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Abstract: Cancers of the brain are intrinsically more complicated to treat than systemic malignancies due to the unique
anatomical features of the brain. The blood-brain barrier prevents chemotherapeutic agents from reaching brain
neoplasms, and angiogenesis occurs as the metabolic needs of the tumour increase, thus further complicating treatment.
The newly formed blood vessels form the blood-tumour barrier and are distinct from the blood-brain barrier in that they
are more permeable. Being more permeable, these abnormal blood vessels lead to the formation of peri-tumoural edema,
which is the cause of much morbidity and mortality associated with central nervous system neoplasms. While the cause of
the increased permeability is unclear, kinins have been implicated in regulating the permeability of normal vasculature.
Kinins are also known to exert many inflammatory actions affecting both normal and angiogenic blood vessels, as well as
tumour cells. The vasodilatory and vascular permeabilizing effects of kinins, and particularly bradykinin and substance P,
have been investigated with regard to delivery of chemotherapeutic agents to neoplastic brain tissue through both vascular
barriers. In contrast, kinin receptor antagonists have been found to exert effects on tumour cells that result in decreased
angiogenesis, tumour cell motility and growth. Thus, many recent patents describe kinin activity on brain vasculature,
which may play an integral role in the development of treatments for malignancies in the central nervous system through
amelioration of angiogenesis. In conjunction, patents that discuss the ability of kinins to decrease tumour cell migration
and proliferation demonstrate that kinins may offer novel approaches to brain tumour therapy in the future.
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INTRODUCTION
Few disease states have received as much attention over
the past decades as cancer. Worldwide, 10 million new cases
and more than 6 million deaths occur due to cancer each year
[1]. With the increasing incidence of cancer worldwide,
research has been mainly focused on better understanding
and developing effective treatments for this complex disorder. The multifaceted nature of cancer means that many
mechanisms and genetic mutations contribute to carcinogenesis. Although this makes the disease inherently difficult
to treat, it does present numerous potential treatment targets,
many of which are under consideration today.
Primary brain tumours arise predominantly from the glial
cells of the brain, whereas secondary brain tumours are
malignancies that invade the brain from outside the central
nervous system (CNS). Typically, primary brain neoplasms
are more infiltrative in nature, whilst metastatic brain
tumours compress the surrounding brain tissue, rather then
invade it. Both primary and secondary brain tumours have a
poor prognosis, despite advances in the diagnosis and
treatment of CNS tumours; the majority of cases cannot be
cured. At present, the standard treatment for brain tumours is
surgical resection followed by radiation therapy. Surgery has
long been advocated for the treatment of single brain
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tumours or in metastases patients with controlled systemic
disease [2]. It is typically considered in any patient with a
single brain malignancy in an accessible location, particularly when it is large and the mass effect of the lesion is
significant. Complete surgical resection of a single tumour
allows immediate relief of neurological symptoms such as
intracranial hypertension, seizures and a reduction in focal
neurological deficits. However, unless the tumour is
extremely well encapsulated, it is difficult to completely
remove all of it. Often microscopic foci of tumour cells not
visible on MRI are left behind. Surgery thus tends to be
followed by a course of postoperative radiotherapy.
Whole brain radiation therapy (WBRT) is the standard
treatment for most patients with brain malignancies, as it
remains the best alternative for patients with single metastases that are not surgically or radiosurgically resectable [3].
The majority of patients treated with WBRT have multiple
metastases at the time of diagnosis making surgical or focal
treatments ineffective [4]. The median survival of patients
with brain metastases treated with WBRT is generally 3 to 6
months, with only 10% to 15 % surviving beyond a year [3].
However, most patients treated with WBRT die of a progressive systemic disease and not as a direct result of secondary brain tumours [5]. Complications of WBRT include
temporary loss of hair and short term transient worsening of
neurological symptoms. Unfortunately, due to the short
survival time, long-term effects remain unknown.
Stereotactic radiosurgery (SRS) is increasingly being
used in the treatment of brain tumours. SRS delivers a single,
© 2011 Bentham Science Publishers Ltd
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relatively high dose of radiation to a tumour with great
accuracy. It aims to maximize the dose to the tumour whilst
minimizing the effect on surrounding tissue [2]. Typically,
SRS is reserved for patients with between one and three
cerebral tumours that are less than 3cm in diameter, highly
radioresistant and which are unable to be surgically resected
[6]. Large tumours or tumours with extensive edema have
been found to be difficult to control with SRS because of a
high risk of radiation associated necrosis or neurological
deterioration at biologically effective doses [6]. Thus, more
than one course of SRS is rarely administered to the same
site because of the increased risk of radiation necrosis.
Both primary and metastatic brain tumours are inherently
difficult to treat by pharmacological means because the
blood brain barrier (BBB) prevents most chemotherapeutic
