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Background: Cannabidiol (CBD), a major non-psychoactive phytocannabinoid derived from Cannabis sativa, has attracted increasing
attention as a potential anticancer agent because of its pleiotropic biological activities and favorable safety profile. However, the
mechanisms by which CBD regulates tumor cell death and their therapeutic relevance remain incompletely understood.

Methods and Results: This review summarizes current evidence on the molecular mechanisms by which CBD regulates tumor cell
death across different cancer models. Available studies indicate that CBD exerts antitumor effects through multi-target and multi-
pathway mechanisms involving oxidative stress, mitochondrial dysfunction, endoplasmic reticulum stress, calcium homeostasis
imbalance, and modulation of signaling networks such as PI3K/Akt/mTOR, MAPK, NF-kB, and PPARy. Through these intercon-
nected processes, CBD can induce apoptosis, autophagy, ferroptosis, pyroptosis, and cell cycle arrest in a context-dependent manner.
Notably, CBD may activate multiple regulated cell death pathways simultaneously or sequentially within the same tumor model,
reflecting a broader stress-response network rather than a single cytotoxic mechanism.

Therapeutic Implications: By coordinately engaging multiple cell death pathways and modulating the tumor microenvironment,
CBD provides mechanistic insights and potential opportunities for the development of novel anticancer strategies. However, current
evidence remains predominantly preclinical, while challenges related to oral bioavailability, pharmacokinetic variability, dose
optimization, and potential drug interactions continue to limit translational progress.

Conclusion: Collectively, available evidence suggests that CBD functions as a pleiotropic modulator of tumor cell fate rather than
a classical single-target cytotoxic agent. Further mechanistic, pharmacological, and clinical studies are required to support the rational
development of CBD-based anticancer therapies.
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Research Background

Cancer remains one of the leading causes of morbidity and mortality worldwide, driven by complex dysregulation of
genetic programs, metabolic networks, and intracellular signaling pathways.' Although surgical resection, radiotherapy,
chemotherapy, and targeted therapies have improved clinical outcomes in certain malignancies, their long-term efficacy is

frequently limited by systemic toxicity, drug resistance, and tumor heterogeneity.” Therefore, the identification of novel
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anticancer agents with favorable safety profiles and multifaceted mechanisms of action remains a critical priority in
oncology and drug development.

Cannabidiol (CBD), a major non-psychoactive phytocannabinoid derived from Cannabis sativa, has attracted increas-
ing attention as a potential anticancer agent due to its multimodal capacity to induce tumor cell death.* > Accumulating
evidence indicates that CBD influences tumor cell fate not only through the classical endocannabinoid system but also by
engaging diverse cellular stress responses,® including oxidative stress, endoplasmic reticulum stress, and mitochondrial
dysfunction.””® This multimodal regulation of cell death enables CBD to exert broad antitumor activity across multiple
cancer models while exhibiting relatively low cytotoxicity toward normal cells, highlighting its potential therapeutic

selectivity.

Research Significance
Nevertheless, a systematic understanding of how CBD selectively activates distinct cell death pathways across different
tumor types—and how these mechanisms interact within an integrated regulatory network—remains limited.

This review aims to synthesize current knowledge regarding the molecular mechanisms by which CBD regulates
tumor cell death and to evaluate their implications for anticancer drug development and therapeutic application. By
integrating mechanistic insights with pharmacological and translational considerations, this review seeks to provide
a conceptual framework to facilitate the progression of CBD-based anticancer strategies from preclinical investigation

toward clinical translation.

Association Between the Biological Effects of Cannabidiol and the
Regulation of Tumor Cell Death

CBD is a major non-psychoactive phytocannabinoid derived from Cannabis sativa, alongside A’-tetrahydrocannabinol
(A°-THC) as a principal bioactive component. Although CBD and A9-THC share the same molecular formula
(C21H3002),'*"" they differ in three-dimensional structure and conformational flexibility, which contributes to their
distinct receptor pharmacology and to the lack of overt psychotomimetic effects of CBD.'>™'® Although CBD does not
bind with high affinity to canonical endocannabinoid receptors,'’ emerging evidence indicates that it broadly modulates
cellular functions through multi-target, multi-pathway interactions, thereby establishing a mechanistic basis for its role in
regulating tumor cell death.'® Beyond oncology, CBD has demonstrated therapeutic potential in neurological and
inflammatory conditions, including Parkinson’s disease,'® Alzheimer’s disease,”® and refractory epilepsy.*'*

