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Abstract

Introduction: The Mediterranean diet is consistently associated with a reduced risk of
chronic diseases, including cancer, cardiovascular disorders, and neurodegenerative con-
ditions. These protective effects are largely attributed to its high intake of plant-derived
bioactive compounds, with extra virgin olive oil serving as the principal source of dietary
fat. Olive oil phenolic compounds are recognized as key mediators of the Mediterranean
diet’s antioxidant, anti-inflammatory, and cytoprotective properties. Since oxidative stress
and immune dysregulation are central mechanisms in the development and progression
of chronic diseases, understanding the cellular and molecular actions of Mediterranean
diet-derived bioactives is of significant relevance. This study aimed to assess the bioactivity
and molecular effects of selected olive oil phenolic compounds in comparison to a Custom
Mixture formulation in order to correlate the modulation of specific pathways with crucial
cellular decisions of pharmacological relevance. Methods: The effects of olive oil phenolic
compounds were evaluated in HepG2 hepatocellular carcinoma cells and peripheral blood
mononuclear cells (PBMCs). Cell viability and proliferation assays were performed, along
with targeted molecular profile analysis related to cellular pathways involved in DNA re-
pair, lipid metabolism, oxidative stress, inflammation, and neurotrophic signaling. Results:
Overall, distinct molecular and bioactivity profiles were observed in HepG2 cells among
individual phenolic compounds as well as in comparison to their mixture, referring mainly
to DNA damage gene response activation (API 1), enhanced antioxidant gene expression
(API 7), and apoptosis induction (APIs 5 and 6). Interestingly in PBMCs, combined effects
on immune-related and neuroprotective signaling pathways were revealed, alongside the
modulation of inflammation-associated gene biomarkers. Discussion: As a matter of fact,
by affecting proliferation-related and immune response-associated molecular pathways in
a cell-specific manner, olive oil phenolic data may represent a mechanistic link between
olive oil consumption and chronic disease risk prevention and management in populations.
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1. Introduction
The Mediterranean diet is widely recognized for its protective role against chronic

diseases, including cardiovascular disorders, neurodegenerative conditions, and cancer [1].
These health benefits are attributed to its characteristic dietary pattern, which emphasizes
plant-based foods, moderate fish intake, and the use of extra virgin olive oil (EVOO) as the
principal source of dietary fat. Among the components of the Mediterranean diet, EVOO
plays a central role in mediating disease-preventive effects due to its content of bioactive
phenolic compounds, which typically range from 50 to 800 mg/kg in commercial EVOO
and may exceed 1000 mg/kg in high-phenolic varieties [2–4]. EVOO phenolics such as
oleocanthal, tyrosol, hydroxytyrosol, oleuropein aglycon, ligstroside aglycon, and related
secoiridoid derivatives including elenolic acid have been extensively studied for their
contribution to the biological activity of the Mediterranean diet [5–9]. These compounds
exert diverse pharmacological effects through well-characterized molecular mechanisms,
supporting the notion that olive oil phenolics represent key functional constituents of the
Mediterranean dietary pattern.

Chronic diseases such as cardiovascular conditions, neurodegenerative disorders, and
cancer are closely linked to oxidative stress, which results from an imbalance between
reactive species (RS) and the body’s antioxidant defenses. The Mediterranean diet, through
its high phenolic content—especially from EVOO—has been shown to counteract oxidative
stress by scavenging RS and enhancing endogenous antioxidant systems [2,10–12]. This
contributes to the modulation of oxidative stress biomarkers and a subsequent reduction in
chronic disease risk [13–15].

Within this dietary framework, EVOO phenolics significantly benefit cardiovascu-
lar health by enhancing endothelial function and mitigating oxidative injury [14,16–18].
Oleocanthal, one of the most extensively studied EVOO phenolics, exhibits potent anti-
inflammatory and anti-cancer properties. Its well-known COX-1 and COX-2 inhibitory
activity, comparable to ibuprofen, has been demonstrated in vitro at concentrations of
10–25 µM [19,20]. Beyond its anti-inflammatory profile, oleocanthal induces apoptosis
and suppresses proliferation in several cancer models, including breast, prostate, and liver
cancer cells, typically within the 10–20 µM range [20–25]. In hepatocellular carcinoma
specifically, oleocanthal reduces viability in HepG2 and Hep3B cells at 10–50 µM, pro-
moting lysosomal membrane permeabilization and caspase-dependent apoptosis [21,22].
These findings support its relevance as a dietary phenolic with mechanistic implications
for cancer prevention.

Hydroxytyrosol, another key phenolic compound, is recognized as one of the most
potent natural antioxidants identified in the Mediterranean diet. In hepatic and endothelial
cell models, hydroxytyrosol enhances antioxidant enzyme expression, including SOD
and CAT, at 10–100 µM, thereby strengthening endogenous defense systems [26–29]. Its
neuroprotective effects have been demonstrated in neuronal and neuroblastoma models at
10–50 µM, where it increases BDNF expression and protects against oxidative injury [28,30].
Hydroxytyrosol also exhibits anti-cancer activity, inducing cell cycle arrest and apoptosis in
colon, breast, and prostate cancer cells at 25–100 µM [31,32]. These concentration-dependent
effects highlight its broad therapeutic potential across oxidative stress- and inflammation-
related pathologies. Oleuropein aglycon, another major secoiridoid derivative, contributes
to cardiovascular protection by reducing LDL oxidation and improving HDL functionality
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at concentrations of 10–50 µM in endothelial and macrophage models [16,33]. Its anti-
inflammatory effects, including downregulation of TNF-α and IL-6, have been observed
in vitro at 20–50 µM [34,35]. Oleuropein aglycon also demonstrates anti-cancer properties,
inducing apoptosis and inhibiting angiogenesis in breast, colon, and prostate cancer cells at
20–100 µM [22,29,36]. These mechanistic actions underscore this compound relevance as a
multifunctional phenolic compound within the Mediterranean diet.

Other EVOO phenolics like tyrosol and elenolic acid also play complementary roles.
Tyrosol exerts antioxidant and anti-inflammatory effects in endothelial and hepatic models
at 10–50 µM while demonstrating pro-apoptotic activity in hepatocellular carcinoma cells at
25–100 µM [26,28,37]. Elenolic acid, though less extensively studied, exhibits antimicrobial
and anti-inflammatory properties in vitro, with emerging evidence suggesting potential
synergistic interactions with other secoiridoids [38]. Less studied compounds, such as
ligstroside aglycon, have shown anti-cancer effects in cervical and colon carcinoma models
at 10–50 µM, supporting its inclusion among bioactive EVOO constituents [39,40].

Recent studies underscore the importance of studying the combined effects of the
various bioactive compounds in olive oil, as the synergistic actions of these phenolics
can strengthen their biological activities. This may result in more effective regulation of
oxidative stress and inflammation, which stems from the Mediterranean diet’s bioactiv-
ity [41,42]. Notably, the combination of oleocanthal and hydroxytyrosol produces superior
anti-inflammatory and cytoprotective effects compared to either compound alone, partic-
ularly within the 10–25 µM range [19,20]. However, the molecular mechanisms of such
interactions remain largely unclear, especially in complex systems like cancer and immune
cells. The diverse phenolic profile of high-phenolic EVOO supports the concept that the
therapeutic potential of olive oil is not confined to individual compounds but rather reflects
the activity of complex mixtures characteristic of Mediterranean dietary intake [43–45]. Ad-
vanced analytical approaches, including two-dimensional mass spectrometry (2D MS/MS)
and high-performance liquid chromatography (HPLC–MS), are essential for identifying and
characterizing these phenolic profiles and for elucidating their collective bioactivity [46–49].

Olive oil represents a complex biological matrix containing numerous minor con-
stituents that may enhance, attenuate, or mask the effects of individual phenolic com-
pounds. Although several major EVOO phenolics have previously been investigated
individually, considerably less is known about how their activities are modified when these
compounds are present together in a defined mixture. Therefore, evaluation of the isolated
compounds provides an important experimental reference for understanding the biological
effects of their combination.

