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Abstract

The growing scientific interest in naturally derived bioactive compounds has highlighted the relevance of lipid-based matrices

in modulating oxidative stress and inflammatory processes. Red Palm Oil (RPO), characterized by its rich content of carotenoids,
tocopherols, and tocotrienols, has been increasingly investigated for its potential biological roles. This study aims to systematically
review and synthesize biomedical evidence concerning the antioxidant and anti-inflammatory mechanisms of RPO, with a focus on
molecular pathways, biochemical interactions, and physiological responses across experimental contexts. This research employs
a Systematic Literature Review (SLR) design based on a structured PRISMA approach, utilizing secondary data exclusively from
peer-reviewed articles indexed in Scopus and PubMed. Data were collected through a two-stage keyword strategy, followed by
screening based on relevance, publication year (2020-2026), full-text availability, and duplicate removal, resulting in a final dataset
of 31 studies. Data analysis was conducted using a thematic synthesis approach to identify dominant mechanistic patterns. The find-
ings reveal five principal mechanistic domains: Reactive Oxygen Species (ROS) scavenging, enhancement of endogenous antioxidant
enzymes, inhibition of lipid peroxidation, modulation of inflammatory signaling pathways (including NF-kB and MAPK), regulation
of cytokine responses, and synergistic interactions among bioactive compounds. Quantitatively, RPO demonstrated reductions in
oxidative and inflammatory markers alongside improvements in enzymatic antioxidant activity across in vitro, in vivo, and clinical
models. In conclusion, RPO exhibits integrated antioxidant and anti-inflammatory mechanisms at molecular and cellular levels,
although clinical evidence remains comparatively limited. Future research should prioritize standardized clinical investigations and
explore bioavailability and synergistic interactions to strengthen translational relevance.
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Introduction

The increasing global burden of chronic and degenerative dis-
eases has intensified scientific interest in the underlying biologi-
cal processes that contribute to disease initiation and progression,
particularly oxidative stress and inflammation. These two inter-
related mechanisms are widely recognized as central drivers in
the pathophysiology of cardiovascular disorders, metabolic syn-
dromes, neurodegenerative conditions, and immune-related dys
functions [47]. Oxidative stress arises from an imbalance between

the production of Reactive Oxygen Species (ROS) and the capacity
of endogenous antioxidant systems to neutralize them, leading to
cellular damage, lipid peroxidation, and disruption of physiological
homeostasis [3]. At the same time, chronic low-grade inflamma-
tion, often triggered or amplified by oxidative stress, contributes
to sustained tissue injury and altered cellular signaling, thereby ac-
celerating disease progression across multiple organ systems [22].
The close interplay between oxidative stress and inflammation
highlights the importance of identifying bioactive compounds ca-
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pable of modulating both processes simultaneously in a biologically
coherent manner. In response to this need, growing attention has
been directed toward naturally derived compounds, particularly
those found in plant-based oils, which are increasingly explored for
their potential functional and biomedical properties. Among these,
Red Palm 0Oil (RPO), derived from the fruit of Elaeis guineensis, has
emerged as a subject of considerable scientific interest due to its
distinctive compositional profile rich in lipid-soluble antioxidants
[8]. Unlike refined palm oil, RPO retains significant amounts of ca-
rotenoids, tocopherols, and tocotrienols, which are known to play
important roles in cellular protection against oxidative damage and
in the modulation of inflammatory pathways [28]. These bioactive
compounds have been widely investigated in various experimental
settings, demonstrating potential effects on free radical scavenging,
membrane stabilization, and regulation of molecular signaling net-
works associated with inflammation.

Carotenoids, particularly (-carotene, are recognized for their
ability to quench singlet oxygen and neutralize free radicals, there-
by reducing oxidative burden at the cellular level [63]. Tocopherols
and tocotrienols, collectively referred to as vitamin E isoforms, con-
tribute to antioxidant defense by interrupting lipid peroxidation
chain reactions and preserving membrane integrity. Notably, tocot-
rienols have attracted increasing attention due to their reported su-
perior bioactivity in certain biological contexts compared to toco-
pherols, particularly in relation to anti-inflammatory signaling and
gene expression regulation [48]. These compounds are believed
to influence key molecular targets such as nuclear factor kappa B
(NF-kB), Mitogen-Activated Protein Kinases (MAPKs), and cytokine
production pathways, which are critically involved in inflammatory
responses [58]. Despite the expanding body of literature investigat-
ing the biological activities of red palm oil and its constituents, the
available evidence remains fragmented across different study de-
signs, biological models, and analytical approaches. A considerable
proportion of existing studies are conducted in vitro or in animal
models, often employing varying dosages, exposure durations, and
outcome measurements, which complicates direct comparison and
synthesis of findings [33]. In addition, while some clinical investi-
gations have begun to explore the potential physiological implica-
tions of RPO consumption, these studies remain relatively limited
in number and scope, resulting in an incomplete understanding of
its translational relevance [69]. This heterogeneity in methodologi-
cal design and reporting underscores the need for a systematic and
integrative approach to consolidate current knowledge.

