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Abstract

Prostate cancer (CaP) is often androgen-sensitive malignancy and regresses upon inhibition of 

androgen signaling. However, CaP, nearly always develops androgen resistance and progresses to 

aggressive and lethal androgen-independent CaP, which lacks satisfactory therapy. For metastatic 

CaP, patients are often treated with Taxotere (docetaxel), a cytoskeleton-targeted chemotherapy 

drug, that provides transient palliative benefit but to which patients rapidly develop drug-

resistance. Combination chemotherapy may be used instead, but is more toxic and adds little 

clinically relevant benefit over docetaxel. Therefore, novel strategies to enhance docetaxel efficacy 

are needed to effectively treat patients with metastatic CaP. The mercapturic acid pathway, which 

metabolizes genotoxic and pro-apoptotic toxins, is over-expressed in CaP and plays an important 

role in carcinogenesis, metastasis and therapy-resistance of CaP. Vicenin-2, a flavonoid derived 

from Tulsi (holy basil) as an active compound, inhibits the growth of CaP and increases the anti-

tumor activity of docetaxel in-vitro and in-vivo. Taken together, the combination of vicenin-2 and 

docetaxel could be highly effective in the treatment of advanced and metastatic CaP due to their 

multi-targeting anti-tumor potential.
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Introduction

Prostate cancer (CaP, carcinoma of prostate) constitutes a major health problem in Western 

countries. CaP is a type of malignancy that arises in the prostate gland, tends to develop in 

older men, aged 50 and over, and in many cases CaP develops slowly, although in some 

cases it is aggressive and metastasizes to other parts of the body [1–3]. Dietary factors, 

lifestyle-related factors, and androgens (AR) contribute to the risk of developing CaP. 

Hypermethylation of CpG island sequences encompassing the regulatory region of 

glutathione S-transferase (GSTP1) may link exposure to genome-damaging stress to 

increased genomic instability during prostatic carcinogenesis. GSTs are detoxifying 

enzymes that catalyze conjunction of glutathione (GSH) with harmful, electrophilic 

molecules, thereby protecting cells from carcinogenic agents. The identification of key 

molecular alterations in CaP cells has implicated carcinogen defenses, such as GSTP1, 

growth-factor-signaling pathways (i.e., NKX3.1, PTEN, and p27), and AR as critical 

determinants of the phenotype of CaP cells. In addition, this has defined specific targets that 

can be used to detect, diagnose, and treat CaP [3–5]. For example, in prostatic intraepithelial 

neoplasia (PIN), cells that lack GSTP1, undergo genomic damage mediated by carcinogens. 

NKX3.1, PTEN, and p27 regulate the growth and survival of prostate cells in the normal 

prostate. NKX3.1 binds DNA and represses expression of the prostate-specific antigen 

(PSA) gene. The gene for phosphatase and tensin homologue (PTEN), a tumor-suppressor 

gene, is a common target for somatic alteration during the progression of CaP. PTEN is 

expressed in normal epithelial cells and in PIN. However, in CaP, levels of PTEN are 

frequently reduced, particularly in cancers of a high grade or stage [4,5]. Reduced levels of 

PTEN and NKX3.1 lead to reduced levels of p27, a cyclin-dependent kinase inhibitor 

encoded by the CDKN1B gene, which contributes to increased proliferation and decreased 

apoptosis of CaP cells and thus to poor prognosis. In this way, haploinsufficiency for PTEN 

and NKX3.1 may promote abnormal proliferation of prostate cells [3,4].

Treatment of CaP usually involves therapeutic reduction in the levels of testosterone and 

dihydrotestosterone. However, this is complicated by the eventual emergence of androgen-

independent prostate cancer (AICaP), which is associated with mutations in the androgen-

receptor that permit receptor activation by other ligands, increased expression of androgen-

receptors accompanying AR amplification, and ligand-independent androgen-receptor 

activation [5–8]. During androgen withdrawal therapy, the AR signal transduction pathway 

can also be activated by amplification of the AR gene, by AR gene mutations, or by altered 

activity of AR co-activators. All of these mechanisms contribute to the emergence of AICaP 

[6–8].

Furthermore, CaP is molecularly complex, having a multifocal and heterogeneous nature, 

which presents challenges to interventions that act on a single target [9–12]. The fact that 1 

in 3 men develop PIN and that 1 in 6 men develop CaP reflects the associated life-time risk 

for CaP [9]. In addition, given the dynamic molecular plasticity of incident and progressing 

CaP tumors, rapid emergence of drug-resistance, and dose-limiting toxicities of currently 

used drugs like docetaxel (DTL) [13, 14], there is high interest in identifying novel, safe, and 

non-toxic natural anticancer compounds that can inhibit development of CaP and/or 

synergistically enhance its sensitivity to anticancer drugs. A variety of natural herbal 
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compounds that have inherent chemical antioxidant properties offer a potential means to 

overcome these challenges because they display multi-targeted anticancer activities [15–17]. 

Therefore it may be beneficial to exploit these herbs for human therapy, but challenges 

remain in identifying appropriate agents or compounds for study.

