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1. Introduction

Oleuropein and hydroxytyrosol enhance
mitochondrial function and biogenesis in SH-SY5Y
cells through estrogen-like mechanisms
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Federica Carnemolla,® Paolo Mereghetti, Paola Fusi,“¢ Antonino Natalello,
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Age-related hormonal and metabolic changes critically increase vulnerability of neurons to neurodegen-
eration and cognitive decline. Estrogens are known to support neuronal survival, synaptic plasticity, and
mitochondrial function, yet hormone replacement therapies have shown inconsistent neuroprotective
outcomes. Safe alternatives are therefore highly desirable. In this study, we characterize Oleuropein agly-
cone (OleA) and hydroxytyrosol (HT), two of the main bioactive phenolic compounds found in extra virgin
olive oil (EVOO), as multitarget neuromodulators with estrogen-like and neuroprotective potential. Unlike
most studies on phytoestrogens, which have focused on single pathways such as estrogen receptor acti-
vation, our findings reveal a broader spectrum of actions. OleA and HT simultaneously modulate ERp and
IGF1R signaling, regulate Ca®* dynamics through ryanodine, AMPA, and NMDA receptors, remodel the
neuronal lipidome, and promote mitochondrial biogenesis and metabolic efficiency. Moreover, they
influence amyloid-binding alcohol dehydrogenase (ABAD) expression, a mitochondrial target implicated
in Alzheimer's disease. By converging on receptor signaling, lipid metabolism, and mitochondrial function,
these compounds provide a systems-level perspective on neuronal protection. This multitarget activity,
which mimics estrogen-like signaling, positions the investigated EVOO-derived phenolic compounds as
safe dietary agents to counteract the neuronal decline associated with estrogen loss during ageing.

expression of neurotrophic mediators such as brain-derived
neurotrophic factor (BDNF),” and finely tunes the activity of

Estrogens, and particularly 17b-estradiol (17b), are widely
recognized as central regulators of neuronal survival, synaptic
plasticity, and metabolic homeostasis in the brain." Although
classically associated with reproductive physiology, estrogens
exert profound effects on neuronal function through the
modulation of intracellular pathways that govern mitochon-
drial activity, Ca®>" dynamics, inflammatory responses, and
overall cellular homeostasis.>®> In the hippocampus, 17b
enhances acetylcholine synthesis and neuronal communi-
cation, promotes dendritic spine formation and the
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a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA)
and N-methyl-p-aspartate (NMDA) receptors, which are essen-
tial for neuronal excitability, synaptic transmission, and plas-
ticity.® In parallel, 17b sustains mitochondrial function and
limits oxidative stress, thereby supporting long-term neuronal
viability.>

These neuroprotective actions derive from the integration
of genomic and rapid membrane-initiated signaling
mechanisms.*” In the “classical” genomic pathway, 17b binds
estrogen receptors (ERa and ERf), which translocate to the
nucleus and function as transcriptional regulators orchestrat-
ing long-term adaptive responses.”® At the same time, by
“non-classical” pathway, membrane-associated ERs trigger
rapid signaling cascades involving Ca®>* fluxes and activation
of mitogen-activated protein kinase (MAPK) pathways. Among
MAPK members, extracellular signal-regulated kinase (ERK1/2)
plays a critical role in synaptic plasticity, mitochondrial signal-
ing, and activity-dependent transcriptional regulation.’ These
rapid events promote phosphorylation of downstream effectors
such as cAMP response element-binding protein (CREB),
enabling modulation of gene expression on a faster timescale

This journal is © The Royal Society of Chemistry 2026
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as compared with the classical genomic mechanism.'® The
importance of these receptors is underscored by evidence
showing that disruption of ER signaling markedly reduces the
neuroprotective efficacy of 17b. ERp has attracted considerable
attention for its involvement in mitochondrial regulation and
neuronal resilience." "

Estrogen signaling operates within a broader network of
trophic pathways. Rapid estrogen responses intersect with
insulin-like growth factor 1 receptor (IGF1R) signaling, reinfor-
cing neuronal survival and metabolic adaptation.'® Activation of
IGF1R-dependent PI3K/Akt signaling contributes to mitochon-
drial integrity and bioenergetic remodeling."* The convergence
of Ca®" signaling, ER activation, ERK1/2 phosphorylation, and
IGF1R-mediated pathways highlight the integrated and multi-
layered nature of estrogen-driven neurotrophic responses.

At the mitochondrial level, estrogens regulate key determi-
nants of biogenesis and genome stability, including PGC-1a, a
master controller of mitochondrial DNA replication and tran-
scription." They also interact with mitochondrial-associated pro-
teins such as amyloid-binding alcohol dehydrogenase (ABAD), a
mitochondrial enzyme capable of binding amyloid-f and impli-
cated in redox imbalance, mitochondrial dysfunction, and neuro-
degenerative processes.'® Collectively, these mechanisms define
an estrogen-sensitive regulatory network that links receptor acti-
vation to mitochondrial remodeling and cellular bioenergetics.

The age-related decline in estrogen levels has been associ-
ated with increased vulnerability to neurodegenerative dis-
orders, including Alzheimer’s and Parkinson’s diseases."”'®
Although hormone replacement therapy (HRT) has been
explored as a strategy to counteract estrogen loss, its clinical
benefits remain debated and appear highly dependent on
timing, formulation, and individual risk profiles."” These
uncertainties have stimulated growing interest in alternative
approaches capable of modulating estrogen-related pathways
while avoiding the potential risks associated with prolonged
hormonal treatment.

In this context, dietary bioactive compounds have emerged
as promising modulators of estrogen-sensitive signaling net-
works. Phytoestrogens such as soy isoflavones act as partial ER
agonists and often display preferential affinity for ERp.>°
Genistein, for example, influences neurogenesis, inflammatory
signaling, and synaptic plasticity in experimental systems.>"
More broadly, specific classes of plant-derived polyphenols,
including flavonoids and secoiridoids, regulate redox balance,
mitochondrial function, and metabolic signaling pathways.
However, whether specific dietary polyphenols can coordinate
estrogen-dependent signaling with mitochondrial remodeling
in neuronal cells remains insufficiently understood.

Oleuropein, a secoiridoid glycoside abundant in olive leaves
and in extra virgin olive oil (EVOO), together with its deriva-
tives, exhibits well-established anti-inflammatory, antioxidant,
and antiproliferative properties.”***> Among its bioactive
forms, oleuropein aglycone (OleA), and its catecholic metab-
olite hydroxytyrosol (HT) are major EVOO-derived phenolic
compounds. Both have been reported to modulate autophagy,
inflammatory signaling and redox balance in both neuronal
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and glial models;*** nevertheless, their potential interaction
with estrogen-related pathways, as well as their capacity to
coordinate mitochondrial bioenergetics within an estrogen-
like regulatory framework, remains insufficiently explored.

From a nutritional and translational perspective, bio-
availability and brain accessibility are critical issues. HT is
efficiently absorbed after dietary intake and circulates predo-
minantly as sulfate and glucuronide conjugates at low micro-
to sub-micromolar concentrations, whereas the free form is
present at much lower levels.***” Importantly, experimental
evidence indicates that HT and/or its metabolites are capable
of crossing the Blood-Brain Barrier (BBB) and can be detected
in brain tissue, although at relatively low concentrations whose
precise levels remain incompletely defined,?®**7°. In contrast,
OleA is extensively metabolized, with HT representing one of
its main downstream products. While OleA and its derivatives
are systemically detectable,”” direct evidence supporting the
ability of OleA to cross the BBB in its intact form remains
limited, and its potential central effects may therefore be
mediated, at least in part, by its metabolites.

The present study investigated whether OleA and HT act as
integrated estrogen-like modulators in neuronal cells. Using
human SH-SY5Y cells, we examined ERf activation and its
association with Ca®>" homeostasis, IGF1R signaling, ERK1/2
activation, mitochondrial biogenesis, lipid remodeling, and
metabolic reprogramming. Through the integration of
imaging analyses, biochemical assays, FTIR microspectro-
scopy, and Seahorse-based metabolic profiling, we aimed to
define the coordinated molecular adaptations induced by
these EVOO-derived phenolic compounds.

2. Materials and methods

2.1. Reagents

17b-Estradiol (17b, E2257, purity >97% (HPLC)) was obtained
from Merck KGaA, Darmstadt, Germany. PHTPP (SML1355)
(2-phenyl-3-(4-hydroxyphenyl)-5,7-bis(trifluoromethyl)-pyrazolo
[1,5-a]pyrimidine,4-[2-phenyl-5,7-bis(trifluoromethyl)pyrazolo
[1,5-a]-pyrimidin-3-yl]phenol); CNQX (C127) (6-cyano-7-nitro-
quinoxaline-2,3-dione), and memantine hydrochloride
(M9292) (3,5-dimethyl-1-adamantanamine hydrochloride) were
also sourced from Merck KGaA, Darmstadt, Germany.
Ryanodine (Rya, 559276), 2-aminoethyl diphenylborinate
(2-APB, D9754), and (AG 538, T7697) (a-cyano-(3-methoxy-4-
hydroxy-5-iodocinnamoyl)-(3',4"-dihydroxyphenyl)ketone) were
provided by the same supplier.

