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INTRODUCCION




1. ADMINITRACION ORAL

1.1. El aparato digestivo. Anatomia, fisiologia y funciones.

El aparato digestivo estd compuesto por el tracto gastrointestinal (GI) y por los 6rganos
accesorios que son higado, pancreas, mesenterio y vesicula biliar (Kararli, 1995) (Figura
1). El tracto Gl va desde la boca, es6fago, estdémago, intestino delgado (duodeno, yeyuno
e ileo), intestino grueso (colon, ciego y recto) hasta el ano. La longitud total del tracto Gl
es de unos 5 metros en una persona Vviva, longitud que se duplica hasta los 10 metros de
largo cuando se produce la pérdida de tono muscular en un cadaver (Leung, 2014). La luz
o lumen GI se caracteriza por ser un espacio, que esta bordeado por células epiteliales

polarizadas, recubierta con una capa de moco en personas sanas (Gelberg, 2014).

/Paladar duro
—+——————Paladar blando

Cavidad oral 5

Epiglotis — Uvula
Lengua
Cuerdas vocales / |

Traquea

|
[ |

Esofago

Estéom ago

Higado

Vesicula biliar
Pancreas
Colon transverso

Colon ascendente

N
Ciego —M8M8M8M8 M \x\a)d'/

Apéndice Recto

Colon descendente

Ano

Figura 1. Estructura del aparato digestivo. Editado con Edraw™ Max 9.4.

El ligamento de Treitz que une el duodeno y el yeyuno marca la division entre el tracto
GI superior e inferior. Este ligamento conecta la flexién duodeno yeyunal al tejido
conectivo que rodea a la arteria mesentérica superior y la arteria celiaca (Kim y cols.
2008).

El tracto Gl estd disefiado para realizar una variedad de funciones fisiol6gicas que

incluyen el procesamiento de alimentos para la obtencion de energia, absorcion de
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nutrientes, defensa, secrecion de agua y una enorme cantidad de biomoléculas y otros
procesos corporales. Estas funciones fisioldgicas se llevan a cabo a través de cuatro
procesos fisioldgicos principales: Digestion, secrecion, absorcion y motilidad. (Leung,
2014). Para ello el tracto Gl estd organizado en distintas regiones, capas y tejidos con
peculiaridades estructurales y funcionales. Los tejidos en las distintas regiones estan
compuestos de diferentes células, que permite el desempefio de los diversos roles y

funciones fisioldgicas.

Los distintos segmentos del tracto GI pueden contraerse y relajarse con diferente tiempo
de transito dependiendo de su propia funcion especifica (por ejemplo, motilidad o
secrecién). ElI motor y las actividades secretoras del sistema Gl estdn controladas e

integradas por el sistema nervioso endocrino y entérico del intestino (Leung, 2014).

La figura 2 representa de forma esquematica las distintas capas y tejidos del tracto Gl.

Lumen
Epitelio Mucosa
Lamina propia
Muscularis nucosae

Arteriasy venas
Submucosa Vasos linfaticos

Plexo de Meisser

Plexo nuscular o de Auerbach
Muscular Misculo circular

Muisculo longitudinal

x Tejido conetivo laxo
Serosa

Vasos sanguineos y linfaticos
Adipocitos
Mesotelio peritoneal

Figura 2. Capas del tracto gastrointestinal. Editado con Edraw™ Max 9.4.

1.1.1. Capas del tracto gastrointestinal

Tunica mucosa

Se trata de la capa mas proximal a la luz intestinal. Contiene una capa gruesa de moco
que recubre las células epiteliales y una capa subyacente llamada lamina propia. Una de
las caracteristicas de las células epiteliales Gl es que tienen diferentes enlaces
intercelulares que permiten el intercambio de moléculas unas con otras.
La lamina propia es una capa delgada de tejido conectivo areolar compuesto de células y

una matriz extracelular compuesta por agua, glicosaminoglicanos, como hialuronato
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(principalmente), heparina, sulfato de heparina, glicoproteinas, proteoglicanos, fibras de
colageno y elastina; junto a numerosos nddulos linfaticos, vasos sanguineos capilares,
glandulas mucosas y terminaciones nerviosas sensoriales. La ldmina propia forma el
nacleo del tejido conectivo. En la mayoria de las areas del tracto Gl, la lamina propia
también contiene células musculares lisas que forman una capa de tejido llamada
muscularis mucosae. Esta capa muscular produce movimientos locales de la mucosa, pero
no es la responsable del movimiento de la comida o el contenido Gl a través del tracto.
(Welcome, 2018).

TuUnica submucosa

La tanica submucosa es una capa relativamente gruesa y altamente vascularizada de tejido
conectivo que sirve a las estructuras mucosas y submucosas. La submucosa es un tejido
conectivo mas denso que la lamina propia de la mucosa. Las moléculas absorbidas que
pasan a través de las células epiteliales columnares de la mucosa entran en sangre y en
los vasos linfaticos de la submucosa. La submucosa también contiene glandulas y plexo
nervioso (Plexo submucoso o de Meissner Ilamado asi por el cientifico aleman, Georg
Meissner, 1829-1905), que no solo inervan las glandulas submucosas y mucosas si no,
que también proporcionan suministro nervioso a la mucosa muscularis del intestino
delgado y grueso. Las glandulas Gl ubicadas en la submucosa, pasan a través de las
subcapas y se abren en la luz a través de conductos. Las arterias y venas de la capa
submucosa se extienden desde el mesenterio. Esta capa también contiene vasos linfaticos
(Welcome, 2018).

Tunica muscularis

La tanica muscular comprende dos capas de musculo, las capas interna y externa de
células del muasculo liso. La capa interna esta dispuesta en anillos circulares alrededor del
tracto Gl, y se denomina capa muscular circular. La capa exterior esta dispuesta
longitudinalmente, y se denomina capa muscular longitudinal. El estdmago tiene una capa
muscular adicional, capa muscular oblicua, ubicada en su lado interno que participa en el
batido de los alimentos parcialmente digeridos. Las capas musculares se denominan
tunica muscularis externa (capa muscular externa; también llamada muscularis propria).

Son mdasculos lisos orientados del tracto Gl, responsables de las contracciones
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segmentales y los movimientos peristalticos necesarios para la descomposicion mecénica
de particulas de alimentos, mezclandolos con enzimas digestivas y su propulsion a lo
largo del tracto. Esta funcién motora (motilidad o contractilidad) esta regulada por las
neuronas de las divisiones simpatica y parasimpatica del sistema nervioso autbnomo entre
otros. En el colon, la capa longitudinal externa forma tres bandas longitudinales
discontinuas conocidas como taeniae coli (que significa "bandas del colon”. Taenia,
taeniae plural, palabra en latin que significa cinta o banda). Las taeniae coli son
caracteristicas y clave para distinguir entre el intestino grueso y el delgado. Otra
caracteristica morfoldgica del colon es la presencia de haustra (singular haustrum). El
Haustra se forma porque las bandas taeniae coli son mas cortas que la longitud del colon,
dando lugar a la formacion de un saco entre cada una de las bandas. La contraccion del
haustra es un segmento lento que ocurre periddicamente y es importante para el
movimiento del contenido intraluminal al recto para su eliminacion. Esta segmentacion
del colon facilita la mezcla, la retencidn de residuos en la luz intestinal y la formacion de
heces solidas. La funcion reservorio del colon se debe particularmente a la presencia de
haustra que tiene como propiedad una alta capacidad de distension. (Camilleri y Ford,
1998). En ciertas zonas de union del tubo digestivo parte de las capas musculares
circulares y longitudinales se engrosan, formando esfinteres, los cuales regulan el paso

de solidos y fluidos de una region a otra del tracto GI. (Welcome, 2018).

TuUnica serosa/Adventitia

La tunica serosa (también llamada capa serosa) es la capa externa del tracto Gl, formada
por el mesotelio que es epitelio escamoso simple y por tejido conectivo. La capa serosa
ayuda a mantener el tracto Gl y sus estructuras. EI mesotelio reduce las fuerzas de friccion
durante el movimiento de las paredes del tracto Gl. El epitelio escamoso simple se
duplica como una continuacién del peritoneo visceral. La capa serosa esta presente en
algunas regiones (u érganos) del sistema Gl y sobresale en la cavidad peritoneal. Dichos
6rganos o regiones del tracto Gl son referidos como intraperitoneales. Por lo tanto, los
organos intraperitoneales (suspendidos por el peritoneo) estan cubiertos por serosa. Las
regiones intraperitoneales del tracto Gl incluyen la mayor parte del estémago, todo el
intestino delgado (excepto la parte distal del duodeno). La porcion inicial del duodeno,
ciego, apéndice, transversal colon y colon sigmoide son intraperitoneales y estan

conectados al mesenterio. En otros 6rganos o regiones del tracto GI como el pancreas, la

26



cavidad oral, esdfago, piloro del estomago, duodeno distal, colon ascendente,
descendente colon, recto y canal anal solo esta presente la porcion de tejido conectivo de

la serosa (llamada adventicia) y se denominan retroperitoneales (Welcome, 2018).

1.1.2. Epitelio del tracto gastrointestinal

El epitelio que cubre todo el tracto GI comprende una red estructural y funcional de
células interrelacionadas entre si, segun la region es estratificado o columnar simple
(Nikitina y cols., 2016) y constituye la superficie mucosa continua mas grande del cuerpo
humano. El epitelio de la boca, la faringe, el eséfago y el conducto anal es principalmente
plano estratificado no queratinizado con funcién protectora. El estbmago y los intestinos
estan revestidos por un epitelio cilindrico simple, con funciones de secrecion y absorcion.
Las uniones estrechas (zonula occludens), que sellan firmemente las células adyacentes
del epitelio cilindrico simple, impiden que haya filtraciones entre esas células (Tortora 'y
Derrickson, 2017).

La capa epitelial de la mucosa del intestino delgado consiste en epitelio cilindrico simple
formado por distintos tipos de células altamente especializadas que se dedican a la
regeneracion epitelial, adquisicion de nutrientes, defensa innata, transporte de
inmunoglobulinas e inmunologia. La figura 3 muestra un esquema de la mucosa Gl y de
las distintas células del epitelio intestinal. Las células absortivas del epitelio o enterocitos
contienen enzimas que digieren los alimentos y microvellosidades que absorben
nutrientes del quimo intestinal. En este epitelio, se hallan también las células caliciformes
que secretan moco. La mucosa del intestino delgado contiene muchos surcos profundos
0 invaginaciones revestidas por epitelio glandular y proyecciones en forma de dedos
llamados vellosidades. Las células que revisten los surcos forman las glandulas
intestinales o criptas de Lieberkiihn y secretan jugo intestinal. (Tortora y Derrickson,
2017).

Ademas de las vellosidades intestinales, la superficie de la luz intestinal contiene pliegues
circulares y microvellosidades, que aumentan colectivamente el area superficial de 400 a
600 veces (Welcome, 2018). Ademas, estan las células Paneth, que liberan factores
antimicrobianos como lisozima, una enzima bactericida y pueden realizar fagocitosis.
Estas células tendrian un papel fundamental en la regulacion de la poblacion microbiana

del intestino delgado. En las glandulas intestinales se hallan tres tipos de células
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enteroendocrinas: células S, CCK y células K, que secretan las hormonas, secretina,
colecistocinina y péptido insulinotrépico dependiente de glucosa (GIP) respectivamente.
(Tortora y Derrickson, 2017). Otro tipo de células en el epitelio intestinal son las
quimiosensoriales que juegan un papel clave en la defensa contra helmintos y células M,
al encargarse de captar y presentar los antigenos luminales al sistema inmune. (Allaire y
cols., 2018).
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Figura 3. Mucosa Gastrointestinal (GI) y detalle del epitelio intestinal. Editado con
Edraw™ Max 9.4.

Las células del epitelio Gl estan unidas, formando una poblacion celular intercomunicada
entre si. La red de comunicaciones intercelulares, tal y como esquematiza la figura 3, esta
formada por distintos tipos de uniones: uniones estrechas, uniones comunicantes, uniones
adherentes y desmosomas (Alberts y cols. 2011). Las uniones estrechas constituyen el
componente mas apical de la red intercelular de uniones, formado por la asociacion de las
membranas de células epiteliales adyacentes dando lugar a una estructura que actiia como
una barrera paracelular que regula el movimiento del agua y solutos entre capas
epiteliales. Forman barreras fisicas y quimicas que sellan las células vecinas que forman
una capa epitelial que impide el transporte de ciertas toxinas bacterianas a traves del
epitelio debido a sus funciones de barrera. Las uniones adherentes son complejos
proteicos caracterizados por una posicion cercana de las membranas plasmaticas de
células vecinas (aproximadamente 10-20 nm), con moléculas intercelulares en forma de
barra, y filamentos de actina condensados en el lado citoplasmatico de las uniones; unen
un filamento de actina de una célula con uno similar de una célula vecina. Tanto las

uniones adherentes como las uniones estrechas ayudan a sellar el espacio entre las células,
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pero las uniones adherentes son generalmente mas basales. (Welcome, 2018). Los
desmosomas unen o conectan los filamentos de queratina de una célula con los de otra.
Tanto uniones adherentes como desmosomas se forman alrededor de proteinas
transmembrana que pertenecen a la familia de las cadherinas, una molécula de cadherina
presente en la membrana plasméatica de una célula se une en forma directa con una
molécula de cadherina idéntica situada en la membrana plasmaética de la célula vecina
(Figura 4).

Filamento del

Membr lasmatica .
?mna ﬁ xa citoesqueleto
Proteia de Molécula de
union ‘ cadherina

Célula 1 Célula 2

Figura 4. Moléculas de cadherina que median en la unién mecanica entre las

células adyacentes. Editado con Edraw™ Max 9.4.

Esta clase de union denomina homofila, en el caso de las cadherinas, también requiere
Ca?* en el medio extracelular, lo que determina el nombre de la molécula. En una unién
adherente cada molécula de cadherina esta anclada al interior de la célula con filamentos
de actina a través de varias proteinas de conexién, formando una banda de adhesién
continua que rodea cada célula epitelial que interactGa en la union, ese cinturdn se localiza
cerca del extremo apical de la célula, justo debajo de las uniones estrechas. Los filamentos
de actina conectan las células a través de todo el epitelio (Figura 5). Esta red puede

contraerse y otorga al epitelio capacidad de desarrollar tensiones (Alberts y cols. 2011).

Las uniones comunicantes forman canales que permiten el paso de iones y moléculas
hidrosolubles pequefias entre células, regulan el flujo de moléculas pequefias como iones
(K *, Mg?, Ca?"), segundos mensajeros (CAMP, cGMP e inositol 1,4,5-trifosfato),
metabolitos (glucosa, glutamato, Adenosina, AMP, ADP, ATP y glutation), asi como el

acoplamiento quimico y eléctrico entre células adyacentes. (Welcome, 2018).
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Figura 5. Uniones adherentes que forman bandas similares a cinturones alrededor
de las células epiteliales en el intestino delgado. (Alberts y cols. 2011).

Gracias a los diferentes tipos de uniones, el epitelio intestinal cumple funciones
diametralmente opuestas: barrera y absorcion, y lo logra a pesar de estar formado por una

sola capa de células.

La pared del intestino grueso contiene las cuatro capas tipicas que se hallan en el resto
del tubo digestivo: mucosa, submucosa, muscular y serosa. La mucosa consiste en un
epitelio cilindrico simple, lamina propia (tejido conectivo laxo) y muscular de la mucosa
(musculo liso). El epitelio contiene sobre todo células absortivas y caliciformes. Las
absortivas funcionan principalmente en la absorcion de agua; las caliciformes secretan
mucus que lubrica el pasaje del contenido col6nico. Ambas estan situadas en largas
glandulas tubulares rectas del intestino (criptas o glandulas de Lieberkiihn) que abarcan
todo el espesor de la mucosa. En comparacion con el intestino delgado, la mucosa del
intestino grueso no tiene tantas adaptaciones estructurales para aumentar el area
superficial. Carece de pliegues longitudinales y de vellosidades; sin embargo, si hay
microvellosidades en las células absortivas. Por lo que la mayor parte de la absorcién se
produce en el intestino delgado, no en el grueso.
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La pared del estbmago estd compuesta por las mismas tres capas clasicas que el resto del
tubo digestivo, con algunas modificaciones. La superficie de la mucosa géstrica es una
capa simple de células epiteliales cilindricas denominadas células mucosas superficiales.
Las células epiteliales se extienden hasta la ldmina propia, donde forman columnas de
células secretoras denominadas glandulas géastricas. Varias de estas glandulas se abren en
el fondo de estrechos canales llamados fosas gastricas. La secrecion de varias glandulas
gastricas fluye al interior de cada fosa gastrica y de alli, a la luz del estbmago. Las
glandulas géstricas contienen tres tipos de células que secretan sus productos a la luz
gastrica: células mucosas del cuello, células principales y parietales. Las mucosas
superficiales y las células mucosas del cuello secretan moco. Las parietales producen el
factor intrinseco (necesario para la absorcion de la vitamina B12) iones hidrégeno (H") e
iones cloruro (CI") por separado, los envia a la luz géstrica dando como resultado la
secrecion de &cido clorhidrico (HCI). Las bombas de protones energizadas por H*-K
ATPasas transportan activamente H* a la luz, al tiempo que ingresan iones de potasio
(K*) ala célula. A lavez, ClI"y K* difunden hacia la luz por medio de canales de Cl'y K*
en la membrana apical. Las células parietales ademas contienen anhidrasa carbonica,
enzima que cataliza la formacion de acido carbonico (H2COs) a partir de agua (H20) y
dioxido de carbono (CO2). Cuando el H.COs se disocia, suministra una fuente de iones
H* para las bombas de protones y genera iones bicarbonato HCOgs", que se intercambia
por iones Cl a traveés de un contratransportador CI-HCO3™ presente en la membrana
basolateral (adyacente a la lamina propia). Todo el proceso se esquematiza en la figura 6.
Las células principales (cimdgenas) secretan pepsinégeno y lipasa gastrica. Las
secreciones de las células mucosas, parietales y principales constituyen el jugo gastrico.
Ademas, las glandulas gastricas incluyen un tipo de célula enteroendocrina, la célula G,
que secreta gastrina, hormona que estimula varios aspectos de la actividad gastrica.
(Tortora y Derrickson, 2017).

El liquido fuertemente acido del estdbmago es esencial en la digestion ya que desnaturaliza
parcialmente las proteinas de los alimentos y estimula la secrecion de hormonas que
promueven el flujo de bilis y jugo pancreatico. También participa en el control de los
microorganismos contenidos en los alimentos. La Gnica enzima proteolitica del estbmago
es la pepsina, secretada por las células principales. La pepsina es mas eficiente en un
ambiente como el del estdmago, muy acido con un pH de 2, a pH mas altos es inactiva.
(Tortora y Derrickson, 2017).
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Figura 6. Secrecion de HCI (acido clorhidrico) por las células parietales del

estomago. (Tortora y Derrickson, 2017).

1.1.3. Elementos de defensa de la mucosa gastrica.

El mantenimiento de la homeostasis de la mucosa del estbmago esta asociado, entre otros,
a los elementos de defensa que encontramos a 3 niveles diferentes: elementos

preepiteliales, epiteliales y subepiteliales.

Dentro de los elementos preepiteliales tenemos la capa de moco y bicarbonato que actta
como una barrera fisicoquimica contra multiples moléculas. Como recoge el punto
anterior, la totalidad de la superficie de la mucosa gastrica existente entre las glandulas
posee una capa continua de células mucosas del cuello, encargadas de secretar un moco
viscoso para cubrir las células epiteliales. EI grosor de esta capa es casi siempre mayor
de 1 mm3. Los componentes principales son mucinas (glicoproteinas), bicarbonato
(HCO3"), lipidos y agua (95%). El moco géstrico esta dispuesto en dos capas, una interna
también denominada moco visible que forma un recubrimiento gelatinoso con una alta
concentracion de bicarbonato para mantener un pH neutral (7.0), protegiendo a la mucosa
del &cido corrosivo, retardando la difusion retrograda de iones hidrogeno (H+) y
manteniendo el HCO3™ secretado por el epitelio. Las moléculas de mucina contenidas en
esta capa se entrelazan por puentes disulfuro confiriéndole una consistencia altamente

viscosa y con la capacidad de expansion al hidratarse. La capa externa o moco soluble es
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menos Vviscosa debido a la falta de enlaces disulfuro entre las moléculas de mucina que
contiene. Esta capa se encarga de la liberacion constante de 6xido nitrico (NO) y de la
unién con agentes nocivos, se mezcla con los alimentos y se desprende. El estimulo para
el engrosamiento de ambas capas es distinto, pero ambas responden al estimulo de la
prostaglandina E2 (PGE2) (Diaz-Casasola, 2015).

Los elementos epiteliales de defensa son los transportadores i6nicos que mantienen el pH
intracelular, la produccion de moco, HCOs", péptidos trefoil y proteinas de choque
térmico. Estas Ultimas impiden la desnaturalizacion de proteinas, protegiendo a las células
de ciertos factores como el aumento de temperatura, agentes citotoxicos o del estrés
oxidativo. La exposicién de la mucosa a diversos agentes agresores puede causar un
desequilibrio entre la pérdida y la renovacion celular. Cuando se presenta el dafio, en la
restitucion celular intervienen factores como el factor de crecimiento epidérmico (EGF,
del inglés epidermal growth factor), el factor transformador del crecimiento (TGF, del
inglés transforming growth factor) o y B, el factor de crecimiento de los fibroblastos
(FGF, del inglés fibroblast growth factor) y los factores trefoil. El receptor de EGF
(EGFR) es una proteina transmembrana al que también se unen otros ligandos como el
TGF, la anfirregulina (AR) y la betacelulina (BTC). En muchos estudios el efecto que
tiene el EGF sobre la mucosa no dafiada es insignificante, esto se atribuye a que el EGFR
en las células epiteliales esta restringido a la superficie basolateral, por lo que Unicamente
existe interaccion ligando-receptor cuando hay un dafio. Por otra parte, al mismo tiempo
que ocurre la renovacion epitelial tiene lugar la angiogénesis cuyos principales
reguladores son el FGF, el factor de crecimiento del endotelio vascular (VEGF, del inglés

vascular endotelial growth factor) y las prostaglandinas (Diaz-Casasola, 2015).

Los factores trefoil (TFF, trébol) son una familia de péptidos que comparten una
secuencia conservada de 40 aminoacidos denominada trébol (trefoil) o dominio de tipo
P, consistente en una estructura con forma de tres hojas de trébol compuesta de bucles
covalentes estabilizados a través de enlaces disulfuro internos en Cys1-Cys5, Cys2-Cys4
y Cys3-Cys6. Esta conformacion aumenta la resistencia a la degradacion por las
proteasas, el &cido y el calor, dando como resultado, péptidos TFF estructural y
funcionalmente estables. Hay tres tipos de TFF en mamiferos: TFF1 (nombre original:
péptido asociado al cancer de mama, pS2), TFF2 (nombre original; polipéptido
espasmolitico pancreatico, PSP) y TFF3 (nombre original; factor de trébol intestinal,

ITF). TFF1 se expresa predominantemente en células foveolares gastricas y células
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epiteliales del estbmago, también se detecta en los conductos superiores de las glandulas
de Brunner, en los jugos gastricos, es6fago, intestino delgado y colon. TFF2 se expresa
en ceélulas epiteliales en las glandulas géstricas y regiones estomacales antrales, en las
células del cuello mucoso gaéstrico y en la glandula duodenal de Brunner. TFF3 se expresa
predominantemente dentro de las células caliciformes en el intestino delgado y el colon
(Eitaro y cols., 2017). Numerosos estudios sugieren que los TFF estan involucrados en
procesos de proliferacién, migracion y angiogénesis celular relacionados con procesos de
cicatrizacion. Ademas, se ha demostrado que interactiian con mucinas e interfieren en
procesos de inflamacién; la interaccién con las mucinas protege al epitelio contra agentes
nocivos, al disminuir la penetracién de protones a través del moco y al aumentar su
viscosidad. Lo que no se ha establecido es el mecanismo de accion, ni la relevancia

fisioldgica de estos péptidos (Kjellev, 2009).

Los elementos subepiteliales presentes en la microvasculatura subepitelial tienen el efecto
protector mas importante de la mucosa gastrica. Mantiene el flujo sanguineo
ininterrumpido hacia las células epiteliales, sirviendo como medio de transporte de
nutrientes y productos de desecho, ademas de ser una importante fuente productora de

prostaglandinas (Diaz-Casasola, 2015).

1.2. Biodisponibilidad oral y absorcion intestinal.

La oral es la via mas comun y aceptada de administracion de farmacos. Entre las
numerosas ventajas que supone se incluye la facilidad de cumplimiento por parte del

paciente, conveniencia y un buen balance coste-efectividad.

La comprensién y la prediccion de la absorcion oral de farmacos es de gran utilidad e
interés para el desarrollo de medicamentos. Obviamente, el establecimiento de un marco
integral en el que las propiedades fisicoquimicas de los farmacos candidatos estén
cuantitativamente relacionados con su grado de absorcion acelera la seleccion de
candidatos durante la fase de descubrimiento/desarrollo preclinico. Ademas, dicho marco
ayuda a las agencias reguladoras a desarrollar pautas (guias) con base cientifica de
acuerdo con las propiedades fisicoquimicas de cada farmaco para gestionar varios
aspectos de la absorcion oral de medicamentos, por ejemplo, disolucion, correlaciones in
vitro-in vivo o bioexenciones en estudios de bioequivalencia. Sin embargo, las complejas
interrelaciones entre las propiedades y los procesos de los medicamentos en el tracto Gl

dificultan la prediccion de la absorcion oral, un proceso complejo que depende de
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propiedades del farmaco, como su solubilidad y permeabilidad, factores de formulacion
y de variables fisiologicas que incluyen diferencias regionales de permeabilidad, pH

luminal, enzimas mucosas, y motilidad intestinal, entre otros (Macheras e Iliadis, 2006).

La accién farmacoldgica de un farmaco depende de su concentracion en lo que se
denomina biofase, que es el medio en el cual el farmaco puede interactuar con sus
receptores y asi ejercer su efecto bioldgico, sea este terapéutico o tdxico. La concentracion
tisular de un farmaco es dificil de medir, pero se acepta la existencia de una relacion
directa entre la accion farmacologica de un farmaco y sus niveles plasmaticos. La
concentracion en la biofase de farmacos de formas de administracion oral esta
condicionada por la liberacion desde la forma farmacéutica, y varia a lo largo del tiempo,
como resultado de un equilibrio dinamico entre los procesos de absorcion, distribucion,
metabolismo y excrecion (Lorenzo y cols., 2017). Por ello, la biodisponibilidad oral, que
constituye la fraccion de una dosis administrada via oral de farmaco inalterado que llega
al flujo sanguineo (circulacion sistémica) (Domenech y cols., 2001), es una de las
consideraciones mas importante para el desarrollo exitoso de medicamentos orales. La
biodisponibilidad depende de numerosos factores, entre ellos, de la formulacion que lo
contiene, de factores inherentes a la propia sustancia, como sus propiedades
fisicoquimicas o sus caracteristicas farmacocineticas y del paso del farmaco a través de
membranas bioldgicas, que en el caso de medicamentos orales es el paso o permeacion a

través de la membrana intestinal.

1.2.1. Farmacocinética: Generalidades.

La farmacocinética es la rama de la farmacologia que estudia los procesos a los que es
sometido un farmaco a través de su paso por el organismo. Dichos procesos son conocidos
con el acrénimo LADME, y son: Liberacion, Absorcion, Distribucion, Metabolismo y

Excrecién (Doménech y cols. 2013).

La figura 7 esquematiza todo el proceso desde la liberacion de la forma farmacéutica
hasta la eliminacion del farmaco bien sea por biotransformacion debida a un proceso

metabolico en el organismo o a su excrecion.
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Figura 7. Esquema de paso a través del organismo de un farmaco, desde su liberacion

de la forma farmaceéutica hasta su eliminacion. (Lorenzo y cols., 2017).

Los estudios farmacocinéticos se basan en la determinacion y representacion grafica de
las concentraciones del farmaco en fluidos o tejidos bioldgicos tras su administracion y
durante un tiempo determinado. Debido a que los seres vivos son sistemas complejos,
resulta complicado establecer relaciones cuantitativas entre la dosis administrada, la
concentracion en los distintos tejidos y el tiempo transcurrido. Por este motivo, para
describir la evolucion del farmaco en el organismo en el tiempo, se recurre a modelos
farmacocinéticos, asi, mediante ecuaciones matematicas se estudian las velocidades de
los procesos de absorcion, distribucion y eliminacion del farmaco. Existen dos clases de

modelos farmacocinéticos, los no compartimentales y los compartimentales.

En el modelo no compartimental o modelo-independiente, el tratamiento de los datos
permite estimar los parametros farmacocinéticos sin necesidad de ajustarlos a un modelo
determinado. Este es el tipo de analisis que se realiza para los estudios de bioequivalencia,
en los que se requiere la determinacion del area bajo la curva (AUC), la concentracién
maxima (Cmax) y el tiempo al que se obtiene la concentracion maxima (tmax) (Doménech
y cols. 2013).

En los modelos compartimentales, el concepto de compartimento no es un concepto

anatomico sino cinético, que engloba las distintas zonas del organismo que poseen
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propiedades cinéticas parecidas y en las que se supone una distribucion uniforme del
farmaco (Doménech y cols., 2001). Un compartimento se define por sectores acuosos con
un volumen determinado (V4), que contienen una determinada cantidad de farmaco (Q),

de forma que la concentracion en este compartimento viene dada por la ecuacion 1.
Q g
C = v, (Ecuaciéon 1)

Debido a que el organismo es muy complejo y podrian llegar a contabilizarse muchos
compartimentos distintos, en la préctica se tiende a considerar el organismo constituido
por el nimero menor de compartimentos posibles que permitan hacer una descripcion

adecuada del comportamiento cinético del farmaco (Doménech y cols., 2001).

Los modelos farmacocinéticos lineales més utilizados son el monocompartimental y

bicompartimental.

Segun el modelo monocompartimental el organismo estaria compuesto por un dnico
compartimento, considerandose la distribucion del farmaco en el organismo instantanea
y uniforme, con una eliminacién desde tiempo 0. La Figura 8 representa el esquema del

modelo suponiendo la administracion intravenosa (1V).

Q ¢ Kel

Dyy—— Vy >

Figura 8. Representacion esquematica del modelo monocompartimental

suponiendo la administracion de bolus 1V.

La ecuacién 2, representa las variaciones en las cantidades de farmaco en funcién el

tiempo para el modelo monocompartimental.

dQ

T —K, - Q (Ecuacién 2)

Siendo Ke la constante de eliminacién del farmaco.
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En el caso de una administracion extravasal, como seria la administracién oral, el modelo
debe considerar el proceso de absorcién del fArmaco tal como muestra la Figura 9 y la

Ecuacion 3.

Ka Q ¢ Kel
Q,— v, -

Figura 9. Representacion esquematica del modelo monocompartimental

Suponiendo una administracion extravasal.

d
d_f =K, -Q—K, -Q (Ecuacion 3)

Siendo K la constante de absorcion.

Para este modelo la cantidad de farmaco existente en el organismo a un tiempo

determinado (Q) viene dado por la ecuacion 4.
Q = Qg -eXet (Ecuacion 4)
Donde, Qo es la cantidad de farmaco a tiempo O.

Debido a la complejidad anatomo-fisiologica de los mamiferos, casi ningin farmaco se
ajusta a un modelo monocompartimental, ya que la distribucién habitualmente no es
instantanea ni uniforme tras su administracién. Por eso, para describir el comportamiento
de la mayoria de los farmacos acostumbra a ser necesario un modelo mas complejo, el
bicompartimental. EI modelo cinético bicompartimental asume que la distribucion del
farmaco no es instantanea y que los tejidos que tienen un mayor flujo o aporte sanguineo,
alcanzan mas rapidamente el equilibrio de distribucion que los que tienen menor aporte.
Partiendo de esta premisa, se distinguen por tanto el compartimento central, que lo
componen los tejidos en los que el equilibrio de distribucion se produce rapidamente y
un compartimento periférico, que lo componen los tejidos en los que tarda méas tiempo en
alcanzarse el equilibrio de distribucién (Doménech y cols., 2001). En la Figura 10 esta

representado el esquema de este modelo para una administracién 1V.
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Figura 10. Representacion esquematica del modelo bicompartimental

suponiendo la administracion de un bolus IV.

La Ecuacion 5, muestra la ecuacion del modelo bicompartimental de un bolus IV que
describe las variaciones en las cantidades de farmaco en el compartimento central en

funcion el tiempo.

dQ iy
d_tc = Ky, - 0p — Ky - Qc — Koy - Qc (Ecuaciéon 5)

Donde K12 es la constante de distribucion del farmaco desde el compartimento central al
compartimento periférico y K1 es la constante de retorno desde el compartimento

periférico al central.

Si consideramos una administracion extravasal del farmaco, como en el caso de la

administracion oral, el modelo y su ecuacion son las siguientes (Figura 11 y Ecuacién 6).

Qc C KIZ O~p C

KZl

Figura 11. Representacion esquematica del modelo bicompartimental
suponiendo una administracion extravasal.

dQc iy

dr Ko Qo+ K1 -Qp —Kiz - Qc — Ko - Q¢ (Ecuacion 6)

En resumen, cuando el farmaco se administra por via IV, éste se distribuye

instantaneamente en el compartimento central. Desde el cual, segun la constante de

distribucion, pasa al compartimento periférico. De este compartimento periférico, el

farmaco también puede volver al central, segin la constante de retorno. Ademas, se
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considera que el proceso de eliminacion del farmaco se produce principalmente desde el
compartimento central, segun la constante de eliminacion. Por lo tanto, el farmaco
desaparece del compartimento central a través de dos mecanismos, por la distribucion de
éste al compartimento periférico y por su eliminacion en lo que se conoce como proceso

de disposicién (Domenech y cols., 2001).

Centrandonos en la administracion oral (via extravasal) los dos primeros procesos a
considerar son la liberacion desde su forma farmacéutica y la absorcion intestinal del
farmaco. Tal y como se comenta al inicio de la seccion, la absorcién juega un papel
fundamental en la determinacion de la biodisponibilidad (F), ya que matematicamente
puede ser representada por la ecuacion 7.

F=FaxFgxFh (Ecuacién?7)

Siendo Fa la fraccion absorbida de farmaco, Fg la fraccion que escapa del metabolismo
en el tubo tracto digestivo y Fh es la fraccion que escapa al metabolismo hepatico de
primer paso. Por lo tanto y basado en la ecuacion 7, uno de los principales factores que
afectan a la biodisponibilidad oral es la fraccion de farmaco absorbido. La absorcion oral
de farmacos que ocurre principalmente en el intestino delgado esta determinada por tres

factores: la permeabilidad, la solubilidad y la disolucion (Balimane y Chong, 2008).

La disolucidn es el proceso por el cual un compuesto quimico pasa desde el estado sélido
al estado solucidn, y puede ser caracterizado por la velocidad de disolucion (cantidad de
compuesto disuelta por unidad de tiempo). La solubilidad, en cambio se refiere a la
cantidad disuelta de un compuesto quimico en equilibrio con ese mismo compuesto en
estado solido, a presion y temperatura definidas (solubilidad de saturacion) (Talevi y
cols., 2016)

1.2.2. Solubilidad.

La solubilidad es la propiedad fisicoquimica mas importante que puede afectar la
absorcion de un farmaco, ya que las moléculas de farmaco tienen que estar disueltas para
que ocurra la absorcion en el tracto intestinal. La solubilidad de un soluto es la cantidad
méaxima de soluto que puede disolverse en una cierta cantidad de disolvente o cantidad
de solucion a una temperatura determinada. El grado de ionizacion y el coeficiente de

reparto K octanol/agua (también Ilamado coeficiente de particion) del farmaco
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contribuyen a la solubilidad y la permeabilidad de la membrana. En general, un valor bajo
de coeficiente de reparto indica alta solubilidad en agua, mientras que un valor alto indica
alta solubilidad en lipidos. Por otro lado, los farmacos liposolubles, generalmente poseen
una alta permeabilidad de membrana. La ionizacion y el pH desempefian un papel
importante en la solubilidad del farmaco. La forma ionizada suele ser mas soluble en
agua, pero la forma desionizada es mas facilmente absorbida en el tracto Gl por difusion
pasiva. Para farmacos débilmente basicos, predomina la forma desionizada en el intestino
donde el pH es alto (5-8), favoreciendo su absorcién. En los débilmente acidos predomina
la forma ionizada en el intestino. Aunque en teoria para un acido débil ionizado la
absorcion en el intestino no es favorable, la gran &rea de absorcion que supone la
superficie intestinal lo compensa dando lugar a la absorcion completa de este tipo de
farmacos (Balimane y Chong, 2008).

La mayoria de los farmacos son acidos o bases débiles, es decir, electrolitos que en
solucion acuosa se encuentran en 2 formas: ionizada o no ionizada. Como se ha
comentado la fraccion ionizada es hidrosoluble y poco difusible si el tamafio del i6n es
grande. Por el contrario, la fraccion no ionizada es liposoluble y difunde bien a través de
la membrana celular. Los factores mas importantes que condicionan la ionizacion son la
naturaleza acida o basica de la molécula, su pK (logaritmo negativo de la constante de

disociacion) y el pH del medio (Lorenzo y cols., 2017).

Las ecuaciones de Henderson-Hasselbach relacionan el pK de una sustancia y el pH del
medio, conociendo la fraccion de farmaco que se ioniza y la que permanece sin ionizar.
Un acido (AH) se disocia en su forma ionizada (A") y libera protones, segun la ecuacion:
AH < A"+ H", que es bidireccional. Puede establecerse la constante de disociacion del
acido (Ka) aplicando la ley de accion de masas y operando se llega a la primera de las

ecuaciones:

Ka  =[A][H)/[AH]

PKa =-log [ATH')/[AH]
= log [AH]/[A] + log 1/[H"]
= log [AH]/[A] + pH

Una base (BOH) se disocia en su forma ionizada (B+) y genera radicales oxhidrilo, segun

la ecuacion: BOH < B* + OH", que es también bidireccional. Puede establecerse la
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constante de disociacion de la base (Kp) aplicando la ley de accion de masas, y operando
se llega a la segunda ecuacion. Para ello, hay que tener en cuenta que, en una solucion
neutra, a 25°C, la concentracion de protones es igual a la de hidrogeniones, y ambas son

iguales a 107",
Para llegar a esta segunda ecuacion, también hay que considerar que el pKa + PK, =14

Ko = [B*][OH]/[BOH]
pKy  =log [BOH]/[B*][OH]

= log [BOH][H*]/[B*]10*

= log [BOH]/[B*] + log [H*] + 14; 14 — pKp = pKa
pka =-log [BOH]/[B"] - log [H']

= log [B*)/[BOH] + pH

Resultan, por lo tanto, las siguientes ecuaciones:

Para acidos:
K, =1 [acido no ionizado] ol (E g
PKa = o8 e o tonizado] TP (Feuacion)
Para bases:
K. =1 [Base ionizada] ol (E o
pla =6 [Base no ionizada] pH (Ecuacion9)

De la ecuacion 8 deducimos que un acido con pKa bajo es un &cido muy disociable, por
lo tanto, muy fuerte. Un acido con pKa alto es un acido débil que se ioniza con dificultad.
De la ecuacion 9 deducimos que las bases con pKa alto son bases fuertes, muy
disociables, y las bases con pKa bajo son bases débiles que se ionizan con dificultad. Los
acidos con pKa alto y las bases con pKa bajo, &cidos y bases débiles, se absorben y

atraviesan mejor las membranas.

Cuando el pH es igual al pKa, los farmacos se encuentran disociados al 50%. Por lo tanto,
la absorcidn en el tubo digestivo y la reabsorcién en el epitelio renal pueden modificarse
si se altera el pH del medio. Esto tiene relevancia terapéutica, puesto que el pH del

contenido gastrico, que normalmente esta entre 1 y 3 en ayunas, se eleva hasta 5 en el
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periodo postprandial. Farmacos como los antiacidos pueden alterar notablemente el pH
gastrico y modificar la absorcion de otros farmacos que se administren conjuntamente.

(Lorenzo y cols., 2017).

