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Non-genomic effect of testosterone on airway
smooth muscle

V Kouloumenta'?, A Hatziefthimiou', E Paraskeva', K Gourgoulianis®* and PA Molyvdas'

IDepartment of Physiology, Medical School, University of Thessaly, Larissa, Greece and *Department of Respiratory Medicine,
Medical School, University of Thessaly, Larissa, Greece

Background and purpose: Recent studies on blood vessels have provided evidence that testosterone may exert direct effects
on smooth muscle. However, an acute effect on airway reactivity has not been shown yet. The aim of this study was to assess
the direct effect of testosterone on the responsiveness of male adult rabbit airway smooth muscle (ASM), precontracted with
10 uM acetylcholine, 10uM carbachol or 80 mM KCl.

Experimental approach: Contractility studies of rabbit tracheal smooth muscle were performed.

Key results: Testosterone at concentrations of or above 1 nM had a significant relaxant effect on ASM precontracted with
acetylcholine or carbachol, but did not affect ASM precontracted with KCI. The mechanical removal of airway epithelium as
well as the inhibition of NO synthetase (by 100uM L-NAME) reduced the relaxation caused by testosterone. The effect of
testosterone was not altered by impairing prostanoid synthesis (by 10uM indomethacin). The nitric oxide donor, sodium
nitroprusside, had the same relaxant effect on ASM precontracted with either carbachol or KCI. Inhibitors of androgen
receptors (10uM flutamide) or DNA transcription (100uM actinomycin D) did not alter the effect of testosterone. Prolonged
incubation of ASM with 100 nM or 100 uM testosterone for 24 or 48 h did not alter their responsiveness to acetylcholine. BSA-
testosterone (1pM to 100nM) relaxed significantly ASM precontracted with carbachol. The mechanical removal of airway
epithelium abolished the relaxant effect of BSA-testosterone.

Conclusions and implications: Testosterone relaxes precontracted ASM via an epithelium and NO-mediated way. This effect
is mediated via a non-genomic pathway.
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Introduction

Epidemiological data suggest a role for sex hormones in the
aetiology and/or evolution of some airway diseases, in
particular, asthma. Gender differences in the incidence of
asthma are attributed mainly to differences in the immune
response as testosterone is considered to be immuno-
suppressant while female sex steroids are proinflammatory
(Baizano et al., 2001; Osman 2003). Nevertheless, it is
possible that sex hormones may have a direct effect on
airway function and development. Recent studies have
shown that the treatment of ovariectomized rats with low
doses of oestrogens decreases airway reactivity to acetylcho-
line through an increase in epithelial acetylcholinesterase
activity (Degano et al., 2001, 2003). Oestrogens have also
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been suggested to influence airway responsiveness to
acetylcholine acutely in an epithelium-independent way in
rabbits (Pang et al., 2002) and through stimulation of
endothelial nitric oxide (NO) synthetase in humans (Kirsch
et al., 1999). Although androgens may regulate lung devel-
opment at early gestation (Hume et al., 1996, Wilson and
McPhaul, 1996; Levesque et al., 2000) and growth of airway
smooth muscle (ASM) (Dashtaki et al., 1998), an acute effect
on airway reactivity has not been shown yet.

Studies on blood vessels demonstrate that sex hormones
affect the contractility of smooth muscle both in endo-
thelium dependent (Chou et al., 1996; Geary et al., 2000a;
Tep-areenan et al., 2002; Thompson and Khalil, 2003) and
independent ways (Yue et al., 1995; Perusquia and Villalon,
1999; Teoh et al., 2000), depending on the vessel type and/or
species studied. The endothelium-dependent effect of sex
hormones may be mediated by NO and/or prostaglandin
production (Geary et al., 2000b), while the endothelium
independent relaxant effect of sex hormones may be due
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to various mechanisms, which include potassium channel
opening (Yue et al., 1995; Deenadayalu et al., 2001; Ding and
Stallone, 2001) and/or inhibition of calcium entry (Crews
and Khalil, 1999; Murphy and Khalil, 1999).