Although widely recognized for its anti-inflammatory and antioxidant properties, substantial preclinical evidence
supports CBD’s antitumor activity.”> CBD exhibits high lipophilicity, facilitating widespread tissue distribution, blood-
brain barrier penetration, and accumulation in adipose tissue—a pharmacokinetic profile that may contribute to its
enrichment within tumor microenvironments. Extensive in vitro studies demonstrate that CBD inhibits the viability of
diverse cancer cell types in a dose-dependent manner, including breast cancer,>* glioma,> glioblastoma,*® colorectal
cancer,27 gastric cancer,28 and melanoma,29 among others.

CBD undergoes extensive hepatic metabolism through both Phase I oxidation and Phase II conjugation. Current
evidence suggests that UGT-mediated conjugation, particularly involving UGT2B7, may contribute substantially to
overall CBD clearance, whereas CYP-dependent metabolism mainly participates in oxidative biotransformation,
among the CYP enzymes, CYP2C19 and CYP2C9 appear to be major contributors to 7-hydroxylation, while CYP3A4
is thought to contribute predominantly to oxidation at sites other than the 7-position.’>*' CBD itself can inhibit the
activity of CYP2C19 and CYP3A4, raising the potential for drug-drug interactions when co-administered with agents
such as clobazam, valproic acid, warfarin, certain calcium channel blockers, or immunosuppressants. These interactions
may lead to elevated plasma concentrations of concomitant drugs and associated adverse effects, necessitating careful
therapeutic monitoring of liver function and drug levels, as well as appropriate dose adjustments.m’32 The capacity of
CBD to modulate CYP450-mediated metabolism underscores the importance of vigilance in combination therapies and

enhanced toxicity surveillance in clinical practice.
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Mechanistically, the antitumor effects of CBD are not confined to a single receptor but involve the integrated
modulation of diverse cellular processes—including redox balance, calcium signaling, energy metabolism, and stress
responses—that collectively determine tumor cell fate. Overall, CBD exhibits a broad and complex pharmacological
profile, extending beyond the endocannabinoid system to regulate cellular functions through multi-target, multi-pathway
engagement. Its favorable safety record and pleiotropic biological activities®> position CBD as a promising candidate for
antitumor therapy.®* Further elucidation of its receptor interaction landscape and downstream signaling networks will
help clarify the molecular underpinnings of CBD-induced tumor cell death and provide a stronger rationale for its
translational development in oncology.

Key Molecular Mechanisms of CBD in Regulating Tumor Cell Death

CBD has demonstrated substantial cytotoxicity across diverse tumor models.?*%?*377 Its antitumor mechanisms
primarily involve the modulation of oxidative stress, mitochondrial function, endoplasmic reticulum stress, key signaling
pathways, and the tumor microenvironment (Figure 1). These interconnected processes collectively drive metabolic
dysregulation and promote programmed cell death in malignant cells.

Mechanisms Related to Oxidative Stress and Mitochondrial Dysfunction

Oxidative stress is a state in which the excessive accumulation of reactive oxygen species (ROS)—produced by
mitochondrial respiration or exogenous stimuli—overwhelms the cellular antioxidant defense system.***° This disruption
of redox equilibrium leads to oxidative damage of macromolecules, including proteins, lipids, and DNA, subsequently
perturbing signaling pathways, promoting inflammation, and inducing apoptosis or senescence.’®*’ Oxidative stress is
intimately linked to the pathogenesis of numerous diseases.*’ A key mechanism through which CBD induces tumor cell
death involves the dysregulation of oxidative homeostasis. CBD augments intracellular ROS generation while impairing
antioxidant defenses—such as glutathione synthesis and superoxide dismutase activity—thereby disrupting redox balance
and inflicting structural and functional damage on mitochondria.*' Elevated oxidative stress can promote mitochondrial
permeability transition, loss of A®¥m, and cytochrome c release, thereby facilitating caspase-dependent apoptosis.****
Moreover, CBD interferes with mitochondrial metabolism by modulating the tricarboxylic acid cycle and oxidative
phosphorylation, leading to reduced ATP synthesis and cellular energy depletion.*> The convergence of persistent
oxidative stress and bioenergetic crisis ultimately drives tumor cells into irreversible death programs.

