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ABSTRACT

Plant-derived natural products have long been an invaluable source of anticancer agents for the prevention and
treatment of cancer. Although numerous modern and costly treatment strategies are currently used to combat
cancer, factors such as treatment resistance, systemic toxicity, and tumor heterogeneity continue to be major
obstacles to successful clinical outcomes. To overcome these limitations, bioactive natural products stand out as
potential therapeutic agents due to their high molecular diversity and multi-targeted biological activities. Various
classes of phytochemicals, including polyphenols, flavonoids, terpenoids, and alkaloids, represent promising
candidates for new complementary anticancer strategies due to their ability to simultaneously modulate multiple
cellular mechanisms. This review focuses on the roles of ten bioactive compounds-curcumin, resveratrol,
quercetin, epigallocatechin gallate (EGCG), sulforaphane, carvacrol, berberine, luteolin, apigenin, honokiol and
propolis-which have shown efficacy in experimental and clinical settings and are among the most widely
investigated compounds in contemporary research, in the context of cancer progression. This study provides an
overview of the classification and mechanism-based evaluation of these compounds based on their effects on
apoptosis avoidance, metastasis, epithelial-mesenchymal transition (EMT), and tumor microenvironment.
Furthermore, the current opportunities and limitations of translating these compounds into clinical applications are
discussed.
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1. Introduction

Cancer remains one of the most significant global health challenges based on current data, due
to its increasing incidence, complex biology, and limitations in treatment strategies (Sung et al.,
2026). Worldwide, cancer ranks as the second leading cause of death. According to the latest
GLOBOCAN 2024 estimates, approximately 20.6 million new cancer cases and 9.8 million
cancer-related deaths were reported globally, highlighting the growing burden of cancer on
health systems worldwide (Sung et al., 2026). Moreover, the global cancer burden is expected
to increase substantially in the coming decades. The rise in cancer incidence is largely driven
by genetic predispositions as well as modifiable risk factors, including tobacco use, a sedentary
lifestyle associated with modern living, unhealthy dietary habits, and environmental pollution.
The complex and molecularly intricate nature of cancer underscores the necessity for effective
prevention and therapeutic strategies (Anand et al., 2008).

Cancer development and progression are governed by a complex interplay of genetic,
epigenetic, and microenvironmental alterations that enable malignant cells to acquire distinct
biological capabilities (Hanahan & Weinberg, 2011). The hallmarks of cancer provide a
comprehensive framework for understanding these interconnected processes, including
sustained proliferative signaling, resistance to cell death, metastatic progression, angiogenesis,
immune evasion, and continuous remodeling of the tumor microenvironment. These
interrelated mechanisms enable cancer cells to survive under adverse conditions and contribute
to tumor progression and therapeutic resistance (Hanahan & Weinberg, 2011; Hanahan, 2022).

One of the most critical and challenging features of cancer cells is their ability to evade
programmed cell death (apoptosis). Dysregulation of apoptotic mechanisms, including
alterations in mitochondrial signaling, pro- and anti-apoptotic regulators, and caspase
activation, allows tumor cells to escape normal cellular elimination processes (Fuchs & Steller,
2011). In addition, metastatic dissemination mediated through epithelial-mesenchymal
transition (EMT), extracellular matrix remodeling, and angiogenic adaptation represents
another key determinant of cancer progression (Pastushenko & Blanpain, 2019). Furthermore,
the tumor microenvironment (comprising immune cells, stromal components, extracellular
matrix, and signaling molecules) actively contributes to tumor growth, immune suppression,
and therapeutic resistance (Baghban et al., 2020).

Despite significant advances in cancer therapy, limitations such as drug resistance, systemic
toxicity, and tumor heterogeneity continue to constrain treatment efficacy (Vasan et al., 2019).
Therefore, multi-target therapeutic approaches capable of modulating several cancer-related
processes have gained increasing attention. Natural products and plant-derived bioactive
compounds represent promising candidates due to their structural diversity and their ability to
regulate multiple molecular and cellular mechanisms involved in cancer progression (Newman
& Cragg, 2020). Phytochemicals such as polyphenols, flavonoids, terpenoids, alkaloids, and
other bioactive molecules exert anticancer effects by modulating apoptosis, metastatic
behavior, oxidative stress balance, inflammation, and tumor microenvironment interactions
(Aggarwal & Shishodia, 2006). Unlike single-target therapeutic approaches, these compounds
can simultaneously influence multiple cancer hallmarks, providing a rationale for their
investigation as complementary or preventive strategies in cancer therapy (Aggarwal &
Shishodia, 2006; Newman & Cragg, 2020). In this context, the molecular-level investigation of
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target phytochemicals, particularly regarding their potential to suppress tumor survival
pathways and reactivate apoptotic mechanisms, is of considerable importance.

In this review, ten bioactive compounds that have demonstrated substantial therapeutic
potential in experimental and clinical studies and represent the most frequently researched
agents in current literature (curcumin, resveratrol, quercetin, epigallocatechin gallate [EGCG],
sulforaphane, carvacrol, berberine, luteolin, apigenin, and honokiol), along with propolis (a
natural bee product) were examined as multi-target agents in cancer prevention and therapy
strategies. Compound selection was guided by three primary inclusion criteria: (i) demonstrated
evidence in experimental and/or clinical models, (ii) representation of distinct chemical classes
(polyphenols, flavonoids, terpenoids, and alkaloids), and (iii) prominent coverage in current
cancer literature. Conversely, the exclusion criteria were defined as compounds with
insufficient experimental data, poorly defined molecular mechanisms, or efficacy strictly
restricted to a single cancer cell line. These compounds were categorized based on their abilities
to target apoptosis evasion, suppress metastatic and EMT-related processes, and modulate
oxidative stress and tumor microenvironment dynamics.