The purpose of this study was to assess the direct effect
of testosterone on ASM precontracted with KCl, ACh or
carbachol (CCh). Our results demonstrate a relaxant effect of
testosterone on precontracted ASM. We further show that
this effect depends on the presence of an intact epithelium,
the production of NO and appears to be mediated by a non-
genomic pathway.

Methods

Test systems used
The direct effect of testosterone and BSA-testosterone was
investigated with contractility studies of tracheal strips
obtained from overall 65 6-week-old male rabbits. Rabbits
were maintained in individual cages under a controlled
environment consisting of a 12-h light-dark cycle and
ambient temperature of 22°C and were provided with food
and water before use for the study. Animals were treated in
compliance with ethical and institutional guidelines.

In nine animals, blood was collected by cardiac puncture,
immediately after killing for immunoassaying the serum
levels of testosterone.

Measurements made

Animals and isolated tissues. Animals were killed by an
overdose of intravenously (i.v.) administered sodium pento-
barbitone (Vétoquinol, France). The extrathoracic tracheal
tissue was removed and placed in baths containing Krebs
solution bubbled with 95% O, and 5% CO,. Temperature
was maintained at 37°C. After the removal of connective
tissue, tracheal rings, 2mm in width, were dissected from
tracheas under a stereoscope (SZ30 Olympus, Japan) and cut
longitudinally through the cartilage opposite the smooth
muscle layer. The thickness of smooth muscle layer was
measured with the assistance of an inverted microscope
(DIAPHOT 300 Nikon), a colour video camera (TK-1281,
JVC) and monitor (TM-290ZE, JVC) as well as by using a
calliper (0.0025mm? resolution), as previously described
(Hatziefthimiou et al., 2005).

In experiments with epithelium-denuded tracheal strips
the epithelial layer was removed with a cotton-tipped
applicator. Each strip was placed with the superfused luminal
side up in a water-jacketed horizontal organ bath. One end of
the tracheal strip was fixed on the bottom of the organ bath
and the other to the transducer tip. The entire strip was
continuously perfused with oxygenated Krebs solution at
37°C. The volume of the organ bath was approximately 5ml
and the perfusion rate was 4mlmin~'. Changes in tension
were recorded on a Grass FTO3C force displacement transdu-
cer (Astro Med Inc., West Warwick, USA) and displayed via
an oscillograph recorder (Grass 7400 Physiological Recorder).

Organ culture. Tracheal rings were washed in sterile Krebs
solution, placed in DMEM/F12 (Ham) medium containing
L-glutamine, 100 Uml ! penicillin and 100 ugml ™" strepto-
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mycin, and incubated at 37°C in a humidified incubator
under 5% COs.

Immunoassay for testosterone in serum. The collected blood
was placed in plain tubes and centrifuged at 1000 r.p.m. for
Smin. The supernatant was decanted. Serum testosterone
levels were determined by immunoassay with commercially
available kits (VIDAS Assays, BIOMERIEUX).

Experimental design

Tracheal strips were stretched manually to 1 g resting tension
and were allowed to equilibrate in the organ bath for at least
60min. Following the equilibration period, the strips were
contracted by addition of 10 uM ACh two or three times until
a constant and reproducible contraction was achieved. Then
tracheal strips were contracted again with 10uM ACh or
10 uM CCh or 80mM KCI to achieve a stable plateau tension
and then testosterone (1pM-100uM) or testosterone-3-(O-
carboxymethyl)-oxime: BSA (BSA-testosterone conjugate,
1pM-100nM) was added to the baths. Tracheal strips were
perfused with solution containing the hormone for 10 min
until a maximal effect was obtained and then were washed
with ACh or CCh solution. In experiments where the NO
donor, sodium nitroprusside (SNP) was used, tracheal strips
were precontracted with either 10 uM CCh or 80 mM KClI to
achieve a stable plateau tension and then SNP in concentra-
tions 100nM-1mM was added cumulatively. No-nitro-L-
arginine methyl ester (L-NAME) (100 M), indomethacin
(10 u™m), flutamide (10 uM) or actinomycin D (100 uM) was
added to the perfusion medium 30 min before the addition
of ACh or CCh.

