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Abstract

Background: Little is known about factors which trigger and/or contribute to

hereditary angioedema or ACE-inhibitor-mediated angioedema including varia-

tions in bradykinin type 2 receptor (B2R) expression and activity.

Methods: Protein and mRNA expression of B2R and the increase of intracellular

calcium (iCa) in response to bradykinin were monitored in porcine and murine

endothelial cells in response to NO donors or bradykinin. B2R protein expression

was evaluated in skin, heart, and lung of (i) mice with endothelial-specific overex-

pression of eNOS (eNOStg), (ii) in eNOS�/� mice and (iii) in C57BL/6 mice

treated with the NO donor pentaerythritol tetranitrate (PETN), the NOS inhibi-

tor L-nitroarginine (L-NA), plasma pool C1-INH, and the B2R antagonist icati-

bant. Aortic reactivity to bradykinin was investigated including eNOS�/� mice.

Results: B2R protein and mRNA expression remained unchanged in cells sub-

jected to L-NA, NO donors, and bradykinin in a time- and concentration-depen-

dent manner. Likewise, increases of iCa in murine brain endothelial cells

remained unchanged. B2R protein levels were similar in eNOStg and eNOS�/� as

compared to transgene-negative littermates. Likewise, treatment of C57BL/6 mice

with PETN, L-NA, C1-INH or icatibant did not change B2R protein expression.

In aortic rings of C57BL/6 mice, bradykinin induced B2R-dependent constrictions

which were attenuated by endothelial NO and abolished by diclofenac indicating

the functional importance of B2R-induced activation of endothelial NO synthase

and cyclooxygenase.

Conclusion: These data suggest that alterations of B2R protein expression

induced by NO, bradykinin, C1-INH, or icatibant unlikely contribute to bradyki-

nin-induced angioedema. This finding does not rule out a role for NO in bradyki-

nin-induced extravasation and/or angioedema.

Angioedema is a swelling of the mucosa and/or submucosa

of the skin which may impair breathing and is potentially life

threatening (1). Swellings of the head and neck region, partic-

ularly in the pharynx and the larynx, often require emergency

treatment and several days of hospitalization. Nonallergic

angioedema might be caused by hereditary disposition or is

of iatrogenic origin. According to published reports, the vast

majority of these forms of angioedema are induced by

increased bradykinin levels (2). This might be due to overpro-

duction of bradykinin as in hereditary angioedema (HAE)

and acquired angioedema. Another important cause is

decreased degradation of bradykinin by inhibition of certain

proteases and receptors of the renin–angiotensin–aldosterone
system termed (RAAS)-blocker-induced angioedema (RAE).

This is known to occur following pharmacotherapy with

ACE inhibitors (ACEi) and possibly angiotensin type 1

receptor blockers (1). In view of the reported frequencies of

ACEi use and the occurrence of angioedema as a side-effect

(0.1–0.4%), angioedema induced by ACEi is much more

common than HAE.

The role of increased formation of bradykinin in the path-

ophysiology of HAE- and ACEi-induced angioedema is now
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well accepted. However, this understanding does not explain

the often poor correlation between C1 esterase inhibitor (C1-

INH) activity in plasma and the frequency of attacks (3). It

does also not explain that only about 0.5% of patients

receiving ACEi report an episode of angioedema. Likewise,

HAE patients do not report dry cough, while this is a fre-

quent side-effect of ACEi treatment ascribed to bradykinin

accumulation in the bronchi (4). Moreover, in very few cases,

long-term pharmacologic therapy increased the attack fre-

quency in several HAE patients (5).

The role of alterations of bradykinin activity in HAE and

RAE is less well understood. This includes the regulation of

the expression of B2R. Likewise, little is known about

changes of B2R sensitivity following prolonged stimulation

with bradykinin. The same holds true for vascular NO gener-

ated in response to activation of B2R (1). Furthermore,

treatment with ACEi increases endothelium-dependent vaso-

dilation induced by acetylcholine and/or hyperemia

indicating increased vascular NO bioavailability in cardiovas-

cular patients. This has been shown in hypertension (6),

non-insulin-dependent diabetes (7), and coronary artery dis-

ease (8). The regulation of B2R might contribute to HAE

and RAE as well as to the efficacy of drugs such as C1-INH

or icatibant. In addition, such regulation might contribute to

dry cough induced by ACEi (4).

