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Physiology and Pharmacology 
of the Prostate

Matthias Oelke

 Introduction

The prostate is located in the lower pelvis and 
positioned between the bladder neck and pelvic 
floor. The prostate is a tubulo-alveolar gland, part 
of both the reproductive and urinary system, and 
universally present in mammals. The urethra of 
humans runs in cranio-caudal direction through 
the prostate (i.e. prostatic urethra) and the ejacu-
latory ducts run on both sides from dorso-cranial 
to ventro-caudal direction towards the prostatic 
urethra. The prostate grows and matures dur-
ing puberty under the influence of testosterone 
from a small gland of 2–5  cm3 in childhood to 
a gland volume of approximately 20–25 cm3 in 
early adolescence [1]. Approximately 15–30 
ejaculatory ducts disembogue at the verumonta-
num which is located on the dorsal side halfway 
through the prostatic urethra. Based on the posi-
tion of the verumontanum, the prostatic urethra 
can be divided into a proximal and distal part 
which has in the young healthy adult a length of 
approx. 1 cm each. Starting at the verumontanum 
and ventrally directed, the proximal prostatic ure-
thra has an angle of approximately 35° [2, 3].

A total of 30–50 glands are embedded in the 
prostate. The glandular tubes contain epithelial 

cells which coat the lumen and are responsible 
for the secretion during ejaculation. Prostatic 
glands are surrounded by interstitial tissue which 
accommodates smooth muscle cells, fibrocytes, 
elastic and collagen fibers, blood and lymph ves-
sels, as well as nerves (Fig.  8.1). According to 
the structure and alignment of the glands as well 
as the microscopic shape of epithelial cells, the 
prostate can be divided into four distinct zones 
(Fig. 8.2) [4, 5] which can be visualized by ultra-
sound [7] or MRI [8, 9]:

 1. Anterior zone: this area does not have glands 
and only contains muscular and fibrotic cells. 
The aglandular prostate forms the ventral sur-
face of the prostate and is inseparable fused 
with the glandular prostate. The function of 
this area remains unknown but strong muscu-
lar components suggest contracting abilities.

 2. Central zone: constitutes approximately 25% 
of the glandular prostate in young, healthy 
adults, has a conical shape with the tip of the 
cone directed towards the verumontanum and 
the base towards the seminal vesicles. 
Glandular tubes run parallel to the intra-pros-
tatic ejaculatory duct and disembogue in the 
center of the verumontanum. The glands are 
oriented in a coronal plane and contain wide 
chambers. The epithelium of the glands has 
multiple rows.

 3. Peripheral zone: constitutes approximately 
70% of the glandular prostate in young, 
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healthy adults and surrounds the central zone 
from the base to the apex. The ducts radiate 
laterally from the urethra and disembogue lat-
eral and distal of the verumontanum. The 
glands have a uniform configuration, only a 
few branches and a round lumen. The epithe-
lial cells are long and positioned in a single 

row and have a uniform shape as well as a 
light cytoplasm.

 4. Transition zone: constitutes approximately 
5% of the glandular prostate in young, healthy 
adults and is positioned on the dorsal side of 
the proximal prostatic urethra. The transition 
zone only has a few ducts which run parallel 
to the urethral axis. The glands are straight 
and the epithelial cells have a similar shape 
compared to those of the peripheral zone; 
however, the interstitial tissue is irregular.

The different morphology of the prostatic 
glands and different appearances of epithelial 
cells in different zones indicate different func-
tions within the glandular prostate [10, 11]; how-
ever, it remains largely unknown which zones are 
responsible for particular functions or secretions 
in the context of ejaculation and reproduction.

Different diseases develop in different zones. 
Prostate cancer and prostatitis begin in the periph-
eral zone [12], whereas benign prostatic hyper-
plasia (BPH) originates in the transition zone 
[13]. However, the cause of BPH remains largely 
unknown. The prevalence of BPH increases with 
aging [1] and may result in enlargement of the 
transition zone and secondarily in enlargement of 
the entire prostate (i.e. benign prostatic enlarge-
ment, BPE), elongation of the proximal prostatic 
urethra (>1 cm), increase of the ventrally directed 
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Fig. 8.1 TUR specimen of a patient with benign prostatic 
hyperplasia demonstrating the different tissue compo-
nents of the transition zone (hematoxylin eosin staining, 
enlargement 150-fold). Prostatic glands with single layer 
epithelial cells appear blue and the lumen white (without 
secretion, washed out during fixation). The glands are 
separated by interstitial tissue with a large amount of 

smooth muscle cells (red). A glandular duct with single 
layer epithelial cells runs in vertical direction through the 
tissue. Elastic and collagen fibers as well as lymphatic 
vessels and nerves are not stained and remain invisible on 
this image (courtesy of Dr. S.  Afram, Pathological 
Institute Gronau, Germany)
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Fig. 8.2 Schematic illustration of the gross anatomy of 
the prostate, imaged 45 degrees from the left (zonal 
anatomy according to McNeal [4, 5]). The anterior 
fibromuscular stroma (AFS) is positioned ventrally. The 
central zone is located dorsally of the urethra and is 
surrounded by the peripheral zone. The transition zone is 
positioned at the proximal urethra (proximal of the 
verumontanum, i.e. the location where the ejaculatory 
ducts (ED) disembogue into the urethra). The seminal 
vesicles (SV) are located dorso-laterally of the prostate on 
both sides (modified according to Roehrborn et al. [6])
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angle of the proximal prostatic urethra (>35°), 
increased urethral resistance of urine flow (i.e. 
benign prostatic obstruction, BPO) and lower 
urinary tract symptoms (LUTS) [2, 3, 14, 15].

 Physiology of the Prostate

The prostate is—next to the seminal vesicales 
and the bulbourethral glands (Cowper)—part 
of the male accessory sex glands and produces 
seminal fluids. Smooth muscle cells of the pros-
tate contract during orgasm in order to expel 
ejaculate through the urethra [16]. Epithelial 
cells of the prostatic glands produce a secretion 
that empties during ejaculation through the glan-
dular ducts into the prostatic urethra where they 
mix with semen from the testes and epididymes 
as well as with secretions from the seminal vesi-
cales [16].

Prostatic secretion is an important component 
of the ejaculate and constitutes approximately 
25–30% of the ejaculate volume (~0.5 mL). The 
prostatic secretions are a milky white mixture of 
simple sugars (e.g. fructose and glucose), pro-
teins, minerals and alkaline chemicals which 
protect and nourish sperm. The sugars secreted 
by the prostate function as nutrition for the sper-
matozoa while they pass into the female body to 
fertilize eggs [16]. Protein content is less than 
1% of the total prostatic secretion and includes 
proteolytic enzymes, prostate-specific antigen 
(PSA), prostatic acid phosphatase and β-micro-
seminoprotein [17]. PSA, a glycoprotein and 
member of the kallikrein-related peptidase fam-
ily produced and secreted in prostatic epithelial 
cells, and other enzymes break down seminal 
proteins to free spermatozoa from the viscous 
semen, thereby making semen thinner and allow-
ing sperm cells to swim freely. Additionally, PSA 
can also dissolve cervical mucus in order to give 
sperm cells free passage to the uterus to fertil-
ize eggs. The secretions also contain zinc with a 
concentration 500–1000 times the concentration 
in blood [16]. The alkaline chemicals in prostatic 
secretions (~pH  7.8) neutralize acidic vaginal 
secretions to promote the survival and prolong 
the lifespan of spermatozoa in the female body, 
thereby increasing their chance of successfully 
fertilizing an egg [16].

