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Opioid systems mainly regulate physiological functions such as pain, emotional tone and reward circuitry in neural tissues
(brain and spinal cord). These systems are also found in extraneural tissues (ganglia, gut, spleen, stomach, lung, pancreas,
liver, heart, blood and blood vessels), and recent studies have elucidated their roles in various organs. The current review
focuses on the roles of opioid systems in blood vessels, especially angiogenesis, during development and tumour malignancy.
The balance between endogenous activators and inhibitors of angiogenesis delicately maintains a normally quiescent
vasculature to sustain homeostasis. Disturbance of this balance causes pathogenic angiogenesis and, especially in tumours,
several activators such as VEGF are highly expressed in the tumour microenvironment and strongly induce tumour
angiogenesis, the so-called angiogenic switch. Recently, we demonstrated that κ opioid receptor agonists function as
anti-angiogenic factors, which impede the angiogenic switch, in vascular development and tumour angiogenesis by inhibiting
the expression of receptors for VEGF. In clinical medicine, angiogenesis inhibitors that target VEGF signalling such as
bevacizumab are used as anti-cancer drugs. Although therapies that inhibit tumour angiogenesis have been highly successful
for tumour therapy, most patients eventually develop resistance to this anti-angiogenic therapy. Thus, we must identify novel
targets for anti-angiogenic agents to sustain inhibition of angiogenesis for tumour therapy. The regulation of responses to κ
opioid receptor ligands could be useful for controlling vascular formation under physiological conditions and in cancers, and
thus could offer therapeutic benefits beyond the relief of pain.
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Abbreviations
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Gi, inhibitory G protein; HIF, hypoxia inducible factor; iPS, induced pluripotent stem; LLC, Lewis lung carcinoma; NRP,
neuropilin; TKIs, tyrosine kinase inhibitors; TSP1, thrombospondin1

Introduction
One of the earliest events in organogenesis is the develop-
ment of the vascular system, which contributes to the forma-
tion of most organs in our bodies. The vascular system is first
formed as a primitive vascular network by the differentiation
and assembly of vascular progenitor cells derived from
mesodermal cells. These progenitor cells undergo a complex
remodelling process, in which growth, migration, sprouting
and pruning lead to the development of a functional

circulatory system. Earlier studies have suggested that many
of the events in normal vascular formation during embryo-
genesis are recapitulated during de novo angiogenesis in
adults such as tumour angiogenesis and neovascularization
induced after tissue damage (Carmeliet, 2003). Furthermore,
the disordered vascular function triggers the development of
lifestyle-related diseases such as hypertension, diabetes and
hyperlipidaemia. Thus, a better understanding of vascular
biology may lead to novel strategies for the treatment of a
variety of diseases.
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It has been recognized for hundreds of years that the
vascular network is closely associated with the neuronal
network throughout development and in adulthood. Blood
vessels deliver oxygen and nutrients throughout the body,
and also provide some nerve-related growth factors to guide
neurons to target organs. On the other hand, neural tissues
also provide vascular-related growth factors such as VEGF
and members of the Wnt signalling pathways, under physi-
ological conditions, indicating that the vasculature could
communicate with neurons and form complicated three-
dimensional vascular networks. VEGF-A derived from
neurons is important for blood vessel ingression, correct vas-
cular density, fine-tuning of the blood vessel pattern and
arterial differentiation (Kutcher et al., 2004; Mukouyama
et al., 2005; James et al., 2009). Members of the Wnt subfam-
ily derived from neurons promote the acquisition of charac-
teristics of the blood–brain barrier (BBB) in intra-neural
vessels (Stenman et al., 2008; Daneman et al., 2009). Further-
more, repulsive axon guidance molecules such as plexin/
semaphorine/neuropilin (NRP) coordinate with VEGF-A
signalling to determine the pattern of blood vessel ingression
in the neural tube (Miao et al., 1999; Bates et al., 2003). There-
fore, vascular–nerve networks play critical roles in vascular
formation in both embryos and adults.