agents from reaching the cancerous tissue. In particular,
brain metastases tend to respond poorly to chemotherapeutic
agents, which may in part be due to the differences in
chemosensitivity between primary and metastatic tumours.
In metastases of previously treated tumours, clonal selection
of chemoresistant tumour cells may already have occurred
[7]. In small cell lung carcinoma, the response rate of
cerebral metastases to chemotherapeutic agents without
radiotherapy is only 53% when compared to a 79% response
rate in the primary tumour [8]. Many methods of drug
delivery that bypass the BBB and blood-tumour barrier have
been investigated. Intraventricular administration of drugs is
traumatic and further complicated by the blood cerebrospinal
fluid barrier. Furthermore, intracerebral implants do not
allow diffusion of medicants throughout the tumour, which
is especially important for treatment of the highly infiltrative
glioblastoma multiforme [9]. At present, arterial infusion of
mannitol is used to create a controllable increase in BBB
permeability and subsequent increase of drug delivery to
tumours [10]. Mannitol causes the endothelial cells to shrink
thereby disrupting the structure of the tight junctions and
allowing spaces to form in between the cells [11]. However,
this procedure not only allows entry of chemotherapeutic
agents into the brain tumours, but also into the brain
parenchyma, causing neural toxicity. In addition, this would
increase the permeability of the BBB to larger blood proteins
like albumin [12], which may result in further formation of
brain edema and associated complications.
Corticosteroids have remained the primary treatment of
tumour-associated edema for the past 40 years. By reducing
the permeability of a compromised BBB, corticosteroids
effectively reduce edema. It has been suggested one of the
mechanisms by which this occurs is due to inhibition of
phospholipase A2, an enzyme responsible for arachidonic
acid release [13]. Arachidonic acid destabilizes membrane
lysosomes and has a direct destabilizing effect on cerebral
capillaries. Corticosteroids are also known to have the ability
to reduce VEGF-induced BBB permeability, an action
reversed by a glucocorticoid receptor antagonist [14].
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 [14]. Nonetheless, the exact mechanism of action of corticosteroids is
yet to be elucidated.
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Increasingly, research has been directed towards finding
specific mediators that can be targeted in the treatment of
cancer. Kinins and their receptors have been implicated in
many aspects of cancer growth and progression, as well as in
the development of cerebral edema. The revelation that
bradykinin and tachykinin receptors are upregulated on brain
tumour cells has stimulated research into the potential of
kinin-mediated interventions in the treatment of brain malignancies. The aim of the current review is to give a broad
outline of some of the kinin directed approaches to treating
various aspects of CNS cancer. In particular, this review
focuses on the interactions of kinins with the BBB and their
role in neoplastic progression, as well as their potential for
improving current treatments and developing novel interventions.
THE BLOOD BRAIN BARRIER
Brain malignancies are inherently different to their
systemic counterparts due to the unique microenvironment of
this organ. Unlike other tissues the brain is surrounded by the
protective BBB, lacks lymphatic drainage and is bathed in an
interstitial fluid high in chloride [3]. Consequently, trials of
novel cancer treatments often exclude CNS neoplasms due to
the complicating factors associated with the BBB [15].
The BBB is made up of brain capillary endothelial cells
with tight junctions between them thus separating the blood
within the cerebral capillaries from the brain parenchyma
(Fig. 1). It is a selective barrier, with nutrients such as glucose, amino acids, oxygen, carbon dioxide and some electrolytes passing through the endothelial cell membranes,
while most other large molecules are excluded. It is,
however, ineffective against lipophilic molecules like fatty
acids that diffuse easily through the plasma membrane [16].
Macrophages are also able to infiltrate the brain parenchyma
through an intact BBB that remains impermeable to many
other solutes [17]. Finally, the barrier is also a dynamic
system, the properties of which may change in response to
external stimuli.
It is generally accepted that opening of tight junctions,
fenestrations, gap junctions and increases in pinocytotic
vesicles are the basis for barrier permeability in brain
tumours (see Fig. (1)) [18-20]. Typically, the breakdown is
confined to the pathologic margins of the tumour (see Fig.
(2)), with no morphological evidence of increased
permeability of the peritumoural capillaries. Unfortunately,
breakdown of the BBB is associated with the development of
cerebral edema, a significant contributor to morbidity and
mortality in patients with brain tumours [21, 22]. Despite
this, the BBB has been found to be intact in all small brain
metastasis and all secondary tumours with a diffuse growth
pattern [23] in studies using the protein dye sodium
fluorescein. Indeed, the permeability in these lesions was not
increased when compared to normal tissue. Accordingly, it
has been suggested that the integrity of the barrier around
small metastatic lesions may be restored after passage of
metastatic cells into the brain parenchyma [23].
In the case of metastatic brain tumours these blood
vessels do not retain the qualities of the BBB and have the
characteristics of the tissue of origin [24]. Furthermore, the
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Fig. (1). Blood Brain Barrier Structure. A) Normal structure of the Blood Brain Barrier, B) as compared to the disrupted blood-brain
barrier adjacent to tumours.

