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Abstract. Excessive accumulation of reactive oxygen species (ROS), which disrupts
intracellular redox homeostasis, leads to oxidative stress and DNA strand damage, representing one
of the major triggering factors of carcinogenesis. The high systemic toxicity of conventional
chemotherapeutic agents and the development of multidrug resistance in tumor cells have increased
interest in the application of plant-derived antioxidants in cancer therapy. This review aims to
comprehensively analyze, based on scientific literature published between 2020 and 2026, the
molecular anticancer mechanisms of antioxidant phytocompounds, their role in the induction of
mitochondrial apoptosis, the modulation of signaling pathways, the targeting of oncomiRNAs, and
their therapeutic application through green-synthesized nanocarrier systems. Plant-derived
polyphenols (e.g., chlorogenic acid), diterpenes (e.g., carnosic acid), stilbenoids (e.g.,
oxyresveratrol), and enriched extracts activate the caspase-3/9 cascade in cancer cells, suppress the
AKT/mTOR signaling pathway, and modulate Nrf2-mediated redox mechanisms. Green-synthesized
silver (AgNPs) and gold (AuNPs) nanoparticles, as well as polymeric carrier systems, enhance the
bioavailability of these compounds and demonstrate promising potential for improving the efficacy
of targeted cancer therapy.

Annomayusn. UpesmepHoe HakoruieHHE akTHBHBIX (opm kuciopoma (ADK), napymaromiee
BHYTPHUKJIETOYHBIN OKHCIUTEIbHO-BOCCTAHOBUTEIbHBIN TOMEOCTa3, MPUBOAUT K OKUCIUTEIbHOMY
ctpeccy u mnoBpexaeHuto 1enedt JHK, uTto sBusiercs OOHUM U3 OCHOBHBIX (DaKTOPOB,
MPOBOIMPYIOMIUX  KaHIeporeHe3.  Bpicokas  cHCTeMHass  TOKCHYHOCTh  TPAJAUIIMOHHBIX
XUMHUOTEPANIEBTUUECKUX TMPETapaToB U Pa3BUTHE MHOKECTBEHHOM JICKAPCTBEHHOW YCTOMYMBOCTH y
OMYXOJIEBBIX KJIETOK MPUBEIN K POCTy MHTEpPECa K MPUMEHEHUIO aHTUOKCHUJAHTOB PACTUTEIILHOTO
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MIPOUCXOXKICHUSI B JiedeHUH paka. Llenp naHHOro 00630pa — Ha OCHOBE HAy4YHOM JIMTEPATYpHI,
omyOimkoBaHHOH B miepuoj ¢ 2020 mo 2026 rom, mpoBECTH BCECTOPOHHUMA aHAIM3 MOJIEKYJISIPHBIX
MIPOTUBOPAKOBBIX MEXaHU3MOB JICHCTBUS AHTUOKCHIAHTHBIX PUTOCOCTUHEHUH, UX POJIA B MHIYKIIHH
MUTOXOHJIPHUAJILHOTO aIllONTO3a, MOAYJISIUU CUTHAJIBHBIX ITyTed, Bo3acicTtBuM Ha oHKoMUPHK, a
TaKKe€ MX TEpareBTUYECKOro MPUMEHEHHUS C TOMOIIbI0 HAHOHOCHUTENEH, CHHTE3MPOBAHHBIX
HKOJIOTUYECKH YUCThIM criocoOoM. [lommdeHonsl pacTUTENbHOrO MPOUCXOXKACHUS (XJIOpOTeHOBas
KHCIIOTA), TUTEPIICHBI (KAPHO3UHOBAS KUCIIOTA), CTUIILOCHOUIBI (OKCHpPECBEPaTpoi) U 00oTamEHHbIC
OKCTPAKTHl AKTHBUPYIOT KackaJl Kacma3-3/9 B pakoBBIX KJIETKAaX, MOAABISIOT CHUTHAJIBHBIA MYTh
AKT/mTOR u MomymupyrOT OKHUCIUTEIHHO-BOCCTAHOBHUTEIIBHBIC MEXaHWU3MbI, OMOCPEIOBAaHHBIC
Nrf2. Hanouactunpl cepedpa (AgNPs) u 3omotra (AuNPSs), moigydeHHbIE ¢ TIOMOIIBIO «3EJICHOTOY
CHHTE3a, a TaKXe TIOJIMMEPHBIE TPAHCIOPTHBIE CHUCTEMBI IOBBIIIAIOT OWOJOCTYIHOCTbh ATHUX
COEMHEHUI M JEMOHCTPHUPYIOT MHOTOOOCIIAIONINHA MOTEHIIMA IS MOBBIIICHUS d()(EKTHUBHOCTH
L[EJIeBOM Tepanuu paka.

