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Abstract Labradimil (Cereport®; also formerly referred to as RMP-7) is a 9-amino-acid
peptide designed for selectivity for the bradykinin B2 receptor and a longer
plasma half-life than bradykinin. It has been developed to increase the perme-
ability of the blood-brain barrier (BBB) and is the first compound with selective
bradykinin B2 receptor agonist properties to progress from concept design
through to tests of efficacy in patients.
In vitro studies demonstrate that labradimil has a longer half-life than bradykinin

and selectively binds to bradykininB2 receptors, initiating typical bradykinin-like
second messenger systems, including increases in intracellular calcium and phos-
phatidylinositol turnover. Initial proof of principle studies using electron micros-
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copy demonstrated that intravenous labradimil increases the permeability of the
BBB by disengaging the tight junctions of the endothelial cells that comprise the
BBB.Autoradiographic studies in ratmodels further demonstrated that labradimil
increases the permeability of the BBB in gliomas. Intravenous or intra-arterial
labradimil increases the uptake of many different radiolabelled tracers and chemo-
therapeutic agents into the tumour in a dose-related fashion. These effects are
selective for the tumour and for the brain surrounding the tumour, and are particularly
robust in tumour areas that are normally relatively impermeable. The increased
chemotherapeutic concentrations are maintained for at least 90 minutes, well
beyond the transient effects on the BBB.
The increase in permeability with labradimil occurs rapidly but is transient, in

that restoration of the BBB occurs very rapidly (2 to 5 minutes) following cessation
of infusion. Even with continuous infusion of labradimil, spontaneous restoration
of the barrier begins to occur within 10 to 20 minutes. Collectively, these data
demonstrate that the B2 receptor system that modulates permeability of the BBB
is highly sensitive and autoregulated and that careful attention to the timing of
labradimil and the chemotherapeutic agent is important to achieve maximal
effects.
Survival studies in rodent models of both gliomas and metastatic tumours in

the brain demonstrate that the enhanced uptake observed with the combination
of labradimil and water-soluble chemotherapeutics enhances survival to a greater
extent than achieved with chemotherapy alone. Finally, preliminary clinical trials
in patients with gliomas provide confirmatory evidence that labradimil per-
meabilises the blood-brain tumour barrier and might, therefore, be used to in-
crease delivery of agents such as carboplatin to tumours without the toxicity
typically associated with dose escalation.

1. The Blood-Brain Barrier as an
Impediment to Drug Delivery to 
the Central Nervous System

The blood-brain barrier (BBB) prevents most
hydrophilic substances greater than 400D from
gaining access to the central nervous system (CNS)
from the cerebral vasculature. Anatomically, the
BBB is composed of endothelial cells bound together
to form junctions. Compared with the endothelial
cells forming capillaries in peripheral (non-CNS)
organs, brain endothelial cells have numerous astro-
cytic processes, mitochondria, tight junctional
complexes between opposing cells, and a paucity
of fenestrae and pinocytotic vesicles. All of these
characteristics contribute to the ability of the BBB
to restrict diffusion of blood-borne substances into
the brain.[1-3]
By combining low passive permeability for most

hydrophilic molecules together with highly selec-
tive transport for certain essential molecules (e.g.
glucose, amino acids), the BBBprovides an exquisite
system to regulate the internal chemical environ-
ment of the CNS. While this system may protect the
brain by maintaining a controlled environment, it
also creates a barrier for both researchers and cli-
nicians who wish to introduce drugs to the brain
parenchyma.[4]
Because only a fraction of all bioactive drugs

possess the attributes required to penetrate the
BBB, the treatment of CNS diseases could be im-
proved if ameanswere available to safely and revers-
ibly modulate the permeability of the BBB to allow
greater drug distribution to the CNS. One novel ap-
proach explored over the past 2 decades involves the
administration of endogenous ligands or their ana-
logues to increase permeability of the BBB by activ-
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ation of receptors on the endothelial cells compris-
ing the BBB. Brain endothelial cells possess nu-
merous neurotransmitter and peptide receptors on
both their luminal and abluminal membrane sur-
faces.[5,6] These receptors are coupled to traditional
second messenger systems involving calcium
fluxes, G proteins and various kinases and phos-
pholipases. Several of these endogenous ligands
(e.g. adenosine, arachidonic acid, leukotrienes,
histamine and bradykinin) have been shown to in-
crease the permeability of the BBB when adminis-
tered systemically.[7]
Although the available data with endogenous

ligands provide preliminary proof of principle
data, they do not convincingly demonstrate that a
receptor-mediated approach to BBB modulation
may prove medically practical. The use of endog-
enous ligands is generally compromised by both
the high concentrations of ligand required to in-
crease BBB permeability as well as adverse phys-
iological effects that can be severe enough to dam-
age brain capillaries.[8] One method developed to
minimise these problems involves infusion of the
endogenous nonapeptide, bradykinin, directly into
the internal carotid artery.[9,10] Although this ap-
proach has enjoyed some success in animal studies,
the very short half-life of bradykinin, its potent vaso-
active metabolites[11-13] and its narrow therapeutic
index[8,9] limit its safety and usefulness, require
that it be infused into the carotid artery, and, gen-
erally, make it a difficult and potentially dangerous
candidate for widespread clinical use. For this rea-
son, the selective B2 bradykinin agonist labradimil
(Cereport®, RMP-7) was developed (for earlier re-
views see Bartus,[4] Grous et al.[14] and Boddy and
Thomas[15]).
This review discusses some of the attributes

thought to be important in developing a bradykinin
agonist and the data collected during its early test-
ing. Additionally, the preclinical data supporting
the effectiveness of labradimil as a bradykinin ag-
onist is reviewed, as are the currently available
clinical results.