In the present study, we first characterized the cytotoxic and molecular responses
induced by selected isolated EVOO phenolic compounds and subsequently compared
these responses with those produced by a Custom Mixture designed to reflect the relative
occurrence of selected minor constituents within olive oil, rather than to reproduce the
complete EVOO matrix. This approach allowed us to examine whether the mixture repro-
duces, enhances, attenuates, or otherwise modifies the effects observed for its individual
constituents. The analysis focused on cellular responses and molecular pathways asso-
ciated with oxidative stress, DNA repair, neurotrophic signaling, lipid metabolism, and
inflammation in HepG2 liver cancer cells and peripheral blood mononuclear cells (PBMCs).
Through this comparative approach, we aimed to obtain a more integrated understanding
of the biological effects of olive oil phenolics when acting individually and in combination.
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2. Materials and Methods
2.1. Cell Cultures

In this investigation, the well-characterized HepG2 human liver cancer cell line (Cel-
losaurus CVCL_0027; was previously obtained, stored and used in a routine manner in
the Laboratory of Pharmacology, School of Pharmacy, Aristotle University of Thessaloniki,
Greece, <25 passages were applied), as well as dendritic peripheral blood mononuclear
cells (PBMCs) (Human Peripheral Blood-Derived Mature Dendritic Cells, ACF-Cultured,
Frozen; STEMCELL Technologies, Thessaloniki, Greece) were used to measure cytotoxicity
and molecular profiling. HepG2 cells and PBMCs were frozen at −80 ◦C until use and were
subcultured under controlled conditions (37 ◦C; humidified atmosphere supplemented
with 5% v/v CO2) in RPMI-1640 medium (Gibco™ RPMI 1640 Medium, Thermo Fisher
Scientific, Thessaloniki, Greece). The medium was supplemented with 10%(v/v) fetal
bovine serum (FBS) (Gibco™ Fetal Bovine Serum, Thermo Fisher Scientific), penicillin and
streptomycin at 100 µg/mL (Gibco™ Pen-Strep, Thermo Fisher Scientific). To maintain
logarithmic growth, both cell lines were detached from the culture substrate at approxi-
mately 80% confluence, usually every 2–3 days, using trypsin–EDTA (0.25% w/v). The
individual olive oil components used in this study were previously prepared, solubilized
in DMSO, and stored at 4 ◦C, and applied identically across experimental treatments for
each cell culture as described below. The HepG2 cells were cultured according to previous
experimental work [45] and the PBMC line according to manufacturer’s guidelines.

2.2. Active Olive Oil Constituents Under Investigation

Eight isolated constituents of olive oil were evaluated in this study (Table 1). The
compounds were selected according to their established or putative molecular activities re-
ported in the literature. Five compounds were selected based on well-established bioactive
properties, whereas the remaining compounds were included based on molecular effects
proposed from their chemical structures. The compounds were isolated at the Laboratory
of Pharmacognosy and Natural Products Chemistry, Department of Pharmacy, National
and Kapodistrian University of Athens, Greece, using liquid chromatography [50], and
subsequently provided to our laboratory for pharmacological evaluation. All isolated
constituents used in the present study were of high purity, as established during their
isolation and characterization according to the methodology described in Ref. [50].

Table 1. Specifications of the isolated olive oil constituents used in this study.

Compound API Number Used in Testing Structure Molecular Weight (g/mol)

Oleocanthal API 1 304.34

Oleacein API 2 320.30
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Table 1. Cont.

Compound API Number Used in Testing Structure Molecular Weight (g/mol)

Ligstroside ag. API 3 362.40

Oleuropein aglycone API 4 378.38

Oleomissional API 5 378.38

Tyrosol API 6 138.17

Hydroxytyrosol API 7 154.17

Elenolic acid API 8 242.22

5-Vinyl-3-pyridinecarboxylic
acid methyl ester API 9 163.17
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Table 1. Cont.

Compound API Number Used in Testing Structure Molecular Weight (g/mol)

Oleoglutathione API 10

 

597.20

For consistency with the experimental coding system used throughout the study, the investigated
olive oil constituents were assigned identifiers API 1–11. In the present manuscript, “API” is used
solely as an experimental sample code and does not denote an active pharmaceutical ingredient.

In addition to the isolated compounds, a defined formulation of selected olive oil
minor constituents, referred to as the Custom Mixture (API 11), was evaluated. The
mixture was provided already prepared by the Laboratory of Pharmacognosy and Natural
Products Chemistry, Department of Pharmacy, National and Kapodistrian University of
Athens, Greece and was formulated according to the previously established isolation and
characterization process described in Ref. [50]. The formulation contained APIs 1–8 together
with two additional isolated compounds (APIs 9 and 10, which were not individually
evaluated in the present study). Importantly, the constituents were not combined in
arbitrary or equimolar proportions. Instead, their relative proportions were selected to
reflect the naturally occurring compositional pattern of these phenolic constituents in olive
oil. Thus, the Custom Mixture was intended to provide a defined experimental formulation
reflecting the relative composition of selected olive oil minor constituents. It was not
designed to reproduce the complete olive oil matrix, particularly its predominant lipid
fraction, and enables comparison of the biological responses produced by the combined
constituents with those observed for the individually evaluated compounds.

2.3. Cell Propagation in Established Cell Lines and Cytotoxicity Assessment

Cytotoxicity was determined using the Dojindo Cell Counting Kit-8 (CCK-8) (Dojindo
Molecular Technologies, Munich, Germany), an approved method for cell viability analysis,
in HepG2 cell lines. For a standard cytotoxicity assay, HepG2 cells were grown at a density
of 8 × 103 cells/mL into 96-well plates (Corning Costar, New York, NY, USA) in a CO2

incubator for 24 h to allow for cell attachment, before treatment with the test agents (isolated
olive oil subfractions). API solutions were diluted to final concentrations of 1, 10 and
50 µM and incubated with cells at 37 ◦C in a 5% CO2 incubator for 24 h. At the end of each
treatment period, the treatment-containing medium was completely aspirated from the
wells. As HepG2 cells remained adherent to the culture surface, the cells were subsequently
washed with PBS to remove residual treatment compounds. Fresh treatment-free culture
medium containing the CCK-8 reagent was then added, and absorbance was measured
according to the assay protocol. Untreated cells cultured in medium and subjected to
the same washing and CCK-8 procedure served as the control. This procedure ensured
that the CCK-8 reaction and subsequent absorbance measurement were performed after
removal of the phenolic-containing treatment medium, thereby minimizing potential direct
interference of the investigated compounds with the colorimetric readout.

The levels of cell toxicity were determined and expressed as a percentage of untreated
control cells. Absorbance values at 450 nm were taken as indices of formazan product
levels (indicating cell viability). Control wells were prepared under the same conditions
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but contained only culture media without treatment. For time-dependent toxicity, all APIs
were tested at 50 µM for exposure times between 24 and 120 h, and viability was measured
at 24 h intervals. Cytotoxicity was reported at the percentage of cell viability, both dose-
and time-dependent [45]. The concentration ranges tested did not generate complete
dose–response curves suitable for reliable nonlinear regression and IC50 calculation.

Cell growth was also evaluated with a Neubauer counting chamber under the micro-
scope for each API as a separate experiment. For adherence, HepG2 cells were plated at
8 × 103 cells/mL in RPMI-1640 media overnight and then cells cultures were exposed
for the period of 24–120 h with the maximum concentration of each API (50 µM). Trypan
Blue staining (Gibco™ Trypan Blue, Thermo Fisher Scientific) was performed to assess
cell death. At the end of the treatment period, cells were detached through trypsinization
according to standard protocol and cell counts were compared with controls. Treatments
were performed in triplicate for reliability. Control wells were set up using the same
experimental conditions.

2.4. Ki-67 Proliferation Marker Detection Using Confocal Microscopy

A specific protocol was followed for detecting Ki-67 to assess cell proliferation in
HepG2 cells. Briefly, 1.5 × 104 cells in 1 mL of culture medium were seeded onto Matrigel-
coated glass coverslips (12 mm diameter) in a 24-well tissue culture plate. After the cells had
adhered for 24 h, the test APIs were added at the highest concentration (50 µM) according
to the CCK-8 assay. The cells were incubated for 24 h for proliferation.

After 24 h of incubation, the media was removed, and the cells were fixed in 300 µL
of 4% paraformaldehyde (PFA) for 20 min at RT. Fixed cells were washed twice for 5 min
with cold 1× PBS to remove excess fixative. Coverslips were then moved to a new 24-well
plate, and the cells were permeabilized with 400 µL of 0.1% Triton X-100 lysis buffer for
10 min. For immunostaining 250 µL of primary rabbit anti-Ki-67 antibody D3B5 mAb
(Alexa Fluor 647 Conjugated) (Cell Signaling Technology, Athens, Greece) was diluted in
10% normal goat serum (NGS) (v/v) and a ratio of 1:1000 (v/v) was added to each well and
kept bronzed 3 h at 37 ◦C and protected from light with aluminum foil. The wells were
washed three times with 300 µL of 1× PBS to remove unbound antibody after staining,
and the nuclei were counterstained with 300 µL of DAPI (Invitrogen™ DAPI and Hoechst
Nucleic Acid Stains, Fisher Scientific, Athens, Greece) for 10 min at room temperature. Any
excess DAPI was removed by three 300 µL washes with 1× PBS.

