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Background: With prostate cancer being the fifth-greatest cause of cancer mortality in
2020, there is a dire need to expand the available treatment options. Castration-resistant
prostate cancer (CRPC) progresses despite androgen depletion therapy. The
mechanisms of resistance are yet to be fully discovered. However, it is hypothesized
that androgens depletion enables androgen-independent cells to proliferate and
recolonize the tumor.

Objectives: Natural bioactive compounds from edible plants and herbal remedies might
potentially address this need. This review compiles the available cheminformatics-based
studies and the translational studies regarding the use of natural products to
manage CRPC.

Methods: PubMed and Google Scholar searches for preclinical studies were performed,
while ClinicalTrials.gov and PubMed were searched for clinical updates. Studies that were
not in English and not available as full text were excluded. The period of literature covered
was from 1985 to the present.

Results and Conclusion: Our analysis suggested that natural compounds exert
beneficial effects due to their broad-spectrum molecular disease-associated targets. /In
vitro and in vivo studies revealed several bioactive compounds, including rutaecarpine,
berberine, curcumin, other flavonoids, pentacyclic triterpenoids, and steroid-based
phytochemicals. Molecular modeling tools, including machine and deep learning, have
made the analysis more comprehensive. Preclinical and clinical studies on resveratrol, soy
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isoflavone, lycopene, quercetin, and gossypol have further validated the translational
potential of the natural products in the management of prostate cancer.

Keywords: castration-resistant prostate cancer (CRPC), hormone-sensitive cancer, advance staged cancer, natural
products (NP), natural anticancer agents, tumor microenvironment, cheminformatics

INTRODUCTION

With the global burden of cancer increasing at an alarming rate,
health systems struggle to find any cost-effective strategies,
particularly in poor and developing countries (Suryanarayana
et al, 2015). Despite advancements in screening and early
diagnosis strategies, about 20% of men have prostate cancer
(PCa). PCa is predominantly controlled by androgen-binding
and transcription signals from the androgen receptor (AR)
(Studer et al, 2004; Singer et al., 2008; Padmanabha and
Hariharan, 2016). Men with PCa usually respond to androgen
deprivation therapy (ADT). However, in most individuals, the
illness progresses remarkably within 2 years, which has been
termed castration-resistant prostate cancer (CRPC). CRPC is a
kind of advanced PCa that progresses with the circulating
testosterone levels (<50 ng/dl) after being castrated surgically
or pharmaceutically (Hotte and Saad, 2010; Kirby et al., 2011).
Most individuals with advanced disease acquire resistance to
ADT and develop CRPC (Sarkar et al., 2010). Although it has
not been fully understood how the prostate cells become castrate-
resistant, one of the accepted reasons is the deprivation of
androgen that eventually gives androgen-independent cells a
selection advantage, thus allowing them to flourish and
eventually recolonize the tumor (Hoimes and Kelly, 2009).
However, studies have reported that PCa cells could overcome
castration-induced growth inhibition by upregulating enzymes
that promote androgen production in tumor tissue (Grossmann
et al,, 2001). The realization that CRPC still plays a significant
function in the androgen axis has prompted more research and
development of therapy methods (Kirby et al, 2011;
Chandrasekar et al., 2015). Even though new therapy options
for individuals with advanced-stage PCa have recently been
authenticated, the fact remains that CRPC is catastrophic
(Lian et al., 2015).

Recent research developments have resulted in significant
progress in strategies for managing PCa in terms of diagnosis
and treatment. Complementary and alternative medicines
(CAMs), including those from plant, animal, and microbial
sources, are eliciting strong potential for the treatment
management of various diseases and disorders, including
cancer (Al-Menhali et al., 2015; El Hasasna et al., 2015;
Athamneh et al,, 2017; Fardoun et al,, 2017; Elmas et al., 2018;
Song et al., 2019; Nishimura et al., 2021). Pieces of evidence have
supported the utility potential of CAMs; therefore, clinical studies
were carried out so that CAMs would reach the patient’s bedside.
With advances in organic chemistry and chemical analysis, the
analytical investigation has opened the door to the isolation/
purification and characterization of numerous active compounds
of plants (Newman et al.,, 2000; Singla et al.,, 2020a; Shen and
Singla, 2020). One significant advantage of medicinal plant-based

drug development is the availability of ethnopharmacological
data, which can be used to narrow down the vast number of
probable leads and choose the most promising ones (Choudhari
etal., 2020; Singla, 2020). However, the integrated drug discovery
approach supported by multidisciplinary fields, including
medicinal  chemistry, pharmacology, natural product
chemistry, biochemistry, and molecular and cellular biology, is
expected to lead to a better understanding of the potential of
phytochemicals (Newman and Cragg, 2016; Singla et al., 2020b;
Choudbhari et al., 2020; Singla and Shen, 2020). A large number of
phytochemicals, such as quercetin (Rauf et al., 2018), fisetin (Lall
et al., 2016), curcumin (Ide et al., 2018), genistein (Basak et al,,
2008), resveratrol (Lee et al., 2014), have been found to modulate
AR activity and expression. Bioactive metabolites produced from
edible plants (nutraceuticals) and traditional folk sources are
potentially multitarget and are thus preferred over the primarily
single-target anticancer agents, such as kinase inhibitors
(Kallifatidis et al., 2016).

CASTRATION-RESISTANT PROSTATE
CANCER

Epidemiology
PCa is the second most common cancer in males and the fifth-
greatest cause of cancer mortality in 2020, with an anticipated 1.4

Estimated no. of cancer cases in 2020, worldwide, male, all ages
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FIGURE 1 | Pie chart depicting the distribution of global prevalence of
the seven most frequent cancers in 2020 for all ages. Adapted from the data
published by Wild et al. (2020).
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million new cases and 375,000 deaths globally (Figure 1) (Lin
et al., 2018; Sung et al., 2021). It is considered the second leading
cause of cancer-related male fatalities and the most common
noncutaneous malignancy in males, with more than 160,000 new
cases reported in 2017 in the United States (Zhu et al.,, 2015;
Howlader et al, 2017; Teo et al, 2019). According to the
GLOBOCAN database, in 2018, an estimated 1.2 million new
cases of PCa were recorded worldwide, with developed nations
having a greater prevalence. Moreover, the global burden is
expected to increase to over 2.3 million and 7,40,000 deaths
by 2040 (Ferlay et al., 2018; Rawla, 2019; Culp et al., 2020). PCa is
prevalent in almost all major countries and is the leading cancer-
related cause of death in males in over 100 nations after lung
cancer (112 of 185). The incidence rate ranges from 6.3 to 110.4
per 100,000 males across countries. The higher rates were
observed in Northern and Western Europe, the Caribbean,
Australia/New Zealand, Northern America, and Southern
Africa, whereas the lowest rates were found in Asia and
Northern Africa. Previous research studies have suggested that
African-American males have the highest prevalence of PCa
worldwide and are more prone than other racial and ethnic
groups to get the disease at a younger age (Kheirandish and
Chinegwundoh, 2011). The higher rates may indicate a greater
disease incidence and higher rates of PCa than other places across
the globe (Wild et al., 2020; Sung et al., 2021). For a prevalent
illness like PCa, little is known about its genesis, and only a few
risk factors have been discovered (Lin et al., 2021). Several factors
are responsible for changes in its prevalence at the regional level
due to changes in the susceptibility of different population groups
to environmental risk factors, including racial/ethnic
backgrounds, geographical heterogeneity, advancing age and
an intact hypothalamic-pituitary-gonadal axis, family history,
genetic mutations (e.g, BRCA1 and BRCA2), and diagnosis
and access to good quality treatment (Hoimes and Kelly, 2009;
Rebbeck et al., 2013; Shackleton et al., 2021). PCa incidence and
death rates differ significantly between ethnic groups, implying
ethnic and genetic susceptibility (Shackleton et al, 2021).
However, since the 1990s, mortality rates in PCa have
declined in most high-income countries, including Northern
America, Oceania, and Northern and Western Europe, due to
advances in therapeutics and earlier diagnostics using enhanced
screening methods (Tsodikov et al., 2017). This diversity in PCa
mortality rates throughout the world is partly due to underlying
biological disparities in risk and treatment availability. For
example, places with higher diagnosis rates of low-grade
malignancies and improved treatment choices (such as
Northern America and Asia) have lower death rates than
those with poor screening rates, concomitant diagnoses of
aggressive tumors, and limited treatment choices (such as Sub-
Saharan Africa).

Tumor Microenvironment in
Castration-Resistant Prostate Cancer
Immune cells are key components of the tumor
microenvironment associated with tumor progression. T
regulatory cells (Tregs), tumor-associated macrophages

Natural Products as Anti-CRPC Agents

(TAMs), tumor-infiltrating B lymphocytes (TILs), neutrophils,
and myeloid-derived suppressor cells (MDSCs) are part of the
infiltrated immune cell of the prostate tumor microenvironment.
However, various studies have reported that the progression of
PCa is influenced by the tumor-associated immune cells and
inflammatory cytokines, such as IL-23 (Ammirante et al., 2010; Si
et al,, 2013; Calcinotto et al., 2018; Wang et al.,, 2019; Zhang Z.
etal., 2020). TAMs are a major component in the development of
PCa, though the specific pathway for the release of cytokines,
matrix metalloproteinases, and growth factors is still unknown
(Shimura et al., 2000; Arora et al., 2018). Castration resistance is
characterized by both hyper- and/or constitutively active
androgen receptor expression (AR) in PCa cells toward
cellular interactions between stem cells and bone
microenvironmental systems (Karamanolakis et al., 2016). The
cancer cell dependency on the tumor microenvironment
indicates that the noncancer cell component of the tumor can
regulate the spread of PCa. However, the immune response from
the tumor microenvironment contributing to the development of
CRPC is unknown (Calcinotto et al., 2018). The typical prostate
gland comprises prostatic ducts surrounded by epithelium and a
stroma made up of smooth muscle cells with a few fibroblasts,
endothelial cells, and nerve cells. ARs are widely expressed in
several normal prostate stromal cell types, including smooth
muscle cells, endothelial cells, and epithelial cells (Cunha et al.,
1996). Multiple nonmalignant cells, such as fibroblasts,
myofibroblasts, endothelial cells, and immune cells,
chemokines, cytokines, growth factors, extracellular matrices
(ECMs), and matrix-degrading enzymes make up the stromal
compartment (Corn, 2012). The connection between the
epithelial and stromal sections facilitates the progression of
tumors through processes such as ECM reintegration,
increasing penetration and releasing soluble growth factors for
castrate-resistant growth, and angiogenesis stimulation (Rowley,
1998; Karlou et al., 2010). Immune cells are typical inhabitants
and have a protective function against infections that infiltrate
healthy prostatic tissue. However, histological investigations have
revealed that high-grade PCa is associated with enhanced stromal
immune cell infiltration with differences between tumor-stage
cell types (Gurel et al., 2014).

Signaling Pathways Orchestrating

Castration-Resistant Prostate Cancer

One of the factors contributing to PCa progression is androgen
binding to androgen receptors. Herein, androgens play a pivotal
role in the growth and survival of PCas. Moreover, increased
expression of androgen receptors is often observed in CRPC
(Gelmann, 2002). Androgen receptor translocates into the
nucleus with the aid of ligand binding, where it orchestrates
transcription, modulates growth signaling pathways, and dictates
programmed cell death, cellular proliferation, and androgen-
associated genes (Andersen et al, 2010). PI3K-Akt-mTOR
pathway stands at the forefront of the initiation of CRPC,
which is essentially triggered by G protein-coupled receptors
(GPCR). Accumulating evidence has suggested that perturbations
in the PI3K-Akt-mTOR pathway occur in the vast majority of
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metastatic cancers; hence, PI3K-Akt-mTOR can be a potential
therapeutic target (Huang et al., 2018). Phosphatase and tensin
homolog (PTEN) has been associated with PI3K-Akt-mTOR
triggering in advanced stages of the disease, especially the
downregulation of this gene (McMenamin et al, 1999). A
previous study has proven that AR is interlinked with PI3K-
Akt-mTOR, where combination therapy of AR and PI3K-Akt-
mTOR inhibition by EPI-002 and BEZ235 in vitro and in vivo
successfully reduced LNCaP95 cell growth and was noted as a
potential therapeutic avenue in CRPC (Kato et al., 2016).

Similarly, the JAK/STAT pathway is also a membrane-to-
nucleus signaling pathway, which is vital for the development,
proliferation, migration, and apoptosis of cells, often triggered by
agents, such as cytokines and growth factors (Ramalingam et al.,
2017). When triggered, JAKs induce phosphorylation of STAT
proteins. Therefore, STATs are dimerized and thereby
translocated to the nucleus via importin a-5 and the Ran
nuclear import pathway. STATs display a specific stimulation
or suppression of transcription of target genes by binding to
specific sequences inside the nucleus (Ramalingam et al., 2017).
JAK/STAT3 pathway is a well-established prosurvival inducing
mechanism, where repression of this pathway reduced the PCa
cell growth and induced programmed cell death (Liu et al., 2012).
Oncogenes like BRAC induce proliferation and migration via the
JAK/STAT3 pathway (Gao et al, 2001). Furthermore, STAT3
activation triggers other genes linked to the cell cycle,
angiogenesis, and tumor progression (Dhir et al, 2002; Zhu
and Kyprianou, 2008). In various conditions, JAK/STAT3 is a
predictor of poor disease prognosis (Liu et al., 2012).

Src signaling has been implicated in promoting growth factors
and inflammatory cytokines, such as IL-8, and inducing
angiogenesis (Park et al., 2007). Additionally, Src signaling
triggers nuclear factor-KB (Nf-KB) and tumor necrosis factors
involved in evading apoptosis and promoting bone metastasis of
PCa (Park et al., 2007). Targeting Src has immensely slowed down
tumor growth and hindered invasion, which can be achieved
using the two clinical drugs, dasatinib and saracatinib (Yang et al.,
20105 Araujo et al., 2013). Moreover, growth factors, such as IGF-
1, IL-6, and EGFR, can individually promote CRPC (Bettedi and
Foukas, 2017). Activation of Her-2/neu, a receptor tyrosine
kinase, has been observed to increase the growth of CRPC in
clinical samples and xenograft models (Wen et al., 2000; Neto
et al.,, 2010). A clinical study on targeting growth factor signaling
pathways with the help of cabozantinib and tyrosine kinase
inhibitor has achieved a therapeutic advantage in various
stages, such as survival devoid of disease progression and
marked decrease of metastatic lesions (Smith et al., 2013).

Recent evidence has revealed a regulatory mechanism, that is,
crosstalk between AR and Wnt pathway, where suppression of
Wnt pathway facilitates reducing AIPC cell growth by inhibiting
cell cycle progression and promoting apoptosis in vitro. Further, a
correlation between Wnt genes, like WNT5A and LEF1, and
metastatic PCa has been observed (Luo et al., 2020). Wnt catenin
pathway plays a principal role in homeostasis, proliferation,
migration, and cell transitions (Kuhl and Kuhl, 2013).
Increased catenin in PCas leads to phosphorylation and
inactivation of GSK3 (Chesire and Isaacs, 2003; He et al,
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2004). Inclined expression of Wnt is correlated with disease
progression and metastasis. Furthermore, FZD4 overexpression
favors EMT in CRPC (Polakis, 2007; Gupta et al., 2010).

Long noncoding RNAs (IncRNAs) are a group of transcripts
widely employed as diagnostic tools and have received great
attention because they are expressed in a more tissue-specific
manner. Recent emerging evidence has shown that IncRNAs play
vital roles in cancer initiation and progression, including PC
progression and AR-related pathways (Ren et al., 2013; Fang
et al,, 2016). In a very recent study by Yao et al., LINC00675 has
been abundantly found in both androgen-insensitive cells and
CRPC patients. In the same study, it has been confirmed that
LINC00675 binds to GATA2 mRNA and makes GATA2 an
activator in the AR signaling mechanism in the nucleus,
contributing to both castration resistance and disease
progression (Yao et al, 2020). Signaling pathways associated
with castration-resistant prostate cancer are illustrated in
Figure 2.

An androgen receptor-dependent mechanism of resistance in
hormone-naive PCa leads to castration resistance. Apart from the
AR, survival can be achieved and enhanced via cell-intrinsic
pathways or progrowth signals from the microenvironment.

Genomic Targets of Phytomolecules
Against Castration-Resistant Prostate
Cancer

Expansion of malignant prostatic cells and normal cells and
proliferation of CRPC are extremely dependent on androgens.
Consequently, it has been hypothesized that androgens play a
fundamental role in prostate tumor genesis. As a result, the main
remedial target for PCa is reducing the levels of androgens (Zhou
et al., 2015), which is accomplished through ADT. Despite this,
severe complications are the resurrection of androgens and
elevation of PSA. This condition is called CRPC and is
characterized by a loss in the ability to respond to ADT,
leading to reappearance of PCa and metastasis (Perlmutter
and Lepor, 2007; Hotte and Saad, 2010). The translation of
hormone-dependent PCa cells to CRPC is chiefly driven by
the upregulation of AR activity. Urbanucci et al. have reported
the overexpression of AR receptors in 22-30% of patients with
CRPC (Urbanucci et al., 2011; Petrylak, 2013; Coutinho et al,,
2016). In another study, Hay et al. have declared that the AR gene
mutation was found in 22-30% of CRPC cases (Lobaccaro et al.,
2012; Eisermann et al., 2013). Sharifi has shown the metabolic
transformation of DHT (dihydrotestosterone). The USFDA has
approved docetaxel for the management of CRPC. Similarly,
cabazitaxel, another taxol derivative, has been tested in phase
III clinical trial against CRPC. Numerous research groups have
reported differentially expressed genes and phytochemicals
established as inhibitors of identified targets for CRPC (Sharifi,
2013).

Rotimi et al. have conducted differential gene expression
analysis of phytoconstituents target for CRPC. Plant-based
phytomolecules were subjected to virtual screening toward
GUCY1A2 variants. The results have revealed that SYT4,
GUCY1A2, and GRIN3A were the most pharmacologically
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significant genes implicated in the pathogenesis of CRPC in the
xenograft model (Rotimi et al., 2019). The docking scores of
(8'S)-neochrome and (8'R)-neochrome were —152.102 and
-160.75, respectively, when targeting G723S and Q217H. In
another report, Cai et al. have observed an elevated expression
of the o-subunit of soluble guanylyl cyclases (a-sGC) in
hormone-refractory PCa at both the mRNA and protein levels
(Krumenacker et al., 2004; Cai et al., 2006). It has been found that
a-sGC leads to suppression of apoptosis via accumulation of p53
in the cytoplasm; hence, it is proposed as a target for CRPC. In
another approach, Liao et al. have reported the screening of
natural products, including terpenes, alkaloids, flavonoids, and
polyphenols. Among them, rutaecarpine, obtained from
Tetradium ruticarpum (A.Juss.) T.G.Hartley, has been found
to exhibit potential effects against CRPC using in vitro and in
vivo studies in LNCap and 22 RV1 cell lines and in xenograft
models, respectively. The outcomes of western blotting analysis
have revealed that AR-V7 and AR-FL were expressed in LNCaP
and 22Rv1. Moreover, rutaecarpine has been found to exhibit a
dose-dependent downregulated AR-V7 protein expression (Liao
et al, 2020). Mendiratta et al. have established the genomic
stratagem to manage CRPC wusing a transcription-based
androgen receptor activity signature toward LNCaP cell lines
(Mendiratta et al., 2009). AR signature has been employed to
determine whether AR activity varies with hormone therapy;
progression and oncogenic pathway assays were used to recognize
biologic pathways associated with AR activity. The probability of
AR activity was 0.13, 0.11, 0.96, and 087 against PC-3, DU-145,
LNCaP, and 22Rv PCa cell lines, respectively (Amler et al., 2000;
Febbo et al., 2005; Hieronymus et al., 2006). Moreover, these
genomic targets served as diagnostic and prognostic biomarkers,
and their discovery has been expedited multifold due to NGS

technologies (Chen et al., 2013a; Chen et al., 2013b; Shen et al,,
2021). Thus, discovering these biomarkers is fundamental for
developing diagnostic biosensors (Jiang et al., 2014).

