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Abstract
Purpose Female sexual response involves a complex interplay between neurophysiological mechanisms and the nitric oxide 
(NO)-mediated relaxation of clitoris and vagina. The aim of this study was to evaluate sex steroids regulation of the relaxant 
pathway in vagina, using a validated animal model.
Methods Subgroups of OVX Sprague–Dawley rats were treated with 17β-estradiol, testosterone, or testosterone and letrozole, 
and compared with a group of intact animals. Masson’s trichrome staining was performed for morphological evaluation of 
the distal vaginal wall, in vitro contractility studies investigated the effect of OVX and in vivo treatments on vaginal smooth 
muscle activity. RNA from vaginal tissue was analyzed by semi-quantitative RT-PCR.
Results Immunohistochemical analysis showed that OVX induced epithelial and smooth muscle structural atrophy, testos-
terone and testo + letrozole increased the muscle bundles content and organization without affecting the epithelium while 
17β-estradiol mediated the opposite effects. In vitro contractility studies were performed on noradrenaline pre-contracted 
vaginal strips from each experimental group. Acetylcholine (0.001–10 µM) stimulation induced a concentration-dependent 
relaxation, significantly reduced by NO-synthase inhibitor L-NAME and by guanylate cyclase inhibitor ODQ. OVX resulted 
in a decreased responsiveness to acetylcholine, restored by testosterone, with or without letrozole, but not by 17β-estradiol. 
OVX sensitivity to the NO-donor SNP was higher than in the control. Vardenafil, a PDE5 inhibitor, enhanced SNP effect in 
OVX + testosterone as well as in control, as supported by RNA expression analysis.
Conclusions Our study demonstrates that testosterone improves the NO-mediated smooth muscle vaginal cells relaxation 
confirming its role in maintaining the integrity of muscular relaxant machinery.
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Abbreviations
Ach  Acetylcholine
ANOVA  Analysis of variance
cDNA  Complementary DNA
DHT  Dihydrotestosterone
E2  17β-estradiol
EFS  Electrical field stimulation
FSD  Female sexual dysfunction
sGC  Soluble guanylate cyclase
GDP  Guanosine-5′-diphosphate
cGMP  Cyclic guanosine monophosphate
GSM  Genitourinary syndrome of menopause
GTP  Guanosine-5′-triphosphate
L  Letrozole
L-NAME  Nω-Nitro-l-arginine methyl ester 

hydrochloride
NA  Noradrenaline
NO  Nitric oxide
eNOS  Endothelial nitric oxide synthase
OVX  Ovariectomy
PRKG  cGMP-dependent protein kinase
RT-PCR  Reverse transcriptase-polymerase chain 

reaction
SD  Sprague–Dawley
T  Testosterone
VIP  Vasoactive intestinal polypeptide

Introduction

Testosterone (T), one of the most potent androgens, makes a 
quantitative contribution to the circulating sex steroids pool, 
reaching a level significantly higher than 17β-estradiol (E2), 
not only in male but also in female [1].

The biological activity of T in women has been consid-
ered enigmatic and left overlooked for a long time. However, 
over the last decade, the attention on this topic has been 
intensified and mounting evidence pointed to the crucial role 
of T in female sexuality. In fact, T levels have been posi-
tively associated with sexual function in women, and many 
randomized placebo-controlled trials (RCTs) have shown 
that T therapy can be an effective treatment for female sexual 
dysfunction [2]. In particular, the main therapeutic indica-
tion for the T prescription is hypoactive sexual desire disor-
der (HSDD) in surgically and naturally menopausal women 
[3–5]. Several recent studies have also investigated the use of 
intravaginal T in postmenopausal women for the treatment of 
vulvovaginal atrophy and genitourinary syndrome of meno-
pause (GSM) [2, 6, 7], positing vagina as a new target for 
T. Noteworthy, we recently demonstrated, for the first time, 
that the enzymatic machinery able to produce androgens—
including T and its potent effector dihydrotestosterone 

(DHT)—is present in the human vagina, substantiating the 
construct of intracrinology in this organ [8].

However, although the biological mechanism(s) of action 
of T in the vagina have yet to be systematically explored, 
recent studies have revealed a complex and multifaceted 
anti-inflammatory effect of DHT in human vagina cells [9]. 
This effect is particularly relevant when considering that, 
due to its anatomical location, the vagina is the most prone 
to infections and chronic inflammatory diseases among the 
female genital organs.

