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Abstract

Plant-derived natural products remain a major source of anticancer chemical diversity, yet
much of the preclinical literature still describes their activity through compound-centered
readouts such as ICsg values, reactive oxygen species generation, mitochondrial depolar-
ization, BCL-2-family remodeling, caspase activation, and PI3K/Akt or NF-«kB inhibition.
Although informative, these mechanisms do not fully explain why the same phytochemical
induces apoptosis in some cancer cells, and cytostasis or adaptation in others, while normal
cells frequently activate cytoprotective responses. Rather than replacing conventional
compound-centered approaches, we integrate established concepts into a complementary
vulnerability-state framework for interpreting plant-derived natural-product-induced selec-
tive apoptosis. In this framework, selective apoptosis occurs when phytochemical-induced
stress intersects with pre-existing cancer-cell vulnerabilities, overwhelms adaptive buffer-
ing, and remains below the injury threshold of normal cells. We organize current evidence
around redox imbalance, mitochondrial priming, membrane remodeling, ion-channel and
cell-volume dysregulation, and survival-pathway addiction, emphasizing that pathway
modulation becomes mechanistically meaningful when linked to differential cellular sen-
sitivity. We further highlight membrane—ion biology as an underexplored contributor to
phytochemical responses and discuss how chemical standardization, orthogonal cell-death
assays, matched normal-cell models, organoids, and pharmacokinetic/pharmacodynamic
considerations can advance the field from descriptive cytotoxicity toward mechanism-
informed phytopharmacology.
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1. Introduction
1.1. Why Natural Product Oncology Needs Reframing

Plant-derived natural products have long contributed to anticancer drug discovery and
remain an important source of chemically diverse scaffolds for cancer prevention, therapy,
and adjuvant treatment. For clarity, this review distinguishes several conceptually distinct
classes of plant-derived materials, including chemically characterized phytochemicals,
standardized botanical extracts, major bioactive constituents, semisynthetic or natural-
product-derived derivatives, and clinically approved natural-product-derived anticancer
drugs. These classes differ substantially in chemical identity, reproducibility, pharma-
cokinetics, regulatory maturity, and translational relevance. Accordingly, mechanistic
interpretation throughout this review is made in the context of the specific material un-
der investigation rather than treating all plant-derived agents as a homogeneous class.
Evidence derived from crude botanical extracts, dietary exposures, and metabolites is
interpreted more cautiously because of the additional challenges associated with chemical
standardization, exposure assessment, and attribution of biological activity. Throughout
this review, plant-derived natural products are used as the broad umbrella term encom-
passing chemically characterized phytochemicals, standardized botanical extracts, major
bioactive constituents, semisynthetic or natural-product-derived derivatives, and approved
natural-product-derived drugs. By contrast, phytochemicals refer specifically to naturally
occurring plant-derived chemical constituents and should not be interpreted as synony-
mous with all plant-derived natural products.

Despite extensive chemical diversity, much of the literature remains compound-
centered and descriptive. Studies typically report half-maximal inhibitory concentration
(ICsp), reactive oxygen species (ROS) generation, mitochondrial membrane depolarization,
BAX/BCL-2 modulation, PI3K/Akt inhibition, or reduced proliferation after exposure to a
phytochemical or extract. Although informative, these observations frequently describe
downstream molecular events rather than explaining why certain cancer cells are selectively
susceptible. Reviews of flavonoids, curcumin-related compounds, PI3K-modulating phyto-
chemicals, and other plant-derived anticancer agents illustrate this emphasis on canonical
apoptosis and signaling pathways, whereas the biological determinants of selectivity,
sensitivity, and resistance remain less well defined [1-5].

Current evidence spans chemically heterogeneous materials, including purified phy-
tochemicals, standardized botanical extracts, dietary constituents, metabolites, optimized
derivatives, and approved natural-product-derived drugs. These categories differ substan-
tially in chemical identity, reproducibility, pharmacokinetics, and translational maturity.
Heavy reliance on viability assays and ICsy values often fails to distinguish cytostasis
from apoptosis, necrosis, ferroptosis, or assay-related artifacts. Viability measurements are
influenced by mitochondrial metabolism, membrane integrity, redox state, assay chemistry,
cell density, and exposure time; therefore, a single metabolic assay cannot establish the
mechanism of cell death [6]. In addition, apparent activity may result from assay inter-
ference, aggregation, impurities, nonspecific chemical reactivity, or unstable compounds
rather than genuine biological effects [7,8]. Importantly, plant-derived compounds should
not be regarded as inherently safer than synthetic anticancer agents. Their therapeutic
value depends on the same principles that govern all anticancer therapeutics, including
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a favorable therapeutic window, reproducible chemical composition, pharmacokinetic
suitability, and preferential activity against malignant rather than normal cells. Studies
incorporating matched non-malignant cells and selectivity-index analyses provide stronger
translational evidence by distinguishing preferential cancer-cell sensitivity from general
cytotoxicity [9,10]. Nevertheless, many reports lack appropriate normal-cell controls,
immune-cell compatibility studies, or organ-relevant toxicity models. These limitations
are particularly relevant for membrane-active compounds such as saponins and for crude
botanical extracts, which require rigorous botanical authentication, chemical fingerprint-
ing, and batch-to-batch reproducibility before biological conclusions can be interpreted
confidently [11-15].

These limitations also help explain why the same plant-derived compound or botani-
cal preparation may produce different biological outcomes across experimental models. A
compound may induce apoptosis in one cancer type, growth arrest in another, and adaptive
or cytoprotective responses in normal cells. Such variability reflects differences in the bio-
logical state of the target cell rather than experimental noise. Cancer cells commonly exhibit
elevated basal oxidative stress, mitochondrial priming, membrane remodeling, dysregu-
lated ion homeostasis, and dependence on oncogenic survival pathways, creating vulnera-
bilities that are generally less pronounced in normal tissues [16-21]. Consequently, identical
phytochemical exposure may remain below the stress threshold of normal cells while over-
whelming adaptive capacity in susceptible cancer cells. Conventional compound-centered
and target-based approaches remain indispensable for pharmacological characterization,
but they do not fully explain these context-dependent responses.

Accordingly, we propose a complementary vulnerability-state framework for inter-
preting natural-product-induced selective apoptosis. Rather than focusing exclusively on
molecular targets or signaling pathways altered by phytochemicals, this framework em-
phasizes pre-existing cancer-cell states that determine susceptibility to stress. We consider
five principal vulnerability states: redox imbalance, mitochondrial priming, membrane
remodeling, membrane—ion dysregulation (including altered ion-channel activity and cell-
volume regulation), and survival-pathway addiction. Together, these states determine
whether phytochemical exposure culminates in selective apoptosis or instead results in
adaptive survival, cytostasis, ferroptosis, or non-selective toxicity, which are discussed
only insofar as they inform the mechanisms and boundaries of selective apoptosis. Among
them, membrane—ion dysregulation remains comparatively underexplored despite increas-
ing evidence that ion flux, membrane potential, water transport, and apoptotic volume
decrease (AVD) may contribute to apoptotic commitment.

The central conceptual contribution of this review is the vulnerability-state model
of natural-product-induced selective apoptosis. In this model, selective apoptosis arises
when phytochemical-induced stress intersects with pre-existing cancer-cell vulnerabilities,
exceeds adaptive buffering capacity, and remains below the toxicity threshold of matched
normal cells. This relationship is summarized by the following qualitative conceptual
heuristic:

Selective apoptosis = phytochemical stress x pre-existing vulnerability x 1)
insufficient adaptive buffering x normal-cell sparing.

Equation (1) is intended solely as a conceptual framework rather than a quantitative
or predictive mathematical model. Phytochemical stress represents redox, mitochondrial,
membrane, ion-homeostatic, metabolic, or survival-pathway perturbations induced by
chemically characterized plant-derived compounds or standardized botanical preparations.
Pre-existing vulnerability refers to biological features that place cancer cells closer to the
threshold for irreversible death, including elevated basal ROS, mitochondrial priming,
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altered membrane composition, ion-channel dependence, impaired stress buffering, or
addiction to PI3K/Akt, NF-«kB, STAT3, or NRF2-associated survival signaling. Insufficient
adaptive buffering reflects failure of antioxidant, autophagic, metabolic, proteostatic, or
anti-apoptotic defense mechanisms. Normal-cell sparing defines selective apoptosis by
requiring that equivalent exposure does not produce comparable lethal stress in matched
non-malignant cells.

Using this framework, we organize the evidence according to cancer-cell vulnerability
states rather than individual phytochemicals or isolated molecular targets. Although other
regulated cell-death pathways are discussed where mechanistically relevant, they are con-
sidered primarily as alternative outcomes, adaptive responses, or differential mechanisms
that influence the induction of selective apoptosis rather than as independent subjects of
this review. We examine redox imbalance, mitochondrial priming, membrane remodel-
ing, membrane—ion dysregulation (including altered ion-channel activity and cell-volume
regulation), and survival-pathway addiction as determinants of selective apoptosis, while
also discussing circumstances in which selectivity fails, including non-selective toxicity,
hormesis, and regulated death programs other than apoptosis. By integrating mechanistic
cell-death biology with phytochemical standardization and translational considerations,
this review aims to shift natural-product oncology from descriptive cytotoxicity toward a
mechanism-based understanding of selective anticancer activity.

Importantly, the proposed vulnerability-state framework does not introduce new
mechanisms of cancer-cell death. Concepts such as mitochondrial priming, redox adap-
tation, oncogenic survival-pathway dependence, stress-buffer dependence, therapeutic
windows, and cancer-cell vulnerability are already well established. The novelty of this
Review does not lie in proposing new biological mechanisms of selective apoptosis. Rather,
it lies in integrating established concepts—including oncogene addiction, non-oncogene ad-
diction, synthetic lethality, stress-response dependence, mitochondrial priming, and redox
adaptation—into a unified vulnerability-state framework for interpreting plant-derived
natural-product-induced selective apoptosis.

1.2. Literature Search Strategy

This Review was conducted as a narrative, concept-driven literature review de-
signed to synthesize current evidence supporting a vulnerability-state framework for
plant-derived natural-product-induced selective apoptosis rather than to perform a formal
systematic review or scoping review. Literature was primarily identified through searches
of PubMed /MEDLINE, Web of Science, and Scopus, supplemented by citation tracking of
relevant articles. Searches focused mainly on publications from approximately 2000 to June
2026, while seminal earlier studies were included where necessary to provide historical or
mechanistic context. Representative search terms included combinations of plant-derived
natural products, phytochemicals, botanical extracts, natural-product-derived drugs, apop-
tosis, selective apoptosis, cancer, ROS, redox imbalance, mitochondrial priming, membrane
remodeling, ion channels, cell-volume regulation, survival signaling, ferroptosis, and
related terms.

Priority was given to peer-reviewed studies providing mechanistic evidence, particu-
larly investigations including matched normal-cell controls, orthogonal cell-death assays,
chemically characterized compounds, pharmacokinetic or translational relevance, and stud-
ies using clinically relevant in vivo, organoid, or patient-derived models where available.
Studies based solely on crude botanical extracts without adequate chemical characteriza-
tion, insufficient methodological detail, or limited mechanistic evidence were interpreted
cautiously and are discussed primarily in the context of the challenges associated with
extract standardization. Rather than comprehensively cataloging all phytochemicals, the
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literature was synthesized thematically to develop and illustrate the proposed vulnerability-
state framework.

Evidence grading in the major tables was qualitative and was used to distinguish the
maturity of evidence rather than to provide a formal systematic review or assessment using
the Grading of Recommendations Assessment, Development and Evaluation (GRADE)
framework. “Clinically validated” indicates support from approved natural-product-
derived anticancer drugs or relevant human clinical evidence. “Advanced preclinical”
indicates support from in vivo, organoid, patient-derived, or other physiologically rele-
vant models. “Preclinical” indicates evidence derived predominantly from conventional
cancer-cell models, with or without limited in vivo confirmation. “Mechanistic” indicates
that the proposed biological relationship has been supported by pathway-specific phar-
macological or genetic manipulation, although translational validation remains limited.
“Emerging /mechanistic inference” denotes preliminary or indirect evidence without suffi-
cient causal validation, whereas “hypothesis-generating” or “hypothetical /underexplored”
identifies proposed relationships for which direct natural-product-specific evidence re-
mains sparse. Evidence levels refer to the highest level of support available for the stated
relationship and should not be interpreted as applying uniformly to every listed compound
or phytochemical class.

2. From Compound-Centered Pharmacology to Vulnerability-Centered
Phytopharmacology

Natural-product oncology has traditionally been organized around a compound-
centered question: what does compound X do to cancer cell line Y? This approach has gen-
erated extensive evidence that phytochemicals reduce viability, regulate apoptosis-related
signaling, and modulate multiple stress-response pathways. However, these observations
alone do not explain selective apoptosis. Many reviews already categorize plant-derived
compounds according to canonical molecular pathways, whereas the more important trans-
lational question is why the same phytochemical induces apoptosis in some cancer cells
but leads to resistance, cytostasis, alternative death programs, or nonspecific toxicity in
others [1-4]. This limitation is particularly relevant because plant-derived natural products
frequently function as multi-target biological stress modulators rather than single-target
agents [5,22].

Accordingly, we propose a vulnerability-centered framework as the organizing prin-
ciple of this Review (Figure 1). Rather than asking only what changes a phytochemical
induces after exposure, this framework asks which pre-existing cancer-cell vulnerabilities
determine susceptibility to phytochemical-induced stress and whether that stress exceeds
the cancer-cell death threshold while remaining below the toxicity threshold of normal
cells. Within this framework, the term cancer-cell vulnerability architecture refers to the
integrated configuration of pre-existing biological vulnerabilities that collectively deter-
mines a cell’s susceptibility to phytochemical-induced stress. Rather than representing
a single molecular alteration, this architecture encompasses the combined state of redox
imbalance, mitochondrial priming, membrane remodeling, membrane-ion dysregulation,
survival-pathway addiction, and the capacity of adaptive buffering systems. Differences in
this vulnerability architecture explain why identical phytochemical exposure may produce
selective apoptosis in one cellular context but adaptive survival, cytostasis, or alterna-
tive outcomes in another. A vulnerability state is defined as a pre-existing biological
condition that lowers the threshold for cell death following exposure to a stressor. In
natural-product oncology, these states include redox imbalance, mitochondrial priming,
membrane remodeling, ion-channel and cell-volume dependence, survival-pathway addic-
tion, and impaired adaptive buffering. This perspective shifts phytopharmacology from
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describing molecular responses toward explaining the biological conditions that determine

selective susceptibility.
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Figure 1. Conceptual transition from compound-centered pharmacology to vulnerability-centered
phytopharmacology. Conventional compound-centered approaches primarily describe molecular
responses following phytochemical exposure, whereas the proposed vulnerability-state framework
emphasizes the interaction between phytochemical-induced stress and pre-existing cancer-cell vul-
nerabilities that enable selective apoptosis while sparing matched normal cells. Created in BioRender.
Asanova, A. (2026) https:/ /BioRender.com/5bh7fh5 (accessed on 2 August 2026).

Within this framework, selective apoptosis is defined as the preferential induction
of apoptosis in malignant cells relative to biologically relevant matched non-malignant
cells under comparable exposure conditions. It emerges through the interaction of four
interconnected components: phytochemical-induced stress, pre-existing cancer-cell vul-
nerability, insufficient adaptive buffering, and normal-cell sparing. Differential sensitivity
among cancer cell lines or molecular subtypes is interpreted as evidence of differences
in cancer-cell vulnerability architecture rather than as evidence of selective apoptosis by
itself. Such comparisons are valuable for identifying vulnerability states but should ide-
ally be complemented by appropriate normal-cell controls when therapeutic selectivity
is inferred.

Rather than treating individual molecular changes as evidence of efficacy by them-
selves, the proposed framework interprets these changes within the biological context of
the target cell. It does not replace established concepts such as mitochondrial priming,
oncogene addiction, synthetic lethality, or redox adaptation; instead, it integrates them
into a unified conceptual model for interpreting plant-derived natural-product-induced
selective apoptosis. Consequently, structurally diverse phytochemicals can be understood
as converging on common vulnerability states despite acting through different molecular
targets [16,23].

A central distinction is the difference between a mechanism and a vulnerability state.
A mechanism describes the biological changes that occur after phytochemical exposure,
whereas a vulnerability state explains why a cell was predisposed to respond before
exposure. Molecular responses therefore become evidence of vulnerability only when they
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explain differential sensitivity between malignant and non-malignant cells or between
sensitive and resistant cancer models. This distinction shifts interpretation from descriptive
pathway reporting to biologically meaningful explanations of selective susceptibility.

The framework also reframes selectivity. Plant-derived compounds are not selectively
cytotoxic because they function as intrinsically “smart” therapeutics, but because some
cancer cells exist closer than normal cells to a critical threshold of biological failure. Selective
apoptosis therefore reflects the interaction between phytochemical-induced stress and
cancer-specific vulnerability rather than compound activity alone. Cancer cells should be
viewed not as passive targets but as biologically primed systems with distinct vulnerability
architectures that determine their stress tolerance [11,20,21,24].

A vulnerability-centered approach also strengthens translational relevance by em-
phasizing the therapeutic window rather than cancer-cell cytotoxicity alone. Selective
activity should be demonstrated through appropriate normal-cell comparisons, selectivity-
index calculations, chemically defined test materials, and reproducible mechanistic valida-
tion [9,10,12]. This emphasis is essential because apparent activity may be influenced by
assay artifacts, extract variability, impurities, nonspecific chemical reactivity, or unstable
compounds [7,8,13]. Accordingly, apoptosis is interpreted not as an isolated endpoint after
compound exposure but as the outcome of a state-dependent interaction among stress
induction, adaptive buffering capacity, and normal-cell tolerance.

Importantly, the proposed vulnerability states should not be regarded as universal or
static properties shared equally across all cancers. Their relative importance is expected to
differ among tumor types, molecular subtypes, and stages of disease progression according
to the underlying genetic, epigenetic, metabolic, and microenvironmental context. More-
over, therapeutic pressure may reshape these vulnerability states during disease evolution,
resulting in altered biological dependencies in treatment-resistant populations. For example,
resistance to chemotherapy or targeted therapies is frequently accompanied by metabolic
reprogramming, enhanced antioxidant buffering, survival-pathway rewiring, and alter-
ations in membrane organization or ion-homeostatic regulation, potentially creating new
therapeutic vulnerabilities. Accordingly, the proposed framework should be interpreted
as a context-dependent model in which the dominant vulnerability state varies across
biological and clinical settings rather than as a fixed hierarchy applicable to all cancers.
This perspective also provides a conceptual basis for biomarker-guided patient stratifi-
cation and the identification of context-specific opportunities for vulnerability-directed
phytopharmacological intervention.

Throughout this review, we use this vulnerability-centered framework to integrate the
major biological determinants of selective apoptosis into a unified interpretation of natural-
product action. Rather than asking only which phytochemicals affect cancer cells, we ask
which cancer-cell vulnerability states permit selective apoptotic death while preserving
normal-cell function. This reframing shifts natural-product oncology from compound-
centered cytotoxicity toward mechanism-based phytopharmacology.

The proposed vulnerability-state framework is complementary to, rather than a re-
placement for, established concepts in cancer biology. Oncogene addiction describes de-
pendence on specific oncogenic signaling pathways; non-oncogene addiction emphasizes
reliance on non-mutated stress-support pathways; synthetic lethality refers to cell death
resulting from defined combinations of genetic perturbations; and stress-response vulnera-
bilities describe dependence on adaptive systems that maintain cellular homeostasis. Rather
than introducing new biological mechanisms or a new therapeutic paradigm, the proposed
vulnerability-state framework may contribute an integrative, phytopharmacology-oriented
model for interpreting plant-derived natural-product-induced selective apoptosis. It or-
ganizes these complementary concepts according to the pre-existing biological state of

https://doi.org/10.3390/ph19081233


https://doi.org/10.3390/ph19081233

Pharmaceuticals 2026, 19, 1233

8 of 53

the cancer cell and explains how diverse phytochemical-induced stresses converge on
common vulnerability states to determine selective apoptotic responses. To further clarify
this conceptual contribution, Table 1 summarizes the relationship between the proposed
framework and these established concepts.

Table 1. Relationship between the proposed vulnerability-state framework and established concepts
in cancer biology.

Established Concept

Relationship to the Proposed

Established Role in Cancer Biology Vulnerability-State Framework

Mitochondrial priming

Integrated as one component of the
Determines how close a cell is to the  pre-existing vulnerability architecture that
apoptotic threshold. influences susceptibility to
phytochemical-induced apoptosis.

Redox adaptation

Forms the basis of the redox imbalance
vulnerability state, where limited
buffering capacity permits selective

Maintains oxidative homeostasis
through antioxidant-buffering

systems. T
y oxidative stress.
Interpreted as survival-pathway addiction
Oncogene S . .
_— . Dependence on oncogenic signaling that renders cancer cells selectively
addiction/survival-pathway . . : o . .
for proliferation and survival. sensitive to phytochemical-mediated

dependence

pathway disruption.

Stress-buffer dependence

Incorporated through the concept of
adaptive buffering capacity, whose failure
permits apoptotic commitment.

Reliance on adaptive stress-response
systems to maintain viability.

Therapeutic

window /cancer-selective

Expanded by explicitly incorporating

Differential sensitivity between . .
normal-cell sparing as a defining

malignant and normal cells.

vulnerability requirement for selective apoptosis.
Complementary rather than equivalent.
Cell death resulting rom specific PR e verncin
Synthetic lethality combinations of genetic defects and phy &

with pre-existing biological vulnerability
states rather than defined genetic
interactions.

targeted perturbations.

Note: The concepts summarized in the first two columns are well established in cancer biology and are discussed
throughout this Review. The proposed framework does not introduce new biological mechanisms but integrates
these complementary concepts into a unified phytopharmacology-oriented model for interpreting plant-derived
natural-product-induced selective apoptosis.

3. Plant-Derived Compounds as Multi-Target Stress Modulators
3.1. Multi-Target Biology

Plant-derived natural products should not be viewed primarily as single-target cy-
totoxins. Although target deconvolution remains essential for drug development, many
phytochemicals act as multi-target modulators of interconnected stress-response networks
rather than isolated molecular pathways. Their biological effects therefore depend less
on compound identity than on the vulnerability state of the target cell. Throughout this
review, representative phytochemicals and other chemically characterized plant-derived
compounds are used not as comprehensive examples of anticancer activity, but as mecha-
nistic illustrations of how distinct classes of plant-derived agents engage different vulner-
ability states.

This view is consistent with contemporary natural-product drug-discovery frame-
works, which recognize that natural scaffolds commonly regulate interconnected signaling,
metabolic, and cell-death networks [25]. Rather than functioning as weaker analogs of
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conventional drugs, phytochemicals modulate redox homeostasis, mitochondrial func-
tion, proteostasis, inflammatory signaling, membrane organization, and programmed
cell-death pathways [26-28]. Their therapeutic relevance therefore depends on whether
these effects expose biologically meaningful cancer-cell vulnerabilities while sparing non-
malignant cells.

Because these adaptive systems are highly interconnected, identical phytochemicals
may produce apoptosis, cytostasis, alternative regulated cell death, or adaptive survival
depending on cellular context. Mitochondrial priming, basal oxidative stress, metabolic
state, and crosstalk among apoptosis, autophagy, ferroptosis, pyroptosis, necroptosis, and
paraptosis all influence cell fate following phytochemical exposure [26-31]. Consequently,
mechanistic interpretation should focus on the biological state of the target cell rather than
on isolated pathway modulation.

3.2. Membrane—Ion Biology as an Emerging Vulnerability Layer

In addition to redox and mitochondrial biology, this review highlights membrane—ion
homeostasis as an emerging vulnerability layer. Ion flux, membrane potential, osmotic
balance, and AVD are recognized components of apoptosis, yet their specific contribution
to phytochemical-induced selective apoptosis remains incompletely understood. Because
cancer cells frequently remodel ion channels, transporters, lipid rafts, membrane poten-
tial, and cell-volume regulation to support proliferation and therapy resistance, these
adaptations may create vulnerabilities that complement redox imbalance and mitochon-
drial priming.

Plant-derived compounds may influence membrane-associated signaling, calcium
homeostasis, potassium and chloride flux, aquaporin-dependent water transport, and
the activity of volume-regulated anion channels (VRACs) formed by leucine-rich repeat-
containing protein 8 (LRRCS8) subunits [32]. Saponins currently provide the strongest
evidence for membrane-directed activity through cholesterol-dependent membrane inter-
actions, although these effects may also increase nonspecific toxicity. By contrast, direct
evidence linking phytochemicals to VRAC/LRRC8-mediated AVD, aquaporin function,
or other ion-volume regulatory mechanisms remains limited. Membrane-ion biology
should therefore be regarded as an emerging mechanistic hypothesis requiring further
experimental validation.

Future studies should establish whether membrane-ion alterations initiate apoptotic
commitment or arise secondarily during cell death. Time-resolved analyses integrating
ion flux, membrane potential, mitochondrial function, and apoptosis markers, together
with pharmacological or genetic perturbation of candidate ion-transport pathways, will
be essential for establishing causality. For membrane-active phytochemicals, selective
apoptotic signaling must also be distinguished from nonspecific membrane injury by
appropriate normal-cell controls and membrane-integrity assays.

3.3. Purified Compounds, Crude Extracts, and Translational Considerations

Mechanistic interpretation also depends on the nature of the test material. Many stud-
ies evaluate crude extracts or supraphysiological concentrations of purified compounds,
whereas human exposure is determined by solubility, absorption, metabolism, microbiome
transformation, plasma binding, and tissue distribution [25,33]. Consequently, neither
plant-derived origin nor in vitro cytotoxicity should be interpreted as evidence of thera-
peutic potential or safety. Therapeutic relevance must instead be demonstrated through
pharmacokinetic, toxicological, and cancer-selectivity studies.

Robust translational studies should identify the active chemical species, demonstrate
target engagement at biologically relevant concentrations, compare malignant with matched

https://doi.org/10.3390/ph19081233


https://doi.org/10.3390/ph19081233

Pharmaceuticals 2026, 19, 1233

10 of 53

non-malignant cells, and incorporate pharmacokinetic or metabolite data whenever pos-
sible. Without these elements, apparent selectivity may instead reflect extract variability,
assay interference, chemical instability, or nonspecific toxicity rather than true therap-
eutic vulnerability.

Evidence derived from approved natural-product-derived anticancer drugs should
not be interpreted interchangeably with evidence obtained from investigational phytochem-
icals, dietary constituents, or crude botanical extracts. The clinical success of approved
natural-product-derived drugs cannot be extrapolated automatically to unrelated investiga-
tional compounds simply because they share a natural origin. Agents such as paclitaxel and
the vinca alkaloids have undergone extensive medicinal chemistry optimization, pharma-
ceutical development, pharmacokinetic characterization, and rigorous clinical validation.
By contrast, most phytochemicals remain at the preclinical stage, dietary constituents
generally achieve substantially lower systemic exposures, and crude botanical extracts
often contain multiple chemically undefined constituents with variable composition. Con-
sequently, approved natural-product-derived drugs should be regarded as proof of the
therapeutic potential of natural-product scaffolds rather than validation of unrelated inves-
tigational phytochemicals or botanical extracts. Mechanistic and translational confidence
should therefore be interpreted in the context of the specific material under investigation
rather than under the broad umbrella term plant-derived natural products.

3.4. Organizing Phytochemicals by Vulnerability States

Accordingly, Table 2 is not intended as a catalog of phytochemicals but as a framework
illustrating how diverse natural-product classes can converge on common cancer-cell
vulnerability states. Unlike conventional classifications based on chemical structure or
molecular targets, this organization emphasizes the biological context that determines
selective apoptosis.

