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Abstract
Soy isoflavones are dietary components for which an association has been demonstrated with
reduced risk of prostate cancer (PCa) in Asian populations. However, the exact mechanism by
which these isoflavones may prevent the development or progression of PCa is not completely
understood. There are a growing number of animal and in vitro studies that have attempted to
elucidate these mechanisms. The predominant and most biologically active isoflavones in soy
products, genistein, daidzein, equol, and glycetin, inhibit prostate carcinogenesis in some animal
models. Cell-based studies show that soy isoflavones regulate genes that control cell cycle and
apoptosis. In this review, we discuss the literature relevant to the molecular events that may
account for the benefit of soy isoflavones in PCa prevention or treatment. These reports show that
although soy isoflavone-induced growth arrest and apoptosis of PCa cells are plausible
mechanisms, other chemo protective mechanisms are also worthy of consideration. These possible
mechanisms include antioxidant defense, DNA repair, inhibition of angiogenesis and metastasis,
potentiation of radio- and chemotherapeutic agents, and antagonism of estrogen- and androgen-
mediated signaling pathways. Moreover, other cells in the cancer milieu, such as the fibroblastic
stromal cells, endothelial cells, and immune cells, may be targeted by soy isoflavones, which may
contribute to soy-mediated prostate cancer prevention. In this review, these mechanisms are
discussed along with considerations about the doses and the preclinical models that have been
used.
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1. Introduction
Prostate cancer (PCa) is the most common malignancy and the second-leading cause of
cancer death among men in the United States. It is estimated that 241,740 men will be
diagnosed with PCa, and 28,170 men will die from PCa in 2012 [1]. Despite the high
incidence, little is known regarding the etiology. Accepted risk factors are age, race,
ethnicity, and geographical location. Although most of the localized PCa are surgically
removable, there is still a subset of patients who present at late non-operable stages with
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little chance for an effective cure. Therefore, more efforts should be devoted for developing
preventive strategies to reduce PCa prevalence and impact.

The incidence of PCa is much lower in Asian than that in Western populations [2].
However, Asian migrants to the United States have an increased incidence [3]. Therefore,
environmental factors, especially the diet, have been presumed to play a key role in prostate
carcinogenesis. Many Asian populations traditionally consume large amounts of soy food
that is rich in isoflavones, such as genistein and daidzein. Mean serum or plasma
concentrations of isoflavones in Japanese men are 10 to 100 times higher than those in
European men [4]. Moreover, prostate fluid concentrations of daidzein and equol were much
higher in Asian than in Western men [5]. Over the past decade, researchers have obtained
evidence to suggest that soy isoflavones and their metabolites may be beneficial for the
prevention or treatment of PCa. Some population-based studies have shown that soy
isoflavone levels are associated with a reduced risk of PCa [6]. Animal and in vitro studies
have yielded evidence in support of the notion that the use of isoflavones may be beneficial
for PCa prevention and treatment. There are, however, findings from epidemiologic studies
indicating a lack of associations between isoflavone or soy food intake and PCa risk. Thus,
randomized clinical trials are additionally needed. There is an apparent shortage in clinical
studies that examined the protective effects of soy isoflavones with PCa risk as an endpoint.
There are many limitations for this kind of clinical studies such as the need for larger
cohorts and longer period of intervention which is complicated by noncompliance and long
duration of follow-up. Thus, most of the interventional studies used serum PSA levels as an
end point and showed inconsistent results (Summarized in table 1). Some trials have shown
that soy protein or isoflavone supplementation has no effects on serum PSA levels in healthy
men [7–9], men at high risk of PCa [10,11], Men with localized PCa before treatment
[12,13]or men with biochemical failure after a prior therapy [14–16]. However, other trials
demonstrated the ability of soy isoflavones to reduce serum PSA or slow down PSA rising
in subsets of men with biochemical failure after surgical intervention [17–19] or men with
localized PCa and high PSA prior to therapy [20–22]. A small number of clinical studies
addressed other protective effects of soy targeting endpoints other than PSA such as
prostaglandins [23], VEGF [19], anti-apoptotic and proliferative markers [10] and AR [24].

The mechanistic basis for the protective effect of soy isoflavones on PCa is yet incompletely
understood. In the present review, we summarize the existing knowledge and hypotheses on
the molecular mechanisms by which soy isoflavones can influence the development of PCa.

1.1 Brief review of soy isoflavones metabolism and their cellular actions
Isoflavones are diphenolic compounds present in plants like soybeans, red clover, and kudzu
root. Soybeans are the most common dietary source for isoflavones. The predominant
isoflavones in soybean are genistein, daidzein, and, in lower concentration, glycitein.
Bioavailability of isoflavones depends on the way they are extracted, processed, and cooked.
Soybeans contain 2–5 mg of isoflavones per gram of protein. Isoflavones in soy foods exist
in the form of glucosides, conjugated with sugars. After ingestion, soybean isoflavones
undergo hydrolysis by intestinal β-glucosidases, which releases the main bioactive
aglycones, daidzein, genistein and glycitein. These aglycones may be absorbed or further
metabolized in the gut to several specific metabolites, including equol. The extent of this
metabolism varies considerably among individuals. It is affected by the composition and
activity of intestinal flora and the degree of carbohydrate-richness of the diet, which control
intestinal fermentation. Increased fermentation results in an extensive biotransformation of
isoflavones, with a significant increase in production of equol from daidzein [25].

Genistein is the predominant and most biologically active isoflavone in the soy diet, and it
can be taken up by cells without prior metabolic activation to exert its effects [26]. The
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plasma half-life of genistein and daidzein is approximately 7.9 hours in adults; the
maximum concentration is reached 6–8 hours after intake. Plasma concentrations of 50–800
ng/ml have been found for genistein, daidzein and equol in adults who consume modest
amounts of soy foods [27]. Prostate tissue levels of soy isoflavones exceed serum levels by
as much as 4–6 fold in people daily consuming soy [28]. Despite the elevated serum levels
that can be achieved by soy isoflavone consumption, Phase I clinical trials showed minimal
toxicity in subjects treated with a purified soy unconjugated isoflavone mixture at doses as
high as 16mg/kg body weight [29]. Data about soy isoflavone pharmacokinetics and
pharmacodynamics put them in the top of the list of chemopreventive agents that worthy to
be examined thoroughly for their protective effects against PCa.

1.2. Molecular mechanisms of soy isoflavone signaling
The soy isoflavones genistein, daidzein, and glycitein have a structural similarity to 17β-
estradiol, which explains their estrogenic activity and identifies them as phytoestrogens (fig.
1). Because of this structural and functional similarity to estradiol, soy isoflavones can bind
to estrogen receptors alpha (ER-α) and beta (ER-β). The affinity of genistein to ER-β is
about 20–30 times higher than to ER-α and is comparable to the affinity of 17β-estradiol
[30,31]. Soy isoflavones also induce the transcriptional activity of ERβ more than ERα [32].
The combination of genistein, daidzein, and glycitein increases the selectivity for ERβ
binding [30,33]. The distribution of ERα and ERβ varies among different types of tissues.
For instance, tissue of female reproductive system, uterus and breast, are abundant in ERα,
whereas bone and prostate tissue have greater amounts of ERβ. This divergence in tissue
distribution of ERα and ERβ receptors leads to the dissimilar effects of isoflavones among
different tissues. In addition to their estrogenic activities, there is a growing body of
evidence showing that isoflavones can modulate the expression of some genes that control
cell survival [34], cell cycle [35], and apoptosis [36]. They also have antioxidant properties
[37], inhibit tyrosine kinase activity [38], suppress NF-κB, and regulate Akt, MAPK
[39,40], and other signaling pathways.