2. Developing a Bradykinin Agonist to
Increase Permeability of the
Blood-Brain Barrier

2.1 Selectivity for the B2 Receptor

Bradykinin is distributed ubiquitously in the
body where it serves both paracrine and autocrine
functions. For these reasons, any attempt to mod-
ulate a specific physiological response with a sys-
tematically administered bradykinin agonist (such
as increasing the permeability of the BBB)must do
so in the face of competing endogenous bradyki-
nin, both at the intended site (e.g. endothelial cells
of brain capillaries), as well as at numerous addi-
tional sites throughout the body. Moreover, at least
2 distinct types of bradykinin receptors have been
characterised[16] and cloned.[17,18]
The bradykinin B2 receptor is constitutively ex-

pressed on the endothelial cells of brain capillar-
ies[19,20] where its activation of capillary receptors
induces a potent vasogenic response.[21-23] In con-
trast, the B1 receptor is induced under conditions
associated with disease or biological stress.[24,25]
Thus, the B2 receptor is a logical target for a drug
intended to permeabilise the BBB. Selective B2
properties might avoid some of the inflammatory
and nociceptive responses associated with injury
and disease, where induction of the B1 receptor is
most prevalent.[26]
With these considerations in mind, labradimil

was designed as a nonapeptide bradykinin ana-
logue. Anumber of rationally defined substitutions
and modifications were made to confer greater
selectivity for the B2 receptor (fig. 1).[27] Because
the cleavage of Arg–9 in bradykinin converts the
endogenous peptide from primarily a B2 agonist to
primarily a B1 agonist,[28] labradimil was designed
with a reduced peptide bond inserted between the
8 and 9 positions of the amino acid sequence, thus
protecting Arg–9 from proteolytic removal.[27]Ad-
ditionally, the substitution of a hydroxyproline in
position 3 was used to enhance affinity for the B2
receptor.[29,30] A series of in vitro tests confirmed
that this goal was achieved (see below).
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Receptor binding assays demonstrated that
labradimil retains affinity for bradykinin receptors
on cultured rat brain microvascular endothelial
cells,[20] guinea-pig ileum[31] and rat uterus.[31] As
summarised in table I, although both labradimil
and bradykinin bind to these receptors in a concen-
tration-dependent manner, labradimil does so with
a somewhat lower affinity than bradykinin. In vitro
receptor binding tests further revealed that lab-
radimil did not displace radiolabelled peptide
ligands involved with receptor systems commonly
associated with vasoactive effects, including an-
giotensin-II (types I and II), histamine (H1 and H2),
neurokinin, neurotensin and vasopressin, even at
concentrations as high as 100 μmol/L.[31] Thus,
labradimil binds selectively to bradykinin B2 re-
ceptors.
To confirm that labradimil acts as a B2 agonist,

increases in intracellular free calcium (Ca2+) were
measured using brain endothelial cells exposed to
a concentration gradient of labradimil.[20] Abiphasic
increase in cytosolic free Ca2+ was observed, with
a concentration gradient similar to that for brady-
kinin-induced Ca2+ signals in other cell systems.
These data were replicated and extended using ep-
ithelial Schwan (SH-EP) cells, where the calcium
fluxes induced by labradimil were blocked by a
selective B2 antagonist but not by a B1 antagonist.[31]

Labradimil also increased phosphatidylinositol
turnover (another second messenger associated
with bradykinin) and this response was also
blocked by a selective B2 antagonist (table I).[31]
Collectively, these results indicate that labradimil
acts as a selective bradykinin B2 receptor agonist.

2.2 Increased Half-Life

Bradykinin degrades very quickly, and its circu-
lating half-life is only several seconds.[32] For this
reason, it is not practical for use as a systemic ther-

Arg1 Pro2 Pro3 Gly4 Phe5 Ser6 Pro7 Phe8 Arg9

Bradykinin

Labradimil

Arg1 Pro2 Hyp3 Gly4 Thi5 Ser6 Pro7 Tyr(Me) ¥ (CH2NH)8 Arg9

Angiotensin
converting enzyme Carboxypeptidase

Neutral
endopeptidase

Fig. 1. Chemical structures of bradykinin and labradimil, a synthetic B2 bradykinin agonist. Bradykinin is rapidly degraded by several
enzymes at the sites illustrated. A reduced peptide bond was inserted between the 8 and 9 position of the amino acid sequence to
prevent the cleavage of Arg–9, thereby reducing the conversion of the peptide from primarily a B2 agonist to a B1 agonist. An additional
substitution of a hydroxyproline (Hyp) residue at position 3 enhanced the affinity of the peptide for the B2 receptor. Finally, the half-life
of the peptide was increased by substituting the unnatural (2-thienyl)-Ala (Thi) for Phe in position 5 and substituting methyl-Tyr for
Phe in position 8. These changes (underlined) give labradimil increased B2 receptor selectivity and a longer half-life.

Table I. Biochemical and pharmacological events: comparison of
labradimil with bradykinin

Property Bradykinin Labradimil

B2 receptor binding (IC50) [nmol/L]
Cultured rat cerebral
microvessels

5-10 50-100

Guinea-pig ileum 0.6 80
Rat uterus 2.5 8.5

Signal transduction (EC50) [nmol/L]
Phosphatidylinositol turnover EC50 30-50
Ca2+ stimulation EC50 30-50

