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Abstract

The ongoing global burden of cancer highlights the necessity of exploring bioactive agents
that can interact with various therapeutic targets. Of these, tocotrienols obtained from
palm oil have become a focal point of research due to their broad spectrum of biological
functions. The present study is designed to systematically examine in vitro and in vivo
investigations into the anticancer effects of tocotrienols derived from palm oil, with a
focus on identifying the molecular and cellular processes underlying tumour suppression.
A Systematic Literature Review (SLR) approach was applied in this research, adhering to
a well-defined and reproducible procedure. Relevant data were sourced from Scopus using
established keyword combinations, then systematically filtered according to relevance,
publication range (2019-2026), and accessibility criteria, including open access and open
archive availability. A total of 35 peer-reviewed studies met all inclusion criteria. Data
analysis was conducted through qualitative synthesis, focusing on identifying recurring
mechanistic patterns and evaluating consistency across studies. Evidence from the analysis
indicates that tocotrienols display significant anticancer activity against diverse cancer
types, driven by mechanisms including the induction of apoptosis, modulation of the cell
cycle, suppression of angiogenesis and metastasis, and regulation of critical signalling
pathways like NF-kB and PI3K/Akt. In addition, evidence suggests that tocotrienols may
enhance the effectiveness of conventional anticancer therapies when used in combination
approaches. In conclusion, palm oil-derived tocotrienols demonstrate consistent, multi-
target anticancer mechanisms across experimental models. Future research should prioritise
standardised experimental designs, isoform-specific comparisons, and translational studies
to further clarify the therapeutic potential of palm oil-derived tocotrienols as complementary
anticancer agents.
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review
Introduction
Globally, cancer represents a significant health burden,

distinguished by uncontrolled cell division, resistance to apoptosis,
and its invasive and metastatic capabilities. Recent epidemiological
trends indicate a continuous increase in cancer incidence worldwide,
driven by demographic shifts, environmental exposures, and lifestyle-
related risk factors.! Despite substantial advances in diagnosis and
treatment, including targeted therapy and immunotherapy, cancer
continues to account for a high proportion of morbidity and mortality,
highlighting the need for alternative and complementary therapeutic
strategies.” Against this background, the investigation of bioactive
compounds obtained from natural sources has intensified, given
their capacity to target multiple biological pathways with generally
favourable safety profiles.?

Derivatives of vitamin E, among natural bioactive compounds,
are emerging as noteworthy candidates in cancer-focused research.
The vitamin E family is divided into two major forms, tocopherols
and tocotrienols, with each form comprising four isoforms: a, B, v,
and 8. While tocopherols have been extensively studied, growing
evidence suggests that tocotrienols exhibit distinct and often more
potent biological activities, particularly in the context of anticancer
mechanisms.* The structural difference between tocotrienols and
tocopherols, notably, tocotrienols possess an unsaturated isoprenoid
side chain that supports enhanced cellular internalisation, membrane
association, and biological effectiveness.’ These characteristics enable

tocotrienols to exert multifaceted effects on cancer cells, including
the regulation of proliferation, apoptosis, and intracellular signalling
pathways.

Palm oil serves as a major natural source of tocotrienols,
particularly as the tocotrienol-rich fraction (TRF), which includes a
well-balanced distribution of a-, y-, and d-tocotrienols accompanied
by minor tocopherol content.® Owing to their bioavailability and
compositional complexity, tocotrienols sourced from palm oil have
gained recognition as a critical topic in biomedical investigation.
Importantly, the utilisation of palm oil-derived compounds in
scientific studies is primarily focused on their biochemical and
pharmacological properties, with an emphasis on understanding their
potential contributions to health-related applications in a balanced and
evidence-based manner.”

In the last decade, a steadily increasing volume of experimental
studies has evaluated the anticancer efficacy of tocotrienols across
different cancer types. Findings from in vitro experiments reveal
that tocotrienols can impede cancer cell proliferation, activate
programmed cell death mechanisms, and interfere with essential
molecular pathways driving tumour growth.! Complementary in
vivo studies further support these findings, showing that tocotrienol
administration can suppress tumour growth, reduce angiogenesis, and
limit metastatic spread in animal models.” Overall, these results imply
that tocotrienols act as multifunctional bioactive compounds capable
of affecting several key characteristics of cancer.
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Mechanistic studies indicate that tocotrienols can affect critical
signalling networks, including NF-«kB, PI3K/Akt, and MAPK, which
are fundamentally involved in cell survival, inflammatory processes,
and proliferation.!” Beyond this, tocotrienols have been reported to
regulate proteins involved in apoptosis, such as Bcl-2 and Bax, while
also activating caspase cascades that contribute to cancer cell death.
The ability to simultaneously target multiple pathways distinguishes
tocotrienols from single-target therapeutic agents and highlights their
potential relevance in complex diseases such as cancer.

Despite the growing volume of research, the available evidence
remains fragmented across different experimental models, cancer
types, and study designs. Variability in dosage, tocotrienol isoforms,
and methodological approaches has resulted in a diverse range of
findings, making it challenging to draw comprehensive conclusions
regarding their overall efficacy and mechanisms of action."
Furthermore, while individual studies provide valuable insights, a
systematic synthesis of evidence is necessary to identify consistent
patterns, evaluate the strength of existing data, and clarify areas
requiring further investigation.

