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Abstract Benign prostatic hyperplasia (BPH) is a benign enlargement of the prostate in which
incidence increases linearly with age, beginning at about 50 years old. BPH is a significant
source of morbidity in aging men by causing lower urinary tract symptoms and acute urinary
retention. Unfortunately, the etiology of BPH incidence and progression is not clear. This re-
view highlights the role of the androgen receptor (AR) in prostate development and the evi-
dence for its involvement in BPH. The AR is essential for normal prostate development, and
individuals with defective AR signaling, such as after castration, do not experience prostate
enlargement with age. Furthermore, decreasing dihydrotestosterone availability through ther-
apeutic targeting with 5a-reductase inhibitors diminishes AR activity and results in reduced
prostate size and symptoms in some BPH patients. While there is some evidence that AR
expression is elevated in certain cellular compartments, how exactly AR is involved in BPH pro-
gression has yet to be elucidated. It is possible that AR signaling within stromal cells alters
intercellular signaling and a “reawakening” of the embryonic mesenchyme, loss of epithelial
AR leads to changes in paracrine signaling interactions, and/or chronic inflammation aids in
stromal or epithelial proliferation evident in BPH. Unfortunately, a subset of patients fails
to respond to current medical approaches, forcing surgical treatment even though age or asso-
ciated co-morbidities make surgery less attractive. Fundamentally, new therapeutic
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approaches to treat BPH are not currently forthcoming, so a more complete molecular under-
standing of BPH etiology is necessary to identify new treatment options.
ª 2020 Editorial Office of Asian Journal of Urology. Production and hosting by Elsevier B.V. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).
1. Introduction

1.1. Prostate anatomy and function

The prostate is a male urogenital organ located at the base
of the bladder surrounding the urethra. Lowsley’s classical
studies [1] of the fetal human prostate described the organ
as beginning to develop in the fetal male around the end of
the first trimester, when “tubules” extend from the pros-
tatic urethra defining lobes, or distinct anatomical regions,
of the early prostate. However, the lobes he described in
the developing prostate were not easily isolated or identi-
fied in the adult organ. The biological mechanisms under-
lying prostate development have continued to be studied
largely because of their relevance to diseases such as
benign prostatic hyperplasia (BPH) and prostate cancer
(PCa). A comprehensive review of human prostate devel-
opment describing the changes in thinking over the last
century and summarizing current knowledge was recently
published [2]. As with the fetal development, descriptions
of the adult anatomy of this organ underwent a series of
revisions during the 20th century. The field has now
generally accepted the idea of prostatic zones, originally
proposed by McNeal [3,4]. In this view, the prostate is
comprised of three glandular zones, designated the cen-
tral, peripheral, and transition zones with one non-
glandular region of the anterior prostate composed of
fibromuscular stroma which provides structural support [3].

The function of the prostate relies on its composition of
both glandular and fibromuscular tissue. The fibromuscular
tissue aids in the compartmentalization of fluids during
urination and ejaculation. During urination, the central
zone muscles contract, preventing urine from entering
prostatic ducts. During ejaculation, the muscles near the
top of the prostate, surrounding the base of the bladder,
contract to prevent back-flow of semen into the bladder.
The glandular tissue contributes a reproductive function
through its significant secretory contribution to seminal
fluid, including both ions (notably zinc and citrate) and
proteins such as prostatic acid phosphatase (PAcP), b-
microseminoprotein, and prostate-specific antigen (PSA)
[5,6].

1.2. Overview of BPH

Benign enlargement of the prostate is a common, perhaps
universal, condition in aging men (Fig. 1). While the terms
BPH and benign prostatic hypertrophy have been used
interchangeably in some clinical literature, this disease is a
benign enlargement of the human prostate due to hyper-
plastic (increased cell number) rather than hypertrophic
(increased cell size) expansion of glandular and/or stromal
tissue. The major site of origin of BPH pathogenesis is the
preprostatic region of the prostate [3], immediately distal
to the urinary bladder, surrounding the preprostatic
sphincter, and extending along the prostatic urethra prior
to the verumontanum (Fig. 1A). While its histology is similar
to the peripheral zone, within which it was originally
included by McNeal, there is an abrupt reduction in the size
and degree of development of the duct system from the
peripheral zone to the preprostatic region. The prepro-
static region is further subdivided into the periurethral
glands and transition zone. The periurethral zone surrounds
the urethra within the sleeve of the preprostatic sphincter
while the transition zone in turn surrounds the sphincter.
McNeal [4] made clear that the site of BPH origin includes
both periurethral and transition zones even though this is a
restricted region comprising perhaps 5% of the total volume
of a normal young prostate.