Fig. (2). Albumin immunoreactivity following tumour cell inoculation. A) Brain injected with culture medium (vehicle controls) reveals
little albumin immunoreactivity indicating an intact blood-brain barrier. B) The brain from a tumour inoculated animal demonstrates
increased albumin staining in the peritumoural region indicating increased permeability of the blood vessels.

rapid and continued proliferation of tumours means that
angiogenic vessels formed within them are unable to go
through a maturation phase. Consequently, the altered
characteristics of the new tumour blood vessels do not
resolve during this phase. Interestingly, some angiogenic
vessels formed within brain tumours have been found to
have altered reactions to vasoconstrictive agents, being
insensitive to endothelin-1 and angiotensin II [25]. Tumour
cell expression of vascular endothelial growth factor (VEGF)

has been directly correlated with the rate of angiogenesis
[26].
THE KININ FAMILY OF PEPTIDES
Kinins are peptide autocoids that have been implicated in
a number of pathological processes. They include bradykinin, kallidin, tachykinins and urotensin 2, and their role in
inflammation has been well established, including their
ability to promote smooth muscle contraction, increase
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vessel permeability, and promote vascular dilation and prostaglandin synthesis. Recent research has demonstrated that
kinins also have proliferative and angiogenic effects, and
thus may have a role in cancer growth and progression [27,
28]. In particular, the bradykinins and tachykinins have been
the focus of much anti-cancer research.
Two biochemical cascades produce the kinins bradykinin
and kallidin, one occurring within the plasma whilst the
other takes place in tissues [29]. In the blood plasma,
kallikrein acts on high molecular weight kininogen (HMWK)
to generate bradykinin, whilst in body tissues low molecular
weight kininogen (LMWK) is converted to kallidin. HMWK
and LMWK are derived from alternate splicing of a single
gene [30], whilst the amino acid sequence of kallidin differs
from bradykinin only by the addition of a lysine molecule at
the N-terminus. Bradykinin and kallidin exert their effects
via the B1 and B2 receptors, with bradykinins predominantly
acting on the B2 receptor. Both receptors are G-protein
coupled receptors that share a seven transmembrane domain
[30], and while the B1 receptor is typically expressed in very
low levels, it can be upregulated in inflammatory conditions
by cytokines. Within the central nervous system (CNS), the
bradykinins have been implicated in nociception as well as a
number of neurological disorders including epilepsy, stroke
and multiple sclerosis [31-34].
Tachykinins are a group of small structurally related
peptides characterized by the specific C-terminal sequence
Phe-X-Gly-Lue-Met-NH2. The tachykinin family includes
substance P (SP), neurokinin A (NKA) and neurokinin B
(NKB) and are produced in both neuronal and glial cells of
the CNS and peripheral nervous systems (PNS). The mammalian tachykinins are encoded for by two distinct genes,
preprotachykinin A (PPTA) and preprotachykinin B (PPTB)
[35]. Alternate splicing of the PPTA gene results in four
different forms of mRNA: -PPT, -PPT, -PPT and -PPT
[35]. The -PPT and -PPT forms encode for SP alone,
whilst -PPT and -PPT encode both SP and NKA [36]. The
PPTB gene gives rise to NKB and is expressed in the CNS
but not in sensory neurons. Tachykinins are released from
the ends of sensory nerve fibers and act on the transmembrane G-protein coupled receptors NK1, NK2 and NK3
to exert a myriad of effects. Although tachykinins demonstrate the ability to interact which each kind of receptor, SP,
NKA and NKB preferentially bind to the NK1, NK2 and NK 3
receptors, respectively. After binding with the appropriate
ligand, tachykinin receptors undergo endocytosis, with chronic exposure of SP mediating NK1 receptor downregulation
[37, 38]. Like the bradykinins, tachykinins have been implicated in a variety of conditions in the CNS including traumatic brain injury, stroke, Parkinson’s disease and depression [39-43].
The CNS contains all the components of the kallikreinkinin system [29] with both bradykinins and tachykinins of
increasing interest in the setting of CNS tumours.
KININS IN BRAIN TUMOURS
Kinins and their receptors are thought to be heavily
involved in the development and progression of many neoplasms, as they are able to generate biochemical pathways
associated with acceleration of cell growth. With respect to
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bradykinin, the B2 receptors are expressed in many tissue
types under normal conditions, and a number of recent
patents propose the use of B2 receptor antagonists in the
treatment of cancer [44-47]. Indeed, these disclosures depict
cancer as a bradykinin-mediated disease and accordingly
propose B2 receptor antagonists for treatment of these
disease processes, including glioma, astrocytoma and CNS
metastases of lung and breast origin.
Kallikrein has also been the subject of a number of recent
patent disclosures, particularly since it has been associated
