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Sesquiterpene lactones - such as those found in chicory - are considered promising bioactive compounds. These
small molecules have shown several health benefits for various diseases, including brain disorders. However, it is
unknown whether these compounds can cross the blood-brain barrier (BBB), and which could be the effects on
brain microvascular endothelial cells. We show that six sesquiterpene lactones evaluated in an in vitro model of
the BBB have different capacities to be transported through the barrier. Costunolide presented more than 20 % of
transport while lactucin, 11p-13-dihydrolactucin, 11p-13-dihydrolactucopicrin, and parthenolide presented be-
tween 10 % and 20 %, whilst almost no transport was detected for lactucopicrin. Furthermore, costunolide and
parthenolide reduced P-gp ABC transporter expression alongside an increase in caveolin-1, the main protein of
caveolae. Remarkably, these two compounds improved barrier tightness by increasing the expression of both
tight and adherens junctions. These findings open a new avenue to explore costunolide and parthenolide as

promising compounds for brain therapies.

1. Introduction

During the last years, the physicochemical properties of small mol-
ecules have aroused the interest in natural compounds to efficiently
target the brain for the treatment of neurological diseases. In this regard,
the root chicory (Cichorium intybus L.) has gained attention for its high
quantities of sesquiterpene lactones (STLs). These compounds are a large
family of molecules mainly present in plants belonging to the Asteraceae
family (e.g., chicory, feverfew). The guaianolide-type STLs lactucin (LC),
lactucopicrin (LCP), 11,13-dihydrolactucin (DHLC) and 11f,13-dihy-
drolactucopicrin (DHLCP) are the most abundant STLs in chicory, while
the structurally simpler costunolide (COS) and parthenolide (PAR) are
consider germacranolide-type precursors of different STLs. The
guaianolide-type STLs have a typical tricyclic structure and are highly
oxygenated, whilst PAR is structurally related to COS having a two-ring
structure with an additional epoxide group. Although COS does not
accumulate in chicory, it has recently been shown that, via genome
editing, STLs biosynthesis can be redirected such that COS and its

derivatives accumulate to considerable levels in chicory roots [1]. Be-
sides, in another medicinal Asteraceae species Tanacetum parthenium
(feverfew) COS is converted to PAR, which accumulates in the
trichomes.

The anti-inflammatory potential of these small molecules by target-
ing different inflammatory pathways have been reviewed elsewhere [2].
Moreover, this class of natural compounds is very promising to prevent
and/or treat brain diseases, due to their large effects in modulating in-
flammatory response pathways in brain injury models [3]. There are
only few reports in humans regarding the pharmacokinetics of STLs,
describing that these compounds are poorly bioavailable and undergo an
extensive metabolism by gut microbiota and phase-II reactions [4,5].
Nonetheless, the impressive pharmacological effects in several preclin-
ical models using novel formulations (e.g., nanoformulations) [6] war-
rant further research on whether these STLs lead to
pharmacological/biological activities and their mechanisms of action.

Among STLs, COS and PAR have shown pharmacological properties
in both in vivo and in vitro studies, with reduction of inflammation in
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brain cells, as well as with neuroprotective effects against neurological
damage [7]. Albeit in silico observations have shown the potential of
different STLs from root chicory to permeate the blood-brain barrier
(BBB) [8], the brain uptake of these STLs and their effect on BBB
permeability has not been directly examined, so far.

The BBB is the physiological barrier located between the blood and
the brain parenchyma. The BBB is formed by brain microvascular
endothelial cells (BMECs) that are surrounded by astrocyte foot pro-
cesses and pericytes. This unique structure accounts for the restricted
permeability of the brain microvasculature, which has the key function
of protecting the brain, namely by preventing the crossing of several
molecules (e.g., toxins) [9]. In turn, the BBB constitutes the major
obstacle for any molecule to reach the brain, a massive hurdle for
developing brain-targeted therapies. There are several proposed mech-
anisms by which a small molecule can cross the BBB [10]. Thus, the
exchange of molecules between the bloodstream and the brain requires
an efficient transport across the BBB that is mediated by many different
mechanisms which may occur by paracellular or transcellular routes
[10].

Small, lipophilic molecules could cross the endothelium by diffusion,
whereas other molecules enter the brain by transporter-mediated pro-
cesses, which can be categorized as carrier-mediated, adsorptive trans-
cytosis, or receptor-mediated transcytosis. On the other hand, the ATP-
binding cassette (ABC) proteins are the major efflux transporters at the
BBB level, which limit the brain entrance of multiple toxins, drugs, and
endogenous metabolites toward the brain [11]. Another important
transcellular route involves the adsorptive transcytosis process and
receptor-mediated transcytosis. In this sense, caveolar-mediated trans-
cytosis is the primary mechanism of traffic of substances across the BBB
[12], where caveolin-1 is the major component of caveolar vesicles.

