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Abstract

Inhibition of type-5 phosphodiesterase by sildenafil decreases capacitative Ca2+ entry mediated by transient receptor potential 
proteins (TRPs) in the pulmonary artery. These families of channels, especially the canonical TRP (TRPC) subfamily, may be 
involved in the development of bronchial hyperresponsiveness, a hallmark of asthma. In the present study, we evaluated i) the 
effects of sildenafil on tracheal rings of rats subjected to antigen challenge, ii) whether the extent of TRPC gene expression may 
be modified by antigen challenge, and iii) whether inhibition of type-5 phosphodiesterase (PDE5) may alter TRPC gene expres-
sion after antigen challenge. Sildenafil (0.1 µM to 0.6 mM) fully relaxed carbachol-induced contractions in isolated tracheal rings 
prepared from naive male Wistar rats (250-300 g) by activating the NO-cGMP-K+ channel pathway. Rats sensitized to antigen 
by intraperitoneal injections of ovalbumin were subjected to antigen challenge by ovalbumin inhalation, and their tracheal rings 
were used to study the effects of sildenafil, which more effectively inhibited contractions induced by either carbachol (10 µM) 
or extracellular Ca2+ restoration after thapsigargin (1 µM) treatment. Antigen challenge increased the expression of the TRPC1 
and TRPC4 genes but not the expression of the TRPC5 and TRPC6 genes. Applied before the antigen challenge, sildenafil 
increased the gene expression, which was evaluated by RT-PCR, of TRPC1 and TRPC6, decreased TRPC5 expression, and 
was inert against TRPC4. Thus, we conclude that PDE5 is involved in the development of an airway hyperresponsive phenotype 
in rats after antigen challenge by altering TRPC gene expression.
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Sildenafil (Viagra®) is a selective inhibitor of the cyclic 
guanosine monophosphate (cGMP)-specific type-5 phos-
phodiesterase (PDE5) and is useful in the treatment of erec-
tile dysfunction and pulmonary arterial hypertension (1,2). 
By decreasing capacitative Ca2+ entry through a change 
in transient receptor potential (TRP) gene expression, 
sildenafil inhibits human pulmonary vascular remodeling, 
which is involved in the sustained increase of pulmonary 
arterial pressure (3,4).

TRP channels were first described in studies of light 
perception by Drosophila melanogaster, involving rhodop-

sin coupling to phospholipase C and activation of channels 
responsible for sustained Ca2+ influx (i.e., store-operated 
Ca2+ channels) (5). Research has concentrated on proteins 
of the canonical TRP (TRPC) subfamily, and much evidence 
suggests that they are a part of store-operated Ca2+ channels 
in many cells (6-8). Such channels are regulated by the filling 
status of intracellular Ca2+ stores and, once depleted by either 
Ca2+ release from the sarcoplasmic reticulum or inhibition 
of adenosine triphosphate-driven sarcoplasmic/endoplasmic 
reticulum Ca2+ (SERCA) pumps, subsequent Ca2+ entry from 
extracellular compartments may be promoted (9).
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In airway smooth muscle, the control of intracellular 
Ca2+ levels is involved in several functions, including 
contraction and cell proliferation, adhesion, and survival 
(10). Acute and chronic allergic conditions, such as those 
that occur in asthma, change the intracellular dynamics of 
cytoplasmic Ca2+, promoting several events that culminate 
in reversible airflow limitation and a loss of lung function 
(11). Asthma is an inflammatory disease that especially 
affects small airways and is often associated with airway 
hyperresponsiveness to contractile agents and damage 
to the epithelial layer, which exerts a protective role on 
sensory nerves and smooth muscle from inhaled irritants 
and releases epithelium-derived relaxing factors under 
physiological conditions (12).

The inflammatory environment generated by allergic 
responses modifies Ca2+ signal transduction pathways, 
leading to a phenotype of bronchial hyperresponsiveness 
with the potential involvement of proteins that belong to the 
TRPC subfamily in such a phenomenon (13). Increased 
intracellular cGMP levels caused by PDE5 inhibition elicit 
various cellular events, such as airway smooth muscle 
relaxation and inhibition of cellular inflammation or immune 
responses. The present in vitro study was designed to 
answer the following three questions: i) is sildenafil able to 
reduce tracheal hyperresponsiveness to a contractile agent 
after an antigen challenge?; ii) can TRPC gene expression 
be changed by antigen challenge?, and iii) can inhibition of 
PDE5 alter TRPC gene expression? 