Although endogenous opioids were first characterized in
the brain, these transmitters and their receptors (μ κ and δ;
receptor nomenclature follows Alexander et al., 2013a) are
found in both neural (brain and spinal cord) and extraneural
tissues (ganglia, gut, spleen, stomach, lung, pancreas, liver,
heart, blood and blood vessels). Opioids and opioid receptors
are present in blood vessels from the later stages of the rat
embryo [embryonic day (E)-16] through to adulthood (Zagon
et al., 1996; Wu et al., 1998). Treatment with opioid peptides
inhibited both angiogenesis in a chick chorioallantoic mem-
brane model (Blebea et al., 2000) and DNA synthesis in rat
vascular walls (Zagon et al., 1996). In adults, the endogenous
opioid system has been shown to be active in hemodynamic
and cardiovascular responses, such as haemorrhagic shock,
sepsis and trauma (Molina, 2002). The κ opioid receptor
agonist U-50,488H has beneficial effects on vascular injury
after spinal cord trauma by improving vascular permeability
and oedema (Qu et al., 1993). Moreover, morphine, an
agonist at μ opioid receptors, suppresses tumour angiogenesis
through the inhibition of hypoxia-inducible transcription
factors (HIFs), which enhances the expression of VEGF-A and
VEGF receptors (Koodie et al., 2010). These findings suggest
that opioid systems play important roles in vascular func-
tions, although their physiological roles and molecular
mechanisms remain largely unknown.

Roles of opioid systems in
vascular development

VEGF signalling in vascular development
Several factors affecting vascular formation, such as VEGF,
NRP, angiopoietins, TGF-β, PDGF, fibroblast growth factor
(FGF), ephrin and notch have been identified over the past
few decades, mainly by the characterization of vascular-
mutant phenotypes in mice. Among these factors, VEGF sig-

nalling is a key modulator of vascular development during
embryogenesis and for neovascularization in the adult
(Coultas et al., 2005). In mammals, five VEGF ligands,
VEGF-A, -B, -C, -D and placenta growth factor, have been
identified and have been shown to bind in an overlapping
pattern to three receptor tyrosine kinases, known as VEGF
receptor-1, -2, -3 (VEGFR1–3; receptor nomenclature follows
Alexander et al., 2013b)), as well as to co-receptors such as
heparin sulphate proteoglycans and NRPs. VEGF-A heterozy-
gote knockout mice die early in gestation due to failure of the
vascular formation (Carmeliet et al., 1996). On the other
hand, the two- to threefold overexpression of VEGF-A from
its endogenous locus results in abnormal heart formation and
lethality at E12.5 to E14.0 (Miquerol et al., 2000), indicating
that strictly balanced VEGF function is important in normal
embryogenesis. Furthermore, the intensity of VEGF signal-
ling is strictly regulated through ligand-receptor interaction.
VEGFR2 (also known as Flk1 in mice or KDR in humans) is
tyrosine-phosphorylated much more efficiently than VEGFR1
(also known as Flt1) upon VEGF binding (Millauer et al.,
1993; Waltenberger et al., 1994; Shibuya, 2006). Although
VEGFR1 tyrosine kinase-deficient homozygous mice devel-
oped normal vessels and survived (Hiratsuka et al., 1998),
mice that were homozygous for point mutation at Tyr1173 of
VEGFR2 (Tyr1175 in human VEGFR2) died at E8.5 to E9.5
without any organized blood vessels or yolk sac blood islands,
and haematopoietic progenitors were severely reduced, as
seen with Flk-1 null mice (Sakurai et al., 2005). Interestingly,
VEGFR1-null mice die at midgestation with vascular over-
growth and disorganization (Fong et al., 1995). Taken
together, these findings suggest that VEGFR2 is the major
receptor in endothelial cells (ECs) for VEGF-induced
responses, and VEGF signal intensity on VEGFR2 is regulated
by the binding of VEGF to the higher affinity receptor,
VEGFR1.