with tumour progression. There are 15 known kallikrein
genes located at chromosome 19q13.3, which is altered in
many cancerous conditions including human astrocytomas
[48]. More specifically, the tissue kallikrein 5 (KLK5) and
kallikrein 7 to 15 genes have all been implicated in hormone
dependent tumour development in the brain [49, 50]. Some
specific kallikreins also have functions that are unrelated to
the kallikrein-kinin system [51]. Both human kallikrein 6
(hK6) and human kallikrein 8 (hK8) are typically expressed
in glial cells in normal brain tissue [52]. Kallikrein is known
to be expressed in both breast and lung cancer, with 22-30%
of patients diagnosed with breast cancer and 15% of people
with lung cancer will have a brain metastasis at the time of
diagnosis [53-55]. As a result, many patents have focused on
the fact that kallikreins are differentially expressed in
cancerous tissues and the potential benefits of using this
marker for diagnostic and prognostic purposes [51, 56-58].
Recently, a patent filed by Ladner et al. [59] described a
preventative method for reducing ischemia by administering
a kallikrein inhibitory polypeptide.
Tachykinins are known to have a stimulating or potentiating effect on lymphocyte proliferation and differentiation,
cytokine secretion, and immunoglobulin production [60]. SP
and NK1 receptors have been implicated in numerous facets
of cancer initiation and progression, with recent research
linking the PPT-A gene and NK receptors in breast cancer
development [61, 62]. Furthermore, examination of human
gliomas has revealed a correlation between the increased
density of NK1 receptors and the degree of tumour malignancy [63]. NK1 receptors have also been identified in intratumoral and peritumoural blood vessels, suggesting a potential role for SP in tumour angiogenesis [64]. Consequently,
there is now considerable interest in developing novel
pharmaceutical agents that target SP receptors in order to
attenuate progression of brain malignancies.
KININS IN TUMOUR PROGRESSION
The increased presence of kinins and their receptors
within CNS malignancies has stimulated considerable
interest in the potential role they play in cancer progression.
Bradykinin B1 receptors have been implicated in tumour
growth despite the fact that their expression is normally low
[65, 66]. Indeed, many glioma, astrocytic tumours, lung
cancer, melanoma and breast cancer cell types express B1
receptors [67-69] and they show an increase in migratory
activity when exposed to bradykinin, most likely mediated
through a COX-2 pathway [70, 71]. Furthermore, administration of a bradykinin agonist resulted in B1 mediated
tumour cell growth and proliferation, which was abolished
following treatment with a B1 receptor antagonist [72].
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Notably, the antagonist did not affect the basal level of proliferation seen before the application of the bradykinin
agonist. Further supporting a role for bradykinin in tumour
growth is the observation that B2 receptor antagonists are
effective in reducing tumour growth and angiogenesis, but
are not effective in rats unable to produce endogenous bradykinin [73]. Although both bradykinin B1 and B2 receptors
are present on astrocytic tumour cells, B2 receptors are
concentrated at the tumour border, whilst the B1 receptors
are more ubiquitously expressed throughout the tumour [69].
As B1 receptors are more prevalent in tumour tissue compared with normal brain parenchyma, treatment with B1
antagonists is less likely to cause high levels of neuronal and
glial toxicity.
With respect to the tachykinins, human gliomas and
malignant brain tumours have an increased expression of
NK1 receptors compared to the normal surrounding tissue
[63]. SP can also increase tumour growth in a number of
glial tumour cell lines; the presence of neurokinin receptors
correlated with a SP and/or an NKA mediated increase in
DNA synthesis and cellular proliferation [74, 75]. The high
number of NK1 receptors increases the amount of mitotic
signals directed at the tumour cell, which in turn counteracts
the apoptotic pathways activated to remove mutated cells
[60]. As such, the neoplastic cells are able to continue to
divide and the disease allowed to progress. As SP is known
to promote tumour cell growth, it was thought that this
growth might be inhibited by administration of an NK1
antagonist, and indeed, administration of L-733,060 was
found to inhibit the progression of NK1 expressing human
glioma cancer cells [76]. Consequently, a number of patents
have focused on the anti-proliferative properties of SP in
brain tumour treatment [77, 78].
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
neutralize the multiple pathways leading to cell death. It has
been suggested that the increase in the expression of NK1
receptors may play a role in the malignant cell’s evasion of
apoptosis [60]. Such increased expression makes tumour
cells highly dependent on SP stimuli, a known potent mitotic
signal that counteracts the different death signal pathways
[60, 79]. Consistent with this, it has been reported that
Table 1.