NATURAL PRODUCTS FOR THE
TREATMENT MANAGEMENT OF
CASTRATION-RESISTANT PROSTATE
CANCER

Cheminformatics and
Bioinformatics-Based Studies for
Anti-Castration-Resistant Prostate Cancer

Natural Products

Molecular Docking-Based Studies

Molecular modeling analyses are effective tools for studying
structure-activity relationships (SARs). Several plant-based
molecules have been screened to detect and identify various
biological activities (Willett, 1994; Kumar and Jain, 2016;
Sharma et al., 2016; Kumar et al, 2017; Kaur et al., 2019;
Kumar et al, 2021). In the literature, numerous
phytomolecules have been obtained from plants, such as
alkaloids, tannins, glycosides, coumarins, flavonoids, and
polyphenolic constituents, which have been evaluated against
various cancer cell lines (Kumar D. et al., 2015; Kumar et al.,
2016a; Kumar et al., 2016b; Kumar et al., 2018a; Kumar et al,
2018b; Kaur et al., 2020; Sharma et al., 2021). A wide range of
natural products with high biocompatibility, low toxicity, good
sustainability, and a good safety profile is extensively used to
manage CRPC.
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Key Findings

1) Compound (4) shows ICsq values 0.2 pM against LNCaP and
1.0 pM against PC-3 respectively.

2) Compound (2) exhibits IC s, values 0.49 uM and compound (3) 0.72 uM
against PC-3 cell lines using MTT assay.

3) Compound (4) inhibits proliferation and also inhibits colony formation
in PC-3 cell lines.

4) Compound (4) destrcy prostate cancer stem progenitor (S/P) cell
invasion STAT3 signaling in mice with xenograft models.

Structure-Activity Relationship and Mechanistic
Insights
Several phytoconstituents have been isolated from various plants
and screened for in vitro, in vivo, in silico, and mechanistic
insights into mitigating CRPC. Mbese et al. have reported the
therapeutic role of curcumin and its derivatives in treating PCa
(Mbese et al., 2019). Curcumin is one of the main constituents of
Curcuma longa L. (Zingiberaceae). It is a polyphenolic compound
widely used as a pigment and spice, available in the market as
turmeric and commonly known as Haldi. Curcumin structure
and its most potent analogs (1-4) are shown in Figure 3
(Mukhopadhyay et al, 2001; Yang et al, 2006; Choi et al,
20105 Yallapu et al., 2014; Schmidt and Figg, 2016).

Xu et al. have reported the docking studies and three-
dimensional quantitative SARs of curcumin analogs as
androgen receptor antagonists. The bioactive conformation

was explored using molecular docking in SYBYL with binding
interaction of AR. The oxygen atom of the methoxy group forms
binding interactions as a hydrogen bond acceptor by creating
hydrogen bonds with HIS920 and GLUS893, respectively, as
depicted in Figure 4 (Cramer et al., 1988; Lill, 2007; Xu et al.,
2012).

Zhou et al. have established the role of curcumin and its
analogs in androgen receptor activation and inhibiting the growth
of human PCa, such as LNCaP and CWR-22Rv1 cell lines. SAR
and the apoptotic effect of curcumin and its analogs (5-7) are
presented in Figure 5 (Zhou et al., 2014).

Numerous research groups have established molecular
targets of curcumin (1) associated with cell proliferation, cell
death, and inflammation. Androgen receptor signaling,
activation of protein-1, PI3K/Akt/mTOR, Bcl-2 family,
NF-xB, and wingless [-catenin signaling are shown in
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Figure 6, along with important mechanistic insights (Abd.
Wahab et al., 2020). Curcumin can also be recommended
along with prednisone and docetaxel in individuals with
CRPC. It can also be given in combination with isoflavones
in patients who had prostate biopsy due to elevated PSA levels
(Ide et al., 2010; Mahammedi et al., 2016).

Berberine (8) is an isoquinoline derivative and has been
evaluated for anticancer activities against PCa (Li et al., 2011;
Wang et al., 2012). Tian et al. have reported the effect of berberine
in inhibiting synthesis, which employs the interaction with aldo-
keto reductase 1C3 as a potential target against 22Rv1 prostate
cancerous cell lines. Berberine delayed the progression of CRPC

Frontiers in Pharmacology | www.frontiersin.org

October 2021 | Volume 12 | Article 732266


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Singla et al.

Natural Products as Anti-CRPC Agents

Sulforaphane (9)

In vitro assays In vivo studies

Key findings

1) In vivo assessment demostrated the conversion of
compound (9) into diindolylmethane (DIM).

2) Sulforaphane inhibts the growth of human
prostate cancer cell lines.

3) It inhibits the Akt signaling axis, and inhibition of
prosignalling pathway by mTOR.

4) Sulforaphane altered growth arrest and induction of
apoptosis through mitochondrial pathway.

FIGURE 8 | Structures of sulforaphane and indole-3-carbinol along with mechanistic insights.

OH

~€— Indole moiety

Indole-3-carbinol (10)

1) Cell cycle analysis

Invitroassays | | » ihibition of Androgen Receptor

Signaling.

Key Findings

1) Compound (10) was found to induce apoptosis in
DU145 cells.

2) It causes cell cycle arrest in G1 Phase.

3) Compound (10) also causes decrease in Akt
and PI3K proteins.

4) It also significantly decrease cellular HDAC activity
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by reducing androgen synthesis. Moreover, protein levels were
determined using western blotting and RT-PCR, respectively (Li
etal., 2016). Molecular docking studies of berberine are shown in
Figure 7. In another study, Mantena et al. have reported the
apoptotic potential of berberine; that is, berberine induces cell
cycle arrest in the G1 phase and caspase-3 inhibition in human
PCa cell lines (Mantena et al., 2006).

In another report, Watson et al. have identified the secondary
metabolites produced from cruciferous vegetables, such as
broccoli, cauliflower, and brussels sprouts. These metabolic
products, such as sulforaphane (9) and indole-3-carbinol (10),
were potential candidates for inhibiting PCa as an epigenetic
modulator. Structures of sulforaphane and indole-3-carbinol are
depicted in Figure 8 along with mechanistic insights (Chinni
et al., 2001; Li, 2005; Garikapaty et al., 2006; Beaver et al., 2012;
W.; Watson et al., 2013).

Docetaxel (11) is a semisynthetic taxane derivative and is
widely used to mitigate numerous cancers, such as prostate,
breast, ovarian, lung, and pancreatic cancers (Oudard et al,
2017). Similarly, cabazitaxel (12) is a second-generation
docetaxel derivative with activity against docetaxel-resistant
tumors. Compound (12) exerts its action by inhibiting
microtubule functions in PCa cell lines (Kotsakis et al., 2016).
Bono et al. have reported the use of cabazitaxel in combination
with prednisone in metastatic CRPC (de Bono et al,, 2010). The
structure of taxanes derivatives is depicted in Figure 9.

Flavonoid-based phytochemicals are characterized by a 15-
carbon frame as a common phenyl benzopyrone association
(C¢—C5-Cg) in their scaffolds (Sharma et al., 2021). Flavonoids

are a potential bioactive class of natural products and are
subdivided into flavones, flavanones, flavan-3-ols, flavonols,
flavanones, and isoflavones. Among these, phytomolecules,
quercetin, kaempferol, luteolin, apigenin, genistein, fisetin,
epigallocatechin-3-gallate, and a mixture of flavo-lignans,
such as silibinin-A and silibinin-B, have been screened
against CRPC using in vitro, in vivo, and preclinical studies
(Kallifatidis et al., 2016; Taylor and Jabbarzadeh, 2017; Salehi
et al.,, 2019; Fontana et al.,, 2020). Lin et al. have isolated
wedelolactone from Sphagneticola calendulacea (L.) Pruski
and evaluated its effect on the growth of PCa cell lines,
such as 22Rvl and LNCaP, with ICs, values of 0.4 ug/ml
and 0.8 ug/ml, respectively (Lin et al., 2007). Structures of

flavonoid-based phytochemicals (13-29) are shown in
Figure 10.
Various pentacyclic triterpenoids and  steroid-based

phytochemicals were found to be potential candidates for the
treatment of CRPC (Fulda, 2008; Reiner et al., 2013). Among
these, betulinic acid (30), ursolic acid (31), ginsenoside Rh2 (32),
and ginsenoside Rh3 (33), as depicted in Figure 11, exhibited
remarkable effects against PCa (Kallifatidis et al., 2016).

Mokbel et al. have reported the phytomolecules obtained
from dietary components, which exhibited remarkable effects
against PCa. The effects of these compounds have been revealed
using in vitro assays, cell proliferation assay, and cell cycle arrest
studies in PCa cell lines (Fontana et al., 2019a; Fontana et al,,
2019b; Luo et al., 2019; Mokbel et al., 2019; Montagnani Marelli
et al,, 2019). Structures of the compounds (34-41) are shown in
Figure 12.
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Machine Learning-Based Studies

Deep learning and machine learning have been implemented in
various drug discovery processes such as physiochemical activity,
pharmacophore modeling, QSAR, toxicity prediction, and
structure based-virtual screening (Mishra et al., 2017; Joon
et al, 2021). With the recent advancement in modern
technologies, integrated artificial intelligence algorithms and
computer-aided drug design can help overcome the hurdles
and challenges of conventional drug design (Duch et al., 2007;
Lipinski et al., 2019). Badillo et al. have reported the
advancements in predicting biomarkers using machine
learning to provide physicians with new insights into
diagnosis. Using deep machine learning, the application of
biomarkers such as prostate-specific antigen (PSA) and its
clinical relevance in the prediction of metastasis of PCa are
examined. One of the primary challenges in PCa management
is deciding which patients have clinically significant tumors. This
concern includes not only new patients but also relapsed patients
after primary treatment (Majumdar, 1985; Zhang et al., 2017;
Badillo et al., 2020; Gupta et al., 2021).

In another study, Pantuck et al. have developed CURATE.AI
to determine adequate drug doses. In this study, a combination
of enzalutamide and experimental drug ZEN-3694 was
administered to a patient with metastatic CRPC. Using
CURATE.AL it was found that a dose 50% lower than the
starting dose of ZEN-3694 can achieve the desired results and
arrest PCa growth (Pantuck et al., 2018; Su et al, 2019).
Similarly, Kaiwen Deng et al. have reported treating patients
with mCRPC by machine learning using a computational
model. Through this model, patients were accurately
allocated to docetaxel-intolerable and docetaxel-tolerable
groups. This algorithm predicts the adverse effects of
docetaxel treatment in patients. In this experiment, the data
were collected from 1600 patients in phase III clinical trials for
PCa treatment. These data generated the gold standards
framework, including treatment status, discontinuation, and
the number of deaths. The discontinuation status can be
envisaged using models with clinical parameters. Moreover,
death and treatment status were associated with discontinuation
(Deng et al., 2020).
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Lee et al. have developed the novel machine learning model
for investigating non-mCRPC. In this model (Survival Quilts),
an algorithm automatically tunes and selects ensembles of
survival models based on clinical-pathological parameters
using the Surveillance, Epidemiology, and End Results
(SEER) datasheet. Data have been collected from
(approximately) 30% of the US population, especially from
men aged 35-95 years (Adamo et al.,, 2016; Lee et al., 2021).
Survival Quilts is open-source software designed to mechanize
the operation of machine learning in estimating survival rates.
Demographic characteristics of patients were age, T-stage, PSA,
primary and secondary Gleason grades score or grade groups,
PCa-specific mortality, and all-cause mortalities. This machine
learning model is competent in predicting ten-year PCa-specific
mortality (Lee C. et al., 2019).

In another study, Raju et al. have conducted multiple
machine learning, ADMET screening, and molecular docking
studies to identify selective inhibitors of CYP1BI. Different
machine learning models have been developed along with
molecular databases, including Maybridge, ChemBridge, and
a natural compound library, from which the selected models of
CYP1B1 and CYP1A1l were evaluated. These inhibitors were
highly expressed in wide varieties of cancer such as prostate,
colon, and breast. The most widely used anticancer compounds,
including paclitaxel, tamoxifen, docetaxel, and imatinib, are
rapidly inactivated by CYP1Bl1, eventually leading to drug
resistance (Androutsopoulos et al., 2009; Afarinkia et al,
2013; Raju et al, 2021). These inhibitors were subjected to
molecular docking and pharmacokinetic analysis, as shown in
Figure 13.

Role of Network Pharmacology Approach in
Castration-Resistant Prostate Cancer

Traditional Chinese systems of medicine and complementary and
alternative systems of medicine are the three main systems used
to manage many types of cancer such as colon, gastric, breast,
ovarian, and prostate cancer. The mechanisms of phytomolecules
against CRPC have not been fully explored in the literature (Chen
et al,, 1996; Liu et al, 2018). Various research groups have
reported the network pharmacology-based approach to explore
natural products such as curcumin, quercetin, and ursolic acid as
potential candidates for the treatment of CRPC (Barton et al.,
2008; Hopkins, 2008; Li et al., 2014; Ru et al., 2014; Lee D. et al,,
2019). Li et al. have demonstrated the network pharmacology of
TCM based on the binding interactions of natural herbs, isolated
phytochemicals, targets, genes, and diseases (Li et al., 2010; Li and
Zhang, 2013). The main goal of network pharmacology is to
investigate a potential candidate against disease with high
efficiency, minimal side effects, and less toxicity. Song et al.
have developed a network pharmacology-based technique to
explore the mechanism of Scleromitrion diffusum (Willd.)
RJWang as a therapeutic candidate against CRPC.
Prospective target genes of PCa were screened using databases
such as OMIM, DisGeNET, and GeneCards. A network was
constructed by evaluating the possible interactions among diverse
target nodes. Protein—protein interaction, Kyoto Encyclopedia of
Genes and Genomes (KEGG), and Gene Oncology enrichment
analyses have been performed to explore and discover the
mechanistic insights and pathways for therapy against PCa
(Zhu et al,, 2014; Yu et al,, 2020). The PPI network revealed
the multiple imperative targets and PCa-related targets, such as
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PI3K, AkT1, mTOR, BCL2, Cyclin D1, PARP1, MAPK1, MMP3,
MMP9, caspase-3, caspase-9, STAT-3, and RAF-1 (Song et al.,
2019). A general schematic representation of the network
pharmacology framework is depicted in Figure 14 (de
Carvalho et al, 2014).

Bi et al. have established the mechanism of curcumin against
tumors based on pharmacology networking using DAVID 6.8
and GeneMANIA server database for analysis. This study
identified multiple drug targets, target pathways, and signaling
pathways (Bi et al., 2018). Thus, phytomolecules can also be used
in the future to manage other diseases, as stated in
complementary and traditional systems of medicine (Choi
et al., 2010).

Translational Studies of Phytomolecules for
Castration-Resistant Prostate Cancer:
Assessment of Translation Potential for
Bench to Bedside

Over the last 40 years, most chemotherapy drugs used to treat
cancer originated from natural products. Moreover,
phytomolecules may provide various lead structures used as
templates to synthesize new, pharmacologically more effective
agents (Mann, 2002). Since concomitant side effects, if any, are
reported to be mild, plants and their metabolites are considered to
be potentially acceptable choices for chemoprevention. It has
been shown that several phytocompounds, such as genistein,
green tea polyphenols, curcumin, lycopene, and vitamin D,
prevent or postpone the onset of PCa or its development to
CRPC (Kallifatidis et al., 2016). Basic and applied research are
two types of study that are usually separated. Basic research is
important for better understanding normal and pathological
states, but it does not directly translate this information into
therapeutically relevant applications. Based on our understanding
of illness formation and progression, applied research aids in the
development of novel diagnostic tools or treatments for patients.
The major objective of “translational” research is to combine
molecular biology advances with clinical trials, bringing research
from the bench to the patients’ bedside (Gibbs, 2000; Saijo et al.,
2003; Goldblatt and Lee, 2010). Most cancers likely develop due
to multiple genetic abnormalities, implying the need for a cocktail
of agents against multiple targets in cancer cells or the use of
agents with a broad range of targets, which is one of the most
critical factors limiting the effectiveness of targeted therapy. The
treatment of CRPC patients is still a serious clinical issue.
Researchers now have a better knowledge of the mechanisms
of CRPC owing to molecular, basic, and translational studies
(Amaral et al., 2012). Many clinical trials to assess the efficacy of
phytochemicals in human subjects have been undertaken, and
they have partially corroborated the encouraging results found
in vitro and preclinical models. We will only discuss those clinical
studies where the pure phytocompounds or the characterized
phytofractions were considered. We have excluded studies on
extracts and juices, as they would have deviated content from
the theme. Plant-derived constituents showing remarkable
anticancer effects against CRPC in clinical trials are discussed
as follows.

Natural Products as Anti-CRPC Agents

Resveratrol. Resveratrol is a polyphenol found in nature that
has been shown to inhibit PCa growth and development. In
several preclinical investigations, resveratrol has been shown to
decrease prostate cancer development in vitro and in animal
models. Moreover, resveratrol has been found to reduce androgen
receptor expression, decrease proliferation, induce apoptosis in
PCa cell lines, and improve their ionizing radiation sensitivity
(Jasinski et al., 2013). Dietary resveratrol suppresses p-catenin-
mediated AR signaling and represses nuclear localization of
B-catenin by reducing HIF-1 production, perhaps in a
proteasome-independent way, contributing to the reduction of
CRPC tumor progression (Mitani et al., 2014). Kjaer et al. have
conducted a randomized controlled trial (RCT) using two doses
of resveratrol (150mg or 1,000 mg resveratrol daily) for
4 months in 66 middle-aged men suffering from metabolic
syndrome. High-dose resveratrol (1,000 mg daily) treatment
for 4 months dramatically reduced blood levels of the
androgen precursors androstenedione, dehydroepiandrosterone,
and dehydroepiandrosterone sulfate. However, the prostate size
and circulating levels of PSA, testosterone, free testosterone, and
dihydrotestosterone were unchanged (Kjaer et al., 2015). Patients
with nonmetastatic biochemically recurrent PCa were allocated to
escalating doses of MPX (pulverized muscadine grape skin rich in
ellagic acid, quercetin, and resveratrol) in cohorts of two patients,
with six patients at the maximum dose in the phase I section
of this phase I/II trial, which used a modified continuous
reassessment technique. The phase I section revealed that the
largest dose tested, 4,000 mg/d, was safe, with only grade 1
adverse event being recorded. Even though the phase I
population was small and there was no sustained decrease in
serum PSA from baseline, the findings show that 4,000 mg/d of
muscadine grape skin extract is safe (Paller et al., 2015).

Furthermore, Paller et al. have conducted a randomized,
multicenter, placebo-controlled, dose-evaluating phase II trial.
The results on 112 biochemically recurrent (BCR) patients
were evaluated, revealing that MPX did not significantly
improve the prostate-specific antigen doubling time (PSADT)
compared with the placebo. Nevertheless, other benefits
have been observed in the exploratory analysis (Paller et al.,
2018). Further, testing resveratrol’s chemopreventive effects
in conjunction with other antioxidants occurring naturally
together, such as in grapes, might be beneficial (Singh et al,
2016).

