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Epidemiological evidence together with preclinical data from animal and in vitro studies strongly support a correlation between soy isoflavone con-
sumption and protection towards breast and prostate cancers. The biological processes modulated by isoflavones, and especially by genistein, have
been extensively studied, yet without leading to a clear understanding of the cellular and molecular mechanisms of action involved. This review
discusses the existing gaps in our knowledge and evaluates the potential of the new nutrigenomic approaches to improve the study of the molecular
effects of isoflavones. Several issues need to be taken into account for the proper interpretation of the results already published for isoflavones. Too
often knowledge on isoflavone bioavailability is not taken into account; supra-physiological doses are frequently used. Characterization of the indi-
vidual variability as defined by the gut microflora composition and gene polymorphisms may also help to explain the discrepancies observed so far in
the clinical studies. Finally, the complex inter-relations existing between tissues and cell types as well as cross-talks between metabolic and signalling
pathways have been insufficiently considered. By appraising critically the abundant literature with these considerations in mind, the mechanisms of
action that are the more likely to play a role in the preventive effects of isoflavones towards breast and prostate cancers are reviewed. Furthermore, the
new perspectives opened by the use of genetic, transcriptomic, proteomic and metabolomic approaches are highlighted.

Isoflavones: prostate cancer: breast cancer: chemoprevention: nutrigenomics

Isoflavones are a class of bioactive phytochemicals that have
been widely studied for their potential role in the prevention
of various chronic diseases, such as cardiovascular diseases,
neurodegenerative diseases, osteoporosis, cancers... Soy and
its processed products (tofu, tempeh, miso, natto, soymilk,
soy-based yoghurts and desserts) are the only sources provid-
ing high quantities of isoflavones in the human diet. Isoflavone
intake has been estimated to 25—-50 mg/day in Asian countries,
with a maximum around 100 mg/d for elderly Japanese men‘".
Americans and Europeans, who have low soy content in their
habitual diet, only consume few milligrams of isoflavones per
day. However, advertising on the beneficial effects of isofla-
vones, especially for relieving postmenopausal symptoms,
has led to self-supplementation through isoflavone-rich foods
or dietary supplements. Isoflavones in soybeans mainly
include daidzein, genistein and glycitein, which are present
in glycosylated or aglycone forms (Fig. 1). The structural
similarity of aglycones with 17@-estradiol gives them the

capacity to bind estrogen receptors (ERs) and to induce hor-
mone-like effects. Isoflavones and their protective role against
various pathologies involving hormonal dysregulation have
been extensively studied because of this particular property.

The current evidence provided by preclinical studies on the
role of isoflavones in reducing prostate and breast cancer risk
has been recently reviewed® . A summary of the main data
available will be made here, to highlight the present limi-
tations in our understanding of their mechanisms of action,
and to evaluate the potential of nutrigenomic approaches to
further clarify these mechanisms.

Human studies

The lower risk of prostate and breast cancer in areas of high
soy and isoflavone intake, especially in Asia®, as well as
the increased risk observed for Asian people who migrated
to Western countries or adopted a westernised lifestyle®®
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O | administration, the dose, or the duration of the study. Further-
more, diverse subpopulations may respond differently to iso-
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OH OH gene polymorphisms, history of cancer, known risk factors
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Fig. 1. Structures of the soy isoflavones genistein, daidzein and glycitein in
comparison to 173-estradiol.

are well known. A recent meta-analysis compiling 2 cohort
studies and 6 case—control studies in Western and Asian
populations estimated that high soy food intake can be related
to a 30 % reduction in prostate cancer risk (odds ratio 0-70,
95% CI1 0-59—0-83)(9). For breast cancer, a smaller risk
reduction (odds ratio 0-86, 95 % CI 0-75-0-99), stronger for
premenopausal women, was found in a meta-analysis compil-
ing 6 cohort and 12 case—control studies"?. Asian women
whose soy intake was high during puberty experienced
lower risk for breast cancer than women who did not consume
soy products or did only as adults' 12,

Among hundreds of dietary components that have been pro-
posed as potential cancer preventive agents, only a few have
been used in clinical trials. The impact of isoflavone sup-
plementation has been studied on some prostate cancer-related
endpoints such as serum levels of Prostate-Specific Antigen
(PSA), PSA velocity, plasma levels of testosterone, dihydro-
testosterone (DHT), insulin-like growth factor 1 (IGF-1) and
IGF binding protein 3 (IGFBP-3). Among the 11 trials
recently reviewed by Messina et al. as only 4 reported a sig-
nificant effect on PSA levels. However, reduction in prostate
cancer risk may occur without any reduction in PSA levels.
No beneficial effects were observed on levels of steroids,
or on IGF-1/IGFBP-3 ratio. One study which compared the
incidence of apoptosis in prostate tumours of patients sup-
plemented or not with red clover isoflavones (160 mg/d for
7-54 days), reported significantly higher apoptosis in sup-
plemented patients than in control subjects (1-48% v.
0-25 %, P=0-0007), specifically in regions of low to mode-
rate-grade cancer (Gleason grade 1-3)"'. It is worth noting
that no adverse effects were observed in any trial.
The whole available data have been considered sufficiently
encouraging to justify the funding of additional Phase II
trials by the NIH!'?.

Messina et al. " recently discussed the published and
ongoing clinical breast cancer studies. Three double-blind ran-
domized controlled trials reported no effect of a 1 to 2-year
isoflavone supplementation on mammographic density used
as a marker of breast cancer risk'®~'®. A 2-week adminis-
tration of a soy supplement (45 mg/d isoflavones) increased
epithelial cell proliferation and progesterone receptor (PR)
expression in normal breast tissue, suggesting an estrogen
agonist effect'®. However, the potential link with prolife-
ration of breast cancer cells is difficult to assess. Conflicting
results have been obtained regarding the impact of soy

nutritional status, hormonal status or colonic microbiota com-
position. In this regard, the most critical parameters affecting
the biological responses to isoflavone intake remain to be
identified. The populations or subpopulations which may
benefit, or possibly may experience some adverse effects
while consuming isoflavones, also need to be identified.

The factors likely to affect isoflavone bioavailability may
first modulate physiological responses to isoflavone intake.
A compilation of 15 bioavailability studies in humans
showed that plasma metabolite concentrations usually reach
about 2 pmol/l after consumption of 50 mg isoflavones (agly-
cone equivalent)*". Inter-individual variability in isoflavone
absorption and metabolism has never been assessed in large
and ethnically non-homogeneous populations, however some
bioavailability studies suggest that it may be high. Maximum
plasma concentrations ranged between 4 and 27 wmol/l genis-
tein among 20 American men with prostate cancer challenged
with a high pharmacological dose of genistein®®. Further-
more, a recent clinical study showed that genistein and
daidzein bioavailability, evaluated by plasma pharmacoki-
netics, was significantly lower in Caucasian than in Asian
men after single or 10-day isoflavone supplementation®.
It would therefore be extremely useful to accurately measure
the real individual exposure to isoflavones rather than only
the isoflavone intake in clinical studies.

The intestinal microflora also plays a crucial role in the
metabolism of isoflavones. Various bacterial metabolites are
known to be produced, among which some may exert biologi-
cal activities®* 2%, Equol is the most studied metabolite
since it has been shown to be more estrogenic than its precur-
sor daidzein in many in vitro studies and in animal
models®”. There is great inter-individual variability in the
capacity to produce equol, and only 30—50 % of the Western
population exhibits the ‘equol-producer’ phenotype(zs). Song
et al. recently reported that the equol-producer phenotype
was more frequent in Korean American than in Caucasian
American women (51 % v. 36 %) living in the same area of
the US®”. Several studies suggested that equol-producers
may gain more benefits from soy consumption than non-
equol-producers. In a case—control study in Japanese and
Korean men, the proportion of equol-producers was 1-5- to
2-fold higher in the control group than in the group of
men with prostate cancer®”. More favourable hormonal
profiles (lower plasma concentrations of estrone, estrone-sul-
fate, testosterone, androstenedione, dehydroepiandrosterone
(DHEA), DHEA-sulfate, and midluteal progesterone) and
higher concentrations of SHBG were also found in equol-pro-
ducing premenopausal women compared to non-equol-produ-
cers, which was consistent with a lower risk for breast
cancer®”. Frankenfeld et al. did not find such hormonal
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differences in postmenopausal women, but equol-producing
women had higher 2:16a-hydroxyestrone ratio, which has
also been related to a lower breast cancer risk*?. Similar
results were obtained in breast cancer survivors®®. Mammo-
graphic density was 39 % lower in equol-producing postme-
nopausal women compared with non-producers, which is
again consistent with a lower breast cancer risk in equol-
producers®®. Niculescu er al. studied the effects of a high-
dose isoflavone supplementation (900 mg/d for 84 days) on
gene expression changes in lymphocytes of 30 postmenopau-
sal women. Using microarray analysis they showed that iso-
flavone treatment in equol-producer subjects differentially
affects gene expression as compared with non-producers,
with a stronger effect on some estrogen-responsive genes in
equol-producers®™. Tt is not yet clear whether equol itself
is the active metabolite responsible for these beneficial
effects, or whether it is only a biomarker for a particular
microbial community composition able to elicit favourable
metabolisms in addition to equol production. Some finger-
printing methods, such as terminal restriction fragment
length polymorphism (TRFLP) analysis, are now available
to compare the overall patterns of gut microbial composition
between individuals®®. These high-throughput methods
should enlighten the role of specific bacteria and help to ade-
quately stratify individuals in future human intervention and
observational population-based studies.

Metabolomics is another high-throughput method that may
be useful to deal with inter-individual variability. Nuclear
magnetic resonance (NMR) and mass spectrometry (MS) tech-
niques allow the simultaneous detection of hundreds or thou-
sands of compounds present in human plasma, urine or
tissues®”. Multivariate statistical analyses of the datasets
obtained for groups of individuals that differ for one
controlled criterion, such as isoflavone intake, microflora
composition or type of cancer, provide a list of variables dis-
criminating the groups. The identification of these discriminat-
ing variables may lead to the discovery of novel biomarkers
for the particular criterion studied. Metabolic profiling using
these biomarkers could then be used in clinical or cohort
studies to better assess individual exposure to isoflavones, as
well as to stratify individuals on the basis of their metabolic
capacities or other phenotypes.

Another new possibility, offered by nutrigenetics, is the
access to valuable information on individual genotypes
through sequencing of targeted single nucleotide polymorph-
isms (SNPs)*®. As some polymorphisms in genes coding for
membrane transporters, protein carriers or metabolic
enzymes such as glucuronosyl-transferases could affect the
nature and concentrations of isoflavone metabolites present
in target tissues, it may be useful to search for correlations
between individual genotypes, isoflavone bioavailability and
isoflavone effects. However, the relevant SNPs that would
be related to the responsiveness to isoflavone consumption
are not identified to date. Beyond the gene polymorphisms
that may affect bioavailability, two recent studies demon-
strated the major interest of considering the inter-individual
variability in the genetic background of a population to
evaluate the isoflavone biological effects. Hedelin et al. stu-
died the interactions between dietary phytoestrogen intake,
ERB polymorphisms, and the risk of prostate cancer in a
case—control study performed in 2096 Swedish men®”.

For one particular SNP of the ERP3 gene, a higher phytoes-
trogen and isoflavone consumption was associated to a sig-
nificantly reduced prostate cancer risk (respectively 57 %
and 27 %) in subjects who were homozygous or heterozy-
gous for the variant allele, whereas no association could
be found in subjects who were homozygous for the wild-
type allele (58 % of the population). In another cohort of
1988 menopausal women from UK, isoflavone exposure
was positively associated with SHBG levels only in the frac-
tion of the population that carried the Asn variant of the
SHBG D356N polymorphism, which is associated with a
reduced SHBG clearance”. As higher SHBG levels have
been associated with a lower breast cancer risk, isoflavone
consumption may be particularly beneficial to these
women. It is worth noticing that the authors would have con-
cluded that isoflavone exposure was not associated to SHBG
levels if they had considered the population as a whole,
without stratification according to the genotype. Gene-isofla-
vone interactions may partly explain some of the discrepan-
cies observed in the first clinical studies conducted so far,
especially if the allele frequencies differed between the
populations considered. Nevertheless, high statistical pow-
ered studies will be required in order to take the relevant
gene polymorphisms into account in the investigation of iso-
flavone effects.

