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Simple Summary

Prostate cancer is a leading cause of death in men, often because the disease becomes re-
sistant to standard therapies that target male hormones. This resistance occurs when the
cancer’s “control switch”, known as the androgen receptor, continues to drive growth de-
spite treatment. This systematic review examines 15 recent studies to identify natural com-
pounds that can successfully block this switch through various biological methods. We
found that these natural substances can deactivate the receptor, break down its resistant
forms, and prevent it from reaching the cell’s nucleus. The emergence of resistance, par-
ticularly in castration-resistant prostate cancer (CRPC), necessitates the exploration of in-
novative therapeutic approaches. This systematic review consolidates contemporary evi-
dence regarding natural products as potential bioactive alternatives for modulating the
androgen receptor (AR) signaling axis. Rather than providing a definitive clinical
roadmap, this work establishes a preclinical framework for identifying substances that
may deactivate the receptor, break down its resistant forms, or prevent nuclear transloca-
tion.

Abstract

Background: Prostate cancer remains a leading cause of male cancer-related mortality,
largely driven by the dysregulated activation of the androgen receptor (AR) signaling
pathway. The emergence of resistance, particularly in castration-resistant prostate cancer
(CRPCQ), necessitates the discovery of innovative therapeutic approaches. This systematic
review aims to consolidate contemporary evidence regarding natural products as bioac-
tive alternatives capable of targeting the AR signaling axis. Methods: Adhering to
PRISMA guidelines, a systematic search was conducted across PubMed, Scopus, and Sci-
enceDirect databases. The review identified and qualitatively analyzed 15 original re-
search studies that investigated the efficacy and mechanisms of various natural com-
pounds in modulating AR signaling. Results: The analysis reveals that natural products
deactivate the AR signaling axis through diverse mechanisms. Neoisoliquiritin and a-ter-
thienyl were found to suppress AR expression, activity, and nuclear translocation. Nota-
bly, a-mangostin facilitates the degradation of the AR-V7 splice variant, a key driver of
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treatment resistance. Manzamine A inhibits AR biosynthesis by targeting the transcription
factor E2F8. Furthermore, alternative pathways are modulated through 5-a-reductase in-
hibition (Annona muricata compounds) and the activation of the non-classical membrane
receptor ZIP9 by (-)-epicatechin to induce apoptosis. Conclusions: The emergence of re-
sistance, particularly in castration-resistant prostate cancer (CRPC), necessitates the ex-
ploration of innovative therapeutic approaches. This systematic review consolidates con-
temporary evidence regarding natural products as potential bioactive alternatives for
modulating the androgen receptor (AR) signaling axis. Rather than providing a definitive
clinical roadmap, this work establishes a preclinical framework for identifying substances
that may deactivate the receptor, break down its resistant forms, or prevent nuclear trans-
location.

Keywords: natural product; phytochemical; androgen receptor; prostate cancer

1. Introduction

Prostate cancer is the most common urogenital malignancy in men and the second
largest cause of cancer deaths globally. Over 1.4 million prostate cancer cases were re-
ported in 2020, with 375,000 fatalities [1-3]. The biochemical factors that cause this disease,
including hormonal signals, must be studied to understand why it is so common and dev-
astating. Normal prostate growth and maintenance need androgen signaling (AR) [4].
Testosterone and dihydrotestosterone (DHT) imitate the AR, a ligand-activated transcrip-
tion factor that regulates prostate cell proliferation, differentiation, and viability genes.
The AR signaling system is vital for normal biological development, and its dysregulation
contributes to the onset and progression of prostate cancer. Physiologically, negative feed-
back and post-translational regulation tightly control AR activity. However, when the AR
signaling pathway becomes dysregulated, prostate cancer cells continue to grow instead
of undergoing apoptosis. To better understand these molecular processes, it is important
to examine the structure of the AR. The AR consists of a hinge region, a DNA-binding
domain (DBD), an N-terminal domain (NTD), and a ligand-binding domain (LBD) [5].
These domains must remain intact, as alteration can affect receptor function and reduce
drug efficacy. Mutations in these regions, especially the LBD, can lead to receptor prom-
iscuity, AR promiscuity in binding to non-androgenic ligands, and resistance to treatment.
Medical professionals must utilize standard medical practices, despite their limitations, to
tackle these intricate clinical challenges [6,7].

Prostate cancer can be treated using several therapeutic approaches, depending on
the stage of the disease, the patient’s overall health, and the risk of metastasis. However,
these treatments are often expensive and have severe side effects [8]. Some patients may
develop resistance to therapy or even metastasis, making long-term therapy more diffi-
cult. These significant deficiencies in the existing standard of treatment underscore the
pressing necessity to transition to alternative therapy. Due to the limits of standard med-
icines, alternative medications are necessary to surmount AR resistance and enhance can-
cer cell selectivity [9]. Natural products offer a substantial and historically validated re-
pository of selective and effective pharmaceutical alternatives.

Natural products play an essential role in contemporary pharmacology, with more
than 60% of FDA-approved anticancer medications derived from or influenced by natural
sources [10-13]. Natural compounds continue to be utilized in cancer therapy due to their
unique therapeutic properties, which cannot be completely reproduced by synthetic
drugs. Their benefits include a wide range of structures, the ability to optimize biological
activity through evolution, multitarget approaches to deal with tumor heterogeneity, and
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safe profiles produced by biological system co-evolution [14,15]. Nevertheless, challenges
related to absorption and delivery require researchers to explore improved strategies for
administering these active substances. Approaches such as structural modifications and
advanced formulation techniques are essential to preserve biological activity while en-
hancing the bioavailability of natural compounds [16,17].

Once bioavailability is enhanced, these compounds must also demonstrate the ability
to distinguish between healthy and cancerous cells. Phytochemicals have the potential to
selectively target cancer cells by exploiting their altered metabolism, membrane composi-
tion, and protein expression profiles [18-20]. Such interactions can induce cancer-specific
cytotoxicity while sparing normal cells. Phytochemicals have the ability to suppress the
p53 protein in normal cells, thereby triggering programmed cell death (apoptosis) in tis-
sues with high turnover rates, such as the bone marrow, lymphatic system, hair follicles,
and intestinal lining [21,22]. Mechanisms underlying this selectivity include preferential
uptake by cancer cells, conversion into toxic compounds inside the cancer cell microenvi-
ronment, and the targeting of cancer-specific functions [23]. To effectively translate these
strategies into cancer treatments in both laboratory and clinical setting, a robust and well-
organized scientific foundation is required. Advancing phytochemicals into viable anti-
cancer therapeutics cancer, demands a focused and diverse research method. Although
such strategy is essential, the current literature lacks a comprehensive evaluation of the
interactions between these phytochemical-based compounds and androgen receptors, in-
dicating a critical gap in knowledge.

Most existing reviews focus on isolated compounds or broad anticancer processes
rather than elucidating how phytochemicals specifically modulate androgen receptor
(AR) signaling. This gap is compounded by fragmented and inconsistent findings, result-
ing in an incomplete understanding of phytochemicals effects on AR pathways. These
discrepancies are due to the variations in experimental conditions, including compound
purity, methodological approaches, and evaluation criteria, which hinder meaningful
comparison across studies. Furthermore, limited application of advanced computational
methods and systems biology approaches restricts the ability to model complex interac-
tions between phytochemicals, AR signaling, and cellular networks. Regulatory con-
straints and stringent approval pathways for natural compounds further impede clinical
translation. Considering these gaps and limitation, this review aims to consolidate and
clarify current knowledge on phytochemicals as AR antagonists in prostate cancer. This
review examines phytochemicals as androgen receptor antagonists in prostate cancer
through computational, cellular, and animal studies.

