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Abstract

Advances in nutrigenomics have clarified the role of dietary bioactive substances in controlling gene expression and directing
key metabolic activities. Palm oil-derived phytonutrients, including tocotrienols, tocopherols, and carotenoids, have attracted in-
creasing attention due to their potential roles in modulating lipid metabolism, inflammatory responses, and oxidative stress at the
molecular level. This research aims to integrate and critically examine current scientific data on the role of these compounds in mod-
ulating gene expression pathways from a nutrigenomic perspective across varied biological environments. A Systematic Literature
Review (SLR) approach was employed following a structured and transparent methodology. Data were collected from the Scopus
database using a combination of primary and refined Boolean keywords related to palm oil phytonutrients and gene expression
pathways. The selection process involved identification, screening, and eligibility stages, resulting in 38 studies that met all prede-
fined criteria, including publication period (2021-2025) and open-access availability. Data analysis was conducted through qual-
itative synthesis and comparative thematic mapping to identify consistent molecular patterns. The results revealed five dominant
themes: regulation of lipid metabolism genes, modulation of inflammatory signaling pathways, activation of antioxidant responses,
dose-dependent and compound-specific effects, and integrative cross-talk between biological pathways. Quantitative findings indi-
cate upregulation of PPAR-a (1.5-2.3 fold), downregulation of SREBP-1c (20-45%), suppression of NF-xB activity (22-48%), and
activation of Nrf2 (1.8-3.2 fold), accompanied by improvements in oxidative and inflammatory markers. In conclusion, palm oil
phytonutrients demonstrate consistent and context-dependent modulation of gene expression across interconnected metabolic
pathways. Future research should prioritize standardized experimental designs, expanded human-based studies, and integrative
multi-omics approaches to enhance translational relevance.
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Introduction

The increasing recognition of the intricate relationship
between diet and gene expression has positioned nutrigenomics as
a rapidly evolving field within molecular nutrition and biomedical
research. Nutrigenomics explores how bioactive compounds in
food interact with the genome to influence cellular processes,

metabolic regulation, and physiological outcomes [10]. This
interaction is particularly significant in non-communicable disease
contexts, as dysregulated lipid metabolism, ongoing inflammation,
and oxidative stress are widely regarded as core mechanistic
factors. Recent advances in transcriptomic and molecular profiling
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technologies have enabled more precise identification of how
dietary components modulate gene expression pathways, thereby
contributing to a more comprehensive understanding of diet-gene
interactions at the molecular level [61]. The interplay between lipid
metabolism, inflammatory processes, and oxidative stress forms a
network of biological interactions that governs metabolic balance.
Disruptions in lipid metabolism, such as increased lipogenesis or
impaired fatty acid oxidation, are often associated with metabolic
disorders including obesity, dyslipidemia, and cardiovascular
[52,70]. At the same time, low-grade chronic inflammation has
been established as an important determinant of metabolic
imbalance, driven by pro-inflammatory cytokines and signaling
cascades including nuclear factor kappa B (NF-xB). Alongside
these processes, oxidative stress, characterized by disequilibrium
between Reactive Oxygen Species (ROS) and antioxidant defenses,
plays a role in intensifying cellular and tissue injury. These three
pathways are not isolated; rather, they form a complex regulatory
network that is highly responsive to dietary inputs and bioactive
compounds [22].

Against this background, plant-derived bioactive compounds
have become a focus of research for their potential role in shaping
gene expression and metabolic functions. Phytonutrients, including
polyphenols, carotenoids, and vitamin E derivatives, have been
reported to interact with transcription factors and signaling
cascades involved in metabolic regulation [65]. Their effects are
thought to be driven by several mechanisms, including stimulation
of PPARs, suppression of inflammation-related mediators, and
reinforcement of antioxidant responses, especially via Nrf2
signaling pathways. The ability of phytonutrients to influence gene
expression suggests their relevance not only in nutritional science
but also in preventive and functional health strategies [29]. Palm
oil, as a widely utilized vegetable oil, represents a notable source
of diverse phytonutrients, including tocotrienols, tocopherols, and
carotenoids. These bioactive components have been increasingly
investigated for their potential roles in molecular and cellular
regulation. Tocotrienols, in particular, have been associated with
modulation of lipid metabolism and inflammatory responses, while
carotenoids contribute to antioxidant defense [46]. The presence
of these compounds’ positions palm oil as a relevant dietary source
within nutrigenomic research, particularly in studies examining
gene expression pathways and metabolic regulation. Importantly,
existing evidence reflects a range of biological responses that
are context-dependent and influenced by factors such as dosage,
experimental conditions, and biological models [81].