Phenolic antioxidant compounds that have apoptotic effects on cancer cells appear to work 

through pleiotropic mechanisms: that simultaneously inhibits multiple pro-cancer pathways 

[18, 19]. How this happens remains unclear? Assuming directional signaling (up-stream to 

down-stream), one must consider at least four possible explanations: 1) the drug acts on one 

target, and all of the observed effects (i.e., inhibition of Akt, MEK, p53, AR, cMyc, etc.) are 

down-stream of that target; 2) the compound acts on many targets and each effects arises 

from direct inhibition of each target by the compound; 3) the compound is does not directly 

act on any of the targets, but changes the cellular milieu such that the up- and down-stream 

targets are simultaneously affected; or 4) a combination of 1, 2 and 3. The first explanation 

is unlikely because of the known ability of phenolic antioxidants to directly bind many 

different proteins. The second is also unlikely because, even if the compound binds all 

targets, the structural differences in the target proteins make it highly unlikely that a single 

molecule (or even its metabolites) could inhibit the activity of all targets. Given that 

antioxidants, by nature, reduce overall concentrations of oxidizing species, a change in 

milieu appears much more likely. However, given the demonstrated ability of some phenolic 

compounds to bind to and specifically inhibit one or more signaling proteins, and that 

inhibition of an upstream signaling protein will necessarily reduce signaling to the next, 

explanation 4 (a combination of 1–3) is the most likely scenario. In addition, the third 

scenario should predominate because each of the targets under consideration here is known 

to be directly affected by overall oxido-reductive balance. Indeed, the in-vitro measures of 

the catalytic or binding activities of all of the signaling proteins being considered are directly 

regulated by the ratio of reduced vs. oxidized thiols (i.e., a requirement for β-

mercaptoethanol in the buffers used to measure their activities). The ratio of the 

oxidized:reduced cellular thiols is inextricably linked and in equilibrium with all redox pairs. 

Thus, the chemical antioxidant effect of any such compound would alter the general milieu 

such that the activities of all potential targets in a cascade should be affected. Because 

oxidative stress can activate many of these signaling proteins (i.e., Akt, p53, cMyc, MEK), it 

seems reasonable that reducing this stress by using an antioxidant should inhibit their 

activation. However, activation of apoptosis through the intrinsic Bcl-2/Bax mechanism 

generally happens in concert with an oxidative stress [20–22]. Thus, none of these 

explanations are entirely satisfactory, and an alternative model must be considered.

The cancer-preventive actions of polyphenolic phytochemicals were originally defined by 

studying their effects on the mercapturic acid pathway (MAP). Specifically, compounds that 

induced GST (phase-II detoxification and rate limiting enzyme of MAP) and suppressed 

cytochrome p450 (phase I detoxification enzymes, upstream of GSTs in the MAP) were 

identified as being antioxidant cancer-preventives and those that exerted the opposite effect 

were pro-oxidants. Because all antioxidants are also pro-oxidants at higher concentrations, it 

stands to reason that those compounds that could prevent cancer by reducing oxidative stress 

at low concentrations could at high concentrations exert oxidative stress that might trigger 

Singhal et al. Page 3

Biochim Biophys Acta. Author manuscript; available in PMC 2018 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



apoptosis in cancer cells [23–25]. In this regard, it is interesting that polyphenols exert 

antioxidant effects in the nanomolar concentration range (which induces GSTs), but 

apoptosis of cancer cells requires micromolar concentrations (which suppresses or inhibits 

GSTs). Although this model is conceptually reasonable, it does not explain why increased 

oxidative stress (due to very high concentrations of polyphenols) could inhibit the activation 

of p53, cMyc, or Akt.

We argue that the MAP-Ral hypothesis could explain some of these paradoxical findings and 

link the chemical/biochemical effects of phenolic antioxidants with well-understood kinase 

signaling pathways. In this model, high concentrations of polyphenols inhibit the MAP at 

GST, resulting in further exacerbation of oxidative stress. Compounds that block the 

glutathione-electrophile-conjugate (GS-E) transporter, RLIP76, could inhibit the 

Ras/Raf/MEK/Myc or AKT/mTOR/MDM/p53 pathways by simultaneously inhibiting 

endocytosis [26, 27]. The resultant loss of stress-resistance and cell-cycling checkpoint 

combined with increased oxidative stress due to the chemical effect of high polyphenol 

concentrations could shift the balance between Bcl2 and Bax towards apoptosis [20–22]. In 

recent years, the importance of the Ral/MEK/Myc pathway in cancer has been recognized 

[28–30]. Blockade of the Ral effector RLIP76 could also exacerbate the tendency towards 

apoptosis [27–32]. Because Ral is a primary regulator of exosomes, a tendency towards 

apoptosis would be further compounded if exosomes function to potentiate ligand-receptor 

signaling.

Flavonoids can modulate drug action through multiple mechanisms such as influencing 

intestinal absorption, altering the rate and nature of metabolism, bio-distribution of drugs 

and, most importantly, affecting parallel signaling networks in targeted cancers when co-

administered with chemotherapy drugs resulting in additive, antagonistic or synergistic 

effects [16–19]. We initially revealed a synergistic effect between the flavonoid VCN-2 and 

docetaxel (DTL), and in in-vivo studies, showed that orally administered VCN-2 in 

combination with DTL was effective in AICaP [33].

Androgen-independent metastatic prostate cancer (AICaP) is a highly prevalent, morbid, 

debilitating and lethal disease of men for which satisfactory prevention and treatment are 

lacking [10]. The use of DTL in advanced CaP provides transient palliative benefit, followed 

by resistance [13], which necessitates combinatorial tertiary chemopreventive strategies. 

