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The Mediterranean diet (MD), characterized by olive oil, olives, fruits, vegetables, and wine intake, is
associated with a reduced risk of dementia. These foods are rich in bioactives with neuroprotective and
antioxidant properties, including hydroxytyrosol (HT), tyrosol (TYRS), serotonin (SER) and protocatechuic
acid (PCA), a phenolic acid metabolite of anthocyanins. It remains to be established if these molecules
cross the blood—-brain barrier (BBB), a complex interface that strictly controls the entrance of molecules
into the brain. We aimed to assess the ability of tyrosine (TYR), HT, TYRS, PCA and SER to pass through the
BBB without disrupting its properties. Using Human Brain Microvascular Endothelial Cells as an in vitro
model of the BBB, we assessed its integrity by transendothelial electrical resistance, paracellular per-
meability and immunocytochemical assays of the adherens junction protein p-catenin. The transport
across the BBB was evaluated by ultra-high-performance liquid chromatography high resolution mass
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spectrometry. Results show that tested bioactives did not impair BBB integrity regardless of the concen-
tration evaluated. Additionally, all of them cross the BBB, with the following percentages: HT (~70%), TYR
(~50%), TYRS (~30%), SER (~30%) and PCA (~9%). These results provide a basis for the MD neuroprotec-
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Introduction

Neurological disorders are the third most common cause of
disability and premature death in the European Union (EU)
and their prevalence and burden will likely increase with the
progressive ageing of the European population.” Current pre-
dictors indicate a continuous increase in dementia cases that
will reach approximately 152.8 million cases in 2050.” The two
most common age-related neurodegenerative disorders are
Alzheimer’s disease (AD) and Parkinson’s disease (PD), which
affect a significant portion of the aged population. AD has
been recognized as the most prevalent form of dementia,
accounting for around 60-70% of total cases.® Current esti-
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mations suggest that there has been an 81% increase in the
incidence of PD since 2000.*

Diet-based interventions have been identified as a promis-
ing approach to prevent and delay the progression of neurode-
generative diseases with a substantial body of evidence and
experimental support.>® In this regard, the Mediterranean diet
(MD) has been proposed as a healthy dietary pattern with
increasing evidence supporting its beneficial effects towards
age-related pathologies, including neurodegenerative disorders
and cognitive dysfunctions like AD and PD.””® This potential
of MD has been mainly related to its high content in plant
foods such as fruits, vegetables, and olive oil, which are
sources of an array of bioactive compounds.'**?

Hydroxytyrosol (HT) and tyrosol (TYRS) are the major phe-
nolic compounds present in virgin olive oil (VOO) (0.39-41 mg
kg™' and 0.2-32.9 mg kg', respectively), and table olives
(14.5-3833 mg kg™ " and 0.435-353.5 mg kg™, respectively)."®
Another important source of HT and TYRS is wine
(0.000071-9.6 mg L' and 1.1-48.3 mg L™", respectively), with
their occurrence being related to the metabolism of tyrosine
(TYR) by yeast during the alcoholic fermentation.'*'*
Additionally, protocatechuic acid (PCA) is the major phenolic
acid formed from anthocyanins in humans.">'® 1t is also
present in foods at different concentrations: berries
(0.62-794.13 mg per 100 g), red wine (0.21 mg per 100 mL),
fruits (0.28-18.73 mg per 100 g), jams and berry jams

This journal is © The Royal Society of Chemistry 2024
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(0.07-9.36 mg per 100 g), fruit juices (1.14-6.70 mg per
100 mL), and vegetables (0.62-10.62 mg per 100 g)."”*° On the
other hand, melatonin (MEL) is an hormone synthesized from
the essential amino acid tryptophan through the serotonin
(SER) pathway. This hormone is involved in physiological pro-
cesses such as regulation of the circadian rhythm and of the
immune system and its antioxidant and neuroprotective activi-
ties have been reported.’®>> At the same time, MEL has been
detected in foodstuffs including tomatoes, strawberries,*
cherries,** apples,* walnuts®® and pistachios,”” as well as in
fermented foods, such as wine.?®

In PD and AD neuronal impair is partly caused by mis-
folded proteins associated with oxidative stress and mitochon-
drial dysfunction. It has been reported that TYRS, HT and PCA
inhibit the formation of a-synuclein fibrils in vitro, pointing to
neuroprotective properties.”*" During the process of aging, a
decline in several precursors of MEL, including tryptophan
and SER, occurs and this reduction may be linked to the occur-
rence of AD.***® In fact, SER has shown to inhibit the for-
mation of f-amyloid (Ap) fibrils in vitro.>* Additionally, HT and
TYRS have demonstrated to be potent antioxidants at brain
level. Indeed, HT ameliorates neuronal impairment by modu-
lating mitochondrial oxidative stress in 7PA2 cells (5 pM),*
promotes a decrease of reactive oxygen species (ROS) and inhi-
bits the monoamine oxidase (MAO) activity preserving the
dopamine levels in vitro and in vivo.***® Besides, TYRS treat-
ment proved to reduce ROS levels and to promote the
expression of specific chaperones and antioxidant enzymes in
a Caenorhabditis elegans model of PD.*® In vivo studies have
also demonstrated that PCA exhibits neuroprotective effects
through an improvement of the endogenous antioxidant enzy-
matic system*®*! including certain antioxidant effects related
to ROS and upregulating heme oxygenase (HO)-1 expression.*?
Furthermore, in vitro studies demonstrated that SER led to a
modulation of the expression of some vitagenes (genes
involved in preserving cellular homeostasis under stressful
conditions) against Ap-induced toxicity.**