In this review, we comprehensively summarize recent studies and mechanistic insights
regarding the therapeutic potential of natural products in cancer prevention and therapy,
focusing predominantly on literature published between 2010-2026 years. (pivotal older
sources were also cited where appropriate). Literature searches were conducted across major
electronic databases, including PubMed, Web of Science, ScienceDirect, Scopus, Google
Scholar, and ClinicalTrials.gov (last accessed in July 2026) This study provides critical insights
into the multi-target mechanisms and anticancer efficacy of ten selected bioactive compounds:
curcumin, resveratrol, quercetin, epigallocatechin gallate (EGCG), sulforaphane, carvacrol,
berberine, luteolin, apigenin, and honokiol, alongside propolis, aiming to inform future
translational and clinical applications.

The review offers an integrated perspective on the anticancer potential of these agents by
detailing key evidence from in vitro, in vivo, and clinical models across various malignancy
types. Specifically, this work synthesizes their multi-target actions into key operational axes,
including the modulation of: (I) apoptosis reactivation and survival pathway inhibition, (II)
metastatic dissemination and epithelial-mesenchymal transition (EMT), (III) oxidative stress
dynamics, (IV) tumor microenvironment remodeling, and (V) potential synergistic effects with
conventional chemotherapeutics. Compounds were selected based on robust experimental
validation, mechanistic clarity, structural diversity (encompassing polyphenols, flavonoids,
terpenoids, and alkaloids), and high relevance in contemporary oncological research.
Consequently, this review serves as a comprehensive resource for researchers aiming to exploit
multi-target natural agents for innovative cancer treatment and prevention strategies.

2. Multi-Target Mechanisms of Natural Bioactive Agents in Cancer

Natural products and plant-derived bioactive compounds offer significant therapeutic
advantages in oncology because of their structural diversity and ability to simultaneously
modulate multiple oncogenic signaling pathways. Rather than acting on a single molecular
target, these multi-target agents exert pleiotropic effects that collectively intersect with the core
hallmarks of cancer development and progression. (Newman & Cragg, 2020)
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As illustrated in Figure 1, ten representative natural bioactive compounds, along with propolis,
have gained prominent attention in current oncological research owing to their distinct chemical
classes and multi-target capabilities.p

Cancer is not merely a disease characterized by uncontrolled cell proliferation; rather, it is a
complex process that arises from the accumulation of numerous biological alterations that
enable tumor cell survival, invasion of surrounding tissues, and development of therapeutic
resistance. The “hallmarks of cancer” framework, a fundamental concept in understanding
cancer biology, systematically defines the essential characteristics acquired by malignant cells
and facilitates the understanding of the mechanisms involved in tumor development and
progression (Hanahan, 2022).

Within this framework, cancer cells acquire fundamental biological capabilities, including
sustained proliferative signaling, evasion of growth suppressor mechanisms, resistance to
programmed cell death (apoptosis), replicative immortality, induction of angiogenesis,
activation of invasion and metastasis, evasion of immune surveillance, and establishment of a
tumor-supportive microenvironment (Hanahan, 2022). These characteristics do not represent
independent processes; rather, they constitute a complex network of interacting mechanisms
that collectively drive tumor development.

The ability of cancer cells to evade apoptotic mechanisms provides a significant advantage in
the early stages of tumor development. Dysregulation of apoptotic signaling pathways,
including increased expression of anti-apoptotic proteins, suppression of mitochondrial death
signaling, and inhibition of caspase activation, enables cells to escape normal elimination
processes (Pistritto et al., 2016). In addition, epithelial-mesenchymal transition (EMT),
extracellular matrix remodeling, and angiogenic adaptations play critical roles in metastatic
progression by facilitating the dissemination of cancer cells to distant tissues (Mittal, 2018).

The tumor microenvironment is a complex system comprising dynamic interactions among
cancer cells, stromal cells, immune cells, extracellular matrix components, and various
signaling molecules. This microenvironment supports tumor growth through chronic
inflammation, immune suppression, angiogenesis, and development of therapeutic resistance
(Hinshaw & Shevde, 2019). Therefore, therapeutic approaches that target multiple hallmarks
of cancer have become an important area of research in contemporary cancer therapy.

2.1. Natural Products as Multi-Target Therapeutic Agents

The multifactorial and heterogeneous nature of cancer limits the effectiveness of therapeutic
approaches directed toward a single molecular target. Therefore, there is growing interest in
multi-target therapeutic strategies capable of regulating different biological processes. Plant-
derived natural products have emerged as important candidates in cancer research because of
their extensive chemical diversity and their ability to modulate multiple cellular mechanisms
(Newman & Cragg, 2020).