Despite the growingbody of research on palm oil phytonutrients,
the available evidence remains fragmented across different
experimental designs, molecular targets, and analytical approaches.
Many studies focus on specific pathways or individual compounds,
resulting in a lack of integrated understanding regarding how these
phytonutrients collectively influence gene expression networks
related to lipid metabolism, inflammation, and oxidative stress.
Furthermore, variations in study design, including differences in
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in vitro, in vivo, and clinical models, contribute to inconsistencies
in reported outcomes. This heterogeneity underscores the need for
a systematic synthesis of existing evidence to identify converging
patterns, clarify mechanistic pathways, and assess the overall
consistency of findings within a unified analytical framework [40].
In this regard, a Systematic Literature Review (SLR) provides a
robust methodological approach to synthesize and evaluate the
existing body of scientific evidence. By employing a structured
and transparent process for literature identification, screening,
and analysis, SLR enables the integration of findings from multiple
studies while minimizing bias. Unlike primary research methods
such as focus group discussions or field observations, which
rely on newly collected data, this study is exclusively based on
secondary data derived from peer-reviewed scientific publications.
Through this approach, the analysis is kept within the boundaries
of validated evidence, thereby reducing the risk of incorporating
unsubstantiated claims. The use of the PRISMA framework further
enhances methodological rigor by ensuring reproducibility and
clarity in the selection process. The purpose of this study is to
systematically compile and interpret existing research on how
phytonutrients from palm oil influence gene expression pathways
within the context of lipid metabolism, inflammation, and oxidative
stress. Through this synthesis, the study aims to identify consistent
molecular patterns, evaluate the extent of gene regulation
across different biological systems, and provide an integrated
understanding of how these bioactive compounds interact with key
regulatory pathways.

In accordance with this objective, the study is structured
around the following research questions:

RQ1: How do palm oil-derived phytonutrients influence gene
expression pathways associated with lipid metabolism, inflammation,
and oxidative stress across different experimental models?

RQ2: To what extent do variations in compound type, dosage,
and biological context affect the consistency and magnitude of
nutrigenomic responses observed in the literature?

Literature Review

This section synthesizes the current body of knowledge on
nutrigenomic interactions between dietary phytonutrients and
gene expression pathways, with a specific focus on palm oil-
derived bioactive compounds. The review is organized thematically
to provide a structured understanding of key scientific domains,
including the conceptual foundations of nutrigenomics, the
composition and molecular relevance of palm oil phytonutrients,
and their capacity to modulate lipid metabolism, inflammation,
and oxidative stress. In addition, the interconnected nature of
these biological pathways and existing research gaps are critically
examined to establish a comprehensive and integrative perspective.
Through this approach, the literature review aims to consolidate
fragmented evidence and highlight the underlying molecular
mechanisms that frame the current understanding of nutrigenomic
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modulation.

Conceptual Foundations of Nutrigenomics and Gene-
Diet Interactions

Emerging as a prominent interdisciplinary discipline,
nutrigenomics investigates how dietary components interact
with gene expression to influence molecular pathways and
overall biological functions. This field integrates principles from
molecular biology, genomics, and nutritional science to elucidate
how bioactive compounds regulate transcriptional activity and
cellular signaling networks. At its core, nutrigenomics focuses on
identifying how specific nutrients can activate or suppress gene
expression through transcription factors, epigenetic modifications,
and signaling cascades, thereby shaping metabolic outcomes and
physiological responses [43]. The role of nutrigenomics becomes
especially significant in metabolic health, where the interaction
between dietary components and genetic expression governs lipid
metabolism, inflammation, and oxidative stress. These processes are
interconnected at the molecular level and are influenced by dietary
patterns and nutrient composition. Advances in transcriptomic
technologies, including RNA sequencing and microarray analysis,
have facilitated high-resolution mapping of gene expression
changes in response to dietary interventions, enabling more precise
identification of nutrigenomic effects [15,48]. This evolving body
of knowledge underscores the importance of examining dietary
bioactive compounds not only as sources of energy but also as
modulators of gene expression.

Palm Oil Phytonutrients: Composition and Molecular

Relevance

Palm oil is recognized as a source of various phytonutrients
that have been studied for their potential biological activities at the
molecular level. These include tocotrienols and tocopherols (forms
of vitamin E), carotenoids such as (-carotene, and phytosterols.
Each of these compounds exhibits distinct biochemical properties
and potential interactions with cellular pathways. Tocotrienols, in
particular, have attracted attention due to their unsaturated side
chains, which may enhance cellular uptake and facilitate interaction
with lipid membranes and signaling proteins [19]. Carotenoids
present in palm oil contribute to antioxidant defense mechanisms
through both direct and indirect pathways. As lipophilic molecules,
they can interact with cellular membranes and limit oxidative
damage by eliminating reactive oxygen species. Phytosterols,
on the other hand, have been associated with modulation of
cholesterol metabolism and may influence gene expression related
to lipid homeostasis. The combined presence of these compounds’
positions palm oil as a complex matrix of bioactive molecules with
potential nutrigenomic [53,63]. These phytonutrients exert their
biological effects in a manner that is influenced by factors such as
concentration, bioavailability, and interactions with other dietary
elements. This complexity highlights the need for integrative
analysis to understand how multiple compounds collectively
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influence gene expression pathways rather than acting in isolation.

Gene Expression Regulation in Lipid Metabolism

A dynamic interplay of transcription factors and enzymes
underlies the regulation of lipid metabolism, including fatty acid
synthesis, transport, and oxidation. Peroxisome Proliferator-
Activated Receptors (PPARs), among these components, have a
crucial role in governing genes linked to lipid metabolism and
energy homeostasis. Activation of PPAR-q, for example, is associated
with increased B-oxidation and reduced lipid accumulation, while
PPAR-v is linked to adipogenesis and lipid storage [51,64]. Another
essential regulatory component is the Sterol Regulatory Element-
Binding Proteins (SREBPs), particularly involved in lipogenic
pathways. SREBP-1c controls the transcription of enzymes
including FAS and ACC, which are indispensable for de novo lipid
production. Dysregulation of these pathways can lead to metabolic
imbalance and accumulation of lipids in tissues. Nutrigenomic
studies have indicated that dietary bioactive compounds can
modulate these transcriptional regulators, thereby influencing
lipid metabolism at the molecular level [78]. Several studies have
documented that palm oil phytonutrients affect PPAR and SREBP
signaling, suggesting a role in regulating lipid homeostasis through
gene-level mechanisms. However, the extent and consistency of
these effects vary across experimental models, highlighting the
importance of systematic synthesis.

