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Abstract

Prostate cancer (PCa), a hormonally-driven cancer, ranks first in incidence and second in cancer 

related mortality in men in most Western industrialized countries. Androgen and androgen 

receptor (AR) are the dominant modulators of PCa growth. Over the last two decades multiple 

advancements in screening, treatment, surveillance and palliative care of PCa have significantly 

increased quality of life and survival following diagnosis. However, over 20% of patients initially 

diagnosed with PCa still develop an aggressive and treatment-refractory disease. Prevention or 

treatment for hormone-refractory PCa using bioactive compounds from marine sponges, 

mushrooms, and edible plants either as single agents or as adjuvants to existing therapy, has not 

been clinically successful. Major advancements have been made in the identification, testing and 

modification of the existing molecular structures of natural products. Additionally, conjugation of 

these compounds to novel matrices has enhanced their bio-availability; a big step towards bringing 

natural products to clinical trials. Natural products derived from edible plants (nutraceuticals), and 

common folk-medicines might offer advantages over synthetic compounds due to their broader 

range of targets, as compared to mostly single target synthetic anticancer compounds; e.g. kinase 

inhibitors. The use of synthetic inhibitors or antibodies that target a single aberrant molecule in 

cancer cells might be in part responsible for emergence of treatment refractory cancers. 

Nutraceuticals that target AR signaling (epigallocatechin gallate [EGCG], curcumin, and 5α-

reductase inhibitors), AR synthesis (ericifolin, capsaicin and others) or AR degradation (betulinic 

acid, di-indolyl diamine, sulphoraphane, silibinin and others) are prime candidates for use as 

adjuvant or mono-therapies. Nutraceuticals target multiple pathophysiological mechanisms 

involved during cancer development and progression and thus have potential to simultaneously 

inhibit both prostate cancer growth and metastatic progression (e.g., inhibition of angiogenesis, 
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epithelial-mesenchymal transition (EMT) and proliferation). Given their multi-targeting properties 

along with relatively lower systemic toxicity, these compounds offer significant therapeutic 

advantages for prevention and treatment of PCa. This review emphasizes the potential application 

of some of the well-researched natural compounds that target AR for prevention and therapy of 

PCa.
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1. Introduction

Prostate cancer (PCa) ranks first in incidence and second in mortality among men in Western 

industrialized countries. In the United States of America, over 220,000 cases of PCa were 

diagnosed in 2015, accounting for approximately 13% of all cancers combined or 26% of 

cancers diagnosed in men [1]. Circulating prostate specific antigen (PSA) has become a 

universally accepted marker for detection and surveillance of PCa, improving early detection 

of the disease.

Despite the significant effort made in the fight against PCa, it still remains the most common 

male malignancy and the second-leading cause of cancer related deaths for men in the 

United States [2, 3]. Despite significant improvement in disease-free survival following 

initial surgical or radiation therapy, the disease recurs in >30% of patients. Furthermore, 

since the recurring disease is non-localized, the treatment options available are limited to 

systemic therapies.

2. Current treatments for prostate cancer

When PCa is localized to the prostate and surrounding tissues, surgery or radiotherapy can 

be used effectively in most patients [4]. The standard therapy for advanced/metastatic 

disease has been androgen deprivation therapy (ADT). However, this approach often results 

in resistance and has recently become a less common therapeutic option [5]. Bilateral 

orchiectomy is one classical strategy for androgen suppression; however, this method is 

associated with numerous side effects and risk factors [4] and results in castration-resistant 

prostate cancer (CRPC). This method is rarely used in developed countries. Treatment with 

chemical compounds targeting gonadotropin-releasing hormone offers an alternative to 

surgical castration. These prevent the secretion of luteinizing hormone and follicle-

stimulating hormone, thus inhibiting downstream testosterone synthesis. Unfortunately, 

these options lose efficacy over time as cancer cells develop resistance to ADT and 

proliferate despite the absence of androgen, progressing into CRPC. Before 2010, the only 

treatment shown to inhibit disease progression and improve overall survival for patients with 

CRPC was the drug docetaxel; however, this compound could only lengthen the life span of 

CRPC patients for a few months [4, 6]. Since 2010, five new therapeutics have been 

approved in the United States which extend median survival by only 3–5 months [7]. The 

autologous cellular immunotherapy, sipuleucel-T is used for minimally symptomatic 
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disease. Cabazitaxel (microtubule inhibitor), enzalutamide (AR inhibitor), and abiraterone 

acetate (CYP17/androgen biosynthesis inhibitor) are used for pre- and post-docetaxel 

treatment; whereas, the radiopharmaceutical radium-223 is used for the treatment of post-

docetaxel and docetaxel-ineligible symptomatic bone metastases in the absence of visceral 

metastases [6, 7].

A decrease in the mortality rate among PCa patients may be attributed to early diagnosis by 

PSA testing and other measures. However, a high mortality rate is still observed in CRPC 

patients [4]. Current therapies often fail to cure this malignancy and despite the development 

of novel therapeutic strategies, survival can only be extended for 4–6 months. Current 

approaches for palliative and curative treatment of PCa are associated with significant cost 

and morbidity [8] indicating that chemoprevention of PCa should be the main strategy to 

reduce PCa mortality [3].

