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Abstract:

Recently, we have reported that bradykinin (Bk)-induced vasodilation was selectively potentiated by a low concentration of reactive

oxygen species (ROS) generated by xanthine/xanthine oxidase system (XOX) in the coronary circulation of the isolated guinea pig

heart. In an attempt to identify a mechanism of Bk response that is amplified by XOX, we analyze here the involvement of B1/ B2

receptors and the participation of NOS/COX pathways in the Bk responses before and after intracoronary infusion of XOX in the

isolated guinea pig heart. Bk (0.3–3 pmoles) and acetylcholine (Ach) (100–300 pmoles) induced a dose-dependent coronary

vasodilation. In the presence of a non-selective nitric oxide synthase (NOS) inhibitor L-NAME (10�� M) and non-selective

cyclooxygenase inhibitor indomethacin (5 × 10�� M), vasodilation induced by Bk or Ach was inhibited. XOX infusion into the

coronary circulation augmented Bk-induced vasodilation by approximately 100–300%. This effect was sustained and was observed

at least 1h after XOX infusion. In contrast to Bk response, vasodilation induced by Ach was not modified by XOX infusion.

Surprisingly, in the presence of L-NAME+indomethacin, Bk-induced response was still amplified by XOX. In relative terms, this

effect was even more pronounced. Again, under these experimental conditions, the response to Ach remained largely unchanged. In

the presence of B2 receptor antagonist, icatibant (100 nM), Ach-induced vasodilation was unaffected, while Bk-induced vasodilaton

was abolished before and after XOX.

In conclusion, in the isolated guinea pig heart low concentration of exogenous ROS generated by XOX system resulted in a sustained

augmentation of Bk-induced coronary vasodilatation that cannot be explained by the up-regulation of B1 receptors, or the

amplification of activity of NOS-cGMP or COX pathways. The chemical identity of NOS/COX-independent component of Bk

response that is up-regulated by XOX remains to be determined. EDHF is the most likely candidate.
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clase, SNAP – S-nitroso-N-acetylpenicylamine, XOX – xan-

thine-xanthine oxidase system

Introduction

The pivotal role of O2
– and oxidative stress in endo-

thelial dysfunction in atherosclerosis, hypertension
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and heart failure is widely acknowledged [4]. Super-

oxide anions (O2
–) impair endothelium-dependent va-

sorelaxation by direct inactivation of nitric oxide [22];

moreover, the product of this reaction, peroxynitrite

(ONOO–) inhibits endothelial synthesis of prostacy-

clin (PGI2) [47]. An increased O2
– production by en-

dothelium also activates prothrombotic and proin-

flammatory phenotype of endothelium [45]. Indeed,

numerous experimental studies showed that the inhi-

bition of O2
– generation or activity resulted in the re-

versal of endothelial dysfunction [1].

There are several enzymatic sources of O2
– in the

vessel wall that contribute to oxidative stress in the

cardiovascular system, such as NAD(P)H oxidase,

respiratory mitochondrial chain or uncoupled NOS-3

[32, 42, 45]. Xanthine oxidase (XO) also gained im-

portance as a source of O2
– in vascular wall after

demonstration that the XO inhibitor, allopurinol, im-

proved endothelial function in chronic heart failure

[16] and consequently improved heart function [2] as

well as reversed endothelial dysfunction in other car-

diovascular pathologies [29].

XO is formed by proteolytic cleavage or sulfhydryl

group oxidation of xanthine dehydrogenase (XD) [3].

XD is constitutively expressed and plays an important

role in purine catabolism. There is good evidence that

XO-derived reactive oxygen species (ROS) are impli-

cated in tissue injury associated with tissue hypoxia

and inflammation such as ischemia/reperfusion injury

or multisystem organ failure [3]. Interestingly, in sys-

temic inflammation XO is present in plasma at con-

centrations of up to 1.5 milliunits/ml [25]. Circulating

XO can easily bind to negatively charged endothe-

lium [26], and then together with other sources of

O2
–, can contribute to the impairment of endothelial

function via oxidative mechanisms, for example in

coronary artery disease or in heart failure [13, 23].