The prostate needs hormones (androgens) to 
function properly. The predominant male sex 
hormone is testosterone which is mainly pro-
duced by the Leydig cells of the testes, to a lesser 
amount also in the adrenal glands. Testosterone 
is metabolized into the active hormone dihy-
drotestosterone (DHT) inside prostatic epithelial 
cells by the enzyme 5α-reductase (see Section 
“Androgens”).

 Pharmacology of the Prostate

The prostate contains several tissue types (espe-
cially smooth muscle cells and epithelium) which 
are rich of receptors and enzymes. Targeting these 
receptors/enzymes helps treating LUTS/BPH or 
PCa. LUTS/BPH is the fourth most common dis-
ease in men aged ≥50 years and prostate cancer 
is the most common malignancy in males [18]. 
Therefore, the following targets and the selective 
manipulation of these became most important for 
all urologists and also general practitioners.

 Adrenergic Receptors 
(Adrenoceptors)

 The Sympathetic Nerve System
The general principal in the human body is that 
the tone of the smooth musculature is under 
 control of the autonomic (vegetative) nervous 
system [19, 20]. Depolarization of sympathetic 
nerves leads to noradrenaline release at the ter-
minal postganglionic neuron into the synap-
tic gap where adrenoceptors are located at the 
pre- and postsynaptic membrane (Fig.  8.3). 
Two main types of adrenoceptors exist, the 
α- and β-adrenoceptors, which can further be 
divided into α1- and α2- as well as β1-, β2- and 
β3- adrenoceptors [22]. Stimulation of the adre-
noceptors at the postsynaptic membrane results 
in g-protein induced activation of phospholipase 
C and production of inositol-triphosphate and 
diacetylglycerol (second messengers) which 
release Ca2+ from the sarcoplasmatic reticulum, 
thereby initiating smooth muscle cell contrac-
tion [23]. Because different organs in the human 
body typically express different subtypes and 
concentrations of adrenoceptors, stimulation of 
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these postsynaptic adrenoceptors results in vari-
ous responses in different organs (e.g. prostate, 
internal urethral sphincter, blood vessels, heart, 
gastro- intestinal tract). Noradrenaline in the syn-
aptic gap inhibits further noradrenaline release at 
the presynaptic membrane via α2-adrenoceptors 
(negative feedback), thereby terminating the 
sympathetic response at the effector organ. 
Learmonth could already show in the year 1931 
that stimulation of the pre-sacral (hypogastri-
cus) nerve leads to a contraction of the prostatic 
musculature [24], and organ bath studies demon-
strated a contraction of prostate strips after addi-
tion of noradrenaline [25].

 α1-Adrenergic Receptors
The human prostate predominantly contains 
α1- adrenoceptors, to a lesser amount also α2- 

adrenoceptors [26–29]. α1-Adrenoceptors are 
located on smooth muscle cells (proportion of 
α1:α2 = 4:1), whereas α2-adrenoceptors are mainly 
located in the epithelium and blood vessels [26, 
28, 30]. Functional studies clarified that smooth 
muscle cell contraction in the prostate is medi-
ated by α1-adrenoceptors [31–35]. Hyperplastic 
prostatic tissue (BPH) has more smooth muscle 
cells (absolute and in percentage) and car-
ries more α-adrenoceptors than normal pros-
tate tissue [34, 36, 37]. However, the content 
of α1- adrenoceptors in the prostate of BPH-
patients with LUTS is identical to BPH-patients 
without LUTS; therefore α1-adrenoceptors do not 
seem to be the origin of LUTS [32].

Pharmacologically interesting for the treat-
ment of LUTS/BPH are especially the α1- 
adrenoceptors of which three subtypes have been 
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Fig. 8.3 Schematic illustration of the sympathetic ner-
vous system (left) and enlargement of the neuromuscular 
connection (right). After depolarization of the postgangli-
onic neuron, noradrenaline (NA) is released into the syn-
aptic gap. NA molecules bind to α- and β-adrenoceptors 

on the postsynaptic membrane where they initiate effects 
(e.g. smooth muscle cell contraction). NA release is termi-
nated via a negative feedback mechanism mediated by α2- 
andrenoceptors on the presynaptic membrane (modified 
according to Oelke et al. [21])
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identified, the α1A-, α1B- and α1D-adrenoceptors 
[38–40]. Historically, the α1C-adrenoceptor 
was also described but turned out to be identi-
cal with the α1A-subtype; therefore, the exact 
specification of this α1-adrenoceptor subtype was 
abandoned [41, 42]. Approximately 70% of α1-
adrenoceptors in the prostate are α1A-subtypes 
[43] which are predominantly located on smooth 
muscle cells [41]. The α1A-adrenoceptors increase 
numerically and the proportion of α1A:α1B:α1D 
adrenoceptor subtypes changes from 63:6:31  in 
normal prostatic tissue to 85:1:14 in BPH tissue 
[44]. Inhibition of the α1A-adrenoceptor subtype 
results in smooth muscle cell relaxation. The 
α1B- adrenoceptor is mainly located in blood ves-
sels and inhibition of this adrenoceptor subtype 
is associated with vasodilation [45, 46]. The 
α1D- adrenoceptor is predominantly expressed in 
the bladder, peripheral ganglia and spinal cord; 
inhibition of this adrenoceptor subtype results in 
direct or indirect (peripheral ganglia, spinal cord) 
relaxation of the detrusor [47–49].

 α1-Adrenergic Receptor Antagonists 
(α1-Blockers)
It was shown in patients with BPH that smooth 
muscle cells account for ~39% of the cellular  

volume of the prostate and ~51% of the stroma 
volume [50]. The aim of the treatment of 
LUTS/BPH is to relax smooth muscle cells of 
the prostate and bladder neck by inhibition of 
α1A- adrenoceptors which eventually decrease 
urethral resistance. Inhibition of the adrener-
gic innervation of the prostate can reduce the 
intra-prostatic urethral pressure by approx. 
47% [51–53] and can improve the detrusor 
pressure at maximum urine flow (Pdet.Qmax) by 
approximately 11.4  cm H2O, maximum urine 
flow (Qmax) by 2.3 mL/s as well as bladder out-
let obstruction index (BOOI = Pdet.Qmax − 2Qmax) 
by 14.2 cm H2O [54].

Initially, the unselective α1-/α2-adrenoceptor 
antagonists phenoxybenzamine and phentol-
amine were used to treat LUTS/BPH (Fig. 8.4); 
although significant and relevant LUTS reduction 
was achieved with both α-blockers in clinical tri-
als, adverse events and especially blood pressure 
decrease were too pronounced for routine clinical 
use [55, 56]. Prazosin was the first selective α1- 
adrenoceptor antagonist used and licensed for the 
treatment of LUTS/BPH [57]. Later, the more 
α1A-adrenoceptor subtype specific α1-blockers 
doxazosin and terazosin were introduced to treat 
LUTS/BPH but these drugs still showed relevant 
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Fig. 8.4 Commercially 
available 
α-adrenoceptors 
antagonists and their 
subtype selectivity. 
Only the α1-
adrenoceptor 
antagonists in blue 
color are currently 
licensed for the 
treatment of “symptoms 
or signs of BPH” 
(modified according to 
Oelke et al. [21])
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blood pressure decrease, the reason why these 
two α1-blockers were also used to treat arte-
rial hypertension alone or in combination with 
LUTS/BPH.  The strategy to treat both diseases 
with one α1-blocker was abandoned in the year 
2000 because the ALHAT (Antihypertensive 
and Lipid- Lowering treatment to prevent Heart 
ATack) trial demonstrated that doxazosin cannot 
prevent cardio- vascular events (angina pectoris, 
myocardial infarction or heart insufficiency); 
therefore, α1-blockers were considered inap-
propriate to treat arterial hypertension alone 
[58–61]. Later, the “uroselective” α1-blockers 
alfuzosin and tamsulosin were developed which 
showed more pronounced α1A-adrenoceptor inhi-
bition and especially a lower incidence of arte-
rial hypotension. The development of α1-blockers 
has currently ended with the development of spe-
cific antagonists of the α1A-adrenoceptor subtype 
(silodosin) and the α1D-adrenoceptor subtype 
(naftopidil; only licensed in Asia).

