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1 Haeme oxygenase (HO) is an enzyme mainly localized in the smooth endoplasmic reticulum and
involved in haeme degradation and in the generation of carbon monoxide (CO). Here we investigate
(1) whether the inducible isoform of HO (HO-1) is expressed in the isolated heart of the guinea-pig
and (2) the functional significance of HO-1 on the response to antigen in isolated hearts taken from
actively sensitized guinea-pigs.

2 Both the HO-1 expression and activity are consistently increased in hearts from guinea-pigs
pretreated with hemin, an HO-1 inducer (4 mg kg™' i.p., 18 h before antigen challenge). The
administration of the HO-1 inhibitor zinc-protoporphyrin IX (ZnPP-IX, 50 umol kg~', i.p., 6 h
before hemin) abolished the increase of both the HO-1 expression and activity.

3 In vitro challenge with the specific antigen of hearts from actively sensitized animals evokes a
positive inotropic and chronotropic effect, a coronary constriction followed by dilation and an
increase in the amount of histamine in the perfusates. In hearts from hemin-pretreated animals,
antigen challenge did not modify the heart rate and the force of contraction; the coronary outflow
was significantly increased and a diminution of the release of histamine was observed. The patterns
of cardiac anaphylaxis were fully restored in hearts from animals treated with ZnPP-IX 6 h before
hemin.

4 In isolated hearts perfused with a Tyrode solution gassed with 100% CO for 5 min and
successively reoxygenated, the response to antigen was similar to that observed in hearts from
hemin-pretreated animals.

5 Pretreatment with hemin or the exposure to exogenous CO were linked to an increase in cardiac
cyclic GMP levels and to a decrease of tissue Ca** levels.

6 The study demonstrates that overexpression of HO-1 inhibits cardiac anaphylaxis through the
generation of CO which, in turn, decreases the release of histamine through a cyclic GMP- and
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Ca?"-dependent mechanism.
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Introduction

In a recent population-based study (Yocum et al., 1999; see
also the commentary by Weiler, 1999), the average annual
incidence rate of anaphylaxis was 21 for 100,000 people; the
hospitalization rate was 7% and one patient died showing
that anaphylaxis is common and may be fatal. Among the
cohort studied, 41% of patients had cardiovascular symp-
toms such as tachyarrhythmias, hypotension and cardiac
arrest. The model incepted by Cesaris Demel (1910), in which
the challenge in vitro with a specific antigen of isolated heart
preparations from actively sensitized animals results in an
increase in rate and strength of contraction, arrhythmias and
sudden changes in coronary outflow, provides a reproducible
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tool to study the cardiac anaphylactic reaction. Cardiac
anaphylaxis is widely recognized as an example of type I
hypersensitivity in which the release of histamine from
resident cardiac mast cells participates in myocardial damage
(Capurro & Levi, 19795).

Our previous experiments have shown that autacoids down-
regulate the response to antigen in isolated hearts of actively
sensitized guinea-pigs. Histamine itself abates the immunolo-
gically induced increase in rate and strength of cardiac
contraction showing an autocrine down-regulation of cardiac
anaphylaxis (Blandina et al., 1987). The peptide hormone
relaxin and nitric oxide donors fully inhibit the cardiac
response to antigen by decreasing the amounts of histamine
released (Masini et al., 1994c). Consistently, these effects may
be accounted for by the inhibition of the immunological release
of histamine from mast cells (Masini ez al., 1994b).
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We have recently shown that carbon monoxide (CO) is a
powerful inhibitor of the immunological activation of guinea-
pig mast cells and of human basophils. In isolated purified
guinea-pig mast cells from actively sensitized animals, the
release of histamine by antigen is decreased in hemin-
pretreated animals and after in vitro exposure to CO, in a
way which is coupled with the increase in cyclic GMP levels
and the decrease of intracellular Ca>* (Ndisang et al., 1999).
The same effects were obtained in human basophils exposed
to anti-human-IgE (Mirabella et al., 1999).

