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Estrogen and Prostate Cancer: An Eclipsed Truth in an
Androgen-Dominated Scenario
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Abstract Prostate cancer is the commonest non-skin cancer inmen. Incidence andmortality rates of this tumor vary
strikingly throughout the world. Although several factors have been implicated to explain this remarkable variation,
lifestyle and dietary factors may play a dominant role, with sex hormones behaving as intermediaries between exogenous
factors and molecular targets in development and progression of prostate cancer. Human prostate cancer is generally
considered a paradigm of androgen-dependent tumor; however, estrogen role in both normal and malignant prostate
appears to be equally important. The association between plasma androgens and prostate cancer remains contradictory
and mostly not compatible with the androgen hypothesis. Similar evidence apply to estrogens, although the ratio of
androgen to estrogen in plasma declines with age. Apart from methodological problems, a major issue is to what extent
circulating hormones can be considered representative of their intraprostatic levels. Both nontumoral and malignant
human prostate tissues and cells are endowed with key enzymes of steroid metabolism, including 17bhydroxysteroid
dehydrogenase (17bHSD), 5b-reductase, 3a/3bHSD, and aromatase. A divergent expression and/or activity of these
enzymes may eventually lead to a differential prostate accumulation of steroid derivatives having distinct biological
activities, as it occurs for hydroxylated estrogens in the human breast. Locally produced or metabolically transformed
estrogens may differently affect proliferative activity of prostate cancer cells. Aberrant aromatase expression and activity
has been reported in prostate tumor tissues and cells, implying that androgen aromatization to estrogensmay play a role in
prostate carcinogenesis or tumor progression. Interestingly, many genes encoding for steroid enzymes are polymorphic,
although only a few studies have supported their relation with risk of prostate cancer. In animal model systems estrogens,
combinedwith androgens, appear to be required for themalignant transformation of prostate epithelial cells. Although the
mechanisms underlying the hormonal induction of prostate cancer in experimental animals remain uncertain, there is
however evidence to support the assumption that long term administration of androgens and estrogens results in an
estrogenic milieu in rat prostates and in the ensuing development of dysplasia and cancer. Both androgen and estrogen
have been reported to stimulate proliferation of cultured prostate cancer cells, primarily through receptor-mediated
effects. As for estrogens, the two major receptor types, ERa and ERb, are expressed in both normal and diseased human
prostate, though with a different cellular localization. Since these two receptors are different in terms of ligand binding,
heterodimerization, transactivation, and estrogen response element activity, it is likely that an imbalance of their
expression may be critical to determine the ultimate estrogen effects on prostate cancer cells. In prostate cancer, ERb
activation appears to limit cell proliferation directly or through ERa inhibition, and loss of ERb has been consistently
associated with tumor progression. Several splicing variants of both ERa and ERb exist. Little is known about their
expression and function in the human prostate, although reciprocal regulation and interaction with gene promoter both
warrant further investigation. In summary, although multiple consistent evidence suggests that estrogens are critical
players in human prostate cancer, their role has been only recently reconsidered, being eclipsed for years by an androgen-
dominated interest. J. Cell. Biochem. 102: 899–911, 2007. � 2007 Wiley-Liss, Inc.
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Prostate cancer represents a common cause
of morbidity and mortality in men in Western
countries. Despite the most recent advances in
both basic and transnational research, themole-
cular basis of prostate cancer remains mostly
obscure. Endogenous sex steroids along with
genetic factors, environmental factors (includ-
ing diet) and host immune and inflammatory
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responses are likely to concur in the patho-
genesis of this disease.

It is noteworthy that environmental and,
especially, dietary factors are supposed to indu-
ce significant changes in endogenous hormones
and their metabolism, eventually leading to
prostate cancer development and/or progres-
sion [Kolonel et al., 2004]. In this respect, sex
steroids may be regarded as intermediaries
between exogenous effectors, either environ-
mental or nutritional, and molecular targets
in the process of initiation, promotion and
progression of prostate cancer.

Although estrogen regulation of prostate
development, growth and differentiation is well
established, the potential role of estrogens in
prostate cancer has been only recently recon-
sidered. It has been known for decades, but
lately recognized, that neither androgens nor
estrogens have a sexual specificity, the former
being implicated in breast and the latter in
prostate, either normal or malignant, cell
growth. This concept is nicely pointed out in a
paper by Kuiper et al. [1998], where estrogen is
described as a male and female hormone.

Interestingly, breast and prostate cancer
share many similarities, in terms of geograph-
ical distribution, risk factors, biomolecular
determinants, and natural history of disease.
In this respect, cancer of the human prostate
and breast can be viewed as brother and sister
tumors, where dietary factors and hormones,
notably estrogens, are crucial and interactive
players in many biological and pathological
processes. If this is true, then prostate and
breast cancer may be primarily considered, as
elegantly proposed by Coffey [2001], an acquir-
ed nutritional disease that ought to be pre-
vented through changes of lifestyle and dietary
habits.