1.2.3. Liberacion: Disolucion

La disponibilidad oral de un medicamento en el organismo depende de su capacidad para
disolverse en los fluidos Gl. La velocidad de disolucion es el paso limitante por lo que
cualquier factor que afecte la velocidad de disolucién tendra un impacto en la
biodisponibilidad.

El paso béasico en la disolucion del farmaco es su reaccion con el fluido y/o los
componentes del medio de disolucion. Dicha reaccion tiene lugar en la denominada
interfaz solido-liquido, por lo que la cinética de disolucion depende de 3 factores: la
velocidad de flujo del medio de disolucion hacia la interfaz solido-liquido, la velocidad
de reaccion en la interfaz y la difusion molecular del farmaco disuelto desde la interfaz a

la solucion. Los 3 procesos se esquematizan en la figura 12 (Macheras e lliadis, 2006)

Medio de disolucion

Interfaz

.f;:/f-"ir’:,'f Iy f 2 x”" “l’l“";"r;lrﬁf,ff“r

fifit]) HI!{ ,.!I,-'”..l”"l"'l"l"”"lf/

ry .H(-' -'l,f Iy ! !'lri” ff

I .ff,a.,,”xl,.n ,f;g {{ ;...f,!;;j

f-"IFI-'III'I,I' /1 II’I"""""F"[.] "Ilflfl"l"lill"lr ,l'." P . ld f l.d
J'.f"r”f’if.f-fajfa’fh’x 'ff.fwff ,NU‘J "J”’Hﬂ'ﬂr'f; e G Hmacn s

Figura 12. Esquema de disolucién de un farmaco. (1) Las moléculas
(°) de solvente y/o los componentes del medio de disolucion se mueven
hacia la interfaz; (2) adsorcion; (3) las moléculas de farmaco disueltas (¢) se mueven

hacia el medio de disolucion. (Macheras e Iliadis, 2006)

La hidrodinamica de las condiciones in vivo y la compleja composicién de los fluidos Gl
que depende del tiempo y su localizacion en el aparato digestivo complica el estudio de
los fendmenos de disolucion, en particular cuando se intenta desarrollar una correlacion
in vitro-in vivo. Los primeros estudios en este campo formularon dos modelos principales

para la interpretacion del mecanismo de disolucion: EI modelo de la capa de difusion y el
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modelo de barrera interfacial. Ambos modelos suponen que hay una capa de liquido
estanca en contacto con el solido, Figura 13.

Wil Lento

Figura 13. Representacion esquematica de los mecanismos de disolucion segun a: (A)
el modelo de capa de difusion, y (B) el modelo de barrera interfacial. (Macheras e
Iliadis, 2006)

Segun el modelo de la capa de difusion (Figura 13 A), el paso que limita la velocidad de
disolucion es la tasa de difusion de las moléculas del farmaco disuelto a través de la capa
liquida estanca (capa limite) en lugar de la reaccion en la interfaz solido-liquido. Para el
modelo de barrera interfacial (Figura 13 B), el paso limitante es la transferencia inicial
del farmaco desde la fase solida a la solucion, es decir, la reaccion en la interfaz solido-
liquido (Macheras e Iliadis, 2006)

El modelo més simple para definir la velocidad de disolucion es la ecuacion de Noyes-

Whitney (ecuacion 10):

dm

P k (Cs — C) ; C = 0 en condiciones sink o sumidero (Ecuacion 10)

Siendo dm/dt la tasa o velocidad de disolucion del soélido; k la constante de
proporcionalidad; Cs la solubilidad del farmaco en el medio de disolucion; C la

concentracion de farmaco en el seno del medio de disolucién.

A partir de la ecuacién anterior, Nernst y Brunner descompondrian la constante de
proporcionalidad k expresandola en términos del area de la superficie expuesta al solvente
A, el coeficiente de difusion D y el espesor de la capa de difusién, h. Dando lugar a la

ecuacién 11, modelo de Noyes-Whitney-Nernst-Brunner:
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dm D

i A o (Cs — C) ; € = 0en condiciones sink o sumidero (Ecuaciéon 11)
Siendo dm/dt la tasa o velocidad de disolucion del solido; A el &rea del sélido; D el
coeficiente de difusion; h el grosor de la capa limite no agitada; Cs la solubilidad en agua
del farmaco; C la concentracion de farmaco en h (Balimane y Chong, 2008; Alfonso,

2003).

Para mejorar la velocidad de disolucion en farmacos con baja solubilidad, se emplean
distintas estrategias de formulacién como la micronizacion que aumenta A, la ionizacion

que aumenta Cs o la adicisolubilizacidn (tensioactivos) entre otros.

Aunque velocidad de disolucion y solubilidad son cosas distintas, existe una relacion
directa entre ambas, a mayor solubilidad en el medio de disolucion, méas rapidamente
tendera a ocurrir el proceso de disolucion. No obstante, en el caso de farmacos muy
solubles en el medio en cuestion, podriamos encontrarnos con una disolucion lenta, por
ejemplo, si las particulas solidas son muy grandes y presentan una superficie expuesta
relativamente baja, o si D es demasiado bajo. Ademas, tal y como indican ambas
ecuaciones, que pueden aplicarse directamente en el caso de un sistema cerrado (por
ejemplo, un sistema in vitro), podrian simplificarse en la disolucion in vivo teniendo en
cuenta que las moléculas disueltas serian transportadas hacia la sangre desde el sitio de
absorcion. Si la absorcion del principio activo ocurre rapidamente, C << Cs y podra
despreciarse (C=0), condicion que conocemos como condiciones “sink” 0 sumidero. Para
modelos in vitro podremos asumir condiciones “sink ” cuando la concentracion de soluto

en el seno de la solucion, C, suponga como maximo un 20% de Cs (Talevi y cols., 2016).

Aunque el modelo de la capa de difusion es el mas utilizado, se han propuesto varias
modificaciones del mismo y actualmente este se basa en la llamada capa limite efectiva
de difusion, cuya estructura es muy dependiente de las condiciones hidrodinamicas. La
teoria de la conveccidn-difusion demuestra que la transferencia de solido a la solucion se
controla mediante una combinacion de flujo de liquido y difusion. Es decir, tanto la
difusiébn como la conveccién contribuyen a la transferencia del farmaco desde la
superficie sélida a la solucién. Cabe destacar que esto se aplica incluso en condiciones

moderadas de agitacién (Macheras e lliadis, 2006).
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1.2.4. Permeabilidad: Coeficiente de permeabilidad efectiva (Peff),
Coeficiente de permeabilidad aparente (Papp), fraccion de farmaco

absorbido (Fa) y constante de absorcion (Ka).

La permeabilidad se define como la velocidad a la que se transporta una molécula a través
de una membrana (cm/s) independientemente del tipo de mecanismo de transporte
(Dahlgren, D., 2015), y se describe cominmente de 2 formas diferentes, con la

permeabilidad efectiva (Peff) y la permeabilidad aparente (Papp).

El Peff es una medicién directa de la permeabilidad de un compuesto farmacoldgico a
través de la membrana apical de las células del epitelio intestinal que se determina
midiendo la desaparicion del farmaco de la luz intestinal por perfusién, no proporciona
informacion sobre los procesos citosolicos dentro de las células intestinales o sobre el
transporte basolateral. Este parametro es determinado exclusivamente con experimentos
in vivo en humano o rata; la principal ventaja es que factores como la respiracion, el flujo
sanguineo y otras caracteristicas fisiologicas que podrian afectar la permeabilidad se

mantienen intactas (Roos, 2018).

El Papp difiere de Peff en que mide la cantidad de farmaco que atraviesa la membrana,
considerando no solo el transporte a través de la membrana apical, si no, también el
transporte a través de la membrana basolateral, los procesos citosolicos y/o uniones
intracelulares. Se determina midiendo la cantidad de farmaco que aparece en el lado
basolateral (que representa la circulacion sanguinea) de una membrana 0 monocapa
celular, y generalmente se determina usando tejido intestinal extirpado de animal o

humano, membranas artificiales o cultivos monocapa (Roos, 2018).

Los métodos méas comunes de determinacion de permeabilidad se revisan en el apartado
1.4,

Los distintos mecanismos o0 vias de permeacion o transporte a través de la membrana
intestinal que se muestran en la figura 14 incluyen la difusion transcelular pasiva,
procesos de transporte mediados por transportadores, transporte paracelular y endocitosis
(Balimane y Chong, 2008).

46



dgb
1 )2 3 4 3 B
L
NI
i ]
v Vv VY vy
e o o o mHe o

Basolateral

Figura 14. Distintos mecanismos de absorcion intestinal: (1) transporte pasivo
transcelular; (2) transporte activo transcelular; (3) difusion facilitada; (4) transporte
pasivo paracelular; (5) absorcion limitada por la glicoproteina-P o por otros
transportadores de eflujo; (6) metabolismo de primer paso seguido de absorcion de la
molécula y su metabolito; (7) transporte mediado por receptores (Balimane y Chong,
2008).

En general, los compuestos lipofilicos se absorben por difusion pasiva a través del epitelio
intestinal, los compuestos hidrofilicos a través de un proceso mediado por
transportadores, mientras que algunos pequefios compuestos hidrofilicos pueden

transportarse a través de las uniones paracelulares (Balimane y Chong, 2008).

La difusion pasiva, que es un proceso no saturable de primer orden sigue la primera ley

de Fick, que matematicamente se expresa segun la ecuacion 12.

CAdt h

Ji (Ecuacion 12)

donde J es el flujo (cantidad de material que fluye a través de una seccion transversal de
la unidad); M, la masa del farmaco (g, mol); A, el area o superficie de permeacion (cm?);
t, el tiempo (s); D, el coeficiente de difusion (difusividad, cm? s™!); Cy, la concentracion
del farmaco en la membrana de la pared en la luz intestinal (mol I); Cy, la concentracion
del farmaco en la pared de la membrana en la zona basal (mol IY) y h el grosor de la
membrana (cm). La figura 15 esquematiza el paso a través de la membrana intestinal y

los distintos parametros de la primera ley de Fick.
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Figura 15. Esquema de la permeabilidad de un farmaco desde la zona apical a la zona
basal, incluyendo los parametros de concentracion y el grosor de la membrana (h) (Cao
y Cols., 2008).

Este modelo hace las siguientes suposiciones: (1) flujo en estado estacionario. La
transferencia de farmaco alcanza el estado estacionario muy répido y (2) el estado
estacionario cumple las denominadas condiciones “sink” 0 sumidero: ambos lados de la

membrana son bien agitados y son homogeéneos.

Al definir el coeficiente de particion K como K = C; / Cq4 = C2 / C, (Siendo Cq la
concentracion del farmaco en la luz Gl y Cr la concentracion de farmaco en sangre),

obtenemos la ecuacion 13.

KC; — KC, DK .,
=D (T) = (Cq — C,) (Ecuacién 13)

Si consideramos que Cq4 >> C; obtenemos:

DK )
J = T C4 (Ecuacion 14)

Si definimos el Coeficiente de Permeabilidad P o Permeabilidad pasiva como:
Ppasiva = e (Ecuaciéon 15)

Obtenemos:
J = PC (Ecuacion 16)

Considerando el area de absorcién, obtenemos finalmente la ecuacién 17:
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dM
P PA (C4 — C,) (Ecuacién 17)

Como se ha definido en la ecuacion 13, el Coeficiente de Permeabilidad o Permeabilidad

pasiva (Ppasiva) de una molécula a través de una membrana se expresaria como:

J g
Ppasiva = - H (Ecuacion 18)
El coeficiente de difusion (D) depende del peso molecular; tal y como se ha explicado en
el apartado de solubilidad, (K) determina la liposolubilidad de la sustancia. Por lo tanto,
la permeabilidad pasiva esta relacionada con la membrana y las propiedades del farmaco,
y debe ser una constante Pr, independiente de la concentracion del farmaco (Cao y Cols.,

2008).

En el caso del transporte activo, la permeabilidad para la absorcion activa puede ser
definida por:

]maxC l: ]max
Kn+CC Kp+ C

P activa —

é = (Ecuacién 19)
Siendo J el flujo de farmaco, Jmax el flujo maximo de farmaco; C la concentracion de

farmaco y Kn la afinidad del farmaco por el transportador.

Por lo tanto, la Permeabilidad Efectiva Total (Peff) depende de la concentracion para
farmacos que se absorben tanto a través de difusion pasiva como para transporte activo

y puede ser expresado por la siguiente ecuacion:

]max

Perr = Pypasiva + Pactiva = Pn + m (Ecuacion 20)

Sin embargo, a concentraciones muy bajas, C << Kp, la permeabilidad es independiente

de la concentracion:

]max

K

Posr = Py + (Ecuacion 21)

En contraposicidn, a concentraciones muy altas, C >> Km, la permeabilidad es

dependiente de la concentracion de farmaco:
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K:Mcsz = 0, Pey = By (Ecuacién 22)

P activa —

S _
=

La relacion entre la permeabilidad y la concentracién de farmaco para la difusién pasiva
y el transporte activo se esquematiza en la figura 16.

~
9.1- \

8.1- \ Pm = 0 para fcos muy hidrofilicos
7.1 J/Kn +Pp N f

6.1 - \\ X
Y _7—

5.1
4.14 Activa + Pasiva W
3.1- '“\1\ P
2.1 M Pasiva
1.1-

0.1-

Permeabilidad

Baja Concentracion Alta

Figura 16. Permeabilidad activa y pasiva a alta y baja concentracion de farmaco (Cao y
Cols., 2008).

En cuanto al Papp se obtiene segun la siguiente ecuacion:

dQ /dt
CO A

Papp = (Ecuacion 23)

Siendo dQ/dt la velocidad de aparicion de farmaco en la camara basolateral, tasa de
transporte o flujo (J) (ug/min), A es el area de permeacion de la membrana (cm?), y Co es

la concentracion inicial de farmaco en la cdmara apical (pg/ml).

La permeabilidad a traves de la pared intestinal, Per, €s la que determina la Fraccion de

farmaco absorbida (Fa) segun la siguiente ecuacion:

=
8
=

, (Ecuacion 24
Tabs Peff ( )

Siendo Tres el tiempo de transito en el intestino delgado (~3 horas); Tans €l tiempo de
absorcion; R el radio del intestino delgado (2 cm) y el Pesr la permeabilidad a través de la
pared intestinal (Cao y Cols., 2008).
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Figura 17. Modelo del compartimento de absorcion intestinal (Cao y Cols., 2008).

Tal y como explica la seccion 1.2.1, desde el punto de vista farmacocinético, la absorcion
esta definida por la constante de absorcion K, que es una constante de velocidad definida
matematicamente segun la siguiente ecuacion:

2nRL 2P o
RL- R (Ecuacién 25)

&=Pé=P
%4
Siendo K, la constante de absorcion en unidades | s*; P es la permeabilidad (cm s?); A es
el area de la membrana de permeacion (cm?); V es el volumen del compartimento de
absorcion (cm®); R y L son el radio (cm) y la longitud (cm) respectivamente segin el
modelo del compartimento de absorcion intestinal que esquematiza la figura 17 (Cao y
Cols., 2008).

Cuando se estudia la absorcion de un farmaco ya disuelto que no requiere liberacion, la
Ka corresponde a la constante de velocidad de absorcion intrinseca. Los Unicos factores
de los que depende de la absorcion son aquellos que condicionan la permeacion a través
de la membrana bioldgica que constituye el intestino. Cuando se estudia la absorcion de
un farmaco desde una forma de dosificacién en la que no estd disuelto y requiere

liberacion, la Kacorresponde a la constante de velocidad de absorcion aparente.

1.2.5. Factores secundarios que influyen en la absorcién oral de
medicamentos.

1.2.5.1. Factores biologicos del tracto gastrointestinal.

Tiempo de vaciado gastrico

El tiempo de vaciado gastrico se refiere al tiempo necesario para que el estbmago vacie
el total contenido inicial del estdmago. Durante la digestion, el vaciado gastrico depende
del tono de estdmago proximal y piloro, que esta bajo control reflejo y hormonal. En
general, cualquier cosa que ralentice el vaciado gastrico probablemente disminuya la

velocidad (no extension) de la absorcion del farmaco y, por lo tanto, afecta el inicio de la
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respuesta terapéutica. Ciertos factores que promueven el vaciado gastrico son el hambre,
recostarse sobre el lado derecho, ingesta de liquidos no caloricos, ciertos medicamentos
(metoclopramida, medicamentos procinéticos) y algunos excipientes. Por otro lado,
factores como las comidas (especialmente con grasas, voluminosas y alimentos viscosos),
recostarse sobre el lado izquierdo, medicamentos como antidepresivos triciclicos,
anticolinérgicos, y el alcohol, retrasan el vaciado gastrico. Las formas de dosificacion tipo
solucidén y suspension de particulas finas dan lugar a un vaciado gastrico mas réapido y
menos variable que las formas de dosificacion sélidas. Para farmacos de alta solubilidad
y permeabilidad de membrana, la tasa de vaciado controlard la tasa de absorcion y el
comienzo de la actividad farmacoldgica. Hay una relacion directa entre la tasa de vaciado
gastrico y la concentracion maxima en plasma, y una relacion inversa entre la tasa de
vaciado gastrico y el tiempo requerido para alcanzar las concentraciones plasmaticas

maximas.

Area de superficie de absorcion

El area de superficie de las diferentes regiones de tracto Gl influye en la absorcion. El
intestino delgado tiene el area de superficie efectiva mas grande para la absorcion de
farmacos debido a la presencia de pliegues de mucosa, vellosidades y microvellosidades.
Para la absorcion de farmacos mediada por transportadores, el intestino delgado es
también la region mas importante ya que la mayoria de estos transportadores se expresan

en esta area.

Tiempo de transito gastro intestinal

El tiempo de transito Gl o el tiempo de residencia medio (TRM) puede influenciar en la
absorcion oral de farmacos. Aumentar el TRM (o la disminucion de la motilidad) da lugar
a un potencial de absorcion incrementado. EI TRM en el estomago es de 1,3 horas
mientras que en el intestino delgado es sobre 3 horas. A mayor TRM en el intestino

delgado mayor sera el potencial de absorcion del farmaco.

Motilidad intestinal

Los movimientos intestinales se clasifican en propulsion y mezclado. EI movimiento de
propulsion determina el tiempo de transito intestinal, y es importante para formas de

liberacion retardada, con recubrimiento entérico que solo se libera en el intestino,
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farmacos de disolucion lenta y para la absorcién mediada por transportadores. El

movimiento de mezcla aumenta la velocidad de disolucion.

Fluidos gastrointestinales

Los componentes, volumen y propiedades de los fluidos Gl, especialmente el pH Gl, tal
y como se ha explicado en el apartado 1.2.2, afectan a la ionizacién, solubilidad, velocidad
de disolucion del farmaco vy, por lo tanto, a su absorcion. La velocidad de disolucién de
una forma de dosificacion, sobre todo de comprimidos y capsulas, depende del pH. Los
farmacos acidos se disuelven més facilmente en medios alcalinos y tendrdn una mayor
disolucién en los fluidos intestinales que en los gastricos. Los medicamentos bésicos se
disuelven mas facilmente en medio acido y, por lo tanto, la disolucién serd mayor en los
fluidos géstricos que en los intestinales. EI pH del tracto GI depende de la salud general
del individuo, enfermedades, edad, tipo de alimentacion y de las terapias farmacologicas.
Los farmacos anticolinérgicos y los bloqueadores H> aumentan el pH gastrico,
disminuyendo significativamente la biodisponibilidad de algunos medicamentos

débilmente basicos de solubilidad pH dependiente.
Alimentos

Los alimentos ricos en grasas pueden estimular la secrecion de sales biliares, aumentando
la solubilidad y disolucidon de ciertos farmacos, y su biodisponibilidad. Un alto contenido
en proteinas puede aumentar pH gastrico, disminuyendo asi la disolucion de farmacos
basicos débiles y su biodisponibilidad. Los alimentos ricos en calorias retardan el vaciado
gastrico, retrasando la velocidad de absorcion, y el inicio de la actividad farmacoldgica.
Por otro lado, ciertos componentes de los alimentos pueden competir por la absorcion de
farmacos mediada por transportadores, o formar complejos con ciertos farmacos
disminuyendo la absorcion y biodisponibilidad, por ejemplo, las tetraciclinas forman un
complejo con el calcio en la leche dificultando su absorcién, algo similar ocurre con el

hierro que no debe administrarse junto con lacteos.

Flujo sanguineo

El flujo sanguineo en el tracto GI también juega un papel importante en la absorcién, se

trata de un tejido altamente vascularizado que recibe el 28% del gasto cardiaco. El flujo
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promueve una mayor absorcion, especialmente en el transporte activo y para farmacos

altamente permeables.
Edad

La edad también influye en la absorcion, debido a las diferencias fisioldgicas, los recién
nacidos, por ejemplo, segregan menos acido estomacal y fluidos gastricos, tienen un
menor volumen de liquido intestinal, velocidad de vaciado gastrico es mas lenta, tienen
una superficie intestinal y un flujo sanguineo menor, y por lo tanto tienen una absorcién

oral més baja.

1.2.5.2. Factores relacionados con la forma farmacéutica.

Los factores relacionados con la forma farmacéutica incluyen el uso de excipientes y
distintas formas de dosificacion. Los desintegrantes pueden mejorar la velocidad de
disolucion del farmaco y aumentar su absorcion. Tensioactivos tales como Tween-80
aumentan la solubilidad y absorcion de farmacos poco solubles mejorando su
permeabilidad. El uso de recubrimientos entéricos en comprimidos, como el acetato de
celulosa, que solo se disuelven a pH alto (> 5), protegen al farmaco de la degradacién
gastrica y consiguen que la absorcion solo se dé a nivel intestinal. Con formas de
dosificacion de liberacion controlada se obtienen perfiles de absorcion completamente
diferentes en comparacion con formas de dosificacion de liberacion inmediata (Balimane
y Chong, 2008). Esto ultimo es importante, ya que, desde el punto de vista terapéutico, la
biodisponibilidad maxima no es siempre lo méas apropiado. Una absorcién mayor puede
asociarse a un incremento en la aparicion de efectos adversos, cuando lo que realmente
se pretende es conseguir niveles adecuados durante mas tiempo, es decir, una

biodisponibilidad optimizada o programada (Lorenzo y cols., 2017).

1.3. Clasificacién Biofarmacéutica de farmacos (BCS)

El sistema de clasificacion biofarmacéutica (BCS), publicado por Gordon Amidon y cols.
en 1995, clasifica los farmacos en funcién de su solubilidad acuosa y su permeabilidad
intestinal, dos parametros que tal y como se ha explicado condicionan la absorcion
intestinal. EIl sistema que contempla 4 clases, tal y como recoge la figura 18, tiene como
objetivo establecer correlaciones in vitro-in vivo que permitan sustituir ensayos realizados
en humanos por ensayos de disolucién in vitro. En este contexto la FDA publicd por

primera vez una guia en el afio 2000 (FDA/CDER, 2000) cuyo enfoque, que llega hasta
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la actualidad con una ultima version en diciembre de 2017 (FDA/CDER, 2017), es utilizar
esta clasificacion para justificar las bioexenciones en el caso de farmacos de alta
solubilidad y permeabilidad (clase 1), asi como para de alta solubilidad pero de baja
permeabilidad (clase 3) para formas de dosificacion sélidas orales de liberacion inmediata
que exhiben una rapida o muy répida disolucion in vitro utilizando métodos analiticos
recomendados y descritos. El objetivo de una bioexencion es reducir la necesidad de
estudios de bioequivalencia in vivo, es decir, proporcionar un sustituto para dichos
estudios. La EMA describe (en la ICH M9 “on biopharmaceutics classification system-
based biowaivers” EMA/CHMP/ICH/493213/2018) que dos medicamentos que
contienen las mismas sustancias farmacoldgicas se consideran bioequivalentes si su
biodisponibilidad (tasa y grado de absorcion del farmaco) despues de administrare a la
misma dosis molar, se encuentra dentro de unos limites aceptables predefinidos. Estos
limites se establecen para garantizar un rendimiento in vivo comparable, es decir,
similitud en términos de seguridad y eficacia. En estudios de bioequivalencia in vivo, los
parametros farmacocinéticos fundamentales son el AUC y la Cmax, generalmente se

utilizan para evaluar la velocidad y el grado de absorcion del farmaco.
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Figura 18. Clasificacion biofarmacéutica de farmacos segun permeabilidad intestinal y

solubilidad acuosa propuesta por Gordon Amidon y cols., 1995.
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La guia de la FDA (FDA/CDER, 2017) define una sustancia farmacolégica como
altamente soluble cuando la concentracion mas alta en el mercado, del medicamento de
liberacion inmediata para el cual se pide la bioexencion, es soluble en 250 ml o0 menos de
medio acuoso dentro de unrango de pHde 1-6.8a37 £ 1 ° C. En cuanto a la velocidad
de disolucidn segun la FDA un medicamento de liberacion inmediata se considera que se
disuelve rapidamente cuando una media del 85 % o mas de la cantidad declarada de la
sustancia activa se disuelve en 30 minutos, usando el aparato 1 de disolucion de la
Farmacopea de Estados unidos (USP) a 100 rpm o un aparato USP 2 a 50 rpm (0 a 75
rpm cuando esté debidamente justificado) en un volumen de 500 ml o0 menos (0 900 mi
cuando se justifiqgue debidamente) en cada uno de los siguientes medios: (1) Fluido
gastrico simulado USP sin enzimas o Acido clorhidrico (HCI) 0,1 N; (2) tamp6n de pH
4,5; y (3) tampon de pH 6,8 o fluido intestinal simulado USP sin enzimas. Cuando bajo
las condiciones anteriormente citadas, una media del 85% o mas de la cantidad declarada
de principio activo se disuelva en 15 minutos, el medicamento de liberacion inmediata se

considera que se disuelve muy rapidamente.

La clasificacion de permeabilidad se basa indirectamente en el grado de absorcion
(fraccion de dosis absorbida) de la sustancia farmacologica en humanos, y directamente
en mediciones de la tasa de transferencia de masa a través de la membrana intestinal
humana. Pueden usarse métodos alternativos capaces de predecir el grado de absorcion
en humanos (p. €j., in situ animal, métodos in vitro de cultivo de células epiteliales). Un
farmaco se considera altamente permeable cuando la biodisponibilidad sistémica o el
grado de absorcion en humanos es del 85 % o mas de la dosis administrada basada en una
determinacion de balance de masa (con evidencia de estabilidad del farmaco en el tracto

GI) o0 en comparacion con una dosis intravenosa de referencia.

Los métodos recomendados para la determinacion de la permeabilidad se analizan a

continuacion.

1.3.1.Estudios de permeacion intestinal.

La permeabilidad de un farmaco se puede determinar mediante métodos in vivo en
humanos como los estudios farmacocinéticos (balance de masa, o estudios de
bioequivalencia absoluta) o estudios de perfusidn intestinal, que son, para los organismos
oficiales, los métodos preferidos. Alternativamente, se aceptan métodos que no

involucran sujetos humanos, como estudios de perfusion intestinal in vivo o in situ en
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modelos animales (por ejemplo, rata) y otros métodos in vitro que utilizan cultivos

celulares.

Los organismos oficiales como la FDA consideran que un solo método puede ser

suficiente:

() Cuando la bioequivalencia absoluta es del 85 % 0 mas.

(i)  Cuando 85 % o més del medicamento administrado se excreta sin cambios en
orina.

(ili)  Cuando 85 % o mas del medicamento administrado se recupera en orina sin
metabolizar o en forma de metabolitos que evidencian la estabilidad del

farmaco a lo largo del tracto GI.

Cuando un solo método falla de manera concluyente en demostrar una clasificacion de
permeabilidad, es aconsejable el uso de al menos dos métodos para evaluarla. En caso de
obtener informacion contradictoria los datos humanos reemplazan los datos in vitro o

animales.

Existen distintos metodos para evaluar la permeabilidad de un farmaco a través de una

membrana. A continuacion, se detallan los mas importantes.

1.3.1.1. Meétodos in vivo

Los estudios in vivo necesitan la participacion de sujetos vivos de experimentacion, que
pueden ser animales o humanos voluntarios. Encontramos varios tipos, los estudios
farmacocinéticos en humanos comprenden la mejor forma de determinar la Fa, pero la
complejidad y el coste de llevar a cabo estos estudios es muy alto, ya que requieren
principios activos radiomarcados para la validacion de la alta recuperacién de farmacos
y sus metabolitos. Ademas, en el caso de estudios de permeabilidad en humanos debe
cumplirse con las Buenas Practicas Clinicas, con las que se garantiza la proteccion de los
derechos, seguridad y bienestar de los sujetos. En el caso de animales, también estan

sujetos a la aprobacion por parte de comités éticos de experimentacion animal.

1.3.1.1.1. Estudio farmacocinético de balance masas en humanos

Es un estudio farmacocinético completo que requiere el marcaje radioactivo del farmaco.
Se realiza con voluntarios sanos y, en general, esta conformado por tres fases; la primera

de preparacion de los voluntarios (ayuno previo al estudio), la segunda de administracién
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del farmaco via oral y la tercera evaluacion de la absorcion, distribucién, metabolismo y
excrecion del farmaco. En esta Gltima fase se requiere la recoleccién de muestras de
sangre, orina y heces con la finalidad de cuantificar el farmaco y sus metabolitos en todas
las muestras bioldgicas obtenidas de cada voluntario. Este tipo de estudio suministra
informacion valiosa sobre la biodisponibilidad del farmaco. La curva de concentracion
plasmaética del farmaco en funcion del tiempo permite establecer si éste es de alta o baja
permeabilidad. Para que se cumpla el balance de masas, la cantidad administrada de
farmaco debe ser igual al sumatorio de las cantidades encontradas en las distintas
muestras bioldgicas (plasma, orina y heces). (Gonzalez y cols., 2015)

1.3.1.1.2.  Estudio de bioequivalencia absoluta en humanos

Tras la administracion oral de un medicamento, a intervalos determinados, se toman
muestras de heces, tejidos o fluidos biologicos y se determina, mediante un procedimiento
analitico adecuado, la cantidad de farmaco contenido en cada muestra. Este tipo de
ensayos se complementa con la administracion del farmaco al sujeto de estudio por via
parenteral, con el fin de obtener informacion sobre los valores intrinsecos del farmaco en

el organismo. Por comparativa de ambos valores se obtiene la biodisponibilidad oral.

1.3.1.1.3.  Estudio de perfusion intestinal en humanos

Método directo en el que la permeabilidad (cm/s) se basa en el célculo de la absorcién
intestinal como funcion de la desaparicion del farmaco en un segmento intestinal
perfundido, normalmente en el yeyuno, region de absorcion por excelencia de casi todos
los farmacos. Hay varios métodos, método de perfusion abierta, donde se usa un tubo de
triple lumen con un segmento de mezcla, en este método la incorporacién de fluidos de
la zona proximal puede provocar diferencias en la composicion de la solucidn de farmaco.
El método de perfusion semiabierta, donde se usa un tubo multi-lumen con un balén de
oclusion proximal, evita la incorporacion de fluidos desde el espacio proximal. EI método
semiabierto de tubo multi-lumen con un balon de oclusion proximal, con el acronimo
Loc-1-Gut, donde se minimiza la contaminacion con los fluidos luminales con el uso de
un tubo multi-lumen, con un segmento de 10 cm entre dos balones. La ventaja principal
del Gltimo método es que puede determinarse el metabolismo de primer paso intestinal y
hepatico determinando simultdneamente el grado de absorcion y biodisponibilidad
(Gonzélez y cols., 2015). Las técnicas de perfusion en humanos tienen la desventaja de

ser invasivas y podrian afectar a la fisiologia, especialmente a la motilidad intestinal.
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Figura 19. Esquema del metodo de perfusion semiabierto de tubo multi-lumen con un

baldn de oclusion proximal (Cao y Cols., 2008).

1.3.1.1.4. Estudios de perfusion intestinal con modelos animales in
Vvivo e in situ

Estos estudios se realizan normalmente en animales pequefios como roedores. Uno de
ellos es el método de paso unico sin recirculacién, en el que se perfunde el farmaco
disuelto a través de un segmento del intestino canulado. El liquido colectado se analiza

para obtener la concentracion de farmaco y calcular su permeabilidad (Fleisher, 1995).
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Figura 20. Esquema de perfusion intestinal in situ en rata para obtencion de la
permeabilidad. (Fleisher, 1995)
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En otro método, el de Doluisio, la solucién de farmaco que se permea se mantiene en la
zona del intestino de la cual se toman muestras para observar la desaparicion del farmaco
(Doluisio y cols., 1969).

1.3.1.2. Métodos in vitro

El uso de métodos in vitro supone una serie de ventajas, comenzando con la
simplificacién del proceso y reduccion del tiempo de aprobacion requerido. Se evitan
complicaciones derivadas de la experimentacién en humanos y sus consideraciones

éticas, ademas, los métodos in vitro suponen un coste menor.

1.3.1.2.1. Membranas artificiales.

Los ensayos de permeabilidad en membranas artificiales se conocen por el acrénimo
PAMPA, del inglés “parallel artificial membrane permeation assay”. La membrana de
permeacion es un microfiltro lipofilico impregnado con una solucién al 10% (m/v) de
lecitina de huevo en n-dodecano. Dicha membrana se coloca entre dos placas de pocillos
a modo “sandwich”. En el compartimento dador contiene una solucion de concentracion
conocida del farmaco, mientras que el receptor contiene una solucion tampon. Se utiliza
mayoritariamente para calcular la permeabilidad de compuestos que se absorben por
difusion pasiva transcelular (Caldwell y Yan, 2014), aunque existen numerosas variables
de este método, entre ellas algunas que permiten evaluar la permeabilidad de compuestos

que se absorben por difusion pasiva paracelular (Sugano y cols., 2003).

1.3.1.2.2.  Modelos celulares: Caco-2

Existen diferentes modelos celulares en monocapa que imitan al epitelio intestinal. Estos
cultivos, parten de células tumorales humanas que crecen rapidamente formando
monocapas y que se diferencian de forma espontanea, proporcionando un sistema que
permite llevar a cabo ensayos de permeabilidad. EI modelo celular mas establecido y
utilizado, corresponde a la linea celular de adenocarcinoma de colon humano (Caco-2)
(Balimane y Chong, 2008).

Tras la diferenciacion de las células Caco-2, éstas expresan una clara polaridad con un
borde de cepillo apical, uniones intercelulares estrechas y varios transportadores activos
como en el intestino delgado. Pero, debido a la baja o ausente expresion de
transportadores de flujo (p. Ej., P-gp, BCRP, MRP2) o transportadores de absorcion (por

ejemplo, PepT1, OATP2B1, MCT1), el uso como Unico ensayo esta reservado a los
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farmacos de alta permeabilidad, segln la clasificacion BCS, y que se absorben por
difusion pasiva (ICH M9, 2020).

Como se describe en la figura 21, el sistema consiste en un inserto que divide el pocillo
en 2 compartimentos, el donante (cdmara apical) y el receptor (camara basolateral)
separados por una monocapa de células que crece sobre un filtro poroso de policarbonato.

4+—— Inserto

Camara
apical

Monocapa
celular

Membrana permeable
Céamara ' . (policarbonato)
—_  » :
basolateral v .

Figura 21. Esquema del sistema de permeacion celular Caco-2. Editado con Edraw™
Max 9.4.

Centrandonos en la relevancia de Caco-2en el disefio, optimizacion y seleccion de
candidatos potenciales en el desarrollo de medicamentos orales, éstas se han utilizado
para el estudio de mejora de la absorcién oral de farmacos altamente lipofilicos y poco
solubles en agua (Xue-Qing y cols., 2014), sistemas autoemulsionantes a base de lipidos
(Bu y cols., 2017) y para la evaluacion de nuevas formulaciones orales basadas en
nanotecnologia, como nanoparticulas lipidicas solidas (SLNps) (Chai y cols., 2016) o
sistemas de administracion de farmacos bioadhesivos, como las nanoparticulas
modificadas con chitosan (Dou y cols., 2019). Los ensayos con Caco-2han sido
optimizados, y aunque exhiben la variabilidad atribuible a los métodos bioldgicos
(Markowska y cols., 2001), se conoce la importancia de emular las condiciones
fisioldgicas para mejorar los experimentos in vitro, por ejemplo, usando acidos biliares,
tensioactivos o proteinas plasmaticas, proporcionando una mejor correlacién con los

datos in vivo (Yamashita y cols., 2000).

A pesar de que es un método aceptado y establecido, tiene algunas desventajas, como su
alto costo o la necesidad de personal altamente especializado, que puede ser restrictivo
tanto a nivel académico como en algunos entornos del sector privado donde la

optimizacion de los recursos es clave. El resto de las limitaciones estan relacionadas con
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las diferencias estructurales y funcionales entre una monocapa de células y una membrana
biologica, como la intestinal. En cuanto a las ventajas que han favorecido la aceptacion y
uso altamente extendido, destacar que es una técnica que permite mecanizar los estudios
siendo una herramienta in vitro de deteccion réapida de apoyo al descubrimiento de
farmacos en la industria farmacéutica, permitiendo ordenar un gran ndmero de

compuestos en términos del potencial de absorcion.

Existen otros modelos de lineas celulares utilizados, aunque en menor medida, para
estudiar la permeabilidad como la linea celular MDCK del inglés “Mardin-Darby canine
kidney epithelial cells”, que consiste en células polarizadas con baja expresion intrinseca
de los transportadores ABC, esta linea celular presenta una ventaja frente a las células
Caco-2y es que necesitan un periodo de cultivo méas corto (3 dias frente a 3 semanas),
reduciendo el tiempo de trabajo y de inactividad que a su vez supone menor riesgo de
contaminacion celular. La linea LLC-PK1, del inglés “Pig kidney epithelial cells” con
muy baja expresion intrinseca de transportadores, la linea 2/4/A1 del inglés “Rat fetal
intestinal epithelial cells” que es sensible a la temperatura e ideal para los compuestos
absorbidos de forma paracelular. Dentro de cada linea celular encontramos ademas

distintos subtipos (Balimane y Chong, 2008).
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2. INFLAMACION

2.1. Causas y sintomas

La inflamacion es una respuesta fisioldgica de defensa inespecifica del cuerpo al dafio
tisular que forma parte de la segunda linea de defensa de nuestro sistema de inmunidad
innata. Entre las condiciones que pueden producir inflamacion se encuentran los
patdgenos, abrasivos, irritantes quimicos, distorsion o alteracion de células, traumas y
temperaturas extremas (Tortora y Derrickson, 2010). El objetivo de esta respuesta no sera
otro que reclutar, en el sitio de la lesion, elementos humorales y celulares de la inmunidad
con el fin de erradicar rapidamente el agente infeccioso, toxinas o sustancias extrafias a
fin de prevenir su diseminacion a otros tejidos, para preparar el sitio para la reparacion

tisular y restaurar la homeostasis (Fainboim y Geffner, 2011)

Los signos clinicos asociados a la inflamacion se resumen usando el acronimo DRIEC:
-D dolor debido a la liberacion de ciertas sustancias quimicas.

-R (rojo) enrojecimiento debido al mayor flujo de sangre hacia el area afectada.

-1 inmovilidad por pérdida de funcién en inflamaciones graves.

-E edema causado por acumulacion de liquidos.

-C calor debido al mayor flujo de sangre hacia el area afectada.

Estos signos clasicos de la inflamacién ya fueron descritos por Cornelius Celsus en el
siglo | de nuestra era, que nos regal6 una definicion clinica de la inflamacién, como un
proceso con signos mayores rubor et tumor cum calore et dolore (rubor y tumor, con

calor y dolor) (Andrade y cols., 2016).