Blood-brain barrier permeability (Ki) [μg/kg]
Brain tumour uptake (IA) 150 1.5
Brain tumour uptake (IV) Unknown 4.5-9
EC50 = 50% effective concentration; IA = intra-arterial; IC50 = 50%
inhibitory concentration; IV = intravenous; Ki = unidirectional transfer
constant.
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apeutic. Bradykinin is degraded by several differ-
ent proteases (see fig. 1), which are located in high-
est concentration in the cell membranes near bra-
dykinin receptors. For example, bradykinin is
degraded into inactive peptide fragments by proteo-
lytic cleavage of either the peptide bond between
Phe–5 and Ser–6, or between Pro–7 and Phe–8.
Labradimil was designed to resist this degradation
by substituting the unnatural (2-thienyl)-Ala for
Phe in the 5 position and substituting a methyl-
tyrosine derivative for Phe in the 7 position.[27,33]
Studies in rat and human plasma indicate that

labradimil has a half-life significantly longer than
that of bradykinin, although technical limitations
currently make definitive quantification impossi-
ble.[33] It is likely for this reason that, despite its
lower affinity for the B2 receptor (relative to brady-
kinin), labradimil has equivalent potency to brady-
kinin in cell-based second messenger system assays
and is even more potent than bradykinin in vivo
(see table I).
The structural changes in labradimil also sub-

stantially alter the primary pathways involved in
the proteolytic degradation of labradimil. The ma-
jor degradation of labradimil occurs from the
amino-terminus, beginningwith Arg–1 (Alkermes,
unpublished observations), rather than either the
carboxyl terminus or the internal peptide bonds fa-
voured by kininase II (or ACE) for bradykinin.

2.3 Improved Therapeutic Index

An important issue to consider when develop-
ing a bradykinin analogue is the therapeutic index.
Bradykinin induces a wide variety of physiological
responses, ranging from relaxation of smooth mus-
cle (e.g. vasculature), contraction of smooth mus-
cle (e.g. intestine and uterus), mediation of pain
(e.g. stimulation of C fibres in peripheral nervous
system) and modulation of inflammation (both
through a direct effect on localised tissue involving
changes in blood flow, oedema, etc., as well as
more indirectly involving the release of potent and
longer lasting inflammatory mediators, such as
prostaglandins, histamine and substance P). Since
most of these diverse responses are induced by ac-

tivation of the B2 class of bradykinin receptor, it
was critical to determine whether labradimil, as a
bradykinin agonist, increases the permeability of
the BBB without inducing serious, untoward, ad-
verse effects.

a

b

Fig. 2. Electron micrographs of cerebral vessels from nontum-
our-bearing mice injected intravenously with the electron dense
marker lanthanum and either vehicle (top) or labradimil 5 μg/kg
(bottom). In vehicle-treated animals, the lanthanum remained
within the vessel lumen and was unable to pass into the sur-
rounding perivascular spaces. In contrast, when labradimil was
administered with lanthanum, a clear pathway was opened from
the vessel lumen, through the tight junctional complex (denoted
as endothelial cleft) to the basilar lamina (BL) and into the peri-
vascular spaces (arrows). Detailed quantitative morphological
assessments determined that labradimil increased the perme-
ability of the normal blood-brain barrier by loosening the tight
junctional complexes, with no evidence for transcellular pas-
sage of lanthanum noted.[34]
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The most conclusive ‘proof of principle’ evi-
dence was achieved using electron microscopy to
observe BBB endothelial tight junctions in mice
administered the electron-dense marker lanthanum
with or without intravenous labradimil.[34] When
given alone, lanthanum permeated the tight junc-
tional complex very poorly and did not pass into
the brain parenchymal space. When coadministered
with labradimil, however, substantially greater
permeation of the tight junctional complex was
achieved, with a significant increase in the number
of vessels showing lanthanum in the abluminal bas-
ilar membrane and adjacent parenchymal spaces
(fig. 2). Thus, this study not only demonstrated that
labradimil could increase the permeability of the
BBB, but demonstrated that it did so by disengag-
ing the tight junctions between the endothelial cells
comprising the BBB. In contrast to the clear evidence
for paracellular diffusion of lanthanum across the
BBB, no evidence was seen for any transcellular
route. Most importantly, the increased permeabil-
ity was not accompanied by any apparent damage
to the vasculature of the brain or to the brain it-
self.[34]
Subsequent studies have demonstrated similarly

increased permeability of the BBB within the same
intravenous dose range, using quantitative autoradio-
graphic methods,[35] as well as behavioural measure-
ment.[36]
The most prevalent adverse effect with labrad-

imil in animal studies is a decrease in blood pres-
sure.[37] This hypotensive response is observed
across species, is dose-related and consistent with
a bradykinin mechanism of action.[37,38] Although
mild hypotension and increased BBB permeability
often coexist, the 2 phenomena have been empiri-
cally dissociated, demonstrating that hypotension
is neither necessary nor sufficient to increase per-
meability of the BBB.[37,39] With the exception of
an occasional and transient reflexive tachycardia
(in response to the decrease in blood pressure) at
higher doses of labradimil, no other consistent ad-
verse effects have been observed in animals. Thus,
labradimil can increase the permeability of the
BBB while maintaining a favourable therapeutic

index (see additional support in sections 2.4 and
2.5).

2.4 Utility in a Disease Model

2.4.1 Enhanced Uptake of Chemotherapeutics
into Brain Tumour
Labradimil has been initially developed to in-

crease the permeability of the vasculature supply-
ing gliomas, thereby enhancing the delivery of
concomitantly administered hydrophilic chemo-
therapeutics. To provide initial preclinical support
for this concept and gain insight into the pharma-
codynamic characteristics of enhanced vascular
permeability, we developed a rodent model of
glioma that shares several important characteristics
with tumour vasculature in human glioma.[35,39,40]
In this model, rat glioma cells (RG2) are implanted
into the striatum of a syngeneic rat strain (Fischer
344). The tumours grow and form a well-defined
mass within the striatum (fig. 3a). Immunocyto-
chemical analysis of the vasculature infiltrating these
tumours has demonstrated that, like that seen in
human glioma,[42,43] the density of the infiltrating
vasculature is decreased compared with healthy,
nontumour vessels, but the individual vessels are
frequently larger and considerably more tortuous as
they course through the tumour[41] (figs 3b and 3c).
Autoradiographic and scintillation studies[35,39,40,44]
have further revealed that the vasculature infiltrat-
ing these tumours is ‘leaky’ relative to the nontum-
our barrier, again similar to that observed in human
glioma (see section 2.4.2 for detailed discussion).
Finally, recent evidence indicates that the endo-