The stained coverslips were then mounted on glass slides (using miscible immersion
oil) and covered with a micro cover glass. Fluorescent signals were observed and analyzed
with the Nikon Eclipse E600 confocal microscope (Nikon, Tokyo, Japan), and Ki-67 was
captured at 450–520 nm and DAPI at 330–420 nm. At least 1000 cells were counted per
sample, and all data shown represent the means from three independent experiments.
Cellular structure was assessed through the use of an upright microscope, which would give
high-resolution imaging of cell morphology and structural components. This arrangement
allowed efficient visualization of cell shape, size, and structural alterations induced by
experimental treatments.

2.5. RNA Isolation and Real-Time Quantitative Polymerase Chain Reaction (qPCR)

To analyze gene expression and gain further insight into the potential effects of APIs
1–8, cells were incubated for molecular analysis of gene expression after conducting the afore-
mentioned experiments. The concentration of 50 µM was chosen (the highest concentration
tested) and the cells were incubated for 48 h to help amplify the differences in gene expression.
Total RNA was extracted, and the expression of 42 genes associated with hepatotoxicity, DNA
repair, neurogenesis, drug metabolism, and oxidative stress was assessed.
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Gene expression analysis was performed using custom RT2 Profiler PCR Array plates
(Qiagen, Hilden, Germany). The genes of interest were selected by the authors according to
the molecular processes investigated in the study, whereas the corresponding gene-specific
primer assays were designed and pre-validated by the manufacturer and supplied pre-
dispensed in the custom array plates. Therefore, individual primer sequences were not
designed by the authors. RNA was isolated using the RNeasy Plus Micro Kit (Qiagen,
Hilden, Germany) [45], and 200 ng of total RNA was used for cDNA synthesis using the
QuantiTect Reverse Transcription Kit (Qiagen, Hilden, Germany), according to the manu-
facturer’s instructions. After extraction, the purity of the obtained RNA was ascertained via
the Thermo Scientific NanoDrop 2000, USA spectrophotometer (Thermo Fisher Scientific,
Athens, Greece).

Gene expression was quantified using the ∆∆Ct method. In pursuit of optimal amplifica-
tion plots within the range of 35 to 40 Ct (Cycle threshold) for each gene under scrutiny, a 1:20
dilution was systematically carried out on samples. Five reference genes included within the
array configuration (ACTB, B2M, GAPDH, HPRT1, and RPLP0) were used for normalization in
accordance with the Qiagen array workflow. Expression and fold change data, including the
reference genes, are provided in the Supplementary (Table S4a,b, S5 and S6). Because very low
expression in control samples can result in large calculated fold changes, particularly high fold
change values were interpreted cautiously and in the context of the overall expression pattern
rather than as direct measures of the magnitude of a biological response.

2.6. Bioinformatic Analysis of the Differentially Expressed Genes Data

Differentially expressed gene data were subjected to bioinformatic analysis to clarify
their biological activities and the molecular pathways in which they are involved [45]. The
GitHub Copilot—Python Scripts (v 3.15.1) package was used to perform the overrepre-
sentation analysis for Gene ontology (GO) including Biological Process (BP), Molecular
Function (MF) and Cellular Component (CC). Pathway analysis was constructed using
the Reactome pathway database and Disease Ontology Semantic and Enrichment analysis
(DOSE), implemented via Gseapy (v 1.3.1) for gene set enrichment analysis. Pandas (v 3.1.0)
was used for data cleaning and preprocessing, while Matplotlib (v 3.11.2) and Seaborn
(v 0.13.2) were employed for data visualization in Python. The protein–protein interaction
(PPI) network was constructed using the STRING-DB tool (v 12.5) in RStudio (v 2026.10.0).

2.7. Statistical Analysis

All experiments were performed in at least three independent biological replicates.
Data were analyzed using standard statistical procedures appropriate for each dataset.
Normality was assessed prior to analysis, and parametric or non-parametric tests were
applied accordingly. Differences between treatment groups and controls were evaluated
using one-way or two-way ANOVA followed by suitable post hoc comparisons and Shapiro–
Wilk test for normalization, while time course experiments were analyzed using repeated-
measures approaches. Results are presented as mean ± standard deviation (SD), and
statistical significance was set at p < 0.05. All analyses were conducted using validated
statistical software GraphPad Prism V11.0.1.

2.8. Graphical Abstract Preparation Using Generative Artificial Intelligence

The graphical abstract was generated and subsequently refined using ChatGPT (Ope-
nAI, GPT-6), incorporating its AI-based image generation capabilities. The tool was used
exclusively for the visual representation of the study design, experimental models, molecu-
lar pathways, and principal findings presented in the manuscript. The scientific content
and terminology were provided and reviewed by the authors to ensure consistency with
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the experimental results. Generative AI was not used to generate, modify, or analyze
experimental data or to produce the scientific figures derived from the experiments.

3. Results
3.1. Cytotoxicity Assessment of APIs 1–8

Treatment with APIs 1–8 resulted in distinct effects on HepG2 cell viability and
proliferation. These effects varied according to both compound concentration and exposure
duration. The concentration-dependent analysis (Figure 1, Tables S1 and S2) was first used
to characterize the response of HepG2 cells to increasing concentrations of each individual
compound. APIs 1 (oleocanthal) and 7 (hydroxytyrosol) generally maintained cell viability
above 50%, APIs 3 (ligstroside aglycon) and 8 (elenolic acid) demonstrated moderate
increases, peaking at 30%, whereas APIs 5 (oleomissional) and 6 (tyrosol) produced greater
reductions in viability at higher concentrations. API 4 (oleuropein aglycone) showed a
biphasic response, with increased proliferation at lower concentrations followed by a more
cytostatic response at higher concentrations.

Figure 1. Cont.
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Figure 1. Concentration-dependent assessment of cellular viability of HepG2 cells exposed to APIs 1–
8 as measured with the CCK-8 assay (24 and 48 h). The data present statistically significant differences
(p < 0.05), notably for API 3, compared to different treatments (n = 3). Statistical significance is denoted
as follows: * p < 0.05 versus [control/specify comparison group]; ns, not significant (p ≥ 0.05).

The time-dependent analysis (Figure 2) further demonstrated that the cellular responses to
the individual phenolics were dynamic. APIs 1 and 7 maintained relatively high cell viability
throughout the exposure period, with their greatest effects observed between 72 and 96 h before
reaching a plateau at 120 h. APIs 3 and 8 showed their greatest proliferative responses at later
time points, approximately 96 h. In contrast, APIs 4, 5, and 6 produced more pronounced
decreases in viability, particularly around 72 h, although some recovery was observed at subse-
quent time points, suggesting cellular adaptations or recovery mechanisms. API 4 eventually
broadened to exhibit cytostatic effects by 120 h, and APIs 5 and 6 continue to display decreasing
viability, confirming their cytotoxic profiles.

Figure 2. Cont.
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Figure 2. Time-dependent assessment (24–120 h) of cellular viability of HepG2 cells exposed to
various treatments of APIs 1–8, as measured with the CCK-8 assay. The data present statistically
significant differences (p < 0.05) compared to different treatments (n = 3). Statistical significance is
denoted as follows: *** p < 0.001, **** p < 0.0001 versus [control/specify comparison group]; ns, not
significant (p ≥ 0.05).

As for the added cytotoxicity evaluation utilizing the Neubauer counting chamber
(Figure 3), the recognized reaction did not exhibit a distinct concentration-dependent pat-
tern. Interestingly, a time-dependent pattern indicated the normal growth cycle of HepG2
cells. Overall, the observations relating to cell growth were consistent with the toxicity
data: compounds that drove strong mitogenic effects were associated with substantial cell
proliferation and no indications of toxicity, and vice versa for compounds driving weaker
mitogenic activity, suggesting a connection between cell proliferation and cytotoxicity.
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Figure 3. Cell growth and death assessment (24–120 h) of HepG2 cells exposed to various treatments
of APIs 1–8, as measured with the Neubauer counting chamber. Data are presented as mean ± SD
(n = 3). Statistical comparisons were performed between each API treatment and the corresponding
control at each time point. Statistical significance is indicated as follows: ns, not significant; * p < 0.05;
** p < 0.01; *** p < 0.001; **** p < 0.0001.

The cellular phenotype (Table 2) was noted and recorded with phase contrast mi-
croscopy images of HepG2 cells after treating with APIs 1–8 plus a Custom Mixture,
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followed by cell growth and death assessment. Acquired after exposure to the APIs for
120 h, the images provided explicit visual representations of the cellular morphology and
evident alterations in size, shape, density, and nuclear character. These images were critical
for defining the unique phenotypic response associated with each API treatment, providing
insight into the effects of these compounds on cell proliferation, apoptosis, and overall
cellular health.

Table 2. Phenotype Images of HepG2 Cells treated with APIs 1–8 and Custom Mixture (120 h
exposure). The images present distinct cellular phenotypes of HepG2 cells, captured at a magnification
of ×500, and highlight the morphological changes induced by the treatments, including alterations in
cell shape, clustering, and nuclear integrity.