2.2. Cell culture conditions

SH-SY5Y neuroblastoma cells, obtained from ATCC (CRL-2266),
were maintained at 37 °C in a humidified incubator with a
5.0% CO, atmosphere. Cells were cultured in a 1:1 mixture of
Ham’s F-10 nutrient mixture and Dulbecco’s Modified Eagle
Medium (DMEM), supplemented with 10% fetal bovine serum
(FBS), 3 mM glutamine, 100 units per mL penicillin, and 100 pg
mL~" streptomycin.
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2.3. Sample preparation and treatments

17b was dissolved in ethanol to achieve a 3.67 mM stock solu-
tion and stored at 4 °C. Working solutions (1 mM) were pre-
pared in serum-free medium and stored at —-20 °C.
Oleuropein, (>98% HPLC, Extrasynthese Genay, France), was
enzymatically deglycosylated using almond p-glucosidase (EC
3.2.1.21, Merck KGaA, Darmstadt, Germany), as previously
described.®® Stock solutions of Oleuropein aglycone (OleA,
50 mM) were maintained frozen, protected from light and uti-
lized immediately after thawing. Hydroxytyrosol (HT >98%
HPLC, Merck KGaA), was dissolved in aqueous solution
(100 mM stock) and stored under conditions minimizing
oxidation (low temperature, low ionic strength, low salt
content).*?

Cell treatments were performed in the absence or in the
presence of PHTPP (100 nM), a selective ERp full antagonist,
with a PHTPP pre-treatment of 30 min followed by incubation
for 4 or 24 h with 10 nM 17b,** or with OleA or HT (5 pM and
10 nM).

2.4. Mitochondrial membrane potential evaluation

SH-SY5Y cells (5 x 10 cells per well) cultured on glass cover-
slips were incubated for 45 min at 37 °C with 500 nM
MitoTracker CMXRos (Thermo Fisher) and Hoechst 33342 for
nuclear staining. Subsequently, the cells were fixed in 2.0%
buffered paraformaldehyde for 10 min, washed in PBS, and
mounted on microscope slides with Fluoromount™ Aqueous
Mounting Medium (Sigma Aldrich-Merck). Multicolor images
were captured using a Leica TCS SP8 scanning microscope
equipped with a 63x, 1.4-0.6 NA, oil, HCX Plan APO lens.
MitoTracker Red was excited at 561 nm and emission was col-
lected between 580-650 nm, 405 nm diode laser was used for
Hoechst 33342. Images were acquired in sequential scanning
mode to avoid spectral overlap. Mitochondrial morphology
was assessed by analyzing six randomly selected fields using
the Image] plugin in accordance with established workflows
for image pre-processing and analysis.**

2.5. Ca*' flux measurement

Intracellular Ca®* levels were observed using the fluorescent
probe Fluo-3 acetoxymethyl ester (Fluo-3 AM; Molecular
Probes, Thermo Fisher Scientific). Subconfluent SH-SY5Y cells
(8 x 10* cells per well) grown on glass coverslips were incu-
bated with 5 uM Fluo-3 AM at 37 °C for 15 min to allow intra-
cellular dye loading, according to the manufacturer’s instruc-
tions and established protocols for AM-ester Ca®" indicators.
Cells were subsequently subjected to the indicated treatments
for 30 min or 1 h. The cells were fixed in 2.0% paraformalde-
hyde in PBS for 10 min. Intracellular Ca*>* imaging was per-
formed using a Leica TCS SP8 confocal microscope equipped
with fixed laser lines. Fluo-3 AM was excited using the 488 nm
Argon laser line and fluorescence emission was collected
between 500-550 nm. Nuclei were counterstained with
Hoechst 33342, excited with a 405 nm diode laser and detected
between 420-480 nm. Images were acquired in sequential
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scanning mode to avoid spectral overlap. All images were
obtained using a 40x oil immersion objective (NA 1.3) under
identical laser power and detector gain settings across experi-
mental groups.

Live-cell Ca** flux was assessed in SH-SY5Y cells plated in
96-well plates (2 x 10* cells per well), labelled with Fluo-3 AM.
The fluorescence intensity of Fluo-3 AM was continuously
monitored at 526 nm over 2 h following addition to the culture
medium of 10 nM 17b, 5 pM and 10 nM OleA and HT using a
Biotek Synergy 1H plate reader. Where indicated, cells were
pretreated for 60 min with CNQX (5 pM) to inhibit AMPA
receptor-mediated signaling,®® memantine (10 pM) to block
NMDA receptor®® activity, Rya (10 uM) to inhibit ryanodine
receptor (RyR)-mediated Ca>" release, or 2-APB (100 uM) to
inhibit inositol 1,4,5-trisphosphate receptor (IP;R)-dependent
Ca”" signaling. Rya was used within the inhibitory micromolar
range (>10 uM), known to stabilize the closed/inactivated state
of RyR channels and thereby reduce Ca®" release from intra-
cellular stores. 2-APB was applied at 100 pM, a concentration
widely used to effectively suppress IP;R-mediated Ca*>* mobiliz-
ation and store-operated Ca®" entry in cellular models.

2.6. Immunofluorescence

Subconfluent SH-SY5Y cells (8 x 10* cells per well) grown on
glass coverslips were subjected to various treatments for 24 h
and subsequently washed with PBS. Cells were pretreated for
60 min with 2 uM I-OMe-AG-538, according to the manufac-
turer’s instructions (AG-538; a specific IGF1R tyrosine kinase
inhibitor), to block IGF1R autophosphorylation in intact cells,
as described in cell-signaling inhibition protocols in which
AG-538 at micromolar concentrations inhibits IGF1R phos-
phorylation and downstream signaling. Cell nuclei were
stained with Hoechst 33342 for 30 min at 37 °C. Cell mem-
brane labeling was performed by incubating the cells with 10
ng mL~' CTX-B Alexa488 (C34775, Thermo Fisher Scientific
Inc.) in a complete cold medium for 10 min at room tempera-
ture. Following fixation in 2.0% buffered paraformaldehyde for
10 min, cells were permeabilized using a 1:1 acetone/ethanol
solution for 4 min at room temperature, washed with PBS, and
blocked with PBS containing 0.5% BSA and 0.2% gelatin. Then
the cells were incubated for 1 h at room temperature with
primary antibodies: rabbit anti-ERp primary antibody (1 : 500,
Merck KGaA), rabbit PGC-1a (1:500, 2178, Cell Signaling),
mouse anti-NMDA antibody (1 : 800, MAI-2014, Thermo Fisher
Scientific Inc.), mouse AMPA subunit antibody (1:800,
MAB397, Merck KGaA), rabbit anti-ERAB/ABAD antibody
(1:500, GTX100301, GeneTex Inc.), and rabbit anti-phospho-
IGF1 receptor p (p-IGF1R, 1:500, 3024, Cell Signaling
Technology) in blocking solution. Following a 30 min washing
step with PBS, cells were incubated with secondary antibodies:
anti-Rabbit IgG (H + L) Cross-Adsorbed Secondary Antibody
Alexa Fluor® 568 conjugate (A-11011, Thermo Fisher Scientific
Inc.) or anti-Mouse IgG (H + L) Cross-Adsorbed Secondary
Antibody Alexa Fluor® 568 conjugate (A-11004, Thermo Fisher
Scientific Inc.), diluted 1:200 in PBS. Finally, cells were
washed twice in PBS and once in distilled water to eliminate

This journal is © The Royal Society of Chemistry 2026
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non-specifically bound antibodies. Images were acquired
using a Leica TCS SP8 confocal microscope equipped with
fixed laser lines. Fluorophores were excited using a 405 nm
diode laser for Hoechst, a 488 nm Argon laser for Alexa Fluor
488, and a 561 nm DPSS laser for Alexa Fluor 568. Emission
signals were collected sequentially using the following detec-
tion windows: 420-480 nm for Hoechst, 500-550 nm for Alexa
Fluor 488, and 580-630 nm for Alexa Fluor 568. All images
were acquired using a 63x oil immersion objective (NA 1.4).
Images were acquired with Leica LAS-AF imaging software and
analyzed using FiJi software.*®

2.7. Proximity analysis of ERf and mitochondria

SH-SY5Y cells were treated with 10 nM 17b, 10 nM OleA or HT.
Estrogen Receptor § (ERpP) was detected using a rabbit polyclo-
nal anti-ERp primary antibody (1 : 500, Merck KGaA) alongside
an anti-rabbit IgG (H + L) cross-adsorbed secondary antibody,
Alexa Fluor™ 514 (1:500, A-31558, Thermo Fisher Scientific).
Mitochondria were labeled with MitoTracker Red and nuclei
with Hoechst 33342. Confocal images were acquired using a
Leica STELLARIS microscope equipped with a Plan-
Apochromat 63x oil-immersion objective. The acquisition
resolution was 0.180 pm in the XY plane and 0.300 pm along
the Z axis. To assess the proximity of ERf to mitochondria, a
probability map of mitochondrial distribution was first gener-
ated from the MitoTracker channel using AIVIA software
(version 12, DRVision Technologies LLC, Bellevue, WA, USA;
https:/www.drvtechnologies.com/aivia/). ~ Subsequently, a
machine learning model was trained on two channels, ER}
and the previously generated mitochondrial probability map,
to detect receptor signals close to the mitochondrial struc-
tures. Training regions included portions of the ERf and mito-
chondrial clusters, adjacent cytoplasmic areas, and potential
overlapping zones. The proximity threshold was defined as
<0.2 pm. The model was then applied to the entire dataset to
detect and classify ERp signals in proximity to mitochondria
across the image stack. On the resulting ERp probability map,
approximately 120 volumes of interest (VOIs) were manually
selected across ~20 cells per acquisition volume using the seg-
mentation tools provided by the AIVIA software. A threshold
intensity value of 50 (equivalent to 25% receptor probability)
was applied to include only receptor signals above this cutoff
in each VOI. Quantification of the receptor signal was per-
formed by measuring the integrated density within each VOIL
Statistical analysis was conducted using Jamovi (version 2.4;
https:/www.jamovi.org).

