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RESUMEN

Entre los compuestos naturales bioactivos, los triterpenoides pentaciclicos
son conocidos por sus efectos farmacolodgicos y gran versatilidad, entre los cuales,
el acido oleandlico (AO), es conocido por sus propiedades antitumorales,
antiinflamatorias, antioxidantes o hepatoprotectoras. La distribucion de este
compuesto es amplia entre especies vegetales, especialmente en el olivo, una planta
muy utilizada en el Mediterraneo por su alto valor nutricional. Normalmente, el
aceite de oliva se obtiene del prensado de las aceitunas, mientras que los
subproductos resultantes de las aceitunas se desechan. Sin embargo, estos
subproductos contienen altos niveles de AO y pueden aprovecharse para extraer
este compuesto. En cuanto a sus propiedades, el AO posee efectos sobre la
cicatrizacion de heridas, aunque en la actualidad no estan estudiados
completamente. La cicatrizacion es un proceso fisioldgico necesario para la
restauracion del tejido después del dafio en la piel. Es un proceso finamente
regulado que depende de la secuencia correcta de varias fases, con el objetivo de
regenerar el tejido y cerrar la herida. Diferentes tipos celulares desempefian un
papel fundamental en este proceso: las células epiteliales proliferan y migran para
cerrar la herida, las células inmunitarias controlan el entorno inflamatorio causado
por la lesion junto con las células endoteliales, que proliferan, migran y forman
nuevos vasos sanguineos para la regeneracion del tejido. Curiosamente, se ha
demostrado que el AO promueve la migracion celular desde los bordes de la
herida. Lamentablemente, se necesita estudiar en profundidad los efectos
moleculares subyacentes a este fendémeno. Es mas, la naturaleza lipofilica del AO
dificulta su aplicabilidad en soluciones acuosas debido a su baja solubilidad en
agua, lo que da como resultado efectos limitados del AO, presentando una baja
biodisponibilidad. La presente tesis doctoral se ha centrado en el estudio de estos
aspectos y caracteristicas de la cicatrizacion de heridas bajo los efectos del AO, para
desentrafar sus mecanismos moleculares en la biologia celular. Al mismo tiempo,
este estudio ha recurrido a nuevos agentes encapsulantes, las ciclodextrinas, como
candidatos adecuados para la administracion de AO y para mejorar asi su
manipulacion, conservacion y aplicabilidad en modelos celulares in vitro. Para

estos fines, los modelos de células epiteliales MvlLu y MDA MB 231 se trataron



con AO en ensayos de scratch, para imitar lo que sucede en un epitelio después de
una lesidon. Este enfoque se complementd con el estudio de proteinas clave
relacionadas con la migracion celular EGFR, MAP quinasas ERK y JNK, y c-Jun.
Ademas, también se estudiaron proteinas de la arquitectura celular: actina, paxilina
y FAK; las cuales se observaron en la migracion del frente celular. Ademas, el AO
se estudid también en células endoteliales, mediante el uso del modelo de células
humanas endoteliales de la vena de cordén umbilical (HUVEC). Ademas, se
utilizaron HUVEC, afectadas por hiperglucemia (GD-HUVEC) o no (C-HUVEC),
para observar los efectos promotores del AO sobre la angiogénesis. Ademas, con el
objetivo de imitar lo que sucede en el tejido de la herida bajo inflamacidn, estas
células fueron sometidas a un estimulo pro-inflamatorio mediante la citoquina
TNF-a, después del pretratamiento con AQO, para estudiar la expresion de las
moléculas de adhesién E-selectina, I-CAM1y V-CAM]1, un andlisis complementado
con el ensayo de adhesién de monocitos. Paralelamente, para desarrollar unanueva
formulacion para el AQO, éste se complejo con hidroxipropil beta y gamma
ciclodextrinas (HP-p- y HP-y-CDs). La adicion de un paso de deshidratacion por
liofilizacién fue critica para permitir la aplicacion de los complejos de AO
resultantes (AO/HP-3-CD, AO/HP-y-CD) en los ensayos in vitro. Mas adelante, se
testd la actividad biologica de estos complejos en células MvlLu y MDA MB 231,
ya que son buenos biosensores de la actividad del AO. Todos estos estudios
alcanzaron numerosos y prometedores resultados sobre el uso de AO en
cicatrizacion. Las células epiteliales mostraron una sobreexpresion y fosforilacion
de c-Jun en las células del borde de la herida en respuesta a AO en ensayos de
scratch. Sorprendentemente, las proteinas clave en migracion celular EGFR, ERK,
JNK y c-Jun, bajo el tratamiento conjunto con AO e inhibidores farmacoldgicos
revelaron una activacion temprana de c-Jun independiente de EGFR. El estudio de
las proteinas de sefalizacion nos ayudd a observar que la migracion celular
desencadenada por AO es impulsada por un mecanismo bifdsico con la
participacion del eje JNK/c-Jun y, posteriormente, el eje EGFR/MEK/ERK/c-Jun.
Ambos ejes parecian contribuir a la migracion celular inducida por AO y podrian
estar intercomunicados por receptores GPCR. Ademas, los ensayos de migracion
del frente celular revelaron cambios en la arquitectura de las células epiteliales por
AQ, al observar modificaciones en la F-actina, la distribucion de la paxilina, el

numero y tamano de las adhesiones focales, la activacion de FAK y la colocalizacion



de FAK/paxilina. Todos estos efectos fueron coherentes con el mecanismo bifdsico
de sefalizacion inducido por AQO. Respecto a las células endoteliales, el
pretratamiento con AO mostro la atenuacion de los efectos pro-inflamatorios de
TNEF-a, al provocar la reduccion en la expresion de V-CAM1, I-CAM y E-selectina.
Esto correlaciono positivamente con la reduccion de la adhesion de monocitos a las
HUVECs por AO. Sorprendentemente, el AO también rescato varias caracteristicas
afectadas de la angiogénesis de GD-HUVEC. Por otra parte, el AO indujo la
migracion de C- y GD-HUVEC en ensayos de scratch, un efecto promotor que se
correlaciond con el aumento en el nimero de adhesiones focales revelado por la
paxilina. Finalmente, la complejacion de AO en ciclodextrinas, mostré altas tasas
de encapsulaciéon y mejor solubilidad en agua en medios de cultivo celular. Cabe
destacar que la nueva formulacién de los complejos de AO mantuvo la actividad y
la conservacion del AO durante largos periodos de tiempo. Ademas, la actividad
de los complejos se testd en células MvlLu y MDA-MB-231, mostrando una
migracion celular mejorada al exhibir el reclutamiento de un alto numero de
células, en las que también fue patente la sobreexpresion de c-Jun a lo largo del
borde de la herida. Asimismo, los complejos de AO desencadenaron una migracion
compatible con la observada con AO libre, ya que indujeron la activacion de EGFR,
MAP quinasas y c-Jun. Estos efectos también mostraron la dinamizacién de
paxilina y actina, junto con el aumento del nimero de adhesiones focales.
Notablemente, los complejos de AO impidieron que las células epiteliales sufrieran
efectos los citotoxicos leves del AO. En resumen, esta tesis doctoral muestra un gran
potencial del AO para la cicatrizaciéon de heridas debido a la mejora de varios
aspectos de la cicatrizacion por sus efectos positivos sobre las células epiteliales y
endoteliales. De hecho, el AO desencadena un fino mecanismo molecular que acttia
en estas células y que vale la pena descifrar en su totalidad. Ademas, su nueva
formulacion mejorada con ciclodextrinas impulsa al AO como un agente
cicatrizante para tratar heridas agudas y cronicas en el futuro, una afeccion que
normalmente requiere mucho tiempo y conlleva tratamientos costosos. Por estos
motivos, la formulacion de AO podria utilizarse como un tratamiento alternativo
para evitar estos problemas y mejorar la regeneracion de la piel y, en definitiva, la

vida de los pacientes.
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ABSTRACT

Among natural bioactive compounds, pentacyclic triterpenoids are known
for their pharmacological effects and their chemical versatility, among which,
oleanolic acid (OA) is known for its antitumoral, anti-inflammatory, antioxidant,
or hepatoprotective properties. Of relevant significance is the widespread
distribution of this bioactive compound among plant species, especially in the olive
tree, an edible plant very commonly-used in the Mediterranean. Usually, olive oil
is obtained from pressing olives, and the resulting by-products of olives are
discarded. However, these by-products contain high OA levels and can be
exploited. Among OA’s properties, its effects on wound healing are important,
although they are not yet fully understood. In case of injury, wound healing is the
physiological process needed for skin restoration. It is a tightly regulated process
that depends on the correct sequence of several phases to finally reach skin-tissue
integrity. Relevant cell types play a pivotal role in this process: epithelial cells
proliferate and migrate to close the wound, immune cells manage the inflammation
milieu caused by injury together with endothelial cells, which proliferate, migrate,
and form new blood vessels for tissue regeneration. Interestingly, it has been
shown that OA promotes cell migration from wound edges. Regrettably, the
molecular effects underlying this phenomenon have not been fully deciphered yet.
Furthermore, OA's lipophilic nature hampers its applicability in aqueous solutions
due to its poor water-solubility, resulting in limited OA effects with low
bioavailability. The present doctoral thesis focused on the study of these
wound-healing aspects and features under the effects of OA, to unravel its
molecular impact on cell biology. Simultaneously, this study has resorted to novel
microcarriers, cyclodextrins, as suitable candidates for the delivery of OA and for



improving its handling, conservation, and applicability on in vitro cell models. For
these purposes, epithelial cell models MvlLu and MDA-MB-231 were treated with
OA in scratch assays in order to mimic what happens in an epithelium after injury.
This approach was complemented with the study of key proteins related to cell
migration, EGFR, MAP kinases ERK and JNK, and c-Jun. Additionally, cell
architecture proteins, namely actin, paxillin, and FAK, were studied on the
migration cell front. Furthermore, OA was also studied in endothelial cells, by
using the human umbilical vein endothelial cell (HUVEC) model. Moreover,
HUVECs, affected by hyperglycemia (GD-HUVECs) or not (C-HUVECs), were
used to observe OA promoting effects on angiogenesis. Moreover, with the
objective of mimicking what happens in the wound tissue under inflammation,
C- and GD-HUVECs were subjected to a pro-inflammatory stimulus by cytokine
TNF-a, after OA pre-treatment, to study the expression of adhesion molecules
E-selectin, I-CAM1 and V-CAMI, an analysis which was complemented with
monocyte adhesion assays. To set a new formulation for OA, the triterpenoid was
complexed in modified hydroxypropyl beta and gamma cyclodextrins (HP-f3 and
HP- y-CDs). Interestingly, the addition of a dehydration step by freeze drying was
essential to allow for OA complexes (OA/HP-3-CD, OA/HP-y-CD) application on
in vitro assays. Then, the biological activity of these OA complexes was tested in
Mv1Lu and MDA-MB-231 cells, as they are good biosensors for OA activity. All
these studies yielded numerous and promising results of OA in wound healing.
Epithelial cells responded to OA by showing c-Jun overexpression and
phosphorylation in cells at wound edge in scratch assays. Strikingly, key cell
migration proteins EGFR, ERK, JNK, and c-Jun, under co-treatment with OA and
pharmacological inhibitors, revealed an early activation of c-Jun that was
independent of EGFR. The study of signaling proteins helped us to observe that
OA-triggered cell migration is driven by a biphasic mechanism with the
participation of the JNK/c-Jun axis and, later, the EGFR/MEK/ERK/c-Jun axis. Both
axes seemed to be contributing to OA-triggered cell migration and might be
intercommunicated by GPCR receptors. Additionally, cell front migration assays
revealed changes on the architecture of epithelial cells induced by OA, such as
modifications in F-actin, paxillin distribution, focal adhesion number and size, FAK
activation, and FAK/paxillin colocalization. All these effects were coherent with the

OA-induced signaling biphasic mechanism. Regarding endothelial cells, the OA



pre-treatment showed the attenuation of TNF-a pro-inflammatory effects, by
reducing the expression of V-CAM1, I-CAM and E-selectin. Coherently with this,
monocyte adhesion was reduced by OA. Strikingly, OA rescued several affected
features of angiogenesis in GD-HUVEC. Additionally, OA induced the migration
of C- and GD-HUVEC: in scratch assays, a promoting effect that correlated with
the increase in the number of focal adhesions revealed by paxillin. Finally, OA
complexation with HP-B and HP-y-CDs, followed by a dehydration step, showed
high-efficiency encapsulation rates and better water solubility in cell culture media.
Moreover, the new formulation preserved OA stability and activity for long-term
storages. Surprisingly, OA complexes” activity tested in MvlLu and MDA-MB-231
showed improved cell migration by exhibiting the recruitment of a large number
of cells, which was also patent with the overexpression of c-Jun across the wound
edge. Furthermore, OA complexes triggered a migration that was compatible with
the one seen with free OA, since they induced the activation of EGFR, MAP kinases,
and c-Jun. These effects also modified the architecture of the cells by showing
paxillin and actin dynamization and an increased number of focal adhesions. In
addition to these effects, OA complexes protected epithelial cells from OA mild
cytotoxic effects. In summary, this doctoral thesis shows great OA potential for
wound healing because of its improvement of several aspects of wound healing
and its positive effects on epithelial and endothelial cells. Indeed, OA triggers a fine
molecular mechanism that acts on these cells and is worth deciphering in its
entirety. Furthermore, its improved application with cyclodextrins prompted OA
as a wound healing agent to treat acute and chronic wounds in the future, a
condition that is time-consuming and entails expensive treatments. For these
reasons, OA formulation could be used as an alternative treatment to avoid these

issues and improve skin regeneration.
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I- INTRODUCTION

In recent years, there has been widespread interest on new active compounds
with health benefits for treating several pathologies. Numerous studies have
demonstrated the feasibility of isolating and characterizing plant-derived
compounds that possess biological activities, thus facilitating the development of
novel pharmaceuticals (1-5). The characterization of these bioactive compounds
has revealed different health properties, such as antimicrobial, antitumoral,
antiaging, anti-inflammatory, or antioxidant effects (6-9). The use of these
molecules as therapeutic agents is a noteworthy option to enhance human health
since they can avoid expensive and time-consuming conventional treatments,
ultimately improving the quality of life (10). Moreover, many of these bioactive
compounds possess not only a single activity, but multiple activities. Additionally,
they can be chemically modified to enhance their effects. An interesting group of
bioactive compounds is the pentacyclic triterpenes, which are synthesized by
secondary metabolism of a wide variety of plant species. These compounds have
shown promising effects on human health (4, 6, 8-10). Among them, the most
remarkable and attainable pentacyclic triterpenoid is oleanolic acid (OA), known
for its multiple biological activities, which have been shown in numerous in vitro
and in vivo studies (11, 12). Among them, one of its most remarkable activities is
wound healing promotion, a crucial process to restore skin integrity and
homeostasis after skin injury (13). However, the cellular and biomolecular
mechanisms underlying this phenomenon are far from being understood.
Furthermore, OA's high insolubility may compromise its activity in wound healing
due to its poor delivery to biological systems.

This research aims to comprehend the molecular mechanisms behind OA
activities on wound healing, study its effects on cellular types involved in wound
healing, and, finally, focus on how to improve OA for better water solubility and
delivery, in order to maximize its foreseeable biological effects.
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1.1. OLEANOLIC ACID

Oleanolic acid (OA), a pentacyclic triterpenoid, has emerged as a subject of
profound scientific interest due to its versatile pharmacological properties and
abundance in plants (11, 14). OA is classified as triterpenoid, a subclass of terpenes
characterized by their intricate structure composed of 6 isoprene units (15). Plant
cells synthesize pentacyclic triterpenes in the cytosol from isopentenyl
pyrophosphate (IPP), which is the precursor produced in the mevalonate pathway
and is subsequently converted to 2,3-oxidosqualene (FigureI-1) (16, 17). Then,
cyclase enzyme pB-amyrin synthase (BAS) and oxidase CYP716A transform
2,3-oxidosqualene to produce five rings leading to oleanolic acid (16-18). This
molecule, 3p-hydroxyolean-12-en-28-oic acid (CsoHssOs), has a complex chemical
structure, with five fused rings (A, B, C, D, and E), a 3-hydroxy group at C-3, and
a carboxyl group (-COOH) linked to the C-17 position between rings D and E
(Figure I-2) (16). This structure provides OA with diverse chemical interactions and
also constitutes a scaffold molecule for the development of novel pharmaceutical

agents (19).

Figure I-1. Oleanolic acid biosynthesis in plants. This pentacyclic triterpene is produced in cell
cytosol via mevalonate pathway from isopentenyl pyrophosphate (IPP). IPP is converted with cyclase
pramyrin synthase (BAS) and oxidase enzyme CYP716A resulting in oleanolic acid. Multiple arrows
indicate multiple biochemical steps in the pathway. — Modified figure from Pollier et al. (2012) (16).
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Figure I-2. Oleanolic acid 2D and 3D chemical structures. 2D structure shows the five cyclic
rings of oleanolic acid (A, B, C, D, and E) and the number of carbon atoms in blue. Green dots
indicate the position of the functional chemical groups -OH and -COOH at C3 and C17, respectively.
Balls and sticks represent the 3D structure of oleanolic acid. — Modified figures from MolView.

1.1.1. Oleanolic acid sources

OA has a widespread distribution in the plant kingdom (20). This compound
can be found in nature as a free acid or as an aglycone, which in this case, can be
linked to one or more monosaccharide units (16, 21). In plant cells, it is distributed
either inside the vacuoles with other secondary metabolites or outside the cells in

cell walls, acting as a barrier agent (22).

OA exists in numerous aromatic, edible, and medicinal plant species.
Regarding plant organs, OA can be found in the flowers, sprouts, bark, and
especially the leaves (23). In particular, OA is found crystalized in the epicuticular
wax of leaves to protect them from water loss or pathogens, forming a true physical
barrier (24, 25). Furthermore, OA is found in the seeds and pericarp of several plant
fruits (23). Among plant species, OA is abundant in Calendula officinalis (pot
marigold flowers), Viscum album (mistletoe sprouts), Rosmarinus officinalis
(rosemary leaves), Salvia officinalis (sage leaves) or Syzygium aromaticum (clove
flowers) (26). The name “oleanolic acid” derives from the name of the plant species
Olea europaea, and this plant is currently the main source of commercial OA
preparations (27). This is because OA is quite abundant in the leaves of Olea
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europaea, containing 31 mg per g of dry weight (DW), and also in the bark of the
tree, which contains a substantial amount of 9.8 mg/g DW (26).

1.1.1.1. Olive tree (Olea europaea)

The Olive tree is widespread within southern Spain, being one of the most
consumed edible plants in our region because of its interest as a producer of olives
and extra virgin olive oil (28). It is noteworthy that Spanish olive oil production
represents 70% of the European production and 45% of the production worldwide
(29). Extra virgin olive oil is a precious food product in the Mediterranean diet and
has numerous health benefits due to its high content of bioactive polyphenols (30-
32). However, this product is not rich in triterpenes like OA. The obtaining of
oleanolic acid depends on the fruit (olives) processing, since several by-products
are formed during this process (30). Olive by-products are obtained from solid
matter fruits, pericarps, and olive shells, which are discarded during olive oil
extraction and processing (Figure I-3). One of these by-products is pomace oil,
known for its properties and with a high content of OA triterpenes (33). Indeed, the
olive oil industry can be very efficient and environmentally friendly because it uses
products that are often discarded, such as olive leaves, shells, or seeds, which are
rich in OA and other compounds with therapeutic interest (34). Furthermore, there
are specific methods to extract OA. It can be obtained by conventional techniques,
such as stirring or maceration, or even by innovative techniques, such as
microwave-assisted extraction or ultrasound-assisted extraction (35, 36). The most
common extraction method of pentacyclic triterpenes is by using organic solvents,

such as ethanol or acetone, since they are hydrophobic compounds (37).
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Figure I-3. Olive oil process and extraction. In the final steps of olive processing, the olive
mixture is centrifuged to separate all the solid matter from the oil. This solid matter is called
“alpeorujo” and it contains all the seeds, pericarp, and shells from the olive that are discarded.
However, they have high oleanolic acid content and it can be extracted by several methods. — Own
elaboration.

1.1.2. Oleanolic acid isomers

In many plant species, OA is present along with other triterpenes. Ursolic
acid (UA), a triterpenoid, is a geometric isomer of OA, differing only in the position
of one methyl group on ring E (Figure I-4A) (38). Both isomers have similar
physiochemical properties and biological effects and both can be found in olive tree
leaves (20, 39). It has been shown that ursolic acid has anti-inflammatory,

antitumoral, and hepatoprotective effects (39-41).
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In addition, several structural OA isomers that differ in the position of the
chemical groups within the pentacyclic ring have been identified. Maslinic acid
(MA) (Figure I-4B) can be found in olive oil and leaves. It has neuroprotective,
antioxidant, anti-inflammatory, and antitumoral properties (42). Betulinic acid
(BA) (Figure I-4C), another isomer found in birch bark, has antiviral, antitumoral,
and anti-melanoma effects (43). Lastly, morolic acid (MoA) (Figure I-4D) has a
widespread presence in plants, especially in the Morus genus, with antidiabetic,
antimicrobial, and antitumoral properties (44, 45).

Figure I-4. Oleanolic acid structural isomers. A. Ursolic acid. B. Maslinic acid. C. Betulinic acid.
D. Morolic acid. Green circles indicate the chemical groups that differ from oleanolic acid (center of the
figure). — Modified pictures from MolView.
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1.1.3. Pharmacological properties

As previously mentioned, the particular structure and chemistry of OA
provides this molecule with a significant spectrum of pharmacological properties
against pathological conditions (12).

An important use of OA comes from its anticancer effect (4, 46). OA inhibits
cell growth and proliferation, and produces apoptosis at high doses (47, 48). OA
has been shown to have antitumoral effects on in vitro cell lines, such as HeLa cells,
liver cells, HepG2, or colorectal cancer cells, HCT-116 (12, 34, 49, 50). Some of the
molecular mechanisms of action behind these effects have been deciphered. For
instance, high concentrations of OA enhance apoptosis by the inhibition of protein
kinase B (Akt) and extracellular signal-regulated kinases 1, 2 (ERK1/2), which are
regulatory proteins needed for cell growth and survival (48). Moreover, OA
overexpresses a microRNA, miR-122, involved in the tumor suppression of some
types of cancer (51, 52). Furthermore, OA antitumor activity has been assayed in
vivo with mice with cervical cancer, the results showing that the increase in the
volume and the weight of the tumors was inhibited by OA after 15 days of daily
intraperitoneal injections of 80 mg/kg of OA (53). Additionally, several synthetic
analogs obtained from oleanolic acid have also shown antitumoral effects and are
being studied in clinical trials (54, 55).

Moreover, OA has emergent effects on the regulation of glucose metabolism,
as it shows antihyperglycemic properties (56). Strikingly, in vitro assays treating
HepG2 cells with OA revealed that the triterpenoid attenuated insulin resistance,
one of the main conditions that produce diabetes (57). HepG2 treated to develop
insulin resistance show a decrease of insulin resistance when treated with OA by
upregulating the expression of insulin receptor substrate 1 (IRS1) and glucose
transporter 4 (GLUT4) and also by reducing the content of pro-inflammatory
cytokines (58). Indeed, OA can enhance GLUT4 translocation to the cell membrane
(59). These findings correlate positively with in vivo assays, since it has been shown
that rats with a diet with OA induce the attenuation of insulin resistance by
modulating IRS1 expression (60). Moreover, pomace oil, a high-content OA olive
by-product, reduces body weight, insulin resistance, and adipose tissue

inflammation in obese mice (33).



42 JAVIER STELLING FEREZ

Regarding metabolism, several studies unraveled OA hepatoprotective and
gastroprotective activity. Interestingly, OA's chemical structure is very similar to
that of bile acids (61). Indeed, cholestasis in vivo models are used by chemically
injuring the liver to study whether OA can rescue this condition. In this sense, it is
known that OA alleviates liver injury in rats, since it accelerates bile acid
metabolism and reduces its accumulation in the liver by the overexpression of bile
acid transporters (62). Furthermore, OA in injured rats upregulates the expression
of nuclear factor erythroid 2-related factor (NFR2), a key transcription factor that
intervenes in the defensive response against toxic and oxidative stress (62-64).
Remarkably, OA influences liver function since it has been demonstrated that a
daily diet with OA changes the expression of CLOCK and BMALI circadian liver
genes in rats and mice (65). Most notably, in humans, a preliminary clinical trial
with hyperlipidemic patients revealed that a four-week intake of OA produced a
decrease in triglycerides (TGs), cholesterol, glucose, insulin, and low-density
lipoproteins (LDL) blood serum levels (66). Moreover, OA can heal in vivo chronic
lesions on the stomach, as demonstrated with gastric acetic acid-induced lesions in
rats (67).

Regarding OA antimicrobial activities, there is evidence that OA and its
derivatives act against common human pathogens such as mycobacteria, fungi, or
even viruses. In vitro assays have shown that OA and its derivatives can inhibit
human immunodeficiency virus (HIV) replication and proteases activity, both
needed for the formation of new viral particles (68). Similarly, OA is capable of
inhibiting NS5B protein, an RNA polymerase needed for the replication of the
hepatitis C virus (69). Other OA derivatives could also be used as drug candidates
against respiratory viruses that cause high mortality in the population (70).
However, the mechanisms of action of OA in these studies are not fully deciphered,
and need to be extrapolated to in vivo assays to ensure its therapeutic effect (71). In
the case of OA antibacterial activity, this molecule and its derivatives can penetrate
and damage the bacterial cell membrane. Remarkably, they can reduce

Staphylococcus aureus biofilm formation on hospital instruments (72).

Finally, OA has modulating effects on oxidative stress and inflammation, two
physiological processes that are closely related. It should be noted that behind OA
hepatoprotective ability, attenuation of oxidative stress injury is produced by the
upregulation of transcription factor NFR2 by OA, which activates a gene
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expression profile that involves antioxidant enzymes glutathione peroxidase,
superoxide dismutase 1 (SOD1) and catalase (CAT) (62, 64). Indeed, in vitro assays
inducing oxidative stress in human liver cell line QZG showed that OA protects
cells from radical oxygen species (ROS) toxicity, by increasing NFR2 expression
and activating MAP kinases, together with the ROS scavenging of OA molecule
(73). In addition, OA antioxidant chemical and biological effects have been tested
on microglial cell models to study brain dysfunctions caused by ROS and
inflammation, where OA was able to decrease the release and the expression of
pro-inflammatory cytokines IL-18 and IL-6 (74). Moreover, OA can reduce ROS
levels of microglia cells in rats, enhancing better behavior in rats predisposed to
Parkinson’s disease or even in rats with cerebral ischemic injury (75, 76). Besides,
OA has the potential to mitigate lipopolysaccharide (LPS) induced-inflammation
in in vitro models, thus decreasing tumor necrosis factor a (TNF-a) production and
nuclear factor kB (NF-kB) activation (77). The anti-inflammatory potential of OA
has been observed in vivo in mice with autoimmune myocarditis, where OA
reduced the inflammatory milieu by decreasing the production of
pro-inflammatory cytokines (78).

Overall, OA is an active triterpenoid with diverse chemical and biological
effects that can promote, attenuate, or restore several physiological and molecular
processes in vitro or in vivo (Table I-1). Nonetheless, more research is needed to
unravel the molecular mechanisms behind some of the properties of OA. In
addition, more studies are needed to translate this OA potential for human health

with clinical trials, in combination with improved OA administration.
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Table I-1. Summary of the oleanolic acid’s most relevant properties found in the literature. Inf:
inflammation. Pro-inf: pro-inflammatory. (-): no evidence.

Molecular
OA properties In vitro In vivo mechanism of action Clinical trial
Mice with cervical MAP kinases inhibition,
HelLa, HepG2, Under research
Antitumoral ) cancer, rats with miR-122 tumor
HCT-116 cell lines ) . (first clinical phase)
glioblastoma cancer suppressor expression
IRS1 and GLUT4
. . Insulin-resistant mice, expression increase,
Antihyperglycemic HepG2 cell line -
obese mice pro-inf. cytokines
reduction
Bile acid transporters Hyperlipidemic
. Primary rat Rats with cholestasis,
Hepatoprotective expression, NFR2 factor patients (low
hepatocytes, HepG2 mice and rats with
Gastroprotective upregulation, circadian ~ cholesterol, TGs, and
HSCs and cells gastric lesions

liver genes regulation

LDL levels)
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OA properties

In vitro

In vivo

Molecular

mechanism of action

Antibacterial

Antiviral

Antioxidant

Anti-inflammatory

Assays with
nosocomial infections
pathogens like S.

aureus

Assays with isolated

viral enzymes

QZG cells, microglia

cells

Primary endothelial

cells

Invertebrate model of
infection Galleria

mellonella

Rats with Parkinson
predisposition, rats’

cerebral ischemia

Mice with
autoimmune
myocarditis, mice
with LPS-induced

infl.

Biofilm formation
reduction, bacterial

membrane disruption

Hepatitis C RNA
polymerase inhibition,
HIV proteases inhibition

NFR?2 factor
upregulation, SOD1 and
CAT enzymes
production, ROS
scavenging, MAP kinases
activation, lower pro-inf.

cytokines levels

TNF-a levels decrease,
NF-«B attenuation, lower
production of pro-inf.

cytokines-

Clinical trial
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1.2. WOUND HEALING

Despite all the above-mentioned pharmacological properties of oleanolic
acid, there is one that is not yet fully understood: its effect on wound healing.
Wound healing is a complex physiological process that requires the participation
of various cell types to restore the skin barrier (13). Effective wound healing relies
on efficient cell coordination among growth factors, cytokines, and second
messengers that regulate the process (79, 80). However, when this repair
mechanism is compromised, an acute wound may turn into a chronic wound, a
condition with a sustained high inflammation and incomplete wound closure (81).
For this reason, the discovery of new therapies and drugs is pertinent to address
this problem, since the skin is a fundamental organ that protects us from
dehydration, pathogens, irritants, allergens, mechanical injury or ultraviolet light
(76, 82).

1.2.1. Human skin structure

The human skin is the largest organ of the organism. It is biologically complex
and has multiple functions such as physic protection, sensory perception, immune
defense, and thermoregulation (83-85). To secure these properties, the skin is a
multilayered structure composed of three differentiated components: epidermis,
dermis, and subcutaneous tissue (Figure I-5A) (86).

The epidermis is the outer layer of the skin (87). It is made up of several
sublayers that are the result of different phases of keratinocyte growth,
differentiation, and death (88, 89). They are, from inside to outside: stratum basale,
stratum spinosum, stratum granulosum, and stratum corneum (Figure I-5B) (90).
The epidermis exists thanks to the continuous renewal of those layers by
keratinocyte proliferation and differentiation (91).

Below the epidermis lies the dermis, which is the inner layer containing blood
vessels, nerve endings, and mostly extracellular matrix (ECM), with dermal
fibroblasts as the main cellular type (Figure I-5B) (92). The dermis is crucial to
bringing structural support and elasticity to the skin (93). This is because of the
synthesis of collagen and elastin fibers by dermal fibroblasts, which confers tensile
strength and resilience to the skin (92, 94, 95). In addition, the dermis is highly
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vascularized with the networks of blood vessels lined with endothelial cells, that

allow for oxygen and nutrient supply, thermoregulation, and wound healing (13).

Finally, the hypodermis is the deepest skin layer (FigurelI-5B). It is a
subcutaneous coating composed of adipose and connective tissue (96). Adipocytes
are the main constituent cell type with energy storage and insulation functions (97).
This innermost layer already contains the circulatory and nervous system,

connecting with deeper anatomical structures (84).

Figure I-5. Human skin structure. A. The three layers of the skin are epidermis, dermis, and hypodermis.
B. Detailed view of the skin at the cellular level, indicating the main cell types and the four strata of the
epidermis: basale, spinosum, granulosum, and corneum. Epidermis renewal is produced by the keratinocyte’s
proliferation from the basement membrane. — Own elaboration.
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1.2.2.  Wound healing

Wound healing is the process by which skin integrity is restored after an
injury and it can be divided into sequential phases (13, 98-102). Hemostasis
(Figure I-6A) is the first phase to occur in a deep wound. In the newly open wound,
fibrin and blood platelets form a loose blood plug to stop the bleeding (102, 103).
The plug provides a temporary seal, creating a scaffold for further tissue repair.
Platelets produce chemokines to recruit immune system cells to the wound (104).
The damage also induces the vasoconstriction of the blood vessels of the dermis to
avoid blood loss (102).

In the inflammatory phase (FigureI-6B), neutrophils and macrophages
intervene to remove microbes and other antigens by neutrophil extracellular traps,
cytotoxic molecules, and phagocytosis (101, 102, 105). Simultaneously,
macrophages prompt inflammatory mediators IL-13, IL-6, and TNF-a to
communicate with the rest of the cell types in the wound and manage the
inflammatory milieu (80, 100, 102). This phase is very critical because of the
effective defense against infections.

The resolution of the inflammation allows for tissue repair and progression
into the proliferation phase (FigurelI-6C). In this phase, endothelial cells,
fibroblasts, and keratinocytes are recruited to proliferate and migrate onto the
damaged tissue of the wound (106). Therefore, the wound ends up surrounded by
these cell types with the production of cytokines and growth factors that are known
to play important roles in them: IL-1, epidermal growth factor (EGF), vascular
endothelial growth factor (VEGF), transforming growth factor a (TGF-a), and
transforming growth factor 3 (TGF-B) (79, 80, 107). Fibroblasts synthesize
extracellular matrix (ECM) proteins, such as collagen, enabling wound contraction
(94). Endothelial cells proliferate, migrate, and produce angiogenesis providing the
wound with new blood capillaries, mainly by the effect of VEGF (80, 108). On the
other hand, keratinocytes proliferate and migrate from the wound edges over the
newly constituted dermis, separating it from the crust, to finally close the wound
in response to the release of EGF and TGF-a (13, 107, 109).
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Preliminary

Figure 1-6. The wound healing phases. A. In the hemostasis phase, platelets invade the newly produced
wound, together with fibrin, to stop the bleeding. B. During the inflammatory phase, monocytes and neutrophils
are recruited to the wound. Within the wound, monocytes differentiate into pro-inflammatory macrophages
(M1). Both neutrophils and macrophages initiate a cascade of cytokines and chemokines to clear pathogens and
manage the inflammatory milieu. C. The proliferation phase is characterized by the participation of epithelial
cells, fibroblasts, and endothelial cells that invade the wound and secrete various growth factors. Epithelial cells
proliferate, migrate, and close the wound by pushing up the superficial scab upwards. Fibroblasts synthesize
new ECM proteins collagen and elastin. Endothelial cells proliferate, migrate, and form new tubes to supply the
wound with oxygen, cells, and growth factors. M1 macrophages switch their phenotype to M2 tissue-repair
macrophages. D. Finally, the remodeling phase, the longest of the phases, occurs by increasing tissue complexity
through ECM deposition and organization by fibroblasts and the maturation of new blood vessels by endothelial
cells. The newly formed tissue is re-epithelialized and appears as a scar. — Own elaboration.
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Lastly, in the remodeling phase (Figure I-6D), all these cells form a mesh
known as granulation tissue. This phase is the longest one, characterized mainly by
fibroblast collagen deposition and remodeling. In this way, the ECM becomes more
complex and organized, in terms of strengthening the tissue followed by wound
contraction (110). Lastly, scar tissue is formed, which has a higher density of
collagen fibers than normal skin with a complete epithelization of keratinocytes
(102).

1.2.3.  Epithelial cell migration

During wound healing, cell migration is a crucial process to allow for tissue
remodeling and wound closure, which is carried out by either fibroblasts,
endothelial cells or epithelial cells (109, 111, 112). Precisely, epithelial cells are
required to restore the epidermal barrier, by a process called re-epithelialization
(109). Re-epithelialization is a type of epithelial-mesenchymal transition (EMT), in
which cells change their morphology and migrate due to the communication with
other cell types and the interaction with ECM proteins collagen, elastin, and
laminin (113). Cells communicate by the release of growth factors and cytokines,
which establish exogenous, paracrine, and autocrine loops (114). All these stimuli
set off a whole regulatory system on epithelial cells, with multiple signaling
networks involved, which will be explained below.

1.2.3.1.  Epidermal growth factor and MAP kinase signaling pathways

One of the most important signaling pathways involved in epithelial cell
migration starts with receptor tyrosine kinases (RTKs) on the cell surface. These
receptors embedded in the plasma membrane transduce the extracellular signals
given by growth factors and cytokines to intracellular signals, in order to drive
essential processes for the cell (115).

In this line, epidermal growth factor receptor (EGFR) has a wide range of
effects on the cells. For instance, it is related to cell proliferation, growth, and
differentiation (116). Indeed, the overexpression of EGFR causes uncontrolled cell
growth and invasiveness, thus resulting in the development of numerous tumors
such as breast cancer (117). EGFR plays a key role in cell migration regulation, as it
activates epithelial regeneration by EGF binding. Indeed, EGFR pharmacological
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inhibitors block cell migration (118-120). This receptor, like many other RTKSs, has
three main domains: an extracellular domain where ligands bind, a transmembrane
domain, and a cytosolic domain with tyrosine kinase activity (115, 121). Inactive
EGFR is located on the cell surface as a monomer (122). Therefore, when
extracellular ligands like EGF bind to each EGFR monomer, the two EGFR
monomers interact, dimerize, and self-phosphorylate on several tyrosine residues
(Figure I-7A) (117, 122, 123). When tyrosine residues are phosphorylated in the
cytosolic domain, the recruitment of several adaptor proteins is produced, thus
communicating EGFR activation to cytosolic protein kinases in order to trigger
multiple signaling pathways (Figure I-7B) (124). Concretely, EGFR’s phospho
tyrosine 1068 and 1086 residues recruit growth factor receptor binding protein 2
(Grb2) and subsequently son of sevenless 1 (SOS1) protein (123). Indeed,
phosphorylation at Tyr 1068 is required for cell repair and migration processes
(125, 126). SOS is a guanine nucleotide exchange protein that binds to RAS, thus
activating RAS by exchanging its linked GDP to GTP (127, 128). Likewise, RAS-GTP
interacts with RAF, which is the entry point to mitogen-activated protein kinases
(MAP kinases) module (129). RAF is a serine-threonine kinase that directly
switches on MEK1/2 by the phosphorylation at its serine residues 217 and 221 (123).

Mitogen-activated protein kinase kinase 1/2 (MEK1/2, MEKK1/2, MKK1/2 or
MAPKK) is a particular kinase due to its dual phosphorylation activity on tyrosine
and serine/threonine residues (130). This regulatory protein controls cell
proliferation and survival, and is also a key point on the EGFR pathway in
epithelial cells (123, 131). MEK1/2 phosphorylates its direct substrate, ERK1/2, on
threonine 202 and tyrosine 204 residues following the MAP kinases module (132).
Interestingly, extracellular signal-regulated kinase 1/2 (ERK1/2), a MAPK, is
essential for epithelial cell migration during wound healing (133, 134). Indeed, both
MEK and ERK expression and activation are required for cell migration (135). ERK
has a high number of downstream substrates (134). Finally, ERK can translocate to
the cell nucleus and activate several transcription factors, including c-Fos and c-Jun
(136, 137).
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Figure I-7. EGFR activation and signaling. A. EGER remains inactive on the cell surface as a monomer.
When this monomer binds its ligand EGF, EGFR dimerizes and self-phosphorylates its tyrosine residues at the
cytosolic domain. B. The EGFR phosphorylation is an event that recruits adaptor proteins Grb2 and SOS in the
cell cytosol. SOS allows the nucleotide exchange of RAS-GDP to RAS-GTP, thus activating RAS, which in
turn activates RAF, a MAPKKK. Then the MAP kinases module is activated by the sequential phosphorylation
of MEK (MAPKK) followed by ERK and JNK (MAPKSs). Both kinases” function is to phosphorylate c-Jun
transcription factor in the cell nucleus to finally form AP-1 complex with c-Fos and upregulate the expression
of genes involved in cell proliferation, growth, and migration. — Own elaboration.

Furthermore, similarly to ERK, other regulatory proteins intervene in these
pathways and have c-Jun transcription factor as their substrate. One of these
proteins is c-Jun N-terminal kinase (JNK), which belongs to the MAPKSs family with
ERK (137). JNK is a serine/threonine kinase that responds to growth factors,
cytokines, and cellular stress (138). Remarkably, MEK1 is required for JNK
activation and subsequently c-Jun overexpression in order to trigger cell migration

(139, 140). JNK has transcription factor c-Jun as a direct substrate, among many
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others, driving multiple actions on cell motility including cytoskeletal dynamics
and directional migration (141). In addition, JNK is needed for keratinocyte
migration, critical for re-epithelization during wound healing (142). Downstream
ERK and JNK, in the cell nucleus, the transcription factor complex called activator
protein 1 (AP-1) is made up of c-Fos and c-Jun protein subunits (Figure I-7B) (143-
145). AP-1 activation upregulates the expression of cell cycle genes such as cyclin
D1, promoting cell proliferation, survival, and tissue regeneration (146-148). It
should be emphasized that c-Jun is considered a master regulator of cutaneous
wound healing that has an important role when skin integrity is altered by injury
(149). In fact, c-Jun expression is increased in keratinocytes at the wound edge in
human wounded skin (150). Additionally, overexpressed c-Jun, in diabetic rat
models, accelerates the healing when a wound is produced on them. (151). As
mentioned above, activation of c-Jun is produced by ERK and JNK through the
phosphorylation of its serine 63 and 73 residues, thus interconnecting both MAP
kinases pathways (144, 145, 152). Epithelial cells expressing EGFR subsequently
trigger c-Jun expression and activation, implying the role of c-Jun as a true
organizing center for epidermal organization and eventually re-epithelization
(153).

Additionally, there are other pathways in the cells that contribute to
migration. The phosphoinositide 3-kinase (PI3K), which starts AKT/mTOR
pathway, has a remarkable role in this process by influencing cell survival, polarity,
and motility (154). Indeed, it has a crosstalk with the MAPK pathways mentioned
above (155). Furthermore, the Wnt signaling pathway modulates cell polarity,
directional movement, and cytoskeleton rearrangement by B-catenin protein

stabilization and nuclear translocation (156).

1.2.3.2.  Cell motility by focal adhesions and cytoskeleton

When epithelial cells start to migrate along the wound, the movement is
driven by changes in the cell morphology and architecture (157). Behind these
changes, there are protein complexes regulated by an intricate signaling network

that allows the necessary mechanical forces to produce cell motility (158, 159).

Cells under dynamization show a strong polarization and restructure the

architecture to direct the movement (157, 159, 160). Therefore, microscopic
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distinguishable shapes are produced: leading edge, lamellipodia, and filopodia
(Figure I-8) (160). Lamellipodia and filipodia are structures that produce cell
protrusion, and both are enriched with actin filaments (F-actin) (161-163). Actin is
a ubiquitous protein of the cytoskeleton that polymerizes to form lamellipodia and
filopodia, which also serves as a scaffold for the generation of mechanical forces to
trigger cell migration (164, 165). Indeed, during cell migration, actin is on a constant
assemble-disassemble loop necessary for the high dynamization of the cell
(Figure I-8) (162, 166). Other proteins from the cytoskeleton are microtubules and
intermediate filaments, which are involved in intracellular transport and

mechanical stability respectively (167, 168).

Figure I-8. Cell architecture during migration. At the wound edge, epithelial cells change their
morphology and gain polarity to move over the extracellular matrix (ECM) and invade the wound
area. Then, dynamic structures, namely lamellipodia, filopodia, and ruffles, appear by actin
dynamization to move through the substrate, where polymerized actin is present to form and hold these
structures (F-actin). In addition, focal adhesions, multiprotein complexes, are associated with F-actin
and provide the necessary forces and interactions with the ECM for migration. Actin and focal
adhesions are in constant flux in leading-edge cells to maintain a highly dynamic state. — Own
elaboration.
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These changes in cell morphology and actin reorganization are the result of
cells' dynamic interactions with ECM components, like collagen (158, 169, 170). In
this sense, integrins are the fundamental receptors of ECM, since they act as true
mechanosensory proteins due to their lack of intrinsic catalytic activity (Figure I-9)
(171-173). However, their role is recruiting adaptor and catalytic proteins, giving
rise to focal adhesion (FA) complexes, the central players of this interaction (167,
174). FAs are multiprotein complexes that connect the actin cytoskeleton to the
ECM (Figures I-8 and 1-9) (170, 175). These complexes afford signal transduction
sites where multiple signaling pathways converge, resulting in the cells’ movement
through the substratum (175). Among these, small G proteins, Rho GTPases,
modulate cytoskeleton dynamics by promoting actin polymerization and myosin
contraction (Figure I-9) (176). Moreover, PI3K/AKT/mTOR axis and MAPKs like
ERK1/2 assume a critical role in regulating cell motility and polarity through the
dynamization of the actin cytoskeleton (154, 177, 178).

