
Contents lists available at ScienceDirect

Biomedicine & Pharmacotherapy

journal homepage: www.elsevier.com/locate/biopha

Cyclooxygenase activity in bradykinin-induced dermal extravasation. A
study in mice and humans

Ehsan Gholamreza-Fahimia, Marion Bishaa, Janina Hahnb, Ulrich Straßenc, Michael Krybusa,
Farbod Khosravania,b,c, Thomas K. Hoffmannb, Thomas Hohlfelda, Jens Greveb, Murat Basc,
Sören Twarocka,1, Georg Kojdaa,1,*
a Institute of Pharmacology andClinical Pharmacology, University Hospital, Heinrich Heine University, Düsseldorf, Germany
bDepartment of Oto-Rhino-Laryngology, Head and Neck Surgery, Ulm University Medical Center, Germany
cOtorhinolaryngology Department, University Hospital Rechts der Isar, Munich Technical University, Munich, Germany

A R T I C L E I N F O

Keywords:
Bradykinin
Endothelium permeability
Permeability
Endothelial barrier
Angioedema
Cyclooxygenase

A B S T R A C T

Background: Non-allergic angioedema is largely driven by increased plasma levels of bradykinin and over-ac-
tivation of bradykinin receptor type II (B2), but the specific downstream signalling pathways remain unclear.
The aim of this study was to identify signal transduction events involved in bradykinin-induced dermal extra-
vasation.
Methods: Quantification of dermal extravasation was accomplished following intradermal (i.d.) injection of
bradykinin or the B2 agonist labradimil in mice with endothelial NO-synthase (eNOS) deficiency and in C57BL/
6J mice pre-treated with vehicle, NO-synthase or cyclooxygenase (COX) inhibitors. In the multicentre clinical
study ABRASE, 38 healthy volunteers received i.d. bradykinin injections into the ventral forearm before and
after oral treatment with the COX inhibitor ibuprofen (600mg). The primary endpoint of ABRASE was the mean
time to complete resolution of wheals (TTCR) and the secondary endpoint was the change of maximal wheal size.
Results: Neither NOS inhibitors nor eNOS deficiency altered bradykinin-induced extravasation. In striking
contrast, the COX inhibitors ibuprofen, diclofenac, SC560 and celecoxib significantly diminished this extra-
vasation when given before injection. As for diclofenac, a similar but significantly lower effect was observed
when given after i.d. injection of bradykinin. Similar results were obtained when bradykinin was replaced by
labradimil. In volunteers, ibuprofen significantly reduced TTCR (P < 0.001) and maximal wheal size
(P= 0.0044).
Conclusion: These data suggest that COX activity contributes to bradykinin-induced dermal extravasation in
mice and humans. In addition, our findings may open new treatment options and point to a potential activity of
drugs interfering with the release of the COX substrate arachidonic acid, e.g. glucocorticoids.

1. Introduction

Beside its well-known role as a mediator inducing inflammation and
pain [1], bradykinin is involved in the regulation of vascular tone and
capillary fluid turnover. Bradykinin-induced dermal extravasation oc-
curs in a variety of conditions such as hereditary angioedema (HAE) or

