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Abstract

In this chapter the role played by H2S in the physiopathology of urogenital tract

revising animal and human data available in the current relevant literature is

discussed. H2S pathway has been demonstrated to be involved in the mechanism
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underlying penile erection in human and experimental animal. Both

cystathionine-β synthase (CBS) and cystathionine-γ lyase (CSE) are expressed

in the human corpus cavernosum and exogenous H2S relaxes isolated human

corpus cavernosum strips in an endothelium-independent manner. Hydrogen

sulfide pathway also accounts for the direct vasodilatory effect operated by

testosterone on isolated vessels. Convincing evidence suggests that H2S can

influence the cGMP pathway by inhibiting the phosphodiesterase 5 (PDE-5)

activity. All these findings taken together suggest an important role for the H2S

pathway in human corpus cavernosum homeostasis. However, H2S effect is not

confined to human corpus cavernosum but also plays an important role in human

bladder. Human bladder expresses mainly CBS and generates in vitro detectable

amount of H2S. In addition the bladder relaxant effect of the PDE-5 inhibitor

sildenafil involves H2S as mediator.

In conclusion the H2S pathway is not only involved in penile erection but also

plays a role in bladder homeostasis. In addition the finding that it involved in the

mechanism of action of PDE-5 inhibitors strongly suggests that modulation of

this pathway can represent a therapeutic target for the treatment of erectile

dysfunction and bladder diseases.

Keywords

Bladder • Corpus cavernosum • Erectile dysfunction (ED) • Benign prostatic

hyperplasia (BPH) • Lower urinary tract symptoms (LUTS) • PDE-5 inhibitor •

CBS • CSE • 3MST

1 Introduction

Hydrogen sulfide (H2S) presence in mammalian tissues has been known since the

1980s, but H2S has been considered mainly as a metabolic waste product with no

potential physiological activity. The first evidence, indicating H2S as an endo-

genous mediator was published in 1996 by Abe and Kimura (1996) that described

a role for this mediator in the brain. Some years, after this first evidence was

published, many research groups have focused their interest on this new pathway

as described in the other chapters. H2S together with nitric oxide (NO) and carbon

monoxide (CO) is now classified as gasotransmitter. Like the other two gasses, it

has the ability to diffuse easily through the cellular membranes. Hydrogen sulfide

can also interact with proteins such as ion channels or enzymes regulating their state

either directly via chemical modification such as by sulfuration and sulfhydration or

indirectly via second messengers.

The role of H2S in the homeostatic control of our body is now consistently

supported by the literature, and in the other chapters of the present book,

its synthesis, measurement, chemistry, and interaction have been reported. This

chapter will deal with the role played by H2S in the physiopathology of urogenital

tract revising animal and human data available in the current relevant literature.
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2 Hydrogen Sulfide in Male Sexual Function

2.1 The Male Reproductive System

Male reproductive system consists of a number of sex organs that concur to the

human reproductive process localized around the pelvic region. Briefly, the main

male sex organs are the penis and the testicles important for producing semen and

sperm. In particular, the penis and the scrotum represent the external genital organs.

The penile erectile apparatus consists of two vascularized paired corpora cavernosa.

The corpus spongiosum together with the urethra is related to the ventral area of the

penis. The corpora cavernosa, the corpus spongiosum, and the glans penis are

composed of septa of smooth muscle and erectile tissue that enclose vascular

cavities. The tunica albuginea forms a thick fibrous coat to the spongy tissue of

the corpora cavernosa and corpus spongiosum, and it consists of two layers.

The muscles involved in penile function are the ischiocavernosum and bulbo-

spongiosus. The ischiocavernous muscle inserts into the medial and inferior surface

of the corpora and increases penile turgidity during erection. In the flaccid state, the

smooth muscle fibers are tonically contracted by the sympathetic system. During

erection, trabeculae smooth muscle is relaxed, and this allows a cascade of events.

The arterioles of the penis are dilated while the veins are passively compressed

between the tunica albuginea and the peripheral sinusoids reducing the venous

outflow. This process is known as the venous-occlusive mechanism, and it leads to

erection that is sustained by an increase of intra-cavernous blood pressure of about

100 mmHg. The contraction of the ischiocavernous muscle further increases the

intra-cavernous pressure leading to the rigid erection phase.

The main role of the scrotum is to hold and protect the testes. It also contains

numerous nerves and blood vessels. Between the male internal genital organs, there

is the epididymis, a whitish mass of tightly coiled tubes cupped against the testicles.

It acts as a maturation and storage for sperm before they pass into the vas deferens,

which carry sperm to the ampullary gland and prostatic ducts. Testosterone is the

most important sexual hormone in males and is released by the testes. This hormone

has a crucial role in the development of sperm and is also responsible for the

development of physical characteristics in men such as facial hair and deep voice.

Moreover the accessory glands, such as the seminal vesicles and the prostate gland,

provide fluids that lubricate the duct system and nourish the sperm cells.

In particular, the prostate gland surrounds the ejaculatory ducts at the base of the

male urethra, just below the bladder. The prostate gland is responsible for the proof

semen, a liquid mixture of sperm cells, prostate fluid, and seminal fluid. This gland

is also responsible for making the semen milky in appearance by mixing calcium to

the semen coming from seminal vesicle. The semen remains cloudy and clumpy

until the prostatic pro fibrinolysis is formed into fibrinolysis and lysis of the

fibrinogen from the seminal vesicle fluids occurs.
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2.2 Erectile Function and Dysfunction

Erection is a vascular event which relies upon interaction of neural and

humoral mechanisms at various levels. Indeed, since the penis receives innervations

from sacral parasympathetic (pelvic), thoracolumbar sympathetic, and somatic

(pudenda) nerves, the erection phenomenon requires participation of these three

systems. Thus, erection is a consequence of a complex integration of several

signals. In simple words, erection is essentially a spinal reflex that can be initiated

by recruitment of penile afferents, but also by visual, olfactory, and imaginary

stimuli. All these stimuli may contribute to the increase in intra-cavernous pressure

(Cirino et al. 2006) and thus to penile erection. Erectile dysfunction (ED) is defined

as the consistent or recurrent inability of a man to attain and/or maintain a penile

erection sufficient for sexual activity (2nd International Consultation on Sexual

Dysfunction-Paris, June 28th–July 1st, 2003). Of note, ED shares many of the risk

factors that contribute to the development and the progression of cardiovascular

diseases such as age, hypercholesterolemia, obesity, diabetes, and smoking

(Brunner et al. 2005). Several clinical studies have shown that ED is often

associated with cardiovascular disturbance and therefore it could be taken in

account as an early sign of cardiovascular diseases (Dong et al. 2011; Nehra

et al. 2012). This hypothesis relies on the fact that penile artery size is smaller as

compared to coronary arteries. Therefore, it is feasible that the same level of

endothelial dysfunction can cause a more significant reduction of blood flow in

erectile tissues compared to that elicited in coronary circulation. Therefore, ED

could be considered a prognostic factor for possible cardiovascular problems

(Gandaglia et al. 2014).