Despite the cumulative evidence of the neuroprotective
effects of TYRS, HT, PCA and SER observed through in vitro
tests, the ability to pass through the blood-brain barrier (BBB)
to reach brain cells and exert their beneficial actions remain to
be established. The BBB plays a key role in brain homeostasis
by strictly regulating the exchanges between the periphery and
the brain, preventing the access of toxic molecules to the
brain, while assuring the delivery of essential molecules and
the elimination of waste products toward the -circulation.
Endothelial cells lining the brain microvasculature constitute
the basis of the BBB since they are at the interface between the
brain and the periphery and have unique characteristics that
account for the restricted permeability.*> These features
include elaborated junctional complexes between the brain
microvascular endothelial cells (BMEC), mainly formed by
tight and adherens junctions (TJ and AJ, respectively).”*> BMEC
are considered the “front line” in the protection of the brain
cells from external agents that may lead to oxidative stress,
neuroinflammation, vascular reactivity, and excitotoxicity.****

This journal is © The Royal Society of Chemistry 2024
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Although some studies have shown that HT and PCA can cross
the BBB*>™*’ there is limited knowledge of how their structure
influences their brain bioavailability. D’Angelo et al.*® showed
that 5 min after intravenous injection of 1.5 mg HT per kg,
only 0.31% was found in the rat brain tissue. Additionally, Wu
et al*® showed that 15 min after an intravenous dose of
100 mg of HT per kg the maximum concentration reaching rat
brain was 2.1 pg of HT per mL. Furthermore, it has been
reported that PCA is present in rat brain following oral admin-
istration of Danshen extract.”” Despite the mentioned evi-
dence, no information was found about TYR, TYRS, HT, PCA
and SER transport across the BBB. Moreover, demonstration of
these compounds’ safety profile regarding BBB integrity as
they cross this interface remains to be elucidated.

The aim of the present work is to evaluate the BBB per-
meation of distinct bioactive compounds present in a MD
(TYR, TYRS, HT, SER and PCA) at physiologically relevant con-
centrations, using confluent monolayers of human BMEC
(HBMEC) as a simplified in vitro model of the BBB. Moreover,
the BBB properties (barrier tightness, paracellular permeability
and expression of an AJ protein) was also assessed to ascertain
the BBB integrity in the presence of the bioactive. Our results
show that TYR, TYRS, HT, SER and PCA can pass through the
human in vitro BBB model to different extents without
affecting the integrity of the BBB.

Experimental

Chemicals and reagents

Tyrosine (purity: >98%), tyrosol (>98%), hydroxytyrosol
(>98%), serotonin (>98%) and protocatechuic acid (>97%),
fetal bovine serum (FBS), Rosewell Park Memorial Institute
(RPMI) 1640 medium, non-essential amino acids (NEAA),
minimal essential medium (MEM) vitamins, sodium pyruvate,
t-glutamine, antibiotic-antimycotic solution, paraformalde-
hyde (PFA), bovine serum albumin (BSA) and universal mount-
ing medium (DPX), Ringer HEPES solutions and sodium fluor-
escein were purchased from Sigma Aldrich (St Louis, MO,
USA). Thiazolyl blue tetrazolium bromide (MTT) was obtained
from Alfa Aesar (Haverhill, MA, USA). Dimethyl sulfoxide
(DMSO), isopropanol, hydrochloric acid, and acetonitrile
(ACN) were acquired from PanReac AppliChem (Barcelona,
Spain). NuSerum IV was provided by Corning Costar Corp
(New York, NY, USA). Triton X-100 was purchased from VWR
International (Radnor, PA, USA). B-Catenin (rabbit, #71-2700),
Alexa Fluor® 555 (goat anti-rabbit, #A21428), and Hoechst
33342 were acquired from Thermo Fisher Scientific (Waltham,
MA, USA).

