
ORIG INAL ART ICLE

Chronic treatment with sildenafil stimulates Leydig cell and
testosterone secretion
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The cyclic nucleotide monophosphates (cAMP and cGMP)

are important intracellular regulators of several processes,

including smooth muscle motility, electrolyte homeostasis,

neuroendocrine signals and retinal phototransduction. The

labile gas, nitric oxide (NO), is a crucial mediator of smooth

muscle relaxation and it interacts with soluble guanylate

cyclases (sGC) in the cytoplasm to increase the conversion

of guanosine triphosphate (GTP) into cyclic guanosine

monophosphate (cGMP). On the other hand, natriuretic

peptides activate membrane-bounded guanylate cyclases and
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Summary

The phosphodiesterase type 5 (PDE5) inhibitor, Sildenafil, is a novel, oral treatment

approach for pulmonary hypertension. As Leydig cells present PDE5, this study was

conducted to investigate the effects of the chronic treatment with Sildenafil

(25 mg ⁄ kg) on male Swiss Webster mice steroidogenesis. After a 4-week long experi-

mental design, Leydig cells were analysed by morphological and immunocytochemi-

cal procedures. Serum testosterone was assayed by radioimmunoassay. Leydig cells

presented noteworthy ultrastructural alterations, such as a vesicular smooth endo-

plasmic reticulum, large vacuoles scattered through the cytoplasm, enlarged mito-

chondria with discontinue cristaes and whorle membranes with vesicles at the

periphery, which are typical characteristics of an activated steroid-secreting cell.

Important immunocytochemical labelling for steroidogenic acute regulatory protein,

cytochrome P450 side-chain cleavage enzyme and testosterone were detected in iso-

lated Leydig cells. In addition, Sildenafil-treated mice showed significant increased

levels of total testosterone. The results obtained in the present study are consistent

with the hypothesis that the accumulation of cyclic guanosine monophosphate by

PDE5 inhibition could be involved in the androgen biosynthesis stimulation. Impor-

tant clinical implications of hormonal disorders should be taken into account for

patients with pulmonary hypertension.
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accumulate intracellular cGMP. This increase in cGMP trig-

gers a signal transduction cascade that encompasses the acti-

vation of cyclic nucleotide-dependent protein kinases A and

G, subsequent phosphorilation of the actin-myosin system,

as well as Ca2+ channels and adenosine triphosphate-driven

Ca2+ pumps located in the outer cell membrane of sarcoplas-

matic reticulum. This cascade leads to a reduction in cyto-

solic Ca2+ and to smooth muscle relaxation (Uckert et al.

2006; Dimitriadis et al. 2008).

Sildenafil, a chemical compound designated as UK-92,480,

is a water soluble citrate salt that was first synthesized by

Pfizer in United Kingdom to treat hypertension and angina

pectoris. Interestingly, this drug exhibited a different phar-

macological effect, a marked penile erection, and became

the first-line treatment option to erectile dysfunction (Kalsi

& Kell 2004; Uthayathas et al. 2007). It has been reported

that more than 20 million men worldwide are treated with

this drug, and about $2 billion per year are spent on it

(Sharma 2007).

The Sildenafil therapeutic possibilities arise from modulat-

ing intracellular levels of cGMP. This cyclic nucleotide is

degraded into the inactive form by intracellular phosphodi-

esterase type 5 (PDE5) enzyme, which is present in the

smooth muscle of the systemic vasculature and in platelets

(Ghofrani et al. 2006). The main pharmacological action of

Sildenafil is the inhibition of the cGMP-specific PDE5 with

an inhibitory concentration (IC50) between 2 and 7 nM (Ab-

bott et al. 2004), leading to cGMP accumulation and special

effects in targeting organs.

Pulmonary hypertension is a rare and aggressive disease

that affects children and adults with a bad prognostic and

little life expectation. It can be classified as a primary or sec-

ondary hypertension, with various aetiologies. The cause of

the primary pulmonary hypertension is not yet understood,

but the secondary may be due to pulmonary, cardiac and ex-

trathoracic malfunction (Uthayathas et al. 2007).