Another element that may explain the inconsistencies
observed in clinical studies is the relevance of the endpoint
biomarkers used. Biomarkers for staging and monitoring the
evolution of prostate and breast cancer development are criti-
cally needed to evaluate the impact of any therapeutic inter-
vention. Considering that cancers are multi-factorial and
variable diseases, it appears today unrealistic to rely on a
single biomarker (such as PSA for prostate cancer) to assess
diagnosis, prognosis, and prediction of response to therapy.
Complex combinations of markers coming from transcrip-
tomic, proteomic as well as metabolomic approaches are cer-
tainly more appropriate and promising perspectives can
already be seen. Rhodes et al. have analysed gene expression
profiles in 40 published cancer microarray data sets, compris-
ing 38 million gene expression measurements from >3700
cancer samples®“". This study generated a set of 69 genes
that were commonly dysregulated in 12 types of cancers
including prostate and breast cancers. Proteomic data have
also been used on a blinded cohort to identify patients with
prostate cancer with a high speciﬁcity(“*“). There is now a
great hope that these high-throughput methods will lead to
the discovery of early biomarkers for preclinical metabolic
dysregulations associated with the first stages of carcinogen-
esis. Many novel important genes involved in prostate carcino-
genesis, such as Hepsin or Alpha-methylacyl-CoA racemase
(AMACR), have been identified by using microarray
analysis“?. NMR-based metabolomic analyses to target
biomarkers for prostate cancer are under development™®.
Novel early biomarkers will improve our understanding of
the initial stages of the diseases and will be essential to
study the preventive effects of dietary intervention such as
isoflavone supplementation.

Therefore, nutrigenomic approaches should allow to better
assess individual metabolism and to better evaluate the effects
of isoflavones at the individual level and at early stages of the
diseases.

ssaud Ans1anun abprquie) Ag auljuo paystiand 882596805 L L£000S/£L0L 0L/BI010p//:sd1y


https://doi.org/10.1017/S0007114508965788

MS British Journal of Nutrition

Isoflavones and the prevention of breast and prostate cancer ES81

Animal studies

As demonstrated above, human studies are still hampered with
major weaknesses, and more controllable animal and cellular
models are very useful to investigate isoflavone effects.
Different animal models of prostate cancer such as Lobund-
Wistar rats (spontaneous tumours), rats treated with various
type of carcinogens [N-methylnitrosourea (NMU), 7,12-
dimethylbenz(a)anthracene (DMBA), 2-amino-1-methyl-6-
phenylimidazopyridine (PhIP)] or implants of testosterone
propionate, transgenic mice (TRAMP), xenograft models
(e.g. immunodeficient mice implanted with human tumour
cell lines) have been used to explore the effects of isoflavones
on prostate cancers. In more than 40 such studies, isoflavones
were shown to reduce both the incidence and the size of pros-
tate tumours>>*®_ Isoflavones may act at different stages of
carcinogenesis, by inhibiting the appearance of prostatic
intra-epithelial neoplasia (PIN) or their progression into carci-
nomas, but the determination of their timing of action requires
further experiments.

Much more conflicting results have been obtained in animal
models of breast cancer, as isoflavones have been shown to
inhibit as well as to promote the growth of mammary tumours,
depending on the studies. Many parameters may explain such
discrepancies including the various natures of the animal
models used, the test compounds, the dose and the mode of
administration, or the timing of isoflavone exposure. Overall,
isoflavones were mainly shown to prevent or to delay chemi-
cally-induced mammary carcinogenesis in prepubertal or pre-
menopausal adult female rats. The protective effects of
isoflavones at the prepubertal period have been linked to a
promotion of early mammary gland differentiation, leading
to a decreased number of immature terminal end buds
(TEBs), sites for malignant transformation, and an increased
number of more differentiated lobules™’~>". Complex cross-
talks between steroids, growth factors and other pathways
are involved in the differentiation process. Hilakivi-Clarke
et al. reported that the pro-differentiating effect of isoflavones
was associated with a repression of ERa and PR expression
but an increase of ER[P expression in mammary glands(Sz).
Lamartiniere et al. suggested that isoflavone exposure in the
prepubertal period mainly promotes mammary epithelium
differentiation through the transient activation of epidermal
growth factor (EGF) signalling pathway”.

The most frequent types of breast cancer are the estrogen-
dependent breast tumours in postmenopausal women. Widely
used animal models for these types of tumours are immunode-
ficient mice implanted with estrogen-dependent human breast
cancer MCF-7 cells, combined with ovariectomy and in some
cases with estradiol implants releasing high doses of estradiol
that stimulate the growth of MCF-7 implanted cells. The
group of Helferich published several consistent studies show-
ing that genistein at nutritionally relevant doses (0-025-0-1 %
in the diet) stimulates tumour growth or negates the inhibitory
effect of tamoxifen in such xenograft models®* 9. In such
models the circulating levels of endogenous estrogens are
either much lower (ovariectomy) or much higher (estradiol
implants) than the physiological levels observed in postmeno-
pausal women. Hence the relevance of the xenograft models
to evaluate the effects of weak estrogenic compounds, the
activity of which may depend on the levels of endogenous

estrogens, has been criticised. Recently, Ju et al. developed a
mouse model with slow-growing estrogen-dependent tumours
in ovariectomised athymic mice, using silastic implants to deli-
ver estradiol at levels similar to those observed in postmeno-
pausal women®”). Again, genistein administered in the diet at
500 ppm was shown to act in an additive manner with the
low levels of circulating estradiol and stimulated the growth
of the tumorigenic MCF-7 cells in this model.

Several authors reported that in utero exposure to high-dose
isoflavones (s.c. injections) increased the susceptibility of rats
to chemically-induced mammary cancers later in life, in the
same way as in utero exposure to high levels of endogenous
estrogens(49’58). This effect has been related to an increased
number of TEBs, and a reduction in epithelial differentiation
in the mammary gland. However, other authors reported that
a more nutritional exposure to soy protein isolate (but not to
genistein alone) in utero through maternal diet protected
young adult rats from NMU-induced mammary tumourige-
nesis®?. Early exposure to isoflavones or at least to genistein
before puberty may cause transient and persistent effects on
mammary gland development, as well as on hormone receptor
levels®”. These imprinting-like effects may thus differ
depending on dose and timing of exposure and lead to adverse
or beneficial effects in later life.

Dolinoy et al. provided the first evidence that early in utero
exposure to genistein can produce permanent epigenetic
changes®”. They showed that maternal dietary genistein sup-
plementation (250 ppm) of mice during gestation shifted the
coat colour of heterozygous viable yellow agouti (A ?/a) off-
spring towards pseudoagouti and decreased the incidence of
obesity during adulthood. These marked phenotypic changes
were mediated by an increased methylation of six CpG sites
located in a retrotransposon upstream of the Agouti gene
which determines coat colour. An exciting hypothesis of
research has been put forward with this study. DNA methyl-
ation is known to control cellular differentiation in the mam-
mary epithelium. Thus, epigenetic events associated with in
utero or prepubertal exposure to genistein may also contribute
to the effects observed on animal mammary gland differen-
tiation®®. Such imprinting phenomena are extremely difficult
to study in humans. Extrapolation of data from animal
models must take into account some differences in isoflavone
bioavailability in rodents and in humans. For example, all
laboratory animals have been shown to be constitutive
equol-producers, and equol is the major circulating metabolite
in animals while it is only present in a low proportion in
humans ",

Animal studies also showed that isoflavones exert various
effects depending on their structures and application forms.
The large majority of studies have been conducted with genis-
tein. When used alone, daidzein was shown to be equivalent to
genistein at the same dose (250 ppm in the diet) in delaying
mammary tumour development in MMTV-neu mice®”. In
contrast, prepubertal exposure of Sprague—Dawley female
rats to 250 ppm daidzein in the diet neither enhanced mammary
gland differentiation nor suppressed DMBA-induced mammary
tumour development as previously demonstrated for genis-
tein‘®”. Furthermore, dietary daidzein only had a slight stimu-
latory effect on MCF-7 tumour growth in athymic mice,
whereas (£ )-equol did not stimulate tumour growth(“). Thus,
the effects observed with genistein should not be extrapolated
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to other isoflavones, and the various isoflavones may affect
different metabolic or signalling pathways. Moreover, con-
sumption of genistein in pure or highly enriched forms (as in
soy protein isolates) has a greater stimulatory effect on MCF-
7 cells implanted in immunodeficient mice than the same con-
tent of dietary genistein in less purified soy flour®®. Other
authors reported a higher beneficial effect of soymilk or soy
protein isolate toward chemically-induced cancer as compared
to pure genistein(sg’m). Soybeans contain a wide variety of
other phytochemicals such as saponins, protease inhibitors
like the Bowman-Birk inhibitor, phenolic acids, phytic acid,
and lignans that may exert additional or synergistic effects
with isoflavones. Taking supplements may thus have different
effects than increasing soy food consumption.

Cell models

Isoflavones have been shown to inhibit proliferation and/or
induce apoptosis in various androgen-dependent or androgen-
independent prostate cancer cell lines. The concentrations
used were generally high, allowing cytotoxic effects, but anti-
proliferative effects have also been observed at lower concen-
trations (5 uM) of genistein®®. Again, the impact of genistein
is more complex in breast cancer cell lines than in prostate cell
lines, since genistein stimulates cell growth of estrogen-depen-
dent cells when used at concentrations lower than 10 uM but
inhibits their growth at higher concentrations®~*°*%? High
concentrations of genistein also inhibit the growth of ER-nega-
tive cell lines such as MDA-MB-231, indicating that this
isoflavone can exert cellular effects independently from ER.

One major limit of such in vitro studies is that they use
isoflavone concentrations far exceeding the concentrations
commonly achieved in human plasma or tissues after soy con-
sumption. The available data indicate that concentrations as
high as 1-2-5nmol/g of each isoflavone may be achieved in
human prostate or prostatic fluid after short-term supplemen-
tation with high nutritional doses of isoflavones and that in
Asian men basal levels of total isoflavones are about
0-4nmol/g in prostate”*~7. Isoflavone concentrations in
breast tissue are still unknown. Maubach er al. suggested in
an isoflavone supplementation study in 9 women, that they
may be markedly lower than serum concentrations”.

The question of the dose is critical, since increasing the dose
of exposure does not necessarily produce more intense effects
but may also lead to completely different effects. Dang
etal. "® clearly showed that genistein elicits different biologi-
cal effects in osteoprogenitor KS483 cells depending on the
concentration of exposure. At low concentrations (<1 pM),
genistein acts as an estrogen, stimulating osteogenesis and inhi-
biting adipogenesis, whereas at high concentrations (> 1 uM), it
acts as a ligand for PPARY, leading to the upregulation of adi-
pogenesis and downregulation of osteogenesis.

Daidzein and genistein glycosides and aglycones, when
ingested with soy foods, are extensively metabolised in the
human intestine and liver and systematically recovered in
plasma as 7-O- and 4'-O-glucuronides, along with low
amounts of aglycones and sulfate esters”’ 7)., Mono-glucuro-
nides of genistein and daidzein were recently shown to also be
the main metabolites present in the human prostate'’®. How-
ever, the effects of these conjugated forms of isoflavones on
breast or prostate cell proliferation have not been investigated

so far. The nature of the physiological metabolites should yet
be taken into consideration, because the biological properties
of conjugated metabolites have already been shown to differ
from those of the corresponding aglycones. The affinity of iso-
flavone glucuronides for ERs has been reported to be 10-40
times lower than that of the aglycones(so) . Furthermore, sulfa-
tion of isoflavones was shown to decrease their antioxidant
activity and their effect on platelet aggregation, inflammation,
cell adhesion and chemotaxis®"*®. Tumour cell lines may
have lost some membrane carriers, which would limit the
uptake of anionic metabolites such as glucuronides or sulfates
by the cells. For example, MCF-7 and T47D cells do not
express the OATP-B carrier which is normally expressed in
the mammary gland and transports a wide range of sulfated
and glucuronidated conjugates of endogenous and exogenous
compounds(%). Thus, exposure to the same isoflavone concen-
tration could result in quite different intracellular concen-
trations of isoflavone metabolites depending on the cell type
used. To facilitate comparisons between in vitro studies, as
well as extrapolation to the in vivo setting, information on
intracellular concentrations of isoflavone metabolites should
be provided in future studies on cultured cells. Another limit
of in vitro studies is that they rarely used non-tumourigenic
cells. Even if tumourigenic cell lines are of great interest to
study specific signalling or metabolic pathways or to assess
the potential therapeutic effects of isoflavones, these highly
modified cells are not the best models to investigate the pre-
ventive effects of isoflavones.