3. Role of androgens and AR in PCa progression

PCa is an endocrine related malignancy driven by circulating androgens. First line systemic 

treatment for PCa is total androgen-blockade by anti-androgens and inhibitors of AR 

activity. Unfortunately, the regression of the disease following withdrawal of androgens or 

inhibiting AR signaling is often transient, lasting no more than a few years [9]. Most patients 

with advanced disease develop resistance to ADT and progress with CRPC [3]. PCa cells 

can overcome castration-induced growth arrest through an up-regulation of enzymes that 

drive the synthesis of androgens in the tumor tissue [9]. Intratumoral synthesis of androgens 

and conversion of adrenal androgens to testosterone and dihydrotestosterone (DHT) are 

often observed in CRPC [7, 10, 11]. Moreover, a gain-of-stability mutation in 3β-

hydroxysteroid dehydrogenase type 1 (3βHSD1), an enzyme that mediates conversion of the 

weak androgen steroid dehydroepiandrosterone (DHEA) to the potent DHT, has been 

observed in CRPC. This mutation prevents 3βHSD1 from being ubiquitinated, thus 

protecting it from degradation by the proteasome. The accumulation of 3βHSD1 results in 

increased levels of DHT and constitutive AR activation [12].

Interestingly, recent studies suggest that CRPC cells, although resistant to ADT, remain 

addicted to AR-driven signaling [2]. AR becomes hyperactive in CRPC through increased 

AR expression. This hyperactivity may result from AR gene amplification, increased rate of 

AR gene transcription and/or increased AR transcript stability [13, 14], expression of 

constitutively active ligand-independent AR splice variants, or AR mutations that facilitate 

activation by non-androgens [15]. Moreover, the previously mentioned intratumoral 

steroidogenesis and overexpression of AR co-activators in tumor cells may also contribute to 

the hyperactivity of AR in CRPC [15]. In some PCa cell lines, androgen independence and 

elevated AR signaling can be attributed to AR trans-repressors and trans-activators. A recent 

publication identified 20 human genes that regulate expression of AR responsive genes in 

the absence of androgens. Among them, IGSF8 and RTN1 are shown to negatively regulate 

the progression from androgen dependence (castration sensitive) to an androgen-

independent (castration resistant) state; their down-regulation enabled castration resistant 

cell proliferation of androgen-dependent PCa cells [15]. While strategies that inhibit 

androgen synthesis or interfere with androgen-AR interaction ultimately fail in the treatment 
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of CRPC, methods which target the synthesis or activity of AR remain powerful therapeutic 

options [2].

4. Chemodietary prevention of prostate cancer

Early chemoprevention strategies included long-term administration of 5α-reductase 

inhibitors such as finasteride, a drug approved by the Food and Drug Administration (FDA) 

of the United States. Finasteride is a selective inhibitor of type II and type III 5α-reductase 

with limited activity against the type I enzyme [16, 17]. 5α-reductase converts testosterone 

to DHT, the main hormone driving PCa cell proliferation in untreated patients. The 

finasteride clinical trial, also known as Prostate Cancer Prevention Trial (PCPT) was carried 

out on 18,882 men aged ≥55 years and lasted seven years [18, 19]. The main hypothesis was 

that reducing the level of DHT in older men will reduce the incidence of PCa and likely its 

progression. The trial was overall a success in which the incidence in the prevention group 

was ~ 30% lower than in the control (placebo) group [20]. However, an 18 year follow-up of 

this trial revealed that high-grade PCa (Gleason 8–10) was more common, although 

marginally, in the finasteride treated group than in the placebo group. Furthermore, there 

was no significant difference between treated and control groups in either overall survival or 

survival after the diagnosis of PCa [21]. A recent study reported by Chau et al. [22] analyzed 

the concentration of serum finasteride levels reported from the PCPT trial. They determined 

there was no correlation between the finasteride serum concentration and the risk for 

developing PCa. The authors investigated whether polymorphisms within the enzymes that 

are involved in finasteride metabolism have an effect on its serum concentration. They found 

that two single nucleotide polymorphisms (SNPs) within the enzyme CYP3A4 were 

associated with reduced plasma levels of finasteride. Other SNPs in CYP3A4 as well as 

CYP3A5 resulted in higher finasteride plasma levels [22].

In contrast to the PCPT trial, the results of another long-term trial called the SELECT trial 

using oral Vitamin E (α-tocopherol, 400 IU/day) and L-selenomethionine (0.2 mg/day) in 

similar population cohorts resulted in a negative outcome [23]. The SELECT trial found no 

decrease in PCa risk in the selenium supplement treated group and a statistically 

insignificant increase in PCa risk with vitamin E [23]. A silver lining in this study was the 

finding that PCa incidence decreased with respect to a linear increase in 25-hydroxy vitamin 

D in circulation of the patients enrolled in the study [24].