2.3 Hydrogen Sulfide and Erectile Function and Dysfunction

The corpora cavernosa, as briefly reported above, are composed of sinusoids

bearing a single layer of endothelial cells surrounded by multiple layers of smooth

muscle cells. Thus, the corpora cavernosa are vascular organs. Among the vaso-

dilator agents, it is undisputed that nitric oxide (NO) is considered one of the most

important endogenous factors since it is released not only by endothelial cells but

also from plexus nerve. Recently hydrogen sulfide (H2S), as discussed in the other

chapters, has been shown to possess an important role in the modulation of smooth

muscle cell tone. In particular, it has been demonstrated that H2S relaxes smooth

muscle cells, and this finding together with others have lead to study the role of this

mediator in the penile physiology. To date, the role of this gas in corpus

cavernosum function has been addressed in animal models as well as in the

human tissues (d’Emmanuele di Villa Bianca et al. 2011; Qiu et al. 2012). The

first evidence was published in 2006 by Srilatha and coworkers. These authors

showed that the intra-cavernous injection of sodium hydrogen sulfide (NaHS)

resulted in a significant increase in penile length and cavernous pressure in primates

measured by using laser Doppler flow meter and cutaneous probe. To acquire
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further evidence on the role of H2S in penile erection, a study on rats was also

performed. Administration of dl-propargylglycine [PAG, a cysthatione-γ lyase

(CSE) inhibitor] to rats resulted in a significant reduction in cavernous nerve

stimulation-evoked perfusion pressure. This study suggested a possible role for

endogenous H2S in facilitating nerve-mediated penile tumescence (Srilatha

et al. 2006). In 2009, d’Emmanuele di Villa Bianca and coworkers demonstrated

the role and function of H2S in human. The authors showed that both cysthatione-β
synthase (CBS) and CSE, the main enzymes involved in H2S synthesis, are

expressed in the human corpus cavernosum (CC) (Fig. 1a, b). Moreover, by using

human CC homogenates, as enzyme source, they confirmed that the enzymes

present in human CC can efficiently convert L-Cys (the substrate) to H2S

(Fig. 1c). CBS and CSE are localized within muscular trabeculae and smooth

muscle component of the penile artery (Fig. 2). Interestingly, the enzymes appear

to be differently distributed within the penile structure. In particular, CSE but not

Fig. 1 CBS and CSE:

activity, Western blot

analysis, and qRT-PCR of

human penile tissue.

(a) HCC-expressed mRNA

for both CBS and CSE as

determined by qRT-PCR.

(b) Representative Western

blot analysis for CBS and

CSE. (c) HCC homogenate

produced H2S under basal

conditions (open bar).
Incubation of HCC

homogenate with

10 mML-Cys caused a

significant increase in the H2S

production compared with

basal values (**P< 0.001).

PAG (10 mM), 1 mM AOAA,

or 10 mM PAG plus 1 mM

AOAA significantly inhibited

the L-Cys-induced increase in

H2S production ({P< 0.01).

Data represent the mean SEM

from 3 or 4 different human

specimens (Reprinted with

permission from

d’Emmanuele di Villa Bianca

et al. 2009)
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CBS is expressed in peripheral nerves (Fig. 2). Functional studies conducted by

using human CC isolated strips demonstrated that both exogenous H2S and L-Cys

cause a concentration-dependent relaxation of human CC strips. This relaxant

Fig. 2 Immunochemistry for CBS and CSE in HCC. Immunohistochemical detection of CSE and

CBS in HCC tissue. Immunoreactivity and nuclear staining appear brown (DAB) and blue
(hematoxylin counterstain), respectively. CSE was detected in trabecular muscular tissue (a and

b, black arrows) and vascular smooth muscle cells (c, white arrows). Immunoreactivity for CBS

was mostly observed in trabecular muscular tissue (d, black arrows). Results illustrated are from a

single experiment and are representative of three different specimens. (Original magnification,

200.) Immunohistochemical detection of CSE and CBS in HCC nerve fibers. Immunoreactivity

and nuclear staining appear brown (DAB) and blue (hematoxylin counterstain), respectively. CSE

was detected in nerve fibers in cryostat (e, arrows) and not in paraffin (g) sections. Both cryostat

(f) and paraffin (h) sections lacked immunoreactivity for CBS. Results illustrated are from a single

experiment and are representative of three different specimens. (Original magnification, 200.)

(Reprinted with permission from d’Emmanuele di Villa Bianca et al. 2009)
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effect was inhibited by the CBS inhibitor, aminoxyacetic acid (AOAA) and only

slightly reduced by the endothelial NO-synthase inhibitor, L-NAME. Electrophysio-

logical experiments performed using peripheral nerve electrical field stimulation of

human penile tissue demonstrated that H2S pathway is involved in penile homeo-

stasis. Indeed, EFS of human CC strips, under resting conditions, caused an increase

in tension that was significantly potentiated by inhibiting CSE and/or CBS with the

selective inhibitors PAG and/or AOAA (Fig. 3). The role of H2S pathway in erectile

function was confirmed also in vivo by using an experimental animal model of

penile erection. Using this model, it was demonstrated that either NaHS or L-Cys

administration cause an increase in the intra-cavernous pressure in anesthetized rats

(d’Emmanuele di Villa Bianca et al. 2009).

