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Abstract: Evidence for the involvement of the Substance P (SP)/NK1 receptor system in the development and progression of cancer strongly supports its potential as a therapeutic target in malignancies. Novel strategies for approaching cancer treatment are urgently required particularly with regard to tumours of the central nervous system (CNS), which are notoriously difficult to effectively treat and associated with extremely poor prognosis for many patients. This is due, in part,
to the presence of the highly specialised blood-brain barrier, which is known to restrict common treatments such as chemotherapy and hinder early tumour diagnosis. Additionally, tumours of the CNS are difficult to surgically resect completely, often contributing to the resurgence of the disease many years later. Interestingly, despite the presence of the
blood-brain barrier, circulating tumour cells are able to gain entry to the brain and form secondary brain tumours; however, the underlying mechanisms of this process remain unclear. Tachykinins, in particular Substance P, have been implicated in early blood-brain barrier disruption via neurogenic inflammation in a number of other CNS pathologies. Recent
evidence also suggests that Substance P may play a central role in the development of CNS tumours. It has been well established that a number of tumour cells express Substance P, NK1 receptors and mRNA for the tachykinin NK1 receptor.
This increase in the Substance P/NK1 receptor system is known to induce proliferation and migration of tumour cells as
well as stimulate angiogenesis, thus contributing to tumour progression. Accordingly, the NK1 receptor antagonist presents a novel target for anti-cancer therapy for which a number of patents have been filed. This review will examine the
role of Substance P in the development of CNS tumours and its potential application as an anti-cancer agent.
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INTRODUCTION
Cancer is currently the leading cause of death and disability worldwide with future projections estimating annual
cases of cancer will rise from 14 million in 2012 to 22 million within the next two decades [1]. While improvements to
treatment and early diagnosis have led to an increased survival rate for many common cancers, the incidence of cancer
burden is still increasing [2]. Tumours of the central nervous
system (CNS) represent one of the more clinically feared
diagnoses of cancer, primarily due to the challenge they pose
with regard to treatment and poor patient outcome [3]. Specifically, functional barriers unique to the CNS, such as the
blood-brain barrier (BBB), and efflux transporters add further complexity with regard to diagnosis and treatment. The
presence of the BBB is known to restrict the delivery of effective and safe treatment agents such as chemotherapy [4,
5]. Accordingly, alternate treatment options are often aggressive, limited and largely unsuccessful, with many patients
succumbing to their CNS tumour(s) within months of diagnosis [6]. As such, a greater understanding of CNS tumours
and the development of targeted treatments continues to be
at the forefront of current research [7].
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Primary brain tumours account for approximately 2% of
all cancer incidence and despite this low rate, confer a disproportionate rate of morbidity and mortality due to their
potential for progressive growth and interaction with critical
neurological structures [8]. More than 256,000 new cases
were diagnosed in 2012, with an alarming 189,000 deaths
recorded for the same year [1]. Primary brain tumours arise
from cells native to the brain [9]. Given that specialised glial
cells such as astrocytes outnumber their post-mitotic neuronal counterparts and retain their proliferative capacity, it is
unsurprising that neoplasms of glial origin account for the
majority of primary adult CNS tumours [10]. Secondary
brain tumours however, significantly outweigh the diagnosis
of primary cerebral neoplasms - occurring 5-10 times more
frequently [11, 12]. The development of metastases to the
brain represents a crucial marker in the progression of the
disease, specifically, the propensity of malignant cells to
evade treatment, disseminate, survive and proliferate in a
new location [6]. It is reported that approximately 20-40% of
all adult patients with a systemic malignancy will present
with a secondary symptomatic brain metastasis over the
course of their disease [13]. Clinically, both primary and
secondary tumours will often be accompanied by a myriad of
neurological deficits which vary depending on tumour size,
location and rate of progression [14]. Headache, nausea and
vomiting are the most commonly described presenting fea© 2014 Bentham Science Publishers
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tures and often indicate diffuse consequences of the spaceoccupying lesion, such as a raised intracranial pressure (ICP)
[12]. As tumours develop or multiply, progressive focal neurological deficits such as visual disturbances, hemiparesis
and aphasia will often become more pronounced and may
elucidate tumour location [3].
The diagnosis of a brain tumour, either primary or secondary, presents a challenging and complex clinical situation in
terms of devising an appropriate and effective treatment protocol for patients [15]. Often treatment will be multidisciplinary involving a combination of definitive treatments directed against the tumour designed to eradicate malignancy,
as well as adjunctive agents such as corticosteroids or anticonvulsants to control symptoms such as cerebral oedema
and seizures. Standard treatment protocol involves surgery
typically followed by radiotherapy and/or chemotherapy [5].
The total surgical resection of a tumour remains the goldstandard treatment for a localised primary intracranial neoplasm [4]. Benign lesions are the most receptive to surgery
as they contain well-defined margins enabling comprehensive removal of tumour tissue and improved patient survival
[15]. However, a number of factors often preclude patients
