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Resumen 

El ictus cerebral o infarto cerebral es una patología cerebrovascular 

causada por un proceso de isquemia, durante el cual muere parte 

de la masa encefálica debido al fallo en la irrigación sanguínea. La 

causa de la isquemia es la oclusión del sistema arterial cerebral 

debido a una aterotrombosis o a un embolismo. Suele aparecer en 

personas de edad avanzada y asociado a ciertos factores de riesgo. 

Los principales factores de riesgo para la aparición de un infarto 

cerebral son la hipertensión arterial, los trastornos lipídicos y el 

tabaquismo. El infarto cerebral se caracteriza por déficit 

neurológico de instauración progresiva, intermitente con trastornos 

leves al inicio y máximos al transcurrir las horas. Esta patología 

cerebrovascular representa la principal causa de mortalidad y 

morbilidad en los países desarrollados, con un constante aumento 

de la incidencia debido al progresivo envejecimiento de la 

población. En un reciente análisis que ha incluido países con 

diferentes niveles de desarrollo ha demostrado que la incidencia en 

1990 fue del 250.55 por cada 100.000 personas; en 2005 esta 

tasa aumentó a 255.79, mientras que en 2010 fue de 257.79, lo 

cual pone de manifiesto la importancia social, médica y económica 

que representa esta situación. la mejora en el manejo de pacientes 

con ictus tanto la atención primaria como en los hospitales, 

principalmente en los países desarrollados, ha contribuido a la 

reducción de la tasa de mortalidad observada en las últimas 

décadas, sin embargo, la tasa de incidencia sigue siendo 

preocupante. Actualmente la terapia recanalizadora tanto 

farmacológica como mecánica, basada en la recanalización de la 
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arteria cerebral ocluida y la reperfusión del tejido irrigado por el 

vaso obstruido, constituye el único tratamiento disponible durante 

la fase aguda del ictus y se asocia con buen pronóstico en el 50-

70% de los casos.  

Sin embargo, estos tratamientos sólo son aplicables a <10% 

aproximadamente de los pacientes debido a la estrecha ventana 

terapéutica, no superior a 4.5 horas. Debido a estas limitaciones 

terapéuticas, el desarrollo de nuevas terapias protectoras capaces 

de reducir la lesión cerebral representa una demanda de extrema 

necesidad para los pacientes con ictus cerebral. El pronóstico del 

ictus isquémico va a depender de varios factores como la edad del 

paciente, la comorbilidad, la intensidad del daño neurológico, la 

región cerebral afectada, el tamaño del trombo, el estado de la 

circulación colateral, el tiempo transcurrido desde el inicio de los 

síntomas hasta la recanalización, el grado de la restauración del 

flujo sanguíneo y la posible aparición de una transformación 

hemorrágica. Sin embargo, en este trabajo, se presta especial 

atención a los niveles de glutamato cerebrales tras un ictus 

isquémico. El glutamato es uno de los neurotransmisores 

excitatorios más importantes del sistema nervioso central adulto 

(SNC). Sin embargo, por sus propiedades excitatorias, una mínima 

desregulación de la liberación de este neurotransmisor puede 

generar un efecto neurotóxico que conduce a la muerte del tejido 

neuronal. Actualmente, está ampliamente demostrado tanto a 

nivel experimental como clínico, que la excitotoxicidad mediada 

por glutamato constituye uno de los principales mecanismos 

implicados en la muerte neuronal tras la isquemia cerebral. La 



excitotoxicidad producida el glutamato se inicia cuando se 

interrumpe el equilibrio homeostático del neurotransmisor y los 

niveles se elevan en el medio extracelular por encima de los 

niveles fisiológicos provocado por un daño neuronal. Para evitar el 

daño excitotoxico del glutamato, en condiciones fisiológicas 

normales, los niveles de glutamato extracelular están fuertemente 

regulados mediante su almacenaje intracelular. Dicha regulación se 

lleva a cabo a través de transportadores sodio-dependientes 

(también conocidos como transportadores de aminoácidos 

excitatorios o EAATs) situados principalmente en los astrocitos, 

mediante un mecanismo altamente dependiente de energía. 

Alternativamente, cuando las concentraciones extracelulares se 

elevan estos transportadores también situados en la cara 

antiluminal de las células endoteliales de los capilares cerebrales 

son capaces de transferir el glutamato del espacio extracelular al 

interior de las células, facilitando la homeostasis glutamatérgica 

cerebral. El glutamato acumulado en el interior de las células 

endoteliales, cuando alcanza una concentración que excede los 

niveles sanguíneos, se vierten a la circulación por difusión 

facilitada. En este sentido, la difusión de glutamato del SNC a la 

sangre puede ocurrir a pesar de que haya gradientes de 

concentración desfavorables entre CNS y plasma. Una vez que el 

glutamato se retira de la hendidura sináptica por los EAATs, el 

neurotransmisor se metaboliza en los astrocitos a través de la 

enzima glutamina-sintetasa a glutamina o por medio de la enzima 

glutamato deshidrogenasa a α-cetoglutarato entrando este último 

en el ciclo del ácido cítrico (TCA). La glutamina formada se libera al 

espacio extracelular y es recaptada nuevamente desde el espacio 
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extracelular por las neuronas. Posteriormente, las neuronas 

convierten la glutamina en glutamato por medio de la enzima 

glutaminasa (un proceso metabólico conocido como ciclo de 

glutamato-glutamina), y sucesivamente este glutamato se 

almacena y se utiliza para una nueva sinapsis (28). Como ya se ha 

mencionado anteriormente, por mediación de las células 

endoteliales, el glutamato recaptado puede metabolizarse a α-

cetoglutarato a través del TCA, o difundir a través la barrera 

endotelial al torrente sanguíneo.  

La relación entre el glutamato y la lesión cerebral tras el ictus 

isquémico fue descrita hace más de 15 años. En estos estudios 

clínicos se describió que aquellos pacientes con altos niveles de 

glutamato cerebral presentaban un mayor daño neuronal. Por otra 

parte, altos niveles de glutamato en el plasma durante al menos 

24 horas se asociaron con deterioro neurológico precoz, mientras 

que, en los pacientes con ictus isquémico estable, presentaban 

valores normales a las 6 horas desde el inicio de los síntomas.  

El incremento de glutamato en el espacio sináptico (capaz de 

aumentar hasta 1.000 veces respecto a las condiciones basales) es 

reducido rápidamente por la acción de los transportadores de 

glutamato presentes principalmente en los astrocitos. Además de 

los astrocitos, como se ha descrito previamente, los EAATs 

localizados en la superficie de la membrana en contacto con el de 

las células endoteliales permiten acumular el exceso de glutamato 

extracelular. Cuando la concentración de glutamato endotelial 

supera la concentración de glutamato en la sangre, mediante un 

mecanismo de difusión facilitada. 



Basándonos en el mecanismo de transporte de glutamato entre 

cerebro/sangre, y con la finalidad de buscar una nueva estrategia 

neuroprotectora enfocada en la reducción de la toxicidad 

glutamatérgica, hace unos años nuestro grupo propuso que una 

disminución de los niveles de glutamato en sangre por medio de 

“captadores o atrapadores de glutamato” podría conducir a 

aumentar el gradiente de glutamato entre el cerebro y la sangre, 

facilitando la reducción de glutamato extracelular en el cerebro, 

con la posibilidad de disminuir los efectos tóxicos de este 

neurotransmisor en situaciones como la isquemia cerebral. Por lo 

tanto, la manipulación de este mecanismo puede ofrecía 

potenciales efectos neuroprotectores. En nuestro grupo se 

desarrollan dos estrategias que sirvieron de base para la 

confirmación de la hipótesis de atrapadores de glutamato. En 

primer lugar, se utilizó el oxalacetato, mediante una enzima 

residente en sangre, la enzima glutamato oxalacetato 

transaminasa (GOT), que transforma el glutamato en α-

cetoglutarato y aspartato en presencia de oxalacetato (OxAc). De 

esta forma, cuando se incrementa artificialmente el OxAc mediante 

administración exógena, se desplaza el equilibrio de la reacción 

hacia el lado derecho, disminuyendo así los niveles de glutamato 

en sangre. Para demostrar la eficacia terapéutica de este 

mecanismo, las primeras pruebas del efecto neuroprotector con 

OxAc en la isquemia cerebral fueron realizadas en ratones 

sometidos a lesiones fototrombóticas con una dosis efectiva 

3,5mg/100g,  la cual como posteriormente se definirá, esta dosis 

se utilizó como control positivo para  comprobar la reducción 

sistémica de los niveles de glutamato en esta Tesis, utilizó como 
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peso del animal 90 minutos después de la isquemia, causó una 

disminución de los niveles sanguíneos de glutamato, seguido de 

una disminución en el volumen del infarto y edema medidos 

después de la isquemia.  

Por otro lado, la administración de la enzima GOT por si misma era 

una potente aproximación para ejercer como un atrapador efectivo 

de glutamato. Para probar esta hipótesis, en estudios sucesivos se 

empleó la administración de la forma recombinante humana de la 

GOT (rGOT1) en un modelo de isquemia transitoria inducida 

mediante MCAO en rata. La administración de dicha enzima causó 

una reducción de glutamato en los niveles séricos y cerebrales, 

observándose una reducción en el volumen del infarto y el déficit 

sensoriomotor en los animales tratados respecto a los controles, lo 

que indicó que la administración de la rGOT1 podría ser una 

alternativa al uso del OxAc como fármaco protector en la patología 

isquémica cerebral.  

Sin embargo, pese haber demostrado una eficacia preclínica, en 

sucesivas ocasiones estos dos posibles tratamientos presentaban 

ciertas restricciones de cara a su traslacion a pacientes isquémicos.  

El uso de OxAc como potencial tratamiento para humanos presenta 

algunas limitaciones, tales como las altas dosis con las que sería 

necesario tratar a los pacientes para lograr los mismos efectos 

protectores que los observados en animales de experimentación, 

además es un potente inhibidor de la enzima succinato 

deshidrogenasa (SDH), esencial para el desarrollo del ciclo de 

Krebs y que puede suponer una importante fuente de toxicidad. 

Por otro lado el uso de la rGOT1, supone la administración clínica 



de una proteína exógena, que puede suponer problemas de 

inmunogénicos de rechazo, y aunque puede suponer una 

estrategia valida, su paso a la clínica está comprometido y todavía 

debe ser evaluado exhaustivamente. 

Todos los estudios preclínicos en los diferentes modelos de 

isquemia cerebral, así como los estudios clínicos observacionales 

realizados hasta la fecha garantizan la eficacia terapéutica de la 

reducción de glutamato en la sangre, así como la utilidad de los 

atrapadores de glutamato. Sin embargo, trasladar estos hallazgos 

a la práctica clínica tiene pasos críticos que implican el desarrollo 

de un ensayo clínico, para lo que se necesita de un alto apoyo 

financiero, lo que supone un riesgo de inversión. 

Partiendo de esta base, en la Sección I de esta Tesis hemos 

realizado la búsqueda por reposicionamiento de un fármaco 

(cribado de fármacos) que presente una actividad similar a los 

atrapadores de glutamato ya descritos, y que permita minimizar 

costes y tiempo de forma que se pueda llegar a la clínica y en 

último suponer beneficio para el paciente.  

Para ello A partir de una biblioteca química de Prestwick con un 

90% de compuestos aprobados por la FDA, se analizaron 1120 

compuestos en base a su capacidad para reducir la formación de 

glutamato en presencia de GOT mediante un kit (Ensayo de 

actividad transaminasa glutámico-oxalacética Kit de Abcam). Los 

compuestos se ensayaron siguiendo las especificaciones del 

fabricante. Se obtuvieron 6 posibles hits, siendo la riboflavina 

(Vitamina B2), la que exhibía una mayor efectividad. Los 
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resultados fueron validados en un nuevo ensayo de dosis-

respuesta. 

Para evaluar los posibles efectos tóxicos sobre la SDH (uno de los 

posibles efectos secundarios del oxalacetato) se realizó un ensayo 

secundario, utilizando un ensayo de actividad enzimática del 

Complejo II (de Abcam), basado en la detección de 2,6 -

diclorophenolindophenol (DCPID), de coloración azul, que se 

reduce en contacto con Ubiquinol, volviéndose incolora y que 

implica una disminución en la absorbancia a 595 nm. La enzima se 

extrajo a partir de células HepG2, siguiendo las instrucciones del 

fabricante. Una vez más la riboflavina se seleccionó como la opción 

más viable dado el bajo efecto inhibitorio sobre la enzima. 

El siguiente paso de la validación preclínica era, por un lado, 

comprobar que el efecto en el screening farmacológico se 

reproducía en un ambiente complejo como in vivo, y por otro 

evaluar una dosis respuesta para establecer una dosis efectiva de 

riboflavina. Se probaron tres dosis del fármaco mediante 

administración intravenosa (iv), 1, 10 y 50mg / Kg (peso del 

animal). Como grupo control se utilizaron animales tratados con 

solución salina (0,9% de NaCl), y un grupo de control positivo que 

consistía en animales tratados con oxalacetato 35 mg/Kg. Esta 

dosis de oxalacetato fue elegida en base a nuestros estudios 

anteriores en los que se demostró que una dosis de 35 mg/Kg 

(peso de los animales) de oxalacetato induce una reducción 

significativa de la concentración de glutamato sérico. Los niveles 

de glutamato en sangre se determinaron en condición basal (antes 

de la administración del tratamiento), 30 min, 2, 4 y horas 



después de la administración del tratamiento observándose una 

disminución significativa ya a los 30 minutos tras la administración 

en la mínima dosis 1mg/Kg de riboflavina, estableciéndose como la 

dosis efectiva de trabajo. 

Con el objetivo de determinar si la reducción en los niveles de 

glutamato sangre inducidos por el fármaco podría conducir una 

reducción en lesión isquémica y una mejora del déficit neurológico, 

la dosis efectiva seleccionada en el estudio anterior de dosis-

respuesta se probó en animales isquémicos. Se realizaron cuatro 

grupos experimentales; 1) un grupo control tratado con solución 

salina, 2) un grupo tratado con riboflavina 1mg/Kg y finalmente 3) 

un grupo denominado como control positivo tratado con 

oxalacetato 35mg/Kg. Se observo una disminución del volumen de 

infarto significado medido en resonancias magnética (en peso T2) 

a las 24 horas tras la administración en los grupos tratados con 

riboflavina y oxalacetato comparados con el grupo control. Por otro 

lado, los animales tratados con riboflavina mostraron una 

disminución significativa de los niveles de glutamato sérico a las 3 

horas tras la inducción de la isquemia. Sin embargo, no se 

encontraron mejoras significativas en los test funcionales (Escala 

de Bederson y Test del cilindro).  

En vista a la traslación clínica, se analizó como actuaria la 

riboflavina en caso de ser administrada en una etapa hiperaguda 

previa a la identificación del tipo de ictus, de tal forma que en caso 

de ser administrada a pacientes hemorrágicos no supondría un 

empeoramiento. Para ello se administró riboflavina 1mg/Kg en 

animales sometidos a un modelo de hemorragia intracerebral 
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inducido por inyección de Colagenasa VII). No se observaron 

modificaciones del volumen de infarto, (medido por medio de 

resonancia magnética en secuencias con peso T2) en ningún punto 

temporal, ni un empeoramiento en las pruebas funcionales 

comparados con el grupo control. 

Puesto que la riboflavina está disponible comercialmente y 

aprobada para su uso en humanos. En esta Tesis se realizó un 

ensayo clínico de 50 pacientes donde la hipótesis de trabajo era 

determinar si la administración del fármaco durante las tres 

primeras horas del ictus isquémico consigue una reducción de la 

concentración cerebral de glutamato, reduciendo el daño 

excitotóxico y consecuentemente una mayor mejoría clínica, un 

menor tiempo de ingreso y un mejor pronóstico funcional a los tres 

meses en pacientes isquémicos así como una posible evaluación de 

acontecimientos adversos tras el tratamiento. Observamos que hay 

una mayor reducción de los niveles de glutamato séricos en los 

pacientes tratados con riboflavina (12 horas tras la 

administración), así como una mejora en el porcentaje de mejora 

clínica en la escala NIHSS entre los niveles basales y los tres 

meses o el alta. 

En la Sección II de la presente tesis doctoral, se realizó un 

abordaje preliminar al posible tratamiento isquémico mediante la 

nanotecnología.  

El uso de nanopartículas en los últimos años ha nacido como una 

necesidad de proporcionar a los tratamientos una medicina 

personalizada mediante interacciones especificas a nivel molecular. 

La capacidad de las nanoestructuras como posibles encapsuladores 



de fármacos o agentes de contraste, y su versatilidad permite 

modificar su superficie para desarrollar estrategias de vectorización 

o targeting, permitiendo dirigirlas a un tipo celular o área en 

concreto en función de la diana utilizada. Lo cual aumenta la 

eficiencia de los tratamientos y disminuye los efectos secundarios 

al poder administrarlo de forma local. 

Se avaluaron como posibles dianas, proteínas de adhesión celular, 

expresadas en la luz de los vasos de las células endoteliales en 

condiciones inflamatorias. Esta sobreexpresión de moléculas de 

adhesión es propia de varias enfermedades neurológicas como el 

ictus isquémico, enfermedad de Alzheimer, cáncer, o enfermedad 

de Parkinson. Se barajaron dos posibles moléculas de adhesión 

como posible target de las nanopartículas Intracellular Cell 

Adhesión Molecule (ICAM1) y Vascular Cell Adhesion Molecule 

(VCAM1). 

Se analizó la expresión de estas dos moléculas en células de la 

microvasculatura cerebral de ratón (Bend.3) tras ser estimuladas 

con Lipopolisacarido de E.Coli (1µg/ml),  por medio de técnicas de 

inmunofluorescencia y citometría de flujo. Se observó un aumento 

significativo de los niveles de VCAM1 en torno a 10 veces más en 

células estimuladas, mientras que en ICAM1 el aumento resulto de 

solo 4 .5 veces. Una mayor expresión de la diana aumentaría la 

probabilidad de unión de las nanopartículas, en base a esto se 

seleccionó VCAM1 como diana para los experimentos posteriores. 

La versatilidad de las nanopartículas, su distinta composición, 

carga, tamaño, forma, puede determinar su tipo de interacción-

celular, y por lo tanto determinar la eficiencia de unión. Como 
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parte del proceso de optimización del targeting, para este trabajo 

hemos optado por hacer modificaciones en la forma de las 

partículas, uno de los aspectos más controvertidos en la 

bibliografía. Para ello hemos comparado dos formas de partículas 

de poliestireno fluorescentes 1) la forma esférica clásica (200nm 

de diámetro) y mediante un protocolo de estiramiento 2) la forma 

de rods o bastones con el doble de longitud que las esferas (400 

nm). 

Para evaluar cómo afecta el cambio de forma, se evaluó el uptake 

celular en diferentes condiciones experimentales de complejidad 

creciente. Para realizar estos experimentos ambas formas de 

nanopartículas se recubrieron con moléculas de polietilenglicol 

(PEG) y sobre este se unió covalentemente anticuerpo anti-VCAM1 

(grupos targeted) o un anticuerpo con estructura IgG no especifico 

(grupo Vehículo). 

La primera condición evaluada fue el cultivo en condiciones 

estáticas de las células Bend.3 estimuladas con LPS. 

Posteriormente se añadieron las partículas, tras incubarse durante 

distintos tiempos (1, 3 y 6 horas), las células se lavaron con buffer 

PBS y se cuantificó la fluorescencia de cada grupo. Se observo que 

había un aumento significativo en los grupos targeted a VCAM1 

independientemente de la forma. Si atendemos a la forma de los 

grupos targeted hay un aumento significativo de la acumulación de 

rods comprado con el grupo targeted con forma esférica.  

Para evaluar de una forma más próxima a lo que sucede en 

condiciones fisiológicas, se evaluó la acumulación de las 

nanopartículas en circuitos de microfluídica tapizados con células 



de endotelio cerebral. Para estas condiciones se mantuvieron los 

mismos grupos y estructura de las nanopartículas. Se indujo un 

flujo que generaba un efecto cizalla o shear stress de 1dyn/cm2.  

Se cuantifico la fluorescencia de los microcanales, y se observó 

que, en este caso, no se encontraron diferencias entre los grupos 

targeted y vehículo de las partículas esféricas. Por otro lado, en las 

partículas con forma de rods si había un aumento significativo de 

la acumulación de las partículas del grupo targeted comparado con 

el vehículo. Lo que parece indicar que bajo estas condiciones de 

flujo la forma de rods ofrece una ventaja frente las formas 

esféricas 

Por último, se analizó en condiciones in vivo (ratones Swiss 

machos de 30g) tras una administración intravenosa. Para realizar 

los experimentos con animales se hizo una pequeña modificación 

de la nanopartícula, antes de la unión de la molécula de PEG, se 

incluyo una molécula de glicina tritiada, que emite radiación para 

poder detectar las nanopartículas, puesto que la fluorescencia de 

las nanopartículas era insuficiente debido a la interacción con el 

tejido. Para realizar los ensayos de biodistribución en un primer 

lugar se sometieron a los animales a una inflamación sistémica 

tras la administración de lipopolisacárido (100µg/animal) por la 

vena yugular. Una vez transcurridos 6 horas tras la inducción de la 

inflamación se administraron las nanopartículas (15mg/Kg), se 

perfundió al animal y se extrajeron, hígado, riñón, bazo, pulmones 

y cerebro. Los órganos se homogenizaron y se midieron las 

desintegraciones por minuto (DPMs) en un detector de centelleo. 

Se observo que la acumulación de nanopartículas era la misma 
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independientemente de grupo y forma en riñones e hígado, 

mientras que había un incremento significativo en la acumulación 

de los grupos targeted sin dependencia de la forma. Por otro lado 

en el el pulmón se obtuvieron resultados similares a los de 

microfluídica, únicamente funcionando el targeting en las 

partículas con forma de rods. Por último, en el cerebro se ve una 

tendencia a la acumulación de nanopartículas de grupos targeted 

en ambas formas, sin alcanzar la significancia. 

Centrándonos en optimizar el targeting cerebral, se repitió el 

experimento anterior, manteniendo los mismos grupos de estudio, 

pero modificando por un lado el tipo de administración del 

Lipopolisacarido (10µg) realizando una inyección intracerebral en 

los animales con el fin de limitar la inflamación a la zona de 

inyección, y por otro se dobló la dosis de las partículas inyectadas 

a 30mg/kg, con el fin de aumentar la resolución para ver cambios 

en la acumulación cerebral. En este experimento se perfundió a los 

animales como en el caso anterior, pero únicamente se extrajeron 

los cerebros para el análisis de DPM. Se observó que hay un 

aumento significativo (3 veces) más nanopartículas targeted 

esféricas que vehículo, y en torno a 3.5 veces más de rods 

targeted que vehículo. Lo cual sugiere que el targeting cerebral 

funciona para ambas formas, sin embargo, aunque los rods 

targeted supongan una leve mejora, no alcanzan la significancia 

estadística. 

Una vez evaluado el targeting de las partículas de poliestireno, se 

analizaron las propiedades como agente de contraste y 



biocompatibilidad de partículas mesoporosas cedidas por el 

laboratorio Nanomag, de Santiago de Compostela.  

Para ello mediante la técnica Phantom se calculó la relaxividad de 

las partículas en secuencias T2 y T2* siendo 258.94 mM-1sec-1 y 

324.68 mM-1sec-1respectivamente, superiores a agentes de 

contraste comerciales utilizados en clínica.  

A continuación, se evaluaron el uptake de forma cualitativa 

mediante imágenes por microscopia óptica y una tinción de hierro 

por Prussian Blue y toxicidad de varias concentraciones de 

partículas mesoporosas (25,50,100 y 200µg) por medio del ensayo 

LDH kit. Observamos que las partículas ya a la más baja 

concentración de 25µg muestran un uptake en la mayor parte de 

la porción citoplasmática. Sin embargo, pese a la clara 

acumulación solo la máxima concentración de partículas muestra 

un aumento significativo en la liberación de LDH correlacionada 

con la toxicidad celular. 

Por último, se evaluó el efecto de las partículas in vivo (ratas 

Sprague Dawley macho de 300g). Para ello se administraron 1.4 

mg/kg de partículas en dos grupos, una administrada intravenosa 

y otras administradas intraarterial. A todos los animales se les 

realizo un seguimiento por medio de resonancia magnética en 

secuencia T2 para evaluar posibles agregaciones que llevasen a 

isquemias o daño en el endotelio que pudiese provocar sangrados. 

Además, se cuantifico los niveles séricos de enzimas de daño 

hepático GOT y Glutamato piruvato transaminasa (GPT), así como 

marcadores de disfunción renal como la creatinina. No se 
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observaron lesiones en ninguno de los grupos, ni un aumento 

significativo del daño hepático o renal. 

La optimización de técnicas de targeting endotelial, junto con la 

biocompatibilidad de estructuras mesoporosas, abre una nueva vía 

para la encapsulación de fármacos, así como su utilización como 

agente de contraste en zonas de inflamación.  
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1.Stroke 

1.1. Definition 

Stroke is a cerebrovascular disease, consequence of the alteration 

of normal cerebral blood flow, which results in a transient or per-

manent deficit of the function of one or more parts of the brain. 

The perturbation of the normal cerebral blood flow induces meta-

bolic and cellular changes that could lead to cell death, and conse-

quently, the disruption of the nervous system. The World Health 

Organization (WHO) has defined stroke as a fast clinical develop-

ment of focal signs of alteration of cerebral function without any 

other apparent origin than the vascular one1. 

1.2. Epidemiology 

Stroke is the major cause of mortality and morbidity worldwide. 

According to the WHO, the world average incidence of cerebrovas-

cular disease is around 200 new cases per 100,000 inhabitants 2. 

There are differences in the prevalence rate between northern and 

southern populations in Europe, being higher in Nordic countries 

such as Finland (270 per 100,000 in men), and lower in others 

such as Italy and Portugal (100 per 100,000 men)3. The incidence 

in Spain is 167 per 100,000 / year (181 for men and 153 for wom-

en), being higher in Galicia due to the aging population4. 

In developed countries, the prevalence of stroke adjusted by age 

in people over 64 years is between 4.6 and 7.3%. It is higher in 

men (5.9 to 9.3%) than females (3.2 to 6.1%) and increases with 
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age5. In Spain, the age-specific prevalence rate was 4.9% for the 

total of cerebrovascular disease and 3.5% for ischemic stroke6. 

Due to the progressive aging of european population in general, 

and the Spanish and Galician in particular, the incidence and prev-

alence of stroke increase progressively, which will lead to a serious 

social health issue. Therefore, the stroke is a health problem that 

requires establishing better guidelines for prevention and treat-

ment to reduce their incidence as well as the degree of disability 

that it originates7. Considering that the incidence increases in peo-

ple over 65 years and, due to an improvement in the quality of life 

it comes with a progressive aging of the world population, there-

fore the prevalence of this disease increases, and with it, the mag-

nitude of this social problem. 

1.3. Classification of stroke 

Focusing on the nature of the lesion, stroke can be classified in two 

main groups, ischemic and hemorrhagic stroke. However, alterna-

tive classifications of this cerebrovascular disease can be used 

looking at other parameters such as stroke subtype, progression 

profile, neuroimaging characteristics, size and topography of the 

lesion, nature, and the mechanisms of induction and etiology8, 9. 

1.3.1. Ischemic Stroke 

Ischemic stroke is the most common type of stroke and represents 

about the 80% of all stroke cases8, 10-12. Among the focal brain 

ischemia, it can be differentiate between transient ischemic attack 

(TIA) and cerebral infarction. TIA is defined as the focal or monoc-
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ular cerebral dysfunction with symptoms that last for less than 1h, 

whose origin is a vascular insufficiency caused by an arterial 

thrombus or embolism, associated to arterial, cardiac or hemato-

logic disease13. TIA patients present higher risk of subsequent ma-

jor stroke and other vascular episodes, mainly coronary, and the 

outcome of each individual is extraordinarily variable. Cerebral 

infarction is defined as the lesion caused by an intense or pro-

longed ischemia, which produce irreversible loss of cells and neu-

ronal impairment. 

In case of cerebral infarction and attending to the etiology, differ-

ent ischemic stroke subtypes can be divided12:  

• Atherothrombotic infarction: (~20%) generally caused 

by middle or large sized infarcts with cortical, subcortical, 

carotid or vertebro-basilar topography, in patients with 

presence of one or several cerebrovascular risk factors. It 

is imperative the presence of clinically generalized 

atherosclerosis, or the demonstration of occlusion or 

stenosis (>50% occlusion or <50% plus two or more 

vascular risk factors) in cerebral arteries, with an 

established correlation with to patient’s clinic. 

• Lacunar infarction or small vessel disease: represents 

~25% of ischemic stroke, and they are characterized by 

small sized infarct (<15mm of diameter), localized in the 

distribution territory of the penetrating arterioles. Although 

micro-atheromatosis and lipohialinosis of penetrating 

arterioles are the most frequent pathologic substrate in 
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lacunar infarcts, other less frequent potential causes are 

cardiac embolism, arterial embolism, infectious arthritis or 

prothrombotic state. 

• Cardioembolic infarction: correspond to ~20% of 

ischemic strokes, medium (1.5-3 cm of diameter) or large 

(>3 cm of diameter) sized infarcts, with symptoms 

frequently starting during awakening. It is mandatory the 

presence of a demonstrated embolic origin, and the 

absence of significant concomitant arterial occlusion or 

stenosis. 

• Infarction of undetermined etiology: (~30%) brain 

infarcts of medium or large size with more than two 

potential etiologies or unknown origin. 

• Unusual causes (~5%). 

1.3.2. Hemorrhagic stroke 

Among all cerebrovascular diseases, the pathologic group of hem-

orrhages corresponds to approximately 20% of all strokes. This 

percentage excludes those derived from cranioencephalic trauma. 

In essence, it consists in a blood extravasation, secondary to the 

breakage of a blood vessel, either arterial or venous, by diverse 

mechanisms in the brain parenchyma. 

The most common cause of hemorrhage is arterial hypertension. 

For other causes, except amyloidal angiopathy (typical in elderly 

people and perhaps the most frequent cause after hypertension). 
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The list of potential origins in infant and young individuals can be 

summarized in: vascular malformations (aneurisms, arteriovenous 

malformations), drugs (antiplatelet, adrenergic stimulants), toxics 

(alcohol, cocaine, poison), hematological diseases (blood dyscra-

sia, coagulopathy), brain vasculopathy, primary or metastatic tu-

mors, and others14. 

1.4. Biochemistry of cerebral ischemia 

The acute obstruction of a brain artery induces an instantaneous 

reduction of blood flow in the corresponding irrigation area (focal 

ischemia). However, the interruption of the blood supply is not 

homogeneous and may vary according to the occluded vessel, col-

laterals or occlusion type15. 

Two regions can be distinguished within the infarct region: the 

ischemic core which is the portion of tissue closest to the affected 

blood vessel and where the ischemia becomes severe, and the so-

called penumbra, where the reduction of blood flow is less severe, 

due to the blood supply carried out by collateral arteries of the 

non-ischemic neighbor tissue16 (Figure 1). The impact of brain is-

chemia will depend on the level of the artery occlusion and dura-

tion of the reduction of blood flow, which is why time is a very im-

portant parameter in this disease. 
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Figure 1. Core lesion generated after ischemic stroke closest to the occluded vessel, and the 

penumbra area, still salvable which is the target of neuroprotectants treatments. Self-created 

image (using elements with Creative Common license). 

After the onset of brain ischemia, a sequence of molecular events 

is triggered in the short and the long term, initiated with an ener-

getic failure in cells, related to the interruption of oxidative phos-

phorylation processes and the deficient production of adenosine 

tri-phosphate (ATP) as show Figure 2.  
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Figure 2. Major events that occurred after cerebral ischemia, leading to neuronal death. Self-

created image (using elements with Creative Common license). 

The cessation of transmembrane ionic gradients due to the failure 

of sodium-potassium-ATPase pumps, and other ATP-dependent 

ionic pumps, is the key step of the physiopathological mechanisms 

in stroke, especially of cell death in the ischemic core, when the 

vascular occlusion lasts for few minutes17. Neurons and glial cells 

suffer an extreme depolarization due to the entrance of sodium, 

chloride, calcium and water into the cytoplasm18 and in addition, 

potassium leaves the cell, inducing a sudden increment of its ex-

tracellular levels19. The energetic failure and the associated ionic 

changes, originate an increment in glutamate, a hyperexcitability 

of N-methyl-D-aspartate glutamatergic (NMDA) receptors 

(NMDAr), and of -amino-3-hydroxy-5-methyl-4-isoxazol propionic 

acid (AMPA) receptors (AMPArs), which enhances the initial in-

crease of intracellular calcium 20-22 (Figure 3). 
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Figure 3. Effect of glutamate in the neurons under ischemic conditions. Self-created image 

(using elements with Creative Common license). 

The increase of intracellular calcium does not exclusively depend 

on the activation of glutamate receptors, but also on the stimula-

tion of calcium voltage-dependent channels. Hyperexcitability 

causes a depolarization phenomenon in the periphery of the in-

farct, which increases the energetic cost while the membrane tries 

to re-polarize itself16, 23, 24. Calcium increment, together with acido-

sis and peri-infarct depolarization, contributes to initiate the dam-

age. These molecular events are followed by processes of inflam-

mation and apoptotic cell death, that contributes to increment the 

lesion22, 25. During ischemia, and particularly during artery reperfu-

sion, free radicals are generated. These are highly reactive species 
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produced at early and later stages of brain ischemia, following dif-

ferent physiopathological mechanisms. In first place, oxygen reac-

tive species are produced by the metabolism of arachidonic acid 

(AA) and the activity of neuronal Nitric Oxide (NO) synthase 

(nNOS). During intermediate stages, free oxygen radicals are pro-

vided by the infiltration of neutrophils in the ischemic area. At later 

stages, they are produced via the synthesis and activation of in-

ducible NO synthase enzymes (iNOS) and cycloxigenase-2(COX-

2)26, 27. 

However, ischemic cellular death can take place in two different 

ways. The most common one is necrosis,28 which is the result of 

the acute energetic failure, mainly located in the core region of the 

lesion zone, and it is characterized by morphological changes and 

at the end, cellular lysis, which also triggers inflammatory pro-

cesses.29 On the other hand, apoptotic or programmed cell death, 

in the region around the core region, can be observed when ener-

gy-dependent intracellular mechanisms are activated, leading to 

cell degradation25, 30. 

Due to the pivotal role in the therapeutic strategies devel-

oped in this Thesis, the role of inflammation (section 1.5) 

and glutamate (section 2) are going to be explained in 

depth.  