Material and Methods

Animals
Male Wistar rats (250-300 g) were housed under stan-

dard conditions with free access to food and water in the 
Central Housing Facility of our institution. Animal welfare and 
the experimental procedures were conducted in accordance 
with the Ethical Principles for Care and Use of Laboratory 
Animals published by the Brazilian Society for Laboratory 
Animal Science (http://www.cobea.org.br; accessed Febru-
ary 4, 2011), with a project license approved by the Animal 
Ethics Committee of our institution (protocol #41/06).

Active sensitization to ovalbumin
Rats were actively sensitized to ovalbumin (OVA; 10 mg/

kg) on days 1, 3, and 5 by an intraperitoneal (ip) injection 
of chicken egg albumin (grade II; Sigma, USA) diluted in 
0.9% sodium chloride. The OVA solution was injected (1 
mL/kg, once per day) directly into the peritoneum, with care 
taken not to damage the internal organs. Control animals 
received saline under similar conditions. The animals were 
used 21 to 50 days after sensitization. The success of the 
antigen sensitization procedure was confirmed by means of 
Schultz-Dale reactions (14,15) performed on tracheal rings 
of all rats that were previously sensitized to OVA, which were 
the same as used in the tracheal responsiveness studies. 

Briefly, when a contraction occurred as a consequence of 
the direct OVA addition to the bath chamber, sensitization 
was considered to be positive.

Antigen challenge
Ovalbumin-sensitized animals were exposed to nebu-

lized solutions of OVA in a single 30-min session that was 
divided into two periods without interruption (first with 1 
mg/mL and then with 5 mg/mL for 15 min each) generated 
by an ultrasonic nebulizer (RespiraMax, NS Indústria de 
Aparelhos Médicos, Brazil). Rats were sacrificed 12 h later 
with an ip injection of chloral hydrate (400 mg/kg) to evaluate 
tracheal contractility in vitro. Control rats were sensitized 
to saline inhalation.

Tracheal tissue set-up and experimental protocols
Although the hyperresponsiveness observed in asthma 

occurs mainly in bronchial segments (16), in the present 
study we evaluated airway smooth muscle reactivity using 
isolated tracheal rings. The trachea was dissected and 
placed on a dish containing physiological salt solution, pH 
7.4, to remove adhering fat and connective tissue. Next, the 
trachea was cut transversely into cylindrical rings (with 3-4 
cartilage rings), which were suspended in a heated jacket. 
The rings were superfused with warmed (37°C) and gassed 
(5% CO2 in O2) in Krebs-Henseleit solution: 118.0 mM 
NaCl, 4.7 mM KCl, 2.5 mM CaCl2, 1.2 mM MgSO4, 25.0 
mM NaHCO3, 1.2 mM KH2PO4, and 10.0 mM glucose in 
distilled water. Changes in isometric tension were measured 
by attaching the upper end of the ring to an isometric ten-
sion transducer (MLT0201/RAD, ADInstruments, Australia). 
Changes in tension were recorded on a PowerLab 8/30 
device (ML870B60/C-V, ADInstruments). Intrinsic tone 
was induced by allowing the rings to equilibrate under an 
applied tension of 1 g for 60 min.

Concentration-response curves were generated for 
sildenafil (0.1 µM to 0.6 mM, 5 min for each concentra-
tion) in intact epithelial tracheal rings precontracted with 
carbachol (CCh) in the absence and presence of 5 mM 
tetraethylammonium chloride (TEA, a nonspecific blocker 
of K+ channels), 3 mM 4-aminopyridine (4-AP, a selective 
blocker of voltage-sensitive K+ channels), 1 μM glyben-
clamide (a selective blocker of ATP-sensitive K+ channels), 
1 µM tetrodotoxin (TTX, a blocker of fast Na+ channels), or 
50 µM L-nitro-arginine methyl ester (L-NAME, a nitric oxide 
[NO] synthase inhibitor), which were added 10 min (TEA, 
4-AP, TTX) or 20 min (glybenclamide, L-NAME) before the 
addition of the first CCh concentration. The relaxant effect 
of sildenafil was also evaluated in epithelium-denuded 
tracheal rings with epithelium removal confirmed by mi-
croscopy. Concentration-effect curves were also gener-
ated for NO donor agents (3 min for each concentration), 
including sodium nitroprusside (SNP) and (S)-nitroso-N-
acetylpenicillamine (SNAP) in the absence and presence 
of a single concentration of sildenafil (10 µM), which was 
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added 5 min before the first concentration of a given NO 
donor. The tracheal rings of control and OVA-challenged 
rats were used separately to evaluate the effects of sildenafil 
on the concentration-effect curve induced by CCh, as well 
as on the contractile responses induced by capacitative 
Ca2+ entry or gene expression.

