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Role of Hydrogen Sulfide in the Physiology of Penile Erection

Xuefeng Qiua,b, Jackie Villaltaa, Guiting Lina, and Tom F. Luea

aKnuppe Molecular Urology Laboratory, Department of Urology, University of California, San
Francisco, CA, USA
bDepartment of Urology, Affiliated Drum Tower Hospital, School of Medicine, Nanjing, University,
Nanjing, China

Abstract
Hydrogen sulfide (H2S), which is a well known toxic gas, has recently been recognized as a
biological messenger, which plays an important role in physiological and pathophysiological
conditions. Relatively high levels of H2S have been discovered in mammalian tissues. It is mainly
synthesized by two enzymes including cystathionine β-synthase and cystathionine γ-lysase, which
utilize L-cysteine as substrate to produce H2S. H2S has been demonstrated to exhibit potent
vasodilator activity both in vitro and in vivo by relaxing vascular smooth muscle. Recently, H2S
has been discovered in penile tissue with smooth muscle relaxant effects. Furthermore, other
effects of H2S may play a role in the physiology of erection. Understanding of H2S in the
physiology of erection might provide alternative erectile dysfunction (ED) strategies for those
patients with poor or no response to type 5 phosphodiesterase inhibitors (PDE5i). This review
intends to present the H2S pathway in penile tissue and the potential role of H2S in the physiology
of erections.
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Introduction
Erections are a neuro-vascular event. Under sexual stimulation, vasodilation and relaxation
of trabecular smooth muscle allows blood flow into the cavernosal sinusoids and increase
the intracavernosal pressure (ICP). Erection is maintained by the compression of subtunical
venules against tunica albuginea (Christ and Lue, 2004, El-Sakka and Lue, 2004, Lue, 2000,
Gratzke, et al., 2010). Relaxation of the smooth muscle of the corpus cavernosum is the
crucial physiological event in penile erections. Nitric oxide/cyclic guanosine
monophosphate (NO/cGMP) pathway had been acknowledged as a classic pathway in
mediating relaxation of corpus cavernosum smooth muscle (Burnett, 2004). Cavernos nerve
activation induces the release of NO from the nerve terminals in the corpus cavernosum.
Additionally, NO is released from the endothelium in response to shear stress. NO is
synthesized by neural nitric oxide synthase (nNOS) in the corpus cavernosum nerve
terminals and by endothelial oxide synthase (eNOS) in endothelium, which utilizes L-
arginine and oxygen as substrate to produce NO (Albersen, et al., 2010). Subsequently, NO
activates soluble guanylate cyclase (GC) and increases cGMP levels in smooth muscle cells.
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As a second messenger, cGMP initiates a chain of reactions, which results in a decrease in
intracellular calcium and a subsequent relaxation of the smooth muscle cells (Zhang, et al.,
2011).

cGMP is hydrolyzed by type 5 phosphodiesterase (PDE5). The application of type 5
phosphodiesterase inhibitor (PDE5i) for treatment of erectile dysfunction (ED) is based on
role of PDE5 on regulating cGMP level in corpus cavernosum smooth muscle cells. Oral
administration of PDE5i has revolutionized the treatment of ED. It has been considered to be
the first-line oral treatment for ED patients (Carson and Lue, 2005). Although PDE5i have
been proved to be effective in treating ED, there is still a percentage of patients with poor or
no response to PDE5i. Lower response rates were observed in diabetic patients (59% for
type-1 diabetes, 64% for type-2 diabetes) and in patients who had undergone prostatectomy
for prostate cancer (43%) (Boulton, et al., 2001, Briganti, et al., 2005). It is therefore
necessary to explore novel strategies that might overcome the shortfalls of PDE5i.

Recently, H2S, which is mainly produced endogenously from L-cysteine (L-Cys) by the
activity of two enzymes: cystathionine β-synthase (CBS) and cystathionine γ-lyase (CSE)
(Tang, et al., 2006), has been demonstrated as a potential neurotransmitter in the central and
in some peripheral systems (Boehning and Snyder, 2003, Gadalla and Snyder, 2010). Both
H2S-producing enzymes are pyridoxal phosphate-dependent and are expressed in a range of
tissues. CBS seems to be the main H2S-producing enzyme in the central nervous system
while CSE is the main H2S-producing enzyme in the cardiovascular system (Moore, et al.,
2003, Wang, 2002). H2S exerts a negative feedback effect on the activity of these enzymes
to regulate the synthesis of H2S (Wang, 2002). Additional endogenous sources of H2S
include production from L-methionine via the transulfuration pathway as well as erythrocyte
production (Searcy and Lee, 1998, Wagner, 2009).

