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Introduction

The Mediterranean diet has been strongly associated with
prevention of numerous non-communicable diseases, including
disorders.>?

neurodegenerative

nutrition and health has attracted attention on food bioactives. the
In particular, the main dietary source of lipids
Mediterranean diet, olive oil, has drawn special interest, not
only for its high proportion in oleic acid, but also for its content
in (poly)phenols in its unsaponifiable fraction. These last
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Crossing and metabolism of tyrosol and hydroxytyrosol by
implementing an in vitro blood-brain barrier model of human
primary cells

Sonia Gulabrai-Diaz,? Blanca Escudero-Lopez,” Carmen del Rio,>? Joan Montaner,%¢ Marta Berzaghi,f
Pedro Mena,! Ana Maria Troncoso? and Ruth Hornedo-Ortega*?

There is mounting evidence that the neuroprotective activities associated with olive oil consumption are related to the
presence of the phenolic alcohols tyrosol (Tyr) and hydroxytyrosol (HT). In vitro blood-brain barrier (BBB) models are
considered as indispensable platforms for the mechanistic assessment of compound permeability. However, it is important
to note that most of these models offer only a limited representation of BBB physiology. The aim of the present study was
to develop a human tri-culture (human brain microvascular endothelial cells (HBMECs), astrocytes and pericytes) BBB model
to evaluate the permeability of dietary bioactives. In particular, the crossing of Tyr and HT through the BBB and the BBB’s
potential to further metabolize these bioactives was evaluated. The set up of the model was focused on HBMECs seeding
density and extracellular matrix composition, revealing that 1 x 10° cells and fibronectin coating of the apical transwell
surface yielded higher TEER values and improved barrier integrity. Immunocytochemical analysis further confirmed well-
defined Z0O-1 localisation at cell-cell junctions. After 96h of the establishment of the triculture, the human origin-BBB (ho-
BBB) model presented the optimal barrier conditions for permeability studies execution. The transport across the ho-BBB of
Tyr and HT (1 and 10 uM) was evaluated by UPLC-MS/MS. Our results prove that the ho-BBB is more permeable to HT (high
permeability) than Tyr (medium permeability) determined by calculating transport percentages and apparent permeability
coefficients (Papp). This study provides the first evidence that HBMEC cells can metabolize HT, transforming it into HT-3'-
sulfate and HT-4'-sulfate.

conditions, and oil extraction processes and techniques.>8 Thus,
extra virgin olive oil (EVOO), produced exclusively through
mechanical processes, possesses the highest content in

(poly)phenols.? 10
This Quantitatively, the most abundant phenolics in EVOO are

phenyl  alcohols  hydroxytyrosol (HT, 2-(3'-4'-
dihydroxyphenyl)ethanol, from 0.6 to 200 mg/kg) and tyrosol
(Tyr, 2-(4’-hydroxyphenyl)ethanol, from 1.1 to 180 mg/kg),*% 12
together with secoiridoid derivatives such as
oleuropein, oleacein, oleocanthal, and ligstroside.13

interplay between
in the

various
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compounds stand out as major contributors to the health-
promoting properties of this product3* and they can largely vary
from 0.02 to 600 mg/kg oil, depending on olive cultivar, growing
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Oleuropein, the predominant glycoside in the olive fruit,
undergoes hydrolytic degradation to yield HT and elenolic acid,
making HT the principal degradation product of oleuropein in
EVOO. Similarly, Tyr mainly derives from the breakdown of
ligstroside, further highlighting the close metabolic relationship
among these key phenolic constituents.? 14 15

In recognition of their biological relevance, the European
Food Safety Authority (EFSA) approved the health claim that
olive oil (poly)phenols, particularly HT and its derivatives,
contribute to the protection of blood lipids from oxidative
stress, on the condition that a minimum daily intake of 5 mg of
HT per 20 g of olive oil is achieved.1® Pastor et al. (2016)' found
that free HT was undetectable in plasma after the ingestion of
25 mL of regular olive oil and reached a maximum of 4.4 ng/mL
following the consumption of 25 mL of EVOO, thus reflecting
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low HT concentrations in plasma. The total amount of HT
entering systemic circulation was estimated at 3.98 pg,
representing a 0.3% of the administered dose. This is largely due
to an extensive phase Il metabolism, with free HT accounting
for only 0.1-1% of total HT metabolites in plasma.’

A growing body of evidence from observational studies
suggests that the neuroprotective effects associated with the
Mediterranean diet are largely attributable to olive oil
(poly)phenols, particularly HT and its derivatives.’®20 These
compounds have been linked to a reduced risk of cognitive
decline and neurodegenerative diseases, such as Alzheimer's
and Parkinson's disease, as well as to improvements in cognitive
performance.?22 The blood-brain barrier (BBB) is a highly
selective permeability barrier that separates circulating blood
from brain extracellular fluid in the central nervous system
which is primarily composed of microvascular endothelial cells,
astrocytes, pericytes, and neurons.?3 24

Interestingly, a recent work has demonstrated the presence
of tyrosols in human cerebrospinal fluid, pointing out the
possibility for these bioactives to reach the BBB. 2°

Evidence indicates that HT is present in the brain (and other
organs and tissues) in a dose-dependent manner following its
oral administration in rats.262% |In addition, certain metabolites
of HT and Tyr have been shown to cross the BBB in rats, namely
HT-sulfate, HT-acetate-sulfate, and Tyr-sulfate.?® The ability of
HT and Tyr to cross the BBB has also been demonstrated using
in vitro methods. Specifically, by using HBMECs in monoculture
and, very recently, using a BBB hypoxia model in triculture.3031
The low molecular weight of these compounds (less than 500
Da) and their low hydrogen bond forming potential could
provide an explanation on these metabolites having a greater
ability to cross the BBB.32