non-allergic angioedema as a side effect of cardiovascular drugs in-
cluding angiotensin-converting enzyme inhibitors (ACEi) [2], angio-
tensin II receptor type 1 blockers (sartans) [2], Sacubitril [3] and tissue
plasminogen activators [4]. In general, angioedema is a swelling of the
mucosa and/or submucosa and the skin which is usually self-limiting,
but is known to occur recurrently. It may impair breathing and
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swellings of the head and neck region, particularly in the pharynx and
the larynx, are potentially life-threatening. This condition often re-
quires emergency treatment and several days of hospitalization [5].
Other tissue locations of angioedema manifestations occurring mainly
in HAE are the gastrointestinal tract, the genital region or the ex-
tremities and are often painful [6]. Among non-allergic angioedema the
most frequent cause appears to be treatment with ACEi [7]. Worldwide,
many million patients are treated with ACEi and in view of the in-
creasing need to treat elderly and chronically ill patients with cardio-
vascular and antidiabetic drugs, one can expect increasing numbers of
drug-induced angioedema and thus increasing numbers of potentially
life-threatening events. In fact, the mortality rates of HAE in the USA
decreased between 1979 and 2010 from 0.28 to 0.06, while such rates
for other forms of non-allergic angioedema increased from 0.24 to 0.34
per million [8]. It appears quite reasonable that this increased mortality
of angioedema is at least in part associated with increased usage of
ACEi [9]. While one randomized clinical trial using the B2 inhibitor
icatibant provided evidence that over-activation of bradykinin receptor
type II (B2) is crucial in ACEi induced angioedema [10], other studies
with icatibant found no benefit [11,12] suggesting the involvement of
other mediators, e.g. substance P. However, a later clinical study con-
firmed the involvement of bradykinin in ACEi induced angioedema and
explained the obvious discrepancy between the randomized trials, e.g.
with the later time of presentation of patients in their randomized trial
[12]. In addition, consistent evidence from studies in transgenic mice
strongly suggests as well that the increase of fluid extravasation in-
duced by bradykinin is mediated by over-activation of B2 [2,13,14].

Studies in non-dermal tissues and cells have revealed that brady-
kinin signals via two distinct receptors, the bradykinin receptor type I
(B1) and B2 [1,2,15]. Among many other tissues B2 is constitutively
expressed in vascular endothelial and smooth muscle cells, while B1
expression is dependent on inflammatory mediators such as cytokines.
Activation of endothelial Gαq/11-coupled B2 results in activation of
distinct signalling pathways, including activation of phospholipase C-ß
and subsequent IP3-dependent release of intracellular calcium; activa-
tion of endothelial NO-synthase (eNOS) and subsequent generation of
NO; and activation of phospholipase A2 (PLA2) and D and subsequent
generation of prostaglandins, leukotrienes and epoxyeicosatrienoic
acids [2,16]. The aim of this study was to identify signal transduction
events downstream of B2 activation in small dermal blood vessels
which are involved in the pathophysiology of non-allergic angioedema.

2. Material and methods

2.1. Animal studies

2.1.1. Animals
C57BL/6 J mice were purchased from JANVIER LABS (Le Genest-

Saint-Isle, France). Mice of an eNOS knock-out mouse strain (eNOS−/−)
[17,18] were bred and housed in the animal facility (ZETT, UKD Düs-
seldorf, Germany). All mice used for experiments were male and 3–4
months old (24−28 g). The animals (n=3–5 per cage) received a
standard mouse chow and acidified water (pH=3–4) ad libitum. The
experiments were performed according to the guidelines for the use of
experimental animals, as given by the German ‘Tierschutzgesetz’ (ap-
proval references: 84-02.04.2012.A194, 84-02.04.2016.A114) and the
‘Guide for the Care and Use of Laboratory Animals’ of the US National
Institutes of Health. Animal studies are reported in compliance with the
ARRIVE guidelines [19,20].

2.1.2. Induction of extravasation in mouse’s skin
We used the Miles assay to quantify dermal extravasation [21].

Under anaesthesia (i.p. application of 100mg/kg ketamine and 5mg/
kg xylazine) mice received an i.v. bolus injection of Evans blue
(30 μmol/kg). Following depilation of the dorsal skin, i.d. injections
(30 μl each) of vehicle (physiologic buffer solution, PBS), bradykinin,