BPH involves two primary phases of progression, path-
ological and clinical. The pathological phase of BPH is
subdivided into microscopic and macroscopic BPH. Micro-
scopic BPH includes enhanced proliferation/hyperplasia of
either epithelial or stromal cells that may lead to abnormal
enlargement of the prostate gland (i.e. macroscopic BPH).
Normal prostatic glands contain a luminal epithelial layer
surrounded by a monolayer of basal cells, while pseudos-
tratification leading to two or more layers of basal nuclei
causing a papillary-like configuration is evident in micro-
scopic BPH. If macroscopic BPH develops, a subset of men
with enlarged prostates will present with symptomatic
dysuria, resulting in the clinical phase of BPH [7]. Although
BPH itself, at least in the face of medical care, is not fatal,
it is a significant cause of morbidity due to the develop-
ment of lower urinary tract symptoms (LUTS). LUTS in-
cludes both voiding symptoms, such as weakness of urinary
stream, hesitancy, intermittency, sense of incomplete
emptying of bladder, and straining to void, as well as
storage symptoms, including frequency, nocturia, and ur-
gency [8,9]. Some of these symptoms of clinical BPH are
the result of increased transition zone volume pushing on
or occluding the urethra as well as extending the periphery
of the prostate outward (macroscopic BPH) [10,11]. How-
ever, alternative processes including fibrosis or smooth
muscle contractility changes may also contribute to LUTS
[12,13].

BPH nodules are of two distinct types. Periurethral
nodules are usually stromal in character or show only a few
small glands penetrating from the periphery. The stromata
in these nodules have been described as reminiscent of the
embryonic mesenchyme; this observation gave rise to
McNeal’s hypothesis that BPH involves a “reawakening” of
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Figure 1 Benign prostatic hyperplasia (BPH) in human pros-
tate tissue. (A) Diagrams representing anatomical features of
normal human prostate and BPH. BPH originates within the
preprostatic region, containing the transition zone (TZ) and
periurethral glands. A dashed line through the BPH diagram
represents an approximate cross-sectional location of a whole-
mount pathological view of BPH, as in (B) and (C). Human
prostate cut along the transverse plan to observe a gross view
(B) or whole mount H&E section (C). TZ and peripheral zone
(PZ) are labeled and BPH nodules are indicated by black ar-
rows. Modified from Aaron et al. [8].
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embryonic stromal cells [3]. Transition zone nodules are
almost always composed of glandular tissue derived from
newly formed small duct branches. These branches bud off
from pre-existing ducts, grow into the adjacent stroma and
repeatedly branch creating a new architectural system
within the nodule. Individual patients usually have several
nodes which appear to grow in a coordinated manner, but
they may have all glandular, all stromal, or mixed BPH
nodules within their prostate. Different nodules within BPH
patients have been indicated as a source of phenotypic
heterogeneity, with one or more nodules that respond to
targeted therapies while other nodules may be resistant
[14]. Thus, it is evident that heterogeneity in BPH exists to
some degree, but whether cellular heterogeneity exists in
BPH as defined in PCa and other cancers has not been
studied.

BPH is extremely common and disease risk increases
linearly with age, beginning at about age 40; almost all men
who live to 90 years of age will develop microscopic BPH
[15]. However, not all of these men will develop macro-
scopic disease and only about half of men with macroscopic
BPH will progress to the clinical stage with associated LUTS
[7]. Due to the requirement of androgens for progression of
this disease, therapies aimed at reducing androgen recep-
tor (AR) activity have been used as a treatment to alleviate
symptoms of clinical BPH through the reduction of prostate
size [11]. This review will highlight the role of AR in BPH
pathogenesis, beginning with the contributions of AR in
prostate development.
2. The importance of androgens and the AR in
prostate development

2.1. Androgen action in early prostatic
development

The prostate is completely dependent on testicular andro-
gens for both its development and the maintenance of its
structural and functional integrity. In humans this is re-
flected in the natural history of the organ. The prostate is
small in boys during childhood, weighing around 2 g. At
puberty it undergoes a phase of exponential growth,
increasing in size to about 20 g. This corresponds to the rise
in serum testosterone to adult levels. The human prostate
reaches its normal adult size by 18e20 years of age and
subsequently halts growth despite sustained circulating
levels of androgen. This transition from prostatic growth to
a steady-state phase is maintained by a balance of cell
proliferation/death and is controlled by AR signaling in both
the stroma and epithelium. After puberty, mean prostatic
weight stabilizes and remains fairly constant until the end
of the fifth decade of life. At this point, mean prostatic
weight in the population begins to rise slowly, predomi-
nantly reflecting the incidence of BPH as men age [15].