Inflammatory Pathways and Nutrigenomic Modulation

Inflammation represents a sophisticated biological mechanism
involving regulators and signaling
pathways. Molecularly, the NF-kB pathway is pivotal in mediating

numerous molecular
inflammatory responses, regulating the expression of major pro-
inflammatory cytokines including TNF-q, IL-6, and IL-1(. Activation
of NF-kB is triggered by various stimuli, including oxidative stress
and metabolic imbalance, leading to transcriptional changes
that sustain inflammatory processes [37]. Certain nutrients have
been shown, in nutrigenomic research, to affect NF-xB signaling
by acting on upstream regulators such as IkB Kinase (IKK) or by
directly modulating transcriptional activity. This modulation
can result in altered expression of inflammatory mediators and
changes in cellular responses. Importantly, these effects are
often context-dependent, varying according to physiological
conditions and experimental settings [12]. Palm oil phytonutrients,
particularly tocotrienols, have been explored for their potential
interactions with inflammatory pathways. Evidence suggests that
these compounds may influence NF-kB activation and cytokine
expression, although the magnitude and consistency of these
effects differ among studies. This variability underscores the need
for integrative analysis to clarify their role in inflammation-related
gene expression.

Oxidative Stress and Antioxidant Gene Regulation

Oxidative stress emerges due to a mismatch between the

American Journal of Biomedical Science & Research 897



Am ] Biomed Sci & Res

generation of ROS and the functionality of the body’s antioxidant
systems. Molecularly, oxidative stress induces damage to lipids,
proteins, and DNA, thereby contributing to impaired cellular
function. The nuclear factor erythroid 2-related factor 2 (Nrf2)
pathway plays a central role in regulating antioxidant responses
by controlling the expression of genes encoding enzymes such
as Superoxide Dismutase (SOD), Catalase (CAT), and Glutathione
Peroxidase (GPx) [73]. Upon activation, Nrf2 translocates into the
nucleus, engages with ARE, and facilitates transcription of genes
that enhance cellular protection. This mechanism represents
a key adaptive response to oxidative stress and is influenced
by various dietary components. Nutrigenomic studies have
shown that bioactive compounds can activate or modulate Nrf2
signaling, thereby enhancing cellular antioxidant capacity [59].
Phytonutrients derived from palm oil, including tocotrienols and
carotenoids, have been associated with antioxidant activity through
both gene-mediated and direct biochemical mechanisms. These
compounds may contribute to the regulation of oxidative stress
pathways, although their effects are influenced by experimental
conditions and biological context. Understanding these interactions
requires a comprehensive synthesis of available evidence.

Lipid

Inflammation, and Oxidative Stress

Interconnected Pathways: Metabolism,

A key concept emerging from nutrigenomic research is the
interconnected nature of metabolic, inflammatory, and oxidative
pathways. These systems are linked through shared signaling
molecules and transcription factors, creating a dynamic network
that responds to dietary inputs. For example, oxidative stress can
activate NF-xB signaling, leading to increased inflammation, while
inflammation can influence lipid metabolism through cytokine-
mediated pathways [47]. Similarly, transcription factors such as
PPARs and Nrf2 are not limited to single pathways but participate
in cross-regulatory interactions. Activation of PPAR-a may reduce
inflammatory signaling, while Nrf2 activation can influence both
oxidative stress and inflammatory responses. This cross-talk
highlights the complexity of gene regulation and underscores
the importance of integrative approaches in nutrigenomic
research [72]. Palm oil phytonutrients are increasingly being
studied within this integrative framework, as their effects are not
confined to a single pathway. Instead, they may influence multiple
interconnected processes simultaneously, contributing to overall
cellular homeostasis. However, the extent of these interactions and
their biological significance remain areas of ongoing investigation.

Research Gaps and Need for Systematic Synthesis

Despite the growingbody ofliterature on palm oil phytonutrients
and nutrigenomic modulation, several gaps remain in the current
understanding. First, many studies focus on individual compounds
or isolated pathways, limiting the ability to draw comprehensive
conclusions about integrated gene expression networks. Second,
variations in how experiments are designed, including differences
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in dose, model organisms, and analytical methods, contribute
to inconsistent results across studies. Additionally, while some
studies report significant modulation of gene expression, others
show minimal or context-dependent effects, highlighting the need
to evaluate the strength and consistency of evidence across studies.
The lack of standardized methodologies further complicates
comparisons and synthesis of results. These challenges emphasize
the importance of employing a systematic literature review
approach to consolidate and critically assess existing research. By
integrating findings from multiple studies, a systematic review can
identify recurring patterns, clarify discrepancies, and promote a
more coherent synthesis of evidence regarding the nutrigenomic
effects of palm oil phytonutrients. This approach is particularly
relevant for advancing knowledge in complex and multifactorial
biological systems, where isolated studies may not capture
the full scope of interactions. The body of evidence indicates
that phytonutrients obtained from palm oil may play a role in
modulating gene expression pathways linked to lipid metabolism,
inflammation, and oxidative stress. However, the complexity of
these interactions and the variability of findings necessitate a
structured and comprehensive synthesis to establish a clearer and
more integrated understanding of their nutrigenomic roles.

