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Abstract Epidemiological and experimental studies
suggest a protective role of estrogens against colorectal
cancer. This effect seems to be mediated by their binding to
estrogen receptor beta (ER-f), one of the two estrogen
receptors with high affinity for these hormones. Very
recently, the demonstration of an involvement of ER-f in
the development of adenomatous polyps of the colon has
also been documented, suggesting the use of selective
ER-f agonists in primary colorectal cancer prevention.
Phytoestrogens are plant-derived compounds that struc-
turally and functionally act as estrogen-agonists in
mammals. They are characterized by a higher binding
affinity to ER-f as compared to estrogen receptor alpha
(ER-a), the other estrogen receptor subtype. These bio-
logical characteristics explain why the administration of
phytoestrogens does not produce the classical side effects
associated to estrogen administration (cerebro- and cardio-
vascular accidents, higher incidence of endometrial and
breast cancer) and makes these substances ideal candidates
for the prevention of colorectal cancer.
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Estrogens and colorectal neoproliferative lesions

In the last 40 years, a reduction of deaths from large bowel
carcinoma has been observed in the United States. This
reduction was significantly higher in women (30%) as
compared to men (7%). In the same study, a link was
observed between oral contraceptive use and a reduction of
colorectal cancer, whereas there was a higher than expec-
ted frequency of colorectal tumors among nuns (non users)
[6]. On the basis of these observations, it has been pro-
posed that the greater reduction in deaths from colorectal
cancer (CRC) in women, might be due to the influence of
female sex steroid hormones. In order to verify this
hypothesis in a randomized controlled study named the
“Women’s Health Initiative” the development of colorec-
tal neoplasia was evaluated in 32,000 American
postmenopausal women: 16,000 women were treated with
Hormone Replacement Therapy (HRT) and 16,000 did not
receive any therapy.

The data obtained demonstrated a reduction of the colon
carcinoma risk by 33% and of the relative risk of death
(0.72) in women taking HRT as compared to controls [61].

In addition, experimental data have demonstrated that in
CRC expressing an elevated number of estrogen receptors
(ERs) there is a low tissue level of polyamines (polycat-
ionic compounds actively involved in cell proliferation and
differentiation) [41].

The importance of this finding was later confirmed by
the use of polyamine synthesis inhibitors, that showed a
high inhibitory effect on tumor development and metas-
tases [41]. In addition, polyamine levels were correlated
with the histological grade of the tumor, and were influ-
enced by patient gender and age [62].

Although several experimental studies have confirmed a
protective role of estrogens for CRC [16, 18, 28, 31, 50, 58,
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67], few studies have been conducted, and with conflicting
results, on the possible protective effect of estrogens
against the development of adenomatous polyps in the
colon, although it is well known that the development of
adenocarcinoma mostly involves polyp formation [69].
Among these studies, the “Polyp Prevention Trial” was
performed in order to verify if HRT influences the recur-
rence of adenomatous polyps. The results obtained
demonstrated a significant reduction of the risk of recur-
rence only for distal adenomas [74]. This reduced risk for
recurrence was related to the age of the patients and was
observed only in women aged over 62 years, whereas the
risk was increased in women under 62 years. However,
these data cannot be extended to entire female population
since the study was conducted only in women with a pre-
vious endoscopic diagnosis of adenomatous polyps.

Other prospective and retrospective epidemiological
studies have considered the effect of current and past use of
hormones, taking in account the duration of use and the
dosage of estrogens taken. One of these studies, a large
prospective cohort study named the “Nurses’ Health
Study”, examined whether postmenopausal HRT decreased
the risk of distal CRC and adenoma during a 14 year fol-
low-up [21]. They found a decreased risk only for distal
adenomas and for large ones among women that were
current hormone users; a smaller apparent reduction was
noted for past users. However, in this study, the protective
effect was not correlated to the duration of HRT and only
an estrogen dosage related trend was observed. No asso-
ciation was seen between small adenomas and hormone
administration. Finally, the case of a young woman affec-
ted by familial adenomatous polyposis, has recently been
described, in which a striking reduction of adenomatous
polyps was observed after the administration of oral con-
traceptives [19].