1.5. Inflammation in ischemic stroke 

Although for many years the central nervous system (CNS) was 

considered an immune-privileged organ, it is accepted that the 

immune and the nervous system are engaged in bi-directional 



Introduction 

21 
 

crosstalk. Inflammation is a dynamic process that occurs as a re-

sult of ischemic damage to the brain. Energetic depletion causes 

cell death and a series of events are set in motion in parallel with 

the advance of the ischemic cascade, consisting of complex signal-

ing pathways involving different cellular types, both resident in the 

brain and of systemic origin, where a complicated balance between 

pro-inflammatory and anti-inflammatory signals produced in a co-

ordinated manner induce a dual effect on the brain. Inflammation 

after ischemia has always been considered a double-edged sword, 

on one hand it increases the secondary damage produced in the 

acute stage and on the other hand it beneficially contributes to 

brain recovery in a later stage31. The compartment created by the 

blood-brain barrier allows discerning brain and systemic participa-

tion. Cell type involved in inflammation of ischemic stroke is sum-

marized in Figure 5. 

1.5.1. Brain inflammatory cells in ischemic stroke. 

Microglia 

The main immunological component of the brain is the microglia 

(Figure 4). These cells participates as scavenger cells in events of 

infection, inflammation, trauma, ischemia, and 

neurodegeneration32. Under normal conditions microglia remains 

inactive. After the inflammatory process associated with ischemia 

begins, microglia are activated and become macrophage-like cells; 

this activation takes place in minutes and peaks 2-3 days after the 

onset of the ischemic event. Microglia plays a dual role in the brain 

and after them undergo a differentiation in two subtypes:  
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- M1-like type: A pro-inflammatory Th1 cell response by 

increasing the levels of TNF-α, IL-12, IL-6, IL-1, NO. This 

subtype aggravates the secondary damage when activated via 

CD14, and by stimulation of toll-like receptor 4 (TLR4)33, 34, 

two membrane receptors that recognize damage-associated 

molecular patterns (DAMPs) generated with cell death/damage 

and temporarily more related to an early stage of 

inflammation. 

- M2-like type or alternative protective type cells that secrete 

protective remodeling factors, thus prompting neuronal 

network recovery via tissue (including neuronal) and vascular 

remodeling. On the other hand, M2 microglia can perform a 

neuroprotective effect via TGF-β, IL-4, and IL-13 modulating 

the initial Th1 inflammatory response in a delayed phase35. 

 

Figure 4. Microglia of a slice of human brain. Image courtesy of Professor Jeronimo Fortaleza 

Vila. 
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Astrocytes 

The second major cellular component of brain inflammation are the 

astrocytes. Following ischemia, brain astrocytes are activated in-

ducing the “reactive gliosis” process there is an increase in glial 

fibrillary acidic protein (GFAP) expression accompanied by a series 

of specific structural and functional changes36. In addition, astro-

cytes like microglia play a dual function in the inflammatory regu-

lation secreting inflammatory factors such as cytokines, chemo-

kines and iNOS37. On the other hand, astrocytes can develop Th2 

anti-inflammatory immune responses suppressing interleukin-12 

(IL-12) expression38. Other molecule like tumor necrosis factor-like 

weak inducer of apoptosis (TWEAK) was thought to be produced 

not just by the astrocytes but by neurons and endothelial cells39, 

and may be involved in the production of pro-inflammatory mole-

cules by interacting with fibroblast growth factor-inducible 14 

(Fn14) found on astrocytes40. These data may suggest that while 

astrocytes normally play important roles in neuron maintenance 

and function, activated astrocytes have the potential to pose harm 

to ischemic brain37. 

1.5.2. Circulating inflammatory cells in ischemic stroke 

In addition to the brain, different systemic inflammatory cells are 

involved in post-stroke inflammation. After the ischemic event, a 

series of changes take place in the endothelium that initiates the 

processes of leucocyte adhesion and infiltration into the brain pa-

renchyma. 
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Neutrophils 

In terms of time, neutrophils are the first leukocytes to reach the 

brain in approximately within the first 4 hours after stroke. They 

can potentiate injury by directly secreting deleterious substances 

or other inflammatory mediators. Once infiltrated in the brain neu-

trophils cross-talking with different cell types, activated microglia 

produces IL-1β, IL-6 and TNF-α, chemokine C-C motif ligand 2 

(CCL-2), which in turn attracts more neutrophils and macrophages. 

In addition, neutrophils produce Proteinase-3 (PR3) resulting in 

further microglial activation and additional neuronal death41, 42 

closing a re-feeding cycle. In transient ischemia, several studies 

have shown that infarct volume is significantly reduced when neu-

trophil infiltration is inhibited43, 44. In rodent models, they also 

demonstrated a peripheral inflammatory response, increasing 

plasma IL-6 and CXCL-1 levels (peaking at 4 hours after stroke 

onset) and thereby preceding the brain inflammation peak, which 

takes place approximately 24 hours after onset of ischemia45. On 

the other side, neutrophils seems to have an active influence on 

the recovery after ischemic stroke46; by removing tissue debris at 

the site of injury seem to be very effective, as cellular remnants 

are usually rare in physiological conditions. Also, mature neutro-

phils have proteins including growth factors or pro-angiogenic fac-

tors stored in their segmented nucleus and granules. Many can be 

rapidly released upon activation independent of transcription and 

thus directly contribute to regeneration and revascularization47.  

Monocytes/macrophages 
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Monocytes are an immature cell group derived from hematopoietic 

stem cells (HSC) in the liver and spleen during embryonic devel-

opment. These are circulating cell designed to be activated and 

migrate to the affected/inflamed area once there, them are able to 

react and differentiate themselves according to the stimulus re-

ceived, and are characterized by strong phagocyte activity48. These 

cells, as happened with microglia are polarized to two main sub-

types49. M1-like type related to a pro-inflammatory and early re-

sponse, and a M2-like type, in a more delayed phase perform an 

anti-inflammatory Th2 response can migrate to the injured area 

through the blood–brain barrier or choroid–plexus and mitigate the 

extent of Th1 inflammation-induced injuries50. 

 

Figure 5. Systemic and brain cell types involved in inflammation after ischemic stroke and 

major effect in the affected tissue. Self-created image (using elements with Creative Common 

license). 
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1.5.3. Vascular endothelium and inflammation 

Resting endothelium 

Under physiological conditions, the endothelium is resting and is 

responsible for maintaining blood flow, regulating blood flow, con-

trolling vessel permeability, and maintaining an inactive state of 

circulating leukocytes51-53.  

Blood flow is regulated by a balance of signals that increase or 

decrease the tone of the surrounding layers of vascular smooth 

muscle cells, the mechanism involved depends of the anatomical 

part, however the most common vasorelaxant is the NO54.  

Another important function is to prevent the passage of plasma 

proteins to the brain parenchyma. For this purpose, the cells have 

a series of “tight junction” proteins that keep the cells strongly 

united preventing the extravasation; however certain proteins can 

be transported via vesicular transport, because these cells are rich 

in caveolae, invaginations of the membrane that can occupy up to 

50% of the luminal plasma membrane facilitating this type of 

transportation55. The permeability of endothelial cells depends of 

the anatomical part where they belong, it takes special relevance 

in the vessels surrounding the CNS where the permeability is high-

ly reduced, and the presence of the blood–brain barrier (BBB) limit 

the transport to the brain becoming more specific to the molecule 

transported.  

In addition, the resting endothelium prevents the activation and 

interaction with circulating leukocytes, this is done, on the one 

hand, by maintaining the signaling chemokines as well as P-



Introduction 

27 
 

selectins inside vesicles called Weibel-Palade bodies (WBPs), and 

on the other hand, by suppressing the expression of adhesion pro-

teins such as E-Selectin. vascular cell-adhesion molecule 1 

(VCAM1) and intercellular adhesion molecule 1 (ICAM1)56. Endo-

thelial cells also produce NO57 High Mobility BOX1 (HMBOX 1) and 

prostaglandin I2 (PGI2) that inhibit platelet adhesion and aggrega-

tion. 

This “resting state” of endothelial cells is based on a continuous 

masking or degradation of the signals that trigger the activation 

generating an inflammatory response. The main indicator of cor-

rect function in the endothelium is a basal production of NO, how-

ever any process that interrupts the development of its functions, 

modifying the permeability, altering the shear stress, etc., causes 

a decrease in the production of NO that causes an initial vasocon-

striction, activating the endothelium that will start the inflammato-

ry processes. 

Activated endothelium 

Under certain stimulus the endothelium is activated acquiring new 

skills that allow to trigger and enhance the inflammation process. 

The response to this activation process can be subdivided in two 

types 58: 

- Type I response: It is a rapid response, independent of new 

gene expression, mediated by ligands that bind to the extracellular 

domains of heterotrimeric G‑protein-coupled receptor (GPCRs), 

such as histamine H1 receptors, that starts the signalization 

through the intracellular G-protein αq subunit. This will lead to a 
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transient increase in calcium intracellular levels, released by one 

side from the endoplasmic reticulum, and sustained from the entry 

of extracellular calcium outside of the cells59. Because of this, the 

exocytosis of the WBPs is produced, releasing the lumen of the P-

selectin vessel while simultaneously forming the platelet activation 

factor (PAF)60. These two events cause the tethering and extrava-

sation of circulating neutrophils. On the other side, there is a con-

traction of the actin filaments attached to the tight junctions pro-

teins and adherents junction complexes, opening a intercellular 

space that allow the leukocytes passage between endothelial 

cells61. 

On the other hand, a vasodilation is produced on one side to in-

crease the blood flow in the area due to, the one side the conver-

sion of AA is to prostaglandin I2 by the clicoxigenase-1 (COX-1) 

and in the other side by the production of NO by the Nitric oxide 

synthase enzymes (NOS)62. NOSs are oxidoreductases that convert 

L-arginine, tetrahy Drobiopterin (BH4), and oxygen in the pres-

ence of electron donors such as FAD, FMN, and NADPH to NO and 

L-citrulline. Three forms of the enzyme exist: neuronal (nNOS, 

NOS1), inducible iNOS, NOS2, and endothelial NOS (eNOS, NOS3). 

This last endothelial form is regulated by mediators who induce its 

activity during inflammatory processes63 (Figure 6).  

- Type II response: It is a slower response that involves de novo 

genic expression. The Type I response last for 10-20 minutes, af-

ter which the GPRCs become desensitized to limit the re-

stimulation and response produced. Here comes into play the re-

sponse Type II that provides a more continuous response over 
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time to a stimulus64. The main inductors are Interleukin-1 and 

TNF-α, pro‑inflammatory responses induced by these cytokines 

arise from new gene transcription mediated by NF‑κB and activator 

protein (AP1). This will induce the leakage of plasma proteins; 

however, it is a major leakage compared to the soft and transient 

edema caused in Type I activation, Type II show extravasation of 

very large plasmatic proteins such as fibrinogen that is converted 

to a fibrin-rich clot. The need of NF‑κB and AP1 to induce a pro-

tein-dependent leakage. It has been confirmed, however the spe-

cific proteins responsible of the actin reorganization are not 

known65. 

Neutrophils recruitment initiated in the Type I response intensifies 

by producing CXC-chemokines and started the production of adhe-

sion molecules such as E-selectin66. 

Type II response grants a sustained signalization based on the 

cytokines production with slower kinetics than type I responses. 

The next step is the increased expression in the cell surface of 

other significance cell adhesion molecules such as VCAM1 and 

ICAM164. this progressively changes the infiltration cellular profile 

from an initial neutrophil-rich infiltration to a delayed mononucle-

ar-rich infiltration (from 6-24 hours). To the already mentioned IL-

1 and TNF are added the production of interferon-gamma (IFN-γ), 

a pro-inflammatory mediator that increases endothelial damage 

and death, acting synergistically with TNF-α. IFN-γ increases the 

production of procaspase-8 (still inactive) which in combination 

with TNF-α induces a signaling complex that produces its activation 

with the consequent increase in cell apoptosis67. The all these pro-
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cesses generates a snowball effect, where the greater the inflam-

mation, the greater the death, which in turn generates an envi-

ronment of surrounding stress that stimulates the inflammation of 

adjacent areas. Cell death on the other hand induces the loss of 

the endothelium anticoagulant properties, for example by breaking 

down the proteoglycans heparin sulfate and exposing phosphati-

dylserine, favoring coagulation and therefore thrombosis68. 

Contrary to what happened in type I responses where the contin-

ued presence of a stimulus desensitized the receptor and limiting 

the response, in type II the inflammatory response continues as 

long as the production of cytokines continues, often only ceasing 

when the inflammatory stimulus ends. When this happens, a series 

of feedback processes induced by anti-inflammatory mediators are 

put in place that cut off the genetic expression of inductors such as 

NF‑κB69 (Figure 7). 

Failure in inflammatory regulation or the persistence of inflamma-

tory stimuli means chronic inflammation. This implies the partici-

pation of specialized effector cells and a different evolution from 

what happens in the acute stage70. 
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Figure 6. Type I endothelial response after an inflammation stimulus leading to overexpression 

of P-selectin, vasodilatation and platelet aggregation. Self-created image (using elements with 

Creative Common license). 
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Figure 7. Type II endothelium response characterized for a more delayed response that implies 

de novo synthesis of adhesion molecules to increase leukocyte infiltration. Self-created image 

(using elements with Creative Common license). 
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1.6. Therapeutic approaches for the treatment 

of stroke. 

1.6.1. Thrombolysis and neuro-interventionism in acute 

phase of stroke. 

Nowadays, in clinical practice there are two major approach in the 

acute treatment of ischemic stroke, both based in the recanaliza-

tion of the occluded vessel in order to reperfuse the tissue area 

affected., pharmacological or mechanical (thrombectomy) throm-

bolysis, which are the strategies that report higher benefits for the 

patient, in terms of neurological outcome. The only authorized 

thrombolytic agent for the use in the brain is the recombinant tis-

sue plasminogen activator or rt-PA, and enzyme involve in the clot 

degradation of the occluded vessel. The thrombectomy is a tech-

nique which allows the extraction of the thrombus by a mechanical 

device. Both therapies have pushed for the creation of stroke units 

inside hospitals, which have improved the management of stroke 

patients together with a better control of the prognostic factors. 

Nevertheless, a low number of stroke patients are currently treat-

ed by these procedures in most developed countries. Such reduced 

numbers may be due to different factors, including the narrow 

therapeutic window and the high risks of hemorrhage transfor-

mation. Although the main objective after recanalization is the 

regulation of prognostic factors as: oxygen, arterial tension, tem-

perature, or glucemic levels, current neuroprotective strategies are 

required to work at both stages, by widening the therapeutic win-

dow and by reducing the associated risk factors71-75. The therapeu-
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tic window associated with intravenous thrombolytic treatment is 

4.5 hours. The extension of this window would be possible by se-

lecting candidate patients with a large penumbral area (area of the 

brain susceptible of damage if it is not resolved within the first 12-

24 hours76). 

1.6.2. Neuroprotection 

Neuroprotection is a term that conglomerates a variety of strate-

gies focused in reducing cell death after an ischemic event, without 

affecting tissue reperfusion. So far, several compounds have been 

proposed to block the pathway leading to ischemia-induced cell 

death at different steps of the ischemic cascade. Most of these 

compounds have shown positive effects in experimental studies, 

although unfortunately none of them have shown beneficial effect 

in clinical trials77. Figure 8 shows clinical trials of neuroprotectans 

in acute ischemic stroke with failed results, data provide by the 

Internet Stroke Center and Stroke Trials Registry78. 

Neuroprotective drugs can be classified mainly into different 

groups regarding their action mechanism. 

Calcium blockers 

Calcium plays an important role in stroke pathophysiology. The 

blockage of calcium channels stops neuronal calcium intake, hence 

reducing cell death. Nimodipine is an example of this family of 

compounds. Over 250 animal studies of nimodipine in cerebral 

ischemia have been published, but only 10 of these studies report-

ed a positive outcome77. None of the members of this family of 
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compounds have demonstrated a clear neuroprotective activity on 

clinical trials.  

Glutamate antagonists 

It is well established that glutamate, the major excitatory CNS 

neurotransmitter, is also capable of inducing excitotoxic neural 

injury in the setting of cerebral ischemia and other disorders. Glu-

tamate and related excitatory amino acids interact with several 

receptor-classes, which are relevant in neuroprotection. These in-

clude the NMDA and AMPA receptors78. 

Antagonists of NMDA receptors reduce infarct size and neurological 

deficit in animal models of focal cerebral ischemia, but its clinical 

use has presented several side effects, especially cardiovascular 

and psychiatric effects. For example, Selfotel, a competitive antag-

onist of NMDA receptors has shown improve of outcome and no 

significant increase of mortality in a phase III study, but a high 

incidence of psychiatric adverse effects conditioned its withdrawal 

from clinical phases. Likewise, Dextromethorphan and its metabo-

lites Dextrorphan and Aptiganel were discontinued by an unfavora-

ble risk-benefit balance and numerous side effects. Eliprodil reduc-

es the action of glutamate by interfere with sensor polyamine site 

on the NMDA receptor but showed no difference with placebo. The 

Gavestinel, antagonist of the NMDA receptor glycine, showed ex-

cellent tolerance, but no efficacy79.  

On the other hand several AMPA antagonists showed neuroprotec-

tive efficacy in preclinical studies of both focal and global cerebral 
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ischemia, but successful in larger clinical trials has not been re-

ported78. 

 

Antioxidants 

Oxidative stress is another mechanism implicated on cell death 

after an ischemic event. Antioxidants could therefore play a role as 

neuroprotective drugs. The most successful antioxidant tested has 

been NXY-059. This drug reduced brain infarct by 66% in animal 

models, when injected even 5 hours after occlusion. The first clini-

cal trial generated positive results, improving patient’s functional 

outcome. However a second clinical trial showed negative results80.  

Another antioxidant that reached clinical phase is uric acid, an an-

tioxidant with neuroprotective effects in experimental models of 

stroke. A recent clinical trial81 assessed whether uric acid therapy 

would improve functional outcomes at 90 days in patients with 

acute ischemic stroke. The results showed that uric acid treatment 

is safe but did not increase the proportion of patients who 

achieved excellent outcome after stroke compared with placebo. 

Phospholipid precursors: citicoline 

Citicoline or CDP-choline is a precursor on the synthesis of phos-

phate-choline, which is integrated in the membrane of neurons. It 

has been shown that citicoline inhibits norepinephrine and dopa-

mine levels on the CNS, and restores mitochondrial ATPase activi-

ty82. On animal models, citicoline lowered the phospholipase 2 ac-

tivation after brain ischemia, reducing AA formation and the free 
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radicals production; therefore lowering the oxidative stress. Other 

effects claimed for this drug are its capacity to reduce excitotoxici-

ty and the stimulation of brain plasticity83. In preclinical studies, 

the treatment with citicoline immediately after reperfusion led to 

an improvement on functional deficits after a period of 28 days84. 

A pool-data analysis published in 2002 showed a 33% increment in 

complete recovery after mild or severe stroke with and score in the 

National Institutes of Health Stroke Scale (NIHSS) ≥8, when the 

treatment was started within the first 24 hours and maintained for 

6 weeks85, however a recent clinical trial have demonstrated the 

lack of protection in stroke patients86. 

Inhibitors of glutamate release 

Inhibitors of glutamate release work by blocking presynaptic chan-

nels, preventing membrane depolarization and glutamate release. 

One example of this kind of drugs is Lubezol, a compound capable 

of deregulating the glutamate-induced nitric oxide synthase path-

way. This compound has shown hippocampal neuroprotection from 

NO toxicity. In experimental studies it has shown a 50% infarct 

volume reduction upon injecting the drug 3 hours after ischemia 

induction. Nevertheless no clinical trial rendered positive results, 

and one of them was cancelled due to the mortality increase ex-

perimented in the treated group87. 

Gamma-Aminobutyric Acid agonists 

This mechanism of action involves potentiation of the activity of 

Gamma-Aminobutyric Acid (GABA), the brain´s major inhibitory 

neurotransmitter. They attempt to counteract cellular depolariza-
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tion caused by ischemia. Clomethiazole, which increases the activi-

ty of GABA, was negative in two different studies of patients with 

total anterior circulation infarcts. Other treatments like MaxiPost, 

focused in hyperpolarization of neurons by opening potassium 

channels, also showed no benefit.78. 

Anti-inflammatory 

The anti-inflammatory compounds act by inhibiting any of the 

mechanisms of extensive inflammatory cascade of cerebral ische-

mia. The Enlimomab, a monoclonal antibody against ICAM-1, 

which inhibits leukocyte adhesion and migration through the vas-

cular endothelium, able to reduce infarct size in animal models of 

transient focal cerebral ischemia; however, in a Phase III, the re-

sult has been negative with a high number of complications. The 

UK279,276, a recombinant protein inhibitor of the CD11b/CD18 

receptor, showed a low efficacy in clinical trial77. 

Others 

Several studies have been performed using other neuroprotective 

agents such as neuronal potassium channel activators (BMS-

204352), membrane fluidity modifiers (Piracetam), opioid antago-

nists (Namefene), growth factors employed as intracellular calcium 

regulators, and some others. None of them have shown a defini-

tive efficacy in pharmacological neuroprotection78.  
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Figure 8. Clinical trials of neuroprotectants in acute ischemic stroke with failed results. Internet Stroke 
Center. Stroke Trials Registry78.  
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1.6.3. Neurorepair 

Neurorepair strategies involve the restoration of brain function, 

either by regeneration of damaged cerebral tissue or by the estab-

lishment of alternative neural pathways or synapses (brain plastici-

ty). In addition, therapeutic window for these therapies is wider 

than for thrombolytic or neuroprotective approaches. The aim of 

the treatments for neurological function recovery after stroke is 

not restricted to neurons; it is more focused on the neurovascular 

unit (NVU), including procedures that enhance synaptogenesis and 

angiogenesis. Thus, neurorepair treatments may use stem cells, 

pro-neurogenic, pro-angiogenic and/or pro-synaptogenic drug de-

livery, among others. 

Neurogenesis after brain ischemia 

In the adult brain there are niches for the production of neural 

stem cells88, localized in the subventricular region of the lateral 

ventricles (SVZ) and the dentate gyrus of the hippocampus. Under 

normal physiological conditions, the neuroblasts produced in the 

SVZ migrate to the olfactory bulb to differentiate in new neurons. 

After the induction of focal brain ischemia in the rat, an increase in 

neuroblast formation occurs in the ipsilateral hemisphere, and 

these neuroblasts migrate to regions surrounding the lesion89. This 

effect has been also shown in humans90. The enhancement of en-

dogenous neurorepair mechanisms is one of the main goals on 

new therapies for the treatment of stroke91. 

Even though newborn stem cells are recruited after an ischemic 

insult, most of them do not get integrated into neuronal circuits. 
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Several strategies have been used to enhance endogenous neuro-

genesis. Thus, a great number of newly differentiated neurons 

would be available, increasing the chance of survival and integra-

tion in neuronal networks, therefore improving functional recovery. 

Both cellular and pharmacological therapies have been used to 

achieve this goal by activating the phosphatidylinositol-3-kinase 

(PI3-Akt) pathway, a pathway which is involved in cell survival, 

proliferation, differentiation and migration92. 

Angiogenesis after brain ischemia 

The development of the cerebral vascular system occurs mainly 

due to angiogenic processes. During adult life, endothelial cell pro-

liferation ceases under normal physiological conditions. However, 

after an ischemic event brain capillaries surrounding the lesion 

proliferate, and new vessels are formed between 2 and 28 days 

after the onset of stroke, although this phenomenon is not enough 

to recover the damage tissue93-96. 

The angiogenic process involves a multi-step procedure that com-

prises endothelial cell proliferation and migration, tubule for-

mation, branching and anastomosis. Vascular Endothelial Growth 

Factor (VEGF) and its receptor (VEGFr2) initiate the angiogenic 

process, being angiopoietin 1 and 2 and their receptor (TIE-2) re-

sponsible for the maturation, stabilization and vascular remodel-

ing97. VEGF and VEGFr2 expression promote vascular ramification, 

and the newly formed vessels are highly permeable. Meanwhile 

angiopoietins and TIE-2 expression stimulate vessel maturation 

leading to the formation of fully functional brain blood vessels. 

VEGF treatment or therapies focused in producing VEGF, VEGF2, 
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angiopoietin or TIE-2 expression could increase the angiogenesis in 

the peri-infarct region98. 

The angiogenic process is essential for brain recovery after cere-

bral ischemia. In experimental studies both cellular and pharmaco-

logical therapies have been used to increase angiogenesis, promot-

ing the functional recovery of ischemic animals99. 

Neurogenesis & angiogenesis 

Neurogenesis and angiogenesis after cerebral ischemia are not 

separated processes. Neurogenesis in the peri-infarct region can-

not occur without angiogenesis, since the ultimate is responsible 

for restoring the oxygen and nutrient supply. Furthermore, endo-

thelial cells produce growth factors that allow the neurons to sur-

vive, and that regulate metabolic activity of neural precursors. En-

dothelial cells secrete Stromal Cell-Derived Factor-1 (SDF-1), VEGF 

and Matrix Metalloproteinases (MMPs) that induce and facilitate 

neural progenitor cell migration to the injured site. On the other 

hand, neural progenitor cells overexpress angiopoietin 2 and 

VEGFR2 leading to an increase in angiogenesis100. 

Several in vitro and in vivo studies have shown the relationship 

between angiogenesis and neurogenesis100, 101. In animal models of 

ischemia, TIE-2 inhibitors not only reduce angiogenesis, but also 

neuroblast migration to the peri-infarct area. On the other hand, 

neural progenitor cell grafted in the infarct region have demon-

strated the induction of angiogenesis. These and other studies 

have reported that neurogenesis and angiogenesis are highly con-
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nected, and both promote neural remodeling and improve neuro-

logic function after brain ischemia102, 103. 

The role of oligodendrocytes, astrocytes and axons in 

neurorepair 

In the brain parenchyma there are not only neurons, where other 

cellular components are involved in neurorepair, like oligodendro-

cytes, astrocytes and the development of functional axons. After 

an ischemic event, astrocytes proliferate forming a glial scar that 

surrounds the lesion and release proteoglycans that inhibit axonal 

growth. Hence there should be mechanisms for reducing glial scar 

formation, and also to stimulate axonal growth, leading to an effi-

cient neurorepair104. 

2.Glutamate 

2.1. Glutamate 

The glutamate is considered to be the major mediator of excitatory 

signals in the mammalian CNS and is probably involved in most 

aspects of normal brain function including cognition, memory and 

learning. Glutamate also plays major roles in the development of 

the CNS, including synapse induction. Glutamate plays a signaling 

role also in peripheral organs and tissue as well as in endocrine 

cells105. 
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The brain contains huge amounts of glutamate (about 5-15mM per 

Kg wet weight depending on the region)106, but only a tiny fraction 

of this glutamate is normally present extracellular space. In fact, 

the glutamate in the brain is primarily maintained intracellular107. 

The concentrations in the extracellular fluids and plasma are nor-

mally around 1-10µM and around 40-60µM, respectively108, 109. It 

should be noted that the distribution of glutamate is in a dynamic 

equilibrium which is highly sensitive to changes in the energy sup-

ply. 

2.2. Compartmentalization of glutamate 

In the brain, glutamate exists as a free amino acid divided be-

tween two separate metabolic compartments located in astrocytes 

and neurons110. In this sense, different studies reveal the existence 

of one separate pool in astrocytes, which contains a small gluta-

mate pool that is rapidly metabolized to glutamine. While the neu-

ronal glutamate is contained in ≥2 pools, one of them localized in 

the neuronal soma and dendrites and the other in the neuron ter-

minals (vesicles). Nerve impulses trigger the release of glutamate 

from the presynaptic cell, which in turn binds to the glutamate 

receptors on the opposing postsynaptic cell. Neurotransmission is 

terminated by astrocytes and neurons that take up glutamate and 

a very low number of glutamate molecules are believed to diffuse 

away from the synapse111-113. 
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2.3. Glutamate transporters 

 

 Excitatory amino acid transporters  

Excitatory amino acid transporters (EAATs) (to date described 5 

subtypes) are polypeptides in the range of 500-600 amino acid 

residues and exhibit 50-60% amino acid homology. The trans-

membrane topology of EAATs is thought to consist of six to eight 

putative transmembrane domains, one to two re-entrant loops, 

and cytoplasmic N- and C-terminal114. EAATs action involves the 

transport of glutamate across the cellular membrane coupled to 

the inwardly directed electrochemical potential gradients of sodium 

and one proton, and the outwardly directed potassium gradient. 

The initiation of this process involves the recruitment of glutamate 

and three sodium and one proton from the extracellular space to 

an outward-facing conformation of the transporter. The binding of 

these substrates triggers a conformational change, which adopts 

an inward-facing conformation of EAATs, followed by cargo release 

into the cytoplasm of the cell. The subsequent step involves the 

recruitment of potassium ions to an EAAT transporter from the 

cytoplasm, which evokes the return to an outward-facing confor-

mation and release outside the cell115. 

Location in the brain 

EAAT(1-3) are widely distributes in the CNS, while EAAT4 and EAAT5 

are predominantly expresses in the cerebellum and retina, respec-

tively115. EAAT1 and EAAT2 are in the astrocyte membranes, being 

the highest densities of both in the astrocytes membrane facing 
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neuropil. EAAT1 is selective for astrocytes, while EAAT2 is predomi-

nantly expressed in astrocytes, but there is also some (about 

10%) in hippocampal nerve terminals. EAAT3 is selective for neu-

rons, but is expressed at levels two orders of magnitude lower 

than EAAT2 and is targeted to dendrites and cell bodies116. Besides 

of the location describe above, different studies indicate that 

EAATs are present in brain capillary endothelial cells117, where par-

ticipate in cellular mechanism for brain glutamate efflux. 

Function of EAATs 

The general function of EAATs (Figure 9) is to regulate the extra-

cellular glutamate concentration and maintain the concentration of 

glutamate at low physiological levels to avoid toxic effects. After 

release into the synaptic cleft, glutamate is rapidly removed 

through EAATs into glial cells and neurons. The major transporter 

is the EAAT2, which is responsible for more than 90% of total glu-

tamate uptake118. The role of the EAAT4 is to regulate neuronal 

excitability through counteracting the depolarization of neurons. 

Both EAAT4 and EAAT5 possess a thermodynamically uncouple 

chlorine flux, which involves high chloride conductance with rela-

tively low glutamate uptake115. 
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Figure 9. EAATs regulate the extracellular glutamate concentration and maintain it at low 

physiological levels to avoid toxic effects. Self-created image (using elements with Creative 

Common license). 

Potential therapeutical applications of EAATs. 

The regulation of extracellular glutamate levels in the brain is cru-

cial for maintenance of its normal functions. Disruption in these 

process is implicated in several neurodegenerative diseases includ-

ing Alzheimer’s disease, Huntington’s disease, and amyotrophic 

lateral sclerosis119, 120. Since the major regulator of extracellular 

glutamate levels in the brain is the EAAT2 promoter, proper ex-

pression and regulation of this promoter is critical for maintaining 

brain homeostasis and survival of neurons. The critical role of 

EAAT2 and glutamate in neurodegeneration has led to to identify 

molecules capable of physiologically and safely regulating gluta-
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mate levels in vitro and in vivo in animals, with ultimate applica-

tions in humans. Thus, it has identified β-lactam antibiotics, as 

transcriptional activators of EAAT2 that are capable of providing 

neuronal protection through facilitating glutamate uptake by as-

troglial cells121. This finding suggests potential applications for 

these types of drugs as therapeutic agents to limit and prevent 

glutamate excitotoxicity. A thorough understanding of the mecha-

nism(s) underlying transcriptional activation of EAAT2 may help to 

identify potentially new molecules and targets for drug discovery 

leading to compounds that can ameliorate and potentially prevent 

neurodegeneration. Through chemical modeling, it may be possible 

to develop new derivatives of β-lactam antibiotics with enhanced 

pharmacological and bioactivity properties that can be orally deliv-

ered and pass more readily through the blood brain barrier to de-

crease the severity and progression of specific neurodegenerative 

diseases some of them already tested in ischemic stroke121. Use of 

the EAAT2 promoter as a screening paradigm also provides an en-

try point to identify potentially new classes of neuroprotective 

drugs that function by controlling glutamate levels in the synaptic 

region of neurons122. 

 Vesicular glutamate transporters  

a. Function of vesicular glutamate transporters (VGLUST) 

VGLUTs are responsible for transport of glutamate into the synap-

tic vesicles. The vesicular uptake is dependent on a proton gradi-

ent that they created by hydrolyzing ATP with H+-ATPase. This 

enables the flow of proton into the synaptic vesicle making it more 
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acidic and generating a pH gradient across the vesicle 

membrane115. 

The vesicular glutamate transporters are polypeptides consisting of 

about 600 amino acid residues. Three subtypes of VGLUTs (1, 2 

and 3) have been identified and appear to share more than 70% 

homology with one another. The transmembrane topology of 

VGLUTs is thought to consist of 8-10 putative transmembrane do-

mains. A highly conserved glycosylation site between transmem-

brane domains 1 and 2, and numerous consensus sequences for 

phosphorylation by various protein kinases are also predicted114. 

b. Localization in the brain 

The isoforms VGLUT1 and VGLUT2 are expressed mainly in glu-

tamatergic neurons and their expression in CNS seems to be large-

ly complementary with only a limited overlap. VGLUT1 is localized 

in the neocortex, hippocampus and amygdale. VGLUT2 can be ob-

served in olfactory bulb, cerebral cortex, dentate gyrus, thalamus 

and hypothalamus. VGLUT3 is localized in a limited number of glu-

tamatergic neurons in multiple brain regions: neocortex, hippo-

campus, olfactory bulb, hypothalamus, sustantia nigra. Additional-

ly, VGLUT3 has been found in hippocampal and cortical GABAergic 

neurons115. 

2.4. Glutamate metabolism and cycling 

In the cells, there are a there relevant metabolic pathways to pro-

duce glutamate molecules: 

• Glu-glutamine cycle 
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• Synthesis in neurons and astrocytes from glucose 

• Synthesis inside neurons from lactate delivered from 

astrocytes 

A fraction of glutamate present in the brain participates in the glu-

tamate-glutamine cycle in neurons and astrocytes. However, de 

novo synthesis is necessary because glutamate can be oxidized 

and cannot be entirely regenerated through this cycle. Glutamate 

also does not cross the BBB and hence is not delivered to the CNS 

through the ingestion of food. 