Despite ample evidence of the involvement of O2
–

in tissue injury, it is also increasingly clear that tightly

controlled generation of low levels of O2
– as well as

other types of ROS plays an important role in the

adaptive regulation of vascular function by redox-

sensitive mechanisms [19]. Our recent findings seem

to be in line with this paradigm. Indeed, we demon-

strated that in the isolated guinea pig heart low con-

centration of XO infused into the coronary circulation

of the guinea pig heart (in the presence of xanthine)

led to the augmentation of bradykinin (Bk)-induced

coronary vasodilatation leaving response to acetyl-

choline (Ach) unaffected [35]. Our findings may have

a biological significance since in patients with early

stage of coronary artery disease, when Ach-induced

vasodilatation is impaired, Bk-induced vasodilation

may still be preserved [28]. Therefore, selective aug-

mentation of Bk response by a low level of ROS may

well represent an important adaptive response of the

coronary circulation subjected to oxidative stress en-

vironment. Several lines of evidence suggest that O2
–

may up-regulate B1 receptors [38], and when dis-

muted to hydrogen peroxide may sensitize soluble

guanylate cyclase (sGC) to NO [46] or increase the

activity of COX by increasing the peroxide tone [40].

Taking the above into consideration, we assessed

whether a component of Bk response that is potentiated

by XOX-derived ROS in the coronary circulation of the

guinea pig involves B1 or B2 receptors, up-regulation of

NOS or COX pathways or whether it is mediated by

NOS/COX- independent pathway of Bk response.

Materials and Methods

Langendorff preparation of guinea pig heart

The investigation conforms with the Guide for the

Care and Use of Laboratory Animals published by the

US National Institutes of Health. The experimental

procedure used in the present study was approved by

the local Animal Research Committee.

The details of the method were described else-

where [8]. Briefly, guinea pigs of both sexes and

a body weight of 300–400 g were anesthetized with

pentobarbital (30–40 mg/kg). Their hearts were iso-

lated, washed in ice-cold saline, and the coronary cir-

culation was perfused through the aorta under a con-

stant perfusion pressure of 60 mmHg using Langen-

dorff apparatus (Hugo Sachs Electronics, HSE). The

hearts were perfused with Krebs-Henseleit buffer of

the following composition (mM): NaCl 118, CaCl2
2.52, MgSO4 1.64, NaHCO3 24.88, KH2P04 1.18,

glucose 5.55, sodium pyruvate 2.0, that was equili-

brated with 95% O2 + 5% CO2 at 37oC in the oxygena-

tor with rotating disc (HSE). The hearts were paced

with 273 impulses per minute through two platinum

electrodes placed in the right atrium. Left ventricular

pressure (LVP) was measured using a fluid-filled bal-

loon inserted into the left ventricle and connected to

a pressure transducer (Isotec HSE). The end diastolic
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pressure was adjusted to 5–10 mmHg. The dP/dtmax

and dP/dtmin values were calculated from LVP signal

by an analogue differentiation amplifier (DIF module

HSE). LVP, dP/dtmax, dP/dtmin were calibrated once

a day before the experiment and then continuously reg-

istered throughout the experiment and analyzed using

specially designed software (PSCF.EXE-IGEL, Poland).

Measurement of coronary flow responses

Coronary flow (CF) was measured continuously by an

ultrasonic flow meter (HSE) connected to perfusion

line just above the aortic cannula. CF was continu-

ously registered throughout the experiment and ana-

lyzed using specially designed software (PSCF.EXE-

IGEL, Poland).

Vasodilator responses were measured both as

a magnitude of maximum increase in coronary flow

after stimulation (�CF ml/min), and as an area under

the curve of coronary flow (area of vasodilation) as-

sessed from the start of vasodilatation until the flow

returned to baseline. The area of vasodilation was ex-

pressed in arbitrary units, as in our previous studies

[8]. This approach gave a better representation of

changes in coronary vasodilatory responses induced

by XOX as it distinguished the changes in peak from

those in the duration of response.