from undergoing curative surgery; for example, the anatomical location of the tumour may render it inoperable due to
close proximity of critical structures such as the brainstem or
vital vasculature. For cases not conducive to complete surgical resection, de-bulking surgery is often performed whereby
maximal tumour tissue is removed allowing for a reduction
in mass effect and the immediate alleviation of symptoms
associated with increased ICP or seizures [16]. Unfortunately, microscopic foci of tumour cells commonly persist
post surgery allowing the potential resurgence of the disease.
Consequently, a course of postoperative radiotherapy is often
administered to supplement surgery.
Radiotherapy is enlisted as an adjunctive therapy or primarily when a tumour is not amenable to complete surgical
resection [17]. Whole-brain radiotherapy (WBRT) is considered to be the mainstay therapy for patients with multiple
intracranial metastases at diagnosis [18]. The median survival of patients with brain metastases treated with WBRT is
generally 2 to 6 months, with only 10% to 15% surviving
beyond a year [19, 20]. Alternatively, stereotaxic radiosurgery (SRT) will precisely deliver a high dose of radiation to
the tumour area and thus requires the location and size of the
tumour to be well characterised. Directed radiotherapy is
advantageous as it allows for specific targeting of tumour
cells whilst sparing the surrounding healthy brain tissue and
reducing the side effects often associated with WBRT. Typically SRT will be reserved for patients with a low number of
cerebral tumours less than 3cm in diameter that are unable to
be surgically resected [21]. Large tumours or tumours compromised by oedema are often difficult to control with SRT
due to an increased risk of radiation-associated necrosis
and/or neurological deterioration at biologically effective
doses [21]. As such, SRT administration is usually limited to
one course for a particular site due to the high-risk of radiation necrosis.
The therapeutic success of chemotherapy in the treatment
of both primary and metastatic CNS tumours is impeded
firstly by reduced delivery of agents across the BBB and
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secondly by an acquired resistance expressed by tumour cells
[22]. This is particularly true during the early stages of tumour growth where evidence indicates that brain tumours are
largely unresponsive to systemic chemotherapy due to the
intact BBB [23]. In particular, brain metastases tend to respond poorly to chemotherapeutic agents, which may indicate a variation in chemosensitivity of metastatic tumour
cells versus those of primary origin [24]. Additionally, previously treated metastatic tumours may have acquired
chemoresistant colonies that reduce the efficacy of commonly administered chemotherapeutic agents; this is suggested to account for the 90% failure rate of drug therapies
directed against secondary metastasis [25, 26]. Furthermore,
methods for improving drug delivery as a means of bypassing the BBB or BTB are currently under investigation. More
recently the biodegradable 1,3-bis (2-chloroethyl)-1nitrosourea (BCNU) polymer wafers (Glidel) have been developed for the use in malignant high-grade gliomas and
evaluated for their effectiveness against multiple metastases
[27]. These wafers allow the direct delivery of high doses of
chemotherapeutic agents to the tumour tissue whilst bypassing the BBB. Following surgical resection of the glioma, up
to 8 Glidel wafers are place directly on the resection cavity
and release the chemotherapeutic agents over the following
2-3 weeks [28]. Clinical trials have demonstrated a statistically significant improvement in survival following treatment with Glidel wafers post surgery, however their use has
been limited by a high rate of complications [29-31]. Additionally, pharmacological disruption of the BBB using hypertonic solutions such as mannitol and RMP-7 have been
investigated as a means of improving chemotherapeutic
penetration to the CNS [32, 33]. RMP-7 is a synthetic analogue of bradykinin, a known peptide that specifically binds
to the bradykinin-P2 receptor and has a role in modulating
brain endothelial tight junctions [34]. Despite positive results
in both preclinical and phase I clinical trials, these results
were not replicated at the phase II level, further demonstrating the need for ongoing research to identify new avenues to
improve options to deliver critical antitumor agents across
the restricted BBB [23, 35]. In contrast to biochemical approaches, the development of ultrasound and electromagnetic
radiation methods have demonstrated transient and site specific opening of the BBB suggested to be beneficial for CNS
drug delivery [36].
Molecular targeted therapy (MTT) is a relatively new
approach to cancer treatment whereby surface molecules
uniquely or abnormally expressed by tumour cells are targeted with the intention of sparing normal cells and subsequently reducing clinical side effects for patients [37]. The
efficacy of MTT is inherently dependent on the assumption
that the molecule of interest is solely expressed by cancer
cells and has a primary function in the maintenance of the
malignancy; thereby, an adaptive suppression of the molecule will not result in acquired resistance [38]. Glioblastoma
Multiforme (GBM), the most common and lethal brain tumour in adults are known to exhibit an overexpression of a
number of cell surface proteins and signalling pathway disruptions, thus highlighting potential targets for MTT [39].
Given that GBMs are rarely amenable to aggressive surgical
approaches, radiotherapy or chemotherapeutic agents, and
are associated with a median survival rate of only one-year
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post diagnosis, the promise of specialised treatments such as
MTT is eagerly anticipated. A number of MTTs have successfully entered clinical trials and received treatment approval for various malignant conditions. However, the
translation of MTTs to CNS neoplasms remains limited due
to the exclusion of many cerebral metastatic patients from
clinical trials, thus limiting their accessibility [40].