The AR is a transcription factor that mediates the effects
of androgens in concert with a number of, often tissue
specific, co-factors [16,17]. AR is expressed early in pros-
tatic development and androgens are essential for devel-
opment of the prostate gland and other reproductive
organs in males in utero [18]. AR is expressed in the
mesenchyme of the fetal urogenital sinus and androgen
action on these stromal receptors is necessary to induce the
initiation of prostatic buds in the epithelium of the sinus.
AR expression in the epithelium lags that of the mesen-
chyme but can be detected in mice as epithelial prostatic
buds start to form around embryonic Day 18 [19].
Throughout development, epithelial AR signaling increases
during epithelial bud protrusion and extension [20,21].
Deletion and mutations of the AR leading to a non-
functional receptor result in the lack of a prostate,
showing the AR is critical for prostatic cell growth and
development [22]. Work by Cunha and others [23,24]
demonstrated that stromal AR is required for epithelial cell
proliferation and differentiation during normal develop-
ment, while epithelial AR expression is essential for the
differentiated functions of the gland (Fig. 2).

The primary source of androgens, namely testosterone,
is from testicular secretion. Once androgens reach prostatic
tissue, three 5a-reductase isozymes (produced by the
SRD5A1, SRD5A2, and SRD5A3 genes) convert testosterone
to dihydrotestosterone (DHT), which binds the receptor
with two- to five-fold higher affinity in prostate cells and
elevates AR signaling 10-fold compared to testosterone
[25,26]. In the prostate the dominant 5a-reductase is
isozyme 2. Individuals without functional 5a-reductase 2
(SRD5A2) have small or undetectable prostates in addition
to ambiguous genitalia throughout childhood, but at the
time of puberty increased testosterone production induces
masculinization of the external genitalia. These individuals
maintain small prostates throughout adulthood but treat-
ment with DHT can increase prostate size. Together, these



Figure 2 Androgen receptor (AR) expression in prostatic cell types during development. Prostatic development is initiated with
development of a urogenital sinus (UGS), followed by extension of prostatic buds forming an immature prostate gland. The adult
prostate gland contains fully differentiated stromal and epithelial compartments which form a mature and functional organ. AR is
initially expressed in just a proportion of the urogenital sinus mesenchyme (UGM). Epithelial cells gain AR expression throughout
development. While only a subset of stromal cells (e.g. fibroblasts and smooth muscle cells) maintain AR expression in the adult
prostate, virtually all luminal epithelial cells express AR.
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data indicate that DHT is required for complete develop-
ment of the adult prostate [27]. Androgen availability, AR
expression, and 5a-reductase activity all serve critical roles
in prostate development.

2.2. AR structure and function in prostate cells

The AR is a member of the steroid and nuclear receptor
family of transcription factors which contains an N-terminal
domain (NTD), DNA-binding domain (DBD), hinge region,
and a C-terminal ligand-binding domain (LBD) (Fig. 3). The
NTD contains an activation function (AF)-1 region and can
promote transcriptional activity of the AR in the presence
or absence of the LBD. The DBD contains two zinc-finger
domains which recognize androgen-response elements for
DNA-binding and transcriptional activation but also for
dimerization [28]. The hinge region allows for flexibility
between domains of the protein but also contains a nuclear
localization signal that is exposed upon ligand binding to AR
[29]. Finally, the LBD contains the androgen binding site
and an AF-2 region which is necessary for binding of AR
coactivators [30,31].

Throughout the last decade, the discovery of AR vari-
ants, which are produced from alternative splicing of the
full-length AR mRNA transcript has complicated our
perception of androgenic signaling. Numerous splice vari-
ants have been discovered to-date, most of which maintain
the NTD and DBD, but contain truncated, missing, or vari-
able C-termini (Fig. 3) [32,33]. AR variants have been
discovered in normal tissues, and one example has been
shown to have a regulatory role of full-length AR in PCa
cells [33,34]. Without the LBD, AR variants can dimerize
without ligand (either homodimerize with one another or
heterodimerize with full-length AR) and promote activation
of AR target genes [35].

When unbound to ligand, the inactive AR resides in the
cytoplasm in complex with other proteins. In this inactive
state, AR is bound to the chaperone proteins heat shock
protein (HSP) 70 and HSP40 along with co-chaperones [36]
to form a mature aporeceptor complex maintaining AR in a
conformation suitable for binding of DHT [37,38]. In the
absence of ligand, the AR degrades quickly to end the
chaperone cycle and the chaperones become available to
form new complexes in an ATP-dependent process [25].
Binding of ligand, such as DHT, induces a conformational
change in the ligand-binding domain of AR causing release
of the chaperone complex and stabilization, phosphoryla-
tion, and dimerization of AR [37]. HSP27 binding to the AR
homodimer prompts translocation to the nucleus and fa-
cilitates transcriptional activity of the AR [39].