Many studies have demonstrated the vasorelaxant effect of H2S in animals and humans
(Zhao, et al., 2001, Bianca, et al., 2009), indicating the potential role of H2S on the
relaxation of vascular smooth muscle. Furthermore, hypertension has been reported in CES
gene knockout mice, suggesting the important role of H2S on physiologically regulating the
cardiovascular system (Yang, et al., 2008). Erectile tissue contains abundant smooth muscle
and endothelium. ED shares the same risk factors with cardiovascular disease such as
diabetes, hyperlipidemia and obesity (Shin, et al., 2011). How about the role of H2S in the
physiology of erections? In this review, we intend to present the synthesis of H2S and H2S-
synthesizing enzymes in erectile tissue, and discuss the physiology of the smooth muscle
relaxant effect of H2S.

Synthesis of H2S in penile tissue
Hydrogen sulfide has been demonstrated to be neurotransmitter in the central nervous
system and vascular system (Geng, et al., 2004). Recently, growing evidence suggests the
existence of L-Cys/H2S in penile tissue. Direct evidence to prove the existence of L-Cys/
H2S system in penile tissue was firstly provided by Srilatha in 2007 (Srilatha, et al., 2007).
H2S was detected in rabbit corpus cavernosum homogenized and incubated with L-Cys
(Bianca, et al., 2009). The biosynthesis of H2S was increased by 3-fold over basal value
after incubation of tissue homogenates with L-Cys. Aminoxyacetic acid (AOAA, CBS
inhibitor) or the combination of AOAA and propargylglycine (PAG, CSE inhibitor)
significantly inhibited the increase in H2S production.

CBS and CSE are expressed in many tissues. Both CBS and CSE were reported to be
expressed in the brain and produce H2S from cysteine (Abe and Kimura, 1996, Diwakar and
Ravindranath, 2007, Vitvitsky, et al., 2006). CBS and CSE were also reported to be present
in human corpus cavernosum using qRT-PCR and western blot by Bianca’s group (Bianca,
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et al., 2009). They also described the location of these 2 enzymes. Immunohistochemical
staining demonstrated that CBS and CSE were localized in the muscular trabeculae and
smooth-muscle components of the penile artery (Fig. 1). It has been published that rat’s
main cavernous nerve branches to the dorsal nerve and intrcavernous nerve, and the damage
to the main cavernous nerve results in structural changes in dorsal nerve (Albersen, et al.,
2011). CSE but not CBS was also expressed in dorsal nerves of rat’s penis (Fig. 1),
indicating that CSE might play a role in the corpus cavernosum by triggering the H2S
pathway both in smooth muscle cells and neural cells.

No direct evidence has showed the existence of H2S synthesis associated enzymes in the
endothelium of the corpus cavernosum until recently. Since the effect of H2S on vascular
smooth muscle was slightly enhanced in the presence of endothelium, it was thought that
H2S might stimulate the endothelium to release endothelium-derived relaxant factors
(EDRFs) or endothelium-derived hyperpolarization factors (EDHFs), which interact with
smooth muscles (Hosoki, et al., 1997, Zhao, et al., 2001). It was recently reported that CSE
was found in endothelial cells of mice, bovine and human (Yang, et al., 2008). Shibuya et al.
(Shibuya, et al., 2009, Shibuya, et al., 2009) reported that 3-mercaptopyruvate
sulfurtransferase (3MST) and cysteine aminotransferase (CAT), which were demonstrated to
be H2S-producing enzymes in the brain, were localized in vascular endothelium in the
thoracic aorta. Additionally, lysate of vascular endothelial cells could produce H2S from
cysteine and α-ketoglutarate (Shibuya, et al., 2009). H2S synthesis associated enzymes have
yet to be found in endothelial cells of the corpus cavernosum.

Effects of H2S on penile tissue
It has been reported that H2S acts on smooth muscles, significantly relaxing vascular and
intestinal preparations in vitro (Teague, et al., 2002, Kimura, 2011). H2S also has a relaxant
effect on smooth muscle in corpus cavernosum both in vitro and in vivo. In 2006, Srilatha et
al (Srilatha, et al., 2006) reported that intracavernous administration of PAG significantly
impaired the normal ICP response to cavernous nerve electrostimulation, indirectly
suggesting the possible role of H2S system on relaxing smooth muscle in penile tissue. This
was confirmed by in vitro organ bath study. Inhibitors of H2S-forming enzymes including
AOAA, beta-cyanoalanine (beta-CA, inhibitor for CSE) and PAG markedly increased the
noradrenergic contractile neurotransmission of corpus cavernosum strips to field stimulation
(Srilatha, et al., 2007).