Mechanisms of action

Although many studies have been conducted to understand the
effects of soy isoflavones on breast and prostate cancer, avail-
able data are inconsistent and the mechanisms of action are
still not entirely elucidated. Studies on animal and cellular
models have firmly established that isoflavones are active com-
pounds, showing quite variable effects depending on the dose,
the form of administration, or the timing and duration of
exposure. Serious concerns were raised about a possible estro-
gen-like detrimental effect of genistein through growth stimu-
lation of pre-existing estrogen-sensitive mammary tumours. In
the present state of our knowledge, the increasing isoflavone
self-supplementation should be considered with caution until
the mechanisms of action of isoflavones are better understood.

As questioned in the titles of S. Barnes, “Isoflavones =
phytoestrogens and what else?”®¥ or M. McCarty “Isoflavones
made simple — Genistein’s agonist activity for the beta-type
estrogen receptor mediates their health benefits”®>, a largely
debated issue is to establish whether isoflavones only act through
their phytoestrogenic properties or whether ER-independent
mechanisms of action may also play a role. Isoflavones have
been reported to modulate steroid biosynthesis, transport and
metabolism, as well as carcinogen activation and detoxification,
to inhibit cell proliferation induced by growth factors, to induce
cell cycle arrest or apoptosis, to favour cell differentiation, to
reduce oxidative stress or to inhibit angiogenesis, cell invasive-
ness and metastasis®5®. They may act through modulation of
cell signalling (direct binding to nuclear receptors, modification
of the phosphorylation state of some signal transduction pro-
teins), regulation of gene expression and/or specific inhibition
of some key enzyme activities.
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Isoflavones and the prevention of breast and prostate cancer ES83

The mechanisms of action of isoflavones are reviewed here
in the context of breast and prostate cancer. Table 1 summari-
zes the most relevant studies that have been published for each
putative mechanism of action and notifies whether in vivo data
exist or whether the mechanism has only been observed
in vitro. In vitro studies using isoflavone concentrations up
to 10 wMm have been distinguished from studies using higher
pharmacological concentrations.

The major focus in isoflavone research so far lies on the
modulation of steroid hormone receptor signalling. Estrogens
regulate many physiological processes in hormone-dependent
tissues, including cell growth and differentiation, apoptosis
and tissue-specific gene regulation, but also influence the patho-
logical processes of hormone-dependent diseases, such as
breast and prostate cancers. The biological actions of estrogens
are mediated by the binding to one of the two specific nuclear
receptors, ERa and ERB(87), which can induce gene transcrip-
tion of estrogen-responsive target genes. A general hypothesis
is that estrogens acting via ERa exert strong proliferation
stimulatory effects while those interacting with ERB tend to
reduce this stimulation. Furthermore, ER3 has been shown to
repress ERa-controlled transcription(g&gg). Cell response
would therefore depend on the balance between ERa and
ERp expression levels within a given cell type. This balance
is altered in favour of ERa during tumour progression(%),
emphasizing the protective role of ER[ signalling and the use-
fulness of ERB-selective agonists in cancer prevention.

Eight in vitro and in vivo studies consistently reported a
downregulation of ERa and an upregulation of ER mRNA
and protein levels by genistein at 1-10 uM in breast cancer
cells®' = A decrease in ERa protein expression was also
observed in mammary tumours of Sprague—Dawley rats
after consumption of a soy extract®®. In the dorsolateral pros-
tate of rats and mice, exposure to dietary genistein (=25 ppm
for rats; 500 wg/g bw for mice) resulted in a downregulation of
ERa and ER3 mRNA and protein expression(%*m)

Activation of ERs is an established effect of isoflavones that
has been documented in the low nanomolar range, concen-
trations commonly achieved at nutritional levels of soy isofla-
vone intake. It has been shown in vitro that genistein has an
agonist activity for both ER subtypes, but its affinity for ER3
is considerably greater than for ERa, with binding affinities
of 8:4nM and 145 nM, respectively(gg’gg). For daidzein, the cor-
responding values are 100nM and 420 nM, indicating a much
lower affinity for these receptors@s’”). The transactivating
functions of ERa and ERB are mediated by two transcription
activation functions (AF) located in the ligand-binding
domain, AF-1 (N-terminal) and AF-2 (C-terminal). AF-1 is
very active in ERa on a variety of estrogen-responsive promo-
ters, but minimal in ERP, whereas AF-2-mediated transcrip-
tional activities of ERs are dependent on recruitment and
interactions with cofactor proteins (coactivators and corepres-
sors) to estrogen-responsive promoters(loo). The conformation-
al change of the AF-2 transactivation helix induced by the
formation of the ER[-genistein complex is closer to that
induced by ER antagonists than by ER agonists and could there-
fore account for the partial agonistic behaviour of genistein'°".
The higher affinity of isoflavones for ER is paralleled by their
ability to activate transcription with ER( at lower concen-
trations than with ERa!%?. Genistein, daidzein and equol
were reported to increase the binding rate of ERs to estrogen

responsive elements (ERE), with a more prominent effect on
ERp than ERa. The concentrations of genistein, daidzein and
equol which would increase this binding rate by 50 % were
determined to be 30nMm, 350nM and 400nm for ERB and
15 uM, >300 pM and 3-5 uM for ERa, respectively*®.

The activation of ERs by isoflavones subsequently lead to a
modulation of the expression of their target genes, and thus, to a
modulation of cellular processes such as proliferation and apop-
tosis. Well-known target genes for the ERs are PR, pS2, bcl-2
and cyclin D1U%*199 PR mRNA and protein levels were
shown to be upregulated by isoflavones in the majority of the
in vitro and in vivo studies. In MCF-7 cells, an upregulation
was observed with 1-10 uMm genistein(m(’), and in premenopau-
sal cynomolgus macaques and ovariectomised athymic nude
mice implanted with MCF-7 cells, the doses ranged between
240 and 750 ppm in the diet®®'9?_In contrast, a natural soy
extract (0-7% in the diet), containing 12 % isoflavones and
35 % saponins, decreased PR protein expression in mammary
tumours of female Sprague—Dawley rats®®. Furthermore,
soy isoflavones stimulated the expression of the ER target
gene pS2 in breast cells, as shown in twelve in vivo and
in vitro studies. As for the modulation of PR, low isoflavone
concentrations (between 0-001 and 10pum) were effective
in vitro in MCF-7 cancer cells'%%198:199 " whereas in vivo
doses above 500 ppm in the diet in mouse xenograft models
or 45mg daily in premenopausal women were used®>%%!'?,
Only one in vivo study reported a converse decrease in
mRNA expression of pS2 in premenopausal cynomolgus maca-
ques after administration of 240 ppm isoflavones in combi-
nation with 0-09 mg/g estradiol'””. Other ER target genes
such as bcl-2 and cyclin D1 were also significantly increased
in breast cells after genistein treatment. At 1 M, it increased
bcl-2 mRNA expression in MCF-7 cells! 11112, Moreover,
750 ppm genistein in the diet increased cyclin D1 mRNA
expression in a mouse xenograft model®®. Increased transcrip-
tional and translational levels of the aforementioned estrogen-
responsive target genes rather suggest estrogen-agonistic
activities of isoflavones in breast cancer cells.

Since the androgen receptor (AR) pathway plays a pivotal
role in prostate cell growth, differentiation and function,
agents that minimise or eliminate AR transactivation are con-
sidered useful to prevent and treat prostate cancer. Although
genistein does not seem to act as a ligand for ARUI3D it
has been shown to exert anti-androgenic effects in prostate
cells, and to downregulate the expression and secretion of
the typical androgen-responsive gene PSA''*!" The mech-
anisms underlying isoflavone anti-androgenic effects are still
not entirely elucidated. In more than seven in vitro and
in vivo studies, a decrease in AR expression at mRNA and
protein levels was detected in prostate cells exposed to low
isoflavone concentrations (0-1-1 M in vitro; 250 ppm in
diet in vivo)®*''3119 Long-term soy protein isolate consump-
tion also lowered AR expression in prostate of men with high
prostate cancer risk"'”. Isoflavones may also decrease andro-
gen levels '8! Moreover, a direct binding of DHT by
equol has been reported in vitro, as well as a stimulation of
testosterone inactivation through intracellular glucuronidation
by biochanin A"?*'?D_ Interestingly, Bektic er al. demon-
strated with the use of a pure anti-estrogen that the down-
regulation of the AR was mediated by ER3 in LNCaP cells.
A cross-talk between ER and AR was also described by
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Table 1. Mechanisms of action of isoflavones in prostate and breast tissues from cell, animal and human studies z
N
Demonstrated Demonstrated
in vitro with in vitro with
Demonstrated physiological supra-physio-
Mechanism Prostate Breast References in vivo doses logical doses
ER and AR pathway
ER mRNA and protein Downregulation of ERe mRNA in pros-  Downregulation of ERe mRNA levels (91,92,95-97, P B
expression tate of rats fed Ge (250 ppm from in MCF-7 breast cell lines exposed 106,184)
conception to day 70, or 250— to 1-10pum Ge
1000 ppm from day 56 to day 70) Decrease of ERa protein expression (94) B
and in prostate of mice fed in mammary tumours of SD rats fed
500 g Ge/g bw a soy extract (0-7 % in the diet)
Downregulation of ERB mRNA in pros-  Upregulation of ERB mRNA levels in (92,93,95,96) P B
tate of rats fed Ge (250 ppm from breast cell lines exposed to
conception to day 70, or 250— 1-10 um Ge
1000 ppm from day 56 to day 70)
AR mRNA and protein Soy protein isolate consumption (117) P
expression (107 mg/d isoflavones) for 6 mo
lowered AR but not ERp protein
expression levels in prostate of men
at high prostate cancer risk
Downregulation of AR mRNA in pros- (96,180,263) P
tate of rats fed Ge (250 ppm from a
conception to day 70, or 250— :
1000 ppm from day 56 to day 70) or Z
a phytoestrogen-rich diet (600 ppm); %'
no effect of Ge (250 ppm in diet) on :
AR protein level in TRAMP mice ;‘
prostate =~
Downregulation of AR at the mRNA (113,116) P
and protein level in LNCaP cells
exposed to Ge (0-1—1 pMm); this
effect was abolished by the pure
antiestrogen 1C1164 384, suggesting
an action via ERB. Da (up to 50 um)
had no effect
ER target gene Downregulation of PR protein Upregulation of PR mRNA and protein (66,97,106, B, P B
expression (PR, pS2, expression in the prostate of expression by Ge (1-10 uM in 107)
cyclin D1, bcl-2) C57BL/6 mice fed with 500 g Ge/g MCF-7 cells; 240—750 ppm in diet in
bw premenopausal cynomolgus maca-
ques and ovariectomized athymic
nude mice implanted with MCF-7
cells)
Upregulation of pS2 mRNA and pro- (55,66,106, B B
tein expression by Ge (0-001-10 um 108-110)
in MCF-7 cells; 500 ppm in diet in
ovariectomized athymic nude mice
implanted with MCF-7 cells)
Upregulation of pS2 protein level in (110) B

nipple aspirate fluid of premenopau-
sal women supplemented with iso-
flavones (45 mg/d for 14 d)
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Table 1. Continued

Mechanism

Prostate Breast

References

Demonstrated
in vitro with
supra-physio-
logical doses

Demonstrated
in vitro with
Demonstrated physiological
in vivo doses

Androgen-stimulated transcription
(androgen responsive genes
promote prostate cancer
development and progression)

Synthesis and metabolism of steroids
17B-Hydroxysteroid dehydrogenase

3B-Hydroxysteroid
dehydrogenase

Aromatase

Induction of cyclin D1 mRNA
expression in a xenograft mice
model by Ge (750 ppm)

Induction of bcl-2 mMRNA expression
in MCF-7 cells exposed to Ge
(1-=10 M)

Ge does not function as a ligand agonist
for AR in either PC3 or LNCaP cells;
no effect of Ge (1 um) was detected
on the activation of AR-dependent
transcription in reporter gene assays

Ge (10 wm) decreased AR binding to
ARE, thereby inhibited transcription
of androgen-responsive genes such
as PSA in LNCaP cells