Novel pharmacological methods for primary prevention of CaP and to overcome tumor 

burden of metastatic disease are urgently needed. We have sought to decipher the role of the 

MAP enzymes in carcinogenesis, metastasis, and drug-resistance, and have shown that this 

pathway plays a key role in apoptosis caused by diverse stressors ranging from radiation and 

chemotherapy, to hormone-withdrawal [28, 31–36]. Recent studies have directly linked the 

MAP enzymes to carcinogenesis, survival-promoting, and proliferation-promoting 

pathways, including cMyc, p53, Rb, and Akt, in a variety of cancers in which MAP enzymes 

are highly enriched, including CaP [28, 31–33, 37]. Based on this rationale, we performed 

in-silico docking studies with MAP enzymes to screen a group of plant-derived antioxidants, 

and identified a lead candidate, VCN-2. We examined VNC-2 effects in cell lines and human 

xenograft models of CaP and found that VCN-2 exerts strong antineoplastic activity alone 

and in synergy with DTL in both CaP and AICaP [33]. In this regard, herein we describe the 
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anticancer properties of the Tulsi-derived novel flavonoid VCN-2 as a potential inhibitor of 

CaP growth because of its strong predicted interactions with multiple enzymes and 

regulatory nodes in signaling pathways that regulate MAP. The novel features of this 

compound include its oral bioavailability, lack of toxicity, and mechanistic relevance to 

central signaling proteins implicated in CaP.

Vicenin-2 (VCN-2)

VCN-2 is a commercially available flavonoid (Quality Phytochemicals LLC., Edison, NJ) 

that is enriched in Tulsi (also known as holy basil, Ocimum sanctum Linn, OSL; family: 
Lamiaceae), an extensively cultivated Indian herb that has high religious significance and is 

believed to prolong the life of men (Fig. 1). OSL is known for its anti-inflammatory, 

anticancer and anti-diabetic properties in Ayurveda, and has a safe record of human 

consumption as a raw paste or as an herbal tea for millennia [38–45]. Oxidative stress is a 

well established cause in the initiation and progression of cancers [46]. Anti-oxidant and 

anti-inflammatory compounds like cyclooxygenase-2 inhibitors, natural compounds like 

silibinin and other flavonoids are currently being investigated as potential CaP treatments 

[47–49]. OSL has been investigated for its chemopreventive properties in dimethyl-

benzanthracene (DMBA)-induced oral cancer [50], and also functions as a radio-protectant 

for bone marrow cells [51–53]. Overall, VCN-2 targets multiple nodes of CaP pathogenesis 

and progression, which also exhibiting a potent synergistic effect with orally given DTL. 

This provides a strong rationale for further studying VCN-2 as a single agent for the 

prevention of CaP and the combination of VCN-2 and DTL for targeting AICaP [33]. 

Further supporting this, other key features of VCN-2 are: a) hepatoprotective activity, b) 
antioxidant and anti-inflammatory activities, c) could act as a UV light barrier to protect the 

plants, d) anticancer activity, and DTL co-administration is more effective than either of the 

single agents in AlCaP, and e) may be a useful lead for developing multiple target-oriented 

therapeutic modalities for the treatment of diabetes and diabetes-associated complications 

[39, 41–45, 53].

Docetaxel (DTL)

Currently, DTL is the drug of choice for treating AICaP and is administered intravenously 

(i.v.) at a dose of 60 – 100 mg/m2 (75 mg/ m2 is the recommended starting dose for AICaP) 

once every three weeks in clinical practice. However, i.v. administration of DTL is 

associated with dose-limiting toxicities such as febrile neutropenia and associated 

myelotoxicity, which has lead to characterization of alternate routes of administration and 

potential combinatorial regimens. Even anemia and non-febrile neutropenia, which occur in 

approximately 41% and 67% of patients given DTL, can severely affect the quality of life 

and consequent survival in elderly patients, especially given that many CaP patients have 

extensive comorbidities (e.g., diabetes mellitus and age related decline in immune function). 

Myelotoxicity or bone marrow toxicity results in direct, high level of exposure to bolus 

doses of DTL, as is typical with i.v. administration. Although, some of the previous studies 

focused on trying to switch from three week to weekly doses involving moderate dosage 

reduction, substantial adverse effects still occurred, including hyperlacrimation, and skin- 

and nail-toxicity [13]. In this regard, VCN-2 in combination with DTL synergistically 

inhibited the growth of prostate tumors in-vivo with a greater decrease in the levels of AR, 
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pIGF1R, pAkt, PCNA, cyclin D1, Ki67, CD31, and increase in E-cadherin [33]. The salient 

feature of this study was the potent synergistic effect of VCN-2 and low dose DTL (0.03 

mg/m2 DTL and 3 mg/m2 VCN-2 given orally on alternate days as compared to the clinical 

dose in metastatic AICaP - 75 mg/m2 of DTL i.v. once every 3 weeks plus 5 mg prednisone 

taken twice daily), which strongly supports further development of VCN-2 and DTL 

combinatorial regimens for clinical use in aggressive AICaP.