Alternatively, in this intricate network, focal adhesion kinase (FAK), is the
key recruitment in response to integrin-ECM binding and RTKs activation by
growth factors (Figure I-9) (172, 179). Together with actin, FAs are in continuous
turnover to modulate cell adhesion and migration due to FAK activation (180). FAK
is a protein tyrosine kinase (PTK) that connects integrins with intracellular
signaling pathways (181, 182). FAK has numerous substrates to phosphorylate;
however, paxillin is one of the most critical ones. Paxillin is an adaptor protein with
multiple protein interactions and phosphorylation sites to manage FA remodeling
(183, 184). This protein localizes with FAK at FAs, thus, both proteins act as key
regulators of FA dynamization during cell migration (185). It is known that
alterations in paxillin/FAK interaction reduce cell migration (186, 187).
Furthermore, the use of various functional mutants of FAK has unveiled the
significance of FAK localization to focal adhesions in regulating their dynamism
(188). Paxillin is another key driver of cell migration because of its importance in
lamellipodia positioning and directional motility (189). Besides, recent evidence
attributes to paxillin additional functions as a transcription factor involved in the
expression of migration and survival genes (190). Finally, JNK is another protein
kinase that phosphorylates paxillin, therefore influencing key processes such as

cytoskeletal dynamics and focal adhesion turnover (191, 192). Interestingly, it has
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been shown that JNK is required for lamellipodia formation and cell protrusion in
Madin-Darby canine kidney cells (MDCK) (193).

In summary, cell motility requires the fine-tuned regulation of a signaling
network composed of protein kinases, adaptor proteins, and mechanosensitive
proteins, to promote the turnover of both actin and FAs, a condition that triggers

lamellipodia and filopodia formation, cell adhesion, and directional movement.

Figure I-9. Focal adhesion signaling. Integrins on the cell surface are initially in an off-conformation.
When these molecules interact with ECM components like collagen, they switch to an on-conformation.
This triggers talin recruitment, which links integrins to the F actin cytoskeleton. Following this, multiple
adaptor proteins are recruited, leading to the formation of the focal adhesion (FA) complex (marked as green
shaded area in the figure): paxillin and vinculin. This event results in the targeting of FAK to the FA, a
regulatory kinase that integrates and manages the FA function to activate this complex for cell movement.
The activation of RTKs, such as EGFR, activates FAK by Src kinases, thus linking both pathways.
Consequently, Rho GTPases act to polymerize globular actin (G actin) into actin filaments (F actin). The
Arp2/3 complex then links to F actin to produce its branching. In addition, activation of receptor tyrosine
kinases (RTKs) like EGFR induces the activation of the MAP kinase module MEK, JNK, and ERK, which
regulate the cytoskeleton adaptor proteins. — Own elaboration.
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1.2.4. Endothelial cell functions

Endothelial cells play a critical role during the wound healing course due to
their participation in the inflammatory and proliferation phases (101). These cells
play a pivotal role in inflammation management and the formation of new blood
vessels that will supply the wound with oxygen, nutrients, and growth factors (100,
101, 194, 195).

1.2.4.1. Inflammation regulation

During inflammation, the extravasation of neutrophils, lymphocytes, and
monocytes into the damaged tissue is produced from the lumen of blood vessels
through endothelial cells, thus allowing the migration of these immune cells to the
wound (195). Extravasation is mediated by adhesion molecule expression at the
endothelium surface, which produces circulating cells to tether to endothelial cells
(195-197). During wound healing, TNF-« is the key inducer to expose adhesion
molecules onto endothelial cells. TNF-a is a pro-inflammatory cytokine mainly
released by wound resident macrophages during the inflammation phase (79, 102).
TNF-a binds to TNF-a receptors 1 and 2 on the endothelial cell surface (198). These
receptors recruit several regulatory proteins to trigger the nuclear factor kappa B
(NF-kB) signaling pathway. NF-kB is a transcription factor that remains inactive by
the inhibitor of NF-«B, IxkBa (Figure I-10A). When TNF-a receptors are activated,
the phosphorylation of IkB is produced by IKK (IxB kinase), and releases NF-«B in
the cytosol to translocate to the cell nucleus, thus promoting the expression of
inflammatory genes, especially cytokines and adhesion molecules (Figure I-10A)
(199, 200). This augments the production of the adhesion molecules that are
exposed to the cell membrane: P-selectin, E-selectin, vascular cell adhesion
molecule (V-CAM1), and intracellular adhesion molecule (I-CAM1) (201-203).
E-selectin plays a crucial role in the initial stages of monocyte recruitment,
facilitating their tethering and rolling (201). Subsequently, integrins I-CAM1 and
V-CAMI1 secure the adhesion of leukocytes and monocytes, allowing their
extravasation into the wounded area (204-207). Monocytes recruitment and
differentiation into macrophages within the wound are essential processes to
resolve inflammation and prompt tissue reparation mechanisms (Figure I-10B)
(204, 208, 209).
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Figure 1-10. NF-xB signaling and adhesion molecule expression. A. After tissue damage,
pro-inflammatory mediators are released. TNF-« targets endothelial cells by binding its receptors on the
endothelium surface. The activation of these receptors leads to IKK activity, thus phosphorylating IxBa
inhibitor. Finally, IxBa is removed and NF-«B translocates to the nucleus to promote a gene expression
profile that results in pro-inflammatory responses. Subsequently, endothelial cells release pro-inflammatory
cytokines and expose adhesion molecules selectins P-selectin, E-selectin, and integrins I-CAM1, and
V-CAML1. B. As a consequence of TNF-a stimulation, the endothelium of blood vessels expresses adhesion
molecules, resulting in recruitment and extravasation of lymphocytes, neutrophils, and monocytes (indicated
by dashed black arrows). — Own elaboration.
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1.2.4.2.  Angiogenesis

New blood vessel formation, called neo-angiogenesis, is a process that
restores dermal microvasculature, which is crucial for wound tissue restoration
(194, 210, 211). This process occurs when the inflammation phase is about to finish,
starting the proliferation and remodeling phases (13, 102, 106). It should be noted
that angiogenesis is different from vasculogenesis, mainly because the latter is
produced from blood islands, where no preexistent blood vessels are present, being

more common during embryonal development (212).

Hypoxia is the strongest stimulus that triggers angiogenesis by the release of
VEGF (13, 211). VEGF is released by subcutaneous cells, epithelial cells, and,
mostly, macrophages (Figure 11) (79, 102). VEGF-activated endothelial cells
degrade ECM, proliferate, migrate, modify their cell-cell junctions, and branch out
from the preexistent vessels to form new capillaries (102, 213). Moreover, during
inflammation resolution, the macrophages switch from the pro-inflammatory (M1
macrophages) to the anti-inflammatory (M2 macrophages) phenotype, acting as a
pro-angiogenic stimulus for endothelial cells to increase vessel formation and
vasculature density (Figure 11) (214-216). Therefore, VEGF is the key factor in
promoting neo-angiogenesis. Thus, it has been shown that its topical application
accelerates wound healing in diabetic mice (108). VEGF receptors (VEGFR) belong
to the receptor tyrosine kinases (RTKSs) family and are very similar to EGF receptors
(217-219). Signaling mechanisms involved in neo-angiogenesis are shared with
those involved in epithelial cell migration, since endothelial cells need to proliferate
and migrate to form new blood vessels from preexistent ones (220). Receptors
VEGFR1 and VEGFR2 are the ones that intervene in vasculogenesis and
angiogenesis (218, 221). Indeed, these receptors have been deeply studied for their
implication in cancer, since the formation of new vessels is essential for tumor cell

growth and survival (222).
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Figure I-11. Angiogenesis in the wound. Hypoxia in the injured tissue initiates VEGF secretion
by macrophages, subcutaneous cells, and epithelial cells at the wound site. The VEGF levels
promote endothelial cell proliferation, migration, and tube formation. Subsequently, new tubes
sprout and branch, resulting in the development of a complex vascular network through
continuous elongation and cutting of the capillaries. — Own elaboration.

1.2.5. Oleanolic acid on wound healing

Among its properties, some evidence has proved that OA has positive effects

on wound healing, because it improves various wound features (3, 223-225). For
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instance, rabbits treated with OA-enriched plant extracts show accelerated wound
healing with better aesthetic results (3). Moreover, OA application increases the
tensile strength in mice wounds (223). However, the molecular mechanisms

underlying these processes are not fully understood.

One of the most significant effects of OA on wound healing is its positive
impact on cell migration (126, 225). However, in recent years, several authors have
shown a negative effect of OA on cell migration deducing an antitumoral activity
of this molecule. By using tumor cell lines, OA proved to inhibit migration and
invasiveness (52, 226-228). Although this effect could seem negative for regular
cells, OA activity is cell-type-specific and depends on the concentrations used. This
will be discussed in the next sections. Nonetheless, it has been shown that OA can
promote cell migration in mouse fibroblasts and epithelial-cell models:
non-malignant mink lung epithelial cells (Mv1Lu) and human mammary gland
epithelial cells (MDA-MB-231) (126, 225).

Indeed, a first study was conducted in our lab to understand which molecular
mechanisms are stimulated by OA to enhance cell migration (126). In this study, in
vitro Mv1Lu and MDA-MB-231 epithelial cell lines were used (229-234). In both cell
lines mentioned, OA significantly stimulated cell migration on in vitro scratch
assays (126). These results were accompanied by key migration proteins MAP
kinases ERK1/2 and JNK1/2 activation, together with c-Jun activation in protein cell
lysates treated with OA (126, 153). It is noteworthy that OA also stimulated EGFR
phosphorylation and EGFR levels by endocytosis, in a similar fashion to its ligand
EGF (117, 126, 235). These findings suggest that OA-powered cell migration is
produced by an undetermined OA interaction with EGFR, which produces MAPK
activation and subsequent c-Jun activation (126). Strikingly, the addition of
pharmacological inhibitors against EGFR, MEK, and JNK upon OA stimulation
reduces migration by 80%, 50%, and 50%, respectively (126). These data suggest
that ERK and JNK pathways, which seem intimately related, both contribute to
migration triggered by OA and are completely dependent on EGFR to c-Jun

signaling.
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1.3. CYCLODEXTRINS

Numerous novel bioactive compounds can be easily obtained from nature
and can be applied to therapy (7, 9, 10). However, some of them have a
hydrophobic chemical nature, as is the case of OA, with poor water solubility
(5-0.02 pug/ml) (49, 236). This feature involves the need for novel microcarriers to
improve the harmless delivery and application of these compounds to biological
systems. Several studies have explored the vehiculation of OA through diverse
microcarriers (237, 238). For instance, nanoparticles made from polymers such as
polyethylene glycol, cellulose, or silicone have been synthesized to improve OA
solubility (238-241). Nonetheless, these nanoparticles need to be synthesized from

scratch and have time-consuming chemical processes.

Luckily, cyclodextrins (CDs) can be easily obtained and emerge as a favorable
alternative to OA encapsulation. These macromolecules, present in nature, are
known for their unique tridimensional structure, characterized by a truncated cone
structure (Figure I-12) (242-244). These nanostructures are cyclic oligosaccharides
composed of glucose units linked with a(1->4) glycosidic bonds, where the cavity
of the cone is hydrophobic, whereas the surface of the cone is hydrophilic (243, 245,
246). This amphiphilic nature gives CDs a double property (247). On the one hand,
they can encapsulate or complex a wide range of hydrophobic poor water-soluble
or unstable compounds. On the other hand, they have high solubility in aqueous
solutions (245, 248, 249). Complexation with CDs has been extensively applied to
increase the water-solubility of many compounds, and also to enhance the
extraction of poor-concentrated (247) water-soluble compounds from some dietary
by-products (247, 250-252). Considering a pharmacological approach, several
authors have shown the power of CDs to deliver drugs because they can reinforce
the solubility, stability, activity, and bioavailability of molecules of interest (253-
255).
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Figure I-12. The three native cyclodextrins. The size of the hydrophobic cavity is determined by the
number of glucose units within the cyclic structure. — Modified figures from MolView.

1.3.1. Cyclodextrins synthesis and types

CDs are synthesized from starch by glycosyltransferase (CGTase), an enzyme
produced by microorganism species from the genus Bacillus (256-258). The enzyme
catalyzes the formation of cyclodextrins by cleaving the glucose units from the
linear starch chain and reassembling them into cyclic nanostructures (256, 257). In
nature, there are three types of CDs, called natural or native CDs: a-, 3-, and y-CDs,
depending on the number of D-glucose units that compose the oligosaccharide, 6,
7, or 8, respectively (Figure I-12). The size of the hydrophobic cavity of the three
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CD types is progressively increased by the number of glucose units (243, 259, 260).
Moreover, the hydrophilic nature of the surface of the truncated cone is given by
the hydroxyl groups of the glucose units. Interestingly, apart from native
cyclodextrins, there are other cyclodextrins with additional chemical groups added
to the cone surface, to give CDs extra properties. This is the case of modified
cyclodextrins with hydroxypropyl groups (HP-a-, HP-3-, and HP-y-CDs), which
have a high hydrophilic nature, thus providing these CDs with extra
water-solubility (Figure I-13) (261-263).

Figure 1-13. 2-Hydroxypropyl beta and 2-hydroxypropyl gamma-cyclodextrins. By
introducing hydroxypropyl groups to glucose hydroxyl (-OH) groups located externally to the
cyclic structure, native beta and gamma cyclodextrins aqueous solubility can be enhanced. —
Modified figures from PubChem.

1.3.2. Cyclodextrins inclusion complexes and properties

CDs have numerous and interesting properties that reinforce their use in the
pharmaceutical, food, and cosmetic industries (246). The complexation of a
particular compound depends on the size of the CD hydrophobic cavity, together
with the molecular weight and structure of the host compound (259, 261).
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The most significant properties of CDs are their encapsulation dynamic and
inclusion complex formation (242, 246, 264). Usually, CDs come into contact with
the host molecule in an aqueous solution, a polar solution (265). When the host
molecule enters the hydrophobic cavity, it displaces all the water molecules due to
its higher affinity for the CD chemical groups (Figure I-14A) (242, 246, 248). This
structure is the inclusion complex, which is stabilized by non-covalent interactions:
hydrophobic interactions, van der Waals forces, and hydrogen bonds (263, 266,
267). The size and shape of the guest molecule in the CD cavity, as well as the nature
of the functional groups that are present, determine the strength and specificity of
these interactions (268).

Figure I-14. Formation and kinetics of inclusion complexes. A. A hydrophobic substrate [S] repels water
molecules in an aqueous solution. When combined with cyclodextrin [CD], the substrate enters the inner cavity
of the cyclodextrin and displaces the water molecules to the exterior of the cone. Following this, coupling occurs
between the substrate and the cyclodextrin, thus creating the inclusion complex [S-CD]. The shaded orange
area designates the hydrophobic cavity of the cyclodextrin. B. Inclusion complex formation is governed by
complexation constant (Kc), which indicates the substrate’s affinity to the cyclodextrin’s inner cavity. This
property establishes a dynamic equilibrium that can be shifted towards substrate release, or inclusion complex
formation — Own elaboration.

The interactions formed at the inclusion complexes are established by a
dynamic equilibrium governed by a complexation constant (Kc). This Kc is
quantified by an equation that relates inclusion complex concentration in the

solution [S-CD] with cyclodextrin concentration [CD] and free compound or
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substrate concentration in the solution [S] (Figure I-14B) (242, 245). The higher the
K., the higher the complexation (262, 266, 269). In other words, the higher the K,
the higher the amount of compound linked to the CD, which, in turn, provides

inclusion complexes with more stability (262).

Besides the thermodynamic interactions between cyclodextrin and
compound, chemical factors, pH, temperature, and the chosen solvent also affect
the stability of the inclusion complex (270, 271). There are several methods to
calculate Kc (272). One of them is the solubility method, in which different measures
are performed with increasing CD concentrations and a compound fixed
concentration, which is in excess (273, 274). Then, serial solutions are formed with
the CDs, and later, mixed CDs and compound solutions are filtered to remove the
excess of the non-complexed compound, and finally, the complexed compound is
quantified by high-performance liquid chromatography (HPLC) (270). As a result,
phase diagrams are obtained, which are useful for interpreting the dynamics and
the type of complexation between the CDs and the substrate of interest (273, 275).
Depending on the solubility of inclusion complexes, two types of phase diagrams
can be obtained: a high solubility level without precipitation in the solution (type
A), or a low solubility level with precipitation (type B) (FigureI-15) (276).
Regarding type A, complexes can display different subtypes: one CD molecule
encapsulates one substrate molecule, Ar; two CDs encapsulate one substrate, Ar; or
two substrates are complexed by one CD, An (Figure I-15) (276-278). The type AL
or 1:1 are the most common complexes and the CD concentration and dissolved

substrate are positively linearly related (265, 274, 278).
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Figure 1-15. Phase solubility diagram and inclusion complexes types. These diagrams are
essential for interpreting the nature of the inclusion complexes. Type A diagrams display a positive
correlation between the solubility of the substrate and the concentration of cyclodextrin. As the
concentration of the cyclodextrin increases, the substrate solubility also increases. In contrast, type B
diagrams eventually reach a point where the substrate no longer dissolves despite the increase in
cyclodextrin, resulting in the precipitation of the inclusion complex. Type A diagrams, allow for
substrate linkage to one cyclodextrin (A), two cyclodextrins (Ar), or even one cyclodextrin linking two
substrates (An). — Modified figures from Loftsson et al. (2005) (245).

1.3.3. Cyclodextrin properties for the pharmaceutical industry

CDs display intrinsic properties that reinforce their application in the
pharmaceutical industry. It has been shown that these macromolecules have low
toxicity in biological systems, which provides them with high biocompatibility
(245, 249, 279, 280). Indeed, native CDs are recognized by the FDA as “Generally
Regarded as Safe” (GRAS), making them suitable for pharmaceutical, cosmetic, or
food applications (281). When administered orally, they are not absorbed by the
gut but they are metabolized by gut microbiota (244). Additionally, some studies
have shown that even y-CDs can be administered parenterally. However, that is
not the case of B-CDs, since they cause renal toxicity (244, 249). Therefore, the data
safety of CDs must be carefully managed, as the toxicity depends on the type of CD
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used, whether it is a native or derivative CD, and on the route of administration
(244, 249, 281, 282).

Furthermore, due to the formation of inclusion complexes, CDs stabilize a
large number of drugs, even in extreme pH and temperature conditions,
contributing to their versatility as encapsulating agents and allowing for long-term
storages (269, 272, 283). Moreover, encapsulated compounds are protected from the
degradation that is produced by light exposure or oxidation, thus enhancing their
stability and shelf life (284-286). Because of the dynamics of the inclusion
complexes provided by K., the addition of complexes ([S-CD]) to a new solution
([S] =0) shifts the equilibrium of the substrate release ([S] + [CD]), which
determines the continuous release of the substrate (287). This release, as indicated
above, can be controlled and is a clear advantage in drug delivery systems, since
many drugs are more effective in low doses and continuous application (265).
Interestingly, CDs can be chemically modified to improve their water solubility,
increase the size of their cavity, or form complex structures to remove toxic
compounds from aqueous solutions (255, 263, 280). For instance, these properties
have given rise to various studies that have achieved the encapsulation of bioactive
flavonols, essential oils, or antimicrobial agents (247, 253, 278, 288). Finally, CDs
have allowed for the complexation of drugs with antitumoral or anti-inflammatory
effects for the development of new therapies, which have been translated into in
vivo studies using mice models (289-291).

1.3.4. Oleanolic acid complexation with cyclodextrins

Due to the interest in obtaining OA-enriched by-products from olive oil
extraction and in finding efficient microcarriers to improve OA effects, CDs have
arisen as interesting candidates for OA complexation. Remarkably, a recent study
conducted by Lopez-Miranda et al. (2018) performed an optimization to complex
oleanolic and maslinic acids by using native and modified CDs (270). In this line,
the complexation constant (Kc) and encapsulation efficiency (EE) were measured to
evaluate which CD type had the best performance with OA and MA. Regarding
OA, the study revealed that the highest K, namely the highest affinity with OA
achieved, was for 3-, and y-CDs, followed by their modified homologs HP-3-, and
HP-y-CDs (Table I-2) (270). Interestingly, although 3-CD had a higher K¢ than
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HP-3-CD, the modified CD was able to complex a higher amount of OA than native
-CD (270). This result could be explained by the higher water solubility of
HP-3-CD (Table I-2), since there were more HP-3-CD molecules in the aqueous
solution, thus complexing more OA molecules (270). This study also determined
that the higher the pH in the solution, the higher the complexation carried out by
CDs. Unfortunately, high pH can modify OA chemical structure and activity, so
the complexation may be carried out with lower pH (270). Additionally, the efficacy
of the OA complexation was reinforced by the study of phase solubility diagrams,
which indicated that (8-, y-, HP--, and HP-y-CDs formed 1:1 (type Ar) inclusion
complexes (270). Given the relevance of this optimization on OA encapsulation, it
should be noted that more studies must be carried out to unravel the biological
activities behind these OA/CD complexes.

Table I-2. Physicochemical properties of beta and gamma cyclodextrins and 2-hydroxypropyl beta
and gamma cyclodextrins. MW: molecular weight of CD. The hydroxypropyl groups (substituents) are added
by reacting with the primary or secondary -OH groups of the cyclodextrin. The aqueous solubility parameter is
indicated in pure water at 25°C. The complexation constant (Kc) for oleanolic acid was determined for the
different types of CD used in pure water at 25°C. — Data obtained from Lopez-Miranda et al. (2018), Saokham
et al. (2018), Armstrong et al. (1988), and Jansook et al. (2018) (270, 277, 292, 293).

MW Aqueous solubility K. for OA
CD type (g/mol) Substituent (mg/mL) (M)
p-CD 1135 -H 18.5 825
2-HP-B-CD 1400 -CH: -CHOH-CHs >1200 201
v-CD 1297 -H 249 4895
2-HP-y-CD 1576 -CH: -CHOH-CHs 800 645
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IT - JUSTIFICATION

OA, a pentacyclic triterpenoid widely present in plants, represents a bioactive
molecule with growing interest due to its multiple valuable effects on human
health (4, 11, 12, 47). Among these, the wound-healing properties of OA are the
least studied because of the lack of sufficient in vitro and in vivo assays that have
approached this aspect (223, 225). Although preliminary positive effects enhancing
wound healing have been attributed to OA (223), the need to decipher OA
molecular mechanisms related to one of the most critical processes behind healing,
cell migration, justifies the search for novel OA molecular targets inside epithelial
cells. In this sense, a previous study set the first hypothesis by studying the role of
EGFR and MAP kinase pathways triggered by OA during cell migration, in which
OA might be interacting with EGFR (126). The results of this thesis will prove that
this concept is no longer sustainable.

The healing of an acute wound is of particular significance, since after injury,
this highly coordinated process must manage the inflammatory environment
produced in the tissue to allow for both the restoration of homeostasis and
subsequent integrity of the skin (13, 98, 99, 103). However, if the inflammation does
not resolve, the wound does not re-epithelize and turns into a chronic, non-healing
wound, thus resulting in the impossibility to close the wound (81, 294-296). Chronic
or complex wounds are a serious problem for healthcare systems, as they can take
more than six weeks to heal and can persist for months after injury, requiring
time-consuming and expensive treatments (297, 298). Although complex wounds
appear in the population, independent of age or gender, they are more common in
old age (299). Occasionally, these wounds result as complications of chronic
diseases, for instance, ulcers from diabetes (81, 300, 301). Indeed, one of the worst
consequences of diabetes in the elderly is diabetic foot ulcer, with complications in
the healing process that frequently cause the amputation of the limb (302). Apart
from this, other causes for non-healing chronic wounds can be either severe
infections, hypoxia in the wound bed, or increased levels of inflammatory

mediators (294). For these reasons, the search for new alternative treatments must
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be a priority to solve this problem. The application of OA to the wound may be one

of the solutions.

Besides a future clinical approach to the use of OA on wounds, OA could be
also conceived as a cosmetic agent in healthy skin. The skin is usually affected by
pollutants, oxidative stress, light exposure, and mostly, aging (303). Therefore, the
research on OA effects and its application improvement could be very profitable
for its use on healthy skin, to improve its moisturizing, maintain its integrity,
elongate its firmness, and prevent wrinkles. Hence, it is pertinent to focus on the
potential of OA to repair and recondition human skin, by studying OA's
contribution to the cell types that constitute the skin tissue and are its key players
during wound healing and repair processes (13, 210, 304, 305).

Regrettably, one of the downsides of OA is its lipophilic nature, a property
that hampers its application in hydrophilic contexts, such as in vitro cell culturing
(16, 126, 225). For this reason, OA needs to be delivered with dimethyl sulfoxide
(DMSO) to aqueous solutions, an organic solvent with mild cytotoxic effects that
compromise cell viability (306, 307). In addition, meticulous management of the
OA/DMSO formulation is required, as OA can precipitate and crystalize, making it
difficult to handle, and losing any positive effects on the cells (126). As a result, the
development of a new formulation is required to improve OA handling,
applicability, and bioavailability. To address all these issues, cyclodextrins (CDs)
emerge as suitable candidates to deliver OA, as it has been shown that OA can be
complexed with either native or modified cyclodextrins (244, 253, 270, 283).
Remarkably, complexation with cyclodextrins could provide OA with a
slow-release dynamic that might be positive for its bioavailability in vitro, since
this molecule has a limited concentration range of beneficial effects on cell culture.
Unfortunately, OA complexation with CDs is performed on water solutions, which
are not compatible with in vitro applicability. Therefore, additional steps after OA
complexation with CDs must be considered to make a suitable formulation for in
vitro cell culture, these steps are dehydration methods (254, 255, 308). This
improvement in formulation is particularly significant, because it could allow
future OA long-term preservation, as well as an improved handling for its topical

administration for wound healing.
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IIT- OBJECTIVES

The research carried out in this doctoral thesis revolves around the

potentiality of oleanolic acid as a wound healing agent. Therefore, in approaching

the goal, the research has been divided into three main areas of work, each of them

with their specific objectives:

IL

I1I.

To elucidate of the mechanism of action of oleanolic acid underlying the

enhancement of cell migration using epithelial cell lines Mv1Lu and
MDA-MB-231:

To analyze c-Jun subcellular localization and actin cytoskeleton

structure under OA treatment in cell front migration assays.

To analyze the focal adhesion regulatory proteins paxillin and FAK
during OA-induced cell migration.

To study the effects of OA on EGFR, MAP kinases and c-Jun.

To study the effects of oleanolic acid in endothelial cell C-HUVEC model
and hyperglycemia affected GD-HUVEC model:

To study the effects of OA in adhesion molecule expression under a

pro-inflammatory stimulus.

To study the effects of OA in monocyte-endothelial cell interaction

under a pro-inflammatory stimulus.

To conduct Matrigel tube formation assays for the study of angiogenic

features under OA treatment.

To test the effects of OA on cell migration and focal adhesions.

To improve oleanolic acid in vitro application with modified

cyclodextrins:

To use complexation of OA in modified cyclodextrins HP-3-CD and
HP-y-CD, dehydration of the complexes.
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To measure the stability of OA in the dehydrated complexes.

To test OA/cyclodextrin complexes on Mv1Lu and MDA-MB-231 to
measure cell viability.

To test OA/cyclodextrin complexes on Mv1Lu and MDA-MB-231 to
measure their activity on cell migration and c-Jun.

To quantify focal adhesion structures in MvlLu and MDA-MB-231

under OA/cyclodextrin complexes treatment.

To study EGFR, MAP kinases, and c-Jun contribution in Mv1Lu and
MDA-MB-231 under OA/cyclodextrin complexes treatment.



IV - COMPENDIUM OF
SCIENTIFIC ARTICLES






CHAPTER IV — COMPENDIUM OF SCIENTIFIC ARTICLES 81

IV -COMPENDIUM OF SCIENTIFIC ARTICLES

4.1. ARTICLE 1: OLEANOLIC ACID STIMULATION OF CELL MIGRATION INVOLVES A
BIPHASIC SIGNALING MECHANISM
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of cell migration involves a biphasic signaling mechanism. Scientific Reports,
5;12(1):15065. PMID: 36064555 doi: 10.1038/s41598-022-17553-w






www.nature.com/scientificreports

scientific reports

W) Check for updates

Oleanolic acid stimulation of cell
migration involves a biphasic
signaling mechanism

Javier Stelling-Férez'?2, José Antonio Gabaldén' & Francisco José Nicolas?™*

Cell migration is a critical process for wound healing, a physiological phenomenon needed for

proper skin restoration after injury. Wound healing can be compromised under pathological
conditions. Natural bioactive terpenoids have shown promising therapeutic properties in wound
healing. Oleanolic acid (OA), a triterpenoid, enhances in vitro and in vivo cell migration. However,

the underlying signaling mechanisms and pathways triggered by OA are poorly understood. We

have previously shown that OA activates epidermal growth factor receptor (EGFR) and downstream
effectors such as mitogen-activated protein (MAP) kinase cascade and c-Jun N-terminal kinase (JNK),
leading to c-Jun transcription factor phosphorylation, all of which are involved in migration. We
performed protein expression or migration front protein subcellular localization assays, which showed
that OA induces c-Jun activation and its nuclear translocation, which precisely overlaps at wound-
edge cells. Furthermore, c-Jun phosphorylation was independent of EGFR activation. Additionally,

OA promoted actin cytoskeleton and focal adhesion (FA) dynamization. In fact, OA induced the
recruitment of regulator proteins to FAs to dynamize these structures during migration. Moreover, OA
changed paxillin distribution and activated focal adhesion kinase (FAK) at focal adhesions (FAs). The
molecular implications of these observations are discussed.

Wound healing is a physiological phenomenon that involves different cell types, which mainly carry out pro-
liferation, differentiation and migration. These processes are tightly regulated for proper wound closure and
skin barrier restoration. Taking this into account, wound healing is a process that is often compromised under
pathological conditions associated with aging and illness, thus resulting in an incomplete wound closure, and
frequently turning into a chronic wound'. Therefore, the search for active natural compounds capable of enhanc-
ing cell migration, and consequently wound healing, must be considered an alternative interesting option to
solve this problem. Oleanolic acid (OA), a natural triterpenoid found in a large number of plants?, is known for
its beneficial properties in wound healing; it accelerates wound healing with better aesthetic results®, it increases
the tensile strength of wounds®, and it also has ulcer healing properties*”. Recently, several authors have reported
a negative effect of OA on cell migration®'!, see “Discussion” for further details. Nevertheless, we and others
have shown that OA is able to promote cell migration in Mv1Lu and MDA-MB-231 cell lines'? and in mouse
fibroblasts®. However, the molecular mechanisms behind this process are not yet fully understood.

Cell migration is important during wound closure to reshape the skin epithelium and restore its integrity
Cell migration is the cells’ response to a variety of cytokines and other molecular messengers through proteins
responsible for integrating these signals: mitogen-activated protein (MAP) kinases'®. Recently, Bernabé et al.!?
showed that OA triggers different cell-migration-related molecular mechanisms by using Mvl1Lu and MDA-
MB-231 cells. Thus, in both mentioned cell lines, OA induces the activation of extracellular signal-regulated
kinases (ERK1/2) and c-Jun N-terminal kinases (JNK1/2), with c-Jun overexpression and activation by phospho-
rylation as a consequence'?. JNK'>!¢ and MAP kinase /ERK kinase, kinase 1'%, have been shown to be essential
for cell migration. Indeed, MEK1 (ERK1/2 kinase) and JNK1/2 specific inhibitors prevent OA-stimulated cell
migration in both Mv1Lu and MDA-MB-231 cells'?. On the other hand, OA also stimulates Epidermal growth
factor receptor (EGFR) phosphorylation in a protein-synthesis independent fashion'? in MDA-MB-231 cells.
Actually, in this later cell line, specific inhibition of EGFR by PD153035 produces a severe halt of OA-stimulated
cell migration and so does an EGFR blocking antibody'. Moreover, OA treatment causes the cell internalization
of EGFR similarly to its ligand, EGF'*

13,14
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Cell migration'*'* is a very well-coordinated process that requires a directional organized movement of cells”.

Besides the rapid change of actin filaments®, the formation and disassembly of cell adhesion sites are required**?.
Therefore, it is observed in actively migrating cells at the leading edge of epithelia'®. Cytoskeleton and focal
adhesions (FAs) are integrated into a dynamic machinery in continuous change, with many actin-cytoskeleton
interacting proteins involved?>**?*. One of them is paxillin, a cytosolic adaptor protein that coordinates the
process?* and binds to other proteins that constitute FAs?*. FAs are macromolecular complexes which interact
with the extracellular matrix (ECM) through integrins®. FAs integrate multiple regulation pathways, detecting
mechanical signals that allow cells to migrate?”. In these multiprotein complexes, paxillin is essential to integrate
all these signals and is found bound to regulatory kinases that are necessary to manage actin dynamics. Paxillin
Ser 178 is phosphorylated by c-Jun N-terminal kinase (JNK) and this residue is critical for paxillin regulation
of cell migration®.

Focal adhesion kinase (FAK) is another important paxillin regulator. FAK is a non-receptor tyrosine kinase
combining both integrin and growth-factor signals on cell migration?, and it plays a key role in cell migration
dynamics*>*°-. FAK operates as the cell master controller for FAs remodeling at the migration leading edge,
consequently driving directional cell movement*>*. There is evidence that FAK stimulation occurs when growth
factors bind to tyrosine kinase receptors, especially EGFR*. Indeed, activation of EGFR has been linked to phos-
phorylation of different residues at FAK with the phosphorylation of Tyr 925 as the final consequence®. FAK Tyr
925 phosphorylation is critical for its activating function, and it is induced by cell integrin assembling and growth
factor stimulation®"*®. FAK also modulates focal adhesion assembly and disassembly by the phosphorylation of
different proteins, including paxillin®**37,

In this paper, we narrowed down the molecular and subcellular events that happen in the cell in the presence
of OA. By using differential time read-out and specific inhibitors, we came across a complex and interesting
molecular mechanism, involving EGFR and possibly receptors lacking intrinsic tyrosine-kinase activity. We
also studied the effect of OA on cytoskeleton reorganization and focal adhesion dynamics at the wound-edge
of the healing scratch.

Results

Oleanolic acid over-expresses c-Jun and promotes its activation at the wound edge during
migration. C-Jun is overexpressed in response to OA stimulation'? in non-malignant mink lung epithelial
cells, Mv1Lu. This cell line is recognized as a good epithelial model for the study of cell motility due to its abil-
ity to migrate and also to stop proliferation when the cells reach confluence®®*. Mv1Lu cells were stimulated
with OA during a wound healing scratch assay. The evolution of the migration front was monitored and the
expression of c-Jun was studied by immunostaining. The advantage of this approach is to directly study proteins
involved in OA enhanced migration, focusing on its topographic and subcellular localization along the wound
edge. The presence of OA produced a neat overexpression of c-Jun at the wound edge, which was significantly
high after 6 h (Fig. 1a; Supplemental Fig. 1a).

Also, upon OA treatment (6 h), levels of phospho-c-Jun, regarded as phospho-Ser 63, were significantly high
at the wound edge (Fig. 1b; Supplemental Fig. 1b). Remarkably, c-Jun and p-c-Jun overexpression occurred at
the nucleus of actively migrating cells. Although c-Jun and p-c-Jun levels were enhanced at the migration edge of
Mv1Lu, there was a clear decrease in the c-Jun protein expression and its active form as cells were further away
from the wound edge. The visualization of actin, by using phalloidin staining (Supplemental Fig. 2), revealed
critical changes in the intensity of the cytoskeleton, which were very evident after OA stimulation.

All these data suggest that the effect of OA is especially powerful at wound-edge cells, activating and over-
expressing c-Jun protein there, which correlates well with the improvement of cell migration exhibited by OA'2.

Activation of different OA targets exhibits different timing. Previously, it has been shown that
OA produces an activation of EGFR in MDA-MB-231 cells that is independent of protein translation'2. MDA-
MB-231 cells are a good model for cell migration*'~** and exhibit a good expression of EGFR*. Indeed, EGFR
inhibitor (EGFRi), PD153035, was capable of completely reducing OA-stimulated migration of MDA-MB-231
(Fig. 2a,b)'™. It is important to measure the effect of OA at the protein signaling level. By using sub-confluent
cells, we can interpret what the effect of OA might be on the wound edge'>*. To gain further knowledge of the
activation of EGFR by OA and its involvement in the activation of previously described protein targets'?, we
conducted an OA-induction and monitored it at different times. Immediately after stimulation with OA (1 h),
the activation by phosphorylation of JNK1/2 and c-Jun was detected together with the total level increase of both
proteins (Fig. 2¢,d). Strikingly, when looking at EGFR, we could detect its OA activation at three hours, but no
sign of activation was seen at earlier time points. So, compared with c-Jun or JNK1/2, activation of EGFR showed
a delayed stimulation by OA (Fig. 2¢,d). Moreover, c-Jun phosphorylation experienced a further increase at three
hours, which may suggest a double response and different phosphorylation dynamics for both proteins, c-Jun
and EGFR. Coherently with this, the activation of JNK kinase seemed to be also biphasic, showing an early acti-
vation and a later (6 h) higher activation.

Activation of EGFR has been linked to phosphorylation of different residues at the Focal Adhesion Kinase
(FAK), which leads to the Tyr 925 phosphorylation®. Tyr 925 phosphorylation of FAK is a key event on the
management of cell migration*. Interestingly, OA produced the phosphorylation of FAK with a time dynamic
parallel to the phosphorylation of EGFR (Fig. 2¢,d).

Altogether, these results suggest that OA stimulates different targets to activate several key elements related
to cell migration showing a clear time-uncoupling for different proteins.
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Figure 1. Oleanolic acid induces the expression of c-Jun and promotes its phosphorylation at the edge of
wound-scratched Mv1Lu cells. Confluent Mv1Lu cells were scratched and allowed to migrate for the indicated
times. Cells were treated with 5 uM OA or DMSO equivalent volume (control). Cells were immunostained with
specific antibodies against c-Jun (a) and its active phosphorylated form, p-c-Jun (b). Co-staining with phalloidin
and Hoechst-33258 was used to show actin cytoskeleton and nuclei, respectively. Images of c-Jun/p-c-Jun
fluorescence were converted into pseudo-color with Image] software to show the intensity of c-Jun staining.
Color rainbow scale represents fluorescence intensity for either c-Jun or phospho-c-Jun. Actin fibers (F-actin):
red. Nuclei: blue. Images were obtained with a confocal microscope. This experiment was repeated at least three
times. Representative images are shown. Scale bar indicates 50 pm.

Uncoupled timing activation of c-Jun and EGFR can also be seen in MvlLu cells. MvlLu cells
were also stimulated to migrate by OA'%. Moreover, MvlLu OA stimulated migration was severely inhibited by
EGFRi (Fig. 3a,b)!%. A time course experiment was conducted to investigate the sequence of events. In this case,
and similarly to MDA-MB-231 cells, we observed an early (1 h) c-Jun phosphorylation and total protein level
increase compared with a later activation of EGFR (2 h) (Fig. 3¢,d). Likewise, JNK1/2 phosphorylation could be
detected 1 h after OA activation, being enhanced from 2 h onwards. In a similar trend, we could observe that
ERK was phosphorylated by OA not earlier than 2 h following the same dynamics than EGFR phosphorylation,
and therefore suggesting that ERK OA activation could be dependent on EGFR OA activation.

These data support the evidence that, upon OA treatment, c-Jun is activated before EGFR, thus suggesting a
primary induction triggered by OA on this transcription factor through an alternative pathway different from
the one activating EGFR. Also, these data, together with MDA-MB-231 data, support the possibility that, at
least, two independent OA stimulated pathways converge on the activation of c-Jun and therefore are involved
in OA-stimulated cell migration.

The use of specific inhibitors against EGFR, MEK and JNK confirms an EGFR independent
OA-induced pathway in MDA-MB-231 cells. The study of OA-activation of different proteins showed
time uncoupling between c-Jun phosphorylation and EGFR activation. To assess whether there was an effec-
tive independence of both phenomena, cells were stimulated with OA in the presence of a specific inhibitor for
EGFR, PD153035 (EGFRi). Although EGFRi importantly reduced OA-stimulated phosphorylation of EGFR, a
minute effect was perceived on c-Jun phosphorylation or JNK1/2 phosphorylation. However, the presence of
JNK1/2 inhibitor SP600125 (JNKi) caused a drastic negative effect on c-Jun phosphorylation (Fig. 4a,b). When
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Figure 2. C-Jun and EGFR OA activation, necessary for OA-cell migration, are decoupled in MDA-MB-231
cells. (a) The figure shows representative images of cell migration obtained under control conditions compared
to those with 10 uM OA and OA plus 2,5 uM EGFRI after 24 h treatment. Scale bar 200 pum. (b) Plot represents
cell migration as the difference obtained between the quantified areas at time 0 h and time 24 h in each
condition. Asterisks indicate statistically significant differences between the selected conditions according

to a one-way ANOVA statistical analysis: (*p <0.05, **p <0.005, ***p <0.001 and ****p <0.0001). (c) Total
protein extracts from serum-starved sub-confluent MDA-MB-231 cells treated with 10 pM OA, EGF or DMSO
equivalent volume as vehicle control. Different proteins were assayed at the indicated times (h) targeting
phospho-FAK (Tyr 925), phospho-EGEFR (Tyr 1068), phospho-ERK1/2 (Thr 202/Tyr 204), phospho-JNK1/2
(Thr 183/Tyr 185), phospho-c-Jun (Ser 63). Additionally, total protein expression was assayed: EGFR, FAK,
ERK1/2, JNK1/2 and c-Jun. B-Actin was used as a loading control. A representative experiment is shown. (d)
Plots with intensity values of each protein assayed by Western-blot, by gathering the data of three independent
experiments. Intensity values were quantified and collected by Image] software. Asterisks indicate statistically
significant differences between the selected conditions according to a one-way ANOVA statistical analysis:
(*p<0.05, **p <0.005, **p <0.001 and ****p <0.0001).

the phosphorylation of FAK was measured in these conditions, the clear activation by OA was inhibited by the
presence of EGFRI, drastically reducing the phosphorylation of FAK. The use of PD98059, a MAPK inhibitor
(MEK:i), produced a clear abrogation of both c-Jun and FAK phosphorylation (Fig. 4a,b). All these data suggest
a complex and intricate signaling network that is interconnected to activate several proteins in response to OA.
Nevertheless, a clear independence of c-Jun phosphorylation could be seen in the activation of EGFR phospho-
rylation upon OA stimulation, while FAK activation was dependent on EGFR activity.

We wanted to assess the effect of the different inhibitors previously used on the activation of the same pro-
teins upon OA stimulation at Mv1Lu cells. In this scenario, the stimulation with OA produced a late activation
of ERK that was inhibited with EGFRi or MEKi but not with JNKi. The activation of c-Jun, however, was not
prevented by EGFRi (Supplemental Fig. 3a,b). The activation (phosphorylation) of c-Jun after OA stimulation
overlapped with migrating cells at the wound-healing scratch assay front (Fig. 5a,b). Strikingly, both JNKi and
MEKIi prevented the phosphorylation of c-Jun. On the other hand, the presence of EGFRi enabled the activation
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Figure 3. C-Jun and EGFR OA activation, necessary for OA-cell migration, are decoupled in Mv1Lu cells.

(a) The figure shows representative images of cell migration obtained under control conditions compared to
those with 5 uM OA and OA plus 2,5 uM EGFRi after 24 h treatment. Scale bar 200 pum. (b) Plot represents cell
migration as the difference obtained between the quantified areas at time 0 h and time 24 h in each condition.
Asterisks indicate statistically significant differences between the selected conditions according to a one-way
ANOVA statistical analysis: (*p <0.05, **p <0.005, **p < 0.001 and ****p <0.0001). (c) Total protein extracts
from serum-starved sub-confluent Mv1Lu cells treated with 5 uM OA, EGF or DMSO equivalent volume as
vehicle control. Different protein phosphorylation was assayed at the indicated times (h) targeting phospho-
EGEFR (Tyr 1068), phospho-ERK1/2 (Thr 202/Tyr 204), phospho-JNK1/2 (Thr 183/Tyr 185) and phospho-c-Jun
(Ser 63). Additionally, total protein expression was assayed: ERK1/2, JNK1/2 and c-Jun. f-Actin was used as a
loading control. A representative experiment is shown. (d) Plots with intensity values of each protein assayed by
Western-blot, by gathering the data of three independent experiments. Asterisks indicate statistically significant
differences between the selected conditions according to a one-way ANOVA statistical analysis: (*p <0.05,

©p <0.005, **p <0.001 and ***p <0.0001).

of c-Jun further supporting the fact that c-Jun activation by OA was not dependent on EGFR activation. All
these data reinforced the notion that the activation of c-Jun by OA in different cell lines has, at least, two distinct
non-related mechanisms, one of which does not require EGFR activation.

OA promotes changes in actin fibers and paxillin distribution. In cell migration, actin protein is
essential for building a suitable dynamic architecture that allows cells to migrate?*”*%. As shown before, actin
varies in response to OA in the migrating cells (see Supplemental Fig. 2). Actin interacts, among others, with
paxillin, which is an adaptor protein, playing a role in cytoskeleton anchoring to focal adhesion (FA) and its
remodeling during cell migration**?*”#°. One of the consequences of OA stimulation was the phosphorylation
of paxillin at Ser 178 (Supplemental Fig. 4a,b). NK regulates cell migration through the phosphorylation of pax-
illin at Ser 178, and indeed JNK is activated in response to OA (see Fig. 2¢,d). Both phosphorylation of JNK and
phosphorylation of paxillin were coincidental in time, thus suggesting a correlation between both phenomena
and the activation by OA.

