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Abstract. Androgens and androgen receptor (AR) play a 
critical role not only in normal prostate development, but 
also in prostate cancer. For that reason, androgen deprivation 
therapy (ADT) is the primary treatment for prostate cancer. 
However, the majority of patients develop castration‑resistant 
prostate cancer, which eventually leads to mortality. Novel 
therapeutic approaches, including dietary changes, have been 
explored. Soy isoflavones have become a focus of interest 
because of their positive health benefits on numerous diseases, 
particularly hormone‑related cancers, including prostate 
and breast cancers. An important strategy for the prevention 
and/or treatment of prostate cancer might thus be the action 
of soy isoflavones on the AR signaling pathway. The current 
review article provides a detailed overview of the anticancer 
potential of soy isoflavones (genistein, daidzein and glycitein), 
as mediated by their effect on AR.
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1. Introduction

Prostate cancer is a major cause of disease and mortality 
among males; each year, 1.6 million men are diagnosed with 
prostate cancer and 366,000 men succumb to the disease. 
Genetic, epigenetic and environmental factors contribute to 
the development of prostate cancer (1). The progression of this 
hormone‑dependent cancer is driven by androgens. Androgen 
deprivation therapy (ADT) is the primary treatment for 
advanced prostate cancer. ADT is initially highly effective but 
the majority of patients relapse and develop castration‑resistant 
prostate cancer (CRPC) over 2‑3 years, characterized by a lack 
of response to ADT (2). Increased expression of androgen 
receptor (AR) is one of the most frequent alterations observed 
in CRPC (3). This has been consistently associated with the 
development of resistance to anti‑androgens and is the prin-
cipal focus for prostate cancer prevention and treatment.

Data from several studies support an association between 
diet and cancer rates, with approximately 30‑35% of cancer 
cases being associated with overnutrition or malnutrition (4). 
Epidemiological studies suggest that diet strongly contributes 
to variations in prostate cancer prevalence. The incidence 
and mortality of prostate cancer are low in Asian countries, 
with rates reported at approximately 1/8 of that in Western 
countries (5). One possible explanation for this phenomenon 
is the high consumption of soy foods by Asian men as part of 
their regular diet.

The health benefits of isoflavones have been linked mostly 
to their antioxidant effects (6,7). Although this is an important 
contributor, isoflavones also interact with other pathways, 
particularly receptor signaling  (8). The most frequently 
investigated soy isoflavonic compound is genistein, followed 
by daidzein and equol. The protective effect of isoflavones 
against the development of prostate cancer has been demon-
strated to be mediated by hormone‑like effects via the binding 
of competitive estrogen receptors α and β (ER‑α, ER‑β) (9) 
and by non‑hormone‑like effects, including the inhibition of 
tyrosine kinases, modulation of cell proliferation, regulation 
of the cell cycle, apoptosis and angiogenesis, as well as tumor 
cell metastasis (5,10,11).

Several molecular mechanisms, including the regulation 
of AR expression by soy isoflavones, have been investigated 
in animal and in vitro studies (12,13). Human data are scarce 
regarding the effects of isoflavones on local AR expression in 
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prostate cancer tissue and only the indirect effects of isoflavones 
on AR by blocking the expression of androgen‑dependent 
genes, such as prostate specific antigen (PSA), have been 
examined in clinical studies  (14). Furthermore, findings 
from epidemiological studies on the association between 
soy isoflavones and prostate cancer risk are incomplete 
and sometimes contradictory. The latest meta‑analysis of 
30 articles, comprising 15 case‑control, 8 cohort and 7 nested 
case‑control studies (266,699 total number of study participants 
and 21,612 patients), as performed by Applegate et al (15), 
demonstrated that total soy consumption is associated with 
a reduction of prostate cancer risk. The current review will 
summarize the existing knowledge and hypotheses concerning 
the mechanisms of soy isoflavones action on the AR signaling 
pathway in prostate cancer development.

2. AR: Structure, function and mechanism of action

AR, also known as NR3C4, is a ligand‑activated intracellular 
transcription factor belonging to the family of steroid hormone 
receptors that also includes ER, glucocorticoid receptor, 
progesterone receptor and mineralocorticoid receptor (16). 
The AR gene is located on the X chromosome at q11‑q12, 
contains 8 exons and codes for a protein with a molecular mass 
of approximately 110 kDa. Exon 1 encodes an NH2‑terminal 
domain (NTD), exons 2 and 3 encode a DNA‑binding domain 
(DBD), exon 4 encodes a hinge region and the remaining four 
exons encode the ligand‑binding domain (LBD) (17).