Es un proceso mediado por varios tipos de mediadores celulares solubles y células
presentes o reclutadas en el foco del dafio. Las principales células que producen estos
mediadores son plaquetas, neutréfilos, monocitos/macrofagos y mastocitos, pero células
como fibroblastos-endoteliales de musculo liso también pueden activarse y producirlos.
Mediadores plasmaticos como las proteinas del complemento, las cininas y proteinas de
fibrindlisis se producen principalmente en el higado y estan presentes en la circulacién
como precursores inactivos que necesitan ser activados generalmente por una serie de

divisiones proteoliticas (Riccardi y cols., 2018).
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El proceso que puede resumirse en 3 etapas, vasodilatacion y aumento de la
permeabilidad vascular, migracion (movimiento) de fagocitos desde la sangre hacia el
liquido intersticial y reparacion tisular, comienza con la liberacion de mediadores de la
inflamacion preexistentes en los mastocitos como la histamina y la serotonina (5-
Hidroxitriptamina, 5-HT), ambas aminas vasoactivas que dan lugar a vasodilatacion,
dolor y edema por aumento en la permeabilidad vascular (Riccardi y cols., 2018). La
serotonina al liberarse tendria efecto sobre los macr6fagos/monocitos y daria lugar a un
incremento en la produccidn de citoquinas proinflamatorias como la Interleucina 1 (IL-
1) y la Interleucina 6 (IL-6) (Durk y cols., 2005). Otros mediadores preformados que se
liberan por la degranulacién de los mastocitos son quimiocinas, enzimas y proteasas.
Entre las quimiocinas se encuentra la IL-8 responsable de infiltracion leucocitaria en los
tejidos. En cuanto a las enzimas encontramos kinogenasas que dan lugar a la sintesis de
cininas vasodilatadoras y la fosfolipasa, enzima que promueven la sintesis de acido
araquiddnico activando la cascada de sintesis de la familia de eicosanoides (Theoharides
y cols., 2012).

Dentro de la familia de eicosanoides, palabra con raiz Griega, ikoot (eikosi) que significa
veinte, ya que son mediadores lipidicos bioactivos con 20 atomos de carbono,
encontramos 4 tipos en funcion de la ruta de sintesis a partir del AA. Los acidos
epoxieicosatrienoicos (EETS), obtenidos por la via del Citocromo P450; los isoprostanos,
obtenidos por vias no enzimaticas; leucotrienos y lipoxinas, sintetizados via
Lipooxigenasas (LOX) y los prostanoides sintetizados via ciclooxigenasas (COX)
(Riccardi y cols., 2018).

La sintesis de prostanoides por la via de las COX se lleva a cabo por 2 isoformas que han
sido caracterizadas de esta enzima, la COX constitutiva (COX-1), que se expresa en la
mayoria de los tejidos de mamiferos, y la COX inducible (COX-2) (Kargman y cols.,
1996). Ambos catalizan la oxidacion de AA a prostaglandina G, (PGG), que conduce a
la prostaglandina H> (PGH2) por la accion de la peroxidasa, luego las prostaglandinas
sintasas especificas de tejido conducen a todos las diferentes prostaglandinas,
prostaglandina D, (PGD.), prostaglandina F» (PGF2), prostaglandina E> (PGE>),
prostaciclina (PGlz) y tromboxano A> (TXA:) (Fitzpatrick, 2004). El proceso se

esquematiza en la figura 22.
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Fosfolipidos de membrana
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Figura 22. Esquema de sintesis de prostaglandinas a partir de fosfolipidos de
membrana, incluidas enzimas, sustratos y receptores. PLA, (fosfolipasa Az); COX1
(ciclooxigenasa 1); COX2 (ciclooxigenasa 2); PGH. (prostaglandina H); PGD>
(prostaglandina D.); DP1y CRTH2 (DP>) (receptores D-prostanoides); PGl
(prostaciclina); IP (receptor de prostaciclina); PGE: (prostaglandina E;); EP1 a EP4
(receptores de prostaglandinas); PGF2a (prostaglandina F2a)); FPA 'y FPB (receptores
prostanoides, isoformas A 'y B); VSMCs (Células vasculares del musculo liso); TxA:
(tromboxano Az); y TPa 'y TPR (receptores prostanoides de tromboxano). Figura editada
con EdrawTMMax 9.4

Los eicosanoides son criticos para generar, mantener y mediar en la respuesta
inflamatoria, aunque también tienen funciones homeostaticas y roles importantes en la
fisiologia cardiovascular y reproductiva entre otros. (Riccardi y cols., 2018).
Clasicamente se asocid la expresion de COX-2, con eventos proinflamatorios y dolorosos
(Fitzpatrick, 2004; Singer y cols., 1998). Xie y cols. fueron los primeros en demostrar que

la expresion del gen de la COX-2 se induce en condiciones de inflamacion (Xie y cols.
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1991), mientras que la COX-1 fue descrita como un protector de la mucosa gastrica, entre
otros tejidos, ya que afios atrds varios autores habian descrito que las prostaglandinas
PGE: tenian efectos citoprotectores (Robert y cols., 1979) , antiulcerosos (Wilson y cols.,
1971; Main y Whittle, 1973) y se encontrd que la sintesis de PGE> estaba mas relacionado
con la COX-1 que con COX-2 (Jackson y cols., 2000). La PGI, también se describid
como un potente inhibidor in vivo de la secrecién de &cido géstrico y potenciador del flujo

sanguineo de la mucosa cuando se infunde por via intravenosa (Whittle y cols., 1978).

A mediados de los 90, Langenbach y cols. report6 que la inhibicion de COX-1 no causaba
dafio géastrico espontaneo (Langenbach y cols., 1995; Langenbach y cols., 2002), y
algunos afios después, nuevos hallazgos asociaron la expresién del gen COX-2 a la
cicatrizacion de heridas en enterocitos a traves de p38 activado por mitdgeno proteinas
quinasas (p38 MAPK) (Karrasch y cols., 2006) evidenciando que el concepto de
asignacion funciones homeostaticas y patologicas a la COX-1 y COX-2 respectivamente,

era un enfoque demasiado plano o sencillo, y no reflejaba la realidad de ambas enzimas.

Otro mediador de la inflamacion es el Factor activador de plaquetas (PAF) (1-0-alquil-2-
acetilsn-glicero-3-fosforilcolina) fosfolipido autocoide que se segrega al inicio de la
respuesta inflamatoria, y es reconocido por un receptor de la familia de la rodopsina,
receptor acoplado a proteina G (PAFR) con siete dominios transmembrana. Este receptor
presente en numerosos tejidos y érganos como rifiones, intestino delgado, pulmones,
cerebro e higado no es un receptor especifico de PAF, ya que también reconoce y se une
a la Fosfatidilcolina oxidada (PAF-LL) y a compuestos de la membrana bacteriana, como
el lipopolisacarido (LPS). Cabe destacar que tiene baja expresién en el musculo
esquelético, estdbmago, corazon y pancreas. La activacion de PAFR, da lugar a que la
Fosfolipasa C (PLCB) medie la hidrélisis de Fosfatidil inositol 4,5-bifosfato (PIP2) para
producir inositol trifosfato (IPs) y diacilglicerol (DAG), que conduce a una elevacion
transitoria de Ca?* citosolico y a la activacion de la proteina Kinasa C (PKC). El aumento
del Ca** citoplasmatico también activa PLA, que puede conducir la sintesis de mas PAF
y de eicosanoides. Todo el proceso conduce a un aumento de la permeabilidad vascular,
adhesién e infiltracion de leucocitos, y también es responsable de la estimulacion de la

contraccion uterina (Riccardi y cols., 2018).

Otro importante grupo de mediadores celulares de la inflamacién y la respuesta inmune

son las citocinas, polipéptidos producidos por varios tipos de células en respuesta a
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diferentes estimulos externos. Hay diferentes tipos de citocinas, incluidas las
interleucinas, y factor de necrosis tumoral (TNF), intervienen directamente en el proceso
inflamatorio; un tercer tipo de citocinas, los interferones, son una familia de agentes
antivirales de amplio espectro, descubiertos por el fendmeno de interferencia viral en el
que un animal infectado por un virus resiste la sobreinfeccion por un segundo virus no

relacionado. (Riccardi y cols., 2018).

Las citocinas se caracterizan por ser proteinas de bajo peso molecular (15-25 kDa)
secretadas de forma transitoria y estrictamente asociada a la presencia de material extrafio
0 como respuesta a sefiales endégenas de dafio. Es importante que sean moléculas que
puedan degradarse de forma répida asegurando a su vez una disminucion rapida en
ausencia de los estimulos mencionados. Al contrario que las hormonas endocrinas, la
mayoria de las citocinas actian de forma local, de una forma paracrina o incluso autocrina
(Delvesy cols., 2014).

Las interleucinas se clasifican como tal por ser proteinas que ejercen efectos funcionales
sobre los leucocitos. Se han descrito alrededor de 34 interleucinas (IL-1 a la 1L-35) con
numerosas funciones efectoras proinflamatorias como induccion de quimiocinas, de
células T y B activadas, crecimiento de mastocitos, estimulacion de otras citocinas, entre

otras (Delves y cols., 2014).

El papel principal del TNF es de defensa con una funcion importante en la respuesta ante
infecciones, aunque una produccion excesiva puede ser peligrosa, ya que tiene efectos
sobre el endotelio vascular, aumenta la permeabilidad vascular e induce la expresion de
proteinas procoagulantes que pueden causar eventos trombogeénicos intravasculares,
también interacciona con los leucocitos endoteliales, induce la expresion de la COX-2,

dando lugar a vasodilatacion, calor y rubor (Riccardi y cols., 2018).

Un tipo de citocinas quimiotacticas, las quimiocinas controlan la migracién y residencia
de todas las células inmunes en los tejidos. Tienen funciones homeostaticas para el
desarrollo y mantenimiento de los tejidos, controlan respuestas de inmunidad innata y
adaptativa y en el contexto de la inflamacion, su funcién principal es guiar a los leucocitos

durante su reclutamiento al foco inflamatorio (Riccardi y cols., 2018).

Por ultimo, un tipo de proteinas plasmaticas mediadoras de la inflamacion, el sistema del

complemento. Este tiene un papel fundamental en la respuesta innata al reconocer sefiales
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de peligro enddgenas, también contribuye a la eliminacion de patégenos invasores
actuando de puente entre la inmunidad innata y adaptativa; en cuanto al control de la
respuesta inflamatoria se une a los complejos inmunes y células apoptéticas, ayudando a
su eliminacion en el foco inflamatorio (Riccardi y cols., 2018).

2.2. Estrés oxidativo en inflamacién

Las células eucariotas utilizan la oxidacion de nutrientes como fuente de energia para
obtener ATP. EI proceso completo de oxidacion de la glucosa por parte de la célula
involucra varias vias metabolicas como la glucdlisis, el ciclo de Krebs y la cadena de
transporte de electrones (CTE), ademéas de varios compartimentos celulares, como el
citoplasma, membrana y matriz mitocondrial. En la CTE, los electrones de la
Nicotinamida-adenina-dinucleétido (NADH) son transportados secuencialmente por una
serie de reacciones redox a traves del complejo I, ubiquinona, complejo I11 citocromo c,
hasta el complejo IV, donde en una reaccion catalizada por la citocromo-oxidasa, los
electrones y el oxigeno molecular dan lugar a la formacion de agua. Por lo tanto, el papel
principal del oxigeno para todos los organismos aerobicos es actuar como aceptor final

de electrones (Cadenas y Davies, 2000).

En condiciones fisiologicas y como consecuencia del metabolismo, enzimas de la cadena
respiratoria  mitocondrial,  Nicotinamida-adenina-dinucleotido-fosfato  (NADPH),
succinato deshidrogenasa (SDH), ubiquinona, citocromo c¢ reductasa, citocromo b5,
monoamino oxidasas (MAO-A y MAO-B), aconitasa mitocondrial, complejo
deshidrogenasa a-cetoglutarato (KGDHC), dihidroorotato deshidrogenasa (DHOH),
complejo de piruvato deshidrogenasa (PGDH), complejo de oxoglutarato deshidrogenasa
(OGDC), son responsables de una produccion endoégena constante de radicales libres
(RL) como especies reactivas de oxigeno (ROS) y de especies reactivas de nitrégeno
(RNI) (Moniczewski y cols., 2015). Estos intermedios que interactian como moléculas
de sefalizacion para el metabolismo, el ciclo celular y las vias de transduccién intracelular
(Nathan, C, 2003), también se producen en respuesta a la exposicion a agentes exdgenos
como los rayos UV, la radiacion ionizante o la contaminacion del aire (Halliwell, B,
1991). La principal fuente de generacién de ROS es la CTE mitocondrial, sin embargo,
también hay fuentes no mitocondriales de moléculas reactivas y RL que incluyen diversas
oxidasas-reductasas que catalizan reacciones de transferencia electrones, 6xido nitrico

sintasa endotelial (eNOS) y O6xido nitrico sintasa inducible (iNOS), la LOX y el
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Citocromo microsomal P450 (Moniczewski y cols., 2015). Como consecuencia del
metabolismo de purinas en el citoplasma, llevado a cabo por la xantina oxidasa (XO), se
producen otros potentes ROS (Kelley y cols., 2010).

Un RL es un a&tomo o molécula con un electron no apareado en la orbita externa, lo que
lo hace altamente inestable y reactivo. Estas especies se estabilizan capturando el electrén
necesario de biomoléculas cercanas (Mc Cord, 2000). Cuando estas especies no son
eliminadas por los antioxidantes, o se producen en exceso, aparece el denominado estrés
oxidativo, proceso en el que hay un desequilibrio bioquimico entre RL y antioxidantes
(Hartman y cols., 2013).

Las implicaciones para la homeostasis del estrés oxidativo incluyen el dafio a las
proteinas, los lipidos, el ADN y estructuras celulares, y esta directamente vinculado a
inflamacion ya que, como se ha explicado, las células inflamatorias secretan una gran
cantidad de citocinas y quimiocinas responsables de la produccion de RL en células
fagociticas y no fagociticas a través de la activacion de sefializacion de proteinas quinasas
(Federico y cols., 2007). Concretamente, los RL estimulan la activacion de un tipo
importante de receptor de membrana, el receptor tipo toll 4 (TLR-4), que da lugar a la
produccion de moléculas de sefalizacion mediadoras como factor de transcripcion factor
nuclear kappa-B (NF-kB) (Baird y Dinkova-Kostova, 2011), este receptor esta
relacionado con el estrés oxidativo y la inflamacion, y su regulacion es el mecanismo de
accion de ciertas moléculas antioxidantes que han demostrado inhibir el proceso
inflamatorio (Aderem y Ulevitch, 2000; Medzhitov, 2001). Al activarse NF-xB, da lugar
a la sintesis de IL-1B o del factor de necrosis tumoral-a (TNF-a) (Naik y Dixit, 2011) y
otros mediadores, como la iINOS o la COX-2 (Lee y cols., 2004).

Sobre el dafio en los lipidos celulares, se ha visto dafio sobre productos de peroxidacién
lipidica y aldehidos derivados de lipidos como malondialdehido (MDA), 4-hidroxi-2-
nonenal (HNE) y acroleina, la cual estda implicada en numerosas enfermedades
inflamatorias inducidas por el estrés oxidativo con efectos nocivos (Yadav y Ramana,
2013). En cuanto a las proteinas y el ADN el dafio puede causar mutaciones y esta
implicado en el inicio y/o promocion de la carcinogénesis mediada por inflamacion
(Ohnishi y cols., 2013).

Los ROS y la inflamacion han sido identificados en la patogénesis y el desarrollo de una

gran cantidad de enfermedades no relacionadas, incluido el cancer (Reuter y cols. 2010);
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enfermedades del sistema nervioso, como trastornos psiquiatricos (Smaga y cols. 2015),
Alzheimer (Simoncini y cols., 2015), Parkinson (Golpich y cols., 2008) vy lesién cerebral
traumatica (Ansari y cols., 2008), enfermedades cardiovasculares como aterosclerosis
(Hawa vy cols., 2015), enfermedades metabdlicas como diabetes mellitus 1l (Pickup,
2004), enfermedad periodontal (D’ Aiuto y cols., 2010), enfermedad renal crénica (Tucker
y cols., 2015), enfermedades autoinmunes Gl (Colitis ulcerosa y Crohn) (Piechota-
Polanczyk y Fichna, 2014), otras enfermedades autoinmunes como la esclerosis maltiple
(Mahad y cols., 2015), reumatoide artritis (Park y cols., 2014), enfermedades hepéticas
(Balasubramaniyan, 2015) y otras como fibromialgia (Sdnchez-Dominguez y cols.,
2015).

El 6xido nitrico (NO) es un hibrido entre nitrégeno molecular y oxigeno y normalmente
es menos reactivo que el oxigeno, ya que NO tiene un solo electron no apareado. EI NO
es considerado una molécula mensajera bioldgica y participa en diversos procesos
biologicos, incluidos vasodilatacion, broncodilatacion, neurotransmision, vigilancia
tumoral, inhibidor de plagquetas agregacion, defensa antimicrobiana y regulacion de
respuesta inflamatoria-inmune. La sintesis de NO ocurre por la conversion del
aminoacido L-arginina a L-citrulina, mediado por una familia de isoformas conocidas

como nitrico 6xido sintasas (iNOS) (Riccardi y cols., 2018).

La inflamacidn puede clasificarse en aguda o cronica segun un nimero de factores. En la
inflamacidn aguda, los signos y sintomas se desarrollan rapidamente y suelen durar pocos
dias o semanas. Es leve y autolimitada, y las principales células defensivas son los
neutrofilos. Algunos ejemplos de inflamacion aguda son la faringitis, apendicitis, un
traumatismo o un rasgufio en la piel. Se sabe por ejemplo que desequilibrios en la sintesis
de eicosanoides pueden dar lugar a funciones anormales que conducen a procesos
inflamatorios cronicos (Tessaro y cols., 2015). Una respuesta inflamatoria no controlada
provoca dafio extenso en células y tejidos, dando lugar a su destruccion, lo que también
se asociada con la inflamacion y diversas enfermedades cronicas (Babatunji y cols.,
2015). En la inflamacion crénica, los signos y sintomas se desarrollan mas lentamente y
pueden durar hasta varios meses o0 afios. Suele ser grave y progresiva, y las principales
células involucradas son los monocitos y macréfagos. Las enfermedades inflamatorias
crénicas mas comunes son la artritis reumatoidea, colitis ulcerosa y otras enfermedades

inflamatorias intestinales. (Tortora y Derrickson, 2010).
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Las acciones proinflamatorias de muchos eicosanoides producidos en la fase inicial del
proceso de inflamacion hacen que la inhibicion de su via de sintesis sea, tal y como

veremos en los datos del apartado 3.2, la estrategia predominante en la clinica del manejo

de la inflamacidn, el dolor o la fiebre.
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3. ANTIINFLAMATORIOS NO ESTEROIDEQOS

3.1. Introduccion.

Los antiinflamatorios se clasifican en dos grandes grupos, los antiinflamatorios no
esteroideos (AINE) y los antiinflamatorios esteroideos (glucocorticoides). Los
esteroideos son corticosteroides naturales (hormonas producidas por la corteza
suprarrenal) o semisintéticos con caracteristicas estructurales y farmacolégicas similares
a los naturales, aunque generalmente mas potentes; los efectos antiinflamatorios e
inmunosupresores de los glucocorticoides dependen de varios mecanismos moleculares,
se pueden definir tres mecanismos de accion diferentes, efectos directos sobre la
expresion génica mediante la union de los receptores de glucocorticoides a elementos
sensibles a los glucocorticoides (es decir, la induccion de anexina | y fosfatasa 1 de
MAPK), efectos indirectos sobre la expresion génica a través de las interacciones de los
receptores de glucocorticoides con otros factores de transcripcion (NF-«B y la proteina
activadora 1), y los efectos mediados por el receptor de glucocorticoides en las cascadas
de segundo mensajero (via PI3K-Akt-eNOS) (Rhen y Cidlowski, 2005). Los AINE son
un grupo quimicamente muy heterogéneo que inhibe la endoperoxido-H sintasa 1y 2
(PGHS), también conocida como COX, COX-1 y COX-2, y con ello la sintesis de
prostaglandinas (Wongrakpanich y cols., 2018), aunque como se describe en la seccién
1.3 su mecanismo de acciéon y los dafos Gl derivados no tienen un enfoque tan

simplificado.

El origen de los antiinflamatorios se remonta al uso de extractos de corteza de sauce (Salix
alba y otras especies Salix) que contenian salicilatos para el tratamiento de episodios
inflamatorios y de dolor. Las primeras evidencias del uso de la corteza de sauce son del
400 a.C. en la época de Hipocrates. Fue ya en siglo XIX cuando hubo un enorme aumento

en el interés y desarrollo terapéutico de los salicilatos (Rainsford and Path, 1984).

Hubo dos periodos importantes en el descubrimiento de farmacos AINE después de La
Segunda Guerra Mundial, el periodo hasta la década de 1970, que fue el periodo anterior
a las prostaglandinas y a partir de entonces hasta la ultima parte del siglo pasado en el que
el efecto de los AINE en la sintesis de prostaglandinas formé parte del cribado en el
proceso de desarrollo de diferentes farmacos. Los medicamentos desarrollados hasta la

década de 1980-finales de los 90 se descubrieron en gran medida empiricamente a través
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de la deteccion de actividades antiinflamatorias, analgésicas y antipiréticas en modelos
de animal de laboratorio. En la década de 1990 se hace un importante descubrimiento en
el campo de la biologia celular y molecular sobre la enzima endoperéxido-H sintasa o
COX, sistema enzimético que controlan la sintesis de prostanoides en el organismo; y tal
como se explica en la seccion de inflamacion, se descubre y se caracterizan dos isoformas
de laCOX, COX-1y COX-2, y se relaciona cada una de ellas con diferentes prostanoides-
(Harris, 2007; Kargman y cols., 1996)

En la actualidad los AINE suponen un grupo de medicamentos de los mas consumidos a
nivel global, siendo la piedra angular del manejo del dolor tanto en pacientes que tienen
dolor inflamatorio agudo (por ejemplo, dolor de cabeza, dolor postoperatorio y fracturas
ortopédicas), como dolor cronico (p. ej., artritis reumatoide, osteoartritis y gota)
(Castellsague y cols., 2012; McCarberg y Gibofsky, 2012). A continuacion, se revisan los
datos de mercado y uso a nivel global de estos medicamentos.

3.2. Datos de mercado y uso a nivel global.

El mercado méas importante de AINE por regiones se localiza en Europa y el Sudeste
Asiatico, que concentraron entre septiembre de 2018 y septiembre de 2019 el 59,80% del

total tal y como se muestra en la Figura 23.

Distribucion Global de Mercado de AINE 2019
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Figura 23. Distribucion porcentual del mercado mundial de antiinflamatorios no
esteroideos (AINE) de septiembre 2018 a septiembre 2019. Fuente IQVIA®.

Tal y como muestra la tabla 1 desde septiembre de 2018 a septiembre de 2019 se

vendieron 179.000 millones de unidades estandar o dosis (comprimidos, capsulas, sobres,
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etc.) en todo el mundo. Solo en Europa mas de 65.000 millones, lo que nos da una idea
de la dimensién en el consumo de este tipo de farmacos. Segun los Ultimos datos
publicados por la ONU, se estima que en 2018 el continente Europeo tenia unos 746
millones de habitantes (ONU, 2019), lo que da lugar a un consumo medio de 88 dosis al
afio por habitante de AINE. La media desciende en el sudeste asidtico a 64 dosis por
habitante y afio, donde se estima viven unos 655,3 millones de habitantes y a 60 en el
caso de Norteamérica con 364,3 millones de habitantes. Si extrapolamos los datos a nivel

global, hablamos de un consumo medio de 24 dosis por habitante y afio.

Continente 2016 2017 2018 2019
Europa 64.741.648.101 65.938.122.713 66.362.647.241 65.707.862.376
Sudeste Asiatico 40.014.300.315 39.589.174.735 41.934.755.237 41.712.775.786
Norteamérica 23.631.184.985 22.848.367.054 22.416.594.031 21.867.899.583
Asia Mayor 18.887.406.066 19.023.188.095 19.196.114.581 18.826.796.686
Sudamérica 13.351.825.143  13.695.484.289  13.747.327.090 13.524.059.989
Africa 10.766.511.307 10.796.862.832 11.089.913.905 11.681.330.284
América Central 3.434578.451  3.595.460.582  3.581.320.966  3.577.537.963
Oriente Medio 2.678.358.955  2.550.322.532  3.269.871.562  2.720.069.914
Total 177.505.813.323 178.036.982.832 181.598.544.613 179.618.332.581

Tabla 1. Datos del mercado mundial de antiinflamatorios no esteroideos (AINE) por
region y expresado en unidades estandar. Afios expresados desde septiembre a
septiembre. Fuente IQVIA®

La tendencia de evolucion del mercado de AINE (tabla 1 y figura 24), en todas las

regiones del mundo, o bien es de mantenimiento o bien de incremento.

Mercado Mundial de AINESs por Region 2016-2019
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Figura 24. Gréfica del mercado mundial de antiinflamatorios no esteroideos (AINE) y
expresado en millones de unidades estandar. Afios expresados desde septiembre a

septiembre del afio siguiente. Fuente IQVIA®.

Centrandonos en las moléculas méas importantes, tal y como muestra la tabla 2 y la figura
25 las 4 moléculas mas importantes son Acido acetil salicilico (AAS) que alcanza casi
los 40.000 millones de dosis, seguido de Ibuprofeno (IB) con méas de 31.000 millones,
Diclofenaco sédico (DIC) con 29.390 millones y Ketoprofeno (KET) con 7.100 millones
de unidades estandar o dosis.

Molécula 2016 2017 2018 2019
Acido acetil salicilico 40.256.992.342 40.169.632.129 40.404.224.070 39.273.625.778
Ibuprofeno 30.788.335.354 31.097.099.731 31.435.561.876 31.243.034.798
Diclofenaco 29.116.136.275 29.255.132.480 30.090.984.551 29.390.392.364
Ketoprofeno 7.269.950.168 7.147.708.977 7.120.971.281 7.100.002.591

Tabla 2. Datos de las principales moléculas de antiinflamatorios no esteroideos (AINE)
vendidos a nivel global. expresado en unidades estandar. Afios expresados desde

septiembre a septiembre del afio siguiente. Fuente IQVIA®.
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Figura 25. Gréfica de las principales moléculas de antiinflamatorios no esteroideos
(AINE) vendidos a nivel global, expresado en millones de unidades estandar. Afios
expresados desde septiembre a septiembre. Fuente IQVIA®. Abreviaturas: AAS (acido

acetil salicilico); IB (Ibuprofeno); DIC (Diclofenaco sédico); KET (Ketoprofeno).

En Europa las tres mas vendidas son AAS, DIC e IB excediendo los 12.000 millones de
unidades estandar que en el caso del AAS sobrepasa los 16.000 millones. La cuarta

posicién es para el Ketoprofeno (KET) que casi alcanza los 3000 millones de unidades

75



estandar. Por lo que las areas terapéuticas principales estarian relacionadas con el dolor,
inflamacion, fiebre y la profilaxis de eventos cerebrovasculares isquémicos no mortales,
en los que ha demostrado eficacia el AAS (Abdelaziz, H. K., 2020)

Principales Moléculas de AINEs en Europa
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Figura 26. Grafica de las principales moléculas de antiinflamatorios no esteroideos
(AINE) en Europa, expresado en millones de unidades estandar. Afios expresados desde
septiembre a septiembre. Fuente IQVIA®. Abreviaturas: AAS (&cido acetil salicilico);
DIC (Diclofenaco sddico); IB (Ibuprofeno); KET (Ketoprofeno).

En el Sudeste Asiatico, segin muestra la figura 27, las cifras de las 4 moléculas
principales son algo mas bajas. DIC y AAS con mas de 4.800 millones de ventas cada
uno seguidos por 3.900 y 3.800 millones para la combinacion de IB-PCT e IB
respectivamente. Las areas terapéuticas principales serian las mismas que en Europa:

dolor, inflamacion, fiebre y profilaxis de eventos cerebrovasculares en caso del AAS.

Principales Moléculas de AINEs en el Sudeste Asiatico
m2016 ®2017 w2018 = 2019
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Figura 27. Grafica de las principales moléculas de antiinflamatorios no esteroideos
(AINE) en el Sudeste Asiatico, expresado en millones de unidades estandar. Afios
expresados desde septiembre a septiembre. Fuente IQVIA®. Abreviaturas: DIC
(Diclofenaco sddico); AAS (&cido acetil salicilico); IB-PCT (Ibuprofeno-Paracetamol);
IB (Ibuprofeno).

En cuanto a las vias de administracion, para los principales AINE consumidos en todo el
mundo (considerando todas las regiones) que son AAS, IB y DIC, las formas orales son
mayoritarias (aproximadamente 80,2%), seguidas de las tdpicas (17,2%) y parenterales
(1,2%). Aunque la distribucién es diferente segun el AINE, por ejemplo, AAS e IB se
administran principalmente por via oral, mientras que el DIC se administra por via oral y

topica en proporciones similares. Todos los datos se resumen en la tabla 3.

Via de administracion  Diclofenaco  Acido acetilsalicilico  Ibuprofeno % del Total

Oral 12.040.197.956 39.261.606.505 28.871.366.766 80,2
Topica 14.861.079.649 2.264.060 2.368.457.056 17,2
Parenteral 826.817.759 9.733.575 2.047.112 1,2
Oftalmica 1.163.001.557 0 0 0,8
Otras 499.278.551 21.295 616.646 0,5
Total 29.390.375.472 39.273.625.435 31.242.487.580 100

Tabla 3. Distribucion de las diferentes vias de administracion para el acido
acetilsalicilico, diclofenaco e ibuprofeno, los tres principales medicamentos
antiinflamatorios no esteroideos (AINE) consumidos en todo el mundo. Los datos se

refieren a 2019 y se expresan en unidades estandar. Fuente IQVIA®.

3.3. Mecanismo de accion de los Antiinflamatorios no esteroideos, dafio

gastrointestinal y su impacto econémico.

Tal y como recoge el apartado de inflamacion, los eicosanoides son criticos para generar,
mantener y mediar en la respuesta inflamatoria, por ello la inhibicién de la actividad de
las enzimas COX son el objetivo de los AINE, que es un conjunto heterogéneo de
farmacos que contienen distintos grupos funcionales, como los &cidos arilacéticos
yilacéticos, acidos arilpropionicos, cetoenoles y heterociclo diarilicos (Lanas, 2016)

(Duggan y cols., 2010).

Cabe destacar la gran diversidad de mecanismos de unién a la COX-1 y COX-2 de los
diferentes AINE. La habilidad de las enzimas COX para acomodar inhibidores

estructuralmente distintos es particularmente notable porque no hay evidencia de cambios
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considerables en las conformaciones de proteinas en sus interacciones con varios AINE
(Blobaum y cols., 2007).

En cuanto al dafio GI producido por los AINE sea cual sea su via de administracion,
durante afios fue ampliamente aceptado que la causa principal era la inhibicion de la via
de la COX-1, de hecho, esto desencadend la investigacion y desarrollo de inhibidores
selectivos de la COX-2 (COXIBS) (Masferrer y cols., 1996). Los inhibidores selectivos
de COX-2 parecian tener un perfil GI mas seguro que los AINE clésicos, pero con el
tiempo se demostr6 un mayor riesgo de efectos secundarios cardiovasculares, lo que
redujo considerablemente el balance beneficio-riesgo de este grupo de medicamentos
(Kearney y cols., 2006; McGettigan y Henry, 2006). Estos efectos cardiovasculares se
explican, entre otras razones, debido al papel clave de la COX-2 en la sintesis de PGlI>
que es un protector vascular importante con actividad como vasodilatador,

antitrombdtico, y propiedades antiagregantes y antiinflamatorias (Majed y Khalil, 2012).

Tal y como se explica en la seccion 2.1 el concepto de asignacion funciones homeostéaticas
y patologicas a la COX-1 y COX-2 respectivamente, es un enfoque demasiado plano o
simplificado. Ya se demostré que la inhibicion de COX-1 no causa dafio gastrico
espontaneo (Langenbach y cols., 1995; Langenbach y cols., 2002) y que la COX-2 tiene
un papel en la cicatrizacion de heridas en los enterocitos a través de p38 activado por

mitdgeno proteinas quinasas (p38 MAPK) (Karrasch y cols., 2006).

Actualmente, hay evidencias de la participacion de multiples vias celulares en el dafio Gl
mediado por los AINE. La secuencia concreta es desconocida, pero podria iniciarse por
la alteracion de la capa protectora de moco gastrico (Kato y cols., 2000) como resultado
de la interaccion de los AINE con fosfolipidos (PL) como la fosfatidilcolina (PC)
(Lichtenberger y cols., 1995; Lichtenberger y cols., 2012) el componente principal de la
capa de moco gastrico y de la mucosa (Bernhard y cols., 1995). Los estudios demostraron
que los AINE tienen una fuerte afinidad para formar asociaciones idnicas e hidréfobas,
no covalentes y reversibles con los PL (especificamente con la PC) (Lichtenberger y cols.,
2012). La interaccion directa entre los AINE y la PL junto con la disminucién de la
secrecion de moco por inhibicion de la sintesis de PGE; también mediada por los
farmacos antiinflamatorios (Scheiman y Hindley, 2010) puede provocar cambios en la
fluidez, permeabilidad y en las propiedades biomecanicas de la membrana celular del

epitelio gastrico. La invasién de la mucosa intestinal por las enterobacterias seria
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responsable de la respuesta inmune, incluida la adherencia y la infiltracion de leucocitos
(neutrofilos), cuando el lipopolisacérido (LPS) y otras endotoxinas son reconocidas por
los receptores tipo Toll 4 (TLR-4) (Watanabe y cols., 2008) activando genes diana del
NF-kB que luego son responsables de la expresion de iNOs y de la COX-2 (Xiay cols.,
2001; Konaka y cols., 1999). Los neutrofilos desencadenan la aparicion de radicales
superoxido (02.—) que reaccionan con el NO que produce peroxinitritos (ONOO-),
moléculas altamente reactivas responsables de la oxidacion de proteinas, peroxidacion de
lipidos e inactivacion de enzimas (Kobayashi y cols., 2001), origen principal de la

apoptosis y necrosis del epitelio gastrico.

Un mecanismo paralelo, también responsable de la produccion de ROS vy la infiltracion
leucocitaria que alimenta el ciclo de ONOO y exacerba las lesiones, es consecuencia de
la inhibicion de la glucosa-6-fosfato deshidrogenasa (G6PDH) por los AINE, esto
aumenta la entrada de piruvato en las mitocondrias, lo que, debido a la inhibicion de la
acil-CoA carboxilasa (ACC) por los AINE, conduce al desacoplamiento de la
fosforilacion oxidativa mitocondrial (Asensio y cols., 2007). El desacoplamiento de la
fosforilacion oxidativa da lugar a niveles reducidos de Adenosin trifosfato (ATP)
(Macpherson y cols., 2010; Basivireddy y cols., 2002). La magnitud de esta via depende
del pKa de los AINE, a menor pKa, menor es la concentracion requerida para dar lugar a
efectos secundarios relacionados con el desacoplo de la fosforilacion oxidativa (Mahmud
y cols., 1996), esto también explica por qué cuanto mas fuerte es el &cido, mayores son

las lesiones.

El papel de los iINOS / NO depende del estado redox del epitelio; en condiciones no
oxidativas, el NO es una molécula enddgena responsable del mantenimiento de la
integridad del epitelio GI, aumenta el flujo sanguineo y promueve la angiogénesis a través
de las vias del VEGF (Aktan, 2004; Maharaj y D’Amore, 2007; Laszlo y Whittle, 1998),
pero en presencia de O2.—, como se explico antes, el NO contribuye a la produccion de
ONOO-. El NO ha demostrado ser una molécula protectora contra la ulceracion gastrica
inducida por los AINE mediante un mecanismo independiente de la secrecion de acido
gastrico (Khattab, 2001), aunque se sabe que también desempefia un papel como inhibidor

en la regulacién de la secrecion de acido gastrico (Kato y cols., 1998).

Diferentes estudios mostraron una relacion directa entre el &cido y las lesiones Gl

inducidas por los AINE, de hecho, los principales medicamentos recetados para prevenir
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tales lesiones son los inhibidores de la bomba de protones (IBP) (Fornai y cols., 2005;
Lee y cols.1996). Fornai sugiere que los efectos beneficiosos de los IBP en la lesion de la
mucosa son probablemente independientes de la via COX-2/ PGE./VEGF (Fornai y cols.,
2011), por lo que teniendo en cuenta todas las vias celulares involucradas, se puede
deducir que la capa mucosa intacta protege el epitelio de la accion de la pepsina acida, de
los protones, [H*] y que cuando la barrera esta dafiada el &cido agrava las lesiones
gastricas. También hay evidencias de un aumento de la concentracion basal de &cido
gastrico mediado por los AINE debido a la reducciéon del volumen basal de liquido

gastrico (Rodriguez-Stanley y cols., 2006).

Independientemente de que los inhibidores selectivos de la COX-2 (COXIBS)
manifestaron menor dafio GI (Pearson y Kelberman, 1996), se sabe que la COX-2 tiene
un papel esencial en la cicatrizacion de las heridas en los enterocitos a través de un
mecanismo relacionado con NF-Kf y con p38MAPK dependiente de la fosforilacion de
la histona 3, que es un componente importante de la respuesta de cicatrizacion de heridas
intestinales (Karrasch y cols., 2006). Ademas, la PGE: participa en la diferenciacion de
las células epiteliales intestinales caliciformes humanas durante las condiciones

homeostaticas (Li y cols., 2018) y PGl en la angiogénesis (Whittle y cols., 1978).

Las sales biliares también parecen estar relacionadas con el dafio intestinal causado por
los AINE al formar micelas super toxicas (Petruzzelli y cols., 2007; Poplawski y cols.,
2006), lesiones que podrian evitarse con PC (Barrios, 2000), lo que también evidencia el

papel de la barrera mucosa como factor protector ante el dafio Gl mediado por los AINE.

En una reciente revision bibliogréfica se resumieron los datos mas importantes sobre los
efectos del dafio Gl inducido por los AINE. La primera consecuencia clinicamente
reconocida fue el dafio del tracto Gl superior. Se estima que alrededor del 30% al 50% de
los consumidores de AINE exhiben lesiones endoscopicas, principalmente en el antro
gastrico, a menudo sin manifestaciones clinicas. Hasta el 40% experimentan sintomas Gl
superiores, como dispepsia o reflujo gastroesofagico, aungue no son sintomas predictivos
del dafio de la mucosa, ya que aproximadamente el 50% de los pacientes sintomaticos no
presentan dafio en la mucosa. En contraste, mas del 50% de los pacientes con
complicaciones graves de Ulcera péptica no tenian sintomas de advertencia previos. Las
complicaciones graves, como sangrado, perforacion u obstruccion se presentan en un 1—

2% de los consumidores. Como conclusién el consumo de AINE se pudo asociar con un
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aumento de 3 a 5 veces el riesgo de complicaciones Gl superiores y que las terapias de
prevencion deben implementarse en funcion de la presencia de factores de riesgo, no en
la aparicion de sintomas dispépticos. Algunos de los factores de riesgo identificados son
la edad (>65 afios), terapias concomitantes con anticoagulantes, recaptadores selectivos
de serotonina, corticosteroides, 2 0 mas AINE al mismo tiempo (Garcia-Rayado y cols.,
2018).

Tambiéen hay evidencias de dafios en el tracto Gl inferior, aunque este dafio no ha sido
aun bien caracterizado. Un estudio reciente en 120 pacientes de AINE convencionales y
40 con inhibidores selectivos de la COX-2 mostré que el 62% y 50% de los pacientes
respectivamente, presentaban alteraciones en el intestino delgado como pliegues
enrojecidos o dafios de la mucosa. Hay datos que sugieren que la prevalencia de los
efectos adversos asociados a los AINE, incluidos los efectos clinicos y subclinicos,
podrian ser mayores en el intestino delgado que en el tracto Gl superior. Entre las lesiones
producidas a este nivel se encuentran el aumento de la permeabilidad intestinal,
inflamacion, pérdida de sangre, anemia, malabsorcion, pérdida de proteinas y ulceracion

de la mucosa (Garcia-Rayado y cols., 2018).