Endoplasmic Reticulum Stress and Calcium lon Homeostasis Imbalance

CBD can also modulate tumor cell fate by inducing endoplasmic reticulum (ER) stress. Under stress conditions, CBD can
directly impair mitochondrial function and enhance ROS production, which secondarily disrupts intracellular Ca2+
handling and aggravates ER stress-associated apoptotic signaling.” Additionally, CBD may disrupt intracellular Ca2+
homeostasis and ER-associated Ca2+ handling, while impaired SERCA function may contribute to reduced Ca2+
reuptake and disturbed cellular Ca2+ balance.**® This dysregulation potentiates CHOP- and caspase-12-mediated pro-
apoptotic signaling pathways. In some resistant tumor models, CBD alone can induce ER stress and thereby promote
cancer cell death or resensitization, highlighting ER stress as an important mechanistic node rather than presuming
universal synergy with chemotherapy.*’

Regulatory Mechanisms of Signaling Pathways

CBD exerts its biological effects not through a single molecular target but by modulating multiple receptors and signaling
pathways. Although closely associated with the classical endocannabinoid system, CBD exhibits low direct affinity for
cannabinoid receptors CB1 and CB2, and primarily functions as a negative allosteric modulator or an indirect antagonist.>
This pharmacological profile allows CBD to influence downstream signaling cascades without eliciting pronounced
psychoactive effects. Beyond the endocannabinoid system, CBD engages several atypical molecular targets. Among these,
the transient receptor potential vanilloid 1 (TRPV1) channel serves as a key mediator. CBD activates TRPV1, leading to
increased intracellular Ca®* concentrations, which in turn trigger oxidative stress responses and initiate cell death signaling.”’
CBD also activates peroxisome proliferator-activated receptor y (PPARY), enhancing its transcriptional activity. This action
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Figure | CBD coordinately regulates tumor cell death through multi-target and multi-pathway mechanisms, which mainly include: (I) Induction of apoptosis and
programmed cell death. Activates the Transient Receptor Potential Vanilloid | (TRPV1) channel and inhibits Sarco/endoplasmic Reticulum Ca®+ ATPase (SERCA), leading
to mitochondrial dysfunction and oxidative stress, resulting in Reactive Oxygen Species (ROS) accumulation and Bcl-2/Bax ratio imbalance, thereby activating the caspase
cascade. Meanwhile, CBD can induce autophagy by inhibiting the Mammalian Target of Rapamycin (mTOR) pathway and trigger Ferroptosis by suppressing Glutathione
Peroxidase 4 (GPX4) and System Xc-. (2) Modulation of key signaling pathways and the cell cycle. Inhibits survival signals such as Phosphoinositide 3-Kinase/Protein Kinase
B (PI3K/Akt) and Nuclear Factor Kappa B (NF-kB), activates the Mitogen-Activated Protein Kinase (MAPK) pathway (eg JNK, p38, ERK), and downregulates cyclins Cyclin
DI/E and Cyclin-Dependent Kinase 2 (CDK2), inducing GO/G| phase arrest. (3) Remodeling of the Tumor Microenvironment (TME). Suppresses Cancer-Associated
Fibroblast (CAF) activation and the secretion of proinflammatory cytokines Interleukin-10/8 (IL-1B/8); downregulates Vascular Endothelial Growth Factor (VEGF) to inhibit
angiogenesis; restrains invasion and metastasis by modulating Epidermal Growth Factor Receptor (EGFR)/Extracellular Signal-Regulated Kinase (ERK) signaling and Matrix
Metalloproteinase 2/9 (MMP2/9) expression; and enhances the activity of CD8+ T cells and Natural Killer (NK) cells, coordinating anti-tumor immune responses. In
summary, CBD exerts antitumor effects through multi-level and multi-mechanistic synergy, providing a theoretical basis for its application in precision oncology therapy.
Notes: 1, increased/enhanced/promoted; |, decreased/reduced/inhibited.