Keywords: Antioxidants, phytocompounds, apoptosis, carcinogenesis, ROS, AKT, Nrf2, green
synthesis, nanocarriers, targeted therapy.

Knrouegvle cnosa: aHTHOKCHIAHTHI, (PUTOCOSAMHEHUS, anonTo3, kaHieporene3, ADOK, AKT,
Nrf2, 3eneHblil CUHTE3, HAHOHOCUTEJIH, TApTeTHAs TEPAITHSI.

Oxidative Stress, Reactive Oxygen Species (ROS), and the Molecular Basis of Carcinogenesis
Reactive oxygen species (ROS), a natural byproduct of cellular metabolism, including the superoxide
anion radical, hydrogen peroxide, and the hydroxyl radical, play an important role in intracellular
signaling and immune response under physiological conditions [17].

However, an imbalance between the cell's endogenous antioxidant defense systems (superoxide
dismutase—SOD, catalase—CAT, glutathione peroxidase—GPx) and ROS production leads to a
state of oxidative stress [1, 4].

High levels of oxidative stress cause cascading damage within the cell. DNA damage and
mutations caused by breaks in DNA strands and the accumulation of oxidative damage products
called 8-hydroxydeoxyguanosine lead to the activation of oncogenes [16].

Lipid peroxidation: Damage to membrane lipids disrupts cell permeability and triggers the
formation of toxic products such as malondialdehyde (MDA) [22].

Protein oxidation: The disruption of enzymatic activity and signaling pathways leads to
carcinogenesis (tumor formation) [7].

The high systemic toxicity of traditionally synthesized chemotherapeutic drugs and multidrug
resistance in tumor cells (Multidrug Resistance — MDR) has brought the study of bioactive
compounds of plant origin, especially phytochemicals with antioxidant and antiproliferative
properties, to the forefront of modern oncology research in the Scopus database [25].

Plant-derived antioxidants have the ability to directly neutralize free radicals (radical
scavenging), chelate transition metal ions, and activate endogenous antioxidant enzyme systems [18,
30].

Polyphenols and Phenolic Acids: Chlorogenic acid (CGA), a dietary polyphenol, inhibits lipid
peroxidation, stabilizes the intracellular redox environment, and exhibits hepatoprotective
mechanisms [23].

Diterpenes and Key Metabolites: Carnosic acid from the rosemary (Rosmarinus officinalis L.)
plant effectively neutralizes free radicals, protecting cell membranes from oxidative damage [11].
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Enriched Polyphenol Extracts: The BriB extract obtained from artichoke (Cynara cardunculus)
waste, Filipendula ulmaria (Meadowsweet) and Flourensia species have a high antioxidant capacity
[6, 12, 26].

Discussion and results of the study

The effect of plant-based antioxidants on cancer cells is dualistic. In normal tissue cells, these
substances enhance antioxidant defense, while in malignant cells, they act as selective pro-oxidants,
raising intracellular ROS levels above a critical threshold and triggering apoptosis.

Activation of the Mitochondrial Apoptosis Cascade and Caspase Enzymes: Plant polyphenols
and diterpenes trigger apoptosis primarily via the intrinsic (mitochondrial) pathway.

Depolarization of the Mitochondrial Membrane Potential. Phytochemicals reduce the
expression of the Bcl-2 (anti-apoptotic) protein, activating the Bax and Bak (pro-apoptotic) proteins,
which allows cytochrome c to leak into the cytosol [24].