Increasingly, research has been directed towards identifying specific mediators that can be targeted in the treatment of
cancer. Of particular interest are tachykinins and their receptors, which have been implicated in many aspects of cancer
growth and progression, as well as in disruption to the BBB
and development of cerebral oedema [41]. Furthermore, the
revelation that tachykinin receptors, and in particular, substance P (SP) receptors, are upregulated in a number of systemic and CNS malignancies, has stimulated research into
the potential of SP-mediated interventions in the treatment of
brain tumors. As such, this paper will build upon our previous discussion of the role of neuroinflammatory peptides in
cancer progression. More specifically, the potential applications of therapies directed at modulating the inflammatory
effects of SP at the BBB and the implications for limiting
cancer progression within the brain.
THE BLOOD-BRAIN BARRIER
The blood-brain barrier (BBB) represents the tightest
endothelial barrier of any organ and in this way is a key
component for maintaining cerebral homeostasis by regulating the traffic of both solutes and cells between the peripheral vasculature and brain parenchyma [42]. It is now understood that this systematic method of regulation is much more
complex and as such, the BBB represents a dynamic and
vital structure which is now at the forefront of current research for a number of neurological pathologies.
Endothelial cells, astrocytes and pericytes comprise the
crucial cellular elements of the BBB, however, additional
cell types such as neurons, glial cells and smooth muscle
cells of the vascular wall have recently been recognized to
contribute to the function of the BBB [43]. Any increase in
permeability of the barrier leads to a number of deleterious
effects such as disordered transport of substances leading to
alterations in cerebrovascular blood flow and disrupted ion
content [44]. These changes will often produce additional
damaging consequences such as increased ICP or seizures
[44].
Both primary brain tumours and cerebral metastases are
associated with impairment of the BBB, with alterations to the
cerebral endothelial cells and tight junctions forming the focus
of current research in tumour progression and development
[45]. Commonly described characteristics of brain tumours
include the opening of intercellular junctions, increased endothelial vesicles, modified endothelial cell morphology and
defects in basement membrane integrity [45, 46]. Evaluation
of BBB status in the presence of human cerebral metastases
and malignant gliomas via MRI, demonstrate a compromised
BBB at various intensities depending on the specific tumour
type [47]. Interestingly, small metastatic tumours as well as
those exhibiting a diffuse growth pattern have been shown to
maintain an intact BBB suggesting unique neoplastic effects
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for some cerebral metastases when compared to primary CNS
neoplasms [46, 48].
As a CNS tumour outgrows its immediate blood supply,
the process of neoangiogenesis quickly becomes critically
required for additional tumour growth in both primary and
metastatic lesions [49]. Current research indicates that these
newly formed vessels do not maintain the physiological features of the BBB and are more commonly referred to as the
‘blood-tumour barrier’ (BTB) [50]. Typically, vessels of the
BTB are more “leaky” when compared to the BBB due to
compromised tight junction proteins, increased fenestrations
and pinocytic vacuole activity, and reduced expression of
efflux transporters [51]. Consequently, when a tumour is
large enough to produce a ‘brain-tumour barrier’ systemically administered chemotherapy can more effectively gain
entry to the tumour site [23].
Indeed, the relationship between BBB permeability and
the implications for both cancer growth and delivery of
treatment have been well explored. Most recently however,
the involvement of tachykinin neuropeptides, such as SP in
BBB disruption and progression of peritumoural oedema
have been investigated as potential targets to mediate brain
tumour development.
THE TACHYKININ FAMILY
Tachykinins are a group of small structurally related peptides characterized by the specific C-terminal sequence, PheX-Gly-Lue-Met-NH2, and include SP, neurokinin A (NKA)
and neurokinin B (NKB), as well as neuropeptide K (NPK)
and neuropeptide  (NP) [52]. The mammalian tachykinins
are encoded by two distinct genes, preprotachykinin A
(PPTA) and preprotachykinin B (PPTB). The PPTB gene
gives rise to NKB, whilst alternate splicing of the PPTA
gene results in four different forms of mRNA: -PPT, PPT, -PPT and -PPT [52]. The -PPT and -PPT forms
encode for SP alone, whilst -PPT and -PPT encode SP,
NKA, NPK and NP [52, 53]. Tachykinins are produced in
both neuronal and glial cell bodies, and are widely distributed throughout the CNS and PNS [54]. Specifically, within
the PNS, SP is found in areas of immunologic importance
such as the skin, gastrointestinal and respiratory tracts [55,
56]. In the CNS, levels of SP are higher in the grey rather
than white matter [57] with the highest concentrations of SP
occurring in the basal ganglia, hypothalamus, amygdala,
locus coeruleus and dorsal root ganglia of the spinal cord
[58].
Unlike classical neurotransmitters, tachykinins are produced in the cell soma rather than in the nerve endings, and
are released following calcium dependent mechanisms in
response to stimuli [56]. Following release, tachykinins act
on the transmembrane G-protein coupled receptors NK1,
NK2 and NK3 to exert a myriad of effects, with each
tachykinin demonstrating some degree of affinity for each
tachykinin receptor due to the common COOH-terminal sequence [59]. However, SP preferentially binds the NK1 receptor, NKA the NK2 receptor and NKB the NK3 receptor.
Although the NK receptors are structurally closely related, they are pharmacologically distinct, which has allowed
detailed investigation of the structure and function of the
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SP and NK1 receptor expression in tumours.
SP Expression