Soy Isoflavone. Incidence rates of PCa are lowest in Asian
nations, where soy foods are frequently part of a normal diet (Jian,
2009). In some animal models, physiologically active isoflavones
found in soy products, such as genistein, daidzein, equol, and
glycitin, prevented PCa (Mahmoud et al., 2014). Antioxidant
defense, DNA repair, suppression of angiogenesis and metastasis,
potentiation of radio- and chemotherapeutic drugs, and
antagonism of estrogen- and androgen-mediated signaling
pathways are all involved in soy isoflavone-induced growth
arrest and death of PCa cells (Mahmoud et al, 2014). In
numerous clinical trials (Table 1), soy isoflavones have been
found to reduce PSA levels.

Lycopene. Lycopene, a natural pigment found mostly in the
ripe tomato fruits, is gaining popularity in preventing and
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TABLE 1 | Clinical studies evaluating the potential of soy isoflavones in reducing PSA levels.

Clinical study protocol

Healthy men (N = 112 aged 50-80 years) were randomly
allocated to groups drinking either a soy protein drink with
83 mg of isoflavones (+ISO) or a comparable drink with
isoflavones removed in a double-blind, parallel-arm,
randomized experiment for 12 months

In the isoflavone therapy group, there was no significant
change in blood PSA level, velocity, or PCa incidence

For 3 months, 24 males were put on a high or low soy dietina
randomized, double-blind, crossover clinical trial

In a randomized study, 58 men at high risk of PCa were
allocated to groups taking one of three protein isolates
containing 40 g/d protein at random (107 mg/d isoflavones,
<6 mg/d isoflavones, or 0 mg/d isoflavones) for 6 months

Twenty patients with increasing PSA following previous local
treatment were treated with soy milk with 47 mg of
isoflavonoid per 8 0z serving three times per day for

12 months in an open-labeled phase Il study

In six patients, the slope of PSA after study enrollment was
substantially lower than that before entering the study, while in
two individuals, the slope of PSA after study admission was
significantly greater

In a randomized, double-blind experiment, 25 PCa patients
were given placebo or soy isoflavone supplements for
2 weeks before prostatectomy

In the phase Il trial, 29 patients with increasing PSA levels
following intense radiotherapy for prostate cancer were told to
drink 500 ml of soy beverage every day for 6 months

53 men with PCa took a daily supplement comprising 450 mg
genistein, 300 mg daidzein, and other isoflavones for

6 months in a double-blind, placebo-controlled, randomized
study

33 males undergoing androgen deprivation therapy for PC
were given either 20 g of soy protein with 160 mg of total
isoflavones or a taste-matched placebo (20 g whole milk
protein) for a 12-weeks

Phase I, randomized, double-blind, placebo-controlled trial,
or oral isoflavone (60 mg/day) for 12 months, N = 158

47 Norwegian patients were given 30 mg genistein or placebo
capsules daily for 3-6 weeks before prostatectomy in a phase
2 placebo-controlled, randomized, double-blind clinical study
A double-blinded, randomized, placebo-controlled trial
included 86 men given soy isoflavone capsules (80 mg/d of
total isoflavones and 51 mg/d aglucon units) for 6 weeks

In 177 men at high risk of recurrence following radical
prostatectomy for PCa, a randomized, double-blind trial
comparing daily use of beverage powder containing 20 g of
protein in the form of either soy protein isolate (n = 87) or as
placebo calcium caseinate (n = 90). Within 4 months of surgery,
supplementation was started and was followed up for 2 years

Outcome PMIDs References
15066931 Adams et al.
(2004)
14% decrease in circulating blood PSA levels was observed 16775579 Maskarinec et al.
but with no change in testosterone levels (2006)
Soy protein isolate intake reduces AR expression in the 17585029 Hamilton-Reeves et al.
prostate but did not affect ER B expression (2007)
18471323 Pendleton et al.
(2008)
In PCa patients, soy isoflavones decreased prostate COX-2 19127598 Swami et al. (2009)

mRNA while increasing p21 mRNA

In 41% of PCa patients, soy caused a substantial delay in 20099194 Kwan et al. (2010)
PSA doubling time

In men with low-volume PCa, there was no significant 21058191 deVere White et al.
reduction in PSA levels (2010)
In androgen-deficient males, high-dose isoflavones do not 20798386 Napora et al. (2011)

enhance metabolic or inflammatory markers

PSA levels did not significantly change, following treatment 21988617 Miyanaga et al. (2012)
with isoflavones. The isoflavone group had a substantially
reduced PCa incidence in 53 individuals aged 65 years

mMRNA level of KLK4 in tumor cells was considerably 22397815 Lazarevic et al. (2012)
decreased, while androgen and cell cycle-related biomarkers
were not significantly lowered

After consuming soy isoflavones for a short time, no 23874588 Hamilton-Reeves et al.
significant changes in blood hormone levels, total cholesterol, (2013)

or PSA were observed

Following radical prostatectomy, daily intake of a beverage 23839751 Bosland et al. (2013)

powder supplement containing soy protein isolate for 2 years
did not prevent biochemical recurrence of PCa in men at high
risk of PSA failure

treating heart disease and cancer (Heber and Lu, 2002). (Ivanov et al., 2007; Holzapfel et al., 2013). In vitro studies have
Lycopene’s anticancer actions on PCa cells are mediated via ~ shown that a normal physiological concentration of lycopene in
decreasing cell proliferation, inducing apoptosis, stopping the  culture conditions inhibits the growth of PCa cell lines, which are
cell cycle, and lowering DNA damage in various investigations either androgen-dependent or androgen-independent (Kim et al.,
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2002; Mirahmadi et al., 2020). A human intervention study has
demonstrated that consumption of carotenoid-containing plant
products significantly decreased oxidative base damage (Pool-
Zobel et al., 1997). In phase II randomized clinical trial, 26 men
with newly diagnosed, clinically localized PCa randomly allocated
to groups taking 15 mg of lycopene twice daily (n = 15) or no
supplementation (n = 11) for 3 weeks before radical
prostatectomy exhibited reduced PSA, connexin 43, and
insulin-like growth factor-1 levels (Kucuk et al, 2001). In an
unblinded randomized phase I clinical study, 32 patients with
localized prostate adenocarcinoma consumed tomato sauce-
based pasta dishes for 3 weeks (30 mg lycopene/day), which
resulted in higher lycopene levels in prostate tissues and
serum, reduction in PSA serum levels, and DNA damage in
both prostate and leukocyte cells in prostatectomy (Bowen et al.,
2002). In a prospective trial, 20 metastatic HRPC patients were
given 10 mg lycopene daily for 3 months and in almost all men,
disease progression inversely changed to a lower grade. Moreover,
PSA levels were reduced and ECOG function and bone pain
improved (Ansari and Gupta, 2004). In phase II clinical trial,
10 mg lycopene per day for 1 year resulted in a reduced PSA
velocity in 40 individuals (Barber et al., 2006). Bunker et al. have
conducted a randomized, unblinded phase I clinical trial in
81 high-risk Afro-Caribbean patients with neoplasia and found
that 30 mg/day of lycopene for 4 months lowers PSA serum
concentrations (Bunker et al., 2007). In a phase II research,
46 androgen-independent PC patients were given lycopene
(15 mg twice daily), which resulted in a 50% drop in PSA
levels; however, the trial showed no clinical benefit for the
advanced stage of cancer (Jatoi et al., 2007). In another trial,
32 patients with high-grade prostatic intraepithelial neoplasia
were given a lycopene-enriched diet (20-25mg/day) for
6 months; however, no meaningful effect was observed in
terms of lycopene’s effects on cancer development or PSA
levels in these individuals (Mariani et al., 2014). In phase II
research, Zhuang et al. have studied the clinical efficacy and
safety profile of docetaxel with lycopene in CRPC patients and
revealed that the combination of docetaxel and lycopene
resulted in enhanced PSA response rate and tolerability
(Zhuang et al., 2021).

Quercetin. Quercetin, a flavonoid found in fruits and
vegetables, has been shown to have anti-inflammatory,
antioxidant, and cancer-fighting properties. The activity of
promoters of two major genes implicated in PCa pathogenesis,
i.e, AR and PSA, is inhibited by quercetin (Ghafouri-Fard et al.,
2021). By suppressing the main survival protein Akt, quercetin
has also been shown to promote the apoptosis of PCa dose-
dependently (Ghafouri-Fard et al., 2021). On PC-3 cells (model
cells of CRPC), quercetin and paclitaxel coadministration
significantly reduced cell proliferation, increased apoptosis,
triggered cell cycle arrest at the G2/M stage, activated
endoplasmic reticulum stress, and enhanced reactive oxygen
species production (Zhang X. et al., 2020). Henning et al. have
conducted a prospective randomized, parallel design, placebo-
controlled trial in which 31 men with PCa were given either 1 g of
green tea extract containing 830 mg of green tea polyphenols with
800 mg of quercetin or placebo for 4 weeks before prostatectomy

Natural Products as Anti-CRPC Agents

(Henning et al., 2020). Following the coadministration of green
tea extract and quercetin, they have found a significant rise in
quercetin concentrations in plasma, urine, and prostate tissue.
Furthermore, this regimen decreased epicatechin gallate levels in
the urine. In prostate tissue or RBCs, no significant change in the
concentration of green tea polyphenols or methylation activity
across the groups was observed and there was no evidence of liver
injury (Henning et al., 2020).

Gossypol. (-)-Gossypol, a polyphenolic chemical found in
cottonseed, improves radiation therapy response and shrinks
human PCa tumors (Xu et al., 2005). (-)-Gossypol induced
apoptosis in DU-145 cells by downregulating Bcl-2 and Bcl-xL
and increasing Bax at the mRNA and protein levels. It also
enhances PARP cleavage and activates caspase-3, -8, and -9
(Huang et al, 2006). In PCa cells and prostate tumor-
initiating cells, gossypol activates p53 and induces apoptosis
(Volate et al, 2010). AT-101 (R-(-)-gossypol acetic acid;
Ascenta Therapeutics, Inc.), a derivative of gossypol, exhibited
anticancer activity in various tumor models. Liu et al. have
conducted a phase I/II study of AT-101 in 23 patients with
CRPC and investigated that AT-101 was well tolerated when
given at a dose of 20 mg/day for 28 days (Liu et al., 2009).

(-)-Epigallocatechin-3-gallate (EGCG). (-)-Epigallocatechin-3-
gallate (EGCG), biologically active catechin of green tea, has been
evaluated for its chemopreventive activity against CRPC using
in vitro and in vivo animal studies (Ju et al., 2005; Thangapazham
et al., 2007; Rahmani et al., 2015). Bettuzzi et al. have explored
cancer-preventive effects of green tea catechins (GTCs) in
volunteers with high-grade prostatic intraepithelial neoplasia
(HGPIN). The volunteers were given 200 mg of GTC three
times daily for a total of 600 mg/d and followed up after
1year. Only one instance of PCa in the treatment group
(incidence 3%) and nine cases of PCa (incidence 30%) in the
placebo group were observed (Bettuzzi et al., 2006). A decrease in
PSA levels, although not significant, and a significant decrease in
International Prostate Symptom Score were observed in the GTC
group. Furthermore, during a 2-year follow-up, two of the nine
placebo males and one of the 13 GTC patients were diagnosed
with PCa, demonstrating an 80% reduction in PCa diagnosis in
patients with HGPIN (Brausi et al., 2008). Polyphenon E (PolyE),
a mix of GTCs, containing 400 mg of EGCG, was given daily for
1 year to men with HGPIN in a placebo-controlled, randomized
clinical trial (Kumar NB. et al., 2015). A decrease in serum PSA
levels and ASAP in the PolyE group was observed. In another
study, males with PCa were given 1.3 g of PolyE containing
800 mg of EGCG daily (McLarty et al., 2009). A significant
reduction in PSA, HGF, and VEGF serum levels was observed
at the time of prostatectomy (after 3-6 weeks). Moreover,
supplementation with PolyE containing 800 mg of EGCG for
3-6 weeks resulted in a beneficial but nonsignificant reduction in
serum PSA in a similar clinical study (Nguyen et al, 2012).
Contrary to the above observations, minimal antineoplastic
action was identified after daily dosages of EGCG were given
to 42 patients with androgen-independent PCa in phase II clinical
study (Jatoi et al., 2003).

Curcumin. Curcumin, diferuloylmethane, inhibits PCa
proliferation and metastatic development by downregulating
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androgen receptor and epidermal growth factor receptors and
causing cell cycle arrest (Teiten et al., 2010). Twenty-six patients
with advanced CRPC and elevated PSA were given docetaxel/
prednisone in usual settings for six cycles, along with curcumin
(6,000 mg per os each day; day —4 to day +2 of docetaxel)
(Mahammedi et al, 2016). This study demonstrates that
curcumin has a high response rate, good tolerability, and
patient acceptability, justifying the need for a randomized trial.
An RCT was conducted on 64 eligible patients with PCa to assess
the beneficial role of nanocurcumin in preventing and/or
mitigating  radiation-induced  proctitis PCa patients
undergoing RT (Saadipoor et al, 2019). 33 patients received
nanocurcumin (120 mg/day) 3 days before and during the RT
course. Radiation-induced proctitis occurred in 18/31 (58.1%) of
placebo-treated patients compared to 15/33 (45.5%) of
nanocurcumin-treated patients (Saadipoor et al., 2019). The role
of anticancer effects of curcumin in patients with PCa that undergo
intermittent androgen deprivation (IAD) treatment has been
studied. A randomized, double-blind, placebo-controlled trial
was performed on 97 patients with PCa (49 patients took oral
curcumin (1440 mg/day) and 48 received placebo for
6 months) who received IAD treatment (Choi et al., 2019).
The results have demonstrated that oral administration of
curcumin for 6 months can lower PSA levels significantly in
patients compared to those in the placebo group. Curcumin
(total 3 g/day), a radiosensitizing and radioprotective agent,
showed significant improvement of antioxidant status in
patients with PCa who received radiotherapy (Hejazi et al,
2016). Another clinical study has been conducted to examine
the effect of curcumin supplements and isoflavones on serum
PSA levels (Ide et al., 2010). The isoflavones and curcumin were
administered orally to patients who had prostate biopsy due to
elevated PSA levels for 6 months, and a significant decrease of
serum PSA level was observed. Two clinical studies on the effect
of adjuvant use of curcumin after prostatectomy on improving
recurrence-free survival in PCa patients (clinicaltrials.gov;
NCT02064673) and reducing the risk of PCa progression in
low-risk men (clinicaltrials.gov; NCT03769766) are undergoing.

in

CONCLUSION AND FUTURE
PERSPECTIVES

PCa is a leading cause of cancer-related morbidity and mortality.
CRPC poses a pathophysiological and therapeutic challenge that
imposes a significant burden on individuals and the healthcare
system (Tang et al, 2013). A growing number of studies have
focused on deciphering its mechanistic underpinnings and
targeting the key elements of its pathogenesis. Therefore, it
might be more effective to address several pathogenetic
mechanisms contributing simultaneously to castration resistance
and cancer progression. These mechanisms can also complement
conventional and novel anticancer treatments. The main findings
of our review can be summarized as follows:

e The tumor microenvironment, with its immune cells,
cytokines, chemokines, androgen receptors and their

Natural Products as Anti-CRPC Agents

molecular interactions, plays an important role in
castration resistance. Simulating this environment can be
a key to the success of cheminformatics modeling studies.

e Multiple signaling pathways and transcription factors are
associated with CRPC. Natural compounds may be used to
target their elements and disrupt them. However, this may
be ground for potential side effects stemming from other
body systems.

e Oncogenes and mutations (SYT4, GUCY1A2, GRIN3A, and
BRAC) that are implicated in PCa resistance constitute
therapeutic targets. Exploring the effect of natural
products alongside the genetic traits of CRPC can lead to
more precise and, therefore, effective treatment approaches.

e Molecular docking studies and structure-activity models
can play an important role in identifying potent molecules
for further exploration in in vitro, in vivo, and clinical
studies.

e The use of disruptive technologies, including machine and
deep learning and artificial intelligence, can accelerate drug
discovery using comprehensive risk and efficacy analysis.

e Network pharmacology can reveal the evidence behind the
potential efficacy of complementary medicine in CRPC.

The present study attempts to provide an overview of a rapidly
expanding topic. It provides insights and guidance for future
studies that will examine specific elements mentioned in this
analysis, such as molecular docking or structure-activity
modeling. Relevant future studies may benefit from a systematic
review and a metanalysis methodology assessing both the available
quantitative and qualitative evidence. Disruptive technology is
expected to play an important role in future research. Artificial
intelligence models based on deep machine learning can broadly
analyze several natural compounds and their interactions.
Quantum computing can act as an accelerator in such studies
enabling the screening of big databases.

The adoption of a translational approach is a critical step
toward clinical practice and application. Computational analysis
of the effect of natural compounds on CRPC in combination with
specific biomarkers extracted from the patients’ histopathological
specimens can lead to the identification of compounds that may
be beneficial. The clinical outcomes of the patients receiving these
compounds and their regular treatment can be compared with
those of the control groups. Nonetheless, such an approach would
be possible only using natural compounds that have been
approved for clinical use by the respective health authorities.
The use of a broader number of natural compounds might be
possible in end-stage CRPC under compassionate authorization.
However, such studies might reduce the efficacy of natural
products due to the poor prognosis of the patients. In other
words, it should be understood that the results of these studies do
not necessarily reflect the efficacy of natural compounds
administered at earlier stages of the disease.

Finally, yet importantly, it is important to integrate social and
health economics factors in this research. Cultural factors have
been shown to affect patients’ attitudes toward several anticancer
drugs; moreover, the attitudes toward natural compounds need to
be assessed. People of different nationalities may be more open to
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receiving phytochemicals that they are already familiar with
because of their cultural background. On top of this, the
integration of phytochemicals as supplements in anticancer
treatment may be evaluated in terms of cost-effectiveness. This
will determine whether insurance systems and policymakers are
willing to make such treatments widely available to the public. In
the long run, patients, physicians, and regulatory authorities will
accept the use of natural compounds for managing CRPC, which
will result in conducting more large-scale studies and collecting
better evidence and data.

As advanced-stage PCas are prone to the extensive point
mutations that lead to drug resistance, single-targeted and
specific drugs are no longer beneficial and cannot go further
in clinical trials. In contrast, many natural products, such as
resveratrol, soy isoflavone, lycopene, quercetin, gossypol, EGCG,
and curcumin, progressed to clinical studies because of their
multitarget anticancer potential.

Moreover, formulation advancements and the discovery of
potent natural products play a crucial role in overcoming the
limitations concerning the poor pharmacokinetics and
bioavailability of natural products. Nanocurcumin-based
clinical studies are a small step toward addressing the
solubility and bioavailability related issues.

Utilizing all means available to integrate the use of natural
compounds sources into clinical practices can be extremely
beneficial in the management of CRPC in the future.