Advancing the field of CaP research

A major barrier to improving the effectiveness of treatment for AICaP is an incomplete 

understanding of why AICaP is so aggressive and resistant to therapy. The role of Ral, the 

MAP, and exosome secretion in resistance to AICaP treatment is unclear. Although, these 

pathways are known to be linked to therapy resistance in CaP, the underlying mechanism 

was not known. The recent discovery thatVCN-2 can simultaneously exploit these 

mechanisms to improve the effectiveness of DTL provides a paradigm shifting approach for 

understanding how new treatments of AICaP can be devised. This concept is supported by a 

wide array of literature and studies from our [28, 31–37, 54–58] and others [59–62] 

laboratories on the role of the MAP in the formation, growth, and metastasis of CaP. The 

novelty is based on a broadly-supported scientific basis: a) Ral-binding protein (RALBP1/

RLIP76) functions at the intersection of the Ral and MAP pathways, b) Blockade of RLIP76 

exerts potent anticancer effects on CaP, c) RLIP76, a cancer survival-promoting enzyme, is a 

major constituent of the exosomes secreted by CaP, d) a novel mechanism for the association 

of exosomes with the aggressive behavior of AICaP, e) identification of VCN-2 as an 

anticancer compound, and f) the ability of VCN-2 to potentiate DTL though the MAP, a 

pathway not affected by DTL. This suggests that the VCN-2 and DLT should have non-

overlapping toxicities, the holy grail of combination chemotherapies. Thus, the proposed 

characterization of the detailed molecular and pharmacokinetic mechanisms of action would 

lay strong scientific foundation for further clinical development of VCN-2 and DTL regimen 

for the effective management of human CaP (Fig. 2).

Ultimate applicability

The proposed strategy would benefit patients with metastatic AICaP by improving the 

effectiveness of DTL chemotherapy. VCN-2 could be given orally during DTL 

chemotherapy of AICaP. BecauseVCN-2 blocks the androgen receptor; it could be used in 

the treatment of androgen-sensitive CaP (ASCaP) to avoid castration (surgical or chemical), 

a therapeutic approach with numerous highly undesirable side effects. If shown in further 

studies to prevent CaP development, VCN-2 could also be an effective preventative agent. 

The ability of VCN-2 to affect the composition of exosomes could be an exciting finding. 

The oral bioavailability of VCN-2 is particularly attractive for its pharmacological 

development. In addition, VCN-2 qualifies as a ‘generally regarded as safe’ substance, with 

no known toxicities at present. Our studies [33] will advance scientific knowledge on the 

role of Ral-signaling in CaP biology, identify an entirely novel mechanism of action of 

antioxidant antineoplastic agents, and allow development of new strategies to overcome 

DTL-resistance in AICaP. Overall, VCN-2 caused apoptosis and enhances DTL activity by 

blocking signaling down-stream of EGF and IGF by inhibiting MAP enzymes that regulate 

Ral-mediated exosome-secretion and cytoskeletal remodeling.
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Interaction of VCN-2 and DTL with the MAP

The MAP is a critical biochemical pathway (phase II biotransformation) that disposes of 

exogenous and endogenous toxins [23–25, 28]. It defends against exogenous electrophilic 

(electron-deficient) compounds that cause mutations by forming adduct with DNA-bases. 

The MAP is also responsible for metabolism of both DTL and VCN-2. DTL is mainly 

metabolized by the p450 isoenzymes CYP3A4 and CYP3A5 into well-characterized inactive 

hydroxyl and hydroxyoxazolidinone metabolites. Because polyphenols inhibit the 

metabolism of taxanes by p450 enzymes [63], it is quite possible that potentiation of DTL 

could be due to inhibition of its metabolism. This possibility could be tested by measuring 

concentrations of un-metabolized DTL (active constituent) in cells without of with VCN-2 

treatment to determine whether the parent drug concentration is increased upon exposure to 

VCN-2. These studies are critical to elucidating the mechanism of synergy.

In contrast to DTL, nothing specific is known about VCN-2 metabolism. In general, 

polyphenols can also be metabolized by p450 into electrophilic derivatives that are then 

conjugated with GSH. It is possible that VCN-2 also has a similar fate. This is relevant 

because GS-Es are potent product-inhibitors of GSTs, and their formation could 

significantly reduce MAP activity [64]. Taken together, analyses of the effects of the MAP 

on these drugs and the effects of these drugs on MAP can shed substantial light on the 

possibility that synergy between the drugs is due to mutual inhibition of their 

biotransformation either directly or through their metabolites, and that signaling-changes are 

secondary. Competitive inhibition of either GST or RLIP76 due to metabolites would be a 

potential reason for increased accumulation of pro-apoptotic lipid aldehydes in CaP cells.

Role of Ral signaling in the antineoplastic activity of VCN-2 and DTL

Cancer generally is considered as a neoplastic disease with particular causative and etiologic 

factors as well as protective elements. Although it has remained difficult to treat, it is 

preventable. Recently, interest in evaluating dietary phytochemical intake as a potential 

means for chemoprevention of cancer has increased greatly. Regular intake of 

phytochemicals has been shown to have a cancer protective role during various stages if 

cancer, including initiation, promotion and progression and, can modulate oncogenic 

processes through their antioxidant and anti-inflammatory activities of the phytochemicals 

and their ability to mimic the chemical structure and activity of hormones. The Ral pathway 

was recently recognized as playing a significant role in malignant transformation, 

proliferation, invasion, metastasis, and apoptosis pathways in cancers [28, 65, 66]. A role for 

the Ral pathway in CaP bone metastases is supported by the loss of bone metastatic activity 

in PC3 cells that have shRNA-mediated decreases in RalA expression [65, 66]. RLIP76 was 

the first identified, and one of few known effectors of Ral [67–70]. RLIP76 is over-

expressed in CaP, and inhibition of RLIP76 leads to apoptosis as well as xenograft 

regression [37]. RLIP76 provides a direct link between the Ras and Ral pathways, linking 

Ras signaling to metastasis and invasion [28, 67]. Thus, the Ral-RLIP76 interaction could 

regulate cell motility and invasion through Ral/Rac/cdc42, and cell growth and 

transformation through Myc. Since Myc regulates p53 [71] and Akt can regulate p53 

through MDM2, it is possible that the Ral pathway could regulate Myc and p53 through the 

effects of RLIP76 on Akt, Rac, or cdc42 [28]. Because Ral signaling has not been explored 
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in CaP, and our studies to date indicate that a Ral effector plays an important role in CaP 

[37], these findings point to a significant role of Ral signaling in CaP biology (Fig. 3). 