Few other defined drugs have been tested for prevention of PCa either among the general 

population or specifically the high risk population, such as men with a family history of 

prostate or breast cancers among their siblings, parents or first-degree cousins. A recent 

recommendation by the committee on prostate cancer treatment and prevention [25] 

suggests that patients with PSA<4 ng/ml should be given a choice for active surveillance as 

an alternative to treatment; thus heightening the need to develop strategies for prevention of 

PCa progression. Since about 20–30% of patients with PCa in the active surveillance group 

progress to more aggressive disease, there are palpable benefits in developing drugs or 

strategies that prolong the surveillance period and prevent rapid progression. Extensive 

studies on the activities of nature-derived compounds must be considered in the search for 

chemopreventative options for PCa.
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5. Potential target population for natural product-based therapy in PCa

The present review is focused on the potential use of natural products that have proven 

inhibitory effects on the androgen-AR signaling pathway. A select set of natural compounds 

have been shown to be efficacious in a variety of animal models of PCa. Some of these 

compounds, as described in this review, have undergone limited clinical trials for some 

length of time mostly aimed to identify efficacy against all cancers in general. The 

populations of men that could benefit from the use of natural products include those with 

familial risk of developing PCa, those diagnosed with serum PSA between 2 and 4 ng/ml or 

those ineligible for both radiation and surgery on the grounds of pre-existing medical 

conditions. In addition, patients may also be considered for such treatments following 

localized therapy, surgery, brachytherapy or external beam radiation therapy.

6. Natural products against PCa

Most of the chemotherapy drugs used for treating cancers for the last 40 years have their 

root in natural products; furthermore, compounds from nature that are currently being 

characterized may provide various lead structures that can be used as templates for the 

synthesis of new, pharmacologically more effective agents [26]. Natural anticancer products 

are found in vegetables, fruits, herbs, and fermented plant products and extracts. The 

anticancer activity of these products might be related to their action on cells as antioxidants, 

free-radical scavangers, and inhibitors of DNA modifying enzymes. Together, these 

properties are likely to be protective against somatic mutations and unfavorable epigenetic 

DNA modifications [27]. These are potentially appropriate candidates for chemoprevention 

because associated adverse side effects, if any at all, are reported to be minimal. 

Epidemiological studies demonstrate that natural products protect against a wide array of 

malignancies such as lung, colorectal, stomach and esophageal cancers and to a lesser extent 

PCa. PCa has a long latency before clinical symptoms develop and a very high incidence 

rate in most economically developed countries which make this cancer type a favorable 

target for chemoprevention [28, 29]. Compounds that can prevent PCa initiation or delay its 

progression to CRPC should be able to reduce PCa related mortality.

Researchers have demonstrated anti-PCa activities of several natural compounds, including 

soy isoflavones (mostly genestein), elegiac acid and ellagitannins from pomegranate extract, 

green tea polyphenols, curcumin, lycopene, vitamins D and L-selenomethionine, both in 
vitro and in vivo. These agents target one or more signaling pathways that are deregulated in 

PCa, such as AR, nuclear factor κB (NF-κB), Wnt, Akt, Notch and Hedgehog (Hh) 

signaling [3]. This current review will focus on natural compounds that target AR-mediated 

cell signaling that leads to PCa growth and progression.

6.1. Products that target androgen synthesis

Several strategies involved in PCa therapy are focused on the direct inhibition of androgen-

stimulated AR signaling. However, as PCa can escape this repression through up-regulation 

of AR or via mutations making AR more sensitive to a residual low concentration of 

androgens [30], approaches are necessary to target and eliminate androgen synthesis. To 

combat this mechanism of resistance, several natural compounds were analyzed for their 
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efficacy in eliminating AR activating androgens [31]. One conventional method of anti-

androgen therapy has been to inhibit the activity of the type I and type II 5-α-reductases 

which catalyze the conversion of testosterone to the much more potent AR activator, DHT. 

Some investigators tested the extracts from certain edible mushrooms to inhibit 5-α-

reductase activity [32]. They identified several species of compounds with potent inhibitory 

activity against enzymes involved in androgen synthesis with the greatest effect derived from 

Ganoderma lucidum (Red Reishi) [31, 32]. Two triterpenoid compounds in the G. lucidum 
extract which yield the greatest suppression of 5-α-reductase activity were identified to be 

ganoderic acids DM and TR, both of which inhibited the enzyme activity with an IC50 of 10 

µM [33]. Green tea extract has also been the subject of study regarding inhibition of 5-α-

reductase activity. The major polyphenols present in green tea, epigallocatechin-3 gallate 

(EGCG) and epicatechin-3-gallate (ECG) have shown potent anti-PCa potential, due in part 

to their inhibition of 5-α-reductase [34, 35].

Other natural products have been discovered to act as anti-androgens by reducing the 

activity of enzymes involved in the pathway leading to the formation of testosterone [31]. 