The paracellular transport is restricted by tight junctions (TJs),
which tightly connect brain capillary endothelial cells to maintain the
strength of the BBB, being TJs proteins like zonula occludens (ZO)—1
used as biomarkers of the BBB integrity [10]. Other important group of
proteins are those forming adherens junctions (AJs), which give place to
a continuous belt, between adjacent endothelial cells and contribute to
the regulation of paracellular permeability [9]. For instance, p-catenin is
a key AJs protein in the BBB, and its upregulation has been suggested for
the maintenance of TJs protein assembly and barrier function. More-
over, it has been described that an increase of TJs and AJs protein
expression alleviated the cerebral inflammatory response after trau-
matic brain injury by protecting the BBB [13].

Until today, as per the best of our knowledge, the effects of STLs at
the BBB level have not been evaluated. Since novel advances in our
understanding of whether these molecules cross the BBB and their
function would help for developing innovative approaches by targeting
the brain circuits, the major aims of this work were to evaluate: i) effects
of different STLs in the tightness (i.e., integrity) of the BBB, ii) BBB
permeation of STLs and the role of the caveolae-mediated transcytosis
transport route in the BBB, and iii) the specific effects of those com-
pounds in the main TJs and AJs expression in the BBB. Advances in our
understanding whether these molecules cross the BBB and their function
in the BBB would help for developing innovative approaches for deliv-
ering drugs to brain circuits.

2. Material and methods
2.1. Chemical and reagents

Lactucin (LC), lactucopicrin (LCP), 11p-13-dihydrolactucin (DHLC)
and 11f-13-dihydrolactucopicrin (DHLCP) were acquired from Extra-
synthese (3809, 3813, 3810, 3811) (Genay Cedex, France). Costunolide
(COS), parthenolide (PAR), dimethyl sulfoxide (DMSO) (>99.9 %),
Hanks’ balanced salt solution (HBSS) and tween-20 were obtained from
Sigma Aldrich (St. Louis, MO, USA). Tris-base and glycine were pur-
chased from Carl Roth (Karlsruhe, Germany). HPLC grade acetonitrile
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and acetic acid were obtained from Merck (Saint Louis, MO, USA). Milli-
Q water purification system (Merck Millipore, Billerica, MA, USA) was
used in all experiments.

2.2. HBMEC cell line

Confluent cultures of human BMECs (HBMECs) were used as a
simplified in vitro model of the BBB. The cells were grown as previously
[14]. Before the experiments, inserts and plates were coated with rat-tail
collagen-I (BD Biosciences, Erembodegem, Belgium). All the compounds
used in the experiments were solubilized in DMSO (<0.5 %) and filter
sterilized (0.22 pm). All experiments were performed between cell
passages 22 and 27.

2.2.1. BBB transport assays

HBMECs were plated on 12 well-transwell® plates (12 mm, 0.4 pm
Pore Polyester Membrane Insert). Confluent monolayers of HBMECs
were established 5 days after seeding. Transport assays were conducted
in HBSS, supplemented with 0.1 % fetal bovine serum (FBS). HBMECs
were incubated with 5 pM of each STL in the apical side for 2 h.
Monolayer integrity was ensured in all experiments as described in the
Section 2.2.2.

To evaluate the transport of the STLs, the supernatant samples from
upper (apical) and lower (basolateral) sites were collected and kept at
—80 °C until the LC-Orbitrap MS analysis. Endothelial transport was
calculated as a percentage determined by the ratio of lower compart-
ment concentration and the sum of upper and lower compartments
concentrations, as before [14].

2.2.2. BBB integrity

Sodium-fluorescein (Na-F) paracellular permeability and trans-
endothelial electrical resistance (TEER) were measured, as previously
reported [14], to ensure the BBB integrity as well as that the crossing of
the compounds was not due to BBB disruption. The endothelial perme-
ability coefficient Pe was calculated as a percentage of variation from
control (CT). TEER readings were performed using an EVOM3 Epithelial
Volt Ohm Meter (World Precision Instruments, Inc., USA). Readings
were collected before adding the compounds (0 h) and 2 and 6 h
afterwards.