Sildenafil has revolutionized the treatment of pulmonary

hypertension. Studies have demonstrated that this drug

attenuated pulmonary hypertension by increasing the supply

of blood to the lungs. This medicine reduced the right ven-

tricular systolic pressure, right ventricular hypertrophy, the

pulmonary artery muscularization and increased cGMP lev-

els, suggesting that the NO-cGMP pathway contributed to

the drug response (Zhao et al. 2001, 2003).

Several clinical research studies of pulmonary hyperten-

sion have been conducted using high dosages of Sildenafil

for long time as additional therapy in children and adults

(Schulze-Neick et al. 2003; Stocker et al. 2003; Karatza

et al. 2004; Humpl et al. 2005; Preston et al. 2005; Ganière

et al. 2006; Lobato et al. 2006). According to Karatza et al.

(2005), Sildenafil therapy in series of children with pulmo-

nary hypertension increased exercise capacity, and improved

oxyhaemoglobin saturations without any side effects,

appearing to be beneficial in the management of this disease.

However, important implications of the pulmonary hyper-

tension treatment with high and diary doses of Sildenafil

should be taken into account. Recently, PDE5 was localized

by immunohistochemistry and western blotting in vascular

smooth muscle cells, as well as in Leydig and peritubular cells

of the rat testis (Scipioni et al. 2005). Therefore, it seems nec-

essary to investigate whether compounds interfering with

PDE5 activity, as Sildenafil, might affect testicular physiology.

The present work describes, for the first time, the effects

of the chronic treatment with Sildenafil on mouse Leydig

cells to contribute to a better knowledge about its action on

the steroidogenesis.

Materials and methods

Chemicals

The Sildenafil was obtained from Pfizer Inc., New York,

NY, USA; the anaesthetics Ketamine and Xylazine from Se-

spo Comércio e Indústria Ltda., Sao Paulo, Brazil; Hank’s

balanced salt solution (HBSS) and Medium 199 (M199)

from Gibco, Grand Island, NY, USA; Bovine serum albumin

(BSA, fraction V) from Miles, Naperville, IL, USA; Percoll

from GE Healthcare Bio-Sciences AB, Uppsala, Sweden; Col-

lagenase (type I), Soybean trypsin inhibitor, Human chori-

onic gonadotropin (hCG), Leupeptin, Glutaraldehyde,

Paraformaldehyde, Cacodylic acid, Sodium phosphate mono-

basic and dibasic heptahydrate, Osmium tetroxide, Calcium

chloride, Potassium ferricyanide, Ammonium chloride,

Tween 20, Lead (II) nitrate and Sodium citrate from Sigma

Chemical Co., St Louis, MO, USA; SPIN-PON resin (Embed

812), LR-White resin and Uranyl acetate from Electron

Microscopy Science, Washington, PA, USA; Acetone and

Ethanol were purchased from Isofar Indústria e Comércio de

Produtos Quı́micos Ltda., Rio de Janeiro, Brazil.

Experimental design

Forty pubertal Swiss Webster mice (obtained from the Cen-

tro de Pesquisas Aggeu Magalhães ⁄ FIOCRUZ, Recife, Bra-

zil) aged 25 days and weighing 15–20 g were used in all

experiments. Mice were examined for health status and

acclimated to the laboratory environment at 25 �C and 12 h

light:12 h dark photoperiod. The animals were housed in

metal cages and fed a standard laboratory diet. The experi-

mental group was composed of 20 animals that received
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25 mg ⁄ kg body weight of Sildenafil for 4 weeks adminis-

tered through the drinking water (Zhao et al. 2003). Body

weights were recorded every day and the drug concentration

in the water was adjusted to maintain the dose. The control

group was also composed of 20 animals that received only

pure water using the same procedure as described above. All

experiments were carried out according to ethical guidelines

(L-0035 ⁄ 08 – CEUA ⁄ FIOCRUZ).