To further understand the effect of OA on cell migration, we immunostained paxillin in wound-healing
scratched Mv1Lu cells. When immediately-scratched cells were observed, paxillin was distributed as compacted
focal adhesions (Fig. 6). As soon as 6 h after stimulation with OA, paxillin staining pattern changed to dis-
play smaller FA and denser distribution. This was especially noticeable at places where the cells were forming
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Figure 4. The use of specific inhibitors against EGFR, MEK and JNK upon OA treatment reveals a new
OA-induced pathway in MDA-MB-231 cells. (a) Total protein extracts from serum-starved sub-confluent
MDA-MB-231 cells, treated with 10 pM OA, EGF or DMSO. Besides, cells were treated 30 min before with
the following inhibitors in the absence or presence of OA: 2.5 uM EGFRi, 50 uM MEKi and 15 pM JNKi.
Different proteins’ phosphorylation was assayed at the indicated times (h): phospho-FAK (Tyr 925), phospho-
EGEFR (Tyr 1068), phospho-ERK1/2 (Thr 202/Tyr 204), phospho-JNK1/2 (Thr 183/Tyr 185) and phospho-
c-Jun (Ser 63). Additionally, total protein expression was assayed: EGFR, FAK, JNK1/2 and c-Jun. B-Actin

was used as a loading control. A representative experiment is shown. (b) Plots with intensity values of each
protein assayed by Western-blot, by gathering the data of three independent experiments. Intensity values were
quantified and collected by Image]J software. Asterisks indicate statistically significant differences between the
selected conditions according to a one-way ANOVA statistical analysis: (*p <0.05, **p <0.005, ***p <0.001 and
4D < 0.0001).

lamellipodia or filopodia (Fig. 6; Supplemental Fig. 5). Again, as seen before (see Supplemental Fig. 1), changes
in actin intensity were very evident 6 h after OA stimulation (Fig. 6; Supplemental Fig. 5), became more appar-
ent after 12 h after OA treatment. This correlated well with the fact that OA enhances cell migration'. All these
observations suggest that OA produces high dynamization of cytoskeleton and FA compatible with a higher
migration rate.

In a previous publication, we showed that EGFRi, JNKi or MEKi had an inhibitory effect on OA-stimulated
cell migration'?. To further comprehend the consequences of using these inhibitors, we studied the subcellular
actin architecture of the cells upon OA stimulation in the presence of these inhibitors. Both OA and EGF pro-
duced clear changes in cell architecture losing actin stress fibers, which were still evident with JNKi and MEKi
but not with EGFRi (Supplemental Fig. 6a). Concerning FAs, the use of MEKi and EGFRi decreased their density
and increased their size, although the effect of EGFRi was milder size-wise (Supplemental Fig. 6b,c). In contrast,
in response to OA, neither the size nor the density of FA seemed to be affected by the presence of JNKi.

OA treatment produces FAK activation and promotes focal adhesion remodeling in scratched
Mv1Lu cells. Analyses of various FAK mutants have revealed that FAK targeting to FA is important in the
regulation of its activity>!. Previously, we showed that OA produced an activation of FAK at residue Tyr 925 (see
Figs. 2, 4) in MDA-MB-231 cells. Western blot results in Mv1Lu cells confirmed that OA caused a strong FAK
phosphorylation on Tyr 925, similarly to EGE, but at a different timing (Fig. 7a). Thus, we decided to study the
OA effect on phospho-Tyr 925 FAK subcellular localization at wound-edge migrating cells. As a consequence of
wounding, in control cells, we observed a p-FAK sharp and pointed pattern located at FA 6 h after wound scratch
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Figure 5. Specific inhibitors against EGFR, MEK and JNK, upon OA treatment, show the independent
OA-activation on c-Jun at the edge of wound-scratched Mv1Lu cells at wound edge. (a) Confluent Mv1Lu
cells were scratched and allowed to migrate for 6 h. Cells treated with 5 uM OA or DMSO equivalent volume
were immunostained with specific antibodies against c-Jun transcription factor. Additionally, cells were treated
30 min before with the following inhibitors: 2.5 pM EGFRi, 50 uM MEKi and 15 pM JNKi. Co-staining with
phalloidin and Hoechst-33258 was used to show actin cytoskeleton and nuclei, respectively. Images of p-c-Jun
fluorescence were converted into pseudo-color with Image] software to show the intensity of c-Jun staining.
Color rainbow scale represents fluorescence intensity for phospho-c-Jun. Actin fibers (F-actin): red. Nuclei:
blue. Images were obtained with a confocal microscope. This experiment was repeated at least three times.
Representative images are shown. Scale bar indicates 10 um. (b) Plot represents the data obtained by p-c-Jun
intensity at cell nuclei. In every condition, each point on the plot represents p-c-Jun intensity at the nucleus
of one cell, quantified by Image]J software. With the collected data of p-c-Jun intensity, a one-way ANOVA
statistical analysis was performed (*p <0.05, **p <0.005, ***p <0.001 and ****p <0.0001).

(Fig. 7b). Strikingly, upon OA treatment (6 h), the signal increased both at FA and cytosol, thus suggesting the
mobilization of the active (phospho-Tyr 925) form of the protein (Fig. 7b). The treatment with EGF produced a
similar effect on the increased signal of activated FAK to FA with much less presence to the cytosol. Addition-
ally, the stimulation with OA induced the phosphorylation of paxillin on Ser 178 by JNK (see Supplemental
Fig. 4a,b). This phosphorylation supports the association of paxillin with FAK®™. Strikingly, we noticed a strong
merge of p-FAK (Tyr 925) and paxillin in OA-stimulated cells, indicating the localization of active FAK at FAs
(Fig. 7¢; Supplemental Fig. 7). Pearson s correlation showed significant values between paxillin and p-FAK (Tyr
925) upon OA treatment that were not noticeable immediately after wounded cells or control (DMSO-treated)
cells (Fig. 7d). OA-like results were obtained upon EGF treatment.

Similarly, in MDA-MB-231, we observed that OA produced the phosphorylation of the FAK that was overlap-
ping with the focal structures revealed by paxillin staining. Pearson’s correlation of the staining of both proteins
confirmed that phospho-Tyr 925 activated FAK was localized at the focal structures upon OA stimulation (Sup-
plemental Fig. 8a—c).

Therefore, all these results suggest that OA treatment induces an activation of FAK that occurs mainly at
the FAs.

Effect of inhibitors on the OA activation of FAK. In culture cells, the treatment with OA produced the
phosphorylation of FAK at Tyr 925. The use of different inhibitors (EGFRi and MEKi) proved the dependence
of this phosphorylation on EGFR and MAPK signaling pathways (see Fig. 4). In fact, the size and the density of
FA were affected by EGFRi and MEKi (see Supplemental Fig. 6). To investigate further, we tested the effect of
the aforementioned inhibitors on the OA activation of FAK at the wound-edge migrating cells and studied its
colocalization with paxillin. Again, the stimulation with OA caused a general phosphorylation at Tyr 925 of FAK,
which was evident due to a higher increase in the signal at the FA (Fig. 8a) and its evident colocalization with
paxillin (Supplemental Fig. 9). Coherently, this effect was suppressed by the presence of EGFRi and MEKi. How-
ever, the presence of JNKi did not affect the activation of FAK measured as localization of phospho-Tyr 925 at the
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Figure 6. OA promotes changes in FAs and actin cytoskeleton. Confluent Mv1Lu cells were scratched and
allowed to migrate for 6 and 12 h. Cells treated with 5 uM OA or DMSO equivalent volume (vehicle control)
were immunostained with specific antibodies against paxillin (green). Co-staining with phalloidin and
Hoechst-33258 was used to show actin cytoskeleton (magenta) and nuclei (blue), respectively. This experiment
was repeated at least three times. Representative images are shown. Scale bar indicates 10 um. Quantification of
the density of FA as FA number per filopodia area. Quantification of FA size (average size) at the filopodia area.
One-way ANOVA statistical analysis was performed (*p <0.05, **p <0.005, ***p <0.001 and ***p <0.0001).

FA as well as a general mobilization of it to the cytosol (Fig. 8a). Pearson s coefficient, calculated for all samples,
clearly indicated the localization of active phosphorylated (Tyr 925) FAK at the FA structures in response to OA,
independently of the activation of JNK kinase (Fig. 8b).

All these data suggest a clear OA-stimulated FAK-dependent remodeling of FA in which EGFR and MEK,
but not JNK, are involved.

Discussion

In this paper, we have disclosed more molecular details of OA mode of action on epithelial cells to produce
migration and we have studied in depth the effect of OA on critical components of the cell migration machin-
ery. Regarding OA effect on cell migration, it has been reported to inhibit migration on a laryngeal squamous
carcinoma cell line (Hep-2) at 30 uM OA concentration in serum-free medium with an additional negative effect
on proliferation'!. Also, on a hepatocellular carcinoma (HepG2) cell line, concentrations of 25 and 50 uM*° or
30 uM in the same cell line® have a clear migration inhibitory action. Finally, in HeLa cells, 50 uM of OA has a
negative effect on migration and induces apoptosis®. However, we previously published that there is a narrow
interval of OA concentrations in serum-free medium, 5 pM and 10 pM for Mv1Lu or MDA-MB-231, respectively,
that stimulates migration'%. Above these concentrations, OA inhibits migration in these cell lines'?. Similarly,
the same range of OA concentration for migration stimulation was reported on mouse fibroblasts, 20 pM in
serum-free medium, with a migration inhibitory effect above that concentration®. This apparent discrepancy
could be attributed to the use of different concentrations of OA, although further research should be conducted
to possibly stablish differences between the cell lines that may explain the divergence in the results.

Previously, we showed that OA activates c-Jun by phosphorylation in Mv1Lu and MDA-MB-231 cells'2. C-Jun
is a key transcription factor involved in cell migration®>**. Active c-Jun plays an important role in the signaling of
different growth factors, indeed, conditional mutations of this transcription factor at the epidermis are known to
delay wound closure®. Our study confirmed that phosphorylation of c-Jun at the wound scratch edge is crucial
for the induction of migration of epithelial cells by OA. Remarkably, OA-stimulated c-Jun overexpression and
activation only occurred at the nucleus of actively migrating cells, which is consistent with the c-Jun function
to promote migration®** upon OA stimulation. EGF stimulation of cells produces a very extensive c-Jun over-
expression and phosphorylation*>*. In contrast, the effect of OA was specific to the wound edge of the scratch
assay, thus being more precise and avoiding the stimulation of cell migration beyond necessary.

The blockage of upstream molecular signaling by selectively inhibiting MAPKs (MEK1-ERK1/2) or JNK
pathways partially inhibited OA-induced migration in Mv1Lu or MDA-MB-231 cells'2. Moreover, inhibition of
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Figure 7. OA induces FAK phosphorylation and promotes its localization in focal adhesion with paxillin in
Mv1Lu cells. (a) The activation of FAK was assessed by Western Blot at Tyr 925, at the indicated times in the
presence of 5 pM OA, DMSO equivalent volume or EGE. Additionally, total protein expression was assayed:
FAK. B-Actin was used as a loading control. Phospho-FAK intensity values in Western-blot were quantified
by Image] to conduct a one-way ANOVA analysis showed on the plot (*p <0.05, **p <0.005, ***p < 0.001

and ***p<0.0001). (b) Confluent Mv1Lu cells were scratched and allowed to migrate for 6 h. Pictures show
the immunostaining with specific antibodies against phospho-FAK (Tyr 925) and paxillin. Co-staining with
Hoechst-33258 was used to reveal nuclei. P-FAK: green. Paxillin: red. Nuclei: blue. (¢) Pictures and graphs
represent a colocalization analysis performed by Zeiss Efficient Navigation (ZEN) software. Colocalized pixels
are highlighted in white at the immunostaining images. Graphs are dot plots representing both p-FAK and
paxillin intensities in terms of number of pixels: p-FAK pixels on Y axis and paxillin pixels on X axis. The 3
quadrant (upper right) represents overlapped (common) pixels between both proteins. (d) Pictures of each
condition (two) were divided in three horizontally distributed sectors. Pearson’s correlation coefficient in each
sector of each condition was calculated by the average pixel intensity of p-FAK and paxillin overlapped pixels.
The plot represents Pearson’s correlation values for each condition, each dot representing the value obtained
in one sector. Asterisks indicate statistically significant differences between conditions according to one-way
ANOVA statistical analysis: (*p <0.05, **p <0.005, ***p <0.001 and ****p <0.0001). This experiment was
repeated at least three times. Representative images are shown. Scale bar indicates 10 pum.

EGEFR produced a complete inhibitory effect on OA stimulation of migration, suggesting a complete dependence
on the activation of EGFR for OA-induced migration'?. Interestingly enough, the use of EGFRi did not completely
suppress phosphorylation of c-Jun at the wound edge. Moreover, OA stimulation of c-Jun phosphorylation meas-
ured by western blot was not suppressed by the use of EGFRI. In a previous paper, we focused on the activation
of EGFR by OA as the main event inducing migration in both Mv1Lu and MDA-MB-231 cells'2. However, the
evidence presented in this paper suggests a very early stimulation of c-Jun phosphorylation that is independent
of the activation of EGFR in both Mv1Lu and MDA-MB-231 cells. Additional pathways converge into c-Jun
activation®®’; nevertheless, all the c-Jun activation we saw, independent of or dependent on EGFR was medi-
ated by JNK1/2. JNK has been shown to be required for Drosophila dorsal closure!>'¢. Certainly, the use of JNKi
completely blocked the phosphorylation of c-Jun. In any case, further research must be carried out in order to
reveal the possible pathway that specifically produces the activation of c-Jun, independently of EGFR activation.
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Figure 8. EGFR and MEK inhibitors prevent OA-induced FAK localization at FA in Mv1Lu cells. (a) Confluent
Mv1Lu cells were scratched and allowed to migrate for 6 h. Cells were treated 30 min before scratch and
subsequent OA treatment with specific inhibitors 2,5 uM EGFRi, 50 uM MEKi and 15 uM JNKi. Pictures

show the immunostaining with specific antibodies against phospho-FAK (Tyr 925) and paxillin. Co-staining
with Hoechst-33258 was used to reveal nuclei. (b) The plot represents a colocalization analysis performed by
Zeiss Efficient Navigation (ZEN) software. Pictures of each condition (two) were divided in three horizontally
distributed sectors. Pearson’s correlation coefficient in each sector of each condition was calculated by the
average pixel intensity of p-FAK and paxillin overlapped pixels. The plot represents Pearson’s correlation

values for each condition, each dot representing the value obtained in one sector. Asterisks indicate statistically
significant differences between conditions according to a one-way ANOVA statistical analysis: (*p <0.05,
**p<0.005, **p<0.001 and ****p <0.0001). This experiment was repeated at least three times. Representative
images are shown. Scale bar indicates 10 pm.

C-Jun, the founding member of the AP-1 family, contributes to its own transcriptional upregulation when it
is activated by phosphorylation, producing a self-regulating positive feed-back®®. OA phosphorylation/protein
total level increment of c-Jun and phosphorylation of EGFR showed different time dynamics, with EGFR having
a later activation compared to c-Jun activation, which suggests a complex or multiple step mechanism for OA
activation of EGFR. In this context, transactivation of EGFR is a phenomenon that activates this receptor in the
absence of canonical EGFR external stimuli®®. EGFR transactivation is triggered by G-protein-coupled receptors
(GPCRs) and is now recognized as a key mechanism that couples distinct signal transduction pathways to diverse
cellular stimuli®®. It is plausible that EGFR stimulation by OA could be due to receptor transactivation. Indeed,
a clue comes from the fact that OA has been identified as a weak agonist for some GPCR receptors®, which in
turn would activate EGFR® and could also have a direct stimulatory effect on the MAPK signaling pathway®'.
Besides, as shown by Bernabé et al.'?, the stimulation of EGFR phosphorylation by OA is independent of protein
synthesis. Despite all of this, activation of EGFR is clearly a key point in the process of migration induced by
OA, because the inhibition of the receptor by PD153035 completely suppresses OA stimulation of migration'?.

In Mv1Lu cells, the OA-induced phosphorylation of ERK experienced a delay in comparison to c-Jun phos-
phorylation, and it is in synchrony with the activation of EGFR. This fact suggests that MAPK signaling pathway
mainly depends on the OA-activation of EGFR. Unfortunately, in MDA-MB-231, the high overexpression of
EGFR*, causes a high level of ERK phosphorylation making it impossible to clearly distinguish ERK activation
in response to OA.

So far, our results show that, in Mv1Lu and MDA-MB-231 cell lines, JNK and c-Jun OA-activation are inde-
pendent of EGFR. On the other hand, our results for ERK phosphorylation support an EGFR delayed activation
mechanism independent of the mechanism early activating JNK/c-Jun. In any case, MAP kinases seem to be
involved in both mechanisms, early and late, because PD98059 (MEK) inhibitor blocks the activation of both
EGFR and JNK/c-Jun. This way of behaving would suggest a possible feedback mechanism between the MAPK
pathway and the activation mechanism that implicates both EGFR and putative GPCR. This crosstalk mechanism
between both receptors has been associated with the activation of Src®, but it is worth exploring whether there
could be a similar crosstalk for other kinases such as ERK1/2. In the wounding of corneal cells, the activation of
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EGFR is mediated by a shedding mechanism related to GPCR receptors®. Strikingly, in this system, the inhibi-
tion of ERK1/2 phosphorylation by the use of PD98059 caused a halt in the activation of EGFR, thus suggesting
that, in addition to functioning as an EGFR downstream effector, ERK1/2 also mediates EGFR transactivation to
a variety of stimuli®?. Similarly, in both MDA-MB-231 and Mv1Lu cells, the use of PD98059 upon OA stimula-
tion caused a strong inhibitory effect on EGFR activation and c-Jun phosphorylation. This suggests that, upon
stimulation with OA, a similar MEK-involved crosstalk mechanism could be at work for the transactivation of
EGFR. In fact, in Mv1Lu cells, a minute stimulation of ERK could be seen 1 h after OA stimulation (see Fig. 3).

At in vitro wound assays, a close look at the wound migrating edge showed morphological variations in
migrating cells at the wound edge compared to cells placed in the rear. These morphological differences consist
in the development of cytoplasmic protrusions such as lamellipodia and ruffles”. Indeed, the presence of OA
increased the number of lamellipodia and ruffles at the cells at the edge of the wound. In our case, the stimulation
with OA also modified the intensity and definition of actin microfilaments there. In fact, actin depolymerization
and debranching happens during migration facilitating the dynamic remodeling of the actin network and the
cyclic extension and retraction of lamellipodia®. So, the observed changes were suggestive of an active migratory
status of the cells'*?°. Cell migration, a very well-coordinated process, requires the continuous formation of focal
complexes (FC) that mature into FAs!*?. Paxillin is a fundamental component for FA functioning because it is
able to integrate multiple signaling inputs®. By providing a structural scaffold, paxillin facilitates the synchro-
nized binding of different protein components, particularly signaling molecules®. Our results showed a differ-
ential organization of FA, revealed by paxillin staining, in response to OA. Certainly, OA caused an increased
density but a decreased size of the foci. The phosphorylation of paxillin Ser 178 by JNK produced FA increased
dynamics and cell motility*®. OA stimulation produced a time phosphorylation on this residue that correlated
well with JNK activation. However, in response to OA, neither the size nor the density of FA were affected by
the presence of this inhibitor (JNKi), which suggests that there might be other means of focal adhesion arrange-
ments in response to OA, independently of JNK activation. Further research is needed to stablish the particular
contribution of paxillin Ser 178 phosphorylation to the migration induced by OA.

Coordination and integration of growth-factor signaling and FA remodeling is facilitated by the close physical
proximity of key signaling molecules. This is the case for EGFR and FAK®. FAK Tyr 925 can be phosphorylated as
a consequence of cell integrin assembling or growth factor stimulation®*°. Interestingly, OA treatment produced
the phosphorylation of EGFR and thus of FAK with a very similar timing outcome. Indeed, FAK activation was
completely suppressed by EGFRi. Additionally, FAK Tyr 925 phosphorylation was also suppressed by MEKi,
indicating the direct involvement of EGFR via MEK in the activation of FAK in response to OA. So, regarding
FA remodeling and in contrast to JNKi, the presence of EGFRi or MEKi produced bigger and consolidated FAs,
thus supporting previous findings indicating the need of an EGFR/MEK active signaling for a successful OA-
driven migration'%

The use of different functional mutants of FAK has revealed that FAK localization to FAs is important for
the regulation of FA dynamization®!. Hence, increased FAK localization to FAs raises its turnover at the protru-
sion front*. Our results show that active FAK co-localized with paxillin in response to OA, thus indicating that
an active remodeling of FAs was taking place in response to the triterpenoid. Active FAK localization at FAs
was dependent on the activation of EGFR because it was inhibited by EGFRi. Also, the participation of active
MEK was required as the use of MEKi also prevented Tyr 925 phosphorylated FAK localization at FAs. These
data confirmed an OA responsive axis EGFR/MEK/ERK/FAK as a motor for FA dynamization®. Additionally,
mobilization of phospho-Tyr 925 FAK to the cytosol indicates an intense remodeling of FAs. Certainly, active
migration requires a continuous remodeling of FAs?”. The absence of inhibitory activity on the FA localization
of active FAK in the presence of JNK reinforces the idea of an independent but complementary promigratory
event. Such promigratory event, although not required for FA managing, may be involved in other aspects of cell
migration. So, even though active FAK mobilization to FAs did not seem to be affected by JNKi, OA-stimulated
cell migration is partially inhibited'?.

In this paper, we have further dissected the molecular mechanisms underlying the effect of OA on cell migra-
tion. Our results showed that OA induces different and interconnected signaling pathways. Given the powerful
effect of OA on cell-migration, the need for additional understanding of those mechanisms seems relevant and
very pertinent. Finally, these findings could provide an interesting mode of action for OA that is worth investi-
gating in other related molecules.

Materials and methods

Preparation of oleanolic acid. Oleanolic acid (purity>97%) (Merck, Darmstadt, Germany) was dis-
solved in dimethyl sulfoxide (DMSO) to a 25 mM concentration. Final assay concentrations are indicated in
each experiment. DMSO concentration in all assays never exceeded 1% to avoid cytotoxic effects. A DMSO
control condition was performed in each experiment.

Cell culture. Mink Lung Epithelial (Mv1Lu)?*¢> cells were grown in Eagle’s Minimum Essential Medium
(EMEM) (Biowest, Nuaill¢, France). Human Mammary Gland cells (MDA-MB-231)*-** were grown in Dul-
becco’s Modified Eagle Medium (DMEM) (Biowest, Nuaillé, France). Both mediums were supplemented with
10% Fetal Bovine Serum (FBS, Gibco, Thermo Fisher Scientific, Rockford, IL, USA), 1% Penicillin/Streptomycin
and 1% L Glutamine (both from Biowest, Nuaillé, France). Mv1Lu and MDA-MB-231 cells were incubated in a
humidified atmosphere at 37 °C, with 5% CO, and 7.5% CO,, respectively.

Wound healing scratch assay. MvIiLu or MDA-MB-231 cells were seeded in 24-well plates until they
reached 100% confluence, using the appropriate medium for each line with all supplements. At that time,
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medium was changed to FBS-free medium for 24 h. At the initial time (T0), a cross-shaped scratch was made
on the cell monolayer using a sterile p-200 pl pipette tip. After replacing FBS-free culture medium to wash out
released cells, OA (indicated concentration at each experiment) or an equivalent volume of DMSO was added.
Additionally, EGFR pharmacological inhibitor PD153035 (EGFRi) 2.5 uM, was added to OA sample. After a
24-h incubation period, cells were fixed with 4% formaldehyde (Applichem GmbH, Darmstadt, Germany) in
PBS (Biowest, Nuaillé, France) for 10 min. Finally, well plates were washed twice with PBS. Pictures were taken at
10x magnification using an optical microscope equipped with a digital camera (Motic Optic AE31, Motic Spain,
Barcelona, Spain). To quantify cell migration, the areas of the gaps in the wounds were measured by Image]
software. The initial cell-free surface was subtracted from the endpoint cell-free surface and plotted in a graph®.

Cell-front migration assay, subcellular localization assay. MviLu or MDA-MB-231 cells were
grown until they reached confluence on round glass-coverslips using appropriate medium with 10% FBS. At
that point, cells were washed and the medium was replaced by FBS-free medium for 24 h. After this, the estab-
lished epithelium was scratched using a razor blade, making an artificial wound with enough space to allow cells
to migrate. The new wound was set as time 0 of the experiment and then OA, DMSO or 10 ng/ml epidermal
growth factor (EGF, Sigma-Aldrich, St Louis, MO, USA) was added to the medium. When using specific inhibi-
tors, cells were treated 30 min before OA stimulation with the following pharmacological inhibitors: 2.5 uM
PD153035 (Epidermal Growth Factor inhibitor, EGFRi)®, 50 uM PD098059 (Mitogen-activated protein kinase
kinase inhibitor, MEKi)* and 15 pM SP600125 (c-Jun N-terminal kinase inhibitor, JNKi)”. After the indicated
times of incubation, coverslips were fixed with 4% formaldehyde (Applichem GmbH, Darmstadt, Germany) in
PBS (Biowest, Nuaillé, France) for 10 min. After two washes with PBS, cells were permeabilized with 0.3% Triton
X-100 (Sigma-Aldrich, St Louis, MO, USA) in PBS for 10 min. Immunostaining was performed first by blocking
cells for 30 min at room temperature in PBS solution with 10% FBS, 5% skim milk (Beckton Dickinson, Frank-
lin Lakes, NJ, USA), 0.3% bovine serum albumin (BSA, Sigma-Aldrich, St Louis, MO, USA) and 0.1% Triton
X-100. After blocking the cells, they were incubated for 1 h at room temperature with anti-paxillin, anti-c-Jun or
anti-phospho-FAK antibodies diluted in blocking solution, without skim milk. Appropriate fluorescent-labelled
secondary antibodies were co-incubated for 30 min with Alexa Fluor 594 conjugated phalloidin (Molecular
Probes, Thermo Fisher Scientific, Waltham, MA, USA) and Hoechst-33258 (Fluka, Biochemika, Sigma-Aldrich,
St Louis, MO, USA) to reveal actin cytoskeleton and nuclei, respectively. Finally, samples were examined and
representative images were taken with a confocal microscope (LSM 510 META from ZEISS, Jena, Germany).
Images were obtained by using Zeiss Efficient Navigation (ZEN) interface software (ZEISS, Jena, Germany).
When a wider view of the migration front was required, especially in c-Jun staining (indicated in figures), four
linked fields were acquired by the “Tile scan” ZEN tool. Subsequently, tile scans fluorescent signals were con-
verted to a linear mode and covered with a full data range using the Rainbow look up table (Rainbow LUT) in
Image] software. In order to quantify c-Jun and phospho-c-Jun levels in immunofluorescence pictures, the image
was analyzed and quantified by Image]J software. For this purpose, pictures in 8-bit three-channel format (Red,
Green, Blue, RGB) were divided into three separate color channels (three pictures). By using blue channel pic-
ture (Hoechst staining), regions of interest (ROIs) were stablished to define each nucleus, creating as many ROIs
masks as nuclei in the image. Then, by overlapping these masks onto the corresponding green channel picture
(c-Jun/p-c-Jun staining), we calculated the green intensity value of each nucleus (ROI). The quantified signal of
each nucleus was used as a replicate to obtain c-Jun/p-c-Jun intensity data in each of the conditions performed.
On the other hand, “Z stack” ZEN feature was used when deep cytoskeleton structure observance was required,
taking a proper number of pictures along the Z axis. Focal adhesion (FA) quantifications were performed as
described in Horzum et al.*” by using CLAHE and Log3D macros for Image]. Briefly, focal adhesions were quan-
tified from paxillin stained acquired pictures. We used three different images for each condition. Specifically, cell
filopodia were selected as regions of interest (ROIs) and the resulting areas (containing FAs) were considered for
further analysis. A number of five filopodia were taken into account from each picture. Then, the number of FAs
were calculated in each filopodia by using the previously mentioned macros. The obtained number was divided
by the total filopodia area to determine FA density. In parallel, the size of each FA was measured using the mac-
ros mentioned above. Finally, FA average size was calculated for each treatment. For colocalization determina-
tion of paxillin and p-FAK, ZEN interface software was used. The analysis was performed by dividing two pic-
tures (replicates) of each experimental condition into three equal regions of interest (ROIs) including front and
back of the edge. Then, overlapped pixels between channel 1 signal (paxillin) and channel 2 signal (p-FAK) were
marked for a Pearson’s correlation coefficient determination included in ZEN software (ZEISS, Jena, Germany).

Western blot. MviLu or MDA-MB-231 cells were seeded and allowed to reach 60% confluence in 10-cm
diameter plates. At that time, culture medium containing 10% FBS was replaced by an FBS-free medium, incu-
bating the cells for a 24-h period. Serum-deprived cells were treated with OA, DMSO or 10 ng/ml EGF. When
using specific inhibitors, cells were treated 30 min before OA stimulation with the following pharmacological
inhibitors: 2.5 uM PD153035 (Epidermal Growth Factor inhibitor, EGFRi)%, 50 uM PD098059 (Mitogen-acti-
vated protein kinase kinase inhibitor, MEKi)® and 15 pM SP600125 (c-Jun N-terminal kinase inhibitor, JNKi)”°.
After time incubations, cells were harvested, washed twice with ice cold PBS and lysed with 20 mM TRIS pH
7.5, 150 mM NaCl, 1 mM EDTA, 1.2 mM MgCl,, 0.5% Nonidet p40, 1 mM DTT, 25 mM NaF and 25 mM beta-
glycerophosphate supplemented with phosphatase inhibitors (I and II) and protease inhibitors (all from Sigma-
Aldrich, St Louis, MO, USA). Total protein amount of all extracts was measured and normalized by Bradford
assay’! (Sigma-Aldrich, St Louis, MO, USA). The extracts were analyzed by SDS-PAGE followed by Western blot
(WB) using the indicated antibodies, revealed by using Horseradish peroxidase substrate (ECL) (GE Healthcare,
GE, Little Chalfont, United Kingdom) and images were taken with a Chemidoc XRS1 (Bio-Rad, Hercules, CA,
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USA). For protein quantification, western pictures in 8-bit format were processed in Image] software. Subse-
quently, in all western-blot pictures, a lane was stablished for each of the samples. In each lane, the band was
selected according to the appropriate size (kDa) of the protein of interest. In general, and for the phosphorylated
version of each interest protein, each band’s intensity peak was plotted and the area under the plot was measured
using “Wand (tracing) tool” of ImageJ to obtain the intensity value. To normalize the data, obtained intensity
values were referred to obtained intensity values of either the unphosphorylated form of the protein or a load-
ing control protein such as B-actin if the unphosphorylated form was undetectable (non-available antibody for
detecting the unphosphorylated form).

Antibodies. The following commercial primary antibodies were used: anti-phospho-ERK1/2, anti-ERK,
anti-JNK1/2, anti-phospho-JNK1/2, and anti-phospho-c-Jun (all from Cell Signaling Technology, Danvers, MA,
USA); anti-phospho-EGFR, anti-EGFR, anti-FAK (all from Thermo Fisher Scientific, Rockford, IL, USA); anti-
phospho-FAK (Abcam, Cambridge, MA, USA); anti-paxillin and anti-c-Jun (Santa Cruz Biotechnology, Heidel-
berg, Germany); anti-phospho-paxillin Ser 178 (Antibodies-online GmbH, Aachen, Germany); and anti-p-actin
(Sigma-Aldrich, St Louis, MO, USA). Secondary antibodies were anti-rabbit IgG Horseradish peroxidase linked
F(ab’)2 I fragment (from donkey) (GE Healthcare, GE, Little Chalfont, United Kingdom), anti-mouse IgG, (BD
Pharmingen, Beckton Dickinson, Franklin Lakes, NJ, USA); Alexa Fluor 488 conjugated anti-rabbit (from don-
key), Alexa Fluor 488 conjugated anti-mouse (from donkey) and Alexa Fluor 594 conjugated anti-mouse (from
donkey) (all from Thermo Fisher Scientific, Rockford, IL, USA).

Statistical analysis. All the collected data were analyzed using Graph Pad Prism 7 software. In every analy-
sis, classic statistical parameters were calculated and statistical tests were performed with a 95% confidence inter-
val, consequently, p values lower than 0.05 were considered to be statistically significant. At the figure legends,
the asterisks denote statistically significant difference between treatments (*p<0.05, **p <0.005, ***p <0.001
and ****p <0.0001). Data of intensity values, collected from Western-blots, were analyzed by a one-way ANOVA
test, comparing the mean of each condition with the mean of every other condition. Then, a Tukey’s multiple
comparisons test was performed. Data of intensity values obtained from c-Jun and p-c-Jun nuclei quantifications
were analyzed by a two-way ANOVA test. Specifically, a Tukey’s multiple comparisons test was performed, com-
paring the mean of each condition with the mean of every other condition; however, each comparison was made
within each picture sector. In this way, same picture sectors were compared (for example, sector 1, S1) between
different conditions. On the other hand, to see differences between sectors from the same condition a one-way
ANOVA was performed, as described elsewhere. Data of colocalization Pearson’s coefficient in the immunocy-
tochemistry assays were analyzed with a one-way ANOVA test, comparing the mean of each condition with the
mean of every other condition. Then, a Tukey’s multiple comparisons test was performed.

Data availability

In order to clarify Western-blot data, we displayed cropped blots of each Figure in the paper as Supplementary
Figures (from Supp. Figures 10-15). These Figures contain original blots of each protein assayed with molecular
weight markers for a better identification.
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Supplemental Figure 10. Full-length blots corresponding to crops showed in Fig 2. (a) Tyr 1068 Phosphorylated-EGFR. (b) Tyr 925 Phosphorylated-FAK. (c) Ser 63
Phosphorylated c-Jun. (d) EGFR. (e) Thr 202/Tyr 204 Phosphorylated ERK. (f) Thr 183/Tyr 185 Phosphorylated JNK. (g) JNK1/2. (h) FAK. (i) ERK1/2. (j) c-Jun. (k) Beta-
actin loading. Dashed red rectangle indicates the portion of the blot that was used in the figure.



0} =

LE == pmmemmcmooeoeeoeemeceoeeoomeoe- - -

[ e 5

493  DIFAN DINFRIOI -

vo

unoy-g

v un,
r-o
L b
- | unr-o-d
'.l‘l:”m. - R - ZILINe-d
..la‘ - -

L T T b ReE

e e IR d

EWREEE L SR
3

L €1 €2 1 0 (Wawy

493 IM3IW  DINF 1¥4O93 -

vo

¢ ‘B14 "ddng

LL "Bi14 "ddng

(4) swiy

*o1n31y oY) UI pasn sem Jey) J0[q oy Jo uorod ayy sojesIpul 9[FULI0I PaI payse( ‘Sulpeo|
unoe-eleg (1) “unf-o (3) "unr-5 pajejAioydsoyd €9 195 (7)) “¢/IINC (2) “SINC parejhioydsoyq s81 1AL/€81 1L (P) '7/13¥A (9) ¥ parejkioydsoyd +0¢
IAL/207 WL () MADT-paellroydsoyd 8901 IAL () "¢ 231 reyuswdiddng ur pamoys sdoro 03 Surpuodsarrod sjorq psus[-[ng [ 21n3i [ejudwdddng

o=
s =
0z =
sz —
15 =
< unoe-g 05 = <= unp-2
SL =
M
o=
s =
0z —
5
P i
&= "'l’ltt'&"‘ll S o
o - ;lli-r..l.f!.?.f!.i(.&fll L <IN
[ oeeeee 550 e e
-
GL -
€ T L3Sl kR £ L 0
0oL =
05, = 493
05z =
M
9
o =
5l =
0z —
sz —
e =
- 2uz-d
o= L i [BRES]
SLe== Pefz ¥ ic ) © 1 't 't (eRSCRED (u) ausiL
0b = 4oz pmw INF RO -
05 —
05z = vo
MIN

M i
493 DEN DINF 493
vo 3
oL -
Sb o=
=
Gz =

|« DINrd
L0+ LINrd
!

Sl - (u) sy
MmN € Z L€ L €L e L €T L o
493 DN DINCRAOT - ¢]
vo
oL =
»
Sbo=-
0z =
ST -
« Diyd
= 1yuad
() awny.
vo q
o — B »mmﬂ u-unﬁ.ﬁ
05z = o -.-
MW VR AN, () awny
153 DN DINC DI -
e

Yo



Time(h) 0 1

p-EGFR —

C

Time(h) 0 1

PERK1 —»
p-ERK2 —

Time(h) 0 1

ERK1 —»
ERK2 =

b

Time (h)
§|<<mm= B-actin —
— 150
— 100
nw
-5
e
— 50
— a7
— 25
Time ()
—20
pINKI —p
s pINK2 =
—10
mw
— 250 f
- 150
— 100
—_
. Time ()
-3
INKA —»
INK2 =
-2
-2
- 15
- 10

0

0

1

1

- 50
- 37
- 25

- 20

Mw
-T5

-—25
- 20

100
75

Mw

- 250
- 50
- 37

-25
- 20

Supp. Fig. 12
Fig. 3

Time(h) 0 1 2 3 4 6 1 2 3 4 6 1 2 3 4 6

P-EGFR [ L s i o o o o o S - ——

p-ERK1/2 _ _

ERK1/2 _ _

p-INK1/2 _

JNK1/2 _ _

p-c-Jun

Time(h) ©0© 1 2 3 4 6 1 2 3 4 6 1 2 3 4 6

p-c-Jun
—

- 250
- 150

I:_o
Time() o 1 2 3 4 6 1 2 3 4 6 1 2 3 4 6 =75

c-Jun —

Supplemental Figure 12. Full-length blots corresponding to crops showed in Fig 3. (a) Tyr 1068 Phosphorylated-EGFR. (b) Beta-actin loading. (c) Thr
202/Tyr 204 Phosphorylated ERK. (d) ERK1/2. (e) Thr 183/Tyr 185 Phosphorylated JNK. (f) INK1/2. (g) Ser 63 Phosphorylated c-Jun. (h) c-Jun.



‘2131 oY) Ul pasn sem Jey 30[q 2y} Jo uonod ayy sjesIpul 9[3ue)dal pal payse ‘Surpeo] unoe-ejeg (o) ‘ullIxed
(q) -urxed-parejlroydsoyd L1 1°S (8) 4 2m3rg reyuowoddng ur pamoys sdord o3 Suipuodsariods sjo[q ySu-[[ng "¢ dIn3L] [epuswd(ddng

[

ST -

«— upoe-g

MN (u) swiy

be]

IIIIL unovg

e ——

(8218)

L4 mErga: = “~ xeg-d
9 ¥ 2GS0 9 ¥ €2 LS09 v € T LS00 (Wown
493 VO OSWa

¥ 614 "ddng

¢l ‘614 'ddng

0} =

Gl -

02 =

ST -

L8 =

05 =
<— ulixed

SL == (ORI

00} =

051 =
05Z =
MW

Sl -

< uljjixed-d

9 v z S0 9 v € Z L S0 9 ¥ € Z L S0 0 (u) suny
493 vo oswa

e



Supp. Fig. 14

an . 3h
a c
" Fig. 4
omMso oa DMSO 0A
» PN & @ ouso or D@ o & A
&0 @ & - - - oh S @
- PRI PR
"W 50 - p-EGFR | |
PEGFR -+ EGFR—»
— 150 — 1
o o EGFR | |
-1
p-FAK [ ]
n
b omso on -5 FAK l ]
o PP P -
S P ponkre | ]
™ _
™)
-
— 1% JINK1/2 l ‘
pFAK > -
— 100
-0
prn ]
c-Jun l l
h
d " e '
om0 oa B-Actin [ ]
oMso oa w — 20
= - & & f n
on PELR PR FAK — 150
— omso oa — 250
—s z
75 & o & o o - 150
podun —> on R O
—x -0
- -
-5
-2 K= -5
-2 NKz—
—» —w
—s -
-1 =1 -
- -
-1
g -0
an iy
h an i n
omso oa — 10 - ™
omso o - -
o I & e s omso o s
= " o o e n P
PUNKT — =50 s
e eSS peactin —»
cun —» —n -
-
-—25 -2
-
- -2
-
- - —s
—0 -1
-
Supplemental Figure 14. Full-length blots corresponding to crops showed in Fig 4. (a) Tyr 1068 Phosphorylated-EGFR. (b) Tyr 925 Phosphorylated-
FAK. (c) EGFR. (d) Ser 63 Phosphorylated c-Jun. (¢) FAK. (f) JNK. (g) c-Jun. (h) Thr 183/Tyr 185 Phosphorylated JNK. (i) Beta-actin loading.
. Supp. Fig. 15
a Fig. 7
OA DMSO EGF
Mw OA
Time (h) 0 1 3 6 24 1 3 6 24 1 3 6 24 bmso EGF
o Time(h) 0 1 3 6 24 1 3 6 24 1 3 6 24
— 100 p-FAK l l
p-FAK — — 5
— s FAK l l
B-Actin [ ]
—37
—25 c
—20
—15 MW
— 250
- =150
OA DMSO EGF — 100
. —15
Time (h) 0 1 3 6 24 1 3 6 24 1 3 6 24
b — 50
-actin =
oA DMSO EGF Bracti
MW —a37
Time (h) o 1 3 6 24 1 3 6 24 1 3 6 24 = 250
FAK — — 150 -
— 100 -
—75
—15
— 50 —10
—ar
—25
—20
—15
—10

Supplemental Figure 15. Full-length blots corresponding to crops showed in Fig 7. (a) Tyr 925 Phosphorylated-FAK. (b) FAK. (c) Beta-actin

loading.



CHAPTER IV — COMPENDIUM OF SCIENTIFIC ARTICLES 109

4.2. ARTICLE 2: OLEANOLIC ACID RESCUES CRITICAL FEATURES OF UMBILICAL VEIN
ENDOTHELIAL CELLS PERMANENTLY AFFECTED BY HYPERGLYCEMIA

Stelling-Férez J, Cappellacci I, Assunta P, Gabaldén JA, Pipino C, Nicolas FJ.
(2023). Oleanolic acid recues critical features of umbilical vein endothelial cells
permanently affected by hyperglycemia. Frontiers in Endocrinology, 14:1308606.
doi: 10.3389/fend0.2023.1308606






& frontiers | Frontiers in Endocrinology

OPEN ACCESS

EDITED BY
Pasquale Mone,
University of Molise, Italy

REVIEWED BY
Fahimeh Varzideh,

Albert Einstein College of Medicine,
United States

Urna Kansakar,

Albert Einstein College of Medicine,
United States

Antonio de Donato,

BioGeM Institute, Italy

*CORRESPONDENCE

Caterina Pipino
caterina.pipino@unich.it

Francisco José Nicolds
franciscoj.nicolas2@carm.es

RECEIVED 06 October 2023
ACCEPTED 23 November 2023
PUBLISHED 13 December 2023

CITATION
Stelling-Férez J, Cappellacci |, Pandolfi A,
Gabaldon JA, Pipino C and Nicolas FJ
(2023) Oleanolic acid rescues critical
features of umbilical vein endothelial cells
permanently affected by hyperglycemia.
Front. Endocrinol. 14:1308606.

doi: 10.3389/fendo.2023.1308606

COPYRIGHT

© 2023 Stelling-Férez, Cappellacci, Pandolfi,

Gabalddn, Pipino and Nicolds. This is an
open-access article distributed under the
terms of the Creative Commons Attribution
License (CC BY). The use, distribution or

reproduction in other forums is permitted,

provided the original author(s) and the
copyright owner(s) are credited and that
the original publication in this journal is
cited, in accordance with accepted
academic practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

Frontiers in Endocrinology

TvpPE Original Research
PUBLISHED 13 December 2023
Dol 10.3389/fendo.2023.1308606

Oleanolic acid rescues critical
features of umbilical vein
endothelial cells permanently
affected by hyperglycemia
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and Francisco José Nicolds*
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Oral and Biotechnological Sciences, StemTeCh Group, Center for Advanced Studies and
Technology-CAST (ex CeSI-MeT), University G. D'’Annunzio Chieti-Pescara, Chieti, Italy

Skin wound healing is a physiological process that involves several cell types.
Among them, endothelial cells are required for inflammation resolution and neo-
angiogenesis, both necessary for tissue restoration after injury. Primary human
umbilical vein endothelial cells (C-HUVECs) are derived from the umbilical cord.
When women develop gestational diabetes, chronic exposure to hyperglycemia
induces epigenetic modifications in these cells (GD-HUVECs), leading to a
permanent pro-inflammatory phenotype and impaired angiogenesis in
contrast to control cells. Oleanolic acid (OA) is a bioactive triterpenoid known
for its epithelial cell migration promotion stimulation and higher tensile strength
of wounds. However, the potentially anti-inflammatory and pro-angiogenic
properties of OA are still under investigation. We tested OA on C- and GD-
HUVECs under inflammatory conditions induced by low levels of the
inflammatory cytokine TNF-a. Reduced expression of adhesion molecules
VCAMI1, ICAM1, and SELE was obtained in OA-pre-treated C- and GD-
HUVECs. Additionally, protein VCAM1 levels were also decreased by OA.
Coherently, monocyte adhesion assays showed that a lower number of
monocytes adhered to GD-HUVEC endothelium under OA pre-treatment
when compared to untreated ones. It is noteworthy that OA improved
angiogenesis parameters in both phenotypes, being especially remarkable in
the case of GD-HUVECs, since OA strongly rescued their poor tube formation
behavior. Moreover, endothelial cell migration was improved in C- and GD-
HUVECs in scratch assays, an effect that was further confirmed by focal adhesion
(FA) remodeling, revealed by paxillin staining on immunocytochemistry assays.
Altogether, these results suggest that OA could be an emergent wound healing
agent due to its capacity to rescue endothelial malfunction caused
by hyperglycemia.