The H2S donor, sodium hydrogen sulfide (NaHS), consistently relaxed rabbit (Srilatha, et
al., 2007) and human (Bianca, et al., 2009) corpus cavernousm strips in a concentration-
dependent manner. Intracavernous injection of sodium hydrogen sulfide to primates resulted
in significant increases in penile length and cavernosal pressure (Srilatha, et al., 2006).

In contrast to the well known stimulatory effect of NO and carbon monoxide (CO) on GC to
increase cGMP level, the effect of H2S on cGMP remains unknown. In 2002, Zhao et al.
(Zhao and Wang, 2002) demonstrated that H2S-induced vasorelaxation was partially
attenuated by blockade of NO synthase, indirectly suggesting the role of NO/cGMP pathway
in H2S induced vasorelaxation. Recently, one study provided evidence to prove the possible
role of H2S as an endogenous inhibitor of PDE. Pretreatment with tadalafil, a PDE5i,
increased the survival rate of mice with cardiac ischemia/reperfusion injury (Salloum, et al.,
2009). Inhibition of CSE activity impaired the protective effect of tadalafil on myocardial
infarct size. Furthermore, tadalafil could not offer a similar cardiac protective effect in CSE
knockout mice. Although whether H2S increased the activity of GC directly was not
examined, the possible role of H2S on mediating NO/cGMP pathway has been speculated.
Tadalafil probably stimulates CSE to produce H2S and inhibits PDE5 activity to increase
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cGMP level (Fig. 2). Furthermore, Salloum’s group (Salloum, et al., 2009) demonstrated
that administering NaHS to cultured rat aortic smooth muscle cells or overpression of CSE
in these cells increased cGMP concentration. Also, they indicated that silencing of CSE
expression led to reduced intracellular cGMP levels. This study provided direct evidence to
indicate the effect of H2S on inhibiting breakdown of cGMP.

It was speculated that the possible mechanism involved in the effect of H2S on relaxation of
corpus cavernosal smooth muscle was likely by inhibiting the breakdown of cGMP.
However, Srilatha et al. demonstrated that classic cyclic adenosine monophosphate pathway
is partly involved in H2S effect on relaxing smooth muscle of the corpus cavernosum
(Srilatha, et al., 2007). MDL 12,330A (adenylate cyclase inhibitor) and 1-H-[1,2,4]-
oxadiazolo-[4,3-a]-quinoxalin-1-one (a soluble guanylase inhibitor) inhibited the NaHS
relaxation by 22.5% and 4.7%, suggesting thereby that the H2S-mediated relaxation is only
partially dependent on the classical pathways of penile erection operating though cyclic
adenosine monophosphate (cAMP) or cGMP systems. This is further confirmed by the lack
of effect of N-nitro-Larginine (NO synthase inhibitor) on the H2S mediated relaxation of the
corpus cavernosum.

Based on the observation that H2S significantly relaxes the thoracic aorta even after the
removal of endothelial cells (Hosoki, et al., 1997, Zhao and Wang, 2002), H2S must have a
direct effect on the thoracic aorta’s smooth muscle. The most recognized molecular target of
H2S in smooth muscle cells is the ATP sensitive K channel (KATP channel) (Zhao, et al.,
2001). H2S activates KATP channels which lead to subsequent membrane hyperpolarization.
The closure of voltage-dependent calcium channels by membrane hyperpolarization results
in smooth muscle relaxation. It has been reported that H2S induced vasorelaxation was
partially attenuated by blockade of Ca2+ dependent K channel (KCa channel) blockers,
suggesting the key role of KCa channel in H2S induced smooth muscle relaxation (Zhao and
Wang, 2002). KATP and KCa channel activation by H2S might be the main mechanism
involved in H2S relaxing smooth muscle of the corpus cavernosum. (Fig. 2)

The ability of H2S to relax smooth muscle is lightly enhanced in the presence of endothelial
cells, suggesting that endothelial cells may release EDRFs or/and EDHFs in response to H2S
(Zhao, et al., 2001). The exact components of EDRFs or EDHFs remain unknown. (Fig.2)

It has been demonstrated that H2S, as a transient receptor potential A1 (TRPA1) ion
channels agonist, increased micturition frequency and reduced voiding volume in vivo
(Streng, et al., 2008), and produced relaxation of phenylephrine contracted urethral
preparations in vitro (Weinhold, et al., 2010). It is conceivable that another mechanism
whereby H2S may be involved in relaxing penile smooth muscle is via its potential effects
on activating TRPA1.