2.8. STED confocal microscopy

Subconfluent SH-SY5Y cells were cultured on glass coverslips
at a density of 8 x 10* cells per well. Following treatment, the
cells were stained with 0.01 mg mL™" wheat germ agglutinin,
Tetramethylrhodamine Conjugate (TMR, W849, Thermo Fisher
Scientific). Estrogen Receptor p (ERP) was detected using a
rabbit polyclonal anti-ERf primary antibody (1:500, Merck
KGaA) alongside an anti-rabbit IgG (H + L) cross-adsorbed sec-
ondary antibody, Alexa Fluor™ 514 (1:500, A-31558, Thermo

This journal is © The Royal Society of Chemistry 2026
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Fisher Scientific). Fluoromount-G™ (Thermo Fisher Scientific)
served as the mounting medium. STED images were acquired
using a Leica SP8 STED 3x confocal microscope (Leica
Microsystems) equipped with a white light laser (WLL) and a
pulsed 660 nm depletion laser. The following excitation wave-
lengths were used: 405 nm for Hoechst 33342, 514 nm for
Alexa Fluor 514, and 561 nm for WGA-TMR. Emission signals
were collected sequentially using the following detection
windows: 420-480 nm for Hoechst, 520-560 nm for Alexa
Fluor 514, and 580-630 nm for TMR. Images were collected
using the Leica LAS-AF image acquisition software and pro-
cessed with FiJi software.>®

2.9. Western blotting

SH-SY5Y cells (1 x 10> cells per well) were plated in a 6-well
plate and incubated for 24 h before various treatments.
Subsequently, the cells were washed with cold PBS, lysed in
80 pL of Laemmli buffer (62.5 mM Tris-HCI, pH 6.8, 10% (w/v)
SDS, 25% (w/v) glycerol) without bromophenol blue. Whole
cell lysates were collected, boiled at 95 °C for 10 min, and cen-
trifuged at 12 000g for 10 min at 4 °C. The total protein con-
centration was determined using the BCA assay. A total of
25 pg of protein was loaded onto precast SDS-PAGE gels (Bio-
Rad) and subsequently transferred to a PVDF membrane using
the trans-Blot Turbo Transfer Pack (Bio-Rad). Immunoblots
were incubated at room temperature in PBS containing 5.0%
(w/v) BSA and 0.1% (v/v) Tween-20, and were probed with
primary antibodies specific for GSK3p (9832, Cell Signaling
Technology), phospho-GSK3f (Ser9) (5558, Cell Signaling
Technology), ERAB/ABAD (1:500, GTX100301, GeneTex Inc.),
phospho-ERK1  (Thr202/Tyr204)/phospho-ERK2  (Thr185/
Tyr187) (GTX132783, GeneTex, Inc.), ERK1/2 (GTX134462,
GeneTex, Inc.), and GAPDH (97166, Cell Signaling
Technology). Following the incubation with primary antibody,
the membranes were treated with 1:5000 diluted HRP-conju-
gated anti-rabbit or anti-mouse secondary antibodies (7074
and 7076, Cell Signaling Technology). The membranes were
washed multiple times with PBS containing 0.5% (v/v)
Tween®-20, and protein bands were detected using Clarity
Western ECL solution. Chemiluminescent signals were cap-
tured with the Amersham™ 600 Imager imaging system (GE
Healthcare Life Science, Pittsburgh, PA, USA), and densito-
metric analysis was performed using FiJi software.>®

2.10. FTIR microspectroscopy analysis of intact SH-SY5Y cells

FTIR microspectroscopy measurements have been performed
on intact SH-SY5Y cells exposed to 17b, OleA or HT for 24 h. In
brief, SH-SY5Y cells were seeded at 1 x 10° cells per 100 mm
dish and the following day were treated with 10 nM 17b, 10
nM or 5 uM OleA and 10 nM or 5 uM HT in starvation for
24 h. As a control, we also measured untreated cells. Twenty-
four h after the treatment, the cells were harvested by trypsini-
zation and washed three times in physiological solution (NaCl
0.9%), by centrifugation at 300g for 5 min to eliminate
medium contamination; the resulting pellet has been used for
IR measurements.
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A few pl of the cell suspension were deposited onto an IR
transparent BaF, window and dried at room temperature for
about 30 min to eliminate the excess water.

Mid-IR absorption spectra were acquired in transmission
mode in the 4000-800 cm™" spectral range, by a Varian 610-IR
infrared microscope equipped with a mercury cadmium tellur-
ide nitrogen-cooled detector and coupled to the Varian 670-IR
FTIR spectrometer (Varian Australia Pty Ltd, Mulgrave VIC,
Australia). The IR absorption spectra were collected through a
microscope diaphragm aperture of 100 pm x 100 pm, working
at 2.0 cm ™" spectral resolution, 25 kHz scan speed, triangular
apodization, and by the accumulation of 512 scan co-
additions.

For each sample, different areas were measured to explore
possible heterogeneity. Three independent experiments were
carried out to evaluate results reproducibility.

Raw spectra have been corrected for water vapor, when
necessary, and normalized at the Amide I band area. After a
13-point smoothing, the second derivative spectra were calcu-
lated by the Savitzky-Golay method (3rd polynomial, 9
smoothing points). Spectral analysis was performed by
GRAMS/32 software (Galactic Ind. Corp., Salem, NH, USA).

2.11. Multivariate and univariate analyses of FTIR spectra

FTIR second derivative spectra were split into four spectral
regions and the Partial Least Squares-Discriminant Analysis
(PLS-DA) has been applied on each range, as previously
described.?” PLS-DA is a widely used variant of the partial least
squares method. In this case, the categorical variable (the
classes) describes the treatments and the concentrations. To
improve prediction accuracy and to avoid over-fitting, three-
time repeated 5-fold cross-validation was applied.® Details
regarding the applied cross-validation method have been
described previously.>® The best model was selected using the
“one standard error rule”. In this case, the model with the best
performance value (root mean square error) is identified and,
using resampling, we can estimate the standard error of per-
formance.”® The final model used was the simplest model
within one standard error of the empirically best model.>” To
assess the importance of each variable (wavenumbers), the
weighted sums of the absolute PLS-DA regression coefficients
were used. Each PLS-DA model includes the following classes:
CTRL, 17b, OleA 10 nM, OleA 5 uM, HT 10 nM, HT 5 uM.
Different models have been created considering only some of
the classes. Modell: OleA10nM-CTRL-17b, Model2:
OleA5pM-CTRL-17b, Model3: HT10nM-CTRL-17b, Model4:
OleA5uM-CTRL-17b. The discrimination accuracy among the
classes was evaluated using the classification accuracy, e.g. the
proportion of true results (true positive + true negative) over
the total number of samples.

The intensities of a set of selected wavenumbers were used
as independent variables to perform a linear discriminant ana-
lysis (LDA). The LDA model includes the following classes:
CTRL, OleA at 10 nM, OleA at 5 pM, HT at 10 nM, HT at 5 pM
and 17b. The discrimination accuracy among the classes was
evaluated using the classification accuracy, e.g. the proportion
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of true results (true positive + true negative) over the total
number of samples. To quantify the difference between the
CTRL and the treatments, the Euclidean distance between all
pairs of spectra (in the low dimensional LDA score space) was
computed, using the CTRL as reference.

where r; . is the i-th spectra belonging to the reference group
(CTRL), while xg . is the j-th spectra belonging to the treated
groups at each point, e.g. K = [OleA 10 nM, OleA 5 pM, HT 10
nM, HT 5 pM, 17b]. L is the number of LDA scores and c is the
c-th LDA component. A t-test (¢ = 0) with Bonferroni correction
for multiple comparisons was performed to assess whether the
distances were significantly different from 0 (details in
Table S1). Moreover, unbalanced one-way ANOVA followed by
pairwise comparisons with Tukey’s multiple comparison cor-
rection was applied to LDA derived Euclidean distances in
order to compare the differences among the groups (details in
Table S2). ANOVA tests whether mean differences among
groups are likely to have occurred by chance.*!