The pharmacokinetic profiles of currently 
available α1-blockers to treat LUTS/BPH are 
listed in Table  8.1. Once-daily formulations 
(extended release, modified release, gastroin-
testinal therapeutic system [GITS] or oral con-
trolled absorption system [OCAS]) aim to slowly 
release the α1-blocker into the intestinal tract 
which results in a more stable and consistent 
serum concentration, avoiding serum peaks and 
unwarranted side effects such as arterial hypoten-
sion [63–65]. Additionally, once-daily formula-
tions are likely to increase the intake compliance 
and adherence to the drug [66].

Clinical Efficacy of α1-Blockers
Although LUTS and urine flow improvements 
take a few weeks to fully develop, statistically 
significant and clinically relevant differences 
compared to placebo were already documented 
within a few hours or days after first drug 
intake [67]. α1-Blockers show a similar effi-
cacy, expressed as percent improvement in the 
International Prostate Symptom Score (IPPS) 
questionnaire, in patients with mild, moderate or 
severe LUTS [68]. RCTs demonstrated that α1- 
blockers reduce LUTS (both storage and voiding 
symptoms) by ~30–40% and increase Qmax by 
~20–25% after the placebo run-in period [62]. 
In observational studies (without a placebo run-
in period), IPSS improved by ~50% and Qmax by 
~40%. Indirect comparisons and limited head-to- 
head comparisons between α1-blockers indicate 
that all α1-blockers have a similar efficacy when 
used in appropriate doses [69, 70]. However, a 
recent network meta-analysis suggested that 
some α1-blockers reduce LUTS to a greater 
extent than others [71]; mean IPSS reduction 
was −7.1 points for doxazosin and −6.8 points 
for terazosin, whereas mean IPSS reduction for 
silodosin, alfuzosin, tamsulosin and naftopidil 
was −5.8, −5.5, −5.5 and − 5.4 points, respec-
tively. This preliminary data needs confirmation 
by independent analyses, especially considering 
the different doses and formulations of the indi-
vidual α1-blockers.

α1-Blockers do not reduce prostate size and, 
additionally, prostate size does not affect α1- 
blocker efficacy in studies with follow-up period 

Table 8.1 Key pharmacokinetic properties and standard doses of α1-blockers licensed in Europe for the treatment of 
“signs or symptoms of BPH” [62]

Drug tmax (h) t½ (h) Recommended daily dose (mg)
Alfuzosin IR 1.5 4–6 3 × 2.5
Alfuzosin SR 3 8 2 × 5
Alfuzosin ER 9 11 1 × 10
Doxazosin IR 2–3 20 1 × 2–8
Doxazosin GITS 8–12 20 1 × 4–8
Silodosin 2.5 11–18 1 × 4–8
Tamsulosin MR 6 10–13 1 × 0.4
Tamsulosin OCAS 4–6 14–15 1 × 0.4
Terazosin 1–2 8–14 1 × 5–10

tmax time to maximum plasma concentration, t½ elimination half-life, IR immediate-release, SR sustained release, GITS 
gastrointestinal therapeutic system, MR modified release, OCAS oral controlled absorption system
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of ≤1  year [62, 72]. Qmax at baseline does not 
have relevant influence on LUTS reduction [73]. 
Long-term efficacy of α1-blockers was docu-
mented for a period of longer than 4 years [74]. 
Nevertheless, α1-blockers are not able to prevent 
acute urinary retention (AUR) in the long run, 
especially in patients with a prostate volume 
>40 cm3 (see Section “Androgens”) [74, 75].

Men with BPH can develop AUR due to 
increased bladder outlet resistance (BPO) and/or 
insufficient detrusor function (detrusor underac-
tivity). The incidence rate is approximately 2.2 
cases/1000 patient-years in asymptomatic and 
18.3–35.9 cases/1000 patient-years in symptom-
atic men [76]. The use of α1-blockers in these 
patients allows approx. 60% of men to void 
spontaneously again compared to approx. 38% 
using placebo (successful trial without catheter, 
TWOC), which measures up to a 55% increase in 
the success rate [77].

For further reduction of LUTS, α1-blockers 
can be combined with drugs of other drugs 
classes, e.g. with phosphodiesterase type 5 inhib-
itors (PDE5i; see Section “Phosphodiesterases”) 
[78–80], 5α-reductase inhibitors (5ARIs; see 
Section “Androgens”) [75, 81], muscarinic 
receptor antagonists (antimuscarinics) [82, 83] or 
β3- receptor agonists [84].

Adverse Event Profile of α1-Blockers
Although alfuzosin, doxazosin and terazosin 
have a similar molecular structure (quinazoline- 
based derivatives) and do not selectively inhibit 
specific α1-adrenoceptor subtypes, the adverse 
event profile of alfuzosin is more similar to tam-
sulosin (non-arylamine sulfonamide derivative) 
than to doxazosin or terazosin. The mechanisms 
underlying such differential tolerability are not 
fully understood but may involve better penetra-
tion and/or tissue distribution by alfuzosin and 
tamsulosin [62]. Other factors, such as subtype 
selectivity and the pharmacokinetic profiles of 
certain formulations, may also contribute to the 
adverse event profile of individual drugs.

The most frequently reported adverse events 
of α1-blockers are asthenia, dizziness and (ortho-
static) hypotension which can be explained by 
the inhibition of α1B-adrenoceptor subtypes in 

vessels, leading to vasodilation and blood pres-
sure decrease [85]. At least some of the observed 
asthenia and dizziness can be attributed to blood 
pressure decrease. In particular, patients with car-
diovascular co-morbidity and/or vasoactive co- 
medication appear to be prone to vasodilatation 
during α1-blocker treatment [86]. This includes 
anti-hypertensive drugs, such as diuretics, 
Ca2+-channel blockers, β-blockers, angiotensin- 
converting enzyme inhibitors and angiotensin 
receptor antagonists but also phosphodiesterase 
type 5 inhibitors (PDE5i) prescribed for erectile 
dysfunction or male LUTS.  Vasodilatation is 
more pronounced with immediate-release doxa-
zosin and terazosin but less common for alfuzo-
sin or tamsulosin (odds ratio for vascular-related 
adverse events 3.3, 3.7, 1.7 and 1.4, respectively; 
the latter two not reaching statistical significance 
[87]). In contrast, blood pressure decrease or 
prevalence of orthostatic hypotension with the 
α1A-selective blocker silodosin is comparable 
with placebo [85, 88] and, therefore, this drug 
can safely be used with anti-hypertensive co- 
medication [89].

The intraoperative floppy iris syndrome (IFIS) 
was only discovered in 2005 in the context of cat-
aract surgery [90]. IFIS consists of a typical triad 
of the following intraoperative characteristics: (1) 
a flaccid iris stroma leading to fluttering and bil-
lowing of the iris, (2) a tendency for the floppy iris 
stroma to prolapse through the surgical incision 
and (3) a progressive pupil constriction despite 
standard perioperative pharmacologic measures 
for prevention. Most patients, however, manifest 
an incomplete form of this triad displaying only 
one or two signs [85]. The basis of IFIS is thought 
to be antagonism of the α1-adrenoceptor subtype 
located in the iris dilator muscle. The incidence 
varies between 30 and 88% for tamsulosin, 15 and 
70% for alfuzosin, and 2 and 45% for doxazosin 
users. In a meta-analysis, alfuzosin, doxazosin, 
tamsulosin and terazosin had an increased risk 
for IFIS [91]. The odds-ratio for IFIS was 393 
for tamsulosin, 9.7 for alfuzosin, 6.4 for doxa-
zosin and 5.5 for terazosin. Silodosin has yet not 
been associated with IFIS [85]. α1- Blocker treat-
ment should not be initiated prior to scheduled 
cataract surgery, and the ophthalmologist should 
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be informed about previous or current α1-blocker 
use [85]. Important to mention is that the occur-
rence of IFIS may complicate cataract surgery 
and make it technically more challenging but 
no reports about increased health risks of these 
patients have been published.