Cell culture and treatment conditions

The human brain microvascular endothelial cells (HBMEC)
line was used since it expresses junctional complexes (formed
by proteins like p-catenin) that restrict the paracellular per-
meability of polar molecules, and caveolin-1, the main protein
of caveolae, which assure transcellular transport of proteins;
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moreover, it expresses several influx transporters that assure
the entrance of nutrients into the brain, as well as several
efflux transports that assure the pumping out of molecules
like xenobiotics.*®*® Accordingly, it was considered the most
suitable human cell line for an in vitro BBB model concerning
barrier tightness, namely for studies of BBB permeation of bio-
active compounds.’®* HBMEC were cultured as established in
our lab.*®”! Briefly, cells were grown in RPMI supplemented
with 10% (v/v) FBS, 10% (v/v) NuSerum IV, 1% (v/v) NEAA, 1%
(v/v) (MEM) vitamins, 1 mM sodium pyruvate, 2 mM
L-glutamine, and 1% (v/v) antibiotic-antimycotic solution
(complete medium). Endothelial cell cultures were maintained
at 37 °C in a humid atmosphere enriched with 5% CO,.
HBMEC, used between passage 25 and 30, were seeded on rat
tail collagen-I (100 ug mL™")-coated plates or Transwell inserts
(0.4 pm pore, Corning Costar Corp., New York, NY, USA).
Different cell culture conditions were used according to the
intended assay, as the cell growth depends on the physical
support used for cells’ growth and on the intended confluency.
For viability assays, HBMEC (200 uL at a density of 8 x 10* cells
per mL) were seeded on 96-well plates and cultured for 48 h to
achieve 90% of confluence,®® while for immunocytochemistry,
cells (500 pl at a density of 5 x 10* cells per mL) were seeded
on coverslips placed in 24-well plates and grown for 72 h to
obtain 100% confluence. For BBB integrity and transport
assays, HBMEC (500 pL at a density of 1.6 x 10> cells per mL)
were seeded on semi-permeable membranes (Transwell
inserts) placed in the cell culture well and forming two well-
defined compartments: the apical or upper compartment,
which can be considered as the “blood-side”, and the basolat-
eral or lower compartment, which is considered the “brain
side”, and the confluent HBMEC monolayer represents the
BBB.*®**%>! The cells were grown for 4 days to achieve 100% of
confluence and acquire junctional complexes formation and
restricted permeability.

Tested compounds

Information about the used compounds is presented in
Table 1, namely the structure, circulating levels, concen-
trations of the stock solutions and tested concentrations,
which were selected based on the circulating levels. Each com-
pound stock solution was prepared in DMSO, aliquoted and
stored at —20 °C until use.

Cells were incubated with the bioactive compounds, diluted
in RPMI, or with 0.1% DMSO in RPMI (v/v, control) and incu-
bated at 37 ©°C. The incubation timepoints were assay
dependent.

Cell viability assay

The effect of each compound on HBMEC viability was evalu-
ated via an MTT assay, a colorimetric method that quantifies
formazan formation in viable cells, allowing to establish a
relation between the intensity of the staining and the cell
metabolic activity.>® Forty-eight hours after seeding, cells were
incubated with the bioactive compounds, or in their absence
(control), for 4 or 24 h. Then, the media were removed and
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RPMI containing 0.5 mg mL™" of MTT was added to each well
and the plates incubated for 3 h at 37 °C. The supernatant was
removed and the formed formazan crystals in viable cells were
solubilized with 0.04 N HCl in isopropanol solution.
Absorbance values were measured in a microplate reader
(Varioskan LUX Multimode Microplate reader, Thermo Fisher
Scientific) at 595 nm, and results presented as percentage rela-
tively to control. Solution of Triton X-100 at 1% was used as
positive control to validate the methodology.

Blood-brain barrier integrity

HBMEC monolayers integrity was ensured by transendothelial
electrical resistance (TEER) measurement, sodium fluorescein
(Na-F) paracellular permeability assessment, and the AJ
protein p-catenin labelling, as widely accepted BBB integrity
parameters, 8493160

Transendothelial electrical resistance

For TEER evaluation, HBMEC in complete medium were
seeded on Transwell inserts as described in section Cell
culture conditions for 4 days, changing the culture medium at
2 days. The endothelial monolayers were incubated with each
compound or with 0.1% DMSO in RPMI (control), added to
the upper compartment of the bichamber system. RPMI with
0.1% of DMSO was added to the lower compartment of all con-
ditions, and a 4 h incubation was performed. TEER readings
were made using an EndOhm™ chamber coupled to a resis-
tance meter (EVOMX; World Precision Instruments, Inc., USA).
The TEER readings were collected before (0 h) and after (4 h)
the addition of the bioactive compounds (or DMSO, control).
TEER values for the tested conditions (with/without the com-
pounds) were obtained after deducting the values of empty
inserts (without cells and compounds) and multiplying by the
area of the insert (1.12 cm?). The results were expressed as Q
cm?®.°! The average of the TEER values in controls was con-
sidered as 100% and the tested conditions were presented as
percentage of variation from control. After the last readings,
the media from both compartments were collected and used
for the transport studies described below, and then the empty
inserts were used for the following permeability assay.

Sodium fluorescein paracellular permeability

To evaluate the paracellular permeability of the HBMEC mono-
layers after exposure to the bioactive compounds, or to 0.1%
DMSO in RPMI (control), a permeability assay was conducted
using Na-F (molecular weight: 376 Da), as usual in our
lab.*®%! Briefly, after TEER measurement, the media were col-
lected and the inserts were washed twice with Ringer-HEPES
solution (150 mM NacCl, 5.2 mM KCl, 2.2 mM CaCl,-H,0,
0.2 mM MgS0O,-6H,0, 2.8 mM b-glucose, 5 mM Hepes, 6 mM
NaHCO; at pH 7.4) in both compartments. Then, the inserts
were transferred to new 12-well plates containing 1.5 mL of
Ringer-Hepes solution, and 10 ug mL™" of Na-F in Ringer-
Hepes was added to the upper compartments (0.5 mL) and
incubated at 37 °C, protected from light. The inserts were
transferred to new wells containing Ringer-Hepes solution at