Downregulation of PSA mRNA level in
LNCaP cells exposed to Ge
(1-5 pm); Ge (10 nm) dose-depen-
dently decreased PSA secretion in
both androgen-treated and
untreated LNCaP cells (unknown
mechanism); biochanin A (1-5 M)
significantly decreased testoster-
one-stimulated release of PSA by
LNCaP cells through upregulation of
UDPGT and intracellular glucuroni-
dation of testosterone

Ge (10 pm) enhanced AR-driven gene
expression (agonist R1881) through
activation of the Raf-MEK-ERK
signalling pathway in PC3 cells, as
shown by the use of the specific
inhibitor PD098059; Ge (0-5—5 M)
enhanced b-estradiol-induced PSA
expression in LNCaP cells

Inhibition of enzyme activity by
1-10 uMm Ge and Da in several
in vitro models, not investigated in
prostate cells
Inhibition of enzyme activity by
1-10 pM Ge and Da in several
in vitro models, not investigated
in prostate and breast cells
Inhibition of human aromatase in vitro
by Ge at high doses (K; = 123 um),
not investigated in prostate and
breast cells

Inhibition of enzyme activity by 1 um
Ge in T47D breast cancer cells

(66)

(111,112)

(113,114)

(116)

(113,115,121)

(114,116)

(69,122,
123,125)

(69,123,264)

(124)

B
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Table 1. Continued t
z
Demonstrated Demonstrated
in vitro with in vitro with
Demonstrated physiological supra-physio-
Mechanism Prostate Breast References in vivo doses logical doses
5a-Reductase activity Inhibition of type 2 5a-reductase (118,265) P P
activity by Da and Ge (ICsg = 7 pm
and ICso = 20 wM) in vitro; not chan-
ged in rats fed isoflavone-rich diet
(600 ppm) for 5 weeks; Ge above
20 pM inhibited 5a-reductase activity
(20 %) in rat prostate tissue hom-
ogenates
Steroid sulfotransferase Inhibition of hepatic estrogen sulfo- (127-129) X
and sulfatase transferase by Ge (0-5 um) and
equation (0-4 um) in vitro; inhibition
of steroid sulfatase by Da-sulfate
(ICs0 = 6 uM) and Da-disulfate
(ICs0 < 1-5 M) in vitro or in hamster
liver extracts, not investigated in
prostate and breast cells
Estrogen levels Inconsistent effects of soy or isofla- (31,130,137) B
vone consumption on circulating
hormone profiles in women. 2 mg 0
isoflavones/kg bw/d for 93 days Z
decreased estrone sulfate plasma 5
level in postmenopausal women. 2
40 mg Ge/d for 12 weeks decreased 2
serum-free estradiol and estrone in 8
premenopausal women. Other
studies did not find significant
changes in circulating sex steroid
hormones. equol-producing pre-
menopausal women showed
reduced estrone and estrone sulfate
plasma levels after isoflavone
consumption (0-15, 1, 2mg/d) in
comparison to non-producers
Ovarian cycle length Trend toward increased cycle length (130-132) B
(32—200 mg isoflavones/d), but
inconsistent results; mean follicular
phase increased with 12-week sup-
plementation of 40 mg Ge/d in
young women
Stimulation of hepatic Observed in vitroin HepG2 cells (31,133,135, B B
synthesis and secretion exposed to =5 pm Ge; in vivo studies 266—268)

of SHBG

showed an increasing effect in preme-
nopausal women determined as
‘equol-producers’ after consumption of
0-15, 1 or 2mg isoflavones/d and in
postmenopausal women after con-
sumption of 30 g soy milk ( = 69 mg
isoflavones)/d for 10 weeks; 2mg
isoflavones/kg bw/d for 93 days)
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Table 1. Continued

Mechanism

Prostate

Breast

References

Demonstrated
in vitro with
supra-physio-
logical doses

Demonstrated
in vitro with
physiological
doses

Demonstrated
in vivo

Androgen levels

Hypothalamic-pituitary-
testicular (HPT) axis

Cell cycle control and apoptosis
Cell cycle arrest

Downregulation of cyclin B expression;
inhibition
of cdc2 activity
Upregulation of cyclin-
dependent inhibitors
(p21 WAFT, p27KIP1)

Induction of apoptosis

Plasma testosterone and androstene-
dione levels significantly lowered in
rats fed a phytoestrogen-rich diet
(600 ppm) for 5 weeks; genistein
(20 ppm in diet) reduced testoster-
one and DHT levels in male mice
orthopically implanted with LNCaP
cells; inconsistent effects of soy or
isoflavone consumption on circulat-
ing hormone profiles in men. Most
studies did not find significant
changes in circulating sex steroid
hormones

Eq specifically binds circulating and
intracellular DHT with an apparent
Kq of 1.32nm and prevent DHT’s
biological actions

No significant differences in plasma
LH in rats fed a phytoestrogen-rich
diet (600 ppm) for 5 weeks. Lack of

significant effects of soy protein iso-

late supplementation on serum LH
in men; 2 week-supplementation
with clover phytoestrogens

(240 mg/d) increased serum LH and

modestly decreased serum testos-
terone concentrations

in men with prostate cancer and
induced testicular resistance to LH

G1 or G2/M arrest only observed in
vitro at high Ge concentrations
(20—-60 um); not observed at 10 um
Ge in LNCaP cells

Observed in LNCaP cells exposed
to high concentration of Ge
(20—-60 ™)

Observed in LNCaP cells exposed
to high concentration of Ge
(20—-60 ™)

Observed in PC3 and LNCaP cells
exposed to high concentration of
Ge (>20-50 pm)

G2/M arrest observed with 5—10 um
Ge in breast cancer cell lines and
=15 pM in non-neoplastic breast
cells

Observed in MCF-10F, MCF-7 and
MDA-MB-231 cells exposed to high
concentration of Ge (45—100 pm)

Observed in mammary gland of rats
fed Ge or soy protein isolate

(0-5mg/kg bw) and in MCF-7, MDA-

MB-231 and AU565 cells exposed
to Ge (=1 um)

Observed in mammary gland of rats
fed Ge or soy protein isolate
(250 ppm Ge or 394 ppm isofla-
vones in diet); observed in MCF-7
and MDA-MB-231 cells exposed to
high Ge concentration (=25 pm)

(117-119)

(120)

(118,269,270)

(147-152)

(148,149,152,155,
157,164,271)

(148,149,155,
160—164)

(3,86,112,160,
163,271)

P
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Table 1. Continued

Mechanism

Prostate

Breast

References

Downregulation of antiapoptotic Bcl-2,
Bcl-x and upregulation of proapopto-
tic Bax, Bak, Bok expression

Inhibition of proteasome activity (which
plays essential role in promoting
tumour cell proliferation and protec-
ting tumour cells from apoptosis)

Angiogenesis
Microvessel density in tumours

Invasion and metastasis
Cell adhesion and migration

Matrigel invasion

Matrix metalloproteinases
(MMP)

Osteopontin

Not modified in prostate cancer cells
exposed to Ge concentration lower
than 40 pm

Inhibition of chymotrypsin-like activity
(—30 %) of purified proteasome
from LNCaP cell extracts by 1 um
Ge, but much higher Ge concen-
tration needed to inhibit proteasome
in intact LNCaP cells (IC5o = 70 M)

Reduced vessel density in SCID mice
inoculated with LNCaP cells and fed
diets supplemented with three levels
of soy phytochemical concentrate
(415 ppm, 756 ppm, 2120 ppm iso-
flavones)

No effect on VEGF and VEGFR
expression in prostate of TRAMP
mice fed 250 ppm Ge

Reduction of the invasive potential
and upregulation of KAI1 mRNA
and protein levels in TRAMP-C2
prostate cancer cells exposed to
5 uM Ge; induction of PC-3 and DU-
145 cell invasion through Matrigel
by plasminogen is counteracted by
Ge (dose unknown)

Inhibition of MMP-2 expression in PC3
and LNCaP cells by Ge (> 18 pm);
Ge (>10nwm) inhibited TGF-B-
mediated induction of MMP-2 in six
cell lines including normal, early
cancer and established cancer
prostate cell lines, possibly through
inhibition of p38 MAPK

Ge (250 or 500 mg Ge/kg bw) reduced
OPN mRNA levels in TRAMP mice
prostates displaying advanced pros-
tate cancer

Observed in mammary gland of rats
fed Ge or soy protein isolate
(250 ppm Ge or 394 ppm isofla-
vones in diet) and in MDA-MB-231
and 184-B5/HER cells exposed to
Ge (=5 um)

Inhibition of chymotrypsin-like activity
(—30 %) of purified proteasome
from MCF-7 cell extracts by 1 um
Ge, but much higher Ge concen-
tration needed to inhibit the protea-
some in intact MCF-7 cells
(ICs0 = 65 pm)

Reduced vessel density and
decreased protein levels of VEGF
and TGFRB in tumours and serum
from nude mice implanted with
MDA-MB-231 and MCF-7 cells and
treated by s.c. injections of Ge
(0-1-0-5mg/kg bw)

Ge (=10 M) and Da (100 um)
suppressed cell migration and
cell adhesion of highly invasive
MDA-MB-231 cells

Induction of MDA-MB-231 cells
invasion through Matrigel by
arachidonic acid or DHA is
reversed by Ge (10 um)

Downregulation of MMP-9 and
upregulation of TIMP-1 mRNA
expression in tumours from nude
mice implanted with MDA-MB-231
or MCF-7 cells and treated by s.c.
injections of Ge (0-1—-0-5mg/kg bw)

(3,112,148,160,
163,272)

(165)

(147,154)

(180)

(169)

(140,170,171)

(154,172-174)

(175)

s}
[92]
o]
o]
Demonstrated Demonstrated
in vitro with in vitro with
Demonstrated physiological supra-physio-
in vivo doses logical doses
B P
P, B
P, B
0
w2
g.
=
[¢]
-
S
=SS
B B
P, B P
B P
P
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Table 1. Continued

Demonstrated Demonstrated
in vitro with in vitro with
Demonstrated physiological supra-physio-
Mechanism Prostate Breast References in vivo doses logical doses
Regulation of cell signalling pathways
Growth factors
EGF signalling Downregulation of EGFR expression Initial upregulation of EGFR protein in (179-183) P, B
in rat and TRAMP mice prostate mammary gland of young rats, pre-
with 250—1000 ppm Ge in the diet; pubertally treated with Ge (250 ppm
Not seen in LNCaP cells in diet or 500 g/g bw) and sub-
sequent downregulation of EGFR in
mammary gland (stimulation of early
differentiation)
Inhibition of EGF-stimulated growth of Inhibition of DNA synthesis by 0-1 um (68,176) B P
LNCaP and DU145 cells by Ge and Ge in presence of 1 ng/ml EGF;
Da (15—-60 pm), without inhibition of induction of DNA synthesis by
EGFR autophosphorylation 1-10 u™m Ge in presence of 1 ng/ml
EGF in breast cancer cells
IGF-1 signalling Downregulation of IGF-1R but not of Upregulation of IGF-1R, IRS-1 mRNA (180,184) P B
IGF-1 in TRAMP mice fed 250 ppm and protein expression in MCF-7
genistein cells by 1 um Ge
Inhibition of IGF-1 stimulated prolifer- Induction of IGF-1-induced DNA syn- (68,177) P,B
ation of rat prostatic cancer cells by thesis by 0-1—-10 um Ge; inhibition of
Ge (10 um) IGF-I-stimulated proliferation of
MCF-7 cells by Ge (>25 pm)
Positive association between soy pro- No significant association between (186—188,192) P, B
tein intake (food frequency question- soy product and soy isoflavone
naire) and serum IGF-1 levels in intake and serum IGF-1 in Asian
Asian men premenopausal and European pre-
and postmenopausal women
40 g soy protein for 3 months Increased IGF-I plasma levels after (189-191, P, B
increased IGF-1 serum levels stron- 40 g soy protein intake for 3 months 193-195)
ger than milk protein; 83 mg/d soy in postmenopausal women; 80 mg
isoflavone for 12 mo did not modu- total phytoestrogens daily increased
late serum IGF in old men; 3—6 mo- IGF-I and IGFBP-3 plasma levels
supplementation with 100 mg/d of after 1 week in healthy women; low
soy isoflavone did not isoflavone-enriched diet (1 mg/kg bw
significantly change serum levels of +d) for 3 months increased IGF-1
IGF-1 or IGFBP-3 levels in men with and IGFBP-3 serum levels in pre-
prostate cancer menopausal women, high
isoflavone-enriched diet (2 mg/kg bw
+d) for 3 months decreased IGF-1
and IGFBP-3 serum levels in post-
menopausal women
Decreased serum IGF-1 levels in (147,185) P