The aim of this study was to evaluate the role of NO,

bradykinin, C1-INH, or icatibant for the regulation of B2R

gene expression and activity. The regulation of expression

and activity of vascular B2R cannot be studied directly in

humans. Thus, our experimental setup consisting of investi-

gations in endothelial cells of different species and several

organs of mice including lung, thoracic aorta, and skin tissue

A B
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Figure 1 Effects of NO on B2R protein expression in endothelial

cells: (A) B2R protein expression as assessed with the Abcam

antibody in bEND.3 incubated with 10 lM DEA/NO for 3 h

(109.9 � 9.1%, n = 8) as compared to controls (100%, n = 8,

P = 0.3028) or (B) assessed with the BD antibody

(97.61 � 13.63%, n = 8) as compared to vehicle (100%, n = 8,

P = 0.8630) (C) B2R protein expression as assessed with the

Abcam antibody in bEND.3 incubated with 1 mM DETA/NO (a

NO donor leading to a sustained release of NO over 24 h), for

3 h (109.6 � 15.42%, n = 8) and for 24 h (104.8 � 3.67%,

n = 6) as compared to vehicle (P = 0.8014 One-way ANOVA) (D)

B2R mRNA expression as assessed by RT-PCR using primers

specific for murine B2R and hprt1 in bEND.3 incubated with

10 lM DEA/NO for 3 h (1.35 � 0.29 a.u.) (1.0 a.u., n = 5,

P = 0.2245). All comparisons are based on the analysis of sig-

nals on the same blot. All data are means � SEMs, and indi-

cated P-values are calculated by unpaired two-tailed Student’s t-

test or by one-way ANOVA (a.u. = arbitrary units for fluorescence

intensity). Representative Western blot examples are depicted at

the bottom of the corresponding graphs (blots were cut to con-

trol for protein load). Examples of full blots are shown in Sup-

porting Information.

© 2014 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd

Bradykinin type 2 receptor regulation Khosravani et al.



was chosen as a model to show variations in both expression

and activity of B2R including in vivo approaches.

Materials and Methods

Mice

Mice deficient for endothelial nitric oxide synthase (eNOS�/�)
(9) and mice with endothelial-specific overexpression of eNOS

(eNOStg) were used in this study (10,11). Transgene-negative

littermates (eNOSn) served as controls. In addition, C57BL6

mice were used as nontransgenic controls. C57BL/6 mice

received placebo, PETN, or Nx-nitro-L-arginine. All mice were

males and 12–20 weeks of age. Permission for the animal stud-

ies was provided by the regional government of Germany (AZ

50.05-230-3-65/99, AZ 50.05-230-3-94/00, AZ 50.05-230-18/

06). The experiments were performed according to the guide-

lines for the use of experimental animals, as given by the Ger-

man ‘Tierschutzgesetz’ and the ‘Guide for the Care and Use of

Laboratory Animals’ of the US National Institutes of Health.

Cell culture and incubation experiments

Porcine aortic endothelial cells (PAEC) were isolated from

fresh porcine thoracic aortae. Murine brain endothelial cells

(bEnd.3) were purchased. For all experiments, PAEC of pas-

sage 2–3 and bEND of passages 24–32 were used. Standard

media were replaced by media without fetal bovine serum,

and cells were subjected to the NO donors DEA/NO for 3 h

and DETA/NO (100 lM) for 24 h.

Western blotting

Western blot analysis was carried out in a blinded fashion as

described previously (12) using commercially available mouse

monoclonal antibodies directed against B2R or eNOS and a

rabbit monoclonal anti-B2R antibody (Abcam, Cambridge,

UK). Total protein levels were determined by the Bradford

method.

Real-time reverse transcription–polymerase chain reaction

Total RNA from bEND.3 was isolated using the QIAshred-

der and RNeasy kit (Qiagen, Hilden, Germany) and real-time

RT-PCR was performed with TaqMan� Gene Expression

Assays (Applied Biosystems, Weiterstadt, Germany) using

Mm01339967_m1 and Mm00446968 for mouse B2R and

hprt1. B2R mRNA expression levels relative to hprt1 were

determined using the DDCt method and expressed in arbi-

trary units.

Ca2+ measurements in bEnd.3 cells

Cells (20 000–35 000 cells/well) were loaded with a membrane

permeable fluorescent dye (Oregon Green 488 BAPTA-1AM;

Molecular Probes, Eugene, OR, USA), and Ca2+ fluorescence

measurements were performed using a NOVOstar� plate

A

B

C

Figure 2 (A) Bradykinin increased iCa2+ in bEnd.3 cells in a con-

centration-dependent manner (P < 0.0001 one-way ANOVA,

*P < 0.05 vs control, #P < 0.05 next concentration steps). ATP

(10 lM) was used as a positive control and induced a signal of

9643 � 153 a.u. (B) The increase of iCa2+ induced by 50 lM brady-

kinin was inhibited by the B2R antagonist icatibant in a concentra-

tion-dependent manner indicating dependency of B2R (P = 0.0066

one-way ANOVA, *P < 0.05 vs vehicle, #P < 0.05 vs 50 lM bradyki-

nin). (C) The increase of iCa2+ in response to bradykinin showed no

difference after preincubation for 3 h with the NO donor DEA/NO

(10 lM) in bEnd.3 cells (P < 0.0001 one-way ANOVA, *P < 0.05 vs

100 lM bradykinin, #P < 0.05 vs 100 lM bradykinin after 3 h DEA/

NO). All data are means � SEMs, and indicated P-values are calcu-

lated by Newman–Keuls test following one-way ANOVA (a.u. = arbi-

trary units for fluorescence intensity).
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reader (BMG Lab Technologies, Offenburg, Germany). Con-

