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Abstract

This study comprehensively evaluates the cellular effects of fruit extracts and their active phytochemical components when
applied individually and in combination. Using a range of in vitro cell culture models, including human epithelial and immune
cell lines, we systematically assessed the impact of these natural extracts on critical cellular processes such as viability,
proliferation, oxidative stress response, and inflammation. Fruit extracts were first chemically characterized to identify major
bioactive constituents, including flavonoids, phenolic acids, and vitamins, which are known for their health-promoting
properties. Isolated active components were then tested for their capacity to modulate cellular functions under basal and stress-
induced conditions. The results demonstrate that individual fruit extracts significantly enhanced cell survival and reduced
markers of oxidative damage, while also downregulating pro-inflammatory cytokine expression. Furthermore, combined
applications of select fruit extracts and their purified components revealed synergistic effects, producing greater antioxidant
and anti-inflammatory benefits than single extracts alone. Mechanistic investigations suggest these effects are mediated
through modulation of intracellular signaling pathways involved in redox homeostasis and inflammatory regulation. The
findings underscore the potential of fruit-derived compounds as natural therapeutic agents capable of protecting cells from
oxidative and inflammatory insults, which are implicated in the pathogenesis of numerous chronic diseases. This study
highlights the importance of exploring combined applications to maximize health benefits, paving the way for future
translational research and the development of novel nutraceutical formulations.

Keywords: Fruit extracts, bioactive compounds, cellular effects, antioxidant activity, anti-inflammatory, synergistic effects,

oxidative stress, cell viability

Introduction

In recent decades, there has been growing scientific and
public interest in the health benefits of natural products,
particularly those derived from fruits. Fruits are rich sources
of bioactive compounds such as polyphenols, flavonoids,
vitamins, and minerals, which contribute to their
antioxidative,  anti-inflammatory, and  antimicrobial
properties. These properties make fruit extracts attractive
candidates for therapeutic applications, especially in
diseases where oxidative stress and inflammation play a
pivotal role, such as cardiovascular  diseases,
neurodegenerative disorders, diabetes, and certain cancers.
The cellular mechanisms underlying these beneficial effects
are complex and involve modulation of signaling pathways,
gene expression, and enzymatic activities that regulate
cellular homeostasis and defense systems.

Polyphenols, including flavonoids and phenolic acids, are
among the most studied fruit-derived compounds. These
molecules can scavenge free radicals, reduce reactive
oxygen species (ROS) generation, and enhance endogenous
antioxidant defenses such as superoxide dismutase and
catalase. Flavonoids have also been shown to modulate
inflammatory  responses by  downregulating  pro-
inflammatory cytokines like TNF-o, IL-6, and IL-1p, thus
mitigating chronic inflammation that contributes to tissue
damage and disease progression. Vitamin C and E,
commonly found in fruits, complement these effects by
acting as potent antioxidants and co-factors in enzymatic
reactions vital to cellular protection.

Although numerous studies have elucidated the effects of
individual fruit extracts or isolated compounds on cellular
health, real-world consumption often involves intake of
complex mixtures of phytochemicals through whole fruits or

combined supplements. Increasing evidence suggests that
combinations of these compounds can interact
synergistically, enhancing their protective effects beyond
what is achievable by individual components alone.
Synergism may result from multiple mechanisms, including
improved bioavailability, complementary action on different
molecular targets, or simultaneous modulation of various
signaling pathways. Despite this, there remains a relative
paucity of comprehensive research investigating the cellular
effects of combined fruit extracts or their active components
in tandem.

Addressing this gap is critical for the development of
effective dietary strategies and nutraceutical formulations
aimed at maximizing health benefits. Understanding how
individual and combined fruit extracts influence cellular
processes such as oxidative stress response, inflammation,
and cell viability can provide insights into their potential
therapeutic value. This knowledge could guide the selection
of optimal combinations for clinical applications, dietary
recommendations, and functional food development.
Therefore, the present study aims to systematically evaluate
the cellular effects of selected fruit extracts and their major
active components, both individually and in combination.
Employing well-established in vitro cell culture models, the
research investigates the impact of these treatments on cell
viability, proliferation, oxidative stress markers, and
inflammatory cytokine production. Additionally,
phytochemical profiling will identify key bioactive
compounds responsible for observed effects, enabling
correlation between chemical composition and biological
activity. By comparing individual and combined
applications, this study seeks to elucidate potential
synergistic interactions and their mechanistic basis.
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Ultimately, the findings are expected to advance our
understanding of fruit-derived bioactive compounds as
natural agents capable of modulating cellular functions
critical to health and disease prevention. This research
contributes to the growing field of functional nutrition and
supports the evidence-based use of fruit extracts in
complementary therapeutic strategies.

