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Androgens relax several smooth muscles, including the airways. They also contract ileum and myocardium
via nongenomic mechanisms. To find out whether androgens modulate airway smooth muscles in different
species and further assess their mechanism of action, regarding the role of p-adrenoceptors, polyamines and
extracellular Ca®*, and the modulation of contraction, 5a-dihydrotestosterone, testosterone and 5p3-
dihydrotestosterone were used. A preliminary study was performed to evaluate the effect of 5a-
dihydrotestosterone, a non-aromatisable derivate of testosterone, in isolated guinea-pig trachea and a more
exhaustive characterisation was followed in bovine trachea, to also characterise the effect of testosterone and
5B-dihydrotestosterone. The androgens elicited a nongenomic epithelium-independent relaxation of the
trachea which had been precontracted. In the bovine trachea, the order of potency was: testosterone>5a-
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Calcium dihydrotestosterone =5p3-dihydrotestosterone. This effect was inversely proportional to the magnitude of
PB-adrenoceptor carbachol-raised tone and was independent of [3,-adrenoceptors, since the (3-blockers, propranolol and ICI-
Polyamine

118,551, and [3;-adrenoceptor desensitisation did not modify 5a-dihydrotestosterone-elicited relaxation. 5oc-
Dihydrotestosterone was unable to displace the radiolabel, [*H]dihydroalprenolol, from these receptors in the
binding assay. Polyamine synthesis was not involved in this androgen effect, since an ornithine
decarboxylase inhibitor, a-difluoromethylornithine, was ineffective. The androgens were more effective
relaxing bovine trachea precontracted by KCl (80 mM), suggesting a calcium entry blockade, as reported for
several smooth muscles. This mechanism might be involved in the observed 5a-dihydrotestosterone
facilitation of salbutamol-relaxation. Androgens facilitated carbachol-elicited contraction independently of
polyamine synthesis, contrary to what has been reported in the ileum. Therefore, androgens modulate
tracheal smooth muscle tone which might be of importance in the regulation of airway reactivity.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Androgens produce rapid nongenomic effects in most studied
smooth muscles (Losel et al, 2002; Heinlein and Chang, 2002).
Although contradictory results concerning the acute effects of
androgens on vasomotor responses have been reported. Pharmacolo-
gical concentrations of androgens mainly produce the relaxation of
isolated tissues from different species (Yue et al., 1995; Costarella
et al,, 1996; Chou et al., 1996; Rosano et al., 1999; Tep-areenan et al.,
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2002), including humans (Malkin et al., 2006; Perusquia et al., 2007).
On the other hand, acute exposure to testosterone, even at
concentrations where testosterone has no effect, facilitated the effect
of several vasoconstrictors, raising the possibility of androgens being
detrimental to vasomotor function (Greenberg et al., 1974; Herman
et al.,, 1997).

Spasmolytic effects of androgens have also been reported in
several nonvascular smooth muscles, such as in the ileum (Kubli-
Garfias et al., 1987) and the myometrium (Perusquia et al., 1990, 2005;
Sanchez Aparicio et al., 1993), involving the blockade of Ca* channels.
On the other hand, it has also been reported that androgens
potentiated ileal contractile activity by nongenomic mechanisms,
which involved intracellular polyamine signaling and Ca®* sensitisa-
tion via Rho kinase activation (Gonzalez-Montelongo et al., 2006).
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Furthermore, they elicited an acute cardiotonic effect, in which
polyamines are required for the androgen effect on the 3-adrenocep-
tors (Bordallo et al., 2001; Velasco et al., 2008).

Recently, relaxation of rabbit tracheal smooth muscle by testoster-
one via epithelium and NO-mediation has been reported. This finding
has been used to explain, in part, gender differences in airway diseases
(Kouloumenta et al., 2006). However, this is a complex issue as
suggested by studies on the effect of sex hormones on respiratory
function (Caracta, 2003; Cevrioglu et al., 2004; Carey et al., 2007).

The aim of this study was to establish whether androgen-elicited
relaxation occurs in different species and to see if 3,-adrenoceptors-,
polyamines- and calcium-dependent mechanisms were involved in this
response, as was reported in the androgen-elicited cardiotonic effect
(Rubin et al., 1999; Bordallo et al., 2001; Velasco et al.,, 2002; Farrar and
Rodnick, 2004). Furthermore, we studied the plausibility of androgenic
modulation of the contraction of airway smooth muscle, as was
described in vascular smooth muscle (Greenberg et al., 1974; Herman
et al., 1997) and in the ileum (Gonzalez-Montelongo et al., 2006).

2. Materials and methods
2.1. Isolation of tracheal guinea-pig rings and bovine strips

Two-month-old male guinea-pigs, weighing 350-400 g, from
Charley River (Barcelona, Spain) were killed by exsanguination under
anesthesia with pentobarbital (i.p.) (Directive 2003/65/CE and Spain RD
1201/2005). The experimental protocol was approved by the Institu-
tional Ethics Committee of the University of Oviedo. The trachea was
removed and placed in a Petri dish in Krebs solution (mM composition:
NaCl, 118; KCl, 4.75; CaCl, 2.5; KH;P04, 1.19; NaHCOs, 25; MgS0,4, 1.2 and
glucose, 11) and cut into rings of approximately 2 mm in width.

Bovine tracheal preparations were chosen for performing biochem-
ical characterisations, since the gross dimension of this smooth muscle
provides the opportunity to perform parallel biochemical assays. Bovine
tracheal smooth muscle strips were obtained from healthy male cattle of
the “Asturiana de los Valles” calf breed (Asturias, Spain) and were aged
between 10 and 13 months. After the slaughter period (<90 min), tissue
samples were taken from the lower half of the tracheae, and immersed
in Krebs solution that had been pre-gassed with a mixture of 95% O, and
5% CO,, and kept at 4 °C during transportation. They were brought to the
laboratory within 30 min. Thereafter, the tracheae were opened
longitudinally by cutting through the midline of the cartilage rings.
Then, 4-6 transversal adjacent and similar rectangular segments
(approximately 20x3 mm and 233.93+5.78 mg in weight) were
obtained according to the method previously described and validated
(Hashjin et al.,, 1995). Surrounding connective tissue was removed and
special care was taken to respect the integrity of the epithelium.

The tracheal preparations were mounted in a 6 ml organ bath,
containing Krebs solution at 37 °C and bubbled with a 95% O, and 5%
CO, mixture, and were subjected to 0.5 g and 2 g of tension, for
guinea-pig rings and bovine strips respectively. Isometric responses
were measured on a Uni-graph 50 (Letica) polygraph through
isometric transducers UF1 (Pioden Controls LTD). Tissues were
allowed to stabilise for at least 1 h for tracheal guinea-pig rings and
2 h for bovine strips, before the beginning of each experiment. During
this period the buffer solution was renewed every 30 min. In some
tracheal samples, the epithelial layer was gently removed with a
cotton-tipped applicator for guinea-pigs rings and dissected from the
smooth muscle of bovine strips. In these experiments, an intact strip
from the same animal was always used as a control. Epithelium
removal was confirmed by histological observations.