Another peculiar characteristic of the vagina is its sub-
stantial modification during sexual activity while encom-
passing rapid but intense muscular relaxation and contrac-
tion. Sexual arousal, which is primarily elicited by sensory 
stimulation triggering multiple brain areas, finally leads to 
the reduction of central sympathetic tone and to the release 
of relaxant neurotransmitters, such as acetylcholine (Ach), 
which act in combination with nitric oxide, NO. Ach and 
NO interact with each other to determine a rapid increase of 
blood flow to the genital corpora cavernosa and a muscular 
relaxation of the vaginal wall. In particular, NO produced 
either by non‐adrenergic, non‐cholinergic (NANC) fibers 
or by the endothelium after cholinergic stimulation—trig-
gers guanylyl cyclase (GCs), which converts GTP to cyclic 
GMP (cGMP). Then, cGMP-dependent protein kinase 
(PRKG) stimulation leads to intracellular calcium reduction 
and smooth muscle relaxation [10–13]. Intracellular cGMP 
levels are also finely regulated by phosphodiesterase type 5 
(PDE5), which is involved in cGMP cleavage and degrada-
tion, thus breaking down the smooth muscle relaxation. Sev-
eral human urogenital districts, including bladder, clitoris 
and vagina express a high PDE5 activity [14–17]. Interest-
ingly, recent studies demonstrated that T-independently from 
its conversion into estradiol-positively regulates clitoral NO-
dependent relaxant pathway in some experimental models 
[18]. However, a similar positive effect of T on vaginal 
relaxation induced by the vasoactive intestinal polypeptide 
(VIP), has been reported so far [19, 20], but T actions on the 
other relevant relaxant and contractile pathways have not yet 
been completely unraveled. In addition, whether this positive 
effect of T on vaginal relaxation was most likely caused by 
its conversion to estradiol is still an unanswered question, 
thus requiring further investigation.

The present study was undertaken to disentangle the dif-
ferential effect of sex steroids on the muscular relaxant (NO/
cGMP/PDE5) pathway in the vagina. Thus, the study was 
carried out using a previously well-established animal model 
of ovariectomized female rats, alternatively treated with 
estradiol, T or T in combination with the aromatase inhibi-
tor, letrozole, the latter to completely block T-conversion 
into estradiol.
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Materials and methods

Experimental procedures were carried out using the facili-
ties of the Molecular Medicine Facility, Department of 
Excellence  Experimental and Clinical  Biomedical Sci-
ences “Mario Serio”, University of Florence, and those of 
CE.S.A.L. (Centro Stabulazione degli Animali da Labo-
ratorio), Department of Neurosciences, Psychology, Drug 
Research and Child Health (NEUROFARBA), University 
of Florence, Italy.

Animals

Mature female Sprague–Dawley (SD) rats (n = 60, 
230–250 g, 12 weeks old; Envigo, San Pietro al Natisone, 
Udine, Italy) were individually caged under standard con-
ditions in a temperature and humidity-controlled room 
on a 12-h light/dark cycle. Water and food (Global diet; 
Mucedola srl, Settimo Milanese, Milan, Italy) were unre-
stricted throughout the study, until sacrifice, performed 
by beheading.

One week later, the animals were randomly assigned 
to two different groups: intact (control, n = 18) and ova-
riectomized rats (n = 42). Female rats were bilaterally 
ovariectomized under ketamine and xylazine (75 and 
10 mg/kg, respectively, injected intraperitoneally). After 
anesthesia, the animal was placed in ventral recumbence 
with the tail towards the surgeon. The dorsal mid-lumbar 
area was shaved and swabbed with surgical scrub, iodine, 
and alcohol. A 2–3 cm dorsal midline skin incision was 
made halfway between the caudal edge of the ribcage and 
the base of the tail. A single incision (5.5–10 mm long) 
was made into the muscle wall on both the right and left 
sides approximately 1/3 of the distance between the spinal 
cord and the ventral midline. The ovary and the oviduct 
were exteriorized through the muscle wall. A hemostat 
was clamped around the uterine vasculature between the 
oviduct and uterus and each ovary and part of the oviduct 
was removed with single cuts through the oviducts near 
the ovary. The hemostat was removed and the remaining 
tissue was replaced into the peritoneal cavity. The ovary 
on the other side was removed in a similar manner and 
the muscle incision was not sutured, this protocol was 
previously validated for the establishment of ovariecto-
mized animal models [21]. Two weeks after ovariectomy, 
a group of ovariectomized rats did not receive any treat-
ment (OVX, n = 12) whereas the different hormonal treat-
ments were started in the rest of ovariectomized animals. 
A first subgroup was treated with subcutaneous injections 
of 17β-estradiol (E210 μg/kg/day; OVX + E, n = 10). A 
second subset was supplemented with intramuscular injec-
tions of T (T, 30 mg/kg, weekly: OVX + T, n = 10). The 