This journal is © The Royal Society of Chemistry 2024
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Table 1 Bioactive compounds nomenclature, abbreviation, chemical structure, circulating levels are presented, stock and tested concentration

Circulating levels

Stock concentrations

Name Abbreviation  Structure (mM) (mM) Tested concentrations (LM)
Tyrosine TYR i 60 (ref. 52) 100 MTT: 0.01, 0.1, 1, 10 and 100
Transport and integrity: 10
o and 100
NH,
HO
Tyrosol TYRS OH 16026-270000 (ref. 2000 MTT: 0.2, 2, 20, 200, 2000
53)
/©/\/ 7.5 (ref. 54) Transport and integrity: 20
HO and 2000
Hydroxytyrosol HT OH 0.15-37 (ref. 30) 100 MTT: 0.01, 0.1, 1, 10, 100
Transport and integrity: 1 and
HO 100
OH
Protocatechuic PCA ) 0.2-2 (ref. 47 and 55) 100 MTT: 0.01, 0.1, 1, 10, 100
acid HO 0.0059-0.44 (ref. Transport and integrity: 1 and
oH 56-58) 100
HO
Serotonin SER NH, 109 (ref. 59) 200 MTT: 0.02, 0.2, 2, 20, 200
\©f5 Transport and integrity: 20
HO. and 200
A
N

H

20, 40 and 60 min. After these times, the inserts were removed
and the solutions from the lower compartments were collected
and the fluorescein levels were determined using a multimode
microplate reader (Varioskan LUX, Thermo Fisher Scientific;
excitation: 460 nm and emission: 515 nm). The Na-F flux
across the cell-free inserts and the control HBMEC monolayers
were also measured. The transendothelial permeability coeffi-
cient (Pe) was calculated as described by Deli et al.®* In short,
the transport was expressed as microliter of tracer diffusing
from upper to lower compartments (eqn (1)):

Clearance(pL) = [Concentrationy ower|

X [Volumergwer] X [ConcentrationUpper]fl
(1)

Then, average volume cleared was plotted versus time,
and permeability x surface area product value for endothelial
monolayer (PSe) was calculated by the following formula

(eqn (2)):
Psendothelial_1 - Pstime-plotted_1 - Psinsert_1 (2)

Finally, PSe was divided by the surface area of the insert
(1.12 em®), giving the endothelial permeability coefficient (Pe
in cm s7'). Then, the value obtained for the control was con-
sidered 100% and each of the tested compounds/concen-
trations was expressed as percentage of the control (inserts
without extract).

Immunocytochemistry

The BBB integrity was assessed by immunocytochemistry ana-
lysis of the AJ protein, p-catenin.®’ For that, the cells were

This journal is © The Royal Society of Chemistry 2024

seeded as mentioned before, reaching confluence in 72 h. The
compounds were then added to cells and incubation was per-
formed for 4 h. Afterwards, the culture media were removed,
and the cells were fixed with 4% (w/v) PFA solution for 20 min
at room temperature and then washed three times with phos-
phate-buffered saline (PBS) to proceed for immunocytochem-
istry. Briefly, cells were permeabilized with 0.3% Triton X-100
for 5 min and blocked with 3% BSA, for 60 min at room temp-
erature. Then, cells were probed with primary antibody for
B-catenin (1:100), overnight at 4 °C. Thereafter, cells were
incubated with the secondary antibody (Alexa Fluor® 555,
1:500) for 60 min at room temperature. Both primary and sec-
ondary antibodies were diluted in blocking solution. Nuclei
were counterstained with Hoechst 33342 dye diluted in PBS
(20 uM), for 10 min at room temperature. Between incu-
bations, cells were washed three times with PBS. Methanol-de-
hydrated cells were then mounted on microscopy slides with
DPX, properly dried, and stored at 4 °C until image acqui-
sition. To validate the specificity of labelling, negative controls
without primary antibodies were performed. Representative
images were acquired at the Faculty of Sciences of the
University of Lisbon’s Microscopy Facility, a node of the
Portuguese Platform for Biolmaging, reference PPBI-POCI-01-
0145-FEDER-022122, using an Olympus BX60 microscope
equipped with Olympus U-RFL-T Mercury lamp and
Hamamatsu Orca R2 cooled monochromatic CCD camera,
with 40x oil objective.

Transport assays

The percentage of transport of each bioactive compound
through the HBMEC monolayer was determined after the

Food Funct., 2024, 15, 3420-3432 | 3423
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media  deproteinization  from  both  compartments.
Determinations were performed by ultra-high-performance
liquid chromatography high resolution mass spectrometry
(UHPLC-HRMS/MS) as described below.

Sample deproteinization

To precipitate proteins, 2.5 mL of ACN/1 mL of sample was
added dropwise, and samples were vortexed before centrifu-
gation at 3200g for 15 min. Then, the supernatants were col-
lected and dried by wusing a vacuum concentrator
(HyperVAC-LITE, GYOZEN, Korea) at 30 °C and 25g for 24 h.
Samples were dissolved in H,0-ACN 10% and immediately
analysed by UHPLC-HRMS/MS.