centration response curves were performed by adding 10 nM–
1 mM bradykinin following the treatment with vehicle, icati-

bant (30 min), or DEA/NO (3 h). Addition of ATP (10 lM)

served as initial control for the cellular Ca2+ response.

Aortic reactivity studies

Function of the endothelium was examined by cumulative

addition of acetylcholine (Ach, 0.01–10 lM) as described pre-

viously (10). In some experiments, the endothelium was

A B

C D

FE

Figure 3 B2R protein expression in skin, lung, and left ventricular

myocardial tissue of mice. B2R protein expression in dorsal skin tis-

sue of eNOS�/� mice (A) evaluated with the Abcam antibody

(97.61 � 13.63%, n = 4) as compared to C57BL/6 mice (100%,

n = 4, P = 0.6380) and (B) evaluated with the BD antibody

(95.25 � 10.87%, n = 4) as compared to C57BL/6 mice (100%,

n = 4, P = 0.6775). B2R protein expression in lung tissue of (C)

eNOS�/� mice evaluated with the Abcam antibody (93.0 � 26.0%,

n = 5) as compared to C57BL/6 mice (100%, n = 5, P = 0.7930)

and of (D) eNOStg mice evaluated with the BD antibody

(111.6 � 18.4%, n = 12) as compared to the transgene-negative lit-

termates eNOSn (100%, n = 12, P = 0.5639). B2R protein expres-

sion in left ventricular myocardial tissue of (E) eNOStg mice

(112.2 � 13.7%, n = 10) as compared to eNOSn (100%, n = 10,

P = 0.3968) and of (F) C57BL/6 mice treated with the NOS inhibitor

L-NA (111.6 � 18.4%, n = 12) as compared to vehicle-treated

controls (100%, n = 12, P = 0.5639) both evaluated with the

BD antibody. The strain eNOStg is characterized by a 3.3-fold

endothelial-specific overexpression of eNOS (10). All comparisons

are based on the analysis of signals on the same blot. All data are

means � SEMs, and indicated P-values are calculated by unpaired

two-tailed Student’s t-test. Representative Western blot examples

are depicted at the bottom of the corresponding graphs (blots were

cut at about 55 kD and stained with the different antibodies, and

the lower part was stripped to control for protein load). Examples

of full blots are shown in Supporting Information.
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removed by gently rubbing the intimal surface with a small

wooden stick. Bradykinin (0.01–10 lM) was added by cumu-

lative application after preconstriction with phenylephrine

(0.2 lM).

Statistics

All data were analyzed by standard computer programs

(GRAPHPAD PRISM PC Software, Version 3.0, GraphPad Soft-

ware Inc., La Jolla, CA, USA, analysis of variance, ANOVA)

and a P-value below 0.05 was considered as significant.

A more detailed description of Materials and Methods is

available in the Supporting Information.

Results

Effect of NO on endothelial B2R protein expression in

cultured cells

Western blot analysis using two different B2R antibodies

revealed no effect of the NO donor DEA/NO on B2R protein

expression in bEND.3 (Fig. 1A) and PAEC (Fig. 1B). Similar

results were obtained with the NO donor DETA/NO

(Fig. 1C). Likewise, DEA/NO did not change mRNA level as

evaluated by RT-PCR (Fig. 1D). Finally, treatment of PAEC

with 100 lM bradykinin only slightly increased B2R expres-

sion to 122.8 � 21.7% (n = 6, control set to 100%, P > 0.05).

These data suggest that neither NO nor bradykinin alter the

expression of B2R in endothelial cells. Both antibodies were

evaluated for B2R and for species specificity. The results are

shown in and described in the Figs S1 and S2.

Effect of NO on B2R-induced Ca2+ signaling

As shown in Fig. 2A, increasing concentrations of bradykinin

induced increasing concentrations of iCa2+. The maximal

response obtained with bradykinin was similar to the

response observed with ATP which was used as a positive

control. The experiments were repeated using a constant con-

centration of 50 lM of bradykinin following treatment with

increasing concentrations of icatibant. This resulted in

strongly reduced increases of iCa2+ demonstrating B2R

dependency (Fig. 2B). To investigate whether NO signifi-

cantly influenced the activity of B2R, bEnd.3 cells were pre-

treated with DEA/NO. Subsequent stimulation with

increasing concentrations of bradykinin demonstrated that

NO does not change iCa2+ in response to bradykinin

(Fig. 2C), suggesting that NO has no effect on phospholipase

C signaling induced by B2R.

