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Abstract
Prostate cancer is the second most common cause of cancer death in men in the United States. Patients
with prostate cancer are initially treated with surgical resection, radiation or antiandrogen therapy.
After an initial remission however, the majority of prostate tumors evolve into a highly aggressive,
metastatic androgen-independent state for which successful therapy has not yet been established.
During recent years, new perspectives have emerged towards the development of preventive and
therapeutic approaches for prostate cancer. The quinazoline-based α1-blockers have been shown to
have antitumor efficacy against prostate cancer cells via their potency to induce apoptosis and anoikis
via an α1-adrenoceptor-independent mechanism. Specifically, doxazosin and terazosin can induce
apoptosis, inhibit invasion and migration of prostate cancer cells and endothelial cells and reduce
their adhesion potential to extracellular matrix components (ECM), thus enhancing their
susceptibility to anoikis. In this review we discuss recent evidence suggesting the apoptotic efficacy
of quinazoline-based α1 adrenoceptor antagonists, doxazosin and terazosin and we speculate on the
therapeutic promise of these drugs as novel antitumor agents against prostate cancer. From a drug
discovery perspective, separation of the effect of doxazosin on apoptosis in prostate cancer cells from
its original pharmacological activity in normal prostate cells, will provide a molecular basis to
develop a novel class of apoptosis-inducing agents through lead optimization.
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INTRODUCTION
In the United States, the incidence of prostate cancer has been increasing in recent years, with
an estimated 230,110 new cases and 29,900 deaths from the disease in the year 2004.[1] With
more than 75% of new cases diagnosed in patients older than 65 years, the incidence of prostate
cancer is expected to rise with the changing population age structure. Enhanced public
awareness and increasing detection in PSA screening has significantly contributed to the
increased incidence of the disease. As a result of the described age migration, prostate cancer
is becoming a disease of middle age, with an increasing number of new cases being diagnosed
in men in their fifties.[2] Prostate cancer is notoriously considered slow-growing as a tumor,
with doubling times for local disease calculated at 2–4 years. Prostate tumors, however,
eventually emerge as androgen-independent and highly metastatic advanced disease, severely
affecting patient morbidity and mortality.[3] Currently available treatments include surgery,
androgen ablation therapy and radiotherapy-however, tumor relapse occurs frequently. Intense
investigative efforts focus on exploiting the apoptotic signaling pathways towards a therapeutic
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benefit in patients with both androgen-dependent and androgen-independent prostate cancer.
[4]

Alpha1 adrenoceptor antagonists are considered first-line medical treatment in the conservative
management of patients with lower urinary tract symptoms (LUTS) due to benign prostatic
hyperplasia (BPH).[5] In an entirely different clinical setting, α1-adrenoceptor antagonists can
be co-administered as complementary antihypertensive drugs in combination with either a
calcium channel blocker or angiotensin-converting enzyme (ACE) inhibitor for an
antihypertensive effect.[6]

Several multicenter, double-blind, randomized, placebo-controlled studies have established
that terazosin (Hytrin), doxazosin (Cardura), and tamsulosin (Flomax) (Figure 1) are relatively
safe drugs, with dizziness as the major side effect.[7,8,9] Their therapeutic efficacy has been
classically attributed to the blockade of the α1a adrenoceptor, the predominant receptor subtype
in the human prostate stroma, that reduces prostate smooth muscle tone and thereby inhibits
the dynamic component of the obstruction [10]. During ongoing prostatic hyperplasia however,
the clinical response to doxazosin and terazosin is sustained for a longer duration than would
be expected if acute α1-adrenoceptor blockade were its only mechanism of action.