Methodology

Adopting the PRISMA framework, this study implements
a Systematic Literature Review (SLR) to ensure a transparent,
structured, and reproducible synthesis of scientific evidence
concerning the nutrigenomic modulation of gene expression
pathways by palm oil-derived phytonutrients. The review is
specifically designed to systematically identify, screen, and integrate
peer-reviewed studies that examine the interaction between
bioactive compounds present in palm oil, such as tocotrienols,
tocopherols, and carotenoids, and the biochemical pathways
linked to lipid metabolism, inflammation, and oxidative stress.
The entire process of the review employed a methodical, criteria-
focused workflow involving identification, screening, eligibility
assessment, and final inclusion, each guided by clearly defined
parameters including database source, keyword formulation,
publication timeframe, and accessibility. By exclusively relying on
secondary data derived from published scientific literature and
deliberately excluding primary research methods such as focus
group discussions or field observations, this study adheres strictly
to established SLR methodological standards while ensuring
analytical consistency and evidence-based interpretation (Figure
1).

[lustrated in Figure 1 is the PRISMA-based workflow,
showing the methodical progression of study selection from initial
identification through to final inclusion. A comprehensive literature
search was conducted via Scopus to secure the inclusion of peer-
reviewed and scientifically robust publications. In the identification
stage, an initial query using the keyword combination “Palm
0il AND Lipid Metabolism” yielded 939 records. To improve the
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specificity and thematic alignment of the dataset, a more refined
Boolean search strategy was subsequently applied: (“palm oil
phytonutrients” OR “palm phytonutrients” OR tocotrienol OR
tocopherol OR carotenoid) AND (“nutrigenomics” OR “nutrigenomic
modulation” OR “gene expression” OR transcriptomics) AND (“lipid
metabolism” OR “fat metabolism” OR lipogenesis OR lipolysis) AND
(inflammation OR “inflammatory pathways” OR cytokine) AND
(“oxidative stress” OR antioxidant OR ‘reactive oxygen species”).
Through this refinement process, 826 articles were excluded due
to limited relevance to the defined research scope, resulting in 113
records proceeding to the screening phase. A temporal filtering
step was subsequently applied by restricting the publication period
to studies published between 2021 and 2025, ensuring that the
review reflects recent scientific developments and emerging trends
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in nutrigenomics research. This criterion led to the exclusion of
58 articles that did not meet the specified timeframe, leaving 55
records for further evaluation. During the eligibility phase, only
articles available through open access or open archive platforms
were considered to enable full-text assessment. As a result, 17
articles were excluded due to limited accessibility, and 38 studies
that fulfilled all inclusion criteria were retained for qualitative
synthesis. To ensure consistency in reference management,
traceability, and citation accuracy, all selected articles were
systematically organized using Mendeley Desktop. This structured
and methodologically rigorous approach enables a comprehensive
synthesis of current evidence related to the role of palm oil
phytonutrients in nutrigenomic regulation, while maintaining a
balanced and scientifically grounded perspective.

Identification of new studies via databases and registers

Records identified from:
Dalabases (n = 939)

Records removed before screening:
Duplicate records (n = 826)

ldentification

= Records marked as ineligible by automation
ool (fn=0)
Records removed for other reasons (n=0)

Screening

Records screened Records excluded

(n=113) (n=58)
1
Reports soughl for retrieval - Reports not retrieved

(n =55 (n=17)

Reports excluded:

Reports assessed for eligbility Reasoni (n = MA)

{n=38) o Reason2 (n = MA)

Reason3 (n = NA)

New studies included in review
{n=38)

Reporls of new included studies
{n=238)

Included

Figure 1: Overview of the PRISMA-Guided Systematic Literature Review Workflow.

Results

The systematic literature review identified and synthesized
38 eligible studies that met all predefined inclusion criteria. These
studies consisted of approximately 47% in vitro experiments, 37% in
vivo animal-based studies, and 16% clinical or translational human

studies, indicating that current evidence is predominantly derived
from mechanistic and preclinical research, with comparatively
limited human based validation. Through structured qualitative
synthesis and comparative mapping, five dominant thematic
clusters were identified: (1) regulation of lipid metabolism-
related genes, (2) modulation of inflammatory signaling pathways,
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(3) activation of antioxidant and oxidative stress response
mechanisms, (4) dose-dependent and compound-specific gene
expression effects, and (5) integrative cross-talk between metabolic,
inflammatory, and oxidative pathways. These themes collectively
reflect the main directions of research on the nutrigenomic effects
of palm oil-derived phytonutrients. The thematic distribution
shows that oxidative stress and antioxidant mechanisms are the
most frequently addressed (x71%; 27/38 studies), followed by
lipid metabolism (*68%; 26 studies), integrative cross-talk (x63%);
24 studies), inflammatory pathways (*61%; 23 studies), and dose-
dependent or compound-specific effects (55%; 21 studies). This
pattern indicates a strong emphasis on core regulatory pathways
associated with cellular homeostasis and adaptive responses. The
predominance of oxidative stress-related studies likely reflect
the central role of redox regulation as an upstream mechanism
influencing both metabolic and inflammatory pathways. Similarly,
the strong focus on lipid metabolism highlights its direct relevance
to energy regulation, while the consistent representation of
inflammatory pathways suggests that gene expression modulation
is often examined under induced or stress-related conditions.
In contrast, the relatively lower emphasis on dose-dependent
and compound-specific analyses may be due to the greater
methodological complexity required to evaluate dosage variability
and isoform-specific effects across experimental models. Overall,
these thematic patterns suggest that current research is primarily
oriented toward elucidating molecular mechanisms, with a growing
shift toward integrative, multi-pathway perspectives. The following
subsections provide a detailed synthesis of each thematic domain
based on the reviewed studies.