The NTD is not well conserved; homology in this domain 
is only about 15% between the various steroid receptors. The 
activation function‑1 (AF1) domain, located within the NTD, 
binds specific co‑activators that facilitate the assembly of the 
transcription initiation complex (18). The AF1 is composed of 
two units: The ligand‑dependent TAU‑1 (amino acids 101‑307) 
and the ligand‑independent TAU‑5 (amino acids 360‑528). 
The full‑length receptor requires a region primarily located 
between amino acids 141 and 338 for full ligand‑inducible 
transcriptional activity (17). A growing number of coactiva-
tors and transcription factors have been reported to bind to 
the NTD AR‑AF1 domain, including SRC‑1, SRC‑2, CBP, 
TFIIF and Sp1, and are thought to modulate protein‑protein 
interactions (19,20).

The DBD (amino acids 539‑628) is highly conserved within 
the steroid receptor family and is essential for the function of 
the AR. It is composed of two zinc finger regions that facilitate 
direct AR binding as a dimer to the consensus inverted repeat 
androgen response element (ARE), GGTACAnnnTGTTCT, 
and to more complex response elements  (21). The DBD is 
linked to the LBD by a hinge region. The sequence of this hinge 
domain is poorly conserved, although in all steroid receptors it 
contains a nuclear localization signal (NLS). In AR, the NLS 
is located between amino acids 617 and 633 and is responsible 
for the translocation of the receptor to the nucleus (22). The 
LBD mediates the interaction between AR and heat shock 
proteins and interacts with the AR NH2 terminus to stabilize 
bound androgen. The LBD of the AR contains 11 helices 
(unlike other receptors that contain 12 helices; the AR lacks 
helix 2) and the AF2 domain (23).

AR is expressed in a diverse range of tissues, with 
androgens being documented as having significant biological 

actions in bone, muscle, prostate, adipose tissue and in the 
reproductive, cardiovascular, immune, neural and hemato-
poietic systems (24). In the absence of androgen ligands, the 
AR is cytoplasmic; it is associated with heat‑shock proteins 
(Hsp90, Hsp70, Hsp56 and Hsp27) and other chaperone 
proteins that prevent it from entering the nucleus (25). The 
binding of androgen ligands, such as testosterone and the 
more potent dihydrotestosterone (DHT), to AR leads to a 
well‑described series of events, including: i) Dissociation 
from heat‑shock proteins; ii)  rearrangement in the LBD 
inducing translocation to the nucleus and binding with 
co‑regulatory factors through the AF2 region; iii) transloca-
tion to the nucleus and the formation of AR homodimers; 
iv)  recognition/binding to ARE of AR target genes and 
formation of the AR‑transcription complex with tran-
scriptional activity through NTD‑LBD interaction; and 
v) induction of androgen‑responsive gene expression (18). A 
well‑known gene regulated by AR is PSA, which is currently 
used as a biomarker for prostate cancer. In addition to PSA, 
AR regulates numerous genes that are involved in the regula-
tion of proliferation and apoptosis.

AR is also subject to post‑transcriptional modifica-
tions, including phosphorylation, acetylation, methylation, 
SUMOylation and ubiquitination together with phosphory-
lation. These post‑transcriptional modifications alter AR 
functional activity, including transcriptional activity, stability 
and cellular localization (26).

The AR signaling pathway is essential for maintaining 
normal prostate growth, differentiation and function, and is 
an important component in the early pathogenesis of prostate 
cancer (27). Epidemiological data and clinical experience 
indicate that consumption of soy foods may contribute 
to prostate cancer prevention as a result of the hormonal 
properties of soy isof lavones, either through altered 
endogenous circulating hormones or hormone‑receptor 
signaling (14). Little is known about the direct interaction 
of isoflavones with the AR. Their structural similarity with 
17β‑estradiol is evident, and hence, ER interaction has been 
postulated as a mechanism for their anticarcinogenic activity 
in prostate cancer (9). In the following sections, the anticancer 
potential of soy isoflavones, particularly in relation to their 
hormone‑like properties and their effects on AR and prostate 
cancer risk, will be discussed.

