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Abstract Hydrogen sulfide (H2S) is synthesized endoge-
nously, and it has a negative inotropic effect on myocardium
of different animal species. Interaction between H2S and ad-
renergic and muscarinic receptors in regulation of mouse atri-
um contractile function was investigated in this study. Sodium
hydrosulfide (NaHS, 300 μM), the H2S donor, decreased the
contraction force of atrium. NaHS did not affect the positive
inotropic effect of β-adrenoceptors (β-AR) activation by iso-
proterenol (ISO, 1 μM). The effect of the H2S donor under β-
AR stimulation showed no differences comparison to control
values. The agonist of muscarinic receptors carbachol (1 μM)
induced a negative inotropic effect and partially prevented the
reduction of cardiac muscle contractility by NaHS. Moreover,
the effect of carbachol was more pronounced after preliminary
application of NaHS. At the same time, after inhibition of β-
AR (propranolol, 1 μM) or muscarinic receptors (atropine,
1 μM), negative inotropic effect of NaHS was the same as in
control conditions. These results suggest that the H2S effects
are mediated by intracellular signaling pathways activated by
muscarinic receptors.
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1 Introduction

Hydrogen sulfide (H2S) as well as nitric oxide (NO) and carbon
monoxide (CO) belongs to the gasotransmitters family. H2S has
important physiological effects on the gastrointestinal tract, ner-
vous, and cardiovascular systems [1]. In the cardiovascular
system, H2S is synthesized endogenously from L-cysteine by
cystathionine-γ-lyase (CSE) and 3-mercaptosulfotransferase
(3-MST) [2] and induces negative chronotropic and negative
inotropic effects in myocardium of different species [3–7].
Besides, H2S has a cardio-protective role in various models of
diseases, namely ischemia-reperfusion injury and chronic heart
failure [2]. Cellular mechanisms of H2S action include the ac-
tivation of ATP-dependent K+ channels, the inhibition of
voltage-gated L-type Ca2+ channels, the activation of protein
kinase C, the elevation of NO production, and the inhibition of
phosphodiesterase (PDE) [2, 4–6, 8]. It was also suggested that
H2S can negatively modulate β-adrenoreceptor (β-AR) func-
tion via inhibition of the adenylyl cyclase activity [3]. Besides,
it was shown that the suppression of H2S synthesis downregu-
lated the acetylcholine-induced vasorelaxation in mammalian
vessels [8]. The aim of our study was to analyze the role of
β-AR and acetylcholine receptors (AChR) in the inotropic
effect of H2S in the mouse atria.

2 Materials and Methods

Experiments were performed on laboratory white wild-type
adult mouse. The work has been carried out in accordance
with the EU Directive 2010/63/EU for animal experiments
and approved by Local Ethical committee of Kazan
Federal University (protocol no. 8 from 5.05.2015). Mice
were decapitated under deep isoflurane anesthesia and dis-
section was performed. Isolated atria were used in the
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experiments. The samples were fixed in a 20-ml bath and
perfused with Krebs solution of the following compositions
(in mM): NaCl—137, KCl—5, CaCl2—2, MgSO4—1,
NaHCO3—11, glucose—11, ascorbic acid—0.3, NaH2PO4—
1 (t = 23 °C); the solution was saturated with carbogen (95 %
O2, 5 % CO2), pH 7.2–7.4 (t = 23 °C). Ascorbic acid was
added to the working solution in order to increase the via-
bility of the atria tissue. It is known that ascorbic acid may
affect Ca(v)3.2 T-type Ca2+ channels [9]. However, in atria
tissue, these channels involved mainly in pacemaker activ-
ity which was not the object of our study; moreover, in our
preparation, the sinoatrial node was removed and prepara-
tion was stimulated externally. In control experiments, ef-
fects of NaHS, ISO, and carbachol on contractile response
were not dependent on the presence of ascorbic acid in the
Krebs solution.