Plant-derived bioactive compounds, including polyphenols, flavonoids, terpenoids, and
alkaloids, can modulate processes that play critical roles in cancer development, such as cell
proliferation, apoptosis, oxidative stress, inflammation, metastasis, and regulation of the tumor
microenvironment (gemelékové et al, 2026). Curcumin, resveratrol, quercetin,
epigallocatechin gallate (EGCG), berberine, and other natural compounds have been reported
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to suppress tumor progression by exerting simultaneous effects on multiple cancer hallmarks
(Anand et al., 2008; Semelakova et al., 2026).

The multi-target mechanisms of natural products offer potential advantages, particularly in
overcoming major challenges in cancer treatment, including tumor heterogeneity and
therapeutic resistance. However, low bioavailability, metabolic instability, and limitations
associated with clinical translation remain important challenges that must be addressed for their
therapeutic application (Newman & Cragg, 2020)

Therefore, investigating the regulatory effects of natural products on cancer hallmarks may
contribute to the development of novel complementary therapeutic approaches for cancer
prevention and the control of cancer progression.

Multi-Target Modulation Of Key Signaling Pathways In Cancer
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Figure 1 Schematic overview of the ten selected natural bioactive compounds and propolis, categorized by their
chemical classes, and their multi-target modulation across key functional hallmarks of cancer progression. The
central diagram illustrates the five core operational axes targeted by these compounds: sustaining proliferative
signaling, resisting cell death, genome instability and mutation, activating invasion and metastasis, and tumor

microenvironment remodeling.

2.2. Natural Products Targeting Apoptosis Evasion

To systematically evaluate the anticancer potential of plant-derived natural products, ten
representative bioactive compounds (curcumin, resveratrol, quercetin, EGCG, sulforaphane,
carvacrol, berberine, luteolin, apigenin, and honokiol) alongside propolis were analyzed based
on their distinct chemical classes and multi-target capabilities. Rather than acting via a single
molecular pathway, these agents exert broad biological effects that directly intersect with major
hallmarks of cancer progression, including apoptosis evasion, metastatic dissemination,
genomic instability, and tumor microenvironment remodeling.

To provide a structured and comprehensive overview, the chemical classifications, primary
molecular targets, key signaling cascades, and affected cancer hallmarks for each selected agent
are systematically summarized in Table 1, supported by representative recent literature
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Table 1 Chemical classification, primary molecular targets, key signaling cascades, and affected cancer
hallmarks of the ten selected natural bioactive compounds and propolis.

Compound

Curcumin

Resveratrol

Quercetin

EGCG
(Epigallocatechin
gallate)

Sulforaphane

Carvacrol

Berberine

Luteolin

Apigenin

Honokiol

Propolis

Chemical Class

Polyphenol
(Diarylheptanoid)

Polyphenol
(Stilbenoid)

Polyphenol
(Flavonoid /
Flavonol)

Polyphenol
(Flavan-3-ol /
Catechin)

Organosulfur
compound
(Isothiocyanate)

Monoterpenoid
phenol

Isoquinoline
alkaloid

Polyphenol
(Flavonoid /
Flavone)

Polyphenol
(Flavonoid /
Flavone)

Biphenolic
compound
(Neolignan)

Complex
resinous mixture
(Polyphenols,
flavonoids, and
phenolic acids)

Primary Molecular
Targets & Key
Signaling

NF-«xB, PI3K/Akt, Bcl-
2 family, Caspase-3/9,
XIAP

MMP-2/9, TGF-beta,
‘Wnt beta-catenin,
COX-2

PI3K/Akt/mTOR axis,
p53, p21/WAF1, Bad,
Survivin

ROS machinery, NF-
kB, MMPs,
Angiogenic drivers

Nrf2/Keapl axis, ARE
signaling, HDACs,
Phase II enzymes
Mitochondrial lipid
bilayer, ROS
generation,
Cytochrome ¢, PARP

EMT transcription
factors, AMPK, Cell
motility machinery
MAPK/ERK,
PI3K/Akt, Snail, Twist,
E-cadherin

TNFR1, Fas (CD95),
DR4/DRS5, Caspase-
8/9/3, PARP

STATS3, Sonic
Hedgehog (Shh), Oct4,
Sox2, Nanog

IL-6, NF-«B, VEGF,
MMP-2/9, Caspases

Cancer Hallmarks
Affected

Resisting cell death,
Sustaining proliferative
signaling

Activating invasion and
metastasis, Sustaining
proliferative signaling

Resisting cell death,
Sustaining proliferative

signaling

Genome instability and
mutation, Resisting cell
death

Genome instability and
mutation, Sustaining
proliferative signaling

Resisting cell death,
Sustaining proliferative

signaling

Activating invasion and
metastasis, Resisting cell
death

Activating invasion and
metastasis, Resisting cell
death

Resisting cell death,
Activating invasion and
metastasis

Resisting cell death,
Microenvironment
alterations

Resisting cell death,
Sustaining proliferative

signaling, Microenvironment

alterations, Activating
invasion and metastasis

References

Demirci et al. (2025);
Farghadani & Naidu
(2021)

Batirel et al. (2025);
Ren et al. (2021);
Song et al. (2019)

Russo et al. (2012);
Tang et al. (2020);
Reyes-Farias &
Carrasco-Pozo (2019)

Khan & Mukhtar
(2019); Li et al.
(2024); Negri et al.
(2018)

Su et al. (2018);
Mangla et al. (2020)