thelial cells of blood vessels within human colorec-
tal tumours express a high preponderance of genes
commonly found in healthy endothelial vascular
cells and those undergoing angiogenesis.[45] These
data offer further evidence for the qualitative sim-
ilarities between the vasculature across a range of
tumours, raising the likelihood that the genetic
similarity holds true across most, if not all, blood
vessels, including those supplying gliomas in both
humans and in rodent models. If true, the genetic,
structural and permeability characteristics of the
RG2 glioma would seem to provide a valid model
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for predicting the effects of labradimil, or any com-
pound intended to modify the vasculature of tumours,
in humans.
An extensive series of autoradiographic studies

using the RG2 rat model of glioma demonstrated
that both intravenous[31,35] and intracarotid[37,39,40]
infusions of labradimil produceadose-related increase
in the permeability of the blood brain tumour bar-
rier (BBTB) [fig. 4]. Although comparable uptake
effects are achieved following both intravenous
and intracarotid labradimil, as expected the doses
required are approximately 2 to 5 times greater
with intravenous administration (fig. 4).
Recent studies also suggest that the importance

of the relative timing of the administration of the
chemotherapeutic and labradimilmay differ between
intravenous and intracarotid infusion. For instance,
[14C]carboplatin uptake in tumours is maximally
enhanced following intravenous labradimil when
the timing of labradimil and [14C]carboplatin infu-

sions are adjusted to produce higher plasma con-
centrations of carboplatin prior to initiating the
labradimil infusion.[44] In contrast, because in-
tracarotid infusions elevate plasma concentrations
of [14C]carboplatin more rapidly at the target site
(tumour vasculature), the need to precisely control
the timing of the carboplatin and labradimil infu-
sion is less important. Accordingly, intracarotid
labradimil infusions do not require elevated con-
centrations of [14C]carboplatin prior to initiating
the labradimil infusion to be effective, and simul-
taneous infusions prove quite effective.[46] These
discrepancies in optimal dose administration sched-
ule between the 2 routes, and the shift in dose-
response function, seem to easily account for the
occasional failure to achieve significant effects
with intravenous labradimil.[47]
Despite these dose administration differences,

the effects of labradimil following intra-arterial
and intravenous administration are quite similar,

a b c

Fig. 3. Photomicrograph illustrating the formation of rat glioma (RG2) tumours in rats and the appearance of host blood vessels
infiltrating those tumours. (a) shows a low-power photomicrograph of a Nissl-stained section through the striatum of a rat 8 days
following implantation of 25 000 RG2 cells. Note the well-formed spherical appearance of the growing tumour mass; (b) shows an
adjacent section stained for the endothelial cell marker CD31 illustrating the robust expression of CD31 immunoreactive blood
vessels in the normal brain and within the tumour itself. (c) is a high-power micrograph illustrating the appearance of CD31
immunoreactive vessels around and within the tumour. These photomicrographs (b and c) highlight the similarities between the
vasculature in this model and in human glioma. These similarities include the observation that relative to vessels within the normal
brain, the vessels infiltrating the tumour are fewer in number, but are also frequently larger and are considerably more tortuous. The
bar in c represents 500 μm in a and b, 100 μm in c (from Bartus et al.[41]).
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with both producing more robust and consistent
effects in tumour and ‘brain surrounding tumour’
(BST, the area of brain immediately surrounding
the tumour, in this case, a 1mm band extending
around the tumour boundary), relative to nontumour
brain. The enhanced uptake in BST is an important
observation, since this is the area that tumour cells
infiltrate, often escaping detection, surgery and
therapeutic levels of chemotherapeutic.[48-50] Be-

ing able to increase the delivery of chemotherapeu-
tics to the BSTmay therefore inhibit the recurrence
of gliomas that typically occurs within weeks to
months following surgical resection.[51]
In contrast to enhanced permeability in tumour

and BST, the effects observed in healthy brain distal
to tumour are relatively small and much less con-
sistent. For example, over half of the experiments
have failed to achieve statistically significant effects
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in nontumour brain tissue,[4,39] and when an effect
was observed, the change in unidirectional transfer
constant (Ki) was typically only 3 to 4 μl/g/min
(e.g. see fig. 4), an effect unlikely to have signifi-
cant biological consequences in most cancer situ-
ations.
The increased permeability within tumour and

BST occurs with many different radiolabelled trac-
ers, traditional chemotherapeutic agents, boronated
compounds and more novel biotechnology oncolytic
agents. This provides a wide variety of agents for
which labradimilmight enhance delivery to tumours,
ranging from small molecules[39,40,52] through
cytokine macromolecules[53] to viral vectors for
gene therapy.[54] Finally, studies using atomic ab-
sorption spectrophotometry confirmed that the
increased uptake of radiolabelled carboplatin into
brain tumours reflects an elevation in platinum
concentrations, the active biological moiety (fig. 5).

