Hindawi Publishing Corporation
BioMed Research International

Volume 2014, Article ID 782709, 11 pages
http://dx.doi.org/10.1155/2014/782709

Research Article

Hindawi

Glucagon Effects on *H-Histamine Uptake by
the Isolated Guinea-Pig Heart during Anaphylaxis

Mirko Rosic,"? Oberdan Parodi,” Vladimir Jakovljevic,' Maja Colic,' Vladimir Zivkovic,'

Vuk Jokovic,' and Suzana Pantovic'

! Faculty of Medical Sciences, Department of Physiology, University of Kragujevac, 69 Svetozara Markovica Street,

34 000 Kragujevac, Serbia

2 Research Center of Serbian Academy of Arts and Sciences and the University of Kragujevac, Kragujevac, Serbia
? Clinical Physiology Institute, National Council of Research, Viale G. Moruzzi 1, 56124 Pisa, Italy

Correspondence should be addressed to Suzana Pantovic; spantovic@medf.kg.ac.rs

Received 13 January 2014; Revised 3 March 2014; Accepted 3 March 2014; Published 11 May 2014

Academic Editor: Kazim Husain

Copyright © 2014 Mirko Rosic et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

We estimated the influence of acute glucagon applications on *H-histamine uptake by the isolated guinea-pig heart, during a
single *H-histamine passage through the coronary circulation, before and during anaphylaxis, and the influence of glucagon on
level of histamine, NO, O,", and H,0, in the venous effluent during anaphylaxis. Before anaphylaxis, glucagon pretreatment
does not change *H-histamine Umax and the level of endogenous histamine. At the same time, in the presence of glucagon, *H-
histamine Unet is increased and backflux is decreased when compared to the corresponding values in the absence of glucagon.
During anaphylaxis, in the presence of glucagon, the values of *H-histamine Umax and Unet are significantly higher and backflux
is significantly lower in the presence of glucagon when compared to the corresponding values in the absence of glucagon. The
level of endogenous histamine during anaphylaxis in the presence of glucagon (6.9-7.38 x 10~* uM) is significantly lower than the
histamine level in the absence of glucagon (10.35-10.45 x 10~® uM). Glucagon pretreatment leads to a significant increase in NO
release (5.69 nmol/mL) in comparison with the period before glucagon administration (2.49 nmol/mL). Then, in the presence of
glucagon, O, level fails to increase during anaphylaxis. Also, our results show no significant differences in H,O, levels before,
during, and after anaphylaxis in the presence of glucagon, but these values are significantly lower than the corresponding values in
the absence of glucagon. In conclusion, our results show that glucagon increases NO release and prevents the increased release of
free radicals during anaphylaxis, and decreases histamine level in the venous effluent during cardiac anaphylaxis, which may be a
consequence of decreased histamine release and/or intensified histamine capturing by the heart during anaphylaxis.

1. Introduction

Anaphylaxis is a serious allergic reaction in which specific
antigens provoke a sudden release of mast cell-derived
and basophil-derived mediators of allergic phenomena
including histamine, platelet-activating factor, leukotrienes,
prostaglandins, tryptase, serotonin, cytokines, and nitric
oxide (NO) [1-5]. In addition, mast cells produce reactive
oxygen species (ROS), such as superoxide anion radical (O, ")
and hydrogen peroxide (H,0,) [6], that are responsible for
the increase of histamine release from the mast cells [7,
8]. Then, released histamine causes mast cell degranulation

through stimulation of H; receptors and leads to the further
release of mast cell-derived mediators [7].

Immunologically released histamine plays a main role in
genesis of most functional changes occurring in the anaphy-
laxis [3]. This biogenic amine not only exists within the mast
cells and basophilic leukocytes, but it also could be released
by endothelial cells, aggregating platelets, lymphocytes, and
monocytes/macrophages as well as enterochromaffin-like
cells and histamine neurons [9-11]. After release, histamine
extracellular concentration is tightly regulated in order to
terminate its effects via histamine receptors on target cells.
Histamine clearance from the extracellular space occurs via



plasma membrane transporters rather than through enzyme
inactivation [12]. Although histamine plasma membrane
transporters, organic cation transporter 3 (OCT3/EMT)
[10, 12-15] and plasma membrane monoamine transporter
(PMAT) [16, 17], have been found in the heart, regula-
tion of cellular histamine uptake is still largely unknown.
Histamine provokes various cellular functions by binding
to four different G-protein-coupled receptors (H,, H,, Hj,
and H,) [18]. It causes both positive inotropic and pos-
itive chronotropic effects by stimulation of H, receptors
(19, 20]. The major arrhythmogenic actions of histamine
are H,-receptor-mediated slowing of atrioventricular (AV)
conduction and H,-receptor-mediated increases in sinus
rate and ventricular automaticity [11, 21-23]. Previous stud-
ies have shown that histamine affects atherosclerosis pro-
gression through H; receptor mechanisms [24]. Histamine
enhances the expression of adhesion molecules in vascular
endothelial cells, thereby augmenting leukocyte-endothelial
cell interactions, an important event in atherogenesis [24].
Moreover, this biogenic amine suppresses hepatic LDL
receptor expression and reduces plasma HDL cholesterol
in rats [25]. This suggests that histamine may play an
important role in lipoprotein metabolism, which may be
related to its role in the development of atherosclerosis.
Also, it has been shown that histamine increased smooth
muscle cell proliferation and migration and is implicated
in intimal thickening and atherogenesis [26]. Histamine’s
effects on coronary arteries are the result of multiple actions
of this molecule on both smooth muscles and endothelial
cells. Relaxation and constriction of coronary vessels have
been widely reported as its effects. These effects are species
specific and depend on dose of histamine, 1 diameter and ini-
tial vessel tone, as well as relative location within the coronary
circulation [27]. Previous researches also showed that Kounis
syndrome, as the concurrence of acute coronary syndromes,
is associated with mast cell activation, such as allergies and
hypersensitivity as well as anaphylactic or anaphylactoid
insults [28]. In this respect, Kounis reported that any sub-
stances which protect mast cell surface and stabilize mast cell
membrane could appear as a new therapeutic way capable
of preventing acute coronary and acute cerebrovascular
events.