EPIDEMIOLOGIC EVIDENCE

Prostate cancer is the most frequently diag-
nosed non-skin tumor and the second leading
cause of death for cancer in men in the United
States, with an estimate of 218,890 new cases
and 27,050 deaths from this disease expected in
the year 2007 [American Cancer Society, 2007].
In the United States, but also in many other
Western countries, human prostate cancer has
exhibited striking changes of incidence over the
last two decades, mostly because of the intro-
duction of prostate specific antigen (PSA) blood
test as a diagnostic tool for prostate cancer

screening. Recently, incidence rates have lev-
eled off in men aged 65 years and older, while
mortality rates are consistently declining since
1990. In spite of this, but notably because of
the fact that mechanisms underlying prostate
cancer development and/or progression are
poorly understood, this neoplasm remains today
a major healthcare problem having high socio-
economic impact.

It is well recognized that both incidence and
mortality rates for prostate cancer vary consid-
erably throughout the world [Parkin et al.,
2005]. There is, in fact, a nearly 40-fold and a
12-folddifference, respectively, in incidenceand
mortality rates from prostate cancer between
African American men and men in Hong Kong
and Japan. In Europe, incidence rates for
prostate cancer are markedly higher in North-
ern countries (80.1/100,000) than in Southern
Europe (44.7/100,000); in particular, Sweden
has the highest rates (139.3/100,000) and
Greece the lowest (43.4/100,000), with a cumu-
lative risk that ranges from 0.5 up to 2.2 across
European countries.

Although the factors that might contribute to
explain this large geographic variation remain
largely unknown, there is an overall consensus
that lifestyle and diet play a primary role,
while genetic and environmental factors might
account only for a limited proportion (likely less
than 10%) of prostate cancer cases.

Aminor proportion (5–9%) of prostate cancer
can be based on heritable genetic defects, while
familial forms of prostate cancer may account
for nearly 20% of cases [Cancel-Tassin and
Cussenot, 2005]. However, the effects of envi-
ronment and lifestyle appear to be essential
for the manifestation of disease, even in men
carriers of strong cancer-susceptibility genes.

Sedentary lifestyle and high fat diet have
been related to an increase in prostate cancer
risk [Giovannucci et al., 1998; Kolonel et al.,
1999]. Furthermore, some studies have found
an association between high protein and energy
intake, aswell as low intake of fiber and complex
carbohydrates and an increased risk of devel-
oping prostate cancer [Kolonel, 1996].However,
the significance of the above association is
admittedly low and age, ethnicity, and family
history remain the few, well-established
risk factors for prostate cancer [Hsing and
Chokkalingam, 2006].

Two major findings support the view that
lifestyle and dietary factors play a dominant
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role in prostate cancer development. In the first
place, studies on migrants who move from
countries having low incidence/mortality rates
of prostate cancer (e.g., China or Japan) to
countries with higher prostate cancer rates
(Unites States) show, within a generation, a
significant increase in prostate cancer inci-
dence/mortality as compared with their peers
in the countries of origin [Wynder et al., 1991;
Cook et al., 1999]. Secondly, prostate cancer
incidence is rising rapidly in Asian countries,
including Japan, as Asians gradually adopt
westernized diet and lifestyle [Sim and Cheng,
2005].
Several authors have hypothesized that phy-

tochemicals contained in Asian diets, notably
the phytoestrogens fromsoy products,might act
as natural anticancer agents to prevent pros-
tate cancer. However, a recent review [Ganry,
2005] of analytical epidemiological studies
on the association of soy and other nutrients
containing phytoestrogens with the risk of
prostate cancer showed inconsistent results,
with only a few studies reporting a decrease of
prostate cancer risk in relation to the intake of
legumes, soy food, and isoflavones. On the other
hand, after World War II drastic changes in
lifestyle and dietary habits have occurred in
Asian countries, especially Japan. As pointed
out by Ganmaa et al. [2003], these changes
have been paralleled by a marked increase
of both testicular and prostatic cancers.
The authors claim that the 20-fold increase in
the consumption of milk seen in the Japanese
population after thewar should be considered to
at least partly explain the concurrent increase
of prostate cancer incidence andmortality rates.
This because the introduction of milk in an
essentially no-meat/no-milk culture has pro-
vided a considerable and unprecedented source
of saturated fats and estrogens that may, in
turn, have an impact on prostate cancer devel-
opment and progression.
An explanation of the linkage between life-

style and/or dietary factors and prostate cancer
risk might be the influence of these factors on
sex steroids, particularly estrogens, with a
special emphasis on circulating steroids and
their intraprostatic levels and biotransforma-
tion patterns.

CIRCULATING STEROIDS

The concept that human prostate cancer
represents a prototype of age-related, andro-

gen-dependent tumor is widely accepted. Para-
doxically, however, both total and bioavailable
serum testosterone significantly decline with
age, eventually leading to an inverse relation-
ship between circulating testosterone and the
risk of developing prostate cancer.