Other effects of H2S
(1) Cell proliferation regulation

H2S was found to increase the growth of cultured human umbilical vein endothelial cells
(HUVECs) (Papapetropoulos, et al., 2009). H2S has also been demonstrated to enhance the
capillary-like structure formation and motility of endothelial cells cultured on reduced-
growth factor Metrigel. Yang et al. (Yang, et al., 2010) reported that the speed of wound
healing was reduced in CSE knockout mice. This data indicates that H2S has a proliferative
effect on endothelial cells.

However, as opposed to the proliferative effect on endothelial cells, H2S is probably an anti-
proliferative factor for smooth muscle cells. It was reported by Yang’s group that the

Qiu et al. Page 4

J Androl. Author manuscript; available in PMC 2013 January 09.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



proliferation rate of smooth muscle cells derived from CSE gene knockout mice was
significantly faster compared with those derived from wild type mice (Yang, et al., 2010).
This was confirmed when SMCs derived from the media of the aorta from CSE knockout
mice also exhibited enhanced proliferation in comparison with those from wild-type mice.
Extracellular signal-regulated kinase (ERK1/2) (Papapetroulos, et al., 2009, Yang, et al.,
2004, Yang, et al., 2010) and KATP channel (Papapetropoulos, et al., 2009) are believed to
be involved in H2S regulating SMCs and ECs proliferation.

The corpora cavernosa are composed of sinusoids that are lined with a single layer of
endothelial cells and are surrounded by multiple layers of smooth muscle cells. The corpus
cavernosa is in fact a vascular organ (Lin, et al., 2011). The effect of H2S on regulating
growth of smooth muscle cells and endothelial cells may play a role on mediating the
physiology of normal erection.

(2) Antioxidant effect of H2S
Elevated oxidative stress is reported to be associated with risk factors for cardiovascular
diseases such as diabetes, hypertension and hyperlipidemia (Rains, et al., 2011, Yang et al.,
2010), which are also considered to be risk factors for erectile dysfunction. Oxidative stress
occurs as a consequence of an imbalance between reactants, such as reactive oxygen and
nitrogen species, and antioxidants. Increases in reactive species cause damage to
lipoproteins, lipids, DNA and proteins (Strobel, et al., 2011). Recently, some studies suggest
that there is an antioxidant effect of H2S. Yan et al. demonstrated that the cytoxicity induced
by homocysteine in cultured SMCs was reduced in the presence of low levels of NaHS (30
or 50µmol/l). Additionally, the cellular levels of H2O2, OnOO− and O2

− were significantly
reduced (Yan, et al., 2006), indicating the antioxidant effect of H2S. This is further
confirmed by another study showing that H2S delayed the accumulation of lipid
peroxidation products in HUVECs, including conjugated dienes, lipid hydroperoxides
(LOOH), and thiobarbituric acid reactive substances during heminmediated oxidation
(Jeney, et al., 2009). It has been demonstrated that the antioxidative effect of H2S might
have important implications in the vascular remodeling process and the development of
atherosclerosis (Meng, et al., 2007). Recently, this has received further support from a study
demonstrating that H2S (25–50µmol/l) reduced the LOOH content of oxidized lipid extracts
derived from human aorta or its primary branches which contain atherosclerotic lesions.
Pretreatment of the cultured HUVECs with H2S (50 µmol/l) also directly protected these
cells against hydrogen peroxide and oxidized LDL-mediated endothelial cytotoxicity (Jeney,
et al., 2009). It has been reported that extracellular H2S protected cells from oxidative stress
by enhancing the production of glutathione, which is a major endogenous antioxidant
(Griffith, 1982). Moreover, H2S produced by 3MST and CAT might suppress oxidative
stress in mitochondria (Kimura, et al., 2004).