Effect of vascular NO bioavailability on B2R protein

expression in vivo

B2R expression was assessed in eNOS�/� mice, and a trans-

genic mouse strain was characterized by 3.3-fold endothelial-

specific overexpression of eNOS (10). B2R protein levels were

similar in dorsal skin tissue of eNOS�/� and C57BL/6 mice

as evaluated with both antibodies (Fig. 3A,B). Likewise, B2R

A

B

Figure 4 B2R protein expression in lung and left ventricular myo-

cardial tissue of mice treated with the NO donor pentaerythritol tet-

ranitrate (PETN). B2R protein expression evaluated with the BD

antibody in (A) lung tissue of C57BL/6 mice treated for 4 weeks

with 6 mg/kg/day (103.2 � 5.28%, n = 5) and 60 mg/kg/day

(118.4 � 18.9%, n = 5) as compared to vehicle (100%, n = 5,

P = 0.3916) and (B) in left ventricular myocardial tissue of C57BL/6

mice after treatment for 4 weeks with 6 mg/kg/day

(98.6 � 10.1%, n = 6) and 60 mg/kg/day (103.0 � 14.3%, n = 6)

as compared to vehicle (100%, n = 6, P = 0.8602). Treatment with

PETN showed no difference to treatment with vehicle. All compari-

sons are based on the analysis of signals on the same blot. All data

are means � SEMs, and indicated P-values are calculated by one-

way ANOVA. Representative Western blot examples are depicted at

the bottom of the corresponding graphs (blots were stripped to

control for protein load). Examples of full blots are shown in Sup-

porting Information.
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protein levels were not different in lung tissue of eNOS�/�,
eNOStg (Fig. 3C,D) and in left ventricular myocardium of

eNOStg (Fig. 3E) as compared with C57BL/6 mice. Similar

results were obtained in ventricular myocardium following

4 weeks treatment of C57BL/6 mice with L-NA (Fig. 3F) or

with the NO donor and organic nitrate PETN at two

different doses (Fig. 4) (11). Taken together, these data

confirm the in vitro data and suggest that B2R expression is

not regulated by changes of vascular NO bioavailability in

mice.

Effect of endogenous vascular bradykinin on B2R protein

expression in vivo

To study the effect of bradykinin on vascular B2R protein

expression in vivo, six groups of C57BL/6 mice were treated

once (acute) and twice (chronic) with either icatibant compet-

itively inhibiting binding of bradykinin to B2R or C1-INH

which inhibits kallikrein and thereby the generation of

endogenous bradykinin. Neither icatibant nor C1-INH

showed a significant effect (Fig. 5), suggesting that drug-

induced variations in endogenous B2R activity do not alter

B2R expression in mice.

Vascular B2R activity

Bradykinin induced concentration-dependent aortic constric-

tions with a maximal effect at 1 lM of bradykinin (Fig. 6A).

Removal of the endothelium strongly reduced the maximal

constriction from 25.2 � 2.4% of the maximal KCl response

to 7.9 � 2.1%, while treatment with L-NA increased the

contractile response (Fig. 6B). The contraction due to brady-

kinin was completely inhibited by icatibant or diclofenac

(Fig. 6A), indicating that it is mediated by endothelial B2R

activation and dependent on cyclooxygenase activity. In

eNOS�/�, aortic constrictions to bradykinin were similar to

that obtained in aortic rings treated with L-NA. Finally, aor-

tic vasoreactivity to B2R activation was not different between

C57BL/6 mice and eNOStg, although the latter expresses

much more eNOS in endothelial cells (Fig. 6C). These data

A B

DC

Figure 5 B2R protein expression in lung tissue of C57BL/6 mice

3 h after a single injection (acute) and 3 h after the last of three i.v.

injections on three consecutive days (chronic) with the B2R inhibi-

tor icatibant or the kallikrein inhibitor C1-INH (n = 5 each). (A) B2R

protein expression following treatment with icatibant as detected

with the BD antibody (P = 0.1010) or (B) the Abcam antibody

(P = 0.3298). (C) B2R protein expression following treatment with

C1 esterase inhibitor (C1-INH) as detected with the BD antibody

(P = 0.3855) or (D) the Abcam antibody (P = 0.3884). All compari-

sons are based on the analysis of signals on the same blot. All data

are means � SEMs, and indicated P-values are calculated by one-

way ANOVA. Representative Western blot examples are depicted at

the bottom of the corresponding graphs (blots were cut at about

55 kD and stained with the different antibodies, and the lower part

was stripped to control for protein load). Examples of full blots are

shown in Supporting Information.
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suggest that changes of vascular NO bioavailability in mice

can alter B2R activity without changing its expression.