Another receptor for VEGF, NRP1, is expressed in ECs of
blood vessels and endocardial cells of the heart (Kitsukawa
et al., 1995; Kawakami et al., 1996; Soker et al., 1998). NRP1 is
also expressed in particular classes of developing neurons
and functions as a receptor for the class 3 semaphorins
that mediate semaphorin-elicited inhibitory axon guidance
signals to neurons (Kitsukawa et al., 1995; Kawakami et al.,
1996; He and Tessier Lavigne, 1997). NRP1, together with
VEGFR2, forms a specific receptor for VEGF165, an isoform of
VEGF, and the VEGFR2–VEGF165–NRP1 complex potently
enhances VEGFR2 signalling (Soker et al., 1998). NRP1-null
mice die midway through gestation at E10.5 to E12.5 and
exhibit defects in the heart, vasculature, and nervous system
(Kawakami et al., 1996). Overexpression of NRP1 resulted in
the excess production of blood vessels and malformed hearts
(Kitsukawa et al., 1995). These findings indicated that NRP1
plays a critical function in the formation of blood vessels,
along with VEGF.

Inhibitory effects of the κ opioid agonists in
vascular formation
Many studies on vascular development have focused on gene
knockout and gene inhibition using mice and zebra fish.
Although these studies have led to the discovery of essential
factors in vascular development, they could not identify the
sufficient conditions required for vascular formation. To
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clarify the ‘constructive’ mechanisms that underlie vascular
development, we have developed a novel embryonic stem
(ES)/induced pluripotent stem (iPS) cell differentiation
system that exhibits early vascular development using
VEGFR2-positive cells as common progenitors for vascular
cells (Figure 1A) (Yamashita et al., 2000; Narazaki et al., 2008).
In the early embryo and in differentiating ES/iPS cells,
VEGFR2 expression marks a common progenitor for both
blood and endothelium. ES/iPS cell-derived VEGFR2+ cells
can differentiate into both ECs and mural cells (vascular
smooth muscle cells and pericytes) and form mature vascular-
like structures in vitro. With the use of this system, we had
proposed that vascular formation was accomplished via two
mechanisms (Figure 1B) (Yamamizu et al., 2010; Yamamizu
and Yamashita, 2011): first, a basal mechanism for common
EC differentiation, where VEGF signalling plays a central role,
and second, a vascular diversification mechanism that works
on the basis of common EC differentiation. Vascular diversi-
fication such as artery and vein formation can only be
achieved by the action of specific mechanisms in the pres-
ence of the basal EC machinery. We have shown that cAMP/
PKA signalling contributes to common EC differentiation
through the upregulation of VEGF-A receptors, VEGFR2 and
NRP1 (Figure 1B) (Yamamizu et al., 2009).

Opioid systems are mainly present in neural tissues and
could be involved in neurogenesis during brain development
(Zhu et al., 1998; Tripathi et al., 2008). The three opioid recep-
tors, μ, δ and κ, mainly act as inhibitory G (Gi) protein-
coupled receptors through which endogenous opioids
(endorphins, enkephalins and dynorphins) regulate physi-
ological functions (Kieffer and Gaveriaux Ruff, 2002). These
receptors also activate other G protein-dependent signalling
such as Gs or Gq, and G protein-independent signalling, for
instance through β-arrestin (Galandrin et al., 2007). We
investigated whether opioid systems (ligands and receptors)
were involved in vascular formation with our vascular differ-
entiation system using ES cells. Interestingly, κ opioid recep-
tors, but not μ or δ opioid receptors, were highly expressed in
vascular progenitors and ECs, and negatively regulated EC
differentiation and in vitro vascular formation via the inhibi-
tion of cAMP/PKA signalling (Yamamizu et al., 2011). Activa-
tion of κ opioid receptors with U50,488H and TRK820
inhibited the expression of VEGFR2 and NRP1, but not other
VEGF receptors. Mice lacking κ opioid receptors (κ opioid
receptor-null) or dynorphin (an endogenous κ opioid recep-
tor agonist) showed a significant increase in vascular forma-
tion in early embryos (Figure 2). Moreover, ectopic vascular
invasion into somites of E10.5 embryos accompanied by