Further investigation in this area will delineate the mechanisms through which VCN-2 exerts 

its anticancer effects in CaP and perhaps the mechanisms of VCN-2/DTL interactions.

AICaP cells are sensitive to VCN-2, and the VCN-2/DTL combination exerts synergy

Recent studies demonstrated that VCN-2 can potently inhibit the growth of CaP in-vitro as 

well as in-vivo, as compared to other active constituents of OSL like orientin and luteolin. 

VCN-2 increased levels of PTEN, decreased levels of hTERT, PCNA, and pRB, and 

increased p53 levels while inhibiting pEGFR, pAkt, and the mTOR signaling mediator 

pP70S6K. VCN-2 induced G2/M arrest by decreasing cyclin B1, cyclin D1, and CDK4, and 

inhibited angiogenesis both in-vitro and in-vivo, as shown by decreases in VEGF, PSMA, 

and angiogenic marker CD31. Most importantly, VCN-2 as a single agent decreased the 

levels of AR, C-Myc, and Bcl2 and inhibited the activation of pIGF-1R, which is of specific 

significance to chemo-dietary therapy of castration resistant CaP (CRCaP). In-vivo mice 

xenografts studies in which VCN-2 was administered by oral gavage revealed potent 

regression of CRCaP xenografts with a synergistic effect with DTL, the current drug of 

choice in CRCaP [33]. VCN-2 alone or in combination with DTL did not cause any overt 

toxicity in mice. The rationale is based on the entirely novel concept that the Ral-signaling 

pathway that signals CaP growth and metastasis and the mercapturic acid toxin-

biotransformation pathway that protects cells from toxins are together responsible for the 

aggressive behavior of AICaP. Further studies will facilitate the translation of VCN-2 into a 

non-toxic drug useful for improving the DTL efficacy of AICaP.

In summary, VCN-2 has been identified as an anticancer compound present in an herb long 

thought to be beneficial for men’s health and longevity. That VCN-2 can potentiate the 

anticancer effects of DTL has direct implications in treatment of AICaP. Additional 

innovation lies in the ability of VCN-2 to recalibrate cellular oncogenic, tumor suppressor 

and differentiation signaling cascades to induce multi-specific anticancer signaling inputs as 

revealed by our extensive studies in the context of pathogenesis of CaP [33]. Also, at orally 

active and non-toxic doses, VCN-2 induced synergistic anticancer effects with DTL.

Discussion

Oxidative stress is a well established as contributing to initiation and progression of CaP [46, 

72]. GSH, the predominant soluble physiological thiol in cells, is the primary defense 

against oxidative stress and its levels are increased as a defense against carcinogenesis. The 

MAP uses GSH to detoxify exogenous and endogenous carcinogenic toxins through 

enzymatic formation of conjugates of GSH with oxidant toxins (GS-Ox). GSTs are MAP 

enzymes that catalyze the formation of GS-Ox. The next step towards the excretion of 

oxidant toxins is their energy-dependent efflux from cells by energy-dependent transporters. 

RLIP76 (RALBP1) is the most active of these transporters, the loss of which in knockout 

mice reduces activity of the MAP by ~80% [28, 31, 34–36]. After efflux from cells, GS-Ox 

are metabolized to mercapturic acids (MA-Ox) and excreted by the kidneys [23]. Chronic 

exposure to carcinogens activates the MAP, which is very active in CaP [73]. High levels of 
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carcinogen exposure over-rides the protective effect of this detoxification pathway, resulting 

in sufficient genotoxicity that cell-growth regulatory signaling proteins are altered and cause 

unregulated growth of the damaged cells and ultimately resulting in cancer [74, 75]. In 

addition, expression of this pathway progressively increases during carcinogenesis, such that 

its activity in cancer cells far exceeds that in normal cells. Indeed, the cancer cells become 

dependent on this pathway to survive. This is dramatically evident from studies showing that 

knockout mice lacking RLIP76 are almost entirely resistant to carcinogenesis upon 

treatment with potent oxidative chemical carcinogens [36, 54]. The importance of RLIP76 

for cancer-cell survival is further evident from multiple studies by our [28, 31–37, 54–58] 

and other [59–62] laboratories showing that blocking the MAP through RLIP76-targeting 

causes sustained regression of a wide variety of highly treatment-resistant cancers, including 

CaP [31, 32, 37], in xenograft mouse models of human cancers.