Total RNA isolation
Tracheal rings were obtained, and tissues were isolated 

from the edges attached to the cartilage. Total RNA was 
isolated from different animals of a given group. The animals’ 
tissues were pooled to obtain samples of tracheal tissues, 
which were obtained from the dorsal paries membranaceus. 
Excess liquid was removed with absorbent paper, and the 
tissues were then weighed and stored at -80°C until used 
for the analysis. The average quantity of tissue isolated 
from a single trachea was ~8 mg. The average amount of 
tissue per sample from each group was ~30 mg (4 rats). 
Total RNA was isolated from each sample using the RNeasy 
Mini kit (Qiagen, USA) and a QIAcube automation device 
(Qiagen).

Briefly, the samples were incubated with β-mercapto-
ethanol-containing lysis buffer in a volume of 600 µL. Sample 
grinding was performed using a cell disruptor composed of 
a dremel tool (Polytron PT 10-35 GT, Switzerland) with au-
toclavable steel rotating blades. After membrane disruption 
and acid nucleic release into the medium, the solution was 
centrifuged at 14,000 g for 3 min, and the supernatant was 
transferred to a 2-mL plastic tube (Eppendorf, Germany). 
Next, the tube was placed in a QIAcube (Qiagen) device, 
which enables the automatic purification of highly pure 
nucleic acids following predetermined protocols according 
to manufacturer instructions.

Reverse transcriptase reaction
To evaluate the gene expression of TRPCs, the isolated 

RNA was transformed to cDNA by a reverse transcriptase 
reaction using a SuperScript™ III Reverse Transcriptase 
System (Invitrogen, USA). Briefly, RNA samples (1 µg) were 
incubated with 1 µL oligo(dT)20 primer (50 µM) and 1 µL of 
a mixture of nucleotides (dNTP mix, 10 mM) in Milli-Q water 
to a final volume of 10 µL, which was named reaction A. 
This reaction was warmed to 65°C for 5 min to denature 
the RNA and to anneal the oligo(dT)20 primer at the end of 
the poly(A) mRNA tail. The reaction was then cooled on ice 
for at least 1 min. This solution was supplemented (reaction 
B) with 2 µL cDNA synthesis buffer (10X), 4 µL MgCl2 (25 
mM), 2 µL 0.1 M dithiothreitol, 1 µL RNAseOUT™ solution 
(40 U/µL, Invitrogen), and 1 µL SuperScript™ III RT (200 
U/mL). The tube containing the two reactions (20 µL) was 
transferred to a thermal cycler initially for 50 min at a tem-
perature of 50°C. After this period, the reaction mixture was 
heated to 85°C for 5 min and then immediately cooled to 
4°C. To end the process, 1 µL RNase H was added to the 
synthesized cDNA and the preparation was incubated for 20 

min at 37°C. The synthesized cDNA was kept in a freezer at 
-20°C until its amplification by real-time polymerase chain 
reaction (PCR).

Real-time PCR (qPCR)
The gene expression of TRPC1, TRPC4, TRPC5, and 

TRPC6 was assayed using an iQ5 Real-Time PCR Detec-
tion System (Bio-Rad, USA). Phospholipase A2 (tyrosine 
3-monooxygenase/tryptophan 5-monooxygenase activa-
tion protein zeta polypeptide) was used as the reference 
gene (YHWAZ). DNA primers for all genes (Table 1) were 
designed on the basis of mRNA sequences obtained from 
the National Center for Biotechnology Information (http://
www.ncbi.nlm.nih.gov; accessed February 4, 2011).

Real-time PCR assays were performed in a final vol-
ume of 25 µL of a medium containing 12.5 µL iQ Supermix 
(standard buffer for amplification with reagents such as 
DNA polymerase, dNTPs, and saline buffer at optimal 
concentrations for real-time PCR assays), 200 nM primers, 
and 2 µL cDNA of the samples. Negative samples were 
also tested, with the cDNA being replaced with autoclaved 
Milli-Q water. The PCR conditions were as follows: an 
initial denaturation period of 3 min at 95°C, followed by 40 
cycles for gene amplification. Each cycle consisted of an 
initial denaturation phase of 30 s at 95°C, followed by an 
annealing phase of 30 s at 60°C and an extension phase 
of 45 s at 72°C. The samples were then subjected to an 
extension step of 3 min at 72°C.

To ensure the specificity of the amplifications applied (i.e., 
to determine whether the formed products were specific for the 
tested genes), we constructed a fusion curve (i.e., a melting 
curve) after each reaction, in which the reaction temperature 
was subsequently increased by 1°C every 20 s, beginning at the 
annealing temperature of a given primer and ending at 95°C. 
Throughout the curve construction process, the changes in 
fluorescence were measured, and the data obtained with the 
iQ5 Optical System software (version 2.0; Bio-Rad) were based 
on the values of the threshold cycle, in which the observed 

Table 1. Oligonucleotide sequence of primers used in the qPCR 
assays.