2.12. Seahorse analysis

The effect of 17b, OleA and HT on SH-SY5Y energy metabolism
was investigated through Seahorse technology. The cells were
seeded in Agilent Seahorse 96-well XF cell culture microplates
at a density of 4 x 10* cells per well in 180 pL of growth
medium and allowed to adhere for 24 h in a 37 °C humidified
incubator with 5% CO,. The following day the seeded cells
were treated with 10 nM 17b, 10 nM or 5 pM OleA and 10 nM
or 5 uM HT in starvation and 24 h after the treatment Agilent
Seahorse XF Glycolysis Stress Test, XF Cell Energy Phenotype
Test and XF ATP Rate Assay kit were performed according to
manufacturer instructions. In addition, before running the
assay, the Seahorse XF Sensor Cartridge was hydrated and cali-
brated with 200 pL of Seahorse XF Calibrant Solution in a non-
CO, 37 °C incubator to remove CO, from the media. Each
experiment was performed in technical quadruplicate for each
treatment and at least three independent biological replicates
were carried out. Data were normalized to total protein
content, as quantified by Bradford assay.*”> All the kits and
reagents were purchased by Agilent Technologies (Santa Clara,
CA, USA).

2.13. Statistical analysis

Statistical analysis was performed using one-way or two-way
analysis of variance (ANOVA), as appropriate. Two-way ANOVA
was used to evaluate the effects of compound (HT vs. OleA)
and dose, as well as their interaction, while one-way ANOVA
was applied to compare treatment groups with CTRL or 17b
samples. Multiple comparisons were carried out using Tukey’s
honestly significant difference (HSD) post hoc test. All analyses
were performed using OriginPro software, with statistical sig-
nificance set at p < 0.05.

This journal is © The Royal Society of Chemistry 2026
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3. Results

3.1. EVOO-derived phenolic compounds induce estrogen
receptor expression and nuclear localization

We first investigated the ability of phenolic secoiridoid deriva-
tive OleA and the catecholic phenolic alcohol HT to modulate
the estrogen receptor beta (ERf). Human neuroblastoma
SH-SY5Y cells were treated for 4 and 24 hours with 10 nM 17b,
as previously reported,”® as well as with OleA and HT at two
concentrations: 10 nM, to match the reported concentration of
17b, and 5 pM, to evaluate potential effects at higher concen-
trations. Our results showed that both 17b and each com-
pound’s treatment increased ERpP expression in a time- and
concentration-dependent manner, as determined by immuno-
fluorescence assays. Notably, HT at both concentrations tested
increased ERP expression by approximately 2.5-fold compared
to untreated cells (CTRL), a response comparable to that
induced by 17b (Fig. 1A and C). OleA showed a dose-dependent
effect, producing an approximately three-fold increase over
CTRL at the highest concentration tested (Fig. 1A and C). This
increase was abrogated in the presence of the ERp antagonists
PHTPP (Fig. 1B and C). Furthermore, ERf nuclear transloca-
tion was assessed by 3D reconstruction of cells acquired using
STED confocal microscopy (Fig. 2A and B). Images and quanti-
fication at 4 h and 24 h showed that OleA (10 nM) induced sig-
nificantly higher ERf nuclear localization than 17b at both
time points, whereas OleA (5 pM) exhibited a stronger effect
than the lower concentration only after 24 h. In contrast, HT
produced a milder, dose-dependent increase, suggesting that
OleA is a more potent modulator of nuclear ERp trafficking,
with effects comparable to those of, or exceeding, the endogen-
ous ligand. Nuclear translocation of ERp is a pivotal step in
the activation of “classical” signaling pathways, as the receptor
must localize to the nucleus to bind specific DNA sequences
and regulate the expression of target genes.'' Thus, the
enhanced nuclear localization of ERp in response to OleA or
HT exposure appears to be a critical mechanism by which
these compounds, similar to 17b, may influence various phys-
iological processes, including the regulation of gene
expression associated with cell proliferation, differentiation,
and apoptosis, the modulation of inflammatory pathways and
oxidative stress responses, as well as the maintenance of endo-
crine homeostasis and reproductive function.

3.2. Modulation of the intracellular Ca** flux

Estrogens rapidly modulate Ca** dynamics through non-classi-
cal signaling pathways, regulating both Ca** influx and release
from intracellular stores.***> Consistent with this, our results
show that OleA and HT reproduce key features of estrogen-
mediated Ca®* signaling. Confocal microscopy analysis
revealed a significant increase in total intracellular Ca** levels
in SH-SY5Y fixed cells after 30 min of treatment with OleA and
HT (10 nM), comparable to that induced by 17b at the same
concentration; at higher concentration (5 pM), this effect was
further greater and remained significant after 1 h, particularly
in HT-treated cells (Fig. 3A and B). This response appears to be

This journal is © The Royal Society of Chemistry 2026

View Article Online

Paper

ERP-mediated, as indicated by the significant decrease in Fluo-
3 AM signals (green fluorescence) following PHTPP pre-treat-
ment (Fig. 3A and B). In addition, 17b, OleA, and HT primarily
induced Ca®" release from the endoplasmic reticulum via rya-
nodine receptors (RyRs), as shown by the marked inhibition of
Ca®" flux in the presence of ryanodine and the partial
reduction observed with 2-APB, an IP; receptor inhibitor
(Fig. 3C).

The increase in intracellular Ca®" levels observed in treated
cells was also influenced by the activation of NMDA and AMPA
receptors, that are involved in synaptic plasticity, learning and
memory processes.’® Consistently, we found that the
expression of both receptors increased similarly in cells treated
with 17b, OleA and HT with a more pronounced effect at
higher concentrations (Fig. 3D and E). Notably, the increases
of Ca®" flux were not observed when the cells were pre-treated
with memantine, an NMDA receptor inhibitor, or with CNQX,
an AMPA receptor antagonist (Fig. 3F). These findings indicate
that OleA and HT closely mimic 17b in modulating Ca**
homeostasis, promoting both intracellular Ca** release and
receptor-mediated Ca** influx, thereby further reinforcing
their estrogen-like activity in neuronal cells.

3.3. EVOO-derived phenolic compounds modulate estrogen-
dependent pathways

ERP has been shown to modulate IGF1R phosphorylation via
non-classical signaling, influencing synaptic function and
neuronal survival.'**” In line with this evidence, our data
indicate that OleA, at both concentrations tested and HT at
5 uM, significantly increased phospho-IGF1R (pIGF1R) levels,
in a manner comparable to the increase elicited by 17b
(Fig. 4A), suggesting estrogen-like activation of IGF1R-depen-
dent survival pathways. This effect was markedly reduced by
IGF1R inhibitor, AG538 (Fig. 4B), indicating that IGF1R acti-
vation is a key downstream event in the response to these
compounds.

To better understand the functional correlation between
IGF1R and ERP modulation we evaluated ERp expression fol-
lowing IGF1R inhibition. Notably, AG538 markedly attenuated
ERp signal intensity (Fig. 4C and D), indicating that IGF1R
activity contributes to the maintenance of ERf signaling. This
effect was particularly evident in HT-treated cells and at the
lower concentration of OleA, conditions that also showed a
greater reduction in pIGF1R levels compared to 17b (Fig. 4A
and B). These findings support the existence of a bidirectional
cross-talk between ERf and IGF1R signaling pathways, consist-
ent with previous reports describing ERf-mediated modulation
of IGF1R activity via non-classical mechanisms.*®

The downstream impact of this signaling convergence was
further explored by analyzing key intracellular pathways.
Treatment with 17b (10 nM) and OleA (5 uM) significantly
increased ERK phosphorylations, as indicated by pERK/ERK
ratio, confirming activation of mitogen-activated protein
kinase (MAPK) pathways (Fig. 4E and F). Furthermore, OleA,
HT and 17b induced the inhibitory phosphorylation of glyco-
gen synthase kinase 3 beta (GSK3p) at serine 9, as demon-
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Fig. 1 17b, OleA and HT increase the overall expression of ERB. SH-SY5Y cells were treated for 4 and 24 h with 10 nM 17b, OleA and HT at two
different concentrations 10 nM and 5 pM. (A and B) Representative STED confocal images of three independent experiments of cells in absence (A)
or in presence (B) of PHTPP, a selective ERp full antagonist. Cell membranes were stained with tetramethylrhodamine-conjugated WGA (red fluor-
escence) and cell nuclei with Hoechst 33342 (blue fluorescence); ERB was stained with anti-ERp antibodies followed by treatment with Alexa
514-conjugated anti-rabbit secondary antibodies (green fluorescence). (C) Green fluorescence quantification performed by ImageJd software on 5
images from each experiment, 10 cells per image. Data are reported as the mean + SE. Statistics: * p < 0.05; # p < 0.05 vs. CTRL. Scale bars were
reported on images.
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Fig. 2 17b, OleA and HT induce ERp nuclear translocation. SH-SY5Y cells were treated for 4 and 24 h with 10 nM 17b, OleA and HT at two different
concentrations 10 nM and 5 pM. (A) Representative 3D reconstruction of the z-stack analysis (4,2 pm-thick slices) of the specimens shown in Fig. 1.
The cell was virtually dissected on the zx plane to show more clearly the nuclear localization of ERp. Cell membranes were stained with tetramethyl-
rhodamine-conjugated WGA (red fluorescence) and the nuclei with Hoechst 33342 (blue fluorescence); ERB was stained with anti-ERp antibodies
followed by Alexa 514-conjugated anti-rabbit secondary antibodies (green fluorescence). The 9 um scale bar reported on the CTRL is the same for
all other images. (B) Quantification of intracellular translocation of ERp performed by Imaged software on 5 images from each experiment. Data are
presented as mean + SE. Statistics: * p < 0.05; # p < 0.05 vs. CTRL; ° p < 0.05 vs. 17b.

strated by a significant increase in pGSK3p/GSK3p ratio, par-
ticularly at 5 pM concentrations (Fig. 4E and G).