3. Isoflavones: Structures, sources and general biological 
activities

Flavonoids are a large group of bioactive plant compounds 
exhibiting a variety of diverse structures (28). The general 
backbone for flavonoids consists of 15 carbon atoms arranged 
in two aromatic rings connected by a heterocyclic three‑carbon 
ring. The degree of oxidation of the central pyrol ring differs 
and leads to the following sub‑classification: Flavones, flavo-
nols, isoflavones, flavanones, anthocyanins and flavanols, 
usually called catechins (29). In plant food products, the major 
forms are conjugated either with acid‑alcohol or with glyco-
sides, sometimes yielding highly complex structures  (30). 
The diversity of flavonoid structures undoubtedly contributes 
to differences in biological efficacy with subtle differences 
affecting both bioavailability and bioactivity (31). The concept 
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of bioavailability involves several variables, including intestinal 
absorption, metabolism by intestinal microflora, intestinal and 
hepatic metabolism, type and nature of circulating metabolites, 
binding to albumin, cellular uptake, accumulation in tissues 
and both biliary and urinary excretion (29). Whereas flavo-
noids are primarily recognized for their antioxidant functions, 
they also possess antimicrobial and anti‑inflammatory activi-
ties (32‑34). They have also been implicated in the prevention 
of neurodegenerative diseases (35), in the reduction of the risk 
of cardiovascular disease (32) and in decreased rates of certain 
types of cancer (36).

Dietary legumes, including black beans, lentils, lima 
beans, mung beans, and soybeans are sources of a variety 
of isoflavones, but only the soybean contains nutritionally 
relevant amounts of isoflavones (37). Many factors, including 
age, sex and food matrix, may influence intestinal metabolism 
and thereby the bioavailability of isoflavones in humans (38). 
The intestinal microflora plays a major role in the metabolism, 
bioavailability, biological activities and metabolomic profiles 
of dietary isoflavones. The human gastrointestinal tract 
harbors a community of 1,000 or more species of bacteria, 
amounting to 1014 cells, which is 10 times greater than the 
number of eukaryotic human cells (39). In vivo studies have 
indicated variations in health benefits of dietary isoflavones 
among individuals, which has been attributed to differences 
in the populations of colonic bacteria responsible for isofla-
vones conversion (38,40,41). Various bacterial metabolites 
are known to be produced, among which some may exert 
biological activities (42).

Natural isoflavones are found in a biologically inactive form, 
namely as glucoconjugates (43). Following ingestion, isoflavone 
glucosides are hydrolyzed to active aglycones by glucosidases in 
the small intestine, within which the metabolites are absorbed 
completely or further metabolized into other metabolites, such as 
equol and O‑desmethylangolensin, by the intestinal microflora 
in the large intestine. Nevertheless, only a fraction of aglycones 
can directly enter the circulation and become available to all 
other cells of the body. They persist in the plasma for ~24 h, with 
an average half‑life of 6‑8 h (44). Isoflavones are conjugated 
by UDP‑glucuronosyltransferases and sulfotransferases in the 
liver. Once conjugated, isoflavones lose their functionality and 
are no longer bioactive. Therefore, the maximum bioavailability 
of active isoflavones is in the gut (45).

Genistein, daidzein and glycitein are the most common 
and well known isoflavones in nature (Fig. 1). They and their 
glycosides account for ~50, 40 and 10%, respectively, of the 
total isoflavone content of soybeans (46). The difference in 
isoflavone intake is notable between Asian and non‑Asian 
countries. Generally, isoflavone content in food is measured 
as the sum of daidzein, genistein and glycitein in aglycone 
equivalents. For example, the usual mean daily isoflavone 
intake in Asians is 8‑50 mg/day but is <3 mg/day in the USA, 
Canada and Europe (47,48).

The most studied isoflavone, genistein (5,7,4'‑trihydroxyi-
soflavone, C15H10O), has been reported to affect a spectrum of 
biological activities (Fig. 2). Genistein has been demonstrated 
to protect cells against oxidative stress by scavenging free 
radicals and chelate metals and is also able to strengthen the 
antioxidant defense system (49). Furthermore, genistein has 
been demonstrated to suppress tumor cell growth through 

the inhibition of DNA topoisomerases I and II, and protein 
tyrosine kinases (10,50,51). Isoflavones have been identified to 
induce cell cycle arrest through various biological pathways. 
Genistein is reported to trigger cell cycle arrest in the G2/M 
phase and to induce cell apoptosis via mitochondrial damage 
with the involvement of the permeability transition pore and 
caspase‑3 activation in T lymphoma cells (52), and through 
the inactivation of nuclear factor (NF)‑κB (53). Genistein 
inhibits NF‑κB DNA binding via blocking phosphorylation 
of the inhibitory protein IκBa, thereby preventing the nuclear 
translocation of NF‑κB (50).

