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Abstract
Hypertension may impact pelvic arterial blood flow resulting in reduction of nitric oxide synthase
(NOS) levels. Although doxazosin, an α1-adrenoceptor antagonist, has been shown to improve
erectile dysfunction as well as benign prostatic hyperplasia (BPH) and hypertension, it is not clear
whether these improvements using doxazosin are primarily due to direct actions on the prostate,
urinary bladder and penis, possibly via inhibition of vascular α1-adrenoceptors, or other sites of
actions. Therefore, we investigated effects of doxazosin to the spontaneously hypertensive rat (SHR)
on blood flow and NOS levels in the genitourinary tract. Four groups of rats were assessed: group
1, SHRs treated with doxazosin (30 mg/kg/day) for 4 weeks; group 2, SHRs treated with nifedipine
(30 mg/kg/day) for 4 weeks; group 3, untreated SHRs; and group 4, untreated Wistar-Kyoto (WKY)
rats. Blood flow to the ventral prostate, dorsolateral prostate, urinary bladder and penis was
determined using a fluorescent microsphere infusion technique. Expression levels of nNOS and
eNOS mRNAs were quantified by real-time RT-PCR using SYBR Green I. Blood flow to the ventral
prostate, dorsolateral prostate, urinary bladder and penis was significantly lower in untreated SHRs
than WKY rats. Treatment with doxazosin increased blood flow to each tissue studied in SHRs. RT-
PCR data indicated that untreated SHRs had lower mRNA expression levels of nNOS in the bladder
and penis and eNOS in the penis than WKY rats and that administration of doxazosin to the SHR
caused an increase in expression levels of these genes, i.e., up-regulation of nNOS in the bladder and
penis and eNOS in the penis. However, nifedipine had no significant effects on blood flow and NOS
levels in the SHR genitourinary tract. Our data demonstrate that doxazosin treatment causes
differential alterations in blood flow and NOS levels in the SHR genitourinary tract. These findings
may provide insight into the beneficial effects of α1-adrenoceptor antagonists, on prostate, bladder
and penile function, when used to treat symptoms of BPH and elevated blood pressure.
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Introduction
Erectile dysfunction, benign prostatic hyperplasia (BPH) and hypertension occur with
increasing prevalence with advancing age, and often occur concomitantly (Kaplan et al.,
2006), suggesting a common cause rather than independent age-related changes.

Hypertension may impact pelvic arterial blood flow resulting in loss of smooth muscle in the
bladder with resultant loss of bladder compliance (Tarcan et al., 1998). Simultaneously,
prostate ischemia results in prostate fibrosis with resultant increase in urethral resistance
(Tarcan et al., 1998). These changes observed in the bladder and prostate result in lower urinary
tract symptoms. Similarly, penile ischemia results in loss of smooth muscle in the penis with
resultant erectile dysfunction (Tarcan et al., 1998). Furthermore, pelvic ischemia may reduce
nitric oxide synthase (NOS) expression in the prostate, urinary bladder and penis (McVary,
2005). This proposed reduction in NOS isoforms results in decreased smooth muscle
relaxation.

The clinical trial data demonstrate that doxazosin, an α1-adrenoceptor antagonist, not only
relieves the symptoms of BPH, i.e., lower urinary tract symptoms, and reduces blood pressure
in patients with hypertension, but also improves erectile dysfunction of patients with and
without those concomitant conditions (Kaplan et al., 2006). However, it is not clear whether
these improvements using doxazosin are primarily due to direct actions on the prostate, urinary
bladder and penis, possibly via inhibition of vascular α1-adrenoceptors, or other sites of actions.
Therefore, in this communication we used spontaneously hypertensive rats (SHRs) to test the
hypothesis that oral administration of doxazosin to a hypertensive animal model may cause an
increase in blood flow and an up-regulation in NOS levels in the prostate, urinary bladder and
penis.

Materials and methods
Animals

Male SHR and the genetically normotensive control strain, the Wistar-Kyoto (WKY) rat, aged
10 weeks were used. The rats were distributed initially in four groups: group 1, 10 SHRs
received doxazosin (30 mg/kg/day) orally for 4 weeks; group 2, 10 SHRs received nifedipine
(30 mg/kg/day) orally for 4 weeks; group 3, 10 SHRs received the vehicle (5% DMSO); and
group 4, 10 WKY rats received the vehicle (5% DMSO). The dosage and duration of treatments
were based on consultation with Pfizer who has extensive experience in the treatment of rats
with doxazosin.