Human
Specimens

Tumour cell
lines

NK1 Receptor Expression

NK1 Antagonist Treatment

Present in:

Present in:

N/A

Astrocytoma [78, 96],

Astrocytoma [65, 78, 98],

Meningioma [96]

GBM [78],

Breast carcinoma [78, 97],

Breast carcinoma [65, 78, 94, 97, 98] ,

Melanoma [67, 78]

Melanoma [78]

Evident in:

Evident in:

Breast carcinoma (ZR-75–30, BT-474, T-47D,
MDA-MB-330, 184B5, CP-96 345-1, DU4475,
BT 483, MDA-MB-231, MDA-MB-231 Dox,
MCF7, LCC1, LCC2, SK-BR-3) [97, 99-101],

Astrocytoma (UC11MG, U373MG, SNB-19,
DBTRG-05 MG, GAMG) [73, 75, 104-107]

Melanoma [78]

Breast carcinoma (ZR-75–30, BT-474, T47D, MDA-MB-330, MDA-MB-231,
184B5, CP-96 345-1, DU4475, BT 483,
MCF7, LCC1, LCC2, SK-BR-3) [81, 94, 97,
100, 101]

Present in breast carcinoma [111]

Induced apoptosis in: Astrocytoma
(GAMG, SNB-19, DBTRG-05 MG,
U373 MG) [68, 73, 75, 107],
Breast carcinoma (MDA-MB-231,
T47D, MDA-MB-468, MDA-MB453, SKBR3 MCF7, BT474) [81, 94,
109],

Pancreatic carcinoma [102]

Pancreatic carcinoma (BxPC-3, MIA
PaCa-2) [102, 103]

Melanoma (COLO 858, MEL HO, COLO
679) [108]

Melanoma (COLO 858, MEL H0,
COLO 679) [68, 110]

Present in breast carcinoma [111]

NK1 antagonist treatment causes
differential tumour response.

Pancreatic carcinoma [102, 103]

Animal
Models
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Caused decreased tumour growth in
astrocytoma (U373 MG) in the flank
of female nude mice [73], but did not
affect tumour growth in breast carcinoma (MDA-MB-231) in the flank of
female nude mice [81].

NK1 receptor. Binding to the NK1 receptor occurs at the
second and third transmembrane domains and results in rapid
endocytosis and internalisation of the receptor [60]. Within
the CNS, NK1 receptors are found on neurons and glia [61],
with expression of NK1 receptors highest in the caudate putamen and superior colliculus [58]. The widespread expression of SP and the NK1 receptor throughout the CNS has
resulted in it being implicated in a number of neurological
diseases, including CNS tumours. Accordingly, recent research has been focused on the potential of this particular
tachykinin as a treatment target in numerous facets of cancer
development.
SUBSTANCE P IN TUMOUR GROWTH
The last decade has seen a substantial rise in research
into the expression and secretion of peptides by tumours [62]
and in particular the tachykinins. Tachykinins are able to
facilitate cell growth via induction of DNA synthesis and
cellular proliferation. In addition, tachykinins have a stimulating or potentiating effect on lymphocyte proliferation and
differentiation, cytokine secretion, and immunoglobulin production [63]. More specifically, SP and NK1 receptors have
been implicated in numerous facets of cancer initiation and
progression, with recent research implicating the PPT-1 gene
and NK receptors in breast cancer development [64]. Furthermore, NK1 receptors have also been found in intratumoural and peri-tumoural blood vessels, suggesting a potential role for SP in tumour angiogenesis [65].

An increase in SP and the NK1 receptor expression has
now been reported in a number of tumour types (Table 1)
including glioma, retinoblastoma, colon, metastatic melanoma, in situ melanoma, keratocystic odontogenic tumours
and squamous cell and larynx carcinoma [66-78]. In a number of glial tumour cell lines, the presence of NK1 receptors
correlated with a SP and/or NK-A mediated increase in DNA
synthesis and cellular proliferation [79, 80]. This increase in
SP receptors in vivo is therefore thought to correspond with
increases in tumour growth.
Oncogenes are genes that assist in the transformation of
normal cells into cancerous ones, if mutated or expressed at
high levels. Under normal physiological conditions, any
cellular genetic damage activates one or more of the programmed cell death pathways. In order to avoid this, tumour cells must set up ways to neutralise the multiple
pathways leading to cell death. It has been proposed that
the increase in the expression of NK1 receptors may play a
role in malignant cells evasion of apoptosis [62, 63]. Such
increased expression makes tumour cells highly dependent
on SP stimulus, a known potent mitotic signal that counteracts the different death signal pathways [63]. Indeed, administration of an NK1 antagonist for 2 weeks in a nude
mice model of breast cancer was found to effectively inhibit tumour growth [81], whilst administration of the SP
receptor antagonist, L-733, 060, was found to inhibit the
metastatic progression of NK1 expressing human glioma
cancer cells [82]. Thus, antagonism of the NK1 receptor
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may allow cells to become more receptive to apoptotic
death signals, leading to the death of mutated cells.

ministration of a SP receptor antagonist [88]. Furthermore,
SP stimulates migration and proliferation of some types of
endothelial cells, thus enhancing the angiogenic process in
human tumours [87]. Thus, SP may play a major role in development of tumour stroma and facilitate tumoural blood
supply.