In organ cultures, 10nM or 100 uM testosterone was added
to the culture medium, where indicated. After 24 or 48 h, the
tracheal rings where prepared for organ bath experiments.
Contractions were obtained by the cumulative addition of
ACh (1 nM-1 mm).

Solutions. Krebs solution was used for dissecting the tissue
and contractility studies; it contained (in mMm): NaCl 110.9,
KCl 5.9, MgCl; 1.1, CaCl, 2, NaH,PO,4 1.2, NaHCO3 25 and
glucose 9.6. The solutions with increasing concentration of
KCl had the same composition as normal Krebs solution
with equimolar substitution of NaCl with KCIL.

Data analysis and statistical procedures

Values are expressed as tension at the time of testosterone
administration minus tension at peak relaxation over
maximal force generated by each contractile agent or as
tension in gmm™2. Data are expressed as means+standard
error of the mean (s.e.m.) and the number of animals in each
group is represented by n. Comparisons between two groups
of experiments have been done by Mann-Whitney U
unrelated test and for more than two groups by one way
analysis of variance (ANOVA) with statistically significant
differences between groups being determined by Bonferro-
ni’s post hoc test. For all tests used a comparison is considered
significant when P<0.05. The statistical analysis was
performed using SPSS v11. The curve-fitting and graph



drawing were carried out using the graphical package Sigma
Plot 2001.

Drugs, chemicals reagents and other materials

ACh, CCh, SNP, testosterone, L-NAME, indomethacin,
flutamide, actinomycin D, BSA, BSA-testosterone were
purchased from Sigma Chemical (Germany). DMEM/F12
(Ham) medium with L-glutamine, penicillin/streptomycin
were from Gibco BRL.

ACh, BSA, CCh, SNP and L-NAME were dissolved in
distilled water. BSA-testosterone was dissolved in Krebs
solution. Solutions containing actinomycin D were prepared
from stock solutions of 1 mgml ™! in DMSO. Stock solutions
of testosterone and flutamide as 100 mM in 100% ethanol
and indomethacin as 1mM in 100mM sodium carbonate
solution were prepared before each experiment. The equiva-
lent ethanol or sodium carbonate solvent had no effect on
precontracted tracheal strips.

Results

Effect of testosterone on precontracted ASM

As shown in Figure 1, testosterone relaxed epithelium intact
tracheal strips precontracted with 10 um ACh (Figure 1b) or
10 uM CCh (Figure 1c). This relaxant effect of testosterone
was achieved Smin after its addition and reached a
maximum within 10 min. In ASM precontracted with ACh,
when testosterone was added at concentrations from 100 nM
to 100 uM, a concentration-dependent decrease in tension
remained at least 10 min after the removal of the hormone
(Figure 1b and Table 1). In control experiments (Figure la
and Table 1), relaxation of ACh-induced tension was also
observed in tracheal strips precontracted with 10 uM ACh for
3 h and not exposed to testosterone. The relaxation after the
removal of testosterone was significantly different from
the control only after the removal of 100 uM testosterone
(Table 1).

In ASM precontracted with CCh no relaxation was
observed after the removal of testosterone (Figure 1c). The
relaxation of ASM precontracted with CCh caused by a
single addition of 100 uM testosterone (10.7 +1.2% of initial
tension (n=10)) was similar to that obtained after cumula-
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tive addition of 100uM testosterone (i.e. following the
repeated addition of increasing concentrations, 1pM-
100 uM, of testosterone), 11.2+2.0% of initial tension
(n=13). However, the effect of 100 nM and 1 uM testosterone
on ASM precontracted with CCh varied when different
concentrations of testosterone were applied in a random
sequence (Table 2).