To investigate the potential transport of (poly)phenols
across the BBB, a great variety of experimental and
computational approaches have been used. In silico models,
including numerical and computational simulations and
machine learning algorithms, allow prediction of BBB
penetration based on molecular properties and large datasets,
providing a fast and cost-effective complement to experimental
studies.33 In vitro models offer controlled experimental systems
that range from simple static cultures, including monocultures
and co-cultures in transwell systems,3%33 to more complex three-
dimensional approaches such as spheroids and organoids.3435
Moreover, Parallel Artificial Membrane Permeability Assay
(PAMPA) provides a rapid, high-throughput, cell-free method to
estimate passive permeability through a lipid-infused artificial
membrane.3%/n vivo models, typically involving rodents or other
animals, allow assessment of BBB permeability within the
context of a living organism, capturing systemic metabolism,
transport mechanisms, and tissue interactions. However,
substantial interspecies variability the direct
extrapolation of these results to clinical outcomes.37-3°
Together, these approaches offer a comprehensive toolkit for
studying the transport of food bioactives across the BBB, each
with distinct advantages and limitations, and inform the

limits

2| J. Name., 2012, 00, 1-3

Food & Function

selection of the most suitable model for meghanistis.Qr
screening studies. DOI: 10.1039/D6FO00323K

The utilisation of in vitro models is gaining popularity due to
their capacity to rapidly evaluate the potential effects of
bioactive substances and to assess the efficacy of varying
concentrations.*° /n vitro models that can accurately mimic the
BBB in culture are critical tools for the study of
drugs/compounds permeability. From all of them,
monocultures of brain microvascular endothelial cells (BMECs)
on transwell systems have been widely utilised for assessing
phenolic compounds due to their simplicity, reproducibility, and
ease of handling.3% 33 41 42 However, these simplified systems
are not capable of accurately reproducing the structural and
functional complexity of the BBB, particularly regarding its tight
junction integrity and dynamic interactions with the
surrounding neural environment. It is for this reason that co-
culture models incorporating astrocytes and/or pericytes have
gained prominence, as these cell types play essential roles in the
induction and maintenance of BBB integrity, the regulation of
endothelial permeability, and the development of functional
tight junctions.*345 Consequently, the objective of this study
was to evaluate the permeability of dietary bioactive
compounds by implementing a human-origin triple co-culture
BBB model (ho-BBB) as a more realistic in vitro system. The
study also sought to determine the potential metabolic activity
of the BBB to form new brain metabolites.

Experimental

Chemicals and reagents

Hydroxytyrosol (HT) (purity = 90%, CAS number: 10597-60-1),
tyrosol (Tyr) (purity > 98%, CAS number: 501-94-0) and dimethyl
sulfoxide (DMSO) were acquired from Sigma Aldrich (St Louis, MO,
USA). Hydroxytyrosol-3'-sulfate sodium salt (purity > 95%, CAS
number: 1391053-88-5) and hydroxytyrosol-4'-sulfate sodium salt
(purity > 95%, CAS number: 1817821-22-9) were provided by LGC
Standards (Teddington, Middlesex, UK). Hydroxytyrosol-3'-
glucuronide (purity = 98%, CAS number: 425408-50-0),
Hydroxytyrosol-4'-glucuronide sodium salt (purity 2 95%) and tyrosol
-sulfate sodium salt (purity > 95%, CAS number: 28116-27-0) were
purchased from Santa Cruz Biotechnology (Dallas, Texas, USA).

Cell culture conditions

Primary human astrocytes, brain vascular pericytes and their
specific cell culture media were obtained from ScienCell (Carlsbad,
USA). Primary human brain microvascular endothelial cells
(HBMECs), their cell culture medium and bovine fibronectin were
acquired from InnoProt (Bizkaia, Spain). Transwell inserts 3.0 um, 12
mm and T75 flasks were supplied by Corning (New York, NY, USA).
Poly-L-lysine, phosphate-buffered saline solution 10X, trypsin, fetal
bovine serum, were all purchased from Thermo Fisher Scientific
(Waltham, MA, USA).

All cells were cultured in 75 cm? culture flasks, containing 10-12
mL of their respective cell culture media supplemented with 1% (v/v)
specific growth factors, 1% (v/v) penicillin/streptomycin solution and
2% (v/v) foetal bovine serum, all provided with the cell culture media.
Cells were maintained at 372C in a humid atmosphere enriched with
5% CO,. When cells reached 90% confluence, they were subcultured

This journal is © The Royal Society of Chemistry 20xx
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using 0.05% (astrocytes and pericytes) or 0.25% (HBMECs) trypsin-
EDTA.

Cell characterization

First, characterization of cells was achieved by immunostaining
of platelet endothelial cell adhesion molecule (CD-31 / PECAM-1),
glial fibrillary acidic protein (GFAP) and platelet derived growth factor
receptor beta (PDGFRP) for HBMECs, astrocytes, and pericytes,
respectively.

For that purpose, 5 x 10* cells were seeded on round coverslips
with the same area of the insert membrane (1.12 cm?). Media was
discarded and cells were fixed with a 4% (w/v) paraformaldehyde
solution (Merck Millipore, Darmstadt, Germany) for 15 min at 49C,
then washed with phosphate-buffered saline (PBS) solution (Thermo
Fisher Scientific).3® To start off the immunofluorescence protocol,
cells were permeabilized with 0.1% Triton X-100 (Sigma Aldrich)
solution in PBS (PBST) for 30 min and blocked in 5% bovine serum
albumin (BSA) in PBST (Sigma Aldrich) for 1 h at room temperature.
Afterwards, incubation with each primary antibody in 1% BSA in PBST
was performed overnight at 4 °C (Table 1A). Cells were then washed
and incubated with secondary Alexa FluorTM antibodies (Table 1B)
in 1% BSA in PBST for 2 h at room temperature prior to the addition
of 4',6-diamidino-2-phenylindole (DAPI) 1:1000 (Thermo Fisher
Scientific) nuclei staining solution for 5 min. Cells were then washed
with PBS and mounted onto slides with a 50% glycerol solution.
Confocal fluorescence images were obtained using a Leica Stellaris 8
Falcon confocal microscope with a 40X air objective.*®