Besli et al. (2026);
Sharifi-Rad et al.
(2018); Khan et al.
(2017)

Raufet al. (2021);
Samadi et al. (2020)

Qin et al. (2021);
Imran et al. (2019)

Sung et al. (2016);
Imran et al. (2020);
Pan et al. (2021)

Ong et al. (2020);
Avtanski et al. (2014)

Sforcin (2016); Li et
al. (2021); Zhu et al.
(2024)

3. Molecular Mechanisms and Hallmark-Targeted Actions of Bioactive Agents

3.1. Dysregulation of Apoptotic Mechanisms in Cancer

Apoptosis is a genetically programmed cell death mechanism required for maintaining cellular
homeostasis, tissue development, and removing oncogenic cells (Cavalcante et al., 2019). In

malignant cells, the evasion of apoptosis drives unconstrained clonal expansion, survival under
metabolic stress, and therapeutic resistance (Pistritto et al., 2016). As illustrated in Figure 2,

this survival phenotype is governed by hyperactivated prosurvival signaling pathways,
including Nuclear Factor-kappa B (NF-«B) and Phosphoinositide 3-kinase/Akt (PI3K/Akt),
alongside upregulation of anti-apoptotic Bcl-2 proteins and suppression of endogenous caspase
activation (Kale et al., 2018; Pfeffer & Singh, 2018).
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Intrinsic apoptotic dysregulation primarily involves an altered balance between pro- and anti-
apoptotic Bcl-2 family members (Kale et al., 2018). Upregulation of anti-apoptotic Bcl-2
prevents mitochondrial outer membrane permeabilization (MOMP), blocking the release of
pro-apoptotic factors into the cytosol (Cavalcante et al., 2019). Concurrently, executioner
caspase signaling is inhibited by inhibitor of apoptosis proteins (IAPs) and functional mutations
in the TP53 tumor suppressor gene (Marei et al., 2021).

Natural bioactive compounds (specifically curcumin, carvacrol, quercetin, and apigenin) can
reverse this apoptotic resistance through targeted molecular interventions (Figure 2). These
agents lower mitochondrial membrane potential, stimulate cytosolic cytochrome ¢ release,
induce downstream activation of initiator caspase-9 and executioner caspase-3, and trigger
DNA fragmentation, ultimately driving malignant cells toward apoptotic cell death (Pfeffer &
Singh, 2018; Marei et al., 2021).

3.1.1. Curcumin: Induction of Apoptosis and Prosurvival Death Signaling

Curcumin, a natural polyphenolic diarylheptanoid derived from the rhizomes of Curcuma
longa, induces apoptosis across various human cancer cell lines through the modulation of
survival pathways and executioner apoptotic cascades (Tomeh et al., 2019; Farghadani &
Naidu, 2021). The primary mechanism of curcumin-induced cell death involves the suppression
of constitutive survival signaling networks. Specifically, curcumin inhibits Nuclear Factor-
kappa B (NF-kB) and Phosphoinositide 3-kinase/Akt (PI3K/Akt) pathways, leading to the
downregulation of downstream anti-apoptotic targets, including cyclin D1, c-Myc, and X-
linked inhibitor of apoptosis protein (XIAP) (Demirci et al., 2025).

At the organelle level, curcumin targets mitochondrial integrity by altering the expression
balance of the Bel-2 family (Figure 2). It upregulates pro-apoptotic Bax while suppressing anti-
apoptotic Bel-2 and Bcel-xL, which leads to a loss of mitochondrial membrane potential and the
subsequent cytosolic release of cytochrome c¢ (Farghadani & Naidu, 2021). Cytosolic
cytochrome c facilitates apoptosome assembly, triggering sequential cleavage and activation of
initiator caspase-9 and executioner caspase-3, which culminates in nuclear DNA fragmentation
(Figure 2). Additionally, curcumin promotes cell death by inducing intracellular reactive
oxygen species (ROS) accumulation and activating the c-Jun N-terminal kinase (JNK) pathway,
enhancing its capacity to sensitize chemoresistant tumor phenotypes to programmed cell death
(Tomeh et al., 2019)

3.1.2. Carvacrol: Disruption of Mitochondrial Potential and Intrinsic Death Signaling

Carvacrol, a monoterpenoid phenol abundant in the essential oils of Lamiaceae species such as
oregano and thyme, induces intrinsic apoptosis in cancer cells through mitochondrial membrane
disruption (Besli et al., 2026; Khan et al., 2017). Due to its lipophilic structure, carvacrol
integrates into cellular membranes and targets the inner mitochondrial membrane, causing a
loss of mitochondrial membrane potential (Figure 2).

This disruption impairs the mitochondrial electron transport chain, promoting intracellular
reactive oxygen species (ROS) accumulation and oxidative stress in malignant cells (Sharifi-
Rad et al., 2018). Increased oxidative stress alters the Bax/Bcl-2 expression ratio, facilitating
outer mitochondrial membrane permeabilization and the cytosolic release of cytochrome ¢ and
Smac/DIABLO (Figure 2). Once in the cytosol, these factors neutralize inhibitor of apoptosis
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proteins (IAPs) and activate the caspase-9/caspase-3 proteolytic cascade, leading to poly(ADP-
ribose) polymerase (PARP) cleavage and nuclear DNA fragmentation (Sharifi-Rad et al., 2018;
Khan et al., 2017). Furthermore, carvacrol-induced mitochondrial impairment activates
endoplasmic reticulum (ER) stress pathways and disrupts intracellular calcium homeostasis,
contributing to the suppression of tumor cell survival (Besli et al., 2026).