Phenotype after
120 h exposure

Control API 1 API 2 API 3 API 4 API 5

Phenotype after
120 h exposure

API 6 API 7 API 8 Custom Mixture

The images shown correspond to small selected areas of the wells and therefore may not fully capture
the overall cell phenotype across the entire plate. Variations between the microscopic phenotype and
the photometric measurements may arise from this limitation, as the photometric assay integrates
signal from the entire well, while the images depict only a localized region.

3.2. Confocal Microscopy Detection of Ki-67 Proliferation Marker of APIs 1–8

Confocal microscopy analysis (Table 3 and Table S3) demonstrated the impact of every
active pharmaceutical ingredient on mitosis rate, cellular structure, apoptosis, and cell cycle
progression in HepG2 cells. Among the 8 APIs, 1 (oleocanthal) and 7 (hydroxytyrosol) had
high mitotic rates, with values close to or over 90%. Confocal images of these treatments
showed dense clusters of cells with round, moderate, and healthy cell morphologies, indica-
tive of active cell division. The nuclear structures had no signs of chromatin condensation
or fragmentation. Moreover, these APIs showed increased Ki-67 staining, particularly
during the S and M phases, indicating their contributions to active cell cycle progression
without significantly inducing apoptosis.

In comparison, APIs 5 (oleomissional) and 6 (tyrosol) showed lower mitotic rates
(11.1% and 16%, respectively), and thus a practical inhibitory impact on cell proliferation.
As seen by confocal microscopy, nuclear condensation and frequent nucleus fragmentation
further indicate apoptosis with reduced cell densities. Cells treated with these APIs also
exhibited a variety of morphological hallmarks of cytotoxic effects such as irregular shapes,
cytoplasmic blebbing and, in some cases, membrane integrity loss. Collectively, these
morphological changes indicate that APIs 5 and 6 may cause cell cycle arrest, most likely at
the G0/G1 phase, and induce programmed cell death, rather than supporting proliferation,
a tendency that seems to be revoked after 96 h of treatment.

API 3 (ligstroside aglycon) also exhibited moderate proliferative action on mitosis,
approximately 66.6% and 61.1%, respectively. Confocal imaging showed preserved cell
morphologies and moderately increased cell densities; however, some cells exhibited
elongated or spindle-shaped forms, suggesting active cell proliferation without excessive
mitotic stimulation. Moreover, Ki-67 staining showed increased activity in the G1/S phases,
facilitating continuous progression through the cell cycle with minimal signs of apoptosis.
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A comparable impact on mitotic activity and cellular structure integrity was found in API 2
(oleacein), API 4 (oleuropein aglycon), and API 8 (elenolic acid); they induced moderate
mitotic activity and preserved cellular structure integrity. These APIs resulted in minimal
chromatin condensation, intact nuclear membranes, and even distribution through the cell
cycle phases.

Table 3. Group of confocal images of HepG2 cells exposed to various treatments of APIs 1–8, as
measured with the proliferation marker Ki-67.

Control

Ki-67 DAPI MERGED

API 1

API 2

API 3
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Table 3. Cont.

API 4

API 5

API 6

API 7

API 8

https://doi.org/10.3390/futurepharmacol6040060

https://doi.org/10.3390/futurepharmacol6040060


Future Pharmacol. 2026, 6, 60 16 of 36

3.3. Gene Expression Profiling Assessment with the RT2 Profiler PCR Array Using Real-Time
Quantitative Polymerase Chain Reaction (RT-PCR) and Bioinformatic Evaluation

To facilitate interpretation of the molecular responses induced by the individual
phenolic compounds (Figures 4 and 5), the differentially expressed genes were consid-
ered according to their major functional categories: DNA damage and repair, oxidative
stress and antioxidant defense, neurotrophic signaling, inflammation and apoptosis, and
drug metabolism.

Regarding DNA damage and repair, APIs 1 (oleocanthal) and 7 (hydroxytyrosol) pro-
duced pronounced changes in genes involved in genomic maintenance. API 1 markedly
increased ATM and APEX1 expression, whereas API 7 also strongly increased APEX1 ex-
pression. These findings indicate that the two phenolics influence DNA damage response
pathways, although the magnitude and pattern of gene regulation differed between treat-
ments. As shown in Figure 4, APIs 5 (oleomissional) and 6 (tyrosol) showed modest or no
upregulation of ATM and XRCC1, consistent with its genomic protective effects, indicating
reduced DNA repair activation. Conflicting evidence for genomic stability of cell cycle and
DNA repair genes may arise from the pathway enrichment reported for several APIs (1 and 7)
related to cell proliferation and genomic stability.

Figure 4. Heatmap representing the differentially expressed genes of HepG2 cells upon treatment
with APIs 1-8 compared with untreated control samples. Red indicates the upregulated genes and
blue the downregulated genes. The intensity of the color highlights the strength of the regulation.
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API 7  API 8 

Figure 5. Protein–protein interaction (PPI) network for APIs 1–8. This network visualizes predicted
protein–protein interactions among the genes regulated by the specified API. Nodes represent gene-
encoded proteins, and edges indicate known or predicted functional associations from the STRING
database. Node color reflects the magnitude and direction of fold regulation, with upregulated genes
in red, downregulated genes in blue, and white indicating no change.
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Regarding oxidative stress and antioxidant defense, APIs 1 and 7 were associated
with increased SIRT1 expression, consistent with modulation of cellular stress response
pathways. In contrast, APIs 5 and 6 showed reduced expression of antioxidant-associated
markers, including CAT and GPX1, which was consistent with their more cytotoxic cellular
profiles. The results correlate with pathway enrichment, where APIs 1 and 7 were involved
in stress response and metabolic regulation, and APIs 5 and 6 were associated with pro-
inflammatory and oxidative damage pathways.

In pathways relating to neurogenesis, API 7 strongly upregulated BDNF and NTRK2,
suggesting its neuroprotective potential. In contrast, minor changes were observed for
APIs 5 and 6 in markers such as BDNF, highlighting their constrained neurogenic activity.
Similarly, API 7 was enriched in pathways related to synovial signaling and neuronal devel-
opment, while APIs 5 and 6 demonstrated minimal changes in these markers, emphasizing
their limited neurogenic activity. Pathway analysis further supported these findings with
API 7, which was enriched in synaptic signaling and neuronal development pathways,
while APIs 5 and 6 showed weaker associations.

Gene profiles were divergent for inflammation- and apoptosis-related genes. APIs
1 and 7 showed dramatically high TNF expression levels, a marker of inflammatory sig-
naling after cell proliferation. In contrast, downregulated IL6 and IL1B were abundantly
expressed in APIs 5 and 6, which underscores their cytotoxic activity and the attenuation
of inflammatory pathways. Enrichment analysis revealed that immune response pathways
were mainly associated with APIs, especially APIs 5 and 6, suggesting a potential immune
modulatory and cytotoxic role.

Regarding metabolic pathways, APIs 3 and 8 had moderate upregulation with in-
creased activity of CYP3A4 and ABCC2. APIs 5 and 6, however, exhibited few changes in
drug metabolism-associated genes, commensurate with their decreased cellular viability
and cytotoxicity profiles. This was supported by pathway analysis, showing enrichment
of APIs 3 and 8 in lipid and metabolic signaling, suggesting functional roles in managing
energy and processing nutrients.

In conclusion, these results indicate that APIs 1 and 7 emerged as key players in
promoting DNA repair, cell cycle regulation and defense against oxidative stress. The mod-
erate activity of APIs 3 and 8 in metabolic and signaling pathways represented balanced
cell growth. In contrast, APIs 5 and 6 exhibited limited protective effects and prominent
cytotoxic profiles, highlighting their possible risks. The unique patterns of fold regula-
tion across APIs 1–8 highlight their diverse biological implications, ranging from potent
proliferative and protective responses to evident cytotoxic effects.

3.4. Custom Mixture of Olive Oil Results Analysis.

The Custom Mixture exhibited multifaceted effects in HepG2 cells across several
disciplines, including cell growth, confocal microscopy, qPCR expression profiles, and
cell toxicity. The Custom Mixture has shown moderate effectiveness for cell viability and
proliferation compared to individual API treatments.

Regarding cell viability (Figures 6 and 7), the Custom Mixture exhibited a distinct
combined effect across the evaluated doses and time points. Cell viability decreased in
cells treated with the mixture, especially after 48 h, compared to 24 h, with no significant
alterations between the different doses. The mixture preserved viability over time, stabi-
lizing at 120 h without any significant toxicity observed. The findings indicate that the
Custom Mixture harnesses complementary mechanisms of its building blocks to promote
an advantageous cellular-mediated defense and respond appropriately.
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Figure 6. Concentration- and time-dependent assessment of cellular viability of HepG2 cells exposed
to Custom Mixture as measured with the CCK-8 assay (24–120 h). The data present statistically
significant differences (p < 0.05) compared to different treatments (n = 3). Statistical significance is
indicated as follows: ns, not significant; *** p < 0.001; **** p < 0.0001.

