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EXPERIMENTAL STUDY

Inhibition of guanylyl cyclase in the airways hyperreactivity
Antosova M, Turcan T, Strapkova A, Nosalova G
Department of Pharmacology, Comenius University, Jessenius Faculty of Medicine, Martin,
Slovakia.antosova@jfmed.uniba.sk
Abstract
Background: The majority of nitric oxide (NO) effects in the respiratory system are mediated via the
stimulation of soluble guanylyl cyclase with subsequent generation of the second messenger  cyclic
guanosine monophosphate (cGMP).
Objectives: We were interested in the effect of non-selective soluble guanylyl cyclase inhibitor  methylene blue on the exogenous irritant-induced bronchial hyperreactivity.
Methods: Male guinea pigs were used in the experiment. The animals received non-selective soluble
guanylyl cyclase inhibitor  methylene blue in a dose of 50 or 100 mg/kg b.w. 30 minutes before inhalation of the exogenous irritant  toluene vapours. The toluene exposition lasted three consecutive days
during two hours in in vivo conditions. The monitoring of tracheal and lung tissue strips reactivity
changes was carried out in in vitro conditions. The brochoconstrictor mediators histamine and acetylcholine in the cumulative doses (10-8 10-3 mol/l) were used in the experiment.
Results: The methylene blue pretreatment induced the decrease of tracheal and lung tissue smooth
muscle contraction amplitude increased by exogenous irritant  toluene. We recorded different smooth
muscle response depending on the doses of inhibitor. Methylene blue in a dose of 50 mg/kg b.w. affected
mainly tracheal smooth muscle, in a dose of 100 mg/kg b.w. mainly the lung tissue.
Conclusion: The interaction between nitric oxide and soluble guanylyl cyclase can be important for
bronchial reactivity changes. The changes depended on the dose of inhibitor and on the type of respiratory system tissue (trachea, lung). We can summarise that changes of the airways reactivity are not
only evoked by NO/cGMP pathway but probably by any other mechanisms (Fig. 5, Ref. 26).
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Nitric oxide (NO) is the main neurotransmitter of inhibitory
non-adrenergic non-cholinergic system (NANC). It is very important in the regulation of the airway smooth muscle tone.
Nitric oxide mediates bronchodilation through various
mechanisms (1). The mechanisms of nitric oxide action are divided into two groups  cyclic guanosine monophosphate
(cGMP)-dependent or cGMP-independent. cGMP-independent
mechanism is mediated by ion channels (Ca2+-dependent K+ channels, KATP channels etc.) or by free radicals production and release or by means of NO direct effect that represents NO diffusion from the site of generation to the target tissue (2). The majority of NO effects are cGMP-dependent.
cGMP is the second messenger produced through activation
of guanylyl cyclase (3, 4). Two major classes of guanylyl cyclase
are known: particulate (pGC) and soluble (sGC). pGC is a membrane bound receptor for natriuretic peptides. This enzyme has
various isoforms. Particulate GC-A acts as the receptor for the

atrial natriuretic peptide (ANP) and brain natriuretic peptide
(BNP). Particulate GC-B displays the highest affinity for the
natriuretic peptide of the C-type (CNP). Further GC isoforms
GC-C, GC-D, GC-E, GC-F have more specific localization and
activity (5, 6).
Soluble guanylyl cyclase, a haeme-containing enzyme plays
a pivotal role in the transduction of inter- and intracellular signals conveyed by the signal molecule NO. It is known that NO
activates sGC via interaction with their haeme prostethic group
(7). Thus activated enzyme catalyzes the conversion of guanosine
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Fig. 1. The illustration of the NO effect mediated by cGMP. GC 
guanylyl cyclase, GC-A, GC-B, GC-C  the isoforms of particulate
guanylyl cyclase, NO  nitric oxide, GTP  guanosine triphosphate,
cGMP  cyclic guanosine monophosphate.

