cells in-vivo. As an additional, supportive
effect, opioids could trigger endothelial cell proliferation
via paracrine activation of PDGFR signaling that is
facilitated by keratinocytes. Keratinocytes were identified
to possess responsive opioid receptors [73, 76]. Moreover,
keratinocytes represent the major source of cutaneous
PDGEF [77]. It may be speculated that in analogy to C6
neuronal cells [78], keratinocyte stimulation by opioids
results in paracrine release of PDGF, which in turn acts on
endothelial PDGFRs and promotes angiogenesis (Figure
2).

The contribution of opioid-induced NO synthesis
in wound angiogenesis is currently under debate. As
described above, increased NO concentrations in-vitro
leads to endothelial cell death. In contrast, increase of
NO levels in-vivo - as observed in fentanyl-exposed
skin defects - is associated with an enhanced endothelial
cell proliferation and accelerated wound healing [74].
The differences observed in in-vitro and in-vivo studies
on NO effects may be explained by wound-specific
mechanisms that counteract NO and lethal reactive
nitrogen species (RNS). These mechanisms may include

anti-oxidative tissue enzymes such as heme oxygenase,
superoxide dismutase or glutathione peroxidase, which
act as key players in wound healing and bring balance
to NO-generated RNS [79]. In addition, NO prompts
other, non-endothelial wound infiltrating cells, especially
keratinocytes and fibroblast for VEGF synthesis - thereby
protecting endothelial cells from apoptosis and increasing
their proliferation [80, 81]. Considering this multifactorial
in-vivo scenario, opioid-induced NO synthesis in wounds
is conceivable to support vascularization and healing
process after topical opioid application.

Rather unexpected, was the observation that an
opioid receptor antagonist may have beneficial effects on
wound vascularization. Topically applied naltrexone was
found to enhance VEGF-expressing endothelial cells in
wounds [82]. This observation raises the question by which
mechanisms an opioid receptor antagonist may provide
stimulatory effects. A possible route could be via the
endothelial OGFR. Naltrexone is known to bind to OGFR
and prevents its activation by endothelial Met-enkephalin.
As OGFR signaling is reported to suppress proliferation of
endothelial cells [24], binding of naltrexone to the OGFR
is likely to promote vessel formation by counteracting
the anti-angiogenic Met-enkephalin/OGFR signaling
axis [24, 26]. As a concomitant effect, unbound Met-
enkephalin - no longer able to bind OGFR - may stimulate
a pro-angiogenic, naltrexone-insensitive opioid receptor.
Such a scenario may be performed by DORs as the
opioid receptor type is activated by Met-enkephalin and
binds naltrexone only with low affinity [28, 83]. A pro-
angiogenic signaling of stimulated DORs was already
demonstrated for chorioallantoic vessels (see above) [27].
Thus, a Met-enkephalin stimulated DOR signaling can
be envisioned for wound-associated endothelial cells and
may explain naltrexone-enhanced angiogenesis.

Negative effects on wound angiogenesis

In contrast to topical application, long-term
application of morphine or morphine-sulfate via
subcutaneous and intraperitoneal injections delayed
vascularization and closure of an excisional skin injury in
mice [47, 84]. Thus, a systemic morphine effect prevents
the angiogenic activity of wound-associated endothelial
cells. Wound vascularization is organized by vasculogenic
cytokines and growth factors that stimulate adjacent
endothelial cells (angiogenesis) and attract circulating
endothelial progenitor cells for de-novo vessel formation
(vasculogenesis) [85]. The lack of wound angiogenesis
is in line with previous observations, in which systemic,
long-term application of morphine hampered endothelial
cell chemotaxis towards growth-factor containing
Matrigel plugs (see above). Moreover, long-term systemic
application of morphine led to a significant reduction of
circulating endothelial progenitor cells [47], which also
points out a failure in vasculogenesis. Martin et al. [58]
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showed in an independent study that systemically applied
morphine reduces the migration activity of macrophages
and wound infiltration (Figure 2). It was further observed
that morphine-exposed macrophages reduce the synthesis
and release of monocyte chemotactic protein 1 (MCP-
1) and VEGF [58] - both are important mobilizers and
attractants for circulating endothelial progenitor cells [86,
87]. Hence, it is attractive to speculate that systemically
applied morphine impairs wound vasculogenesis by
inhibiting macrophage function. Whether morphine
impairs macrophage functions by direct interaction with
the immune cells or indirectly by enhancing cortisol
concentration via activation of the hypothalamic pituitary
adrenal axis [88] remains to be evaluated.

