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The nitric oxide pathway in the human prostate: clinical
implications in men with lower urinary tract symptoms
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Abstract To date, there is an increasing interest in the
nitric oxide (NO) pathway as a potential pharmacological
target to treat male lower urinary tract symptomatology
(LUTS). In the transition zone of the human prostate, a
dense nitrinergic innervation has been shown of the fibro-
muscular stroma, glandular epithelium and blood vessels.
The expression of key proteins of the NO pathway, such as
the endothelial and neuronal nitric oxide synthase (eNOS,
nNOS), cGMP-degrading phosphodiesterase type 5 (PDES)
and cGMP-binding protein kinase (cGK), has also been
demonstrated. The hypothesis that an impaired NO/cGMP-
signaling may contribute to the pathophysiology of benign
prostatic hyperplasia (BPH) is supported by the results
from randomized, placebo-controlled clinical studies, indi-
cating that NO donor drugs and PDES5-inhibitors sildenafil,
tadalafil and vardenafil may be useful to treat storage and
voiding dysfunctions resulting from LUTS in men. Thus,
given a potential role of the NO-pathway in the prostate
and/or in other parts of lower urinary tract (e.g. bladder),
the enhancement of the NO signaling by NO donor drugs,
PDES inhibitors or activators of the soluble guanylyl
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cyclase (sGC) may represent a new therapeutic strategy for
the treatment of LUTS. This review serves to focus on the
role of NO and the NO-dependent signaling in the control
of smooth muscle function in the human prostate. Results
from clinical trials in men with LUTS/BPH are also dis-
cussed.

Keywords Prostate - BPH - LUTS - Nitric oxide (NO) -
Nitric oxide synthase (NOS) - Cyclic GMP -
Phosphodiesterase (PDE) isoenzymes - PDE inhibitors

Introduction

In the past years, NO has been identified as an important
non-adrenergic, non-cholinergic neurotransmitter in the
lower urinary tract, acting alongside the classical adrener-
gic and cholinergic systems [1, 2]. To date, the pivotal role
for NO in the relaxation of male penile erectile tissue (cor-
pus cavernosum) has been widely accepted [3]. NO has also
been suggested to be involved in the micturition process,
namely by inhibiting neurotransmission in the urethra and
by modulating bladder afferent nerves and related reflex
pathways in the spinal cord [4]. Detailed information has
also been accumulated on the physiological role of NO in
the control of the prostate function in mammals and men,
including the regulation of prostate smooth muscle tone,
glandular secretory function and local blood flow [5, 6].
NO is synthesized from the amino acid L-arginine by a fam-
ily of enzymes known as NO synthases (NOS). Three dis-
tinct isoforms of NOS have been identified, which were
originally named after the tissues in which they were first
described [7]: two Ca2+/calmodulin-dependent, constitutive
isoforms, the neuronal NOS (nNOS) and endothelial NOS
(eNOS), and a Caz+-independent, inducible NOS (iNOS),
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which is mainly expressed in macrophages and other tis-
sues following an immunological stimulus. After it has
been released from nerve endings or the endothelium, NO
diffuses the smooth muscle cell and stimulates the synthesis
and accumulation of the second messenger molecule cyclic
guanosine monophosphate (cGMP) by the activity of the
soluble guanylyl cyclase (sGC). cGMP then phosphorylates
specific down-stream targets, such as the protein kinase G
(cGK), ion channels and cGMP-binding phosphodiester-
ases (PDEs), thus leading to the relaxation of smooth mus-
cle cells via the depletion of intracellular (cytosolic) Ca*
and desensitization of contractile proteins towards Ca®* [8].
Cyclic GMP is degraded by the activity of PDE isoenzymes
catalyzing the hydrolysis of cGMP to the inactive form
5'GMP [9]. The aim of this review is to summarize the cur-
rent knowledge on the significance of NO and key proteins
of the NO pathway, such as the eNOS, nNOS, cGMP-
degrading PDE isoenzymes and cGK, in the control of
smooth muscle function in the human prostate.