KEYWORDS

oleanolic acid, endothelial cells, angiogenesis, inflammation, chronic hyperglycemia,
adhesion molecules
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Introduction

During wound healing, epithelial cell migration is a crucial
process to close and repair the skin barrier (1, 2). In pathological
conditions, a physiologic impairment that halts wound healing may
occur. Therefore, new treatments that could enhance or accelerate
cell migration are currently of great interest. Oleanolic acid (OA), a
bioactive triterpenoid present in a wide variety of plants, has shown
promising effects on wound healing due to its cell migration activity
on epithelial cells (3-7). Thus, OA activates epidermal growth factor
receptor (EGFR), enabling a complex MAP kinase system, which in
turn triggers c-Jun phosphorylation and overexpression, a key
transcription factor that enhances a gene expression cell
migration program (7, 8). Besides these molecular effects, OA also
changes elements of the epithelial cell architecture. OA promotes
the assemble-disassemble turnover of focal adhesions (FAs)
together with the actin and paxillin remodeling, a dynamic state
that is evidence of cell migration (7, 9-11).

The findings of effects of OA on epithelial cells encouraged us to
explore the role of this bioactive compound on other wound healing
players, closely related to epithelial cells and their migration. In an
acute wound, to reach wound closure, sequential phases must occur
with the involvement of different cell types. The proliferative phase
and the remodeling phase are critical for a correct wound resolution
(12). These two stages need to take place after a correct
inflammation mitigation in the wound, which is produced after
skin injury and defines the inflammatory phase (13). At this point,
in the injured blood vessels of the wound, endothelial cells respond
by expressing adhesion molecules on the endothelium surface in
order to facilitate the recruitment of immune cells to the wound site.
In particular, they recruit immune cells that are known for their
reparative properties, such as M2 macrophages and type T
lymphocytes, which release anti-inflammatory cytokines to
modulate the wound inflammation milieu (14). The adequate
resolution of this phase allows the wound to progress into the
subsequent proliferative and remodeling phases, including
angiogenesis and tissue regeneration. During angiogenesis,
endothelial cells proliferate, migrate, and form a tube for the
correct supply of nutrients, oxygen, and growth factors to the
newly formed wound bed (15, 16). Briefly, angiogenesis is critical
and occurs with cell migration during the proliferative and
remodeling phases, supporting skin reepithelization.

However, when the wound is subjected to continuous
inflammation, the other stages come to a halt, resulting in a
chronic, non-healing wound that may progress to an ulcer (17,
18). Indeed, there are many causes that trigger this condition,
including trauma, burns, infections, or underlying chronic
diseases such as diabetes (19). In fact, diabetes is one of the
leading causes of impaired wound healing, and represents a
complex issue due to its socioeconomic impact and the elevated
number of patients (20, 21). For instance, one of its most severe
complications is diabetic foot ulcer (DFU), in which the patient’s
ulcer shows poor reepithelization and vascularization, leading to the
amputation of the limb (20).

Diabetic ulcers display an excessive inflammatory response and
deficient angiogenesis due to endothelium malfunction, which
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causes delayed healing and uncontrolled scar tissue formation
(22-24). Thus, the use of in vitro cell models that can mimic
endothelium diabetic features seems very relevant to studying
possible strategies or agents that help rescue endothelial cells
from this condition, and eventually restore their regular function.
This is the case of human umbilical cord vein endothelial cells
(HUVECsS) exposed to hyperglycemia during pregnancy in mothers
affected by gestational diabetes (GD) (25). Interestingly enough, this
unique endothelial cell model (GD-HUVECs) displays an altered
phenotype that has been exhaustively studied and described (26).
Although regular primary HUVECs are a well-known in vitro
model to study the process and molecular mechanisms related to
inflammation and neo-angiogenesis (27, 28), GD-HUVECs are
permanently damaged by hyperglycemia, thus showing a
senescent pro-inflammatory phenotype that leads to endothelial
dysfunction (26). Therefore, GD-HUVEC:s are a suitable model to
study and to try to rescue an endothelium that is affected by diabetic
ulcers and causes either a delay or even a halt on wound healing.
Indeed, previous studies have shown that OA attenuates adhesion
molecule overexpression under inflammation stimuli in C-
HUVECs (29, 30). Nevertheless, it might be very interesting to
carry out these studies on GD-HUVECs, which are endothelial cells
experiencing a pathologic condition.

In this article, we have investigated the effects of OA on C-
HUVECs and GD-HUVECs. Our results show that OA attenuates
inflammatory responses, improves migration, and favors tube
formation in both types of cells. Furthermore, these aspects are
especially relevant in GD-HUVECs.

Materials and methods
HUVEC isolation and culture

All procedures adhered to the ethical standards of the
Institutional Committee on Human Experimentation (reference
number 1879/09COET) and to the principles of the Declaration
of Helsinki. The protocol used was approved by the Institutional
Review Board and informed consent was signed by every
participating subject. Primary endothelial cells were collected
from umbilical cord veins (HUVECs) of newborns delivered
between the 36th and the 40th gestational week at the Hospital of
Chieti and Pescara (Italy) from randomly selected Caucasian
mothers affected by GD or not (control, C) following previously
published methods (31). Briefly, veins of the umbilical cords were
immediately collected after delivery, cannulated and perfused with 1
mg/mL collagenase 1A at 37°C. Obtained HUVECs were isolated in
a base medium composed of DMEM/M199 (1:1) supplemented
with 1% L-glutamine, 1% penicillin/streptomycin, and 20% fetal
bovine serum (FBS) (all from Biowest, Nuaille, France). Then, the
cell suspension was centrifuged at 1,200 rpm for 10 min, and the cell
pellet was re-suspended in HUVEC base medium and plated on
1.5% gelatin-coated (Sigma-Aldrich, St Louis, MO, USA) tissue
culture flasks. HUVECs were confirmed by the presence of specific
markers such as von Willebrand factor, CD31 and CD34 positive,
together with the induced expression of cell adhesion molecules
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ICAM1, VCAMI, and E-selectin, and cytokines IL-6 and IL-8
under pro-inflammatory stimuli, as well as the formation of cord-
like structures on Matrigel (25, 32). For all experiments, the cells
were used in vitro between the 3rd and 5th passage, never exceeding
the 5th passage. The HUVECs selected for the assays were grown on
1.5% gelatin-coated tissue culture plates in HUVEC complete
medium: low-glucose (1 g/L) DMEM and M199 medium (ratio
1:1), supplemented with 10 ug/mL heparin (Sigma-Aldrich, St
Louis, MO, USA), 50 pg/mL endothelial cell growth factor
(ECGF), 20% FBS, 1% penicillin/streptomycin, and 1% L-
glutamine. All experiments were performed, at least, in technical
triplicate, using three different cellular strains (n = 3) of C- and
GD-HUVECs.

Oleanolic acid preparation

OA (purity > 97%) (Merck, Darmstadt, Germany) was
solubilized to a 25 mM final concentration in dimethyl sulfoxide
(DMSO) (Sigma-Aldrich, St Louis, MO, USA). Assay
concentrations are indicated for each experiment in figure
legends. MTT assays were performed in C- and GD-HUVECs
prior to functional assays, in order to optimize the OA/DMSO
effect (see Supplementary Figure 1). In all the assays, DMSO
concentration never exceeded 1% to avoid cytotoxic effects.

RNA extraction and quantitative PCR

C- and GD-HUVECs were seeded in 5-cm-diameter Petri
dishes coated with 1.5% gelatin in HUVEC complete medium.
When cells reached sub-confluence (60%), cells were pre-treated for
24 h with OA or DMSO (basal condition) in HUVEC complete
medium with 10% FBS. After this, a 2-h serum-starvation period
was established in HUVEC serum-starvation medium: low-glucose
(1 g/L) DMEM with 0.1% FBS, supplemented with 10 pg/mL
heparin, 50 pug/mL endothelial cell growth factor (ECGF), 0.3%
bovine serum albumin (BSA, from Sigma-Aldrich, St Louis, MO,
USA), 1% penicillin/streptomycin, and 1% L-glutamine. After
serum starvation, cells were treated with TNF-o, at 1 ng/mL,
using this concentration for subsequent assays as well (28, 33,
34). Then, cells were incubated for 2, 6, and 24 h to induce the
gene expression of adhesion molecules: vascular cell adhesion
molecule 1, VCAMI, intercellular adhesion molecule 1, ICAMI,
and, E-selectin, SELE. At the times indicated above, RNA was
extracted using the RNeasy-mini system (Qiagen, Venlo, The
Netherlands). Usually, 800 ng of RNA from independent samples
was retro-transcribed using iScript reagents (Bio-Rad, Hercules,
CA, USA). The obtained ¢cDNA was used for quantitative PCR
(qPCR) using the SYBR premix ex Taq kit (Takara Bio Europe/
Clontech, Saint-Germain-en-Laye, France) according to the
manufacturer’s protocol. The primers used for the analyzed genes
related to inflammation are indicated in Table 1. For gene
expression analysis, qPCR cycles were normalized with
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) gene

~AACt
2

expression according to the method (35). The experiment
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was carried out on four different strains for C-HUVECs and four
different strains for GD-HUVECs, each in technical triplicate.
Analyzed data represent mean + SEM.

MTT assay

The effects of increasing concentrations of OA on C-HUVEC
and GD-HUVEC viability were assessed with the 3-(4,5-
dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide (MTT,
Sigma-Aldrich) method (36). C- and GD-HUVECs were seeded
in 96-well microplates, 2 x 10* cells/cm> (approximately 6500 cells
per well), coated with 1.5% gelatin in HUVEC complete medium.
When cells reached sub-confluence (80%), a 24-h serum-starvation
period was established in HUVEC serum-starvation medium (0.1%
FBS). After this, cells were treated with vehicle control DMSO or
OA, as indicated in Supplementary Figure 1, in 0.5% FBS media.
After 24-h incubation, 20 uL of MTT 5 mg/mL in PBS was added to
each well. Plates were incubated for 3 h at 37 °C and finally the
absorbance at 540 nm was detected by a microplate reader
(SpectraMAX 190, Molecular Devices, Sunnyvale, CA, USA).

Western blot

C- and GD-HUVECs were seeded in 5-cm-diameter Petri
dishes coated with 1.5% gelatin in HUVEC complete medium.
When cells reached sub-confluence (60%), cells were pre-treated for
24 h with OA or DMSO (basal) in HUVEC complete medium with
10% FBS. After this, a 2-h serum-starvation period (0.1% FBS) was
established in HUVEC serum-starvation medium. Then, cells were
treated with TNF-o (1 ng/mL) for 1, 3, 6, or 24 h to induce
inflammation. At the indicated times, cells were collected, washed
twice with cold PBS, and lysed with 20 mM Tris, pH 7.5, 150 mM
NaCl, 1 mM EDTA, 1.2 mM MgCl,, 0.5%, Nonidet p-40, 1 mM
DTT, 25 mM NaF, and 25 mM B-glycerophosphate supplemented

TABLE 1 Different primers used to study the expression of several genes.

Gene name (GeneCards)/
Primer name

Primer sequence 5'-3°

GAPDH Fwd AGCTCAGGCCTCAAGACCTT
GAPDH Rev AAGAAGATGCGGCTGACTGT
TCAMI Fwd A(.ICAT(%TACAGCTTTCCG
(Sigma KiCqStart)
T
ICAMI Rev QACAC{TTCACTGTCACC
(Sigma KiCqStart)
SELE Fwd G{\GAA'[.‘TCACCTACAAGTCC
(Sigma KiCqStart)
AGGCTTGAACATTTTACCAC
SELE Rev

(Sigma KiCqStart)

Proprietary sequence (Qiagen

VCAMI (mix Fwd/R
(mix Fwd/Rev) QuantiTect®) QT00018347

GADPH, glyceraldehyde-3-phosphate dehydrogenase; ICAMI, intercellular adhesion
molecule 1; SELE, E-Selectin; VCAMI, vascular cell adhesion molecule 1.
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with phosphatase inhibitor cocktails (I and II) and protease
inhibitors (all from Sigma-Aldrich, St Louis, MO, USA). Total
protein amount of all samples was measured and normalized by
Bradford assay (37) (Sigma-Aldrich, St Louis, MO, USA). Samples
were analyzed by SDS-PAGE followed by Western blot using the
indicated antibodies (see the Antibodies section). Blots were
revealed by using horseradish peroxidase substrate (ECL) (GE
Healthcare, GE, Little Chalfont, United Kingdom) and images
were taken with a ChemiDoc MP (Bio-Rad, Hercules, CA, USA).
To quantify Western blot protein bands, pictures in 8-bit format
were processed in Image] software. In every picture, a lane was
established for each sample. In each lane, only the band with the
specific size (kDa) of the protein of interest was quantified. For each
total protein and its phosphorylated form, each band’s intensity
peak was plotted, and subsequently, the area under the plot was
measured by using “Wand tool” of Image] to finally obtain pixel
intensity value. In order to normalize data, obtained intensity values
were referred to those of the unphosphorylated form of the protein
(total) or a loading control protein (f-actin) if the
unphosphorylated form was undetectable (non-available antibody
for the unphosphorylated form).

Monocyte-HUVEC adhesion assay

C- and GD-HUVECs were seeded in six-well plates (200,000
cells/well) coated with 1.5% gelatin in HUVEC complete medium
until they reached 60% confluence. At this time, cells were pre-
treated for 24 h with 20 uM OA in HUVEC complete medium with
10% FBS. When confluent, a 2-h serum-starvation period was
established washing and adding HUVEC serum starvation media.
After this, cells were stimulated with TNF-o (1 ng/mL) for 16 h. The
U937 monocyte cell line (European Collection of Authenticated
Cell Cultures, ECACC) was used to evaluate the adhesion to C- and
GD-HUVEC monolayers, as previously described (28, 33, 34).
Briefly, the medium was removed from each HUVEC well, cells
were gently washed with DMEM, and a suspension with 1 million
monocytes was added to each well. Plates were incubated for
20 min, with gentle shaking at room temperature. Finally, to
remove non-adhered monocytes, HUVECs were gently washed
and fixed with 1% paraformaldehyde. To identify the number of
adherent monocytes for each tested strain, 12 counts were
performed for every experimental condition (by using at least
three different randomly selected high-power fields, at 10x
magnification) using Paula Nuc microscope (Leica Microsystems,
Wetzlar, Germany). Images were acquired by using Paula software
version 1.2.2. For this experiment, four different strains of both C-
HUVECs and GD-HUVECs were used.

Matrigel tube formation assay

C- and GD-HUVECs were seeded on 12-well plates coated with
growth factor-reduced basement membrane matrix gel, known as
Matrigel (BD Biosciences, Franklin Lakes, NJ, USA) all in 10% FBS
HUVEC complete medium. A number of 1.4 x 10° cells/well was
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the suitable amount for the assay. After plating, cells were incubated
for 15 min at 37°C to induce cellular adhesion to Matrigel. Then, 20
uM OA and DMSO equivalent volume as control were ready to add
to cells. After 6 h, representative images were taken using a Paula
Nuc microscope (Leica Microsystems, Wetzlar, Germany). Images
were processed and measured by Image] software. In this software,
“Angiogenesis Analyzer” plugin (38) was used to analyze key neo-
angiogenesis markers: number of isolated segments, total length of
isolated branches, number of master segments, number of meshes,
number of nodes, number of segments, number of master junctions,
total length of branches, and total length. The data presented are the
data gathered from four C-HUVEC strains and four GD-
HUVEC strains.

Wound healing scratch assay

C- and GD-HUVECs were grown in 24-well plates coated with
1.5% gelatin until they reached 100% confluence in HUVEC
complete medium. At this point, a serum-starvation period was
performed in 1% FBS HUVEC serum starvation medium for 24 h.
Cells were scratched using a sterile p-40 uL pipette tip and then the
resulting wounds were gently washed with free-FBS DMEM low
glucose to remove released cells. Treatments were performed in the
plates by adding DMSO and 20 uM OA in 0.5% FBS media.
Additionally, 20% FBS was added as a positive control. After
12 h, the assay was stopped by fixing the cells with 4%
formaldehyde (Applichem GmbH, Darmstadt, Germany) in PBS
(Biowest, Nuaille, France) for 10 min. Finally, cells were washed
twice with PBS. Pictures were taken at 10x magnification using an
optical microscope equipped with a digital camera (Motic Optic
AE31, Motic Spain, Barcelona, Spain). Areas in the wounds at 0 h
and 12 h were measured by ImageJ software. The initial cell area
(0 h) was subtracted from the final cell area (12 h) and plotted in a
graph as migration percentage (39).

Focal adhesion quantification assay

C- and GD-HUVECs were grown on round-glass coverslips
coated with 1.5% gelatin until they were sub-confluent (60%) in
HUVEC complete medium. At this time, cells were washed with
serum-deprived medium and then treated with 20 uM OA and
DMSO equivalent volume (basal) in 0.1% FBS HUVEC starvation
medium. After 24-h incubation, coverslips were fixed with 4%
formaldehyde (Applichem GmbH, Darmstadt, Germany) in PBS
(Biowest, Nuaille, France) for 10 min and washed twice with PBS.
Then, cells were permeabilized with 0.3% Triton X-100 (Sigma-
Aldrich, St Louis, MO, USA) in PBS for 10 min. For
immunostaining, a 30-min blocking was performed in PBS
solution with 10% FBS, 5% skim milk (Beckton Dickinson,
Franklin Lakes, NJ, USA), 0.3% bovine serum albumin (BSA,
Sigma-Aldrich, St Louis, MO, USA) and 0.1% Triton X-100.
Subsequently, cells were incubated for 1 h with anti-paxillin
antibody, diluted in the above-mentioned blocking solution
without skim milk. Proper fluorescent-labeled secondary
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antibodies (see the Antibodies section) were co-incubated for
30 min with Alexa Fluor 594 conjugated phalloidin (Molecular
Probes, Thermo Fisher Scientific, Waltham, MA, USA) and
Hoechst 33258 (Fluka, Biochemika, Sigma-Aldrich, St Louis, MO,
USA) to reveal actin cytoskeleton and nuclei, respectively. Once the
immunostaining was completed, representative pictures were
acquired with a confocal microscope at 40x magnification (LSM
510 META from ZEISS, Jena, Germany). The setting of images was
performed using Zeiss Efficient Navigation (ZEN) interface
software (ZEISS, Jena, Germany). The “Z stack” ZEN tool was
used in order to observe deep cytoskeleton structures (paxillin),
taking picture slices along the Z axis. Then, picture slices were
merged by the “Maximum intensity projection” ZEN tool. FA
quantification was carried out as previously described by using
CLAHE and Log3D macros for ImageJ (40). Essentially, FAs were
quantified from paxillin-stained acquired pictures. We used four
different replicates for each condition. Specifically, cell filopodia
were selected as regions of interest (ROIs) and the resulting areas
(containing FAs) were considered for further analysis. A number of
five filopodia were considered from each picture. Then, the number
of FAs were calculated in each filopodia by using the previously
mentioned macros. The obtained number was divided by the total
filopodia area to determine FA density in the cells.

Antibodies

The following commercial primary antibodies were used:
1:1,000 anti-phospho-NF-xB (Cell Signaling Technology,
Danvers, MA, USA); 1:1,000 anti-NF-kB and 1:1,000 anti-
VCAMI1 (Abcam, Cambridge, United Kingdom); 1:200 anti-
paxillin (Santa Cruz Biotechnology, Heidelberg, Germany); and
1:4,000 anti-B-actin (Sigma-Aldrich, St Louis, MO, USA).
Secondary antibodies were as follows: 1:1,000 anti-rabbit IgG
Horseradish peroxidase linked F(ab’)2 I fragment (from donkey)
(GE Healthcare, GE, Little Chalfont, United Kingdom); 1:3,000
anti-mouse IgGl (BD Pharmingen, Beckton Dickinson, Franklin
Lakes, NJ, USA); and 1:400 Alexa Fluor 488 conjugated anti-mouse
(from donkey) (Thermo Fisher Scientific, Rockford, IL, USA).

Statistical analysis

The gathered data were represented and analyzed using
GraphPad Prism v7 software. Classical statistical parameters were
calculated and statistical tests were performed with a 95%
confidence interval. Consequently, in each test, p-values lower
than 0.05 were considered to be statistically significant. At the
figure legends, asterisks indicate statistically significant differences
between assay conditions (*p < 0.05, **p < 0.005, ***p < 0.001, and
*p < 0.0001). Data were analyzed by a one-way ANOVA test,
comparing the mean of each condition with the mean of every other
condition. Subsequently, a Tukey’s multiple comparisons test was
performed. p-values lower than 0.05 indicate statistically significant
differences between the means of conditions.

Frontiers in Endocrinology

10.3389/fendo.2023.1308606

Results

Oleanolic acid attenuates adhesion
molecule overexpression induced by
TNF-a in C- and GD-HUVEC

Adhesion molecule expression on endothelial cell surface is
needed for immune cell recruitment to endothelial surface and,
finally, migration to the inflammation source at the wound (41).
However, an uncontrolled recruitment triggers endothelium
dysfunction (42). Adhesion molecule gene expression, which is
upregulated in endothelial cells in response to the pro-
inflammatory cytokine TNF-a, was tested on HUVECs. Both C-
and GD-HUVECs were treated with 20 uM OA and then TNF-o
stimulated for the indicated times. On the whole, no gene
expression differences were detected after 24 h pre-treatment with
OA (Supplementary Figure 1) (0 h). Generally speaking, adhesion
molecule expression in untreated C- and GD-HUVECs showed a
strong response by TNF-o. at 2 and 6 h in all genes tested. However,
beginning with the VCAMI gene (Figure 1A), a patent attenuation
with OA was detected at 2 and 6 h in both C- and GD-HUVECs.
Strikingly, this reduction was even more significant in GD-
HUVECs at 6 h. Regarding ICAMI (Figure 1B), this OA-
dependent decrease was less patent but remained significant,
mostly at 6 h, in C- and GD-HUVECs. The expression of the
third adhesion molecule tested SELE (Figure 1C) also showed a
strong attenuation with OA, which was more patent in the GD
phenotype. At 24 h, in both types of endothelial cells and both
conditions, all adhesion molecules showed a drop in their
expression; therefore, we could not see any statistically
significant differences.

Subsequently, we studied VCAMI total protein amount in C-
and GD-HUVECs using the same experimental design (Figure 2).
At basal conditions, total VCAMI protein levels were detected in
both cell lines after 3 h of TNF-o stimulation, showing its highest
level at 6 h, whereas 24 h later, the levels plummeted. To begin with,
GD-HUVECs showed higher protein levels than control ones.
Interestingly, C- and GD-HUVEC lysates with OA pre-treatment
showed significantly lower total VCAMI protein levels than
control, which suggested a strong OA attenuation on the TNF-o
stimulation. Endothelial cell stimulation with TNF-o induces the
expression of adhesion molecules through the participation of
nuclear factor-kB (NF-xB) that is phosphorylated at Ser 536 and
then translocates to the nucleus where it activates the expression of
VCAMI, among others (43-45). However, when Ser 536
phosphorylated NF-xB was assayed in response to TNF-o
stimulation, no significant differences were found between 20 uM
OA treated and non-treated C- or GD-HUVECs. Only a slight
decrease of phospho-NF-«B level was noticed in C-HUVEC:s after
24 h OA stimulation and only in the TNF-o sample.

All these data suggest that OA attenuates the expression of
VCAMI protein and of the VCAMI, SELE, and ICAMI genes in
response to TNF-o. in HUVECs regardless of its glucose-
affected condition.
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FIGURE 1

10.3389/fendo.2023.1308606

Oleanolic acid reduces the expression of adhesion molecule genes induced by TNF-o. Gene expression analysis of (A) VCAM-1, (B) ICAM-1, and
(C) SELE in C- and GD-HUVECs pre-treated 24 h with 20 yM OA (black) or DMSO equivalent volume (white, DMSQO). After pre-treatments, cells
were stimulated with TNF-o at 2, 6, and 24 h. Histograms represent mRNA relative expression of each gene (normalized with GAPDH expression)
for both C- and GD-HUVECs. Each condition represents the mean + SEM using four different strains for C-HUVECs and four other different
strains for GD-HUVECs. Asterisks indicate statistically significant differences between the selected conditions according to a one-way ANOVA
statistical analysis (*p < 0.05, **p < 0.005, ***p < 0.001 and ****p < 0.0001)

Oleanolic acid reduces the number of
monocytes adhered to GD-HUVECs

Given the attenuation effect of OA on adhesion molecule
expression, a monocyte adhesion assay was conducted on C- and
GD-HUVEC monolayers (Figure 3). HUVECs pre-treated or not
with OA were subjected to 16 h TNF-0,, to study whether the OA
effect on adhesion molecules correlated with the number of
monocytes adhered to their surface. When C- and GD-HUVECs
were stimulated with TNF-a, there was a clear increase in the
number of adhered monocytes, which was slightly higher on GD-
HUVECs (Figure 3). Interestingly, OA pre-treatment decreased the
number of monocytes in both C- and GD-HUVECs (Figure 3)
before and after treatment with TNF-c.

Overall, this functional assay reveals less monocyte-endothelial
interaction triggered by TNF-o in both C- and GD-HUVECs when
the cells are previously treated with OA.

Oleanolic acid improves neo-angiogenesis
in GD-HUVECs

Matrigel tube formation assay with HUVEC is a well-
established and informative test to evaluate the angiogenesis
function of endothelial cells in vitro (28, 38, 46). C- and GD-
HUVECs were seeded in Matrigel and treated with OA for 6 h.
Representative pictures indicated a greater network complexity in
both HUVEC phenotypes under OA conditions (Figure 4A);
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however, the possible effects of OA on the GD-HUVEC versus
the C-HUVEC were difficult to interpret. To gain more knowledge
about angiogenesis features with OA, nine key parameters related to
this meshed network were measured (Figure 4B). The number of
isolated segments were higher in GD- compared to C-HUVEC, as it
was reduced with OA. Similarly, total length of isolated branches
was reduced with OA in GD-HUVEC. In addition, the number of
master segments, which were affected in GD-HUVEC, was
ameliorated with OA. Finally, both the number of master
junctions and total length of branches were deficient in GD-
HUVEC when compared to C-HUVEC. In all cases, the presence
of OA produced and improvement of the parameters. Finally, the
number of nodes, the number of segments and total length, all
representing the complexity of the network, were all increased by
OA in both C- and GD-HUVEC, but showed a more powerful effect
on GD-HUVEC.

Altogether, GD-HUVEC exhibited poor performance for most
of the measured tube-formation parameters. Generally, the
quantification of all these parameters suggested that OA generally
improved angiogenesis, with clear healing tendencies for the
GD-HUVECs.

Oleanolic acid enhances C- and
GD-HUVEC migration

Cell migration, a crucial process in wound healing to restore
skin integrity, is enhanced by OA in epithelial cells (7, 8).
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FIGURE 2

10.3389/fendo.2023.1308606

Oleanolic acid reduces total VCAML1 protein expression in C- and GD-HUVECs induced by TNF-o. (A) Total protein extracts from sub-confluent C-
and GD-HUVECs pre-treated with 20 pM OA or DMSO equivalent volume, and then stimulated with TNF-a at 1, 3, 6, and 24 h. These extracts were
assayed at these times targeting the following: VCAM1, phospho-NF-«B, and NF-xB. B-Actin was used as a loading control. A representative
experiment is shown. (B) Column bar graphs represent intensity values of each protein assayed by Western blot, by collecting the data of four C-
HUVEC and four GD-HUVEC strains. Intensity values were quantified and gathered by ImageJ software. Asterisks indicate statistically significant
differences between the selected conditions according to a one-way ANOVA statistical analysis: (*p < 0.05, **p < 0.005, and ***p < 0.001).

Interestingly enough, migration also contributes to the organization
and formation of new vessels (47). Therefore, we performed scratch
assays on confluent C- and GD-HUVEC:s to see whether OA could
also have this effect on endothelial cells. C- and GD-HUVECs were
scratched and allowed to migrate for 12 h in the presence of OA
(Figure 5A). Strikingly, OA activity promoted the migration of both
C- and GD-HUVECs from the wound edges, since the wound gap
area was surrounded with endothelial cells. To better comprehend
the level of this promoting effect of OA, cell migration was
quantified measuring the resulting areas of the wounds
(Figure 5B). Thus, the obtained migration percentages in both C-
and GD-HUVECs were clearly significant between basal condition
and OA. Interestingly, 20% FBS was used as a positive control of cell
migration, but the resulting migration with GD-HUVEC under this
condition was significantly lower than with OA.
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Given these results with wound healing scratch assays on
HUVECs, OA showed cell migration promoting effects on
endothelial cells that could probably enhance the wound healing
process together with neo-angiogenesis.

Oleanolic acid increases focal adhesion
number in C- and GD-HUVECs and
their dynamization

It is known that OA-triggered molecular effects on cell
migration include the role of cell architecture, by dynamizing
actin cytoskeleton and FA remodeling (9, 48, 49). We performed
immunocytochemistry assays in sub-confluent C- and GD-
HUVECs targeting actin fibbers (F-actin) and paxillin to reveal
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FIGURE 3

10.3389/fendo.2023.1308606

Oleanolic acid reduces the number of monocytes adhered to C- and GD-HUVECs. (A) For monocyte adhesion experiment, C- and GD-HUVEC
monolayers were left untreated unless otherwise indicated (OA), where they were pre-treated with 20 uM OA for 24 h. Subsequently, TNF-o was
added for 16 h to either untreated or OA pre-treated HUVECs (TNF-a and OA+TNF-o conditions). At this point, monocytes were added and the
experiment was completed. Representative pictures of C- and GD-HUVECs are shown for each condition. (B) Graph represents the number of
adhered U937 monocytes in each field of 12 fields. Each condition represents the mean + SEM obtained from the data collection of four different
strains for both C-HUVECs and GD-HUVECs. Asterisks indicate statistically significant differences between the selected conditions according to a
one-way ANOVA statistical analysis (*p < 0.05, **p < 0.001). The scale bar indicates 100 pym.

FAs. With regard to cell morphology, untreated C- and GD-
HUVECs exhibited a morphology related to a stressed condition
due to the low amount of FBS (0.1%), with no apparent FA-like
structures (Figure 6A). By contrast, C- and GD-HUVEC:s treated
with OA displayed filopodia and lamellipodia garnished with FAs.
Actin fibers were also modified by OA presence, because they were
encompassing the newly formed filopodia and lamellipodia in
response to OA. Interestingly and in line with this, the quantified
FA density, revealed by paxillin staining, exhibited a significant
increase in OA-treated C- and GD-HUVECs versus untreated ones
(Figure 6B). This increase was even more significant in GD-
HUVECs than in C-HUVECs.

Actin fiber and FA data revealed that HUVECs changed their
cell architecture during OA-stimulated cell migration, thus
suggesting a high dynamization of the migration-related
machinery in both C- and GD-HUVECs.
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Discussion

The results of this study provide intriguing insights into the
effects of OA treatment on C- and GD-HUVEC:s in the context of
inflammation and angiogenesis.

Plant-derived bioactive compounds present in various dietary
sources have been widely studied for their significant effects to
rescue endothelial cell function (50-52). Their antioxidant, anti-
inflammatory, vasodilatory, angiogenic, and protective properties
collectively contribute to the preservation of vascular health and the
prevention of endothelial dysfunction-associated diseases (53-55).
Indeed, a large number of these bioactive molecules or peptides
modulate the signaling pathway of nuclear factor-kappa B (NF-kB),
which is needed for adhesion molecules and pro-inflammatory
cytokine expression (43, 56). For instance, studies have shown
that carotenoids lycopene and B-carotene have anti-inflammatory
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FIGURE 4

10.3389/fendo.2023.1308606

Effect of OA on tube-like structure formation capacity on Matrigel. Tube-like structure formation ability on Matrigel after 6-h treatment with 20 uM
OA; a DMSO equivalent volume was added as control condition. (A) Representative pictures of C- and GD-HUVECs for both experimental
conditions. Scale bar indicates 200 um. (B) Graphs representing multiple angiogenic parameters analyzed: number of isolated segments, total length
of isolated branches, number of master segments, number of meshes, number of nodes, number of segments, number of master junctions, total
length of branches, and total length. Each bar in the plot represents the mean + SEM using three different strains for C-HUVECs and also three for
GD-HUVECs. Asterisks indicate statistically significant differences between the selected conditions according to a one-way ANOVA statistical analysis

(*p < 0.05, **p < 0.005, ***p < 0.001, and ****p < 0.0001).

effects on both C- and GD-HUVECs (31, 33). Indeed, the addition
of these carotenoids under TNF-o. stimulation show less monocyte—
endothelial cell interaction, enhanced by less ICAM1 and VCAM1
membrane exposure and total expression. All these effects depend
on the attenuation that these carotenoids have on NF-xB
phosphorylation and translocation to the cell nucleus (31, 33). In
fact, the effects of pentacyclic triterpenes, OA, and its isomers
ursolic acid (UA) and maslinic acid (MA) are similar to
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carotenoids and have been addressed in vitro by using regular
HUVEC phenotype. Thus, these studies showed attenuation effects
on adhesion molecule expression under inflammation conditions
(29, 30, 57). However, there are no studies so far on the effects of OA
on hyperglycemia-modified cells (GD-HUVECs), which have
remarkably impaired functionality. Moreover, the concentration
of serum used in those assays was not always clarified, a factor that
is critical to properly study OA effects in vitro, since serum proteins
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FIGURE 5

10.3389/fendo.2023.1308606

Oleanolic acid induces C- and GD-HUVEC migration in wound healing scratch assays. Confluent C- and GD-HUVECs were scratched with a pipette
tip and allowed to migrate for 12 h. (A) Representative images of the wound healing assay with cell migration under basal conditions (control, C),
compared to those with 20 pM OA after 24-h treatment. A condition with 20% FBS was added as positive-migration control. Scale bar indicates 200
pm. (B) Graphs represent C- and GD-HUVEC migration as the difference between areas at 0 h and 12 h in each condition, named as migration
percentage. Asterisks indicate statistically significant differences between conditions according to a one-way ANOVA statistical analysis (**p < 0.005,

**%p < 0.001, and ****p < 0.0001).

buffer OA activity and modify its optimal concentration of use (7,
8). Indeed, OA effects and bioavailability depend on the final OA
concentration, the cell type used, and the serum concentration.
High concentrations of OA produce cytotoxic and antiproliferative
effects, while low concentrations do not produce any beneficial
effect on cells (8, 58, 59). This is the reason why, in the present
study, an MTT assay was conducted with C- and GD-HUVECs
under the lowest possible serum concentration (0.5% FBS). In this
way, a 20 uM OA concentration was established seeking a
compromise between the optimal effects of OA and the abolition
of the serum buffer effect, together with cell viability compatibility.

Furthermore, it should be noted that OA treatments, followed
by TNF-o induction, should be performed at longer incubation
times to unravel OA ameliorative effects on inflammation (30).
Indeed, the highest expression of adhesion molecules ICAM]I,
VCAM]1, and SELE in C- and GD-HUVECs was detected at 2 h
and 6 h after TNF-o addition, thus showing a clear inflammatory
profile. Strikingly, pre-treating the same endothelial cells with OA
before TNF-o clearly attenuated adhesion molecule overexpression
by the cytokine, especially on VCAMI and SELE. In addition to this,
the preventive effect produced by OA was even more patent in GD-
HUVECs, probably because of their senescent phenotype and
endothelial dysfunction (26). Interestingly enough, in the case of
ICAMI, at 24 h, gene expression levels were not fully abrogated by
OA in C- and GD-HUVECs. This could be explained by other
functions of this integrin, since controlled levels of ICAMI1 on the
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cell surface are needed during wound healing to promote
endothelial cell migration, thus leading to neo-angiogenesis (60).
In particular, VCAM1I showed the strongest attenuation by OA in
C- and GD-HUVECs, and also showed decreased protein amount.
However, we saw a window transient effect of TNF-q, since
VCAMI levels decreased at 24 h. Despite this, we still observed
the mitigating effect of OA on VCAMI protein levels. It should be
highlighted that in vitro assays have this limitation, because, in a
tissue with chronic inflammation, we would see sustained high
levels of VCAMI and other adhesion molecules due to the constant
production of TNF-a and other pro-inflammatory cytokines (61).
VCAMI1 is endothelium-specific and this TNF-o inducible
molecule is necessary for monocyte extravasation (44). NF-xB
activation by its phosphorylation on the p65 subunit is required
to promote adhesion molecule expression in the cell nucleus, such
as VCAMI, among others (43). Although we observed lower
VCAMI1 protein levels with OA pre-treatment, we did not
observe any differences on phospho-NF-«kB p65. In contrast, in a
similar set of experiments, the precondition of HUVECs with
amniotic membrane was able to reduce the levels of
phosphorylation of phospho-Ser-536 NF-kB p65 in response to
TNF-a, which was coherent with an attenuation of the NF-xB p65
nuclear translocation and a reduction of the expression of VCAM1
(28). Thus, our results have to be explained by the fact that the OA
attenuation effect on VCAMI could be due to different molecular
mechanisms or also to the way it is synthesized. In fact, it has been
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FIGURE 6

10.3389/fendo.2023.1308606

Oleanolic acid triggers focal adhesion remodeling in C- and GD-HUVECs revealed by paxillin. (A) Sub-confluent C- and GD-HUVECs were treated
for 24 h with 20 uM OA and DMSO equivalent volume. Cells were immunostained with specific antibodies against paxillin. Co-staining with
phalloidin and Hoechst-33258 was used to show actin cytoskeleton and nuclei, respectively. Paxillin: green. Actin fibers (F-Actin): red. Nuclei: blue.
Images obtained with a confocal microscope at 63X magnification and their corresponding insets for a detailed view of paxillin structures. This
experiment was repeated at least three times. 63x picture scale bar indicates 25 pm. Inset scale bar indicates 5 um. (B) Column bar graphs show the
quantification of the density of FAs (as FA number per filopodia area). Asterisks indicate statistically significant differences between conditions
according to a one-way ANOVA statistical analysis (*p < 0.05 and ***p < 0.001).

shown that UA, an OA isomer, blocks VCAMI1 traffic to the
membrane (62). Another possibility could be that the amount of
anchored-membrane VCAMI is regulated by proteases, where
specifically TNF-o converting enzyme (TACE/ADAM17)
proteolyzes this molecule and releases it to the extracellular
medium (44). Therefore, OA could be enhancing TACE/
ADAM17 protease activity on VCAMI, thus decreasing its
protein levels in endothelial cells. However, a complicated
regulation must be involved, since the expression of VCAMI is
effectively attenuated by the presence of OA. A more plausible,
although uncertain, mechanism of regulation could be related to
something different from NF-xB transcription factor or even its
phosphorylation at Ser 536 residue. Further research is necessary to
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better clarify the mechanism behind VCAMI regulation in
this context.

An excessive release of TNF-o. in chronic inflammation conditions
produces the overexpression of adhesion molecules on the
endothelium surface. As a consequence, the uncontrolled adhesion
and transmigration of immune cells occur, thus triggering endothelial
cell apoptosis (42). E-selectin acts at the first steps of monocyte
recruiting to produce their tethering and rolling (63). Then, integrins
ICAMI1 and VCAMI secure the adhesion and allow monocyte
extravasation to the injured wound (64). In a chronic wound, the
high recruitment of monocytes leads to an uncontrolled population of
M1 macrophages in the wound, which have hyperinflammatory,
reduced phagocytic activity, and increase oxidative stress (14). By
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contrast, a regular recruitment of monocyte population swings toward
M2 macrophages, with anti-inflammatory, regenerative, and tissue
remodeling properties, all in line with a healing wound (14). OA
effects regarding monocyte adhesion are strongly coherent with the
observed changes of adhesion molecule levels. In the context of either
chronic or diabetic wounds, OA-reduced levels of VCAM1 on
endothelial cells surely imply a better inflammation resolution.

Diabetes negatively affects angiogenesis (22, 24). Considering
tube formation assays, GD-HUVEC exhibited a poorer tube
formation; for instance, the number and length of isolated
segments in basal condition was higher in GD-HUVEC.
Strikingly, OA treatment clearly ameliorated this impairment in
GD-HUVECs and, although more lightly, also in C-HUVECs.
Coherently, positive features such as the number of master
segments, the number of meshes, and the length of branches were
significantly improved by OA only in GD-HUVECs. Indeed, this
could be explained by the GD phenotype, which, in contrast to C-
HUVEC, showed poorer performance for these parameters in basal
conditions. This behaviour strongly suggests that OA restores GD-
HUVEC to a more regular angiogenic phenotype, but does not
intrinsically affect C-HUVEC’s capability of achieving a full
network. Overall, the network complexities achieved for both
types of cells were higher with OA, as reflected by the observed
incremented number of nodes, branches, master junctions, and the
total length of the networks. These changes indicate that OA
enhances all aspects of the complexity of the vascular network,
which may have a positive impact on tissue regeneration in a
complex healing wound milieu. Nonetheless, a good line of
research could be testing the effects of OA on more complex
systems, because tube formation assays on Matrigel do not
compile/integrate endothelial cell interaction with other cell types,
as happens during neo-angiogenesis in a real wound. Therefore, a
3D co-culture of endothelial cells with both primary fibroblasts and
keratinocytes, which exhibit features more similar to natural skin,
could be considered a good option to further assess the effects of OA
on wound healing (65). Moreover, there are well-established in vivo
angiogenesis assays that can unravel potential OA effects; for
instance, one of the best is chorionallantoic membrane assays in
chicken embryo, which are widely used in vascular biology (66).
Regarding the potential molecular effects behind OA angiogenesis
promotion, we would like to conduct future experiments in order to
study the effects of OA on the stimulation of VEGFR-2, given its
importance in angiogenesis (15, 67, 68), and due to the fact that OA
has been directly involved in the activation of the similar function
and structure receptor: EGFR (7, 8).

Cell migration is carried out by endothelial cells together with
proliferation to enhance angiogenesis and vasculogenesis (69).
According to the data of the scratch assays, OA was also capable
of enhancing this process in both C- and GD-HUVECs to the same
extent. However, FBS stimulation was unable to match the levels
achieved by the OA stimulation for the GD phenotype. These data
indicate that OA, but not FBS, rescues, in GD-HUVEC, an impaired
migration mechanism resistant to the serum rescue. Thus, OA may
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trigger a particular molecular mechanism that is revealed only in the
GD-HUVEC-impaired cells. Indeed, the quantification of FA
density upon treatment with OA, detected by paxillin
immunostaining, was stronger in GD-HUVECs than in C-
HUVECs. Overall, the collected data of FAs strongly suggest that,
generally, OA promotes a better endothelial cell movement to
manage migration in both GD- and C-HUVECs. OA also
contributes positively to angiogenesis by cell migration
promotion, which is a favorable condition for tissue repair in a
wound healing context (69).

Our findings suggest a clear OA ability to rescue the altered
features of an endothelium affected by high blood sugar levels,
which correlate with impaired metabolism and inflammation (25,
42, 70). It is well-known that, in order to ameliorate these
processes, signaling pathways depending on the activation of G
protein-coupled receptors (GPCRs) take place to protect cells
from injury and malfunction. Concretely, the Takeda G protein-
coupled receptor (TGR5), also known as Gpbbarl, is a
transmembrane-type bile acid receptor that has been found to
regulate a large number of specific molecular pathways (71, 72).
Interestingly, TGR5 modulates inflammation by decreasing
adhesion molecule expression in endothelial cells and blocking
pro-inflammatory cytokines released by immune cells (71).
Moreover, this receptor is also linked to tyrosine kinase receptor
(RTK) transactivation by second messengers (73, 74). Strikingly,
some evidence points out the interaction between OA, which has a
similar chemical structure to bile acids, and TGR5, with OA
behaving as a clear agonist of TGR5 (75). For these reasons, it is
remarkable to suggest that probably all OA promotion and
modulation effects related to monocyte adhesion, angiogenesis,
and cell migration on C- and GD-HUVECs could be related to the
interaction between TGR5 and OA. Thus, more research is needed
to decipher this molecular mechanism, which may solve some of
the conundrums revealed in our data. In addition, other
mechanisms may be involved under OA effects regarding
regulatory non-coding RNA expression, as microRNAs (miRs)
have recently gained prominence due to their role in regulating
several essential processes in endothelial cells (76, 77). For
instance, it is shown that miR-4432 controls the expression of
fibroblast growth factor binding protein 1 (FGFBP1), which is
needed to preserve endothelial barrier function in the brain (78).
On top of that, other studies reported that low expression levels of
miR-145 and miR-885 cause thrombotic risk and mortality in
COVID-19 patients; thus, the expression of these miRs in
endothelial cells is critical to prevent a prothrombotic condition
during the infection (79). Therefore, further studies focusing on
OA’s contribution to these miR expressions in endothelial cells
seem very pertinent.

To sum up, this study sheds some light on the multifaceted
effects of OA on inflammation, angiogenesis, and migration in C-
and GD-HUVEC:s (Figure 7). The findings underline the potential
of OA as a therapeutic agent for restoring vascular function and
ameliorating inflammation excess in diabetic wounds. However,
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FIGURE 7

10.3389/fendo.2023.1308606

Oleanolic acid rescues multi-affected GD-HUVEC features caused by high blood glucose levels. (A) When regular endothelial cells (C-HUVECS) are
exposed to a continuous high glucose exposure in blood vessels, several changes on their phenotype occur. These cells undergo the effects of high
oxidative stress and damages on their DNA and mitochondria malfunction, thus triggering cellular senescence. As a result, these cells have an
excessive and uncontrolled inflammation response when stimulated by pro-inflammatory cytokines such as TNF-q, triggering high adhesion
molecule exposure on endothelium surface, subsequently displaying a high recruitment of circulating monocytes, and resulting in endothelial
dysfunction. Moreover, these cells have an aberrant and limp tube formation (angiogenesis). (B) Strikingly, OA pre-treatment in GD-HUVECs before
TNF-o addition attenuates key adhesion molecule overexpression of VCAML, ICAM1, and E-selectin, resulting in less adhesion of the monocytes.
Furthermore, OA displayed promotion effects on GD-HUVECs by restoring the impaired angiogenesis. Moreover, cell migration, a crucial process for
angiogenesis, is also promoted by OA because it increases endothelial cell migration and adhesion dynamics by focal adhesion formation.

further research is needed to unravel the precise underlying
molecular mechanisms driving these effects in order to evaluate
the translational potential of OA clinical treatments for the
management of complex wounds.
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C-HUVEC GD-HUVEC

Supplemental Figure 1. Oleanolic acid MTT assay on C- and GD-HUVECs. Plots represent the registered
absorbance values at 540 nm wave length of sub confluent C- and GD-HUVECs. DMSO and OA concentrations are
indicated in X axis. A basal (control, C) condition was performed with any treatments added, in order to compare its cell
viability with the rest of conditions. Asterisks indicate statistically significant differences between conditions according
to a One-way ANOVA statistical analysis (**p<0.005 and ****p<0.0001).