Regulation of Lipid Metabolism-Related Genes

A dominant proportion of the reviewed studies, accounting for
approximately 68% (26 out of 38 articles), consistently reported
modulation of key genes involved in lipid metabolism following
exposure to palm oil phytonutrients. These studies primarily
focused on transcription factors and enzymes governing lipid
synthesis, transport, and oxidation, with particular emphasis
on the PPAR and SREBP transcription factor families, along
with their corresponding downstream metabolic enzymes.
Across multiple experimental systems, tocotrienol-rich fractions
demonstrated a statistically significant upregulation of PPAR-a
expression ranging from 1.5-fold to 2.3-fold, which is directly
associated with enhanced fatty acid $-oxidation and improved lipid
utilization efficiency [13,38,76]. In parallel, an increase in PPAR-6
expression by approximately 20% to 38% was also observed in
several studies, suggesting a broader activation of lipid oxidation
pathways [62]. These transcriptional changes were accompanied
by measurable reductions in intracellular lipid accumulation, with
reported decreases ranging between 18% and 34% in hepatocyte
and adipocyte models [54,80]. Conversely, lipogenic pathways
were consistently downregulated. The expression of SREBP-1c,
a master regulator of lipogenesis, was reduced by 20% to 45%,
while downstream targets such as Fatty Acid Synthase (FAS) and
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Acetyl-Coa Carboxylase (ACC) showed reductions of approximately
25% to 40% and 18% to 33%, respectively [4,5,30]. These findings
indicate a coordinated suppression of lipid synthesis pathways.
Genes related to lipid transport and mitochondrial oxidation were
also significantly affected. Carnitine Palmitoyltransferase-1 (CPT-1)
expression increased by up to 30% to 42%, facilitating enhanced
mitochondrial fatty acid uptake and oxidation [6,44]. Similarly,
adiponectin-related gene expression was elevated by approximately
15% to 28%, suggesting improved lipid metabolic signaling [9].
Notably, several studies reported improvements in systemic lipid
profiles in vivo, including reductions in total cholesterol levels
by 12% to 26% and triglyceride levels by 15% to 31%, further
supporting the gene-level findings [24,58]. These combined results
indicate that palm oil phytonutrients exert a regulatory role in lipid
metabolism by promoting catabolic pathways while attenuating
anabolic lipid synthesis mechanisms.

Modulation of Inflammatory Signaling Pathways

Inflammatory signaling modulation was identified in
approximately 61% (23 out of 38) of the included studies,
highlighting its significance as a core nutrigenomic response. Palm
oil-derived phytonutrients, with tocotrienols being particularly
potent, primarily target the NF-«kB signaling pathway. Quantitative
findings revealed that tocotrienol supplementation led to a
reduction in NF-kB activation levels by approximately 22% to 48%,
primarily through inhibition of its nuclear translocation [36]. This
resulted in a downstream decrease in pro-inflammatory cytokine
expression, with TNF-a reduced by 18% to 52%, IL-6 by 15% to
40%, and IL-1f by 12% to 35% across various models [34,49].
In macrophage-based assays, cytokine secretion levels decreased
by approximately 20% to 46%, indicating both transcriptional
and functional modulation [41]. Mechanistically, several studies
identified inhibition of IkB Kinase (IKK) activity by 15% to 37%,
which stabilizes [kB and prevents NF-kB activation. Additionally,
reductions in Cyclooxygenase-2 (COX-2) expression by 18%
to 41% were observed, further supporting anti-inflammatory
signaling regulation [68,77]. Palm oil phytosterols also contributed
to inflammatory modulation, although to a lesser extent,
with reductions in cytokine expression ranging from 10% to
25%, suggesting a complementary and additive effect [18,79].
Importantly, several studies emphasized that these effects were
more pronounced under induced inflammatory conditions,
with up to 1.5-fold greater suppression compared to baseline
conditions [23]. These findings collectively suggest that palm oil
phytonutrients contribute to maintaining inflammatory balance
through targeted and condition-dependent gene regulation rather
than broad immunosuppression.

Activation of Antioxidant and Oxidative Stress Response
Mechanisms

Oxidative stress response modulation was the most consistently
reported theme, appearing in approximately 71% (27 out of 38) of
the reviewed studies. The observed effects were largely governed
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by the Nrf2 signaling pathway, highlighting its central regulatory
role. Tocotrienol exposure was associated with Nrf2 activation
ranging from 1.8-fold to 3.2-fold, leading to increased transcription
of antioxidant genes regulated by the Antioxidant Response
Element (ARE) [33,39]. This activation translated into significant
increases in antioxidant enzyme expression, including:

a.  Superoxide dismutase (SOD): +20% to +55

b.  Catalase (CAT): +18% to +42

c.  Glutathione peroxidase (GPx): +25% to +60
d. Heme oxygenase-1 (HO-1): +30% to +65%

These molecular changes were accompanied by reductions
in oxidative stress markers. Reactive Oxygen Species (ROS) levels
decreased by 22% to 48%, while lipid peroxidation markers such as
Malondialdehyde (MDA) decreased by 15% to 35% [11,17]. In some
studies, DNA oxidative damage markers (8-OHdG) were reduced by
approximately 12% to 27%, indicating broader genomic protection
[3]. Carotenoids contributed through both indirect gene activation
and direct antioxidant activity, enhancing total antioxidant capacity
by approximately 18% to 36% [66]. These combined effects
highlight a dual mechanism involving transcriptional activation and
biochemical scavenging of reactive species.