Han:SPRD-cy rats fed a soy pro-
tein-based diet for 6 weeks and in
mice after supplementation with soy
protein isolate (20 % in diet) and
soy phytochemical concentrate
(1% in diet)
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Table 1. Continued 2
E
Demonstrated Demonstrated
in vitro with in vitro with
Demonstrated physiological supra-physio-
Mechanism Prostate Breast References in vivo doses logical doses
Akt and NFkB pathways and their cross-talk
Akt pathway (activation promotes cell Inhibition of Akt phosphorylation by Inhibition of Akt phosphorylation in (161,196) P, B
survival, by inactivation of 10 um Ge in DU145 cells MCF-7 cells exposed to Ge (>1 um)
pro-apoptotic factors; also Decrease in phosphorylated Akt1 and
regulates NF«kB pathway) Inhibition of Akt kinase activity by total Akt1 in non-stimulated MDA- (199,273) P, B
50 um Ge in non-stimulated PC3 MB-231 cells exposed to Ge
cells, and abrogation of EGF-stimu- (30 pm); abrogation of EGF-stimu-
lated Akt activation lated Akt activation by Ge (50 puMm) in
MDA-MB-231 cells
Incorporation of Ge in the diet (250 (197) P
and 1000 ppm) of transgenic male
TRAMP/FVB mice resulted in a
drastic reduction of Akt activation,
subsequent activation of GSK-38,
culminating in a dose-dependent
post-transcriptional reduction in
cyclin D1 levels, and maintenance @)
of the cadherin-1 complex via o
downregulation of snail-1 3.
Induction of PTEN gene expression in Induction of PTEN protein expression (161,163,168) B B P a
PC-3 and LNCaP cells by Ge in SD rats fed Ge or soy protein iso- :
(20 ™). Decreased expression of late (250 ppm Ge or 394 ppm isofla- o
VEGF, ERa and ERB genes may be vones in diet) and in MCF-7 cells =
via repression of Akt pathway by exposed to Ge (>0-1nm)
PTEN
NFkB (control of cell growth, Inhibition of 1kB phosphorylation by Induction of IkB protein expression in (86,165,201, P,B
differentiation, apoptosis, Ge (50 um) in LNCaP and PC3 cells MCEF-7 cells by 100 um Ge 273,274)
inflammation, stress Inhibition of NFkB DNA-binding Inhibition of NFkB DNA-binding (86,199,201, P, B
response) activity by Ge (>30 um) in LNCaP activity in MDA-MB-231 breast can- 273,274)
and PC3 cells cer cells exposed to Ge (>30 uMm)
Ge (>30 pm) abrogated NF«B acti- Ge (50 uv) abrogated EGF- and AKT- (86,199,201, P,B
vation by DNA damaging agents induced NFkB activation in MDA- 273,274)
(H202 and TNF-a) in LNCaP and MB-231 breast cancer cells
PC3 cells
Inhibition of arachidonic acid-stimu- (140) B
lated NFkB mRNA expression by
Ge (2-5 pum) in MDA-MB-231 cells
0-5um Ge activated NFxB and elev- (203) B
ated expression of Mn-SOD through
activation of ERK1/2 in MCF-7 cells
Ge (=10 pM) and Da (100 M) inhib- (169) B

ited constitutively active transcrip-
tion factors NFkB and AP-1 in
highly invasive MDA-MB-231 cells
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Table 1. Continued

Demonstrated Demonstrated

in vitro with in vitro with
Demonstrated physiological supra-physio-
Mechanism Prostate Breast References in vivo doses logical doses
MAPK signalling
JNK Induction of activation of JNK protein (111) B
by Ge (0-1-25 pm) in MCF-7 cells
p38 Increase of p38 phosphorylation by (158) B
Ge (0-5—45 M) in MCF-10F cells
ERK1/2 Decrease of phosphorylated ERK1/2 Decrease of phosphorylated ERK1/2 (158,180) P B _
protein in prostate of TRAMP mice protein in MCF-10F cells exposed to 2
fed Ge (250 ppm in diet) Ge (45 pm) 2
Ge (1-10 pum) increased ERK1/2 (114,177, P 5
activity in non-tumourigenic prostate 204,205) 5
epithelial cells RWPE-1 cells via an o
estrogenic-dependent mechanism 2
and in tumourigenic LNCaP and =
PC3 cells, while supra-physiological g
concentrations (>25 M) decreased 151
ERK1/2 signalling; glycitein g
(0-01-100 ™) induces sustained g
ERK1/2 activation in RWPE-1 cells. =
This activation was independent of =8
estrogen and androgen receptor sig- g
nalling but dependent on VEGFR g
signalling ;’
c-jun, c-fos (member of Decrease of the c-jun:c-fos mRNA (154) B 2
the AP-1 protein) ratio in nude mice implanted with )
MDA-MB-231 or MCF-7 cells and ¢
treated by s.c. injections of Ge =t
(0-1-0-5mg/kg bw) e
PPARYy pathway g
Ge binds a human full-length PPARy (139) X [
receptor expressed in bacteria -
(Ki =57 um)
Ge (1-10 pm) stimulated PPAR (76,138) B
y-directed gene expression in
various cell types (T47D, MDA-MD-
231, KS483, RAW 264.7, HUVEC
cells)
Induction of PPARy mRNA expression  (140) B

in MDA-MB-231 cells exposed to
Ge (2-5 pM) in combination with
PUFAs

16S4d
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Table 1. Continued

Mechanism

Prostate

Breast

References

°6SHd

Demonstrated
in vitro with
supra-physio-
logical doses

Demonstrated
in vitro with
Demonstrated physiological
in vivo doses

Antioxidant activities
(prevention of oxidative
stress)

Free radical scavenging

Antioxidant enzyme
regulation

Xenobiotic metabolism
Phase |

Oxidative metabolites of genistein and
daidzein, as well as genistein and
equol inhibited in vitro formation of
conjugated dienes and TBARS in
copper-induced LDL oxidation
(ECsp < 10 uM), not investigated in
prostate and breast cells. Ge inhib-
ited TPA-stimulated H,O, pro-
duction in human
polymorphonuclear leukocytes
(ICs0 = 14-8 uM) and HL-60 cells
(ICs0 = 30-2 puM). Ge (>10 pm) sca-
venged H,05 in a cell-free system.
Ge (100—200 um) inhibited O, for-
mation. Ge (0-1—10 uM) suppresses
TPA-mediated H,O, formation in
mouse skin, not investigated in
prostate and breast cells

Upregulation of GPx mRNA
expression in LNCaP and PC-3
cells exposed to Ge (100 um)

Upregulation by Ge of MT-1X mRNA
and protein expression (1-30 pum),
GSR mRNA expression (10—30 M)
and mGST-1 mRNA expression
(30 M) in LNCaP cells

Inhibition of CYP2C and CYP3A pro-
tein expression in hepatic micro-
somes of SD rats fed Ge (1250 ppm
in diet)

Induction of Mn-SOD mRNA
expression in MCF-7 cells exposed
to 0-5 pm Ge

Isoflavone supplementation (138 mg/d)
for 24 days increased Cu/Zn-SOD
activities in erythrocytes of breast
cancer survivors

Inhibition of constitutive and DMBA-
induced CYP1A1, 1A2, 1B1 mRNA
and protein expression in mammary
glands of SD rats fed isoflavones
(430 ppm in diet)

Inhibition of CYP1A2 activity in healthy
volunteers (10 pre-menopausal
females and 10 males) supplemen-
ted with Da (400 mg/d for 10 days)

(211-213)

(250)

(214)

(203)

(215)

(216,275)

(218)

D 12 10UINS D
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Table 1. Continued

Demonstrated Demonstrated
in vitro with in vitro with
Demonstrated physiological supra-physio-
Mechanism Prostate Breast References in vivo doses logical doses
Inhibition of CYP1A1 and 1B1 activi- (217) B
ties in MCF-7 cells exposed to Ge
(Ki = 15-4 uMm and Ki = 0-7 pm,
respectiveg) )
Phase Il Induction of GSTP1 mRNA, protein (219) B
expression and enzyme activity in
non-tumourigenic MCF-10A cells
exposed to Ge (1—30 pm)
Induction of quinone reductase (QR) (220) B
mRNA and protein expression in
MDA-MB-231 and MCF-7 cells
exposed to 10 um Ge
Inhibition of COMT activity in cytosolic (276) B
fractions of human mammary tis-
sues exposed to 30 um Ge
Induction of liver GPx, GR, kidney (277) X
GST, colon QR and colon UDPGT
activity in female SD rats fed isofla-
. . vones (0-81 mg/g diet)
Induction of UDPGT activity in LNCaP (121) P
cells exposed to 5 um Ge
Inhibition of SULT1A1 activity in (278) X
human liver tissues by Ge
DNA repair . (1Cs0 = 2 ) . .
Time- and concentration-dependent Upregulation of BRCA1 and BRCA2 (209) B, P
upregulation of BRCA1 and BRCA2 protein levels in MCF-7 and T47D
protein levels in LNCaP and DU145 cells exposed to Ge (0-5—1 pum)
cells exposed to Ge (0-5—7-5 um)
Upregulation of BRCA2 mRNA levels (51,210) B
in ovariectomised rats fed isoflav-
one-formulated Soylife (8 .g/g bw);
upregulation of BRCA1 protein leve-
Is in rats fed Ge (1-25—3-3 n.g/g bw)
Vitamin D metabolism
Synthesis of the antiproliferative and Downregulation of CYP24 and Increase of CYP27B1 mRNA, protein (221,222) B, P
prodifferentiative metabolite 1,25- CYP27B1 expression in DU-145 expression and enzyme activity in
dihydroxy-vitamin D3 cells exposed to Ge (>25 pm) MCEF-7 cells exposed to 50 pm Ge
Inhibition of topoisomerase Il
(maintains DNA structure)
Inhibition of topoisomerase Il by Ge (223) X
(>20 M) in vitro, not investigated
in prostate and breast cells
Telomerases
Repression of hTERT transcriptional Significant reduction of telomere (196,224) B, P

activity in PC3 and DU145 cells
exposed to Ge (50 pum)

length in MCF-7 cells exposed to
Ge (100 pm)

P, prostate; B, breast; X, other cells/tissues.
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Davis er al. "'®, who reported that genistein (0-5-5 M)

enhanced 17B-estradiol-induced PSA expression in LNCaP
cells. At a slightly higher concentration (10 M), genistein
stimulated AR-driven gene expression through activation of
the Raf-MEK-ERK signalling pathway in PC3 cells, again
demonstrating the critical importance of the dose. It is note-
worthy that daidzein, at concentrations up to 50 uM, did not
modulate PSA or AR protein levels in LNCaP cells"'?.