In the nucleus, AR acts as a transcription factor by
recognizing sequence-specific regions of DNA, AREs, where
it can bind and promote transcription of specific genes.
Other transcription factors have been demonstrated to
associate with AR, such as direct interaction with forkhead
box A1 (FOXA1) or FOXO1, with further complex formation
with nuclear factor IB (NFIB) [16,40,41]. AR transcriptional
activity has a very pronounced impact on gene regulation
within some prostate cells. For example, AR has been
defined to regulate transcription of 1.5%e4.3% of all gene
transcripts within LNCaP cells, a cell line representing
androgen-responsive PCa [42]. The targets of AR-driven
transcription are dependent upon the profile of transcrip-
tion factors expressed in a cell. This profile varies between
organs and tissues resulting in different target genes being
activated on a cell type-specific basis [43].



Figure 3 General protein structures of androgen receptor
(AR) and AR-V7. Full-length AR contains functional domains:
NTD, N terminal domain; DBD, DNA-binding domain; H, hinge
region; LBD, ligand-binding domain. General locations of the
nuclear localization signal (NLS) and nuclear export signal
(NES) are indicated, along with regions of transcriptional
activation function (AF)-1 and AF-2 binding sites. AR-V7 con-
tains the NTD and DBD, but alternative splicing of the gene
truncates the protein leaving only cryptic exon 3 (CE3) at the
C-terminus. Numbers flanking domains indicate the approxi-
mate amino acid at that location.
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2.3. AR function in the adult prostate

In the adult prostate, the AR continues to be critical for
maintenance of the organ. Unlike in the developing pros-
tate, AR in the adult organ is primarily expressed in the
prostatic luminal epithelial cells rather than stromal cells
(Fig. 2). At any age, depletion of testosterone through
surgical or chemical castration causes the prostate to
involute and/or decrease in size due to loss of secretory
luminal epithelial cells. The prostate has incredible self-
renewal potential, since many cycles of involution fol-
lowed by restoration with androgen supplementation
demonstrated that the organ can continuously regenerate
to its original size [44]. This ability reflects cyclic changes in
androgen levels and prostate size that occur in many
seasonally-breeding mammals [45,46]. In vivo modeling
suggests that involution of the prostate, consistent with
development, is a function of loss of androgen action on
stromal rather than on epithelial cells [47,48]. Initial
cellular changes following castration in rodent models are
first seen in the endothelial cells sub-adjacent to the
epithelium, with epithelial apoptosis apparently occurring
as a secondary consequence [49].

Circulating androgens are primarily bound by proteins in
the serum, but only androgens which are “free” of associ-
ation with proteins are presumed to be capable of diffusing
into the cells of target tissues, allowing for a cellular
response to circulating hormones [50]. However, andro-
gens, primarily testosterone or DHT, bound to sex hormone
binding globulin (SHBG) secure increased half-life and allow
serum androgen levels to rise while simultaneously pre-
venting hypertrophy of reproductive organs [51]. Circu-
lating testosterone levels have been demonstrated to
decrease with age while SHBG levels increase with age,
meaning that free testosterone becomes less available
[52,53]. On the other hand, prostatic diseases become
more prevalent with age and both BPH and PCa utilize an-
drogens for their development and progression, indicating
that prostatic cells in these diseased states are still able to
function in the environment of lower circulating
testosterone in aged men [7]. Nonetheless, both androgens
and the AR are required for proper development and
function of the adult prostate and there is an ongoing
research effort to understand the mechanisms involved in
androgen availability, transport, and AR activity in the
prostate.

2.4. Generalized function of AR in prostate diseases

AR plays a role in multiple cellular processes such as dif-
ferentiation, secretory function, metabolism, morphology,
proliferation, and survival. As described above, AR activity
is heavily involved in maintaining prostate function; in one
analysis, researchers found that almost one-half of
androgen-regulated genes are involved in synthesis and
modification of secretory proteins [54]. Ligand occupancy
of AR in luminal epithelial cells was determined to promote
cellular quiescence and induce the completion of differ-
entiation into secretory cells detectable by expression of
PSA, PAcP, and other prostate luminal-secretory differen-
tiation markers [55]. Cunha et al. [23,56] and Kurita et al.
[47] demonstrated that when wild-type urogenital mesen-
chyme (UGM) was recombined with AR-null urogenital
epithelium (UGE), the resulting prostatic tissues lacked
fully differentiated luminal cells expressing secretory pro-
teins. Similarly, selective deletion of luminal AR using tar-
geted Cre recombinase expression resulted in poorly
differentiated and hyper-proliferative epithelial structures
[57]. Proteins involved in apoptosis were also determined to
be regulated by AR activity, namely p53 regulator MDM2,
caspase-2, and c-FLIP [58e60]. Mechanistically, luminal cell
AR signaling induces G0 arrest by inhibiting c-MYC and RB
function, while promoting p21 and p27 expression [61]. AR
is recognized as a growth suppressor for a variety of other
normal human epithelial cell types, such as thyroid and
adrenocortical epithelial cells, where ligand-dependent
endogenous AR signaling suppresses growth [62,63].
Further, Xin et al. [64] demonstrated that expression of AR
suppressed the growth of murine prostate epithelial cells
using an in vivo prostate regeneration system. These ob-
servations demonstrate an important growth suppressive
and pro-differentiation role for AR in the normal prostate,
particularly as it reaches adult steady-state size and
function.