Discussion

The regulation of B2R gene expression and activity is not

well understood. However, such a regulation may contribute

to overstimulation of B2R which is known to mediate to

HAE and RAE (1). The aim of this study was to investigate

whether alterations of B2R activity and the steady-state levels

of NO may change B2R expression. To address this question,

we investigated endothelial cells treated with NO donors and

bradykinin, mice with genetic variations in vascular NO

bioavailability, and normal mice that underwent pharmaco-

logic treatment to change in vivo bioavailability of NO. In

addition, C57BL/6 mice were treated with C1-INH to reduce

endogenous bradykinin levels or with icatibant to impair

binding of bradykinin to B2R. None of these cells and in vivo

models showed a variation in B2R protein expression in

myocardial, lung, and skin tissue and no change of B2R

activity in murine endothelial cells, but an NO-dependent

augmentation of mouse aortic constriction. This surprising

stability of B2R expression suggests that although NO is

important for B2R function, it has no effect on B2R activity.

Our findings also imply that even repeated therapy with C1-

INH or icatibant is unlikely associated with a reduction in

their activity.

The data obtained in this investigation are in good agree-

ment with previous reports (13, 14). However, using a repor-

ter gene, it has been shown that stimulation of B2R with

bradykinin increases B2R promoter activity in rats, suggest-

ing upregulation of this G protein-coupled receptor upon

agonist stimulation (15). In contrast, it was reported recently

that the density of B2R labeled with green fluorescent protein

and transfected in HEK 293 cells decreased upon prolonged

stimulation with inactivation-resistant bradykinin receptor

agonists. At the same time, the density of free green fluores-

cent protein increased (14). These data do not support a

mechanism including less transcription and/or less mRNA

stability, but point to a posttranslational mechanism consist-

ing of increased endocytosis of B2R and subsequent desensi-

tization and/or degradation. Most likely, this type of

regulation occurs in the absence of NO signaling as HEK

293 cells do not express eNOS (16).

A

B

C

Figure 6 Activity of bradykinin in aortic rings of mice. (A) Bradyki-

nin induced a constriction in aortic rings of C57BL/6 mice (n = 9)

which was dependent on the concentration (P < 0.0001, two-way

ANOVA) and on inhibition of eNOS by 100 lM L-NAME (n = 10), inhi-

bition of cyclooxygenase by 10 lM diclofenac (n = 4), or blockade

of B2R by 10 lM icatibant (n = 4) added to the organ bath

(P < 0.0001, two-way ANOVA, *P < 0.05 vs C57BL/6 mice, New-

man–Keuls test). (B) Bradykinin induced a constriction in aortic

rings of C57BL/6 mice (n = 4) and eNOS�/� (n = 4) which was

dependent on the concentration (P < 0.0001, two-way ANOVA) and

on the mouse strain (P < 0.0001, two-way ANOVA, *P < 0.05 vs

C57BL/6 mice, Newman–Keuls test). Treatment of aortic rings with

L-NAME augmented the constriction in C57BL/6 mice (*P < 0.05

vs C57BL/6 mice, Newman–Keuls test, n = 4) but not in eNOS�/�

(P > 0.05, Newman–Keuls test, n = 4). (C) Bradykinin induced a

constriction in aortic rings of C57BL/6 mice (n = 4) and eNOStg

(n = 4) which was dependent on the concentration (P < 0.0001,

two-way ANOVA) and on the mouse strain (P < 0.0001, two-way

ANOVA, *P < 0.05 vs C57BL/6 mice and eNOStg, Newman–Keuls

test). Inhibition of eNOS by 100 lM L-NAME added to the organ

bath augmented the constriction in C57BL/6 mice (*P < 0.05 vs

untreated C57BL/6 mice, Newman–Keuls test, n = 4) and in

eNOStg (P < 0.05 vs untreated eNOStg, Newman–Keuls test,

n = 4), while there was no difference between C57BL/6 mice and

eNOStg (P < 0.05, Newman–Keuls test, n = 4).
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In vascular smooth muscle cells, lung fibroblasts, tracheal

muscle and, in rats, in vivo B2R were shown to be upregulat-

ed by interleukin 1b (17), glucocorticoids (18), tumor necrosis

factor a (19), glucose (20), estrogen (21), and platelet-derived

growth factor (22). In contrast, there are just few reports on

B2R upregulation in endothelial cells including a response to

hypoxia and lovastatin (23, 24). These reports described sev-

eral mechanisms underlying increased B2R gene expression

involving the 30- and the 50-untranslated region of the B2R

gene, the transcription factors p53, KLF-4, and cAMP

response element binding protein (CREB), and/or CREB-

binding protein (CBP). Among those, phosphorylation of

CREB is known to occur after stimulation of vascular

smooth muscle cells with NO donors as well. This effect is

likely mediated by cGMP-dependent inhibition of phosphodi-

esterase III and subsequent accumulation of cAMP (25).