Because steroid hormone levels influence the development
of hormone-dependent cancers, the research also focused on
the impact of isoflavones in the synthesis and metabolism of
steroids. However, the potency of isoflavones to inhibit
some key enzymes involved, such as 17@-hydroxysteroid
dehydrogenase, 33-hydroxysteroid dehydrogenase, aromatase
and So-reductase, in humans is questionable. Although the
inhibition of 17@-hydroxysteroid dehydrogenase, 33-hydroxy-
steroid dehydrogenase and Sa reductase was observed at low
doses of 1-10 M, this was mostly shown in platelet micro-
somes or using isolated human enzymes(69’122_124). Data for
enzyme inhibition in breast and prostate cells are still limited.
Makela et al. reported an inhibition of 17f3-hydroxysteroid
dehydrogenase with 1M genistein in breast cancer
cells"*. In rat prostate homogenates an inhibition of Sa-
reductase activity was observed after treatment with 20 pm
genistein(l%). Genistein and equol at nanomolar concen-
trations also showed inhibition of steroid sulfotransferases
in vitro, whereas daidzein sulfates at 1-5-6 uM inhibited
steroid sulfatase signiﬁcantly(127_129). Finally, a favourable
reduction in serum hormone levels in women and men as
well as the stimulation of SHBG and the prolongation of the
menstrual cycle in women supplemented with soy isoflavones
have been observed in some studies, even if results are still
quite inconsistent®!!17=120-130=133) "1t should be noticed that
these mechanisms in women were highly dependent on factors
such as the menopausal status, the level of endogenous estro-
gens, the intake of oral contraceptives and the gut microbial
composition. In a postmenopausal primate model as well as
in postmenopausal women isoflavone supplementation
(129 mg/1800 kcal and 2 mg/kg bw/d, respectively) decreased
serum hormones such as estrone-sulfate, estrone, estradiol
and increased urinary 2-hydroxyestrone levels as well as the
urinary 2:16a-hydroxyestrone ratio"**13%_ Furthermore, it
was shown that isoflavones (60, 120 and 240 mg/d) lowered
serum estrone and estradiol concentrations significantly in a
high estradiol environment but not in a low estradiol environ-
ment in postmenopausal primates'®”. Studies in premenopau-
sal women showed inconsistent results. While no changes in
menstrual cycle length and serum hormones were observed
after long-term intervention with high isoflavone doses
(50mg/d for 2 years or 100mg/d for 1 year)"”'*®, a short-
term intervention of 12 weeks with 40 mg genistein/d and of
93 days with 10, 64 and 128 mg isoflavones/kg bw/d increased
menstrual cycle length and decreased serum free estradiol,
estrone, DHEA-sulfate, follicle stimulating hormone (FSH)
and luteinising hormone (LH) levels"**"*”. It was also
demonstrated that gut microflora influenced serum hormone
levels of premenopausal women, showing that equol-produ-
cers had lower serum hormone concentrations after isoflavone
supplementation than non-producers®".

Recent in vitro studies suggest that isoflavones may also act
through activation of other nuclear receptors than ER and AR.

Dang et al. showed for the first time in 2003 that genistein was
able to bind a human full-length PPAR‘y receptor expressed in
bacteria, with a K; of 57 uM, comparable to that of some
known PPARYy ligands(m). Furthermore, genistein dose-depen-
dently (5-50 wM) stimulated PPARy-directed gene expression
in T47D and MDA-MD-231 breast cancer cells and other cell
types transfected with PPRE-luciferase construct and expression
plasmids encoding human PPARY7®'*®_ A similar reporter
assay and siRNA targeting approach confirmed the PPARy ago-
nist effect of genistein in HUVEC cells at a low physiological
dose (1 um)"*?. Genistein (2-5 M) in combination with poly-
unsaturated fatty acids also induced PPARy mRNA expression
in MDA-MB-231 cells"*?. PPAR‘y agonists are known to act as
modulators of cell cycle and estrogenic actions, to inhibit the
proliferation of cultured human breast and prostate cancer
cells, and to modify breast epithelial gene expression leading
to a more differentiated and less-malignant state!'*'~'4%)
Accumulating evidence also suggests that PPARy may act as
a tumour suppressor in prostate cancer. Phase II clinical
trials using PPARvy ligands have been recently carried out
as novel therapy for advanced breast and prostate cancer
patients““’ms’m(’). A balance between ER and PPARYy
activation, depending on the genistein concentration and the
levels of ER and PPARY in the tissue may thus explain some
of the effects of isoflavones''*>.

Isoflavones are capable of inhibiting proliferation by indu-
cing G1 and/or G2/M cell cycle arrest in breast and prostate
cancer cells®!'#71*®) While concentrations ranging between
5 and 10 wM genistein inhibited cell cycle in breast cancer
cell lines, pharmacological doses of 20—60 um were required
to achieve the same effect in prostate cancer cells147:149-152),
Progression in the cell cycle depends on the activity of a
functional complex formed between cyclin Bl and the
cyclin-dependent kinase (cdk) Cdc2®159 A significant
downregulation of cyclin Bl and Cdc2 levels by genistein
has been consistently observed in breast and prostate models
in vitro, but only at high doses (20—100um)'>*~5" In
order to achieve the inhibition of Cdc2 protein expression,
supra-physiological doses of genistein (=45 M) were also
required in non-tumour breast cells as well as in breast and
prostate cancer cells"**'*® In addition, progression to mito-
sis can be affected by the phosphorylation status of Cdc2
mediated by Wee-1 protein kinases''>®. Exposure of the
non-tumorigenic breast cell line MCF-10F to 45 uM genistein
resulted in an increase in phosphorylated Cdc2 protein
levels""*®, and in TRAMP C2 prostate cells an increase in pro-
tein expression of protein kinase Myt-1 was observed upon
exposure to 50 uM genistein''>®. In contrast, the other protein
kinase Wee-1 was suppressed'>®. On the other hand, depho-
sphorylation of Cdc2 by the phosphatase Cdc25C increases the
kinase activity of the cyclin B1-Cdc2 complex in the M
phase">”. The group of Frey et al. demonstrated a significant
downregulation of Cdc25C protein expression using 50 uMm
genistein in the non-tumorigenic breast cell line MCF-
10F"*?_ In summary, the effect on cdc2 phosphorylation
was only observed at high genistein concentrations.

Cell cycle progression is also affected by the levels of cdk
inhibitors p21VAF!" and p27%'!, which were significantly
upregulated upon genistein supplementation in breast and
prostate cells. Eleven in vivo and in vitro studies on breast
cancer showed a genistein-induced upregulation of p21™AF!
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(=0-5mg/kg bw in mouse xenograft model, 250 ppm in the
diet in Sprague—Dawley rats, =5 pM in breast cell lines
MCE-7, MDA-MB-231) and p27%"' mRNA and protein
levels (=1pM in breast cell lines MCF-7, MDA-MB-
231)154.160-163) 1 prostate cancer cells, an upregulation of
p21VAT! and p27%F! mRNA and protein levels was consist-
ently observed upon exposure to high concentrations of genis-
tein (20-60 wm), as summarised from eight in vitro
Studies(149,155,]64).

In addition to the inhibition of cell proliferation, isoflavones
can induce apoptosis in human breast and prostate cells at con-
centrations over 25 uM and 20 uM, respectively® %Y. One in
vivo study reported isoflavone-induced apoptosis in mammary
glands of Sprague—Dawley rats (250ppm genistein or
394 ppm mixed isoflavones)'®®. Pro-apoptotic proteins Bax,
Bak and Bok were shown to be upregulated in breast cell cul-
ture models or rat mammary glands by genistein at respect-
ively concentrations of 5uM, 25uM or 250ppm in the
diet!1>160-163) " while anti-apoptotic proteins Bcl-2 and Bcl-
xp. were downregulated at genistein concentrations =5 uM
in vitro (MDA-MB-231, 184-B5/HER)"'*'%?_ Data regarding
apoptosis-associated proteins and their modulation by
isoflavones in prostate cells are limited. However, it was
shown by three different groups that genistein concentrations
above 40 M were necessary to upregulate Bax and downregu-
late Bcl-x;, and Bcl-2 in vitro 148163169 Eyrthermore,
expression of cell cycle regulators such as p53, PTEN,
p21WAF " and p27%¥* ! also involved in the apoptotic process,
were modulated by isoflavones. The modulation of p21™AF!
and p27*'! has been described above. From two in vitro
studies reporting p5S3 modulation in breast cancer and
two studies (one in vivo, one in vitro) reporting p53 modu-
lation in prostate cancer, it was shown that only high genistein
concentrations (=25 wM) were able to increase this protein
expression! ""1”In contrast, the tumour suppressor gene
PTEN was upregulated after incubating MCF-7 cells with a
very low concentration of 0-1nm genistein(m). In vivo,
doses of 250ppm genistein or 394 ppm mixed isoflavones
were also reported to induce PTEN protein expression in the
mammary gland(163). An induction of PTEN gene expression
by genistein (20 uM) was similarly described for LNCaP and
PC3 prostate cells!%®).

Inhibition of angiogenesis is another biological effect of
isoflavones that has been reported in vivo in the context
of breast and prostate cancer. Genistein (0-1-0-5mg/kg bw)
or a soy phytochemical concentrate significantly reduced
vessel density in breast and prostate mouse xenografts''47-!5%,
In highly invasive MDA-MB-231 breast cancer cells, 10 pM
genistein suppressed cell migration as well as cell
adhesion'®”. Furthermore, the invasive potential of several
breast and prostate cancer cell lines was reduced by high phys-
iological doses of genistein (5—10 M) *%17%17D The group
of El Touny observed a genistein-induced upregulation of
the metastasis suppressor Kangai-1 gene in TRAMP mice
with 250 ppm in the diet or in TRAMP-C2 cells when exposed
to 5uM genistein'’?. The potential of isoflavones to inhibit
invasion of breast and prostate tumour cells is furthermore
characterised by the downregulation of matrix metalloprotei-
nases (MMP)-2 and 9, as demonstrated in vivo and in vitro
with doses =0-1 mg genistein/kg bw in breast cancer mouse
xenografts and =18 uwm genistein in PC3 and LNCaP cells,

respectively(l54’172’]73). An upregulation of tissue inhibitor of
metalloproteinase (TIMP)-1 was only reported for breast
cancer with doses =0-1 mg genistein/kg bw in breast cancer
mouse xenografts and 74 pM in MCF-7 and MDA-MB-231
cells"">¥. In normal, early cancerous as well as established
prostate cancer cells, 10nM genistein inhibited the TGFf{3-
mediated induction of MMP-2(!72=179 Osteopontin, an extra-
cellular matrix protein secreted by macrophages infiltrating
prostate tumours, was reduced at the transcriptional level by
genistein (250, 500 mg/kg bw) in TRAMP mice prostatems).

A physiological impact of isoflavones that has been well
documented for breast and prostate cells in vitro and in vivo
is the modulation of cell signal transduction through several
signalling pathways such as EGF, IGF-1, Akt, NF-kB and
MAPK signalling.

The capacity to inhibit mitogen-stimulated growth in breast
and prostate cells has been presumed to be due to the inhi-
bition of tyrosine kinase activities associated with critical
growth factor receptors(ms’”(’_”g). EGEFR protein expression
was shown to be inhibited in rodent prostate with dietary
doses of genistein between 250 and 1000 ppm“7*'¥9  The
studies by the group of Lamartiniere showed an age-dependent
effect of isoflavones on EGFR protein expression in the mam-
mary gland of Sprague—Dawley rats exposed to 500 g genis-
tein/g bw 181189 1y young 21-day old rats an initial
upregulation of EGFR expression in TEBs was observed, fol-
lowed by a downregulation in adult 50-day old rats. EGF-
stimulated DNA synthesis was also inhibited by isoflavones
in breast and prostate cell lines. In LNCaP and DU-145 pros-
tate cells, genistein and daidzein at 15—-60 uM showed signifi-
cant inhibition of EGF-stimulated growth(176), whereas the
effect in MCF-7 breast cells is dependent on the genistein
concentration added, showing growth inhibition with 0-1 uMm
and promotion with 1-10 p,M((’S).

In the prostate of TRAMP mice, a decrease in IGF-1R pro-
tein was observed following administration of 250 ppm genis-
tein in the diet'®?. In contrast, an in vitro study in MCF-7
breast cancer cells reported an increase in IGF-1R protein
expression after exposure to 1 uM genistein(]84). While IGF-
1-stimulated proliferation of rat prostate cancer cells was
inhibited by 10 wM genistein'’”, physiological genistein con-
centrations (0-1-10 wM) further increased IGF-1-stimulated
growth of MCF-7 cells. Only pharmacological doses of genis-
tein (>25 uM) showed an inhibitory effect on breast cancer
cell growth®®.