The name RLIP76 derives from the original identification of this protein as the first (and one 

of only a handful of) effector proteins of the Ral-GTPase signaling pathway [67–69]. Ral is 

a G-protein that is the master regulator of cell motility, membrane-remodeling and ruffling, 

endocytosis, and actin-cytoskeleton remodeling that enables cancer cell invasion, metastasis, 

and stimulation of angiogenesis [28, 76–78]. The importance of RLIP76 in these processes 

is evident from studies done by us and others showing that angiogenesis as well as invasion 

or metastasis is severely impaired when RLIP76 is missing or blocked [28, 36, 54–62]. The 

endocytosis function and GS-Ox efflux functions of RLIP76 are inextricably linked, 

indicating that this protein serves as a key nexus that links the functions of the Ral pathway 

with the GSH-linked MAP pathway that mitigates oxidative stress [28, 31, 36]. Endocytosis 

is a key regulator of ligand-receptor signaling that is critical for cancer-cell growth. In 

addition, activation of Akt, MAPK, Myc, and other cancer promoting signals is regulated by 

endocytosis [76–78]. This is evident from the deficient functions of these ligands in RLIP76 

knockout mice, which are severely deficient in endocytosis [34–36]. Taken together, these 

observations suggest that multiple cancer-signaling mechanisms are controlled by the MAP 

through the enzymatic activity of RLIP76, and that blockade of its function could serve as an 

important and effective anticancer therapy [28, 31, 32].

We developed a computer algorithm to perform in-silico screening of flavonoid antioxidant 

compounds with structures similar to known GST-inhibitors. This strategy was based on 

known interaction with the MAP through direct quenching lipid-peroxidation of ω-6 

polyunsaturated fatty acids, suppression of P450s (including CYP3A4, which metabolizes 

DTL), induction of GSTs and other GSH-linked enzymes that, together, are chemical and 

biochemical mechanisms for quenching oxidative stress [23–25]. The docking algorithm 

utilized coordinates of the complete crystal structure of GST-P [79], the partial crystal 

structure of RLIP76 [80–82], the known GSH-binding residues and the known kinetic 

constants for these enzymes [36]. These analyses identified VCN-2 [51, 52]. Our studies of 

the anticancer activity of VCN-2 towards CaP cells, showed significant anticancer activity 

in-vitro as well as in-vivo [33]. VCN-2 potentiated the effect of DTL on AICaP, both in-vitro 
and in-vivo. The anticancer activity of VCN-2 towards the CaP lines LNCaP and PC3 was 

superior to the activity of resveratrol, silibinin, or curcumin [83–85]. EGF and IGF receptors 

were inhibited, which was associated with pleiotropic inhibitory effects on signaling proteins 

down-stream of these cancer-promoting peptide hormones important for CaP growth and 
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invasion [1–4]. Exosome-mediated signaling is a recently identified cancer promoting 

mechanism. Exosomes are membrane-lipid derived nanoparticles that promote cancer 

growth [86, 87]. Our preliminary proteomic analyses showed that VCN-2 depleted exosomal 

RLIP76.

The basic scientific and mechanistic significance of these findings is broader. Many 

antioxidant compounds that have anticancer activity towards CaP also suppress the MAP 

pathway and inhibit the enzymatic activity as well as expression of GSTs [88, 89]. Because 

the MAP is directly linked to Ral, it is possible that the anticancer effects of several plant-

derived antioxidants towards CaP could operate in a similar manner. The structural similarity 

of the GSH-binding site of GST and RLIP76 supports the idea that they could block MAP 

by simultaneously inhibiting both enzymes. The observed synergy between DTL and VCN-2 

could also be explained by this model because the mechanism of action of DTL is through 

targeting the functions of the cellular cytoskeleton (Fig. 2). Because DTL does not directly 

affect the MAP, the combination of DTL and VCN-2 could have significant advantages, 

namely that the functional target of both agents, membrane and cytoskeletal function, would 

be inhibited through distinct routes such that overlapping toxicities could be avoided. This is 

supported by the lack of apparent systemic toxicity of the combination of VCN-2 and DTL 

in mice [33].

VCN-2 exerts highly effective and multi modal regulatory effects on critical nodes of CaP 

signaling while also exerting a potent synergistic effect with DTL. In this review, we have 

laid specific emphasis on the critical factors contributing to both primary chemopreventive 

potential of VCN-2 as well as signaling and metabolic changes that contribute to VCN-2 and 

DTL synergy, which is relevant for tertiary chemoprevention of even advanced metastatic 

prostate tumors. We recently showed the efficacy of VCN-2 as a single agent and in 

combination with DTL in CaP. VCN-2 effectively induced anti-proliferative, anti-angiogenic 

and pro-apoptotic effects in CaP cells (PC-3, DU-145 and LNCaP) regardless of their 

androgen responsiveness or p53 status. VCN-2 inhibited the EGFR/Akt/mTOR/p70S6K 

pathway while decreasing c-Myc, cyclin D1, cyclin B1, CDK4, PCNA and hTERT in-vitro. 

The potent anticancer effects of VCN-2 seen in in-vitro studies were confirmed in in-vivo 
nude mice xenograft studies. VCN-2 reached a level of 2.6 ± 0.3 μmol/L in serum after oral 

administration in mice, which reflected that VCN-2 is absorbed after oral administration. 