However, in the present investigation, even concentrations of

NO about 1000 times higher than the steady-state concentra-

tion of NO in the human vasculature in vivo (26, 27) did not

increase B2R expression in PAEC and bEND.3. These find-

ings match the results obtained in various mouse models in

vivo, suggesting that the NO–cGMP signal transduction path-

way is likely not involved in B2R gene expression in endothe-

lial cells. The same holds true for highly vascularized murine

tissues such as lung, myocardium, and skin.

It has been reported that long-term pharmacologic therapy

with C1-INH might increase the attack frequency in several

HAE patients (5). Although C1-INH has proven efficacy in

this disease and although the clinical experience expand to

about 30 years (28, 29), no controlled trial has ever investi-

gated its long-term efficacy and safety. C1-INH inhibits kal-

likrein, the Hageman factor (factor XII), and plasmin.

Kallikrein and the Hageman factor are crucially involved in

endogenous formation of bradykinin in a positive feedback

loop (30, 31). Therefore, C1-INH inhibits endogenous brady-

kinin formation and it has been shown previously that

human C1-INH in the concentration used in this study

strongly reduces bradykinin-induced extravasation in mice

(32). Nevertheless, C1-INH had no effect on B2R expression

in C57BL/6 mice, suggesting that the magnitude of B2R acti-

vation in vivo has no impact on B2R expression no matter

which B2R signaling pathways are activated. These findings

are in line with the observation that icatibant had no effect

on B2R expression in vivo. Icatibant inhibits B2R signaling

and is effective for the treatment of HAE (29) and most

likely RAE (33).

The results of our studies on B2R activity in cells and

mouse tissues are in good agreement with the expression data

discussed above. Monitoring of iCa following stimulation

with increasing concentrations of bradykinin demonstrated

that NO does not change the increase of iCa2+ of bEnd.3

in response to bradykinin. Thus, NO does not appear to

modulate Gaq protein-dependent bradykinin signaling (33).

As reported previously, C57BL/6 mice abdominal aortic rings

respond to bradykinin with a concentration-dependent con-

striction that is almost completely abolished by icatibant

(34). A similar B2R-mediated response could be demon-

strated in our experiments with C57BL/6 mice thoracic aorta.

Moreover, bradykinin-induced constriction was completely

inhibited by the unselective cyclooxygenase inhibitor diclofe-

nac. This finding suggests that stimulation of B2R in C57BL/

6 mice thoracic aorta releases a cyclooxygenase product that

mediates vasoconstriction. A similar observation has been

made with acetylcholine in hamster aortic rings (35).

We found that the aortic constriction to bradykinin was

almost doubled following inhibition of NOS by L-NA or in

eNOS�/� mice. Exposure of aortic rings to L-NA increased

the vasoconstrictor response to bradykinin to a level compa-

rable with that observed in thoracic aorta of eNOS�/�.
Therefore, aortic responses to B2R activation were depen-

dent on eNOS activity inasmuch as generation of NO

induced by bradykinin counteracts the vasoconstrictor effect

of bradykinin described above. However, these effects were

similar in aortic rings of mouse strains with strikingly differ-

ent bioavailability of vascular NO. This could be demon-

strated by a comparable augmentation of aortic constriction

following L-NA in C57BL/6 mice and eNOStg. Thus, the

effect of NO- on B2R-induced mouse aortic constriction

appears to be limited but this finding does not rule out a

role of NO in bradykinin-induced extravasation and/or

angioedema.
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Figure S1. Full blots showing the staining pattern of the

anti-B2R antibodies used in this study in bEND.3 (A,C) and

PAEC (B,D) with or without a 3 h incubation with 10 µM
DEA/NO. Shown are the staining pattern of (A) the mouse

monoclonal BD anti-B2R antibody in bEND.3 and (B)
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PAEC and the staining pattern of the rabbit monoclonal

Abcam anti-B2R antibody in (C) bEND.3 and (D) PAEC.