administration of an NK1 antagonist for two weeks in a nude
mice model of cancer effectively inhibited tumour growth
[80]. Blockade of the NK1 receptor caused the cells to
become more receptive to apoptotic death signals and die.
Similarly, administration of the B2 receptor antagonist B204
showed 100% tumour growth inhibition in a model of small
cell lung carcinoma, presumably by inducting apoptosis [46,
81].
Aside from mitogenic activity, the kinin SP is known to
stimulate the release of cytokines [62]. Cytokines are
involved in the communication between cells, coordinating
cell growth and maturation, wound healing, the immune
responses and contributing to neoangiogensis [82]. Tumour
cells have the ability to secrete and produce cytokines, and
thus support their own growth and facilitate metastatic
spread. Such cytokine release from malignant cells may also
induce normal cells to synthesize additional cytokines to
further tumour progression [82]. Leukemia inhibiting factor
(LIF) is a neuropoietin cytokine responsible for neurogenesis
and neuronal differentiation and is able to stimulate glioma
proliferation by induction of SP and NK1 receptor expression
[83]. LIF is produced and released by neuronal cells
following proinflammatory cytokines leading to increased
SP production and NK1 expression [84].
KININS & ANGIOGENESIS
It has been well established that tumour growth is
dependent upon angiogenesis, with any increase in tumour
growth requiring a corresponding increase in vascular
growth [85]. Tumour angiogenesis is an uncontrolled process, which is potentiated by interactions between numerous
mediators and cytokines with both pro and anti-angiogenic
activity [85]. As kinins are known to significantly effect
vasculature, it follows that they may also have a role in
tumour angiogenesis and tumour growth as detailed in
Table 1.
Hypoxia often results within rapidly growing tumours
where angiogenesis does not occur sufficiently to meet the
increased metabolic demand. This would stimulate bradykinin release, which in turn, elicits an angiogenic response
via activation of VEGF [86]. It has been suggested that
tumour growth and angiogenesis is mediated by B2 rather

Kinin Actions on Tumour Cells and the Blood-tumour Barrier.

Kinins
Bradykinin

Substance P

Actions on Tumor Cells

Actions on the Blood-Tumor Barrier

Acts on B1 and B2 receptors to increase tumour growth

Increase permeability for chemotherapy delivery to tumour cells

B1 and B2 receptors differentially expressed by tumour
cells; the blocking of these receptors leads to decreased
mitogenesis and in some cases apoptosis

Blocking B1 or B2 receptors may reduce angiogenesis depending
on the level of receptor expression

Acts on NK1 receptors to increase tumour cell mitogenesis
and migration

NK1 receptors expressed on tumour blood vessels, where
Substance P acts to increase angiogenesis

NK1 receptors expressed by some tumour cells, the
blockade of which results in tumour cell apoptosis
Kallikreins