Another mechanism by which genistein can promote 
cancer cell death is via modulation of the regulation of 
proteins involved in cell cycle progression, namely the 
upregulation of cell cycle inhibitors or the downregulation of 
proteins that promote cell cycle progression. Certain studies 
in androgen‑dependent or ‑independent prostate cancer cell 
lines have demonstrated that genistein mediates the transcrip-
tional upregulation of p21 and p27, which are negative cell 
cycle regulators that act as cyclin‑dependent kinase (CDK) 
inhibitors and cause cell cycle arrest and apoptosis (54‑56). 
Genistein has also been identified to cause a reduction of 
CDK4 and a moderate inhibition of CDK2, cyclin D1 and 
cyclin E (57). In another study, a combination of genistein and 
daidzein was observed to increase p53 and to reduce cyclin 
B1 protein expression significantly in LNCaP prostate cancer 
cell lines (58). Furthermore, genistein treatment increased the 
expression of the pro‑apoptotic protein Bax and decreased the 
expression of the anti‑apoptotic proteins Bcl‑2 and Bcl‑XL, 
leading to the induction of apoptotic cell death (59).

An important effect of isoflavones on cancer cells is the 
modulation of angiogenesis, which is essential for promoting 
the proliferation, invasion and metastasis of prostate cancer 
cells. Genistein has been demonstrated to cause significant 
basal and hypoxia‑stimulated inhibition of the expression 
of vascular endothelial growth factor, which is a critical 
regulator of angiogenesis during prostate carcinogenesis 
in human prostate cancer PC‑3 cells  (60). Genistein and 
daidzein alter the expression of genes that are involved 
in angiogenesis and metastasis, including various matrix 
metalloproteinases (MMP‑2, MMP‑9, MMP‑11, MMP‑13, 
MMP‑14 and membrane‑type‑MMP) (61), epidermal growth 
factor, angiopoietin‑2, connective tissue growth factor and 
connective tissue activation peptide (11,62).

Genistein also inhibits the process of coagulation, a key 
promoter of plaque formation; this effect may be associated 
with the inhibition of growth factors such as platelet‑derived 
growth factor, with subsequent effects on thrombin 
formation (63).

One of the most widely studied metabolites of daidzein is 
equol, (3S)‑3‑(4‑hydroxyphenyl)‑7‑chromanol, which is produced 
by intestinal bacteria. In humans, 30‑40% of the population can 
convert daidzein to equol (64). An established hypothesis is that 
equol‑producers (individuals who can produce equol in response 
to the consumption of a soy diet) exhibit greater health benefits 
than equol‑nonproducers (65). Equol exhibits strong antioxidant 
properties, with a greater antioxidant capacity compared with 
vitamin C or E observed in several in vitro tests (66), and the 
ability to regulate the cell cycle (14). Daidzein has been demon-
strated to induce cell cycle arrest in the G0/G1 phase (11).
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Glycitein has been identified to scavenge free radicals and 
thereby to prevent lipid peroxidation and DNA damage. It has 
also been demonstrated to inhibit the apoptosis of Chinese 
hamster lung fibroblast (V79‑4) cells exposed to hydrogen 
peroxide (H2O2) via radical scavenging activity (67).

4. Hormone‑like properties of isoflavones

Numerous lines of evidence indicate that the antitumori-
genic effects of isoflavones occur primarily via interaction 

with ERs  (68). Isoflavones have structural similarities to 
estrogens, with hydroxyl groups in the C7 and C4' positions, 
like the 17β‑estradiol molecule (Fig. 1). These similarities 
explain the estrogenic activity of isoflavones, identify them as 
phytoestrogens (28) and confer their ability to bind ERs and 
sex‑hormone‑binding proteins. Isoflavones can thus exert both 
estrogenic and anti‑estrogenic activity, the latter by competing 
for receptor binding by 17β‑estradiol. Phytoestrogens have 
relatively weak activity compared with animal estrogens; 
however, exposure to high dietary levels may result in 

Figure 1. Chemical structures of 17β‑estradiol and isoflavones genistein, daidzein and glycitein.