Figure S2. Full blots showing the staining pattern of the

anti-B2R antibodies used in this study in (A,B) lung and (C)

dorsal skin tissue homogenates of C57BL/6, eNOS�/� and

B2R�/�.
Data S1. Validation of B2R antibodies. The mouse mono-

clonal BD antibody binds to nonglycosylated B2R and should

show a double band at about 42 kD, while the rabbit monoclo-

nal Abcam antibody binds to glycosylated B2R and should

show a single band at about 78 kD. Surprisingly, the signal

given by the BD antibody in cell homogenates appeared rather

below 42 kD, while the Abcam antibody gave the expected

band.
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Supplementary Information

Methods and Materials

Mice. Mice were housed at 22°C in the animal facility of the university at a 12 h light-dark

cycle and received water and food ad libitum. PETN (PETN, a generous gift of Actavis

GmbH, Monheim, Deutschland) was incorporated in the food pellets in two different

concentrations to achieve the desired daily dose (1). Previous studies have shown that this

procedure resulted in measurable plasma concentrations of PETN metabolites that correlated

with the dose given (2). N-nitro-L-arginine (L-NA, Sigma, Germany) was given with the

drinking water (pH 3) in a concentration of 1,5 mg/l for 3 weeks before the experiments.

Given that the mean intake of water is 2 ml this concentration translates to a dose of 100 mg

L-NA/kg BW/day. Previous studies have shown that this dose is sufficient to achieve an

increase in blood pressure that matches that of eNOS-/- (3). All mice were monitored for

infections and other diseases every other day and only healthy mice were included in the

study experiments.

Cell Culture Porcine aortic endothelial cells (PAEC) were isolated from fresh porcine

thoracic aortae and murine brain endothelial cells (bEnd.3) cells were purchased from ATCC

(Teddington, Middlesex, UK). Cells were grown to confluence within a week to 10 days and

cultured as described previously (4). For all experiments cells of passage 2-3 were used. Cells

were cultured in Dulbecco's modified Eagle's medium (DMEM, Gibco BRL, Grand Island,

NY, USA), supplemented with 10% (v/v) fetal bovine serum (FBS, Hyclone Laboratories,

Logan, UT, USA) and 100 units/ml of penicillin/streptomycin (Sigma, St. Louis, MO, USA),

at 37°C in the presence of 5% CO2. Cells of passages 24-28 were used.

Cell Incubation Experiments Standard media was replaced by media without fetal bovine

serum and cells were subjected to the NO-donor DEA/NO for 3 h and the long-acting NO

donor DETA/NO (100 µM) for up to 24 h. After the incubation cells were scraped and
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homogenized in lysis buffer by freezing, thawing and subsequent subjection to ultrasound for

15 min at 4°C.

Western blotting. Western blot analysis was done in a blinded fashion as described

previously (5) using commercially available mouse monoclonal antibodies directed against

bradykinin type 2 receptor (B2R) and eNOS (BD Transduction Laboratories, Lexington,

Kentucky, USA) and a rabbit monoclonal anti B2R antibody (Abcam, Cambridge, UK). Total

protein levels were determined by the Bradford method (6).

Real-Time Reverse Transcription-PCR Total RNA from bEND.3 was isolated using the

QIAshredder and RNeasy kit (Qiagen, Hilden, Germany), including an on-column DNAse

digestion. Complementary DNA was synthesized from 1 µg total RNA by TurboTM DNase

(Ambion, Carlsbad, USA) according to the manufacturers´ protocol. Real time RT-PCR was

performed with TaqMan® Gene Expression Assays (Applied Biosystems, Weiterstadt

Germany) using Mm01339967_m1 for mouse AT2 detection, respectively. For normalization

purpose, co-amplification of hypoxanthine guanine phosphoribosyl transferase (hprt1) cDNA

was performed with the TaqMan® Gene Expression Assay for mouse hprt1 (Mm00446968).

Real time RT-PCR was carried out on a 7300 Real-Time PCR System (Applied Biosystems,

Weiterstadt Germany). B2R mRNA expression levels relative to hprt1 were determined using

the ΔΔCt method and expressed in arbitrary units.

Ca2+ measurements in bEnd.3 cells. Cells (20.000-35.000 cells/well) were loaded with a

membrane permeable fluorescent dye (Oregon Green 488 BAPTA-1AM, Molecular Probes,

Eugene, OR) and Ca2+ fluorescence measurements were performed by using a NOVOstar®

plate reader with a pipette system (BMG labTechnologies, Offenburg, Germany) and

evaluated using the NOVOstar®-software (7). Concentration response curves were performed

by adding 10 nM – 1 mM bradykinin following treatment with vehicle, icatibant (30 min) or

DEA/NO (3 h).
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Aortic reactivity studies Function of the endothelium was examined by cumulative addition

of acetylcholine (Ach, 0.01 to 10 µM) as described previously (8). Bradykinin (0.01 to 10

µM) was added by cumulative application after preconstriction with phenylephrine (0.2 µM)

in the presence or absence of endothelium or L-NA (100 µM). Some preparations were

preincubated with the B2R-antgonist icatibant (former Hoe-140, 10 µM) and with the non-

selective COX-inhibitor diclofenac (10 µM).