The relaxant effect of testosterone on ASM precontracted
with ACh or CCh was significant even at low concentrations
of testosterone (1nM; P<0.05, Figure 2). The relaxant
effect was more potent with ASM precontracted with
ACh compared to ASM precontracted with CCh (P<0.05,
Figure 2).

ASM contracted with 10uM CCh developed increased
tension compared to ASM contracted with 10uMm ACh
(P<0.05, Table 3).

Finally, testosterone had no effect on strips precontracted
with 80 mM KCI (n =35, data not shown).

5 min ACh

IpM  1noM  100nM 1uM

5 min ACh
c IpM 1oM100nM  1pM  10uM 100 uM
p— -— -— —— - ——

5 min CCh

Figure 1 Isometric contractile force recordings from epithelium
intact tracheal strips contracted with 10 um ACh without addition of
testosterone (a) and precontracted with 10 uM ACh (b) or 10 um
CCh (c), showing the effect of testosterone. Exposure of the tracheal
strips to testosterone is indicated by the timeline above the traces.

Table 1 Values of tension drop to 10 uM ACh in the absence of testosterone and after the removal of testosterone at each concentration (1 pM—100 um)

Residual relaxation (% of initial contraction)

ACh 10 um (n=7) 0+0 0.6+0.6 3.7+1.8 3.1+1.6 454+1.9 4.44+1.9
Concentration of testosterone

ACh 10 um 1pMm 1nm 100 nMm 1um 10 um 100 um

+ Testosterone (n=18) 0+0 0+0 6.7+1.6 11.34+£2.5 15.34+3.1 29.4 +3.5%**

Values are presented as percentage of initial contraction.

In experiments without the addition of testosterone, tension was measured at time points corresponding to those used for testosterone administration.
Data are presented as mean +s.e.m. and n indicates the number of animals studied.
Significant difference between values with and without testosterone at P<0.001 (***), Mann-Whitney U unrelated samples test.
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Table 2 The effect of testosterone depends on the order of its addition

Mode of testosterone addition

Concentration of testosterone

1pm 100 nm 1um 100 pm
Relaxation (% of initial contraction)
Increasing concentrations 1.9+0.6 2.14+0.6 54+1.5 10.6+3.7
Random sequence 0.9+0.8 4.54+0.8* 1.440.7* 8.4+0.4

Relaxation of airway smooth muscle precontracted with 10 um CCh after addition of testosterone in increasing concentrations or after addition of different
concentrations of testosterone in a random sequence (100 uM, 100 nM, 1pmMm, 1 um). Values are presented as percentage of initial contraction.

Data are presented as mean values of 5 experiments +s.e.m.

Significant differences between groups at P<0.05 (*), Mann-Whitney U unrelated samples test.

Table 3 Tension induced by 10 uM ACh or 10 uM CCh in the presence or absence of epithelium, L-NAME, indomethacin, actinomycin and flutamide

Contractile agent

Tension g mm ™2

Control Epithelium denuded

(+) L-NAME

(+) Indomethacin (+) Actinomycin (+) Flutamide

10 uM ACh
10 uM CCh

43.146.2 (n=18)
61.3+4.3* (n=17)

35.8+6.3 (n=6)
61.02+8.7 (n=9)

28.8+0.2 (n=8)
67.8+14.5 (n=6)

33.545.5 (n=6)
55.6+7.5 (n=5)

47.6+8.5 (n=5)
77.442.3 (n=5)

33.446.9 (n=7)
84.941.2 (n=5)

Data are means+s.e.m. from five to 18 experiments.