1.3. Effects of soy isoflavones on cell proliferation
Inhibition of PCa epithelial cell growth is one of the most recognized protective roles of soy
isoflavones in PCa. We demonstrated in our recently published data that genistein inhibits
the growth of LAPC-4 and PC-3 PCa cells in a dose-dependent manner [41]. Although our
data showed this growth inhibitory effect was mediated mainly by the anti-androgenic
activity of genistein especially at the low physiological doses, other contributory
mechanisms have been proposed in literature. This includes, but not limited to, the ability of
soy isoflavones to modify the expression of some central genes for cell survival [34], cell
cycle [35], and apoptosis [39]. Soy isoflavones also reduce androgen receptor (AR) and
prostate-specific antigen (PSA) levels, inhibit mammalian target of rapamycin (mTOR)
activity, and induce growth arrest in several PCa cell lines. We will discuss the proposed
mechanisms of the growth inhibitory effects of soy isoflavones on PCa cells in the following
sections.

1.3.1 Cell-cycle regulators—Cell cycle is regulated at different phases by cyclins, cyclin
dependent kinases (CDKs), and cyclin dependent kinase inhibitors (CDKIs). The expression
and/or the function of most of these cell cycle regulators are disrupted during cancer
development and progression. Thus, these regulators constitute important targets for cancer
therapy and prevention.

Many investigators have searched for direct effects of soy isoflavones on the expression of
genes that control cell growth. An example is genistein-mediated transcriptional up-
regulation of p21, a CDKI, causing cell cycle arrest and apoptosis in both androgen sensitive
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and androgen independent PCa cell lines LNCaP and PC-3, respectively [42]. In DU145,
another androgen independent PCa cell line, genistein treatment resulted in a significant
induction of p21 and p27, reduction of CDK4, and a moderate inhibition of CDK2, cyclin
D1 and cyclin E [43]. In another study, a combination of genistein and daidzein increased
p53 and reduced cyclin B1 protein expression significantly in LNCaP and PC-3 PCa cells
[44]. Furthermore, equol, which is a biologically active metabolite of daidzein, has shown
cell-cycle regulatory effects on benign and malignant prostate epithelial cells at
concentrations that can be obtained naturally through dietary soy consumption [45]. A fair
number of studies have shown that these changes in cyclins and CDK inhibitors such as p21
and p27 coincide with soy isoflavone-induced growth arrest [46–48]. FOXO (forkhead box
O) proteins are tumor suppressors that control cell proliferation [49]. The potential of soy
isoflavones to modify FOXO family gene expression has been demonstrated recently by
Christensen et al. [50] where high dietary intake of soy unregulated FOXO3 in the prostate
of TRAMP mouse model. The function of several FOXO family members is inhibited by
MAPK (mitogen-activated protein kinase) mediated phosphorylation [51]. Soy isoflavones
genistein, equol, and daidzein showed an inhibitory effect on MAPK related pathway genes
in LNCaP cells [52], which counteracts the MAPK mediated phosphorylation of FOXO
proteins and could explain the ability of these isoflavones to increase FOXO protein
expression. In support of this cell cycle regulatory role, a global gene expression analysis
demonstrated that soy isoflavones target several genes central to cell cycle control in human
PCa cell lines (LNCaP, DU145 and PC-3). These genes include cyclin B2, CDK4, CDK7,
cyclin-dependent kinase inhibitors 1A and 2A (CDKI-1A and CDKI-2A), P53, and
checkpoint kinase 2 (CHEK2) [53]. Collectively, these data suggest that cell cycle
regulation offer a mechanistic explanation for the inhibitory effect of soy isoflavones on
androgen dependent and independent PCa. Although some of these effects have been
obtained using high doses of soy isoflavones [42,44,47,53], low physiological levels were
also capable of regulating cell cycle progression in PCa cells [45,46,48,52].

1.3.2 IGF-1 (Insulin-Like Growth Factor-1) signaling—Soy isoflavones may
indirectly influence the growth rate of PCa cells by interfering with the growth factors that
stimulate the proliferation or increasing growth factors that promote cell differentiation. One
of these factors that are modified by soy isoflavones is IGF-1. There is a growing body of
experimental and epidemiologic evidence that elevated levels of IGF-1 are linked to prostate
cancer progression [54]. IGF-1 can contribute to PCa development by blocking apoptosis
and promoting cancer cell proliferation and invasion [55,56]. Most of these effects are
mediated through the binding of IGF-1 to its membrane receptor IGF-1R, activating the
receptor tyrosine kinase which subsequently phosphorylates intercellular substrates
including insulin receptor substrate (IRS-1) which in turn activates a cascade of downstream
signals such as PI3K/AKT and RAS/MAPK that stimulate cell proliferation and suppress
apoptosis [57]. In PC-3 cells, genistein inhibited the IGF-1 stimulated cell growth, as well as
the phosphorylation of its downstream targets Src, Akt, and glycogen synthase kinase-3β
(GSk-3β) [58].

A pioneering research by Valentinis et al changed the way the action of IGF-1 was
perceived [59,60]. They reported that IGF-1, besides being a mitogenic factor, it may also
activate differentiation pathways. Their data demonstrated that the ratio of IGF-1R to IRS-1
controls the predominance of the proliferation pathway over the differentiation pathway or
conversely. Low IGF-1R and high IRS-1 levels are required to inhibit the differentiation
program while favoring cell proliferation. When IRS-1 is low, a dominant differentiation
program is activated.

Wang et al [61] showed that genistein at 10 μmol/L inhibited the IGF-1 stimulated growth in
AT6.3 rat PCa cells. Fascinatingly, it also modified IGF-1R/IRS-1 ratio through decreasing

Mahmoud et al. Page 4

J Steroid Biochem Mol Biol. Author manuscript; available in PMC 2015 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



the overall cell content of IRS-1 and inhibiting the IGF-1 induced down-regulation of
IGF-1R expression. The high IGF-1R and low IRS-1 in PCa cells after exposure to genistein
enhanced terminal differentiation pathways and contributed to an eventual apoptotic cell
death. Further evidence that IGF-1 is a critical target for the growth inhibitory properties of
soy isoflavones comes from studies showing that a pretreatment of LNCaP and PC-3 PCa
cells with 20 nmol/L of IGF-I induced a significant increase in the protein levels of both
total AKT and phosphorylated AKT (Ser 473) and abolished genistein-mediated inhibition
of AKT phosphorylation [47]. Microarray analyses of soy isoflavones treated PCa cells
(LNCaP, DU 145, and PC-3) also showed down-regulation of a wide array of IGF-1 induced
signaling pathways [52,53]. These data show that the ability of soy isoflavones to inhibit
PCa cell proliferation is partially mediated by interference with the growth stimulatory
factor, IGF-1 and/or modulating its downstream signaling pathways via adjusting the
IGF-1R/IRS-1 ratio.

1.3.3 TGF-β (Transforming Growth Factor-β) signaling pathway—TGF-β is a
pleiotropic cytokine that regulates multiple cellular functions. It influences normal prostate
growth and differentiation by regulating the balance between epithelial cell proliferation and
apoptosis. TGF-β acts as a tumor suppressor and changes roles to become a tumor promoter
in the later stages of carcinogenesis [62]. At early stages of carcinogenesis, TGF-β regulates
prostate growth by inhibiting epithelial cell proliferation and inducing apoptosis. However,
in metastatic PCa, TGF-β serves as a tumor promoter. TGF-β exerts its action through
Smad-dependent and Smad-independent mechanisms. Increased production of TGF-β results
in immunosuppression, extracellular matrix degradation, epithelial to mesenchymal
transition and angiogenesis, which promote tumor cell invasion and metastasis. Accordingly,
there should be a balance in the molecular basis for effective therapeutic targeting of TGF-β
in a way to inhibit the TGF-β tumor promoter function in advanced, metastatic PCa and at
the same time maintain the growth-inhibitory function displayed in early stages of prostate
tumorigenesis [63]. In the aggressive highly metastatic PCa cell variant (PC3M), TGF-β
treatment resulted in increased phosphorylation of MAPK-Activated Protein Kinase 2
(MAPKAPK2) and MAP kinase p38 that regulate cell adhesion, migration, and invasion and
show up regulated expression during PCa progression. Pretreatment with genistein almost
totally abolished the TGF-β-induced phosphorylation of these proteins [64]. Matrix
Metalloproteinase-2 (MMP-2) and Heat Shock Protein (HSP27) are another group of
proteins that are phosphorylated and activated by TGF-β; they play a pivotal role in cell
invasion and are often dysregulated in cancer. Genistein, at concentrations associated with
dietary consumption, abrogated TGF-β-mediated increase in MMP-2 and HSP27 activity, in
PC-3 and DU145 PCa cells, and reduced cell metastatic and invasive properties [64,65].
Gene expression profile studies showed that genistein reduced the mRNA expression of
TGF-β and some other genes that are regulated by TGF-β such as; MMPs [66]. These data
demonstrate that genistein at both low doses [64] and high doses [65] is capable of inhibiting
TGF-β and its downstream signaling pathways in androgen independent PCa cells.
Nevertheless, further research needs to be conducted to examine this effect on androgen
sensitive PCa models. Also, other soy isoflavones need to be investigated for this effect.