As well as exhibiting mitogenic and anti-apoptotic activity, SP is known to stimulate the release of cytokines. The
role of cytokines in cellular communication, coordination of
cell growth and maturation, wound healing, the immune responses and neo-angiogensis have been well documented
[83]. Many of these processes can be utilised by tumour cells
to facilitate their growth, thus supporting their own growth
and facilitating their metastatic spread [83-85]. Furthermore,
such cytokine release from malignant cells may also induce
normal cells to synthesise additional cytokines perpetuating
tumour progression [83]. Specifically, granulocytemacrophage colony stimulating factor (GM-CSF) is released
following SP mediated protein kinase C (PKC) activation
and is responsible for the macrophage aggregation observed
in malignant gliomas and the regulation of cellular growth
and migration [64, 73]. Cytokines also influence the release
of SP, with leukemia-inhibiting factor (LIF), a neuropoietin
cytokine responsible for neurogenesis and neuronal differentiation, able to stimulate glioma proliferation by induction of
SP and NK1 receptor expression [73]. LIF is produced and
released by neuronal cells following exposure to proinflammatory cytokines leading to increased SP production and
NK1 expression [86].

Experimentally, a number of NK1 antagonists have been
identified as anti-cancer agents (Table 2). However, there is
only one NK1 antagonist that is currently approved for human use [89] and specifically approved for use in cancer
patients. Fosaprepitant diglutemide (L-758,298) is the intravenous prodrug of aprepitant (L-754,030), and is commonly
known as Emend. The application of SP in vivo is known to
induce emesis, confirming that SP is involved in the emetic
reflex pathway [90]. Emend is accordingly used as an antiemetic to ameliorate the nausea and vomiting frequently associated with the use of many chemotherapeutic agents [9193]. Furthermore, Emend is barrier permeable and has the
added benefit of being able to cross the BBB [95]. Thus,
Emend may potentially be able to exert other effects on CNS
tumours, given that recent evidence suggests SP may play a
role in tumour growth as well as in the development of peritumoural oedema.
SUBSTANCE P IN BRAIN TUMOURS

Cytokines and other mediators are also responsible for
the process of tumour angiogenesis, thereby enhancing tumour growth that is dependent upon a corresponding increase in vascularization [87]. Given the presence of its NK1
receptor in tumour vessels, it is hypothesised that SP may
also facilitate tumour growth by mediating angiogenesis.
Indeed, an increase in SP NK1 receptors has been demonstrated in tumoural and peri-tumoural vessels in glioblastomas, which is thought to be significant due to the known
vasodilative and angiogenic effects of SP [65]. It has been
reported that SP enhances capillary growth in an in vivo rabbit cornea assay, an effect that was abolished following adTable 2.

It has been suggested that substance P and the NK1 receptors are particularly significant in the development and
progression of malignant brain tumours [64]. Increased
expression of NK1 receptors, compared to the normal surrounding tissue, has been well documented in human gliomas and malignant brain tumours [64, 69, 110, 114]. Indeed, in human gliomas there is a correlation between increased density of NK receptors and the degree of tumour
malignancy. A study by Hennig et al. [65] reported the
presence of NK1 receptors on 100% of glioblastoma biopsy
specimens and 75% of astrocytomas using autoradiography. Furthermore, SP receptor expression was observed in

NK1 receptor antagonists identified as anti-cancer agents

NK1 antagonists

Evidence as anticancer agents in vitro

Molecular
Formula

Chemical name

Indication

L-733,060

glioma [68, 69, 107], neuroblastoma [68, 69], melanoma [68], gastrointestinal tract cancer [71], acute
lymphoblastic leukemia [62], retinoblastoma [69,
112], laryngeal cancer [72]

C20H 19F6NO

3-((3,5Bis(trifluoromethyl)phenyl)methyloxy)2-phenylpiperidine

Preclinical

Aprepitant

glioma [70], neuroblastoma [70], melanoma [70],
breast carcinoma [113], gastrointestinal tract carcinoma [70], pancreatic carcinoma [70], retinoblastoma
[70], larynx carcinoma [70]

C23H 21F7N4O 3

5-([(2R,3S)-2-((R)-1-[3,5bis(trifluoromethyl)phenyl]ethoxy)-3(4-fluorophenyl)morpholino]methyl)1H-1,2,4-triazol-3(2H)-one

For the prevention of
nausea and vomiting
associated with
emetogenic chemotherapeutic agents

L-732,138

retinoblastoma [112], acute lymphoblastic leukemia
[62], laryngeal cancer [76]

C20H 18F6N2O 3

N-Acetyl-L-tryptophan 3,5bis(trifluoromethyl)benzyl ester

Preclinical

MEN
11467

glioma [73], breast carcinoma [81]

C38H 40N4 O3

N-[2-(4-Methylphenyl)acetyl]-Nmethyl-(3-naphthyl)-L-alanine N-[2(1H-indol-3ylcarboxamido)cyclohexyl]amide