Many epidemiologic studies have investi-
gated the association between circulating
androgens and prostate cancer, but the result-
ing data have been inconsistent and largely
inconclusive. A prospective study conducted in
Rancho Bernardo, in California, revealed an
association of elevated plasma estradiol and
estrone with an increased risk of prostate
cancer [Barrett-Connor et al., 1990]. Con-
versely, the Physician’s Health Study [Gann
et al., 1996] reported a significant trend of
increasing prostate cancer risk with increasing
plasma testosterone and an inverse association
of estradiol with prostate cancer risk after
adjusting for reciprocal levels and sex hormone
binding globulin (SHBG). A subsequent meta-
analysis by Eaton et al. [1999], presenting a
quantitative review of the data from eight
prospective epidemiological studies, clearly
indicated that there are no significant differ-
ences in circulatinghormones, either androgens
or estrogens, between men who subsequently
develop prostate cancer and those who remain
free of disease. Two more recent nested case-
control studies on plasma levels of both
androgens and estrogens failed to show any
association with risk of prostate cancer [Platz
et al., 2005; Wirén et al., 2007]. Interestingly
enough, one of the two studies has reported a
positive association of plasma total testosterone
with low-grade disease and an inverse asso-
ciation with high-grade disease [Platz et al.,
2005].

Overall, the relationship between androgens
and prostate cancer is generally considered
highly likely based on the fact that a high
proportion of patients having locally advanced
prostate tumors initially respond to endocrine
treatment, while they frequently acquire an
androgen-refractory state after a variable time
length (usually within 2 years from presenta-
tion). Hence, several authors have raised the
question why has it been so difficult to prove
that circulating androgens are associated with
the risk of developing prostate cancer? Themost
obvious answer to this question is that circulat-
ing androgens are simply not associated with
prostate cancer risk.
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There is no doubt however that several issues
related tomeasurement of plasmasteroids, both
androgens and estrogens, could be considered to
explain this large inconsistency of data. In the
first place, it is unlikely that a single assay of
plasmatic androgens can be considered repre-
sentative of average androgen levels over an
etiologically relevant time of life. In this respect,
it ought to be emphasized that the time scale of
prostate carcinogenesis and cancer progression
can span 35–40 years or longer. Therefore, the
timing for the carcinogenetic impact of andro-
gen and/or estrogen on human prostate should
be allocated back to 20–30 years (or even
earlier) prior to the clinical manifestation of
the tumor, when serum androgens are higher
and hence potentially relevant. On the other
hand, there is consistent evidence that exposure
of prostate cells to elevated estrogens early in
uterine or perinatal life (a process referred to
as developmental estrogenization or estrogen
imprinting) may be responsible for permanent
perturbations of prostate development thatmay
eventually result in a propensity of prostate
to develop precancerous or malignant lesions
[McLachlan, 2001; Prins et al., 2006, 2007]. In
addition, perinatal or neonatal exposure of
prostate gland to endogenous estrogen and/or
environmental estrogen-mimickersmay directly
affect androgen-driven prostate development or
result in functional and morphological prostate
alteration that may in turn predispose the
tissue to an earlier onset of disease, including
cancer [Jarred et al., 2000; Maffini et al., 2006].
One could speculate that developmental estro-
genization induce significant changes in some
embryonic stem cells that may, in turn, gen-
erate a population of adult imprinted prostate
stem cells having a high susceptibility of
developing cancer. All other things being equal,
an increased adult prostate stem cell pool would
elevate the risk that one stem cell might be
initiated [Trosko, 2007].

In men, the balance between circulating levels
of androgens and estrogens changes signifi-
cantly upon aging [Vermeulen et al., 2002].
Plasma androgen levels decline whereas estro-
gen levels remain fairly constant, eventually
leading to a decrease of androgen to estrogen
ratio with age, and suggesting that estrogens
may also have a role in prostate cancer.

All the above issues might contribute to
justify, at least in part, the inconsistency of
data on theassociation of plasmaandrogens and

prostate cancer risk. However, a major problem
remains to what extent levels of circulating
steroids can be considered representative of the
respective intraprostatic concentrations.Levels
of sex steroids in peripheral target tissues,
including breast and prostate, have been
reported to be strikingly greater (10- to 100-
fold) than the respective plasma values [van
Landeghem et al., 1985; Castagnetta et al.,
2002]. Furthermore, either normal or malig-
nant steroid target tissues are equipped with
key enzymes of steroid metabolism, including
several hydroxysteroid dehydrogenases, 5a-
reductases, hydroxylases, sulfotransferases,
sulfatases, and aromatase. Therefore, a differ-
ent expression and/or activity of these enzymes
may produce a differential accumulation of
biologically active metabolites, eventually lead-
ing to profiles of intratissue steroids that may
substantially diverge from their plasmatic
counterpart. Simpson and colleagues [Simpson
et al., 2005] have pointed out that estrogens
circulating in men and in postmenopausal
women are not the drivers of estrogen action;
they instead represent a reflection of estrogen
uptake and biotransformation at extragonadal
sites, including prostate. In other words, they
are reactive rather than proactive [Labrie et al.,
2003].

Early studies of our own group have sug-
gested that urinary profiles of estrogens may be
used to better categorize breast cancer patients
in relation to their prognosis and response to
treatment [Castagnetta et al., 1981]. In this
respect, metabolic profiles of estrogens in urine
appear to be comparable to those obtained by
measurement of their intratissue concentra-
tions, and can be potentially used as an indirect
indication of endogenous estrogens. We have
recently reported [Muti et al., 2002] that a lower
risk of developing prostate cancer is associated
to a higher ratio of 2-hydroxyestrone [that has
been originally proposed to act as anticancer
estrogen and accordingly named the good estro-
gen: Bradlow et al., 1996] to 16a-hydroxyes-
trone [that has been claimed to be genotoxic:
Bradlow et al., 1985] in urine.