Table 2. Conceptual interpretation of major phytochemical classes within the proposed vulnerability-
state framework of selective apoptosis.

Conceptual Role in the

Principal Vulnerability Major Translational

Phytochemical Class Framework Axis Evidence Level Considerations
alEzlallrcl)li(ch{:ll}e,rY\?:S?:jgs Strong clinical precedent
(e.g., vinca alkaloids exists for approved
’ .c,amp tothecin / alkaloids. Berberine,
derivatives) validate Mitotic stress; .. piperine, matrlne, apd
N Clinical (approved sanguinarine remain
. mitotic-spindle and DNA-topology stress; e . S
Alkaloids . ; drugs); preclinical investigational because
DNA-topology stress, mitochondrial /ROS . ..o . ..
. 7 - (other alkaloids) of limitations in toxicity,
whereas investigational vulnerability solubility, deliver
alkaloids illustrate ROS- off-taree t};ffec ts ar}i, d
mitochondria—apoptosis thera geutic win,dow
interactions in preclinical P
models. [34-36]
Translation is limited by
Mechanistic exemplars of . poor bloavallab.ﬂlty,
Redox buffering; rapid metabolism,
context-dependent redox . . .
) inflammatory- . microbiome-dependent
. and inflammatory- . . 4 Predominantly .
Flavonoids . - . survival signaling; S transformation, and
survival signaling rather . preclinical £ p
than a uniform EMT /metastatic requent use o
anticancer class plasticity supraphysiological
’ in vitro concentrations
[2,3,37].
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Table 2. Cont.

Conceptual Role in the

Principal Vulnerability

Major Translational

Phytochemical Class Framework Axis Evidence Level Considerations
Evidence favors
Ilustrate chemoprevention and

Phenolic acids and
simple phenolics

prevention-oriented
redox and inflammatory
modulation rather than
direct systemic cytotoxic
therapy.

Redox-state
vulnerability;
inflammatory

microenvironment;
mitochondrial priming

Preclinical; strongest
for prevention

microenvironment
modulation rather than
systemic anticancer
therapy. Activity may
depend on conjugated or
microbiota-derived
metabolites [38—40].

Demonstrate that
extensive pathway
modulation does not

Survival-pathway

Clinical translation
remains limited by rapid
metabolism, low

. S dependence; metabolic Predominantly .
Stilbenes necessarily indicate . . .. systemic exposure, and
] . stress; mitochondrial preclinical )
selective apoptosis o uncertain relevance of
. . . vulnerability L.
without biologically high in vitro
achievable exposure. concentrations [41-43].
Interpretation requires
Paradigm example Adaptive stress; caution because of poor
highlighting the need to  inflammatory-survival solubility, chemical
- distinguish pathway signaling; therapy Extensive preclinical instability, assay
Curcuminoids . . . . .
modulation from resistance; selected evidence interference, formulation
validated selective redox/ferroptosis- dependence, and

apoptosis.

associated vulnerability

inconsistent clinical
translation [5,8,44].

Taxanes validate
clinically actionable

Mitotic stress (taxanes);
mitochondrial stress;

Clinical (taxanes);

Translational evidence is
strong for taxanes but
remains limited for many

Terpenoids and mitotic stressf whereas ¥1p1d perox1da. preclinical (most other terpenoids because
other terpenoids should tion/ferroptosis .
terpenes . . ol non-taxane of delivery,
be interpreted in a susceptibility; . S .
. . terpenoids) pharmacokinetic, toxicity,
compound- inflammatory-survival
specific manner. signalin, and target-engagement
P & & challenges [34,45-47].
lustrate . .
Translation requires
membrane—cholesterol .
- . Membrane—cholesterol careful safety evaluation
vulnerability while . . .
.. stress; lipid-raft Mainly cell-line and because
. emphasizing the need to . . . . A . .
Saponins . . . signaling; calcium/ion- limited in vivo membrane-disruptive
distinguish selective . . -
. homeostasis evidence activity may also cause
membrane perturbation o . .
o vulnerability hemolysis and systemic
from nonspecific .
S toxicity [24,48].
cytotoxicity.
Evidence is strongest for
diet and cancer
Redox-threshold stress; revention. High-
Context-dependent redox ed.o thresho d stress; . . preventio & doge
mitochondrial ROS Clinical prevention;  isolated supplementation
. modulators rather than 1 .
Carotenoids vulnerability; limited oncology may not reproduce

direct anticancer
cytotoxins.

lipid-membrane
oxidative stress

evidence

food-matrix effects and
may be harmful in
selected high-risk
populations [49-51].
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Table 2. Cont.

Conceptual Role in the

Principal Vulnerability

Major Translational

Phytochemical Class Framework Axis Evidence Level Considerations
Biological activity is
Mlustrate . . frequently mediated by
Tannins and metabolite-mediated and regjj_t;?flll; trisriztaér gut-derived metabolites
hydrolysable/ local gastrointestinal . . y Preclinical; rather than the parent
L stress; microbiome— . . .
condensed vulnerability rather than metabolite prevention-oriented compounds. Direct
polyphenols systemic activity of - clinical oncology
vulnerability . I
parent compounds. evidence remains limited
[52-54].
Natural coumarins,
Cell-cycle stress; redox furanocoumarins, and
Medicinal-chemistry stress; drug-resistance optimized derivatives
. scaffolds rather than a vulnerability; Predominantly should be interpreted
Coumarins . . . -
uniform dietary pH/metabolic preclinical separately because they
anticancer class. adaptation (selected differ substantially in
derivatives) potency, metabolism, and

safety [55-57].

NRF2 activation may

Exemplify e . protect normal tissues
. . Detoxification/adaptive- - . . .
. adaptive-redox biology L . Preclinical with during prevention but
Glucosinolates and redox stress; epigenetic . .
. . and the supportive clinical promote therapy
isothiocyanates stress; cancer stem-cell . : . ) .
context-dependent role of vulnerabilit prevention evidence  resistance in established
NREF?2 signaling. y NRF2-dependent cancers
[17,18,58,59].
Membrane- Dietary phytosterols and
Distinguish dietary lipid/ cholesterol stress; withanolides differ
Phytosterols and phytosterpls from . proteotoxic, Heterogeneous; markedly in potency .and
lant steroids pharmacologically active cytoskeletal, mainlv preclinical translational potential.
p steroidal lactones such as inflammatory, and yp Pharmacokinetic and
withanolides. mitochondrial toxicity validation
vulnerability remain necessary [60-62].

Note: This table summarizes the conceptual roles of representative phytochemical classes and other plant-derived
agents within the proposed vulnerability-state framework rather than providing a comprehensive inventory of
plant-derived natural products. Representative compounds and mechanisms should not be generalized to all
members of a phytochemical class. The listed vulnerability axes indicate the predominant biological context for
interpretation and are not exclusive mechanisms. Evidence level reflects the highest level of support available for
representative compounds within each class and should not be interpreted as applying uniformly to the entire
class. The categories summarized in this table represent distinct classes of evidence with different standards
of chemical characterization, reproducibility, pharmacokinetic validation, and clinical translation and should
not be interpreted interchangeably. Abbreviations: EMT, epithelial-mesenchymal transition; ROS, reactive
oxygen species.

The biological activity of plant-derived compounds is inherently context-dependent.
The same compound may produce cytostatic, cytotoxic, antioxidant, pro-oxidant, chemosen-
sitizing, or protective effects depending on dose, exposure duration, cancer lineage, muta-
tional background, mitochondrial function, baseline oxidative stress, extract composition,
bioavailability, and metabolism. As summarized in Figure 2, selective apoptosis is best
understood as the consequence of phytochemical-induced stress interacting with five in-
terconnected vulnerability states—redox imbalance, mitochondrial priming, membrane
remodeling, membrane—ion dysregulation (including altered ion-channel activity and cell-
volume regulation), and survival-pathway addiction—while remaining below the injury
threshold of normal cells. This vulnerability-state framework provides the conceptual basis
for the biological sections that follow.
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Redox imbalance Survival-pathway addiction Membrane-ion dysregulation
Redox threshold: Adaptive buffering: Ion-volume state:
basal ROS + weak buffering pathway dependence AVD and membrane potential
Biological state: Elevated basal ROS and limited Biological state: Cancer cells depend on Biological state: Dependence on ion gradients,
antioxidant reserve. adaptive pathways to tolerate redox, water movement, membrane potential, VRAC/
Natural-product stress: Additional ROS, altered mitochondrial, metabolic or inflammatory stress. LRRC8, aquaporins and cell-volume control.
NRF2-KEAP1 signaling, glutathione/thioredoxin Natural-product stress: Suppression or Natural-product stress: K* efflux, ClI" movement,
buffering failure or lipid-peroxide stress. destabilization of PI3K/Akt, NF-kB, STAT3, NRF2, Ca™ signalling, aquaporin-dependent water flux,
Apoptotic consequence: ROS threshold crossing MAPK, autophagy or proteostasis-linked AVD or membrane-potential disruption.
— mitochondrial dysfunction — caspase buffering. Apoptotic consequence: Ion-volume collapse —
activation or mixed apoptosis—ferroptosis. Apoptotic consequence: Loss of adaptive apoptotic volume decrease — mitochondrial
buffering — stress amplification — threshold stress and apoptotic commitment.
\ ) | crossing. ¥ & )
G N ( N
Mitochondrial priming Membrane remodeling
Mitochondrial threshold: Membrane state:
primed for MOMP raft and cholesterol dependence
Biological state: Cancer cells are close to Biological state: Altered membrane
mitochondrial outer-membrane cholesterol, lipid rafts, permeability,
permeabilization because of BCL-2-family membrane order, transporters or membrane-
imbalance, anti-apoptotic dependence or cytoskeleton coupling. »
limited bioenergetic reserve. Natural-product stress: Membrane/lipid-raft
Natural-product stress: BAX/BAK activation, perturbation, cholesterol interaction, altered
BCL-2/MCL-1 weakening, mitochondrial ROS, Cancer-cell s ol
ER-mitochondria calcium stress or p53-linked syl : increased permeability.
apoptosis. ' o = Vulner ablhty ar ChlteCtur € Apoptotic consequence: Loss of raft survival
Apoptotic consequence: MOMP — Selective apoptosis occurs when phytochemical stress signalling, altered uptake/permeability,
cytochrome-c release — caspase-9/-3 exceeds the cancer-cell death threshold mitochondrial coupling or membrane-linked
I while normal and immune cells apoptotic signalling
. J remain below the injury threshold. . J
e )
o phytochemical stress
(@) ' — lower vulnerability or x
[ ) stronger buffering lecti pre-existing vulnerability
— remain below injury Selective  _ »
threshold apoptosis . . . .
. Pop insufficient adaptive buffering
Normal and — preserved viability and
. . x
immune cells immune function )
normal-cell sparing

Figure 2. The five vulnerability states underlying natural-product-induced selective apoptosis. The
proposed framework highlights five interconnected vulnerability states—redox imbalance, mitochon-
drial priming, membrane remodeling, membrane—ion dysregulation (including altered ion-channel
activity and cell-volume regulation), and survival-pathway addiction—that collectively determine
whether phytochemical-induced stress selectively triggers apoptosis in cancer cells. Created in
BioRender. Asanova, A. (2026) https:/ /BioRender.com/pznp5uv (accessed on 2 August 2026).

4. Vulnerability State I: Redox Imbalance

Redox imbalance is one of the best-established vulnerability states through which
plant-derived natural products may promote selective apoptosis. Rather than being passive
by-products of transformation, ROS support proliferation, metabolic adaptation, inva-
sion, and survival signaling in many cancers. Because malignant cells frequently operate
with chronically elevated basal ROS, they remain close to a critical redox threshold at
which additional oxidative stress shifts signaling toward oxidative damage, mitochon-
drial dysfunction, and programmed cell death. Table 3 summarizes this vulnerability
state as a network of interconnected redox-control modules rather than a single molecular
mechanism [2,3,5,8,17-19,22,36,42,59,62-72].
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Table 3. Redox features that may lower the apoptotic threshold after natural-product exposure.

- Representative —
Redox Vulnerability Biological Rationale Natural-Product Evidence Level Key V:alld'atlon
Feature Criteria
Relevance
Cancer cells with Frequently reported Demonstrate
elevated basal ROS for curcumin, increased ROS before
are closer to the quercetin, EGCG, apoptosis, confirm
cytotoxic redox resveratrol, antioxidant rescue
Basal ROS threshold  threshold and may berberine, piperine, Strong preclinical (e.g., NAC or
undergo apoptosis sulforaphane, MitoTEMPO), and
when oxidative withaferin A and show preferential
stress exceeds related redox-active effects in matched
antioxidant capacity. phytochemicals. non-malignant cells.
Mitochondrial ROS
may promote . Demonstlrate
mitochondrial Reported for mitochondrial ROS
. upstream of MOMP
outer-membrane curcumin, and caspase
Mitochondrial ROS- permeabilization resveratrol, activa tionpusin
MOMP—caspase (MOMP), berberine, quercetin, Strong preclinical . usmng
. S mitochondrial ROS
coupling cytochrome-c release EGCG, piperine,
. . measurements
and caspase withaferin A and .
IS : together with
activation in selected alkaloids. .
. pharmacological or
susceptible )
genetic rescue.
cancer cells.
NRF2-dependent Sulforaphane is the Assess NRF2
antioxidant best-characterized pathway activation
responses may example; curcumin, together with gain-
NRF2-KEAP1 protect normal quercetin, resveratrol,  Strong mechanistic; or loss-of-function
antioxidant tissues but also berberine and EGCG  context-dependent experiments to
adaptation promote survival modulate NRF2 clinical relevance distinguish
and therapy signaling in a cytoprotection from
resistance in context-dependent apoptosis
established cancers. manner. sensitization.
Dependence on Reported for D.e monstrate
. . . functional depletion
glutathione and curcumin, quercetin, of glu-
Glutathione and thioredoxin systems EGCG, berberine, - tathione/thioredoxin
: . . may create a sulforaphane, Strong mechanistic :
thioredoxin buffering buffering, together

vulnerability when
antioxidant buffering
is impaired.

isothiocyanates and
other electrophilic
phytochemicals.

with rescue by
restoration of
antioxidant capacity.

Cystine-GSH-GPX4
lipid-peroxide
defense

Dependence on
SLC7A11-GSH-
GPX4 may determine
susceptibility to lipid
peroxidation,
ferroptosis or mixed
regulated cell-death
phenotype under
oxidative stress.

Associated with
sulforaphane,
curcumin, EGCG,
baicalein, resveratrol,
artemisinin
derivatives,
berberine and related
electrophilic
compounds.

Moderate-strong
preclinical

Distinguish
apoptosis from
ferroptosis using
lipid-peroxidation
markers together
with ferroptosis- and
caspase-specific
rescue experiments.
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Table 3. Cont.

Redox Vulnerability Representative Key Validation
Feature Biological Rationale Natural-Product Evidence Level Criteria
Relevance

Limited NADPH ilslxl;(en:;?rlgl’ Directly quantify
production may . 4 NADPH metabolism
berberine, EGCG and

reduce glutathione

and demonstrate

NADPH-dependent ) - quercetin have been ~ Emerging/mechanistic .
. and thioredoxin : . . metabolic rescue
redox metabolism L . linked to metabolic inference . .
recycling, increasing . before inferring a
o reprogramming .
vulnerability to ffocti 1lul causal role in
oxidative stress atfecting cellular apoptosis
’ redox balance. ’
Curcumin, quercetin, .
NOX-derived ROS EGCG, resveratrol, Identify the ROS
- source and
may regulate berberine and demonstrate that
NOX-derived ROS L LoK/Ak, MAPK, - sulforaphane have athway inhibition
0 NEF-«B and STAT3 been reported to Moderate p y
and redox-sensitive . . o depends on
signaling, modulate these mechanistic

survival signaling

influencing survival
and oxidative

pathways, although
direct attribution to

NOX-derived ROS
rather than
secondary oxidative

adaptation. NOX-derived ROS is
i stress.
often incomplete.

Hypoxia alters Curcumin, Validate findings

mitochondrial ROS, resveratrol, under

HIF signaling and quercetin, EGCG, physiologically

Hypoxia-HIF-redox antioxidant berberine and Moderate preclinical relevant hypoxia
adaptation adaptation, sulforaphane have p using advanced

potentially creating
context-dependent
redox vulnerabilities.

been investigated in
hypoxia-related

models and compare
with normoxic
controls.

preclinical models.

Note: Redox imbalance should be interpreted as a vulnerability state rather than a generic mechanism of cell
death. The same natural product may exhibit antioxidant, cytostatic, pro-apoptotic or ferroptosis-associated
activity depending on basal ROS, antioxidant reserve, mitochondrial function, NRF2/KEAP1 status, lipid-
peroxide buffering, dose and exposure duration. Selective apoptosis is most convincingly supported when
redox perturbation precedes mitochondrial commitment and caspase activation, is reduced by appropriate rescue
experiments, and occurs preferentially in cancer cells compared with relevant non-malignant controls. Evidence
levels summarize the highest level of support currently available for each vulnerability feature and should
not be interpreted as applying uniformly to every phytochemical listed. Representative phytochemicals are
provided solely as conceptual examples to illustrate the predominant vulnerability state. Individual members of a
phytochemical class may differ substantially in biological activity, mechanism, pharmacokinetics, and translational
relevance; therefore, these characteristics should not be generalized to the entire class. Abbreviations: EGCG,
epigallocatechin gallate; MOMP, mitochondrial outer-membrane permeabilization; MitoTEMPO, mitochondria-
targeted superoxide dismutase mimetic antioxidant; NAC, N-acetylcysteine; ROS, reactive oxygen species.

Cancer-cell survival therefore depends on antioxidant-buffering systems, including
glutathione, thioredoxin, peroxiredoxins, and NRF2-regulated detoxification pathways.
NREF2 illustrates the context dependence of redox biology: transient activation protects
normal tissues from oxidative injury, whereas persistent activation in established tumors
may promote survival, metastasis, and therapeutic resistance [73,74]. Consequently, phyto-
chemicals such as sulforaphane, curcumin, resveratrol, quercetin, EGCG, and berberine
may either enhance antioxidant adaptation or overwhelm it depending on cellular context.
Interpretation should therefore incorporate measurements of NRF2 activity, glutathione
status, and antioxidant capacity rather than relying solely on ROS detection.

Mitochondria provide the principal link between redox imbalance and apoptosis.
Excessive ROS can impair electron transport, oxidize mitochondrial lipids and proteins, col-
lapse mitochondrial membrane potential, and trigger mitochondrial outer-membrane per-
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meabilization (MOMP), leading to cytochrome c release and caspase-9/-3 activation [23,75].
Numerous phytochemicals, including berberine, curcumin, resveratrol, EGCG, quercetin,
apigenin, and luteolin, have been reported to influence mitochondrial ROS, BCL-2-family
signaling, membrane potential, and caspase activation. However, mitochondrial depolar-
ization alone should not be considered definitive evidence of apoptosis without temporal
association with oxidative stress and confirmation by antioxidant or mitochondrial-targeted
rescue experiments.

Redox imbalance also intersects with DNA damage and lipid peroxidation. Oxidative
DNA lesions activate DNA-damage responses and apoptosis, whereas lipid peroxidation
may contribute to apoptosis, ferroptosis, or mixed regulated cell-death phenotype. Antioxi-
dant regulators such as SLC7A11, GCLC, GPX4, thioredoxin, and thioredoxin reductase
influence whether oxidative stress remains tolerable or becomes lethal [70]. Accordingly,
lipid peroxidation should be interpreted together with caspase activation, ferroptosis-rescue
experiments, and morphological criteria to define the predominant death program.

Additional complexity arises from NADPH oxidases and hypoxia. NOX-derived
ROS and hypoxia-inducible factor (HIF) promote proliferation, angiogenesis, metabolic
adaptation, and antioxidant responses. Plant-derived compounds may either suppress
these tumor-promoting pathways or intensify oxidative stress until adaptive buffering fails,
depending on the biological context [76,77].

Future studies should move beyond descriptive ROS measurements and define re-
dox vulnerability using integrated functional analyses. Time-resolved assessment of ROS
generation, antioxidant-buffering capacity, NRF2 activity, glutathione metabolism, mito-
chondrial dysfunction, and rescue by antioxidants or genetic perturbation will be essential
for distinguishing adaptive redox signaling from lethal oxidative stress and for identifying
the tumor contexts in which phytochemical-induced redox modulation is most likely to
produce selective apoptosis.

5. Vulnerability State II: Mitochondrial Priming and
Apoptotic Threshold

Mitochondrial priming helps explain why some cancer cells undergo apoptosis af-
ter relatively modest phytochemical stress, whereas non-malignant cells or less-primed
tumors remain viable. Priming reflects the balance between pro-apoptotic pressure and
anti-apoptotic buffering at the mitochondrial outer membrane. In highly primed cells,
BAX and BAK are restrained by anti-apoptotic proteins, including BCL-2, BCL-xL, and
MCL-1, yet the system remains close to MOMP. Consequently, relatively small perturba-
tions can trigger cytochrome c release, apoptosome formation, and caspase-dependent
apoptosis. Table 4 summarizes the major mitochondrial control points through which rep-
resentative phytochemicals and other plant-derived compounds may lower this apoptotic
threshold [2,3,5,22,36,42,62,78-80].

Mitochondrial apoptosis behaves as a threshold-governed process rather than a grad-
ual decline in viability. Studies using BH3 profiling demonstrate that apoptotic sensitivity
depends less on the absolute abundance of BCL-2-family proteins than on mitochondrial
dependence on BCL-2, BCL-xL, or MCL-1 and the availability of sequestered BH3-only
proteins [81,82]. This explains why phytochemicals with moderate biochemical effects
may induce robust apoptosis in selected cancer contexts. When mitochondria are already
highly primed, relatively modest shifts in BH3 signaling or anti-apoptotic buffering can be
sufficient to activate BAX/BAK and initiate MOMP.
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Table 4. Mitochondrial features that may lower the apoptotic threshold after natural-product exposure.

. . Representative C
M1toc‘h9ndr1a1 Biological Rationale Natural-Product Evidence Level Key V'ahd'atlon
Vulnerability Feature Criteria
Relevance
A shift from Demonstrate

BCL-2-family rheostat

anti-apoptotic (BCL-2,
BCL-xL, MCL-1) to
pro-apoptotic
(BAX/BAK ) signaling
lowers the threshold
for mitochondrial
apoptosis.

Frequently reported for
curcumin, quercetin,
resveratrol, berberine,
EGCG, piperine,
withaferin A and
related phytochemicals.

Strong preclinical

BCL-2-family
remodeling preceding
MOMP and caspase
activation, supported
by genetic or
pharmacological
rescue.

BH3-only stress

BH3-only proteins
integrate upstream
stress signals (e.g., p53,
ROS, ER stress, JNK) to

Reported for curcumin,
resveratrol, quercetin,

Demonstrate functional
involvement of
BH3-only proteins
using

signaling activate berberine, EGCG and Strong mechanistic gain-/loss-of-function
BAX/BAK-mediated withaferin A. approaches rather than
ApoDtosis expression changes
pop ' alone.
Highly primed cells Demonstrate baseline
require only modest Direct BH3 profiling rggﬁ:y;)arzzﬁzkﬁ th
. . additional stress to has rarely been applied . . P 5 108
Mitochondrial . Emerging /mechanistic comparison to
L undergo MOMP. to phytochemicals and inf li 11
apoptotic priming Dynamic BH3 profiling  remains an important mierence non-a 1gna.nt cers
directly measures this research gap. and BH3-mimetic
vulnerability. synergy where
' appropriate.
Frequently reported Demonstrate MOMP
MOMP represents the following treatment preceding cytochrome-c

MOMP and
cytochrome-c release

point of irreversible
commitment to
intrinsic apoptosis.

with curcumin,
quercetin, resveratrol,
berberine, EGCG and
related phytochemicals.

Strong preclinical

release and caspase-9
activation using
time-course and rescue
experiments.

Mitochondrial
membrane potential
and bioenergetic
reserve

Cells with limited
respiratory reserve are
more susceptible to
oxidative
phosphorylation
disruption and
mitochondprial stress.

Reported for curcumin,
resveratrol, berberine,
quercetin, EGCG and

selected terpenoids.

Strong preclinical

Link bioenergetic
dysfunction to
apoptotic commitment
rather than nonspecific
mitochondrial injury
using functional rescue.

p53-dependent
mitochondrial
apoptosis

Functional p53 lowers
the apoptotic threshold
through induction of
BAX, PUMA, NOXA
and related
mitochondrial death
pathways.

Reported for curcumin,
resveratrol, quercetin,
EGCG and berberine in
p53-competent models.

Strong mechanistic

Demonstrate
dependence on p53
using TP53-defined

models or genetic
rescue experiments.

p53-independent
mitochondrial
apoptosis

p53-deficient cells may
undergo intrinsic
apoptosis through ROS,
ER stress, JNK
activation or direct
BCL-2-family
remodeling.

Reported for curcumin,
berberine, quercetin,
resveratrol, EGCG,
piperine and
withaferin A.

Moderate mechanistic

Demonstrate apoptosis

in p53-deficient models

together with

pathway-specific rescue

experiments.
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Table 4. Cont.
Mitochondrial Representative Key Validation
o Biological Rationale Natural-Product Evidence Level y Yares
Vulnerability Feature Relevance Criteria

MCL-1-dependent
anti-apoptotic
buffering

Dependence on MCL-1
creates vulnerability
when phytochemicals
reduce MCL-1 or
increase NOXA.

Reported in preclinical
studies of curcumin,
quercetin, resveratrol,
berberine, EGCG and
withaferin A.

Moderate—strong
mechanistic

Demonstrate that
MCL-1 loss is causal
using overexpression

or pharmacological
rescue.

BCL-2/BCL-xL
dependence and
BH3-mimetic-like

Phytochemicals may
sensitize BCL-2/BCL-
xL-dependent tumors

Reported for curcumin,
quercetin, resveratrol,

Moderate mechanistic

Demonstrate enhanced
sensitivity to BH3
mimetics or disruption
of anti-apoptotic
buffering while

sensitization without directly acting ~ berberine and EGCG. avoiding claims of
as BH3 mimetics. direct BH3-mimetic
activity without
binding evidence.
. . Demonstrate
Excess mitochondrial ~ Frequently reported for . .

. . . . - mitochondrial ROS
Mitochondrial ROS may trigger curcumin, berberine, upstream of apoptosis
ROS-apoptosis MOMP and intrinsic quercetin, resveratrol, Strong preclinical ps 01 apopre

. . . . using mitochondrial
coupling apoptosis in susceptible EGCG, piperine and

cancer cells.

withaferin A.

ROS measurements
and antioxidant rescue.

ER stress—-mitochondria

apoptotic coupling

Persistent ER stress
may promote
mitochondrial

apoptosis through
CHOP, JNK, BIM,
PUMA, NOXA and

Reported for curcumin,
resveratrol, quercetin,
berberine, celastrol and
withaferin A.

Moderate—strong
mechanistic

Demonstrate functional
coupling between ER
stress and
mitochondrial
apoptosis using
pathway-specific rescue

Mitochondrial calcium

overload and

permeability-transition

susceptibility

calcium transfer. experiments.
Excessive
ER-mitochondrial
Demonstrate

calcium transfer may
promote mitochondrial
depolarization,
permeability transition
and apoptosis,
although severe
calcium overload may
also induce
non-apoptotic death.