Unlike high-mitotic APIs, this combination did not promote cell division. Confocal
microscopy (Table 4) confirmed fewer mitotic figures and lower densities of actively divid-
ing cells compared to API 7. Fascinatingly, Custom Mixture treatment was associated with
structural preservation together with morphological features suggestive of apoptotic pro-
cesses, including chromatin condensation and nuclear fragmentation. As apoptosis-specific
assays were not performed, these observations were interpreted as morphological evidence
of potential apoptotic changes rather than direct confirmation of apoptosis.
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Figure 7. Cell growth and death assessment (24–120 h) of HepG2 cells exposed to treatment with
Custom Mixture, as measured with the Neubauer counting chamber. The data present statistically
significant differences (p < 0.05) compared to different treatments (n = 3).

Table 4. Group of confocal images of HepG2 cells exposed to treatment of Custom Mixture, as
measured with the proliferation marker Ki-67.

Control
KI-67 DAPI MERGED

Custom Mixture

qPCR analysis was used to gain molecular insights into the activity of the Custom
Mixture. Several genes related to DNA repair and immune modulation, including ATM and
XRCC1, were upregulated, suggesting potential protective genomic effects. Yet, these gene
expression levels were lower than specific ones seen for certain individual APIs, indicative
of a compromised DNA repair response. Similarly, the mixture was found to upregulate
inflammatory markers like TNF, suggesting mild pro-inflammatory activity that could
mediate its cytotoxic potential. These results show that the Custom Mixture can upregulate
protective pathways while downregulating stress response pathways, indicating that its
cellular effects are nuanced and multifactorial.
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The Custom Mixture also produced a distinct gene expression profile compared with
the individual APIs, with differences in the magnitude of fold regulation across several
molecular targets. These findings indicate that the combined formulation modifies the
molecular response observed with the individual constituents. Genes involved in DNA
repair, like ATM and APEX1, were also highly upregulated. Reactive oxygen species
and neurogenesis-related markers were moderately elevated (SIRT1; TREM2), implying
enhanced stress responses and putative neuroprotective roles. For example, proliferation-
related markers such as TNF were significantly overexpressed, along with inflammatory
markers such as IL6 that were barely downregulated, indicating a pro-survival and anti-
inflammatory balance. For drug metabolism pathways, CYP3A4 and ABCC2 increased
significantly, suggesting enhanced metabolizing capacity. Importantly, the “Custom Mix-
ture” results from a complex interplay between its components, providing moderate cell
growth, some proliferation activity, and low-level apoptosis. Effects are shown in confocal
images for both proliferation and apoptosis markers, and qPCR data further emphasize its
subtle modulation of genomic stability and immune responses. The Combined Mixture
may, therefore, hold therapeutic potential in the context of requiring a more balanced
proliferative and cytostatic effect, although additional work and further exploration are
needed to mitigate its pro-inflammatory tendencies and optimize its clinical benefits.

3.5. Targeted Real-Time qPCR Analysis in HepG2 Cells and Dendritic PBMCs Exposed in Custom
Mixture of APIs 1–8

Both fold-up and fold-down regulation variabilities exhibited the significance of
gene expression analysis differences on PBMCs and HepG2 cell lines. As in PBMCs, the
Custom Mixture regulates a notable number of genes, including 107 upregulated and
79 downregulated genes, indicating that the Custom Mixture may impact a broad spectrum
of cellular activity at the transcript level.

The fold-up regulation in PBMCs suggests it activates a particularly strong response,
as measured by genes involved in DNA repair, stress response, and metabolic processes.
An example is the gene XRCC1, which showed a high expression value when treated
with the Custom Mixture, suggesting a relevant role in DNA damage repair mechanisms.
Likewise, ATM increases, indicating the Custom Mixture could potentiate cellular stress
responses. A previously noted regulation with APEX1 suggests its involvement in oxida-
tive stress responses and DNA repair. BDNF was also significantly upregulated, which
likely contributed to neuroprotection; CYP3A4 was upregulated moderately, suggesting an
influence on drug metabolism pathways within PBMCs. The upregulation of these pro-
cesses highlights a complex but strong cellular response to the Custom Mixture, specifically
related to oxidative stress, DNA damage, and metabolic processes.

Conversely, multiple genes appeared to demonstrate fold-down regulation when sub-
jected to the treatment of the Custom Mixture, potentially implicating some modulation of
inflammatory and neurotrophic pathways. Interestingly, NTRK2 had one of the lowest values,
suggesting that the signaling pathway is inhibited since neurotrophins are essential for the
growth and survival of neurons. DCX, which was downregulated, suggested an inhibition
of neuronal differentiation processes. The Custom Mixture potentially impacts homeostasis
and SIRT1 with a pronounced downregulation. The Custom Mixture led to downregula-
tion of IL1B and IL6 genes, which are known to cause inflammation, further indicating an
anti-inflammatory effect (Figure 8). These downregulated pathways imply that the Custom
Mixture may inhibit inflammatory responses and neuronal signaling, counterbalancing its
upregulated stress response gene by inhibiting inflammatory pathways.
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Figure 8. Heatmap representing the differentially expressed genes of HepG2 cells in comparison
with PBMCs upon treatment with Custom Mixture compared with untreated control samples. Red
color indicates the upregulated genes and blue the downregulated genes. The intensity of the color
highlights the strength of the regulation.

In HepG2 cells, the Custom Mixture resulted in modestly altered gene expression but
still revealed some interesting trends. Downregulation of SIRT1 at −1.16 indicated a slight
inhibition of metabolic processes, while TNF and TNFRSF1A showed minor fluctuations,
suggesting possible interactions with immune response pathways. HepG2 cells exhibit
these changes, supporting a weaker effect, as compared to PBMCs, but are still indicative
of beneficial metabolic and immune modulatory activities of the Custom Mixture.

3.6. Affected Molecular Pathways Analysis

The qPCR results revealed significant insights into the molecular profiles modulated
by the olive oil constituents across API 1–8 and Custom Mixture in HepG2 cells and PBMCs
(Figures 9–11). Many of the most active APIs, such as oleocanthal (API 1) and hydroxyty-
rosol (API 7) exhibited rigorous upregulation of genes that play a key role in DNA repair
and cell cycle regulation, notably of XRCC1, ATM, and APEX1, in the HepG2 cells. These
genes are involved in the maintenance of genomic stability, which indicates that these APIs
may protect against genotoxic stress and aid cancer cell survival by relevant mechanisms of
DNA repair. Similarly, the Custom Mixture modulated DNA repair-associated pathways in
HepG2 cells, although the magnitude of this response differed from that observed with the
individual compounds. In contrast, DNA repair genes were predominantly downregulated
in PBMCs. This divergence demonstrates distinct regulation of DNA repair-associated
genes between HepG2- and PBMC-derived dendritic cells, indicating a cell-type-dependent
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transcriptional response to the Custom Mixture. Such modulation may help dampen
excessive immune responses and protect against immune cell overactivation.

Figure 9. Genome-wide overview of the results of pathway analysis. Reactome pathways are
arranged in a hierarchy. The center of each of the circular “bursts” is the root of one top-level pathway.
Each step away from the center represents the next level lower in the pathway hierarchy. The color
code denotes over-representation of that pathway in dataset. Light grey signifies pathways which are
not significantly over-represented.

Figure 10. PPI network. PPI network showing the interactions amongst the proteins identified in
HepG2 cells. The network was constructed using the STRING-DB tool. The proteins are shown with
different colors depending on the subnetwork they belong to. The line width indicates the confidence
in data support. A minimum confidence interaction of 0.8 was selected for high confidence. The
multi-colored dotted lines enclose 6 different subnetworks of proteins.
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Figure 11. Protein–protein interaction (PPI) network for Custom Mixture comparison between
HepG2 cells and PBMCs. (a) This network visualizes predicted protein–protein interactions among
the genes regulated by the specified API in HepG2 cells, while (b) visualizes predicted protein–protein
interactions among the genes regulated in PBMCs. Nodes represent gene-encoded proteins, and
edges indicate known or predicted functional associations from the STRING database. Node color
reflects the magnitude and direction of fold regulation, with upregulated genes in red, downregulated
genes in blue, and white indicating no change.