triphosphate (GTP) to cGMP (Fig. 1). cGMP activates subsequently cGMP-dependent proteinkinase G (PKG) and proteinkinase A (PKA) which ultimately decreases both cytosolic Ca2+
concentration and the phosphorylation of many intracellular proteins (8). The final effect is the relaxation of airway smooth
muscle. Soluble guanylyl cyclase has been localized in the bronchial and vascular smooth muscle in the lungs of various species (6).
The discovery of the role of NO in the regulation of the respiratory system functions and the importance of the NO-GC-cGMP
pathway raises many other questions on the participation of NOGC-cGMP pathway in some symptoms of respiratory diseases.
The bronchial hyperreactivity (BHR) is one of important hallmarks in various respiratory diseases including asthma and
chronic obstructive pulmonary disease. There are some possible
mechanisms of BHR origin at present time. It is supposed that
one of the factors contributing to BHR is the change of NO and
cGMP level in the respiratory system. There is not enough information on this question in the literature. Therefore the aim of
our study was to participate in investigation of the NO/cGMP
pathway involvement in the exogenous irritant-induced bronchial
hyperreactivity by using the non-specific soluble guanylyl cyclase inhibitor methylene blue.
Material and methods
Animals and drugs
Pathogens free male Trick guinea pigs (280350 g) were
divided in to three groups that were used in the presented study.
The animals were housed in individual cages in climate-controlled
animal quarters and received water and food ad libitum. The first
group (n = 8) received a nonselective inhibitor of soluble guanylyl
cyclase  methylene blue (subst. Sigma) in a dose of 50 mg/kg

b.w. intraperitoneally. The second group (n = 8) received a nonselective inhibitor of soluble guanylyl cyclase  methylene blue
in a dose of 100 mg/kg b.w. intraperitoneally. The third group
(n = 8)  the control group received aqua pro injectione. The inhibitor was administered once a day 30 minutes before inhalation of the exogenous irritant  toluene for 3 days. The Ethics
Committee of Jessenius Faculty of Medicine has approved the
study protocol.
Toluene exposure
The method of in vivo exposition to the toluene vapours described by Strapková et al (9) was used in this experiment. The
animals were spontaneously breathing toluene vapours in a special exposure chamber made of plexiglass. The chamber consists
of compressor, flowmeter, vaporizer and exposure cage. The device was situated in the fume-cupboard at 22 °C. Toluene vapours
were supplied into the cage with constant flow of 4 liter/min.
The average concentration of toluene was 6 mg/l (1600 ppm).
The duration of exposure was two hours each of the three consecutive days (9).
Airways responsiveness
Animals were killed 24 hours after last toluene exposure and
trachea and lung were removed. The trachea and lung tissue thin
strips were placed into organ chambers with Krebs-Henseleit
solution (composition: 110.0 mol/l NaCl, 4.8 mol/l KCl, 2.35
mol/l CaCl2, 1.20 mol/l MgSO4, 1.20 mol/l KHPO4, 25.0 mol/l
NaHCO3 and 4 g glucose in glass-distilled water). The KrebsHenseleit solution was maintained at 36±0.5 °C and continuously gassed with mixture of 95 % O2 and 5 % CO2 pH 7.5±0.1.
The upper part of the tissue strip was connected to a force transducer and an amplifier and tension recordings were performed
on PC software (RES, Martin, Slovak Republic). The strips were
set to the initial resting tension of 4 g (30 minutes) and thereafter
were readjusted to a baseline of 2 g (30 minutes  adaptive phase).
Krebs-Henseleit solution was changed every 10 minutes. The
strips were contracted by cumulative doses of histamine and acetylcholine (10-8 10-3 mol/l). Statistical analysis was performed
using the Students t-test. P values of less than 0.05 were considered significant. All results are expressed as mean±S.E.M.
Results
In our experiment we compared the changes of the bronchial
reactivity evoked by toluene exposure after 3 days administration of soluble guanylyl cyclase inhibitor  methylene blue in
two doses (50 or 100 mg/kg b.w.) with the control group exposed to the toluene vapours following aqua pro injectione pretreatment.
Guinea pig trachea
We observed a decrease of tracheal smooth muscle response
to histamine and acetylcholine in both groups of animals that
received methylene blue in two different doses. However, more
marked decrease was observed after administration of the in-
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Fig. 2. The changes of tracheal smooth muscle reactivity to histamine. The effect of the 3-days pretreatment with methylene blue in
a dose of 50 mg/kg b.w. (  ), methylene blue in a dose of 100 mg/kg
b.w. ( n) compared with toluene group (u). The curve represents average values of the contraction amplitude with mean error of
average±S.E.M. Axis x  the concentration of histamine in log M,
axis y  the amplitude of the contraction in mN. Significance p<0.05
 one asterisk, p<0.01  two asterisks.