UHPLC-HRMS/MS parameters

The analysis was performed in a Thermo Scientific liquid
chromatography system consisting of a binary UHPLC Dionex
Ultimate 3000 RS, connected to a quadrupole orbitrap
Qexactive hybrid mass spectrometer (Thermo Fisher Scientific,
Bremen, Germany), equipped with a heated electrospray
ionization probe (HESI-II). The column used was a ZORBAX
SB-C18 (2.1 x 100 mm, 1.8 pm particle size) with a guard
column (2.1 x 5 mm, 1.8 pm particle size). Both were pur-
chased from Agilent Technologies (Waldbronn, Germany). The
separation was performed using column temperature of 40 °C,
a flow rate of 0.5 mL min~", and an injection volume of 5 pL.
Chromatographic conditions for each compound are shown in
Table S1.7 Each bioactive compound was injected in duplicate.

g
1
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Results were processed with the Tracefinder software (Thermo
Scientific).

Statistical analysis

Results were analyzed using GraphPad Prism® 6.0 (GraphPad
Software, San Diego, CA, USA) and are expressed as mean +
SD. The results represent the average of at least three indepen-
dent experiments, with three technical triplicates in the case
of the viability assay. Data normality was tested with
D’Agostino Pearson test. One-way ANOVA was used since all
results follow a normal distribution.

Results
Bioactive compounds present no toxicity to HBMEC

The major objective of this assay is to ascertain if the bioactive
compounds (TYR, TYRS, HT, SER and PCA), at physiologically
relevant concentrations, can cross the BBB without causing
damage to the brain microvascular endothelium. So, an initial
viability assay by the MTT test was performed in HBMEC cul-
tures (Fig. 1) to determine the safe concentrations to use in the
following experiments, as well as the timepoint for compounds
incubation (4 or 24 h, Fig. 1A or B, respectively).

Importantly, the bioactive compounds were tested accord-
ing to the physiological levels in plasma, detailed in
Table 1,%%*7°>9 and results were expressed as fold change
from control (cells incubated in the absence of the com-
pounds). In parallel, a positive control was performed by treat-
ment of HBMEC with Triton X-100 at 1%, which revealed that

200+ 150 150
gm 150+ T 150 T TS g
:ET ET z g,1oo- §,1oo-
1 g 100 3 100 3 3
E 504 > > 3 s
D T 50 = = 3504 = 3504
S S & 50+ 3 3
0- 0- 0 u 0-
- 00101 1 10 100 - 02 2 20 2002000 - 00104 1 10 100 - 00202 2 20 200 - 00101 1 10 100
B [TYR] (uM) [TYRS] (M) [HT] (sM) [SER] (M) [PCA] (M)
150 200+ 200 150 150
IS = 150 = 150 IS S
100 = = < oo < 0
z z z gwo g,wo
3 3 100 3 100+ 3 3
Z 50 = = Z s0 Z 504
3 & 304 8 504 3 3
0 0- 0- _ A
- 00101 1 10 100 - 02 2 20 2002000 - 00101 1 10 100 - 0.0202 2 20 200 - 001014 1 10 100
[TYR] (uM) [TYRS] (pM) [HT] (M) [SER] (uM) [PCA] (uM)

Fig. 1 Human brain microvascular endothelial cells (HBMEC) viability upon exposure to the bioactive compounds. HBMEC were treated with the
indicated concentrations of tyrosine (TYR), tyrosol (TYRS), hydroxytyrosol (HT), serotonin (SER) and protocatechuic acid (PCA) diluted in RPMI, or
with 0.1% DMSO in RPMI (negative control), for 4 h (A) or 24 h (B). Cell viability was assessed by the MTT assay, and the values are presented as per-
centage relatively to control. No toxicity was observed for any compound at the tested concentrations and timepoints. All values are represented as
mean + SD of three independent experiments performed in triplicate. Statistical analysis was performed by One-way ANOVA and the significance are
shown as *p < 0.05, **p < 0.01 vs. control.
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formazan is not formed (absorbance close to 0), indicating a
drastic loss of cell viability. In contrast, no toxic effect was
observed for each compound at all concentrations and tested
timepoints. Based on these results, all the compounds were
selected for the next studies to assess their capability to cross
the BBB. In addition, two concentrations of each compound
were selected based on their proximity to the circulation levels
of each one of them (Table 1), as well as a timepoint of 4 h.

The bioactive compounds display no BBB integrity
impairment

We next wanted to ensure that the bioactive compounds at
safe concentrations (Fig. 1) do not perturb the integrity of the
endothelial monolayer. For that, the widely used BBB integrity
markers, TEER, Na-F paracellular permeability, and p-catenin
expression, were evaluated (Fig. 2A) using a well-validated two
chamber system as an in vitro model of the BBB,*® in which the
tested compounds (or media; control) were separately added to
the “blood compartment” of the bichamber system (Fig. 2A).