In contrast, studies of AR in PCa have clearly demon-
strated that AR signaling acquires an oncogenic gain-of-
function that drives cancer proliferation and tumor pro-
gression. The vast majority of prostate tumors express AR,
and androgen-deprivation therapy is the predominant
therapeutic strategy to reduce tumor burden and block
cancer progression. Furthermore, AR remains a critical
oncogenic driver in castration-resistant PCa [65,66].
Castration-resistant PCa cells do not undergo apoptosis
when androgens are depleted or androgen antagonists are
used; however, mechanistic studies in cell lines demon-
strated that such cells stop proliferating and activate cell
death if the AR protein level is reduced below a critical
level both in vitro and in vivo [67e70]. Thus, both clinical
and mechanistic studies have documented an oncogenic
dependency of cancer cells to AR signaling and have
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justified continued development of novel anti-androgens
targeting AR.

In BPH, AR function within luminal cells mimics that of
a tumor suppressor, and there is little evidence of AR
converting to a driver of cell proliferation such as in PCa.
Thus, luminal epithelial cells in BPH remain differentiated
and proliferatively quiescent. This supports a model
whereby AR signaling within the prostate epithelium re-
tains its normal adult function in BPH but instead
inflammation and fetal reprogramming disrupt normal
stromal/epithelial paracrine signaling. Such changes to
the prostate microenvironment enable prostate epithelial
cells to exit a steady-state of proliferation/death and
enter into an abnormal growth phase leading to cellular
overexpansion [44].

3. AR expression and function in BPH

3.1. Evidence for a role of the AR in BPH

An association between BPH and testicular hormone pro-
duction has long been suspected, based on observations
that men castrated before 40 years old do not develop BPH.
For example, Russian Skoptzys, who underwent ritual
castration at 35 years old did not develop prostatic
enlargement [71]. In the late 1800’s, elimination of
testicular function by castration was found to induce at-
rophy in the prostates of 87% of men with BPH symptoms
[72]. Finally, study of individuals who became Chinese Im-
perial eunuchs between the ages of 10e26 also indicated
that testosterone is essential for prostatic development
and preservation, since the prostates of these men
remained rectally impalpable in 21/26 men or small
(1e2 cm) in 5/26 men 5 decades later [73].

Some research has been conducted to determine the
levels of testosterone and DHT in men with or without BPH.
Prostatic levels of testosterone seem to be similar in pa-
tients with BPH compared to younger, normal individuals. In
contrast, circulating levels of androgens tend to decrease
as men age and are inversely correlated with a diseased
prostate [52,74,75]. Interestingly, a small study investi-
gating the effects of testosterone replacement therapy in
aging men described elevated serum testosterone levels
but no change in prostatic testosterone/DHT, indicating
that prostatic androgen titers may not be inherently linked
to serum levels [76]. In addition, some evidence suggests
circulating DHT is not significantly altered throughout
aging, supporting the role of SRD5A in peripheral tissues
[74,77]. Serum PSA levels have been determined to corre-
late with prostate size, specifically of the transition zone
[78,79]. This suggests that AR activity is involved in the cell
proliferation observed in BPH.

Clinically, 5a-reductase inhibitors (5-ARIs) have been
used for decades to alleviate LUTS symptoms associated
with BPH. Two widely-used 5-ARIs have been developed to
inhibit conversion of testosterone to DHT: finasteride is
a SRD5A2 specific inhibitor and dutasteride is a dual
SRD5A1/2 inhibitor. In general, patients with larger pros-
tates respond more favorably to finasteride treatment
versus an alternative therapy (a-blocker, discussed below),
suggesting that BPH/LUTS symptoms due to increased
prostate volume can be resolved by inhibition of AR activ-
ity. Furthermore, finasteride treatment decreases surgical
intervention and the risk of urinary retention on account of
its ability to reduce prostate volume [80,81].