The involvement of CO in the control of cardiovascular
tone in a manner similar to NO has stirred a great interest
recently. Motterlini ez al. (1998) have provided evidence for a
crucial role of the haeme oxygenase (HO) / CO pathway in the
regulation of blood pressure under stress conditions in vivo, by
showing that the suppression of the hypertensive response
after surgical stress in rats was correlated with a significant
over expression of HO-1 in the heart, as well as increased
production of aortic CO and of cyclic guanosine monopho-
sphate (cyclic GMP). Several lines of evidence also demon-
strate that hypoxia induces HO-1 expression and activity in
vascular endothelial and smooth muscle cells, suggesting that
the HO signalling pathway provides an endogenous adaptive
defence mechanism against oxidative stress (Siow et al., 1999).
Myocardial ischaemia followed by reperfusion leads to a
coordinated expression of mRNA encoding HO-1, proposing
that myocardial adaptive response to ischaemia involves up-
regulation of HO-1 in cells of perivascular region, and that
this enzyme may participate in regulating vascular tone via CO
(Sharma et al., 1999). Moreover, inhalation of CO attenuates
fibrin deposition and expression of plasminogen activator
inhibitor-1 (PAI-1) in mice undergoing lung ischaemia-
reperfusion (Fujita et al., 2001).

The aim of the present study is to evaluate whether
manipulation of the HO pathway could modulate the
response to antigen of isolated hearts from actively sensitized
guinea-pigs, and to correlate the changes in the mechanical
responses with the release of histamine and the intracellular
levels of second messengers. We have also studied whether
the administration of exogenous CO could mimic the effects
of the increased expression and activity of HO-1.

Methods

Forty-eight male adult albino guinea-pigs (Dunhin-Hartley
strain) were used. They were purchased from a commercial
dealer (Rodentia, Bergamo, Italy) and quarantined for 7 days
at 22-24°C on a 12-h light, 12-h dark cycle before use.
Standard laboratory chow (Rodentia), fresh vegetables, and
water were available ad libitum. The experimental protocol
was designed in compliance with the recommendations of the
European Economic Community (86/609/CEE) for the care
and use of laboratory animals and was approved by the
animal care committee of the University of Florence
(Florence, Italy). At the end of the treatments, the animals
weighed 350—-400 g.

Cardiac anaphylaxis

The hearts were isolated from guinea-pigs of either sex (200—
400 g) sensitized by intraperitoneal and subcutaneous injec-

tions of crystallized egg albumin, 100 mg kg~' given on the
same day. The hearts were taken 15-25 days after the
sensitization. The isolated organ was perfused with Tyrode
solution at 37°C in a modified Langendorff apparatus, at a
constant pressure of 40 cm water and gassed with a mixture
of 97% 0O, 3% CO, giving a final pH of 7.42. The
composition of the perfusion fluid was as follows (mMm):
Na* 149.3, K* 2.7, Ca®* 1.8, Mg>* 1.05, CI~ 145.4, HCO
119, H,PO~4 04 and (+) glucose 5.6 (Dieterich &
Loffelholz, 1977).

Heart rate and contraction were recorded by means of a
pressure transducer connected to a clip on the apex of the
heart and recorded on a thermic writing oscillograph. The
onset and type of arrhythmias were monitored by means of a
bipolar surface electrogram. Coronary perfusates were
collected over intervals of 5 min in graduated tubes to
determine coronary flow rates and histamine release.

Cardiac anaphylaxis was elicited by injection into the
aortic cannula of 0.1 ml of 1% solution of egg albumin in
Tyrode solution 60 min after the beginning of the perfusion.
Coronary perfusates were collected every 5 min for 30 min
before and after the antigen challenge, to determine
coronary flow rates and histamine content. A first group
of animals were injected intraperitoneally with saline; a
second group of animals received hemin at a dose of
4 mg kg~! i.p. 18 h before antigen challenge. A third group
of animals were treated with zinc protoporphyrin IX (ZnPP-
IX; 50 umol kg=' i.p.); after 6 h they received hemin
(4 mg kg=! i.p.); after 18 h the hearts were isolated and
challenged with antigen. Hearts from actively sensitized
guinea-pigs were perfused with a solution of Tyrode gassed
with 100% CO for 5 minutes and successively switched to
oxygenated Tyrode for 5 min by means of a tap-controlled
switch of the Langendorff apparatus. This procedure was
repeated so that the total period of exposure to CO was
30 min. Hearts from actively sensitized guinea-pigs were also
perfused with a solution of Tyrode gassed with 100% N,
with the same method used for CO to ascertain that the
effect was not due to hypoxia.