A recent experimental study on the effect of estrogens
on colorectal polyp development has demonstrated a pro-
tective role of these hormones in APCM™* female mice,
that spontaneously develop intestinal adenomas. After
ovariectomy, these animals showed an increased (77%)
intestinal adenoma formation, while the successive
administration of 17-f-estradiol determined a reduction of
intestinal adenomas [71].

Molecular aspects of ERs

The biological activity of estrogens is mainly mediated by
their binding with two specific receptors: estrogen receptor
alpha (ER-o) and estrogen receptor beta (ER-f3). Both of
these estrogen receptors (ERs) belong to the steroid/thyroid
hormone receptor superfamily of nuclear receptors, which
are actived upon binding of the ligand.

@ Springer

After binding the ligand, the activated ERs are able to
interact with cis-regulatory elements of target genes
directly by binding to estrogen-response elements (EREs)
or indirectly through interaction with another DNA-bound
transcription factor, such as activator protein 1 (AP-1)
(Fig. 1), thus facilitating the assembly of basal transcrip-
tion factors into a stable pre-initiation complex followed by
increased transcription rates for target mRNAs [55, 63].

Both ERs consist of three main regions: (1) a hyper-
variable N-terminal, that contributes to the transactivation
function, (2) a highly conserved DNA-binding domain,
responsible for specific DNA-binding and dimerization and
(3) a C-terminal domain, involved in ligand-binding (LBD)
and nuclear localization, and ligand-dependent transacti-
vation functions [43, 68]. ER-« and ER-f are produced by
different genes located on different chromosomes [15, 46].
In mammals both ERo and ER-f have conserved DNA-
binding domains (96%) but they differ in their LBD
showing only 58% homology [53]. ER-« has two distinct
transcriptional activation functions (AF): AF-1 and AF-2.
AF-1, located at the N-terminal, is ligand-independent,
constitutively active and contributes to the transcriptional
activity of the receptor by recruiting co-activator proteins
such as GRIP1 and SRC-1 and the histone acetyltransfer-
ases (HAT) p300/CBP and pCAF [9, 20]. The AF-2
domain is under the control of ligands in both ER-a and
ER-p.

Variations in the phenotypes of knock-out mice lacking
ER-a or ER-f suggest that these two proteins have dif-
ferent biological activities [11, 24]. This view was further
supported by in vitro and in vivo studies in ER-f knock out
mice, indicating that ER-f is a modulator of ER-o activity
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Fig. 1 Estrogen receptors genomic pathway. Estrogens (E,) enter the
cell by diffusion and bind to specific receptor proteins (ERs). Upon
estrogen binding, ERs either bind effectively to DNA elements of
their target genes or activate other genes through the interaction with
AP-1 site. In both cases, ERs activate transcription, protein synthesis
and finally several biological effects. ERE estrogen response element,
AP-1 activator protein 1
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as it is able to reverse the effects of ER-o and to inhibit
estradiol (E,) dependent proliferation [25, 42, 55, 70].

In addition, it is known that ER-¢ and ER-f have a
different distribution in the various organs and apparatuses.
ER-o is essentially expressed in the breast, bone, cardio-
vascular tissue, urogenital tract and central nervous system,
while ER-f is the prevalent form in the gut [49]. Both
receptors bind E, but they activate promoters in different
ways. Studies on breast and prostate carcinogenesis suggest
an opposite role of ER-o and ER-f in the proliferation and
differentiation of target tissues, a hypothesis described as
the ying/yang relationship [40, 49]. In addition, estrogens
regulate cellular function also by non-genomic pathways
(Fig. 2). In fact, palmitoylation of ERs allows them to
localize at the plasma membrane, to associate to caveolin-1
and, upon estrogens stimulation, to activate rapid signals.
In the case of ER-a, palmitoylation stimulates proliferation,
while ER-f localization at the plasma membrane and its
association with caveolin-1 activates p38 (a member of the
MAPK family), that promotes apoptosis [17].