3.1.3. Quercetin: Modulation of Prosurvival Kinases and Cell Cycle Arrest

Quercetin, a polyphenolic flavonoid abundant in onions, apples, and berries, inhibits tumor
growth by targeting prosurvival kinase cascades and restoring cell cycle checkpoints (Tang et
al., 2020; Reyes-Farias & Carrasco-Pozo, 2019). A central mechanism of quercetin-induced
cytotoxicity is the suppression of the phosphoinositide 3-kinase/Akt/mammalian target of
rapamycin (PI3K/Akt/mTOR) axis (Figure 2). By inhibiting Akt phosphorylation, quercetin
blocks the inactivation of pro-apoptotic Bad and glycogen synthase kinase-3f (GSK-3),
enabling Bad translocation to the mitochondria to promote apoptotic death (Russo et al., 2012;
Tang et al., 2020).

Concurrently, quercetin downregulates the mitogen-activated protein kinase/extracellular
signal-regulated kinase (MAPK/ERK) signaling pathway, resulting in decreased expression of
anti-apoptotic proteins such as Mcl-1 and survivin (Reyes-Farias & Carrasco-Pozo, 2019). In
cells with wild-type p53 status, quercetin activates the p53 tumor suppressor pathway, inducing
transcriptional upregulation of p21/WAF1. This leads to cell cycle arrest at the G2/M phase and
directs damaged cells toward programmed apoptotic cell death (Figure 2). Through these
combined kinase-inhibitory and cell cycle-regulatory mechanisms, quercetin sensitizes
malignant cells to apoptotic elimination (Tang et al., 2020; Reyes-Farias & Carrasco-Pozo,
2019).

3.1.4. Apigenin: Activation of Death Receptors and Caspase Cascades

Apigenin, a natural trihydroxyflavone present in parsley, celery, and chamomile, induces
programmed cell death in hematologic and solid malignancies by activating both extrinsic and
intrinsic apoptotic pathways (Imran et al., 2020; Pan et al., 2021). The primary mechanism
involves upregulating cell-surface death receptors, including tumor necrosis factor receptor 1
(TNFR1), Fas (CD95), and death receptors 4/5 (DR4/DRS). This leads to the recruitment of
Fas-associated death domain (FADD) and the activation of initiator caspase-8 (Figure 2).

Concurrently, apigenin activates the intrinsic mitochondrial pathway by altering the Bax/Bcl-2
expression ratio, causing mitochondrial membrane potential loss and downstream activation of
initiator caspase-9 (Sung et al., 2016). These extrinsic and intrinsic cascades converge at the
activation of executioner caspases-3 and-7. Activated caspase-3 cleaves poly(ADP-ribose)
polymerase (PARP), impairing cellular DNA repair mechanisms and inducing nuclear DNA
fragmentation (Figure 2). Through this multi-caspase activation, apigenin suppresses tumor cell
survival and promotes apoptotic death across resistant cancer cells (Imran et al., 2020; Pan et
al., 2021).
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NaturalProducts Targeting Apoptosis Evasion

Survival Signaling

Tumor survival

NF-«B
T Tumor cell survival Q
PI3K/Akt 1 Sustained proliferation Proliferation ®
>
_ &
Bcl-2 T Resistance to therapy
cume | ATOPIOSIS resTetancs Apoptosis resistance
activation

Natural Compounds

Mitochondrial
Curcumin  —— membrane potential loss
Carvacrol [ Cytochrome c release ] i
Quercetin Cancer Cell [ Caspase-3/9 activation ] Apoptotic cell
death
Apigenin  —— G DNA fragmentation j

Figure 2 Schematic representation of apoptosis evasion mechanisms via survival signaling and their reversal by
natural compounds.

3.2. EMT and the Metastatic Cascade in Cancer Progression

The metastatic cascade remains the primary cause of cancer-related mortality, converting
localized primary tumors into systemic disease (Pastushenko & Blanpain, 2019; Welch &
Hurst, 2019). This process involves a series of sequential steps: local tissue invasion,
intravasation into the blood or lymphatic circulation, survival within the bloodstream,
extravasation into distant tissues, and subsequent metastatic colonization (Pastushenko &
Blanpain, 2019; Welch & Hurst, 2019).

A critical biological driver of tumor invasion and motility is epithelial-mesenchymal transition
(EMT), a cellular reprogramming process in which polarized epithelial cells lose cell—cell
adhesion junctions and acquire a migratory, invasive mesenchymal phenotype (Dongre &
Weinberg, 2019). At the molecular level, EMT is characterized by the loss of epithelial markers,
primarily E-cadherin (encoded by CDHI1) and the concurrent upregulation of mesenchymal
markers, including N-cadherin, vimentin, and extracellular matrix-degrading matrix
metalloproteinases (MMP-2 and MMP-9) (Pastushenko & Blanpain, 2019; Georgescu et al.,
2020).