The atrium was stimulated with two platinum electrodes
(ESL-2 stimulator, Russia) with 0.1 Hz frequency, 40 mV
amplitude, and 5 ms duration. Lower edge of the tissue was
fixed to the bath base. Upper edge was linked to isometric
tense transducer (MLT 050/D or TSD 125C, Biopac
Systems Inc., USA) via a metal lath. The signals were record-
ed and analyzed using Elf (Zaharov A.V.) and Origin soft-
ware. Contraction force was initially determined in volts and
then the data was converted to grams. Sodium hydrogen sul-
fide (NaHS) was used as the H2S donor. The following sub-
stances were also used: isoproterenol (ISO), carbamylchlorine
(carbachol), propranolol, and atropine (Sigma, USA). The re-
sults of the experiments are shown as mean ± SE of mean,
where n is the number of experiments, with statistical signif-
icance considered by the Student’s t test. The significance
level was defined at p < 0.05.
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Fig. 1 The role of adrenergic and muscarinic receptors in the effects of
sodium hydrosulfide (NaHS 300 μM) on the contractility of mouse atrium.
a The dynamics of contraction force during bath application of NaHS
300 μM. On the top, the original recordings of contraction in control and
by the sixteenth minute of NaHS exposure are shown. b The changes of
contraction forces of mouse atrium after application of NaHS 300 μM in
control and NaHS after preliminary exposure of atrium to isoproterenol
(ISO, 1 μM); ISO in control and after preliminary exposure of atrium to
NaHS. *p < 0.05—compare to control. c The changes of contraction forces
of mouse atrium after application of NaHS 300 μM in control and NaHS

after preliminary exposure of atrium to propranolol (1 μM) and atropine
(1μM). *p < 0.05—compare to control. dThe change of contraction forces
of mouse atrium after application of NaHS 300 μM in control and NaHS
after preliminary exposure of atrium to carbachol, 1 μM; carbachol in
control and after preliminary exposure of atrium to NaHS. *p < 0.05—
compare to control; #p < 0.05 compare to the effect of NaHS or
carbachol. In the inset, original signals of mouse atrium contractions are
shown as follows: a in control (1), in the presence of NaHS (300 μM) (2),
and subsequent application of carbachol (1 μM) (3); b in control (4), in the
presence of carbachol (5), and subsequent application of NaHS (6)
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3 Results and Discussion

Initially, the effect of exogenous H2S on myocardial contrac-
tility was tested. Application of NaHS in concentration of
300 μM significantly decreased contraction force from 0.220
± 0.014 g to 0.170 ± 0.014 g (n = 46, p < 0.05) (Fig. 1a). These
results correspond to our previously obtained data [5]. It was
shown that H2S regulated cAMP levels, and it can negatively
modulate β-AR function via inhibiting the adenylyl cyclase
activity [3, 7]. β-ARs agonist ISO in our study enhanced con-
traction force of atrial myocardium by 0.084 ± 0.008 g (n = 23,
p < 0.05). Subsequent application of NaHS (300 μM) induced
the decrease of contraction force to the same extend as in
control (0.076 ± 0.011 g, n = 11, p < 0.05) (Fig. 1b). The pos-
itive inotropic effect of ISO did not depend on the preliminary
incubation of atrium in NaHS—the contraction force increased
by 0.094 ± 0.020 g (n = 10, p < 0.05) from the initial level
(Fig. 1b). The inhibitor of β-ARs propranolol (1 μM) did not
change significantly the contraction force (n = 10, p > 0.05)
and negative inotropic effect of NaHS was the same as in
control conditions (0.044 ± 0.009 g, n = 10, p < 0.05) (Fig. 1c).

Toanalyze the interactionbetweenH2SandmuscarinicAChR,
carbachol was used in concentration of 1μM.Carbachol reduced
contraction force of atrium by 0.049 ± 0.009 g (n= 13, p< 0.05)
from the initial level andpartially prevented the negative inotropic
effect of NaHS (0.025 ± 0.006 g, n= 13, p < 0.05) (Fig. 1d b). At
the same time, we observed a significant increase of carbachol
effect on the atrial contractility in the presence of NaHS (0.085 ±
0.018g;n = 15,p<0.05) (Fig.1db).Atropine (1μM)the inhibitor
of muscarinic AChR increased the contraction force by 0.012 ±
0.005 g (n = 5, p < 0.05) and subsequent application of NaHS
induced the decrease of contraction force to the same extend as
in control (0.042 ± 0.005g;n = 10,p< 0.05),whichproposed that
NaHS did not affect directly on the activity of muscarinic AChR
(Fig. 1c).

This data suggest that intracellular signaling pathways ac-
tivated by muscarinic AChR are involved in the negative ino-
tropic effect of H2S in the atrial myocardium of mouse. These
pathways may include the muscarinic-2 AChR induced NO
production and subsequent elevation of cGMP levels, stimu-
lation of PDE2 and reduced cAMP synthesis [10, 11].
Moreover, it was shown that suppression of CSE induces the
reduction of ACh effects in vascular tissue, whereas H2S do-
nor potentiates ACh effects. It was proposed that H2S main-
tains a tonic inhibitory effect of PDE5 thereby delaying the
degradation of cGMP [8] which can explain H2S-dependent
potentiation of carbacholine effect obtained in our study.