The i.v. administration of DTL is associated with dose-limiting toxicities such as febrile 

neutropenia, which has led to characterization of alternate routes of administration and 

potential combinatorial regimens. In this regard, in a preclinical model, VCN-2 in 

combination with DTL synergistically inhibited the growth of prostate tumors in-vivo with a 

greater decrease in the levels of AR, pIGF1R, pAkt, PCNA, cyclin D1, Ki67, CD31, and 

increase in E-cadherin [33]. VCN-2 has also been investigated for radioprotection and anti-

inflammatory properties [51, 52]. These findings collectively provide strong evidence that 

VCN-2 is effective against CaP progression along with indicating that VCN-2 and DTL co-

administration is more effective than either of the single agents in AICaP. Therefore, we 

believe that chronic administration of VCN-2 and/or its chemical derivatives have strong 

potential for use as preventive agents for CaP, and that VCN-2 could be used to enhance the 

anticancer efficacy of chemotherapy drugs. High intensity acute exposure to electrophilic 

compounds (i.e., chemotherapy drugs) causes apoptosis and necrosis; chronic long-term 
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exposure accelerates carcinogenesis. The endogenous toxin metabolism is primarily 

responsible for biotransformation of lipid-hydroperoxides (LOOH) and their degradation 

products into mercapturic acids (Fig. 3). LOOH decompose into toxic electrophilic 

aldehydes that are pro-apoptotic and mutagenic alkylating agents [23]. Currently, the clinical 

use of DTL is associated with need for higher doses in elderly patients, who form the largest 

group of individuals affected with CRCaP, leading to substantial toxicity [13]. The 

pharmacokinetic studies will provide requisite rationale and dosage calibrations that are 

essential for further studies. Spontaneous tumor models represent the best means by which 

to test the primary chemo-preventative effect of VCN-2 and in which to establish a reliable 

set of VCN-2 regulated secretory biomarkers.

Conclusion

Regression of AICaP cell line PC3 upon RLIP76 blockade, inhibition of growth of PC3 by a 

novel plant polyphenol, VCN-2, and the synergy between VCN-2 and DTL in xenografts are 

novel findings [33, 37]. The interactions between Ral and the MAP are novel and the 

potential role of these in regulation of exosome signaling could represent a paradigm shift in 

CaP biology. VCN-2 causes apoptosis in ASCaP as well as in AICaP. It simultaneously 

inhibits multiple signals downstream of EGF and IGF that are important for the aggressive 

behavior of AICaP. These include signals that regulate cell cycle check points (p53, Rb, 

PCNA), proliferation (PCNA), differentiation (cMyc, E-cadherin, fibronectin), survival (Akt, 

mTOR), senescence (hTERT), and apoptosis (bcl-2, Bax, Bak, caspases) [33]. In ASCaP, 

these signaling changes are accompanied by down-regulation of AR. The underlying 

mechanisms of the wide spectrum of anticancer signaling effects are incompletely 

understood. Studies by Nagaprashantha et al. indicate that VCN-2 depletes RLIP76 in 

exosomes secreted by CaP. These CaP-secreted exosomes function in an autocrine manner to 

activate the Ral-A pathway, which controls the movement and remodeling of membranes 

and cytoskeleton, and serves as a generalized modulator of ligand-receptor signaling by 

regulating endocytosis [86, 87]. Because DTL also targets the cytoskeleton, we postulate 

that the mechanism of action of VCN-2, the synergy between DTL and VCN-2, and 

pleiotropic signaling effects occur through the effects of VCN-2 on Ral, a pathway that is 

regulated by MAP. Recent studies revealed the effect of VCN-2 on signaling networks of 

Ral and their relationship to proteins that serve to promote AICaP growth. These studies 

addressed generalizability and mechanisms in-vitro and confirmed in animal xenograft 

studies that should simultaneously examine potential pharmacokinetic and toxicological 

interaction of VCN-2 and DTL combination.

The overall objective of our proposed combinatorial (VCN2 + DTL) approach is to improve 

the length and quality of life of men with metastatic AICaP by increasing the effectiveness 

of DTL chemotherapy by using the non-toxic and active natural compound VCN-2. Our 

immediate future objectives are to understand whether these observations are broadly 

applicable to AICaP in cell lines, to define the mechanism of action of VCN-2, and to 

determine the mechanism underlying its anticancer synergy with DTL. These studies will 

provide a much needed understanding of how AICaP cells survive and grow, and could lead 

to additional treatment approaches. This review has summarized our current understanding 

of VCN-2 is a potent, natural anticancer compound that broadly targets MAP and causes 
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cancer-selective apoptosis that can be used to prevent and treat CaP, and that the effects of 

VCN-2 can be monitored through the CaP-specific exosomal fraction in peripheral blood. 

Therefore, the present preclinical findings of detailed cellular, genetic and pharmacokinetic 

mechanisms of action would lay strong scientific foundation for further clinical development 

of VCN-2 chemo-dietary regimens for effective management of human CaP. Future studies 

are needed to advance scientific knowledge in the role of Ral-signaling in CaP biology, 

define this novel mechanism of action of antioxidant antineoplastic agents, and allow 

development of new strategies to defeat DTL-resistance in AICaP.
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The abbreviations used are

AICaP androgen-independent prostate cancer

AR androgen receptor

ASCaP androgen-sensitive prostate cancer

CaP carcinoma of prostate

CRCaP castration resistant carcinoma of prostate

CD31 cluster of differentiation 31 protein

cdc2 cyclin-dependent kinase 1 also known as CDK1 or cell 

division cycle protein 2 homolog

CDE clathrin-dependent endocytosis

CDK4 cyclin dependent kinase 4

DTL docetaxel

EGFR epidermal growth factor receptor

GSH glutathione

GS-E glutathione electrophile conjugates

GST glutathione S-transferase

4HNE 4-hydroxy nonenal

Hsf1 heat shock transcription factor 1

hTERT human telomerase reverse transcriptase

IGF-1R insulin growth factor 1 receptor
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LOOH lipid-hydroperoxides