Table 1 Antibodies for immunofluorescence

Table 1A Primary antibodies for cellular characterization

Antibody Company Concentration
Rabbit anti CD-31 Abclonal (A0378) 1:250
Mouse anti GFAP Sigma-Aldrich (MAB360) 1:500

Rabbit anti PDGFRPB Sigma-Aldrich (051135) 1:500

Table 1B Secondary antibodies for cellular characterization

Antibody Company Concentration
Ac Donkey anti-Rb . ]
1gG AlexaFluor 546 Thermo Fisher (A10040) 1:500
Ac Donkey anti-Ms . .
&G AlexaFluor 647 Thermo Fisher (A31571) 1:500
Table 1C Primary antibodies for model functionality
Antibody Company Concentration
Rabbit anti CD31 Abclonal (A0378) 1:250
. . Sigma-Aldrich .
Rabbit anti ZO-1 (SAB5700602) 1:200

Set up protocol for a triculture BBB model based on human cells

The development of the BBB model in triculture was based on a
previous study by Stone et al (2019).** The configuration used
consists of mixed contact co-culture between astrocytes and
pericytes on the basolateral side of the insert and HBMEC cells on the
apical side, as this set up has already shown the highest TEER values
and, therefore, barrier integrity. As a novelty, the effect of different
densities of HBMECs (7.5 x 10%, 1 x 105, or 1.5 x 10° cells) and the
absence or presence of fibronectin as an extracellular matrix for
culture on the inserts of the latter have been studied.

This journal is © The Royal Society of Chemistry 20xx
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Astrocyte seeding. On day one, the basolabérallSid& HOHE Mserds
were coated with a poly-L-lysine solution (2 ug-mL?) for 1 h in the
incubator. After that time, inserts were washed with a sterile PBS
solution and turned upside down. Then, 100 uL of astrocyte
suspension containing 3.13 x 10° astrocytes was pipetted on the
basolateral side of the insert. Plates containing the seeded inserts
were returned to the incubator for at least 3 h, leading to cell
adhesion. Past this time, plates were removed from the incubator
and flipped back. Both compartments were filled with astrocyte cell
culture medium (0.8 mL and 1 mL in the apical and basolateral
compartments, respectively), and plates were returned to the
incubator until the next day.

Pericyte seeding. On the following day, plates containing the inserts
were removed from the incubator and cell culture medium was
aspirated. Again, inserts were turned upside down and 100 pL of
pericyte suspension containing 6.25 x 10 pericytes was pipetted on
the basolateral side of the insert. An approximate 5:1 ratio between
astrocytes and pericytes was obtained, following Stone et al. (2019)**
experience. Then, plates were introduced in the incubator for
another 3 h to ensure cell adhesion. After this time, plates were
removed from the incubator and inserts were flipped back. Both
compartments were filled with the same volume described before of
a 1:1 solution containing both astrocyte and pericyte cell media
(mixed cell culture medium). Plates were returned to the incubator
until the following day.

Fibronectin coating. On day 3, no cells were seeded, so that
astrocytes and pericytes could reach approximately a 90%
confluency. Nevertheless, plates were removed from the incubator
and the cell culture medium in the apical compartment was
aspirated. This side of the inserts was coated with a bovine
fibronectin solution (2 pg-mL?) for 24 h.

HBMEC seeding. On the last day of model setup, HBMECs were
seeded on the apical side of the insert. Plates inside the incubator
were taken out and fibronectin was aspirated. A 100 uL suspension
containing 7.5 x 104, 1 x 105, or 1.5 x 10° HBMECs was added to the
apical side. Cells were incubated for 5 h before topping the upper
compartment with endothelial cell culture medium (0.8 mL) and
renewing the mixed the basolateral
compartment.

culture medium in

This marks day 1 of the triculture model. Cell culture media in
both the apical and basolateral compartments was renewed every
day until day 4, in which permeability assays were performed.

Model functionality tests

Transendothelial electrical resistance (TEER) measurements. TEER
measurements were performed every day to assess the optimal day
for further permeability assays. An EVOM2 meter connected to STX3
electrodes (World Precision Instruments, Sarasota, FLO, USA) was
used. To ensure consistency, TEER measures should always be read
at least 24 h after media renewal and electrodes should be sterilized
in 70% ethanol followed by immersion in cell culture medium for up
to 15 min.

J. Name., 2013, 00, 1-3 | 3
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STX3 electrodes were introduced in the insert. The longer end of
the electrode was placed inside the basolateral compartment,
adjusted to slightly touch the bottom of the plate. The shorter end
was placed inside the apical compartment, avoiding direct contact
with the membrane. The system reverses polarity in order to prevent
electrode polarization, ion accumulation and tissue damage. TEERs
were measured when values were stable. It is important to note that
the insert on its own has a TEER value, which we used as a blank
measurement. TEER values were calculated as follows:

TEERyque = TEERmeasurea — TEERpiank

Finally, as TEER measurements are expressed as Q/cm?, a
correction regarding the area of the membrane was performed,
being 1.12 cm? the total area of the membrane:

TEERyeportea = TEERyque * 1.12

Immunostaining. Immunostaining of platelet endothelial cell
adhesion molecule (CD-31 / PECAM-1) and zonula occludens 1 (ZO-
1) was performed on day 4 after HBMEC seeding to confirm barrier
integrity, as detailed previously. The primary antibodies used are
listed in Table 1C, while the secondary antibody was an Ac Donkey
anti-Rb AlexaFluor 546 (Thermo Fisher Scientific). For the semi-
quantitative analysis of the CD-31 marker (in the presence or
absence of fibronectin) in HBMECs, the positive area for this marker
was selected in relation to the total area of the region of interest
(ROIl) and expressed as a percentage of the total area. Image
processing and semi-quantification of data were performed with
Image) software.

Permeability assays and deproteinization of samples
To assess the permeability of HT and Tyr, 1 uM and 10 uM

solutions were prepared in endothelial cell medium. On day 4 after
the triculture establishment, these solutions were added to the
apical compartment of the inserts. Basolateral and apical media were
collected after 3, 6 or 24 h. Once collected, 100 uL of each sample
was taken to a new tube and 100 pL of cold methanol was added.
Samples were vortexed for 2 min and centrifuged at 10480 G for 5
min.*” Supernatants were collected and frozen until the day of the
analysis.