Significant differences between strips contracted with 10 um ACh or 10 um CCh at P<0.05 (*), Mann-Whitney U unrelated samples test.
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Figure 2 The relaxant effect of testosterone on ASM precontracted
with 10 um ACh or 10 um CCh. Data points are mean+s.e.m. and
N indicates the number of animals studied. Significant difference of
the effect of different concentrations of testosterone between ASM
precontracted with ACh or CCh and the respective controls at
P<0.05 (*), P<0.01 (**) and P<0.001 (***). Significant difference
between the effect of different concentrations of testosterone on
ASM precontracted with ACh and ASM Erecontracted with CCh at
P<0.05 (*), P<0.01 (**) and P<0.001 ("*#). Comparisons between
groups have been done by ANOVA, Bonferroni’s post hoc test.
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Involvement of the epithelium in the testosterone effect
The mechanical removal of tracheal epithelium reduced the
relaxant effect of testosterone in ASM precontracted with
either ACh or CCh (Figure 3). Testosterone (100 uM) relaxed
the epithelium intact tracheal strips precontracted with ACh
by up to 16.6+3.2% of the initial contraction, while the
relaxation of the epithelium denuded strips was 0% (P<0.01,
Figure 3a). The relaxant effect of 100 uM testosterone in
tracheal strips precontracted with CCh was 10.9+2.3% of
the initial contraction in epithelium intact preparations,
while epithelium denuded tracheae were not affected at all
(P<0.001, Figure 3b).

The epithelium removal did not alter the tension of the
contraction induced by ACh or CCh (Table 3).

The role of endogenous NO and prostanoids in the testosterone
effect

The pretreatment of epithelium intact tracheal strips with
the inhibitor of NO synthetase L-NAME (100 uM) reduced
significantly the relaxant effect of testosterone on ASM
precontracted with ACh (Figure 4a) or CCh (Figure 4b).
Testosterone (100 uM) in the presence of L-NAME relaxed
ASM precontracted with ACh up to 1.5+1.5% of the initial
contraction, while it relaxed ASM up to 14.1+2.7% in the
absence of L-NAME (P<0.05, Figure 4a). L-NAME also
reduced the relaxant effect of testosterone on ASM precon-
tracted with CCh, but this effect was statistically significant
only at the response to 100 uM testosterone (Figure 4b). The
pretreatment of epithelium intact tracheal strips with
the cyclooxygenase inhibitor indomethacin (10 xM) did not
alter significantly the relaxant effect of testosterone on
ASM precontracted with either ACh (Figure 4a) or CCh
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Figure 3 The effect of testosterone on epithelium intact and
epithelium denuded preparations precontracted with 10 um ACh (a)
or 10 um CCh (b). Data points are mean+s.e.m. and N indicates the
number of animals studied. Significant difference between epithe-
lium intact and epithelium denuded tracheal strips at P<0.05 (*),
P<0.01 (**) and P<0.001 (***), Mann-Whitney U unrelated test.

(Figure 4b). Treatment of ASM with L-NAME or indometha-
cin did not alter the tension of the contraction induced by
ACh or CCh (Table 3).
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Figure 4 The effect of testosterone on epithelium intact prepara-
tions precontracted with 10um ACh (a) or 10um CCh (b) and
pretreated with 100 uM L-NAME or 10 uM indomethacin. Data points
are mean+s.e.m. and N indicates the number of animals studied.
Significant difference between tracheal strips precontracted with
ACh or CCh in the absence and presence of L-NAME at P<0.05 (*)
and P<0.01 (**), ANOVA with statistically significant differences
between groups being determined by Bonferroni’s post hoc test.

As testosterone had no effect on ASM precontracted with
80 mM KCIl, we investigated the effect of an exogenous NO
donor, SNP, on ASM precontracted with KCl. SNP had
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a significant relaxant effect on ASM precontracted with KCI
from the concentration of 100nM (P<0.05, Figure 5).
Furthermore, the relaxant effect of SNP on ASM precon-
tracted with KCI was not significantly different from its
effect on ASM precontracted with 10 uM CCh (Figure 5).