The clinical use of 5-ARIs clearly demonstrates a po-
tential role for AR in promoting macroscopic BPH, but
studies in human patients have obvious limitations. For
further analysis of mechanistic contributions of AR toward
the etiology of BPH, most researchers utilize one or more
models of BPH in vitro or in vivo. Of course, in vivo models
are preferred over in vitro models as more accurate rep-
resentations of disease state containing diverse cell types
in a complex microenvironment. Unfortunately, the murine
prostate is composed of four distinct pairs of lobes which
are not closely associated with the urethra, a stark
anatomical difference to the human organ [20]. Nonethe-
less, rodent models remain one of the limited options for
in vivo study of BPH. One notable model that recapitulates
some aspects of the human disease is a testosteroneþes-
trogen steroid hormone implantation protocol, mimicking
the decreased trend in serum testosterone levels along with
stagnant or increasing serum estrogen levels in aging men
[52,82,83]. This model induces expansion of prostatic
ductal tissue within the rhabdosphincter, causing urinary
retention in mice and rats [84,85]. Numerous alternative
BPH models have been studied and have been reviewed
previously [86e88].

3.2. Inflammation in BPH

Increased inflammation is closely associated with the
severity of BPH/LUTS. Data from the Medical Therapy of
Prostatic Symptoms (MTOPS) study show that the risk of
BPH progression and acute urinary retention is greater in
men with prostatic inflammation [81,89]. Inflammation has
also been linked to the development of hyperplasia. In BPH
patients, stromal nodules were found to contain increased
numbers of T and B lymphocytes [90]. Elevated levels of
inflammatory cells were also detected in the interstitium
and surrounding epithelial glands of human BPH tissues
[91]. Chemokines and cytokines acting within and between
the immune/inflammatory infiltrate and the prostatic
epithelium and stroma provide mitogenic signals that can
contribute to prostate growth [92,93]. Type-1 cytokines are
produced by T-helper 1 (Th1) cells while Type-2 cytokines
are those produced by Th2 cells. Type-1 cytokines include
IL-2, IFN-g, IL-12 and TNF-b, while Type-2 cytokines include
IL-4, -5, -6, -10, and -13. Monocytes/macrophages produce
some of the cytokines associated with Type-2 Th cells, such
as IL-6 and IL-10. In response to IFNs, they release proin-
flammatory cytokines such as TNF-a and IL-1, which
interact with Type-1 and -2 cytokines as part of the com-
plex interregulatory cytokine networks [94]. A number of
different immune and inflammatory cell types are
commonly seen in the prostate [95]. B and T cells (notably
CD4þ) as well as macrophages and mast cells are seen
throughout the stromal and glandular tissue. As men age,
the number of T cells increases and can be pronounced in
BPH. Inflammatory cell infiltrates in BPH are mixed, but
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include chronically activated T cells (approximately 70%), B
lymphocytes (approximately 15%), and macrophages
(approximately 15%) [96].

Progression of BPH towards increased LUTS or surgical
intervention is also associated with increases in inflam-
matory infiltrate. In late stage human BPH samples, leu-
kocytes typically make up around 20% of the total cells
and CD11bþ cells on the monocyte/macrophage lineage
are around 50% of the total leukocytes [97,98]. These cells
are candidate players in the development and progression
of BPH/LUTS. Macrophages are functionally diverse,
modulating the adaptive immune response. They are
involved in the induction and resolution of inflammation
and are an important part of the immune/inflammatory
environment seen in BPH [95,99,100]. This diversity re-
quires changes in cellular phenotype notably towards the
classically described M1 (broadly proinflammatory) and M2
(broadly inflammation resolving) phenotypes. As a crude
measure of the M1/M2 ratio in BPH, the ratio of CD68þ
cells (a surrogate for M1 macrophages) and CD163þ cells
(a surrogate for M2 macrophages) changes with time,
more than doubling the proportion of CD68þ cells relative
to the CD163þ cells as BPH progresses to surgery (Aaron-
Brooks and Hayward, unpublished data). This result is
consistent with the plasticity of macrophages, which
modulate phenotype in response to environmental signals
[101].