Reported for curcumin,
resveratrol, quercetin,
berberine, withaferin A
and selected
terpenoids.

Moderate mechanistic

calcium-dependent
intrinsic apoptosis
using calcium imaging
together with
mitochondrial and
caspase-specific rescue
experiments.

Note: Mitochondrial priming should be interpreted as a pre-existing vulnerability state rather than a consequence
of mitochondrial damage. Within the proposed framework, mitochondrial priming reflects dependence on anti-
apoptotic buffering, limited bioenergetic reserve, or increased pro-apoptotic pressure that lowers the threshold
for mitochondrial outer-membrane permeabilization. Selective apoptosis is most convincingly supported when
BCL-2-family remodeling precedes MOMP, cytochrome-c release, and caspase-9/-3 activation, is attenuated by
appropriate rescue experiments, and occurs preferentially in cancer cells compared with relevant non-malignant
controls. Evidence levels summarize the highest level of support currently available for each vulnerability feature
and should not be interpreted as applying uniformly to every phytochemical listed. Representative compounds
are illustrative rather than exhaustive. Abbreviations: EGCG, epigallocatechin gallate; ER, endoplasmic reticulum;
MOMP, mitochondrial outer-membrane permeabilization; PUMA, p53-upregulated modulator of apoptosis; ROS,
reactive oxygen species.

Many plant-derived compounds influence multiple components of mitochondrial
stress simultaneously. Berberine, curcumin, quercetin, resveratrol, celastrol, triptolide,
and ginsenosides have been reported to regulate mitochondrial membrane potential, ROS
generation, BCL-2-family signaling, endoplasmic reticulum (ER) stress, p53-associated
pathways, and caspase activation in experimental cancer models. Their significance lies
not in acting as direct BH3 mimetics but in lowering the apoptotic threshold through coor-
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dinated disruption of mitochondrial homeostasis. In highly primed cells, these combined
perturbations may be sufficient to cross the MOMP threshold, whereas less-primed cells
may undergo only adaptive or cytostatic responses.

Mitochondrial bioenergetics further influences apoptotic susceptibility. Cancer cells
with high respiratory demand, limited spare respiratory capacity, or impaired mitochon-
drial quality control may be particularly sensitive to agents that disrupt electron transport,
membrane potential, or redox homeostasis [83,84]. Likewise, p53 status can modify mito-
chondrial priming because wild-type p53 promotes expression of BAX, PUMA, and NOXA,
whereas mutant p53 may attenuate apoptosis or acquire pro-survival functions [85,86].
Nevertheless, mitochondrial apoptosis also occurs through p53-independent mechanisms,
including ER stress, oxidative injury, calcium transfer, and direct remodeling of BCL-2-
family proteins.

Demonstrating mitochondrial priming requires distinguishing a low apoptotic thresh-
old from nonspecific mitochondrial toxicity. Mitochondrial depolarization, ATP depletion,
and ROS accumulation are not sufficient by themselves because they also occur during
necrosis, ferroptosis, and late-stage cell death. Stronger evidence is provided when time-
resolved experiments demonstrate that BCL-2-family remodeling, BAX/BAK activation,
and cytochrome c release precede caspase activation and membrane disruption. Comple-
mentary approaches, including BH3 profiling, BCL-2-family rescue experiments, BAX/BAK
knockout, caspase inhibition, and comparison with matched non-malignant cells, are essen-
tial to establish that phytochemicals selectively exploit mitochondrial priming rather than
causing nonspecific mitochondrial injury.

6. Vulnerability State III: Membrane Remodeling and Permeability

The plasma membrane is not merely a passive barrier to phytochemical uptake but
a dynamic regulator of signaling, mechanotransduction, and stress adaptation. During
malignant transformation, cancer cells remodel membrane lipid composition, cholesterol
distribution, phospholipid asymmetry, membrane fluidity, lipid-raft architecture, trans-
porter expression, and organelle-membrane interactions. These changes influence not only
compound uptake but also the organization of survival and death signaling, making mem-
brane remodeling a potential determinant of phytochemical sensitivity. Table 5 summarizes
the principal membrane-related vulnerability modules relevant to natural-product-induced
apoptosis [2,3,5,11,24,36,62,87-93].

Table 5. Membrane features that shape natural-product uptake, stress signaling and selective toxicity.

Membrane Representative Kev Validation
Vulnerability Biological Rationale Natural-Product Evidence Level y yaie
Criteria
Feature Relevance
Cancer cells Demonstrate
dependent on Most strongly cholesterol or

Cholesterol-rich
membranes and
lipid-raft
dependence

cholesterol-rich lipid
rafts for receptor and
survival signaling
may become
vulnerable to
disruption of
membrane

organization.

associated with
saponins, including
ginsenosides,
diosgenin-derived
saponins and
triterpenoid
saponins.

Moderate-strong
preclinical

lipid-raft disruption
preceding apoptosis
using cholesterol
depletion/repletion
and functional rescue
in comparison with
matched
non-malignant cells.
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Table 5. Cont.

Membrane Representative Kev Validation
Vulnerability Biological Rationale Natural-Product Evidence Level y yare
Criteria
Feature Relevance
Altered membrane
composition may
increase Distinguish
susceptibility to regulated apoptosis

Membrane amphipathic Prlm'farﬂy assogated from primary

compounds, with saponins membrane lysis

permeability and
detergent-like
membrane stress

although excessive
membrane damage
may produce

because of their
membrane-active
properties.

Strong mechanistic

using time-course
analysis, membrane
integrity assays and

nonspecific caspase-dependent
cytotoxicity rather rescue.
than regulated
apoptosis.
Lipid rafts organize Saponins directly Demonstrate raft
EGFR, HER?2, Src, disrupt lipid rafts, disruption before
Livid-raft Akt, MAPK and whereas curcumin, signaling inhibition
p1ee . NF-«B signaling, quercetin, EGCG and Moderate and apoptosis using
survival-signaling . . - - o
creating potential ~ resveratrol have been mechanistic lipid-raft localization
platforms i
membrane- reported to modulate together with
associated survival raft-associated cholesterol rescue
vulnerabilities. signaling. experiments.
Changes in Demonstrate
membrane membrane
biophysical Reported for biophysical changes
' Bilayer ﬂul.dlty, _ properties may curcumin, Emerging/mechanistic at biologically
dipole potential and influence receptor resveratrol, . relevant
. . inference .
membrane order function, transporter quercetin, EGCG and concentrations
activity and related polyphenols. together with
apoptotic functional linkage to
susceptibility. apoptosis.
A.BC transporter Demonstrate altered
activity may reduce . . .
. Curcumin, quercetin, intracellular
intracellular
. . resveratrol, exposure together
Transporter-rich phytochemical . L .
. berberine, piperine Moderate-strong with
membranes and accumulation, . o
. . and EGCG have been preclinical transporter-specific
multidrug resistance =~ whereas transporter | . .
e investigated as MDR functional assays
inhibition may o
modulators. and chemosensitivity

restore drug

e rescue.
sensitivity.
Demonstrate
. improved
Membrane Lipid-based . proved.
1 . intracellular delivery
permeability and formulations have
; . . separately from
. formulation been widely studied 4 .
Phytochemical . . enhanced biological
delivery across lipid influence for curcumin, Strong translational activity, usin
Y p intracellular quercetin, EGCG, & R4 &
membranes equivalent
exposure and resveratrol and .
. . intracellular
apparent biological related
. . exposure and
activity. phytochemicals.

matched normal-cell
comparisons.
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Table 5. Cont.
Membrane Representative Kev Validation
Vulnerability Biological Rationale Natural-Product Evidence Level y yare
Criteria
Feature Relevance
Interpret Annexin V
. . together with
Phosphatidylserine & . .
o Commonly reported membrane integrity,
. . externalization is an - .o
Phosphatidylserine for flavonoids, . caspase activation
. early marker of e Established .
exposure during . curcuminoids, . and time-course
: apoptosis but does . apoptosis marker
apoptosis g ) alkaloids and analyses rather than
not indicate selective .
membrane tareetin saponins. as a standalone
setng indicator of selective
apoptosis.
Curcumin, Demonstrate direct
Ion channels regulate .
. . resveratrol, ion-channel
calcium homeostasis, ) . .
) ) quercetin, EGCG, involvement using
mitochondrial S .
Ion-channel and . cannabinoids, electrophysiology or
. function and . =2
calcium- S . terpenoids and Moderate channel-specific
s apoptotic signaling, . o .
permeability - . selected alkaloids mechanistic pharmacologi-
. potentially creating .
modulation have been reported cal/genetic
membrane- . .
. to modulate calcium modulation rather
associated . . . -
S signaling or ion than calcium
vulnerabilities.
channels. measurements alone.
Membrane
organization,
& . Demonstrate
receptor clustering Reported for
: : . cytoskeletal
and endocytosis withaferin A, .
. remodeling
Membrane- depend on curcumin, .
Moderate preceding membrane
cytoskeleton cytoskeletal resveratrol, .
. : . . . mechanistic changes and
coupling architecture, which quercetin, saponins

apoptosis using
functional rescue
experiments.

and selected
terpenoids.

may influence

sensitivity to
membrane-active
phytochemicals.

Note: Membrane remodeling should be interpreted as a potential vulnerability state rather than direct evidence
of selective apoptosis. Cancer-cell membranes may differ from normal-cell membranes in cholesterol content,
lipid-raft organization, membrane order, transporter activity, ion-channel expression and cytoskeletal coupling,
potentially influencing phytochemical uptake and stress responses. However, membrane-active phytochemicals
may also cause nonspecific membrane disruption, hemolysis or direct cytotoxicity. Selective apoptosis is most
convincingly supported when membrane remodeling precedes apoptotic commitment, is functionally linked
to downstream signaling through pharmacological or genetic rescue, and occurs preferentially in cancer cells
compared with relevant non-malignant controls. Evidence levels summarize the highest level of support currently
available for each vulnerability feature and should not be interpreted as applying uniformly to every phytochemi-
cal listed. Representative compounds are illustrative rather than exhaustive. Abbreviations: MDR, multidrug
resistance; Src, proto-oncogene tyrosine-protein kinase Src.

Cancer cells frequently reprogram lipid metabolism, altering membrane order, sph-
ingolipid composition, cholesterol content, and bilayer fluidity [94,95]. These changes
affect receptor clustering, endocytosis, mechanotransduction, drug transport, and signaling
efficiency. Because membrane composition varies among tumor types and disease stages,
identical phytochemicals may partition differently into malignant and non-malignant
membranes, contributing to context-dependent biological responses.

Lipid rafts provide one of the clearest examples of membrane-associated vulnerability.
These cholesterol- and sphingolipid-rich microdomains organize signaling complexes, in-
cluding PI3K-Akt, MAPK, NF-«B, Src-family kinases, integrins, and death receptors [96,97].
Their importance in proliferation, invasion, and therapeutic resistance may also create sus-
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ceptibility to compounds that disrupt cholesterol organization or raft integrity. This concept
is particularly relevant for amphipathic phytochemicals and saponins, although pathway
inhibition alone does not demonstrate raft targeting. Robust evidence requires showing that
raft disruption precedes downstream signaling changes, ideally using cholesterol-depletion
and cholesterol-repletion experiments.

Membrane permeability is another important but more challenging vulnerability to
interpret. Altered permeability may influence calcium influx, osmotic balance, and intra-
cellular stress signaling, but it may also reflect nonspecific membrane injury. Accordingly,
membrane-active phytochemicals should be evaluated using time-resolved assays that dis-
tinguish regulated cellular responses from primary membrane disruption. Likewise, phos-
phatidylserine externalization should be interpreted as an apoptosis-associated membrane
event rather than direct evidence of selective targeting of cancer-cell membranes [98,99].

A further distinction should be made between plasma, mitochondrial, and lysoso-
mal membrane responses. Mitochondrial membrane permeabilization promotes intrinsic
apoptosis through cytochrome c release, whereas lysosomal membrane permeabilization re-
leases cathepsins that can amplify mitochondrial apoptosis or initiate lysosome-dependent
cell death [100,101]. Consequently, membrane-associated effects should be interpreted
according to their subcellular localization and temporal sequence, as similar phenotypes
may arise from distinct biological processes.

Membrane biology also influences pharmacological exposure. Many phytochemicals
exhibit poor aqueous solubility, limited permeability, or active efflux through ATP-binding
cassette (ABC) transporters, whereas lipid-based formulations may increase intracellular
accumulation. Likewise, transporter modulation by curcumin, resveratrol, quercetin,
berberine, piperine, or EGCG may enhance intracellular drug retention while also affecting
systemic exposure. Uptake-normalized comparisons are therefore needed to distinguish
improved delivery from genuine biological selectivity.

Finally, membrane safety requires careful evaluation. Hemolysis is a useful indicator
of membrane toxicity for amphipathic compounds but cannot predict effects in nucleated
cells because erythrocytes lack mitochondria and many stress-response pathways. A more
informative safety assessment should combine hemolysis with matched non-malignant
cell models and organ-relevant toxicity systems. Accordingly, membrane-associated ef-
fects should be classified as selective membrane-linked vulnerability, delivery-dependent
exposure, or unacceptable membrane toxicity rather than being regarded as nonspecific
by default.

7. Vulnerability State IV: Ion-Channel Dependence and
Cell-Volume Dysregulation

Ion-channel dependence and cell-volume regulation represent one of the least de-
veloped and most hypothesis-generating vulnerability states in natural-product oncol-
ogy. We emphasize that membrane-ion dysregulation is included in the proposed frame-
work not because it is currently supported by evidence comparable to that for redox
imbalance or mitochondrial priming, but because accumulating findings from apoptosis
biology and cancer-cell physiology suggest that it represents an important and under-
explored area for future natural-product research. Accordingly, this section should be
interpreted as hypothesis-generating rather than as a summary of an established mecha-
nism of phytochemical-induced selective apoptosis. Most phytochemical studies interpret
cell death through ROS accumulation, mitochondrial dysfunction, BCL-2-family remodel-
ing, and caspase activation, whereas comparatively few directly investigate whether ion
gradients, water movement, osmotic pressure, membrane potential, or cell-volume regu-
lation influence apoptotic sensitivity. Nevertheless, apoptosis is not solely a biochemical
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process but also involves biophysical changes, including K* efflux, CI~ movement, Ca?*
signaling, aquaporin-dependent water transport, membrane tension, VRAC activity, and
AVD, whose causal contribution to phytochemical-induced selective apoptosis remains to
be established.

In established apoptosis biology, ion flux and AVD can occur early and contribute to
caspase activation, mitochondrial dysfunction, and irreversible cell shrinkage. In cancer
biology, the same systems are frequently remodeled to sustain proliferation, migration,
invasion, metabolic adaptation, survival, and resistance to death. These changes may
create dependencies that are not visible when natural products are evaluated only by
viability, ROS or mitochondrial readouts. Thus, cancer cells may be selectively sensitive
to phytochemicals and other plant-derived compounds not only because they are redox-
stressed or mitochondrially primed, but because they depend on altered membrane-ion
homeostasis to maintain survival. Membrane-ion biology may therefore represent an
underexplored candidate biophysical link between phytochemical-induced stress and
apoptotic commitment.

The critical gap is methodological. Natural-product studies rarely test whether K,
Cl—, Ca%*, VRAC/LRRCS, aquaporins, membrane potential, or AVD are causal determi-
nants of response. As a result, membrane-active effects are often interpreted either as
nonspecific toxicity or are overlooked entirely. A vulnerability-state approach requires
direct measurement of ion flux, cell volume, membrane integrity, mitochondrial coupling
and normal-cell sparing, together with rescue experiments using ion-channel inhibitors,
osmotic modulation, calcium chelation or genetic perturbation of relevant transporters.
Table 6 summarizes how ion-volume modules may cooperate with redox and mitochon-
drial stress to shape natural-product sensitivity [1-3,5,11,20-22,36,62,88,89,102,103].

A key starting point is AVD. Cell shrinkage is one of the classical morphological
features of apoptosis, but it is not merely a passive consequence of cell dismantling. Loss of
K*, CI™ and osmotically coupled water can reduce intracellular ionic strength and create a
permissive environment for caspase activation, nuclease activity, and apoptosome function.
This places ion movement upstream or alongside canonical apoptotic execution, rather than
downstream of it. Contemporary reviews of ion-channel-regulated cell death emphasize
that volume-sensitive anion channels, acid-sensitive channels, and TRP channels can influ-
ence whether cells undergo apoptosis or resist death after stress exposure [104]. Therefore,
in natural-product research, early cell shrinkage should be treated as a mechanistic signal
that requires measurement, not simply as an image-based marker of apoptosis.

Potassium and chloride fluxes are central to this concept. K* efflux influences mem-
brane potential and intracellular ionic strength, whereas C1~ efflux cooperates with K*
loss to drive water efflux and shrinkage. In cancer cells, the same channels that sup-
port proliferation and migration may also determine sensitivity to stress-induced death.
Recent cancer-focused reviews describe ion channels as contributors to several cancer
hallmarks, including proliferation, invasion, and apoptotic resistance, and position them as
potential therapeutic targets rather than accessory transport proteins [105]. This is partic-
ularly relevant for plant-derived compounds because phytochemicals such as curcumin,
quercetin, resveratrol, EGCG, berberine, and capsaicin are frequently reported to alter
calcium signaling, membrane potential, or apoptosis, whereas the causal role of K* or C1~
flux is rarely tested directly. A stronger mechanistic interpretation would require show-
ing that ion flux precedes caspase activation and that ionic rescue or channel inhibition
attenuates apoptosis.
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Table 6. Ion-channel and cell-volume features that may cooperate with natural-product-induced apoptosis.

Ion-Volume Representative Kev Validation
Vulnerability Biological Rationale Natural-Product Evidence Level y yare
Criteria
Feature Relevance
Cell shrinkage is

Apoptotic volume
decrease (AVD)

Early K*, Cl~, and
water loss can
promote cell
shrinkage, alter
intracellular ionic
strength, and
facilitate caspase
activation in
apoptosis-prone
cells.

frequently reported after
exposure to curcumin,
quercetin, EGCG,
resveratrol, berberine,
piperine, withaferin A,
and related
phytochemicals, but
direct evidence that
AVD initiates apoptosis
remains uncommon.

Demonstrate that
volume loss precedes
mitochondrial and
caspase activation,
directly measure
K*/Cl™ flux, and
show rescue by
osmotic or
ion-channel
manipulation.

Moderate
mechanistic

Regulatory volume
decrease and
osmotic-stress

tolerance

Cancer cells rely on
volume-regulatory
mechanisms to
withstand swelling,
confinement,
hypoxia, and
migration-associated
mechanical stress.
Disruption of this
adaptive capacity
may increase
apoptotic sensitivity.

Membrane-active
saponins and selected
phytochemicals may
alter membrane
permeability or ion
homeostasis, but direct
evidence that chemically
characterized
plant-derived
compounds selectively
kill cancer cells through
impaired regulatory
volume decrease
remains limited.

Use real-time
swelling and
volume-recovery
assays, manipulate
candidate channels
or cotransporters,
and demonstrate
selective loss of
viability under
osmotic stress.

Emerging/
hypothesis-
generating

K* efflux and
intracellular
ionic-strength control

Intracellular K* loss
can remove
inhibition of caspases
and nucleases and
thereby facilitate
apoptotic execution.

Curcumin, resveratrol,
quercetin, EGCG,
berberine, capsaicin, and
related compounds have
been linked to altered K*
conductance or
membrane potential,
although direct causal
evidence is limited.

Directly measure
intracellular K* loss
and channel activity,
then show that high

extracellular K* or
channel-specific
manipulation
reduces apoptosis.

Moderate
mechanistic

Cl™ efflux and anion-
channel-dependent
shrinkage

Cl~ efflux cooperates
with K* loss to drive
osmotic water exit
and apoptotic
shrinkage.

Direct evidence for
phytochemical-induced,
Cl~-dependent
apoptosis is sparse; most
studies do not
distinguish causal C1™
flux from secondary
apoptotic changes.

Measure intracellular
Cl~ and anion
currents,
demonstrate
temporal precedence,
and confirm
functional rescue
using ion
substitution or
channel-specific
interventions.

Emerging/
mechanistic
inference
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Ion-Volume Representative Kev Validation
Vulnerability Biological Rationale Natural-Product Evidence Level y yare
Criteria
Feature Relevance
Direct Demonstrate
VRAC regulates natural-product-specific swelling-activated
swelling-activated evidence in cancer is currents and LRRC8
VRAC/LRRCS- Cl™ and osmolyte very limited. VRAC is dependence using
dependent efflux, volume best presented as an Hypothetical/  pharmacological and
volume-sensitive recovery, and stress underexplored underexplored  genetic perturbation,

anion currents

responses, and may
also influence drug
transport.

candidate mechanism
rather than an
established
phytochemical target.

with apoptosis
assessed under
controlled osmotic
conditions.

Ca?* influx and

Excessive Ca?* entry
or
ER-to-mitochondria
transfer may induce

Curcumin, resveratrol,
quercetin, EGCG,
berberine, capsaicin, and
withaferin A have been

Show that Ca?*
changes precede
mitochondrial
dysfunction and

Moderate—strong apoptosis and are

ER—rrzlJlrtochondna mltochonc'lrlal' ROS, associated with altered mechanistic attenuated by Ca?*
Ca“~" transfer depolarization, ot . .
Ca”" signaling and chelation or
cytochrome-c release, . . . oo
mitochondrial apoptosis pathway-specific ge-
and caspase . . . :
L in experimental models. netic/pharmacological
activation.
rescue.
TRP channels can Capsaicin-TRPV1 is the Demonstrate channel
. clearest example; .
couple chemical . expression and
: ot curcumin, resveratrol, 2
. sensing to Ca . Moderate activity and show
TRP-channel-linked . and quercetin have also - .
) influx, ROS . mechanistic; that selective
phytochemical . been linked to TRP .
: generation, . compound- antagonism or
sensing . modulation, although i .
membrane-potential . ‘ specific genetic loss reduces
causal evidence varies .
changes, and . both ion flux and
APObtosis substantially by channel Apoptosis
pop ' and model. pop '
Store-operated Ca?*
entry supports Curcumin, resveratrol, Directly assess
cancer-cell quercetin, EGCG, and store-operated Ca®*
proliferation and berberine have been entry and
Store-operated Ca?* survival, but linked to Emerging/ demonstrate
entry through excessive or Ca?*-dependent stress mechanistic STIM1/Orail
STIM1/Orail disrupted signaling responses, but direct inference dependence using
may promote ER STIM1/Orail selective inhibition
stress and dependence is rarely or genetic
mitochondrial established. perturbation.
apoptosis.
Curcumin, berberine, Dlst1pgulsh geperal
. . 2 . mitochondrial
Mitochondrial Ca“*, resveratrol, quercetin, dvsfunction from
Mitochondrialion ~ K*, and permeability-  EGCG, piperine, and oY o
e . ; ion-channel-specific
channels and transition pathways withaferin A affect : :
s . . Moderate effects using direct
permeability- regulate membrane mitochondrial ion L
s . . . mechanistic measurements of
transition potential, ROS, handling and apoptosis, - 1
N . S mitochondrial ion
susceptibility swelling, and although specific flux and
cytochrome-c release.  channel targets are often o
pathway-specific
unresolved.
rescue.
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Table 6. Cont.
Ion-Volume Representative Kev Validation
Vulnerability Biological Rationale Natural-Product Evidence Level y yare
Criteria
Feature Relevance

Aquaporins
influence water
permeability,
migration, volume

Curcumin, resveratrol,
and other dietary
compounds have been
linked to aquaporin

Demonstrate altered
water permeability
and volume kinetics

Aquaporins and regulation, but evidence Emerging/
d ’ . d show that
water movement recovery, an for a causal role in underexplored ancd show taar,
apoptosis-associated natural-product- aquaporin inhibition
shrinkage and may induced Cz neer-cell or knockdown
modify sensitivity to ) . modifies apoptosis.
osmotic stress. apoptosis remains
limited.
Cancer-associated Curcumin, resveratrol, Establish that
chanees in K* Na* quercetin, EGCG, membrane-potential
C 5:82 * and Cll’ ” berberine, and capsaicin changes precede
Plasma-membrane con du,c tance can may alter membrane Moderate death and are
potential and alter Ca2* entr potential or ion flux, but mechanistic functionally linked
electrogenic coupling mitochon drialy g direct evidence for to apoptosis through
function. and cancer-selective electrophysiological
Apoptotic sil nalin apoptosis through this and rescue
pop & & mechanism is uneven. experiments.
. . . Multi-t t
Partial disruption of whrtarge .
ion and volume phytochemicals such as Use time-resolved
homeostasis ma curcumin, EGCG, multimodal studies
Ton-channel cooperate with reci,ox quercetin, resveratrol, combining ion-flux
1 H i ’ ici 7 . 11' 1
dependence as a stress, mitochondrial berberine, capsaicin Hypothesis- OF cervOrme
N o sulforaphane, and . measurements with
combination priming, ER stress, or . . . generating .
vulnerability mombrane withaferin A provide a genetic channel

remodeling to
convert adaptive
stress into apoptosis.

rationale for testing
ion—-volume regulation
as a co-determinant of
response.

perturbation and
formal interaction
analyses.

Note: Ion-volume dysregulation should be presented as an emerging and incompletely validated vulnerability
layer, not as a mechanism established to the same degree as redox imbalance or mitochondrial priming. Ion flux,
membrane potential, osmotic adaptation, and water movement may contribute to apoptotic commitment, but they
may also arise secondarily after mitochondrial or caspase activation. Causality is most convincingly supported
when ion or volume changes precede apoptosis, are directly measured, are modified by pharmacological or
genetic rescue, and occur preferentially in cancer cells compared with relevant non-malignant controls. Primary
membrane lysis and nonspecific osmotic injury should be excluded through membrane-integrity, hemolysis, and
time-course analyses. Evidence levels summarize the highest level of support currently available for each feature
and should not be interpreted as applying uniformly to every phytochemical listed. Representative compounds
are illustrative rather than exhaustive. Abbreviations: AVD, apoptotic volume decrease; EGCG, epigallocatechin
gallate; LRRCS, leucine-rich repeat-containing protein 8; STIMI1, stromal interaction molecule 1; TRP, transient
receptor potential; VRAC, volume-regulated anion channel.

VRACs provide a particularly attractive but still immature point of connection. VRACs,
formed by LRRC8-family proteins, are best known for regulatory volume decrease after
swelling, but they also transport organic osmolytes and can participate in stress signaling,
drug handling, and cell-death regulation. Recent structural and physiological work has
clarified that LRRC8 composition shapes VRAC permeability and substrate selectivity,
while cancer-related studies suggest that LRRC8A may have prognostic and functional rele-
vance in different tumor contexts [106]. Importantly, this does not imply that plant-derived
compounds generally exert their effects through VRAC. Rather, VRAC should be framed as
a plausible candidate mechanism through which membrane-active phytochemicals might
interact with osmotic stress, apoptotic volume regulation or drug sensitivity. Claims of
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VRAC involvement require LRRCS8 perturbation, swelling-activated current measurement
or volume-recovery assays.

Calcium signaling links the plasma membrane, ER and mitochondria to apoptotic
commitment. Transient Ca?* signals can support proliferation and metabolism, whereas
sustained Ca?* influx or excessive ER-to-mitochondria transfer can promote mitochondrial
depolarization, ROS generation, permeability transition, cytochrome-c release and caspase
activation. Mitochondrial calcium handling is increasingly recognized as a determinant
of cancer metabolism and therapeutic response, and mitochondrial ion channels are be-
ing explored as pharmacological targets in oncology [83]. This axis is highly relevant to
plant-derived compounds because many phytochemicals influence calcium-dependent
stress responses, although mechanistic specificity remains a major challenge. Calcium ele-
vation alone does not establish a channel-mediated mechanism; source, timing, subcellular
localization, and rescue experiments are necessary.