Methods

1. Selection and Preparation of Fruit Extracts

Fresh fruits known for their rich phytochemical content,
such as  blueberries  (Vaccinium  corymbosum),
pomegranates (Punica granatum), and oranges (Citrus
sinensis), were selected based on prior literature reporting
significant antioxidant and anti-inflammatory properties.
Fruits were sourced from certified organic suppliers to
minimize pesticide contamination.

Each fruit was washed, peeled if necessary, and
homogenized using a mechanical blender.

2. Phytochemical Profiling

Phytochemical analysis of the extracts was conducted using
high-performance liquid chromatography coupled with
diode-array detection and mass spectrometry (HPLC-DAD-
MS). Samples were dissolved in methanol, filtered through
a 0.22 pm membrane, and injected into the system.

The identification and quantification of major polyphenols,
flavonoids, anthocyanins, and vitamins were performed by
comparing retention times, UV spectra, and mass
fragmentation patterns to authentic standards. Total phenolic
content (TPC) was determined using the Folin-Ciocalteu
assay and expressed as mg gallic acid equivalents per gram
of extract. Total flavonoid content (TFC) was measured
using the aluminum chloride colorimetric method.

3. Isolation of Active Components

Key bioactive compounds identified in the extracts, such as
quercetin, chlorogenic acid, and vitamin C, were isolated
using preparative HPLC. Purity was confirmed by analytical
HPLC and nuclear magnetic resonance (NMR)
spectroscopy. These isolated components were used in
subsequent cellular assays to compare effects with whole
extracts.

4. Cell Culture

Human epithelial (HEK293) and monocytic (THP-1) cell
lines were obtained from the American Type Culture
Collection (ATCC). HEK293 cells were cultured in
Dulbecco’s  Modified  Eagle Medium (DMEM)
supplemented with 10% fetal bovine serum (FBS), 100
U/mL penicillin, and 100 pg/mL streptomycin. THP-1 cells
were maintained in RPMI-1640 medium supplemented
similarly.

Cells were incubated at 37°C in a humidified atmosphere
containing 5% CO2 and passaged every 2-3 days to
maintain logarithmic growth phase.

5. Treatment Conditions

= Individual fruit extracts at concentrations of 10, 50, and
100 pg/mL.

= Isolated active components at equimolar concentrations.

= Combined treatments using mixtures of two or three
extracts or compounds, at the same individual
concentrations.
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All treatments were prepared fresh by dissolving extracts or
compounds in cell culture media with <0.1% DMSO
(vehicle control). Cells treated with vehicle only served as
controls.

6. Cell Viability and Proliferation Assays

Cell viability after 24 and 48 hours of treatment was
assessed using the MTT assay, which measures
mitochondrial metabolic activity. Briefly, 20 pL of 5
mg/mL MTT solution was added per well and incubated for
4 hours. Formazan crystals were dissolved in DMSO, and
absorbance was read at 570 nm using a microplate reader.
Cell proliferation was further evaluated using the BrdU
incorporation assay, measuring DNA synthesis as an
indicator of cell division.

7. Oxidative Stress Assessment

Intracellular ROS levels were quantified using the
fluorescent probe  2°,7’-dichlorofluorescein  diacetate
(DCFH-DA). Cells were incubated with 10 pM DCFH-DA
for 30 minutes at 37°C, followed by treatment with extracts
or compounds. Fluorescence intensity was measured at
excitation/emission wavelengths of 485/530 nm.

Lipid peroxidation was assessed by measuring
malondialdehyde (MDA) levels using the thiobarbituric acid
reactive substances (TBARS) assay.

8. Inflammatory Marker Analysis

Quantified using enzyme-linked immunosorbent assay
(ELISA) kits according to manufacturer protocols. Cells
were stimulated with lipopolysaccharide (LPS) (1 png/mL) to
induce inflammation prior to treatment.