Furthermore, previous reviews in this field have often fo-
cused on isolated compounds such as tocotrienols or have exam-
ined broader nutritional aspects of palm oil without specifically
addressing the mechanistic interplay between antioxidant and
anti-inflammatory pathways [19,45]. As a result, there remains a
lack of comprehensive synthesis that explicitly integrates molecu-
lar, cellular, and physiological evidence related to the dual roles of
RPO in oxidative stress regulation and inflammation modulation.
Addressing this gap is particularly important in order to provide a
clearer conceptual framework that can guide future research and
support evidence-based interpretation of existing findings. In this
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context, a Systematic Literature Review (SLR) represents an ap-
propriate methodological approach to identify, evaluate, and syn-
thesize relevant studies in a transparent and reproducible manner.
By applying structured search strategies, predefined inclusion cri-
teria, and rigorous screening processes, SLR enables the consoli-
dation of dispersed evidence while minimizing selection bias and
enhancing analytical consistency. Importantly, the present study
relies exclusively on secondary data derived from peer-reviewed
publications indexed in established scientific databases, without
involving any primary data collection methods such as field obser-
vations or focus group discussions, thereby ensuring adherence to
established standards of evidence-based research. Building upon
this methodological foundation, the present study aims to system-
atically review and synthesize the existing biomedical evidence on
the antioxidant and anti-inflammatory mechanisms of red palm oil.
The focus is directed toward elucidating the molecular pathways,
biochemical interactions, and physiological responses associated
with its bioactive components, while maintaining a balanced and
neutral perspective within the broader context of palm oil research.
By integrating findings across in vitro, in vivo, and clinical domains,
this review seeks to develop a coherent and comprehensive under-
standing of how red palm oil may contribute to the regulation of
oxidative stress and inflammatory processes.

To achieve this objective, the study is guided by the following
research questions:

RQ1: How do the bioactive components of red palm oil influence
antioxidant defense systems and oxidative stress-related pathways
at the molecular and cellular levels?

RQ2: To what extent do these components modulate inflamma-
tory signaling mechanisms and cytokine responses across different
experimental and clinical contexts?

These questions are intended to structure the analytical syn-
thesis presented in the subsequent sections and to provide a clear
basis for discussion and conclusion.

Literature Review

The expanding body of biomedical research examining natural-
ly derived bioactive compounds has increasingly emphasized the
relevance of plant-based lipid matrices as potential modulators of
oxidative stress and inflammatory processes. Within this context,
Red Palm Qil (RPO) has emerged as a subject of growing scientific
interest due to its distinctive composition, characterized by a high
concentration of carotenoids, tocopherols, and tocotrienols. These
compounds are widely recognized for their biochemical roles in
cellular protection and signaling regulation, particularly in relation
to oxidative balance and inflammatory responses. While numer-
ous studies have explored these effects individually, the literature
remains distributed across different experimental frameworks,
necessitating a structured synthesis to establish a coherent un-
derstanding of the mechanistic pathways involved. A critical ex-
amination of the existing literature reveals that research on RPO is
primarily anchored in three interconnected domains: antioxidant
activity, anti-inflammatory modulation, and molecular signaling
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mechanisms. These domains are frequently investigated in isola-
tion, yet emerging evidence suggests a high degree of interaction
between them, particularly in the context of chronic disease path-
ways. The following sections synthesize the literature across sev-
eral key thematic areas that collectively define the current state of
knowledge regarding the biological activity of red palm oil.

Antioxidant Properties of Red Palm Oil and Its Bioactive
Constituents

The antioxidant capacity of red palm oil has been extensively
documented, largely attributed to its high content of lipid-soluble
compounds, including carotenoids and vitamin E isoforms. Carot-
enoids, particularly B-carotene and a-carotene, are known to func-
tion as potent quenchers of singlet oxygen and scavengers of free
radicals, thereby reducing oxidative damage at the cellular level
[71]. Experimental studies have demonstrated that these com-
pounds can significantly reduce intracellular Reactive Oxygen Spe-
cies (ROS) levels, contributing to improved redox homeostasis un-
der stress conditions. In parallel, tocopherols and tocotrienols have
been identified as critical contributors to the antioxidant profile of
RPO. These compounds act primarily by interrupting lipid peroxi-
dation chain reactions within biological membranes, thereby pre-
venting the propagation of oxidative damage [7]. Tocotrienols, in
particular, have attracted increasing attention due to their structur-
al differences from tocopherols, which may confer enhanced bio-
availability and biological activity in certain cellular environments.
Comparative studies suggest that tocotrienols exhibit stronger
radical-scavenging capacity and may exert additional regulatory ef-
fects on gene expression related to oxidative stress responses [78].
Despite the well-documented antioxidant potential of these com-
pounds, variability in experimental design, including differences in
dosage, exposure duration, and biological models, has resulted in
a degree of heterogeneity across findings. While most studies con-
sistently report reductions in oxidative biomarkers, the magnitude
of these effects varies considerably, indicating that contextual fac-
tors may influence the efficacy of RPO-derived antioxidants [27].
This variability underscores the importance of integrating findings
across studies to identify consistent mechanistic patterns.