2.2.3. LC-Orbitrap-FTMS analysis

For the detection of STLs, 600 pL of the apical and basolateral sam-
ples were evaporated in a speedvac (Savant SC100, Thermo Fischer
Scientific) and resuspended in 200 pL 80 % methanol containing 0.1 %
formic acid. The extracts were prepared by brief vortex and sonication
for 15 min. Next, the extracts were centrifuged at 21,000 x g at room
temperature and the clear supernatant was used for LC-MS analysis. LC-
MS analysis was performed using a LC-PDA-LTQ-Orbitrap FTMS system
(Thermo Fischer Scientific), which consists of an Acquity UPLC (H-
Class) with Acquity elambda photodiode array detector (220-600 nm)
connected to a LTQ/Orbitrap XL hybrid mass spectrometer equipped
with an electrospray ionizator (ESI). The injection volume was 5 pL.
Chromatographic separation was on a reversed phase column (Luna
C18/2,3 um, 2.0 x150 mm; Phenomenex, USA) at 40 °C. Degassed
eluent A [ultra-pure water: formic acid (1000:1, v/v)] and eluent B
[acetonitrile:formic acid (1000:1, v/v)] were used at a flow rate of 0.19
mL min~!. A linear gradient from 5 % to 75 % acetonitrile (v/v) in 45
min was applied, which was followed by 15 min of washing and equil-
ibration. FTMS full scans (m/z 90.00-1350.00) were recorded with a
resolution of 60,000 FWHM. Quantification was performed by peak area
quantification in using the batch Thermo Xcalibur 4.0.27.19 software
(Thermo Fischer Scientific) using accurate mass of STLs with 5 ppm
accuracy. The peak area was compared to a standard curve prepared as a
dilution series of authentic standards.
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2.2.4. Fluorescence microscopy

HBMECs were seeded on 24-well plates with collagen type I-coated
coverslips (25,000 cells/well) and grown for 5 days. After the STL
treatments, the cells were fixed with paraformaldehyde 4 %, washed 3
times with PBS, and maintained in PBS at 4 °C until the immunostaining
protocol, performed no longer than 2 weeks. For the immunostaining,
the coverslips were incubated overnight at 4 °C with primary antibodies:
Z0-1 polyclonal antibody (#61-7300, 1:100, Invitrogen), caveolin-1
polyclonal antibody (#3238, 1:300, Cell Signaling Technology), f-cat-
enin polyclonal antibody (#PA5-16429, 1:100, Invitrogen) and P-gp
monoclonal antibody (#MA1-26528, 1:50, Invitrogen). The secondary
antibodies were Alexa Fluor 594 goat anti-rabbit IgG (#A-11012, 1:500,
Invitrogen) or Alexa Fluor 568 goat anti-mouse IgG (#A-11031, 1:500,
Invitrogen) and the incubation was performed for 1 h at room temper-
ature, in the dark. Nuclei were counterstained using Invitrogen™ Pro-
Long Gold Antifade Mountant with DAPI. Between incubations, cells
were washed three times with PBS. Negative controls (without primary
antibody incubation) were also performed (data not shown). HBMEC
images were acquired using a Microscope: Zeiss Axioimager Z2 (Zeiss,
Germany), using 40 X or 63 X (for P-gp expression) oil immersion ob-
jectives. Four fields per condition were acquired and evaluated for semi-
quantitative analysis. Immunofluorescence images obtained by fluo-
rescence microscopy were examined using Icy (Institute Pasteur and
France Biolmaging, Paris, France) and ImageJ (National Institutes of
Health, Bethesda, MD, USA) softwares.

Membrane, nuclei, and total cell fluorescence intensity were quan-
tified using 10 cells per field in which the area, ellipse, and polygon tools
were used, respectively, from Icy software.

B-catenin fluorescence values were acquired per field (10 cells/4
fields) through the total intensity of circled cell intensity. For ZO-1, both
membrane and cell mean fluorescence intensity, as well as membrane
gaps, were quantified in 10 cells per field, using Icy software. Caveolin-1
and P-gp were quantified using Spot Detector tool form Icy software,
considering 3 pixel size parameter. The representative images for all
evaluated proteins were obtained in ImageJ software.

2.2.5. Western blotting

HBMECs were seeded on 12-well plates (40,000 cells/well) and
grown for 4-5 days. HBMEC protein extraction was performed with lysis
buffer (Cell Signaling Technology). Samples (10 pug) and Protein Marker
VI (#10-245) prestained (Panreac Applichem, Darmstadt, Germany)
were separated by SDS-PAGE gels with 8 or 10 % gradient for 120 min at
90 V in running buffer (25 mM Tris, 192 mM glycine, 0.1 % SDS, pH
8.3). Proteins were transferred to Trans-Blot Turbo Mini 0.2 um poly-
vinylidene fluoride (PVDF) membranes using the Bio-Rad Trans-Blot
Turbo Transfer System for 7 min. Membranes were blocked with 5 %
non-fat milk (caveolin-1) or 5 % BSA in TBST (20 mM Tris, 150 mM
Nacl, containing 0.05 %. Primary antibodies were incubated overnight
at 4 °C, followed by secondary antibodies (horseradish peroxidase
conjugated, ECL anti-rabbit IgG; Sigma-Aldrich Missouri, EUA), incu-
bated for 1 h at room temperature. The blots were probed with GAPDH
Monoclonal Antibody (#AM4300, Invitrogen, 1:5000), as a loading
control. Primary antibodies used for protein detection were: caveolin-1
(#3238, Cell Signalling Technology, 1:1000), ZO-1 (#61-7300, Invi-
trogen, 2 pg/mL), and f-catenin (#PA5-16429, Invitrogen, 1 pg/mL).
Membranes were developed using Amersham ECL Prime Western Blot-
ting Detection Reagent (GE Healthcare) and chemiluminescence or
fluorescence scanned with LI-COR Odyssey Infrared Imaging System (LI-
COR, Lincoln, NE) and analysed by Image Studio Lite Version 5.2 soft-
ware (LI-COR).