Protocol of the experiments

The isolated heart of the guinea pig was equilibrated

at the perfusion pressure of 50 mmHg for about 10 min

and then pressure was adjusted to 60 mmHg. At that

pressure the heart was further equilibrated for 10–15 min

before the beginning of the experiment. The heart was

used for the experiment only if the following criteria

were fulfilled: (i) basal CF was 7–20 ml/min, (ii) in-

crease in CF to bolus injection of 300 pmoles of Ach

was � 2 ml/min.

Endothelium-dependent vasodilation was evoked

by intracoronary bolus injections of bradykinin (Bk,

0.3; 1; 3 pmoles) and acetylcholine (Ach, 100; 300 pmo-

les). CF responses to Bk and Ach were tested twice in

the same heart, prior to and after the infusion of xan-

thine oxidase (XO, 10 mU/ml, 30 min). Xanthine

(500 µM) was present in the perfusate from the begin-

ning of the experiments. In preliminary experiments,

we found that the addition of xanthine alone to

Krebs-Hanseleit solution did not modify Bk or Ach-

induced vasodilation. To determine mechanisms in-

volved in the amplification of Bk-induced vasodila-

tion by XOX, the experiments were performed in the

presence of a non-selective NO inhibitor L-NAME

(100 µM) and non-selective COX inhibitor indo-

methacin (5 µM) or selective B2 receptors antagonist

icatibant (100 nM). In each case, the Bk-induced and

Ach-induced responses were evoked before and after

the infusion of XO and the magnitude of response af-

ter XO was calculated as percent change vs. respec-

tive response elicited before XO. In that way, variabil-

ity in magnitude of Bk responses between prepara-

tions did not affect the results as each heart served as

its own control The time of the experiment never ex-

ceeded 3 h. XO as well as L-NAME, indomethacin

and icatibant were infused from the beginning of the

experiment by a roller pump at a rate of approximately

2% of the coronary flow (100–300 µl/min).

Reagents

Xanthine oxidase, xanthine, bradykinin, acetylcholine,

indomethacin, NG-nitro L-arginine methyl ester

(L-NAME) were from Sigma, USA, icatibant (HOE

140) was a gift from HMR GmbH, Germany. All

drugs were dissolved or prepared from stock solutions

ex tempore.

Statistical analysis

Results were expressed as the means ± SEM of con-

trol response (% of response recorded before XOX)

for at least 4–5 experiments, unless stated otherwise.

Statistical significance within the group was evalu-

ated by paired Student’s t-test. Significance of differ-

ences between groups were established by a single-

factor analysis of variance (ANOVA) followed by t

test for multiple comparison. A p value lower than

0.05 was considered significant.

Results

Basal coronary flow (CF) and basal contractility (dp/dt)

in the isolated guinea pig heart were 16.7 ± 1.9 ml/min

and 627.5 ± 106.0 mmHg/s, respectively.

Infusion of XO (10 mU/ml, 30 min) in the presence

of exogenous xanthine (0.5 mM) induced a transient

decrease in CF (from 16.7 ± 1.9 ml/min to 14.5 ±
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2.4 ml/min) that returned to the basal value (16.7 ±

2.9 ml/min) by the end of XO infusion. After the XO

infusion had been finished, CF increased (to 19.3 ± 3.8

ml/min). Infusion of XO caused also a transient de-

crease in dp/dt (from 627.5 ± 106.0 to 442.0 ± 95.4

mmHg/s).

After XO infusion Bk-induced vasodilation was

augmented by approximately three- to ten-fold, de-

pending on whether it was measured as CF or as an

area of vasodilation (Fig. 1, 2). At the same time, the

response to Ach was unchanged or even slightly im-

paired by XO (Fig. 1, 3). The augmentation of Bk-

induced vasodilatation by XO was persistent. It was still

present at least 1h after the end of XO infusion (Fig. 1).