LOCAL STEROID BIOSYNTHESIS
AND METABOLISM

As emphasized above, the balance between
androgens and estrogens in individual target
tissues may differ significantly from that in the
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plasma, being strictly dependent upon the
expression and/or the activity of steroid metab-
olizing enzymes, including 5a-reductase and
aromatase. In particular, the assessment of
local synthesis and metabolism of sex steroids
has become increasingly important in the
understanding of both breast and prostate
cancer, also becauseabnormal levels of estradiol
and/or estrone and, especially, of some of their
hydroxylated derivatives have been implicated
in tumor development and progression [Yager
and Davidson, 2006].
As compared to breast, only a few early

studies have assessed intraprostatic levels of
sex hormones [Farnsworth and Brown, 1976;
Geller et al., 1978]. Although these studies
present some interesting preliminary observa-
tion on how prostate cells, either epithelial or
stromal, metabolize androgens, they are largely
insufficient and not significant enough to draw
any conclusive inference.
Cavalieri et al. [1997] have recently reviewed

experimental evidence in support of their hypo-
thesis that locally produced estrogen metabo-
lites, precisely catechol estrogen-3,4-quinones,
may react with DNA to form depurinating
adducts. After adduct release from DNA,
error-prone base excision repair of the resulting
apurinic sites may eventually lead tomutations
that can initiate several types of human solid
tumors, including prostate.
Estrogen patterns in target tissues and cells

are far more complex than one could expect
on the basis of circulating estrogen species.
The two major plasma estrogens, estradiol (E2)
and estrone (E1), are readily interconverted
in the tissue through the action of different
17bhydroxysteroid dehydrogenase enzymes
(17bHSDs). Both these classical estrogens can
be hydroxylated at the C-2/C-4 positions, giving
rise to the so-called catecholestrogens (CCE),
namely the 2-hydroxy and 4-hydroxy estro-
gens. The CCE can be further metaboliz-
ed by catechol-O-methyltransferase to their
methoxy derivatives. Two mutually exclusive
pathways, the 16a- and the 16b-hydroxylation,
may act to produce a series of additional
metabolites of either E2 or E1, of variable or as
yet unexplored biological activity. In particular,
16aOHE1, along with other oxidative estrogen
metabolites, has been repeatedly implicated
in human breast carcinogenesis [Yager and
Davidson, 2006]. Recently, estrogen derivatives
of both 16a-hydroxylation (e.g., 16aOHE1

and 17epiestriol) and 16b-hydroxylation (e.g.,
16bOHE1) pathways have been reported to be
tumorigenic in endometrium of young adult
mice [Takahashi et al., 2004]. Interestingly, in a
recent randomized, dietary intervention study
(the MeDiet study), we have indicated that
a traditional Mediterranean diet markedly
reduces (by more than 40%) urinary estrogen
levels in healthy postmenopausal women
[Carruba et al., 2006]. It should be noted that,
in this study, the majority of estrogens in urine
was represented by hydroxy and methoxy
derivatives of either E2 or E3 (notably 2OHE2,
17epiestriol, and 16ketoE2), while classical
estrogens (namely E2 and E1) accounted for a
mere 0.5% of total urinary estrogens as a sum.
This picture is cognate to what we have
observed by measuring tissue levels of estro-
gens in both nontumoral andmalignant human
breast, where hydroxylated estrogens account-
ed for over 80% of all estrogens in either con-
dition [Castagnetta et al., 2002]. This similarity
reinforces the view that urinary estrogens can
be used as indirect indicators of patterns of
intratissue estrogens. Unfortunately, no direct,
unequivocal evaluation of estrogen intrapro-
static levels as been so far provided.

In vitro studies have explored expression and
activity of steroid enzymes in human prostate
cancer cells to appraise the impact of local
metabolism on the bioavailability of active
hormones to malignant prostate cells. Vihko
et al. [2006], using both androgen-sensitive and
androgen-independent LNCaP prostate cancer
cells as amodel system, have reported amarked
decrease of oxidative activity and a correspond-
ing increase of reductive activity of 17bHSD
in the progression towards an androgen-
refractory state. This would result in the accu-
mulation of bioactive estrogen (e.g., estradiol)
in androgen-independent cells, while oxidized
estrogens (e.g., estrone) would be prevalent in
androgen-sensitive cells. We have previously
inspected rates and direction of sex steroid
metabolism in human prostate cancer cells
using an original approach that allows the
simultaneous measurement of several enzyme
activities in intact cultured cells [Castagnetta
et al., 1994]. In brief, androgen-responsive
LNCaP cells show consistent formation of the
bioactive androgen dihydrotestosterone (DHT)
and its derivatives, 3a/3b-androstanediol, along
with estrogen while androgen-resistant PC3
cells exhibit a largely dominant 17boxidation,
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leading to the production of oxidized androgen
(androstenedione) and estrogen (estrone) deriv-
atives. We have revealed that these highly
divergent patterns of sex steroid metabolism
are a reflection of a differential expression and
activity several steroid enzymes, including
17bHSDs, 3a/3bHSDs, and 5a-reductase, in
the two cell lines [Carruba et al., 1997]. This
finding is of outmost importance, since it under-
pins the concept that local steroid formation and
metabolism is crucial to determine the overall
biological impact of steroid hormones in indi-
vidual target (cancer) tissues and cells.