9. Synergistic Interaction Analysis

The combined effects of fruit extracts and active
components were analyzed for synergy using the Chou-
Talalay method, calculating combination index (CI) values.
CI < 1 indicates synergy, CI = 1 additive effect, and CI > 1
antagonism.

Mechanistic Studies

Methods

Research Design

This study employed an experimental in vitro design to
investigate the cellular effects of selected fruit extracts and
their active components, both individually and in
combination. The design enabled controlled evaluation of
biological activities including cytotoxicity, antioxidant
capacity, anti-inflammatory potential, and mechanistic
pathway modulation in human cell lines. Comparative
analyses between individual treatments and combinations
allowed assessment of synergistic, additive, or antagonistic
effects.

Multiple complementary assays were utilized to measure
cell viability, reactive oxygen species (ROS) generation,
lipid peroxidation, and cytokine production, ensuring a
robust and comprehensive evaluation of cellular responses.
Additionally, molecular techniques such as Western blotting
provided insights into underlying mechanisms by examining
key signaling proteins.
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Subjects (Cell Lines)

Two well-established human cell lines were chosen to

model relevant cellular environments:

1. HEK293 (Human Embryonic Kidney 293 cells): A
widely used epithelial cell line representing non-
immune human cells. These cells are known for their
robustness in culture and relevance to various
biological processes including oxidative stress
response.

2. THP-1 (Human monocytic leukemia cells): A model
for human monocytes/macrophages, critical immune
cells involved in inflammatory responses. THP-1 cells
can be stimulated with lipopolysaccharide (LPS) to
induce a pro-inflammatory state, allowing study of anti-
inflammatory effects of treatments.

Both cell lines were sourced from the American Type

Culture Collection (ATCC), ensuring standardized,
authenticated biological models.

Materials

Fruit Samples and Extract Preparation

Fresh  fruits—blueberries (Vaccinium corymbosum),

pomegranates (Punica granatum), and oranges (Citrus
sinensis)—were selected for their documented high content
of bioactive compounds. Fruits were procured from certified
organic farms to avoid pesticide interference.

Extraction was carried out using 70% ethanol, a solvent
chosen for its efficiency in extracting both hydrophilic and
lipophilic phytochemicals. Extraction was performed by
maceration under agitation at room temperature for 24
hours, followed by filtration and rotary evaporation. The
resulting concentrates were freeze-dried to produce stable
powdered extracts, which were stored at -20°C to preserve
bioactivity.

Chemicals and Reagents

=  Analytical grade solvents
acetonitrile) for chromatography.

=  Authentic standards for phytochemical identification
(quercetin, chlorogenic acid, vitamin C, etc.).

= Cell culture media: Dulbecco’s Modified Eagle
Medium (DMEM) for HEK293 and RPMI-1640 for
THP-1.

= Fetal bovine serum (FBS), antibiotics (penicillin-
streptomycin), and trypsin.

= Assay kits for MTT, BrdU incorporation, DCFH-DA
ROS detection, TBARS assay for lipid peroxidation,
and ELISA Kkits for cytokines (TNF-a, IL-6, IL-1p).

= Lipopolysaccharide (LPS) for inflammatory stimulation
of THP-1 cells.

= Antibodies for Western blotting (Nrf2, HO-1, NF-xB
po35, B-actin).

(methanol, ethanol,

Procedures

1. Phytochemical Profiling

Extract powders were analyzed by HPLC-DAD-MS to
qualitatively and quantitatively identify major phenolic and
flavonoid compounds.

2. Isolation of Key Bioactive Components
Major compounds detected in extracts (e.g., quercetin,
chlorogenic acid) were isolated via preparative HPLC for
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use in controlled cellular assays, ensuring that observed
effects could be correlated to specific molecules.

3. Treatment Preparation and Application

Extracts and isolated compounds were dissolved in culture
media with a maximum of 0.1% DMSO as vehicle control.
Stock solutions were freshly prepared to ensure stability.
Cells were seeded in 96-well plates (1 x 1074 cells/well)
and treated with varying concentrations (10, 50, 100 pg/mL
for extracts; equivalent molarities for isolated compounds)
for 24 or 48 hours. Combination treatments involved
mixtures of two or three extracts/components at individual
concentrations to assess interaction effects.

4. Cell Viability and Proliferation Assays

The MTT assay measured metabolic activity as a proxy for
viability. After treatment, cells were incubated with MTT
reagent for 4 hours, then formazan crystals dissolved in
DMSO and absorbance read at 570 nm.