After treatment with Sildenafil, the experimental and con-

trol animals were anaesthetized with ketamine (115 mg ⁄ kg,

i.m.) and xylazine (10 mg ⁄ kg, i.m.), before blood collection

by cardiac puncture without anticoagulant. Serum was sepa-

rated and stored at –70 �C for radioimmunoassay of testos-

terone hormone. Testes were quickly dissected and fixed for

morphological analysis.

Light microscopy

The testes were fixed in Bouin’s solution for 8 h. Then, they

were dehydrated in an ethanol series and embedded in paraf-

fin wax. Serial sections of 4 lm were cut using a microtome

(Leica RM 2125RT), and stained with haematoxylin–eosin

for histological observation (Weng et al. 2005).

Leydig cell isolation

Isolation and purification of mice Leydig cell-enriched prepa-

rations were modified from Hedger and Eddy (1986) and

Wanderley and Negro-Vilar (1996). The testes were decap-

sulated with fine forceps without breaking seminiferous

tubules, under aseptic conditions, and digested in an enzyme

solution of 0.5 mg ⁄ ml collagenase, 0.2 mg ⁄ ml soybean tryp-

sin inhibitor and 5 lg ⁄ ml leupeptin in Hank’s balanced salt

containing 0.1% BSA (HBSS ⁄ BSA), pH 7.4, in a thermo-

stated shaking water bath (20 min, 90 Hz, 34 �C). The dis-

persed testes were suspended in 50 ml (final volume)

HBSS ⁄ BSA and allowed to settle (5 min). The supernatants

containing Leydig cells were aspirated using a plastic pipette,

filtered through a 70 lm nylon cell strainer and washed with

50 ml HBSS ⁄ BSA. The cell suspension was centrifuged at

150 g, 15 min, 20 �C. The pellet obtained was re-suspended

in 5 ml HBSS ⁄ BSA, representing a crude testicular interstitial

cell suspension. Discontinuous Percoll density gradients

(20%, 35%, 43%, 68% and 90%) were used to obtain puri-

fied Leydig cells. The crude Leydig cell suspension was then

applied on the top of this gradient and centrifuged at 800 g

for 30 min at 20 �C. Cells in the 35–43% and 43–68%

interfaces were aspirated carefully using a syringe and trans-

ferred to centrifuge tubes containing M199 and 0.1% BSA.

After mixing, the tubes were centrifuged at 150 g for

20 min at 20 �C and the supernatant obtained was dis-

carded. To remove excess of Percoll, the cells pellets were

washed twice with M199 containing 0.1% BSA and then

finally re-suspended in the same solution. These preparations

contained greater than 70% Leydig cells as determined by

electron microscopy (Hedger & Eddy 1986). Cell viability

(90–95%) was quantified by Trypan blue exclusion.

For immunocytochemical assays, the isolated Leydig cells

were stimulated with 1 mIU ⁄ ml of hCG at 34 �C for 30 min

to stimulate the steroidogenic pathway. Then, these cells

were immediately fixed for electron microscopy analysis.

Electron transmission microscopy

For routine procedures, the fragments of testes and isolated

Leydig cells were fixed overnight in a solution containing

2.5% glutaraldehyde and 4% paraformaldehyde in 0.1 M

cacodylate buffer. After fixation, the samples were washed

twice in the same buffer and then they were post-fixed in a

solution containing 1% osmium tetroxide, 2 mM calcium

chloride and 0.8% potassium ferricyanide in 0.1 M cacody-

late buffer, pH 7.2, dehydrated in acetone, and embedded in

Embed 812. Polymerization was performed at 60 �C for

3 days (Saraiva et al. 2006). Ultrathin sections were col-

lected on 300-mesh nickel grids, counterstained with 5%

uranyl acetate and lead citrate and examined using a FEI

Morgani 268D transmission electron microscope.