doses of E2 and T were chosen in accordance with the 
previous studies [22–24]. Finally, a third group of ova-
riectomized rats (OVX + T + L, n = 10) was treated with 
intramuscular injections of T (30 mg/kg, weekly) and 
letrozole (L, 2.5 mg/kg/day, dissolved in drinking water). 
17β-estradiol and letrozole were purchased from Sigma-
Aldrich (St. Louis, MO, USA) and Tocris Biosciences 
(Bristol, UK) respectively, testosterone was supplied by 
Bayer-Schering Pharma (Berlin, Germany). After six 
weeks of hormonal treatment, all the animals were sac-
rificed, and the vagina harvested for subsequent analysis. 
Animals were permanently monitored (24/7) regarding 
their wellbeing, following the ARRIVE (Animal Research: 
Reporting of In Vivo Experiments) guidelines for report-
ing animal studies [25].

Masson trichrome staining

Paraffin-embedded distal vaginal segments were pre-
pared from each experimental group and sectioned with 
a microtome. For each sample, a 5 µm-thick section was 
stained with Masson’s Trichrome stain (Bio-Optica, Milan, 
Italy), following the manufacturer’s instructions, for the 
morphological examination. The images of the stained sec-
tions were visualized and captured under a Nikon Micro-
phot-FXA microscope (Nikon, Tokyo, Japan).

Contractility studies

To investigate the effect of ovariectomy and in vivo treat-
ments on vagina smooth muscle activity, in vitro contractil-
ity studies were carried out as previously described [26]. 
Briefly, rat vagina strips isolated from each experimental 
group, were vertically mounted in organ chambers under 
0.5 g resting tension, optimal for vaginal rat strips. Prepara-
tions were immersed in a 10 ml bath containing a physi-
ological salt solution (NaCl 119.0 mM, KCl 4.6 mM,  CaCl2 
1.5  mM,  MgCl2 1.2  mM,  NaHCO3 15  mM,  NaH2PO4 
1.2 mM and glucose 5.5 mM), maintained at 37 °C and aer-
ated with 95%  O2 and 5%  CO2. Noradrenaline (NA; Sigma-
Aldrich)-induced dose-dependent contraction of vagina 
strips displayed a maximal contraction at 3 µM, which was 
therefore used as the fixed dose to test pre-contracted strips 
in the different experimental groups. The degree of a sta-
ble contractile response obtained after 5 min was taken as 
100%, and the relaxant effect induced by the presence of 
increasing concentration (1 nM to 10 µM) of acetylcho-
line (Ach, Sigma-Aldrich) was referred to this value. In 
separate experiments, the relaxant effect was also evaluated 
with or without the presence of guanylyl cyclase inhibitor 
ODQ (1H-[1, 2, 4] oxadiazolo-[4, 3-a] quinoxalin-1-one; 
1 µM; Tocris) or nitric oxide synthase inhibitor L-NAME 
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(N omega-Nitro-L-arginine methyl ester hydrochloride; 
100 µM; Sigma-Aldrich). Similar experiments were con-
ducted with increasing concentration (1 nM to 100 µM) 
of NO-donor sodium nitroprusside (SNP, Sigma-Aldrich), 
with or without co-treatment with PDE5 inhibitor vardena-
fil (100 nM, Bayer-Schering Pharma), after pre-contraction 
with 3 μM NA. Changes in isometric tension were recorded 
on a chart polygraph (Battaglia Rangoni, San Giorgio di 
Piano, Bologna, Italy). All reagents were dissolved daily in 
double-distilled water, and further dilutions of all substances 
were made in Krebs’ solution. For each experimental set, 
each point represents the mean ± s.e.m. (standard error of 
the mean) of n samples for each group.

Real‑time reverse transcriptase PCR

The distal vagina tissues were harvested for RNA extraction 
after tissue removal. Isolation of total RNA from rat vaginal 
tissues was performed using TRIzol reagent (Life Technolo-
gies, Paisley, UK) and RNeasy Mini Kit (Qiagen, Hilden, 
Germany), both according to the manufacturers’ instruc-
tions. cDNA synthesis was carried out using the iScript™ 
cDNA Synthesis Kit (Bio-Rad Laboratories, Hercules, CA), 
using 100 ng of mRNA in 20 µl reaction volume, in accord-
ance with the following protocol: 5 min at 25 °C, 30 min at 
42 °C and 5 min at 85 °C.