Despite extensive research of androgen receptor biology and increasing interest in
phytochemicals as anticancer agents, most existing reviews focus on individual com-
pounds or broad anticancer mechanisms, lacking a systematic, mechanism-oriented syn-
thesis of how natural products modulate androgen receptor (AR) signaling across multi-
ple regulatory levels. Notably, the roles of AR splice variant degradation, upstream tran-
scriptional control, non-canonical membrane androgen receptors, and androgen biosyn-
thesis inhibition remain fragmented and inconsistently discussed in the literature. To ad-
dress this knowledge gap, the present systematic review critically integrates computa-
tional, in vitro, and in vivo evidence on natural-product-derived compounds targeting AR
signaling in prostate cancer. By categorizing these compounds based on their molecular
mechanisms of action, this review aims to elucidate emerging therapeutic paradigms and
identify promising lead structures for overcoming resistance in advanced and castration-
resistant prostate cancer.
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2. Search Strategy

This systematic review was conducted in accordance with PRISMA guidelines. The
review protocol was registered on the Open Science Framework (OSF) with the registra-
tion number 10.17605/OSF.IO/XBSTS8. A comprehensive literature search was performed
using PubMed, Scopus, and ScienceDirect to identify relevant studies published between
2016 and 2025. The search method used keywords and Boolean operators: ((“prostate can-
cer” OR “prostatic neoplasms”)) AND ((“androgen receptor” OR “AR”)) AND ((“natural
product” OR “phytochemical” OR “bioactive compound” OR “herbal medicine”)). While
the initial Boolean-based search strategy yielded a substantial volume of 6328 records, a
rigorous multistage screening process was applied to ensure that the final qualitative syn-
thesis provided a focused mechanistic roadmap. During the screening of 5911 unique rec-
ords, 5896 were excluded primarily because they focused on broad anticancer phenotypes
or isolated antioxidant properties without investigating specific molecular interactions
with the androgen receptor (AR) axis.

A multistage screening process was used to identify eligible studies. All retrieved
records were first compiled, and duplicate entries were removed. Titles and abstracts of
the remaining articles were then screened to assess relevance. Studies were included for
full-text evaluation if they were original research articles investigating the effects of natu-
ral products or their derivatives on androgen receptor signaling in prostate cancer models.
Review papers, conference abstracts, and studies unrelated to the topic were excluded
from further consideration.

The final articles data was extracted independently. The first author and publication
year, the natural product or bioactive compound investigated, the experimental model (in
vitro cell lines, in vivo animal models, in silico computational studies), the primary an-
drogen receptor mechanism of action, and key outcomes were extracted. The final quali-
tative synthesis included all 15 eligible studies, and their findings were analyzed to deter-
mine how natural bioactive compounds interact with AR through various mechanisms,
including the suppression of AR expression, activity, and nuclear translocation (neo-
isoliquiritin and a-terthienyl), degradation of the AR-V7 splice variant (a#-mangostin), in-
hibition of AR biosynthesis by novel targets such as the transcription factor E2F8 (manza-
mine A), and modulation of alternative pathways, such as 5-a-reductase inhibition (An-
nona muricata compounds) or activation of the non-classical membrane receptor ZIP9 to
induce apoptosis ((-)-epicatechin) in prostate cancer models within in silico, in vitro and
in vivo studies. The inclusion of only 15 studies was a deliberate decision to maintain
scientific stringency. We prioritized original research that moved beyond general cytotox-
icity to elucidate precise regulatory levels, such as AR splice variant (AR-V7) degradation,
upstream transcriptional control (E2F8), and non-classical membrane receptor (ZIP9) ac-
tivation. Studies utilizing poorly characterized herbal extracts or those lacking defined
molecular targets within the AR signaling cascade were excluded to prevent the reporting
of ambiguous, off-target biological effects.

3. Data Extractions

The initial database search yielded 6328 results: 119 from PubMed, 1415 from Sci-
enceDirect, and 4794 from Scopus. To ensure the dataset contained only unique and rele-
vant publication, duplicates and non-relevant studies were removed. After eliminating
417 duplicates, 5911 articles remained for title and abstract screening. During this stage,
5896 publications were excluded because they were reviews articles or were not related
to the scope of this review. Only 15 publications met the inclusion criteria, focusing spe-
cifically on natural compounds that modulate androgen receptor signaling in prostate
cancer. These 15 studies were then subjected to full-text evaluation, and no additional
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articles were excluded during eligibility assessment (n =0). The final qualitative synthesis
included all 15 eligible studies, and their findings were analyzed to determine how natural
bioactive compounds interact with AR through various mechanisms, including the sup-
pression of AR expression, activity, and nuclear translocation (neoisoliquiritin and a-ter-
thienyl), degradation of the AR-V7 splice variant (a-mangostin), inhibition of AR biosyn-
thesis by novel targets such as the transcription factor E2F8 (manzamine A), and modula-
tion of alternative pathways, such as 5-a-reductase inhibition (Annona muricata com-
pounds) or activation of the non-classical membrane receptor ZIP9 to induce apoptosis ((-
)-epicatechin) in prostate cancer models within in silico, in vitro and in vivo studies. Fig-
ure 1 illustrates the comprehensive study selection process in accordance with the
PRISMA flow diagrams. Additionally, the review was supported by the utilization of 138
references, thereby providing a robust scientific foundation.

Identification of studies via databases and registers

§ Records identified from database Records removed before
'g' search (n = 6328) screening:
& PubMed (n =119) > Duplicate records removed
= ScienceDirect (n = 1415) (n=417)
§ Scopus (n =4794)
§ \ 4
Records screened Records excluded by title and
(n=5911) abstract screening:
Review article and not
relevant (n = 5896)
Selected articles based on
following inclusion criteria:
Articles reporting natural
= products targeting androgen
£ receptor prostate cancer
= -
o (n=15)
o
A A
Reports excluded:
Reports assessed for eligibility P - OX .
(n = 15) = (n =0)
Supporting references:
(n=139)
N
)
2
= Studies included in review
T:’ (n=15)

Figure 1. A flow diagram of the search strategy according to PRISMA guidelines.

This systematic review examines natural compounds that inhibit the activation of AR
activation in prostate cancer through different molecular pathways. Polyphenolic com-
pounds, which are one of the main inhibitors, were evaluated first. Several polyphenols,
including neoisoliquiritin, alpinumisoflavone, hispidin, baicalein, and tangeretin,
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demonstrate AR-suppressive activity. This is because research and review publications
extensively discuss this class of compounds for their inhibitory effects on AR. Polyphenols
show anticancer effects through various mechanisms, such as modifying signaling path-
ways to eliminate cancer cells, inhibiting cell cycle events, and inducing apoptosis. Addi-
tionally, they regulate the activities of enzymes involved in tumor cell proliferation
[24,25]. Neoisoliquiritin inhibits AR expression, nuclear translocation, and transcription
activity, leading to cell-cycle arrest and reduced tumor proliferation [26]. Alpinumisofla-
vone also affect cancer cell metabolism by lowering AR and PSA expression and disrupts
lipid metabolism by inhibiting FASN and HMGCR, resulting in apoptosis and metabolic
stress [27]. Hispidin exhibits both antiproliferative and antimetastatic effects by suppress-
ing AR signaling and downregulating metastatic enzymes such as MMP 2 and MMP 9,
while promoting PARP and caspase 3 cleavage [28]. Baicalein downregulates HMMR to
decrease AR transcription and motility signaling [29], while tangeretin targets AR-AKT
pathways and restores Connexin 26, sensitizing cells to chemotherapy [30]. Recent re-
search on catechins, instead of flavonoids, uses biological testing and computer modeling
to show how AR interacts with natural chemicals [31].