Simultaneous inhibition of NOS and COX with L-

NAME (100 µM) plus indomethacin (5 µM) resulted

in a profound attenuation of Bk-induced and Ach-

induced responses expressed as an area of vasodila-

tion (Fig. 2B). When responses were expressed as

�CF, the effect of L-NAME + indomethacin was ob-

served only for higher doses of Bk but not for Ach

(Fig. 2A). Importantly, even in NOS/COX-deficient

heart XO infusion substantially amplified response to

Bk, while response to Ach remained unchanged (Fig.

2, 3). When Bk response was expressed as the area of

vasodilation XO-augmented response to Bk in NOS

and COX-deficient heart reached approximately the

magnitude of the response to Bk in control hearts (in

which NOS and COX pathways were preserved) (Fig.

2B). When calculated as �CF, Bk response aug-

mented by XO in the NOS and COX-deficient heart

even exceeded the magnitude of control response to

Bk amplified by XOX in hearts in which NOS and

COX pathways were preserved (Fig. 2A). Thus, in

relative terms, Bk-induced vasodilatation was potenti-

ated by XOX even to a greater extent in the NOS and

COX-deficient heart than in control conditions.

An antagonist of B2 receptors, icatibant (100 nM) ab-

rogated Bk-induced response while it was without in-

fluence on Ach-induced vasodilation. Importantly, af-
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Fig. 2 Potentiation of coronary flow responses to bradykinin induced by xanthine/xanthine oxidase (XOX) in the absence and in the presence of
L-NAME (10

��
M) and indomethacin (5 � 10

��
M) in the isolated guinea pig heart. Results represent the the mean ± SEM from at least n = 3 ex-

periments and are expressed as �CF (A) or as the area of vasodilation (B). Xanthine (5 � 10
��

M) was present in the perfusate from the begin-
ning of the experiment, XO was infused at a concentration of 10 mU/ml for 30 min
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Fig. 1. A representative tracing from the experiment with the isolated
guinea pig heart showing xanthine/xanthine oxidase (XOX)-induced
potentiation of the coronary vasodilator response to bradykinin (Bk).
This effect was still visible 1h after the end of the XOX infusion. In con-
trast to Bk, response to acetylcholine (Ach) was not amplified by
XOX. Xanthine (5 � 10

��
M) was present in the perfusate from the be-

ginning of the experiment. XO was infused at a concentration of
10 mU/ml for 30 min



ter XO, Bk-induced vasodilation also remained abro-

gated by icatibant (Fig. 4).

Discussion

Previously we demonstrated that XOX-derived ROS

augmented coronary vasodilator response to Bk while

responses to other endothelium-dependent (ADP,

Ach) and endothelium-independent (SNAP) vasodila-

tors were not changed [35]. Here we further analyzed

this phenomenon in the same preparation of the iso-

lated guinea pig heart. We found that Bk-induced

coronary vasodilation amplified by XOX was medi-

ated by B2 but not by B1 receptors. Moreover, XOX

was able to potentiate Bk-induced response also when

NOS and COX were inhibited. These results suggest that

major mechanisms involved in the up-regulation of Bk-

induced vasodilation by low level of ROS relied neither

on NOS- nor on COX-mediated vasodilator pathways.

Our data confirmed that in the isolated guinea pig

heart Bk acted exclusively via B2 receptors. Up-

regulation of B1 receptors by ROS that could be re-

lated either to the translocation of receptors to the

caveolae or to receptor induction [31] did not occur

under our experimental conditions. Obviously, XOX-

induced amplification of Bk response was exerted

within a short period of time, too short, it seems, to in-

duce protein synthesis or the translocation of pre-

formed B1 receptors to the membrane [38]. Indeed, it

was shown recently that the up-regulation of B1 re-

ceptors in the isolated portal vein in response to tissue

damage required at least 3 h [33].