the specific B2 agonist labradimil [22] and histamine (2 nmol) were
applied. C57BL/6 J mice received i.v. injections of either 16mg/kg of
the NOS-inhibitor L-nitroarginine methyl-ester (L-NAME), or 5mg/kg
diclofenac, 12 mg/kg ibuprofen, 5mg/kg of the selective COX1-in-
hibitor SC-560 or 10mg/kg of celecoxib prior to the injection of Evans
blue. To study the effect of COX-inhibition on already developing bra-
dykinin-induced extravasation 5mg/kg Diclofenac was given i.p.
10min after dorsal i.d. injections of 2 nmol bradykinin, labradimil, and
histamine. Thirty minutes after the dorsal i.d. injections, the mice were
sacrificed by cervical dislocation. The dye within the skin specimens
was eluted in 1mLN,N-dimethylformamide overnight at 55 °C and
quantified at 620 nm using a spectrometer (Beckman Instruments
GmbH, Munich, Germany). The concentrations obtained were set in
relation to the wet weight of the specimens and expressed as μg dye/g
tissue. The value obtained in vehicle-treated tissue was defined as re-
ference and was set to 1, i.e., all other values from the same animal
were related to this control.

2.2. ABRASE study design

The multicentre clinical study “A Bradykinin in Skin Edema Trial
(ABRASE)” comprised 38 healthy human volunteers at three centres in
Germany. One participant was excluded by ROUT test (calculated using
Graph Pad Prism 6.07) and one participant was excluded after enrol-
ment due to withdrawal of informed consent. A more detailed study
protocol including inclusion and exclusion criteria and a table for some
characteristics of the volunteers (Tab S1) is provided in the Supporting
information available with the full text of this article. The effect of
ibuprofen on bradykinin-induced extravasation was assessed in each
volunteer. With each intradermal injection 18.9 nmol bradykinin dis-
solved in 20 μl of 0.9 % sterile isotonic saline solution (Fresenius Kabi
Deutschland GmbH, Bad Homburg, Germany) corresponding to a con-
centration of 1mg/mL was applied and compared to the effect of an
intradermal injection of 20 μl of 0.9 % saline which served as internal
control. The solutions were injected into the skin of the ventral forearm
and sizes of the forming wheals were measured for 120min at pre-de-
fined time points. Wheal sizes were measured with a calliper gauge by
recording the largest (LE) and smallest (SE) expansion of a wheal at
various time points. Consecutively, 180min after the initial intradermal
injections, volunteers took orally 600mg of IbuHEXAL® (Hexal AG,
Holzkirchen, Germany). Another 60min later, bradykinin was applied
again and wheal size was measured for 120min as described above. The
primary endpoint of ABRASE was the time to complete resolution of
wheals, as assessed at one of the pre-defined time-points of measure-
ment. The secondary endpoint was a change of the mean maximal
wheal size before and after the intervention. Ethical approval for this
study was granted by the Ethics Commission of the Medical Faculty of
the Heinrich-Heine University (Study number in the clinical trial reg-
ister of the medical faculty of the university of Düsseldorf: 2015-11-
4583, ethics committee vote number: 5339R). The data that support the
findings of this study are available on request from the corresponding
author. The data are not publicly available due to privacy or ethical
restrictions.

2.3. Compounds

All chemicals were purchased from Sigma-Aldrich (Munich,
Germany) or Merck (Darmstadt, Germany), except otherwise stated in
the text.

2.4. Statistics

All animal data expressed as mean ± S.E.M. of n individual sam-
ples were analysed by the computer program GraphPad Prism PC
software, version 6.07 (La Jolla, CA, USA). Statistical comparisons be-
tween more than two groups were performed by Tukey’s multiple
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comparison post-hoc test following One-way ANOVA.
The primary endpoint of ABRASE yielded a non-parametric data set.

Data were analysed by Wilcoxon matched-pairs signed rank test.
Changes of wheal size before and after intervention with COX-inhibitors
(secondary endpoint) were calculated by paired two-tailed t-test.
Change of wheal size over time were analysed by Two-way ANOVA and
subsequent Sidak multiple comparison post-hoc test. Post-hoc tests
were run only if F achieved P < 0.05 and there was no significant
variance inhomogeneity. P < 0.05 was considered statistically sig-
nificant.