suppresses the NF-kB signaling pathway, reduces pro-inflammatory cytokine production, and promotes tumor cell differ-
entiation and apoptosis.”? Additionally, CBD acts as a positive allosteric modulator of the serotonin receptor 5-HTIA,
potentiating its signaling, which may contribute to apoptosis regulation by modulating the cellular stress response.’
Furthermore, CBD inhibits the equilibrative nucleoside transporter 1 (ENT1), elevating extracellular adenosine levels and
thereby enhancing adenosine A2A receptor activation—a mechanism that can modulate immune cell function and inflam-
matory processes within the tumor microenvironment.>* In addition, CBD has been reported to modulate endocannabinoid
metabolic enzymes such as FAAH, inhibit voltage-gated sodium channels, and interact with orphan or endocannabinoid-
related GPCRs including GPR55.>"%°°® Among these atypical targets, GPR55 appears particularly relevant to cancer-
associated signaling, given the established involvement of the LPI/GPRS55 axis in tumor proliferation, migration, and

metastasis.”>’ %
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Impact on the Tumor Microenvironment

The tumor microenvironment (TME) plays an important role in tumor progression and immune escape. Evidence from
a small retrospective clinical series suggests that CBD may be associated with prolonged survival in patients with
glioblastoma,®' whereas mechanistic evidence for TME remodeling is still derived predominantly from preclinical
models.®> Mechanistically, CBD inhibits the activation and migration of cancer-associated fibroblasts (CAFs)*® and
reduces the secretion of pro-inflammatory cytokines such as IL-1B and IL-8, thereby attenuating pro-tumorigenic
signaling within the TME. Additionally, CBD enhances the cytotoxic activity of CD8'T cells and promotes natural
killer (NK) cell activation, collectively reinforcing anti-tumor immunity.®® Furthermore, CBD downregulates the
expression of angiogenesis-related factors such as vascular endothelial growth factor (VEGF), thereby impairing
tumor neovascularization and metastatic potential.** In breast cancer models, CBD suppresses EGF-induced activation
of EGFR, ERK, AKT, and NF-kB pathways, as well as the secretion of matrix metalloproteinases MMP2 and MMP9.%’
Together, these findings suggest that CBD may modulate multiple components of the tumor niche, although these effects
have been demonstrated predominantly in preclinical models and their generalizability across tumor types and dosing

conditions remains uncertain.

Types of Tumor Cell Death Mediated by CBD

CBD activates multiple programmed cell death pathways in diverse tumors (Table 1). These pathways include apoptosis,

autophagy, ferroptosis, and pyroptosis, they can function independently or interconnect.

Table | The Anti-Tumor Effects and Mechanisms of CBD Across Various Cancer Cell Lines

Cancer Type Publication Cell Lines Main Mechanisms Cell Death Mode Reference
Year
Colorectal Cancer 2025 RKO, HCT1 16, HT29, ROS1; activation of TRPAI; phosphorylation of | Induction of apoptosis [35]
SW480, MC38 AMPKT; LC3-I11 and autophagy
Colorectal Cancer 2024 HT-29, SW480, HCT-116, | ROS?; expression of ATF4 and CHOPT; Induction of apoptosis, [27]
HCT-15 Endoplasmic Reticulum Stresst; Atg71; proptosis, and
phosphorylated Beclin-1 and LC31; activation of | autophagy
JNK, p38, ERK inhibited
Melanoma 2024 BI6FI10, A375 ROS?T Induction of apoptosis [29]
Glioblastoma 2024 us7, U373 ROS1?; induced ERK activation; expression of Induction of autophagy [26]
autophagy-related proteins LC3-Il, Atg7, Beclin- | and ferroptosis
11; endoplasmic reticulum stresst; GPX4
expression]; TFRCt, SLC7AI ]
Liver Cancer 2021 HepG2, HUH7, Activation of the ISR-ATF4-CHOP pathway, Induction of pyroptosis [36]
MHCC97H promoting expression of pro-apoptotic proteins
(Bax, Bak), thereby activating the caspase-3/
GSDME axis
Gastric Cancer 2019 SGC-7901 ROST; expression of ATM and p531; levels of Induction of apoptosis [28]
CDK2 and Cyclin E|; Bax?, Bcl-2 expression and cell cycle arrest
and mitochondrial membrane potential |;
caspase-3/9 activity?
Breast Cancer 2018 T-47D, MDA-MB-23 1 PPARyt, mTOR, and Cyclin D1 Induction of apoptosis [24]
Breast Cancer 2015 MDA-MB-231, SUMI59, Epidermal Growth Factor (EGF) |; Proliferation, [37]
4TI, MVT-I, Phosphorylation of EGFR, AKT and ERK |; clonogenicity, migration,
MMP2, MMP9| and invasion
Glioma Cells 2006 us7 ROS?; Cytochrome c releasef; Activation of Growth inhibition, [25]
caspase-3/8/9 induction of apoptosis
(Continued)
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Table | (Continued).

