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A B S T R A C T

Benign prostatic hyperplasia (BPH) is an aging-related and progressive disease linked to an up-regulation of α1-
adrenoceptors. The participation of EGF receptors (EGFR) in the GPCRs’ signalosome has been described but so
far data about the contribution of these receptors to prostatic stromal hyperplasia are scanty. We isolated and
cultured vimentin-positive prostate stromal cells obtained from BPH patients. According to intracellular Ca2+

measurements, cell proliferation and Western blotting assays, these cultured hyperplastic stromal cells express
functional α1-adrenoceptors and EGFR, and proliferate in response to the α1-adrenoceptor agonist pheny-
lephrine. Interestingly, in these cells the inhibition of EGFR signaling with GM6001, CRM197, AG1478 or
PD98059 was associated with full blockage of α1-adrenoceptor-mediated cell proliferation, while cell treatment
with each inhibitor alone did not alter basal cell growth. Moreover, the co-incubation of AG1478 (EGFR in-
hibitor) with α1A/α1D-adrenoceptor antagonists showed no additive inhibitory effect. These findings highlight a
putative role of EGFR signaling to α1-adrenoceptor-mediated human prostate hyperplasia, suggesting that the
inhibition of this transactivation cascade could be useful to reduce BPH progression.

1. Introduction

Benign prostatic hyperplasia (BPH) is a progressive condition that
affects aging men. The epithelial and stromal hyperplasia occurs in the
periurethral prostatic transition zone favoring the occurrence of the
lower urinary tract symptoms suggestive of BPH (LUTS/BPH). Prostate
enlargement and the enhanced prostatic smooth muscle contraction are
responsible for the static and dynamic components of BPH, respec-
tively, and both components reduce bladder outflow favoring urinary
retention [1–3].

The α1-adrenoceptor belongs to the G protein-coupled receptors
(GPCRs) family being composed by three receptor subtypes known as
α1A-, α1B- and α1D-adrenoceptors [4]. The adult human prostate ex-
presses mainly α1A-adrenoceptors particularly in the stroma, and its
expression is increased during BPH [5–9]. Therefore, it is well accepted
that the mechanism underlying the BPH-related raise of smooth muscle
contraction involves mainly the increased prostate expression of α1A-
adrenoceptors [5,6]. On the other hand, α1D-adrenoceptors have been

implicated in prostatic cell proliferation [6,10,11] and their mRNA
expression is also up regulated in BPH patients [5,6]. α1A-adrenoceptor
blockers such as tamsulosin and silodosin are the first line drugs to treat
low to moderate LUTS/BPH favoring bladder emptying, but they do not
modify prostatic enlargement progression or the risk of BPH compli-
cations [12].

The etiology of prostate enlargement is complex with some evidence
pointing to the involvement of metabolic and endocrine disorders, in-
cluding roles of peptide growth factors, such as the epidermal growth
factor (EGF) [2,13,14].

Two large families of membrane receptors, namely GPCRs and re-
ceptor tyrosine kinases, regulate cell proliferation among other cell
functions. G protein-coupled receptors’ signaling involves canonical
and non-canonical pathways. In the case of α1-adrenoceptor, the ca-
nonical pathway mediated by G protein involves the activation of
phospholipase Cβ and the increase of intracellular Ca2+ [4]. On the
other hand, the non-canonical receptor signaling activates other in-
tracellular pathways including growth factor receptors signaling in a
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process known as transactivation [15–17].
The participation of EGF receptors in the GPCRs’ signalosome is

essential for physiological and disease-related conditions such as mi-
togenesis, inflammation, and muscle contraction [17–23]. Moreover,
the pioneer work of Oganesian and colleagues [23] showed that the
constitutive activity of naturally occurring variant of α1A-adrenoceptor
transfected to Rat-1 fibroblasts lead to cell proliferation. EGF receptors
belong to the ErbB/HER protein family and are expressed in normal
human prostate mainly in the epithelial cells [24,25]. However, the
expression of these receptors in prostate from BPH patients expands to
stromal cells [25], where α1-adrenoceptors are mainly expressed, with
EGF inducing stromal cell proliferation [26,27]. Besides, the avail-
ability of EGF receptor ligand depends on matrix metalloproteinases
activity, which in turn may be activated by GPCR [15,24].

Previously we characterized two N-phenylpiperazine derivatives
named LDT3 and LDT5 as new α1A/α1D-adrenoceptor antagonists, and
we showed that the α1D-adrenoceptor antagonist BMY7378 as well as
LDT3 and LDT5 inhibit human prostatic cell proliferation in vitro
[28,29], while another α1D-adrenoceptor antagonist, naftopidil, in-
hibits cell proliferation in vivo [30]. Therefore, we explored the possible
role of α1-adrenoceptor-mediated transactivation of EGF receptor
leading to mitogenesis of stromal cells from BPH patients. Our results
indicate that EGF receptor transactivation is involved in the α1-adre-
noceptor-mediated proliferation of human hyperplastic prostatic cells
providing insight into the understanding of BPH physiopathology, and
suggesting that this transactivation cascade could be a target to reduce
BPH progression.

2. Material and methods

2.1. Cell culture maintenance

Prostate tissue samples were collected from three patients with
LUTS/BPH during transurethral resection and immediately placed in
ice-cold Dulbecco's modified Eagle's medium (DMEM) and transported
to the Laboratory. The inclusion criteria of the patients were IPSS
greater than 8 points, 50–70 years of age and PSA less than 2.5 ng/mL.
Exclusion criteria were: previous prostatic surgery, prostate cancer, use
of drugs that interfere with the function of adrenoceptors such as an-
tagonists, anti-androgens and antidepressants, herbal extract, bladder
catheter or neurogenic bladder. This study was approved by the ethics
committee of the Federal University of Rio de Janeiro (UFRJ; CAAE-
0029.0.197.000–05; 2009) and all experiments were performed in ac-
cordance with relevant guidelines and regulations. Informed written
consent was signed by all donors. Briefly, prostate tissue was washed in
phosphate buffer solution (PBS) before minced. The prostate fragments
(1 mm3) were added to DMEM supplemented with 10% heat-in-
activated fetal bovine serum containing 1mg/mL type I collagenase.
Tissue specimens were dissociated by magnetic bar constant stirring for
2–4 h at 37 °C. The recovered cells were seeded in 25mm3

flasks cul-
tured in DMEM supplemented with 10% heat-inactivated fetal bovine
serum, 1% sodium pyruvate and 1% penicillin/streptomycin (100 IU/
mL and 0.1mg/mL, respectively), and fungizone (25 μg/mL) at 37 °C
and 5% CO2. Cells were observed at phase contrast microscopy (x250)
to analyze morphology and confluence. At sub-confluence

(approximately 90% confluence), cells were harvested using 0.05%
trypsin/EDTA, and plated. A homogeneous stromal cell culture was
obtained after six passages. The subsequent steps were the sub-culture
of the cells and storage at −70 °C until use. Cells were used at 9th - 11th

passage since the initial cell harvesting [31].
Rat-1 fibroblasts stably expressing human α1A- or α1D-adrenocep-

tors were cultured in DMEM supplemented with 10% fetal bovine
serum, 300 μg/mL neomycin analogue G418 sulfate, 1% penicillin/
streptomycin (100 IU/mL and 0.1 mg/mL, respectively; 37 °C, 5% CO2)
until confluence. The receptor density of α1-adrenoceptors estimated
with [3H]-prazosin is in the range of 1.0–1.5 pmol/mg of protein [28].