A differential mechanism of action of α1-adrenoceptor antagonists against prostate growth was
recently identified, from retrospective clinical studies documenting that doxazosin treatment
of BPH patients resulted in an increased prostatic cell apoptosis [11]. Two features were of
noteworthy significance (biochemically and clinically) from this original study. At the
biochemical level, doxazosin had no effect on the rate of proliferation, indicating that the anti-
growth action was exclusively targeted in activating apoptosis. At the clinical front, the
increased apoptotic index among the stromal cellular components of the prostate correlated
with improved LUTS (Fig. 2). These observations provided an initial, yet strong support for
the premise that apoptosis induction is a potential molecular mechanism underlying the long-
term efficacy of doxazosin in the management of BPH. A subsequent retrospective study
documented that terazosin can also induce apoptotic cell death of prostatic stromal and
epithelial cells in treated patients compared to untreated controls within 1 month of treatment,
without affecting cell proliferation.[12] These findings gained direct support from an earlier
report in an experimental model of BPH, the murine prostate reconstitution model system,
where doxazosin was shown to be an effective in vivo apoptosis inducer in epithelial cells,
without affecting their proliferative capacity.[13]

A series of in vitro studies that followed provided further validation of the concept of apoptosis
induction by α1-adrenoceptor antagonists and demonstrated that their apoptotic action was not
limited to benign cells, but human prostate cancer cells, both androgen-independent and
androgen-sensitive can also undergo apoptosis in response to doxazosin [14,15]. Furthermore,
two lines of evidence from these studies established the apoptotic action being independent of
α1 adrenoreceptor action. First, transfection-mediated overexpression of α1-adrenoceptor in
human prostate cancer cells (that lack endogenous α1-adrenoceptor) did not yield any
significant changes in the sensitivity of prostate cancer cells to doxazosin-mediated apoptosis.
Second, the apoptotic potency was specific to the quinazoline-based antagonists doxazosin and
terazosin (pointing to a class effect), while tamsulosin, an agent with a distinct chemical
structure (sulfonamide, Fig. 1), did not elicit any apoptotic effect against prostate cells.

This review is an attempt, based on the information gathered thus far, to present the
pharmacomolecular profile of the recently recognized antitumor action of the quinazoline-
based α1 adrenoceptor antagonists against prostate tumor growth via induction of apoptosis
and inhibition of angiogenesis. Pharmacological exploitation of these apoptotic properties of
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doxazosin and terazosin is expected to lead to the development of novel, safe, and effective
treatment options for patients with advanced prostate cancer.

Apoptosis Induction by Quinazolines: Targeting Survival Independent of α1-Adrenoceptors
Apoptosis represents a powerful weapon against advanced prostate cancer, as both hormone-
dependent and hormone-independent cells retain the ability to undergo cell death in response
to androgen deprivation or chemotherapeutic drugs/ionizing irradiation, respectively.[4] The
extrinsic pathway of apoptotic signaling consists of cell surface death receptors, such as Fas,
[16] which are associated with a number of intracellular regulatory proteins, the end result
being apoptosis activation through caspase 8 proteolytic processing. The intrinsic pathway
involves the mitochondria as the protagonist, which upon accumulation of effector molecules
causing mitochondrial membrane permeabilization (MMP), determine the apoptotic fate of the
cell by releasing cytochrome c leading to the activation of the caspase cascade.[17] The
endoplasmic reticulum (ER) has also been recently implicated as a contributor to apoptosis
through mobilization of ER calcium stores, calcium release and sensitization of mitochondria
to apoptotic stimuli [18]. Activation of the caspase cascade (family of cysteine proteases) is
intimately involved in the execution of apoptosis in response to various stimuli, with cleavage
of structural and functional proteins involved in cell cycle regulation and DNA repair [19,
20]. The bcl-2 oncoprotein is an apoptosis suppressor in human tumors[21,22] via its ability
to block loss of mitochondrial membrane potential and cytochrome c release, and consequently
inhibit caspase-9 activation.[23] In prostate cancer, bcl-2 overexpression is associated with
poor prognosis[24] and emergence of hormone refractory disease.[25]