Glucagon is an endogenous polypeptide hormone that
exerts positive inotropic and chronotropic effects on the
myocardial tissue [29, 30]. Cardiac effects of glucagon are
considered to be resultant from stimulation of glucagon
receptors associated with Gs protein, which cause adenylyl
cyclase (AC) activation and the consequent increase of 3',5',-
cyclic adenosine monophosphate (cAMP) production [31].
Stimulation of adenylyl cyclase leads to increase of cytosolic
Ca®" and might be involved in the inotropic effect of glucagon
[32, 33]. In that way, it induces increase in contractility
only in ventricle, but not in atrium, which appears to be
a consequence of a lower glucagon receptor density in this
tissue [29]. Andjelkovic and Zlokovic came into conclusion,
a long time ago, that glucagon pretreatment decreased his-
tamine release during anaphylaxis and thus caused beneficial
effects in the heart during cardiac anaphylaxis [1]. They
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reported that the cardiac anaphylactic crisis was markedly
reduced in the presence of glucagon and that antiarrhythmic
action of glucagon in cardiac anaphylaxis involves inhibition
of immunological histamine release, vasodilatation of the
coronary vessels, increase in sinoatrial nodal automaticity,
and enhancement of atrioventricular conduction velocity
[1]. It is considered that inhibition of histamine release and
vasodilatation probably play a major role in the mechanism
of this antiarrhythmic activity [1]. In addition, it has been
reported that glucagon influenced expression of vesicular
monoamine transporter 2 (VMAT2) by which histamine
is transported from the cytoplasm to storage vesicles of
enterochromaffin-like cells [34]. The VMAT2 was also found
to be expressed in mast cells of all human and monkey
organs, megakaryocytes, platelets, basophil granulocytes, and
cutaneous Langerhans cells [35]. However, there is a lack of
data considering the possible effect of glucagon on histamine
plasma membrane transporters (OCT3/EMT and PMAT)
and thereby on histamine uptake from the extracellular space.
The possible effect of glucagon on histamine release and/or
on histamine uptake from the extracellular space could be
relevant to cardiac anaphylaxis especially if it would decrease
histamine release/downstream effects.

In anaphylaxis, increased NO production occurs, which is
ubiquitous signaling molecule produced from L-arginine by
nitric oxide synthase (NOS). However, the kind of nitric oxide
synthase responsible for NO production during anaphylaxis
is not clearly established. It is thought that increase of
inducible NOS (iNOS) requires a longer period of time
[36, 37]. On the other hand, Sade et al. [4] reported that
NO level increased by activating iNOS, but not endothelial
NOS, after allergen administration in the heart. In addition,
immunocytochemical and Western blot analyses revealed
that the expression of nNOS is most evident in cardiac
myocytes [38]. NO is a free radical per se which at low doses
plays a protective role against myocardial injury whereas high
concentration of NO exerts highly toxic and harmful effects
[39-42]. Also, NO may stabilize mast cells [43] and inhibit the
release of mediators of allergic phenomena. NO production is
elevated under glucagon treatment in rat hepatocyte culture
[44].

In order to investigate glucagon effects in cardiac ana-
phylaxis, in this study we estimated the influence of acute
glucagon application on *H-histamine uptake, during a sin-
gle *H-histamine passage through the coronary circulation,
before and during the anaphylaxis, as well as the influence
of glucagon on level of histamine, NO, and oxidative stress
mediators during anaphylaxis.

2. Material and Methods

All research procedures were carried out in accordance with
European Council Directive (86/609/EEC) and principles
of Good Laboratory Practice (2004/9/EC, 2004/10/EC) and
approved by the Ethical Committee for the Welfare of Exper-
imental Animals, Faculty of Medical Sciences, University of
Kragujevac.
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The histamine uptake by the isolated guinea-pig heart
was measured using a rapid dual-isotope dilution method
[45] and Langendorff’s technique for the isolated heart with
constant 3perfusion flow. This method allows the measure-
ment of “H-histamineuptake (test molecule) in relation to
'C-mannitol (as an extracellular reference molecule) during
their passage through the coronary blood vessels [46-49].
The lower values of *H-histamine recovery (i.e., histamine
dilution profile curve) in relation to reference molecule reflect
its uptake.