While computational studies reveal substantial binding affinity to the AR-ligand-
binding domain (LBD), tea-catechin-based drugs have AR-independent lethal effects, sug-
gesting competitive inhibition with endogenous androgens. A computational method has
identified strong AR inhibitors from grape stilbenoids and other plant sources. In silico
modeling shows strong AR binding affinity and stability for grapevine stilbenoids like cis-
piceid and procyanidins. Alkaloids suppress AR synthesis differently to polyphenols,
which target receptor proteins. In contrast to other alkaloids, manzamine-A inhibits the
transcription factor E2F8, preventing AR-FL and AR-V7 production. Other lotus seed al-
kaloids impair survival signaling pathways that support AR function and transcription
factors. Lotus alkaloids (neferine, liensinine, isoliensinine) indirectly decrease AR expres-
sion by inactivating PI3K/AKT. Triterpenoids and thiophenes display indirect AR inhibi-
tion through gene expression suppression and other protective mechanisms. Similarly, a-
terthienyl reduces AR expression and prevents nuclear translocation, while lupeol boosts
antioxidant capacity, suppresses AR mRNA, inhibits AKT signaling, and activates P27.
Despite inhibiting expression and translocation, physically eliminating the receptor is a
more aggressive technique, especially for resistant splicing variants. In castration-resistant
prostate cancer (CRPC), a-mangostin overcomes treatment resistance by promoting AR-
FL and AR-V7 degradation via BiP-mediated ubiquitination. In addition to directly dam-
aging or blocking the receptor, cutting off energy sources that promote the androgen sig-
naling pathway works. Natural compounds suppress AR signaling directly and via aux-
iliary mechanisms. Plant compounds can suppress the enzyme that produces the greatest
androgen, a useful new target. Compounds from Annona muricata and nelumbo nucifera
block 5-a-reductase, inhibiting the synthesis of DHT, a powerful AR ligand. Lotus seed
alkaloids also suppress cancer growth signals enzymatically. Neferine-type alkaloids
block 5-a-reductase, lowering testosterone to DHT conversion. Some therapeutic natural
compounds activate cell surface non-classical androgen receptors instead of suppressing
signals.

Recent therapies use non-classical processes. Epicatechin, a ZIP9 membrane-associ-
ated AR agonist, switches survival signals into proapoptotic pathways in AR-negative PC-
3 cells. Epicatechin modulates androgen signaling, while various additional substances
modulate the hormone receptor system to stop cell development. Additionally, the
furanoflavonoid karanjin activates ER and inhibits AR, causing ROS-mediated apoptosis
and G2/M arrest, indicating significant hormonal and cytotoxic regulatory potential.
When taken together, these data show that natural compounds help combat prostate can-
cer. These natural chemicals, which combine non-genomic regulation, enzyme inhibition,
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AR suppression, and degradation, offer promising treatments for therapy-resistant pros-
tate cancer.

4. Discussion
4.1. Natural Products Mechanism in Action Targeting Androgen Receptor Prostate Cancer

Plants produce phytochemicals as a defense against predators and pathogens and in
reaction to environmental stress [32]. Major classes include polyphenols (stilbenes, phe-
nolic acids, flavonoids), terpenoids (sesquiterpenes, monoterpenes, triterpenes), alka-
loids, and sulfur-containing chemicals [33]. These chemical configurations allow phyto-
chemicals to interact with cancer cells in numerous ways, providing many therapeutic
effects. The antitumor mechanisms of phytochemicals include mitochondrial pathway
apoptosis, cell cycle arrest at critical points, inhibition of tumor neovascularization and
metastasis, inhibition of inflammation cascades, induction of detoxification enzymes, and
epigenetic modifications [34-36]. Cancer is usually caused by complex, interconnected
cellular regulatory mistakes; therefore, this wide mechanistic capability is very useful [37].
Phytochemicals” multitarget action helps overcome tumor heterogeneity and cancer cell
resistance [38]. To understand how these multitarget drugs treat prostate cancer, one must
first understand the androgen receptor signaling pathway.

In prostate cancer, androgen binding, nuclear translocation, receptor dimerization,
and binding of the androgen receptor complex to androgen response elements (AREs) in
the promoter sites of target genes like PSA, TMPRSS2, and KLK3 comprise the AR signal-
ing pathway [39-41]. Genetic alterations in this signaling system cause cancer to progress
to more dangerous stages. Amplification of the AR gene, production of splice variants
such AR-V7, and overexpression of coactivator proteins are key steps in prostate cancer
progression to advanced stages as we can see in Figure 2 [42,43]. Due to the disease’s de-
pendence on this pathway, medical science has spent decades developing standard treat-
ments. Huggins and Hodges pioneered androgen deprivation therapy (ADT) for ad-
vanced prostate cancer, which has been routine treatment for almost 80 years [44].
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Figure 2. Work of bioactive compounds from natural products on androgen receptor pathways in

prostate cancer (created with BioRender.com).

This treatment has evolved from basic interventions to specialized medical and sur-
gical methods to lower hormone levels. ADT usually involves surgical or chemical castra-
tion combined with antiandrogen therapy such as bicalutamide, flutamide, or nilutamide
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[45]. Knowledge in receptor biology has facilitated the development of more effective,
next-generation pharmaceutical drugs. For example, enzalutamide and apalutamide ex-
hibit higher receptor affinity and inhibit AR activity by blocking nuclear translocation and
transcriptional activation of AR target genes [46—48]. In addition, advanced therapeutic
strategies have been established to block activating hormone production or supply while
simultaneously employing receptor-direct antagonism.

Abiraterone acetate inhibits CYP17A1, a major regulator of androgen steroid produc-
tion. Traditional androgen deprivation therapy prolongs survival but is restricted [49-52].
When these medicines fail, the tumor adjusts to survive and grow in a hormone-depleted
environment, changing the prognosis. Most individuals develop castration-resistant pros-
tate cancer (CRPC) after 18-24 months, which reactivates AR signaling despite low testos-
terone levels [53]. Disease returns in low-androgen conditions due to the tumor’s complex
molecular alterations to evade treatment. Amplification, gain-of-function mutation, AR
splice variant expression, intracrine androgen production, and alternate survival path-
ways are resistance mechanisms [54-56]. Tumor resistance and physically hard treatments
degrade the patient’s daily life. Long-term ADT causes devastating side effects like hot
flashes, osteoporosis, sarcopenia, and metabolic syndrome, highlighting the need for more
targeted and acceptable treatments [57,58]. Advanced discovery tools capable of predict-
ing chemical efficacy in advance of physical testing are critical to overcoming resistance
and toxicity.

Computational drug discovery reveals binding processes, identifies pharmaco-
phores, and predicts ADMET properties before experimental validation [59]. Recent im-
provements have improved computational models. Artificial intelligence and machine
learning have improved computer model efficacy, accuracy, and predictive capacity in
drug discovery processes [60]. Computational methods find drug candidates, which bio-
logical labs must verify. In vitro cell culture methods provide cytotoxicity detection,
mechanism analysis, and dose-response relationships. To connect simple cell cultures
with complex human biology, researchers are employing more complex culture models.
Complex cell culture methods like 3D organoids and co-culture systems imitate in vivo
circumstances better [61]. A compound’s systemic safety and efficacy must be tested in
humans, even with enhanced cellular models. Before human trials, in vivo animal models
demonstrate efficacy and safety. This study chose complementary methodologies from
recent research. Preclinical research using omics technologies (genomics, proteomics,
metabolomics) can also analyze chemical mechanisms of action and identify biomarkers
[62].