2.2. Immunofluorescence assay

To analyze BPH cell morphology we used an anti-human cytokeratin
(CK) monoclonal antibody (Dako) and anti-vimentin (Vim) monoclonal
antibody (Sigma) as primary antibodies. For this procedure,
2× 104 cells (11th passage) were plated and incubated for four days.
Following, the culture medium was removed and cells were fixed with
absolute cold ethanol for 20min at room temperature, and then washed
three times with PBS. The nonspecific binding was blocked with PBS/
BSA 5% and then primary antibodies were added to the cultures and
incubated for 2 h at room temperature. After that, cells were washed
with PBS and incubated for an additional 2 h with goat anti-mouse
Alexa 546 secondary antibody (Invitrogen). Cell nuclei were counter-
stained with DAPI (Santa Cruz Biotechnology). Finally, cells were wa-
shed in distilled water and mounted on histological slides with N-pro-
pylgallate (Sigma). Negative control conditions were performed by
omitting the primary antibodies. No reactivity was observed when the
primary antibody was absent. Images were captured using an inverted
microscopy (Olympus IX81) and a Hamamatsu ORCA-R2 digital CCD
camera using a 40× objective.

2.3. Intracellular [Ca2+] measurement

In order to verify if primary stromal cell cultures from BPH patients
express functional α1-adrenoceptors we used a fluorimetric assay to
measure the intracellular Ca2+ concentration ([Ca2+]i), a robust
marker of the canonical Gq signaling. Cells were serum-starved over-
night. In the next day, cells were washed with PBS and loaded with
2.5 μM fura-2/AM in the dark for 60min at 37 °C in Krebs-Ringer-
HEPES solution containing (mM) NaCl 120, KH2PO4 1.2, MgSO4 1.2,
KCl 4.75, glucose 10, CaCl2 1.2, HEPES 20, and 0.05% bovine serum
albumin (pH 7.4). Thereafter, the cells were washed to remove the
unincorporated dye, detached by gentle trypsinization, centrifuged
(200×g, 7 min, 4 °C), and incubated (106 cells/condition) for 100 s
(baseline) and then stimulated with 10 μM noradrenaline (NA) or
100 μM phenylephrine (Phe). The antagonists (BMY7378, 50 nM;
WB4101, 50 nM or tamsulosin, 5 nM) were pre-incubated for 100 s
before addition of the agonists, and their concentrations were pre-
viously defined based on their affinities [28]. Fluorescence measure-
ments were performed at 340 and 380 nm excitation wavelengths and
510 nm emission wavelength, with a chopper interval set at 0.5 s, using
an Aminco-Bowman Series 2 luminescence spectrometer (Rochester,
NY). Peak fluorescence values were used for data analysis, and the

Abbreviations

AG AG1478
BPH benign prostatic hyperplasia
CK cytokeratin
EGF epidermal growth factor
EGFR epidermal growth factor receptor
GM GM6001

GPCR G protein-coupled receptor
HB-EGF pro-ligand heparin-binding epidermal growth factor
LUTS lower urinary tract symptoms
NA noradrenaline
Phe phenylephrine
Vim vimentin
5-HT serotonin

J.B. Nascimento-Viana, et al. Life Sciences 239 (2019) 117048

2



intracellular Ca2+ concentration ([Ca2+]i) was calculated, as described
by Grynkiewicz et al. [32].

2.4. Cell growth assays

Briefly, cells (3× 103 cells/well) were plated in 96-well plates in
serum-free DMEM for 24 h. Sub-confluent cells were kept in DMEM
(basal) or stimulated with 3 μM phenylephrine (Phe) for 48 h in the
absence or presence of GM6001 (10 μM; metalloproteinase inhibitor),
CRM197 (200 ng/mL; HB-EGF inhibitor), AG1478 (5 μM; selective
EGFR tyrosine kinase inhibitor) or the MEK inhibitor PD98059 (1 μM)
added 30min before addition of the agonist. EGF 100 ng/mL (48 h) was
used as positive control. All concentrations were chosen based on their
affinities for the targets and previously reported in the literature
[19,22]. Alternatively, cells were also treated with 3 μM phenylephrine
for 48 h in the absence or presence of LDT3 or LDT5 (50 nM) alone, or
in combination with AG1478 (5 μM), added 30min before. The medium
was changed every 24 h with fresh dilutions of drugs. Cell growth was
evaluated by counting of viable cells using Trypan blue as an exclusion
dye or by the 3-(4,5-dimethythiazol-2-yl)-2,5-diphenyl tetrazolium
bromide (MTT) assay [28]. Otherwise indicated, each assay was per-
formed in quadruplicate to calculate the mean value of one experiment.
Data were expressed as the percentage of the basal condition which was
considered as 100%.

2.5. Western blot assays

BPH cells (1× 106) seeded on 6-well plate were incubated with
100 μM phenylephrine (Phe) or 10 μM noradrenaline (NA; in the pre-
sence of 1 μM propranolol added 2min before) for 2, 5, 15, and 30min
in serum free medium. After treatment, cells were lysed with 200 μL of
RIPA buffer (150mM NaCl, 1 mM EGTA, 10% glycerol, 1% Triton X-
100, 0.1% SDS, 1.5mM MgCl2, 10mM sodium pyrophosphate, 1 mM
sodium orthovanadate, 100mM NaF, 10mg/mL aprotinin, 10mg/mL
leupeptin, and 50mM Tris-HCl, pH 7.4) under agitation, centrifuged at
13,000×g for 5min (4 °C) and the supernatants were used for evalua-
tion of activation (phosphorylation) of extracellular signal-regulated

kinases 1 and 2 (ERK 1/2). Protein content was determined according
to the method of Lowry et al. Twenty μg of proteins were boiled for
5min and resolved using 10% SDS/PAGE. After electrophoresis, pro-
teins were transferred to nitrocellulose membranes and incubated for
1 h with Tris buffered saline (TBS) containing 0.1% Tween-20 (TBS-T)
and 5% non-fat milk. Then, membranes were washed 3 times in TBS-T
and incubated overnight with the primary monoclonal antibodies
phospho-p44/p42 MAPK (p-ERK 1/2 Thr202/Tyr204, #9101; 1:1000),
or p44/p42 MAPK Total (ERK 1/2, #4695; 1:1000) diluted in TBS-T
with 5% non-fat milk at 4 °C with gentle shaking. The peroxidase-
conjugated anti-rabbit IgG secondary antibody (#7074; 1:10000) was
diluted in cold TBS-T and incubated for 1 h. Membranes were washed in
TBS-T and detection of immunoreactivity was performed by enhanced
chemiluminescence (ECL, Westar Cyanagen). Protein blot images were
scanned and the optical density was obtained using ImageJ software
(NIH, USA). The relative expression of p-ERK was normalized in rela-
tion to total ERK (also used as loading control).