On a molecular level, inflammatory mediators seem to
be involved in BPH progression toward surgery. Surgical BPH
specimens have significantly elevated AP-1 transcription
factor expression (specifically JUN and c-FOS) in the basal
epithelium and stromal compartments compared to
Figure 4 Summary of alterations in BPH. The normal adult prost
basal levels of NF-kB activity, allowing for steady-state cell death/
prostate with BPH, there is increased collagen deposition and infil
phages, resulting in a chronic inflammatory status within the prostat
been demonstrated to stimulate expression of SRD5A2, AR, and AR-
in the development of hyperplasia in epithelial or stromal cells o
prostatic hyperplasia; SRD5A2, 5a-reductase 2.
incidental BPH samples [102]. Furthermore, canonical NF-
kB signaling is enhanced in both epithelial and stromal
compartments of advanced versus early stage/low symp-
tom BPH samples, providing evidence for enhanced in-
flammatory signaling within the prostate as BPH progresses
[103]. Indeed, chronic inflammation in the MTOPS cohort
increased the risk of BPH progression, but 5-ARI treatment
reduced the risk of progression in patients with chronic
inflammation [89]. These data suggest a link between in-
flammatory signaling and AR activity. Elevated NF-kB ac-
tivity is seen in BPH samples, particularly as disease
progresses, and is associated with expression of the
constitutively active splice variant AR-V7 as well as with
elevation of SRD5A2 expression. Experimentally, NF-kB
activation has been shown to elevate the proliferation rates
of benign epithelial and stromal cell lines in vitro, as well
as upregulate SRD5A2 and stimulate AR and AR-V7 expres-
sion [103,104] (Fig. 4). It is also note-worthy that expres-
sion of NF-kB and AR-V7 in BPH may provide a mechanism
for 5-ARI resistance via stimulation of SRD5A isoform
expression [104].

3.3. The role of AR in BPH etiology: A summary of
mechanisms

Several transcription factors have been determined to in-
fluence AR target gene expression or play a role in the
hyperplastic phenotype in the prostate. Deletion of FOXA1
in the luminal epithelium of adult mice causes basal cell
expansion and progressive hyperplasia within the anterior
prostate [105]. Additionally, NFIB-binding sites have been
ate has low immune cell infiltration, basal AR expression, and
proliferation rates and maintenance of tissue homeostasis. In a
tration of inflammatory mediators, such as T cells and macro-
e. Elevated inflammation results in NF-kB activation, which has
V7. Inflammation, NF-kB activity, or AR could each be involved
bserved in BPH nodules. AR, androgen receptor; BPH, benign
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shown to have significant overlap with AR- and FOXA1-
binding sites, and loss of NFIB induces hyperplasia in a
mouse model. Grabowska et al. [40] also demonstrated that
loss of NFIB is associated with BPH severity in patients. SRY-
related HMG box 2 (SOX2) is another transcription factor
that has been implicated in prostatic diseases, since 26/30
BPH specimens display SOX2þ staining in basal cells while
only 2/24 PCa specimens maintain SOX2 expression [106].
While the exact mechanism of how these transcription
factors contribute to BPH pathogenesis is unknown, it
seems that alterations in expression of these factors in-
fluences AR transcriptional activity and/or hyperplastic
response in the prostate.

While epithelial AR continues to be extensively studied,
it is becoming increasingly clear that stromal AR expression
may have alternate and/or cooperative effects. Clinically,
loss of stromal AR correlates with poor clinical outcome in
PCa patients, perhaps due to diminished extracellular ma-
trix protein expression causing increased metastatic po-
tential [5]. Conversely, stromal AR may also contribute to
carcinogenesis, since its activity is capable of promoting
PCa in early stages [107,108]. Androgen treatment has been
determined to inhibit AR activity in stromal cells, while it is
known to enhance AR activity in epithelial cells [109]. In
fact, investigation of the overlap of AR target genes in
stromal versus epithelial cells using primary embryonic
prostate fibroblasts and PCa cell lines determined very lit-
tle overlap in AR binding sites by ChIPseq [43]. These
studies indicate that the target gene profile of AR is strik-
ingly different in epithelial versus stromal cells, and stro-
mal AR targets are only just beginning to be studied. The
differences in androgen-regulated genes between prostate
epithelial and stromal cells may be due to the distinct
profile of transcription factors in these cell types in relation
to their specific function. For example, even though FOXA1
is the dominant pioneer factor in prostate epithelial cells,
the JUN/AP-1 complex or zinc finger protein, X-linked (ZFX)
primarily associates with AR in prostate fibroblasts [17,43].
Following suit, the profile of androgen regulated genes in
prostate epithelial cells differs from those of seminal
vesicle epithelial cells [105,110]. Stromal AR has also been
implicated in BPH, since AR has been shown to enhance
stromal cell proliferation both in response to macrophage
infiltration and via insulin-like growth factor (IGF)-1
[100,107]. More studies are necessary to fully understand
the role of stromal AR in prostatic diseases.