In this regard, a Systematic Literature Review (SLR) provides
a structured and transparent approach to integrate findings from
multiple studies while minimising bias and enhancing reproducibility.
Utilising standardised approaches for literature identification,
screening, and analysis, SLR helps unify evidence from in vitro and
in vivo studies, contributing to a more comprehensive insight into
the anticancer capabilities of tocotrienols. This approach is strictly
grounded in secondary data from peer-reviewed studies and does
not involve primary data collection methods, including focus group
discussions or field observations, ensuring adherence to established
SLR protocols.

Following this rationale, the study aims to systematically
review and integrate scientific evidence on the anticancer efficacy
of tocotrienols from palm oil, with a focus on elucidating tumour
suppression mechanisms demonstrated in in vitro and in vivo studies.
The review seeks to identify dominant mechanistic patterns, quantify
observed biological effects, and evaluate the consistency of findings
across different experimental contexts. As a result, the study offers a
more integrated perspective on the interaction between tocotrienols
and key cancer-associated pathways and mechanisms.

This study is designed to (1) systematically collect and evaluate
evidence from in vitro and in vivo research on the anticancer activity
of palm oil-derived tocotrienols, and (2) explore the associated
molecular and cellular pathways related to tumour suppression.

Based on these objectives, two research questions are formulated
to guide the analysis and discussion:

RQ1: What are the dominant biological mechanisms through which
palm oil-derived tocotrienols exert anticancer effects in in vitro and
in vivo models?

RQ2: To what extent are these anticancer effects consistent across
different cancer types, experimental conditions, and tocotrienol
isoforms?

Literature review

In this section, existing scientific evidence is consolidated
to examine the biological functions and anticancer potential of
tocotrienols, with a focus on palm oil-derived variants. The review
is structured to progressively examine key aspects identified in
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the literature, including structural and functional distinctions of
tocotrienols within the vitamin E family, their natural occurrence and
composition in palm oil, and is reinforced by empirical results obtained
from in vitro and in vivo research. The discussion further examines
mechanistic aspects of tumour suppression, including apoptosis
induction, control of cell cycle dynamics, inhibition of angiogenesis,
and modulation of molecular signalling pathways, as well as their
potential to act synergistically with existing anticancer therapies. By
organising the literature along these thematic dimensions, this section
provides a coherent foundation for understanding the current state
of research and highlights the rationale for a systematic synthesis of
evidence in this study.

Tocotrienols within the vitamin e family: structural
and functional distinctions

Comprised of lipid-soluble compounds, vitamin E includes both
tocopherols and tocotrienols, with each category containing four
isoforms (a, B, y, and 8). While both classes share a chromanol ring, the
defining distinction lies in the side chain structure, where tocotrienols
possess an unsaturated isoprenoid tail compared to the saturated
phytyl chain in tocopherols.'? This structural variation contributes to
enhanced membrane penetration, more efficient distribution within
lipid bilayers, and increased interaction with intracellular targets.
These physicochemical properties have been associated with improved
bioactivity, particularly in modulating oxidative stress, inflammation,
and cellular signalling pathways relevant to cancer biology.'

Accumulating studies suggest that tocotrienols outperform
tocopherols in terms of biological efficacy in certain pathological
conditions, especially in tumour suppression. Their unsaturated side
chain facilitates rapid cellular uptake and enables more effective
incorporation into phospholipid membranes, influencing membrane-
dependent signalling mechanisms.'* Additionally, tocotrienols have
been shown to exhibit higher antioxidant potency under specific
conditions, contributing to their ability to mitigate oxidative damage
while simultaneously modulating redox-sensitive pathways involved
in cancer progression.

Palm Oil as a natural source of tocotrienols

Widely acknowledged as a rich natural source, palm oil contains
tocotrienols predominantly in the form of tocotrienol-rich fraction
(TRF), featuring a mixture of o-, y-, and &-tocotrienol isoforms
and small concentrations of tocopherols.'® The composition of TRF
typically includes y-tocotrienol as the predominant isoform, followed
by o- and d-tocotrienols, with total tocotrienol content ranging
between 70% and 80% of the vitamin E fraction.'

The extraction and refinement processes of palm oil allow for
the isolation of these bioactive components without compromising
their structural integrity. As a result, palm oil-derived tocotrienols
have become an important focus of biomedical research, particularly
in studies exploring their pharmacological properties. Importantly,
research involving palm oil-derived compounds is primarily centred
on their biochemical functionality and potential health-related
applications, maintaining a neutral and evidence-based perspective
regarding their source. In addition to availability, the stability and
scalability of palm oil-derived tocotrienols make them suitable for
experimental and potential therapeutic use. These characteristics
have contributed to the increasing number of studies investigating
their biological activities across different disease models, including
cancer."”
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Anticancer properties of tocotrienols: evidence from
experimental studies

An expanding body of research has shown that tocotrienols exhibit
promising anticancer effects across multiple cancer types. Findings
from in vitro studies indicate that tocotrienols consistently reduce
cancer cell proliferation, lower cell viability, and induce programmed
cell death in relation to dosage and duration.'® These effects have been
observed in breast, colorectal, prostate, liver, and lung cancer cell
lines, indicating broad-spectrum activity.

Quantitative findings from experimental studies indicate that
tocotrienol treatment can reduce cancer cell viability by approximately
40%—80%, depending on concentration and exposure duration. In
addition, clonogenic assays have shown a significant decrease in
colony-forming ability, with reductions of up to 70%, suggesting
long-term suppression of cancer cell growth potential.'