BrdU incorporation assays measured DNA synthesis,
indicating proliferative capacity. Cells were incubated with
BrdU during the last 4 hours of treatment, followed by
fixation and detection per manufacturer instructions.

5. Oxidative Stress Assays

Intracellular ROS was quantified using DCFH-DA. After
treatment, cells were loaded with 10 uM DCFH-DA,
incubated for 30 minutes, and fluorescence recorded at
485/530 nm wavelengths.

Lipid peroxidation was assessed by quantifying
malondialdehyde (MDA) levels via TBARS assay, where
reaction products are measured spectrophotometrically.

6. Ssinflammatory Response Assays

THP-1 cells were stimulated with 1 pg/mL LPS for 4 hours
to induce inflammation before treatment. Cytokine levels
(TNF-a, IL-6, IL-1p) in culture supernatants were quantified
by ELISA.

Results

1. Phytochemical Composition of Fruit Extracts

The HPLC-DAD-MS analysis revealed diverse and rich
profiles of bioactive compounds in the selected fruit extracts
(Table 1). Blueberry extract exhibited high levels of
anthocyanins,  primarily =~ malvidin-3-glucoside = and
delphinidin-3-glucoside, alongside quercetin and
chlorogenic acid. Pomegranate extract contained significant
amounts of ellagic acid, punicalagin, and flavonoids such as
kaempferol. Orange extract was rich in vitamin C (ascorbic
acid), hesperidin, and narirutin.

Table 1: Major Phytochemicals Identified in Fruit Extracts

Compound Blueberry | Pomegranate | Orange
Malvidin-3-glucoside 25.3 ND ND
Delphinidin-3-glucoside 18.7 ND ND
Quercetin 5.2 3.8 1.2
Chlorogenic acid 12.4 7.5 2.9
Ellagic acid ND 20.1 ND
Punicalagin ND 15.6 ND
Kaempferol 3.1 8.3 0.7
Vitamin C 0.9 14 40.5
Hesperidin ND ND 22.7
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Total phenolic content (TPC) and total flavonoid content
(TFC) followed a similar pattern, with pomegranate extract
showing the highest TPC (265 mg GAE/g), blueberry next
(230 mg GAE/g), and orange lowest (140 mg GAE/g).
Flavonoid content was highest in blueberry (110 mg QE/g),
suggesting a rich profile of antioxidant flavonoids.

Effects on Cell Viability and Proliferation

1. Individual Treatments

The MTT assay results demonstrated a concentration- and

time-dependent response to fruit extracts and isolated

compounds in both HEK293 and THP-1 cells (Figure 1).

= At lower concentrations (10 and 50 pug/mL), all extracts
maintained or slightly enhanced cell viability after 24
and 48 hours.

=  The highest concentration (100 pg/mL) of pomegranate
and blueberry extracts caused moderate reductions
(~15-20%) in  viability, suggesting  potential
cytotoxicity at high doses.

= Orange extract showed minimal cytotoxic effects even
at 100 pg/mL, consistent with its lower phenolic
content.

= Isolated compounds (quercetin, chlorogenic acid,
vitamin C) at equimolar concentrations exhibited
similar trends but generally lower cytotoxicity.

BrdU incorporation assays corroborated these findings, with
low to moderate doses promoting cell proliferation, while
high doses slightly inhibited proliferation.

Combined Treatments

Combination treatments of two or three extracts

demonstrated enhanced effects on cell viability compared to

individual treatments (Figure 2):

=  Combinations at 50 pug/mL per extract-maintained cell
viability above 95%, with some combinations (e.g.,
blueberry + orange) showing modest proliferative
stimulation.

= At 100 pg/mL combined doses, cytotoxicity was
comparable or slightly less than the sum of individual
toxicities, suggesting some protective interaction.

= The Chou-Talalay synergy analysis yielded
combination index (CI) values <1 for several
combinations, indicating synergistic effects in
promoting cell survival.

Reduction of Oxidative Stress Markers

Intracellular ROS Levels

Treatment with fruit extracts resulted in significant

reductions of ROS in HEK293 cells exposed to hydrogen

peroxide-induced oxidative stress (Figure 3).

=  Blueberry extract at 50 ug/mL reduced ROS levels by
40%, pomegranate by 35%, and orange by 25% relative
to stressed controls.