Studies have shown that consumption of the extract from licorice root (Glycyrrhizia glabra) 

is associated with reduced circulating testosterone in humans [31]. A study into this effect 

has revealed that glycyrrhetinic acid (GA), a bioactive metabolite of glycyrrhizic acid (GL) 

found in licorice, is responsible for this activity [36]. This compound targets two enzymes 

involved in androgen synthesis. GA inhibits the enzyme, 17,20-lyase which is required for 

the conversion of 17-hydroxyprogesterone to androstenedione, the precursor molecule to 

testosterone. Furthermore, it prevents 17β-hydroxysteroid dehydrogenase from completing 

the conversion of androstenedione to testosterone [31, 36].

By targeting the mechanisms involved in the synthesis of androgens, these compounds have 

great potential to prevent at least some mechanisms of resistance to ADT for PCa. Since a 

low level of androgen may remain in a patient undergoing ADT, methods to further reduce 

androgen synthesis are important avenues of research. By inhibiting the pathways involved 

in testosterone synthesis, and preventing catalysis to the more potent ligand, DHT [37], these 

nature-derived compounds could be utilized in combination with standard ADT to improve 

efficacy of treatment and potentially prevent the onset of CRPC.

6.2. Products that target AR-initiated growth signaling

Therapies that target the synthesis of androgens or that interfere with the interaction of 

androgens with AR often fail since recurrent PCa during androgen deprivation is often 

characterized by an up-regulation of AR expression which compensates for the lower level 

of androgens [38]. In some instances, PCa can acquire genetic or epigenetic changes that 

alter the AR structure and confer an androgen-independent growth phenotype. For instance, 

mutations in the androgen binding domains may result in increased responsiveness of the 

receptor towards androgens or develop ligand-independent, constitutive AR activation [37]. 

Additionally, genetic changes might also turn receptor antagonists into agonists [2]. In vitro 
studies of T878A and H875Y AR ligand binding domain (LBD) mutations showed that both 

mutants are paradoxically activated, rather than inhibited, by the anti-androgens nilutamide 
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and flutamide [37, 39, 40]. Thus, directly targeting the activity of AR may provide a more 

powerful tool for PCa therapy.

One study demonstrated anti-proliferative and proapoptotic effects of 3, 3’-diindolylmethane 

(DIM) in androgen-responsive LNCaP and androgen-insensitive C4-2B PCa cells which was 

attributed to its effects on AR, Akt, and NF-κB signaling [41]. DIM is a dimeric product of 

indole-3-carbitol (I3C) produced from plant derived glucossinolates from the Cruciferae 
family [3]. The authors claim that B-DIM (a formulated DIM with higher bioavailability) 

significantly reduced Akt activation, decreased NF-κB DNA binding activity, and inhibited 

AR phosphorylation. They also observed reduced expression of PSA. They conclude that 

cell proliferation inhibition and apoptosis induction are mediated in part through down-

regulation of AR, Akt, and NF-κB signaling or by B-DIM mediated interruption of the 

crosstalk between these pathways [41]. A recent report on a human clinical trial of BR-DIM 

(formulated DIM manufactured by BioResponse) shows intraprostatic accumulation of BR-

DIM and inhibition of multiple targets in AR signaling, including microRNAs that enhance 

AR transcription, stem cell characteristics and epithelial to mesenchymal transition of CRPC 

[42].

The bioactive compound curcumin, derived from turmeric (Curcuma longa) has received 

considerable attention due to its anti-carcinogenic activities as demonstrated in numerous 

studies in animal models [43–47]. Importantly, several curcumin analogs have been shown 

to function as AR antagonists in the presence of AR and the AR co-activator, ARA70 [48]. 

Unfortunately, the oral bioavailability of curcumin is low and making improvements to this 

is currently an active area of research [3]. Several investigators demonstrated that curcumin 

analogs inhibit testosterone- or DHT-induced AR activity and inhibit growth of CWR-22Rv1 

and LNCaP cells [43, 49].

6.3. Drugs targeting AR transactivation activity (N-terminal domain)

Interestingly, the majority of PCa, including the androgen-independent forms, are addicted 

to AR activity and signaling, making AR an important target for this malignancy [2]. The 

AR’s N-terminal domain (NTD) is responsible for its transactivation potential; thus, 

treatment with agents that target this site may result in a sustained and more efficient 

inhibition of AR signaling. Several tyrosine and serine/threonine kinases can phosphorylate 

the NTD of the AR or its co-activators which may promote its nuclear translocation or 

transactivation in an androgen-independent manner [10, 50–55]. Increased kinase activity 

that drives ligand-independent AR signaling, together with over-expression of AR, may have 

a significant role in the development of CRPC [2]. There are several agents that have been 

investigated that interfere with the interaction of essential co-activators with the NTD of AR 

[2].

Compounds that target the amino-terminus of the AR have recently been isolated from 

marine organisms. Andersen et al. [56] demonstrated that the marine sponge derived small 

molecule EPI-001 is capable of inhibiting both the androgen-dependent and androgen-

independent activation of AR. EPI-001 covalently binds to the AR-activation function-1 

(AF1) region of the NTD [57] and was shown to block transcriptional activity of AR as well 

as transcriptional activity of a truncated form of the AR that lacks the LBD. EPI-001 did not 
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reduce ligand binding; instead, it inhibited the androgen-dependent N/C interaction which is 

required for ligand mediated activation of AR. The authors also suggest that EPI-001 blocks 

interactions between AR and trans-activating proteins, thus inhibiting androgen induced 

proliferation as well as androgen-dependent growth in vivo without causing toxicity [56].