2.6. Human androgen receptor binding assay

Filtration based radioligand binding assays for human prostate an-
drogen receptors (LNCap cells; catalogue number 0933) using 1 nM
[3H]-methyltrienolone (4 °C, 24 h) were performed by Eurofins Cerep
SA, France (Study 100018032). Mibolerone (1 μM) was used as positive
control and showed an IC50 value of 1.9 nM. LDT3 and LDT5 were
tested at the final concentration of 1 μM and the results were expressed
as the percentage of the specific binding of [3H]-methyltrienolone
(considered as 100%).

2.7. Reagents and antibodies

LDT3 and LDT5 were synthesized as previously described [28]. The
following reagents were acquired from the sources indicated between
parenthesis: (R)-(−)-phenylephrine hydrochloride, (± )-propranolol
hydrochloride, (−)-noradrenaline, fungizone, EGF, CRM197 and re-
agents for RIPA buffer (Sigma Aldrich, USA). Fura 2/AM (Molecular
Probes, USA). Dulbecco's modified Eagle's medium (DMEM), fetal

Fig. 1. BPH cells are positive for vimentin and negative for cytokeratin staining. Cells were incubated with anti-human primary monoclonal antibodies against
cytokeratin (upper panels, CK) or vimentin (lower panels, Vim, red). In all immunostaining-negative controls, reactions were performed by omitting the primary
antibody. No reactivity was observed when the primary antibody was absent. Blue staining=DAPI. Bars= 150 μm, objective 40×. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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bovine serum (South America), trypsin, penicillin (10000 IU/mL)/
streptomycin (10mg/mL), PD98059 and other reagents for cell culture
(Life Technologies, USA). AG1478 (Calbiochem, USA). GM6001 (Merck
Millipore, USA). Rabbit monoclonal primary antibodies against extra-
cellular signal-regulated kinases (ERK) 1/2 (#4695), and phospho-ERK
1/2 (#9101) (Cell Signaling, USA). Monoclonal anti-human cytokeratin
antibody (#0821, Dako, USA). Monoclonal anti-human vimentin anti-
body (#V2258, Sigma Aldrich, USA). Anti-rabbit IgG secondary anti-
body (#7074, Cell Signaling, USA) and anti-mouse Alexa 546 secondary
antibody (#A11003, Invitrogen, USA).

2.8. Statistical analysis

Otherwise indicated, data are expressed as mean and S.E.M. of 3–5
independent experiments. Independent experiments were performed
using different primary cell cultures. The significance of the differences
among two or more conditions was determined by two-tailed Student's
t-test or one-way analysis of variance (one way ANOVA), respectively.
ANOVA was followed by Dunnett's multiple comparisons test using the
software GraphPad Prism 6.0 (Graphpad, La Jolla, CA, USA).
Differences were considered statistically significant if P < 0.05.

3. Results

3.1. BPH stromal cells express functional α1-adrenoceptors

The cultured hyperplastic cells are positive for vimentin and nega-
tive for cytokeratin staining which is a signature of stromal cells
(Fig. 1). The canonical α1-adrenoceptor signaling is linked to the in-
crease of intracellular Ca2+ concentration [Ca2+]i. As shown in Fig. 2,
the stimulation of BPH cells expressing native α1-adrenoceptors with
either 100 μM phenylephrine or 10 μM noradrenaline induced similar
increments of [Ca2+]i in relation to basal, which indicates that the
receptors are functional. We chose the selective agonist of α1-adreno-
ceptor phenylephrine to perform the subsequent experiments.

The agonist specificity for α1-adrenoceptor was confirmed by
measuring the intracellular Ca2+ concentration in Rat-1 fibroblasts
stably expressing α1A- or α1D-adrenoceptors subtypes, the two adreno-
ceptor subtypes relevant for BPH. Cell pre-incubation with the an-
tagonists WB 4101 (50 nM; α1A-adrenoceptor antagonist) and tamsu-
losin (5 nM, α1A/1D-adrenoceptor antagonist), but not with BMY7378
(50 nM, α1D-adrenoceptor antagonist), blocked the effect of 100 μM
phenylephrine in cells expressing α1A-adrenoceptors, while BMY7378
(50 nM) blocked the agonist effect only in cells expressing α1D-adre-
noceptors (Fig. 3A and B).

3.2. The EGF receptor modulates the α1-adrenoceptor-mediated BPH cell
growth

The presence of EGF receptors in the stromal cells was evaluated by
cell proliferation. Cells were stimulated with EGF (100 ng/mL) in the
absence and presence of an antagonist. As shown in Fig. 4A, the EGF-
induced BPH cell proliferation was blocked by the EGF receptor tyr-
osine kinase inhibitor (AG1478, 5 μM). AG1478 per se did not alter
basal cell growth discarding a putative cytotoxicity. Interestingly,
phenylephrine (3 μM) increased BPH cell proliferation similarly to EGF.
Then, in order to evaluate a possible dependence on the EGF receptor
for the α1-adrenoceptor-mediated BPH cell proliferation, we in-
vestigated if the blockage of downstream EGF receptor signaling could
alter phenylephrine-mediated cell growth.

GM6001 (10 μM) is a pan inhibitor of the matrix metalloproteinases
involved in pro-ligand heparin-binding epidermal growth factor (HB-
EGF) cleavage, and consequently EGF receptor signaling [23]. GM6001
treatment did not alter the basal cell proliferation but prevented cell
proliferation induced by phenylephrine (Fig. 4B), and the specific in-
hibitor of human HB-EGF, CRM197 (200 ng/mL) [18], had the same

effect. The selective EGF receptor tyrosine kinase inhibitor AG1478
(5 μM) also prevented completely the effect of phenylephrine, without
altering the basal cell proliferation. Cells were treated with the MEK
inhibitor PD98059 (1 μM) which also inhibited cell proliferation in
response to phenylephrine (Fig. 4B). Similar qualitative results were
obtained using the MTT assay (Fig. 4C). Moreover AG1478, GM6001
and PD98059 blunted the EGF-mediated cell growth (Fig. 4D). None of
the inhibitors per se inhibited cell growth. Altogether, the inhibition of
sequential steps of EGF receptor signaling impaired the proliferative
effect of the α1-adrenoceptor agonist phenylephrine.