MAP mercapturic acid pathway

mTOR mammalian target of rapamycin

OSL Ocimum Sanctum Linn

PCNA proliferative cell nuclear antigen

PIN prostatic intraepithelial neoplasia

PSA prostate specific antigen

PSMA prostate specific membrane antigen

PTEN phosphatase and tensin homologue

RB retinoblastoma protein

RLIP76 (RALBP1) a 76 kDa Ral-interacting protein

VCN-2 vicenin-2

VEGF vascular endothelial growth factor
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Relevance to Human Health

VCN-2 is a safe flavonoid that is enriched in the time-tested Indian herb Tulsi, represents 

a potent and effective chemopreventive compound whose multi-specific anticancer 

signaling properties are highly relevant to the extensive genetic and molecular complexity 

associated with the primary pathogenesis of CaP, as well as the emergence of AICaP. 

VCN-2 has potent anticancer activity in both ASCaP and AICaP, and remarkable synergy 

when used with DTL in cell and human xenograft models. VCN-2 effectively and 

simultaneously targets many essential molecular networks that influence CaP incidence, 

acquisition and maintenance of pluripotency, tumor angiogenesis, apoptosis resistance, 

and development of AICaP and metastasis. Our future studies aim to delineate the 

mechanistic basis underlying the usefulness of VCN-2 alone for chemoprevention of CaP 

and AICaP, as well as to evaluate the combination of VCN-2 and DTL as a tertiary 

chemo-dietary approach to prevent aggressive and metastatic CaP. In this regard, 

determining the efficacy of VCN-2 in pre-clinical models of CaP could have significant 

impact by informing the rational use of VCN-2 as well as VCN-2 and DTL combinatorial 

regimens in human CaP prevention and control.
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Future Perspectives

The use of VCN-2 as an anti-prostate cancer natural agent is novel. The potent interaction 

of VCN-2 with DTL is novel and of immediate significance in the current therapy of 

AICaP. The prediction algorithm for anticancer activity of antioxidants based on in-silico 
models of interaction between detoxification enzymes and signaling proteins is novel, 

and appears to be highly significant based on correct predictions of the activity of VCN-2 

in CaP. The results described herein have provided strong preclinical rationale for the 

anticancer effects of VCN-2 in CaP by revealing the mechanisms of regulation of critical 

nodes of CaP such as cMyc, AR, and p53. The systematic investigation of secretory and 

exosomes proteins in-vitro along with analysis of differentially detected proteins in in-
vivo spontaneous models of control and VCN-2 treated groups will help to establish a 

reliable set of VCN-2 response predictive, CaP-specific biomarkers for further studies. 

The spontaneous models will also help to strengthen the requisite preclinical rationale to 

pursue clinical trials. Collectively, these studies will bring about a paradigm shift in the 

field of CaP research by laying greater emphasis on developing the non-toxic flavonoid 

VCN-2 for effective interventional strategies for CaP.
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Highlights

The salient features of this review article with potential clinical relevance include:

• VCN-2 is a safe and non-toxic flavonoid from the herb “Ocimum Sanctum 
Linn (OSL)”, also known as “holy basil” or “Tulsi” which has been used for 

thousands of years in Ayurvedic medicine.

• VCN-2 induces potent anticancer effects in CaP irrespective of AR 

responsiveness or p53 status by inhibiting critical nodes of tumor signaling 

such as c-Myc, AR, EGFR, pIGFR, PCNA, hTERT and increasing the pro-

differentiation marker E-cadherin.

• VCN-2 inhibits angiogenesis and decreases VEGF expression in CaP.

• In preclinical models, VCN-2 was effectively absorbed after oral 

administration, which correlated with tumor regression.

• The i.v. administration of DTL, the current drug of choice in AICaP, is 

associated with dose-limiting complications like febrile neutropenia which 

has lead to testing potential combinatorial regimens and alternate routes of 

administration. In this regard, the described studies provide strong evidence 

supporting a synergistic inhibitory effect of oral administration of VCN-2 and 

DTL in mouse xenografts of CaP without any toxicity and weight loss.

• The VCN-2 and DTL combination caused greater inhibition of the CaP 

signaling networks compared to either of the single agents.

• The clinical significance is based on the high probability of clinical 

translation of VCN-2 into a non-toxic strategy for enhancing the efficacy of 

DTL in AICaP.
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Figure 1. 
Chemical structure of vicenin-2 (VCN-2)
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Figure 2. 
Mechanism of synergistic action of VCN-2 and docetaxel (DTL)
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Figure 3. Ral-MAP pathway interactions
Stress causes activation of Ral to Ral GTP and the formation of LOOH from membrane 

lipids. This causes dissociation of the RLIP76 (RalBP1)/Hsf1/Hsp90/Tubulin complex, 

releasing Hsf1 for translocation to the nucleus in a complex with p53. RLIP76 translocates 

to the cell membrane, where it binds to clathrin adaptors and links its ATPase coupled GS-

HNE transport with clathrin-dependent endocytosis. EGF-EGFR or IGF-IGFR complex is 

endocytosed and, subsequently, downstream kinase regulation is activated leading to p53 and 

cMyc regulation. LOOH is metabolized to 4HNE by p450, then to GS-HNE by GST. GS-

HNE is transported out by RLIP76.
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