Tal y como se muestra en los datos de mercado y uso de AINE, el coste del manejo del
dolor y enfermedades inflamatorias con este grupo de medicamentos esta bien
documentado, sin embargo, no hay muchos datos recientes sobre el impacto econémico
que tienen los efectos secundarios Gl derivados de su uso. Un estudio publicado en 2001
estimd que en Estados Unidos cada afio mas de 100.000 pacientes eran hospitalizados
solo por complicaciones Gl relacionadas con AINE, con costos directos que iban desde
1800 a 8500 dolares ($) por paciente. Unas 16.500 personas morian anualmente por estas
complicaciones y que, en los ancianos el coste médico de los eventos Gl adversos
asociados con el uso de AINE superaban los 4 mil millones de $ al afio (Bidaut-Russell y
Gabriel, 2001). En un estudio tipo encuesta poblacional, llevado a cabo en Espafia en el
afio 2002, en el que participaron 2.988 sujetos, pudo concluirse que la frecuencia de
episodios adversos Gl entre los consumidores de AINE era de un 23,7% (IC del 95%,
12,0-35,5), siendo causa de consultas médicas en un 72,5% de las veces (Ballina y cols.,
2002). En otro estudio de 2015, se llevo a cabo una evaluacién econémica retrospectiva
de la restriccion llevada a cabo en Espafa en el uso de piroxicam, debido a un riesgo
constatado de complicaciones Gl graves mayor que el de otros AINE. A través de estudios

de coste-efectividad, se obtuvieron los costes de las complicaciones Gl graves, como
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resultado se estimod una reduccion de 2,75 casos de complicaciones Gl graves por cada
10.000 pacientes, con un ahorro estimado en Espafia de 578.608 € en el primer afio tras

la restriccion en su uso (Martinez, 2015).

3.1. Inhibidores de la bomba de protones: tratamiento clasico y efectos

secundarios.

Tal y como se ha descrito en la seccion 1, la liberacion de &cido estomacal, ademés de
permitir la digestion de alimentos y otros xenobidticos, constituye una de las primeras
barreras de defensa del organismo al impedir la colonizacion del tracto Gl por parte de
determinadas bacterias. Aunque el uso de los IBP esta altamente aceptado y se considera
que tienen un perfil beneficio-riesgo adecuado, diferentes estudios han demostrado un
cambio en la colonizacién bacteriana en pacientes que toman IBP, uno de estos estudios
asocio el uso de estos farmacos con una disminucion de la riqueza bacteriana y con
cambios profundos en el microbioma intestinal hasta el punto de que el 20% de las
bacterias identificadas presentaban variaciones significativas y se encontraron bacterias
orales y potencialmente patdgenas en el intestino (Imhanny cols., 2015). Otros estudios
asocian la hipoclorhidria y aclorhidria con un mayor riesgo de infecciones entéricas por
Vibrio Cholerae, Shigella spp., Salmonella spp., Clostridium difficile o infecciones
parasitarias como giardiasis 0 amebiasis (Arriola y cols., 2016; Kwok y cols., 2012; Yang
y Metz, 2010). Varios estudios han demostrado una relacion directa entre el uso de
farmacos inhibidores de la secrecion &cida y el sobrecrecimiento bacteriano en el intestino
delgado (SIBO) (Compare y cols., 2011; Lombardo y cols., 2010) aunque también existe
un estudio retrospectivo, en 1.191 pacientes que no encontrd asociacion estadisticamente

significativa entre ambos (Ratuapli y cols., 2012).

Otros efectos secundarios que se han asociado al uso de IBP incluyen la hipomagnesemia
(Cheungpasitporn y cols., 2015), cuyo riesgo se incrementa en usuarios crénicos de 1BP
(Hess y cols., 2012), de edad avanzada (Pastorino y cols., 2015) y con la administracion
concomitante de diuréticos (Kieboom y cols., 2015). También se ha visto un incremento
en el riesgo de enfermedades renales crénicas (Hussain y cols., 2019) o fracturas de

cadera en determinados grupos de poblacién (Hussain y cols., 2018; Zhou y cols., 2016).

En resumen, podemos afirmar que, aunque es un tratamiento seguro y ampliamente
aceptado, el uso de los IBP para paliar los efectos Gl de los AINE, tiene a su vez efectos

secundarios, el principal esta relacionado con cambios en la microbiota intestinal, lo que
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segun estudios recientes tendria implicaciones directas en el organismo y una repercusion
mayor en el estado de salud de lo que se conocia (Avelar y cols., 2019; Sommer y cols.,
2017; Zhang y cols., 2019).
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4. MELATONINA
4.1. Generalidades

La melatonina (MLT) es una hormona enddgena sintetizada y secretada principalmente
por la glandula pineal (Macchi y Bruce, 2004) que fue aislada e identificada
quimicamente como N-acetil-5-metoxitriptamina por primera vez en la década de 1960

(Lerner y cols., 1960).

El triptéfano es la molécula precursora para la sintesis enddgena de MLT (Figura 28).
Este aminoéacido esencial se transforma en serotonina que se convierte en MLT en dos
reacciones secuenciales que implican dos enzimas: Serotonina-N-acetil transferasa
(NAT) e Hidroxindol-O-metiltransferasa (HIOMT) (Axelrod y Weissbach, 1960; Klein
y Moore, 1979). La MLT también es sintetizada por las células del sistema inmunitario,
el cerebro, el epitelio de las vias respiratorias, tejido 6seo, médula, intestino, ovario,
testiculos, piel y otros (Reiter y cols., 2009). Su sintesis es estimulada por las sefiales
provenientes del ndcleo supraquiasmatico del hipotalamo, responsable de los ritmos
circadianos. Cuando la retina deja de detectar una cierta cantidad de luz de longitud de
onda azul, el nucleo supragquiasmatico recibe la sefial e induce la produccién de MLT en
la glandula pineal, esto cesa cuando la retina detecta la luz de la mafiana y comienza la
produccion de las hormonas asociadas al estado de vigilia. Este ciclo ayuda a crear el
ritmo circadiano de suefio-vigilia de 24 horas (Gillette y McArthur, 1996).
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Figura 28. Esquema de la sintesis de melatonina a partir de triptéfano. Figura editada
con EdrawTMMax 9.4
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4.2. Funciones fisiologicas y mecanismo de accion

La MLT tiene tres funciones fisiologicas principales: la regulacion de ritmos biol6gicos

o circadianos, la inmunomodulacién y como antioxidante.

La glandula pineal, a traves de la sintesis de MLT, constituye el nexo entre el medio
ambiente luminoso y los sistemas nervioso y endocrino. Los efectos en la regulacién de
los ritmos circadianos estan mediados principalmente por los receptores de membrana, el
MT1y el MT2 (Dubocovich y Markowska, 2005). En cuanto a la inmunomodulacion, se
ha demostrado que la MLT actua especificamente sobre receptores MT2 expresados en
células inmunocompetentes y regular las respuestas tanto celulares como humorales
(Drazen y Nelson, 2001). Ademas, interactua con los receptores de union nuclear, ROR1
(receptor huérfano tipo tirosina quinasa 1) y ROR2, identificados en linfocitos y
monocitos (Hardeland, 2008), también ha demostrado inducir la sintesis de IL-4 en TCD4

(Maestroni y Covacci, 1994) entre otras IL.

Los efectos antioxidantes de la MLT han sido ampliamente descritos y documentados
(Tany cols., 2007), se le atribuye capacidad como antioxidante directo al reaccionar con
los RL (Reiter y cols., 2003) y la capacidad de incrementar la actividad de enzimas y otros
sistemas antioxidantes. Aumenta la produccién de glutation mediante la estimulacion de
la y-glutamilcisteina sintasa, enzima limitante en la via de sintesis de glutation (Urata y
cols., 1999), estimula la G6PDH, responsable de la produccion de NADPH (Pierrefiche
y Laborit, 1995) y estimula otras enzimas antioxidantes como la superoxido dismutasa
(SOD) vy la catalasa (Leon y cols., 2004). Ademas, se sabe que inhibe la activacion del
factor nuclear NF-kB (Sainz y cols., 2008), que tal y como se ha expuesto en la seccién

de inflamacion es uno de los mediadores del proceso inflamatorio inducido por los RL.

Este incremento en la capacidad de defensa antioxidante endégena por parte de la MLT
aumenta la primera linea de defensa contra el dafio oxidativo de las células (Rodriguez y
cols., 2004).

Considerando lo anterior, se evalud el papel de la MLT como antioxidante en

enfermedades relacionadas con la inflamacion en un articulo de revision.
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RESUMEN

El oxigeno es utilizado por las células eucariotas para las transformaciones metabdlicas
y la produccién de energia en las mitocondrias. En condiciones fisiolégicas hay una
produccion enddgena constante de intermediarios reactivos de oxigeno (ROI) y de
nitrogeno (RNI) que interactian como moléculas de sefalizacion en los mecanismos
fisiol6gicos. Cuando estas especies no son eliminadas por los antioxidantes o se producen
en exceso, aparece el estrés oxidativo. El estrés oxidativo puede dafiar proteinas, lipidos,
ADN vy orgéanulos celulares. Se trata de un proceso directamente relacionado con la
inflamacion, de hecho, las células inflamatorias secretan una gran cantidad de citocinas y
quimiocinas responsables de la produccion de ROl y RNI en células fagociticas y no
fagociticas a través de la activacion de la sefializacion de las proteinas quinasas.
Actualmente, existe una amplia variedad de enfermedades capaces de producir
manifestaciones inflamatorias. Si bien, a corto plazo la mayoria de estas enfermedades no
son fatales, si tienen un gran impacto en la calidad de vida dado que existe una relacion
directa entre la inflamacién cronica y muchos trastornos emergentes como el cancer,
enfermedades periodontales, enfermedades renales, fibromialgia, enfermedades crénicas
Gl o enfermedades reumaticas. El objetivo de esta revision es describir el uso y el papel
de la MLT, una hormona secretada por la glandula pineal que funciona directa e

indirectamente eliminando radicales libres como un potente antioxidante.
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Abstract: Oxygen is used by eukaryotic cells for metabolic transformations and energy
production in mitochondria. Under physiological conditions, there is a constant endogenous
production of intermediates of reactive oxygen (ROI) and nitrogen species (RNI) that
interact as signaling molecules in physiological mechanisms. When these species are not
eliminated by antioxidants or are produced in excess, oxidative stress arises. Oxidative stress
can damage proteins, lipids, DNA, and organelles. It is a process directly linked to inflammation;
in fact, inflammatory cells secrete a large number of cytokines and chemokines responsible for
the production of ROI and RNI in phagocytic and nonphagocytic cells through the activation
of protein kinases signaling. Currently, there is a wide variety of diseases capable of
producing inflammatory manifestations. While, in the short term, most of these diseases are
not fatal they have a major impact on life quality. Since there is a direct relationship between
chronic inflammation and many emerging disorders like cancer, oral diseases, kidney
diseases, fibromyalgia, gastrointestinal chronic diseases or theumatics diseases, the aim of
this review is to describe the use and role of melatonin, a hormone secreted by the pineal

gland, that works directly and indirectly as a free radical scavenger, like a potent antioxidant.

Keywords: antioxidant; melatonin; oxidative stress; inflammation; chronic diseases
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1. Introduction

Eukaryotic cells use the oxidation of nutrients as an energy source to obtain ATP. In the complete
oxidation process of glucose by cells, several metabolic pathways (glycolysis, Krebs cycle, and electron
transport chain (ETC)) and several cell compartments (cytoplasm, membrane and mitochondrial matrix)
are involved. In the ETC, electrons from nicotinamide—adenine—dinucleotide phosphate (NADH) are
transported sequentially by a series of redox reactions through the complex I, ubiquinone, complex ITI
cytochrome ¢, and finally to the complex IV, where in a reaction catalyzed by cytochrome oxidase,
electrons are sold to molecular oxygen producing H2O. Thus, the major role of oxygen for all aerobic
organisms is acting as final acceptor for electrons [1]. Under physiological conditions, enzymes of
the mitochondrial respiratory chain, NADPH, succinate dehydrogenase (SDH), ubiquinone, cytochrome ¢
reductase, cytochrome b3, monoamine oxidases (MAO-A and MAO-B), mitochondrial aconitase, ketoglutarate
dehydrogenase complex (KGDHC, 2-oxoglutarate dehydrogenase), dihydroorotate dehydrogenase (DHOH),
pyruvate dehydrogenase complex (PGDH), oxoglutarate dehydrogenase complex (OGDC), as a consequence of
metabolism, are responsible for a constant endogenous production of free radicals (FR) as reactive oxygen
intermediates (ROI) and nitrogen species (RNI) [2]. These intermediates interact as signaling molecules
for metabolism, cell cycle, and intracellular transduction pathways [3]. These species are also produced
in response to exposure to exogenous agents as UV, ionizing radiation or air pollution [4]. The main
source of reactive oxygen species (ROS) generation is the ETC in mitochondria. However, there are also
non-mitochondrial sources of reactive molecules and FR that include respiratory burst of phagocytic
cells, various oxidases reductases which catalyze one-electron-transfer reactions, uncoupled endothelial
nitric oxide synthase (eNOS) and inducible nitric oxide synthase (iNOS), lipoxygenase (LLOX), and
microsomal cytochrome P450 enzymatic metabolism of xenobiotic compounds [2]. As a consequence
of the purine’s metabolism in the cytoplasm, carried out by xanthine oxidase (XO), there is also a production
of another potent ROS [5].

A FR is an atom or molecule that has an unpaired electron in the external orbit, making it highly
unstable and reactive. These species can be stabilized by capturing the needed electron from nearby
biomolecules [6]. When these species are not eliminated by antioxidants, or are produced in excess,
oxidative stress appears; thus, oxidative stress is a process characterized by a biochemical imbalance
between FR or ROI and antioxidants [7]. Oxidative stress has implications for body homeostasis
because FRs damage proteins, lipids, DNA, and organelles by reacting with them. It is directly linked to
inflammation since inflammatory cells secrete a large number of cytokines and chemokines responsible
for the production of new ROI and RNI in phagocytic and non-phagocytic cells through the activation
of protein-kinases signaling [8], so we can say that oxidative stress is a cyclic process which has
a positive feedback.

Biological systems have developed the ability to detoxify chemically-active ROS and RNS. These
antioxidant mechanisms include complex non-enzymatic systems, such as glutathione (GSH), vitamins
A, C and E, as well as enzymes such as catalase, superoxide dismutase (SOD), and various peroxidases.
Insufficient levels of antioxidants, or inhibition of the antioxidant enzymes, also promote oxidative stress [9].
An important component of the detoxificant cellular system is the transeription factor that controls

the expression of a large pool of antioxidant and cytoprotective genes in response to stimulation of
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oxidants or electrophilic molecules: This is the nuclear factor E2-related factor 2 (Nrf2). Nrf2 is negatively
regulated by Kelch-likeECH-associated protein 1 (Keapl) [10].

2. Oxidative Stress, Inflammation and Chronic Diseases

As we discussed above, when an imbalance between FR and antioxidants, due to an uncontrolled and
excessive generation of ROS takes place, oxidative stress occurs. These ROS, especially those derived
from mitochondria, stimulate the activation of mediator signaling molecules as the transcription factor
nuclear factor kappa-B (NF-kB) [11], that up-regulates the production of inflammatory cytokines,
such as interleukin-1p (IL-1f) or tumor necrosis factor-o (TNF-a) [12] and others mediators, as iNOS
or cyclooxygenase-2 (COX-2) [13]. Moreover, ROS can damage cellular lipids, lipid peroxidation
products, and lipid-derived aldehydes as malondialdehyde (MDA), 4-hydroxy-2-nonenal (HNE), and
acrolein, which are implicated in numerous oxidative stress-induced inflammatory diseases with harmful
effects [14]. Proteins and DNA may also be damaged by ROS; the DNA damage can cause mutations
and is implicated in the initiation and/or promotion of mflammation-mediated carcinogenesis [15].
NF-«B is activated by an important type of membrane receptor that is related to oxidative stress and
inflammation, and whose regulation is the mechanism of action for certain antioxidant molecules to mhibit
the inflammatory process. These membrane receptors are the toll-like receptor 4 (TLR-4) [16,17].

Inflammation is a normal protective response to a variety of cell and tissue damage. Its role is to
remove harmful cells and tissues, as well as repair them. Uncontrolled inflammatory response results in
extensive cell and tissue damage, giving rise to normal cell and tissue destruction, which is associated
with chronic inflammation and various human chronic diseases [18]. ROS and inflammation have been
identified in the pathogenesis and development of a great number of unrelated diseases including cancer [19];
nervous system diseases, such as psychiatric disorders [20], Alzheimer’s [21], Parkinson’s [22] and
traumatic brain injury [23], cardiovascular diseases as atherosclerosis [24], metabolic diseases as diabetes
mellitus II [25], periodontal disease [26], chronic kidney disease [27], gastrointestinal autoimmune diseases
(Ulcerative colitis and Crohn) [28], other autoimmune diseases as multiple sclerosis [29], rheumatoid
arthritis [30], hepatic diseases [31], and others as fibromyalgia [32,33].

Taking into account the recounted above, production of FR is an inevitable consequence of cellular
respiration. If it is not controlled, it may lead to inflammatory and chronic diseases. Thus, what can we
do? We can avoid an excessive production of these FR, or we can control antioxidant systems using free

radical scavenger molecules such as melatonin (MLT), a potent antioxidant.
3. Melatonin: An Overview

Melatonin is an endogenous hormone mainly synthesized and secreted by the pineal gland [34], which
was isolated and chemically identified as N-acetyl-5-methoxytryptamine for the first time in the 1960°s [35].
Tryptophan is the precursor molecule for the synthesis of MLT (Figure 1). This essential amino acid
is transformed to serotonin. Then, serotonin is converted into MLT in two sequential reactions
involving two enzymes: serotonin-N-acetyl transferase (NAT) and hydroxyindole-O-methyl transferase
(HIOMT) [36,37]. MLT is also produced by immune system cells, brain, airway epithelium, bone
marrow, gut, ovary, testes, skin, and others [38]. MLT, and its derivatives’, behavior as free radical

scavengers are well documented [39]. There is a large body of evidence of the use of MLT as a potent
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antioxidant because of such behavior. Below the potential use of MLT in various diseases given its
antioxidant activity is described.
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Figure 1. Biosynthesis of melatonin from tryptophan.

MLT possesses certain advantages when compared with other antioxidant molecules due to its
important physical and chemical properties. It is a hormone found naturally in the body. The amphiphilicity
of MLT enables molecules to enter all organs and subcellular compartments which represents a difference
with other physiological radical scavengers. Furthermore, MLT is estimated to detoxify, via its cascade
of reactions, up to 10 radicals, increasing the effective concentrations [39]. Compared with other
antioxidant, MLT has shown to have equal or better efficacy in protecting tissues from oxidative injury
(Vitamin C and E). Another inherent characteristic of MLT is the selectivity for mitochondrial membrane,
which is not shared by other antioxidants and may be the most interesting advantage of the pineal
hormone [40].

Regarding its toxicity, acute toxicity of MLT in animal and human studies is extremely low [41],
with a very wide margin of safety [42]. There are no data about serious toxicological effects. Some side
effects have been observed in clinical studies, most of them related to sleepiness and fatigue [43].
Another described side effect in a six-month, double-blind, crossover study, using 3 mg/day of MLT,
was the alteration of semen quality in healthy men [44].

4. Role of Melatonin in Cancer

Carcinogenesis is a long, multistep, and often slow process that may start with the accumulation of
FR leading to mutations in the genetic material of cells and thus the transformation of a normal cell into
a cancerous cell, which reproduces without control, resulting in an imbalance between proliferation and
cellular death [8]. Cellular mediators and cellular effectors of inflammation are important constituents
of the local environment of tumors. Inflammation leads to tumor processes and, conversely, in some
types of cancer, an oncogenic change induces an inflammatory response. These mediators and cellular
effectors of inflammation have many tumor-promoting effects as proliferation and survival of malignant
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cells, angiogenesis, and metastasis promotion subvert adaptive immune responses and alter responses to
hormones and chemotherapeutic agents [45].

Key molecules involved in cancer and inflammation that are the link for these two processes
include transcription factors, as previously mentioned, NF-«xB or signal transducers and activators of
transcription 3 (STAT3), inflammatory cytokines such as IT-1p, IL.-6, IT.-23 and TNF-a.

NF-«B is a significant coordinator of innate immunity and inflammation. It is also an important
endogenous tumor promoter [46]; this is a protein complex that controls DN A transcription by the following
mechanism of action: NF-kB inactivated state is located in the cytosol and complexed with the inhibitory
protein IKBa. Different extracellular signals, such as oxidative stress, cytokines, FR, UV irradiation,
or bacterial and viral antigens, can activate the IKB kinase (IKK). This IKK is an enzyme that phosphorylates
the IKBo, which results in ubiquitination, dissociation of IKBa from NF-«xB, and degradation of IKBa
by the proteasome. This dissociation has, as a result, the NF-kB activation and its translocation into the
nucleus, where it binds to specific sequences of DNA called response elements (RE). The DNA/NF-kB
complex recruits co-activators and RNA polymerase, which transcribes DNA into mRNA [47,48].
The mRNA is transcribed into a large number of the pro-inflammatory gene family, including cytokines
(e.g.. TNF-a, IL), chemokines, adhesion molecules, and inflammatory enzymes (e.g., iNOS, COX-2,
5-lipoxigenase) [49].

Another important transcription factor is the already mentioned Nrf2. There is accumulated evidence
that Keap1/Nrf2 mutations or unbalanced regulation lead to over-expression or hyperactivation of Nrf2
and may participate in tumorigenesis and be involved in chemoresistance of both solid cancers and
leukemias. In addition to protecting cells from ROS, Nrf2 seems to play a direct role in cell growth
control and is related to apoptosis-regulating pathways. Moreover, Nrf2 activity is connected with
oncogenic kinase pathways, structural proteins, hormonal regulation, other transcription factors, and
epigenetic enzymes involved in the pathogenesis of various types of tumors [11].

IL-1 and IL-6 activate the JAK-STAT3 (Janus-activated kinase), SHP-2-Ras-ERK, and P13K-Akt
pathways, through which induce cell proliferation, survival, EMT/invasion, metastasis, angiogenesis,
and inflammation [50]. Angiogenesis is a crucial process involved in cancer and metastasis that allows
new blood vessel formation from pre-existing vasculature during some physiological processes like
embryogenesis, wound healing, and the reproductive cycle in adults. Vascular endothelial growth factor
(VEGF) and NF-«kB are important factors involved in solid tumor angiogenesis [51,52].

A family of proteins involved in tumor progression are the endothelins which include endothelin-1, 2
and 3 (ET-1, ET-2 and ET-3). They are involved in vasoconstriction, pain, inflammation, and cancer [53].
These participate specifically in cell proliferation of vascular and non-vascular cells [54]. High levels of
ET-1, the predominant isoform, have been found in the plasma of patients with solid tumors [55]. Thus
ET-1 is a tumor marker in colorectal, prostate, liver, breast, and ovarian cancers. In these tumor cells,
this peptide promotes cell proliferation, angiogenesis, and metastasis and suppresses apoptosis [56].
The edn-1 is the gene that encodes ET-1. The edn-1 is transcribed to mRNA, this mRNA is translated to
prepoET-1 and then endothelin-converting enzyme (ECE-1) forms the biologically active peptide ET-1 [57].

MLT has been shown to inhibit cancer cell growth in numerous studies and through different
mechanisms of action. In the following lines of this review the main ways that seem to be involved in
tumor inhibition by MLT are described.
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MLT inhibits edn-1 mRNA expression (the first step in ET-1 synthesis), ECE-1 protein expression
and the release of ET-1 from colorectal cancer cells in vitro. The inhibition of edn-1 expression is due
to an inactivation of FoxO1 and NF-«B transcription factors [58]. Pharmacologic concentrations of MLLT
inhibit angiogenesis by suppressing VEGF mRNA and VEGF protein induced by the hypoxia mimetic
CoCl12 in all three human cancer cell lines. Decreased mRNA levels by VEGF were found to be
associated with decreased hypoxia-inducible factor HIF-1a protein levels [39]. This is the most important
regulator of VEGF [60]. Haddadi et al. [61] evaluated the effect of MLT on the modulation of 7NF-a gene
expression, and they found that the oral administration of MLT modulated the TNF-o overexpression.

High doses of MLLT (1, 2 and 3 mM) have been shown to cause significant and progressive suppression
of DNA synthesis in a cell line derived from a murine colon carcinoma [62]. Another mechanism
whereby MLT inhibits cancer cell growth is the decrease in telomerase expression in MCF-7 tumor cells.
Telomerase is an enzyme responsible for telomere elongation which is activated in most human cancers [63].
Moreover, once tumors are formed, MLT also seems to control their growth. In hepatoma cells, MLT
inhibits, via membrane receptor-mediated processes, the uptake and metabolism of fatty acids, including
linoleic acid (LLA), and its conversion to the mitogenic signaling molecule 13-hydroxyoctadecadienoic
acid (13-HODE) [64]. Some studies have shown that MLT has an antitumoral effect alone or in combination
with others antitumoral agents, in animal or iz vitro models of pancreatic tumors chemically-induced by
different agents [65-67].

MLT may exhibit anticancer activity through several mechanisms, including antiproliferative,
antioxidant, and immunostimulating effects. Some authors have conducted studies to test whether MLLT
could be useful in the treatment of human cancer. They tested MLT activity alone, or in combination with
chemotherapeutic drugs, and compared to conventional anticancer therapies. Table 1 summarizes some

clinical trials that have tested the potential role of MLT as an antitumoral or as adjuvant in cancer therapies.

Table 1. Clinical trials that have tested the potential role of MLT as an antitumoral or as

adjuvant in cancer therapies.

Tumor Treatment Results and Conclusions References

Better tolerance to chemotherapy.
Metastatic non-small
MLT + CisP + etoposide Improve the efficacy of chemotherapy [68]
cell lung cancer
in terms of both survival and quality of life.

Decline in VEGF secretion and
Metastatic cancer MLT . [69]
control of the neoplasic growth.

Partial remission after 2 months and
Chronic lymphocytic Cyclophosphamide + somastostatin +
continued treatment. Patients hadn’t [70]
leukemia bromocriptine + retinoids + MLT + ACTH
got disease recurrence. No toxieity.

No Cisplatin-related neurotoxicity was observed.
Effective and well tolerated treatment.
Metastatic melanoma MLT + IL-2 + Cisp [71]
Clinical efficacy at least comparable to that obtained with

a first-line therapy of dacarbazine plus interferon-o.
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Table 1. Cont.

Tumor Treatment Results and Conclusions References

70% of participants had a partial response.

20% of participants had stable disease.

Non-Hodgkin’s lymphomas Cyclophosphamide + somatostatin + bromocriptin +
10% progressed on therapy. [72]
(NHL) retinoids + MLT + ACTH
The combination was effective in treatment of
low-grade NHL at advanced stage.
Regression rate achieved in ML T patients
Advances solid neoplasms: NSCLC: MLT + CisP + etoposide or gemcitabine;
treated significantly higher than in those
non-small cell lung Colorectal cancer: MLT + OxiP + 5-FU or MLT +
treated with chemotherapy alone and 2-year [73]
cancer (NSCLC) or Etoposide or ML T + 5-FU + FA; Gastric cancer: MLT +
survival rate significantly higher in patients
gastrointestinal tumors CisP + Epirubicin + 5-FU+ FA or MLT + 5-FU+ FA
concomitantly treated with ML T.
1-year survival rate and the objective
tumour regression rate significantly
Metastatic solid tumour: Lung cancer: MLT + CisP + etoposide or MLT +
higher in patients concomitantly treated
lung cancer, breast cancer, gemcitabine; Breast cancer: MLT + Doxorubicin or MLT

with MLT than in those who received
gastrointestinal tract + Mitoxantrone or ML T + Paclitaxel; Gastrointestinal [74]
chemotherapy alone.

neoplasms, head tumors: MLT + 5-FU + FA; Head and neck cancers: o
MLT significantly reduced the frequency
and neck cancers MLT + 5-FU + CisP
of thrombocytopenia, neurotoxicity,
cardiotoxicity, stomatitis and asthenia.
Disease-free survival in melanoma patients
Lymph node relapses due to surgically treated for regional node
MLT [75]
malignant melanoma. recurrence was significantly higher in

MLT-treated individuals than in controls.
Abbreviations: MLT, Melatonin, ACTH, Adrenocorticotropic hormone; CisP, Cisplatin, 5-FU, 5-Fluoracile;
FA, Folates; OxiP, oxiplatin. In all cases ML T dose was 20 mg/day.

Results obtained from clinical trials suggest that MLT is an effective treatment for some types of
neoplasm, either by improving the progression of the disease by controlling the growth and size of
tumors, improving the effectiveness of classic chemotherapies or improving tolerance to them. Results
also show improvements in the quality of life for patients when MLT is included in the anticancer therapy
and, in some cases, significantly higher survival rates were obtained.

Finally, last years the protective effect of MLT against UV radiation has been proposed by its direct
and indirect antioxidant activity (free radical scavenger and stimulation of antioxidant enzymes) [76].
UV radiation causes a neutrophilic inflammatory response. However, the main effect is related to
tumor-initiating DNA mutations in melanocytes (melanoma) [77]. Several studies have demonstrated
these effects [78,79].

5. Role of Melatonin in Oral Health

Oral health is essential to general health and quality of life, and according to the World Health
Organization (WHO), is defined as the state of being free from mouth and facial pain, oral and throat cancer,
oral infection and sores, periodontal (gum) disease, tooth decay, tooth loss, and other diseases and disorders

that limit an individual’s capacity in biting, chewing, smiling, speaking, and psychosocial wellbeing.
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Most prevalent inflammatory oral disease is gingivitis (gum tissue inflamrmation). Gingivitis, untreated
due to a chronic exposure or accumulation of bacteria in the gingival sulcus of the mouth, will lead to
an immune response where cells secrete lvtic enzymes which, together with bacterial toxins, degrade
collagen and glycosaminoglycans, This leads to a breakdown of bone and connective tissue that hold
teeth m place. If not treated, the bones, gums, and tissue that support the teeth are destroyed [80,81].
Severe periodontal (gum) disease, periodontitis, may result in teoth loss. Tt is found in 15%-20% of
middle-aged (35-44 years) adults [82].

Risk factors for oral diseases include an unhealthy diet [83], tobacco use, and harmful alcohol
use [84-86] (Figure 2). These are also risk factors for the four leading chronic diseases (cardiovascular
diseases, cancer, chronic respiratory diseases, and diabetes) and oral diseases are often linked to chrenic
disease. Potentially, the most popular is the link between diabetes and periodontitis [87,88].
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Figure 2. Diagram of the main mechanisms for the development of the oral diseases based
on inflammation and oxidative stress: gingivitis and periodontitis and the role of MLT in
their inhibition. Positive signs mean induction and negative inhibition. The line explains the
cascade ol reactions which relates gingivitis with periodontitis and involved exogenous and
endogenous factors. The dotted line indicates where the activity of melatonin is targeted.

Eventually these diseases are linked to inflammatory processes and the mechanism of activation and
propagation of the underlying inflammatory process is, in a great many cases, oxidative stress [89,90].
Avezov et al. summarizes the main sources of oxidative stress in the oral cavity and pathological
outcomes [91].

Taking into account the direct relationship between the inflammatory process, oxidative stress, and
these diseases, antioxidants are a possible mechanism in reducing gingival inflammation [92]. Thus,
it can be thought that the establishment of antioxidant therapies, such as MLLT, help to assist or remove
the pathological complex network of interactions that may be established. There is already much
evidence supporting this.

Some authors suggest that ML'T saliva levels have a protective role in oral cavity tissue from oxidative
stress damage [93-95]. Others propose that there is a direct relationship between these MLT levels and
oral health [96-98].
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In a rat pulp inflammation (pulpitis) model, TLR4/NF-«B signaling is activated [99,100] to increase
serum levels of NF-kB, TNF-a, and IL-1p. ML'T has been shown to suppress this increase and the percentage
of necrosis of the injured pulp cells via TLR4/NF-kB signaling inhibition. ML T could also regulate
the expression of TLR4/NF-«B signaling in LPS-stimulated human dental pulp cells [101]. In another
experimental model of periodontitis in rats, MLT reduced inflammatory cytokine (IL-1b, TNF-a) levels,
regulated oxidative stress parameters, such as malondialdehyde (MDA) or glutathione (GSH), and
decreased periodontal tissue destruction [102]. The in vitro effect of MLT in gingival human fibroblasts
has been also studied and it has been found that ML T has anti-fibrotic and anti-inflammatory properties
via inhibition of endothelin-1 and TGF-B1, and increasing collagen and I1.-10 levels [103].

Taking in to account that ML T is a nontoxic endogenous human hormone; it has powerful antioxidant,
anti-inflammatory, and immunoenhancing activities, and participates in proliferation and bone

remodeling [104]. It can be concluded that MLLT is a potential candidate for the treatment of oral diseases.
6. Role of Melatonin in Kidney Chronic Disease

Chronic kidney disease (CKD) is characterized by increased levels of oxidative stress and inflammation.
Oxidative stress and inflammation promote renal injury via damage to molecular components of
the kidney by different mechanism of action. ROS oxidize the amino acids in the nephron, resulting
in the loss of important functional properties [105-107], lipid peroxidation of cell membrane decrease
membrane viability [108], and cleavage and crosslinking of renal DNA occurs leading harmful
mutations [109,110]. Moreover, other ROS interactions in the nephron give rise to secondary radical
production [111].

The therapeutic and protective effect of MLT against this kind of kidney damage has been shown in
animal models [112,113]. There are a large number of studies of oxidative stress induced by exogenous
drugs in which ML T has demonstrated a protective role; for example, in an oxidative stress animal model
after a cisplatin administration [114].

Other kidney disease, which the use of MLT seems interesting, is ischemia/reperfusion injury (IRI),
a major problem in clinical renal transplantation. Severe IRI of cadaveric kidney grafts, often caused by
prolonged cold storage, contributes to delayed graft function and acute renal failure [115]. It is generally
believed that ROS and RNS play the principal role in the mediation of IRI[116]. Li ef al. have demonstrated
that MLT protects kidney grafts from IRI through the inhibition of NF-«xB and apoptosis after experimental
kidney transplantation by improving recovery of renal and cellular function, reduces histological tubular
damage index, and increases survival after reperfusion. As a pathophysiological explanation, MLT was
shown to significantly reduce oxidative stress (lipid peroxidation) and induce SOD, while down-regulating
NF-«B and iNOS and subsequently caspase-3-dependent apoptosis [117].

7. Role of Melatonin in Fibromyalgia

Fibromyalgia (FM) is a syndrome characterized by widespread pain, diffuse tenderness, and multiple
symptoms including fatigue, sleep disturbances, cognitive dysfunction, and depressive episodes [118].
Since the main symptoms in FM (pain, stiffness and fatigue) are located in the muscles, muscle biopsies,
mostly from the trapezius, have been studied. Biopsies of muscle have demonstrated inflammatory markers,

subsarcolemmal mitochondrial accumulation, abnormal mitochondria, higher incidence of ragged



99

Int. J. Mol. Sci. 2015, 16 16990

red fibers, and defects of cytochrome-c-oxidase (complex IV of oxidative phosphorylation) [119,120].
Most recent studies have shown the implication of mitochondrial oxidative stress in the peripheral
nociception described in FM as an important symptom which is mediated by inflammatory activation [32].
There 1s a phase II, randomized, double-dummy, controlled trial showing that the exogenous MLT
administration (10 mg/day) increases the inhibitory endogenous pain-modulating system as assessed by
the reduction on the numerical pain scale (0—10). In this study MLT alone, or associated with amitriptyline,
was better than amitriptyline alone in improving pain on the visual analog scale [121]. Another
randomized trial demonstrated that administration of MLT alone, or in combination with fluoxetine
(3—5 mg/day), was effective in the treatment of fibromyalgia [122]. Taking into account the implication
of oxidative stress in FM and the reported results, we believe that the mechanism of action implicated is

the MLT activity as antioxidant.
8. Role of Melatonin in Inflammatory Bowel Disease

Chronic inflammation of intestinal tract or part thereof leads to the two major inflammatory bowel
diseases (IBDs): Crohn’s disease (CD) and ulcerative colitis (UC) [123]. Although the main characteristic
of both diseases is a relapsing immune activation which leads to an uncontrolled inflammation
of the intestinal mucosa, they have different clinical symptoms and different histopathological
characteristics [124,125]. UC is located at the large intestine (colon) [126] and CD can affect any part
of'the digestive tract from the mouth to the anus [127,128]. The role of ROS and RNS in the pathogenesis
of both discases [28,129] is known; that is, despite an exacerbated immune response in both diseases,
each follows a different pathway to cause damage in intestinal cells. An excessive Thelper 1 (TH1) response
is linked with CD and an excessive TH2 phenotype is associated to the development of UC [123].

In UC patients significantly higher serum concentrations of cytokynes such an 11.-13 (anti-inflammatory
citokyne), IL-17 (proinflammatoty citokyne), C reactive protein (CRP) has been observed [130]. Other
UC markers are IL-1B [131] and COX-2 [132]. Pentraxin 3 (P'TX3) [133], which is not merely a marker,
but directly involved in the proinflammatory process, as it facilitates neutrophil infiltration and elevates
levels of proinflammatory cytokine as TNF-a [134,135].

The transcription factor NF-kB plays a fundamental role in the UC pathogenesis by regulating
the expression of cytokines [136], as in carcinogenesis as we have seen above. Intercellular adhesion
molecule-1 (/CAM-1) and TNF-a gene promoters have binding sites for NF-kB [137]. 8-oxo-7'8-
dihydro-2'-deoxyguanosine (8-0x0-dG) in the rectal mucosa may be another useful biomarker for
detecting patients with UC-associated neoplasia [138].

An important event in the UC is the mcreased intestinal permeability which occurs by a decline in
expression of a tight junction protein (occluding) mediated by a Th2 cytokine: IL-13 [139]. This increased
permeability, in the case of animal models of dextran sulfate sodium (DSS) induced colitis is accompanied
by an increase in plasma levels of LPS [140], which is an indirect marker of gut bacteria in the systemic
circulation [141].

It is known that there is a direct relationship between the UC and colon cancer; the duration of UC is
proportional to the risk of suffering this kind of tumor [142]. The use of antioxidants in UC treatment
may, therefore, prove interesting. Some authors have tested the role of MLT in this disease. Table 2 lists
the obtained results and the impact caused by the administration of ML'T in UC different models.
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Table 2. Results and effects achieve with the administration of MLT in different animal
models of induced UC by different chemical agents.

Study Colitis Model Results Effects

| Colon length observed in mice
Increase intestinal surface
with UC

| Levels of inflammatory markers:

MPO, IL-17, IL-6, TNF -, Anti-inflammatory at the systemic site
NF-1B, COX-2, STAT3
Trivedi and Jena Dextran sulphate sodium (DSS) . - -
1 Nrf2, NQO-1 and GSH | Oxidative stress involved in UC
[143] induced colitis

Decrease in the loss of function
Antifibrotic effect: | MMP-9 and CTGF
of intestinal tissue

| 8-Oxo-de expression | Oxidative DNA damage
| Occluding expression | Elevated gut permeability
| LPS plasma levels | Gut bacteria in the systemic circulation

| Colitis symptoms: rectal bleeding and
| mRNA levels for TNF-o and ICAM-1
i occult blood and | frequency and severity
colon tissues
of mucosa damage dramatically

2,4.6-Trinitrobenzene sulfonic

Liet al [144] | NF-1B-DNA translocation and mRNA
acid induced colitis | Expression of inflammatory cytokines
expression by 1 IxBa
| Inflammatory infiltrate of neutrophils, | Severity of mucosa injury and
lymphocytes, and macrophages alleviate colitis symptoms

| Tumor multiplicity, significantly | in
Ameliorative effect on the progression
number of aberrant and abnormal
of colon carcinogenesis
crypts in the colon

Significantly | levels of inflammatory

markers: MPO, IL-17, IL-6, TNF-¢

Significantly | in NF-«B, COX-2, Anti-inflammatory effect

and STAT3 levels in the colon
1,2-Dimethylhydrazine . .
of mice with CACC

dihydrochloride (DMH) and DSS
Trivedi et af. [145] Significant | TBARS and 1 GSH
induced colitis-associated colon Antioxidant effect
levels in the colon

carcinogenesis (CACC)
Significantly | autophagy as revealed

| Autophagy in the colon of mice
from the expression pattern of Beclinl,

with CACC
LC3-II/LC3-I ratio, and p62
Significant T Nrf2, NQO-1, and HO-1 | Oxidative stress
| CACC-associated DNA damage
as well as oxidative DNA Protective role in CACC

damage in the colon of mice
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Table 2. Cont.