Isoforms of nitric oxide synthase in the prostate

The presence of NOS has been demonstrated in the human
prostate by means of biochemical, immunohistochemical
and molecular biology methods. Various investigations
have been conducted mainly to assess the immunohisto-
chemical distribution of NOS in the human prostate. Bur-
nett et al. [10] reported the localization of nNOS in nerve
fibers and ganglia interspersing the transition zone and
observed also signals related to the glandular epithelium
and subepithelial nerve plexus. Bloch et al. [11], using spe-
cific antibodies, evaluated the expression and distribution
of nNOS, eNOS, and the nicotinamide adenine dinucleotide
phosphate diaphorase (NADPH-d), which is considered as
a non-specific immunohistochemical marker for NOS.
While they detected eNOS in endothelial cells of small ves-
sels supplying the prostate and nNOS in nerve fibers trans-
versing the fibromuscular stroma, they were unable to relate
the staining for NADPH-d, observed in the glandular epi-
thelium, to either nNOS or eNOS. The authors concluded
that this staining might represent an unidentified isoform of
NOS. Sjostrand et al. [12], who investigated the co-locali-
zation of NADPH-d with acetylcholine esterase in the
human urogenital tract, also demonstrated NADPH-d activ-
ity in the glandular epithelium of the prostate without
attempting to correlate this staining to nNOS and eNOS.
Hedlund et al. [13] reported NOS-positive nerve terminals
in close relation to stromal smooth muscle cells and glandu-
lar structures, these signals were well in accordance to the
localization of NADPH-d. Nevertheless, in contrast to the
findings presented by Burnett et al. and Bloch et al., they
did not observe the expression of nNOS in the glandular
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epithelium. Later, Richter et al. [14], using specific antibod-
ies against eNOS and nNOS in combination with advanced
fixation and staining procedures, re-examined the distribu-
tion of NOS in the transition zone of the human prostate.
They observed signals related to eNOS in endothelial cells
of small vessels supplying glandular structures. Interest-
ingly, while the glandular epithelium omitted staining for
eNOS, basal cells presented immunoreactivity specific for
nNOS in their cytoplasm. Gradini et al. [15], using an
immunohistochemical and molecular biology approach
(RT-PCR), reported the expression of eNOS in the basal
epithelial cells in sections of normal and hyperplastic pros-
tate tissue while nNOS was mainly expressed in the secre-
tory layer of the glandular epithelium. From their findings,
the authors suggested a role for eNOS/NO in the control of
glandular epithelial cell proliferation.

Bloch et al. [11], using tissue from obstructive patients
with bladder outlet obstruction due to BPH, found a reduc-
tion in the density of the NADPH-d reaction in nerve fibers
when compared to normal prostate tissue. Thus, they specu-
lated that an impairment of the local nitrinergic innervation
contributes to the dynamic component of LUTS/BPH. This
hypothesis is supported by results from comparative
mRNA analysis presenting evidence that the translation/
expression of the NOS gene is lower in prostate specimens
resected by means of TURP from patients with BPH than in
tissue excised from normal prostates. The reduction in the
expression of NOS positively correlated with older age (71
=+ 7 years vs. 53 & 7 years) and a greater prostate volume
(131 £ 71 gr. vs. 48 £ 11 gr.) [16]. Interestingly, in vitro
studies using prostate strips isolated from old rabbits
revealed a significant reduction in the NO-mediated relaxa-
tion of the tissue when compared with strips from young
animals [17]. Until today, the inducible form of NOS, the
iNOS, has not been found in normal prostate tissue, how-
ever, there are hints that the enzyme is expressed in hyper-
plastic and malignant tissue [18, 19]. Given the findings
mentioned above, one can assume that in the human pros-
tate, the eNOS is related to the maintenance of local vascu-
lar perfusion, whereas the nNOS is mainly involved in the
control of smooth muscle tone and glandular function,
including proliferation of epithelial and subepithelial cells.

Phosphodiesterases and protein kinase G1 (¢cGK1)

It is assumed that the binding to and activation of cGMP-
dependent protein kinase (cGK) is one crucial step in the
mechanism mediating the biological actions of cGMP [8].
The major subtype of cGK is the type I of which two iso-
forms exist: type I and If [20]. Only two studies have
addressed the expression and localization of isoforms of
cGKI in the human prostate: Haynes etal. [21], using
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molecular biology techniques, detected mRNA transcripts
encoding for both isoforms in human prostate tissue.
Waldkirch et al. [22] were the first who described by
means of immunohistochemistry, the distribution of both
c¢GKlIo and If in stromal areas of the transition zone,
where the enzymes were found co-localized with its main
effector, cGMP. As of today, the clinical significance of
the cGKI in the control of prostate function remains to be
elucidated.