Gene Primer sequences [5’-3’; sense (S) and antisense (AS)]

TRPC1 S - CTTGGCAACTTTTGCCCTCA
AS - AAAGGCGAAAAGCCCTTCTG

TRPC4 S - CCAATGTCAAAGCCCAGCAT
AS - CTGCGTGGTCGGCAATTAGT

TRPC5 S - CAACAATTGCTGGCCACCTT
AS - GGATGCTGTGTGGCAGATGA

TRPC6 S - TCTGAAGTGAAGTCGGTGGTCA
AS - CCGCATCATCCTCAATTTCC

YHWAZ S - GCTACTTGGCTGAGGTTGCT
AS - TGCTGTGACTGGTCCACAAT
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fluorescence is 10-fold higher than the basal fluorescence for 
each PCR assay. Gene expression was obtained by applying 
the mathematical method of Pfaffl (17).

Solutions and drugs
The physiological salt solution was a modified Krebs-

Henseleit solution of the following composition: 118.0 mM 
NaCl, 4.7 mM KCl, 2.5 mM CaCl2, 1.2 mM MgSO4, 25.0 
mM NaHCO3, 1.2 mM KH2PO4, and 10.0 mM glucose. 
Solutions with a high KCl content were prepared by adding 
KCl to the bath from a 3-M KCl solution in distilled water. 
CCh, TTX, TEA, thapsigargin, and L-NAME were purchased 
from Sigma, and sildenafil citrate was kindly provided by 
Pfizer (UK). Salts and reagents (all of analytical grade) were 
purchased from Sigma or Merck (Germany).

Statistical analysis
Data are reported as means ± SEM and N indicates the 

number of experiments. The EC50 (i.e., the concentration 
of agonist at which 50% of the maximal response was ob-
served) or IC50 values (i.e., the concentration of sildenafil or 
of an NO donor at which 50% of a CCh-induced response 
was inhibited) were calculated by interpolation from semi-
logarithmic plots and are reported as geometric means 
(95% confidence interval). One-way or two-way analysis of 
variance (ANOVA) followed by the Holm-Sidak post hoc test 
were employed to compare differences between treatments. 
IC50 values were compared using the Mann-Whitney or 
Wilcoxon test as appropriate. Emax values were compared 
using the unpaired Student t-test. Statistical significance 
was accepted when P < 0.05.

Results

Effects of sildenafil on the sustained contractions 
induced by carbachol in rat tracheal rings

In a group of tracheal rings obtained from rats not 
subjected to antigen challenge, sildenafil (0.1 µM to 0.6 
mM) fully relaxed the sustained contractions induced by 
a submaximal concentration of carbachol (1 µM) in a 
concentration-dependent manner (P < 0.001, ANOVA; 
Figure 1), with an IC50 of 27.2 (17.5-42.1) µM (N = 12). The 
concentration-effect curve for the relaxant effect induced 
by sildenafil was shifted to the right by pretreatment of the 
tracheal rings with L-NAME, TEA, and 4-AP, which signifi-
cantly increased (P < 0.05, Mann-Whitney test) the IC50 
values of sildenafil-induced relaxation. The IC50 values are 
shown in Table 2, which shows that epithelium removal also 
decreased the relaxant effect of sildenafil, whereas neither 
TTX nor glybenclamide changed the inhibitory potency of 
sildenafil to relax carbachol-elicited contractions.

Effects of sildenafil on the relaxing effects induced 
by NO donors

The cumulative addition of substances with NO-

Figure 1. Relaxant effect of sildenafil on sustained contraction 
induced by CCh in rat tracheal rings. The addition of 1 µM CCh to 
tracheal rings from control rats produced sustained contraction. 
After a steady-state CCh-induced contraction was reached, cu-
mulative concentrations of sildenafil were added, and the relaxant 
effect was evaluated in the absence (filled circles) or presence of 
L-NAME (50 µM; triangles up), 4-AP (1 mM; filled squares), TEA 
(5 mM; diamonds), glybenclamide (Glyb; 10 µM; open squares), 
or TTX (1 µM; triangles down). The relaxant effects of sildenafil 
were also evaluated in epithelium-denuded tracheal rings (-epi; 
open circles). Data are reported as means ± SEM of 6-12 ex-
periments. CCh = carbachol; L-NAME = L-nitro-arginine methyl 
ester; 4-AP = 4-aminopyridine; TEA = tetraethylammonium chlo-
ride; TTX = tetrodotoxin. *P < 0.05 compared to the same con-
centration in the control curve (two-way ANOVA followed by the 
Holm-Sidak test).
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releasing properties, such as SNP (1.0 nM to 0.1 mM) and 
SNAP (1.0 nM to 1.0 mM), on the plateau of a sustained 
contraction induced by carbachol (1 µM) induced a relax-
ant response (Figure 2) in a concentration-dependent 
manner (P < 0.001, ANOVA), with IC50 values of 0.30 
(0.09-0.87) µM (N = 5) and 58.99 (24.32-143.12) µM 
(N = 5), respectively. As shown in Table 3, in the pres-
ence of a single concentration of sildenafil (10 µM), the 
concentration-effect curves for SNP and SNAP were sig-
nificantly shifted to the left because their IC50 values were 