Glucose is the major substrate for glutamate synthesis in astro-

cytes and neurons123, and the influx of sodium stimulates glucose 

uptake in astrocytes and neurons by GLUT1 and GLUT3, respective-

ly. Glucose is metabolized via glycolysis to pyruvate, which can be 

reduced to lactate or enters the tricarboxylic acids cycle (TCA cy-

cle) and provides α-ketoglutarate (α-KG) as a carbon backbone of 

glutamate. Glutamate in neurons can also be synthesized from 

lactate delivered from astrocytes. In some neurons, glutamate 

might be converted to gamma-aminobutyric acid (GABA) through 

the action of glutamate decarboxylase. Glutamate is released from 

presynaptic neurons into the synaptic cleft, where this compound 

binds to specific ionotropic (iGluR) or metabotropic receptors 

(mGluR) located on postsynaptic and presynaptic neurons. Be-

sides, EAATs start uptake glutamate directly into astrocytes (EAAT1 

and EAAT2) and neurons (EAAT3)124, to maintain adequate extra-

cellular glutamate concentrations. Through EAAT1 and EAAT2, glu-

tamate is taken up through the inward co-transport of three sodi-

um molecules, one proton and the counter transport of one potas-
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sium125, 126. The sodium-dependent neuronal glutamate transport-

ers include EAAT3, which exhibits a similar mechanism of action. In 

astrocytes, glutamate is converted to glutamine through glutamine 

synthetase (a specific enzyme in astrocytes and oligodendrocytes) 

in an ATP-dependent process. Notably, not every molecule of glu-

tamate is converted to glutamine, as a small fraction of glutamate 

is degraded to α-KG and enters the TCA cycle. The glutamine pro-

duced from astrocytes is released through the glutamine trans-

porter system N transporter 1 (SN1) and reaches neurons via sys-

tem A glutamine transporter (SAT1). Here, glutamine is converted 

to glutamate through phosphate-activated glutaminase127. Subse-

quently, transmitter is loaded into vesicles through VGLUTs, and 

after interaction with soluble N-ethylmaleimide-sensitive factor 

attachment protein receptors (SNAREs), glutamate is released into 

the synaptic cleft where it binds to glutamate receptors and EAATs. 

There is a demonstrated mechanism of action cysteine/glutamate 

antiporter (Xc
-), which by means of the transport of L-cystine is 

uptaked from synaptic space to astrocyte where is converted to L-

cysteine which may be transported to neurons, serving as a sub-

strate to glutathione synthesis, or this synthesis may take place in 

astrocytes128. 

It seems evident that uptake of extracellular glutamate into endo-

thelial cells via EAATs is an important step in the glutamate me-

tabolism. The presence of EAATs in the abluminal membrane of 

endothelial cells in the brain, indicates that they are able to accu-

mulate glutamate (Figure 10). The following fate of accumulated 

glutamate may involve both transport of intact glutamate, metabo-
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lism of glutamate and transport of resulting metabolites or a com-

bination of the two126. The transport of intact glutamate is sup-

ported in in vivo studies, which indicate the presence of a facilita-

tive glutamate transporter at the luminal membrane, the trans-

porter was named XG
- and has been shown to be sodium inde-

pendent129. As regards the metabolism of glutamate in the endo-

thelial cells, studies demonstrated a high mitochondria density in 

brain endothelial cells. It has been suggested that endothelial cells 

may utilize glutamate as an energy substrate to fuel the ABC-

transporters130. Furthermore, endothelial cells express branched 

chain aminotransferases, which may catalyze the conversion of 

glutamate to α-KG, and it is incorporated through the Krebs cycle 

in the mitochondria. Subsequently, the α-KG can lead to pyruvate, 

which may be converted to lactate in the cytosol and transported 

through the monocarboxylic acid transporter (MCT1) in the luminal 

membrane to the blood117. Besides, in the abluminal size of endo-

thelial cells there are transporters capable of pumping glutamine 

from the extracellular fluid into endothelial cells and glutaminase 

within endothelial cells may also hydrolyze glutamine to glutamate 

Mechanism of glutamate excitotoxicity and NH4
+110

. 
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Figure 10. Glutamate cycling and metabolism. Self-created image (using elements with 

Creative Common license). 

2.5. Mechanism of glutamate excitotoxicity 

The mechanisms of glutamate excitotoxicity have been well stud-

ied in both animals and humans. Though the precise genes and 

proteins involved are still being elucidated some of the major 

pathways whereby glutamate contributes to neuronal damage are 

well known131, 132. The disruption of glutamate homeostasis is im-

plicates in, acute CNS injuries such as stroke133-136, trauma, in 

chronic neurodegenerative disorders including multiple sclerosis, 

amyotrophic lateral sclerosis and Parkinson´s disease134, 137-139 as 

well as in surgery interventions that produce brief period of cere-

bral blood flow interruption140. 
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In the event of CNS injury such as stroke, cell membrane depolari-

zation from ATP break down increases the release of glutamate, 

while also blocking the reuptake of the neurotransmitter due to the 

consumption of the energy source141. The massive release of glu-

tamate overwhelms regulating mechanisms leading to a buildup of 

the neurotransmitter in the extracellular milieu. The excess gluta-

mate in turn activates a series of downstream mediators in the 

affected tissue that ultimately leads to neuroexcitotoxicity. Cellular 

death causes also more increase of extracellular glutamate, which 

feeds into the cycle of further cellular death142.  

Ionotropic glutamate receptors include the NMDA, AMPA, and kai-

nite types. The major receptor involved in glutamate-mediated 

neuronal damage is NMDAr, an important tri-subunit-receptor es-

sential to neuronal plasticity (i.e. learning and memory 

formation)143. Studies have shown that increase of activation of 

NMDAr by high levels of glutamate plays a significant role in neu-

ronal excitotoxicity by receptor-mediated influx of calcium144. The 

increased intracellular calcium may then lead to the activation of 

other mechanisms including NOS and mitochondrial toxicity107, 145, 

146. 

Nitric oxide production plays also a significant role in glutamate-

mediated neuronal damage. Neuron injuries have been show to 

induce translocation of nNOS from the cytosol to the cell mem-

brane where it can interact with NMDAr146. Studies have demon-

strated that NMDAr are spatially linked with nitric oxide synthase 

via the postsynaptic density protein of 95kDa (PSD-95)147-149. Dur-

ing the glutamate binding to NMDAr, the influx of calcium leads to 
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the activation of the nearby NOS resulting in the production of 

NO107, 132. NO can in turn lead to formation of harmful oxidants, 

causing protein nitration, protein oxidation, lipid peroxidation, di-

rect DNA damage and Glyceraldehyde 3-phosphate deshydrogen-

ase (GAPDH) depletion149. Neuron degeneration can also arise 

from formation of free radicals via mithocondrial damage after 

massive NMDAr-mediated glutamate insult132, 150. Studies by 

Dykens et al.151 demonstrated that the increment in calcium con-

centrations after NMDA activation leads to increase in the mito-

chondria sequestration through high capacity sodium/calcium ex-

changers151. The overuse of these exchanges, however, can result 

in metabolic acidosis as well as the activation of superoxide and 

other free radical production. Mitochondrial injury also initiates 

calpain-mediated cleavage of key regulatory proteins and activa-

tion of pro-apoptotic genes leading to cell death142. 

2.6. Pharmacological findings to treat 
glutamate excitotoxity 

The elucidation of the mechanisms behind glutamate excitotoxicity 

ushered in a wave of pharmacological advances aimed to exploit 

this newfound knowledge. In the beginning, the major focus of 

research centered on NMDAr antagonism. NMDAr provided a logi-

cal target for drug design as it represented a major gateway for 

the myriad of other downstream effects of glutamate excitotoxici-

ty. Moreover, during this period, progress in protein biochemistry 

and small molecule design yielded a wealth of information regard-

ing the structure and function of these receptors152. 
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Several classes of NMDAr antagonists with different sites of action 

were developed, namely the competitive NMDAr antagonists acting 

on glutamate or glycine binding sites; noncompetitive allosteric 

inhibitors acting at other extracellular sites; and NMDAr channel 

blockers, which acted on sites in the receptor channel pore153. 

Though showing promising results in animal studies, antagonist 

drugs such as Selfotel, Gavestinel and Traxoprodil have largely 

failed in randomized, controlled clinical trials in humans. A variety 

of reasons have been postulated in an intent to explain the lack of 

success for these NMDAr-targeting therapies. Many of these com-

pounds lack sufficient brain penetrance while exhibiting significant 

dose-limiting side effects78, 153. The adverse events profile included 

hallucinations, agitations, catatonia, peripheral sensory loss, nau-

sea, and elevation in blood pressure154. Moreover, in the setting of 

acute CNS insults, such as strokes or traumatic brain injuries, glu-

tamate excitotoxicity is thought to cause harm within a narrow 

time frame after which the neurotransmitter reassumes its normal 

function. Therefore, the use of agents acting on NMDAr, a major 

receptor of glutamate, may have not only missed the window for 

therapeutic efficacy but also led to undesired side effects from pro-

longed receptor blockade155.  

Research has continued on NMDAr antagonism despite initial dis-

appointments. Agents such as Amantadine and Memantine have 

proved to be valuable in Parkinson’s disease and Alzeheimer’s dis-

eased149. However, studies in the last two decades have expanded 

beyond the NMDAr with newer experiments seeking ways to con-
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trol the upstream glutamate concentration as well as downstream 

protein signals. 

2.7. Blood glutamate grabbing: new potential 
agents against glutamate excitotoxicity 

Blood to brain glutamate homeostasis is mediated by several glu-

tamate transporters as previously it has been mentioned. Danbolt 

et al.156 suggested that high glutamate concentration at the synap-

tic cleft are rapidly (up to 1000 fold) reduced by the action of glu-

tamate transporters present on both nerve terminal and surround-

ing astrocytes to prevent glutamate excitotoxicity157. However, 

there is an unfavorable gradient between brain (1-10µM) and 

blood (40-60µM) glutamate concentration into the endothelial ce-

lls141 and when endothelial glutamate concentration becomes high-

er than the blood glutamate concentration, glutamate is transport-

ed into the blood by mechanism that facilitates blood excretion of 

glutamate from the brain. The presence of EAATs in the blood-

brain barrier and their ability to accumulate large intracellular glu-

tamate concentrations, started the hypothesis that lowering blood-

glutamate levels could increase the concentration gradient from 

endothelium to blood, and thereby increase elimination of gluta-

mate from the brain, known as blood glutamate grabbing hypothe-

sis (Figure 11).To demonstrate the glutamate grabbing hypothesis 

it was used, the blood resident enzyme glutamate-oxaloacetate 

transaminase (GOT), which transforms glutamate into α-KG and 

aspartate in the presence of oxaloacetate (Figure 12). This en-

zyme, when oxaloacetate is artificially increased shifts the equilib-

rium of the reaction to the right side, thereby decreasing gluta-



Andrés Da Silva Candal 

58 
 

mate levels in blood. In this sense, Gottlied et al.158 demonstrated 

that, when radioactive glutamate was injected into the lateral ven-

tricles in experimental animals, oxaloacetate induced a decrease in 

blood glutamate levels followed by an increase of the diffusion of 

radioactive brain glutamate into the blood. Similar effects were 

observed in other studies using two microdialysis probes, where 

the first one infusing, and the other collecting glutamate; oxalo-

acetate treatment reduced the rate of radioactive glutamate collec-

tion by the second probe. 

Alternatively, malate pretreatment, a GOT blocker, has also 

demonstrated inhibition of the oxaloacetate-dependent lowering of 

blood glutamate, confirming that the effect of oxaloacetate on 

blood glutamate levels was mediated by this enzyme. 

These studies inspired several investigations of the effects of blood 

glutamate grabbing during pathological conditions such associated 

with glutamate neurotoxicity, e.g. ischemia, subarachnoid hemor-

rhage, closed head injury, traumatic brain injury and paraoxon 

intoxication. The studies utilized different approaches to reduce 

blood glutamate levels. All these studies came to the same general 

conclusion where lowering blood glutamate levels decreased the 

morbidity, through better recovery, better neuron survival or 

smaller stroke volumes117. The blood glutamate grabbers show 

potential for the development of novel, effective and safe thera-

peutic agents. Whereas NMDAr antagonists were ineffective or po-

tentially harmful, blood glutamate grabbers do not act on gluta-

mate receptors nor do they interfere with normal cellular signaling 

processes. Their action is only in the blood, and they accelerate a 
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physiological mechanism of removing glutamate only from areas in 

which glutamate is pathologically elevated107. 

 

Figure 11. Under physiological conditions the BBB acts as a semi-permeable membrane 

preventing the diffusion of glutamate from blood to brain. During ischemia, glutamate 

concentrations in brain rise to levels 10 times above normal, leading to an increase in blood 

levels. With a glutamate grabber treatment, the washing effect of glutamate from brain to blood 

is increased, preventing secondary brain damage. Self-created image (using elements with 

Creative Common license). 
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Alternatively, malate pretreatment, a GOT blocker, has also 

demonstrated inhibition of the oxaloacetate-dependent lowering of 

blood glutamate, confirming that the effect of oxaloacetate on 

blood glutamate levels was mediated by this enzyme. 

These studies inspired several investigations of the effects of blood 

glutamate grabbing during pathological conditions such associated 

with glutamate neurotoxicity, e.g. ischemia, subarachnoid hemor-

rhage, closed head injury, traumatic brain injury and paraoxon 

intoxication. The studies utilized different approaches to reduce 

blood glutamate levels. All these studies came to the same general 

conclusion where lowering blood glutamate levels decreased the 

morbidity, through better recovery, better neuron survival or 

smaller stroke volumes117. The blood glutamate grabbers show 

potential for the development of novel, effective and safe thera-

peutic agents. Whereas NMDAr antagonists were ineffective or po-

tentially harmful, blood glutamate grabbers do not act on gluta-

mate receptors nor do they interfere with normal cellular signaling 

processes. Their action is only in the blood, and they accelerate a 

physiological mechanism of removing glutamate only from areas in 

which glutamate is pathologically elevated107. 
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Figure 12. transforms glutamate into α-KG and aspartate in the presence of oxaloacetate. Self-

created image (using elements with Creative Common license). 

 

2.8. Therapeutics applications of blood brain 
glutamate grabbers 

2.8.1. Ischemic stroke 

It is well established that during brain ischemia, glutamate plays 

an important role in mediating neuronal damage159, and higher 

glutamate concentration in the blood and cerebrospinal fluid (CSF) 

are associated with an increased neurological deterioration after 

stroke in humans134, 135. Castillo et al. 133-136, 160 had described in 

clinical patients that glutamate acted as a critical key in the neu-
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ronal damage after ischemic stroke. Thus, the ischemic patients 

presented higher blood and CFS glutamate levels than control sub-

jects at admission160, suggesting that, glutamate concentrations 

above of 200µM in plasma act as an important predictor of neu-

ronal damage progression at 48h, with a sensitivity of 85% and a 

specificity of 97%135. 

This studies have also demonstrated that high levels of glutamate 

in plasma for at least 24 hours was associated with early neurolog-

ical deterioration, while in patients with stable ischemic stroke, 

glutamate levels dropped to normal values in less than 6 hours 

from onset135. All these clinical data demonstrated for first time the 

critical role of glutamate in stroke pathology and suggested a 

source of new strategies for the research of new protective thera-

pies based on the inhibition of glutamate toxicity. 

The central role of glutamate on ischemic pathology and the failure 

of glutamate antagonists, opened in 2009 a new line of investiga-

tion focused on blood glutamate grabbing hypothesis, based in the 

lowering of blood glutamate as new strategy to reduce the exci-

totoxic effect of glutamate after stroke, by means of the used of 

blood glutamate grabbers. 

Based on this mechanism, when glutamate levels in brain fluids 

are elevated, oxaloacetate treatment causes a decrease in blood 

glutamate levels; this leads to a larger glutamate gradient be-

tween the brain and blood, which facilitates a decrease in extracel-

lular levels of brain glutamate reflected in a reduction of ischemic 

damage. 
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The first evidence of the protective effect with oxaloacetate in is-

chemia was observed in rats submitted to photothrombotic 

lesion161,162. In this study, rats were subjected to a photothrombot-

ic lesion and treated with a single 30-min-long administration of 

oxaloacetate (1.2mg/100g, i.v.). Following induction of the lesion, 

the infarct size and the amplitudes of the somatosensory evoked 

potentials (SEPs) were measured. The photothrombotic lesion re-

sulted in appreciably decreased amplitudes of the evoked poten-

tials, but oxaloacetate administration significantly attenuated this 

reduction, and also the infarct size assessed histologically. Oxalo-

acetate further prevented the long-term potentiation impairment in 

the rat CA1 hippocampal region induced by 2-vessel occlusion163. 

In the same way, Campos et al.164 under the STAIR guidelines, 

demonstrated that a bolus intravenous injection of oxaloacetate 

(3.5mg/100g), 90 minutes after occlusion, decreased blood gluta-

mate levels, inducing an 60% decrease in infarct volume at 7 days 

after ischemia; edema was also reduced. These effects were asso-

ciated with reduced motor deficit. To confirm that the neuroprotec-

tive effect was due to decreased brain glutamate levels, we per-

formed magnetic resonance spectroscopy (MRS) in the infarct re-

gion. Spectroscopic analysis revealed that the increase in brain 

glutamate seen in control animals after a transient middle cerebral 

artery occlusion (tMCAO) was clearly reduced in animals treated 

with oxaloacetate, demonstrating its mechanism of action165. Simi-

larly, infusion of peripheral pyruvate, with or without glutamic-

pyruvic transaminase (GPT) after tMCAO resulted in reduced blood 

glutamate concentrations, smaller volume of infarction, reduced 
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brain edema, improved neurological outcome, and reduced mortal-

ity compared with controls166. 

In patients with ischemic stroke, Campos et al. 167 also reported an 

association between higher concentrations of GOT and GPT in the 

blood and good outcomes (GOT has a stronger association than 

GPT levels). In fact, patients with lower GOT levels and higher 

blood glutamate levels were independently associated with a wors-

ened neurological outcome at 3 months and a higher infarct vol-

ume, which emphasizes the role that GOT plays in blood glutamate 

regulation162, 168.  

Godino et al.169 has reported another alternative method to de-

crease blood glutamate levels by peritoneal dialysis. In a rat model 

of cerebral ischemia, peritoneal dialysis was able to reduce the 

transient increase of glutamate levels induced by ischemia, de-

creasing the size of the infarct area and preventing the functional 

deficit. Nonetheless, more preclinical and clinical studies are need-

ed in order to demonstrate that peritoneal dialysis is an effective 

and safe procedure for treating acute ischemic stroke patients. 

2.8.2. Traumatic brain injury 

Traumatic brain injury (TBI) is caused by a blow or jolt to the head 

or a penetrating head injury that disrupts the normal function of 

the brain. It is one of the most important cause of death and disa-

bility in the US and Europe and constitutes a major health and so-

cioeconomic problem throughout the world170, 171. According to a 

report from the Centers for Disease Control and Prevention, an 
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average of 1.7 million TBIs occurred annually from 2002 to 2006 in 

the US, with the majority of these cases being considered mild 

TBIs. Approximately 275,000 patients with TBI are hospitalized per 

year in the US, including 52,000 deaths. The leading causes of TBI 

include falls, struck by/against events, motor-vehicle traffic crash-

es, and assaults. In addition, a large population of military person-

nel has suffered some degree of TBI, and blast injury is a major 

cause of TBI for soldiers in modern wars172. For example, accord-

ing to the Joint Theater Trauma Registry, compiled by the US Army 

Institute of Surgical Research, soldiers with head or neck injuries, 

including severe brain trauma, accounted for one quarter of total 

service members who have been evacuated from Iraq and Afghan-

istan172, 173. The long-term effect of mild traumatic brain injury 

among soldiers deployed in Iraq is strongly associated with post-

traumatic stress disorder and depression after soldiers return 

home, which may also induce physical health problems174. Moreo-

ver, the economic and social burden of traumatic brain injury has 

implications on a global scale, particularly with increasing motor-

vehicle use in developed and developing countries175.  

TBI can manifest clinically from concussion to coma and death de-

pending on the extent of brain damage. Two major pathophysio-

logical processes contribute to brain injury after trauma: primary 

injury, in which damage is caused as a direct result of the mechan-

ical impact; and secondary injury, which is initiated immediately 

after trauma due to further cellular damage from the effects of 

primary injuries and continues to develop over a period of hours or 

days following the initial traumatic assault176. The primary injury is 
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usually irreversible since neural cell death occurs at the moment of 

injury. On the contrary, the secondary injury is likely a reversible 

process because delayed neural cell death is a protracted event 

that can be regulated at many points in the death pathway. There-

fore, intervention in the program of delayed neural cell death has 

become a therapeutic target for the treatment of TBA presents, 

neurotransmitter release, calcium over-load, free radical-mediated 

damage, proapoptotic gene activation, mitochondrial dysfunction, 

and inflammatory responses are the major known mechanisms of 

secondary injury pathogenesis177, 178. These mechanisms are all 

induced via synaptic transmission and subsequent activation of 

postsynaptic receptors. Several proteins on the postsynaptic mem-

brane are believed to form a special postsynaptic structure known 

as the postsynaptic density that serves as a multi-protein complex 

that mediates a molecular network among neural cells after injury. 

Is well described that following TBI, brain CSF concentrations of 

glutamate increase in humans179, 180 and rats181. Within minutes 

after TBI, experimental and clinical studies have found the extra-

cellular glutamate levels to rise sharply179-181. This increase in ex-

tracellular glutamate is mainly a consequence of massive neuron 

depolarization due to the traumatism and the associated energy 

failure commented above. Similar than stroke pathology, excess of 

glutamate in turn induces increased sodium and calcium influx to 

the cell, and the resulting intracellular calcium overload triggers 

cell damage mechanisms that finally lead to apoptosis through 

caspase activation182. 
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The importance of glutamate in TBI led to test the potential appli-

cation of blood glutamate reduction as therapy of this brain lesion. 

The results observed showed that peripheral administration of ox-

aloacetate137, 183, 184, 60 min after TBI in rats caused a significant 

reduction in blood glutamate concentrations and concomitant im-

provement in neurological outcome. 

Interestingly, results from TBI model animals183 demonstrated that 

the blood glutamate-reducing effect of oxaloacetate was dose-

dependent, and that the administration of very low doses (5mM) of 

oxaloacetate did not result in a reduction of blood glutamate. 

However, when low doses of oxaloacetate were administered with 

recombinant GOT (rGOT), the blood glutamate-lowering effects 

were restored. Considering that rGOT is too large to penetrate the 

blood brain barrier, this finding suggested that the therapeutic ef-

fects of oxaloacetate was mediated by blood glutamate grabbing 

and not by direct effects in the brain. In line with previous data, in 

recent studies, oxaloacetate treatment resulted in an increased 

number of surviving neurons in five different regions of the hippo-

campus, with preserved cellularity, 30 days after the co-

administration of oxaloacetate with maleate, a GOT-blocker, was 

shown to prevent this glutamate reduction. Again, this provided 

strong evidence that the neuroprotective properties of oxaloace-

tate and GOT are primarily the result of blood glutamate grabbing, 

and not by some other mechanism137, 162. 
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2.8.3.  Subarachnoid hemorrhage  

Subarachnoid hemorrhage (SAH) is a common condition that is 

associated with significant mortality and morbidity. The mortality 

rate for SAH approaches 45% at 30 days, and 10 to 15% of cases 

are fatal before hospitalization185-188.  In less than the 30% of the 

cases, at the time of the initial bleed a reactive vasospasm can be 

produced causing a critical reduction in cerebral blood flow as the 

regional intracranial pressure increases and approaches the sys-

temic arterial pressure. The persistent lack of blood flow results in 

cerebral vasospasm and subsequent swelling of perivascular astro-

cytes, neuronal cells, and capillary endothelium107.Although a great 

deal of knowledge exists regarding the delayed effects of SAH, the 

pathophysiology of early brain injury has yet to be fully understood 

and essential early treatment remains to be a challenge189. Previ-

ously it has been described that elevated glutamate levels in the 

interstitial fluid (ISF) and CSF of the brain may play a significant 

role in the mechanism of various acute brain insults131, 134,135, 190. 

In agreement with these studies, later investigations also con-

firmed that after SAH, there is a massive release of glutamate that 

leads to overstimulation of NMDAr191, 192.  

The level of glutamate concentration correlates with patients’ neu-

rological status after SAH193. A significant loss of BBB integrity af-

ter SAH has also been described to cause cerebral swelling and 

disturbance of intracranial hemodynamics194, which may in turn 

disrupt the BBB, causing vicious cycle. Numerous studies have 

demonstrated that the NO pathway is pathologically altered after 
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SAH, contributing to early ischemic injury195. The NO produced 

from L-arginine by NOS through its three isozymes, nNOS, endo-

thelial NOS, and inducible NOS, plays an important role in main-

taining cerebrovascular tone and CBF. It is known that a calcium 

sensitive nNOS enzyme is physically associated with NMDAr and is 

activated after SAH causes glutamate excitotoxicity and subse-

quent neuronal death195, 196. Based on the excitotoxicity theory, 

NMDAr antagonists may provide neuroprotection to limit secondary 

neuronal damage in different animal models of brain disease. 

However, the clinical potential of most NMDA antagonists demon-

strated to be limited due to their indiscriminate blocking of the 

physiologic effects of NMDAr activation, as well as undesirable side 

effects like neuro-psychotic symptoms and memory deficits. 

In line with our previous evidences in stroke and TBI, recent ex-

periments suggested that glutamate grabbers also may be thera-

peutically useful in the treatment of SAH. Thus, in a rat model of 

SAH, oxaloacetate (250mg/Kg) was infused for 30 and 60 minutes 

after induction of SAH107, 166, observing that infusion of the treat-

ment was associated with a significant reduction in blood and CSF 

glutamate. Furthermore, there was an improvement in neurologi-

cal outcome 24 hours after SAH demonstrated by blood brain bar-

rier disruption (BBBd), neurological severity score, and brain ede-

ma107, 166. 

2.8.4.  Epilepsy 

One of the most severe acute neurological conditions, associated 

with excessive glutamate release, is the status epilepticus (SE). SE 
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is defined as an epileptic seizure lasting more than 30 minutes or 

as intermittent seizures, lasting for more than 30 minutes in total, 

during which the patient does not recover consciousness between 

repeated episodes197. SE is one of the most common neurological 

emergencies and several prospective studies have reported an 

incidence of 10– 20/100,000 amongst Europe and the US198. Con-

vulsive SE is the commonest form, representing 40–60% of all SE 

cases. Mortality is high, with one out of five dying in the first 30 

days198. The main neurological sequels of SE reported in the litera-

ture are cognitive impairment, brain damage-related deficits, and 

long-term development of recurrent seizures197.  

There is much evidence that abnormally elevated glutamate is pre-

sent in the brain of patients with medically refractory temporal 

lobe epilepsy199, 200. As such, treatment with glutamate grabbers 

may provide a novel therapeutic modality in the treatment of such 

medically refractory seizures. With such purpose, rats submitted to 

a single injection of peripheral oxaloacetate 30 minutes after being 

subjected to pilocarpine-induced SE resulted in complete preven-

tion of SE-induced neuronal loss in the CA1 region of the hippo-

campus with a significant reduction in apoptosis201. Despite evi-

dence for neuroprotection, a reduction in seizure severity was not 

observed in that study.  

Moreover, the late caspase-1 activation was significantly reduced 

when rats were treated with oxaloacetate. These data supported 

the idea that the treatment with oxaloacetate causes a neuropro-

tective effect in rats subjected to pilocarpine-induced SE201. 
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2.8.5.  Migraine headache 

Migraine is a neurological disorder that affects 14.7% of Europeans 

and its attacks manifest themselves from childhood to old age, 

with a decline among women during the postmenopausal years.202 

Although the molecular mechanisms of migraine are not complete-

ly understood, it has been suggested that glutamatergic homeo-

stasis is involved160, 203-205. An excessive glutamatergic signal in-

duces an over-activation of NMDAr, which seems to be implicated 

in the triggering, propagation and duration of cortical spreading 

depression (CSD)205. Furthermore, NMDA-mediated glutamatergic 

transmission is probably implicated in the activation of the trigem-

ino-vascular system206 and may cause the clinical symptoms of 

migraine attack and central sensitization207. In this regard, NMDAr 

antagonists have been used as the most effective compounds for 

CSD suppression in experimental models208, however their use in 

humans has failed mainly, because of unacceptable side effects209. 

The role of glutamate in migraine suggested that systemic modifi-

cations of blood glutamate levels could reduce the excessive glu-

tamatergic signal in brain and therefore to be used as a potential 

prophylactic treatment against migraine attacks203.  

To test this hypothesis, the association of GOT activity in blood 

with serum glutamate levels and clinical parameters in patients 

with migraine145 was analyzed. The results exhibited that migraine 

patients showed increased glutamate levels and lower GOT activity 

than control subjects. Furthermore, GOT activity was inversely 

associated with glutamate levels during interictal period, while in-
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creased glutamate levels was associated with the duration of the 

pain during ictal period, but not relationship was found for GOT 

activity levels and clinical parameters in patients with migraine145. 

This has led to suggest that new therapeutic modalities in migraine 

prophylaxis may involve blood glutamate reduction203. Thus far, 

however, there are no experimental studies that demonstrate the 

use of blood glutamate grabbers in the treatment or prophylaxis of 

migraine headaches. 

2.8.6.  Glioma 

In the last few years, it has been suggested that glutamate plays a 

crucial role in the growth of malignant gliomas and may play an 

important role in the development of seizures that often accompa-

ny gliomas210-214. Studies with glioma cells in culture have shown 

that the cells release massive amounts of glutamate resulting in 

elevations of the extracellular concentrations higher than 100μM 

within hours in a space that is 1,000-fold larger than the cellular 

volume214. Significant increases were also demonstrated in the 

peritumoral space surrounding experimental brain tumors in rats215 

and in malignant gliomas and oligodendrogliomas in human pa-

tients216, 217. Since gliomas appear to release glutamate, this pa-

thology can be added to the long list of neurological diseases in 

which glutamate excitotoxicity is the common destructive pathway, 

and therefore susceptible to be treated with blood glutamate grab-

bers. 
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In fact, a recent study demonstrated that rats and mice subjected 

to oxaloacetate treatment displayed a smaller tumor volume, re-

duced tumor invasiveness, and prolonged survival218. Suggesting 

the use of glutamate grabbers as a new treatment against glio-

mas. 

2.8.7.  Organophosphate intoxication 

Organophosphate compounds are highly toxic chemicals widely 

used as pesticides [e.g. malathion and paraoxon (PO)] and as 

chemical warfare nerve agents (e.g. soman, sarin). Pesticide poi-

soning is one of the most common poisonings worldwide, estimat-

ed at one million cases each year with several hundred thousand 

deaths219. Organophosphates inactivate the enzyme acetylcholine 

esterase, a serine protease that hydrolyzes the neurotransmitter 

acetylcholine. Exposure to organophosphates leads to acetylcholine 

accumulation that causes the overstimulation of cholinergic recep-

tors, which consequently results in the rapid and profound exci-

totoxicity and dysfunction of cholinergic neurons220. 

Exposure to organophosphates damages several brain areas in-

cluding the entorhinal and piriform cortex, amygdale, and hippo-

campus CA1/CA3221. Much of the brain damage does not typically 

occur at the time of the initial lesion, making secondary neuronal 

damage a major contributor to the neuronal loss. The degree of 

brain damage depends on the severity of the convulsions and is in 

direct relation to the increase in peripheral benzodiazepine recep-

tors density (PBRs)222. The density of PBRs increases when micro-
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glia is activated in response to tissue damage such as organophos-

phates exposure223. 

Glutamate has a substantial role in the propagation and mainte-

nance of organophosphate-induced seizures, thus contributing to 

the secondary brain damage224. Glutamate was shown to be re-

leases in excess in the brain under some intoxication and has 

prominent role during seizures225. Furthermore, glutamate receptor 

antagonists in general, NMDA blockers in particular, were proposes 

as potential antidotes against organophophates intoxication225. The 

standard treatment for organophophates intoxication consists of 

pretreatment with pyridostigmine, a reversible inhibitor of Acetyl-

cholinesterase (ACHE) and anticholinergic agents such as atropine 

sulfate226. In addition, it was reported that benactyzine (combined 

with anticholinergic and anti-NMDA properties), or benzodiaze-

pines, could reduce some of the brain damage if administered ear-

ly enough227.  

Based on the important role of glutamate on organophosphate tox-

icity and the efficacy of blood glutamate grabbers, in a recent 

study Ruban et al.228 showed that 10 min after paraoxon exposure 

in rats, followed by oxaloacetate and GOT infusion significantly 

reduced neuronal damage and prevented the peripheral benzodi-

azepine receptor density elevation. This study showed promise 

that glutamate grabbers may be useful in the treatment of sec-

ondary brain damage in the setting of organophosphate toxicity. 
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2.8.8. Fetal hypoxic–ischemic asphyxia 

Fetal asphyxia or hypoxic–ischemic encephalopathy remains an 

important cause of perinatal death and long-term developmental 

disability. Among the different biochemical mechanisms that can 

damage the neuronal tissue after fetal asphyxia, it has been estab-

lished that the release of excessive amounts of glutamate into the 

cerebral extracellular space plays as well a central role in patholo-

gy. In this regard, glutamate antagonists have been proposed as 

potential therapeutic agents to reduce the effects of asphyxia in 

the affected infants229. However, their use has important limita-

tions in newborn infants because of the critical role of the glutama-

tergic system during brain development. In this line, previous clin-

ical studies reported that GOT was presented in higher concentra-

tion in fetal blood than maternal blood230. In addition, it was also 

observed that elevated concentration of GOT in fetal blood was 

directly correlated with the concentration of blood glutamate. 

These findings led to hypothesize that mechanisms such as GOT 

activity could participate in maintenance of non-toxic concentra-

tions of glutamate during brain development, suggesting that GOT 

could be used as a potential treatment for the increased concen-

tration of glutamate after fetal asphyxia. To test this hypothesis 

and based on the well-known increase of glutamate after fetal as-

phyxia, it was studied the relationship between GOT and glutamate 

levels in arterial umbilical cord blood samples from control new-

born infants and newborn infants with symptoms of hypoxia–

ischemia. The results demonstrated that glutamate concentration 

and GOT activity in umbilical blood samples were higher in new-
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born infants with symptoms of hypoxia-ischemia compared to 

newborn infants without fetal distress. Analysis of Apgar scores 

and blood pH values (markers of perinatal distress) exhibited that 

conditions of severe distress were associated with higher gluta-

mate and GOT levels. Then, this study suggested that during fetal 

development, based on the ability of GOT to metabolize glutamate 

this enzyme can act as an endogenous protective mechanism in 

the control of glutamate homeostasis231. 