Cancer Type Publication Cell Lines Main Mechanisms Cell Death Mode Reference
Year
Osteosarcoma 2025 143B, U20S TNF-a/NF-kB/CCL5 pathway | Inhibition of migration [65]

and invasion; induction
of pyroptosis.

Prostate Cancer 2023 PC3 Oxidative stress 1; Induction of caspase3/7 Induction of apoptosis [66]
activation
Pancreatic Cancer 2024 Panc03.27, Pancl Induction of endoplasmic reticulum stress via Induction of apoptosis, [67]
GRP78/ATF4/CHOP pathway and chemosensitization
Endometrial Cancer 2020 Ishikawa, LC3-1I1; Enhanced the efficacy of chemotherapy | Inhibition of migration, [68]
PCEMO004a, PCEMO004b, drugs targeting TRPV2 cell cycle arrest,
PCEMO002, HEC-1A, MFE- induction of autophagy,
280 and chemosensitization.
Lung Cancer 2021 A549, H1299, H69 Activation caspase-3/7 1; Expressions of BAKI, | Induction of apoptosis [69]

BAX, BAD and TP5371

Notes: 1, increased/enhanced/promoted; |, decreased/reduced/inhibited.

Apoptosis

Apoptosis is one of the earliest mechanisms identified by which CBD induces tumor cell death, primarily via the
mitochondrial pathway and the activation of the caspase cascade.”® CBD can induce a significant increase in intracellular
ROS levels, disrupt mitochondrial membrane potential, trigger the release of cytochrome c, and subsequently activate
Caspase-9 and Caspase-3, leading to classical apoptosis.”’ CBD-induced apoptosis appears to involve coordinated
mitochondrial perturbation, ROS accumulation, cardiolipin oxidation, depletion of glutathione, release of cytochrome
¢, and activation of initiator caspases (including caspase-9 and, in some settings, caspase-8), ultimately converging on
caspase-3-dependent apoptosis.>>’%’" Simultaneously, CBD downregulates the anti-apoptotic protein Bcl-2 and upregu-
lates the pro-apoptotic protein Bax, disrupting their balance and amplifying the apoptotic cascade. In various colorectal
cancer cell lines, CBD also induces the expression of other pro-apoptotic proteins, such as caspase-3 and p53, while
suppressing anti-apoptotic proteins, such as Bcl-xL, IAP-1, and survivin.?’ In multiple tumor cell types, CBD induces

- 24,26,27,72
apoptosis in a dose-dependent manner.>**2"-/

Autophagy

Autophagy is a primary mechanism that mediates the delivery of various intracellular materials to lysosomes for
degradation and recycling, and it also participates in diverse physiological processes such as maintaining cellular
homeostasis, adapting to nutrient deprivation and metabolic stress, regulating cell development and differentiation, and
controlling aging.”* However, autophagy plays a dual role in cancer, with its mechanisms exhibiting stage-dependent
effects. In the early stages of tumorigenesis, autophagy suppresses tumor transformation by clearing damaged organelles
and protein aggregates, thereby maintaining genomic stability. In established tumors, cancer cells exploit autophagy to
recycle metabolic substrates under stress conditions thereby supporting anabolic metabolism, proliferation, and therapy
resistance.”* Furthermore, accumulating evidence indicates that CBD can induce autophagy through multiple and
context-dependent mechanisms.”*”> In some cancer models, CBD has been reported to suppress AKT/mTOR signaling,
thereby facilitating activation of the ULKI complex and initiation of the autophagic program.’? This process is
subsequently associated with the involvement of key autophagy regulators, including the Beclin-1/VPS34 complex, as
well as conversion of LC3-I to LC3-II during autophagosome formation.”*’® However, CBD-induced autophagy does
not appear to be uniformly mediated through canonical mTORCI inhibition. In other experimental settings, CBD has
been shown to promote autophagy through ERK1/2 activation and AKT suppression in a ULKI1-dependent but
mTORC 1-independent manner.”> Collectively, these findings suggest that CBD-induced autophagy may contribute to
tumor cell death directly or may interact with apoptotic signaling, depending on the cellular context.”*’* Some studies
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have found that CBD-induced autophagy exhibits a synergistic relationship with the CHOP-dependent endoplasmic
reticulum stress pathway.49 In glioblastoma (GBM) and colorectal cancer, CBD can enhance the expression of autophagy