These featured studies used many complimentary methodologies to understand the
substances mechanisms of action. Reliable biological and computational methods were
used in this research. Most research used androgen-sensitive (LNCaP), castration-re-
sistant (CRPC) (C4-2, 22Rv1, VCaP), and androgen-independent (PC-3, DU-145) prostate
cancer cell lines. To anticipate the binding affinity of bioactive compounds to target pro-
teins like the androgen receptor (AR), molecular docking was widely used, employing
PDB structures like 5T8E and 2Q71, as well as 5-a-reductase and ZIP9. Several significant
research works validated in vivo treatment efficacies using mouse xenograft models.
These in vivo trials indicated that natural substances could inhibit tumor growth. Studies
on manzamine-A, a-terthienyl, neoisoliquiritin, and a-mangostin showed significant tu-
mor growth inhibition, directly affecting the androgen receptor suppresses tumors.

4.2. Downregulation of AR Expression, Activity, and Translocation
4.2.1. Compounds Inhibiting AR Transcriptional Activity and Translocation

Most bioactive substances directly inhibit AR function to fight cancer [63]. This
method suppresses AR synthesis, activation, and nucleus transcription. Flavonoids,
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catechins, and polyketides reliably reduce AR [64]. This direct inhibition is seen in licorice
root flavonoid neoisoliquiritin. Chen et al. studied licorice-derived chalcone flavonoid ne-
oisoliquiritin (NEO) [26]. This study found NEO to be a highly selective androgen receptor
(AR) signaling inhibitor. NEO strongly inhibited AR-dependent LNCaP prostate cancer
cell proliferation while having low cytotoxicity in AR-independent PC3 cells, indicating
an AR-centric mechanism of action [65]. The study showed that NEO knocks down the
AR system by downregulating AR production, inhibiting nuclear translocation of residual
receptor protein, and suppressing AR transcriptional activity. This thorough inhibition
arrested the GO/GI1 cell cycle, proving its antiproliferative properties [66]. After NEO treat-
ment, RNA-seq showed that AR signaling was the most affected pathway. NEO showed
considerable tumor suppression in a mouse xenograft model, demonstrating its therapeu-
tic potential as a natural AR-targeting drug [26]. While neoisoliquiritin directly hits the
receptor, flavonoids such as alpinumisoflavone disturb cell metabolism further as we can
see in Figure 3.

Strategy 1: ! I Strategy 3:
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Figure 3. Schematic representation of the multitargeted inhibition of androgen receptor (AR) sig-

naling by bioactive natural products (created with BioRender.com).

Basavaraj et al. [27] found that the isoflavonoid compound alpinumisoflavone (AIF)
modulates AR signaling and metabolic pathways necessary for prostate cancer cell sur-
vival. AIF dramatically lowers AR and PSA mRNA and protein expression in androgen-
sensitive LNCaP and C4-2 cells [67]. Antiandrogen action on LNCaP and LAPC4 cells re-
sulted in a decrease in androgen receptor (AR) protein levels [67]. In contrast, a study was
conducted on C4-2 cells to investigate the reduction in a marginal AR protein following
treatment [68,69]. Direct AR suppression lowered cell viability, invasion, and migration
and induced apoptosis via PARP and caspase-3 breakage [70]. In addition, AIF targeted
FASN and HMG-CoA Reductase, which are involved in cholesterol and lipid biosynthesis
[27]. This twofold disturbance affected cancer cell energy balance, membrane stability and
integrity, and steroid precursor production due to AR signaling and lipid metabolism’s
strong relationship. AIF is a strong antiproliferative drug throughout disease stages be-
cause it inhibits AR-driven transcriptional programs and metabolic networks that pre-
serve tumor survival [71]. Wang et al. reported that AIF possesses a significant mechanism
as an anticancer agent, capable of suppressing tumor growth and metastasis. This mech-
anism involves the modulation of the Akt/miR-101/RLIP76 signaling axis [72]. Other pol-
yphenols also inhibit multitargeted cancer, but each has its own mechanism [73].
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4.2.2. Compounds Suppressing AR Protein and Gene Expression

Hispidin, baicalein, and tangeretin are other polyphenols that downregulate andro-
gen receptors (ARs) but have different mechanisms. Chan et al. found that hispidin, a
phenolic polyketide, targets the AR and metastatic pathways in prostate cancer [74]. His-
pidin reduces AR protein levels in androgen-sensitive (LNCaP) and castration-resistant
(C4-2) cells, suggesting that it could treat early-stage and therapy-refractory illness. Sup-
pressing the AR signaling pathway significantly reduces metastatic potency. Hispidin in-
hibits the activity of AR and metastatic enzymes such as MMP 2 and MMP 9, while sim-
ultaneously inducing PARP and caspase 3 cleavage [74]. The expression levels of MMP-2
and MMP-9 can serve as predictive indicators of prostate tumor behavior following pros-
tatectomy, irrespective of whether surgical margins are positive or negative [75]. Prostate
regrowth appears to involve a more effective participation of MMP-2 in both the epithelial
and stromal compartments, while MMP-9 plays a significant role in late prostate atrophy
and early regrowth [76]. Therefore, the inhibition of MMP2 and MMP?9 results in the sup-
pression of metastasis in prostate cancer. Fewer MMP-2 and MMP-9, important proteases
in extracellular matrix destruction and cancer invasion, were expressed and active [77].
MMP2 and MMP?9 also play a crucial role in the inflammatory process in numerous cancer
cases. These enzymes are essential for various physiological functions, including tissue
remodeling, inflammation, and wound healing [78-80]. Wound healing and transwell mi-
gration showed prostate cancer cell motility reduction [81,82]. The other mechanism
shows that hispidin promotes apoptosis through caspase-3 and PARP cleavage, validating
its multifunctional anticancer potential. Wang et al. reported that hispidin modulated the
MAPK and NF-kB signaling pathways, leading to a downregulation of AKT phosphory-
lation and inhibition of ferroptosis signaling pathways. Interestingly, scavenging ROS or
inhibiting these signaling pathways reversed hispidin-induced apoptosis, ROS levels, mi-
tochondrial dysfunction, and ferroptosis [83,84]. These findings suggest that hispidin may
hold promise as a potential prostate cancer treatment. While hispidin targets metastasis,
flavones like baicalein affect gene transcription early on.

Baicalein, a Scutellaria baicalensis flavone, shows intriguing dual-mechanism pharma-
cology [29]. Baicalein specifically inhibits AR promoter transcription in LNCaP prostate
cancer cells. Luciferase-based cell reporting assays directly limit AR mRNA production,
reducing AR protein levels and PSA target gene expression [85]. Baicalein’s molecular
antiandrogenic action is confirmed. Baicalein also inhibits the HMMR/RHAMM onco-
gene, which is overexpressed in poor-prognosis tumors, in addition to androgens. Bai-
calein treatments dramatically inhibit HMMR expression, reducing LNCaP cell growth
and migration [86]. Baicalein may be a multitarget treatment for AR-dependent prostate
cancer due to its AR suppression and HMMR inhibition of proliferation and motility [87].
Flavonoids like tangeretin can restore tumor defenses in drug-resistant situations.