The degradation of cGMP is mediated by phosphodies-
terases, a heterogenous group of hydrolytic enzymes. To
date, the existence of 11 PDE families has been established.
RT-PCR analysis revealed the expression of mRNA tran-
scripts specifically encoding for PDE1, PDE2, PDE4,
PDES, PDE7, PDES, PDE9 and PDE10 in the different ana-
tomical regions of the human prostate. Using anion
exchange chromatography, the hydrolytic activities of
PDE4 (cAMP-PDE) and PDE5 (cGMP-PDE) have been
identified in cytosolic fractions of prostate tissue isolated
from the transition zone [23]. Immunohistochemical studies
demonstrated that PDE4 is abundantly present in the fibro-
muscular stroma and glandular epithelium of the transition
zone, whereas PDES5 and so-called dual substrate PDE11
(cAMP-/cGMP-PDE) are mainly associated with glandular
epithelial and subepithelial layers. The stainings revealed
no immunoreactivity specific for PDE3 (cGMP-inhibited
PDE) [24]. Taken together, the presence of function pro-
teins and mediators of the NO pathway, cGKI, cGMP,
PDES and PDELI, in the transition zone strongly impli-
cates a role for this transduction system in the control of
prostate function.

In vitro effects of NO and PDE-inhibitors on isolated
prostate tissue and on intracellular levels of cyclic GMP

Numerous in vitro studies have elucidated the effects of
endogenous agents known to stimulate the NO-cGMP cas-
cade on the tension of prostate smooth muscle. Takeda
etal. [25] demonstrated that electrical field stimulation
(EFS) of strip-shaped isolated prostate tissue in the pres-
ence of inhibitors of the sympathetic and parasympathetic
pathway induced a weak biphasic response consisting of an
initial relaxation and subsequent small contraction. The
contractile response was significantly increased by the NOS
inhibitor L-NAME, indicating the release of a nitrinergic
transmitter during EFS. The effect of L-NAME was
reversed by L-arginine, known as the major substrate of
NOS. In their experiments, the NO donor drug sodium
nitroprusside (SNP) induced a significant relaxation of
spontaneous baseline tension expressed as grams of tension
per cross-sectional area of tissue strips. Similar results were
described by Hedlund et al. (1997) [13]. They reported that

phasic relaxation of isolated human prostate strip prepara-
tions induced by means of EFS was significantly attenuated
after pre-treatment of the tissue with the NOS inhibitor L-
NOARG. The impact of NO donor drugs, such as SNP,
linsidomine (SIN-1), S-nitrosoglutathione (GSNO) and S-
nitrosocysteine (SNC), on the tension induced by the alpha-
adrenoceptor agonist norepinephrine (NE) or the vasocon-
strictory peptide endothelin-1 (ET-1) on isolated human
prostate tissue was also investigated. The initial tension of
the strips induced by the agonists were dose-dependently
reversed by the drugs to a degree of 35-50% [26, 27].
Exposure of isolated human prostate tissue to PDES inhibi-
tors also produced a relaxation of the tension induced by
NE or ET-1. The reversion of tension was determined
within a range from 20 to 55%, these effects were paralleled
by a significant enhancement in tissue levels of cGMP [28,
29]. Presumably, in in vivo systems, where the turn-over of
NO and ¢cGMP is much higher, PDES inhibitors might tend
to be much more effective. It has been demonstrated by
Haynes et al. [21] that compounds such as PET-cGMP (f-
phenyl-1,N2-bromoguanosine-3’5’-cyclic monophosphate)
and APT-cGMP (8-[2-aminophenylthio]guanosine-3’,5'-
cyclic monophosphate) acting as activators of the cGMP-
dependent protein kinase I (cGKI), can also reverse the ten-
sion of prostate tissue induced by phenylephrine (PE).
Interestingly, they also observed that the relaxation induced
by the adenylyl cyclase activator forskolin was equivocal to
those induced by SNP and the cGKI activator PET-cGMP.
In contrast, Sp-8-bromo-cAMP, an activator of the cAMP-
dependent protein kinase A (cAK), did not significantly
reduce the tension induced by PE. These findings give rise
to the speculation that relaxation of prostate tissue mediated
by cAMP may involve the activation of cGKI. This is well
in accordance with the hypothesis that a cross-talk between
the cGMP- and cAMP-dependent pathways may occur in
urogenital tissues [30].