markers (LC3-II) and upregulate autophagy-related proteins such as Atg-7 and Beclin-1.2¢"

Ferroptosis

Ferroptosis is a regulated, non-apoptotic form of cell death characterized by iron-dependent accumulation of membrane
lipid peroxides.”” Mechanistically, it reflects a coordinated failure of cellular redox defense, typically involving reactive
oxygen species (ROS) accumulation, glutathione (GSH) depletion, increased labile iron, and impaired detoxification of
phospholipid peroxides through the System Xc¢ —~GSH-GPX4 axis.”® Current evidence suggests that CBD may promote
ferroptosis in selected tumor contexts rather than uniformly across cancers. In glioblastoma cells, CBD induced ERK
activation, increased ROS production, endoplasmic reticulum stress, and intracellular iron load, reduced GSH levels, and
modulated ferroptosis-related proteins including GPX4, SLC7A11, and TFRC.?® These effects were partially attenuated
by N-acetyl-cysteine or ERK inhibition, supporting a role for ROS/ERK-driven ferroptotic signaling. However, because
direct evidence remains limited and ferroptosis inhibition provides only partial rescue in available models, ferroptosis
should presently be regarded as an emerging, context-dependent complementary mechanism of CBD-induced antitumor
activity rather than a universally established pathway.

Regulation of Cell Cycle-Mediated Death

In estrogen receptor-positive and triple-negative breast cancer cells, CBD has been reported to downregulate mTOR and
cyclin D1 signaling while enhancing PPARY activity, thereby suppressing proliferation and promoting cell death.** In
addition to these effects, available evidence suggests that CBD-mediated cell cycle arrest involves broader regulation of
the G1/S checkpoint. In gastric cancer cells, CBD induces G0/G1 arrest accompanied by reduced CDK2 and cyclin
E expression together with increased p53 and p21 signaling.?® Similarly, in colorectal cancer cells harboring wild-type
p53, CBD has been shown to trigger GO/G1 arrest, reduce CDK2 expression, and engage p53-dependent checkpoint
signaling.”” Given that progression through early G1 and the G1/S transition is primarily governed by the cyclin
D-CDK4/6 and cyclin E-CDK2 axes and is negatively regulated by the p53-p21 checkpoint pathway, these findings
collectively suggest that CBD exerts antiproliferative effects by modulating multiple nodes of cell-cycle control rather

than isolated regulators alone.®*®?

Pyroptosis

Pyroptosis is a lytic form of regulated cell death mediated by gasdermin family proteins. In the canonical inflammasome
pathway, inflammatory caspases cleave gasdermin D (GSDMD), leading to membrane pore formation and release of pro-
inflammatory mediators.**** However, current evidence suggests that CBD-related pyroptosis in cancer is more
accurately explained by a distinct caspase-3/gasdermin E (GSDME) axis rather than the classical GSDMD
pathway.*®® In hepatocellular carcinoma cells, CBD has been reported to induce integrated stress response- and
mitochondrial stress-associated signaling, culminating in caspase-3 activation, GSDME cleavage, and pyroptotic cell
death.*® By contrast, direct evidence for CBD-induced pyroptosis in other tumor types remains limited, and findings
derived from experiments using Necrosulfonamide (NSA) should therefore be interpreted cautiously.®>**~*® Collectively,
these findings indicate that pyroptosis may represent an emerging but still relatively underexplored component of CBD-
induced tumor cell death, with the strongest mechanistic support currently centered on caspase-3/GSDME-dependent

signaling in hepatocellular carcinoma.*®*’