The effect of inhibitors of androgen receptors and transcription
on the responses to testosterone
The relaxant effects of testosterone on epithelium intact
tracheal strips precontracted with ACh (Figure 6a) or CCh
(Figure 6b) were not affected significantly by pretreatment of
preparations with the classical testosterone receptor antago-
nist flutamide (10 uM). Similarly, the pretreatment of tracheal
strips with the DNA transcription inhibitor, actinomycin D
(100 um), for 30 min before the contraction experiment, had
no influence on the relaxant effect of testosterone (Figure 6).
Flutamide or actinomycin D did not alter the tension of
the contraction induced by ACh or CCh (Table 3).

The effect of BSA-testosterone on precontracted ASM

To examine whether the effect of testosterone on tracheal
smooth muscle is mediated, at least partly, by non-classical
cell-surface androgen receptors, we studied the effect of BSA-
testosterone on ASM precontracted with CCh. Albumin
alone (BSA) in concentrations from 1pM to 100 nM had no
effect on ASM precontracted with CCh (data not shown).
However, as shown in Figure 7, BSA-testosterone relaxed
significantly ASM precontracted with CCh (P<0.05). Thus,

100 {| —®— tracheal strips precontracted with 80 mM KCl (N=8)
—O— tracheal strips precontracted with 10 uM CCh (N=5)

80

60 1

40

Relaxation (% of intial contraction)

20

0 ] 1 ] ] 1
7 -6 5 4 -3
[SNP] (M)

Figure 5 The effect of increasing concentrations of the NO-donor,
SNP on epithelium intact preparations precontracted with either
80mMm KCl or 10um CCh. Data points are mean+s.e.m. and N
indicates the number of animals studied.
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1pM of BSA-testosterone relaxed ASM precontracted with
CCh by up to 11.94+3.6% of the initial contraction. The
mechanical removal of airway epithelium abolished the
relaxant effect of BSA-testosterone (Figure 7, P<0.01).