H2S: a possible perspective for ED treatment strategy
The efficacy of PDE5i is based on the integrity of nerve and endothelium in corpus
cavernosum, which produces sufficient NO. In some conditions such as the post-
prostatectomy state and diabetes, the integrity of nerve and endothelium in corpus
cavernosum are severely compromised, leading to the lack of NO to trigger the NO/cGMP
pathway. That’s why the efficacy of PDE5i is lower in ED patients due to diabetes
(Goldstein, et al., 1998, Rendell, et al., 1999) or post-prostatectomy (Kendirci and
Hellstrom, 2004). Unlike NO, which is produced by both endothelium and nerves, H2S is
mainly produced by smooth muscle in corpus cavernosum. The mechanisms involved in
H2S mediated relaxation of smooth muscle are complex and include KATP and KCa channels
activation, synergetic effect with NO/cGMP pathway, and inducing endothelium to produce
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EDRFs or/and EDHFs. Hence, H2S provide urologists a new therapeutic approach for ED
patients with poor or no response to PDE5i.

One of the possible treatment strategies for ED is to provide exogenous H2S. Shukla et al.
(Shukla, et al, 2009) studied the effect of H2S-donating sildenafil (ACS6) on smooth muscle
relaxation. ACS6 and sildenafil elicited dose-dependent relaxation of isolated rabbit corpus
cavernosum strips. Even though ACS6 was equipotent with sidenafil alone, ACS6 was more
effective at reducing formation of superoxide induced by TGF-β, indicating the antioxidant
effect of H2S in the corpus cavernosum. It is reasonable that ACS6 and sidenafil had
equipotent effect on relaxing rabbit corpus cavernosum strips since the strips contained
intact endothelium and nerve. However, corpus cavernosum strips from diabetic animals
would be a better model to explore the potential use of H2S in ED with poor response to
PDE5i.

Another possible approach to use H2S to treat ED is to activate endogenous H2S production.
L-Cysteine/H2S system could be the possible targets to develop new therapeutic strategies
for ED treatment. It has been demonstrated that H2S-producing associated enzymes are
located in smooth muscle and nerve of human corpus cavernosum (Bianca, et al., 2009).
Recently, H2S-producing associated enzymes had been found in endothelial cells (Shibuya,
et al., 2009). Any treatment designed to activate L-Cys/H2S system in the corpus
cavernosum would be an alternative treatment strategy for ED with poor or no response to
PDE5i.

Conclusion
H2S is implicated as the third neurotransmitter with a relaxant effect in cavernosal smooth
muscle, suggesting the potential role of H2S in the physiology of erection. H2S-synthesizing
associated enzymes have been identified in penile tissue, confirming the L-cysteine/H2S
system in the physiology of erection. Unlike NO, main relaxant effect of H2S on smooth
muscle is direct through activation of KATP and KCa channels. This provides an alternative
approach for ED treatment, especially for those patients with poor or no response to PDE5i.

References
Abe K, Kimura H. The possible role of hydrogen sulfide as an endogenous neuromodulator. J

Neurosci. 1996; 16:1066–1071. [PubMed: 8558235]

Albersen M, Mwamukonda KB, Shindel AW, Lue TF. Evaluation and Treatment of Erectile
Dysfunction. Med Clin North Am. 2010; 95 201-+.

Albersen M, Fandel TM, Zhang H, Banie L, Lin G, De Ridder D, Lin CS, Lue TF. Pentoxifylline
promotes recovery of erectile function in a rat model of postprostatectomy erectile dysfunction. Eur
Urol. 2011; 59:286–296. [PubMed: 21036464]

Bianca RDD, Sorrentino R, Maffia P, Mirone V, Imbimbo C, Fusco F, De Palma R, Ignarro LJ, Cirino
G. Hydrogen sulfide as a mediator of human corpus cavernosum smooth-muscle relaxation. Proc
Natl Acad Sci U S A. 2009; 106:4513–4518. [PubMed: 19255435]

Boehning D, Snyder SH. Novel neural modulators. Annu Rev Neurosci. 2003; 26:105–131. [PubMed:
14527267]

Boulton AJ, Selam JL, Sweeney M, Ziegler D. Sildenafil citrate for the treatment of erectile
dysfunction in men with Type II diabetes mellitus. Diabetologia. 2001; 44:1296–1301. [PubMed:
11692178]

Briganti A, Salonia A, Deho' F, Zanni G, Barbieri L, Rigatti P, Montorsi F. Clinical update on
phosphodiesterase type-5 inhibitors for erectile dysfunction. World J Urol. 2005; 23:374–384.
[PubMed: 16273417]

Burnett AL. Novel nitric oxide signaling mechanisms regulate the erectile response. Int J Impot Res.
2004; 16:S15–S19. [PubMed: 15224130]