2.3. Statistical analysis
The data were processed in Microsoft Excel (v2209) (Microsoft,

Albuquerque, NM, USA). All statistical analysis was performed using
GraphPad Prism 9.0 (GraphPad Software Inc., San Diego, CA, USA).
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Parametrical data were submitted to one-way ANOVA followed by
Tukey post-hoc test, and non-parametrical data were under Kruskal-
Wallis test with post-Dunnett’s multiple comparisons, with a signifi-
cance level fixed at 95 % (p < 0.05). All the results were expressed as the
mean =+ standard deviation (SD). All the experiments were performed
for at least three independent biological replicates, with at least two
technical replicates per condition. The outliers were identified using
ROUT method from GraphPad Prism 9.0.

3. Results
3.1. Sesquiterpene lactones (STLs) are transported across the BBB

Lactucin (LC), lactucopicrin (LCP), 11p,13-dihydrolactucin (DHLC),
118,13-dihydrolactucopicrin (DHLCP), costunolide (COS) and parthe-
nolide (PAR) are considered STLs with well-described anti-inflammatory
and neuroprotective pharmacological properties. However, whether
these molecules can cross the BBB has not been evaluated so far. In order
to disclose the BBB permeability of these six STLs (Fig. 1A), 5 pM was
chosen as the highest non-toxic concentration of all the compounds in
HBMECs after 6 h of incubation (Supplementary Fig. 1).

A well-validated HBMEC two-chamber BBB model was used [14].
The STLs were added to the upper chamber (apical side), mimicking the
blood site, where the HBMECs formed a monolayer. Their putative
transport through the BBB from “blood” to the “brain” was assessed
based on quantification of each compound in both compartments after
2 h of incubation (Fig. 1B) by LC-MS. Different percentages of BBB
transport were observed for each one of the STLs evaluated (Fig. 1C),
suggesting that these compounds transported from the blood to the brain
differently. Whereas COS showed a transport efficiency of 25.8 %, being
the compound most effectively transported, PAR was the second com-
pound that showed the greatest capacity to be transported (14.5 %).
Nonetheless, LC, DHLC, and DHLCP showed values of transport close to
PAR. LCP displayed the lowest capacity to cross the BBB, with an almost
negligible BBB transport of 0.33 %.

In order to ensure that the differences in BBB transport did not derive
from alterations in the integrity of the BBB, the paracellular perme-
ability of Na-F was assessed in all the conditions (Fig. 1D). The results
showed that any of the treatments increased the Na-F permeability
compared with the untreated cells (CT), reflecting that the crossing of
these compounds from the “blood” to the “brain” was not a consequence
of an eventual disruption of the BBB. Surprisingly, COS and PAR treat-
ments showed a significant (p < 0.05) decrease of the Na-F paracellular
permeability, which may suggest that COS and PAR by reducing the
permeability between adjacent cells, may be increasing BBB tightness.

Knowing these STLs’ BBB permeability after 2 h, we decided to
evaluate whether these STLs sustain the effects for a more prolonged
time. We observed that, after 6 h of incubation, the paracellular
permeability of Na-F in presence of these STLs remained lower than in
CT cells (p < 0.05 and p < 0.01 for COS and PAR, respectively Fig. 1E).
Accordingly, the barrier integrity was also confirmed by measurement of
the transendothelial electrical resistance (TEER) values at 0, 2 and 6 h
(Fig. 1F). After 2 h of incubation, COS and PAR showed higher TEER
values than in the CT cells, albeit only PAR showed statistical signifi-
cance (p < 0.05) compared to CT. Nonetheless, both COS and PAR
increased TEER in HBMECs at 6 h of incubation (p < 0.05), which re-
inforces the enhanced barrier tightness promoted by these STLs.

Altogether, our observations support the hypothesis that some STLs
present in chicory are BBB-permeant compounds, and also could be new
promising compounds to boost the BBB by improving the barrier
tightness.

3.2. HBMECs metabolize STLs in glutathione conjugates

In order to perceive if the differences in BBB transport of STLs could
derive from the appearance of new end-route metabolites at “blood” or
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Fig. 1. Performance of sesquiterpene lactones (STLs) in the blood-brain barrier (BBB). (A) Chemical structures of the STLs tested in this study. (B) Experimental
design used to assess the transport of STLs across HBMECs as an in vitro model of the BBB. (C) Endothelial transport of the STLs after 2 h of incubation. Endothelial
transport is presented as percentage (%) determined by the ratio of the lower compartment concentration and the sum of the upper and lower compartments
concentrations. (D) Mean of apparent permeability coefficient (Pe) values for Na-F at 2 h for vehicle with 0.5 % DMSO (control, CT) and for all STLs. (E) Pe values for
Na-F at 6 h for CT, COS and PAR. (F) Transendothelial electrical resistance (TEER) in HBMECs for CT, COS and PAR at different time-points. Statistical differences are
denoted as *p < 0.05 or **p < 0.01 relatively to CT. All data are presented as means + SD (n = 3-4).