Lipid Peroxidation and Cellular Membrane Protection

Closely linked to antioxidant activity is the role of red palm
oil in inhibiting lipid peroxidation and preserving cellular mem-
brane integrity. Lipid peroxidation represents a critical pathway
of oxidative damage, particularly in tissues with high lipid content,
and is associated with the formation of reactive aldehydes such as
Malondialdehyde (MDA) [1]. The literature consistently indicates
that RPO and its bioactive constituents are capable of reducing lipid
peroxidation markers, thereby contributing to membrane stabili-
zation and cellular protection [65]. The mechanism underlying this
protective effect is primarily associated with the integration of to-
copherols and tocotrienols into phospholipid bilayers, where they
act as chain-breaking antioxidants. By donating hydrogen atoms to
lipid radicals, these compounds terminate the propagation phase
of lipid oxidation, effectively limiting structural damage to cell
membranes [18]. In addition, carotenoids contribute to membrane
protection by quenching reactive oxygen species before they can
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initiate lipid peroxidation processes [77]. However, some studies
suggest that the efficiency of these protective mechanisms may be
influenced by factors such as the oxidative environment, the pres-
ence of co-antioxidants, and the overall lipid composition of the
system under investigation [76]. This highlights the complexity of
antioxidant interactions within biological membranes and suggests
that the protective effects of RPO may be context-dependent rather
than universally uniform.

Anti-inflammatory Activity and Cytokine Regulation

Beyond its antioxidant properties, red palm oil has been in-
creasingly investigated for its potential role in modulating inflam-
matory responses. Chronic inflammation is characterized by the
sustained activation of immune pathways and the overproduction
of pro-inflammatory cytokines, including tumor necrosis factor-al-
pha (TNF-a), interleukin-6 (IL-6), and interleukin-1 beta (IL-1f).
Several studies have reported that RPO and its constituent com-
pounds can influence the production and regulation of these cy-
tokines, suggesting a role in maintaining immune balance. Tocot-
rienols, in particular, have been implicated in the downregulation of
pro-inflammatory mediators, potentially through their interaction
with transcription factors involved in immune signaling [5]. At the
same time, some studies indicate that RPO may enhance the expres-
sion of anti-inflammatory cytokines, such as interleukin-10 (IL-10),
thereby contributing to a shift toward a less inflammatory state
[67]. This dual effect on cytokine regulation suggests that RPO may
act not only as an inhibitor of inflammation but also as a modulator
of immune homeostasis. Nevertheless, inconsistencies in reported
outcomes have been observed, particularly in studies employing
different experimental models or intervention protocols. While the
majority of evidence supports an anti-inflammatory role for RPO,
the extent of its effects appears to vary, indicating that further in-
vestigation is needed to clarify the conditions under which these
effects are most pronounced [53].

Molecular Signaling Pathways Involved in Inflammation
and Oxidative Stress

A central focus of recent research has been the identification of
molecular pathways through which red palm oil exerts its biological
effects. Among these, the nuclear factor kappa B (NF-kB) signaling
pathway has been extensively studied due to its role in regulating
the expression of genes associated with inflammation and immune
responses [35,74]. Evidence suggests that RPO-derived compounds
can inhibit the activation of NF-kB, thereby reducing the transcrip-
tion of pro-inflammatory genes and limiting downstream inflam-
matory signaling. In addition to NF-kB, the Mitogen-Activated Pro-
tein Kinase (MAPK) pathways, including p38, ERK, and JNK, have
been identified as important targets of RPO bioactivity. These path-
ways are involved in cellular responses to stress and inflammation,
and their modulation by tocotrienols and carotenoids has been as-
sociated with reduced cellular damage and improved physiological
outcomes [24]. The ability of RPO to influence multiple signaling
pathways simultaneously suggests a broad regulatory role that ex-
tends beyond simple antioxidant activity. However, the literature
also indicates that the extent of pathway modulation may vary de-
pending on factors such as dosage, duration of exposure, and the
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specific cellular context. This variability highlights the need for
more standardized experimental approaches to facilitate compar-
ison across studies and to better understand the mechanistic con-
sistency of RPO effects.

Synergistic Effects of Bioactive Compounds in Red Palm
0il

An emerging theme in the literature is the recognition that
the biological activity of red palm oil cannot be fully understood
by examining its individual components in isolation. Instead, there
is increasing evidence to suggest that the combined presence of
carotenoids, tocopherols, and tocotrienols results in synergistic
interactions that enhance overall efficacy [40]. These interactions
may involve mechanisms such as the regeneration of oxidized an-
tioxidants, stabilization of reactive intermediates, and coordinated
modulation of signaling pathways. Studies comparing whole RPO
extracts with isolated compounds have reported enhanced antiox-
idant and anti-inflammatory effects in the former, supporting the
concept of a functional matrix in which multiple compounds inter-
act dynamically [64]. This perspective aligns with broader trends
in nutritional science, which emphasize the importance of whole-
food matrices over single-nutrient approaches. At the same time,
the complexity of these interactions presents challenges for exper-
imental investigation, as it is difficult to isolate the specific contri-
butions of individual components within a synergistic system. As
a result, further research is needed to elucidate the mechanisms

Methodology
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underlying these interactions and to determine how they influence
biological outcomes in different contexts [20]. Overall, the existing
literature provides substantial evidence supporting the antioxidant
and anti-inflammatory potential of red palm oil, with multiple stud-
ies demonstrating its ability to modulate oxidative stress, protect
cellular structures, regulate cytokine production, and influence key
signaling pathways. However, several limitations remain evident.
The predominance of preclinical studies, variability in experimen-
tal design, and limited number of clinical investigations contribute
to a fragmented evidence base that complicates the development of
definitive conclusions. In addition, while many studies focus on ei-
ther antioxidant or anti-inflammatory effects, relatively few adopt
an integrative approach that examines the interaction between
these processes. This represents a critical gap, given the well-es-
tablished interplay between oxidative stress and inflammation in
disease pathogenesis. Furthermore, inconsistencies in reported
outcomes suggest that contextual factors, such as dosage, bioavail-
ability, and experimental conditions, may significantly influence the
observed effects of RPO. These gaps highlight the need for a system-
atic and structured synthesis of the available evidence, such as that
provided by a systematic literature review approach. By integrat-
ing findings across diverse study types and identifying consistent
mechanistic patterns, such an approach can contribute to a more
comprehensive understanding of the biological roles of red palm
oil while maintaining a balanced and evidence-based perspective.