Fig. 4. The changes of lung tissue smooth muscle reactivity to histamine. The effect of the 3-days pretreatment with methylene blue in
a dose of 50 mg/kg b.w. (  ), methylene blue in a dose of 100 mg/kg
b.w. ( n ) compared with toluene group ( u). The curve represents
average values of the contraction amplitude with mean error of
average±S.E.M. Axis x  the concentration of histamine in log M,
axis y  the amplitude of contraction in mN. Significance p<0.05 
one asterisk, p<0.01  two asterisks.
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Fig. 3. The changes of tracheal smooth muscle reactivity to acetylcholine. The effect of the 3-days pretreatment with methylene blue
in a dose of 50 mg/kg b.w. (  ), methylene blue in a dose of 100 mg/kg
b.w. ( n ) compared with toluene group ( u ). The curve represent average values of the contraction amplitude with mean mistake of
average±S.E.M. Axis x  the concentration of the acetylcholine in
log M, axis y  the amplitude of the contraction in mN. Significance
p<0.05  one star.

Fig. 5. The changes of lung tissue smooth muscle reactivity to
acteylcholine. The effect of the 3-days pretreatment with methylene
blue in a dose of 50 mg/kg b.w. (  ), methylene blue in a dose of 100
mg/kg b.w. ( n ) compared with toluene group ( u ). The curve represents average values of the contraction amplitude with mean error
of average±S.E.M. Axis x  the concentration of acetylcholine in
log M, axis y  the amplitude of contraction in mN. Significance
p<0.05  one asterisk, p<0.01  two asterisks.

hibitor in a dose of 50 mg/kg b.w. intraperitoneally. The amplitude of contraction was significantly reduced at histamine concentration of 10-6 10-3 mol/l (Fig. 2) and acetylcholine 10-5 10-3
mol/l (Fig. 3). We did not observe any statistically significant
changes of tracheal smooth muscle reactivity to histamine or
acetylcholine after administration of methylene blue in a dose of
100 mg/kg b.w.

tylcholine (Fig. 5) at the concentration 10-6 10-3 mol/l after administration of methylene blue in a dose of 100 mg/kg b.w. intraperitoneally. The contraction amplitude was almost identical
with control group amplitude after administration of the inhibitor in a dose of 50 mg/kg b.w. for histamine and it was not statistically significant for acetylcholine.
Discussion

Guinea pig lung tissue
The smooth muscle of lung tissue showed significant decrease
of the amplitude of contraction to histamine (Fig. 4) and to ace-

The influence of NO-GC-cGMP relationship can be one of
the factors determining changes of the airways reactivity. Our
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current understanding of the mechanisms by which NO leads to
changes of the smooth muscle tonus results mostly from studies
with vascular smooth muscle. Numerous studies with vascular
smooth muscle support the hypothesis that stimulation of soluble
guanylyl cyclase is the initial event in NO-induced relaxation.
However, the role of soluble guanylyl cyclase in response to NO
and other vasodilators in the airways is controversial (10). We
used the inhibition of soluble guanylyl cyclase to clarify participation of NO-GC-cGMP relationship in the airways reactivity
changes evoked by exogenous irritant.
The sources of cGMP include both soluble (sGC) and particulate (pGC) forms of guanylyl cyclase. The smooth muscle of
airways expresses both sGC and pGC. The inhibition of soluble
guanylyl cyclase with methylene blue reduced the toluene vapourinduced airways bronchial hyperreactivity in the guinea pigs in
our experimental conditions. We observed a decrease of tracheal
and lung tissue smooth muscle response to histamine and acetylcholine in both groups of animals that received methylene blue
in two different doses. Surprisingly, different response of tracheal and lung tissue smooth muscle in depending on the dose of
methylene blue was recorded. The tracheal smooth muscle showed
more significant response in animals pretreated with 50 mg/kg
b.w. while lung tissue smooth muscle responds to dose of 100 mg/
kg b.w. only. These results may be caused by the following:
The possibility of the different penetration of methylene blue
in the dissimilar tissue types and distinct sensitivity of the smooth
muscles to cGMP must be taken in to consideration (11, 12). We
may speculate that methylene blue possibly influences the redistribution of blood flow among different organs. The effects of
methylene blue on regional blood flow may be different (13).
We used the intraperitoneal administration that has no specific
influence in the respiratory system but other ways of administering were not possible to use in our conditions. Methylene blue is
markedly coloured agent and its use by inhalation or in in vitro
conditions is very inconvenient. On the other side, direct intravenous application to right ventricle and subsequent distribution
to the lung circulation in in situ conditions is possible.
We suppose that there may be species differences in the
mechanism of NO/cGMP pathway on the airway smooth muscle
function (14). For example, the relaxation elicited by the NO
donor in canine trachea is inhibited by methylene blue, whereas
relaxations in porcine airways are not (15). Various studies in
guinea pigs airways have suggested also a dichotomy between
relaxation to NO and accumulation of cGMP. Studies in human
airways found that although methylene blue blocked the NOinduced cGMP elevations it had no effect on relaxation (16, 17).
A significant limitation in the majority of studies is the lack
of powerful pharmacological tools that could be used for study
of the soluble guanylyl cyclase (12). We rely on methylene blue
to inhibit soluble guanylyl cyclase but this compound is a weak
non-specific inhibitor of soluble guanylyl cyclase. Moreover, it
manifests other activities including the inhibition of iron-containing enzymes as NO synthase (NOS) and cyclooxygenase
(COX) that play an important role in the controlling of the airways smooth muscle function (18).