Samples of cardiac tissue were collected for the detection of
the activity and the expression of haeme oxygenase, histamine
and total calcium content, cyclic GMP levels and mast cell
densitometry.

Determination of haeme oxygenase activity

Cardiac samples were washed, homogenized and incubated
for 30 min at 37°C with 50 ul of rat liver biliverdin reductase
necessary to convert biliverdin to bilirubin (Llesuy &
Tomaro, 1994).

The level of bilirubin was measured spectrophotometrically
using a Sigma Diagnostic Procedure (Sigma, St. Louis, MO,
U.S.A.). The method is based on the reaction of total
bilirubin with diazotized sulphanilic acid in the presence of
dimethylsulphoxide (DMSO) to give azobilirubin, which is
measured spectrophotometrically at 560 nm.

Western blot analysis of haeme oxygenase 1 and 2
Cardiac samples were homogenized in 1 ml of lysis buffer of

the following composition: 50 mmol I=!' HEPES, 5 mmol !
EDTA, 50 mmol 1-!' NaCl and 1% Triton X-100, pH 7.5
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containing complete protease inhibitor (Boehringer, Man-
nheim). Samples were kept on ice for 1h and then
centrifuged at 4°C for 30 min at 12,000 x g. The precipitated
insolubilized fraction was discarded and the protein con-
centration was determined in the supernatant by the Bradford
(1976) method. The same aliquot of protein from each
sample were electrophorized on a 12% SDS-polyacrylamide
gel using a Bio-Rad system. The proteins were transferred
overnight into a nitrocellulose membrane. The membrane was
probed with policlonal HO-1 and HO-2 antibodies at 1:1000
dilution in Tris-buffer saline, pH 7.4 for 2 h at room
temperature. After three washes with PBS containing 0.05%
(v v™!) tween 20, blot were visualized with the use of an
amplified alkaline phosphatase kit (Motterlini et al., 1998).

Determination of histamine content

The histamine content in the hearts and in the perfusates was
measured fluorimetrically by the method of Shére er al.
(1959) as modified by Lorenz et al. (1972). The authenticity
of the extracted histamine was checked through the
fluorescence spectra. The values of histamine release were
expressed as the percentage of total ‘initial’ histamine
(Mongar & Schild, 1952), i.e. the ratio between histamine
appearing in the perfusates and that remaining in the heart.

Calcium content

Total calcium content was determined by atomic absorption
spectrometry in left ventricular samples. After washing the
heart three times for 5 min with a calcium-free buffered
solution, 30 mg of tissue were dried and digested overnight at
80°C with 65% HNOs;. After acidification with 1 ml of HCl
at 32%, the samples were dried at 45°C under nitrogen.
LaCl; was added to provide a final concentration of 1% and
CaCl, was used as a standard (Masini et al., 1997). The
values were expressed as ng of calcium per mg of tissue
(d.w.t.).

Evaluation of cyclic GM P

The concentration of cyclic GMP was determined by a
radioimmunoassay kit '*I-cyclic GMP-RIA, in the presence
of 3'-isobutil-1-methylxanthine (IBMX 50 uM) to inhibit
phosphodiesterase activity (Steiner et al., 1972) added before
to hemogenate the sample. The levels of cyclic GMP were
measured in the aqueous phase of 5% TCA extracts of the
cardiachomogenates, as described previously (Masini et al.,
1994a). The values are expressed as fmol of cyclic GMP per
mg of protein. The protein concentrations were determined
by the Bradford (1976) method. The values reported are the
means+s.e.m. of eight determinations from independent
experiments performed in duplicate.