Fig. 2
(A)
DMSO oA DMSO oA .
(kDa)
TNFa(h) 0 1 3 624 0 13 624 013624013624 __
- 150
V-CAM1 — — 100
-T5
C
)
- DMSO oA DMSO oA -
- 150
. TNFa(h) 0 1 36 24 01 3 624 013624013 624 _,
NF-B p65 — -5
-15
- 50
-37
-25
-20
- 15
(B)
DMSO OA DMSO OA
TNFa(h) 0 1 3 624 0 1 3 624 013624013624 (D)
—m w
(kDa)
- 150
- 250
p-NF-KB p65— = — 150
- 100
— 50 DMSO OA DMSO OA -5
= TNFa) 0 1 3 624 0 1 3 6 24 013 6240 13 624
-25 - 50
— 20 B-Actin—
-37

-15

Supplemental Figure 2. Full-length blots corresponding to crops showed in Fig 2. (A) V-CAML. (B) Ser 536 Phosphorylated NF-«xB. (C) NF-xB
(D) Beta-actin loading.
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Abstract: Wound healing is a complex process to restore skin. Plant-derived bioactive compounds
might be a source of substances for the treatment of wounds stalled in a non-resolving stage of wound
healing. Oleanolic acid (OA), a pentacyclic triterpene, has shown favorable wound healing properties
both in vitro and in vivo. Unfortunately, OA cannot be solubilized in aqueous media, and it needs to
be helped by the use of dimethyl sulfoxide (DMSO). In this paper, we have shown that cyclodextrins
(CDs) are a good alternative to DMSO as agents to deliver OA to cells, providing better features
than DMSO. Cyclodextrins are natural macromolecules that show a unique tridimensional structure
that can encapsulate a wide variety of hydrophobic compounds. We have studied the cyclodextrin-
encapsulated form of OA with OA/DMSO, comparing their stability, biological properties for cell
migration, and cell viability. In addition, detailed parameters related to cell migration and cytoskele-
tal reorganization have been measured and compared. Our results show that OA-encapsulateds
compound exhibit several advantages when compared to non-encapsulated OA in terms of chemical
stability, migration enhancement, and preservation of cell viability.

Keywords: hydroxypropyl cyclodextrins (HP-CDs); oleanolic acid (OA); cell migration; MAP kinases;
epidermal growth factor receptor (EGR); c-Jun; wound healing

1. Introduction

The skin acts as a physical barrier against pathogens, ultraviolet radiation, or tempera-
ture [1], and its integrity is restored through the coordinated action of different signaling
molecules and cell types in a process called wound healing [2-4]. Complications in wound
healing may cause an uncomplete wound closure that may lead to an ulcer [5,6], a lesion
that severely complicates a patient’s life quality [7-11], and it is a great burden for health
care systems for its high costs and time-consuming treatments [12-14].

Plant-derived bioactive compounds arise as a good alternative for the treatment of
complex wounds because of their potential to improve cell migration [15-17]. Among them,
oleanolic acid (OA) is a pentacyclic triterpene that has shown promising wound healing
properties in vitro and in vivo [18,19]. Indeed, it has been shown that OA enhances cell
migration, a crucial process for wound healing. Concretely, the test of OA in various in vitro
scratch assays with cell migration models such as Mink lung epithelial (Mv1Lu) and Human
Mammary Gland (MDA-MB-231) cell lines has demonstrated its important pro-migratory
effect, which is comprised by a complex kinase regulatory system that turns on in response
to OA [20,21]. Thus, OA induces the phosphorylation of epidermal growth factor receptor
(EGFR), triggering the activation of both extracellular signal-regulated kinase (ERK1/2)
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and c-Jun N-terminal kinase (JNK1/2) [20-23]. As a consequence, OA stimulation leads to
the activation of a master regulator for cell migration, c-Jun, a transcription factor [24-27].
Specifically, in response to OA, c-Jun is mainly phosphorylated and overexpressed at the
scratch edge of in vitro scratch assays both in Mv1Lu and in MDA-MB-231 cells [21]. To-
gether with inhibitor experiments, this indicates that c-Jun participates in OA-enhanced cell
migration. Additionally, these pathways are intimately related to other proteins in charge
of cytoskeleton remodeling: focal adhesion kinase (FAK) and paxillin [28,29], which interact
to execute an assembling-disassembling loop of actin cytoskeleton and focal adhesions
(FAs), structures that allow migration of epithelial cells [30-33]. Thus, we have shown
that OA promotes paxillin remodeling, increasing the number of FAs and decreasing FA
size, a result reinforced by the fact that OA also promotes FAK-paxillin interaction [21].
These results indicate a high cytoskeleton dynamization induced by OA, needed for cell
migration [34]. Because of these, in vitro scratch assays with Mv1Lu and MDA-MB-231
can be used as good biosensors for the improvement of OA application in migration as a
foreseeable use in human skin wound healing [20,21,23,35,36].

The main constraint for OA application is its lipophilic nature. Usually, OA can be
solubilized in aqueous solutions by using dimethyl sulfoxide (DMSO). Unfortunately,
DMSO has mild cytotoxic effects, which compromise cell viability [37,38]. In addition
to this, meticulous care is needed to manage OA/DMSO solutions in cell assays due
to the fact that OA often precipitates and crystalizes, loosing bioavailability [20,21]. To
help with all these issues, OA can be complexed with cyclodextrins, which allows it to
be carried into aqueous solutions [39]. Cyclodextrins are natural macromolecules that
show a unique tridimensional structure; they have a hydrophilic surface that confers high
water solubility and a hydrophobic cavity that encapsulates a wide variety of hydrophobic
compounds [39-42]. Many authors have shown the potency of cyclodextrins to deliver
drugs since they reinforce their biological activities [39,43—47]. There are three types of
native cyclodextrins, &, 3, and vy, that differ in the number of D-glucose units that formed
them, 6, 7, or 8, respectively, which progressively increase the size of the hydrophobic
cavity [48]. Additionally, chemical groups can be added to native cyclodextrins for several
purposes, such as increasing their water solubility [37,49-51]. Interestingly, using native
cyclodextrins (x-, -, and y-CDs) and the same ones with hydroxypropyl groups (HP-o-,
HP-B-, and HP-y-CDs), a recent study determined which cyclodextrin had the highest
performance to encapsulate OA [52]. Complexation constant (K.) and encapsulation
efficiency (EE) have been used to evaluate OA complexation, which revealed the highest
K. for 3- and y-CDs, followed by their homologues HP-3- and HP-y-CDs [52]. Seeking
a compromise between adequate complex stability and sufficiently high solubility of
oleanolic acid, the modified cyclodextrins HP-f3- and HP-y-CDs emerged as the most
suitable candidates for complex formation. However, the biological activity of the OA /HP-
-CD and OA/HP-y-CD complexes has not been tested in vitro yet. In this paper, we
have shown that OA can be maintained stable in a conjugated and dehydratable form
to be applied to biological hydrophilic systems. Using cell and biochemistry models, we
have assessed the effect of the complex on migration and cell viability, finding a better
performance than the DMSO solubilized form. Therefore, a future application of these
complexes to wound healing is more feasible.

2. Materials and Methods
2.1. Preparation of Oleanolic Acid in DMSO

Oleanolic acid (OA, purity > 97%) (Merck, Darmstadt, Germany) was dissolved in
dimethyl sulfoxide (DMSO) (Merck, Darmstadt, Germany) to a 25 mM concentration. Final
assay concentrations are indicated for each experiment in the figure legends. The DMSO
concentration in all assays never exceeded 1% to avoid cytotoxic effects. In any case, a
DMSO control condition was performed in each experiment.
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2.2. Oleanolic/Cyclodextrin Complexes Preparation: Solid Complexes by Freeze Drying

The modified hydroxypropyl beta and gamma (HP-f3- and HP-y-) cyclodextrins (CDs)
were used to encapsulate OA (Winplus International Limited, Ningbo, China). OA and
CDs were added to 250 mL of aqueous solutions with a molar ratio of 0.2/50 (OA/CD)
for both HP-$3- and HP-y-CDs. These molar proportions were selected according to phase
solubility diagrams previously published by Lépez-Miranda et al. (2018) [52]. Phase
diagrams allow for the determination of the optimal molar ratio between cyclodextrin
and the guest molecule to maximize their dissolution. Furthermore, the stoichiometry of
the complexes formed is 1:1, indicating that when the complex is formed, one molecule
of cyclodextrin complexes with a single molecule of oleanolic acid [52]. Solutions were
constantly stirred for 24 h at 20 °C in the dark for complex formation in aqueous solutions.
After that, OA/CD solid complexes were obtained by dehydrating a 250 mL volume of
dissolved complexes by freeze drying. Solutions of OA /CD complexes (OA /HP-3-CD and
OA/HP-y-CD) were dehydrated in a Christ Alpha 1-2 LD Plus (Martin Christ, Osterode am
Harz, Germany) freeze dryer at —48 °C for three days. This step was critical to obtaining an
optimal formulation for its application to in vitro cell culture (see Figure S1). The recovered
freeze-dried solid complexes were stored in plastic containers protected from light for
posterior analysis and characterization.

The dehydration yield (DY) was calculated using the following equation:

DY (%) = solid complexes obtained(g) .
)™ "total solids in solution(g)

100

The encapsulation efficiency (EE) was calculated using the equation:

EE(%) — total compound encapsulated in solid complex(mg) 100
o initial total compound in solution(mg)

The drug load (DL) was calculated using the equation:

__ total compound encapsulated in solid complex(mg)
N total solid complexes(g)

DL (mg g_l)

Final assay OA /CD complex concentrations are indicated at each experiment in figure
legends, which indicate their molar ratio in terms of uM for OA and mM for both HP-3-CD
and HP-y-CD (uM/mM).

2.3. Oleanolic Acid Determination by HPLC

OA that was complexed in cyclodextrins was quantified by High-performance liquid
chromatography (HPLC) analysis, using an HPLC Agilent Technologies model 1200 (Santa
Clara, CA, USA). Firstly, a calibration line was set with 1 mg/mL free OA (OA, purity > 97%)
(Merck, Darmstadt, Germany) to refine the quantification. Then, complexed OA was ana-
lyzed by HPLC equipped with a DAD detector set at a 210 nm wavelength, injecting 20 uL
of complexed OA. Separations were performed on a plugged (5 um) HPLC Catridge 250-4
LiChospher 100 RP-18 (Sigma-Aldrich, St. Louis, MO, USA). The column temperature was
set to 30 °C, and the flow rate was 1 mL/min. The mobile phase used was 20% water
and 80% acetonitrile for a total running time of 30 min. During this time, an OA-specific
absorbance peak at 210 nm appeared for close to 10 min. Finally, the data were processed,
and OA concentrations were expressed in OA mg per CD g; this is the drug load (DL), as
defined above.

2.4. Cell Culture

Mink Lung Epithelial (Mv1Lu) [36,53,54] cells were grown in Eagle’s Minimum Essential
Medium (EMEM) (Biowest, Nuaillé, France) supplemented with 10% Fetal Bovine Serum
(FBS, Gibco, Thermo Fisher Scientific, Rockford, IL, USA), 1% Penicillin/Streptomycin, and
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1% L-Glutamine (both from Biowest, Nuaillé, France). Mv1Lu cells were cultured in an
incubator at 37 °C in a 5% CO,-humified atmosphere. Human mammary gland cells (MDA-
MB-231) [23,35] were grown in Dulbecco’s Modified Eagle Medium (DMEM) supplemented
as mentioned above for EMEM. MDA-MB-231 cells were incubated in an incubator at 37 °C
with a 7.5% CO, humified atmosphere.

2.5. Cell Proliferation Assay

Cell proliferation over 10 days was evaluated by cell counting. Essentially, cells were
seeded in 5 cm diameter plates at a density of 10° cells/plate in a complete medium
supplemented with 10% FBS. Mv1Lu or MDA-MB-231 cells were treated in duplicate with
DMSO, OA/DMSO, HP-3-CD, and OA /HP-B-CD; final concentrations are indicated in
figure legends. At even days until day 10, cells from all conditions were detached using
trypsin/EDTA, and the viable cell count was calculated using a TC10 automated cell
counter (BioRad, Hercules, CA, USA) and a trypan blue dye (Sigma-Aldrich, St. Louis, MO,
USA) exclusion assay. Data were gathered and plotted in Graph Pad Prism 7 software as a
growth curve.

2.6. Cell-Front Migration Assay, Subcellular Localization Assay

Mv1Lu cells were grown until they reached confluence on round glass coverslips in
10% FBS-EMEM medium. At this time, cells were washed, and a 24 h serum-starvation
period was set by replacing the medium with FBS-free EMEM. After this, the epithelium
was scratched using a razor blade, which produced an artificial wound (it will be called
“scratch” throughout the paper) with enough space to allow cells to migrate. The newly
scratched wound was set as time 0 h of the experiment, and then 5 uM OA/DMSO or
12.5/3.125 uM/mM OA /HP-p-CD were added to the medium. As parallel conditions,
DMSO or HP-B-CD (3.125 mM) equivalent volumes were added as vehicle controls. Af-
ter the selected times of incubation, glass coverslips were fixed with 4% formaldehyde
(Applichem GmbH, Darmstadt, Germany) in PBS (Biowest, Nuaillé, France) for 10 min
and washed twice with PBS. After this, cells were permeabilized with 0.3% Triton X-100
(Sigma-Aldrich, St. Louis, MO, USA) in PBS for 10 min. For immunostaining, blocking
was performed for 30 min at room temperature in a PBS solution with 10% FBS, 5% skim
milk (Beckton Dickinson, Franklin Lakes, NJ, USA), 0.3% bovine serum albumin (BSA,
Sigma-Aldrich, St. Louis, MO, USA), and 0.1% Triton X-100. Then, cells were incubated
for 1 h at room temperature with anti-paxillin or anti-phospho-c-Jun antibodies, diluted in
blocking solution without skim milk. Proper fluorescently labeled secondary antibodies
(see Section 2.9) were co-incubated for 30 min with Alexa Fluor 594 conjugated phalloidin
(Molecular Probes, Thermo Fisher Scientific, Waltham, MA, USA) and Hoechst 33258 (Fluka,
Biochemika, Sigma-Aldrich, St. Louis, MO, USA) to reveal actin cytoskeleton and nuclei,
respectively. Once samples were inmunostained, image acquisition was performed with a
confocal microscope (LSM 510 META from ZEISS, Jena, Germany). The setting of images
was performed using Zeiss Efficient Navigation (ZEN) interface software (ZEISS, Jena,
Germany). When a wider view of the migration front was required, concretely in phospho-
c-Jun staining (indicated in Figures), 4 x 3 linked fields were acquired by the “Tile scan”
ZEN tool. Subsequently, tile scan fluorescent signals were converted to a linear mode and
covered with a full data range using the Rainbow look up table (Rainbow LUT) in Image J
software. In order to quantify phospho-c-Jun levels in immunofluorescence pictures, im-
ages were analyzed and quantified by Image ] software. For this purpose, pictures in 8-bit,
three-channel format (Red, Green, Blue, and RGB) were divided into three separate color
channels (three pictures). By using the blue channel picture (Hoechst staining), regions of
interest (ROIs) were established to define each nucleus, creating as many ROIs as nuclei in
the image. Then, by overlapping these masks onto the corresponding green channel picture
(p-c-Jun staining), we calculated the green intensity value of each nucleus (ROI). Because of
the large area covered in each picture (tile scan), they were divided into three equal sectors
(51, S2, and S3), with S1 being the outermost edge on the scratch (Figure S4a). Within
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each sector, the quantified signal of each nucleus was used as a replicate to obtain p-c-Jun
intensity data in each of the conditions performed. For a better understanding, the relation
between the number of p-c-Jun positive nuclei and the total nuclei number was calculated.
For this purpose, a basal p-c-Jun intensity mean was calculated considering the control
condition of the assays, set as a threshold. In this sense, nuclei with p-c-Jun intensity over
the threshold were set as positive nuclei. On the other hand, the “Z stack” ZEN feature
was used when deep cytoskeleton structure observance was required, taking a proper
number of pictures along the Z axis. Focal adhesion (FA) quantifications were performed
as described in Horzum et al., 2014 by using CLAHE and Log3D macros for Image] [55].
Briefly, focal adhesions (FAs) were quantified from paxillin-stained acquired pictures. We
used three different images for each condition. Specifically, cell filopodia were selected
as regions of interest (ROIs), and the resulting areas (containing FAs) were considered for
further analysis. A number of five filopodia were considered for each picture. Then, the
number of FAs was calculated in each filopodia by using the previously mentioned macros.
The obtained number was divided by the total filopodia area to determine FA density. In
parallel, the size of each FA was measured using the macros mentioned above. Finally, the
FA average size was calculated for each treatment.

2.7. In Vitro Scratch Assay

Mv1Lu or MDA-MB-231 were seeded in 24-well plates until they reached 100% con-
fluence, using the appropriate medium for each line with all supplements. At that time,
the medium was changed to a FBS-free medium for 24 h. At the initial time (time O h), a
cross-shaped scratch was made on the cell monolayer using a sterile p-200 pL pipette tip.
After replacing FBS-free culture medium to wash out released cells, OA, OA /HP-3-CD, or
OA /HP-y-CD (indicated concentration at each figure legend) were added. An equivalent
volume of DMSO, HP-$3-CD, and HP-y-CD was added. In parallel, a positive control
was set by adding 10 ng/mL epidermal growth factor (EGF, Sigma-Aldrich, St. Louis,
MO, USA). Additionally, pharmacological inhibitors against key proteins on migration
regulation were added to OA conditions: 2.5 uM PD153035 (Epidermal Growth Factor
inhibitor, EGFRi), 50 uM PD098059 (Mitogen-activated protein kinase kinase inhibitor,
MEKi), and 15 uM SP600125 (c-Jun N-terminal kinase inhibitor, JNKi) [56-58]. After a
24-hour incubation period, cells were fixed with 4% formaldehyde (Applichem GmbH,
Darmstadt, Germany) in PBS (Biowest, Nuaillé, France) for 10 min. Finally, well plates
were washed twice with PBS. Pictures were taken at 10x magnification using an optical
microscope equipped with a digital camera (Motic Optic AE31, Motic Spain, Barcelona,
Spain). To quantify cell migration, the areas of the gaps in the scratches were measured by
Image] software. The initial cell-free surface (time 0 h) was subtracted from the endpoint
cell-free surface (time 24 h) and plotted in a graph [59].

2.8. Western Blot

Mv1Lu or MDA-MB-231 cells were seeded and allowed to reach 60% confluence in
10 cm diameter plates. At this time, culture medium containing 10% FBS was replaced
by an FBS-free medium, incubating the cells for a 24-hour period. Serum-deprived cells
were treated with either OA, OA/HP-3-CD, DMSO, HP-3-CD, or 10 ng/mL EGEF. After
time incubations, cells were harvested, washed twice with ice-cold PBS, and lysed with
20 mM TRIS pH 7.5, 150 mM NaCl, 1 mM EDTA, 1.2 mM MgCl2, 0.5% Nonidet p-40,
1 mM DTT, 25 mM NaF, and 25 mM (-glycerophosphate supplemented with phosphatase
inhibitors (I and II) and protease inhibitors (all from Sigma-Aldrich, St. Louis, MO, USA).
The total protein amount of all extracts was measured and normalized by the Bradford
assay [60] (Sigma-Aldrich, St. Louis, MO, USA). The extracts were analyzed by SDS-PAGE
followed by western blot (WB) using the indicated antibodies. Blots were revealed by
using Horseradish peroxidase substrate (ECL) (GE Healthcare, GE, Little Chalfont, UK),
and images were taken with a Chemidoc XRS1 (Bio-Rad, Hercules, CA, USA). For protein
quantification, western blot pictures in 8-bit format were processed in Image]J software.
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Subsequently, in all western blot pictures, a lane was established for each of the samples.
In each lane, the band was selected according to the specific size (kDa) of the protein of
interest. For each total protein and their phosphorylated version, each band’s intensity peak
was plotted, and next, the area under the plot was measured by using the “Wand (tracing)
tool” of Image] to obtain the intensity value. In order to normalize, obtained intensity
values were referred to as obtained intensity values of either the unphosphorylated form of
the protein (total) or a loading control protein such as 3-actin, only if the unphosphorylated
form was undetectable (non-available antibody for detecting the unphosphorylated form).

2.9. Antibodies

The following commercial primary antibodies were used: anti-phospho-ERK1/2,
anti ERK1/2, anti-JNK1/2, anti-phospho-JNK1/2 and anti-phospho-c-Jun (all from Cell
Signaling Technology, Danvers, MA, USA); anti-phospho-EGFR (Thermo Fisher Scientific,
Rockford, IL, USA); anti-EGFR, anti-paxillin and anti-c-Jun (Santa Cruz Biotechnology,
Heidelberg, Germany); and anti-{3-actin (Sigma-Aldrich, St. Louis, MO, USA). Secondary
antibodies were anti-rabbit IgG Horseradish peroxidase-linked F(ab’)2 I fragment (from
donkey) (GE Healthcare, GE, Little Chalfont, United Kingdom), anti-mouse IgG; (BD
Pharmingen, Beckton Dickinson, Franklin Lakes, NJ, USA), and Alexa Fluor 488 conjugated
anti-mouse (from donkey) (Thermo Fisher Scientific, Rockford, IL, USA).

2.10. Statistical Analysis

All the collected data were analyzed using Graph Pad Prism 7 software. In every
analysis, classic statistical parameters were calculated and statistical tests were performed
with a 95% confidence interval, consequently, p-values lower than 0.05 were considered to
be statistically significant. In the figure legends, the asterisks denote statistically significant
differences between conditions (* p < 0.05, ** p < 0.005, *** p < 0.001, and **** p < 0.0001). Data
on intensity values, collected from western blots, were analyzed by a one-way ANOVA
test, comparing the mean of each condition with the mean of every other condition. Then,
a Tukey’s multiple comparisons test was performed. The same parameters and tests were
applied for migration percentage values of scratch assays.

Data of intensity values obtained from p-c-Jun nuclei quantifications in immunoflu-
orescence pictures were analyzed by using two statistical tests: a two-way ANOVA test
and a one-way ANOVA test. Concretely, a two-way ANOVA following Tukey’s multiple
comparison test was performed to compare the p-c-Jun intensity mean between sectors
from different conditions (e.g., S1 DMSO versus S1 OA). On the other hand, a One-way
ANOVA, following Tukey’s multiple comparison test, was performed to compare the p-
c-Jun intensity mean between sectors from the same condition (e. g., S1 DMSO versus S2
DMSO0).

3. Results
3.1. HP-B- and HP-7y- Cyclodextrins SHOW High Rates Complexation Parameters with OA

Different parameters of the dehydrated by freeze drying solid complexes of OA with
HP-3- and HP-y-CD were measured (Table 1).

Table 1. Hydroxypropyl beta and gamma cyclodextrins (HP-f3- and HP-y-CDs) show high rates od
complexation parameters with oleanolic acid (OA). Dehydration yield (DY), encapsulation efficiency
(EE), and drug load (DL) of solid complexes obtained by freeze drying for OA encapsulated with
HP-f3- or HP-y-CDs. Values represent means of triplicate determination; the data presented in the
table represent the mean + standard error of the mean.

DY (%) EE (5%) DL (mg/g)
HP-B-CD 89.4 + 6.7 80.0 £ 7.6 1.06 + 0.07
HP-y-CD 91.6 £ 0.7 91.9 £9.2 1.17 £0.18
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The dehydration yield (DY) values were around 90% for both CDs. These values
indicate a high level of complex recovery and were similar to those previously obtained in
complex dehydration using the freeze drying technique [43].

Encapsulation Efficiency (EE) represents the percentage of OA that has been recovered
after the dehydration process, indicating whether significant compound losses occur during
the dehydration process. On average, EE was 80.0% for HP-3-CD, and 91.9% for HP-y-CD.
The amount of OA finally encapsulated per gram of complex (DL mg/g) was 1.06 and 1.17
for HP-p3- and HP-y-CD complexes, respectively (Table 1).

These results show that properly encapsulated solid complexes of oleanolic acid with
HP-{- and HP-y-CDs can be obtained, allowing for subsequent dosing and handling in an
aqueous medium.

3.2. Freeze-Dried OA/HP-B-CD and OA/HP-y-CD Complexes Stimulate Migration in
Muo1Lu Cells

To measure OA/HP-3-CD and OA /HP-y-CD complexes migration activity, we used
mink lung epithelial cells, Mv1Lu, a very well-known epithelial model for the study of
cell motility and cytoskeleton structures. They are also known for stopping proliferation
when the cells reach confluence [36,54,61]. In previous papers, we have shown that OA
5 uM in DMSO stimulates Mv1Lu motility [20]. However, OA/DMSO levels beyond this
concentration cause cell viability loss and cytotoxic effects [20,21,62]. It should be noted that
the OA complexes used in the following in vitro assays were dehydrated by freeze drying
to obtain a lyophilized powder compatible with in vitro cell culture. In fact, non-dried OA
complexes did not exert any activity on cell migration (Figure Sla,b). However, freeze-dried
OA/HP-3-CD and OA/HP-y-CD complexes clearly stimulated Mv1Lu migration from the
scratch edges (Figure 1a).

Consequently, migration percentages with OA/HP-3-CD and OA /HP-y-CD com-
plexes were statistically significant compared to basal conditions (C) (Figure 1b) and also to
vehicle controls (empty HP-3-CD and HP-y-CD) (Figure 1a,b). In particular, these com-
plexes showed the highest migration activity at 12.5/3.12 uyM/mM and 125/31.25 uM/mM
for OA/HP-B3-CD and OA/HP-y-CD, respectively (Figure S2). Furthermore, no statistical
differences were found between OA/DMSO and OA/CDs on Mv1Lu migration. However,
a slight tendency was observed for OA complexes suggesting a higher migration activity
than OA /DMSO, concretely for OA /HP-y-CD complexes at 125/31.25 uM/mM concen-
tration (Figure S2). Interestingly, when looking at a wider view at the scratch assay, we
noticed a clear larger recruitment of Mv1Lu migrating cells in the OA /CDs condition than
in the OA/DMSO condition, suggesting a more extensive and improved migratory effect
of complexed OA with cyclodextrins (Figure S3).

All these data suggest a powerful effect of OA complexed with HP-3- and HP-y-
CDs on Mv1Lu cell migration. However, among the two cyclodextrins studied, it was
deduced that HP-3-CD allows a better release of OA from the complex because a lower
OA concentration (12.5 uM vs. 62.5 uM) is required for a similar cellular migration when
HP-B3-CD is used for complexation instead of HP-y-CD. So then, the following experiments
were performed exclusively with the OA HP-f3-CD complexed form.
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the concentrations are represented as the molar ratio OA uM/CD mM. Epidermal growth factor (EGF)
was added at 10 ng/mL as a positive migration control. Asterisks indicate statistically significant
differences between conditions according to a one-way ANOVA statistical analysis (* p < 0.05 and
##** p < 0.0001). (c) The long-term effects of 5 uM OA/DMSO and 12.5/3.12 uM/mM OA /HP-3-CD
(with vehicle controls) on Mv1Lu proliferation were assessed by counting total cells at the indicated
times. The logarithm of the mean number of cells against time is plotted.
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3.3. Complexed OA at Freeze-Dried OA/HP-B-CDs Is Stable at Room Temperature

Conservation of OA in DMSO has always been a difficulty when the use of oleanolic in
further applications has been envisaged. Once oleanolic acid is dissolved in DMSQO, it needs
to be preserved in liquid nitrogen. This is because factors such as exposure to light, oxygen,
and temperature can influence its stability and reactivity. Generally speaking, molecule
complexation with cyclodextrins adds an extra level of stability to such molecules [63,64].
Thus, after producing the OA HP-p-CD complexes, we tested OA stability in the complex
that had been stored at different temperatures for different durations (Table 2).

Table 2. OA at freeze-dried OA /HP-3-CD complexes is stable at room temperature. The table shows
OA analysis by HPLC to determine the OA amount in OA /HP-3-CD complexes, kept at different
temperatures. Samples from these complexes were taken at 1, 2, 4, and 8 weeks after encapsulation.
The table shows the OA areas corresponding to the absorbance peaks detected at 210 nm in the HPLC
system. On the other side, the table indicates the amount of sample taken from the solid freeze-dried
OA/HP-B-CD complexes. OA quantification was expressed as OA mg per HP-3-CD g, defined as
drug load (DL). The data presented in the last row (Global) represents the mean =+ standard error of
the means of the different times (0 to 8 weeks).

. Weeks a.fter Storage Tfmperature OA Peak Area at Solid Complex Weight DL (mg/g)
ncapsulation (w) O A210nm (mg)
0w 20 489.0 21.3 1.11
20 468.0 20.1 1.13
20 4152 19.0 1.06
1w 4 517.6 21.0 1.19
—80 527.5 22.0 1.16
20 489.8 214 1.11
2w 4 467.4 21.7 1.04
—80 4263 20.2 1.02
20 505.0 21.9 1.12
4w 4 501.0 222 1.09
—80 514.0 21.9 1.14
20 459.6 20.2 1.10
8w 4 431.2 19.6 1.07
—80 447.0 20.3 1.07
20 471.25 4 29.10 20.65 =+ 0.98 1.11 4+ 0.02
Global 4 479.30 + 3.14 21.13 +0.98 1.10 + 0.06
—80 478.70 4 42.95 21.10 £ 0.85 1.10 + 0.06

Essentially, evaluation by HPLC of complexes showed that, after 8 weeks of conser-
vation at different temperatures (—80 °C, 4 °C, or 20 °C), cyclodextrin-loaded OA values
were very close to the initial ones, even in the less favorable case of conservation at room
temperature (20 °C) (Table 2). All these data suggest that after HP-3-CD complexation, OA
becomes a very stable molecule.

3.4. Freeze-Dried OA/HP-B-CD Complexes Do Not Compromise Cell Viability

According to previous reports, OA/DMSO has a mild antiproliferative effect on ep-
ithelial cells [20,65,66], so we decided to check this outcome when OA was complexed
with cyclodextrins. We performed a cell proliferation assay by culturing Mv1Lu in supple-
mented medium with 5 uM OA/DMSO and 12.5/3.12 pM/mM OA /HP-$3-CD for 10 days
and counting total cells each 2 days. Generally speaking, although a slight decrease in
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proliferation was noticed with OA/HP-3-CD by 6 and 8 days, at longer times, cyclodextrin
vehiculation produced higher cell counts than the OA /DMSO condition (Figure 1c), being
less counterproductive for cell proliferation when compared to OA /DMSO.

All these data suggest a less antiproliferative effect of OA complexed with HP-f3- and
HP-y-CDs on Mv1Lu cell migration that exhibits an improvement in cell migration and
better cell viability than the ones observed for OA/DMSO.

3.5. Specific Inhibitors against Migration-Related Proteins Decreased OA Migration Triggered by
OA/HP-B-CD Complexes

Previously, it has been shown that OA/DMSO produces migration on Mv1Lu cells
by activating the EGFR receptor and mitogen-activated protein kinases (MAP kinases)
(mitogen-activated protein kinase kinase, MEK, and c-Jun N-terminal kinase, JNK) [18,20,21].
The role of these proteins has been shown by using pharmacological inhibitors in in vitro
scratch assays, together with expression protein level and phosphorylation studies by
western blot [20]. First of all, the use of an EGF receptor inhibitor (EGFRi, PD153035) has
been reported to be a strong inhibitor of epithelial cell migration [20,56,67]. Indeed, the
high migratory percentage with OA/HP-3-CD complexes observed in the scratch was also
significantly abrogated by EGFRi (Figure 2a,b).

In contrast, the use of specific inhibitors against MEK and JNK partially blocked
OA/HP-B3-CD as well as OA/DMSO migratory activity. Thus, in any case, OA/HP-
-CD complexes migration activity was significantly compromised, in a very similar
fashion observed with OA/DMSO with the different inhibitors. All these data suggest that
OA/HP-B-CD complexes seemed to use triggered OA-enhanced biochemical pathways as
OA/DMSO.

3.6. OA/HP-B-CD Complexes Induce c-Jun Phosphorylation Transcription Factor at Cells at
Scratch Edge in MvlLu

The stimulation of OA produces an activation of c-Jun that is observed at the nuclear
level. Moreover, migrating cells show an activation of transcription factor c-Jun at the
nuclei in response to OA stimulation [21]. We monitored p-c-Jun subcellular localization
along the scratch edge. Strikingly, cells at scratch edge overexpressed p-c-Jun at cell nuclei
in response to OA /HP-f3-CD complexes, similarly to the OA/DMSO condition (Figure 3).

Interestingly enough, OA /HP-3-CD was causing a wider recruitment of migrating
cells in the scratched area compared to OA/DMSO. Although the quantification of c-Jun
phosphorylation showed that OA/DMSO treatment produced a strong stimulation of
p-c-Jun at the edge, OA/HP-3-CD treatment produced a higher intensity of p-c-Jun at
nuclei, together with a greater number of cells revealing p-c-Jun (Figure S54b); the calculated
ratio of positive p-c-Jun nuclei versus the total number of nuclei in the picture also showed
a higher ratio of the OA /HP-3-CD compared to the OA/DMSO (Figure S4c). Additionally,
we noticed that nuclear p-c-Jun intensity was higher at the scratch edge cells and decreased
as the cells were far from the scratch edge, exhibiting a p-c-Jun intensity gradient, positively
correlating with cells with a high migratory status.

3.7. OA/HP-B-CD Complexes Promote Changes in Actin Fibers and Paxillin Distribution in
Muo1Lu Cells

We have recently observed that OA effects on cell migration include cytoskeleton and
focal adhesion (FA) remodeling [21]. To assess the consequences of complexed OA with
HP-3-CDs, we carried out immunocytochemistry assays in in vitro scratched Mv1Lu cells
targeting actin fibbers (F-Actin) and paxillin. Just after scratching (time 0 h), cells displayed
paxillin as compact FA (Figure 4), and they exhibited low FA density and size.
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smaller than basal control in OA/DMSO and OA /HP-B-CD conditions. Remarkably, we
noticed that in the OA /HP-f3-CD condition after 6 and 12 h exhibited a higher cell spreading
along the scratch edge than with OA /DMSO when we took a look with more magnification
(Figure Sb). Interestingly, neither FAs size nor FAs density showed statistically significant
differences between OA/DMSO and OA /HP-3-CD conditions. Regarding actin fibers,
noticeable changes were observed in all conditions after 6 and 12 h; however, they were
very evident after 12 h with OA/DMSO and OA /HP-3-CD, a time when cells displayed a
lower actin intensity due to the actin disassembling during cell movement (Figure S5) [68].
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Strikingly, after 6 h with OA/HP-B-CD treatment, we observed a high FAs density
that was very noticeable at the pictures shown, being also coherent with the effects seen
with OA/DMSO, however, with a slightly higher tendency than with OA/DMSO.
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All these observations suggest that similarly to OA/DMSO, OA/HP-f3-CD complexes
produce high dynamization of the cytoskeleton and FA, compatible with a neat increment
in migration rate.

3.8. OA/HP-B-CD Complexes Stimulate Migration in MDA-MB-231 Cells while Minimizing
OA/DMSO Cytotoxic Effects

It has been seen that OA/DMSO stimulates MDA-MB-231 [23,35,69] migration in
in vitro scratch assays at an optimal concentration of 10 uM [20,21]. We tested several
concentrations of OA /HP-f-CD complexes, where MDA-MB-231 cells showed significant
cell migration compared to basal (C) and vehicle control HP-3-CD conditions (Figure 5a,b).

Similar migration percentage values were observed between OA/DMSO and all
OA/HP-p-CD concentrations tested, with no statistically significant differences reached.
Nevertheless, there was a higher migration activity tendency within 17/4.25 uM/mM and
21/5.25 uM/mM OA/HP-3-CD concentration complexes. Furthermore, it was easy to
notice that, in the case of OA /HP-3-CD, more cells could be found reaching the scratched
gap area than in the OA /DMSO condition (Figure 5a).

OA/DMSO exhibits a mild antiproliferative effect on MDA-MB-231 cells [20]. OA /HP-
-CD treatment showed a nearly identical cell count to basal (control) and vehicle controls
treatments in contrast to OA/DMSO, which was slightly affected since a lower number of
cells was observed, a trend that was held for 10 days. Interestingly, these data suggest that
MDA-MB-231 cell proliferation performed better, and near control samples, for OA /HP-f3-
CD complexes than for free OA/DMSO samples (Figure 5c).

All together, these experiments suggest that complexed OA with HP-3-CDs enhanced
MDA-MB-231 cell migration while improving cell viability when compared to OA/DMSO.

3.9. Signaling Pathways Regulated by EGFR and c-Jun Activation, Necessary for Cell Migration,
Are Induced by OA/HP-B-CD Complexes in MDA-MB-231 Cells

MDA-MB-231 cells are a suitable epithelial model for epidermal growth factor receptor
(EGFR) expression regulation studies [21,23,70]. EGFR inhibitor (EGFRi), PD153035, is
capable of reducing migration in MDA-MB-231 cells in OA/DMSO [20,21] and also in
OA /HP-B-CD stimulated cells (see Figure 2).

With the objective of deeply deciphering the molecular mechanisms behind the
OA /HP-3-CD complexes effect on cell migration, we decided to set up a whole study of key
regulatory proteins involved in cell migration by using sub confluent cells [19,21,71]. Cells
were stimulated with 10 uM OA /DMSO and 21/5.25 uM/mM OA /HP-3-CD, and the
activation of different proteins was evaluated. Mainly, the phosphorylation consequences
of all proteins studied were milder when cells were stimulated with OA /HP-3-CD in
comparison to their DMSO-solubilized counterparts. To begin with, a p-EGFR stimulation
was detected 2 h after treatment with OA /HP-f3-CD, later increasing at 3 and 4 h; however,
when compared to OA/DMSO, the stimulation was softer (Figure 6a,b).

When looking at a downstream EGFR kinase, p-ERK1/2, it was increased by OA /HP-
-CD treatment after 2 h following the same trend as EGFR phosphorylation (Figure 6a,b).
Interestingly, OA /HP-3-CD showed significantly lower intensity values at time 2 h, and
they were kept higher for longer periods of time. Regarding p-JNK1/2, both OA /HP-3-CD
and OA/DMSO-induced stimulation stimulated this kinase at time 1 h; however, later
in time, the dynamics were dissimilar. Interestingly, when blotting total c-Jun and active
phosphorylated (p)-c-Jun forms, we observed changes on both antigens in response to
OA/HP-$3-CD, an effect that is evident also in the case of OA/DMSO [21]. In particular,
in the case of p-c-Jun, the treatment with OA /HP-3-CD showed a mild increase at time
2 h that was sustained up to 6 h. In contrast, OA/DMSO produced a stronger stimulation
of p-c-Jun at time 1 h; it was sustained in time up to 6 h and exhibited higher values
than cyclodextrin-complexed OA. In any case, no increases in p-JNK1/2 and p-c-Jun
regulatory proteins were observed with DMSO and HP-3-CD vehicle controls. Finally,
total c-Jun levels were clearly increased by OA /HP-3-CD with a 2 h delay (3, 4, and 6 h)
when compared to OA/DMSO, which stimulated c-Jun overexpression at the early time
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Figure 5. OA complexes with modified cyclodextrins HP-f3-CD promote cell migration in MDA-MB-
231 cells. Confluent MDA-MB-231 cells were scratched with a pipette tip and allowed to migrate
for 24 h. (a) Representative images of the in vitro scratch assay with cell migration under basal
conditions (C) compared to those with 5 uM OA/DMSO, 21/5.25 uM/mM OA /HP-p-CD, and
equivalent concentrations of DMSO or HP-3-CD after 24 h treatment. The scale bar indicates 200 pum.
(b) Plot represents cell migration as the difference between areas at time 0 h and time 24 h in each
condition, named as migration percentage. Control conditions: white bars, black dots. Stimuli: black
bars, white dots. The X axis indicates treatment conditions; for those with HP-3-CD concentrations
are represented as the molar ratio OA pM/CD mM. Epidermal growth factor (EGF) was added
at 10 ng/mL as a positive migration control. Asterisks indicate statistically significant differences
between conditions according to a one-way ANOVA statistical analysis (* p < 0.05 and **** p < 0.0001).
(c) The long term effects of 5 uM OA/DMSO and 21/5.25 uM/mM OA /HP-B-CD (with vehicle
controls) on MDA-MB-231 proliferation were assessed by counting total cells at the indicated times.
The logarithm of the mean number of cells against time is plotted.
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then at time 4 and 6 h, remaining as a trend compared to basal conditions, as this induction
on total c-Jun was not as higher as with OA/DMSO.

Altogether, these results on protein expression and activation by phosphorylation
on MDA-MB-231 and Mv1Lu cells point to the fact that complexed OA with modified
cyclodextrins, as seen with OA/DMSO, clearly triggered different protein kinase targets to
induce biochemical pathways, which are necessary to lead to cell migration.

4. Discussion

Oleanolic acid-triggered molecular mechanisms are compatible with improved cell
migration, making them a potential wound healing agent [20,21]. Nevertheless, its hy-
drophobic nature stunts its application in hydrophilic contexts [52]. In this paper, we have
shown how OA complexation in HP-f3- and HP-y- modified cyclodextrins can improve
OA application and OA activity on in vitro cell culture models Mv1lLu and MDA-MB-
231 [20,21].

The lipophilic nature of OA implies the need for improved delivery with new carriers,
which could allow its conservation, protection, and application. For OA delivery, many
studies have shown its vehiculation by a variety of macromolecules in several applications.
For instance, nanoparticles made from polymers such as polyethylene glycol, cellulose,
or silicone have been used to encapsulate OA [72-76]. Despite this, these nanoparticles
require a long chemical synthesis and further 3D structure analyses, which are expensive
and time-consuming. That is why cyclodextrins might be considered a better option to
improve OA delivery and application. Remarkably, a dehydration step, performed by
freeze drying, improves the effect on OA from cyclodextrins since they protect and preserve
OA in long-term storage by keeping OA loaded for weeks at 4 °C and even at 20 °C.
Conversely, OA /DMSO required specific storage conditions in liquid nitrogen (—190 °C)
to maintain it long-term [20,21]. What is more, the OA /CDs powder formulation can be
easily diluted in cell culture media or other desired aqueous solutions, avoiding microbial
contamination and preserving the osmolarity of cell culture media.

HP-f3- and HP-y-CDs were chosen for OA complexation and subsequent in vitro as-
says for their improved water solubility compared to native cyclodextrins [48,77]. Both
HP-{3- and HP-y-CD have shown that they can properly encapsulate OA, and dried solid
complexes of OA can be obtained. However, it has been noticed that there is different behav-
ior between them. The higher encapsulation constant (K.) of the HP-y-CD (K. = 645 M1
complexes compared to the HP-B3-CD complexes (K. = 201 M) [52] is associated with
higher complex stability. This could contribute to a reduced loss of OA during the en-
capsulation and dehydration processes of the complex, resulting in higher encapsulation
efficiency (EE) and a higher final retention of the active compound. As a consequence, this
leads to a higher drug loading (DL mg/g) in the ultimately obtained solid complexes of
OA /HP-y-CD. This may represent an advantage at first, but it is necessary to determine
whether the stability of the complex, dependent on its K. value, allows a proper release of
the host compound into the medium so that it can exert its biological activity.

The stability of the obtained complexes, defined by the K, values of the complexes and
dependent on the type of CD, can modulate the activity of the host molecule of the complex.
In this regard, the results of cell migration show that, for the same concentration of 12.5 uM
of OA, the level of cell migration has been higher for HP-{3- than for HP-y-CD complexes.
The complex OA /HP-f3-CD has a lower complexation constant (K¢) [52], indicating that
OA is released more easily from the hydrophobic cavity of the CD, as it is a less stable
complex compared to the one formed with HP-y-CD. For this reason, HP-3-CD appears to
be the most suitable CD for the complexation of OA, as it demonstrates a better compromise
between adequate compound release capability and the high aqueous solubility of OA.