3.3. α1-adrenoceptor agonists induce ERK phosphorylation in BPH cells

Since BPH cell proliferation induced by activation of α1-adreno-
ceptor was prevented by the inhibition of EGF receptor signaling, which
usually involves activation of the mitogen-activated protein kinase
pathway, we then evaluated the impact of phenylephrine on ERK 1/2
activation by quantifying the ratio of phospho-ERK (p-ERK) to total
ERK protein. Due to BPH cell limitation, we used only one concentra-
tion of phenylephrine (100 μM) which has been used elsewhere to ac-
tivate ERK 1/2 pathway [33,34]. Moreover, previous data obtained
from different cell systems showed that this concentration usually in-
duces the maximal effect of the agonist [33,34].

Phenylephrine stimulated ERK 1/2 activity in stromal BPH cells in a
time-dependent manner, and its effect peaked after 15min. A similar
stimulatory effect was also observed with the α1-adrenoceptor agonist
noradrenaline (10 μM, in the presence of propranolol 1 μM). In these
experiments, EGF (100 ng/mL, 5min stimulation) was used as a posi-
tive control and it stimulated ERK 1/2 activation (Fig. 5A–C). In iso-
metric contraction assays, 100 μM phenylephrine added in the plateau
of the contraction induced by 1 μM 5-HT, and in the presence of 1 μM
prazosin, failed to relax rat aorta therefore discarding a putative β-
adrenergic effect (data not shown). Previously we showed that the se-
lective α1D-adrenoceptor antagonist BMY7378, as well as the α1A-/α1D-
adrenoceptor antagonists LDT3 and LDT5, inhibited human hyper-
plastic prostate stromal cell growth mediated by phenylephrine [28].
Current data showed that AG1478 (5 μM) inhibited the proliferative
effect of phenylephrine, and the association with the α1A/α1D-adreno-
ceptor antagonists LDT3 or LDT5 (50 nM) resulted in similar inhibition
suggesting that in this model the EGF receptor pathway is necessary for
α1-adrenoceptor-mediated BPH cell proliferation (Fig. 6). Of note, this
inhibitory effect of LDT3 or LDT5 (50 nM) did not involve the inhibition
of prostate androgen receptors (AR) since even at a much higher

Fig. 2. Phenylephrine and noradrenaline increase intracellular Ca2+ con-
centration ([Ca2+]i) in hyperplastic prostatic stromal cells obtained from BPH
patients. Cells were loaded with 2.5 μM fura-2 AM for 60 min before stimula-
tion with the agonists (10 μM NA, 100 μM Phe). Data were expressed as mean
and S.E.M. (n = 7–10 replicates from 3 individual experiments). ***P = 0.007
vs. basal (two-tailed Student's t-test). Phe=phenylephrine;
NA=noradrenaline.
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concentration (1 μM) they did not inhibit the specific binding of the AR
agonist (LDT3: 6.9 ± 4.9%, n=2; LDT5: 17.7 ± 8.1%, n= 2).

4. Discussion

BPH is an aging-related disease linked to an imbalance between
prostate cell proliferation and apoptosis, favoring hyperplastic stromal
cell growth [35]. Mounting evidence points to the importance of GPCRs
for cell proliferation in pathological conditions [17,22,23]. Here we

showed that the α1-adrenoceptor-mediated proliferation of human hy-
perplastic prostatic stromal cells is fully inhibited by EGF receptor and
MEK inhibitors suggesting the transactivation of the EGF receptors by
α1-adrenoceptors as an important event for BPH cell proliferation. To
the best of our knowledge this is the first report about the stromal α1-
adrenoceptor-EGF receptor signaling in BPH.

The prostatic stroma makes up a large percentage of prostate vo-
lume during BPH, and the use of human stromal cells is considered
valuable for BPH studies [35,36]. However, the isolation of stromal

Fig. 3. The increase of intracellular Ca2+ con-
centration ([Ca2+]i) in Rat-1 cells transfected with
human α1A- or α1D-adrenoceptors induced by phe-
nylephrine is inhibited by selective antagonists
added 100 s before. Cells were loaded with 2.5 μM
fura-2 AM for 60min before stimulation with phe-
nylephrine (100 μM Phe). WB 4101 (50 nM): α1A-
adrenoceptor antagonist; tamsulosin (5 nM): α1A/D-
adrenoceptor antagonist; BMY7378 (50 nM): α1D-
adrenoceptor antagonist. Data represent the differ-
ence (Δ) between the basal and agonist-induced
increase of fluorescence, and were expressed as
mean and S.E.M. (n = 6–8 replicates from 3 in-
dividual experiments). ***P < 0.001 vs. Phe (A,
one way ANOVA followed by Dunnett's multiple
comparisons test; B, two-tailed Student's t-test).

Fig. 4. The BPH cell proliferative effect of phenylephrine depends on the activation of EGF receptors. A) Hyperplastic stromal cells in culture were treated with 3 μM
phenylephrine (Phe) or 100 ng/mL EGF for 48 h in the absence (control, white bar) or presence of the EGF receptor tyrosine kinase inhibitor AG1478 5 μM
***P < 0.001 Phe and EGF vs. control; AG1478 and EGF + AG vs. EGF (one way ANOVA followed by Dunnett's multiple comparisons test).
B and C) Hyperplastic stromal cells were treated with 3 μM phenylephrine (black bar) for 48 h in the absence (control, white bar) or presence of the following
inhibitors of EGF receptor signaling: GM= GM6001 10 μM; CRM= CRM197 200 ng/mL; AG = AG1478 5 μM; PD= PD98059 1 μM. Cell proliferation was accessed
by cell counting using Trypan Blue exclusion dye (B) and MTT assays (C). D. The EGF-mediated cell growth (100 ng/mL) is fully inhibited by AG1478, GM6001 and
PD98059. The inhibitors alone did not alter basal cell proliferation (P > 0.05). Data were expressed as mean and S.E.M. of 3 experiments (performed in duplicate
(A) or quadruplicate (B)), or 4 experiments performed in quadruplicate (C, D). B and C: **P < 0.01 and ***P < 0.001 vs. Phe; D: *P < 0.05 and ***P < 0.001 vs.
control or EGF (one way ANOVA followed by Dunnett's multiple comparisons test).
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cells from human prostate yields a small quantity of material. The cell
immortalization frequently causes the loss of cell characteristics,
making the screening of immortalized cell clones for lines that keep the
phenotypic characteristics needed. For instance, immortalized human
prostate stromal cells show an increased expression of α1B-adrenocep-
tors which is not observed in human prostate or primary cultured cells
[37]. Therefore we used primary cell culture obtained from BPH pa-
tients (i.e., non-transformed cells). In our model, cultured cells stained
positively for vimentin, and negatively for the epithelial cell marker
cytokeratin, indicating the predominance of stromal cells.