1.3.4 Wnt/β-catenin signaling—An alternative hypothesis has emerged to explain how
soy isoflavones mediate cell growth arrest, namely disruption of the function of β-catenin,
the terminal mediator of Wnt signaling. In the cytoplasm, β-catenin is found in association
with APC (adenomatous polyposis coli), axin, glycogen synthase kinase 3β (GSK3β) and
other proteins. β-catenin undergoes phosphorylation by GSK3β leading to ubiquitin-
mediated degradation. In the presence of Wnt ligand, frizzled binding causes disheveled
(DSH) protein to dissociate glycogen synthase kinase (GSK) from the axin protein, thus
blocking phosphorylation of β-catenin and set the later free. This free β-catenin translocates
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to the nucleus, binds with the transcription factor, T cell factor-4 (TCF-4) and activates
transcription of genes that control cell proliferation (c-Myc and cyclin D1) [67,68]. Several
studies have shown that Wnt pathway plays a critical role in the development and the
progression of human PCa. High levels of β-catenin gene expression and accumulation in
the nucleus are associated with advanced PCa. In addition, detection of mutations in β-
catenin has been reported in PCa [69–71]. Soy isoflavones down regulate β-catenin
expression and block β-catenin mediated gene transcription in PC-3 cells [72]. This
mechanism is associated with an increased expression of GSK3β which serves as a
downstream regulator of the Wnt/β-catenin pathway. Moreover, genistein plays an essential
role in the cross-talk among different signaling pathways; its mediated inhibition of IGF-1
markedly attenuated the IGF-1-induced β-catenin signaling. Wnt/β-catenin inhibition by
genistein subsequently resulted in an inhibition of the T-cell factor/lymphoid enhancer factor
(TCF/LEF) dependent transcriptional activity and effective inhibition of PCa cell growth
[58]. Consistent with these observations, a cross-species gene expression analysis has
demonstrated that Wnt/β-catenin is one of the most influential pathways that mediate the
effect of soy protein isolate and isoflavones on both human and rat PCa cell growth. Soy and
genistein treatment shared the same gene regulation profile in the human PC-3 and the rat
PAIII PCa cell lines, which indicates that genistein is likely the main contributor to the
effect of soy on PCa cellular pathways [72]. Soy isoflavone-mediated events may also
indirectly influence β-catenin function through increased production of E-cadherin, a
membrane protein that can bind β-catenin and prevent its nuclear accumulation. Treatment
of PC-3 cells with genistein (1–50 μmol/L) increased E-cadherin protein levels which led to
a subsequent decrease in nuclear localization of β-catenin [58]. In summary, soy isoflavones
are capable of suppressing Wnt/β-catenin pathway in PCa cells. Although some of these
studies applied high doses of soy isoflavones (20–100 μmol/L) [72], this effect was quite
achievable at lower physiological doses too [58].

1.3.5 Tyrosine kinase inhibition—Tyrosine kinases are enzymes that transfer a
phosphate group from ATP (adenosine triphosphate) to a protein in the cell. Phosphorylation
of tyrosine regulates many proteins such as epidermal growth factor (EGF), protein kinase B
(PKB), MAPK, vascular endothelial growth factor receptor (VEGFR), platelet-derived
growth factor receptor (PDGFR), stem cell factor receptor, and colony-stimulating factor-1
(CSF-1) receptor. Tyrosine kinases can sometimes function incorrectly and leads to
derangement of the function of certain proteins essential for pathways such as cell
proliferation, cell survival and cell adhesion. Reducing the activity of tyrosine kinase
enzymes can be used to treat or correct a malfunctioning system. In PCa specifically, growth
factor stimulation of receptor tyrosine kinases (RTK) such as insulin receptor, IGF, PDGF,
or EGF activate several different pathways such as the PI3K/Akt signaling pathway,
ultimately resulting in proliferation and survival of PCa cells. Tryrosine kinase activation is
one of the pathways by which PCa can bypass androgen ablation and acquire androgen
independence [73–76].

Soy isoflavones act as negative regulators of tyrosine kinase activity. This effect was
verified in the androgen responsive (LNCaP) and the androgen unresponsive (PC-3) PCa
cell lines. Soy isoflavones suppressed tyrosine kinase activity, reduced the phosphorylation
of Akt, GSK-3β and p70S6k and inhibited the Akt/FOXO3a/GSK-3β/AR signaling network,
as well as the Akt/mTOR signal transduction. These effects were postulated to mediate
genistein-induced growth inhibition and apoptotic cell death in PCa cells [77–79]. In
consistence with these findings, a microarray analysis performed on PC-3 and DU145 PCa
cells have shown that genistein inhibits he phosphorylation of proteolytic enzymes that play
a crucial role in PCa invasion such as urokinase-type plasminogen activator (uPA), MMPs,
and various types of cathepsins [80]. This effect was comparable to that obtained by the
well-recognized tyrosine kinase inhibitor; AG-1478 and was postulated to be mediated by
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the tyrosine kinase inhibition properties of genistein. In the above mentioned studies,
tyrosine kinase inhibition was obtained in response to high doses of soy isoflavones which is
consistent with findings from our laboratory showing that genistein inhibits tyrosine kinase
only at the upper limit of physiologically attainable doses (≥ 10μmol/L) in both LAPC-4 and
LNCaP cells [41].

1.4. Effects of soy isoflavones on apoptosis
Soy isoflavones increase basal and chemotherapy-induced apoptosis in PCa cells [81]. They
promote apoptosis in LNCaP and PC-3 cells through upregulation of phosphatase and tensin
homolog (PTEN), a tumor-suppressor gene that suppresses the anti-apoptotic Akt signaling
pathway and subsequently downregulates the expression of AR [82]. Genistein, quercetin,
and biochanin A, used separately or in a combination at a final concentration of 25μmol/L
increased apoptosis in LNCaP cells, which was accompanied by downregulation of the anti-
apoptotic protein Bcl-2 and increased Bax (pro-apoptotic) mRNA and protein levels [83].
Genistein at millimolar dose range induced apoptosis in LNCaP and DU145 PCa cells which
was associated with enhanced activation and expression of caspase-3 and this effect was
significantly inhibited by the caspase-3 inhibitor, N-benzyloxycarbonyl-Val-Asp-
fluoromethyl-ketone (z-VAD-fmk) [84]. Another mechanism by which genistein-induced
apoptosis is through inhibition of the proteasome. The proteasome is a large protein complex
whose function is to degrade unneeded or damaged proteins by proteolysis. Kazi et al. [85]
showed that genistein-mediated proteasome inhibition induces apoptosis by disrupting the
regulated degradation of pro-growth cell cycle proteins. This effect, however, was
significant only in response to higher doses of genistein (50μmol/L). Interestingly, soy
extract induced more substantial apoptosis in PCa cells (LNCaP and PC-3) than genistein or
daidzein. In non-cancerous BPH-1 cells, while no significant changes in apoptosis were
observed in response to treatment with soy extract, genistein and daidzein augmented
apoptosis, suggesting that the effects of soy extract may be more tumor cell-specific than the
individual soy isoflavones [86]. Transcript profiling studies showed that the mRNA levels
for the anti-apoptotic proteins, survivin, and protease activated receptor 2 (PAR-2) were
downregulated in PC-3 cells treated with genistein (5–50μmol/L), whereas the mRNA levels
for the pro-apoptotic protein elafin was upregulated [87]. Conclusively, soy isoflavones
especially genistein have demonstrated a significant pro-apoptotic activity in androgen
dependent and independent PCa cells. Soy isoflavone doses that have been used in most of
these studies are pharmacological and do not reflect what can be achieved by the people
consuming soy rich diet. Using low physiological doses of genistein (1–10 μmol/L), we
encountered this pro-apoptotic activity in LAPC-4 cells that have wild type AR. At these
low doses, however, we did not find any significant effect on apoptosis in LNCaP cells that
have mutant AR and the apoptotic activity in this cell line started to be obvious only at
higher doses of genistein (> 10μmol/L) [41]. Our data suggests that effects of genistein on
apoptosis in PCa cells are dose sensitive and may vary among different PCa cell lines that
possess different AR status which necessitates careful selection of the models to be used in
future studies to test this effect of genistein in PCa.