The originality of this vulnerability state lies in its integrative role. Ion fluxes and
volume regulation may not act independently from ROS or mitochondrial priming; instead,
they may determine whether redox and mitochondrial stress reach the threshold required
for irreversible apoptosis. For example, a phytochemical that modestly increases ROS may
become more lethal in a cancer cell with fragile K* /C1~ homeostasis, defective regulatory
volume decrease, or enhanced mitochondrial calcium uptake. Conversely, the same com-
pound may be tolerated if ion-volume adaptation remains intact. This model also helps
distinguish apoptosis from necrosis: coordinated K*/Cl~ loss, AVD, mitochondrial dys-
function and caspase activation suggest regulated apoptosis, whereas early uncontrolled
membrane rupture suggests primary toxicity.

Overall, membrane—ion dysregulation should be presented as a research frontier
rather than a settled mechanism of phytochemical action. The most rigorous studies
should combine time-resolved measurements of cell volume, K*, Cl1—, Ca2*, membrane
potential, mitochondrial function and caspase activity, together with pharmacological and
genetic perturbation of candidate channels. In this framework, ion-channel and cell-volume
biology may explain why some cancer cells transition from an adaptive stress response to
irreversible apoptosis after natural-product exposure, while others survive or die through
non-apoptotic membrane damage.

8. Vulnerability State V: Survival-Pathway Addiction

Survival-pathway addiction explains why phytochemical-induced stress may trig-
ger apoptosis in some cancers but remain tolerable in others. Rather than relying
on a single oncogenic pathway, cancer cells maintain viability through interconnected
adaptive networks, including PI3K-Akt-mTOR, MAPK, NF-«B, STAT3, Wnt—f3-catenin,
AMPK, autophagy, and the unfolded-protein response. These pathways buffer oxida-
tive, metabolic, mitochondrial, and therapy-induced stress and collectively determine
the capacity of cancer cells to withstand injury. Table 7 summarizes the principal sur-
vival modules through which plant-derived natural products may weaken this adaptive
buffering [1,2,5,22,42,62,79,102,107-115].

The PI3K-Akt-mTOR pathway is one of the best-characterized examples of survival-
pathway addiction. By regulating metabolism, protein synthesis, autophagy, and anti-
apoptotic signaling, this network enables many tumors to tolerate oxidative and mito-
chondrial stress [116,117]. Likewise, AMPK and MAPK pathways exert context-dependent
effects: AMPK may either restore metabolic homeostasis or suppress anabolic growth,
whereas ERK, JNK, and p38 signaling can promote proliferation, stress adaptation, or
apoptosis depending on activation dynamics and cellular context [118-120].
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Table 7. Survival-pathway features that may convert natural-product-induced stress into apoptosis.

Survival-Pathway Representative Kev Validation
Vulnerability Biological Rationale Natural-Product Evidence Level y yare
Criteria
Feature Relevance
Cancer cells may rely
on PI3K/Akt/mTOR . .
; ; .. Curcumin, quercetin, Demonstrate
signaling to maintain .
. EGCG, resveratrol, pathway suppression
growth, metabolism, . .
. berberine, before apoptotic
survival, autophagy ; .
control. and sulforaphane, commitment and
PI3K/Akt/mTOR L ginsenosides, and .. show functional
resistance to ) Strong preclinical .
dependence pterostilbene have rescue with

apoptosis.
Suppression of this

been reported to

constitutively active

: suppress this Akt/mTOR or
axis may expose ; i
mitochondrial or pathway in cancer pathway-specific
models [1-10]. modulation.
ER-stress
vulnerability.
AMPK can suppress Resveratrol,
anabolic growth and  berberine, curcumin, Establish whether
mTOR signaling EGCG, pterostilbene, AMPK is pro-death
during energetic and selected or protective using
AMPK-mediated stress, but it may ginsenosides M?ﬁgﬁ;;iggng genetic or
metabolic stress promote either modulate context-depen d,ent pharmacological
apoptosis or AMPK/mTOR p inhibition together

MAPK balance: ERK
survival versus
JNK/p38 stress

signaling

cytoprotection signaling in with metabolic and
depending on preclinical models apoptotic readouts.
context. [3,5,6,8-10].
ERK commonly
supports Define the timing

proliferation and
survival, whereas
sustained JNK or p38
activation may
promote
mitochondrial,
death-receptor, or
ER-stress-associated
apoptosis.

Curcumin, quercetin,
resveratrol, EGCG,
berberine,
pterostilbene,
sulforaphane, and
ginsenosides have
been linked to MAPK
modulation [1-10].

and duration of ERK,
JNK, and p38
responses and
demonstrate
pathway dependence
through inhibitor or
genetic rescue
experiments.

Strong preclinical

NF-«B inflammatory-

survival addiction

Chronic NF-«B
activity can sustain
anti-apoptotic,
inflammatory,
angiogenic, and
therapy-resistance
programs.

Curcumin, EGCG,
quercetin, resveratrol,
berberine,
sulforaphane,
withaferin A, and
pterostilbene have
been reported to
inhibit NF-xB
signaling
[1-8,10-12].

Show that NF-kB
inhibition precedes

apoptosis and that
restoration of NF-kB

activity attenuates
cell death.

Strong preclinical
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Table 7. Cont.
Survival-Pathway Representative oy
Vulnerability Biological Rationale Natural-Product Evidence Level Key V:alld'atlon
Criteria
Feature Relevance
Constitutive STAT3 Curcumin, Demonstrate STAT3
5 ) resveratrol, EGCG, .
signaling promotes . . dependency using
. . berberine, quercetin,
. survival, stem-like ) reporter assays and
STATS3 survival and o pterostilbene, .
. . traits, immune . . .. genetic rescue rather
immune-evasion . withaferin A, and Strong preclinical .
. . evasion, - - than relying only on
signaling . . ginsenosides have
angiogenesis, and been linked to STAT3 reduced
resistance to . phospho-STAT3
. suppression .
apoptosis. [1,3-8,10-12] expression.
Wnt/ B-catenin Curcqmm, EGCG, . .
. : quercetin, resveratrol, Distinguish
signaling supports . . .
. . berberine, [3-catenin-specific
proliferation, EMT,
sulforaphane, effects from general

Wnt/ 3-catenin
dependence and

stemness, invasion,
and resistance.

pterostilbene, and
ginsenoside-related

Moderate-strong

growth inhibition
using transcriptional

. . Tumors dependent . preclinical .
stem-like survival . preparations have assays, genetic
on [3-catenin . . . . .
S been investigated in manipulation, and
transcription may be .
o . several cancer apoptosis
sensitive to its
disruption models measurements.
ption. [4,5,8-10,13-15].
Curcumin,
resveratrol,
Autophagy may berberine, EGCG, Measure autophagic
protect cells during quercetin, flux and determine
stress or, when sulforaphane, whether autophagy
Autophagy— excessive or blocked,  ginsenosides, and Strong preclinical; inhibition increases

apoptosis crosstalk

contribute to
apoptosis or mixed

withaferin A have
been linked to

context-dependent

or decreases
apoptosis. LC3-1I

ER-stress /unfolded-
protein-response
dependence

regulated cell-death autophagy— accumulation alone

phenotype. apoptosis is insufficient.
interactions
[1,3,5-10,16].

Tumors with high .

Curcumin,

secretory or
resveratrol,

proteostatic burden
may depend on
adaptive UPR
signaling. Persistent
phytochemical-
induced ER stress
may shift this
response toward
CHOP/JNK/BH3-
linked apoptosis.

quercetin, berberine,
celastrol, withaferin
A, EGCG, and
selected ginsenosides
have been associated
with UPR activation
and mitochondrial
apoptosis
[3,5-8,10,16,17].

Moderate—strong
mechanistic

Demonstrate that
inhibition of
ER-stress signaling
reduces downstream
mitochondrial
apoptosis using
pathway-specific
rescue.
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Table 7. Cont.
Survival-Pathway Representative .
Vulnerability Biological Rationale Natural-Product Evidence Level Key V:alld'atlon
Criteria
Feature Relevance

Checkpoint
activation may halt
proliferation and
create conditions for
apoptosis when
repair or survival
mechanisms fail.

Cell-cycle checkpoint
dependence

Curcumin, quercetin,
EGCQG, resveratrol,
berberine,
sulforaphane,
pterostilbene,
ginsenosides, and
withaferin A induce
cell-cycle arrest in
multiple models

Strong preclinical for
arrest; moderate for
apoptosis coupling

Separate cytostasis
from apoptosis using
time-course,
cell-cycle,
DNA-synthesis, and
apoptotic assays,
with
checkpoint-specific
rescue where

[1-10,13]. feasible.
Curcumin, quercetin,
Suppression of EGCG, resveratrol, Demonstrate
NF-«kB, Akt, STATS, berberine, receptor and
or related survival sulforaphane, and caspase-8

Death-receptor and
extrinsic-apoptosis
sensitization

nodes may lower
resistance to TRAIL-,

withaferin A have
been linked to

Moderate preclinical;
combination-specific

dependence and
distinguish direct

Fas-, or death-receptor extrinsic apoptosis
TNF-associated sensitization in from mitochondrial
apoptosis. selected models amplification.
[1-8,11,12].
Multi-target
phytochemicals such
Cancer cells often as curcumin, Use time-resolved
depend on resveratrol, EGCG, multi-pathway
interconnected quercetin, berberine, profiling and
Integrated PI3K/Akt/mTOR, sulforaphane, Hypothesis- single-node rescue to
adaptive-survival NF-«B, STATS3, pterostilbene, generating /systems- distinguish
network dependence MAPK, Wnt, ginsenosides, and level preclinical coordinated pathway
autophagy, and UPR withaferin A dependence from
pathways rather than commonly modulate nonspecific signaling

on one isolated node.

several pathways
simultaneously
[1-17].

collapse.

Note: Survival-pathway addiction should be interpreted as a pre-existing vulnerability state only when pathway
activity provides adaptive buffering against phytochemical-induced stress. Suppression of PI3K/Akt/mTOR,
AMPK, MAPK, NF-kB, STAT3, Wnt/ 3-catenin, autophagy, UPR, or cell-cycle regulators does not by itself establish
selective apoptosis. Causality is best supported when pathway modulation precedes apoptotic commitment, is
functionally tested through rescue or phenocopy experiments, and produces a stronger effect in cancer cells than
in relevant non-malignant controls. Evidence levels summarize the highest level of support currently available for
each vulnerability feature and should not be interpreted as applying uniformly to every phytochemical listed.
Representative compounds are illustrative rather than exhaustive. Abbreviations: EGCG, epigallocatechin gallate;
EMT, epithelial-mesenchymal transition; ER, endoplasmic reticulum; UPR, unfolded protein response.

Inflammatory signaling provides another major survival module. NF-«B and STAT3 in-
tegrate cytokine signaling, hypoxia, immune evasion, angiogenesis, and anti-apoptotic gene
expression, thereby sustaining tumor progression and therapeutic resistance [121,122]. Sim-
ilarly, Wnt-f-catenin signaling coordinates proliferation, stem-cell maintenance, epithelial-
mesenchymal transition, and treatment resistance, making Wnt-dependent tumors particu-
larly susceptible to disruption of 3-catenin-driven transcriptional programs [123].

Autophagy and ER stress further determine whether survival-pathway inhibition
is tolerated or converted into apoptosis. Autophagy can preserve cellular homeosta-
sis under nutrient deprivation, oxidative stress, or mitochondrial damage, but exces-
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sive or dysregulated autophagy may cooperate with cell death. Likewise, adaptive ER
stress promotes tumor survival under hypoxic and proteotoxic conditions, whereas un-
resolved stress activates CHOP, JNK, calcium signaling, and BCL-2-family-dependent
apoptosis [27,124-126].

Many phytochemicals, including curcumin, resveratrol, EGCG, quercetin, berberine,
sulforaphane, pterostilbene, ginsenosides, and withaferin A, simultaneously influence mul-
tiple survival pathways rather than a single molecular target. Their biological significance
therefore lies in coordinated disruption of adaptive signaling networks rather than isolated
pathway modulation.

Future studies should define survival-pathway addiction using functional rather than
descriptive approaches. Time-resolved pathway analyses, genetic or pharmacological
rescue experiments, phenocopy strategies, and comparison with matched non-malignant
cells will be essential to distinguish causal weakening of adaptive signaling from secondary
pathway changes associated with generalized cytotoxicity and to identify tumors most
susceptible to phytochemical-induced apoptosis.

9. When Selective Apoptosis Fails: Necrosis, Non-Selective Toxicity,
and Hormesis

Selective apoptosis is a useful conceptual framework only when its limitations are
clearly recognized. Plant-derived natural products are frequently described as inherently
“safe” or “selective,” yet these properties cannot be assumed. Depending on concentration,
exposure duration, formulation, extract composition, metabolic conversion, and cellu-
lar context, the same phytochemical may induce apoptosis, cytostasis, adaptive stress
responses, ferroptosis, necroptosis, pyroptosis, primary necrosis, or nonspecific toxicity. Se-
lective apoptosis should therefore be regarded as an experimentally demonstrated outcome
rather than an intrinsic property of plant-derived compounds.

A major source of misinterpretation is inaccurate classification of cell death. The
Nomenclature Committee on Cell Death emphasizes that apoptosis, ferroptosis, necrop-
tosis, pyroptosis, and accidental necrosis are mechanistically distinct processes requiring
integrated morphological, biochemical, and functional evidence rather than isolated molec-
ular markers [127]. Accordingly, reduced metabolic viability, ROS accumulation, lipid
peroxidation, mitochondrial depolarization, Annexin V positivity, or caspase activation
should not individually be interpreted as proof of a specific death modality. Table 8 pro-
vides a practical framework for interpreting natural-product-induced cellular outcomes and
distinguishing apoptosis, ferroptosis, necroptosis, pyroptosis, accidental necrosis (direct
membrane lysis), cytostasis, and mixed regulated cell-death phenotypes [19,23,66,127,128].
Classification should integrate temporally ordered molecular events with characteristic
morphology, pathway-specific functional validation, and rescue experiments whenever
possible, rather than relying on individual biomarkers such as Annexin V positivity or
caspase activation alone.

The boundaries between regulated death programs are dynamic rather than abso-
lute. Apoptotic cells that are not efficiently cleared may progress to secondary necrosis,
whereas apoptosis, ferroptosis, necroptosis, and pyroptosis frequently share upstream stress
responses and exhibit extensive molecular crosstalk, making pathway-specific validation es-
sential for accurate death-mode classification [128]. Likewise, lipid peroxidation should not
automatically be interpreted as apoptosis because ferroptosis is defined by iron-dependent
phospholipid peroxidation together with impairment of GPX4/SLC7A11-mediated antioxi-
dant defense and characteristic rescue by ferroptosis-specific inhibitors [19,66]. Similarly,
high concentrations of a phytochemical may shift the dominant cellular response from reg-
ulated apoptosis toward a mixed regulated cell-death phenotype or nonspecific membrane
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injury. Consequently, overlapping molecular markers should be interpreted cautiously and
within the context of pathway-specific validation.

Table 8. Evidence-based framework for interpreting and distinguishing major cellular outcomes

following exposure to plant-derived natural products.

Cellular Outcome

Core Evidence Supporting
Interpretation

Recommended
Confirmatory Evidence

Evidence Insufficient by
Itself

Coordinated apoptotic
morphology (cell shrinkage,
chromatin condensation,
membrane blebbing, and
apoptotic body formation),
together with temporally
ordered mitochondrial

Time-course analysis
demonstrating that apoptotic
morphology precedes
membrane rupture, together
with functional suppression
by caspase inhibition or
genetic perturbation of

Reduced metabolic viability,
Annexin V/propidium
iodide staining, ROS
accumulation, mitochondrial
depolarization, altered
BAX/BCL-2 expression, or

Apoptosis outer-membrane apoptotic regulators. Where  isolated caspase activation
permeabilization (where intrinsic apoptosis is without morphological
intrinsic apoptosis is proposed, dependence on confirmation, temporal
proposed), cytochrome ¢ BAX/BAK or BCL-2-family analysis, and
release, executioner-caspase signaling should be pathway-specific rescue
activation, and PARP demonstrated whenever [127-130].
cleavage. feasible.
Iron-dependent . ROS generation,
phospholipid peroxidation i rROeXSSC,; (:igylfif)zsz;téttl{o 0 malondialdehyde, 4-HNE
accompanied by impaired P L ’ accumulation, glutathione
_ olutathione-. or or restoration of depletion. mitachondrial
Ferroptosis GPX4, glutathione-, o GPX4-dependent epletion, mitochondria
SLC7All-mediated lipid-peroxide detoxification: dysfunction, or lipid
antioxidant defense and plinﬁte d dependence on ! peroxidation without
compatible cellular caspase }i)nhibition ferroptosis-specific rescue
morphology. P ’ [131-133].
Activation of the LDH release, plasma
RIPK3-MLKL signaling axis membrane permeabilization,
demonstrated by MLKL Rescue by genetic depletion celleinelilsrilg;lR(I)l:Kl
phosphorylation together of RIPK3 or MLKL or by cas ase—iE depen c{ent death
Necroptosis with oligomerization and/or  validated pathway-specific Iz/vithou ¢ erx)zi dence of
plasma membrane inhibitors with appropriate RIPK3-dependent MLKL
translocation, in cells specificity controls. ac tilxgza tion or
expressing functional RIPK3 .
and MLKL pathway-specific rescue
‘ [134-138].
Gasdermin cleavage
genle\?igﬁ;:ael lzger_rflg?mg Genetic depletion or LDH release, IL-1f secretion,
accompanied b rgembr;a ne pharmacological inhibition caspase-1 activation,
ore folr)ma Hon }éell swellin of the relevant gasdermin or membrane rupture, or
p lasma m’embrane & upstream inflammatory signaling
Pyroptosis P inflammasome/ caspase without demonstration of

permeabilization, and
inflammatory signaling
where biologically relevant.
The upstream caspase and
responsible gasdermin
should be identified.

pathway resulting in
attenuation of membrane

permeabilization and
inflammatory signaling.

gasdermin cleavage, pore
formation, or
pathway-specific rescue
[139-142].
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Table 8. Cont.

Cellular Outcome

Core Evidence Supporting

Recommended

Evidence Insufficient by

Accidental necrosis or
direct membrane lysis

Interpretation Confirmatory Evidence Itself
Persistence despite
inhibition of apoptosis,
ferroptosis, necroptosis, or Late membrane
Rapid loss of plasma pyroptosis. For permeabilization following

membrane integrity with
early uptake of impermeant
dyes, LDH release, cell
swelling, and organelle
disruption occurring in the
absence of preceding
evidence for regulated
cell-death signaling.

membrane-active
compounds, direct
membrane injury should be
supported by orthogonal
membrane-specific assays
(e.g., hemolysis, liposome
permeabilization,
cholesterol-depletion or
cholesterol-repletion studies,
membrane biophysics, or
live-cell imaging).

apoptosis, isolated LDH
release, uptake of
impermeant dyes at a single
endpoint, or cytotoxicity
observed only at
supraphysiological
concentrations without
temporal or mechanistic
analysis [127,143-146].

Sustained suppression of
cellular proliferation with
preserved plasma membrane
integrity and minimal
evidence of cell death,
demonstrated by direct cell

Demonstration of reversible
growth arrest following
compound withdrawal or,
alternatively, irreversible loss

Reduced metabolic activity,
decreased confluence, lower
Ki-67 expression, altered
cell-cycle distribution, or
reduced ATP content

Cytostasis counting, growth-rate of clonogenic capacity by ~ without direct assessment of
metrics, DNA-synthesis clonogenic assays, thereby viable cell number,
assays, cell-cycle analysis, distinguishing cytostasis membrane integrity, or
clonogenic assays, or from delayed cytotoxicity. long-term proliferative
longitudinal live-cell capacity [127,147,148].
imaging.
Independent mechanistic Partial protection b}., Concurrent detection of
' . pathway-specific genetic or e .
evidence supporting : nonspecific stress-associated
o pharmacological
activation of two or more . O - markers (e.g., ROS
interventions individually, . .
regulated cell-death . . accumulation, Annexin V
s with greater rescue following I e
. pathways within the same . positivity, lipid peroxidation,
Mixed death . combined pathway .
experimental system, dose . | . . . caspase activation, or LDH
phenotype inhibition, ideally supported

range, or temporal sequence,
recognizing that pathway
overlap and phenotypic
plasticity are common
biological responses.

by time-resolved or
single-cell analyses
demonstrating sequential or
concurrent activation of
distinct death programs.

release) without
pathway-specific rescue,
temporal resolution, or
independent mechanistic
validation [127,143,149].

Note: The framework provides practical minimum criteria rather than an exhaustive protocol. No single
marker is sufficient to define a death modality. Rescue experiments should use validated concentrations and,
where feasible, be supported by genetic perturbation because pharmacological inhibitors may have off-target
effects. Secondary necrosis should be distinguished from accidental necrosis (direct membrane lysis) by temporal
analysis demonstrating that apoptotic execution precedes membrane rupture. Annexin V positivity indicates
phosphatidylserine exposure but is not specific for apoptosis. Mixed phenotypes should be reported when
independent pathway-specific evidence supports more than one death mechanism. Abbreviations: 4-HNE,
4-hydroxynonenal; DNA, deoxyribonucleic acid; Ki-67, proliferation marker Ki-67; ROS, reactive oxygen species.

Dose-dependent nonspecific toxicity represents another important limitation. Mem-
brane-active phytochemicals, particularly saponins and related amphipathic compounds,
interact with cholesterol-containing membranes, potentially enhancing cancer-cell stress
but also causing direct membrane disruption or hemolysis at higher concentrations [11].
Ginsenosides illustrate the balance between promising anticancer mechanisms and limita-
tions imposed by toxicity, formulation, and pharmacokinetics [87]. Apparent cytotoxicity
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should therefore not be interpreted as evidence of selective apoptosis without excluding
primary membrane injury using appropriate membrane-integrity and normal-cell assays.

Hormesis provides an additional explanation for divergent biological responses. Many
phytochemicals exhibit biphasic dose-response relationships in which low concentrations
activate adaptive stress responses, antioxidant defenses, or cytoprotective autophagy,
whereas higher concentrations promote oxidative injury and regulated cell death [150].
This phenomenon is particularly relevant for redox-active polyphenols. Flavonoids, cat-
echins, and curcuminoids may function as antioxidants, anti-inflammatory agents, or
pro-oxidant apoptosis inducers depending on concentration, metal availability, basal ROS,
and antioxidant-buffering capacity [2,3,115]. Antioxidant-to-pro-oxidant switching should
therefore be interpreted as a context-dependent biological response rather than a universal
anticancer mechanism.

Apparent selectivity may also arise from technical rather than biological factors. Vari-
ability in botanical source material, extraction procedures, chemical composition, impurities,
assay interference, compound instability, and limited pharmacological exposure can all
generate misleading evidence of anticancer activity [7,12,13]. Curcumin illustrates this chal-
lenge: despite extensive mechanistic investigation, concerns regarding chemical stability,
bioavailability, assay interference, and formulation dependence continue to complicate in-
terpretation of its biological effects [5,8,63,151]. Likewise, modulation of drug transporters
or activity observed at supraphysiological concentrations does not necessarily predict
therapeutic safety, and evidence from dietary carotenoids demonstrates that high-dose
supplementation may not reproduce the effects of whole-food exposure and may even be
harmful in selected populations [49,50].

Selective apoptosis should therefore be regarded as a testable biological outcome rather
than an assumed characteristic of plant-derived natural products. Apparent selectivity may
instead reflect misclassified cell death, excessive exposure, adaptive hormesis, technical
artifacts, or nonspecific toxicity. Applying the classification framework summarized in
Table 8 provides a practical basis for distinguishing these possibilities before attributing
selective apoptosis to a plant-derived compound or botanical preparation.

10. Normal-Cell Sparing and Immune Compatibility

Normal-cell sparing is the defining translational criterion of selective apoptosis. Cyto-
toxicity in cancer cells alone does not establish therapeutic value; rather, selective apoptosis
should be interpreted as a comparative biological property requiring the preferential
induction of apoptosis in malignant cells while preserving the viability and function of
biologically relevant matched non-malignant cells. Accordingly, normal-cell sparing should
be considered a primary biological endpoint rather than a secondary safety assessment.
Demonstration that one cancer cell line is more sensitive than an unrelated normal cell
type does not, by itself, establish a clinically meaningful therapeutic window. Instead,
evidence of selectivity should be based on biologically appropriate matched normal com-
parators evaluated under comparable experimental conditions. By contrast, differential
sensitivity among cancer cell lines or molecular subtypes primarily reflects differences in
cancer-cell vulnerability architecture and identifies distinct vulnerability states rather than
demonstrating selective apoptosis itself.

The selectivity index provides a practical starting point by comparing cytotoxicity in
normal and malignant cells. Increasingly, phytochemical studies report selectivity indices
using non-cancerous comparator cells, improving discrimination between preferential
anticancer activity and general cytotoxicity [9,10,152]. However, the value of the selectivity
index depends on the comparator model. A favorable index obtained with a single im-
mortalized “normal” cell line cannot predict safety across immune, epithelial, vascular,
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hepatic, or hematologic tissues. Selection of normal-cell models should therefore reflect
the expected route of exposure, tissue distribution, and mechanism of action. Whenever
feasible, normal comparators should be tissue-matched to the corresponding malignancy
and include non-transformed cells with physiological characteristics relevant to the in-
tended clinical application. Interpretation should also consider whether comparator cells
are proliferating or quiescent, because differences in cell-cycle status, metabolic activity,
and baseline stress responses may substantially influence apparent drug sensitivity in-
dependently of true therapeutic selectivity. Likewise, transformed and non-transformed
cells often differ in proliferation kinetics; therefore, comparisons based solely on viability
endpoints should be interpreted cautiously and, where possible, supported by growth-rate—
adjusted analyses or complementary functional assays. Furthermore, selectivity indices
should be interpreted together with absolute effect size, concentration-response relation-
ships, exposure duration, and confidence intervals rather than statistical significance alone,
since statistically significant differences may not necessarily represent clinically meaningful
therapeutic windows.

Hemolysis assays remain particularly useful for membrane-active compounds, includ-
ing saponins, glycosides, amphipathic phytochemicals, and nanoformulations, because
they readily detect erythrocyte membrane disruption [11]. However, erythrocytes lack nu-
clei, mitochondria, and many stress-response pathways; consequently, minimal hemolysis
does not establish safety in nucleated cells. Conversely, hemolysis at high concentrations
may simply indicate nonspecific membrane toxicity. Studies using thymocytes have fur-
ther demonstrated that compounds such as pinocembrin, ecdysterone, glycyrrhetinic acid
derivatives, and gossypol can produce proliferative, volume-regulatory, or apoptotic effects
that are not detected by erythrocyte assays alone [153-157].

Immune compatibility represents an equally important component of cancer selectiv-
ity because preservation of antitumor immune function is essential for successful clinical
translation. Because many phytochemicals modulate redox signaling, NRF2, NF-kB, STATS3,
autophagy, or multidrug-resistance pathways, they may influence immune-cell function as
well as tumor-cell survival. Peripheral blood mononuclear cells (PBMCs), lymphocytes,
and thymocytes provide valuable models for assessing immune-cell viability, proliferation,
and inflammatory responses. This distinction is biologically important because transient
activation of cytoprotective pathways in normal immune cells may preserve tissue home-
ostasis, whereas persistent activation of the same pathways within tumors can promote
survival and therapeutic resistance. Likewise, modulation of drug transporters may alter
drug exposure in normal tissues and contribute to drug—drug interactions [89].