The proposed ratio of α1A:α1B:α1D-adrenoceptors mRNA in normal
human prostate is approximately 63:6:31%, respectively [6]. In support
to these data real time RT-PCR assays corroborate the predominance of
α1A- and α1D-adrenoceptors mRNA [5]. Moreover, an increased ex-
pression of α1A- and α1D-adrenoceptors mRNA has been reported in
BPH, and the α1D-adrenoceptor mRNA has a more pronounced in-
creased expression (as high as three times) [5,6]. Therefore these up-
regulated receptors are supposed to participate in the pathophysiology
of BPH. However, most, if not all, commercially available antibodies
against each subtype of α1-adrenoceptor lacks selectivity, which limits
the quantification of the protein at cellular level [38], and the identi-
fication of functional α1-adrenoceptor subtypes relies on the use of

selective drugs.
Our data showed that BPH stromal cells express functional α1-

adrenoceptors since phenylephrine, a selective α1-adrenoceptor ago-
nist, activated the canonical signaling pathway involving the increase
of [Ca2+]I. Similar data were obtained using the endogenous non-
selective adrenoceptor agonist noradrenaline, when tested in the pre-
sence of propranolol for blocking its β–adrenoceptor effects. Moreover,
functional data suggest that α1D-adrenoceptor is involved in the BPH
cell proliferative effect of phenylephrine since BMY7378, a selective
α1D-adrenoceptor antagonist, blocked the agonist effect [28].

EGF receptor is a membrane-bound glycoprotein expressed in
normal and hyperplastic human prostate [39,40] including stromal
cells [27,35, and present data]. One of the proposed mechanisms
leading to EGF receptor transactivation by GPCR includes the action of
metalloproteinases promoting the shedding of members of EGF family
such as HB-EGF, and consequently the binding to its cognate receptor
[15,18,20]. As a consequence, metalloproteinase inhibition is reported
as a strategy to interrupt EGF receptor transactivation. Here we showed
that inhibition of metalloproteinase prevented BPH cell growth medi-
ated by phenylephrine, which could suggest that the activation of α1-
adrenoceptor induces EGF receptor transactivation. In support of these
data it was previously shown in rat lacrimal gland epithelial cells that
α1D-adrenoceptor mediates the shedding of EGF and EGF receptor ac-
tivation [41].

In our model EGF induced stromal cell proliferation. As shown by
Duque and colleagues [27], both HB-EGF and EGF (100 ng/mL) induce
a similar mitogenic effect upon human prostate stromal cell suggesting
a role of these agonists in BPH. Moreover, stromal cells express HB-EGF
mRNA and the HB-EGF inhibitor CRM197 inhibits in a concentration-
dependent manner the stromal cell growth [27].

There is evidence that a naturally occurring human α1A-adreno-
ceptor genetic variant is constitutively coupled to EGFR transactivation
[23]. In support of our hypothesis that α1-adrenoceptors might induce
transactivation of EGF receptor in BPH cells, the HB-EGF inhibitor
CRM197, as well as the EGF tyrosine kinase receptor inhibitor AG1478,
prevented hyperplastic cell growth induced by phenylephrine. Of note,
the concentration of AG1478 used (5 μM) fully inhibited the

Fig. 5. Time-dependent activation of ERK 1/2 by phenylephrine and nora-
drenaline in hyperplastic stromal cells obtained from BPH patients (full-length
representative blots). Cells were treated with 100 μM phenylephrine (Phe; A),
10 μM noradrenaline (NA) in the presence of 1 μM propranolol (B), for the in-
dicated times or 100 ng/mL EGF (5min, A-C). C. Densitometric analysis. Data
were expressed as mean of 2 individual experiments.

Fig. 6. The BPH cell proliferative effect of phenylephrine is completely in-
hibited by α1-adrenoceptor antagonists (LDT3 and LDT5) or AG1478, an EGF
receptor tyrosine kinase inhibitor, alone or in association. The co-incubation of
AG1478 (5 μM) with the α1-adrenoceptor antagonists did not potentiate the
inhibitory effect of LDT3 and LDT5. Phe = phenylephrine. Data were expressed
as mean and S.E.M. of 2 individual experiments performed in triplicate.
***P < 0.001 all conditions vs. Phe (one way ANOVA followed by Dunnett's
multiple comparisons test).

J.B. Nascimento-Viana, et al. Life Sciences 239 (2019) 117048

6



phenylephrine- and the EGF-induced cell proliferation. As ERK 1/2
activation is important for cell proliferation, and it may be activated by
EGF receptor signaling, we investigated the effect of the MEK inhibitor
PD98059, which also inhibited the proliferative effect of pheny-
lephrine. Accordingly, in Western blotting assays, besides EGF (positive
control), phenylephrine (and noradrenaline) also stimulated ERK 1/2
phosphorylation corroborating functional data. Therefore, our results
suggest that α1-adrenoceptors (most probably α1D-subtype) transacti-
vate EGF receptors in stromal cells from BPH patients leading to cell
proliferation. However, present data do not rule out that the canonical
signaling of α1-adrenoceptor (i.e., Gq canonical signaling) could also
activate ERK pathway. On the other hand, as the inhibition of EGF
receptor signaling did not reduce cell proliferation in the absence of
phenylephrine, we could suggest that α1-adrenoceptor-mediated EGF
receptor transactivation is mainly agonist-dependent, rather than con-
stitutively active as previously shown in cardiomyoblasts [42].

Different sets of evidence obtained by others indicate that transac-
tivation of EGF receptors is involved in α1-adrenoceptor signaling. For
instance, it has been shown that α1D-adrenoceptor activation induces
the shedding of biologically active EGF and subsequent EGF receptor
transactivation, and an EGF neutralizing antibody reduces pheny-
lephrine-induced ERK activation in rat lacrimal gland [41]. Moreover,
α1-adrenoceptor activation induces ERK 1/2 activity in rat aorta myo-
cytes (mainly α1D-adrenoceptor type) [19], and in human epithelial
prostatic cells where ERK 1/2 activity was related to cell volume reg-
ulation [43]. In good accordance with our data, the metalloproteinase
inhibitor GM6001 [41] and the EGF receptor inhibitor AG1478 [19]
blocked ERK 1/2 activation in response to phenylephrine linking α1-
adrenoceptor to EGF receptor transactivation. On the other hand, the β-
adrenoceptor-mediated EGF receptor transactivation may involve
(COS-7) or not (brown adipocytes) ERK 1/2 pathway [44,45]. There-
fore ERK 1/2 activation during EGF receptor transactivation depends
both on GPCR and cell type.