1.5. Effects of soy isoflavones on PCa cell differentiation
Cell differentiation is the process in which unspecialized cells develop into specialized ones
in response to a specific prompt from the body or cells themselves. This process occurs
during tissue repair and normal cell turnover. Differentiation dramatically changes cell
structure and function. These changes are mainly due to highly controlled modifications of
gene expression. Cancer cells begin to multiply before they are fully mature and turn to an
undifferentiated phenotype. Cancer cells can also lose properties they originally had, such as
expression of specific protein; this process is termed dedifferentiation. In cancer pathology,
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the level of cellular differentiation is used as a measure of the degree of malignancy and
“Tumor Grade” is a term that reflects how differentiated cells in that tumor are.

Although the effects of soy isoflavones on PCa cell proliferation have been thoroughly
investigated, there are relatively few studies of their impact on PCa cell differentiation.
Clubbs and Bomser [88] have shown that eight days of treatment with the soy isoflavones
genistein, daidzein, and equol induced the expression of cytokeratin 18, a marker of luminal
cell differentiation, in RWPE-1 PCa cells. However, the soy isoflavone glycetin stimulated
an opposite effect by reducing the expression of cytokeratin 18 and maintaining expression
of the basal epithelial cell markers p63 and cytokeratin 5 in the same cell line. TRAMP mice
fed an AIN-76A-based genistein rich diet (containing 100, 250, or 500 mg of genistein per
kg) showed a significant dose-dependent reduction in the incidence of poorly differentiated
prostate adenocarcinoma relative to controls [89]. These data suggest that soy isoflavones
may induce PCa cell differentiation. However, given the scarcity of research conducted to
test this effect, further studies are required to elucidate this possible action of soy
isoflavones.

1.6. Novel molecular events regulated by soy isoflavones that contribute to anticancer
activity

In the past decade, soy isoflavones have been shown to regulate a much wider array of
cellular events than previously thought. Below we will discuss some of these processes and
their potential relevance to the prevention of cancer.

1.6.1 Autophagy—Autophagy is the process by which cells degrade, or turn-over, their
own macromolecules and organelle components through the lysosomal machinery, often in
response to damage, in order to provide substrates for energy metabolism and to recycle
amino acids, fatty acids, and nucleotides for the biosynthetic needs of the cell. Autophagy is
a tightly regulated process that plays a normal role in cell growth, development, and
homeostasis. Although autophagy is considered a survival strategy to protect cells during
stress (e.g. starvation and pro-oxidant conditions), this process is also regarded as a mode of
programmed cell death [90]. Mammalian target of rapamycin (mTOR) is one of the major
points of control within the autophagy signaling network [91]. In LNCaP and 22Rv1 PCa
cells, soy isoflavones have been shown to suppress anti-autophagic mTOR signaling,
potentially through a marked reduction of Threonine (389) phosphorylation of the mTOR
substrate, p70 S6 kinase (p70S6K) [78]. Genistein induces autophagy in ovarian carcinoma
cell lines (A2780, CaOV3, and ES2) and human colon cancer cells (HT-29) [92,93]. Despite
these potentially relevant mechanistic relationships, neither in vitro nor in vivo research has
directly connected the induction of autophagy to the anticancer activity of soy isoflavone
compounds in PCa.

1.6.2 Antioxidant defense and DNA repair mechanisms—Reactive oxygen species
(ROS) are continuously generated in aerobic organisms as a result of normal energy
metabolism. However, excessive levels of ROS cause oxidative stress potentially creating a
toxic environment to cells. This stressful condition may develop either due to antioxidant
depletion or to increased generation of ROS because of exposure to noxious agents and/or
pathologic processes. A group of endogenous enzymes is responsible for protecting cells
against the excess ROS including superoxide dismutases (SODs), which convert
supoeroxide (O2

•−) to hydrogen peroxide (H2O2), glutathione peroxidase (GPx) that reduces
free H2O2 to water, glutathione reductase (GSR) that reduces glutathione disulfide (GSSG)
to the sulfhydryl form (GSH), and catalase that catalyzes the decomposition of H2O2 to
water and oxygen [94].
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Soy isoflavones induce the expression of several enzymes involved in the antioxidant
defense system. Furthermore, they protect cells against free radical-induced DNA damage in
both cancerous and non-cancerous tissue [95–98]. In PCa cells (LNCaP and PC-3), genistein
induced the expression of the GPx-1 gene, which was accompanied by elevation of GPx
enzyme activity [99]. However, this effect was achieved only at a high dose of genistein
(100μmol/L) with no significant increase in GPx-1 in response to lower doses (≤5μmol/L).
The GPx-1 protein plays a pivotal role in protecting cells from the oxidative damage through
detoxifying H2O2 as well as, reducing lipid hydroperoxides to their corresponding alcohols.
Genistein also induced the mRNA levels for other essential antioxidant proteins such as
glutathione reductase, microsomal glutathione S-transferase 1, and metallothionein in
LAPC-4 cells and this was linked to the reduced levels of DNA damage (assessed by comet
assay) [100]. It is worth mentioning that some of these effects have been obtained in
response to genistein doses as low as 1 μmol/L. Genistein at a dose of 10μmol/L induced
manganese-superoxide dismutase (Mn-SOD) and catalase expression in DU-145 PCa cells
and this was associated with significantly decreased ROS production [101]. There is some
evidence that soy isoflavones regulate genes encoding proteins that protect the genome. Oki
et al. [102] found that genistein upregulated mRNA and protein levels of the DNA damage-
inducible gene 45 (GADD45) which is a p53 target gene whose product is involved in DNA
repair. In DU145 cells, genistein induced G2/M arrest in PCa cells which was lost upon
deletion of part of GADD45 promoter, suggesting the critical importance of GADD45
induction in genistein induced effects. Taken together, it appears that genistein directly
regulates the expression of a variety of genes whose protein products are involved in DNA
damage repair and programmed cell death, thereby offering protection against
carcinogenesis.

1.6.3 Prostaglandin metabolism and action—A variety of studies has shown that
prostaglandin signaling stimulates PCa cell growth and PCa progression [103,104]. In this
context, cyclo-oxygenase-1 (COX-1) and COX2 are the rate-limiting enzymes in
prostaglandin synthesis. It has become increasingly apparent that COX-2 overexpression is
observed in a variety of tumor types, including colorectal, non–small-cell lung, breast,
bladder, and prostate cancers making this pathway a drug target for cancer treatment and
prevention [105,106]. The molecular and functional consequences of COX-2 overexpression
in neoplasia are not yet entirely elucidated. Increased expression of COX-2 correlates with
increased angiogenesis, decreased apoptosis, increased tumor invasiveness, and
immunosuppression in a range of cancers [107]. Drugs that specifically target COX2 reduce
the risk of PCa in human [108]. Soy isoflavones, including genistein, are negative regulators
of prostaglandin synthesis and signaling, as shown by a study using LNCaP and PC-3 cells,
as well as primary PCa cells [23]. In these cells, 10 μmol/L of genistein suppressed COX2
mRNA and protein levels and reduced the expression of the prostaglandin receptors EP4 and
FP. In addition, genistein induced mRNA levels of 15-hydroxy prostaglandin
dehydrogenase, the enzyme that inactivates prostaglandins, which resulted in a significant
reduction of secreted prostaglandin-E2 in these cells. A combination of calcitriol and low
doses of genistein (10μmol/L) has been shown to act additively to suppress the
prostaglandin pathway in PC-3 cells [109]. In PCa patients, soy isoflavones significantly
decreased prostate COX-2 mRNA expression [23] suggesting a direct negative regulation of
prostaglandin metabolism and signaling by soy isoflavones. These data demonstrate that soy
isoflavones, at physiological doses, reduce PCa progression through inhibiting
prostaglandins pathway. Still, many gaps exist in our understanding of this chemopreventive
mechanism which needs further elucidation.