Polymethoxylated flavone tangeretin inhibits AR and AKT kinase, disrupting linked
carcinogenic pathways in CRPC cells (C4-2 cell line) [30]. Tangeretin also upregulated
Connexin 26 (Cx26), a gap junction protein downregulated in prostate cancer, restoring
intercellular communication and suppressing tumors [88]. Knockdown tests showed that
Cx26 deletion partially restored cells from tangeretin-induced growth inhibition, support-
ing its functional importance [89]. Tangeretin also increased the cytotoxic effects of cispla-
tin and sorafenib, suggesting its use as an adjuvant to overcome chemoresistance in ad-
vanced prostate cancer [90]. Besides these promising flavonoids, tea has strong chemicals
that are being re-evaluated using current methods [91]. Table 1 show us the summary of
bioactive compounds targeting androgen receptor signaling in prostate cancer.
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Table 1. Summary of bioactive natural compounds targeting androgen receptor signaling in pros-

tate cancer.

No Bioactive Compounds Study Model Key Findings Key Mechanisms Reference

Induces degradation
ICso (viability): ~10 um; of AR and AR-V7 via

In vitro (L P, 22Rv1
1 a-mangostin n Vltr_o ( .NCa P =SBV tumor reduction: >50%the BiP-mediated ubig- Nauman et
VCaP); in vivo (Xenograft). . al., 2023 [92]
at 50 mg/kg. uitin-proteasome path-
way.
ICs (viability): ~2.5 In};;i’ltzé‘;mf;rstrans'
. In vitro (LNCaP, 22Rv1); in pm; tumor reduction: a a up. Gan et al,,
2 a-terthienyl vivo (Xenograft) significant suppres- oo the expression 2022 [93]
gratt: & - Supp of AR protein and its
sion.
target genes.
ICso (viability): ~15.8  Inhibits the expres-
3 Neoisoliquiritin In vitro (LNCaP); in vivo pm; tumor reduction: sion, nuclear transloca- Chenetal.,
(NEO) (Xenograft). significant suppres-  tion, and transcrip- 2021 [26]
sion. tional activity of AR.
Downregulates the ex-
i f AR i
_ In vitro (LNCaP, DU-145, ICso(viability): ~12.5 PresSion of AR protein oo oy
4 Neferine PC-3) m and the 5-a-reductase 2021 [94]
‘ pm- enzyme via PI3K/AKT
inactivation.
In silico: Demonstrates
Vitis vinifera (cis- . Docking score: =10.3  high binding affinity =~ Olubode et
5 In silico (PDB ID: 2AXA
piceid) n silico ( ) kcal/mol. to the AR ligand-bind- al., 2022 [95]
ing domain.
AR synthe-
[Cso (viability): ~1 um; UPPresses AR synthe
. . . sis (AR-FL and AR-V7)
6 Manzamine A In vitro (LNCaP, 22Rv1); in tumor reduction: Ef- by inhibitine the u Karan et al.,
vivo (Xenograft). fective growth inhibi- y & . P 2024 [96]
tor stream transcription
' factor, E2F8.
Suppresses the mRNA
Alpinumisoflavone . ICso (viability): ~18.4— and protein expression Basavaraj et
7 In vitro (L P, C4-2).
(AIF) n vitro (LNCaP, C4-2) 21.7 pum. of AR and its target  al. 2022 [27]
gene, PSA.

In silico: Demonstrates

strong binding interac- Muriuki et

tion with the AR pro- al., 2024 [97]
tein.

Downregulates the ex-

ICso (viability): ~28.6 pression of AR protein Zhang et al.,

ICso (viability): ~43.8
ug/mL; docking score:
-9.5 kcal/mol.

In vitro (DU-145); in silico

8 Tea Catechins (EGCG) (PDB ID: 5TSE)

9 Tangeretin In vitro (C4-2, DU-145). um., and the related signal- 2022 [30]
ing pathway (AKT).
Reduces the expres-
10 Hispidin n vitro (LNCaP, C4-2), ICso (viability): ~14.9—- 51'0n. level of AR pro- Chanetal,
19.3 pm. tein in prostate cancer 2024 [74]
cells.
o Decreases the tran- )
11 Baicalein In vitro (LNCaP). [Cao (viability): 184 (i tional activity of 1218 €t alv

um. 2023 [29]

the AR gene promoter.
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Lupeol

(-)-Epicatechin

Karanjin

Annona muricata (An-
nopentocin A)

Decreases the gene ex- Nezami Majd

[Cao(viability): 506 osion level (mRNA) et al., 2024

In vitro (LNCaP).

K- of AR. [98]
. L. . Acts as an agonist at

Relative binding affin- the membrane andro Thomas &
In vitro (PC-3 ZIP9). ity (to ZIP9): 75% vs. . Dong, 2021

gen receptor ZIP9, in-

testosterone. . . [31]
ducing apoptosis.
. L N Demonstrates binding
I PC-3); 1 I lity): ~34.8;
n vitro (PC-3); in silico Cso (V.1ab1 ity): ~34.8 affinity for both AR Khan et al,
(PDB ID: AR 2Q71, ERf3 docking score: -8.9 and ERB. modulatin 2025 [99]
1QKM). kcal/mol. B &
both.

Inhibits the 5-a-reduc-

. tase 2 enzyme, reduc-
D :-11.1 Apeh etal,

In silico (PDB ID: 7BW1). ocking score ing the production of peheta

kcal/mol. ) 2023 [100]

the potent AR ligand

(DHT).

Muriuki et al. used in vitro and in silico methods to assess the antiprostate cancer
capabilities of various tea catechins [97]. The in vitro studies used the androgen receptor
(AR)-negative DU-145 cell line, while the computational component revealed molecular
evidence of an AR-dependent biochemical process. Purple tea extract had the strongest
dose-dependent antiproliferative effects in in vitro experiments. This suggests that tea
polyphenols may be harmful without the normal AR signaling mechanism. In addition,
the in silico study examined key catechin-AR interactions. Catechins, especially EGCG,
interact significantly in the ligand-binding domain (LBD) of the AR protein (PDB ID:
5T8E) [101] according to molecular docking modeling [102]. This high binding affinity
shows that there is a competitive inhibitory mechanism with natural androgens like tes-
tosterone and DHT. These drugs may obstruct the LBD, inhibiting androgen binding and
receptor activation, hence diminishing downstream signaling in AR-positive cells [103].
This study demonstrates the dual mechanistic potential of tea extracts: an AR-independ-
ent antiproliferative effect in vitro and direct AR inhibition in silico. These results indicate
that AR-positive prostate cancer models warrant investigation. Computers have demon-
strated that grapevine compounds inhibit the androgen receptor similarly to tea.