Identification of new studies via databases and registers

Records identified from:
Databases (n = 1,461)

Records removed belore screening:
Duplicate racords (n = 1,352)

ldentification

- Records marked as ineligible by automation
tools (n=0)
Records removed for other reasons (n = 0)

Records screened
{n = 1089

Records excluded

(n=485)

A

Reports sought for retrieval
(n =64

Reporls nol retrieved

L

(n=20)

Screening

¥

Reports assessed for eligibility
(n=44)

Reports excluded:

Duglicate records removed (n = 13)

New studies included in review
(n=31)

Reports of new included sludies
(n=31)

Included

Figure 1: PRISMA protocol applied in the Systematic Literature Review process.
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The present study adopts a Systematic Literature Review (SLR)
framework in accordance with PRISMA guidelines to systematically
examine the antioxidant and anti-inflammatory mechanisms asso-
ciated with red palm oil in biomedical research contexts. Increasing
scientific attention has been directed toward red palm oil due to its
naturally occurring bioactive constituents, including carotenoids,
tocopherols, and tocotrienols, which have been widely investigat-
ed for their roles in modulating oxidative stress and inflammatory
responses. Despite the expanding body of literature, the available
evidence remains distributed across in vitro, in vivo, and clinical
domains, often characterized by variations in experimental design,
analytical endpoints, and reported outcomes. This heterogeneity
necessitates a structured synthesis capable of integrating findings
across different study types while maintaining methodological co-
herence. Accordingly, the present review is conducted exclusively
using secondary data obtained from peer-reviewed articles indexed
in Scopus and PubMed, without involving primary data collection
approaches such as field observation or focus group discussions,
thereby ensuring adherence to transparent and evidence-based re-
view practices (Figure 1).

The workflow employed in this review, based on PRISMA
guidelines, is illustrated in Figure 1 and outlines the stages of iden-
tification, screening, eligibility, and final inclusion. In the identifi-
cation phase, a broad search strategy using the keywords “antiox-
idant” AND “palm oil” yielded 1,131 records from Scopus and 330
records from PubMed, resulting in a total of 1,461 identified pub-
lications. To enhance the precision and thematic relevance of the
dataset, a more targeted Boolean search strategy was subsequently
applied: (“red palm oil” OR “palm oil” OR “Elaeis guineensis” OR
“palm oil extract”) AND (antioxidant OR “oxidative stress” OR “free
radicals” OR tocotrienol OR tocotrienols OR carotenoid OR carot-
enoids) AND (“anti-inflammatory” OR inflammation OR cytokine
OR cytokines OR “inflammatory response”) AND (mechanism OR
pathway OR “molecular mechanism”). This refined query produced
65 records from Scopus and 44 from PubMed, yielding 109 arti-
cles after the exclusion of 1,352 records due to lack of relevance
to the defined scope. Minor adjustments in search syntax were im-
plemented to accommodate differences in database indexing sys-
tems while maintaining conceptual consistency across platforms.
In the screening phase, studies were restricted to the publication
period of 2020-2026 to ensure the inclusion of recent and contex-
tually relevant literature. This criterion resulted in the exclusion of
45 articles, leaving 64 records for further evaluation. During the
eligibility phase, full-text availability was assessed to enable com-
prehensive data extraction and analysis; 20 articles were excluded
due to restricted access, resulting in 44 studies eligible for detailed
review. A final deduplication process identified 13 overlapping re-
cords between the databases that had not been detected in earlier
stages, and these were subsequently removed. Consequently, a total
of 31 peer-reviewed articles met all predefined inclusion criteria
and were retained for the final synthesis. The bibliographic data
were systematically managed using Mendeley Desktop to ensure
accurate citation tracking, efficient identification of duplicate re-
cords, and overall traceability throughout the review process. The
selected studies were analyzed in full text, and key information
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including study design, experimental model, investigated mecha-
nisms, and primary outcomes was extracted and synthesized using
a structured thematic approach. This analytical procedure enables
the integration of heterogeneous evidence into a coherent frame-
work, facilitating a comprehensive and balanced understanding of
the molecular pathways through which red palm oil may contribute
to antioxidant and anti-inflammatory processes. Through strict ad-
herence to the PRISMA framework and the application of a trans-
parent and reproducible methodology, this study ensures meth-
odological rigor and contributes a systematic synthesis of current
biomedical evidence.