REFERENCES

Abd Wahab, N. A, Abas, F., Naidu, R., Othman, L, et al. (2020). Mechanism of
Anti-cancer Activity of Curcumin on Androgen-dependent and Androgen-
independent Prostate Cancer. Nutrients 12 (3). d0i:10.3390/nu12030679

Adamo, M., Adamo, M. P., Boten, J. A., Coyle, L. M, Cronin, K. A., Lam, C. ], et al.
(2016). Validation of Prostate-specific Antigen Laboratory Values Recorded in
Surveillance, Epidemiology, and End Results Registries. Cancer 123 (4),
697-703. doi:10.1002/cncr.30401

Adams, K. F,, Chen, C., Newton, K. M, Potter, J. D., and Lampe, ]. W. (2004). Soy
Isoflavones Do Not Modulate Prostate-specific Antigen Concentrations in
Older Men in a Randomized Controlled Trial. Cancer Epidemiol.
Biomarkers Prev. 13 (4), 644-648. doi:10.1111/bju.12435

Al-Menhali, A., Al-Rumaihi, A., Al-Mohammed, H., Al-Mazrooey, H., Al-
Shamlan, M., AlJassim, M., et al. (2015). Thymus Vulgaris (Thyme) Inhibits
Proliferation, Adhesion, Migration, and Invasion of Human Colorectal Cancer
Cells. J. Med. Food 18 (1), 54-59. doi:10.1089/jmf.2013.3121

Amaral, T. M., Macedo, D., Fernandes, 1., and Costa, L. (2012). Castration-
Resistant Prostate Cancer: Mechanisms, Targets, and Treatment. Prostate
Cancer 2012, 327253-327311. doi:10.1155/2012/327253

Amler, L. C,, Agus, D. B,, LeDuc, C,, Sapinoso, M. L., Fox, W. D., Kern, S., et al.
(2000). Dysregulated Expression of Androgen-Responsive and Nonresponsive
Genes in the Androgen-independent Prostate Cancer Xenograft Model
CWR22-R1. Cancer Res. 60 (21), 6134-6141.

Ammirante, M., Luo, J. L., Grivennikov, S., Nedospasov, S., and Karin, M. (2010).
B-cell-derived Lymphotoxin Promotes Castration-Resistant Prostate Cancer.
Nature 464 (7286), 302-305. doi:10.1038/nature08782

Andersen, R. J., Mawji, N. R,, Wang, J., Wang, G., Haile, S., Myung, J. K., et al.
(2010). Regression of Castrate-Recurrent Prostate Cancer by a Small-Molecule
Inhibitor of the Amino-Terminus Domain of the Androgen Receptor. Cancer
Cell 17 (6), 535-546. d0i:10.1016/j.ccr.2010.04.027

Androutsopoulos, V. P., Spyrou, I, Ploumidis, A., Papalampros, A. E., Kyriakakis,
M., Delakas, D., et al. (2013). Expression Profile of CYP1Al and CYP1B1

Natural Products as Anti-CRPC Agents

AUTHOR CONTRIBUTIONS

RS, PS, AD, RG, DK, RM, CT, SP, SJ, and SS wrote different
manuscript sections. SK, RS, MK, and BS laid down the idea and
manuscript outline and compiled and finalized the manuscript.
BS arranged the funding source. All the authors have reviewed the
final version of the manuscript.

FUNDING

This work was supported by the National Natural Science
Foundation of China (32070671), the COVID-19 Research
Projects of West China Hospital Sichuan University (Grant no.
HX-2019-nCoV-057), and the Regional Innovation Cooperation
between Sichuan and Guangxi Provinces (2020YFQO0019).

ACKNOWLEDGMENTS

The authors acknowledge the financial support received from the
National Natural Science Foundation of China, the West China
Hospital Sichuan University, and the Regional Innovation
Cooperation between Sichuan and Guangxi Provinces. Authors
are thankful to the Vice-Chancellor of Punjabi University Patiala,
Punjab, India for his encouragement.

Enzymes in Colon and Bladder Tumors. PLoS ONE 8 (12), 82487. doi:10.1371/
journal.pone.0082487

Androutsopoulos, V. P., Tsatsakis, A. M., and Spandidos, D. A. (2009).
Cytochrome P450 CYP1Al: Wider Roles in Cancer Progression and
Prevention. BMC Cancer 9 (1), 187. doi:10.1186/1471-2407-9-187

Ansari, M. S., and Gupta, N. P. (2004). Lycopene: a Novel Drug Therapy in
Hormone Refractory Metastatic Prostate Cancer. Urol. Oncol. 22 (5), 415-420.
doi:10.1016/j.urolonc.2004.05.009

Araujo, J. C,, Trudel, G. C,, Saad, F., Armstrong, A.]., Yu, E. Y., Bellmunt, J., et al.
(2013). Docetaxel and Dasatinib or Placebo in Men with Metastatic
Castration-Resistant Prostate Cancer (READY): a Randomised, Double-
Blind Phase 3 Trial. Lancet Oncol. 14 (13), 1307-1316. doi:10.1016/s1470-
2045(13)70479-0

Arora, H., Panara, K., Kuchakulla, M., Kulandavelu, S., Burnstein, K. L., Schally, A.
V., et al. (2018). Alterations of Tumor Microenvironment by Nitric Oxide
Impedes Castration-Resistant Prostate Cancer Growth. Proc. Natl. Acad. Sci. U
S A. 115 (44), 11298-11303. doi:10.1073/pnas.1812704115

Athamneh, K., Hasasna, H. E., Samri, H. A., Attoub, S., Arafat, K., Benhalilou, N.,
et al. (2017). Rhus Coriaria Increases Protein Ubiquitination, Proteasomal
Degradation and Triggers Non-canonical Beclin-1-independent Autophagy
and Apoptotic Cell Death in colon Cancer Cells. Sci. Rep. 7 (1), 11633.
doi:10.1038/s41598-017-11202-3

Badillo, S., Banfai, B., Birzele, F., Davydov, L. I, Hutchinson, L., Kam-Thong, T.,
et al. (2020). An Introduction to Machine Learning. Clin. Pharmacol. Ther. 107
(4), 871-885. doi:10.1002/cpt.1796

Barber, N. J., Zhang, X., Zhu, G., Pramanik, R,, Barber, J. A, Martin, F. L, et al.
(2006). Lycopene Inhibits DNA Synthesis in Primary Prostate Epithelial Cells
In Vitro and its Administration Is Associated with a Reduced Prostate-specific
Antigen Velocity in a Phase II Clinical Study. Prostate Cancer Prostatic Dis. 9
(4), 407-413. doi:10.1038/sj.pcan.4500895

Barton, H. A., Pastoor, T. P., Baetcke, K., Chambers, J. E., Diliberto, J., Doerrer, N.
G., et al. (2008). The Acquisition and Application of Absorption, Distribution,
Metabolism, and Excretion (ADME) Data in Agricultural Chemical Safety
Assessments. Crit. Rev. Toxicol. 36 (1), 9-35. doi:10.1080/10408440500534362

Frontiers in Pharmacology | www.frontiersin.org

October 2021 | Volume 12 | Article 732266


https://doi.org/10.3390/nu12030679
https://doi.org/10.1002/cncr.30401
https://doi.org/10.1111/bju.12435
https://doi.org/10.1089/jmf.2013.3121
https://doi.org/10.1155/2012/327253
https://doi.org/10.1038/nature08782
https://doi.org/10.1016/j.ccr.2010.04.027
https://doi.org/10.1371/journal.pone.0082487
https://doi.org/10.1371/journal.pone.0082487
https://doi.org/10.1186/1471-2407-9-187
https://doi.org/10.1016/j.urolonc.2004.05.009
https://doi.org/10.1016/s1470-2045(13)70479-0
https://doi.org/10.1016/s1470-2045(13)70479-0
https://doi.org/10.1073/pnas.1812704115
https://doi.org/10.1038/s41598-017-11202-3
https://doi.org/10.1002/cpt.1796
https://doi.org/10.1038/sj.pcan.4500895
https://doi.org/10.1080/10408440500534362
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Singla et al.

Basak, S., Pookot, D., Noonan, E. J., and Dahiya, R. (2008). Genistein Down-
Regulates Androgen Receptor by Modulating HDAC6-Hsp90 Chaperone
Function. Mol. Cancer Ther. 7 (10), 3195-3202. doi:10.1158/1535-7163.Mct-
08-0617

Beaver, L. M., Yu, T. W., Sokolowski, E. I, Williams, D. E., Dashwood, R. H., and
Ho, E. (2012). 3,3’-Diindolylmethane, but Not Indole-3-Carbinol, Inhibits
Histone Deacetylase Activity in Prostate Cancer Cells. Toxicol. Appl.
Pharmacol. 263 (3), 345-351. doi:10.1016/j.taap.2012.07.007

Bettedi, L., and Foukas, L. C. (2017). Growth Factor, Energy and Nutrient Sensing
Signalling Pathways in Metabolic Ageing. Biogerontology 18 (6), 913-929.
doi:10.1007/s10522-017-9724-6

Bettuzzi, S., Brausi, M., Rizzi, F., Castagnetti, G., Peracchia, G., and Corti, A. (2006).
Chemoprevention of Human Prostate Cancer by Oral Administration of green
tea Catechins in Volunteers with High-Grade Prostate Intraepithelial
Neoplasia: a Preliminary Report from a One-Year Proof-Of-Principle Study.
Cancer Res. 66 (2), 1234-1240. doi:10.1158/0008-5472.CAN-05-1145

Bi, Y. H,, Zhang, L. H, Chen, S. J., and Ling, Q. Z. (2018). Antitumor Mechanisms
of Curcumae Rhizoma Based on Network Pharmacology. Evid. Based
Complement. Alternat Med. 2018, 4509892-4509899. doi:10.1155/2018/
4509892

Bosland, M. C., Kato, L, Zeleniuch-Jacquotte, A., Schmoll, J., Enk Rueter, E.,
Melamed, J., et al. (2013). Effect of Soy Protein Isolate Supplementation on
Biochemical Recurrence of Prostate Cancer after Radical Prostatectomy: a
Randomized Trial. JAMA 310 (2), 170-178. doi:10.1001/jama.2013.7842

Bowen, P., Chen, L., Stacewicz-Sapuntzakis, M., Duncan, C., Sharifi, R., Ghosh, L.,
et al. (2002). Tomato Sauce Supplementation and Prostate Cancer: Lycopene
Accumulation and Modulation of Biomarkers of Carcinogenesis. Exp. Biol.
Med. (Maywood) 227 (10), 886-893. doi:10.1177/153537020222701008

Brausi, M., Rizzi, F., and Bettuzzi, S. (2008). Chemoprevention of Human Prostate
Cancer by green tea Catechins: Two Years Later. A Follow-Up Update. Eur.
Urol. 54 (2), 472-473. doi:10.1016/j.eururo.2008.03.100

Bunker, C. H., McDonald, A. C, Evans, R. W., dela Rosa, N., Boumosleh, J. M., and
Patrick, A. L. (2007). A Randomized Trial of Lycopene Supplementation in
Tobago Men with High Prostate Cancer Risk. Nutr. Cancer 57 (2), 130-137.
doi:10.1080/01635580701274046

Cai, C,, Chen, S. Y., Zheng, Z., Omwancha, J., Lin, M. F,, Balk, S. P., et al. (2006).
Androgen Regulation of Soluble Guanylyl Cyclasealphal Mediates Prostate
Cancer Cell Proliferation. Oncogene 26 (11), 1606-1615. doi:10.1038/
sj.onc.1209956

Calcinotto, A., Spataro, C., Zagato, E., Di Mitri, D., Gil, V., Crespo, M., et al. (2018).
IL-23 Secreted by Myeloid Cells Drives Castration-Resistant Prostate Cancer.
Nature 559 (7714), 363-369. doi:10.1038/s41586-018-0266-0

Chandrasekar, T., Yang, J. C., Gao, A. C,, and Evans, C. P. (2015). Targeting
Molecular Resistance in Castration-Resistant Prostate Cancer. BMC Med. 13
(1), 206. doi:10.1186/s12916-015-0457-6

Chen, J., Wang, Y., Shen, B., and Zhang, D. (2013a). Molecular Signature of Cancer
at Gene Level or Pathway Level? Case Studies of Colorectal Cancer and Prostate
Cancer Microarray Data. Comput. Math. Methods Med. 2013, 909525.
doi:10.1155/2013/909525

Chen, J., Zhang, D., Yan, W,, Yang, D., and Shen, B. (2013b). Translational
Bioinformatics for Diagnostic and Prognostic Prediction of Prostate Cancer in
the Next-Generation Sequencing Era. Biomed. Res. Int. 2013, 901578.
doi:10.1155/2013/901578

Chen, Y., Robles, A. I, Martinez, L. A., Liu, F., Gimenez-Conti, I. B., and Conti, C. J.
(1996). Expression of Gl Cyclins, Cyclin-dependent Kinases, and Cyclin-
dependent Kinase Inhibitors in Androgen-Induced Prostate Proliferation in
Castrated Rats. Cell Growth Differ 7 (11), 1571-1578.

Chesire, D. R., and Isaacs, W. B. (2003). Beta-catenin Signaling in Prostate Cancer:
an Early Perspective. Endocr. Relat. Cancer 10 (4), 537-560. doi:10.1677/
erc.0.0100537

Chinni, S. R,, Li, Y., Upadhyay, S., Koppolu, P. K., and Sarkar, F. H. (2001). Indole-
3-carbinol (I3C) Induced Cell Growth Inhibition, G1 Cell Cycle Arrest and
Apoptosis in Prostate Cancer Cells. Oncogene 20 (23), 2927-2936. d0i:10.1038/
sj.onc.1204365

Choi, H. Y., Lim, J. E., and Hong, J. H. (2010). Curcumin Interrupts the Interaction
between the Androgen Receptor and Wnt/B-Catenin Signaling Pathway in
LNCaP Prostate Cancer Cells. Prostate Cancer Prostatic Dis. 13 (4), 343-349.
doi:10.1038/pcan.2010.26

Natural Products as Anti-CRPC Agents

Choi, Y. H,, Han, D. H,, Kim, S. W., Kim, M. J., Sung, H. H,, Jeon, H. G,, et al.
(2019). A Randomized, Double-Blind, Placebo-Controlled Trial to Evaluate the
Role of Curcumin in Prostate Cancer Patients with Intermittent Androgen
Deprivation. Prostate 79 (6), 614-621. doi:10.1002/pros.23766

Choudhari, A. S., Mandave, P. C., Deshpande, M., Ranjekar, P., and Prakash, O.
(2020). Phytochemicals in Cancer Treatment: From Preclinical Studies to
Clinical Practice. Front. Pharmacol. 10, 1614. doi:10.3389/fphar.2019.01614

Corn, P. G. (2012). The Tumor Microenvironment in Prostate Cancer: Elucidating
Molecular Pathways for Therapy Development. Cmar, 183. doi:10.2147/
cmar.S32839

Coutinho, I, Day, T. K., Tilley, W. D., and Selth, L. A. (2016). Androgen Receptor
Signaling in Castration-Resistant Prostate Cancer: a Lesson in Persistence.
Endocr. Relat. Cancer 23 (12), T179-T197. doi:10.1530/erc-16-0422

Cramer, R. D., Patterson, D. E,, and Bunce, J. D. (1988). Comparative Molecular
Field Analysis (CoMFA). 1. Effect of Shape on Binding of Steroids to Carrier
Proteins. J. Am. Chem. Soc. 110 (18), 5959-5967. d0i:10.1021/ja00226a005

Culp, M. B,, Soerjomataram, I, Efstathiou, J. A., Bray, F., and Jemal, A. (2020).
Recent Global Patterns in Prostate Cancer Incidence and Mortality Rates. Eur.
Urol. 77 (1), 38-52. doi:10.1016/j.eururo.2019.08.005

Cunha, G.R., Hayward, S. W., Dahiya, R., and Foster, B. A. (1996). Smooth Muscle-
Epithelial Interactions in Normal and Neoplastic Prostatic Development. Acta
Anat. (Basel) 155 (1), 63-72. doi:10.1159/000147791

de Bono, J. S., Oudard, S., Ozguroglu, M., Hansen, S., Machiels, J. P., Kocak, L, et al.
(2010). Prednisone Plus Cabazitaxel or Mitoxantrone for Metastatic Castration-
Resistant Prostate Cancer Progressing after Docetaxel Treatment: a
Randomised Open-Label Trial. Lancet 376 (9747), 1147-1154. doi:10.1016/
$0140-6736(10)61389-x

Deng, K., Li, H., and Guan, Y. (2020). Treatment Stratification of Patients with
Metastatic Castration-Resistant Prostate Cancer by Machine Learning. iScience
23 (2), 100804. doi:10.1016/j.i5¢i.2019.100804

deVere White, R. W., Tsodikov, A., Stapp, E. C., Soares, S. E., Fujii, H., and
Hackman, R. M. (2010). Effects of a High Dose, Aglycone-Rich Soy Extract on
Prostate-specific Antigen and Serum Isoflavone Concentrations in Men with
Localized Prostate Cancer. Nutr. Cancer 62 (8), 1036-1043. doi:10.1080/
01635581.2010.492085

Dhir, R, Ni, Z., Lou, W., DeMiguel, F., Grandis, J. R., and Gao, A. C. (2002). Stat3
Activation in Prostatic Carcinomas. Prostate 51 (4), 241-246. doi:10.1002/
pros.10079

Duch, W., Swaminathan, K., and Meller, J. (2007). Artificial Intelligence
Approaches for Rational Drug Design and Discovery. Curr. Pharm. Des. 13
(14), 1497-1508. doi:10.2174/138161207780765954

Eisermann, K., Wang, D,, Jing, Y., Pascal, L. E., and Wang, Z. (2013). Androgen
Receptor Gene Mutation, Rearrangement, Polymorphism. Transl Androl. Urol.
2 (3), 137-147. doi:10.3978/j.issn.2223-4683.2013.09.15

El Hasasna, H., Athamneh, K., Al Samri, H., Karuvantevida, N., Al Dhaheri, Y.,
Hisaindee, S., et al. (2015). Rhus Coriaria Induces Senescence and Autophagic
Cell Death in Breast Cancer Cells through a Mechanism Involving P38 and
ERK1/2 Activation. Sci. Rep. 5 (1), 13013. doi:10.1038/srep13013

Elmas, L., Secme, M., Mammadov, R., Fahrioglu, U., and Dodurga, Y. (2018). The
Determination of the Potential Anticancer Effects ofCoriandrum Sativum in
PC-3 and LNCaP Prostate Cancer Cell Lines. J. Cell Biochem. 120 (3),
3506-3513. doi:10.1002/jcb.27625

Fang, Z,, Xu, C,, Li, Y., Cai, X,, Ren, S, Liu, H,, et al. (2016). A Feed-Forward
Regulatory Loop between Androgen Receptor and PIncRNA-1 Promotes
Prostate Cancer Progression. Cancer Lett. 374 (1), 62-74. doi:10.1016/
j.canlet.2016.01.033

Fardoun, M., Al-Shehabi, T., El-Yazbi, A., Issa, K., Zouein, F., Maaliki, D., et al.
(2017). Ziziphus Nummularia Inhibits Inflammation-Induced Atherogenic
Phenotype of Human Aortic Smooth Muscle Cells. Oxid Med. Cel Longev
2017, 4134093-4134110. doi:10.1155/2017/4134093

Febbo, P. G., Lowenberg, M., Thorner, A. R, Brown, M., Loda, M., and Golub, T. R.
(2005). Androgen Mediated Regulation and Functional Implications of Fkbp51
Expression in Prostate Cancer. J. Urol. 173 (5), 1772-1777. doi:10.1097/
01.ju.0000155845.44729.ba

Ferlay, J., Lam, F., Colombet, M., Mery, L., Pineros, M., Znaor, A., et al. (2018).
Global Cancer Observatory: Cancer Today [Online]. Lyon, France: International
Agency for Research on Cancer. Available at: https://gco.iarc.fr/today [Accessed
07.06.2021].