Neurotrophic signaling and metabolic regulation pathways were also significantly
enriched across APIs, with the most pronounced difference between the responses of
HepG2 cells and PBMCs. A second mechanism involved the upregulation of several
neurotrophic genes (e.g., BDNF and NTRK2), which were consistently upregulated in
the HepG2 cells treated with certain APIs (particularly Custom Mixture), suggesting that
APIs could enhance cell survival, or that cell protection could take place (potentially
neuroprotective) in this model of liver cancer. This upregulation may indicate enhanced
cell resilience and metabolic capacity to support growth, potentially promoting HepG2
proliferation. These same genes were strongly downregulated by the Custom Mixture in
PBMCs, suggesting a cell-type-specific metabolic suppression that may have the potential
to reduce inflammation- and oxidative stress-related gene expression and pathway-level
responses. The mixture acts as a growth and trophic support factor in cancer cells but as
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an inhibitor of these pathways in immune cells, indicating a potential immune-permissive
environment via limitation of immune cell activation and energy consumption.

Additionally, metabolism-related characterization and differential models of lipid
metabolism and energy homeostasis genes (e.g., APOE, PPARA) highlighted the hetero-
geneous responses observed between HepG2 cells and PBMCs. APIs 1 and 7 mildly
upregulated APOE and PPARA in HepG2 cells, consistent with their supporting cellular
growth and lipid metabolism. This improvement is in line with the positive proliferative
impacts in the HepG2 cells, and it suggests that these APIs may further aid in the produc-
tion of energy and lipids needed by cells to allow for the metabolic demands of actively
proliferating cells. The downregulation of these genes by Custom Mixture treatment may
represent a metabolic restraint mechanism that attenuates the activity of immune cells,
such as limiting cellular energy use and lipid metabolism. This metabolic suppression may
help reduce inflammation and energy consumption in PBMCs, which are associated with
numerous APIs’ antioxidant and anti-inflammatory effects.

Finally, pathways related to immune signaling and oxidative stress demonstrated
complex, cell-specific regulation, where Custom Mixture treatment moderately downreg-
ulated pro-inflammatory genes such as IL1B and IL6 in HepG2 cells and PBMCs. This
anti-inflammatory action is more pronounced in PBMCs, where it modulates immune
activation. On the other hand, in HepG2 cells, the response is more regulated. Genes
related to antioxidant defense, including SOD2 and GPX1, were also oppositely regulated,
with upregulation in HepG2 cells and downregulation in PBMCs with mixture treatment.
These results indicate that the Custom Mixture can increase antioxidant potential in a
homogenous manner in HepG2 cells, which may protect cancer cells from cellular death
due to oxidative stress. At the same time, it reduces oxidative stress in PBMCs, which
in turn may contribute to the decrease in immune cell activation level and inflammation
that is associated with it. Collectively, these findings demonstrate distinct transcriptional
responses to the Custom Mixture in HepG2- and PBMC-derived dendritic cells, empha-
sizing the influence of cellular context on the molecular response to the investigated olive
oil constituents.

4. Discussion
4.1. Proliferation, Cytotoxicity, and Time-Dependent Effects

Among the tested compounds, API 1 (oleocanthal) and API 7 (hydroxytyrosol) con-
sistently exhibited a medium rate of cell toxicity in HepG2 cells. This was evidenced by
the moderate levels of cell viability at multiple time points, as the concentration increased,
reaching a viability of 65–70%, which is observed especially in API 1. These findings align
with previous reports showing that hydroxytyrosol significantly inhibits HepG2 prolifer-
ation at concentrations ranging from 10 to 100 µM [51], and that oleocanthal suppresses
cell proliferation and survival in liver cancer models at 10–20 µM in vitro [25]. Additional
studies have demonstrated that oleocanthal decreases viability in hepatocellular carcinoma
cells, including HepG2 and Hep3B, at 10–50 µM [52,53], supporting the moderate cytotoxi-
city observed in the present work. Confocal microscopy further supported these effects,
visually confirming moderately preserved nuclear integrity and cellular morphology in
cells treated with APIs 1 and 7. These treatments were associated with moderate to high
mitosis rates and limited apoptotic features, indicating controlled cell cycle progression.

In contrast, API 4 (oleuropein aglycon), API 5 (oleomissional), and API 6 (tyrosol)
induced significant cytotoxic effects. These compounds reduced cell viability and mitosis
across all conditions and triggered classical apoptotic features, including chromatin con-
densation and nuclear fragmentation, as observed in confocal microscopy. These findings
are consistent with earlier studies showing that tyrosol exerts pro-apoptotic effects in liver
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cancer cells at 25–100 µM, reducing viability and activating mitochondrial apoptotic path-
ways [50,54]. These outcomes were further substantiated by gene expression data showing
downregulation of antioxidant genes (e.g., CAT, IL6) and upregulation of inflammatory
cytokines such as TNF, which are known to mediate stress-induced apoptosis. Recent
studies demonstrated tyrosol-induced mitophagy and apoptotic signaling in liver cancer
cells, confirming the cytotoxic effects observed with API 6 treatment [55,56]. Oleuropein
aglycon’s cytotoxicity is also well documented; its lipophilic structure promotes mitochon-
drial accumulation, altering membrane fluidity and increasing RS production, leading to
apoptosis at 20–100 µM in HepG2 and other cancer cell lines [11,57]. These mechanistic
insights align with the strong cytotoxic profile of API 4 in the present study.

Time course analysis revealed that APIs 1 and 7 maintained moderate cellular viability
even at 96 h of exposure. In contrast, APIs 4, 5, and 6 caused progressive reduction in cell
viability over the period of 72 h in culture, suggesting time-dependent cytotoxicity effects.
This pattern likely reflects a combination of adaptive cellular responses, including the
survival and proliferation of more resistant cell subpopulations, activation of cytoprotective
mechanisms, and metabolic adaptation following the initial cytotoxic insult.

Taken together, these findings demonstrate that the individual phenolic compounds
produce distinct cellular response profiles, ranging from relatively preserved viability and
proliferative activity to more pronounced cytotoxic effects. Establishing these individual
profiles was essential for the principal objective of the study, namely the evaluation of their
combined effects within the Custom Mixture. The individual compounds therefore provide
the experimental reference against which the biological behavior of the mixture can be
interpreted, allowing us to assess whether combining the phenolics reproduces, enhances,
attenuates, or modifies their individual effects.

The Custom Mixture demonstrated a balanced biological profile regarding cell prolif-
eration since mild cytotoxicity effects were observed. While the Custom Mixture modestly
increased cell viability, this does not coincide with the increased cell proliferation rate as
measured by cell growth and the Ki-67 proliferation marker. Such results for the Cus-
tom Mixture highlight its potential utility in applications requiring regulated cell growth
interventions, including tissue repair or immune modulation activities. Notably, the mix-
ture produced a sustained effect over time, maintaining stable viability up to 120 h. This
prolonged activity contrasts with the time-limited cytotoxicity of APIs 4–6 and the peak
viability of APIs 1 and 7 at 96 h.

The time-dependent stability of the Custom Mixture is further supported by similar
work, which showed that olive polyphenols can modulate viability over extended periods
and maintain controlled growth [55]. Similarly, multi-component polyphenol formulations
enhance therapeutic efficacy through synergy and reduce toxicity, consistent with our ob-
servation of long-term viability without excessive cytotoxicity [58]. The Custom Mixture’s
time-dependent and balanced effects underscore its therapeutic potential, particularly
in chronic treatment scenarios requiring controlled proliferation and low toxicity. These
findings reinforce the value of polyphenol combinations in cancer chemoprevention and
regenerative medicine and highlight the importance of time course studies to understand
their biological impact.

While these cellular endpoints demonstrate clear differences between the individual
phenolics and the Custom Mixture, measurements of viability and proliferation alone can-
not explain the molecular mechanisms underlying these responses. We therefore extended
the comparison to gene expression and pathway-level analyses. This enabled us to deter-
mine whether the distinct cellular phenotypes observed after treatment were accompanied
by corresponding changes in molecular pathways involved in DNA repair, oxidative stress,
inflammation, neurotrophic signaling, and cell cycle regulation.
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4.2. Molecular Effects of Olive Oil Polyphenols: Pathway-Oriented Insights in HepG2 Cells
and PBMCs

The molecular analysis revealed that the biological effects of olive oil phenolics cannot
be explained by the modulation of a single molecular target or pathway. Instead, the
treatments produced distinct but interconnected changes across several cellular processes.
To provide a clearer interpretation of these findings, the following sections discuss the
principal molecular responses according to their functional context, beginning with DNA
damage and repair and subsequently considering oxidative stress, inflammatory signaling,
neurotrophic responses, and cell cycle regulation. Particular attention is given to whether
the Custom Mixture reproduces or modifies the molecular responses observed with its
individual constituents.