Semi-quantitative real-time reverse transcriptase PCR 
(qRT-PCR) amplification and detection were carried out 
using TaqMan™ Gene Expression Assays (Life Technolo-
gies) and the CFX96 Two-Color Real-Time PCR Detection 
System (Bio-Rad Laboratories) with the following thermal 
cycler conditions: 40 cycles at 95 °C for 15 s and 60 °C 
for 1 min. Gene expression analysis was performed using 
pre-developed assays purchased from Life Technologies (in 

Table 1 we report the assay list and probes ID). The 18S 
ribosomal RNA subunit was quantified with a predeveloped 
assay (Hs99999901_s1, Life Technologies) and used as the 
housekeeping gene for the relative quantitation of the target 
genes based on the comparative threshold cycle (Ct)  2−ΔΔCt 
method [27], with some modifications. In detail, we used the 
untreated group as the calibrator in each analysis, so that the 
calculations would provide the fold-change of each treated 
group relative to the untreated.

Statistical analysis

Results are expressed as mean ± s.e.m. (standard error of 
the mean). The statistical analysis was performed with a 
one-way ANOVA test followed by Mann–Whitney U-test 
to evaluate differences between the groups, with p < 0.05 
considered as significant. Statistical analysis was performed 
with the Statistical Package for the Social Sciences (version 
27.0; SPSS Inc., Chicago, IL) for Windows. Half-maximal 
response inhibition concentration  (IC50) values and maxi-
mal inhibitory effect (Imax), values were calculated using the 
computer program ALLFIT [28].

Results

Analysis of epithelial and smooth muscle structural 
organization in histological sections of rat distal 
vagina

Masson’s trichrome staining was performed to evaluate the 
histological structure of the distal portion of the rat vaginal 
wall, which, similarly to humans, comprises the follow-
ing four layers: epithelium, collagen-rich lamina propria, 
muscularis containing smooth muscle bundles, and adven-
titia, as shown in Fig. 1 (panel A). Compared to control, 
an evident atrophy of the epithelial layer was detected in 
the OVX group (Fig. 1, panel B). In addition, no changes 
were observed in the lamina propria, while the smooth mus-
cle bundles in the muscularis appeared smaller and poorly 
organized after ovariectomy (Fig. 1, panel B). E2 treatment 
was able to restore the epithelium thickness, without chang-
ing the muscularis content and organization (Fig. 1, panel 
C), as compared to OVX section. Conversely, both T and 
T + L treatments determined a positive effect on smooth 
muscle component that appeared increased and better organ-
ized, while no effect was evident on the epithelium, as com-
pared to OVX (Fig. 1, panels D and E).

Table 1  List of predeveloped 
assays and relative IDs

eNos endothelial nitric oxide 
synthase; nNos neuronal nitric 
oxide synthase; Prkg1 cGMP-
dependent protein kinase 1; 
Gucy1a3 guanylate cyclase sol-
uble subunit alpha-3; Gucy1b3 
guanylate cyclase soluble subu-
nit beta-3; Pde5a phosphodies-
terase type 5; Acta2 actin alpha 
2, smooth muscle

Rat assay ID

Nos3 (eNos) Rn02132634_s1
Nos1 (nNos) Rn00583793_m1
Prkg1 Rn01451055_m1
Gucy1a3 Rn00567252_m1
Gucy1b3 Rn00562775_m1
Pde5a Rn01639345_m1
Acta2 Rn01759928_g1
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Distal vagina mRNA expression of genes related 
to relaxant signaling

Figure 2 shows the effect of sex steroid manipulation on 
vagina expression of genes related to relaxant signaling in 
the different experimental groups. OVX downregulated all 
the genes involved in NO/cGMP/PRKG pathways as com-
pared to control, except for nNos and Gucy1a3. T supple-
mentation significantly increased the expression of all the 
genes that were related to NO signaling, except for nNos 
(Fig. 2, panels A-to-E). The concomitant addition of letro-
zole did not significantly alter T alone-induced effect. OVX 
also induced a down-regulation of Pde5a mRNA expression 
(Fig. 2, panel F), which was prevented by T (with or without 
letrozole). Moreover, OVX induced a significant reduction 
of mRNA expression of the smooth muscle-specific gene 
Acta2 (p < 0.05 vs. intact female), that was completely nor-
malized by T, either alone or in combination with letrozole 
(both p < 0.01 vs. OVX; Fig. 2, panel G). On the contrary, 
E2 administration did not affect OVX-induced reduction of 
all the aforementioned genes (Fig. 2).