The increases in platinum concentrations achieved
with labradimil persist for at least 2 hours, offering
additional support for the potential therapeutic ad-
vantage of labradimil as a chemotherapeutic deliv-
ery agent for brain tumours.[55] Thus, labradimil
exhibits selectivity for permeabilising the tumour
and BST, offering support for its use as a means to
increase delivery of chemotherapeutics and other
therapeutic agents to brain tumours while exerting
relatively little effect on healthy brain. More re-
cently, similar increases in uptake of radiolabelled
carboplatin have been seen in a model of brain me-
tastases.[56]
Both autoradiography and scintillation studies

demonstrate that labradimil produces a 2-fold or
greater increase in [14C]carboplatin uptake into
brain tumours and BST. It seems apparent that the
enhanced uptake achieved with labradimil in many
ways is even greater when the effects are examined
within specific microregions of the tumour and
BST (fig. 6).[55] To enable this type of analysis, a
method was developed that quantified levels of ra-
dioactivity within extremely small subregions of
tumours and BST. This was accomplished by ex-
amining individual pixels (measuring 4.68μm2)
within individual autoradiographic images. By cal-
culating the amount of radioactivity within each
pixel and assigning that value to bins of progres-
sively greater levels of radioactivity (e.g. 0 to 10,
11 to 20, 21 to 30 nCi/g, etc.), a profile of both the
extent of permeability in the tumour and its point-
to-point variability was constructed. Using this de-
tailed, high spatial resolution analysis of the uptake
within tumour and BST, it was revealed that the
BBTB in this glioma model is highly heteroge-
neous, with some areas being relatively leaky and
others being relatively impermeable (similar to
that reported for human gliomas).
Interestingly, labradimil did not simply shift the

distribution of [14C]carboplatin uptake uniformly
to produce the 2-fold increase in uptake, but rather
significantly modified the topographic uptake pro-
file within tumour and BST. For example, under
labradimil, almost no portion of the tumour and
BST remained impermeable to [14C]carboplatin
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increase in carboplatin achieved with labradimil persisted. Longer
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mean ±=SEM (adapted from Bartus et al.,[55] with permission).
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and a greater proportion of highly permeable areas
was also generated. Thus, the effect of labradimil
on [14C]carboplatin uptake is not manifested as
merely an indiscriminate doubling of [14C]carbo-
platin concentrations in the tumour and BST, for the

shape of the uptake profile was clearly modified
(fig. 7). In fact, in certain subareas of the tumour,
the increased uptake achieved with labradimil can be
estimated to be several-fold greater than that achieved
with vehicle.
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2.4.2 Pharmacodynamic Characteristics of
Permeability Changes
Several important observations have been made

regarding the pharmacodynamic profile associated
with the effects of labradimil on BBB permeability.
First, the effects of labradimil occur rapidly, within
minutes of initiation of the infusion. In a study us-
ing autoradiography, pre-exposing the carotid artery
to labradimil for 5 minutes prior to infusing a radio-
label produced no greater uptake than simulta-
neously infusing the label and labradimil.[46] Ac-
cordingly, the increased permeability induced by
labradimil must have occurred well within 5 min-
utes under these conditions; otherwise an advantage
of the 5-minute pre-exposure period should have
been seen. Similarly, using computerised tomogra-
phy in irradiated dog revealed increased permeability
within the first 5 minutes (the first post-infusion
time point evaluated).[57]

The effects of labradimil on BBB permeability
are not only initiated very quickly, but the barrier
is also restored very quickly upon cessation of
labradimil administration. For example, by com-
paring the uptake of label achieved during a short
diffusion opportunity within the labradimil infusion,
with that achieved following cessation of labrad-
imil infusion, it was estimated that restoration of
the barrier begins almost immediately upon termi-
nation of infusion (exclusion of the large 70kD
dextran occurred immediately) and is essentially
complete within 2 to 5 minutes (at which time even
the small molecules, such as carboplatin, were ex-
cluded).[57]
Another intriguing aspect of the pharmacody-

namic response to labradimil response is that even
with continuous administration of labradimil, spon-
taneous restoration of the barrier (i.e. tachyphy-
laxis) occurswithin severalminutes. Early studies[31]
with direct intracarotid infusion suggested a de-

R
el

at
iv

e 
fre

qu
en

cy
 (%

)

0

30

25

20

15

10

5

0-1
0

11
-20

21
-30

31
-40

41
-50

51
-60

61
-70

71
-80

81
-90

91
-10

0

10
1-1

10

11
1-1

20

12
1-1

30

13
1-1

40

14
1-1

50

Simulation
Labradimil

nCi bins

Fig. 7. Direct comparison of the high spatial resolution analysis of [14C]carboplatin uptake into tumours achieved with intravenous
labradimil versus a simulated uniform 130% increase in vehicle scores. The labradimil data is the same data presented in figure 6.
The 130% increase was chosen because it reflects the mean overall difference in uptake between labradimil- and saline-treated
animals. Note that the pattern of uptake is markedly different between the labradimil group and the simulated 130% increase in
vehicle scores. These data demonstrate that labradimil does not indiscriminately double uptake throughout the entire tumour. Rather,
the 2-fold increase in uptake achieved with labradimil is manifested as relatively selective increases in uptake in the more imperme-
able areas within the tumour (i.e. those with <20 nCi/g [14C]carboplatin) as well as creating more highly permeable areas (i.e. >60
nCi/g). Data are mean ±=SEM (adapted from Bartus et al.,[55] with permission).
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crease in permeability beginning within 30minutes
of initiation of a continuous infusion. It was sub-
sequently demonstrated that continuous infusions
were not required to induce tachyphylaxis, for 2
infusions of 15 minutes, separated by a 15-minute
interval, also produced complete tachyphylaxis.[31]
These same studies demonstrated that when a 60-
minute interval was inserted between two 15-minute
infusions, the increase in permeability returned to
approximately half of maximum. This phenome-
non suggested that once the system was stimulated,
an obligatory tachyphylaxis response was precipi-
tated, requiring only the passage of time to mani-
fest itself, and eventually resolving with the further
passage of time. This concept of obligatory tachy-
phylaxis was further supported using sub-threshold
infusions of labradimil. A 15-minute infusion of a
low dose of labradimil (0.033 μg/kg/min) pro-
duced a very modest effect on permeability.[39]
Lower doses produced correspondingly smaller, or
no, effects. When the same concentrations were in-
fused for 45 minutes, rather than achieving greater
effects (caused bymore drug being given for longer
durations), no evidence of uptake was seen at any
concentration. The most parsimonious explanation
for the loss of threshold effects following the
longer 45-minute infusion is that tachyphylaxis oc-
curred, even though low, sub-threshold, doses were
used.
More recent experiments have directly supported