A more detailed description of Methods and Materials is available in
the supporting information.

3. Theory

Bradykinin signalling in small dermal blood vessels is mediated by
bradykinin receptor type 2 and results in increased plasma fluid ex-
travasation eventually causing non-allergic angioedema. Gq-protein
coupling of this receptor is expected to enhance intracellular calcium
concentration in endothelial and smooth muscle cells of this type of
blood vessels. Among other important cellular proteins such as calmo-
dulin, free intracellular calcium activates phospholipase A2 and/or
endothelial NO synthase. However, the relative importance of these
protein activities for dermal extravasation is not known.

4. Results

4.1. Animal studies

We adopted the Miles assay [21] to mice in order to study dermal
extravasation in response to bradykinin in transgenic animals [23].
Intradermal injection of bradykinin induced extravasation as illustrated
by the blue dots in Fig. 1A and the response was dose-dependent
(Fig. 1B). This approach was used to investigate the importance of the
two major signal transduction pathways of bradykinin primarily ob-
served in larger blood vessels, i.e. activation of NOS and COX [2].
Histamine was used as a B2 independent control. As shown in Fig. 1C,
the global loss of eNOS had no effect on dermal extravasation induced
by bradykinin. A similar lack of effect was observed following treat-
ment of C57BL/6 J with the NOS inhibitor L-NAME (Fig. 1D) suggesting
that activation of NO signalling is rather unimportant in this setting.

To study the role of prostaglandins for the increase of permeability
by bradykinin and labradimil in small dermal blood vessels, we pre-
treated C57BL/6 J with COX-inhibitors of different specificity. This
resulted in a significant reduction of bradykinin-induced dermal ex-
travasation using the unspecific COX-inhibitor ibuprofen (Fig. 2A). A
similar effect was evident in mice treated with diclofenac (Fig. 2B).
These findings suggest a contribution of prostaglandins to the dermal
extravasation in response to bradykinin in mice. We further pre-treated
C57BL/6 J with compound SC560, a more specific COX1-inhibitor and
dermal extravasation was significantly reduced (Fig. 2C), but the effect
was smaller as compared with the effects of ibuprofen and diclofenac.
Likewise, pre-treatment of C57BL/6 J with celecoxib, a more specific
inhibitor of COX2, significantly reduced dermal extravasation (Fig. 2D),
but again to a smaller extend. These data suggest that both COX1 as
well as COX2 may be involved in the development of bradykinin-in-
duced extravasation in small dermal blood vessels of mice.

In an additional approach we tested if this effect can be reproduced
in the setting of bradykinin-induced extravasation developing already.
Therefore, treatment of C57BL/6 J with diclofenac was delayed by
10min (post-diclo) after the dorsal i.d. injections of bradykinin, lab-
radimil and histamine. COX-inhibition did not change extravasation
induced by histamine, but we observed a significant reduction of
dermal extravasation by post-diclo compared to vehicle treatment for
both B2 agonists (Fig. 3). However, the reduction of extravasation in-
duced by both B2 agonists was significantly stronger if diclofenac was
administered before i.d. injection of bradykinin (pre-diclo), while this
difference reached no significance if labradimil was used as B2 agonist
(Fig. 3). These results suggest that COX-dependent B2 signalling un-
derlying extravasation in small dermal blood vessels of mice does not
change during the development of extravasation and demonstrate the
importance of early COX-inhibition on dermal extravasation.