It is noteworthy that the co-incubation of EGF receptor inhibitor
AG1478 with the α1A-/α1D-adrenoceptor antagonists LDT3 or LDT5
resulted in full inhibition of cell proliferation, which was similar to the
inhibition promoted by each drug alone. A putative nonspecific in-
hibition of androgen receptors by these α1 adrenoceptor antagonists
was ruled out by binding assays. Moreover, as previously shown by our
group or by others, the α1D-adrenoceptor selective antagonists
BMY7378 and naftopidil also fully inhibited the proliferative effect of
phenylephrine in BPH cells [28,30]. However, in these models tamsu-
losin, a benzenesulfonamide derivative, showed no effect [28,30].
Furthermore, tamsulosin alone did not inhibit the increase of volume of
the cell line BPH-1 in response to phenylephrine [43]. In common,
BMY7378, naftopidil, LDT3 and LDT5 are α1D-adrenoceptors antago-
nists that share the N-phenylpiperazine moiety which could shape some
inhibitory functional selectivity upon BPH cell proliferation, and
therefore other experiments would be welcome. Patients’ adherence to
current pharmacotherapy is low, a fact that favors BPH progression
[46] and stimulates the search for new drugs. Understanding the me-
chanisms involved in prostate cell proliferation may help the develop-
ment of new drugs.

In conclusion, our findings demonstrate that α1-adrenoceptor acti-
vation in human hyperplastic prostate cells induces canonical and non-
canonical signaling. The α1-adrenoceptor non-canonical signaling in-
volved in mitogenesis of BPH cells depends on EGF receptor transacti-
vation. This mechanism could contribute to prostate enlargement and
to the development of LUTS/BPH, and therefore our data give new
insight into the physiopathology of BPH. We therefore propose that
blockage of this transactivation cascade could be a putative non-hor-
monal pharmacological strategy to reduce concomitantly LUTS and
BPH progression.

Author contributions

Conducted experiments: JBNV, RAH, LACB.
Contributed with reagents or cell culture: LASR, LEN, EOB, JAGS.
Participated in research design and coordinated experiments: CLMS,

JAGS.
Performed data analysis, discussion, revised the manuscript: JBNV,

RAH, PRF, FN, JAGS, CLMS.
Wrote the manuscript with important contributions by all authors:

CLMS. All authors read and approved the final version of the manu-
script.

Declaration of competing interest

None.

Acknowledgements

Supported by The Brazilian National Council for Scientific and
Technological Development (CNPq, Brazil; Grants #306431/2015-7,
#455436/2014-2, #312709/2017-0). JBNV was a PDJ fellow of CNPq
(#166215/2015-5). CLMS, FN, LEN, and LASR are senior fellows of
CNPq (Brazil). The Study 100018032 was sponsored by Biozeus
Desenvolvimento de Produtos Biofarmacêuticos S.A. (Brazil). The
funding source had no role in the study design, collection, analysis or
interpretation of data, writing or submission of the manuscript. Orlando
R. Moreira (UFRJ) for technical assistance.

References

[1] M. Speakman, R. Kirby, S. Doyle, C. Ioannou, Burden of male lower urinary tract
symptoms (LUTS) suggestive of benign prostatic hyperplasia (BPH) - focus on the
UK, BJU Int. 115 (4) (2015) 508–519.

[2] C.G. Roehrborn, Pathology of benign prostatic hyperplasia, Int. J. Impot. Res. 20
(Suppl 3) (2008) S11–S18.

[3] M. Marberger, The MTOPS study: new findings, new insights, and clinical im-
plications for the management of BPH, Eur. Urol. 5 (9) (2006) 628–633.

[4] S. Cotecchia, The α1-adrenergic receptors: diversity of signaling networks and
regulation, J. Recept. Signal Transduct. Res. 30 (6) (2010) 410-409.

[5] Y. Kojima, S. Sasaki, H. Shinoura, Y. Hayashi, G. Tsujimoto, K. Kohri, Quantification
of alpha1-adrenoceptor subtypes by real-time RT-PCR and correlation with age and
prostate volume in benign prostatic hyperplasia patients, The Prostate 66 (7) (2006)
761–767.

[6] K. Nasu, N. Moriyama, K. Kawabe, G. Tsujimoto, M. Murai, T. Tanaka, J. Yano,
Quantification and distribution of alpha 1-adrenoceptor subtype mRNAs in human
prostate: comparison of benign hypertrophied tissue and non-hypertrophied tissue,
Br. J. Pharmacol. 119 (5) (1996) 797–803.

[7] J. Tseng-Crank, T. Kost, A. Goetz, S. Hazum, K.M. Roberson, J. Haizlip, N. Godinot,
C.N. Robertson, D. Saussy, The alpha 1C-adrenoceptor in human prostate: cloning,
functional expression, and localization to specific prostatic cell types, Br. J.
Pharmacol. 115 (8) (1995) 1475–1485.

[8] C. Forray, J.A. Bard, J.M. Wetzel, G. Chiu, E. Shapiro, R. Tang, H. Lepor,
P.R. Hartig, R.L. Weinshank, et al., The alpha 1-adrenergic receptor that mediates
smooth muscle contraction in human prostate has the pharmacological properties of
the cloned human alpha 1c subtype, Mol. Pharmacol. 45 (4) (1994) 703–708.

[9] D.T. Price, D.A. Schwinn, J.W. Lomasney, L.F. Allen, M.G. Caron, R.J. Lefkowitz,
Identification, quantification, and localization of mRNA for three distinct alpha 1
adrenergic receptor subtypes in human prostate, J. Urol. 150 (2 Pt 1) (1993)
546–551.

[10] H. Kanda, K. Ishii, Y. Ogura, T. Imamura, M. Kanai, K. Arima, Y. Sugimura,
Naftopidil, a selective alpha-1 adrenoceptor antagonist, inhibits growth of human
prostate cancer cells by G1 cell cycle arrest, Int. J. Cancer 122 (2) (2008) 444–451.

[11] J. Kim, Y. Yanagihara, T. Kikugawa, M. Ji, N. Tanji, Y. Masayoshi, M.R. Freeman, A
signaling network in phenylephrine-induced benign prostatic hyperplasia,
Endocrinology 150 (8) (2009) 3576–3583.