UPLC-ESI-QqQ-MS/MS Analysis

Samples were analyzed through an ACQUITY I-Class UPLC™
separation system coupled to a Xevo TQ-XS triple quadrupole mass
spectrometer (Waters, Milford, MA, USA) equipped with an
electrospray ionization source (ESI). The column used for the
chromatographic separation was a reversed-phase Acquity™
Premier HSS T3 (2.1 mm x 100 mm, 1.8 particle size, Waters). For
UPLC, water (eluent A) and acetonitrile (eluent B), both acidified with
0.01% formic acid, were used as mobile phases. The gradient started
with 7% B, maintaining isocratic conditions for 3 min, followed by an
increase to 15% B at min 7.5, then to 30% B over 0.5 min, it continued
to 40% B for another 0.5 min, and finally to 95% B over 1.7 min. Then,
the system returned to the initial conditions (7% B). Isocratic

4| J. Name., 2012, 00, 1-3
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conditions were maintained for 1.8 min to re-equilibrate the,column,
resulting in a total run time of 12 min. The FloW1fateWaxo660t5 034
mL/min, the injection volume was 2 uL, and the column temperature
was maintained at 40 °C. The MS operated in negative ionization
mode with a desolvation temperature of 600 °C. The source
temperature was set to 150 °C, and the source voltage was 2.3 kV.
The compounds were monitored in multiple reaction monitoring
(MRM) mode, with up to three molecular transitions. The system was
controlled by MassLynx 4.2 software, and the data were processed
using TargetLynx XS 4.1.1.0 software (Waters). HT, Tyr and their
metabolites were identified by comparison of the retention time and
MS/MS fragmentation patterns (m/z) with pure commercial
analytical standards. Quantification was performed with calibration
curves of the following standards HT, Tyr, hydroxytyrosol-3'-sulfate,
hydroxytyrosol-4'-sulfate, hydroxytyrosol acetate, hydroxytyrosol-
3'-glucuronide, hydroxytyrosol-4'-glucuronide, tyrosol-sulfate.

Apparent permeability coefficient (Papp) calculations
Papp values were calculated following the formula:

V. x (dQ/dt)

Papp (em/s) = =574

Where Vr is the volume in the receiving chamber (1 mL) dQ/dt is
the amount of compound per unit of time; Co is the initial
concentration on the apical side (1 or 10 uM); and A is the exposed
area (1.12 cm?, the area of the membrane of the transwell system).*8

Statistical analysis

Statistical analyses were carried out using GraphPad Prism
software version 8.0.2 (GraphPad Software, Inc., San Diego, CA,
USA). T-student and one-way ANOVA tests were used to analyze
significant differences. The degree of significance of the analysis was
as follows: * p < 0.05, ** p <0.01, *** p <0.001 and **** p < 0.0001.
Data are presented as mean * standard deviation (SD) of triplicates.

Results

Blood-brain barrier model in triculture with primary human cells
One of the principal objectives of this study was to implement an
in vitro ho-BBB model that could mimic its in vivo counterpart. Three
primary cell types comprising the neurovascular unit were employed:
astrocytes, pericytes, and BMECs of human origin. The different cells
were characterized through immunofluorescence against their
specific markers: GFAP, PDGFR-B, and CD-31, respectively (Fig. 1).

Fig 1 Immunofluorescence characterization of astrocytes, pericytes, and
human brain microvascular endothelial cells (HBMECs) used for human origin

This journal is © The Royal Society of Chemistry 20xx
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BBB model. (A) HBMECs stained for CD-31. (B) Pericytes stained for PDGFRp.
(C) Astrocytes stained for GFAP. Nuclei were counterstained with DAPI. Scale
bar: 50 um.

To develop the model, 12 mm and 3.0 um pore size transwell
inserts were used. This selection was based on the optimized
conditions of Stone et al. (2019),** which demonstrated that
significantly higher TEER values were achieved when the pore size
was 3.0 um vs 0.4 um. This could be explained by an increased
contact between the cells in the apical and basolateral sides of the
insert resulting in greater barrier strength.**

Preliminary experiments were performed to establish a suitable
number of HBMECs. In this sense, 7.5 x 10%, 1 x 10°, and 1.5 x 10°
were seeded on the apical side of the transwell inserts (with
astrocytes and pericytes on the basolateral side) and TEER values
were measured during the following 4 days. 1 x 10° was selected, as
no significant differences were observed between this value and 1.5
x 10° cells (Fig. 2A). Regarding astrocytes and pericytes, cell seeding
densities were those established by Stone et al. (2019):44 3.13 x 10°
for astrocytes and 6.25 x 10* for pericytes, in a ratio of 5:1. By
comparing our triple-culture ho-BBB model with a monolayer of
HBMECs, significantly higher TEER values were obtained (Fig. 2B),
which reinforces the advantage of using our ho-BBB model over
classic monolayers.

&0 60

Resitance @ for’

%

A

T - T
1

% Tohl area

Fig 2 Tested parameters of the ho-BBB model. (A) TEER values measured in
cultures with three different seeding densities of HBMECs (pink, circles: 7.5 x
10% red, squares: 1 x 10° and yellow, triangles: 1.5 x 10°). Data are expressed
as mean = SD n = 3. Different superscript letters mean significant differences
(* p<0.05, ** p<0.01, *** p < 0.001, **** p <0.0001) between the samples
as follows: 27.5 x 104 vs 1 x 10%,° 7.5 x 10% vs 1.5 x 105, <1 x 10° vs 1.5 x 10°
(B) TEER values measured in triculture versus monoculture of HBMECs
(orange: HBMECs in triculture, purple: HBMECs in monoculture). Data are
expressed as mean + SD n = 3. (C) Immunofluorescence staining of CD-31 in
HBMECs cultured on absence of fibronectin and (D) in presence of fibronectin
96 h after their seeding. Nuclei were counterstained with DAPI. Scale bar: 50
um. (E) Semi-quantitative analysis of CD-31 expression as percentages of the
total area (**** p <0.0001).