There is an evidence for a biological interaction of NO with
prostanoid that can take place at different levels. In the smooth
muscle there also exists a synergy between the second messengers (cAMP and cGMP) of NO and prostanoid mediators. It can
be supposed that the absence of NO which decreases cGMP levels induced a reduction of the PGI2-dilating effects which is cAMP
dependent (19, 20). The finding of other studies (21) showed
that prostacyclin production is enhanced when NO production is
suppressed. Osanai et al (22) investigated a role of cGMP in
prostacyclin production by use of methylene blue. The results
demonstrated that pretreatment with methylene blue enhanced
prostacyclin production. This compensatory mechanism is likely
to be present in our experiments, too. It is possible that the increase of prostacyclin production can provoke the decrease of
amplitude contraction in the airways smooth muscle. There is
information in the literature that methylene blue inhibits the generation of reactive oxygen species (ROS), particularly superoxides by competing with the molecular oxygen for the transfer of
electrons by xanthine oxidase. This shunting of electrons to methylene blue thus attenuates the generation of reactive oxygen
species (23) that are produced par example by toluene exposure
(9). In addition, NO itself exists also in an oxidized or reduced
form and all three forms can react with other radicals and molecules producing variety of reactive species (24).
In conclusion, methylene blue may interfere at these all levels (NOS-COX-ROS) that results in the airways reactivity changes
presented in our study. The localization of cyclooxygenases, nitric oxide synthases and antioxidant mechanisms differ in the
upper and lower airways that may result in different responses of
these areas. It may be due to the different sensitivity of enzymes
and mechanisms to cGMP dependent on the dose of methylene
blue or to lower activity of sGC/cyclic GMP in trachea as compared to lung tissue (11, 25). It is necessary to take into consideration the participation of vessels in case of lung tissue (26).
On the basis of the results of our experiments we can suggest
that cGMP as well as other pathways are involved in the airways
reactivity changes observed in our study.
References
1. Murad F. Discovery of Some of the Biological Effects of Nitric Oxide and its Role in Cell Signaling. Bioscience Reports 1999; 19 (3):
133154.
2. Perkins WJ, Pabelick C, Warner DO, Jones KA. cGMP-independent mechanism of airway smooth muscle relaxation induced by S-nitrosoglutathione. Amer J Physiol Cell Physiol 1998; 275: C468C474.
3. Friebe A, Koesling D. Regulation of Nitric Oxide-Sensitive Guanylyl Cyclase. Circ Res 2003; 93: 96105.
4. Ricciardolo FLM, Sterk PJ, Gaston B, Folkerts G. Nitric oxide in health and disease of the respiratory system. Physiol Res 2004; 84: 731765.
5. Koesling D, Friebe A. Soluble guanylyl cyclase: structure and regulation. Rev Physiol Biochem Pharmacol 1999; 135: 4165.
6. Hamad AM, Clayton A, Islam B, Knox AJ. Guanylyl cyclases,
nitric oxide, natriuretic peptides, and airway smooth muscle function.
Amer J Physiol Lung Cell Mol Physiol 2003; 285: L973L983.

Antosova M et al. Inhibition of guanylyl cyclase in the airways
7. Nakane M. Soluble Guanylyl Cyclase: Physiological Role as an NO
Receptor and the Potential Molecular Target for Therapeutic Application. Clin Chem Lab Med 2003; 41 (7): 865870.

247

not correlated with increased cyclic GMP. Amer J Resp Crit Care Med
1995; 151: A126.