Furthermore, the results obtained demonstrate that the complexation of OA in CD
partially limits its ability to stimulate cell migration, as it is necessary to increase the
concentration of OA to 12.5 uM and 62.5 uM to achieve the same level of cell migration
obtained with 5 uM of OA dissolved in DMSQO. This limitation in the biological activity of
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different encapsulated active compounds, previously described by other authors [43,78-80],
is expected since encapsulation traps the active molecule and its release is conditioned by
the stability of the complexes. On the other hand, it is known that, when solubilized with
DMSO, OA acts at a very tight range of concentrations to see its cell migration activity on
Mv1Lu and MDA-MB-231 epithelial cell lines [20,21]. Concentrations out of this range have
cytotoxic effects and cell viability loss. Indeed, OA biological effects are cell-type specific,
as OA is used as an antiproliferative in some tumor cell lines [62,81,82]. With our gathered
data on scratch and proliferation assays, we observed that cyclodextrin complexation
changed the OA dose-effect. First, OA/HP-3-CD complex concentrations that show cell
migration activity peaks were mainly two times higher than the ones with OA /DMSO for
both cell lines Mv1Lu and MDA-MB-231. Additionally, proliferation assays in these two
cell lines showed a slightly higher cell count than OA/DMSO conditions, suggesting a
protective effect of the cyclodextrin. These data could be explained by the non-direct and
slow OA delivery to cells because of the OA lodging into the cyclodextrins, which produces
a sustained OA release [83]. This improved delivery suggests better OA bioavailability for
epithelial cells, which in fact could mitigate cell viability loss and improve cell migration
from the scratch edges.

We noticed that complexed OA showed reinforced cell migration activity on Mv1Lu.
On in vitro scratch assays, we observed that scratch treated with OA /HP-{3-CD complexes
displayed higher recruitment of migrating cells than OA /DMSO, as a migration morphol-
ogy was very patent in several lines from the scratch edge. Even though this recruitment
was less patent, it could also be seen in MDA-MB-231 scratch assays. Interestingly, this
phenomenon correlated positively with immunocytochemistry assays in Mv1Lu, in which
we study p-c-Jun activation and its subcellular location, which are crucial to express cell mi-
gration genes [84,85]. We saw a different pattern of activation when comparing OA/DMSO
and OA /HP-p-CD scratched cells. Strikingly, scratched cells treated with OA /HP-3-CD
showed a wider belt of cells with nuclear overexpressed and activated c-Jun. Indeed, the
ratio of positive nuclei and total nuclei was higher in the OA /HP-3-CD condition than in
the OA/DMSO condition, showing a decrease as the cells became far from the scratch edge.
These results point out that OA complexation with cyclodextrins endows the oleanolic with
improved properties on cell migration.

In terms of paxillin remodeling, OA/DMSO and OA /HP-p-CD conditions displayed
quite similar patterns, especially when looking at focal adhesion size. We could not
identify differences between the two treatments, so more studies must be carried out
to decipher these mechanisms, such as paxillin/FAK colocalization assays by confocal
microscopy [21]. However, regarding F-Actin distribution at cells at scratch edges, we could
observe filopodia and ruffle formation during OA-triggered migration. Indeed, Mv1Lu
scratch-edge cells treated with OA /HP-p-CD showed qualitatively a greater number of
filopodia and ruffles since the cells were more spread along the scratched area. This,
together with the fact that in OA /HP-p-CD condition F-Actin filaments were less patent
than in OA /DMSO condition, suggests a highest degree of mobilization of structures in
response to oleanolic when it was complexed. This could be related to the activation of
c-Jun, the master regulator of cell migration [26,84,85], which lasted longer when the cells
were stimulated with OA /HP-3-CD.

Some of the molecular events happening in cells when they are stimulated with OA
suggest a general activation of several kinases related to cell movement. In order to deepen
the molecular mechanisms underlaying the effects of OA /HP-f3-CD complexes on cell
migration, the same key regulatory proteins were examined [23,84-89]. Generally speaking,
the responses obtained with OA /HP-f3-CD were similar to those obtained with OA /DMSO.
Surprisingly, the activation (phosphorylation) of many of the different proteins studied
was milder with complexed OA compared to its DMSO-solubilized counterpart. However,
in the case of MDA-MB-231, the activation pattern showed a delayed response in the
OA/HP-3-CD condition than in the OA/DMSO condition. Furthermore, the levels of
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the proteins assayed were lower in the OA /HP-3-CD condition than in the OA /DMSO
condition, probably due to the different dynamics that cyclodextrins brought.

What is more, this study found that cell migration promoted by OA /HP-f-CD com-
plexes in Mv1Lu cells exhibited similar molecular mechanisms to MDA-MB-231 cells, as it
was previously described for OA/DMSO [21]. Interestingly, as seen with OA/DMSO, the
cell migration that OA /HP-3-CD complexes produced was compromised when specific in-
hibitors against EGFR, MEK, and JNK were added to the media in scratch assays. Moreover,
similar phosphorylation patterns were observed between OA /DMSO and OA /HP-3-CD
for p-EGFR and p-JNK proteins. By contrast, OA/HP-3-CD complexes stimulated p-
ERK1/2 at later times compared to OA/DMSO. Regarding c-Jun and p-c-Jun blots, the
expression of both forms was increased and sustained at later times in the OA /HP-3-CD
condition. These results suggest a sustained effect of complexed OA on this transcription
factor, which also correlates positively with immunocytochemistry assays, where a greater
number of cells with high p-c-Jun were observed at scratch edges. Altogether, these ob-
servations in western blots led us to think that these regulator proteins show a delayed
response with OA complexes, probably due to the cyclodextrin slow-release dynamic. This
response could be beneficial because, over time, OA complexes provided more migrating
cells than OA/DMSOQO covering the scratched area.

Altogether, the evidence shown by the in vitro scratch assays favors the higher efficacy
of cyclodextrins delivering OA to cells, based on the wide spread of activation caused.
However, to make a perfect correlation, a western blot should be performed on the area
that is activated by OA /HP-p3-CD and compared to the rest of the epithelia, but, at present,
we have not found a way of analyzing the samples in such a way. This may reflect the fact
that using confluent cultures to depict what is happening at the scratch edge has some
limitations that, with the current technology, cannot been overcome.

In summary, the study on key regulatory proteins indicates that complexed OA with
modified cyclodextrins triggers the same biochemical pathways as OA/DMSO, which
is necessary for cell migration of both MDA-MB-231 and Mv1Lu cells. In this study, we
highlighted the potential of these epithelial cell models for investigating EGFR and key
regulatory kinases expression in cell migration under OA /HP-f3-CD complexes effects.

All in all, here we showed how cyclodextrin complexation allows OA application
improvement, making it suitable to develop a product that could be used topically on
skin for wound healing. Given the enhanced OA solubilization and improved activity
on epithelial cells, we are prone to performing in vivo assays in the future. In this sense,
many assays can be carried out on in vivo models to study complex OA effects on wound
healing [90,91].

In this paper, we have deciphered how OA complexation with modified cyclodextrins
could improve OA application and activity in vitro. Our results showed that OA/CDs,
mainly OA /HP-f3-CD complexes, showed significant activity on cell migration and toxicity
protection in Mv1Lu and MDA-MB-231 cells. In addition to this, OA/HP-3-CD complexes
induce a whole signaling system compatible with cell migration, such as OA/DMSQO. Even
though both agents triggered the same mechanisms, OA /HP-3-CD complexes showed
greater migrating cell recruitment powered by greater c-Jun activation and displaying
a sustained OA effect on cell migration provided by cyclodextrins slow release to the
media. Validating that OA maintains its biological activity when it is complexed in the
form of a solid complex with HP-3-CD is a key aspect of drug application because solid-
state complexes improve the handling and stability of compounds, enabling better dose
standardization [43]. This represents a clear technical advantage for the pharmaceutical
industry. Furthermore, the complexation of OA with CD enables achieving effective OA
concentrations in an aqueous medium, eliminating the need for organic solvents such as
DMSO. Finally, given the implications that this paper shows, the research on OA complexed
with cyclodextrins for developing an effective treatment for difficult wounds seems very
promising.



Int. . Mol. Sci. 2023, 24, 14860 20 of 23

5. Conclusions

Oleanolic acid conjugated to cyclodextrins (OA /CDs) exhibits enhanced properties
compared to OA solubilized with DMSO. Specifically, OA /HP-f-CD not only enhances cell
migration but also improves cell viability. It also plays a role in cytoskeleton reorganization
and in mobilizing focal adhesions. Much like OA/DMSO, OA /HP-3-CD activates specific
migration pathways. Moreover, complexing OA with cyclodextrins significantly enhances
the molecule’s stability and enables its solubility in aqueous solutions. This crucial en-
hancement extends its practical applications. Consequently, we now have a hydrophilic
conjugate that is more bioavailable, stable, and readily applicable to wound care.
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Figure S1. Non-dried OA/CDs complexes have poor effectivity on cell migration as opposed to freeze dried
OA/CDs complexes in Mv1Lu cells. Confluent Mv1Lu cells were scratched with a pipette tip and allowed to
migrate for 24 hours. (a) Plot represents cell migration as the difference between areas at time 0 hours and time
24 hours in each condition, named as migration percentage. X axis indicates treatment conditions, for those with
HP-y-CD, the concentrations are represented as molar ratio OA pM /CD mM. Non-dried OA/HP-y-CD
complexes concentrations used are represented in grey bars and white triangles. Freeze dried 50/12.5 uM/mM
OA/HP-y-CD complexes and 5 uM OA/DMSO were used as positive control (black bars). Empty HP-y-CDs at
0/12.5 pM/mM were used as vehicle control. Epidermal growth factor (EGF) was added at 10 ng/ml as a positive
migration control. Asterisks indicate statistically significant differences between conditions according to a
One-way ANOVA statistical analysis (****p<0.0001). (b) Representative images of the wound healing assay with
cell migration under 5 uM OA/DMSO compared to those non-dried OA/HP-y-CD complexes after 24 h
treatment. DMSO, and 0/12.5 uM/mM HP-y-CD were used as vehicle controls.

Figure S2. OA complexes with modified cyclodextrins HP-3-CD and HP-y-CD promote cell migration in
scratched Mv1Lu cells. Plot represents cell migration as the difference between areas at time 0 hours and time 24
hours in each condition, named as migration percentage. X axis indicates treatment conditions, for those with
HP-p-CD and HP-y-CD, the concentrations are represented as molar ratio OA pM/CD mM. Additional
concentrations of OA/CDs are shown. Note that concentrations without any data point indicate cell viability loss
as a consequence of the OA cytotoxic effect at high OA concentrations. 10 % FBS (S 10%) and 10 ng/ml EGF were
also added to the experiment as positive migration controls. Asterisks indicate statistically significant differences
between conditions according to a One-way ANOVA statistical analysis (*p<0.05, **p<0.005, ***p<0.001 and
**#<0.0001).
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Figure S3. OA complexes recruit a higher number of Mv1Lu migratory-cells than OA/DMSO on in vitro scratch
assays. (a) Composite pictures of the in vitro scratch assay showing the first lines of cells at the scratch edge and
cells far away from the edge. Images show cell migration under basal conditions (Control) compared to those
with 5 uM OA/DMSO and 12.5/3.12 uM/mM OA/HP-3-CD after 24 hours treatment. Note that with
OA/HP-f-CD complexes a greater number of cell lines are recruited to migrate along the scratch. (b) Pictures
corresponding to the same assay showing vehicle control conditions with equivalent concentrations. Scale bar
200 uM.



Figure S4. OA/HP {3 CD complexes promote higher c Jun transcription factor phosphorylation than OA/DMSO
at the scratch edge. (a) The image represents how a Tile Scan image is divided in three equal sectors for better
analyze active ¢ Jun (p c Jun) expression. Scale bar indicates 100 pm. (b) Plot represents the p ¢ Jun intensity in
cell nuclei. Each point represents the intensity of p ¢ Jun intensity in one nucleus. (c) Plot represents the relation
between the number of positive p ¢ Jun nuclei and total number nuclei existent in each sector. In order to exclude
negative p ¢ Jun nuclei, an intensity p ¢ Jun threshold was set using the p ¢ Jun intensity mean in basal (control)
condition.



Figure S5. OA/HP 8 CD complexes change the distribution of actin cytoskeleton, revealed by Phalloidin staining.
Confluent Mv1Lu cells were scratched and allowed to migrate for 6 and 12 hours. Cells were treated with 5 uM
OA/DMSO or 12.5/3.12 uM/mM OA/HP 3 CD. Equivalent concentrations of DMSO and HP 3 CD were used as
vehicle controls. Detailed images of the staining showed in Figure 4, corresponding to the cells at the scratch
edge (sector 1, S1, area) and their 2 times magnified homologue. Actin fibers (F Actin): red. Nuclei: blue. Images
obtained with a confocal microscope at 40X. Sector 1 scale bar indicates 50 pum. Magnified Sector 1 scale bar
indicates 25 um.



Figure S6. OA/HP 3 CD complexes promote changes in focal adhesions (FAs) revealed by Paxillin. Confluent
Mv1Lu cells were scratched and allowed to migrate for 6 and 12 hours. Cells were treated with 5 uM OA/DMSO
or 12.5/3.12 uM/mM OA/HP B CD. Equivalent concentrations of DMSO and HP 3 CD were used as vehicle
controls. Cells were immunostained with specific antibodies against Paxillin. Co-staining with phalloidin and
Hoechst 33258 was used to show actin cytoskeleton and nuclei, respectively. Paxillin: green. Actin fibers (F
Actin): red. Nuclei: blue. Images obtained with a confocal microscope at 40X. This experiment was repeated at
least three times. Scale bar indicates 25 pm.



Figure S7. Cell migration necessary signaling pathways regulated by EGFR and c-Jun activation, are induced by
OA/HP-B-CD complexes in Mv1Lu cells. (a) Total protein extracts from sub-confluent Mv1Lu cells in FBS-free
media treated with 10 uM OA/DMSO or 12.5/3.12 uM/mM. DMSO and HP-B-CD equivalent concentrations were
added as vehicle controls. Different proteins were assayed at the indicated times (hours): phospho-EGFR (Tur
1068), phospho-ERK1/2 (Thr 202/Tyr 204), phospho-JNK1/2 (Thr 183/Tyr 185) and phospho-c-Jun (Ser 63). Total
protein expression was assayed for the above-mentioned active forms: ERK1/2, JNK1/2 and c-Jun. 3-Actin was
used as a loading control. A representative experiment was shown (EGFR, epidermal growth factor receptor;
ERK1/2, extracellular signal-regulated kinases 1 and 2; c-Jun N-terminal kinases 1 and 2). (b) Column bar graphs
represent intensity values of each protein assayed by Western blot, by collecting the data of three independent
experiments. Intensity values were quantified and gathered by Image] software. Asterisks indicate statistically
significant differences between the selected conditions according to a One-way ANOVA statistical analysis:
(*p<0.05, **p<0.005, ***p<0.001 and ****p<0.0001).
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V - DISCUSSION

The research on plant-derived bioactive compounds has revealed substances
with promising therapeutical effects on human health. Oleanolic acid (OA) is a
remarkable compound because of its multiple properties that can restore impaired
physiologic processes, promote repairing processes, and attenuate several damages
in vivo and in vitro. The present doctoral thesis focused on the cellular processes
regulated during wound healing to accomplish skin regeneration: cell migration
and motility, and the effect that OA might have on them. Indeed, we have disclosed
some of the molecular effects of OA behind these processes by using epithelial cell
in vitro models. Additionally, this thesis has unraveled new cellular processes
promoted by OA in other wound-healing players, such as endothelial cells. Lastly,
improved OA effects have been shown by using cyclodextrin complexation to
ameliorate the use of OA in in vitro models. In this chapter, the results achieved in
these areas of study and their implications in the field are discussed.

5.1. NEW INSIGHTS IN EPITHELIAL CELL MIGRATION PROMOTION BY OA

We have elucidated new molecular insights into OA’s mode of action on
epithelial cell models MvlLu and MDA-MB-231. This mode of action is
encompassed in cell migration promotion by OA. In addition to this, a
comprehensive study of OA effects on cell architecture and machinery was

conducted to extend the knowledge of OA-triggered migration.

5.1.1. Migration-promoting effects of OA depend on its concentration and cell
type tested

In recent years, the effects of OA on migration and invasion have been
reported in various in vitro cellular models, regarding OA as an antitumoral agent.
For instance, OA inhibits the migration of HeLa cells and HepG2 liver cancer cells
when these cells are treated with high doses of OA: 25, 50, 100, and 200 uM (226,
228). Another study showed an inhibition of monocyte transmigration on
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endothelial cells at 35 and 50 uM of OA (89). Other authors observed an OA
suppression of migration and invasion, together with MAP kinase inhibition, in
malignant glioma cells (309). Additionally, other authors point out that OA
synthetic derivatives can inhibit cell migration via cytoskeleton remodeling
alteration (310). Although this evidence could be paradoxical to explain OA
promotion of cell migration, its negative or positive effects rely on the amount of
concentrations used. It is worth noting that the concentrations of OA used in the
aforementioned assays are relatively high, thus producing reduced cell viability
and triggering apoptosis. Indeed, our previous research with epithelial cell lines
revealed that OA positive effects are produced in a narrow spectrum of
concentrations, specifically 5 uM for Mv1Lu cells and 10 uM for MDA-MB-231 cells
(126, 311). On the contrary, in higher concentrations, OA exhibits inhibitory effects
on cell migration (126, 225). Remarkably, these precise OA doses for Mv1Lu and
MDA-MB-231 were optimized in serum-deprived growth conditions. Hence, fetal
bovine serum (FBS) concentration in the cell medium used for each assay is a
critical parameter that must be considered, since migration is also influenced by
cell proliferation (312, 313). When serum is present in the cell culture, growth
factors promote both migration and proliferation, making it difficult to ascertain
OA's precise effects on migration, together with the fact that OA cell migration
promotion is independent of cell proliferation (126). For example, in vitro scratch
assays need to be done with null or the lowest FBS concentration possible to
prevent serum protein or growth factors from masking OA effects (126).
Nevertheless, it is imperative to acknowledge the potential existence of
cell-type-specific differences that might underlie disparities in research outcomes.

5.1.2. C-Jun activation and regulation in response to OA stimulation in
epithelial cells

C-Jun plays a pivotal role in promoting cell migration (151, 314) because it is
the end point of the integration of signaling cascades triggered by growth factors,
including EGF (149, 153). Remarkably, the research carried out with Mv1Lu and
MDA-MB-231 cells showed that OA induces the activation of c-Jun by its
phosphorylation on Ser 63 in both Mv1Lu and MDA-MB-231 cells. Interestingly,
Western blot time courses showed increments in both phosphorylation and total
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protein levels (p-c-Jun and c-Jun) of c-Jun under OA treatment. This could be
explained by the fact that c-Jun upregulates its own transcription when it is
phosphorylated by binding to its own gene promoter, thus establishing a positive
feedback loop (145). On the other hand, this study has revealed the significance of
c-Jun overexpression and phosphorylation at the leading edge of scratched
epithelia by OA, improving the migration of epithelial cells (151, 314). Similarly,
OA demonstrated a clear specificity for the activation of wound-edge migrating
cells, a phenomenon that indicated a minimized stimulation of cell migration
beyond the necessary scope. Coherently with this, leading-edge cells usually
overexpress c-Jun to trigger cell-junction removal and protrusion formation in
order to gain movement (193, 315, 316). Strikingly, this effect is different from the
activation of c-Jun in response to EGF, which is extended to all cells of the
epithelium (317, 318). Thus, this phenomenon unravels the specific OA-activity
impact on epithelial cell migration driven by c-Jun master regulator.

5.1.3. Uncovering the molecular mechanisms behind OA-triggered cell

migration

The pharmacologic inhibition on EGFR, MEK1, and JNK1/2 in scratch assays
revealed a different contribution of these key proteins on OA-triggered cell
migration in MvlLu and MDA-MB-231 cell lines (126). Therefore, a possible
pathway induced by OA was elucidated by focusing on its beginning in EGFR with
an unknown interaction with OA, subsequently triggering the activation of two
EGFR-dependent pathways driven by ERK1/2 and JNK1/2, both finally leading to
c-Jun activation in the cell nucleus (126). Intriguingly, our study revealed that,
although EGFRi abrogated cell migration, it did not suppress the increase of both
Ser 63-phosphorylated c-Jun and the overexpression of this protein by OA. This
was in line with unaffected p-c-Jun levels and subcellular localization at
wound-edge cells under EGFRi+OA condition in cell front migration assays.
Certainly, detected phosphoprotein levels under OA treatment in Western blot
time courses showed a different activation timing between EGFR and c-Jun, since
c-Jun was stimulated by OA before EGFR, and therefore, independently of EGFR

stimulation.
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All these data did not support the previously conceived pathway, suggesting
a non-linear, multiple-step mechanism induced by OA in MvlLu and
MDA-MB-231 cells, where more regulatory elements must be playing a role. In
Mv1Lu cells, where ERK1/2 is not constitutively active, ERK1/2 activation by OA
exhibited delayed phosphorylation in line with EGFR activation, thus reinforcing
the theory that OA might induce the activation of both JNK1/2/c-Jun and
EGFR/ERK1/2 pathways, but these two are decoupled in time. Unfortunately, this
result was not perceptible in MDA-MD-231 cells, since the excessive
overexpression of EGFR in this cell line produces a high level of phosphorylated
ERK and it was complicated to differentiate between the experimental conditions
tested (319). Nevertheless, it was clear that early c-Jun phosphorylation was
mediated by OA-activated JNK1/2, as indicated by Western blots and cell front
migration assays, because JNKi produced the total inhibition of c-Jun
phosphorylation and cell nuclei localization despite OA treatment. Nonetheless, a
comprehensive exploration is necessary to elucidate the potential pathway
upstream of JNK, which is responsible for inducing c-Jun activation. In any event,
despite early response (JNK1/2/c-Jun) and late response (EGFR/ERK1/2), the assays
pointed out that MAP kinases are implicated in both pathways, because the MEKi
strikingly blocked the activation of EGFR, ERK1/2, JNK1/2, and c-Jun under OA
stimulation. In this sense, it is possible that MEK1/2 (MAPKK) could be the node
that links JNK1/2 with EGFR/ERK1/2 pathway during OA stimulation. This

phenomenon was observed in both cell lines.

A mechanism compatible with this complexity could be the transactivation
of EGFR, a way of activation that differs from the canonical external stimuli by
growth factors (320). This mechanism has been studied for its pivotal function in
signal transduction pathways (320, 321). It is plausible that OA stimulation on
EGFR might occur through EGFR receptor transactivation. It has been shown that
this particular mechanism starts at the cell surface by G protein-coupled receptors
(GPCRs) (322, 323). GPCRs are proteins with seven transmembrane domains and,
despite their lack of intrinsic kinase activity like RTs, they activate signal cascades
by the binding of ligands of different nature in the extracellular domain: proteins,
peptides, nucleotides, ions, amino acids, and lipids (321, 324, 325). When activated,
these receptors interact with heterotrimeric G proteins (Ga, Gf3, and Gy), which

produce the exchange of GDP for GTP and consecutively activate numerous
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effector proteins (321, 325, 326). Among them, a non-receptor tyrosine kinase is
activated, proto-oncogene tyrosine kinase c-Src (230, 327, 328). This kinase
phosphorylates EGFR to regulate cell motility (119, 327). Apart from this
mechanism of EGFR activation, it is known that EGF and other growth factors
signal in an autocrine fashion, so production, release, and binding to EGFR occur
in the same cell, thus regulating its own proliferation and migration (123, 329). In
this sense, there is evidence that GPCRs may act in this autocrine loop by the
shedding of growth factors from the cell membrane, such as EGF (119, 320, 330).
Indeed, EGFR activation and exposure are regulated by endocytosis, which is
removed from cell membranes with GPCRs in endosomes (125, 331, 332).
Strikingly, EGFR internalization is observed in MDA-MB-231 cells during OA
stimulation (126). For instance, in the context of corneal cell injury, EGFR activation
is mediated by a shedding mechanism associated with GPCR receptors (333).
Intriguingly, the use of PD098059, inhibiting ERK1/2 phosphorylation, led to the
blocking of EGFR activation, suggesting that besides serving as an effector
downstream of EGFR, ERK1/2 can also mediate EGFR transactivation (333).
Additionally, it has been reported that GPCRs activate different MEK isoforms,
which subsequently activate ERK and JNK kinases, thus supporting the idea that
MEK might be the node interconnecting JNK1/2/c-Jun and EGFR/ERK1/2 pathways
(321). Altogether, the existence of this GPCR mechanism goes in line with the
results and dynamics of EGFR and MAP kinase stimulation by OA observed in this
study. Indeed, this could explain the crosstalk between the early response of
MEK/JNK/c-Jun and the later response of EGFR/MEK/ERK, which might be linking
both GPCR and EGFR receptors (Figure V-1). First, GPCR could be triggering JNK
and c-Jun early activations, and later, EGFR could be phosphorylated because of
GPCR activation. However, at this level of observance, we could not ascertain
whether EGFR is activated via c-Src kinase or via EGF shedding. Nonetheless, this
second mechanism might be more plausible given the timing of EGFR and ERK
displayed in Mv1Lu and MDA-MB-231 cells in response to OA. Interestingly, an
anchored-membrane enzyme that cleaves proteins, A disintegrin and
metalloproteinase 17 (ADAM 17), also called tumor necrosis factor-converting
enzyme (TACE), has been identified as a key player for EGFR activation, which has
many functions involved in inflammation regulation, tissue regeneration, and cell
differentiation (334, 335). Indeed, one of the substrates of ADAM17/TACE is EGF
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pro-ligand, which remains inactive and attached to the membrane until ADAM17
cleaves it to produce the shedding and binding to EGFR (330). ADAM17 role needs
to be deciphered to confirm its involvement in OA stimulation. This will most
probably exclude the fact that EGFR stimulation by OA is caused by its direct
receptor interaction, and confirm that it is indeed caused by its interaction with
GPRCs. This mode of action would be supported by the identification of OA as a
weak agonist for a specific GPCR, concretely Takeda G protein-coupled receptor 5
(TGRb5) (14, 336). TGRS is involved in regulating metabolism and has bile acids as
ligands, with a similar structure to OA (14, 337, 338). Overall, there is no doubt that
both JNK/c-Jun and EGFR/ERK axes are necessary, and that the latter contributes
positively to c-Jun overexpression and phosphorylation during OA-triggered

migration.
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Figure V-1. Oleanolic acid induces a biphasic mechanism. A. Previously, the activation of EFGR and MAP
kinases by OA was thought to be due to OA’s interaction with EGFR, leading to MAP kinases activation and
AP-1 transcription factor (c-Jun) activation. B. However, this research strongly questions the previous
mechanism of action. Mechanism of action that is now known to be more complex with two stages in time. Instead,
OA, as an agonist of TGRS, interacts with this GPCR to induce G protein activation. Subsequently, MEK is
activated, and JNK and AP-1 are immediately phosphorylated and activated in the nucleus. G proteins may
activate proteases anchored in the cell membrane TACE/ADAM17, which produce growth factor shedding,
including EGF. Later, by EGF release, EGFR activation and phosphorylation cause a second phase of induction,
which ultimately triggers the complete MAP kinase module activation with ERK involved, which contributes to
AP-1 activation in the nucleus. Several proposed steps still need to be thoroughly confirmed by research. Dashed
arrows indicate multiple steps in the figure.
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5.1.4. Cell architecture morphology and regulation in response to OA

The thorough study of EGFR, ERK, JNK, and c-Jun regulation upon OA
treatment, together with the molecular implications discussed, suggest distinctive
morphological changes in MvlLu and MDA-MB-231 cells at the wound edge,
observed in in vitro scratch and cell front migration assays. Wound-edge cells
showed protrusions, lamellipodia, and ruffles, all promoted by OA (315, 316).
Moreover, OA induced modifications of the density and the arrangement of actin
fibers (F-actin) in the wound edge, which are suggestive of a high
polymerization-depolymerization turnover of actin, compatible with an active
migratory effect. This is necessary for the dynamization of the F-actin network that
makes the lamellipodia movement possible (161, 167, 339). Altogether, these effects
suggest an active migratory state of the cells (158, 160, 167, 339). Additionally,
paxillin integrates multiple signaling pathways, as it is the adaptor protein critical
for focal adhesion (FA) formation from focal complex (FC) maturation during cell
migration (167, 183, 184, 189). Indeed, paxillin displayed a distinct reorganization
in the cells at the wound edge under OA treatment. Because of paxillin localization
in FAs, the staining showed an increased number and a decreased size of FAs in
OA condition (340, 341). Coherently with this, phospho-paxillin Ser 178 residue is
phosphorylated by JNK, an event that enhances FA dynamics and cell motility (191,
342). In fact, this residue was phosphorylated by OA in a time-dependent fashion.
However, the presence of JNKi did not affect the density and size of FAs in
response to OA, thus suggesting the existence of further more regulatory inputs on
FAs, which are independent of JNK activation. Importantly, FAs are produced as a
result of the activation of integrins and RTKs, such as EGFR (180, 183, 343). This
event brought together FAK with adaptor proteins and kinases (183, 342, 344).
Indeed, Tyr 925 phosphorylation of FAK can occur as a consequence of cell integrin
assembly or stimulation by growth factors (179, 345). This event was observed with
OA, since the triterpenoid induced FAK-tyrosine 925 phosphorylation in a very
similar dynamics to EGFR, which is characterized by a response later than c-Jun,
together with EGFRi suppression. Remarkably, both EGFR and FAK are closely
located to drive their functions in the cell (346). Moreover, OA stimulation of this
phosphorylation was inhibited by MEKi, suggesting the direct involvement of
EGFR/MEK/ERK in FAK activation. Interestingly, it has been shown that ERK
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targets FAK to trigger migration in corneal epithelial cells (342). These observations
correlated positively with the study conducted on FAs, since the presence of EGFRi
or MEKi upon OA stimulation reduced FA density and increased FA size. Hence,
this pathway is one of the other inputs necessary for FA formation and a successful
OA-driven migration. It has been reported that enhanced localization of active FAK
to focal adhesions increases its turnover at the protrusion front (185, 347).
Remarkably, active FAK (phospho-Tyr 925) co-localized with paxillin in response
to OA in cell front migration assays, indicating an active remodeling of FAs in
Mv1Lu and MDA-MB-231 cells. This event, in line with FAs conformation, was
completely abrogated when EGFRi and MEKi were added before OA stimulation.
All these results underscored an OA-responsive pathway by involving
EGFR/MEK/ERK/FAK to trigger FAs and cytoskeleton dynamization, as
previously described (342). In contrast, JNKi did not produce the inhibitory effect
on FAK to FA localization; however, it substantiated the notion of the existence of
early JNK/c-Jun response and might be contributing in other FA sites (348). This
was underpinned by the observation that JNKi partially inhibits, but does not
abrogate, OA-triggered cell migration (126).

Overall, the molecular effects of OA on these key cell-migration regulators
have revealed an intricate signaling mechanism that acts in response to OA in order
to enhance cell migration. These results have uncovered that OA influences the
signaling of the cell, with a fine complex biphasic mechanism to reach a better cell
migration (Figure V-1). Considering the robust influence of OA on cell migration,
further elucidation of these mechanisms implies great significance and relevance.
These findings may offer a compelling mode of action for OA and prompt
extrapolation to its isomers or synthetic derivatives, thus warranting further

research.
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5.2.  NEW OLEANOLIC ACID FEATURES ON ENDOTHELIAL CELL FUNCTION

The potential of plant-derived compounds for preserving endothelial cell
function is well known (30, 349-351). They have shown multiple positive effects in
protecting vascular health and preventing diseases associated with endothelial cell
dysfunction (6, 7, 352, 353). Among them, terpenoids are a noteworthy group of
active molecules that, like OA, have anti-inflammatory effects (354). OA’s beneficial
effects on epithelial cells prompted us to test OA on other cellular models and to
study its role in endothelial function and its possible relation with wound healing.
Hence, the conducted investigation offered new insights into the effects of OA on
the endothelium by studying its effects on human umbilical cord vein endothelial
cells (HUVECs) model, which were obtained from control (C) and gestational
diabetes (GD) contexts, particularly focusing on inflammation and angiogenesis.
First of all, the present study conducted MTT assays and OA dose-effect
optimizations to test its activity in primary HUVECs. Given the limitations of OA
dose effects, these assays were performed seeking a compromise between cell
viability, the read out of OA positive effects and the lowest serum concentration
possible (0.1%, 0.5%) in order to avoid OA masking. Finally, we set up a working
concentration for OA of 20 uM.

5.2.1. Inflammation attenuation in HUVECs

Studies with terpenoid molecules, the same family as that of OA, concretely
carotenoids lycopene and (-carotene, have shown anti-inflammatory effects on
both C- and GD-HUVECs (355). These molecules, under inflammatory stimulus by
TNF-a, reduce monocyte-endothelial cell interaction, attenuate the expression of
adhesion molecules (I-CAM1 and V-CAM1), and decrease NF-xB phosphorylation
and translocation to the cell nucleus (354, 355). Indeed, OA and its isomers, ursolic
acid (UA) and maslinic acid (MA), have shown similar effects using regular
HUVEC phenotypes, showing attenuation effects on adhesion molecule expression
(77, 356, 357). However, prior studies on OA have not specifically addressed
hyperglycemia-modified cells (GD-HUVECs), which have notably impaired
functionality (358, 359). Furthermore, previous investigations have consistently
failed to clarify the concentration of serum used in cell growth assays, a critical
factor for studying OA effects in vitro. Another parameter that should be
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considered for this kind of studies is the timing of drug treatment and TNF-«
inflammation induction, since these times might be critical to deciphering
OA-positive effects. Therefore, in our research, the TNF-a incubation period was
extended to 24 hours.

The stimulation with TNF-a produced an acute overexpression of adhesion
molecules in C- and GD-HUVECs. Interestingly, the pre-treatment with 20 pM of
OA produced a clear attenuation of adhesion molecules overexpression by TNF-a,
particularly V-CAM1 and SELE. This preventive effect of OA was more
pronounced in the GD phenotype, probably due to its cell senescence and
endothelial dysfunction (360). On the other hand, I-CAM1 gene expression levels
at 24 hours were not fully abrogated by OA pre-treatment in both cell phenotypes.
This feature could be explained by other functions of I-CAMI1 since this integrin’s
constitutive expression levels are crucial for promoting endothelial cell migration
and neo-angiogenesis during wound healing (202, 361). Regarding V-CAM], it is
an endothelium-specific molecule and it is inducible by TNF-a release, crucial for
monocyte extravasation (203). Nevertheless, under OA pre-treatment, V-CAM1
exhibited the strongest attenuation in both C- and GD-HUVECs, a result that
positively correlated with V-CAM1 protein levels, which were also decreased by
OA, showing a significant decrease of total protein levels even at 24 hours.
However, it is essential to acknowledge the limitations of in vitro assays, because a
chronic inflammation milieu has persistent V-CAM1 levels due to tissue injury and
constant release of TNF-a (362). Paradoxically, no significant differences were
observed at the phospho-serine 536 residue of p65 subunit of NF-«kB. In contrast,
other bioactive compounds have shown NF-«B attenuation by inhibiting either its
phosphorylation or its translocation to the cell nucleus (354, 363). Thus, the effects
of OA on V-CAM1 might involve distinct molecular mechanisms. For example, OA
isomer, UA, has been shown to block V-CAM1 trafficking in vesicles from the
endoplasmic reticulum to the cell membrane (364). On the other hand, as might
occur in epithelial cells to trigger MAP kinases activation and cell migration, OA
could potentially enhance the proteolysis of V-CAML. It is worth noting that the
activity of ADAM17/TACE processes not only growth factors but also V-CAM],
thus inhibiting its function by releasing the integrin into the extracellular medium
(203, 365). Given the molecular effects of OA seen in epithelial cells and its potential
role in EGF shedding by ADAM17, this mechanism is plausible but needs to be



174 JAVIER STELLING FEREZ

confirmed with future research. Regardless of the mechanism involved, OA

effectively attenuated both V-CAM1 gene expression and total protein levels.

During the chronic inflammation that occurs in a non-healing wound,
excessive TNF-a release increases the presence of adhesion molecules at the
endothelium, increasing both the adhesion and the transmigration of immune cells,
thus leading to endothelial cell apoptosis and dysfunction (366). During monocyte
immune cell recruitment, while selectins (E-selectin) capture and roll monocytes on
the endothelium, integrins I-CAM1 and V-CAMI firm monocyte adhesion to
endothelial cells and mediate transmigration (361). In chronic non-healing wounds,
the excessive recruitment of monocytes results in an uncontrolled population of M1
macrophages, characterized by hyperinflammation, reduced phagocytic activity,
and increased oxidative stress (367). Conversely, regular monocyte recruitment
leads to M2 macrophages, contributing to an anti-inflammatory, regenerative, and
tissue-remodeling environment (367). The effects of OA on monocyte adhesion,
especially on GD-HUVECs, were coherent with altered adhesion molecule levels,
particularly with the reduced levels in V-CAM1, implying a potential resolution of
inflammation in vitro with a remarkable relevance for treating both chronic and
diabetic wounds in the future.

5.2.2. Angiogenesis promotion, rescue of impaired angiogenesis features in
GD-HUVECs, and cell migration and motility promotion by OA

Diabetes produces a pernicious effect on the vascular system and the
angiogenesis process, causing poor tissue vascularization (300, 301). The tube
formation assay on Matrigel showed that GD-HUVECs had impaired tube
formation, characterized by an elevated number of aberrant isolated segments
under basal conditions, as opposed to C-HUVECs. Strikingly, the treatment with
OA rescued this impairment in GD-HUVECs and, to a lesser extent, in C-HUVECs,
by reducing the number and length of isolated segments. Furthermore, positive
angiogenic features, such as number of master segments, meshes, and branch
length, were notably improved by OA, particularly in GD-HUVECs. This
improvement in GD-HUVECs could be attributed to their inherently poorer
angiogenic performance for these parameters under basal conditions. Overall,
these data indicated that OA restores GD-HUVEC phenotype to a more regular
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angiogenic phenotype, without significantly affecting C-HUVECs, which
intrinsically have the capability of forming more complex networks. Nevertheless,
both types of HUVEC cell phenotypes displayed better complexity of vascular
network under OA conditions, as evidenced by an increased number of nodes,
branches, master junctions, and total network length. Therefore, this OA ability
could potentially have a positive impact in the context of tissue regeneration in

whether acute, chronic, or diabetic wounds.

It should be noted that to comprehend OA effects in a wound context, it
might be desirable to study its impact on more complex systems, as will be
discussed below. Moreover, it would be interesting to study the molecular effects
behind OA angiogenesis, focusing on the stimulation and the signaling pathway of
Vascular Endothelial Growth Factor Receptor 2 (V-EGFR2). This is even more
significant if we consider its crucial role in angiogenesis, especially because of its
similarity to the epidermal growth factor receptor (EGFR) structure and function,
which has been activated by OA in previous assays (126, 194, 220, 368).

During angiogenesis, cell migration is a crucial process for endothelial cells
(110). The outcome of scratch assays revealed that OA significantly increases
migration in both C- and GD-HUVECs. Notably, the stimulation with fetal bovine
serum (FBS) failed to attain the levels achieved by OA stimulation in the case of the
GD phenotype. This effect suggests that OA, in contrast to FBS, specifically rescues
an impaired migration mechanism of GD-HUVECs that cannot be rescued by
serum stimulation. Therefore, OA might activate a distinct molecular mechanism
that appears particularly helpful to the impaired cells. The quantification of focal
adhesions (FAs), assessed through paxillin immunostaining, indicates a more
robust enhancement in FA density in GD-HUVECs compared to C-HUVECs under
OA treatment. Then, collectively, the FA data strongly imply that OA generally
fosters superior endothelial cell movement, facilitating migration in both C- and
GD- HUVECs. All in all, OA activity enhances angiogenesis by triggering cell
migration, presenting multifaceted properties that are beneficial in a
wound-healing context, and are revealed especially in the GD-HUVEC phenotype
(110).
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Figure V-2. Oleanolic acid rescues critical features of GD-HUVEC. A. When regular endothelial cells
are exposed to high glucose levels in the bloodstream, their function is harmed. Consequently, high oxidative
stress, DNA damage, and mitochondrial damage cause cellular senescence. As a result, these cells exhibit an
altered phenotype (GD-HUVEC) with an excessive inflammation response upon stimulation by TNF-a,
resulting in an abnormal exposure of adhesion molecules on the endothelium. This, in turn, leads to heightened
recruitment of circulating monocytes and ultimately results in endothelial dysfunction. Additionally, these
cells display impaired tube formation and poor angiogenesis features. B. Strikingly, OA pre-treatment in the
GD-HUVEC model before TNF-a addition was found to attenuate the overexpression of adhesion molecules
V-CAM1, I-CAM1, and E-selectin, leading to reduced monocyte recruitment. Simultaneously, OA had a
positive impact on GD-HUVEC angiogenesis and migration, by restoring affected tube formation features and
increasing cell motility.
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5.2.3. The role of GPCRs in OA multifaceted effects on HUVECs

The different OA effects on endothelial cells indicate a complex signaling
mechanism induced by OA, which might be very similar to the one observed in
epithelial cells. Remarkably, this OA capacity indicated that this mechanism
ameliorated the malfunction of the endothelium when subjected to high blood
sugar levels, which is the cause of an impaired metabolism and inflammation (359,
360, 366, 369). In this sense, GPCRs are known to safeguard cells from
inflammation, radical oxygen species (ROS), and damage, thus preventing
endothelial dysfunction (323, 325). As seen in epithelial cells, behind this protective
function lies transmembrane bile acid receptor TGRS, a receptor that is becoming
more and more relevant due to its regulatory role, not only in metabolism but also
in key processes for the cell, such as proliferation, muscle relaxation, and migration
(338, 370). Intriguingly, TGR5 has been shown to modulate the inflammation milieu
by controlling adhesion molecule expression and pro-inflammatory cytokine
release of endothelial cells, monocytes, and macrophages (371). In addition, it
should be emphasized that this receptor produces RTKSs transactivation of
V-EGFR2, among others, as does its counterpart in epithelial cells EGFR (321, 372,
373). Because of the resemblance of OA to bile acids and the evidence of its
interaction with TGRS, it is very plausible that the unraveled OA-positive effects
on HUVECs are driven by OA/TGR5 interaction (14, 336). Furthermore, this
mechanism may elucidate the multiple effects of OA on monocyte adhesion,
adhesion molecules, angiogenesis, and cell migration in both C- and GD-HUVECs.
Therefore, further studies in the near future seem very pertinent to unveil this

possible molecular mechanism.

To summarize, this performance underscores the therapeutic potential of OA
for restoring vascular function and ameliorating excessive inflammation, which are
impairing features that contribute to the non-healing of chronic and diabetic
wounds (Figure V-2). Thus, thorough research on OA should be conducted due to

its potential positive impact on the health care system.
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5.3. OLEANOLIC ACID IMPROVEMENT BY COMPLEXATION WITH MODIFIED
CYCLODEXTRINS

The molecular mechanisms unraveled by OA align with enhanced epithelial
cell migration. Moreover, OA’s positive effects could be seen in other cell types
relevant for wound healing in endothelial cells. These findings position OA as a
remarkable agent for treating wounds. Unfortunately, OA’s hydrophobic chemical
nature limits its applicability to hydrophilic environments, thus forcing the use of
amphipathic molecules such as DMSO, which has cytotoxic effects (307). In this
study, novel OA application on epithelial cells was tested through OA
complexation with hydroxypropyl-f- and hydroxypropyl-y-cyclodextrins
(HP-B- and HP-y-CDs), by making OA/HP-3-CD and OA/HP-y-CD complexes.
The use of these complexes showcased improvements in OA efficacy in both in
vitro epithelial cell models: Mv1Lu and MDA-MB-231.

5.3.1. Technical OA improvement by cyclodextrin properties

OA's poor water-solubility needs novel microcarriers to ensure its protection
and optimal application. Strikingly, the process of OA complexation with modified
CDs respected OA stability, since its complexation was usually done at room
temperature (25 °C) and neutral pH (pH =7.5) (270). Significantly, the innovation
of adding a dehydration step for OA/CD complexes in this study was critical to
improving both OA/CD complexes' in vitro applicability and biocompatibility
(374). The biocompatibility was achieved because a dehydrated powder allowed us
to dissolve the complexes in osmolarity solutions compatible with cell culture, thus
respecting cell viability. Besides, it allowed for the dissolution of complexes in
sterile solutions, thus reducing the risk of contamination by bacteria or fungi. It
should be noted that the high solubility of OA complexes enabled their dissolution
at a desired concentration, which was usually high, in order to apply small volumes
for the assays carried out on cell culture. In this case, the method of choice was
freeze drying, which significantly enhanced OA efficacy (see below), as with many
other drugs for pharmaceutical applications (255, 374, 375). Of course, other
dehydration methods are available, but they do not accomplish 100% dehydration
of the product or they compromise the drug stability (308, 376, 377). Furthermore,
the freeze-drying method for OA complexes is appropriate to have a homogenous
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dispersion of the complexes and, since it is applied under a vacuum, it is
recommended due to OA’s sensitivity to oxygen (308). Alternatively, the spray
drying method could also be considered in the future for OA/CD complexes
production, since it dehydrates faster than freeze drying — half an hour versus three
days — beside the fact that it is a more energy-efficient process and the device used
is cheaper than the one used for freeze drying (308, 378-380). In addition to the
intrinsic properties of the powder formulation, freeze drying also improved the
handling of OA for in vitro assays. Remarkably, another advantage was the
prolonged preservation of OA, as indicated in the studies of different temperatures,
where CDs effectively safeguarded and maintained OA stability for extended
periods, even at harsh storage temperatures of 4 °C and 20 °C. In contrast, the
traditional OA/DMSO formulation used required specific long-term storage
conditions in liquid nitrogen (-190 °C). Finally, improved preservation of OA with
CDs could allow an easy long-distance transport of the complexes as it does not

necessarily require low temperatures.