Frontiers in Pharmacology | www.frontiersin.org

19

October 2021 | Volume 12 | Article 732266


https://doi.org/10.1158/1535-7163.Mct-08-0617
https://doi.org/10.1158/1535-7163.Mct-08-0617
https://doi.org/10.1016/j.taap.2012.07.007
https://doi.org/10.1007/s10522-017-9724-6
https://doi.org/10.1158/0008-5472.CAN-05-1145
https://doi.org/10.1155/2018/4509892
https://doi.org/10.1155/2018/4509892
https://doi.org/10.1001/jama.2013.7842
https://doi.org/10.1177/153537020222701008
https://doi.org/10.1016/j.eururo.2008.03.100
https://doi.org/10.1080/01635580701274046
https://doi.org/10.1038/sj.onc.1209956
https://doi.org/10.1038/sj.onc.1209956
https://doi.org/10.1038/s41586-018-0266-0
https://doi.org/10.1186/s12916-015-0457-6
https://doi.org/10.1155/2013/909525
https://doi.org/10.1155/2013/901578
https://doi.org/10.1677/erc.0.0100537
https://doi.org/10.1677/erc.0.0100537
https://doi.org/10.1038/sj.onc.1204365
https://doi.org/10.1038/sj.onc.1204365
https://doi.org/10.1038/pcan.2010.26
https://doi.org/10.1002/pros.23766
https://doi.org/10.3389/fphar.2019.01614
https://doi.org/10.2147/cmar.S32839
https://doi.org/10.2147/cmar.S32839
https://doi.org/10.1530/erc-16-0422
https://doi.org/10.1021/ja00226a005
https://doi.org/10.1016/j.eururo.2019.08.005
https://doi.org/10.1159/000147791
https://doi.org/10.1016/s0140-6736(10)61389-x
https://doi.org/10.1016/s0140-6736(10)61389-x
https://doi.org/10.1016/j.isci.2019.100804
https://doi.org/10.1080/01635581.2010.492085
https://doi.org/10.1080/01635581.2010.492085
https://doi.org/10.1002/pros.10079
https://doi.org/10.1002/pros.10079
https://doi.org/10.2174/138161207780765954
https://doi.org/10.3978/j.issn.2223-4683.2013.09.15
https://doi.org/10.1038/srep13013
https://doi.org/10.1002/jcb.27625
https://doi.org/10.1016/j.canlet.2016.01.033
https://doi.org/10.1016/j.canlet.2016.01.033
https://doi.org/10.1155/2017/4134093
https://doi.org/10.1097/01.ju.0000155845.44729.ba
https://doi.org/10.1097/01.ju.0000155845.44729.ba
https://gco.iarc.fr/today
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Singla et al.

Fontana, F., Moretti, R. M., Raimondi, M., Marzagalli, M., Beretta, G., Procacci, P.,
et al. (2019a). §-Tocotrienol Induces Apoptosis, Involving Endoplasmic
Reticulum Stress and Autophagy, and Paraptosis in Prostate Cancer Cells.
Cell Prolif 52 (3), €12576. doi:10.1111/cpr.12576

Fontana, F., Raimondi, M., Marzagalli, M., Di Domizio, A., and Limonta, P. (2020).
Natural Compounds in Prostate Cancer Prevention and Treatment:
Mechanisms of Action and Molecular Targets. Cells 9 (2). doi:10.3390/
cells9020460

Fontana, F., Raimondi, M., Marzagalli, M., Moretti, R. M., Marelli, M. M., and
Limonta, P. (2019b). Tocotrienols and Cancer: From the State of the Art to
Promising Novel Patents. Recent Pat Anticancer Drug Discov. 14 (1), 5-18.
doi:10.2174/1574892814666190116111827

Fulda, S. (2008). Betulinic Acid for Cancer Treatment and Prevention. Int. J. Mol.
Sci. 9 (6), 1096-1107. doi:10.3390/ijms9061096

Gao, B., Shen, X., Kunos, G., Meng, Q., Goldberg, I. D., Rosen, E. M., et al. (2001).
Constitutive Activation of JAK-STAT3 Signaling by BRCA1 in Human
Prostate Cancer Cells. FEBS Lett. 488 (3), 179-184. doi:10.1016/s0014-
5793(00)02430-3

Garikapaty, V. P., Ashok, B. T., Tadi, K., Mittelman, A., and Tiwari, R. K. (2006).
3,3’-Diindolylmethane Downregulates Pro-survival Pathway in Hormone
Independent Prostate Cancer. Biochem. Biophys. Res. Commun. 340 (2),
718-725. doi:10.1016/j.bbrc.2005.12.059

Gelmann, E. P. (2002). Molecular Biology of the Androgen Receptor. J. Clin. Oncol.
20 (13), 3001-3015. doi:10.1200/JCO.2002.10.018

Ghafouri-Fard, S., Shabestari, F. A., Vaezi, S., Abak, A., Shoorei, H., Karimi, A.,
et al. (2021). Emerging Impact of Quercetin in the Treatment of Prostate
Cancer. Biomed. Pharmacother. 138, 111548. doi:10.1016/j.biopha.2021.111548

Gibbs, J. B. (2000). Mechanism-based Target Identification and Drug Discovery in
Cancer Research. Science 287  (5460), 1969-1973. doi:10.1126/
science.287.5460.1969

Goldblatt, E. M., and Lee, W. H. (2010). From Bench to Bedside: the Growing Use
of Translational Research in Cancer Medicine. Am. J. Transl Res. 2 (1), 1-18.

Grossmann, M. E., Huang, H., and Tindall, D. J. (2001). Androgen Receptor
Signaling in Androgen-Refractory Prostate Cancer. J. Natl. Cancer Inst. 93 (22),
1687-1697. doi:10.1093/jnci/93.22.1687

Gupta, R, Srivastava, D., Sahu, M., Tiwari, S., Ambasta, R. K., and Kumar, P.
(2021). Artificial Intelligence to Deep Learning: Machine Intelligence Approach
for Drug Discovery. Mol. Divers. 25, 1315-1360. doi:10.1007/s11030-021-
10217-3

Gupta, S., Iljin, K., Sara, H., Mpindj, J. P., Mirtti, T., Vainio, P., et al. (2010). FZD4
as a Mediator of ERG Oncogene-Induced WNT Signaling and Epithelial-To-
Mesenchymal Transition in Human Prostate Cancer Cells. Cancer Res. 70 (17),
6735-6745. doi:10.1158/0008-5472.CAN-10-0244

Gurel, B, Lucia, M. S., Thompson, I. M., Goodman, P. ]., Tangen, C. M., Kristal, A.
R, et al. (2014). Chronic Inflammation in Benign Prostate Tissue Is Associated
with High-Grade Prostate Cancer in the Placebo Arm of the Prostate Cancer
Prevention Trial. Cancer Epidemiol. Biomarkers Prev. 23 (5), 847-856.
doi:10.1158/1055-9965.Epi-13-1126

Hamilton-Reeves, ]. M., Banerjee, S., Banerjee, S. K., Holzbeierlein, J. M., Thrasher,
J. B, Kambhampati, S., et al. (2013). Short-term Soy Isoflavone Intervention in
Patients with Localized Prostate Cancer: a Randomized, Double-Blind, Placebo-
Controlled Trial. PLoS One 8 (7), €68331. doi:10.1371/journal.pone.0068331

Hamilton-Reeves, J. M., Rebello, S. A., Thomas, W., Slaton, J. W., and Kurzer, M. S.
(2007). Isoflavone-rich Soy Protein Isolate Suppresses Androgen Receptor
Expression without Altering Estrogen Receptor-Beta Expression or Serum
Hormonal Profiles in Men at High Risk of Prostate Cancer. J. Nutr. 137 (7),
1769-1775. doi:10.1093/jn/137.7.1769

Hariharan, K., and Padmanabha, V. (2016). Demography and Disease
Characteristics of Prostate Cancer in India. Indian J. Urol. 32 (2), 103-108.
doi:10.4103/0970-1591.174774

Hay, C. W., McEwan, L. ]., and McEwan, L. J. (2012). The Impact of Point Mutations
in the Human Androgen Receptor: Classification of Mutations on the Basis of
Transcriptional ~ Activity. PLoS ONE 7 (3), e32514. doi:10.1371/
journal.pone.0032514

He, B., You, L., Uematsu, K., Xu, Z,, Lee, A. Y., Matsangou, M., et al. (2004). A
Monoclonal Antibody against Wnt-1 Induces Apoptosis in Human Cancer
Cells. Neoplasia 6 (1), 7-14. doi:10.1016/s1476-5586(04)80048-4

Natural Products as Anti-CRPC Agents

Heber, D., and Lu, Q. Y. (2002). Overview of Mechanisms of Action of Lycopene.
Exp. Biol. Med. (Maywood) 227 (10), 920-923. doi:10.1177/
153537020222701013

Hejazi, J., Rastmanesh, R., Taleban, F. A., Molana, S. H., Hejazi, E., Ehtejab, G., et al.
(2016). Effect of Curcumin Supplementation during Radiotherapy on Oxidative
Status of Patients with Prostate Cancer: A Double Blinded, Randomized,
Placebo-Controlled Study. Nutr. Cancer 68 (1), 77-85. doi:10.1080/
01635581.2016.1115527

Henning, S. M., Wang, P,, Lee, R. P., Trang, A., Husari, G., Yang, J., et al. (2020).
Prospective Randomized Trial Evaluating Blood and Prostate Tissue
Concentrations of green tea Polyphenols and Quercetin in Men with
Prostate Cancer. Food Funct. 11 (5), 4114-4122. doi:10.1039/d0fo00565g

Hieronymus, H., Lamb, J., Ross, K. N., Peng, X. P., Clement, C., Rodina, A., et al.
(2006). Gene Expression Signature-Based Chemical Genomic Prediction
Identifies a Novel Class of HSP90 Pathway Modulators. Cancer Cell 10 (4),
321-330. doi:10.1016/j.ccr.2006.09.005

Hoimes, C. J., and Kelly, W. K. (2009). Redefining Hormone Resistance in
Prostate Cancer. Ther. Adv. Med. Oncol. 2 (2), 107-123. doi:10.1177/
1758834009356433

Holzapfel, N. P., Holzapfel, B. M., Champ, S., Feldthusen, J., Clements, J., and
Hutmacher, D. W. (2013). The Potential Role of Lycopene for the Prevention
and Therapy of Prostate Cancer: From Molecular Mechanisms to Clinical
Evidence. Int. J. Mol. Sci. 14 (7), 14620-14646. doi:10.3390/ijms140714620

Hopkins, A. L. (2008). Network Pharmacology: the Next Paradigm in Drug
Discovery. Nat. Chem. Biol. 4 (11), 682-690. doi:10.1038/nchembio.118

Hotte, S. J., and Saad, F. (2010). Current Management of Castrate-Resistant
Prostate Cancer. Curr. Oncol. 17 Suppl 2 (12), S72-S79. doi:10.3747/
co.v17i0.718

Howlader, N., Noone, A., Krapcho, M., Miller, D., Bishop, K., Kosary, C., et al.
(2017). SEER Cancer Statistics Review. Online. Bethesda, MD: National Cancer
Institute, 1975-2014.  Available:  https://seer.cancer.gov/csr/1975_2014/
(Accessed 06 20, 2021).

Huang, Y., Jiang, X,, Liang, X, and Jiang, G. (2018). Molecular and Cellular
Mechanisms of Castration Resistant Prostate Cancer. Oncol. Lett. 15 (5),
6063-6076. doi:10.3892/01.2018.8123

Huang, Y. W.,, Wang, L. S., Chang, H. L., Ye, W., Dowd, M. K., Wan, P. ], et al.
(2006). Molecular Mechanisms of (-)-Gossypol-Induced Apoptosis in Human
Prostate Cancer Cells. Anticancer Res. 26 (3A), 1925-1933.

Ide, H., Lu, Y., Noguchi, T., Muto, S., Okada, H., Kawato, S., et al. (2018).
Modulation of AKR1C2 by Curcumin Decreases Testosterone Production in
Prostate Cancer. Cancer Sci. 109 (4), 1230-1238. doi:10.1111/cas.13517

Ide, H., Tokiwa, S., Sakamaki, K., Nishio, K., Isotani, S., Muto, S., et al. (2010).
Combined Inhibitory Effects of Soy Isoflavones and Curcumin on the
Production of Prostate-specific Antigen. Prostate 70 (10), 1127-1133.
doi:10.1002/pros.21147

Ivanov, N. I, Cowell, S. P., Brown, P., Rennie, P. S., Guns, E. S., and Cox, M. E.
(2007). Lycopene Differentially Induces Quiescence and Apoptosis in
Androgen-Responsive and -independent Prostate Cancer Cell Lines. Clin.
Nutr. 26 (2), 252-263. doi:10.1016/j.clnu.2007.01.002

Jasinski, M., Jasinska, L., and Ogrodowczyk, M. (2013). Resveratrol in Prostate
Diseases - a Short Review. Ceju 66 (2), 144-149. doi:10.5173/ceju.2013.02.art8

Jatoi, A., Burch, P., Hillman, D., Vanyo, J. M., Dakhil, S., Nikcevich, D., et al.
(2007). A Tomato-Based, Lycopene-Containing Intervention for Androgen-
independent Prostate Cancer: Results of a Phase II Study from the North
Central Cancer Treatment Group. Urology 69 (2), 289-294. doi:10.1016/
j.urology.2006.10.019

Jatoi, A., Ellison, N., Burch, P. A,, Sloan, J. A., Dakhil, S. R,, Novotny, P., et al.
(2003). A Phase II Trial of green tea in the Treatment of Patients with Androgen
Independent Metastatic Prostate Carcinoma. Cancer 97 (6), 1442-1446.
doi:10.1002/cncr.11200

Jian, L. (2009). Soy, Isoflavones, and Prostate Cancer. Mol. Nutr. Food Res. 53 (2),
217-226. doi:10.1002/mnfr.200800167

Jiang, J., Jia, P., Zhao, Z., and Shen, B. (2014). Key Regulators in Prostate Cancer
Identified by Co-expression Module Analysis. BMC Genomics 15 (1), 1015.
doi:10.1186/1471-2164-15-1015

Joon, S., Singla, R. K., Shen, B., and Kamal, M. A. (2021). QSCR Analysis of
Cytotoxicity of 6-Fluoro-3-(4h-1,2,4-Triazol-3-Y])quinolin-4(1h)-Ones on

Frontiers in Pharmacology | www.frontiersin.org

20

October 2021 | Volume 12 | Article 732266


https://doi.org/10.1111/cpr.12576
https://doi.org/10.3390/cells9020460
https://doi.org/10.3390/cells9020460
https://doi.org/10.2174/1574892814666190116111827
https://doi.org/10.3390/ijms9061096
https://doi.org/10.1016/s0014-5793(00)02430-3
https://doi.org/10.1016/s0014-5793(00)02430-3
https://doi.org/10.1016/j.bbrc.2005.12.059
https://doi.org/10.1200/JCO.2002.10.018
https://doi.org/10.1016/j.biopha.2021.111548
https://doi.org/10.1126/science.287.5460.1969
https://doi.org/10.1126/science.287.5460.1969
https://doi.org/10.1093/jnci/93.22.1687
https://doi.org/10.1007/s11030-021-10217-3
https://doi.org/10.1007/s11030-021-10217-3
https://doi.org/10.1158/0008-5472.CAN-10-0244
https://doi.org/10.1158/1055-9965.Epi-13-1126
https://doi.org/10.1371/journal.pone.0068331
https://doi.org/10.1093/jn/137.7.1769
https://doi.org/10.4103/0970-1591.174774
https://doi.org/10.1371/journal.pone.0032514
https://doi.org/10.1371/journal.pone.0032514
https://doi.org/10.1016/s1476-5586(04)80048-4
https://doi.org/10.1177/153537020222701013
https://doi.org/10.1177/153537020222701013
https://doi.org/10.1080/01635581.2016.1115527
https://doi.org/10.1080/01635581.2016.1115527
https://doi.org/10.1039/d0fo00565g
https://doi.org/10.1016/j.ccr.2006.09.005
https://doi.org/10.1177/1758834009356433
https://doi.org/10.1177/1758834009356433
https://doi.org/10.3390/ijms140714620
https://doi.org/10.1038/nchembio.118
https://doi.org/10.3747/co.v17i0.718
https://doi.org/10.3747/co.v17i0.718
https://seer.cancer.gov/csr/1975_2014/
https://doi.org/10.3892/ol.2018.8123
https://doi.org/10.1111/cas.13517
https://doi.org/10.1002/pros.21147
https://doi.org/10.1016/j.clnu.2007.01.002
https://doi.org/10.5173/ceju.2013.02.art8
https://doi.org/10.1016/j.urology.2006.10.019
https://doi.org/10.1016/j.urology.2006.10.019
https://doi.org/10.1002/cncr.11200
https://doi.org/10.1002/mnfr.200800167
https://doi.org/10.1186/1471-2164-15-1015
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Singla et al.

Chinese Hamster Ovary Cell Line: Design of REPUBLIC1986. Curr. Med.
Chem. 28. doi:10.2174/0929867328666210623150552

Ju, J., Hong, J., Zhou, J. N., Pan, Z., Bose, M., Liao, J., et al. (2005). Inhibition of
Intestinal Tumorigenesis in Apcmin/+ Mice by (-)-Epigallocatechin-3-Gallate,
the Major Catechin in green tea. Cancer Res. 65 (22), 10623-10631. doi:10.1158/
0008-5472.CAN-05-1949

Kallifatidis, G., Hoy, J. J., and Lokeshwar, B. L. (2016). Bioactive Natural
Products for Chemoprevention and Treatment of Castration-Resistant
Prostate Cancer. Semin. Cancer Biol. 40-41, 160-169. doi:10.1016/
j.semcancer.2016.06.003

Karamanolakis, D., Armakolas, A., and Koutsilieris, M. (2016). Castration-resistant
Prostate Cancer: The Targeting of Bone Microenvironment-Related Survival
Factors for Prostate Cancer Cells. Ccand 3 (1), 16-22. doi:10.2174/
2212697x03666151203202934

Karlou, M., Tzelepi, V., and Efstathiou, E. (2010). Therapeutic Targeting of the
Prostate Cancer Microenvironment. Nat. Rev. Urol. 7 (9), 494-509.
doi:10.1038/nrurol.2010.134

Kato, M., Banuelos, C. A., Imamura, Y., Leung, J. K, Caley, D. P., Wang, J., et al.
(2016). Cotargeting Androgen Receptor Splice Variants and mTOR Signaling
Pathway for the Treatment of Castration-Resistant Prostate Cancer. Clin.
Cancer Res. 22 (11), 2744-2754. doi:10.1158/1078-0432.Ccr-15-2119

Kaur, R,, Sharma, P., Gupta, G. K., Ntie-Kang, F., and Kumar, D. (2020). Structure-
Activity-Relationship and Mechanistic Insights for Anti-HIV Natural Products.
Molecules 25 (9). doi:10.3390/molecules25092070

Kaur, T., Sharma, P., Gupta, G. K., Ntie-Kang, F., and Kumar, D. (2019). Treatment
of Tuberculosis by Natural Drugs: A Review. Plant Arch. 19 (2), 2168-2176.