Computer-assisted densitometry of cardiac mast cells

Tissue samples were fixed by immersion in isotonic
formaldehyde-acetic acid (IFAA), dehydrated in graded
ethanol, and embedded in paraffin wax. Sections 5-um thick
were cut and stained with Astra blue which selectively binds
heparin contained in mast cell granules. Light transmittance
across mast cells, which is inversely related to their content in

secretory granules, was evaluated by a computer-assisted
method, as described previously (Masini et al., 1994a). The
mast cells were viewed by a CCTV television camera (Sony,
Tokyo, Japan) applied to a Reichert-Jung Microstar IV light
microscope (Cambridge Instruments Inc, Buffalo, NY,
U.S.A.) with a x 100 oil immersion objective, and interfaced
with an Apple Macintosh LC III personal computer through
a Videospigot card (Super-mac, Sunnyvale, CA, U.S.A.). The
card allows for the light transmitted across the microscopic
slide to be determined within a range of 256 grey levels,
which are comprised between 0 (black level) and 255 (white
level). The card also allows for a digitized image of mast cells
to be reproduced on the basis of the values estimated.
Measurements of transmittance were carried out using an
NIH 1.49 image analysis program. The transmittance of 100
different mast cells, 10 from each animal of the different
groups, was analysed and the mean transmittance value
(+s.e.m.) was calculated.

Materials

Pure 100% CO and 100% N, were obtained by gas cylinder
SOL (Italia). HEPES, EDTA, from Sigma (Milano, Italia);
NaCl, KCl, NH4Cl, KHCO; were purchased from Merck
(Darmstadt, Germany); bovine serum-albumin was bought
from Boehring (Germany); heparin from Parke-Davis
(Milano, Italia); ['*I]-cyclic GMP-RIA (Amersham, Bucks,
U.K.); rat liver biliverdin reductase from Stress Gen Biotech.
Corp. (Canada); ZnPP-IX, protoporphyrin X zinc(II) (8,13-
divinyl - 3,7,12,17 - tetramethyl -21H,23H-porphine-2,18-dipro-
pionic acid, zinc derivative) was purchased from Aldrich
Chem. Co. (Milwaukee, WI, U.S.A.).

Statistical analysis

Statistical analysis was performed using Stata statistic
software (release 5.0; Stata Corp., College Station, TX,
U.S.A.). Comparison of two groups of data were done
using unpaired-value Student’s t-test. Differences between
three groups of data were analysed using Kruskal Wallis
test. P values less than 0.05 were considered statistically
significant.

Results

The effect of hemin and hemin plus ZnPP-1X on cardiac
HO-1 activity and expression

HO activity was measured by bilirubin generation in cardiac
homogenates. The HO-1 inducer hemin given intraperitone-
ally 18 h before increased HO-1 enzymatic activity to a peak
more than 13 folds above the control levels, from
42.6413.3 ng bilirubin mg protein~' h~' in controls to
586.7 ng bilirubin mg protein~' h~' in hemin treated group
(Figure 1A).

Pretreatment of animals with ZnPP-IX 6 before hemin
injection abolished the increase in HO activity (Figure 1A).

The increase in HO activity after treatment with hemin was
reflected in an increase in the inducible isoform of the protein
(HO-1) in the heart as shown by Western blot analysis
(Figure 1B). Consistently, the HO-1 expression was reduced
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in preparations from animals treated with ZnPP-IX before
hemin (Figure 1B). The constitutive isoform of the protein
(HO-2) was not modified after hemin treatment (Figure 1B).

The effect of HO-1 modulators on cardiac anaphylaxis

Antigen challenge of sensitized hearts from control animals
resulted in a typical anaphylactic crisis, characterized by sinus
tachycardia, severe arrhythmias, increase in the strength of
contraction, and an initial diminution of the coronary
outflow followed by a sustained coronary dilatation (Figure
2A,B; Figure 3).

Hearts from sensitized animals pretreated with hemin did
not show significant changes in either rate or strength of
contraction in response to antigen (Figure 2A). Antigen
challenge of sensitized hearts from animals pretreated with
ZnPP-I1X, 6 h before hemin resulted in a complete recovery of
the positive inotropic and chronotropic responses, accom-
panied by the same changes in the coronary outflow as in
control hearts (Figure 2B and Figure 3).