Figure 1
Vascular differentiation system using ES cells and iPS cells (A). Flk1 (VEGFR2) positive cells derived from ES/iPS cells are vascular progenitors that
can differentiate into ECs, mural cells and blood cells. ECs have specific characters of arterial-venous-lymphatic ECs. (B) EC differentiation and
vascular diversification in vascular development. Vascular formation in embryogenesis is considered to have two main mechanisms: (i) a basal
mechanism for common EC differentiation, in which VEGF signalling plays a central role; and (ii) a vascular diversification mechanism working on
the basis of common EC differentiation. Vascular diversification, such as artery and vein formation, can be achieved only by activating specific
mechanisms in the presence of the basal EC machinery. cAMP/PKA signalling contributes to common EC differentiation through up-regulation of
VEGF-A receptors, Flk1 and NRP1. Other protein critically involved in differentiation into arterial, venous or lymphatic vessels are: delta like ligand
4 (Dll 4); hairy and enhancer of split-1 (Hes 1); prospero homeobox 1 (Prox 1); COUP transcription factor 2 (COUP-TFII) (adapted from Yamamizu
and Yamashita, 2011).
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decreased plexinD1 expression in ECs was observed in both
strains of null mice (Yamamizu et al., 2011). Therefore, the κ
opioid receptor system may be a dual inhibitory regulator of
EC differentiation and of vascular angiogenesis.

Roles of the κ opioid receptor system
in tumour angiogenesis

Angiogenic switch in tumours
Tumour angiogenesis is required for tumour progression, to
provide nutrients and oxygen and to remove metabolic

wastes and carbon dioxide (Folkman, 1971; Carmeliet and
Baes, 2008). The balance between endogenous activation and
inhibition of angiogenesis critically maintains a normally
quiescent vasculature to sustain homeostasis. One character-
istic feature of tumour blood vessels is that they have lost the
appropriate balance between positive and negative controls
and fail to become quiescent, leading to the constant pro-
gression of tumour angiogenesis (Bergers and Benjamin,
2003). Therefore, restoration of the balance between activa-
tion and inhibition of angiogenesis is a critical treatment
strategy for tumours.

Growth factors and hypoxia are known to induce VEGF-A
gene expression. The hypoxia-inducible transcription factor,

Figure 2
Representative results of WT, prodynorphin-null (PDYN KO) and κ opioid receptor-null (KOPr KO) mouse embryos at E10.5 (A). Whole-mount
CD31 (red) staining. Left panels, WT mice. Pn; perineural vascular plexus, Isv; intersomitic vessels. Middle panels, PDYN KO mice. Right panels,
KOPr KO mice. Scale bars: 2 mm. (B) High-magnification views of CD31-stained Pn region. Scale bars: 200 μm. (C) Higher magnification views
corresponding to boxed regions in Figure 2B. Scale bars: 40 μm. (D) Quantitative evaluation of CD31+ area in Pn. CD31 staining of WT mice was
set as 1.0. (n = 3, **P < 0.01 vs. WT). (E) Flow cytometry. X-axis: VE-cadherin, Y-axis: CD31. Percentages of CD31+/VE-cadherin+/CD45-ECs in the
embryo are indicated. (F) Quantitative evaluation of CD31+/VE-cadherin+/CD45-ECs in the embryo. n = 3; *P < 0.05 vs. WT (adapted from
Yamamizu et al., 2011).
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HIF, is a strong inducer of VEGF and contributes to the for-
mation of vascular tubes in embryogenesis as well as in
adults. Many studies have shown that HIF is highly expressed
in various types of tumours, thereby enhancing angiogenesis
via VEGF and reproducing tumour cells. Mice lacking HIF1a-,
HIF2a- and HIF-related genes exhibit vascular defects and
death at E9.5–E10.5 (Dunwoodie, 2009), indicating that HIF-
related VEGF production regulates vascular formation.
Moreover, oncogene signalling molecules such as Ras and
Myc in cancer cells, up-regulate VEGF expression, which
would lead to the formation of vasculature and the prolifera-
tion of tumours (Carmeliet, 2005).