2.2. Experimental procedure

After the stabilisation period the preparations were contracted by
an addition of carbachol (0.3 uM) to the organ baths. Then, the drug

was washed out by removing and replacing the incubation solution.
After a 90 min interval, the effect of carbachol was studied in a
cumulative manner (3 nM to 30 uM) or the trachea was contracted
with a single concentration of carbachol to study the concentration-
dependent relaxation of 5a-dihydrotestosterone, testosterone and
5B-dihydrotestosterone (1 to 100 pM). To be able to compare the effect
of these androgens, they were studied simultaneously in three
different strips obtained from the same animal, and each experiment
was repeated at least in strips from 5 different animals.

The mechanisms involved in androgen-elicited relaxation were
studied in bovine tracheal strips by adding suitable drugs before 5ct-
dihydrotestosterone (100 uM) was administered. The times of
incubation were 5-10 min for the B-adrenoceptor antagonists and
30 min for the remaining drugs. The assayed concentrations were:
10 uM for the antiandrogen flutamide (Sanchez Aparicio et al., 1993;
Tep-areenan et al., 2002); 1 pM for the PR-adrenergic antagonist
propranolol; 0.5 uM for the (,-adrenergic antagonist ICI-118,551
(Bilski et al., 1983); 10 uM for the phosphodiesterase inhibitor IBMX
(Beavo et al., 1970); 10 mM for the ornithine decarboxylase inhibitor
a-difluoromethylornithine (Metcalf et al., 1978; Bordallo et al., 2001).
Only one concentration-response curve, or a single administration,
was performed in each preparation. For this, a pair of strips obtained
from the same animal was always used. One preparation was used as a
control and the other one was exposed to the drug.

The role of the P,-adrenoceptor on 5a-dihydrotestosterone-
elicited relaxation was also studied after adrenoceptor desensitisation,
by incubating the preparations for 2 h with 30 pM salbutamol in
carbachol (0.3 pM)-elicited raised tone. Then, the drug was washed
out and 45 min later the tissue was contracted with carbachol
(0.3 uM). The desensitisation was evaluated by means of the absence
of relaxation to subsequent addition of salbutamol (10 pM).

The androgen effect on 3-adrenoceptor mediated relaxation was
studied by adding 5a-dihydrotestosterone (100 uM) into the organ
bath 30 min before performing the concentration-response curve to
salbutamol (1 nM to 30 pM).

The effect of the androgens, testosterone, 5a- and 53-dihydrotes-
tosterone (100 pM), was studied simultaneously in preparations,
obtained from the same trachea, with KCI (80 mM)-raised tone, using
a modified Krebs solution with 43 mM NaCl and 80 mM KCl, instead of
118 mM NaCl and 4.75 mM KCL. The influence of external calcium in
the androgen-elicited relaxation was studied, by adding cumulative
concentrations of CaCl, (3 to 10 mM) to the organ bath.

Furthermore, the effect of 5a-dihydrotestosterone (100 uM) on
cumulatively concentration-dependent contraction by carbachol (0.1,
0.3 and 3 pM) was studied. To this end, two carbachol-elicited
contractions were performed in pairs of tracheal strips. One of the
preparations was incubated with 5a-dihydrotestosterone (100 pM),
30 min before performing the second cumulative contraction by
carbachol (0.1, 0.3 and 3 pM). The second strip was used as a control.
The effect of intracellular polyamines on carbachol-elicited contrac-
tions and on 5a-dihydrotestosterone (100 pM)-elicited relaxation was
studied by incubating the preparations with o-difluoromethylor-
nithine (10 mM) 30 min before the addition of the androgen to the
organ bath.

2.3. Determination of intracellular cAMP levels in isolated bovine
tracheal strips

After a stable contraction due to carbachol (0.3 pM) (control) or
acute exposure (15 min) to 5a-dihydrotestosterone (100 uM) and
salbutamol (3 pM), either in the absence or the presence of an
inhibitor of phosphodiesterases, IBMX (10 uM, for 30 min), the bovine
tracheal strips were immediately removed, placed in liquid nitrogen
and preserved at —-80 °C until used. To determine cAMP levels, the
tissues were homogenised using a Polytron in buffer containing 4 mM
EDTA (to prevent enzymatic degradation of cAMP) and the proteins
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were coagulated with perchloric acid (10-15%, at 4 °C). The extracts
were centrifuged at 18,000 xg for 15 min. Cyclic AMP in the
supernatant (pH adjusted with NaHCO3) was assayed by means of a
[2H]JAMP radioassay kit following the manufacturer's protocol (GE

HealthCare). Cyclic AMP levels are expressed as pmol mg protein” .

2.4. Binding assay in bovine tracheal membranes

The method was essentially performed, with modification, as
described by Hartmann et al. (1995). Briefly, the smooth muscles were
cut into small pieces and gently homogenised in ice-cold buffer
(sucrose 0.2 M, Tris 200 mM, pH 7.4). The homogenate was centrifuged
at 700 xg (15 min) and the supernatant was spun at 10,000 xg (15 min)
and then at 40,000 xg (30 min). The membrane pellet was
resuspended in buffer (mM: Tris 50, MgCl, 10; pH 7.4) at a final
protein concentration of 1 mg/ml. All processes were performed at
4 °C. Aliquots were frozen in liquid nitrogen and stored at -80 °C.

Binding assays were carried out in 500 pl, containing 100 pg of
membrane protein and buffer, incubated at 30 °C for 20 min. Tracheal
smooth muscle 3;-adrenoceptor densities (Bmax) were estimated in
saturation experiments using [>H]dihydroalprenolol and specific
binding was defined as the portion displaceable by ICI-118,551
(0.5 uM). 5a-Dihydrotestosterone binding displacement experiments
were performed using increasing concentrations, 0.1 to 100 puM, in the
presence of [*H]dihydroalprenolol (1 nM). The bound ligand was
separated by rapid vacuum filtration through Whatman GF/C filters.
Radioactivity was determined by liquid scintillation. All experiments
were conducted in triplicate and repeated independently at least four
times.

2.5. Drugs

The following drugs were used: 5a-dihydrotestosterone (17p3-
hydroxy-5ai-androstan-3-one), 53-dihydrotestosterone (173-hydroxy-
5pR-androstan-3-one), carbachol (carbamylcholine chloride), flutamide
(2-methyl-N-(4-nitro-3-[trifluoromethyl]phenyl)propanamide), IBMX
(3-isobutyl-1-methylxanthine), ICI-118,551 hydrochloride ((+)-1-[(2,3-
dihydro-7-methyl-1H-inden-4-yl)oxy]-3-[(1-methylethyl) amino]-2-
butanol hydrochloride), propranolol (1-[isopropylamino]-3-[1-naphthy-
loxy]-2-propanolol), salbutamol (a-[(t-butylamino) methyl]-4-hydroxy-
m-xylene-o,a’-diol) and testosterone (173-hydroxy-4-androsten-3-one)
from Sigma. a-Difluoromethylornithine (pL-o-difluoromethylornithine)
was donated by Dr. Wooster (Wayne University, USA). [*H]dihydroalpre-
nolol was from Amersham.

Testosterone, 5a-, 53-dihydrotestosterone, flutamide and IBMX
were dissolved in dimethyl sulfoxide. The effect of the solvent was
studied in several preparations, at concentrations in the organ bath
<0.1%, it was ineffective, and consequently this was the maximum
concentration used. Salbutamol, propranolol, ICI-118,551 and «-
difluoromethylornithine were dissolved in purified water with a
resistance of 10-15 MQ cm.

