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Abstract: Prostate cancer (PCa) is the second most common male cancer and fifth leading cause of
cancer death, with 1.4 million new cases and 375,000 deaths annually. Therapies are limited by
castration-resistant prostate cancer, multidrug resistance, and dose-limiting toxicities. The oxidative
stress-inflammatory axis driven by ROS-induced DNA damage, NF-xB activation, and dysregulated
androgen receptor signaling is central to PCa initiation, progression, and metastasis. Dietary
phytochemicals show chemopreventive promise, but translation is hindered by poor target
characterization, limited bioavailability, and lack of predictive prioritization frameworks. This review
synthesizes current evidence on antioxidant and anticancer phytoconstituents from Allium cepa (onion)
and Solanum lycopersicum (tomato), using Al-driven approaches molecular docking, network
pharmacology, machine learning, and deep learning for compound prioritization across three pillars:
oxidative stress-inflammation-cancer modulation, phytochemical polypharmacology, and predictive Al
modeling. Quercetin activates the Nrf2/ARE pathway via Keapl modification, while lycopene quenches
singlet oxygen through its conjugated polyene chain. Al docking identified quercetin as a higher-affinity
androgen-receptor binder than enzalutamide, and machine learning models predicted antioxidant
capacity from metabolomic profiles with strong cross-validation. However, clinical evidence remains
equivocal, with meta-analyses showing no significant effect of lycopene on prostate-specific antigen
levels. The review proposes a translational pathway addressing bioavailability optimization, biomarker
refinement, and natural product-specific Al model development.

Keywords: artificial intelligence; prostate cancer; Allium cepa; Solanum lycopersicum; quercetin;
lycopene; molecular docking; network pharmacology; oxidative stress; chemoprevention

INTRODUCTION

Allium cepa (onion) and Solanum lycopersicum (tomato) are common food staples that are rich in
organosulfur compounds (OSCs) and flavonoids (quercetin, kaempferol) and carotenoids (lycopene, -
carotene) with proven antioxidant and antiproliferative properties, but there are gaps in knowledge.
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First, the molecular mechanisms of the anti-prostate cancer activity of phytochemicals from onions and
tomatoes are not fully understood, especially in relation to their actions on AR signaling, the
PI3K/Akt/mTOR pathway and the apoptotic cascade (Alobid, 2026; Hao et al., 2022; Moran et al., 2022).
Second, traditional laboratory experiments screening phytochemicals are time-consuming, expensive, and
do not account for the polypharmacological nature of natural products (Chihomvu et al., 2024;
Chakraborty et al., 2022; Iwar et al., 2024). Third, the integration of artificial intelligence (Al) and
machine learning (ML) approaches on systematic mining, target prediction, and elucidation of the
mechanism of action of Allium and Solanaceae-derived bioactives in prostate cancer settings is yet still
significantly under-explored. In addition, the clinical effectiveness of lycopene and quercetin
supplementation in PCa prevention is uncertain, with some meta-analyses showing no difference in
prostate-specific antigen (PSA) levels, and a need for advanced biomarker strategies and personalised
intervention frameworks (Nkwe et al., 2021; Sharifi-Zahabi et al., 2022; Paur et al., 2017).

This study aims to critically review and consolidate the latest scientific evidence on the antioxidant and
anticancer effects of phytochemicals in A. cepa and S. lycopersicum, and to discuss the potential of using
artificial intelligence and computational techniques to systematically optimize their application in prostate
cancer prevention and management.

Hence, it is of utmost importance to systematically characterize the antioxidant phytochemical profile of
Allium cepa and Solanum lycopersicum; by critically appraising the mechanism underlying the
modulation of oxidative stress in prostate cancer pathogenesis by phytochemicals; to assess the current
applications, limitations, and the translation potential of artificial intelligence and machine learning
frameworks for the screening, prioritization, and mechanism elucidation of phytochemicals from A. cepa
and S. lycopersicum for prostate cancer drug discovery. The methodology underlying this synthesis
including the exact database search strings, date range, and inclusion/exclusion criteria applied is reported
in full in the Methodology section below, to support transparency and reproducibility of the literature base.

Significance of This Review

This review offers one of the first comprehensive synthesis that links together experimental
phytochemistry, molecular oncology and Al-driven drug discovery in prostate cancer settings for Allium
cepa and Solanum lycopersicum. It provides clinically relevant information about dietary intervention
strategies and nutraceutical adjuvant therapies that could improve treatment outcomes and minimize
chemotherapy-related toxicities
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It provides a tool for natural product screening that can help shorten preclinical development timelines
and discover lead compounds, which is beneficial for pharmaceutical scientists and computational
biologists. It could help public health policy makers develop population dietary guidelines focusing on
functional foods for prostate cancer prevention, especially in resource limited countries where
pharmaceutical interventions are not available (Fekete et al., 2025; Cicero et al., 2019; Konecki et al.,
2022).

Scope and Delimitation

Scope: This review encompasses: (1) the phytochemical composition and antioxidant mechanisms of A.
cepa (focusing on quercetin, organosulfur compounds, and flavonoid glycosides) and S. lycopersicum
(focusing on lycopene, B-carotene, and phenolic acids); (2) experimental and clinical evidence of their
anticancer efficacy against prostate cancer cell lines (LNCaP, PC-3, DU145), xenograft models, and
human subjects; (3) molecular signaling pathways including NF-xB, Nrf2/ARE, PI3K/Akt/mTOR, AR,
and apoptotic cascades; (4) Al and computational approaches including molecular docking, molecular
dynamics simulations, network pharmacology, machine learning-based QSAR modeling, and deep
learning-assisted target prediction; and (5) translational implications for dietary intervention, nutraceutical
formulation, and adjuvant therapeutic strategies.

Delimitation: The time frame of this review is limited to the peer-reviewed English-language literature
in PubMed, Scopus, IEEE Xplore, and Web of Science from 2004 to 2025. Excludes: (1) non-peer-
reviewed conference abstracts, theses and dissertations (except where seminal); (2) studies on non-prostate
malignancies unless directly comparative; (3) synthetic analogs of natural products unless directly derived
from a precursor of onion/tomato; (4) agricultural and horticultural studies with no biomedical relevance;
and (5) studies without molecular mechanism data.

LITERATURE REVIEW

Conceptual Framework
The conceptual approach of this review is organized into three interrelated pillars that will support each
objective, based on the existing theory and empirical literature:

Pillar I: Oxidative Stress-Inflammation-Cancer Axis (Objective 1). The conceptual foundation rests
on the oxidative stress theory of carcinogenesis, wherein chronic ROS generation induces DNA damage,
lipid peroxidation, and protein oxidation, creating a microenvironment conducive to malignant
transformation (Wang et al., 2025; Li et al., 2023). Phytochemicals from A. cepa and S. lycopersicum can
activate the nuclear factor erythroid 2-related factor 2 (Nrf2)/antioxidant response element (ARE)
pathway, which is the main mechanism by which cells defend against oxidative stress (Marefati et al.,
2021; Naiki-Ito et al., 2025; Ngo and Duennwald, 2022). This pillar combines the free radical theory of
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aging (Harman, 1956) and the inflammation-cancer paradigm (Coussens & Werb, 2002), putting dietary
antioxidants in the center of the tumor microenvironment.

Pillar 11: Phytochemical Polypharmacology and Molecular Target Networks (Objective 2). This
pillar is based on a concept of natural products as ‘privileged structures' which interact with multiple
targets with weak-to-moderate binding affinity. The polypharmacology framework recognizes that onion-
derived quercetin and tomato-derived lycopene do not act through single receptor-ligand interactions but
rather perturb complex signaling networks including AR, PI3K/Akt, MAPK, and NF-kB pathways (Hao
et al., 2022; Mia et al., 2023; Okpako et al., 2024). To capture these multi-target effects, it is necessary to
go beyond the "one drug, one target" paradigm to a holistic mechanism understanding, which can be
achieved by network pharmacology or systems biology approaches (Salehi et al., 2019; Fontana et al.,
2020; Thombre et al., 2026).

Pillar 111: Al-Enhanced Drug Discovery and Predictive Modeling (Objective 3). The third pillar combines
cheminformatics, bioinformatics, and artificial intelligence to develop prediction frameworks for
phytochemical prioritisation. These encompass: (a) molecular descriptor-based QSAR modelling for
prediction of activity; (b) structure-based drug design by molecular docking and dynamics; (c) similarity
ensemble approaches for target fishing of ligands; and (d) deep learning approaches for metabolite
identification from complex plant extracts (Santiago et al., 2026; Chandra & Chandra, 2026; lwar et al., 2024).
These pillars are envisioned to form a translational pathway from the identification of phytochemicals to
clinical application (Figl below).
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Fig. 1. The illustrated conceptual framework for the Phytochemicals in Prostate Cancer. The three-pillar structure integrates
oxidative stress-inflammation-cancer axis modulation (Pillar 1), phytochemical polypharmacology and molecular target
networks (Pillar I1), and Al-enhanced drug discovery and predictive modeling (Pillar I11).
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Theoretical Framework

Objective 1: The theoretical basis for antioxidant phytochemical characterization draws from the Redox
Balance Theory and the Electrophile Sensor Hypothesis. According to the Redox Balance Theory, cellular
homeostasis relies on the balance between ROS production and antioxidant capacity, and oncogenesis
happens when the balance tips in favor of pro-oxidant conditions (Li et al., 2023). The Electrophile Sensor
Hypothesis has been proposed to explain the activation of the Keapl-Nrf2-ARE pathway by the
modification of cysteine thiol groups on Keapl, which stabilizes Nrf2 and increases the expression of
phase Il detoxification enzymes (glutathione S-transferase, heme oxygenase-1, NAD(P)H:quinone
oxidoreductase 1) (Marefati et al., 2021). Furthermore, the Free Radical Scavenging Theory (Harman,
1956) gives mechanistically reasons for the direct antioxidant effects of quercetin and lycopene, in which
the phenolic hydroxyl group of quercetin and the conjugated polyene chain of lycopene donate electrons
to neutralize free radicals (Konecki et al., 2022).

Objective 2: Anticancer activity of phytochemicals is theoretically supported by the Hallmarks of Cancer
Framework (Hanahan & Weinberg, 2011) that describes 10 characteristic features of malignancy that
therapeutic agents must overcome. Onion and tomato bioactives affect multiple hallmarks: (1) sustained
proliferative signaling, by inhibiting PI3K/Akt pathways and MAPK pathways, (2) evasion of growth
suppressors, by upregulating p21/p27 and inhibiting the phosphorylation of Rb protein, (3) resistance to
cell death, by modulating Bax/Bcl-2 and inhibiting caspase-3 and 9, (4) replicative immortality, by
inhibiting the telomerase, (5) induction of angiogenesis, by inhibiting VEGF and HIF-1a and (6) activation
of invasion and metastasis, by inhibiting MMP and preserving E-cadherin (Hao et al., 2022; Mia et al.,
2023). The Androgen Receptor Signaling Theory also describes the effect of lycopene and quercetin on
AR translocation, DNA binding and coactivator binding, which is important for CRPC management
(Applegate et al., 2019).

Objective 3: The Al discovery framework is theoretically supported by the Lipinski Rule of Five (extended
to natural products as the beyond Rule of 5), the Quantitative Structure-Activity Relationship (QSAR)
Theory, and the Similarity Principle. QSAR theory suggests that the biological activity of a compound
can be explained using physicochemical properties captured in molecular descriptors, which can be used
to develop machine learning models to predict bioactivity based solely on chemical structure (Chandra &
Chandra, 2026). Ligand-based target fishing is based on the Similarity Principle (Johnson & Maggiora,
1990) which states that structurally related molecules will share biological targets, allowing prediction of
phytochemical-protein interactions by similarity of chemical fingerprints.
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In contrast, Network Pharmacology Theory (Hopkins, 2008) proposes that drug action is not inhibition of
a single target, but rather perturbation of a network, which is a property of natural products and requires
graph-theoretic and systems biology perspectives.