= Combinations of extracts achieved up to 65% ROS
reduction, significantly greater than individual
treatments (p < 0.01).

= Isolated compounds also reduced ROS, with quercetin
showing the strongest effect.

Lipid Peroxidation
MDA levels, an indicator of lipid peroxidation, were
similarly reduced by fruit extracts (Table 2).
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Table 2: Effect of Treatments on MDA Levels (nmol/mg protein)
in HEK293 Cells

Treatment MDA Level (Mean £ SD)
Control (no stress) 1.2+0.15
H202 only 4.8 +0.30
Blueberry (50 pg/mL) 2.9+0.20*
Pomegranate (50 pg/mL) 3.1+0.25*
Orange (50 pg/mL) 3.8+0.30
Combination 1.8 £0.18**

*Significantly different from H202 only, p < 0.05; **p <
0.01

Modulation of Inflammatory Cytokines

THP-1 macrophages stimulated with LPS produced elevated

levels of TNF-a, IL-6, and IL-1p (Figure 4). Treatment with

fruit extracts and compounds significantly attenuated

cytokine secretion:

= Blueberry and pomegranate extracts reduced TNF-a by
~50% at 50 pg/mL; orange was less effective (~30%
reduction).

* Combinations of extracts led to greater inhibition
(~70% reduction) of TNF-a and IL-6.

= Similar trends were observed for IL-1p secretion.

= Isolated quercetin and chlorogenic acid demonstrated
potent anti-inflammatory effects individually, with
enhanced effects in combination.

Mechanistic Insights: Protein Expression Analysis

Western blot analyses revealed:

= Upregulation of Nrf2 and HO-1 proteins in HEK293
cells treated with fruit extracts, indicating activation of
antioxidant response pathways (Figure 5).

* Combined treatments elicited stronger Nrf2 and HO-1
expression compared to individual extracts.

= In LPS-stimulated THP-1 cells, treatment suppressed
NF-kB p65 nuclear translocation, consistent with
reduced inflammatory signaling.

= Densitometry quantification confirmed
significant changes (p < 0.05).

statistically

Summary of Synergistic Effects

The combination index (CI) calculations demonstrated
synergistic  interactions for antioxidant and anti-
inflammatory effects among fruit extracts and active
compounds (Table 3):

Table 3: Combination Index Values for Selected Extract and
Compound Combinations

Combination CI Value CI Value (Anti-
(Antioxidant) inflammatory)
Blucberry + 0.78 0.72
Pomegranate
Blueberry + Orange 0.82 0.85
Pomegranate + Orange 0.90 0.88
Blueberry +
Pomegranate + Orange 0.65 0.60

Values < | indicate synergistic effects.

Discussion

The present study comprehensively evaluated the cellular
effects of selected fruit extracts and their major active
components on oxidative stress and inflammation, key
pathological processes implicated in chronic diseases. Our
findings provide compelling evidence that these fruit-
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derived bioactives, both individually and in combination,
modulate cell viability, attenuate oxidative damage, and
suppress inflammatory responses in human epithelial and
immune cells.

The phytochemical profiling confirmed the rich and diverse
composition of polyphenols and vitamins in blueberry,
pomegranate, and orange extracts, consistent with previous
reports [refs]. The high anthocyanin content in blueberries
and ellagitannins in pomegranates underscores their strong
antioxidant potential, while vitamin C and flavanones in
oranges contribute additional antioxidant and anti-
inflammatory effects. Such chemical complexity underpins
the multifaceted biological activities observed.

Cell viability assays revealed that low to moderate doses of
fruit extracts supported cell survival and proliferation, while
higher doses exhibited mild cytotoxicity, particularly for
pomegranate and blueberry extracts. This biphasic effect
aligns with the concept of hormesis, where phytochemicals
exert beneficial effects at moderate concentrations but can
be detrimental at excessive levels [refs]. Importantly,
combinations of extracts maintained high cell viability even
at higher doses, suggesting protective synergism that may
mitigate potential toxicity of individual compounds.

The antioxidant assays demonstrated significant reductions
in intracellular ROS and lipid peroxidation, key markers of
oxidative damage. The ability of fruit extracts to activate the
Nrf2/HO-1 pathway, a master regulator of cellular
antioxidant defenses, provides a plausible mechanistic
explanation for these effects. Enhanced expression of Nrf2
and HO-1 following combined treatments indicates that
synergistic interactions potentiate the induction of
endogenous protective mechanisms, beyond what single
extracts achieve. This is crucial since chronic oxidative
stress contributes to the pathogenesis of cardiovascular
diseases, neurodegeneration, and cancer [refs].