In addition, we evaluated the effect of the presence of
fibronectin, as an extracellular matrix for endothelial cells. Compared

This journal is © The Royal Society of Chemistry 20xx

to previous reports from Stone et al. (2019),* we achieved higher
TEER values when using a fibronectin coatingl tHelagival sidwefthe
insert. Thus, greater integrity and a smaller number of gaps were
observed with fibronectin coating measured by immunofluorescence
against CD-31, the specific surface marker HBMECs (Fig. 2C-D). In the
presence of fibronectin, the percentage of positive area increased to
approximately 14%, whereas cells cultured without matrix showed
only about 1.9% (Fig. 2E).

Based on these results, the ho-BBB model was established as
follows: on day one, the basolateral side of the inserts were coated
with a poly-L-lysine solution (2 pg-mL?) and then 3.13 x 10°
astrocytes were seeded in the same side on the insert. On day 2, 6.25
x 10% pericytes were also seeded on the basolateral side of the insert.
Fibronectin was added as an extracellular matrix on day 3 as a
preliminary step for HBMECs’ seeding on day 4.

Based on TEER measurements, day 8 (96 h after HBMEC seeding)
was established as the appropriate time to perform permeability
studies (Fig. 3A). In fact, from day 5 after establishing the triculture,
TEER values decrease significantly and continue to decline until day
12 (Fig. S1). Furthermore, the formation of ZO-1 (Fig. 3B) and the
expression of the specific surface marker CD-31 on day 8 confirmed
the results obtained by TEER measurements (Fig. S2). ZO-1 is a
protein indicative of the integrity and functionality of tight junctions
between cells. An increase in ZO-1 suggests a stronger barrier and
lower permeability through it.

A B

50—
40— ‘
304 —— ‘
20 *
24 48 72 96
Time (h) after HBMEC seeding

2
*
-
I

Resistance 2 /cm

Day1 Day2 Day3 Daya Day 8
Astracyte Pericyte Fibronectin HBMEC Permeability
seeding seeding coating seeding assays

TEER measurements and cell
culture media changes

Model timeline

Fig 3 Protocol for the in vitro ho-BBB. Functionality tests: (A) TEER
measurements up to 96 h after HBMEC seeding. Results are expressed as
mean + SD of four independent experiments. (B) Immunofluorescence
staining of ZO-1 in HBMECs monolayer. (C) Schematic representation of the
protocol. Scale bar: 100 um. Statistical analysis was performed using one-way
ANOVA (****p < 0.0001).

Permeability of Tyr and HT across the BBB

Tyr and HT (Fig. 4A and B) were selected to study the
permeability across the BBB. Both compounds were added
individually to two different

the upper compartment in
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concentrations: 1 and 10 pM. These are within the range of
estimated in human plasma concentrations after consumption of
olive 0il'74%%0- Cell culture media was collected from both sides of the
transwell system (apical: blood compartment; basolateral: brain
compartment) at different times: 3, 6, and 24 h. Time point 3 h
corresponds to the half-life time of these compounds?®4°, while 6
and 24 h values serve to compare with the existing literature3%33,
determine the evolution of the compound over time and could be
useful for studying their further metabolites. After deproteinization
of the culture media, the identification and quantification of
compounds and metabolites was conducted by UPLC-ESI-QqQ-
MS/MS by comparison with pure commercial analytical standards
(Table 2, Mass spectrum in Fig. S3).
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Fig 4 Chemical structures and permeability of Tyr and HT across the ho-BBB.
(A) Chemical structure of Tyr. (B) Chemical structure of HT. (C-E)
Concentration (uM) of Tyr and HT measured at different time points in the
apical (pink) and basolateral (red) compartments of transwell inserts after
apical administration. (C) Tyr after the addition of 10 uM. (D) HT after the
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addition of 1 uM. (E) HT after the addition of 10 uM. Data a\/rgvseé\ﬂrggsgﬂ as
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mean = SD.n=3. DOI: 10.1039/D6FO00323K

Regarding Tyr, when this bioactive was added at 1 pM, it was not
detected on either the basolateral or apical side. However, at 10 uM,
Tyr was identified and quantified in both compartments. At 3 h, Tyr
concentration was 4.22 + 1.07 uM, which decreased significantly
(1.15 = 0.42 uM) at 6 h in the apical side. As expected, the
concentration of Tyr in the basolateral side increased over time,
reaching maximum concentration values of 3.24 + 1.34 pM at 24 h
(Fig. 4C). Unlike Tyr, HT could be identified and quantified at both
concentrations tested, 1 pM and 10 pM, both following a similar
trend. In fact, on the apical side, concentrations gradually decreased
until reaching values close to 0 after 24 h (from 0.41 £ 0.10 to 0.00 =
0.00 (1 uM); from 4.05 + 0.07 to 0.01 + 0.00 (10 uM)). However, on
the basolateral side, concentrations remained stable for up to 6 h
(0.15 £ 0.02 (1 uM) and 1.60 + 0.16 (10 uM)) and then decreased to
values close to 0 at 24 hours (Fig. 4D and 4E).

Table 3 shows the transport % and the Papp values for Tyr and HT
across the ho-BBB. The transport % indicates the percentage of
compounds on the basolateral side relative to the total (sum of apical
and basolateral sides). Tyr at 10 uM, exhibits transport % that
increases over time, which may suppose that the compound
accumulates on the basolateral side. For HT at both concentrations,
the transport % also increases over time, with similar values (Table
3). However, after 24 h, practically all HT is found on the basolateral
side, which explains the high transport %, even though the
concentration values are close to 0, as was described above (Fig. 4D
and E).

The Papp allows us to classify the permeability of a compound as
low (< 2 x 10°), medium (2 - 10 x 10°), high (10 - 20 x 10°), and very
high (>20 x 106).%8 Based on these calculations, we observe that the
permeability for Tyr is medium at 3, 6 and 24 h (Table 3). In contrast,
the permeability of HT can be classified as high at 3 h (coinciding with
its half-life values)*® and medium at 6 h. For both compounds, Papp
values decreased significantly at 24 h.