These studies have revealed that there are important differences between the

human and rat tissue for what concerns the H2S pathway. In fact, in rats, only CSE

is expressed. This finding is also confirmed by the fact that CSE but not CBS

inhibition significantly decreased H2S production when rat cavernosal tissue

homogenates were used as enzyme source to generate H2S from L-cysteine

in vitro. Concerning the role of CSE and H2S in rat corpus cavernosum, it has

been also shown that CSE inhibition by PAG causes a significant increase in

non-adrenergic non-cholinergic-induced relaxation leading to an enhanced

Fig. 3 EFS of HCC strips.

EFS caused a frequency-

related increase in basal tone.

Incubation of HCC strips with

10 mM PAG for 30 or 60 min

(a) or with 1 mM AOAA for

30 or 60 min (b) significantly
increased the EFS-induced

contraction [*P< 0.05;

**P< 0.01 vs. control

(CTR)]. Tissue responses to

EFS are expressed as force in

dynes per milligram of tissue.

Experiments were performed

on three different specimens

(Reprinted with permission

from d’Emmanuele di Villa

Bianca et al. 2009)
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neurogenic relaxation of rat corpus cavernosum induced by EFS. The authors

hypothesize that, since H2S does not have a direct constrictor effect in corporal

tissue, this effect might be due to either inhibition of NO synthesis by endogenous

H2S or to a direct chemical reaction between H2S and NOS products (Ghasemi

et al. 2012). Thus, while CSE in rats accounts for the production of H2S, in human,

the H2S pathway is sustained by both CBS and CSE, which are also differently

distributed in the human corpus cavernosum (Fig. 2) indicating that human and rat

penile tissues are different for what concerns the H2S pathway involvement in

penile erectile mechanism(s).

2.4 Mechanism(s) of Action that Sustain the Effect of H2S
in Erection

2.4.1 Ion Channels and EDHF as H2S Target
Ion channels are intimately involved in the biochemical events associated with

smooth muscle function, and their activation/inactivation is tightly associated with

tumescence/detumescence function during erection. As already reported in the

previous chapters, H2S activates within the vasculature the adenosine triphosphate

(ATP)-activated potassium (KATP) channel. The mechanism of activation proposed

involves S-sulfhydration by H2S of the cysteine residues located on a specific

subunit of the extracellular loop of the KATP channel complex leading to opening

of this channel (Jiang et al. 2010; Mustafa et al. 2011). In particular, potassium

channels are important in mediating physiologically relevant relaxation responses

in human, rabbit, and rat corpus cavernosum strips (Christ et al. 1993; Mirone

et al. 2000; Karicheti and Christ 2001; Spektor et al. 2002; Ruiz Rubio et al. 2004).

In this context, it has been proposed that KATP channels could have an important

role as modulator of corporal smooth muscle tone (Christ et al. 1993). Indeed, in

diabetes, the KATP channels-mediated relaxation is significantly reduced in human

CC strips (Venkateswarlu et al. 2002). Interestingly, in human CC strips

glybenclamide, a selective KATP channel inhibitor, significantly impairs H2S-

induced relaxation (d’Emmanuele di Villa Bianca et al. 2009) indicating that

these channels are involved in H2S effect. KATP channels may also act by increasing

cyclic adenosine monophosphate (cAMP) and thus cause relaxation. In fact, KATP

channels are a physiologically important target of the adenylate cyclase/cAMP/

PKA signaling pathway (Nelson et al. 2011), confirming indirectly the possible

involvement of this channel as proposed by Srilatha et al. in 2007. In fact, the effect

of NaHS in rabbit CC can be blocked by using MDL 12,330A, an adenylate cyclase

inhibitor (Srilatha et al. 2007). On this basis, it is feasible to hypothesize that in

diabetes, where there is a reduced activity of these channels, the H2S pathways may

be involved in ED associated with the diabetes. However, these issues need to be

addressed more carefully in order to define the contribution of this mechanism to

the physiology of erection as well as its involvement in ED.

Due to the ability of H2S to directly interact with proteins, another channel that

seems to be its target is the calcium-dependent potassium (KCa) channel.
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The physiological role of this channel in human CCSM cells have been

demonstrated (Christ et al. 1993). As mentioned before, NO is a key mediator in

erectile function, and it derives from both peripheral nervous terminations and of

course from endothelial cells. However, the existence of an unidentified endothelial

factor that promotes smooth muscle hyperpolarization and relaxation, resistant to

NO synthase (NOS) and cyclooxygenase (COX) inhibition, has been clearly

established (Busse et al. 2002). This factor, named endothelial-derived hyper-

polarizing factor (EDHF), has particular functional relevance in small arteries.

This pathway involves the activation of two populations of endothelial potassium

channels, the small/intermediate conductance and the large KCa channels (Grgic

et al. 2009). It has been clearly demonstrated that in human penile resistance

arteries, as opposite to human CC, there is a significant component in the relaxation

response to acetylcholine that is resistant to NOS and COX inhibition attributed to

EDHF-like activity (Angulo et al. 2003). This EDHF-like activity is impaired in

human penile resistance arteries from diabetic patients. In this framework fits H2S

since there are significant data supporting H2S as an EDHF (Wang 2003, 2009;

d’Emmanuele di Villa Bianca et al. 2011; Tang et al. 2013).

Inhibitors of the phosphodiesterase-5 (PDE-5) are drugs largely used to treat

men with ED to increase the half-life of cyclic guanosine monophosphate (cGMP)

in the corpus cavernosum facilitating its relaxation and therefore penile erection.

However, although sildenafil has been shown to be efficacious for treating ED, the

percentage of efficacy in diabetic patients is clearly reduced when compared to

nondiabetic men (Rendell et al. 1999; Price et al. 1998; Vickers and Satyanarayana

2002). Indeed, the presence of ED and diabetes in a patient represents a prognostic

factor for a poor response to sildenafil but also with the other new PDE-5 inhibitors

tadalafil (Saenz de Tejada et al. 2002) and vardenafil (Goldstein et al. 2003). The

mechanism(s) responsible for this poor clinical outcome is not, as yet, understood.