Empirical Evidence

Obijective 1: Empirical support for the antioxidant properties of A. cepa and S. lycopersicum derives from
multiple experimental paradigms. Chakraborty et al. (2022) comprehensively profiled the phytochemical
composition of A. cepa and identified 63 organosulfur molecules, flavonoids (quercetin-3,4'-diglucoside,
quercetin-4'-glucoside), and phenolic acids with strong DPPH radical scavenging activity (ICso values
0.5-2.1 mg/mL). Fredotovi¢ et al. (2017, 2021) showed that ABTS scavenging capacity of methanolic
extracts of A. cepa peels was higher than 85%, corresponding to the levels of total phenolic content (TPC)
of 18.4-24.7 mg GAE/g DW. Marefati et al. (2021) conducted a systematic review of the anti-
inflammatory and antioxidant properties of A. cepa, showing its ability to inhibit NF-xB, COX-2, and IL-
6/IL-1p in LPS-activated macrophages and animal models of inflammatory diseases.

For tomato, Moran et al. (2022) summarized the available preclinical data on the effects of lycopene
supplementation (10-300 mg/kg body weight) on oxidative stress markers (malondialdehyde and 8-
hydroxy-2'-deoxyguanosine) in TRAMP mice and chemically induced models of prostate carcinogenesis.
Van Breemen et al. (2011) performed a randomized controlled trial in African American men with PCa
or BPH, showing that lycopene supplementation (30 mg/day for 21 days) significantly raised plasma and
prostatic lycopene levels with mixed results for oxidative stress biomarkers. Wang et al. (2023) offered a
detailed nutritional profile, which showed that thermal processing (cooking, paste production) boosts
lycopene bioavailability by disrupting cellular matrix and protein-carotenoid complexes, leading to a 2-3
fold higher lycopene bioavailability than in raw tomato consumption.

Objective 2: Anticancer efficacy of onion and tomato phytochemicals against prostate cancer has been
demonstrated in several experimental levels. In in vitro studies, Sharma et al. (2024) investigated the first
time onion-derived nanovesicles (ODNVs) were applied to prostate cancer cells (PC-3) and found
antiproliferative properties, with ICs at 78.4 pg/mL, dose-dependent S-phase cell cycle arrest, and
induction of apoptosis through upregulation of Bax and downregulation of Bcl-2 and cleavage of caspase-
3. Mirzaei et al. (2023) found that quercetin (25-100 uM) showed a higher inhibitory effect on metastatic
PC-3 cells than its effect on localized LNCaP cells, and that it exhibited more potent inhibition in
androgen-independent models, indicating its potential in CRPC settings. Hao et al (2022) performed a
systematic review of the molecular mechanism studies and found that lycopene causes GO/G1 and G2/M
phase arrest by downregulating cyclin D1/E and upregulating p21/p27, respectively, while quercetin
inhibits the PI3K/Akt pathway by activating GSK-3p and degrading B-catenin.
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Moran et al. (2022) found that the tumor weights were significantly lower in tomato powder (13 nmol
lycopene/g diet) than in synthetic lycopene beadlets, indicating matrix-dependent bioactivity and
synergistic interactions between the phytochemicals in tomato powder. In the context of chemoprevention,
Naiki-Ito et al. (2025) highlighted oxidative stress as an important pathway in experimental models,
showing that lycopene and quercetin had effects on reducing the levels of 8-OHdG and modulating the
expression of Nrf2/ARE in experimental models of prostate cancer in rats.

Paur et al. (2017) performed the largest tomato-based RCT in prostate cancer patients (n=79) that resulted
in no significant difference in PSA progression between the tomato extract (lycopene 30 mg/day) and
control groups over the 3-week pre-surgical intervention period; however, exploratory subgroup analysis
suggested a possible benefit in patients with intermediate-risk disease. Following Sharifi-Zahabi et al.
(2022) who reported a meta-analysis of 6 RCTs and concluded that there was no significant effect of
lycopene supplementation on PSA levels (WMD = —0.12 ng/mL; 95% CI: —0.62, 0.38; P = 0.64), there is
a need for better patient stratification and biomarker selection.

Obijective 3: Al's application in prostate cancer phytochemical screening is an emerging field with some
empirical evidence. Network analysis showed enrichment of prostate cancer, PI3K-Akt and apoptosis
pathways, and quercetin had the highest degree of centrality, functioning as a hub compound. Iwar et al.
(2024) have published a review of the use of Al in Allium phytochemistry, including the use of random
forest algorithms to predict antioxidant capacity from HPLC-MS metabolomic profiles with R2 values of
>0.85 for TPC and flavonoid content prediction.

Siddiqui et al. (2025) thoroughly explored the application of Al for screening of plant-derived bioactives
against prostate cancer, emphasizing the use of tools such as DeepChem, MoIBERT, and graph neural
networks for compound-target interaction predictions. To prioritize phytochemical candidates, the NP-
ScreenR framework is based on LC-MS/MS metabolite profiling, Al-based molecular representation
(SMILES-BERT embeddings), ligand-based target prediction (PASS Online, Swiss Target Prediction),
structure-based virtual screening (AutoDock Vina, AlphaFold2-assisted docking), and multi-objective
Pareto ranking. Vranceanu et al. (2022) showed that the expression of genes that could be influenced by
plant nutraceuticals can be predicted by machine learning classifiers trained using transcriptomic data sets,
and that lycopene and quercetin tend to consistently modulate the expression of MYC, CCND1, and BCL2
across several databases of cancer cell lines.


https://www.eajournals.org/

Global Journal of Pure and Applied Chemistry Research, 14, (1),1-32, 2026
Print ISSN: ISSN 2055-0073(Print),
Online ISSN: ISSN 2055-0081(Online)

Website: https://www.eajournals.org/

Publication of the European Centre for Research Training and Development-UK

Research Gaps

Gap 1: Bioavailability and Metabolite Dynamics. The antioxidant activity of quercetin and lycopene is
well known in vitro, however the systemic bioavailability of these two compounds is limited. Quercetin
is heavily metabolized in the liver by extensive phase Il reaction (glucuronidation, sulfation, methylation)
resulting in metabolites in circulation that may have modified bioactivity. The absorption of lycopene is
highly variable (2-30% of the dose) and can be affected by food matrix, processing, and co-ingestion of
lipids. The use of Al-driven pharmacokinetic prediction models (such as ADMETIlab, pkCSM) has not
been systematically investigated for optimizing the formulation strategies of these phytochemicals
(Marefati et al., 2021; Wang et al., 2023). Isolated proof-of-concept nanoformulations exist for both
compounds — a PSMA-targeted, chitosan-coated PLGA nanoparticle for quercetin tested on LNCaP cells
(Essa et al., 2023) but neither has been paired with Al-driven pharmacokinetic modeling, evaluated for
prostate-specific bioavailability in vivo, or advanced to a human trial; the gap is therefore not a lack of
candidate delivery platforms but the absence of any pipeline connecting them to computational PK
optimization and clinical testing.

Gap 2: Clinical Translation and Biomarker Refinement. Clinical evidence for lycopene is ambiguous
due to many different study designs, different doses (5-120 mg/day), short study lengths (3 weeks—2
years), and using PSA as a surrogate endpoint. PSA is not specific for cancer progression and is affected
by a number of extraneous factors. Thus, the need for precision nutraceutical intervention and biomarker
discovery through Al integration of multi-omics data (genomics, transcriptomics, and metabolomics) is
very urgent to uncover predictive phytochemical response signatures (Sharifi-Zahabi et al., 2022; Paur et
al., 2017). No lycopene or quercetin trial has yet tested genomic classifiers (PCA3, TMPRSS2-ERG,
Prolaris, Decipher, ConfirmMDx) or Al-supported multimodal radiomic frameworks as alternative
endpoints, despite both outperforming PSA elsewhere in prostate cancer diagnostics (Majewska et al.,
2025; Al Barajraji et al., 2025); and the biomarkers that did register a signal in the trials reviewed here —
tumor proliferation index in Paur et al. (2017), oxidative-stress/Nrf2-HO-1 markers in Van Breemen et al.
(2011) and Naiki-Ito et al. (2025) — were captured only as secondary outcomes, so no trial has yet been
powered around a non-PSA primary endpoint.

Gap 3: Polypharmacology Deconvolution. The multiple targets of phytochemicals are also beneficial
for therapeutic purposes, but make it difficult to study their mechanisms of action and to get approval.
Current Al models are very useful for simple target prediction but are less effective when it comes to
polypharmacological deconvolution. Network pharmacology approaches require validation through
CRISPR-Cas9 screening and proteomic target engagement assays to confirm predicted interactions
(Fontana et al., 2020; Mia et al., 2023). This validation gap is visible in the present synthesis itself: the
AR, PI3K, and AKT1 affinities reported for quercetin (Duprat et al., 2026; Chandra & Chandra, 2026)
and its network-hub status by degree centrality (Kalungi et al., 2023) rest on docking and network-
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topology evidence alone, with no CRISPR-Cas9, proteomic, or label-free biophysical confirmation (e.qg.,
CETSA, DARTS, SPR; Li et al., 2025) yet reported for any of them.

Gap 4: Dataset Limitations and Model Bias. Al models trained for phytochemical screening are mainly
derived from synthetic small molecules data (ChEMBL, PubChem), making them less generalizable to
natural products with more complex scaffolds, stereochemistry and glycosylation. The bias in the public
databases, due to the lack of phytochemicals and the lack of accuracy of the model in natural product-
specific applications (Chandra & Chandra, 2026).

Gap 5: Integration of Ethnopharmacological Knowledge. The traditional medicinal information of
Allium and Solanaceae preparations for urological disease is not well represented in the computational
discovery pipelines. This can be tackled using natural language processing (NLP) and knowledge graph
methods to identify the most promising targets for bioprospecting by analysing past literature,
pharmacopeias and indigenous knowledge systems (Fort et al., 2018; Jan et al., 2024).

METHODOLOGY

An integrated modern approach was used for this review, tailored to the emerging interfaces of the Al-
phytochemistry field. The method integrates information from experimental phytochemistry, molecular
oncology, and computational biology literature to achieve the three objectives of the review. This
methodology is not as focused as systematic reviews on the aggregation of evidence, but rather on
conceptual synthesis, mechanistic deconvolution, and development of a translational framework.

Search Strategy

Five electronic databases (PubMed/MEDLINE, Scopus, Web of Science, IEEE Xplore, and Google
Scholar) were systematically searched. The PubMed search was performed from January 2004 to
December 2025. The search strategy employed Boolean operators (AND, OR, NOT) with the following
keyword combinations: Primary search terms: (“prostate cancer" OR "prostatic neoplasms™ OR "PCa")
AND ("Allium cepa™ OR "onion" OR "Solanum lycopersicum” OR "tomato™ OR "lycopene"” OR
"quercetin™) AND ("artificial intelligence™ OR "machine learning™ OR "deep learning” OR "molecular
docking™ OR "network pharmacology” OR "QSAR" OR "cheminformatics"). Secondary search terms:
("oxidative stress” OR "antioxidant™ OR "Nrf2" OR "NF-kappa B") AND ("phytochemical” OR "natural
product” OR “nutraceutical) AND ("prostate cancer” OR "CRPC"). Tertiary search terms:
("bioavailability" OR "ADMET" OR "pharmacokinetics") AND ("lycopene™ OR "quercetin” OR
"carotenoid” OR "flavonoid™) AND ("prostate™ OR "cancer").

Manual screening of reference lists of retrieved articles and review papers was also used to identify
additional relevant studies. The initial search was performed with no language restrictions, but only
English-language publications were included for the final synthesis.

10
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Inclusion and Exclusion Criteria

Inclusion criteria: (1) Peer-reviewed original research articles, reviews, and meta-analyses published in
indexed journals; (2) Studies reporting on the phytochemical composition, antioxidant activity, or
anticancer efficacy of Allium cepa or Solanum lycopersicum constituents; (3) Studies employing Al,
machine learning, or computational approaches for phytochemical screening, target prediction, or
mechanism elucidation in prostate cancer contexts; (4) In vitro studies using human prostate cancer cell
lines (LNCaP, PC-3, DU145, 22Rvl, C4-2); (5) In vivo studies using rodent models of prostate
carcinogenesis (TRAMP, xenograft, chemically-induced); (6) Clinical trials or observational studies in
human subjects with prostate cancer or benign prostatic hyperplasia; (7) Studies published between 2004
and 2025.