[12] K.T. McVary, C.G. Roehrborn, A.L. Avins, M.J. Barry, R.C. Bruskewitz, R.F. Donnell,
H.E. Foster Jr., C.M. Gonzalez, S.A. Kaplan, et al., Update on AUA guideline on the
management of benign prostatic hyperplasia, J. Urol. 185 (5) (2011) 1793–1803.

[13] C. Füllhase, O. Hakenberg, New concepts for the treatment of male lower urinary
tract symptoms, Curr. Opin. Urol. 25 (1) (2015) 19–26.

[14] A. Sciarra, G. Mariotti, S. Salciccia, A. Autran Gomez, S. Monti, V. Toscano, F. Di
Silverio, Prostate growth and inflammation, J. Steroid Biochem. Mol. Biol. 108
(3–5) (2008) 254–260.

[15] A.C. Overland, P.A. Insel, Heterotrimeric G proteins directly regulate MMP14/
membrane type-1 matrix metalloprotease: a novel mechanism for GPCR-EGFR
transactivation, J. Biol. Chem. 290 (16) (2015) 9941–9947.

J.B. Nascimento-Viana, et al. Life Sciences 239 (2019) 117048

7

http://refhub.elsevier.com/S0024-3205(19)30975-0/sref1
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref1
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref1
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref2
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref2
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref3
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref3
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref4
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref4
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref5
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref5
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref5
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref5
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref6
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref6
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref6
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref6
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref7
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref7
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref7
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref7
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref8
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref8
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref8
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref8
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref9
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref9
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref9
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref9
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref10
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref10
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref10
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref11
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref11
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref11
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref12
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref12
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref12
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref13
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref13
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref14
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref14
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref14
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref15
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref15
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref15


[16] C. Marty, R.D. Ye, Heterotrimeric G protein signaling outside the realm of seven
transmembrane domain receptors, Mol. Pharmacol. 78 (1) (2010) 12–18.

[17] H. Daub, F.U. Weiss, C. Wallasch, A. Ullrich, Role of transactivation of the EGF
receptor in signalling by G-protein-coupled receptors, Nature 379 (6565) (1996)
557–560.

[18] N. Prenzel, E. Zwick, H. Daub, M. Leserer, R. Abraham, C. Wallasch, A. Ullrich, EGF
receptor transactivation by G-protein-coupled receptors requires metalloproteinase
cleavage of proHB-EGF, Nature 402 (6764) (1999) 884–888.

[19] N. Ulu, H. Gurdal, S.W. Landheer, M. Duin, M.O. Guc, H. Buikema, R.H. Henning,
α1-Adrenoceptor-mediated contraction of rat aorta is partly mediated via transac-
tivation of the epidermal growth factor receptor, Br. J. Pharmacol. 161 (6) (2010)
1301–1310.

[20] C. Liebmann, EGF receptor activation by GPCRs: a universal pathway reveals dif-
ferent versions, Mol. Cell. Endocrinol. 331 (2) (2011) 222–231.

[21] L. Hao, M. Du, A. Lopez-Campistrous, C. Fernandez-Patron, Agonist-induced acti-
vation of matrix metalloproteinase-7 promotes vasoconstriction through the epi-
dermal growth factor-receptor pathway, Circ. Res. 94 (1) (2004) 68–76.

[22] H. Zhang, D. Chalothorn, L.F. Jackson, D.C. Lee, J.E. Faber, Transactivation of
epidermal growth factor receptor mediates catecholamine-induced growth of vas-
cular smooth muscle, Circ. Res. 95 (10) (2004) 989–997.

[23] A. Oganesian, V. Yarov-Yarovoy, W.C. Parks, D.A. Schwinn, Constitutive coupling
of a naturally occurring human alpha1a-adrenergic receptor genetic variant to
EGFR transactivation pathway, Proc. Natl. Acad. Sci. U.S.A. 108 (49) (2011)
19796–19801.

[24] M.J. Wieduwilt, M.M. Moasser, The epidermal growth factor receptor family:
biology driving targeted therapeutics, Cell. Mol. Life Sci. 65 (10) (2008)
1566–1584.

[25] M.P. De Miguel, Royuela, R. Bethencourt, A. Ruiz, B. Fraile, R. Paniagua,
Immunohistochemical comparative analysis of transforming growth factor α, and
epidermal growth factor receptor in normal, hyperplastic and neoplastic human
prostates, Cytokine 11 (9) (1998) 722–727.

[26] R.M. Adam, J.G. Borer, J. Williams, J.A. Eastham, K.R. Loughlin, M.R. Freeman,
Amphiregulin is coordinately expressed with heparin-binding epidermal growth
factor-like growth factor in the interstitial smooth muscle of the human prostate,
Endocrinology 140 (12) (1999) 5866–5871.

[27] J.L. Duque, R.M. Adam, J.S. Mullen, J. Lin, J.P. Richie, M.R. Freeman, Heparin-
binding epidermal growth factor-like growth factor is an autocrine mediator of
human prostate stromal cell growth in vitro, J. Urol. 165 (1) (2001) 284–288.

[28] J.B. Nascimento-Viana, A.R. Carvalho, L.E. Nasciutti, R. Alcántara-Hernández,
F. Chagas-Silva, P.A. Souza, L.A. Romeiro, J.A. García-Sáinz, F. Noël, C.L. Silva,
New Multi-target antagonists of α1A-, α1D-adrenoceptors and 5-HT1A receptors
reduce human hyperplastic prostate cell growth and the increase of intraurethral
pressure, J. Pharmacol. Exp. Ther. 356 (1) (2016) 212–222.

[29] F. Chagas-Silva, J.B. Nascimento-Viana, L.A. Romeiro, L.C. Barberato, F. Noël,
C.L. Silva, Pharmacological characterization of N1-(2-methoxyphenyl)-N4-hex-
ylpiperazine as a multi-target antagonist of α1A/α1D-adrenoceptors and 5-HT1A
receptors that blocks prostate contraction and cell growth, Naunyn Schmiedebergs
Arch. Pharmacol. 387 (3) (2014) 225–234.

[30] Y. Kojima, S. Sasaki, N. Oda, T.A. Koshimizu, Y. Hayashi, M. Kiniwa, G. Tsujimoto,
K. Kohri, Prostate growth inhibition by subtype-selective alpha(1)-adrenoceptor
antagonist naftopidil in benign prostatic hyperplasia, The Prostate 69 (14) (2009)

1521–1528.
[31] P.A. De Souza, A. Palumbo Jr., L.M. Alves, V.P. de Souza, L.M. Cabral,

P.D. Fernandes, C.M. Takiya, F.S. Menezes, L.E. Nasciutti, Effects of a nano-
composite containing Orbignya speciosa lipophilic extract on Benign Prostatic
Hyperplasia, J. Ethnopharmacol. 135 (1) (2011) 135–146.