1.6.4 Cancer stem cells as targets of soy isoflavone action—Most solid tumors
have now been reported to contain stem cell-like cells called cancer stem cells (CSCs).
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These cells possess characteristics associated with normal stem cells, specifically the ability
to give rise to all cell types found in the cancer sample. CSCs have the potential of self-
renewal and differentiation into different cell phenotypes. Such CSCs persist in tumors as a
distinct cell population upon therapy-induced tumor regression and following relapse giving
rise to new tumors and metastases. Therefore, CSCs have been attractive targets for cancer
prevention and treatment [110,111].

A strong body of evidence supports the existence of stem cells (SCs) in the normal prostate,
as has been shown by John Isaac’s classic androgen cycling experiments, using several
rounds of castration-induced regression and testosterone-induced regeneration in the adult
rodent prostate to identify the existence of a small population of SCs that have the capacity
for both self-renewal and differentiation [112]. In prostate cancer, populations of prostate
stem/progenitor cells that express high levels of stem cell markers, such as CD44, integrin
α2β1, or CD133, have been detected [113]. Interestingly, two recent independent studies on
the mouse prostate have identified two distinct populations of SCs. One population
expresses CD117 (c-Kit) and is localized in the basal layer [114], and the other population
expresses Nkx3.1 and is located in the luminal layer [115]. Using different prostate cancer
cell xenografts (DU145, LAPC-4, and LAPC-9), Patrawala et al. have shown that the CD44
positive cell population is enriched in prostate CSCs [116].

Most of the data exploring the molecular role of soy isoflavones has been collected from in
vitro cell culture systems, which utilized cancer cell lines or primary cell cultures. Only
recently have researchers begun to assess the impact of soy isoflavones directly on CSCs.
McCubrey et al. [117] identified cancer initiating cells that have stem cell characteristics
from PC-3 cell line by culturing these cells in media containing 25 nmol/L of the
chemotherapeutic drug doxorubicin, a method that had been established and published
earlier by the same research group [118]. They showed that while PC3 cells were highly
sensitive to docetaxel compared with the PC3-derived cancer initiating cells, they did not
display significant differences in the sensitivity to genistein which was able, at low
physiologic doses, to reduce the IC50 of PC3-derived cancer initiating cells for docetaxel by
approximately 200-fold. Interestingly, Ouchi and colleagues [119] found that human
telomerase reverse transcriptase (hTERT) mRNA levels in LNCaP cells and hTERT
transcriptional activity in DU145 cells were suppressed in response to genistein treatment.
hTERT is the catalytic subunit of telomerase that marks a slowly cycling population of stem
cells [120]. Thus, soy isoflavones may suppress the expansion of this cell population and
protect them from future cancer-causing gene mutations. Research on the impact of soy
isoflavones on adult and cancer stem cells is certain to expand in the future.

1.7. Epigenetic effects of soy isoflavones
Epigenetic mechanisms play tremendously important regulatory roles in the expression of
genes associated with PCa. These mechanisms include DNA methylation, histone
modifications, and regulatory small RNA molecules (miRNA). These epigenetic changes
can be modulated by various factors, including dietary components. Soy isoflavones are
among these dietary elements that possess potential anticancer epigenetic activity [121].

1.7.1 DNA methylation—DNA methylation is an essential regulator of gene transcription
and a large body of evidence has demonstrated that aberrant DNA methylation can result in
an unscheduled gene silencing since genes with high levels of 5-methylcytosine in their
promoter region are transcriptionally silent. Aberrant DNA methylation patterns have been
associated with a large number of human malignancies. Hypermethylation is one of the
critical epigenetic modifications that repress transcription of tumor suppressor genes.
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A number of studies support the notion that genistein can reverse promoter
hypermethylation of tumor suppressor genes in PCa cells. Adjakly et al. [122] showed that
soy phytoestrogens; 40 μmol/L of genistein and 110 μmol/L of daidzein, reduced the
methylation of breast cancer 1 (BRCA1), glutathione S-transferase P1 (GSTP1) and ephrin
B2 (EPHB2) genes in DU-145 and PC-3 cells. This effect on promoter methylation of these
tumor suppressor genes accompanied an increase in their protein expression. Genistein also
reversed promoter hypermethylation of some other tumor suppressor genes, including Ras
association domain family 1 (RASSF1A) [123], B-cell translocation gene 3 (BTG3/ANA/
APRO4) [124], PTEN, cyclin D, p53, FOXO3a [125], p21 (WAF1/CIP1) and p16 (INK4a)
[125]. Some of these studies showed that this effect of genistein on reducing promoter
methylation of tumor suppressor genes was linked to a reduction of the expression and/or
the activity of DNA methyltransferase enzymes, and methyl-binding domain proteins
[124,126]. Collectively, these data demonstrate that soy isoflavones are capable of reversing
promoter hypermethylation in some tumor suppressor genes in PCa cells; however, most of
these studies used very high pharmacological doses. Thus, further investigations of these
effects using physiological concentrations are required.

1.7.2 Histone modifications—Acetylation of the lysine residues at the N terminus of
histone proteins removes positive charges, thereby reducing the affinity between histones
and DNA. This allows easier access of RNA polymerase and transcription factors to the
promoter region. Therefore, in most cases, histone acetylation enhances transcription, while
histone deacetylation represses transcription. Histone acetylation and deacetylation are
catalyzed by histone acetyltransferases and histone deacetylases, respectively [127].

Kikuno et al. [125] showed that genistein-induced expression of tumor suppressor genes
PTEN, cyclin D, p53 and FOXO3a in both LNCaP and PC-3 PCa cells were mediated by
modulation of histone H3-Lysine 9 (H3-K9) methylation and deacetylation. H3-K9
promoter methylation or deacetylation induced by genistein led to inhibition of the AKT
signaling pathway. Studies that discuss effects of genistein on histone modifications are
limited which opens the window for research to explore this new epigenetic
chemopreventive action.

1.7.3 Regulation of mi-RNA—MicroRNAs (miRNA/miR) are a class of short (18–25
nucleotides in length), noncoding RNA that binds mRNAs with complementary sequences
and causes translational repression or target degradation and gene silencing. MiRNA
expression is frequently altered in cancer in which they can act as either oncogenes (when
they target tumor suppressor genes) or as tumor suppressors (when they target oncogenes).
The expression of several miRNAs is disrupted in PCa, which may contribute to the
initiation and progression of this cancer. Examples of these miRNA are miR-221, miR-222,
miR-488, miR-146a, miR-331-3p, miR-21, miR-15a, miR-16-1, miR-125b, miR-145, and
let-7c (a comprehensive report has been recently published by Catto et al. [128]). Genes
encoding for miRNA can serve also as targets for cancer-induced epigenetic modifications
such as promoter methylation and histone modifications [129]. Several studies have
identified miRNA as a significant target for cancer treatment and/or chemoprevention. Soy
isoflavones, genistein and daidzein at doses of 40 and 110 μmol/L, respectively regulate the
expression of certain miRNAs in PC-3, DU145, and LNCaP PCa cells, most of which play a
vital role in cell growth and survival [130]. Interestingly, these changes in miRNA
expression by soy isoflavones were similar to those obtained by the demethylating agent 5-
azacytidine, which suggests that the regulatory effect of soy isoflavones on miRNA
expression was mainly mediated by their ability to reverse the promoter methylation of the
epigenetically suppressed miRNA. The ability of soy isoflavones to regulate miRNAs was
supported by findings of Li et al. [129] showing that soy isoflavones can reduce methylation
of the promoter sequence of miR-29a and miR-1256, leading to upregulation of expression
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of these miRNAs and subsequent degradation and gene silencing of two oncogenes,
tripartite motif-containing protein 68 (TRIM68) and phosphoglycerate kinase 1 (PGK-1),
which was associated with inhibition of PCa cell growth and invasion. These studies
demonstrate a new role of soy isoflavones on suppressing PCa through inhibiting oncogenic
miRNAs.