significantly decreased (P < 0.05, Wilcoxon test).

Effects of sildenafil on the concentration-effect 
curves for carbachol in isolated tracheal rings from 
rats subjected to antigen challenge

Tracheal contractile responses were determined in vitro 
24 h after the animals were challenged with saline (control) 
or OVA in another group of animals. Full concentration-
response curves for CCh (1.0 nM to 0.3 mM) showed 
concentration-dependent tracheal contractions (P < 0.001, 

Figure 2. Effect of sildenafil on the concentration-effect curve of 
the nitric oxide donors SNP and SNAP on the sustained con-
traction induced by CCh in rat tracheal rings. In tracheal rings 
contracted with 1 µM CCh, the concentration-dependent relaxant 
effects of (A) SNP (1.0 nM to 0.1 mM) and (B) SNAP (1.0 nM 
to 1.0 mM) were evaluated in the absence (filled hexagons) or 
presence (open hexagons) of 10 µM sildenafil (Sild). Data are 
reported as means ± SEM of 5-6 experiments in each group. CCh 
= carbachol; SNP = sodium nitroprusside; SNAP = (S)-nitroso-N-
acetylpenicillamine. *P < 0.05 compared to the same concentra-
tion in the control curve (two-way ANOVA followed by the Holm-
Sidak test).

Table 2. IC50 values for the myorelaxant effects induced by 
sildenafil on sustained contraction induced by carbachol in tra-
cheal rings of naive rats.

Treatment IC50 (µM)

Control (N = 12) 27.2 (17.5-42.1)
L-NAME (50 µM) (N = 7) 348.1 (248.0-488.5)*
TEA (5 mM) (N = 10) 119.5 (57.4-248.9)*
4-AP (1 mM) (N = 6) 174.9 (70.9-431.4)*
Epithelium-denuded (N = 7) 232.2 (129.6-416.3)*
TTX (1 µM) (N = 11) 43.9 (23.5-82.0)
Glybenclamide (10 µM) (N = 7) 48.3 (21.3-109.5)

Tracheal rings from naive rats were treated in vitro with sildenafil 
(0.1 µM to 0.6 mM) during the steady state of a sustained con-
traction induced by a submaximal concentration of carbachol (1 
µM) in the absence (control) or presence of L-NAME, TEA, 4-AP, 
TTX, or glybenclamide. In a separate group, experiments with 
sildenafil (0.1 µM to 0.6 mM) alone were performed in epithelium-
denuded tracheal rings. IC50 is reported as the geometric mean 
(95% confidence interval). N indicates the number of experiments. 
L-NAME = L-nitro-arginine methyl ester; TEA = tetraethylammo-
nium chloride; 4-AP = 4-aminopyridine; TTX = tetrodotoxin. *P < 
0.05 compared to control (Mann-Whitney test).

Table 3. IC50 values for the myorelaxant effects induced by the 
nitric oxide donors SNP and SNAP on the sustained contraction 
induced by carbachol in tracheal rings of naive rats.

Treatment IC50 (µM)

Control Sildenafil (10 µM)

SNP (N = 6)   0.30 (0.12-0.72) 0.04 (0.01-0.19)*
SNAP (N = 5) 59.99 (24.32-143.12) 4.78 (1.89-12.06)*

Tracheal rings from rats not subjected to antigen challenge re-
ceived cumulative concentrations of SNP or SNAP during the 
steady state of a sustained contraction induced by a submaxi-
mal concentration of carbachol (1 µM) in the absence (control) or 
presence of sildenafil (10 µM). IC50 is reported as the geometric 
mean (95% confidence interval). N indicates the number of ex-
periments. SNP = sodium nitroprusside; SNAP = (S)-nitroso-N-
acetylpenicillamine. *P < 0.05 compared with control of the same 
treatment (Wilcoxon test).
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ANOVA) both in control (N = 7) and OVA-challenged tracheal 
rings (challenged; N = 5). In sildenafil-untreated tracheal 
rings (Figure 3A), OVA-challenged tissues displayed con-