2.1. Isolated Heart Preparation. Guinea-pigs of male sex,
body mass 400+ 30 g, were sensitized by three intraperitoneal
injections of 4mgkg™" ovalbumin during three consecutive
days. Sensitization of the animals was confirmed using
Schultz-Dale’s gut assay [50]. Three weeks after the last
injection, guinea-pigs were killed by cervical dislocation. The
hearts were rapidly isolated and retrogradely perfused via
the aorta, according to Langendorff’s technique at a constant
flow of 5mL min~" (g wet heart weight)™" of the perfusion
buffer containing (in mM): NaCl 118.1, KCI 4.7, MgSO, 1.66,
NaHCO; 24.88, KH,PO, 118, glucose 5.5, sodium pyruvate
20, CaCl, x 2H,0 2.52 (Merk, Darmstadt, Germany). The
perfusion buffer was continuously bubbled with 95% O, and
5% CO,, with the pH adjusted to 7.4 at 37°C. Cardiac function,
heart rate, and contractility as well as perfusion pressure were
observed and registered using transducer of Langendorft
apparatus (Experimetria Ltd., Budapest, Hungary).

2.2. Protocol A

2.2.1. The Influence of Anaphylaxis on Histamine Uptake.
Following 20-30 min equilibration with perfusion buffer, a
50 uL bolus (control bolus), containing “C-mannitol as an
extracellular reference molecule and *H-histamine as a test
molecule, was injected into the heart via the aortic cannula.
The *H-histamine concentration was 0.22nM L™ (10 uCi)
and the concentration of '*C-mannitol was 0.07nM L™
(4 uCi). The radioisotopes C-mannitol and *H-histamine
were purchased from the Biomedical Technologies Inc.,
USA. The first 10 samples (3 drops in each sample) of
perfusion effluent were sequentially collected (collection time
is 60-120s). After a period of several minutes (usually 20-
30 min) anaphylaxis of isolated heart was induced by a slow
injection (during 20-30's) of ImgmL™" ovalbumin through
the aortic cannula. During the first 60-90 s of anaphylaxis
test bolus containing *H-histamine and '*C-mannitol was
injected into the perfusion system. Samples of perfusion
effluent were sequentially collected in the same manner
as described for the control bolus. All the samples were
prepared for scintillation counting (Rackbeta, LKB-Wallac
counter) by addition of 2mL 98% ethanol and 2 mL scintil-
lation fluid. The scintillation fluid contained 0.1 g of POPOP
(1.4-bis(2-(5-phenyloxazolyl))benzene) and 4 g of PPO (2.5-
diphenyloxazole) per litre of toluene (Sigma-Aldrich Chemie
GmbH, Germany).

The radioactivity of each isotope in the sample of venous
effluent (as a percentage of the injected dose) was plotted
against the collection time, in order to obtain concentration-
time curves, that is, dilution profiles for both test and
reference tracer.

The *H-histamine uptake U (%) is estimated from the
dilution profiles using (1), where ¥H-histamine (*H-his) and
C-mannitol (**C-mann) represent radioactivity (in counts
min~") recovered in successive effluent samples:

H -his
o | X100 (1)
C-mann

The maximum uptake (U,,,) of *H-histamine is the
mean of the uptake values taken over the time period during
which the uptake has reached a plateau.

U, is the net uptake over the hole testing period and is
calculated as

U(%):(l—

Total-recovered >H -his

U, (%) = (1 - ) x 100. (2)

14
Total-recovered "~ C-mann

The backflux (BF) of *H-histamine from intracellular to
extracellular space is calculated as

U..-U
BF (%) = ““‘U—“et x 100. (3)

max

In our study, calculated values of U, ., U,,.x, and back-
flux (BF) by means of unidirectional paired tracer dilution
method may;, in fact, represent two events:

(1) *H-histamine binding to its membrane receptors
which leads to lower *H-histamine dilution profiles
in respect to reference molecule and/or

(2) cellular internalization of *H-histamine (i.e., cellular
uptake) which can be estimated by the BE.

Higher level of BF indicates lower cellular internalization
of test molecule and vice versa. For instance, if the BF of test
molecule is 60%, this indicates that 40% of this molecule stay
“captured” by cellular internalization after total recovery of
reference molecule.

2.3. Protocol B

2.3.1. The Influence of Glucagon on Histamine Uptake by
the Heart during Anaphylaxis. Following 20-30 min equi-
libration with perfusion buffer, a glucagon (Sigma-Aldrich
Chemie GmbH, Germany) was continuously injected into
the coronary circulation through the aortic cannula. Final
glucagon concentration in perfusion buffer was 0.15 uM L.
Five minutes after the start of glucagon perfusion, a 50 uL
bolus was injected into the perfusion system containing *H-
histamine and '*C-mannitol at the same concentration as
previously described in protocol A. The first 10 samples (3
drops in each sample) of perfusion effluent were sequentially
collected. After a period of 20-30 min and five minutes after



the start of glucagon perfusion, anaphylaxis was induced in a
manner previously described (as for protocol A). During the
first 60-90's of anaphylaxis, bolus containing *H-histamine
and "*C-mannitol was injected into the perfusion system.
Samples of perfusion effluent were sequentially collected,
prepared for scintillation counting, and analyzed in the same
manner as described above.

The inhibitions of U, and U, in the presence of
glucagon are calculated as

Ucontrol B

Utest
x 100, 4
5 (4)

control

Inhibition (%) =

where U, represents the *H-histamine uptake by the
heart in the absence of glucagon and U,., is the *H-histamine
uptake by the heart in the presence of glucagon.