Dose-Dependent and Compound-Specific Gene

Expression Effects

Approximately 55% (21 out of 38) of the studies emphasized
that the nutrigenomic effects of palm oil phytonutrients are
strongly influenced by dosage, exposure duration, and compound
type. This variability reflects the complexity of bioactive compound
interactions at the molecular level. In vitro studies consistently
identified optimal biological activity at concentrations between
10 and 50 pM, with peak gene modulation observed around 25
uM, beyond which effects plateaued or slightly declined [60]. In
vivo studies reported optimal supplementation levels between
50 and 200 mg/kg body weight, with gene expression changes
diminishing at higher doses [32]. Isoform-specific effects were also
evident. y- and §-tocotrienols exhibited stronger anti-inflammatory
and antioxidant effects, with up to 40% greater NF-xB inhibition
compared to a-tocotrienol, while a-tocotrienol showed stronger
modulation of lipid metabolism genes, particularly PPAR-a
(increase up to 2.3-fold) [21,28]. Temporal factors also played a
role, with gene expression changes becoming significant after 24 to
72 hours in vitro and 2 to 8 weeks in vivo, indicating both acute and
adaptive regulatory responses [69]. These findings underscore that
the biological effects of palm oil phytonutrients are not uniform but
are influenced by multiple interacting parameters, necessitating
precise experimental standardization.

Integrative Cross-Talk Between Metabolic, Inflammatory,
and Oxidative Pathways

A major integrative finding, observed in approximately 63%
(24 out of 38) of the studies, is the existence of cross-talk between
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lipid metabolism, inflammation, and oxidative stress pathways.
These pathways were shown to be interconnected through shared
transcription factors and signaling cascades. Activation of PPAR-a
was found to suppress NF-kB signaling indirectly, resulting in
simultaneous improvements in lipid metabolism and reductions
in inflammation [55]. Similarly, Nrf2 activation was associated not
only with antioxidant responses but also with decreased expression
of inflammatory cytokines by 15% to 35% [35].

Quantitative integrative outcomes included:

a.  Reduction in lipid accumulation markers by 20% to 35
b.  Decrease in pro-inflammatory cytokines by 20% to 45

c.  Reduction in oxidative stress biomarkers by 25% to 50%

Additionally, AMPK (AMP-activated protein kinase) activation,
reported in several studies, contributed to this cross-talk by
enhancing lipid oxidation while suppressing
signaling by approximately 18% to 32% [7,25]. This coordinated
regulation suggests that palm oil phytonutrients operate within

inflammatory

an interconnected molecular network, supporting cellular
homeostasis through multi-pathway modulation rather than
isolated gene targeting. The synthesis of the 38 selected studies
demonstrates that palm oil-derived phytonutrients exert consistent
and measurable effects on gene expression pathways associated
with lipid metabolism, inflammation, and oxidative stress. The
observed effects are supported by quantitative data across multiple
experimental models, indicating reproducibility and biological
relevance. Importantly, the findings suggest a context-dependent
and modulatory role, where palm oil phytonutrients contribute to
maintaining physiological balance rather than inducing extreme or
unidirectional biological responses. This reinforces the relevance of
nutrigenomic frameworks in understanding diet-gene interactions
and highlights the importance of considering dosage, compound

specificity, and biological context in interpreting these effects.

Discussion

The present systematic literature review provides an integrated
analysis of 38 selected studies to address the two primary research
questions concerning the nutrigenomic modulation of gene
expression by palm oil-derived phytonutrients. The discussion
synthesizes findings across diverse experimental models, including
in vitro systems, in vivo animal studies, and limited human-based
investigations, to establish a comprehensive understanding of
molecular mechanisms, variability, and contextual influences. By
consolidating evidence from multiple sources, this section aims to
critically interpret the extent, consistency, and biological relevance
of observed gene expression changes within lipid metabolism,
inflammatory signaling, and oxidative stress pathways.

Nutrigenomic Modulation Across Key Biological
Pathways

Addressing the first research question, the findings consistently

demonstrate that palm oil-derived phytonutrients exert
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measurable effects on gene expression pathways associated with
lipid metabolism, inflammation, and oxidative stress. However,
these effects are not uniform; rather, they reflect a pattern of
modulatory influence that varies depending on molecular targets
and experimental conditions. Within lipid metabolism, findings
indicate that genes involved in fatty acid oxidation are commonly
upregulated, especially those modulated by PPAR-a. Several studies
reported increases in PPAR-a expression ranging from 1.5-fold to
2.3-fold, which corresponded with enhanced B-oxidation activity
and reduced lipid accumulation in cellular and animal models
[16,74]. This suggests that palm oil phytonutrients may support
lipid homeostasis by promoting catabolic pathways. Concurrently,
downregulation of lipogenic regulators such as sterol regulatory
element-binding protein 1c (SREBP-1c) was observed, with
reductions between 20% and 45%, indicating suppression of lipid
synthesis pathways [56]. These dual regulatory effects highlight
a coordinated mechanism through which gene expression is
modulated to maintain metabolic balance. Within the network of
inflammatory pathways, the NF-kB cascade functions as a central
point of regulation. The evidence indicates that tocotrienols, one
of the primary phytonutrients in palm oil, can attenuate NF-«B
activation through inhibition of its nuclear translocation, resulting in
decreased expression of pro-inflammatory cytokines. Quantitative
reductions in tumor necrosis factor-alpha (TNF-a) ranged from
18% to 52%, while interleukin-6 (IL-6) and interleukin-1 beta
(IL-1B) were reduced by approximately 15% to 40% and up to
35%, respectively [27,75]. These findings suggest that palm oil
phytonutrients may contribute to the regulation of inflammatory
responses at the transcriptional level, particularly under conditions
of induced inflammation.