Figure 2. Overview of biological activities affected by genistein. Genistein is involved in cell proliferation, regulation of cell cycle, apoptosis, angiogenesis 
and tumor cell metastasis. Antitumorigenic effects of genistein occur mainly via interaction with estrogen receptors. It also exerts an antioxidant effect. 
↑ indicates upregulation, ↓ indicates downregulation. VEGF, vascular endothelial growth factor; MMP, matrix metalloproteinase; EGF, epidermal growth 
factor; ANGPT2, angiopoietin 2; CTGF, connective tissue growth factor; CTAP, connective tissue activation peptide; CDK, cyclin‑dependent kinase; NF‑κB, 
nuclear factor‑κB.
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biological responses in humans and animals, with favorable or 
unfavorable consequences (69).

ER‑α and ‑β vary with respect to their tissue‑specific 
expression and transcriptional activities. ER‑α has been 
mainly found in the breast, ovarian stroma, endometrium and 
hypothalamus, whereas ER‑β has been mainly documented in 
the kidney, brain, bone, heart, lungs, intestinal mucosa, pros-
tate and endothelial cells (70,71). In normal prostate, ER‑α is 
expressed in stromal cells and the basal cell layer, whereas 
ER‑β is predominantly expressed in luminal cells (72,73).

Kuiper et al (9) investigated the ligand binding specificity 
of the two ER subtypes and identified that phytoestrogens have 
significantly higher affinities for ER‑β, suggesting that this 
receptor subtype is more relevant to the action of non‑steroidal 
estrogens. The exact position and number of the hydroxyl 
substituents on the isoflavone molecule seem to determine 
the ER‑binding affinity. For example, the elimination of one 
hydroxyl group, as in daidzein, causes a great loss in binding 
affinity to ER‑β in comparison with the high binding affinity 
of genistein for ER‑β (74).

The binding affinity of genistein has been reported to be 
4% for ER‑α and 87% for ER‑β compared with estradiol (74). 
Thus, by interaction with ER, genistein concomitantly blocks 
the binding of more potent estrogens and affects estrogen 
metabolism, thereby exerting a potentially favorable role in 
the prevention of hormone‑related cancers (75). An et al (76) 
demonstrated that genistein is >1,000‑fold more potent at 
triggering transcriptional activity with ER‑β compared with 
ER‑α. These findings indicate that genistein is a potent agonist 
for ER‑β and that the divergent transcriptional actions of 
estrogens and isoflavones result not only from their different 
binding affinities, but also from the differences in their ability 
to recruit coregulators and trigger the transcriptional functions 
of ER‑α and ER‑β.

In vitro experiments suggest that equol is more estrogenic 
than daidzein  (64). Muthyala  et  al  (77) used competitive 
binding affinity assays to study the activities of the two equol 
enantiomers (S‑equol and R‑equol) on the two estrogen 
receptors, ER‑α and ER‑β. It was demonstrated that the 
natural enantiomer, S‑equol, had a high binding affinity, 
preferential for ER‑β [Ki(ER‑β)=16 nM; β/α=13 fold], which 
is comparable to that of genistein [Ki(ER‑β)=6.7 nM; β/α=16], 
whereas R‑equol bound more weakly and with a preference 
for ER‑α [Ki(ER‑α)=50 nM; β/α=0.29]. Furthermore, it was 
demonstrated that all equol isomers had a higher affinity for 
both ERs compared with the biosynthetic precursor daidzein, 
which exhibited little ER subtype selectivity. A later study by 
Setchell et al (78) also demonstrated that S‑equol binds ER‑β at 
~20% of the affinity exhibited by 17β‑estradiol (equol: Ki=0.7 
nM; 17β‑estradiol: Kd=0.15 nM), whereas the R enantiomer is 
relatively inactive.

Little is known about the activation of ERs by glycitein, 
which has been demonstrated to have weak estrogenic activity 
comparable with that of the other soy isoflavones, but at a 
much lower level compared with that of 17β‑estradiol (79).