2.6. Calculation and statistical analysis

The tracheal contractions to carbachol (3 nM to 30 uM) were
expressed as a percentage of the maximum contraction to this agonist
(Emax), considered as 100%. The effects of testosterone, 5a- and 5p-
dihydrotestosterone were expressed as a percentage of relaxation due
to carbachol or KCl-elicited contractions, considered as 100% when the
baseline was reached. The half effective concentration (ECsg) of
carbachol-elicited contractions and the half inhibitory concentration
(ICsp) of androgen-elicited relaxation in carbachol (0.1 nM)-elicited
raised tone, were calculated by fitting the concentration-response
curves with the Hill equation (Igor Pro V5.0, WaveMetrics Inc., USA).

To analyse the time constant (7) of relaxation to androgens, the
recording was scanned, digitalised (GetData Graph Digitizer 2.22) and

fitted to a single exponential equation (Igor Pro V5.0, WaveMetrics
Inc., USA).

The effects of epithelium removal on carbachol (3 pM)-elicited
contractions and 5a-dihydrotestosterone (100 puM)-elicited relaxa-
tions in carbachol (0.1, 0.3 or 3 pM)-raised tone were expressed as g of
contraction/g of tissue weight.

The data obtained were expressed as the mean+S.E.M. for a
number (n) of at least 5 different animals in each case. Statistical
significance was calculated by means of the Student's t test for
unpaired values, considering P<0.05 as significant.

3. Results

3.1. Effect of carbachol (3 nM to 30 uM) in preparations of guinea-pig
and bovine trachea

Carbachol (3 nM to 30 uM) elicited a concentration-dependent
contraction of airway smooth muscle preparations of guinea-pig and
bovine trachea. The EDsgs were 0.58+0.043 uM and 0.28+0.018 pM,
respectively. In our experimental conditions, in guinea-pig trachea
0.3 uM carbachol elicited approximately 40% of the maximum
contraction, and in bovine trachea 0.1, 0.3 and 3 puM of carbachol
elicited approximately 30%, 50% and 88% of the maximum effect,
respectively (Fig. 1).

In both preparations, the response to carbachol (3 M) was higher
in the absence of epithelium than in its presence, being, for guinea-pig
170.34+28.6 vs. 126.62+18.91 g contraction/g tissue weight and for
bovine trachea 38.76+5.58 vs. 28.05+5.74 g contraction/g tissue
weight, respectively.

3.2. Effect of 5a-dihydrotestosterone (1-300 puM) on the carbachol
(0.3 uM)-raised tone of guinea-pig trachea

Acute exposure to 5a-dihydrotestosterone, 1 to 300 pM, elicited a
concentration-dependent relaxation of guinea pig tracheal rings
whose tone was raised by carbachol (0.3 uM). Higher concentrations
were not used and, consequently, we cannot accurately estimate the
maximum effect of 5a-dihydrotestosterone-elicited relaxation,
although, based on the concentrations assayed, the estimated EDsq
was 119.59+15.10 uM (Fig. 2).

This response was reproducible at a 1 h interval between successive
exposures to 5a-dihydrotestosterone (100 and 300 M), and was not
affected by epithelium removal.

1007 m Guinea-pig

O Bovine

80+

60+

Percent Contraction

8 7 6 5 4
-log [Carbachol] M

Fig. 1. Concentration-response curves of carbachol (3 nM to 30 pM) on guinea-pig
tracheal rings and bovine tracheal strips. Data are expressed as the percentage of the
maximal contractile response (100%). The symbols are experimental results, vertical
bars represent S.E.M., and the solid lines are the data fit to the Hill equation.
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Fig. 2. Concentration-dependent relaxant effect of 5a-dihydrotestosterone (DHT, 1 to
300 uM) on guinea-pig tracheal rings precontracted with carbachol (0.3 uM). The values
are expressed as a percentage of the maximum relaxation, 100% when baseline is
reached. Each point represents the mean+S.E.M. and the solid lines are the data fit to
the Hill equation.

3.3. Effect of 5a-dihydrotestosterone (100 uM) on precontracted bovine
tracheal strips by carbachol (0.1, 0.3 or 3 uM)

5a-Dihydrotestosterone (100 uM) elicited relaxation of bovine
tracheal strips precontracted with 0.1, 0.3 or 3 uM of carbachol. The
relaxation was partially reversed (~30%) and maintained as long as the
5a-dihydrotestosterone was present in the organ bath (Fig. 3A). The
effect was reproducible by adding the drug at 1 h intervals.

The amplitude of relaxation was inversely proportional to the
magnitude of the contraction reached by the preparations, being

157

significantly smaller when they were contracted with 3 pM carbachol.
This was demonstrated by plotting the effect in g contraction/g tissue
weight (Fig. 3B).

3.4. Concentration-dependent relaxation due to androgens (1 to 100 uM)
on carbachol (0.1 uM)-raised tone in bovine tracheal strips

The concentration-dependent effect of several androgens (1 to
100 pM) was studied in carbachol (0.1 pM)-raised tone. At 100 pM the
time to reach the maximum relaxation was similar for the androgens
studied, about 11-13 min and a 7 of 3-4 min. Testosterone (100 pM) was
more effective (P<0.001) than 5a- and 5B-dihydrotestosterone at eliciting
relaxation. The estimated EDsgs were 61.54+4.32 pM, for testosterone,
150.58 £3.98 uM for 5a-dihydrotestosterone and 149.81+15.6 uM for 5@~
dihydrotestosterone (Fig. 3C).

The removal of epithelium did not significantly modify the response to
androgens. The percentages of relaxation were, in the presence or the
absence of epithelium respectively, 57.95+4.97 and 60.06+6.19% for
testosterone, 32.07 £5.85 and 33.25 +4.14 for 5a-dihydrotestosterone and
36.76+3.21 and 33.34+4.7 for 5pB-dihydrotestosterone.

3.5. Effect of flutamide (10 puM) on 5a-dihydrotestosterone- and
testosterone (100 pM)-elicited relaxations in bovine tracheal strips
precontracted with carbachol (0.3 uM)

Incubation with an antiandrogen, flutamide (10 pM), for 30 min,
neither modified carbachol (0.3 pM)-raised tone nor 5a-dihydrotes-
tosterone or testosterone (100 pM)-elicited relaxation in bovine
tracheal strips. The percentage of relaxation for 5ca-dihydrotestoster-
one (100 uM) was 24.48+5.16% and 25+6.53%, respectively, in the