Complementary in vivo studies further support these findings,
demonstrating that tocotrienol administration can significantly
reduce tumour volume and weight in animal models. Tumour growth
inhibition rates ranging from 30% to 65% have been reported, with
variations depending on dosage, cancer type, and experimental
duration.® Such studies present valuable evidence highlighting the
applicability of tocotrienols beyond cellular-level investigations.

Mechanisms of tumour suppression: apoptosis, cell
cycle, and beyond

Tocotrienols demonstrate anticancer activity via multiple
overlapping and interconnected mechanisms. Apoptosis induction
represents one of the most extensively studied mechanisms, where
tocotrienols have been demonstrated to trigger both intrinsic and
extrinsic pathways, thereby increasing cancer cell mortality.?! This
mechanism operates through the regulation of apoptotic proteins,
involving the upregulation of Bax and suppression of Bcl-2, ultimately
causing mitochondrial dysfunction and activation of caspase cascades.

In addition to apoptosis, tocotrienols influence cell cycle
progression by regulating key checkpoints. Studies have shown
that treatment with tocotrienols leads to cell cycle arrest in the G0/
G1 or G2/M phases, alongside diminished expression of cyclins and
cyclin-dependent kinases.”> This disruption prevents uncontrolled
proliferation and contributes to tumour suppression.

Apart from these mechanisms, tocotrienols have been shown to
play a role in reducing angiogenesis and metastasis. Suppression of
vascular endothelial growth factor (VEGF) expression and reduction
inmicrovessel density have been observed, indicating impaired tumour
vascularisation.” Similarly, inhibition of matrix metalloproteinases
(MMPs) reduces cancer cell invasion and metastatic potential,
highlighting the multifaceted nature of tocotrienol activity.

Molecular
tocotrienols

signalling pathways modulated by

The therapeutic impact of tocotrienols against cancer is driven
by their ability to modulate key intracellular signalling pathways. Of
the various signalling pathways, NF-kB has been widely examined
due to its significant role in mediating inflammation, supporting
cell survival, and promoting tumour progression. Treatment with
tocotrienols has been reported to block NF-«xB activation, leading to
downregulation of downstream genes linked to cell growth and anti-
apoptotic pathways.>*
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The PI3K/Akt pathway is another critical target of tocotrienols.
Inhibition of Akt phosphorylation disrupts survival signalling and
enhances susceptibility to apoptosis. This pathway is particularly
relevant in cancer cells that exhibit resistance to conventional
therapies, suggesting a potential role for tocotrienols in overcoming
therapeutic resistance.2¢

Additionally, modulation of the MAPK pathway has been
reported, with activation of stress-related kinases such as p38 MAPK
and inhibition of ERK signalling. These effects contribute to the
regulation of cell fate decisions, including apoptosis and proliferation.
The ability of tocotrienols to influence multiple signalling pathways
simultaneously underscores their potential as multi-target agents in
cancer therapy.

Synergistic potential with conventional anticancer
therapies

Studies in recent years have explored how tocotrienols may
enhance the efficacy of conventional anticancer treatments through
synergistic effects. It has been reported that tocotrienols enhance
the performance of chemotherapeutic agents such as doxorubicin,
paclitaxel, and cisplatin.”’ Combination treatments have been shown
to produce greater reductions in tumour growth compared to single-
agent therapies, indicating a synergistic interaction.

One of the key advantages of such combinations is the potential to
reduce drug resistance. Evidence suggests that tocotrienols increase
cancer cell responsiveness to chemotherapy, accompanied by a
reduction in resistance markers and improved outcomes. In addition,
some studies suggest that tocotrienols may reduce treatment-related
toxicity, although further investigation is required to confirm these
effects.”

Overall, the results indicate that tocotrienols hold promise as
complementary agents in cancer therapy, particularly in enhancing
the effectiveness of existing treatment strategies while maintaining a
balanced safety profile.

While the number of studies has increased, there are still significant
gaps in the current knowledge of tocotrienol-mediated anticancer
pathways. One major limitation is the variability in experimental
design, including differences in tocotrienol isoforms, dosages,
treatment durations, and cancer models. Such heterogeneity across
the literature makes comparative evaluation difficult and limits the
development of robust conclusions.

Additionally, although existing in vitro and in vivo studies report
favourable outcomes, more integrative approaches are necessary
to organise these findings into a unified and coherent structure.
Existing reviews often focus on specific cancer types or individual
mechanisms, rather than providing a comprehensive overview of
tumour suppression pathways.

Thus, a systematic literature review is indispensable for integrating
existing findings, identifying patterns across studies, and determining
the robustness of the available evidence. By applying standardised
selection and analysis criteria, SLR enables a more rigorous and
transparent synthesis of research findings, providing a solid foundation
for future investigations and potential clinical applications.

Overall, the literature indicates that tocotrienols derived from
palm oil possess significant anticancer potential through diverse and
interconnected mechanisms. While the current body of evidence is
promising, further systematic analysis is required to fully elucidate
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their therapeutic relevance and to bridge the gap between experimental
findings and clinical application.

Methodology

This research utilises a Systematic Literature Review (SLR) design
aligned with the PRISMA guidelines to enhance methodological
transparency, consistency, and reproducibility. The present review is
designedto systematically search, select, and integrate empirical studies
examining the anticancer effects of palm oil-derived tocotrienols,
emphasising mechanistic findings from in vitro and in vivo research.
The protocol is organised into sequential stages: identification,
screening, eligibility evaluation, and inclusion, guided by defined
criteria covering database selection, search terms, publication period,
and article accessibility. The entire process was conducted using
a standardised procedure covering search strategy development,
systematic filtering, data extraction, and qualitative synthesis. This
PRISMA-aligned procedure strengthens the reproducibility of the
review by ensuring that article identification, screening, eligibility
assessment, and inclusion were conducted through predefined and
traceable steps. This part of the study is limited to the operational
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aspects of the SLR methodology and does not employ primary data
collection approaches like interviews, focus groups, or field studies.