[32] G. Grynkiewicz, M. Poenie, R.Y. Tsien, A new generation of Ca2+ indicators with
greatly improved fluorescence properties, J. Biol. Chem. 260 (6) (1985)
3440–3450.

[33] M. Perez-Aso, V. Segura, F. Montó, D. Barettino, M.A. Noguera, G. Milligan,
P. D'Ocon, The three α1-adrenoceptor subtypes show different spatio-temporal
mechanisms of internalization and ERK1/2 phosphorylation, Biochim. Biophys.
Acta 1833 (2013) 2322–2333.

[34] D.F. McCune, S.E. Edelmann, J.R. Olges, G.R. Post, B.A. Waldrop, D.J. Waugh,
D.M. Perez, M.T. Piascik, Regulation of the cellular localization and signaling
properties of the alpha(1B)- and alpha(1D)-adrenoceptors by agonists and inverse
agonists, Mol. Pharmacol. 57 (4) (2000) 659–666.

[35] T.M. Nicholson, W.A. Ricke, Androgens and estrogens in benign prostatic hyper-
plasia: past, present and future, Differentiation 82 (2011) 184–199.

[36] J.P. Hieble, Animal models for benign prostatic hyperplasia, Handb. Exp.
Pharmacol. 202 (2011) 69–79.

[37] Price, D.T., Rudner, X., Michelotti, G.A. & Schwinn, D.A. Immortalization of a
human prostate stromal cell line using a recombinant retroviral approach. J. Urol.
164: 2145-2150.

[38] B.C. Jensen, P.M. Swigart, P.C. Simpson, Ten commercial antibodies for alpha-1-
adrenergic receptor subtypes are nonspecific, Naunyn Schmiedebergs Arch.
Pharmacol. 379 (4) (2009) 409–412.

[39] P. Davies, C.L. Eaton, Binding of epidermal growth factor by human normal, hy-
pertrophic, and carcinomatous prostate, The Prostate 14 (2) (1989) 123–132.

[40] G.L. Morris, J.G. Dodd, Epidermal growth factor receptor mRNA levels in human
prostatic tumors and cell lines, J. Urol. 143 (6) (1990) 1272–1274.

[41] L. Chen, R.R. Hodges, C. Funaki, D. Zoukhri, R.J. Gaivin, D.M. Perez, D.A. Dartt,
Effects of alpha1D-adrenergic receptors on shedding of biologically active EGF in
freshly isolated lacrimal gland epithelial cells, Am. J. Physiol. Cell Physiol. 291 (5)
(2006) C946–C956.

[42] M. Kleine-Brueggeney, I. Gradinaru, E. Babaeva, D.A. Schwinn, A. Oganesian,
Alpha1a-adrenoceptor genetic variant induces cardiomyoblast-to-fibroblast-like cell
transition via distinct signaling pathways, Cell. Signal. 26 (2014) 1985–1997.

[43] M. Wang, Y. Daaka, A. Dey, Biased α-adrenergic receptor and βarrestin signaling in
a cell culture model of benign prostatic hyperplasia, Biochem. Biophys. Res.
Commun. 471 (1) (2016) 41–46.

[44] S. Maudsley, K.L. Pierce, A.M. Zamah, W.E. Miller, S. Ahn, Y. Daaka, R.J. Lefkowitz,
L.M. Luttrell, The beta(2)-adrenergic receptor mediates extracellular signal-regu-
lated kinase activation via assembly of a multi-receptor complex with the epidermal
growth factor receptor, J. Biol. Chem. 275 (13) (2000) 9572–9580.

[45] Y. Wang, J.M. Fälting, C.L. Mattson, T.E. Holmström, J. Nedergarrd, In brown
adipocytes, adrenergically induced β1-/β3-(Gs)-, α2-(Gi)- and α1-(Gq)-signalling to
Erk1/2 activation is not mediated via EGF receptor transactivation, Exp. Cell Res.
319 (2013) 2718–2767.

[46] T. Zabkowski, M. Saracyn, Drug adherence and drug-related problems in pharma-
cotherapy for lower urinary tract symptoms related to benign prostatic hyperplasia,
J. Physiol. Pharmacol. 69 (2018) 639–645.

J.B. Nascimento-Viana, et al. Life Sciences 239 (2019) 117048

8

http://refhub.elsevier.com/S0024-3205(19)30975-0/sref16
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref16
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref17
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref17
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref17
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref18
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref18
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref18
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref19
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref19
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref19
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref19
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref20
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref20
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref21
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref21
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref21
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref22
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref22
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref22
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref23
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref23
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref23
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref23
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref24
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref24
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref24
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref25
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref25
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref25
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref25
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref26
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref26
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref26
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref26
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref27
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref27
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref27
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref28
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref28
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref28
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref28
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref28
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref29
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref29
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref29
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref29
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref29
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref30
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref30
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref30
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref30
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref31
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref31
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref31
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref31
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref32
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref32
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref32
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref33
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref33
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref33
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref33
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref34
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref34
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref34
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref34
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref35
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref35
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref36
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref36
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref38
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref38
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref38
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref39
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref39
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref40
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref40
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref41
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref41
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref41
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref41
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref42
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref42
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref42
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref43
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref43
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref43
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref44
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref44
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref44
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref44
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref45
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref45
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref45
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref45
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref46
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref46
http://refhub.elsevier.com/S0024-3205(19)30975-0/sref46

	The α1-adrenoceptor-mediated human hyperplastic prostate cells proliferation is impaired by EGF receptor inhibition
	Introduction
	Material and methods
	Cell culture maintenance
	Immunofluorescence assay
	Intracellular [Ca2+] measurement
	Cell growth assays
	Western blot assays
	Human androgen receptor binding assay
	Reagents and antibodies
	Statistical analysis

	Results
	BPH stromal cells express functional α1-adrenoceptors
	The EGF receptor modulates the α1-adrenoceptor-mediated BPH cell growth
	α1-adrenoceptor agonists induce ERK phosphorylation in BPH cells

	Discussion
	Author contributions
	mk:H1_17
	Acknowledgements
	References