5

Expression may be altered in tumour cells, which is useful
as a diagnostic tool

Inhibit endothelial cell migration and thus angiogenesis
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than B1 receptors, as treatment with a B2 antagonist resulted
in reduced tumour mass in a mouse S-180 sarcoma model,
whilst B1 antagonism did not [87]. In contrast, B1 receptor
antagonists and not B2 receptor antagonists were effective in
suppressing blood vessel growth in an alternative model of
angiogenesis [88]. It may be that the differential effect of
endogenous bradykinin is dependent upon the relative levels
of B1 receptor upregulation in the different models of
cancer.
Kallikreins, particularly human kallikrein 3 (hK3), have
been identified as inhibitors of endothelial cell migration and
proliferation and subsequently angiogenesis in vitro and in
vivo [89]. Thus, they may be a useful treatment for cancers
that rely on angiogenesis for expansion of tumour mass.
Different kalikreins can also be used in combination with
each other to produce the desired anti-angiogenic effect, with
human kallikrein (hK5), human kallikrein 6 (hK6), human
kallikrein 10 (hK10) and human kallikrein 13 (hK13)
suppressing capillary formation when applied together, at
doses that had no effect when administered individually [90].
With respect to the tachykinins, an increase in SP
receptors has been demonstrated in tumoral and peritumoural
vessels in glioblastomas, which is thought to be significant
due to the known vasodilative and angiogenic effects of SP
[63]. Thus, SP may play a major role in development of
tumour stroma and facilitate tumoral blood supply. Indeed,
SP was found to enhance capillary growth in vivo, an effect
that was abolished following administration of a NK1
antagonist [64]. Furthermore, SP has the ability to enhance
capillary growth, stimulate migration and proliferation of
some types of endothelial cells, thus enhancing the angiogenic process in human tumours [85].
KININS IN PERITUMOURAL EDEMA
Peritumoural edema is a common symptom of brain
tumours and is the cause of much morbidity and mortality.
Edema in the brain is typically vasogenic in nature and
results from a compromised BBB. Vasogenic edema is
characterised by the abnormal increase in the volume of
interstitial fluid and may be attributed to increased blood
pressure, increased capillary permeability and decreased
plasma protein concentration within the capillaries [22].
Furthermore, it is thought that vasogenic edema may provide
a favourable environment for the proliferation of malignant
cells [22].
Peritumoural edema is known to have local effects such
as impairment of microcirculation, expansion of extracellular
space and abnormalities in the fluid microenvironment, all of
which may influence the structure and function of normal
brain cells [22]. Edematous fluid accumulates rapidly around
aggressive brain tumours [91]. Once excess extracellular
fluid accumulates, mechanisms must exist to allow
absorption so that the rate of fluid formation and absorption
are equal. Edematous fluid is absorbed by transependymal
flow into the ventricles, and interstitial proteins are phagocytosed by astrocytes and microglia, which results in the
erosion of the osmotic gradient in the extracellular space and
subsequent fluid absorption into microvessels [16].

Harford-Wright et al.