Angiogenesis inhibitors in cancer therapy
The concept of using angiogenesis inhibitors as anticancer
drugs was received with considerable scepticism when first
presented by Dr. Folkman in the early 1970s (Folkman, 1971).
Solid tumours cannot grow beyond 2 to 3 mm in diameter
without being able to recruit their own blood supply. Beva-
cizumab, a humanized monoclonal antibody that is specific
for human VEGF-A, was the first anti-angiogenic agent
approved by the Food and Drugs Administration (FDA) in
2004 for the treatment of colorectal cancer, renal cell cancer,
non-small cell lung cancer, and glioblastoma (Ferrara et al.,
2004). Furthermore, sunitinib and sorafenib were approved
by the FDA in 2008 as multi-target tyrosine kinase inhibitors
(TKIs) and have demonstrated efficacy against various solid
tumours in clinical trials (Llovet et al., 2008; Ivy et al., 2009;
Huang et al., 2010). TKIs can interact physically with a highly
conserved kinase domain shared by VEGFR1–3, as well as
PDGF receptors, FGF receptors, EGF receptor, Raf kinase and
cKit. Although VEGF-targeted therapy for cancer has been
highly successful for the prevention of tumour angiogenesis
so far, most patients eventually acquire resistance to anti-
angiogenic therapy and rapid vascular regrowth in tumours
occurs after the discontinuation of anti-VEGF therapy. Fur-
thermore, treatment with VEGF-targeted drugs has side
effects, such as hypertension and proteinuria-related kidney
dysfunction. Thus, there is a clear need to identify novel
targets for anti-angiogenic therapeutic agents to achieve a
continuous inhibition of angiogenesis for tumour therapy.

To date, approximately 30 endogenous inhibitors of
angiogenesis have been identified (Nyberg et al., 2005). Many
endogenous inhibitors including thrombospondin1 (TSP1),
which was the first protein to be recognized as an endog-
enous angiogenesis inhibitor, are fragments of naturally
occurring extracellular matrix and basement membrane pro-
teins (Cao, 2001). The expression of TSP1 is inversely corre-
lated with tumour progression in melanoma, lung and breast
carcinoma (Zabrenetzky et al., 1994). Suppression of TSP1
augmented tumour angiogenesis through the production of
matrix metalloprotease 9 and the enhancement of VEGFR2
signalling (Zabrenetzky et al., 1994). In contrast, TSP1 over-
expression resulted in delayed tumour growth by the inhibi-
tion of tumour angiogenesis (Rodriguez Manzaneque et al.,
2001). Although many studies on these endogenous angio-
genesis inhibitors have shown that they significantly inhibit
tumour angiogenesis and tumour growth, it is still difficult to
accurately control their expression and to apply them in
clinical practice.

Potential of κ opioid receptor agonists in
cancer therapy
Opioid analgesics such as morphine have been broadly used
to relieve pain from all types of cancer. The effect of mor-
phine on tumour growth is still controversial. Independent
studies have shown that morphine can either decrease or
increase tumour growth in mice (Gupta et al., 2002; Tegeder
et al., 2003; Koodie et al., 2010). A recent study showed that
morphine suppressed tumour angiogenesis through the inhi-
bition of HIF transcription, which enhances the expression
of VEGF and VEGF receptors (Koodie et al., 2010). Moreover,
morphine inhibited tumour cell proliferation through acti-
vation of p53 (Tegeder et al., 2003). On the other hand,
morphine stimulated HUVEC proliferation and promoted
tumour neovascularization in a human breast tumour,
and further potentiated endothelial-pericyte interaction via
PDGF-BB and PDGF receptor-β (PDGFR-β), thereby enhanc-
ing coverage of tumour vessels through pericyte recruitment
(Gupta et al., 2002; Luk et al., 2012). Furthermore, methyln-
altrexone, a peripherally restricted antagonist of μ, exerted a
synergistic effect with 5-fluorouracil and bevacizumab on
inhibition of VEGF-induced human pulmonary microvascu-
lar EC proliferation and migration (Singleton et al., 2008).
However, naltrexone effectively induced new blood vessel
growth in the chick chorioallantoic membrane assay (Blebea
et al., 2000). In-depth investigations would be needed in
purified ECs from tumours, but not tumours themselves, for
elucidation of regulatory mechanisms of tumour angiogen-
esis by opioids.