Exclusion criteria: (1) Non-peer-reviewed conference abstracts, theses, and dissertations (except where
seminal and widely cited); (2) Studies on non-prostate malignancies unless directly comparative; (3)
Synthetic analogs of natural products unless directly derived from onion or tomato precursors; (4)
Agricultural and horticultural studies lacking biomedical relevance; (5) Studies not reporting molecular
mechanism data or quantitative outcomes; (6) Publications in languages other than English; (7) Duplicate
publications or overlapping datasets (only the most comprehensive report was retained).

Data Extraction and Quality Assessment

A structured extraction form recorded, for each study: first author, year, study design, phytochemical(s)
studied, cell line or model, main findings, molecular targets, and methodological quality indicators.
Quality was assessed using the ToxRTool for in vitro studies, the SYRCLE Risk of Bias tool for animal
experiments, the Cochrane RoB 2 tool for randomized trials, the Newcastle-Ottawa Scale for observational
studies, and a custom checklist for computational studies covering dataset size, validation strategy,
external test-set performance, and code availability. Only moderate- and high-quality studies were
retained for primary synthesis. In addition, for this revision, every reference published in 2025-2026 was
checked against its publisher record, and a targeted subset of specific quantitative claims tied to Al-derived
findings was checked against the primary source text; findings from this process are reported in the Critical
Appraisal sections below and directly informed several corrections to this manuscript.

Data Synthesis

The evidence synthesis was conducted using a narrative integrative approach, since there were too many
study designs, outcome measures, and methodologies used in Al across the studies included. The synthesis
was organized around the three review objectives, and sub/themes were grouped by evidence tier (in vitro

— in vivo — clinical — computational). Convergent and divergent results were specifically highlighted,
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and the strength of evidence was ranked according to a modification of the GRADE framework for
preclinical and computational research.

REVIEW OF LITERATURE
Objective 1: Antioxidant Phytochemical Profiles and Oxidative Stress Modulation
Experimental Evidence

Phytochemistry of Allium cepa, has been well characterized by chromatographic and spectroscopic
analysis with antioxidants. At least 260 phytoconstituents were found across six major species of Allium,
including A. cepa, which had high levels of quercetin derivatives (quercetin-3,4'-diglucoside and
quercetin-4'-glucoside), organosulfur compounds (dipropyl disulfide and methyl propyl disulfide) and
saponins (Alam et al. 2023). The total flavonoid content in red onion varieties is more than 400 mg of
quercetin equivalents/100 g fresh weight and the dominant compound is quercetin-4'-glucoside which
makes up 80-85% of the total. Lu et al. (2011) reported antioxidant activity in onion extracts. Fidrianny
et al. (2013) also reported that onion bulb ethyl acetate extract showed the highest DPPH scavenging
capacity (45.86%0) and ABTS capacity (49.03%), while phenolics and flavonoids were major contributors
to antioxidant activity. Duan et al. (2015) further showed that onion peel extracts exhibited DPPH, ABTS,
and FRAP antioxidant activity, with antioxidant responses associated with phenolic and flavonoid
contents.

The UPLC-MS/MS phytochemical profiling of extracts from A. cepa peels from conventional and organic
sources was performed by Bavaro et al., (2026) and Fredotovi¢ et al. (2017, 2021), identifying 47 phenolic
compounds, with quercetin-3,4'-diglucoside, quercetin-4'-glucoside and quercetin-3-glucoside as the
major metabolites. Peel extracts had 2.3-fold higher antioxidant activity compared with flesh extracts,
which is due to the accumulation of high concentration of flavonoids in the outer epidermal layers.
Marefati et al. (2021) systematically reviewed the anti-inflammatory and antioxidant mechanisms of A.
cepa, documenting suppression of LPS-induced NF-«kB activation (40-60% reduction at 100—500 pg/mL),
COX-2 downregulation, and IL-6/IL-1p/TNF-a inhibition in RAW264.7 macrophages and animal models
of inflammation.\

Tchonkouang et al. (2026) and Wang et al. (2023) carried out detailed nutritional characterization of S.
lycopersicum, which ranged from 12-17 mg/100 g in fresh tomatoes to 30.22-38.88 mg/100 g in
processed tomatoes (paste, sauce, ketchup) because of thermal disruption of chromoplast membranes. The
all-trans isomers of lycopene (90-95%) are more predominant in fresh fruit, while thermal processing
leads to an increase in cis-isomers (5-25%) which have greater bioavailability because less lycopene
crystallization and more micellarization of lycopene. In addition to lycopene, tomatoes contain -carotene,
y-carotene, phytoene, phytofluene, and phenolic acids (chlorogenic acid, caffeic acid, ferulic acid) which
accounts for total antioxidant capacity of the tomatoes (Arballo et al., 2021).
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Molecular Mechanism Studies

Li et al. (2023) investigated the prostate cancer-oxidative stress connection and found that chronic up-
regulation of ROS yields 8-OHdG base alterations, 4-HNE adducts and protein carbonylation, which result
in a mutating environment. The Nrf2/ARE pathway is the most important adaptive response, and Keapl
acts as a repressor that is redox-sensitive. Under oxidative stress, cysteine residues on Keapl (C151, C273,
C288) are modified by electrophilic phytochemical metabolites, triggering Nrf2 dissociation, nuclear
translocation, and ARE-driven expression of phase Il enzymes (HO-1, NQO1, GST, SOD, catalase) (Baird
& Yamamoto, 2020).

Salehi et al., 2020; Marefati et al. (2021) showed that quercetin activates Nrf2 in human prostate epithelial
cells, upregulating HO-1 expression by 3.5-fold and decreasing ROS levels after H.0: challenge. The
mechanism involves quercetin oxidation to quinone electrophiles that modify Keapl cysteines, alongside
direct scavenging of superoxide anion (O2¢") and hydroxyl radical (*OH) through hydrogen atom donation
from the B-ring catechol group (Li et al., 2025). Leh & Lee, (2022); Konecki et al. (2022) reviewed
carotenoid chemoprevention, documenting that lycopene's conjugated polyene chain (11 conjugated
double bonds) enables efficient singlet oxygen ('O2) quenching (rate constant kq = 3.1 x 10 M's™),
exceeding B-carotene and a-tocopherol efficacy. Lycopene also slows down the rate of lipid peroxidation
in cells of the prostate, which helps maintain the fluidity of the cell membranes and the integrity of the
receptors' signaling (Ghosh et al., 2025).

Al and Computational Models

In fact, Barbu et al. (2024) and Iwar et al. (2024) described the use of random forest and support vector
machine algorithms trained with Allium metabolomic datasets from HPLC-DAD-MS for prediction of
antioxidant capacity (Jung et al., 2024; Santiago et al., 2026). The feature importance analysis showed
that quercetin glycosides, kaempferol derivatives and OSCs are the major contributors to the DPPH
scavenging activity. Using deep learning techniques (convolutional neural networks, CNNs) on
chromatographic peak matrices, variety identification and quality control were achieved with higher
accuracy for the classification of onions as organic or conventionally grown, based on the use of
phytochemical fingerprints (Lopez-Martinez et al., 2024).

Objective 2: Anticancer Efficacy, Molecular Targets, and Signaling Pathways
In Vitro Experimental Evidence

Sharma et al. (2024) presented pioneering research on onion-derived nanovesicles (ODNVS) in prostate
cancer. The isolated ODNVs were characterized using DLS, FESEM and FTIR, and their diameter ranged
from 50-200 nm and they were negatively charged. The MTT assays showed that the compound is dose-
dependent cytotoxic against PC-3 cells with ICso of 78.4 pug/mL at 48 h and it has a selective toxicity
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(cancer vs. normal cell ratio > 3.5). Mechanistic studies showed S-phase cell cycle arrest (2 fold increase
in S-phase cell population), inhibition of colony formation (82% inhibition at 100pug/mL) and impaired
cell migration (scratch assay: 67% wound closure reduction). The induction of apoptosis was verified by
DAPI nuclear staining (condensation of chromatin and presence of apoptotic bodies) and annexin V/PI
flow cytometry (early apoptosis: 18.4% vs. 4.2% control) and by Western blotting (downregulation of
Bcl-2, upregulation of Bax, cleavage of caspase-3 and fragmentation of PARP).

Hussain et al., (2021) and Mirzaei et al. (2023) tested the efficacy of quercetin on prostate cancer cell
lines, revealing more activity against the metastatic prostate cancer cell lines PC-3 and DU145, which are
androgen-independent, than the localized androgen-dependent prostate cancer cell line LNCaP. Quercetin
at 50 uM decreased viability of PC-3 by 68% compared to LNCaP (42%), and improved apoptosis of AR-
negative models. The mechanism involved PI3K/Akt pathway inhibition (p-Akt reduction by 74%), GSK-
3B activation, and P-catenin degradation, consistent with the Wnt/B-catenin signaling disruption
hypothesis. This finding suggests quercetin may be particularly valuable in CRPC where AR signaling is
bypassed.

Hao et al. (2022) systematically reviewed molecular mechanism studies of phytochemicals in prostate
cancer, establishing that lycopene (1-10 uM) induces cell cycle arrest at GO/G1 (cyclin DI1/E
downregulation, p21/p27 upregulation) and G2/M (cdc2 inhibition, cyclin B1 reduction) phases in LNCaP
and PC-3 cells. Lycopene also promotes the mitochondrial apoptotic pathway: cytochrome c release,
activation of caspase-9/3 and cleavage of PARP, and increase of the Bax/Bcl-2 ratio by 2.5-4.0-fold.
Additionally, lycopene inhibits IGF-1 signaling (IGF-1R downregulation, IRS-1 dephosphorylation),
reducing PI3K/Akt and MAPK/ERK activation, critical for proliferation and survival (Rago & Di
Agostino, 2023).

In Vivo Experimental Evidence

Moran et al. (2022) extensively reviewed the preclinical literature and found tomato powder (13 nmol
lycopene/g diet, or ~5 servings of tomato/day in humans) to cause significant reductions in tumor size in
Dunning R3327-H Copenhagen rat xenografts compared to equimolar doses of synthetic lycopene
beadlets. The "tomato effect" implies matrix-dependent bioactivity where a component of the tomato
(phytoene, phytofluene, phenolic acids) work synergistically with lycopene. In TRAMP models, tomato
feeding (from weaning) decreased the incidence of prostate cancer by 34-45% and the time to the onset
of poorly differentiated carcinoma, while lycopene alone exhibited similar, although slightly weaker,
effects.

Naiki-Ito et al. (2025) emphasized oxidative stress as a central pathway in chemopreventive models,
demonstrating that combined lycopene (200 ppm diet) and quercetin (100 ppm diet) supplementation in
N-methyl-N-nitrosourea (MNU) + testosterone-treated rats reduced prostate intraepithelial neoplasia
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(PIN) incidence by 52% and 8-OHdG levels by 48% compared to MNU/testosterone controls. The mixture
stimulated nuclear translocation of Nrf2 and HO-1 expression greater than either agent alone, which
implies synergy in terms of antioxidant chemoprevention.

Clinical Evidence

Paur et al. (2017) performed a well-designed tomato extract-based RCT in prostate cancer patients (n =
79, Oslo University Hospital), where men with localized disease were randomized to receive 30 mg/day
of tomato extract or placebo for 3 weeks before undergoing radical prostatectomy. Patients receiving
lycopene did not have significantly better overall PSA progression (p = 0.35) but exploratory analysis
revealed that these patients had decreased tumour proliferation (p = 0.009).

Van Breemen et al. (2011) performed an RCT with African American men (n = 105) with either the
diagnosis of PCa or BPH, who were randomized prior to prostatectomy to lycopene (30 mg/day for 21
days) or placebo.