“brain” sides by phase II metabolism already described for HBMECs, LC-
MS analysis using Orbitrap-FTMS was performed (Fig. 2; Supplementary
Fig. 2). The LC-Orbitrap-FTMS analysis revealed that, besides free STLs,
also glutathione S-conjugates (GSH) of different STLs were detected
after 2 h of incubation with the HBMECs. The appearance of conjugates
was detected predominantly in the apical side.

Unfortunately, due to the lack of the GSH metabolites standards, the
formation of these metabolites could not be quantified, which hampered
the possibility to quantitatively compare the different compounds
metabolism by HBMECs.

Although the formation of other potential phase-II metabolites as
glucuronides, sulphates and cysteine conjugates has been previously



M.A. Avila-Galvez et al.

LC-GSH
1x106 -
9x105 ®
2
=]
T 8x10°\
N\
§ 6x105 ‘
<
3105
[ X )
0 -
SN
\’» \W’o
é\o'b &
v ®
&
COS-GSH
6x106
4x106
(72
Q
=
§ 2%10° .
© »
O 8x105-
<L
5107 _;!Ii;1
0 L] L]
SN o
> A
R 0‘
w &
O
&

Biomedicine & Pharmacotherapy 167 (2023) 115413

LCP-GSH
3x106-
e
, 2¥10°
(]
=]
S 1x108 Y | e I
\\
S 8x105 e
<
4%105-]
0 -
Ol Ol
Q xS
v 5,0\’0
Qo
PAR-GSH
6%107-
4%107-
/2]
S 2x107- ®
= 4x105 \
.
2%106- o
0 . .
o SN
>
& &
v 9o\"’
@%

Fig. 2. Formation of glutathione S-conjugates (GSH) with different STLs in HBMECs. Presence of GSH-conjugates after 2 h of incubation with lactucin (LC),
lactucopicrin (LCP), costunolide (COS) and parthenolide (PAR) at 5 uM in the apical and basolateral sides of the BBB in vitro model.

reported in HBMECs [14], we did not detect these conjugates in our
study. However, we cannot discard potential formation of other STL
conjugates for longer incubation times.

It should also be pointed out the low amount of GSH conjugates in
the basolateral side vs apical side after 2 h of incubation with the STLs
(Fig. 2). This fact could be explained, at least in part, due to the normal
GSH turnover process to maintain cell homeostasis [15] or even as an
important detoxification mechanism by the cells [16].

Overall, our results show the formation of GSH conjugates from
different STLs by HBMECs. These metabolites appear in the “blood” side
but eventually can also be transported towards the “brain” side.
Therefore, the possible bioactivities of these conjugates deserve further
exploration at the BBB and brain levels.

3.3. Caveolae vesicles formation is promoted in the presence of COS and
PAR

Transcytosis is the transcellular transport of molecules via vesicles,
with caveolin-1 being the major structural protein of caveolae, which
are critically involved in vesicular trafficking and cell signalling (i.e.,
drug delivery through the BBB). Since COS and PAR are lipidic mole-
cules here shown to cross the BBB, we decided to evaluate if these STLs
could alter caveolin-1-positive vesicles’ formation and/or expression
(Fig. 3).

As shown in the immunofluorescence images, both with COS and

PAR treatments for 2 h a significant increase (p < 0.001) in caveolin-1-
positive vesicles was observed (Fig. 3A, B), albeit overall protein levels
of caveolin-1 were not affected by the treatments (Fig. 3C). Moreover,
the spot analysis of caveolin-1-positive vesicles demonstrated an in-
crease in the total number of caveolae in HBMECs when exposed both
COS and PAR (Fig. 3D, E), without alteration in the vesicle size (Fig. 3F).

Previous studies have described a physical interaction between P-gp
and caveolin-1, and that the interaction leads to a down-regulation of P-
gp function [17]. Since P-gp is primarily localized in the plasma mem-
brane, its presence in other cellular compartments (like the Golgi and
endoplasmic reticulum) have also been reported [18]. Thus, we aimed to
elucidate the impact of COS and PAR on P-gp, via immunofluorescence
analysis in HBMECs.

From our data, no major changes were observed in the P-gp locali-
zation in the cells with the different treatments (Fig. 3G). Nonetheless,
from the semi-quantitative analysis, we observed a reduction in P-gp
immunoreactivity following incubation with either 5 pM of COS or PAR
(Fig. 3H). These findings may point to a reduction of P-gp with both STL
treatments.