4.2. ABRASE study

We sought to evaluate whether the results of the animal experi-
ments would translate to humans. Bradykinin solution was applied by
i.d. injection into the forearm and the development and resolution of
wheals was monitored over time. A typical wheal developed to nearly
maximal size is shown in Fig. 4A in comparison to injection of saline.
The results according to the primary endpoint are illustrated in Fig. 4B.
The mean time to complete resolution of wheal size as compared to no

Fig. 1. Dermal extravasation in mice induced
by intradermal (i.d.) injection of bradykinin as
evaluated with the Miles assay. A Example of
the dorsal skin of mice before and after excision
of the skin specimens using a circular cutter
shown on the right. B Dose-dependent extra-
vasation induced by i.d. bradykinin (n=6
each, *P < 0.05, **P < 0.01, ***P < 0.0001
each vs. physiologic buffer solution (PBS),
Tukey’s multiple comparison test following
One-Way ANOVA). C Extravasation in C57BL/
6 J (left column) and eNOS−/− mice (n=6
each) demonstrating that the global loss of
endothelial NO-synthase doesn’t significantly
change (ns) skin extravasation induced by
bradykinin and labradimil. D Extravasation in
C57BL/6 J without (left column) and with i.v.
L-nitroarginine methyl-ester (L-NAME) pre-
treatment (n=6 each) demonstrating that
pharmacologic inhibition of NOS also doesn’t
significantly change (ns) skin extravasation
induced by bradykinin and labradimil.
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treatment (n= 38, 99.5min, 95 % confidence interval [CI],
92.2–106.8) was significantly lower after treatment with ibuprofen
(82.6 min, 95 % CI, 74.3–90.9, ***P < 0.0001, Fig. 4B).

The secondary endpoint of ABRASE was a change of the mean
maximal wheal size before and after the intervention with the COX-
inhibitor ibuprofen. As shown in Fig. 5, there was a great variation of
maximal wheal size among volunteers, both before and after inter-
vention. Statistical analysis revealed a significant reduction of mean
maximal wheal size before (n=38, 468.9 mm2, 95 % CI, 378.8–559.0)
and after ibuprofen (385.5 mm2, 95 % CI, 295.8–475.2, **P= 0.0044).

A separation of the results obtained in each study centre and the time
course of the relative and absolute wheal sizes before and after inges-
tion of ibuprofen is provided in the supporting information (illustrated
in S2).

In view of the marked variation of maximal wheal size we calcu-
lated whether the wheal size itself had a direct influence on the primary
endpoint of the study, i.e., that a greater wheal size is associated with a
prolongation of the time to complete resolution of wheals or vice versa.
To investigate this particular point, we performed a direct comparison
of maximal wheal size at the predefined measurement times for wheals
sizes. As illustrated in Fig. 6, no significant difference in the variation of
maximal wheals size between the different time points was observed
suggesting that in the ABRASE study maximal wheal size had no in-
fluence on the time to complete resolution of wheals. This implies that
the variation of wheal sizes did not interact with the primary endpoint
of the ABRASE study.

5. Discussion

The aim of this study was to get a more detailed insight into the
mechanism of action of bradykinin-induced dermal extravasation oc-
curring in a variety of conditions such as HAE or non-allergic angioe-
dema as a side effect of cardiovascular drugs. Surprisingly, activation of
eNOS does not seem to play a role in mice, while COX dependent
generation of prostaglandins appears to be critically involved. Likewise,
inhibition of prostaglandin synthesis decreased bradykinin-induced
dermal extravasation in volunteers. These data suggest that the devel-
opment of non-allergic angioedema depends on bradykinin-induced
activation of COX. In addition, our findings may point to a potential
activity of drugs interfering with the release of the COX substrate ara-
chidonic acid, e.g. glucocorticoids, in drug induced non-allergic an-
gioedema.

5.1. Studies in mice

In contrast to the lack of effect of NO, we observed a pronounced
inhibition on dermal extravasation in response to i.d. bradykinin or i.d.
labradimil in C57BL/6 by the two unspecific COX inhibitors ibuprofen
and diclofenac, which block the enzymatic activity of both isoforms of
COX. Similar results were obtained using the more COX1-specific