2.8.9.  Amyotrophic Lateral Sclerosis  

The role of glutamate excitotoxicity in amyotrophic lateral sclerosis 

(ALS) has been extensively documented and remains one of the 

prominent hypotheses of ALS pathogenesis. In light of this evi-

dence, the availability of a method to remove excess glutamate 

from brain and spinal cord extracellular fluids without the need to 

deliver drugs across the BBB and with minimal or no adverse ef-

fects may provide a major therapeutic asset. Ruban et al.232 

demonstrated the therapeutic efficacy of the combined treatment 

with rGOT1 and its co-factor oxaloacetic acid in an animal model of 

sporadic ALS. This study showed that oxaloacetic acid/rGOT1 

treatment provides significant neuroprotection to spinal cord motor 

neurons.  

2.8.10. Limitations of glutamate grabbers in stroke 

From a clinical point of view, glutamate grabbers may have some 

important limitations due to the acute component of glutamatergic 

toxicity in ischemic stroke, which although a late administration 
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may not induce secondary damages, it will reduce its therapeutic 

window. Oxaloacetate showed a therapeutic window of no longer 

than 2 hours after insult; therefore, the efficacy of this protective 

mechanism depends of the time-point of drug administration. 

However, in a recently published model of brain hemorrhage, ox-

aloacetate decreased the blood glutamate levels but did not affect 

the hemorrhagic hematoma, suggesting that this treatment can be 

given as early as possible, without neuroimaging, in case of sus-

pected stroke 233. However, the clinical translation might be limited 

by secondary effects over the TCA cycle234. In case of the other 

major glutamate grabber treatment, the GOT, this treatment sup-

pose the administration of an exogenous protein in patients which 

may cause immunogenicity and consequent secondary effects. In 

any case, the clinical translationally of these two molecules, de-

spite having a proven pre-clinical efficacy, must go through a long 

and costly process until arrival at the clinic, the need for economic 

investment and the long testing process impede the arrival to the 

patient. Therefore, new strategies such as drug repositioning are 

increasingly common in drug discovery.  

An overview of the possible use of glutamate grabbers in neurolog-

ical diseases is schematized in Figure 13. 
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Figure 13. Main glutamate grabbers application for CNS related diseases. Self-created image 

(using elements with Creative Common license). 

3.Drug screening and repositioning 

3.1. Drug discovery 

The process of drug discovery arises from a need to complement 

or improve the treatment of certain pathologies. Drug discovery is 

one of the most crucial components of the pharmaceutical industry 

Research and Development (R&D); it is the essential step in the 

generation of any robust, innovative drug pipeline235. However, 

discovering a new drug molecule is a complex, costly and risky 

process; from a primary idea to the development of a finished 
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product it can take up to 12–15 years and cost more than approx-

imately $1 billion236. Within the different phases of the drug life 

cycle, drug development is by far the most crucial part for the ini-

tial and continued success of a drug on the market. 

The overall drug discovery process can be subdivided into a series 

of stages (Figure 14). 

 

Figure 14. Early drug discovery process overview. Self-created image (using elements with 

Creative Common license). 

 

3.1.1. Target identification 

In drug discovery a target is defined as a range of biological enti-

ties which may include for example aminoacids, proteins, genes or 

RNA in which a treatment produces a biological response that in-

duces a beneficiary effect237. 

 A possible target needs to meet a series of requirements. First of 

all, it needs to be effective, a dose within an acceptable biological 

range must produce an effect over it; the modulation of a target 
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has to be safe without causing associated side effects that worsen 

the patient's pre-treatment state; meet clinical and commercial 

needs and, above all, it has to be possible to modify the target 

pharmacologically, the drug has to be able to access the target 

and produce a detectable biological response both in vitro and in 

vivo. 

An effective identification of a target allows a better understanding 

of the mechanism of action of the candidate drug as well as possi-

ble secondary effects increasing the chances of success. 

The amount of available data in the biomedical area has increased 

over the last few years 238, which has meant a parallel expansion 

in target identification. The available data come from a variety of 

sources including publications and patent information, gene ex-

pression data, proteomics data, transgenic phenotyping and com-

pound profiling data239. Identification approaches also include ex-

amining messenger RNA (mRNA)/protein levels to determine 

whether they are expressed in disease and if they are correlated 

with disease exacerbation or progression. In this regard genetic 

associations take special prominence by allowing to find a link be-

tween a genetic polymorphism and the risk of disease, disease 

progression or if is the functional polymorphism. A clear example is 

familial Alzheimer’s Disease (AD) patients commonly have muta-

tions in the amyloid precursor protein or presenilin genes which 

lead to the production and deposition in the brain of increased 

amounts of the β-amyloid peptide, characteristic of AD240. There 

are also examples of phenotypes in humans where mutations can 
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nullify or overactivate some specific receptor causing the patholo-

gy241. 

3.1.2. Target validation 

While the identification stage is focused looking for possible rele-

vant targets that intervene in a disease, during the validation 

stage the aim is to evaluate the response of a target to modula-

tion, its strict relationship with the disease and whether it is ap-

propriate to expend money and time in the development of a new 

drug to act over it. 

The validation approach itself depends on the therapeutic area and 

the nature of the target. There is not a perfect method; all of them 

have valuable advantages and disadvantages, which in many cases 

involve the combination of several of them. An example is the an-

ti-translational technology which uses, among others, RNA-like 

chemically modified oligonucleotides, which are designed to be 

complementary to a region of a target mRNA molecule 237, blocking 

the synthesis of the encoded protein of interest. Antisense oligonu-

cleotide effects are reversible and but a continued presence of the 

antisense is required for target protein inhibition242. However, the 

chemistry associated with creating oligonucleotides has resulted in 

molecules with limited bioavailability and pronounced toxicity, 

making their in vivo use problematic. 

So, in order to circumvent some of these issues, similar strategies 

have been developed to increase the efficiency. One of the most 

used techniques is the use of small interfering RNA (siRNA) that 
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has become increasingly popular for target validation. Double-

stranded RNA (dsRNA) specific to the gene to be silenced is intro-

duced into a cell or organism, where it is recognized as exogenous 

genetic material and activates the RNAi pathway. The ribonuclease 

protein Dicer is activated binding and cleaving dsRNAs to produce 

double-stranded fragments of 21–25 base pairs with a few un-

paired overhang bases on each end. These short double-stranded 

fragments are called siRNAs. These siRNAs are then separated into 

single strands and integrated into an active RNA-induced silencing 

complex (RISC). After integration into the RISC, siRNAs base pair 

to their target mRNA and induce cleavage of the mRNA, thereby 

preventing it from being used as a translation template243. Howev-

er, RNAi technology still has the major problem of delivery to the 

target cell, but many viral and non-viral delivery systems are cur-

rently under investigation. 

On the other hand, a recurrent method for target validation is the 

use of transgenic/knockout animals. Transgenic animals are an 

attractive validation tool as they involve whole animals and allow 

observation of phenotypic endpoints to elucidate the functional 

consequence of gene manipulation244. In the early days of gene 

targeting, animals that lacked a given gene function from inception 

and throughout their lives were generated. However, these ap-

proaches are technically challenging, being the most obvious rea-

son the need to overcome embryonic lethality of the homozygous 

null animals. Other reasons include avoidance of compensatory 

mechanisms due to chronic absence of a gene-encoded function 

and avoidance of developmental phenotypes. 
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Finally, one of the most used methods for target validation is the 

use of monoclonal antibodies, which are attached in a selective 

way to the chosen target, rendering it unusable and allowing to 

observe the effects that occur in a similar way to the previous 

methods. However, one of the limitations is that antibodies cannot 

pass through cell membranes, restricting their use to membrane 

targets or secreted proteins245. 

3.1.3. Obtaining hits: Screening method and assay 

development 

After the validation and identification of a target, the next step to 

discover a new treatment is finding a hit. It is considered “a hit” a 

compound which has the desired activity in a compound screen 

and whose activity is confirmed upon retesting237.  

When obtaining a hit, first it is necessary to establish two things: 

The type of screening technique that will be used, and the type of 

assay or mechanism to be implemented in this screening, in other 

words how compounds interact with the target. The assay has to 

be predictive in the appropriate sensitivity range of the degree and 

nature of interaction of an unknown ligand to the protein/target of 

interest and compounds have to be easily managed and tracked. 

 A wide catalogue of screening techniques is accessible according 

to the need of each target. However, the High Throughput Screen-

ing (HTS) has been especially relevant in recent years. 
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High Throughput Screening 

HTS is an approach to drug discovery that have been gaining 

popularity over the last two decades and which has been gradually 

implemented as one of the standard methods in the pharmacology 

industry and in the field of drug discovery246. 

For a number of years, assays have been performed by the one-

compound-at-a time approach, run in standard 96-well microplate 

and working volumes of up to 250µL247. However, the need to re-

duce cost and increase efficiency have moved progressively to high 

throughput screening involving fully automated robotic systems, 

enabling test of large numbers of compounds daily for different 

activities in miscellaneous areas of biology. HTS reveals screening 

of more than 100,000 samples per day (in 384 and 1536 well mi-

croplates). Compared to traditional drug screening methods, HTS 

is characterized by its simplicity, rapidness, low cost, and high effi-

ciency. Identification of good hits using HTS can minimize the time 

span of drug discovery noticeably.  

The basis for HTS is the screening of several compounds grouped 

in libraries and which can be tested under predefined assay condi-

tions242. 

Libraries are large numbers of compounds normally grouped under 

some common feature. Purified natural products, natural product 

extracts, purified metabolites, and synthetic/semi-synthetic ana-

logues of both classes still comprise large fractions of many 

screening libraries. When the totality of sources for small mole-

cules are considered it is clear that there are many millions of po-
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tentially available compounds resulting in difficult decisions when 

selecting appropriate libraries for HTS248, 249. The type of selected 

library depends of the type of application, thus is necessary to 

solve some problematic functionalities like solubility in a carrier 

solvent, solubility in the test environment at the concentrations 

needed to be effective, the characteristics of the compound must 

not indirectly interfere with the selected assay mechanism and 

need to be directly available for a rapid evaluation in secondary 

confirmatory trials250. 

Another important factor for the selection of the library is the clus-

ter density, i. e. the structural similarity between the compounds 

studied. When an HTS is performed in similar targets may be 

served by libraries with a higher clustering density and while 

screening diverse targets may opt for lower density in order to 

assure the maximum degree of diversity in their collection251. 

Once the screening type and the compound library have been se-

lected, it is equally important to choose the assay that best suits 

the needs of the study. There are generally two major options, on 

the one hand, assays involving the use of living cells, mostly per-

formed to evaluate the affinity of certain membrane receptors 

overexpressed by a particular cell type, and on the other hand the 

use of isolated proteins/enzymes that allows observing the type of 

interaction with the molecules tested252. 

Regardless the selected assay format it is important to consider 

some aspects. 
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• Pharmacological relevance of the assay. If possible, 

studies should be performed using known ligands with 

activity at the target under study, to determine if the 

pharmacology assay is predictive of the disease state and 

to show wheter the assay is capable of identifying 

compounds with the desired potency and mechanism of 

action. 

•  Reproducibility of the assay. Within a compound 

screening environment, it is a requirement that the assay 

is reproducible across assay plates and across screen days. 

• Assay costs. Compound screening assays are typically 

formatted in 96-well or 384-well plates or in industry 

assays are formatted in 384-well or 1536-well plates in 

assay volumes as small as a few microlitres. In each case 

assay reagents and assay volumes are selected to 

minimize the costs of the assay. 

• Assay quality. Typically determined according to the Z’ 

factor. This is a statistical parameter that in addition to 

considering the signal window in the assay also considers 

the variance around both the high and low signals in the 

assay. The Z’ factor has become the industry standard 

means of measuring assay quality. The Z’ factor has a 

range of 0 to 1; an assay with a Z’ factor of greater than 

0.4 is considered appropriately robust for compound 

screening although many groups prefer to work with 

assays with a Z factor of greater than 0.6. In addition to 
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the Z factor assay quality is also monitored through the 

inclusion of pharmacological controls within each assay253. 

• Effects of compounds in the assay. Compounds of the 

chemical libraries are normally stored in organic solvents. 

When designing a trial, it is necessary that solvents or 

other chemical library preservatives do not affect screening 

results that could generate false positives/negatives. An 

example is the variation of DMSO levels in biological cell-

based assays where it does not exceed 1% while in 

biochemical assays it can withstand concentrations of up to 

10% without altering the results254. 

3.1.4. Defining a hit series 

Once a pool of hits has been obtained in the initial screening, it is 

necessary to choose those that work better. Normally, a hit series 

should contain small molecules in such a way that they comply 

with a series of chemical parameters such as Lipinski Rule of Five, 

molecular weights of less than 400 and measures of lipophilicity by 

the cLogP with values below which determine the absorption of the 

compounds into the body; meeting these requirements normally 

suppose the first selection process255. 

The next step in the refinement process is to stablish a dose-

response effect. This allows to evaluate the behavior of each hit 

within a given concentration range, allowing the identification for 

instance, On-off interactions, which are generally not a good 

choice due to the fact that these compounds do not present a 
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competitive behavior and produce the maximum effect on the tar-

get at very low concentrations preventing their modulation. On the 

other hand, reversible compounds are preferable, they allow a 

more efficient "washing” that eliminates their effect in a faster way 

when treatment withdraw. Obtaining a dose–response curve allows 

the generation of a half maximal inhibitory concentration which is 

used to compare with the potencies of candidate compounds which 

means an improvement in the selection process. It is called “hit” to 

a molecule, typically with a potency of 100nM–5-µM range at the 

drug target256. 

After obtaining relevant data from the first screening, the remain-

ing hits should be subjected to a secondary screening if possible. 

The nature of the second screening varies according to the target 

and objective of the treatment. Normally cell/tissue-based assays 

are focused in possible interactions in addition to those made in 

the primary screening, such as second messengers, in short, how 

the compound could interact with other systems. In other cases, 

the secondary screening is performed to determine the possible 

toxicity of a group of compounds of the same cluster, looking for a 

hit that maintains a therapeutic effect previously known but does 

not present complementary side effects. In this step the process 

continues, analyzing different parameters such as initial Structure–

activity relationship (SAR) studies to try to define which structural 

part of the molecule is associated with the activity obtained. It is 

generally complemented by in vitro trials to provide information 

about absorption, distribution, metabolism and excretion as well as 

physical-chemical and pharmacokinetic measures257. 
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3.1.5. Hit-to-lead and lead optimization 

Refinement process intensifies, and series selection is further ac-

centuated according to more specific properties of the target. More 

attention is paid to the pharmacokinetics (PK) properties of the 

compound according to the target's needs. 

Next, more precise SAR research around the core structure, to 

establish the magnitude and selectivity of each compound is ob-

tained. It is a process carried out systematically using technologies 

such as X-ray crystallography and NMR offering valuable infor-

mation. 

In parallel at this point cascade screening is performed, a relatively 

high throughput assay establishing the activity of each molecule on 

the molecular target together with assays in the same format for 

sites where selectivity might be known, or expected to be, an is-

sue237. 

 In this stage, solubility and permeability assessments are crucial 

in ruling in or out the potential of a compound to be a drug from a 

point of view more focused on the actual treatment of a patient, 

for example if the drug substance needs access to a patient’s cir-

culation and therefore needs to be injected or if is orally adminis-

tered to be adsorbed in the digestive system. As the process goes 

on, the half-life of the drug in the organism is also analyzed ac-

cording to the chosen route of administration and sometimes dif-

ferent targets require a very different PK profile. Regarding this 

drug may be subjected to different formulation strategies to modi-

fy its structure and improve some of its properties without altering 
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its active effect. In addition, genotoxicity tests such as the Ames 

test258 and behavioral analysis are added to detect toxicity such as 

the Irwin test259. 

At this point even though the compound has passed an exhaustive 

screening, the research process continues in parallel exploring syn-

thetically in order to produce potential back up molecules, in case 

the compound undergoing further preclinical or clinical characteri-

zation fails and, more strategically, to look for follow-up series. 

All the information obtained on the molecule, is collected together 

with the information of the target, as well as the toxicological and 

chemical profile which will be the basis for a regulatory submission 

as a candidate to allow the beginning of the administration in hu-

mans. However, for each project 200 000 to >106 compounds 

might be screened initially and during the following hit-to-lead and 

lead optimization this number is reduced to 100’s and only one or 

two become firm candidates. This low rate can be due to different 

causes in different steps of the discovery process. It may not have 

been able to establish an assay that accurately represents the de-

sired effect on the target and therefore does not provide the nec-

essary confidence to continue the process260. Also, the compound 

may not obtain favorable results in secondary screenings or it has 

a pleiotropic effect, not only specific to the target of interest but in 

another series of routes/processes that can lead to in vitro or in 

vivo toxicity and cannot be separated from the mechanism of ac-

tion used in the initial target. Even overcoming these control 

points, some compounds, may fail to obtain good PK or PD curve 

profiles necessary for safe and therapeutic management while con-
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serving the therapeutic effect. Finally, the success of a compound 

as a treatment depends on the body location of the target and the 

possibility of reaching a sufficient quantity of drug to maintain the 

beneficial effect, a clear example is the ability of a compound to 

cross the blood-brain barrier in CNS treatments. 

3.2. Drug repositioning 

Drug discovery is an expensive and time-consuming process asso-

ciated with a high failure rate as explained before and where initial 

screenings of thousands of compounds lead only to one compound 

to advance to the next stage, which implies a high investment risk. 

Drug Repositioning, also commonly referred to as drug repurpos-

ing or drug rescue, emerged primarily in the early 1990s as a via-

ble alternative to conventional de novo drug discovery. The termi-

nology usually refers to the process of identifying new indications 

for existing approved drugs used for diseases other than originally 

indicated. This suppose that many compounds that failed during 

clinical trials may show efficacy against one or more other diseas-

es, this strategy allow to overcome the pre-clinical to clinical barri-

ers existing in the vast majority of novel treatments developed in 

vitro or tested in animal models for different pathologies. It is es-

timated that the drug repositioning process accounts for more than 

30% of new drugs and vaccines approved by the United States 

Food and Drugs Administration (FDA) for the past years261.  

The realization of repositioning processes requires physical access 

to approved drug libraries. The increase in the involvement of dif-

ferent companies in this field has been gradual for the las years. 
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Big names in the industry as Enzo Life Sciences (Plymouth Meet-

ing, PA, USA), Prestwick Chemicals (Washington DC, USA) y Spec-

trum Microsource (Gaylordsville, CT, USA) offer libraries of 500-

2000 approved compounds or off-patents262. 

The repositioning is a multifactorial process, which requires a large 

number of tools, technologies, and collaborators in various areas 

for the development and testing of new treatments263. For this rea-

son, different open source strategies are being developed, includ-

ing numerous database and data mining capabilities such as Drug-

Bank, Potential Drug Target Database, Therapeutic Target Data-

base, SuperTarget, PubChem, ChEMBL, ChemSpider, IDMap, Open 

Phacts and PROMISCUOUS, this allows efficient sharing of re-

sources, data, compounds and drugs, compound libraries and 

screening platforms to cost-effectively advance old drugs and/or 

candidates into clinical redevelopment. 

Regarding the methodology there are different approaches that 

provide different data261. 

• Screening-based: These approaches include off-label drug 

use and phenotype screening offer flexibility but typically do 

not include biological/pharmacological information and do 

not provide mechanism of action insight. Information 

content output is poor264, 265. 

• Target-based: examples include HTS, HTC and in silico 

screening of libraries. Targets typically link to a specific 

mechanism of action and provide rapid screening capability 

of compound libraries. This includes phenotype screening as 
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well as in silico screening of docking and ligand screening 

studies266, 267. 

• Knowledge-based: drug-repositioning methods are those 

applying bioinformatics or cheminformatics approaches to 

include the available information of drugs, drug–target 

networks268, chemical structures of targets and drugs260, 

clinical trial information as some kind of adverse effects269, 

FDA approval labels, signaling or metabolic pathways270. 

Information content output is moderate. This includes drug-

target predictions, adverse event reporting, clinical trial 

information and disease pathway analysis. 

• Signature-based: In this case the method is based in the 

use of individual gene/protein/metabolite signatures from 

disease omics data271. These approaches are more likely to 

uncover off-target and disease mechanisms. Information 

content output is moderate to high. This includes 

connectivity maps linking diseases with drugs and genome-

wide association studies (GWAS)272. 

• Targeted mechanism-based: Example includes 

integrated omics data with signaling pathway and protein 

interaction networks. This is a powerful approach to 

delineate the mechanism of action for a drug treatment of a 

specific disease. Information content output is extremely 

high. This includes determining similar networks between 

drugs and disease273, 274.  
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Thus, the drug repositioning process brings several advantages 

over the de novo drug discovery system. 

One of the most obvious advantages is the reduction of costs and 

time. The cost of repositioning may vary depending on the initial 

state of the drug being rescued and the remaining process for its 

testing275.  

However, any estimate is drastically less than the capital needed 

for the commercialization of a drug discovered de novo whose total 

price is estimated at around $1,778 million276.  

Another advantage associated, is the reduction in time. The tem-

poral variability is large and depends on the specific case, so the 

bibliographic data are very disparate, however it is calculated that 

there is a reduction from 10-17 years of the normal drug discovery 

process to 3-12 years262. 

On the other hand, the rate of abandonment in the process of dis-

covering de novo drugs is around 95%, of which around 45% fail 

in Phase 1 due to lack of safety and 65% in Phase 2 due to lack of 

efficiency. This constitutes a productivity problem that comes with 

a high investment risk. However, since drug repurposing drugs 

have been either approved or shown to be safe in late stage trials, 

they can enter the pipeline at the efficacy stage, thus significantly 

decreasing the failure rate probability and increasing the chances 

for a successful launch. It has been reported that 25% of reposi-

tioning drugs successfully make it from Phase II to market launch 

in contrast to only 10% for conventional drug discovery de novo 

drugs. The probability of success increases to 65% for drug reposi-
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tioning drugs moving Phase III to market263. In addition, it is esti-

mated that there are at least 2,000 failed drug candidates availa-

ble that could be exploited through a repositioning strategy, and 

this number increases by 150-200 compounds per year, providing 

an ample pipeline of opportunity276. 

On the other hand, it is an improvement in the patient's treatment 

possibilities. In an emerging framework of personalized medicine, 

where there is a growing demand for better, cheaper and more 

efficient treatments, repositioning is becoming increasingly im-

portant and example is the use of this approach for orphan, rare 

and neglected diseases, as well as providing therapeutic efficacy 

where none existed previously277.  

However, it is necessary to point out that apart from the ad-

vantages of the repositioning technique, the drugs to be approved 

must meet special requirements. For example, if the repositioning 

candidate is an old drug and the original safety data does not meet 

current regulatory standards it may be subjected again to a Phase 

I clinical trial278.  

As a complementary requirement, the efficacy of a repositioning 

drug must be demonstrated. The candidate drug must have supe-

rior, differential properties from existing drugs already being mar-

keted and sold in the same class. Any lack of differentiation or 

clear efficacy can obviously lead to the trial being abandoned279. 
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4.Theragnostic 

The term “theragnostics” refers the combination of the dual role of 

diagnostics and therapeutics on a single action. The term was first 

coined about a decade ago and was used to describe diagnostic 

tests developed to guide personalized therapies280. 

In theragnostics, a specific organ, tissue or group of cells (a tu-

mor, for example) are selected as target, then a search for mo-

lecular markers that specifically characterize such target is per-

formed and, finally, molecular constructs with diagnostic and ther-

apeutic capacities are build, to locate, delimitate and treat the tar-

get, leaving the rest of tissues unaffected. This is the principle of 

personalized medicine. 

Numerous types of entities have been described in the literature, 

with the potential to be used as theragnostic agents in targeted 

therapies in the body (small molecules, peptides, linear polymers, 

proteins, dendrimers, liposomes, nanoparticles, cells, etc.)281-288. 

In the following sections we review the concepts involved in 

theragnostic, with the aim to set the basis of a novel concept on 

the definition of new targets and therapeutic approaches (targeted 

interventions), for the treatment of stroke. 

4.1. Molecular imaging 

Molecular imaging (MI) is a term that describes the field that en-

compasses new and old imaging modalities that seeks to present 

patient-specific and disease-specific molecular and genetic infor-
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mation in conventional 2-dimensional and 3-dimensional anatomic 

imaging readouts. The foundations of MI are based on the fusion of 

a “promoter” agent that will be altered in a particular environment 

or disease state with an observable “reporter” agent that would 

register any change in the signal or contrast from the promoter. 

The most commonly used modalities in MI research have been 

optical-based near-infrared or visible light sensors, biolumines-

cence, cameras sensitive to the firefly luciferase-luciferin genera-

tion of green light, nuclear medicine (NM)-based single-photon and 

positron tomography, and most recently, magnetic resonance 

(MR). 

4.2. Optical Imaging 

Optical imaging techniques developed early for molecular and cel-

lular biology use a wide variety of wavelengths. The noninvasive 

imaging in vivo with light photons has largely come from the ad-

vances in targeted bioluminescence probes, near-infrared fluoro-

chromes, activated near-infrared fluorescence agents, and primari-

ly from light emitted from the luciferase entity (reporter) in the 

presence of a substrate (luciferin)289, 290. The most fundamental 

issue for the widespread use of in vivo optical imaging of stroke or 

ischemia in living subjects is the difficulty of detecting light from 

the brain, primarily because of the presence of the skull. Nonethe-

less, advances in the use of near-infrared for diagnosis have been 

made. Identifying hypoxic tissue has therapeutic implications for 

multiple disease states including stroke, where it allows us to de-

termine the area of healthy tissue susceptible to develop into in-
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farct. Tissue oxygenation can be measured directly using near-

infrared oximetry to measure fractional oxygenation of Hb. This 

approach has been used intrasurgically in pigs to study regional 

myocardial oxygenation291, 292. In a related method, sensors using 

quenching of the near-infrared fluorescent or phosphorescent life-

time of inorganic crystals by O2 have been used for imaging PO2 in 

cutaneous melanoma compared with adjacent skin that was clini-

cally normal293. Also, noninvasive early detection of brain edema 

has been accomplished in mice, using near-infrared light scat-

tering294. 

4.3. Nuclear Medicine Molecular Imaging 

Nuclear medicine molecular imaging methods such as single pho-

ton emission CT and PET are much more relevant and indeed have 

been used for decades in stroke and neuronal applications such as 

brain mapping, blood flow mapping, metabolism, and so on. The 

advent of small single photon emission CT (micro single photon 

emission CT), PET (micro PET), and CT scanners has advanced NM 

methods for stroke research in the recent years. NM relies solely 

on the design and use of injected MI probes to provide the imaging 

signal contrast. The term “probe” is commonly used to refer to the 

tracer, beacon, smart probe, reporter agent, contrast agent, 

and/or nanoparticle used. The biggest advantages of NM PET aside 

from the near-picomolar probe sensitivity is that existing probes 

can be modified with a radiolabel while minimally perturbing the 

parent molecule, again indirectly related to the exquisite sensitivity 

of NM to the radiolabel295. Because NM relies on injected tracers, 
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soft tissue contrast and resolution was poor. With the advent of 

PET/CT hybrids, however, 2-dimensional and 3-dimensional fusions 

provide both agent sensitivity and tissue contrast. The PET/CT hy-

brid is a potent methodology in stroke. Aside from the excellent 

usefulness of CT in stroke with hemorrhage detection, CT angi-

ography, CT perfusion as well as xenon-enhanced CT, the PET/CT 

hybrid will allow for the addition of PET detection of receptor lig-

ands, cerebral metabolism and blood flow, neuronal integrity as 

well as hypoxia and apoptosis markers292, 296, 297. 

4.4. Magnetic Resonance Imaging 

MR contrast for molecular imaging in stroke research is derived 

from 4 major sources: endogenous contrast from the water proton 

dynamics in the microenvironment, endogenous chemical shifts of 

proton-bearing metabolites such as lactate, injection of exogenous 

contrast agents that report water proton changes, and from detec-

tion of heteronuclei. 

MR has a high specificity and sensitivity to the water hydrogen 

proton. MR using other nuclei such as carbon-13 or fluorine-19 is 

much less efficient. This occurs because of the Boltzmann Distribu-

tion; that is, that at 1.5 Tesla, only approximately 5 to 10 protons 

per million ever contribute to the MR signal. New methods for dy-

namically increasing this inherently low signal magnetization by as 

much as 5 orders of magnitude are now available, termed “hy-

perpolarization”298, 299. Using metabolically active carbon-13 la-

beled sugars, hyperpolarized MR could be routinely used in pa-
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tients with stroke for mapping dynamic glucose consumption, pH, 

oxygen extraction, and blood flow all in one examination. 

Mapping water proton dynamics in clinical stroke is the backbone 

of diffusion-weighted and perfusion-weighted imaging. Arterial 

spin-labeling of vascular flow protons can be clinically used to gen-

erate quantitative blood flow maps in a noninvasive manner300. 

Vascular-space-occupancy (VASO) in magnetic resonance imaging 

(MRI) has been used recently to map the vascular space occupan-

cy in the brain and can do so in 3-dimension and in near real-

time301, 302. This may prove ideal for mapping intracranial pres-

sures, sickle cell dynamics, vasospasm effects, and cerebral blood 

volume changes in neurovascular diseases303. Another noninvasive 

MRI method (CEST or chemical shift saturation transfer) exists for 

pH imaging, in this case amide–water proton exchange interactions 

are mapped, since each nucleic acid contains amide protons, it 

allows in vivo pH imaging304. This technique has been shown sensi-

tive to ischemic tissue acidosis and may serve as a new surrogate 

metabolic imaging marker for stroke305, 306. CEST has been shown 

to be more reliable identifying the penumbra region compared to 

Perfusion Weighted Image (PWI)/ Diffusion Weighted Image (DWI) 

studies. 

MR spectroscopy is another modality of NMR that allows us to 

evaluate individual molecules; unfortunately, this technique needs 

millimolar concentrations to produce reliable data. An approach to 

solve this issue comes from the exogenous contrast agent field. 

MR contrast agents generally differentiate into the T1-shortening 

and T2*-shortening applications. 
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T1 shortening has been largely the domain of gadolinium-chelated 

agents. The gadolinium chelates can be designed so they bind to 

various in vivo compounds (such as blood pool albumin or clot-rich 

fibrin), receptors, antibodies, and so on. Other designs provide 

specifically active gadolinium chelates that alter tertiary structure 

(and thus their proton relaxivity) in the presence of lactate, sug-

ars, differing pH, calcium, and a host of other interesting 

agents307.However, the lowest concentrations of the gadolinium 

chelates needed is still in the micromolar range. Other T1-

shortening agents are manganese ions, which are small enough to 

enter the neuronal white matter tracts through the eye (for exam-

ple) and provide a trace of not only white matter integrity and 

structure, but also differences in tract activations308. 

The use of T2*-shortening agents containing superparamagnetic 

iron particles can provide a larger contrast effect than correspond-

ing concentrations of the T1-shortening gadoliniums. This has been 

widely used for in vivo cell tracking309. Iron nanoparticles can bind 

specifically over time (in lymph nodes for example), hence iron 

receptor binding or collection in cells or clots could be used for 

clinical applications303. Because of the ultrasmall particle size, iron 

can be conveniently labeled to various in vivo receptors, agents, 

micelles, liposomes, nanotubes, and so on. In addition, iron nano-

particles can be easily dual- or triple-labeled for eventual PET/MR 

or optical/MR hybrid imaging. Nanoparticle structure can also be 

modified providing a multispectral effect of the particle, a chemical 

shift of sorts, caused by the microenvironment surrounding the 

particular nanocarrier used310. In this direction, the structure of the 
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chelate around the gadolinium can have a profound effect on the 

local proton T1-shortening effect and has allowed the synthesis, 

for example, of lactate-sensitive contrast agents311. Nevertheless, 

these agents can operate down only to the micromolar range. Oth-

er lanthanide nuclei used as chemical shift agents such as europi-

um have been found to have also effects over CEST. These so 

called paraCEST agents can lower the sensitivity to the nanomolar 

range312. 

Hyperpolarization is another approach to molecular imaging that 

can rival paraCEST sensitivity. This technique increases nuclei 

magnetization 100,000-fold providing a strong MR signal even with 

a single pulse. Metabolites such as piruvate or bicarbonate can be 

hyperpolarized and serve as a tool to monitor the metabolism of 

such compounds in vivo303, 313. 

The ability of imaging dynamic processes of apoptosis, hypoxia, 

ischemia, and in general, activation of genetic expressions such as 

the cascading changes in proteomics in vivo will reveal themselves 

as an essential tool for enhanced stroke diagnosis. 

4.5. Drug delivery 

Drug delivery to the brain has always been challenging due to the 

special condition of the cerebral tissue. The restricted access to the 

brain due to its innate physical and chemical properties has en-

gendered a wide variety of strategies aimed at enhancing drug 

concentration in the brain. In specific pathologies a specific area in 

the brain is affected. Targeting this specific area would improve 
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outcome and reduce adverse side effects caused by the potential 

treatments. 

Theragnostic is a natural extension of Molecular imaging, consider-

ing that the very same molecules used for the imaging of targeted 

tissues can allocate different drugs within their structure, allowing 

the stabilization and transportation to the target site by the, where 

it can be released in a controlled fashion, performing an effective 

therapeutic effect, by concentrating the drug at the target site, 

and reducing (undesirable) secondary effects on healthy tissue. 

The transport and controlled release of therapeutic drugs by mo-

lecular imaging probes, carrying out a theragnostic effect in this 

way, is of special relevance when the target is within the brain 

parenchyma. The CNS is highly protected in mammals, and it is 

very difficult to reach it by many substances that may be present 

on circulating blood, such is the case for systemically administered 

therapeutic drugs. 

4.5.1. Barriers of the CNS 

There are three barriers regulating the molecular exchange be-

tween the blood and neural, tissue or its fluid spaces: 

• The BBB which is formed by the interaction between glial cells 

and endothelial cells that separates blood and brain ISF. 

• The choroid plexus epithelium between blood and ventricular 

CSF. 
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• The arachnoid epithelium between blood and sub-arachnoid 

CSF. 

Due to the limits imposed by these barriers, neurons are rarely 

located at more than 8–20μm away from a brain capillary314. This 

structural configuration makes the BBB as the main barrier con-

trolling the immediate microenvironment of brain cells. 

The BBB is formed by a monolayer of endothelial cells, connected 

to each other by tight junctions, together with astrocyte end-feet 

processes, perivascular neurons and pericytes Both pericytes and 

endothelial cells are enclosed by the basal lamina. All the elements 

described above constitute the NVU 315. The most important site of 

the BBB lies at the cerebral microvessels. Endothelial cells are very 

polarized, exhibiting very low pinocytic activity, they also possess 

a high number of mitochondria, needed for the multiple active 

transport mechanisms found in these cells316. The BBB provides 

protection to brain cells and preserves brain homeostasis. 

Astrocytes that form the NVU are also responsible for the homeo-

stasis and regulate the ion distribution in the brain317, but their 

end feet cover only partially the blood vessels. In contrast to endo-

thelial cells and pericytes, astrocytes are not connected to other 

cells by tight junctions, and they do not have a common basal 

membrane. Therefore, polar molecules (such as proteins) can en-

ter the interstitial liquid and be directly transported to the peri-

cytes and the endothelial cells318.  