A systematic review concluded that α1- 
blockers do not adversely affect libido, some-
times have a small beneficial effect on erectile 
function (e.g. doxazosin) but can cause abnormal 
ejaculation [92]. Originally, abnormal ejacula-
tion was thought to be retrograde but more recent 
data demonstrate that it is due to (relative) ane-
jaculation (i.e. reduction or absence of seminal 
fluids during ejaculation). Abnormal ejaculation 
seems to be caused by α1A-adrenoceptor subtype 
selective inhibition of smooth muscle cells in the 
prostate, seminal vesicles, ejaculatory ducts and 
spermatic cords and is more frequently observed 
with silodosin and tamsulosin than with other α1- 
blockers. LUTS reduction was shown to be higher 
in men with abnormal ejaculation compared to 
men without [93]. The apparently greater risk for 
abnormal ejaculation with tamsulosin is intrigu-
ing as even the more α1A-selective drug silodosin 
carries an even greater risk [94, 95]. However, all 
α1-blockers are dosed to block α1A- adrenoceptors 
effectively; therefore, the mechanism under-
lying abnormal ejaculation still remains to be 
elucidated.

A dose-dependent increased risk of demen-
tia for tamsulosin was only recently described 
(2018) in a cohort analysis of more than 
250,000 US-American patients after a follow-
up of 20  months (hazard ratio 1.11–1.20; 38.8 
cases/1000 patient years) [96]. In contrast, an 
increased risk for dementia was not seen for 
other α1-blockers (alfuzosin, doxazosin or tera-
zosin) or 5ARIs (finasteride or dutasteride). 
Another recently published cohort study (2019) 
with approx. 60,000 Korean patients with a 
follow-up of 52  months could not confirm the 
results seen in the North American study [97]. 
However, the daily standard dose for tamsu-
losin in Asian patients is only 0.2 mg, and dif-
ferences in pharmacokinetics, metabolism and 
genetic/ethnicity may have contributed to these 

controversial results. Therefore, the association 
between α1- blocker use and dementia still needs 
to be clarified in future studies.

 Phosphodiesterases

 The NO/NOS: Phosphodiesterase 
System
Nitric oxide (NO) is a universal and important 
non-adrenergic, non-cholinergic neurotransmit-
ter which is involved in signal transmission in 
the human lower urinary tract [98]. NO is syn-
thesized from the amino acid L-arginine by NO 
synthases (NOS) [99]. NO diffuses into cells 
and stimulates the synthesis of cyclic adenosine 
monophosphate (cAMP) and cyclic guanosine 
monophosphate (cGMP), which are synthesized 
from the corresponding nucleoside triphosphates 
by adenylyl- or guanylyl-cyclases (Fig.  8.5). 
The intracellular increase of cAMP or cGMP 
triggers a signal transduction cascade involving 
activation of cyclic nucleotide-dependent protein 
kinases (PKA or PKG), subsequent phosphoryla-
tion of the actin-myosin system, as well as Ca2+ 
channels and ATP-driven Ca2+ pumps located 
in the outer cell membrane or the membrane of 
the  sarcoplasmatic reticulum [98]. This cascade 
leads to a reduction in cytosolic Ca2+ and, finally, 
to smooth muscle relaxation [102]. NO may also 
be involved in the micturition cycle by inhibiting 
reflex pathways in the spinal cord and neurotrans-
mission in the urethra, prostate and urinary blad-
der [103]. The effects of cAMP and cGMP are 
terminated by PDE isoenzymes, a heterogeneous 
group of enzymes which catalyze the hydrolysis 
of cAMP or cGMP into their inactive forms.

PDEs are classified according to their prefer-
ences for cAMP or/and cGMP, kinetic parameters 
of cyclic nucleotide hydrolysis, sensitivity to the 
inhibition by various compounds, allosteric regu-
lation by other molecules, and chromatographic 
behavior on anion exchange columns [99]. In 
total, 11 families of PDE isoenzymes have been 
identified in humans (PDEs 1–11). Some of these 
isoenzyme families have more than one gene 
and some genes are alternatively spliced so that 
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more than 50 isoenzymes or variants have been 
identified. Some PDE genes are also variably 
expressed in different tissues [104]; therefore, the 
distribution and functional significance of PDE 
isoenzymes vary in different organs and, conse-
quently, isoenzyme-selective inhibitors have the 
potential to exert specific effects on target tis-
sues. In the lower urinary tract, the cAMP- and/
or cGMP-specific PDE isoenzymes PDE 1, PDE 
2, PDE 4, PDE 5 and PDEs 7–10 have been iden-
tified of which PDE4 (cAMP- specific PDE) and 
PDE5 (cGMP-specific PDE) are the predominant 
ones in the prostate, bladder and urethra [105]. 

Immunohistochemistry showed that PDEs 4 and 
5 are mainly located in stromal and glandular tis-
sues of the transition zone. A clinical study with 
30 men with moderate to severe LUTS awaiting 
transurethral resection of the prostate (TURP) 
were randomly divided to receive 20 mg tadalafil 
or 200 mg udenafil 1 h prior to TURP or TURP 
without the preceding administration of a PDE5i. 
The concentrations of the PDE5i and cGMP 
were measured in the plasma and resected pros-
tate specimen and, afterwards, the prostate tissue/
plasma ratio was calculated. The authors showed 
that (1) the PDE5i was predominantly distributed 
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Fig. 8.5 Cellular responses (e.g. smooth muscle cell 
relaxation) after activation of protein kinase A (PKA) by 
cyclic adenosine monophosphate (cAMP-pathway, left) 
or protein kinase G (PKG) by cyclic guanosine mono-
phosphate G (cGMP-pathway, right). The effect of cAMP 
is terminated by phosphodiesterase type 4 (PDE 4) and 
the effect of cGMP is terminated by phosphodiesterase 
type 5 (PDE 5). PDE 4 inhibitors (PDE 4i; e.g. rolipram, 
Ro 20-1724 or RP 73401) block the degradation and thus 
inactivation of cAMP. PDE 5 inhibitors (PDE 5i; e.g. ava-
nafil, sildenafil, tadalafil, udenafil or vardenafil) block the 

degradation and thus inactivation of cGMP, which results 
in accumulation of cyclic monophosphates and pro-
longed cellular responses (modified according to 
Ghofrani et al. [100] and Lincoln et al. [101]). AMP ade-
nosine monophosphate, cAMP cyclic adenosine mono-
phosphate, ATP adenosine triphosphate, GMP guanosine 
monophosphate, cGMP cyclic guanosine monophos-
phate, GTP guanosine triphosphate, NO nitric oxide, 
NOS nitrite oxide synthases, PDE phosphodiesterase, 
PDEi phosphodiesterase inhibitor, PKA protein kinase A, 
PKG protein kinase G

8 Physiology and Pharmacology of the Prostate



136

in the prostate (transition zone) and (2) tadalafil 
and udenafil significantly increased cGMP levels 
in both the plasma and prostate tissue.