Upregulation of the expression of water channel proteins
is also associated with enhanced edematous fluid absorption.
Aquaporins (AQPs) are a family of molecular water channels
that are membrane spanning proteins expressed on the
plasma membranes of many cells involved in water transport
[92]. In particular, AQP-4 and AQP-1 are found in high
concentration in brain tissue and are thought to be associated
with alterations to normal brain water homeostasis. AQP-4 is
abundant on the astrocytic foot processes near blood vessels,
and as a bidirectional water channel, it is able to facilitate or
reduce edema formation [92]. In rats, the AQP-4 channels
are expressed in perimicrovessel astrocyte foot processes and
alterations to AQP-4 are associated with disturbances to
normal brain water homeostasis [93]. In addition, the pattern
of expression of AQP-4 is correlated with BBB permeability
and has been found to be upregulated in edematous
astrocytomas, meningiomas and metastatic tumours, with a
significant correlation between their expression level and
edema [92, 94].
AQP-1 has also been implicated in peritumoural edema.
When both melanoma tumour cells and breast cancer cells
were transfected with AQP-1 and injected into the vasculature of mice, there was an increase in membrane permeability by 5-10 fold [95]. Furthermore, expression of AQP-1
increased the rate of tumour cell extravasation into lung
tissue by 1.5 fold [95]. Deletion of AQP-1 has also been
reported to result in less endothelial cell migration, and thus
angiogenesis [96]. Although somewhat unclear, any AQP-1
enhanced migration may be mediated, in part, by the unequal
rates of osmotic water flow across the membrane of the
migrating cell, propelling the cell towards hypo-osmolality
and augmenting the actions of the actin cytoskeleton [95,
96].
Tachykinins are also known to contribute to cerebral
edema in a number of brain pathologies through a process
known as neurogenic inflammation. Neurogenic inflammation is characterised by fluid movement from cerebral
vasculature into the intercellular space as a result of
vasodilation and plasma extravasation [97]. In a model of
traumatic brain injury, depletion of sensory neuropeptides
with capsaicin completely attenuated the changes in BBB
permeability and subsequent post-traumatic edema formation
[98]. Subsequent reports demonstrated that an upregulation
of perivascular SP occurs after injury, which is associated
with increased BBB permeability and the development of
cerebral edema [99]. Moreover, administration of an NK1
antagonist was shown to attenuate these increases [99].
Similarly, bradykinin has been shown to perpetuate cerebral
edema in ischemic stroke, reperfusion injury and TBI [100,
101]. Blocking both B2 and B1 receptors has been effective
in ameliorating increases in BBB permeability and in reducing edematous fluid accumulation in a model of ischemia
and reperfusion injury, with B2 receptor blockade being the
most effective of the two treatments [101]. Equally, B2
receptor knockout mice showed significantly decreased brain
edema, contusion size and improved functional outcome 7
days after controlled cortical impact, when compared to their
wild type counterparts [100]. Accordingly, it has been proposed that these peptide mediators of vascular permeability
may play a critical role in the development of pertumoural
edema [22].
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KININS & CURRENT TREATMENTS
As previously discussed, the use of chemotherapeutic
agents in the treatment of brain tumours can be challenging
due to the protective nature of the BBB. Accordingly, there
has been considerable interest in the use of kinin agonists to
aid in the delivery of chemotherapeutic agents to brain
tumours. Bradykinin is known to reduce cerebral blood flow
and increase BBB permeability through increased pinocytotic activity in cerebral endothelial cells and opening of
tight junctions [102]. However, bradykinin is degraded on
the order of seconds by kinases in the blood. Consequently,
its actions are short lived and lead to a refractory period in
which B2 receptors are internalised and bradykinin no longer
affects the blood-tumour barrier [103]. Thus, non-peptide
bradykinin agonists have been developed to allow for a
longer period of action [103]. The intravenous administration
of bradykinin agonists allows low dose intermittent infusions
over a long period of time, thereby prolonging action.
Additionally, if patient sensitivity occurs, the infusion can be
easily terminated. However, it should be noted that due to
the integral role of bradykinin in blood pressure, intravenous
bradykinin administration could result in an adverse hypotensive outcome [9].
In contrast with this overall increase in BBB permeability, the patent disclosure by Black et al. [104] reported
that carotid artery infusion of bradykinin or a bradykinin
agonist selectively increases the permeability of the
abnormal blood vessels of the blood-tumour barrier.
Experimental treatment with a bradykinin agonist and the
chemotherapeutic agent cisplatin resulted in an increase in
survival in brain tumour subjects when compared to cisplatin
treatment alone [105]. Similar results were observed in
glioma bearing rats treated with a different bradykinin
agonist and a chemotherapeutic agent [106]. Some variability in response to bradykinin treatment has been noted
with different administrative routes, although this may be
due to differences in B2 receptor density in the angiogenic
blood vessels within brain tumours. Expression of B2
receptors in gliomas corresponds with the grade of tumour
and subsequent degree of blood-tumour barrier opening
[107]. The mechanism of bradykinin-induced increase in
blood-tumour barrier permeability is most likely through the
actions of nitric oxide (NO), cyclic guanosine monophosphate (cGMP) and calcium dependant potassium channels
[108-110].
Subsequent studies have moved away from looking at
bradykinin agonists, which have broad vascular effects, to
investigating more specific downstream bradykinin initiated
events. In order to eliminate side effects, calcium activated
potassium channels, cGMP and nitric oxide synthase have
been investigated as potential targets for refinement of
bradykinin mediated effects on CNS tumour vasculature. In
pathological tissues, bradykinin increases production of
cGMP resulting in increased microvessel permeability [109].
Simultaneous administration of GMP phosphodiesterase
inhibitors and bradykinin agonists allows for a further and
more prolonged increase in permeability of abnormal
vessels, beyond that seen with the bradykinin agonist alone
[111]. Vardenafil, which blocks the phosphodiesterase-5
(PDE5) mediated increase in cGMP, increases the concen-