Results

In this study, a total of 31 peer-reviewed articles published be-
tween 2020 and 2026 were systematically analyzed, encompass-
ing in vitro, in vivo, and limited clinical investigations. Through
thematic synthesis, five interrelated domains were identified: (1)
Reactive Oxygen Species (ROS) scavenging and antioxidant defense
enhancement, (2) inhibition of lipid peroxidation and membrane
protection, (3) modulation of inflammatory signaling pathways,
(4) cytokine regulation and immune response modulation, and (5)
synergistic interactions among bioactive compounds. The distribu-
tion of themes indicates that antioxidant-related mechanisms are
the most dominant, particularly ROS scavenging and endogenous
defense enhancement (26 studies; 83.9%), followed by inflamma-
tory signaling pathways (22 studies; 71.0%), lipid peroxidation and
membrane stability (20 studies; 64.5%), and cytokine regulation
(18 studies; 58.1%). Synergistic interactions are less frequently ad-
dressed (13 studies; 41.9%), although several studies contribute to
multiple themes, reflecting the interconnected nature of oxidative
and inflammatory processes. The predominance of antioxidant and
mechanistic themes reflects the current research focus on funda-
mental biochemical pathways, particularly within controlled exper-
imental models. In contrast, immune modulation and synergistic
interactions remain less explored due to their greater biological
complexity and the need for integrative study designs. This distri-
bution suggests that while the mechanistic foundation is relatively
well established, further research is needed to strengthen integra-
tive and translational perspectives, particularly in clinical contexts.

Reactive Oxygen Species (ROS) Scavenging and Antioxi-
dant Defense Enhancement

A substantial proportion of the reviewed studies consistently
demonstrated that red palm oil exhibits significant antioxidant
capacity through both direct and indirect mechanisms. In vitro
analyses revealed that carotenoid-rich fractions of RPO were capa-
ble of reducing intracellular ROS levels by approximately 25% to
68%, with some studies reporting peak reductions exceeding 70%
at higher concentrations (240 uM) under induced oxidative stress
conditions [75]. Similarly, tocotrienol-rich fractions displayed
strong dose-dependent radical scavenging activity, with IC50 val-
ues ranging between 5-20 pM, and in certain models as low as 3.5
uM depending on the oxidative inducer used [25,34]. At the cel-
lular level, reductions in ROS were accompanied by decreases in
hydrogen peroxide (H,0,) accumulation of approximately 18% to
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52%, as well as suppression of superoxide anion formation by up to
47% [42]. These findings suggest that RPO-derived compounds act
across multiple oxidative pathways rather than targeting a single
reactive species. Beyond direct scavenging, several in vivo studies
highlighted the role of RPO in enhancing endogenous antioxidant
defense systems. Experimental models reported increases in Su-
peroxide Dismutase (SOD) activity ranging from 18% to 42%, cat-
alase activity from 15% to 36%, and Glutathione Peroxidase (GPx)
activity from 20% to 40% following sustained RPO supplementa-
tion [6,54]. In parallel, Total Antioxidant Capacity (TAC) increased
by approximately 12% to 33% across different biological systems
[15]. These enzymatic enhancements were consistently associated
with reductions in oxidative biomarkers such as Malondialdehyde
(MDA), with decreases ranging from 22% to 55%, and in some cas-
es up to 60% in hepatic and cardiac tissues [57]. Collectively, these
findings indicate that RPO contributes not only to immediate ROS
neutralization but also to long-term reinforcement of intrinsic anti-
oxidant defense networks.

Inhibition of Lipid Peroxidation and Membrane Protec-
tion

Another prominent theme emerging from the synthesis is the
role of red palm oil in preventing lipid peroxidation and maintain-
ing cellular membrane integrity. Several studies reported that sup-
plementation with RPO or isolated tocotrienols resulted in a signif-
icant decrease in lipid peroxidation markers, particularly MDA and
Thiobarbituric Acid Reactive Substances (TBARS), with reductions
ranging from 20% to 60%, and in certain high-dose interventions
reaching up to 65% [41]. In controlled animal experiments, TBARS
levels in plasma and tissue samples were reduced by approximate-
ly 25% to 48% following 8-12 weeks of RPO administration [4].
Additionally, conjugated diene formation, an early indicator of lipid
oxidation, was decreased by approximately 18% to 37% [49,55].
RPO supplementation was also associated with improved mem-
brane stability, as evidenced by decreased membrane permeabil-
ity and reduced leakage of intracellular enzymes such as Lactate
Dehydrogenase (LDH), which declined by approximately 18% to
35% compared to untreated controls [13]. In some cellular models,
LDH release was reduced by more than 40%, indicating substantial
preservation of membrane integrity under oxidative stress [80].
These effects are primarily attributed to the incorporation of to-
copherols and tocotrienols into lipid bilayers, where they function
as chain-breaking antioxidants, preventing propagation of lipid
radicals [26]. Carotenoids further contribute by quenching singlet
oxygen and stabilizing lipid peroxidation intermediates, reducing
oxidative chain reactions by approximately 20% to 45% [29,30,46].
This combined action supports the role of RPO in maintaining
structural and functional stability of cellular membranes.

Modulation of Inflammatory Signaling Pathways

The regulation of inflammatory signaling pathways represents
another key mechanistic domain identified in the reviewed litera-
ture. Multiple studies demonstrated that red palm oil and its bioac-
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tive fractions can modulate transcription factors involved in inflam-
mation, particularly nuclear factor kappa B (NF-xB) and activator
protein-1 (AP-1) [60,73]. Experimental findings indicate that tocot-
rienol-rich fractions can inhibit NF-kB activation by approximately
30% to 65%, with some studies reporting reductions exceeding
70% in highly stimulated inflammatory models [59]. This inhibition
leads to decreased transcription of pro-inflammatory genes, includ-
ing those encoding cytokines and adhesion molecules. In addition,
suppression of Mitogen-Activated Protein Kinase (MAPK) path-
ways, including p38, ERK, and JNK, was observed, with phosphoryl-
ation levels reduced by approximately 25% to 50% across different
experimental systems [12]. These reductions are associated with
decreased cellular stress signaling and inflammatory amplification.
In vivo studies further demonstrated that RPO supplementation
attenuates activation of inflammatory cascades in multiple organs.
For example, reductions in hepatic NF-kB expression of approxi-
mately 28% to 46% and decreased expression of cyclooxygenase-2
(COX-2) by 20% to 38% were reported [17]. These findings indicate
that RPO influences upstream regulatory mechanisms of inflamma-
tion, contributing to broader physiological effects.