One hypothesis formulated is related to the impairment of EDHF in human penile

resistance vessels of diabetes patients that is not restored by PDE-5 treatment. This

hypothesis is supported by a study where it has been shown that dobesilate, a drug

that specifically enhances endothelium-dependent relaxation attributed to EDHF,

restores the endothelial function in penile arteries of diabetic patients (Angulo

et al. 2003). Therefore, it is also feasible, and it needs to be explored the possibility,

that the combination of an H2S donor and a PDE-5 inhibitor may overcome the

poor outcome of PDE-5 inhibitors in diabetic patients and could be beneficial in the

oral treatment of diabetic ED.

Other H2S target may be the calcium permeable channels. In fact, other authors

have reported the ability of H2S to interfere not only with potassium channels but

also with calcium homeostasis particularly in neurons, cardiomyocytes, and endo-

thelial cells. Although some effects of H2S on calcium signals are secondary to

KATP modulation, there is growing consensus about the existence of a direct effect

of H2S on Ca2+-permeable channels (Munaron et al. 2013). The modulation/activa-

tion of these channels seems to be tightly related to the H2S concentration. At the

present stage, there are no data available in the current literature on CCSM cells in

both animal models and human tissues.
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2.4.2 Testosterone, Gender Difference, and Biosynthesis of H2S
Testosterone (T), as already reported above, plays a critical role not only in human

male sexual behavior, but several studies have indicated a relation between andro-

gen levels and sexual interest, libido, and the frequencies of orgasm and nocturnal

erections. Moreover, there is a growing body of evidence that low T levels are

associated with an increased cardiovascular and cancer mortality (Hackett

et al. 2014). Thus, T seems to have a protective effect in man as occurs for estrogen

in woman. For example, T plasma levels negatively correlate with hypertension,

diabetes, and severe coronary artery disease. While it is clear that T restoration to a

physiological level is beneficial in hypogonadal subjects, the positive role of T

treatment is questionable in men who are not clearly hypogonadal or eugonadal.

Another important well-accepted concept is that T level correlates to ED (Isidori

et al. 2014). In particular, patients with organic ED have lower free T levels than

patients with psychogenic ED. Moreover, a strong positive correlation exists

between free T levels and the degree of trabecular smooth muscle relaxation, as

measured by resistive index at dynamic duplex ultrasound (Aversa et al. 2000). The

role of T in regulating CCSM and penile arterial tone has been extensively explored

in animal models. In this regards, a dual separate effect with or without the

endothelium has been shown. The effect in presence of endothelium is related to

NO; in particular, there are several evidences supporting a role for androgens in

regulating the expression and activity of NOS isoforms in the corpus cavernosum in

animal models (Traish et al. 2007). The increase in T plasma levels in response to

sexual stimulation raised the question of its biological significance. To this aim,

several indirect evidences support the presence of a local vascular effect of T in

men. In fact, it has been demonstrated that penile erection in the healthy male is

associated with a significant increase in T level in both circulating and in the

cavernous plasma. Moreover, in the flaccid state, the T level in cavernous plasma

is significantly lower when compared to the systemic concentration, and on this

basis, the authors conclude that these differential evaluation could represent a

diagnostic tool (Becker et al. 2000). Interestingly, during the penile tumescence

and rigidity, T level in corpus cavernosum increases significantly in comparison to

the flaccid state, and this increase is not observed in ED patients (Becker

et al. 2001). These results further support the hypothesis that T, through the

androgen receptor, has a direct effect on the cavernous smooth muscle. Androgen

receptors are present in the human CC (Schultheiss et al. 2003), and T induces

relaxation by activating smooth muscle KATP channels in human CC strips

(Yildiz et al. 2009). This study was the first to report a direct non-genomic relaxant

effect of T on human CC in vitro. The authors have demonstrated that T causes

a rapid vasorelaxation partially mediated by an increase of potassium efflux through

KATP channels, but not involving BKCa, voltage-dependent inward rectifier

K channel, or voltage K channels. Thus, T-induced relaxation on smooth muscle

CC seems to involve an endothelium-dependent (particularly trough NO pathway)

and -independent (probably by K channels) mechanism (Aversa et al. 2000). It has

been confirmed that these channels are also involved in T-induced relaxation within

the vasculature and that T effect involves H2S pathway. In fact, it has been shown
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that T causes an increase in H2S level involving the L-Cys/H2S pathway in rat aorta

(Bucci et al. 2009). The increase of H2S induced by T and its vasodilatory effect

was prevented by the androgen receptor antagonist nilutamide in rat aorta rings

indicating that the interaction with the androgen receptor is a key issue (Bucci

et al. 2009). In this context, it has been recently shown the heat shock protein

90, which plays a role in the activation of androgen receptor, is also involved in

CSE activation. In the same work, the presence of a similar mechanism for proges-

terone and 17-β-estradiol was ruled out. This latter observation well fit with the

finding that H2S levels in human blood, collected from male healthy volunteers,

were higher than those in female samples (Brancaleone et al. 2014).

Thus, if T level is related to ED, it could well be that an impairment of

T-mediated H2S production plays a role in ED. On this specific subject, there is

only one study available, performed using an in vivo rat model. In this work, the

role of endogenous H2S in ED induced by androgen deficiency has been

investigated. Serum T levels were significantly reduced after 2 and 4 weeks from

castration, and in this condition, the H2S pathway was significantly impaired as well

as there was a reduction in intra-cavernous pressure increase elicited by electrical

stimulation. On the other hand, T replacement resulted efficacious to restore H2S

release and to improve intra-cavernous pressure in rats. These in vivo data support

the hypothesis that H2S pathway may be one of the mechanisms underlying

androgen role in erection (Zuo et al. 2014). Moreover, it has been demonstrated

that aging significantly impairs NO and H2S level both in plasma and corpus

cavernosum tissue. A reduction of the intra-cavernous pressure is countered by

NaHS or sildenafil after 10 weeks of treatment. The link between T and H2S was

further confirmed by Srilatha and coauthors, who have shown a marked increase in

T or estradiol levels after NaHS supplementation. These data support the idea that

ED in aging may be also linked to a derangement in the H2S pathway accompanied

by low T levels (Srilatha et al. 2012).

All these findings support the importance of androgens in regulating smooth

muscle function in the penis. A possible clinical application could be the use of a

combination of PDE-5, T, and/or H2S donors/substrate (such as L-Cysteine) to be

used in patients nonresponder to PDE-5 therapy (Isidori et al. 2014).