tractile responses to CCh, with Emax values of 0.644 ± 0.068 
g at 0.3 mM (Table 4), which were significantly higher than 
those observed in control tissues challenged with saline 
(0.455 ± 0.040 g; P < 0.05, unpaired Student t-test). The 
EC50 for CCh was 0.26 (0.21-0.33) µM in control tissues and 
0.23 (0.15-0.35) µM in challenged tissues, with no significant 
difference between values (P > 0.05, Mann-Whitney test). 
Tissues pretreated with 10 µM sildenafil (Figure 3B) had 
Emax values of 0.515 ± 0.082 g for contractile responses 
to CCh after OVA challenge, but these values were not 
significantly different from control (P > 0.05, unpaired 
Student t-test). When treated with 30 µM sildenafil (Figure 
3C), control and OVA-challenged tracheal rings had similar 
CCh-induced concentration-effect curve profiles, with no 
differences in their Emax values, but the values were sig-
nificantly lower than those obtained in sildenafil-untreated 
tissues (P < 0.05, unpaired Student t-test). Conversely, the 
EC50 values were significantly higher in tissues treated with 
30 µM sildenafil than in sildenafil-untreated tracheal rings, 
but these values were not significantly different between 
control and OVA-challenged tissues (P > 0.05).

Effects of sildenafil on the contractions induced by 
capacitative Ca2+ entry

In tissues obtained from control animals not subjected 
to antigen challenge, sildenafil concentration-dependently 
reversed (P < 0.05, ANOVA) the contractions induced by 
the addition of Ca2+ to the extracellular medium after treat-

Figure 3. Effects of sildenafil on the concentration-effect curve of 
CCh in tracheal rings from control or OVA-challenged rats. Con-
tractile responsiveness to cumulative additions of CCh (1.0 nM to 
0.3 mM) was determined in tissues from control (N = 7) or ovalbu-
min-sensitized (N = 5) animals aerosolized 24 h earlier with either 
saline (filled triangles down) or ovalbumin (half-filled circles). The 
concentration-effect curves were generated in the absence (A) 
or presence of 10 µM sildenafil (B) or 30 µM sildenafil (C). Data 
are reported as means ± SEM. CCh = carbachol; OVA = ovalbu-
min. *P < 0.05 compared to the same concentration in the control 
curve (two-way ANOVA followed by the Holm-Sidak test).

Table 4. EC50 and Emax values of the concentration-effect curves 
generated with carbachol in isolated tracheal rings obtained from 
control or OVA-challenged rats.

EC50 (µM) Emax (g)

Sildenafil-untreated
Control 0.26 (0.21-0.33) 0.455 ± 0.040
Challenged 0.23 (0.15-0.35) 0.644 ± 0.068a

Sildenafil (10 µM)
Control 1.25 (0.85-1.84)a 0.394 ± 0.049
Challenged 1.63 (0.37-7.11)b 0.515 ± 0.082

Sildenafil (30 µM)
Control 2.35 (1.69-3.27)a 0.360 ± 0.036c

Challenged 3.66 (1.59-8.44)b 0.350 ± 0.039d

Tracheal rings from ovalbumin (OVA)-sensitized rats received cu-
mulative concentrations of carbachol to generate a concentration-
effect curve in the absence (sildenafil-untreated) or presence of 
sildenafil (10 or 30 µM). EC50 is reported as the geometric mean 
(95% confidence interval). Data are reported for 5-7 experi-
ments. aP < 0.05 compared to sildenafil-untreated control tissues 
(Mann-Whitney test); bP < 0.05 compared to sildenafil-untreated 
challenged tissues (Mann-Whitney test); cP < 0.05 compared to 
sildenafil-untreated control tissues (unpaired Student t-test); dP 
< 0.05 compared to sildenafil-untreated challenged tissues (un-
paired Student t-test).
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ment of the tracheal rings with 1 µM thapsigargin and 10 µM 
carbachol under Ca2+-free conditions to deplete intracellular 
Ca2+ stores. Full relaxation was observed at a sildenafil 
concentration of 100 µM (N = 4; Figure 4A).