The overall histamine release was evaluated within 30 min
after antigen challenge. In control experiments about 58% of
the endogenous histamine was released, a similar result of
previous experiments (Blandina et al., 1987). The amount of
histamine appearing in the perfusates in control hearts shows a
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Figure 1 (A) Haeme oxygenase activity measured as bilirubin
production and (B) HO-1 and HO-2 protein expression in control
hearts (a), in hearts from animals pretreated with hemin (4 mg kg~'
i.p.) (b) and in hearts from animals pretreated with ZnPP-IX
(50 pmol kg~ i.p.), 6 h before hemin (4 mg kg~ ' i.p.) (c). Data are
expressed as meants.e.m. of at least six experiments. *P<0.05,
Kruskal Wallis test, (b) vs (a) and (c).

peak (297.3424 ng ml~") within the first 5 min after antigen
challenge, followed by a significant decline (78.749.3 ng ml~")
at 30 min (Figure 4). In hearts from sensitized animals
pretreated with hemin the amount of histamine released after
exposure to antigen was significantly lower than control values
especially in the first S5 min (from 297.3+24 to
112.6+8.9 ng ml~!, n=8 P<0.001) (Figure 4). In contrast,
the amount of histamine released by hearts pretreated with
ZnPP-IX prior to hemin was not different from that released by
antigen-challenged control hearts (Figure 4).

Consistently, the amount of histamine retained in the heart
after antigen challenge was near to 4 fold higher in hearts
from sensitized animals pretreated with hemin (1610 ng g~'
w.w.t.) than in hearts from controls (422 ng g~ ' w.w.t., n=38
P<0.001), while in hearts pretreated with ZnPP-IX prior to
hemin it was comparable to control values (635 ng g~!
W.W.L.).

The light transmittance across mast cells, which is related
to their content in secretory granules, was markedly increased
in the hearts challenged with antigen in comparison to
controls, showing mast cell degranulation. Conversely, in
hearts from animals pretreated with hemin the light
transmittance was markedly reduced showing a decrease in
mast cell degranulation. When the animals were pretreated
with ZnPP-IX before hemin the light transmittance increased
to control values indicating the recovery of mast cells
degranulation (Figure 5).

HO activity has been reported to regulate cyclic GMP
levels through its product CO (Kharitonov et al., 1995). In
our experiments antigen challenge produces a small diminu-
tion of cardiac cyclic GMP levels. In hearts from hemin-
pretreated animals, antigen challenge is associated with a
highly significant increase in cardiac cyclic GMP levels, which
are reverted to control values in the heart from ZnPP-IX
pretreated animals (Figure 6A).

It is known that cyclic GMP inhibits intracellular Ca**
fluxes in cardiac preparations in vitro (Tohse et al., 1995) and
in vivo (Liu et al., 2001) an effect which could be relevant in
the modulation of the -calcium-dependent secretion of
histamine from cardiac mast cells (Dale & Foreman, 1984).
The present experiments show that antigen challenge of
sensitized hearts of control animals produces the expected
increase of calcium content in myocardial tissue when
compared with controls (Figure 6B).

In the hearts from animal treated with hemin, the calcium
content after antigen challenge was significantly reduced
(Figure 6B). In hearts from animals treated with ZnPP-IX
plus hemin, the rise in tissue calcium after antigen challenge
was similar to that observed in hearts from untreated
animals.