Meimetis et al. [58] showed that the glycerol ether lipids, niphatenones A and B, which are 

derived from the marine sponge Niphates digitalis, act as AR antagonists and interfere with 

AR transcriptional activity [58]. Niphatenone B alkynyl ether was also shown to bind 

covalently to the AR-AF1 region of the NTD and inhibited androgen-induced proliferation 

in androgen-dependent PCa cells (LNCaP), whereas it had no effect in PCa cells lacking 

functional AR (PC3) [58].

Furthermore, sintokamides A to E are small peptides with varying degrees of chlorination 

derived from the marine sponge Dysidea sp. [59]. They were determined to suppress AR 

activity in LNCaP cells. The compound sintokamide A was demonstrated to inhibit N-

terminus transactivation of the AR and decrease proliferation in PCa cells [59].

Since it is becoming clear that treatment directed to the ligand binding site of AR only 

temporarily controls PCa growth, the above mentioned compounds may open new 

therapeutic avenues in the treatment of CRPC. However, it is possible that PCa cells develop 

mechanisms which allow them to acquire resistance against compounds that target 

transcriptional activity of the AR. For instance, mutations in the AR NTD may weaken 

binding of NTD targeted compounds [2] or even result in increased binding and interaction 

of activating kinases targeting the NTD, regardless of the presence of these therapeutic 

compounds.

6.4. Natural products that suppress AR synthesis

Another therapeutic strategy would be to use drugs that target synthesis of AR. There are 

several pathways that regulate AR synthesis, including the NF-κB signaling pathway [2]. 

NF-κB response elements are located in the AR promoter region and it has been 

demonstrated that activation of NF-κB signaling in PCa cells results in increased expression 

of AR [60–64]. Thus, inhibition of NF-κB may suppress AR expression and downstream 

signaling.

The green tea derived catechin EGCG may target AR expression indirectly through 

inhibition of NF-κB activity [2]. EGCG has been suggested to suppress the acetylation of 

the NF-κB subunit RelA, resulting in decreased NF-κB activity [65]. These observations are 

consistent with the finding that administration of EGCG down-regulates expression of AR as 

well as nuclear translocation of AR in PCa xenografts [34].

There are several other nutraceuticals such as the Cruciferae-derived compound 

diindolylmethane, or polyphenols derived from green tea, grape seed and pomegranate, that 

target NF-κB activation and have been shown to control growth in PCa cells in vitro and in 
vivo [66, 67]. Moreover, selenium, which is found in fish, meat, eggs and grains was shown 

to modulate genes involved in androgen regulation and could also reduce AR expression [68, 

69]. Since selenium also inhibits binding of NF-κB to its target DNA sequences [70], 
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reduced expression of AR following selenium intake could be attributed to inhibition of NF-

κB-mediated AR gene expression. However, this needs to be further elucidated, since the 

clinical utility of selenium to prevent PCa progression and mortality was contraindicated 

(see section 3).

Another report shows that isoflavone inhibited phosphorylation of Akt and FOXO3a and 

increased expression of glycogen synthase kinase-3 beta (GSK-3β), resulting in a down-

regulation of AR [71]. The authors argue that isoflavone alters AR expression through 

inhibition of FOXO1a binding to the AR promoter in PCa cells and suggest that isoflavone 

induces apoptosis and inhibits PCa cell proliferation though regulation of Akt/FOXO3a/

GSK-3β/AR signaling [71]. Interestingly, the effect of soy isoflavones on PCa cells seems to 

be controversial and relates to the AR status of the respective cells. Various laboratories 

demonstrated that while the isoflavone, genistein, inhibited AR expression and cell 

proliferation in AR wild-type expressing LAPC-4 cells, it induced AR expression and 

growth in LNCaP cells when used at lower doses [72–76]. LNCaP cells have a threonine to 

alanine (T877A) mutation in the LBD of the AR which render them more promiscuous 

towards steroidal structures and potentially also towards the steroidlike structure of genistein 

[76].

It was recently shown that ericifolin, a compound purified form the Jamaican pepper, 

Pimenta dioica (Allspice) transcriptionally suppresses AR. Ericifolin was purified from an 

aqueous extract prepared from Allspice berries (AAE) that also inhibited PCa cell 

proliferation, colony formation and induced apoptosis and/or autophagy in PCa cells [77]. 

Importantly AAE inhibited AR promoter activity and mRNA stability leading to depletion of 

AR in AR-expressing cells [77].