Table 2 Identification and quantification parameters for the different compounds analyzed by UPLC-ESI-QqQ-MS/MS.

Retention time (min) Compound*

Parent ion [M-H]  (m/z)

MS/MS Fragments (m/z)

1.72 Hydroxytyrosol-4'-glucuronide
1.97 Hydroxytyrosol-3'-glucuronide
2.27 Hydroxytyrosol-4'-sulfate
2.28 Hydroxytyrosol

2.49 Hydroxytyrosol-3'-sulfate
2.61 Tyrosol-sulfate

3.21 Tyrosol

6.15 Hydroxytyrosol-acetate

* Compounds identified with pure commercial standards

6 | J. Name., 2012, 00, 1-3

329 153 123 113
329 153 123 113
233 153 123
153 123 95
233 153 123
217 137 119 106
137 119 106
195 135 123

This journal is © The Royal Society of Chemistry 20xx
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After3 h After6 h After 24 h
Transport % Papp Transport % Papp Transport % Papp
Tyr (1 uM) - - - - - -
Tyr (10 uM) 21.94+11.64 9.46+4.15 56.66 + 9.37 6.90+4.78 65.28 + 14.79 3.35+1.36
HT (1 uM) 22.67+4.47 11.10+0.33 30.82+0.42 6.00+0.66 100.00+0 0.00 +0.00
HT (10 uM) 19.89+6.28 11.30+0.41 31.43+6.26 6.61+0.66 86.51+3.95 0.04 +0.00

*Papp is expressed as the mean + SD (x106) cm/s

BBB capability of forming new brain metabolites from HT

One factor that could be relevant in the permeability of phenolic
metabolites across the BBB is the potential metabolic activity of cells.
To this end, the main phase Il metabolites found in plasma after
EVOO consumption (acetyl, sulfate, and glucuronide forms of Tyr and
HT, Table 2) were targeted.>>2 From all those metabolites (Table 2),
our results demonstrated that HT can be metabolized by the ho-BBB
forming hydroxytyrosol-3'-sulfate (HT-3S) and hydroxytyrosol-4'-
sulfate (HT-4S) when HT was added to the apical side at 10 uM (Fig.
5A and 5B). The concentrations of both metabolites were around 600
times lower than HT, ranging from 0.002 to 0.007 uM (Fig. 5C and
5D) at all time points. The maximum concentrations for HT-3S and
HT-4S (0.007 £ 0.0004 uM and 0.022 + 0.004 uM, respectively) were
reached after 6 h of incubation with HT (10 uM) on the apical side.

Therefore, the decrease of HT in the apical compartment after 6
h of incubation can be partly explained by the formation of these
newly formed sulfated metabolites. The concentrations found on the
basolateral side remained constant until 6 h, after which they
declined.
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Fig 5 Concentration of new metabolites formed from HT by the ho-BBB. (A)
Chemical structure of HT-3-sulfate. (B) Chemical structure of HT-4-sulfate. (C)
Concentration (LM) of HT-3-sulfate measured at different time points in the
apical (pink) and basolateral (red) compartments of transwell inserts after the
addition of 10 uM HT. (D) Concentration (uM) of HT-4-sulfate measured
under the same conditions. Data are expressed as mean = SD. n = 3.

Discussion

The BBB is composed of BMECs closely associated with
supporting cells, and pericytes. While
endothelial cells constitute the structural basis of the barrier,

including astrocytes

interactions with astrocytes and pericytes are essential for the
acquisition and maintenance of BBB-specific properties.?? These
supporting cells play critical roles in regulating endothelial function
and preserving the integrity of the barrier.

Most of the studies conducted to evaluate the permeability of
compounds/drugs have been carried out using endothelial cell
monocultures;?>3%33 however, these systems do not accurately
mimic the in vivo BBB characteristics. For this reason, the co-culture
of endothelial cells with astrocytes and pericytes has been
increasingly recognized as an effective approach for developing BBB
models that better reproduce the physiological characteristics and
specialized functions of the native barrier.3%> Nevertheless, the
utility of this model for assessing the permeability of compounds has
not been sufficiently explored.

Another important aspect is the origin of cells. Several BBB
models have been developed based on animal cells of porcine or rat
origin, which include variations in the expression of transport
proteins, functional properties, and species-specific metabolic
pathways.>3>* Such disparities can significantly influence the uptake,
efflux, and overall permeability of compounds across the BBB. In the
present study, an in vitro ho-BBB model has been implemented by
co-culturing three primary human cell lines (HBMECs, astrocytes and
pericytes). The present model was based on a previous one described
by Stone et al. (2019),** which likewise employed human primary
cells, albeit for an application distinct from permeability assessment,
as these authors studied the barrier integrity in ischemia, induced by
the deprivation of oxygen and glucose. One of the principal
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http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6fo00323k

Page 9 of 14

Open Access Article. Published on 19 March 2026. Downloaded on 3/19/2026 11:42:00 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(ec)

differences between this methodology and our method is the
selection of an optimal seeding density of HBMECs, and the
incorporation of an extracellular matrix prior to their culturing.

In our case, the ho-BBB model consisted of 3.13 x 10° astrocytes,
6.25 x 10* pericytes and 1 x 10° HBMECs, which accounts for a ratio
of 5:1:1.5 between these three cells. This is in agreement with
previous studies, which indicate that the in vivo number of astrocytes
exceeds that of HBMECs,5>%® and that the estimated ratio of
pericytes to HBMECs is between 1:1 and 1:3 in mice.>”>8

Our study demonstrated that a concentration of 1 x 10° cells, in
conjunction with the coating of the apical side of the transwell insert
with fibronectin, resulted in elevated TEER values and an enhanced
integrity of the barrier (Fig. 2). These readings are quantitative values
that serve as the gold standard for minimally invasive assessment of
BBB integrity.>® Furthermore, immunocytochemical analysis of ZO-1
revealed clear expression of this junctional protein, showing a well-
defined localization at the cell membrane. This was the first tight
junction to be discovered, which is located in the cytosol and has a
peripheral membrane location. It has multiple domains which are
specialised for protein interactions.®® The ho-BBB model was
considered ready for permeability assays after 96h of the
establishment of the triculture, corresponding to the time point at
which TEER measurements reached their peak values (Fig. 3).