Transport mechanisms across the BBB 
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The BBB is permeable to small and lipophilic molecules, but larger 

molecules are not transported across unless there is an active 

transport system available for them319. This is one of the main 

problems for the delivery of drugs to the brain. An additional prob-

lem is the very effective drug efflux systems (P-glycoprotein) ex-

isting on the cells, which pump the drug back out of them. We will 

review next the particularities of the transport of different sort of 

substances through the BBB (Figure 15). 

Transport of ionic compounds 

MCT can move various anionic compounds across the BBB. For 

example, MCT1 present in the BBB acts as a transport mechanism 

for lactic acid and other monocarboxylic compounds320. Cationic 

compounds can enter the brain either by passive diffusion or by 

carrier-mediated transport. This is the mechanism used by several 

drugs to cross the BBB321, 322. 

Transport of proteins 

Peptides are usually large, hydrophilic, and unstable, hence effi-

cient permeation into the brain generally does not occur for 

them323. However, certain small peptides are transported by carri-

er-mediated transport mechanisms, and others can cross the BBB 

by receptor-mediated or absorptive-mediated transcytosis324. 

Absorptive-Mediated transcytosis 

Absorptive-mediated transcytosis is triggered by electrostatic in-

teractions between the positively charged moiety of the peptide 

and the negatively charged plasma membrane surface region. This 
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transport mechanism also functions in other tissues such as kidney 

and liver325. 

Receptor-Mediated transcytosis 

To get peptides to cross the BBB they need to be manipulated. 

Sometimes this is achieved by synthesis of chimeric peptides, 

formed by the covalent binding of the non-permeable but pharma-

cologically effective portion of the peptide to an appropriate vector 

that can be transported across the BBB325. In this case, the chi-

meric peptide is first transported into the brain endothelial cyto-

plasm by receptor-mediated or absorptive-mediated endocytosis. 

The intact chimeric peptide is then transferred into the brain's in-

terstitial space by receptor-mediated exocytosis. Subsequently, 

the binding between the vector and the pharmacologically active 

peptide is cleaved and, finally, the released peptide exerts its 

pharmacological effect in the brain326. 

Efflux by P-Glycoprotein 

Sometimes, drugs exhibit lower accumulation in the brain than 

would be expected from their lipophilic properties. This phenome-

non seems to be accompanied by overexpression of the trans-

membrane P-glycoprotein at the blood-brain barrier327. P-

glycoprotein molecules are located at the luminal side of the endo-

thelial cells and their function is to serve as an energy dependent 

efflux pump, transporting drugs out of cells, and thus decreasing 

their accumulation in the cytoplasm. The consequence of this 

mechanism is the reduction of the efficiency of the drug. P-

glycoprotein has a very broad substrate specificity327, 328. Given the 
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highly selective nature of the BBB, the question arises as how 

drugs that usually do not cross the BBB can still be delivered to 

the brain. An estimated 99% of all potential drugs are clinically 

useless because the BBB prevents them from getting into the 

brain324. Thus, finding ways to overcome the BBB are of great clin-

ical significance. 

 

 

Figure 15. Main mechanism for blood brain barrier crossing. Self-created image (using 

elements with Creative Common license). 

4.5.2. Administration routes 

Various strategies have been used for the delivery of drugs to the 

brain, including osmotic and chemical opening of the BBB, and the 

use of transport/carrier systems like liposomes and other nanopar-

ticles, to bypass the BBB. Some routes of direct administration to 

the brain are non-invasive, such as the intranasal route, whereas 
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others involve the entry into the CNS by devices and needles such 

as in case of intra-thecal and intracerebro-ventricular delivery329. 

In the next section we discuss the main approaches to deliver 

drugs to the CNS. 

Interstitial delivery 

The most direct way of circumventing the BBB is to deliver drugs 

directly to the brain interstitium. By directing agents uniquely to 

an intracranial target, interstitial drug delivery can theoretically 

yield high CNS drug concentrations with minimal systemic expo-

sure and toxicity. Furthermore, with this strategy, intracranial drug 

concentrations can be sustained, which is crucial in treatment with 

many chemotherapeutic agents330. 

Several techniques have been developed for delivering drugs di-

rectly to the brain interstitium. One such methodology is the Om-

maya reservoir or implantable pump as discussed earlier under 

intraventricular/intra-thecal route. This technique, however, does 

achieve truly continuous drug delivery. More recently, several im-

plantable pumps have been developed that possess several ad-

vantages over the Ommaya reservoir. This can be implanted sub-

cutaneously and refilled by subcutaneous injection and are capable 

of delivering drugs as a constant infusion over an extended period 

of time331. Furthermore, the rate of drug delivery can be varied 

using external handheld computer control units. Currently each of 

the three different pumps available for interstitial CNS drug deliv-

ery operates by a distinct mechanism. The Infusaid pump uses the 

vapor pressure of compressed Freon to deliver a drug solution at a 

constant rate; the MiniMed PIMS system uses a solenoid pumping 
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mechanism, and the Medtronic SynchroMed system delivers drugs 

via a peristaltic mechanism. The distribution of small and large 

drug molecules in the brain can be enhanced by maintaining a 

pressure gradient during interstitial drug infusion to generate bulk 

fluid convection through the brain interstitium or by increasing the 

diffusion gradient by maximizing the concentration of the infused 

agent as a supplement to simple diffusion. Another recent study 

shows that the epidural delivery of morphine encapsulated in mul-

tivesicular liposomes (Depo-Foam drug delivery system) produced 

a sustained clearance of morphine and a prolonged analgesia, and 

the results suggest that this delivery system is without significant 

pathological effects at the dose of 10mg/mL morphine after re-

peated epidural delivery in dogs332-334.  

Intra-ventricular / Intra-thecal route 

One strategy for bypassing the BBB that has been studied exten-

sively both in laboratory and in clinical trials is the intralumbar 

injection or intreventricular infusion of drugs directly into the CSF. 

Drugs can be infused intraventricularly using an Ommaya reser-

voir, a plastic reservoir implanted subcutaneously in the scalp and 

connected to the ventricles within the brain via an outlet catheter. 

Drug solutions can be subcutaneously injected into the implanted 

reservoir and delivered to the ventricles by manual compression of 

the reservoir through the scalp335. 

When compared to vascular drug delivery, intra-CSF drug admin-

istration theoretically has several advantages. Intra-CSF drug ad-

ministration results in an immediate elevation in CSF drug concen-

trations. Since, the drug is somewhat contained within the CNS, a 
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smaller dose can be used, potentially minimizing systemic toxicity. 

Furthermore, drugs in the CSF encounter minimized protein bind-

ing and decreased enzymatic activity relative to drugs in plasma, 

leading to longer drug half-life in the CSF. Finally, because the CSF 

freely exchanges molecules with the extracellular fluid of the brain 

parenchyma, delivering drugs into the CSF could theoretically re-

sult in therapeutic CNS drug concentrations. 

However, this delivery method has not lived up to its theoretical 

potential for several reasons. These include a slow rate of drug 

distribution within the CSF and increase in intracranial pressure 

associated with fluid injection or infusion into small ventricular vol-

umes. It results in to high clinical incidence of hemorrhage, CSF 

leaks, and neurotoxicity and CNS infections. The success of this 

approach is limited by the CSF-brain barrier, composed of barriers 

that limit drug diffusion into the brain parenchyma. Because the 

extracellular fluid space of the brain is extremely tortuous, drug 

diffusion through the brain parenchyma is very slow and inversely 

proportional to the molecular weight of the drug. For macromole-

cules, such as proteins, brain parenchymal concentrations follow-

ing intra-CSF administration are essentially undetectable. For 

these reasons, intra-CSF chemotherapy in the treatment of intra-

parenchymal CNS tumors has not proven to be effective. The 

greatest utility of this delivery methodology has been in cases 

where high drug concentrations in the CSF and/or the immediately 

adjacent parenchyma are desired, such as in the treatment of car-

cinomatous meningitis or for spinal anesthesia/analgesia336. 
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Intra-thecal and intracerebral drug administration differs funda-

mentally from systemic drug administration in terms of pharmaco-

kinetic characteristics determining brain tissue concentration, 

where the available dose reaching the target organ is 100%. How-

ever, there are large gradients inside the tissue with very high lo-

cal concentrations at the site of administration (the ventricular 

surface or tissue site of injection) and zero concentration at some 

distance for macromolecules. Since, they have low diffusion coeffi-

cients, the gradients will be even steeper than what has been 

measured for small molecular weight drugs. After intracerebro-

ventricular (ICV) injection, the rate of elimination from the CNS 

compartment is dominated by cerebrospinal fluid dynamics. Clini-

cal examples of intra-thecal small drug delivery are the ICV admin-

istration of glycopeptide and aminoglycoside antibiotics in meningi-

tis, the intraventricular treatment of meningeal metastasis, intra-

thecal injection of baclofen for treatment of spasticity and the infu-

sion of opioids for severe chronic pain. These examples have in 

common the fact that the drug targets in all instances are close to 

the ventricular surface. Superficial targets may also be accessible 

for some macromolecular drugs337, 338. 

Olfactory Pathway 

An alternative CNS drug delivery strategy that has received rela-

tively little attention is the intranasal route. Drugs delivered in-

tranasally are transported along olfactory sensory neurons to yield 

significant concentrations in the CSF and olfactory bulb339. In re-

cent studies, intranasal administration of wheat germ agglutinin 

horseradish peroxidase resulted in a mean olfactory bulb concen-
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tration in the nanomolar range. In theory, this strategy could be 

effective in the delivery of therapeutic proteins such as brain-

derived neurotrophic factor (BDNF) to the olfactory bulb as a 

treatment for Alzheimer’s disease. The nasal drug delivery to the 

CNS is thought to involve either an intraneuronal or extraneuronal 

pathway. Recent evidence of direct nose-to-brain transport and 

direct access to CSF of three neuropeptides bypassing the blood-

stream has been shown in human trials, despite the inherent diffi-

culties in delivery340. The difficulties that have to be overcome in-

clude an enzymatically active, low pH nasal epithelium, the possi-

bility of mucosal irritation or the possibility of large variability 

caused by nasal pathology, such as common cold. An obvious ad-

vantage of this method is that it is noninvasive relative to other 

strategies. In practice, however, further study is required to de-

termine if therapeutic drug concentrations can be achieved follow-

ing intranasal delivery339. 

Systemic route 

Given the highly selective nature of the BBB, the question arises as 

to how drugs that usually do not cross the BBB can still be deliv-

ered to the brain. Because the BBB prevent the drugs getting into 

the brain, finding ways to overcome the BBB are of great clinical 

significance. The most favorable method to overcome this issue is 

to manipulate or "trick" the BBB, so that neurologically active 

compounds can be given systemically by oral, intramuscular, or 

intravenous application. Here, several different approaches are 

possible: osmotic opening of the BBB or pharmacologically by rais-
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ing the lipophilicity of the drug using chimeric molecules or by at-

taching drugs to nanoparticles341. 

4.6. Strategies for enhanced brain drug 
delivery 

4.6.1. Lipophilic analogues 

CNS penetration is favored by low molecular weight, lack of ioniza-

tion at physiological pH, and lipophilicity. Delivery of poorly lipid-

soluble compounds to the brain requires some way of getting past 

the BBB. There are several possible strategies, such as transient 

osmotic opening of the BBB, exploiting natural chemical transport-

ers, high dose chemotherapy, or even biodegradable implants. But 

all these methods have major limitations: they are invasive proce-

dures, have toxic side effects and low efficiency, and are not suffi-

ciently safe. A possible strategy is to smuggle compounds across 

as their lipophilic precursors. Because drug’s lipophilicity correlates 

so strongly with cerebrovascular permeability, hydrophobic ana-

logues of small hydrophilic drugs ought to more readily penetrate 

the BBB342. This strategy has been frequently employed, but the 

results have often been disappointing. Immunoliposomes (anti-

body-directed liposomes) have been recognized as a promising 

tool for the site-specific delivery of drugs and diagnostic agents. 

However, the in vivo use of classical immunoliposomes is ham-

pered by the very rapid clearance of immunoliposomes from the 

circulation by the reticuloendothelial system343. Avoidance of this 

obstacle is possible if gangliosides PEG-derivatized lipids are in-
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serted within the bilayer of conventional liposomes, as these modi-

fications prolong considerably the liposome half-life in the circula-

tion. Liposomes coated with the inert and biocompatible polymer 

PEG are widely used and are often referred to as “sterically stabi-

lized” or “stealth liposomes”344. PEG coating is believed to prevent 

recognition of nanoaprticles by macrophages due to reduced bind-

ing of plasma proteins345.  

4.6.2. Prodrugs 

Brain uptake of drugs can be improved via prodrug formation. Pro-

drugs are pharmacologically inactive compounds that result from 

transient chemical modifications of biologically active species. The 

chemical change is usually designed to improve some deficient 

physicochemical property, such as membrane permeability or wa-

ter solubility. After administration, the prodrug, by virtue of its 

improved characteristics, is brought closer to the receptor site and 

is maintained there for longer periods of time. Here it gets con-

verted to the active form, usually via a single activating step346. 

Unfortunately, simple prodrugs suffer from several important limi-

tations. Going to extremes on the lipophilic precursor scale, a pos-

sible choice for CNS prodrugs is coupling the drug to a lipid moie-

ty, such as fatty acid, glyceride or phospholipids. Such prodrug 

approaches were explored for a variety of acid-containing drugs, 

like levodopa, GABA, Niflumic acid, valproate or vigabatrin are 

coupled to diglycerides or modified diglycerides347. While increased 

lipophilicity may improve movement across the BBB, it also tends 
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to increase uptake into other tissues, causing an increased tissue 

burden. 

4.6.3. Chemical Drug Delivery 

Chemical drug delivery systems (CDDS) represent novel and sys-

tematic ways of targeting active biological molecules to specific 

target sites or organs based on predictable enzymatic activation. 

They are inactive chemical derivatives of a drug obtained by one or 

more chemical modifications so that the newly attached moieties 

are monomolecular units (generally comparable in size to the orig-

inal molecule) and provide a site-specific or site enhanced delivery 

of the drug through multi-step enzymatic and/or chemical trans-

formations348. During the chemical manipulations, two types of bio 

removable moieties are introduced to convert the drug into an in-

active precursor form. A target or moiety is responsible for target-

ing, site-specificity, and lock-in, while modifier functions serve as 

lipophilizers, protect certain functions, or fine-tune the necessary 

molecular properties to prevent premature, unwanted metabolic 

conversions. The CDDS is designed to undergo sequential metabol-

ic conversions, disengaging the modifier functions and finally the 

target or moiety, after this, fulfils its site- or organ-targeting role. 

4.6.4. Carrier Mediated Drug Delivery 

Carrier-mediated transport (CMT) and receptor-mediated transport 

(RMT) pathways are available for certain circulating nutrients or 

peptides. The availability of these endogenous CMT or RMT path-

ways means that portals of entry to the brain for circulating drugs 
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are potentially available. In the brain capillary endothelial cells, 

which make up the BBB, there are several transport systems for 

nutrients and endogenous compounds, such as: 

• The hexose transport system for glucose and mannose. 

• The neutral amino acid transport system for phenylalanine, 

leucine and other neutral amino acids. 

• The acidic amino acid transport system for glutamate and 

aspartate. 

• The basic amino acid transport system for arginine and 

lysine. 

• The β-amino acid transport system for β-alanine and 

taurine. 

• The monocarboxylic acid transport system for lactate and 

short-chain fatty acids such as acetate and propionate. 

• The choline transport system for choline and thiamine. 

• The amine transport system for mepyramine. 

• The nucleoside transport system for purine bases such as 

adenine and guanine, but not pyrimidine bases. 

• The peptide transport system for small peptides such as 

encephalins, the thyrotropin releasing hormone, arginine, 

vasopressin, etc. 

Utilization of differences in the affinity and the maximal transport 

activity among these transport systems expressed at the BBB is an 
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attractive strategy for controlling the delivery and retention of 

drugs into the brain. 

4.6.5. Disrupting the BBB 

The second invasive strategy for enhanced CNS drug delivery in-

volves the systemic administration of drugs in conjunction with 

transient BBBd. Theoretically, with the BBB weakened, systemical-

ly administered drugs can undergo enhanced extravasations rates 

in the cerebral endothelium, leading to increased parenchymal 

drug concentrations. A variety of techniques that transiently dis-

rupt the BBB have been investigated; however, albeit physiologi-

cally interesting, many are unacceptably toxic and therefore not 

clinically useful. These include the infusion of solvents such as di-

methyl sulfoxide or ethanol and metals such as aluminum; X-

irradiation; and the induction of pathological conditions including 

hypertension, hypercapnia, hypoxia or ischemia349. The mecha-

nisms that are responsible for BBBd with some of these techniques 

are not well understood. 

Osmotic disruption 

Osmotic opening of the BBB was developed. Intracarotid injection 

of an inert hypertonic solution such as mannitol or arabinose has 

been employed to initiate endothelial cell shrinkage and opening of 

BBB tight junctions for a period of a few hours, and this permits 

delivery of agents to the brain. Though this treatment is still inves-

tigational, the fact that some patients who fail systemic chemo-

therapy have responded to similar or lower doses of intracarotid 
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drugs is an often-cited argument in favor of the method. One rea-

son for the unfavorable toxic/therapeutic ratio often observed with 

the hyperosmotic BBBd is that this methodology results in only a 

25% increase in the permeability of the tumor microvasculature, in 

contrast to a 10-fold increase in the permeability of normal brain 

endothelium350. Osmotic disruption of the BBB has also been sug-

gested as a delivery strategy for recombinant adenoviral vectors 

for gene transfer to intracerebral tumors, and for magnetic reso-

nance imaging agents for diagnosis of brain metastases using iron 

oxide conjugates, but there are problems which must be overcome 

before the routine clinical use of this technique can be realized. 

Osmotic disruption seems to be most successful in treating prima-

ry non-AIDS CNS lymphoma. The risk factors include the passage 

of plasma proteins, the altered glucose uptake, and the expression 

of heat shock proteins, microembolism or abnormal neuronal func-

tion. 

Biochemical Disruption 

Recently, new and potentially safer biochemical techniques have 

been developed to disrupt the BBB. Selective opening of brain tu-

mor capillaries (the blood–tumor barrier), by the intracarotid infu-

sion of leukotriene C4 was achieved without concomitant alteration 

of the adjacent BBB. In contrast to osmotic disruption methods, 

biochemical opening utilizes the novel observation that normal 

brain capillaries appear to be unaffected when vasoactive leukotri-

ene treatments are used to increase their permeability. However, 

brain tumor capillaries or injured brain capillaries appear to be 
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sensitive to treatment with vasoactive leukotrienes, and the per-

meation is dependent on molecular size351. 

4.7. Nanoparticles 

Approximately 98% of small molecular weight drugs and almost 

100% of larger molecular weight peptides and proteins do not 

cross the blood–brain barrier352. Nevertheless, the past few years 

have seen some notable developments in systemic and local bio-

material-based nanosystems and microsystems for drug deli-

very353. The greatest advantage of systemic drug delivery ap-

proaches is their non-invasive nature and use of traditional routes 

of administration. However, unacceptably large systemic dosages 

may be needed to achieve therapeutic drug concentrations in the 

brain. Active targeting (that is, tailoring the surface of a delivery 

vehicle with site-specific ligands that increase its penetration into 

the brain tissue) could provide a solution to this limitation354, 

355.The pharmacokinetic properties of these drug delivery systems 

must increase the bioavailability of the drug and the time it re-

mains in the blood circulation as well as reducing drug clearance 

by the reticuloendothelial system (rES) also called mononuclear 

phagocyte system (MPS) 356 (Figure 16). Another option is to use 

implantable local drug delivery systems to avoid the BBB, the side 

effects of systemic delivery and the necessity to modify the surface 

of the delivery vehicle357. However, local delivery systems require 

invasive surgery and do not allow dose adjustments once implant-

ed.  
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Figure 16. Advantages of nanoparticles to perform a progressive realease of a given drug, 

depending the nanoparticle it can be used for acute release (A), or for a more cronic delivery 

(B). Self-created image (using elements with Creative Common license) 

There are several important aspects to highlight when using nano-

particles, both for drug delivery and as contrast agents. Nanoparti-

cles are an inert agent that will interact not only with the target 

they are intended for but also with different elements of the envi-

ronment, so that a personalized design of the nanostructure must 

be made according to its purpose (Table 1). 
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Table 1. Different nanoparticles and applications in biological sciences. 

 

There are several aspects to take into account when designing na-

noparticle, like: size, shape, charge, targeting strategy, that can 

determine the kind of interaction performed with the cells358. In a 

higher scale, this factor wills also influence the interaction with 

organs when used in vivo, their clearance, mechanic retention on 

capillaries and small vessels (Figure 17). 
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Figure 17. Nanoparticle modifiable parameters, material, size and surface coating. Self-created 

image (using elements with Creative Common license). 

Size is one of the most remarkable parameter to determine when 

targeting cells due to its influence on the enthalpic and entropic 

properties359. Nanoparticle interaction has been demonstrated to 

be a size-dependent with the cell membrane-wrapping process 

that initiates receptor-mediated endocytosis during the active up-

take. It requires the concerted formation of multiple nanoparticles-

receptor interactions360, 361. In one hand, small nanoparticles have 
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less ligand-to-receptor interactions than larger ones; thus, several 

small nanoparticles need to interact simultaneously with receptors 

in close proximity to trigger membrane wrapping. On the other 

hand, an individual, large nanoparticle can act as a cross-linking 

agent to cluster receptors and induce uptake. Mathematical model-

ing has demonstrated that receptor-mediated endocytosis is opti-

mal when there is no ligand shortage on the nanoparticles and no 

localized receptor shortage on the cell surface362. Thermodynami-

cally, a 50–60nm nanoparticles are capable of recruiting enough 

receptors to successfully trigger internalization. However, for na-

noparticles of about 20nm the cellular uptake was demonstrated to 

occur without contribution by endocytic mechanisms363. Size can 

influence the nanoparticles distribution as was demonstrated for 

lipid vesicles for which a lower liver uptake was found for the 

smaller vesicles (200/300nm versus 25/50nm)364. However, cell 

uptake will show several variations between experiments set ups: 

different targeted cells, different densities of receptor in both cells 

and ligands coupled to the nanoparticles, administration routes, 

etc. Cell interaction importance is not just limited to the targeted 

cell, undesired interaction with phagocytic cells have also to be 

addressed when designing nanoparticles As previously described, 

rES or MPS play an important role when retaining and absorbing 

nanoparticles in this case recognized as “strange bodies”, 365.  

In a higher scale, size plays a pivotal role in terms of clearance. 

Particles with diameters smaller than 5-6nm are quickly eliminated 

from the body because they undergo kidney excretion366. Unless a 

nanomaterial consists of degradable materials such as polymers, 
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lipids, or hydrogels, it cannot be eliminated by the kidneys when 

the diameter is greater than 6nm. Nanoparticles with diameters 

larger than 200nm accumulate in the spleen and liver where they 

are processed by the mononuclear phagocyte system cells366, 367. 

Shapes in nanostructures may be heterogeneous, but these varia-

tions may in turn determine changes in the fate of nanoparticles. 

Shapes with higher aspect ratios and sharper angular features 

have a higher chance of adhering to the cells and become internal-

ized when targeted. The local interaction between the cell mem-

brane and the part of the microparticle in contact with the cell 

membrane also plays a crucial role in determining the outcome368. 

As it happened with size, the different nanoparticle shapes perfor-

mance is really put to the test when used under in vivo conditions. 

At first sight, nanoparticle interactions with endothelial cells that 

conforms the vessels looks pretty straight forward, however it im-

plies multifactorial forces and variables and several studies tried to 

determine from a mathematical and empiric point of view how 

shape could influence the nanoparticle binding to the target cell358, 

368, 369. In Decuzzi et al.370 is exposed an interesting approach 

when comparing spheres and rods (with different aspect ratios), 

that take into account important variables in his mathematical in-

terpretation, such as hydrodynamic decoupling forces, that detach 

the particles from the target cell, the distance of nanoparticle lig-

and-receptor when bonded, density of receptors in the cell, and 

specially how the area of contact of the nanoparticle with the cell is 

the key point of the whole process. When spherical particles of a 

given volume are injected, and have to interact with a given endo-
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thelial receptor, they undergo a process of rolling when collision 

with the endothelium, at this point, depending of the previously 

described factors, the particle could have two different fates, (Fig-

ure 18 A) first the interaction and the conditions are propitious to 

allow the attaching, or second (Figure 18 B) decoupling forces 

make the nanoparticle to detach and stay in the blood flow until 

the next collision under better conditions.  

 

Figure 18. Spherical nanoparticle theorical behavior under flow conditions. Self-created image (using 
elements with Creative Common license) 

Is in this regard, rods are showed to have a better performance 

under same conditions369, 370, the contact area with endothelial-

receptors surface is higher and the union is stronger (depending 

the aspect ratio selected) increasing the probabilities of adhesion 

(Figure 19). 
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Figure 19. Rod-shaped particles increase their probabilities of adhesion due to a higher surface 

area of contact with the receptors (targets) of the cells. Self-created image (using elements 

with Creative Common license). 

In the drug delivery process, it is not only important to reach a 

certain target as an organ or cell, but in many cases, it is also im-

portant to determine the destination of the drug once it reaches 

the cell. Particles generally end intracellularly in endosomes or 

lysosomes followed by degradation. For activity of the encapsulat-

ed drugs release into the cytosol is needed. Surface functionaliza-

tion of gold nanoparticles with PEG resulted in efficient internaliza-

tion in endosomes and cytosol and localized in the nuclear 

region371, coated nanoparticles with Poly(DL-lactide-co-glycolide) 

were found to be ingested by cells by endocytosis372, 373 scape from 

the endosomes which have been hypothesized to be due the posi-

tive surface charge influenced the escape of the endosomes was 

supported by data obtained with negatively charged polystyrene 

nanoparticles which did not reach the cytosol but remained in the 

endosomal compartment of the smooth muscle cells used in this 

study372. 

Chemical characteristics such as surface charge may also deter-

mine the fate of nanoparticles in cells (Figure 20). It has been 
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demonstrated that highly cationic nanoparticles are rapidly cleared 

from circulation374, meanwhile anionic nanoparticles showed higher 

circulation times. In contrast, cationic particles show a better up-

take due to an electrostatic attraction for the negative charged 

cells, theoretically this could suppose and advantage, however has 

been shown to have greater toxicity and non-specific binding to 

non-targeted cells375. In turn has led to recent research efforts 

aimed at functionalizing nanoparticles with zwitterionic surfaces376. 

 

Figure 20. Different variables that influence the cell particle interaction and intracellular fate. 

Self-created image (using elements with Creative Common license). 

 

 



Andrés Da Silva Candal 

128 
 

 

 

 

 

 

 

 

 

 

 

 

 



Hypothesis 

129 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Andrés Da Silva Candal 

130 
 

 

 

 

 

 

 

 

 

 

 

 

 

Hypothesis 



Hypothesis 

131 
 

After cerebral ischemia, there is a rapid but transient raise of glu-

tamate into the extracellular space mediating excitotoxicity mech-

anisms. Despite the preclinical study findings and the clinical ob-

servational evidence that support the therapeutic efficacy of the 

reduction of blood glutamate the translation of oxaloacetate and/or 

rGOT1 to clinical practice remains elusive. In the case of oxaloace-

tate, this molecule acts as a potent inhibitor of succinate dehydro-

genase (SDH) an enzyme that participates in both the citric acid 

cycle and the electron transport chain limiting its therapeutic ap-

plicability in humans. The use of a recombinant enzyme such as 

rGOT1 in humans with this aim comprises a challenge from both 

scientific and economic points of view, which hinders the transla-

tional application of the concept. In addition, the repeated failure 

of protective drugs against glutamate excitotoxicity in clinical trials 

has reduced the confidence of pharmaceutical companies and oth-

er sponsors in supporting the development of new drugs for the 

acute phase of stroke. Aiming to demonstrate the clinical efficacy 

of blood glutamate grabbers in patients with stroke, in this study, 

we resorted to a drug-repositioning strategy for the discovery of 

new glutamate-grabbing drugs.  

On the other hand, the use of nanoparticles would allow the drug 

encapsulation to decrease the secondary effects and increasing the 

efficiency of the therapies. In addition, the active targeting to-

wards specific markers induced by cerebral ischemia would allow a 

local delivery, thus increasing the number of particles that reach 

the area of interest and reducing unspecific interaction with non-

pathological tissue.  
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 We hypothesized the following: 

• New glutamate grabbers can be obtained from libraries of 

repositioning compounds in an HTS assay. 

• The hits obtained are safe for use in vivo and maintain the 

ability to decrease serum glutamate levels in stroke animal 

models by ensuring a reduction in infarct volumes and 

functional improvement. 

• The nature of the hits (approved by the FDA) allows us to 

verify their safety and efficiency in a proof of concept clinical 

trial over glutamate systemic levels and functional improve. 

• The optimization of an active targeting of nanoparticles to 

inflamed vasculature typical of cerebral ischemia and other 

neurological pathologies would allow the development of 

encapsulation strategies to improve the efficiency of trapping 

treatments. 
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This work will be divided into two separate sections listed below: 

I. Research and analysis of new glutamate grabbing 

treatments: preclinical and clinical validation. 

1. To develop a pharmacological screening in compounds 

approved for clinical use in order to obtain new treatments 

for the safe reduction of systemic glutamate. 

2. To confirm the systemic glutamate grabbing effect of the 

potential treatments after an i.v. administration in healthy 

animals and the establishment of an effective experimental 

dose. 

3. To verify if the systemic decrease of glutamate induces a 

reduction in the volume of infarction and a functional 

improvement after i.v. administration of the treatment. 

4. To test the safety of glutamate grabbing treatments when 

administered in the acute stages of hemorrhagic stroke. 

5. To conduct a clinical trial to observe the effect of the 

selected treatment on systemic glutamate levels, functional 

recovery of the patients and the possibility of adverse 

events in the patients. 
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II. Functionalization and use of nanoparticles for 

active targeting toward inflammatory markers related 

to ischemic stroke. 

1. Analysis of the expression of endothelial cell markers under 

inflammatory conditions. 

2. Study and optimization of active targeting of polystyrene 

nanoparticles under different experimental conditions. 

3. Biocompatibility of mesoporous nanostructures for drug 

delivery. 
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5. Section I. Research and analysis 

of new glutamate grabbing 

treatments: preclinical and clinical 

validation 

The purpose of this part of the study was to evaluate the 

possibility of finding new glutamate grabbers that had no 

associated side effects, and to confirm step by step their validity in 

preclinical animal models, until the effect on systemic glutamate in 

patients was verified in patients. In order to facilitate the 

reading and understanding of the experiments described in 

this section, we advance that the main hit obtained was the 

riboflavin (Vitamin B2), which has been tested in different 

conditions as described below (Figure 21). 
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Figure 21. Overview of Section I experimental process. Self-created image (using elements 

with Creative Common license). 

5.1. High Throughput Screening of glutamate 
grabbers 

The 1120 chemically and pharmacologically diverse compounds 

(ca. 90% being FDA approved drugs) from the Prestwick Chemical 

Library (PCL) 377 were evaluated regarding their capacity to inhibit 

glutamate formation in the presence of the enzyme GOT (Abcam 

Cambridge, MA; Cat#99147) using the GOT assay kit (Abcam 

Cat#105135). Briefly, in this activity assay kit, an amino group is 

transferred from aspartate to α-ketoglutarate. The products of this 

reversible transamination reaction are oxaloacetate and glutamate, 

and the glutamate is detected in a reaction that concomitantly 

converts a nearly colorless probe to color (λmax = 450 nm). Exper-
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iments were conducted in 384-well format in a Tecan Ultra Evolu-

tion Multifunctional reader (Tecan, Austria). The screening window 

coefficient (Z'-factor) was used as an indicator for assay develop-

ment and optimization (i.e., setting of enzyme concentration, ex-

posure time, volumes used, and others) and as a statistical tool for 

the assay quality assessment 253. The quality of the assay was 

considered sufficient for screening and automation when Z'>0.5. 

Hit compounds (or PCL hits) were identified and statistically vali-

dated when their HTS scores were higher than the average of the 

negative controls +3X SD. The primary scores for the PCL hits 

were based on the mean from three independent experiments, 

each performed in triplicate. 

As a positive control of glutamate formation, wells without any 

compound but GOT enzyme (3.33X10-5mg/mL) were used and ox-

aloacetate 0.66mM as control of glutamate inhibition formation. A 

previous optimization of the concentrations used for GOT and ox-

aloacetate was performed prior to the main study. Each Hit com-

pound was screened at a concentration of 10-4 M. Once the HTS 

was completed, the selected Hits were tested again using new rea-

gents (obtained from Sigma-Aldrich Co., St. Louis, MI) on GOT 

activity to validate the results previously obtained. 

5.2. Secondary screening: Analysis of the 
effect of selected hits in the Succinate 
dehydrogenase inhibition (SDH) 

One of the most important limitation of oxaloacetate, from a trans-

lational point of view, is that this molecule acts as a potent inhibi-

tor of SDH, an enzyme that participates in both the citric acid cycle 



 Andrés Da Silva Candal   

142 
 

and the electron transport chain 378. Therefore, and in order to 

avoid potential interactions on SDH activity as oxaloacetate does, 

the selected Hits obtained from the previous HTS were tested on 

SDH activity using the SDH Assay Kit (Sigma-Aldrich Co.), follow-

ing the manufacturer indications. Briefly, SDH activity was deter-

mined by generating a product with absorbance at λmax = 600nm 

proportional to the enzymatic activity present. Oxaloacetate 

0.66mM was used as a positive control of SDH inhibition. HEP-G2 

cell lysates were used as source for SDH enzyme. 

5.3. In vivo experimental design and protocols  

5.3.1.  In vivo dose-response study in healthy animals 

To validate the effect of the selected Hit (riboflavin) obtained from 

the HTS on blood glutamate reduction, a dose-response study was 

performed with healthy animals. In this in vivo study, three differ-

ent doses of riboflavin (Sigma, Ref#24500), 1, 10, and 50mg/Kg 

(animal weight) were tested. All riboflavin doses were initially dis-

solved in a minimal amount of DMSO (100µL) and then, the con-

centration was adjusted to inject 1 mL per animal, (after adjusting 

the pH to 7.4 with HCl 1mM). The final concentration of DMSO in 

the injected volume was <1%. Animals treated with saline (0.9% 

of NaCl and 0.5% of DMSO) were used as a control group. Oxalo-

acetate 35mg/Kg (animal weight) was used as a positive control 

group of blood glutamate grabber164, 379. Oxalacetate solution (pH 

adjusted to 7.4) was prepared in saline solution (0.9% of NaCl). 