2.3.2. The Influence of Glucagon on Histamine Level during
Anaphylaxis. To investigate the effect of glucagon on his-
tamine level during anaphylaxis, histamine concentrations in
the coronary venous effluents were measured before, during,
and after ovalbumin administration in the absence as well as
in the presence of glucagon. The histamine concentrations
were assessed using Shore’s fluorometric method [51].

2.3.3. The Influence of Glucagon on NO and Oxidative Stress
Parameters during Anaphylaxis

Biochemical Assays. In collected samples of the coronary
venous effluent, nitrites NO, ", superoxide anion radical O, ",
and hydrogen peroxide H,O, were determined using the
spectrophotometrical method (Specord S-600 Analytic Jena).

Nitrite Determination. Nitric oxide decomposes rapidly
to form stable metabolite nitrite/nitrate products. Nitrite
level (NO, ) was measured and used as an index of nitric
oxide (NO) production by using Griess’s reagent. A total
of 0.5mL of perfusate was precipitated with 200 uL of 30%
sulfosalicylic acid, vortexed for 30 min, and centrifuged
at 3000g. Equal volumes of the supernatant and Griess’s
reagent, containing 1% sulfanilamide in 5% phosphoric
acid/0.1% naphtalene ethylenediamine-di hydrochloride,
were added and incubated for 10min in the dark and
measured at 543 nmol/1. The nitrite levels were calculated by
using sodium nitrite as the standard [52].

Determination of Superoxide Anion Radical. The level
of superoxide anion radical (O,”) was measured by NBT
(nitroblue tetrazolium) reaction in TRIS buffer with coronary
venous effluent and measured at 530 nm. Krebs-Henseleit
solution was used as a blank probe [53].

Determination of Hydrogen Peroxide. Measurement of hydro-
gen peroxide (H,0,) is based on oxidation of Phenol Red
by hydrogen peroxide, in a reaction catalyzed by horseradish
peroxidase (HRPO) [54]. 200 uL of perfusate was precipitated
with 800 uL of fresh made Phenol Red solution (PRS) and
then 10 yL of (1:20) HRPO (made ex tempore) was added. For
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blank probe (instead of coronary venous effluent) adequate
volume of Krebs-Henseleit solution was used. The level of
H, 0O, was measured at 610 nm.

All drugs used for determination of oxidative stress
parameters were purchased from Sigma-Aldrich Chemie
GmbH, Germany.

2.4. Statistical Analysis. One-way ANOVA and independent
t-test with the significance threshold of P < 0.05 were used
for statistical comparisons of data. All statistical calculations
were done with the computer program SPSS, version 13.0.

3. Results

3.1. The Influence of Anaphylaxis on Histamine Uptake. In
the first group of experimental animals (n = 8) we
investigated dynamics of >H-histamine uptake by the heart,
during a single *H-histamine passage through the coronary
circulation, before and during anaphylaxis, by means of two-
bolus injection containing *H-histamine and '*C-mannitol as
it is described in Section 2.

The *H-histamine uptakes before (control bolus) and
during anaphylaxis (test bolus) were calculated using (1) (see
Section 2) and shown in Figurel. The maximum of *H-
histamine uptake (U,,,,) appears in the first sample (within
4-6s) of the venous effluent after the injection of radiolabeled
molecules. A lower profile of *H-histamine uptake curve
during anaphylaxis in relation to control curve indicates the
inhibition of *H-histamine uptake by the heart during the
antigenic challenge (Figure 1).

The values of U, U, and backflux (BF), before and
during anaphylaxis, are represented in Tablel. All these
parameters were calculated according to (2), (3), and (4)
as described in Section 2. Our results indicate significant
decrease (P < 0.05) of U, and U,,,,, during anaphylaxis with
unchanged backflux.

3.2. The Influence of Glucagon on Histamine Uptake by the
Heart during Anaphylaxis. In the second group of experi-
mental animals (n = 8) we investigated dynamics of *H-
histamine uptake by the heart, during a single *H-histamine
passage through the coronary circulation, before and during
anaphylaxis, but, in this case, in the presence of glucagon.
The *H-histamine uptakes before (control bolus) and
during anaphylaxis (test bolus), in the presence of glucagon,
are presented in Figure 2. The maximum of *H-histamine
uptake (U,,,,) appears in the first sample (within 6-8 ) of the
venous effluent after injection of radiolabeled molecules.
The values of U, U, and backflux (BF), before
and during anaphylaxis in the presence of glucagon, are
represented in Table 1. All these parameters were calculated
according to (2), (3), and (4) as described in Section 2. Our
results indicate unchanged U, .., U,,.., and backflux during
anaphylaxis (P > 0.05) in the presence of glucagon when
compared to the corresponding values before anaphylaxis.
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TaBLE 1: Calculated values of U, , U,,,.» and backflux (BF) before and during anaphylaxis in the absence and in the presence of glucagon as
well as percentage of inhibition (% INH) of *H-histamine uptake parameters during anaphylaxis.

Upet (%) Unnax (%) BF (%)
Without glucagon ~ With glucagon =~ Without glucagon =~ With glucagon =~ Without glucagon =~ With glucagon
Before 12.4 +1.23* 17.34+2.1° 29.29 + 1.37" 27.18 + 1.41 57.6 + 4.46" 36.38 + 4.94"
anaphylaxis
During 7.00 + 1.24*" 16.15 + 1.66" 15.05 + 1.69*" 24.15 + 1.49" 53.72 + 4.0° 3324 + 3.63"
anaphylaxis
% INH 43.89 + 5.26 48.51 + 6.29

Data are presented as mean + SD, n = 8.