2.4.3 Interaction Between H2S and NO
There is a deep discussion in literature concerning the role of NO/cGMP pathway in

H2S effects, and this issue is under investigation in several anatomical district (see

other chapters). For example, it has been demonstrated that CSE activity is

upregulated by NO (Zhao et al. 2001), and it is partially inhibited by NOS blockade

(Zhao and Wang 2002). The data available in the current literature demonstrated

that H2S (1) inhibits eNOS activity partly through inhibition of eNOS phosphory-

lation by reducing Akt phosphorylation (Geng et al. 2007), (2) stimulates the

activity of several upstream kinase such as Akt and in turn activates eNOS by

phosphorylation (Cai et al. 2007), (3) acts as PDE inhibitor (Bucci et al. 2010),

(4) directly causes eNOS phosphorylation (Altaany et al. 2014), (5) is mutually

required with NO in order to elicit angiogenesis and vasodilatation (Coletta
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et al. 2012). Therefore, there are several evidence implying a cross talk at vascular

level between NO and H2S. As opposite, few studies are available on human CC

tissues. The relaxing effect of H2S on human CC strips has been demonstrated to be

endothelium independent (d’Emmanuele di Villa Bianca et al. 2009), but this result

does not exclude a possible indirect effect of H2S since, in presence of the

endothelium blockade of NOS, L-NAME causes a significant inhibition of H2S-

induced relaxation at higher concentration. This latter result is in line with a recent

study by Meng and coworkers (Meng et al. 2013) demonstrating that incubation of

rat CC tissues with NaHS leads to an increase in eNOS but not nNOS mRNA. In

this study, the authors show that the increased mRNA expression of eNOS

correlates with protein expression as well as with NO production. However,

caveolin-1 expression, a dominant inhibitory interaction partner of eNOS, was

not modified by H2S. On this basis, the authors conclude that H2S could be

particularly useful in improving the clinical outcome of ED patients, whose erectile

impairment involves a weakened function of endothelial-derived NO. However,

whether H2S increases the soluble guanylil cyclase activity directly was not exam-

ined. The possible role of H2S on modulating the NO/cGMP pathway has been,

instead, suggested in vascular studies, where it has been shown that H2S increases

cGMP levels acting as a PDE inhibitor delaying cGMP degradation (Bucci

et al. 2010; Coletta et al. 2012). Preliminary data indicate that an increase in

cGMP level drive by PDE-5 can cause an increase in H2S production in mice

corpus cavernosum (Dikmen et al. 2013). Many aspects concerning the interaction

between these two gasses are still matter of debate in the current relevant literature.

A recent review addresses in depth the possible role of this cross talk in erectile

function/dysfunction (Yetik-Anacak et al. 2014).

2.5 Hydrogen Sulfide and Vas Deferens

The vas deferens transports sperm from the epididymis to the ejaculatory ducts in

anticipation of ejaculation. Due to the role of H2S on erectile function, its presence

and role in vas deferens have also been evaluated. Both CBS and CSE are function-

ally expressed in the vas deferens of rat, mice, and human. The endogenous H2S

causes a smooth muscle relaxation of vas deferens (Li et al. 2011). The same group

has also demonstrated that NaHS-induced effect is mediated by BKCa channel.

Indeed, they observed a consistent reversion of the relaxant effect of rat vas

deferens-induced relaxation by performing a pharmacological modulation with

iberiotoxin or tetraethylammonium. The authors also demonstrated that H2S modu-

lation of KCa channels requires a redox signaling. Indeed, N-ethylmaleimide, a

sulfhydryl alkylation compound protecting thiols from oxidation, inhibited NaHS

relaxation as opposite to DTT, a strong reducing agent, that did not affect the H2S

response of vas deferens. Besides, the presence of the BKCa channels in rat vas

deferens smooth muscle cells was also confirmed. Finally, the involvement of the

NO pathway, the transient receptor potential (TRP) channels and of the KATP

channels were excluded (Li et al. 2012).
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2.6 Hydrogen Sulfide and Human Prostate

Regarding the role of H2S in the prostate, it has been reported by Guo and

coworkers (Guo et al. 2012) that in human prostatic tissues (obtained from patients

undergoing surgery for prostatic cancer) and cells, this pathway is physiologically

present. The presence of H2S pathway has been also confirmed by using biopsy

from cancer-free human prostate (Gai et al. 2013). Moreover, Guo and coworkers

have demonstrated that both cell activity and CBS/CSE protein levels are higher in

the androgen-dependent prostate cancer cell LNCaP than in all the other cell lines

evaluated and that dihydrotestosterone downregulates this activity. Varying H2S

levels, as well as CBS/CSE expression, in human prostate stromal and epithelial

compartments have been also described. In particular, prostate epithelium

expresses both CBS and CSE as opposite to stromal where only CSE is expressed.

Overall, these data suggest that H2S pathway can be involved in prostate cancer and

benign prostatic hyperplasia. These results also further confirm that a link between

H2S and T exists. In physiological condition, T can modulate the H2S synthesis

contributing to erectile function. In pathologic condition, such as androgen-

dependent prostate cancer, where H2S pathway is over expressed, it may represent

a potential therapeutic target (Guo et al. 2012). Indeed, H2S does not alter signifi-

cantly androgen receptor expression or its phosphorylation but inhibits androgen

receptor transactivation probably at the DNA-binding level. This effect may

involve a posttranslational regulation of androgen receptor by S-sulfhydration

leading to conformational change and alteration of protein function. Thus, H2S

may decrease the genomic effect associated with androgen receptor activation

exhibiting an anti-proliferating effect, data that are in agreement with the higher

cell proliferating rate associated with aging in prostate tissues of CSE knock-out

mice (Zhao et al. 2014).