1.8. Non-epithelial cells as targets of soy isoflavones mediated-cancer prevention
Although most cell-based soy isoflavone research has focused upon the impact of
isoflavones on either tumor cells or their non-neoplastic progenitors, there is also evidence
showing that other cells that exist in the tissue or tumor microenvironment are targets of soy
isoflavones action. For example, in the prostate, the communication between epithelial cells
and the stromal cells surrounding them is crucial for the growth and progression of cancer in
that organ. In the next section, we will discuss two additional examples of non-epithelial cell
targets of soy isoflavones: vascular cells and immune cells.

1.8.1 Inhibition of angiogenesis—Tumor angiogenesis is a pathological process
through which cancer cells induce new blood vessel formation at the tumor site which is
essential for the expansion of tumor growth and tumor cell metastasis. A large number of
molecules are involved throughout the process of induction of angiogenesis in cancer,
including cytokines and growth factors, such as VEGF (vascular endothelial growth factor),
bFGF (basic fibroblast growth factor), and PDGF BB (platelet-derived growth factor BB
homodimer), expressed on cancer cells, stromal cells, and tumor-associated macrophages
[131].

Soy isoflavones can inhibit the development of tumor angiogenesis. This is mediated by
effects exerted on either endothelial or epithelial cells in the tumor microenvironment.
Ambra et al. [132] have demonstrated that genistein at a low physiological dose (2.5 μmol/
L) down regulated the mRNA level of VEGF receptors 1 and 2 (VEGFR1 and VEGFR2) in
the primary human endothelial cells. Genistein also directly inhibits the proliferation of
endothelial cells and stops endothelial cell sprouting and elongation induced by VEGF
[133]. In addition to such a direct role of genistein signaling in endothelial cells, Guo et al.
[134] found that genistein (5–50μmol/L) caused a significant inhibition of both the basal and
the hypoxia-stimulated VEGF expression in the human PCa cells, PC-3. This effect was
mediated partly by the ability of genistein to reduce nuclear accumulation and activity of the
transcription factor hypoxia-inducible factor-1α (HIF-1α) that regulates VEGF expression in
response to hypoxia. Moreover, treatment of PC-3 cells with soy isoflavones caused a
downregulation of the Apurinic apyrimidinic endonuclease redox effector factor-1 (APE1/
Ref-1), which is a multifunctional protein that is responsible for redox-activation of HIF-1α
[135,136]. In androgen-independent PC-3 and C4-2B PCa cells transfected with APE1/
Ref-1 cDNA, radiation caused a greater increase in HIF-1α and NF-κB activities but this
effect was inhibited by pretreatment with genistein (60μmol/L), daidzein (30μmolL) or a
combination of soy isoflavones prior to radiation [137].

Tumors from subcutaneously inoculated LNCaP cells in severe combined immune-deficient
mice had reduced growth, less vascular volume, and reduced microvessel density in soy rich
diet fed mice than mice fed on control diet [138]. Additionally, soy isoflavones reduced the
mRNA level of the pro-angiogenic cytokine interleukin-8 (IL-8) in PC-3 cells [139]. IL-8 is
a potent pro-angiogenic factor and induces the metastatic potential of PCa as well [140].
Also, it has been shown that the expression of IL-8 is directly correlated with the Gleason
score and pathologic tumor stage and could distinguish organ-confined from nonconfined
tumors [141,142]. In two independent global gene expression analysis studies, genistein and
daidzein down-regulated a set of genes that are necessary for the angiogenesis pathway in
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LNCaP, PC-3, and DU-145 PCa cells. These genes included platelet-derived endothelial cell
growth factor (ECGF1), fibroblast growth factor 1 (FGF1), IGF1, fibroblast growth factor
receptor 3 (FGFR3), IL-1β, IL-6, IL-8, platelet/endothelial cell adhesion molecule (CD31
antigen or PECAM1), CXCL10, and many other molecules that are essential to angiogenesis
[53,139]. These data support the anti-angiogenic properties of soy isoflavones in both
androgen dependent and independent PCa. Although some of these studies used high
pharmacological doses of soy isoflavones [137,139], others used a wide range of doses that
cover the physiologically attainable range [134].

1.8.2 Inhibition of metastasis—Cancer metastasis poses the biggest obstacle to
treatment of the disease and is the leading cause of death in PCa patients. Cancer metastasis
is a multistep process involving the spread of malignant cells from a primary tumor to
remote sites. This process includes epithelial to mesenchymal transition (EMT), degradation
of the extracellular matrix (ECM), invasion of surrounding tissues, cell migration,
anchorage-independent growth, apoptosis evasion, intravasation into existing and newly
formed blood and lymph vessels, transportation through the vessels and extravasation,
mesenchymal to epithelial transition (MET), establishment of surviving cancer cells at
distant sites, and outgrowth of secondary tumors [143].

The effect of soy isoflavones on the metastatic properties of PCa cells has been tested both
in vitro and in vivo, and there are several proposed mechanisms for the anti-metastatic
effects of isoflavones. One of these mechanisms is the ability of soy isoflavones to reverse
EMT. Genistein (15 μmol/L) suppresses the invasive growth of IA8-ARCaP human PCa
cells through the reversal of EMT [144]. IA8-ARCaP is a highly invasive clone of the
parental ARCaP PCa cell line which can undergo EMT [145]. This reversal of EMT by
genistein has been verified by cell morphological changes and changes in the expression of
EMT-related markers, including reduced expression of E-cadherin and increased expression
of vimentin, fibronectin, N-cadherin, Twist, and Snail. Another proposed mechanism for the
impact of genistein on metastasis is by inhibiting matrix metalloproteinases (MMPs). MMPs
are endopeptidases that degrade the extracellular matrix and basement membrane of cells,
which makes them key factors in tumor invasion and metastasis. Genistein (0.5–50 μmol/L)
induced a dose-dependent suppression of the total activity of MMPs in both PC3 and
LNCaP cell lines [146]. A number of in vitro and animal studies support the notion that
genistein down regulates MMPs, reducing the invasiveness of PCa cells [64,65,147]. This
effect is mediated by blocking the action of focal adhesion kinase (FAK), p38 MAPK, and
heat shock protein 27 (HSP27) by genistein [148]. FAK mediates cell adhesion-associated
signals in human PCa [149] while p38 MAPK is required for phosphorylation of HSP27,
which in turn is essential for MMP-2 activation, and PCa cell invasion [150].

Genistein has also been shown to induce a dose-dependent inhibitory effect on osteopontin
(OPN) mRNA levels in transgenic TRAMP mice with prostate adenocarcinoma [151] and in
PC-3 cells [152]. OPN is a protein that is implicated in bone remodeling and highly
expressed in PCa cell lines and human PCa specimens. The malignant and metastatic
phenotypes of PCa correlate with elevated OPN expression, which suggests that OPN has a
role in PCa growth, invasion, and metastasis [153]. These findings point to inhibition of
OPN expression as another mechanism by which genistein may exert its anti-metastatic
effect.

Cell motility studies have shown that genistein reduces the homo-and heterotypic contact
stimulated migration of PC-3 cells [154] as well as the rat prostate carcinoma cell lines,
MAT-LyLu, and AT-2 [155]. In addition, dietary supplements of soy protein inhibited
metastases to lymph nodes and lungs in male SCID mice orthotopically implanted with
LNCaP cells [156]. In summary, soy isoflavones demonstrated anti-metastatic effects
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against PCa. Proposed mechanisms of this effect include reversal of EMT, inhibition of
MMPs and OPN and suppression of cell motility and migration. Most of the studies we
reviewed have used low physiological ranges of soy isoflavones.