Caspase Enzyme Cascade: Cytochrome c, which has passed into the cytosol, binds with Apaf-
1 and pro-caspase-9 to form the apoptosome complex. Once the initiator caspase-9 is activated, it
proteolytically cleaves the executive caspases-3 and -7, leading to the fragmentation of cellular DNA
[20].

Artichoke extract: The BriB phenolic extract has been shown to induce apoptosis in over 80%
of Caco-2 human colorectal adenocarcinoma cells [6].

Meadowsweet (Filipendula ulmaria) extract: Increases the apoptosis index in LoVo colorectal
cancer cells by inhibiting the cell cycle [26].

Flourensia cernua and Flourensia retinophylla: Their rich polyphenol content induces
programmed death by increasing caspase-3 activity in human colorectal adenocarcinoma cells [12].

Modulation of Key Signaling Networks Regulating Cancer Progression.

Inhibition of the AKT/mTOR Signaling Pathway: Activation of the AKT pathway by oncogenic
factors (e.g., MAGEAL) leads to tumor progression in lung adenocarcinoma (NSCLC) [19].

The stilbenoid compound Oxyresveratrol restores apoptosis in EGFR-Wild-Type lung cancer
cells by suppressing EGF-stimulated AKT phosphorylation [21].

Nrf2/Keapl and STAT3 Redox Defense Mechanism: Cannabinoid receptor 2 activation
neutralizes cellular damage and oxidative stress caused by iron overload through the dual modulation
of the STAT3/hepcidin and Nrf2/FPNI1 signaling pathways [8].

Targeting of OncomiRNAs and Epigenetic Regulators.

Oncogenic microRNAs (oncomiRNAs) silence tumor-suppressor genes, allowing tumor cells
to evade apoptosis. Plant-derived bioactive compounds sensitize cancer cells to chemotherapeutic
agents (chemosensitization) by targeting the temporal and spatial heterogeneity of oncomiRNAs [13].

A major challenge in the clinical application of plant-derived antioxidants is their low water
solubility and low bioavailability. In modern pharmaceutical technology, green synthesis and
polymer nano-carrier systems are employed to address these issues.

Green Synthesized Metal Nanoparticles.

Plant extracts act as a stabilizing agent for the reduction of metal ions and prevent the
agglomeration of the resulting nanoparticles ([9].

Sub-10 nm Silver Nanoparticles (AgNPs): Cotinus coggygria Scop. Using a single-step green
synthesis method with a plant extract, ultraminiature silver nanoparticles (AgNPs) smaller than 10
nm were obtained and exhibited high cytotoxic activity against breast cancer (in vitro) [18, 29].

Gold Nanoparticles (ZNE-AuNPs): Gold nanoparticles synthesized via Ziziphus nummularia
extract (ZNE-AuNPs) exhibited an antiproliferative effect in Triple Negative Breast Cancer (TNBC)
by altering the ROS balance [1].
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Polymer Nanoparticles and Gene/Drug Delivery Systems. Targeted Delivery with Polymer
Nanoparticles: Polymer nanoparticles enable the delivery of siRNA and therapeutic molecules to
epithelial cells without causing damage [27].

Molecular Docking and Pharmacological Profiling: The essential oils of Anisosciadium
orientale were studied by GC-MS analysis and molecular docking methods, and the binding dynamics
of the active compounds with cancer cell receptors were demonstrated [2].

Biologically Active Plant Source Target Cancer Model/Cell
Compound/Extract Line
Chlorogenic acid (CGA) Various medicinal plants Liver Cancer/ Hepatocellular

Carcinoma

Carnosic acid

Rosmarinus officinalis L. (Rosemary)

Various cancer cell models

BriB Phenolic Extract

Cynara cardunculus (Artichoke)

Caco-2 (Human Colorectal
Adenocarcinoma)

Oxiresveratrol

Stilbene derivative

NSCLC (EGFR-Wild-Type
Lung Cancer)