For immunocytochemical study, the isolated and hCG-

stimulated Leydig cells were fixed overnight in a solution

containing 0.5% glutaraldehyde and 4% paraformaldehyde

in 0.1 M phosphate buffer. After fixation, the samples were

washed three times in the same buffer, incubated with

50 mM ammonium chloride for 40 min, dehydrated in etha-

nol, and embedded in LR-White resin. Polymerization was

performed at 30 �C for 5 days. This procedure was carried

out as described by Peixoto et al. (1999).

Immunocytochemistry

Ultrathin sections of isolated and hCG-stimulated Leydig cells

were cut with a diamond knife and collected on nickel grids.

They were incubated for 30 min at room temperature in

0.02 M PBS, pH 7.2, containing 1% BSA and 0.01% Tween

20 (PBS-BT). The sections were then incubated for 1 h with

primary antibodies against steroidogenic acute regulatory

(StAR) protein, cytochrome P450scc side-chain cleavage

enzyme (P450scc) and testosterone at dilutions of 1:25, 1:200

and 1:25, respectively, in PBS-BT. The sections were then

washed in PBS-BT and incubated with a secondary antibody,

10 nm colloidal gold-labelled goat anti-rabbit IgG. As

456 K. L. A. Saraiva et al.

� 2009 The Authors

Journal compilation � 2009 Blackwell Publishing Ltd, International Journal of Experimental Pathology, 90, 454–462



antibody control, sections were incubated only in the presence

of the gold-labelled marker. Following the immunostaining

procedures, the sections were counterstained with 5% uranyl

acetate and lead citrate (Peixoto et al. 1999).

Quantitative analysis was performed on photomicrograph-

ics at a final magnification of 56.000· taken from 10 differ-

ent Leydig cells, randomly chosen to compare the numbers

of gold-labelled particles in control and Sildenafil-treated

cells with Kruskal–Wallis test. As the experimentally treated

cells and control samples were processed in an identical

method, no correction of tissue shrinkage was made.

Hormone assays

Serum testosterone was assayed using solid-phase radioim-

munoassay as described in the instructions provided by man-

ufacturer¢s kit (Coat-A-Count Total Testosterone; Diagnostic

Products Corporation, Los Angeles, CA, USA). The sensitiv-

ity of the testosterone assay was 4 ng ⁄ dl and the intra and

inter-assay coefficients of variation were 4–18% and 5.9–

12% respectively. The values are expressed in ng ⁄ ml.

Data were analysed with Mann–Whitney test to compare

the testosterone levels between controls and the organisms

submitted to Sildenafil treatment (Zar 1996).

Antibodies

The polyclonal antibodies, StAR (sc-25806, Santa Cruz Bio-

technology, INC., Santa Cruz, CA, USA), cytochrome

P450scc enzyme (AB1244; Chemicon International, Inc.,

Billerica, MA, USA) and testosterone (ab8557, ABCAM Inc.,

Cambridge, MA, USA), were raised in rabbits against differ-

ent peptides, corresponding to the amino acids 1–285 repre-

senting full length StAR of human origin, the amino acids

421–441 of rat cytochrome P450scc enzyme and the full

length testosterone protein conjugated to BSA respectively.

The 10 nm colloidal gold-labelled goat anti-rabbit IgG was

purchased from Sigma Chemical Co. (St Louis, MO, USA).

Results

Histological analysis

No morphological differences were observed among Leydig

cells from control and experimental groups (data not shown).