the obligatory tachyphylaxis hypothesis. Using both
behavioural end-points with the BBB and scintil-
lation end-points with the BBTB, it was shown that
once sufficient labradimil is administered to briefly
open the barrier, time and not further receptor stim-
ulation was sufficient to induce tachyphylaxis.[58]
Subsequent studies with intravenous infusions

of labradimil found that tachyphylaxis occurs more
rapidly than with intracarotid infusions, that is to
say, within 15 minutes,[44] presumably because the
relatively lower concentrations of labradimil at the
site of action (the cerebrovasculature) during intra-
venous administration were not sufficient to over-
come the tachyphylaxis initiated at the beginning
of the infusion. To support this supposition, when

an initial, effective dose of labradimil was followed,
under conditions when tachyphylaxis would nor-
mally occur, by an even higher concentration of
labradimil, no evidence of tachyphylaxis was
seen.[46] Presumably, stimulation of B2 receptors
with subsequently higher concentrations of ligand
temporarily overcomes the tachyphylactic process.
These studies collectively demonstrate that the

B2 receptor system that labradimil stimulates to
modulate permeability of the BBB is highly sensi-
tive and autoregulated. It responds to low doses of
agonist, inducing a rapid increase in permeability
of the barrier. Moreover, the integrity of the barrier
is quickly restored upon removal of the agonist (i.e.
cessation of infusion). Even with continuous infu-
sion of bradykinin or labradimil, spontaneous res-
toration of the barrier begins to occur within 10 to
20 minutes, with a return to baseline permeability
occurring within 30 to 60 minutes. For these rea-
sons, the precise timing of the administration of
labradimil with that of the chemotherapeutic agent
is very important. A series of controlled studies has
confirmed that the optimal intravenous administra-
tion regimen involves administering the labradimil
dose so that its infusion duration encompasses the
timing of the maximum plasma drug concentration
(Cmax) of the chemotherapeutic agent.[44]

2.4.3 Enhanced Survival in Rodent Models of
Glioma and Metastatic Brain Tumours
To determine if the enhanced uptake of carbo-

platin achieved with labradimil is biologically
meaningful, we examined its ability to prolong sur-
vival when combined with chemotherapeutics in
rodent models.[55] An initial preliminary survival
study demonstrated that intra-arterial labradimil
combined with carboplatin in an allogeneic rat
strain significantly increased median survival over
that achieved with carboplatin alone.[59]
Subsequent studies[55] more fully characterised

the enhanced survival produced by intravenous
labradimil, using a range of labradimil doses in
syngeneic F344 rats. In these studies, carboplatin
alone significantly enhanced survival, modestly in-
creasing both median and maximum survival. A
low dose (3.0 μg/kg) of labradimil, in combination
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with carboplatin, failed to further increase survival
beyond that achieved with carboplatin alone. How-
ever, a higher dose (9.0 μg/kg) of labradimil pro-
duced a robust increase in survival, increasing me-
dian and maximum survival by 2-fold over that
observed with carboplatin alone (fig. 8). Similar ef-
fects were seen in a model of brain metastatic dis-
ease when labradimil was combined independently
with a range of different water-soluble chemother-
apeutic agents (fig. 9).
The range of dose-related survival effects reported

in these studies[55] provide insight into the plasma
concentrations of labradimil required to achieve
significant efficacy with carboplatin. Estimates of
in vivo plasma concentrations of labradimil have
been made in lieu of quantitative determinations

because of serious limitations in current analytical
methods. The enzyme-linked immunoadsorbent
methods developed are limited in that the parent
(labradimil) and several major metabolic products
cannot be distinguished because of cross-reactivity.
Additionally, the potency of labradimil (resulting
in plasma concentrations in the low to mid nano-
molar range) and short half-life (known to be less
than 10 minutes and estimated to be less than 3 to
4 minutes) makes detection and quantification ex-
tremely difficult. When combined with the cross-
reactivity limitation, current assays simply cannot
provide quantitative in vivo pharmacokinetic data
for labradimil. Using standard pharmacokinetic
modelling techniques, the plasma concentrations
of labradimil following the 10-minute infusion of
3.0 μg/kg were estimated to range from 8 nmol/L
(2 minutes from the initiation of the infusion) to 16
nmol/L (at the end of the 10-minute infusion, at
which point the concentrations peak).[55] In con-
trast, the 9.0 μg/kg dose was estimated to produce
plasma concentrations that range from 25 to 50
nmol/L (using the same temporal points of refer-
ence).
These estimates are reasonably consistent with

the Ki values established for labradimil (10 to 50
nmol/L), associated with binding to the B2 brady-
kinin receptor and induction of second messenger
responses, in vitro.[31] Using the same pharmaco-
kinetic methods to model labradimil plasma con-
centrations in patients, it is estimated that doses in
excess of 1500 ng/kg may be required to achieve
similar effects of labradimil plus carboplatin in hu-
man gliomas.[55] Although these plasma concentra-
tions are substantially higher than those estimated
to occur following the 300 ng/kg dose used for
most phase II clinical studies, additional dose es-
calation studies with labradimil have recently been
completed in brain tumour patients (see section 3).