This phenotypic transition is governed by a conserved network of core EMT-inducing
transcription factors, including Snail, Slug, Twist, and ZEB1/2, alongside key oncogenic
signaling pathways such as Transforming Growth Factor-beta (TGF-beta), Wnt-beta-catenin,
and STAT3 (Dongre & Weinberg, 2019; Georgescu et al., 2020). Inhibiting the EMT
transcriptional program and suppressing invasive signaling cascades prior to distant
colonization represents an important therapeutic axis in preventing metastatic progression.
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3.2.1. Resveratrol: Suppression of Extracellular Matrix Remodeling and Invasion

Resveratrol, a polyphenolic stilbenoid present in grapes, berries, and Polygonum cuspidatum,
inhibits metastatic progression by modulating extracellular matrix (ECM) degradation and
epithelial-mesenchymal transition (EMT) signaling (Ren et al., 2021; Batirel et al., 2025). A
principal mechanism of resveratrol-mediated anti-metastatic activity is the downregulation of
matrix metalloproteinases, specifically MMP-2 and MMP-9 (Figure 3). By suppressing MMP
expression and enzymatic activity, resveratrol reduces extracellular matrix proteolysis, thereby
limiting tumor cell invasion into adjacent tissues and vascular structures (Ren et al., 2021).

In addition to enzymatic suppression, resveratrol inhibits key signaling pathways that drive
EMT, including Transforming Growth Factor-beta (TGF-beta) and Wnt-beta-catenin networks
(Figure 3). Inhibition of these cascades prevents the nuclear translocation and accumulation of
beta-catenin, leads to the upregulation of membrane-bound E-cadherin, and represses
mesenchymal markers such as N-cadherin and vimentin (Song et al., 2019). Through the dual
regulation of ECM-degrading enzymes and EMT-inducing transcription factors, resveratrol
attenuates cellular migration, invasion, and distant metastatic dissemination (Batirel et al.,
2025).

3.2.2. Luteolin: Transcriptional Regulation of EMT Drivers and Cadherin Expression

Luteolin, a polyphenolic flavone found in celery, parsley, and chamomile, represses the
epithelial-mesenchymal transition (EMT) program in cancer cells by targeting upstream kinase
networks and EMT-inducing transcription factors (Qin et al., 2021; Imran et al., 2019).
Mechanistically, luteolin inhibits the Mitogen-Activated Protein Kinase (MAPK/ERK) and
Phosphoinositide 3-kinase (PI3K/Akt) signaling pathways, resulting in the transcriptional
downregulation of primary EMT drivers, specifically Snail and Twist (Figure 3).

By suppressing Snail and Twist expression, luteolin relieves transcriptional repression at the
CDHI1 promoter, restoring membrane-bound E-cadherin levels (Figure 3). This upregulation of
E-cadherin stabilizes cell—cell adhesion, reduces vimentin expression, and blocks the transition
of tumor cells toward a migratory, mesenchymal phenotype (Qin et al., 2021; Pan et al., 2022).
Consequently, luteolin impairs tumor cell motility, matrix invasion, and metastatic
dissemination across human cancer models (Imran et al., 2019; Pan et al., 2022).

3.2.3. Honokiol: Inhibition of Cancer Stemness and Self-Renewal Signaling

Honokiol, a natural biphenolic neolignan isolated from the bark of Magnolia officinalis,
represses cancer stem cell (CSC) phenotypes and self-renewal pathways that drive tumor
recurrence, metastasis, and therapeutic resistance (Ong et al., 2020; Avtanski et al., 2014).
Cancer stem cells represent a subpopulation within tumors possessing embryonic self-renewal
properties and high invasive capacity. Mechanistically, honokiol suppresses core embryonic
transcription factors, including Oct4, Sox2, and Nanog, that maintain the CSC stemness state
(Figure 3).

This transcriptional suppression is mediated by the inhibition of constitutively active self-
renewal cascades, particularly Signal Transducer and Activator of Transcription 3 (STAT3) and
Sonic Hedgehog (Shh) signaling pathways (Figure 3). By disrupting these signaling networks,
honokiol reduces the side population fraction, impairs mammosphere and tumorsphere
formation in vitro, and sensitizes chemoresistant cell lines to conventional therapeutics (Ong et
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al., 2020). Through the targeted suppression of CSC self-renewal and stemness drivers,
honokiol attenuates metastatic colonization and tumor persistence (Avtanski et al., 2014).

3.2.4. Berberine: Attenuation of Cellular Migration and Invasive Capacity

Berberine, an isoquinoline alkaloid isolated from Berberis species, suppresses tumor cell
migration and metastatic colonization by targeting EMT-associated signaling cascades and
matrix degradation (Raufet al., 2021; Samadi et al., 2020). Berberine inhibits AMPK -mediated
pathways and represses key transcription factors regulating EMT, resulting in reduced vimentin
expression and restoration of E-cadherin levels (Figure 3). Furthermore, berberine
downregulates MMP-2 and MMP-9 activity, impairing matrix degradation and vascular
intravasation (Raufet al., 2021). Through these actions, berberine suppresses distant metastatic
organ colonization across solid tumor models (Samadi et al., 2020).
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Figure 3 Schematic illustration of the epithelial-mesenchymal transition (EMT) in primary tumors and its
suppression by natural plant products.