5. Isoflavones as AR modulators: Interactions with AR

The mechanisms of action of isoflavones on the AR are 
largely unclear and little is known about the direct interaction 

of isoflavones with the AR. The current review highlights 
published data relating to the possible effects of isoflavones on 
the AR signaling pathway (Fig. 3). Bektic et al (12) analyzed 
the binding of genistein to the AR by a binding assay with 
radioactively labelled androgen (methyltrienologen, R1881). 
They have revealed that the inhibition of specific androgen 
binding is <25% at genistein concentrations above 100 nM. 
It was also postulated that the effect of genistein on AR 
expression is mediated by ER‑β. Subsequently, using an 
in silico computerized docking model, it was determined that 
genistein and daidzein fit well into the LBD domain of AR 
and that their binding position is the same as that used by 
estradiol and DHT. It has also been identified that genistein 
and daidzein can be considered as strong candidates in two 
key aspects of ligand‑receptor binding, namely the binding 
position and affinity energy (genistein, ‑8.5 kcal/mol; daidzein, 
‑8.7 kcal/mol). Thus, genistein and daidzein are regarded as 
AR‑related factors (80).

Equol, as a metabolite of daidzein, has been shown not to 
bind the prostatic AR; the anti‑androgenic action of equols is 
attributable to their unique ability to bind DHT, specifically 
leading to the sequestration of DHT from binding to the 
AR (81). A study by Itsumi et al (82) demonstrated that equol 
induces AR degradation via the proteasomal pathway through 
Skp2, which is a ubiquitin ligase, but not through transcrip-
tional or translational mechanisms.

In the absence of the AR ligand DHT in the cytoplasm, 
AR binding to heat shock proteins (including Hsp90) is an 
important step in the stabilization of the three‑dimensional 
structure of AR in a conformation that permits androgen 
binding  (83). Basak et al  (84) demonstrated using LNCaP 
cells that the inhibitory effect of genistein on HDAC6, which 
is a Hsp90 deacetylase, results in a decrease in the activity 
of Hsp90 by affecting its acetylation status. Hence, treatment 
with genistein leads to increased acetylated Hsp90, resulting 
in AR degradation by directing AR for ubiquitination. In addi-
tion, the inhibition of ATP binding to Hsp90 can destabilize 
complex Hsp90‑client proteins (including AR) and ultimately 
result in AR degradation (85).

Furthermore, ligand‑AR complex translocation to the 
nucleus can be affected by isoflavones. Li et al  (86) have 
reported that AR activity is regulated by isoflavones through 
Akt/Forkhead transcription factor class O3a/glycogen 
synthase kinase‑3β (Akt/FOXO3a/GSK‑3β) signaling, 
resulting in the inhibition of AR translocation into the nucleus 
and thereby promoting AR degradation. They also suggest that 
the isoflavone‑induced inhibition of cell proliferation and the 
induction of apoptosis are partly mediated through regulation 
of the Akt/FOXO3a/GSK‑3β/AR signaling network.

6. Isoflavones as AR modulators: In  vitro and in  vivo 
studies and clinical trials on prostate cancer

In vitro cell line experiments and in vivo animal studies have 
demonstrated that isoflavones affect a number of molecular 
mechanisms, including the regulation of AR gene expression. 
Some of these studies have indicated that isoflavone mixtures 
or isolated/individual isoflavones (most often genistein) 
decrease AR mRNA and/or protein levels  (12,13,84), 
whereas others have revealed that the effect is largely at the 
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protein level, depending on the concentration and the dura-
tion of isoflavone treatment and on the mutational status of 
the AR (87). By contrast, genistein at low concentrations has 
been reported to transactivate the endogenous AR in LNCaP 
cells, increasing the transcriptional potential with a higher 
receptor expression (88). Later studies have also identified 
stimulatory effects of genistein on AR expression (87,89). 
Mahmoud et al  (90) demonstrated that genistein exerts a 
pleiotropic effect on prostate cancer cell proliferation and 
AR activity depending on the AR status of the cells. In a 
dose‑dependent manner, genistein inhibits cell proliferation 
and AR nuclear localization and expression in LAPC‑4 cells 
with a wild‑type AR. However, in LNCaP cells, lower doses 
of genistein exert growth stimulatory effects and enhance 
AR expression.