OPIOID EFFECTS
ANGIOGENESIS

ON TUMOR

Angiogenesis is a prominent hallmark of cancer as
it promotes tumor progression at two critical steps: first, it
allows and supports tumor growth by providing nutrients
and oxygen via de-novo formed capillary network [89-

91]; and second, it enables metastasis by allocating a route
for cancer cells leaving the primary tumor site towards
the vascular system [5]. Tumor angiogenesis requires a
complex communication between tumor and endothelial
cells, cancer-associated fibroblasts and immune cells,
which is tightly orchestrated by diverse angiogenic factors
including VEGF [92]. The finding that plasma from
morphine- and fentanyl-treated breast cancer patients is
enriched with VEGF [93] leads to the assumption that
opioids could influence tumor angiogenesis. However, in-
vivo studies that were designed to further clarify the role
of opioids in tumor vascularization yielded contradictory
observations as both pro-and anti-angiogenic effects were
reported.

Opioids - promoters of tumor angiogenesis

Pro-angiogenic opioid effects became evident in
a breast cancer xenograft model (using human MCF-7
and MDA-MB-231 cells) where long-term subcutaneous
application of therapeutically dosed morphine-sulfate
enhanced tumor vascularization [37, 94]. Comparable

Pro-angiogenic opioid effect Anti-angiogenic opioid effect

fentanyl
morphine

VEGF

o receptor

keratinocytes

®
v |

~ [ ]
b%rphine

morphine

Figure 2: Wound angiogenesis under the influence of opioids. Topically applied opioids (left panel) increase VEGF receptor
expression and stimulate PDGF receptors in wound-associated endothelial cells. Activation of PDGF receptors might result from PDGF,
which is released from opioid-stimulated keratinocytes. Fentanyl augments NO concentration in wounds, which triggers VEGF synthesis
in keratinocytes. Released VEGF may activate angiogenic signaling of up-regulated VEGF receptors in wound-associated endothelial
cells. In contrast, systemic morphine prevents wound vascularization by hindering macrophages from wound infiltration and recruitment of

endothelial progenitor cells (right panel).
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effects were also observed in allograft tumor models using
mammary carcinoma (SCK) cells or Ehrlich mammary
adenocarcinoma cells [95, 96]. There, systemic morphine-
sulfate treatment increased the density of dilated and
branching vessels within the tumor. In line, morphine-
sulfate enhanced vascularization in spontaneously grown
mammary tumors in transgenic C3TAG mice [41, 97].
Nguyen et al. [97] found that morphine-mediated tumor
vascularization in the spontaneous breast cancer model
correlated with enhanced degranulation of cancer-
associated mast cells and elevated levels of mast cell-
specific tryptase within the tumor tissue (Figure 3). As
tryptase is a pro-angiogenic protease, which promotes
endothelial cell proliferation and tube formation [98], it
seems obvious that morphine-triggered release of tryptase
from mast cells promotes tumor angiogenesis.

The question remains whether the morphine-
triggered tryptase effect is sufficient to initiate tumor
vascularization. It seems likely that morphine supports
tumor angiogenesis by a further process, such as “mast
cell potentiation”. It has been shown that the angiogenic
potential of mast cells is boosted by Prostaglandine E,
(PGE,), which induces VEGF synthesis and release [99].
Farooqui et al. [95] demonstrated that morphine treatment

Pro-angiogenic opioid effect

morphine

mast cell

Breast cancer cells

leads to an up-regulation of cyclooxygenase-2 (COX-2)
and release of PGE, from mammary tumors (Figure 3).
Thus, morphine-triggered tumor vascularization may
result from mast cells, which are stimulated for VEGF
synthesis and secretion by PGE, released from COX-2
expressing tumor cells. Indeed, the inhibition of COX-2 by
celecoxib strongly reduces tumor angiogenesis supporting
the hypothesis that COX-2-mediated PGE, synthesis is
central to morphine’s angiogenic effect. As an additive
effect, PGE, may assist in the induction of proliferation,
migration, and tube formation via stimulation of PGE,
receptor EP3 and FGF receptor transactivation in
endothelial cells [100].