Organ bath studies demonstrated that, after 
α1- adrenergic stimulation of smooth muscle 
cells with noradrenaline, the tension of prostate 
tissue strips was dose-dependently reversed by 
PDE4 inhibitors (e.g. rolipram, Ro 20-1724 
and RP 73401) and PDE5 inhibitors (e.g. silde-
nafil, tadalafil and vardenafil) and accompa-
nied by an increase of cAMP or cGMP levels 
in the tissue [105–107]. These results indicate 
that cAMP and cGMP as well as PDEs 4 and 5 
are involved in relaxation of prostatic smooth 
muscle cells.

The NO/NOS- and cAMP/cGMP-systems can 
also relax smooth muscle cells outside the lower 
urinary tract, for example in arteries, leading to 
vasodilatation and increased blood circulation. 
This is an important hint because it has been 
postulated that hyperplasia of myocytes, fibro-
cytes and epithelial cells—as seen in BPH tis-
sue—may be induced by hypoxia resulting from 
an age- related impairment of blood flow in the 
small pelvis. Consequently, a key role of urogeni-
tal ageing and subsequent alterations in the blood 
supply of the prostate has been suggested for the 
development of BPH [108]. Transrectal contrast- 
enhanced color Doppler ultrasound studies dem-
onstrated that perfusion of the transition zone of 
the prostate was significantly lower and mean 
flow resistance index significantly higher in men 
with BPH than in healthy controls [109]. Thus, it 
seems likely that regular administration of PDE5i 
may, to a certain degree, overcomes ischemia due 

to vascular damage and increase local blood flow 
by relaxation of smooth muscle cells in pelvic 
arteries [110].

 Phosphodiesterase Type 5  
Inhibitors (PDE5i)
PDE5i have a similar structure to cGMP and 
inhibit the breakdown of NO-derived cGMP mol-
ecules by competitively binding the catalytic site 
of PDE5, thereby causing accumulation of cGMP 
in the cell (cytoplasm) for continuous activation 
of the NO/cGMP system and, hence, prolonged 
(prostatic) muscle cell relaxation (Fig. 8.5).

Four selective oral PDE5i (avanafil, sildenafil, 
tadalafil and vardenafil) have been licensed in 
Europe for the treatment of erectile dysfunction 
(udenafil has only been licensed in Asia) and two 
PDE5i for the treatment of pulmonary arterial 
hypertension (sildenafil and tadalafil) [62, 111]. 
However, only tadalafil has yet been licensed for 
the treatment of LUTS/BPH, although clinical tri-
als with sildenafil, udenafil and vardenafil in men 
with LUTS were also conducted and showed sim-
ilar favorable effects (Table  8.2). The available 
PDE5i differ primarily in their pharmacokinetic 
profiles; therefore, clinical differences between 
these PDE5Is are mainly related to the time to 
onset and duration of action [62]. All PDE5i 
are rapidly resorbed from the gastrointestinal 
tract, have a high protein binding in plasma, are 
metabolized primarily in the liver and eliminated 
predominantly into the feces. However, the half-
lives of PDE5i differ substantially, reaching from 
approx. 4 h with sildenafil to more than 17 h with 
tadalafil. Therefore, tadalafil is suitable for once-

Table 8.2 Phosphodiesterase type 5 inhibitors (PDE5i) licensed in Europe for the treatment of “erectile dysfunction” 
and/or “signs or symptoms of BPH”; key pharmacokinetic properties and doses used in clinical trials [62, 112]

Drug tmax (h) t½ (h) Recommended daily dose (mg)
Avanafil 0.4a (0.3–0.5) 5–11 1 × 50–200
Sildenafilb 1a (0.5–2) 3–5 1 × 25–100
Tadalafilb 2 (0.5–12) 17.5 1 × 5  (2.5–20)
Udenafilb 1.0a (0.8–1.3) 9–12 1 × 100–200
Vardenafilb 1a (0.5–2) 4–5 2 × 10

tmax time to maximum plasma concentration, t½ elimination half-life
aPharmacokinetics dependent on food intake (i.e. slower resorption of the drug and increase of tmax by approximately 1 h 
after a fatty meal)
bTested in clinical trials for the treatment of LUTS/BPH
Please note that only tadalafil (5 mg once daily) has been licensed for the treatment for LUTS/BPH
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daily use (5 mg), whereas other PDE5i must be 
taken two or three times daily to result in similar 
intracellular cGMP and PKG concentrations.

Clinical Efficacy of PDE5i
PDE5i were developed to treat pulmonary 
arterial hypertension and erectile dysfunction 
[113]. However, a post hoc analysis of patients 
with erectile dysfunction treated with sildenafil 
demonstrated that PDE5i was also able to sig-
nificantly improve concomitant LUTS/BPH and 
LUTS-related QoL [114, 115]. The improve-
ment of LUTS was independent on the improve-
ment of erectile function. Consequently, RCTs 
on the efficacy of sildenafil, tadalafil, udenafil 
and vardenafil were conducted and investigated 
the key parameters LUTS (IPSS), uroflowm-
etry (Qmax), and post-void residual urine [79, 
116, 117]. Significant LUTS reduction was 
documented for all PDE5i, and both storage and 
voiding LUTS decreased during treatment [62, 
79, 118]. Symptom bother directly impacts QoL 
and improvement of storage LUTS is mainly 
responsible for improved bother and QoL dur-
ing tadalafil treatment [119]. A Cochrane meta- 
analysis showed that monotherapy with PDE5i 
in patients with LUTS/BPH was associated with 
a significant improvement of IPSS (mean differ-
ence compared with placebo −1.9 points) and 
BPH-Impact Index (mean difference compared 
with placebo −0.52 points) [120]. Tadalafil was 
equally effective in reducing LUTS compared 
to the α1-blocker tamsulosin [121] but treat-
ment satisfaction with tadalafil was significantly 
greater, most probably due to improved erectile 
function [122].

Significant effects on LUTS were detected 
for tadalafil as early as 1 week of treatment [121, 
123]. In total, 70% of tadalafil-treated patients 
had a clinically relevant LUTS reduction of 
≥3 IPSS points; 60% of responders passed this 
threshold already after 1  week and 80% after 
4 weeks of treatment [123]. Significant and con-
tinuous LUTS reduction was documented for 
52 weeks in an open 12-month trial [124]. On the 
standardized and validated 15-item International 
Index of Erectile Function (IIEF) questionnaire, 
tadalafil treatment resulted in improvements of 

erectile function of 6.0 points (IIEF-questions 
1–5 + 15; range 0–30), ejaculation of 0.8 points 
(IIEF-9; range 0–5), orgasmic function of 1.5 
points (IIEF-questions 9 + 10; range 0–10), satis-
faction with sexual intercourse of 2.3 points (IIEF 
6 + 7 + 8; range 0–15) and overall sexual satisfac-
tion of 2.0 points (IIEF-questions 13 + 14; range 
0–10), whereas the IIEF domains remained stable 
or even deteriorated with tamsulosin [125]. Qmax 
was not consistently improved in the individual 
studies but a post hoc analysis of all tadalafil tri-
als demonstrated a significant mean increase of 
1.1 mL/s with tadalafil 5 mg once daily compared 
to 0.4 mL/s with placebo [126].

PDE5i have no effects on prostate volume 
and prostate volume does not affect treatment 
response or efficacy of PDE5i. Post-void residual 
urine remains unchanged during PDE5i treat-
ment. Efficacy with tadalafil differed between 
patients aged <75 vs. ≥75 years, with significant 
efficacy only in the <75-year age group. The older 
age group suffered of more concomitant dis-
eases and used more drugs which seem to reduce 
tadalafil efficacy [127]. Patients with a history of 
more than one drug for arterial hypertension have 
a significantly lower LUTS response compared to 
men without; otherwise, cardio- vascular risk fac-
tors/comorbidities do not affect the magnitude of 
LUTS/BPH improvement during tadalafil treat-
ment [128]. Placebo-adjusted least squares (LS) 
mean improvements in total IPSS were −1.2  in 
men using >1 antihypertensive drugs vs. −3.3 in 
men using only ≤1 antihypertensive drug.