Soluble guanylyl cyclase (sGC) is considered the most
important receptor for the signaling molecule NO. Thus,
this enzyme represents another potential downstream target
for the pharmacological stimulation of the NO/cGMP-sig-
naling. Currently, drugs are available combining the prop-
erties of an activator of the sGC (via the release of NO)
with those of a PDES inhibitor [31, 32]. However, the func-
tional effect of this class of drugs on the human prostate has
not yet been examined.

Effects of drugs interfering with the NO pathway
in patients with LUTS associated with BPH

The role of the NO-mediated pathway in the treatment of

symptoms of LUTS/BPH has already been addressed by
some open-label studies and, more recently, three placebo-
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controlled clinical trials. Klotz et al. [33] were the first who
investigated in an open-label study the effects of an orally
administered nitrate (isosorbide dinitrate 60—120 mg/day)
on the micturition function in 32 patients with ischemic
heart disease. Fifteen of these patients concomitantly
suffered from untreated, moderate to severe LUTS with a
mean International Prostate Symptom Score (IPSS) of 18.2
=+ 3.6, a peak flow rate (Q,,,) of 9.8 £ 2.4 and a postvoidal
residual urine (PVR) of 70 £+ 20 ml. After 12 weeks of
treatment, an improvement of symptoms was reported in 10
of 15 patients. Mean IPSS (—7.3 & 4.2) and PVR (—20 ml)
had significantly decreased while Q,,,, had increased by
+3.0 ml/s. No significant changes in micturition parameters
were found in the asymptomatic patients.

Sairam et al. [34], in an open-label study, examined the
effects of the PDES5 inhibitor sildenafil (VIAGRA™) in
patients presenting with ED and LUTS. From the 112
patients enrolled in the study, 20 subjects complained of
LUTS, from these, 32% had moderate to severe symptoms
(IPSS > 7). After 12 weeks of treatment with sildenafil,
there was an overall improvement in the IPSS and LUTS-
specific quality of life (QoL) score. All patients who had
severe LUTS showed a moderate improvement of the dis-
ease, 60% of those who initially presented with moderate
LUTS showed only a mild symptomatology. The authors
concluded that treatment with sildenafil appears to improve
urinary symptom scores. Using a similar protocol, Mulhall
etal. [35] also assessed the impact of sildenafil in 48
patients with ED and LUTS. Thirty-two men (68%) with an
IPSS >10 were enrolled and treated with sildenafil (100 mg
on demand for 12 weeks, mean drug intake: 2 &+ 0.6 times/
week). Urinary symptom scores were improved in 63% of
the patients, 37% reported an improvement of at least five
points in the IPSS-score, which was associated with an
improvement in QoL (mean improvement: 1.4 points).
These results were confirmed by Ying et al. [36], who also
reported changes from baseline in IPSS in 32 men with ED
and LUTS who had received sildenafil for at least 24
weeks.