Regulation of Cytokine Production and Immune Re-
sponse

Closely associated with signaling modulation is the observed ef-
fect of red palm oil on cytokine expression and immune regulation.
Across multiple studies, RPO and its components were associated
with a downregulation of pro-inflammatory cytokines, including
TNF-q, IL-6, and IL-1f, with reductions ranging from 20% to 55%,
and in some cases reaching up to 60% depending on dosage and
duration [56]. At the same time, anti-inflammatory cytokines such
as IL-10 were upregulated, with increases between 15% and 40%,
suggesting a shift toward an anti-inflammatory immune profile
[16]. This shift was consistently observed across both in vitro and
in vivo studies. In clinical and preclinical settings, systemic inflam-
mation markers such as C-Reactive Protein (CRP) were reduced by
approximately 10% to 25%, with some intervention studies report-
ing reductions nearing 30% after sustained intake [32,43]. Addi-
tionally, modulation of immune cell activity, including macrophage
polarization and reduced neutrophil infiltration, was observed,
indicating broader immunoregulatory effects [23]. These findings
suggest that RPO does not merely suppress inflammation but con-
tributes to rebalancing immune responses, supporting physiologi-
cal homeostasis under inflammatory conditions.

Synergistic Interactions of Bioactive Compounds in Red
Palm 0il

Akey integrative theme identified across the reviewed studies is
the synergistic interaction among the various bioactive compounds
present in red palm oil. Rather than acting independently, carote-
noids, tocopherols, and tocotrienols appear to function in a coor-
dinated manner, enhancing overall biological activity. Comparative
studies demonstrated that whole RPO extracts exhibited 15% to
35% greater antioxidant and anti-inflammatory activity compared
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to isolated compounds administered at equivalent concentrations,
with some studies reporting synergistic amplification effects ex-
ceeding 40% under specific conditions [30,62]. These enhanced ef-
fects are attributed to mechanisms such as regeneration of oxidized
antioxidants, stabilization of reactive intermediates, and coordinat-
ed modulation of signaling pathways. In addition, combined bioac-
tive matrices were shown to improve bioavailability, with increases
in cellular uptake efficiency of approximately 12% to 28% com-
pared to isolated compounds [21,44]. This improved bioavailability
contributes to stronger and more sustained biological responses.
Overall, these findings highlight the importance of considering red
palm oil as a complex functional system, where multiple bioactive
constituents interact dynamically to produce integrated antioxidant
and anti-inflammatory effects. The synthesis of 31 selected studies
demonstrates that red palm oil exhibits a multifaceted and mech-
anistically consistent profile of antioxidant and anti-inflammatory
activity. Across diverse experimental models, converging evidence
supports its role in reducing oxidative stress, protecting cellular
structures, modulating inflammatory signaling, regulating immune
responses, and leveraging synergistic interactions among bioactive
compounds. The consistency of these findings across different bio-
logical contexts reinforces the relevance of red palm oil as a subject
of ongoing biomedical research, while maintaining a balanced and
evidence-based interpretation of its functional properties.

Discussion

The present systematic literature review synthesizes evidence
from 31 peer-reviewed studies to address two interrelated research
questions concerning the mechanistic roles of Red Palm 0il (RPO)
in antioxidant defense and inflammatory regulation. By integrating
findings across in vitro, in vivo, and limited clinical contexts, this
discussion provides a structured interpretation of how RPO-de-
rived bioactive compounds influence molecular pathways associ-
ated with oxidative stress and inflammation, while also evaluating
the consistency, scope, and limitations of the current evidence base.

Influence of Red Palm Oil on Antioxidant Defense Sys-
tems and Oxidative Stress Pathways (Addressing RQ1)

In response to the first research question, the findings consist-
ently indicate that the bioactive components of red palm oil primar-
ily carotenoids, tocopherols, and tocotrienols exert a multifaceted
influence on antioxidant defense systems at both molecular and
cellular levels. These effects are mediated through a combination
of direct radical scavenging activity and indirect modulation of en-
dogenous antioxidant mechanisms. Across the reviewed studies,
reductions in Reactive Oxygen Species (ROS) levels were observed
in a substantial proportion of experimental models, with report-
ed decreases typically ranging from 25% to 70%, depending on
compound concentration, exposure duration, and cellular context
[9,50]. At the molecular level, carotenoids contribute to oxidative
balance through the quenching of singlet oxygen and neutralization
of free radicals, thereby limiting the initiation phase of oxidative
damage [11]. Tocopherols and tocotrienols, in contrast, are primar-
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ily involved in the interruption of lipid peroxidation chain reactions
within cellular membranes. Their lipid-soluble nature facilitates
integration into phospholipid bilayers, where they stabilize mem-
brane structures and prevent propagation of oxidative injury [68].
Notably, tocotrienols have been associated with enhanced bioac-
tivity in several studies, potentially due to their unsaturated side
chains, which may improve membrane penetration and distribu-
tion within lipid-rich environments [52,61]. Beyond direct antioxi-
dant activity, the reviewed evidence highlights a consistent pattern
of upregulation in endogenous antioxidant enzymes. In vivo stud-
ies frequently reported increases in Superoxide Dismutase (SOD),
Catalase (CAT), and Glutathione Peroxidase (GPx) activities, with
observed elevations ranging from approximately 15% to 45% [31].
These enzymatic changes suggest that RPO not only mitigates oxi-
dative stress through immediate radical neutralization but also en-
hances intrinsic cellular defense capacity, thereby contributing to
sustained redox homeostasis. However, it is important to note that
while the majority of studies report beneficial effects, the magni-
tude of these responses varies across experimental designs. Differ-
ences in dosage (ranging from 10 to 200 mg/kg in vivo), exposure
duration, and model systems contribute to variability in outcomes,
indicating that the antioxidant effects of RPO are influenced by
contextual factors rather than being universally uniform [39]. In
particular, in vitro models tend to demonstrate more pronounced
reductions in oxidative markers compared to in vivo systems, likely
reflecting controlled experimental conditions and higher effective
concentrations of bioactive compounds [36].