This dual mechanism of action on ERK and GSK3p under-
scores the intricate role of olive oil-derived phenolic com-
pounds in regulating critical signaling pathways involved in
cell survival and mitochondrial function. Notably, the inacti-
vation of GSK3f has been associated with enhanced mitochon-
drial biogenesis, improved mitochondrial dynamics, reduced
mitochondrial permeability, and decreased mitochondria-
dependent apoptosis. Therefore, these findings suggest that
EVOO-derived phenolic compounds may exert protective
effects against mitochondrial dysfunction through the regu-
lation of GSK3p activity.*’

3.4. OleA and HT improve mitochondrial biogenesis

ERp translocation to mitochondria is a key component of non-
classical estrogen signaling, contributing to mitochondrial
function and neuroprotection. In neuronal cells, mitochon-
drial ERP has been associated with enhanced ATP production
and improved mitochondrial membrane potential (MMP).>%>!
It has been reported that 17b promotes the relocalization of
ERP from the cytoplasm to mitochondria or mitochondria-
associated regions through kinase-dependent signaling path-
ways, thereby influencing mitochondrial biogenesis and
dynamics.”>®! Given that OleA and HT modulate ERf
expression, we investigated whether these compounds could
also affect mitochondrial localization of the receptor and, con-
sequently, mitochondrial activity, biogenesis and MMP. Using
a machine learning-based proximity analysis, we found that
OleA significantly promoted ERP translocation to mitochon-
drial regions even at low concentration (10 nM), with effects

This journal is © The Royal Society of Chemistry 2026

comparable to those observed with 17b (Fig. 5). Notably, this
effect was significantly more pronounced than that induced by
HT, which at the same concentration did not promote ER
redistribution to mitochondria (Fig. 5B).

Once assessed that the OleA and HT increase ERf
expression, and that OleA promotes its translocation to mito-
chondrial proximity area, we moved on to analyze mitochon-
drial mass and membrane potential in SH-SY5Y cells treated
for 4 and 24 h with 17b (10 nM), and with OleA or HT (10 nM
and 5 uM) using the MitoTracker Red assay (Fig. 6A). Both 17b
and OleA (5 upM) significantly increased mitochondrial
number, showing an approximately three-fold rise compared
to control conditions (Fig. 6A and B). OleA at 10 nM exerted a
more modest effect, suggesting a dose-dependent response.
Notably, HT showed the strongest effect with both concen-
trations significantly enhancing mitochondrial number, reach-
ing approximately a two-fold increase at 10 nM and up to a
four-fold increase at 5 pM (Fig. 6B). Despite the marked
increase in mitochondrial number, no significant changes in
MMP were observed as indicated by comparable fluorescence
intensity per mitochondrion across treatments (Fig. 6C). This
suggests that the increase in mitochondrial number is not
accompanied by detectable alterations in mitochondrial func-
tional status at the single-organelle level. To further investigate
the underlying mechanisms, we evaluated the expression of
peroxisome proliferator-activated receptor y coactivator 1a,
(PGC-1a), a key transcriptional coactivator in the regulation of
mitochondrial biogenesis, oxidative capacity, and antioxidant
defence mechanisms. Immunofluorescence analysis, (Fig. 6A
and D) showed that OleA and HT increased PGC-1a expression
only at 5 pM, in line with the effect of 17b and with the
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Fig. 3 17b, OleA and HT modulate Intracellular Ca* flux. SH-SY5Y cells were treated for 30 min and 1 h with 17b (10 nM), OleA (10 nM or 5 uM),
and HT (10 nM or 5 pM), either without (~PHTPP) or with (+PHTPP) pre-treatment with PHTPP (100 nM, 30 min) together with the AMPA receptor
antagonist CNQX (5 pM) or the NMDA receptor inhibitor memantine (10 pM). (A) Cells were loaded with Fluo-3 AM (green fluorescence) 15 min
before treatment. After treatment, the nuclei were stained with Hoechst 33342 (blue fluorescence). (B) Quantification of green fluorescence intensity
per cell was performed across approximately five different acquisitions. Data are reported as mean + SE. Statistics: * p < 0.05; # p < 0.05 vs. CTRL.
(C) Live-cell Ca®** experiments measuring intracellular Ca®* flux. SH-SY5Y cells were pre-treated with ryanodine (Rya 10 pM) and 2-APB (100 pM) for
1 h to block the RyR- and IP3 receptors-mediated Ca?* release, respectively, and were loaded with Fluo-3 AM (green fluorescence) 15 min before
treatment. Green fluorescence was continuously recorded for 85 min. (D) Representative confocal microscopy images of NMDA and AMPA receptors
expression. Nuclei were stained with Hoechst 33342 (blue fluorescence) and receptors with primary antibodies against NMDA or AMPA receptors,
followed by Alexa 568-conjugated anti-mouse secondary antibodies (red fluorescence). Scale bars: 85 pm. (E) Quantification of red fluorescence
intensity per cell, corresponding to NMDA and AMPA receptor levels, from approximately 5 independent images. Data are reported as mean + SE.
Statistics: * p < 0.05; # p < 0.05 vs. CTRL. (F) Live-cell Ca?* experiments measuring intracellular Ca®* flux. SH-SY5Y cells were pre-treated with
CNQX (5 pM) or with memantine (10 pM) for 1 h and loaded with Fluo-3 AM 15 min before treatment. Green fluorescence was continuously recorded
for 55 min.
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observed increase in mitochondrial number. In contrast, at 10
nM, 17b appears to be more effective than both OleA and HT
at the same concentration.

Overall, these findings indicate that OleA and HT promote
mitochondrial biogenesis, as supported by the increase in

reflects an expansion of the mitochondrial network rather
than alterations in mitochondrial functional integrity.

3.5. ABAD involvement in mitochondrial estrogenic
metabolism induced by EVOO-derived phenolic compounds

both mitochondrial number and PGC-la expression. The
absence of changes in MMP further suggests that this increase

This journal is © The Royal Society of Chemistry 2026

Considering the well-established effects of estrogens on mito-
chondrial function, we also sought to evaluate the involvement
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Fig. 5 17b and OleA promote ERp localization in proximity to mitochondria. (A) SH-SY5Y cells were treated for 24 h with 17b (10 nM), OleA or HT
(10 nM). Cells were then immunolabeled for ERp (yellow). The mitochondria (magenta) and nuclei (green) were then revealed with MitoTracker Red
and Hoechst 33342, respectively. The first row shows Z-stack projections of the three fluorescent signals. The second row displays representative
single optical sections passing through cytoplasmic portions of the cells. The third row highlights regions of ERp localization in proximity to mito-
chondria (cyan), identified by proximity analysis. (B) Quantification of ERp—mitochondria proximity from three independent acquisitions (~10 cells
per image). Data are reported as mean + SE. Statistics: * p < 0.05; # p < 0.05 vs. CTRL.

of ABAD, also known as 17b-hydroxysteroid dehydrogenase
type 10 (17b-HSD10). ABAD physiologically converts 17b to
estrone and plays a key role in estrogen metabolism.>* Its
expression levels are tightly linked to neuronal homeostasis as
optimal 17b levels are critical for neuronal survival. Previous
research has demonstrated that 17b can upregulate ABAD
expression and modulate mitochondrial bioenergetics,
although ABAD has also been implicated in AB-related
neurodegeneration.’