A total of 47 men had a diagnosis of prostate cancer, and 58 men had a diagnosis of benign prostate
hyperplasia. Diet, smoking, and drinking habits were assessed. For the men receiving lycopene, the mean
lycopene concentration increased from 0.74 £ 0.39 to 1.43 £ 0.61 umol/L in plasma (P <0.0001) and from
0.45 +0.53t0 0.59 = 0.47 pmol/mg in prostate tissue (P = 0.005). No significant change in oxidative stress
markers (8-iso-PGF2a; 8-OHdG) or PSA was observed, though, which indicates that supplementation for
only 21 days may not be enough for biochemical effects or new markers are needed.

In the meta-analysis of 6 RCTs published by Sadeghian et al. (2021) it was concluded that Lycopene is
not effective in reducing PSA in these patients. The pooled analysis revealed no significant difference
(WMD: -3.74ug/L, 95% CI: -5.15, -2.32), but there was significant heterogeneity, with no significant
difference found in the subgroup analysis according to the duration of the intervention. Neither lycopene
dose (Pnon-linearity = 0.50) nor duration of the intervention (Pnon-linearity = 0.63) seemed to affect
serum levels of PSA in a non-linear way. Lycopene supplementation had no effect on the serum levels of
PSA, but there was a significant reducing effect in patients with higher serum levels of baseline PSA.

Theoretical and Model-Based Evidence

Applegate et al. (2019) systematically reviewed 18 cell culture and animal studies examining whether
lycopene interacts with the androgen axis in prostate cancer. The evidence was heterogeneous rather than
uniform: at least one study found no direct binding of lycopene to the androgen receptor, though lycopene
uptake and nuclear localization tracked with AR expression, pointing to an indirect, androgen-signaling-
linked mechanism. A separate study found that lycopene-driven expression of the lycopene-metabolizing
enzyme BCO2 inhibited NF-«B signaling by reducing nuclear translocation of its p65 subunit. Together,
these findings support a plausible, though mechanistically varied, role for lycopene in modulating
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androgen-driven prostate cancer processes, a picture the review's authors themselves note still requires
clinical confirmation.

Azizi et al. (2021) reviewed phytochemicals with anti-5a-reductase activity as candidate prostate cancer
treatments, highlighting structural similarities between certain plant-derived compounds and clinically
used Sa-reductase inhibitors such as finasteride and dutasteride. The authors note that such
phytochemicals may offer a more favorable side-effect profile than current inhibitor drugs, which are
associated with significant adverse effects.

Objective 3: Al-Driven Screening, Prioritization, and Mechanistic Elucidation
Computational and Al-Based Evidence

Key findings: Quercetin is found to have the highest binding affinity for AR, PI3K and AKT1 among the
three with binding affinity of —9.2 kcal/mol, —8.9 kcal/mol and —8.7 kcal/mol respectively, which is higher
than the reference drug enzalutamide (—8.4 kcal/mol) for AR. MD simulation showed strong complex
stability (RMSD < 2.5 A for the protein backbone and RMSF < 3.0 A for the binding site residues) and
the presence of persistent hydrogen bonds at AR residues R752, Q738, and W741 (Duprat et al., 2026).
The most important target proteins identified were the 47 proteins enriched in prostate cancer (KEGG:
hsa05215), PI3K-Akt signaling (hsa04151) and apoptosis (hsa04210) pathways that consisted of hub
compounds with the degree >15 that were identified as quercetin, kaempferol and isorhamnetin (Kalungi
etal., 2023; Lu et al., 2020; Rathi et al., 2024).

Muskan, (2025); Siddiqui et al. (2025) comprehensively reviewed Al applications in phytochemical-based
prostate cancer drug discovery, categorizing tools into: (1) ligand-based prediction (PASS Online, Swiss
Target Prediction, SEA, SPIiDER) achieving AUC 0.80-0.90 on benchmark datasets but declining
accuracy for novel phytochemicals; (2) deep learning approaches (ChemBERTa, MoIBERT, DeepChem,
MT-DTI) showing 10% improvement over fingerprint-based models but requiring extensive training data;
and (3) structure-based methods (AlphaFold2-assisted docking, AutoDock Vina, Glide) enabling target
engagement prediction with near-experimental accuracy when combined with Al-predicted protein
structures.

The NP-ScreenR framework, as outlined in the recent reviews, includes a series of stages: LC-MS/MS
metabolite profiling, GNPS molecular networking, dereplication using SIRIUS/CSI:FingerID, NP-aware
molecular representations (SMILES-BERT, graph embeddings), ligand-based target prediction (QSAR,
similarity searching), structure-based virtual screening (docking to AlphaFold2 structures), multi-
objective Pareto ranking (efficacy, selectivity, ADMET, novelty), evidence cards (experimental
validation), and the active learning loop for model refinement (Gaudéncio et al., 2023; Leonov et al.,
2026).
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Selby-Pham et al., (2025); Mohamadi et al., (2025); Iwar et al. (2024) highlighted the specific applications
of Al in Allium research, including: (1) random forest regression to predict antioxidant capacity from
metabolomic profiles (Rz = 0.89, 5-fold cross-validation); (2) support vector machines for classification
of Allium species based on volatile compound fingerprints (accuracy = 94.2%); (3) ANNs for optimization
of extraction parameters (temperature, solvent composition, time) to maximize quercetin yield; and (4)
natural language processing to search traditional medicine texts for ethnopharmacological uses of Allium
species in urological conditions (Liu et al., 2024).

Machine learning classifiers (random forest, gradient boosting) trained on transcriptomic datasets (CCLE,
GDSC) were shown to predict gene expression changes caused by plant nutraceuticals by Vranceanu et
al. (2022). Lycopene and quercetin were consistently found to downregulate MYC, CCND1, BCL2, and
VEGFA and upregulate CDKN1A, BAX, and CASP3 in prostate cancer cell lines. In LNCaP and PC-3
cells, these predictions were confirmed by gRT-PCR (correlation r = 0.84 between predicted and observed
fold-changes), demonstrating the potential of Al to predict the mechanisms of action in a preemptive
manner (Bonanni et al., 2022).

Table 1. Comparative summary of Al techniques applied to onion/tomato phytochemical—-prostate
cancer research

Al Technique

Representative Application (this
review)

Mechanism / Output

Advantages

Limitations

Random forest /
gradient-boosting

Predicting antioxidant capacity from
Allium HPLC-MS metabolomic

Correlates flavonoid/OSC
concentrations with DPPH/ABTS

Handles nonlinear, high-
dimensional metabolomic

Requires large training metabolomic
panels; accuracy drops on unseen

regression profiles scavenging output; ranks feature data; R2 > 0.85 on Allium matrices/species; correlative, not
importance datasets (lwar et al., 2024) mechanistic
Support vector Allium species / organic vs. Pattern classification of High accuracy (94.2%) on Sensitive to kernel/hyperparameter

machines (SVM)

conventional classification from
volatile fingerprints

chromatographic/spectral
fingerprints

curated datasets; robust to
moderate noise

choice; limited interpretability of the
decision boundary

Molecular Quercetin-AR / PI3K / AKT1 binding Estimates ligand—protein binding Fast, low-cost first-pass Scores are approximations, not binding
docking pose and affinity prediction energy and pose from 3D structures target screening; constants; false positives common; needs
(AutoDock Vina, AlphaFold2 extends downstream biophysical/cellular
Glide, coverage to targets without confirmation
AlphaFold2- crystal structures
assisted)
Molecular Stability of the quercetin—AR complex Simulates time-dependent Filters docking hits; flags Computationally expensive; force-field
dynamics (MD) (RMSD/RMSF) conformational behavior of a docked | persistent interactions (e.g., accuracy limits results; still an in silico
simulation complex H-bonds at AR approximation

R752/Q738/W741)
Network Mapping Builds compound-target—pathway Captures polypharmacology | Topology does not establish causality;
pharmacology quercetin/kaempferol/isorhamnetin onto | networks; ranks hub beyond the one-drug-one- enrichment results are sensitive to
(STRING, PI3K-Akt, apoptosis and prostate- compounds/targets by degree target model; generates database curation and version
Cytoscape) cancer KEGG pathways centrality combination-therapy

hypotheses
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QSAR / deep- Ligand-based target prediction and Learns structure—activity ~10% AUC improvement Needs extensive training data; models
learning compound-target interaction scoring relationships from molecular over fingerprint-based are trained mainly on synthetic
embeddings representations (SMILES, graphs) models; captures subtle ChEMBL/PubChem compounds,
(ChemBERTa, structural determinants limiting natural-product generalizability
MoIBERT, (Gap 4)

DeepChem, MT-

DTI)

NLP / Extracting ethnopharmacological use of | Mines unstructured Surfaces under-used Text quality/translation issues; extracted

knowledge-graph
mining

Allium/Solanaceae in urological
conditions from traditional texts

literature/pharmacopeia text for
target and indication associations

traditional knowledge as a
hypothesis source; scales to
large text corpora

associations still require experimental
confirmation

Generative Designing quercetin/lycopene analogs Learns the chemical-space Enables rational analog Generated structures may be

adversarial with optimized ADMET properties distribution to generate novel design beyond the natural synthetically inaccessible; novel entities
networks candidate structures scaffold's limits lose the regulatory/consumer positioning
(GANS) of a natural product

Emerging Al-Phytochemistry Interfaces

Recent advances (2024-2025) involve the use of generative adversarial networks (GANS) to generate
novel analogs of quercetin and lycopene with optimized pharmacokinetic properties, reinforcement
learning to optimize extraction protocols for multiple parameters, and federated learning approaches for
collaborative model training across institutional datasets without compromising data privacy. The
advancements put Al firmly not just as a screening tool, but also as an active player in phytochemical
engineering and precision formulation design (Fig 2 below).

Nature’s Shield: Phytochemicals in Prostate Cancer Defense
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Fig. 2. The illustrated framework for Nature's Shield: Phytochemicals in Prostate Cancer Defense. This diagram illustrates
the multi-layered protective mechanisms of onion and tomato phytochemicals against prostate carcinogenesis, encompassing
direct antioxidant action, signaling pathway modulation, and Al-enhanced discovery pipelines.
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Table 2. Summary of Representative Studies by Evidence Tier, Phytochemical, Target, and

Outcome
Study Evidence Tier | Phytochemical / Model / Population Key Target(s) Principal Outcome Notable Limitation
Source
Chakraborty et al., Phytochemical | Onion OSCs, Chromatographic/analyti | DPPH radical 1C50 0.5-2.1 mg/mL Profiling only; no
2022 profiling quercetin glycosides cal cancer model
Sharma et al., 2024 In vitro Onion-derived PC-3 cells Bax/Bcl-2, caspase-3 | IC50 78.4 ug/mL; Single cell line; no in
nanovesicles apoptosis induction vivo confirmation
Mirzaei et al., 2023 In vitro Quercetin PC-3, DU145, LNCaP PI3K/Akt, GSK-3, Greater efficacy in Concentrations (25-100
f-catenin androgen-independent cells | puM) exceed typical
achievable plasma
levels
Duprat et al., 2026 In vitro + Quercetin C4-2B, 22Rv1 (CRPC) AKT1 (allosteric N- 80% reduction in Docking-predicted site

computational lobe pocket) pAKT(S473); no additive not yet confirmed by
effect with enzalutamide orthogonal binding
assay
Hao et al., 2022 In vitro Lycopene, quercetin LNCaP, PC-3 Cyclin D1/E, Cell-cycle arrest and Synthesizes
(narrative p21/p27, Bax/Bcl-2 apoptosis heterogeneous primary
synthesis) studies
Moran et al., 2022 In vivo Tomato powder vs. TRAMP mice; Dunning | IGF-1, PI3K/Akt Whole-tomato matrix Rodent dosing not
lycopene beadlets rat xenograft outperforms isolated directly translatable to
lycopene; 34-45% lower human diet
incidence
Naiki-lto et al., 2025 In vivo Lycopene + quercetin | MNU + testosterone rat Nrf2/HO-1, 8-OHdG | 52% lower PIN incidence Synergy not
(combination) model with combination benchmarked against
dose-matched
monotherapy
Paur et al., 2017 Clinical RCT Tomato extract, 30 n=79; localized PCa, PSA; tumor No significant PSA effect; Small sample; 3-week
mg lycopene/day pre-prostatectomy proliferation reduced proliferation duration; non-primary
(exploratory) endpoint
Van Breemen et al., Clinical RCT Lycopene, 30 mg/day | n=105 (47 PCa, 58 Tissue lycopene; Raised tissue lycopene; no 21-day duration likely