A | Carbachol 0.1 uM |
| 50-DHT 100 uM |

29

15 min

307w 807 @ Testosterone
sE 0 O 50-DHT
5% 2 A 5B-DHT
£321  \-
P} i

= 5 =

25 g = 40
(= = = T
28 g 2
£8 107 52
L o g 201
28 2
32 S

0 0

T T 1 T T T
7 6 5 6 5 4

-log [Carbachol] M

-log [Androgens] M

Fig. 3. (A) Recording of 5a-dihydrotestosterone (DHT, 100 uM)-elicited relaxation of bovine tracheal strips precontracted with carbachol 0.1 puM. (B) Plot of 5a-
dihydrotestosterone (DHT) (100 pM)-elicited relaxation precontracted with carbachol (0.1, 0.3 or 3 pM), expressed as g relaxation/g tissue weight. **P<0.01 and ***P<0.001 vs.
carbachol 3 pM. (C) Concentration-dependent curves of 5a-dihydrotestosterone (DHT), testosterone and 53-dihydrotestosterone (53-DHT) (1 to 100 pM) in bovine tracheal strips
precontracted with carbachol (0.1 uM). Each point represents the mean+S.E.M. **P<0.01 and ***P<0.001 by means of Student's t-test by comparing the effect of the androgens in

carbachol (0.1 uM)-elicited contraction.
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Fig. 4. (A) Effect of propranolol (1 uM), ICI-118,551 (0.5 uM), 3;-adrenoceptors desensitisation by 2 h exposure to salbutamol (30 M), IBMX (10 pM) and a-difluoromethylornithine
(DFMO, 10 mM) on 5a-dihydrotestosterone (DHT, 100 uM)-elicited relaxation of bovine tracheal strips precontracted by carbachol (0.3 pM). (B) Cyclic AMP levels after exposure to
5a-dihydrotestosterone (100 pM)- and salbutamol (3 pM) in carbachol (0.3 pM)-raised tone, in the absence or presence of IBMX (10 pM). Each point represents the mean+S.E.M.
***P<0.001 by means of Student's t-test by comparing the levels of CAMP in the absence and the presence of IBMX (10 pM).

absence and the presence of flutamide (10 uM), and for testosterone
35.11+3.85% and 34.94+5.07%.

3.6. Effect of B-blockers, B»-adrenoceptors desensitisation, IBMX and
a-difluoromethylornithine on 5a-dihydrotestosterone (100 pM)-
elicited relaxation in bovine tracheal strips precontracted with
carbachol (0.3 uM)

5a-Dihydrotestosterone (100 pM)-elicited relaxation was not
modified by the incubation with the nonselective 3-adrenoceptor
antagonist, propranolol (1 uM), or by the selective B,-adrenoceptor
antagonist, ICI-118,551 (0.5 pM). Neither was it affected by the
desensitisation of B,-adrenoceptors, via long-term (2 h) exposure to
the agonist, salbutamol (30 uM), or by incubation with IBMX (10 uM),
an inhibitor of phosphodiesterases (Fig. 4). Furthermore, the (-
adrenoceptor antagonists did not reverse 5a-dihydrotestosterone
(100 uM)-elicited relaxation, as they did in salbutamol (10 uM) relaxed
strips.

In addition, the incubation with a-difluoromethylornithine (10 mM),
30 min before 5a-dihydrotestosterone (100 pM), did not antagonise the
relaxation due to the androgen (Fig. 4A).

3.7. Effect of 5a-dihydrotestosterone (100 pM) on cAMP levels in bovine
tracheal strips

Concentrations of intracellular cAMP were determined in bovine
tracheal strips, precontracted by carbachol (0.3 pM) and after 5a-
dihydrotestosterone (100 pM)-elicited relaxation, in the absence or
the presence of IBMX (10 uM). The assay was validated measuring the
levels of cAMP elicited by the known agonist of [3;-adrenoceptors,
salbutamol (3 pM).

The incubation for 30 min with IBMX (10 uM) did not modify
intracellular levels of cAMP in bovine tracheal strips precontracted
with carbachol (0.3 M), 43.02+4.59 vs. 41.31 +5.4 pmol mg protein™ .
The addition of salbutamol (3 pM) without IBMX did not significantly
modify intracellular cAMP levels. However, levels of cAMP were
increased in the presence of IBMX plus salbutamol (Fig. 4B).

5a-Dihydrotestosterone (100 pM) did not significantly modify
cAMP levels in these preparations (Fig 4B).

3.8. Effect of 5a-dihydrotestosterone (100 uM) on salbutamol (3 nM to
10 puM)-elicited relaxation in bovine tracheal strips precontracted with
carbachol 0.3 and 3 uM

To study a putative functional interaction between 5a-dihydrotes-
tosterone and (3;-adrenoceptor activation, the androgen (100 pM) was

added to the organ bath 30 min before salbutamol-elicited relaxation
curves, in preparations whose tone was raised by carbachol 0.3 or 3 pM,
were measured.

The concentration-response curve of relaxation to salbutamol (1 nM to
30 pM) showed EDsgs values of 64.06+2.3 and 194.15+17.6 nM (P<0.01)
for carbachol 0.3 pM- and 3 pM-raised tone, respectively. No significant
differences were observed in the maximum relaxation to salbutamol,
using either of the experimental conditions.
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Fig. 5. (A) Effect of 5a-dihydrotestosterone (DHT, 100 uM), a-difluoromethylornithine
(DFMO, 10 mM) and 5a-dihydrotestosterone plus a-difluoromethylornithine (5a-
DHT+DFMO) on salbutamol (1 nM to 30 pM)-elicited relaxation in bovine tracheal
strips precontracted with 0.3 pM carbachol. (B) Effect of 5a-dihydrotestosterone
(DHT, 100 uM) on salbutamol (1 nM to 30 pM)-elicited relaxation in bovine tracheal
strips precontracted with 3 uM carbachol. Each point represents the mean+S.E.M.
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Fig. 6. (A) Recording of 5a-dihydrotestosterone (DHT, 100 nM)-elicited relaxation of bovine tracheal strips precontracted with KCl (80 mM). (B) Testosterone-, 5a-, and 5(3-
dihydrotestosterone (100 uM)-elicited relaxation on bovine trachea precontracted with KCl (80 mM) and (C) its percentage of reversion by extracellular Ca%* increase (3 to 10 mM).
Each point represents the mean+S.E.M. **P<0.01 and ***P<0.001 by means of Student's t-test, by comparing the effect of testosterone vs. 5a- or 53-DHT.

The acute exposure to 5a-dihydrotestosterone (100 pM) shifted to
the left the concentration-response curve of salbutamol (1 nM to 30 uM)
reducing the EDsq from 73.42+3.33 nM to 23.54+1.32 nM (P<0.01) and
increased the maximum relaxation from 91.26+4.25% to 111.11+7.1%,
when the bovine trachea was contracted with carbachol (0.3 pM)
(Fig. 5A). Using the same experimental conditions, c-difluoromethy-
lornithine (10 mM) had no significant effect on the concentration-
response curve of salbutamol (1 nM to 30 uM), performed in the
presence or absence of 5a-dihydrotestosterone (100 pM) (Fig. 5A).

In contrast, 5a-dihydrotestosterone (100 uM) did not exert a
significant effect when the preparations were contracted with 3 pM
carbachol (Fig. 5B).

3.9. Effect of 5a-dihydrotestosterone on [H]dihydroalprenolol binding to
bovine tracheal membranes

To evaluate the possibility of androgen binding to 3,-adrenoceptors,
displacement experiments were performed using increasing concentra-
tions of 5a-dihydrotestosterone (0.1 to 100 uM) in the presence of the
specific ligand, [*H]dihydroalprenolol (1 nM). Binding of the radiola-
belled ligand to bovine tracheal membranes was saturating (0.1 to
10 nM) and the Scatchard plot showed a receptor density of 0.3 pmol/mg
of protein and a Kp of 0.75 nM. The competition assay showed no
significant displacement of the ligand by 5a-dihydrotestosterone,
binding of which was 98.01+3.2% of the specific binding at 100 pM.