Olubode et al.’s in silico study corroborates the efficacy of Vitis vinifera (grape) phy-
tochemicals as direct androgen receptor (AR) inhibitors [95]. This in silico study used an
intricate molecular modeling approach to identify natural compounds that interact with
the AR LBD similarly to commercially employed antiandrogens such as bicalutamide.
Molecular docking demonstrated that five primary compounds cis-piceid, cis-astringin,
gallocatechin, procyanidin B3, and procyanidin C1 exhibited lower binding energies than
bicalutamide, signifying enhanced and more stable binding affinity. Additional molecular
interaction studies revealed that hydrogen bonding and pi-stacking interactions involving
the AR active site amino acid residues LEU 704, GLN 711, and TRP 741 contributed to the
strong binding affinity observed. Molecular dynamics simulation further supported the
stability of these interactions, particularly for cis-piceid, which emerged as the most prom-
ising candidate. ADMET prediction indicated favorable pharmacokinetics properties and
low toxicity. Collectively, these findings provide strong computational evidence that Vitis
vinifera-derived stilbenoids and procyanidins represent viable scaffolds for the develop-
ment of novel direct AR antagonists. Interestingly, while polyphenols predominantly ex-
ert their effects by directly targeting the receptor protein, alkaloids tend to suppress re-
ceptor production, suggesting complementary mechanistic roles across compound clas-
ses.
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Liu et al. reported that bisbenzylisoquinoline alkaloids neferine, liensinine, and iso-
liensinine from lotus seeds suppress AR protein expression by inactivating the PI3K/AKT
signaling pathway [94]. Through phosphorylation, strengthening, and activation of the
AR transcription activity, the PIBK/AKT pathway is the major cancer cell survival route
[104]. Alkaloids indirectly affect AR protein expression and instability by blocking this
major route. Recent research shows that natural chemicals can disrupt oncogenic connec-
tions that enable AR activity, causing apoptosis and autophagy induction and limiting
prostate cancer cell growth and migration. Besides alkaloids, triterpenes such as lupeol
can block the receptor and protect the cell from oxidative damage.

Nezami Majd et al. (2024) investigated the effects of lupeol in hormone-receptor-pos-
itive cancer cells. [98]. Lupeol significantly reduced AR gene expression at the mRNA level
in LNCaP prostate cancer cells, suggesting transcriptional intervention comparable to bai-
calein or AR mRNA destruction before translation. This inhibition decreased LNCaP cell
viability and cytotoxicity dose-dependently [105].

The study further demonstrated that lupeol enhances antioxidant capacity in pros-
tate cancer cells, suggesting that its anticancer effect arise not only from inhibiting the
oncogenic AR pathway but also from restoring redox equilibrium. These findings high-
light lupeol as a multifunctional natural compound with both antiandrogenic and cyto-
protective activities. Additionally, marigold-derived a-terthienyl exerts antiandrogenic
effects by physically preventing the androgen receptor from entering the cell nucleus, fur-
ther illustrating the mechanistic diversity of natural AR-modulating agents.

Gan et al. (2022) found that a-terthienyl, an oligothiophene derivative from marigold
flowers, has anticancer properties, supported by complex chemical mechanism and pre-
clinical validation [93]. This study shows that these drugs have considerable anticancer
action, primarily through AR signaling pathway blockage. AR protein and mRNA sup-
pression and receptor nuclear translocation inhibition were found in in vitro studies. In
hormone-resistant 22Rv1 cells and androgen-sensitive LNCaP cells, both mechanisms of
treatment completely stopped androgen signaling. Molecular suppression of a-terthienyl
led to considerable reduction in animal xenograft models, indicating therapeutic promise
without cellular damage. This research also ties lower AR expression to functional effects,
including synergistic PI3K/AKT prosurvival pathway suppression and a large rise in P27
expression. By reactivating the cell cycle regulatory mechanism, a-terthienyl may be an
effective prostate cancer treatment. While preventing AR function is effective, more severe
cases, particularly those involving drug-resistant AR variants, may necessitate strategies
that directly degrade or eliminate aberrant receptor forms.

4.2.3. Structural Considerations and Structure-Activity Relationships (SAR)

The potency and specificity of natural products in modulating the androgen receptor
(AR) signaling axis are fundamentally rooted in their diverse chemical scaffolds. A critical
observation emerging from this systematic review is the correlation between specific
structural motifs and the resulting mechanistic interference with the AR pathway. The
majority of compounds identified as direct inhibitors of AR function, specifically those
that downregulate expression and activity through direct binding, share a polyphenolic
or flavonoid core. For instance, neoisoliquiritin (a chalcone), alpinumisoflavone (an isofla-
vone), baicalein (a flavone), and tangeretin (a polymethoxylated flavone) all utilize a var-
iant of the chromane scaffold. These compounds typically possess a high degree of hy-
droxylation or methoxylation, which facilitates stable interactions within the AR ligand-
binding domain (LBD). Computational modeling across several studies indicates that
these phenolic rings engage in pi-stacking and hydrogen bonding with critical residues in
the AR active site, most notably LEU 704, GLN 711, and TRP 741. These interactions mimic
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the binding posture of endogenous androgens like testosterone and dihydrotestosterone
(DHT), thereby enabling competitive inhibition.

In contrast, compounds that exert their effects through indirect modulation or the
inhibition of AR synthesis often possess significantly different structural architectures.
The bisbenzylisoquinoline alkaloids derived from lotus seeds, such as neferine, liensinine,
and isoliensinine, exhibit large, nitrogen-containing heterocyclic rings. Their mechanism
does not rely on direct LBD binding but rather on the inactivation of the PI3K/AKT sur-
vival pathway, which indirectly reduces AR protein stability and transcriptional activity.
Similarly, the marine-derived alkaloid manzamine-A possesses a complex polycyclic sys-
tem that specifically disrupts the interaction between the transcription factor E2F8 and the
AR gene promoter, rather than the receptor protein itself.

Furthermore, the triterpenoid class, represented by lupeol, exhibits a pentacyclic ster-
oid-like structure. This structural similarity to steroid hormones likely contributes to its
ability to modulate AR gene expression at the mRNA level and restore redox equilibrium
within the cellular environment. Finally, specialized structures like the xanthone core of
a-mangostin enable unique “seek and destroy” tactics. Its distinct planar ring system fa-
cilitates selective interaction with the BiP (Binding immunoglobulin protein) chaperone,
triggering the proteasomal degradation of both full-length AR and the therapy-resistant
AR-V7 variant. Collectively, these findings suggest that while polyphenols are optimized
for direct receptor blockade, alkaloids and terpenoids offer diverse alternative scaffolds
for targeting the wider AR regulatory network.

4.3. Androgen Receptor Degradation Enhancement (Including Splice Variants)

Variants of AR, notably AR-V7, pose a significant challenge in treating castration-
resistant prostate cancer (CRPC) [106]. This variation remains active despite androgenic
ligands. Because this variant lacks the ligand-binding domain (LBD), the primary target
of hormonal agents such as enzalutamide and abiraterone target, it plays a major role in
therapeutic resistance [107]. Notably, several natural products have been shown to selec-
tively induce AR-V7 degradation via proteasome-mediated pathways, presenting prom-
ising therapeutic strategies [108]. For example, studies on mangostin-derived compounds
identified molecular mechanisms capable of destabilizing and degrading the androgen
receptor, offering a potential breakthrough in targeting drug-resistant variants [92].

As we can see in Figure 4, alkaloids exhibit diverse mechanisms. For example, man-
zamine-A, a marine [-carboline alkaloid, has been shown to inhibit AR synthesis rather
than directly interacting with the receptor protein. Karan et al. reported that the transcrip-
tion factor E2F8 is a novel and essential repressor of AR gene transcription, creating a new
prostate cancer therapeutic vulnerability, where manzamine-A blocks the E2F8 AR gene
promoter connection, stopping transcriptional AR production [96]. To prevent resistance,
the method stops full-length AR (AR-FL) and the therapy-resistant variant AR-V7 from
forming [109]. In in vivo animals, systemic manzamine-A significantly inhibited prostate
tumor growth, demonstrating its translational potential [110]. While preventing the re-
ceptor from being produced is a powerful strategy, other natural compounds take a more
aggressive approach by physically dismantling the receptor protein itself.
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Figure 4. Distinct mechanisms of AR protein depletion by manzamine-A and a-mangostin (created

with BioRender.com).