Glutamate levels were analyzed in blood samples collected (under 
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anesthesia conditions) from the tail before treatment administra-

tion (basal level), and 30 minutes, 2, 4, and 6 hours after treat-

ment administration. A total of three animals per group were in-

cluded in this dose-response in vivo study. (Figure 22). 

 

Figure 22. Protocol for Riboflavin dose-response in healthy SD rats. Self-created image (using 

elements with Creative Common license). 

5.3.2. Evaluation of riboflavin clearance profile 

To evaluate the clearance profile of riboflavin after drug admin-

istration, healthy animals were treated with 1mg/Kg commercial 

riboflavin used in the above experiments, and the riboflavin treat-

ment used for patients in the subsequent clinical trial. A total of 

three animals per group were included in this study. All treatments 

were administered intravenously through the jugular vein in a sin-

gle bolus adjusted to 1mL. Samples were collected at basal condi-

tions, 30 min, 1, 1.5, 2, 2.5, 3, 6, 12, and 24 hours after treat-

ment (Figure 23). 
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Figure 23. Riboflavin clearance profile protocol after riboflavin (Sigma) and Streuli (clinical 

form) administration in healthy animals. Self-created image (using elements with Creative 

Common license). 

5.3.3. Protective evaluation of riboflavin on an ischemic 

animal model 

After selecting the optimal riboflavin dose able to induce a reduc-

tion of blood glutamate levels in the previous dose-response study, 

the protective effect of riboflavin was tested on an ischemic animal 

model. Ischemic animals were divided in three randomized groups. 

A control group treated with saline solution (0.9% of NaCl), a 

group treated with an effective dose of oxaloacetate of 35mg/Kg 

used as positive control group for blood glutamate grabbing, and a 

group treated with an effective dose of riboflavin 1mg/Kg (deter-

mined previously in the dose-response study). A total of eight an-

imals per group were included in this study. To determine the pro-

tective effect of the treatments, blood glutamate and GOT levels, 

infarct volume, and functional deficits were measured in the exper-

imental animals. Treatments were administered immediately after 

reperfusion (45 min after occlusion). Blood glutamate concentra-

tion and GOT activity were determined under basal conditions (be-

fore surgery), immediately after reperfusion, and 3 hours, 24 

hours, and 7 days after ischemia. Cerebral infarct volume was ex-
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amined during arterial occlusion to determine the basal ischemic 

lesion (before treatment administration), and then 24 hours and 7 

days after ischemia. Sensorimotor testing was performed under 

basal conditions (1 day before surgery), 24 hours, and 7 days after 

ischemia (Figure 24). 

 

Figure 24.Protocol for the evaluation of riboflavin on an ischemic animal model. Self-created 

image (using elements with Creative Common license). 

5.3.4. Analysis of riboflavin effect on a hemorrhagic 

animal model 

The effect of riboflavin was also tested in a hemorrhagic animal 

model. Hemorrhagic animals were divided in two groups: a control 

group treated with saline solution (0.9% of NaCl) and a group 

treated with a dose of riboflavin 1mg/Kg. A total of eight animals 

per group were included in this study. The hemorrhagic volume 

profile was determined 1, 3, 24 hours, 7 days, and 14 days after 

the hemorrhage lesion. Sensorimotor testing was performed under 

basal conditions (1 day before surgery), 24 hours and 7 days, and 

14 days after hemorrhage induction (Figure 25).  
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Figure 25. Protocol for the analysis of riboflavin effect on a hemorrhagic animal model. Self-

created image (using elements with Creative Common license). 

 

1.1.1. Study of different forms of riboflavin effect on blood 

glutamate levels 

 

To validate the specific effect of riboflavin on blood glutamate re-

duction, an active form of riboflavin (flavin adenine dinucleotide, 

known as FAD), an inactive form of riboflavin (lumichrome), and 

an tetra-acetylated riboflavin analogue (TARF),synthesized as de-

scribed in a previous work380 were tested in healthy animals at a 

dose of 1mg/Kg, and the effect on blood glutamate was compared 

to that riboflavin (the molecules are schematized in Figure 26). All 

treatments were administrated intravenous through the jugular 

vein in a single bolus adjusted to 1mL. Blood samples were col-

lected from the tail vein in basal conditions, 30 min, 1h, 1.5h, 2h, 

2.5h, 3h, 6h, and 24h after treatment (Figure 27). 
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Figure 26. Different derivatives from the riboflavin basic structure. Self-created image (using 

elements with Creative Common license). 

 

Figure 27. Protocol used for the study of different forms of riboflavin effect on blood glutamate 

levels. Self-created image (using elements with Creative Common license). 
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5.4. Animal procedures 

5.4.1. Animal management and study approval  

In this study we have used 119 male Sprague Dawley rats (Harlan 

Laboratories, Barcelona, Spain) with a weight of 275±25g. Animals 

were kept at controlled conditions of temperature (22±1ºC) and 

humidity (60±5%), with a 12/12 hours light/ dark cycle for a peri-

od of one week prior to surgery and up to 14 days after surgery 

[REGA  ES 1507802928[01] Órgano Habilitado (exp: 2018/1)]. 

The rats were granted free access to food (commercial chow pel-

lets) and tap water. For surgery and MRI, rats were anesthetized 

with sevoflurane (3% in 70% N2O and 30% O2). Rectal tempera-

ture was monitored and maintained at 37±0.5ºC with a feedback-

controlled heating system (1025 system, SA Instruments). At the 

end of the procedure’s animals were sacrificed under deep anes-

thesia (8% sevoflurane). Experimental protocols and animal han-

dling were approved by the chief of the Servicio provincial de ga-

nadería del departamento territorial da conselleria de medio Rural 

e do Mar de la provincial de La Coruña” being the main responsible 

the Professor Dr. Miguel Antonio Lopez Perez. The animal experi-

ments were conducted under the following procedure number: 

ID15010/14/ according to the Spanish and European Union (EU) 

rules (86/609/CEE, 2003/65/CE, 2010/63/EU, RD 1201/2005 and 

RD53/2013). 
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5.4.2. Cerebral ischemia animal model 

Transient focal ischemia was induced in rats using the transient 

tMCAO model, following the surgical procedures previously de-

scribed in Campos et al.164 and Perez-Mato et al.381.  

In brief, under an operating microscope, the left common, exter-

nal, and internal carotid arteries were dissected from connective 

tissue through a midline neck incision. The left external carotid 

artery and the pterygopalatine artery of the internal carotid artery 

were separated and ligated by 6-0 silk sutures. A silicon rubber-

coated monofilament (403512PK5Re; Doccol Corporation, Red-

lands, CA) was inserted through the external carotid into the left 

common carotid artery and advanced into the internal carotid ar-

tery to 20mm from the bifurcation to occlude the origin of the 

middle cerebral artery (MCA). The suture was removed after 45 

min of occlusion. A laser-Doppler flow probe (tip diameter 1 mm) 

attached to a flowmeter (PeriFlux 5000, Perimed AB, Stockholm, 

Sweden) was located over the thinned skull in the MCA territory 

(4mm lateral to the bregma) to obtain a continuous measure of 

relative cerebral flow during the arterial occlusion. Once artery 

occlusion had been achieved, as indicated by Doppler signal reduc-

tion, each animal was carefully moved from the surgical bench to 

the MRI system for baseline ischemic lesion assessment using ap-

parent diffusion coefficient (ADC) maps. MR angiography (MRA) 

was also performed to ensure that the artery remained occluded 

throughout the MR procedure. After MR analysis, animals were 

returned to the surgical bench and the Doppler probe was reposi-

tioned (Figure 28).  
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The following exclusion criteria were followed:  

1. Less than 70% reduction in relative cerebral blood flow 

and complete reperfusion after MCA occlusion determined 

only by laser Doppler monitoring. 

2. Baseline lesion volume of less than 25% or greater than 

45% with respect to the ipsilateral hemisphere, as 

measured using ADC maps.  

3. Failure to complete treatment. All excluded or deceased 

animals were replaced until the total number of animals 

indicated for each group was attained. 

Experimental procedures were performed following five criteria 

derived from the Stroke Therapy Academic Industry Roundtable 

(STAIR) group guidelines for preclinical evaluation of stroke thera-

peutics382, 383. 

1. Cerebral serum flow was measured to confirm the 

vascular occlusion as an index of the reliability of the 

ischemic model.  

2. Animals were randomly assigned to the treatment groups 

of the study.  

3. Researchers were blinded to treatment administration 

4. Researchers were blinded to treatments during outcome 

assessment.  

5. Temperature was controlled during the ischemic period. 
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Figure 28. Inclusion criteria for ischemic animals. (A) <70% reduction in relative cerebral 

blood flow and complete arterial reperfusion after filament removal. (B) Medial cerebral artery 

occlusion determined by magnetic resonance angiography and (C) baseline lesion volume of 

<25% or >45% with respect.  

5.4.3. Intracerebral hemorrhage animal model 

For the Intracerebral hemorrhage (ICH), the intraparenchymal 

injection of bacterial collagenase was selected as animal model. 

Collagenase disrupts the basal lamina of blood vessels, which leads 

to the leaking of blood into the surrounding tissue384. To perform 

the model, rats were placed in a stereotaxic frame (Stoelting Co., 

Wood Dale, IL) under sevoflurane anesthesia. A 1 cm long midline 

incision was made on the scalp, beginning midway between the 

eyes and terminating behind the lambda. A cotton swab was used 

to remove the soft tissue covering the skull. A Hamilton syringe 

(Hamilton, Reno, NV; 10μL) was filled with 1.5μL of collagenase 

type VII (sterile-filtered, high purity; Sigma-Aldrich, St Louis, MO) 
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dissolved in saline (0.2 U/μL). The syringe was mounted onto the 

injection pump and the needle was positioned directly over the 

bregma (Figure 29). The X, Y, and Z axis coordinates were all set 

to zero. The needle was then positioned at the entry point, 

+0.6mm anterior and −2.9mm lateral of the bregma to the right. 

A small cranial burr hole was drilled through the skull at the entry 

point. Theneedle was slowly inserted into the basal ganglia to a 

depth of 5.5mm below the surface of the skull, and a volume of 

1μL collagenase was injected at a rate of 0.1μL/min over 10 min. 

The needle was left in place for 10 minutes and then removed at a 

rate of 1mm/min to prevent the reflux of collagenase and blood. 

The burr hole was filled with bone wax (Ethicon, Somerville, NJ), 

and the scalp incision was closed. The rats were placed in an ani-

mal box after surgery for recovering in a warm place with access 

to food. 

 

Figure 29. Rat fixed in a stereotaxic frame while injecting collagenase VII for ICH induction. Self-created 

image (using elements with Creative Common license) 
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5.4.4. Treatment administration 

Animals were intravenously injected into the left jugular vein. First, 

animals were anesthetized with sevoflurane 3% in O2:NO2/30:70. 

Then a 0.5 cm incision was made in the animal´s neck just above 

the clavicle. Subcutaneous fat was cut out, and the jugular vein 

was exposed. A 30g needle was used for every injection after 

withdrawal, the puncture is rapidly closed to preventing bleeding. 

5.4.5. Animal blood extraction 

All animal blood samples were collected from the tail vein at differ-

ent time points according to the experimental group. Samples 

were kept at 4ᴼC after extraction for 45 min in serum tubes for clot 

formation, and them immediately centrifuged at 3000 rpm for 7 

min, and finally the serum was collected and frozen at -80ᴼC until 

analysis. For patients, venous blood was collected at different time 

points and centrifuged at 3000 rpm for 15 min at 4ᴼC and frozen 

until analysis. 
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Figure 30. Total of animals included and excluded in Section I experiments. Self-created image 

(using elements with Creative Common license). 

5.5. GOT activity analysis 

Blood samples were collected in a microtainer BD (Microtainer K2E 

Tubes. Ref: 365975, Franklin Lakes, NJ) and GOT activity was de-

termined in 32µL of serum by means of Reflotron GOT (also named 

AST), following the manufacturer’s technical specifications (Roche, 

Basel, Switzerland). 

5.6. Glutamate serum levels 

Serum glutamate concentration was determined by high perfor-

mance liquid chromatography (1260 Infinity II, Agilent Technolo-

gies, Santa Clara, CA) using the AccQ-Tag™ Precolumn derivatiza-

tion method for amino acid analysis (Waters, Milford, MA), follow-

ing the manufacture indications.  
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5.7. Riboflavin serum levels  

Detection of riboflavin serum levels was performed with an HPLC 

1290 Infinity Agilent with a C18 Column 1.7-micron particle size; 

dimensions: 2.1x50mm, a mobile phase flow of 0.3mL/min and a 

gradient performed with water-methanol. The Injected volume was 

7µL and the chromatogram time was 5.6 min. A 6430 Agilent Tri-

ple Quad was used for mass spectroscopy. Detection was per-

formed with electrospray in the positive mode. Riboflavin showed a 

transition of 377,4>243,3 and a linear range between 0–250ng/mL 

with a lower limit of quantification of 0,5ng/mL. 

5.8. Statistical analysis of the animal study 

All data is presented as the mean and standard error of the mean 

(mean ± SD). Data was first examined to assess distribution using 

the D’Agostino and Pearson omnibus normality test. One-way or 

two-way analysis of variance (ANOVA) followed by post-hoc Bon-

ferroni evaluation were used to detect significant differences be-

tween groups. N for in vivo studies (ischemic and hemorrhagic 

studies) was calculated using EPIDAT software 

(http://www.sergas.es/Saude-publica/EPIDAT-4-2) and based on 

previous studies164, 381)and considering a power (1-β) of 0.8 and an 

α of 0.05. Statistical significance was set at P<0.05. Animals were 

randomly assigned to treatment groups of the study, researchers 

were blinded to treatment administration, to treatments during 

outcome assessment and during the result analysis.  
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5.9. Animal functional test 

Neurological damage and motor deficit in ischemic animals were 

assessed by 2 complementary test, Bederson scale, and cylinder 

test. 

Bederson test, is a neurological scale designed to determine the 

motor deficit in animals after stroke, assessment is focusing in 

forelimb flexion, circling behavior and lateral push. A grading scale 

of 0 to 8 is using to determine the cerebral damage and motor 

deficit, a score of 0 represents an animal with no neurological 

damage and 8 represents a high neurological damage. 

Cylinder test assess neurological motor damage by the forelimb 

use in the exploratory behavior of the animals while inside of a 

cylinder. Use of the forelimb is expressed as lateral index, measur-

ing the number of times the animal touches the wall of the cylinder 

with the contralateral forelimb to the lesion divided by the total 

number of touches with both forelimbs. Ischemic animals usually 

show an asymmetry use due to ischemic damage, using mostly the 

not impaired forelimb.  

A baseline of each test was performed at least 1-3 days prior to 

any surgery or invasive manipulation. All tests were performed 

during the activity cycle of the animals. Researcher was blind to 

the treatment during the test performance and analysis. 

5.10. Magnetic resonance for animal 
studies 

Magnetic resonance imaging animal studies were conducted on a 

9.4 T horizontal bore magnet (Bruker BioSpin, Germany) with 20 
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cm wide actively shielded gradient coils (440mT/m). Radio-

frequency transmission was achieved with a birdcage volume reso-

nator; signal was detected using a four-element surface coil, posi-

tioned over the head of the animal, which was fixed with a teeth 

bar, earplugs, and adhesive tape. Transmission and reception coils 

were actively decoupled from each other. Gradient-echo pilot scans 

were performed at the beginning of each imaging session for accu-

rate positioning of the animal inside the magnet bore. 

5.10.1. Angiography sequence 

MRA was used to identify the circle of Willis and to evaluate the 

relative blood flow during tMCAO. Axial MRA images of rat brain 

are a stack of 58 slices where all brain is mapped. In Figure 31A 

and Figure 31B it is shown a MRA Z-projection of a healthy and a 

tMCAO rat respectively. The parameters used for TOF-MRA 3D 

Flash sequence were field of view (FOV) 30.72x30.72x14 mm3, 

image matrix 256 x 256 x 58 (in plane resolution 120 

mm/pixelx120 mm/pixel x 241 mm/pixel), repetition time 15 ms, 

2 averages and echo time 2.5ms. 
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Figure 31. MRA of a healthy animal (A) and an animal subjected to a tMCAO (B). Self-

acquired image property of the LINC group. 

 

5.10.2. Diffusion weighted images & Apparent 

diffusion coefficients maps 

In order to evaluate the extent and localization of the hy-

poperfunded brain region during the occlusion, MR DWI were per-

formed. It is important to note that in clinical practice MR DWI 

infarct region are displayed as hyperintense signal in MRI while 

preclinical displays are normally hypointense. This is because clini-

cal MR images normally present the image for the higher “b” value 

of the sequence DWI while preclinical images are normally ADC 

maps, resulted from the adjustment of all “b” values to an expo-

nential decay. Attending to these maps, tMCAO is affecting to MCA 

territory where a reduction of the cerebral blood flow (CBF) can be 

A B
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noted in cortex and striatum (dark in grayscale, black-purple-blue 

in color scale). During tMCAO the ADC maps were acquired using a 

spin-echo echo-planar imaging sequences with the following acqui-

sition parameters: FOV 24 x 16 mm2, image matrix 96 x 64 (in 

plane resolution 200mm/pixel x 200mm/pixel), 14 consecutive 

slices of 1mm thickness, repetition time 4 s, 4 averages, echo time 

26.91 ms, spectral bandwidth 200.000 Hz and 7 diffusion b values: 

0; 300; 600; 900; 1200; 1600 and 2000. Diffusion-weighted im-

ages were acquired during the ACM occlusion are showed in Figure 

32. 

 

Figure 32. ADC map generated from a diffusion sequence of an animal subjected to a tMCAO. -
Self-acquired image property of the LINC group. 
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5.10.3. T2 weighted sequence 

In order to evaluate the efficacy of the treatments studied in this 

work, MRI T2 weighted images were acquired and T2 maps were 

calculated to quantify the infarct/hemorrhage volume over time 

(Figure 33). MRI T2-weighted images were acquired using a mul-

tislice multiecho spin-echo sequence with the following acquisition 

parameters: FOV 19.2 x 19.2 mm2, image matrix 192x192 (iso-

tropic in-plane resolution of 100μm/pixelx100μm/pixel), 14 con-

secutive slices of 1mm thickness, repetition time of 3s, and 16 

echoes with 9ms of echo time. T2-weighted images were acquired 

at different timepoints regarding each group of study. 

 

Figure 33. T2 map of an animal subjected to a tMCAO. 
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5.10.4. T2* weighted sequence 

T2*-weighted images were acquired using a multi gradient echo 

(MGE) sequence with 8 echos, first echo time = 3.13 ms, echo 

spacing = 3.38 ms, repetition time =1.4 seconds, number of aver-

ages = 2, and the same geometry parameters as that of T2-

weighted images. For evaluate possible ischemic lesions in the 

head of the animals after intravenous and intra-arterial injection, 

T2-weighted images were acquired using a multi-slice multi-echo 

(MSME) sequence with a 9 ms echo time, 3 s repetition time, 16 

echoes with 9 ms echo spacing, FA = 180º, 2 averages,75 KHz 

spectral bandwidth, 14 slices of 1mm, 19.2 × 19.2mm2 FOV (with 

saturation bands to suppress signal outside this FOV), a matrix 

size of 192 × 192 (isotropic in-plane resolution of 

100μm/pixel×100μm/pixel) and implemented without fat suppres-

sion option (Figure 34). 

 

Figure 34. T2* map of an animal subjected to a tMCAO. 
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5.11. Saturation-Transfer Difference 

magnetic resonance 

To characterize the biding between GOT and the selected Hit (ribo-

flavin), the Saturation-Transfer Difference (STD) 1H-NMR tech-

nique was used. 1D 1H Saturation Transfer Difference experiment 

was acquired in a Bruker Avance III NMR spectrometer at 600 MHz 

at a temperature of 25ᴼC for a sample of 20µM of GOT enzyme in 

buffer TRIS-D11 25mM in D2O, 150mM NaCl, pH7.4, and 4.5 µL of 

a riboflavin solution 212mM in DMSO-D9. The on and off reso-

nance frequencies were set at 0.7ppm and -25ppm respectively. 

The 1H protein saturation was performed with a PC9 pulse of 50ms 

for a 2-s total saturation period. 

5.12. Clinical trial 

In line with the pre-clincal results a proof of concept clincal trial 

was performed.  

5.12.1. Clinical trial approval  

This was an 18-month interventional unicenter study, randomized, 

with parallel assignment, double blind, Phase IIa trial conducted in 

Spain at the Neurology Department of the University Clinical Hos-

pital of Santiago de Compostela (ClinicalTrials.gov identifier, 

NCT02446977) and authorized by the European Union Drug Regu-

lating Authorities Clinical Trials (EudraCT) (EudraCT number: 

2014-003123-22) between April 2015 and October 2016. All pro-

cedures were approved by the institutional review board and ethics 

committee approvals were obtained before study initiation. The 
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study was monitored and supervised periodically by an external 

contract research organization (CRO) to verify the correct devel-

opment of the project. 

5.12.2. Patient selection criteria 

The study included 50 patients (older than 18 years) with suspect-

ed stroke of less than three hours of evolution who met all the in-

clusion criteria and none of the exclusion. All patients included in 

the clinical trial (placebo and treated) were managed according to 

the Hospital stroke unit protocol.  

Inclusion criteria:  

1. Patients older than 18 years, both men and women. 

2. Patient or representative able to understand and sign 

informed consent. 

3. Patients with suspected stroke of less than 3 hours of 

evolution. 

 

Exclusion criteria: 

1. Intolerance to vitamin B or derivatives. 

2. Hepatic diseases.  

3. Pregnant women, risk of pregnancy or breastfeeding. 

4. NIHSS level of Consciousness score (1a) ≥ 2. 

5. Modified Rankin scale (mRS) prior to stroke ≥ 2. 

6. Impossibility before carrying out image tests. 
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7. Previous disorders that may interfere with the interpretation 

of neurological scales. 

8. Treatment with probenecid, tricyclic antidepressants, 

phenothiazines, streptomycin, erythromycin, thyrotropin, 

carbomycin and tetracycline, at the time of inclusion. 

9. Patients who had received a clinical trial drug within the last 

30 days at the time of signing consent or participating in a 

clinical trial. 

10. Life expectancy less than duration of the clinical trial. 

5.12.3. Study design 

Patients were assigned to one of the two treatment groups: 

- Group A (placebo): intravenous administration intravenous 

of a single bolus placebo (4mL of sterile pyrogen-free 

sodium chloride 0.9%). 

- Group B (experimental): Intravenous administration of 20 

mg of riboflavin (Streuli®) into a 4mL vial. 

Patients were assigned in a ratio of 1:1 to the different groups 

(Figure 35). The assignment to one or the other treatment group 

was performed through a randomized computerized system. Both 

vials were adequately masked. 

5.12.4. Dose selection 

The dose of riboflavin (Vitamin B2 Streuli®) chosen for this trial 

was obtained from one of the most frequently used formulas for 

extrapolation from animal data to therapeutic effects in humans, 
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based on the index (Km)385. Based on this formula (Human equiva-

lent doses (HED) = Animals dose (1mg/Kg) x (Animals Km = 

6/Human Km = 37), we estimated a riboflavin human dose of 

0.162mg/Kg. Considering that the average weight of a patient with 

stroke is 70 Kg, 11,3 mg of riboflavin was required per patient. In 

addition, due to each vial of riboflavin (Vitamin B2 Streuli®) is dis-

pensed as an ampoule of 10mg/2mL, we finally treated each pa-

tient with 4mL of riboflavin (20mg), and with 4mL saline in the 

placebo group. 
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Figure 35. Clinical trial flowchart. Self-created image (using elements with Creative Common 

license). 

 

5.12.5. Objectives of the study 

Primary objective: 

1. To examine whether riboflavin administration induces a 

reduction in blood glutamate concentration comparing 

to placebo group. For that, the blood glutamate 

concentrations obtained before treatment administration 

were compared to the levels at 3 ± 1, 6 ± 1, 12 ± 3, and 
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24 ± 6h of the administered between the riboflavin and 

placebo arms. 

Secondary objectives: 

1. To study the average length of stay in patients with 

acute ischemic stroke: difference in days, between patient 

arrival and the patient's discharge, between the two 

treatment arms. 

2. To study the rate of clinical improvement in patients with 

acute ischemic stroke: clinical improvement according to 

the formula: (NIHSSbasal-NIHSSalta) / NIHSSbasal x 100 

and compared between the two treatment arms. 

3. To study the functional outcome in patients with acute 

ischemic stroke: modified Rankin scale at 90 days, 

between two treatment arms. 

4. To explore the prognosis of patients without stroke, 

evaluating modified Rankin scale at 90 days. 

5. Safety management: measuring adverse events 

throughout the study. 

5.12.6. Statistical analysis of the clinical trial 

All data was computed in a descriptive manner and tabulated in-

dependently according to the treatment group. The value p <0.05 

was used as statistically significant. Categorical data was grouped 

into contingency tables presenting values and percentages. Con-

tinuous data was summarized using the mean and standard devia-
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tion or median and 25th and 75th percentiles as appropriate. The 

analyses of adverse events, vital signs, and descriptive laboratory 

results were performed on the safety population and were summa-

rized by treatment group. The safety population included all pa-

tients who received the medication under study. Results were ex-

pressed as percentages for categorical variables and as mean 

(±SD) or median [quartiles] for the continuous variables, depend-

ing on whether their distribution was normal or not. The Kolmogo-

rov-Smirnov test was used for testing the normality of the distri-

bution. Comparison between the different groups was calculated 

by means of χ2 test for categorical variables and Student's t-test, 

Mann-Whitney test or ANOVA test in case of continuous variables. 

Correlation between variables was performed by means of 

Spearman's coefficient. Clinical study was supervised by an exter-

nal CRO. Blind clinical analysis was also performed by the CRO. 

The statistical analysis was conducted in SPSS 20.0 (IBM, Chicago, 

IL, USA) for Mac. 



    Material and Methods 

169 
 

6.Section II. Functionalization and 

use of nanoparticles for active 

targeting toward inflammatory 

markers related to ischemic stroke. 

6.1.  Endothelial cell culture. 

6.1.1.  Ben.3 endothelial cell 

Bend.3 microvasculature brain endothelial cells (ATCC CRL-2299) 

were cultured in in Dulbecco’s Modified Eagle Medium (DMEM), 

with 10% (v/v) of fetal bovine serum (FBS) and 0,1% (v/v) of 

penicillin-streptomicin, expanded in T75 flask (Corning, USA), and 

incubated at 37°C with a humidified atmosphere containing 95% 

air and 5% of CO2. Media were replaced every 3 days until 80% of 

confluence was reached. Then, cells were detached with 3mL of 

0.25% trypsin-EDTA (Gibco-Invitrogen, USA), trypsin was blocked 

with 6mL of complete medium (with FBS) and centrifugated for 5 

minutes at 1000 RPM, the pellet formed was resuspended in PBS 

and centrifuged again. Cell were then seed in 24-well plates and 

incubated under the same conditions until reach the 80% of con-

fluency to perform the subsequent experiments.  

6.1.2. hCMEC/d3 endothlial human cells 

Cells between passage 25 to 35 were cultured with EndoGRO-MV 

Complete Culture Media Kit (Millipore SCME004) supplemented 
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with 1% Pen-Strep and 1ng/mL Fibroblast Growth Factor-basic 

Animal Free (Millipore GF003-AF) and grown on rat tail collagen 

(1:20) coated T-75 until reach 80% confluency. Cells were then 

detached and injected at 6µL/min into the coated straight chan-

nels, clamped when approximately 80 to 90% confluency was 

reached. Cells were allowed to attach for a minimum of 2 hours 

prior to flushing the channel with fresh media at 5µL/min. A more 

detailed description of cell seeding, and procedures will be de-

scribed in the microfluidic material and methods section (Section 

6.8.3.). 

6.2. In vitro induction of inflammation in 
endothelial cells 

Inflammation induction in Bend.3 (Mouse) and hCMEC/d3 (human) 

endothelial cell cultures was performed by applying Lipopolysac-

charide (LPS) of E. Coli (O111:B4, Sigma-Aldrich,USA) over a peri-

od of 6 hours and at a concentration 1µg/mL and it was selected 

as the working protocol in cell cultures.  

6.3. Analysis of VCAM1 and ICAM1 expression 
under inflammation conditions in Bend.3 
cells. 

The expression of two adhesion molecules, ICAM and VCAM were 

analyzed under inflammatory conditions by means of immunofluo-

rescence staining and flow cytometry. The molecule with the best 

expression compared to the basal levels (non-inflammatory condi-

tions) in the time frame analyzed was selected as a marker for the 
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active targeting of nanoparticles in uptake/binding experiments. 

An overview of the expression analysis is showed in Figure 36. 

6.3.1. Immunofluorescence analysis 

Bend.3 cells in passages between 2 and 10 were seed in 8-well 

slides for microscopy imaging (S6815 Sigma). Increasing concen-

trations of LPS, 1,10 and 100µg/mL were added to the different 

wells. The same volume of PBS was added to the control group (no 

inflammatory induction). LPS was allowed to work for 6 hours af-

ter. Then cells were washed three times with PBS and cells were 

fixed in 4% (v/v) PFA solution methanol free (Thermo Scientific, 

USA) for 10 minutes at room temperature.  

The cells were divided into two groups for immunostaining  

VCAM1 staining 

Four wells of each concentration of LPS tested where incubated 

with a solution of PBS with 0.01% (v/v) Tween 20 (PBS-T), 1:200 

anti-VCAM monoclonal antibody (Biolegend,USA) and a 5% (v/v) 

of donkey serum (Sigma-Aldrich, USA) for 24 hours at 4°C. The 

unbound antibody was removed in three washes with PBS. Then 

cells were incubated with a solution of PBS-T an 1:400 anti-rat 594 

secondary antibody (Thermo-Fischer, USA) with 5% of donkey 

serum for 2 hours at 4°C. After this, cells where washed again, 

and incubated again with a solution of PBS-T and 1:6000 Hoescht 

(Invitrogen, USA) for 5 minutes at room temperature for nuclear 

staining and washed again. A drop of Aqua Polymount (Polyscienc-

es, USA) was added to each well and kept in the dark at room 
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temperature for 2 hours until they dried up, after that the samples 

were stored at 4ºC for until imaging. The staining process was also 

performed in four control wells with no inflammatory induction. 

Cells were then imaged using an Olympus Fluoview 1000 Spectral 

Confocal. Images of control and sample wells were acquired using 

the same parameters. 

ICAM1 staining 

The same staining and acquisition protocol were used as for VCAM 

(described above). However, anti-ICAM (Biolegend, USA) was used 

as primary antibody and anti-rat 488 as secondary antibody. 

Again, the staining process was also performed in four control 

wells with no inflammatory induction. 

6.3.2. Flow cytometry analysis 

Bend.3 cells in passages between 2 and 10 were seed in five dif-

ferent T75 flask (1x106 cells per well) until reach a confluency of 

60%. Cells were stimulated with LPS following the protocol previ-

ously described (1µg/mL for 6 hours). Two flasks were used for 

VCAM analysis, two for ICAM and one for non-stimulated control 

and blank.  

Cells were detached from each flask by using a non-enzymatic dis-

sociation buffer following manufacturer instructions (Thermo-

Fischer, USA). The use of trypsin-based methods was avoided 

when cells were immediately tested afterwards due to the possibil-

ity of rupture of membrane proteins such as VCAM and ICAM com-

promising the antibody-target recognition. The cell suspension of 
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each flask was counted centrifuged (1000 RPM for 5 minutes) and 

adjusted to 1x106 cells/mL in an eppendorf tube to a final volume 

of 200µL with cold PBS-T. 

Cell labeling protcol 

A total of 2µg (10µg/mL) of anti-VCAM1 FITC Monoclonal antibody 

(Termo-Fisher,USA) were added to the VCAM analysis group and 

2µg (10µg/mL) ICAM1 Monoclonal Antibody Alexa Fluor 647 (Ter-

mo-Fisher,US) for the ICAM1 analysis group to the cell suspen-

sions. Then incubated for 45 minutes in dark room at room tem-

perature. After that cells were washed by centrifugation with PBS 

(X3) to remove unbounded antibody. Finally, cells were adjusted 

to a final volume of 500µL for analysis. A total of 2 vials were ana-

lyzed for each group (ICAM and VCAM). For each of this groups a 

control with no inflammatory induction were subjected to the same 

labeling protocols. A blank with same number of cells but no cell 

labelling was included to evaluate the cells fluorescence back-

ground. The analysis was performed using a BD FACSVerse.  
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Figure 36. Scheme of the analysis of ICAM1 and VCAM expression, in Bend.3 cells of the 

cerebral microvasculature of the mouse, after stimulation with LPS for 6 hours. Self-created 

image (using elements with Creative Common license). 
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6.4. Analysis of VCAM expression after 
systemic inflammation induction in vivo 

6.4.1. Systemic inflammation protocol 

To induce systemic inflammation and overexpress vascular VCAM, 

30g Swiss male animals were treated with LPS (the same one used 

in the in vitro inflammation described above). The LPS 

(100µg/animal) 386-388 was administered i.v. through the jugular 

vein and was allowed to act for 6 hours prior to any analysis. In 

parallel a group with intraperitoneal administration (same dose of 

LPS and time of stimulation) was used to compare the effect pro-

duced. Finally, a control group was used without any inflammatory 

induction. A total of 4 animals per group were used for the in-

flammation analysis (Figure 37). 

To confirm that systemic inflammation was occurring, the serum 

levels of Interleuquin 6 (IL-6), a known marker increased in in-

flammation389 were analyzed 6 hours after the induction by means 

of an IL-6 ELISA detection kit (LSbio, USA). 
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Figure 37. Protocol for analysis of inflammation and VCAM expression after LPS systemic 

administration. Self-created image (using elements with Creative Common license). 