These conflicting reports concerning the effect of genistein 
on AR expression may be attributable to differences in the 
various hormone‑responsive cancer cell lines, the type of 
LNCaP cells used, the mostly pharmacological genistein 
concentrations used in most of these studies or other 
methodological limitations. In most studies, LNCaP cells have 
been utilized. This cell line has a threonine to alanine (T877A) 
mutation in the LBD domain of the AR, is androgen‑sensitive 
and proliferates in response to AR activation  (91). In this 
cell line, ER‑β is highly expressed, whereas ER‑α expression 
is relatively low or undetectable  (92). Genistein, with its 
estradiol‑like structure, has been hypothesized to be a ligand 

for this mutant AR; this potentially explains the stimulatory 
effects that have been obtained when using LNCaP cells in 
certain studies (90). DNA microarray analyses in LNCaP cells 
have also indicated that the lowest concentrations of genistein 
alter gene expression in the AR pathway in a gene‑specific and 
selective manner (93).

The effect of dietary genistein at concentrations compa-
rable with those found in humans consuming a soy diet on 
sex steroid receptor expression in the dorsolateral prostate 
has been studied in  vivo in male Sprague‑Dawley rats by 
Fritz et al (13). The dorsolateral lobes of the rat prostate are the 
most similar to the human prostate peripheral zone, in which 
the majority of prostate tumors develop. The study indicated a 
direct dose‑dependent downregulation of AR mRNA expres-
sion by genistein. However, this effect of genistein on AR 
gene expression has not been confirmed in a transgenic mouse 
model of prostate cancer (94).

The protective role of daidzein on flutamide‑induced 
androgen deprivation on AR expression was studied 
in male Wistar rats. Sub‑chronic (60  days) f lutamide 
(30  mg/kg body weight) administration resulted in a 
marked decrease in AR expression (mRNA and protein 
levels). The administration of daidzein significantly and 
dose‑dependently restored the AR expression, as was 
further confirmed by immunohistochemistry (95). Equol 
was identified not to alter AR mRNA expression in male 
rat prostate  (96). Another investigation demonstrated no 

Figure 3. AR signaling pathway and the possible effect of soy isoflavones. Several possible mechanisms have been proposed to explain the mechanism by which 
isoflavone activity affects AR. Possible mechanism include the transcriptional regulation of AR, the induction of AR degradation by the proteasomal pathway 
and the inhibition of ligand‑AR complex translocation to the nucleus, leading to the possible inhibition of nuclear AR binding to ARE and thereby triggering 
an effect on the transcription of androgen‑dependent genes (e.g., PSA). Indirect effects of isoflavones on AR may also be mediated by affecting the synthesis 
of testosterone, its conversion to DHT and the sequestration of DHT from binding AR, thereby reducing prostate cancer risk. ↑ indicates induction; ⊥ indi-
cates inhibition. AR, androgen receptor; ARE, androgen response element; DHT, dihydrotestosterone; Hsp90, heat‑shock protein 90; PSA, prostatic‑specific 
antigen; ub, ubiquitin; T, testosterone.
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effect of a low‑level (10 mg/kg) or high‑level (600 mg/kg) 
isoflavone‑containing diet on AR gene expression in the 
prostate of male Noble rats (97).

To date, few in vitro studies have provided even indirect 
evidence concerning the effect of isoflavones on AR by 
investigation of the ability of isoflavones to block androgenic 
activities, such as the expression of androgen‑dependent genes 
(Fig. 3). PSA is well known as being an androgen‑regulated 
gene and a marker for AR activity (12). The reduction of PSA 
expression in LNCaP cells by genistein first observed by 
Onozawa et al (98) was confirmed by later studies (87,93). The 
inhibitory effect of genistein on PSA and AR protein levels was 
not observed with daidzein. Davis et al (99) have employed a 
VeCaP cell line, which expresses PSA in an androgen‑inde-
pendent manner, and identified that only high concentrations 
of genistein inhibit PSA expression in these cells. In a study 
by Peternac et al (100), genistein was observed to inhibit PSA 
protein expression in LNCaP and in LNCaP‑derived CRPC 
C4‑2B cells, but altered PSA mRNA expression occurred only 
in LNCaP cells.