Only a few trials with durations of 6–12 weeks 
compared the efficacy of PDE5i or α1-blocker 
monotherapies against PDE5i  +  α1-blocker 
combination therapy. The drug combination 
frequently improved IPSS, Qmax, and post-void 
residual urine to a greater extent than the single 
drug class alone. A meta-analysis on PDE5i trials 
demonstrated significantly improved LUTS/BPH 
(IPSS) when using α1-blocker + PDE5i combina-
tion vs. α1-blocker or PDE5i alone but the differ-
ences between mono- and combination therapies 
were small [118]. Therefore, it is still debatable 
whether combination therapy is justified in rou-
tine patients with LUTS/BPH, especially when 
considering the price for both drugs.
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The drug combination of tadalafil 
(PDE5i)  +  finasteride (5ARI) was significantly 
more efficacious in reducing LUTS/BPH (IPSS) 
than finasteride alone after 6  months; IIEF-EF 
improved only in the tadalafil arm by 4.7 points, 
whereas IIEF-EF remained unchanged with fin-
asteride monotherapy [129]. Treatment satisfac-
tion at week 26 was significantly greater with 
tadalafil/finasteride combination therapy com-
pared to finasteride monotherapy for the total 
treatment satisfaction scale score and satisfaction 
with efficacy subscore [130].

Adverse Event Profile of PDE5i
All PDE5i may cause headache, flushing, dizzi-
ness, dyspepsia, nasal congestion, myalgia, hypo-
tension, syncope, tinnitus or conjunctivitis [62]. 
PDE3 hydrolyzes cAMP and is mainly found in 
cardiomyocytes but also in the corpora cavernosa. 
PDE5i can cross-react with PDE3 and increase 
the level of cAMP in the heart, thereby increasing 
the heart rate with a positive inotropic effect. In 
this respect, PDE5i can cause myocardial infarc-
tion in patients with coronary heart disease, espe-
cially in those using nitrates or potassium channel 
openers. The probability of developing priapism 
or AUR during PDE5i therapy is very low [62]. 
PDE5i can also cross-react with PDE6  in the 
cones and rods of retina. Inhibition of PDE6 may 
cause visual adverse effects, such as chromatop-
sia or blurred vision, as reported by patients using 
sildenafil or udenafil [131]. A systematic review 
and meta- analysis demonstrated that adverse 
events during PDE5i treatment are generally mild 
[132]. However, the frequencies of these adverse 
events vary between different PDE5i. Tadalafil 
typically causes headache, back pain, dizziness 
and dyspepsia in 2–3% of patients [121].

PDE5i are contraindicated in patients using 
nitrates or the potassium channel opener nicor-
andil due to additional vasodilatation, which 
might cause arterial hypotension, myocardial 
ischemia in patients with coronary artery dis-
ease, or cerebrovascular strokes [62, 133]. 
Additionally, all PDE5i should not be used in 
patients who use immediate-release doxazo-
sin or terazosin, have unstable angina pectoris, 
recently had a myocardial infarction (previous 
3  months) or stroke (previous 6  months), have 

myocardial insufficiency NYHA >2, arterial 
hypotension, poorly controlled blood pressure, 
significant hepatic or renal insufficiency, or if 
non-arteritic anterior ischemic optic neuropathy 
(NAION) with sudden loss of vision is known 
or has appeared during previous use of PDE5i. 
Sildenafil and vardenafil are also contraindicated 
in patients with retinitis pigmentosa. Caution is 
advised when PDE5i are used together with other 
drugs which are metabolized by the same hepatic 
elimination pathway (CYP3A4), because these 
drugs can cause an increased serum concentra-
tion of PDE5i.

 Androgens

The development of the prostate in the embryo-
genic period, prostate growth during puberty 
and prostate enlargement in elderly men with 
BPH are only possible with testicular androgens. 
The prostate is only rudimentary developed and 
remains free of BPH tissue in men with congenital 
hypopituitarism, congenital androgen- receptor 
defect, autosomal-recessive 5α-reductase defi-
ciency (male pseudo-hermaphroditism) or cas-
tration before puberty. The prostate and seminal 
vesicales in these men are small or even missing, 
and prostate biopsies only show fibromuscular 
stroma without epithelial cells or glands. PSA is 
usually not detectable in the prostate, ejaculate 
or serum in the genetic diseases or are low in 
patients with early castration.

Testosterone is the predominant androgen 
in men. The active metabolite of testosterone is 
dihydrotestosterone (DHT) which results from 
5α-reduction in the cytoplasm of the prostatic 
epithelial cells (Fig.  8.6). DHT has a stron-
ger affinity to the nuclear bound androgen 
receptor and a 4- to 5-times higher androgenic 
potency than testosterone [135]. DHT accounts 
for approximately 90% of prostatic androgens. 
5α-reductase, a NADPH-dependent enzyme, 
converts testosterone to DHT and exists in two 
isoforms [134, 136]:

• 5α-Reductase type 1 is encoded on chromo-
some 5 and has only minor expression and 
activity in the prostate but predominant 
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 activity in extra-prostatic tissues, such as skin 
and liver.

• 5α-Reductase type 2 is encoded on chromo-
some 2, is predominantly expressed and 
active in the stromal and basal cells of the 
prostate, and also exists in hair follicles as 
well as in cells of the seminal vesicles. The 
conversion of testosterone to DHT by 
5α-reductase type 2 is 25-times faster than by 
5α-reductase type 1.

After synthesis of DHT, the active androgen 
binds to the androgen receptor on the nuclear 

membrane and migrates into the cell nucleus 
(together with a transportation complex), where 
the DHT-androgen receptor complex stimulates 
gene transcription which results in protein and 
growth hormone synthesis (e.g. PSA, epidermal 
growth factor [EGF] and vascular endothelial 
growth factor [VEGF]) as well as cell prolifera-
tion. Testosterone and DHT are important in the 
physiology of the muscle, fatty tissue, liver, bone, 
central nervous system as well as reproductive 
and sexual functions.

Hormonal and especially anti-androgenic 
therapies have a long tradition in the treatment 

5α-reductase type 2

prostatic epithelial cell

Nucleus

testosterone

dihydrotestosterone

androgen
receptor

growth factors

5ARI

cell membrane

Fig. 8.6 The active metabolite of testosterone is dihy-
drotestosterone which results from 5α-reduction inside 
the prostatic epithelial cell. The dihydrotestosterone- 
androgen receptor complex initiates gene transcription 
resulting in protein and growth hormone synthesis as well 

as cell proliferation. 5α-Reductase type 2 inhibitors 
(5ARIs; dutasteride or finasteride) inhibit the conversion 
from testosterone to dihydrotestosterone and initiate 
apoptosis [134]
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of prostatic diseases. It is known since the end of 
the nineteenth century that androgen withdrawal 
by castration leads to shrinkage of the prostate 
[137, 138]. Molecular studies in men with andro-
gen deprivation therapy (ADT) demonstrated that 
epithelial cells of the prostate induce a genetic 
mechanism which is characterized by enzymatic 
splitting of the DNA and irreversible cell death 
(apoptosis), depletion of epithelial cells and 
decrease in prostate volume. ADT is possible 
with bilateral surgical orchiectomy, synthetic 
anti-androgens, LHRH-agonists or -antagonists, 
estrogens or anti-estrogens. ADT is used for the 
treatment of advanced prostate cancer. Different 
drugs interfere in the gonadotropin-testosterone 