Normal epithelial cells, fibroblasts, hepatocytes, and endothelial cells provide comple-
mentary information regarding tissue-specific tolerance. Fibroblasts and epithelial cells are
relevant for compounds intended for oral, gastrointestinal, dermatologic, or mucosal ad-
ministration, hepatocytes for metabolism-related toxicity, and endothelial cells for vascular
effects, angiogenesis, and drug-delivery strategies. Patient-derived tumor organoids paired
with matched normal organoids further improve translational relevance by capturing tissue
architecture, cellular heterogeneity, and drug penetration more accurately than conven-
tional two-dimensional cell cultures [158-160]. Such matched patient-derived systems
currently represent one of the most physiologically relevant experimental approaches for
evaluating whether preferential cancer-cell sensitivity is maintained after accounting for
tissue-specific biology and microenvironmental influences.

Overall, normal-cell sparing extends beyond the absence of cytotoxicity. The most
promising plant-derived natural products are those that preferentially lower the apoptotic
threshold in malignant cells while preserving the viability and function of normal structural
and immune cells. A convincing claim of cancer selectivity therefore requires concordant
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evidence from biologically relevant tissue-matched normal comparators, appropriate as-
sessment of proliferating and quiescent cell populations where applicable, quantitative
evaluation of selectivity indices together with biological effect size, and confirmation in
physiologically relevant models such as matched organoids or primary cells. Demonstrat-
ing this differential response is essential for distinguishing biologically meaningful selective
apoptosis from nonspecific cytotoxicity and for establishing a clinically relevant rather than

merely statistically significant therapeutic window.

11. Methodological Roadmap: Studying Selective Apoptosis Induced by

Plant-Derived Compounds

apoptosis directly from reduced cancer-cell viability. This evidence alone is insufficient. A
compound or extract should be considered selectively pro-apoptotic only when its chemical
identity is reproducible, preferential activity toward cancer cells is demonstrated, the
dominant mode of cell death is established, the proposed vulnerability state is functionally
validated, and translational relevance is supported. Figure 3 summarizes the recommended

A major limitation of natural-product oncology is the tendency to infer selective

methodological framework.

compounds. Created in BioRender. Asanova, A. (2026) https://BioRender.com/ylymu25 (accessed
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1.

test material. Studies of extracts and fractions should report botanical authentication,
voucher information, plant material and origin, extraction conditions, yield, storage,
stability, and reproducible chemical fingerprints using appropriate chromatographic,
mass-spectrometric, or spectroscopic methods [7,12-15]. Without adequate chemical
characterization, biological effects cannot be reliably attributed to a specific extract,

fraction, or compound.

formed in multiple cancer cell lines together with biologically relevant normal-cell
comparators under matched exposure conditions. ICsy or 50% growth inhibition
(Glsp) values should be supported by orthogonal viability assays, and the selectiv-
ity index should be reported whenever possible [1,6,9,10,152]. Because selectivity
depends on the comparator model, evaluation should extend beyond a single immor-
talized normal cell line to include appropriate structural, immune, or organ-specific
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cells according to the intended application. Studies should report the rationale for
normal-cell selection, document whether comparator cells are proliferating or quies-
cent, and discuss potential differences in baseline growth kinetics when interpreting
selectivity indices.

Death-mode classification. Natural-product-induced loss of viability should not be
assigned to apoptosis or another regulated death program on the basis of a sin-
gle biochemical or metabolic endpoint. ROS accumulation, lipid peroxidation, mi-
tochondrial depolarization, phosphatidylserine exposure, caspase activation, and
plasma-membrane permeabilization may occur across several death modalities or
during late-stage cellular collapse. Classification should therefore combine time-
resolved morphology, pathway-associated molecular markers, membrane-integrity
measurements, and functional rescue or genetic perturbation. Classification of reg-
ulated cell-death modalities should follow the decision framework summarized in
Table 8 [19,23,66,127,128].

Functional validation of vulnerability states. Proposed vulnerability states should
be tested directly rather than inferred from downstream apoptosis. Redox imbal-
ance should be supported by measurements of ROS, glutathione homeostasis, NRF2
activity, lipid peroxidation, and antioxidant rescue [2,3,5,18,36,63]. Mitochondrial
priming should be demonstrated through BCL-2-family remodeling, BAX/BAK ac-
tivation, MOMP, cytochrome c release, and caspase activation in the appropriate
temporal sequence [2,22,23,127]. Membrane—ion dysregulation requires direct as-
sessment of membrane integrity, cell-volume regulation, AVD, regulatory volume
decrease, ion fluxes, VRAC/LRRCS activity, and channel-blocker rescue rather than
indirect inference from apoptosis alone [11,20,21,161]. Experimental approaches based
on thymocyte and erythrocyte models—including hypoosmotic stress, regulatory
volume decrease assays, hemolysis, ion-channel analysis, and volume-sensitive anion-
channel inhibition—provide practical methods for evaluating membrane integrity and
ion-volume regulation [162-165]. Survival-pathway addiction should be validated by
linking alterations in PI3K-Akt-mTOR, AMPK, MAPK, NF-«B, STAT3, Wnt-3-catenin,
ER stress, autophagy, or cell-cycle signaling to apoptosis using temporal and rescue
experiments [42,103,108,109,114,115].

Mechanistic and translational validation. Because phytochemicals frequently influ-
ence multiple pathways, pathway modulation alone does not establish causality.
Time-course analyses, pharmacological inhibitors, rescue experiments, genetic gain-
and loss-of-function approaches, and target-engagement studies provide stronger
evidence for mechanism [7,8,12,89]. Comparisons among crude extracts, active frac-
tions, and purified compounds can further distinguish genuine bioactivity from
effects attributable to complex mixtures or assay artifacts. Finally, findings from
two-dimensional cell cultures should be validated in more physiologically relevant
systems, including three-dimensional spheroids, patient-derived tumor and matched
normal organoids, primary tumor cultures, stromal or immune co-cultures, and ap-
propriate animal models [158-160,166,167]. These models are essential for evaluating
pharmacological exposure, metabolism, bioavailability, and safety before therapeu-
tic conclusions are drawn. From a translational perspective, pharmacokinetic and
pharmacodynamic plausibility should be evaluated using complementary criteria
rather than in vitro potency alone. In particular, the concentrations producing bio-
logical effects in vitro should be interpreted alongside unbound plasma exposure,
target-tissue or intratumoral exposure where available, exposure to active metabolites,
plasma protein binding, achievable duration of pharmacologically active exposure,
formulation-dependent drug delivery, and the maximum tolerated dose or clinically
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achievable exposure. These comparisons help determine whether experimentally
active concentrations are pharmacologically attainable and sustained in vivo. Studies
should additionally demonstrate target engagement or pathway modulation at clin-
ically relevant exposures, confirm that the proposed mechanism remains operative
in physiologically relevant experimental models, and establish consistency between
pharmacokinetic exposure, pharmacodynamic responses, and therapeutic outcomes.
Collectively, these criteria provide a practical framework for assessing the transla-
tional potential of investigational phytochemicals and distinguishing pharmacolog-
ically plausible candidates from compounds with activity limited to experimental
conditions [168-172].

Analytical validation of natural-product activity. Analytical validation is an essen-
tial complement to biological validation because apparent pharmacological activity
may arise from chemical or assay-related artifacts rather than genuine target modu-
lation (Table 9). Natural products and phytochemicals present additional challenges
owing to their structural complexity, variable composition, chemical instability, and
susceptibility to assay interference. Consequently, mechanistic conclusions should
not rely solely on observed cytotoxicity or pathway modulation but should first ex-
clude common sources of experimental bias [173]. Candidate compounds should
therefore undergo systematic analytical quality assessment before mechanistic inter-
pretation. Recommended validation includes confirmation of chemical identity and
purity, assessment of batch-to-batch consistency for botanical materials, evaluation
of compound stability under experimental conditions, exclusion of colloidal aggre-
gation, redox cycling, nonspecific covalent reactivity, and fluorescence or absorbance
interference with assay readouts. Because metabolism may generate active or inactive
products, metabolite formation should also be considered whenever pharmacoki-
netic data are available. Orthogonal analytical methods and chemically independent
biological assays should be used whenever feasible to confirm that the observed activ-
ity reflects genuine pharmacological effects rather than analytical artifacts [174,175].
These analytical quality-control measures should be considered complementary to the
biological validation framework proposed in this review. Together with phytochemical
standardization, selective cytotoxicity testing, mechanistic validation, and transla-
tional pharmacology, they provide a practical strategy for distinguishing reproducible
therapeutic candidates from compounds whose apparent activity primarily reflects
experimental limitations [173-176].

Table 9. Practical framework for interpreting and distinguishing major cellular outcomes following
natural-product exposure.

Potential Source of Bias

Why It Matters Recommended Validation

Confirm identity by liquid
chromatography-tandem mass
spectrometry (LC-MS/MS) and/or
nuclear magnetic resonance (NMR);

Incorrect compound assignment or determine purity by
Chemical identity, purity and batch variable extract composition may high-performance liquid
consistency produce irreproducible biological chromatography (HPLC) or
activity. ultra-performance liquid

chromatography (UPLC);
standardize botanical authentication,
voucher specimens, and independent
production batches.
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Table 9. Cont.

Potential Source of Bias Why It Matters Recommended Validation

Evaluate stability under culture

Degradation during st o . .
cgracation during storage or conditions using chromatographic

incubation may alter biological

Chemical stability activity or generate degradation analysis before and after incubation;
products. monitor pH- and light-dependent
degradation where appropriate.
Assess concentration dependence;
Self-assembled aggregates can evaluate detergent sensitivity;
Colloidal aggregation nonspecifically inhibit proteins and confirm activity after
generate false-positive activity. aggregate-disrupting conditions or
orthogonal assays.
Promiscuous compounds may Screen for knov.vn inte'rfgrence.
Pan-assay interference compounds interfere with multiple assay Cht;motyptles, confirm daf:tl(;nty u(silngt
(PAINS) and assay interference platforms independently of the or d ogO?a ag;ays a? n egen den
intended biological target. readouts; avoid conclusions based on
a single assay platform.
Apparent target inhibition may result U‘ifhirl}:(;Xliintrliajfg}leevi?zzzls
Redox cycling and nonspecific from oxidative chemistry or reversibilitpzng tar ét specificity:
covalent reactivity indiscriminate protein modification Y 8¢ 5p yr

verify target engagement by

rather than selective pharmacology. independent methods

Include cell-free controls; validate
findings using alternative detection
technologies and orthogonal
biological assays.

Intrinsic fluorescence, absorbance, or
Optical interference quenching may distort colorimetric
or fluorometric assays.

Use standardized extraction

Minor constituents, contaminants, or . .
procedures; characterize chemical

Extract contamination and extraction-dependent variability may . . .
e e, . ; fingerprints; compare independently
compositional variability account for observed biological
. prepared batches and, where
activity. - ope .
possible, purified constituents.
Characterize metabolite profiles
The biologically active species may using pharmacokinetic studies or
Active metabolite formation differ from the administered parent LC-MS/MS and evaluate biological
compound. activity of major metabolites where

feasible.

Confirm activity using independent
biological endpoints,
Single-assay conclusions are target-engagement assays, genetic
vulnerable to assay-specific artifacts.  perturbation, or chemically unrelated
validation methods before assigning
mechanism.

Orthogonal confirmation

Abbreviations: HPLC, high-performance liquid chromatography; LC-MS/MS, liquid chromatography—tandem
mass spectrometry; NMR, nuclear magnetic resonance; PAINS, pan-assay interference compounds; UPLC, ultra-
performance liquid chromatography.

Together, these sequential steps establish whether the tested material is chemically
reproducible, analytically robust, selectively cytotoxic, genuinely pro-apoptotic, causally
linked to a defined cancer-cell vulnerability state, and pharmacologically plausible un-
der clinically relevant exposure conditions. By integrating phytochemical standardiza-
tion, analytical validation, mechanistic interrogation, and translational pharmacology,
this framework provides a practical roadmap for distinguishing reproducible therapeu-
tic candidates from compounds whose apparent activity primarily reflects experimental
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limitations. Figure 3 summarizes these methodological principles and their application to
mechanism-based phytopharmacology.

12. Integrative Model: How Vulnerability States Interact
12.1. Selective Apoptosis as a Systems-Level Threshold Event

The central concept of this review is that selective apoptosis induced by plant-derived
compounds is a systems-level threshold event rather than the consequence of a single molec-
ular target. Although phytochemical studies often describe ROS generation, mitochondrial
dysfunction, membrane perturbation, or survival-pathway inhibition as independent mech-
anisms, these processes function as interconnected components of a unified stress-response
network. The biological outcome depends on the pre-existing vulnerability of the target cell
and the extent to which adaptive buffering can prevent irreversible apoptotic commitment.
Thus, the critical question is not simply whether a compound induces stress, but whether it
selectively drives malignant cells beyond the apoptotic threshold while sparing matched
normal cells.

Mitochondria represent the principal integration point within this framework. Re-
dox imbalance, calcium dysregulation, ER stress, metabolic perturbation, DNA damage,
and withdrawal of survival signaling all converge on MOMP, where cumulative stress is
converted into apoptotic commitment [23]. Likewise, the biological consequences of ROS
depend on baseline redox status: cancer cells with elevated oxidative stress rely heavily
on glutathione-, thioredoxin-, and NRF2-dependent buffering, whereas cells with greater
adaptive reserve may respond to the same phytochemical by activating cytoprotective
rather than pro-apoptotic pathways [16]. Autophagy further modulates this threshold by ei-
ther restoring cellular homeostasis or facilitating mitochondrial dysfunction and apoptosis
when adaptive capacity is exceeded [22].

12.2. Feed-Forward Loops Between Vulnerability States

The five vulnerability states reinforce one another through feed-forward interactions
rather than functioning independently. Redox imbalance promotes mitochondrial dys-
function, whereas dysfunctional mitochondria further amplify ROS production and im-
pair ATP-dependent ion homeostasis. Membrane remodeling alters compound uptake,
cholesterol-rich signaling domains, mechanotransduction, and calcium influx, while ion
dysregulation influences cell-volume control, intracellular ionic balance, and apoptotic
permissiveness. Survival pathways determine whether these stresses remain buffered
or progress toward irreversible injury. ROS illustrate this integration particularly well:
physiological ROS support signaling, but loss of redox homeostasis promotes oxidative
damage and apoptotic commitment [177]. In cancer cells, additional ROS may therefore
shift an already stressed system beyond its adaptive capacity [178].

Plant-derived compounds are particularly well suited to reveal these interactions
because many simultaneously perturb multiple vulnerability states. Curcumin-related
compounds modulate redox balance, mitochondrial function, autophagy, inflammatory
signaling, and survival pathways [5]. Plant-derived alkaloids link oxidative stress with
mitochondrial apoptosis [36], flavonoids coordinate redox regulation with BCL-2-family
proteins and PI3K-Akt, MAPK, and NF-«B signaling [2], and saponins additionally tar-
get cholesterol-rich membranes and lipid-raft organization while also carrying a risk of
nonspecific membrane toxicity [11]. Together, these observations support the concept that
selective apoptosis emerges through coordinated disruption of multiple adaptive networks
rather than isolated pathway modulation.
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12.3. Four Possible Outcomes After Natural-Product Exposure

Within this framework, phytochemical exposure may produce four broad outcomes.
First, adaptive survival occurs when stress activates antioxidant defenses, autophagy,
mitochondrial quality control, or NRF2-dependent cytoprotection [17,18,179]. Second,
cytostasis results from inhibition of proliferation or induction of cell-cycle arrest without
dominant apoptotic commitment [3,180]. Third, selective apoptosis occurs when cumula-
tive stress exceeds the apoptotic threshold in malignant cells while remaining tolerable in
matched normal cells [42,62,115]. Finally, excessive stress may lead to nonspecific toxicity
or alternative regulated death pathways, reflecting membrane injury, ferroptosis, or other
context-dependent mechanisms rather than selective apoptosis [7,8,11,19].

12.4. Normal-Cell Sparing as the Decisive Filter

Normal-cell sparing remains the decisive filter separating selective vulnerability ex-
ploitation from general toxicity. The same phytochemical-induced stress may exceed the
apoptotic threshold in cancer cells while remaining tolerable in normal cells with greater an-
tioxidant capacity, mitochondrial reserve, membrane integrity, and metabolic adaptability.
Consequently, preferential activity in biologically relevant non-malignant models remains
essential for establishing therapeutic selectivity [9-11,160].

12.5. Experimental Implication: Define the Vulnerability Configuration

Experimentally, the framework shifts attention from asking whether a phytochemical
kills a particular cancer cell line to defining the vulnerability configuration that determines
sensitivity. Future studies should compare susceptible, resistant, and non-malignant models
to identify which vulnerability states are already engaged before treatment and which are
required for apoptotic commitment. The experimental strategies needed to establish these
causal relationships are outlined in Section 11 [1,6,12,159].

Thus, biological outcome is determined not by compound identity alone, but by the
match between phytochemical-induced stress and the pre-existing vulnerability architecture
of the target cell.

12.6. Hllustrative Application of the Vulnerability-State Framework

The practical value of the vulnerability-state framework can be illustrated by applying
a common sequence of criteria to representative plant-derived agents: chemical identity, pre-
existing cancer-cell vulnerability, induced stress, buffering failure, causal validation, cancer-
versus-normal-cell selectivity, and pharmacokinetic or in vivo support. These examples
demonstrate how the framework distinguishes mechanistically and translationally mature
evidence from findings that remain primarily preclinical.

B-Lapachone exemplifies a biomarker-defined redox vulnerability. This chemically
defined naphthoquinone is bioactivated by NQOI1, generating a futile redox cycle that
produces ROS, DNA damage, PARP1 hyperactivation, and rapid NAD" / ATP depletion.
The critical vulnerability is high NQO1 activity combined with insufficient antioxidant
buffering rather than oxidative stress alone. Genetic or pharmacological inhibition of
NQO1 markedly attenuates cytotoxicity, providing direct causal evidence. In hepatocellular
carcinoma, the NQO1-to-catalase ratio distinguishes sensitive tumors from normal tissues,
while xenograft and metabolic studies support in vivo efficacy. Nevertheless, therapeutic
activity remains dependent on tumor NQOT1 expression, antioxidant capacity, formulation,
and achievable exposure [181,182].

Piperlongumine illustrates transformation-associated dependence on antioxidant
buffering but with greater translational uncertainty. This purified alkaloid preferentially
kills diverse cancer and oncogenically transformed cells while showing lower toxicity in
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several primary normal-cell models. It induces ROS accumulation, disrupts glutathione
homeostasis, activates stress pathways including JNK, and triggers compensatory NRF2—
HO-1 signaling; antioxidant rescue and JNK inhibition support a causal role for oxidative
stress. Although xenograft studies demonstrate antitumor activity, electrophilic reactivity,
possible nonspecific protein modification, and limited pharmacokinetic evidence indicate
that piperlongumine remains a promising but incompletely validated vulnerability-directed
agent [183-185].

Parthenolide and its orally bioavailable analog dimethylamino-parthenolide (DMAPT)
illustrate selective disruption of leukemia-cell survival buffering. Parthenolide pref-
erentially targets acute myeloid leukemia and blast-crisis chronic myeloid leukemia
stem/progenitor cells over normal hematopoietic counterparts by combining ROS in-
duction with NF-«B inhibition and apoptosis. Antioxidant rescue and pathway-directed
studies support mechanistic causality. Development of DMAPT overcame poor bioavail-
ability while preserving selective antileukemic activity and demonstrating in vivo efficacy,
thereby linking chemical optimization with improved translational potential. Remaining
uncertainties include electrophilic promiscuity, multiple molecular targets, and limited
clinical validation [186,187].

Together, these examples demonstrate that the framework identifies both support-
ing evidence and remaining uncertainties. 3-Lapachone represents a biomarker-driven
model with strong mechanistic and pharmacological support, piperlongumine illustrates
cancer-associated oxidative vulnerability but incomplete translational validation, and
parthenolide/DMAPT shows how medicinal chemistry can improve the clinical potential
of a phytochemical while preserving selective activity. Rather than implying equiva-
lence among plant-derived agents, the framework grades the convergence of chemical
quality, vulnerability mapping, causal validation, normal-cell selectivity, and pharma-
cological plausibility.

At the same time, the proposed framework has several important limitations. Vulnera-
bility states should not be regarded as fixed biological properties but as dynamic features
that evolve during tumor progression, metastatic dissemination, and therapeutic selection.
Consequently, the relative importance of individual vulnerability states is expected to
vary across tumor types, molecular subtypes, and treatment-resistant populations accord-
ing to their genetic, epigenetic, metabolic, and microenvironmental context. Moreover,
the framework is intended as an integrative conceptual model for interpreting existing
evidence rather than as a predictive algorithm capable of assigning vulnerability states
to individual patients. Its future clinical implementation will require robust biomarkers,
standardized approaches for vulnerability-state assessment, longitudinal validation during
disease evolution, and prospective evaluation in clinically relevant models. Finally, sev-
eral proposed interactions—particularly those involving membrane-ion biology—remain
supported predominantly by preclinical evidence and require further mechanistic and
translational validation. Accordingly, the vulnerability-state framework should be viewed
as a hypothesis-generating tool that guides mechanistic investigation, biomarker develop-
ment, and vulnerability-directed phytopharmacology rather than as a definitive model of
cancer-cell behavior.

13. Future Directions

The next stage of natural-product oncology should move beyond cataloging bioactive
compounds toward identifying the vulnerability states that determine selective apoptosis.
Rather than asking which phytochemicals kill cancer cells, future studies should define the
baseline biological features that distinguish sensitive, resistant, and normal cells. These
include redox imbalance, mitochondrial priming, membrane remodeling, ion-channel de-
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pendence, survival-pathway addiction, and the adaptive reserve that determines proximity
to apoptotic commitment. Integrating these features into predictive vulnerability signatures
may improve patient stratification and reveal biomarkers of phytochemical responsiveness.

A major research priority is to establish the causal hierarchy among vulnerability
states. Although redox stress, mitochondrial dysfunction, membrane remodeling, ion
dysregulation, and survival-pathway inhibition frequently occur together, their temporal
and mechanistic relationships remain poorly defined. Future studies should determine
which vulnerabilities initiate apoptosis, which amplify the response through feed-forward
interactions, and which represent secondary consequences of irreversible cell death. Per-
turbation and rescue strategies will be essential for distinguishing causal drivers from
downstream biomarkers.

Membrane—-ion biology represents one of the most underexplored areas in natural-
product research. While most studies focus on oxidative stress and mitochondrial sig-
naling, comparatively little is known about how LRRC8/VRAC channels, aquaporins,
calcium, potassium, and chloride fluxes, or AVD contribute to selective apoptosis. Clari-
fying whether membrane-ion dysregulation acts as an initiating vulnerability or merely
accompanies cell death will substantially refine the proposed framework and improve
discrimination between regulated apoptosis and nonspecific membrane injury.

Translation will also require models that better capture patient biology. Patient-derived
tumor organoids, matched normal organoids, ex vivo tumor cells, and pharmacokinetic/
pharmacodynamic-informed experimental systems provide opportunities to evaluate
whether vulnerability-state configurations predict therapeutic response in clinically rele-
vant settings. Such approaches may facilitate identification of biomarker-defined patient
subgroups most likely to benefit from phytochemical-based interventions.

Another important direction is the rational integration of plant-derived compounds
with established anticancer therapies. Because many phytochemicals modulate multiple
adaptive stress networks simultaneously, they may be particularly effective when combined
with chemotherapy, targeted therapy, BH3 mimetics, redox-directed agents, pathway
inhibitors, radiotherapy, or immunotherapy. Future combination strategies should focus on
overcoming adaptive resistance while preserving normal-cell and immune-cell function.

Ultimately, successful clinical translation will depend on demonstrating activity at
pharmacologically achievable exposures, identifying robust pharmacodynamic biomarkers,
optimizing formulations, and establishing safety together with immune compatibility.
The next generation of natural-product oncology should therefore move from compound
cataloging toward vulnerability mapping. Linking chemically defined phytochemical stress
to predictive cancer-cell states, causal validation, pharmacologically plausible exposure,
and preservation of normal and immune function has the potential to transform descriptive
cytotoxicity into mechanism-informed phytopharmacology.

14. Conclusions

Plant-derived natural products remain a major source of anticancer chemical diver-
sity, but their translational value depends on moving beyond compound catalogs and
descriptive pathway reporting toward understanding the biological contexts that deter-
mine selective activity. In this review, we propose a vulnerability-state framework in which
selective apoptosis arises when stress induced by chemically characterized plant-derived
compounds intersects with pre-existing cancer-cell vulnerabilities, exceeds adaptive buffer-
ing capacity, and remains below the injury threshold of relevant normal and immune
cells. This perspective shifts the central question from whether a plant-derived compound
kills cancer cells to which biological state renders a cancer cell selectively susceptible to
phytochemical-induced apoptosis.
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An important implication is that molecular mechanisms and vulnerability states
should not be conflated. ROS generation, mitochondrial depolarization, BCL-2-family
remodeling, caspase activation, survival-pathway modulation, and membrane disruption
describe biological responses following phytochemical exposure; they become evidence
of vulnerability only when they explain differential sensitivity between malignant and
non-malignant cells or between sensitive and resistant cancer states. Within this frame-
work, membrane—ion dysregulation represents a particularly promising area for future
investigation, complementing established concepts such as redox imbalance, mitochondrial
priming, and survival-pathway dependence.