Figure 1 depicts the PRISMA framework adopted in this review,
showing the stepwise progression from identification and screening
to eligibility assessment and final inclusion. To maintain quality,
the literature search was limited to the Scopus database, ensuring
that only high-quality, peer-reviewed publications in biomedical
and oncology disciplines were included. In the identification stage,
an initial search using the keyword combination tocotrienols AND
cancer yielded 466 records. To improve the specificity and contextual
relevance of the dataset, a more comprehensive Boolean search string
was subsequently applied: (“focotrienol” OR ‘“tocotrienols” OR
“tocotrienol-rich fraction” OR TRF OR “vitamin E” OR tocopherol)
AND (“palm oil” OR “o0il palm” OR “Elaeis guineensis” OR palm)
AND (cancer OR tumor OR carcinoma OR neoplasm OR anticancer
OR antitumor OR oncology) AND (“in vitro” OR “in vivo” OR
cell OR cells OR animal OR study OR research OR experiment).
Consequently, 261 non-relevant articles were removed during this
refinement stage, with 205 records remaining for further review.

Identification of new studies via databases and registers

= Records removed belore screening:
= - : N Duplicate records (n = 261)
g HE‘:;;?JS ide ntliliddgrgm. # Records marked as ingligible by automation
z ages (n = ! ool (n=0)
i Records removed for other reasons (n = 0)
1
Records screened Records excluded
(n = 205) (m=150)
1
Reparts sought for retrieval o Reports not retrieved
E n = 55) {n=20)
Raports excluded:
Reports assessed for eligibility Reasonl (n = MNA)
{n =35 | Reason2 (n = MA)
Reason3 (n = NA)

New studies included in review
{n = 35)

Reports of new included studies
(n =35

Included

Figure | Overview of the Systematic Literature Review Process Based on the PRISMA Framework.

During the screening stage, a temporal filter was applied to restrict
the dataset to publications within the period of 2019 to 2026, ensuring
that the review reflects recent scientific developments and current
research trends. This process led to the removal of 150 articles that

did not meet the publication timeframe criteria, yielding 55 remaining
studies. In the eligibility phase, only articles accessible through
open access or open archive sources were considered, ensuring the
availability of full texts and facilitating in-depth analysis. This led
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to the exclusion of 20 articles due to accessibility constraints, with
35 studies remaining that fulfilled all inclusion criteria for detailed
evaluation. The references were systematically handled and organised
via Mendeley Desktop to guarantee consistency, traceability, and
accurate citation processing. Aligned with SLR principles, this study
is entirely based on secondary data sourced from peer-reviewed
literature and excludes any primary data collection. This transparent
and structured methodology provides a reliable and reproducible
platform for synthesising findings related to tumour suppression
mechanisms of palm oil-derived tocotrienols, ensuring a balanced and
evidence-based analysis.

Results

Utilising a PRISMA-guided systematic literature review of 35
peer-reviewed articles (2019-2026) obtained largely from Scopus,
this study highlights six principal and interrelated mechanistic clusters
underlying the anticancer properties of palm oil-derived tocotrienols
in both in vitro and in vivo systems. These themes are: (1) apoptosis
induction, (2) regulation of cell cycle progression and proliferation, (3)
suppression of angiogenesis, (4) inhibition of metastasis and cancer
cell invasion, (5) modulation of key molecular signalling pathways,
and (6) synergistic effects with conventional anticancer therapies.
These mechanistic clusters were interpreted not only descriptively
but also quantitatively, where available, to clarify the magnitude of
tocotrienol-mediated effects on apoptosis, proliferation, angiogenesis,
metastasis, and therapeutic synergy.

An analysis of thematic distribution indicates that apoptosis
induction is the most extensively addressed mechanism, appearing
in approximately 85% of the reviewed studies. This is followed
by regulation of cell cycle progression and proliferation (=78%),
modulation of molecular signalling pathways (=70%), suppression
of angiogenesis (<65%—70%), inhibition of metastasis and invasion
(=60%), and synergistic effects with conventional therapies (=50%).
Notably, a substantial proportion of the reviewed articles address
multiple mechanistic clusters simultaneously, reflecting the multi-
target nature of tocotrienols and the interconnected biological
processes underlying tumour development and progression.

The predominance of apoptosis and cell cycle-related mechanisms
reflects their central role as primary and quantifiable endpoints in
experimental cancer research, particularly in in vitro settings where
these processes can be assessed using standardised and reproducible
assays. The strong representation of signalling pathway modulation
further underscores the importance of mechanistic elucidation at
the molecular level, where pathways such as NF-kB and PI3K/Akt
act as key regulators linking upstream biochemical interactions to
downstream cellular responses.

In contrast, themes related to angiogenesis and metastasis,
while still prominent, are comparatively less represented, likely
due to the increased complexity of experimental models required to
investigate these processes, particularly in in vivo systems involving
tumor microenvironment interactions and metastatic dissemination.
Similarly, the relatively lower emphasis on synergistic therapeutic
effects suggests that combination strategies remain an emerging area
of research, typically explored at more advanced or translational
stages.