Oxidative stress pathways represent another major domain
of nutrigenomic modulation. The activation of nuclear factor
erythroid 2-related factor 2 (Nrf2) was consistently reported,
with increases in activation levels ranging from 1.8-fold to 3.2-fold
across multiple studies [57,71]. This activation was associated
with upregulation of antioxidant enzymes such as Superoxide
Dismutase (SOD), Catalase (CAT), and Glutathione Peroxidase
(GPx), with expression increases ranging from 20% to 60% [26].
In parallel, reductions in Reactive Oxygen Species (ROS) levels and
lipid peroxidation markers were observed, indicating improved
oxidative balance [8]. These findings collectively suggest that palm
oil phytonutrients contribute to cellular defense mechanisms
through both gene-mediated pathways.
Importantly, these three domains lipid metabolism, inflammation,
and oxidative stress do not operate independently. Instead, they are
interconnected through shared signaling networks. For example,
activation of PPAR-a has been linked to reduced NF-kB activity,
while Nrf2 activation may also suppress inflammatory signaling
[2]. This interconnected modulation supports the notion that palm
oil phytonutrients function within a broader regulatory network,
contributing to overall cellular homeostasis rather than targeting

and biochemical

isolated pathways.
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Variability in Nutrigenomic Responses: Compound Type,

Dosage, and Context

The second research question focuses on the extent to
which variations in compound type, dosage, and biological
context influence the consistency and magnitude of observed
nutrigenomic effects. The findings indicate that variability is a
defining characteristic of the current evidence base, reflecting
the complexity of gene-nutrient interactions. Compound-specific
effects were prominently observed. Tocotrienols, particularly the
y- and &-isoforms, were consistently associated with stronger
anti-inflammatory and antioxidant responses compared to
tocopherols. For instance, y-tocotrienol demonstrated up to 40%
greater inhibition of NF-kB activation relative to other isoforms,
while §-tocotrienol showed enhanced induction of Nrf2-mediated
antioxidant pathways [14,31]. In contrast, a-tocotrienol exhibited
more pronounced effects on lipid metabolism genes, particularly
PPAR-a activation [50]. These differences highlight the importance
of distinguishing between phytonutrient subclasses when
interpreting nutrigenomic outcomes. Dosage also plays a critical
role in determining the magnitude of gene expression changes. In
vitro studies generally reported optimal effects at concentrations
between 10 and 50 uM, with peak responses observed around
25 uM 1 [20,42]. Beyond this range, the effects tended to plateau
or diminish, suggesting a non-linear dose-response relationship.
Similarly, in vivo studies identified effective supplementation
ranges between 50 and 200 mg/kg body weight, with reduced
efficacy at higher doses [67]. These findings underscore the
importance of dosage optimization in evaluating nutrigenomic
effects. Biological context further contributes to variability. The
magnitude of gene expression changes was often greater in disease-
induced or stress-induced models compared to baseline conditions.
For example, reductions in inflammatory cytokines were more
pronounced in models of induced inflammation, with up to 1.5-
fold greater suppression compared to non-induced conditions
[1]. This suggests that palm oil phytonutrients may exert more
substantial regulatory effects under conditions of physiological
imbalance, acting as modulators rather than primary drivers of
gene expression. Additionally, differences between experimental
models such as cell culture systems, animal studies, and human
trials contribute to variability in findings. In vitro studies tend to
show more pronounced and controlled effects, while in vivo studies
reflect more complex physiological interactions. Human studies,
although limited, often report more moderate changes, likely due
to inter-individual variability and environmental factors [45]. This
highlights the importance of considering model-specific limitations
when interpreting results.

Consistency and Strength of Evidence Across Studies

While variability is evident, the overall pattern of findings
suggests a moderate to high level of consistency in the direction
of gene expression changes. Approximately 70% of the reviewed
studies reported convergent trends in lipid metabolism and
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oxidative stress pathways, while around 60% showed consistent
modulation of inflammatory markers. However, a subset of studies
(approximately 15% to 20%) reported minimal or non-significant
effects, particularly in cases involving low dosages or short
exposure durations.

This heterogeneity reflects both biological complexity and
methodological differences. Variations in experimental design,
including differences in treatment duration, sample size, and
analytical techniques, contribute to inconsistencies in reported
outcomes. For example, studies using transcriptomic approaches
such as RNA sequencing tend to provide more comprehensive
insights into gene expression changes compared to targeted assays.
Similarly, differences in dietary formulations and compound purity
may influence the bioavailability and efficacy of phytonutrients.
Despite these variations, the convergence of evidence across
multiple pathways and experimental models supports the reliability
of the observed nutrigenomic effects. The integration of findings
from diverse studies enhances the robustness of conclusions and
provides a more comprehensive understanding of the molecular
mechanisms involved.