Electron microscopy analysis

In testicular tissue, control Leydig cells showed morphologi-

cal characteristics as irregular polygonal shape, in some

cases an asymmetrical nucleus located eccentrically in the

cell body with large nucleolus, light nucleoplasma and het-

erochromatin clumps less massive on the inner surface of the

nuclear envelope. The filopodia were protruded and interdig-

itated with the filopodia from opposite cells. The tubular

smooth endoplasmic reticulum (SER) was abundant, consist-

ing of interconnected, branched and anastomosing tubules,

throughout the cytoplasm. This tubular SER were occasion-

ally surrounded mitochondria and lipid droplets. The mem-

brane whorles, which are concentrical packs of flattened and

partially fenestrated cisternae of the SER, were frequently

observed. The rough endoplasmic reticulum was scarce,

localized mainly in perinuclear and peripheral regions. Mito-

chondria were numerous throughout the cytoplasm with an
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Figure 1 Testis Leydig cells. (a, c and e) Untreated Leydig cells

showing nucleus (N), lipid droplets (L), several mitochondria

with tubular cristae (M), tubular smooth endoplasmic reticulum

(SER), scarce rough endoplasmic reticulum (arrow) and peroxi-

somes (star). (b, d and f) 25 mg ⁄ kg Sildenafil-treated Leydig

cells presenting nucleus (N), lipid droplets (L), lysosome (open

arrow), enlarged mitochondria with disarranged cristaes (M),

vesicular smooth endoplasmic reticulum (SER), whorle mem-

branes (white star) with surrounding vesicles (white arrows),

vacuoles scattered through the cytoplasm (black star) and Golgi

(black arrow). Bars, 1 lm (a, b, c, d); 500 nm (e, f).
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irregular distribution, and along their surface, cisternae of

SER often enveloped them. The mitochondria size was vari-

able, with tubular and thick cristaes. Several Golgi com-

plexes were dispersed in the cell body, often found near a

cell pole, as the nucleus is eccentrically located. Some dense

bodies, probably lysosomal in nature, were detected. Peroxi-

somes of irregular sizes were identified in portions of the

cytoplasm. Several lipid droplets, variable in size, were

viewed through the cytoplasm and some of them maintained

close contact with the SER (Figure 1a,c and e).

Sildenafil treated Leydig cells presented all the organelles

cited above. Some differences were observed, such as a vesic-

ular SER, consisting of separated vesicles of variable diame-

ters. Islets of tubular SER appeared among the vesicles.

Some large vacuoles were found in the peripheral cytoplasm,

presumably opening into the extracellular space. The mito-

chondria were enlarged with disarranged or discontinued

cristaes. Several vesicles were observed on the membrane

whorles periphery, probably involved in hormonal precur-

sor’s secretion (Figure 1b,d and f). All of these alterations

described above are typical of an activated cell with an

increased steroidogenic capacity.

Similar morphological differences were observed in iso-

lated Leydig cells. However, the SER presented a trabecular

appearance. This change could be related to the isolation

procedure. hCG-stimulation did not alter the ultrastructural

characteristics of isolated Leydig cells from treated and con-

trol groups (Figure 2).

StAR, P450scc and testosterone in Leydig cells

Immunocytochemistry revealed that enzymatic steroidogen-

esis pathway was significantly more active in Leydig cells

treated with Sildenafil. Evident labelling to StAR, P450scc

and testosterone were detected throughout the cytoplasm

of treated cells when compared with control samples.

However, in relation to the detection of P450scc, a strong

reaction was observed in the mitochondria (Figure 3 and

Table 1).

SER
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M

M

SER

L N SER

M

N(a) (b)

(d)(c)

Figure 2 Isolated Leydig cells. (a) Untreated Leydig cell without

hCG stimulation; (b) 25 mg ⁄ kg Sildenafil-treated Leydig cells

without hCG stimulation; (c) Untreated Leydig cell with hCG

stimulation; (d) 25 mg ⁄ kg Sildenafil-treated Leydig cells with

hCG stimulation. All treatment had similar ultrastructural

morphology: lipid droplets (L), mitochondria with tubular

cristae (M), nucleus (N) and trabecular smooth endoplasmic

reticulum (SER). Bars, 500 nm.
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Figure 3 StAR, P450scc and testosterone immunocytochemistry.