Collectively, our results suggest an association between transcellular
hyperpermeability (via an increase in caveolae vesicles formation) of
these compounds across the BBB concomitant with P-gp reduced
expression. These findings support the role that caveolin-1 may have in
the transport towards the brain observed for COS and PAR at 2h
(Fig. 1C).
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side, respectively) and (E) semi-quantitative analysis revealed an increase in the number of vesicles with COS and PAR incubation for 2 h. Scale: 5 pixels (1 pix-
el=72.1 nm). (F) Size (nm) of caveolin-1-positive vesicles corresponding to detected spots in each analysed cell. Graph bars represent the mean + SD and the in-
dividual values for each cell (90 cells were evaluated from each condition, n = 3). (G) Immunofluorescence detection of P-gp (green). Nuclei stained with DAPI
(blue). (H) Semi-quantitative analysis using the algorithm-based detected spots in the image analysis software. Graph bars represent the mean + SD and the indi-
vidual fluorescence values for each cell (120 cells were evaluated from each condition, n = 3). One-way ANOVA with Dunnett post hoc was used to evaluate the
significant differences between COS and PAR treatments vs control (CT). ***p < 0.001 or **p < 0.01.
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3.4. COS and PAR promote the expression of adherens and tight junctions
proteins

Since the observed effects of COS and PAR in reducing Na-F
permeability and increasing TEER values could be associated with ef-
fects at the levels of AJs and/or TJs proteins, we decided to explore the
putative effects of both COS and PAR in paracellular hallmarks of BBB
integrity, which could be related with an improvement in the barrier
tightness.

For this, we opted for the evaluation of B-catenin, and ZO-1 as the
two most representative AJs and TJs proteins, respectively, in this
particular cell line [19].

Firstly, we analysed the expression of the AJ protein p-catenin, that is
a fundamental protein to intercellular adhesion involved in supporting
cadherin association and regulating out-in signalling processes [9]. No
significant changes were detected in p-catenin expression with the
treatment of COS and PAR for 2 h (Fig. 4A, C). By contrast, after 6 h of
incubation, an increased f-catenin expression, mainly in the cell mem-
brane, was observed for treatment with COS, which was corroborated by
the corresponding semi-quantitative analysis (p < 0.05 compared with
the CT cells, Fig. 4B). However, the expression protein levels of p-catenin
by both COS and PAR at 6 h, were significantly higher (p < 0.001) than
CT cells (Fig. 4D).

On the other hand, TJs serve as a boundary between the composi-
tionally distinct apical and basolateral plasma membrane domains of
HBMECs. Since ZO-1 is a TJs protein with a key role in BBB properties
[9], we explored how COS and PAR could affect to the expression of this
protein.

Concerning ZO-1, it can be appreciated the existence of more
membrane gaps (yellow arrows) in the CT cells comparatively to the
ones treated with COS or PAR after 2 and 6 h of incubation (Fig. 4E, F),
supporting the observations that the fluorescent intensity of membrane
Z0-1 in the cells treated with PAR or COS remained more stable and
with fewer gaps. The semi-quantitative analysis of the number of gaps
per cell confirmed that both COS and PAR reduced the membrane ZO-1-
related gaps at 6 h (Fig. 4F). Nonetheless, already at 2 h, COS showed a
trend to decrease the number of gaps-related ZO-1, whilst PAR showed a
significant reduction (p < 0.05). Regarding the ZO-1 protein expression,
both COS and PAR showed a significant increase at 2 and 6 h compared
with CT cells (Fig. 4G, H).

Important to notice, the effects were different in terms of timing with
the incubation of the compounds. We observed that these STLs produced
a reduction in ZO-1-related gaps at 2 and 6 h with a consequent higher
expression of ZO-1, explaining the observed reduction of Na-F perme-
ability at the 2 and 6 h (Fig. 1D, E). Moreover, p-catenin expression was
only significantly increased by COS and PAR for prolonged time of
exposure tested (6 h), which is in agreement with the higher TEER
values observed at 6 h (Fig. 1F).

Collectively, our data supports the role that COS and PAR have in
boosting barrier properties via modulation of TJs and AJs proteins.