The contractions induced by Ca2+  restoration in the 
extracellular medium were 42.9 ± 7.3% of the reference 
contraction obtained with 60 mM K+ under normal Ca2+-
containing conditions (Figure 4B). When 30 µM sildenafil 
was added before Ca2+, it decreased Ca2+-induced contrac-
tions to 10.8 ± 3.7% (N = 10), a value significantly lower 
than control (P < 0.05, unpaired Student t-test). Tracheal 
rings obtained from OVA-challenged rats contracted with 
increased amplitude in response to the addition of Ca2+ 
(98.0 ± 11.8%; N = 6), with the amplitude being signifi-
cantly increased compared to control tissues. Sildenafil 
also significantly decreased Ca2+-induced contractions to 
22.7 ± 5.4% in tracheal rings of OVA-challenged animals 
(P < 0.05, unpaired Student t-test).

TRPC gene expression by RT-PCR analysis of rat 
tracheal tissue

The expression of four genes belonging to the TRPC 
subfamily was investigated in tissue samples obtained 
from rat tracheas. TRPC1, TRPC4, TRPC5, and TRPC6 
were all expressed (Figure 5), and their expression profiles 
changed according to exposure to antigenic challenge with 
or without previous sildenafil (20 or 50 mg/kg, ip) treatment. 
In fact, TRPC1 and TRPC4 expression increased after OVA 
challenge (Figure 6A and B), whereas the expression of 
TRPC5 (Figure 6C) and TRPC6 (Figure 6D) did not change 
after OVA inhalation. In OVA-challenged rats, sildenafil also 
significantly altered the expression of TRPC genes. For ex-

ample, TRPC1 expression was further increased in tissues 
of OVA-challenged animals after treatment with 50 mg/kg 
sildenafil (P < 0.05, Holm-Sidak test; Figure 6A). In contrast, 
the relative expression of TRPC5, which did not exhibit 
changes after OVA challenge, was significantly decreased 
after treatment with 50 mg/kg sildenafil (P < 0.05; Figure 
6C). Interestingly, TRPC6 expression increased despite the 
ineffectiveness of OVA in inducing a change in its expression 
(P < 0.05; Figure 6D), whereas TRPC4 expression, which 
was increased by the antigen challenge, did not change 
even after treatment with 50 mg/kg sildenafil.

Discussion

The present in vitro study showed that sildenafil de-
creased the tracheal hyperresponsiveness to CCh that 
occurred after exposure of sensitized animals to antigen 
challenge by OVA inhalation. In addition to the more evident 
effects of sildenafil against hyperresponsive CCh-induced 
contractions, it also more efficiently inhibited OVA-enhanced 
contractions induced by activation of capacitative Ca2+ entry, 
which is triggered by depletion of internal Ca2+ stores. Our 
data also showed that antigen challenge modified the gene 
expression of several members of the TRPC subfamily in 
the rat trachea, a phenomenon modifiable by PDE5 inhibi-
tion caused by sildenafil pretreatment.

The beneficial effects of sildenafil in the treatment of 
male erectile dysfunction and pulmonary hypertension are 
attributable to its ability to potentiate the vasorelaxant effect 
of NO on vascular smooth muscle cells, which are relaxed 
by sildenafil-induced cGMP accumulation in response to 
generated NO (1,2). The present study first determined the 

Figure 4. Effects of sildenafil on tracheal contractions induced by capacitative Ca2+ entry. A, Inhibitory effects of the addition of cumula-
tive concentrations of sildenafil (1-100 µM; N = 4) on the steady state of a sustained contraction induced by extracellular Ca2+ restora-
tion (i.e., the addition of 2.5 mM Ca2+ to the bath chamber) after the treatment of tissue with 1 µM thapsigargin and 10 µM CCh under 
Ca2+-free conditions. B, Contractions induced by Ca2+ restoration were performed in the absence or presence of 30 µM sildenafil in 
tissues from control (N = 10) animals or from OVA-challenged rats (N = 6). Data are reported as means ± SEM. CCh = carbachol; OVA 
= ovalbumin. *P < 0.05 compared to control values (Holm-Sidak test); aP < 0.05 compared to control values in the absence of sildenafil 
(unpaired Student t-test); bP < 0.05 compared to OVA-challenged values in the absence of sildenafil (unpaired Student t-test).
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mechanism of relaxation caused by sildenafil in tracheal 
smooth muscles, mainly by assessing whether its relaxant 
effects depended on the NO-cGMP-K+ channel pathway. 
Sildenafil shifted the concentration-effect curve to the left in 
response to NO donors, such as SNP and SNAP, whereas its 
inhibitory action was decreased by the treatment of tracheal 
rings with L-NAME and by epithelium removal, indicating 
that the action depended upon the inhibitory drive offered 
by NO production and the release of epithelium-derived 
relaxing factors (18-20). Because the relaxant effects were 
also decreased by pretreatment of the tracheal rings with 
TEA and 4-AP, we concluded that the increased intracellular 
cGMP levels induced by sildenafil may elicit K+ channel 

opening (more specifically, voltage-gated K+ channels), 
which in turn hyperpolarizes the transmembrane resting 
potential and relaxes smooth muscles by governing Ca2+ 
influx via voltage-dependent Ca2+ channels (21). Glyben-
clamide and TTX did not alter the ability of sildenafil to inhibit 
tracheal contractions, and its relaxant effects are unlikely 
to be mediated by the participation of KATP or neuronal 
discharges onto tracheal smooth muscle cells.