Opioids - inhibitors of tumor angiogenesis

Other in-vivo studies report anti-angiogenic opioid
effects on tumors. In a Lewis lung carcinoma (LLC) mouse
model, tumor vascularization was prevented upon chronic
subcutaneous application of morphine-sulfate via a MOR-
dependent signaling mechanism [53, 57]. Two mechanisms
may account for this observation. (i) Morphine is known
to inhibit VEGF synthesis and release by interfering

Anti-angiogenic opioid effect

Nalfu I‘afin (KOR dependent)
/\IEGFR down-regulation

morphine

VEGF H\_

morphine
(MOR dependent)

Lewis lung cancer cells

Figure 3: Opiodergic mechanisms of tumor angiogenesis. Pro-angiogenic opioid effect (/eft panel): Clinically relevant morphine
concentrations induce degranulation of tumor-associated mast cells and release of pro-angiogenic tryptase. Moreover, morphine enhances
COX-2 expression and PGE, synthesis in breast cancer cells. PGE2 may further promote vessel formation by inducing VEGF expression
in tumor-associated mast cells (“mast cell potentiation”) and by stimulating pro-angiogenic PGE receptor signaling in endothelial cells.
Anti-angiogenic opioid effects (right panel): High dose morphine impairs VEGF expression in Lewis lung cancer cells, and prevents tumor
infiltration by VEGF-producing immune cells in a MOR dependent manner (neutrophils and macrophages/monocytes [pink]). Nalfurafine
impairs angiogenic signaling by inducing down-regulation of endothelial VEGF receptors via KOR stimulation.
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with the p38 MAP kinase/HIF-1a signaling axis in LLC
cells [57]. Consequently, tumor vascularization may
be impaired because of insufficient cancer cell-derived
VEGEF. (ii) The anti-angiogenic effect of morphine may be
also mediated by MOR-expressing host/non-tumor cells.
This notion is supported by the fact that the amounts of
tumor infiltrating neutrophils and monocyte/macrophage
are drastically reduced in morphine-treated mice [53]. As
these immune cells are pivotal VEGF donors [101, 102],
morphine might impair tumor angiogenesis by interfering
with leukocyte transmigration. Indeed, previous in-vitro
studies demonstrated that the transmigration activity of
leukocytes is regulated by MORs and may be blocked by
chronic morphine exposure [53]. Transmigration activity
involves chemotaxis and cell migration, both of which
may be modulated by opioids. Chemotaxis of leukocytes
was found to be suppressed by “trans-desensitization” of
chemokine receptors in consequence of prolonged MOR
and DOR stimulation [103]. The phenomenon goes back
to the formation of chemokine receptor heterodimers with
MORs and DORs, which are internalized after opioid
receptor activation by “sequestrating opioids” such as
DAMGQO [104]. In contrast to other opioids, morphine
is well known to fail MOR and DOR internalization,
so that also chemokine receptors would rather remain
at the plasma membrane than undergo desensitization
and sequestration after morphine exposure [105-107].
Moreover, chronic morphine was shown to prevent
internalization of heterologous GPCRs by affecting beta-
arrestin function [106]. Thus, dysfunctional chemotaxis
rather plays a minor role in impaired leukocyte infiltration
after chronic morphine exposure. As an alternative,
inhibition of leukocyte migration activity may account
for impaired tumor infiltration. Stimulation of leukocyte
MORs and DORs has been reported to modulate cell
migration in a concentration-dependent manner; whereas
high doses prevent, low morphine concentrations promote
cell migration [108]. As LLC bearing mice were treated
with supratherapeutic morphine concentrations, lack
of tumor infiltration is likely to result from high dose
inhibition of leukocytes migration activity.

An alternative anti-angiogenic in-vivo mechanism
was postulated for Nalfurafine, a KOR agonist (Figure 3).
Nalfurafine inhibits vascularization of B16 melanomas
in mice by inducing VEGF receptor down-regulation in
endothelial cells [51]. As Nalfurafine had no effect on
tumor angiogenesis in KOR knockout mice, the process
requires KOR activity. The mechanism of VEGF receptor
down-regulation has not been analyzed in detail yet. One
possible explanation could be that VEGF receptors are
co-internalized and degraded together with Nalfurafine-
stimulated KORs [51, 109]. Alternatively, Nalfurafine
may induce VEGF receptor down-regulation by activating
PKC-{, as it initiates VEGF receptor internalization and
degradation by C-tail phosphorylation [110] and represents
a KOR-specific down-stream effector [111]. This KOR

specific signaling mechanism might also account for the
anti-angiogenic morphine effect seen in the LLC tumor
model as high morphine concentrations may also bind and
stimulate KORs [112].