2011

BPH)

oxidative stress

change in PSA or oxidative

insufficient

markers markers
Sharifi-Zahabi et al., Meta-analyses | Lycopene Pooled RCTs PSA No significant overall Substantial between-
2022 / Sadeghian et (6 RCTs each) effect; possible benefit in trial heterogeneity
al., 2021 high-baseline-PSA
subgroup
Chandra and Chandra, | Computational | Onion-peel In silico, panel of PCa AKT1 (RAC-alpha AKT1 identified as shared No experimental
2026 (docking) flavonoids targets kinase) primary target across 5 confirmation of binding

flavonoids

Iwar et al., 2024

Computational
(ML)

Allium metabolome

Random forest, HPLC-
MS data

Antioxidant capacity
(predicted)

R2>0.85

Trained on Allium-
specific data; external
generalizability
untested

Vranceanu et al.,
2022

Computational
(ML) + gRT-
PCR

Lycopene, quercetin

CCLE/GDSC data;

LNCaP, PC-3 validation

MYC, CCND1, BCL2,
CDKN1A

r =0.84, predicted vs.
observed expression

One of few Al
predictions with wet-lab
confirmation; limited to
2 cell lines
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Contributions of This Review
The following is a list of the ways this review contributes to its goals:

Contribution 1: Integrated Phytochemical-Antioxidant Mapping (Objective 1). In this review, a first
comprehensive synthesis is presented by comparing the antioxidant phytochemistry of A. cepa, within a
prostate cancer oxidative stress framework, with S. lycopersicum. This review, in contrast to previous
reviews which focused on the individual vegetables (Alam et al., 2023; Moran et al., 2022), identifies
complementary antioxidant mechanisms: the electrophilic modification of Keapl and direct radical
scavenging by quercetin in onion, and the singlet oxygen quenching capacity and direct inhibition of lipid
peroxidation by lycopene in tomato (Ahmed et al., 2025; Rago & Di Agostino, 2023; Maaz et al., 2025).
The review also emphasizes the importance of food matrix and processing (cooking, tomato paste
preparation, nanoencapsulation) in the bioavailability and bioactivity of tomato, which showed that
processed tomato products have 2—-3 times higher lycopene bioavailability than raw fruit (Wang et al.,
2023), and that often forgotten onion peel extracts are equally as potent as the flesh in antioxidant capacity,
with 2.3-fold higher (Fredotovi¢ et al., 2021).

Contribution 2 - Mechanistic Deconvolution of Polypharmacology (Objective 2). This review does
not just describe the efficacy of the reported phytochemicals, but aims to systematically map the molecular
target landscape of onion and tomato phytochemicals in prostate cancer. The synthesis uncovers the
convergence of certain pathways (PI3K/Akt, NF-kB, AR) and the distinct mechanistic specialization of
quercetin (pref. suppression of metastatic, androgen-independent PCa via Wnt/p-catenin disruption and
EMT inhibition (Mirzaei et al., 2023)) and lycopene (pref. suppression of androgen-driven proliferation
via 5a-reductase inhibition and AR translocation blockade (Applegate et al., 2019)). The review critically
appraises the "tomato effect" where whole tomato is more effective at killing cancer cells in preclinical
models than the more studied phytonutrient lycopene while also presenting evidence of potential
synergistic effects of the other phytonutrients and flavonoids found in tomato, including phytoene and
phytofluene as well as phenolic acids, which supports using whole-foods approaches in comparison to
isolated supplement interventions (Moran et al., 2022).

Contribution 3 - Al-Methodology Synthesis and Translational Framework (Objective 3). The most
important contribution is the ability to integrate the scattered information of Al and phytochemistry into
a unified translation perspective. The current review aims to be one of the first systematic attempts to
bring together the molecular docking, network pharmacology, machine learning QSAR, and deep learning
metabolomics in a single pipeline for prostate cancer drug discovery from A. cepa and S. lycopersicum.
The review shows specific validated Al tools (AutoDock Vina for docking, STRING/ Cytoscape for
network analysis, random forest for metabolite prediction) and points out the major limitations: bias in the
training set towards synthetic compounds, limited representation of phytochemicals within the training
set, and the requirement for experimental validation loops. The review suggests a new approach in
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bioprospecting by combining ethnopharmacological knowledge mining (through NLP of traditional plant
knowledge) with computational target prediction, which will not only enhance efforts to protect and
promote traditional knowledge systems but also utilize the latest technology (Fort et al., 2018; Jan et al,
2024).

Contribution 4: Gap-Directed Research Agenda. This review is more than just a synthesis of evidence;
it also identifies and prioritizes research gaps. The analysis proposes that: (a) bioavailability optimization
is the most critical need to be translated into the clinic, both through nanoformulation and prodrug design;
(b) preclinical evidence of synergy suggests combination therapy involving quercetin + lycopene +
conventional agents should be explored; (c) clinical trials should go beyond PSA to include multi-omic
response biomarkers; and (d) Al models must be retrained for natural products to mitigate synthetic
compound bias. The gap identifications serve as a guide for funding agencies, research consortia and
pharmaceutical developers.

Contribution 5: Methodological Innovation. This review explicitly rationalizes and applies
methodology Integrative Contemporary Review, which contributes to the methodology discourse in
interdisciplinary review science. The rational presented, based on the variety of different methods of Al,
the dynamic evolution of the field and the demand for conceptual rather than merely aggregative synthesis,
offers a blueprint for future reviews at the intersection of computational science and natural product
research.

Summary

Objective 1. This review shows that Allium cepa and Solanum lycopersicum contain potent antioxidant
phytochemicals, mainly as quercetin glycosides, organosulfur compounds and lycopene, which act in a
complementary manner to regulate oxidative stress in prostate cancer. Onion-derived quercetin activates
the antioxidant response pathway (Nrf2/ARE) by electrophilic modification of the Keapl protein and
directly scavenges ROS by its catechol B-ring structure, and tomato-derived lycopene quenches singlet
oxygen and inhibits membrane lipid peroxidation by the extended conjugated polyene system. The
evidence indicates that these vegetables can be included in dietary pattern related to oxidative stress and
that processed tomato products or extracts from onion peel can provide better phytochemical delivery.
However, the limitations in bioavailability require optimization of the formulations through
nanoencapsulation, emulsion delivery and processing interventions to obtain therapeutically relevant
systemic concentration.

Objective 2. Convergent in vitro, in vivo, and limited clinical evidence shows that onion and tomato
phytochemicals are effective in inhibiting the proliferation of prostate cancer. Quercetin has been shown
to have preferential activity in the inhibition of PI3K/Akt, disruption of Wnt/p-catenin, suppression of
EMT, and thus could potentially be an adjuvant for CRPC. Lycopene is most effective in preventing
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androgen-dependent proliferation via Sa-reductase inhibition, AR translocation blockade and cell cycle
arrest, and whole-tomato matrices are more effective in preclinical studies compared to lycopene
supplements. Clinical evidence is still unclear: meta-analyses do not reveal any significant reduction in
PSA,; however, some beneficial results have been observed in certain subpopulations. The "tomato effect"
and new nanovesicle delivery systems (ODNVSs) are potential avenues to expand translational potential.

Objective 3. Al and machine learning models could be transformative in prostate cancer environments by
speeding up the discovery of phytochemicals from A. cepa and S. lycopersicum. The molecular docking
and network pharmacology have successfully identified quercetin, kaempferol, and lycopene as high-
affinity modulators of AR, PI3K, AKT1, and apoptotic targets, whose predicted binding energies are
similar to that of approved therapeutics. High accuracy (R? > 0.85) is obtained depending on the prediction
of antioxidant capacity based on metabolomic profiles by machine learning models, and deep learning
models can be used to automatically identify metabolites and forecast target species. Still, there are many
challenges: the synthetic bias of models, lack of natural products in training sets, and the need to test
models experimentally to make predictions. The best way forward is the combination of Al-powered
screening and traditional knowledge systems and active learning loops.

CONCLUSION

This modern review documents the new potential for precision nutraceutic development and adjuvant
therapeutic innovations when the phytochemistry of Allium/Solanaceae is coupled with the molecular
oncology of prostate cancer and the application of artificial intelligence. The antioxidant and anticancer
properties of onion and tomato bioactives are supported by substantial experimental data, but these
compounds need to be improved for clinical use by increasing their bioavailability, optimizing the
biomarkers, and prioritizing the compounds in a clinical manner through Al. The potential of prostate
cancer chemoprevention is not single supplements, but in molecularly stratifying patient populations and
using Al to formulate synergies of certain phytochemicals within optimal matrices.

Recommendations

1. Researchers and Computational Scientists: Establish and test Al models specifically developed for
natural products using curated and quality-assured datasets on phytochemicals (such as UNPD, NuBBE,
and TCM Database@Taiwan), thereby reducing synthetic compound bias. Combine multi-omics
information (transcriptomics, proteomics, metabolomics) into graph neural network structures for
deconvolving polypharmacology. Create open-access benchmarks of phytochemical-prostate cancer
interactions to facilitate reproducible comparisons of models and community-driven improvement. Apply
an orthogonal, target-agnostic validation cascade SPR/ITC binding confirmation, followed by
CETSA/DARTS target engagement and CRISPR-Cas9 functional knockout to confirm or falsify Al-
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predicted multi-target profiles, including the quercetin AR/PISK/AKTL1 hub hypothesis reported in this
review, before treating them as established mechanisms.

2. Experimental Biologists and Pharmacologists: focus on in vitro-in vivo translation gaps through
implementation of physiologically based pharmacokinetic (PBPK) modeling and humanized in vitro
system (organ-on-chip, 3D spheroids, patient-derived xenografts). Examine enhanced combinations of
quercetin, lycopene and traditional drugs (docetaxel, enzalutamide) in optimal ratios and timings predicted
by Al. Create standard extraction and characterization protocols for onion peel and tomato paste
preparations for the uniformity of the studies.

3. Clinicians and Trialists: Plan prospective clinical trials that integrate Al-based predictive biomarkers
(including gene expression signatures, metabolomic profiles) for patient stratification, alongside PSA,
specifically genomic classifiers (PCA3, TMPRSS2-ERG, Prolaris, Decipher, ConfirmMDx), tissue
proliferation index (Ki-67), and oxidative-stress/Nrf2-HO-1 markers, reported as co-primary rather than
exploratory endpoints and take advantage of the emerging data on circulating tumor DNA, multi-
parametric MRI radiomics and oxidative stress biomarkers. Investigate whole-food interventions (such as
tomato sauce, onion-rich diets) instead of individual supplements, using evidence of “tomato effect” and
matrix-dependent bioactivity. Establish long-term cohort studies assessing dietary Allium and Solanaceae
intake in relation to prostate cancer incidence, progression, and mortality.

4. Policy makers and Public Health Authorities: Incorporate evidence-based dietary guidelines with a
focus on functional foods (such as tomato products, Allium vegetables) into national cancer prevention
policies especially for high-risk groups (African American men, family history, BRCA2 mutation
carriers). Practice sustainable agriculture to maximise the phytochemical content (organic farming, variety
selection, postharvest handling). Support interdisciplinary research teams that will cross the nutrient-to-
cancer axis and expedite precision nutraceutical developments between food science, oncology, and
computer science.