Collectively, these thematic patterns indicate that current research
on palm oil-derived tocotrienols is primarily centred on fundamental
cellular and molecular mechanisms, with comparatively fewer studies
extending into complex biological systems and therapeutic integration.
This suggests that tocotrienols are predominantly conceptualised as
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multi-target bioactive compounds with strong mechanistic potential,
while further research is needed to strengthen evidence in clinically
relevant contexts. The subsequent subsections provide an in-depth
examination of each mechanistic cluster, grounded in the synthesised
evidence from the reviewed literature.

Induction of apoptosis via intrinsic and extrinsic
pathways

Apoptosis induction represents the most consistently reported
anticancer mechanism, identified in approximately 85% of the
included studies. Quantitative analyses demonstrated that tocotrienol
treatment increased apoptotic cell populations by 2.3- to 4.8-fold
compared to untreated controls, depending on cancer type and
dosage.” In breast and colorectal cancer cell lines, apoptotic rates
reached 55%—72% after 48—72 hours of exposure to 25-50 pM y-
or 3-tocotrienol.?*3' The consistent increase in apoptotic populations
across multiple cancer models provides strong evidence that apoptosis
is a central and reproducible endpoint of tocotrienol activity rather
than an isolated experimental observation.

Mechanistic investigations revealed a strong involvement of the
mitochondrial apoptotic pathway. The Bax/Bcl-2 ratio increased
significantly, with reported elevations ranging from 2.1-fold to 3.5-
fold, indicating a shift toward pro-apoptotic signalling.’? This alteration
led to the permeabilisation of the mitochondrial outer membrane,
causing cytochrome c release and activation of downstream caspases.
Caspase-9 and caspase-3 activities were elevated by approximately
1.8- to 2.6-fold, with some studies reporting peak caspase-3 activation
increases of up to 270%.%

Extrinsic apoptotic pathways were also activated, although less
frequently, appearing in approximately 40%—45% of the studies.
Upregulation of Fas receptor expression and enhanced sensitivity
to TRAIL-induced apoptosis contributed to increased cell death,
particularly in resistant cancer cell lines.* In in vivo models, tumor
sections demonstrated apoptotic indices ranging from 40% to 65%,
confirmed through TUNEL assays and histopathological analysis.*
These findings collectively indicate that tocotrienols activate both
intrinsic and extrinsic apoptotic pathways in a coordinated manner.

Regulation of cell cycle progression and proliferation
inhibition

Cell cycle arrest was observed in approximately 78% of the
reviewed studies, with significant accumulation of cells at G0/
Gl and G2/M phases. Quantitative flow cytometry data indicated
that tocotrienol treatment increased G0/G1 phase populations by
18%-38% while reducing S-phase fractions by 15%-30%.%¢ In
some aggressive cancer cell lines, G2/M arrest reached up to 42%,
suggesting strong disruption of mitotic progression.*’

At the molecular level, tocotrienols significantly modulated cell
cycle regulators. Expression of cyclin D1 was reduced by 35%—60%,
while CDK4 and CDK6 levels decreased by approximately 30%—
55%.%%3% Concurrently, CDK inhibitors p21 and p27 were upregulated
by 1.5- to 2.8-fold, reinforcing checkpoint activation and halting cell
cycle progression.*

Proliferation assays further confirmed these findings, showing
reductions in cell viability ranging from 40% to 75% depending on
treatment duration and concentration.*' In in vivo studies, tumour
volume reduction ranged from 30% to 68% over treatment periods of
4-8 weeks, with the most pronounced effects observed at doses above
50 mg/kg.** Additionally, immunohistochemical analysis showed a
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decrease in Ki-67 proliferation index by approximately 45%—70%,
indicating suppressed tumour cell proliferation.*

Suppression of angiogenesis

Angiogenesis inhibition was identified in approximately
65%-70% of the included studies. Treatment with tocotrienols
significantly suppressed VEGF expression, resulting in reductions of
approximately 38% to 72%.* These reductions were associated with
impaired endothelial cell proliferation and tube formation, indicating
direct anti-angiogenic activity.

In in vivo tumour models, microvessel density (MVD), a key
indicator of angiogenesis, was reduced by 30%-58% following
tocotrienol administration.* CD31 immunostaining confirmed a
substantial decline in newly formed blood vessels within tumour
tissues, correlating with reduced tumour growth rates.*

Mechanistic evidence further demonstrated that tocotrienols
downregulated HIF-1a expression by around 35%—60%, reducing
signalling  associated  with  hypoxia-driven  angiogenesis.*’
Additionally, reductions in angiopoietin-2 and basic fibroblast
growth factor (bFGF) were observed, suggesting a broad-spectrum
inhibition of angiogenic mediators.*® These findings demonstrate that
tocotrienols interfere with both upstream regulators and downstream
effectors of angiogenesis.

Inhibition of metastasis and cancer cell invasion

Approximately 60% of the studies reported significant inhibition
of cancer cell migration and invasion following tocotrienol treatment.
Wound healing assays demonstrated reductions in migration rates
ranging from 28% to 62%, while transwell invasion assays showed
decreases of 35%—65%.%

The molecular effects of tocotrienols included a 45%-70%
suppression of MMP-2 and MMP-9 expression, which in turn limited
extracellular matrix breakdown.® Simultaneously, tissue inhibitors
of metalloproteinases (TIMPs) were upregulated by 1.5- to 2.3-fold,
further restricting invasive capacity.”!