(a, c and e) Weak labelling was observed in non-Sildenafil

treated samples for StAR (a), P450scc (c) and testosterone (e)

(arrows). (b, d and f) An increased labelling to StAR (b),

P450scc (d) and testosterone (f) was detected in 25 mg ⁄ kg Silde-

nafil-treated Leydig cell (arrows). Lipid droplets (L), Mitochon-

dria (M), smooth endoplasmic reticulum (SER), vacuole (V).

Bars, 200 nm.
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Serum testosterone concentration

The serum testosterone levels were significantly higher in

25 mg ⁄ kg Sildenafil administrated mice when compared

with control animals (Mann–Whitney, P < 0.01). The

parameters of the two groups are shown in Table 2.

Discussion

The relevance of cGMP system on steroidogenesis can be

demonstrated by the use of Sildenafil. Particularly, in the

testis, this cyclic nucleotide is involved in spermatozoa

motility, development of testicular germ cells, relaxation of

peritubular lamina propria cells, testosterone production in

Leydig cells and dilatation of testicular blood vessels (Mid-

dendorff et al. 2000).

The steroid-secreting Leydig cells regulate the develop-

ment and activity of the male reproductive tract and exter-

nal sex characteristics, and may enhance spermatogenesis

in the seminiferous tubules. Steroid hormones are synthe-

sized from cholesterol in a multi-step enzymatic process,

in which the StAR appears to transfer cholesterol from

cellular stores to the inner mitochondrial membrane to be

converted to pregnenolone by the cytochrome P450scc

enzyme. The pregnenolone is transported and enzymati-

cally converted to testosterone precursors in the SER,

before the testosterone synthesis (Clark & Cochrum 2007;

Yang et al. 2007).

This is the first research that demonstrated the effects of

the chronic treatment with Sildenafil on Leydig cells steroi-

dogenesis. These cells consist of abundant smooth endoplas-

mic reticulum, numerous mitochondria with tubular cristae

and a variable number of lipid droplets, which participate

actively in hormonal biosynthesis.

Sildenafil treated Leydig cells showed a vesicular SER and

some large vacuoles scattered throughout the cytoplasm that

are features of an active secreting cell. According to Ohata

(1979), these vacuoles are derived from testosterone-contain-

ing vesicles of the SER and could migrate towards the cell

surface to open into the extra-cellular space.

The function of membranous whorles is still uncertain. It

is hypothesized that this organelle stores cholesterol used in

testosterone synthesis. Interestingly, in Sildenafil treated

Leydig cells, several vesicles were observed in the whorles’

periphery, which could be related to the hormonal precur-

sors transport.

Isolated Leydig cells presented similar ultrastructural char-

acteristics; however, they showed an SER with a trabecular

appearance. This morphological alteration could be related

to the isolation procedure, as these cells were digested in an

enzymatic solution, probably affecting the filaments

network.

Table 1 Quantitative analysis of gold-labelled particles distribution in control and Sildenafil-treated Leydig cells

Number of gold-labelled particles

StAR P450scc Testosterone

Control

Sildenafil

(25 mg ⁄ kg) Control

Sildenafil

(25 mg ⁄ kg) Control

Sildenafil

(25 mg ⁄ kg)

Mitochondria 1 ± 1.333 4.9 ± 4.581 3.1 ± 1.449 9.8 ± 4.341* 0.3 ± 0.675 2.6 ± 2.875

SER 0 3.6 ± 4.971 0.8 ± 1.317 2.8 ± 1.989 0.6 ± 0.699 4.1 ± 2.767

Lipid droplets 0 3 ± 5.621 0 0 0 1.333 ± 1.506

Vacuoles 0.222 ± 0.441 0.3 ± 0.675 0.143 ± 0.378 0.5 ± 0.926 0.143 ± 0.378 3.889 ± 8.373

Total counting 1.2 ± 1.317 10.6 ± 10.426* 4 ± 2.108 13 ± 4.163* 1 ± 1.054 11 ± 6.092*

StAR, steroidogenic acute regulatory; P450scc, P450 side-chain cleavage enzyme; SER, smooth endoplasmic reticulum.