3.10. Effect of testosterone, 5a- and 53-dihydrotestosterone (100 uM) on
bovine tracheal strips precontracted with KCl (80 mM)

KCl (80 mM) elicited a stable contraction of bovine tracheal strips,
which was 86.54+5.67% of that produced by carbachol (3 pM) in the same

preparation. For this experimental condition, the androgens elicited a
relaxing effect greater than 90% with time constants much slower than
those produced in carbachol-elicited raised tone (Fig. 6A and B). The
response fits a single exponential, with a time constant (7) for testosterone
(20.59£2.80 min)<5p-dihydrotestosterone (31.43+3.91 min)<5a-dihy-
drotestosterone (36.72+4.12 min).
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Fig. 7. Effect of 5a-dihydrotestosterone (DHT, 100 pM), a-difluoromethylornithine
(DEMO, 10 mM) and 5a-dihydrotestosterone plus a-difluoromethylornithine (5c.-DHT
+DFMO) on carbachol (0.1 to 3 pM)-elicited contractions in bovine tracheal strips, the
contraction produced by 3 pM of carbachol in the control curve was considered as
100%. Each point represents the mean+S.E.M. *P<0.05 and ***P<0.001 vs. control by
means of Student's t-test.
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The addition of increasing extracellular CaCl, (3 to 10 mM)
reversed significantly the relaxing effect of testosterone and weakly
that of 5a-dihydrotestosterone. But almost had no effect when the
tissue was relaxed with 53-dihydrotestosterone (Fig. 6C).

3.11. Effect of 5a-dihydrotestosterone (100 uM) on carbachol (0.1, 0.3 and
3 pM)-elicited contractions in bovine tracheal strips

Preincubation with 5a-dihydrotestosterone (100 pM), 30 min
before performing the second cumulative contraction with carbachol
(0.1, 0.3 and 3 puM), significantly facilitated their contractile response.
This effect was unmodified in the presence of a-difluoromethylor-
nithine (10 mM) (Fig. 7).

4. Discussion

It has been reported that testosterone elicits relaxation of rabbit
airway smooth muscle by nongenomic mechanisms (Kouloumenta
et al, 2006). Similarly, our results show that the androgen 5c-
dihydrotestosterone produces an acute and maintained relaxation of
tracheal guinea-pig rings and bovine strips. This androgen, a 5a-
reductase active derivate of testosterone, is not a substrate for
aromatase (Veldhuis, 1991). Consequently, the potential estrogenic
effects of testosterone may be disregarded using this compound. This
is an important issue, since it has been reported that estrogens
modulate airway smooth muscle tone (Foster et al., 1983; Pang et al.,
2002; Degano et al., 2003).

5a-Dihydrotestosterone elicited an epithelium independent
relaxation of guinea-pig and bovine trachea with carbachol 0.3 ntM-
raised tone, a parasympathetic agonist. In our experimental condi-
tions, 5a-dihydrotestosterone seemed to be more effective in guinea-
pig than bovine trachea. As discussed below, the differences might be
related to the previous tone of the tissues, since carbachol-elicited
contraction was slightly more potent in bovine trachea than in guinea-
pig, which may determine the magnitude of the response to 5c-
dihydrotestosterone. In any case, the response was similar in both
preparations, a fact that led us to choose the bovine trachea to further
characterise the mechanisms of action of androgens. In addition, due
to the gross dimensions of the smooth muscle, the performance of
biochemical assays is relatively easier.

The study was carried out at pharmacological concentrations of
androgens, which have also been required to elicit acute effects in
most isolated tissues of animals (Yue et al., 1995; Costarella et al.,
1996; Chou et al., 1996; Rosano et al., 1999; Tep-areenan et al., 2002;
Jones et al., 2003) and humans (Malkin et al., 2006; Perusquia et al.,
2005, 2007).

The fact that testosterone elicited nongenomic relaxation of bovine
trachea and rabbit (Kouloumenta et al., 2006) suggests a general effect
of androgens on airway smooth muscles. The order of potency of the
androgens studied in carbachol-raised tone was testosterone>5a-
dihydrotestosterone = 53-dihydrotestosterone. The equiactive effect of
the inactive isomer, 5B-dihydrotestosterone, pointed out a different
structure-activity relationship than that of the intracellular androgen
receptor (Fang et al., 2003). These findings, in addition to the absence
of latency in the initiation of the response and the lack of effect of the
antiandrogen flutamide, on testosterone and 5a-dihydrotestosterone-
elicited relaxation, excluded the involvement of genomic mechanisms
in this effect, as previously reported (Kouloumenta et al., 2006).

Nevertheless, our results disagree with the proposed role of
epithelium on testosterone-elicited relaxation in rabbit airways
(Kouloumenta et al., 2006), as epithelium removal did not modify
androgen relaxation in bovine trachea. A possible explanation for
these discrepancies could be the absence of a functional epithelium in
bovine tracheal preparations. However, this seems not to be the case,
since with the removal of the epithelium the response to carbachol

was increased, similarly to what has been described in other studies
(Folkerts and Nijkamp, 1998).

It is interesting that the magnitude of 5a-dihydrotestosterone and
testosterone relaxation depended on the previous tone of bovine
tracheal smooth muscle, being more effective when the tone was
raised close to the established resting tension, and the effect tended to
be counteracted when the contraction of the preparation approached
the maximum response to carbachol.

Pharmacological and biochemical evidence suggested that cAMP-
dependent mechanisms were associated with the 5a-dihydrotestos-
terone-elicited acute cardiotonic effect in isolated left atrium of the
rat. This was a postsynaptic effect, pertussis toxin-sensitive and
required a functional 3-adrenoceptor system that might be modulated
by intracellular second messengers, such as polyamines (Rubin et al.,
1999; Bordallo et al., 2001; Velasco et al., 2002). This was the reason to
study the existence of a similar coupling in tracheal smooth muscle
which could be compatible with an androgen-elicited spasmolytic
effect, since it is well known that cAMP-dependent mechanisms relax
airway smooth muscles (Russell, 1986). However, the pharmacological
characterisation of the mechanisms involved showed that 5c-
dihydrotestosterone-elicited relaxation was not modified by a non-
selective 3-adrenoceptor antagonist, propranolol, or the selective [3,-
adrenoceptor antagonist, ICI-118,551. The effect was neither reversed
by the administration of propranolol, as on salbutamol-elicited
relaxation, nor P,-adrenoceptor desensitisation or the incubation
with IBMX. It was not associated with changes in intracellular cAMP
levels. These results excluded the possibility of the 5a-dihydrotes-
tosterone activation of P,-adrenoceptors and the involvement of
cAMP-dependent mechanisms on bovine trachea relaxation.

However, the incubation with 5a-dihydrotestosterone shifted to
the left salbutamol-relaxation, this effect also depended on the
previous tone of the trachea in a similar way to that mentioned above
for the direct effect of 5a-dihydrotestosterone on carbachol-raised
tone. This means that in the presence of 5a-dihydrotestosterone,
lower concentrations of salbutamol may be required to produce
similar degrees of airway relaxation in increased tone close to the
resting tension. The facilitation of salbutamol-elicited relaxation
seemed not to be related to an interaction with B;-adrenoceptors,
since 5a-dihydrotestosterone did not displace the radiolabel [*H]
dihydroalprenolol from these receptors.