8. Somlyo AP, Somlyo AV. Signal transduction and regulation in smooth muscle. Nature 1994; 372: 231236.

18. Evgenov OV, Evgenov NV, Mollnes TE, Bjertnaes LJ. Methylene blue reduces pulmonary oedema and cyclooxygenase products in
endotoxaemic sheep. Europ Resp J 2002; 20: 57964.

9. Strapková A, Nosá¾ová G, Hanáèek J. Effect of irritants on airways reactivity. Centr Europ J Publ Hlth. 1996; 4: 5456.

19. De Wit C, Bolz S-S, Pohl U. Interacion of endothelial autacoids in
microvascular control. Z Kardiol 2000; 89 (Suppl 9): IX113IX116.

10. Stuart-Smith K, Warner DO, Jones KA. The role of cGMP in the
relaxation to nitric oxide donors in airway smooth muscle. Europ J Pharmacol 1998; 341: 225333.

20. Laemmel E, Bonnardel-Phu E, Hou X, Seror J, Vicaut E. Interaction between nitric oxide and prostanoids in arterioles of rat cremaster muscle in vivo. Amer J Heart Circ Physiol 2003; 285: H1254
H1260.

11. Jones KA, Wong GY, Jankowski CHJ, Akao M, Warner DO.
cGMP modulation of Ca2+ sensitivity in airway smooth muscle. Amer
J Physiol Lung Cell Mol Physiol 1999; 276: L35L40.
12. Weinbroum AA, Goldin I, Kluger Y, Szold A. Methylene blue in
preventing hemodynamic and metabolic derangement following superior mesenteric artery clamping/unclamping: an intratracheal vs intraperitoneal dose-response study. Shock 2002; 17: 372376.
13. Weingartner R, Oliveira E, Oliveira ES, Sant Anna RP, Oliveira RP, Azambuja LA, Friedman G. Blockade of the action of nitric
oxide in human septic shock increases systemic vascular resistance and
has detrimental effects on pulmonary function after a short infusion of
methylene blue. Braz J Med Biol Res 1999; 32: 15051513.
14. Ellis JL. Role of Soluble Guanylyl Cyclase in the Relaxations to a
Nitric Oxide Donor and to Nonadrenergic Nerve Stimulation in Guinea
Pig Trachea and Human Bronchus. J Pharmacol Exp Ther 1997; 280:
12151218.
15. Stuart-Smith K, Bynoe TC, Lindeman KS, Hirshman CA. Differential effects of nitrovasodilators and nitric oxide on porcine tracheal and bronchial muscle in vivo. J Appl Physiol 1994; 341: 225233.
16. Lindsay GW, Mahey R, Thompson DC, Altiere RJ. Role of cyclic GMP in mediating airway non-adrenergic noncholinergic relaxation. Amer J Resp Crit Care Med 1995; 151: A126.
17. Mahey R, Lindsay GW, Thompson DC, Altiere RJ. Relaxation
of airway smooth muscle by sodium nitroprusside and nitric oxide are

21. Chun KS, Cha HH, Shin JW, Na HK, Park KK, Chung WY,
Surh YJ. Nitric oxide induces expression of cycloxygenase-2 in mouse
skin through activation of NF-B. Carcinogenesis 2004; 25 (6): 445
454.
22. Osanai T, Fujita N, Fujiwara N, Nakano T, Takahashi K, Guan
W, Okumura K. Cross talk of shear-induced production of prostacyclin and nitric oxide in endothelial cells. Amer J Physiol Heart Circulat
Physiol 2000; 278: H233H238.
23. Salaris SC, Babbs CF, Voorheesiiw D. Methylene blue as an inhibitor of superoxide generation by xanthine oxidase. Biochem Pharmacol 1991; 42: 499.
24. Janssen LJ, Premji M, Lu-Chao H, Cox G, Keshavjee S. NO+ but
not NO radical relaxes airway smooth muscle via cGMP-independent
release of internal Ca2+ 2000; 278: L899L905.
25. Rho EH, Perkins WJ, Lorenz RR, Warner DO, Jones KA. Differential effects of soluble and particulate guanylyl cyclase on Ca2+ sensitivity in airway smooth muscle. J Appl Physiol 2002; 92: 257263.
26. Weissmann N, Voswinckel R, Tadic A et al. Nitric Oxide (NO)Dependent bu not NO-Independent Guanylate Cyclase Activation Attenuates Hypoxic Vasoconstriction in Rabbit Lungs. Amer J Resp Cell
Mol Biol 2000; 23: 222227.
Received June 20, 2005.
Accepted August 16, 2005.