This finding is confirmed by the presence, in the tumoral
tissue, of a reduction of ER-f§ and an increased alpha/beta
ratio, that is related to a reduction of apoptosis and an
increased rate of proliferation.

ERp and CRC
Although previous studies on the protective role of estro-
gens against colorectal cancer produced contrasting results,

the demonstration that estrogens bind two different types of
receptors (that seem to be antagonists) has generated new
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Fig. 2 Estrogen receptors non-genomic pathways. Palmitoylation of
cytosolic ERs (ERs + palmitate) allows them to localize at the
plasma membrane where they associate with caveolin-1 (CAV). Upon
estradiol (E,) stimulation, ER-« is de-palmitoylated and dissociated
from caveolin-1, stimulating signals of cell proliferation. On the
contrary, after binding to ER-f, E, increases the association of the
receptorial complex with caveolin-1 and p38 (a member of the MAPK
family), in order to promote apoptosis
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interest in this field of research, promoting studies on the
use of selective agonists for ER-o or ER-f.

A positive aspect related to the introduction of these
selective ER agonists is the fact that the use of ER-f
agonists is not associated to an increased risk of cerebro-
and cardio-vascular events, and does not implicate a higher
risk of endometrial and breast cancer, pathological condi-
tions that are at increased risk during the use of HRT or
oral contraceptives [51].

Kostantinoupolous et al. have demonstrated that ER-f is
highly expressed in normal colonic mucosa in humans
while it is significantly reduced in CRC; this reduction is
more pronounced in the case of scarcely differentiated
tumors.

Since the majority of CRCs are derived from adeno-
matous polyps (a precancerous condition) we have recently
evaluated the expression of ER-a and ER-f in the colonic
tissue of 25 patients with adenomatous polyps of the colon
and in 25 normal subjects [13]. ERs expression was then
correlated to proliferation and apoptosis. Our data con-
firmed that ER-f is the prevalent estrogen receptor in
normal mucosa and that in adenomatous polyps there is a
significant reduction of its expression. In addition, we
demonstrated that in the adenomatous tissue the prolifera-
tive activity was inversely related to the expression of ER-
f. All these data confirmed that sex steroid hormones are
involved in CRC development and suggest that ER-f could
play an important role in the early phase of the carcino-
genetic process and hence could be a target in the primary
prevention of CRC.

On the basis of these considerations ER-f selective
agonists could be the ideal candidates in CRC prevention.

Phytoestrogens

Phytoestrogens are plant-derived compounds (heterocyclic
non steroid phenols) that structurally and functionally act
as estrogens agonists in mammals [34, 57].

These substances have been widely studied for their
potential therapeutic use in the prevention of cardiac dis-
ease, menopausal symptoms, osteoporosis, and some
carcinomas, since they show some of the protective effects
of estrogens in absence of the previously mentioned side
effects associated to estrogen administration [35, 65]. This
is due to the fact that their binding affinity to ERs is dif-
ferent from estradiol, being high for ER-f (even higher
than estradiol itself) and low for ER-a [37]. For this reason
phytoestrogens can act as estrogen agonists or antagonists
according to the type of ER present in the tissue, its
expression, and the level of endogenous circulating hor-
mones [22, 60]. This explains why they are considered
selective modulators of ERs (SERMs) [10].
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Several synthetic molecules, that belong to the family of
SERMs, are commercially available, including tamoxifen
and raloxifene. These two drugs are commonly used in the
clinical practice as both estrogen antagonists and agonists.
They were initially studied in breast tissue where they
demonstrated the ability to reduce tumor cell proliferation.
At the same time, they act as estrogen agonists in the bone
and cardiovascular system, where they counteract osteo-
porosis and coronary syndromes. Finally, in the uterus,
tamoxifen shows a similar activity to estrogen and for this
reason is associated to a higher risk of endometrial carci-
noma [56, 59].

As proposed for estrogens, genomic and non-genomic
mechanisms have been suggested also for phytoestrogens
to explain their biological activities [7].