Kheirandish, P., and Chinegwundoh, F. (2011). Ethnic Differences in Prostate
Cancer. Br. ]. Cancer 105 (4), 481-485. doi:10.1038/bjc.2011.273

Kim, L., Rao, A. V., and Rao, L. G. (2002). Effect of Lycopene on Prostate LNCaP
Cancer Cells in Culture. J. Med. Food 5 (4), 181-187. doi:10.1089/
109662002763003320

Kirby, M., Hirst, C., and Crawford, E. D. (2011). Characterising the Castration-
Resistant Prostate Cancer Population: a Systematic Review. Int. J. Clin. Pract. 65
(11), 1180-1192. doi:10.1111/j.1742-1241.2011.02799.x

Kjaer, T. N,, Ornstrup, M. J., Poulsen, M. M., Jorgensen, J. O., Hougaard, D. M,
Cohen, A. S,, etal. (2015). Resveratrol Reduces the Levels of Circulating Androgen
Precursors but Has No Effect on, Testosterone, Dihydrotestosterone, PSA Levels
or Prostate Volume. A 4-month Randomised Trial in Middle-Aged Men. Prostate
75 (12), 1255-1263. doi:10.1002/pros.23006

Kotsakis, A., Matikas, A., Koinis, F., Kentepozidis, N., Varthalitis, I. I., Karavassilis,
V., et al. (2016). A Multicentre Phase II Trial of Cabazitaxel in Patients with
Advanced Non-small-cell Lung Cancer Progressing after Docetaxel-Based
Chemotherapy. Br. J. Cancer 115 (7), 784-788. doi:10.1038/bjc.2016.281

Krumenacker, J. S., Hanafy, K. A., and Murad, F. (2004). Regulation of Nitric Oxide
and Soluble Guanylyl Cyclase. Brain Res. Bull. 62 (6), 505-515. doi:10.1016/
$0361-9230(03)00102-3

Kucuk, O,, Sarkar, F. H., Sakr, W., Djuric, Z., Pollak, M. N., Khachik, F., et al. (2001).
Phase II Randomized Clinical Trial of Lycopene Supplementation before Radical
Prostatectomy. Cancer Epidemiol. Biomarkers Prev. 10 (8), 861-868.
Kiihl, S.J., and Kiihl, M. (2013). On the Role of Wnt/B-Catenin Signaling in Stem Cells.
Biochim. Biophys. Acta 1830 (2), 2297-2306. doi:10.1016/j.bbagen.2012.08.010
Kumar, D., and Jain, S. K. (2016). A Comprehensive Review of N-Heterocycles as
Cytotoxic Agents. Curr. Med. Chem. 23 (38), 4338-4394. do0i:10.2174/
0929867323666160809093930

Kumar, D., Malik, F., Bedi, P. M., and Jain, S. (2016a). 2,4-Diarylpyrano(3,2-c]
chromen-5(4H)-ones as Antiproliferative Agents. Chem. Pharm. Bull. (Tokyo)
64 (5), 399-409. doi:10.1248/cpb.c15-00958

Kumar, D., Nepali, K., Bedi, P. M., Kumar, S., Malik, F., and Jain, S. (2015a). 4,6-
diaryl Pyrimidones as Constrained Chalcone Analogues: Design, Synthesis and
Evaluation as Antiproliferative Agents. Anticancer Agents Med. Chem. 15 (6),
793-803. doi:10.2174/1871520615666150318101436

Kumar, D., Sharma, P., Nepali, K., Mahajan, G., Mintoo, M. J.,, Singh, A., et al.
(2018a). Antitumour, Acute Toxicity and Molecular Modeling Studies of 4-
(pyridin-4-Y1)-6-(thiophen-2-YI) Pyrimidin-2(1h)-One against Ehrlich Ascites
Carcinoma and Sarcoma-180. Heliyon 4 (6), €00661. doi:10.1016/
j-heliyon.2018.e00661

Kumar, D, Singh, G., Sharma, P., Qayum, A., Mahajan, G., Mintoo, M. ], et al.
(2018b). 4-aryl/heteroaryl-4H-fused Pyrans as Anti-proliferative Agents:

Natural Products as Anti-CRPC Agents

Design, Synthesis and Biological Evaluation. Anticancer Agents Med. Chem.
18 (1), 57-73. doi:10.2174/1871520617666170918143911

Kumar, D., Singh, O., Nepali, K., Bedi, P., Qayum, A,, Singh, S, et al. (2016b).
Naphthoflavones as Antiproliferative Agents: Design, Synthesis and Biological
Evaluation. Anticancer Agents Med. Chem. 16 (7), 881-890. doi:10.2174/
1871520616666160204113536

Kumar, D., Sharma, P., Kaur, R,, Lobe, M. M., Gupta, G. K., and Ntie-Kang, F.
(2021). In Search of Therapeutic Candidates for HIV/AIDS: Rational
Approaches, Design Strategies, Structure-Activity ~Relationship and
Mechanistic Insights. RSC Adv. 11 (29), 17936-17964. doi:10.1039/d0ral0655k

Kumar, D., Sharma, P., Singh, H., Nepali, K., Gupta, G. K,, Jain, S. K,, et al. (2017).
The Value of Pyrans as Anticancer Scaffolds in Medicinal Chemistry. RSC Adv.
7 (59), 36977-36999. d0i:10.1039/c7ra05441f

Kumar, N. B., Pow-Sang, J., Egan, K. M., Spiess, P. E., Dickinson, S., Salup, R., et al.
(2015b). Randomized, Placebo-Controlled Trial of Green Tea Catechins for
Prostate Cancer Prevention. Cancer Prev. Res. (Phila) 8 (10), 879-887.
doi:10.1158/1940-6207.CAPR-14-0324

Kwan, W., Duncan, G., Van Patten, C., Liu, M., and Lim, J. (2010). A Phase II Trial
of a Soy Beverage for Subjects without Clinical Disease with Rising Prostate-
specific Antigen after Radical Radiation for Prostate Cancer. Nutr. Cancer 62
(2), 198-207. doi:10.1080/01635580903305318

Lall, R. K., Adhami, V. M., and Mukhtar, H. (2016). Dietary Flavonoid Fisetin for
Cancer Prevention and Treatment. Mol. Nutr. Food Res. 60 (6), 1396-1405.
doi:10.1002/mnfr.201600025

Lazarevic, B., Hammarstrom, C., Yang, J., Ramberg, H., Diep, L. M., Karlsen, S. J.,
et al. (2012). The Effects of Short-Term Genistein Intervention on Prostate
Biomarker Expression in Patients with Localised Prostate Cancer before Radical
Prostatectomy. Br. J. Nutr. 108 (12), 2138-2147. doi:10.1017/
S0007114512000384

Lee, C,, Light, A, Alaa, A., Thurtle, D., van der Schaar, M., and Gnanapragasam, V.
J. (2021). Application of a Novel Machine Learning Framework for Predicting
Non-metastatic Prostate Cancer-specific Mortality in Men Using the
Surveillance, Epidemiology, and End Results (SEER) Database. Lancet Digit
Health 3 (3), e158-€165. doi:10.1016/52589-7500(20)30314-9

Lee, C,, Zame, W., Alaa, A., and Schaar, M. (2019a). “Temporal Quilting for Survival
Analysis,” in Proceedings of the Twenty-Second International Conference on
Artificial Intelligence and Statistics, Naha, Okinawa, Japan. Editors C. Kamalika
and S. Masashi (Proceedings of Machine Learning Research: PMLR)

Lee, D., Lee, W. Y., Jung, K., Kwon, Y. S., Kim, D., Hwang, G. S., et al. (2019b). The
Inhibitory Effect of Cordycepin on the Proliferation of MCF-7 Breast Cancer
Cells, and its Mechanism: An Investigation Using Network Pharmacology-
Based Analysis. Biomolecules 9 (9). doi:10.3390/biom9090414

Lee, M. H.,, Kundu, J. K., Keum, Y. S., Cho, Y. Y., Surh, Y.J., and Choi, B. Y. (2014).
Resveratrol Inhibits IL-6-Induced Transcriptional Activity of AR and STAT3 in
Human Prostate Cancer LNCaP-FGC Cells. Biomol. Ther. (Seoul) 22 (5),
426-430. doi:10.4062/biomolther.2014.061

Li, J., Cao, B,, Liu, X., Fu, X, Xiong, Z., Chen, L., et al. (2011). Berberine Suppresses
Androgen Receptor Signaling in Prostate Cancer. Mol. Cancer Ther. 10 (8),
1346-1356. doi:10.1158/1535-7163.MCT-10-0985

Li, S., Fan, T. P,, Jia, W., Lu, A,, and Zhang, W. (2014). Network Pharmacology in
Traditional Chinese Medicine. Evid. Based Complement. Alternat Med. 2014,
138460-138462. doi:10.1155/2014/138460

Li, S, Zhang, B, Jiang, D., Wei, Y., and Zhang, N. (2010). Herb Network
Construction and Co-module Analysis for Uncovering the Combination
Rule of Traditional Chinese Herbal Formulae. BMC Bioinformatics 11 (S11),
S6. doi:10.1186/1471-2105-11-s11-s6

Li, S., and Zhang, B. (2013). Traditional Chinese Medicine Network Pharmacology:
Theory, Methodology and Application. Chin. J. Nat. Med. 11 (2), 110-120.
doi:10.1016/s1875-5364(13)60037-0

Li, Y., Chinni, S. R,, and Sarkar, F. H. (2005). Selective Growth Regulatory and
Pro-apoptotic Effects of DIM Is Mediated BY AKT and NF-kappaB
Pathways in Prostate Cancer Cells. Front. Biosci. 10 (1-3), 236-243.
doi:10.2741/1523

Lian, F., Sharma, N. V., Moran, J. D., and Moreno, C. S. (2015). The Biology of
Castration-Resistant Prostate Cancer. Curr. Probl. Cancer 39 (1), 17-28.
doi:10.1016/j.currproblcancer.2014.11.004

Liao, Y., Liu, Y., Xia, X., Shao, Z., Huang, C,, He, ], et al. (2020). Targeting GRP78-
dependent AR-V7 Protein Degradation Overcomes Castration-Resistance in

Frontiers in Pharmacology | www.frontiersin.org

21

October 2021 | Volume 12 | Article 732266


https://doi.org/10.2174/0929867328666210623150552
https://doi.org/10.1158/0008-5472.CAN-05-1949
https://doi.org/10.1158/0008-5472.CAN-05-1949
https://doi.org/10.1016/j.semcancer.2016.06.003
https://doi.org/10.1016/j.semcancer.2016.06.003
https://doi.org/10.2174/2212697x03666151203202934
https://doi.org/10.2174/2212697x03666151203202934
https://doi.org/10.1038/nrurol.2010.134
https://doi.org/10.1158/1078-0432.Ccr-15-2119
https://doi.org/10.3390/molecules25092070
https://doi.org/10.1038/bjc.2011.273
https://doi.org/10.1089/109662002763003320
https://doi.org/10.1089/109662002763003320
https://doi.org/10.1111/j.1742-1241.2011.02799.x
https://doi.org/10.1002/pros.23006
https://doi.org/10.1038/bjc.2016.281
https://doi.org/10.1016/s0361-9230(03)00102-3
https://doi.org/10.1016/s0361-9230(03)00102-3
https://doi.org/10.1016/j.bbagen.2012.08.010
https://doi.org/10.2174/0929867323666160809093930
https://doi.org/10.2174/0929867323666160809093930
https://doi.org/10.1248/cpb.c15-00958
https://doi.org/10.2174/1871520615666150318101436
https://doi.org/10.1016/j.heliyon.2018.e00661
https://doi.org/10.1016/j.heliyon.2018.e00661
https://doi.org/10.2174/1871520617666170918143911
https://doi.org/10.2174/1871520616666160204113536
https://doi.org/10.2174/1871520616666160204113536
https://doi.org/10.1039/d0ra10655k
https://doi.org/10.1039/c7ra05441f
https://doi.org/10.1158/1940-6207.CAPR-14-0324
https://doi.org/10.1080/01635580903305318
https://doi.org/10.1002/mnfr.201600025
https://doi.org/10.1017/S0007114512000384
https://doi.org/10.1017/S0007114512000384
https://doi.org/10.1016/s2589-7500(20)30314-9
https://doi.org/10.3390/biom9090414
https://doi.org/10.4062/biomolther.2014.061
https://doi.org/10.1158/1535-7163.MCT-10-0985
https://doi.org/10.1155/2014/138460
https://doi.org/10.1186/1471-2105-11-s11-s6
https://doi.org/10.1016/s1875-5364(13)60037-0
https://doi.org/10.2741/1523
https://doi.org/10.1016/j.currproblcancer.2014.11.004
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Singla et al.

Prostate Cancer Therapy. Theranostics 10 (8), 3366-3381. doi:10.7150/
thno.41849

Lill, M. A. (2007). Multi-dimensional QSAR in Drug Discovery. Drug Discov.
Today 12 (23-24), 1013-1017. doi:10.1016/j.drudis.2007.08.004

Lin, F. M,, Chen, L. R, Lin, E. H,, Ke, F. C,, Chen, H. Y., Tsai, M. J., et al. (2007).
Compounds from Wedelia Chinensis Synergistically Suppress Androgen
Activity and Growth in Prostate Cancer Cells. Carcinogenesis 28 (12),
2521-2529. doi:10.1093/carcin/bgm137

Lin, Y., Chen, F., Shen, L., Tang, X., Du, C,, Sun, Z., et al. (2018). Biomarker
microRNAs for Prostate Cancer Metastasis: Screened with a Network
Vulnerability Analysis Model. J. Transl Med. 16 (1), 134. doi:10.1186/
$12967-018-1506-7

Lin, Y., Miao, Z., Zhang, X., Wei, X., Hou, ., Huang, Y., et al. (2021). Identification
of Key MicroRNAs and Mechanisms in Prostate Cancer Evolution Based on
Biomarker Prioritization Model and Carcinogenic Survey. Front. Genet. 11.
doi:10.3389/fgene.2020.596826

Lipinski, C. F., Maltarollo, V. G., Oliveira, P. R., da Silva, A. B. F., and Honorio, K.
M. (2019). Advances and Perspectives in Applying Deep Learning for Drug
Design and Discovery. Front. Robot Al 6, 108. doi:10.3389/frobt.2019.00108

Liu, G., Kelly, W. K., Wilding, G., Leopold, L., Brill, K., and Somer, B. (2009). An
Open-Label, Multicenter, Phase I/II Study of Single-Agent AT-101 in Men with
Castrate-Resistant Prostate Cancer. Clin. Cancer Res. 15 (9), 3172-3176.
doi:10.1158/1078-0432.Ccr-08-2985

Liu, X,, He, Z,, Li, C. H,, Huang, G., Ding, C., and Liu, H. (2012). Correlation
Analysis of JAK-STAT Pathway Components on Prognosis of Patients with
Prostate Cancer. Pathol. Oncol. Res. 18 (1), 17-23. doi:10.1007/s12253-011-
9410-y

Liu, X, Wu, J., Zhang, D., Wang, K., Duan, X., Meng, Z., et al. (2018). Network
Pharmacology-Based Approach to Investigate the Mechanisms ofHedyotis
diffusaWilld. In the Treatment of Gastric Cancer. Evidence-Based
Complement. Altern. Med. 2018, 1-17. doi:10.1155/2018/7802639

Luo, H., Vong, C. T., Chen, H., Gao, Y., Lyu, P., Qiu, L., et al. (2019). Naturally
Occurring Anti-cancer Compounds: Shining from Chinese Herbal Medicine.
Chin. Med. 14 (1), 48. doi:10.1186/513020-019-0270-9

Luo, J., Wang, D., Wan, X, Xu, Y., Lu, Y., Kong, Z., et al. (2020). Crosstalk between
AR and Wnt Signaling Promotes Castration-Resistant Prostate Cancer Growth.
Onco Targets Ther. 13, 9257-9267. doi:10.2147/OTT.S245861

Mahammedi, H., Planchat, E., Pouget, M., Durando, X., Curé, H., Guy, L., et al.
(2016). The New Combination Docetaxel, Prednisone and Curcumin in
Patients with Castration-Resistant Prostate Cancer: A Pilot Phase II Study.
Oncology 90 (2), 69-78. doi:10.1159/000441148

Mahmoud, A. M., Yang, W., and Bosland, M. C. (2014). Soy Isoflavones and
Prostate Cancer: a Review of Molecular Mechanisms. J. Steroid Biochem. Mol.
Biol. 140, 116-132. doi:10.1016/j.jsbmb.2013.12.010

Majumdar, D. D. (1985). Trends in Pattern Recognition and Machine Learning.
Dsj 35 (3), 327-351. doi:10.14429/dsj.35.6027

Mann, J. (2002). Natural Products in Cancer Chemotherapy: Past, Present and
Future. Nat. Rev. Cancer 2 (2), 143-148. doi:10.1038/nrc723

Mantena, S. K., Sharma, S. D., and Katiyar, S. K. (2006). Berberine, a Natural
Product, Induces Gl-phase Cell Cycle Arrest and Caspase-3-dependent
Apoptosis in Human Prostate Carcinoma Cells. Mol. Cancer Ther. 5 (2),
296-308. doi:10.1158/1535-7163.MCT-05-0448

Mariani, S., Lionetto, L., Cavallari, M., Tubaro, A., Rasio, D., De Nunzio, C,, et al.
(2014). Low Prostate Concentration of Lycopene Is Associated with
Development of Prostate Cancer in Patients with High-Grade Prostatic
Intraepithelial Neoplasia. Int. J. Mol. Sci. 15 (1), 1433-1440. doi:10.3390/
{jms15011433

Maskarinec, G., Morimoto, Y., Hebshi, S., Sharma, S., Franke, A. A., and Stanczyk,
F. Z. (2006). Serum Prostate-specific Antigen but Not Testosterone Levels
Decrease in a Randomized Soy Intervention Among Men. Eur. J. Clin. Nutr. 60
(12), 1423-1429. doi:10.1038/sj.ejcn.1602473

Mbese, Z., Khwaza, V., and Aderibigbe, B. A. (2019). Curcumin and its Derivatives
as Potential Therapeutic Agents in Prostate, Colon and Breast Cancers.
Molecules 24 (23). doi:10.3390/molecules24234386

MclLarty, J., Bigelow, R. L., Smith, M., Elmajian, D., Ankem, M., and Cardelli, J. A.
(2009). Tea Polyphenols Decrease Serum Levels of Prostate-specific Antigen,
Hepatocyte Growth Factor, and Vascular Endothelial Growth Factor in
Prostate Cancer Patients and Inhibit Production of Hepatocyte Growth

Natural Products as Anti-CRPC Agents

Factor and Vascular Endothelial Growth Factor In Vitro. Cancer Prev. Res.
(Phila) 2 (7), 673-682. doi:10.1158/1940-6207.CAPR-08-0167

McMenamin, M. E., Soung, P., Perera, S., Kaplan, I, Loda, M., and Sellers, W. R.
(1999). Loss of PTEN Expression in Paraffin-Embedded Primary Prostate
Cancer Correlates with High Gleason Score and Advanced Stage. Cancer
Res. 59 (17), 4291-4296.

Mendiratta, P., Mostaghel, E., Guinney, J., Tewari, A. K., Porrello, A., Barry, W. T.,
et al. (2009). Genomic Strategy for Targeting Therapy in Castration-Resistant
Prostate Cancer. J. Clin. Oncol. 27 (12), 2022-2029. doi:10.1200/
j€0.2008.17.2882

Mirahmadi, M., Azimi-Hashemi, S., Saburi, E., Kamali, H., Pishbin, M., and
Hadizadeh, F. (2020). Potential Inhibitory Effect of Lycopene on Prostate
Cancer. Biomed. Pharmacother. 129, 110459. doi:10.1016/j.biopha.2020.110459

Mishra, R., Sareen, S., Sharma, B., Goyal, S., Kaur, G., Bhardwaj, S., et al. (2017).
Phenothiazines and Related Drugs as Multi Drug Resistance Reversal Agents in
Cancer Chemotherapy Mediated by P-Glycoprotein. Cctr 13 (1). doi:10.2174/
1573394713666170524122904

Mitani, T., Harada, N., Tanimori, S., Nakano, Y., Inui, H., and Yamaji, R. (2014).