The modulation of epithelial-mesenchymal transition (EMT),
a pivotal event in metastatic progression, was also observed.
Tocotrienol treatment increased E-cadherin expression by up to 2-fold
while decreasing N-cadherin and vimentin levels by approximately
30%—55%, indicating reversal of EMT characteristics.*

In in vivo metastasis models, the number of metastatic nodules
was reduced by 38%—57%, particularly in lung and liver metastasis
models.** These findings highlight the capacity of tocotrienols to limit
both local invasion and distant metastatic spread.

Modulation of key molecular signalling pathways

A central finding across the reviewed literature is the multi-target
modulation of key oncogenic signalling pathways. NF-«kB inhibition
was reported in approximately 70% of studies, leading to reduced
expression of pro-inflammatory and anti-apoptotic genes by 40%—
65%.>* This suppression contributed to decreased tumour cell survival
and enhanced sensitivity to apoptosis.

The PI3K/Akt pathway was also significantly affected, with
reductions in Akt phosphorylation levels ranging from 35% to 62%.%
This inhibition disrupted downstream survival signalling and reduced
cellular resistance to stress and therapeutic agents.*

In addition, modulation of the MAPK pathway was frequently
observed. Activation of p38 MAPK increased by approximately 1.5- to
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2.2-fold, promoting apoptotic signalling, while ERK phosphorylation
was reduced by 30%—50%, limiting proliferative signalling.’’

Other pathways, including STAT3 and Wnt/B-catenin, were also
affected, with reductions in nuclear B-catenin accumulation of up to
45% and decreased STAT3 activation by approximately 40%.%® These
findings indicate that tocotrienols exert broad regulatory effects across
multiple interconnected signalling networks.

Synergistic effects with conventional anticancer

therapies

Approximately 50% of the included studies investigated the
combined effects of tocotrienols with established chemotherapeutic
agents. Combination treatments with doxorubicin, paclitaxel,
and cisplatin resulted in enhanced anticancer efficacy, with
tumour reduction rates increasing by 1.6- to 2.3-fold compared to
monotherapy.®

Cell viability assays showed that combination therapy reduced
cancer cell survival by up to 80%, compared to 45%—60% with single-
agent treatments.*“*! Notably, tocotrienols improved chemosensitivity
in resistant cell lines, decreasing resistance markers by approximately
30%—48%.%

In in vivo studies, combination treatments reduced tumour volume
by up to 70% while also lowering systemic toxicity markers such as
liver enzymes and inflammatory cytokines by 20%-35%.% These
findings suggest that tocotrienols may enhance therapeutic outcomes
while maintaining tolerability.

The aggregated evidence from the 35 selected studies demonstrates
that palm oil-derived tocotrienols exhibit multifaceted anticancer
activities through coordinated modulation of apoptosis, proliferation,
angiogenesis, metastasis, and signalling pathways. The consistency of
quantitative findings across diverse experimental models reinforces
the robustness of these observations, with effect sizes frequently
exceeding 30%—70% across key biological endpoints.

Importantly, the findings reflect a balanced and evidence-based
interpretation of the role of tocotrienols, highlighting their bioactive
potential within experimentally validated contexts. The convergence
of multiple mechanisms suggests that tocotrienols function as
multi-target agents with promising applicability in cancer research,
supporting their continued investigation in translational and clinical
settings while maintaining a neutral perspective on their natural
source.

Discussion

Based on 35 peer-reviewed studies, this systematic review
consolidates evidence to answer two key research questions on the
anticancer potential of palm oil-derived tocotrienols. Specifically, the
discussion focuses on identifying the dominant biological mechanisms
underlying their anticancer activity and evaluating the consistency of
these effects across different cancer types, experimental conditions,
and tocotrienol isoforms. By integrating findings from both in vitro
and in vivo studies, this section provides a critical and analytical
interpretation of the evidence, moving beyond descriptive reporting
toward a more cohesive understanding of mechanistic patterns and
their broader implications.

Dominant biological mechanisms of anticancer

activity

In response to the first research question, the synthesised evidence
clearly demonstrates that palm oil-derived tocotrienols exert anticancer
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effects through a network of interrelated biological mechanisms rather
than a single dominant pathway. Among these, apoptosis induction
emerges as the most consistently reported and mechanistically robust
effect across the reviewed studies. Approximately 80%—85% of the
included studies identified apoptosis as a primary outcome, with both
intrinsic and extrinsic pathways contributing to programmed cell
death.**% Evidence suggests that the intrinsic pathway is especially
significant, given its association with mitochondrial disruption and
cytochrome ¢ release, along with elevated Bax and reduced Bcl-2
expression.®

Importantly, the activation of caspase-3 and caspase-9 was
observed across multiple studies, highlighting apoptosis as a central
mechanism underlying tocotrienol-mediated tumour suppression.®’
However, while apoptosis is a key mechanism, it does not operate in
isolation. The evidence indicates a strong interplay between apoptotic
signalling and upstream regulatory pathways, suggesting that
tocotrienols function as modulators of broader cellular networks rather
than direct cytotoxic agents. This multi-targeted nature distinguishes
tocotrienols from conventional therapies that often focus on single
molecular targets.®

In addition to apoptosis, cell cycle regulation represents another
critical mechanism contributing to anticancer activity. The majority of
studies reported cell cycle arrest at GO/G1 or G2/M phases, indicating
disruption of key checkpoints that control cellular proliferation.
This mechanism involves the downregulation of cyclins and cyclin-
dependent kinases, together with the upregulation of inhibitors like
p21 and p27 that regulate the cell cycle.”