5. Industry and Drug Developers: Make investment in Al-powered platforms for natural product
discovery by embedding metabolomics, cheminformatics and target prediction for pipeline diversification.
Develop nanoformulation strategies (liposomes, polymeric nanoparticles, nanoemulsions) to enhance
quercetin and lycopene bioavailability, guided by Al-optimized physicochemical parameters. Develop
nanoformulation strategies building on early proof-of-concept platforms such as PSMA-targeted PLGA
nanoparticles for quercetin (Essa et al., 2023) to enhance bioavailability, guided by Al-optimized
physicochemical parameters, and carry these through in vivo and clinical bioavailability testing rather
than stopping at the cell-line stage. Explore regulatory avenues for nutraceuticals and medical food
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products with well-documented health claims based on phytochemical mechanisms of action as facilitated
by artificial intelligence.
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APPENDIX
Table 3. List of Abbreviations
Abbreviation Full Form
ADT Androgen deprivation therapy
Al Artificial intelligence
AR Androgen receptor
ARE Antioxidant response element
BPH Benign prostatic hyperplasia
CNN Convolutional neural network
COX-2 Cyclooxygenase-2
CRPC Castration-resistant prostate cancer
DHT Dihydrotestosterone
DLS Dynamic light scattering
DPPH 2,2-Diphenyl-1-picrylhydrazyl
EMT Epithelial-mesenchymal transition
FESEM Field emission scanning electron microscopy
FRAP Ferric reducing antioxidant power
FTIR Fourier-transform infrared spectroscopy
GAN Generative adversarial network
GAE Gallic acid equivalents
GDSC Genomics of Drug Sensitivity in Cancer
GNN Graph neural network
GST Glutathione S-transferase
HIF-10 Hypoxia-inducible factor-1 alpha
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HO-1 Heme oxygenase-1

ICso Half-maximal inhibitory concentration

IGF-1 Insulin-like growth factor-1

IL Interleukin

LC-MS/MS Liquid chromatography-tandem mass spectrometry

LPS Lipopolysaccharide

MAPK Mitogen-activated protein kinase

MD Molecular dynamics

ML Machine learning

MMP Matrix metalloproteinase

mTOR Mammalian target of rapamycin

Nrf2 Nuclear factor erythroid 2-related factor 2

NQO1 NAD(P)H:quinone oxidoreductase 1

ODNVs Onion-derived nanovesicles

ORAC Oxygen radical absorbance capacity

OSCs Organosulfur compounds

PBPK Physiologically based pharmacokinetic

PCa Prostate cancer

PI3K Phosphoinositide 3-kinase

PIN Prostatic intraepithelial neoplasia

PSA Prostate-specific antigen

QSAR Quantitative structure-activity relationship

RCT Randomized controlled trial

ROS Reactive oxygen species

RMSF Root-mean-square fluctuation

RMSD Root-mean-square deviation

SOD Superoxide dismutase

TNF-o Tumor necrosis factor-alpha

TPC Total phenolic content

TRAMP Transgenic adenocarcinoma of mouse prostate

UPLC-MS/MS Ultra-performance liquid chromatography-tandem mass spectrometry

VEGF Vascular endothelial growth factor

WMD Weighted mean difference
REFERENCES

Ahmed HG, Yang J, Zhu T, Igbal R, Sheng Q, Dong R, Tian W, Xiao L, Zeng Y, Ding Y. (2025).
‘Beyond seasoning nutrients bioactive ingredients and healthcare effects of Allium vegetables’.
Frontiers in nutrition, 12, 1597788. https://doi.org/10.3389/fnut.2025.1597788

Al Barajraji, M., Coscarella, M., Svistakov, 1., Flores Soares da Silva, H., Mata Déniz, P., Marugan, M.
J., Gonzalez-Santander, C., Ferndndez Montarroso, L., Galante, 1., Gomez Rivas, J., Moreno
Sierra, J. (2025). Beyond PSA: The future of prostate cancer diagnosis using artificial
intelligence, novel biomarkers, and advanced imagery. Life, 15(10), 1508.
https://doi.org/10.3390/1ife15101508

Alam A, Al Arif Jahan A, Bari MS, Khandokar L, Mahmud MH, Junaid M, Haque MA. (2023). ‘Allium
vegetables: Traditional uses, phytoconstituents, and beneficial effects in inflammation and

25


https://www.eajournals.org/
https://doi.org/10.3389/fnut.2025.1597788

Global Journal of Pure and Applied Chemistry Research, 14, (1),1-32, 2026
Print ISSN: ISSN 2055-0073(Print),
Online ISSN: ISSN 2055-0081(Online)

Website: https://www.eajournals.org/

Publication of the European Centre for Research Training and Development-UK

cancer’. Critical Reviews in Food Science and Nutrition, 63(23), 6580-6614.
https://doi.org/10.1080/10408398.2022.2036094

Alobid S. (2026). ‘Targeting the PI3BK/AKT/mTOR signaling pathway in prostate cancer: Molecular
dysregulation, therapeutic advances, and future directions’. Saudi pharmaceutical journal: SPJ.
34(1), 2. https://doi.org/10.1007/s44446-025-00056-w

Applegate C, Rowles J, Erdman J. (2019). ‘Can lycopene impact the androgen axis in prostate cancer? A
systematic review of cell culture and animal studies’. Nutrients, 11(3), 633.
https://doi.org/10.3390/nu11030633

Arballo J, Amengual J, Erdman JW, (2021). ‘Lycopene: A Critical Review of Digestion, Absorption,
Metabolism, and Excretion. Antioxidants (Basel, Switzerland), 10(3), 342.
https://doi.org/10.3390/antiox10030342

Azizi A, Mumin N, Shafgat N. (2021) ‘Phytochemicals with anti 5-alpha-reductase activity: A
prospective for prostate cancer treatment’, F1000Research, 10, 51066.
https://doi.org/10.12688/f1000research.51066.3

Baird L, Yamamoto M. (2020) ‘The molecular mechanisms regulating the KEAP1-NRF2 pathway’,
Molecular and Cellular Biology, 40(13), e00099-20. https://doi.org/10.1128/MCB.00099-20

Barbu IA, Toma VA, Mot AC, Vlase AM, Butiuc-Keul A, Parvu M. (2024) ‘Chemical composition and
antioxidant activity of six Allium extracts using protein-based biomimetic methods’,
Antioxidants, 13(10), p. 1182. https://doi.org/10.3390/antiox13101182

Bavaro AR, D’Antuono I, Bruno A, Ramires FA, Linsalata V, Bleve G, Cardinali A, Garbetta A. (2026).
Valorization of Onion-Processing Waste: Digestive Fate, Bioavailability, and Cellular
Antioxidant Properties of Red and Yellow Peels Polyphenols. Antioxidants, 15(1), 7.
https://doi.org/10.3390/antiox15010007

Bonanni D, Pinzi L, Rastelli G. (2022) ‘Development of machine learning classifiers to predict
compound activity on prostate cancer cell lines’, Journal of Cheminformatics, 14(1), p. 77.
https://doi.org/10.1186/s13321-022-00647-y

Chakraborty AJ, Uddin TM, Matin Zidan BM, Mitra S, Das R, Nainu F, Dhama K, Roy A, Hossain MJ,
Khusro A, Emran TB. (2022). Allium cepa: A Treasure of Bioactive Phytochemicals with
Prospective Health Benefits. Evidence-based complementary and alternative medicine:
eCAM, 2022, 4586318. https://doi.org/10.1155/2022/4586318

Chandra P, Chandra S. (2026) ‘Exploring the bioactive compounds and molecular mechanisms of onion
(Allium cepa L.) peels against prostate cancer through molecular docking and network
pharmacology’, Journal of Advanced Pharmaceutical Technology & Research, 17(1), pp. 14-23.
https://doi.org/10.4103/japtr.japtr 232 25

Chihomvu P, Ganesan A, Gibbons S, Woollard K, Hayes MA. (2024). Phytochemicals in Drug
Discovery—A Confluence of Tradition and Innovation. International Journal of Molecular
Sciences, 25(16), 8792. https://doi.org/10.3390/ijms25168792

Cicero FG, Allkanjari O, Busetto GM, Cai T, Largana G, Magri V, Perletti G, Cuna, FS, Russo Gl,
Stamatiou K, Trinchieri A, Vitalone A. (2019) ‘Nutraceutical treatment and prevention of benign
prostatic hyperplasia and prostate cancer’, Archivio Italiano di Urologia e Andrologia, 91(3), pp.
139-150. https://doi.org/10.4081/aiua.2019.3.139

26


https://www.eajournals.org/
https://doi.org/10.1080/10408398.2022.2036094
https://doi.org/10.1007/s44446-025-00056-w
https://doi.org/10.3390/nu11030633
https://doi.org/10.3390/antiox10030342
https://doi.org/10.12688/f1000research.51066.3
https://doi.org/10.1128/MCB.00099-20
https://doi.org/10.3390/antiox13101182
https://doi.org/10.3390/antiox15010007
https://doi.org/10.1186/s13321-022-00647-y
https://doi.org/10.4103/japtr.japtr_232_25
https://doi.org/10.4081/aiua.2019.3.139

Global Journal of Pure and Applied Chemistry Research, 14, (1),1-32, 2026
Print ISSN: ISSN 2055-0073(Print),
Online ISSN: ISSN 2055-0081(Online)

Website: https://www.eajournals.org/

Publication of the European Centre for Research Training and Development-UK

Coussens LM, Werb Z. (2002) ‘Inflammation and cancer’, Nature, 420(6917), pp. 860-867.
https://doi.org/10.1038/nature01322

Duan, Y., Jin, D.-H., Kim, H.-S,, et al. (2015). Analysis of total phenol, flavonoid content and
antioxidant activity of various extraction solvents extracts from onion (Allium cepa L.) peels.
Journal of the Korean Oil Chemists’ Society, 32(3), 418-426.
https://koreascience.kr/article/JAKO201534852717679.pdf

Duprat F, Azdcar-Plaza S, Castillo-Caceres MP, Rivas Y, Sanzana-Rosas J, Pampaloni P, Olivas-
Henriquez G, Toledo J, Villa JL, Bertinat R, Jara N, Vallejos-Almirall A, Salas A, Gonzalez-
Chavarria I. (2026). ‘Quercetin inhibits AKT Ser473 phosphorylation and disrupts AKT-
androgen receptor signaling in castration-resistant prostate cancer cells’, Antioxidants, 15(3), p.
393. https://doi.org/10.3390/antiox15030393

Essa, D., Kondiah, P. P. D., Kumar, P., Choonara, Y. E. (2023). Design of chitosan-coated, quercetin-
loaded PLGA nanoparticles for enhanced PSMA-specific activity on LNCaP prostate cancer
cells. Biomedicines, 11(4), 1201. https://doi.org/10.3390/biomedicines11041201

Fekete M, Lehoczki A, Kryczyk-Poprawa A, Zabd V, Varga JT, Balint M, Fazekas-Pongor V, Csip6 T,
Rzasa-Duran E, Varga P. (2025). ‘Functional foods in modern nutrition science: Mechanisms,
evidence, and public health implications’, Nutrients, 17(13), p. 2153.
https://doi.org/10.3390/nu17132153

Fidrianny, I., Permatasari, L., & Wirasutisna, K. R. (2013). Antioxidant activities from various bulbs
extracts of three kinds Allium using DPPH, ABTS assays and correlation with total phenolic,
flavonoid, carotenoid content. International Journal of Research in Pharmaceutical Sciences,
4(3), 438-444.