Genomic pathways are mediated through the ability of
phytoestrogens to interact with enzymes and receptors and
cross the plasma membrane [4]. In this way, they bind ERs
and induce the transcription of estrogen-responsive genes,
stimulate cell growth in the breast and modify ER trans-
cription itself [5, 38, 64]. However, some of their effects
are not due to interaction with ERs and are therefore
denominated non-genomic effects [47]. The latter include:
inhibition of tyrosine kinase and DNA topoisomerase,
suppression of angiogenesis and antioxidant effects [39]. In
addition, it has been suggested that they can reduce the
cancer risk in some tissues (breast, prostate, liver and
uterus) by lowering the biological activity of the endoge-
nous sex steroid hormones. This effect might be due to
their ability to modulate some enzymes involved in the
catabolism of these hormones [3, 44].

The bioavailability and the activity of phytoestrogens
vary on the basis of several factors, such as their adminis-
tration route, dosage, metabolism and their interaction with
other pharmacological substances. In addition, their bio-
logical effect is influenced by the type of target tissue, the
number and type of ERs expressed in the tissue, their serum
concentration and sex steroid hormone concentration [32,
73, 76].

Classification of phytoestrogens

Four classes of phytoestrogens are distinguished, on the
basis of their different molecular structure, that obviously
implicates different biological activities: isoflavones, lign-
ans, coumestans and lactones [45, 72].

Isoflavones, including genistein and quercitin, are the
best known phytoestrogens. They are primarily found in
the Fabaceae family, which includes legumes, soy, peanut
and clover. Lignans were first identified in plants and later
in biological fluids of mammals. These compounds are
found in whole grain, seeds, fruits and vegetables but also
in beverages such as coffee and tea [1]. The cyclic urinary
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excretion of these phenolic compounds during the men-
strual cycle has led to investigations of their biological
role, and to considering them as a new hormone class [2].
Coumestans are less common in the human diet than iso-
flavones, and are extracted from fodder, clover, legumes
and soybean. Lactones are the less represented phytoes-
trogens in the human diet. Natural phytoestrogens undergo
glycosidic binding to carbohydrates to produce complex
molecules that are hard for the intestinal tract to absorb.
Therefore, after ingestion, the glycosidic binding is broken
up by glycosidases, enzymes produced by intestinal
microflora. This enzymatic digestion generates ‘“agly-
cone”. This compound is quickly absorbed and it can bind
ERs [52].

An experimental study demonstrated that intestinal flora
bacteria metabolize phytoestrogens and produce metabolites
similar to estrogens, featuring anti cancer properties [27].

Other studies have discussed the putative effects of
phytoestrogens in breast, endometrial, liver and prostatic
neoplasia [12].

Phytoestrogens and CRC

Several studies have reported a lowered colorectal cancer
risk associated with the consumption of soy foods. How-
ever, these epidemiologic findings have not been
confirmed. Some of these studies were conducted in Asia
and Hawaii and evaluated the association between indi-
vidual soy foods (the main source of isoflavones) and
colorectal cancer risk [21, 26, 29, 54, 71]. Although some
of the studies reported a reduced colorectal cancer risk,
particularly for non-fermentated soy foods (e.g. tofu), a
lack of association between tofu intake and colorectal
cancer risk was also reported, and findings in the various
studies differed according to the colorectal cancer sub-site,
type of soy food, and sex. The only case-control study
conducted in North America found that legumes and soy
products (analyzed as a single group) were associated with
a reduction in colorectal cancer risk; however, tofu alone
showed no association [66]. The main limitations of these
studies were the assessment of specific soy food intake
rather than total phytoestrogen intake. None of these
studies were designed to evaluate phytoestrogen intake; so
the evidence of an association is indirect. A recent study
conducted in Toronto investigated the association between
colorectal cancer and lignans commonly present in Wes-
tern diets. Dietary lignan intake was associated with a
significant reduction in colorectal cancer risk as was iso-
flavone intake. The authors also evaluated interactions
between polymorphic genes that encode enzymes possibly
involved in the metabolism of phytoestrogens (CYPs, cate-
chol O-methyl transferase, GSTs, and UGTSs) and found no
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significant modification effect with respect to phyto-
estrogen intake [12].