Relaxant effect of Ach on distal vagina strips 
from the different experimental groups

We next investigated the effect of the different hormonal 
conditions on the relaxant response to Ach by performing 
a series of dose–response curves in noradrenaline (NA)-
precontracted vaginal strips (Fig.  3). Ach relaxed in a 
dose-dependent manner the vaginal strips obtained from 
the different experimental conditions with similar  IC50s 
(shared  IC50 = 0.44 ± 0.16 µM, p = 0.573). Maximal relaxa-
tion was obtained in control strips (Emax = 73.6 ± 15.7%), 
whereas ovariectomy significantly decreased Emax 
(Emax = 27.4 ± 1.6%, p < 0.0001 vs. control). In vivo estrogen 
administration to ovariectomized rats did not significantly 
restore Ach responsiveness up to the control levels, resulting 
in an Emax that was like that of ovariectomy alone (p = 0.86). 
In contrast, substitution with testosterone, with or without 
letrozole, to ovariectomized rats completely restored Ach 
responsiveness to a level not different from that observed in 
control strips (p = 0.79). We also tested the effect of in vitro 
incubation with 1 µM ODQ or with 100 µM L-NAME in the 
different experimental groups. Figure 4 (panel A) shows the 
results in control vaginal strips treated or not with the afore-
mentioned compounds. Maximal relaxation was obtained 

Fig. 1  Representative images of Masson’s Trichrome staining of the 
epithelium (E), lamina propria (LP), muscularis (M) and adventi-
tia (A) at the distal portion of rat vaginal wall. A normal histologi-
cal structure is detectable for the control group (panel A). An evident 
epithelium atrophy (asterisk) and reduced, poorly organized, smooth 

muscle bundles (arrows) are visible in OVX section (panel B). Epi-
thelium reconstitution (asterisk), with no effects on the muscularis 
by E2 treatment is shown (panel C). T (panel D) and T + L (panel 
E) treatments clearly increase the muscularis layer (arrows), without 
reverting the epithelium atrophy. Scale bar = 100 µm
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in the untreated vaginal strips (Emax = 64.9 ± 16.9%), while 
either ODQ or L-NAME significantly smoothed Ach 
responsiveness (Emax = 35.2 ± 3.0% and Emax = 25.0 ± 1.4%, 
respectively, both p < 0.0001). Similar experiments were 
performed in vaginal samples obtained from the other exper-
imental groups. Figure 4 (panel B) shows the area under the 
curve (AUC) of the relaxant response to Ach with or without 
in vitro exposure to ODQ or L-NAME in each experimental 
group.

Relaxant effect of NO‑donor, SNP, on distal vagina 
strips from the different experimental groups

Figure 5 shows the effect of in vitro incubation with 
increasing concentrations of sodium nitroprusside (SNP) 
in NA-precontracted vagina from the different experimen-
tal groups. In control vaginal strips, SNP induced a maxi-
mal relaxation of 45.4 ± 1.9% with  IC50 = 0.29 ± 0.10 µM. 

Results from vaginal strips from ovariectomized rats 
treated with testosterone, with or without letrozole, were 
not statistically different from those obtained in control 
rats. In contrast, in untreated ovariectomized rats, as well 
as in those treated with estradiol, maximal relaxation was 
almost the double (86.0 ± 19.7%), with a threefold lower 
 IC50 = 0.09 ± 0.03 µM than in the first group of relaxation 
curves (see above, p = 0.001 and p = 0.017 vs. controls, 
respectively). Preincubation with vardenafil (100 nM) of 
vaginal strips from control rats induced a complete relax-
ation (100%, p < 0.0001 vs. without vardenafil), without 
changing  IC50 = 0.08 ± 0.05 µM (Fig. 6, panel A). The 
area under the curve of SNP with or without vardenafil 
in the different experimental groups is shown in Fig. 6 
(panel B). In control rats, vardenafil doubled the area 
under the curve of SNP. Similar results were obtained 
in ovariectomized rats treated with testosterone, but not 
in untreated ovariectomized rats or in those treated with 