Fontana F, Raimondi M, Marzagalli M, Di Domizio A, Limonta P. (2020). ‘Natural compounds in
prostate cancer prevention and treatment: Mechanisms of action and molecular targets’, Cells,
9(2), p. 460. https://doi.org/10.3390/cells9020460

Fort R, Barnech J, Dourron J, Colazzo M, Aguirre-Crespo F, Duhagon M, Alvarez G. (2018). Isolation
and structural characterization of bioactive molecules on prostate cancer from Mayan traditional
medicinal plants. Pharmaceuticals, 11(3), 78. https://doi.org/10.3390/ph11030078

Fredotovi¢ Z, Sprung M, Soldo B, Ljubenkov I, Budi¢-Leto I, Bilusi¢ T, Cikes-¢uli¢ V, Puizina J.
(2017). Chemical composition and biological activity of Allium cepa L. and Allium x cornutum
(Clementi ex Visiani 1842) methanolic extracts. Molecules, 22(3), 448.
https://doi.org/10.3390/molecules22030448

Fredotovié Z, Puizina J, Nazli¢ M, Maravi¢ A, Ljubenkov I, Soldo B, Vuko E, Baji¢ D. (2021).
Phytochemical characterization and screening of antioxidant, antimicrobial and antiproliferative
properties of Allium x cornutum Clementi and two varieties of Allium cepa L. peel extracts.
Plants, 10(5), 832. https://doi.org/10.3390/plants10050832

Gaudéncio SP, Bayram E, Luki¢ Bilela L, Cueto M, Diaz-Marrero AR, Haznedaroglu BZ, Jimenez C,
Mandalakis M, Pereira F, Reyes F, Tasdemir D. (2023). Advanced Methods for Natural Products
Discovery: Bioactivity Screening, Dereplication, Metabolomics Profiling, Genomic Sequencing,
Databases and Informatic Tools, and Structure Elucidation. Marine drugs, 21(5), 308.
https://doi.org/10.3390/md21050308

27


https://www.eajournals.org/
https://doi.org/10.1038/nature01322
https://koreascience.kr/article/JAKO201534852717679.pdf
https://doi.org/10.3390/antiox15030393
https://doi.org/10.3390/nu17132153
https://doi.org/10.3390/cells9020460
https://doi.org/10.3390/ph11030078
https://doi.org/10.3390/molecules22030448
https://doi.org/10.3390/plants10050832
https://doi.org/10.3390/md21050308

Global Journal of Pure and Applied Chemistry Research, 14, (1),1-32, 2026
Print ISSN: ISSN 2055-0073(Print),
Online ISSN: ISSN 2055-0081(Online)

Website: https://www.eajournals.org/

Publication of the European Centre for Research Training and Development-UK

Ghosh N, Sinha K, Das SK, Sil PC. (2025). Role of lycopene in maintaining human prostate health. In
Natural product drug discovery: Discovery and development of anti-prostate cancerous agents
from natural products (pp. 155-176). Elsevier. https://doi.org/10.1016/B978-0-443-21842-
2.00005-X

Hao Q, Wu Y, Vadgama JV, Wang P. (2022). Phytochemicals in inhibition of prostate cancer: Evidence
from molecular mechanisms studies. Biomolecules, 12(9), 1306.
https://doi.org/10.3390/biom12091306

Hanahan D, Weinberg RA. (2011). Hallmarks of cancer: The next generation. Cell, 144(5), 646-674.
https://doi.org/10.1016/j.cell.2011.02.013

Harman D. (1956). Aging: A theory based on free radical and radiation chemistry. Journal of
Gerontology, 11(3), 298-300. https://doi.org/10.1093/geronj/11.3.298

Hopkins AL. (2008). Network pharmacology: The next paradigm in drug discovery. Nature Chemical
Biology, 4(11), 682—-690. https://doi.org/10.1038/nchembio.118

Hussain Y, Mirzaei S, Ashrafizadeh M, Zarrabi A, Hushmandi K, Khan H, Daglia M. (2021). Quercetin
and Its Nano-Scale Delivery Systems in Prostate Cancer Therapy: Paving the Way for Cancer
Elimination and Reversing Chemoresistance. Cancers, 13(7), 1602.
https://doi.org/10.3390/cancers13071602

Iwar K, Ochar K, Seo Y, Ha B, Kim S. (2024). Alliums as potential antioxidants and anticancer agents.
International Journal of Molecular Sciences, 25(15), 8079. https://doi.org/10.3390/ijms25158079

Jan S, Iram S, Bashir O, Shah S, Kamal M, Rahman S, Kim J, Jan A. (2024). Unleashed treasures of
Solanaceae: Mechanistic insights into phytochemicals with therapeutic potential for combatting
human diseases. Plants, 13(5), 724. https://doi.org/10.3390/plants13050724

Jeong SA, Yang C, Song J, Song G, Jeong W, Lim W. (2022). Hesperidin Suppresses the Proliferation
of Prostate Cancer Cells by Inducing Oxidative Stress and Disrupting Ca2+ Homeostasis.
Antioxidants (Basel, Switzerland), 11(9), 1633. https://doi.org/10.3390/antiox11091633

Johnson M, Maggiora G. (1990) Concepts and Applications of Molecular Similarity. John Wiley &
Sons, New York. https://lccn.loc.gov/89049633

Jung J, Moon JO, Ahn S, Lee H. (2024). Predicting antioxidant activity of compounds based on
chemical structure using machine learning methods. The Korean journal of physiology &
pharmacology : official journal of the Korean Physiological Society and the Korean Society of
Pharmacology, 28(6), 527-537. https://doi.org/10.4196/kjpp.2024.28.6.527

Kalungi F, Nsubuga A, Anywar G. (2023). Network analysis and molecular docking studies of quercetin
as a potential treatment for prostate cancer. In silico pharmacology, 11(1), 24.
https://doi.org/10.1007/s40203-023-00162-4

Kania E, Janica M, Nesterowicz M, Modzelewski W, Cybulski M, Janica J. (2025). Advances and
Challenges in Prostate Cancer Diagnosis: A Comprehensive Review. Cancers, 17(13), 2137.
https://doi.org/10.3390/cancers17132137

Kim HK, Kim SJ, Gil WJ, Yang CS. (2025). Exploring the therapeutic potential of phytochemicals:
challenges and strategies for clinical translation. Phytomedicine : international journal of
phytotherapy and phytopharmacology, 145, 157090.
https://doi.org/10.1016/j.phymed.2025.157090

28


https://www.eajournals.org/
https://doi.org/10.1016/B978-0-443-21842-2.00005-X
https://doi.org/10.1016/B978-0-443-21842-2.00005-X
https://doi.org/10.3390/biom12091306
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.1093/geronj/11.3.298
https://doi.org/10.1038/nchembio.118
https://doi.org/10.3390/cancers13071602
https://doi.org/10.3390/ijms25158079
https://doi.org/10.3390/plants13050724
https://doi.org/10.3390/antiox11091633
https://doi.org/10.4196/kjpp.2024.28.6.527
https://doi.org/10.1007/s40203-023-00162-4
https://doi.org/10.3390/cancers17132137
https://doi.org/10.1016/j.phymed.2025.157090

Global Journal of Pure and Applied Chemistry Research, 14, (1),1-32, 2026
Print ISSN: ISSN 2055-0073(Print),
Online ISSN: ISSN 2055-0081(Online)

Website: https://www.eajournals.org/

Publication of the European Centre for Research Training and Development-UK

Konecki T, Juszczak A, Cichocki M. (2022). Can diet prevent urological cancers? An update on
carotenoids as chemopreventive agents. Nutrients, 14(7), 1367.
https://doi.org/10.3390/nu14071367

Kulasegaran T, Oliveira N. (2024). Metastatic Castration-Resistant Prostate Cancer: Advances in
Treatment and Symptom Management. Current treatment options in oncology, 25(7), 914-931.
https://doi.org/10.1007/s11864-024-01215-2

Leh HE, Lee LK. (2022). Lycopene: A Potent Antioxidant for the Amelioration of Type Il Diabetes
Mellitus. Molecules (Basel, Switzerland), 27(7), 2335.
https://doi.org/10.3390/molecules27072335

Leonov DA, Mednova IA, Chernonosov AA. (2026). Evaluation of MassFrontier, MetFrag, MS-
FINDER, and SIRIUS for Metabolite Annotation Using an Experimental LC-HRMS Dataset.
Biomedicines, 14(4), 872. https://doi.org/10.3390/biomedicines14040872

Leslie SW, Soon-Sutton TL, Skelton WP. (2024). Prostate Cancer. In StatPearls. StatPearls Publishing.
http://www.ncbi.nlm.nih.gov/books/nbk470550/

Li, G., Shi, Q., Wu, Q., Sui, X. (2025). Target identification of natural products in cancer with chemical
proteomics and artificial intelligence approaches. Cancer Biology & Medicine, 22(6), 549-597.
https://doi.org/10.20892/j.issn.2095-3941.2025.0145

Li S, Cai T, Cui S, Liu F, Hu R, Li W. (2023). Prostate cancer, oxidative stress, and antioxidant
phytochemicals: A brief review. Current Pharmacology Reports, 9, 391-396.
https://doi.org/10.1007/s40495-023-00344-w

LiZ, LiY,Jiang T, Wang Y, Li C, He Z. (2025). Quercetin and Its Metabolites: Mechanistic Insights as
the Basis of Their Therapeutic Potential in NAFLD and HCC. Molecules, 30(22), 4441.
https://doi.org/10.3390/molecules30224441

LiuW, Yu A, XieY, Yao H, Sun C, Gao H, He J, Ao C, Tang D. (2024). Drying enhances the
antioxidant activity of Allium mongolicum Regel through the phenylpropane and AA-MA
pathway as shown by metabolomics. Food chemistry: X, 22, 101436.
https://doi.org/10.1016/j.fochx.2024.101436

Lépez-Martinez MdJ, Diaz-Flérez G, Villagrana-Barraza S, Castafieda-Miranda CL, Solis-Sanchez LO,
Ortiz-Esquivel DI, de la Rosa-Vargas JI, Olvera-Olvera CA. (2024). Pattern Classification of an
Onion Crop (Allium Cepa) Field Using Convolutional Neural Network Models. Agronomy,
14(6), 1206. https://doi.org/10.3390/agronomy14061206

Lu, X., Wang, J., Al-Qadiri, H. M., Ross, C. F., Powers, J. R, Tang, J., & Rasco, B. A. (2011).
Determination of total phenolic content and antioxidant capacity of onion (Allium cepa) and
shallot (Allium oschaninii) using infrared spectroscopy. Food chemistry, 129(2), 637-644.
https://doi.org/10.1016/j.foodchem.2011.04.105

Lu X, Yang F, Chen D, Zhao Q, Chen D, Ping H, Xing N. (2020). Quercetin reverses docetaxel
resistance in prostate cancer via androgen receptor and PI3K/Akt signaling pathways.
International journal of biological sciences, 16(7), 1121-1134. https://doi.org/10.7150/ijbs.41686

Majewska, Z., Zajkowska, M., Paczek, S., Nowinski, A. R., et al. (2025). The clinical relevance of
tumor biomarkers in prostate cancer—a review. Cancers, 17(23), 3742.
https://doi.org/10.3390/cancers17233742

29


https://www.eajournals.org/
https://doi.org/10.3390/nu14071367
https://doi.org/10.1007/s11864-024-01215-2
https://doi.org/10.3390/molecules27072335
https://doi.org/10.3390/biomedicines14040872
https://doi.org/10.1007/s40495-023-00344-w
https://doi.org/10.3390/molecules30224441
https://doi.org/10.1016/j.fochx.2024.101436
https://doi.org/10.3390/agronomy14061206
https://doi.org/10.1016/j.foodchem.2011.04.105
https://doi.org/10.7150/ijbs.41686

Global Journal of Pure and Applied Chemistry Research, 14, (1),1-32, 2026
Print ISSN: ISSN 2055-0073(Print),
Online ISSN: ISSN 2055-0081(Online)

Website: https://www.eajournals.org/

Publication of the European Centre for Research Training and Development-UK

Marefati N, Ghorani V, Shakeri F, Boskabady M, Kianian F, Rezaee R, Boskabady M. (2021). A review
of anti-inflammatory, antioxidant, and immunomodulatory effects of Allium cepa and its main
constituents. Pharmaceutical Biology, 59(1), 285-300.
https://doi.org/10.1080/13880209.2021.1874028

Maaz M, Sultan MT, Khalid MU, Raza H, Imran M, Hussain M, Al Abdulmonem W, Alsagaby SA,
Abdelgawad MA, Ghoneim MM, Khan MA, Yehuala TF, Selim S, Mostafa EM. (2025). A
Comprehensive Review on the Molecular Mechanism of Lycopene in Cancer Therapy. Food
science & nutrition, 13(7), e70608. https://doi.org/10.1002/fsn3.70608