Measurement of TEER revealed that all the compounds at
the studied concentrations do not induce alterations relative to
the control condition (Fig. 2B). The measurement of Na-F flux
demonstrated that TYRS, SER and PCA did not affect the per-
meability of the endothelial monolayer at both tested concen-
trations, while TYR and HT at 1 and 10 pM, respectively, even
induced a significant decrease compared to control (p < 0.05),
which indicates a less permeable or tighter barrier (Fig. 2C).

The immunocytochemical analysis of the AJ protein
B-catenin following exposure to the bioactive compounds
showed a junctional protein expression like the control and a
well-defined location at the membrane level (Fig. 2D), reinfor-
cing the results obtained by the two previous parameters.
Together, these results suggest that the exposure of the BBB
endothelium to the bioactive compounds does not cause
harmful changes in the BBB integrity.

Bioactive compounds are transported across the BBB
endothelium

To investigate the endothelial transport of the bioactive com-
pounds, they were added to the upper compartment of the
bichamber system and their putative transport through the
BBB endothelium was assessed after 4 h incubation. The pres-
ence of each compound in the media from both chambers
(“blood” and “brain” compartments) was quantified by
UHPLC-HRMS/MS. Our results revealed that different concen-
trations of each compound were detected in the upper and
lower compartments, suggesting a differential transport of the
molecules (Fig. 3). The sum of the concentrations in the apical
and basal compartments did not match the concentration
initially added, probably due to potential metabolization as
reported in literature.”” The endothelial transport of TYR,
TYRS and HT was similar regardless of the concentration used
(Fig. 3A). However, in the case of SER and PCA the endothelial
transport significantly increased with the concentrations
(Fig. 3B and C, respectively). HT proved to be the bioactive
compound with the highest ability to cross the BBB (~70%). It
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was followed by TYR (~50%), TYRS (~30%), and by SER
(~30%) and PCA (9%), at their highest concentration. The
incubations with the lowest concentrations of SER and PCA
resulted in modest SER transport percentage (4%) (Fig. 3B)
and a negligible (0.08%) transport for PCA (Fig. 3C).
Considering that the study of BBB integrity showed no disrup-
tion by exposure to the bioactive compounds, we can conclude
that their detection in the “brain” compartment is due to per-
meation across the BBB endothelium and not to loss of BBB
integrity.

Discussion

There is ample evidence that polyphenolic and indolic com-
pounds present in the diet, as well as their metabolites,
exhibit neuroprotective potential.>*?%®*%> Recently, studies
with human subjects reported 0.25 pM of TYRS and 1.42 pM
of HT recovered in urine after a dietary ingestion of a dose of
40 g of Extra Virgin Olive Oil.®® Gallardo-Fernandez et al.®” esti-
mated daily dietary intake of HT 17.25 mg per HT provided by
two spoons (40 g) of virgin extra olive oil, 2 glasses of wine
(6.2 mg per HT) and 7 olives, 20 g (11 mg per HT), character-
istic mediterranean foods. Furthermore, the bioavailability
data reported for HT is 44%°® approximately and if we con-
sider the dilution in 5 L of plasma, the estimated circulating
HT from the diet can be up to 10.69 uM which is in the range
of our study.

PCA is present in many foods as described in the introduc-
tion section and has been determined in human plasma in
dietetic interventions with different foods. For instance,
Castello et al.>® found 0.0059 pM PCA in plasma after dietetic
intake of grape pomace. Feliciano et al.’” found 0.11 pM after
the consumption of cranberry juice. Sawicki et al.>® reported
plasmatic concentrations of 0.24, 0.22, 0.44 pM (after de
intake of muffins made with white flour, barley, and oats
respectively). Additionally, it is a metabolite of anthocyanins
and can be detected in plasma after the consumption of food
extracts as aronia.®® Therefore, the estimation of the overall cir-
culating levels is more complex than for TYRS and HT which is
restricted to a reduced number of foods. But given reported
values in literature, it is reasonable to assume that consuming
a varied diet including whole grains, vegetables, and fruits, it
can be reached 1 pM, as used in our study.

Once in circulation, their distribution to target tissues such
as the brain relies on their ability to cross the BBB, one of the
most controlled barriers in the organism. This fact, allied to
the poor absorption, rapid metabolism, and elimination, may
limit the bioavailability, and consequently their neuroprotec-
tive efficacy.””’" However, it is not yet completely clear if these
compounds can cross the BBB or how their structure may
influence brain bioavailability. Our previous studies demon-
strated that differences in brain endothelial transport could be
related to the degree of chemical modification in gallic acid
and vanillic acid, where methylation combined with sulfation
enhanced the transport of bioavailable polyphenols metab-

Food Funct., 2024, 15, 3420-3432 | 3425


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3fo04760a

Open Access Article. Published on 18 March 2024. Downloaded on 2/16/2026 7:51:05 AM.