Notably, the synchronisation between cell cycle arrest and apoptosis
suggests a coordinated mechanism in which tocotrienols first inhibit
proliferation and subsequently promote cell death, enhancing overall
therapeutic efficacy.

Angiogenesis inhibition also emerges as a significant mechanism,
particularly in in vivo studies where tumour microenvironment
dynamics play a critical role. The observed downregulation of VEGF
and reduction in microvessel density indicate that tocotrienols impair
tumour angiogenesis, limiting nutrient availability and tumour
progression.” This effect on angiogenesis is closely tied to hypoxia
pathway modulation, including reduced HIF-lo activity, further
illustrating the multi-layered role of tocotrienols in tumour biology.”

A further mechanism of significance is the inhibition of metastasis
alongside the suppression of cancer cell invasion. Across the reviewed
studies, tocotrienols were found to limit cancer cell motility and
invasiveness via downregulation of MMP-2 and MMP-9 and induction
of their endogenous inhibitors. Additionally, modulation of epithelial—
mesenchymal transition (EMT) markers suggests that tocotrienols may
reverse or suppress phenotypic changes associated with metastatic
progression.”” Such findings hold particular importance in advanced
malignancies, where metastasis critically affects clinical outcomes.

The modulation of signalling pathways at the molecular level
represents a central mechanism that unifies the observed biological
outcomes. The inhibition of NF-kB, PI3K/Akt, and MAPK pathways
was consistently reported, indicating that tocotrienols act upstream
of multiple downstream processes, including proliferation, survival,
inflammation, and apoptosis.”> Such broad regulatory potential
underscores tocotrienols as bioactive compounds with multi-target
effects on complex intracellular pathways.

However, it is important to note that while these mechanisms are
consistently reported, their relative contribution may vary depending
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on experimental conditions, cancer type, and tocotrienol isoform.
This variability suggests that the anticancer effects of tocotrienols are
context-dependent, requiring careful interpretation of findings within
specific biological and experimental frameworks.

Consistency of anticancer effects across experimental
contexts

Addressing the second research question, the evidence indicates
a moderate to high level of consistency in the anticancer effects of
tocotrienols across different cancer types and experimental models,
although certain variations are evident. Broadly, tocotrienols
demonstrate anticancer activity across a wide spectrum of
malignancies, including breast, colorectal, prostate, liver, and
lung cancers. The consistency of outcomes, particularly in terms
of apoptosis induction and proliferation inhibition, suggests that
tocotrienols target fundamental cellular processes that are common
across different cancer types.”* This cross-model consistency is
important because it suggests that tocotrienols influence core cancer-
associated processes shared across malignancies, even though the
magnitude of response may vary according to cancer type, isoform,
dose, and exposure duration.

Nonetheless, the strength of these effects is influenced by various
factors, with isoform type representing a major source of variability.
Studies consistently report that y- and d-tocotrienols exhibit stronger
anticancer activity compared to a-tocotrienol, likely due to differences
in molecular structure and biological interactions.” Tocotrienol-rich
fraction (TRF), which contains a combination of isoforms, often
demonstrates enhanced efficacy, suggesting potential synergistic
interactions among isoforms. This finding has practical relevance for
formulation development because it indicates that both purified y- or
S-tocotrienol and mixed tocotrienol-rich fraction preparations should
be evaluated in future comparative studies.

Experimental conditions, including dosage and treatment duration,
also influence the observed outcomes. In in vitro studies, anticancer
effects are typically observed at concentrations ranging from 10 to 50
uM, with higher concentrations leading to more pronounced effects. In
in vivo models, dosage ranges between 50 and 150 mg/kg body weight
are commonly associated with significant tumour suppression.’
However, variations in experimental design, including differences in
animal models, cancer cell lines, and treatment protocols, contribute
to heterogeneity in reported results.

Despite these variations, certain patterns remain consistent. For
example, apoptosis induction is observed across nearly all cancer
types studied, indicating a conserved mechanism of action. Similarly,
inhibition of key signalling pathways such as NF-kB and PI3K/Akt
is consistently reported, suggesting that these pathways represent
common targets of tocotrienol activity.”” This consistency strengthens
the overall reliability of the findings and supports the generalizability
of tocotrienol-mediated anticancer effects.

However, some inconsistencies are evident, particularly in relation
to angiogenesis and metastasis. While many studies report significant
inhibition of these processes, others show more modest effects,
potentially due to differences in experimental models or measurement
techniques.”® Additionally, not all studies assess the same set of
biomarkers, making direct comparisons challenging.

Another important consideration is the limited availability of
standardised protocols across studies. The lack of uniformity in
experimental design complicates efforts to perform direct quantitative
comparisons or meta-analyses. Accordingly, this limitation points to
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the importance of systematic synthesis methods like SLR in integrating
overarching trends while accommodating study-level variability.”

Integration of mechanisms and

implications

therapeutic

The integration of findings across studies suggests that the
anticancer effects of tocotrienols are best understood as the result of
coordinated modulation of multiple biological processes. Instead of
a single pathway, tocotrienols influence a series of interconnected
mechanisms, including apoptosis, cell cycle progression,
angiogenesis, and various signalling pathways. This multi-targeted
approach is particularly advantageous in the context of cancer, which
is characterised by complex and adaptive biological systems.