The homovanillic acid derivative capsaicin is an active compound derived from the red 

pepper (Genus Capsicum) with potential therapeutic value. Mori et al. [78] showed that 

capsaicin (100 and 200 µM) inhibits proliferation and induces apoptosis in AR-negative 

(PC3) and AR-positive (LNCaP) cell lines. These effects were accompanied with an increase 

in p53, p21, and Bax, as well as a down-regulation of AR and PSA. The authors performed 

promoter assays to demonstrate that capsaicin interferes with DHT-mediated PSA promoter/

enhancer activation. Since these results were also observed in the presence of exogenous 

AR, the authors concluded that capsaicin directly inhibited PSA transcription in addition to 

the observed down-regulation of AR expression [78]. Interestingly, Malagarie-Cazenave et 

al. [79] claim that capsaicin at lower doses (20 µM) induces expression of AR via PI3K and 

MAPK pathways in LNCaP cells. In addition, the authors show that capsaicin (20 µM) 

induces proliferation of LNCaP in the absence as well as in the presence of DHT [79]. In 

conclusion, capsaicin was shown to exert a biphasic effect in androgen-sensitive PCa cells, 

inducing AR expression and proliferation at lower doses and inhibiting AR expression and 

inducing apoptosis at doses over 200 µM [78–80]. Since this high dose of 200 µM is 

unlikely to be physiologically or pharmacologically relevant, capsaicin at present is more of 

AR stimulant than an inhibitor.
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6.5. Induction of AR turnover

Agents that induce proteasomal degradation of the AR may also be beneficial in the 

treatment of androgen-independent PCa [2]. For instance, long-chain omega-3 fats have 

been shown to promote proteasomal degradation of AR in LNCaP PCa cells [81] as well as 

in the tumor cells in mice bearing PTEN-null CRPC [82].

Since heat shock protein 90 (Hsp90) and co-chaperones interact with AR and protect it from 

proteasomal degradation [83] they also provide potential therapeutic targets. For instance, 

the phytochemical berberine impedes the interaction of Hsp90 with AR, thus promoting the 

proteasomal degradation of AR [84].

HDAC6 regulates AR hypersensitivity and nuclear translocation in PCa cells [85]. 

Moreover, HDAC6 has been shown to reverse acetylation of Hsp90 [86]. Since acetylation 

of Hsp90 impedes its activity, HDAC6 positively regulates Hsp90 activity [86]. The natural 

product genistein modulates the HDAC6–Hsp90 chaperone function, which has been shown 

to cause a down-regulation/degradation of AR [2, 85, 87, 88]. Similarly, the isothiocyanate 

sulforaphane has been shown to inhibit HDAC6, resulting in the destabilization of AR in 

PCa cells [89].

Another compound with anti-tumor potential that specifically targets tumor cells but not 

normal cells is betulinic acid, a pentacyclic plant derived triterpenoid [90]. Betulinic acid is 

isolated from the bark of white-bark birch and other trees [90]. Reiner et al. recently showed 

that betulinic acid increases degradation of pro-survival proteins such as AR in PCa cell 

lines LNCaP and PC3, but not in normal cells [91]. The authors claim that these effects are 

possibly attributed to inhibition of deubiquitinase (DUB) activity [91], which is critical for 

the regulation of the ubiquitin-proteasome system-mediated protein degradation [92–94]. 

Importantly, betulinic acid (10 mg/kg) also inhibited DUB activity, reduced proliferation in 

primary tumors, and decreased the level of AR in the TRAMP transgenic mouse model of 

PCa. However, it had no effect on the ubiquitination or the AR protein expression level in 

normal mouse tissues [91].

The phytochemical 1,2,8-trihydroxy-6-methylanthraquinone (emodin), derived from Rheum 
palmatum, has been shown to be more potent against PCa than curcumin or genistein [95]. 

The investigators showed that emodin induces dissociation of AR from Hsp90 and increases 

its interaction with the E3 ligase MDM2, thus promoting the proteasome-mediated 

degradation of AR in LNCaP cells [95]. Importantly, emodin also promoted AR degradation 

in tumor tissues and suppressed tumor growth in C3(1)/SV40 transgenic mice with no effect 

on body weight and physical activity [96].

6.6. Inhibition of AR nuclear translocation (AR acetylation)

Acetylation of AR can promote its nuclear translocation and thus AR mediated gene 

transcription [2]. Several enzymes such as p300, PCAF, TIP60, and acetyl-transferase arrest-

defect 1 protein can promote acetylation of lysine groups on AR within its hinge region [97–

99]. Thus, agents or natural products that target those enzymes may also interfere with 

nuclear translocation of AR and indirectly inhibit AR mediated gene expression. For 

instance, the green tea derived EGCG, has been demonstrated to inhibit acetyltransferase 
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activity up to 80% when used at a concentration of 25 µM [100]. Treatment with EGCG 

resulted in reduced AR acetylation and impeded androgen-mediated nuclear translocation of 

AR in PCa cell lines [100]. These effects were confirmed in vivo using a PCa xenograft 

model [34].

As discussed previously, B-DIM has been implicated in antiproliferative and proapoptotic 

effects in PCa cells, in part through an interruption of AR signaling [41]. In addition, the 

authors show in confocal studies that B-DIM also inhibits AR translocation to the nucleus, 

thereby preventing AR-mediated gene transcription [41]. Additionally, B-DIM significantly 

inhibited C4-2B cell growth in a severe combined immunodeficiency-human model of 

experimental PCa bone metastasis [41].