In a pilot study, Kaplan et al. [37] examined the efficacy
and safety of combining sildenafil and the alpha,-adreno-
ceptor antagonist alfuzosin in men suffering from LUTS/
BPH and ED. Sixty-two men (mean age 63 years) with pre-
viously untreated LUTS/BPH/ED were randomized to
alfuzosin (10 mg/day), sildenafil (25 mg/day) or the combi-
nation of both drugs. Changes from baseline in IPSS, void-
ing diary, Q... PVR, and the International Index of
Erectile Function (IIEF) were assessed after 12 weeks of
treatment. IPSS significantly improved in all treatment
groups. When compared to those groups who were on
alfuzosin (—16%) or sildenafil (—17%), the mean change in
IPSS was greater in the group who received both drugs
(—24%). Significant reductions in frequency and nocturia
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were observed in men who received alfuzosin or both alfuz-
osin and sildenafil. These patients also demonstrated sig-
nificant changes in Q,,, (alfuzosin alone: +1.1 ml/s,
alfuzosin and sildenafil: +2.0 ml/s) and PVR (alfuzosin:
—23 ml, alfuzosin and sildenafil: —21 ml, baseline PVR
volume 50 ml). No significant improvement was noted in
the sildenafil group. The authors concluded that the combi-
nation of sildenafil with alfuzosin is safe and effective to
improve both voiding and sexual function in men with
LUTS and ED. McVary et al. [38] assessed in a random-
ized, double-blind, placebo-controlled trial, the effects of
sildenafil given for 12 weeks in 366 men suffering from ED
(IEF <25) and LUTS secondary to BPH (IPSS >12).
Patients received 50 mg sildenafil at bed time or up to 1 h
before sexual activity for at least 2 weeks, followed by 100
mg sildenafil once daily for 10 weeks. Primary outcome
measures were changes in the erectile function domain of
the IIEF, secondary outcome measures were changes in all
other domains of the IIEF and IPSS including QoL, BPH
Impact Index (BPH II) and Q,,,. Sildenafil significantly
improved LUTS, mean IPSS decreased by 6.3 points versus
1.93 in the placebo group. Interestingly, patients with
severe LUTS (—8.6 £ — 2.4) experienced greater improve-
ment in IPSS than those with moderate LUTS (—3.6 £ —
1.7). A significant reduction of bladder storage symptoms
and an increase in the BPH II and QoL were also noted in
the treatment arm while no significant changes in Q,,,
were registered. From the later findings, the authors con-
cluded that extraprostatic pathophysiological mechanisms
related to an impairment of the activity of the NO-system
might be involved in the etiology of LUTS. The efficacy
and safety of tadalafil (CIALIS™) were also investigated in
a randomized, double-blind, placebo-controlled study in
men with moderate to severe LUTS, secondary to BPH.
Following a 4-week placebo run-in phase, 281 men were
randomized to 5 mg tadalafil for 6 weeks, followed by dose
escalation to 20 mg for another 6 weeks or placebo for 12
weeks. Primary end point was the change in IPSS after 6
and 12 weeks of treatment. Secondary efficacy endpoints
included patient IPSS, QoL, BPH II and the LUTS Global
Assessment Question (GAQ, Has the treatment you have
been taking since your last visit improved your urinary
symptoms?), as well as parameters from uroflowmetric
measurements (Q,,..). After 6 weeks and 12 weeks, tad-
alafil showed significant improvement in those with LUTS,
the respective mean change from baseline in IPSS was
—2.8 in tadalfil group versus —1.2 in the placebo group (6
weeks) and —3.8 (verum) versus —1.7 (placebo). Mean
subscores related to irritative and obstructive symptoms
also significantly improved in patients who had received
tadalafil. Except for BPH 11, after 6 weeks, all assessments
of the disease-related QoL had significantly improved after
treatment with tadalafil. In contrast, no significant changes
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in uroflowmetric values were observed. The authors con-
cluded that tadalafil once daily is well tolerated with clini-
cally meaningful and significant symptomatic improvement
of LUTS associated with BPH [39].

In an 8-week randomized, double-blind, placebo-con-
trolled, multi-centre study Stief et al. [40] examined the
efficacy of vardenafil (LEVITRA™) in a cohort of 222 men
(aged 45-64 years) presenting with LUTS/BPH (IPSS
>12). Patients were randomized either to vardenafil (10 mg
twice daily) or placebo. Efficacy outcome included changes
in peak urinary flow rate, as well as scores from the IPSS
and UROLIFE QoL 9 (a nine-item BPH-specific quality-of-
life questionnaire). After treatment, a decrease of 5.9 points
in the IPSS was observed in the vardenafil group versus 3.6
points in the placebo group. Significant changes in the IPSS
sub-scores for storage and voiding symptoms and an
improvement in the UROLIFE QoL were also noted in the
vardenafil group. Since baseline values were already close
to normal, Q... and PVR volume did not change signifi-
cantly with treatment. The authors concluded that varde-
nafil might offer a valuable new option for the treatment of
LUTS associated with BPH.

