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Abstract

Aging involves a progressive decline in physiology, chronic low-grade inflammation, and increased oxidative stress, all of which contribute
to cardiovascular, metabolic, gastrointestinal, and neurodegenerative disorders. Dietary phenolic compounds have attracted interest as
regulators of redox balance and inflammation, especially in older adults. Babassu mesocarp (Attalea speciosa Mart. ex Spreng) is a culturally
significant Brazilian food source rich in fiber and phenolic compounds—particularly flavanols and proanthocyanidins—with antioxidant and
anti-inflammatory properties documented in preclinical studies, including our own. This narrative review outlines the biological mechanisms
connecting aging and oxidative stress, explores the role of dietary phenolics in modulating these pathways, and reviews emerging evidence on
babassu mesocarp. Although preclinical data indicate significant antioxidant and anti-inflammatory effects, human studies are limited, and no
clinical trials have assessed the use of babassu mesocarp in older adults. Further research is necessary to determine its bioavailability, safety, and
long-term efficacy before recommending it as a nutritional strategy for healthy aging.
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Introduction

enzymatic pathways (Table 1) [3]. Under homeostatic conditions,
Agingis auniversal process defined by gradual and irreversible

functional decline, increasing vulnerability to disease, and loss of
physiological resilience [1]. Biological aging reflects cumulative
damage to macromolecules, organelles, cells, and tissues, shaped
by genetic predispositions, environmental exposures, and lifestyle
factors across the lifespan. Among the theories explaining this
process, the Free Radical Theory proposed by Harman remains

enzymatic and non-enzymatic antioxidant systems - including
SOD (superoxide dismutase), CAT (catalase), GPx (glutathione
peroxidase), and dietary antioxidants - maintain redox balance
(Figure 1). However, increased ROS production or impaired
antioxidant capacity leads to oxidative stress (0S), damaging
lipids, DNA, proteins, and cellular structures [4,5].

central, attributing aging to the accumulation of damage caused Contemporary aging frameworks incorporate OS into broader
by reactive oxygen and nitrogen species (ROS/RNS) generated hallmarks of aging, including mitochondrial dysfunction, cellular
during normal metabolism [2]. senescence, altered intercellular communication, genomic

instability, telomere attrition, loss of proteostasis, and epigenetic
alterations. OS directly contributes to many of these hallmarks
while amplifying downstream pathological processes [3].

ROS such as superoxide (0,'"), hydrogen peroxide (H,0),
hydroxyl radicals (¢OH), and peroxynitrite (ONOO™) are
continuously produced by mitochondrial respiration and
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Figure 1: Generation of ROS species in the ETC (electron transport chain). In aerobic respiration, electrons from NADH and FADH, are
transferred to O, via the enzymatic current (complexes | to IV) of the inner mitochondrial membrane, involving energy expenditure and
generating an electrochemical gradient (AY). At the end, this proton gradient is converted into ATP. In this process, some electrons escape,
reacting with O, and generating O+~ (complexes | and Ill). Two molecules of O,+- are converted to H,0, by SOD, which can give rise to OH'
radicals or be decomposed into H,O and O, by CAT. Source: adapted from Agrawal and Mabalirajan [5].
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Table 1: The main reactive species formed in the electron transport chain.

Reaction Product
0,+e 0, (@)
20, + 2H" H,0,+0, (b)
Fe?"/Cu* + H,0, OH* + OH" + Fe?*/Cu?* (b)
H,0,+0, OH"+OH + 0, (c)
0, +NO* ONOO- (d)

Monoreduction of O,, generation O,’; (b) dismutation reaction, reducing the oxidative potential of O,’, giving rise to H,O,, which is also reactive; (b)
Fenton reaction; (c) Haber-Weiss reaction; (d) ONOO- formation; Cu: cooper; Fe: iron; H*: hydrogen: H,O,: hydrogen peroxide; e electron; NO":

nitric oxide; O,: oxygen; O, superoxide radical, OH": hydroxyl radical; ONOO" peroxynitrite. Source: adapted from Jomova et al. [4].

Excessive ROS formation is implicated in cardiovascular
disease, diabetes, neurodegeneration, frailty, and
sarcopenia [6,7]. Moreover, biological aging interacts with social

cancer,

and functional vulnerabilities commonly seen in older adults,
such as reduced appetite, xerostomia, dysphagia, masticatory
impairment, anorexia, and polypharmacy [8,9]. These conditions
often lead to insufficient intake of antioxidants and essential
nutrients, exacerbating oxidative and inflammatory states.