Study Colitis Model Results Effects

Significant | TNF-¢;, IL-1p , IL-6, myeloperoxidase

Anti-inflammatory effect
(MPO), and malondialdehyde (MDA} levels

Tahan et al.
[146] Acetic acid-induced colitis Significant 1 GSH and SOD levels Antioxidant effect
146
Significant | macro and microscopic
Protective role in UC
lesion scores of the UC group
| NF-xB inmuno histochemical expression Anti-inflammatory effect
Sayyed et al. | LP Levels | Intestinal permeability
Acetic acid-induced colitis
[147] | Neutrophil infiltration and
| PTX3 Levels
proinflammatories Cytokines
| Severity of gut injury and significantly | of
Protective role in UC
Acetic acid or colon mucosal damage index (CMDI)
Dong et al.
2,4,6-trinitrobenzene sulfonic acid Significantly | of NO content and
[148] Antioxidant effect
{TNBS) induced colitis iNOS expression in colonic tissue

| PGE2 and expression of COX-2 Anti-inflammatory effect
UC, uleerative colitis; MPO, myeloperoxidase; IL-17, interleukin 17; IL-6, interleukin 6, TNF-o, tumor necrosis
factor-o; NF-kb, nuclear factor k-B; COX-2, cyclooxygenase-2; STAT3, signal transducer and activator of
transcription 3, NQO-1, NAD(P)H quinone oxidoreductase 1, GSH, glutathione; MMP-9, matrix
metalloproteinase-9; CTGF, connective tissue growth factor, LPS, lipopolysaccharide; ICAM-1, intercellular

adhesion molecule 1; CACC, colitis-associated colon carcinogenesis, TBARS, thiobarbituric acid reactive
substances; HO-1, heme oxygenase 1; SOD, superoxide dismutase, LP, lipid peroxides; PTX3, Pentraxin 3;

|, means reduction; 1, means augmentation.

All these studies with animal models of UC show that MLT plays an important role improving
the disease through multiple mechanisms of action, based on recognized antioxidant and anti-inflammatory
capacity. Among other effects, MLT decreased tumor incidence, multiplicity, number of aberrant crypts
per focus, and improved the histological profile or colonic lesions of mice with UC. MLT inhibited
oxidant damage and inflammatory cytokines. MLT caused the decrease of colonic NO and PGE2
content, as well as the down-regulated expression of colonic iNOS and COX-2.

Besides experimental animal studies, there are data about ML T effects in human UC. Chojnaki et al. [149]
carried out a clinical trial, in which four parameters were measured: Mayo Clinie disease activity index
(MCDATI) (which took into account stool frequency, rectal bleeding, endoscopic findings, and physician’s
global assessment), CPR plasma levels, hemoglobin plasma levels, and anxiety (according to Hamilton
anxiety scale). Results, with a dose of 5 mg at bedtime, were positive for all parameters. This makes
MLT to be a suitable candidate for the treatment of UC.

9. Role of Melatonin in Rheumatoid Arthritis

Rheumatoid arthritis (RA) is a systemic inflammatory disorder [150]. It is considered an autoimmune
disease given the presence of autoantibodies as rheumatoid factor (RF) and anti-citrullinated protein
antibodies (ACPA) [151,152]. These antibodies are involved in proinflammatory cytokine production
in vitro, which in turn is known to be associated with systemic inflammation and RA [153]. As in other

autoimmune and inflammatory diseases, the chronicity results in destruction of synovial joints due to
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continuous immune cell infiltration into the synovium [154]. RA is a disabling disease and has high rates
of premature mortality [155].

Since RA is an inflammatory disease, key markers and molecules whose levels are increased and involved
in RA pathogenesis are, among others, TLR3 and of IL-1p in CD34+ cells, CRP, fibrinogen [156], ROS,
MnSOD mRNA, NOX2 mRNA [157], PTX3, which is related to other cardiovascular diseases [158], or
anti-IgG4 hinge antibodies that may represent one mechanism of ACP A-mediated inflammation [159].

Oxidative stress plays a key role in RA. It has been reported that RA patients have higher antioxidant
levels than healthy controls, but they are insufficient to prevent oxidative damage [160]. Some authors
have demonstrated that there are increased levels of NO in RA patients’ serum, NO correlates significantly
with disease activity, inflammatory markers and radiological joint status [161].

Given the profile of the disease, it is interesting to review what role MLT could play due to its
antioxidant and anti-inflammatory activity. However, we found a double approach. Some authors defend
the role of MLLT as an adjuvant in the treatment of RA, but a substantial majority takes the view the MLT
is implicated in the pathogenesis of the disease. Let us see the arguments for both.

Georges et al. reported that RA patients have higher nocturnal plasma levels of MLT than healthy
controls. Additionally, they reported that MLT is present in the synovial fluid of RA patients and
synovial macrophages have a specific binding site [162]. In another study we found strong indications
about how MLT would be involved in modulation of immune responses by inducing the production
and secretion of cytokines, such as I1.-12 and NO production, too, by the involvement of synovial
macrophages and human monocytic myeloid THP-1 cells. This leads us to believe that synovial arthritis’
symptomatology in RA may be related with ROS, produced by monocyte and macrophages, cytokines
and diurnal thythmicity of neuroendocrine pathways [163]. There are even authors who have evidence
of the potential mediators in the role of MLT-mediated arthritis [164,165].

The arguments in favor are less numerous and are based on the antioxidant properties of this molecule.
Forrest ef ad. used MLT as an adjuvant in RA therapy, but they did not find enough evidence of positive
effects of MLLT in RA [166]. Maestroni ef al. discovered that MLLT did not worsen RA progression [167].

It seems that it is becoming increasingly clear, the enhancing role of MLT in the pathogenesis of RA,
contrary to what might be expected. Studies supporting this theory are more recent. As we have seen,
there are theories about the mechanism of action involving the MLT in the pathogenesis of this disease,

some point to those synovial macrophages responding to MLT with an increased cytokine production [168].
10. Conclusions

As we have seen throughout this review, MLT is involved in the inhibition of numerous pathways
of numerous mediators of inflammation. They arise from oxidative stress or oxidative damage by both
endogenous and exogenous molecules. Nowadays, in the age that antioxidants are in the spotlight as
a possible solution to emerging diseases in the first world, which are directly related to oxidative stress
and inflammation, MLT is in the running as a candidate in the form of monotherapy or as an adjuvant to
other therapeutic agents. The only exception seems to be the pathogenesis of rheumatoid arthritis which
must be more deeply investigated to elucidate the real mechanisms involving MLT.

Finally, note that the antioxidant and anti-inflammatory potential of MLT encourages us to study

the possible use of this molecule, or its derivates, as an adjuvant in more aggressive therapies, or to
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minimize side effects associated with oxidative and inflammatory damage of certain medicines, which

opens a very large field of study.
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El perfil de seguridad de los antiinflamatorios no esteroideos (AINE) ha sido ampliamente
estudiado y tanto los efectos terapéuticos como los efectos secundarios a nivel
gastrointestinal (GI) y cardiovascular, se han asociado histéricamente con el efecto
inhibidor de los mismos sobre la COX-1 y la COX- 2 respectivamente. Este enfoque, en
cuanto a efectos Gl se refiere, ha quedado obsoleto, ya que ahora hay evidencias de la
participacion de multiples vias celulares en el dafio GI mediado por AINE y aunque no
se conoce la secuencia exacta, dichas vias estarian relacionadas, entre otros, con el estado

oxidativo o redox del enterocito.

Las terapias clésicas para evitar los dafios Gl se basan en el uso de inhibidores de labomba
de protones (IBP) que disminuyen la secrecién &cida y aunque el pH &cido esta
directamente relacionado con el dafio GlI, ya que lo agrava, no se trata de la causa principal

que genera los efectos Gl secundarios de esta familia de medicamentos.

Ademas, la hipoclorhidria y aclorhidria se relacionan con un mayor riesgo de infecciones
entéricas por diferentes microorganismos patdgenos Yy diferentes estudios han
identificado cambios profundos en el microbioma intestinal en pacientes tratados con IBP
lo que segln estudios recientes tendria implicaciones directas en el organismo y una

repercusion mayor en el estado de salud de lo que se conocia.

Por otro lado, la melatonina ha demostrado ser un potente agente antioxidante, numerosos
estudios avalan tanto su interaccién directa con RL y moléculas oxidantes, como su efecto

indirecto al activar otros sistemas enzimaticos de defensa contra el dafio oxidativo.

Dadas las evidencias sobre la actividad antioxidante de la MLT, el objetivo global

planteado en la presente tesis doctoral ha sido el estudio de la MLT como posible agente

preventivo del dafio Gl inducido por los AINE.

Esta tesis esta relacionada con diversas areas de conocimiento, en primer lugar, con la
Biofarmacia y Farmacocinética, necesarias para el desarrollo de un modelo ex vivo con
el cual evaluar procesos de absorcion intestinal. A través de este método puede evaluarse
la permeabilidad de farmacos a través de intestino delgado, asi como predecirse cambios
en la misma. La Histologia y Biologia celular necesarias para la evaluacion de lesiones
en los distintos tejidos estudiados; por ultimo, la Bioquimica para determinar niveles de
marcadores celulares bioquimicos, que permitan dilucidar posibles mecanismos de accion

involucrados en la prevencion del dafio Gl mediado por la MLT.
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Basado en lo anterior y con el fin de cumplir con el objetivo global, se disefid el siguiente

plan de trabajo:

Fase 1. Desarrollo y validacion de un método o modelo ex vivo para la determinacion
de cinética de absorcidén y/o permeacion intestinal y estudio de su correlacién con

células Caco-2.

1. Realizar una revision bibliogréfica de farmacos de cada una de las clases (I-1V)
de la clasificacion Biofarmacéutica, incluyendo la MLT.

2. Disefiar los experimentos de permeacion ex vivo de acuerdo con las caracteristicas
de cada molécula.

3. Poner a punto y validar el método ex vivo de permeacién intestinal.

Fase 2. Seleccion del modelo animal y de los marcadores bioquimicos méas adecuados
para evaluar la accion de la melatonina como agente preventivo del dafio

gastrointestinal.

1. Realizar una revision bibliografica para seleccionar el modelo animal mas
adecuado.

2. Realizar una revision bibliogréfica de la actividad de la MLT como antioxidante
y su papel en distintas enfermedades para seleccionar los marcadores bioquimicos

mas adecuados.

Fase 3. Evaluacion de la actividad de la melatonina como agente preventivo del dafio

gastrointestinal inducido por AINE.

3. Realizar una revision bibliografica para seleccionar el/los AINE méas adecuados
como modelo de dafio gastrointestinal.
4. Realizar la evaluacion de la MLT como agente preventivo del dafio
gastrointestinal inducido por AINE en un modelo ex vivo:
a. Estudio histolégico del tejido animal del modelo ex vivo utilizado.
b. Estudio bioguimico del tejido animal del modelo ex vivo utilizado.
c. Estudio y comparacion de la permeabilidad aparente del AINE solo y en
presencia de la MLT usando el método validado en el punto 3.
5. Realizar la evaluacion de la MLT como agente preventivo del dafio
gastrointestinal en un modelo in vivo.

a. Disefar y desarrollar el estudio in vivo del modelo animal seleccionado.
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b. Estudio histologico del tejido animal del modelo in vivo utilizado.
c. Estudio bioguimico del tejido animal del modelo in vivo utilizado.
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Resumen

El estudio de absorcion de farmacos constituye un paso esencial en el
desarrollo de nuevas formas farmacéuticas. En cuanto a las formas orales, se han
desarrollado métodos basados en cultivos celulares en monocapa Caco-2(Células de
Adenocarcinoma de Colon Humano) para emular la mucosa intestinal en estudios de
permeabilidad. A pesar de ser un método ampliamente aceptado, el cultivo celular
presenta ciertas desventajas relacionadas sobre todo con los costos, la alta
complejidad técnica y necesidad de personal cualificado, ademas de limitaciones
relacionadas con la monocapa de células que es una estructura mas simple que el
epitelio gastrointestinal y que limita la clase de moléculas que pueden ser permeadas
segun los mecanismos de transporte. El objetivo de este trabajo fue desarrollar un
nuevo metodo ex vivo que permite evaluar el coeficiente de permeabilidad aparente
intestinal (Papp) empleando menos recursos y evaluar la correlacién con las Caco-2.
Para ello, se utiliz6 como membrana segmentos de duodeno de cerdo (Sus scrofa)
que se montaron en células de Franz y se permearon cuatro farmacos diferentes:
Ketorolaco trometamina (KT), MLT, hidroclorotiazida (HTZ) y furosemida (FUR).
No se observaron diferencias estadisticamente significativas (p > 0,05) al
correlacionar los valores de Papp obtenidos usando células de difusion de Franz y los
valores obtenidos con células Caco-2para KT, HTZ y FUR. Si hubo diferencias
estadisticamente significativas (p < 0,05) al correlacionar los valores de Papp para
ambas técnicas en el caso de la MLT. Esta diferencia se explica por el papel
demostrado de la MLT en la reduccion de la permeabilidad paracelular epitelial
duodenal. Como conclusion, el método de permeacion ex vivo usando intestino de
cerdo puede considerarse un método equivalente a los ensayos en Caco-2para
aquellos farmacos que no producen fendmenos sobre la membrana intestinal que

pueda afectar a la absorcion.
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Abstract: The absorption study of drugs through different biological membranes constitutes
an essential step in the development of new pharmaceutical dosage forms. Concerning orally
administered forms, methods based on monolayer cell culture of Caco-2 (Caucasian colon
adenocarcinoma) have been developed to emulate intestinal mucosa in permeability studies. Although
it is widely accepted, it has disadvantages, such as high costs or high technical complexity, and
limitations related to the simplified structure of the monolayer or the class of molecules that can be
permeated according to the transport mechanisms. The aim of this work was to develop a new ex vivo
methodology which allows the evaluation of the intestinal apparent permeability coefficient (Pypp)
while using fewer resources and to assess the correlation with Caco-2. To this end, pig (Sus scrofz)
duodenum segments were mounted in Franz diffusion cells and used to permeate four different drugs:
ketorolac tromethamine (Kt), melatonin (Mel), hydrochlorothiazide (Htz), and furcsemide (Fur).
No statistically significant differences (p > 0.05) were observed corelating Papp values from Franz
diffusion cells and Caco-2 cell experiments for Kt, Htz, and Fur. However, there were statistically
significant differences (p < 0.05) correlating Papp values and Mel. The difference is explained by the
role of Mel in the duodenal epithelial paracellular permeability reduction. Ex vivo permeation may
be an equivalent method to Caco-2 for drugs that do not produce intestinal membrane phenomena
that could affect absorption.

Keywords: Franz cells; Caco-2 cells; intestinal permeability; apparent permeability coefficient

1. Introduction

At the earliest stages of drug product or new pharmaceutical dosage form development, in vitro
permeation through Caco-2 (human epithelial colorectal adenocarcinoma cell monolayer line) is widely
accepted to estimate the intestinal apparent permeability coefficient (Papp). As described in Figure 1,
Caco-2 is a donor-receptor compartment apparatus separated by a cell monolayer grown on a porous
polycarbonate filter. Papp, defined as the flux of a substance permeating a membrane from the donor to
receptor compartment normalized by the membrane surface and initial concentration in the donor
champber [1], is usually obtained based on a two-compartmental model approach; however, some
authors have developed an alternative definition of a Papp index for three-compartment models
describing the membrane as well as donor and receiver compartments [2]. This index may be predictive
of oral bioavailability, showing an acceptable correlation with a human one, especially for drugs

Pharmaceutics 2019, 11, 638; doi:10.3390/pharmaceutics 11120638 www.mdpi.comfjournal/pharmaceutics



127

Pharmaceutics 2019, 11, 638 20f 12

absorbed by passive diffusion. Carrier-mediated absorption drugs are not so easily extrapolated
and require a scaling factor because of the low expression of carriers in this cell line [3]. Both
undifferentiated and differentiated Caco-2 models have been developed, with the undifferentiated
being more susceptible than the differentiated and, therefore, effective in cytotoxicity and cytoprotective
studies [4-8]. More complex differentiated models are suitable for studying transport mechanisms and
efficacy of substances [9-12].

<4———Transwel insert

passive diffusion

Apical

' Cell Monolayer
chamber A Y
s ‘-.’:_;’_._-:=;_;-:';_.: i Permeable membrane
Basolateral R ; (microporotis)
chamber v

Caco-2 scheme

Figure 1. Caco-2 diagram formed by a transwell insert preloaded with polycarbonate membrane inserts
with a known pore size. Original figure drawn in Edraw Max 9.4.

Focusing on the relevance of Caco-2 in the design, optimization, and selection of potential
candidates in the development of oral drugs, cell monolayer lines have been used for the study of
improving the oral absorption of highly lipophilic and poorly water-soluble drugs [13]; lipid-based
self-emulsifying drug delivery systems [14]; and for the evaluation of new oral formulations based on
nanotechnology, such as solid lipid nanoparticles (SLNps) [15], or bicadhesive drug delivery systems,
such as chitosan-modified nanoparticles [10]. Caco-2 hasbeen optimized, although it exhibits variability
attributable to biological methods [16], and the significance of emulating physiological conditions
to improve in vitro experiments, for example, using bile acids, surfactants, or plasma proteins, is
well known for providing a better in vitro—in vivo correlation [17]. Because of their usefulness and
relevance, international institutions such the FDA accept in vitro permeability studies across Caco-2
to classify the permeability of drug substances according to the Biopharmaceutics Classification
System (BCS) proposed in the International Council for Harmonization of Technical Requirements for
Pharmaceuticals for Human Use (ICH) guidelines [18].

Regardless of it being an established method, the Caco-2 cell model has some disadvantages,
such as its high cost or the need for highly specialized staff, which can be restrictive in both academic
and private sector environments, where the optimization of resources is a paramount task. Other
limitations are related to the structural and functional differences between a monolayer of cells and
a biological membrane, such as the intestinal one. In contrast to Caco-2, which is a monolayer of
cells, the gastrointestinal (GI) tract is composed of four main layers: tunica mucosa {(mucous layer),
tunica submucosa (submucous layer), tunica muscularis (muscle layer), and tunica serosa (serous
layer) (Figure 2), which are additionally composed of different layers. Tunica mucosa is the most
proximal layer to the lumen, which contains a thick layer of mucous covering the epithelial cells that
are linked together by intercellular linkages, and an underlying layer called the lamina propria. The
small intestine epithelium is a simple columnar epithelium, typical of regions of high secretion and
absorption functions. The cells of simple columnar epithelium form finger-like projections called villi.
In addition to intestinal villi, the surface of the cells contains microvilli, which collectively increase the
surface area of the lumen by 400-600-fold [19].
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Figure 2. (a) Basic structure of small intestine layers, (b) a simplified schematic representation of villi,
and (c} epithelium composed of intestinal epithelial cells including types of intercellular junctions.
Original figure drawn from Edraw Max 9.4.

Other important features of Gl epithelium are the structural linkages between cells that connect
the plasma membrane of neighboring cells. Four classes of intercellular junctions have been described:
gap junctions (selective for small molecules such as ions, second messengers, and metabolites), tight
junctions (paracellular barrier regulating the movement of water and solutes between epithelial layers),
adherens junctions (help to seal the space between cells), and desmosomes (help to maintain shear
forces and mechanical stress} (Figure 2c) [19].

CI membrane complexity demonstrates that drug absorption across this barrier is a multipathway
process which could be classified as transcellular and paracellular. The most important is the
transcellular route, whereby compounds go across the cells by traversing the cell membrane following
passive diffusion or carrier-mediated transport (active transport, facilitated diffusion, absorption
limited by P-glycoprotein or other efflux transports, intestinal first-pass metabolism followed by
absorption of parent and metabolite- and receptor-mediated transport). There is also a paracellular
passive diffusion via the junction route [20].

As explained above, the use of Caco-2, although predictive, is a very simplified approach to the GI
membrane, so the use of ex vivo methods may lead to more accurate predictions of Papp. Nejdfors et al.
studied the permeability of C-mannitol, fluorescein isothiocyanate (FITC)-dextran 4400, a-lactalbumin,
ovalbumin, and FITC-dextran through different intestinal regions of humans, rats, and pigs using
small diffusion chambers of 5 mL and 1.74 cm? of exposed tissue area (Navicyte, San Diego, CA,
USA) [21]. Differences between intestinal regions and species were detected, and a good correlation
between humans and pigs was also observed, mainly for the polyol mannitol in the jejunum and ileum.
Papp was not compared with Caco-2 values, but the experiment showed that the use of intestinal
membranes may be predictive of oral bioavailability.

Considering all the above, the aim of this work was to develop an alternative technique to Caco-2
and small diffusion cells, which allows the evaluation of the intestinal absorption rate or Papp, for
different drugs while using fewer resources and to assess the correlation with Caco-2. The purpose was
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to provide a new suitable and economical ex vivo method to test and compare new oral formulations
or modified release systems, including therapeutic and higher drug concentrations than Caco-2.

2. Materials and Methods

2.1. Cherical and Reagents

Melatonin (Mel), ketorolac tromethamine (Kt), hydrochlorothiazide (Htz), ammonium dihydrogen
phosphate (NH4H»>PPOy), phosphoric acid (H3POy), disodium hydrogen phosphate (Na;HPO4), and
tetrahydrofuran (THF) were purchased from Sigma-Aldrich (Madrid, Spain). Furosemide (Fur) was
supplied by Acofarma (Barcelona, Spain). Potassium dihydrogen phosphate (KHyPOy), potassium
hydroxide (KOH), acetonitrile (ACN), and methanol (MeOH) were purchased from Panreac Quimica
(Barcelona, Spain). Hanks’ balanced salt solution (HBSS) was purchased from Merck S.L. (Barcelona,
Spain). Double-distilled water was obtained from a Milli-Q® Gradient A10 system apparatus (Millipore
Iberica S.A.U., Madrid, Spain).

2.2, Instrumentation

HPLC-UV Procedure

The HPLC equipment consisted of a Waters® Alliance 2695 Separation Module (Waters Co.,
Milford, MA, USA) with a 2996 Photodiode Array Detector (DAD) at a wavelength range of 190-800 nm
and sensitivity settings from 0.0001 to 2.0000 absorbance units. HPLC parameters are summarized in
Table 1 and listed below.

Table 1. Summary of HPLC parameters for ketorolac tromethamine (Kt), melatonin (Mel), furosemide
(Fur), and hydrochlorothiazide (Htz).

Flow Rate

Molecule Column UV-£ (nm) Mobil Phase (ml/min) V2 {ul)
Kt C8, 150 x 2.1 mm, 5 pm 313 NH4H,; PO:THF (70:30) 0.25 100
Mel C18, 100 x 4.6 mm, 3.5 pm 223 HyO:MeOH (55:45) 0.60 100
Fur (18,150 x 3.9 mm, 4 um 230 KH;PO,:CAN (80:20) 0.50 100
Hitz 100 ODS2, 100 X 4.6, 3 um. 224 NaH,PO,:MeOH-THF! 0.70 100

! Hydrochlorothiazide HPLC mobile phase consisted of a gradient elution of two solutions: A (93:6:1) and B
(47.6:47.6:4.8). 2 [V: injection volume.

Ktanalysis was conducted with a reverse-phase column C8 (150 x 2.1 mm) packed up with 5 pm
(Kromasﬂ@, Teknokroma Anlitica, SA; Barcelona, Spain), with a UV detector set up at 313 nm. The
mobile phase, previously filtered by a 0.45 um nylon membrane filter (Technokroma, Barcelona, Spain)
and degassed by sonication, consisted of a 70:30 ratio of NH H,PO (5.75 g/L; pH 3) to THF under
isocratic elution at a flow rate of 0.25 mL/min. The injection volume was 10 pL.

Mel analysis was performed with a reverse-phase column C18 (150 % 4.6 mm) packed up with
3.5 um (SunFire®, Waters Co., Milford, MA, USA), with a UV detector set up at 223 nm. The
mobile phase, previously filtered by a 0.45 um nylon membrane filter (Technokroma and degassed by
sonication, consisted of a 55:45 ratio of double-distilled water to MeOH under isocratic elution at a
flow rate of 0.6 mL/min. The injection volume was 100 pL.

Fur analysis was carried out with a reverse-phase column C18 (150 x 3.9 mm) packed up with
4 um (Nova—Pack®, Waters Co., Milford, MA, USA), with a UV detector set up at 230 nm. The mobile
phase, previously filtered by a 0.45 um nylon membrane filter (Technokroma, Barcelona, Spain) and
degassed by sonication, consisted of an 80:20 ratio of KH> POy (0.01M; pH of 6.3, adjusted with KOH
10%) to ACN under isocratic elution at a flow rate of 0.5 mL/min. The injection volume was 100 pL.

Htz analysis was conducted with a reverse-phase column ultrabase 100 ODS2 analytical column
(100 x 4.6 nm; diameter of 3 pm (Akady, Spain)) with a UV detector set up at 224 nm. The mobile
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phase, previously filtered by a 0.45 um nylon membrane filter (Technokroma, Barcelona, Spain) and
degassed by sonication, consisted of a gradient elution of two solutions (A and B) at a flow rate of
0.7 mL/min. Solution A consisted of 940 mL of NaH, POy (35.8 g/L; pH of 3.2, adjusted with H3POy)
with 60 mL of MeOH and 10 mL of THE. Solution B consisted of 500 mL of NaH,PO, (35.8 g/L; pH of
3.2, adjusted with H3POy) with 500 mL of MeOH and 50 mL of THE. The percentage of B was 20% at
time 0, 20% at 4 min, 80% at 10 min, 80% at 12 min, 20% at 13 min, and 20% at 20 min. The injection
volume was 100 pL.

2.3. Validation and Verification of Analytical Methods

Previously validated HPLC-UV methods were selected for the analysis of the four assayed analytes.
Considering that the samples were obtained from biological sources, the specificity was studied.

Specificity, expressed by the ICH guidelines as the ability to assess an analyte in the presence of
components which may be expected to be present, was evaluated by the absence of interference of the
phosphate-buffered saline (PBS; pH 7.4) and other components from biological membranes used as a
blank at the retention times shown by the different standard solutions.

2.4. Ex Vivo Permeation Studies through Pig Intestine

2.4.1. Franz Cell System and Intestinal Membrane

Ex vivo permeation was performed in the duodenum, the most proximal portion of the small
intestine, of young female pigs (Sus scrofiz). Animals were sacrificed for other purposes in the Animal
Facility at Bellvitge Campus (University of Barcelona, Spain) (no. 7428) (Date of approval: 10
January 2019), and intestinal samples were obtained according to the 3R (reduction, refinement and
replacement) principle.

The duodenum was excised, cleaned, and preserved in HBBS at 5 + 3 °C for 12 h. Then, 6 X 6 cm
pieces were cut, mounted on the metal ring of the Franz cells as shown in Figure 3, and the remaining
corners were trimmed.

Figure 3. Piece of proximal small intestine of young female pigs (Sus scrofa) mounted on the metal ring
of the Franz cells.

To avoid damage to the biological intestinal membrane, 0.02 M PBS (pH 7.4) was prepared as
a receiving medium. The composition was 0.6 g of KH;POy and 3.17 g of NayHPOy per liter of
double-distilled water. The pH value was adjusted with H3PO4 or NaOH.

The ex vivo permeation study was performed in Franz diffusion cells (Vidra Foc Barcelona, Spain),
where duodenum portions were placed between the receptor and donor compartments with the basal
side in contact with the receiving medium and the apical side in contact with the donor chamber,
avoiding bubble formation. The diffusion area was 2.54 cm?. A representative chart of the Franz cell
system is shown in Figure 4.
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Figure 4. Franz cell scheme (a), including permeation membrane model (b} formed by the proximal
small intestine of young female pigs (5. screfa) thal were opened with an incision and positioned with
the area corresponding to the microvilli of the enterocytes in contact with the donor compartment and
the basolateral part in contact with the receptor compartment. Original figure drawn in Edraw Max 9.4.

Homogeneity during experiments was ensured by a small Teflon®-coated magnetic stir bar at
700 rpm. The diffusion cells were previously incubated in a water bath to equalize the temperature in
all cells (37 = 1 °C).

2.4.2. Donor Solution Preparation and Sampling Method

Four drugs according to BCS classification were randomly selected. Table 2 includes the chemical
structure; pKa (negative base 10 logarithm of the acid dissociation constant (Ka) of a solution) values;
and tested formulations, including solvents, drug concentration, and pH.

Table 2. Name, structure, Biopharmaceutics Classification System (BCS) type, and pKa (negative
base 10 logarithm of the acid dissociation constant (Ka) of a solution} of selected drugs for
permeation experiments.

Molecule Structure BCS pKa Dissolution Media Concentration
? —\
Ketorolac A N //‘ OH Tace oy PRA o
tromethamine U T \(\: \]/ Class 1 35[22] PBSpll7.4 1 mgfml
N o
HiC—g
Melatonin \‘L_ # ‘.F’/\] Class 2 16.5[23] PBSpH 7.4 0.8 mg/ml,
LI o CH,
s}
Cl .
Hydrochlorothiazide HoN ‘ P NH Class 3 7.9 [24] PBSpH 7.4 0.05 mg/mL
N o
AN A
db dbo
[,D cl
‘ e 1,0
) J—HN% s , . ,
Turosemide \: 7\, Class 4 3.9[25] PBSpH 7.4 0.6 mg/mL
0=
OH

All the drugs were dissolved by stirring at 30 + 0.1 °C in PBS (pH 7.4) to guarantee the
biocompatibility to the permeation membrane. Infinite dose conditions were ensured in all experiments.
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The donor compartment was then sealed by parafilm to prevent water evaporation. All the
experiments were carried out under sink conditions, ensuring that the drug concentration in the
receptor compartment was negligible compared to the donor one.

Samples of 300 uL were collected via a sampling port from the middle of the receptor compartment
at preselected time intervals (30, 60, 90, 120, 180, 240, 300, 360, and 420 min) for 7 h. The removed
sample volume was immediately replaced with the same volume of tempered fresh receiving medium
of each molecule with great care to avoid trapping air beneath the membrane.

2.4.3. Sample Analysis

The cumulative amount of the different BCS drugs through the small intestine membrane from
the acceptor compartment was monitored by a validated HPLC-UV methodology. Results are reported
as mean + SD of five experiments for each drug.

24.4. Data Treatment and Statistical Analysis

Our permeability model has the same structure as the two-compartment classic model, composed
of donor (apical) and receptor (basal) chambers, both separated by the permeation membrane. So,
apical-to-basal Papp, was calculated based on classic parameters according to Equation (1):

Papp = (dQ/dt) / (Co x A) M

where (dQ/dt) is the transport rate or flux (J) (ug/min) across the biological membrane, Cy (ug/mL)
is the initial concentration of the drug in the donor chamber, and A is the surface area {(cm?) of the
permeation membrane.

The cumulative amount (Q) (ug) permeated through porcine duodenum was obtained by
multiplying the acquired concentration (ug/mL) of each drug at the receptor chamber and the volume
(mL) of the receptor chamber. J (ug/min) was calculated as the slope at the steady state obtained by
linear regression analysis (GraphPad Prism® software, v. 5.01, GraphPad Software Inc., San Diego,
CA, USA) of Q as a function of time (min). Then, Papp (cm/min) was calculated according to Equation
(1) by dividing the | (ug/min), the permeation area (A) (2.54 cm?), and the initial drug concentration
(Co) (ng/mL = pugfcm?) in the donor chamber. Finally, the units were expressed in centimeters per
second for comparison with the obtained results in the Caco-2 experiments. It was assumed that under
sink conditions, the drug concentration in the receptor compartment is negligible compared to the
donor compartment.

Obtained experimental data were analyzed by unpaired Student’s -test to compare Papp values
for both bibliographic Caco-2 results and experimental data obtained with Franz cells. A p-value < 0.05
was established as an indicator of statistically significant differences.

3. Results and Discussion

3.1. Obtained Kinetics Parameters and Py Calculation

Table 3 shows the kinetics parameters of Kt, Mel, Fur, and Htz. Cumulative permeated drug was
measured. Then, the flux and flux normalized by the permeation area {2.54 cm?} were calculated.
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Table 3. Permeation parameters for Kt, Mel, Fur, and Htz solutions in vertical Franz cells (n = 5).

Permeation Parameters Kt Mel Htz Fur
Flux (ugfmin) 0.855 + 0.069 0.683 £ 0.016 0.004 = 0.0002 0.0180 + 0.0018
Flux/sup (ug/(cm/min)) 0.336 + 0.027 0.268 + 0.006 0.0015 + 0.0001 0.0071 + 0.0001
Co (ug/mL) 1000 800 50 600
Papp (x107%) (cm/s) 5.609 + 0.452 5.598 = 0.130 0.487 = 0.026 0.196 + 0.020

Abbreviation: Papp—apparent permeability coefficient.

Figure 5 shows Kt, Mel, Htz, and Fur cumulative permeated amounts in micrograms as a function
of time (min).

Ketorolac Furosemide
300+ 104
g T 8
2 5 200-] -
EZ ER o
= 6
Boe -t
L5 ]
Z 8 8 4
= - -1
e 3 100 ;_; g
g ] 2
v [}
0 T T T , 0 , - - - )
0 100 200 300 400 0 100 200 300 400 500
Time (min) Time (min)
(a) (b)
Melatonin Hydrochlorothiazide
15+ 20+
5 -
2 < 154
2w 104 g
£Z =
Ol g £ 107
Z ¢ 2 2
= 4 = g
%8 £ " o5
L 5
5 g
0 T T T ) 0.0 T T T )
0 100 200 300 400 0 100 200 300 400
Tiempo (min) Time (min)

(©) (d)

Figure 5. Cumulative permeated amounts (ug) as a function of time (min) of ketorolac tromethamine
(a), melatonin (b), furosemide (c), and hydrochlorothiazide (d). Results are reported as mean = SD
(n=0>5).

3.2. Specificity

Under the assay conditions described in the methodology section for each analyte, the mean
retention times of Kt, Fur, Mel, and Htz were 9.45, 3.03, 5.05, and 9.5 min, respectively. The selectivity
of the selected analytical method was confirmed by the studied chromatograms (Table S1), where
Kt, Fur, Mel, and Htz peaks did not overlap with any other of the endogenous components of the
medium. Blanks were obtained at time Tp, from the receptor compartment, after incubation of diffusion
cells and before adding the drugs. Therefore, the method is considered specific for the detection and
quantification of the four molecules,
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3.3. Correlation between Py, in Caco-2 versus Franz Cells
After a literature search, different Caco-2 permeation studies and Papp values were found for the

tested drugs, which are summarized in Table 4.

Table 4. Pale values expressed as mean + SD (cmy/s) from different literature datasets about Kt, Mel,

Fur, and Htz in Caco-2 experiments.

Drug Papp (x107%) (cmy/s) (AP — BL)) Caco-2 Cells
Kt 8.30 + 5.20 (n = 6) (HBBS! pH 7.4y [26]
Mel 12.50 + 0.01 (n = 3) (HEPES? pH 7.4) [27]
Htz 0.51 + 0.02 (n = 3) (HBBS! pH 7.4) [28]
Fur 0.19 + 0.01 (r = 3) (KBR® pH 7.4) [29]
1 Hank’s balanced salts solution; 2 4-(2-hydroxyethyl}-1-piperazineethanesulfonic acid*® Krebs-Ringer modified

buffer (KBR).

Table 5 shows that no statistically significant differences (p > 0.05) were observed correlating
Franz diffusion cells and Caco-2 cell experiments Papp values for Kt, Htz, and Fur. However, there
were statistically significant differences (p < 0.05) correlating Papp values for Mel. Figure 6 shows a plot
of statistical correlation.

Table 5. Statistical correlation between both Franz diffusion cells and Caco-2 experiments. Papp values
are expressed as mean + SD (cm/s) for Kt, Mel, Fuz, and Htz.

Papp (1078 (cm/s) (AP — BL)

Drug Franz Diffusion Cells (PBS pH 7.4) Caco-2 (pH 7.0) 1 Unpaired £-Test ()
Kt 561 045 (n=>5) 8.3 +5.2 (n=6)[26] 0.28 (p > 0.05)
Mel 5.60 <013 (1 = 5) 12,50 + 0.01 (1 = 3) [27] 0.0001 (p < 0.05) *
Htz 0.49 + 0.05 (1 = 5) 0.42 + 033 (1 = 3) [28] 0.30 (p > 0.05)
Fur 0.20 = 0,020 (1 = 5) 019 = 0.01 (1 = 3) [29] 0.87 (p > 0.05)

1 Caco-2 experiments were carried out in Hank’s balanced salts solution (pH 7.4} for Kt and Htz, HEPES (pH 7.4) for
Mel, and KBR pH 7.4 for Fur.
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Figure 6, Comparative Papp between both Franz diffusion cells and Caco-2 cell culture for Kt, Mel, Htz,
and Fur. Data are expressed as mean + SD x 107° (cmy/s). * p < 0.05.

Papp statistical correlation for both Franz diffusion cells and Caco-2 cell culture indicates that the
ex vivo permeation is an equivalent method to Caco-2 for Kt, Htz, and Fur, which are BCS classes 1, 3,
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and 4, respectively. Regarding Mel, the obtained Franz diffusion cell Papp values showed statistically
significant differences, with the ex vivo permeation data being 1.79 times lower than Caco-2. This
could be related to the intestinal accumulation of Mel described in mammals [30], where Mel intestinal
receptors MT1 and MT2 are involved in multiple roles, such as regulation of gastrointestinal motility
and epithelial permeability [31]. [t could also be explained by the fact that Mel, although it exhibits
protein-facilitated transport [32], reduces the duodenal epithelial paracellular permeability [33]. This
may justify the Papp value of 2.31 + 0.12 x 107% cm/s (n = 4) for Mel obtained by other authors in an
ex vivo permeation through rat jejunum in small diffusion chambers [34], which is also a lower and
statistically different value than Caco-2. The difference may be also associated with the cytotoxicity in
Caco-2 promoted by Mel concentrations of 1.56 and 0.78 ug/mL [35]. The ultrastructural damage in a
simple structure such as a monolayer of cells would increase permeability through tight junctions,
leading to an increased Papp value. Both circumstances would explain the differences. Drug solubility
is not a limiting factor when applying Franz diffusion cells through an intestinal ex vivo membrane
since Fur, which is BCS class 4, shows a good correlation. In contrast, intestinal membrane phenomena
that modify intestinal permeation, such as accumulation or metabolism (among others), may hinder
this method in the case of Mel.