OPIOID EFFECTS IN WOUND HEALING
AND TUMOR ANGIOGENESIS
THERAPEUTIC RELEVANCE

As angiogenesis plays a central role in the
pathogenesis of chronic wounds and cancer, the angiogenic
opioid effects may be used as novel therapeutic avenues for
these disorders. Impaired angiogenesis, together with the
inability of fibroblasts and keratinocytes to proliferate and
migrate, are hallmarks of chronic wounds [113]. Topical
application of opioids could combat chronic wounds from
two different angles. First, opioids may restore wound
vascularization. Second, opioids could act beneficially
on fibroblast and keratinocyte abnormalities, because
they may induce proliferation and migration as well as
cytokine production required for wound healing [72, 73,
114]. Indeed, direct application of morphine on painful
skin lesions exerted healing effects in two separately
treated individuals, but failed to show significant effects in
a small group of patients [115-117]. To further test opioids
as potential “wound-healing agents”, clinical trials with
larger patient groups and special focus on the healing
benefit have been designed for topically applied morphine-
sulfate and hydromorphine (https://clinicaltrials.gov/;
NCT00306020, NCT00177060). Another ongoing trial is
testing the topical application of morphine hydrochloride
for healing of painful oral lesions (https://eudract.ema.
europa.eu; EudraCT Number: 2007-007011-85 8).
Moreover, two Phase III studies are currently running
with the aspect of wound pain relief by topically applied
morphine including wound assessment as a secondary
outcome measure (NCT00755989; NCT02028923). In
parallel to these clinical studies, there are investigations of
new pharmaceutical formulations which should guarantee
clinically relevant concentrations of topically applied
opioids in wounds. One recently designed innovative drug
vehicle are morphine-coated solid nanoparticles, which
have been tested in an artificial 3D epidermis skin model
[118]. Whereas the in-vitro studies revealed a promising
wound reepithelization, the nanoparticles still need to be
tested in patients.

Systemic application of opioids can support or
reduce tumor angiogenesis, depending on the opioid
(morphine vs. Nalfurafine), the opioid receptor type
(MOR vs. KOR), the concentration (clinically relevant
vs. supratherapeutic) and possibly the tumor types (breast
vs. lung cancer). Angiogenesis leads to tumor growth
and metastasis, so that the use of pro-angiogenic drugs is
highly critical for tumor patients. Morphine is the opioid
of first choice for moderate and severe cancer pain [9].
Thus, the pro-angiogenic morphine effect (seen with
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clinically relevant concentrations) may be associated
with tumor-promoting side effects. This conclusion is
supported by epidemiologic studies, which suggested
the rate of cancer relapse and metastasis correlates with
systemic morphine application in patients with rectal,
lung, ovarial adenocarcinoma, prostate or breast cancer
[119-123]. As treatment of cancer patients is inconceivable
without morphine, two different strategies are currently
discussed to circumvent the tumor-promoting side-effect:
i) local (epidural, intrathecal, paravertebral) application
of morphine, which reduced the incidence of cancer
recurrence compared to systemic opioid application
[124], ii) co-application with a solely peripheral acting
opioid antagonists such as methylnaltrexone, which is
already used to prevent peripheral opioid side effects
such as obstipation without affecting analgesia [125].
Before these treatment strategies are fully established, the
tumor/angiogenesis-promoting opioid effects should be
considered a critical side effect.

The central role of angiogenesis for tumor growth
and metastasis also leads to the development of anti-
angiogenic therapeutics to overcome tumor progression.
Some promising therapeutics are the monoclonal
antibodies Bevacicumab and Aflibercept, which bind and
neutralize VEGF [126], and the small molecular VEGF
receptor inhibitors Sunitinib, Sorafenib, Axitinib, and
Pazopanib [127]. By inducing down-regulation of VEGF
receptors, the KOR agonist Nalfurafine may enhance
therapeutic efficiency of the VEGF/VEGF receptor-
targeting drugs. In addition, Nalfurafine may be useful
to overcome the therapeutic problem of Bevacizumab
resistance, which results from enhanced autocrine VEGF/
VEGF receptor signaling in response to prolonged
Bevacizumab exposure [128]. Despite these promising
therapeutic approaches, the safety of Nalfurafine in cancer
patients needs to be further tested.

CONCLUSION

A variety of data, provided by in-vitro, animal
and clinical studies indicate that opioids modulate
angiogenesis. Depending on the opioid receptor type,
concentration and application route, opioids act as pro-
or anti-angiogenic factors during wound healing and
tumor growth. The underlying processes include direct
stimulation of endothelial cells, but also of fibroblasts,
keratinocytes, immune cells, and tumor cells - triggering
the release of angiogenic factors such as NO, PGE, and
VEGF. Detailed understanding of further participating
factors that form up the opioid-controlled network
are needed and indispensable to evaluate the clinical
significances of opioids angiogenic effects. It also needs to
be mentioned that most of the studies were carried out with
morphine. Several opioid effects - including endothelial
VEGF receptor activation and vessel formation - were
found to be opioid receptor-independent, which points

to causal morphine targets beyond the classical opioid
receptor signaling cascades. Whether the summarized
angiogenic potential and signaling mechanisms are
common opioid effects, which could apply to other clinical
relevant opioids, has yet to be evaluated.
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