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

(cc)

Paper
B
150
% 1004
58
Fg
52 504
0_
- 10 100
[TYR] (upM)
C
150
4
5
£% 1004
i
EZ; 50 I
'g <
2]
o_
- 10 100
[TYR] (uM)
D
Control

150 150+
2 3
100 = 100
5% =
< w o
(= w 8
5 =
- 15)
= 50 © 50
0- 0-
20 2000
[TYRS] (uM)
150 150 -
£
£ ac_,
3 % o=
£ E 100+ g g 100
25 S§
C %’ T O
" ES ,
§$ 50 ES 50
- -
o A
0- 0-
- 20 2000
[TYRS] (uM)

TYR
10 uM

Apical
addition of
compounds
“blood
compartment”
—— HBMEC
S “brain
compartment”
150
3
100
%8
w e
=%
= 501
o-
1 100 - 20 200
[HT] (1) [SER] (uM)
150
£
83
100
58
: 8
ES s0-
-
172
0_
- 1 100 - 20 200
[HT] (sM) [SER] (uM)
TYRS HT SER
0

TEER

(% of control)

-
o (=3

oS o o
| 1 1

Sodium Flucrescein

20 uM 1M 20 uM
100 pM 2000 uM 100 uM 200 uM
20 um

View Article Online

Food & Function

150

- 1 100
[PCA] (uM)

100

{% of control)

=

1 100
[PCA] (uM)

1uM

100 pM

o
0
.-:>

Fig. 2 Effect of bioactive compounds in blood—brain barrier (BBB) integrity. Human brain microvascular endothelial cells (HBMEC) were seeded
onto semi-permeable membranes. At confluence, they were treated with the indicated concentrations of tyrosine (TYR), tyrosol (TYRS), hydroxytyro-
sol (HT), serotonin (SER) and protocatechuic acid (PCA) diluted in RPMI, or with 0.1% DMSO in RPMI (negative control), for 4 h. Schematic experi-
mental design used to assess compounds transport across the BBB (A). Alterations in BBB properties were evaluated by transendothelial electrical re-
sistance (TEER) measurements (B), paracellular permeability to sodium fluorescein evaluation (C) and immunocytochemical analysis of $-catenin
(red) (D). Nuclei were counterstained with Hoechst33342 dye (blue). All the parameters revealed no endothelial impairment by the exposure of the
bioactive compounds. Results are expressed as mean + SD of three independent experiments. Statistical analysis was performed by One-way ANOVA
and the significances are shown as *p < 0.05 vs. control.
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Fig. 3 Transport efficiency of bioactive compounds across the blood—brain barrier (BBB) endothelium. Human brain microvascular endothelial cells
(HBMEC) were seeded onto semi-permeable membranes. At confluence, they were treated for 4 h with the indicated concentrations of tyrosine
(TYR), tyrosol (TYRS), hydroxytyrosol (HT) (A), serotonin (SER) (B) and protocatechuic acid (PCA) (C). The upper and lower compartments media were
collected, and the endothelial transport was evaluated by UHPLC-HRMS/MS. The transport percentage (%) was determined by the ratio of the lower
compartment concentration and the sum of the concentration in both upper and lower compartments. All values are mean + SD of three indepen-
dent experiments. Statistical analysis was performed by One-way ANOVA. The significances are shown as ****p < 0.0001 and ***p < 0.001 between

concentrations.

olites.*® A crucial aspect to consider when studying the brain
permeation of a dietary compound is the concentration found
in circulation following dietary consumption. So, in the
present study, we used each compound at concentrations
within the range of those previously reported in circulation,
this way assuring the physiological relevance of our findings.
Another crucial aspect is to assure the safety of the tested com-
pounds in the experimental setup. Exposure of HBMEC to
TYR, TYRS, HT, SER or PCA, in the physiologically relevant
concentrations did not affect cell viability, demonstrating the
absence of toxicity to the BBB endothelium.

Despite the complexity of the BBB in vivo, where endothelial
cells are entreated by a thick basement membrane and by peri-
cytes and astrocytes end-feet, most BBB in vitro models rely on
the use of BMEC, considered to form the anatomic basis of the
BBB.*® Particularly, the cell line here used, HBMEC, has been
employed in multiple studies of BBB permeation of natural
compounds and of drug candidates,’>”* which attests its
scientific recognition and value as a simplified in vitro model
of the BBB to predict the potential BBB transport of bioactives.

Upon exposure to the compounds no HBMEC impairment
was observed based on TEER and paracellular permeability to
Na-F, revealing that the integrity of the barrier is not compro-
mised. This was reinforced by the immunostaining of
B-catenin, which revealed no changes in the expression of the
AJ protein by exposure to the compounds. Collectively, these
results attest that the BBB endothelial integrity is maintained
upon exposure to each of the MD components, therefore pro-
viding a basis for the reliability of the BBB permeation studies.
Furthermore, HT (1 pM) reduced the BBB permeability, indi-
cating that it induces the tightness of the barrier. This result is
consistent with a previous in vivo study that suggests pretreat-
ment with dietary VOO, in which HT is present, may reduce
BBB permeability.”* Based on TEER results, Mursaleen et al.”

This journal is © The Royal Society of Chemistry 2024

observed that the integrity of the BBB is not affected by HT
(10-20 pM). Our work corroborates these findings using
additionally Na-F assay and p-catenin expression analysis.
Interestingly, we recently reported an increase of HBMEC
barrier tightness upon exposure to compounds found in
chicory,”® indicating that a tightness of the BBB may be
common to different components of the MD.