Decreased IGF-1 serum levels were detected in male rats
and mice after administration of soy protein and soy isofla-
vone-enriched diets!!4”!8> However, contrasted effects of
soy or isoflavones on IGF-1 were observed in human studies.
Cross-sectional studies in Asian and European women showed
no association with soy, isoflavones and soy protein intake and
IGF-1 levels"® =!8 Experimental studies in women gave
controversial results. Consumption of 40 g soy protein for 3
months led to increased IGF-I plasma levels in postmenopau-
sal women'%?. Again, increased plasma IGF-1 and IGFBP-3
concentrations were observed in women consuming 80mg
phytoestrogens (including soy isoflavones)'*” and in preme-
nopausal women after consumption of a low-isoflavone
enriched diet (1 mg/kg bw +d)""*". In contrast, a high-isofla-
vone diet (2 mg/kg bw +d) for 3 months resulted in decreased
serum IGF-1 concentrations in postmenopausal women'?V.
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In men the effect of isoflavone supplementation on serum
IGF-1 levels was also inconsistent. A positive correlation
was found between intake of soy protein and serum IGF-1
levels in Asian and Caucasian men''**'*® but two interven-
tion studies showed no effect of soy isoflavones!!*+!%>,

Inhibition of the Akt signalling pathway through inhibition of
Akt phosphorylation was observed in breast and prostate cell
lines exposed to 1—10 wM genistein'®""1%®), as well as in male
TRAMP/FVB mice fed with 250-1000 ppm genistein(197).
An abrogation of EGF-stimulated Akt activation was also
observed with a high dose (50 uM) of genistein'*®!%%. As
PTEN expression is known to be upregulated in prostate and
breast cells by low genistein concentrations, as described
above, it may mediate the repression of the Akt pathway.

Furthermore it was shown that genistein concentrations
above 10 uM inhibited the constitutively activated transcrip-
tion factor NF-kB in highly invasive MDA-MB-231 breast
cells"'®”. Pharmacological doses of genistein (> 30 puM) inhib-
ited NF-kB DNA-binding activity and abrogated NF-kB acti-
vation induced by DNA damaging agents, EGF and Akt in
LNCaP, PC3 prostate and MDA-MB-231 breast cells198202),
Moreover, protein expression of IkB, the inhibitor of NF-kB
in the cytosol, was induced in MCF-7 breast cancer cells by
100 wM genistein'®. Conversely, an inhibition of IkB was
reported for prostate cells in vitro GO0 These effects have
been observed using very high isoflavone concentrations. How-
ever, Borras et al. recently reported that a dose as low as 0-5 pm
genistein efficiently activated NF-kB and subsequently elev-
ated Mn-superoxide dismutase (SOD) expression in MCF-7
cells@™,

Expression of different members of the MAPK cascade is
modified by genistein in breast cells. Protein expression of
JNK and p38 MAPK was increased when MCF-7 and MCF-
10F cells were incubated with 0-1-45 puM genistein(m’lsg).
In contrast, ERK1/2 protein expression was decreased in
MCF-10F cells when using a high genistein concentration
(45 pNM)(15 ® and in the prostate of TRAMP mice fed genistein
at 250 ppm in the diet"'®”. Genistein (1—10 pm) also increased
ERK1/2 activity in non-tumorigenic epithelial RWPE-1 pros-
tate cells via an estrogenic-dependent mechanism, while
supra-physiological concentrations (>25uM) decreased
ERK1/2 signalling(l14’158’177’204’205). Downstream targets c-
jun and c-fos, members of the AP-1 complex which is located
in promoter regions of several genes discussed in this para-
graph, were demonstrated to be upregulated by genistein in
breast cancer models in vivo and in vitro. While the dose indu-
cing this effect was 0-1 mg/kg bw in mice, it was much higher
(74 uM) in ER positive and negative breast cell lines''>*.

Isoflavones such as genistein were also reported to have a
possible effect on DNA repair. The tumour suppressor genes
BRCA1 and BRCA2 are high penetrance genes associated
with an increased risk of estrogen-responsive hereditary can-
cers such as breast and ovarian cancer and their mutations
are also linked to an increased risk of developing androgen-
dependent pathologies such as prostate cancer®®2") The
corresponding proteins are involved in crucial cellular pro-
cesses like cell proliferation, DNA repair and control of
gene expression, notably through the regulation of ER- and
AR-dependent transcriptional activities®”’?°®. Physiological
doses of genistein (0-5-2-5um) upregulated BRCA1 and
BRCAZ2 protein expression in MCF-7 and T47D breast and

LNCaP and DU-145 prostate cells in vitro @99 " An in vivo
study reported that administration of 1.25-3-3 ug genistein/g
bw during prepuberty resulted in a long-lasting increase in
BRCA1 mRNA levels in mammary glands of 3 and 8-week
old female Sprague—Dawley rats®". Furthermore, BRCA2
mRNA expression was upregulated in mammary glands of
ovariectomised Wistar rats fed an isoflavone-formulated diet
(soylife) providing 8 wg isoflavones/g bw for 90 days*'?.
Isoflavones are thus candidate regulators of BRCA1 expression,
possibly through their interaction with hormone receptors.

The modulation of antioxidant and xenobiotic enzyme sys-
tems towards reduction of oxidative stress and carcinogen
detoxification is another key player in cancer prevention.
Although the direct antioxidant capacity of soy isoflavones
by scavenging free radicals or preventing LDL oxidation
was mostly observed at high doses in vitro @1-213) " evidence
exists that isoflavones may induce antioxidant enzyme systems
as shown in vitro in breast and prostate cells at concentrations
observed in plasma, or in vivo after soy consumption. Genis-
tein at 10 w™m induced gene and protein expression of several
antioxidant enzymes such as glutathione peroxidase (GPx),
glutathione reductase (GSR), microsomal glutathione S-trans-
ferase 1 (mGST-1) and metallothionein 1X (MT-1X) in
LAPC-4 prostate cancer cells®'”. A lower concentration
(0-5 uM) of genistein also induced the transcription of Mn-
SOD gene in MCF-7 cells®*®. Furthermore, isoflavone sup-
plementation of 138 mg/d for 24 days increased Cu/Zn-SOD
activities in erythrocytes of breast cancer survivors®'>.
Several xenobiotic enzymes involved in the activation of
pro-carcinogens or in the detoxication of the carcinogens
were influcenced by isoflavones as shown in non-tumorigenic
and tumorigenic breast cells using low doses of isoflavones, as
well as in rat and human mammary glands. Levels of toxifying
Phase I enzymes, such as cytochrome P450 (CYP) 1A1, 1A2
and 1B1 were decreased by 430 ppm isoflavones in the diet of
female Sprague—Dawley rats®!®), by 0-7—-15 uM genistein in
MCE-7 cells®'” and in premenopausal women after sup-
plementation with 400 mg daidzein/d*'®. Detoxifying Phase
II enzymes such as GSTP1 and quinone reductase (QR)
were upregulated at 1-10 uM genistein in non-tumourigenic
MCF-10A and tumourigenic MCF-7 and MDA-MB-231
breast cells*'%?2%,

The influence of isoflavones in the metabolism of vitamin D
has also been explored. However, the potentially protective
effect of genistein through an increase in the synthesis of the
antiproliferative metabolite 1,25-dihydroxy-vitamin D3 in
breast and prostate cancer cells was only observed at high
non-physiological concentrations®*'**?_ Similarly, inhibition
of topoisomerase II and modulation of telomerases were only
shown in cell culture models exposed to supra-physiological
concentrations of genistein, thus, are unlikely to play a role
in the prevention of breast and prostate cancer!!96-223-224),

To summarise the mechanisms of action of isoflavones dis-
cussed herein for breast cancer it is suggested that the inhi-
bition of cell cycle and induction of apoptosis, promotion of
differentiation, as well as the inhibition of angiogenesis, inva-
sion and metastasis are probable modes of action of isofla-
vones as they were observed at physiologically relevant
doses in vivo as well as in vitro. Modulation of the ER path-
ways and the metabolism of steroid hormones are certainly
involved, whereas the regulation of cell signalling pathways
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gave inconsistent results. Some supportive evidence exists for
the modulation of EGF, IGF-1, MAPK, Akt and PPAR path-
ways, whereas the effects of isoflavones on NF-kB signalling
need to be further explored. Furthermore, the stimulation of
antioxidant enzyme systems, the modulation of the
xenobiotic metabolism towards enhanced detoxification and
boosting of DNA repair have also been demonstrated at
physiological isoflavone concentrations in breast cells.

The most likely mechanisms of action of isoflavones
involved in the prevention of prostate cancer include inter-
action with AR and ER pathways and improvement of DNA
repair. While inhibition of cell cycle was reported to occur
only at supra-physiological concentrations, inhibition of
angiogenesis, invasion and metastasis may occur at lower
doses compatible with dietary exposure. Further studies are
needed to establish the effects of isoflavones on the metabo-
lism of steroids, on the modulation of antioxidant enzyme
systems and xenobiotic metabolism, as well as on EGEF,
IGF-1, PPARYy and Akt signalling pathways in prostate cells.

Modulation of vitamin D metabolism, effect on telomerases,
direct scavenging of free radicals or inhibition of topoisome-
rases II were only described at isoflavone concentrations far
exceeding the physiological serum levels, raising doubts on
their role in the prevention of breast and prostate cancer.

Effects on gene expression and microarray analyses

Targeted approaches focusing on the activity of one compound
on one particular gene or protein, as described in the previous
section, have been widely used in pharmacology, generally
with success; however, they do not seem to be sufficient to elu-
cidate the mechanisms of action of isoflavones at dietary levels
of exposure. Diet is a very complex system, consisting of a
huge number of possible combinations of diverse nutrients
and micronutrients. Each constituent may have an impact on
several metabolic or signalling pathways, and dietary constitu-
ents can exert opposite, additional or synergistic effects®>.
Furthermore, there is abundant evidence of cross-talks
between ERs and AR, EGF and IGF-1 signalling in breast
and prostate cancer cells®®. AR and ERs can be activated
by growth factors and compounds that modulate the MAPK
cascade®”**® or the phosphatidylinositol-3 kinase (PI3K)/
Akt-mediated cell survival pathway. In prostate cancers that
have evolved to androgen independence, growth factor recep-
tors may activate androgen receptors in the absence of andro-
gensmg). Bidirectional interactions exist. For example, the
IGF-1R is directly activated by liganded ER, IGF signalling
transcriptionally activates the ER, and IGF-1 and estrogens
have synergistic effects on cell cycle signalling cascades and
proliferation(230). Signal cross-talk also exists bidirectionally
between PPAR<y and ER in breast cancer cells®". ERa and
PPARY pathways have an opposite effect on the regulation of
the PI3K/Akt transduction cascade®?. A variety of studies
have shown that activated ER and PPAR can inhibit the activity
of the transcription factor NF-«kB, which plays a key role in the
control of genes involved in inflammation, cell proliferation
and apoptosis(233 ). A cross-talk between NF-kB and Akt signal-
ling pathways has been suggested in genistein-treated MDA-
MB-231 breast cancer cells""*”. Moreover, NF-kB activation
was reported to inhibit the tumour suppressor PTEN expression,
which functions as a negative regulator of the PI3K/Akt

pathway(234), whereas activated PPAR+y has been shown to

upregulate PTEN transcription’®”. These non-exhaustive
examples of established cross-talks potentially involved in
breast and prostate carcinogenesis show how complex the inter-
actions between the various signalling pathways are.

Inter-organ relationships must also be considered. For
example, the liver and the immune system certainly play a
role in the aetiology of breast and prostate cancer. Therefore
it appears evident that targeted approaches are not sufficient
to study the effects of dietary compounds on the prevention
of these diseases. High-throughput methods such as transcrip-
tomics, proteomics and metabolomics have been recently
introduced in the nutrition field.

Large scale gene expression profiling through the use of
DNA microarrays consists in measuring simultaneously the
expression of hundreds or thousands of genes in a given
sample using a single hybridization step. The comparison of
these transcriptomic signatures obtained in different experi-
mental conditions offers the possibility to reveal gene net-
works and signal transduction pathways modulated by a
dietary intervention. It allows venturing new hypotheses
about mechanisms of action. This is a valuable progress
since targeted approaches may favour the systematic focus
on a few genes or proteins that are already known to be impli-
cated but may not be the only or the most important actors.

Similarities and differences between phytoestrogen and
estrogen activities have been investigated in this way, by com-
parison of transcriptomic signatures induced by isoflavones or
estradiol exposure in MCF-7 cells or mouse estrogen-respon-
sive tissues. Results have been conflicting with some studies
describing very similar transcriptional responses(235 =23 and
others reporting only limited overlapping between expression
patterns elicited by estradiol and genistein %% It was
suggested that differences in transcriptional signatures may
arise from concentration-dependent variations in the magnitude
and kinetics of gene expression rather than from modulation of
distinct pathways. The question of the dose therefore appears
crucial. The number of genes whose expression is affected by
estradiol increased with its concentration in MCF-7 cells and
in the uterus of immature female rats®*”. In human endo-
metrial cancer cells, a strong dose-dependency in the number
of genes regulated by genistein was also observed: 2, 95 and
508 genes were affected by genistein exposure at 0-5, 5 and
50 uM respectively®®. Shioda er al. obtained a gene
expression profile after exposure of MCF-7 cells to 30 pM estra-
diol undistinguishable from that obtained with exposure to
3 uM genistein, but clearly different to the profile obtained
after exposure to 10 uM genistein(241) . Gene expression profil-
ing thus allows comparing different estrogenic compounds but
the results must be interpreted with caution due to this strong
dependence on the dose. The few studies that used physiologi-
cal doses of genistein and estradiol rather showed similar gene
expression profiles with genistein and estradiol®****® but
more studies are clearly needed.