3 Hydrogen Sulfide in Female Sexual Function

There is very little published on the possible involvement of the H2S pathway in

female sexual physiology. In 2009, a pilot study has been published suggesting that

H2S pathway plays a physiological role in female sexual apparatus. In particular,

the authors have studied the effect of exogenous H2S in vaginal and clitoral

cavernosal smooth muscle strips from New Zealand white female rabbits. By

using H2S donors and several inhibitors towards different enzymes and channels,

the authors have shown that H2S vasodilatory effect involves cAMP, (cyclic

adenosine 3050-monophosphate), NO-cGMP (cyclic guanosine monophosphate),

and KATP channels. Of particular interest is the finding that inhibition of H2S-

induced relaxation was observed only when a combination of both adenylate- and

guanylate- cyclase inhibitors was used indicating that both nucleotides may concur

to H2S effect. Thus, H2S pathway appears to be involved also in female sexual

responses. Moreover, these data further support the evidence that there exists an

interplay between NO and H2S pathways (Srilatha et al. 2009).
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4 Hydrogen Sulfide and Bladder

4.1 Bladder Function

The urinary bladder has two important functions: storage of urine and emptying.

Storage of urine occurs at low pressure, which implies that the bladder relaxes

during the filling phase. The wall of the bladder is composed of 3 layers:

1. Outer layer of loose connective tissue, containing blood and lymphatic vessels

and nerves.

2. Middle layer, consisting of a mass of interlacing smooth muscle fibers and

elastic tissue—this is called the detrusor muscle.

3. Inner layer composed of transitional epithelium.

The storage and periodic elimination of urine are dependent upon the reciprocal

activity of two functional units in the urinary tract: a reservoir (urinary bladder) and

an outlet (bladder neck, smooth and striated muscle of the urethra). During urine

storage, the outlet is closed, and the bladder is quiescent, allowing intravesical

pressure to remain low over a wide range of bladder volumes. During voiding, the

muscles of outlet relax and the bladder smooth muscles contract, raising

intravesical pressure and inducing urine flow. These changes are coordinated by

three sets of nerves (parasympathetic, sympathetic, and somatic) emerging from the

sacral and thoracolumbar levels of spinal cord. Thus, when the bladder is filled, the

relaxation of the wall stimulates the afferent fibers, and input is transmitted to the

cortex eliciting the micturition reflex. During the micturition, the detrusor muscle

and the longitudinal muscle of the neck and the urethral sphincter contract by

activation of parasympathetic nerves. Contextually, an inhibitory input of the

somatic nerves causes a relaxation of the external sphincter allowing the urine

ejection. Different signaling molecules contribute to the fine tuning of the urinary

bladder, acting both in autocrine and paracrine manner. The receptors involved are

specifically distributed among different types of cells within the urinary bladder

structure. Various neurotransmitters, including acetylcholine, norepinephrine,

dopamine, serotonin, excitatory and inhibitory amino acids, adenosine thri-

phosphate, nitric oxide, and neuropeptides, are implicated in the neuronal regu-

lation of micturition (de Groat and Yoshimura 2001). Several disorders can affect

the bladder such as cystitis, urinary stones, bladder cancer, urinary incontinence,

hematuria, urinary retention, cystocele, bed-wetting, dysuria, overactive bladder,

and lower urinary tract symptoms (LUTS). Disturbances of storage function may

result in LUTS, such as urgency, frequency, and urge incontinence, the components

of the overactive bladder syndrome (Abrams et al. 2002). The overactive bladder

syndrome, which may be due to involuntary contractions of the smooth muscle of

the bladder (detrusor) during the storage phase, is a common problem (Milsom

et al. 2001). H2S has been shown to be involved in the bladder function in different

species such as trout, rat, pig, and human (Fusco et al. 2012; Gai et al. 2013;

Fernandes et al. 2013a, b; Patacchini et al. 2004; Dombkowski et al. 2006).
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4.2 Animal Studies

H2S is endogenously produced in urinary bladder of trout, mice, and rat implying

that the contribution of this pathway to bladder function is conserved in different

species. Similarly, to human tissues, homogenates of bladder can generate detect-

able amount of H2S in basal or stimulated conditions (Dombkowski et al. 2006;

Matsunami et al. 2012; Gai et al. 2013). The expression of the enzymes responsible

of H2S production has been reported in bladder of rat, pig, and mice by using

different methods. CSE and CBS were detected by immunohistochemistry in nerve

fibers and are widely distributed within the smooth muscle layer of the pig bladder

neck (Fernandes et al. 2013a). CBS, CSE, and 3MST have been also shown to be

present in rat bladder (Gai et al. 2013). In mouse bladder, only the presence of CSE

has been reported so far, (Matsunami et al. 2012). However, the presence of CBS

cannot be excluded since it has not been evaluated (Matsunami et al. 2012).

In the urinary tract, H2S donors caused smooth muscle relaxation and contrac-

tion depending on the species and experimental conditions used. NaHS (exogenous

source of H2S) or L-cysteine (the substrate) relaxes rat bladder strips in a

concentration-dependent manner (Gai et al. 2013). This effect can be inhibited by

incubating tissues with glybenclamide, a KATP channel inhibitor, CSE, and CBS

blockers (Gai et al. 2013). In trout bladder, NaHS, as well as Na2S (exogenous

donor of H2S less used in the current literature), inhibits spontaneous contractions

and relaxes precontracted strips (Dombkowski et al. 2006). In trout bladder, the H2S

response does not appear to be mediated by KATP channels as occurs in human and

rat since glybenclamide was ineffective. Similarly, the other types of K+ channels

were not involved in H2S-induced relaxation, as well. The rat urinary bladder can

be indirectly contracted through H2S stimulation of capsaicine-sensitive nerves as

reported by Patacchini and coworkers (Patacchini et al. 2004, 2005). This discre-

pancy between rat and human could be due to the different derivation of the tissue

(Kardong 2005). In rat, H2S has a contractile effect that is mediated by the

activation of sensory neurons in a ruthenium red-sensitive but not capsazepine-

dependent manner. Thus, it is feasible that in this case, the molecular target of H2S

could be either a receptorial domain located on the transient receptor potential

vanilloid receptor 1 (TRPV1) cation channel, independent from those bound by

vanilloids and other TRPV1 activators, or another ruthenium red-sensitive TRP

cation channels co-expressed on primary afferent neuron terminals (Patacchini

et al. 2005). The super family of TRP includes the transient receptor potential

ankyrin (TRPA) (Nilius et al. 2007), which has been found on capsaicine-sensitive

primary sensory neurons (Story et al. 2003; Bautista et al. 2005). The TRPA1

activators allyl isothiocyanate and cinnamaldehyde contract rat urinary bladder

through stimulation of the capsaicin-sensitive nerves (Andrade et al. 2006;