Preclinical
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blood vessels regardless of tumour grade or type. The increased expression of SP in astrocytic tumours is consistent
with the widespread distribution of SP and it’s precursors
throughout the CNS. Moreover, the high levels of NK1
receptor within primary astrocytic tumours can be attributed to the fact that astrocytes harbour functional SP receptors and retain this with malignancy [73]. SP is known to
mediate tumour growth in a number of glial tumour cell
lines; the presence of tachykinin NK1 receptors correlated
with a SP and/or an NK-A mediated increase in DNA synthesis and cellular proliferation [79]. Following activation
of the NK1 receptor, a number of biochemical reactions
take place that are associated with cancer progression.
Binding to the NK1 receptor leads to activation of protein
kinase C (PKC) which phosphorylates a number of proteins
that stimulate the induction of DNA synthesis and cell proliferation [115]. Indeed, growth regulation via PKC stimulation has been noted on the human glioma line, U373 MG
[116]. The involvement of SP in tumour growth was further
detailed using an experimental in vivo model of secondary
melanoma demonstrating treatment with the NK1 antagonist Emend significantly reduced tumour growth and volume [78]. Apart from its potential role in the promotion of
tumour growth, SP has been shown to be integral in the
development of peri-tumoural oedema and associated BBB
disruption [117]. Furthermore, SP has been implicated in
increaseing BBB permeability and subsequent development
of oedema associated with both traumatic brain injury
(TBI) and stroke [118, 119]. Given the well-documented
disruption to the BBB associated with brain tumours, SP
may provide a novel therapeutic target in the treatment of
tumour-associated oedema Fig. (1).
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SUBSTANCE P IN PERI-TUMOURAL OEDEMA
Cerebral oedema, the abnormal accumulation of fluid
within the brain parenchyma that produces a volumetric enlargement of brain tissue, frequently occurs around brain
tumours and significantly contributes to morbidity and mortality [120]. Tumour- associated oedema is typically
vasogenic in nature, resulting from a disrupted BBB that
allows the extravasation of water and other plasma constituents into the brain parenchyma. Tumour-associated oedema
can also have local effects such as impairment of microcirculation, expansion of the extracellular space, and abnormalities in the fluid microenvironment which all may influence
the structure and function of normal brain cells [121]. Oedematous fluid accumulates rapidly around aggressive brain
tumours and once excess extracellular fluid accumulates,
mechanisms must exist to allow absorption, so that the rate
of fluid formation and absorption are equal. Oedematous
fluid is absorbed by transependymal flow into the ventricles
while proteins are phagocytosed by astrocytes and microglia,
resulting in the erosion of the osmotic gradient in the extracellular space and subsequent absorption into microvessels [122, 123].
Corticosteroids have remained the primary treatment
approach for tumour-associated oedema for the past 40
years. In a broad sense, they work by reducing the permeability of a compromised BBB, with a number of mechanisms proposed to account for this action. One proposed
mechanism is by inhibition of phospholipase A2, an enzyme
responsible for arachidonic acid release [124]. Arachidonic
acid destabilizes membrane lysosomes and has a direct destabilizing effect on cerebral capillaries. Corticosteroids are