Intracellular polyamines have been implicated in the androgen-
elicited cardiotonic effect in rat (Rubin et al., 1999; Bordallo et al.,
2001) and trout heart (Farrar and Rodnick, 2004) and in the 5a-
dihydrotestosterone modulation of (3;-adrenoceptor-mediated effect
in the rat heart (Bordallo et al., 2001). However, these polyamines
neither mediate 5a-dihydrotestosterone-elicited relaxation nor facil-
itate salbutamol-elicited relaxation in bovine trachea, as indicated by
the lack of effect by an inhibitor of ornithine decarboxylase, o-
difluoromethylornithine (Metcalf et al., 1978).

The final mechanisms explored were the roles of K* and Ca*
permeability in androgen-elicited relaxation in bovine trachea. lonic
permeabilities to K* and Ca?* are involved in androgen relaxation in a
variety of species and blood vessels (Jones et al., 2003), including
human arteries (Yildiz et al., 2005; Perusquia et al., 2005; Malkin et al.,
2006; Montafio et al., 2008; Cairrao et al., 2008), and in nonvascular
smooth muscles (Sanchez Aparicio et al., 1993; Lafayette et al., 2008).
The androgens assayed, testosterone, 5a- and 5B3-dihydrotestoster-
one, elicited relaxation of bovine trachea with KCI (80 mM)-raised
tone, suggesting that an increase in K* permeability is not the main
mechanism of relaxation. As under this experimental condition, when
the cell is depolarised by an increased extracellular K*, the membrane
potential approaches the equilibrium potential for K* and the opening
of K* channels will then have little influence on membrane potential
(Quast, 1993), and, consequently, on tracheal smooth muscle tone.

Our results do not agree with previous studies on testosterone-
elicited relaxation of rabbit airway smooth muscle, where testosterone
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had no effect on KCl-raised tone (Kouloumenta et al., 2006). This
discrepancy might be due to the different species studied or for the
methods used, in particular the length of the recording of the response.
This was longer in our study, conditioned by the fact that in high KCl
the relaxation due to the androgens was much slower than that
observed in carbachol-raised tone. Therefore, this time should not be
taken as reference. Despite the slow time course of the relaxation, it is
highly unlikely to be due to genomic mechanisms, as suggested by the
fact that it fitted to a single exponential, which implies the existence of
one component in the mechanism of action.

The magnitude of the effect was similar for the three compounds, but
with differences in the time constants, those being testosterone <53~
dihydrotestosterone < 5a-dihydrotestosterone. Since the KCl-elicited
contraction was significantly more sensitive to androgen-elicited
relaxation than that of carbachol, and the contraction of KCl was mainly
due to extracellular Ca®" influx, the results suggested a preferential
mechanism of blockade of voltage-operated Ca?* channels. Further-
more, the relaxations were partially reversed by increasing external
Ca?", especially to testosterone, but not to 53-dihydrotestosterone. This
fact might be related to a slower off rate with 53-dihydrotestosterone
with regards to testosterone and 5o-dihydrotestosterone. Androgen
inhibition of L-type Ca®* channel current was reported in functional
studies (Perusquia et al., 1996, 2005, 2007; Perusquia and Villalon, 1999;
Crews and Khalil, 1999; Jones et al., 2002; Montafio et al., 2008) and also
confirmed by electrophysiological recordings of ion channel currents
(Scragg et al., 2004, 2007; Hall et al., 2006; Montafio et al., 2008) and/or
intracellular Ca®* measurements (Perusquia et al., 2005; Montafio et al.,
2008). However, unlike with vascular smooth muscle (Perusquia et al.,
2005; Perusquia et al., 2007; Montafio et al., 2008) 53-dihydrotestoster-
one was not more potent than testosterone eliciting relaxation of bovine
trachea, and was similar to 5a-dihydrotestosterone. However, as
hypothesised in vascular smooth muscle (Perusquia et al., 2005;
Montafio et al., 2008), 53-dihydrotestosterone, which lacks hormonal
action (Fang et al.,, 2003), may be biologically active on airway smooth
muscle.

On the other hand, androgens facilitated carbachol-elicited
contractions of bovine trachea strips. This is an interesting finding
since 5a-dihydrotestosterone caused relaxation of this tissue. In this
sense, it has also been described that androgens increase the
amplitude of carbachol-elicited contractions in mouse ileum (Gonza-
lez-Montelongo et al., 2006) and that male mice are more sensitive to
cholinergic airway responsiveness (Card et al., 2006). The latter has
not been related to differences in innate responsiveness of airway
smooth muscle but via vagally mediated reflex mechanism (Card et al.,
2007).

In summary, this study indicates the importance of testosterone
and its metabolites as potential physiological modulators of airway
smooth muscle tone, facilitating the effect of agonists of the
contraction and the relaxation when tone is raised. This may also be
of importance regarding gender differences in the physiology and the
pathogenesis of respiratory diseases (Cistulli et al., 1994; De Marco
et al., 2000; Caracta, 2003; Carey et al., 2007).

Acknowledgements

We are grateful to Dr. Wooster (Wayne University, USA) for kindly
providing us with «-difluoromethylornithine and to Domingo
Martinez, Ricardo Jorge Lopez and Juan José Fernandez veterinaries
of the “Matadero Central de Asturias” (Spain) for the bovine tracheae.
To Carmen Gonzalez for her assistance in the in vitro experiments.
Lucia Velasco and Clara Meana were recipients, of Fellowships from
the Ministerio de Educacién y Ciencia and Instituto de Salud Carlos III
(FISS03-1497) (Spain), respectively. This work was supported by a
Grant from the Direccién General de Ensefianza Superior y Cientifica
(PB98-1562), Spain. The University of Oviedo has contributed to this
publication.

References

Beavo, J.A., Rogers, N.L., Crofford, O.B., Hardman, ].G., Sutherland, E.W., Newman, E.V.,
1970. Effects of xanthine derivatives on lipolysis and on adenosine 3’,5’-monopho-
sphate phosphodiesterase activity. Mol. Pharmacol. 6, 597-603.

Bilski, A.J., Halliday, S.E., Fitzgerald, ].D., Wale, ].L., 1983. The pharmacology of a beta 2-
selective adrenoceptor antagonist (ICI 118,551). ]. Cardiovasc. Pharmacol. 5,
430-437.

Bordallo, C., Rubin, J.M., Varona, A.B., Cantabrana, B., Hidalgo, A., Sanchez, M., 2001.
Increases in ornithine decarboxylase activity in the positive inotropism induced by
androgens in isolated left atrium of the rat. Eur. J. Pharmacol. 422, 101-107.

Cairrao, E., Alvarez, E., Santos-Silva, AJ., Verde, L., 2008. Potassium channels are involved
in testosterone-induced vasorelaxation of human umbilical artery. Naunyn
Schmiedebergs Arch. Pharmacol. 376, 375-383.

Caracta, C.F, 2003. Gender differences in pulmonary disease. Mt. Sinai ]. Med. 70,
215-224.