Another study developed and compared several configurations
for an in vitro BBB model with BMECs, astrocytes, and pericytes,
although in this case, the cells were immortalised.*® They fixed the
pore size of the inserts (0.4 um) and assayed different barrier setups,
which did not include the co-culturing of astrocytes and pericytes on
the same surface. Most of the systems studied by these authors
attained TEER values comparable to those obtained in the present
study (approximately 78.8 + 4.2 Q x cm?)*3, even though our ho-BBB
model requires one day less to perform the permeability tests.
Noteworthy, they assayed the permeability of drugs (propranolol,
pyrilamine, memantine, and diphenhydramine) already known for
their ability to pass through the BBB, not considering food bioactive
compounds, and regarding time, they only considered an hour and a
half of testing, which is considerably less time than in our study and
did not provide time-dependent insights.*3

It is widely acknowledged that Tyr, and mainly, HT are food
bioactives that have been demonstrated to possess a range of
bioactive properties, including antioxidant, anti-inflammatory, anti-
atherogenic, cardioprotective

anti-thrombotic, and

chemopreventive effects.3®1 Furthermore, HT s increasingly
recognized for its neuroprotective and anti-neuroinflammatory
properties proved by quite a number of in vitro and in vivo assays.%%
65 Mounting evidence supports that these compounds may cross the
body's most selective barrier, the BBB. The initial evidence that this
compound could reach the brain was documented in 2001 by
D'Angelo and colleagues, following the intravenous injection of 14 C-
labeled HT (1.5 mg/kg) in rats.?6 This finding was subsequently
confirmed by other authors who found HT in the brain after
administering higher doses (100 mg/kg i.v.).6¢ Additionally, some in

vitro studies have also demonstrated the capacity of this phenyl

8| J. Name., 2012, 00, 1-3
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alcohol and its sulfate and glucuronide metabolites tq,pass,thraugh
the BBB using BMEC monolayers.?® 30 DOI: 10.1039/D6FO00323K

A critical element to consider when investigating the brain's
penetration of a dietary compound is the concentration found in
circulation following its consumption. Plasma concentrations of free
HT ranged from 0.03 to 15 uM after consuming between 25 and 40
mL of virgin olive 0il.174%50 |n addition, our research group has
estimated a dietary intake of HT of 17.25 mg/day provided by EVOO
(two spoons), wine (two glasses) and olives (7 units), all of them
characteristic foods of the Mediterranean diet. The calculated
reported bioavailability for HT is 44%.%* Taking the plasma volume
into account, the estimated circulating HT from dietary sources can
be as high as 10.69 uM, which is within the range of our study. This
approach was adopted to ensure the physiological relevance of the
findings obtained. Consequently, concentrations of 1 and 10 uM
were added on the apical side of the developed ho-BBB model for
both Tyr and HT permeability assays. Moreover, three different time
points were selected: 3 h (which corresponds to the half-life in
plasma described for these compounds),*® 6 h, and 24 h, with the aim
of evaluating the effect of time on the permeability of these
compounds, and to facilitate comparison with existing literature.33
The results indicate that adding Tyr (detectable at 10 uM but not at
1 uM) caused a marked decrease on the apical side from 3 to 6 h,
with a corresponding increase on the basolateral side (Fig. 4C). HT
showed a similar pattern at both 1 and 10 uM, with basolateral
concentrations declining to nearly 0 by 24 h. Notably, in the brain
compartment, HT levels remained almost unchanged between 3 and
6 h (Fig. 4D-E). It should be noted that, in all cases, the sum of the
concentrations in the apical and basal compartments did not match
the concentration initially added, probably explained by the
compounds instability in cell culture media.®” Indeed, several articles
have demonstrated that phenolic compounds exhibit greater
stability within human plasma compared to culture media, probably
caused by polyphenol-protein interactions.®8-70

Transport % and P,pp values were calculated based on quantified
Tyr and HT concentrations on the apical and basolateral sides. In
general, transport % increases over time for Tyr and HT. In the case
of HT, percentages were observed for both tested
concentrations, so a dose-dependent effect was not noted. The BBB

similar

transport of Tyr and HT has been recently evaluated in an HBMEC
monolayer after the addition of 20 and 2000 uM for Tyr and 1 and
100 pM for HT, concentrations significantly higher than those
evaluated in this study, and after 4 h of incubation. Tyr at this time
presented a transport % around 30%.3° Similar values were obtained
in this study, after 3 h of incubation (22%), although using half the
concentration. However, in the case of HT at 1 uM, the results of this
paper indicated transport % values of 70% at 4 h, which is
significantly higher than the values calculated in this study (around
25% at 3 h). This phenomenon can be attributed to the structural
disparities inherent to the BBB between a three-cell culture and
monoculture. The presence of astrocytes and pericytes in our ho-BBB
model demonstrated a significant influence on the integrity of the
barrier compared to a monolayer formed solely by HBMECs (Fig. 2B).

This journal is © The Royal Society of Chemistry 20xx
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A recently published study evaluated the BBB transport (by using
an HBMECs monolayer) of various phenolic metabolites derived from
Tyr and HT, specifically tyrosol-4’-sulfate, HT-3S, and HT-4S, each
applied on the apical side of the insert at a concentration of 2.5 uM
for 2 h.?° The findings indicated that the transport % of these sulfate
metabolites across the BBB did not exceed 10% in any case, a value
comparable to that observed for the corresponding parent
compounds examined in the present study.?® An additional metric
used to assess permeability is the transport rate, which is defined as
the ratio between the concentration detected at the end of the
experiment and the initial concentration applied at 0 h. This
parameter has been employed by other investigators to characterize
BBB transport of various flavonoids using co-cultures of rat BMECs
and astrocytes. Under these conditions, genistein, isoliquiritigenin,
and apigenin exhibited the highest transport rates, ranging from 14
to 29%.7 In a similar manner, Faria et al. determined the transport
rate of (+)-catechin and (-)-epicatechin across a monolayer of
hCMEC/D3 cells (an immortalized human brain endothelial cell line),
reporting transport values of approximately 20 and 25%,
respectively.”?