The effect of exogenous CO on cardiac anaphylaxis

Hearts from sensitized guinea-pigs were perfused for a global
period of 30 min with Tyrode solution gassed with 100% CO as
reported in methods. A slight decrease in rate and strength of
contraction and a significant increase in the coronary outflow
were observed when the hearts were returned to normal Tyrode
and exposed to antigen (Figure 7). At the time of antigen
challenge, the heart rate, contraction and coronary outflow did
not differ from the initial values. Under these conditions
exposure to antigen did not produce any significant change in
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Figure 2 Effect of antigen on the rate and strength of contraction 30 min after challenge, in hearts from actively sensitized guinea-
pigs (closed symbols), in hearts from actively sensitized guinea-pigs pretreated with hemin (open symbols) (A), and in hearts from
actively sensitized guinea-pigs pretreated with ZnPP-IX prior to hemin (as reported in Figure 1) (open symbols) (B). Data are
expressed as mean+s.e.m. of at least six experiments. *P <0.05, Kruskal Wallis test, hemin vs control and ZnPP-IX.
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Figure 3 Effect of antigen on the coronary outflow in hearts from
actively sensitized guinea-pigs (open columns), in hearts from actively
sensitized guinea-pigs pretreated with hemin (dark columns), and in
hearts from actively sensitized guinea-pigs pretreated with ZnPP-IX
prior to hemin (as reported in Figure 1) (shaded column). Data are
expressed as mean+s.e.m. of at least six experiments. *P<0.05,
Kruskal Wallis test, hemin vs control and ZnPP-IX.

heart rate and contraction (Figure 7), while producing a
sustained coronary dilatation (Figure 8). Hearts from sensitized
guinea-pigs perfused with Tyrode solution gassed with N, did
not show any significant change with respect to untreated
hearts (data not shown). The pH of Tyrode solution never
changed, while pO, slightly decreased in a comparable manner
in the solutions gassed with CO and N,.

The exposure to CO of sensitized hearts fully abates the
amount of histamine appearing in the perfusates after antigen
challenge (Figure 9). Consistently, the amount of histamine
retained in the hearts previously exposed to CO was
significantly higher than in untreated hearts and in N,
treated hearts (data not shown).

In sensitized hearts exposed to CO, antigen challenge
produces a highly significant increase in cardiac cyclic GMP
levels (Figure 10A), while the tissue calcium contents were
significantly lower than in controls (Figure 10B) and in N,
treated hearts (data not shown).

Discussion

The present experiments show that pretreatment of animals
with hemin, an HO-1 inducer, provides protection against
cardiac anaphylaxis, in that the responses to antigen is fully
abated and the release of histamine significantly reduced. The
inhibitory effect is associated with an increase in cardiac cyclic
GMP levels and a decrease of tissue calcium overload. This
effect is fully mimicked by exogenous CO and completely
antagonized by ZnPP-IX, an HO-1 inhibitor. These experi-
ments also show that pretreatment with hemin increases the
cardiac HO-1 activity and expression in a way which is timely
related to the suppression of the immune responses. The
increase in cardiac HO-1 activity and expression caused by
hemin, was abolished by the pretreatment with ZnPP-IX.

Resident cardiac mast cells, perivascularly located and
particularly concentrated in the right atrium in the vicinity of
the seno-atrial node (Giotti et al., 1966) are the main repository
of cardiac histamine. The heart is a target organ in systemic
allergic reaction due to the exocytotic degranulation of cardiac
mast cells in response to antigen challenge, leading to the
release of pre-stored mediators (histamine) and to the neo-
synthesis of leukotriens and chemokins (Capurro & Levi,
1975), in all producing the increase in rate and contraction,
arrhythmias and changes in coronary outflow. In fact, cardiac
anaphylaxis is blunted by H,-receptor blockers, such as
burinamide which does not effect the release of histamine
(Capurro & Levi, 1973), or by drugs that inhibit the
immunological release of mediator from mast cells, such as
dimaprit and imipromidine (Masini et al., 1982). We have
recently shown that hemin and CO down regulate the
immunological response of guinea-pig mast cells (Ndisang et
al., 1999). It is, therefore, possible that the lack of response to
antigen in hearts exposed to CO or from hemin pretreated
animals could be accounted for by the inhibition of the
immunological activation of cardiac mast cells induced by
exogenous or endogenously generated CO.