4.2.1. DNA Damage Response and Repair: ATM and XRCC1 Activation

DNA repair is essential for preserving genomic integrity, particularly in cancer, where
genomic instability drives tumorigenesis. In this RT-qPCR analysis, significant upregu-
lation of ATM and XRCC1 was observed in HepG2 cells treated with API 1 (oleocanthal)
and API 7 (hydroxytyrosol). ATM is a master regulator of the DNA damage response,
particularly in detecting and repairing double-strand breaks (DSBs), initiating downstream
phosphorylation cascades affecting p53, H2AX, and BRCA1 [59]. In parallel, XRCC1 is
integral to the base excision repair (BER) pathway and single-strand break repair (SSBR),
functioning as a scaffold protein that recruits DNA ligase III and PARP1 to repair oxidized
bases and strand breaks [60]. These gene expression patterns suggest that specific olive oil
polyphenols can significantly enhance the genomic surveillance machinery in liver cancer
cells. Comparable activation of DNA repair pathways has been reported for hydroxytyrosol
at 10–50 µM in hepatic and neuronal models, where it promotes genomic stability and
neuroprotection [30].

Interestingly, the Custom Mixture, composed of several bioactive phenolics, elicited
only a moderate increase in ATM and XRCC1 expression. This may indicate complex
interactions—possibly antagonistic or regulatory—among polyphenols that tune the DNA
repair response, preventing overactivation or excessive energy consumption under basal
stress levels. In PBMCs, the induction of ATM and XRCC1 was less pronounced, seen
mostly with hydroxytyrosol. However, even modest upregulation points to a conserved
protective role in immune cells, which face regular oxidative and environmental challenges.
This aligns with the role of ATM and XRCC1 in immune surveillance and DNA repair
during inflammatory responses. Enrichment analysis further reinforced these observations,
highlighting the activation of critical pathways such as homologous recombination, base
excision repair, and p53-mediated DNA damage signaling under treatment with APIs
1 and 7. These pathways were notably suppressed in untreated controls and completely
absent in pro-inflammatory treatments (APIs 5 and 6), suggesting that only certain polyphe-
nols selectively engage DNA repair programs, a property valuable for chemoprevention
and therapy.

4.2.2. Oxidative Stress Mitigation: Antioxidant Enzymes SOD2 and GPX1

RS are key oncogenic transformation and therapy resistance mediators, promoting
DNA damage, lipid peroxidation, and altered redox signaling [61]. The results showed
strong upregulation of antioxidant enzymes SOD2 and GPX1 in HepG2 cells treated with
API 7 (hydroxytyrosol). SOD2 is a mitochondrial enzyme that converts superoxide radicals
(O2•−) into hydrogen peroxide (H2O2), while GPX1 detoxifies H2O2 and lipid peroxides
by utilizing glutathione, thus preventing RS accumulation and mitochondrial dysfunc-
tion [62]. Hydroxytyrosol has been shown to preserve mitochondrial membrane potential
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and enhance antioxidant defenses in hepatic cells at 10–100 µM [63], consistent with the
present findings.

The Custom Mixture induced a more moderate antioxidant response, suggesting that
polyphenol blends may create a finely tuned redox buffering effect, neither too strong
to trigger compensatory ROS production nor too weak to leave cells vulnerable. This
fits with the hormesis hypothesis of polyphenol action, where mild stress induced by
antioxidants activates endogenous protective pathways without tipping into cytotoxicity.
In PBMCs, SOD2 and GPX1 were upregulated, particularly by hydroxytyrosol and the
Custom Mixture, with lower fold changes than in HepG2 cells. PBMCs often function under
oxidative bursts during immune activation, so that this redox balancing may contribute to
immune cell homeostasis and viability under stress conditions. Pathway enrichment data
confirmed the activation of key redox signaling modules, including glutathione metabolism,
RS detoxification, and the NRF2 antioxidant response. These pathways were especially
prominent under API 7 treatment, underscoring their therapeutic relevance in cancer
prevention and oxidative stress disorders.

4.2.3. Inflammatory Pathway Modulation: TNF, IL1B, and IL6

Chronic inflammation is a hallmark of cancer, contributing to DNA damage, immune
evasion, and sustained proliferation. This analysis revealed that treatment with API 5
(oleomissional) and API 6 (tyrosol) significantly upregulated TNF expression in HepG2
cells, accompanied by moderate increases in IL1B and IL6. This pro-inflammatory signature
was associated with confocal imaging evidence of apoptotic morphology, including nuclear
condensation and fragmentation. These findings suggest that inflammation-mediated
cytotoxicity may contribute to the antitumor action of some olive polyphenols. Olive-
derived phenolics have been shown to modulate inflammatory cascades by regulating
TNF-α and IL-1β levels in vitro at 10–50 µM [2], supporting the present observations. Thus,
the pro-inflammatory phenotype observed may reflect a shift toward programmed cell
death rather than pathological inflammation.

Conversely, API 7 (hydroxytyrosol) displayed a dual phenotype, moderately upregu-
lating TNF and IL1B while strongly enhancing antioxidant defenses, indicating a context-
dependent modulation of inflammation and oxidative stress. This duality is crucial for
maintaining redox-inflammatory balance during cell stress responses. The Custom Mixture
interestingly suppressed IL1B and IL6 expression in HepG2 cells and PBMCs, indicating an
immune regulatory effect that limits chronic inflammation while preserving homeostatic
immune signaling. Such modulation could be critical for reducing cancer-associated inflam-
mation without compromising immune defense. In PBMCs, the inflammatory response
was more evident under API 5 and 6, which elevated TNF and IL1B, potentially activating
immune signaling cascades. This selective pro-inflammatory response may be beneficial in
immuno-oncology contexts, where immune activation is required, yet could be problematic
in chronic inflammatory conditions. Enrichment analysis confirmed activation of NF-κB
signaling, cytokine–cytokine receptor interaction, and TNF-mediated apoptosis pathways
in HepG2 cells treated with APIs 5 and 6. In contrast, NF-κB activity was downregulated or
absent in treatments with Custom Mixture and API 7, supporting their anti-inflammatory
or balanced regulatory roles.

4.2.4. Cell Cycle Regulation and Proliferation: APEX1 and BDNF

Proper cell cycle and proliferation regulation is a cornerstone of cancer therapy. HepG2
cells treated with API 1 (oleocanthal) and API 7 (hydroxytyrosol) showed strong upregula-
tion of APEX1 and BDNF. APEX1 functions as a central coordinator of the base excision
repair (BER) pathway and that of the cellular redox signaling, while BDNF is a neurotrophic
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factor implicated in cell survival and neuroimmune crosstalk, also influencing PI3K/AKT
and MAPK pathways [64,65]. This expression pattern reflects the controlled proliferation
and survival phenotype, which may prevent unchecked mitosis and favor DNA repair
before division. Confocal imaging supported this, showing moderate mitotic figures with-
out signs of hyperproliferation, indicating a non-tumorigenic effect. Oleocanthal has been
shown to induce G0/G1 arrest in liver cancer cells at 10–20 µM [25], supporting the present
findings. Oleuropein aglycon (API 4) has also been reported to inhibit cell cycle progression
via p21 and p27 induction at 20–50 µM [31], consistent with the reduced proliferative
markers observed under API 4.

In PBMCs, APEX1 remained stable or slightly downregulated, while BDNF was mod-
estly increased under hydroxytyrosol and Custom Mixture treatment. This may reflect a
protective mechanism to preserve immune cell viability and neuroimmune communication
under redox-modulating conditions, without inducing abnormal proliferation. Enrichment
analysis revealed activation of cell cycle checkpoint pathways, particularly G1/S transition
control, MAPK signaling, and p53–APEX1 regulatory axes in HepG2 cells treated with
APIs 1, 7, and 10. These networks are vital for ensuring DNA repair before replication and
reflect the balanced anti-cancer mechanism promoted by these polyphenols.

4.3. Cell-Type-Dependent Responses to the Custom Mixture in HepG2- and PBMC-Derived
Dendritic Cells

The comparison between individual phenolics and the Custom Mixture provides one
level of interpretation; however, the biological response to a complex phenolic formulation
also depends on the cellular context in which it acts. To investigate this aspect, we further
compared the molecular response to the Custom Mixture between HepG2 cells and PBMCs.
This comparison revealed markedly different gene expression patterns, indicating that the effects
of the combined phenolics are strongly influenced by cell-specific physiology and function.

HepG2 cells are cancer cells, and they have improved stress response capabilities
to handle the DNA damage and oxidative stress caused by rapid cell division. This is
evidenced by the upregulation of DNA repair genes, including XRCC1, ATM, and APEX1,
essential for genomic stability and tumor progression. The Custom Mixture may amplify
these pathways in HepG2 cells, contributing to cellular survival and resistance to oxidative
stress. This is consistent with previous findings showing that olive phenolics activate
DNA repair pathways in cancer cells at 10–50 µM [65]. Upregulation of neurotrophic and
detoxification pathways further supports the enhanced survival capacity of HepG2 cells
under stress [66].