Fig. 2. Miles assay results in C57BL/6 J illus-
trating the effects of intraperitoneal injected
COX-inhibitors on dermal extravasation in-
duced by intradermal injection of bradykinin,
labradimil, and histamine as related to in-
tradermal injection of physiologic buffer solu-
tion (PBS). A Extravasation following pre-
treatment with vehicle (left column) and the
unspecific COX-inhibitor ibuprofen showed
that unspecific COX1/COX2-inhibition sig-
nificantly reduces skin extravasation induced
by bradykinin and labradimil (n= 5 each,
***P < 0.0001 vs. vehicle treatment). Of note,
there was no effect on extravasation induced by
histamine. Similar effects were observed after
B COX-inhibition by diclofenac (n= 6 each,
***P < 0.0001 vs. vehicle treatment), C more
COX1 specific inhibition with compound
SC560 (n= 5 each, **P < 0.01, *P < 0.05
each vs. vehicle treatment), and D more COX2
specific inhibition with celecoxib (n= 6,
***P < 0.0001, *P < 0.05 each vs. vehicle
treatment). The statistical significance was
calculated using Tukey’s multiple comparison
test following One-Way ANOVA.

Fig. 3. Miles assay results showing the effects of unspecific COX-inhibition by
intraperitoneal injection of diclofenac delayed for 10min following intradermal
injection of bradykinin or labradimil (post-diclo) in comparison to treatment
before induced extravasation (pre-diclo) in the dorsal skin of C57BL/6 J.
Extravasation is normalized to the effect induced by buffer solution (PBS). In
comparison to the vehicle treatment group (left column) extravasation induced
by bradykinin and labradimil was significantly reduced in both post-diclo
(middle column) and pre-diclo (right column) treatment groups (n=6,
***P < 0.0001, *P < 0.05 each vs. vehicle treatment). In addition, there was
a significant difference between the two time points of administration in case of
bradykinin but not labradimil (#p< 0.01 vs post-diclo). There was no effect on
extravasation induced by histamine. These data reveal the importance of early
COX-inhibition on dermal extravasation (statistical significance was calculated
using Tukey’s multiple comparison test following One-Way ANOVA).
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inhibitor SC560 and the more COX2-specific inhibitor celecoxib sug-
gesting that both COX subtypes are involved. These data suggest that
the synthesis of prostaglandins in small dermal blood vessels of C57BL/
6 in response to activation of B2 is much more important for extra-
vasation and oedema formation than activation of eNOS and sub-
sequent generation of NO. This is a striking difference to other med-
iators such as vascular endothelial growth factor and platelet activating

factor, which have been described to induce fluid extravasation pre-
dominantly via generation of NO by eNOS [24]. In addition, studies in
bovine aortic endothelial cells (EC) have shown that vascular en-
dothelial growth factor stimulated the production of NO 10-fold
stronger than that of prostacyclin [25] while BK produced about 3,5-
fold more prostacyclin than NO in porcine aortic EC [26].

Earlier experimental studies in rabbits have shown that pros-
taglandins such as PGE2 potentiate the extravasation induced by bra-
dykinin, although PGE2 itself caused only very little effects. In rabbits,
fluid extravasation and oedema formation in response to the combined
i.d. injection of prostaglandins and bradykinin was much more pro-
nounced than after i.d. bradykinin alone [27]. This synergistic effect
was attributed to the vasodilator activity of PGE2 increasing blood flow
to the site of injection [28]. As expected, the bradykinin/PGE2-induced
increase in permeability was not sensitive to the COX-inhibitors in-
domethacin and ibuprofen [27,29]. Bradykinin can stimulate genera-
tion of prostaglandins in endothelial cells of different vascular origin
[1] and releases PGE2 from isolated skin tissue [30]. Unfortunately, the
effect of bradykinin alone on extravasation in PGI2-receptor (IP) defi-
cient mice was not evaluated, although this study nicely demonstrated a
strong inhibition of dermal extravasation induced by the combination
of bradykinin/PGI2 [31]. These studies leave little doubt on the im-
portant role of prostaglandins for plasma extravasation under in-
flammatory conditions, but so far no evaluation of the role of pros-
taglandins generated in response to bradykinin has been undertaken,
e.g. on the relative involvement of different prostaglandins and the
different prostaglandin receptor subtypes. According to the suggested
vasodilator role of prostaglandins on oedema formation [28], several
prostaglandins such as E- and D-prostaglandins as well as PGI2 and their
respective receptors EP2, EP4, DP1 and IP may play a role in oedema
elicited by bradykinin in small skin vessels of mice [32,33].