Certain insults can disrupt the BBB. This is the case of
chronic stress in rats in which the tight junction (TJ) proteins
zonula occludens (ZO)-1 and claudin-5 can be reduced, as
determined by ELISA.”® Consequently, permeability measured
by Evans blue increased, promoting the brain uptake of HT
which thereafter can exert its beneficial effects. Regarding
PCA, it promoted TJ expression in vascular endothelial cells
after intracerebral hemorrhage.”” All in all, our results are
aligned with the literature up to date concerning integrity, as
these compounds do not affect it or even decrease per-
meability by increasing TJ proteins. After exposure of HBMEC
luminal surface to TYR, TYRS, HT, PCA and SER, in the
bichamber system, we have detected by means of
UHPLC-HRMS/MS the presence of each of the compounds in
the basal compartment (“brain side”), suggesting that these
compounds are able to cross the BBB endothelium towards the
brain. These results point to the brain bioavailability of mole-
cules with known neuroprotective features. TYR, TYRS, HT
were shown to cross the barrier to different extents, consistent
with previous in vivo studies indicating that TYRS and HT can
cross the BBB.*>*® After de administration to rats of 50 mg
kg ™" salidroside (a tyrosol glucoside), TYR was detected in the
cerebral tissue. These results suggest a metabolization of the
glucoside yielding TYR which eventually would pass through
BBB.”® TYR (10 and 100 pM) showed 50% transendothelial
transport through the BBB endothelium, TYRS (20 and
2000 pM) showed 30%, and HT (1 and 100 pM) showed 70%,

Food Funct, 2024,15, 3420-3432 | 3427
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for both concentrations tested of each compound. Similarly,
Mursaleen et al.”> obtained the same passing percentage for
HT at 10 and 20 pM, even when they tested a shorter incu-
bation time (1 hour). Hence, we can hypothesize that they may
pass through the BBB by passive transport.

The apparent permeability assessed by predicted logP
values for HT is higher than that of TYRS (0.85-1.19 and
0.13-0.89, respectively).”® In line with this, the present endo-
thelial transport results showed a greater ability to cross the
BBB endothelium for HT (~70%) than for TYRS (~30%).
Figueira et al®® speculated that intermolecular hydrogen
bonds could influence the BBB permeation of the polyphenols.
Thus, the ortho-diphenolic substitution present in HT may
account for the higher ability to cross the barrier than a single
hydroxyl substitution, as in TYRS. Indeed, the most efficient
hydrogen-donor systems as the one of the dihydroxy function-
ality allows the molecules to cross the barrier more freely.*’ On
the other hand, previous studies have shown that HT transport
occurs via a passive diffusion mechanism and is bidirectional
in Caco-2 cells.®

The transendothelial transport of SER (20 and 200 puM)
showed different percentages depending on the concentration
(4 and 30%, respectively). In the case of PCA (1 and 100 pM)
we also obtained different percentages (0.08 and 9%, respect-
ively). PCA has been detected in the brain of rats fed with
Danshen extract despite PCA was not present in the initial
food, but it is considered a metabolite.’” Lexchin et al®?
reported that doses up to 0.435 mg kg™ " SER do not cross the
BBB in the rat. According to these authors, the level at which
SER passes the BBB was found to be at least 0.863 mg kg ™.
This marked dose-dependent effect of SER agrees with our
results. More recently, Sharma et al.® verified that increasing
5-hydroxytryptophan, a SER precursor, the amount of SER
increased in brain. Additionally, Brust et al® demonstrated
that SER transporter mRNA is present in the brain vascular
endothelial cells. All in all, it is conceivable that SER transpor-
ters presents in the BBB, which could be involved in its
crossing.®

Figueira et al.®® proposed that the quercetin detected in the
brain may result from the degradation of conjugated forms,
which are transported across the BBB, and quercetin alone
may not be able to be transported. Accordingly, a very low
efficiency of free quercetin transport (around 8% after 18 h
incubation) was reported.®® Furthermore, using HBMEC
monolayers as a BBB in vitro model, as presently, we previously
showed that the BBB endothelium is rapidly crossed by epigal-
locatechin gallate (EGCG) and more slowly by cyanidin-3-gluco-
side (C3G), but not by quercetin.’® In the same way, the
efficiency of transport of PCA (100 pM) is also very low and
negligible for PCA at 1 pM. The fact that we detected a low con-
centration of PCA and SER in the basal compartment could be
attributed to several factors such as: a low uptake at the apical
membrane, a reduced transport through the basolateral mem-
brane, or a high metabolism/degradation. We can hypothesize
that such metabolism may occur at the BBB level, but we
cannot confirm this from our UHPLC-HRMS/MS data.

3428 | Food Funct,, 2024, 15, 3420-3432

View Article Online

Food & Function

Conclusions

Our work illustrates how bioaccessible TYR, TYRS, HT, SER
and PCA, at physiological concentrations, may cross the BBB
endothelium, a key step for their access to brain cells and exert
their neuroprotective effects. From the studied compounds,
HT presents the highest ability to cross the BBB (70%) follow
by TYR (50%), TYRS (30%), SER (30%) and PCA (9%) without
disrupting the integrity of the BBB. However, further studies
are needed to reveal how these compounds pass through the
BBB, which would expand the current knowledge on the per-
meation of these compounds through the BBB.
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