4 Conclusions

Taken together, the data suggest that there is no interaction
between H2S and ISO mediated effects in mouse atria under

physiological conditions. However, activation of AChR re-
duced the negative inotropic effect of NaHS and vice versa;
NaHS upregulated the negative inotropic effect of carbachol.
The obtained data suggests that the negative inotropic effect of
H2S can be associated with the same intracellular signaling
pathways which are triggered by the activation of muscarinic
receptors. That regulation may occur due to changes in NO
and cGMP levels which are involved in the negative inotropic
effect of muscarinic receptors activation.

References

1. Sitdikova, G. F., & Zefirov, A. L. (2010). Hydrogen sulfide: from
the Parisian sewer system to a signaling molecule. Priroda (Rus.),
9, 29–37.

2. Elsey, D., Fowkes, R., Baxter, G. (2010). Regulation of cardiovas-
cular cell function by hydrogen sulfide (H2S). Cell Biochemistry
and Function, 28(2), 95–106. doi:10.1002/cbf.1618.

3. Yong, Q. C., Pan, T. T., Hu, L. F., Bian, J. S. (2008). Negative
regulation of beta-adrenergic function by hydrogen sulfide in the
rat hearts. Journal of Molecular and Cellular Cardiology, 44(4),
701–710. doi:10.1016/j.yjmcc.2008.01.007.

4. Khaertdinov, N. N., Lifanova, A. S., Gizzatullin, A. R., Sitdikova,
G. F. (2015). Role of K(ATP)-channels in the effects of hydrogen
sulfide on the contractility of rat ventricular myocardium. Genes
and Cells, 10(4), 103–105.

5. Lifanova, A. S., Khaertdinov, N. N., Zakharov, A. V., Gizzatullin,
A. R., Sitdikova, F. G. (2014). Role of potassium channels in the
negative inotropic effect of hydrogen sulfide in mouse atrium.
Genes and Cells, 9(3), 94–98.

6. Sitdikova, G. F., Khaertdinov, N. N., Zefirov, A. L. (2011).
Investigation of the role of calcium and potassium channels in hy-
drogen sulfide effects on myocardial contractility in frog. Bulletin of
Experimental Biology and Medicine (Rus.), 151(2), 124–128.

7. Khaertdinov, N. N., Ahmetshina, D. R., Zefirov, A. L., Sitdikova,
G. F. (2013). Hydrogen sulfide in regulation of frog myocardium
contractility. Biochemistry (Moscow) Supplement Series A:
Membrane and Cell Biology, 7(1), 52–57. doi:10.1134
/S1990747812030117.

8. Colette, C., Papapetropoulos, A., Erdelyi, K., Olah, G., Mόdis, K.,
Panopoulos, P., et al. (2012). Hydrogen sulfide and nitric oxide are
mutually dependent in the regulation of angiogenesis and
endothelium-dependent vasorelaxation. Proceedings of the
National Academy of Sciences of the United States of America,
109(23), 9161–9166. doi:10.1073/pnas.1202916109.

9. Sekiguchi, F., & Kawabata, A. (2013). T-type calcium channels:
functional regulation and implication in pain signaling. Journal of
Pharmacological Sciences, 122(4), 244–250.

10. Harvey, R. D., & Belevych, A. E. (2003). Muscarinic regulation of
cardiac ion channels. British Journal of Pharmacology, 139(6),
1074–1084.

11. Yamamoto, S., Miyamoto, A., Kawana, S., Namiki, A., Ohshika, H.
(1998). Role of nitric oxide production through M2-cholinergic
receptors in cultured rat ventricular myocytes. Biochemical and
Biophysical Research Communications, 251(3), 791–795.

BioNanoSci.

http://dx.doi.org/10.1002/cbf.1618
http://dx.doi.org/10.1016/j.yjmcc.2008.01.007
http://dx.doi.org/10.1134/S1990747812030117
http://dx.doi.org/10.1134/S1990747812030117
http://dx.doi.org/10.1073/pnas.1202916109

	Interplay Between Hydrogen Sulfide and Adrenergic and Muscarinic Receptors in the Mouse Atrium
	Abstract
	Introduction
	Materials and Methods
	Results and Discussion
	Conclusions
	References