It is of major mechanistic interest that the in vitro antitumor activity of doxazosin and terazosin
against prostate cancer cells was apparently mediated via an α1-adrenoceptor-independent
mechanism.[14,15] Tamsulosin, an α1-adrenoreceptor antagonist that belongs to a distinct class
of sulphonamides (Fig. 1), does not exert an apoptotic action against prostate cancer cells. The
therapeutic potential of the apoptotic activity of doxazosin stems from further studies
documenting that the combination of doxazosin with chemotherapeutic agents (such as
adriamycin and etoposide) or ionizing irradiation, results in an augmented cytotoxic effect in
prostate cancer cells [26,27]. These findings provide a compelling molecular basis for the
development of feasible combination approaches of doxazosin with existing modalities for the
effective treatment of androgen independent prostate cancer.

Putative mechanisms underlying doxazosin-mediated apoptosis include induction of
transforming growth factor-β1 (TGF-β1) signaling and upregulation of the cell cycle regulators
p21 and p27 and, NF-κB inhibitor I Ba gene expression. TGF-β1 serves as a potent regulator
of prostate proliferation and apoptosis given its ability to inhibit cell proliferation and induce
apoptosis.[28] TGF-β signaling is elicited via interaction of TGF-β (ligand) with its
transmembrane receptors, TβRI and TβRII, which have serine-threonine kinase activity.[29]
Intracellular downstream signaling is mainly mediated by the Smad family of proteins, with
Smad4 translocation to the nucleus.[30] Studies from our laboratory have revealed
upregulation of a few TGF-β1 downstream signaling effectors, such as Smad4, TGF-β-
inducible early-response gene 1 (TIEG1) and IκBα in PC-3 cells in response to doxazosin
treatment.[31] Interestingly, TGF-β1 protein expression was significantly elevated in prostate
specimens from BPH patients treated with terazosin in correlation with increased apoptosis
among the same cell populations.[32] An independent report implicated expression of TGF-
β1 as a possible means of apoptosis induction in primary cultures of prostate cancer cells,
showing that doxazosin-treated cells undergoing apoptosis produced more TGF-β1 than
untreated cells, an effect that was reversed by a neutralizing TGF-β1 antibody.[33] Further
support for the functional involvement of TGF-β signaling in quinazoline-mediated apoptotic
action against prostate cancer cells, stems from a recent study by Xu et al [34], demonstrating
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that terazosin-induced apoptosis in human prostate cancer cells, PC-3 and DU-145, is
associated with p27Kip1 upregulation (a cycle dependent kinase inhibitor and an intracellular
effector of TGF-β apoptotic signaling) and proceeds via an Rb and p53 independent pathway.
Moreover, a new mechanistic insight has recently been gained from a structural dissection
studies of the effect, demonstrating that the apoptosis-inducing property of doxazosin in
androgen-independent prostate cancer cells proceeds by targeting the intracellular Akt
activation survival pathway.[35]. In vivo administration of doxazosin at pharmacologically
relevant doses resulted in a significant reduction in tumor volume of the prostate cancer
xenografts (Fig. 3) via caspase-3 induction.[14] These observations provide an appealing
rationale towards the undertaking of a placebo-controlled randomized clinical trial to establish
the antitumor efficacy of α1-adrenoceptor antagonists in prostate cancer patients.

It is important to consider the growing evidence that certain quinazoline-based tyrosine kinase
inhibitors act as antitumor agents possessing antiangiogenic, antiproliferative or apoptotic
effects against a variety of cancer cell types. Rapidly gaining popularity due to its antitumor
properties is the EGFR inhibitor ZD1839 (gefitinib, “Iressa”), a drug that has been shown to
induce apoptosis and inhibit proliferation of prostate cancer cells in vitro,[36] as well as many
other cancer cell types,[37] and is currently undergoing clinical evaluation for the treatment
of prostate cancer.[38,39] In view of the established ability of the quinazoline-based α1
adrenoceptor antagonists to induce apoptosis in prostate cancer cells, it is tempting to consider
that the intrinsic quinazoline component may confer tyrosine kinase activity, accounting for
the apoptotic activity of these agents in prostate cancer.[40]