5.3.2. Cyclodextrin complexation modifies OA in vitro dose-responses

Freeze-dried OA complexes, namely OA/HP-3-CD and OA/HP-y-CDs, were
tested in vitro in MvlLu and MDA-MB-231 cell lines because they were good
biosensors for OA activity, as showed in previous and the present study (126). The
addition of the hydroxypropyl groups provides cyclodextrins with a superior
water solubility compared to native cyclodextrins. Therefore, HP-3- and HP-y-CDs
were chosen to complex OA (243, 381). Indeed, both HP-$- and HP-y-CDs have
demonstrated their effectiveness in encapsulating OA (270). Surprisingly,
distinctions in behavior between the two cyclodextrins have been unraveled in in
vitro assays. A higher complexation constant (Kc) for HP-y-CDs (Kc = 645 M-1) in
comparison to HP-3-CDs (K. =201 M-1) is indicative of greater complex stability
(270). This feature results in a diminished loss of OA during the encapsulation and
dehydration processes, thus contributing to higher encapsulation efficiency (EE).
While these results present an advantage, it is imperative to ascertain whether the
stability of the complex, as dictated by its K¢ value, facilitates an appropriate release
and activity of the host compound into the cell medium. The stability of the

resulting OA complexes, as established by the K¢ values and contingent on the
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cyclodextrin type, holds the capacity to modulate the activity of OA within the
complex. In this context, the outcomes of in vitro scratch assays revealed that, at an
identical concentration of 12.5 uM of complexed OA, the extent of cell migration
was higher for OA/HP-3-CD complexes than for OA/HP-y-CD complexes. The
effect of OA/HP-B-CD complexes, with lower K. than OA/HP-y-CD complexes,
suggests an easier release of OA from the hydrophobic cavity of the cyclodextrin,
which is indicative of a less stable complex compared to its counterpart formed
with HP-y-CDs. Consequently, HP-B-CD emerges as the more suitable
cyclodextrin for OA complexation in terms of OA potency in scratch assays,
showing a superior balance between effective compound release and the

heightened aqueous solubility of OA.

First of all, MvlLu and MDA-MB-231 scratch assays with OA complexes
revealed that cyclodextrins partially curtail OA activity on cell migration, as
observed with the use of 12.5 uM of OA/HP-3-CD and 62.5 uM of OA/HP-y-CD to
attain a comparable level of cell migration as the one achieved with 5 M of
OA/DMSO. This constraint on the biological activity of various encapsulated active
compounds, as reported by prior studies, was expected since encapsulation
confines the active molecule and limits its release at the cost of the complex stability
(255, 287, 288, 382). Conversely, OA/DMSO formulation demonstrates a narrow
range of concentrations for eliciting cell migration activity on MvlLu and
MDA-MB-231 epithelial cell lines, beyond which cytotoxic effects and cell viability
loss occur (126). The data obtained from scratch assays, together with the
proliferation assays, have shown that cyclodextrin complexation modified the
dose-response of OA in vitro. Specifically, concentrations of the OA/HP-B-CD
complexes displayed peaks in cell migration activity two times higher than those
with OA/DMSO for both Mv1Lu and MDA-MB-231 cell lines. In addition to this,
proliferation assays in these cell lines indicate a slightly elevated cell count
compared to conditions with OA/DMSO, suggesting a potential protective effect
given by cyclodextrins. This phenomenon could be attributed to the gradual
delivery of OA to cells, which ensures OA positive effects without compromising
cell viability (245).
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5.3.3. Improved cell migration features with OA/CD stimulation

Mv1Lu in vitro scratch assays revealed an enhanced cell migration activity by
OA/CD complexes. Interestingly, heightened recruitment of migrating cells was
observed when treating the scratched epithelium with OA/HP-3-CD complexes
compared to OA/DMSQO, by showing a distinct morphology in multiple rows from
the scratch edge. Although this recruitment was less conspicuous, a similar trend
was observed in scratch assays with MDA-MB-231 cells. Notably, this phenomenon
exhibited a positive correlation with immunocytochemistry assays conducted on
Mv1Lu cells, focusing on F-actin morphology and the activation and subcellular
localization of phosphorylated c-Jun (p-c-Jun). Remarkably, cells treated with
OA/HP-3-CD complexes exhibited a broader recruitment zone of cells than
OA/DMSO, characterized by nuclear overexpression and activation of c-Jun.
Indeed, the ratio of positive nuclei to total nuclei was notably higher in the
OA/HP-B-CD condition than in its DMSO counterpart, and it gradually decreased
as cells were farther from the scratch edge. These results underscore that the
complexation of OA with cyclodextrins enhances its properties in activating cell

migration.

Regarding the study of cytoskeleton structures, focal adhesion remodeling,
revealed by paxillin staining, exhibited similar patterns in both OA/DMSO and
OA/HP-3-CD formulations. Hence, as no discernible differences were identified
between these conditions, further studies are necessary to delve into these
mechanisms, including paxillin/FAK interaction studies, as done previously with
OA/DMSO. Despite this, the observance of F-actin distribution in Mv1Lu cells at
the edges of scratches, showed the formation of filopodia and ruffles with
OA/HP-3-CD complexes, with a qualitatively greater presence of these movement
structures than OA/DMSO and less pronounced visibility of F-actin, thus
reinforcing the great recruitment and high dynamization seen at the scratch assays.
These phenomena could be associated with the prolonged activation by
OA/HP-3-CD complexes of c-Jun, recognized as the master regulator of cell
migration (151, 153, 193).

As discussed above, OA triggers a complex molecular mechanism that drives
cell migration. To delve into the OA/HP-{3-CD effects on this mechanism of action,
the same key regulatory proteins that were stimulated by OA/DMSO were studied.
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Overall, the responses elicited by OA/HP-3-CD complexes were akin to those seen
with OA/DMSO, showing analogous phosphorylation patterns, mainly on EGFR
and JNK proteins. Intriguingly, several proteins' activation (phosphorylation) was
comparatively milder with OA complexes than with its DMSO-solubilized
counterpart. However, for MDA-MB-231, the activation pattern displayed a
delayed response in the OA/HP-3-CD condition compared to OA/DMSO. This
could be attributed to the distinct dynamics of cyclodextrins, which might provide
a sustained OA release. It should be noted that this study also revealed that cell
migration induced by OA/HP-3-CD complexes in MvlLu cells shared similar
molecular mechanisms with MDA-MB-231 cells, as previously observed for
OA/DMSO. In this line, the migration prompted by OA/HP-3-CD complexes was
compromised when specific inhibitors EGFRi, MEKi, and JNKi were added to
scratch assays. Concerning c-Jun and p-c-Jun blots, both forms exhibited increased
and sustained expression at later times in the OA/HP-3-CD condition. These
findings imply a sustained effect of complexed OA on this transcription factor,
correlating positively with immunocytochemistry assays. Altogether, EGFR,
ERK1/2, ]NK1/2, and c-Jun activation dynamics exhibit a delayed response by
OA/HP-3-CD complexes in MvlLu and MDA-MB-231 cells, provided by the
slow-release dynamics of cyclodextrins. This particular response appears to be
advantageous over time, since OA complexes in turn yielded more recruited
migrating cells that covered the scratched area in the wound, without
compromising cell viability.

In light of these results, the developed formulations of complexed OA with
cyclodextrins allow for a suitable topical use for skin wound healing. Therefore,
future in vivo assays should be considered (Figure V-3). Numerous in vivo models
can be employed to explore the complex effects of OA on wound healing (383, 384).
The enhanced delivery provided by cyclodextrins, followed by the dehydration
process, showed improved OA in vitro bioavailability for epithelial cells,
improving cell viability and enhancing cell migration. This formulation did not
only improve cell migration features, but also demonstrated that OA biological
activity was preserved as a solid complex with CDs, which holds a crucial
significance for drug application, improving sustainability, conservation, dose

standardization, DMSO cytotoxic solvent elimination, and handling (Figure V-3).
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Figure V-3. A new formulation has been developed to enhance the applicability and bioavailability of
OA. Oleanolic acid and other bioactive triterpenes are obtained from olive oil by-products. These compounds can
be complexed with hydroxypropyl cyclodextrins (HP-CDs), a CD type with extra water-solubility. Proper in vitro
application of OA/HP-CDs complexes requires their dehydration using non-harmful freeze-drying devices. The
concentration of OA in the powder is measured by HPLC before its testing on in vitro cultures through potency
assays, including scratch assays. The effects of this new formulation seen in epithelial cells will lead to further
research on advanced formulations that incorporate dried OA/HP-CDs into creams, gels, or ointments which can
be topically applied for pharmacological or cosmetic use on wounds or skin.
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10.

VI -CONCLUSIONS

OA induces the overexpression and activation of transcription factor
c-Jun in the cell nuclei during migration, with a precise organization

across rows of wound edge cells.

OA changes actin conformation, paxillin distribution and FAK activity;
thus triggering actin turnover, increasing focal adhesions, paxillin and

FAK activation and colocalization; resulting in high cell motility.

OA produces an earlier activation of c-Jun, a mechanism that is
independent from EGFR.

OA'’s biphasic signaling mechanism for cell migration is divided into an
early first phase of MEK/INK/c-Jun and a later second phase of
EGFR/MEK/ERK/c-Jun; thus, both are required for c-Jun activation and
paxillin/FAK crosstalk.

OA attenuates adhesion molecule overexpression and synthesis by
TNF-a inflammatory stimulus in C- and GD-HUVEC endothelial cell
models, therefore resulting in a reduced number of adhered monocytes.
OA rescues and improves neo-angiogenic features of GD-HUVEC.

OA enhances C- and GD-HUVEC cell migration, an event that contributes
to neo-angiogenesis, and this positive effect is enhanced by the increase
in focal adhesion number.

HP-B- and HP-y- cyclodextrins are very productive for complexation of
OA.

OA stability and preservation in the complexes is improved by freeze
drying.

Freeze-dried OA/HP--CD and OA/HP-y-CD complexes modify the OA
dose-response dynamics in vitro, respecting cell viability, requiring
higher working concentrations than OA/DMSO and resolving mild
OA/DMSO cytotoxic effects.
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11.

12.

13.

Freeze-dried OA/HP-$-CD and OA/HP-y-CD complexes exhibit
substantial efficacy in promoting cell migration, showing a higher
recruitment of migrating cells.

Freeze-dried OA/HP-3-CD complexes are compatible with high cell
motility, as they induce actin and focal adhesion dynamization at wound
edge cells.

Freeze-dried OA/HP-B-CD complexes induce the whole signaling system
to trigger cell migration, as observed with OA/DMSO.
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VII - LIMITATIONS AND FUTURE RESEARCH LINES

Overall, the data collected in this study and its implications for the field will

enable new lines of research to be pursued in the future, as outlined below:

a. Understand the global effects of OA on GPCR pathways and

regulatory proteins involved

b. Decipher potential OA effects on antioxidant pathways that regulate
oxidative stress in endothelial cells

Test OA activity on primary keratinocytes and fibroblasts

d. Test OA activity on in vivo animal models

a. Understand the effects of OA on GPCR pathways and the regulatory

proteins involved

Given the data collected in this study, it would be very profitable to study
whether OA's effects on epithelial cell migration are driven by GPCR receptors (14,
336, 371). Additionally, the same approach could be done in C- and GD-HUVECs,
because the observed positive effects of OA on these endothelial cells may be
driven by GPCRs function (371). Additionally, it would be interesting to check
MEKT1/2 total protein and phosphorylation levels under these conditions as it might
be interconnecting GPCRs and EGFR pathways to trigger c-Jun activation by OA.
Related to this, GPCRs and EGFR receptors, since they are interconnected by
growth factors shedding and cytosolic kinases, might be close together in the cell
membrane, as many other cell surface receptors, in lipid rafts (385-387). Therefore,
it is worth observing whether GPCRs and EGFR are located in the same lipid raft,
thus establishing a better-integrated signal in the cell.

It is noteworthy that the Western blot assays carried out in this study and
future ones should be performed specifically on the area that is activated by either
OA or OA/CDs, compared to the rest of the epithelia. However, at present, we have
performed Western blot assays in sub-confluent cells and we have not found a
technology to analyze the lysates obtained specifically from the leading edge.
Nevertheless, this issue was addressed with cell front migration assays and

immunostaining.
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Last but not least, OA has shown the capability to induce the phosphorylation
of several proteins related to cell motility, especially the phosphorylation of
regulatory kinases on their tyrosine residues. In this sense, further research is
needed to elucidate the specific contribution of phosphorylated motility proteins
paxillin, FAK, or vinculin in OA-induced migration. To better comprehend this OA
effect, the study of the phospho-proteome of Mv1Lu and MDA-MB-231 cells could
be performed.

b. Decipher potential OA effects on antioxidant pathways that regulate

oxidative stress in endothelial cells

OA antioxidant activity has been shown in several studies (39, 73, 74, 76). This
molecule can induce the expression of genes related to ROS defense and is also a
scavenger of many of the ROS. C- and GD-HUVECs have been demonstrated to be
a proper in vitro model to study endothelial cell function (359, 360). Furthermore,
a correct endothelial function relies on oxidative stress management (353, 360).
Therefore, several key proteins can be analyzed by treating HUVECs with OA, as
oxidative stress enzymes regulate ROS levels in the endothelium by synthesizing
nitric oxide (NO) with endothelial nitric oxide synthase (eNOS) and inducible nitric
oxide synthase (iNOS) (355, 388-390).

c¢. Test OA activity on primary keratinocytes and fibroblasts

OA’s in vitro capabilities should be expanded to include other cell models
that have been widely used for wound healing studies. This study did not explore
the effects of OA on fibroblasts, even though they are crucial for wound healing
due to the production of ECM and skin integrity (94, 103). Hence, the study of
primary fibroblasts under OA treatment could be considered as an interesting
choice, by performing invasion assays, ECM synthesis study, and qPCR of key
genes involved in ECM degradation and remodeling. Although the use of Mv1Lu
and MDA-MB-231 cell models are good epithelial models and biosensors for OA
activity, more research is necessary to test OA in a cell model that is closer to the
skin keratinocytes phenotype, for instance, primary keratinocytes or human skin
equivalents (391, 392). Indeed, they are preferable to other models, such as HaCaT
cells, which show aberrant responses to growth factors and aneuploidy (391).
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d. Test OA activity on in vivo animal models

One of the limitations of the present study is the level of the observed
biological effects of OA, which has been shown on an in vitro study. For this reason,
further assays should be conducted on in vivo models. There are several
wound-healing animal models to establish a new research line testing the OA/CD
formulation on wounds, depending on the type of wound present in the model,
acute or chronic. For instance, murine models are known for different protocols to
surgically wound their dorsal area or the tail (393, 394). Remarkably, a pathologic
model to study diabetic wounds could be leptin-deficient mice, animals that
develop type 2 diabetes and have delayed wound closure and deficient healing
(395). Despite these, murine models for wound healing have thinner skin than other
models (384). Interestingly, pig models are an advantage since they have a skin that
is anatomically and physiologically more similar to humans, and they have a
greater dorsal area for wounding (394).

Regarding angiogenesis, specific in vivo angiogenesis assays with OA could
be carried out. One of the most common is angiogenesis in the chorio allantoic
membrane of chicken embryos, which could provide new insights into OA
angiogenesis-promoting effects since it is a well-established model in vascular
biology (384, 396). Overall, these studies would allow for the translational use of
OA for the treatment of complex wounds in the health care system.
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Annex 1. Approval of the ethics committee for biomedical research with HUVEC
cells.
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Annex 2. Registered intellectual property: “Process to complex oleanolic acid
with cyclodextrins and products obtained thereof.”

European patent. Application number: EP23382932.4. Date of application for
European patent registration: 13/09/2023.
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PROCESS TO COMPLEX OLEANOLIC ACID WITH CYCLODEXTRINS AND
PRODUCTS OBTAINED THEREOF

Field of the Invention

The present invention relates to the field of biochemistry and cell biology, more
particularly to a process to complex oleanolic acid with cyclodextrins and its use on

normal and injured human skin.

Background

Oleanolic acid (OA) is a particularly noteworthy molecule, as it is easier to obtain from
plants than its two isomers, ursolic and maslinic acid (UA, AM), being present at different
concentrations in the seed and pericarp of some fruits. The properties of OA make it a
molecule with high therapeutic potential. In fact, one of its least studied properties is its
promoting effect on wound healing. For this reason, the study of the effect of OA on
wound healing, together with its improvement for application in wounds, are the main
objectives of the proposed invention.

However, the use of OA in free form presents a number of limitations mainly due to its
hydrophobic nature. Such molecules are poorly soluble in water, making the
development of aqueous preparations significantly more difficult, in anticipation of
administration to wounds. In addition to this, OA addition to agqueous solutions requires
organic solvents such as dimethyl sulfoxide (DMSO), which have cytotoxic effects. In
relation to this, the low solubility compromises the amount of OA taken up by epithelial
cells and the beneficial effects on cell migration are limited, given its low availability to
the cells. On the other hand, the use of OA in free (OA/DMSO) form requires it to be
used in very low concentrations to achieve its healing-promoting effect, rapidly depleting
the OA supply.

Due to these limitations, there is a need for new vehicles to improve the preservation,
protection, delivery and effect of OA in wound healing.

Cyclodextrins (CD) are polymers composed of glucose units linked by a-1,4-linkages
which are produced from starch by an enzymatic process in plant cells. There are three
forms of CDs: a-CD, B-CD, and y-CD.

The scientific article Lopez-Miranda S, Guardiola L, Hernandez-Sanchez P, Nunez-
Delicado E. Complexation between oleanolic and maslinic acids with native and modified

The term “Dehydration” means to reduce the water content. The reduction of the water
content can be total or partial compared to the initial water content of the product of step
a). Dehydration can be a reduction of the water content of 1, 2, 3,4, 5, 6,7, 8,9, 10, 11,
12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34,
35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48, 49, 50, 51, 52, 53, 54, 55, 56, 57,
58, 59, 60, 61, 62, 63, 64,65, 66, 67, 68, 69, 70, 71, 72, 73, 74, 75, 76, 77, 78, 79, 80,
81, 82, 83, 84, 85, 86, 87, 88, 89, 90, 91, 92, 93, 94, 95, 96, 97, 98, 99, or 100%
compared to the initial water content of step a)

The reduction of the water content is an essential step in the process of the invention.
The technical effect of this feature is that as it allows to increase the concentration of the
complexes when used in order to see a therapeutic effect.

In a particular embodiment oleanolic acid and the cyclodextrin are put in contact with
aqueous solution simultaneously or immediately one after another.

In another particular embodiment the aqueous mixture may comprise any liquid miscible
with water, for example an alcohol, in any proportion that do not alter the aqueous
character of the solution. In a preferred embodiment the aqueous mixture is pure water

The complexes obtained in step a) are not useful for therapeutic uses as the OA
concentration in the agueous solution will not be high enough to achieve an effective
amount in order to obtain a therapeutic effect.

By the term “effective amount” of the complexes as provided herein is meant a nontoxic
but sufficient amount of the compound to provide the desired result. As will be pointed
out below, the exact amount required will vary from subject to subject, depending on the
species, age, and general condition of the subject, the severity of the disease that is
being treated, the particular compound used, its mode of administration, and the like.
Thus, it is not possible to specify an exact “effective amount.” However, an appropriate
effective amount can be determined by one of ordinary skill in the art using only routine
experimentation.

The product obtained can be rapidly dissolved in a polar liquid such as water, and be
used on in vitro assays with cell lines.

In a particular embodiment, the cyclodextrin is selected from one or more of the groups
consisting of: a-cyclodextrin, B-cyclodextrin, and y-cyclodextrin, preferably
B-cyclodextrin, and y-cyclodextrin.

In another particular embodiment the cyclodextrin comprises at least one hydroxypropyl

group. This chemical groups are added to the free hydroxyl (-OH) from the glucose units,
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cyclodextrins. Food Chem. 2018;240:139-46 disclose encapsulations of oleanolic acid
and maslinic acid with native cyclodextrins (a-CD, B-CD and y-CD) and their equivalents
modified with hydroxypropyl groups (HP-a-CD, HP-B-CD and HP-y-CD).

However, this article does not disclose the complexation process of the present
inventions and the advantages the final product has in comparison with the mentioned
method. Particularly, this article does not disclose a dehydration step which make the
final product more soluble and stable. The advantages of the process of the invention,

and more concretely, the dehydration step, are the following:
- Better handling of the oleanolic acid

- Allows dissolving the complexes in solutions with osmolarity compatible with cell

cultures, respecting their viability and biocompatibility.

- Allows the complexes to be dissolved in sterile solutions, thus allowing their use in cell
cultures because it reduces the risk of contamination by bacteria or fungi.

- Better stability and preservation, as indicated in the study of different temperatures.

- It allows a better transport of the complexes as it does not necessarily require low
temperatures.

Description of the invention

In the present specification the terms “drying” “dehydration” and the grammatical
variations thereof are synonyms and can be used interchangeably.

In the present specification the term “OA/DMSQO" refers to free OA in water that requires
the presence of dimethyl sulfoxide (DMSO), an organic solvent, to increase the water
solubility of OA.

In the present specification the terms “OA encapsulation” and “OA complexation” and
the grammatical variations thereof are synonyms and can be used interchangeably.

The first object of the invention relates to a process to complex oleanolic acid that
comprises:

a) putting in contact oleanolic acid and at least one cyclodextrin in an aqueous

mixture

b) dehydrate the product obtained in the previous step to obtain a dry powder

comprising oleanolic acid/cyclodextrin complexes.

outside the cyclodextrin ring, on its surface. This modification confers extra water
solubility.

In a preferred embodiment the cyclodextrin is hydroxypropyl-B-cyclodextrin or
hydroxypropyl- y-cyclodextrin.

In the present specification, the expression “oleanolic acid/cyclodextrin” can refer to both
“oleanolic  acid/cyclodextrin” and/or “oleanolic  acid/hydroxypropyl-cyclodextrin”.
Furthermore, cyclodextrin may also refer to hydroxypropyl-cyclodextrin.

In a particular embodiment the ratio oleanolic acid/cyclodextrin in step a) is between
approximately 1:50 to 1:500, preferably approximately 1:100 to 1:400, more preferably
approximately 1:150 to 1:300.

In a preferred embodiment the ratio oleanolic acid/cyclodextrin is between approximately
1:200 to 1:280, more preferably 1:220 to 1:260, even more preferably approximately
1:250.

Routine concentrations for example would be approximately 25 to 100 mM of a
cyclodextrin and 12.5 to 50 mg OA in 125 to 500 ml deionized water, preferably
approximately 50 mM of a cyclodextrin and 25 mg OA in 250 ml deionized water, this is
a ratio of 0.2/50 pM/mM oleanolic acid/cyclodextrin (1:250)

Later in the examples of the inventions it will be seen that ratios are given in pM/mM
oleanolic acid/cyclodextrin. Thus, in a particular embodiment of the invention the
oleanolic acid/cyclodextrin in step a) is between 0.05 uM to 70 uM of OA per 0.03 mM to
18 mM cyclodextrin and keeping a ratio of approximately 1:100 to 1:400.

This ratio is important to achieve an effective OA encapsulation ensuring encapsulation
dynamics during the process of the invention.

The main advantage of the method of the invention is that upon obtaining dried
complexes, very concentrated solutions can be achieved by dissolving the complexes in
the appropriate medium (e.g. 1 gram in just 1 ml), which makes it easy to work with when
adding the final concentration required for the assay. This is impossible to do with liquid
complexes.

The ratio of the formed complexes oleanolic acid/cyclodextrin in step a) is between
approximately 3:1 to 1:3, preferably approximately 2:1 to 1:2, more preferably
approximately 1.5:1 to 1:1.5.

In a preferred embodiment the ratio oleanolic acid/cyclodextrin of the formed complexes
is between approximately 1.2:1 to 1:1.2
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The oleanolic acid/cyclodextrin are putting in contact in step a) for a time comprised
between approximately 5 h and 5 days, preferably, approximately 10 h and 3 days, more
preferably approximately 15 h and 2 days.

The temperature in step a) is comprised approximately between 5°C and 40°C,
preferably between approximately 10°C and 30°C.

In a preferred embodiment, the oleanolic acid/cyclodextrin are put in contact for a time
comprised between approximately 15 h and 2 days and a temperature comprised
between approximately 10°C and 30°C.

Step a) needs to be protected from light exposure.

The dehydration of step b) is performed by freeze-drying, spray drying, vacuum stove
and/or rotary evaporator, preferably freeze-drying, spray drying as vacuum stove or
rotary evaporator are less up-to-date.

The freeze drying comprises subjecting the product of step a) to a temperature of less
than -30 °C for an appropriate time, until the agueous solution with the complexes is
completely frozen, and them under a vacuum, subject said product to a temperature
comprised between approximately -80°C and -20°C to obtain a dry powder.

In a particular embodiment, the freeze drying comprises subjecting the product of step
a) to a temperature of less than approximately -70 °C for an appropriate time, until the
aqueous solution with the complexes is completely frozen, and them under a vacuum,
subject said product to a temperature comprised between approximately -60°C and -
40°C to obtain a dry powder, the required time until the water is completely removed can
vary, it can be 1 day, 2 days, 3 days, 4 days or more.

In a particular embodiment, the the aqueous solutions with the complexes is subjected
to a temperature of at least -10°C, -20°C, -30°C, -40°C, -50°C, -60°C, -70°C, -80°C, -
90°C, until said solution with the complexes is completely frozen.

In another particular embodiment, in the freeze dryer, a vacuum system and a
temperature of -80 °C and -20°C, preferably -60°C and -40°C, even more preferably
approximately -48°C, will be applied for three days until the water in which the complexes
were dissolved is completely removed.

The spray drying comprises injecting the product of step a) into a circuit that sprays said
product at a temperature between approximately 110°C and 210°C and then cool it to a
temperature between approximately 40°C and 90°C to obtain a dry powder for a time
between 10 min and 2 h.

outside the cyclodextrin ring, on its surface. This modification confers extra water
solubility.

In a preferred embodiment the cyclodextrin is hydroxypropyl-B-cyclodextrin or
hydroxypropyl- y-cyclodextrin.

In the present specification, the expression “oleanolic acid/cyclodextrin” can refer to both
“oleanolic acid/cyclodextrin” and/or “oleanolic acid/hydroxypropyl-cyclodextrin”

Another object of the invention relates to a solution comprising the dry powder oleanolic
acid/cyclodextrin complex which is diluted in an agqueous solution, which may be mixed
any other liquids such as an alcohol or solid excipients dissolved on it.

The concentration of the dissolved dry powder oleanolic acid/cyclodextrin complex is
higher than the maximum concentration that can be obtained in the step a) of the process

of the invention.

The advantage of dissolving a dry powder oleanolic acid/cyclodextrin complex in an
aqueous mixture (preferably water) is that high concentrations of said complex can be
obtained,

In a particular embodiment, the concentration of the dissolved dry powder oleanolic
acid/cyclodextrin complex in an aqueous mixture is at least 0.001 g/ml, or at least 0.01
g/ml 0.1 g/ml, or at least 0.5 g/ml, or at least 1g/ml, or at least 2 g/ml, or at least 3 g/ml,
or at least 5 g/ml up to 10 g/ml. Preferably between 0.01 g/ml to 0.09 g/ml, more
preferably 0.02 g/ml to 0.06 g/ml. So, the concentration of OA in the solution comprising
the dry powder oleanolic acid/cyclodextrin complex and an aqueous mixture is
approximately 25 mM. This is the therapeutically effective concentration of OA which is
impossible to achieve unless the complexes are previously dehydrated.

Another object of the invention relates to the oleanolic acid/cyclodextrin complex,
described above and/or obtained by the above-mentioned process for use in the
treatment of skin disorders

In a particular embodiment, the skin disorders are one or more of the following: wound
healing, scarring, eczema, psoriasis, acne, rosacea, ichthyosis, vitiligo, urticaria and
seborrheic dermatitis. The complexes of the invention are also useful to prevent and/or
trweat endothelial vascular disfunction, which is needed for skin regeneration.

The terms “treatment” and “treating” as used herein refer to the medical management of
a subject with the intent to cure, ameliorate, stabilize, or prevent a disease, pathological
condition, or disorder. This term includes active treatment, that is, treatment directed
specifically toward the improvement of a disease, pathological condition, or disorder, and
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In a particular embodiment, the temperature of the circuit is preferably 120°C to 200°C,
more preferably 130°C to 190°C, and even more preferably 140°C to 180°C.

In another particular embodiment, the temperature to cool the solution with the
complexes after the spray is between approximately 50°C and 80°C even more
preferably 60°C to 70°C, for a time between 20 min and 1h.

The advantage of the spray drying technique compared to the freeze-drying technique
is that dehydrates the complexes faster as there is no need to freeze them before. While
freeze drying technique takes about 3 days to get the complexes dehydrated, spray
drying only takes half an hour to obtain a completely dry powder. Generally speaking,
spray drying is cheaper, faster and more energy efficient alternative to freeze drying,
however, the spray drying stronger process using high temperatures could decrease OA
activity.

The vacuum stove consists of reducing water boiling point (e.g. from 100 °C to 60 °C) by
applying vacuum inside the stove. Thus, this technique eliminates most of the water
content of the product. The disadvantage that this technique has is the high energy cost
and time consuming, since it needs a long time period to remove 100 % of the water
content. In the case of complexed OA, this procedure could also compromise OA activity
due to the elevated temperature applied. This technique is close to the new ones: freeze
drying and spray drying.

The rotary evaporator also applies heat and vacuum, together with a centrifugation that
produces water evaporation. This procedure is used to concentrate products that are
dissolved in a liquid, so it does not remove 100% of the water content. For this reason,
is a procedure that may need to be complemented with freeze drying or spray drying.

Another object of the invention relates to a dry powder oleanolic acid/cyclodextrin
complex obtained by the above-described process.

The dry powder oleanolic acid/cyclodextrin complex is a solid obtained after the
dehydration step b) of the process of the invention.

Later in the examples of the invention it will be seen that this powder is stable over a
long storage time.

In a particular embodiment, the cyclodextrin is selected from one or more of the groups
consisting of: a-cyclodextrin, B-cyclodextrin, and y-cyclodextrin, preferably
B-cyclodextrin, and y-cyclodextrin.

In another particular embodiment the cyclodextrin comprises at least one hydroxypropyl
group. This chemical groups are added to the free hydroxyl (-OH) from the glucose units,

also includes causal treatment, that is, treatment directed toward removal of the cause
of the associated disease, pathological condition, or disorder. In addition, this term
includes palliative treatment, that is, treatment designed for the relief of symptoms rather
than the curing of the disease, pathological condition, or disorder; preventative treatment,
that is, treatment directed to minimizing or partially or completely inhibiting the
development of the associated disease, pathological condition, or disorder; and
supportive treatment, that is, treatment employed to supplement another specific therapy
directed toward the improvement of the associated disease, pathological condition, or
disorder. Itis understood that treatment, while intended to cure, ameliorate, stabilize, or
prevent a disease, pathological condition, or disorder, need not actually result in the cure,
amelioration, stabilization or prevention. The effects of treatment can be measured or
assessed as described herein and as known in the art as is suitable for the disease,
pathological condition, or disorder involved. Such measurements and assessments can
be made in qualitative and/or quantitative terms. Thus, for example, characteristics or
features of a disease, pathological condition, or disorder and/or symptoms of a disease,
pathological condition, or disorder can be reduced to any effect or to any amount. In the
context of a subject suffering from skin disorders, the terms “treatment” and “treating”
refer to the medical management of a subject with the intent to cure, ameliorate, or
stabilize skin disorders. In the context of a subject at risk of developing skin disorders,
the terms “treatment” and “treating” refer to the medical management of a subject with
the intent to prevent skin disorders.

Each of the terms “comprising,” “consisting essentially of,” and “consisting of" may be
replaced with either of the other two terms. The term “a” or “an” can refer to one of or a
plurality of the elements it modifies (e.g., “a reagent” can mean one or more reagents)
unless itis contextually clear either one of the elements or more than one of the elements
is described. The term “about” as used herein refers to a value within 10% of the
underlying parameter (i.e., plus or minus 10%; e.g., a weight of “about 100 grams” can
include a weight between 90 grams and 110 grams). Use of the term “about” at the
beginning of a listing of values modifies each of the values (e.g., “about 1, 2 and 3" refers
to "about 1, about 2 and about 3"). When a listing of values is described, the listing
includes all intermediate values and all fractional values thereof (e.qg., the listing of values
"80%, 85% or 90%" includes the intermediate value 86% and the fractional value 86.4%).
When a listing of values is followed by the term "or more," the term "or more" applies to
each of the values listed (e.g., the listing of "80%, 90%, 95%, or more" or "80%, 90%,
95% or more" or "80%, 90%, or 95% or more" refers to "80% or more, 90% or more, or

95% or more"). When a listing of values is described, the listing includes all ranges
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between any two of the values listed (e.g., the listing of "80%, 90% or 95%" includes
ranges of "80% to 90%", "80% to 95%" and "90% to 95%"). Certain implementations of
the technology are set forth in examples below

Brief description of the figures

Figure 1. Standard curve with OA by HPLC detection at 210 nm (OA specific
absorbance).

Figure 2. Freeze dried OA/HP-B-CD and OA/HP--CD complexes stimulate
migration in Mv1Lu cells. Confluent Mv1Lu cells were scratched with a pipette tip and
allowed to migrate for 24 hours. (a) Representative images of the wound healing assay
with cell migration under basal conditions (C) compared to those with 5 uM OA/DMSO,
12.5/3.12 pM/mM OA/HP-B-CD and 62.5/15.62 pM/mM OA/HP-y-CD; after 24h
treatment. Equivalent concentrations of DMSO, HP-B-CD and HP-y-CD were used as
vehicle controls. Scale bar indicates 200 pm. (b) Plot represents cell migration as the
difference between areas at time 0 hours and time 24 hours in each condition, named
as migration percentage. X axis indicates treatment conditions, for those with HP-B-CD
and HP-y-CD, the concentrations are represented as molar ratio OA pM/CD mM.
Epidermal growth factor (EGF) was added at 10 ng/ml as a positive migration control.
Asterisks indicate statistically significant differences between conditions according to a
One-way ANOVA statistical analysis (*p<0.05 and ****p<0.0001).

Figure 3. Freeze dried and spray-dried OA/HP-B-CD complexes stimulate
migration in Mv1Lu cells. a) Representative images of the wound healing assay with
cell migration under basal conditions (C) compared to those with 5 uM OA/DMSO, freeze
dried (L) OA/HP-B-CD complexes and spray dried (S) OA/HP-B-CD, after 24h treatment.
Equivalent concentrations of DMSO and HP-B-CD were used as vehicle controls. Scale
bar indicates 200 um. b) Plot represents cell migration as the difference between areas
at time 0 hours and time 24 hours in each condition, named as migration percentage. X
axis indicates treatment conditions, for those with HP-B-CD and HP-y-CD, the
concentrations are represented as molar ratio OA pM/CD mM. L (freeze dried); S (spray
dried). Epidermal growth factor (EGF) was added at 10 ng/ml as a positive migration
control. Asterisks indicate statistically significant differences between conditions
according to a One-way ANOVA statistical analysis (*p<0.05,
**p<0.005 and ****p<0.0001).

Figure 4. OA/HP-B-CD complexes promote c-Jun phosphorylation at the edge of
wound scratched Mv1Lu cells. Confluent Mv1Lu cells were scratched and allowed to

11

Asterisks indicate statistically significant differences between conditions according to a
One-way ANOVA statistical analysis (*p<0.05 and ****p<0.0001).

Figure 8. Signaling pathways regulated by EGFR and c-Jun activation, necessary
for cell migration, are induced by OA/HP-B-CD complexes in MDA-MB-231 cells.
(a) Total protein extracts from serum-starved sub-confluent MDA-MB-231 cells treated
with 10 pM OA/DMSO, 21/5.25 pM/mM OA/HP-B-CD or 10 ng/ml EGF. These extracts
were assayed at the indicated times (hours) targeting: phospho-EGFR (Tyr 1068),
phospho-ERK1/2 (Thr 202/Tyr 204), phospho-JNK1/2 (Thr 183/Tyr 185) and
phospho-c-Jun (Ser 63). Total protein expression was assayed for the above-mentioned
active protein forms: EGFR, ERK1/2, JNK1/2 and c-Jun. B-Actin was used as a loading
control. DMSO and HP-B-CD equivalent concentrations were added as vehicle controls.
A representative experiment was shown. (EGFR, epidermal growth factor receptor;
ERK1/2, extracellular signal-regulated kinases 1 and 2; c-Jun N-terminal kinases 1 and
2). (b) Column bar graphs represent intensity values of each protein assayed by Western
blot, by collecting the data of three independent experiments. Intensity values were
quantified and gathered by ImageJ software. Asterisks indicate statistically significant
differences between the selected conditions according to a One-way ANOVA statistical
analysis: (*p<0.05, *p<0.005, ***p<0.001 and ****p<0.0001).

Figure 9. Liquid OA/CDs complexes do not have the same effectiveness on cell
migration as dehydrated OA/CDs complexes in Mv1Lu cells. Confluent MviLu cells
were scratched with a pipette tip and allowed to migrate for 24 hours. (a) Representative
images of the wound healing assay with cell migration under 5 pM OA/DMSO compared
to those liquid (no dehydrated) OA/HP-y-CD complexes after 24h treatment. DMSO, and
0/12.5 pM/mM HP-y-CD were used as vehicle controls. (b) Plot represents cell migration
as the difference between areas at time 0 hours and time 24 hours in each condition,
named as migration percentage. X axis indicates treatment conditions, for those with
HP-y-CD, the concentrations are represented as molar ratio OA pM/CD mM. Liquid
OA/HP-y-CD complexes concentrations used are represented in grey bars. Freeze dried
50/12.5 pM/mM OA/HP-y-CD complexes were used as positive control. Epidermal
growth factor (EGF) was added at 10 ng/ml as a positive migration control. Asterisks
indicate statistically significant differences between conditions according to a One-way
ANOVA statistical analysis (****p<0.0001).

Examples

Materials and Methods
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migrate for the indicated times (6 and 12 hours). Cells were treated with 5 uM OA/DMSO
or 12.5/3.12 pM/mM OA/HP-B-CD. Equivalent concentrations of DMSO and HP-B-CD
were used as vehicle controls. Cells were immunostained with specific antibodies against
c-Jun active phosphorylated form (p-c-Jun). Co-staining with phalloidin and
Hoechst-33258 was used to show actin cytoskeleton and nuclei, respectively. Images of
p-c-Jun fluorescence were converted into pseudo-color with ImageJ software to show
the intensity of p-c-Jun staining. Actin fibers (F-actin): red. Nuclei: blue. Images were
obtained with a confocal microscope. This experiment was repeated at least three times.
Representative images are shown. Scale bar indicates 100 pm.

Figure 5. OA/HP-B-CD complexes promote higher c-Jun transcription factor
phosphorylation than OA/DMSO at wound edge. (a) The image represents how a Tile
Scan image is divided in three equal sectors for better analyze active c-Jun (p-c-Jun)
expression. Scale bar indicates 100 um. (b) Plot represents the p-c-Jun intensity in cell
nuclei. Each point represents the intensity of p-c-Jun intensity in one nucleus. (c) Plot
represents the relation between the number of positive p-c-Jun nuclei and total number
nuclei existent in each sector. In order to exclude negative p-c-Jun nuclei, an intensity
p-c-Jun threshold was set using the p-c-Jun intensity mean in basal (control) condition.

Figure 6. OA/HP-B-CD complexes promote changes in focal adhesions (FAs)
revealed by Paxillin. Confluent Mv1Lu cells were scratched and allowed to migrate for
6 and 12 hours. Cells were treated with 5 pM OA/DMSO or
12.5/3.12 yM/mM OA/HP-B-CD. Equivalent concentrations of DMSO and HP-B-CD were
used as vehicle controls. Cells were immunostained with specific antibodies against
paxillin Co-staining with phalloidin and Hoechst-33258 was used to show actin
cytoskeleton and nuclei, respectively (Not shown). Quantification of the density of FA (as
FA number per filopodia area). FA size (average size) at the filopodia area. A One-way
ANOVA statistical analysis was performed (*p<0.05, **p<0.005 and ****p<0.0001)

Figure 7. OA complexes with modified cyclodextrins HP-B-CD promote cell
migration in MDA-MB-231 cells. Confluent MDA-MB-231 cells were scratched with a
pipette tip and allowed to migrate for 24 hours. (a) Representative images of the wound
healing assay with cell migration under basal conditions (C) compared to those with
5 uM OA/DMSO, 21/5.25 uM/mM OA/HP-B-CD and equivalent concentrations of DMSO
or HP-B-CD after 24h treatment. Scale bar indicates 200 pm. (b) Plot represents cell
migration as the difference between areas at time 0 hours and time 24 hours in each
condition, named as migration percentage. X axis indicates treatment conditions, for
those with HP-B-CD the concentrations are represented as molar ratio OA uM/CD mM.
Epidermal growth factor (EGF) was added at 10 ng/ml as a positive migration control.
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EXAMPLE 1: COMPLEXATION OF OLEANOLIC ACID WITH CYCLODEXTRINS

Preparation of liquid oleanolic acid/cyclodextrin complexes.

The formation of liquid oleanolic acid/cyclodextrin complexes was performed as
described in Lopez-Miranda 2018. Briefly, Excess amounts of OA was added to 10 ml of
aqueous solutions of increasing concentrations from 0 to 13 mM for b-CDs and 0 to 50
mM for a-, g-, HP-a-, HP-b- and HP-g-CDs. The different phase solubility diagrams were
prepared in glass test tubes and maintained in an ultrasonic bath (Ultrasons H.P.
Selecta, Spain) for 60 min to reach equilibrium. The effect of temperature on the
complexation process was studied by developing solubility experiments in distilled water
at different temperatures (4 °C, 25 °C and 65 °C). The effect of pH on the complexation
process was studied by developing solubility diagrams in buffered solutions of CDs at
pH 3.0 (sodium acetate buffer), 6.5 (sodium phosphate buffer) and pH 9 (sodium borate
buffer). After 60 min of ultrasound treatment, solutions were centrifuged in a
microcentrifuge (Eppendorf Centrifuge S415D, Germany) at 10000 xg for 10 min and
filtered using 0.45 um nylon membrane filters (Chromafil. Macherey-Nagel, Germany).

Given the need to standardize the conditions of pH and temperature for the
encapsulation step and further assay oleanolic acid/cyclodextrins on cell cultures, a
condition with 25 °C and pH 7.0 was stablished since, as indicated below, they are the
preferred parameters to obtain high encapsulation efficiency (EE) values.

On the other hand, given its better performance for oleanolic acid encapsulation and
solubility, the modified hydroxypropyl beta and gamma (HP-B- and HP-y-) cyclodextrin
(CD) are chosen. They are purchased from Winplus International Limited (Ningbo,
China). OA and cyclodextrins are added to 250 mL of aqueous solutions with a molar
ratio of 0.2/50 (OA/CD) for both HP-B- and HP-y-CDs. These molar proportions were
selected according to phase solubility diagrams previously published by Lépez-Miranda
et al. (2018), since they formed type 1:1 complexes, one OA encapsulated molecule per
one cyclodextrin molecule. Solutions are constantly stirred during 24 h at 20 °C in the
dark for complexes formation in said aqueous solutions.

Oleanolic acid/cyclodextrin (OA/CDs) complexes dehydration.

The aim of this step is to prepare an anhydrous presentation, i.e. a solid powder
preparation with the formed OA/CDs complexes. This dehydration is necessary for
testing the mentioned complexes in an in vitro model of epithelial cell cultures. The
advantage of a dehydrated complex is that it allows its easy dissolution in the culture
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media used to grow the cells, thus allowing the preparation of solutions at the desired

concentration of OA/CDs. This culture media is an aqueous solution.

After Solutions were constantly stirred during 24 h at 20 °C in the dark, OA/CD solid
complexes are obtained by dehydrating 250 mL volume of dissolved complexes. The
recovered dehydrated solid complexes are stored in plastic containers protected from
light for posterior analysis and characterization. This samples, already with encapsulated
OA, will be resuspended with ultrapure water and re-injected into a HPLC for OA
detection and quantification. Previously, a standard curve is elaborated with pure OA to
better quantify OA complexes solutions. HPLC allows the detection and quantification of
a given compound by knowing its absorbance at a specific wavelength (A). It consists of
injecting a solution of the compound, in this case OA, to drive it through a mobile phase
in the HPLC machine. The encapsulated OA solution is injected into the HPLC for
detection and quantification of the OA. Due to the chemical structure of OA, it has a
specific absorbance and can therefore be detected at a reference wavelength of 210 nm.
Furthermore, using the absorbance peak at 210 nm recorded by the HPLC machine by
the detection of OA, the amount of OA in solution can be calculated by determining the
peak area.

OA/HP-B-CD and OA/HP-y-CD complexes drying by freeze drying and spray drying

methods

The formed OA/HP-B-CD complexes were subjected to drying by freeze drying or spray
drying. First, for the freeze-drying method, the aqueous solutions with the complexes
OA/HP-B-CDs and OA/HP-y-CDs shall be subjected to -80°C to freeze them completely.
Then, in the freeze dryer, a vacuum system and a temperature of -48°C will be applied
for three days until the water in which the complexes were dissolved is completely
removed. Secondly, the Spray Dry technique dehydrates the complexes in less time and
without the need to freeze them beforehand. In this case, the solution with the complexes
is injected into a circuit that sprays it at a temperature of 170°C, eliminating the water
from the solution and then cooling it to 68°C. In just half an hour, the dried complexes
are obtained in a dry powder form.