In 2023, Nauman et al. explored the therapeutic potential of a-mangostin, a xanthone
derived from the pericarps of mangostin, making significant contributions to the compre-
hension of its anticancer mechanisms [92]. a-mangostin shows that natural compounds
can effectively combat AR using “seek and destroy” tactics. a-mangostin effectively de-
graded both full-length AR (AR-FL) and the therapeutically relevant AR-V7 variant.
LNCaP cells, which are susceptible to androgens, and VCaP and 22Rv1 models, which are
castration-resistant, were used to validate these effects. The consistent a-mangostin effect
in these models suggests an androgen-independent mechanism of activity. The study sug-
gests that a-mangostin could function as a promising natural compound capable of over-
coming challenging resistance mechanism in CRPC [111]. Mechanistic investigations into
the cellular machinery responsible for AR degradation confirmed that the compound ac-
tively promotes this process, providing insight into how a-mangostin exerts its antiandro-
genic effects [112].

A further, in-depth examination indicates that #-mangostin’s mechanism of action is
intricate and distinct, markedly differing from conventional AR inhibitors. Research indi-
cates that AR degradation is an active proteolytic process rather than a consequence of
transcriptional repression. MG132 treatment reinstated AR expression, corroborating the
function of proteasomal degradation. The endoplasmic reticulum chaperone protein BiP
(Binding immunoglobulin protein), also referred to as GRP7, was identified as a major
mediator [113]. Nauman et al. (2023) [92] discovered that a-mangostin selectively interacts
with AR and BiP, indicating ubiquitination and subsequent proteasomal degradation of
the complex. These findings have significant therapeutic ramifications as the active elim-
ination of AR-V7 circumvents clinical resistance mechanisms associated with second-gen-
eration endocrine agents such as enzalutamide and abiraterone [112]. This transforms
AR'’s job from staying alive to getting rid of targets. The target degradation route is effec-
tive and has been tested in complicated preclinical conditions. In vivo xenograft studies
showed a significant reduction in tumor growth with a-mangostin treatment, confirming
the therapeutic significance and translational potential of this compound [114]. In general,
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a-mangostin is a protein-degrading agent capable of targeting AR and potentially over-
coming therapeutic resistance in advanced prostate cancer [115]. Another effective strat-
egy is to eliminate or suppress the hormone that activate the androgen receptor.

4.4. Modulation of the AR Pathway via Alternative Targets

This technique shows how natural chemicals can manipulate the cell’s metabolic
ecology to indirectly inhibit AR signaling [116]. These chemicals target pathways and bi-
ological components beyond the nuclear AR protein to disrupt androgen-dependent can-
cer growth in novel ways [117]. To validate that a natural compound specifically targets
the AR signaling pathway, it is essential to demonstrate differential activity between AR-
positive (e.g., LNCaP, 22Rv1, VCaP) and AR-negative (e.g., PC-3, DU-145) prostate cancer
models. Without such evidence, observed antiproliferative effects may stem from non-
specific cytotoxicity rather than hormonal modulation.

For instance, neoisoliquiritin (NEO) exemplifies high AR-centric specificity; it signif-
icantly inhibits AR-dependent LNCaP proliferation while exhibiting minimal cytotoxicity
in AR-independent PC-3 cells. Conversely, some studies included in our initial analysis,
such as those involving tea catechins (EGCG) in the AR-negative DU-145 cell line, suggest
a dualistic nature. While in silico docking reveals a high affinity for the AR ligand-binding
domain (LBD), the observed in vitro lethality in AR-negative models indicates that these
catechins likely exert significant AR-independent antiproliferative effects. This distinction
is critical for clinical translation, as compounds with purely AR-dependent mechanisms
are less likely to produce systemic off-target toxicities.

4.4.1. Inhibition of the 5-a-reductase Enzyme

The 5-a-reductase enzyme converts testosterone into DHT, acting as a key “gate-
keeper” and amplifier in the androgen signaling cascade [118]. The most physiologically
potent androgen is DHT, which binds and transactivates the AR better than testosterone
[119]. Inhibition of this enzyme reduces AR pathway activation by disrupting DHT sup-
ply, the main AR ligand [120]. Recently, natural substances have been found to inhibit the
enzymes involved in the synthesis of this potent hormone [121].

Based on Figure 5, current therapeutic strategies primarily focus on depleting circu-
lating androgens or direct receptor antagonism. Androgen deprivation therapy (ADT),
involving surgical or chemical castration combined with antiandrogens like bicalutamide,
remains a cornerstone of treatment. Advanced options, such as enzalutamide and abi-
raterone acetate, have improved survival outcomes by targeting receptor affinity and an-
drogen biosynthesis, respectively. However, the eventual progression to CRPC highlights
the limitations of existing standards and suggests a role for multitargeted natural scaffolds
in future drug discovery.

Anonna muricata —— Nelumbo nucifera
“~~— Inhibitor «— e 5 0
OH Inhibition of
9y PI3K}AKT Proliferation
- @ Pathway
0 : o
Testosterone Androgen i o (]
5-a-Reductase Receptor (AR) RO > o)

Induction of
Apoptosis

Figure 5. Inhibition of androgen biosynthesis by plant-derived alkaloids and acetogenins (created

with BioRender.com).
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The preventive research of Annona muricata and Nelumbo nucifera has become increas-
ingly important in the search for natural antiandrogenic agents. Apeh et al. (2023) [100]
conducted an in silico evaluation of bioactive compounds Annona muricata (soursop),
providing strong support for their potential as prostate cancer therapeutic agent. This
study involved computational screening of 263 phytochemical compounds from plants to
determine their ability to inhibit 5-a-reductase 2 [100]. This enzyme converts testosterone
into powerful dihydrotestosterone (DHT), the most potent endogenous ligand of the an-
drogen receptor [122]. Many acetogenins were found as prime inhibitory candidates using
molecular docking, MM-GBSA free energy calculations, and ADMET profiles. Similarly,
alkaloids isolated from Nelumbo nucifera demonstrated notable capacity to suppress DHT
synthesis, suggesting that lotus-derived compounds may also serve as effective natural
inhibitors of hormonal activation pathways in prostate cancer.

Annopentocin-A and muricatetrocin-A had the highest expected binding affinity and
structural stability, surpassing finasteride, the clinical inhibitor [100]. In vitro research on
lotus seed alkaloids supports and experimentally verifies these in silico findings of high
inhibitory capability [123]. Although the Annona muricata study provides computational
evidence for inhibiting 5-a-reductase, the Nelumbo nucifera study shows that natural com-
pounds can efficiently inhibit this target in prostate cancer cells [124]. These studies show
a coordinated therapeutic strategy in which a variety of natural molecules identified by
computational modeling and experimental validation converge on a critical enzymatic
node to disrupt the androgen receptor’s most potent ligand. The lotus-seed-derived
bisbenzylisoquinoline alkaloids neferine, liensinine, and isoliensinine have multimodal anti-
androgenic effects. Their activity involves directly inhibiting the 5-a-reductase enzymatic
pathway, thereby lowering testosterone conversion to DHT [94]. By suppressing DHT
synthesis, these compounds indirectly inhibit AR activation and downstream oncogenic
signaling [125]. However, not all natural agents act by blocking androgen production;
some exert anticancer effects by activating specific cell-surface receptors to initiate tumor
cell death [126].