Nutrition plays a crucial modulatory role in this context.
Dietary phenolic compounds - particularly flavonoids - have been
recognized for their antioxidant, anti-inflammatory, and redox-
modulating properties [10,11]. Flavanols such as catechin and
epicatechin, widely present in cocoa, tea, grapes, and berries, also
occur in Brazilian biodiversity matrices such as babassu mesocarp
and have demonstrated beneficial effects on redox homeostasis
[12-14].
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Babassu (Attalea speciosa Mart. ex Spreng syn. Orbignya
phalerata) is a culturally and economically important palm species
native to Brazil. Its mesocarp flour (FMB) is traditionally used
to treat gastritis and wounds. Phytochemical studies show that
babassu mesocarp contains high levels of bioactive compounds
[13,15]. In this sense, babassu mesocarp may represent a valuable
nutritional and potential therapeutic resource for supporting
redox balance in older adults. However, clinical evidence is lacking,
bioavailability remains poorly characterized, and regulatory
status has evolved only recently [16].

This narrative review reorganizes current knowledge on aging
biology, oxidative stress, dietary phenolics, and babassu mesocarp.
It provides an integrated framework to support future research
and explore whether babassu mesocarp could be developed as a
nutritional adjunct for healthy aging.

Biological Foundations of Aging and Oxidative Stress

Aging is strongly influenced by cumulative biochemical insults
driven by ROS/RNS generated during metabolic activity. Under
physiological conditions, endogenous antioxidant defenses -
including enzymatic and non-enzymatic components - maintain
a dynamic redox equilibrium. However, with advancing age,
mitochondrial efficiency declines, antioxidant capacity weakens,
and the imbalance between oxidants and defenses results in OS,
also named ‘distress’ [6,7].

The free radical theory and redox imbalance

The Free Radical Theory of Aging [2] remains a foundational
concept explaining how ROS/RNS progressively impair cellular
structures. As metabolism continues across decades of life,
mitochondria become both the primary source and major target
of ROS. When antioxidant defenses fail to neutralize these species,
molecular targets - including DNA, proteins, and lipids - experience
cumulative damage [4].

This persistent oxidative burden contributes to cellular
senescence, mitochondrial dysfunction, and chronicinflammation.
The transition from balanced redox signaling to oxidative damage
is central to the pathophysiology of age-related decline. While
redox imbalance reflects the biochemical dimension of aging, its
interaction with inflammatory signaling forms a second major
axis: the oxidation-inflammation cycle [17].

The oxidation-inflammation cycle (inflammaging)

Inflammaging describes the chronic, low-grade inflammation
characteristic of aging. OS promotes this state through activation
of redox-sensitive transcription factors such as TNF-a and NF-kf3,
increasing the production of pro-inflammatory cytokines. In turn,
inflammatory mediators enhance mitochondrial ROS generation,
creating a self-perpetuating cycle. This cycle accelerates tissue
damage, loss of physiological reserve, and susceptibility to chronic
diseases [3].

This bidirectional mechanism is critical for understanding
why older adults exhibit greater inflammatory responses to
metabolic, environmental, and nutritional stressors.

Biomarkers and regulation of the redox system

Biomarkers are essential for quantifying oxidative burden
and evaluating nutrient or phytochemical interventions. The most
widely used include:

a) Malondialdehyde, an indicator of lipid peroxidation

b) Reduced and oxidized glutathione ratio, reflecting
cellular redox state

c) SOD, CAT, and GPx activities, representing enzymatic
antioxidant responses.

These biomarkers appear consistently across studies
evaluating oxidative stress in aging and are crucial tools for
interpreting the effects of dietary bioactive compounds, including

our recent findings [15,18-20].

Among antioxidant regulators, Nrf-2 (nuclear factor
erythroid 2-2-related factor 2) is a key transcription factor.
Under normal conditions, Nrf-2 is kept in the cytoplasm by Keap1
for degradation. When oxidative or electrophilic stress occurs,
specific cysteine residues in Keap1 are modified, preventing Nrf-
2 degradation. This allows Nrf-2 to bind to antioxidant response
elements (AREs) and promote the expression of detoxifying
enzymes (Figure 2). In aging organisms, reduced Nrf-2 activation
has been observed, leading to weaker antioxidant defenses and

greater vulnerability [21].
Diet, Phenolic Compounds, and Aging

Nutrition plays a central role in modulating oxidative and
inflammatory pathways. Diets rich in fruits, vegetables, and plant-
based foods provide phenolic compounds capable of influencing
redox signaling, inflammatory cascades, endothelial function,
and metabolic homeostasis - mechanisms particularly relevant in
older populations [12].