Patacchini et al. 1990). Therefore, an action of H2S also on TRPA1 in urinary

bladder has been suggested. This hypothesis is based upon the following findings i)

co-localization of TRPA1 and TRPV1 in rat bladder afferents ii) H2S mimics the

TRPA1 agonist cinnamaldehyde effect stimulating the micturition reflex after

protamine sulfate pretreatment (Streng et al. 2008). Thus, TRPA1 represents a

molecular target for H2S in rat bladder.
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H2S-mediated O2 sensing has been demonstrated in a variety of O2-sensing

tissues in vertebrate cardiovascular and respiratory systems, including smooth

muscle in systemic and respiratory blood vessels and airways, carotid artery,

adrenal medulla, and other peripheral as well as central chemoreceptors (Olson

2014). Concerning the possible involvement of this mechanism in urinary tract, it

has been shown that H2S is involved in O2 sensing/signal transduction in the trout

urinary bladder (Dombkowski et al. 2006) showing some similitude with mamma-

lian tissue (Olson 2014).

An upregulation of CSE has been found in cyclophosphamide-induced cystitis in

mouse, suggesting a role for the endogenous H2S in the pathogenesis of this

experimental model (Matsunami et al. 2012). In addition, a link between H2S and

Cav3.2 T-type channel has also been suggested in the cystitis-related nociceptive

changes (Matsunami et al. 2012).

The control of the bladder neck tone is important during the voiding phase either

in physiological or in pathological conditions. In this regard, CBS and CSE, as

reported above, have been found expressed in nerve fibers in the pig bladder neck

smooth muscle layer suggesting the involvement of H2S as mediator released

following muscle distension (Fernandes et al. 2013a). Both electrical field or

GYY4137, an H2S donor, relaxed the pig bladder neck strips through KATP channel

activation as well as COX1-derived prostanoids (Fernandes et al. 2013a, b)

indicating also a functional role at this level. These studies provided also evidence

for a role of endogenous H2S released from nerves involvement in the inhibitory

transmission of the outflow region (Fernandes et al. 2013a). Additionally, H2S

promotes the release of inhibitory neuropeptide by the activation of TRPA1 and

TRPV1 (Fernandes et al. 2013b). Therefore, at the present stage, KATP channels,

TRPA1, and TRPV1 are considered feasible targets for H2S in the bladder function.

4.3 Human Studies

Human bladder expresses all three enzymes responsible for the H2S production

namely CBS, CSE, and 3-MST (Fusco et al. 2012; Gai et al. 2013). Indeed, human

bladder homogenate generates a basal level of production of H2S that can be

enhanced by incubation with L-cysteine (the substrate). This effect is reversed by

either PAG (CSE inhibitor) or AOAA (CBS inhibitor) (Fig. 4). Functional studies

performed using isolated human bladder strips have demonstrated that both sodium

hydrogen sulfide (NaHS) or L-cysteine relax human bladder strips precontracted by

carbachol. Thus, H2S pathway is involved in the regulation of bladder homeostasis.

As discussed, KATP channels are activated by H2S. It is known that urinary

bladder smooth muscles express KATP channels, and they have been shown to be

involved in the regulation of bladder contractility (Andersson 1992; Bonev and

Nelson 1993). The presence of mRNA for sulfonylurea receptors has been

demonstrated in both pig and human detrusor (Buckner et al. 2000). The detrusor

smooth muscle expresses a variety of K+ channels that are responsible for the

detrusor smooth muscle excitability and contractility (Andersson and Arner 2004;
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Brading 2006; Christ and Hodges 2006; Gopalakrishnan and Shieh 2004). Interest-

ingly, the density of KATP channels is significantly higher in detrusor smooth

muscle (Petkov et al. 2001; Kajioka et al. 2008; Shieh et al. 2001). In this context,

it has been shown that ~1 % of the functional KATP channels need to be activated in

order to inhibit detrusor smooth muscle action potentials and related phasic

contractions (Petkov et al. 2001). Studies on isolated detrusor muscle from

human and several animal species have demonstrated that KATP channel openers

reduce not only spontaneous contractions but also those induced by electrical

Fig. 4 Cystathionine

b-synthase (CBS) and

cystathionine g-lyase (CSE)

western blot, and activity in

human bladder dome. (a)
Representative western blot

for CBS and CSE (upper) and
densitometric analysis for

CBS and CSE normalized to

glyceraldehyde-3-phosphate

dehydrogenase (GAPDH;

lower) from nine patients;

data were expressed as the

mean plus or minus standard

error of the mean (SE). (b)
Production of hydrogen

sulfide (H2S) in human tissue

homogenates from five

patients under basal condition

(open bar) and after

incubation with L-cysteine

10 mM (black bars). L-
cysteine caused a significant

increase in H2S production

(***p< 0.001 vs. basal) that

was significantly reverted by

CSE inhibitor (D,L-

propargylglycine [PPG];

10 mM) and/or CBS inhibitor

(aminooxyacetic acid

[AOAA]; 1 mM) (��p < 0.01

and ���p < 0.001,

respectively, vs. L-cysteine).

Data were calculated as

nanomoles per milligram of

protein per minute and

expressed as mean� SE

(Reprinted with permission

from Fusco et al. 2012)
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stimulation, carbachol, and low external K+ concentrations (Andersson 1993).

Interestingly, the relaxant effect elicited by H2S is inhibited by glybenclamide, a

KATP channel inhibitor (Gai et al. 2013). Therefore, it is feasible to hypothesize that

once released, H2S causes relaxation of the detrusor muscle that involves KATP

channel activation thereby contributing to the tonic regulation of the bladder tone.