Qiu et al. Page 6

J Androl. Author manuscript; available in PMC 2013 January 09.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Carson CC, Lue TF. Phosphodiesterase type 5 inhibitors for erectile dysfunction. BJU Int. 2005;
96:257–280. [PubMed: 16042713]

Christ GJ, Lue T. Physiology and biochemistry of erections. Endocrine. 2004; 23:93–100. [PubMed:
15146085]

Diwakar L, Ravindranath V. Inhibition of cystathionine-gamma-lyase leads to loss of glutathione and
aggravation of mitochondrial dysfunction mediated by excitatory amino acid in the CNS.
Neurochem Int. 2007; 50:418–426. [PubMed: 17095121]

El-Sakka AI, Lue TF. Physiology of penile erection. Scientific World Journal. 2004; 4(Suppl 1):128–
134. [PubMed: 15349538]

Gadalla MM, Synder SH. Hydrogen sulfide as a gasotransmitter. J Neurochem. 2010; 113:14–26.
[PubMed: 20067586]

Geng B, Chang L, Pan CS, Qi YF, Zhao J, Pang YZ, Du JB, Tang CS. Endogenous hydrogen sulfide
regulation of myocardial injury induced by isoproterenol. Biochem Biophys Res Commun. 2004;
318:756–763. [PubMed: 15144903]

Goldstein I, Lue TF, Padma-Nathan H, Rosen RC, Steers WD, Wicker PA. Sildenafil Study G. Oral
sildenafil in the treatment of erectile dysfunction. N Engl J Med. 1998; 338:1397–1404. [PubMed:
9580646]

Gratzke C, Angulo J, Chitaley K, Dai YT, Kim NN, Paick JS, Simonsen U, Uckert S, Wespes E,
Andersson KE, Lue TF, Stief CG. Anatomy, physiology, and pathophysiology of erectile
dysfunction. J Sex Med. 2010; 7:445–475. [PubMed: 20092448]

Griffith OW. Mechanism of action, metabolism, and toxicity of buthionine sulfoximine and its higher
homologs, potent inhibitors of glutathione synthesis. J Biol Chem. 1982; 257:3704–3712.

Hosoki R, Matsuki N, Kimura H. The possible role of hydrogen sulfide as an endogenous smooth
muscle relaxant in synergy with nitric oxide. Biochem Biophys Res Commun. 1997; 237:527–531.
[PubMed: 9299397]

Jeney V, Komodi E, Nagy E, Zarjou A, Vercellotti GM, Eaton JW, Balla G, Balla J. Supression of
hemin-mediated oxidation of low-density lipoprotein and subsequent endothelial reactions by
hydrogen sulfide (H2S). Free Radic Biol Med. 2009; 46:616–623. [PubMed: 19100829]

Kendirci M, Hellstrom WJ. Current concepts in the management of erectile dysfunction in men with
prostate cancer. Clin Prostate Cancer. 2004; 3:87–92. [PubMed: 15479491]

Kimura H. Hydrogen sulfide: it’s production and function. Exp Physiol. 2011 [Epub ahead of print].

Kimura Y, Goto YI, Kimura H. Hydrogen Sulfide Increases Glutathione Production and Suppresses
Oxidative Stress in Mitochondria. Antioxid Redox Signal. 2011; 12:1–13. [PubMed: 19852698]

Kimura Y, Kimura H. Hydrogen sulfide protects neurons from oxidative stress. Faseb Journal. 2004;
18 1165-+.

Lin CS, Xin ZC, Wang Z, Deng C, Huang YC, Lin G, Lue TF. Stem cell therapy for erectile
dysfunction: A critical review. Stem Cells Dev. 2011 [Epub ahead of print].

Lue TF. Drug therapy: Erectile dysfunction. N Engl J Med. 2000; 342:1802–1813. [PubMed:
10853004]

Meng QH, Yang GD, Yang W, Jiang B, Wu LY, Wang R. Protective effect of hydrogen sulfide on
balloon injury-induced neointima hyperplasia in rat carotid arteries. Am J Pathol. 2007; 170:1406–
1414. [PubMed: 17392179]

Moore PK, Bhatia M, Moochhala S. Hydrogen sulfide: from the smell of the past to the mediator of
the future? Trends Pharmacol Sci. 2003; 24:609–611. [PubMed: 14654297]