Recent Patents on CNS Drug Discovery, 2010, Vol. 6, No. 1

7

tration of vesicles in brain tumour endothelial cell cytoplasm,
but has no effect on the degree of opening of the tight junctions between these cells [109]. Treatment of brain tumour
bearing mice with vardenafil along with the chemotherapeutic agent herceptin, resulted in 20% longer survival and
than herceptin alone [112]. A further advantage of vardenafil
is that it can be administered orally.
Bradykinin is thought to increase calcium levels, via
stimulation of B2 receptors, and thus activate calcium dependant potassium channels and nitric oxide synthase. Notably,
increased expression of calcium dependant potassium
channels has been demonstrated in brain tumours [110].
Exposure to bradykinin causes in an increase in calcium flux
resulting in loosening of tight junctions and an increase in
pinocytotic activity [110]. However, bradykinin has been
recently implicated in side effects that include reduced
cerebral blood flow due to excessively low blood pressure
and associated brain edema. Therefore, the use of potassium
channel agonists other than bradykinin has been patented
[113]. The effect of calcium activated potassium channel
agonists on the vessels of the blood-tumour barrier lasts three
times longer than that elicited by application of a bradykinin
agonist to the same system [110]. Another patent disclosure
describes the use of a potassium channel agonists to induce
selective apoptosis in glioma cells, leaving normal brain cells
unaffected [114]. A more recent invention relates to ATPdependent potassium channel agonists, which have been
found to possess anti-neoplastic properties. The inventors
suggest that administration of this drug may be associated
with prolonged survival time of cancer patients [115].
Radiotherapy is currently the standard treatment
following surgery for brain tumours. Radiopharmaceuticals
are highly specific drugs that contain atoms of a radioactive
element, and deliver relatively high doses of ionizing
radiation to disease sites. The success of peptide receptor
radiotherapy in somatostatin receptor positive cancers has
led to the development of this treatment targeting other
peptides known to have increased expression in other cancers [116, 117]. Recently, Merlo et al. [118] have disclosed
the use of SP as a radiopharmaceutical in the diagnosis and
treatment of cerebral malignancies. Numerous studies have
demonstrated increased expression of the NK1 receptor
expressed in cerebral tumours, as well as in the tumoural and
peritumoural vessels [63, 79, 118]. Another approach uses
SP as a radiopharmaceutical in combination with surgery to
further improve outcome. The purpose of a study by Cordier
et al. [119] was to reduce and define the main glioma tumour
mass, whilst targeting tumour cells in adjacent areas prior to
surgery. In subjects that received intratumoural injections of
radiolabelled SP, the extent of tumour resection was in the
range of 90 to 100%. Higher extent of resection has been
shown to positively correlate with a prolonged time to
recurrence [119] and thus, may provide a novel treatment
that can be used in conjunction with the conventional treatments for brain tumours. Another novel invention was presented recently by Schoor et al. [120] related to immunotherapeutic peptides and their use for the treatment of
glioblastoma. The inventors reveal that a composition of
tumour-associated peptides can be used in conjunction with
anti-cancer vaccines to elicit an anti-tumour response.
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CURRENT & FUTURE DEVELOPMENTS
Research over the past decade has emphasized the
importance of peptide receptor expression in various human
cancers. Cancer is a complex and multifaceted disorder with
many mechanisms and processes contributing to its development. Accordingly, there are numerous points of potential
interventions, as well as many markers of malignancy. The
revelation that kinin receptors are upregulated in brain
tumours may present new avenues for the development of
clinical interventions. Furthermore, the implication that brain
tumour interactions with the blood-brain barrier may be
mediated, at least in part, by kinins have led to important
developments in anti-angiogenic treatments and methods to
aid drug delivery to brain tumours. Interestingly, current
research has moved away from using kinin agonists to aid
drug delivery to the brain and is now focusing on the
downstream events mediated by the kinin system as potential
treatment targets for improved chemotherapeutic delivery.
As the kinin system produces a variety of different effects,
by targeting more specific molecules only the blood tumour
barrier will be affected and deleterious side effects may be
minimised. Furthermore, future research should be directed
towards clarifying the role of the B1 and B2 receptors in
angiogenesis and tumour growth, as the evidence in the
literature for the role of each receptor remains somewhat
contradictory.
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