Neither ibuprofen nor diclofenac completely blocked extravasation
by bradykinin. As generation of NO by eNOS was found to be rather

Fig. 4. Main results of the ABRASE study. A
Example of wheals following intradermal in-
jection of 18.9 nmol bradykinin and 0.9 %
saline (NaCl) into the upper ventral forearm of
a volunteer. Both wheals and flares were ob-
served, but only palpable wheals counted in
the course of the experiments. B The primary
endpoint of the study, that is the mean time to
complete resolution of wheals, was sig-
nificantly lower after ingestion of 600mg ibu-
profen suggesting that activation of cycloox-
ygenase by bradykinin in small dermal vessels
of the human skin contributes to the develop-
ment of wheals (n=38, ***P < 0.0001, cal-
culated using Wilcoxon matched-pairs signed
rank test).

Fig. 5. Illustration of the variation of maximal wheal size among volunteers
before and after ingestion of 600mg ibuprofen. Such changes were defined as
the secondary endpoint of the ABRASE study. Although there was a great
variation of maximal wheal sizes, a significant reduction, most likely caused by
ibuprofen, was observed (n= 38, **P=0.0044, calculated using two-tailed
paired t-test).

Fig. 6. Illustration of the relation between var-
iation of maximal wheal size and the time to
complete resolution of wheals maximal wheals
among volunteers before and after ingestion of
600mg ibuprofen. A At each time point there
was still a considerable variation of maximal
wheal size and there was no significant differ-
ence between the groups before ibuprofen
(n= 38, P= 0.7278, calculated using Kruskal-
Wallis test). B At each time point there was still
a considerable variation of maximal wheal size
and there was no significant difference between
the groups after ibuprofen (n=37, P= 0.0674,
calculated using Kruskal-Wallis test after ex-
clusion of the single value at 20min, because
single values cannot be computed by the
Kruskal-Wallis test).
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unimportant, it appears likely that other arachidonic acid metabolites
such as leukotrienes synthetized by lipoxygenases and/or epox-
yeicosatrienoic acids (EETs) synthetized by cytochrome P450 2C [16]
might be involved. The key lipases providing arachidonic acid as sub-
strates for COX, lipoxygenase or cytochrome P450 2C in cells are the six
subtypes of cytosolic PLA2, i.e. cPLA2-4A - cPLA2-4 F. Binding of Ca2+

to the C2 domain of cPLA2 initiates translocation of the enzyme from
the cytosol to the cell membrane, where the active site of the α/β hy-
drolase domain is in the correct orientation to allow substrate mole-
cules to enter the active site [34]. Subsequently, arachidonic acid is
released from the cell membrane. One important mechanism of action
underlying the anti-inflammatory effects of glucocorticoids is inhibition
of cPLA2 by induction of annexin A1 [35]. Therefore, our findings may
point to a potential activity of drugs interfering with the release of the
COX substrate arachidonic acid, e.g. glucocorticoids. Further research
using specific inhibitors of cPLA2 [36] and glucocorticoids is needed to
clarify the role of non-prostaglandin arachidonic acid metabolites in
non-allergic angioedema.