Local estrogen biosynthesis may occur via
aromatization of androgens through the aroma-
tase enzyme. In this respect, aromatasemay act
as a critical regulator of the balance between
androgens and estrogens at both tissue and
plasma level. While there is consistent evidence
that aberrant aromatase may play a key role
in development and/or progression of human
breast cancer, aromatase expression and activ-
ity in either nontumoral or malignant human
prostate remain equivocal. As evidence is
accumulating that the prostate gland is a
primary target for direct estrogenic activity
and that local synthesis of estrogen may be
significant in prostate cancer, it might impor-
tant to determine whether or not aromatase
is locally expressed and to identify any change
that may occur with prostatic disease.

Our in vitro studies have revealed that
LNCaP prostate cancer cells contain aromatase
activity, even though to a significantly lower
extent than that observed in MCF7 human
mammary carcinoma cells [Castagnetta et al.,
1997]. In a more recent work, Ellem and
Risbridger [2006] have assessed aromatase
RNA, protein, and enzyme activity in benign
and malignant human prostate tissues, as well
as in human prostate cancer cell lines. The
authors found that, aromatase expression was
confined to the stroma in nonmalignant pros-
tate tissues, while it was expressed throughout
microdissected epithelial tumor cells and pros-
tate cancer cell lines. This evidence provides a
basis for a better understanding of estrogen role
in human prostate cancer and for the potential
development of alternative strategies for both
prevention and treatment of this disease.

It is noteworthy that polymorphisms of genes
encoding for key steroid enzymes, along with
their epigenetic silencing or structural alter-
ation, may result in a profound perturbation of

enzyme expression and activity. To date, how-
ever, a relatively small number of studies have
been conducted to address this issue and results
have been often contradictory.

Several polymorphisms of the SRD5A2,
CYP1A1, CYP1B1, CYP3A4, CYP17, CYP19,
HSD3B1, HSD3B2, HSB17B3 genes have been
studied. At least three different polymorphisms
in the CYP1A1 gene, encoding the 2-hydrox-
ylase enzyme, have been associated with an
increased risk of developing prostate cancer,
with the exception of one single nucleotide
polymorphisms (SNP) that has been reported
to have an opposite impact on prostate cancer
risk in Japanese and a Caucasian American
population [Murata et al., 2001; Chang et al.,
2003]. Comparable finding was obtained for the
CYP1B1 gene that encodes for the 4-hydro-
xylase enzyme [Nock et al., 2006]. It is worth
noting that these polymorphisms usually
induce a prolonged half-life and activity of both
enzymes, and, hence, a sustained carcinoge-
netic potential of their products, respectively 2-
and 4-hydroxy estradiol. The gene SRD5A2,
encoding for the 5a-reductase type 2 enzyme,
contains several polymorphic regions. Of course
the effect of these polymorphisms on prostate
cancer risk has been inspected with interest in
some studies, as this enzyme governs the
conversion of testosterone into its biologically
active derivativeDHT in the prostate.However,
the resulting evidence indicates a weak to
modest increase of risk at its best and therefore
does not apparently support a pivotal role of
DHT in prostate cancer development and pro-
gression [Cunningham et al., 2007]. Other
variants of candidate genes along the androgen
metabolic pathways have been proposed to
affect prostate cancer risk. In a recent paper,
Mononen et al. [2006] have reported a novel
SNP in the CYP19A1 aromatase gene, which
is mildly though significantly associated with
prostate cancer risk, suggesting that this SNP
may encode for a variant enzyme having higher
activity and, hence, resulting in lower androgen
levels.

The functional significance of these polymor-
phisms is not clarified and remains fairly
speculative. Many aspects concur to make the
results of these studies inconsistent, but prob-
ably the most important issue is how these
polymorphic genes relate to each other and to
levels of circulating hormones. In this respect,
the evaluation of haplotypes and diplotypes
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is being exploited to determine the impact of
polymorphic genes on the production and/or
activity of steroid enzymes associated with
individual risk of prostate cancer.

ESTROGEN AND PROSTATE TUMOR
DEVELOPMENT AND GROWTH

Experimental Animals

It is known that, of the thousandsofmammals
with prostates, only humans and dogs have a
considerable incidence of spontaneous prostate
cancer. Coffey [2001], this peculiar brotherhood
gets back to approximately 12,000 years ago
when humans brought the dog into their society
to increase their hunting ability. As a con-
sequence, dogs were easily domesticated and
sharedwithhumans their diet,markingamajor
shift in eating patterns from fresh vegetables
and fruits to stored meat and dairy products.
This would imply that dietary factors may have
acted through several thousand years to deter-
mine the present propensity of humans’ and
dogs’ prostate to spontaneously develop cancer.
As already pointed out, this could have occurred
because dietary components may have induced
profoundmodifications inendogenoushormones,
notably androgens and estrogens, through
dramatic changes in their local metabolism
and circulating levels.
Early studies reported that long-term admin-