Fig. 2  Panels A-to-G. mRNA expression of NO-signaling-related 
(eNos, nNos, Prkg1, Gucy1a3, Gucy1b3, Pde5a) and smooth mus-
cle (Acta2) genes in rat female vagina as evaluated by qRT-PCR. 
Data were calculated according to the  2−ΔΔCt comparative method, 
with the 18S ribosomal RNA subunit used as housekeeping gene 
for normalization and are reported in fold changes vs. Control group 

as mean ± s.e.m. (Control, n = 18; OVX, n = 12; OVX + E, n = 6; 
OVX + T, n = 10; OVX + T + L, n = 6). Statistical analysis was per-
formed using Mann–Whitney tests, with p < 0.05 considered as sig-
nificant. *p < 0.05, **p < 0.01, ***p < 0.001 vs. Control; °p < 0.05, 
°°p < 0.01, °°°p < 0.001 vs. OVX. ^p < 0.05, ^^p < 0.01, ^^^p < 0.001 
vs. OVX + E; ç p < 0.05 vs. OVX + T
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estradiol, where the vardenafil-induced increase was not 
statistically significant.

Discussion

We here demonstrated that T, independently from its con-
version into estrogens, exerts relevant effects on vaginal 
tissue, directly modulating both endothelium-dependent 
and -independent relaxation. In particular, OVX exerted a 
powerful inhibitory effect on the Ach-induced relaxation 
of vaginal smooth muscle strips, which was normalized by 
in vivo treatment with T (either alone or in combination 
with letrozole). OVX also induced a hyper-responsiveness 
to SNP which was almost unaffected by co-administration of 
the PDE5 inhibitor, vardenafil. Interestingly, treatments with 
T, with or without letrozole, completely normalized respon-
siveness to SNP, while restoring the ability of vardenafil to 
potentiate SNP-induced relaxation. These positive effects of 
T, either on the endothelium-dependent (Ach) or -independ-
ent (SNP) relaxation, were not affected by co-administration 
with letrozole which completely abrogated T conversion into 
estrogens. Results from in vitro contractility studies were 
corroborated by the mRNA expression analysis of genes 
related to NO/cGMP/PRKG pathway. Finally, these findings 
further reinforce the concept that T, independently from its 
aromatization into E2, exerts a critical role for vaginal health 
by maintaining the integrity of the relaxant machinery in the 
vaginal muscular wall. In line with this view, 17βE2 treat-
ment was not able to revert any of the OVX-induced effects.

Basic understanding of the molecular mechanisms of 
vagina function, as well as its regulation by sex steroids, is 
an area of great interest, because of its clinical implications, 
but still relatively overlooked. Earlier studies have clearly 
demonstrated that a decrease of ovarian steroids in natural 
and surgical menopausal women induced structural changes 
by shortening and narrowing the vagina [29, 30]. Interest-
ingly, in our experimental animal model, the analysis by 
real-time RT-PCR shows a significant reduction, induced 
by OVX, of the mRNA expression of the functional smooth 
muscle marker α-SMA (Acta2). Accordingly, the Masson's 
trichrome staining performed in the distal vaginal sections 
derived from the OVX animal group, shows a large struc-
tural inhomogeneity of the muscularis mucosa, characterized 
by a smooth muscle component deranged and lax, combined 
with a clear reduction of the epithelial thickness, thus con-
firming a phenomenon already described in the literature 
[31].

However, most studies have focused on the effect of 
estradiol supplementation in modulating vaginal physiology 
[32, 33], but only a few have investigated the effect of T on 
vagina, and especially on its muscular compartment. In par-
ticular, T treatment in OVX rats positively regulated either 
electrical field stimulation (EFS)- or VIP-mediated relaxa-
tion in the distal vagina [20]. T supplementation in OVX 
animals upregulated nitric oxide synthase thus increasing 
vaginal blood flow after pelvic nerve stimulation [19, 34]. 
Moreover, T, but not E2, administration to OVX rats, nor-
malized vaginal tissue weight, indicating that T more than 
estradiol plays an important role in exerting a trophic effect 
on the vagina muscular compartment [34]. In this sense, our 
data confirm these results, since the immunohistochemical 
analysis performed in the distal vagina samples show that 
treatments with T and T + L strongly counteract the tissue 
structural alterations induced by OVX, albeit without sig-
nificant effects on the restoration of the vaginal epithelium. 
On the contrary, treatment with E2 completely restores the 
epithelial trophism, without significant effects on the smooth 
muscle construct. Confirming these data, in our study the 
mRNA expression of smooth muscle-related gene Acta2, 
significantly reduced by OVX, is strongly upregulated by T 
and T + L treatments but not by E2 administration. However, 
to date no studies on the effect of T on the most important 
pathways related to (Ach/NO-dependent) relaxant activities 
have been carried out.