Previously, we excluded the possibility that XOX-

derived ROS increased Bk response in the isolated

guinea pig by the inactivation of endothelial angio-

tensin converting enzyme (ACE) [35]. This assump-

tion was based on the fact that XOX did not influence

coronary vasoconstriction induced by exogenous

angiotensin I that was converted to angiotensin II by

endothelial ACE. Moreover, we also excluded the in-

volvement of neutral endopeptidase (NEP), another

enzyme implicated in the degradation of Bk that was

suggested to be prone to oxidative modification [14].

Indeed, in the isolated guinea pig heart NEP inhibition

by thiorphan (1 µM) did not modify response to Bk

(data now shown).
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Fig. 4. A representative tracing from the experiment with the isolated
guinea pig heart showing abrogation of coronary vasodilation in-
duced by bradykinin (Bk) in the presence of icatibant (10

��
M), both

before and after the infusion of xanthine oxidase. Xanthine (5 � 10
��

M)
was present in the perfusate from the beginning of the experiment.
XO was infused at a concentration of 10 mU/ml for 30 min

Fig. 3. Lack of the potentiation of acetylcholine (Ach)-induced re-
sponse by XOX in the isolated guinea pig heart. Results represent the
mean ± SEM from at least n = 3 experiments and are expressed as
�CF (A) or as an area of vasodilation (B). Xanthine (5 � 10

��
M) was

present in the perfusate from the beginning of the experiment, XO
was infused at a concentration of 10 mU/ml for 30 min



Therefore, amplification of Bk-induced response

by XOX in the isolated guinea pig heart was not re-

lated to the recruitment of B1 receptors or to Bk deg-

radation by ACE or NEP. It was rather related to the

oxidative modification of a signalling protein(s) in-

trinsically involved in Bk-mediated vasodilation in-

duced by activation of B2 endothelial receptors. It is

well known that Bk-induced coronary vasodilation in-

volves several endothelium-dependent mechanisms

such as NO, PGI2 and EDHF. Here our approach was

to compare the ability of XOX to potentiate Bk re-

sponse when NOS-sGC and COX pathways were ac-

tive or pharmacologically eliminated. Our aim was to

assess whether peroxide tone-dependent up-

regulation of sGMP activity [20] or COX activity [18]

could contribute to this phenomenon.

Obviously, NOS and COX inhibition resulted in

profound diminution of Bk and Ach-response (ex-

pressed as an area of vasodilation). Interestingly, this

inhibition was less pronounced when BK or Ach re-

sponses were expressed as CF. Previously, when in the

same preparation 300 µM L-NAME was used [12],

�CF for Bk or Ach was substantially blunted by L-

NAME suggesting that the role of NO pertains to the

duration of the above coronary responses rather then

to the peak of these responses. One may, therefore,

suggest that the contribution of NO to the peak re-

sponse could be only seen with the maximum effec-

tive concentration of L-NAME. Our results are in line

with other studies showing differential contribution of

NO and other vasodilator mechanisms to the peak and

to the duration of the coronary vasodilation induced

by various stimuli [21, 24, 27, 30, 36]. For example,

NO regulates the duration rather than the peak re-

sponse of coronary reactive hyperemia [6, 24, 30].

Importantly, here we demonstrated that XOX ampli-

fied Bk-induced, but not Ach-induced coronary re-

sponses. These data confirm our previous suggestion that

the XOX effect described by us is specific for Bk [35].

Surprisingly, in NOS/COX-deficient heart XOX

was still able to potentiate Bk response. Taking into

consideration the differential contribution of vasodila-

tor mechanisms to the peak and the duration of vari-

ous coronary responses, we analyzed the amplifica-

tion of Bk response by XOX again not only in terms

of �CF but also as an area of vasodilation. In absolute

values, �CF response to Bk after XOX in the

NOS/COX-deficient heart was similar to that for Bk

response in control hearts after XOX. In contrast, in

absolute values, an area of Bk vasodilation after XOX

in the NOS/COX-deficient heart was smaller than the

respective values in control hearts (Fig. 2A, B). Ac-

cordingly, in relative terms augmentation of Bk re-

sponse by XOX in the NOS/COX-deficient heart was

greater than in hearts with preserved activities of NOS

and COX, and the relative contribution of

NOS/COX-independent component to the peak and

the duration of response differed. The NOS/COX-

independent component was the major contributor to

maximum coronary flow response amplified by XOX

(as assessed by �CF). However, the duration of Bk-

induced vasodilation (as assessed by the area of vaso-

dilation) was determined by both NOS/COX-

dependent as well as by NOS/COX-independent com-

ponents. Apparently, the up-regulation of the

NOS/COX-independent pathway by XO may lead to

the secondary enhancement of the activity of the

NOS/COX pathway [44].