Phenolic compounds and subgroups

Phenolic compounds are a diverse group of secondary plant
metabolites capable of donating hydrogen atoms or electrons
to stabilize ROS/RNS [10]. Their health effects stem from
antioxidant, anti-inflammatory, anti-microbial, and signaling-
modulatory properties [11]. Epidemiological evidence associates
regular phenolic intake with improved markers of cardiovascular
health, reduced oxidative stress, and decreased chronic disease
risk.

The efficacy of phenolics depends on structural characteristics
such as hydroxylation patterns, glycosylation, and polymerization,
which influence bioactivity and absorption [22].
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Figure 2: Molecular mechanisms of regulation of the Keap1-Nrf2 pathway. (A) In homeostasis, Nrf-2 is associated with its inhibitory
protein Keap1. This complex is connected to the actin cytoskeleton and forms a complex with Cul3 and RBX1 proteins that promotes the
ubiquitination (Ub) and degradation of Nrf-2. (B) In the presence of ROS or electrophiles, modification of cysteine residues in Keap1 occurs,
leading to inhibition of Nrf-2 ubiquitination, which is released, phosphorylated (P), and activated, translocating to the cell nucleus, where
Nrf-2 dimerizes with proteins of the sMaf family, forming a complex that binds to specific DNA elements (EpRE) or antioxidant response
elements (ARE), inducing the expression of antioxidant and cytoprotective genes. The presence of exogenous antioxidants is also capable
of directly activating this pathway through the oxidation or alkylation of Cys residues, preventing Nrf-2 degradation, but also acting to
neutralize ROS directly and reducing the pathway activation. Cul3: culin 3; GSR: glutathione-S reductase; HMOX-1: heme oxygenase-1;
Keap1: Kelch-like ECH-associated protein 1; NFE2L2: Nrf-2 encoding gene; RBX1: RING box protein 1; sMaf: Small homolog of the
musculoaponeurotic fibrosarcoma oncogene; SOD: superoxide dismutase. Adapted from Hammad et al. [21].
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Flavonoids constitute one of the most extensively studied
phenolic classes. Their beneficial effects are attributed to their
ability to atenuate oxidative damage, influence endothelial nitric
oxide signaling, and regulate inflammatory pathways. Major
sources include cocoa, grapes, berries, and tea [12].

Bioavailability of phenolic compounds

The biological activity of phenolics depends on their
bioavailability - absorption, metabolism, distribution,
excretion. Flavanols, a subgroup of flavonoids, undergo extensive
transformations in the gastrointestinal tract, including phase II
conjugation and metabolism by gut microbiota. These processes
generate metabolites with distinct bioactivities [22]. Several

and

organs and tissues metabolize flavonoids, including the liver,
kidneys, lungs, and adipose tissue. However, the liver is the main
site of modification of these compounds into more soluble forms.
Since they are not easily absorbed, some of them need to be
metabolized to become bioactive [23].

After absorption and transport to the liver, cytochrome P450

enzymes and glucuronyltransferases, sulfotransferases, and
glutathione-S-transferase will be responsible for the oxidation
and conjugation of some flavonoids with organic molecules,
transforming them into glucuronic acid or sulfate. In adipose
tissue, flavonoids can act on inflammation and lipid metabolism
[24].

Once in hepatocytes, the main membrane proteins responsible
for the uptake of flavonoids are organic anion transporter
proteins (OATs), such as OAT1B1, whose expression is influenced
by the presence of phytochemicals in the extracellular medium.
In the kidneys, OAT3 is responsible for intracellular removal and
urinary excretion. They can also be excreted along with bile into
the intestinal lumen [22,25].

Considering food matrices, bioavailability varies widely.
Fibrous or starchy matrices, such as BMF, may modulate or
impair the release, solubility, and interaction of phenolics with
digestive enzymes. This complexity underscores the importance
of characterizing babassu phenolics not only chemically but also
in terms of absorption and metabolism [26].
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Babassu Mesocarp: Ethnobotany, Chemistry, and
Pharmacology

Babassu is a palm species native to Brazil with deep cultural
and economic importance. The BMF has been traditionally used
to treat gastritis, gastrointestinal discomfort, and wounds [26],
reflecting long-standing empirical recognition of its healing
properties.