Evaluation of OA concentration in the complexes and measurement of their stability at
different temperatures at different times

To determine the amount of encapsulated OA present in the powder preparations
obtained by freeze drying or spray drying, several samples of the powder preparations
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Wound-healing scratch assay on epithelial cell lines with OA/CDs complexes to measure
their biological activity on cell migration

MvilLu or MDA-MB-231 are seeded in 24-well plates until they reach 100% confluence,
using the appropriate medium for each line with all supplements. At that time, medium is
changed to FBS-free medium for 24 hours. At the initial time (T0), a cross-shaped scratch
is made on the cell monolayer using a sterile p-200 pl pipette tip. After replacing FBS-free
culture medium to wash out released cells, OA, OA/HP-B-CD or OA/HP-y-CD (the
concentration used in each assay is indicated at each figure legend) are added. An
equivalent volume of DMSO, HP-B-CD and HP-y-CD is added. In parallel, a positive
control is set by adding 10 ng/ml epidermal growth factor (EGF, Sigma-Aldrich, St Louis,
MO, USA). Additionally, pharmacological inhibitors against key proteins on migration
regulation are added to OA conditions: 2.5 uM PD153035 (Epidermal Growth Factor
inhibitor, EGFRI), 50 pM PD098059 (Mitogen-activated protein kinase kinase inhibitor,
MEKi) and 15 pM SP600125 (c-Jun N-terminal kinase inhibitor, JNKi). After a 24-hour
incubation period, cells are fixed with 4% formaldehyde (Applichem GmbH, Darmstadt,
Germany) in PBS (Biowest, Nuaillé, France) for 10 minutes. Finally, well plates are
washed twice with PBS. Pictures are taken at 10X magnification using an optical
microscope equipped with a digital camera (Motic Optic AE31, Motic Spain, Barcelona,
Spain). To quantify cell migration, the areas of the gaps in the wounds are measured by
ImageJ software. The initial cell-free surface (time 0 h) is subtracted from the endpoint
cell-free surface (time 24 h) and plotted in a graph.

Cell-front migration assay, subcellular localization assay

MviLu cells are grown until they reach confluence on round glass-coverslips in 10%
FBS-EMEM medium. At this time, cells are washed and a 24h serum-starvation period
is set by replacing the medium with FBS-free EMEM. After this, the epithelium is
scratched using a razor blade, which produces an artificial wound with enough space to
allow cells to migrate. The newly wound is set as a time O hours of the experiment and
then 5 uM OA/DMSO or 12.5/3.125 uM/mM OA/HP-B-CD or are added to the medium.
As parallel conditions, DMSO or HP-B-CD (3.125 mM) equivalent volumes are added as
vehicle controls. After the selected times of incubation, glass-coverslips are fixed with
4% formaldehyde (Applichem GmbH, Darmstadt, Germany) in PBS (Biowest, Nuaillé,
France) for 10 minutes and washed twice with PBS. After this, cells are permeabilized
with 0,3% Triton X-100 (Sigma-Aldrich, St Louis, MO, USA) in PBS for 10 minutes. For
immunostaining, a blocking is performed for 30 minutes at room temperature in PBS
solution with 10% FBS, 5% skim milk (Beckton Dickinson, Franklin Lakes, NJ, USA),
0,3% bovine serum albumin (BSA, Sigma-Aldrich, St Louis, MO, USA) and 0,1% Triton
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were reconstituted with ultrapure water, in order to be able to detect the OA by HPLC,
as described above. Considering the amounts of OA before and after encapsulation
(mg of OA in the initial solution), together with the new data of OA in the powdered
preparations (mg of OA in solid complex and total g of complexes), the encapsulation
efficiency (EE) and the OA load in the complexes (DL) are calculated according to the

following formulae:

total compound encapsulated in solid complex (mg) 1

EE (%) = 00

total initial compound in solution (mg)

_ total compound encapsulated in solid complex (mg)

DL -t
(mg g™ total weight of solid complex (g)

In order to study the stability and conservation of the powdered complexes over time.
Sais OA/CD complexes were stored at three different temperatures (20°C, 4°C
and -80°C) and were analyzed later to quantify the encapsulated OA by HPLC (days and
weeks after complexation).

EXAMPLE 2: FUNCTIONAL TESTING OF THE COMPLEXES OF THE INVENTION

The complexes of the invention were tested in functional assays with epithelial cell
models. In these assays, the promoter effect of OA on cell migration and the expression

of proteins necessary for this phenomenon was evaluated.

Cell culture

Mink Lung Epithelial (MviLu) cells are grown in Eagle's Minimum Essential Medium
(EMEM) (Biowest, Nuaillé, France) supplemented with 10% Fetal Bovine Serum (FBS,
Gibco, Thermo Fisher Scientific, Rockford, IL, USA), 1% Penicillin/Streptomycin and 1%
L-Glutamine (both from Biowest, Nuaillé, France). MvlLu cells are cultured in an
incubator at 37 °C with a 5% CO_ humified atmosphere. Human mammary gland cells
(MDA-MB-231) are grown in Dulbecco's Modified Eagle Medium (DMEM) supplemented
as mentioned above for EMEM. MDA-MB-231 cells are incubated in an incubator at
37 °C with a 7.5% CO; humified atmosphere.
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X-100. Then, cells are incubated 1 hour at room temperature with anti-paxillin or
anti-phospho-c-Jun antibodies, diluted in blocking solution without skim milk. Proper
fluorescent-labelled secondary antibodies (see Antibodies section) are co-incubated for
30 minutes with Alexa Fluor 594 conjugated phalloidin (Molecular Probes, Thermo Fisher
Scientific, Waltham, MA, USA), and Hoechst 33258 (Fluka, Biochemika, Sigma-Aldrich,
St Louis, MO, USA) to reveal actin cytoskeleton and nuclei respectively. Once samples
are inmunostained, image acquisition is performed with a confocal microscope (LSM 510
META from ZEISS, Jena, Germany). The setting of images was performed using Zeiss
Efficient Navigation (ZEN) interface software (ZEISS, Jena, Germany). When a wider
view of the migration front is required, concretely in phospho-c-Jun staining (indicated in
Figures), 4X3 linked fields are acquired by the “Tile scan” ZEN tool. Subsequently, tile
scans fluorescent signals are converted to a linear mode and covered with a full data
range using the Rainbow look up table (Rainbow LUT) in Image J software. In order to
quantify phospho-c-Jun levels in immunofluorescence pictures, images are analyzed
and quantified by Image J software. For this purpose, pictures in 8-bit three-channel
format (Red, Green, Blue, RGB) were divided into three separate color channels (three
pictures). By using blue channel picture (Hoechst staining), regions of interest (ROIs) are
stablished to define each nucleus, creating as many ROIs masks as nuclei in the image.
Then, by overlapping these masks onto the corresponding green channel picture
(p-c-Jun staining), we calculate the green intensity value of each nucleus (ROI). Because
of the large area covered in each picture (Tile scan), they are divided in three equal
sectors (S1, S2 and S3), being S1 the outermost edge on the wound. Within each sector,
the quantified signal of each nucleus is used as a replicate to obtain p-c-Jun intensity
data in each of the conditions performed. For a better understanding, the relation of
number of p-c-Jun positive nuclei between total nuclei number is calculated. For this
purpose, a basal p-c-Jun intensity mean is calculated considering the control condition
of the assays, set as a threshold. In this sense, nuclei with p-c-Jun intensity over the
threshold are set as positive nuclei. On the other hand, “Z stack” ZEN feature is used
when deep cytoskeleton structures observance is required, taking a proper number of
pictures along the Z axis. Focal adhesion (FA) quantifications are performed as
described in Horzum et al., 2014 by using CLAHE and Log3D macros for ImageJ
{Horzum, 2014 #553}. Briefly, focal adhesions are quantified from paxillin stained
acquired pictures. We used three different images for each condition. Specifically, cell
filopodia are selected as regions of interest (ROIs) and the resulting areas (containing
FAs) are considered for further analysis. A number of five filopodia are considered from
each picture. Then, the number of FAs are calculated in each filopodia by using the
previously mentioned macros. The obtained number is divided by the total filopodia area
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to determine FAs density. In parallel, the size of each FA is measured using the macros

mentioned above. Finally, FA average size is calculated for each treatment.

Western blot

Mv1lLu or MDA-MB-231 cells are seeded and allowed to reach 60% confluence in 10 cm
diameter plates. At this time, culture medium containing 10% FBS is replaced by an
FBS-free medium, incubating the cells for a 24-hours period. Serum-deprived cells are
treated with either OA, OA/HP-B-CD, DMSO, HP-B-CD or 10 ng/ml EGF. After time
incubations, cells are harvested, washed twice with ice-cold PBS and lysed with 20 mM
TRIS pH 7.5, 150 mM NacCl, 1 mM EDTA, 1.2 mM MgCI2, 0.5%, Nonidet p-40, 1mM
DTT, 25 mM NaF and 25 mM B-glycerophosphate supplemented with phosphatase
inhibitors (I and Il) and protease inhibitors (all from Sigma-Aldrich, St Louis, MO, USA).
Total protein amount of all extracts is measured and normalized by Bradford assay
(Sigma-Aldrich, St Louis, MO, USA). The extracts are analyzed by SDS-PAGE followed
by Western blot (WB) using the indicated antibodies (see Antibodies section). Blots are
revealed by using Horseradish peroxidase substrate (ECL) (GE Healthcare, GE, Little
Chalfont, United Kingdom) and images are taken with a Chemidoc XRS1 (Bio-Rad,
Hercules, Ca, USA). For protein quantification, Western pictures in 8-bit format are
processed in ImageJ software. Subsequently, in all Western blot pictures, a lane is
stablished for each of the samples. In each lane, the band is selected according to the
specific size (kDa) of the protein of interest. For each total protein and their
phosphorylated version, each band’s intensity peak is plotted, and next, the area under
the plot is measured by using “Wand (tracing) tool” of ImageJ to obtain the intensity
value. In order to normalize, obtained intensity values are referred to obtained intensity
values of either the unphosphorylated form of the protein (total) or a loading control
protein such as B-actin, only if the unphosphorylated form is undetectable (non-available
antibody for detecting the unphosphorylated form).

Antibodies

The following commercial primary antibodies are used: anti-phospho-ERK1/2, anti
ERK1/2, anti-JNK1/2, anti-phospho-JNK1/2 and anti-phospho-c-Jun (all from Cell
Signaling Technology, Danvers, MA, USA); anti-phospho-EGFR (Thermo Fisher
Scientific, Rockford, IL, USA); anti-EGFR, anti-paxillin and anti-c-Jun (Santa Cruz
Biotechnology, Heidelberg, Germany); and anti-B-actin (Sigma-Aldrich, St Louis, MO,
USA). Secondary antibodies are anti-rabbit IgG Horseradish peroxidase linked F(ab")2 |
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1). In this way the absorbance peaks of OA at 210 nm are recorded and their area is
calculated, which is directly proportional to the volume of the spike. This provides a
standard curve on which to base subsequent quantifications. Once the equation for the
standard curve has been calculated, the amount of OA in the test solution can be
calculated from the recorded absorbance of the OA (Figure 1).

Table 1. OA quantifications to produce the standard or calibration curve.

Injected pL OA concentration Area Total pg
mg/mL (210nm)

2 0.5 181 0.98
5 0.5 464.9 245
7 0.5 656.8 3.43
10 0.5 935.2 4.9

15 0.5 1451 7.35
20 0.5 1960.9 9.8

25 0.5 2489.1 12.25
30 0.5 2978.5 14.7

Oleanolic acid/cyclodextrin complexation

Beta- and gamma-cyclodextrins modified with hydroxypropyl groups (CD-HP-f and CD-
HP-y respectively) from Winplus International Limited are used for OA conjugation. In
general, aqueous solutions of 50, 250 or 500 ml are prepared to which OA and
cyclodextrins (CD-HP-B or CD-HP-y) are added in a molar ratio of 0.2:50 (oleanolic
acid:cyclodextrin). This molar ratio allows the encapsulation of one OA molecule for each
cyclodextrin molecule, so that OA/CD complexes are formed in a 1:1 ratio. The OA/CD
solutions are stirred for 24 hours at room temperature and protected from light. After 24
hours the solutions are sampled to determine the amount of encapsulated OA by
extrapolation to the standard curve. Table 2 shows representative data from one of the
OA encapsulation batches performed with HP-B-CDs and HP-y-CDs.

Table 2. Quantifications of OA in a solution with CDs after 24 hours of stirring.

CcD CDhg OA mg Liquid Liquid mg/ml | Total mg.
(50mL) (50mL) | Complex Area | Complex Area Liquid
(Avge) Complex
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fragment (from donkey) (GE Healthcare, GE, Little Chalfont, United Kingdom),
anti-mouse 1gG (BD Pharmingen, Beckton Dickinson, Franklin Lakes, NJ, USA); Alexa
Fluor 488 conjugated anti-mouse (from donkey) (Thermo Fisher Scientific,
Rockford, IL, USA).

Statistical analysis

All the collected data are analyzed using Graph Pad Prism 7 software. In every analysis,
classic statistical parameters were calculated and statistical tests are performed with a
95% confidence interval, consequently, P-values lower than 0.05 are considered to be
statistically significant. At the figure legends, the asterisks denote statistically significant
difference between conditions (*p<0.05, **p<0.005, ***p<0.001 and ***p<0.0001). Data
of intensity values, collected from Western blots, are analyzed by a One-way ANOVA
test, comparing the mean of each condition with the mean of every other condition. Then,
a Tukey's multiple comparisons test is performed.

Data of intensity values obtained from p-c-Jun nuclei quantifications in
immunofluorescence pictures are analyzed by using two statistic tests: Two-way ANOVA
test and One-way ANOVA test. Concretely, a Two-way ANOVA following Tukey's
multiple comparison test is performed to compare the p-c-Jun intensity mean between
sectors from different conditions (e.g. S1 DMSO versus S1 OA). On the other hand, a
One-way ANOVA, following Tukey’s multiple comparison test is performed to compare
p-c-Jun intensity mean between sectors from the same condition (e. g. S1 DMSO versus
S2 DMSO).

Results

Example 1.1: Analysis and quantification of OA by high-performance liquid
chromatography (HPLC)

HPLC allows to detect and quantify OA in a solution on the basis of its absorbance at a

specific wavelength (210 nm). Commercial OA from Sigma with a purity of 98% was used
in this experiment. In order to obtain an adequate quantification of the OA /cyclodextrin
complexes, a standard curve of the OA to be used is prepared. To do this, the HPLC
equipment must be calibrated using a column specially designed for organic molecules
and a mobile phase of acetonitrile, acetic acid and water. A solution of OA at a
concentration of 0.5 mg/ml in methanol is then prepared in such a way that the HPLC

equipment takes different volumes (punctures) of this solution in increasing order (Table

20
CD-HP-B 3,85 5,0 314,4 315,3 0,08 3,92
314,1
3175
CD CDg OA mg Liquid Liquid mg/ml | Total mg.
(50mL) (50mL) | Complex Area | Complex Area Liquid
(Avge) Complex
CD-HP-y 4,4 5,0 322,6 319,7 0,08 3,98
319,9
316,6

CDs with B- and y-type hydroxypropyl (HP) groups gave similar OA loadings and
encapsulation yields (between 80 and 100 %).

Example 1.2: Dehydration of OA/HP-B-CD complexes by freeze-drying and spray-drying

methods

The OA/CDs solutions were divided into equal volumes to undergo two different
dehydration processes: freeze-drying and spray-drying. For freeze-drying, the OA/CDs
solutions were first subjected to lyophilization in a Christ Alpha 1-2 LD Plus freeze dryer
under vacuum at a temperature of -48°C. On the other hand, the OA/CDs complexes
were dried in a Spray-Dry Buchi B-290 at a temperature of 170°C. In order to determine
the efficiency of each of the two processes, the dehydration yield (RD), a percentage
that indicates how many grams of CDs were recovered in the dehydrated powder relative
to the initial grams of CDs weighed before OA encapsulation, was calculated. These data
are presented in Table 3.

solid complexes obtained (g)

“total solids n solution (@)~ 1°°

RD (%) =

Table 3. Calculation of freeze-drying and Spray-Dry dehydration yields.

Freeze drying

CcD Initial CD g CD g powder RD (%)
after FD.
HP-B-CD 7.7 717 93,1

HP-y-CD 8,8 8,03 91,3
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Spray drying
CD Initial CD g CD g powder RD (%)
after SD.
HP-B-CD 7.7 6,72 87,3
HP-y-CD 8.8 6,23 73,29

As can be seen in Table 3, the dehydration yields obtained by Spray Dry were slightly
lower than those obtained by Freeze drying. The speed of the Spray Dry treatment
seems to affect the amount of OA/CDs powder recovered, but this small loss is
acceptable as long as the encapsulated OA does not lose its effect on cell migration in
subsequent in vitro tests on epithelial cells (see following sections) which is equally
effective.

Example 1.3: Evaluation of OA concentration in the complexes and measurement of their
stability

Once the solid (powdered) OA/CDs complexes have been obtained, the encapsulation
yields of each type of cyclodextrin (EE) and the loading of active material (DL), i.e. OA,
per gram of cyclodextrin must be calculated. To do this, the following calculations are

carried out:
total compound encapsulated in solid complex (m;
EE (%) = pound encap ) A complex (mg) 0
total initial compound in solution (mg)
_,, _ total compound encapsulated in solid complex (mg)
DL (mgg™") =

total weight of solid complex (g)

Table 4 shows the encapsulation yields (EE) and OA loadings (DL) in different batches
of OA/HP-B-CD and OA/HP-y-CD complexes dehydrated by freeze-drying. As can be
seen, the HP-y and HP-B cyclodextrins showed very similar encapsulation
performances, both being a priori suitable for encapsulating OA and producing
preparations suitable for testing in vitro cell culture. The chemical conformation of
cyclodextrins allow stability and protection of the encapsulated drug against adverse
physical factors such as temperature. To evaluate this property, we focused on HP-B-
type cyclodextrins and measurements were made on lyophilized OA/HP-B-CD

23

Table 4. Complexation performances of OA/HP-B-CD and OA/HP-y-CD complexes obtained by freeze-drying and Spray Dry

CD g | OAmg | Solid complexes area HPLC | Solid complexes mg | DL (mg/g) | DL (mglg) expected | EE (%)
2795 201 115
Spray drying | 385 | 50 2495 21,0 0,99 130 823
2615 203 1,07
HP-B-CD
384 206 155
Freeze drying | 7.7 | 12 373 204 152 1,56 979
301 214 152
CDg | OAmg | Solid complexes area HPLC | Solid complexes mg | DL (mg/g) | DL (mglg) expected | EE (%)
2368 214 092
114
Spray drying | 4.4 50 2360 216 091 815
2349 204 096
HP-y-CD
4404 214 171
Freeze drying | 8.8 15 444.6 216 171 1,70 100
4178 204 1,70
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complexes stored at different temperatures, with the intention of measuring their stability
over time (weeks from complex formation). All complexes were stored under light-
protected conditions. The OA load (DL) of each of these complexes was then quantified,
with the results shown in Table 5. The encapsulated OA loading (LD) data indicate that
the OA milligrams per gram of cyclodextrin are hardly modified under the three
temperature conditions, even up to 8 weeks after the preparation of the complexes.
However, it would be necessary to further test these preparations preserved at different
temperatures in functional wound assays on epithelial cells to confirm that despite the
fact that no amount of OA is lost, its biological activity is also unaffected and it continues
to exert the promoting effect on cell migration.
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Table 5. Quantifications of freeze-dried OA/HP-B-CD complexes stored at -80°C,

4°C and room temperature protected from light.

Weeks after °C Freeze g freeze DL (mg/g)
complexation dried dried
(w) complexes | complexes
area HPLC
0 20°C 489,0 21,3 111
20°C 468,9 20,1 1,13
iw (-)80°C 5275 22,0 1,16
4°C 517,6 21,0 1,19
20°C 4152 19,0 1,06
2w (-)80°C 426,3 20,2 1,02
4°C 467,4 21,7 1,04
20°C 489,8 21,4 111
4w (-)80°C 514,0 21,9 1,14
4°C 501,0 222 1,09
20°C 505,0 21,9 112
8w (-)80°C 447,0 203 1,07
4°C 431,2 19,6 1,07
20°C 459,6 20,2 1,10

The freeze-dried OA/HP-CDs complexes, stored at room temperature, 4°C and -80°C,
retained the stability of the encapsulated OA for two months, as the amount of OA was
not affected by time and temperature.

Example 2.1: Wound healing scratch assays and protein expression analyses to test
OA/CDs complexes activity
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In functional scratch assays, OA/CDs complexes are tested for biological activity by
quantifying cell migration. The epithelial cell lines MviLu and MDA-MB-231 were used
for this purpose. In both cases, cells are grown in culture to form an epithelium that is
artificially wounded (time 0 h) and then treated with OA/CDs to determine the optimal
concentration at which the greatest stimulatory effect on migration is achieved. A battery
of assays was performed to test different concentrations of OA/CDs using both types of
cyclodextrins: HP-B-CD and HP-y-CD. Figure 2 shows graphs of the cell migration
values obtained with the OA/CDs treatments (migration percentage). In the assays
shown, the already optimised concentrations of OA/CDs are indicated after testing
different concentrations. In these assays, in addition to the OA/CDs conditions, a control
with OA vehicleised with DMSO (OA/DMSO) was included, followed by controls with
empty CDs and DMSO. The concentrations of OA/CDs complexes used are given in uM
and refer to the concentration of encapsulated OA and are equivalent to the empty CD
controls. An epidermal growth factor (EGF) condition was included as a positive control
for cell migration.

Example 2.2: freeze-dried OA/HP-B-CD and OA/HP-y-CD complexes in scratch assays

with Mv1Lu cells

As can be seen in Figure 2, both OA complexes with HP-B and HP-y cyclodextrins
obtained by freeze-dry showed a very significant effect on cell migration at encapsulated
OA concentrations of 12.5 pM and 62.5 uM, respectively. Both preparations showed cell
migration values equal to those of OA/DMSO, which is difficult to handle due to its
vehicleisation with DMSO. It is noteworthy that with the OA/CDs complexes, microscopy
images showed a higher recruitment of moving cells, with the belt of migrating cells being
wider than with OA/DMSO, which would suggest a more effective effect on wound
closure. On the other hand, it should also be noted that HP-B-type cyclodextrins
produced the effect on migration at lower concentrations of encapsulated OA than HP-
y-type cyclodextrins (12.5 uM vs. 62.5 pM), thus requiring less of the complex to achieve
this effect. This is possibly due to the fact that OA is conjugated to HP-y cyclodextrins
with higher affinity (given their higher Kc), causing less OA to be released upon
treatment.

Example 2.3: OA/HP-B-CD complexes dehydrated by freeze-drying and Spray Dry in
scratch assays with MviLu cells:
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was much higher than with OA/DMSO. It is also interesting to note that the effect of
OAJ/CDs complexes on p-c-Jun was higher in the S1 sectors, corresponding to the wound
edges, and this effect was lower in the subsequent S2 and S3 sectors, further away from
the edge, suggesting a gradient effect on p-c-Jun activation, which was maximal in the
edge cells, which are usually found with a higher degree of motility.

On the other hand, the immunostaining technique also allowed us to study the
cytoskeletal proteins paxillin and actin. Both proteins are associated and have the
function of allowing the assembly and disassembly of the cellular architecture of focal
adhesion complexes, which is very important during cell migration and allows cell
movement. Their study therefore provides insight into the state of cell dynamics at the
wound edge (Figure 6).

Paxillin is a protein that forms structures known as foci of adhesion (FAs). These
structures anchor the cell to the extracellular matrix and increase in number and
decrease in size as the cells move, resulting in a state of cellular dynamization.
Therefore, if the encapsulated OA promotes cell migration, the epithelial cells must be in
this high state of dynamization. By visualizing the adhesion foci with paxillin and
quantifying them using image analysis in ImageJ, the degree of cell dynamization at the
wound edge can be determined. To calculate this degree, the number of adhesion foci
is divided by the area of each filopodia present in the cells, i.e. each projection generated
by the cells to adhere to the substrate and migrate through the wound space, giving the
density of foci per cell (FAs density). On the other hand, the area of each adhesion focus
is also calculated to obtain the average size of all the foci. It can be seen that the OA/HP-
B-CD complexes, as with OA/DMSO, produce a greater number of adhesion foci and, in
addition, they are small foci, all with respect to the basal control and the vehicle control
(Figure 6). It should be noted that no significant differences were found between

OA/DMSO and encapsulated OA in the formation of these structures.

OA/HP-B-CD complexes promoted the remodeling of adhesion sites, as evidenced by
the higher number of adhesion sites and their smaller size during migration promoted by
OA/HP-B-CD complexes.

Example 2.5: Wound healing scratch assays in MDA-MB-231 cells with freeze dried
OA/HP-B-CD complexes

To extrapolate previous results in other epithelial cell model we tested OA/HP-B-CD

complexes in MDA-MB-231 cells. We tested several concentrations of OA/HP-B-CD
complexes, where MDA-MB-231 cells showed significant cell migration compared to

10

15

20

25

30

35

10

15

20

25

30

35

26

Similarly, following the same design as for the scratch assays, OA/HP-B-CD complexes
obtained by spray drying were tested for comparison with those obtained by lyophilisation
(Figure 3). It was observed that the complexes obtained by spray drying, despite having
a lower dehydration yield than the lyophilized ones, also achieved a significant activity
on cell migration compared to the controls. Furthermore, there were no significant
differences in cell migration between the two types of preparation and the biological

activity of the OA was very similar.

Example 2.4: In vitro assays with OA/CDs complexes; study of marker proteins involved
in cell migration by immunostaining

The results of the wound assays were used to study the topographical and subcellular
localisation of proteins involved in cell migration. This was done using immunostaining
techniques, which allow a topographical measurement of what happens in the wound
when OA/CD treatments are added, using specific fluorochrome-labelled antibodies and
imaging by confocal microscopy. First, immunostaining for the transcription factor c-Jun,
a key factor in cell migration, was performed. Specifically, an antibody against the active
(phosphorylated) form of this factor (p-c-Jun) was used to test whether OA/CDs
complexes promoted its expression and activation at the wound edges. In addition, co-
immunostaining with Hoechst and phalloidin was performed to visualise the nuclei and
actin cytoskeleton respectively, giving an idea of the location and structure of the wound
(Figure 4). Immunostaining for p-c-Jun and analysis of the images showed that, as with
OA/DMSO, OA/HP-B-CD complexes promote the up-regulation of this active form of c-
Jun in cells at the edge of the wound. This factor is localised in the nuclei of the cells,
where a higher number of p-c-Jun labelled nuclei could be observed than in the basal
condition or in the vehicle controls (blank DMSO or CD). To confirm this result and
complete this assay, the fluorescence of p-c-Jun (expression) present in the nuclei was

quantified using ImageJ image analysis software (Figure 5).

Quantification of p-c-Jun fluorescence in the nuclei confirmed that it was much higher
with the OA/CDs complexes treatment than with the control, as with the use of OA/DMSO
in DMSO. Both OA/DMSO and encapsulated OA promoted the expression and activation
of this factor to allow cell migration from the wound edges. However, it should be noted
that the effect of the OA/CDs complexes, as seen in the scratch tests, is more effective
than that obtained with OA/DMSO. This can be seen in Figure 5b, since in the condition
with the OA/HP-B-CD complexes nuclei with high p-c-Jun fluorescence are recorded, a
result that is reinforced in Figure 5c, where the ratio of activated nuclei to total nuclei
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basal (C) and vehicle control HP-B-CD conditions (Figure 7a and b). Similar migration
percentages values were observed between OA/DMSO and all OA/HP-B-CD
concentrations tested with no statistically significant differences reached. Nevertheless,
there was a higher migration activity tendency within 17/4.25 pM/mM and 21/5.25
HM/mM OA/HP-B-CD concentration complexes. Furthermore, it was easy to notice that,
in the case of OA/HP-B-CD, more cells could be found reaching wounded gap area than
in OA/DMSO condition (Figure 7a).

Example 2.6: In vitro assays in MDA-MB-231 cells with freeze-dried OA/HP-B-CD
complexes: key proteins related to cell migration analysis by Western blot

MDA-MB-231 cells are a suitable epithelial model for EGFR expression regulation
studies. With the objective of deeply decipher the molecular mechanisms behind
OA/HP-B-CD complexes effect on cell migration, we decided to set a whole study of key
regulatory proteins involved in cell migration by using sub confluent. Cells were
stimulated with 10 pM OA/DMSO and 21/5.25 uM/mM OA/HP-B-CD and the activation
of different protein was evaluated. Mainly, the phosphorylation consequences of all
proteins studied was milder when cells were stimulated with OA/HP-B-CD in comparison
to its DMSO solubilized counterpart. To begin with, a p-EGFR stimulation was detected
2 hours after treatment with OA/HP-B-CD, later increasing at 3 and 4 hours, however,
when compared to OA/DMSO the stimulation was softer (Figure 8a and b). When
looking at a downstream EGFR kinase, p-ERK1/2, it was increased by OA/HP-B-CD
treatment after 2 hours following the same trend that EGFR phosphorylation
(Figure 8a and b). Interestingly, OA/HP-B-CD showed significantly lower intensity
values at time 2 h, and it was kept higher for longer in time. Regarding p-JNK1/2, both
OA/HP-B-CD and OA/DMSO induced stimulation stimulated this kinase at time 1 hours,
however later in time dynamics were dissimilar. Interestingly, when blotting total c-Jun
and active phosphorylated (p)-c-Jun forms we observed changes on both antigens in
response to OA/HP-B-CD, an effect that is evident also in the case of OA/DMSO. In
particular, in case of p-c-Jun, the treatment with OA/HP-B-CD showed a mild increase at
time 2 h that was sustained up to 6 h. In contrast, OA/DMSO produced a stronger
stimulation of p-c-Jun at time 1 hour, it was sustained in time up to 6 hours and exhibited
higher values than cyclodextrin complexed OA. In any case, no increases on p-JNK1/2
and p-c-Jun regulatory proteins were observed with DMSO and HP-B-CD vehicle
controls. Finally, total c-Jun levels were clearly increased by OA/HP-B-CD with 2 hours
delay (3, 4 and 6 h) when compared to OA/DMSO, that stimulated c-Jun overexpression
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at the early time of 1 h. The overexpression and activation of the above-mentioned
proteins, in response to OA/HP-B-CD, imply their participation in the cell migration
phenomenon promoted by cyclodextrin-complexed OA.

Example 2.7: Activity of the OA/HP-CD complexes without dehydration on cell migration
MviLu cell migration.

OA/CDs complexes need to be dehydrated due to its easier manipulation and addition
to cell culture mediums. By contrast, using OA/CDs solutions directly added to the
medium can produce osmolarity alterations and contaminations, consequently
compromising cell viability and loosing OA activity. We tested liquid OA/HP-y-CD
complexes and freeze-dried OA/HP--CD complexes in wound healing scratch assays
by using MvlLu cells (Figure 9). As expected, liquid OA/HP+-CD complexes did not
show any significant migration activity, since they had same migration percentages as
control (C) condition or vehicle control with empty 0/12.5 uM/mM OA/HP-y-CD. A
concentration of 0.04 g/ml of the dehydrated complexes was used. Only dehydrated

complexes have significant migration activity as indicated in previous assays.
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11. A product obtained by the process according to any of the preceding claims 1 to 10.
12. A dry powder comprising a complex of oleanolic acid/cyclodextrin.

13. An aqueous mixture comprising the product of any of the preceding claims 11 or 12

with a concentration of at least 0.01 g/ml.

14. A product obtained by the process according to any of the preceding claims 1 to 10,
a dry powder according to claim 12, and/or an aqueous mixture according to claim 13 for
use in skin disorders.

15 A product for use, according to the preceding claim, wherein the skin disorders are
selected from the group consisting of: wound healing, scarring, eczema, psoriasis, acne,
rosacea, ichthyosis, vitiligo, urticaria and/or seborrheic dermatitis
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CLAIMS

1. A process to complex oleanolic acid that comprises:

a) putting in contact oleanolic acid and at least one cyclodextrin in an aqueous

mixture,
b) dehydrate the product obtained in the previous step
to obtain a dry powder comprising oleanolic acid/cyclodextrins complexes.

2. The process according to the preceding claim, wherein the cyclodextrin comprises at
least one hydroxypropy! group.

3. The process according to the preceding claim, wherein the cyclodextrin is
hydroxypropyl-B-cyclodextrin or hydroxypropyl-y-cyclodextrin.

4. The process according to any of the preceding claims, wherein the ratio oleanolic

acid/cyclodextrin in step a) is between approximately 1:100 to 1:400

5. The process according to any of the preceding claims, wherein oleanolic
acid/cyclodextrin are put in contact in step a) for a time comprised between 5 h and 5
days, preferably, 10 h and 3 days, more preferably 15 h and 2 days.

6. The process according to any of the preceding claims, wherein the temperature in step
a) is comprised 5°C and 40°C, preferably between 10°C and 30°C.

7. The process according to claims 5 and 6, wherein oleanolic acid/cyclodextrin are put
in contact for a time comprised between 15 h and 2 days and a temperature comprised
between 10°C and 30°C.

8. The process according to any of the preceding claims, wherein the dehydration is
performed by freeze-drying, spray drying, vacuum stove and/or rotary evaporator.

9. The process according to the preceding claim, wherein the freeze-drying comprises
subjecting the product of step a) to a temperature of less than -70 °C for an appropriate
time, and them under a vacuum, subject said product to a temperature comprised
between -60°C and -40°C for at least 2 days to obtain a dry powder.

10. The process according to claim 9, wherein the spray drying comprises injecting the
product of step a) into a circuit that sprays said product at a temperature between 110°C
and 210°C and then cool it to a temperature between 40°C and 90°C to obtain a dry
powder for a time between 10 min and 2 h.

32

ABSTRACT

PROCESS TO COMPLEX OLEANOLIC ACID WITH CYCLODEXTRINS AND
PRODUCTS OBTAINED THEREOF

A process to complex oleanolic acid that comprises putting in contact oleanolic acid and
at least one type of cyclodextrins in an aqueous mixture, dehydrate the product obtained
in the previous step to obtain a solid powder comprising oleanolic acid/cyclodextrins
complexes and the product obtained with said process, as well as its therapeutic use in
skin disorders.
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Annex. 3. Scientific production derived from the thesis.

A. SCIENTIFIC ARTICLES

L

Stelling-Férez J, Gabaldon JA, Nicolas FJ. 2022. Oleanolic acid
stimulation of cell migration involves a biphasic signaling mechanism.
Scientific Reports. Nature Portfolio. Q2. IF: 4.6

Stelling-Férez ], Cappellacci I, Pandolfi A, Gabaldén JA, Pipino C,
Nicolas FJ. 2023. Oleanolic acid rescues critical features of umbilical
vein endothelial cells permanently affected by hyperglycemia.
Frontiers in Endocrinology. Frontiers. Q1. IF: 5.2

Stelling-Férez ], Lopez-Miranda S, Gabaldén JA, Nicolas FJ. 2023.
Oleanolic Acid Complexation with Cyclodextrins Improves Its Cell
Bio-Availability and Biological Activities for Cell Migration.
International Journal of Molecular Sciences. MDPI. Q1. IF: 5.6

WORKS PRESENTED AT CONGRESSES

International congresses

1. IPLASS and COST SPRINT Action Joint Scientific Meeting
(IPLASS). Scientific Poster. Oleanolic acid anti-inflammatory and
pro-angiogenic effects on endothelial cells obtained from umbilical

cord of gestational diabetes women. Venue: Brescia, Italy.
Celebration date: 02-04/09/2022.

2. The Biochemistry Global Summit 2022 (IUBMB, FEBS and
PABMB). Scientific Poster. Oleanolic acid (OA) encapsulation
with cyclodextrins for its application in wound healing in vitro
models. Venue: Lisbon, Portugal. Celebration date: 09-14/07/2022.

3. 6% World Congress 2021 Tissue Engineering and Regenerative
Medicine International Society = (TERMIS 2021). Oral
Communication. Natural triterpenoid oleanolic acid and its

complexation with cyclodextrins: cell migration effects and future



258

JAVIER STELLING FEREZ

IL

applications in wound healing. Venue: Maastricht, Netherlands.
Celebration date: 15-19/11/2021.

National congresses

1.

XX Congreso de la Sociedad Espafiola de Biologia Celular (SEBC).
Oral Communication. Oleanolic acid anti-inflammatory and pro-
angiogenic effects on endothelial cells obtained from umbilical

cord of gestational diabetes women. Venue: Cdrdoba, Spain.
Celebration date: 13-15/11/2023.

XX Congreso de la Sociedad Espafiola de Biologia Celular (SEBC).
Scientific Poster. Oleanolic acid encapsulation with cyclodextrins
for its application in wound healing in vitro models. Venue:
Cordoba, Spain. Celebration date: 13-15/11/2023.

XXI Congreso de la Sociedad Espafiola de Histologia e Ingenieria
Tisular (SEHIT) y VIII Congreso Iberoamericano de Histologia.
Scientific Poster. Oleanolic acid anti-inflammatory and
pro-angiogenic effects on diabetic endothelial cells. Venue:
Granada, Spain. Celebration date: 06-09/09/2022.

43 Annual Meeting of the Spanish Society of Biochemistry and
Molecular Biology (SEBBM). Scientific Poster. Oleanolic acid as a
potential molecule to treat wounds: molecular effects and its
complexation with modified cyclodextrins. Venue: Barcelona,
Spain. Celebration date: 19-22/07/2021.

IV Congreso Nacional de Jévenes Investigadores en Biomedicina.
Scientific Poster. Oleanolic acid and its complexation: effects on
cell migration and applications in wound healing. Venue:
Granada, Spain. Celebration date: 04-06/11/2020.

XVIII Congreso de la Sociedad Espafiola de Biologia Celular
(SEBC). Scientific Poster. Oleanolic acid potentiates migration in
Mv1Lu and MDA-MB 231 epithelial cell lines by promoting EGF
receptor and MAP kinases activation. Venue: Badajoz, Spain.
Celebration date: 15-18/09/2019.



CHAPTER IX — ANNEXES 259

4274 Congress of the Spanish Society of Biochemistry and
Molecular Biology (SEBBM). Scientific Poster. Oleanolic acid
activates migration in MvlLu and MDA-MB-231 epithelial cells
involving EGF receptor and MAP kinases activation. Venue:
Madrid, Spain. Celebration date: 16-19/07/2019.

III. Symposiums

1.

IX Jornadas de Investigacion y Doctorado UCAM: Impacto Social
de la Ciencia. Oral Communication. ;La naturaleza es curativa? El
acido oleandlico tiene la respuesta. Venue: Murcia, Spain.
Celebration date: 23/06/2023.

VIII Jornadas de Investigacién y Doctorado UCAM: Etica en la
Investigacion Cientifica. Oral Communication. Oleanolic acid
preliminary anti-inflammatory and pro-angiogenic effects on
endothelial cells in vitro models HUVEC and GD-HUVEC. Venue:
Murcia, Spain. Celebration date: 24/06/2022.

VI Jornadas Cientificas IMIB-Arrixaca. Scientific Poster. Oleanolic
acid stimulation of cell migration involves a complex biphasic

mechanism. Venue: Murcia, Spain. Celebration date: 16/11/2021.
VII Jornadas de Investigacion y Doctorado UCAM: ODS con

Ciencia. Oral Communication. Novel oleanolic acid targets over

wound healing. Venue: Murcia, Spain. Celebration Date:
25/06/2021.

V Jornadas Cientificas IMIB-Arrixaca. Oral Communication.
Natural triterpenoid oleanolic acid and its complexation with
cyclodextrins: cell migration effects and future applications in
wound healing. Venue: Murcia, Spain. Celebration date:
23/11/2020.

VI Jornadas de Investigacion y Doctorado UCAM. Oral
Communication. Oleanolic acid and its complexation: effects on

cell migration. Venue: Murcia, Spain. Celebration date: 26/06/2020.

V Jornadas de Investigacion y Doctorado UCAM: Ciencia sin

Fronteras. Oral Communication. Triterpenic compounds as



260 JAVIER STELLING FEREZ

promoters of cell migration and possible applications in wound
healing. Venue: Murcia, Spain. Celebration date: 31/05/2019.

C. PATENTS AND INTELLECTUAL PROPERTY

Title of registered intellectual property: “Process to complex oleanolic acid
with cyclodextrins and products obtained thereof”. Inventors: Nicolas F], Stelling-
Férez ], Gabaldén JA, Lopez-Miranda S, Navarro S. Rights-holding entity:
Fundacién Universitaria San Antonio, Universidad Catdlica San Antonio (UCAM);
Fundacion para la Formacion e Investigacion Sanitarias (FFIS). European patent.
Application number: EP23382932.4. Date of application for patent registration:
13/09/2023.

D. PARTICIPATION IN PROJECTS

1. Fibroin scaffold functionalized with perinatal cells for the
treatment of chronic wounds and diabetic foot ulcers. Proyecto
numero P121/01339. Instituto de Salud Carlos III. (2022-2024)

2. Modelizado del efecto epitelizante de la membrana amniotica en
heridas cronicas. Proyecto namero PI17/02164. Instituto de Salud
Carlos III. Ministerio de Economia y Competitividad. (2018-2021).

3. International Network for Translating Research on Perinatal
Derivatives into Therapeutic Approaches. Proyecto numero
CA17116. EU Framework Programme Horizon 2020. (2018-2020).

E. AWARDS

3 Prize of 3 minutes thesis (3MT). Mejor Exposicion de Tesis Doctoral en el
Programa en Ciencias de la Salud, con la comunicacion cientifica: ;La naturaleza es

curativa? El dcido oleanolico tiene la respuesta.



CHAPTER IX — ANNEXES 261

F. PH.D. STUDENT FUNDING

The PhD student was supported with a “Contrato Predoctoral para la
Formacion de Personal Investigador”, from the Catholic University of Murcia
(UCAM). Call 2018.






	Article 1. Oleanolic acid stimulation of cell migration involves a biphasic signaling mechanism_ANDSupplementaryFiles.pdf
	Oleanolic acid stimulation of cell migration involves a biphasic signaling mechanism
	Results
	Oleanolic acid over-expresses c-Jun and promotes its activation at the wound edge during migration. 
	Activation of different OA targets exhibits different timing. 
	Uncoupled timing activation of c-Jun and EGFR can also be seen in Mv1Lu cells. 
	The use of specific inhibitors against EGFR, MEK and JNK confirms an EGFR independent OA-induced pathway in MDA-MB-231 cells. 
	OA promotes changes in actin fibers and paxillin distribution. 
	OA treatment produces FAK activation and promotes focal adhesion remodeling in scratched Mv1Lu cells. 
	Effect of inhibitors on the OA activation of FAK. 

	Discussion
	Materials and methods
	Preparation of oleanolic acid. 
	Cell culture. 
	Wound healing scratch assay. 
	Cell-front migration assay, subcellular localization assay. 
	Western blot. 
	Antibodies. 
	Statistical analysis. 

	References
	Acknowledgements


	Article 2. Oleanolic acid rescues critical features of umbilical vein endothelial cells permanently affected by hyperglycemia_ANDSupplementaryFiles.pdf
	Oleanolic acid rescues critical features of umbilical vein endothelial cells permanently affected by hyperglycemia
	Introduction
	Materials and methods
	HUVEC isolation and culture
	Oleanolic acid preparation
	RNA extraction and quantitative PCR
	MTT assay
	Western blot
	Monocyte&dash;HUVEC adhesion assay
	Matrigel tube formation assay
	Wound healing scratch assay
	Focal adhesion quantification assay
	Antibodies
	Statistical analysis

	Results
	Oleanolic acid attenuates adhesion molecule overexpression induced by TNF&dash;α in C&dash; and GD&dash;HUVEC
	Oleanolic acid reduces the number of monocytes adhered to GD&dash;HUVECs
	Oleanolic acid improves neo&dash;angiogenesis in GD&dash;HUVECs
	Oleanolic acid enhances C&dash; and GD&dash;HUVEC migration
	Oleanolic acid increases focal adhesion number in C&dash; and GD&dash;HUVECs and their dynamization

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


	Article 3. Oleanolic acid complexation with cyclodextrins improves its bioavailability and biological activities for cell migration_ANDSupplementaryFiles.pdf
	Introduction 
	Materials and Methods 
	Preparation of Oleanolic Acid in DMSO 
	Oleanolic/Cyclodextrin Complexes Preparation: Solid Complexes by Freeze Drying 
	Oleanolic Acid Determination by HPLC 
	Cell Culture 
	Cell Proliferation Assay 
	Cell-Front Migration Assay, Subcellular Localization Assay 
	In Vitro Scratch Assay 
	Western Blot 
	Antibodies 
	Statistical Analysis 

	Results 
	HP– and HP– Cyclodextrins SHOW High Rates Complexation Parameters with OA 
	Freeze-Dried OA/HP–CD and OA/HP–CD Complexes Stimulate Migration in Mv1Lu Cells 
	Complexed OA at Freeze-Dried OA/HP–CDs Is Stable at Room Temperature 
	Freeze-Dried OA/HP–CD Complexes Do Not Compromise Cell Viability 
	Specific Inhibitors against Migration-Related Proteins Decreased OA Migration Triggered by OA/HP–CD Complexes 
	OA/HP–CD Complexes Induce c-Jun Phosphorylation Transcription Factor at Cells at Scratch Edge in Mv1Lu 
	OA/HP–CD Complexes Promote Changes in Actin Fibers and Paxillin Distribution in Mv1Lu Cells 
	OA/HP–CD Complexes Stimulate Migration in MDA-MB-231 Cells while Minimizing OA/DMSO Cytotoxic Effects 
	Signaling Pathways Regulated by EGFR and c-Jun Activation, Necessary for Cell Migration, Are Induced by OA/HP–CD Complexes in MDA-MB-231 Cells 

	Discussion 
	Conclusions 
	References