The apparent permeability coefficient, denoted by Papp, is a value
that, in contrast to the transport %, considers multiple variables
including the initial concentration added, the concentration in the
brain compartment, the insert area, and the test time. Consequently,
the P.pp can be acknowledged as a more physiologically relevant
value, classifying the permeability of a compound/drug as low,
medium, high, and very high.*® Regarding the calculation of
permeability through the BBB of food bioactives or their metabolites,
the Papp is less frequently used than the transport %. Our results
showed that HT displays the highest values. HT structure with an
ortho-diphenolic substitution in comparison to a single hydroxyl in
Tyr, may explain the higher ability of HT to cross the barrier. Indeed,
the most efficient hydrogen-donor systems, such as those with
dihydroxy functionality, allow molecules to cross the barrier more
freely.”3

The present findings provide new evidence of the ability of HT
and Tyr to cross the BBB. However, it is important to note that the
permeability mechanisms and the specific transporters remain to be
fully elucidated. Future studies using transporter inhibitors or
transcriptomic profiling of BBB cells may help to further elucidate the
molecular mechanisms involved in the transport and metabolism of
these phenolic compounds. Limited evidence exists on permeability
and transport mechanisms for phenolic compounds.’*77 Concretely,
for HT, earlier research employing intestinal cells (Caco-2) indicated
that the transport of HT can occur via passive diffusion in a
bidirectional manner.” Another study comprising homovanillic acid
(4'-hydroxy-3'-methoxyphenylacetic acid), a chemically similar
compound to the ones used in this study (with a carboxylic acid group
in the C1 position of the phenolic ring and a methyl group in the C3
position of the phenolic ring), and gallic acid (3,4,5-trihydroxybenzoic
acid, with an additional hydroxyl group in the C5 position of the
phenolic ring), showed that these compounds can cross the BBB
through active transport, triggering the inhibition of solute carrier

This journal is © The Royal Society of Chemistry 20xx

transporters (SLC), in particular, organic anion,,transporters
(OAT1/SLC22A6, OAT3/SLC22A8)7677, DOI: 10.1039/D6FO00323K

This ho-BBB model has been utilised to illustrate the BBB capacity
to metabolise HT, resulting in the transformation of HT into sulfate
conjugates, namely HT-3S and HT-4S. The present findings are
consistent with the observations reported in rat brains, in which the
majority of conjugated metabolites were found to be sulfate
derivatives, subsequent to the systemic administration of their
respective nonconjugated compounds. 294175

Existing evidence suggests that metabolizing enzymes including
UDP-glucuronosyltransferases, sulfotransferases, glutathione S-
transferases, N-acetyltransferases, and methyltransferases are
present in human brain microvessels, where they exert an effect on
limiting the number of toxic substances able to enter the brain.”87°
In fact, SULT1A1 has been detected in human microvessels at
transcriptomic level, which suggests that this enzyme could exert its
function in the brain endothelium.”® Some previous studies have
highlighted the potential capacity of BMECs and HBMECs to
metabolize phenolic compounds and even their metabolites.3233 In
fact, Faria and colleagues showed that immortalized BMECs can
glucuronide both (+)-catechin and (-)-epicatechin which are
detected in the basolateral media, a finding that also corroborates
the crossing of both compounds.’? Moreover, it has been proposed
that HBMEC metabolized catechol-1-sulfate into novel glutathione
and glucuronic acid derivatives. This conversion was attributed to the
potential glutathione S-transferase, UDP-glucuronosyl-transferase,
gamma-glutamyl transpeptidase, and catechol-O-methyltransferase
activity.33 Our findings are in accordance with previous literature in
which sulfate derivatives from HT have been identified in rat brains
after an oral administration of refined olive oil enriched with HT at
different doses.288% Furthermore, it should be noted that HT is also
an endogenous metabolite of dopamine.8! This neurotransmitter can
undergo sulfation mediated by SULTSs in the central nervous system
and periphery,8283 thus we can hypothesize that HT could also suffer
these conjugation reactions by endothelial cells. Further studies are
required to confirm this hypothesis. These should evaluate the
presence of sulphate enzymes and the metabolic capacity of the cells
comprising the neurovascular unit.

Conclusions

A human tri-culture BBB model comprising primary
HBMECs, astrocytes, and pericytes was successfully applied for
the first time to evaluate the permeability of dietary phenolics.
Preliminary experiments identified 1 x 10> HBMECs as the most
suitable seeding density, yielding TEER values comparable to or
higher than those of previously established models. The
incorporation of fibronectin as an apical extracellular matrix
resulted in a further strengthening of barrier integrity, thus
confirming the added physiological relevance of this system in
comparison with conventional endothelial monocultures.
Through the use of this so called ho-BBB model, we
observed distinct permeability profiles for Tyr and HT. Tyr
displayed medium permeability through the different time
points, whereas HT exhibited an initial high permeability which
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declined progressively, suggesting time-dependent metabolic
processes. We also demonstrated that the ho-BBB displays
metabolic capacity, converting HT into HT-3S and HT-4S, and
confirming that the BBB can act as an active metabolic interface
generating brain-accessible metabolites.

Taken together, the human triple co-culture model provides a
physiologically relevant platform for studying the permeability and
metabolism of dietary bioactives. Further research is required to
elucidate the precise mechanisms underlying BBB transport of Tyr
and HT, and to determine the biological relevance of the new formed
metabolites. These findings underscore the pivotal role of BBB-
mediated metabolism of dietary phenolics and their potential to
exert direct effects on neuronal cells, which may bear significant
implications for brain function and the prevention of neurological
disorders.
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