a 301
—&— Control (N=10)
~~~~~ O+ (+) Flutamide (N=7)
—4@— (+) Actinomycin (N=5)
25 4 T
z
2 _ [o)
© 20 -
€ +1
Q T . T
o :
S
€19
S
(3]
R
c 104
ie]
®
x
o
& 5
0 4
I T 1 I Ll 1 T T 1
-12 -1 -10 -9 -8 -7 -6 -5 -4
log[testosterone] (M)
b 30;
—@— Control (N=5)
»»»»»»» O (+) Flutamide (N=5)
— -8 — (+) Actinomycin (N=5)
25 1

20

15

10 4

Relaxation (% of initial contraction)

42 11 0 -9 -8 7 6 5 -4
log[testosterone] (M)

Figure 6 The effect of testosterone on epithelium intact prepara-
tions precontracted with 10 um ACh (a) or 10um CCh (b) and
pretreated with 100 um flutamide or 10 um actinomycin D. Data
points are mean+s.e.m. and N indicates the number of animals
studied.
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Figure 7 The effect of BSA-testosterone on epithelium intact and
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Data points are meanz+s.e.m. of eight experiments. Significant
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Long-term effect of testosterone on ASM responsiveness to
acetylcholine

We next investigated the effect of prolonged testosterone
treatment on ASM contractility. Incubation of tracheal strips
from male rabbits at 37°C in the presence of 10nM
testosterone (Figure 8) or 100 uM testosterone (n=35, data
not shown) for 24h did not alter their responsiveness to
increasing concentrations of ACh, as compared to controls
strips incubated in medium without testosterone. The same
results were obtained when tracheal strips were incubated
with testosterone for 48 h before exposure to ACh (n=3, data
not shown).

Determination of total testosterone concentration in rabbit serum
The concentration of testosterone was determined in the
sera of nine animals in order to estimate the normal range of
the hormone in rabbit serum. The mean level of testosterone
was 4.54+1.85ngml™! (range 0.7-9.85ngml~') that is
equivalent to the concentration of 1-10 nM.

Discussion and conclusions

The results of the present study demonstrate that testoster-
one has a relaxant effect on tracheal strips precontracted
with ACh or CCh. The integrity of airway epithelium is
necessary for the relaxing effect of testosterone as its
mechanical removal reduced this effect (Figure 3). The
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Figure 8 Effect of testosterone on the responsiveness of tracheal
strips to acetylcholine. Strips were pre-incubated for 24h with
100nM testosterone. Data points are mean+s.e.m. of five experi-
ments.

relaxing effect of testosterone was also reduced in the
presence of the NO synthetase inhibitor L-NAME (Figure 4).
These observations suggest that testosterone acts, at least in
part, via an epithelium and NO-dependent pathway in rabbit
trachea. In contrast, the presence of the cyclooxygenase
inhibitor indomethacin in the perfusing medium did not
alter the relaxing effect of testosterone (Figure 4), indicating
that prostaglandin production is not implicated in the
testosterone effect.

We have additionally shown that the testosterone relaxant
effect was rapid. It was observed only Smin after the
exposure of the tracheal strip to the steroid and peaked
within 10min. Furthermore, a single administration of
testosterone (100 uM) had a relaxing effect on ASM precon-
tracted with CCh similar to that obtained after the repeated
addition of increasing concentrations (1pM-100uM) of
testosterone. The effect of testosterone, as shown in Figure 6,
was not influenced by the presence of a specific androgen
receptor antagonist, flutamide, or an inhibitor of DNA
transcription, actinomycin D, in the perfusing medium. On
the other hand, the non-permeable analogue of testosterone,
BSA-testosterone, relaxed ASM precontracted with CCh
(Figure 7). Taken together, these results suggest that the
relaxing effect induced by testosterone on precontracted
tracheal strips is mediated via a non-genomic pathway.

There is evidence suggesting that androgens may mod-
ulate the density of cholinereceptors (Bleisch et al., 1984;
Bleisch and Harrelson, 1989; Souccar et al., 1991). To test
this, we treated tracheal strips from male animals with low
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or high concentrations of testosterone for 24 or 48 h before
the addition of ACh. The finding that exposure of ASM
to testosterone did not alter their responsiveness to ACh
(Figure 8) indicates that testosterone does not affect the
density of cholinereceptors under the conditions used in the
present study. This further supports our hypothesis that the
effect of testosterone is not mediated via a genomic pathway.

Our results suggest that the relaxant effect of testosterone
depends on the magnitude of the cholinereceptor-mediated
contraction (Figure 2 and Table 3). Also, the total tone and
amplitude of ACh-induced contraction did not completely
recover after removal of the testosterone, as a decrease in
tension was observed after the tissue had been washed for
10min (Figure 1 and Table 1). In contrast, the effect of
testosterone on ASM precontracted with CCh was comple-
tely reversible. Although not directly addressed in this study,
this difference could be attributed to an increase in
acetylcholinesterase activity caused by testosterone, which