The Anoikis Effect: Targeting Angiogenesis with α1-Blockade?
Cells, including tumor epithelial cells and endothelial cells, rely on cell-extracellular matrix
signals, as well as cell-cell interactions that offer structural support and survival signals.[41]
The term anoikis (homelessness in Greek) is used to describe apoptosis induction through loss
of cell attachment to its natural surrounding environment.[42] Resistance to anoikis is required
for tumor cells to detach from the primary tumor and metastasize, and believed to be conferred
overexpression of oncogenes such as ras, raf and src.[43] Furthermore, bcl-2 overexpression
has been implicated in anoikis resistance, being abundant in keratinocytes rapidly adhering
(via integrins β1 and α6β4) to collagen IV.[44] The finding that the quinazolines doxazosin
and terazosin can induce anoikis in prostate cancer epithelial cells and endothelial cells by
inhibiting their attachment to gelatin/collagen is of special mechanistic interest that begs for
further exploration.[45] Transfection-mediated bcl-2 overexpression was able to provide only
partial protection from quinazoline-based α1-antagonist-mediated anoikis. Since enforced
bcl-2 expression in highly metastatic PC-3 variants failed to protect them from anoikis, one
has also to consider that bcl-2 independent mechanisms could be operational.[46] Intracellular
effectors of the integrin pathway such as FAK, Akt and catenin, are critical components of the
anchorage-mediate survival signaling that is potentially targeted by the quinazolines. A
reduction in focal adhesion kinase (FAK) expression has been recently shown in prostate cancer
cells undergoing apoptosis in response to doxazosin.[47] FAK, which significantly enough is
upregulated in metastatic prostate cancer,[48] is activated by binding to the cytoplasmic
domain of the β1 integrin, a key step in adhesion-mediated survival signaling.[49] Therefore
overexpression of FAK and Akt may block anoikis in prostate cancer cells and adjacent-
endothelial cells despite loss of ECM anchorage.[50] Further support for such a concept stems
from studies in other cellular systems that FAK activation[51] and attachment-mediated
activation of Akt survival pathway protects cells from anoikis.[52]

The vascular endothelial growth factor (VEGF), as a key mediator of the angiogenic response
[53] provides an additional molecular target for the action of quinazolines in the prostate. An
immunohistochemical analysis of human prostate specimens (from BPH patients)
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demonstrated that in addition to increasing the apoptotic index of prostate tumor cell
populations, terazosin treatment also resulted in a significant reduction in microvessel density
(MVD) in prostate tissue.[54] Furthermore, a recent study documented the ability of terazosin
to inhibit VEGF induced angiogenesis in vivo by reducing tube formation of human umbilical
vein endothelial cells.[55] In resonance with this evidence are the findings by Keledjian et al
demonstrating that doxazosin induces a downregulation of VEGF in human prostate cancer
and endothelial cells.[45] Both the quinazolines, doxazosin and terazosin (but not tamsulosin)
decrease prostate cancer cell adhesion and inhibit their invasion potential in vitro. VEGF
transmits signals required for stimulation of vessel growth: vasorelaxation, increase in vascular
permeability, endothelial cell migration, survival and proliferation, upon binding to VEGF
receptors [56,57]. In prostate cancer there is an increase in VEGF expression (compared to the
normal gland) that correlates with tumor stage, grade, microvessel density and clinical
outcome.[58] Thus it is worth considering that the quinazoline-based α1-adrenoceptor
antagonists might soon join the group of potent angiogenesis inhibitors currently in clinical
trials for prostate cancer patients, that includes thalidomide, genistein, and celecoxib.