CBD Simultaneously Induces Multiple Modes of Cell Death

CBD can simultaneously or sequentially engage multiple regulated cell death pathways within the same tumor model.
Rather than activating a single downstream program, CBD appears to induce a broader stress-response network in which
different forms of cell death may coexist or interact in a context-dependent manner. In colorectal cancer cells, CBD
activates MAPK signaling, including JNK, p38, and ERK, and thereby induces apoptosis, paraptosis, and autophagy
concurrently.”” In glioblastoma cells, CBD has been shown to promote ERK activation and ROS accumulation, leading
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to increased LC3-II expression and downregulation of ferroptosis-suppressive proteins such as GPX4, consistent with the
induction of both autophagy and ferroptosis.*® In addition, mitophagy has also emerged as a relevant component of CBD-
induced tumor cell death. In human glioma models, CBD directly perturbs mitochondrial function and triggers TRPV4-
dependent lethal mitophagy, thereby contributing to autophagic cell death.’® Collectively, these findings indicate that the
cell death mechanisms triggered by CBD are highly tumor-context dependent and may be co-regulated by intracellular
metabolic state, genetic background, and microenvironmental conditions. Further studies are still needed to clarify the
hierarchy and crosstalk among these pathways and to determine whether they can be therapeutically leveraged in

combination strategies.

Therapeutic Implications and Future Perspectives
Potential Clinical Value of CBD

The apoptosis induced by CBD shows some selectivity, with a significantly stronger cytotoxic effect on malignant cells
than on normal cells.>* Moreover, it even demonstrates protective effects on damaged normal cells. For example, CBD
has been shown to alleviate alcohol-induced liver injury by modulating the NLRP-3 pyroptosis pathway,”’ mitigate
erastin-induced ferroptosis in non-cancerous skin cell lines (HaCaT cells),’? and reduce LDH levels to protect human
skin keratinocytes from oxidative stress-induced pyroptosis.”> These findings suggest that CBD may exhibit a certain
degree of tolerability and context-dependent selectivity in some non-cancerous cellular models. However, current
evidence remains predominantly preclinical and derived from specific experimental settings, and therefore does not yet
allow definitive conclusions regarding its therapeutic selectivity or safety in cancer treatment. Further pharmacological
evaluation and well-designed clinical studies are still required to clarify the safety profile, optimal dosing, and therapeutic
window of CBD in oncology. In addition, CBD can be administered through multiple routes, including oral, sublingual,
inhalational, and transdermal delivery, which may facilitate its use in different clinical settings. CBD has a high plasma
protein binding rate, primarily binding to albumin and lipoproteins, this characteristic helps prolong its half-life but also
implies that patients with hypoalbuminemia or severe liver disease may experience an increased proportion of free drug
in the body.'*'* Multiple preclinical studies have shown that CBD, when combined with certain antitumor agents, may
produce synergistic effects and enhance antitumor efficacy.”**® However, CBD has also been reported to suppress key
mediators of T-cell activation and proliferation, including IL-2 and IFN-y, which play important roles in antitumor
immunity.”” " This apparent paradox suggests that the therapeutic impact of CBD in combination settings is likely to be
context dependent. While CBD may sensitize tumor cells to chemotherapeutic or targeted agents in some preclinical
models, its immunomodulatory effects could, in certain settings, attenuate beneficial T-cell- or NK-cell-mediated
antitumor responses.”®'* Therefore, the net therapeutic outcome of CBD-based combination strategies should be

interpreted cautiously and requires further evaluation in immunocompetent preclinical models and clinical studies.”®'°!

Pharmacokinetics and Dosage Issues

Population and clinical pharmacokinetic studies indicate that orally administered CBD exhibits low and variable
bioavailability, largely owing to poor aqueous solubility, erratic gastrointestinal absorption, and extensive first-pass
metabolism.'%'%* After repeated oral administration, CBD shows a relatively prolonged apparent elimination and
marked interindividual variability, which are influenced by formulation, food intake, sex, body composition, and hepatic
function.'® % Although a retrospective study in 119 patients with solid tumors reported no obvious side effects with
pharmaceutical-grade synthetic cannabidiol, this uncontrolled observation did not establish the maximum tolerated dose
or define the therapeutic window.'® Collectively, these findings indicate that the pharmacokinetic profile of CBD
remains an important translational challenge, and further dose-optimization, interaction-focused, and controlled clinical

studies are required before CBD-based therapies can be more confidently integrated into oncology.'%!'%%-11
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Future Research Directions

Based on current understanding of CBD-induced tumor cell death, future research should advance along three inter-
connected dimensions—mechanistic elucidation, precision application, and clinical translation—each corresponding to
distinct stages of drug development.