We also tested the hypothesis whether XOX-

derived ROS lead to the augmentation of guanylate

cyclase-independent mechanisms of NO-induced

vasodilation, involving SERCA-mediated Ca++ up-

take [9]. In our experiments, however, the addition of

a guanylate cyclase inhibitor, ODQ to L-NAME pre-

treated hearts did not change Bk-induced response be-

fore and after XOX (data not shown). Apparently,

NO-dependent component of Bk response was en-

tirely mediated by soluble guanylate cyclase before

and after XOX. Thus, the recruitment of guanylate

cyclase-independent mechanism of NO-mediated re-

sponse to Bk was also unlikely to contribute to the

augmentation of Bk response after XOX.

Taken together, our data suggest that the NOS-

sGC/COX independent component of Bk-induced re-

sponse could be attributed to EDHF and its potentia-

tion by XOX to the oxidative modification of potas-

sium channels involved in EDHF-mediated vasodila-

tion [41]. Interestingly, ROS may increase the activity

of cytochrome P450 enzymes [5, 43]. Moreover,

a facilitatory role of EDHF in NO-dependent relaxa-

tion was shown [44]. Still the nature of EDHF re-

mains controversial. Previously in the isolated guinea

pig heart K+ ions, KATP channels, KCa++ channels, gap

junctions as well as cytochrome P450 epoxygenases-

derived EETs were postulated to constitute the EDHF

component in response to Ach or adenosine [10, 11,

15, 34, 37, 39]. In other species, for example in por-

cine coronary arteries. CYP 2C-derived metabolites

of arachidonic acid acted as EDHF [17]. Although in

the guinea pig heart the involvement of NOS and
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COX in Bk-induced response was studied thoroughly

[7, 15, 43] the nature of EDHF component of Bk re-

sponse in this preparation is still not clear. Previously,

we observed that neither sulfaphenazole, a selective

inhibitor of CYP 2C, nor miconazole, a selective in-

hibitor of �-epoxygenase, inhibited Bk-induced coro-

nary vasodilation in the isolated guinea pig hearts.

Moreover, in our hands, sulfaphenazole did not change

XOX-dependent augmentation of coronary vasodilation

evoked by Bk (data now shown). Apparently, EDHF

component of Bk that was amplified by XOX did not

depend on cytochrome P450 epoxygenases-derived

EETs. It could well be also that the chemical identity of

EDHF released by Bk differs from that released by Ach.

In summary, although ROS, at high concentrations

impair vasodilatation by scavenging NO and lead to

the inhibition of PGI2 synthesis, low amounts of ROS

generated by xanthine oxidase/xanthine system dura-

bly augmented Bk but not Ach-induced vasodilation

in the coronary circulation of the isolated guinea pig

heart. The potentiation of bradykinin response by

XOX did not involve the up-regulation of B1 recep-

tors or inactivation of ACE or NEP. This phenomenon

relied on the up-regulation of the NOS/COX-

independent component of Bk response. Most likely,

oxidative modification of an intracellular target in-

volved in EDHF signalling pathways triggered by Bk

was involved. Oxidation of sulfhydryl group in a po-

tassium channel involved in EDHF signalling seems

to be a likely candidate. Obviously, the identity of

ROS involved in the phenomenon (O2
–, H2O2, other

species) needs to be determined. We suggest that the

phenomenon described here represents an adaptive re-

sponse of coronary circulation to oxidative stress and,

therefore, further studies on the mechanisms involved

are worthwhile.
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