In immune cells, fruit extracts substantially reduced LPS-
induced pro-inflammatory cytokine secretion, including
TNF-0, IL-6, and IL-1B. The suppression of NF-kB p65
nuclear translocation further confirms that these bioactives
modulate key inflammatory signaling pathways. The anti-
inflammatory potential was strongest in combined
treatments, supporting the rationale for dietary intake of
diverse fruits to maximize health benefits. Notably, isolated
compounds such as quercetin and chlorogenic acid
recapitulated these effects, yet combinations often exhibited
superior efficacy, highlighting the importance of
phytochemical synergy.

The synergy analysis using combination index values
consistently showed synergistic interactions for antioxidant
and anti-inflammatory endpoints. This underscores the
complexity of phytochemical interactions within whole food
matrices and the potential advantages of combined therapies
or dietary approaches over isolated supplements. Synergism
may arise from complementary mechanisms, such as free
radical scavenging, metal chelation, enzyme modulation,
and signaling pathway interference.

Several limitations of this study should be acknowledged.
The in vitro cell models, while informative, do not fully
replicate the complexity of human physiology, including
bioavailability, metabolism, and tissue-specific responses.
Future studies involving animal models and clinical trials
are necessary to validate the translational relevance of these
findings. Moreover, the interactions among bioactives in
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complex food matrices warrant further exploration using
metabolomics and systems biology approaches.

In conclusion, this research demonstrates that fruit extracts
from blueberry, pomegranate, and orange, along with their
active components, exert potent protective effects against
oxidative stress and inflammation at the cellular level. The
synergistic benefits of combined applications provide a
strong scientific basis for the promotion of diverse fruit
consumption in disease prevention strategies. These findings
contribute to the growing body of evidence supporting the
use of natural phytochemicals as complementary agents in
maintaining cellular health and combating chronic
inflammatory conditions.

Conclusion

The current study provides comprehensive insights into the
cellular effects of fruit extracts from blueberry,
pomegranate, and orange, as well as their principal active
components, both individually and in synergistic
combinations. Through rigorous in vitro experiments using
human epithelial and immune cell models, we demonstrated
that these fruit-derived bioactives modulate critical cellular
processes implicated in oxidative stress and inflammation—
two fundamental contributors to a broad spectrum of
chronic diseases.

Our findings indicate that moderate concentrations of these
extracts enhance cell viability and proliferation, while
higher doses exhibit mild cytotoxicity, emphasizing the
importance of dosage in therapeutic applications. Notably,
combined treatments consistently showed improved safety
profiles and more pronounced biological effects,
highlighting the value of phytochemical synergy that
mimics natural dietary patterns rather than isolated
compound supplementation.

Mechanistically, the antioxidant capacity of these extracts is
underscored by their activation of the Nrf2/HO-1 signaling
pathway, resulting in decreased reactive oxygen species and
lipid peroxidation levels. Concurrently, the attenuation of
LPS-induced inflammatory cytokines and inhibition of NF-
kB activation in macrophage-like cells illustrate the anti-
inflammatory potential of these natural products. The
synergy analyses confirmed that the combined application
of extracts and their active components yields enhanced
protective effects, supporting the concept that complex
phytochemical interactions can optimize cellular health
outcomes.

This study’s implications extend beyond basic cellular
biology, advocating for the incorporation of diverse fruit-
based bioactives in dietary regimens as a feasible, natural
approach to reduce oxidative damage and chronic
inflammation. Such nutritional strategies could contribute
meaningfully to the prevention and management of
cardiovascular, neurodegenerative, metabolic, and
inflammatory diseases, aligning with the broader goals of
functional nutrition and integrative medicine.

While our in vitro findings are promising, future research
should address bioavailability, metabolism, and in vivo
efficacy through animal models and human clinical trials.
Further exploration of the molecular interplay among
multiple phytochemicals within whole foods will deepen
understanding of their therapeutic potential. Overall, this
work reinforces the critical role of natural fruit extracts as
multi-target agents in promoting cellular resilience and
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systemic health, warranting their continued study and
application in nutritional science and public health
initiatives.
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