3.3. The Role of Oxidative Stress and Redox Imbalance in Malignancy

Oxidative stress, defined as an imbalance between reactive oxygen species (ROS) production
and cellular antioxidant defense capacity, regulates both tumorigenesis and cancer progression
(Hayes et al., 2020). Under physiological conditions, regulated ROS levels act as second
messengers in cell proliferation and signaling. However, in malignant cells, metabolic rewiring,
mitochondrial dysfunction, and chronic inflammatory cues cause a persistent elevation of
intracellular ROS (Negri et al., 2018).

This sustained oxidative environment promotes genomic instability, induces DNA damage, and
leads to the constitutive activation of oncogenic transcription factors, particularly Nuclear
Factor-kappa B (NF-«kB) and Hypoxia-Inducible Factor-1 alpha (HIF-la) (Figure 4).
Furthermore, chronic oxidative stress remodels the tumor microenvironment by activating
tumor-associated fibroblasts, driving extracellular matrix remodeling, and stimulating Vascular
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Endothelial Growth Factor (VEGF)-mediated angiogenesis (Figure 4). Consequently,
modulating cellular redox homeostasis and targeting microenvironmental survival signaling

represent key approaches to suppressing tumor adaptation and progression (Negri et al., 2018;
Hayes et al., 2020).

3.3.1. Epigallocatechin Gallate (EGCG): Tumor Redox Regulation and Pro-Oxidant Effects

Epigallocatechin gallate (EGCG), the primary polyphenolic catechin isolated from green tea
(Camellia sinensis), regulates cellular redox balance and ROS-dependent signaling cascades in
human malignancies (Khan & Mukhtar, 2019; Negri et al., 2018). EGCG exhibits cell type-
dependent dual redox activities. In non-transformed physiological tissues, EGCG functions as
an antioxidant free radical scavenger that upregulates cytoprotective enzymes to limit oxidative
DNA damage. Conversely, within the altered metabolic environment of cancer cells, EGCG
exerts pro-oxidant actions, promoting intracellular ROS accumulation (Figure 4).

This targeted ROS elevation leads to mitochondrial outer membrane permeabilization,
cytochrome c release, and induction of intrinsic apoptosis (Li et al., 2024; Negri et al., 2018).
Concurrently, EGCG suppresses constitutively active Nuclear Factor-kappa B (NF-xB) and
Hypoxia-Inducible Factor-1 alpha transcriptional networks (Figure 4). Through the inhibition
of these factors, EGCG downregulates downstream matrix metalloproteinases (MMP-2 and
MMP-9) and Vascular Endothelial Growth Factor (VEGF), suppressing tumor invasion,
extracellular matrix remodeling, and angiogenic sprouting within the tumor microenvironment
(Khan & Mukhtar, 2019; Negri et al., 2018).

3.3.2. Propolis: Neutralization of Inflammatory Signaling and Angiogenic Factors

Propolis, a complex resinous mixture produced by honeybees (Apis mellifera) from diverse
botanical origins, modulates tumor—microenvironment interactions through its high
concentration of polyphenols, flavonoids, and phenolic esters (Sforcin, 2016; Li et al., 2021).
As a multi-component natural product, propolis targets parallel signaling nodes within the
tumor microenvironment. At the cellular level, propolis attenuates chronic inflammatory
signaling by downregulating Interleukin-6 (IL-6), Signal Transducer and Activator of
Transcription 3 (STAT3), and Nuclear Factor-kappa B (NF-kB) activation, thereby suppressing
inflammation-driven tumor progression (Figure 4) (Li et al., 2021; Zhu et al., 2024).

Simultaneously, propolis targets tumor vascularization by suppressing Vascular Endothelial
Growth Factor (VEGF) expression and secretion (Figure 4) (Sforcin, 2016; Zhu et al., 2024).
Inhibition of VEGF signaling reduces endothelial cell proliferation, migration, and capillary
tube formation, limiting nutrient supply to the primary tumor mass. Through these combined
anti-inflammatory and anti-angiogenic actions, propolis disrupts supportive stromal signaling
and impairs tumor adaptation (Li et al., 2021; Zhu et al., 2024).

3.3.3. Sulforaphane: Activation of Nrf2-Mediated Cytoprotective Responses

Sulforaphane, an organosulfur isothiocyanate abundant in cruciferous vegetables such as
broccoli and Brussels sprouts, regulates cytoprotective signaling and cellular detoxification
networks in human malignancies (Mangla et al., 2020). The primary mechanism of action
involves the activation of the Nuclear Factor Erythroid 2—Related Factor 2 (Nrf2) signaling
pathway, a central regulator of the cellular antioxidant response (Figure 4).
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Mechanistically, sulforaphane reacts with specific cysteine residues on Kelch-like ECH-
associated protein 1 (Keapl), inducing a conformational change that disrupts the Keap1-Nrf2
interaction (Figure 4). This allows stabilization and nuclear translocation of Nrf2, where it
heterodimerizes with Small Maf proteins and binds to Antioxidant Response Elements (ARE)
in target gene promoters (Su et al., 2018; Mangla et al., 2020). This transcriptional binding
induces Phase II detoxification enzymes including heme oxygenase-1 (HO-1),
NAD(P)H:quinone oxidoreductase 1 (NQOI1), and glutathione S-transferases (GSTs) which
neutralize reactive oxygen species (ROS) and electrophiles (Figure 4).