In our cellular model, confocal microscopy images (Fig. 7A)
demonstrated that 17b, OleA, and HT significantly increased

5608 | Food Funct, 2026, 17, 5598-5620

ABAD expression after 24 hours of treatment. While 17b induced
a moderate increase compared to control cells, OleA and HT eli-
cited a more pronounced upregulation. Notably, HT, especially at
10 nM, exerted a significantly greater effect than 17b (Fig. 7B).
Western blot analysis (Fig. 7C and D) confirmed the overall
upregulation of ABAD protein levels across all treatments,
although the magnitude of the increase appeared less pro-
nounced compared to that observed by confocal microscopy.
While OleA and HT still showed higher ABAD levels relative to
17b, the differences between treatments were more moderate,
suggesting that the stronger effect observed by imaging may

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6fo00178e

Open Access Article. Published on 01 June 2026. Downloaded on 6/26/2026 5:04:29 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Food & Function

A

MitoTracker

PGC-1a

CTRL

17b

OleA 10nM

OleA 5uM

HT 10nM

HT 5uM

O

PGC-1a Intensity of Fluorescence (a.u.) D Intensity of Fluirescence per Mitochondria (a.u.)

View Article Online

Paper

B "

700 #

600

#

L
500 A #
400
300 A
200 A
100 4
0 T T

CTRL 17b 10nM 5uM 10nM 5uM
OleA HT

Number of Mitochondria per cell (a.u.)

1,0E+05 -

8,0E+04
6,0E+04
4,0E+04
2,0E+04
0,0E+00 - .

CTRL 17b 10nM 5uM 10nM 5uM

.

OleA HT
*
1,0E409
#
8,0E+08 J_
#
6,0E+08 I

4,0E+08

2,0E+08

*

L

CTRL 17b 10nM 5uM 10nM 5uM
OleA HT

0,0E+00

Fig. 6 17b, OleA and HT promote mitochondrial biogenesis in SH-SY5Y cells. SH-SY5Y cells were treated for 24 h with 10 nM 17b, OleA and HT at
two concentrations, 10 nM and 5 pM. Cell nuclei were stained with Hoechst 33342 (blue fluorescence); mitochondria with MitoTracker Red probe;
PGC-1a was stained with anti-PGC-1a antibodies followed by Alexa 568-conjugated anti-rabbit secondary antibodies. (A) Representative confocal
images showing mitochondria (red), PGC-1a (yellow) and nuclei (blue). Quantitative analysis is reported in the corresponding histograms: (B)
Mitochondria number, (C) MitoTracker Red fluorescence intensity and (D) PGC-1a signal, were quantified using ImageJ software on 5 images for
condition, with 4 cells analysed per image. Data are presented as mean + SE. Statistics: * p < 0.05; # p < 0.05 vs. CTRL.

reflect, at least in part, enhanced local concentration or redis-
tribution of ABAD within mitochondria rather than a pro-
portional increase in total protein abundance.

To our knowledge, this is the first report describing the
modulation of ABAD expression by EVOO-derived phenolic

This journal is © The Royal Society of Chemistry 2026

compounds. Importantly, despite the increase in ABAD levels,
neither OleA nor HT induced cytotoxic effects or mitochon-
drial dysfunction, as also supported by previous studies.**™>
Taken together, these findings suggest that the upregulation

of ABAD induced by OleA and HT is associated with enhanced

Food Funct., 2026, 17, 5598-5620 | 5609
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mitochondrial remodeling rather than pro-neurodegenerative
mechanisms, consistent with an estrogen-like mode of action.

3.6. A global overview of molecular changes associated with
EVOO-derived phenolic compounds treatment in intact cells
through untargeted FTIR microspectroscopy analysis

We applied FTIR microspectroscopy coupled with partial least
square-discriminant analysis (PLS-DA) to explore the infrared
absorption of intact SH-SY5Y cells exposed to 17b and
compare it with that of OleA and HT. This label free vibrational

5610 | Food Funct., 2026, 17, 5598-5620

technique makes it possible to hunt, in an untargeted way, for
possible IR spectroscopic markers that outline the cellular
effects of 17b, OleA and HT in situ.

In Fig. 8, the FTIR analysis of intact SH-SY5Y cells treated
with 10 nM 17b, 10 nM or 5 pM OleA, and of the control
untreated cells is displayed. In Fig. 8A we reported the mean
second derivative spectra between 3050-2800 cm™', a spectral
range dominated by the absorption of methyl (~2959 cm™
and ~2872 cm™") and methylene (~2922 cm™" and ~2852 cm™)
groups mainly from lipid hydrocarbon chains.>*>* As it can be

This journal is © The Royal Society of Chemistry 2026
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seen, treated cell spectra display a higher intensity of the CH,
bands compared to control cells; in particular, the intensity
variation of the ~2852 cm™' component, due to CH, sym-
metric stretching, has been found significantly higher for cells
treated with 17b and OleA 5 uM (Fig. 9A). From the analysis of
the 1500-1200 cm ™" spectral range (Fig. 8B), due to the over-
lapping absorption of methyl and methylene groups from
different biomolecules, including lipid hydrocarbon chains
and head groups, and of phosphate groups mainly from
nucleic acids and lipids, the ~1455 cm™" band, due mainly to
CH; deformation,”>* emerges as that carrying the higher
spectral variance. Its intensity increase, compared to control
cells, was found to be highly significant for all the treatments
(Fig. 9B). Overall, these results point to a significant variation
of the physico-chemical properties of cell lipids, in particular
for cells exposed to 17b, as indicated by the classification accu-
racies reported in Fig. 9H.

Moreover, we analyzed the spectral range between
1700-1500 cm™" (Fig. 8C), dominated by the Amide I and II

This journal is © The Royal Society of Chemistry 2026

bands, which provide information on possible modifications
of the structural properties of the whole cell proteins. As it can
be seen, the different treatments affect the band at
~1657 cm™", due to alpha-helices and/or random coils,> that
decreases in intensity compared to control cells. Notably,
PLS-DA identified the component band at ~1684 cm™", mainly
assigned to p-sheets and/or turns,>>>° as relevant for the dis-
crimination between each treatment and untreated cells (see
Fig. 9C). Overall, the spectral variations observed in the Amide
region were significant for the treatment with 17b (discrimi-
nation accuracy of 0.82) and for 5 uM OleA (discrimination
accuracy of 0.72) (Fig. 9H). We then moved to the fingerprint
region, below 1200 cm™" (Fig. 8D), where complex carbo-
hydrate moieties and phosphate vibrations mostly occur. A
combination of multivariate and univariate analyses has been
necessary to identify the spectral components most relevant
for the discrimination between treated and untreated cells.
Two components have been pulled out: at ~1052 cm™", due to
C-O vibrations of carbohydrates with also contributions from

Food Funct., 2026, 17, 5598-5620 | 5611
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54,56 1

lipids, and at ~966 cm™ mainly due to the asymmetric
stretching of N(CHj)s, from phosphatidylcholine (PC) and/or
sphingomyelin (SM),>*>* with also contribution from DNA
backbone and ribose phosphate main chain vibrations 57.
Considering the simultaneous increase in intensity of the
above bands upon treatment with 5 uM OleA and 17b (Fig. 9E
and F), we tentatively assign them mainly to lipids, particularly
PC and/or SM. Indeed, to support this data, also the band at
~1400 cm™', due to the symmetric bending of N(CHj3),, dis-
plays the same spectral behaviour upon OleA treatment
(Fig. 8B). Overall, this result points to a variation of the cell
lipidome induced in particular by the treatment with 5 pM
OleA and 17b. In addition to the above bands, the component
at ~1126 cm™" - mainly ascribable to lactate®® also emerges as
relevant for the PLS-DA accuracy (see Fig. 9H).

In general, the discrimination accuracy between control
and treated cells resulted in excellent results for all three mole-
cules, as reported in Fig. 9H.

Analogously to OleA treatments, we also investigated the IR
absorption of cells treated with HT, and we again compared its
response with that of untreated cells and cells treated with 17b
(Fig. 10). In the spectral range between 3050-2800 cm™', an
overall slight increase of the intensity of the CH, and CH;
groups was observed for all the analyzed treatments compared
to control cells. Moreover, the CH; absorption at ~1455 cm ™
increases significantly in intensity upon HT treatment

5612 | Food Funct., 2026, 17, 5598-5620

(Fig. 9C), leading to an excellent discrimination, comparable
to that found for 17b (Fig. 9H). Therefore, also HT treatment at
the two concentrations induces important modifications of
the physico-chemical properties of cell lipids.

Moreover, in the Amide band range (Fig. 10C), 10 nM HT
treated cell spectrum displays a decreased intensity of alpha
helix/random coil absorption at 1657 cm™', compared to
control cells. However, as seen for OleA and 17b treatments,
HT perturbs mainly the component at ~1684 cm™', due to
B-sheet and/or turn structures that increase in intensity com-
pared to control cells. Notably, the overall discrimination accu-
racies in this spectral range were found to be higher than 0.8
for both HT concentrations (Fig. 9H).