Microarrays may also be useful to study molecular mechan-
isms. They have been used to identify novel androgen-respon-
sive genes or genes induced in common by peptide growth
factors and androgen in human prostate epithelial cells®*,
Microarrays have been used to study isoflavone mechanisms
of action and build up new hypotheses of research. Only few
studies, described below, have applied this technique on cell
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models exposed to physiologically relevant conditions, e.g.
with exposures consistent with isoflavone concentrations
achievable in humans.

Global gene expression profiles analysed after a 24-h
exposure of MCF-7 and T47D cells to 1 pM genistein showed
large similarities with those obtained after exposure to 30 pMm
estradiol ®*?. Using a threshold fold-change of 3, the authors
found 97 upregulated genes, and 36 downregulated genes in
genistein-treated MCF-7 cells, mainly involved in cell cycle,
apoptosis, DNA metabolism, growth stimulation, cell adhesion,
as well as xenobiotic metabolism and transport systems. Fewer
genes were regulated by genistein in T47D cells but the same
functions were affected. Shioda et al. showed using Affymetrix
pangenomic microarrays that exposure of MCF-7 cells to 3 uM
genistein for 48 h resulted in the upregulation of genes mainly
involved in cell cycle progression, purine and pyrimidine syn-
thesis, as well as steroid biosynthesis**".

Few studies have been carried out in vivo. Thomsen et al.
investigated the effects of neonatal or prepubertal exposure
to 270 ppm genistein in the diet at the transcriptional and
histological levels by using cDNA microarrays and immuno-
histochemical analysis of selected regulated genes(243).
Changes in gene expression were clearly related to an increase
in the number of epithelial mammary cells expressing the
genes rather than to a specific regulation within the cells.
This finding supported the hypothesis of a role of genistein
in promoting earlier differentiation of the mammary gland.

In the mammary gland of male rats life-long exposed to
genistein through maternal supplementation then directly in
the diet after weaning until postnatal day 90, 90 genes were
up or downregulated by at least 2-fold. The following
genes were upregulated: growth factors (FGF 5), receptors
(IGF-2R, TGFB- type 2 receptor, acetylcholine receptor f3,
inositol 1,4,5-triphosphate receptor type 1), kinases (adenylate
kinase 1 and 3, pyruvate dehydrogenase kinase). Genistein
downregulated expression of various enzymes involved in
lipid metabolism (phospholipase C 3, phospholipase C 84,
phospholipase Cvyl, pancreatic lipase, hepatic lipase), small
molecule receptors (glutamate receptor, prostaglandin F
receptor) and solute transporters (solute carrier family 2, 10,
13, 18, voltage-gated sodium channel) as well as organic
cationic transporter-like 1 and hydroxysteroid dehydrogenase
11B type 1% The effects on energy metabolism and trans-
port systems constitute new putative mechanisms of action
of isoflavones that will have to be investigated further.

In the context of prostate cancer, a series of elegant studies
using pangenomic microarrays to investigate the chemopre-
ventive mechanisms of action of isoflavones have been pub-
lished®**=2*®_ The authors exposed the human androgen-
responsive prostate cancer cells LNCaP to 1, 5 and 25 pum gen-
istein, daidzein or equol for 48 h, and showed that the number
of regulated genes increased markedly with the concentration
to which cells were exposed: 521, 484 and 101 genes were
regulated by 25 uM equol, genistein and daidzein respectively
whereas only 14, 3 and 29 genes were regulated by the same
compounds at 1 puM. The nature of the regulated pathways also
depended on the concentration: 1 puM genistein affected andro-
gen-regulated genes and IGF-1 pathway, concentration of
5 uM affected cell cycle control genes and PPAR« signalling,
whereas genes related to DNA damage and stress response
pathways were upregulated at a 25uM concentration.

Genistein, daidzein and equol induced similar effects on the
androgen-responsive genes and IGF-1 pathways, but resulted
in a different modulation of steroid/xenobiotic metabolism
genes and cell cycle-related genes.

Targeted microarrays may also be useful and are often
easier to interpret. Raschke er al. ®'® firstly showed with
the comet assay that genistein (1-30 M) protected prostate
LAPC-4 cells from hydrogen peroxide-induced DNA
damage. Using a targeted cDNA macroarray containing 192
genes involved in biotransformation or stress response, the
authors showed that genistein modulated the expression of 3
of these genes at 1 uM and 19 genes at 10 uM. Real-time
PCR confirmed the induction of three genes encoding products
with antioxidant activities, namely GSR, mGST-1 and MT-1X
possibly contributing to prevent DNA damage.

Seven other studies reported the use of the microarray
technique on prostate cancer cells exposed to very high
concentrations of isoflavones (45-100 uM)(155’200‘2497252).
Although these studies may be useful to investigate the
putative therapeutic effects of pharmacological doses of
isoflavones, they are not useful to examine the mechanisms
of action involved in the preventive effects of nutritional
doses of isoflavones and thus are beyond the scope of this
review. No studies are available to date on gene expression
profiles induced by isoflavones in animal prostate.

Although the microarray technology has greatly progressed
in the last few years, there are still some limitations. One
important issue is the study design and the choice of the
appropriate model. Due to high cost of the microarray
approach, frequently only one dose or time point is tested,
and this does not allow understanding properly the dynamics
of changes in gene expression and cell signalling. Another
debate is related to the use of cell lines or freshly isolated tis-
sues. Results obtained with cell lines cannot be easily extrapo-
lated to humans due to differences in their genome and to their
different environment. On the other hand, isolated tissues are
complex and made of a variety of cell types, and reproducibi-
lity is hampered by inter-individual differences. However,
the heterogeneity of tissue samples and the interactions of
the different cell types reflect more precisely the biological
gene expression profile. Hence, in order to obtain statistically
significant data, a rather large set of samples is required
resulting in costly experiments.

Data analysis and interpretation of the large data sets using
public databases such as gene network, gene pathway and
genome ontology databases are critical issues. The defined
cut-off level for differentially expressed genes, based on the
fold changes, is also questioned. To date, relatively high
fold change thresholds (above 2-fold) have been chosen. How-
ever, in microarray analyses using nutritional doses of micro-
nutrients only low fold changes are frequently observed. Low
fold changes may actually have a physiological impact, since a
small regulation of several genes in one pathway might give
an additive effect on the outcome. One must bear in mind
that the microarray technology is a precious tool to build up
new hypotheses of research while considering the complexity
of metabolic and signalling pathways however classical
approaches such as quantitative measurement of RNA levels
(northern blot, RT-PCR, or in situ hybridization) or protein
levels (immunohistochemistry or western blot), as well as
biochemical analyses are still necessary for the final validation
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of mechanistic hypotheses and the ultimate establishment of a
causal relationship between altered gene expression and a
given disease or dietary intervention.

Proteomics

Rowell et al. used a proteomic approach to investigate the
effects of prepubertal exposure to genistein before chemically
induced mammary carcinogenesis®> and found the GTP
cyclohydrolasel protein (GTP-CHL1) significantly upregulated
in mammary glands. The authors used extensive literature and
web searching to find information about related pathways that
might explain how this particular protein might play a role in
mammary cancer chemoprevention. They speculated that
downstream signalling from GTP-CH1 would upregulate tyro-
sine hydroxylase, resulting in dynamic upregulation of cat-
echolamines. This in turn, would decrease vascular
endothelial growth factor receptor 2 (VEGFR2) levels, result-
ing in decreased ability to promote angiogenesis. Immunoblot
and immunohistochemistry analyses confirmed that the pro-
teins of interest (GTP-CHI, tyrosine hydroxylase, and
VEGFR2) were modulated in their expression in the lining
of mammary epithelial cells of 50-day-old rats. This first
study demonstrated the usefulness of proteomics for the
discovery of novel pathways that may be involved in cancer
prevention by isoflavones.

Metabolomics

Few metabolomics studies have still been published in the
field of nutrition. However, two NMR-based studies have
been carried out to investigate the effects of soy isoflavone
consumption®*?>_ The 'H NMR spectral profiles of
plasma and urine from premenopausal women before and fol-
lowing soy or miso consumption revealed significant changes
in metabolites associated with energy metabolism. The results
suggested an inhibitory effect of isoflavones on glycolysis,
resulting in a general shift in energy metabolism from carbo-
hydrate metabolism to lipid metabolism.

Metabolomics is theoretically a better tool to characterize
metabolic phenotypes and the effects of dietary interventions
on these phenotypes than transcriptomics or proteomics,
since changes in gene or protein expression do not necessarily
lead to changes in metabolite concentrations. However many
technical hurdles still hamper progresses in this approach, as
discussed in other reviews®’*®. The present limit of the
use of NMR-based metabolomics is the low sensitivity of
the technique. The alternative is the use of mass spec-
trometry-based metabolomics but problems of standardization
and robustness still have to be addressed. Furthermore, more
efficient methods must still be developed to improve the auto-
mated identification of markers.

Epigenetic regulation

DNA methylation, usually occurring at promoter CpG islands,
as well as acetylation and methylation of critical lysine
residues on histones are key epigenetic mechanisms for
the silencing of many genes involved in carcinogenesis,
including tumour suppressor genes (such as BRCAIL, p53,
and caveolin-1), genes encoding hormone receptors, DNA

repair enzymes, mediators of the apoptosis pathway, and
detoxification enzymes®”. Histone modifying enzymes have
been shown to directly regulate the expression and activity
of ERa, AR and PPAR'y(zsg). Various techniques, such as
methylation-specific oligonucleotide microarrays (MSO),
methylation target array (MTA), cytosine extension assay
and pyrosequencing now allow assessing global and gene
specific DNA methylation. For example, using methylation-
specific oligonucleotide microarrays, Yu et al., demonstrated
that 25 genes among the 105 studied were methylated in pros-
tate cancer cell lines but not in normal primary prostate tissue
samples®™”. A few available reports indicate that genistein
could regulate cancer-related gene transcription by modulating
epigenetic events such as DNA methylation and/or histone
acetylation, either directly or through an estrogen receptor-
dependent process. Day er al. reported that the consumption
of a genistein diet (300 ppm) by adult male mice was associ-
ated to a partial change in the global DNA methylation pattern
in the mouse prostate(Z(’O). In LNCaP and PC3 cells, genistein
reversed DNA hypermethylation and reactivated the methyl-
ation-silenced genes retinoic acid receptor 3 (RARP), pl6,
and O-methylguanine methyltransferase (MGMT), but only
when used at a high concentration (20 p,M)(Zf’l). However,
genistein at 5 uM enhanced the activity of the demethylating
agent 5-aza-2-deoxycytidine and the histone acetylating drug
trichostatin in the reactivation of these genes. Moreover,
genistein, equol and to a lesser extent daidzein were shown to
stimulate in vitro histone acetylation mediated by ERa or ER[3
and their coactivators, an effect likely to be associated to stimu-
lated transcription®®?. Epigenetic effects of isoflavones thus
undoubtedly constitute a novel promising axis of research.

In conclusion, although many isoflavone effects have
already been established using classical targeted approaches,
the exact mechanisms of action have not yet been established.
Classical molecular approaches have been used, often in
in vitro models, to explore specific hypotheses. The results
often still need to be validated in vivo in nutritional conditions.
The more recent studies using transcriptomic, proteomic and
metabolomic high-throughput techniques obviously demon-
strated their potential to describe the complexity of the bio-
logical effects of isoflavones and provide us with more
comprehensive insights into how isoflavones may contribute
to prevent breast and prostate cancers. New hypotheses on
the molecular and cellular mechanisms of action of isofla-
vones have already been opened and there is no doubt that
others will rapidly emerge from the increasing use of nutrige-
nomics approaches in the near future. Major discoveries
regarding their mechanisms of action and their variability
according to individuals, dose or timing of exposure still
seem conceivable.
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