4. Conclusions

A new ex vivo technique based on permeation through pig small intestinal membrane was
developed. It allows the prediction of absorption rate or Papp and apical-to-basal permeation for
different BCS drugs. This ex vivo method requires fewer economic resources than other in vitro
techniques for Pypp determination, providing a new suitable process to test and compare new oral
formulations or modified release systems, including therapeutic and higher drug concentrations than
Caco-2. Application of this method requires determining if the drug produces intestinal membrane
phenomena that could affect the absorption process.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4923/11/12/638/s1,
Table S1: HPLC-UV chromatograms of blank vs. standard solutions of ketorolac, furosemide, melatonin and Htz.
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Resumen

El perfil de seguridad de los medicamentos antiinflamatorios no esteroideos
(AINE) se ha estudiado ampliamente y tanto los efectos terapéuticos como los
secundarios a nivel gastrico y cardiovascular se han asociado generalmente con el
efecto inhibidor de las isoformas de la ciclooxigenasa 1 (COX-1) y 2 (COX-2). En la
actualidad existen evidencias de la participacion de multiples vias celulares en el
dafio gastrointestinal (GI) mediado por AINE, que se relaciona entre otros con el
estado redox de los enterocitos. En un articulo de revision previo, resumimos el papel
clave de la MLT como antioxidante en la inhibicion de las vias de inflamacion
mediadas por el estrés oxidativo en varias enfermedades. Esto nos hace preguntarnos
si la MLT podria minimizar o prevenir los efectos secundarios Gl producidos por los
AINE. Por lo tanto, el objetivo de este trabajo es estudiar el efecto de la MLT como
agente preventivo de las lesiones Gl causadas por los AINE. Para ello, se administro
diclofenaco sodico (SD) solo y con MLT en dos modelos experimentales: Estudios
ex vivo en intestino de cerdo, utilizando células Franz y estudios in vivo en ratones
en los que se examino el estdbmago y el intestino de todos los animales. La evaluacion
histologica de las muestras de intestino de cerdo mostro que el SD indujo la alteracion
de las microvellosidades y que dicha alteracién fue prevenida por la MLT. Los
experimentos in vivo mostraron que el SD alter6 la mucosa del estomago de los
ratones e indujo dafio tisular que fue prevenido en los animales que recibieron
tratamiento concomitante de MLT. La evaluacion por transcripcion inversa
cuantitativa (RT-qPCR) de dos marcadores bioquimicos: COX-2 e iNOS, mostré un
aumento de ambas moléculas en los tejidos menos lesionados, lo que sugiere que la
MLT promueve la curacion del tejido al mejorar el estado redox y al aumentar los
niveles INOS/NO que en condiciones no oxidativas son responsables del
mantenimiento de la integridad del epitelio GI, del aumento del el flujo sanguineo y
la angiogénesis. Ademas, en presencia de la MLT, la COX-2 puede ser responsable
de la cicatrizacion de las heridas en los enterocitos. Por lo tanto, nuestro estudio
demuestra que la MLT seria un agente preventivo de los dafios Gl inducidos por

AINE cuando se administran conjuntamente.
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Abstract: Safety profile of nonsteroidal anti-inflammatory drugs (NSAIDs) has been widely
studied and both therapeutic and side effects at the gastric and cardiovascular level have been
generally associated with the inhibitory effect of isoform 1 (COX-1) and 2 (COX-2) cyclooxygenase
enzymes. Now there are evidences of the involvement of multiple cellular pathways in the
NSAIDs-mediated-gastrointestinal (GI) damage related to enterocyte redox state. In a previous
review we summarized the key role of melatonin (MLT), as an antioxidant, in the inhibition of
inflammation pathways mediated by oxidative stress in several diseases, which makes us wonder
if MLT could minimize GI NSAIDs side effects. So, the aim of this work is to study the effect of
MLT as preventive agent of GI injury caused by NSAIDs. With this objective sodium diclofenac (SD)
was administered alone and together with MLT in two experimental models, ex vivo studies in pig
intestine, using Franz cells, and in vivo studies in mice where stomach and intestine were studied.
The histological evaluation of pig intestine samples showed that SD induced the villi alteration,
which was prevented by MLT. In vivo experiments showed that SD altered the mice stomach mucosa
and induced tissue damage that was prevented by MLT. The evaluation by quantitative reverse
transcription PCR (RT-qPCR) of two biochemical markers, COX-2 and iNOS, showed an increase of
both molecules in less injured tissues, suggesting that MLT promotes tissue healing by improving
redox state and by increasing iNOS/NO that under non-oxidative condition is responsible for the
maintenance of Gl-epithelium integrity, increasing blood flow and promoting angiogenesis and that
in presence of MLT, COX-2 may be responsible for wound healing in enterocyte. Therefore, we found
that MLT may be a preventive agent of GI damages induced by NSAIDs.

Keywords: melatonin; NSAIDs; gastric injuries; antioxidant

1. Introduction

Nonsteroidal anti-inflammatory drugs (NSAIDs) world sales of last year confirm that they still
are one of the most consumed drugs (Figure 1). The safety profile of NSAIDs has been widely studied.
Therapeutic and side effects at the gastric and cardiovascular level have been popularly associated
with the inhibitory effect on endoperoxide-ITsynthasel and -2 (PGIISs) also known as cyclooxygenase
enzymes (COX).

Cells 2020, 9, 180; d0i:10.3390/cells9010180 www.mdpi.com/journal/cells
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Figure 1. IQVIA® (IQVIA Inc., Parsippany, NJ, United States) data about the main nonsteroidal
anti-inflammatory drugs (NSAIDs) world sales from 2012 to 2017, including Europe (Key 5 are
Germany, France, Italy, Spain, and Britain), Asia, North, South, and Central America, Africa, Middle
East, and Southeast Asia.

Two isoforms of COX have been characterized, the constitutive COX (COX-1), which is expressed
in most mammalian tissues, and the inducible COX (COX-2) [1]. Both catalyze the oxidation of
arachidonic acid (AA) to prostaglandin G2 (PGGy), which leads to prostaglandin H2 (PGH;) by
the action of peroxidase, then the tissue-specific prostaglandin synthases lead to all the different
prostaglandins, prostaglandin D2 (PGDy), prostaglandin F2a (PGF,,), prostaglandin E2 (PGE;),
prostaciclin (PGI,), and thromboxane A2 (TXA;) [2] (Figure 2).

Classical outcomes associated COX-2 expression, with proinflammatory and pain events [3,4], Xie
et al. were the first to demonstrate that COX-2 gene expression is induced in inflammation conditions in
1991 [5], while COX-1 was described as protector of gastric mucosa since several authors had described
that prostaglandins PGE; had cytoprotective [6], antiulcer effects [7,8], and PGE; synthesis was found
tobe more related to COX-1 than to COX-2 [9]. PGI; was also described as a potent inhibitor of in vivo
gastric acid secretion and enhancer of mucosal blood flow when infused intravenously [10].

It was widely accepted that the main cause of non-selective NSAIDs gastrointestinal (GI) damage,
was the inhibition of COX-1 pathways, which triggered the research for selective inhibitors of COX-2
(COXIBS) [11]. Selective inhibitors of COX-2 seemed to have a safer GI profile than classical NSAIDs but
over the time it was shown an increased risk of cardiovascular side effects, decreasing the benefit-risk
balance of these drugs [12,13]. Among other reasons, the key-role of COX-2 in the synthesis of PGI2
is explained by the fact that it is an important vascular-protector with vasodilator, antithrombotic,
antiaggregant, and anti-inflammatory properties [14]. In the mid-90s Langenbach et al. reported that
inhibition of COX-1 does not cause spontaneous gastric damage [15,16], and some years later, new
findings associated COX-2 gene expression to wound healing in enterocytes via p38 mitogen-activated
protein kinases (p38 MAPK) [17] evidencing that the concept of assigning homeostatic and pathological
functions to COX-1 and COX-2 respectively was a plain approach.

Currently, there are evidences of the involvement of multiple cellular pathways in
NSAIDs-mediated-GI damage. The specific sequence is unknown but could be initiated by the
alteration of the protective gastric mucus layer [18] as result of the interaction of NSAIDs with
phospholipids (PL) as phosphatidylcholine (PC) [19,20] the main component of gastric mucus layer
and mucosa [21]. Studies proved that NSAIDs have a strong affinity to form ionic and hydrophobic,
non-covalent and reversible associations with zwitterionic PL (specifically PC) [20]. The direct
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interaction between NSAIDs and PL together with the decreased mucus secretion by inhibition of PGEy,
also mediated by the anti-inflammatory drugs [22], may lead changes in the fluidity, permeability, and
biomechanical properties of cellular membrane of the gastric epithelium. The invasion of the intestinal
mucosa by the enterobacteria would be responsible for the immune response, including adherence
and infiltrate of leucocyte (neutrophils), when lipopolysaccharide (LPS) and other endotoxins are
recognized by Toll-like receptor 4 (TLR-4), which via myeloid differentiation primary response 83
(MyD88) protein [23] results in the activation of nuclear factor KB (NFKp) target genes that are
then responsible for inducible form of nitric oxide synthetase (iNOs) and COX-2 expression [24,25].
Neutrophils trigger the emergence of superoxide radicals (O2~) that react with nitric oxide (NO)
leading in peroxynitrites (ONOQO™), high reactive molecules responsible for protein oxidation, lipid
peroxidation and enzymes inactivation [26], main origin of apoptosis and necrosis of gastric epithelium.

Membrane phospholipids
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Figure 2. Synthesis of prostaglandins scheme from membrane phospholipids, including enzymes,
substrates, and receptors. PLA; (phospholipase A2); COX1 (cyclooxygenase 1); COX2 (cyclooxygenase
2); PGH, (prostaglandin H2); PGD, (prostaglandin D2); DP1 and CRTH2 (DP2) (D-prostanoids
receptors); PGl (prostaciclin);, IP (prostacyclin receptor); PGE, (prostaglandin E2); EP1 to EP4
(prostaglandin receptors); PGF, , (prostaglandin F2«); FP 5 and FPp (prostanoid receptors, isoform A
and B); TxA; (thromboxane A2); and TPx and TP (thromboxane prostanoid receptors). Figure edited
with Edraw™Max 9.4 (Edrawsoft, Hong Kong, China, 2019).

A parallel mechanism, also responsible for production of reactive oxygen species (ROS) and
leucocyte infiltration that feeds the cycle of ONOO™ exacerbating the injuries, is a consequence
of the inhibition of Glucose-6-phosphate dehydrogenase (G6 PDH) by NSAIDs, this increases the
entry of pyruvate into the mitochondria, which finally, owing also to the inhibition of acyl -CoA
carboxylase (ACC) by NSAIDs, leads to the uncoupling of mitochondrial oxidative phosphorylation [27].
The uncoupling of oxidative phosphorylation, which finally results in depleted adenosine triphosphate
(ATP) levels [28,29], depends on the Pka (the negative base —10 logarithm of the acid dissociation
constant (Ka)) of the NSAID, the lower the pKa value, the minimum concentration is required
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to uncouple oxidative phosphorylation [30], it also explains why the stronger the acid the higher
the injuries.

The role of iNOs/NO depends on the epithelium redox state, under non-oxidative condition NO is
an endogenous molecule responsible for the maintenance of Gl-epithelium integrity, increasing blood
flow and promoting angiogenesis via vascular endothelial growth factor (VEGF) pathways [31-33],
but in the presence of Oy, as explained before NO contributes to ONOO™ production. NO has been
proved as protective molecule against NSAIDs-induced gastric ulceration by a mechanism independent
of gastric acid secretion [34] but it is known that it also plays a role as an inhibitor in the regulation of
gastric acid secretion [35].

Different studies showed a direct relation between acid and Gl injuries induced by NSAIDs, in
fact the main prescribed drugs to prevent such injuries are the proton-pump inhibitors (PPI) [36,37],
Fornai suggests that beneficial effects of PPIs on mucosal injury are likely to be independent from the
COX-2/PGE,/VEGF pathway [38] so considering all the involved cellular pathways it can be deduced
that the intact mucus layer protects epithelium from the action of acid pepsin, protons, [H+] and, in
addition, when the barrier is damaged, acid aggravates gastric injuries. There are also evidences of an
increased basal gastric acid concentration mediated by NSAIDs due to the basal gastric fluid volume
reduction [39].

Regardless of selective COX-2 inhibitors (COXIBS) manifested less GI damage [40], it is known
that COX-2 has an essential role in enterocyte wound healing, through a mechanism related with NFKf3
via and p38MAPK-dependent histone 3 phosphorylation, which is an important component of the
intestinal wound-healing response [17], additionally PGE; participates in the differentiation of human
goblet intestinal epithelial cells during homeostatic conditions [41] and PGI, in angiogenesis [10].
Bile salts seems also be related with intestinal damage cause by NSAIDs by forming super-toxic
micelles [42,43], injuries that could be avoided by PC [44] evidencing the role of mucus barrier as
protective factor of GI mucosa from lesions generated by NSAIDs.

Although, G safety profile depends on the dose and kind of NSAID and a benefit-risk assessment
strategy to select an anti-inflammatory drug has been described [45], GI events related to chronic
NSAID consumption must be considered.

The use of PPIis highly accepted, different studies concluded that the efficacy and safety levels are
acceptable [46] but a new trend, focused on the relationship between intestinal microbiota and several
diseases, shows up that a pH change in the GI tract, would be related to a change in the microbiota [47],
hence chronic use of proton-pump inhibitors could be related to small intestinal bacterial overgrowth
(SIBO) [48], Candida albicans infections [49], and vitamin B12 deficiency in some population groups
such as the elderly [50].

The above together with the new findings about involved pathways pH-independent in GI injury
caused by NSAIDs, lead us to think about different strategies than PPI to prevent GI damage cause
by NSAIDs.

In a previous review [51] we summarized how melatonin (MLT), as an antioxidant molecule,
inhibits inflammation processes associated to different illnesses. The link between enterocyte redox
state and NSAIDs GI pathology encouraged us to study if MLT administration would affect in some
way. To evaluate the role of MLT in Gl injury prevention induced by NSAIDs, SD was selected as GI
damage model because this NSAID has a pKa of 4.15 [52] and as explained before, there is a highly
significant inverse correlation between pKa and concentration required for maximum stimulation
of mitochondrial oxidative stress. The higher the pKa value, the lower concentration required for
maximum uncoupling of mitochondrial oxidative phosphorylation [31]. When comparing with other
NSAIDs, such as acetylsalicylic acid (ASA) whose pKa is 3.5, an almost four times higher concentration
of ASA is necessary to produce the same effect as SD. Furthermore, other authors studied the role of
MLT to recover intestinal permeability after a SD treatment [53], so SD is a proper model of Gl injury.

The main objective of this work is to study and to evaluate the effect of MLT as preventive agent
of Gl injury caused by SD in two different models, ex vivo and in vivo.
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2. Materials and Methods

2.1. Chemical and Reagents

MLT, SD, phosphoric acid (H3POy), disodium hydrogen phosphate (Na,HPOy), formaldehyde,
and paraffin wax were purchased from Sigma-Aldrich (Madrid, Spain). Potassium dihydrogen
phosphate (KHPO4), potassium hydroxide (KOH), methanol (MeOH), and phosphoric acid (H3POy)
were purchased from Panreac Quimica (Barcelona, Spain). Hanks” Balanced Salt solution (HBSS),
hematoxylin and eosin were purchased from Merck S.L. (Barcelona, Spain). Double-distilled water was
obtained from a Milli-Q® Gradient A10 system apparatus (Millipore Iberica S.A.U., Madrid, Spain).
TRIZol reagent and RevertAid First Strand cDNA synthesis kit were purchased from Thermo Fisher
Scientific (Barcelona, Spain).

2.2. Ex Vivo NSAID/ML Administration in Pig Intestine

As the previous stage of in vivo studies, we set and validated an ex vivo model [54], which allows
the study of the local effect of SD and MLT in the small intestinal mucosa; at the same time, the model
allows the evaluation of the intestinal apparent permeability coefficient (Papp) for SD. Papp of SD
alone and in combination with MLT were compared to evaluate the influence of MLT in the intestinal
absorption of SD.

Ex vivo experiments were performed as described a previous paper [54] in the duodenum,
the most proximal portion of the small intestine, of young female pigs (Sus scrofa). Animals were
sacrificed for other purposes in the Animal Facility at Bellvitge Campus (University of Barcelona,
Barcelona, Spain) and intestinal samples were obtained according to the 3R (reduction, refinement and
replacement) principle.

Duodenum was excised, after that cleaned and preserved in HBBS at 5 + 3 °C for 12 h.
Then 6 cm x 6 cm pieces were cut, mounted on Franz cells (Vidrafoc, Barcelona, Spain). To avoid
damages in the biological intestinal membrane, 0.02 M phosphate-buffered saline (PBS) pH 7.4 was
prepared as receiving media. Composition was 0.6 g of KH, PO, and 3.17 g of NayHPO, per liter of
double-distilled water. pH was adjusted to 7.4 with HzPO4 or NaOH. Homogeneity and simulation of
intestinal conditions during experiments were ensured by a small Teflon® coated magnetic stir bar at
700 revolutions per minute of rotor (rpm) corresponding to a relative centrifugal force (rcf) or G-force
of 2. The diffusion cells were previously incubated in a water bath to equalize the temperature in all
cells (37 £ 1 °C).

Of SD 1 mg/mL in PBS pH 7.4, alone or in combination with 0.5 mg/mL of MLT in PBS pH 7.4, were
applied into the donor chamber and sealed by parafilm immediately to prevent water evaporation.
After six hours of simulated permeation duodenum samples were prepared, according Sections 2.4
and 2.5, to perform histological analysis and COX-2/iNOS determination. Different experimental group
are summarized in Table 1.

Table 1. Ex vivo experimental groups.

Group Number Permeated Drug Permeated Solution Dose
1(n=6) No drug (Reference group) - -
2(n=6) SD 1 mg/mL in PBS pH 7.4 1mL
3 (n=06) MLT 0.5 mg/mL in PBS pH 7.4 1mL
4(n=06) SD (a) + MLT (b) 2mg/mL (a) 1 mg/mL (b) 05 mL + 0.5 mL

SD (Sodium Diclofenac); MLT (Melatonin).
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2.2.1. HPLC-UV Procedure and Instrumentation

The HPLC equipment consisted of a Waters® Alliance 2695 Separation Module (Waters Co.,
Milford, MA, USA) with a 2996 Photodiode Array Detector (DAD) at a wavelength range of 190-800 nm
and sensitivity settings from 0.0001 to 2.0000 absorbance units. HPLC parameters are listed below.

SD analysis was conducted with a reverse-phase column ultrabase Nova-Pak C18, 60 A, (150 mm
% 3.9 mm; diameter of 4 um (Waters, Barcelona, Spain) with a UV detector set up at 276 nm. The mobile
phase, previously filtered by a 0.45 um nylon membrane filter (Technokroma, Barcelona, Spain) and
degassed by sonication, consisted of a 68:32 ratio of MeOH and H3PO4 (pH of 3.2) under isocratic
elution at a flow rate of 0.8 mL/min. The injection volume was 50 uL.

2.2.2. Validation and Verification of Analytical Methods

Previously validated HPLC-UV method was selected for the analysis of SD. Considering that the
samples were obtained from biological sources, the specificity was studied. Specificity, expressed by
the ICH guidelines as the ability to assess an analyte in the presence of components, which may be
expected to be present, was evaluated by the absence of interference of the phosphate-buffered saline
(PBS; pH 7.4) and other components from biological membranes used as a blank at the retention times
shown by the different standard solutions.

2.2.3. Sample Analysis

The cumulative amount of SD, alone or in combination with MLT, through the small intestine
membrane from the acceptor compartment was monitored by a validated HPLC-UV methodology.
Results are reported as mean + SD of six experiments (n = 6).

2.2.4. Data Treatment and Statistical Analysis

The permeability model has the same structure as the two-compartment classic model, composed
of donor (apical) and receptor (basal) chambers, both separated by the permeation membrane. So,
apical-to-basal Papp was calculated based on classic parameters according to Equation (1):

Papp = (dQ/dt)/(Co x A), 1)

where (dQ/dt) is the transport rate or flux (J) (1ug/min) across the biological membrane, CO (ug/mL)
is the initial concentration of the drug in the donor chamber, and A is the surface area (cm?) of the
permeation membrane.

The cumulative amount (Q; ug) permeated through porcine duodenum was obtained by
multiplying the acquired concentration (ug/mL) of SD at the receptor chamber and the volume
(mL) of the receptor chamber. J (ug/min) was calculated as the slope at the steady state obtained by
linear regression analysis (GraphPad Prism® software, v. 5.01, GraphPad Software Inc., San Diego,
CA, USA) of Q as a function of time (min). Then, Papp (cm/min) was calculated according to Equation
(1) by dividing the ] (ug/min), the permeation area (A; 2.54 em?), and the initial drug concentration (Co;
ng/mL = pg/cm®) in the donor chamber. Finally, the units were expressed in centimeters per second.

Obtained experimental data were analyzed by unpaired Student’s t-test to compare Papp values
for both SD Papp alone and SD Papp in presence of MLT. A p-value < 0.05 was established as an
indicator of statistically significant differences.

2.3. In Vivo Studies: Oral Administration of NSAID and MLT in Mice

In vivo studies were carried out in both, female and male, Mus musculus mice weighing 25 +2 g.
The mice were maintained in a controlled environment at (20 + 1) °C for 7 days with a 12-h light/dark
cycle and 50% + 5% relative humidity throughout the experimental period. All mice were allowed free
access to water and chow diet.
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The nasogastric administration of SD therapeutic dose was carried out once per day for 7 days
alone or in combination with MLT. No drug was administered to the reference or control group. Table 2
summarizes different experimental groups:

Table 2. In vivo experimental groups.

Group number Group Administered Drugs Dose
1(n=6) REF No drug (Reference group) -
2(n=26) SD Sodium Diclofenac 2.5 mg/kg
3 (n=06) MLT Melatonin 10 mg/kg
Sodium Diclofenac and
4(n=06) SD + MLT T 2.5 mg/kg and 10 mg/kg

REF (Reference group); SD (Sodium Diclofenac); MLT (Melatonin).

At the end of the experiment, eighth day, mice were euthanized. The studies were conducted under
a protocol approved by the Animal Experimentation Ethics Committee of the University of Barcelona
(Spain) and the Committee of Animal Experimentation of the regional autonomous government of
Catalonia (Spain) 491/18 approved on September 2019.

Intestine and stomach samples were prepared, according Sections 2.4 and 2.5, to perform
histological analysis, COX-2 and iNOS determination.

2.4. Histological Analysis

For histological observation of stomach and intestinal architecture, hematoxylin and eosin staining
were performed. For pork intestines, following the intestinal permeation study in Franz diffusion
cells the samples were fixed in 4% buffered formaldehyde at room temperature. Mice stomachs and
intestine were excised immediately after sacrifice and fixed in 4% buffered formaldehyde at room
temperature. After fixation, all samples were paraffin embedded onto cassettes, sectioned into 5 um
slices, mounted on microscope slides and stained with hematoxylin and eosin, and finally viewed
under a microscope Olympus BX41 and camera Olympus XC50 (Olympus, Barcelona, Spain).

2.5. COX-2 and iNOS Determination

COX-2 and iNOs determination was carried out by quantitative reverse transcription PCR
(RT-qPCR), with this purpose RNA isolation was firstly carried out.

2.5.1. RNA Isolation

Total RNA from the intestine pig, intestine and stomach mice tissues was isolated using TRIZol®
method (Thermo Fisher Scientific, Barcelona, Spain). Small tissue fragments were homogenized using
1 mL of cold TRIZol reagent and 3 min under the PolytronTM Homogenizer PT1200E (Thermo Fisher
Scientific, Barcelona, Spain). Then, instructions described by the manufacturer were followed. RNA
concentration and quality were tested by NanoDropTM 2000/2000c Spectrophotometer (Thermo Fisher
Scientific, Barcelona, Spain).

25.2. RT-qPCR

One microgram of total RNA was reverse transcribed to cDNA using the RevertAid First Strand
cDNA synthesis kit. Subsequently, qPCR was performed using the Step One Plus Real Time PCR
(Applied Biosystem) and primers for COX-2 (Sus scrofa: Forward 5'-GGAGAGACAGCATAAACTGC-3’
and Reverse 5-GTGTGTTAAACTCAGCAGCA-3'; Mus musculus: Forward 5'-CCACTTCAAGGG
AGTCTGGA-3 and Reverse 5-AGTCATCTGCTACGGGAGGA-3’) and iNOS (Sus scrofa: Forward
5-CAACAATGGCAACATCAGG-3’ and Reverse 5'-CATCAGGCATCTGGTAGC-3"; Mus musculus:
Forward 5-GTTCTCAGCCCAACAATACAAGA-3 and Reverse 5-GTGGACGGGTCGATGTCAC-3').
B-actin was used as housekeeping and PCR cycling conditions included: 5 min at 94 °C for
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denaturalization, 30 cycles of amplification at 72 °C for 2 min, 1 min at 94 °C, 1 min at 60 °C,
and a last cycle at 72 °C for 10 min for final extension. Then, Ct values of each sample were recorded,
and data were analyzed by normalization to the internal control values using the formula 2-AACt.
Table 3 summarizes primers sequences.

Table 3. Primer sequences used for real time PCR in Sus scrofa and Mus musculus.

Primer Animal Model Sequence (5’ to 3') Acc. Number
N
oot W SCACTICRASSGAICTEEA 1 i
T e ovoamuomim o,
oot PRCTITACCCCMCAICAIT
e mockooNGom  pgun
Mus musculus FW: GGCCGGGACCTGACAGACTACCTC NM 007393

RV: GTCACGCACGATTTCCCTCTCAGC

2.5.3. Data Treatment and Statistical Analysis

COX-2 and iNOS results were evaluated statistically by ANOVA followed of Dunnett’s Multiple
Comparison Test using GraphPad® Prism 5.01 software; all the samples were compared with control
one. p value from 0.01 to 0.05, 0.01 to 0.001, and p < 0.001 were considered statistically significant, very
significant and extremely significant, respectively. Asterisks indicate statistical significance. (* p < 0.05
> 0.01; ** p <0.01 > 0.001; and *** p < 0.001).

3. Results

3.1. Obtained Kinetics Parameters, Papp Calculation, and Statistical Analysis

Figure 3 shows 5D cumulative permeated amounts in micrograms as a function of time (min)
in steady state, for both, SD alone and SD permeated in presence of MLT. The kinetics parameters
and Papp values of SD alone and in presence of MLT and statistical correlation between both are
summarized in Table 4, which shows that no statistically significant differences (p > 0.05) were observed
correlating Papp values.

Table 4. Permeation parameters for SD alone and in presence of MLT in vertical Franz cells (n = 6) and
statistical correlation between different Papp obtained values. Papp values are expressed as mean + SD.

Permeation Parameters SD Alone SD+MLT Unpaired £-Test (p)
Flux (ug/min) 1.21 +0.11 1.39 + 0.20 -
Flux/sup (ug/(cm/min)) 048 + 0.04 0.55 +0.10 -
Co (ug/mL) 1000 1000 -
Papp (X1076) (coy/s) 7.92 +0.73 9.12+013 0.078 (>0.05)

Abbreviation: Papp—apparent permeability coefficient; SD—Sodium Diclofenac; MLT: Melatonin.
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Figure 3. Cumulative permeated amounts (ug) as a function of time (min) in steady state of SD alone
(a) and in the presence of melatonin (MLT) and (b) results are reported as mean + SD (7 = 6).

3.2. Histological Results: Pig Intestine and Mice Stomach and Intestine

To investigate the possible preventive effect of MLT when administered with SD the stomach and
intestine architecture were studied. The pig intestine of the permeation ex vivo studies was stained
and studied under microscope. As shown in Figure 4, a section of the small intestine without treatment
(Figure 4A) showed intact layers consisting of the mucosa and the submucosa. Intestine treated with
MLT (Figure 4B) showed a similar pattern of the control conditions with relatively intact villi with
normal adjacent structures.

Figure 4. Histological analysis of intestine structure. Photomicrographs of hematoxylin- and
eosin-stained sections of pig small intestine without treatment (A) or treated with MLT; (B) with
SD; (C) or with SD + MLT; and (D) the effect on the histological architecture of the products was
evaluated on the freshly excised pork intestine. X100 magnification, scale bar = 200 um. Arrow
indicates alteration of villi.

However, when the intestine was treated with SD (Figure 4C), damage to the tips of the intestinal
villi could be observed. Abnormal epithelial cells are indicated with arrows. On the contrary, when the
intestine was treated with SD together with MLT no relevant histopathologic changes were noticed
suggesting an improvement of the intestinal injury due to SD thus preventing the damage.

151
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Regarding the in vivo studies, as shown in Figure 5, section of the mice stomach without treatment
(Figure 5A) showed intact layers consisting of the mucosa and the submucosa. Samples treated with
MLT (Figure 5B) showed a similar pattern of the control conditions. The results show that SD altered
stomach mucosa and induced tissue damage as it can be shown by the leucocyte infiltrate (Figure 5D),
which was prevented when MLT was administered (Figure 5C). For the mice intestinal architecture
little alterations were observed with the anti-inflammatory drug alone (Figure 5H) or in combination
with MLT (Figure 5G).

AL . B € i o

g
o
-

Figure 5. Representative micrographs of hematoxylin and eosin staining of tissue sections corresponding
to the different treatments and structures: Stomach samples from mice without treatment (A) MLT;
(B) SD + MLT; (C) or SD; (D) small intestine from mice without treatment; (E) MLT; (F) SD + MLT;
(G) or SD; and (H) the effect on the histological architecture of the products was evaluated on the
stomach and intestine from p.o. administered mice. X100 magnification, scale bar =200 um. * indicates

leucocytes infiltration.

3.3. COX-2 and iNOs Levels

COX-2 and iNOs obtained levels in duodenum samples of Sus scrofa are reported in Figure 6, which
shows that comparison between iNOS levels in samples corresponding to MLT and control resulted in
statistically very significant differences (** p < 0.01 > 0.001) and extremely significant (*** p < 0.001) in
the case of SD with MLT samples. On behalf of COX-2 extremely significant differences (*** p < 0.001)
were observed for SD, MLT, and SD with MLT.

Sus scrofa small intestine Sus scrofa small intestine

oy
<
)

104

iNOS mRNA (Fold increase)

COX-2 mRNA (Fold increase)

Figure 6. Comparative levels of COX-2 (a) and iNOS; and (b) mRNA in duodenum of Sus scrofa.
Data are expressed as mean + SD. ** p < 0.01 > 0.001; and *** p < 0.001. SD (Sodium diclofenac);

MLT (Melatonin).
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COX-2 and iNOs obtained levels for Mus musculus duodenum (intestine) and stomach are
summarized in Figures 7 and 8 respectively. Concerning mice intestine no differences statistically
significant (p > 0.05) were observed for different samples, for both COX-2 and iNOS levels.
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Figure 7. Comparative levels of COX-2 (a) and iNOS; and (b) mRNA in duodenum of Mus musculus.
Data are expressed as mean + SD. MLT (Melatonin); SD (Sodium diclofenac).
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Figure 8. Comparative levels of COX-2 (a) and iNOS; and (b) mRNA in the stomach of Mus musculus.
Data are expressed as mean + SD. ** p < 0.001. SD (Sodium diclofenac); MLT (Melatonin).

Observed levels for COX-2 in Mus musculus stomach samples for SD, MLT, and SD with MLT
were extremely significant (*** p < 0.001) different from control. With regard to iNOS only SD with
MLT samples lead to extremely significant (***p < 0.001) differences when compared to control.

4, Discussion

Differences between gastric and intestinal damages caused by SD for an in vivo study are related
to the pH of the tissue and the pKa the NSAID. As previously discussed, there is a highly significant
inverse correlation between pKa and concentration required for maximum stimulation of mitochondrial
oxidative stress, the lower pH of the stomach together with increased acid secretion and decreased
gastric fluid volume cause by SD may lead in higher damages in mice stomach than in small intestine.

As summarized in Figure 9, the observed prevention of GI damage caused by MLT may be
involved in multiple pathways.
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Figure 9. Summarized MLT multipathways action mechanism to prevent Gl injuries caused by NSAIDs.

The amphiphilic nature of MLT, which has lipophilic [55] and hydrophilic groups [56], allows it to
interact with PC based membranes [57] or lipidic membranes [58], in fact MLT crosses all the biological
membranes including the blood brain barrier [59] and as a result of such an interaction MLT shows a
role in preserving the integrity, permeability, and functionality of cell membranes [60,61], therefore at
the GI level MLT may interact with enterocyte cellular membrane decreasing the NSAIDs damage.
Additionally, MLT showed a stimulant effect of mucosal bicarbonate secretion [62], so MLT may also
protect the HCO3™ mucus layer.

The raised levels of iNOS in samples treated with MLT together with SD are indicative of higher
NO expression; NO may be intermediate of mucosal repair by increasing angiogenesis and blood flow,
since MLT improves enterocyte redox state at different levels working as scavenger of ROS (027),
avoiding the interaction between NO and ROS, and ONOO™ production ultimately. Furthermore,
increased levels of COX-2 in mice samples treated with MLT together with SD are indicative of increased
levels of PGI,, which inhibits the in vivo gastric acid secretion and enhances mucosal blood flow [10]
that would add to the effect of NO on the inhibition of gastric acid secretion [35].

An alternative mechanism to the scavenger action of MLT protective agent is related with
the heme oxygenase 1 (HO-1), this enzyme encoded by the Hmox1 gene, is 32-kDa stress protein
induced in human cells by a variety of stress treatments. [63] The induction of this enzyme is part
of a protective response against oxidative damage via down-regulation of reactive oxygen species
generation [64]. The translocation from endoplasmic reticulum to mitochondria of HO-1 was shown
as a novel cytoprotective mechanism against NSAIDs drug-induced oxidative stress, apoptosis, and
gastric mucosal injury [65] and MLT was proved to be an enhancer of HO-1 activity [66] so one of the
cellular pathways involved in the protective effect of MLT against GI mucosal damage may be related
with the enhancement of this protective enzyme.

Increased levels of COX-2 in samples where MLT prevented SD damages, may be related with the
wound healing effect of COX-2 in enterocytes [17] and with an increased mucosal blood flow [10].
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Results show the role of MLT in tissue damage prevention at intestinal level in the ex vivo model
and at gastric level in the in vivo experiment. Despite of higher levels of COX-2 and iNOS in the
samples treated with MLT together with SD, they showed a prevention of GI damage, as discussed, this
prevention is mainly due to the antioxidant effect of MLT that improves and contributes to a favorable
redox status of enterocyte; although the increasing mechanism for both enzymes is unclear, because
other authors relate MLT to the inhibition of COX-2 and iNOS in different cells (murine macrophage
cell line, RAW 264.7) [67]. With respect to the preventive effect, all of our results of the individuals
within a group were homogenous and male and female results were considered together, however
some authors found that sexual hormones could influence the healing process of preexisting ulcers [68].
Other study showed that ovarian sex hormones neither worsen nor protect against aspirin-induced
gastric lesions in female rats [69].

Permeation results show that MLT would slightly increase SD Papp but according to statistical
correlation, the difference is not statistically significant (p > 0.05), therefore a joint administration of
both drugs may not affect SD absorption.

5. Conclusions

Our investigation contributes the study of the effect of MLT as a preventive agent of GI damage
caused by SD in an ex vivo model and the study of the effect of MLT as a preventive agent of GI
damage when administered jointly to SD over a period of 7 days in a mice in vivo model.

MLT showed a preventive effect of GI lesions induced by SD. Numerous pathways would outline
as responsible for this effect, the direct inhibition of ROS and as consequence the inhibition of all the
derived molecules that cause GI damage, the enhancement of mitochondrial protection factor HO-1
and a protective role on the phospholipids as PC of the GI membrane and mucus layer.

Future research could focus on a deeply study of MLT as an alternative to classical therapies based
on PPlin the prevention of GI damage caused by NSAIDs.
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DISCUSION

El objetivo principal de la presente tesis ha sido el estudio de la MLT como posible agente
preventivo del dafio GI inducido por los AINE, para ello los objetivos secundarios se han
estructurado en 3 fases de trabajo diferenciadas. La primera fase cuyos resultados se
recopilan en el Articulo 2, ha consistido en el desarrollo y validacion de un método o
modelo ex vivo para la determinacién de la permeacidn intestinal aparente (Papp) Usando
tejido intestinal (duodeno) de cerdo (Sus scrofa) y evaluar su correlacion con cultivos
celulares Caco-2. Este modelo ex vivo ha permitido establecer las condiciones necesarias
para obtener el valor de Papp de fA&rmacos de cada una de las clases biofarmacéuticas, asi
como evaluar los posibles cambios que pueden producirse en dicho valor derivados de la
permeacion concomitante con la MLT en la fase 3. También en la fase 3, se ha utilizado

este modelo en la evaluacion del dafio tisular ex vivo.

En la seqgunda fase se selecciond el modelo animal y se realizo una revision bibliografica,
publicada en el Articulo 1, de la actividad de la MLT como antioxidante y su papel en
distintas enfermedades relacionadas con la inflamacion, para seleccionar los marcadores
bioquimicos mas adecuados que permitiesen evaluar la accion de la MLT como agente

preventivo del dafio GI.

Por ultimo, en la tercera fase se evalu6 la actividad de la MLT como agente preventivo
del dafo Gl, para ello tras seleccionar el AINE mas adecuado como modelo de dafio Gl,
se utilizo en primer lugar el método ex vivo desarrollado en el Articulo 2 y a continuacion
el modelo animal in vivo seleccionado en la segunda fase. Evaluandose los distintos
marcadores que habian sido seleccionados en la segunda fase. Los resultados se recopilan

en el Articulo 3.

Fase 1. Desarrollo y validacion de un método 0 modelo ex vivo para la determinacion
de cinética de absorcion y/o permeacion intestinal y estudio de su correlacion con

células Caco-2.

En primer lugar, se llevo a cabo una revision bibliogréfica para seleccionar 4 farmacos de
cada una de las clases (I-1V) de la clasificacion Biofarmacéutica, los 4 farmacos
seleccionados fueron para la clase I, el KT, para la clase 1l la MLT, para la clase Il la
HTZ y la FUR como clase V. Para disefiar los experimentos de permeacion ex vivo en
primer lugar se llevaron a cabo estudios de solubilidad en el medio de permeacion, PBS

pH 7,4, y se seleccionaron las concentraciones adecuadas de las soluciones a permear
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para asegurar las condiciones sumidero o condiciones “sink”. Como membrana de
permeacion se seleccion6 el duodeno de cerdo (Sus scrofa), seccion del intestino delgado
en la que se produce la absorcion de la mayoria de los farmacos, por su similitud con el
intestino humano en cuanto a caracteristicas histoldgicas y fisiolégicas, ademas desde el
punto de vista morfologico el grosor del intestino permitio utilizar células de difusion de
Franz, tal y como se muestra en el articulo 2. Esta técnica no se habia llevado a cabo
hasta el momento, lo que refuerza el caracter innovador del trabajo, fue puesta a punto
Ilevando a cabo distintas permeaciones con cada una de las moléculas seleccionadas. Los
resultados obtenidos de Papp. para los farmacos de distinta clase biofarmacéutica fueron
comparados desde el punto de vista estadistico con los valores para estas moléculas
obtenidas en ensayos con Caco-2. Los resultados mostraron que la permeacion ex vivo es
un método equivalente a la permeacion en cultivos celulares Caco-2para el KT, HTZ y la
FUR de la clasificacion biofarmaceutica 1, 3 y 4, respectivamente. Con respecto a la
MLT, los valores de Papp Obtenidos con nuestro método ex vivo si mostraron diferencias
estadisticamente significativas respecto a los datos de permeacion en Caco-2,
concretamente fueron 1.79 veces mas bajos que en la técnica de cultivo celular. Esta
diferencia podria estar relacionada con la acumulaciéon de MLT en las células intestinales
descrita en mamiferos (Lee y cols., 1995), los receptores MT1 y MT2 situados en esta
regién estan involucrados en multiples funciones, como la regulacién de la motilidad y la
permeabilidad epitelial (S6derquist y cols., 2015). También podria explicarse por el hecho
de que la MLT, aunque exhibe transporte mediado por proteinas (Mayo y cols., 2018),
reduce la permeabilidad paracelular epitelial duodenal (Res, 2013). Esto justificaria el
valor de Papp de 2,31 + 0,12 x 10 cm/s (n = 4) para MLT obtenido por otros autores en
una permeacion ex vivo a través de yeyuno de rata en cdmaras de difusion (Tran y cols.,
2009), el cual también es un valor estadisticamente diferente a los obtenidos en estudios
de permeacidn con Caco-2. Por ultimo, la diferencia también podria estar asociada con la
citotoxicidad que la MLT ha demostrado provocar a concentraciones entre 1,56 y 0,78
g/ml en cultivos celulares Caco-2(Batista y cols.,, 2014), se ha observado dafio
ultraestructural que en una estructura simple como una monocapa de células daria lugar
al aumento de la permeabilidad a través de las uniones estrechas, dando lugar a un mayor
valor de Papp. Estas circunstancias explicarian la diferencia entre ambos métodos para esta

molécula.
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Podemos afirmar que la solubilidad del farmaco no es un factor limitante cuando se utiliza
el método ex vivo, ya que la FUR, que es clase 4, mostré una buena correlacion. En
contraste, los farmacos que presenten fendmenos de membrana intestinal como
acumulacién o metabolismo (entre otros), si serian limitantes a la hora de seleccionar este

método para su correlacion con Caco-2.

Fase 2. Seleccion del modelo animal y de los marcadores bioquimicos més adecuados
para evaluar la accion de la melatonina como agente preventivo del dafio

gastrointestinal.

Dado que era necesario estudiar 6rganos y tejidos, y que el efecto a evaluar es resultado
de la interaccion de determinados farmacos administrados en un modelo complejo, que
incluye absorcion, distribucion, interaccion, metabolismo y excrecion, fue imprescindible
que el estudio se llevase a cabo en un modelo animal. Después de una revision
bibliografica para seleccionar el modelo animal méas adecuado, se decidio trabajar con
raton (Mus musculus), debido a su similitud en cuanto a estructuras y funciones
intestinales con el humano. Es uno de los animales con menor desarrollo, pero con una
microbiota Gl relativamente similar a la humano que, ademas, tiene un pequefio tamafio
y tiempo de vida corto en comparacion con otros como el cerdo que facilita su

alojamiento, su manipulacion y las intervenciones.