Surprisingly, it is not completely clear whether or not AR
expression changes throughout BPH progression. In general,
it seems that both epithelial and stromal AR may be
involved in this disease, and perhaps an increase in the
ratio of stromal: Epithelial AR in BPH compared to normal
adult prostate influences disease outcome. In one study, AR
mRNA expression was increased in stromal cells but
decreased in epithelial cells of BPH compared to normal
prostate [111]. Further, transcript levels of AR and ERb
indicated higher ratios of AR:ERb in BPH compared to
normal in primary stromal cells, suggesting elevated AR
activity [111]. In another study, analysis of 26 advanced and
37 early BPH cases identified no significant changes in AR
expression, but did verify decreased PSA expression in pa-
tients taking 5-ARIs compared to those without [102]. Thus,
a subset of patients taking 5-ARIs progressed toward
surgery due to continued enlargement of their prostate,
even though the drugs were apparently functionally suc-
cessful. This has been supported by development of pros-
tatic hyperplasia in the non-obese diabetic (NOD) mouse
model, where focal growth persists in diabetic animals even
though these animals demonstrate testicular atrophy [112].

The implications of altered AR expression throughout
the progression of BPH are still being investigated, but
several studies suggest a role for AR in localized inflam-
mation. In the NOD mouse model, both diabetic and non-
diabetic NOD mice had an association between local
inflammation and increased severity of prostatic hyper-
plasia [112]. In other studies using a mouse model with a
conditional AR knockout in luminal epithelial cells (K8-
CreERT2; Arfl/Y), Zhang et al. [113] demonstrated that loss
of AR signaling in luminal cells increases epithelial prolif-
eration by enhancing local inflammation in an IL-1-
dependent manner. Stromal AR has also been shown to be
involved in the inflammatory process. Stromal AR expres-
sion induces proliferation and macrophage recruitment in a
CCL3-dependent mechanism [100]. In this case, preferen-
tial BPH pathogenesis in the transition zone of the prostate
may be explained by increased AR expression in transition
zone fibroblasts compared to peripheral zone fibroblasts
[114].

In summary, it is evident that alterations in AR expres-
sion/signaling seem to be involved in the etiology of BPH,
although many questions remain. Is BPH truly caused by a
“reawakening” of the prostate stroma with elevated AR
expression, can BPH be initiated by the perturbation of AR
signaling in luminal cells, or is BPH the consequence of
altered paracrine signaling interactions within the prostate?
Even though much evidence suggests a positive association
between AR activity and BPH progression, mechanistic
studies demonstrate an alternative hypothesis: Inhibition of
AR activity, increased inflammation, and NF-kB activation
within the prostate aid in the enhanced cell proliferation
observed in BPH (Fig. 4). While this seems counter-intuitive
when considering the clinical data, it is likely that prostatic
inflammation contributes to BPH progression in ways that
are not yet understood.
4. Alternate treatment strategies for BPH

As discussed above, 5-ARIs are one of the primary treat-
ment strategies for patients with BPH. By inhibiting SRD5A
activity, finasteride and dutasteride aim to reduce prostate
size causing alleviation of BPH symptoms within about 3
months of initiation of therapy [80]. An alternate medical
approach is also used as a primary treatment option for
BPH. Alpha-adrenergic receptor antagonists (a-blockers)
bind to the a1-adrenergic receptors causing smooth muscle
relaxation in the prostate and bladder neck [81]. Doxazosin
or terazosin, a-blockers used clinically, have been used
both individually and in combination with 5-ARIs for treat-
ment of BPH. The MTOPS study determined that combina-
tion therapy could reduce the incidence of progression but
not decrease the risk of invasive therapy or acute urinary
retention over finasteride alone in men with BPH [81].
Unfortunately, many patients either fail to respond or
become resistant to current medical approaches over time,
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resulting in progression to surgical intervention [81]. As a
result, both understanding treatment failure and devel-
oping new medical therapies appropriately targeted to
specific patient groups are necessary to move toward pre-
cision medicine for BPH.

5. Conclusion

AR activity is necessary for prostate development and
linked to development and progression of prostatic dis-
eases, including BPH. Treatment of BPH patients with 5-
ARIs to reduce AR activity remains one of the primary ap-
proaches to attempt to alleviate clinical symptoms and
LUTS, but not all patients respond to 5-ARIs. The data dis-
cussed in this review support a role for AR activation in the
development of BPH, but the mechanism(s) involved are
unclear. There is some evidence using BPH models which
indicate elevated AR or AR-V7 expression in BPH compared
to normal tissue, but other studies suggest BPH tissues
harbor a loss of AR activity in luminal epithelial cells or a
decreased epithelial: Stromal ratio of AR expression/ac-
tivity. In any case, it is likely that inflammation is involved
in progression of BPH toward surgery. While the role or
consequence of elevated inflammation in BPH initiation and
progression is not entirely understood, the induction of
inflammation in BPH could be related to luminal AR
expression/activity. Also, inflammatory signaling (NF-kB) is
linked to both AR expression and proliferation of epithelial
and stromal cells. Both AR and inflammation are involved in
BPH progression but the complex mechanistic interactions
have yet to be elucidated.
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