Botanical and Cultural Context

Babassu palms dominate extensive ecological regions
and support extractive communities, particularly the coconut
breakers, whose livelihoods rely on harvesting and processing
kernels and mesocarp, while the epicarp and endocarp are
industrially processed for biofuel, for example (Figure 3) [27]. The
mesocarp flour is widely prepared in artisanal form and used in
regional culinary and medicinal practices [28].

e N
Figure 3. Babassu and its applications. (A) babassu grove in Francisco Ayres, Piaui, Brazil; (B) babassu coconut; (C) xaxim produced
with the epicarp; (D) mesocarp flour; (E) handicrafts made with the endocarp; (F) oil extracted from the kernel. Source: (A, B, D) personal
archive; (C) orquidario4e.com.br; (E, F) babcoall.blogspot.com.
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Despite this strong traditional foundation, scientific
understanding of babassu mesocarp remains limited, and modern
nutritional databases still exclude its chemical composition. This
disconnect reinforces the importance of systematically studying

regional biodiversity matrices [29,30].
Chemical Composition of Babassu Mesocarp

Phytochemical analyses demonstrate that babassu mesocarp
contains carbohydrates, dietary fiber, proteins, phenolic
compounds, and lipids in varying proportions. Studies highlight
substantial levels of total phenolics, flavonoids, proanthocyanidins,
phytosterols, and polysaccharides that may contribute to its
biological activity [13,15,18,31,32]. Flavanols such as catechin
and epicatechin are of particular interest due to their well-
documented antioxidant and anti-inflammatory properties.

Hydroethanolic babassu mesocarp extracts (BME) show
particularly high flavonoid concentrations. One of our recent
analytical investigations demonstrated a total flavonoid content
of 9.9 g/g in BME - approximately 22.5 times higher than crude
mesocarp flour [15]. This suggests that extraction methods
significantly influence phenolic yield and may affect biological
activity. However, the phenolic profile remains incompletely
characterized, and variability across extraction techniques

complicates comparisons between studies.
Pharmacological properties of babassu mesocarp

Babassu mesocarp has been traditionally valued for its
medicinal properties, and modern studies corroborate several
of these effects associated with extracts or isolated fractions of
the mesocarp. Below, the pharmacological properties relevant to
aging and OS are synthesized.

Antioxidant activity and metal chelation

Several studies demonstrate that babassu mesocarp extracts
have the potential to reduce oxidative damage. Ethanolic, aqueous,
and hydroalcoholic extracts have demonstrated strong free
radical scavenging, reducing lipid peroxidation, but are limited
to chemical reactions and crude extracts [31-33]. Our most
recent findings are the first to describe the antioxidant activity
of the BME previously submitted to an in vitro digestion process,
simulating human physiological conditions. In a cell model
(HepG2 human hepatocytes) exposed to the oxidative damage
caused by H,0,, the digested extract reduced ROS synthesis and
improved mitochondrial membrane potential [18]. In animal
models, we also evidenced the antioxidant effect by modulating
the GSH levels in Zophobas morio larvae, and the protective effect
in Artemia salina nauplii exposed to K,Cr,0, [15].
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Anti-inflammatory activity

Traditional uses of babassu mesocarp for inflammation
are supported by limited experimental data. Maia & Rao [34]
demonstrated anti-inflammatory potential, while Barroqueiro et
al.[35] identified immunomodulatory effects through suppression
of nitric oxide production and regulation of macrophage activity.
These results align with typical flavanol-mediated inhibition of
NF-kf and modulation of cytokine signaling [17].

Given that aging is accompanied by chronic low-grade
inflammation, these properties are particularly relevant. By
attenuating inflammatory pathways, babassu mesocarp may
theoretically reduce the propagation of OS and inflammation
characteristic of older adults.

Antimicrobial and wound-healing effects

Studies reporting activity against bacteria, fungi, and protozoa
are more consistent. Mesocarp extracts show antimicrobial
potential against pathogenic strains [35] and leishmanicidal
activity [36,37]. Wound healing properties observed in fibroblast
and animal models include stimulated collagen deposition and
reduced inflammation [38,39]. These effects may result from
combined antioxidant, immunomodulatory, and polysaccharide-
mediated actions.

Antitumor and metabolic effects

Rennd et al. [40] observed antitumor activity in cell lines
exposed to babassu extracts. Additionally, metabolic effects such
as glycemic modulation and improved inflammatory profiles have
been suggested [33]. Although clinical confirmation remains
absent, we also evidenced the hypoglycemic effects of BME in
obese C57BL6 mice at a low dose. At a moderate dose, BME was
able to reduce appetite and weight loss [19].