4.4.2. Activation of the Membrane Androgen Receptor (ZIP9)

In Figure 6, prostate tumors that have progressed beyond the traditional nuclear an-
drogen receptor (nAR) may be vulnerable to alternative therapeutic strategies involving
non-genomic, membrane-initiated androgen signaling. Thomas and Dong (2021) reported
that (-)-epicatechin has a novel mechanism that challenges prostate cancer androgen sig-
naling studies [31]. (-)-Epicatechin strongly binds to ZIP9 (SLC39A9), a membrane andro-
gen receptor, rather than the traditional nAR [127]. (-)-Epicatechin binds ZIP9 with 75%
of testosterone affinity, while (+)-catechin acts as an inhibitor [128]. By engaging ZIP9, (-)-
epicatechin “hijacks” the androgen signaling cascade converting it into a proapoptotic re-
sponse [31]. This activation triggers G-protein-mediated pathways, leading to caspases 3
and 9 activation and subsequent programmed cell death [127]. Interestingly, similar ef-
fects were observed in PC-3 prostate cancer cells, an nAR-negative cell line that resists
traditional endocrine therapy [128]. This discovery shows that membrane-initiated testos-
terone signaling can induce death in prostate cancer cells without the nuclear AR target
[129]. It introduces an innovative approach to treating advanced, therapy-resistant pros-
tate malignancies beyond AR blocking [130]. Furthermore, some natural compounds
demonstrate dual receptor modulation by influencing both androgen and estrogen signal-
ing pathways.
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Figure 6. Non-classical androgen signaling modulation by (-)-epicatechin (created with BioRen-

der.com).

4.4.3. Dual Modulation of Androgen and Estrogen Receptors

The study by Khan et al. demonstrated that the furanoflavonoid karanjin may regu-
late the complex hormonal balance involved in prostate cancer progression through many
complementary mechanisms [99]. In silico analyses revealed that karanjin function as a
dual receptor modulator, with significant binding affinity for both the androgen receptor
(AR) and estrogen receptor beta (ER{) [131]. This dual mechanism indicates a broader
therapeutic strategy, wherein a single medication can suppress the proproliferative AR
pathway while simultaneously activating the antiproliferative ER(3 pathway [132].

In the Figure 7, Khan et al. further validated karanjin’s hormonal regulation and an-
ticancer actions in the AR-negative PC-3 cell line [99]. The compound induces reactive
oxygen species (ROS), leading to a G2/M cell cycle arrest and apoptosis. This mechanism
significantly reduces the viability of cancer cells, similar to the actions of curcumin [133],
quercetin [134], asperlin [135], and baicalein [136] on other cancer targets. Auriculasin
[137] also targets the accumulation of reactive oxygen species (ROS), selectively eliminat-
ing damaged cells while sparing normal cells. This mechanism may contribute to its po-
tential suppression of prostate cancer. These findings highlight karanjin as a multifunc-
tional natural chemical that can directly induce ROS, disrupt the cell cycle, and affect the
tumor microenvironment’s hormonal balance [138-140]. Its efficacy in androgen-inde-
pendent prostate cancer animals suggests that it could cure advanced and treatment-re-
sistant disease [141]. Nevertheless, despite these promising results, it is important to
acknowledge the limitations of current studies and the uncertainty surrounding the trans-
lation of such compounds to human clinical application.
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4.5. Limitations

This review highlights basic and preclinical data, as none of the investigated natural
compounds have advanced to human clinical trials; therefore, their efficacy and safety in
patients remained unestablished. This is one of the main limitations in the current studies.
The 15 included studies used different cell lines such as LNCaP, 22Rv1, and PC-3 and
multiple in silico studies resulting in findings that are often computationally predicted
rather than biologically confirmed. Furthermore, many of these compounds cannot yet be
quantified or standardized in a practical therapeutic context. Pharmacokinetic data for
promising in vivo validated agents, such as a-mangostin and manzamine-A, remain
sparse, particularly oral bioavailability, solubility, metabolism, and toxicity profiles. Con-
sequently, a substantial translational gap persists, and future research should prioritize
addressing these weaknesses through systematic pharmacokinetic characterization,
standardized dosing, and eventual progression toward clinical evaluation.

4.6. Future and Prospect

This systematic review highlights the potential of natural compounds as promising
AR modulators for prostatic cancer therapy. We identified a diverse range of bioactive
molecules capable of altering AR signaling, such as a-mangostin, manzamine-A, and a-
terthienyl, which have attracted considerable research interest due to their potent preclin-
ical effects. However, substantial questions remain about their physiological mechanisms
and pharmacokinetic properties, including absorption, solubility, metabolism, and tox-
icity. Overcoming these limitations will be essential to advancing these compounds to-
ward clinical application. Future research that integrates these natural compounds with
joint treatment medications such as enzalutamide may enhance efficacy and reduce re-
sistance and broaden therapeutic options for advanced prostate cancer

Notably, a-mangostin demonstrates the ability to degrade both full-length AR and
the therapy-resistant AR-V7 isoform. Manzamine-A inhibits AR synthesis by disrupting
the regulatory transcription factor E2F8, while (-)-epicatechin, act through the non-classi-
cal ZIP9 membrane receptor, illustrating the mechanistic versatility of natural products.
While natural compounds such as a-mangostin, manzamine A, and a-terthienyl have
demonstrated significant potential in preclinical models, substantial questions regarding
their pharmacokinetic properties remain. Therefore, these molecules should be consid-
ered promising lead candidates rather than immediate clinical solutions. Future research
should prioritize improving bioavailability through optimized formulation strategies and
investigating combinatorial therapies with established agents like enzalutamide.
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5. Conclusions

This comprehensive assessment of 15 studies demonstrates that natural product de-
rived compounds are versatile modulators of AR signaling, capable of exerting their ef-
fects through multiple mechanistic pathways. The study demonstrates that these bioactive
compounds can directly suppress AR expression, activity, and nuclear translocation,
while also engaging alternative and clinically relevant mechanisms that reshape therapeu-
tic possibilities. Identifying compounds capable of overcoming resistance is a critical pri-
ority in prostate cancer treatment. In castration-resistant prostate cancer (CRPC), for ex-
ample, a-Mangostin promotes proteasomal degradation of both full-length AR and the
persistent AR-V7 splice variant, whereas manzamine-A inhibits E2F8 to prevent receptor
synthesis. These represent novel approaches to circumventing endocrine resistance. Un-
conventional paradigms, such as the reutilization of (-)epicatechin in androgen signaling
to trigger apoptosis via the ZIP9 non-classical membrane receptor, highlight the dynamic
ability of natural compounds to reprogram cellular signaling for therapeutic benefits.

These findings provide a strong foundation for future pharmaceuticals development.
Compounds such as a-mangostin, manzamine A, and «a-terthienyl have emerged as po-
tential candidates for clinical trials. Future efforts should focus on enhancing bioavailabil-
ity by optimizing pharmacokinetics and formulations strategies. Investigating combina-
torial therapies with established agents like enzalutamide may also boost efficacy and de-
lay resistance. New AR signaling pathway molecular targets such as E2f8 and ZIP9 re-
quire comprehensive assessment as potential therapeutic entry points. Collectively, the
diverse chemical scaffolds and unique modes of action identified in this review provide a
scientific foundation for the development of next-generation prostate cancer therapeutics.
However, human clinical trials are strictly necessary to translate these pre-clinical obser-
vations into safe and effective medical interventions.
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