6.4.2. Immunostaining in brain vessels: systemic 

inflammation induction 

Animals subjected to inflammatory induction were sacrificed 6 or 

24 hours after the stimulation (regarding the group of study). The 

animals were transcardially perfused with 20mL of cold PBS to re-

move the remaining blood. The brain of the animals was extracted 

and quickly introduced into a glass with 10mL of isopentane 

(Merck, USA) and immersed in liquid nitrogen. The brain was kept 

at -80°C until further processing. Then, brain was included in OCT 

resine (Tissue-Tek, Japan) and sectioned in 12μm thickness slices 

in a cryostat (Tissue-Tek, Japan) The slides were then washed with 

PBS for 15 minutes (x3 times) to remove the excess OCT and. Fi-

nally, antibody labelling was applied. In this section, and in addi-

tion to VCAM analysis, a CD31 endothelial cell marker was used to 

correlate the presence of VCAM in the brain vessel. 
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For this purpose, tissue was incubated with a volume of 

150µl/slide of a solution of 1:100 anti-VCAM monoclonal antibody 

(Biolegend,USA), 1:100 of anti-CD31 monoclonal antibody 

(Abcam, USA) a 5% (v/v) of donkey serum (Sigma-Aldrich, USA) 

and goat serum (Sigma-Aldrich, USA) for 24 hours at room tem-

perature. The unbound antibody was removed in three washes 

with PBS. Then cells were incubated with a solution of PBS-T a 

1:400 anti-rat 594 secondary antibody (Thermo-Fischer, USA) 488 

Dylight Goat anti-Rabbit (Vector, UK) with 5% of donkey and goat 

serum for 2 hours at room temperature. After this, slides where 

washed again, and incubated again with a solution of PBS-T and 

1:6000 Hoechst (Invitrogen, USA) for nucleus staining. Micropho-

tographs were taken using a Leica DMI 6000 B microscope with 

the LAS AF 1.0.0 software (Leica Microsystems, Sweden). A total 

of 3 animals per group of analysis were used in these experiments. 

6.5. Analysis of VCAM expression after 
intracerebral inflammation induction in vivo 

6.5.1. Intracerebral inflammation induction 

To restrict inflammation only to the brain, intracerebral LPS was 

administered in the area of the striatum390, 391. A dose of LPS 

(10µg/animal) was used in a volume of 4µL. In order to confirm 

that the intracerebral LPS was not causing major inflammation 

process in the whole body, IL-6 systemic serum levels were ana-

lyzed by means of an ELISA detection Kit (same as used in the 

previous experiments). 
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The resulting expression of VCAM was analyzed by means of im-

munofluorescence and quantitative PCR (q-PCR), as it is showed in 

(Figure 38). 

 

Figure 38. Protocol used to analyze VCAM1 expression in Swiss mice after intracerebral 

injection of LPS. Self-created image (using elements with Creative Common license) 

6.5.2. Immunostaining of brain vessels: Intracerebral 

inflammation induction 

Six hours after intracerebral inflammation, the brain was pro-

cessed, stained, and visualized following the same protocol de-

scribed previous sections (Material and Methods 6.3.1.). A total of 

3 animals per group were used in this experiment. 

6.5.3. Quantitative PCR of VCAM in inflamed brain 

To evaluate VCAM RNAm expression, quantitative polymerase 

chain reaction (qPCR) assays were performed. The hemisphere 

where LPS was injected was extracted and preserved at -80ºC. 

Then tissue was submerged in lysis buffer avoiding previous thaw-
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ing. RNA extraction was performed using a commercial column-

based method (PureLinkTM RNA Mini Kit, Invitrogen, USA). Final 

elution was made in 50μL of RNase-free water. RNA quantity and 

quality where spectrophotometrically determined using a Nanodrop 

(Thermo Fisher Scientific, USA). A total amount of 1μg of RNA was 

used for retrotranscription into cDNA using the GoScript™ Reverse 

Transcription System (Promega, USA). Briefly, the volume corre-

sponding to 1μg of RNA was diluted in RNase-free water to a total 

final volume of 11μL and 1μL of random primers (0.5μg in total) 

were added. This mix was incubated for 5 minutes at 70ºC allow-

ing unwinding secondary structures of RNA, then the mix was rap-

idly cooled down in ice for 10 minutes. Reverse transcription mix 

was composed by 4μL of reaction buffer (5X), 2μL of MgCl2 

(2.5mM in the final volume), 1μL of dNTPs (0.5mM of each nucleo-

tide in the final volume), and 1μL of GoScript™ reverse transcrip-

tase. The final reaction mix containing a total volume of 20μL was 

incubated 5 minutes at 25ºC allowing annealing, and 60 minutes 

at 42ºC allowing to extend the cDNA strand. After reverse tran-

scription, the product was diluted 1:5 in RNase free water. Once 

concluded the expression of VCAM was determined by q-PCR using 

β-Actin as a control gene expression by means of GoTaq qPCR 

masterMix (Promega, USA) and Mx3005P qPCR system (Agilent 

technologies, USA). In brief, a total volume of 2μL of diluted cDNA 

was mixed with 3.5μL of Nuclease free water, 0.5 μL of 10mM spe-

cific primers (0.25μL for each sense) and 6μL of GoTaq® qPCR 

Master Mix (2X), obtaining a total final reaction volume of 12μL. 

Reactions were performed by triplicate in 96 well plates. Thermal 
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profile is showed in Figure 39 while primer sequences are de-

scribed in Table 2. 

 

Figure 39. Thermal profile used for PCR. Self-created image (using elements with Creative Common 

license). 

Table 2. Primer sequence of VCAM1 and B-Actin (Control) used for the q-PCR. Self-created 

Table. 

 

 Quantitative PCR results were analyzed using MxPro Mx3005P 

v4.10, using and average of three Ct values of VCAM and β-Actin 

control. Results are plotted as fold expression change calculated 

using the 2-ΔΔCt method. 

Two different time points were used for the qPCR analysis of 

VCAM1 expression, 6 and 24 hours after inflammation induction to 
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evaluate the possible time-dependent expression. A total of 5 ani-

mals per group were used for these experiments. 

6.6. Polystyrene nanoparticles  

Spherical carboxylated Yellow-Orange fluorescent polystyrene (200 

nm) particles were commercially acquired (Polysciences, USA).  

6.6.1. Sphere to rod-shaped particles stretching 

To be able to modify the spherical structure and convert it into 

rods, it is necessary to subject the nanoparticles to a process that 

allows them to stretch. First the particles must be embedded in a 

film. Briefly, to prepare this film, 5g of Polyvinyl alcohol (PVA)-hot 

water-soluble grade (Sigma-Aldrich, USA) were dissolved in 80mL 

of milliQ water at 130°C with constant stirring in a beaker. Once 

the solution becomes clear, 1mL of glycerol (Sigma-Aldrich, USA) 

was added as a plasticizer. Then the solution was allowed to cool 

down with constant stirring. 

The commercial bottle containing the spherical nanoparticles was 

shaken to obtain a homogeneous suspension, then 2mL 

(25mg/mL) of the nanoparticle suspension was taken and sonicat-

ed for 15 minutes to avoid aggregates. The particle suspension 

was added to the PVA –glycerol solution once it cooled down com-

pletely. The mixture was added to the film station, (iron templates 

for film preparation) using a cell strainer to avoid any PVA aggre-

gates to fall in the film. Using a pipette tip, the solution was uni-

formly spread and using a micropipette any bubbles present on the 
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film were sucked. The film was allowed to dry completely for (~24-

30 hours) in an undisturbed environment (Figure 40). 

 

 

Figure 40. Suspension of nanoparticles embedded in a film added to the film station to dry 

out. Self-acquired image. 

The dried film was cut in 5cm x 5cm square. A recipient with 5L of 

mineral oil (Sigma, USA) was heated to 120°C while stirring at 125 

rpm. Around 4 films portion cuts were clamped in the stretching 

setup as showed in the Figure 41. 
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Figure 41. Films cut and clamped in the stretching devices. Self-acquired image. 

The length was measured from the beginning of the piece holding 

the film to the end of the other side. Then the device was dipped in 

the oil bath for 5 minutes. After that, the film was stretched in the 

warm oil using the rotating knob, until doubled the initial length. 

Then the central region of the film was cut and washed with Iso-

propyl alcohol (IPA), usually in the periphery the stretching does 

not take place correctly and for that reason they are discarded. 

Films (grouped in 4 films templates) were cut in smaller pieces and 

added to a falcon tube with 40mL with milliQ water. In order to 
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dissolve the film, the falcons were immersed in a water bath at 

75°C for 24 hours. Once the films were completely dissolved were 

centrifuged at 8000 rpm for about 10 hours at room temperature, 

supernatant was discarded, and pellet resuspended again in milliQ 

water and washed twice. 

6.6.2. Volume and surface area  

The volume and surface for spherical particles were calculated us-

ing geometrical formulas for Spheres. The volume and surface for 

rod shaped particles were calculated using geometrical formulas 

for an Oblate Ellipsoid (Figure 42). 

 

Figure 42. Geometrical formulas used to calculate spheres and rods surface areas 
and volume. Self-created image (using elements with Creative Common license). 

To calculate the surface ratio, increase between rods and spheres 

the following formula was used: 
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6.6.3.  Scanning electron microscopy characterization 

Particle morphology (shape, aspect ratio, dimensions, texture) 

were characterized with an FEI XL30 Sirion FEG SEM Scanning 

electron microscopy (SEM). 

6.6.4. Polystirene particle functionalization  

The particles (both spheres and rods) were sequentially modified 

to incorporate different elements into its structure to give it the 

desired functionality.  

Pegylation 

As previously described the “naive” commercial particles have car-

boxylic groups (-COOH) exposed and were used as the basis for 

the coupling reactions of Polyethylene glycol (PEG). One milligram 

of particles of each shape were diluted in 1mL 0.5mM of 2-(N-

morpholino) ethanesulfonic acid (MES) buffer to a pH 4.7; of this 

groups were used to couple 3K polyethyleneglycol molecules 

(Nanocs, USA) (NH2-PEG-N3) by means of and sterification reaction 

using N-(3-Dimethylaminopropyl)-N-ethylcarbodiimide (EDC) 

(Sigma-Aldrich,USA) this carbodiimide reacts with carboxyl first to 

yield highly reactive unstable intermediates that can then couple to 

primary amines. To stabilize the EDC intermediate structure and 

increase the efficiency of the reaction N-Hydroxysuccinimide (NHS) 

(Sigma-Aldrich, USA) was used. A generic reaction of EDC-NHS is 

schematized in Figure 43. Amounts and ratios are detailed in Table 

3. 
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Figure 43. EDC/NHS reaction performed between the -COOH nanoparticles and a -NH2 functional group. 
Self-created image (using elements with Creative Common license). 

A fluorescent PEG (Nanocs, USA) with the same length (3.5K) and 

structure was used to evaluate the efficiency of the reaction. Prior 

to the reaction the fluorescence emitted by the PEG was measured 

and assumed as the 100% efficiency. After the reaction the parti-

cles were washed by centrifugation at 15,000 RPM x 5 times with 

PBS until a colorless supernatant was obtained. The pellet contain-

ing the particles and supernatants and the fluorescence was meas-

ured. Results were plotted as a percentage of the initial PEG added 

to the reaction that was coupled to the nanoparticle (Figure 44).  
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Figure 44. Pegylation of polyesturene carboxylic nanoparticles. (A) Coupling of PEG with -N3 

terminal group for antibody conjugation. (B) Coupling of PEG with a terminal FITC fluorophore 

to determine the amount of PEG coupled. Self-created image (using elements with Creative 

Common license). 

Antibody conjugation 

In order to carry out active targeting, antibodies were incorporated 

into the structure of the nanoparticles. Two different antibodies 

were coupled to the nanoparticles regarding the group, anti-

VCAM1 antibody for targeted particles, and a non-specific IgG an-

tibody for the vehicle group. To ensure that the hypervariable an-

tibody zone that recognizes the target is exposed 392 (facilitating 

the Antigen-Antibody binding) the bond to the nanoparticle was 

performed to the constant region by incorporating a molecule of 

Dibenzocyclooctyne-amine (DBCO) that reacts with the terminal -

N3 group of the PEG. To make the antibody binding with the DBCO 

first the carbohydrate fraction of the constant region must be oxi-

dized to form an aldehyde group (-CHO). In brief, 50µg of anti-

body were adjusted with PBS to a concentration of 6.7µM, then the 

same volume of a 20mM sodium periodate (NaIO4) (Sigma-Aldrich, 

USA) was added and allowed to react for 45 minutes at room tem-

perature in dark. To quench the reaction the same volume (124µL) 

of ethylene glycol (Sigma-Aldrich,USA) was added and allowed to 

react for 15 minutes at room temperature. To remove the excess 
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of ethylene glycol, PBS was added up to a volume of 500µL and 

filtered into 3k-pore filters (Amicon Ultra 3k, Merck, USA) four 

times. The antibody in the filters was resuspended into 500µl PBS. 

Finally, a DBCO solution (10X respect to the initial molarity of the 

antibody) was added and allowed to react 24 hours at room tem-

perature (Figure 45) to form an imine bond. 

The non-reacted DBCO was removed by filtration and centrifuga-

tion (3 times) as previously performed. 

 

Figure 45. Antibody oxidation for DBCO-amine coupling. Self-created image (using elements 

with Creative Common license). 

The antibody-DBCO solution was added to 1mg of particles (al-

ready pegylated) and allowed to react for 24 hours at room tem-

perature (Figure 46). Particles were then centrifuged at 15.000 

RPM for 15 minutes (x5 times), supernatants with the non-reacted 

antibodies and pellets with particles were collected for further use.  
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Figure 46. Click reaction carried out on PBS at room temperature that binds an antibody with 

DBCO to the azide (-N3) group present in the PEG of the nanoparticles. Self-created image 

(using elements with Creative Common license). 

The amount of antibody present in the supernatants and in the 

particles was quantified by means of a Micro BCA™ Protein Assay 

Kit (ThermoFisher, USA).  

Size, zeta potential and polydispersity index, were measured after 

each reaction by means of Dynamic light scattering (DLS) (Malvern 

Zetasizer Nano ZS). 

Nanoparticle radiolabeling for in vivo biodistribution  

The fluorescence of the particles by itself did not present sufficient 

intensity to be detected in the different organs of study in the ani-

mal. For this purpose, the incorporation of a tritiated glycine mole-

cule (Glycine, [2-3H]-, 1mCi-37MBq, Perkinelmer, USA) was used, 
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which provides a method of detection by analyzed in a scintillation 

detector. Glycine was selected because its simplicity, is an amino-

acid with no side ramifications, that otherwise could alter the 

structure of the nanoparticle. Likewise, an aminoacid was selected 

as the labeled structure due to the presence of a -NH2 terminal 

that can bind to the -COOH group of the nanoparticles, and after 

this reaction takes places, the glycine -COOH terminal is also ex-

posed, which stills allow the incorporation of NH2-PEG-N3 using the 

same reaction previously explained. Once again, the coupling was 

performed through and EDC/NHS reaction (same ratios an activa-

tion times as previously performed in other section). Once nano-

particles were activated they were quickly washed and brought to 

a pH of 9.7 and 4µL of 3H-Glycine (1mC/mL) was immediately 

added. It was kept in agitation at room temperature for 24 hours 

and was washed by centrifugation at 15.000 RPM at room temper-

ature until the supernatants obtained had no radiation present 

(Figure 47).  
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Figure 47. Coupling reaction of Tritiated glycine and the -COOH group of the nanoparticles. 

Self-created image (using elements with Creative Common license). 

Table 3. Amounts of each of the compounds used for nanoparticle functionalization. 
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6.7. Polystyrene particle uptake in static cell 

culture 

6.7.1. Fluorescence intensity quantification 

Bend.3 cells were seed (25x103cells per well) on 24-well plates 

until reach 80% confluence. Cells were then stimulated for 6 hours 

with LPS 1µg/mL, washed with PBS and treated with 50µg of parti-

cle/well. The uptake was analyzed in 4 groups:  

1. VCAM targeted spheres 

2. VCAM targeted rods 

3. Vehicle spheres (non-specific IgG) 

4. Vehicle rods (non-specific IgG) 

Cells were incubated with nanoparticles at three different times: 1, 

3 and 6 hours; after that, cells were washed with PBS three times 

in order to remove non-attached/internalized particles. Cells were 

then lysed with RIPA cell lysis buffer (Sigma-Aldrich,USA), and the 

fluorescence of each well was measured (530nm, 546nm) in a 

Tecan Spark 10M Multimode Plate Reader. Note that absolute lev-

els of fluorescence intensity cannot be compared between spheres 

and rods due to the photobleaching during the rod stretching pro-

cess. For this purpose, data was normalized to 100% of the ad-

ministered dose; Wells with no particle washing (for each group) 

were used as positive control and considered the 100% of uptake. 

A control group with no particles added was used as a negative 

control to evaluate cell background. 
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6.7.2. Nanoparticle imaging in cell culture. 

Bend.3 endothelial cells in passages between 2 and 10 were seed 

in 8-well slides for microscopy imaging. The same inflammation 

protocol, incubation times and particle groups used in the previous 

section were used for imaging. After each incubation time, cells 

were washed three times, and fixed with PFA 4%, washed again 

and incubated with a solution of PBS-t and an actin stain Act-

inGreen™ 488 ReadyProbes™ Reagent (Thermo-Fischer, USA) to-

gether with a Hoechst nuclear stain. Cells were imaged using an 

Olympus Fluoview 1000 Spectral Confocal microscope. 

6.8. Polystyrene particles uptake under flow 
conditions in microfluidic devices.  

6.8.1. Microfluidic devices 

To perform the fluidic experiments microfluidic chips with 3 linear 

channels per device were used. Each channel was 250µm wide and 

100µm high (Synvivo, Catalog# 101002). The devices were devel-

oped using PDMS based soft-lithography process, that is used to 

obtain shear adhesion map of cell/particle adhesion393, study tar-

geted drug delivery394 and have been validated against in vivo395, 

396. At the one end of each channel there is an inlet where was 

inserted a tube (Tygon Tubing 0.02″ ID x 0.06″ OD, Synvivo, 

USA) connected to an injection pump (Standard Infuse/Withdraw 

Pump 11 Elite Programmable, Harvard Apparatus, USA) allowing to 

adjust a desired flow and shear stress; at the other end the outlet 

elutes the liquid that has passed through the channel (Figure 48). 
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Figure 48. Set up for the microfluidic experiments. Self-created image (using elements with 

Creative Common license). 

6.8.2. Bend.3 endothelial cells culture in microfluidic 

devices 

Microfluidic devices allow to grow cells, forming a monolayer grow-

ing in three dimensions to resemble a physiological vessel. Prior to 

the cell seeding, the 3 channels of the device were coated with 

fibronectin (Millipore,USA) 100µg/mL diluted in PBS at a flow rate 

of 2µL/min. Inlets and outlet were clamped (Slide Clamps, Synvi-

vo, USA) to avoid any bubble formation and the entire device was 

incubated for 1 hour at 37˚C, 5% CO2 inside a humidified cell cul-

ture incubator. Bend.3 cells previously cultured in a T75 flask until 

reach 80% of confluence were detached centrifugated and resus-

pended in 200µl of fresh DMEM, 10% FBS and 0,1% (v/v) of peni-

cillin-streptomicin. The cell suspension was made to flow through 

the channel at a flow rate of 2µl/min until cover the entire surface 

of the channel, then inlet and outlets were clamped again, and 

incubated for at least 4 hours in incubator at 37°C.  
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After that channels were flushed with fresh media at 5µL/min to 

remove the non-attached cells. After 2 days of normal growing, 

cells were then subjected to growing under flow conditions. For 

this purpose, the monolayer was subjected to a linear ramping of 

the flow from 0.09µl/min to 2.35µl/min (1.00dyn/cm2) for 24 

hours.  

6.8.3. hCMEC/d3 endothelial cells culture in microfluidic 

devices  

Before cell seeding the channels were coated with 300µg/mL of 

Human Fibronectin (Millipore,USA) diluted in PBS. Then allowed to 

incubate for at least 1 hour at 37˚C, 5% CO2 inside a humidified 

cell culture incubator. hCMEC/d3 cells previously cultured in a T75 

flask were injected into the device at a flow rate of 6 µL/min and 

clamped when covered the entire surface of the channel. Cells 

were allowed to attach for a minimum of 2 hours prior to flushing 

the channel with fresh media at 5µL/min. After growing 4 days 

with no flow, cells were conditioned to 2.35µL/min (1.00dyn/cm2) 

for 12 hours using a linear ramping protocol and held constant at 

this flow rate for 4 hours.  

6.8.4. Inflammation protocol in microfluidic devices 

After cell ramping (for both Bend.3 and hCMEC/d3 endothelial 

cells), the inflammation induction was performed by flowing LPS 

(same as used in the previous sections) 1µg/mL with a flow rate of 

2.35µL/min for 6 hours.  
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6.8.5. Particle flowing in a hCMEC/D3 endothelial 

monolayer in microfluidic devices  

As performed in previous sections, the uptake was analyzed in four 

groups of particles after inflammation stimulation: 

1. VCAM targeted spheres 

2. VCAM targeted rods 

3. Vehicle spheres (non-specific IgG) 

4. Vehicle rods (non-specific IgG) 

Once the monolayer of cells was formed 5x1010 nanoparticles/mL 

flowed for 1 hour at 2.35µL/min (1.00dyn/cm2). Non-attached par-

ticles were washed with PBS at 2 µL/min flow rate. 

A total of 64 independent regions of a channel were analyzed for 

each of the 4 groups, first with a full load of particles considered 

100% of uptake and then after the 1 hour of flowing. 

6.8.6. Microfluidic devices imaging 

Bend.3 endothelial cells VCAM1 and actin staining 

After LPS inflammation cells were washed with PBS by flowing at 

2µL/min for 5 minutes, then a solution of 4% of PFA was flowed 

for 10 minutes and washed again with PBS for 5 minutes at the 

same flow rate. 
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For actin staining, channels were flowed with ActinGreen™ 488 

ReadyProbes™ Reagent (1:200) and PBS-t until cover the entire 

surface, then clamped and incubated for 24 hours at 4°C. Devices 

were washed again with PBS-t and incubated with Hoechst (Invi-

trogen, USA) 1:6000 for 15 minutes, washed with PBS and con-

served at 4°C until imaging. 

For VCAM1 staining a solution of 1:200 anti-VCAM1 and a 5% 

(v/v) of donkey serum were flowed at 2 µL/min inside of the chan-

nels, clamped and incubated for 24 hours at 4°C. The unbound 

antibody was removed flushing PBS for 5 minutes. Then each 

channel was flowed (2 µl/min) with a solution of PBS-T and 1:400 

anti-rat 594 secondary antibody (Thermo-Fischer, USA) with 5% of 

donkey serum for 2 hours at 4°C. After this, channels where 

washed again with PBS 2µL/min for 5 minutes and incubated with 

a solution of PBS-T and 1:6000 Hoechst (Invitrogen, USA) for 10 

minutes at room temperature for nuclear staining. After this 

washed again with PBS. Then each stained channel was clamped 

and conserved at 4°C until imaging. 

Fluorescent particles imaging in hCMEC/D3 monolayers 

Cells in the devices were washed and fixed after particle flowing 

and imaged immediately. Due to the difference between the fluo-

rescence intensity of spheres and rods the image acquisition pa-

rameters in fluorescence microscopy had to be modified according 

to the analyzed shape.  

Fluorescence and brightfield images were acquired by confocal 

microscopy (Olympus Fluoview 1000 Spectral Confocal). 
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6.9. Polystyrene nanoparticle dose study 

The dose of nanoparticles plays a fundamental role in the outcome 

of the animal, and the effects according to size, shape, composi-

tion etc., are very diverse397-399. A high dose may result in organ 

damage from either vessel occlusion or mechanical damage to the 

endothelial tissue resulting in bleeding. Based on this, two doses of 

spherical polystyrene particles were tested in 30g mice, a group 

with an intermediate dose of 15mg/Kg and a group with a high 

dose of 50mg/Kg. A total of 3 animals per tested dose were used 

in this experiment.  

Spherical particles were gently administered intravenously through 

the jugular vein in a final volume of 200µL for both doses. 

To evaluate possible brain damage animals were followed by mag-

netic resonance imaging (T2-weighted), 1,3,7, and 14 days after 

particle administration. 

The potential liver damage was evaluated by measuring the activi-

ty levels GOT and GPT in blood (two liver damage marker en-

zymes). Kidney damage was evaluated by measuring Creatinine 

levels in blood. For this purpose, blood samples were collected 

from the tail vein previous to nanoparticle administration at 1,3,7, 

and 14 days after particle administration. 

6.10. Polystyrene particles biodistribution 
in mice after systemic inflammation. 

In order to evaluate whether the shape influenced the active tar-

geting towards VCAM1 under inflammatory conditions, a systemic 
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inflammation was induced in 30g Swiss mice as described in other 

sections (Material and methods 6.3.1.). In the same way as in the 

rest of the uptake experiences, 4 study groups were used: 

1. VCAM targeted spheres 

2. VCAM targeted rods 

3. Vehicle spheres (non-specific IgG) 

4. Vehicle rods (non-specific IgG) 

A total of 4 animals per group were used for these experiments. 

The animals were treated with LPS 100µg i.v. for 6 hours after 

stimulation, the nanoparticles were injected depending on the 

group to which they belonged and allowed to flow for 6 hours. 

Then, the animals were perfused with 20mL of cold PBS adminis-

tered transcardially to remove the traces of blood. After this, brain, 

liver, spleen, kidneys and lungs were removed, weighted and 

transferred to 15mL falcon tubes. For homogenization initially 2mL 

of PBS was added to samples and ultrasonicated with a tissue ho-

mogenizer (UP100H Hielscher, Germany) until obtain a homogene-

ous suspension. Then Disintegrations Per Million (DPM) of each 

sample were measured in a scintillation detector.  

6.11. Polystyrene particles biodistribution 
in mice after intracerebral inflammation 

The effect of the shape on the uptake of the particles was analyzed 

after inducing a restricted inflammation to the brain with the re-

spective increase of VCAM1 (as described in material and methods 

sections material and methods 6.5.1, 6.5.2, and 6.5.3.).  
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The same study groups were used as in previous sections 

1. VCAM targeted spheres 

2. VCAM targeted rods 

3. Vehicle spheres (non-specific IgG) 

4. Vehicle rods (non-specific IgG) 

A total of 4 animals per group were used in these experiments. To 

avoid background problems when measuring radiation in the brain, 

and therefore increase the detection and distribution of nanoparti-

cles., the dose previously used was doubled to 30mg/Kg.  

Likewise, the injection time of the nanoparticles was moved to 24 

hours after inflammation induction to make it coincide with the 

peak of expression of VCAM1, so, the more target expression in 

the endothelium, the greater the possibilities of nanoparticles to 

bind. Six hours after the administration animals were anesthetized 

and trasncardially perfused with 20 mL of cold PBS. After this, 

brain, liver, spleen, kidneys and lungs were removed, weighted 

and transferred to 15mL falcon tubes. Although all the organs were 

removed, only the brain was homogenized and the DPM analyzed 

in a scintillation detector.  

6.12. Scintillation detector protocol 

To measure the organs homogenized in the in vivo studies 50µL 

per organ were pipetted into two detection tubes (Kartell™ vials, 

PerkinElemer), 12mL of Supermix OptiPhase detection cocktail 

(PerkinElmer,USA) was added to each tube, shaken until the two 

phases formed a homogeneous suspension and immediately 
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measured in a scintillation detector (Beckman Coulter LS6500 Liq-

uid Scintillation Counter) each sample was measured in duplicate 

and the values obtained were represented in DPM units. 

6.13. Hybrid magnetic mesoporous 
nanorods particles  

Hybrid magnetic mesoporous nanorods (HMMSN) are nanostruc-

tures with a silicon scaffolding, a material widely used in nano-

technology400.The nanoparticles used in this sections were ceded 

by the Nanomag Laboratory (Applied Physics Department and 

Physical Chemistry Department, NANOMAG Laboratory, Research 

Technological Institute, Universidade de Santiago de Compostela, 

Spain), their synthesis and characterization were performed by 

Dra. Zulema Vargas. The process of synthesis, as well as its con-

sequent characterization until the final nanostructure was obtained 

will not be described in this work, due it was carried out by a pro-

tocol developed by their group that is still in process of publication. 

Only the basic structure and size will be showed in the results as in 

the discussion sections. 

6.14. In vitro Bend.3 endothelial cells 

mortality when cultured with HMMSN 

Microvasculature brain endothelial cells in passages between 2 and 

11 were used to evaluate the in vitro toxicity of the HMMSN nano-

rods. Cells were cultured in DMEM with 10% (v/v) of fetal bovine 

serum and 0,1% (v/v) of penicillin-streptomicin in a 24 wells plate 

(Corning, USA), and incubated at 37°C with a humidified atmos-
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phere containing 95% air and 5% of CO2. Media were replaced 

every 3 days until 80% of confluence was reached.  

A total of four different groups based in the amount per well were 

tested (n=8 wells/group): 

1. 25μg of HMMSN 

2. 50μg, of HMMSN 

3. 100μg of HMMSN 

4. 200μg of HMMSN 

Particles were incubated for 24 hours; then, the culture was 

washed 3 times with PBS pH 7.4 in order to remove not 

bound/uptaken particles. Cells were cultured with normal media 

for an additional period of 12 hours. Once concluded, 200μL of 

media per well were collected to perform an LDH toxicity assay. 

(Thermo Fisher Scientific ref# 88953). A positive control for cell 

death was used to determine the 100% of mortality and LDH re-

lease by adding the lysis buffer provided by the kit, while another 

group with only cells was used as a control for normal growth and 

viability. 

6.15. HMMSN in vivo administration groups 

In order to assess the contrast provided by the HMMSN in a physi-

ologically health brain tissue, an intraparenchymal injection of the 

(0.41mg/mL) was performed (n=2). The Intracerebral injection 

was performed in the striatum area through a stereotaxic frame, a 

final volume of 10µL of the HMNNS suspension was injected in the 

right hemisphere and the same procedure was performed in the 
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left hemisphere injecting 10µL of saline. The injection protocol is 

fully described in the Animal management and procedures. To 

evaluate the contrast provided, total signal intensity was calculat-

ed normalizing each injection zone (saline or HMMSN nanorod) 

intensity to a physiological tissue intensity area.  

With the aim to evaluate the potential toxicity effect of the nano-

rods regarding the administration route two additional groups were 

added; intravenous and intra-arterial route (n=3/group). For the 

intravenous administration 1mL of the HMMNS nanorods 

(0.41mg/mL) were gently injected through the right jugular vein of 

the animal previously exposed with a short incision on the right 

side of the animal neck. The intra-arterial administration was per-

formed through the cannulation of the right external carotid (as 

described in animal procedure volume of 450μL was injected for 20 

minutes to avoid volume overload adverse effects.) 

6.16. Prussian blue HMMSN stain and 
imaging 

Cells previously incubated with the HMMSN nanorods, were gently 

washed with PBS, permeabilized for 1 hour with PBS and 0.01% 

(v/v) Tween 20 and fixed with 4% (v/v) of methanol free PFA. Lat-

er, the culture was washed and covered with Prussian Blue work-

ing solution composed by an aqueous solutions mixture (1:1) of 

HCl at 20% (w/v) and potassium hexacyanoferrate (II) trihydrate 

at 10% (w/v). After 30 minutes, cells were washed with PBS and 

imaged. Microphotographs at 10X, 20X and 40X magnifications 

were randomly taken from samples using a phase contrast filter. 
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6.17. Magnetic resonance protocols 

All studies were conducted on a 9.4T horizontal bore magnet 

(Bruker BioSpin, Ettlingen, Germany) with 440 mT/m gradients 

and a combination of a linear birdcage resonator (7cm in diameter) 

for signal transmission, while for detection a two-element arrayed 

surface coil (RAPID Biomedical,Germany) was used for mice stud-

ies and a 2×2 surface coil array for rat studies. On the other side, 

a quadrature volume coil (7cm in diameter) was used in phantom 

studies.  

6.17.1. Mouse MRI protocols 

To analyze possible damage caused by polystyrene particles and to 

evaluate the area of intracerebral injection of LPS we acquiredT2-

weighted images. T2-weighted images were acquired using a 

MSME sequence with a 11ms echo time (TE), 2.8 s repetition time 

(RT), 12 echoes with 11ms echo spacing, flip angle (FA) of 180º, 2 

averages, 50KHz spectral bandwidth (SW), 16 slices of 0.5mm, 

19.2 × 19.2mm2 FOV with saturation bands to suppress signal 

outside this FOV, a matrix size of 256 × 256 (isotropic in-plane 

resolution of 75μm/pixel×75μm/pixel) and implemented without 

fat suppression option.  

6.17.2. HMMSN relaxivity 

Agar phantoms were used as templates for loading HMMSN nano-

rods with different Fe concentrations: 0.2, 0.1, 0.5, 0.02, 0.01, 

and 0.005mM. T2-weighted images were acquired using a MSME 
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with 10.44ms echo time, 3 s repetition time, 16 echoes with 

10.4ms echo spacing, 50KHz spectral bandwidth, flip angle (FA)= 

110º, 14 slices of 1 mm, 1 average, FOV of 75 × 75 mm2 (with 

saturation bands to suppress signal outside this FOV), a matrix 

size of 256×256 (in-plane resolution of 

293μm/pixel×293μm/pixel) and implemented without fat suppres-

sion option. T2*-weighted images were acquired using a MGE se-

quence with 4.44ms echo time, 1.8 s repetition time, 16 echoes 

with 6.75ms echo spacing, 100KHz spectral bandwidth, FA= 30º, 

14 slices of 1mm, 2 averages and the same geometry parameters 

as that of T2-weighted images. 

6.17.3. Rat MRI protocols 

For in vivo imaging of HMMSN nanoparticles after the intraparen-

chymal injection T2-weighted images were acquired using a RARE-

VTR sequence with the following acquisition parameters: echo time 

=9.5ms, 8 echos, rare factor =2, repetition time =3 seconds, 

number of averages = 2, field-of view =19.2×19.2 mm2, image 

matrix =192×192 (isotropic in-plane resolution of 100µm/pixel × 

100µm/pixel), and 18 consecutive slices of 0.5mm thickness. T2*-

weighted images were acquired using a MGE sequence with 8 

echos, first echo time =3.13ms, echo spacing =3.38ms, repetition 

time =1.4 seconds, number of averages =2, and the same geome-

try parameters as that of T2-weighted images. 

To evaluate possible ischemic lesions in the brain of the animals 

after intravenous and intra-arterial injection, T2-weighted images 

were acquired using a MSME sequence with a 9ms echo time, 3s 
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repetition time, 16 echoes with 9ms echo spacing, FA = 180º, 2 

averages, 75KHz spectral bandwidth, 14 slices of 1mm, 19.2 × 

19.2mm2 FOV (with saturation bands to suppress signal outside 

this FOV), a matrix size of 192×192 (isotropic in-plane resolution 

of 100μm/pixel×100μm/pixel) and implemented without fat sup-

pression option. 

6.18. Animal procedures 

6.18.1. Animal management 

Mice 

For this section of the work, male Swiss mice with a weight be-

tween 25-30g were included. 

Rats 

Sprague-Dawley rats with a weight between 250-300g were in-

cluded in this work. 