*Significantly different values (P < 0.05) between the period with and without glucagon.
TSignificantly different values (P < 0.05) between the period before and during anaphylaxis.
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FIGURE 1: *H-histamine uptake by the heart before and during
anaphylaxis (one representative experiment is shown).
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FIGURE 2: *H-histamine uptake by the heart before and during ana-
phylaxis in the presence of glucagon (one representative experiment
is shown).

However, in comparison of these results to the corre-
sponding values obtained in the absence of glucagon (repre-
sented in Table 1), our results suggest the following:

(i) the U, before anaphylaxis in the presence of
glucagon (17.34%) is significantly higher than in the
absence of glucagon (12.4%);

(ii) the U, during anaphylaxis in the presence of
glucagon (16.15%) is significantly higher than in the
absence of glucagon (7.0%);

(iii) the U, before anaphylaxis in the presence of
glucagon (27.18%) is not significantly different than in
the absence of glucagon (29.29%);

(iv) the U, during anaphylaxis in the presence of
glucagon (24.15%) is significantly higher than in the
absence of glucagon (15.05%);

(v) the BE before and during anaphylaxis in the presence
of glucagon (36.38% and 33.24%, resp.), is signifi-
cantly lower than in the absence of glucagon (57.6%
and 53.72%, resp.).

The U,,,, mostly represents the rapid initial binding of
exogenously injected *H-histamine to its membrane recep-
tors/transporters. When a similar amount of endogenous
histamine is present in the tissue, similar U, ,, of exogenously
injected *H-histamine can be expected. This is exactly what
happened in our research during glucagon pretreatment
before anaphylaxis when U,,,, was not changed (Table1)
because the level of endogenous histamine before anaphylaxis
in the presence of glucagon was unchanged (Table 3). During
anaphylaxis, *H-histamine U, was significantly higher in
the presence of glucagon (Table 1) when compared to the
corresponding value in the absence of glucagon. At the
same time, the level of endogenous histamine in effluent
was lower in the presence of glucagon; see Tables 2 and
3. This means that glucagon during anaphylaxis reduced
the level of endogenous histamine, which led to increase
of exogenous *H-histamine binding to its membrane recep-
tors/transporters of the heart cells and, consequently, to an
increase in *H-histamine U,___ .

Then, our results indicate that glucagon pretreatment
increases U, of *H-histamine and decreases its backflux
(BF), before anaphylaxis. Decrease of the BF in the presence
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TaBLE 2: Obtained values of histamine, NO, O, ", and H, O, in the samples of coronary venous effluent collected in the absence of glucagon:
before ovalbumin application, during ovalbumin application (anaphylaxis), 1 min after ovalbumin application, and 5min after ovalbumin
application.

Histamine NO (O H,0,

(uM) (nmol/mL) (nmol/mL) (nmol/mL)
Before ovalbumin 48+0.42x 107 249+ 0.12 26.64 + 1.47 2.16+0.19
application
During ovalbumin 10.35" +0.52 x 10~ 258+ 0.10 38.42° +1.15 328" +0.14
application (anaphylaxis)
One minute after 10.45" +0.51 x 107 1.89+0.16 36.85 + 2.28 3.73+0.25
ovalbumin application
Five minutes after 583+ 0.6x 1078 2.92 +0.42 37.44+2.4 3.94 + 0.45

ovalbumin application

Data are presented as mean + SE, n = 8.
*Significantly different values (P < 0.05).

TABLE 3: Obtained values of histamine, NO, O, ", and H, O, in the samples of coronary venous effluent collected: before glucagon perfusion,
during glucagon perfusion (sample collected during 4-5min of glucagon perfusion) but before ovalbumin application, during ovalbumin
application, that is, in the first 60 s of anaphylaxis in the presence of glucagon, 1 min after ovalbumin application, in the presence of glucagon,
and 5 min after ovalbumin application, in the absence of glucagon.

Histamine NO (O H,0,

(uM) (nmol/mL) (nmol/mL) (nmol/mL)
Before glucagon perfusion 4.8+0.42x 107 2.49 £0.12 26.64 + 1.47 2.16 £0.19
During glucagon perfusion and 498+02x 1078 5.69" +0.3 21.08 +2.67 2,19 +0.26
before ovalbumin application
During ovalbumin application
(anaphylaxis) in the presence of 6.9"+0.25x107° 4.77" £0.33 29.57 £ 1.36 1.74 £ 0.11
glucagon
One minute after ovalbumin
application in the presence of 7.38* +0.28 x 10°® 3.1+0.19 30.58 +2.1 2.31+0.12
glucagon
Five minutes after ovalbumin
application in the absence of 518+02x10°° 47+1.0 31.62+2.8 2.71+£0.24

glucagon

Data are presented as mean + SE, n = 8.
*Significantly different values (P < 0.05).

of glucagon indicates that glucagon intensifies histamine
capturing by the cells in the heart, even before anaphylaxis.
Glucagon-induced capturing of histamine by the heart cells
consequently increases its total uptake (U,,.,).

3.3. The Influence of Glucagon on Histamine Level during Ana-
phylaxis. To investigate the effect of glucagon on histamine
level during anaphylaxis (n = 8), histamine concentrations in
the coronary venous effluents were measured before, during,
and after ovalbumin administration in the absence as well
as in the presence of glucagon. Our results showed that
significant increase of histamine release (P < 0.05) occurs
during anaphylaxis (10.35-10.45-10"% yM) in the absence of
glucagon (Table 2). This increase of histamine concentration
achieved the maximum values during the first two minutes
of the antigenic challenge and then decreased to the almost
initial values within the next five minutes.