Interestingly, we found that all the genes related to NO/
cGMP/PRKG/PDE5 pathway were expressed in the distal 
vagina, with a profile that appears similar to that previously 
found in the clitoris in the same animal model [18]. Moreo-
ver, the entire NO/cGMP/PRKG/PDE5 pathway was dra-
matically modulated by T. Indeed, as previously observed 
in the clitoris [18], even in vagina ovariectomy significantly 
compromised relaxation induced by increasing concentration 
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Fig. 3  Smooth muscle relaxation elicited by increasing concentra-
tions of Ach in vagina strips pre-contracted with NA from Con-
trol (n = 13), OVX (n = 11), OVX + E (n = 8), OVX + T (n = 7) and 
OVX + T + L (n = 6). Ordinate: Response to Ach is expressed as a 
percentage of contraction versus maximum contraction (set at 100%) 
obtained with 3 µM NA; abscissa: increasing concentrations of Ach 
(1 nM to 10 µM). Each point represents the mean ± s.e.m. of n sam-
ples for each group
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of Ach; this alteration was associated with a reduction of 
mRNA expression of key genes related to NO production 
(eNos) and signaling (Gucy1a3, Gucy1b3, and Prkg1). In 
line with these findings, we also observed that OVX sig-
nificantly reduced the efficacy of NOS inhibitor (L-NAME) 
or of the guanylate cyclase inhibitor (ODQ) in disrupting 
Ach-induced relaxation. Treating OVX rats with T com-
pletely normalized not only all of the aforementioned NO-
related genes but also impaired sensitivity to Ach along with 
the efficacy of the two NO-signaling inhibitors (L-NAME 
and ODQ). Therefore, it could be postulated that not only 
a reduced NO production but also an impaired activity of 
its downstream effectors were the main underlying mecha-
nisms of the hypo-responsiveness to Ach observed in OVX 
rats, which were completely normalized by T treatment. 
Vaginal strips from OVX rats were also more sensitive to 
SNP-induced relaxation and less responsive to vardenafil, 
suggesting that sex steroids deprivation might down-reg-
ulate PDE5 activity. SNP, a NO donor, is used to assess 

the endothelium-independent relaxation while by passing 
NO formation through the direct activation of smooth mus-
cle guanylate cyclase (GC) and the subsequent increase 
of cGMP. In OVX rats, vardenafil did not potentiate SNP 
induced relaxation, while its effect was evident in intact 
rats. Hypo-responsiveness to vardenafil is most probably 
due to a down-regulation of PDE5, the molecular target 
of PDE5 inhibitors, as we observed in OVX rats. Accord-
ingly, T supplementation (with or without letrozole), but not 
17β-estradiol, completely restored Pde5a expression, along 
with responsiveness to vardenafil, and normalized SNP-
induced relaxation. Therefore, the present study also dem-
onstrates that PDE5 is present and biologically active in the 
rat distal vagina while being positively modulated by andro-
gen receptor (AR) activation. The presence of PDE5 in the 
vagina has been previously demonstrated by others in some 
animal species [35, 36], including the human one [15]. How-
ever, our data originally indicate that PDE5 is functional, 
and it might play a physiological role in controlling nitric 

Fig. 4  Panel A Relaxant 
effect induced by increasing 
concentrations of Ach (1 nM 
to 10 µM) in strips of vagina 
pre-contracted with 3 µM NA in 
Control samples left untreated 
(n = 13) or treated in vitro 
with either 1 µM ODQ (n = 4) 
or 100 µM L-NAME (n = 4). 
Response to Ach is expressed as 
a percentage of contraction ver-
sus maximum contraction (set at 
100%) obtained with 3 µM NA. 
Panel B Area under the curve 
(AUC) of Ach-induced relaxa-
tion in each experimental group, 
left untreated or treated with 
either 1 µM ODQ or 100 µM 
L-NAME (at least 3 samples 
per group) *p < 0.05, **p < 0.01 
vs. untreated

* p<0.05, ** p<0.01 vs. Untreated
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oxide-cGMP-regulated vaginal smooth muscle relaxation. 
These data also corroborated the hypothesis that the PDE5 
inhibitors might represent an interesting possibility for 
female sexual dysfunctions (FSD) [15, 37, 38]. Our results 
are also in line with some clinical report demonstrating a 
positive effect of PDE5 inhibitor treatment, when combined 
with testosterone, on FSD [39].