Papapetropoulos A, Pyriochou A, Altaany Z, Yang GD, Marazioti A, Zhou ZM, Jeschke MG, Branski
LK, Herndon DN, Wang R, Szabo C. Hydrogen sulfide is an endogenous stimulator of
angiogenesis. Proc Natl Acad Sci U S A. 2009; 106:21972–21977. [PubMed: 19955410]

Rains JL, Jain SK. Oxidative stress, insulin signaling, and diabetes. Free Radic Biol Med. 2011;
50:567–575. [PubMed: 21163346]

Rendell MS, Rajfer J, Wicker PA, Smith MD. Sildenafil Diabetes Study G. Sildenafil for treatment of
erectile dysfunction in men with diabetes - A randomized controlled trial. JAMA-J Am Med
Assoc. 1999; 281:421–426.

Qiu et al. Page 7

J Androl. Author manuscript; available in PMC 2013 January 09.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Salloum FN, Chau VQ, Hoke NN, Abbate A, Varma A, Ockaili RA, Toldo S, Kukreja RC.
Phosphodiesterase-5 Inhibitor, Tadalafil, Protects Against Myocardial Ischemia/Reperfusion
Through Protein-Kinase G-Dependent Generation of Hydrogen Sulfide. Circulation. 2009;
120:S31–S36. [PubMed: 19752383]

Searcy DG, Lee SH. Sulfur reduction by human erythrocytes. J Exp Zool. 1998; 282:310–322.
[PubMed: 9755482]

Shibuya N, Mikami Y, Kimura Y, Nagahara N, Kimura H. Vascular Endothelium Expresses 3-
Mercaptopyruvate Sulfurtransferase and Produces Hydrogen Sulfide. J Biochem. 2009; 146:623–
626. [PubMed: 19605461]

Shibuya N, Tanaka M, Yoshida M, Ogasawara Y, Togawa T, Ishii K, Kimura H. 3-Mercaptopyruvate
Sulfurtransferase Produces Hydrogen Sulfide and Bound Sulfane Sulfur in the Brain. Antioxid
Redox Signal. 2009; 11:703–714. [PubMed: 18855522]

Shin D, Pregenzer G Jr, Gardin JM. Erectile dysfunction: a disease marker for cardiovascular disease.
Cardiol Rev. 2011; 19:5–11. [PubMed: 21135596]

Shukla N, Rossoni G, Hotston M, Sparatore A, Del Soldato P, Tazzari V, Persad R, Angelini GD,
Jeremy JY. Effect of hydrogen sulphide-donating sildenafil (ACS6) on erectile function and
oxidative stress in rabbit isolated corpus cavernosum and in hypertensive rats. BJU Int. 2009;
103:1522–1529. [PubMed: 19245441]

Srilatha B, Adaikan PG, Li L, Moore PK. Hydrogen sulphide: A novel endogenous gasotransmitter
facilitates erectile function. J Sex Med. 2007; 4:1304–1311. [PubMed: 17655658]

Srilatha B, Adaikan PG, Moore PK. Possible role for the novel gasotransmitter hydrogen sulphide in
erectile dysfunction - a pilot study. Eur J Pharmacol. 2006; 535:280–282. [PubMed: 16527268]

Streng T, Axelsson HE, Hedlund P, Andersson DA, Jordt SE, Bevan S, Andersson KE, Högestätt ED,
Zygmunt PM. Distribution and function of the hydrogen sulfide-sensitive TRPA1 ion channel in
rat urinary bladder. Eur Urol. 2008; 53:391–399. [PubMed: 18031925]

Strobel NA, Fassett RG, Marsh SA, Coombes JS. Oxidative stress biomarkers as predictors of
cardiovascular disease. Int J Cardiol. 2011; 147:191–201. [PubMed: 20864194]

Tang C, Li X, Du J. Hydrogen sulfide as a new endogenous gaseous transmitter in the cardiovascular
system. Curr Vasc Pharmacol. 2006; 4:17–22. [PubMed: 16472173]

Teague B, Asiedu I, Moore PK. The smooth muscle relaxant effect of hydrogen sulphide in vitro:
evidence for a physiological role to control intestinal contractility. Br J Pharmacol. 2002;
137:139–145. [PubMed: 12208769]

Vitvitsky V, Thomas M, Ghorpade A, Gendelman HE, Banerjee R. A functional transsulfuration
pathway in the brain links to glutathione homeostasis. J Biol Chem. 2006; 281:35785–35793.
[PubMed: 17005561]