The mean arterial pressure was measured twice in basal resting conditions by the tail-cuff
method using an IITC Co. computerized Model 31 system. The rats were kept in a temperature-
controlled chamber at 28.5°C for 15 min before these determinations.

Fluorescent microsphere infusion
Blood flow to the ventral prostate, dorsolateral prostate, urinary bladder and penis was
determined using a fluorescent microsphere infusion technique as previously described (Das
et al., 2002). Microspheres lodge in perfused tissue and can be used to measure instantaneous
blood flow to a tissue via a comparison to the number of spheres in the blood. A saline
suspension of FluoSpheresR fluorescent microspheres (Invitrogen, Tokyo, Japan) was infused
through the catheter into the carotid artery, while a reference blood sample specimen was
simultaneously obtained from each rat through the femoral artery. After the completion of the
microsphere infusion procedure, rats were sacrificed, and blood samples and tissue specimens
were used for quantification of fluorescent microspheres.
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Real-time reverse transcription polymerase chain reaction (RT-PCR)
Using cDNA prepared by RT of RNA extracted from frozen tissues, expression levels of nNOS
and eNOS mRNAs were quantified by real-time RT-PCR using SYBR Green I as previously
described (Yono et al., 2002). Sequences of oligonucleotides used as primers for nNOS, eNOS,
β-actin and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) are summarized in table 1.
Immediately after the amplification, melt curve protocols were performed to ensure that
primer-dimers and other non-specific products had been minimized or eliminated.

Data analyses
Quantification of fluorescent microspheres in each blood sample and tissue specimen was
performed as previously described (Das et al., 2002). The microspheres are too large to pass
through the capillary bed, and they lodge into the tissues into which they circulate. Therefore,
the microspheres in the tissue specimens were compared to the microspheres found in the
reference blood specimen obtained via the femoral catheter from the same rat to calculate the
blood flow to each tissue as milliliters per minute per gram tissue.

RT-PCR data were analyzed with the iCycler iQ Real-Time PCR Detection System (Bio-Rad,
Hercules, CA) as previously described (Yono et al., 2002). In brief, an initial copy number of
the target gene was calculated from its standard curve and normalized against an initial copy
number of the housekeeping gene, which also was calculated from its standard curve.

One-way analysis of variance was performed among the groups, and, where differences were
found, Scheffé’s F-test was performed for analyses of significance. P < 0.05 was considered
to be statistically significant.

Results
Conscious untreated SHRs had higher mean arterial pressure than normotensive WKY rats
(Table 2). Although treatment with antihypertensive drugs, doxazosin and nifedipine,
significantly reduced mean arterial pressure in SHRs, it remained elevated compared to that in
WKY rats (Table 2). Although our tissue weight data show a relatively high S.E.M. of the
results from 10 rats (Table 2), these data are consistent with previous studies (Foster et al.,
2004;Yono et al., 2004,2006). The tissue weights of the genitourinary tract in untreated SHRs
were similar to those in WKY rats, and the drugs tested had no significant effects on the tissue
weights in SHRs (Table 2).

Blood flow to the ventral prostate, dorsolateral prostate, urinary bladder and penis was
significantly lower in untreated SHRs than WKY rats (Fig. 1). Nifedipine had no significant
effects on blood flow, whereas treatment with doxazosin caused a significant 1.5-fold increase
in blood flow to each tissue studied in SHRs (Fig. 1). Thus, blood flow to each tissue was not
significantly different between doxazosin-treated SHRs and WKY rats (Fig. 1).

The expression levels of β-actin and GAPDH mRNAs had similar distribution profiles in the
rat genitourinary tract. Relative expression of GAPDH mRNA levels normalized against β-
actin showed a low variability between the tissues studied (data not shown), suggesting that
they are suitable housekeeping genes for normalization.