Furthermore, while preclinical evidence is robust, the number
of clinical studies remains limited, and those available often report
more modest changes in oxidative biomarkers, typically within the
range of 10% to 25% reduction [51]. This suggests that while the
mechanistic potential of RPO is well supported at the cellular level,
its translational impact in human populations may be influenced
by additional physiological variables, including metabolism, bio-
availability, and dietary context. Taken together, the evidence sup-
ports the conclusion that red palm oil exerts a biologically relevant
influence on antioxidant defense systems through both direct and
indirect mechanisms. The consistency of findings across multiple
experimental models strengthens this conclusion, although further
clinical validation is needed to fully establish its physiological sig-
nificance in human health contexts.

Modulation of Inflammatory Signaling Mechanisms and
Cytokine Responses (Addressing RQ2)

Addressing the second research question, the synthesized lit-
erature demonstrates that red palm oil and its constituent bioac-
tive compounds play a significant role in modulating inflammatory
signaling pathways and cytokine responses. Central to this effect
is the regulation of transcription factors and signaling cascades in-
volved in the initiation and propagation of inflammatory process-
es. One of the most consistently reported mechanisms involves the
inhibition of Nuclear Factor Kappa B (NF-kB), a key transcription
factor that regulates the expression of numerous pro-inflammato-
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ry genes. Across multiple studies, tocotrienol-rich fractions were
shown to reduce NF-kB activation by approximately 30% to 65%,
leading to decreased transcription of cytokines such as tumor ne-
crosis factor-alpha (TNF-a), interleukin-6 (IL-6), and interleukin-1
beta (IL-1B) [72]. This effect appears to be mediated through inter-
ference with upstream signaling events, including the inhibition of
IxB kinase activity and reduced nuclear translocation of NF-kB sub-
units. In addition to NF-kB, the Mitogen-Activated Protein Kinase
(MAPK) pathways including p38, ERK, and JNK have been identified
as important targets of RPO-derived compounds. These pathways
are involved in cellular responses to stress and inflammation, and
their modulation has been associated with decreased inflammato-
ry signaling and improved cellular resilience [14]. Reductions in
MAPK phosphorylation levels of approximately 25% to 50% have
been reported, suggesting a broad regulatory influence on intracel-
lular signaling networks. The downstream effects of these signa-
ling changes are reflected in altered cytokine profiles. A majority
of studies reported reductions in pro-inflammatory cytokines, with
decreases in TNF-o, IL-6, and IL-1f typically ranging from 20%
to 55% [10,24]. Concurrently, increases in anti-inflammatory cy-
tokines such as interleukin-10 (IL-10) were observed, with eleva-
tions between 15% and 40% [81]. This dual modulation indicates
that RPO may contribute to rebalancing immune responses rather
than simply suppressing inflammation.

Despite these generally consistent findings, variability remains
evident across different study types. In vitro models often report
stronger inhibitory effects on inflammatory markers compared to
in vivo and clinical studies, where responses tend to be more mod-
erate [2]. Additionally, some studies report differential effects de-
pending on tissue type, suggesting that the anti-inflammatory ac-
tivity of RPO may be influenced by organ-specific factors and local
microenvironments. The limited number of clinical studies further
constrains the ability to draw definitive conclusions regarding the
extent of these effects in human populations. While reductions in
systemic inflammation markers such as C-Reactive Protein (CRP)
have been observed, these changes are generally modest, indicat-
ing that further research is needed to clarify the clinical relevance
of RPO-mediated inflammatory modulation [79]. Overall, the ev-
idence suggests that red palm oil influences inflammatory pro-
cesses through coordinated modulation of signaling pathways and
cytokine expression. This effect appears to be closely linked to its
antioxidant activity, reinforcing the concept that oxidative stress
and inflammation are interconnected processes that can be target-
ed simultaneously through bioactive compounds.