Natural products with a promising therapeutic effect were also isolated from the African 

prune (plum) tree Pygeum africanum [101, 102]. P. africanum is used for treatment of 

benign prostatic hypertrophy in Europe and to reduce PCa. An ethanolic extract of P. 

africanum plum extract inhibited the growth of two PCa cell lines LNCaP and PC-3 in vitro 
and the mouse TRAMP tumor in vivo [103]. Bioassay-guided fractionation resulted in the 

isolation of two antiandrogenic compounds from P. africanum, namely atraric acid (AA) and 

N-butylbenzene-sulfonamide (NBBS) [104, 105]. Conventional AR-antagonists 

competitively bind to AR and promote its translocation to the nucleus, where the AR-

antagonist complex recruits corepressors resulting in repressed AR mediated transcriptional 

activity [101]. In contrast, the P. africanum derived compounds AA and NBBS were shown 

to inhibit AR-mediated transcription by blocking nuclear translocation of AR [102, 106].

7. Challenges to overcome: clinical efficacy

The major challenge facing the use of natural products is their low bioavailability in the 

absence of extensive structural modification. Most natural products have an efficacy, defined 

as 50% inhibitory concentration (IC50), of several micromoles (µM) or > 10 µg/ml, when 

tested in vitro. Although the compounds are well tolerated in experimental models, such as 

rodent models (Table 2), the plasma concentration of such compounds seldom reaches the 

IC50 level, even when administered at a very high dose (> 200 mg/kg). For example, the 

plasma concentration of curcumin is seldom seen > 1 µM, thus falling short of the 

micromolar concentration range necessary for the inhibitory activity against its targets [107]. 

Even when dosed at levels of 2 g/kg in rats, the maximum level achieved in plasma was less 

than 5 µg/ml [107]. It has been reported that the major reasons contributing to the low 

plasma and tissue levels of curcumin, even at a dose of 12 g/day in humans, is its poor 

absorption through the gastrointestinal tract, rapid metabolism in the liver, and rapid 

systemic elimination [108]. Recent advancements in drug delivery in the form of 

nanoparticles coated with curcumin or other compounds has enhanced the bioavailability by 

more than nine-fold [109]. Chemical modification of orally delivered natural products has 

shown improved efficacy in curcumin and other bioactive natural products [108, 110]. 

Similar studies in DIM have also shown improved bioavailability in an absorption enhanced 

form of DIM (BR-DIMNG) which has the potential for oral administration [111]. While 

numerous synthetic compounds have been tested in clinical trials for treatment of PCa in 

general, only a few natural products have been investigated in the clinic [42, 107, 108, 111].
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8. Conclusion and future perspectives

Because of its high incidence and long latency, PCa is an ideal candidate for 

chemoprevention at many stages. There is ample evidence that several natural products 

target AR signaling (Figure 1, Table 2), providing novel means to prevent or treat PCa, 

including advanced metastatic disease. AR antagonists only offer temporary efficacy in the 

treatment of PCa since PCa cells proceed to an androgen-independent survival and growth 

state; they become unresponsive to androgen ablation or agents that block the interaction 

between AR and its ligand. PCa cells depend on AR activity even in advanced CRPC 

disease. Therefore, the development of drugs that directly target AR and inhibit its 

transcriptional activity are of special interest. Several natural compounds were demonstrated 

to target synthesis and turnover, as well as transcriptional activity of AR in PCa cells, 

indicating a chemopreventive potential. Unfortunately, the nutritional interventions tested so 

far in clinical studies failed to reduce the incidence of PCa and at present there is no 

evidence for any nutritional supplement which can prevent PCa. However, several new 

natural products have been discovered that have the potential to be used in combination with 

existing strategies for targeting the “AR addiction” of PCa. Some of these compounds, such 

as BR-DIM, nanoparticle encapsulated curcumin, the marine sponge derived sintokamide A, 

niphatenones A and B, EPI-001 E and the allspice derived ericifolin open new avenues for 

treatment since, in contrast to conventional drugs, they are not based on androgen ablation 

and do not target the AR LBD, but rather block AR transcriptional activity.

A better understanding of the three-dimensional structure of AR may contribute to the 

development of novel inhibitors of AR transcriptional activity [112]. While several 

compounds have been identified that target the AR NTD, few inhibitors of the AR DNA 

binding domain (DBD) have been developed to date [113]. High throughput screening of 

natural product libraries, including marine organism derived compounds and bioactivity 

directed fractionation may lead to the discovery of molecules that target the AR DBD. AR 

DBD inhibitors may have the potential to target the transcriptional activity of wild type AR 

as well as constitutively activated truncated variants. However, they might cross-react with 

other nuclear receptors due to high sequence similarity between DBDs of all steroid 

receptors [112]- the DBD is the most highly conserved domain in the nuclear receptor 

family [113].