Through Nrf2 pathway activation, sulforaphane reduces oxidative DNA damage in non-
transformed cells while selectively triggering cell cycle arrest and intrinsic apoptosis in
malignant phenotypes (Su et al., 2018; Mangla et al., 2020).
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Figure 4 Schematic representation of oxidative stress and tumor microenvironment remodeling in cancer
progression and their targeted modulation by EGCG, propolis, and sulforaphane

4. Challenges and Limitations of Natural Products in Cancer Therapy

Despite preclinical efficacy observed across in vitro and in vivo models, several
pharmacological and biopharmaceutical limitations obstruct the clinical translation of plant-
derived bioactive agents (Tomeh et al., 2019; Atanasov et al., 2021). Phytochemicals including
curcumin, resveratrol, and quercetin exhibit poor systemic bioavailability, primarily restricted
by low aqueous solubility, extensive first-pass hepatic metabolism (via rapid glucuronidation
and sulfation), and rapid systemic clearance (Tomeh et al., 2019; Del Rio et al., 2013).
Consequently, achieving therapeutic concentrations within target tumor tissues remains a major
barrier using unformulated administration routes. Although numerous in vitro models
demonstrate potent multi-targeted regulations, such as the inhibition of IKK-mediated NF-kB
activation and blockade of nuclear translocation, translating these specific mechanisms into
human systems requires overcoming these pharmacokinetic barriers.
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In addition, tumor heterogeneity and potential herb—drug interactions complicate the clinical
pharmacokinetics of natural compounds. Select phytochemicals modulate cytochrome P450
(CYP450) enzyme isoforms and drug efflux transporters (such as P-glycoprotein), potentially
altering the clearance and systemic exposure of co-administered chemotherapeutic agents
(Atanasov et al., 2021; Yeung et al., 2018).

A further challenge involves transitioning natural products from crude nutraceuticals to
pharmaceutical-grade therapeutics. Although multi-component matrices such as propolis are
widely consumed as functional foods, clinical implementation demands rigorous chemical
standardization, batch-to-batch reproducibility, identification of primary active constituents,
and validated dose—response relationships (Sforcin, 2016; Atanasov et al., 2021). Chemical
variability driven by geographical origin and extraction methodologies presents regulatory
hurdles regarding quality control and safety profiling, necessitating standardized nano-
formulation approaches (e.g., micelles, liposomes, and polymeric nanoparticles) to protect these
compounds from premature degradation and to establish safe therapeutic windows in ongoing
Phase I and II clinical trials (Sforcin, 2016; Tomeh et al., 2019).

5. Future Perspectives

The translational viability of natural products in oncology depends on addressing their inherent
biopharmaceutical and pharmacological limitations. Transitioning plant-derived bioactive
agents from experimental settings toward clinical evaluation requires multidisciplinary
approaches that integrate materials science, medicinal chemistry, and computational biology.
Advanced delivery platforms, such as polymeric nanoparticles, liposomes, and nanomicelles,
are being investigated to address low aqueous solubility, rapid metabolic clearance, and limited
tumor tissue targetability observed in compounds like curcumin, resveratrol, and quercetin. In
parallel, targeted medicinal chemistry approaches, including semi-synthetic modifications and
structure—activity relationship optimization, offer opportunities to improve the
pharmacodynamics, metabolic stability, and target selectivity of molecules such as carvacrol,
apigenin, and honokiol. Furthermore, the integration of artificial intelligence, machine learning
algorithms, and multi-omics profiling with network pharmacology facilitates the systematic
analysis of multi-target natural products, aiding in candidate selection and the design of
potential combination strategies with standard chemotherapeutics or immunotherapies.
Combining nano-formulation approaches, structural optimization, and computational target
identification may enhance the translational feasibility and therapeutic potential of natural
bioactive compounds in cancer management.

6. Conclusion

The rising global burden and structural heterogeneity of cancer highlight the clinical need for
multi-target therapeutic strategies capable of modulating complex biological networks. Evasion
of apoptosis, metastatic dissemination, and microenvironmental redox alterations represent
interconnected mechanisms that contribute to tumor resistance against conventional single-
target therapies. As reviewed, plant-derived bioactive compounds and complex natural matrices
provide a polypharmacological framework for targeting these survival cascades at multiple
regulatory checkpoints.
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Specifically, compounds such as curcumin, carvacrol, quercetin, and apigenin promote
apoptotic susceptibility by modulating Bcl-2 family expression and triggering caspase-
dependent proteolysis. Concurrently, agents including resveratrol, luteolin, and honokiol
attenuate invasive and metastatic potential by repressing epithelial-mesenchymal transition
(EMT) transcription factors and cancer stemness pathways. Furthermore, EGCG, sulforaphane,
and multi-component matrices such as propolis regulate tumor microenvironment dynamics
and cellular redox homeostasis by suppressing pro-inflammatory signaling and modulating
cytoprotective responses. Although biopharmaceutical limitations regarding oral
bioavailability, metabolic stability, and pharmaceutical standardization remain to be addressed
through advanced nano-delivery systems and structural optimization, these natural agents
present a valuable framework for contemporary oncological research. Driven by expanding
research efforts and translational studies, these bioactive scaffolds continue to gain significance
in modern oncology underscoring that comprehensive, multi-targeted paradigms in future
cancer therapy will increasingly rely on the strategic integration of these versatile natural
molecules.
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