axis and initiate apoptosis of hormone-sensitive 
prostate cancer cells (Fig.  8.7). ADT results 
in shrinkage of the prostate but, however, also 
decrease of the serum testosterone concentra-
tion. Therefore, severe and bothersome adverse 
events resulting from androgen deficiency 
appear frequently and are only acceptable dur-
ing the treatment of advanced prostate cancer. 
Libido loss typically emerges during treatment 
with LHRH- agonists or -antagonists, steroidal 
anti-androgens and estrogens; hot flushes and 
painful nipples typically appear during treat-
ment with anti- androgens and estrogens; cardio-
vascular events (e.g. myocardial infarction) are 
frequently seen during treatment with estrogens 
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Fig. 8.7 Androgen 
deprivation therapy for the 
treatment of advanced 
prostate cancer. Different 
drugs or drug classes 
interfere with the 
gonadotropin-androgen 
axis to inhibit growth of 
androgen- sensitive 
prostate cancer cells 
(modified according to 
Raja et al. [139]). 5ARI 
5α-reductase inhibitor, 
ACTH adrenocorticotropic 
hormone, DHT 
dihydrotestosterone,  
T/AR testosterone/
androgen receptor,  
LH  luteinizing hormone, 
LH-RH luteinizing 
hormone-releasing 
hormone, NSAA non-
steroidal antiandrogen 
(e.g. flutamide, nilutamide, 
bicalutamide, apalutamide, 
enzalutamide), SAA 
steroidal antiandrogen 
(e.g. cyproterone acetate)

M. Oelke



141

or LHRH- agonists, and gastro-intestinal com-
plaints or liver toxicity are observed during treat-
ment with non- steroidal anti-androgens.

Only local blockade of the DHT synthesis 
inside prostatic cells by selective 5α-reductase 
inhibitors (5ARIs) is a viable treatment option of 
LUTS/BPH.  Thus, selective inhibition of intra-
cellular 5α-reductase can prevent systemic (anti-)
hormonal adverse events. Although testosterone 
concentrations in the serum and prostate even 
increase up to 10% during 5ARI therapy [140], 
the elevated concentrations are functionally irrel-
evant because testosterone is 5-times less potent 
in the prostate than DHT.  Serum gonadotropin 
concentrations during 5ARI treatment remain 
unchanged which validates the hypothesis that 
the negative feedback on the secretion of LHRH 
in the hypothalamus and LH in the hypophysis 
is regulated by testosterone and not DHT [141]. 
Normal serum testosterone concentration is 
responsible for the preservation of libido and sex-
ual function of patients treated with 5ARIs [142].

 5α-Reductase Inhibitors (5ARIs)
Two 5ARIs are commercially available for the 
treatment of LUTS/BPH: dutasteride and finaste-
ride. The pharmacokinetic profiles of the 5ARIs 
are listed in Table 8.3. Additionally, finasteride in 
a lower dose (1 mg once daily) has been licensed 
for the treatment of hair loss (androgenetic alo-
pecia); dutasteride has only been licensed for 
this indication in Japan and South Korea but 
not in North America or Europe, as of 2018. 
Finasteride inhibits only 5α-reductase type 2, 
whereas dutasteride inhibits 5α-reductase types 
1 and 2 with similar potency (dual 5α-reductase 
inhibitor). Continuous long-term treatment with 
5ARIs reduces serum DHT concentration by 
approximately 70% with finasteride and 95% 
with dutasteride [143]. However, intra-prostatic 
DHT concentrations are reduced to a similar 

level (85–90%) by both 5ARIs. Therefore, the 
clinical role of dual 5α-reductase inhibition 
remains unclear. Both 5α-reductase inhibitors 
are metabolized in the liver and excreted into 
the feces. The elimination half-time is longer for 
dutasteride (3–5 weeks) than finasteride (6–8 h); 
consequently, serum DHT concentration is still 
reduced after >16 weeks after cessation of dutas-
teride treatment, whereas serum DHT concen-
tration returned to normal within 4 weeks after 
finasteride use [144].

Clinical Efficacy of 5ARIs
5ARIs primarily reduce prostate volume by apop-
tosis of prostatic epithelial cells. Significant dif-
ferences of prostate volumes in patients treated 
with 5ARIs compared to placebo were already 
seen as early as 1 month of treatment with dutas-
teride or finasteride. The transition, central and 
peripheral zones shrink equally [145]. Prostate 
volume reduction (cm3) is more pronounced in 
patients with greater volumes at baseline but vol-
ume reduction as percentage seems to be identical 
in patients with small, medium and large prostates 
[62]. Prostate volume continuously decreases 
within the first year of treatment with 5ARIs but, 
thereafter, remains more or less stable. After con-
tinuous 5ARI treatment >1 year, the prostate has 
lost ~18–28% of its original volume. Prostate vol-
ume reduction with 5ARIs is similar to the reduc-
tion seen with ADT (castration level) [146].

Clinically relevant effects secondary to pros-
tate volume reduction and relative to placebo are 
only seen after minimum treatment duration of at 
least 6–12 months. After treatment for 2–4 years, 
5ARIs reduce LUTS (IPSS) by approximately 
15–30% and increase Qmax of free uroflowmetry 
by approximately 1.5–2.0 mL/s in patients with 
LUTS/BPE [62]. LUTS reduction by finasteride 
depends on initial prostate volume and may not 
be more efficacious than placebo in patients with 

Table 8.3 5α-Reductase inhibitors licensed in Europe for treating ‘benign prostatic enlargement (BPE) due to benign 
prostatic hyperplasia (BPH)’; key pharmacokinetic properties and standard doses [62]

Drug tmax (h) t½ (h) Recommended daily dose (mg)
Dutasteride 1–3 3–5 weeks 1 × 0.5
Finasteride 2 6–8 h 1 × 5

tmax time to maximum plasma concentration, t½ elimination half-life
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prostates <40 cm3 [147]. Placebo effects appeared 
more frequently and were more pronounced in 
patients with prostate volumes <40  cm3 [148]. 
Similar meta-analyses have not been conducted 
with dutasteride but a significant IPSS reduction 
and Qmax increase were also documented with 
prostate volumes between 30 and 40  cm3 [149, 
150]. Indirect comparison between individual 
studies and one direct comparative trial indicate 
that dutasteride and finasteride are equally effec-
tive in the treatment of LUTS/BPH [150–153].

Comparative studies with α1-blockers demon-
strated that 5ARIs reduce symptoms more slowly 
and, for finasteride, less effectively [81, 154–156]. 
A long-term trial with dutasteride in symptomatic 
men with prostate volumes >30  cm3 (CombAT 
trial, mean prostate volume 55 cm3) showed that 
5ARIs reduced LUTS at least as much or even 
more effectively than the α1-blocker tamsulosin 
[75, 157]. The greater the prostate volume (or 
the proxy parameter serum PSA- concentration) 
at baseline, the faster and more pronounced the 
symptomatic benefit of 5ARIs. IPSS reduction 
was significantly greater in men with a baseline 
prostate volume of ≥58 cm3 (PSA ≥4.4 ng/mL) 
at treatment month 15 or later compared to lower 
prostate volumes or PSA concentrations. Patient 
age (<65 years vs. ≥65 years) had no influence 
on the efficacy or tolerability of 5ARIs [158], but 
a prostate median lobe protruding into the blad-
der had a significant impact on efficacy [159]. 
In the latter study, patients with a comfortably 
full bladder were investigated by transabdominal 
ultrasound and the distance between bladder base 
and tip of the prostate median lobe (i.e. intravesi-
cal prostatic protrusion, IPP) was measured. 82 
men had IPP <10 mm (IPP grades 1 and 2) and 29 
men IPP ≥10 mm (IPP grade 3) [160]. After treat-
ment for 26 months with dutasteride, significant 
improvements concerning LUTS (IPSS), Qmax, 
post-void residual and serum PSA concentration 
were only seen in the group with IPP grades 1–2. 
Patients with IPP grade 3 even significantly dete-
riorated (IPSS and Qmax). It was concluded that 
patients with a prominent prostate median lobe 
are poor candidates for 5ARI therapy.