British Journal of Pharmacology vol 134 (8)
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Figure 4 The release of histamine induced by antigen in hearts from
actively sensitized guinea-pigs (open columns), in hearts from actively
sensitized guinea-pigs pretreated with hemin (dark columns) and in
hearts from actively sensitized guinea-pigs pretreated with Zn-PP-I1X
prior to hemin (as reported in Figure 1) (shaded column). Data are
expressed as mean+s.e.m. of at least six experiments. *P<0.05,
Kruskal Wallis test, hemin vs control and ZnPP-IX.
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Figure 5 Densitometry of mast cells from guinea-pig hearts in
control animals (a), after antigen challenge in actively sensitized
animals (b), after antigen challenge in actively sensitized animals
pretreated with hemin (c) and after antigen challenge in animals
pretreated with ZnPP-IX prior to hemin (as reported in Figure 1) (d).
Data are expressed as mean+s.e.m. of at least six experiments.
*P<0.05, Kruskal Wallis test, hemin vs control and ZnPP-I1X.

The anti-anaphylactic action of hemin and of the exposure
to exogenous CO could also be accounted for by different
mechanisms, such as the blockade of cardiac H;/H,
receptors, or the inhibition of the secretion of histamine
from repository cells due to hypoxia. Moreover, the
induction by hemin of the HO-1 activity could produce,
beside CO, two other catalytic by products of haeme
catabolism, bilirubin and ferritin (generated by released
iron) which may be capable of eliciting cytoprotection of
cardiac mast cells. However, antioxidants are poorly effective
in modulating histamine release (Mannaioni & Masini,
1988).

The occupancy by hemin of cardiac H;/H, receptors is
unlikely, since in the case of receptor blockade the release of
histamine is expected no to be decreased (Capurro & Levi,
1973), as it is in our experiments. We cannot rule out that
bilirubin and ferritin, which can function as potent anti-
oxidant molecules in vitro and in vivo (Llesuy & Tomaro,
1994), could elicit mast cell cytoprotection.
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Figure 6 (A) cyclic GMP levels in control hearts (a); after antigen
challenge (b); after antigen challenge in hearts from hemin-pretreated
animals (c); after antigen challenge in hearts from animals pretreated
with ZnPP-IX prior to hemin (as reported in Figure 1) (d). (B) Tissue
calcium levels in control hearts (a); after antigen challenge (b); after
antigen challenge in hearts from hemin-pretreated animals (c); after
antigen challenge in hearts from animals pretreated with ZnPP-IX
prior to hemin (as reported in Figure 1) (d). Data are expressed as
mean +s.e.m. of at least six experiments. *P<0.05, Kruskal Wallis
test, hemin vs control and ZnPP-IX.
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Figure 7 Effect of antigen on the rate and strength of contraction
30 min after challenge, in hearts from actively sensitized guinea-pigs
(closed symbols), and in hearts from sensitized guinea-pigs exposed to
carbon monoxide (open symbols). Data are expressed as mean-+
s.e.m. of at least six experiments. *P<0.05, Student’s t-test, CO vs
control.

However, the fact that the effect of the HO-1 inducer is
mimicked by exogenous CO and is abated by the CO-
administration of an HO-1 inhibitor, strongly suggests that
the anti-anaphylactic effect is mostly due to the increase in the
endogenous generation of CO. As far as hypoxia is concerned,
it has been shown that hypoxia is a powerful inducer of HO-1
activity in endothelial cells (Siow et al., 1999).

Activation of soluble guanilyl-cyclase by CO was found to
result in elevated levels of the second messenger cyclic GMP in
endothelial cells, vascular smooth muscle cells and platelets
(Maines, 1997). In addition, HO-1 inducers (Middendorff et al.,
2000) which increase cyclic GMP levels in guinea-pigs mast cells
and human Sertoli cells (Ndisang ez al., 1999). Conceivably the
anti-anaphylactic effect induced by hemin and by CO could be
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Figure 8 Changes in coronary outflow in response to antigen in
hearts from actively sensitized guinea-pigs (open columns) and in
hearts from actively sensitized guinea-pigs exposed to carbon
monoxide (dark columns). Data are expressed as mean+s.e.m. of
at least six experiments. *P<0.05, Student’s z-test, CO vs control.
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Figure 9 The release of histamine induced by antigen in hearts from
actively sensitized guinea-pigs (open columns), and in hearts from
actively sensitized guinea-pigs exposed to carbon monoxide (dark
columns). Data are expressed as mean+s.e.m. of at least six
experiments. *P<0.05, Student’s t-test, CO vs control.
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Figure 10 (A) cyclic GMP levels in control hearts (a); after antigen
challenge (b); after antigen challenge in hearts exposed to carbon
monoxide (c). (B) Tissue calcium levels in control hearts (a); after
antigen challenge (b); after antigen challenge in hearts exposed to
carbon monoxide (c). Data are expressed as mean+s.e.m. of at least
six experiments. *P<0.05, Student’s z-test, CO vs control.