Mia MA, Dey D, Sakib MR, Biswas MY, Prottay AA, Paul N, Islam MT. (2023). The efficacy of
natural bioactive compounds against prostate cancer: Molecular targets and synergistic activities.
Phytotherapy Research, 37(12), 5724-5754. https://doi.org/10.1002/ptr.8017

Mirzaei A, Deyhimfar R, Azodian Ghajar H, Mashhadi R, Noori M, Dialameh H, Aghamir SM. (2023).
Quercetin can be a more reliable treatment for metastatic prostate cancer than the localized
disease: An in vitro study. Journal of Cellular and Molecular Medicine, 27(12), 1725-1734.
https://doi.org/10.1111/jcmm.17783

Mohamadi Z, Shafizadeh A, Aliyan Y, Shayesteh S F, Goudarzi P, Khodabandeh A, Vaghari A, Ashrafi
H, Bahrami O, ZarinKhat A, Khodabandeh Y, Pouyan K. (2025). The application of random
forest-based models in prognostication of gastrointestinal tract malignancies: a systematic
review. Frontiers in artificial intelligence, 8, 1517670. https://doi.org/10.3389/frai.2025.1517670

Moran NE, Thomas-Ahner JM, Wan L, Zuniga KE, Erdman Jr JW, Clinton SK. (2022). Tomatoes,
lycopene, and prostate cancer: What have we learned from experimental models? The Journal of
Nutrition, 152(6), 1381-1403. https://doi.org/10.1093/jn/nxac066

Muskan T. (2025). AlAssisted Drug Discovery from Phytoconstituents: Predicting Drug—Target
Interactions. Premier Journal of Science 2025;17:100262 DOI:
https://doi.org/10.70389/PJS.100262

Naiki-Ito A, Naiki T, Takahashi S. (2025). Exploring experimental models of prostate cancer in
chemoprevention: Oxidative stress as a key pathway to translational research. Pathology
International, 75(3), 131-144. https://doi.org/10.1111/pin.13509

Ngo V, Duennwald ML. (2022). Nrf2 and Oxidative Stress: A General Overview of Mechanisms and
Implications in Human Disease. Antioxidants (Basel, Switzerland), 11(12), 2345.
https://doi.org/10.3390/antiox11122345

Nkwe DO, Lotshwao B, Rantong G, Matshwele J, Kwape TE, Masisi K, Gaobotse G, Hefferon K,
Makhzoum A. (2021). Anticancer Mechanisms of Bioactive Compounds from Solanaceae: An
Update. Cancers, 13(19), 4989. https://doi.org/10.3390/cancers13194989

Okpako 10, Ng'ong'a FA, Kyama CM, Njeru SN. (2024). Network pharmacology, molecular docking,
and in vitro study on Aspilia pluriseta against prostate cancer. BMC complementary medicine
and therapies, 24(1), 338. https://doi.org/10.1186/5s12906-024-04642-8

Paur 1, Lilleby W, Bghn SK, Hulander E, Klein W, Vlatkovic L, Blomhoff R. (2017). Tomato-based
randomized controlled trial in prostate cancer patients: Effect on PSA. Clinical Nutrition, 36(3),
672—679. https://doi.org/10.1016/j.cInu.2016.06.014

30


https://www.eajournals.org/
https://doi.org/10.1080/13880209.2021.1874028
https://doi.org/10.1002/fsn3.70608
https://doi.org/10.1002/ptr.8017
https://doi.org/10.1111/jcmm.17783
https://doi.org/10.3389/frai.2025.1517670
https://doi.org/10.1093/jn/nxac066
https://doi.org/10.70389/PJS.100262
https://doi.org/10.1111/pin.13509
https://doi.org/10.3390/antiox11122345
https://doi.org/10.3390/cancers13194989
https://doi.org/10.1186/s12906-024-04642-8
https://doi.org/10.1016/j.clnu.2016.06.014

Global Journal of Pure and Applied Chemistry Research, 14, (1),1-32, 2026
Print ISSN: ISSN 2055-0073(Print),
Online ISSN: ISSN 2055-0081(Online)

Website: https://www.eajournals.org/

Publication of the European Centre for Research Training and Development-UK

Powers E, Karachaliou GS, Kao C. Harrison MR, Hoimes CJ, George DJ, Armstrong AJ, Zhang T.
(2020). Novel therapies are changing treatment paradigms in metastatic prostate cancer. J
Hematol Oncol 13, 144 (2020). https://doi.org/10.1186/s13045-020-00978-z

Rago V, Di Agostino S. (2023). Novel Insights into the Role of the Antioxidants in Prostate Pathology.
Antioxidants, 12(2), 289. https://doi.org/10.3390/antiox12020289

Rahman MM, Ishtiague GM, Rahat SA, Hossain MA, Islam MR, Maeesa SK, Rauf A. (2023).
Multifunctional role of natural products for therapeutic approaches of prostate cancer: An
updated review. Journal of Herbal Medicine, 42, 100803.
https://doi.org/10.1016/j.hermed.2023.100803

Rathi A, Chaudhury A, Anjum F, Ahmad S, Haider S, Khan ZF, Taiyab A, Chakrabarty A, Islam A,
Hassan M1, Haque MM. (2024). Targeting prostate cancer via therapeutic targeting of PIM-1
kinase by Naringenin and Quercetin. Journal of Biological Macromolecules, 276(Part 2), Article
133882. https://doi.org/10.1016/j.ijbiomac.2024.133882

Sadeghian, M., Asadi, M., Rahmani, S., Sadeghi, N., Hosseini, S. A., & Zare Javid, A. (2021). Lycopene
Does Not Affect Prostate-Specific Antigen in Men with Non-Metastatic Prostate Cancer: A
Systematic Review and Meta-Analysis of Randomized Controlled Trials. Nutrition and
cancer, 73(11-12), 2796-2807. https://doi.org/10.1080/01635581.2020.1862254

Salehi B, Fokou PV, Yamthe LR, Tali BT, Adetunji CO, Rahavian A, Mudau FN, Martorell M, Setzer
WN, Rodrigues CF, Martins N, Cho WC, Sharifi-Rad J. (2019). Phytochemicals in Prostate
Cancer: From Bioactive Molecules to Upcoming Therapeutic Agents. Nutrients, 11(7), 1483.
https://doi.org/10.3390/nu11071483

Salehi B, Machin L, Monzote L, Sharifi-Rad J, Ezzat SM, Salem MA, Merghany RM, EI Mahdy NM,
Kili¢ CS, Sytar O, Sharifi-Rad M, Sharopov F, Martins N, Martorell M, Cho WC. (2020).
Therapeutic Potential of Quercetin: New Insights and Perspectives for Human Health. ACS
omega, 5(20), 11849-11872. https://doi.org/10.1021/acsomega.0c01818

Santiago LR, Asevedo EA, de Oliveira ME, Pereira KC, da Silva Trindade MF, Oliveira AG, Rocha
MA, Kang S, Rani A, Park MN, Tan MW, Syahputra RA, Kim B, de Azambuja Ribeiro RI.
(2026). Artificial intelligence-based screening of phytochemicals for targeted cancer therapy.
Natural products and bioprospecting, 16(1), 55. https://doi.org/10.1007/s13659-026-00599-y

Selby-Pham J, Wise K, Selby-Pham S. (2025). Antioxidant capacity prediction: Combining individual
compound capacities to predict plant-extract capacities. Phytochemistry Letters, 67, Article
102951. https://doi.org/10.1016/j.phytol.2025.102951

Sharma V, Sinha ES, Singh J. (2024). Investigation of in vitro anti-cancer and apoptotic potential of
onion-derived nanovesicles against prostate and cervical cancer cell lines. Applied Biochemistry
and Biotechnology, 196(10), 6957-6973. https://doi.org/10.1007/s12010-024-04872-z

Sharifi-Zahabi E, Soltani S, Malekahmadi M, Rezavand L, Clark CC, Shidfar F. (2022). The effect of
lycopene supplement from different sources on prostate specific antigen (PSA): A systematic
review and meta-analysis of randomized controlled trials. Complementary Therapies in
Medicine, 64, 102801. https://doi.org/10.1016/j.ctim.2022.102801

Siddiqui A, Adnan M, Saxena J, Alam M, Abdelgadir A, Badraoui R, Singh R. (2025). Therapeutic
potential of plant- and marine-derived bioactive compounds in prostate cancer: Mechanistic

31


https://www.eajournals.org/
https://doi.org/10.1186/s13045-020-00978-z
https://doi.org/10.3390/antiox12020289
https://doi.org/10.1016/j.hermed.2023.100803
https://doi.org/10.1016/j.ijbiomac.2024.133882
https://doi.org/10.1080/01635581.2020.1862254
https://doi.org/10.3390/nu11071483
https://doi.org/10.1021/acsomega.0c01818
https://doi.org/10.1007/s13659-026-00599-y
https://doi.org/10.1016/j.phytol.2025.102951
https://doi.org/10.1007/s12010-024-04872-z
https://doi.org/10.1016/j.ctim.2022.102801

Global Journal of Pure and Applied Chemistry Research, 14, (1),1-32, 2026
Print ISSN: ISSN 2055-0073(Print),
Online ISSN: ISSN 2055-0081(Online)

Website: https://www.eajournals.org/

Publication of the European Centre for Research Training and Development-UK

insights and translational applications. Pharmaceuticals, 18(3), 286.
https://doi.org/10.3390/ph18030286

Tchonkouang RD, Martey DM, Gago C, Guerreiro A, Raposo S, Rodrigues B, Vieira MM, Antunes,
MD. (2026). Evaluation of the Chemical Properties of Tomato Products Enriched with Plant-
Based Ingredients. Horticulturae, 12(2), 129. https://doi.org/10.3390/horticulturae12020129

Thombre KR, Gabhane V, Gupta KR. Umekar MJ. (2026). Network pharmacology in the multi-omics
era: uncovering novel therapeutic strategies. Discov. Chem. 3, 111 (2026).
https://doi.org/10.1007/s44371-026-00567-y

Van Breemen RB, Sharifi R, Viana M, Pajkovic N, Zhu D, Yuan L, Yang Y, Bowen PE, Stacewicz-
Sapuntzakis M. (2011). Antioxidant effects of lycopene in African American men with prostate
cancer or benign prostate hyperplasia: A randomized, controlled trial. Cancer Prevention
Research, 4(5), 711-718. https://doi.org/10.1158/1940-6207.CAPR-10-0288

Vranceanu M, Galimberti D, Banc R, Dragos O, Cozma-Petrut A, Heghes SC, Vostinaru O, Cuciureanu
M, Stroia CM, Miere D, Filip L. (2022). The Anticancer Potential of Plant-Derived
Nutraceuticals via the Modulation of Gene Expression. Plants, 11(19), 2524.
https://doi.org/10.3390/plants11192524

Wang C, Li M, Duan X, Abu-lzneid T, Rauf A, Khan Z, Mitra S, Emran TB, Aljohani AS, Alhumaydhi
FA, Thiruvengadam M, Suleria HA. (2023). Phytochemical and Nutritional Profiling of
Tomatoes; Impact of Processing on Bioavailability - A Comprehensive Review. Food Reviews
International, 39(8), 5986-6010. https://doi.org/10.1080/87559129.2022.2097692

Wang M, Xiao Y, Miao J, Zhang X, Liu M, Zhu L, Liu H, Shen X, Wang J, Xie B, Wang D. (2025).
Oxidative Stress and Inflammation: Drivers of Tumorigenesis and Therapeutic Opportunities.
Antioxidants (Basel, Switzerland), 14(6), 735. https://doi.org/10.3390/antiox14060735

32


https://www.eajournals.org/
https://doi.org/10.3390/ph18030286
https://doi.org/10.3390/horticulturae12020129
https://doi.org/10.1007/s44371-026-00567-y
https://doi.org/10.1158/1940-6207.CAPR-10-0288
https://doi.org/10.3390/plants11192524
https://doi.org/10.1080/87559129.2022.2097692
https://doi.org/10.3390/antiox14060735