The proposed framework should be viewed as a conceptual integration rather than a
new biological theory. Its contribution is not the introduction of previously unknown mech-
anisms but the organization of established concepts into a unified, phytopharmacology-
oriented model that facilitates the interpretation of mechanistic studies, comparison across
phytochemical classes, and generation of testable hypotheses regarding selective apop-
tosis. By emphasizing biological vulnerability states rather than individual compounds
alone, this framework may contribute a complementary perspective for guiding future
mechanistic, translational, and natural-product-based anticancer research.
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4-HNE 4-Hydroxynonenal

Annexin V/PI  Annexin V/propidium iodide

ARE Antioxidant response element

ATP Adenosine triphosphate

ATP/AMP Adenosine triphosphate/adenosine monophosphate ratio
AVD Apoptotic volume decrease

BAPTA-AM 1,2-Bis(o-aminophenoxy)ethane-N,N,N’ ,N’-tetraacetic acid acetoxymethyl ester
BrdU Bromodeoxyuridine
C11-BODIPY Lipid-peroxidation-sensitive boron-dipyrromethene fluorescent probe
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CRISPR
DCPIB
DMAPT
DPH
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EdU

EGCG
EGTA

EMT

ER

FRAP
GC-MS
GSH
GSH/GSSG
HPLC
HPLC-DAD
HPLC-UV
ICsp

jC1
LC-MS/MS
MDA

MDR
MitoSOX
MitoTEMPO
MOMP
MQAE
mPTP

NAC
NADPH

NADPH/NADP*

NMR

OCR
OCR/ECAR
PI

pPPP

PS

ROS
Ru360
RVD
siRNA
SOCE
SYTOX
TMA-DPH
TMRE
TMRM
TUNEL
UPLC-MS
UPR

Clustered regularly interspaced short palindromic repeats
4-(2-Butyl-6,7-dichloro-2-cyclopentyl-indan-1-on-5-yl)oxybutyric acid
Dimethylamino-parthenolide

1,6-Diphenyl-1,3,5-hexatriene

Extracellular acidification rate

5-Ethynyl-2'-deoxyuridine

Epigallocatechin gallate

Ethylene glycol-bis(B-aminoethyl ether)-N,N,N’,N’-tetraacetic acid
Epithelial-mesenchymal transition

Endoplasmic reticulum

Fluorescence recovery after photobleaching

Gas chromatography—mass spectrometry

Reduced glutathione

Reduced-to-oxidized glutathione ratio

High-performance liquid chromatography

High-performance liquid chromatography with diode-array detection
High-performance liquid chromatography with ultraviolet detection
Half-maximal inhibitory concentration
5,5',6,6'-Tetrachloro-1,1’,3,3'-tetraethylbenzimidazolylcarbocyanine iodide
Liquid chromatography-tandem mass spectrometry
Malondialdehyde

Multidrug resistance

Mitochondrial superoxide indicator

Mitochondria-targeted superoxide dismutase mimetic antioxidant
Mitochondrial outer-membrane permeabilization
N-(Ethoxycarbonylmethyl)-6-methoxyquinolinium bromide
Mitochondrial permeability-transition pore

N-Acetylcysteine

Reduced nicotinamide adenine dinucleotide phosphate
Reduced-to-oxidized nicotinamide adenine dinucleotide phosphate ratio
Nuclear magnetic resonance

Oxygen-consumption rate
Oxygen-consumption-rate-to-extracellular-acidification-rate relationship
Propidium iodide

Pentose phosphate pathway

Phosphatidylserine

Reactive oxygen species

Ruthenium 360

Regulatory volume decrease

Small interfering RNA

Store-operated calcium entry

Membrane-impermeant nucleic-acid stain used to assess membrane permeability
1-(4-Trimethylammoniumphenyl)-6-phenyl-1,3,5-hexatriene
Tetramethylrhodamine ethyl ester

Tetramethylrhodamine methyl ester

Terminal deoxynucleotidyl transferase dUTP nick-end labelling
Ultra-performance liquid chromatography-mass spectrometry
Unfolded protein response

1.  Choudhari, A.S.; Mandave, P.C.; Deshpande, M.; Ranjekar, P.; Prakash, O. Phytochemicals in Cancer Treatment: From Preclinical
Studies to Clinical Practice. Front. Pharmacol. 2020, 10, 1614. [CrossRef] [PubMed]

2. Abotaleb, M.; Samuel, S.M.; Varghese, E.; Varghese, S.; Kubatka, P; Liskova, A.; Biisselberg, D. Flavonoids in Cancer and
Apoptosis. Cancers 2018, 11, 28. [CrossRef] [PubMed]

https://doi.org/10.3390/ph19081233


https://doi.org/10.3389/fphar.2019.01614
https://www.ncbi.nlm.nih.gov/pubmed/32116665
https://doi.org/10.3390/cancers11010028
https://www.ncbi.nlm.nih.gov/pubmed/30597838
https://doi.org/10.3390/ph19081233

Pharmaceuticals 2026, 19, 1233 46 of 53

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Kopustinskiene, D.M.; Jakstas, V.; Savickas, A.; Bernatoniene, J. Flavonoids as Anticancer Agents. Nutrients 2020, 12, 457.
[CrossRef] [PubMed]

Suvarna, V.; Murahari, M.; Khan, T.; Chaubey, P.; Sangave, P. Phytochemicals and PI3K Inhibitors in Cancer—An Insight. Front.
Pharmacol. 2017, 8, 916. [CrossRef] [PubMed]

Costantino, M.; Corno, C.; Colombo, D.; Perego, P. Curcumin and Related Compounds in Cancer Cells: New Avenues for Old
Molecules. Front. Pharmacol. 2022, 13, 889816. [CrossRef] [PubMed]

Ziemba, B. Advances in Cytotoxicity Testing: From In Vitro Assays to In Silico Models. Int. ]. Mol. Sci. 2025, 26, 11202. [CrossRef]
[PubMed]

Bisson, J.; McAlpine, ].B.; Friesen, J.B.; Chen, S.N.; Graham, ].; Pauli, G.F. Can Invalid Bioactives Undermine Natural Product-Based
Drug Discovery? J. Med. Chem. 2016, 59, 1671-1690. [CrossRef] [PubMed]

Nelson, K.M.; Dahlin, J.L.; Bisson, J.; Graham, J.; Pauli, G.F.; Walters, M.A. The Essential Medicinal Chemistry of Curcumin. J.
Med. Chem. 2017, 60, 1620-1637. [CrossRef] [PubMed]

Lagu, I].L.; Nyamai, D.W.; Njeru, S.N. Phytochemical analysis, in-vitro and in-silico study of antiproliferative activity of ethyl
acetate fraction of Launaea cornuta (Hochst. ex Oliv. & Hiern) C. Jeffrey against human cervical cancer cell line. Front. Pharmacol.
2024, 15, 1399885. [CrossRef] [PubMed]

Castafieda-Espinoza, J.D.; Alvarez Soto, Y.A.; Marquina-Bahena, S.; Madariaga Sosa, G.A.; Zagal Laguna, K.L.; Guerrero-
Alonso, A.; Salas-Vidal, E.; Furuzawa-Carballeda, J.; Uriostegui-Velarde, ].M.; Mojica Cardoso, C.; et al. Selective Cytotoxic
and Antiproliferative Effects of Extracts from Four Mexican Medicinal Plants in Human Cancer and Non-Cancerous Cell Lines.
Molecules 2026, 31, 549. [CrossRef] [PubMed]

Jiang, M.; Hong, C.; Zou, W,; Ye, Z.; Lu, L.; Liu, Y.; Zhang, T.; Ding, Y. Recent advances in the anti-tumor activities of saponins
through cholesterol regulation. Front. Pharmacol. 2025, 15, 1469392. [CrossRef] [PubMed]

Heinrich, M.; Appendino, G.; Efferth, T.; Fiirst, R.; Izzo, A.A.; Kayser, O.; Pezzuto, ].M.; Viljoen, A. Best practice in research—
Overcoming common challenges in phytopharmacological research. |. Ethnopharmacol. 2020, 246, 112230. [CrossRef] [PubMed]
Upton, R.; David, B.; Gafner, S.; Glasl, S. Botanical ingredient identification and quality assessment: Strengths and limitations of
analytical techniques. Phytochem. Rev. 2019, 19, 1157-1177. [CrossRef]

Rao, SW.; Duan, Y.Y.; Pang, H.Q.; Xu, S.H.; Hu, S5.Q.; Cheng, K.G; Liang, D.; Shi, W. Spectrum-Effect Relationship Analysis
of Bioactive Compounds in Zanthoxylum nitidum (Roxb.) DC. by Ultra-High Performance Liquid Chromatography Mass
Spectrometry Coupled With Comprehensive Filtering Approaches. Front. Pharmacol. 2022, 13, 794277. [CrossRef] [PubMed]
Yan, Y.; Abdulla, R.; Ma, Q.; Aisa, H.A. Comprehensive Identification of Chemical Fingerprint and Screening of Potential Quality
Markers of Aloe vera (L.) Burm. f. from Different Geographical Origins via Ultra-High-Performance Liquid Chromatography
Hyphenated with Quadrupole-Orbitrap-High-Resolution Mass Spectrometry Combined with Chemometrics. J. Chromatogr. Sci.
2023, 61, 312-321. [CrossRef] [PubMed]

Harris, I.S.; DeNicola, G.M. The Complex Interplay between Antioxidants and ROS in Cancer. Trends Cell Biol. 2020, 30, 440-451.
[CrossRef] [PubMed]

Cuadrado, A ; Rojo, A.L; Wells, G.; Hayes, ].D.; Cousin, S.P.; Rumsey, W.L.; Attucks, O.C.; Franklin, S.; Levonen, A.L.; Kensler,
T.W.,; et al. Therapeutic targeting of the NRF2 and KEAP1 partnership in chronic diseases. Nat. Rev. Drug Discov. 2019, 18,
295-317. [CrossRef] [PubMed]

Houghton, C.A. Sulforaphane: Its “Coming of Age” as a Clinically Relevant Nutraceutical in the Prevention and Treatment of
Chronic Disease. Oxidative Med. Cell. Longev. 2019, 2019, 2716870. [CrossRef] [PubMed]

Ge, C.; Zhang, S.; Mu, H.; Zheng, S.; Tan, Z.; Huang, X.; Xu, C,; Zou, ].; Zhu, Y.; Feng, D.; et al. Emerging Mechanisms and Disease
Implications of Ferroptosis: Potential Applications of Natural Products. Front. Cell Dev. Biol. 2022, 9, 774957. [CrossRef] [PubMed]
Rajizadeh, M.A; Joukar, S.; Rostamzadeh, F; Zaboli, M.D. A Review of the Effects of Herbal Medicines on the Conductance of
Ion Channels. Physiol. Res. 2026, 75, 203-244. [CrossRef] [PubMed]

Tesse, A.; Grossini, E.; Tamma, G.; Brenner, C.; Portincasa, P.; Marinelli, R.A.; Calamita, G. Aquaporins as Targets of Dietary
Bioactive Phytocompounds. Front. Mol. Biosci. 2018, 5, 30. [CrossRef] [PubMed]

Rahman, M.A,; Hannan, M.A,; Dash, R.; Rahman, M.H.; Islam, R.; Uddin, M.].; Sohag, A.A.M.; Rahman, M.H.; Rhim, H.
Phytochemicals as a Complement to Cancer Chemotherapy: Pharmacological Modulation of the Autophagy-Apoptosis Pathway.
Front. Pharmacol. 2021, 12, 639628. [CrossRef] [PubMed]

Bock, EJ.; Tait, S.W.G. Mitochondria as multifaceted regulators of cell death. Nat. Rev. Mol. Cell Biol. 2020, 21, 85-100. [CrossRef]
[PubMed]

Elekofehinti, O.0.; Iwaloye, O.; Olawale, E,; Ariyo, E.O. Saponins in Cancer Treatment: Current Progress and Future Prospects.
Pathophysiol. Off. ]. Int. Soc. Pathophysiol. 2021, 28, 250-272. [CrossRef] [PubMed]

Atanasov, A.G.; Zotchev, 5.B.; Dirsch, V.M.; International Natural Product Sciences Taskforce; Supuran, C.T. Natural products in
drug discovery: Advances and opportunities. Nat. Rev. Drug Discov. 2021, 20, 200-216. [CrossRef] [PubMed]

https:/ /doi.org/10.3390/ph19081233


https://doi.org/10.3390/nu12020457
https://www.ncbi.nlm.nih.gov/pubmed/32059369
https://doi.org/10.3389/fphar.2017.00916
https://www.ncbi.nlm.nih.gov/pubmed/29311925
https://doi.org/10.3389/fphar.2022.889816
https://www.ncbi.nlm.nih.gov/pubmed/35685638
https://doi.org/10.3390/ijms262211202
https://www.ncbi.nlm.nih.gov/pubmed/41303685
https://doi.org/10.1021/acs.jmedchem.5b01009
https://www.ncbi.nlm.nih.gov/pubmed/26505758
https://doi.org/10.1021/acs.jmedchem.6b00975
https://www.ncbi.nlm.nih.gov/pubmed/28074653
https://doi.org/10.3389/fphar.2024.1399885
https://www.ncbi.nlm.nih.gov/pubmed/39005932
https://doi.org/10.3390/molecules31030549
https://www.ncbi.nlm.nih.gov/pubmed/41683526
https://doi.org/10.3389/fphar.2024.1469392
https://www.ncbi.nlm.nih.gov/pubmed/39845802
https://doi.org/10.1016/j.jep.2019.112230
https://www.ncbi.nlm.nih.gov/pubmed/31526860
https://doi.org/10.1007/s11101-019-09625-z
https://doi.org/10.3389/fphar.2022.794277
https://www.ncbi.nlm.nih.gov/pubmed/35355711
https://doi.org/10.1093/chromsci/bmad009
https://www.ncbi.nlm.nih.gov/pubmed/36892173
https://doi.org/10.1016/j.tcb.2020.03.002
https://www.ncbi.nlm.nih.gov/pubmed/32303435
https://doi.org/10.1038/s41573-018-0008-x
https://www.ncbi.nlm.nih.gov/pubmed/30610225
https://doi.org/10.1155/2019/2716870
https://www.ncbi.nlm.nih.gov/pubmed/31737167
https://doi.org/10.3389/fcell.2021.774957
https://www.ncbi.nlm.nih.gov/pubmed/35118067
https://doi.org/10.33549/physiolres.935720
https://www.ncbi.nlm.nih.gov/pubmed/42187500
https://doi.org/10.3389/fmolb.2018.00030
https://www.ncbi.nlm.nih.gov/pubmed/29721498
https://doi.org/10.3389/fphar.2021.639628
https://www.ncbi.nlm.nih.gov/pubmed/34025409
https://doi.org/10.1038/s41580-019-0173-8
https://www.ncbi.nlm.nih.gov/pubmed/31636403
https://doi.org/10.3390/pathophysiology28020017
https://www.ncbi.nlm.nih.gov/pubmed/35366261
https://doi.org/10.1038/s41573-020-00114-z
https://www.ncbi.nlm.nih.gov/pubmed/33510482
https://doi.org/10.3390/ph19081233

Pharmaceuticals 2026, 19, 1233 47 of 53

26.

27.

28.

29.

30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Wani, A.K.; Akhtar, N.; Mir, TU.G,; Singh, R.; Jha, PX.; Mallik, S.K,; Sinha, S.; Tripathi, S.K.; Jain, A.; Jha, A.; et al. Targeting
Apoptotic Pathway of Cancer Cells with Phytochemicals and Plant-Based Nanomaterials. Biomolecules 2023, 13, 194. [CrossRef]
[PubMed]

Qin, P; Li, Q.; Zu, Q.; Dong, R.; Qi, Y. Natural products targeting autophagy and apoptosis in NSCLC: A novel therapeutic
strategy. Front. Oncol. 2024, 14, 1379698. [CrossRef] [PubMed]

Chen, Q.; Ruan, D.; Shi, J.; Du, D.; Bian, C. The multifaceted roles of natural products in mitochondrial dysfunction. Front.
Pharmacol. 2023, 14, 1093038. [CrossRef] [PubMed]

Zhao, W.; Zhuang, P.; Chen, Y.; Wu, Y.; Zhong, M.; Lun, Y. “Double-edged sword” effect of reactive oxygen species (ROS) in
tumor development and carcinogenesis. Physiol. Res. 2023, 72, 301-307. [CrossRef] [PubMed]

Vidjeyamannane, C.; Joy, A.; Prakash, K.; Saravanakumar, R. A comprehensive review on the role of plant-derived bioactive
metabolites driving ROS-mediated apoptosis in cancer. Med. Oncol. 2025, 42, 420. [CrossRef] [PubMed]

Al-Madhagi, H. Natural products-induced cancer cell paraptosis. Food Sci. Nutr. 2024, 12, 9866-9871. [CrossRef] [PubMed]
Rao, R.; Mohammed, C.; Alschuler, L.; Pomeranz Krummel, D.A.; Sengupta, S. Phytochemical Modulation of Ion Channels in
Oncologic Symptomatology and Treatment. Cancers 2024, 16, 1786. [CrossRef] [PubMed]

Talib, W.H.; Baban, M.M.; Bulbul, M.F,; Al-Zaidaneen, E.; Allan, A.; Al-Rousan, E.W.; Ahmad, R.H.Y.; Alshaeri, H.K.; Alasmari,
M.M.; Law, D. Natural Products and Altered Metabolism in Cancer: Therapeutic Targets and Mechanisms of Action. Int. . Mol.
Sci. 2024, 25, 9593. [CrossRef] [PubMed]

Newman, D.J.; Cragg, G.M. Natural Products as Sources of New Drugs over the Nearly Four Decades from 01/1981 to 09/2019. J.
Nat. Prod. 2020, 83, 770-803. [CrossRef] [PubMed]

S.M,, S.;; Naveen, N.R; Rao, G.K,; Gopan, G.; Chopra, H.; Park, M.N.; Alshahrani, M.M.; Jose, J.; Emran, T.B.; Kim, B. A spotlight
on alkaloid nanoformulations for the treatment of lung cancer. Front. Oncol. 2022, 12, 994155. [CrossRef] [PubMed]

Nelson, V.K.; Nuli, M.V,; Mastanaiah, J.; Saleem, T.5.M.; Birudala, G.; Jamous, Y.E; Alshargi, O.; Kotha, KK.; Sudhan, H.H.;
Mani, R.R.; et al. Reactive oxygen species mediated apoptotic death of colon cancer cells: Therapeutic potential of plant derived
alkaloids. Front. Endocrinol. 2023, 14, 1201198. [CrossRef] [PubMed]

Goszcz, K.; Duthie, G.G.; Stewart, D.; Leslie, S.J.; Megson, I.L. Bioactive polyphenols and cardiovascular disease: Chemical
antagonists, pharmacological agents or xenobiotics that drive an adaptive response? Br. J. Pharmacol. 2017, 174, 1209-1225.
[CrossRef] [PubMed]

Kumar, N.; Goel, N. Phenolic acids: Natural versatile molecules with promising therapeutic applications. Biotechnol. Rep. 2019, 24,
€00370. [CrossRef] [PubMed]

Rosa, L.S.R; Silva, N.J.A. Anticancer Properties of Phenolic Acids in Colon Cancer—A Review. J. Nutr. Food Sci. 2016, 6, 468.
[CrossRef]

Costea, T.; Hudita, A.; Ciolac, O.A.; Galateanu, B.; Ginghina, O.; Costache, M.; Ganea, C.; Mocanu, M.M. Chemoprevention of
Colorectal Cancer by Dietary Compounds. Int. |. Mol. Sci. 2018, 19, 3787. [CrossRef] [PubMed]

Carter, L.G.; D’Orazio, J.A.; Pearson, K.J. Resveratrol and cancer: Focus on in vivo evidence. Endocr. Relat. Cancer 2014, 21,
R209-R225. [CrossRef] [PubMed]

Ren, B.; Kwah, M.X.Y;; Liu, C.; Ma, Z.; Shanmugam, M.K,; Ding, L.; Xiang, X.; Ho, P.C.-L.; Wang, L.; Ong, P.S.; et al. Resveratrol
for cancer therapy: Challenges and future perspectives. Cancer Lett. 2021, 515, 63-72. [CrossRef] [PubMed]

McCormack, D.; McFadden, D. A review of pterostilbene antioxidant activity and disease modification. Oxidative Med. Cell.
Longev. 2013, 2013, 575482. [CrossRef] [PubMed]

Kunnumakkara, A.B.; Bordoloi, D.; Padmavathi, G.; Monisha, J.; Roy, N.K,; Prasad, S.; Aggarwal, B.B. Curcumin, the golden
nutraceutical: Multitargeting for multiple chronic diseases. Br. J. Pharmacol. 2017, 174, 1325-1348. [CrossRef] [PubMed]
Maloney, S.M.; Spring, C.A.; Morejon-Lasso, L.V.; Prosperi, ].R. Mechanisms of Taxane Resistance. Cancers 2020, 12, 3323.
[CrossRef] [PubMed]

Wei, G.; Wang, Y.; Yang, G.; Wang, Y.; Ju, R. Recent progress in nanomedicine for enhanced cancer chemotherapy. Theranostics
2021, 11, 6370-6392. [CrossRef] [PubMed]

Huang, M; Lu, ].J.; Huang, M.Q.; Bao, J.-L.; Chen, X.P.; Wang, Y.T. Terpenoids: Natural products for cancer therapy. Expert Opin.
Investig. Drugs 2012, 21, 1801-1818. [CrossRef] [PubMed]

Hong, H.; Baatar, D.; Hwang, S.G. Anticancer Activities of Ginsenosides, the Main Active Components of Ginseng. Evid.-Based
Complement. Altern. Med. eCAM 2021, 2021, 8858006. [CrossRef] [PubMed]

Rowles, J.L., 3rd; Erdman, ].W., Jr. Carotenoids and their role in cancer prevention. Biochim. Biophys. Acta Mol. Cell Biol. Lipids
2020, 1865, 158613. [CrossRef] [PubMed]

Milani, A.; Basirnejad, M.; Shahbazi, S.; Bolhassani, A. Carotenoids: Biochemistry, pharmacology and treatment. Br. ]. Pharmacol.
2017, 174, 1290-1324. [CrossRef] [PubMed]

Fiedor, J.; Burda, K. Potential role of carotenoids as antioxidants in human health and disease. Nutrients 2014, 6, 466—488.
[CrossRef] [PubMed]

https:/ /doi.org/10.3390/ph19081233


https://doi.org/10.3390/biom13020194
https://www.ncbi.nlm.nih.gov/pubmed/36830564
https://doi.org/10.3389/fonc.2024.1379698
https://www.ncbi.nlm.nih.gov/pubmed/38628670
https://doi.org/10.3389/fphar.2023.1093038
https://www.ncbi.nlm.nih.gov/pubmed/36860298
https://doi.org/10.33549/physiolres.935007
https://www.ncbi.nlm.nih.gov/pubmed/37449744
https://doi.org/10.1007/s12032-025-02985-x
https://www.ncbi.nlm.nih.gov/pubmed/40782283
https://doi.org/10.1002/fsn3.4461
https://www.ncbi.nlm.nih.gov/pubmed/39619980
https://doi.org/10.3390/cancers16091786
https://www.ncbi.nlm.nih.gov/pubmed/38730738
https://doi.org/10.3390/ijms25179593
https://www.ncbi.nlm.nih.gov/pubmed/39273552
https://doi.org/10.1021/acs.jnatprod.9b01285
https://www.ncbi.nlm.nih.gov/pubmed/32162523
https://doi.org/10.3389/fonc.2022.994155
https://www.ncbi.nlm.nih.gov/pubmed/36330493
https://doi.org/10.3389/fendo.2023.1201198
https://www.ncbi.nlm.nih.gov/pubmed/37560308
https://doi.org/10.1111/bph.13708
https://www.ncbi.nlm.nih.gov/pubmed/28071785
https://doi.org/10.1016/j.btre.2019.e00370
https://www.ncbi.nlm.nih.gov/pubmed/31516850
https://doi.org/10.4172/2155-9600.1000468
https://doi.org/10.3390/ijms19123787
https://www.ncbi.nlm.nih.gov/pubmed/30487390
https://doi.org/10.1530/ERC-13-0171
https://www.ncbi.nlm.nih.gov/pubmed/24500760
https://doi.org/10.1016/j.canlet.2021.05.001
https://www.ncbi.nlm.nih.gov/pubmed/34052324
https://doi.org/10.1155/2013/575482
https://www.ncbi.nlm.nih.gov/pubmed/23691264
https://doi.org/10.1111/bph.13621
https://www.ncbi.nlm.nih.gov/pubmed/27638428
https://doi.org/10.3390/cancers12113323
https://www.ncbi.nlm.nih.gov/pubmed/33182737
https://doi.org/10.7150/thno.57828
https://www.ncbi.nlm.nih.gov/pubmed/33995663
https://doi.org/10.1517/13543784.2012.727395
https://www.ncbi.nlm.nih.gov/pubmed/23092199
https://doi.org/10.1155/2021/8858006
https://www.ncbi.nlm.nih.gov/pubmed/33623532
https://doi.org/10.1016/j.bbalip.2020.158613
https://www.ncbi.nlm.nih.gov/pubmed/31935448
https://doi.org/10.1111/bph.13625
https://www.ncbi.nlm.nih.gov/pubmed/27638711
https://doi.org/10.3390/nu6020466
https://www.ncbi.nlm.nih.gov/pubmed/24473231
https://doi.org/10.3390/ph19081233

Pharmaceuticals 2026, 19, 1233 48 of 53

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.
66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Espin, ].C.; Gonzalez-Sarrias, A.; Tomas-Barberan, F.A. The gut microbiota: A key factor in the therapeutic effects of (poly)phenols.
Biochem. Pharmacol. 2017, 139, 82-93. [CrossRef] [PubMed]

Selma, M.V.; Gonzalez-Sarrias, A.; Salas-Salvadé, J.; Andrés-Lacueva, C.; Alasalvar, C.; Orem, A.; Espin, ].C. The gut microbiota
metabolism of pomegranate or walnut ellagitannins yields two urolithin-metabotypes that correlate with cardiometabolic risk
biomarkers: Comparison between normoweight, overweight-obesity and metabolic syndrome. Clin. Nutr. 2018, 37, 897-905.
[CrossRef] [PubMed]

Les, E; Prieto, ]. M.; Arbonés-Mainar, ].M.; Valero, M.S.; L6pez, V. Bioactive properties of commercialised pomegranate (Punica
granatumy) juice: Antioxidant, antiproliferative and enzyme inhibiting activities. Food Funct. 2015, 6, 2049-2057. [CrossRef]
[PubMed]

Thakur, A.; Singla, R.; Jaitak, V. Coumarins as anticancer agents: A review on synthetic strategies, mechanism of action and SAR
studies. Eur. J. Med. Chem. 2015, 101, 476—495. [CrossRef] [PubMed]

Annunziata, F,; Pinna, C.; Dallavalle, S.; Tamborini, L.; Pinto, A. An Overview of Coumarin as a Versatile and Readily Accessible
Scaffold with Broad-Ranging Biological Activities. Int. J. Mol. Sci. 2020, 21, 4618. [CrossRef] [PubMed]

Touisni, N.; Maresca, A.; McDonald, P.C; Lou, Y.; Scozzafava, A.; Dedhar, S.; Winum, ]J.Y.; Supuran, C.T. Glycosyl coumarin
carbonic anhydrase IX and XII inhibitors strongly attenuate the growth of primary breast tumors. J. Med. Chem. 2011, 54,
8271-8277. [CrossRef] [PubMed]

Tortorella, S.M.; Royce, S.G.; Licciardi, P.V.; Karagiannis, T.C. Dietary Sulforaphane in Cancer Chemoprevention: The Role of
Epigenetic Regulation and HDAC Inhibition. Antioxid. Redox Signal. 2015, 22, 1382-1424. [CrossRef] [PubMed]

Palliyaguru, D.L.; Yuan, ] M.; Kensler, T.W.; Fahey, ] W. Isothiocyanates: Translating the Power of Plants to People. Mol. Nutr.
Food Res. 2018, 62, €1700965. [CrossRef] [PubMed]

Shahzad, N.; Khan, W.; Shadab, M.D.; Ali, A.; Saluja, S.S.; Sharma, S.; Al-Allaf, EA.; Abduljaleel, Z.; Ibrahim, I.A.A.; Abdel-Wahab,
A.F; et al. Phytosterols as a natural anticancer agent: Current status and future perspective. Biomed. Pharmacother. 2017, 88,
786-794. [CrossRef] [PubMed]

Ramprasath, V.R.; Awad, A.B. Role of Phytosterols in Cancer Prevention and Treatment. ]. AOAC Int. 2015, 98, 735-738. [CrossRef]
[PubMed]

Dutta, R.; Khalil, R.; Green, R.; Mohapatra, S.S.; Mohapatra, S. Withania Somnifera (Ashwagandha) and Withaferin A: Potential in
Integrative Oncology. Int. J. Mol. Sci. 2019, 20, 5310. [CrossRef] [PubMed]

Fuloria, S.; Subramaniyan, V.; Karupiah, S.; Kumari, U.; Sathasivam, K.; Meenakshi, D.U.; Wu, Y.S.; Sekar, M.; Chitranshi, N.;
Malviya, R.; et al. A comprehensive review on methodology to detect reactive oxygen species and establish its relationship with
antioxidants and cancer. Antioxidants 2021, 10, 128. [CrossRef] [PubMed]