ascribed to the concomitant increase in cardiac cyclic GMP
levels. In fact, the present experiments show that the CO-
mediated increase in cardiac cyclic GMP levels is associated
with a decrease in tissue Ca?>' concentrations, at levels
unsuitable to trigger the exocytosis of mast cell granules. The

diminution of tissue calcium concentration may be due to Ca**
sequestration by cyclic GMP (Ndisang et al., 1999). Otherwise,
CO augments outward K* current through Ca?*-dependent
potassium channels producing hyperpolarization, decreasing
Ca’" channel activation and lowering cytosolic Ca*>* below the
threshold of anaphylactic degranulation of mast cells (Wang &
Wu, 1997).

Finally, it is conceivable that the anti-anaphylactic effect of
hemin pretreatment and of exposure to CO may be due to the
release of NO. In this regard, similarities between CO and NO
have been recognized in a number of years (Barinaga, 1993).
When vascular endothelial cells in cultures are exposed to CO,
they liberate NO into the surrounding medium (Thom et al.,
1997). If the same mechanism is assumed for the isolated heart of
the guinea-pig the CO-induced release of NO could be accounted
for by the anti-anaphylactic effect, since we have demonstrated
that relaxin, an NO generator and NO donor (Masini ez al., 1995)
also exerts anti-anaphylactic actions in the same experimental
model. Interestingly, CO augments the tissue levels of NO
without changing the activity of NO-synthase, while inhibiting
NO binding to haemeproteins and increasing the intracellular
steady-state concentration of NO (Thom et al., 1999).

CO is a well recognized environmental toxicant. However,
there is a growing body of evidence, which indicates that CO
may also entail cytoprotection, especially in the heart and in the
vasculature. In isolated rat hearts, perfusates equilibrated with
5% CO elicited a consistent coronary dilatation, which was not
mediated by increased O, content and by influence on receptor
for catecholamines, adenosine and prostaglandin (McFaul &
McGrath, 1987). A similar vasodilatatory response is observed
in isolated hearts of the guinea-pigs, after hemin pretreatment
and CO exposure. In isolated rat hearts made ischaemic and
reperfused, L-arginine afforded significant myocardial protec-
tion, as evidenced by a decrease in malonyldialdehyde
formation and lactate dehydrogenase release versus controls
at the end of reperfusion. Protoporphyrin antagonizes the effect
of L-arginine, suggesting a contribution of CO in addiction to
NO for myocardial preservation (Maulik ef al., 1996).

Oxidised low density lipoprotein, hypoxia and pro-inflam-
matory cytokines induce HO-1 expression and activity in
vascular endothelial and smooth muscle cells, suggesting an
atherogenic potential of the haeme oxygenase signalling
pathway (Siow et al., 1999). However, exposure of rats to
concentrations of CO frequently found in contaminated
environments exhibits evidence of vascular oxidative injury
mediated by NO-derived oxidants (Thom et al., 1999).
Therefore, as in the case of NO which encompasses both
cytoprotection and cell injury in the cardiovascular system
(Maulik et al., 1996), the HO-1/CO signalling pathway may
afford both cardioprotection and myocardial damage, pre-
sumably according to the zonal concentration.

However, the present experiments add further support to the
concept that induction of HO-1 activity provides an endogen-
ous defence mechanism against anaphylactic reactions. The
design of drugs able to interfere with the endogenous
generation of CO (i.e. activators or inhibitors of the HO-1
pathway) could be a new approach to the modulation of the
response to antigen.
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