AUR occurs in 18.3–35.9 symptomatic 
men/1000 patient-years [76]. Risk factors for 

AUR (MTOPS study data) are age (>62  years), 
PSA (>1.6 ng/mL), prostate volume (>31 cm3), 
Qmax (<10.6 mL/s), IPSS (>17 points) and post- 
void residual urine (>39 mL) [81]. Identical risk 
factors but slightly different threshold values 
for AUR were determined in the US-American 
Olmsted County Study and the German Herne- 
LUTS Study [161, 162]. Lately, the protrusion 
of the prostate median lobe into the bladder has 
been identified as another risk factor for AUR; 
patients with IPP ≥10 mm had a cumulative inci-
dence rate for AUR or need for surgery during 
3-year follow-up of 71.5% compared to 9.9% 
in patients with IPP <10  mm [159]. 5ARIs but 
not α1-blockers are able to reduce the long-term 
(>1 year) risk of AUR or need for surgery [74, 
81, 163, 164]. Prevention of disease progression 
by 5ARIs is already detectable after 4  months 
and also in men with prostate volumes consider-
ably smaller than 40 cm3 [75, 157]. The precise 
mechanism of action of 5ARIs in reducing dis-
ease progression is still unknown but it is most 
likely attributable to reduction of bladder outlet 
resistance due to shrinkage of the prostate and 
widening the prostatic urethra [62]. Accordingly, 
open-label computer-urodynamic trials demon-
strated relevant reductions of voiding parameters 
in patients with long-term finasteride treatment 
(≥3  years) [165, 166]. The relative risk reduc-
tion with 5ARIs compared to placebo is approxi-
mately 50–67% for AUR and 30–64% for prostate 
surgery [74, 167, 168]. Therefore, 5ARIs should 
be used if prevention of disease progression is 
intended.

Combination therapy of α1-blockers together 
with 5ARI aims to couple the beneficial effects 
of both drug classes, i.e. fast symptom reduc-
tion within days or weeks with the α1-blocker 
and prevention of disease progression with the 
5ARI.  Initial studies with follow-up periods 
between 6 and 12  months consistently demon-
strated that the α1-blocker was superior to fin-
asteride in symptom reduction, whereas the 
combination treatment was not superior to the 
α1- blocker alone. In studies with a placebo arm, 
the α1-blocker was consistently more effec-
tive than placebo, whereas finasteride was not 
[154–156]. However, long-term combination 

M. Oelke



143

therapy, as shown for finasteride + doxazosin in 
the 4-year MTOPS trial and dutasteride +  tam-
sulosin in the 4 year CombAT trial, is superior to 
either monotherapy with regards to reduction of 
LUTS/BPH (IPSS), increase of Qmax and reduc-
tion of the risk of disease progression [75, 81, 
157]. CombAT showed that combination treat-
ment was superior to either monotherapy with 
regards to improvement of LUTS/BPH and Qmax 
starting from month 9 and superior to the α1-
blocker with regards to the reduction of the risk 
of AUR as well as need for surgery after month 
8 [75]. 5ARIs alone reduced prostate volume 
as effectively as combination treatment (−20 to 
−27%). Combination therapy was superior to 
monotherapy in both the MTOPS and CombAT 
trials in preventing overall clinical progression, 
as defined by IPSS increase ≥4 points, AUR, uri-
nary tract infection, incontinence, or an increase 
in serum creatinine >50% compared to baseline 
values. For combination therapy in the MTOPS 
vs. CombAT trials, the following relative risk 
reductions were observed [62]:

• Overall risk of disease progression: −66% 
vs. −44%

• Symptomatic progression: −64% vs. −41%
• AUR: −81% vs. −68%
• urinary incontinence: −65% vs. −26%
• BPH-related surgery: −67% vs. −71%

Nevertheless, monotherapy with 5ARIs 
reduced the risk of AUR and prostate-related 
surgery as effectively as combination therapy 
(differences not significant), although the pre-
vention was more pronounced with combination 
therapy. These two long-term trials indicated 
that α1- blocker +5ARI combination treatment 
should be initiated in patients with moderate-
to-severe LUTS, baseline characteristics of dis-
ease progression and when long-term treatment 
(>12 months) is intended [62].

Short-term use of 5ARIs (4  weeks) before 
scheduled prostate operations (e.g. TURP) can 
reduce microvessel density of prostatic tissue 
and, therefore, can decrease total blood loss, 
blood loss per gram resected prostate tissue, 
blood transfusions and concentration of vascular 

endothelial growth factor (VEGF, see above). A 
meta-analysis of 17 RCTs with a total of 1489 
patients confirmed these beneficial effects for 
finasteride [169]. However, short-term use of fin-
asteride was not able to not reduce the operation 
time, prostate volume or resected gland weight. 
A single center study recently confirmed these 
results for dutasteride [170].

5ARIs reduce serum PSA concentration 
by approximately 50% after 6–12  months of 
treatment [151]. Nevertheless, serum PSA- 
concentration can still be used for prostate can-
cer screening if the measurement results are 
multiplied by 2 [171]. The calculated values of 
patients with 5ARIs have a similar sensitivity 
(66%) and specificity (82%) during long-term 
treatment compared to patients without 5ARIs 
treatment [172]. However, the speed of serum 
PSA reduction varies between individual patients 
and, therefore, the false-positive rate of increased 
PSA concentration (>4 ng/mL) is slightly higher 
during the first year of treatment (35%) compared 
to the time afterwards (25%).

Adverse Event Profile of 5ARIs
The most relevant adverse events of 5ARIs are 
related to sexual function and include reduced 
libido, erectile dysfunction and, less frequently, 
ejaculation disorders, such as retrograde ejacu-
lation, ejaculation failure, or decreased semen 
volume [75, 81, 151]. The incidence of sexual 
dysfunction and other adverse events was low 
in the individual trials and even decreased with 
trial duration. At least four meta-analyses have 
been published to evaluate sexual dysfunction 
associated with 5ARI treatment for LUTS/BPH 
or androgenetic alopecia [173–176]. The relative 
risks for sexual dysfunction in general and erec-
tile dysfunction or decreased libido in particular 
were significantly increased for 5ARI users. The 
risk was higher in men with LUTS/BPH than with 
alopecia, most probably due to the lower 5ARI 
doses used in alopecia patients [176]. Ejaculation 
disorders were significantly more common with 
5ARIs than with placebo (odds ratio 2.73), and 
both dutasteride (odds ratio 2.81) and finaste-
ride (odds ratio 2.70) increased this risk [175]. 
Combination treatment of 5ARI  +  α1- blocker 
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significantly increased the risk of ejaculation 
disorders compared to α1-blocker alone (odds 
ratio 3.75) or 5ARI alone (odds ratio 2.76). Meta-
analyses calculated a significantly increased risk 
for hypoactive sexual desire (odds ratio 1.54) and 
erectile dysfunction (odds ratio 1.47) in patients 
using 5ARIs [173]. Some patients even reported 
persisting erectile dysfunction and diminished 
libido for more than 10  years after cessation 
of finasteride treatment (post-finasteride syn-
drome). A causal relationship between 5ARI 
treatment and prolonged sexual dysfunction is 
possible but not well understood. EMA and FDA 
warnings have been published on their homep-
ages accordingly.

Other adverse events are gynecomastia (breast 
enlargement with breast or nipple tenderness in 
approximately 1–2% of patients), depression 
(with suicidal thoughts) and anxiety disorders. 
The psychiatric adverse events are a matter of 
EMA and FDA warnings and currently under 
closer investigation.
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