Interestingly, evidence that coadministration with letro-
zole did not modulate T effects either on endothelium-
dependent and -independent relaxation as well as on genes 
related to NO-downstream signaling, indicates that aroma-
tization is not necessary for ensuring androgenic activity in 
the smooth muscle compartment of distal vagina.

T is an essential hormone for women while being the 
obligatory precursor of estrogen by cytochrome P450 aro-
matase conversion. However, it has been already docu-
mented that co-administration of an aromatase inhibitor with 
T therapy in postmenopausal women did not affect the posi-
tive effect of T on arousal [4]. Similar results were obtained 
also in other animal studies. In fact, in OVX rats, T admin-
istration, even at supraphysiological concentrations, was not 
able either to change plasma estradiol levels or to normal-
ize atrophic vaginal epithelium, when compared to vehi-
cle infused OVX rats [34]. Therefore, taken together, these 
results exclude an effect dependent on the aromatization of 

androgen in the vagina. A direct effect of T was also exerted 
in the clitoris vascular bed, where co-administration of the 
aromatase inhibitor with T did not blunt T-induced positive 
effects on Ach-induced relaxation and on genes related to 
NO signaling [18]. Herein, we further reinforce the concept 
that androgens, more than estrogen, are key mediators in 
the vagina. Indeed, we recently demonstrated that aromatase 
expression and activity is almost absent in the human vagina 
while possessing all the enzymes for local T production and 
conversion into the androgen receptor superagonist, DHT 
[8]. This evidence substantiated the concept of intracrinol-
ogy in the human vagina [8], similarly to what previously 
found in other animal species [40]. Androgens also possess 
anti-inflammatory properties in the human vagina. It has 
been reported that treatment with DHT significantly attenu-
ated the inflammatory response induced by canonical inflam-
matory stimuli in isolated smooth muscle cells from the 
human vagina [9]. Overall, our data showing a strong effect 
of T on vaginal relaxation and related molecular machinery 
further highlights the extremely high androgen dependency 
of vaginal muscular physiology [41]. In contrast, we did not 
observe any significant effect of estradiol supplementation 
on vaginal smooth muscle relaxation induced by either Ach 
or SNP, and NO/cGMP relaxant machinery as compared to 
OVX.

However, there are some limitations to the study that 
should be recognized.

First, it would also be appropriate to add, in the study 
design, a subgroup of sham-operated control animals, for 
more correct feedback in the evaluation of the treatment 
effects in each experimental group. In addition, the experi-
mental methods could be improved to reduce the number 
of animals employed. However, this animal model, albeit 
with its limitations, represents the most validated for the 
studies carried out and cannot, at the moment, be replaced 
by in vitro models.

It will also be important to finalize further studies to 
investigate the effects of sex steroids on contractility of 
vaginal smooth muscle, thus enabling to evaluate the con-
tribution of this important physiological process to vaginal 
function.

Therefore, the often-overlooked effect of androgens in 
vagina appears of paramount importance to promote good 
organ functioning. This new concept might provide sup-
port for the concomitant use of androgens in the treatment 
of GSM and/or sexual arousal disorders related to ageing 
related-hormonal deficiency.
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Fig. 5  Smooth muscle relaxation elicited by increasing concentra-
tions of SNP in distal vagina strips pre-contracted with NA from 
Control (n = 5), OVX (n = 5), OVX + E (n = 9), OVX + T (n = 7) and 
OVX + T + L (n = 5). Ordinate: Response to SNP is expressed as a 
percentage of contraction versus maximum contraction (set at 100%) 
obtained with 3 µM NA; abscissa: increasing concentrations of SNP 
(1 nM to 100 µM). Each point represents the mean ± s.e.m. of n sam-
ples (see above) for each group
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Fig. 6  Panel A Relaxant effect 
induced by increasing con-
centrations of SNP (1 nM to 
100 µM) in strips of vagina 
pre-contracted with 3 µM NA in 
Control samples with (n = 5) or 
without (w/o; n = 5) vardenafil 
(100 nM) in vitro. Response to 
SNP is expressed as a per-
centage of contraction versus 
maximum contraction (set at 
100%) obtained with 3 µM NA. 
Panel B Area under the curve 
(AUC) of SNP-induced relaxa-
tion in each experimental group, 
with or without (w/o) vardenafil 
100 nM (at least 3 samples per 
group). *p < 0.05, **p < 0.01 vs. 
w/o vardenafil

* p<0.05, ** p<0.01 vs. w/o vardenafil
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