Fig. (1). Mechanism of NK1 receptor antagonists as novel anti-cancer agents. Once across the blood brain barrier (BBB), NK1 receptor
antagonists bind to the NK1 receptor and prevent binding of substance P (SP). The pharmacological inhibition of the NK1 receptor is known
to elicit a number of beneficial anti-tumoral effects including reduced peritumoral oedema formation, attenuation of neurogenic inflammation
and inhibition of tumour growth.
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also known to have the ability to reduce vascular endothelial
growth factor (VEGF)-induced BBB permeability, an action
reversed by a glucocorticoid receptor antagonist [125].
Therefore, corticosteroids may act to reduce the response of
the cerebral capillary endothelial cells (CCEC) to VEGF or
reduce the secretion of VEGF by tumour cells [125]. Nonetheless, the exact mechanism of action of corticosteroids is
yet to be fully elucidated. Dexamethasone is the most commonly used steroid for tumour-associated oedema. It has a
long half-life, which allows for twice daily dosing, and improves generalised symptoms such as headache and altered
mental status. The majority of patients with brain metastases
show marked clinical improvement within 24 to 72 hours
after beginning dexamethasone treatment [126]. Nonetheless, dexamethasone is associated with a large number of
potentially serious side effects, the severity of which depends on the dose and duration of steroid treatment [127].
Adverse side effects include immunosuppression, hypertension, fluid retention and mood disturbances. These complications have consequently prompted investigation into alternative treatments for tumour associated brain oedema. Given
its role in the development of oedema following other insults
to the CNS, the tachykinin SP has become a potential target
[128, 129].
Tachykinins are known to contribute to cerebral oedema
in a number of brain pathologies through a process known as
neurogenic inflammation, a neurally elicited inflammatory
response characterised by vasodilation, plasma extravasation,
mast cell degranulation and tissue swelling [130]. It results
from the stimulation of capsaicin sensitive C-fibres causing
the release of neuropeptides such as SP and calcitonin gene
related peptide (CGRP). Numerous studies have provided
evidence for a role for neuropeptides in most immunologic
and inflammatory states within the periphery. Activation or
damage to neurons can lead to changes in neuropeptide synthesis, which results from the induction of neuropeptide gene
expression [53]. Such changes to neuropeptide expression in
sensory neurons have been observed in models of acute and
chronic inflammation. Furthermore, upregulation of NK1
receptor and PPT mRNA has also been shown in the periphery during noxious stimulation or neurogenic inflammation
[54].
SP is thought to be the most potent initiator of neurogenic inflammation because of its association with increased
vascular permeability and subsequent protein plasma extravasation [131]. It may also potentiate inflammatory responses by stimulating the production of inflammatory mediators such as histamine, nitric oxide and kinins, interacting
with adhesion molecules and the extracellular matrix causing
leukocyte migration [131]. The role of SP in neurogenic inflammation in the periphery has been well documented, particularly in the skin, gastrointestinal and respiratory tracts
where administration of SP has been found to induce neurogenic inflammation [132, 133]. This role has been confirmed
by findings that NK1 receptor antagonists completely abolished the inflammatory response [134]. In contrast, the concept of neurogenic inflammation in the CNS has remained
largely unexplored until relatively recently.
Interest in the role of neurogenic inflammation in a
number of brain pathologies is on the rise. As the cerebral
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arteries have a dense supply of neuropeptide containing
sensory neurons, an increase in neuropeptides post CNS
damage may be involved in injury pathways [135]. Vink
and colleagues (2003) were the first to investigate neurogenic inflammation in the brain following traumatic brain
injury (TBI) [135]. They found that depletion of neuropeptides with capsaicin completely attenuated the changes in
BBB permeability and subsequent oedema formation usually observed following TBI. Subsequent abolition of neuropeptides also significantly improved functional outcome
post trauma. Such findings were rationalised in terms of the
high levels of NK receptors found in areas associated with
both motor control and memory and learning [136]. Furthermore, successive research has demonstrated a significant upregulation of SP immunoreactivity in perivascular
tissue and within the parenchyma occurs by 5 hours post
trauma. This increase in SP is associated with significant
increases in cerebral oedema and marked functional deficits
[118, 137]. Administration of an NK1 antagonist was found
to attenuate this oedema formation and improve neurological outcome in both male and female rats [118, 137]. These
results are consistent with what is observed in the human
condition, with SP immunoreactivity reportedly increased
following human TBI [138]. A role for neuropeptides,
namely SP, has also been demonstrated in other neurological diseases. Following ischaemic stroke, SP immunoreactivity was increased in the infarcted hemisphere and was
associated with profound oedema formation. As was observed in TBI, administration of a SP antagonist resulted in
marked improvement in functional outcome following
stroke [119]. Several patents have described the use of
NK1 antagonists to ameliorate SP induced vasogenic cerebral oedema, particularly following TBI and ischemic
reperfusion stroke [118, 139, 140]. Furthermore, these efforts to reduce cerebral oedema through NK1 antagonist
treatment have led to the filing of patents that also promote
this treatment to prevent subsequent increases in ICP [141].
Numerous studies have also demonstrated that SP and
NK1 receptor immunoreactivity is increased surrounding
brain tumours, particularly within the perivascular region
[36, 78]. This localization is suggestive of a role in the
formation of tumour-associated oedema and was further
explored through an experimental in vivo model of secondary metastasis [117]. Results of this study demonstrate the
involvement of SP in the development of tumourassociated BBB disruption and subsequent oedema formation [117]. Futhermore, administration of the NK1 antagonist Emend was found to significantly reduce BBB disruption and brain water content indicating that the targeting
the SP/NK1 pathway may be a beneficial approach to alleviating deleterious symptoms associated with tumour
growth. This was found to be as effective as the current
clinical treatment of dexamethasone in reducing tumour
associated brain oedema [117]. Interestingly, these results
conflict with previously reported data, which detailed that
treatment with an NK1 antagonist failed to exert any significant effect on oedema formation in an in vivo model of
metastatic breast cancer [111]. However, it has been highlighted that this apparent contradiction may be a reflection
of the differing tumor cell lines, further reinforced by the
findings observed in the study of human tumors indicating
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that SP expression can differ between different tumor
types. As such, continuation of this work will endeavor to
further ascertain and characterise the differing role of SP in
specific tumour types.
SUBSTANCE P IN THE EXTRAVASATION PROCESS
A key event in the development of any brain metastasis is