Significant changes were found in treated cells (*Kruskal–Wallis, P < 0.01). Mean of gold-labelled particles (mean ± SD); n = 10.

Table 2 Effect of Sildenafil treatment on

mice serum testosterone levels (ng ⁄ ml) Serum testosterone levels (ng ⁄ ml)

N Mean Minimum Maximum SD Mann–Whitney

Control 16 0.39 0.13 1.60 0.36 Z = 3.26

Sildenafil

(25 mg ⁄ kg)

17 4.84 0.17 14.00 5.14

Significant difference between Sildenafil 25 mg ⁄ kg and control samples, P < 0.01.
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All the ultrastructural alterations observed in this work

could be related to an enhancement of the testosterone syn-

thesis, resultant from PDE5 inhibition and cGMP accumula-

tion. To confirm this hypothesis, an immunocytochemical

and hormonal study was performed. The results indicated

an enhanced labelling to StAR, P450scc and testosterone in

isolated hCG-stimulated Leydig cell from the treated group.

Also, a significant increase in the plasmatic testosterone was

achieved in treated group compared with that in control.

The PDE5 inhibitors promote their pharmacological

effects by inhibiting phosphodiesterase type 5, an enzyme

responsible for the degradation of cGMP. The raised levels

of this cyclic nucleotide affect many intracellular functions

(Glenn et al. 2007). This drug mechanism could be involved

in the activation of the steroidogenic pathway and testoster-

one secretion, as recently PDE5 was identified in Leydig cells

(Scipioni et al. 2005). Steroid hormones are synthesized from

cholesterol in the gonads in response to pituitary hormones,

such as hCG via the classical first messenger ⁄ second messen-

ger pathway. To delineate the mechanism of hCG-mediated

induction of testosterone synthesis, a study was performed

to investigate the changes in 3b-HSD-1, P450scc and StAR

expression in mouse Leydig cells and an enhanced expres-

sion of these enzymes was detected (Yang et al. 2007). In

the present work, after the chronic treatment with Sildenafil,

isolated and hCG-stimulated Leydig cells presented an

augmented immunolocalization of StAR, P450scc and testo-

sterone. These data indicate that Sildenafil and hCG would

possibly act synergistically to increase cGMP levels via dif-

ferent mechanisms. The hCG increases intracellular cGMP

production by activating guanylyl cyclase system (Lin et al.

1979; Mukhopadhyay & Leideberger 1988), and Sildenafil

induces an accumulation of cGMP by inhibiting the PDE5,

or could act via NO or ANP-dependent mechanism (Preston

et al. 2004).

The cyclic GMP is synthesized by two classes of enzymes

called guanylyl cyclases, and both generate cGMP from

intracellular GTP. The particulate guanylyl cyclases are

membrane bound receptors that bind natriuretic and guany-

lin peptides. The sGC is a heme-containing, heterodimeric

nitric oxide receptor. It consists of two subunits, a and b,

which make up the active enzyme. The cGMP acts directly

with effectors, such as cGMP-dependent protein kinases,

cyclic nucleotide-gated channels, and cGMP-regulated phos-

phodiesterases (Wong & Garbers 1992; Krumenacker &

Murad 2006).

Andric et al. (2007) described that the stimulation of both

guanylyl cyclases and inhibition of phosphodiesterase 5 in

vitro were accompanied by elevations in cGMP and andro-

gen production. However, the inhibition of sGC and protein

kinase G (PKG) significantly reduced the StAR phosphorila-

tion, leading to a decreased steroidogenesis. Thus, the

authors suggested that cGMP participates in Leydig cell ste-

roidogenesis through the PKG-dependent modification of the

StAR protein.

A study investigated the effects of 4b-PMA, a potent acti-

vator of protein kinase C (PKC), on atrial peptide-induced

testosterone production and cGMP accumulation in Leydig

cells. This compound inhibited testosterone production and

markedly reduced the amount of cGMP through an

enhanced phosphodiesterase activity, stimulated by PKC.