Bladder tone regulation is a key issue in LUTS. LUTS markedly increase with age

in both males and females, and it represents a major problem in the elderly

population. Recently, the PDE-5 inhibitor tadalafil has been approved by FDA for

LUTS treatment. In addition, it has been reported that sildenafil, a well-known

PDE-5 inhibitor, can directly relax human bladder strips and that this effect

involves the H2S pathway (Fusco et al. 2012). Indeed, sildenafil incubation of

human bladder samples causes a time- and concentration-dependent increase in

H2S production (Fig. 5). In conclusion, the human data, available in the current

Fig. 5 Sildenafil-induced hydrogen sulfide (H2S) production in human bladder dome. (a) Silden-
afil 10 mM caused a time-dependent increase in H2S production (***p < 0.001 vs vehicle; **p <
0.01 vs. 30 min and 45 min). (b) Sildenafil incubation for 30 min caused a concentration-

dependent increase in H2S production compared to vehicle (*p < 0.05 and **p < 0.001

vs. vehicle). (c) Combination of CBS and/or CSE inhibitors (DL-propargylglycine [PPG] 10 mM

and/or aminooxyacetic acid [AOAA] 1 mM) significantly inhibited sildenafil-induced H2S pro-

duction (�p < 0.05 and ��p < 0.01 vs sildenafil 10 mM; **p < 0.01 vs. vehicle). Data were

calculated as nanomoles per milligram of protein per minute and expressed as mean� SEM for

five patients (Reprinted with permission from Fusco et al. 2012)
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relevant literature, suggest that the H2S pathway is involved not only in the

physiology of human bladder function but also in LUTS as well as in overactive

bladder. However, further studies are necessary in order to better define the role of

this pathway.

5 Hydrogen Sulfide and Urethra

The urethra together with smooth muscles in the bladder controls the storage and

the voiding of urine. The presence as well as the ability of CBS, CSE, and 3-MST to

convert L-cysteine into H2S has been reported both in human and rat urethra (Gai

et al. 2013). On the functional side, H2S has been shown to have no effect on the

basal tone but to relax the human urethra strips (Gratzke et al. 2009). The relaxing

effect on human urethra strips has been proposed to involve the TRPA1 receptors

that are expressed on nerves fibers, urothelium, and interstitial cells (Gratzke

et al. 2009).

6 Conclusions and Future Directions

On the basis of the findings present in the current literature, from non-mammalian

and mammalian, including human, it is clear that H2S is endogenously produced,

and the enzymes responsible of its biosynthesis are constitutively present in the

genitourinary tract. In addition, H2S appears to be a phylogenetically ancient and

versatile regulatory molecule. Nevertheless, the H2S response in the genitourinary

tract, as reported above, appears to be specie dependent. Therefore, more studies are

needed in order to clearly define the role of this pathway in human since the

translation of preclinical data to human is not always possible. For what concerns,

drugs used in therapy that have been proposed to involve H2S as mediator, there are

some considerations that can be made. It is now well established that patients’

response to a therapy is not equally effective, and who once were called

nonresponders are now considered as a specific sub group. Indeed, it is now clear

that genetics plays a great role in determining the nature of the drug responses.

However, it is also true that, most likely, there are other therapeutic targets that have

not as yet been defined within a specific pathology. In this regard, in both ED and in

pathologies associated with bladder dysfunction, there is a need to find new

therapies. Indeed, PDE-5 inhibitors often do not resolve the ED in diabetes patients

or fail to act in a certain number of eligible patients with no comorbidities. In fact,

the efficacy of PDE-5 inhibitor, which is a mainstay in the treatment of ED, is

negatively associated with the nerve and endothelium damage. These latter features

are associated with several pathologies such as cardiovascular disease, diabetes,

obesity, and post-prostatectomy state and in turn lead to an impairment in the

signaling of the NO/cGMP pathway. In this context, the H2S pathway represents

an attractive target since a link between PDE-5 inhibitors and H2S pathway has

been already shown. Indeed, tadalafil limits myocardial infarction through H2S
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signaling (Salloum et al. 2009), and sildenafil causes an increase in H2S production

by CBS and CSE activities in human bladder (Fusco et al. 2012). A very prelimi-

nary attempt to develop a drug working on H2S and cGMP pathways has been taken

by Shukla and coworkers who have synthesized and characterized an H2S-donating

derivative of sildenafil (ACS6) (Shukla et al. 2009). For what concerns the bladder,

it has to be stressed that the widely used antimuscarinic drugs often fails to alleviate

the LUTS symptoms. Also in this case, by looking at the recent findings,

highlighted in this chapter, the H2S pathway represents an attractive therapeutic

target that may allow to develop new drugs. In Fig. 6 are shown the drugs for which

the involvement of H2S in their mechanism of action has been proposed.

Another possible therapeutic approach that rises from what has been discussed is

the possibility to modulate H2S levels by exogenous supplementation. Intuitively,

the easiest way should be to use H2S donors that release the gas slowly, in order to

reproduce as much as possible, the physiological conditions. Alternatively, the H2S

production could be enhanced by inducing H2S synthesis by using L-cysteine or

other substrates. However, this approach could fail in condition where a down-

regulation of the enzyme CBS and CSE occurs. Several studies have addressed

these issues in preclinical setting (Kashfi and Olson 2013). The activity of garlic-

Fig. 6 Drugs proposed to involve hydrogen sulfide (H2S) pathway in their mechanism of action.

The cartoon reproduces a smooth muscle cell of the urogenital tract, where the involvement of H2S

in testosterone and sildenafil mechanism of action is depicted. Adenosine triphosphate-activated

potassium channel (KATP); Androgen receptor AR; calcium-dependent potassium channel (KCa);

cyclic guanosine monophosphate (cGMP); Cysthatione-β synthase (CBS); Cysthatione-γ lyase

(CSE), phosphodiesterase-5 (PDE-5)
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derived molecules, generally considered as H2S releasers following metabolization,

such as diallyl disulfide, diallyl sulfide, diallyl trisulfide, and diallyl tetrasulfide, has

been profusely investigated (Jacob et al. 2008). Garlic and its bioactive component,

the S-allyl cysteine, have been shown to restore erectile function in diabetic rats by

preventing ROS formation through modulation of NADPH oxidase subunit expres-

sion (Yang et al. 2013). In particular, anti-inflammatory and anticancer effects have

been demonstrated. However, no data, concerning their efficacy, on urogenital tract

are available. The GYY4137 is actually the most attracting synthetic H2S donor. It

inhibits lipid accumulation exhibiting anti-atherosclerotic activity both in vitro and

in vivo (Xu et al. 2014) and exerts anti-inflammatory (Li et al. 2013) and anticancer

(Kashfi 2014) activity. Also in this case, there are no data available on GYY4137

effect in urogenital tract diseases.
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