Furthermore, the effects of dietary supplements and nutraceuticals on chemoprevention 

might differ within populations and could largely depend on the gastrointestinal microbiota 

composition, which influences the level of bioavailable nutrients and anti-cancer compounds 

[114]. Therefore, studies that evaluate differences in the microbiome between high risk and 

low risk populations, or between healthy individuals and patients with latent or metastatic 

and androgen-insensitive disease, may provide valuable insight into the role of the 

microbiome in the development and progression of PCa. As such, modulating the human 

microbiome might have beneficial effects in chemoprevention of PCa.
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Figure 1. A schematic of how natural products may affect AR
Binding of DHT to AR results in release of Hsps and subsequent N/C dimerization and 

exposure of the nuclear localization signal. In the nucleus, AR binds DNA and recruits 

factors that initiate transcription of target genes. Many chemopreventive natural products 

mediate their activity though inhibition of AR expression or transcriptional activity. Other 

compounds interfere with the association of the chaperone Hsp90 with AR, resulting in the 

degradation of AR. Abbreviations: Akt, RAC serine/threonine protein kinase; AR, androgen 

receptor; Hsp90, heat shock protein 90; IGF-I, insulin-like growth factor 1; MAPK, 

mitogen-activated protein kinase; PI3K, phosphoinositide 3-kinase; STAT3, signal 

transducer and activator of transcription 3; NTD, N-terminal domain; D, DNA binding 

domain (DBD); L, ligand binding domain (LBD); T, testosterone; DHT, dihydrotestosterone.
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Table 1

Natural products targeting AR signaling

Natural product Origin Mechanism of
action/target

References

AAE/Ericifolin Pimenta dioica
(Allspice)

AR synthesis [77]

Atraric Acid Pygeum africanum
(African prune tree)

AR nuclear translocation [102]

B-DIM Family Cruciferae
(Cruciferous
vegetables)

AR activation/signaling,
AR nuclear translocation

[41]

Berberine Several plants including
Hydrastis Canadensis
(Goldenseal), Coptis
trifolia (Goldthread),
Mahonia aquifolium
(Oregon Grape)

AR turnover/degradation [84]

Betulinic acid Betula sp. (White-bark
birch)

AR turnover/degradation [91]

Capsaicin Capsicum sp. (Red
pepper)

AR synthesis [78–80]

Curcumin Curcuma longa
(Turmeric)

AR activation/signaling [43, 48, 49]

ECG Camellia sinensis
(Green tea)

Androgen synthesis [35]

EGCG Camellia sinensis
(Green tea)

Androgen synthesis,
AR nuclear translocation

[34]

Emodin Rheum palmatum
(Rhubarb)

AR turnover/degradation [95, 96]

EPI-001 Marine sponge Geodia
lindgreni

AR activation/signaling [56, 57]

Ganoderic acids DM
and TR

Ganoderma sp. (Red
Reishi)

Androgen synthesis [33]

Glycyrrhetinic acid Glycyrrhiza glabra
(Licorice)

Androgen synthesis [36]

Isoflavones/Genistein Glycine max (Soy) AR synthesis , AR
turnover/degradation

[2, 72–76, 85,
87, 88]

N-butylbenzene-
sulfonamide

Pygeum africanum
(African prune tree)

AR nuclear translocation [106]

Niphatenones A and
B

Marine sponge
Niphates digitalis

AR activation/signaling [58]

Sintokamide A Marine sponge Dysidea
sp.

AR activation/signaling [59]

Sulforaphane Family Cruciferae
(Cruciferous
vegetables, primarily
broccoli sprouts)

AR turnover/degradation [89]

Abbreviations: AAE, aqueous allspice extract; AR, androgen receptor; DIM, 3, 3’-diindolylmethane; B-DIM, a formulated DIM with higher 
bioavailability; ECG, epicatechin-3 gallate; EGCG, epigallocatechin-3 gallate; EPI-001, ESSA Pharma Inc.
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Table 2

Systemic toxicity of anticancer natural products*

Natural product
(Source)

Mouse LD50 (mg/kg)
Route of administration

Common toxicity

Curcumin
(Curcuma longa,
Turmeric)

1,500 (i.p.)
>2,000 (p.o.)

None

EGCG (Green tea
extract)

2,170 (p.o.)
4,200 g/m2 (Humans,
p.o.)

Minimal/none detected;
Green tea extract-caffeine
related insomnia in humans

Glycyrrhetinic acid
(Licorice)

308 (i.p.)
56 (i.v.)

Mild skin irritant

Capsaicin (Chili
peppers,
Capscicum)

6.5 (i.p.)
42.7 (p.o.)

Muscle contraction, spasticity
and convulsion.

Genistein (Soy
isoflavone)

>0.5 (i.p.) None

Stilbene (Red wine,
redgrapes)

1.150 (i.p.)
0.034 (i.v.)

None

Emodin (Rhamnus
frangula)

35 (i.p.) Gastrointestinal (GI) and related
toxicity; laxative

Berberine
(Hydrastis
canadensis, L.)

329 (p.o.) Parenteral toxicity

Butylbenzene
Sulfonamide (bark
of Pygeum
africanum)

2.5 (p.o.) Not available.

*
From ToxNet data network (http://chem.sis.nlm.nih.gov/chemidplus/name)

Abbreviations: LD50: Lethal dose, 50%; i.p.: intraperitoneal; p.o.: Per os; i.v.: intravenous
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