5.2. ABRASE study

The ABRASE study was initiated to investigate the role of COX ac-
tivity for bradykinin-induced extravasation in humans. Intradermal
injection of bradykinin provides an interstitial reservoir from which the
kinin is continuously released to the small dermal blood vessels. This
local increase in bradykinin results in the formation of visible and
palpable wheals as shown in Results. According to clinical trials using
the B2 antagonist icatibant for the treatment of HAE [37] and ACEi-
induced angioedema [10], the time to complete resolution of wheals
was chosen as the primary endpoint. The resolution of dermal extra-
vasation and angioedema is thought to be mediated by degradation of
bradykinin and lymphatic drain [38], but the clinical trials with icati-
bant in non-allergic angioedema suggest that inhibition of B2 activation
by B2 antagonism obviously contributes [10,37]. In this study, un-
selective inhibition of COX activity with ibuprofen significantly shor-
tened the time to complete resolution of symptoms and resulted in a
reduction of maximal wheal size suggesting that inhibition of B2 signal
transduction downstream of B2 agonism attenuates both the develop-
ment and persistence of bradykinin-induced dermal extravasation in
humans.

The effect of 600mg ibuprofen on dermal extravasation in healthy
volunteers, which is a recommended single dose to treat pain, fever and
inflammation, was smaller than the effect in mice. Beside the higher
dose per kg body weight in mice, ibuprofen was administered by i.p.
injection and not orally. It is well known, that i.p. injection results in
faster absorption associated with a shorter time to reach maximal
plasma concentration (tmax) and a higher maximal plasma concentra-
tion (cmax) [39]. This route of administration is rarely used in humans
to achieve systemic drug delivery. Therefore, it appears reasonable to
assume that the active ibuprofen plasma concentration at the time of
bradykinin injection was considerably higher in mice. In addition, the
signalling of bradykinin in small dermal blood vessels in mice might
differ from the situation in humans inasmuch as there is a greater de-
pendency on COX activity in mice. For example, in large blood vessels
of mice such as aortic ring preparations, bradykinin causes a constric-
tion that is completely dependent on COX activity induced by activation
of B2 [23,40,41]. In contrast, continuous infusion of bradykinin into the
brachial artery of humans causes vasodilation and increases forearm
blood flow, but the COX-inhibitor aspirin showed no effect [42]. Fur-
thermore, the NOS-inhibitor NG-monomethyl-L-arginine (L-NMMA)
produced a strong inhibition of bradykinin-induced human forearm
blood flow [43] while NOS did not contribute to bradykinin-induced
dermal extravasation in mice. Interestingly, increased blood flow fol-
lowing bradykinin infusion is largely dependent on vasodilation of re-
sistance vessels suggesting that in these vessels COX activation induced
by bradykinin is of less importance in humans. However, the results of

ABRASE suggest that in humans, COX activity is significantly involved
in bradykinin-induced endothelial hyper-permeability in small dermal
vessels suggesting that bradykinin signalling differs between these two
vascular beds.

ABRASE has several limitations. Ibuprofen is an unspecific COX-
inhibitor leaving the open question whether COX1, COX2 or both
contribute to the development and persistence of dermal extravasation.
Hence, an extension of ABRASE investigating the effects of the COX2
selective drug etoricoxib is planned for the near future. It remains un-
known as well which type of prostaglandin and which prostaglandin
receptor mediates the propagation of dermal extravasation. Of note, the
results of ABRASE do also not exclude a contribution of NOS-activity to
bradykinin-induced hyper-permeability. Finally, intradermal injection
of bradykinin covers just aspects of the pathophysiology of non-allergic
angioedema and it is uncertain whether COX activity plays a role in this
condition. Nevertheless, activation of B2 is a crucial step in the devel-
opment of non-allergic angioedema [10,37] and our data suggest that
COX activity contributes to bradykinin-induced extravasation in hu-
mans.

6. Conclusions

Taken together, the findings of this study provide evidence for a
contribution of COX activity in bradykinin-induced dermal extravasa-
tion in mice and humans. Identification of the prostaglandins as well as
the corresponding receptors may open new treatment options for non-
allergic angioedema and may point to a potential activity of drugs in-
terfering with the release of arachidonic acid, e.g. glucocorticoids, in
severe drug induced non-allergic angioedema such as ACE inhibitor
induced angioedema [10,37].
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