The testosterone production and cGMP formation was com-

pletely reversed in the presence of a phosphodiesterase inhib-

itor. The cause of the decreased hormone production after

4b-PMA treatment was related to the diminished

accumulation of the second messenger (Mukhopadhyay &

Leideberger 1988).

Similarly, the present work shows that the chronic treat-

ment with Sildenafil increased the testosterone biosynthesis

in Leydig cells, probably through cGMP accumulation due

to PDE5 inhibition.

The results obtained in the present study are in agreement

with those of Carosa et al. (2004). Men suffering from erec-

tile dysfunction have androgen levels significantly lower than

normal ones. These authors demonstrated the effects of two

different type V phosphodiesterase inhibitors treatments, Si-

denafil (50 mg) and Tadalafil (20 mg) on the reversibility of

testosterone reduction. This pharmacological therapy was

able to enhance testosterone and reduce LH levels, probably

due to the higher frequency of full sexual intercourse. How-

ever, the authors did not rule out the possibility of a direct

effect of the PDE5 inhibitors on the on the human testis, as

this tissue expresses quite a high level of PDE5.

Khurana and Pandey (1993) demonstrated that the atrial

natriuretic factor, brain natriuretic peptide and C-type natri-

uretic peptide (CNP), induced the production of intermedi-

ate precursors of testosterone biosynthesis, in purified mouse

Leydig cells. All of these natriuretic peptides stimulated the

steroidogenesis pathways by a transmembrane signal trans-

duction mechanism involving the generation and accumula-

tion of intracellular cGMP. This stimulatory effect begins at

the first step involved in the conversion of cholesterol to

pregnenolone.

The pulmonary vasodilator effects of Sildenafil on acute

and chronic hypoxia-induced pulmonary hypertension in rats

are potentiated by atrial natriuretic peptide (ANP), possibly

by a synergistic effect on the increase in plasma cGMP syn-

thesis (Preston et al. 2004). Similarly, ANP could be

involved in cGMP synthesis in the Leydig cell, which would

be accumulated in response to Sildenafil treatment. Con-
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versely, the NO exerts an inhibitory effect on Leydig cell ste-

roidogenesis, which is not mediated by the sGC as it fails to

increase cGMP production (Del Punta et al. 1996). Accord-

ing to Middendorff et al. (1997), NO and CNP have been

shown to influence testosterone release. While CNP increase

testosterone via a promiscuous activation of cAMP-depen-

dent protein kinase by cGMP in mice, a decrease on testos-

terone levels was detected in response to NO, as this agent

could inhibit P450scc enzyme by directly binding to its heme

iron.

Androgens have been shown to exert direct vasodilator

effects in arteries from both humans and experimental ani-

mals. Oka et al. (2007) demonstrated that Dehydroepiand-

rosterone, a testosterone precursor, completely blocked

hypoxic pulmonary vasoconstriction, which was accompa-

nied by opening potassium channels, upregulation of sGC

protein expression ⁄ activity and improved pulmonary artery

vasodilator responsiveness to NO.

In addition, Seyrek et al. (2007) have recently demon-

strated that supraphysiological concentrations of testoster-

one act via ATP-sensitive K+ channel opening to induce

relaxation in radial artery in vitro.

Therefore, the present study did not rule out the possible

involvement of the enhanced steroid hormones biosynthesis,

after the chronic treatment with Sildenafil, on pulmonary

hypertension improvement.

In conclusion, the chronic treatment with Sildenafil

exerted a stimulatory effect on testosterone production,

probably via cGMP accumulation. This increased hormonal

synthesis should be taken into account, as this therapeutic

scheme has been extensively used worldwide in patients

with pulmonary hypertension disorders. Additional experi-

ments are in development in our laboratory to describe

the possible effects on sperm parameters and fertilizing

capacity.
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