The clinical efficacy of NO donor drugs and PDES5-
inhibitors on male LUTS might be explained by their
potential relaxant effect on the smooth muscle of the pros-
tate, urethra and bladder/bladder neck, as well as on pelvic
vessels supplying the prostate and bladder [41-44]. Based
on preliminary data derived from in vitro studies on human
and animal tissues, the chronic administration of NO donor
drugs and PDES5-inhibitors may also induce anti-prolifera-
tive and/or apoptotic effects in the prostate, thus corre-
sponding with a clinical efficacy in terms of progression of

LUTS [45-47]. The lack of effect of sildenafil and tadalafil
on mean Q, .. might be explained by the following argu-
ments: (1) theoretically, the majority of patients were not
obstructive at the time of their enrolment into the respective
protocols. This is supported by the results from pressure-
flow studies demonstrating that approximately 40% of men
with LUTS/BPH do not have BOO [48, 49]. (2) Patients
may have had a low density of prostate smooth muscle
(PSM). This hypothesis is in accordance with the results
from a study by Shapiro et al. [S0] demonstrating that the
increase in Q,,, induced by the alpha-adrenoceptor antago-
nist terazosin significantly correlated with the PSM density.
Table 1.

Conclusion

The importance of the NO/cyclic GMP-pathway in the con-
trol of PSM function has been demonstrated and a link is
suggested between an impairment of the local nitrinergic
innervation and on-set and development of BPH/LUTS.
There is evidence from preliminary clinical studies that NO
donor drugs and PDE5-inhibitors, such as sildenafil (VIA-
GRA™)  tadalafil (CIALIS™) and vardenafil (LEVI-
TRA™), assumed to act by relaxing prostate or/and bladder
smooth muscle, can improve male LUTS. Thus, said com-
pounds as well as other members of this growing family of
drugs, such as avanafil, udenafil (DA 8159) and lodenafil,
which are currently in the phase of clinical development,
might represent useful pharmacological tools for the treat-
ment of storage and voiding dysfunctions secondary to BPS
[50, 51, 52].

Table 1 Summary of clinical studies evaluating the efficacy of drugs interfering with the NO-cyclic GMP pathway (isosorbide dinitrate, PDES
inhibitors) in the treatment of LUTS/BPH

Author(s)

No. of patients (n)
(treatment interval)

Primary endpoints

Drug(s) tested

Klotz et al. [33]
Sairam et al. [34]
Mulhall et al. [35]
Ying et al. [36]
Kaplan et al. [37]

Mcvary et al. [38]
Mcvary et al. [39]
Stief et al. [40]

n =32 (12 weeks)
n=112 (12 weeks)
n =32 (12 weeks)
n =32 (24 weeks)
n =062 (12 weeks)

n =366 (12 weeks)
n =281 (12 weeks)
n =222 (8 weeks)

Changes in IPSS, Q... PVR
Changes in IPSS, LUTS-specific QoL, IIEF
Changes in IPSS, QoL, IIEF

Changes in IPSS, IIEF

Changes in IPSS, Q, .., PVR, IIEF

Changes in IPSS, QoL, BPH II, O
IPSS, QoL, BPH II, GAQ, O,

IPSS, UROLIFE QoL

Isosorbide dinitrate (60—120 mg/day)
Sildenafil citrate (VIAGRA™)
Sildenafil citrate (VIAGRA™), 100 mg
Sildenafil citrate (VIAGRA™)

Alfuzosin (10 mg/day) or Sildenafil citrate
(25 mg/day) or drug combination

Sildenafil citrate (VIAGRA™), 100 mg
Tadalafil (CIALIS™) 5 mg and 20 mg
Vardenafil (LEVITRA™), 10 mg twice daily

max

max-*

In order to assess the efficacy outcome, the following measurement parameters were used: BPH II, BPH Impact Index; GAQ, LUTS Global Assess-
ment Questionnaire; IIEF, International Index of Erectile Function; IPSS, International Prostate Symptom Score; Q... peak flow rate; QoL,
LUTS-specific Quality of Life score; PVR, postvoiding residual urine; UROLIFE QoL 9, nine-item BPH-specific Quality of life questionnaire.
The protocols conducted by Mcvary et al. [38] and Stief et al. [40] were randomized, double-blinded and placebo-controlled
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