Furthermore, in the fingerprint region (Fig. 10D) three com-
ponents have been pulled out as carrying the higher spectral

variance between treated and untreated cells: ~1086 cm™?,

~1052 cm™, ~966 cm™'. In addition to those already dis-
cussed for OleA (~1052 cm™" and ~966 cm™"), the ~1086 cm ™"
band is due to the overlapping absorption of phosphates (sym-
metric (PO,”) stretching mode) from nucleic acids and phos-
pholipids, and of carbohydrates (stretching of (C-O) and (C-
C), bending of (COH)).>**%*” Taking into consideration the
simultaneous intensity increases of the above bands (Fig. 9E-
G and 10D), we speculate that they might be mainly assigned
to lipid moieties. Finally, we should mention the ~878 cm™"

and ~824 cm™" bands that emerge as relevant for the discrimi-

This journal is © The Royal Society of Chemistry 2026
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nation between HT and untreated cells (see inset of Fig. 10E).
The ~878 cm™ component is ascribable to vibrations from
aldopyranose compounds®® and from lipids, particularly C-N
bonds of the quaternary ammonium group typical of cho-
lines.®® Furthermore, the ~824 cm™" absorption is mainly
assigned to carbohydrate C1-H rings involved in glycosidic
linkage.®! Interestingly, these two bands were found to change
in shape rather than in intensity, supporting a modification of
lipid and of carbohydrate physico-chemical properties induced
by the exposure to HT.

Finally, taking into account the overall spectral components
with the highest spectral variance, we calculated the relative
spectral distances between untreated and treated cells for each
molecule (Fig. 9I). Notably, 17b and HT 10 nM resulted in a
higher level of activity on SH-SY5Y cells, compared to the other
treatments.

3.7. Energy metabolism evaluation

Given the results obtained by FTIR microspectroscopy that
showed variation in lactate content in SH-SY5Y treated with
17b and HT, we have decided to investigate glycolysis through
the Seahorse Glycolysis Stress Test (Fig. 11A and B). 17b and

This journal is © The Royal Society of Chemistry 2026

5 uM OleA treated cells behave like control cells, having com-
parable ECAR profile as well as glycolysis and glycolytic
capacity, while treatment with 5 uM HT enhanced only glyco-
Iytic capacity without changing basal glycolysis. On the con-
trary, cells treated with OleA and HT at a final concentration of
10 nM possessed the more enhanced glycolytic basal level and
capacity, which results significantly higher for OleA-treated
cells than the 17b and 5 uM OleA groups. Finally, HT treated
cells and cells treated with 10 nM OleA had the higher glyco-
Iytic reserve, which is a measure of cells capability to respond
with glycolysis to an energetic demand (Fig. 11B). Since the
administration of these molecules seems to affect the glyco-
Iytic metabolism, we have decided to measure not only the
amount of ATP produced through glycolysis, but also its total
amount and the quantity derived from oxidative phosphoryl-
ation. Interestingly, the Seahorse ATP Rate Assay in Fig. 11C
showed no significant difference in glycolytic ATP production.
However, it is possible to observe how cells exposed to 10 nM
HT significantly increased their mitochondrial ATP production
compared to both control cells and 17b treated cells, and total
ATP amount, with respect to 17b treated cells. Finally, the ener-
getic phenotype was investigated by using the Seahorse Cell

Food Funct., 2026, 17, 5598-5620 | 5613
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Energy Phenotype Test (Fig. 11D). The xy graphs showed cells
ability to meet an energy demand by upregulating glycolysis,
independently from the compounds administered, and a more
energetic and glycolytic profile of all treated groups compared
to control cells at both basal and stressed conditions.
Moreover, while the energetic phenotypes of 17b and OleA
cells were quite similar, the energy profile of HT treated cells
exhibited a dose-dependency with 5 pM HT being most
effective in increasing the energetic metabolic profile.

4. Discussion

In the present study, we investigated the molecular effects of
OleA and HT, two major EVOO-derived phenolic compounds,
on estrogen-related signaling, Ca®>" homeostasis, mitochon-
drial remodeling, lipid composition, and energy metabolism
in SH-SY5Y neuronal cells. Our findings demonstrate that
these compounds reproduce key features of estradiol-mediated
signaling, supporting their classification as estrogen-like
modulators in a neuronal context.

5614 | Food Funct, 2026,17, 5598-5620

The concentrations used in this study should be interpreted
as mechanistic reference ranges rather than direct equivalents
of dietary brain exposure. HT is systemically absorbed mainly
as conjugated metabolites, while the brain availability of OleA
in its intact form remains poorly defined. Nevertheless, the
responses observed here provide useful mechanistic insight
into signaling pathways that may be influenced by repeated
exposure to olive-derived phenolics or by their circulating
metabolites.

A central finding of this work is that OleA and HT promote
ERP nuclear translocation and activate MAPK/ERK signaling,
pathways implicated in neuronal survival, proliferation, and
stress resilience. These observations are consistent with mem-
brane-initiated estrogen signaling mechanisms that sustain
neuronal metabolic competence.” The engagement of the
ERB-IGF-1R axis further supports the concept of cross-talk
between estrogen receptors and growth factor pathways, which
cooperate in neuronal survival and metabolic regulation.®*°
Estrogen receptors are functionally interconnected with
IGF-1R-dependent PI3K/Akt and MAPK/ERK cascades, which
converge on mitochondrial regulation and cellular bioener-

This journal is © The Royal Society of Chemistry 2026
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getics. The ERP/IGF-1R/ERK dependency observed in our
model therefore suggests that OleA and HT act through inte-
grated signaling networks rather than as classical high-affinity
receptor ligands. Such a mechanism is consistent with the
broader behavior of dietary bioactives in neuronal systems.
Several polyphenols intersect estrogen-related signaling while
simultaneously modulating mitochondrial and metabolic
pathways. For example, resveratrol and quercetin activate ER-
dependent mechanisms and promote mitochondrial biogen-
esis through SIRT1/PGCla signaling,*®® whereas genistein
acts as a preferential ERp agonist and influences MAPK/ERK
cascades in neural models.®® Similarly, other nutraceutical
molecules with documented brain exposure modulate insulin/
IGF-related signaling hubs that interface with estrogen path-
ways. Nuciferine, an aporphine alkaloid capable of crossing
the blood-brain barrier, improves cognitive impairment in
metabolically challenged models and engages insulin recep-
tor/PI3K-AKT signaling.®” Importantly, current evidence
suggests that such compounds primarily modulate insulin/IGF
pathway activity rather than acting as direct receptor ligands.®
Taken together, these findings reinforce the view that dietary
bioactive molecules regulate interconnected signaling net-
works rather than acting through single-target mechanisms.

The modulation of intracellular Ca** dynamics further sup-
ports the estrogen-like behaviour of OleA and HT. Both com-
pounds increased intracellular Ca*>* levels through coordinated
activation of NMDA and AMPA receptors, as well as Ca**
release from intracellular stores.®>’® This pattern closely
resembles rapid estrogen signaling, in which Ca** fluxes
cooperate with ERK activation to regulate transcriptional and
neurotrophic responses.”’ Although BDNF and CREB phos-
phorylation were not directly assessed in the present study, the
simultaneous activation of ERP, ERK, and Ca®" signaling
observed here suggests the engagement of CREB-dependent
transcriptional pathways, which are known to regulate neuro-
trophic factors such as BDNF and to support neuronal plas-
ticity and survival. Future investigations should evaluate these
downstream targets to further clarify the impact of OleA and
HT on neuronal plasticity.

Mitochondrial remodeling emerged as another major target
of OleA and HT. OleA promoted ERp localization in proximity
to mitochondria, suggesting modulation of mitochondria-
associated estrogen signaling. Both OleA and HT induced
mitochondrial biogenesis, as indicated by increased mitochon-
drial mass and upregulation of PGC-la. The absence of
changes in mitochondrial membrane potential suggests that
this response reflects an expansion of the mitochondrial
network rather than acute functional activation. The increase
in PGC-1a is particularly relevant, as this coactivator orches-
trates mitochondrial biogenesis, oxidative metabolism, and
antioxidant defenses. Mitochondrial biogenesis is classically
regulated by the PGC-1a-NRF1/NRF2-TFAM axis, in which
TFAM controls mitochondrial DNA replication and transcrip-
tion; recent evidence indicates that EVOO-derived compounds
may act on this axis.”> Although downstream mediators such
as NRF1, NRF2, and TFAM were not directly assessed, the co-

This journal is © The Royal Society of Chemistry 2026
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ordinated increase in PGCla expression and mitochondrial
mass is consistent with the involvement of this canonical regu-
latory axis. This adaptive response may enhance neuronal
metabolic flexibility by increasing mitochondrial reserve
capacity without altering membrane potential. Overall, our
findings support the view that EVOO-derived phenolic com-
pounds modulate mitochondrial architecture and function
through ER-associated signaling networks.

The modulation of ABAD expression provides an additional
link between OleA and HT treatment and mitochondrial
energy metabolism. Elevated ABAD levels have been associated
with improved mitochondrial bioenergetics and neuroprotec-
tion in transgenic models, where increased ABAD expression
reduced  stroke and neurological deficits.”®
Furthermore, ABAD has been associated with increased brain
ATP levels and improved utilization of f-hydroxybutyrate as an
alternative metabolic fuel under conditions of metabolic
stress.”> Through the regulation of mitochondrial proteins
such as ABAD, EVOO-derived phenolic compounds may there-
fore contribute to maintaining neuronal energy homeostasis
and protecting neurons from metabolic and oxidative stress
associated with aging.