The relative expression levels of nNOS and eNOS mRNAs normalized against β-actin in rat
tissues are shown in Fig. 2. RT-PCR data indicated that both nNOS and eNOS were expressed
in all tissues studied and that expression levels of these genes were the highest in the penis
among all tissues. Untreated SHRs had lower mRNA expression levels of nNOS in the bladder
and penis, but not in the prostate, and eNOS only in the penis than WKY rats. Nifedipine had
no significant effects on NOS levels, whereas administration of doxazosin to the SHR caused
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a significant 3-4-fold increase in expression of these genes, i.e., up-regulation of nNOS in the
bladder and penis and eNOS in the penis. However, expression levels of these genes were
significantly lower in doxazosin-treated SHRs than WKY rats. Similar expression profiles of
nNOS and eNOS mRNAs in the rat ventral prostate, dorsolateral prostate, urinary bladder and
penis were obtained with data normalized against GAPDH (data not shown).

Discussion
The present study demonstrates that oral administration of doxazosin, but not nifedipine, to a
hypertensive animal model causes a significant increase in blood flow to the prostate, bladder
and penis and a significant increase in mRNA expression levels of nNOS in the bladder and
penis and eNOS in the penis. These findings suggest that α1-adrenoceptor antagonists may
contribute to the improvement of lower urinary tract symptoms and erectile dysfunction by
inhibiting the vascular α1-adrenoceptors and facilitating the nitric oxide (NO)-induced smooth
muscle relaxation in the genitourinary tract.

The SHRs have been widely studied as a genetic model of hypertension. Several studies have
demonstrated that SHRs develop prostatic hyperplasia, bladder hyperactivity and erectile
dysfunction (Persson et al., 1998; Steers et al., 1999; Golomb et al., 2000; Hale et al., 2002).
In the present study, untreated SHRs had lower blood flow to the prostate, bladder and penis
than normotensive WKY rats. Chronic ischemia/hypoxia resulting from decreased blood flow
induces fibrosis and reduces NOS expression in the SHR genitourinary tract (Tarcan et al.,
1998; McVary, 2005). These changes that influence smooth muscle relaxation in the prostate,
bladder and penis may play an important role in inducing lower urinary tract symptoms and
erectile dysfunction in a hypertensive animal model.

There are considerable variations in the expression levels of nNOS and eNOS in various tissues
(Seyam et al., 1999). Our RT-PCR data show that both nNOS and eNOS were expressed in all
tissues studied and that expression levels of these genes were the highest in the penis among
all tissues. NO plays a fundamental role in the maintenance of the smooth muscle tone of the
genitourinary tract (Burnett, 1995). NO synthesized by nNOS appears to be an important factor
in the relaxation of the bladder and prostatic smooth muscle (Burnett, 1995), involved in
micturition. In the penis, NO synthesized by nNOS and eNOS is the mediator of penile erection
(Burnett, 1995; Lugg et al., 1995). Furthermore, the age-related iNOS induction in the penis
would prevent penile fibrosis (Gonzalez-Cadavid and Rajfer, 2005). However, further
investigations are needed to conclusively evaluate the effects of iNOS induction. α1-
Adrenoceptors on peripheral vessels have been found to mediate vasoconstrictor response
postsynaptically. In the present study, unlike nifedipine, a calcium channel antagonist,
doxazosin increased pelvic blood flow. In some arterial vessels, except in aorta, noradrenaline-
induced contractile responses in a calcium-free medium increased with age and were further
increased in SHRs compared to WKY rats (Miquel et al., 2005), suggesting that internal
calcium stores mobilized by α1-adrenergic stimulus increases with age, especially in SHRs.
Pelvic arteries in SHRs may be more sensitive to pharmacological blockade of α1-
adrenoceptors via oral antagonists than to calcium channel blockade. Thus, it is conceivable
that differential alterations in NOS levels in the SHR genitourinary tract, which could be due
to increased pelvic blood flow resulting from inhibiting the vascular α1-adrenoceptors, may
contribute to the improvement of lower urinary tract symptoms and erectile dysfunction. It is
to be noted, however, that α1-adrenoceptor antagonists with excessive hypotensive effects may
hinder erectile function by reducing perfusion of the penis.