Card, J.W.,, Carey, M.A., Bradbury, J.A., DeGraff, LM., Morgan, D.L.,, Moorman, M.P., Flake,
G.P, Zeldin, D.C., 2006. Gender differences in murine airway responsiveness and
lipopolysaccharide-induced inflammation. J. Immunol. 177, 621-630.

Card, J.W,, Voltz, ].W., Ferguson, C.D., Carey, M.A., DeGraff, L.M., Peddada, S.D., Morgan,
D.L,, Zeldin, D.C., 2007. Male sex hormones promote vagally mediated reflex airway
responsiveness to cholinergic stimulation. Am. J. Physiol., Lung Cell. Mol. Physiol.
292, L908-914.

Carey, M.A,, Card, J.W., Voltz, J.W., Arbes Jr., S.J., Germolec, D.R., Korach, K.S., Zeldin, D.C.,
2007. It's all about sex: gender, lung development and lung disease. Trends
Endocrinol. Metab. 18, 308-313.

Cevrioglu, A.S., Fidan, F, Unlu, M., Yilmazer, M., Orman, A., Fenkci, LV., Serteser, M.,
2004. The effects of hormone therapy on pulmonary function tests in postmeno-
pausal women. Maturitas 49, 221-227.

Chou, T.M.,, Sudhir, K., Hutchison, S.J., Ko, E., Amidon, T.M.,, Collins, P., Chatterjee, K., 1996.
Testosterone induces dilation of canine coronary conductance and resistance
arteries in vivo. Circulation 94, 2614-2619.

Cistulli, P.A., Grunstein, R.R., Sullivan, C.E., 1994. Effect of testosterone administration on
upper airway collapsibility during sleep. Am. J. Respir. Crit. Care Med. 149, 530-532.

Costarella, C.E., Stallone, J.N., Rutecki, G.W., Whittier, F.C., 1996. Testosterone causes
direct relaxation of rat thoracic aorta. J. Pharmacol. Exp. Ther. 277, 34-39.

Crews, J.K., Khalil, RA, 1999. Gender-specific inhibition of Ca?* entry mechanisms of
arterial vasoconstriction by sex hormones. Clin. Exp. Pharmacol. Physiol. 26, 707-715.

Degano, B., Mourlanette, P, Valmary, S., Pontier, S., Prevost, M.C., Escamilla, R., 2003.
Differential effects of low and high-dose estradiol on airway reactivity in
ovariectomized rats. Respir. Physiol. Neurobiol. 138, 265-274.

de Marco, R., Locatelli, F,, Sunyer, ]., Burney, P., 2000. Differences in incidence of reported
asthma related to age in men and women. A retrospective analysis of the data of the
European Respiratory Health Survey. Am. ]. Respir. Crit. Care Med. 162, 68-74.

Fang, H., Tong, W., Branham, W.S., Moland, C.L,, Dial, S.L., Hong, H., Xie, Q., Perkins, R.,
Owens, W., Sheehan, D.M., 2003. Study of 202 natural, synthetic, and environ-
mental chemicals for binding to the androgen receptor. Chem. Res. Toxicol. 16 (10),
1338-1358.

Farrar, R.S., Rodnick, K.J., 2004. Sex-dependent effects of gonadal steroids and cortisol
on cardiac contractility in rainbow trout. J. Exp. Biol. 207, 2083-2093.

Folkerts, G., Nijkamp, F.P, 1998. Airway epithelium: more than just a barrier! Trends
Pharmacol. Sci. 19, 334-341.

Foster, P.S., Goldie, R.G., Paterson, J.W., 1983. Effect of steroids on beta-adrenoceptor-
mediated relaxation of pig bronchus. Br. ]. Pharmacol. 78, 441-445.

Gonzalez-Montelongo, M.C., Marin, R, Gomez, T, Diaz, M. 2006. Androgens
differentially potentiate mouse intestinal smooth muscle by nongenomic activation
of polyamine synthesis and Rho kinase activation. Endocrinology 147, 5715-5729.

Greenberg, S., George, W.R,, Kadowitz, PJ., Wilson, W.R., 1974. Androgen-induced
enhancement of vascular reactivity. Can. J. Physiol. Pharmacol. 52, 14-22.

Hall, ., Jones, R.D., Jones, T.H., Channer, K.S., Peers, C., 2006. Selective inhibition of L-type
Ca** channels in A7r5 cells by physiological levels of testosterone. Endocrinology
147, 2675-2680.

Hartmann, M., Stumpe, T., Schrader, J., 1995. o;-Adrenoceptor stimulation inhibits the
isoproterenol-induced effects on myocardial contractility and protein phosphor-
ylation. Eur. J. Pharmacol. 287, 57-64.

Hashjin, G.S., Henricks, P.A., Folkerts, G., Nijkamp, FEP.,, 1995. Preparation of bovine
tracheal smooth muscle for in vitro pharmacological studies. J. Pharmacol. Toxicol.
Methods 34, 103-108.

Heinlein, C.A., Chang, C., 2002. The roles of androgen receptors and androgen-binding
proteins in nongenomic androgen actions. Mol. Endocrinol. 16, 2181-2187.

Herman, S.M., Robinson, ].T., McCredie, RJ., Adams, M.R., Boyer, M.J., Celermajer, D.S.,
1997. Androgen deprivation is associated with enhanced endothelium-dependent
dilatation in adult men. Arterioscler. Thromb. Vasc. Biol. 17, 2004-2009.

Jones, R.D., English, KM., Pugh, PJ., Morice, AH.,, Jones, TH. Channer, KS., 2002.
Pulmonary vasodilatory action of testosterone: evidence of a calcium antagonistic
action. J. Cardiovasc. Pharmacol. 39, 814-823.

Jones, RD., Pugh, PJ., Jones, T.H. Channer, K.S., 2003. The vasodilatory action of
testosterone: a potassium-channel opening or a calcium antagonistic action? Br. J.
Pharmacol. 138, 733-744.

Kouloumenta, V., Hatziefthimiou, A., Paraskeva, E., Gourgoulianis, K., Molyvdas, PA.,
2006. Non-genomic effect of testosterone on airway smooth muscle. Br. J.
Pharmacol. 149, 1083-1091.

Kubli-Garfias, C., Medina-Jimenez, M., Garcia-Yanez, E., Vazquez-Alvarez, A., Perusquia,
M., Gomez-Garcia, N., Almanza, ., Ibanez, R., Rodriguez, R., 1987. Relaxant action of
androgens, progestins and corticosteroids on the isolated ileum of the guinea pig.
Acta Physiol. Pharmacol. Latinoam. 37, 357-364.



162 J. Bordallo et al. / European Journal of Pharmacology 601 (2008) 154-162

Lafayette, S.S., Vladimirova, 1., Garcez-do-Carmo, L., Monteforte, P.T., Caricati Neto, A.,
Jurkiewicz, A., 2008. Evidence for the participation of calcium in non-genomic
relaxations induced by androgenic steroids in rat vas deferens. Br. ]. Pharmacol. 153,
1242-1250.

Losel, R.M., Feuring, M., Falkenstein, E., Wehling, M., 2002. Nongenomic effects of
aldosterone: cellular aspects and clinical implications. Steroids 67, 493-498.