On the other hand there is no change in histamine
concentration during glucagon perfusion before anaphylaxis

compared to the period without glucagon (Table 3). During
the first two minutes of anaphylactic reaction, an increase of
histamine release occurred in the presence of glucagon (6.9-
7.38-10"° uM). However, this increase of histamine level dur-
ing anaphylaxis in the presence of glucagon was significantly
lower (P < 0.05) when compared to the increase of histamine
release during anaphylaxis in the absence of glucagon (Tables
2 and 3).

3.4. The Influence of Glucagon on NO and Oxidative Stress
Parameters during Anaphylaxis. To investigate glucagon
effects on the NO level as well as on the oxidative stress
parameters O,  and H,0O,, in collected samples of venous
effluent, concentrations of O,~, H,0,, and NO were mea-
sured both in the absence (n = 8; Table2) and in the
presence of glucagon (n = 8; Table 3), before, during, and
after ovalbumin administration.

There are no statistically significant differences (P > 0.05)
in NO levels before and during anaphylaxis, in the absence of
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glucagon (Table 2). On the other hand, there is a significant
increase (P < 0.05) of NO release in the presence of glucagon
(5.69 nmol/mL) compared to its level before glucagon perfu-
sion (2.49 nmol/mL), as it is shown in Table 3. The increase of
NO concentration achieved a peak value within 4-5 minutes
of glucagon perfusion.

Our results indicate significant increase (P < 0.05)
of O,  concentration during the antigenic challenge
(38.42nmol/mL), in the absence of glucagon, when
compared to the control values (26.64 nmol/mL) as it is
shown in Table 2. Furthermore, in the presence of glucagon,
administration of the ovalbumin (anaphylaxis) failed to
increase the production of O, (Table 3).

In the presence of glucagon, our results showed no sta-
tistically significant differences in H,O, level before, during,
and after ovalbumin administration (Table 3; P = NS), but
all these values are significantly lower (P < 0.05) when com-
pared to the corresponding values in the absence of glucagon
represented in Table 2. On the other hand, in the group
without glucagon, significant increase of H,O, concentration
(3.28 nmol/mL) occurs during ovalbumin administration, as
it is shown in Table 2 (P < 0.05). After initial increase in
the first minute of ovalbumin administration, H,O, stayed
at higher level throughout the whole testing period.

3.5. Effects of Glucagon on Cardiac and Coronary Functions.
Cardiac function, heart rate, and contractility as well as
coronary perfusion pressure were observed and registered
as it is describe in Section 2. Glucagon pretreatment caused
an increase in heart rate (34%) and this increase remains
unchanged during anaphylaxis. On the other hand, glucagon
pretreatment induced decrease in coronary perfusion pres-
sure (18%) while the increase in contractility was not signifi-
cant (P = NS). During anaphylaxis, coronary perfusion pres-
sure was significantly increased in the absence of glucagon
(32.4%; P < 0.05) while in the presence of glucagon it was
increased by only 16.5% compared to the initial value before
glucagon treatment. This means that the increase of coronary
perfusion pressure that occurred during anaphylaxis was
reduced in the presence of glucagon. Positive inotropic effect
occurring in anaphylaxis was not significantly changed in the
presence of glucagon.

4. Discussion

In this study we have shown that glucagon increased NO
release and prevented the increased release of free radicals
during anaphylaxis, and decreased histamine level in the
venous effluent during cardiac anaphylaxis, which may be
a consequence of decreased histamine release and/or inten-
sified histamine capturing by the cells in the heart during
anaphylaxis.

In the first part of this study, >H-histamine uptake by
the heart was investigated before and during anaphylaxis. We
applied *H-histamine concentration of 0.22nM L™ which
was very low so it did not cause any significant change in
the heart function. Our results showed that the maximum
of *H-histamine uptake (U, ) appeared in the first few
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drops of coronary venous effluent, that is, in the first 5-
10 seconds after its injection into the coronary circulation,
indicating rapid histamine uptake by the heart. During the
anaphylactic reaction significant inhibition of *H-histamine
uptake occurred (Table 1). This inhibition refers to both U, ,
and U,,, and has been estimated to 43.89% and 48.51%,
respectively. The backflux (BF) of *H-histamine during ana-
phylaxis was not significantly different compared to the
control value (Table 1). Inhibition of *H-histamine uptake by
the heart during anaphylactic reaction probably occurs as
a result of histamine release from sensitized mast cells. It
is well known that during anaphylactic reactions relatively
large amounts of histamine release, especially during the
first few minutes after antigen administration [1]. Histamine,
released from sensitized mast cells (endogenous histamine),
may bind to specific receptors and/or transporters and
thereby may prevent uptake of exogenously injected *H-
histamine. In addition, we must not neglect the possible
role of the other mediators of anaphylactic reactions in the
inhibition of *H-histamine uptake. Although even the U,
and U, were significantly decreased during anaphylaxis, the
BF stayed unchanged. This suggests that the mechanisms
underlying *H-histamine capturing during anaphylaxis were
still effective.