Chemoprevention of prostate cancer is rapidly becoming the center of intense research efforts
with special focus on the use of selenium, vitamins (in particular vitamins E, D, A and C), and
soy intake, via their potential apoptotic action.[59] The initial report on the Prostate Cancer
Prevention Trial (PCPT)[60] revealed an approximate 25% reduction in prostate cancer
incidence over the seven-year follow-up period in patients receiving finasteride, a type 1 5α-
reductase inhibitor that reduces dihydrotestosterone (DHT) levels, compared to placebo
controls. A similar randomized study, Reduction by Dutasteride in Prostate Cancer
(REDUCE), is currently under way for dutasteride.[59] Interestingly enough, the ability of the
quinazoline-based α1 adrenoceptor antagonists doxazosin and terazosin in their own right to
affect prostate growth by targeting both stromal and epithelial cell apoptosis might assist the
interpretation of the prospective European doxazosin combination therapy (PREDICT) study.
[61] This clinical study showed that the combination of finasteride and doxazosin did not
provide any therapeutic benefit within the first two years over doxazosin alone with respect to
symptom improvement. Thus, the newly-recognized apoptotic/antiangiogenic properties of the
quinazolines provide a new molecular basis that calls for initiation of a chemoprevention trial
to explore the potential beneficial impact of doxazosin and terazosin on prostate cancer
development and progression.

Conclusions and Future Directions
Prostate tumor cells acquire multiple molecular strategies to evade apoptosis and promote
angiogenesis during progression to advanced disease. Therefore manipulation and
reconstitution of apoptotic pathways will potentially offer therapeutically attractive and
molecularly feasible treatment options not only for prostate cancer but possibly for other human
malignancies. Among the various survival tactics utilized by prostate cancer cells is a
dysfunctional TGF-β signaling through loss of receptors and intranuclear effectors and
upregulation of VEGF. Consequently targeting survival pathways mediated by TGF-β and
anoikis signaling mediated by VEGF/integrins by the α1 adrenoceptor antagonists (widely used
in the clinical management of BPH patients) comprise a viable approach for prostate cancer
therapy. The quinazoline-based α1 adrenoceptor antagonists, doxazosin and terazosin, can
induce apoptosis in benign and malignant prostate cells via activation of TGF-β signaling,
reduce tumor vascularity in clinical prostate tumors possibly by sensitizing prostate cancer
cells to anoikis and suppress prostate tumorigenic growth in vivo.[62] The rapidly growing
evidence on doxazosin’s prostate anti-growth activity, directly supports the long-term action
of α1 adrenoceptor antagonists in the management of BPH, and holds bright therapeutic
promise for their use as potential antitumor agents in prostate cancer prevention and treatment.
Separation of the effect of doxazosin/terazosin on apoptosis from their original (α1-blockade-
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based) pharmacological activity, provides molecular underpinnings for the pharmacological
exploitation of these α1-adrenoceptor antagonists to develop a novel class of antitumor agents.
Finally, it is worthwhile to reflect on the emerging evidence from the current chemoprevention
trials (PCPT) [60] and the MTOPS (Medical Therapy of Prostatic Symptoms) study [63], to
justify similar chemoprevention trials for α1 adrenoceptor antagonists in prostate cancer.
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Figure 1.
Chemical structures of alpha1 adrenoreceptor antagonists terazosin and doxazosin and the
sulphonamide-derivative tamsulosin.
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Figure 2.
Correlation of doxazosin induced prostatic stromal smooth muscle cell apoptosis with BPH
symptom score improvement in 17 patients. BPH symptoms were graded using AUA symptom
scoring system with lower scores indicating less severity/bother. Reprinted with permission
from Kyprianou et al, 1998 [11].
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Figure 3.
In vivo effect of doxazosin on prostate cancer. Doxazosin treatment resulted in a significant
suppression of the prostate tumor xenograft growth compared with controls (P <0.05). ▼, 100
mg/kg doxazosin; ○, 10 mg/kg doxazosin; ▲, 30 mg/kg doxazosin; ▽, 3 mg/kg doxazosin; □,
vehicle control (sterile water). Reprinted with permission from [14].
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