Sub-10 nm AgNPs Cotinus coggygria Scop. Breast Cancer Cell Lines (In
Vitro)
Gold Nanoparticles (AuNPs)  Ziziphus nummularia TNBC (Triple-Negative

Breast Cancer)

Aqueous Meadowsweet Filipendula ulmaria (Meadowsweet) LoVo (Colorectal Cancer)
Extract

Polyphenol Extracts Flourensia cernua and F. retinophylla Colon Adenocarcinoma
Essential Oils Anisosciadium orientale Various Cancer Models
CB2 Receptor Agonists Cannabinoid Derivatives Liver injury/ Redox models
OncomiRNA Modulators Bioactive Phytocompounds Resident Tumor Models
Polymer Nanoparticles Synthesized/Natural Polymers Respiratory Epithelial Cells

MAGEAI Targets

Biologically active inhibitors

Lung Adenocarcinoma

Quercetin and Formulations

Various fruits and vegetables

Various solid tumors

Curcumin Formulations Curcuma longa (Turmeric) Gastrointestinal and Solid
Tumor Types

Resveratrol Vitis vinifera (Grape) Multiple Cancer Models

Epigallocatechin gallate Camellia sinensis (Green tea) Solid Tumors

(EGCQG)

Sulforaphane Brassica family vegetables Bladder cancer (T24) and

others

Flavonoid Complexes

Mixed plant sources

Various Cancer Types

PI3K/Akt Inhibitors Phytochemical classes Cancer Stem Cells (CSC)
Plant Polyphenols Rich botanical extracts Inflammatory tumor models
Phytochemical Cyclin Botanical extracts Colorectal Cancer
Inhibitors

Flavonoid Agonists

Medicinal herbs

Wild-type and mutant tumors

Autophagy Modulators

Natural products

Resistant Cancer Cells

PLGA Nanoparticles

Biodegradable polymers

Solid Tumors

Liposomal Phytocomplexes

Lipid-based carriers

Targeted tumor tissues

EPR Nanocarriers Polymer and Metal Carriers Vascularized Tumors

Combination Therapy Phytocompounds + Cisplatin/Doxorubicin  Tumors with low
chemoresponsiveness

Magnetic Nanoparticles Green synthesized hybrids Theranostic models

(FC304)

Vitanolides Withania somnifera (Ashwagandha) Neuroblastoma and Cancer
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Conclusion

A systematic review of the scientific literature from 2020-2026 shows that plant-based
bioactive substances with antioxidant properties (Chlorogenic acid, Carnosic acid, Oxyresveratrol)
and polyphenol-rich extracts (Artichoke, Filipendula ulmaria, Flourensia ssp.) induce ROS
accumulation by exhibiting selective pro-oxidant activity in cancer cells. At the molecular level, the
anti-cancer effect of these substances is centered on 3 main pillars: 1. Mitochondrial Apoptosis:
Induction of programmed cell death through the disruption of mitochondrial membrane potential and
activation of the caspase-9/3 cascade. 2. Blockade of Oncogenic Signal Cascades: Suppression of the
AKT/mTOR signaling pathway and modulation of the Nrf2/FPN1 redox defense system. 3.
Epigenetic and miNTK Regulation: Chemosensitization of cells by targeting the spatiotemporal
heterogeneity of oncogenic microRNAs (oncomiRNAs) [13]. The problems of low bioavailability
and low stability of plant-derived bioactive compounds are solved by modern nano-carrier systems
[10]. Green synthesis of ultraminiature silver (AgNPs, <10 nm) and gold (AuNPs) nanoparticles, as
well as polymer nanoparticles, ensures the targeted delivery of active substances to tumor tissue. In
Vivo Toxicology and Dose Optimization: The long-term systemic toxicity and biodegradation
mechanisms of nanoparticles and extracts should be studied in more detail in genetically modified
animal models. Pharmacokinetic (PK/PD) Profiling: The absorption, distribution, metabolism, and
excretion (ADME) parameters of phytocompounds must be standardized. The initiation of phase I-
IIT clinical trials for nano-formulations and the validation of their synergistic combinations with
conventional chemotherapeutic agents is a priority goal of modern onco-pharmacology [25].
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