Additionally, tocotrienols’ regulation of upstream signalling
pathways serves as a mechanistic basis for their diverse biological
activities. By targeting central regulatory nodes such as NF-«B
and PI3K/Akt, tocotrienols can simultaneously influence multiple
downstream processes, enhancing their overall anticancer efficacy.®
This characteristic may also contribute to their observed synergistic
effects when combined with conventional therapies.

Indeed, several studies included in the review report that
tocotrienols enhance the effectiveness of chemotherapeutic agents
while potentially reducing associated toxicity.®! These findings
suggest that tocotrienols may serve as complementary agents in
integrated cancer treatment strategies by enhancing chemosensitivity,
improving tumour suppression, and potentially reducing treatment-
associated toxicity. These findings should be approached with caution,
as they are largely derived from preclinical studies and still require
confirmation in clinical trials.

This systematic literature review yields significant implications
for research advancement as well as the development of potential
therapeutic strategies. First, the consistent demonstration of
anticancer activity across multiple experimental models supports the
continued investigation of palm oil-derived tocotrienols as bioactive
compounds with potential relevance in oncology. Their multi-targeted
mechanisms and ability to modulate key signalling pathways highlight
their potential role in addressing the complexity of cancer biology in
a balanced and evidence-based manner.

Second, the variability in study findings underscores the necessity of
standardising experimental approaches. Standardisation is particularly
needed for tocotrienol isoform selection, TRF composition reporting,
dose normalisation, treatment duration, cell-line characterisation,
animal-model design, and biomarker measurement. There is a
need for future research to implement standardised approaches for
dosage, treatment duration, and outcome measurement to enhance
comparability and data synthesis. Moreover, future studies should
explore the varying effects of individual tocotrienol isoforms along
with their potential synergistic interactions.

Third, although in vitro and in vivo studies dominate the current
literature, further clinical research is essential to validate the safety,
efficacy, and translational prospects of tocotrienols in human
populations. Such studies would provide critical insights into their
applicability in real-world settings and help bridge the gap between
experimental findings and clinical practice.

Finally, future research should also explore the molecular
interactions between tocotrienols and emerging therapeutic targets,
including immune-related pathways and tumour microenvironment
dynamics. Combining these viewpoints may enhance the overall
understanding of their function in cancer management.
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In summary, the present SLR provides a consolidated and
analytical perspective on the anticancer potential of palm oil-derived
tocotrienols, addressing both mechanistic and consistency-related
research questions. While the findings are promising, continued
research is essential to further elucidate their biological roles and to
support their potential integration into future therapeutic strategies in
a scientifically rigorous and balanced manner.

Conclusion

The integrated analysis of 35 peer-reviewed studies reveals that
tocotrienols from palm oil demonstrate stable and multi-layered
anticancer activity in both in vitro and in vivo settings. The findings
indicate that their biological effects are not driven by a single pathway
but rather by a coordinated network of mechanisms, with apoptosis
emerging as the most dominant and consistently observed process.
This apoptotic activity is primarily mediated through mitochondrial
pathways involving modulation of Bax/Bcl-2 balance and activation
of caspase cascades, while also being supported by extrinsic signalling
in selected models. In parallel, tocotrienols effectively regulate cell
cycle progression, predominantly inducing arrest at G0/G1 and G2/M
phases, thereby suppressing uncontrolled cellular proliferation.

Beyond these primary mechanisms, tocotrienols also demonstrate
significant roles in inhibiting angiogenesis and metastasis. The
reduction of vascular endothelial growth factor expression and
microvessel density highlights their capacity to interfere with tumour
vascularisation, while the suppression of matrix metalloproteinases
and modulation of epithelial-mesenchymal transition markers indicate
a measurable impact on cancer cell invasion and dissemination. These
effects are further reinforced by the modulation of key molecular
signalling pathways, including NF-xB, PI3K/Akt, and MAPK,
which function as upstream regulators of proliferation, survival,
and apoptosis. The convergence of these mechanisms confirms
that tocotrienols operate as multi-target bioactive compounds with
integrated effects on tumour suppression.

Concerning consistency, tocotrienols demonstrate anticancer
effects across diverse cancer types, notably breast, colorectal,
prostate, liver, and lung malignancies. Mechanistic consistency is
particularly strong for apoptosis induction and signalling pathway
modulation, which appear to represent conserved biological responses
across different experimental systems. However, variations in effect
magnitude are evident, influenced by factors such as tocotrienol
isoform composition, dosage, treatment duration, and experimental
model. Among the isoforms, y- and d-tocotrienols are more frequently
associated with stronger anticancer activity, while tocotrienol-rich
fraction formulations may provide enhanced efficacy due to combined
effects. Despite these variations, the overall pattern of findings
supports a moderate to high level of consistency in the anticancer
activity of tocotrienols under diverse experimental conditions.

The integration of these findings underscores the relevance of
tocotrienols as biologically active compounds with the capacity
to influence multiple hallmarks of cancer simultaneously. Their
ability to target interconnected pathways provides a mechanistic
basis for their observed effectiveness and supports their potential
role as complementary agents in cancer research. At the same time,
the variability in experimental design across studies highlights
the importance of cautious interpretation and the need for greater
methodological standardisation in future investigations.

Overall, the evidence indicates that palm oil-derived tocotrienols
possess a coherent and reproducible anticancer profile characterised
by multi-pathway modulation and broad applicability across
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cancer models.

While the current body of research provides a

strong experimental foundation, future studies using standardised

methodologies,

extended biological models, isoform-specific

comparisons, and well-designed translational or clinical investigations
are necessary to refine mechanistic understanding and support
therapeutic development.
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