4. Discussion

In recent decades, there has been an increasing demand for devel-
oping effective novel drugs from natural products with less side effects
and more potency than conventional synthetic molecules. The first step
towards achieving this goal would be to identify molecules from a
structural diversity and bioactivities found in nature that could be used
as starting points for optimization. Targeting brain cells through
crossing the BBB and, mechanistic insight into how transport is gov-
erned could lead to improved therapies. In the present work, we showed
for the first time that different STLs are brain permeable compounds
using an in vitro validated BBB system [20]. These results are in agree-
ment with the predicted parameters BBB scores of these compounds
using an in silico tool [8]. One of the most useful parameters to predict
the BBB permeability of a small compound is its brain/blood partition
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coefficient (QPlogBB) value, which must be in the range of —3 to 1.2.
Matos et al. reported the QPlogBB sequence obtained was as follows COS
and PAR, as the more permeable compounds, whereas DHLC, LC,
DHLCP, LCP were similar among them [8]. These results are consistent
with our in vitro results, showing higher BBB transport for COS and PAR.
However, the QlogBB only reflects the passive diffusion of the com-
pounds, and the potential active transport of these compounds is not
accounted, raising the interest to better understand if other mechanisms
of transport, as caveolae-mediated transcytosis could take part. Impor-
tantly, COS and PAR have already been described as neuroprotective
compounds against neurological damages [7]. To the best of our
knowledge, this is the first study which indicates the significant ability
of COS and PAR to cross the BBB.

In our study, we showed that out of the six evaluated STLs, only COS
and PAR decreased the Na-F permeability and increased the TEER values
in HBMECs at 5uM after short incubation periods (2 and 6 h). We
postulate that these observed differences may be related, at least
partially, with the dissimilar structures of these molecules. In this sense,
COS and PAR are germacranolide-type precursors molecules, which
have a different structure than the guaianolide-type STLs, namely LC,
LCP, DHLC and DHLCP. The chemical structure of COS and PAR, which
contain two rings, are less oxygenated and with a lower molecular
weight compared with the other studied STLs, potentially explaining the
differences in the BBB permeability and in the ability of decreasing the
Na-F permeability observed with both compounds. Despite the effects of
these STLs on BBB integrity have not been explored so far, many natural
compounds from the terpene class displayed therapeutic benefits
through the protective effects in BBB models. For instance, salvinorin A,
a terpenoid, has been shown to prevent BBB leakage in a rat model of
middle cerebral artery occlusion and in HBMECs with oxygen-glucose
deprivation [21]. Another example is dihydroartemisinin, a derivative
of artemisinin, which is also a STL compound, described to be involved
in the pathogenesis of sepsis-associated encephalopathy either in a
mouse sepsis model and in a tumour necrosis factor o (TNF-a)-stimu-
lated human cerebral microvessel endothelial cells (hCMEC)/D3 cell
line. The described decrease of BBB permeability by dihydroartemisinin
was concomitant with an increase of the expression on the TJs protein
occludin, both in animals and in cells [22]. In a recent study using a BBB
model from rat primary cells the drug fasudil, a vasodilator for the
treatment of cerebral vasospasm, has shown its ability to decrease the
Na-F permeability at 1 and 10 uM after 24 h of treatment, with a
consequent increase in TEER values, and an increase of the expression
levels of TJs and AJs proteins. These effects in the BBB cells appear to be
directly related with the reducing endothelial injury elicited in acute
ischemic stroke [23]. Our results support all these observations and
reinforce the role that STLs, as BBB permeant compounds, may have not
only as neuroprotective but also by promoting BBB tightness.

In this study we also have described for the first time the formation of
GSH conjugates from STLs in human endothelial cells from brain cap-
illaries. The conjugation to glutathione was previously shown to affect
STLs bioactivity. In particular, the presence of the exomethylene moiety
would be behind the ability to deplete cellular thiols [24]. Importantly
to mention, no conjugation was observed for DHLC and DHLCP, which is
in line with the fact that the exomethylene moiety in these compounds is
reduced, meaning that it is not available for this conjugation [24]. The
role of GSH in the formation of glutathione S-conjugates is a well-known
pathway for the membrane transport of the multidrug
resistance-associated proteins’ (MRP) substrates and a critical step in the
elimination of many endogenous and exogenous molecules [15]. In a
previous study, GSH metabolites were not detected in Caco-2 cells using
the same 6 STLs investigated in this study [8]. However, these authors
and previous reports suggest that the detected cysteine conjugates may
result from GSH conjugates formed in the cells and then hydrolysed by
the brush border membrane enzymes [8,25]. Once GSH conjugates are
formed by the cells, the exportation from the cell is carried out mainly by
MRPs, in order to control the cellular redox status, delivery of cysteine,
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export of signalling molecules, elimination of xenobiotics and reactive
metabolic intermediates, as well as to control cell differentiation, pro-
liferation, and apoptosis [15,25].