Inhibits Hypoxia-Inducible Factor-la-Mediated ~Androgen
Receptor Signaling and Represses Tumor Progression in Castration-
Resistant Prostate Cancer. J. Nutr. Sci. Vitaminol (Tokyo) 60 (4), 276-282.
doi:10.3177/jnsv.60.276

Miyanaga, N., Akaza, H., Hinotsu, S., Fujioka, T., Naito, S., Namiki, M., et al.
(2012). Prostate Cancer Chemoprevention Study: an Investigative Randomized
Control Study Using Purified Isoflavones in Men with Rising Prostate-specific
Antigen. Cancer Sci. 103 (1), 125-130. doi:10.1111/j.1349-7006.2011.02120.x

Mokbel, K., Wazir, U., and Mokbel, K. (2019). Chemoprevention of Prostate
Cancer by Natural Agents: Evidence from Molecular and Epidemiological
Studies. Anticancer Res. 39 (10), 5231-5259. doi:10.21873/anticanres.13720

Montagnani Marelli, M., Marzagalli, M., Fontana, F., Raimondi, M., Moretti, R. M.,
and Limonta, P. (2019). Anticancer Properties of Tocotrienols: A Review of
Cellular Mechanisms and Molecular Targets. J. Cel Physiol 234 (2), 1147-1164.
doi:10.1002/jcp.27075

Mukhopadhyay, A., Bueso-Ramos, C., Chatterjee, D., Pantazis, P., and Aggarwal, B.
B. (2001). Curcumin Downregulates Cell Survival Mechanisms in Human
Prostate Cancer Cell Lines. Oncogene 20 (52), 7597-7609. doi:10.1038/
sj.onc.1204997

Napora, J. K, Short, R. G., Muller, D. C,, Carlson, O. D., Odetunde, J. O., Xu, X,,
et al. (2011). High-dose Isoflavones Do Not Improve Metabolic and
Inflammatory Parameters in Androgen-Deprived Men with Prostate Cancer.
J. Androl. 32 (1), 40-48. doi:10.2164/jandrol.110.010983

Neto, A. S., Tobias-Machado, M., Wroclawski, M. L., Fonseca, F. L., Pompeo, A. C.,
and Del Giglio, A. (2010). Molecular Oncogenesis of Prostate Adenocarcinoma:
Role of the Human Epidermal Growth Factor Receptor 2 (HER-2/neu). Tumori
96 (5), 645-649. d0i:10.1177/030089161009600501

Newman, D. J., and Cragg, G. M. (2016). Natural Products as Sources of New Drugs
from 1981 to 2014. J. Nat. Prod. 79 (3), 629-661. doi:10.1021/
acs.jnatprod.5b01055

Newman, D. J., Cragg, G. M., and Snader, K. M. (2000). The Influence of Natural
Products upon Drug Discovery. Nat. Prod. Rep. 17 (3), 215-234. d0i:10.1039/
2902202c¢

Nguyen, M. M., Ahmann, F. R., Nagle, R. B., Hsu, C. H,, Tangrea, J. A., Parnes, H.
L., et al. (2012). Randomized, Double-Blind, Placebo-Controlled Trial of
Polyphenon E in Prostate Cancer Patients before Prostatectomy: Evaluation
of Potential Chemopreventive Activities. Cancer Prev. Res. (Phila) 5 (2),
290-298. doi:10.1158/1940-6207.CAPR-11-0306

Nishimura, M., Fuchino, H., Takayanagi, K., Kawakami, H., Nakayama, H.,
Kawahara, N., et al. (2021). Toxicity of Jegosaponins A and B from Styrax
japonica Siebold Zuccarini in Prostate Cancer Cells and Zebrafish Embryos
Resulting from Increased Membrane Permeability. Ijms 22 (12), 6354.
doi:10.3390/ijms22126354

Oudard, S., Fizazi, K., Sengelov, L., Daugaard, G., Saad, F., Hansen, S., et al. (2017).
Cabazitaxel versus Docetaxel as First-Line Therapy for Patients with Metastatic
Castration-Resistant Prostate Cancer: A Randomized Phase III Trial-
FIRSTANA. J. Clin. Oncol. 35 (28), 3189-3197. doi:10.1200/jc0.2016.72.1068

Paller, C.J., Rudek, M. A., Zhou, X. C., Wagner, W. D., Hudson, T. S., Anders,
N., et al. (2015). A Phase I Study of Muscadine Grape Skin Extract in
Men with Biochemically Recurrent Prostate Cancer: Safety, Tolerability,

Resveratrol

Frontiers in Pharmacology | www.frontiersin.org

22

October 2021 | Volume 12 | Article 732266


https://doi.org/10.7150/thno.41849
https://doi.org/10.7150/thno.41849
https://doi.org/10.1016/j.drudis.2007.08.004
https://doi.org/10.1093/carcin/bgm137
https://doi.org/10.1186/s12967-018-1506-7
https://doi.org/10.1186/s12967-018-1506-7
https://doi.org/10.3389/fgene.2020.596826
https://doi.org/10.3389/frobt.2019.00108
https://doi.org/10.1158/1078-0432.Ccr-08-2985
https://doi.org/10.1007/s12253-011-9410-y
https://doi.org/10.1007/s12253-011-9410-y
https://doi.org/10.1155/2018/7802639
https://doi.org/10.1186/s13020-019-0270-9
https://doi.org/10.2147/OTT.S245861
https://doi.org/10.1159/000441148
https://doi.org/10.1016/j.jsbmb.2013.12.010
https://doi.org/10.14429/dsj.35.6027
https://doi.org/10.1038/nrc723
https://doi.org/10.1158/1535-7163.MCT-05-0448
https://doi.org/10.3390/ijms15011433
https://doi.org/10.3390/ijms15011433
https://doi.org/10.1038/sj.ejcn.1602473
https://doi.org/10.3390/molecules24234386
https://doi.org/10.1158/1940-6207.CAPR-08-0167
https://doi.org/10.1200/jco.2008.17.2882
https://doi.org/10.1200/jco.2008.17.2882
https://doi.org/10.1016/j.biopha.2020.110459
https://doi.org/10.2174/1573394713666170524122904
https://doi.org/10.2174/1573394713666170524122904
https://doi.org/10.3177/jnsv.60.276
https://doi.org/10.1111/j.1349-7006.2011.02120.x
https://doi.org/10.21873/anticanres.13720
https://doi.org/10.1002/jcp.27075
https://doi.org/10.1038/sj.onc.1204997
https://doi.org/10.1038/sj.onc.1204997
https://doi.org/10.2164/jandrol.110.010983
https://doi.org/10.1177/030089161009600501
https://doi.org/10.1021/acs.jnatprod.5b01055
https://doi.org/10.1021/acs.jnatprod.5b01055
https://doi.org/10.1039/a902202c
https://doi.org/10.1039/a902202c
https://doi.org/10.1158/1940-6207.CAPR-11-0306
https://doi.org/10.3390/ijms22126354
https://doi.org/10.1200/jco.2016.72.1068
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Singla et al.

and Dose Determination. Prostate 75 (14), 1518-1525. doi:10.1002/
pros.23024

Paller, C. ], Zhou, X. C,, Heath, E. I, Taplin, M. E., Mayer, T., Stein, M. N, et al.
(2018). Muscadine Grape Skin Extract (MPX) in Men with Biochemically
Recurrent Prostate Cancer: A Randomized, Multicenter, Placebo-Controlled
Clinical Trial. Clin. Cancer Res. 24 (2), 306-315. doi:10.1158/1078-0432.CCR-
17-1100

Pantuck, A. ], Lee, D.-K,, Kee, T., Wang, P., Lakhotia, S., Silverman, M. H,, et al.
(2018). Modulating BET Bromodomain Inhibitor ZEN-3694 and Enzalutamide
Combination Dosing in a Metastatic Prostate Cancer Patient Using
CURATE.AL, an Artificial Intelligence Platform. Adv. Therap. 1 (6),
1800104. doi:10.1002/adtp.201800104

Park, S. I, Shah, A. N.,, Zhang, J., and Gallick, G. E. (2007). Regulation of
Angiogenesis and Vascular Permeability by Src Family Kinases:
Opportunities for Therapeutic Treatment of Solid Tumors. Expert Opin.
Ther. Targets 11 (9), 1207-1217. doi:10.1517/14728222.11.9.1207

Pendleton, J. M., Tan, W. W., Anai, S., Chang, M., Hou, W., Shiverick, K. T., et al.
(2008). Phase II Trial of Isoflavone in Prostate-specific Antigen Recurrent
Prostate Cancer after Previous Local Therapy. BMC Cancer 8, 132. doi:10.1186/
1471-2407-8-132

Perlmutter, M. A., and Lepor, H. (2007). Androgen Deprivation Therapy in the
Treatment of Advanced Prostate Cancer. Rev. Urol. 9 (Suppl. 1), S3-S8.

Petrylak, D. P. (2013). Current State of Castration-Resistant Prostate Cancer. Am.
J. Manag. Care 19 (18 Suppl. 1), s358-65.

Polakis, P. (2007). The many Ways of Wnt in Cancer. Curr. Opin. Genet. Dev. 17
(1), 45-51. doi:10.1016/j.gde.2006.12.007

Pool-Zobel, B. L., Bub, A., Miiller, H., Wollowski, I, and Rechkemmer, G. (1997).
Consumption of Vegetables Reduces Genetic Damage in Humans: First Results
of a Human Intervention Trial with Carotenoid-Rich Foods. Carcinogenesis 18
(9), 1847-1850. doi:10.1093/carcin/18.9.1847

Rahmani, A. H., Al Shabrmi, F. M., Allemailem, K. S., Aly, S. M., and Khan, M. A.
(2015). Implications of Green Tea and its Constituents in the Prevention of
Cancer via the Modulation of Cell Signalling Pathway. Biomed. Res. Int. 2015,
925640. doi:10.1155/2015/925640

Raju, B, Verma, H., Narendra, G., Sapra, B., and Silakari, O. (2021). Multiple
Machine Learning, Molecular Docking, and ADMET Screening Approach for
Identification of Selective Inhibitors of CYP1B1. J. Biomol. Struct. Dyn., 1-16.
doi:10.1080/07391102.2021.1905552

Ramalingam, S., Ramamurthy, V. P., and Njar, V. C. O. (2017). Dissecting Major
Signaling Pathways in Prostate Cancer Development and Progression:
Mechanisms and Novel Therapeutic Targets. J. Steroid Biochem. Mol. Biol.
166, 16-27. doi:10.1016/.jsbmb.2016.07.006

Rauf, A, Imran, M., Khan, I. A, ur-Rehman, M., Gilani, S. A., Mehmood, Z, et al.
(2018). Anticancer Potential of Quercetin: A Comprehensive Review. Phytother
Res. 32 (11), 2109-2130. doi:10.1002/ptr.6155

Rawla, P. (2019). Epidemiology of Prostate Cancer. World J. Oncol. 10 (2), 63-89.
doi:10.14740/wjon1191

Rebbeck, T. R, Devesa, S. S., Chang, B. L., Bunker, C. H., Cheng, L, Cooney, K.,
et al. (2013). Global Patterns of Prostate Cancer Incidence, Aggressiveness, and
Mortality in Men of African Descent. Prostate Cancer 2013, 560857-560912.
doi:10.1155/2013/560857

Reiner, T., Parrondo, R,, de Las Pozas, A., Palenzuela, D., and Perez-Stable, C. (2013).
Betulinic Acid Selectively Increases Protein Degradation and Enhances Prostate
Cancer-specific Apoptosis: Possible Role for Inhibition of Deubiquitinase Activity.
PLoS One 8 (2), €56234. doi:10.1371/journal.pone.0056234

Ren, S, Liu, Y., Xu, W,, Sun, Y,, Ly, J., Wang, F,, et al. (2013). Long Noncoding
RNA MALAT-1 Is a New Potential Therapeutic Target for Castration Resistant
Prostate Cancer. J. Urol. 190 (6), 2278-2287. doi:10.1016/j.juro.2013.07.001

Rotimi, S. O., Rotimi, O. A., Salako, A. A,, Jibrin, P., Oyelade, J., and Iweala, E. E. J.
(2019). Gene  Expression Profiling Analysis Reveals Putative
Phytochemotherapeutic Target for Castration-Resistant Prostate Cancer.
Front. Oncol. 9, 714. doi:10.3389/fonc.2019.00714

Rowley, D. R. (1998). What Might a Stromal Response Mean to Prostate Cancer
Progression? Cancer Metastasis Rev. 17 (4), 411-419. doi:10.1023/a:
1006129420005

Ru, ., Li, P., Wang, J., Zhou, W, Li, B., Huang, C,, et al. (2014). TCMSP: a Database
of Systems Pharmacology for Drug Discovery from Herbal Medicines.
J. Cheminform 6 (1), 13. doi:10.1186/1758-2946-6-13

Natural Products as Anti-CRPC Agents

Saadipoor, A., Razzaghdoust, A., Simforoosh, N., Mahdavi, A., Bakhshandeh,
M., Moghadam, M., et al. (2019). Randomized, Double-Blind, Placebo-
Controlled Phase II Trial of Nanocurcumin in Prostate Cancer Patients
Undergoing Radiotherapy. Phytother Res. 33 (2), 370-378. doi:10.1002/
ptr.6230

Saijo, N., Nishio, K., and Tamura, T. (2003). Translational and Clinical Studies of
Target-Based Cancer Therapy. Int. J. Clin. Oncol. 8 (4), 187-192. doi:10.1007/
510147-003-0324-x

Salehi, B., Fokou, P. V. T., Yamthe, L. R. T., Tali, B. T., Adetunji, C. O.,
Rahavian, A., et al. (2019). Phytochemicals in Prostate Cancer: From
Bioactive Molecules to Upcoming Therapeutic Agents. Nutrients 11 (7).
doi:10.3390/nul11071483

Sarkar, F. H., Li, Y., Wang, Z., and Kong, D. (2010). Novel Targets for Prostate
Cancer Chemoprevention. Endocr. Relat. Cancer 17 (3), R195-R212.
doi:10.1677/erc-10-0074

Schmidt, K. T., and Figg, W. D. (2016). The Potential Role of Curcumin in
Prostate Cancer: the Importance of Optimizing Pharmacokinetics in Clinical
Studies. Transl Cancer Res. 5 (Suppl. 6), S1107-S1110. doi:10.21037/
tcr.2016.11.04

Shackleton, E. G., Ali, H. Y., Khan, M., Pockley, G. A., and McArdle, S. E. (2021).
Novel Combinatorial Approaches to Tackle the Immunosuppressive
Microenvironment of Prostate Cancer. Cancers (Basel) 13 (5). doi:10.3390/
cancers13051145

Sharifi, N. (2013). Mechanisms of Androgen Receptor Activation in Castration-
Resistant Prostate Cancer. Endocrinology 154 (11), 4010-4017. doi:10.1210/
en.2013-1466

Sharma, P., Sharma, R., Rao, H., and Kumar, D. (2016). Phytochemistry and
Medicinal Attributes of A. Scholaris: A Review. Int. J. Pharm. Sci. Res. 7 (2),
1000-1010. doi:10.13040/ijpsr.0975-8232.6(12).505-13d0i:10.13040/
ijpsr.0975-8232.7(10).4164-69

Sharma, P., Shri, R., Ntie-Kang, F., and Kumar, S. (2021). Phytochemical and
Ethnopharmacological Perspectives of Ehretia Laevis. Molecules 26 (12), 3489.
doi:10.3390/molecules26123489

Shen, L., Bai, J., Wang, J., and Shen, B. (2021). The Fourth Scientific Discovery
Paradigm for Precision Medicine and Healthcare: Challenges Ahead. Precision
Clin. Med. 4 (2), 80-84. doi:10.1093/pcmedi/pbab007

Shi, S. H,, Cai, Y. P, Cai, X. ], Zheng, X. Y, Cao, D. S,, Ye, F. Q,, et al. (2014). A
Network Pharmacology Approach to Understanding the Mechanisms of
Action of Traditional Medicine: Bushenhuoxue Formula for Treatment of
Chronic Kidney Disease. PLoS ONE 9 (3), e89123. doi:10.1371/
journal.pone.0089123

Shimura, S., Yang, G., Ebara, S., Wheeler, T. M., Frolov, A., and Thompson, T. C.
(2000). Reduced Infiltration of Tumor-Associated Macrophages in Human
Prostate Cancer: Association with Cancer Progression. Cancer Res. 60 (20),
5857-5861.

Si, T. G., Wang, J. P., and Guo, Z. (2013). Analysis of Circulating Regulatory T Cells
(CD4+CD25+CD127-) after Cryosurgery in Prostate Cancer. Asian J. Androl.
15 (4), 461-465. d0i:10.1038/aja.2013.22

Singer, E. A, Golijanin, D. J., Miyamoto, H., and Messing, E. M. (2008). Androgen
Deprivation Therapy for Prostate Cancer. Expert Opin. Pharmacother. 9 (2),
211-228. doi:10.1517/14656566.9.2.211

Singh, C. K,, Siddiqui, I. A., El-Abd, S., Mukhtar, H., and Ahmad, N. (2016).
Combination Chemoprevention with Grape Antioxidants. Mol. Nutr. Food Res.
60 (6), 1406-1415. doi:10.1002/mnfr.201500945

Singla, R. K., Guimardes, A. G., and Zengin, G. (2020a). Editorial: Application of
Plant Secondary Metabolites to Pain Neuromodulation. Front. Pharmacol. 11,
623399. doi:10.3389/fphar.2020.623399

Singla, R. K. (2020). Secondary Metabolites as Treatment of Choice for
Metabolic Disorders and Infectious Diseases and Their Metabolic
Profiling: Part 1. Curr. Drug Metab. 21 (7), 480-481. doi:10.2174/
138920022107200925101631

Singla, R. K., and Shen, B. (2020). In Silico ADME-T Evaluation of Natural DPP-IV
Inhibitors for Rational Drug Design against Diabetes. Curr. Drug Metab. 21
(10), 768-777. doi:10.2174/1389200221999200901202945

Singla, R. K., and Singla, R. K. (2020). Secondary Metabolites as Treatment of
Choice for Metabolic Disorders and Infectious Diseases and Their Metabolic
Profiling: Part 1. Curr. Drug Metab. 21 (14), 480-481. doi:10.2174/
13892002211420123014220410.2174/138920022107200925101631

Frontiers in Pharmacology | www.frontiersin.org

23

October 2021 | Volume 12 | Article 732266


https://doi.org/10.1002/pros.23024
https://doi.org/10.1002/pros.23024
https://doi.org/10.1158/1078-0432.CCR-17-1100
https://doi.org/10.1158/1078-0432.CCR-17-1100
https://doi.org/10.1002/adtp.201800104
https://doi.org/10.1517/14728222.11.9.1207
https://doi.org/10.1186/1471-2407-8-132
https://doi.org/10.1186/1471-2407-8-132
https://doi.org/10.1016/j.gde.2006.12.007
https://doi.org/10.1093/carcin/18.9.1847
https://doi.org/10.1155/2015/925640
https://doi.org/10.1080/07391102.2021.1905552
https://doi.org/10.1016/j.jsbmb.2016.07.006
https://doi.org/10.1002/ptr.6155
https://doi.org/10.14740/wjon1191
https://doi.org/10.1155/2013/560857
https://doi.org/10.1371/journal.pone.0056234
https://doi.org/10.1016/j.juro.2013.07.001
https://doi.org/10.3389/fonc.2019.00714
https://doi.org/10.1023/a:1006129420005
https://doi.org/10.1023/a:1006129420005
https://doi.org/10.1186/1758-2946-6-13
https://doi.org/10.1002/ptr.6230
https://doi.org/10.1002/ptr.6230
https://doi.org/10.1007/s10147-003-0324-x
https://doi.org/10.1007/s10147-003-0324-x
https://doi.org/10.3390/nu11071483
https://doi.org/10.1677/erc-10-0074
https://doi.org/10.21037/tcr.2016.11.04
https://doi.org/10.21037/tcr.2016.11.04
https://doi.org/10.3390/cancers13051145
https://doi.org/10.3390/cancers13051145
https://doi.org/10.1210/en.2013-1466
https://doi.org/10.1210/en.2013-1466
https://doi.org/10.13040/ijpsr.0975-8232.6(12).505-13
https://doi.org/10.13040/ijpsr.0975-8232.7(10).4164-69
https://doi.org/10.13040/ijpsr.0975-8232.7(10).4164-69
https://doi.org/10.3390/molecules26123489
https://doi.org/10.1093/pcmedi/pbab007
https://doi.org/10.1371/journal.pone.0089123
https://doi.org/10.1371/journal.pone.0089123
https://doi.org/10.1038/aja.2013.22
https://doi.org/10.1517/14656566.9.2.211
https://doi.org/10.1002/mnfr.201500945
https://doi.org/10.3389/fphar.2020.623399
https://doi.org/10.2174/138920022107200925101631
https://doi.org/10.2174/138920022107200925101631
https://doi.org/10.2174/1389200221999200901202945
https://doi.org/10.2174/13892002211420123014220410.2174/138920022107200925101631
https://doi.org/10.2174/13892002211420123014220410.2174/138920022107200925101631
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Singla et al.