Materials If not otherwise indicated all chemicals were obtained from Sigma-Aldrich

Laborchemikalien GmbH (Seelze, Germany), Merck KGaA (Darmstadt, Germany) or Carl

Roth GmbH + Co. KG (Karlsruhe, Germany).

Statistics. All data were analyzed by standard computer programs (GraphPad Prism PC

Software, Version 3.0, Analysis of Variance, ANOVA) and are expressed as mean values and

standard error of the mean (S.E.M.). Significant differences were evaluated using either two-

way ANOVA (concentration-response curves), Newman-Keuls Multiple Comparison Test

following One Way-ANOVA (multiple comparisons) or students t-test or. A P-value below

0.05 was considered as significant.
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Supplementary Results

Validation of B2R antibodies

Several experiments were carried out to evaluate the specificity of both B2R antibodies for

binding to B2R in cells and murine tissues. The mouse monoclonal BD antibody binds to non-

glycosylated B2R and should show a double band at about 42 kD, while the rabbit

monoclonal Abcam antibody binds to glycosylated B2R and should show a single band at

about 78 kD. Incubation of bEND.3 with 10 µM DEA/NO for 3 h did not change the signal

given by the BD antibody (Fig. S1A) and similar results were obtained in PAEC (Fig. S1B)

and in bEND.3 (Fig. S1C) using the Abcam antibody. In contrast, the Abcam antibody does

not give a 78 kD signal in PAEC (Fig. S1D) indicating a variation of species specificity.

Nevertheless, both antibodies showed comparable results in bEND.3.

Surprisingly, the signal given by the BD antibody in cell homogenates appeared rather below

42 kD (Fig. S1A,B) and this result could be confirmed in lung tissue of C57BL/6, eNOS-/- and

B2R-/- using a ladder including a 40 kD protein. Fig. S2A and Fig. S2C show the results

obtained with both antibodies using the same blot, respectively, which was cut at 55 kD. The

blots shown in the middle panels of Fig. S2A and Fig. S2C were stripped and stained with a

mouse monoclonal anti-gapdh or anti actin antibody to control for protein load (lower panel).

While the Abcam antibody showed the expected signal at 78 kD (upper panel), the BD

antibody showed the double band clearly below 40 kD (approximately 38 kD for the lower

part of the double band, middle panel) which matches the observation in cells. However, the

B2R signals of both antibodies (upper panel and middle panel) were strongly reduced in lung

homogenates of B2R-/- indicating a large but not complete specificity for B2R.

Importantly, the mouse monoclonal BD antibody shows a strongly intensified signal in

eNOS-/- which was evident in each of the samples and rather indicates unspecific staining

caused by binding of the secondary anti-mouse IgG antibody. Fig S2B shows the result of a
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control experiment in which the BD antibody was omitted and the blot was incubated with

anti-mouse IgG antibody only. However, such magnification did not occur in homogenates of

dorsal skin tissue (Fig S2C). These results suggest that the use of the BD antibody in lung

tissue of eNOS-/- is inappropriate. Of note, such a false staining did not occur in lung tissue of

B2R-/- mice (Fig. S2A).



7

Supplementary Figure Legends

Supplementary Figure 1: Full blots showing the staining pattern of the anti-B2R antibodies

used in this study in bEND.3 (A, C) and PAEC (B, D) with or without a 3 h incubation with

10 µM DEA/NO. Shown are the staining pattern of (A) the mouse monoclonal BD anti-B2R

antibody in bEND.3 and (B) PAEC and the staining pattern of the rabbit monoclonal Abcam

anti-B2R antibody in (C) bEND.3 and (D) PAEC. Cells were pretreated for 3 h with vehicle

or DEA/NO as indicated. These blots were performed to evaluate the specificity of the anti-

B2R antibodies and the results were not quantified and included in the final results.

Supplementary Figure 2: Full blots showing the staining pattern of the anti-B2R antibodies

used in this study in (A, B) lung and (C) dorsal skin tissue homogenates of C57BL/6, eNOS-/-

and B2R-/-. (A) Shown are the staining pattern with the rabbit monoclonal Abcam anti-B2R

antibody (upper panel), the mouse monoclonal BD anti-B2R antibody (middle panel). The

blot was cut at 55 kD and the part shown in the middle panel was stripped to control for

protein load. (B) Shown is the staining pattern the anti-mouse IgG antibody only using

another blot (the rabbit IgG antibody showed no signal, blot not shown). These blots were

performed to evaluate the specificity of the anti-B2R antibodies and the results were not

quantified and included in the final results. (C) Shown are the staining pattern with the rabbit

monoclonal Abcam anti-B2R antibody (upper panel), the mouse monoclonal BD anti-B2R

antibody (middle panel). The blot was cut at 55 kD and the part shown in the middle panel

was stripped to control for protein load. These blots were quantified and included in the final

results.
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