would affect ASM precontracted with ACh but not CCh.
Indeed, it has been shown that testosterone increases
acetylcholinesterase activity in the neuromuscular junction
(Vercelli and Cracco, 1989; Gondinho et al., 1994). More-
over, low doses of another sex steroid hormone have been
recently shown to decrease airway reactivity to acetylcholine
through an increase in epithelial acetylcholinesterase activ-
ity (Degano et al., 2001, 2003).

According to our results (Table 2), the effects of 100nM and
1uM testosterone on precontracted ASM depends on the
order of their addition, that is if they are given in a random
order or in a cumulative manner. When 100 nM testosterone
was added after 100 uM testosterone, its effect was increased
two-fold compared to that observed with 100nM applied
after the addition of 1pM. It has been shown that in rat
Sertoli cells, human prostatic cells (Lyng et al., 2000) and T
cells (Benten et al., 1999) testosterone increases the intra-
cellular calcium levels in a dose-dependent way and this
increase could persist for more than 5min. On the other
hand, alterations of intracellular calcium levels may affect
the activity of epithelial NO synthase (Michel and Feron,
1997). Based on the above, we suggest that in rabbit airways
testosterone also activates an intracellular messenger in a
dose-dependent way and that this messenger probably does
not return to its basal levels immediately after the removal
of the hormone.

Our results show that the effect of testosterone depends on
the contractile agent used to precontract the tissues. Thus,
testosterone has no effect on ASM precontracted with 80 mm
KCl. This lack of effect could not be attributed to the
different sensitivity of precontracted ASM to NO, as our
results demonstrate that the NO donor, SNP relaxed ASM
precontracted with either CCh or KCI similarly (Figure 5).
Also this lack of effect does not seem to be related to the
magnitude of KCl-induced contraction, as this is similar to
the ACh-induced contraction (37.3 vs 43gmm™2, respec-
tively). A probable explanation is that the insensitivity of
KCl-induced contractions to testosterone may involve
alterations in subsequent signal transduction mechanisms.
In accordance with our findings, studies on blood vessels
have also shown that the relaxant effect of testosterone was
inhibited when 80mM KCI was used (Deenadayalu et al.,
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2001; Ding and Stallone, 2001) and contractions in porcine
coronary arteries elicited by KCI were unaffected by 17b-
oestradiol and testosterone (Teoh et al., 2000).

The relaxation of ASM precontracted with CCh was
reduced when testosterone or BSA-testosterone were added
at a concentration of 100nMm (Figures 2 and 7). A similar
concentration-dependent non-genomic effect of sex hor-
mones has been described in vascular (Somjen et al., 2004)
and endothelial cells (Goetz et al., 1999). In theory, low (1-
100nM) concentrations of the hormone may regulate the
levels of the second messenger involved in a bell-shaped
mode, like it does in osteoblasts (Lieberherr and Grosse 1994;
Zagar et al., 2003). Alternatively, this messenger may affect
the release of the agent responsible for the effect of the
hormone differently, depending on its concentration. For
example, it has been shown that the intracellular concentra-
tion of calcium regulates the interaction of epithelial NO
synthase with caveolin (Feron et al., 1998; Goetz et al., 1999).

According to our results, 1pM and 1nM of BSA-testoster-
one produced more pronounced relaxation of ASM precon-
tracted with CCh compared to the same concentrations of
testosterone. This difference in potency between testoster-
one and BSA-testosterone may be due to their diverse affinity
for a membrane androgen receptor that is not blocked by
flutamide, to different binding sites and/or differences in the
formation of intracellular messengers. This interpretation
is in accordance with observations from studies in human
vascular cells (Somjen et al.,, 2004) and male osteoblasts
(Lieberherr and Grosse, 1994).

Epidemiological data suggest that with the onset of
puberty, the incidence of asthma becomes higher in females
than males and remains higher throughout the reproductive
years (Marco et al., 2000). Testosterone serum levels have also
been shown to be depressed in patients with respiratory
failure (Semple et al., 1980), cystic fibrosis (Leifke et al.,
2003), hypoxic pulmonary fibrosis (Semple et al., 1984) and
chronic obstructive pulmonary disease (Semple et al., 1981;
Kamischke et al., 1998; Creutzberg and Casaburi, 2003). The
relaxant effect of testosterone or BSA-testosterone appeared
at a concentration of 1pM indicating the physiological
relevance of these results, as serum testosterone levels are
in the range 1-10nM. The direct effect of testosterone on
ASM responsiveness might be important for physiological
and pathophysiological processes.

In conclusion, testosterone has a relaxant effect on
precontracted tracheal smooth muscle. This effect requires
the integrity of epithelium and is mediated via a non-
genomic pathway and NO production.
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