One important mechanism of transport towards the brain is trans-
cytosis in which caveolin-1 is a fundamental protein as the main protein
constituent of caveolae [26]. Some molecules such as albumin, insulin,
and lipidic molecules are known to undergo endothelial transcytosis
enhancing caveolae vesicles formation [27]. Moreover, previous studies
have described a physical interaction between P-gp with caveolin-1, and
that the interaction leads to a down-regulation of P-gp function [17].
Although the precise mechanism of this interaction remains controver-
sial, the role of caveolin-1 as scaffolding protein with a consequent
down-regulation in the sequestered proteins, is well-described [26].
Thus, we may speculate that the increase of caveolin-1-positive vesicles
observed in the presence of COS and PAR could not only support brain
uptake of STLs but also be somehow related with the reduction of P-gp
observed in our study. It should be pointed out that direct interaction
has been reported to occur between caveolin-1 and P-gp, forming a
detergent-insoluble complex that localizes within the caveolar mem-
brane and will remain in membrane fraction of the protein extract [17,
28]. In this regard, under our assay conditions we would lose caveolin-1
and P-gp complex signal in the western blot, since we just used a general
lysis buffer with a mild detergent (e.g., 1 % Triton-X). In fact, according
to previous works [17] a specific fractionation process is required to
evaluate the real protein levels corresponding to P-gp and caveolin-1
complex, that remains in the insoluble membrane fractions. Indeed,
we detected an increase of caveolin-1-positive vesicles by immunoflu-
orescence and a steady level of soluble caveolin-1 after COS and PAR
treatments by WB, suggesting that both compounds may be affecting
caveolin-1 vesicles formation, possibly via an increase in its synthesis or
by the inhibition of its degradation. Nevertheless, additional informa-
tion about the direct interaction between the P-gp and caveolin-1 in the
presence of COS and PAR will require further studies.

Importantly to mention, caveolae vesicle formation in the BBB cells
reflects an enhancement of the transport of a wide range of molecules
[27], raising the possibility that even transport to the brain of nucleic
acids, nanoparticles, and other molecules, could be enhanced by COS
and PAR treatments. Transcytosis is normally actively suppressed in
brain endothelial cells to ensure barrier integrity; therefore this process
is dynamically regulated during development and disease [12]. Having
small molecules like STLs that have the capacity to modulate this
mechanism could constitute a promising strategy to facilitate brain
therapeutics.

Finally, the increase observed with COS and PAR in the expression of
the AJs and TJs proteins could mitigate the BBB damage associated with
numerous harmful processes that occur in brain diseases since these
proteins are key players in BBB homeostasis and valuable indicators of
barrier integrity. Once there are no reports about the activity of STLs in
those proteins, we can only compare our results with previous studies
where other natural small molecules or terpene-like structures were
evaluated. In this regard, an in vivo study reported that the intraperito-
neally administration of the pentacyclic triterpenoid, oleanolic acid,
reduced the permeability of BBB and relieved brain edema by increasing
protein expression of TJs and AJs in rats [29]. On the other hand, Guo
et al. reported bilobalide (terpene trilactone compound) changed the
ultrastructure of TJs with no changes in the protein expression levels
[30]. For other small molecules (e.g., polyphenols), studies both in in
vitro and in vivo models have reported their beneficial effects in the BBB
integrity by increasing these proteins. For instance, quercetin-3-O-ga-
lactoside was shown to protect against BBB injuries induced by either
oxidative stress or angiontensin II-induced apoptosis, by increasing the
expression of ZO-1 in the BBB [31]. Moreover, the administration of
vanillin exerted an increment of ZO-1 levels with consequent neuro-
protection on neonatal rats by alleviating oxidative stress damage and
preserving BBB integrity [32]. Therefore, our results open the door to
explore whether COS and PAR could boost BBB properties and mitigate
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brain damage from traumatic and nontraumatic injuries in the brain.
Finally, it should be pointed out the differences observed between COS
and PAR increased ZO-1 expression at only 2 h while an increase in
B-catenin expression was observed only after 6 h of incubation. Inter-
estingly, evidences support COS and PAR potential to interact with
opioid receptors and modulate their activity [33,34]. Although it is just
a matter of speculation, previous studies have shown that activation of
opioid receptors can upregulate expression of ZO-1 in BBB endothelial
cells leading to increased barrier function [35], which may help to
explain (at least partially) a faster action of these compounds in ZO-1
than on p-catenin expression. Overall, this study provides a step for-
ward for future studies to unravel the role of these STLs against systemic
and brain inflammation.

5. Conclusions

The present data show that the natural small molecules STLs have the
capacity to cross the BBB endothelium. Further molecular analysis
revealed that both COS and PAR increased the protein levels of AJs and
TJs proteins, namely f-catenin and ZO-1, respectively. COS and PAR
decreased the paracellular permeability in the BBB, increasing ZO-1 at
short and longer time of incubation and reducing the number of ZO-1
membrane gaps, whereas the effects in B-catenin were seen at longer
time of exposition. Another important finding is that COS and PAR lead
to an increment in caveolin-1 vesicles formation with a concomitant
decrease of P-gp transporter.

Overall, COS and PAR can be considered novel compounds for future
in vivo studies that can reinforce their use as co-adjuvants and/or
nutraceuticals for brain disorders. The structural diversity of STLs found
in the plant kingdom is immense and with increasing knowledge on their
biosynthesis, these can be produced via recombinant techniques using
microbes or in planta. In the near future, more advances in its phar-
macokinetics and in the nanotechnology of STLs formulations should be
pursuit.
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