Safety and toxicity

Toxicological evidence indicates that babassu mesocarp is
safe at high doses in healthy animal models. No signs of acute
toxicity were reported in mice receiving up to 5 g/kg of ethanolic
extract [41]. Similarly, aqueous extract doses up to 3 g/kg showed
no impairment in locomotion or motor coordination [42]. Human
data remain limited: a trial acute administering 0.4 g/kg/day of
aqueous extract after strenuous exercise found no changes in 0S
or muscle damage biomarkers [43].

However, it is important to consider that older adults often
have chronic diseases and some level of frailty, which can
predispose them to a higher risk of toxicity. In this sense, we
recently demonstrated that the BME up to 200 mg/kg was safe
to healthy mice after a 28-day treatment. Nonetheless, when
the same strain was induced to metabolic disorders, typical
of aging, the same dose proved to be toxic and even lethal [19].
These findings underscore its general safety at low doses, though

long-term human studies - particularly in older adults with
multimorbidity - are needed.

Nutritional and Functional Relevance for Older
Adults

Older adults face nutritional challenges that heighten
vulnerability to oxidative stress, including reduced appetite or
weight gain, impaired digestion and absorption, polypharmacy,
decreased sensory perception, and oral health [8,9]. These factors
compound the intrinsic oxidative and inflammatory burden of
aging, making dietary strategies particularly relevant.

Since the babassu mesocarp carries phenolics together with
fiber and polysaccharides, its potential benefits may extend
beyond classical antioxidant mechanisms; however, it depends
on how BMF will be offered: crude, cooked, or processed to
concentrate its bioactive compounds, as in extracts [44].

Nutritional Supplements (Current Evidence and
Limitations)

Dietary supplements represent a substantial segment of the
global nutrition market and are widely used for health promotion,
including among older adults. They typically contain vitamins,
minerals, polyphenols, phytochemicals,
compounds intended to support metabolic and physiological
functions [45,46]. However, their regulation varies considerably
across countries, and clinical evidence supporting efficacy is often
limited.

or other bioactive

Many supplements marketed for antioxidant or anti-
inflammatory purposes claim to modulate OS or enhance
immune function. Nonetheless, the effectiveness of such products
depends on factors including dosage and bioavailability of active
constituents, stability and interactions within the formulation,
individual metabolic differences, presence of comorbidities and
polypharmacy, especially in older adults.

Phenolic-rich extracts from plants with long traditional
use are frequently incorporated into encapsulated supplement
formulations, though scientific validation is often incomplete or
absent. According to your findings, babassu mesocarp is among
the plants that have been informally suggested as candidates for
supplement development; however, no babassu-based nutritional
supplement is currently supported by clinical evidence [16].

Thus, despite its promising antioxidant and anti-inflammatory
properties, further research is necessary to determine appropriate
dosing, metabolic effects, and safety, particularly for older adults
who are more susceptible to adverse reactions.

Final Considerations

This narrative review examined the biological mechanisms
linking aging, oxidative stress, and chronic inflammation, and
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integrated existing evidence on dietary phenolic compounds
- especially flavonoids - which may modulate these pathways.
Within this context, babassu mesocarp (Attalea speciosa) emerges
as an underexplored but culturally significant Brazilian food
matrix with notable antioxidant, anti-inflammatory, antimicrobial,
healing, and metabolic properties demonstrated in preclinical
research.

However, significant limitations remain. The chemical
composition of babassu mesocarp is not fully characterized,
and variations in extraction methods lead to inconsistent
phenolic yields [13,15,47]. Toxicological assessments suggest
that metabolic status influences tolerance, with signs of toxicity
observed in compromised animal models [19]. Crucially, no
clinical trials have evaluated the antioxidant and metabolic
effects of babassu mesocarp in humans, and there is no evidence
regarding its long-term safety, bioavailability, or efficacy as a

nutritional intervention for older adults.

Given these gaps, babassu mesocarp cannot yet be
recommended as a dietary supplement or therapeutic resource.
Nonetheless, the combination of traditional use, biochemical
richness, and promising preclinical results justifies further
investigation. Future studies should prioritize comprehensive
phytochemical profiling, standardized extraction methods, and
well-designed clinical trials - particularly involving older adults,
who stand to benefit most from interventions targeting OS and
inflammation.

Babassu mesocarp represents a culturally relevant and
scientifically promising component of Brazilian biodiversity
with potential implications for geriatric nutrition. Advancing
the evidence base will be essential to determine whether this
traditional food matrix can contribute meaningfully to strategies
aimed at promoting healthy aging.
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