istration of testosterone to rats results in the
induction of prostate tumors, though in a limit-
ed proportion of cases and in some but not all rat
strains [Noble, 1982; Pollard et al., 1982; Bos-
land, 1992]. These data would suggest that
testosterone act as a complete carcinogen on the
rat prostate.
In the Noble rats, however, the administra-

tion of testosterone and estradiol, either in
sequence or combined, induces the appearance
of both ductal and acinar epithelial dysplasia, a
precancerous lesion similar to human intra-
epithelial neoplasia (PIN), followed by the
development of adenocarcinomas of the dorso-
lateral prostate in 100% of the animals [Leav
et al., 1989; Bosland et al., 1995]. The mecha-
nisms underlying the hormonal induction of
prostate cancer in rats remain as yet undefined.
As far as estrogens are concerned, there is
indication that both receptor-mediated and
nonreceptor effects may be involved. Interest-
ingly, the pure antiestrogen ICI-182,780 com-

pletely prevented the development of dysplasia
in dorsolateral prostate of rats exposed for
16 weeks to a combination of testosterone and
estradiol [Thompson et al., 2002]. Although this
finding would suggest that the use of this
estrogen antagonist abrogates receptor-medi-
ated estrogen effects, ICI-182,780 also induces a
block of hyperprolactinemia in treated rats and,
therefore, the significance of this evidence could
not be clearly dissected. Other studies have
revealed that Noble rats treated with testoster-
one and estradiol or with testosterone and
the synthetic estrogen diethylstilbestrol (DES)
for 16 weeks accumulate estradiol and the
estrogenic androgen 5a-androstane-3b,17b-diol
(3a-androstanediol, 3a-diol), respectively, in
dorsolateral or ventral prostate [Leav et al.,
1989; Ofner et al., 1992]. This combined evi-
dence strongly supports the view that androgen
and estrogen treatment of animals creates an
estrogenic milieu in rat prostates, eventually
leading to the development of epithelial dyspla-
sia and adenocarcinoma in the Noble rat model.
In an elegant model, Wang et al. [2000] rescued
rudimental pelvic organs of a Rb KO mice and
grafted them into male adult nude mice to
develop functional prostatic tissue. The authors
indicated that tissue recombinants of Rb �/�
prostate epithelium and wild type urogenital
mesenchyme developed dysplastic and malig-
nant lesions 5–8 weeks after host animals
received silastic implants of testosterone and
estradiol.

Notwithstanding, it should be considered
that the rodent prostate is by no mean equiv-
alent to human or dog prostate, being composed
of paired dorsal, lateral, ventral and anterior
lobes. Consequently, results of studies on the
hormonal induction of prostate cancer in rat
models should be taken cautiously. The admin-
istration of pharmacological doses of estradiol,
alone or in combination with the estrogenic
androgen 3a-diol, to castrated dogs results in
the development of a well-defined proliferative
prostatic lesion, referred to as squamous meta-
plasia [Merk et al., 1986]. This implies that
atrophic canine prostate maintains the ability
to respond to sex hormones, especially estrogen.

In Vitro Studies

Despite numerous previous studies have as-
sessed the proliferative effects of sex hormones
in cultured prostate cancer cells, the resulting
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data are still featured by some inconsistency.
Several reports have indicated that androgens
markedly stimulate prostate cancer cell growth
[Sonnenschein et al., 1989; Iguchi et al., 1990].
However, unequivocal evidence for a direct
increase of DNA synthesis in cultured prostate
tumor cells in response to bioactive androgens is
surprisingly rare. In addition, findings obtained
in cell model systems are difficult to interpret
also because many variables, including exper-
imental conditions, age of cells in culture, and
presence of endogenous hormones, may consid-
erably affect the results. We have previously
reported that physiological estrogenmay either
stimulate or decrease proliferative activity
of androgen-sensitive LNCaP and androgen-
refractory PC3 prostate cells, respectively, and
that these effects are predominantly receptor-
mediated being completely abolished by the
simultaneous addition of the pure estrogen
antagonist ICI-182,780 [Carruba et al., 1994;
Castagnetta et al., 1995]. This would suggest
that estrogen may regulate prostate tumor cell
growth albeit the cells have become androgen-
resistant, as also indicated by the significant
response rates to the systemic administration of
estrogens observed in prostate cancer patients
having a metastatic, androgen-refractory dis-
ease [Ockrim et al., 2006]. Given that prolifer-
ative effects of estrogens on human prostate
cancer cells in culture appear to be mostly
receptor-mediated, it would be important to
assess sex steroid receptor content and the
balanced expression of different steroid recep-
tors and their variants.

ESTROGEN RECEPTORS AND
PROSTATE CANCER

It is well established that estrogens are
important regulators not only of development
and function of the reproductive system and
the mammary gland, but also of many other
‘‘non-classical’’ human target tissues, including
brain, liver, bone, cardiovascular system, and
adipose tissue [Mueller and Korach, 2001].
Studies conducted either in vivo or in vitro have
consistently indicated that classical effects of
sex hormones are mediated through specific
intracellular receptors that belong to the super-
family of nuclear receptors [Escriva et al., 2004].
On the other hand, evidence is accumulating
that estrogens and their receptorsmay combine
or act unconnectedly to exploit an amazing

array of both genomic and nongenomic, either
ligand dependent or independent, actions
[Levin, 2001].