2.5 Toxicological Profile

Another important issue with developing any
novel synthetic compound is its inherent toxicity.
In the case of labradimil, the use of unnatural
amino acids and abnormal, proteolytically protected,
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dipeptides produces some degree of uncertainty.
However, following detailed metabolism studies,
no evidence of accumulation of any abnormal peptide
or peptide fragment has been observed (Alkermes,
unpublished data). Additionally, extensive animal
testing of labradimil, involving daily administra-
tion over weeks of high doses of labradimil alone,

and months of periodic administration of combina-
tions of labradimil plus carboplatin, has revealed
no evidence of serious toxicity.[14,38]
An additional problem associated with a com-

pound intended to increase delivery across the BBB
is the potential neuropathology that might be in-
duced, specifically by its action on the BBB.Astill-
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common concept of the BBB is that its primary
function is to protect the brain from toxic elements
in the blood. While true to some degree, it is be-
coming clear that the function of the BBB is much
more complex than initially thought. Indeed, re-
cent studies indicate that routine changes in its per-
meability may be the norm rather than the excep-
tion, with bradykinin playing a major role in this
homeostatic activity (see Bartus et al.[31,39] for
more detailed discussion of this hypothesis). At
any rate, extensive testing of labradimil alone and
in combination with carboplatin has consistently
shown no vasogenic oedema, cerebral vascular
damage or neurotoxic effects, even with direct in-
fusion of high doses of these drugs directly into the
carotid artery.[38] The lack of cerebral vascular
neurotoxicity probably rests with the fact that the
increased BBB permeability induced by labradimil
is both transient and (at least in healthy, nontumour
brain tissue) limited to relatively small compounds
(<1kD). Essential criteria for induction of brain oe-
dema and secondary brain and vascular damage are
permeation of large molecules into healthy (non-
tumour) brain for prolonged periods of time. To
date, no evidence has been seen that either effect
occurs when labradimil is administered to increase
the permeability of the BBB.

3. Clinical Results

Given that the preclinical data demonstrate that
labradimil safely and transiently permeabilises the
BBTB in rodent models of glioma, clinical trials
evaluating both the safety and potential efficacy of
labradimil have been conducted in patients with
glioma.[60-64] Initial studies using intracarotid infu-
sions of labradimil 10 to 300 ng/kg demonstrated
significantly enhanced transport of 68Ga-EDTA
into tumours of patients with recurrent malignant
glioma.[60] Overall, the increase in delivery (as de-
termined by calculating the Ki) was 46% in tumour
tissue with no detectable alterations in permeabil-
ity of the BBB in healthy brain tissue. This study
and a subsequent study using intracarotid adminis-
tration of labradimil and carboplatin[61] also provided
preliminary evidence of tumour response. In each

study, 3 of 6 patients who received 300 ng/kg of
labradimil, together with carboplatin, exhibited a
reduction in tumour volume.
Because permeabilising the BBTB using con-

ventional intravenous administration of labradimil
offers practical advantages and greater safety than
with intra-arterial administration, phase I and II
clinical trials were conducted to evaluate the po-
tential of intravenous labradimil combined with
carboplatin. Phase I dose escalation (up to 300
ng/kg) studies in patients revealed that labradimil
was well tolerated, with the primary adverse ef-
fects being transient and mild flushing, nausea,
headache and subclinical increase in heart rate.[63]
Neutropenia and thrombocytopenia were consis-
tent with the known effects of carboplatin alone.
One early pharmacokinetic study reported elevated
carboplatin concentrations with labradimil (when
comparedwith literature standards),[65] but another
found no change in carboplatin concentrations.[66]
In neither study was any evidence of enhanced car-
boplatin toxicity observed.[65,66]
Subsequent phase II studies in patients with re-

current glioma indicated that the combination of
labradimil and carboplatin has activity against
glioma.[64] A total of 87 patients (45 with no prior
chemotherapy and 42 with 1 prior course of che-
motherapy) received intravenous infusions of
labradimil 300 ng/kg and carboplatin every 28
days. Clinical evaluations revealed that 37% of the
chemotherapy-naive patients had a clinically sig-
nificant improvement and another 24% showed
stabilisation of their neurological symptoms. Ra-
diological evaluations further showed that 32% of
these patients had either a complete or partial re-
sponse and an additional 47% showed stabilisation
of tumour growth.
Although the effects of combining labradimil

with carboplatin were less robust in patients who
had received a prior course of chemotherapy, the
rate of clinical response in these patients was still
39%, with 24% of these patients showing stable,
partial or complete radiological response.[64] The
average duration of response was 30.3 weeks in the
chemotherapy-naive patients and 19.6 weeks in the
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patients who previously received treatment. It is
important to note that these studies were phase II
evaluations that did not include contemporaneous
controls.
Although there is limited information available

on the efficacy of carboplatin on recurrence in pa-
tients with chemotherapy-naive malignant glioma,
the results with labradimil compare favourably
with those reported by Yung et al.[67] They evaluated
a group of young patients with good performance
status, approximately half of whom had a glioblas-
toma and half an anaplastic astrocytoma. The partial
response rate reported in this study was only 14%.[67]
The chemotherapy-naive patients receiving car-

boplatin plus labradimil also exhibited statistically
enhanced survival when compared with historical
controls (patients that received carboplatin alone)
chosen prospectively from the Medical Research
Council database.[68] Once again, no evidence of
enhanced neutropenia or other carboplatin-related
toxicity was observed.
In summary, these data demonstrate that labrad-

imil can permeabilise the BBTB in patients with
glioma and offer suggestive evidence that significant
patient benefit might be achieved when labradimil
is combined with carboplatin.
A more recent dose-escalation study investigated

a range of labradimil doses in patients with brain
metastases originating from small cell (SCLC) and
non-small–cell (NSCLC) lung cancer (unpublished
data). Doses began at 300 ng/kg and were escalated
to 1800 ng/kg. Response rates were determined by
magnetic resonance imaging (MRI), with patients
grouped into 3 general dose levels (300 ng/kg, prior
maximum human dose, n = 53; 450 to 1050 ng/kg,
intermediate dose escalation, n = 13; 1200 to 1800
ng/kg, target range based on calculations from an-
imal studies, n = 13). Patients were reasonably well
matched across a number of important variables,
including number of cerebral metastases, prior brain
surgery, prior radiation therapy and prior chemo-
therapy. Blinded analysis of the MRIs was used as
a surrogate marker for response rates (i.e. partial
and complete response, combined).