More than 20 years ago, we investigated *H-histamine
transport in the isolated hearts of nonsensitized guinea-pigs
[47, 48]. The *H-histamine uptake parameters of nonsensi-
tized guinea-pig hearts, obtained a long time ago, did not
show any significant differences compared to their levels of
sensitized guinea-pig hearts before anaphylaxis in this study.
This suggests that animal’s sensitization itself does not affect
histamine uptake.

The results presented in this study indicate that glucagon
pretreatment increases U, of *H-histamine and decreases
its BE, before anaphylaxis. Also, during anaphylaxis, in
the presence of glucagon, U, ,, and U, were significantly
higher and BF was significantly lower when compared to the
corresponding values in the absence of glucagon (Table1).
At the same time, glucagon significantly decreases histamine
concentration in coronary venous effluent during anaphy-
laxis, without affecting histamine level before it. This indicates
a possible attenuation of histamine release from the mast
cells during anaphylaxis in the presence of glucagon and can
explain increased U, of exogenously injected *H-histamine
in this situation.

Beside the higher U, of exogenously injected *H-
histamine in the presence of glucagon, as the consequence of
decreased release of endogenous histamine during anaphy-
laxis, it seems like glucagon has another effect reflected by the
changes in U,, and especially BF of *H-histamine. Namely,
decrease of BF in the presence of glucagon indicates that
glucagon intensifies histamine capturing even before anaphy-
laxis, potentially by activating the mechanisms underlying
the cellular histamine uptake leading to the clearance of his-
tamine in the local histamine-enriched environment. It is well
known that expression of histamine-metabolizing enzymes
such as diamine oxidase (DAQ, histaminase) and histamine
N-methyl transferase (HMT) in some tissues contribute to
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the clearance of the histamine in the local histamine-enriched
environment. However, there is lack of data considering
the possible effect of glucagon on histamine-metabolizing
enzymes and thereby on histamine level. Another possible
and more probable mechanism of histamine elimination
is cellular uptake of histamine. In fact, plasma membrane
transporters for reuptake of monoamines: organic cation
transporters (OCT) 2 and 3 have the ability to transport
histamine from extracellular space into cells [12-14]. The
OCT3/EMT has a broad tissue distribution and is also
found in the heart and vascular system [12-14]. Another
plasma membrane monoamine transporter (PMAT) has
recently been cloned and characterized [17] and has ability to
transport histamine bidirectionally [16]. However, regulation
of cellular histamine uptake is still not well known; even
histamine uptake by mast cells has been documented near 50
years ago [55].

Before anaphylaxis, there is no significant difference
in the U, obtained in the presence of glucagon and
in the absence of glucagon as it is shown in Tablel. At
the same time, there are no significant differences in the
histamine levels in the venous effluents before anaphy-
laxis in the presence and in the absence of glucagon, as
it is shown in Tables 2 and 3. The U,,, mostly rep-
resents the rapid initial binding of *H-histamine to its
membrane receptors and/or transporters. When a similar
amount of endogenous histamine is present in the tissue,
similar U, of exogenously injected *H-histamine can be
expected.

Taking into account all previously mentioned we postu-
late that glucagon decreases histamine release from cardiac
mast cells during anaphylaxis and activates the mecha-
nism(s) responsible for the clearance of histamine in the
local histamine-enriched environment. These data are in
accordance with the previous reports describing the influence
of the glucagon on the inhibition of histamine release during
anaphylaxis in the guinea-pigs isolated hearts and the pro-
tective effects of the glucagon pretreatments during cardiac
anaphylaxis [1].

In the second part of this study, we investigated NO and
parameters of the oxidative stress during anaphylaxis in the
absence and in the presence of glucagon. It is well known
that cardiac anaphylaxis is characterized by functional and
biochemical changes of the hearts that are mainly attributed
to the release of proinflammatory and vasoactive mediators
including nitric oxide (NO) and reactive oxygen species
(ROS) [2, 56, 57]. The ROS can participate as benevolent
molecules in cells signaling processes. Also, an excessive
increase in ROS production in the cardiovascular system in
response to various stressors and in the failing heart can
induce irreversible cellular damage and death [56]. The NO
is a free radical per se but it can quench other free radicals,
including the superoxide radicals, and thereby protect cells
from damage [42, 58]. Also, NO may stabilize mast cells [43]
and inhibit the release of mediators of allergic phenomena.
Thus, low doses of NO appear to play a key protective role
against myocardial injury whereas high concentration of NO
exerts highly toxic and harmful effects [39-42].
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Investigations of the NO level both before and during
anaphylactic reaction in the presence and in the absence of
glucagon clearly demonstrated the following (Tables 2 and 3):

(i) the NO level during glucagon perfusion was sig-
nificantly elevated compared to the period before
glucagon perfusion (Table 3);

(ii) the NO level during anaphylactic reaction in the pres-
ence of glucagon (Table 3) was significantly higher
compared to the corresponding NO level in the
group without glucagon (Table 2), but there were
no significant differences in NO levels between the
periods before and during anaphylaxis in the presence
of glucagon (Table 3);

(iii) there are no statistically significant differences in NO
levels between samples of coronary venous effluent
collected throughout the testing period in the group
without glucagon perfusion (Table 2).

These results are similar to the previous data reporting
that the NO levels were elevated under glucagon treatment in
the rat hepatocyte culture by activating inducible NOS [39].
In contrary to our results, Sade et al. found that NO levels
increased during anaphylaxis by activating inducible NOS
and thus elevating NO production within 15-30 minutes after
allergen challenge in the heart [4].