7.3. Integration of Antioxidant and Anti-inflammatory Mecha-
nisms

An important insight emerging from this synthesis is the in-
terconnected nature of antioxidant and anti-inflammatory mech-
anisms associated with red palm oil. Rather than acting through
isolated pathways, RPO-derived compounds appear to exert inte-
grated effects that influence both oxidative stress and inflammatory
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signaling simultaneously. This is particularly evident in the interac-
tion between ROS and NF-kB activation, where reductions in oxi-
dative stress are associated with decreased inflammatory signaling
[66,70]. The presence of multiple bioactive compounds within RPO
further supports this integrative effect. Carotenoids, tocopherols,
and tocotrienols may act synergistically to enhance overall biolog-
ical activity, with some studies reporting greater efficacy of whole
RPO extracts compared to isolated components [37]. This suggests
that the functional properties of RPO are best understood within
the context of its complex biochemical matrix rather than as the
sum of individual compounds. However, the extent of this synergy
remains incompletely understood, and differences in experimental
design make it challenging to quantify its contribution across stud-
ies. This represents an important area for future investigation, par-
ticularly in relation to optimizing dosage and formulation for poten-
tial applications. The findings of this systematic review have several
important implications for both scientific research and potential
applications. First, the consistent evidence supporting the antiox-
idant and anti-inflammatory mechanisms of red palm oil highlights
its relevance as a subject of ongoing biomedical investigation. The
integration of molecular, cellular, and physiological data provides a
foundation for understanding how naturally derived lipid matrices
may contribute to the regulation of key biological processes.

Second, the predominance of preclinical studies underscores
the need for more well-designed clinical investigations to validate
these findings in human populations. Future research should prior-
itize standardized intervention protocols, including clearly defined
dosages, duration, and outcome measures, to improve comparabil-
ity across studies. In addition, further exploration of bioavailabili-
ty and metabolic pathways is necessary to better understand how
RPO-derived compounds are absorbed and utilized in vivo.

Finally, greater attention should be directed toward elucidating
the synergistic interactions among bioactive components within red
palm oil. Advanced analytical approaches, including omics-based
techniques and systems biology frameworks, may provide valu-
able insights into the complex mechanisms underlying its biolog-
ical activity. In conclusion, this review provides a comprehensive
synthesis of current evidence on the antioxidant and anti-inflam-
matory mechanisms of red palm oil, addressing key research ques-
tions through a structured and evidence-based approach. While
the findings support its potential role in modulating oxidative and
inflammatory processes, continued research is required to refine
our understanding and to translate these insights into practical and
clinically relevant applications.

Conclusion

The synthesis of evidence derived from 31 peer-reviewed
studies demonstrates that the bioactive components of red palm
oil particularly carotenoids, tocopherols, and tocotrienols play a
significant role in regulating oxidative stress through both direct
and indirect mechanisms. At the molecular level, these compounds
contribute to the neutralization of reactive oxygen species and the
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interruption of lipid peroxidation processes, thereby limiting oxi-
dative damage to cellular structures. At the same time, consistent
upregulation of endogenous antioxidant enzymes, including super-
oxide dismutase, catalase, and glutathione peroxidase, indicates
that red palm oil supports the reinforcement of intrinsic antioxi-
dant defense systems. This dual mode of action suggests a coordi-
nated influence on redox homeostasis, extending beyond immedi-
ate radical scavenging toward sustained cellular protection across
different experimental contexts. In parallel, the available evidence
indicates that red palm oil exerts a measurable influence on inflam-
matory processes through modulation of key signaling pathways
and cytokine responses. The inhibition of transcription factors such
as nuclear factor kappa B and the attenuation of mitogen-activat-
ed protein kinase signaling pathways are consistently associated
with reduced expression of pro-inflammatory mediators, includ-
ing tumor necrosis factor-alpha, interleukin-6, and interleukin-1
beta. Concurrently, the observed increase in anti-inflammatory cy-
tokines, particularly interleukin-10, reflects a shift toward a more
balanced immune response. These effects are evident across in vitro
and in vivo models, while clinical findings suggest more moderate
but directionally consistent outcomes, highlighting the relevance
of physiological and contextual factors in shaping the magnitude
of response. An integrative interpretation of the findings further
indicates that antioxidant and anti-inflammatory mechanisms as-
sociated with red palm oil are closely interconnected. Reductions in
oxidative stress appear to contribute to the suppression of inflam-
matory signaling, while modulation of inflammatory pathways may
in turn influence oxidative balance. This bidirectional interaction is
supported by the complementary roles of the bioactive compounds
present in red palm oil, which function within a complex matrix
that enhances overall biological activity through synergistic inter-
actions. Evidence suggesting greater efficacy of whole red palm
oil compared to isolated components reinforces the importance of
considering its composite biochemical structure in understanding
its functional properties.

Despite the overall consistency of mechanistic findings, the
strength of evidence varies across study types. Preclinical studies
provide robust and detailed insights into molecular and cellular
pathways, whereas clinical evidence remains comparatively limited
and exhibits more modest effect sizes. Variability in experimental
design, including differences in dosage, duration, and model sys-
tems, further contributes to heterogeneity in reported outcomes.
These factors indicate that while the mechanistic potential of red
palm oil is well supported, its translational implications require
careful interpretation and further validation in well-controlled hu-
man studies. Taken together, the available evidence supports the
conclusion that red palm oil exerts a coordinated influence on ox-
idative stress and inflammatory processes through multiple, inter-
related mechanisms operating at the molecular and cellular levels.
Its bioactive components act not only as direct modulators of re-
active species and signaling pathways but also as regulators of en-
dogenous defense systems and immune responses. This integrated
mode of action highlights the relevance of red palm oil within the
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broader context of biomedical research on naturally derived com-
pounds, while maintaining a balanced and evidence-based perspec-
tive on its functional properties.
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