PBMCs are considered biomarkers of immune dysfunction and provide insights
into how olive oil polyphenols modulate their gene expression, which is an important
starting point for their further implementation as markers of their beneficial effect on
disease [66,67]. The pathophysiology of PBMCs, immune cells, differs significantly from
that of cancer cells. PBMCs have lower baseline levels of DNA repair activity than cancer
cells, as PBMCs are adapted for immune surveillance rather than rapid proliferation [68].
Analyses of PBMCs treated with the Custom Mixture revealed downregulation of DNA
repair genes (XRCC1, APEX1, and BDNF), suggesting that the immune cells may be
responding to the polyphenols in a way that curtails their ability to repair and proliferate.
This downregulation is a counteraction to excessive activation and proliferation of these cell
types due to oxidative stress or inflammatory cytokines, which can result in autoimmune
reactions or chronic inflammatory and allergic diseases.

A second distinction is in line with the pathophysiology of immune cells, which need
to balance activation and suppression to counteract potentially detrimental immune over-
activation [69]. It suggests that immune cells may respond differently to two stimuli in an
additive manner. The differential regulation of various DNA repair genes in peripheral
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blood-like cells versus liver cells corroborates the notion that the Custom Mixture produces
distinct transcriptional responses in HepG2 cells and PBMCs [70,71]. Hydroxytyrosol and
related phenolics have been shown to modulate immune responses and reduce oxidative
stress in PBMCs at 10–50 µM [12], consistent with the present findings. In principle, im-
mune system elements are naturally inhibited from proliferative processes in the reaction
to inflammation to prevent excessive immune activation, and the Custom Mixture’s down-
regulation of DNA repair in PBMCs may represent a downregulatory mechanism intended
to adjust immune activity and see excessive immune activation as undesirable.

The downregulation of neurotrophic and metabolic pathways in PBMCs also fits with
the pathophysiology of immune cells, which typically have less need for the neurotrophic
support necessary for cancer cells [72,73]. These results of suppression of BDNF and
NTRK2 in PBMCs treated with the Custom Mixture could suggest the response of these
cells to olive oil polyphenols by reducing the signaling pathways not required for their
immune functions but instead needed by cancer cells for survival. The downregulation
of genes associated with lipid metabolism and mitochondrial function also supports the
idea that the Custom Mixture is blocking energy-expending processes in immune cells due
to suppressing metabolic pathways in PBMCs. Such a response may act as a protective
mechanism by lowering metabolic processes and conserving energy toward those func-
tioning processes to avoid immune dysfunction. These effects in PBMCs likely reflect a
proclivity towards a decrease in oxidative stress and inflammatory pathways that reduces
the potential for autoimmune responses, but not so far as to predispose too aggressively
towards inflammation or active immune activation.

Conversely, these pathways were upregulated in tumor cells such as HepG2, high-
lighting a feature that allows the cancer cells to survive and proliferate despite harsh
environmental conditions. Moreover, the distinct gene expression profile of HepG2 cells as
compared to PBMCs developing on induction with the Custom Mixture of olive oil polyphe-
nols reflects the contribution of cell context-dependent pathophysiology to their responses.
The Custom Mixture promotes DNA repair, neurotrophic signaling, and metabolic path-
ways, enhancing cancer cell survival and proliferation in HepG2 cells. PBMCs, however,
show a downregulation of DNA repair and neurotrophic pathways, which is likely necessi-
tated by the need of immune cells to downregulate excessive activation and proliferation
to prevent autoimmune responses and chronic inflammation [74].

An important limitation of the present study is the predominant use of the HepG2
hepatocellular carcinoma cell line. Although HepG2 cells are a well-established model for
investigating hepatic cellular and molecular responses, their cancer-derived phenotype and
metabolic characteristics do not fully represent those of normal human hepatocytes. More-
over, the concentrations and exposure conditions used in vitro should not be considered
directly equivalent to those achieved following dietary EVOO consumption. Therefore, the
present findings should primarily be interpreted as mechanistic evidence of the responses
to selected olive oil minor constituents under controlled experimental conditions. As a non-
malignant hepatic model was not included, the observed differences cannot establish tumor
selectivity. Further studies using primary human hepatocytes or other non-transformed
hepatic models, followed by appropriate in vivo studies, are required to determine the
physiological relevance and potential selectivity of these effects.

5. Conclusions
The present study provides an integrated evaluation of the biological and molecular

effects of selected EVOO phenolic compounds, with particular emphasis on understanding
how their individual activities relate to the response produced when they are combined
in a representative Custom Mixture. Although several of these phenolics have previously
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been investigated individually, their evaluation in the present study provided the necessary
experimental reference for interpreting the behavior of the combined formulation.

The individual phenolics produced distinct cellular and molecular profiles in HepG2
cells. Differences were observed in cell viability, proliferation, and the regulation of path-
ways associated with DNA repair, oxidative stress, inflammation, neurotrophic signaling,
metabolism, and cell cycle control. These compound-specific responses established that
structurally related olive oil phenolics do not necessarily produce equivalent biological
effects under the same experimental conditions.

Importantly, the Custom Mixture did not simply reproduce the activity of any single
constituent or uniformly amplify the responses observed with the individual compounds.
Instead, it exhibited a more integrated biological profile, characterized by relatively stable
viability over prolonged exposure and coordinated modulation of multiple molecular
pathways. The differences between the individual and combined treatments suggest that
interactions among phenolic constituents may modify their biological activity when present
together. These interactions may include additive, regulatory, synergistic, or antagonistic
components and require further investigation to define their individual contributions.

A further level of complexity was demonstrated by the comparison between HepG2
cells and PBMCs. The Custom Mixture produced distinct gene expression responses in the
two cellular systems, particularly in pathways associated with DNA repair, oxidative stress,
neurotrophic signaling, metabolism, and immune regulation. These findings indicate that
the molecular response to combined olive oil phenolics is not only dependent on mixture
composition but also strongly influenced by cellular context.

Taken together, the study supports a narrative in which the biological effects of EVOO
phenolics progress from compound-specific activities to more complex responses when the
constituents are combined, with the final molecular outcome being further shaped by the
cellular environment. Thus, the principal contribution of this work lies not in attributing
the effects of olive oil to a single phenolic compound but in providing a comparative
framework for understanding how individual phenolic activities are modified within a
complex mixture. This approach may contribute to a more mechanistic understanding
of the biological activity of phenolic-rich olive oil, while further studies are required to
characterize the interactions among individual constituents and to establish their relevance
in more physiologically representative models.
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ABCB1 ATP-Binding Cassette Subfamily B Member 1
ABCC2 ATP-Binding Cassette Subfamily C Member 2
ACHE Acetylcholinesterase
ACTB Beta-Actin
APEX1 Apurinic/Apyrimidinic Endodeoxyribonuclease 1
API Active Pharmaceutical Ingredient
APOE Apolipoprotein E
APP Amyloid Precursor Protein
ATM Ataxia-Telangiectasia Mutated Protein
B2M Beta-2-Microglobulin
BCHE Butyrylcholinesterase
BDNF Brain-Derived Neurotrophic Factor
CAT Catalase
CD33 Myeloid Cell Surface Antigen CD33
CHAT Choline O-Acetyltransferase
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COX Cyclooxygenase
CREB cAMP Response Element-Binding Protein
CYP2C9 Cytochrome P450 2C9
CYP2D6 Cytochrome P450 2D6
CYP3A4 Cytochrome P450 3A4
DCX Doublecortin
DLC Dual Label Confocal
EVOO Extra Virgin Olive Oil
GAPDH Glyceraldehyde-3-Phosphate Dehydrogenase
GPX1 Glutathione Peroxidase 1
HepG2 Human Hepatocellular Carcinoma Cell Line
HPRT1 Hypoxanthine Phosphoribosyltransferase 1
IL1B Interleukin 1 Beta
IL6 Interleukin 6
IRF1 Interferon Regulatory Factor 1
NFE2L2 Nuclear Factor Erythroid 2-Related Factor 2
NFKB1 Nuclear Factor Kappa B Subunit 1
NFKB2 Nuclear Factor Kappa B Subunit 2
NOX1 NADPH Oxidase 1
NSAID Non-Steroidal Anti-Inflammatory Drug
NTRK2 Neurotrophic Receptor Tyrosine Kinase 2
PBMC Peripheral Blood Mononuclear Cell
PPARA Peroxisome Proliferator-Activated Receptor Alpha
PSEN1 Presenilin 1
PSEN2 Presenilin 2
ROS Reactive Oxygen Species
RPLP0 Ribosomal Protein Lateral Stalk Subunit P0
SIRT1 Sirtuin 1
SOD2 Superoxide Dismutase 2
TNF Tumor Necrosis Factor
TNFRSF1A TNF Receptor Superfamily Member 1A
TREM2 Triggering Receptor Expressed on Myeloid Cells 2
XRCC1 X-ray Repair Cross Complementing Protein 1
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