Despite evidence from in  vitro studies, human inter-
vention studies report inconsistent effects of soy or soy 
isoflavone consumption on AR activity and PSA levels in 
men. Table  I summarizes studies on soy isoflavones and 
prostate cancer (101‑114). Systematic reviews of double‑blind 
placebo‑controlled randomized clinical trials  (15,115‑117) 
have summarized current human data that provide evidence 
for several anti‑cancer properties of dietary supplements, 
including isoflavones, in reference to prostate cancer. Certain 
studies have indicated that the administration of isoflavone 
supplements does not change PSA concentrations, but not 
all studies come to this conclusion. Several of these studies, 
including those that found no change in PSA and ones that 
did find a change, were limited with respect to study design, 
sample size, dose administered and/or isoflavone concentra-
tions achieved in the body. Another very important question 
is if the duration of a study was sufficient to detect clinically 
meaningful changes in the endpoints of interest, as progression 
from prostatic intraepithelial neoplasia to high grade prostatic 
intraepithelial neoplasia and early latent cancer may take 10 
or more years, and clinically significant carcinoma may not 
occur for another 3‑15 years, while recurrent disease may take 
a decade or more to manifest (116).

7. Isoflavones and metabolism of steroid hormones

The indirect effect of isoflavones on AR has been hypothesized 
to also be mediated by their effect on endogenous androgen 
levels and thereby that they reduce prostate cancer risk 
(Fig. 3). Short exposure to high concentrations of daidzein 
has been demonstrated to lead to reduced testosterone levels 
in vitro and to exert adverse effects on Sertoli cells in neonatal 
mouse testes (118). Furthermore, genistein has been reported 
to impair early testosterone production in fetal mouse testes 
in vitro (119). Few previous animal studies have focused on 
the effects of isoflavones on testosterone biosynthesis, whereas 
most of them have shown that the administration of isoflavones 
decrease the secretion of androgens (120‑122).

Data from randomized controlled trials on the efficacy 
and safety of soy or soy isoflavones in men with prostate 

cancer or with a clinically identified risk of prostate cancer 
are inconsistent. A small number of reports show a significant 
association of isoflavone consumption on changes in circulating 
hormone profiles [total testosterone, free testosterone, sex 
hormone binding globulin (SHBG), DHT and free androgen 
index] (102,103) but most studies (110,113,114,123) and the 
meta‑analyses to date have not found any association (116,124). 
Isoflavones may stimulate the production of SHBG in the liver 
and bind to biologically active testosterone. This may lead to 
the lowering of free testosterone levels and its bioavailability 
to the target prostate cells and should theoretically halt cancer 
cell proliferation and inhibit tumor progression (125,126). In 
a nested case‑control study of Japanese men who consume 
soy isoflavones in large quantities, no overall association was 
observed between the plasma levels of total testosterone and 
SHBG and total prostate cancer (127). An opposite effect of 
the constant daily consumption of isoflavone supplements 
has been observed in healthy Japanese men; the serum levels 
of SHBG significantly increase and the serum levels of free 
testosterone and DHT decrease significantly after a 3‑month 
supplementation (128).

Isoflavones may also influence the metabolism of steroid 
hormones by inhibiting the activity of enzymes in the steroido-
genic pathway. Bae et al (129) have shown that genistein and 
equol have a higher inhibitory effect on rat prostate testos-
terone 5α‑reductase (an enzyme that metabolizes testosterone 
to DHT) compared with daidzein and glycitein. Other enzymes 
involved in the conversion of cholesterol to testosterone, such 
as cytochrome P450 cholesterol side‑chain cleavage enzyme, 
3β‑hydroxysteroid dehydrogenase isoform, cytochrome P450 
17α‑hydroxylase/17‑20 lyase and 17β‑hydroxysteroid dehydro-
genase 3, may be affected by isoflavones (130‑132).

8. Conclusions

AR, together with androgens, plays a major role in cell 
proliferation and differentiation during prostate development 
and in prostate cancer development and progression. 
Consumption of isoflavones is associated with a reduced risk 
of prostate cancer but the direct effects of isoflavones on the 
AR signaling pathway are not well understood. Isoflavones 
are assumed to exert multiple mechanisms to affect AR, such 
as the transcriptional regulation of AR, the inhibition of AR 
translocation to the nucleus, the inhibition of testosterone 
synthesis and its conversion to DHT and, thereby, an effect 
on the transcription of androgen‑dependent genes (e.g., PSA), 
leading to the induction of apoptosis and the inhibition of 
cancer cell growth. To date, although overwhelming data from 
animals and from in vitro studies, epidemiological studies 
and case‑control studies indicate that soy isoflavones have 
the potential to reduce prostate cancer risk, further studies 
are required in order to improve our understanding of the 
isoflavone action on the AR signaling pathway. Furthermore, 
large clinical trials with sufficient statistical power are required 
to assess whether isoflavone supplementation is able to reduce 
prostate cancer development or progression.
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