From the present data, it is not possible to identify
the source of NO released in the presence of glucagon.
Previous researches revealed the existence of 3 distinct
isoforms of nitric oxide synthase (NOS) that differ in activ-
ity and distributions in the tissues [4]. Constitutive NOS,
neuronal NOS (nNOS) in the brain, and cardiac myocytes
and endothelial NOS (eNOS) in blood vessels are tightly
regulated in order to generate only small amounts of NO. On
the other hand, inducible NOS (iNOS) is regulated mainly at
the transcriptional level and produces large amount of NO.
Since iNOS is regulated mainly at the transcriptional level,
its activation depends on de novo synthesis of both RNA
and protein and requires a longer period of at least 15-30
minutes [4]. This may be the reason explaining the same level
of NO before and during anaphylaxis, since the collection
time of venous effluent in our experiments was only 5-6 min
(Table 2). Within that time initially increased histamine level
in our investigation returns to its control value. The NO level
in our study was increased as early as a few minutes (3-5
minutes) following the start of glucagon perfusion, implying
iNOS is hardly to be responsible for its elevated level. In
addition, according to other studies [59], glucagon failed to
alter eNOS expression in endothelial cells implying eNOS
is also hard to be responsible for NO elevated level in this
study. On the other hand, immunocytochemical and Western
blot analyses revealed that the expression of nNOS is most
evident in cardiac myocytes [38]. Also, the effects of glucagon
on cardiac myocardial cells are often correlated with adenylyl
cyclase stimulation and cAMP-dependent phosphorylation
of L-type Ca?" channels [32], and since other studies [60, 61]
have been clearly demonstrated positive correlation between
intracellular increase of Ca®" and nNOS in the myocardial
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cells, it can be postulated that glucagon may elevate NO level
by influencing nNOS in cardiac myocytes.

Furthermore, it has been clearly demonstrated that ele-
vated NO level might be the cause for stabilization of mast
cells and consequently the inhibition of mast cell-released
mediators of allergic phenomena such as histamine, nitric
oxide, superoxide anion, and hydrogen peroxide [43, 62].
On that way glucagon may prevent histamine release from
cardiac mast cells by increasing the NO production and thus
stabilizing cardiac mast cells. This is in accordance with the
results of our previous study [63] in which we investigated
the influence of glucagon on ischemic vasodilatation of the
isolated rat heart.

As expected, we noticed increased release of O,  and
H,0,during ovalbumin application (anaphylaxis) (Table 2),
which was in accordance with well-known role of free
radicals in allergic reactions [64-66]. Moreover, O,  can
challenge mast cells to release the proinflammatory media-
tors, including histamine, thereby exaggerating the inflam-
matory response [67, 68]. Glucagon application prevents
the increased release of O,” and H,0, during anaphylaxis
in this study (Table 3). Taking into account all previously
mentioned, we consider that glucagon can cause these effects
in the following ways:

(i) by stabilization of mast cells via an increased level of
NO and/or

(ii) by reducing the level of histamine.

When guinea-pig isolated heart was perfused with
glucagon we noticed increases in the heart rate while
increases in myocardial contractility were not statistically
significant (P < 0.05). These results confirm the previous
reports describing the positive chronotropic and inotropic
effects of glucagon on the myocardial tissue [1, 29, 30].
In addition, glucagon pretreatment caused a decrease in
coronary perfusion pressure as a consequence of vasodi-
latation of the coronary vessels. It is thought that cardiac
effects of glucagon are considered to be resultant from
stimulation of glucagon receptors associated with Gs protein
[31]. In our study we found that NO level during glucagon
perfusion was significantly elevated compared to the period
before perfusion (Table 3). This data points to the fact that
coronary vasodilatation may be resultant of several factors
which include not only the effects through specific glucagon
receptors but also the effects of NO. Furthermore, glucagon-
induced vasodilatation prevents higher increase in coronary
perfusion pressure that occurs during anaphylaxis. In this
study, the ECG is not registered. Previous research has
shown [1] that glucagon has antiarrhythmic effect during
anaphylaxis and that inhibition of histamine release and
vasodilatation probably play a major role in the mechanism
of this antiarrhythmic activity of glucagon.

5. Conclusion

Anaphylaxis is a serious allergic reaction in which specific
antigens provoke a sudden release of mediators of allergic
phenomena such as histamine, nitric oxide (NO), superoxide

anion radical (O,"), and hydrogen peroxide (H,O,). It is
thought that stabilization of cardiac mast cells appears to play
a crucial role in the cardiac antianaphylactic reaction.

In this study we investigated the influence of acute
glucagon applications on *H-histamine uptake by the heart,
before and during anaphylaxis, as well as the influence of
glucagon on level of histamine, NO, and oxidative stress
parameters in the venous effluent during anaphylaxis.

We showed that glucagon protective effects during car-
diac anaphylaxis may be the result of

(i) decreased histamine level during cardiac anaphylaxis,
which may be a consequence of decreased histamine
release and/or intensified histamine capturing by the
cells in the heart,

(ii) increased NO release,

(iii) prevented the increased release of free radicals.

Finally, even though the mechanism(s) of the beneficial
action of glucagon on cardiac anaphylaxis is still unclear, the
present study extends our knowledge and clearly indicates the
key involvement of histamine, NO, and free radicals during
this process.
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