Singla, R. K., Sultana, A., Alam, M. S., and Shen, B. (2020b). Regulation of
Pain  Genes-Capsaicin  vs  Resiniferatoxin: Reassessment  of
Transcriptomic Data. Front. Pharmacol. 11, 551786. doi:10.3389/
fphar.2020.551786

Smith, D. C., Smith, M. R,, Sweeney, C,, Elfiky, A. A, Logothetis, C., Corn, P. G.,
et al. (2013). Cabozantinib in Patients with Advanced Prostate Cancer: Results
of a Phase II Randomized Discontinuation Trial. J. Clin. Oncol. 31 (4), 412-419.
doi:10.1200/jc0.2012.45.0494

Song, Y., Wang, H,, Pan, Y., and Liu, T. (2019). Investigating the Multi-Target
Pharmacological Mechanism of Hedyotis Diffusa Willd Acting on Prostate
Cancer: A Network Pharmacology Approach. Biomolecules 9 (10). doi:10.3390/
biom9100591

Studer, U. E., Hauri, D., Hanselmann, S., Chollet, D., Leisinger, H. J., Gasser, T.,
et al. (2004). Immediate versus Deferred Hormonal Treatment for Patients with
Prostate Cancer Who Are Not Suitable for Curative Local Treatment: Results of
the Randomized Trial SAKK 08/88. J. Clin. Oncol. 22 (20), 4109-4118.
doi:10.1200/jc0.2004.11.514

Su, P.-J., Fang, Y.-A., Chang, Y.-C., Kuo, Y.-C,, and Lin, Y.-C. (2019). Establish
a Predictive Model for High-Risk De Novo Metastatic Prostate Cancer
Patients by Machine Learning. Jgo 5 (Suppl. 1), 13. doi:10.1200/
JGO.2019.5.suppl.13

Sung, H., Ferlay, ], Siegel, R. L., Laversanne, M., Soerjomataram, I., Jemal, A, et al.
(2021). Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and
Mortality Worldwide for 36 Cancers in 185 Countries. CA A. Cancer J. Clin. 71
(3), 209-249. doi:10.3322/caac.21660

Suryanarayana, R., Kumar, T. N. V. G., Mathew, J., Kandale, A., and Singla, R. K.
(2015). Synthesis & Biological Evaluation of 1, 3, 4- Oxadiazoles as
Anticancer Agents. Igjps 05 (1), 01-05. doi:10.35652/igjps.2015.17

Swami, S., Krishnan, A. V., Moreno, J., Bhattacharyya, R. S., Gardner, C., Brooks,
J. D., et al. (2009). Inhibition of Prostaglandin Synthesis and Actions by
Genistein in Human Prostate Cancer Cells and by Soy Isoflavones in
Prostate Cancer Patients. Int. J. Cancer 124 (9), 2050-2059. doi:10.1002/
ijc.24161

Tang, Y., Yan, W., Chen, J., Luo, C., Kaipia, A., and Shen, B. (2013).
Identification of Novel microRNA Regulatory Pathways Associated with
Heterogeneous Prostate Cancer. BMC Syst. Biol. 7 (Suppl. 3), S6.
doi:10.1186/1752-0509-7-s3-s6

Taylor, W. F., and Jabbarzadeh, E. (2017). The Use of Natural Products to Target
Cancer Stem Cells. Am. J. Cancer Res. 7 (7), 1588-1605.

Teiten, M. H., Gaascht, F., Eifes, S., Dicato, M., and Diederich, M. (2010).
Chemopreventive Potential of Curcumin in Prostate Cancer. Genes Nutr. 5
(1), 61-74. doi:10.1007/s12263-009-0152-3

Teo, M. Y., Rathkopf, D. E,, and Kantoff, P. (2019). Treatment of Advanced
Prostate Cancer. Annu. Rev. Med. 70 (1), 479-499. doi:10.1146/annurev-med-
051517-011947

Thangapazham, R. L., Singh, A. K., Sharma, A., Warren, J., Gaddipati, J. P., and
Maheshwari, R. K. (2007). Green tea Polyphenols and its Constituent
Epigallocatechin Gallate Inhibits Proliferation of Human Breast Cancer
Cells In Vitro and In Vivo. Cancer Lett. 245 (1-2), 232-241. doi:10.1016/
j-canlet.2006.01.027

Tian, Y., Zhao, L., Wang, Y., Zhang, H., Xu, D., Zhao, X,, et al. (2016). Berberine
Inhibits Androgen Synthesis by Interaction with Aldo-Keto Reductase 1C3 in
22Rvl1 Prostate Cancer Cells. Asian J. Androl. 18 (4), 607-612. do0i:10.4103/
1008-682x.169997

Tsodikov, A., Gulati, R., Heijnsdijk, E. A. M., Pinsky, P. F., Moss, S. M., Qiu, S., et al.
(2017). Reconciling the Effects of Screening on Prostate Cancer Mortality in the
ERSPC and PLCO Trials. Ann. Intern. Med. 167 (7), 449-455. doi:10.7326/
m16-2586

Urbanucci, A., Sahu, B., Seppilj, J., Larjo, A., Latonen, L. M., Waltering, K. K., et al.
(2011). Overexpression of Androgen Receptor Enhances the Binding of the
Receptor to the Chromatin in Prostate Cancer. Oncogene 31 (17), 2153-2163.
doi:10.1038/0nc.2011.401

Volate, S. R., Kawasaki, B. T., Hurt, E. M., Milner, J. A, Kim, Y. S., White, J., et al.
(2010). Gossypol Induces Apoptosis by Activating P53 in Prostate Cancer Cells
and Prostate Tumor-Initiating Cells. Mol. Cancer Ther. 9 (2), 461-470.
doi:10.1158/1535-7163.MCT-09-0507

W Watson, G., M Beaver, L., E Williams, D., H Dashwood, R. R,, and Ho, E.
(2013). Phytochemicals from Cruciferous Vegetables, Epigenetics, and

Natural Products as Anti-CRPC Agents

Prostate Cancer Prevention. AAPS J. 15 (4), 951-961. doi:10.1208/s12248-
013-9504-4

Wang, Y., Liu, Q,, Liu, Z, Li, B., Sun, Z., Zhou, H,, et al. (2012). Berberine, a
Genotoxic Alkaloid, Induces ATM-Chkl Mediated G2 Arrest in Prostate
Cancer  Cells. Mutat. Res. 734 (1-2), 20-29. doi:10.1016/
j-mrfmmm.2012.04.005

Wen, Y., Hu, M. C., Makino, K., Spohn, B., Bartholomeusz, G., Yan, D. H,, et al.
(2000). HER-2/neu Promotes Androgen-independent Survival and Growth
of Prostate Cancer Cells through the Akt Pathway. Cancer Res. 60 (24),
6841-6845.

Wild, C., Weiderpass, E., and Stewart, B. (2020). World Cancer Report: Cancer
Research For Cancer Prevention [Online]. Lyon, France: International
Agency for Research on Cancer. Available: http://publications.iarc.fr/586
[Accessed 19.06.2021].

Willett, W. C. (1994). Diet and Health: what Should We Eat? Science 264
(5158), 532-537. doi:10.1126/science.8160011

Wu, S. Q., Su, H,, Wang, Y. H., and Zhao, X. K. (2019). Role of Tumor-
Associated Immune Cells in Prostate Cancer: Angel or Devil? Asian
J. Androl. 21 (5), 433-437. doi:10.4103/aja.aja_47_19

Xu, G., Chu, Y,, Jiang, N., Yang, J., and Li, F. (2012). The Three Dimensional
Quantitative Structure Activity Relationships (3D-QSAR) and Docking
Studies of Curcumin Derivatives as Androgen Receptor Antagonists. Int.
J. Mol. Sci. 13 (5), 6138-6155. doi:10.3390/ijms13056138

Xu, L., Yang, D., Wang, S., Tang, W., Liu, M., Davis, M., et al. (2005).
(-)-Gossypol Enhances Response to Radiation Therapy and Results in
Tumor Regression of Human Prostate Cancer. Mol. Cancer Ther. 4 (2),
197-205.

Yallapu, M. M., Khan, S., Maher, D. M., Ebeling, M. C,, Sundram, V., Chauhan, N,,
et al. (2014). Anti-cancer Activity of Curcumin Loaded Nanoparticles in
Prostate  Cancer. Biomaterials 35 (30), 8635-8648. doi:10.1016/
j.biomaterials.2014.06.040

Yang, J. C,, Bai, L., Yap, S., Gao, A. C,, Kung, H. J., and Evans, C. P. (2010). Effect of
the Specific Src Family Kinase Inhibitor Saracatinib on Osteolytic Lesions Using
the PC-3 Bone Model. Mol. Cancer Ther. 9 (6), 1629-1637. d0i:10.1158/1535-
7163.Mct-09-1058

Yang, L., Chen, L., Meng, B., Suo, J., Wang, H., Xie, H., et al. (2006). The
Effect of Curcumin on Proliferation and Apoptosis in LNCaP Prostate
Cancer Cells. Chin. J. Clin. Oncol. 3 (1), 55-60. d0i:10.1007/s11805-006-
0072-6

Yao, M., Shi, X., Li, Y., Xiao, Y., Butler, W., Huang, Y., et al. (2020). LINC00675
Activates Androgen Receptor axis Signaling Pathway to Promote
Castration-Resistant Prostate Cancer Progression. Cell Death Dis 11 (8),
638. doi:10.1038/s41419-020-02856-5

Yu, C, Qi, X,, Lin, Y., Li, Y., and Shen, B. (2020). iODA: An Integrated
Tool for Analysis of Cancer Pathway Consistency from Heterogeneous
Multi-Omics Data. J. Biomed. Inform. 112, 103605. doi:10.1016/
1.bi.2020.103605

Zhang, L., Tan, J., Han, D., and Zhu, H. (2017). From Machine Learning to
Deep Learning: Progress in Machine Intelligence for Rational Drug
Discovery. Drug Discov. Today 22 (11), 1680-1685. doi:10.1016/
j.drudis.2017.08.010

Zhang, X., Huang, J., Yu, C,, Xiang, L., Li, L., Shi, D., et al. (2020a). Quercetin
Enhanced Paclitaxel Therapeutic Effects towards PC-3 Prostate Cancer through
ER Stress Induction and ROS Production. Onco Targets Ther. 13, 513-523.
doi:10.2147/0tt.5228453

Zhang, Z., Karthaus, W. R, Lee, Y. S., Gao, V. R, Wu, C,, Russo, J. W,, et al.
(2020b). Tumor Microenvironment-Derived NRG1 Promotes Antiandrogen
Resistance in Prostate Cancer. Cancer Cell 38 (2), 279-€9. €279. doi:10.1016/
j.ccell.2020.06.005

Zhou, D. Y., Ding, N, Du, Z. Y., Cui, X. X,, Wang, H., Wei, X. C, et al. (2014).
Curcumin Analogues with High Activity for Inhibiting Human Prostate Cancer
Cell Growth and Androgen Receptor Activation. Mol. Med. Rep. 10 (3),
1315-1322. doi:10.3892/mmr.2014.2380

Zhou, Y., Bolton, E. C.,, and Jones, J. O. (2015). Androgens and Androgen Receptor
Signaling in Prostate Tumorigenesis. J. Mol. Endocrinol. 54 (1), R15-R29.
doi:10.1530/jme-14-0203

Zhu, F., Liu, Q., Zhang, X., and Shen, B. (2014). “Protein-protein Interaction
Network Constructing Based on Text Mining and Reinforcement Learning

Frontiers in Pharmacology | www.frontiersin.org

24

October 2021 | Volume 12 | Article 732266


https://doi.org/10.3389/fphar.2020.551786
https://doi.org/10.3389/fphar.2020.551786
https://doi.org/10.1200/jco.2012.45.0494
https://doi.org/10.3390/biom9100591
https://doi.org/10.3390/biom9100591
https://doi.org/10.1200/jco.2004.11.514
https://doi.org/10.1200/JGO.2019.5.suppl.13
https://doi.org/10.1200/JGO.2019.5.suppl.13
https://doi.org/10.3322/caac.21660
https://doi.org/10.35652/igjps.2015.17
https://doi.org/10.1002/ijc.24161
https://doi.org/10.1002/ijc.24161
https://doi.org/10.1186/1752-0509-7-s3-s6
https://doi.org/10.1007/s12263-009-0152-3
https://doi.org/10.1146/annurev-med-051517-011947
https://doi.org/10.1146/annurev-med-051517-011947
https://doi.org/10.1016/j.canlet.2006.01.027
https://doi.org/10.1016/j.canlet.2006.01.027
https://doi.org/10.4103/1008-682x.169997
https://doi.org/10.4103/1008-682x.169997
https://doi.org/10.7326/m16-2586
https://doi.org/10.7326/m16-2586
https://doi.org/10.1038/onc.2011.401
https://doi.org/10.1158/1535-7163.MCT-09-0507
https://doi.org/10.1208/s12248-013-9504-4
https://doi.org/10.1208/s12248-013-9504-4
https://doi.org/10.1016/j.mrfmmm.2012.04.005
https://doi.org/10.1016/j.mrfmmm.2012.04.005
http://publications.iarc.fr/586
https://doi.org/10.1126/science.8160011
https://doi.org/10.4103/aja.aja_47_19
https://doi.org/10.3390/ijms13056138
https://doi.org/10.1016/j.biomaterials.2014.06.040
https://doi.org/10.1016/j.biomaterials.2014.06.040
https://doi.org/10.1158/1535-7163.Mct-09-1058
https://doi.org/10.1158/1535-7163.Mct-09-1058
https://doi.org/10.1007/s11805-006-0072-6
https://doi.org/10.1007/s11805-006-0072-6
https://doi.org/10.1038/s41419-020-02856-5
https://doi.org/10.1016/j.jbi.2020.103605
https://doi.org/10.1016/j.jbi.2020.103605
https://doi.org/10.1016/j.drudis.2017.08.010
https://doi.org/10.1016/j.drudis.2017.08.010
https://doi.org/10.2147/ott.S228453
https://doi.org/10.1016/j.ccell.2020.06.005
https://doi.org/10.1016/j.ccell.2020.06.005
https://doi.org/10.3892/mmr.2014.2380
https://doi.org/10.1530/jme-14-0203
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Singla et al.

with Application to Prostate Cancer,” in 2014 IEEE International
Conference on Bioinformatics and Biomedicine (Belfast, UK: BIBM).
doi:10.1109/bibm.2014.6999302

Zhu, J., Wang, S., Zhang, W, Qiu, J., Shan, Y., Yang, D., et al. (2015). Screening Key
microRNAs for Castration-Resistant Prostate Cancer Based on miRNA/mRNA
Functional Synergistic Network. Oncotarget 6 (41), 43819-43830. doi:10.18632/
oncotarget.6102

Zhu, M. L, and Kyprianou, N. (2008). Androgen Receptor and Growth Factor Signaling
Cross-Talk in Prostate Cancer Cells. Endocr. Relat. Cancer 15 (4), 841-849. doi:10.1677/
ERC-08-0084

Zhuang, E., Uchio, E. M., Lilly, M. B,, and Fruehauf, J. P. (2021). A Phase II
Study to Evaluate the Effects of Docetaxel Plus Lycopene in Advanced
Castrate-Resistant Prostate Cancer. Jco 39 (6_Suppl. 1), 77. doi:10.1200/
JC0.2021.39.6_suppl.77

Conflict of Interest: RS, SJ and SS are having honorary-based association with
iGlobal Research and Publishing Foundation, New Delhi, India. All the authors

Natural Products as Anti-CRPC Agents

declare that the research was conducted in the absence of any commercial or
financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Singla, Sharma, Dubey, Gundamaraju, Kumar, Kumar, Madaan,
Shri, Tsagkaris, Parisi, Joon, Singla, Kamal and Shen. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Pharmacology | www.frontiersin.org

25

October 2021 | Volume 12 | Article 732266


https://doi.org/10.1109/bibm.2014.6999302
https://doi.org/10.18632/oncotarget.6102
https://doi.org/10.18632/oncotarget.6102
https://doi.org/10.1677/ERC-08-0084
https://doi.org/10.1677/ERC-08-0084
https://doi.org/10.1200/JCO.2021.39.6_suppl.77
https://doi.org/10.1200/JCO.2021.39.6_suppl.77
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	Natural Product-Based Studies for the Management of Castration-Resistant Prostate Cancer: Computational to Clinical Studies
	Introduction
	Castration-Resistant Prostate Cancer
	Epidemiology
	Tumor Microenvironment in Castration-Resistant Prostate Cancer
	Signaling Pathways Orchestrating Castration-Resistant Prostate Cancer
	Genomic Targets of Phytomolecules Against Castration-Resistant Prostate Cancer

	Natural Products for the Treatment Management of Castration-Resistant Prostate Cancer
	Cheminformatics and Bioinformatics-Based Studies for Anti-Castration-Resistant Prostate Cancer Natural Products
	Molecular Docking-Based Studies
	Structure–Activity Relationship and Mechanistic Insights
	Machine Learning-Based Studies
	Role of Network Pharmacology Approach in Castration-Resistant Prostate Cancer

	Translational Studies of Phytomolecules for Castration-Resistant Prostate Cancer: Assessment of Translation Potential for B ...

	Conclusion and Future Perspectives
	Author Contributions
	Funding
	Acknowledgments
	References