At the mechanistic level, genetic and pharmacological tools can be employed to generate tumor models deficient in
specific cell death pathways, enabling systematic dissection of the synergistic and compensatory relationships among
CBD-induced apoptosis, autophagy, and ferroptosis. For instance, it remains to be determined whether inhibition of
apoptotic signaling enhances the activation of alternative death programs, such as ferroptosis, in response to CBD.
Elucidating the plasticity and hierarchy of these death pathways will provide a mechanistic foundation for the rational
design of CBD-based combination therapies.

For precision application, the identification and validation of biomarkers associated with CBD-responsive cell death
pathways will be essential for patient stratification. For example, immunohistochemical or molecular assays targeting
ferroptosis-related regulators, such as GPX4 or components of System Xc , may help identify tumor subtypes more
likely to benefit from CBD-based therapy.

At the level of clinical translation, a priority strategy is to evaluate CBD in combination with conventional
chemotherapeutic agents or targeted therapies. Given that CBD can sensitize tumor cells through endoplasmic reticulum
stress and oxidative damage pathways, its potential to overcome therapeutic resistance warrants investigation, particu-
larly in chemotherapy-resistant or recurrent tumors. Additionally, leveraging the multitarget nature of CBD, low-dose
combination regimens incorporating CBD with other anticancer agents may represent a “gentler” therapeutic strategy.
Such approaches may be particularly suitable for elderly patients or individuals with poor performance status, in whom
treatment tolerability and quality of life are critical considerations.

At the same time, several translational challenges must be addressed before CBD can be more confidently advanced
in oncology. Its low and variable oral bioavailability, extensive first-pass metabolism, and marked interindividual
pharmacokinetic variability remain important barriers to clinical application. Future studies should therefore place
greater emphasis on dose optimization, formulation improvement, and delivery strategies that enhance systemic exposure
and pharmacological consistency. In addition, because CBD may alter CYP450-mediated metabolism, potential drug-
drug interactions should be carefully evaluated, particularly in patients receiving multidrug anticancer regimens.
Moreover, despite encouraging preclinical findings, well-designed clinical trials demonstrating clear anticancer efficacy
are still lacking. Further controlled studies are needed to define the therapeutic window, optimal formulation, dosing
schedule, and safety profile of CBD in different oncologic settings.

Another important direction for future study is the role of CBD in modulating the tumor microenvironment and
antitumor immunity. Because CBD has been reported to influence cytokine signaling, immune cell function, and stromal
components of the tumor niche, its impact on tumor progression may extend beyond direct cytotoxicity. In particular,
whether CBD enhances or attenuates immune-mediated antitumor responses under different conditions remains to be
clarified. Addressing these context-dependent effects will be especially important for evaluating the rational use of CBD
in combination with immune-based cancer therapies.

Notably, the ability of CBD to engage multiple cell death pathways suggests potential utility in suppressing tumor
recurrence. Preclinical minimal residual disease models may be used to evaluate whether sustained low-dose adminis-
tration of CBD can suppress tumor regrowth by maintaining continuous cell death pressure. If validated, this strategy
could provide new avenues for the long-term management of malignancies and support the repositioning of cannabidiol
as a mechanism-driven anticancer therapeutic.

Conclusion

In conclusion, current evidence indicates that cannabidiol exerts antitumor effects through pleiotropic and context-
dependent regulation of multiple cell death programs, including apoptosis, autophagy, ferroptosis, pyroptosis, and cell
cycle arrest. By integrating oxidative stress, mitochondrial dysfunction, endoplasmic reticulum stress, calcium imbalance,

and diverse signaling networks, CBD reshapes tumor cell fate and provides a mechanistic basis for potential anticancer
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intervention. Nevertheless, most available evidence remains preclinical, and further studies are required to clarify its

pharmacological properties, optimize therapeutic strategies, and support its clinical translation in oncology.
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