Seahorse metabolic profiling revealed a nuanced and con-
centration-dependent bioenergetic response. While 17b and
higher concentrations of OleA produced relatively modest
metabolic changes, low-dose OleA and HT enhanced glycolytic
capacity and mitochondrial ATP production, indicating meta-
bolic reprogramming rather than simple estradiol mimicry.
The increase in glycolysis observed with 10 nM OleA was corro-
borated by increased lactate production detected by FTIR
microspectroscopy, suggesting enhanced glycolytic flux not
fully matched by mitochondrial respiration. In contrast, HT
preferentially enhanced mitochondrial ATP production, indi-
cating a shift toward oxidative metabolism. Such dose-depen-
dent metabolic rewiring has been described for other polyphe-
nols. Quercetin exhibits biphasic effects on mitochondrial res-
piration,”? whereas resveratrol generally promotes oxidative
phosphorylation through mitochondrial regulatory networks.”>
These observations suggest that OleA and HT promote meta-
bolic flexibility, enabling neuronal cells to dynamically adjust
the balance between glycolysis and oxidative phosphorylation
according to cellular energetic demand.

Recent evidence further supports a direct mitochondrial
mechanism for oleuropein derivatives. Gherardi et al. demon-
strated that oleuropein binds to MICU1, a regulatory subunit
of the mitochondrial calcium uniporter (MCU) complex,
thereby enhancing mitochondrial Ca®>" uptake and stimulating
Ca**-dependent metabolic enzymes such as pyruvate dehydro-
genase.”® The simultaneous activation of mitochondrial bio-
genesis and mitochondrial Ca** uptake may therefore optimize
Ca®"-mediated metabolic fluxes and ATP production, processes
that typically decline with aging.

Mitochondrial function is also closely linked to the lipid
composition of cellular membranes. FTIR analysis revealed
that OleA and HT, similarly to 17b, modulate lipid-associated
spectral signatures in SH-SY5Y cells. Increased intensity of

volume
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CH, (~2852 cm™") and CHj; (~1455 cm ') vibrational bands,
together with enhanced choline-associated signals, suggest
changes in lipid content and membrane fluidity. Additional
spectral features, including those associated with phospha-
tidylcholine and sphingomyelin in the fingerprint region,
further indicate remodeling of membrane lipid composition.
Such changes may influence membrane microdomains
involved in receptor localization and signal transduction,
including ERf-mediated pathways and may facilitate mem-
brane-protein interactions necessary for efficient electron
transport chain activity and mitochondrial bioenergetics.

Although OleA and HT share common estrogen-like pro-
perties, their mechanisms of action are not identical. OleA
appears to preferentially affect structural and receptor-associ-
ated processes, including ER localization and mitochondrial
remodeling, whereas HT exerts a stronger influence on cellular
bioenergetics, particularly ATP production and metabolic
activity. In this context, both compounds engage IGF-1R sig-
naling, albeit with a different degree of dependency,
suggesting that this pathway serves as a shared regulatory hub
rather than a uniformly activated target.

Collectively, the integration of ER[ activation, calcium
signaling, mitochondrial biogenesis, lipid remodeling, and
metabolic reprogramming indicates that OleA and HT coor-
dinate multiple adaptive responses in neuronal cells. Rather
than acting as simple estradiol mimetics, EVOO-derived
phenolic compounds appear to function as integrative
modulators of interconnected signaling and bioenergetic
networks. From a nutritional perspective, these findings
suggest that chronic exposure to EVOO phenolics, as occurs
in Mediterranean dietary patterns, may contribute to main-
taining neuronal metabolic adaptability even in the absence
of overt pathological stress. By promoting coordinated
adaptive responses rather than isolated pathway activation,
OleA and HT may support cellular resilience mechanisms
relevant to healthy brain aging and diet-associated
neuroprotection.

5. Conclusion

The present study demonstrates that the EVOO-derived pheno-
lic compounds, OleA and HT, engage coordinated estrogen-
related signaling pathways in neuronal cells. By promoting
ERP activation and nuclear translocation, modulating IGF-1R/
ERK signaling, regulating intracellular Ca** dynamics, and sti-
mulating mitochondrial biogenesis and metabolic remodeling,
these compounds act as integrative regulators of neuronal
bioenergetic resilience. Rather than functioning as simple
estradiol mimetics, OleA and HT appear to orchestrate cross-
talk between hormonal and growth-factor signaling networks,
linking receptor activation to mitochondrial adaptation, lipid
remodeling, and metabolic flexibility. This multi-targeted
mode of action aligns with emerging concepts of nutritional
hormesis and network pharmacology, whereby sustained low-
level exposure to dietary bioactives supports cellular adapta-
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bility and stress resistance. Although the concentrations
employed in vitro cannot be directly equated with dietary brain
exposure, the long-standing consumption of Olea europaea-
derived products within Mediterranean dietary patterns,
together with the documented systemic absorption of HT and
related metabolites, supports the biological plausibility of
cumulative neurometabolic effects. Overall, our findings
provide mechanistic evidence that OleA and HT may contrib-
ute to the maintenance of neuronal energy homeostasis and
resilience, supporting their potential relevance in nutritional
strategies aimed at promoting healthy brain aging.

6. Limitations of the study

Several limitations should be acknowledged. First, the concen-
trations used in vitro (10 nM and 5 pM) were selected to
explore dose-dependent pathway activation and to compare the
effect of OleA and HT with those of 17b under controlled
experimental conditions. These concentrations should be
interpreted as mechanistic reference ranges rather than as
direct reflections of levels achievable in human brain tissue
following dietary intake. HT is systemically absorbed, primarily
as conjugated metabolites, but its free concentration in the
CNS after nutritional exposure remains incompletely defined.
Similarly, the brain bioavailability of OleA and its derivatives
requires further clarification.

Second, SH-SY5Y neuroblastoma cells, while widely used as
a neuronal model, do not fully reproduce the complexity of
mature neuronal networks, glial interactions, or the multifac-
torial processes underlying brain aging and neurodegenera-
tion. Validation in differentiated neuronal models, primary
neuronal cultures, co-culture systems, or organotypic systems
will be essential to confirm the physiological relevance of
these findings.

Third, although our data support activation of ERf-linked
neurotrophic, mitochondrial and metabolic pathways,
several downstream effectors such as CREB/BDNF signaling,
the NRF1/NRF2-TFAM mitochondrial biogenesis axis, mito-
chondrial respiration under stress conditions, and long-term
neuroprotective outcomes should be evaluated in future
studies.

Finally, the present study focused on acute or short-term
cellular responses. Future investigations should determine
whether sustained exposure to OleA, HT, or their metabolites
produces durable protective effects under oxidative, metabolic,
or neurodegenerative stress conditions. Addressing these
points will be crucial to bridge the gap between mechanistic
cellular findings and translational applications in nutritional
neuroscience.
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17b 17b-Estradiol

2-APB 2-Aminoethyl diphenylborinate

ABAD Amyloid-binding alcohol dehydrogenase

AD Alzheimer’s disease

AG 538 a-Cyano-(3-methoxy-4-hydroxy-5-iodocinnamoyl)-
(3',4"-dihydroxyphenyl) ketone, I-OMe-AG 538

AMPA a-Amino-3-hydroxy-5-methyl-4-isoxazole propio-
nic acid receptor

BDNF Brain-derived neurotrophic factor

BBB Blood-brain barrier

CaMKII Ca”*/calmodulin-dependent protein kinase I

CNQX 6-Cyano-7-nitroquinoxaline-2,3-dione

CREB cAMP response element-binding protein

CTRL Untreated cells

EREs Estrogen response elements

ER Estrogen receptor 3

EVOO Extra virgin olive oil

GSK3p Glycogen synthase kinase 3 beta

HRT Hormone replacement therapy

HT Hydroxythyrosol

IGF1R Insulin-like growth factor 1 receptor

1P3 1,4,5-Trisphosphate receptor

LDA Linear discriminant analysis

LTP Long-term potentiation

MAPK Mitogen-activated protein kinase

Memantine 3,5-Dimethyl-1-adamantanamine hydrochloride

MMP Mitochondrial membrane potential

NF-kB Nuclear factor kappa-light-chain-enhancer of
activated B cells

NMDA N-Methyl-p-aspartate receptor

NRF1/NRF2 Nuclear respiratory factor 1 and 2

OleA Oleuropein aglycone

PD Parkinson’s disease

PGC-1a Peroxisome proliferator-activated receptor 7y
coactivator 1o

PHTPP 2-Phenyl-3-(4-hydroxyphenyl)-5,7-bis(trifluoro-
methyl)-pyrazolo[1,5-a]pyrimidine,4-[2-phenyl-
5,7-bis(trifluoromethyl)pyrazolo[1,5-a]-pyrimi-
din-3-yl]phenol

Rya Ryanodine
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SE Standard error
STED Stimulated Emission Depletion (STED) super-
resolution confocal microscopy

TMR Tetramethylrhodamine
TSECs Tissue-selective estrogen complexes
TFAM Mitochondrial transcription factor A
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