The findings of this systematic review have several important
implications for nutrigenomics research and its application in
understanding diet-gene interactions. First, the evidence supports
the role of palm oil-derived phytonutrients as modulators of gene
expression across key metabolic and regulatory pathways. This
highlights their relevance in the broader context of functional
nutrition and molecular dietary research. Rather than exerting
uniform or unidirectional effects, these compounds appear to
contribute to maintaining physiological balance through context-
dependentregulation. Second, the observed variability in responses
underscores the importance of considering compound specificity,
dosage, and biological context in both experimental design and
interpretation of results. Future studies would benefit from
standardized methodologies, including consistent dosage ranges,
clearly defined experimental conditions, and the use of comparable
analytical techniques. This would enhance the comparability of
findings and facilitate more precise conclusions.

Third, there is a need for increased representation of human-
based studies to complement existing in vitro and animal research.
While mechanistic insights are often derived from controlled
experimental models, translational relevance requires validation
in human populations. A greater focus on clinical and longitudinal
research would provide critical understanding of the enduring
effects and applied relevance of nutrigenomic regulation. Finally,
future research should explore integrative and systems-level
approaches, such as multi-omics analyses, to capture the complexity
of gene-nutrient interactions. Investigating the interplay between
genomics, proteomics, and metabolomics could provide a more
comprehensive understanding of how palm oil phytonutrients
influence biological systems. Additionally, examining interactions
with other dietary components may reveal synergistic or
modulatory effects that are not captured in isolated studies. In
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sum, the review emphasizes the potential for palm oil-derived
phytonutrients to influence gene expression networks involved in
lipid metabolism, inflammation, and oxidative stress in a manner
dependent on biological context. While the evidence demonstrates
consistent trends across multiple studies, further research is
needed to refine understanding, reduce variability, and enhance
translational applicability within the field of nutrigenomics.

Conclusion

This systematic literature review synthesizes evidence from
38 selected studies and demonstrates that palm oil-derived
phytonutrients exert consistent and measurable modulatory
effects on gene expression pathways related to lipid metabolism,
inflammation, and oxidative stress. Across multiple experimental
models, including in vitro systems, in vivo animal studies, and
limited human-based investigations, these bioactive compounds
influence key transcriptional regulators and signaling pathways in
a coordinated manner. In lipid metabolism, the evidence indicates
a recurring pattern of enhanced expression of genes associated
with fatty acid oxidation, particularly through the activation of
PPAR-q, alongside the downregulation of lipogenic regulators such
as SREBP-1c. This dual modulation reflects a balanced regulatory
mechanism that supports lipid homeostasis at the molecular level.
In parallel, inflammatory signaling pathways, especially those
mediated by NF-kB, are consistently modulated, with reductions in
pro-inflammatory cytokine expression observed across a majority
of studies. These findings suggest a regulatory influence that is more
pronounced under conditions of induced inflammation, indicating
a context-dependent response rather than a uniform suppression.
Activation of the Nrf2 pathway is identified as a key mechanism
in managing oxidative stress, leading to elevated antioxidant
enzyme expression and improved cellular protection. The observed
reductions in oxidative stress markers further support the role
of palm oil phytonutrients in maintaining redox balance through
both transcriptional and biochemical processes. Importantly, these
pathways are interconnected, with cross-talk between metabolic,
inflammatory, and oxidative systems contributing to an integrated
regulatory network that supports overall cellular homeostasis.

The findings also highlight that the magnitude and consistency
of nutrigenomic responses are strongly influenced by variations in
compound type, dosage, and biological context. Tocotrienol isoforms
exhibit distinct functional profiles, with y- and §&-tocotrienols
showing stronger effects on inflammatory and oxidative pathways,
while a-tocotrienol demonstrates a more pronounced role in lipid
metabolism. Dose-dependent responses are evident, with optimal
effects generally observed within moderate concentration ranges,
while higher doses do not necessarily produce proportional
increases in gene expression modulation. Additionally, biological
context plays a critical role, as more substantial effects are
observed under conditions of metabolic or inflammatory stress
compared to baseline states. Despite variations in experimental
design and model systems, the overall direction of gene expression
changes remains relatively consistent across studies, indicating
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a moderate to high level of convergence in the current evidence
base. Differences between in vitro, in vivo, and human studies
primarily affect the magnitude rather than the direction of
responses, with human-based findings generally reflecting more
moderate but comparable trends. This consistency reinforces the
relevance of palm oil phytonutrients within the broader framework
of nutrigenomic research. In summary, palm oil-derived
phytonutrients function as modulators of gene expression within
interconnected biological pathways, contributing to the regulation
of lipid metabolism, inflammatory responses, and oxidative stress
in a context-dependent manner. The variability observed across
studies underscores the importance of considering compound
specificity, dosage, and experimental conditions when interpreting
nutrigenomic outcomes. Future research is recommended to
prioritize standardized methodological approaches, expand human-
based investigations, and adopt integrative multi-omics strategies
to further elucidate the complexity of gene-nutrient interactions
and enhance the translational relevance of these findings. Overall,
the synthesized evidence supports a balanced and mechanistically
grounded understanding of how palm oil phytonutrients interact
with gene expression systems, reinforcing their relevance within
contemporary nutrigenomics without indicating a singular or
uniform biological effect.
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