1.8.3 Regulation of immune cell function by soy isoflavones—The role of the
immune system in the context of cancer is complicated. Inflammation was initially believed
to be a host response against cancer which leads to cancer suppression, but host immune
cells in the tumor microenvironment can also provide the tumor with cytokines and growth
that promote tumor growth angiogenesis and progression and lead to unfavorable prognosis.
Thus, although therapeutic or prophylactic agents that restrain the inflammation in cancer
patients may contribute to tumor regression and improve prognosis, there may be
inadvertent negative effects, as well.

Tumor associated macrophages (TAMs) can release a broad range of growth factors,
proteolytic enzymes, cytokines, and inflammatory mediators. Many of these factors are key
agents in cancer metastasis. TAMs represent one of the targets for the anticancer effects of
genistein on PCa. Genistein reduced the number of TAMs and subsequently, the tumor
vessel density and the tumor size in rats which were injected subcutaneously with the
androgen-independent, anaplastic, and highly metastatic rat PCa cell line, R3327 MAT-Lu.
This effect was mediated by the ability of genistein to inhibit TNF-α and granulocyte
monocyte-colony stimulating factor [157]. Another possible mechanism by which genistein
can interfere with the inflammation pathway is by blocking interleukin-10 (IL-10) signaling
in PCa cells [158]. IL-10 is an inflammatory cytokine that is produced primarily by
monocytes and to a lesser extent by lymphocytes.

Despite the documented evidence that soy isoflavones have anti-inflammatory effects in
many diseases, including but not limited to colitis [159], steatohepatitis [160], chronic renal
disease [161], and cancers such as skin cancer [162], the impact of soy isoflavones on
regulation of immune response and inflammation in PCa has not been consistent. Genistein
treatment led to an increase in radiation-induced giant cells, inflammatory cells, and fibrosis
that was observed in nude mice injected orthotopically with PC-3 cells [163]. Furthermore,
oral administration of genistein and daidzein rich diet induced inflammation in the rat
prostate [164]. Because of these observations, it remains to be determined how soy
isoflavones can influence the immune cell function in PCa.

1.9. Increase sensitivity to radiotherapy and chemotherapy
In locally advanced stages of PCa, the recommended treatment is radiotherapy combined
with simultaneous application of LHRH-agonists [165]. Genistein at a physiologically
achievable dose (10 μmol/L) increased low-dose radiosensitivity in LNCaP cells, expressed
as a decreased colony formation and survival and an increased proportion of cells arrested in
G2/M phase of the cell cycle [166]. Consistent with these findings, Hillman et al. [167]
showed that a similar range of genistein doses caused an inhibition in DNA synthesis, cell
growth, and colony formation and enhanced the effect of low dose photon or neutron
radiation in PC-3 cells. Consistent with these findings, two separate studies using the PC-3
orthotopic metastatic mouse model indicated that soy isoflavones potentiated the effect of
irradiation on inhibiting the primary prostate tumor growth and metastasis [168].

A combination treatment with genistein and perifosine, a chemotherapeutic agent, boosted
the inhibitory action of perifosine on the clonogenic potential of PCa cell lines such as
LNCaP, LNCaP-R273H, C4-2, Cds1, and PC3. This was evident by a profound reduction in
the Akt activity and the sub-G1 cell population indicating apoptosis, as well as suppression
of p53 and p21protein expression [81]. Similarly, genistein enhanced the cytotoxic effects of
the chemotherapeutic agents, taxol (paclitaxel) [169] and docetaxel and the antiandrogen
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bicalutamide in human PCa cells [147,170]. All the above-mentioned findings support a
potential role of soy isoflavones in enhancing the therapeutic effect of radiation and
chemotherapy in PCa.

1.10. Soy isoflavones action may not be uniform across all stages of PCa
Although we focus on the effect that soy isoflavones have on the development of PCa, it is
just as crucial to understand the impact that PCa has on soy isoflavones activity. In this
section, we will review studies that have demonstrated effects of soy isoflavones on steroid
hormone receptors (AR and ER), and how the protective effects of soy isoflavones can be
reversed in advanced stages and/or hormonally pretreated PCa, in which mutations can take
place in these receptors as a consequence of genomic instability or natural selection.

1.10.1 Androgen receptor—In 1940, Dr. Charles Huggins [171] was the first to
recognize that PCa is an androgen-sensitive disease through his pioneering work on
castration in the treatment of PCa. This discovery was followed by several studies that
confirmed the essential role of androgen in the development and progression of PCa. Many
therapeutic modalities are directed toward improved androgen ablation for locally advanced
or metastatic PCa and for cases that recur after radical prostatectomy and radiotherapy. Most
of the patients who receive androgen ablation therapies show initial clinical and biochemical
evidence of improvement (decrease in serum PSA). However, most of those patients relapse
with a more aggressive, hormone refractory form of PCa, which is independent of
circulating androgen but still dependent on the functional AR for growth and progression.

Although the role of AR in the pathogenesis of PCa development and progression was
discovered by Charles Huggins in 1940, it was quite recently that investigators have
recognized the role of AR in hormone refractory PCa [172–174]. In the hormone refractory
PCa, the AR activity despite the absence of androgens takes place through several
mechanisms: androgen receptor gene amplification [175,176], altered expression and
function of AR coactivators [177,178] and ligand independent AR activation through
stimulation of other signal transduction pathways [179,180]. AR can also obtain mutations
that make the receptor either hypersensitive or expand its ligand specificity as those occur in
the LBD. These mutations may enable the receptor to be activated by a broad variety of
steroids such as estrogens, progestins, adrenal steroids, or even antiandrogens. These mutant
receptors with enlarged spectrum to various steroids or synthetic analogs have been called
“promiscuous”.

Cumulatively, these data suggest that AR plays a pivotal role in both androgen-dependent
and androgen-independent PCa and that it is the principal focus for PCa prevention and
treatment. Epidemiological studies suggest an inverse association between soy intake and
PCa risk. However, human data regarding the implementation of isoflavones on local AR
expression in PCa tissue are remarkably little. Indirect evidence of the effect of isoflavones
on AR has been obtained through clinical studies that demonstrated the effects of
isoflavones on serum levels of prostate-specific antigen (PSA) in PCa patients. PSA is a
clinically relevant AR-responsive gene, which is used to monitor treatment response,
prognosis, and progression in patients with PCa [181]. AR regulates PSA transcription via
binding to the AR responsive element (ARE) in the promoter region of PSA [182].

Dietary genistein downregulated AR in the prostate of rats fed a soy diet that adjusted
genistein concentrations to be comparable to those found in human consuming soy [183].
Similar results have been shown in TRAMP mice [184]. In vitro studies also demonstrated
that genistein downregulates AR protein and mRNA expression and transcriptional activity
[185]. In addition, genistein activates HDAC6-Hsp90, which mediates AR protein
degradation [186]. The ability of genistein to regulate the AR-mediated pathway is
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considered the most pertinent chemopreventive mechanism for genistein. A microarray
analyses for global gene expression in human PCa cells exposed to genistein showed a
significant inhibition of genes in the AR pathway [187]. Comparable results have been
obtained using glyceollins which is a soy-derived phytoalexins [188]. It has been proposed
that the effect of genistein on AR expression is mediated by ER-β [189], and this was
evident by the abolishment of that effect when cells were pretreated with the ER-β
antagonist (ICI 164 384). These results provide evidence to support the inhibitory effect of
genistein on AR expression and/or transcriptional activity. However, some in vitro studies
demonstrated stimulatory effects of isoflavones particularly genistein at certain low doses
[190–192]. The cause of these controversial results is not clear. Nevertheless, the use of
different types of PCa cells with diverse molecular characterization could be the reason for
these mixed results. One of the widely used in vitro cell models, LNCaP, has a Threonine to
Alanine (T877A) mutation in the ligand binding domain (LBD) of the AR which broadens
their binding capacity to cover most of the steroidal structures. This cell line has been used
in the above referred studies that encountered stimulatory effects of genistein on AR
expression and transcriptional activity. Genistein has a steroid like structure and could be
recognized by the mutant AR as a ligand, which could explain the stimulatory response
encountered in LNCaP cells to genistein treatment. Data from our recently published report
[41], which strongly supports this hypothesis, demonstrate that genistein exerts a pleiotropic
effect on PCa cell proliferation and AR activity depending on the AR status of these cells. It
inhibited in a dose-dependent manner cell proliferation and AR expression in LAPC-4 cells
that have wild-type (WT) AR. However, in LNCaP cells, lower doses of genistein exerted
growth stimulatory effects and enhanced AR expression.