Después de realizar una revision bibliografica de la actividad de la MLT como
antioxidante y su papel en distintas enfermedades relacionadas con la inflamacion, se
identifico la COX-2 y la iNOS como los mejores marcadores bioquimicos a estudiar, ya
gue ambos tienen un papel tanto en la homeostasis como en el proceso inflamatorio, segun
las condiciones celulares, y por otro lado se trata de marcadores que tienen una
permanencia adecuada en los tejidos, a diferencia de algunas IL cuya sintesis y

degradacion son muy rapidas.

Fase 3. Evaluacion de la actividad de la melatonina como agente preventivo del dafio

gastrointestinal inducido por AINE.

Para evaluar el papel de MLT en la prevencién de lesiones Gl inducidas por AINE, se
selecciond el diclofenaco sodico (DS) como modelo de dafio Gl, entre las razones se
incluye su valor de pKa de 4,15 (Adeyeye y Li, 1999); tal y como se explica en la seccion

de mecanismo de dafio GlI, existe una correlacion inversa significativa entre el pKa y la
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concentracion requerida para la estimulacion méxima del estrés oxidativo a nivel
mitocondrial, cuanto mayor es el valor de pKa, menor la concentracion requerida para el
méximo desacoplamiento de la fosforilacion oxidativa mitocondrial (Maharaj y
D’Amore, 2007). Por lo tanto, a pesar de que los datos de consumo a nivel global
incluidos en la Tabla 2 de la seccién de introduccion, muestran que el AINE maés
consumido es el AAS, éste tiene un pKa de 3,5, lo que se traduce en una concentracion
necesaria casi cuatro veces mayor de ASA para producir el mismo efecto que el DS.
Ademas, otros autores estudiaron el papel de MLT para recuperar la permeabilidad
intestinal después de un tratamiento con DS (Mei y cols., 2011), por lo que se confirmé
como un modelo adecuado de lesion Gl.

Una vez seleccionado el DS, se llevo a cabo la evaluacion de la MLT como agente
preventivo del dafio Gl inducido por dicho AINE usando el modelo ex vivo desarrollado
en la fase 1, que permitié no solo evaluar marcadores bioquimicos e histologicos en
intestino de cerdo (Sus scrofa), si no también posibles cambios en la permeabilidad del
DS al permearse solo o junto con MLT. También se llevo a cabo el estudio in vivo en el
modelo animal seleccionado en la fase 2, raton (Mus musculus), para este modelo ademas
de evaluarse desde el punto de vista histologico y bioquimico el estomago, también se

evalué el duodeno.

En cuanto a los resultados obtenidos del estudio histoldgico de las muestras de intestino
de cerdo de las condiciones control, en las que se permeé el vehiculo (PBS pH 7,4) sin
tratamiento, se observaron capas intactas tanto de mucosa como de submucosa; al igual
que para las muestras tratadas solo con MLT, en ambos casos se observaron vellosidades
relativamente intactas y con estructuras adyacentes normales. Sin embargo, cuando el
intestino fue tratado solo con DS, se observaron notables dafios en los extremos de las
vellosidades intestinales. Por el contrario, cuando el intestino se tratdé con DS junto con
MLT, no hubo histopatologia relevante, se observaron cambios que sugieren la

prevencion de la lesidn intestinal inducida por el SD.

Con respecto a la evaluacion histolégica del estudio in vivo en raton, tanto las muestras
de estdbmago control como las tratadas solo con ML T, mostraron capas intactas de mucosa
y submucosa. Si se observaron alteraciones en la mucosa estomacal y dafio tisular,
incluyendo infiltracion leucocitaria, en las muestras de estobmago de los individuos

tratados en exclusividad con DS. Dichas lesiones fueron prevenidas con la administracién
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concomitante de MLT, en cuyas muestras no se observaron lesiones. En cuanto a la
arquitectura intestinal de los ratones, se observaron pequefias alteraciones en los
individuos que recibieron solo el AINE, pero no hubo diferencias notables con aquellos
que recibieron el DS junto con MLT. Estas diferencias entre los dafios gastricos e
intestinales causados por DS observadas en el estudio in vivo estarian relacionadas con el
pH del tejido y el pKa del AINE, dado que el pH es mayor en el intestino. Tal y como se
discute anteriormente, existe una correlacion inversa altamente significativa entre pKa, y
la concentracion requerida para la estimulacion méaxima del estrés oxidativo mitocondrial,
el pH méas bajo del estbmago junto con el aumento de la secrecion de acido y la
disminucion del volumen de liquido gastrico causada por DS provocarian dafios mayores
en estomago que en el intestino delgado del raton. Aunque hay autores (Garcia-Rayado,
G., 2018) que sugieren una mayor prevalencia de los efectos adversos asociados a los
AINE, incluidos los efectos clinicos y subclinicos en el tracto Gl inferior, no es lo que

hemos observado en nuestro estudio.

El efecto preventivo del dafio Gl inducido por el DS observado al administrar de forma
concomitante la MLT involucraria varias vias 0 mecanismos de accion. Por un lado, la
naturaleza anfifilica de la MLT que posee grupos lipdfilos (Reiter, 1991) e hidréfilos
(Shida, 1994), le permitiria interactuar con membranas celulares basadas en PC (Munford
y Pasa, 2010) o membranas lipidicas (Dies y cols., 2015), de hecho, se sabe que la MLT
es permeable a todas las membranas bioldgicas incluyendo la barrera hematoencefalica
(Johns, 2011), como resultado de tal interaccion, este antioxidante tendria un papel
importante en la preservacion de la integridad, la permeabilidad y la funcionalidad de la
membranas celular (Alluri y cols., 2016; Reiter y cols., 2010), que a nivel Gl se traduciria
en una interaccion con la membrana celular de los enterocitos y reduciria el dafio

provocado por el AINE.

Por otro lado, la MLT ha demostrado un efecto estimulante de la secrecién de bicarbonato

en la mucosa (Res, P., 2003) por lo que protege el HCO3™ de la capa de moco.

En cuanto a los marcadores bioquimicos estudiados, en las muestras tratadas con MLT
junto con DS se observaron niveles elevados de iNOS, lo que es indicativo de mayor
expresion de NO, estos niveles, también explicarian la prevencion en el dafio tisular
mediada por la MLT, ya que el NO tiene un papel diferente segln el estado redox de la

célula, en condiciones de bajo estrés oxidativo actiia como intermediario en la reparacién
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de la mucosa al aumentar la angiogénesis y el flujo sanguineo. Dado que la MLT mejora
el estado redox de los enterocitos, al eliminar los ROS (O; ), evita su interaccion con el

NO, y en ultima instancia la produccion del ONOO'.

Ademas, los niveles aumentados de COX-2 observados en las muestras de ratones
tratados con MLT junto con DS son indicativos del aumento de los niveles de PGl», que
inhibe la secrecion de acido gastrico in vivo y mejora del flujo sanguineo de la mucosa
(Whittle y cols., 1978), esto se sumaria al efecto del NO sobre la inhibicion de la secrecion

de acido gastrico y a la prevencion del dafio en la mucosa.

Un mecanismo alternativo a la accion como antioxidante directo de la MLT esta
relacionado con la eme oxigenasa 1 (HO-1), esta enzima codificada por el gen Hmox1,
es una proteina de 32 kDa secretada por las células humanas ante una variedad de
estimulos de estrés (Keyse y Tyrrell, 2006). La induccion de esta enzima es parte de una
respuesta protectora contra el dafio oxidativo a través de la regulacion negativa en la
generacion de especies reactivas de oxigeno (Kim y cols., 2006). Se ha demostrado que
la translocacion de la HO-1 desde el reticulo endoplasmico a las mitocondrias actia como
mecanismo citoprotector contra los AINE, el estrés oxidativo inducido por farmacos, la
apoptosis y la lesion de la mucosa gastrica (Bindu y cols., 2011) y la MLT es un
potenciador de la actividad HO-1 (Wu y cols., 2012) por lo que dicho mecanismo se
sumaria al resto de vias celulares involucradas en el efecto protector de MLT contra el

dafo de la mucosa Gl.

Los resultados de los estudios llevados a cabo muestran el papel de MLT en la prevencion
del dafio tisular a nivel intestinal en el modelo ex vivo y a nivel gastrico en el estudio in
vivo. A pesar de observar niveles mas altos de COX-2 e iNOS en muestras tratadas con
MLT junto con SD, también se observé la prevencion del dafio GI en dichas muestras, tal
y como ha sido discutido, la prevencion se debe principalmente al efecto antioxidante de
MLT que mejora y contribuye a un estado redox favorable en los enterocitos. No queda
claro el mecanismo que se encuentra detras del aumento de ambas, en este sentido otros
autores relacionan MLT con la inhibicion de COX-2 e iNOS en diferentes células como

los macréfagos murinos linea celular, RAW 264.7 (Deng y cols., 2006).

Por ultimo, es importante destacar que los resultados de la permeacion intestinal llevada
a cabo utilizando el método ex vivo desarrollado en la fase 1, mostraron un ligero aumento

en el valor de Papp del DS al permearse junto con la MLT, pero atendiendo a criterios de
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correlacion estadistica, esta diferencia no fue significativa (p > 0.05), por lo tanto, una
administracion conjunta de ambos farmacos no afectaria a la permeacion intestinal del

DS ni a los niveles plasméticos de dicho farmaco.
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CONCLUSIONES

Las conclusiones obtenidas de la presente tesis doctoral fueron las siguientes:

173

1. Se ha desarrollado una nueva técnica ex vivo para la prediccion del valor de Papp

basada en la permeacion a través de duodeno de cerdo (Sus scrofa).

La técnica ex vivo tiene una correlacion directa con los resultados obtenidos en
cultivos celulares Caco-2 para farmacos de distinta clasificacion biofarmacéutica
que no presenten fendmenos de membrana intestinal como acumulacion o
metabolismo.

Se trata de una técnica que requiere menos recursos econémicos, materiales,
técnicos y tiempo, que otras técnicas in vitro para la determinacion de Pgpp, COMO
los cultivos celulares Caco-2.

La MLT ha demostrado un efecto preventivo de lesiones Gl inducidas por el DS

en un modelo ex vivo basado en duodeno de cerdo (Sus scrofa).

La MLT ha demostrado un efecto preventivo de lesiones Gl inducidas por el DS
cuando se administran ambos farmacos de forma concomitante durante un periodo
de 7 dias en un modelo in vivo con ratén (Mus musculus).

En presencia de MLT se produce un aumento de los niveles de COX-2 y se
previene la formacién de lesiones inducidas por DS, lo que es indicativo de una
mejora del estado redox del enterocito por parte de la hormona pineal y de la
formacion de PGl a partir de COX-2, responsable de la inhibicion de la secrecion
de &cido gastrico y mejora del flujo sanguineo de la mucosa.

En presencia de MLT se produce un aumento en los niveles de iNOs y se previene
la formacion de lesiones inducidas por el DS, lo que es indicativo de una mejora
el estado redox del enterocito por parte de la hormona pineal que evitaria la
interaccion del NO con los ROS (O2 -), y en ultima instancia la produccion del
ONOO-. Al no interaccionar con los ROS el NO seria responsable de la reparacion

de la mucosa al aumentar la angiogénesis y el flujo sanguineo.
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Abstract: Background: Melatonin is emerging as a promising therapeutic agent, mainly due to its role as antioxidant.
Substantial evidences show that melatonin is potentially effective in a variety of diseases as cancer, inflammation and
neurodegenerative diseases. The excellent antioxidant capacity with pharmacokinetics characteristics and the emerging
search for new pharmaceutical nanotechnology based systems, make it particularly attractive to elaborate nanoplat-
forms based on melatonin for biomedical or cosmetic dermal applications. Different nanosystems for dermal delivery
have been investigated.

Objective: This review focuses on nanocarrier production strategies, dermal melatonin application and delivery ad-

vances in vivo and in vitro. Equally, future perspectives of this assisted melatonin delivery have also been discussed.
ARTICLE HISTORY

Method: In the current review, we have revised relevant articles of the available literature using the major scientific

Received: August 08, 2016 databases.

Revised: December 08, 2016

Aeorpted: Tanuary 172017 Resuits: One hundred and thirteen papers were included in the review, the majority of which represent latest researches

; in nanosized platforms for the dermal delivery of melatonin including liposomes, ethosomes, niosomes, polymeric
ég-ﬂ 74/13802002186661702221459  npanoparticles, solid lipid nanoparticles and cyclodextrins. Furthermore, relevant papers reporting in vitro and in vivo
application studies of these nano-based melatonin platforms were also discussed.

Conciusion: The use of nanoplatforms for the dermal melatonin delivery as antioxidant agent could improve the effi-
cacy of conventional melatonin administration due to the preservation of the drug from premature oxidation and the

enhancement of drug permeation through the skin providing greater exposure times.

Keywords: Antioxidants, melatonin, dermal delivery, nanosystems, pharmacokinetics, skin metabolism.

INTRODUCTION: ANTIOXIDANTS DELIVERY NANO-
SYSTEMS ACROSS THE SKIN

Skin is the largest organ in the human body and one of the most
susceptible for oxidant agents attack, both endogenous and exoge-
nous. Skin has its own antioxidant protective systems, such as DNA
repair enzymes, oxidative prevention mechanisms, physical de-
fences and antioxidant substances (enzymes or scavengers) [1].
Multiple targets are susceptible of producing oxidative damage to
the skin. All of these are related to the pathophysiology of different
diseases [2]. One of the main exogenous oxidant agents is UV ra-
diation (A=320-380 nm of visual spectrum) which induces damage
in proteins, lipids [3] and DNA, among other structures. This dam-
age occurs through well-known mechanisms and could lead to can-
cer, inflammatory and immune diseases [4]. The relation between
oxidative stress and skin aging is accepted and has also been well-
documented [5].

According to the World Health Organization, the incidence of
skin cancer rates, including rates of melanoma cancers, has in-
creased in the past few years. Annually, between 2 to 3 million non-
melanoma skin cancers and 132,000 melanoma skin cancers are
diagnosed. Recreational sun exposure and history of severe sunburn
should be assumed as the major causes [6]. This increased inci-
dence of skin cancer occurs due to the confluence of two major
factors. Firstly, sun recreational exposure augments due to social
reasons. More people now have greater access to sunny destinations
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and tanned skin is now a predominant trend. In addition, there is
now a high increment in UV radiation. Concretely, in Europe, it has
been estimated to increase about 5-10% from 1980s till now [7].

The data lead us to think about the great interest and impact of
dermal application of antioxidant molecules. A small study which
measured epidermal thickness, stratum corneum moisture, elasticity
and wrinkle volume as measurable parameters showed that antioxi-
dants dermally applied resulted in an improvement of epidermal
thickness, elasticity and skin moisture, while oral administration
only improved the epidermal thickness. The combined approach of
oral and dermal application resulted in a significant improvement of
all investigated skin parameters [8].

However, classical systems like emulsions or suspensions are
not useful because, dermally applied, antioxidants molecules are
quickly degraded. It would be helpful to include these molecules
into systems that protect them from oxidation.

Nanotechnology has a great impact on the development of new
drug delivery systems or nano-platforms. Through the use of these
nano-platforms, we can obtain different advantages such as the
option to modify delivery profiles of the associated drug [9, 10],
modify body distribution through different targeting strategies [11-
13], increase its bioavailability [14], increase the therapeutic effi-
cacy [15], improve stability [16-19], use non-conventional admini-
stration routes [20, 21], increase the absorption of certain drugs
through different mucous membranes [22, 23], efc.

Regarding dermal delivery, nanoparticles allow obtaining an
enhanced local action, reaching certain layers of the stratum cor-
neum or to enhance systemic bioavailability through different
transport routes across stratum corneum [24]. Moreover, different

© 2017 Bentham Science Publishers
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release kinetic profiles as Higuchi model [25], zero-order kinetics
[26] might be obtained in order to provide constant, prolonged and
sustained plasma levels of the desired active substance.

There have been studies which focused on the specific case of
antioxidant substances, for example, tocopherol dermally applied in
a nanoemulsion led to a significant increase in the bioavailability
when compared with a microemulsion system [27]. Another study
compared the coenzyme Q10 (Q10) permeation profile across the
skin loaded in a gel by simple solution and loaded in solid lipid
nanoparticles (SLNs). Results showed a penetration 2.6 times
higher in SLNs than in the simple solution gel, 40 pg/cm® and 15
uglem?, respectively [28].

The use of nanoparticles is especially interesting for hydrophilic
drugs because the efficacy of drugs with high polarity index may be
limited due to their low intracellular absorption and low permeabil-
ity across the skin [29].

In a previous paper, we reviewed the role of melatonin (MLT)
as a powerful antioxidant [30]. Its role has been corroborated by
numerous in vitro studies and clinical trials. The results of these
clinical trials revealed substantial evidences regarding MLT as
being potentially effective in a variety of diseases as cancer, in-
flammatory and neurodegenerative diseases, making MLT a prom-
ising therapeutic agent.

For all these reasons, this article is aimed to review all dermal
delivery nanosystems loading MLT in which MLT is used as anti-
oxidant agent; we also discuss its main physicochemical and phar-
macokinetics properties, advantages and benefits of this use com-
pared with classical MLT delivery systems. It should be noted that
this review has never been done before.

MAIN MELATONIN PHARMACOKINETIC ASPECTS
(ADME)

The chemical structure of MLT has two amphiphilic groups and
its lipophilic nature allows good absorption properties through dif-
ferent mucous membranes [31]. The pineal hormone shows a linear
pharmacokinetic behaviour [32]. We can consider that MLT pos-
sesses low oral bioavailability since it shows variable oral absorp-
tion, short biological half-life and extensive first pass metabolism
[33-35].

Recently, a review has been conducted regarding MLT pharma-
cokinetics parameters after oral and intravenous (IV) administration
[36], main results included low oral biocavailability, around 14-16%,
in a dose range of 2-4 mg and linear pharmacokinetics behaviour.
Orally administrated, different studies showed a t,,, from 23 to 90
min, although majority of studies reported a value of approximately
60 min. CI/F mean for all reviewed studies was 5.78 L/min, CV (%)
50%. Concerning the IV route, mean clearance value for all studies
included in the review was 3.9 L/min, CV=80%, indicative of the
great inter-individual variability for this primary parameter. Ty, [V
was 36 and 41 min for men and women, respectively.

A recent review on alternative routes for MLT administration
[37] showed that intranasal administration of MLT in humans re-
sulted in a high bioavailability, up to 94%, compared to oral ad-
ministration. In this review, the transdermal absorption rate was
slow and evidences of an accumulative mechanism of MLT in the
skin were found. An experiment carried out with hairless Sprague-
Dawley rats [38] evidenced that this skin retention and the pharma-
cokinetic parameters of MLT, transdermally administered, changed
according to the time of the day. The data adjustment to a non-
compartmental pharmacokinetical model resulted in a K, value
significantly higher at activity phase than at rest phase. Further-
more, tyg, at activity phase occurred earlier than at rest phase, and
finally, the half-life of K, was longer at activity phase (paired t-test,
p<0.05 in all comparisons). These authors also found that AUCy™
showed higher values during the rest phase (p<0.05).

Mildn et al.

MLT binds to human serum albumin (HSA) mainly by hydro-
gen bonds and van der Waals forces, 1 MLT molecule to 1 HSA
molecule [39]. This fact must be taken into account in case of dis-
eases with HSA low blood levels such as hepatic, renal or gastroin-
testinal diseases, because parameters as Vy and t;;, could be modi-
fied.

Regarding the metabolism of MLT, main hepatic metabolite of
MLT is 6-hydroxymelatonin [40]. The urinary levels of this me-
tabolite are used to assess pineal gland production of MLT in hu-

ans [41]. In the skin, MLT metabolism involves the indolic and
kyrunic pathways. Indolic pathway is the main route of MLT me-
tabolism in keratinocytes, melanocytes and fibroblasts. Indolic
pathway produces 6-hydroxymelatonin as the main product and 5-
methoxytryptamine as the minor one [42]. However, through
kyrunic pathway, MLT is mostly metabolized to 2-
hydroxymelatonin and N1-acetyl-N2-formyl-5-methoxykynuramine
(AFMK). These metabolites are also produced through the direct
non-enzymatic action of ultraviolet B (UVB) radiation. UVB also
induces additional metabolism of AFMK to Nl-acetyl-5-
methoxykynuramine (AMK) by the action of the arylamine forma-
midase [43]. The MLT excretion is undertaken predominantly
renally [41].

Pharmacokinetics characteristics of MLT, including low oral
bioavailability, oxidation sensitivity and skin metabolism lead us to
think about the need and suitability of design of new delivery sys-
tems and new strategies for dermal administration of this promising
drug.

MELATONIN DERMAL APLICATION: CLASSICAL DE-
LIVERY SYSTEMS AND POTENTIAL APPLICACTION

Before addressing this section, we need to discuss about MLT
skin receptors (MT1 and MT2), whose regulation and activation
mechanisms have been extensively reviewed. MT1 (high affinity
receptor) is a G protein-coupled membrane receptor [44] which
inhibits the adenylate cyclase action, and thus causes the inhibition
of the cAMP response element binding protein/activation transerip-
tion factor. Through this pathway, MLT modulates antioxidant gene
transeription.  MT1 activation also modulates phospholipase
C/protein kinase (PLC/PKC), mitogen-activated protein kinases
(MAPK), and extracellular-signal-regulated kinase (ERK1/2) path-
ways. These pathways are involved in apoptosis regulation, among
others. Conversely, MT2 (low affinity receptor) activation leads to
phosphoinositide production, inhibition of adenylyl cyclase and
inhibition of soluble guanylyl cyclase. MT2 receptors are located in
keratinocytes. This receptor is suggested to be involved in MLT
antiproliferative effect in human melanoma cell line SK-Mel 28,
among other protective effects.

If the dermal application of MLT formulated in a cream was
compared with an ethanolic solution of MLT, skin accumulation of
MLT could be observed for at least 8 h before being absorbed in the
second case. While in the case of the MLT cream, absorption
through the skin would begin instantaneously and continuously.
However, in the case of a more concentrated MLT ethanolic solu-
tion, the absorption would commence in just one h [45]. Therefore,
dermal absorption may depend on the formulation type and MLT
concentration in such preparation or vehicle, as an example of this
different behaviour or a function of the vehicle, Flo et al. [46] have
evaluated the influence of different vehicles on the permeation of
MLT through buccal and skin tissues.

Concerning the pharmacological effect, MLT leads to a signifi-
cant and dose-dependent suppression of UV-induced erythema if
administered before UV exposure [47]. This effect increases when
MLT is administered in combination with other antioxidants mole-
cules, such as vitamin C (ascorbic acid) or vitamin E (a-tocopherol)
[48]. A more recent study has gone beyond demonstrating that
MLT-based pickering emulsion presented a powerful protection
against UVB-induced damage in HaCat cells including inhibition of
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apoptosis. The inclusion of zinc oxide, titanium dioxide, green cof-
fee oil and starch ensured a high sunscreen protection factor (50+)
against UVA and UVB [49]. These HatCat cells are a spontane-
ously immortalized human keratinocyte line [S0].

Another field of MLT topical application is the reduction of
radiation side effects, particularly acute dermatitis, which is the
most common of these effects. This therapeutical approach is
mostly used in breast, lung, and head and neck tumours. Classical
therapy is based on topical application of sucralfate, hyaluronic
acid or corticosteroids [51], although the use of these anti-
inflammatory molecules generated some controversy [52]. Topical
application of MLT results in a decrease of acute dermatitis caused
by radiotherapy [53]. In this same line of investigation, the benefi-
cial influence of MLT evaluation in topical sunscreen emulsions
combined with three common ultraviolet filters resulted in the pre-
vention of undesirable adverse effects after skin UV exposure [54].

MLT dermal application is therefore an interesting tool as pro-
tective agent against radiation, for example derived from sun expo-
sure or from radiotherapy treatment. So, we could say that we are
dealing with a possible field of clinical application.

NANOPLATFORMS FOR MELATONIN DERMAL DELIV-
ERY: OBTAINING METHODS AND CHARACTERIZA-
TION

Up to this point, everything reviewed leads us to think about the
need to design new delivery systems and new strategies for dermal
administration of this promising drug. Firstly, there are potential
pharmacological applications and, on the other hand, recent devel-
oped nanosystems present technological advantages over conven-
tional systems that provide higher plasma levels of MLT and
stronger local or systemic pharmacological potential effect.

There are studies dealing with different classes of nanoplat-
forms for MLT or MLT agonist vehiculization. The most common
nanoplataforms are liposomes (LPs), solid lipid nanoparticles
(SLNs), ethosomes and polymeric nanoparticles (NPs).

In following sections, we review the most important MLT
nanosystems, elaboration methods and characterization results.

Liposomes

LPs are artificial and nanometric sized self-close vesicles,
whose principal components are phospholipids. Phospholipids are
arranged in concentric bilayers, inside which there is an aqueous
compartment [55]. Given the nature of their composition, they can
carry both hydrophilic and hydrophobic drugs [56]. Hydrophilic
drugs are located inside the micelles with hydrophobic anchored to
phospholipid bilayers. Moreover, they demonstrate absence of cyto-
toxicity even at high doses, because LPs have an excellent biocom-
patibility [57]. Another advantage is their versatility, since they can
be easily modified by adding different components to the mem-
brane, such as polymers [58-60], peptides [61], or lipids [62], and
by changing the charge and properties thereof. Several formulations
of MLT loaded LPs have been developed.

Table 1 summarizes the main characteristics and elaboration
methods of MLT or MLT agonist loaded LPs. Quinteros, ef al. [63]
developed four LPs formulations composed of 1,2-propylene glycol
(PG), phosphatidylcholine (PC), cholesterol (Cht), a-tocopherol
(vitE) and the drug encapsulated (a MLT agonist, 5-
methoxycarbonylamino-N-acetyltryptamine (5-MCA-NAT)). Then,
LPs were dispersed in four different solutions, first in sodium chlo-
ride (NaCl), second in sodium hyaluronate (SH), third in sodium
carboxymethylcellulose (CMC), and finally, in two types of polox-
amers (PX), PX407 and PX188 (12/8 w/w). The achieved encapsu-
lation was 7.9 + 3.0 %. Elaboration method is schematized in Fig.
(1).

Other authors developed MLT loaded LPs composed of PC and
desoxycholate (DSC) 14-86%, respectively [64-66]. They achieved
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encapsulation efficiency eight times and half higher than that ob-
tained by Quinteros, et al. [63]. Due to the lipophilicity of MLT,
higher phosphatidylcholine concentration resulted in better encap-
sulation efficiency.

Methods for obtaining LPs are shown in Table 1. Different
studies have reported four principal steps in common: lipid mixture,
solvent evaporation, rehydration and extrusion. The conditioning
factors to be considered are the ratio and type of lipid. The best
encapsulation efficiency was for LPs obtained with phosphatidyl-
choline and sodium deoxycholate.

As we can observe in the Figs. (1-4), there are only slight dif-
ferences between the MLT loaded LPs obtaining methods, such as
the moment of MLT addition or the kind of lipid. Quinteros, et al.
[63] opted for the hydration of lipids with a solution containing
MLT, while the rest of authors chose to start with an alcoholic solu-
tion of drug in which lipids were dissolved.

Ethosomes

Derived from LPs, ethosomes are lipid vesicular systems which
incorporate ethanol in relative high concentrations. The use of these
nanocarriers in skin delivery is an interesting option because classic
LPs do not penetrate into deeper layers of skin. As a rule, LPs stand
in the upper layer of stratum corneum [67]. However, using a skin
penetration enhancer as ethanol, a deeper penetration level of active
compounds can be achieved [68]. Based on this information, some
authors have developed MLT loaded ethanolic LPs or ethosomes
[69]. These ethosomes showed a low polydispersity index (0.032 +
0.011), a good percentage of entrapment efficiency (70.71 £ 1.4 %)
and compared with classic LPs, the nanometric size range was 122
+ 3.5 nm. The method of production is diagrammed in Fig. (5). Itis
a very simple obtaining method, in which the conditioning factors
to consider are rate of incorporation of distilled water, stirring rate
and temperature for this process (30 °C).

Niosomes

Niosomes are lamellar vesicles prepared with non-ionic surfac-
tants such as sorbitan fatty acid esters (Span® series), polysorbates
(Tween® series), and polyethoxy fatty ethers (Brij® series). Com-
pared with phospholipid-based vesicles, niosomes have low cost of
production, higher chemical stability and greater membrane flexi-
bility [70]. Among other properties, niosomes may improve trans-
dermal permeation [71, 72], achieving enhanced therapeutic effect
[73, 74] and/or modified drug delivery profiles [75]. For these rea-
sons MLT is a good candidate for inclusion in niosomes. Priprem,
et al. [76] developed MLT loaded niosomes of Span® 60, choles-
terol, dimethyl sulfoxide/sodium deoxycholate (SDC) and MLT in
proportion 1:1:1:5. The size selection was performed by extrusion
using a polycarbonate membrane with pore size of 100 nm. Main
characteristics of the obtained niosomes were average particle di-
ameter of 86 + 3 nm and zeta potential of —54.4 + 0.6 mV. This
negatively charged surface prevented particle aggregation and pro-
vided high stability. Furthermore, an encapsulation efficiency of 95
+0.1% was achieved.

Solid lipid nanoparticles

SLNs are an alternative of LPs. The name suggests that SLNs
are nanospheres formed (at 25 °C) by a solid matrix of physiologi-
cal lipids stabilized by an appropriate surfactant [77]. Both lipid and
surfactant type have influence on the physicochemical properties
and biocompatibility of SLNs. For example, by using short chain
fatty acids, smaller SLNs can be obtained [78]. Furthermore, the
use of lipids with higher melting point leads to larger SLNs average
size. Similar results were obtained when high lipid concentration
was utilized [79]. Regarding the kind of surfactant, Pradhan et al.
[80] showed that higher concentration thereof, resulted in smaller
particle size and smaller polydispersity (up to 1% w/v of stabilizer).
The encapsulation efficiency of this nanosized delivery system is
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Table1. Summary of different obtaining methods of MLT or MLT agonist loaded LPs and main characteristics.
Composition Z:l;:: Obtaining Method Ef“[::il;:l:ya?‘;g Size (nm) Others Reference
100 pM Lipid mixture in CHCL, organic solvent
5.MCA-NAT PC, Cht, | evaporation, hydration with a drug solution Zeta potential
0.275% PG, 10 VitE and finally diluting of liposome solution 7.9+3.0 155.1 (mV) [63]
mg/mL PC, and (8:1:0.08) obtained with NaCl and PG aqueous solu- 102427
0.788% NaCl tions.
100 pM
Lipid mixture in CHCLs, organic solvent
S'MEA'NAT PC,Cht, | evaporation, hydration with a drug solution Zeta potential
0.275%PG, 10 VitE and finally diluting of liposome solution 7.9+3.0 16238 (mV) [63]
mgO/mL PC, (8:1:0.08) obtained with NaCl, PG and SH aqueous 8.7+2.7
0.788% NaCl and soliitioiis:
0.2% SH
100 pM
Lipid mixture in CHCl,, organic solvent
5-MCA-NAT PC, Cht, evaporation, hydration with a drug solution Zeta potential
o, .
0.275% PG, 10 VitE and finally diluting of liposome solution 7.9+3.0 1885 (mV) [63]
mgo/mL PC, (8:1:0.08) obtained with NaCl, PG and CMC aqueous 72445
0.788% NaCl and soliitisis:
0.5% CMC
100 pM o . .
Lipid mixture in CHCl,, organic solvent
S'M(EA'NAT PC,Cht, | evaporation, hydration with a drug solution Zeta potential
02052 RagLl) VitE and finally diluting of liposome solution 7.9+3.0 1818 mv) [63]
mg/mL PC, (8:1:0.08) obtained with NaCl, PG and PX407 aque- 6.4+0.9
o
OetieNaCliand ous solutions.
PX
20 M /50 uM or Dlsstilut.uon ()ffPCl 1:1 QHCI; anq metlhanczllc
100 1M of MLT, pC solution of melatonin, organic solven| B B
250 M PC evaporation, rehydration and extrusion on 100 +10 [64]
polycarbonate membranes to obtain LUV.
Lipid mixture, organic solvent evaporation,
PC, SDC hydration with 0.2 M PTB (pH 6.5) b Polydispersit
MLEO Lta2:0:% %-14 9 m:/ati;uz;gw m, 1 h) manu(; exﬁu)siZn Cr-les 2% with 11810 yiﬂdzx ’
viv,PCand SDC, | $6%14% TPt 1%v/v of MLT) 65]
Vi) through 200 and 100 nm polycarbonate 0.08
membrane filters.
Dissolution of MLT in ethanol, solvent
evaporation, DPPG and chloroform addi-
MLT 3, 6,9, 15, tion, organic solvent evaporation and then
24 and 30 mol % DPPG pumping it for 2 h under vacuum. A dried - = [66]
and DPPG lipid film obtained was hydrated by adding
25 pL of 10 mM PTB. LPs were formed by
vortexing the mixture.

Notes: PC, Phosphatidylcholine; Cht, cholesterol; VitE, a-tocopherol. NaCl, sodium chloride; PG, 1,2-propylene glycol; SH, sodium hyaluronate; CMC, sodium carboxymethylcellu-
lose; PX, poloxamer (PX407 and PX188 12/8 w/w).; 5-MCA-NAT, 5-methoxycarbonylamino-N-acetyltryptamine; DPPG, dipalmitoyl phosphatidylglycerol; CHCI3, chloroform;
LUV, large unilamellar vesicles; MLT, melatonin; SDC, sodium deoxycholate; PTB, phosphate buffer; DPPG, dipalmitoyl phosphatidylglycerol.
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Fig. (1). Obtaining process diagram of PC (phosphatidylcholine) Cht, (cholesterol) and VitE (a-tocopherol) LPs according to Quinteros et al. [63].
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Fig. (2). Obtaining process diagram of PC (Phosphatidylcholine) LPs ding to Marchetti e al. [64].
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Fig. (3). Obtaining process diagram of PC (Phosphatidylcholine) and SDC (sodium deoxycholate) LPs according to Dubei et al. [65].
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Fig. (4). Obtaining process diagram of DPPG (dipalmitoyl phosphatidylglycerol) LPs according to Ipek et al. [66].
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ding to Dubei ef al. [69].

strongly influenced by solubility of the active substance in the sohd
lipid matrix, so close that they are directly proportional [81].

Leonardi, ef al. [82] developed a battery of these kinds of for-
mulations using different types and percentages of lipids. As a re-
sult, they obtained MLT loaded-SLNs with different sizes, polydis-
persity indexes and/or percentages of encapsulation efficiency.
Concretely, they used different combinations of didecyldimethy-
lammonium bromide (DDAB) and palmitic acid (PA) or stearic
acid (SA). The obtaining method is represented in Fig. (6). We can
conclude that the key step of this process is the addition of the MLT
solution and the lipid mixture over the surfactant, which must be
performed gradually injecting the first solution through a thin Tef-
lon tube under high stirring speed (13,500 rpm).

Polymeric Nanoparticles

Polymeric NPs are composed of natural or synthetic poly-
mers, which may be biodegradable or not. The main natural
polymers used are gelatine [83], chitosan [84], alginate [85], cel-
lulose and derivatives thereof [86]. Among synthetic polymers
used are poly (lactic-co-glycolic) acid (PLGA) [87], poly-n-
(ciancacrylate) (PCA) [88] and polycaprolactone [89]. Nanosys-
tems obtained from mixtures of polymer and lipid have also been
reported, the main examples are lecithin and chitosan NPs [90].
Both, natural and synthetic NPs present some advantages and
disadvantages. On one hand, natural polymers do not show toxic-
ity but show poor homogeneity and impurities problems. On the
other hand, synthetic NPs obtaining methods are more reproduci-
ble [91, 92].

The nature polymeric NPs as drug delivery systems are quite
diverse, as diverse as the purposes to be achieved, such as con-

trolled release [87], targeting and therapeutic action improvement
[88], decreasing side effects and enhancing the drug cellular uptake
[89], increasing drug permeation [90] and biocavailability improve-
ment of poor water soluble compounds [93].

Anita, et al. [94] reported lecithin/chitosan (L/C) MLT loaded
NPs with good properties of mucoadhesion in order to provide na-
sal administration of MLT. Fig. (7) shows the three steps of the
elaboration method. These authors developed L/C MLT loaded NPs
with different types of lecithins (S45, S75 and S100) and different
L/C weight ratios (5:1, 10:1 and 20:1). Other published papers with
the same preparation method obtained similar results under identi-
cal conditions [95-97]. Table 2 includes main characteristics and
shows that the best entrapment efficiency was achieved by S45
lipoid. 5:1 and 10:1 L/C ratios. This study also shows that size and
surface charge of the NPs prepared depended on both, lecithin type
and the lecithin/chitosan weight rate.

PLGA and PLGA-PEG MLT loaded nanocarriers have been
developed by Giovanni, et al. [98]. They used the solvent displace-
ment method with Tween® 80 (0.5%, w/v) as surfactant. NPs puri-
fication was performed by ultracentrifugation. Centrifugation
conditions were different for these types of NPs, x15,000¢g,1 hat5
°C for PLGA NPs, and x4000 g, 4 h at room temperature for
PLGA-PEG NPs. In order to complete purification, centrifugation
was replicated three times in each case. The obtaining method is
schematized in Fig. (8). They reported that both types of NPs were
spherical and homogeneous with smooth surfaces. PLGA-PEG
MLT loaded NPs exhibited higher entrapment efficiency (%),
smaller size and greater polydispersity index than PLGA MLT
loaded NPs.
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Fig. (6). Obtaining process diagram of MLT (melatonin), DDAB (didecyldimethylammonium bromide), PA (palmitic acid) and SA (stearic acid) SLNs ac-
cording to Leonardi ez al. [82].
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Fig. (7). (a) Obtaining of ethanolic solution of lecithin-to-melatonin (5:1) (b) Obtaining of chitosan water solution (1% w/v) (¢) Obtaining of MLT loaded NPs
suspension by injection of 4 mL of the first ethanolic solution in to 46 mL of chitosan water solution under constant stirring according to Hafner, ez a/. [94].

Musumesci, et al. also obtained PLGA and PLGA-PEG NPs that the method presents good reproducibility and suitability for
using the solvent displacement method [99] showed in Fig. (8). In preparing NPs at laboratory scale.