The finding that phytoestrogen intake may reduce
colorectal cancer risk is important because dietary intake is
potentially easily modifiable [12].

A recent study demonstrated that the administration of a
diet enriched with the phytoestrogen cumestrol in ovari-
ectomized APCM™* female mice induced a reduction of
the number of polyps and an increase of enterocyte
migration compared to control animals. Cumestrol was
chosen since it is a potent ER-f agonist, with an affinity
200 fold higher than E, [30].

Phytoestrogens and polyps

Very few epidemiologic studies on the relation between
phytoestrogens and the risk of colorectal adenomas have
been conducted. One of these is a Dutch case-control
study conducted on the role of lignans [8]. Dietary lignans
are converted by the intestinal microflora into entero-
lignans [enterodiol (END) and enterolactone (ENL)] that
may be protective against cardiovascular diseases and
cancer. A substantial reduction in colorectal adenoma risk
was observed among subjects with high plasma concen-
trations of enterolignans, in particular END. However,
this association was observed in incident cases only, not
in prevalent cases. This may be due to an earlier first
diagnosis of prevalent adenomas than of incident cases
[36].

The use of enterolignans as biomarkers of dietary lign-
ans intake was studied, and a modest association between
lignan intake and plasma END and ENL was found. The
plasma concentrations of both END and ENL were asso-
ciated with the intake of dietary fiber and vegetable protein
but not of other macronutrients. The relation was modu-
lated by age and previous use of antibiotics, whereas for
ENL, it was modulated by weight, current smoking habit,
and bowel movement frequency [48].

Silymarin

Silymarin, initially extracted from Silybum marianum, is a
mixture of four flavolignans (silybinin, isosilybinin,
silydianin and silychristin) and the isoflavone taxifolin. It is
already used in the treatment of alcoholic liver disease and
as an anti fibrotic agent [71].

Seidlova-Wuttke et al. [75] have compared the effect of
silymarin and E, in ovariectomized female mice, demon-
strating that E, acts on the pituitary gland, determining a
reduction of luteinizing hormone (LH) serum levels, and on
the liver, determining a reduction of total cholesterol serum

levels, and shows uterotrophic and anti osteoporotic
effects, whereas silymarin does not show any of these
effects. Since all the above-mentioned biological activities
are ER-a mediated, these authors have suggested that
silymarin could be an ER-f selective agonist. They
confirmed this hypothesis by in vitro experiments demon-
strating a selective binding of silymarin to ER-f and no
binding to ER-«. In another study, conducted by Khono
et al. [33], a silymarin-enriched diet significantly reduced
azoxymethane-induced intestinal carcinogenesis in male
mice. This effect was dose-dependent and determined a
reduction of the number of cryptic adenomas, that are
known to anticipate the development of colic adenocarci-
noma. This effect was, in part, due to a significant
reduction of cell proliferation, an increase of apoptosis, and
a reduction in carcinomatous tissues of f-glucuronidase
activity, PGE, levels and polyamine content [33].

On the basis of the data in literature, we tested the effect
of a 0.2%o silymarin-enriched diet on tumor development in
APCM™* male mice. Control animals received a similar
diet to the one given to silymarin treated animals (5K20
diet), i.e. a fat-enriched since it accelerates polyps forma-
tion in APC™™* mice.

In our experimental conditions, silymarin administration
determined relevant biological effects on polyp formation
and development [14]. Briefly, in silymarin-treated animals
the number and the volume of polyps were significantly
diminished and showed a lower grade of dysplasia com-
pared to the control group. In addition, the expression of ER
mRNA and protein levels was significantly higher in the
intestinal mucosa of silymarin-treated animals that showed
also an increased, cell migration together with a reduction
of proliferation compared to control group. Interestingly,
we have recently demonstrated also an increased apoptotic
activity in sylimarin treated animals as compared to con-
trols (16.27 4 0.49 vs. 10.7 + 4.2, respectively, P < 0.02).
All these results suggest a possible role of silymarin in the
primary prevention of intestinal tumors.
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