Since previous studies of carboplatin for treat-
ing patients with SCLC and cerebral metastases
demonstrated concordance between the response
rate for the primary lesion and the metastases[69] it
has been hypothesised that the BBB in SCLC me-
tastases is not a barrier to carboplatin therapy.
Rather, SCLC metastases appear to be insensitive
to carboplatin treatment. The results from the cur-
rent trial in patients with SCLC are consistent with
this idea. The response rate for the SCLC metasta-
ses was equivalent to that reported elsewhere for
primary tumours and their cerebral metastases
treated with carboplatin and, as expected, no ben-
efit of labradimil plus carboplatin was seen in these
patients.[69] A preliminary analysis of the NSCLC
patients given less than 1200 ng/kg exhibited re-
sponse rates of only about 15%. However, patients
given the preclinically-defined target dose of over
1200 ng/kg of labradimil exhibited a response rate
of 50%. Because it is generally accepted that the
response rate of NSCLC to chemotherapy is very
low, a response rate of 50%, without severe toxic-
ity, might be considered remarkable by many au-
thorities.[70] Thus, these preliminary data in NSCLC
confirm the prior results obtained in animals as
well as the extrapolation to humans regarding the
dose level required (and projected plasma concen-
trations necessary) to achieve reliable benefit from
labradimil.
Interim reports of adverse events have been also

obtained from a preliminary analysis of the first 2
cycles of treatment in the dose-escalation studies
(unpublished data). At doses above 300 ng/kg, 2
new adverse events were seen: urinary urgency and
a mental sensation similar to a post-alcohol ‘hang-
over’. The events were mild to moderate in inten-
sity, began during the infusion and resolved rapidly
upon completion of the infusion. The incidence of
both events was 36% at the higher dose. A number
of adverse events that had occurred occasionally at
300 ng/kg were seen more frequently in the mid and
higher dose groups, including dry mouth, diarrhoea/
urge to stool, dyspepsia and abdominal pain. All
events began during the infusion and resolved rap-
idly upon completion of the infusion. In a single
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patient in the mid-dose group, the abdominal pain
was severe, but did not require discontinuation of
the infusion. All these events were dose-related,
mild to moderate in intensity, and considered dis-
agreeable rather than hazardous.

4. Conclusions

The information presented in this review collec-
tively describes the first successful attempt to de-
sign and develop a bradykinin B2 agonist to exploit
one particular characteristic of bradykinin, increased
BBB permeability, without inducing substantial
adverse effects. These data argue that it is possible
to develop a tolerable and potentially efficacious
B2 agonist as a drug for extensive testing in animal
models, and preliminary testing in patients indicates
that labradimil enhances the effects of concomitantly
administered chemotherapeutic agents by increas-
ing their delivery across the BBTB. Thus, these
data suggest this compound could be useful as an
adjunctive treatment in combination with chemo-
therapeutic agents for brain tumours.
The data collected with labradimil satisfy 3 key

criteria that have been identified for any drug in-
tended to pharmacologically modify the BBTB.[71]
First, labradimil consistently increases the amount
of chemotherapeutic delivered to the tumour and
BST.[31,35,37,39,40] Secondly, detailed autoradiogra-
phy studies in animals demonstrate that the distri-
bution of the chemotherapeutic within the tumour
and BST is improved, so that with labradimil, no
area of the tumour or BST escapes elevated chemo-
therapeutic concentrations.[55] Thirdly, the dura-
tion of elevated chemotherapeutic concentration
within the tumour and BST is increased.[55] Impor-
tantly, each of these effects occurs selectively in
tumour and tumour-associated tissue, with little or
no effect in normal brain distal to tumour.
On the basis of the data reviewed here, it seems

likely that similar advantages can be obtained from
many other hydrophilic chemotherapeutic agents.
Taken together, these data support the potential use
of labradimil as a unique therapeutic tool for
gliomas and other brain tumours and argue that
doses higher than those tested in earlier phase II

studies will be required to achieve reliable effects
in humans.
Although labradimil shows promise for neuro-

oncology applications, additional indications for
labradimil, involving different brain-related mala-
dies, remain to be explored, including other forms
of acute neuropathology (e.g. stroke and CNS in-
fections) and possibly chronic applications (e.g.
multiple sclerosis or Alzheimer’s disease). In this
regard, labradimil has been shown to enhance uptake
of fairly large molecules such as 20kD cytokines[53]
and 70kD dextran[31] across the BBTB, while only
much smaller compounds (e.g. aminoisobutyric acid,
loperamide and carboplatin) are able to permeate
the normal BBB with labradimil, and even then, at
only one-tenth of the rate of the tumour bar-
rier.[39,52]

It is noteworthy that while quantitative auto-
radiographic studies do not show robust or consis-
tent enhancement of small molecule penetration
into nontumour brain (although small effects are
often seen), evidence of reliable increases in non-
brain tissue have been reported with electron micro-
scopy[34] and behavioural[44] end-points. Adetailed
series of studies has also recently demonstrated
that intravenous labradimil enhances delivery of
chemotherapeutics to solid peripheral tumours and
that this leads to suppressed tumour growth and
improved survival.[72] Interestingly, while initiated
by the B2 receptor, this phenomenon nonetheless
occurs through intracellular mechanisms that ap-
pear distinct in many ways from those involved
with increased BBB permeability.[73] Thus, one
challenge for future research will be to define the
biological conditions under which labradimil is
most likely to work effectively and the chemical
constraints of the drugs that it might help deliver
to the brain and periphery, and the magnitude of
the effects that might be expected.
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