the migration of cancer cells through the blood-brain barrier
(BBB) [42]. Invasion of the brain is a multifaceted process
of tightly controlled mechanisms which enable tumour cells
to breach the cerebral microvessels and invade surrounding
parenchyma to form micro and macrometastasis [142]. To
date, the precise mechanisms underpinning this detrimental
process remain unclear. As such, cancer cell interaction with
the BBB and potential mediating substances form a valuable
target for further investigation into the critical early stages of
tumour extravasation [18]. Identification of such agents may
prevent metastatic tumour formation; however to date there
has been little success.
The quality of the surrounding stroma and ECM in terms
of nutrients and immune cell presence is known to play a
role in the survival and rate of growth for circulating tumour
cells. The mere presence of tumour cells is known to induce
biochemical alterations within the immediate brain microenvironment, namely catalyse paracrine signalling between
endothelial cells, stromal cells and the invading metastatic
cells leading to an inflammatory state [143]. Cellular remodelling of cerebral endothelial cells is apparent in the early
extravasation stage of metastasis, with tumour cells shown to
promote a rearrangement of the endothelial cytoskeleton
resulting in an overt phenotypic change to cells which has
downstream effects on their function [144]. Furthermore,
histological analysis of resected human brain metastases
revealed tumour cells have a clear interaction with activated
microglia and astrocytes further supporting the tumour induced neuroinflammatory state of the parenchymal microenvironment [145]. It is suggested that this pro-inflammatory
state is beneficial for the growth and proliferation of metastatic cells. Tumour cell-derived factors such as interleukin-1
(IL-1), macrophage inhibitory factor, and plasminogen activator inhibitor 1 are known to activate local astrocytes which
consequently produce metastatic proliferative factors such as
interleukin-6 (IL-6), interleukin-1beta (IL-1) and tumour
necrosis factor alpha (TNF-) in vitro. Consistent with these
findings, in vitro co-culture model of metastasis found the
presence of reactive microglia induced a five-fold increase in
metastatic cellular proliferation, suggesting that the activated
microenvironment advances tumour growth and invasion
[146]. Additionally, SP has been detected in cerebral capillary endothelial cells and is secreted by these cells in response to treatment with high dose of cytokines such as IL1 and TNF-. As a result of SP release, the concentration
of calcium ions within endothelial cells of the BBB is increased by approximately 10 times above normal, and hence
leads to increased permeability of the BBB through endothelial cell contraction. As previously stated, increases in SP
and its NK1 receptor have been reported for a variety of different tumour cell lines, further supporting the potential of
this system as a target to inhibit the entry of cancer cells into
the brain [74, 78]. Furthermore, in vitro studies of the BBB
indicate that in the presence of SP, expression of crucial TJ
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proteins, claudin-5 and zona occludin-1 is decreased, thus
correlating with increased permeability of the BBB [147].
Recently, it has been demonstrated that SP expression is increased locally surrounding tumour-invaded microvessels, in
a rodent model of brain metastatic breast cancer (BCC). The
localised elevation of SP correlated with increased permeability of the BBB and the loss of endothelial barrier antigen
staining, indicative of a disrupted BBB (See Fig. 1). Additionally, it was confirmed that BCCs actively secrete SP that
ultimately contribute to BBB TJ protein alteration. Moreover, treatment with the SP inhibitor, spantide III demonstrated an inhibition of changes to the BBB TJs and the subsequent reduction of BCC brain colonisation in vivo. These
results indicate the secretion of SP directly from tumour cells
may increase the permeability of the BBB, thereby allowing
for the movement of tumour cells into the brain, and subsequent development of metastasis. As such, NK1 antagonists
are a potentially promising preventative treatment for metastatic brain tumours, particularly for patients diagnosed with
primary tumours known to preferentially spread to the brain.
The extensive research on the role of SP in cancer growth
and the potential antiumoral action of NK1 antagonists in
various cancer types has led to the filing of several patents.
One patent by Munoz and collegues [112] describes the induction of apoptosis in cancer cells by NK1 antagonists in a
number of cancer types, but in particular gliomas, melanoma, lung and breast carcinomas. Similarly, the invention
of an antibody specific against SP has been suggested for the
treatment of cancers expressing NK1 or epidermal growth
factor family receptors [148]. In contrast, several patents
have also been filed in which SP is proposed as a treatment
or preventative strategy for cancer, although these are largely
targeting peripheral tissues. Aerosolized SP has been described as a prophylactic treatment for the prevention of cancer in the lung, particularly in response to environmental
toxins [149, 150]. Similarly, SP in combination with an immunogenic composition has been proposed for use as a cancer vaccine, acting through tumour antigen manipulation
[151]. Clearly, treatment with either an NK1 antagonist or
SP must be applied selectively based on tissue location of the
cancer as well as the cancer type.
CURRENT & FUTURE DEVELOPMENTS
As the burden of cancer continues to rise worldwide,
many of the underlying mechanisms contributing to cancer
development and progression remain unclear. Consequently,
prevention, early diagnosis and treatment options continue to
be hampered by such limitations in our understanding. The
pursuit of improved treatment strategies has led to the investigation of multiple targets as a means of achieving improved
outcome and prognosis for patients. Recent research has indicated that SP may play multiple roles in the pathology of
CNS tumours, including tumour cell growth, the genesis of
peri-tumoural oedema and the extravasation of tumour cells
into the brain. Given that the NK1 antagonist is already administered clinically as part of cancer patient management, it
remains the frontrunner in terms of further analysing the role
of SP in pathways of cancer progression. Furthermore, a
retrospective review of patient data may reveal administration of NK1 antagonist providing beneficial effects on tumour growth and reduced metastatic potential for some can-
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cer types. To date there has been no such investigation into
the effect of the treatment on cancer growth or progression in
humans. Additionally, SP is expressed in varying quantities
for a number of different tumour cells, thus further investigation of whether these levels correlate with tumour aggressiveness or propensity to colonise certain organs, such as the
brain is required. Similarly, additional research to elucidate
the effect of NK1 antagonist treatment on BBB dysfunction
in the setting of experimental brain tumours will be of further benefit. Finally, there is sufficient evidence to suggest
both SP and NK1 play a key role in tumour development and
progression, particularly with regard to tumour dissemination to the brain. As such further research is encouraged in
order to harness the benefit of targeting this pathway in cancer biology.
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