Accordingly, it became imminent to search for a reliable in vitro model for better
verification of the AR mediated effects of genistein on PCa. This model should include PCa
cells that are hormone naive and expressing wild type androgen and estrogen receptors.
Nevertheless, we must value the utilization of the currently used models such as LNCaP
cells to identify any potential harmful effects of genistein exposure on patients with late
stage or hormonal pretreated PCa who are more prone to have AR mutations which could
cause alteration of their response to genistein or other soy isoflavones.

1.10.2 Estrogen receptor—Estrogen is an effective hormonal therapy for androgen-
dependent PCa. Paradoxically, estrogens might be involved in the development and
progression of PCa [193]. The effects of estrogen were once considered to be mediated by
ER-α only. Now, the relatively newly discovered ER-β provided a different insight for
understanding the mechanism of action of estrogen in prostate. In normal prostate, ERα is
expressed in stromal cells and the basal cell layer, while ERβ is predominately expressed in
luminal cells. These receptors undergo an apparent remodeling during PCa development and
progression either in their level of expression or cellular distribution [194–197].

ER-α expression is upregulated and shifted to the epithelial cells in high-grade prostatic
intraepithelial neoplasia (HGPIN), and most likely mediates the effects of estradiol in
promoting prostate carcinogenesis as demonstrated in animal models [197]. This role of ER-
α has been supported by the ability of the ER-α antagonist toremifene to reduce the
incidence of PCa in men with HGPIN [198]. In two animal models, Sprague-Dawley rats
and TRAMP mice, genistein rich diet reduced the expression of ER-α, and its responsive
gene, progesterone receptor (PR) [183,184]. There is a significant potential in the use of ER-
α antagonists to prevent PCa and delay disease progression. However, there is a lack of
studies that examined the effectiveness of soy isoflavones in modifying ER-α expression in
PCa.
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ER-β gene is expressed in prostate epithelial cells and has a role in the cellular homeostasis
that is anti-proliferative [199], pro-differentiative [200], and pro-apoptotic [201]. Most
studies on ER-β expression reported that levels declined in localized PCa with increasing
grade from PIN through low to high Gleason scores [202,203]. This expression pattern
supports the tumor suppressor role of ER-β. ER-β is differentially expressed in normal tissue
and PCa [202]. Therefore, ER-β agonists might be a potential chemopreventive and
therapeutic agents for treatment of PCa.

Soy isoflavones have stimulatory effects upon the expression of ER-β. Combined dietary
soy isoflavones genistein, quercetin, and biochanin-A, at their physiologically achievable
concentrations exert a synergistic effect on reducing PCa cell proliferation. This effect was
mediated by modulation of genes that control cell cycle and apoptosis in LNCaP cells. The
combination use of these agents led to up-regulation of ER-β mRNA expression more
effectively than individual use [83]. Although the affinity of soy isoflavones is much higher
for ER-β than for ER-α, it is possible the lack of ER-β expression or the unbalanced ratio of
ER-α/ER-β could lead to modification of the expected effects of genistein in PCa. Similarly,
Single Nucleotide Polymorphisms (SNPs) or mutations in ER-α or ER-β can modulate the
agonistic potential of soy isoflavones to the receptor and subsequently, alter the
chemopreventive effects of these isoflavones. Examples of these SNPs that distorted the
association between soy isoflavones consumption and risk of PCa are those shown by
Sonoda et al. [204] in Japanese population. They found that TC or CC alleles of rs2077647
in ER-α showed a high risk of PCa despite intake of greater than or equal to 60 mg
isoflavones/day. However, the CC alleles showed a lower risk despite intake of less than
60mg isoflavones/day. A role of ER-β gene polymorphisms in modifying the association
between isoflavone intake and breast cancer risk has been demonstrated by Iwasaki et al.
[205]. This role needs to be investigated in PCa in order to identify any genetic variations
that may influence the cancer-preventive effects of soy isoflavones.

2. Conclusion
There is a fair amount of population-based evidence showing that soy isoflavones can
protect against PCa. Unfortunately, the mechanisms supporting this association have not yet
been resolved. Nonetheless, mechanistic explanations for how soy isoflavones can reduce
cancer risk or disrupt the biology of transformed cells are increasing. Although the role of
soy isoflavones in PCa has traditionally been linked with the suppression of proliferation
and the induction of apoptosis, recently there is a compelling evidence that soy isoflavones
regulate other cancer-related cellular processes. For example, a reasonable number of reports
suggests that the antioxidant actions of soy isoflavones are worth exploring for cancer
prevention. The breadth of these potential mechanisms by which soy isoflavones prevent or
suppress cancer is given in table 2. Still, many gaps remain beyond understanding of how
soy isoflavones regulates cell biology relevant to PCa prevention and treatment. Most of the
studies performed to assess the protective effects of soy isoflavones on PCa have used cells
with mutant AR such as LNCaP, or cells that are devoid of AR such as PC-3 and DU-145.
In addition, most of these studies used high pharmacological doses of genistein that do not
reflect what can be achieved by people consuming soy rich diet. Similarly, there are few
controlled animal studies that warrant the validity of proposed molecular mechanisms for
soy isoflavone mediated cancer prevention using the ranges of soy isoflavones
concentrations that are observed in human populations. Therefore, further studies must be
conducted to determine if these mechanisms are different within the context of wild type AR
and low physiological concentrations. Recent advances in global profiling of transcription
factor-binding sites with techniques such as ChIP-seq should overcome this uncertainty, and
help researchers to examine the differential effects of these isoflavones in the context of
these pervasive AR mutations. Even with all of these gaps in our understanding, this is an

Mahmoud et al. Page 17

J Steroid Biochem Mol Biol. Author manuscript; available in PMC 2015 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



unprecedented opportunity for research to explore mechanisms of action of soy isoflavones
in preventing PCa.
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Abbreviations

APC Adenomatous Polyposis Coli

APE1/Ref Apurinic Apyrimidinic Endonuclease Redox Effector Factor

APK Activated Protein Kinase

BTG B-cell translocation gene

CSC Cancer Stem Cells

CSF Colony-Stimulating Factor

DSH Disheveled

ECGF1 Endothelial Cell Growth Factor

EPHB Ephrin B

FAK Focal Adhesion Kinase

GADD Growth Arrest and DNA Damage

GM-CSF Granulocyte Monocyte-Colony Stimulating Factor

GPx Glutathione Peroxidase

GSk-3β Glycogen synthase kinase-3β

GSK3β Glycogen Synthase kinase 3β

GSR Glutathione Reductase

GSTP Glutathione S-Transferase P

HAT Histone Acetyltransferases

LEF Lymphoid Enhancer Factor

LHRH Luteinizing Hormone Releasing Hormone

RASSF Ras Association Domain Family

TAMs Tumor Associated Macrophages

TRIM Tripartite Motif-Containing Protein

uPA Urokinase-Type Plasminogen Activator

z-VAD-fmk N-benzyloxycarbonyl-Val-Asp-fluoromethyl-ketone
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Highlights

• We reviewed of all anti-carcinogenic effects of soy isoflavones in prostate
cancer

• We discussed the traditional growth and apoptotic pathways in prostate cancer
cells

• Other new-fangled mechanisms were discussed e.g. autophagy, telomerase,
epigenetics

• Effect on cancer milieu e.g. immune, stem and endothelial cells were also
discussed

• These are discussed along with considerations about doses and preclinical
models
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Figure 1.
Molecular structures of 17-β-estradiol and isoflavones genistein, daidzein, equol and
glycitein.
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