An interesting action was the ability of sildenafil to reduce 
the development of tracheal hyperresponsiveness to CCh 
in vitro. In the presence of sildenafil, the tracheal rings of 
OVA-challenged animals responded to CCh with a profile 
similar to tissues obtained from animals not subjected 

Figure 5. Agarose gel (2%) stained with ethidium bromide, showing the gene expression of TRPC1 (115 bp), 
TRPC4 (144 bp), TRPC5 (198 bp), TRPC6 (160 bp), and YWHAZ (61 bp) in the rat trachea. Lane M, 100-bp mo-
lecular marker; lane Control, samples from control rats; lane OVA, samples from rats challenged with ovalbumin 
(OVA); lane Sild 20, samples obtained from rats treated with 20 mg/kg sildenafil and challenged with OVA; lane 
Sild 50, samples obtained from rats treated with 50 mg/kg sildenafil and challenged with OVA. The expression of 
YWHAZ was used as a reference. 
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to antigen challenge. These results indicate that tissues 
exposed to an antigen-induced inflammatory process may 
be more responsive to the relaxing effects of sildenafil. Our 
data are consistent with those of Toward et al. (22), who 
reported that sildenafil decreased the hyperresponsive-
ness to inhaled histamine in guinea pigs exposed to OVA 
or lipopolysaccharides. In contrast, Al Qadi-Nassar et al. 
(23) reported that sildenafil did not affect the airway re-
sponsiveness to methacholine in sensitized BP2 mice, but 
when combined with L-arginine, it dramatically enhanced 
the airway responsiveness to inhaled methacholine. As 
the inflammatory process elicited by antigen challenge 
often involves epithelial damage, we conclude that smooth 
muscle cells of the rat trachea are more susceptible to 
the relaxant influences of PDE5 inhibition after antigen 
challenge. This conclusion is supported by the fact that in 
epithelium-denuded preparations, the inhibitory effects of 
sildenafil were clearly blunted. However, in view of the dif-
ferences between these experimental animal models, this 
observation deserves further study.

We also evaluated whether the enhanced contractile 
responses of tracheal rings after antigen challenge involved 
a greater recruitment of store-operated channels, which 
may trigger capacitative Ca2+ entry, a mechanism physi-
ologically involved in maintaining sustained Ca2+ influx to 

refill Ca2+ stores in the sarcoplasmic reticulum (24). Under 
Ca2+-free conditions, the addition of Ca2+ to the extracel-
lular medium after treatment with thapsigargin promoted a 
contractile response consistent with the well-known increase 
in cytosolic Ca2+ induced by store-regulated mechanisms 
(25). Interestingly, contractions induced by Ca2+ were higher 
in tissues obtained from OVA-challenged rats than from 
control animals, indicating that antigen challenge activated 
this phenomenon with a more pronounced participation of 
capacitative Ca2+ entry into antigen-challenged tissues. 
Although a direct influence of antigen challenge on capaci-
tative Ca2+ entry has not been completely demonstrated 
hitherto, previous reports demonstrated the involvement 
of protein expression of store-operated Ca2+ channels in 
allergic states (26-28). Sildenafil more evidently reduced 
the contractions induced by capacitative Ca2+ entry in 
OVA-challenged tissues, and we suspect that it may alter 
the expression of genes related to the proteins of the 
TRPC subfamily, the so-called store-operated Ca2+ chan-
nels (29).

The expression of TRPC genes in airways has already 
been described. It is not restricted to smooth muscle cells 
and is also found in epithelia, neutrophils, eosinophils, and 
T-lymphocytes, all of which are involved in airway inflamma-
tion (30-32). For example, TRPC1 was detected in smooth 

Figure 6. Relative expression of TRPC genes. The expression of the TRPC1, TRPC4, TRPC5, and TRPC6 genes was evaluated in 
samples of paries membranaceus of the rat trachea obtained from control and ovalbumin (OVA)-challenged animals that were treated 
or not with sildenafil (20 or 50 mg/kg, ip; Sild 20 and Sild 50, respectively). Data are reported as means ± SEM for 12 rats. aP < 0.05 
compared to control (Holm-Sidak test); bP < 0.05 compared to OVA (Holm-Sidak test).
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