Dodson, M.; Castro-Portuguez, R.; Zhang, D.D. NRF2 plays a critical role in mitigating lipid peroxidation and ferroptosis. Redox
Biol. 2019, 23, 101107. [CrossRef] [PubMed]

Zheng, J.; Conrad, M. The Metabolic Underpinnings of Ferroptosis. Cell Metab. 2020, 32, 920-937. [CrossRef] [PubMed]
Stockwell, B.R,; Jiang, X.; Gu, W. Emerging Mechanisms and Disease Relevance of Ferroptosis. Trends Cell Biol. 2020, 30, 478-490.
[CrossRef] [PubMed]

Aggarwal, V,; Tuli, H.S.; Varol, A.; Thakral, F.; Yerer, M.B.; Sak, K.; Varol, M; Jain, A.; Khan, M.A_; Sethi, G. Role of Reactive
Oxygen Species in Cancer Progression: Molecular Mechanisms and Recent Advancements. Biomolecules 2019, 9, 735. [CrossRef]
[PubMed]

Jing, X.; Yang, E; Shao, C.; Wei, K.; Xie, M.; Shen, H.; Shu, Y. Role of hypoxia in cancer therapy by regulating the tumor
microenvironment. Mol. Cancer 2019, 18, 157. [CrossRef] [PubMed]

Srinivas, U.S.; Tan, BW.Q.; Vellayappan, B.A.; Jeyasekharan, A.D. ROS and the DNA damage response in cancer. Redox Biol. 2019,
25,101084. [CrossRef] [PubMed]

An, X,; Yu, W,; Liu, J.; Tang, D.; Yang, L.; Chen, X. Oxidative cell death in cancer: Mechanisms and therapeutic opportunities. Cell
Death Dis. 2024, 15, 556. [CrossRef] [PubMed]

NavaneethaKrishnan, S.; Rosales, J.L.; Lee, K.Y. ROS-Mediated Cancer Cell Killing through Dietary Phytochemicals. Oxidative
Med. Cell. Longev. 2019, 2019, 9051542. [CrossRef] [PubMed]

Muchtaridi, M.; Az-Zahra, E; Wongso, H.; Setyawati, L.U.; Novitasari, D.; Ikram, E.H.K. Molecular Mechanism of Natural Food
Antioxidants to Regulate ROS in Treating Cancer: A Review. Antioxidants 2024, 13, 207. [CrossRef] [PubMed]

Lin, L.; Wu, Q.; Lu, E; Lei, J.; Zhou, Y,; Liu, Y,; Zhu, N.; Yu, Y.; Ning, Z.; She, T.; et al. Nrf2 signaling pathway: Current status and
potential therapeutic targetable role in human cancers. Front. Oncol. 2023, 13, 1184079. [CrossRef] [PubMed]

Glorieux, C.; Enriquez, C.; Gonzalez, C.; Aguirre-Martinez, G.; Buc Calderon, P. The Multifaceted Roles of NRF2 in Cancer:
Friend or Foe? Antioxidants 2024, 13, 70. [CrossRef] [PubMed]

Chaudhry, G.E.; Md Akim, A.; Sung, Y.Y.; Sifzizul, TM.T. Cancer and apoptosis: The apoptotic activity of plant and marine
natural products and their potential as targeted cancer therapeutics. Front. Pharmacol. 2022, 13, 842376. [CrossRef] [PubMed]

https:/ /doi.org/10.3390/ph19081233


https://doi.org/10.1016/j.bcp.2017.04.033
https://www.ncbi.nlm.nih.gov/pubmed/28483461
https://doi.org/10.1016/j.clnu.2017.03.012
https://www.ncbi.nlm.nih.gov/pubmed/28347564
https://doi.org/10.1039/c5fo00426h
https://www.ncbi.nlm.nih.gov/pubmed/26030005
https://doi.org/10.1016/j.ejmech.2015.07.010
https://www.ncbi.nlm.nih.gov/pubmed/26188907
https://doi.org/10.3390/ijms21134618
https://www.ncbi.nlm.nih.gov/pubmed/32610556
https://doi.org/10.1021/jm200983e
https://www.ncbi.nlm.nih.gov/pubmed/22077347
https://doi.org/10.1089/ars.2014.6097
https://www.ncbi.nlm.nih.gov/pubmed/25364882
https://doi.org/10.1002/mnfr.201700965
https://www.ncbi.nlm.nih.gov/pubmed/29468815
https://doi.org/10.1016/j.biopha.2017.01.068
https://www.ncbi.nlm.nih.gov/pubmed/28157655
https://doi.org/10.5740/jaoacint.SGERamprasath
https://www.ncbi.nlm.nih.gov/pubmed/26086253
https://doi.org/10.3390/ijms20215310
https://www.ncbi.nlm.nih.gov/pubmed/31731424
https://doi.org/10.3390/antiox10010128
https://www.ncbi.nlm.nih.gov/pubmed/33477494
https://doi.org/10.1016/j.redox.2019.101107
https://www.ncbi.nlm.nih.gov/pubmed/30692038
https://doi.org/10.1016/j.cmet.2020.10.011
https://www.ncbi.nlm.nih.gov/pubmed/33217331
https://doi.org/10.1016/j.tcb.2020.02.009
https://www.ncbi.nlm.nih.gov/pubmed/32413317
https://doi.org/10.3390/biom9110735
https://www.ncbi.nlm.nih.gov/pubmed/31766246
https://doi.org/10.1186/s12943-019-1089-9
https://www.ncbi.nlm.nih.gov/pubmed/31711497
https://doi.org/10.1016/j.redox.2018.101084
https://www.ncbi.nlm.nih.gov/pubmed/30612957
https://doi.org/10.1038/s41419-024-06939-5
https://www.ncbi.nlm.nih.gov/pubmed/39090114
https://doi.org/10.1155/2019/9051542
https://www.ncbi.nlm.nih.gov/pubmed/31217841
https://doi.org/10.3390/antiox13020207
https://www.ncbi.nlm.nih.gov/pubmed/38397805
https://doi.org/10.3389/fonc.2023.1184079
https://www.ncbi.nlm.nih.gov/pubmed/37810967
https://doi.org/10.3390/antiox13010070
https://www.ncbi.nlm.nih.gov/pubmed/38247494
https://doi.org/10.3389/fphar.2022.842376
https://www.ncbi.nlm.nih.gov/pubmed/36034846
https://doi.org/10.3390/ph19081233

Pharmaceuticals 2026, 19, 1233 49 of 53

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Dong, L.; He, J.; Luo, L.; Wang, K. Targeting the Interplay of Autophagy and ROS for Cancer Therapy: An Updated Overview on
Phytochemicals. Pharmaceuticals 2023, 16, 92. [CrossRef] [PubMed]

Ahmed, K.R.; Rahman, M.M.; Islam, M.N.; Fahim, M.M.H.; Rahman, M. A ; Kim, B. Antioxidants activities of phytochemicals
perspective modulation of autophagy and apoptosis to treating cancer. Biomed. Pharmacother. 2024, 174, 116497. [CrossRef]
[PubMed]

Yan, Y.B; Tian, Q.; Zhang, ].F; Xiang, Y. Antitumor effects and molecular mechanisms of action of natural products in ovarian
cancer. Oncol. Lett. 2020, 20, 141. [CrossRef] [PubMed]

Harrath, A.H.; Jalouli, M.; Al-Zharani, M.; Rahman, M.A. Recent Update Targeting Autophagy-Apoptosis Crosstalk Using
Bioactive Natural Products for Ovarian Cancer Treatment. Biomedicines 2026, 14, 212. [CrossRef] [PubMed]

Ma, J.; Wang, X.; Sun, Q. Beyond cytotoxicity: Molecular mechanisms of natural products as multi-targeting modulators and
chemo-sensitizers in oncology. Front. Pharmacol. 2026, 17, 1782874. [CrossRef] [PubMed]

King, L.E.; Rodriguez-Enriquez, R.; Pedley, R.; Mellor, C.E.L.; Wang, P.; Zindy, E.; White, M.R.H.; Brennan, K.; Gilmore, A.P.
Apoptotic priming is defined by the dynamic exchange of Bcl-2 proteins between mitochondria and cytosol. Cell Death Differ.
2022, 29, 2262-2274. [CrossRef] [PubMed]

Mukherjee, N.; Sheetz, J.; Shellman, Y.G. Targeting the BCL2 Family: Advances and Challenges in BH3 Mimetic-Based Therapies.
Int. ]. Mol. Sci. 2025, 26, 9859. [CrossRef] [PubMed]

Du, H; Xu, T; Yu, S.; Wu, S.; Zhang, ]. Mitochondrial metabolism and cancer therapeutic innovation. Signal Transduct. Target.
Ther. 2025, 10, 245. [CrossRef] [PubMed]

Li, Z.; Zhang, W.; Guo, S.; Qi, G.; Huang, J.; Gao, J.; Zhao, J.; Kang, L.; Li, Q. A Review of Advances in Mitochondrial Research in
Cancer. Cancer Control ]. Moffitt Cancer Cent. 2024, 31, 10732748241299072. [CrossRef] [PubMed]

Wang, H.; Guo, M.; Wei, H.; Chen, Y. Targeting p53 pathways: Mechanisms, structures, and advances in therapy. Signal Transduct.
Target. Ther. 2023, 8, 92. [CrossRef] [PubMed]

Tat, S.S.; Mandal, K.; Sharma, T.; Ghate, N.B.; Barik, G.K.; Gachhe, R.N.; Santra, M.K. The multifaceted role of PUMA in cell death
pathways: Its therapeutic potential across cancer types. Cell Commun. Signal. CCS 2025, 23, 499. [CrossRef] [PubMed]

Yoon, S.; Cho, ].Y. Emerging and Underexplored Ginsenosides in Cancer Therapy (2020-2025): Beyond Cytotoxic Mechanisms. J.
Ginseng Res. 2026, 101072. [CrossRef]

Efimova, S.S.; Pham, Q.M.; Trinh, H.T.T.; Pham, L.Q.; Ostroumova, O.S. Alteration of Lipid Bilayer Electrical Potential by
Phytochemicals and Synthetic Analogs: Implications for Cellular Function. Biomolecules 2026, 16, 342. [CrossRef] [PubMed]
Tinoush, B.; Shirdel, I.; Wink, M. Phytochemicals: Potential Lead Molecules for MDR Reversal. Front. Pharmacol. 2020, 11, 832.
[CrossRef] [PubMed]

Amawi, H.; Sim, HM.; Tiwari, A.K.; Ambudkar, S.V.; Shukla, S. ABC Transporter-Mediated Multidrug-Resistant Cancer. Adv.
Exp. Med. Biol. 2019, 1141, 549-580. [CrossRef] [PubMed]

Sowmiya, S.; Suseela, V.; Jeyaramraja, P.R. Phytochemical nanoliposomes: Next-generation therapeutics in precision oncology.
Nano Express 2025, 6, 42002. [CrossRef]

Areej Rizwan Sharif, H.; Kamran Sharif, M.; Rehman, A.; Muhammad, Z.; Younas, S.; Al-Farga, A. Phytochemicals in Oxidative
Stress and Cancer Prevention: Emphasis on Seed-Derived Bioactives, Mechanistic Insights, and Nanotechnological Advances.
Cancer Biother. Radiopharm. 2026. [CrossRef] [PubMed]

Heriyanto, D.S.; Nurkolis, F.; Choi, J.; Park, S.; Choi, M.; Tjandrawinata, R.R.; Rani, A.; Park, M.N.; Kwak, M.].; Shim, B.S,;
et al. Cannabinoid-Driven Rewiring of GPCR and Ion Channel Signaling in Lung Cancer. Biomedicines 2026, 14, 856. [CrossRef]
[PubMed]

Szlasa, W.; Zendran, 1.; Zalesiriska, A.; Tarek, M.; Kulbacka, J. Lipid composition of the cancer cell membrane. ]. Bioenerg.
Biomembr. 2020, 52, 321-342. [CrossRef] [PubMed]

Fei, W.; Yan, J.; Wu, X,; Yang, S.; Zhang, X.; Wang, R.; Chen, Y.; Xu, J.; Zheng, C. Perturbing plasma membrane lipid: A new
paradigm for tumor nanotherapeutics. Theranostics 2023, 13, 2471-2491. [CrossRef] [PubMed]

Mollinedo, F.; Gajate, C. Lipid rafts as signaling hubs in cancer cell survival /death and invasion: Implications in tumor progression
and therapy: Thematic Review Series: Biology of Lipid Rafts. ]. Lipid Res. 2020, 61, 611-635. [CrossRef] [PubMed]

Jiang, W.; Jin, W.L.; Xu, A M. Cholesterol metabolism in tumor microenvironment: Cancer hallmarks and therapeutic opportunities.
Int. ]. Biol. Sci. 2024, 20, 2044-2071. [CrossRef] [PubMed]

Segawa, K.; Nagata, S. An Apoptotic ‘Eat Me’ Signal: Phosphatidylserine Exposure. Trends Cell Biol. 2015, 25, 639-650. [CrossRef]
[PubMed]

Boada-Romero, E.; Martinez, J.; Heckmann, B.L.; Green, D.R. The clearance of dead cells by efferocytosis. Nat. Rev. Mol. Cell Biol.
2020, 21, 398-414. [CrossRef] [PubMed]

Repnik, U.; Hafner Cesen, M.; Turk, B. Lysosomal membrane permeabilization in cell death: Concepts and challenges. Mitochon-
drion 2014, 19, 49-57. [CrossRef] [PubMed]

https:/ /doi.org/10.3390/ph19081233


https://doi.org/10.3390/ph16010092
https://www.ncbi.nlm.nih.gov/pubmed/36678588
https://doi.org/10.1016/j.biopha.2024.116497
https://www.ncbi.nlm.nih.gov/pubmed/38552443
https://doi.org/10.3892/ol.2020.12001
https://www.ncbi.nlm.nih.gov/pubmed/32934709
https://doi.org/10.3390/biomedicines14010212
https://www.ncbi.nlm.nih.gov/pubmed/41595746
https://doi.org/10.3389/fphar.2026.1782874
https://www.ncbi.nlm.nih.gov/pubmed/41971093
https://doi.org/10.1038/s41418-022-01013-z
https://www.ncbi.nlm.nih.gov/pubmed/35585181
https://doi.org/10.3390/ijms26209859
https://www.ncbi.nlm.nih.gov/pubmed/41155156
https://doi.org/10.1038/s41392-025-02311-x
https://www.ncbi.nlm.nih.gov/pubmed/40754534
https://doi.org/10.1177/10732748241299072
https://www.ncbi.nlm.nih.gov/pubmed/39487853
https://doi.org/10.1038/s41392-023-01347-1
https://www.ncbi.nlm.nih.gov/pubmed/36859359
https://doi.org/10.1186/s12964-025-02112-3
https://www.ncbi.nlm.nih.gov/pubmed/41267117
https://doi.org/10.1016/j.jgr.2026.101072
https://doi.org/10.3390/biom16030342
https://www.ncbi.nlm.nih.gov/pubmed/41897281
https://doi.org/10.3389/fphar.2020.00832
https://www.ncbi.nlm.nih.gov/pubmed/32636741
https://doi.org/10.1007/978-981-13-7647-4_12
https://www.ncbi.nlm.nih.gov/pubmed/31571174
https://doi.org/10.1088/2632-959x/ae2041
https://doi.org/10.1177/10849785261436375
https://www.ncbi.nlm.nih.gov/pubmed/41902641
https://doi.org/10.3390/biomedicines14040856
https://www.ncbi.nlm.nih.gov/pubmed/42072396
https://doi.org/10.1007/s10863-020-09846-4
https://www.ncbi.nlm.nih.gov/pubmed/32715369
https://doi.org/10.7150/thno.82189
https://www.ncbi.nlm.nih.gov/pubmed/37215569
https://doi.org/10.1194/jlr.TR119000439
https://www.ncbi.nlm.nih.gov/pubmed/33715811
https://doi.org/10.7150/ijbs.92274
https://www.ncbi.nlm.nih.gov/pubmed/38617549
https://doi.org/10.1016/j.tcb.2015.08.003
https://www.ncbi.nlm.nih.gov/pubmed/26437594
https://doi.org/10.1038/s41580-020-0232-1
https://www.ncbi.nlm.nih.gov/pubmed/32251387
https://doi.org/10.1016/j.mito.2014.06.006
https://www.ncbi.nlm.nih.gov/pubmed/24984038
https://doi.org/10.3390/ph19081233

Pharmaceuticals 2026, 19, 1233 50 of 53

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

Halaby, R. Natural Products Induce Lysosomal Membrane Permeabilization as an Anticancer Strategy. Medicines 2021, 8, 69.
[CrossRef] [PubMed]

Muttiah, B.; Abdullah, N.A.H. Natural compounds in ovarian cancer: Mechanistic insights and therapeutic potential. Front.
Pharmacol. 2026, 16, 1687805. [CrossRef] [PubMed]

Sharma, V.,; Chaudhary, A.A.; Bawari, S.; Gupta, S.; Mishra, R.; Khan, S.U.; Ali, M.A.M.; Shahid, M.; Srivastava, S.; Verma, D.; et al.
Unraveling cancer progression pathways and phytochemical therapeutic strategies for its management. Front. Pharmacol. 2024,
15,1414790. [CrossRef] [PubMed]

Okada, Y.; Sato-Numata, K.; Sabirov, R.Z.; Numata, T. Cell Death Induction and Protection by Activation of Ubiquitously
Expressed Anion/Cation Channels. Part 2: Functional and Molecular Properties of ASOR/PAC Channels and Their Roles in Cell
Volume Dysregulation and Acidotoxic Cell Death. Front. Cell Dev. Biol. 2021, 9, 702317. [CrossRef] [PubMed]

Zhou, S.; Song, X.; Zeng, W.; Chen, D. Targeting Ion Channels for Cancer Therapy: From Pathophysiological Mechanisms to
Clinical Translation. Pharmaceuticals 2025, 18, 1521. [CrossRef] [PubMed]

Karakas, E.; Strange, K.; Denton, ]J.S. Recent advances in structural characterization of volume-regulated anion channels (VRACs).
J. Physiol. 2025, 603, 4201-4211. [CrossRef] [PubMed]

Sahoo, H.P.; Sahoo, R.K.; Parida, S.; Sahoo, B.M.; Gochhi, M.; Dash, P; das, C.; Ghosh, G.; Rath, G.; Kar, B. Phytochemicals as
Promising Therapeutics in Cancer Prevention and Treatment: Mechanisms and Applications. Curr. Cancer Drug Targets 2026, 26,
925-945. [CrossRef] [PubMed]

Joshi, P.; Verma, K.; Kumar Semwal, D.; Dwivedi, J.; Sharma, S. Mechanism insights of curcumin and its analogues in cancer: An
update. Phytother. Res. PTR 2023, 37, 5435-5463. [CrossRef] [PubMed]

Wang, M; Liu, X,; Chen, T.; Cheng, X.; Xiao, H.; Meng, X,; Jiang, Y. Inhibition and potential treatment of colorectal cancer by
natural compounds via various signaling pathways. Front. Oncol. 2022, 12, 956793. [CrossRef] [PubMed]

Ni, B.; Song, X.; Shi, B.; Wang, J.; Sun, Q.; Wang, X.; Xu, M.; Cao, L.; Zhu, G.; Li, J. Research progress of ginseng in the treatment of
gastrointestinal cancers. Front. Pharmacol. 2022, 13, 1036498. [CrossRef] [PubMed]

Ameer, S.F; Mohamed, M.Y.; Elzubair, Q.A.; Sharif, E.A.M.; Ibrahim, W.N. Curcumin as a novel therapeutic candidate for cancer:
Can this natural compound revolutionize cancer treatment? Front. Oncol. 2024, 14, 1438040. [CrossRef] [PubMed]
Mendoza-Calderén, S.A.; Cruz Luis, H.I.; Pérez-Campos Mayoral, L.; Vasquez-Martinez, I.P.; Pérez-Campos, E.; Bazan Salinas,
I.L.; Ruiz-Rosado, ].D.; Néjera-Segura, N.S.; Jarquin Gonzalez, E.E.; Aragén Ayala, ].E.; et al. Plant-Derived Secondary Metabolites
Modulating Inflammation-Driven Pathways in Hepatocellular Carcinoma: Preclinical Insights. Curr. Issues Mol. Biol. 2026, 48,
172. [CrossRef] [PubMed]

Randeni, N.; Wang, Y.; Zhou, S.; Xu, B. Dietary pterostilbene and cancer: A critical review on its molecular mechanisms and
therapeutic potential. Food Sci. Hum. Wellness 2026, 15, 9250592. [CrossRef]

Zuo, M.; Chen, H.; Liao, Y.; He, P; Xu, T,; Tang, ].; Zhang, N. Sulforaphane and bladder cancer: A potential novel antitumor
compound. Front. Pharmacol. 2023, 14, 1254236. [CrossRef] [PubMed]

Li, X.X,; Liu, C,; Dong, S.L.; Ou, C.S,; Lu, J.L; Ye, J.H.; Liang, Y.R.; Zheng, X.Q. Anticarcinogenic potentials of tea catechins. Front.
Nutr. 2022, 9, 1060783. [CrossRef] [PubMed]

Glaviano, A.; Foo, A.S.C.; Lam, H.Y,; Yap, K.C.H.; Jacot, W.; Jones, R.H.; Eng, H.; Nair, M.G.; Makvandi, P.; Geoerger, B.; et al.
PI3K/AKT/mTOR signaling transduction pathway and targeted therapies in cancer. Mol. Cancer 2023, 22, 138. [CrossRef]
[PubMed]

Jiang, M.; Zhang, K.; Zhang, Z.; Zeng, X.; Huang, Z.; Qin, P; Xie, Z.; Cai, X.; Ashrafizadeh, M.; Tian, Y.; et al. PI3K/AKT/mTOR
Axis in Cancer: From Pathogenesis to Treatment. MedComm 2025, 6, €70295. [CrossRef] [PubMed]

Keerthana, C.K.; Rayginia, T.P,; Shifana, S.C.; Anto, N.P,; Kalimuthu, K.; Isakov, N.; Anto, R.]. The role of AMPK in cancer
metabolism and its impact on the immunomodulation of the tumor microenvironment. Front. Immunol. 2023, 14, 1114582.
[CrossRef] [PubMed]

Pua, L.J.W,; Mai, CW.; Chung, EE; Khoo, A.S.; Leong, C.O.; Lim, WM.; Hii, L.W. Functional Roles of JNK and p38 MAPK
Signaling in Nasopharyngeal Carcinoma. Int. . Mol. Sci. 2022, 23, 1108. [CrossRef] [PubMed]

Ma, Y.T,; Li, C; Shen, Y.; You, W.H.; Han, M.X,; Mu, Y.F; Han, EJ. Mechanisms of the JNK/p38 MAPK signaling pathway in drug
resistance in ovarian cancer. Front. Oncol. 2025, 15, 1533352. [CrossRef] [PubMed]

Lukas, K.; Nguyen, J.; Necas, C.; Dave, K.; Venketaraman, V. Targeting the NF-«xB Pathway in Cancer: Mechanisms, Resistance,
and Therapeutic Potential Across Tumor Types. Pharmaceuticals 2025, 18, 1764. [CrossRef] [PubMed]

Gu, Y.,; Mohammad, 1.S.; Liu, Z. Overview of the STAT-3 signaling pathway in cancer and the development of specific inhibitors.
Oncol. Lett. 2020, 19, 2585-2594. [CrossRef] [PubMed]

Wu, X; Que, H.; Li, Q.; Wei, X. Wnt/ 3-catenin mediated signaling pathways in cancer: Recent advances, and applications in
cancer therapy. Mol. Cancer 2025, 24, 171. [CrossRef] [PubMed]

Xu, H.; Cui, H.; Weng, S.; Zhang, Y.; Wang, L.; Xing, Z.; Han, X,; Liu, Z. Crosstalk of cell death pathways unveils an autophagy-
related gene AOCS3 as a critical prognostic marker in colorectal cancer. Commun. Biol. 2024, 7, 296. [CrossRef] [PubMed]

https:/ /doi.org/10.3390/ph19081233


https://doi.org/10.3390/medicines8110069
https://www.ncbi.nlm.nih.gov/pubmed/34822366
https://doi.org/10.3389/fphar.2025.1687805
https://www.ncbi.nlm.nih.gov/pubmed/41657772
https://doi.org/10.3389/fphar.2024.1414790
https://www.ncbi.nlm.nih.gov/pubmed/39246660
https://doi.org/10.3389/fcell.2021.702317
https://www.ncbi.nlm.nih.gov/pubmed/34307382
https://doi.org/10.3390/ph18101521
https://www.ncbi.nlm.nih.gov/pubmed/41155636
https://doi.org/10.1113/JP286189
https://www.ncbi.nlm.nih.gov/pubmed/39977537
https://doi.org/10.2174/0115680096451740260311114647
https://www.ncbi.nlm.nih.gov/pubmed/42002978
https://doi.org/10.1002/ptr.7983
https://www.ncbi.nlm.nih.gov/pubmed/37649266
https://doi.org/10.3389/fonc.2022.956793
https://www.ncbi.nlm.nih.gov/pubmed/36158694
https://doi.org/10.3389/fphar.2022.1036498
https://www.ncbi.nlm.nih.gov/pubmed/36313365
https://doi.org/10.3389/fonc.2024.1438040
https://www.ncbi.nlm.nih.gov/pubmed/39507759
https://doi.org/10.3390/cimb48020172
https://www.ncbi.nlm.nih.gov/pubmed/41751435
https://doi.org/10.26599/fshw.2025.9250592
https://doi.org/10.3389/fphar.2023.1254236
https://www.ncbi.nlm.nih.gov/pubmed/37781700
https://doi.org/10.3389/fnut.2022.1060783
https://www.ncbi.nlm.nih.gov/pubmed/36545470
https://doi.org/10.1186/s12943-023-01827-6
https://www.ncbi.nlm.nih.gov/pubmed/37596643
https://doi.org/10.1002/mco2.70295
https://www.ncbi.nlm.nih.gov/pubmed/40740483
https://doi.org/10.3389/fimmu.2023.1114582
https://www.ncbi.nlm.nih.gov/pubmed/36875093
https://doi.org/10.3390/ijms23031108
https://www.ncbi.nlm.nih.gov/pubmed/35163030
https://doi.org/10.3389/fonc.2025.1533352
https://www.ncbi.nlm.nih.gov/pubmed/40352594
https://doi.org/10.3390/ph18111764
https://www.ncbi.nlm.nih.gov/pubmed/41305005
https://doi.org/10.3892/ol.2020.11394
https://www.ncbi.nlm.nih.gov/pubmed/32218808
https://doi.org/10.1186/s12943-025-02363-1
https://www.ncbi.nlm.nih.gov/pubmed/40495229
https://doi.org/10.1038/s42003-024-05980-6
https://www.ncbi.nlm.nih.gov/pubmed/38461356
https://doi.org/10.3390/ph19081233

Pharmaceuticals 2026, 19, 1233 51 of 53

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.
141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

Chen, X.; Cubillos-Ruiz, ].R. Endoplasmic reticulum stress signals in the tumour and its microenvironment. Nat. Rev. Cancer 2021,
21, 71-88. [CrossRef] [PubMed]

Hetz, C.; Zhang, K.; Kaufman, R.J. Mechanisms, regulation and functions of the unfolded protein response. Nat. Rev. Mol. Cell
Biol. 2020, 21, 421-438. [CrossRef] [PubMed]