Malkin, CJ., Jones, R.D., Jones, T.H., Channer, K.S., 2006. Effect of testosterone on ex vivo
vascular reactivity in man. Clin. Sci. (Lond) 111, 265-274.

Metcalf, W., Bey, P, Danzin, C, Jung, M)].,, Casara, P, Vevert, ].P., 1978. Catalytic
irreversible inhibition of mammalian ornithine decarboxylase (E.C.4.1.1.17) by
substrate and product analogs. J. Am. Chem. Soc. 100, 2551-2553.

Montaiio, L.M., Calixto, E., Figueroa, A., Flores-Soto, E., Carbajal, V., Perusquia, M., 2008.
Relaxation of androgens on rat thoracic aorta: testosterone concentration
dependent agonist/antagonist L-type Ca* channel activity, and 5p-dihydrotestos-
terone restricted to L-type Ca®* channel antagonism. Endocrinology 149,
2517-2526.

Pang, JJ., Xu, X.B,, Li, HF, Zhang, X.Y., Zheng, T.Z,, Qu, S.Y., 2002. Inhibition of beta-
estradiol on trachea smooth muscle contraction in vitro and in vivo. Acta Pharmacol.
Sin. 23, 273-277.

Perusquia, M., Garcia-Yanez, E. Ibanez, R., Kubli-Garfias, C., 1990. Non-genomic
mechanism of action of delta-4 and 5-reduced androgens and progestins on the
contractility of the isolated rat myometrium. Life Sci. 47, 1547-1553.

Perusquia, M., Hernandez, R., Morales, M.A., Campos, M.G., Villalon, C.M., 1996. Role of
endothelium in the vasodilating effect of progestins and androgens on the rat
thoracic aorta. Gen. Pharmacol. 27, 181-185.

Perusquia, M., Villalon, C.M., 1999. Possible role of Ca®* channels in the vasodilating
effect of 5p3-dihydrotestosterone in rat aorta. Eur. J. Pharmacol. 371, 169-178.
Perusquia, M., Navarrete, E., Jasso-Kamel, J., Montano, L.M., 2005. Androgens induce
relaxation of contractile activity in pregnant human myometrium at term: a

nongenomic action on L-type calcium channels. Biol. Reprod. 73, 214-221.

Perusquia, M., Navarrete, E., Gonzalez, L., Villalon, C.M., 2007. The modulatory role of
androgens and progestins in the induction of vasorelaxation in human umbilical
artery. Life Sci. 81, 993-1002.

Quast, U, 1993. Do the K" channel openers relax smooth muscle by opening K*
channels? Trends Pharmacol. Sci. 14, 332-337.

Rosano, G.M,, Leonardo, E, Pagnotta, P, Pelliccia, F.,, Panina, G., Cerquetani, E., della
Monica, P.L.,, Bonfigli, B., Volpe, M., Chierchia, S.L., 1999. Acute anti-ischemic effect of
testosterone in men with coronary artery disease. Circulation 99, 1666-1670.

Rubin, J.M., Hidalgo, A., Bordallo, C., Cantabrana, B., Sanchez, M., 1999. Positive
inotropism induced by androgens in isolated left atrium of rat: evidence for a
cAMP-dependent transcriptional mechanism. Life Sci. 65, 1035-1045.

Russell, J.A., 1986. Tracheal smooth muscle. Clin. Chest Med. 7, 189-200.

Sanchez Aparicio, J.A., Gutierrez, M., Hidalgo, A., Cantabrana, B., 1993. Effects of
androgens on isolated rat uterus. Life Sci. 53, 269-274.

Scragg, J.L., Jones, R.D., Channer, K.S., Jones, T.H., Peers, C., 2004. Testosterone is a potent
inhibitor of L-type Ca?* channels. Biochem. Biophys. Res. Commun. 318, 503-506.

Scragg, J.L., Dallas, MLL., Peers, C., 2007. Molecular requirements for L-type Ca®* channel
blockade by testosterone. Cell Calcium 42, 11-15.

Tep-areenan, P., Kendall, D.A., Randall, M.D., 2002. Testosterone-induced vasorelaxation
in the rat mesenteric arterial bed is mediated predominantly via potassium
channels. Br. J. Pharmacol. 135, 735-740.

Velasco, L., Sanchez, M., Rubin, ].M., Hidalgo, A., Bordallo, C., Cantabrana, B., 2002.
Intracellular cAMP increases during the positive inotropism induced by androgens
in isolated left atrium of rat. Eur. J. Pharmacol. 438, 45-52.

Velasco, L., Secades, L., Bordallo, C., Bordallo, ], Garcia de Boto, MJ., Rubin, A,
Cantabrana, B., Sanchez, M., 2008. Role of putrescine on androgen-elicited positive
inotropism in the left atrium of rats. J. Cardiovasc. Pharmacol. 52, 161-166.

Veldhuis, J.D., 1991. The hypothalamic pituitary-testicular axis, In: Yen, S.S.C, Jaffe, RB. (Eds.),
Reproductive Endocrinology, 3rd ed. W.B. Saunders, Co, Philadelphia, pp. 409-459.

Yildiz, O., Seyrek, M., Gul, H., Un, L, Yildirim, V., Ozal, E., Uzun, M., Bolu, E., 2005. Testosterone
relaxes human internal mammary artery in vitro. J. Cardiovasc. Pharmacol. 45, 580-585.

Yue, P, Chatterjee, K., Beale, C., Poole-Wilson, P.A., Collins, P., 1995. Testosterone relaxes
rabbit coronary arteries and aorta. Circulation 91, 1154-1160.



	Modulatory role of endogenous androgens on airway smooth muscle tone in isolated guinea-pig and.....
	Introduction
	Materials and methods
	Isolation of tracheal guinea-pig rings and bovine strips
	Experimental procedure
	Determination of intracellular cAMP levels in isolated bovine tracheal strips
	Binding assay in bovine tracheal membranes
	Drugs
	Calculation and statistical analysis

	Results
	Effect of carbachol (3 nM to 30 µM) in preparations of guinea-pig and bovine trachea
	Effect of 5α-dihydrotestosterone (1–300 µM) on the carbachol (0.3 µM)-raised tone of guinea-pig.....
	Effect of 5α-dihydrotestosterone (100 µM) on precontracted bovine tracheal strips by carbachol .....
	Concentration-dependent relaxation due to androgens (1 to 100 µM) on carbachol (0.1 µM)-raised .....
	Effect of flutamide (10 µM) on 5α-dihydrotestosterone- and testosterone (100 µM)-elicited relax.....
	Effect of β-blockers, β2-adrenoceptors desensitisation, IBMX and α-difluoromethylornithine on 5.....
	Effect of 5α-dihydrotestosterone (100 µM) on cAMP levels in bovine tracheal strips
	Effect of 5α-dihydrotestosterone (100 µM) on salbutamol (3 nM to 10 µM)-elicited relaxation in .....
	Effect of 5α-dihydrotestosterone on [3H]dihydroalprenolol binding to bovine tracheal membranes
	Effect of testosterone, 5α- and 5β-dihydrotestosterone (100 µM) on bovine tracheal strips preco.....
	Effect of 5α-dihydrotestosterone (100 µM) on carbachol (0.1, 0.3 and 3 µM)-elicited contraction.....

	Discussion
	Acknowledgements
	References