Table 2, the composition and entrapment efficiency values of these MLT-loaded nanocapsules and nanospheres, using anionic co-
NPs are displayefi, It can be obsewed 'h?t as they obtained identical polymers based on methacrylic acid and methyl methacrylate have
entrapment efficiency values, Giovanni ef al [98] used the same  been prepared too [101]. The obtaining method was the same in
drug/polymer ratio and the same elaboration method based on a both cases, and it was based on the interfacial polymer deposition
previous work of Musumesci, et al. [100]. These results suggest following solvent displacement [102]. Nanocapsules are a vesicular
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Table2. Summary of different obtaining methods of MLT loaded polymeric NPs and main characteristics.
Composition Entrapment Mean Size (nm) Obtaining method Reference
P efficiency (%) e
L/C5:1 52 1256+0.6
s o o Injection through syringe inner diameter of 0.75mm
94
RL00Lecithin/chitosar L/C10:1 5 1216+238 under constant stirring of 900 rpm (Fig. 7) B4
L/C20:1 49 1433 £33
L/C5:1 53 239753
o Injection through syringe inner diameter of 0.75mm
§75 Lecithin/chitosan L/C10:1 53 1584+101 under constant stirring of 900 rpm (Fig. 7) 4]
L/C20:1 5 2435+59
L/C5:1 7.1 3475+32
s Injection through syringe inner diameter of 0.75mm
545 Lecithin/chitosan L/c10:1 71 3291105 under constant stirring of 900 rpm (Fig. 7) 4]
L/C20:1 64 2462 +8.1
PLGA
1% wiw (MLT/polymer) + 44.15+4.7 122.50+143 Solvent displacement method (Fig. 8) [98]
Tween®80 at 0.5 wiv
PLGA-PEG
1% wiw (ML T/polymer) + 7820+34 838+1.10 Solvent displacement method (Fig. 8) [98]
Tween®80 at 0.5 w/v
1% wiw
44.15+351 -
(ML T/polymer)
Resomer® RG
3% wiw
1228+ 7.52 -
502 H (PLGA) (ML T/polymer)
5% wiw
577+283 -
(ML T/polymer)
Solvent displacement method (Fig. 8) [99]
1% wiw
+ p
(ML T/polymer) 7820+£293
Resomer® RGP d
50105 (PLGA- 3% whv 4530 441 _
PEG) (ML T/polymer)
5% wiw
25.18+2.73 -
(ML T/polymer)
; ; @ ® ; sz .
Triglycerides + Eudragit ® S100 + Span® 80 5577 236 £20 Interfacial polymer' deposition following solvent [o1]
nanocapsules (0.5 mg/mL of MLT) displacement
Eudragit® S100 + Span® 80 nanospheres 5435 12612 Interfacial polymerA deposition following solvent [o1]
(0.5 mg/mL of MLT) displacement
+ & + ipid-
RELMCIG-SM-E380.lipid-core 32114005 199£186 Self-assembling mechanism [103]

nanocapsules (ML T 0.125 mg/mL)

Notes: MLT, melatonin; S45, fat-free soybean lecithin with 45% phosphatidyl choline; S75, fat-free soybean lecithin with 70% phosphatidyl choline; S100, phosphatidyl choline from
fat-free soybean lecithin; L/C, lecithin/chitosan ratio; Resomer® RG 502 H (PLGA), poly-D,L-lactide-co-glycolide 50:50, free carboxyl endgroup; Resomer® RGP d 50105 (PLGA-
PEG), polyethylene glycol-co-(poly-D,L-lactide-co-glycolide) 48:52 to 52:48 mole %, PEG portion 8-12%; PCL, poly-£-caprolactone; MCTG, medium chain friglycerides; SM,

sorbitan monoestearate; PS80, polysorbate 80.
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MLT+Polymer
(PLGA/ PLGA-PEG)
1% (whiv) 4
Acetone 20 mL

Purification

by
centrifugation
Milky colloidal
suspension

Fig. (8). (a) Obtaining of milky colloidal

Pellets
precipitate

step consisting of centrifugation and 1 ion of precipitate in water ding
PCL (100 mg)
MCTG goo mg)
SM (38 mg)
MLT (10 mg) 27 mL
acetone+ethanol
8:1viv

MLT loaded lipid-core
nanocapsules

Fig. (9). Obtaining method of ML T-loaded lipid-core nanocapsules composed of PCL (Poly-g-caprol
in), UPW (ultra-purified water) and Polysorbate 80. Notes: Fv, final volume [103].

tan te), MLT (mel

system with a lipid core surrounded by a polymeric shell. Nano-
spheres consist of a matrix of polymers, so the main chemical dif-
ference between both obtained nanosystems composition was the
triglycerides presence. Table 2 shows some characteristics of these
developed nanosystems.

Charao, er al. [103] incorporated 10 mg MLT in an organic
solution in the first step of the self-assembling mechanism method
proposed by Jomada, ef al. [104] in order to obtain another ML T-
loaded lipid-core nanocapsule type. This obtaining method is sche-
matized in Fig. (9).
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(@)

Milky colloidal
suspension

40 mL water:ethanol 1:1 (wiv)
+
Tween®80 0.5% (wiv)
+

constant stirring

(b)

Pellets

resuspension
in water

MLT loaded PLGA or
PLGA-PEG
NPs

as first step of solvent displacement method for PLGA and PLGA-PEG NPs development. (b) Purification

to Giovanni, e al. [98, 99].

Mixture of
lipids,
polymer,
MLT and
solvent

First solution

I

y

Solvent
evaporation
up to 10 mL
UPW (53 mL)
+ Polysorbate 80 (78 mg)
10 min stirred
), MCTG (medium chain triglycerides), SM (sorbi-

Cyclodextrins Complexes

There are also studies reporting ML T delivery systems based on
cyclodextrins (CDs) inclusion complexes. CDs are cyclic (o-1.4)-
linked oligosaccharides of u-D-glucopyranose containing a rela-
tively hydrophobic central cavity and hydrophilic outer surface
[105]. The incorporation of CDs into polymeric drug delivery sys-
tems is intended to change the drug-polymer interaction and thus
modify the mechanism of drug release [106]. Based on these prin-
ciples, some authors have developed inclusion complexes of CDs
with MLT where drug solubility was related with CDs concentra-
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tion, thus the 1:1 h-g stoichiometry in water solution prevails at
low CDs concentrations. The trend to form higher order associa-
tions is observed at increasing CDs concentrations. Moreover, they
studied the stability of different MLT-CDs complexes in water and
the obtained results were in order of decreasing stability: f-CD> y-
CD> a-CD [107].

Other authors developed hydrogel networks using MLT-CDs
complexes as pendant groups [108]. They synthesized a monovinyl
£-CD monomer, then they prepared f-CD hydrogels by the co-
polymerization of glycidyl methacrylate-ethylenediamine-§-CD
(GMA-EDA-B-CD) and 2-hydroxyethyl acrylate (HEA) in aqueous
solution at 20 °C using ammonium persulfate/sodium bisulphite
redox system as initiator. Finally, the MLT loading into the hydro-
gel at 0.9% was performed in water/methanol mixture (75/25, w/w)
at 25 °C for 48 h, and subsequently, the free MLT remaining on the
surface was removed by washing. Results of hydrogels release will
be discussed in the in vitro section below.

IN VITRO AND EX VIVO STUDIES

A review about the main development methods of MLT loaded
NPs found in literature has been conducted. This section will dis-
cuss the in vitro and ex vivo studies addressed with some of them.
Table 3 summarizes the main in vitro and ex vivo studies accom-
plished with different MLT loaded nanocarriers.

The four LPs formulations obtained by Quinteros, et al. [63]
were also subjected to an in vitro release study in which the MLT
analogue released from the different formulations was studied using
a dialysis method. These authors used phosphate buffered solution
as receptor medium. Results showed that the 5-MCA-NAT release
rate from LPs dispersed in SH and CMC was lower than conven-
tional LPs (dispersed in NaCl), and lower than 5-MCA-NAT in
simple solution. They found statistically significant differences. A
low release rate could improve therapeutic effect or could induce
tissue accumulation.

Dubei, et al. [65] addressed an ex vivo permeation study
through human skin, using Franz diffusion cells with 10 mL of PBS
(pH 6.5) as receptor medium, constantly stirred for 24 h at 37 £ 1
°C. They tested elastic LPs as nanocarriers for transdermal delivery
and demonstrated an enhanced permeation of MLT into the deeper
layers of the skin, enhanced transdermal flux, a decrease of lag time
and an optimum permeability coefficient. They concluded that the
obtained MLT transdermal bioavailability from LPs was better
when compared with a simple MLT solution.

Other work that aimed to enhance the transdermal delivery of
MLT was also carried out by Dubei, ef al. [69], by the preparation
of ethosomes nanocarriers (modified LPs through ethanol addition).
They also carried out an ex vivo permeation study through human
skin, using Franz diffusion cells and the same receptor medium
(PBS, pH 6.5). They also performed an in vitro release study by
dialysis technique under sink conditions, and finally, they con-
ducted an in vivo skin irritancy study, which will be discussed in the
following section. Conditions of the experiment were the same as in
the previous case. They used human cadaveric skin as permeation
membrane, with an effective permeation area of 1 ¢m?® and 10 mL
of phosphate buffer solution (PBS) as receiver cell volume. The
experiment was performed for 24 h, at 32 £ 1 °C under constant
stirring at 100 rpm. The release rate through dialysis membrane was
almost four times higher for ethosomes than for LPs. Results of
ethosomes permeation study exhibited an increased transdermal
flux and percentage MLT skin deposition, and a decreased lag time
compared with common LPs and a hydroethanolic solution of
MLT.

Leonardi, et al. [82] developed a battery of cationic SLNs made
of didecyldimethylammonium bromide (DDAB), palmitic acid
(PA) and stearic acid (SA). Developed SLNs were then subjected to
in vitro release study using the common dialysis method. The con-
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clusion of their findings was that the presence of PA or SA in the
formulation reduced the amount of drug released.

Hafner, et al. [94] developed MLT loaded L/C NPs to obtain
nasal delivery systems with the required mucoadhesion properties.
These NPs released about 60-70% of MLT in 4 h. The permeability
of MLT in NPs L/C 20:1 prepared with Lipoid S45 lecithin was
significantly enhanced when compared with a simple MLT solution
(p < 0.001) and from all other NPs investigated (» < 0.05). This
study also demonstrated that the mucoadhesion did not induce
plasma membrane damage in the concentration tested. In other
study, the same authors investigated the release profile, the MLT
permeability through corneal epithelium and mucoadhesive proper-
ties of L/C NPs [97].

Giovanni, ef al. [98] conducted a release study and tested the
antioxidant potential of PLGA and PLGA-PEG polymeric MLT
loaded NPs. The obtained results were satisfactory, since NPs
proved to be significantly effective in oxidative stress inhibition in
a sepsis rat model. This conclusion came after measuring several
oxidative stress markers as lipid hydroperoxide (LOOH) and total
thiol groups (RSH). LOOH levels were increased in positive control
group of sepsis and significantly decreased with the PLGA and
PLGA-PEG NPs administration. RSH levels were also decreased in
positive control group of sepsis and significantly increased with the
administration of NPs. All results were better for MLT loaded NPs
than those for MLT simple solution. There were also evidences on
enhancing antioxidant effect of MLT on lipid peroxidation when
the drug was entrapped in nanocapsules and nanospheres [101]. In
other in vitro experiment, several MLT concentrations and two
different substrates for lipid peroxidation were assayed (LPs and
microsomes). The results showed that the presence of MLT signifi-
cantly decreased the lipid peroxidation. Best results were achieved
by these authors when they used 400 pM MLT-loaded nanocap-
sules versus a negative control and 200 uM MLT-loaded nanocap-
sules. They reported lipid peroxidation inhibition rate of 51 + 6.5%
using LPs as substrate.

Other interesting study showed a therapeutic effect of MLT as
DNA protector when the drug was administered shaped as MLT-
loaded lipid-core nanocapsules when compared with a MLT simple
solution (» < 0.05) in a lung cell toxicity model induced by
paraquat [74]. This indicated that the therapeutic effect of MLT as
antioxidant would increase by designing a formulation based on
nanotechnology.

PLGA and PLGA-PEG NPs developed by Musumeci, et al.
[99] showed lower lag time than those reported by Giovanni, ez al.
[98]. Concerning MLT release profiles from PLGA and PLGA-
PEG NPs, the authors suggested that hydrophilic PEG chains on the
surface increased the release process allowing a faster leakage of
the entrapped drug.

Results for hydrogels MLT-loaded-CDs studies showed that the
release rate of MLT from hydrogel increased with the decrease of
B-CD content. Moreover, a sustained release of MLT was achieved
from those hydrogels in which B-CD was included [108].

IN VIVO STUDIES

Table 4 provides an overview of in vivo studies carried out
with some MLT loaded nanocarriers. MLT agonist loaded LPs
obtained by Quinteros et al. [63] were used for in vivo studies.
They made an in vivo study of the therapeutic efficacy as ocular
hypotensive agent in rabbits by measuring the percentage of inhi-
bition of intraocular pressure (IOP). They observed that the
maximum hypotensive effect was achieved by LPs dispersed in
SH (39% of IOP reduction) closely followed by LPs dispersed in
CMC (36% of IOP reduction). Using these two formulations, they
carried out in vivo tear osmolality measurements and observed
that when animals were treated with LPs combined with two
bioadhesive polymers, the tear osmolality diminished signifi-
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cantly at any time in comparison to basal value. Finally, they
conducted an in vivo tolerance study whose results were fully
favourable, without discomfort or irritation signs. A comparative
pharmacokinetic behaviour study between compressed MLT tab-
lets and MLT loaded LPs spray, which was sublingually adminis-
tered showed 50% higher AUC for LPs with onset time. It was
remarkably faster for the sublingual spray that showed increased
MLT levels immediately and a peak plasma level at 2 h, which
was sustained for 6 h, whereas tablet dosage formed peak 4 h
after administration and the elimination phase began shortly
thereafter [109]. This behaviour indicated better bioavailability.
Keller and Fisher, in a US patent [110], reported a method for
producing liposomal MLT spray composed by purified lecithin,
cholesterol, tocopherol acetate, pyridoxine hydrochloride, glycer-
ine, ethyl alcohol, sodium benzoate, polysorbate 20, purified wa-
ter, MLT and other excipients such as flavour, citric acid and
sweetener.

Leonardi, et al. [82] carried out the same in vivo studies of
therapeutic efficacy by measuring inhibition of IOP and the ocular
tolerability assessment using a battery of MLT loaded SLNs. Ocu-
lar tolerability results were also positive for these nanocarriers.
Regarding the therapeutic efficacy as ocular hypotensive agent, the
batch of formulations that showed higher IOP reduction was com-
posed of 0.1% (w/v) DDAB, 0.1% (w/v) PA, 0.05% (w/v) MLT
and 0.05% (w/v) Tween® 80. The mean size of this batch was 222.9
+ 1 nm and showed low polydispersity index, zeta potential of
+59.70 + 0.52 mV and drug encapsulation efficiency of 95.89% and
451.1 ug/mL of MLT.

An interesting in vivo study demonstrated that MLT-loaded
SLNs orally administered resulted in a delayed release with 20 min
difference of t., when compared with a MLT simple solution,
while mean AUC and mean half-life of elimination were signifi-
cantly higher. This work also showed that MLT absorption and
elimination after MLT-loaded SLNs transdermal administration
were slower. Authors obtained MLT plasma levels above 50
pg/mL, which were maintained for at least 24 h [111].

Another in vivo study testing the efficacy of MLT loaded NPs
was performed by Musumeci, er al. [99]. In this study, the
hypotensive effect of two different polymeric nanoparticles was
evaluated and compared with each other, as well as, a simple so-
lution of MLT. Mucoadhesion properties allowed an increased
contact time between NPs and the rabbit eye surface. A decreased
IOP was obtained for both NPs, but the effect was greater for
PLGA-PEG, probably due to lower zeta potential of PLGA-PEG
NPs that might allow a better and longer interaction between the
nanocarrier and the eye, since the cornea and conjunctiva have a
net negative charge.

A study tested the intranasal delivery of MLT from MLT
loaded niosomes. Results showed that intranasal MLT administra-
tion involved the drug distribution in the liver, hypothalamus and
testis, which indicated systemic absorption by this route. Moreover,
a daily dose of 20 mg/kg/day for 90 days did not show histological
changes in nasal mucosa when compared with its control [76]. All
these findings suggested that niosomes were an optimal tool for
MLT administration.

Schaffazick, et al. [112] carried out an in vivo experiment in
which MLT (1 or 10 mg/kg) associated with polysorbate 80-coated
nanocapsules was administered intraperitoneally in 6 mice, using a
MLT aqueous solution as control. Subsequently, the frontal cortex,
hippocampus and liver of animals were examined. Malondialde-
hyde was used as lipid peroxidation marker and results showed
significant lipid peroxidation inhibition (» < 0.05) in the frontal
cortex of mice treated with MLT-loaded nanocapsules for both
doses (1 and 10 mg/kg). Hippocampus and liver showed significant
lipid peroxidation inhibition (p < 0.05) in mice when treated with
the 10 mg/kg nanocapsules.
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DISSCUSION AND CLINICAL PHARMACOKINETIC IM-
PLICATIONS

We have already reviewed the properties, elaboration, in vitro,
ex vivo and in vivo studies of different MLT nanosystems. Consid-
ering the obtained results, the nanoplatforms that showed better
efficiency of entrapment were elastic LPs, nanocapsules and
PLGA-PEG NPs. Equally, we have already discussed that the ob-
taining methods of PLGA-PEG NPs seem to have a good repro-
ducibility, as well as, they are more stable than LPs. On the other
hand, those LPs made of phospholipid have lower inherent toxicity
or more biocompatibility than NPs based on synthetic polymers.

Elastic LPs are the vesicles with more potential for the im-
provement of the skin penetration rate and rigid LPs would be use-
ful in those cases requiring a delayed release. These differences
could be attributed to the varied types of interactions between cells
and LPs according to their composition. Elastic LPs contain a high
percentage of PC and surfactants have been reported to promote the
process of fusion with cell membranes [113], so MLT skin flux
penetration can be enhanced using LPs rich in surfactants, as they
allow a faster fusion between dermal cells and LPs.

After analyzing all the information contained in the researched
literature, the highlights in terms of MLT nanosystems biopharma-
ceutics and pharmacokinetics reported to date are:

- 5-MCA-NAT LPs leads to slow release compared with a sim-
ple solution in an in vitro experiment.

- Elastic MLT loaded elastic LPs have higher release rate than
rigid LPs.

- Transdermal flux across human skin is higher for elastic LPs
than regular LPs and higher when compared with a plain MLT
solution.

- Elastic LPs show a lower lag time than MLT simple solution.

- SLNs formulated with PA or SA reduce the amount of re-
leased drug.

- Lecithin/Chitosan Polymeric NPs enhance MLT permeability
and decrease MLT release rate.

- PLGA MLT NPs show zero order release profile, with a lag
time up to 24 h.

- Nanospheres lead to an enhancement of antioxidant properties
of MLT against lipid peroxidation when compared with a
MLT simple solution.

- CDs-based MLT formulations lead to a sustained release.
- MLT SLNs maintained MLT plasma levels for 24 h.

The use of MLT nanoplatforms as a new strategy for drug de-
livery may improve the efficacy of conventional ML'T administra-
tion. We have evidenced numerous studies where the antioxidant or
therapeutic activity of MLT was enhanced. It may be due to the
protection of MLT molecule from premature oxidation, better pene-
tration across skin and/or greater exposure times to the drug com-
pared with simple solutions.

In view of the foregoing, topical application of referred nano-
systems would improve the potential use of MLT in practice. For
example, as sun protection formulation, the administration of MLT
in an optimal nanosystem would reach higher levels and longer
residence times in skin layers compared with classical formulations.
Likewise, the use of MLT to alleviate side effects derived from
radiotherapy or as anti-aging formulation could be enhanced by its
inclusion in the appropriate nanosystem. On other occasions, the
use of these transdermal delivery nanosystems might provide opti-
mal plasmatic levels to obtain consistent systemic effects. Thus, the
dermal route could offer the possibility of either local or systemic
effect through the selection of a particular type of MLT delivery
nanosystem.
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Table3. Summary of in vitro and ex vivo studies carried out with different MLT loaded nanocarriers.
Nanoplataform Type of Study Results References
5-MCA-NAT LPs In vitro release dialysis technique under sink condi- . o
i Medi Phosphate buffered solution i Release rate was statistically significant lower (p < 163]
o : N
(0215% PG, JOHEMLEG, fons. e 1un?. os,p ate buflered solution 15 0.05) than simple solution of drug after 1 h
and 0.788% NaCl) tonized with NaCl (pH 7.4)
5-MCA-NAT LPs In vitro release dialysis technique under sink condi- . i .
9 tions. Medium: Phosphate buffered solution iso. N gl femtditecences p =0 250 LG [63]
(0275%PG, 10 mg/mL PC, : B SP between SH and NaCl dispersed LPs
0.788% NaCl and 0.2% SH) tonized with NaCl (pH 7.4)
5-MCA-NAT LPs In vitro release dialysis technique under sink condi- w £
" Medi O —— Release rate was statistically significant lower (p < [63]
) ions. Medium: Phosphate buffered solution iso-
(0275%PG, 10 mg/mL PC, X sp 0.05) than simple solution of drug after 1 h
0.788% NaCl and 0.5% CMC) tonized with NaCl (pH 7.4)
. . . . : Release rate was statistically significant lower (p <
5-MCA-NAT LPs (0.275% PG, | In vitro release dialysis technique under sink condi- . X i
. X L 0.003) than simple solution of drug and NaCl dis-
10 mg/mL PC, 0.479% NaCl tion. Medium: Phosphate buffered solution iso- . L. [63]
" g persed LPs after 1 h and statistically significant
and PX) tonized with NaCl (pH 7.4) )
lower (p < 0.05) than CMC dispersed LPs after 6-8 h
In vitro release dialysis technique under sink condi- | Release rate via dialysis membrane (ug/cm?h) was
tions. Medium: 10 mL of PBS (pH 6.5), 24 h at 37 three and half times higher for elastic LPs than for [65]
°Cand 100 rpm. rigid LPs
Elastic LPs PC:S
(86:14 %whw) Exvivo skin permeation study. Transdermal flux across human cadaver skin
o . . (ug/em®/h) was 5 times higher for elastic LPs than
Method.zFranz- diffusion cell using human skin ¢.p.a for regular LPs and more than twelve times higher [65]
S ytEcever cellvolume=T0mlHEPRS (I compared with a plane MLT solution. Elastic LPs
6.5), 24 h at 37 °C and100 rpm :
showed a lower lag time
In vitro release dialysis technique under sink condi-
tions. Medium: 10 mL of PBS (pH 6.5), 24 h at 37 Four times higher compared with a rigid LPs [69]
°Cand 100 rpm.
Ethosomes ; . . Transdermal flux across human cadaver skin
Ex vivo skin permeation study.
. . . (pg/em?/h) was 5.43 times higher for elastic LPs than
Method;Fran% diffusion.cell:using human skin.e.p.a for rigid LPs and 2.63 times higher compared with a [69]
=slienrreceiver cell volL:me— L0mL of PES(pH hydroethanolic MLT solution. Elastic LPs showed a
60); 24 a7 Gand1 00 pm lower lag time compared with both
SLNs made of different combi- | In vitro release dialysis technique under sink condi- | PA or SA presence in formula reduced the amount of 8]
nations of DDAB, PA and SA tions. Medium: water/ethanol solution (1:1, v/v) released drug
In vitro release dialysis technique under sink condi-
tions over a 24 h period. Medium: acetate buffer Decreased MLT release rate [94]
solution, pH 5.6, at 37 °C
Lecithin/Chitosan MLT loaded | Caco-2 permeability assay. Medium: HBSS buffered o
! p Enhanced MLT permeability [94]
polymeric NPs with 30Mm of HEPES, pH 6.0.
Mucoadhesive properties determined
Prominent surface charge-dependent mucoadhesive
by the content of mucin adsorbed onto NPs sus- [94]

pended in mucin aqueous solution at pH 6.0

properties
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Table (3) contd....

Nanoplataform

Type of Study

Results

References

In vitro release dialysis technique under sink condi-

L/C NPs have decreased release rate compared with

hydrogel

tion of 0.1 mol L*

out MLT-B-CD complexes.

tions over 5 h period. Medium: 30 mL of pH 5.8 MLT solution (t50% values were 1.75 and 0.75 h, [97]
Lecithin/Chitosan MLT loaded acetate buffer solution at 37 °C. respectively)
polymeric NPs
- . L . Incorporation of MLT into L/C NPs significantly
Permeability assay using an in vitro corneal epithe- . .
. decreased its overall permeability compared to the [97]
lial model i
MLT solution
24 h lag time followed by a controlled release pro-
In vitro release dialysis technique under sink condi- | file. PLGA NPs gave a zero order release profile and 98]
tions over a 15-days period. Medium: PBS, pH 7.5 | PLGA-PEG more complex triphasic profile with a
slower release.
PLGA and PLGA-PEG NPs 1%
LOOH levels measurement as oxidative stress inhibi- | Both MLT NPs formulations significantly decreased
wiw (MLT/polymer) . . . [98]
tion marker in a rat sepsis model LOOCH levels
Lo . Both ML T NPs formulations restored
RSH measurement as oxidative stress inhibition X
. . RSH levels to those of the negative [98]
marker in a rat sepsis model i
sepsis control group
. . . . . Both MLT loaded NPs showed a lag time
In vitro release dialysis technique under sink
PLGA and PLGA-PEG NPs 1% s : " of 6 h. PLGA-PEG released 20% of MLT
conditions over a 15-days period. Medium: 5 & s [98]
w/w (MLT/polymer) 24 h after administration and PLGA
PBS,pH 7.5
50 h later.
Triglycerides + Eudragit ® S100 | Jn vitro evaluation of lipid peroxidation inhibition Enhancement of antioxidant properties of MLT
+ Span® 80 nanocapsules using two different substrates: liposomes and micro- against lipid peroxidation compared with a MLT [101]
(0.5 mg/mL of MLT) somes simple solution.
Eudragit® $100 + Span®80 In vitro evaluation of lipid peroxidation Enhancement of antioxidant properties of MLT
nanospheres (0.5 mg/mL of inhibition using two different substrates: against lipid peroxidation compared with a ML'T [101]
MLT) liposomes and microsomes simple solution.
PCL + MCTG + SM + PS80 | In vitro evaluation of cell viability, cytotoxicity and | Enhancement of therapeutic effect of ML T as DNA
lipid-core nanocapsules DNA damage inhibitions in a PQ-exposed lung cell protector against PQ damages [104]
(MLT 0.125 mg/mL) model
GMA-EDA-f-CD MLT vt study. Med Nacl sol Sustained release of MLT from GMA-EDA-$-CD
~EDA-$- vitro release study. Medium: aqueous NaCl solu-
e 4 4 MLT hydrogel compared with ML T hydrogel with- [108]

Notes: 5-MCA-NAT, 5-methoxycarbonylamino-N-acetyltryptamine; PG, 1-2-propylene glycol; PC, phosphatidylcholine; SH, Sodium hyaluronate; CMC, sodium carboxymethylcel-

lulose; PX, Poloxamer; LPs, liposomes; MLT, melatonin; S, soya; NPs, nanoparticles; PBS, Buffer phosphate; e.p.a, effective permeation area; SLNs, solid lipid nanoparticles;

LOOH, lipid hydroperoxide; RSH, total thiol groups; DDAB, didecyldimethylammonium bromide; PA, palmitic acid; SA, stearic acid; L/C, lecithin/chitosan; PLGA, Poly-D,L-
lactide-co-glycolide; PLGA-PEG, polyethylene glycol-co-(poly-D,L-lactide-co-glycolide); PCL, Poly-£-caprolactone; MCTG, medium chain triglycerides; SM, dorbitan mono-
estearate; PS80, polysorbate 80; PQ, paraquat; GMA, glycidyl methacrylate; EDA, ethylenediamine; p-CD, beta-cyclodextrin. HBSS, Hank’s Balanced Salt Solution; HEPES, N-2-

hydroxyethylpiperazine-N_- 2-ethanesulfonic acid; NaCl, sodium chloride.
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Table4. Summary of in vive studies carried out with some MLT loaded nanocarriers.
Nanoplataform Type of Study Results References
. . SH LPs showed the maximum hypotensive effect (39% IOP reduction),
2 'Maig;Nﬁz:f;lﬁ;Tg‘;m“ Invivo study of therapeutic effi- | statistically significant higher than conventional LPs (NaCl). There were
3 - cacy as ocular hypotensive agent | no significant differences between SH and CMC % IOP reduction, they
(0.275% PG, 10 mg/mL PC in rabbi 2 [63]
and 0.788% NaCl) dispersed in rabbits presented the best results. For NaCl, SH and CMC LPs hypotensive
o ? P effect was maintained for longer than 8 h. For LPs dispersed in PX hy-
in NaCl, SH, CMC or PX p
potensive effect lasted only 5 h
S-MCA-NAT LPs (0.275% In vivo tear osmolality measure- Tear osmolality diminished significantly at any time in comparison to [63]
PG, 10 mg/mL PC and el basal
0.788% NaCl), dispersed in imals showed 1o di f rritation during th thin 24 h
SH or CMC Jn vivo short-term tolerance study Animals showed no discomfort or irritation during the test or within 24 163]

after administration

cacy as ocular hypotensive agent
in rabbits

SLNs made of different
combinations of DDAB, PA

SLNs that showed higher IOP reduction was composed of 0.1% (w/v)

Invivo study of therapeutic effi- | DDAB, 0.1% (w/v) PA, 0.05% (w/v) MLT and 0.05% (w/v) Tween® 80.
This batch mean size was 222.9 + 1 nm, showed a low polydispersity [82]
index, a zeta potential of +59.70 + 0.52 mV, a drug encapsulation effi-

ciency of 95.89% and 451.1 pg/mL of MLT

and SA
. Formulations were well tolerated and the score for each parameter of [82]
In vivo short-term tolerance study : A
Dryze test was zero at all time of observations
PLGA and PLGA-PEG NPs I'n vivo cj,fﬁcac:y hypotensive study | Both tested NPs determined a p.)rolonged lowering of IOP in rabbits,
in rabbits. Parameter: Intraocular | greater for the PLGA-PEG NPs in respect to free MLT and PLGA NPs [99]
1% w/iw (MLT/polymer) presstre (IOP)

Span® 60:cholesterol:SDC:

In vivo intranasal delivery study | MLT was distributed to liver, hypothalamus and testis. Any histological

[76]

study

MLT (1:1:1:5) niosomes in rats change was detected
Triglycerides + Eudragit® | In vivo antioxidant efficacy study | MLT-loaded Nanocapsules showed significant lipid peroxidation inhibi-
$100 + Span® 80 nanocap- | in mice. Parameter: MDA in brain |  tion (p < 0.05) against ML T aqueous solution which was ineffective [112]
sules (0.5 mg/mL of MLT) and liver
In vivo, oral and transdermal MLT-loaded SLNPs orally and transdermally administered showed
SLNs (3 mg of MLT) administration, pharmacokinetic delayed onset, longer mean half-life of elimination and ML T plasma [81]

levels maintained for 24 h

Notes: 5-MCA-NAT, 5-methoxycarbonylamino-N-acetyltryptamine; PG, 1-2-propyl

glycol; PC, phosp

h

idylcholine; SH, sodium hyaluronate; CMC, sodium carboxymethylcel-

lulose; PX, poloxamer; LPs, liposomes; MLT, melatonin; S, soya; NPs, nanoparticles; e.p.a, effective permeation area; LOOH, lipid hydroperoxide; RSH, total thiol groups; IOP, high
intraocular pressure; MDA, malondialdehyde; SDC, dimethyl sulfoxide/sodium deoxycholate; SLNs, solid lipid nanoparticles.

It would be interesting to have more data from in vivo studies
carried out with these nanosystems, and for which, safety and toxic-
ity considerations should be taken into account. From the composi-
tion perspective, liposomal systems, made of cholesterol and en-
dogenous phospholipids, theoretically should be safer and more
biocompatible tools than NPs. Although, as we have seen, in vivo
ocular administration of MLT in tolerance studies of LPs and NPs
showed greater tolerance for both nanosystems.

CONCLUSION

There are substantial works reporting effective MLT loaded
nanosystems of different nature with promising results. Each of
these nanosystems provides different alternatives to the dermal
administration of MLT, increasing its absorption through mucous
membranes, altering the release profile (delayed and / or sustained
release), allowing increasing or enhancing the pharmacological

effect, improving bioavailability, increasing half-life, while some of
them even preventing or minimizing certain side effects.

Obtained results of in vivo studies and toxicological data are
encouraging for the future design of new experiments in order to
investigate new MLT dermal delivery nanoplatforms that meet our
requirements in terms of safety, stability and efficiency.

Future challenges should include the optimization of those
nanosystems currently available to reach the clinical use, as well as,
the creation of new nanocarriers for the MLT delivery that play an
increasing role in the development of new pharmaceuticals applied
to dermal delivery in mentioned pharmacotherapeutic areas.
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Anti-inflammatory drugs

Anti-inflammatory drugs constitute the backbone of treatment for most diseases. In fact, there is a direct
relationship between chronic inflammation and many emerging disorders like cancer, oral diseases, kidney diseases,
fibromyalgia, gastrointestinal chronic diseases or rheumatic diseases [1]. Steroidal anti-inflammatory drugs (SAIDs)
and non-steroidal anti-inflammatory drugs (NSAIDs) are key contributors in the treatment of acute inflammatory
pain conditions such as headache, postoperative pain and orthopedic fractures as well as in the management of
chronic inflammatory pain and inflammatory diseases like rheumatoid arthritis, osteoarthritis and gout and for
ocular diseases [2]. The principal therapeutic applications of NSAIDs are related to pain, fever and they can also be
used as a prophylaxis treatment after first coronary or cerebrovascular ischemic event, this is one of the most
important usages of acetylsalicylic acid (ASA) [3]. Principal therapeutic areas for SAIDs are allergic rhinitis (nasally
administered) [4], asthma [5], nasal polyposis and chronic rhinosinusitis [6,7]. Orally administered prednisolone, a
SAID, is indicated in bronchial asthma, allergic and inflammatory disorders, rheumatoid arthritis and other
collagenopathies, dermatitis and dermatoses such as subacute and chronic eczema, psoriasis, pemphigus.

Worldwide anti-inflalmmatory drug consumption

Nowadays, anti-inflammatory medications are one of the most consumed type of drugs worldwide. According to the
commercial source of drug utilization IQVIA [8] in 2019, ASA, diclofenac (DIC) and ibuprofen (I1B) were the three main
NSAIDs consumed worldwide. From September 2018 to September 2019 more than 335,000 million standard units
or doses were sold. NSAIDs consumption is reported to be a bit higher than SAIDs. The leading market share of
NSAIDs and SAIDs market is located in Europe and Southeast Asia.

In Europe, the market is dominated by NSAIDs, with sales of ASA, DIC and IB exceeding 12,000 million standard units
a year and 16,000 million in the case of ASA. SAIDs also represent a huge market in Europe, among them (in
decreasing order) mometasone, beclomethasone, fluticasone and the combination of beclomethasone and
formoterol.

Concerning the delivery routes of the three most consumed SAIDs worldwide mometasone, fluticasone and
prednisolone, the nasal route is predominant (54.7%), followed by the oral (21.6%) and ophthalmic routes (9.9%),
but it depends on the drug. This data refers to the year 2019 [8].

Limitations of convectional anti-inflammatory therapies

Unfortunately current anti-inflammatory therapies are unable to achieve the best conditions of efficacy and safety.
It is also important to highlight that anti-inflammatory drugs lead to very expensive and serious adverse events, such
as gastrointestinal, cardiovascular, and renal complications that involve health risks and can have a great economic
impact. These side effects have, mainly been studied for NSAIDs [9], but side effects limit the use of SAIDs [10].
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The efficacy of the anti-inflammatory therapies could be considered as the result of a delicate balance between the
potency of the drug and side effects on healthy organs. Doses of these drugs are generally limited to values below
the therapeutic dose, with an aim to prevent side effects. However, this often results in an insufficient amount of
the active drug reaching the site of action, especially in hard to access areas such as articular cavities or different
ocular structures, with a consequent loss of effectiveness. In other circumstances, administration can be severely
limited by the development of tolerance, resistance or the inability of the drug to reach the biophase, and thus
circulating within the whole organism.

Nanotechnological approaches for delivering anti-inflammatory drugs

To overcome these problems researchers have focused on the design and development of a multitude of different
anti-inflammatory nanomedicines by associating of these drugs with nano-delivery systems. These newly developed
drug delivery systems allow for the control of the LADME biological pathway, and can eventually improve the
bioavailability of anti-inflammatory drugs. The technological characteristics of these nanomedicines will enable: (i)
the improvement of unfavorable physicochemical properties of the anti-inflammatory drugs, such as poor water
solubility; (i} the protection against inactivation chemical, enzymatic or immunological processes from the site of
administration to the biophase, as well as against degradation processes that might arise during storage; (iii) the
reduction of interactions with the mononuclear phagocyte system, hence prolonging circulation in the bloodstream;
(iv) the facilitation of drug release at an intracellular level, allowing it to pass across different biological barriers and
overcome drug resistance mechanisms; and (v) the transport and controlled drug delivery to the biophase achieving
higher dose accumulation in the inflamed area and decrease of undesirable side effects.

In relation to the prevention of the anti-inflammatory drugs adverse events different strategies have been explored
in elementary research. The use of nanoparticles as carriers of glucocorticoids showed a significant reduction of toxic
effects in different studies [11,12]. Another strategy focused on the prevention of gastrointestinal (Gl) adverse
effects is related to the use of antioxidants [13,14]. This is because there is evidence of the involvement of multiple
cellular pathways in NSAIDs-mediated-Gl damage, related to the redox state of enterocyte. In this area, nanoparticle-
based systems [15] have shown an enhanced efficacy in the suppression of NSAID-induced small intestinal
inflammation by improving the accumulation of the redox molecules can be found.

Anti-inflammatory nanomedicines in the clinic

With regard to nanotechnology-based pharmaceutical formulations there are few commercially available medicines.
Nanofast® gel, a nanoemulsion containing sodium diclofenac, methyl salicylate and menthol. Oxalgin Nano® gel,
also a sodium diclofenac nanoemulsion and Nanomax®, a nanoemulsion consisting of diclofenac, linseed ail,
methylsalicylate and menthol are all nanomedical approaches that can be used for topical treatment to improve the
absorption of the drug across the skin. Another product, Zilretta® consists of triamcinolone acetonide formulated
into poly lactic-co-glycolic acid microspheres. Poly lactic-co-glycolic acid was approved by US Food and Drug
Administration (FDA) in 2017 for knee osteoarthritis treatment. Zilretta® was designed for intra-articular injection
delivery, despite of positive results on clinical trials; it didn’t show better results than the immediate release
formulation, a crystalline suspension of triamcinolone acetonide [16]. However, Zilretta® enables a sustained release
of the active drug in the synovium, providing a prolonged action, which lessens the systemic exposure and the
adverse side effects related to conventional therapy.
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In August 2018, the US FDA approved a loteprednol etabonate ophthalmic suspension 1%, Inveltys®, which is
powered by Ampplify™ a drug delivery technology utilizing mucus-penetrating particles. These, are selectively-sized
nanoparticles with non-covalent proprietary coatings. Loteprednol etabonate has a good potency for different
inflammatory eye diseases. However, it has a low efficiency due to its rapid metabolism [17]. Therefore, Inveltys®
is designed to enhance penetration through the mucus barrier and deliver an increased concentration of loteprednol
etabonate to the target ocular tissue [18].

In relation to new nano-based products in clinical trials Nanocort®, a PEG-liposomal prednisolone sodium phosphate,
is being testing for the treatment of rheumatoid arthritis, arteriovenous fistula, Graves’ ophthalmopathy,
atherosclerosis and ulcerative colitis. The most advanced trial of which is a Phase Ill clinical trial in rheumatoid
arthritis [19]. The safety of the treatment with Nanocort® has been demaonstrated previously. However, around 9.7%
of patients treated with Nanocort® complained of infusion reaction and 2.7% sensed an acute infusion reaction.

It has been also reported that the use of an ophthalmic dexamethasone cyclodextrine nanoparticle suspension has
optimal results [20]. In this pilot study the nano-system is reported to have significant efficacy against uveitic macular
edema and vitritis.

Attention should also be drawn to the advances achieved in anti-inflammatory therapy by extracellular vesicles (EVs)
as new drug delivery platform for anti-inflammatory drugs [21]. EVs are nano-sized membrane derived vesicles
released by almost all cell types, including exosomes, microvesicles and apoptotic bodies. These nano-systems can
overcome limitations related to immunogenicity, transport, targeting and toxicity of conventional drug delivery
platforms. Several clinical trials [22], and other reported studies [23-25] have demonstrated the efficacy and safety
of EVs loaded with the anti-inflammatory drugs.

Additionally, recent research has focused on the therapeutic effects in inflammatory diseases of adipose-derived
mesenchymal stem cells and other biogenic nanoparticles obtained directly from lipoaspirate. They were
demonstrated to offer a therapeutic alternative in the treatment of pathologies such as arthritis rheumatoid, lupus,
atherosclerosis and Crohn's disease [26,27].

Anti-inflammatory nanomedicines: a future perspective

Notwithstanding the reported advantages provided by nanotechnology and the optimistic predictions about anti-
inflammatory nanomedicines made by researchers on the basis of development of different generations of nano-
systems by vascular permeability, overexpression of biomarkers, immunomodulation and macrophage
repolarization [28], anti-inflammatory nanomedicines have not been yet fully established commercially. In this
context, only certain areas such as cancer therapeutics have been increased in the clinical translation and
commercialization [29].

We would therefore identify the problem in areas such as inflammation, and evaluate if some of these diseases are
underestimated due to their reduced mortality. While in the short term, most of these types of diseases are not
fatal, they have a high impact on quality of life. Perhaps, the problem lies in the cost-effectiveness balance, which is
an important issue for health systems. Equally, other crucial aspects like large-scale manufacturing, toxicity and
safety, industrial property and government regulations must be analyzed in detail in comparison with currently
available therapies [30].
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All these dimensions override the successful results already obtained at laboratory level and hinder their clinical
translation. Therefore, the future should be aimed to reconciling the technological, clinical and economic value by
collaboration between regulators, industry, practitioners and academia.
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