Galluzzi, L.; Vitale, I.; Aaronson, S.A.; Abrams, ] M.; Adam, D.; Agostinis, P.; Alnemri, E.S.; Altucci, L.; Amelio, .; Andrews, D.W,;
et al. Molecular mechanisms of cell death: Recommendations of the Nomenclature Committee on Cell Death 2018. Cell Death
Differ. 2018, 25, 486-541. [CrossRef] [PubMed]

Bertheloot, D.; Latz, E.; Franklin, B.S. Necroptosis, pyroptosis and apoptosis: An intricate game of cell death. Cell. Mol. Immunol.
2021, 18, 1106-1121. [CrossRef] [PubMed]

Singh, R.; Letai, A.; Sarosiek, K. Regulation of apoptosis in health and disease: The balancing act of BCL-2 family proteins. Nat.
Rev. Mol. Cell Biol. 2019, 20, 175-193. [CrossRef] [PubMed]

Kale, J.; Osterlund, E.J.; Andrews, D.W. BBCL-2 family proteins: Changing partners in the dance towards death. Cell Death Differ.
2018, 25, 65-80. [CrossRef] [PubMed]

Jiang, X.; Stockwell, B.R.; Conrad, M. Ferroptosis: Mechanisms, biology and role in disease. Nat. Rev. Mol. Cell Biol. 2021, 22,
266-282. [CrossRef] [PubMed]

Stockwell, B.R.; Friedmann Angeli, J.P.; Bayir, H.; Bush, A.I.; Conrad, M.; Dixon, S.J.; Fulda, S.; Gascén, S.; Hatzios, S.K.; Kagan,
V.E,; et al. Ferroptosis: A Regulated Cell Death Nexus Linking Metabolism, Redox Biology, and Disease. Cell 2017, 171, 273-285.
[CrossRef] [PubMed]

Dixon, S.J. Ferroptosis: Bug or feature? Immunol. Rev. 2017, 277, 150-157. [CrossRef] [PubMed]

Weinlich, R.; Oberst, A.; Beere, H.M.; Green, D.R. Necroptosis in development, inflammation and disease. Nat. Rev. Mol. Cell Biol.
2017, 18, 127-136. [CrossRef] [PubMed]

Gong, Y.N.; Guy, C.; Crawford, J.C.; Green, D.R. Biological events and molecular signaling following MLKL activation during
necroptosis. Cell Cycle 2017, 16, 1748-1760. [CrossRef] [PubMed]

Meng, Y.; Sandow, ].].; Czabotar, P.E.; Murphy, ]. M. The regulation of necroptosis by post-translational modifications. Cell Death
Differ. 2021, 28, 861-883. [CrossRef] [PubMed]

Grootjans, S.; Vanden Berghe, T.; Vandenabeele, P. Initiation and execution mechanisms of necroptosis: An overview. Cell Death
Differ. 2017, 24, 1184-1195. [CrossRef] [PubMed]

Molnar, T.; Mazl6, A.; Tslaf, V.; Szoll6si, A.G.; Emri, G.; Koncz, G. Current translational potential and underlying molecular
mechanisms of necroptosis. Cell Death Dis. 2019, 10, 860. [CrossRef] [PubMed]

Xia, X.; Wang, X; Cheng, Z.; Qin, W,; Lei, L.; Jiang, J.; Hu, J. The role of pyroptosis in cancer: Pro-cancer or pro-“host”? Cell Death
Dis. 2019, 10, 650. [CrossRef] [PubMed]

Kovacs, S.B.; Miao, E.A. Gasdermins: Effectors of Pyroptosis. Trends Cell Biol. 2017, 27, 673-684. [CrossRef] [PubMed]
Rathinam, V.A_; Fitzgerald, K.A. Inflammasome Complexes: Emerging Mechanisms and Effector Functions. Cell 2016, 165,
792-800. [CrossRef] [PubMed]

Broz, P; Dixit, V.M. Inflammasomes: Mechanism of assembly, regulation and signalling. Nat. Rev. Immunol. 2016, 16, 407-420.
[CrossRef] [PubMed]

Tang, D.; Kang, R.; Berghe, T.V,; Vandenabeele, P.; Kroemer, G. The molecular machinery of regulated cell death. Cell Res. 2019, 29,
347-364. [CrossRef] [PubMed]

Vanden Berghe, T.; Linkermann, A.; Jouan-Lanhouet, S.; Walczak, H.; Vandenabeele, P. Regulated necrosis: The expanding
network of non-apoptotic cell death pathways. Nat. Rev. Mol. Cell Biol. 2014, 15, 135-147. [CrossRef] [PubMed]

Wang, S.; Guo, S.; Guo, J.; Du, Q.; Wu, C.; Wu, Y.; Zhang, Y. Cell death pathways: Molecular mechanisms and therapeutic targets
for cancer. MedComm 2024, 5, e693. [CrossRef] [PubMed]

Kepp, O.; Senovilla, L.; Vitale, I.; Vacchelli, E.; Adjemian, S.; Agostinis, P.; Apetoh, L.; Aranda, F.; Barnaba, V.; Bloy, N.; et al.
Consensus guidelines for the detection of immunogenic cell death. Oncoimmunology 2014, 3, €955691. [CrossRef] [PubMed]
Hafner, M.; Niepel, M.; Chung, M.; Sorger, PK. Growth rate inhibition metrics correct for confounders in measuring sensitivity to
cancer drugs. Nat. Methods 2016, 13, 521-527. [CrossRef] [PubMed]

Harris, L.A.; Frick, PL.; Garbett, S.P.; Hardeman, K.N.; Paudel, B.B.; Lopez, C.E; Quaranta, V.; Tyson, D.R. An unbiased metric of
antiproliferative drug effect in vitro. Nat. Methods 2016, 13, 497-500. [CrossRef] [PubMed]

Green, D.R. The Coming Decade of Cell Death Research: Five Riddles. Cell 2019, 177, 1094-1107. [CrossRef] [PubMed]
Calabrese, E.J. Hormesis: Path and Progression to Significance. Int. J. Mol. Sci. 2018, 19, 2871. [CrossRef] [PubMed]

Kobylka, P.; Murias, M.; Kandulski, K.; Kucinska, M. Beyond Curcumin: Structural Modification Strategies to Improve Stability,
Bioavailability, and Antiproliferative Activity. Planta Med. 2026. Advance online publication. [CrossRef] [PubMed]

Lather, A.; Dahibhate, N.L.; Dutta, N.; Kumari, N.; Nayak, V.; Kumar, K. Anticancer potential of mangrove derived metabolites:
Cytotoxicity and phytochemical based studies. BMIC Complement. Med. Ther. 2026, 26, 148. [CrossRef] [PubMed]

https:/ /doi.org/10.3390/ph19081233


https://doi.org/10.1038/s41568-020-00312-2
https://www.ncbi.nlm.nih.gov/pubmed/33214692
https://doi.org/10.1038/s41580-020-0250-z
https://www.ncbi.nlm.nih.gov/pubmed/32457508
https://doi.org/10.1038/s41418-017-0012-4
https://www.ncbi.nlm.nih.gov/pubmed/29362479
https://doi.org/10.1038/s41423-020-00630-3
https://www.ncbi.nlm.nih.gov/pubmed/33785842
https://doi.org/10.1038/s41580-018-0089-8
https://www.ncbi.nlm.nih.gov/pubmed/30655609
https://doi.org/10.1038/cdd.2017.186
https://www.ncbi.nlm.nih.gov/pubmed/29149100
https://doi.org/10.1038/s41580-020-00324-8
https://www.ncbi.nlm.nih.gov/pubmed/33495651
https://doi.org/10.1016/j.cell.2017.09.021
https://www.ncbi.nlm.nih.gov/pubmed/28985560
https://doi.org/10.1111/imr.12533
https://www.ncbi.nlm.nih.gov/pubmed/28462529
https://doi.org/10.1038/nrm.2016.149
https://www.ncbi.nlm.nih.gov/pubmed/27999438
https://doi.org/10.1080/15384101.2017.1371889
https://www.ncbi.nlm.nih.gov/pubmed/28854080
https://doi.org/10.1038/s41418-020-00722-7
https://www.ncbi.nlm.nih.gov/pubmed/33462412
https://doi.org/10.1038/cdd.2017.65
https://www.ncbi.nlm.nih.gov/pubmed/28498367
https://doi.org/10.1038/s41419-019-2094-z
https://www.ncbi.nlm.nih.gov/pubmed/31719524
https://doi.org/10.1038/s41419-019-1883-8
https://www.ncbi.nlm.nih.gov/pubmed/31501419
https://doi.org/10.1016/j.tcb.2017.05.005
https://www.ncbi.nlm.nih.gov/pubmed/28619472
https://doi.org/10.1016/j.cell.2016.03.046
https://www.ncbi.nlm.nih.gov/pubmed/27153493
https://doi.org/10.1038/nri.2016.58
https://www.ncbi.nlm.nih.gov/pubmed/27291964
https://doi.org/10.1038/s41422-019-0164-5
https://www.ncbi.nlm.nih.gov/pubmed/30948788
https://doi.org/10.1038/nrm3737
https://www.ncbi.nlm.nih.gov/pubmed/24452471
https://doi.org/10.1002/mco2.693
https://www.ncbi.nlm.nih.gov/pubmed/39239068
https://doi.org/10.4161/21624011.2014.955691
https://www.ncbi.nlm.nih.gov/pubmed/25941621
https://doi.org/10.1038/nmeth.3853
https://www.ncbi.nlm.nih.gov/pubmed/27135972
https://doi.org/10.1038/nmeth.3852
https://www.ncbi.nlm.nih.gov/pubmed/27135974
https://doi.org/10.1016/j.cell.2019.04.024
https://www.ncbi.nlm.nih.gov/pubmed/31100266
https://doi.org/10.3390/ijms19102871
https://www.ncbi.nlm.nih.gov/pubmed/30248927
https://doi.org/10.1055/a-2860-5232
https://www.ncbi.nlm.nih.gov/pubmed/42119595
https://doi.org/10.1186/s12906-026-05297-3
https://www.ncbi.nlm.nih.gov/pubmed/41821025
https://doi.org/10.3390/ph19081233

Pharmaceuticals 2026, 19, 1233 52 of 53

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

Toshtemirova, G.; Rustamova, S.; Tsiferova, N.; Maksimcheva, G.; Merzlyak, P.; Kurbannazarova, R.; Sabirov, R. Effect of
pinocembrin on thymocyte proliferation and death. J. Herbmed Pharmacol. 2024, 13, 137-143. [CrossRef]

Salimova, F.A.; Rustamova, S.I.; Khojiboev, S.A.; Khamidova, O.].; Merzlyak, P.G.; Fayziev, D.D.; Syrov, V.N.; Egamova, FR,;
Kurbannazarova, R.S.; Sabirov, R.Z. Bidirectional effect of ecdysterone on thymocyte volume regulation and proliferation. Steroids
2025, 221, 109653. [CrossRef] [PubMed]

Rakhimova, M.B.; Esanov, R.S.; Merzlyak, P.G.; Gafurov, M.B.; Kurbannazarova, R.S.; Matchanov, O.D.; Sabirov, R.Z. Effect of
Glycyrrhetic Acid Derivatives on Regulation of Thymocyte Volume. Bull. Exp. Biol. Med. 2023, 175, 27-31. [CrossRef] [PubMed]
Chorieva, N.M.; Fayziev, D.D.; Tsiferova, N.A.; Toshtemirova, G.A.; Khamidova, O.].; Merzlyak, P.G.; Kurbannazarova, R.S.;
Ziyaev, K.L.; Gafurov, M.B.; Sabirov, R.Z. Lytic and sublytic effects of gossypol on red blood cells and thymocytes. Clin. Exp.
Pharmacol. Physiol. 2021, 48, 227-237. [CrossRef] [PubMed]

Fayziev, D.; Merzlyak, P.; Rustamova, S.; Khamidova, O.; Kurbannazarova, R.; Sabirov, R. Effect of glycyrrhizin and its derivatives
on integrity of human red blood cells. J. Herbmed Pharmacol. 2022, 11, 546-553. [CrossRef]

Sachs, N.; de Ligt, J.; Kopper, O.; Gogola, E.; Bounova, G.; Weeber, E; Balgobind, A.V.; Wind, K.; Gracanin, A.; Begthel, H.; et al. A
Living Biobank of Breast Cancer Organoids Captures Disease Heterogeneity. Cell 2018, 172, 373-386.€10. [CrossRef] [PubMed]
Driehuis, E.; Kretzschmar, K.; Clevers, H. Author Correction: Establishment of patient-derived cancer organoids for drug-
screening applications. Nat. Protoc. 2021, 16, 5739. [CrossRef] [PubMed]

Yadav, R; Singh, S.; Kumar, S.; Kolay, A.; Sharma, H.; Dorai, R.; Sharma, A K,; Singh, R.P,; Yadav, M.K. Preclinical screening
models in anticancer drug development: Strengths, limitations, and translational challenges. Front. Pharmacol. 2026, 17, 1822764.
[CrossRef] [PubMed]

Kumarasamy, R.V.; Natarajan, PM.; Mathivanan, I.; Balasubramaniam, M.; SN, S.; Prabhu, D.; Raju, K.; Mironescu, M.; Mironescu,
L.D. Sustainable biogenic synthesis of silver nanoparticles for oral cancer: A comprehensive review. Front. Nanotechnol. 2026, 7,
1648900. [CrossRef]

Sabirov, R.Z.; Rustamova, S.I.; Toshtemirova, G.A.; Tsiferova, N.A.; Khojiboev, S.A.; Fayziev, D.D.; Inogamov, U.K.; Kurban-
nazarova, R.S.; Syrov, V.N.; Merzlyak, P.G. Ferula sesquiterpenes, ferutinin, galbanic acid and karatavic acid, suppress thymocyte
volume regulation and proliferation by blocking the volume-sensitive anion channel. Biomed. Pharmacother. 2025, 184, 117875.
[CrossRef] [PubMed]

Rustamova, S.I; Tsiferova, N.A.; Khamidova, O.].; Kurbannazarova, R.S.; Merzlyak, P.G.; Khushbaktova, Z.A.; Syrov, V.N.; Botirov,
E.K.; Eshbakova, K.A.; Sabirov, R.Z. Effect of plant flavonoids on the volume regulation of rat thymocytes under hypoosmotic
stress. Pharmacol. Rep. PR 2019, 71, 1079-1087. [CrossRef] [PubMed]

Tsiferova, N.A.; Khamidova, O.J.; Amonov, A.U.; Rakhimova, M.B.; Rustamova, S.I,; Kurbannazaova, R.S.; Merzlyak, P.G;
Abdulladjanova, N.G.; Sabirov, R.Z. Tannins, novel inhibitors of the volume regulation and the volume-sensitive anion channel.
Eur. Pharm. ]. 2019, 66, 37-44. [CrossRef]

Okada, Y.; Okada, T.; Sato-Numata, K.; Islam Md, R.; Ando-Akatsuka, Y.; Numata, T.; Kubo, M.; Shimizu, T.; Kurbannazarova,
R.S.; Marunaka, Y.; et al. Cell Volume-Activated and Volume-Correlated Anion Channels in Mammalian Cells: Their Biophysical,
Molecular, and Pharmacological Properties. Pharmacol. Rev. 2019, 71, 49-88. [CrossRef] [PubMed]

Esa, M.; Kaewpaiboon, S.; Sohail Khan, M.; Srichana, T. Anticancer phytochemical nanodelivery systems using graphene
derivatives: A review. J. Appl. Pharm. Sci. 2026, 16, 004—038. [CrossRef]

Zhu, Y,; Wu, T,; Fu, Y,; Cheng, Z.; Zhu, M.; Lv, Y.; Nie, C.; Zheng, P; Qiao, D. Smart oral delivery of curcumin nanoparticulate
systems for targeted colorectal cancer therapy: Strategies, applications, and future perspectives. Nanomedicine 2026, 21, 1349-1384.
[CrossRef] [PubMed]

Gleeson, M.P.; Hersey, A.; Montanari, D.; Overington, J. Probing the links between in vitro potency, ADMET and physicochemical
parameters. Nat. Rev. Drug Discov. 2011, 10, 197-208. [CrossRef] [PubMed]

Emmerich, C.H.; Gamboa, L.M.; Hofmann, M.C.J.; Bonin-Andresen, M.; Arbach, O.; Schendel, P.; Gerlach, B.; Hempel, K,;
Bespalov, A.; Dirnagl, U.; et al. Improving target assessment in biomedical research: The GOT-IT recommendations. Nat. Rev.
Drug Discov. 2021, 20, 64-81. [CrossRef] [PubMed]

Kenakin, T. Know your molecule: Pharmacological characterization of drug candidates to enhance efficacy and reduce late-stage
attrition. Nat. Rev. Drug Discov. 2024, 23, 626—-644. [CrossRef] [PubMed]

Wang, D.; Villenave, R.; Stokar-Regenscheit, N.; Clevers, H. Human organoids as 3D in vitro platforms for drug discovery:
Opportunities and challenges. Nat. Rev. Drug Discov. 2026, 25, 204-226. [CrossRef] [PubMed]

Scannell, ].W.; Bosley, J.; Hickman, J.A.; Dawson, G.R.; Truebel, H.; Ferreira, G.S.; Richards, D.; Treherne, ]. M. Predictive validity in
drug discovery: What it is, why it matters and how to improve it. Nat. Rev. Drug Discov. 2022, 21, 915-931. [CrossRef] [PubMed]
Tan, L.; Hirte, S.; Palmacci, V.; Stork, C.; Kirchmair, J. Tackling assay interference associated with small molecules. Nat. Rev. Chem.
2024, 8, 319-339. [CrossRef] [PubMed]

Aldrich, C.; Bertozzi, C.; Georg, G.I; Kiessling, L.; Lindsley, C.; Liotta, D.; Merz, K.M.; Schepartz, A., Jr.; Wang, S. The Ecstasy and
Agony of Assay Interference Compounds. J. Med. Chem. 2017, 60, 2165-2168. [CrossRef] [PubMed]

https:/ /doi.org/10.3390/ph19081233


https://doi.org/10.34172/jhp.2024.48225
https://doi.org/10.1016/j.steroids.2025.109653
https://www.ncbi.nlm.nih.gov/pubmed/40543544
https://doi.org/10.1007/s10517-023-05804-3
https://www.ncbi.nlm.nih.gov/pubmed/37338755
https://doi.org/10.1111/1440-1681.13429
https://www.ncbi.nlm.nih.gov/pubmed/33124084
https://doi.org/10.34172/jhp.2022.63
https://doi.org/10.1016/j.cell.2017.11.010
https://www.ncbi.nlm.nih.gov/pubmed/29224780
https://doi.org/10.1038/s41596-021-00494-5
https://www.ncbi.nlm.nih.gov/pubmed/33437066
https://doi.org/10.3389/fphar.2026.1822764
https://www.ncbi.nlm.nih.gov/pubmed/42199864
https://doi.org/10.3389/fnano.2025.1648900
https://doi.org/10.1016/j.biopha.2025.117875
https://www.ncbi.nlm.nih.gov/pubmed/39913971
https://doi.org/10.1016/j.pharep.2019.05.023
https://www.ncbi.nlm.nih.gov/pubmed/31629088
https://doi.org/10.2478/afpuc-2019-0016
https://doi.org/10.1124/pr.118.015917
https://www.ncbi.nlm.nih.gov/pubmed/30573636
https://doi.org/10.7324/japs.2026.293265
https://doi.org/10.1080/17435889.2026.2650486
https://www.ncbi.nlm.nih.gov/pubmed/41902604
https://doi.org/10.1038/nrd3367
https://www.ncbi.nlm.nih.gov/pubmed/21358739
https://doi.org/10.1038/s41573-020-0087-3
https://www.ncbi.nlm.nih.gov/pubmed/33199880
https://doi.org/10.1038/s41573-024-00958-9
https://www.ncbi.nlm.nih.gov/pubmed/38890494
https://doi.org/10.1038/s41573-025-01317-y
https://www.ncbi.nlm.nih.gov/pubmed/41225057
https://doi.org/10.1038/s41573-022-00552-x
https://www.ncbi.nlm.nih.gov/pubmed/36195754
https://doi.org/10.1038/s41570-024-00593-3
https://www.ncbi.nlm.nih.gov/pubmed/38622244
https://doi.org/10.1021/acs.jmedchem.7b00229
https://www.ncbi.nlm.nih.gov/pubmed/28244745
https://doi.org/10.3390/ph19081233

Pharmaceuticals 2026, 19, 1233 53 of 53

175.

176.

177.

178.
179.

180.

181.

182.

183.

184.

185.

186.

187.

Nelson, K.M.; Dahlin, J.L.; Bisson, J.; Graham, J.; Pauli, G.E; Walters, M.A. Curcumin May (Not) Defy Science. ACS Med. Chem.
Lett. 2017, 8, 467-470. [CrossRef] [PubMed]

Pratiwi, R.; Dipadharma, R.H.F; Prayugo, 1.].; Layandro, O.A. Recent Analytical Method for Detection of Chemical Adulterants
in Herbal Medicine. Molecules 2021, 26, 6606. [CrossRef] [PubMed]

Sies, H.; Jones, D.P. Reactive oxygen species (ROS) as pleiotropic physiological signalling agents. Nat. Rev. Mol. Cell Biol. 2020, 21,
363-383. [CrossRef] [PubMed]

Moloney, J.N.; Cotter, T.G. ROS signalling in the biology of cancer. Semin. Cell Dev. Biol. 2018, 80, 50-64. [CrossRef] [PubMed]
Gao, L.; Liu, X,; Luo, X,; Lou, X,; Li, P; Li, X,; Liu, X. Antiaging effects of dietary supplements and natural products. Front.
Pharmacol. 2023, 14, 1192714. [CrossRef] [PubMed]

Li, Q.; Tong, Y.; Chen, ]J.; Xie, T. Targeting programmed cell death via active ingredients from natural plants: A promising
approach to cancer therapy. Front. Pharmacol. 2024, 15, 1491802. [CrossRef] [PubMed]

Silvers, M.A.; Deja, S.; Singh, N.; Egnatchik, R.A.; Sudderth, J.; Luo, X.; Beg, M.S.; Burgess, S.C.; DeBerardinis, R.J.; Boothman,
D.A.; et al. The NQOI1 bioactivatable drug, 3-lapachone, alters the redox state of NQO1+ pancreatic cancer cells, causing
perturbation in central carbon metabolism. J. Biol. Chem. 2017, 292, 18203-18216. [CrossRef] [PubMed]

Zhao, W,; Jiang, L.; Fang, T; Fang, F,; Liu, Y.; Zhao, Y.; You, Y.; Zhou, H.; Su, X,; Wang, J.; et al. p-Lapachone Selectively Kills
Hepatocellular Carcinoma Cells by Targeting NQO1 to Induce Extensive DNA Damage and PARP1 Hyperactivation. Front. Oncol.
2021, 11, 747282. [CrossRef] [PubMed]

Adams, D.J.; Dai, M.; Pellegrino, G.; Wagner, B.K.; Stern, A.M.; Shamji, A.F,; Schreiber, S.L. Synthesis, cellular evaluation, and
mechanism of action of piperlongumine analogs. Proc. Natl. Acad. Sci. USA 2012, 109, 15115-15120. [CrossRef] [PubMed]
Mohammad, J.; Singh, R.R; Riggle, C.; Haugrud, B.; Abdalla, M.Y.; Reindl, K.M. JNK inhibition blocks piperlongumine-induced
cell death and transcriptional activation of heme oxygenase-1 in pancreatic cancer cells. Apoptosis Int. ]. Program. Cell Death 2019,
24,730-744. [CrossRef] [PubMed]

Roh, J.L.; Kim, E.H.; Park, ].Y.; Kim, ] W.; Kwon, M.; Lee, B.H. Piperlongumine selectively kills cancer cells and increases cisplatin
antitumor activity in head and neck cancer. Oncotarget 2014, 5, 9227-9238. [CrossRef] [PubMed]

Guzman, M.L.; Rossi, R.M.; Neelakantan, S.; Li, X.; Corbett, C.A.; Hassane, D.C.; Becker, M.W.; Bennett, ].M.; Sullivan, E.;
Lachowicz, J.L.; et al. An orally bioavailable parthenolide analog selectively eradicates acute myelogenous leukemia stem and
progenitor cells. Blood 2007, 110, 4427-4435. [CrossRef] [PubMed]

Zarei, E.; Zarei, A.; Omidkhoda, A. Parthenolide: Pioneering new frontiers in hematological malignancies. Front. Pharmacol. 2025,
16, 1534686. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https:/ /doi.org/10.3390/ph19081233


https://doi.org/10.1021/acsmedchemlett.7b00139
https://www.ncbi.nlm.nih.gov/pubmed/28523093
https://doi.org/10.3390/molecules26216606
https://www.ncbi.nlm.nih.gov/pubmed/34771013
https://doi.org/10.1038/s41580-020-0230-3
https://www.ncbi.nlm.nih.gov/pubmed/32231263
https://doi.org/10.1016/j.semcdb.2017.05.023
https://www.ncbi.nlm.nih.gov/pubmed/28587975
https://doi.org/10.3389/fphar.2023.1192714
https://www.ncbi.nlm.nih.gov/pubmed/37441528
https://doi.org/10.3389/fphar.2024.1491802
https://www.ncbi.nlm.nih.gov/pubmed/39584140
https://doi.org/10.1074/jbc.M117.813923
https://www.ncbi.nlm.nih.gov/pubmed/28916726
https://doi.org/10.3389/fonc.2021.747282
https://www.ncbi.nlm.nih.gov/pubmed/34676172
https://doi.org/10.1073/pnas.1212802109
https://www.ncbi.nlm.nih.gov/pubmed/22949699
https://doi.org/10.1007/s10495-019-01553-9
https://www.ncbi.nlm.nih.gov/pubmed/31243599
https://doi.org/10.18632/oncotarget.2402
https://www.ncbi.nlm.nih.gov/pubmed/25193861
https://doi.org/10.1182/blood-2007-05-090621
https://www.ncbi.nlm.nih.gov/pubmed/17804695
https://doi.org/10.3389/fphar.2025.1534686
https://www.ncbi.nlm.nih.gov/pubmed/40303928
https://doi.org/10.3390/ph19081233

	Introduction 
	Why Natural Product Oncology Needs Reframing 
	Literature Search Strategy 

	From Compound-Centered Pharmacology to Vulnerability-Centered Phytopharmacology 
	Plant-Derived Compounds as Multi-Target Stress Modulators 
	Multi-Target Biology 
	Membrane–Ion Biology as an Emerging Vulnerability Layer 
	Purified Compounds, Crude Extracts, and Translational Considerations 
	Organizing Phytochemicals by Vulnerability States 

	Vulnerability State I: Redox Imbalance 
	Vulnerability State II: Mitochondrial Priming and Apoptotic Threshold 
	Vulnerability State III: Membrane Remodeling and Permeability 
	Vulnerability State IV: Ion-Channel Dependence and Cell-Volume Dysregulation 
	Vulnerability State V: Survival-Pathway Addiction 
	When Selective Apoptosis Fails: Necrosis, Non-Selective Toxicity, and Hormesis 
	Normal-Cell Sparing and Immune Compatibility 
	Methodological Roadmap: Studying Selective Apoptosis Induced by Plant-Derived Compounds 
	Integrative Model: How Vulnerability States Interact 
	Selective Apoptosis as a Systems-Level Threshold Event 
	Feed-Forward Loops Between Vulnerability States 
	Four Possible Outcomes After Natural-Product Exposure 
	Normal-Cell Sparing as the Decisive Filter 
	Experimental Implication: Define the Vulnerability Configuration 
	Illustrative Application of the Vulnerability-State Framework 

	Future Directions 
	Conclusions 
	References