Based on our earlier study of vascular development
(Yamamizu et al., 2011), we investigated whether opioid ago-
nists could act as anti-cancer drugs through the inhibition of
VEGF signalling. In HUVEC and in ECs purified from adult
mice, κ opioid receptors but not δ or μ opioid receptors, were
highly expressed. Treatment with the κ opioid receptor ago-
nists U50,488H and TRK820 significantly inhibited HUVEC
migration and vascular tube formation by suppressing
VEGFR2 expression (Yamamizu et al., 2013). Treatment with
nor-BNI, a κ opioid receptor antagonist, blocked the effects of
κ opioid receptor agonists on HUVEC migration. Interestingly,
Lewis lung carcinoma (LLC) or B16 melanoma cells grafted in
KOPr-knockout mice showed increased proliferation and
markedly enhanced tumour angiogenesis, compared with
those in wild-type mice. In contrast, repeated intraperitoneal
injection of TRK820 significantly inhibited tumour growth by
suppressing tumour angiogenesis (Figure 3) (Yamamizu et al.,
2013). Nevertheless, we still do not know if the κ opioid
receptor system in vivo acts as an anti-angiogenic mediator
only in tumour vasculatures, or if it also is functional in other
cell lineages such as pericytes, blood cells and the tumours
themselves. Furthermore, because our studies showed that
LLC or B16 melanoma grafted in prodynorphin-null mice
showed increased proliferation of tumours compared with
those in wild-type mice (unpublished data, Yamamizu et al.,
2013), more careful studies using κ opioid receptor antago-
nists, which inhibit endogenous dynorphin will be needed.

The κ opioid receptor agonist TRK820 (nalfurafine),
which has been clinically approved in Japan for use in
haemodialysis-related uremic pruritus, could be useful for
tumour therapy by suppressing tumour angiogenesis, and
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thus could offer therapeutic benefits beyond the relief of
cancer pain. Furthermore, because opioids have been used as
analgesics for more than 2000 years, there is considerable
experience of the clinical use of opioids. As opioid systems
function through ligand–receptor interaction, it should be
relatively easy to apply opioid agonists to cancer therapy.
However, patients also develop tolerance to opioid receptor
agonists, including TRK820, through repeated use (Suzuki
et al., 2004). Our results showed that although a low dose
(0.1–10 μg·kg−1, b.i.d.) of TRK820, which is effective for man-
aging itching and pain in mice, inhibited tumour angiogen-
esis and tumour growth, constant treatment with a much
higher dose (150 μg·kg−1) had no significant effect on tumour
growth (unpublished data; Yamamizu et al., 2013). These
results suggest that continuous treatment with high doses of
κ opioid receptor agonists might lead to the development of
tolerance to their anti-angiogenic effects on tumours or
might induce biphasic effects for tumour angiogenesis or
ligand off-target effects on tumour vasculatures. Therefore,
more precise and careful observations are required to develop
effective tumour therapies with κ opioid receptor agonists.
Nevertheless, a better understanding of κ opioid receptor
ligands as anti-angiogenic regulators and the ability to inhibit
tumour angiogenesis by manipulating the opioid ligand-
receptor system may lead to an feasible cancer therapy.

Summary and future direction
De novo angiogenesis is a critical process both in embryogen-
esis and in many cancers. The balance between angiogenic

activators and inhibitors controls sprouting, elongation and
stabilization of the blood vessels in most organs and in
tumours. Although we have made significant progress in our
understanding of opioid agonists as anti-angiogenic factors in
vascular development and in tumours (Figure 4), much work
remains to be done. We still do not fully understand the
origins of opioids that act as angiogenesis inhibitors or the
intensity and degree of the contribution of opioids in physi-
ological angiogenesis in development and tumours. Further-
more, although many diseases of the vascular system can also
affect the CNS, and vice versa, we do not fully understand
whether the opioids from neural tissues contribute to vascu-
lar function and formation under pathological conditions.
The multiple roles of VEGF signalling in endothelial devel-
opment and function have made it the most popular target
for therapeutic interventions in angiogenesis. A more refined
understanding of the complex interaction between opioid
systems and VEGF signalling, which controls all aspects of
vascular formation and remodelling should provide novel
and more specific targets for future therapeutic intervention.
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