Two major estrogen receptor (ER) types have
been identified, the classical ERa and the
recently discovered ERb. They are encoded by
separate genes, ESR1 and ESR2, which are
located at different chromosomal sites. There is
increasing evidence that several splicing var-
iants andmutants exist for each receptor inboth
normal and diseased tissues, although these
variants are frequently coexpressed with the
wild type receptors and, hence, their function is
difficult to dissect [Herynk and Fuqua, 2004].

TheERaandERbhave distinct tissue-specific
expression and exploit a variety of physiological
activities in several human tissues [Gustafsson,
2003]. Both ERs typically act as nuclear tran-
scription factors, with their respective patterns
of gene regulation and function being strictly
dependent on their expression levels and bal-
ance in individual tissues. Differences in ligand
binding, heterodimerization, transactivation,
and estrogen response element (ERE) activity,
may determine the ultimate direct effects of
estrogen in target tissues and cells. In this
respect, an alteration of ERa and ERb balance
may be primarily implicated in the etiology of
various diseases, including cancer.

Both ERa and ERb are expressed in the adult
human prostate, although ERb is localized
predominantly to the basal epithelial compart-
ment and, to a lesser extent, to stromal cells,
while ERa appears to be generally located in
the stromal compartment. Recent studies with
estrogen receptor knockout (ERKO) mice have
helped to better understand the function of
either receptor and to unravel their role in both
normal and diseased tissues. In particular, the
onset of prostatic epithelial hyperplasia has
been reported in the adult ERb knockout
(bERKO), while it has not been observed in the
ERa knockout (aERKO) mice [Weihua et al.,
2001]. This evidence suggests that ERb may
play a protective role against abnormal prolif-
eration of prostate epithelial cells. Interestingly
enough, both synthetic antiestrogen (toremifene)
and natural phytoestrogen (genistein) prevent
development of prostate cancer in the transge-
nic adenocarcinoma mouse prostate (TRAMP)
mouse model acting as ERb agonists [Mentor-
Marcel et al., 2001; Raghow et al., 2002].

The expression of ERa and ERb (at
both transcript and protein level) has been
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scrutinized by different studies in nontumoral,
hyperplastic, and malignant human prostate
tissues. The majority of studies have consis-
tently revealed a substantial decrease of ERb
expression in the malignant prostate as com-
pared with benign or normal tissues, while
ERa expression remained unchanged or even
increased [reviewed by Bardin et al., 2004].
There is indirect evidence to suggest that the
two receptors are reciprocally regulated and
that the protective role of ERbmay be based on
direct (ERb-specific) and/or indirect (through
regulation of ERa) effects limiting cell prolife-
ration. Therefore, loss of ERb expression may
represent a crucial step in an estrogen-driven
prostate cancer progression.
Recently, selective ERa and ERb ligands,

whose agonist or antagonist activity depends
specifically on cellular context and promoter
sequences of regulated genes, have been identi-
fied for each receptor and designated as selec-
tive estrogen receptor modulators (SERMs).
SERMs, along with synthetic estrogens and
antagonists have recently emerged as promis-
ing agents in both prevention and treatment of
human prostate cancer [Ho, 2004].
Unfortunately little is known about the

expression and the functional meaning of splic-
ing variants of either receptor in the human
prostate. It has been shown that two ERa
variants, thehERa46andhERa36, arepowerful
inhibitors of wild type hERa66 transactivation,
the former being located almost exclusively in
cell nuclei and the latter being predominantly
associated to the plasma membrane where
it transduces both estrogen and antiestrogen
signaling, including activation of mitogen-
activated protein kinase [Penot et al., 2005;
Wang et al., 2006]. On the other hand, several
relatively abundant ERb isoforms have been
described, with two of them, the hERb2 and
hERb5, being reported to inhibit the transcrip-
tional activity of ERa [Peng et al., 2003].
Overall, this finding suggests that differentially
expressed variants of both ERa and ERb may
eventually modulate estrogen action in target
tissues, including prostate.
Epigenetic alterations of genes encoding both

ERa and ERb have been described in human
prostate cancer. In particular, hypermethyla-
tion of the promoter region and silencing of
the gene have been reported to occur for both
receptors in prostate cancer tissues and cells [Li
et al., 2004]. In addition, direct acetylation on a

specific motif of ERa has been associated to the
promotion of contact-independent growth in
cancer cells [Leader et al., 2006; Popov et al.,
2007]. These changes may also have a role in
determining the net biological effects of estro-
gen in either normal or diseased prostate gland.

CONCLUSIONS

Doubtlessly, since the pioneering work of
Charles Huggins, prostate cancer has become
a paradigm of androgen-dependent tumor, with
androgens being universally considered critical
regulators of normal prostatic function and
inducers of malignant prostate growth. This
general concept has endured against a bulk of
experimental evidence suggesting that estro-
gen and other growth factors may play a role in
the development and/or progression of human
prostate cancer. Presently, the view of andro-
gens as all-seasoned and sole determinants of
prostate tumor development and progression
appears to be a never-ending persuasion that
has, faultily, lead to neglect different areas of
research with promising perspectives for both
treatment and prevention of this disease.