Rabbit penile arteries have a predominant, functional α1A-adrenoceptor population with little
evidence of other α1-adrenoceptor subtypes (Morton et al., 2007). This finding may inform the
design of drugs to assist penile function. However, the highly selective α1A-adrenoceptor
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antagonist, Ro70-0004, did not improve erectile function when compared to placebo (Choppin
et al., 2001). The arterial supply to the prostate, bladder and penis is normally derived from
branches of the internal iliac arteries. Rudner and associates (1999) have shown that all three
α1-adrenoceptor subtype mRNAs are expressed in rat iliac artery. Furthermore, these authors
demonstrated age-related increases in mammary artery α1-adrenoceptor density and a switch
from α1A predominance in younger adults to α1B>α1A in older patients. Thus, it is conceivable
that subtype nonselective antagonists such as doxazosin may be more effective to increase in
pelvic arterial blood flow.

Among α1-adrenoceptor antagonists used for the treatment of BPH, doxazosin has also been
employed for the treatment of hypertension. Basic science evidence has defined important roles
of the α1-adrenoceptors in the progression of cardiovascular disease through regulation of
metabolism, apoptosis and hypertrophy in addition to regulation of hemodynamic responses
(Shannon and Chaudhry, 2006). In a large clinical study, however, the use of doxazosin was
associated with a high risk of stroke and combined cardiovascular disease events, particularly
congestive heart failure (ALLHAT Collaborative Research Group, 2000). Considering the
extensive use of α1-adrenoceptor antagonists for the treatment of BPH, further studies on the
role of α1-adrenoceptors in heart failure will be needed to determine the therapeutic effect of
pharmacological blockade of α1-adrenoceptors.

In conclusion, our data suggest that doxazosin treatment causes differential alterations in blood
flow and NOS levels in the SHR genitourinary tract. These findings may provide insight into
the beneficial effects of α1-adrenoceptor antagonists, on prostate, bladder and penile function,
when used to treat symptoms of BPH and elevated blood pressure.
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Fig. 1. Blood flow in the rat ventral prostate, dorsolateral prostate, urinary bladder and penis
SHRs were treated with doxazosin or nifedipine for 4 weeks. Each bar represents the mean ±
S.E.M. of the results from 5 rats.
aSignificantly different from comparable values for WKY rats; bSignificantly different from
comparable values for untreated SHRs.
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Fig. 2. Expression of nNOS and eNOS mRNAs in the rat ventral prostate, dorsolateral prostate,
urinary bladder and penis
SHRs were treated with doxazosin or nifedipine for 4 weeks. Relative expression levels of
mRNA are normalized against β-actin. Each bar represents the mean ± S.E.M. of the results
from 5 rats.
aSignificantly different from comparable values for WKY rats; bSignificantly different from
comparable values for untreated SHRs.
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Table 1.
Sequences of oligonucleotides used as primers

mRNA  Sequence (5′ → 3′) Lengtha Accession No.b

nNOS sense TGGCAACAGCGACAATTTGA 71 NM_052799
 antisense CACCCGAAGACCAGAACCAT   
     
eNOS sense CCGGCGCTACGAAGAATG 79 NM_021838
 antisense CAGTGCCACGGATGGAAATT   
     
β-actin sense AGATGACCCAGATCATGTTTGAGA 86 NM_031144
 Antisense ACCAGAGGCATACAGGGACAA   
     
GAPDH sense GCCAGCCTCGTCTCATAGACA 75 NM_017008
 antisense TGGTAACCAGGCGTCCGATA   

a
Amplicon length in base pairs

b
Genbank accession number of cDNA and corresponding gene, available at http://www.ncbi.nlm.nih.gov/.
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Table 2.
Blood pressures and genitourinary tissue weights of experimental animals

 WKY SHR

 Untreated Untreated Doxazosin Nifedipine

Mean arterial pressure, mmHg 118 ± 3 175 ± 6a 138 ± 5,ab 132 ± 4,ab
Tissue weight, mg     
  Ventral prostate 402 ± 18 421 ± 26 392 ± 32 401 ± 17
  Dorsolateral prostate 287 ± 22 312 ± 39 322 ± 28 308 ± 24
  Urinary bladder 101 ± 10 121 ± 18 98 ± 21 113 ± 13
  Penis 280 ± 33 276 ± 31 300 ± 33 282 ± 26

SHRs were treated with doxazosin or nifedipine for 4 weeks. Each value represents the mean ± S.E.M. of the results from 10 rats.

a
Significantly different from comparable values for WKY rats

b
Significantly different from comparable values for untreated SHRs.
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