Wagner CA. Hydrogen sulfide: a new gaseous signal molecule and blood pressure regulator. J
Nephrol. 2009; 22:173–176. [PubMed: 19384833]

Wang R. Two's company, three's a crowd: can H2S be the third endogenous gaseous transmitter?
FASEB J. 2002; 16:1792–1798. [PubMed: 12409322]

Weinhold P, Gratzke C, Streng T, Stief C, Andersson KE, Hedlund P. TRPA1 receptor induced
relaxation of the human urethra involves TRPV1 and cannabinoid receptor mediated signals, and
cyclooxygenase activation. J Urol. 2010; 183:2070–2076. [PubMed: 20303522]

Yan SK, Chang TJ, Wang H, Wu LY, Wang R, Meng QH. Effects of hydrogen sulfide on
homocysteine432 induced oxidative stress in vascular smooth muscle cells. Biochem Biophys Res
Commun. 2006; 351:485–491. [PubMed: 17069760]

Yang GD, Sun XF, Wang R. Hydrogen sulfide-induced apoptosis of human aorta smooth muscle cells
via the activation of mitogen-activated protein kinases and caspase-3. FASEB J. 2004; 18 1782-+.

Yang GD, Wu LY, Bryan S, Khaper N, Mani S, Wang R. Cystathionine gamma-lyase deficiency and
overproliferation of smooth muscle cells. Cardiovasc Res. 2010; 86:487–495. [PubMed:
20051385]

Yang GD, Wu LY, Jiang B, Yang W, Qi JS, Cao K, Meng QH, Mustafa AK, Mu WT, Zhang SM,
Snyder SH, Wang R. H2S as a physiologic vasorelaxant: Hypertension in mice with deletion of
cystathionine gamma-lyase. Science. 2008; 322:587–590. [PubMed: 18948540]

Qiu et al. Page 8

J Androl. Author manuscript; available in PMC 2013 January 09.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Yang Y, Hayden MR, Sowers S, Bagree SV, Sowers JR. Retinal redox stress and remodeling in
cardiometabolic syndrome and diabetes. Oxidative Med Cell Longev. 2010; 3:392–403.

Zhang XH, Melman A, Disanto ME. Update on corpus cavernosum smooth muscle contractile
pathways in erectile function: a role for testosterone? J Sex Med. 2011; 8:1865–1879. [PubMed:
21324096]

Zhao W, Zhang J, Lu Y, Wang R. The vasorelaxant effect of H(2)S as a novel endogenous gaseous
K(ATP) channel opener. EMBO J. 2001; 20:6008–6016. [PubMed: 11689441]

Zhao WM, Wang R. H2S-induced vasorelaxation and underlying cellular and molecular mechanisms.
Am J Physiol Heart Circ Physiol. 2002; 283:H474–H480. [PubMed: 12124191]

Qiu et al. Page 9

J Androl. Author manuscript; available in PMC 2013 January 09.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Fig.1. Distribution of H2S-producing associated enzymes in penile tissue
H2S-producing associated enzymes were demonstrated to localize in smooth muscle cells
(CBS, CSE) and nerve terminal (CSE) within the corpus caversnosum. H2S-synthesizing
associated enzymes including CBS, 3MTS and CAT were found in vascular endothelial
cells. Even without direct evidence, endothelial cells in corpus cavernosum might contain
these enzymes.
Abbreviations: CBS= cystathionine β-synthase, CSE= cystathionine γ-lyase, 3MTS=3-
mercaptopyruvate sulfurtransferase, CAT= cysteine aminotransferase.

Qiu et al. Page 10

J Androl. Author manuscript; available in PMC 2013 January 09.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Fig. 2. Smooth muscle relaxant effect of H2S in corpus cavernosum
Three possible mechanisms are involved in H2S relaxing smooth muscle cells in corpus
cavernosum: 1. Activating of KATP channel and KCa channel and inducing membrane
hyperpolarization. 2. Inhibiting the activity of PDE5 and breakdown of cGMP. 3. Enhancing
endothelial cells to release EDRFs or/and EDHFs. 4. Activation of TRPA1 ion channels.
Abbreviations: PDE5= type 5 phosphodiesterase, cGMP=3’,5’-cyclic guanosine
monophosphate, EDRFs= endothelium-derived relaxant factors, EDHFs= endothelium-
derived hyperpolarization factors, TRPA1= transient receptor potential A1.

Qiu et al. Page 11

J Androl. Author manuscript; available in PMC 2013 January 09.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text