As already emphasized in this article, circu-
lating androgen can be locally transformed into
estrogen through the activity of the aromatase
enzyme, implying that androgen aromatization
may be in part responsible for androgen action
in nontumoral and malignant prostate. Inter-
estingly, lifelong exposure of aromatase knock-
out (ArKO) mouse to elevated androgens
resulted in the development of prostatic hyper-
plasia, although no malignant changes could be
detected in the prostate at any time [McPherson
et al., 2001].

The assumption that androgen effects in the
prostate may be mediated in part through their
aromatization to estrogens is corroborated by
some data from spare, unrelated studies.
Firstly, in the Prostate Cancer Prevention Trial
the arm receiving finasteride, a 5a-reductase
inhibitor, revealed a significantly greater inci-
dence of high-grade (Gleason score�7) prostate
tumor than in the placebo group [Thompson
et al., 2003]. This unexpected finding could be
a result of locally elevated estrogen produced
through aromatization of testosterone that has
accumulated in prostatic tissues as a conse-
quence of the 5a-reductase inhibition. In second
place, clinical studies of non-metastatic pros-
tate cancer have shown that higher Gleason
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score is associated with lower levels of either
total or free testosterone [Schatzl et al., 2001].
In a recent paper, Platz et al. [2005] revealed a
positive association of plasma total testosterone
and free testosterone with low grade prostate
cancer and an inverse association with high-
grade prostate cancer. Lastly, obese men with
prostate cancer, aged 50 years or less, have a
significantly higher risk of high-grade disease
[Rohrmann et al., 2003]. Lower levels of circu-
lating androgen may be associated to low intra-
prostatic concentrations of testosterone induced
by abnormally high aromatization to estrogens,
as it occurs in obesity. Overall, this finding
supports the conception that locally elevated
androgen aromatization into estrogen may be
implicated in prostate malignancies. It is intri-
guing to speculate that the inverse relationship
of androgen and prostate tumor grade may also
be explained by the assumption that androgens
act as differentiating agents for prostate cancer
stem cells, with low androgen levels being
permissive of symmetrical cancer stem cell
division and eventually of aberrant tumor cell
growth and high-grade prostate cancer.

Several hypothetical models have been pro-
posed to explain the role of sex steroids, both
androgens and estrogens, in the prostate carci-
nogenesis and tumor progression.

Bosland [2000] has presented amultifactorial
model where androgens act as strong tumor
promoters through receptor-mediated mecha-
nisms to complete the malignant transforma-
tion initiated by potent endogenous genotoxic
compounds (notably estrogens) and/or as yet
unidentified weak environmental carcinogens.
Although this hypothesis is founded on solid
experimental grounds, it however does not take
into account the potential role of estrogen in
both the promotion and progression phases of
prostate cancer, whereby these hormones may
induce significant alteration of either genome or
epigenome.

In another theoretical model, it is hypothe-
sized that estradiol is essential for inducing
prostate cancer cell growth through the for-
mation of telomeres, while testosterone upre-
gulates proapoptotic proteins, a process that
is counteracted or prevented by the action of
DHT (Friedman, 2005). In this model estrogen-
induced telomerase is a result of estradiol
binding to an ERa/ERb heterodimer, while
testosterone-driven apoptosis and DHT-dependent
prostate tumor cell growth are accomplished by

binding respectively to a membrane and an
intracellular androgen receptor. While this
model does not address mechanisms implicated
in the genetic mutations that initiate prostate
carcinogenesis, it however delineates growth
regulation of prostate cancer.

We have recently proposed a model for
prostate cancer progression [Carruba, 2006]
where, after an initial hormone-responsive
phase, tumor cells become androgen-resistant
as a consequence of ARmutation or alteration of
a diverse androgen signaling. The concurrent
loss of ERb, possibly induced by hypermethyla-
tion in the gene promoter region, creates an
estrogen-sensitive condition where growth of
cancer cells is stimulated by estrogen that is
produced locally by aromatase and that acts
through ERa. Should this speculative model be
confirmed, it may represent a basis to develop
new strategies for both prevention and treat-
ment of this malignancy based on the use of
aromatase inhibitors, ERa antagonists, and
ERb-specific ligands, alone or in combination,
depending on the estrogen sensitive status of
individual cancer tissues.

Although significant advances have been
attained in prostate cancer research, there is
no cogent and comprehensivemodel to elucidate
biomolecular processes responsible for initiat-
ion, promotion and progression of human pro-
state. Several interdependent factors, including
the interplay of estrogenandandrogen, changes
and polymorphisms in biosynthesis and trans-
formation of intraprostatic hormones, altera-
tion of androgen signaling or local balance
between estrogen receptor isoforms and their
splicing variants, all beingmarkedly affected by
lifestyle (diet) factors andgenetic determinants,
are critical players in prostate tumor develop-
ment and progression.

When we are unable of placing and integrat-
ing distinct experimental data in a networked
context, while keeping an eye on the whole
picture, we would not get significant insight
from our research. In this respect, estrogen
represents apointed example ofhowakey factor
in prostate cancer has received little attent-
ion for years being eclipsed by an androgen-
dominated interest.
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