Mice and rats were kept in separate rooms both under controlled 

conditions of temperature (22±1ºC) and humidity (60±5%), with 

a 12/12 h light/ dark cycle for a period of one week prior to sur-

gery and immediately euthanized once the follow up period con-

cluded (depending on the experiment performed). Animals were 

granted free access to food (commercial chow pellets) and tap wa-

ter. For surgery and MRI, rats were anesthetized with sevoflurane 

(3% in 70% N2O and 30% O2). For rats, rectal temperature was 

monitored and maintained at 37±0.5ºC with a feedback-controlled 
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heating system (1025 system, SA Instruments). For mice, temper-

ature was maintained at 37±0.5ºC manually with this heating sys-

tem. At the end of the procedure’s animals were sacrificed under 

deep anesthesia (8% sevoflurane). Experimental approvals are the 

same as described in Section 5.4.1. 

6.18.2. Intracerebral injection of LPS in mice 

Mice were anesthetized and fixed in a stereotaxic frame, a small 

incision was made in the middle line of the head skin to expose the 

cranium, then a small cranial burr hole was drilled through the 

skull at the entry point, and a total of 4µL of LPS (10µg/animal) 

were injected in the right hemisphere of the animal in the striatum 

area. The needle was left in place for 10 minutes and then re-

moved at a rate of 1mm/min to prevent the reflux of injected solu-

tion. The burr hole was filled with bone wax (Ethicon, Somerville, 

NJ, USA), and the scalp incision was closed. Mice were placed in an 

animal box after surgery for recovering in a warm place with ac-

cess to food. 

6.18.3. Intracerebral injection of HMMNS in rats 

Rats were placed in a stereotaxic frame (Stoelting Co., Wood Dale, 

IL, USA) under sevoflurane anesthesia. A 1-cm-long midline inci-

sion was made in the scalp, beginning midway between the eyes 

and terminating behind the lambda. A cotton swab was used to 

clear away the soft tissue covering the skull. A Hamilton syringe 

(Hamilton; 10μL) was filled with the nanorods suspension 

(0.41mg/mL) dissolved in saline. The syringe was mounted onto 
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the injection pump and the needle was positioned directly over the 

bregma. The x, y, and z axis coordinates were all set to zero. The 

needle was then positioned at the entry point, +0.6mm anterior 

and − 2.9mm lateral of the bregma to the right. A small cranial 

burr hole was drilled through the skull at the entry point. The nee-

dle was slowly inserted into the basal ganglia to a depth of 5.5mm 

below the surface of the skull, and a volume of 10μL of HMMSN 

was injected at a rate of 1μL/min over 10 minutes. The needle was 

left in place for 10 minutes and then removed at a rate of 

1mm/min to prevent the reflux of injected solution. Same proce-

dure was performed in the left hemisphere injecting 10µL of saline. 

The burr hole was filled with bone wax (Ethicon, Somerville, NJ, 

USA), and the scalp incision was closed. The rats were placed in an 

animal box after surgery for recovering in a warm place with ac-

cess to food. 

6.18.4. Blood extraction and processing 

Mice  

For GOT, GPT and creatinine analysis 32µL (per measurement) 

were extracted from the tail vein of the animal by performing a 

small incision at the apical end, the fresh blood was collected using 

glass micropipettes and immediately measured. The blood used for 

the IL-6 analysis was drawn directly from the jugular vein because 

a larger volume was required. (about 150µL) collected in serum 

tubes (BD, USA) then centrifugated at 3000 RPM for 7 minutes at 

4°C. Serum was collected and conserved at -80°C until analysis. 
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Rats 

A total volume of 1mL of blood was extracted from the tail vein of 

the animals and collected in tubes with heparin (BD Vacutainer® 

Heparin Blood Collection Tubes) for GOT, GPT and Creatine levels 

analysis. 

6.18.5. GOT, GPT and Creatine analysis. 

The analysis was conducted with a Reflotron® plus (Roche) by 

adding 33µL of blood sample to reactive strips for GOT (ref: 

10745120202 Roche) GPT (ref: 10745138202 Roche) and Creati-

nine (ref: 10886874202 Roche) following manufacturer indications.  
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7.Section I. Research and analysis of 

new glutamate grabbing 

treatments: preclinical and clinical 

validation. 

7.1. HTS optimization 

Prior to the primary HTS study, an optimization process was 

carried out to select the GOT enzyme quantities (as positive 

control for glutamate formation), the oxaloacetate quantities (as 

negative control) and finally the reaction times of the assay (Figure 

49 and 50). 

 

Figure 49. Dose-response study used to determinate the optimal amount of GOT for the HTS 

assay. GOT 3,33x10-05 mg/mL (0,005%) was chosen as the optimal amount to perform the HST 

assay. 
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Figure 50. Dose-response study used to determinate the optimal amount of Oxaloacetate for 

the HTS assay. Oxaloacetate 0,666 mM was chosen as the optimal concentration to perform the 

HST assay. 

Based on the data obtained, the amount of GOT 3.33x10-05mg/mL 

was chosen as the optimal amount to perform the HST assay. 

While 0.666mM was chosen as the optimal concentration for 

oxaloacetate. 

7.2. SDH inhibition assay optimization 

To study the interaction of the Hits selected on the SDH activity, a 

SDH inhibition assay was previously stablished. This assay was 

based on the detection of blue-colored 2,6-

dichlorophenolindophenol (DCPID), which, when reduced in contact 

with Ubiquinol, becomes colorless involving the measurement of a 

decrease in absorbance at 600nm. To obtain a concentrate of SDH 
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enzyme, cellular HEP-G2 ellysate was used. The activity of the 

SDH (correlated with the variation of the optical density per mi-

nute) was analyzed with various concentrations of cell lysate; 

where 3.4mg/mL was selected as the concentration that provided 

the optimal resolution to observe variations in the inhibition test 

(Figure 51). 

 

Figure 51. Optical density variation correlated with SDH activity of different concentrations of 

HEP-G2 cell lysate (used a source of SDH). 

As described above, oxaloacetate is a potent inhibitor of the en-

zyme SDH, so it was used as a positive control for maximum inhi-

bition. Therefore, prior to the trial, a dose response study was per-

formed with various concentrations of oxaloacetate to establish the 

optimal amount to be used as a negative control for enzyme activi-

ty in the screening with the hits. In addition to this, a positive and 
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a negative control provided by the kit was used. Regarding the 

results, 6.6x 10-4 M was selected as the optimal amount for the 

upcoming assays due to an inhibition similar to the control provid-

ed by the kit (Figure 52). 

 

Figure 52. Dose-response study of the inhibition effect of Oxaloacetate on SDH activity. 
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7.3. High-throughput Screening Hits of 

glutamate grabbers. 

A collection of 1120 chemically and pharmacologically diverse 

compounds (ca. 90% being FDA approved drugs) from the PCL 

(http://prestwickchemical.com/prestwick-chemical-library.html) 

and was evaluated in a HTS assay to assess their capability to in-

teract with GOT activity. GOT activity was measured indirectly 

through the inhibition of glutamate formation by means of a com-

mercial assay kit. In this assay, an amino group is transferred 

from aspartate to α-ketoglutarate. The products of this reversible 

transamination reaction are oxaloacetate and glutamate, and the 

glutamate concentration is detected in a reaction that concomi-

tantly converts a nearly colorless probe to color. Therefore, a re-

duction on glutamate formation would be detected for the com-

pounds able to interfere on glutamate formation. Having evaluated 

the collection, the compound criteria selection was established. 

Only those compounds that showed a percentage of inhibition 

higher than the average plus three standard deviations (>28.2%) 

were considered as hits253. 

A total of six compounds met the requirements for inhibition of the 

glutamate formation as it is shown in Figure 53. The compounds 

selected were the following: apomorphine, dobutamine, doxycy-

cline, methyldopa, nifedipine, and riboflavin. 
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Figure 53. High throughput screening of 1120 compounds based in the capacity to inhibit the 

glutamate formation in the reaction catalyzed by the GOT enzyme. Activity of the tested 

compounds on glutamate formation inhibition obtained in the high-throughput screening assay. 

Hit threshold is marked with a dashed line. 

To validate these results, the same experiments were repeated 

with selected hits (data not shown). Finally, to confirm the speci-

ficity of the selected hits on GOT activity, newly acquired samples 

of six selected hits were submitted to a similar dose-response 

study (Figure 54). Five of the six hits tested presented a sigmoidal 

curve. The IC50 values obtained for the identified hits are shown in 

Table 4. The most attractive hit identified during the screening was 

the well-known vitamin riboflavin (Vitamin B2), which has an IC50 

value in the low micromolar range. 
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Figure 54. Concentration-response curves of the main 5 hits and oxaloacetate (used as 

control) obtained on glutamate formation that showed a sigmoidal curve. Points represent the 

mean ± SD (n=3) 
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Table 4. Potency (IC50) and efficacy (maximum inhibition of glutamate release compared to 

0.66 mM oxaloacetate) shown by each of the hits evaluated. 

 

7.4. Analysis of riboflavin on SDH activity 

One of the most important concerns limiting oxaloacetate 

use for humans lies its toxicity, which is consequence of its 

SDH inhibitory activity. Although the six selected hits are 

drugs already used in humans, it was decided to evaluate if 

any of them could interfere with the activity of this enzyme 

in the range of doses used with GOT. With this aim, a dose-

response study employing the six compounds identified was 

performed to evaluate potential SDH activity interaction. 

Oxaloacetate was used as a positive control of SDH 

inhibition. Analysis of SDH activity showed that oxaloacetate, 

at a concentration of 0.66mM, induced a significant inhibition 

(considered to be 100%) of SDH, while apomorphine, 

nifedipine, and riboflavin tested at a concentration of 10-4M 

(in a similar manner to that employed in the HTS assay) 



    Results 

221 
 

presented an inhibition of 30/40% (with respect to 

oxaloacetate inhibition). Methyldopa, dobutamine, and 

doxycycline did not affect SDH activity at these 

concentrations (Figure 55). IC50 values were determined for 

compounds showing a sigmoidal curve: apomorphine and 

riboflavin (Table 5). 

 

Figure 55 Concentration-response curves of the hit compounds and oxaloacetate over SDH 

enzyme activity. Points represent the mean ± SD (n=3). 
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Table 5. Potency (IC50) and efficacy (maximum inhibition of SDH enzyme expressed in %) 

shown by each of the hits evaluated and oxaloacetate. 

 

7.5. Riboflavin effect in blood glutamate levels 
of healthy animals and clearance profile 

Considering its positive results, riboflavin was selected for further 

studies to validate its potential as a novel blood glutamate grab-

ber. With this aim, the vitamin was intravenously injected in 

healthy rats to determine if the effect observed in vitro resulted in 

a blood glutamate reduction under in vivo conditions.  

In previous studies, we had found that 35mg/Kg of oxaloacetate 

was an effective dose to induce a reduction of blood glutamate164. 

Based on that study, we chose three different doses (1, 10, and 

50mg/Kg, animal weight) to test the effect of riboflavin on blood 

glutamate level. Saline treatment was used as control and oxalo-

acetate (35 mg/Kg) as a positive control for blood glutamate re-

duction.  
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The three doses tested showed a significant reduction of blood 

glutamate levels compared to the control group at 2 and 4 h after 

administration. However, 1 and 50mg/Kg doses produced a faster 

and higher glutamate reduction than oxaloacetate. Thus, while 

oxaloacetate induced a reduction on glutamate levels (20% re-

spect to the basal levels) at 4 hours after treatment, the reduction 

induced by riboflavin at 1 and 50mg/Kg was observed at 30 

minutes after administration, showing maximum effect at 2 hours, 

with reduction of blood glutamate around 50% compared to the 

basal levels (Figure 2A). The lack of dose-response effect between 

1 and 50 mg/Kg led to select the minimal dose tested (1mg/Kg) 

for the next protective study in ischemic animal models (Figure 56 

and Table 6). 
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Figure 56. Blood glutamate levels of animals treated with saline, oxaloacetate 35mg/Kg and 
riboflavin 50, 10, and 1mg/Kg. Data are shown as mean±SD.*P<0.01 respect to the basal, 

(n=3/ group). 

Table 6. Glutamate serum levels (µM) of healthy rats treated with different doses of riboflavin. 

 

 
Control 

(Saline) 

Oxaloacetate 

(35mg/kg) 

Riboflavin 

(50mg/Kg) 

Riboflavin 

(10mg/Kg) 

Riboflavin 

(1mg/Kg) 

Basal 119.9±19.9 171.3±53.5 99.2±27.2 89.1±34.8 120.4±37.5 

Glutamate 
at 30 min. 

116.4±27.5 175.3±81.2 62.8±14.5 76.5±42.1 77.9±40.1 

Glutamate 
at 2 hours 

119.3±12.3 130.6±41.2 50.4±5.6 50.9±12.2 51.8±29.3 

Glutamate 
at 4 hours 

131±26.6 124.5±34.9 60.4±13.7 64.6±5.2 59.4±24.3 
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In order to evaluate the presence of the drug in the blood once it 

has been administered, a clarification profile was carried out in 

blood levels, both for the drug used in the preclinical phase and for 

its variant in the subsequent clinical trial. Animals treated with a 

dose of 1mg/Kg confirmed a peak increase of this treatment in the 

blood at 30 minutes after the administration while rats treated 

with the same dose of the clinical form of riboflavin showed a simi-

lar profile (Figure 57). 

 

 

Figure 57. Riboflavin clearance profile in blood after preclinical and clinical form of riboflavin 1mg/Kg intravenous 

injection. Data are shown as mean±SD, (n=3/ group). 
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7.6. Riboflavin effect on ischemic animals 

To confirm if the decrease in blood glutamate induced by riboflavin 

may lead to an ischemic therapeutic effect, experimental animals 

were subjected to an ischemic model tMCAO and then were treated 

with riboflavin 1mg/Kg. Saline treatment was used as control and 

oxaloacetate 35mg/Kg as a positive control of blood glutamate 

grabber.  

During ischemic surgery, reduction of cerebral blood blow was ex-

amined with laser Doppler and MRA to confirm the occlusion of the 

middle cerebral artery (MCA); moreover, a basal ischemic lesion 

(before treatment administration) was also determined with MRI. 

All animals included in the study presented a similar reduction of 

cerebral blood (>70% respect to the basal levels) and the same 

ischemic damage before treatment administration (treatment was 

administrated after artery reperfusion, that was 45 minutes after 

ischemia induction). 

Ischemic animals treated with oxaloacetate and riboflavin showed 

a significant (p<0.05) infarct reduction at 24 hours compared to 

the control group (Figure 58 A and B). This effect persisted until 

day 7, although these differences did not achieve a significant val-

ue.  
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Figure 58. Evaluation of riboflavin as glutamate grabber in ischemic conditions. (A) Effect of 

saline, oxaloacetate 35mg/Kg and riboflavin 1mg/Kg on of infarct volume of ischemic animals. 

Data are represented as % normalized to the basal ischemic damage determined by ADC maps. 

(B) ADC maps were acquired during cerebral artery occlusion (before treatment administration) 

to ensure that all animals included in the study were subjected to similar levels ischemic dam-
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age. Lesion volume evolution was assessed using T2-weighted images recorded 24 hours and 7 

days. Data are shown as mean±SD.*P<0.01 respect to the basal, (n=8/ group). 

In addition, a significant (p<0.05) reduction in blood glutamate 

levels 3 hours after occlusion compared to control was observed in 

the treated group (Figure 59 A and Table 7). None of the treat-

ments used, oxaloacetate or riboflavin, caused an alteration on 

GOT activity compared to the control group (Figure 56 B). 

 

Figure 59. (A) Effect of saline, oxaloacetate 35mg/Kg and riboflavin 1mg/Kg on blood gluta-

mate levels and (B) Blood GOT activity. Data are represented as % normalized to the basal 

values. Data are shown as mean±SD.*P<0.01 respect to the basal, (n=8/ group). 
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Table 7. Glutamate serum levels (µM) of ischemic animals. 

 

No differences on sensorimotor analysis were observed in the 

treated group compared to the control group (Figure 60 A and B 

and Tables 8 and 9). 

 
Control 
(Saline) 

Oxaloacetate 
(35mg/kg) 

Riboflavin 
(1 mg/kg) 

Basal 

57.8± 20.4 51.3 ± 17.6 63.7 ± 20.5 

Glutamate 

at 1 hour 
51.4 ± 18.3 42.5± 12.9 62.9 ± 12.9 

Glutamate 

at 3 hours 
52.7 ± 10.3 28.9 ± 50.1 37.1 ± 10.2 

Glutamate 

at 24 hours 
49.2 ± 19.2 36.5 ± 68.7 48 ± 17.2 

Glutamate 

at 7 days 
57.7 ± 18.4 28.6 ± 32.7 52.8 ± 13.7 
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Figure 60. Functional and motor recovery of ischemic animals were determined by Bederson 
scale and (A) cylinder Test (B). Data are shown as mean±SD.*P<0.01 respect to the basal, 

(n=8/ group). 
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Table 8. Functional assessment by the Bederson scale of ischemic animals. 

 

Table 9. Lateralization index obtained in the Cylinder test of ischemic animals. 

 

 

7.7. Riboflavin effect on hemorrhagic animal 
models 

One of the most important advantages of the blood glutamate 

grabbers tested so far (oxaloacetate and GOT) is that they can be 

administrated immediately in case of suspected ischemic stroke 

without previous neuroimaging and without risk in case of hemor-

rhagic stroke401. 

In this line, to evaluate the effect of riboflavin on cerebral hemor-

rhagic damage, the selected drug was tested in a hemorrhagic 

animal model produced by injecting collagenase into the basal 

ganglia. Hemorrhagic animals were treated 1 hour after brain 

damage with riboflavin 1mg/Kg and the hemorrhagic lesion was 

compared to the control group treated with saline. MRI assessment 

 
Control 

(Saline) 

Oxaloacetate 

(35mg/kg) 

Riboflavin 

(1 mg/kg) 

Basal score 0.87± 0.35 0.874 ±0.34 0.99 ±0.44 

Score at 24 hours 4.75 ±1.28 5.12 ±0.99 5.25± 1.66 

Score at 7 days 2.25 ±1.03 2.57 ±0.97 2.28 ±0.58 

 

 
Control 

(Saline) 

Oxaloacetate 

(35mg/kg) 

Riboflavin 

(1 mg/kg) 

Basal 0.53±0.04 0.5 ±0.03 0.49 ± 0.04 

24 hours 0.72±0.13 0.66 ±0.16 0.73±0.18 

7 days 0.60 ±0.10 0.52 ±0.03 0.6 ±0.01 

 



 Andrés Da Silva Candal   

232 
 

of the hemorrhagic lesion for 14 days did not show differences be-

tween the two groups (Figure 61 A and B). 

 

Figure 61. (A) MRI assessments of hemorrhagic injury evolution determined by T2-weighted 

imaging. (B) Effect of saline and riboflavin 1mg/Kg hemorrhagic determined for 14 days. 

 In addition, no differences were detected in the sensorimotor re-

covery of the animals. As showed in Figures 62 A and B and Tables 

10 and 11. 
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Figure 62. Functional and motor recovery of hemorrhagic animals were determined by 

Bederson scale (A) and cylinder Test (B). Data are shown as mean±SD, (n=8/ group). 
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Table 10. Functional assessment by the Bederson scale of hemorrhagic animals 

 

Table 11. Lateralization index obtained in the Cylinder test of hemorrhagic animals. 

 

7.8. GOT-riboflavin interaction analysis 

Riboflavin was identified as a new blood glutamate grabber in the 

context of an HTS assay measuring capability to interact with GOT. 

However, whether riboflavin was acting directly on GOT enzyme or 

through indirect mechanisms was unknown so far. In an effort to 

obtain evidence elucidating the effect of riboflavin on GOT activity, 

a Saturation Transfer Difference 1H Nuclear MR (1H-STD-NMR) 

study was performed. STD experiments involves subtracting a 

spectrum in which the protein was selectively saturated (on-

resonance spectrum obtained by irradiating at a region of the 

spectrum that contains only resonances of the receptor/protein 

such as 0 ppm to 1 ppm) with signal intensities ISAT, from one rec-

 
Control 
(Saline) 

Riboflavin 
(1 mg/kg) 

Basal score 0.8±0.46 0.88 ± 0.35 

Score at 5 hours 5.90 ± 0.69 6.25± 0.89 

Score at 24 hours 5.50± 0.69 4.88± 0.83 

Score at 7 days 2.50±1.19 2.13± 1.36 

Score at 14 days 2 ± 0.53 1.57 ± 0.53 

 

 
Control 

(Saline) 

Riboflavin 

(1mg/ml) 

Basal 0.52±0.01 0.54 ± 0.05 

24 hours 0.73±0.15 0.60±0.15 

7 days 0.62±0.14 0.66±0.13 

14 days 0.60 ±0.13 0.53 ±0.09 
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orded without protein saturation (off-resonance spectrum), with 

signal intensities I0. 

In the difference spectrum (ISTD = I0 - ISAT) only the signals of the 

ligand that received saturation transfer from the protein (via spin 

diffusion) will remain. The STD spectrum for this sample was ob-

tained by subtracting the on-resonance spectrum (GOT protein 

saturation) to the off-resonance. The resulting STD spectrum 

showed no proton signals of the ligand, which suggest that there is 

no direct weak interaction between GOT and riboflavin, at least 

under the experimental conditions used (Figure 63). 

 

 

Figure 63. Saturation Transfer Difference (STD) 1H Nuclear Magnetic Resonance experiment of 

riboflavin and GOT: STD spectrum (below) and off-resonance (reference) spectrum (on top). 

Signals with an asterisk correspond to the protons of the ligand, which are absent in the STD 

spectrum, indicating no detectable weak interaction between the enzyme and the ligand. 
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7.9. Riboflavin derivatives effect on glutamate 

formation in vitro 

In order to evaluate whether the effect on GOT activity observed in 

the HTS study could be the result of the unspecific interaction be-

tween riboflavin with any of the unknown compounds included in 

the commercial GOT assay kit, three riboflavin derivatives were 

purchased (FAD and lumichrome) or synthesized (TARF) and test-

ed on glutamate inhibition under the same conditions than per-

formed in the initial HTS assay. The selected derivatives are all 

close riboflavin structural analogues and were selected to obtain 

preliminary information regarding the implication of the two main 

structural fragments present at the vitamin [D-mannitol side chain 

and the tricyclic ring (alloxazine)] in the observed blood glutamate 

grabber activity. Lumichrome is a truncated riboflavin derivative 

(missing the D-mannitol side chain), TARF is a riboflavin prodrug 

(Figure 64).  
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Figure 64. Different variations of riboflavin structures used to determine the specific effect of 

riboflavin as a glutamate grabber. Self-created image (using elements with Creative Common 

license). 

Moreover, with the aim to complement the validation of the vita-

min role, flavin adenine dinucleotide (FAD), a phosphorylated bio-

active form of riboflavin was also screened. During these experi-

ments, oxaloacetate and riboflavin were again used as positive 

controls. Inhibition of glutamate formation induced by oxaloacetate 

was considered as 100%. Riboflavin induced an inhibition similar 

to that previously observed (41% respect to oxaloacetate), while 

the % of inhibition observed for FAD was 54% (respect to oxalo-

acetate). Interestingly, the acetylated analogue and the truncated 

riboflavin derivatives exhibited 54% and 9% inhibition, respective-

ly. Together, these data suggest that riboflavin’s structure plays a 

specific role on GOT activity (Figure 65). 
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Figure 65. Glutamate formation inhibition by different riboflavin forms, flavin adenine 

dinucleotide (FAD), riboflavin, tetraacetyl riboflavin (TARF), and lumichrome. Oxaloacetate was 

used as a positive control for inhibition of glutamate formation. Values are represented in % 

normalized to positive control (only GOT) Points represent the mean ± SD (n=3) 

7.10. Riboflavin derivatives effect on 
glutamate formation in healthy animals 

Subsequently, the three riboflavin analogues (FADS, lumichrome, 

and TARF) were tested to determinate its capability to reduce 

blood glutamate concentration in healthy animals at the same dose 

(1mg/Kg) previously used for riboflavin; riboflavin and saline were 

used as control groups. In line with the in vitro screening, ribofla-

vin, FAD, and TARF unequivocally induced a reduction of blood 

glutamate levels after administration compared to the control 

group, while lumichrome did not show the same effect compared 

to the control group (Figure 66 and table 12). Together, the pro-

G
O
T

O
xa

lo
ac

et
at

e
FA

D

R
ib

ofla
vi

n

TA
R
F 

Lum
ic

hro
m

e

0

50

100

150

Maximun glutamate formation inhibition

 G
lu

ta
m

a
te

fo
rm

a
ti

o
n

 i
n

h
ib

it
io

n
 (

%
)



    Results 

239 
 

vided data confirm that, while no evidence of a direct interaction 

between riboflavin and GOT are available, riboflavin’s structure is 

critical in reducing blood glutamate. 

 

Figure 66. Blood glutamate levels of animals treated with Lumichrome, FAD, Riboflavin, and 

TARF all at 1mg/Kg. Saline-treated animals were used as the control group. Data are shown as 

mean±SD.*P<0.01 respect to the basal, (n=3 animals/ group). 

Table 12. Glutamate serum levels (µM) of rats treated with different forms of riboflavin. 

 

7.11. Clinical trials results 

The final aim of this clinical study was to test the previous experi-

mental studies and to validate the effect of riboflavin as a new 

blood glutamate grabber in patients with stroke. 

 Control Lumichrome FAD Riboflavin TARF 

Basal 100.81±43.41 118.83±28.75 114.23±40.11 111.00±30.82 189.58±93.32 
30 min 117.41±32.33 120.88±22.57 69.11±31.71 82.17±22.64 98.19±59.35 
1 hour 84.03±35.62 91.95±33.28 71.36±39.50 66.56±17.84 88.81±50.52 
1.5 hours 70.96±35.44 86.35±5.24 69.75±40.58 50.38±3.66 116.58±57.02 
2 hours 64.15±6.38 68.60±30.43 61.95±47.44 64.33±26.75 92.04±41.56 
2.5 hours 56.91±24.26 92.07±34.51 63.93±23.48 74.83±13.76 105.05±18.61 
3 hours 74.65±8.87 87.21±48.04 77.38±15.44 111.73±60.26 85.98±10.79 
6 hours 90.05±61.92 83.30±21.47 84.82±50.96 93.03±39.06 57.87±26.10 
24 hours 108.44±50.3 113.04±76.02 78.83±35.96 99.16±8.07 61.48±19.33 
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The clinical study (protocol code JCS-CBG-2014-01, ClinicalTri-

als.gov NCT02446977) was initially approved by the Ethics Com-

mittee of Clinical Research (CEIC) of Galicia. A total of 61 patients 

were initially enrolled, and after apply the inclusion criteria (de-

tailed in Section I Material and Methods) a total of 50 patients 

were included in the study and randomized upon arrival in 2 differ-

ent groups; 1) intravenous placebo (saline) or intravenous ribofla-

vin (20mg) both administrated in a single bolus (following a similar 

administration protocol to that used in the experimental studies). 

7.11.1. Basal demographic data and anamnesis 

Baseline data were collected as detailed in Table 13, no significant 

differences were found between the placebo and the treated 

group. 

Table 13. Demographic data and anamnesis. 

 

 
Placebo 

N=26 

Riboflavin 

N=24 

p value 

Men (%) 61.5 66.7 0.405 

Age (years) 78.5 ± 10.3 73.1 ± 12.7 0.077 

History of arterial hypertension (%) 64 50 0.322 

History of dyslipidemia (%) 44 54.2 0.477 

History of smoking (%) 16 16.7 1.000 

History of diabetes (%) 32 20.8 0.376 

Previous coronary disease (%) 12 12.5 1.000 

Previous coronary insufficiency (%) 4 12.5 0.349 

Previous cerebrovascular disease (%) 20 29.2 0.456 

Previous peripheral artery disease (%) 0 4.2 0.110 

Previous kidney disease (%) 4 4.2 1.000 

Diabetic nephropathy (%) 0 0 - 

Previous liver disease (%) 0 4.2 0.23 
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A series of baseline clinical exploration data were taken from the 

patients, no significant differences were found between groups as 

detailed in the Table 14. 

Table 14. Basal clinical data exploration 

 

 
Placebo 
N=26 

Riboflavin 
N=24 

p value 

Systolic blood pressure (mm Hg) 141.4 ± 19.8 136.3 ± 18.2 0.360 

Diastolic blood pressure (mm Hg) 76.9 ± 13.3 75.6 ± 16.0 0.763 

Axillary temperature (°C) 36.5 ± 0.7 36.4 ± 0.6 0.707 

Hemoglobin (g/dL) 13.4 ± 1.9 13.8 ± 2.1 0.461 

Platelets (x103/µL) 195.5 ± 59.5 222.3 ± 63.8 0.132 

Blood glucose (mg/dL) 128.4 ± 46.8 136.4 ± 40.0 0.525 

INR 1.21 ± 0.41 1.19 ± 0.39 0.833 

Creatinine (mg/dL) 0.9 ± 0.3 0.9 ± 0.3 0.409 

Previous Rankin   0.751 

Rankin = 0 (%) 61.5 62.5  

Rankin =1 (%) 34.6 37.5  

Rankin = 2 (%) 3.8 0  

NIHSS 9.5 [6.2-17.2] 10.5[6.5-15.7] 0.726 

Diagnostic (%)   0.511 

Ischemic 92.0 95.8  

Hemorrhagic 8 4.2  

TOAST (%)   0.092 

Atherothrombotic 0 13.6  

Cardioembolic 65.2 45.5  

Lacunar 4.3 18.2  

Indeterminate 30.4 22.7  

TPA i.v. (%) 42.3 45.8 0.513 

Intra-arterial recanalization (%) 11.5 4.2 0.336 

Complications of the recanalizer 
treatment (%) 
 

0 0  

Time between symptoms onset and 
hospital inclusion (min) 

130 ± 37 139 ± 24 0.236 
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7.11.2. Evolutionary data 

A follow-up of the evolution of the patients of both groups was 

carried out. No significant differences were found as described in 

Table 15. 

Table 15. Evolutionary data of included patients. 

 

7.11.3. Primary objective: Riboflavin effect on blood 

glutamate levels 

To evaluate the main objective of the clinical trial, serum gluta-

mate levels were analyzed at admission (basal) and 3, 6, 12, 24 

hours later. As far as raw levels are concerned, there is a tendency 

to decrease the levels of glutamate in the treated group, but with-

out reaching statistical significance (Figure 67 A). On the other 

hand, the decrease in glutamate concentrations was significantly 

greater in the group of patients treated with riboflavin at 12 hours 

after treatment administration (Figure 67 B). 

 



    Results 

243 
 

 

Figure 67. (A) Analysis of blood glutamate levels determined in stroke patients treated with 

saline (placebo) and riboflavin (20mg) before (basal) and during 24 hours after treatment 

administration. (B) Variation of blood glutamate levels between basal and the different time 

points. Data are shown as mean±SD.*P<0.01 respect to the basal. 

Due to its close relationship with glutamate levels, the levels of 

two serum transaminases, GOT and GPT were measured to confirm 

that the patients had similar baseline levels to avoid causing false 

positives, and to evaluate the possible effect of riboflavin on these 

enzymes over time. No significant differences were found in serum 

activity levels of GOT and the other hepatic transaminase, GPT, 

between treated and control groups (Tables 16 and 17). 
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Table 16. GOT serum activity (u/L) of both control and treated patients at different time 

points. 

 

Table 17. GPT serum activity (u/L) of both control and treated patients at different time points. 

 

Riboflavin serum levels were also analyzed to evaluate the clear-

ance profile in ischemic patients, showing a peak of riboflavin im-

mediately after the administration and a progressive decay after 6 

hours until it reached levels close to those of the placebo group 24 

hours later, evidencing the quick clearance of the treatment (Fig-

ure 68). 
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Figure 68. Analysis of blood riboflavin levels determined in stroke patients treated with saline 

(placebo) and riboflavin (20mg) before (basal) and during 24 hours after treatment 

administration. Data are shown as mean±SD. 

7.11.4. Secondary objectives: Functional recovery 

and safety management  

The secondary objective of the study is focused on the analysis of 

functional improvement by means of neurological scales used in 

clinical practice and the safety use by measuring the adverse 

events in both groups.  

Average hospital stay in days was analyzed in both groups and no 

significant differences were found as detailed in Table 18. 
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Table 18. Hospital stay in control and treated patients. 

 

Clinical improvement was analyzed using the formula: (NIHSS ba-

sal-NIHSS discharge)/NIHSS basal x 100 and (NIHSS basal-NIHSS 

three months)/NIHSS basal x 100 compared between them and 

the two treatment arms.  

Patients treated with riboflavin showed a significant functional im-

provement between 3 months and discharge (p=0.019) than the 

control group (p=0.645). 

 
Placebo 

N=25 

Riboflavin 

N=24 
p value 

Average hospital stay (days) 5.3 ± 2.5 4.9 ± 2.4 0.952 
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On the other hand, the comparison of the levels at discharge 

shows an improvement in the treated group that borders on statis-

tical significance (p=0.005) (Figure 69). 

 

Figure 69. Analysis of the clinical improvement in the placebo and treated groups determined 

at discharge ([National Institutes of Health Stroke Scale (NIHSS) basal] − [NIHSS at discharge] 

/ NIHSS basal × 100) and at 3 months ([NIHSS basal − NIHSS at 3 months] / NIHSS basal × 

100). 

As a complementary means of functional recovery, the modified 

Rankin scale was analyzed at 3 months in patients. Although there 

is some trend towards improvement, there are no significant dif-

ferences between the treated and control groups (Figure 70). Ad-
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verse events were also evaluated after treatment administration 

(Table 19). 

 

Figure 70. Shift distribution of the mRS scores at three months in patients treated with saline 

(placebo) and riboflavin (20mg). 

Table 19. Evaluation of clinical events after treatments administration 

 

Treatment group Event Resolution 
Maximum 

intensity 

Severity 

criteria 

Placebo Stroke Persistence Severe Decease 

Placebo 
Intracerebral 

hemorrhage 
Persistence Severe Decease 

Placebo Exitus Persistence Severe Decease 

Placebo Exitus Persistence Severe Decease 

Placebo Respiratory infection Persistence Severe Decease 

Riboflavin Right CMA infarct Persistence Severe Decease 

Placebo 
Urinary infection and 
hematuria 

Recovery with 
sequelae 

Moderate 
Hospitalization or 
prolongation 

Riboflavin Respiratory infection Persistence Severe Decease 

Riboflavin Craniotomy 
Recovery with 
sequelae 

Severe Threatens life 

Placebo Epileptic crisis 
Recovery with 

sequelae 
Moderate 

Hospitalization or 

prolongation 

Placebo Respiratory infection Persistence Severe Decease 

Placebo Rebleeding Persistence Severe Decease 
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8.Section II. Functionalization and 

development of nanoparticles for 

active targeting toward 

inflammatory markers. 

 

8.1. Analysis of inflammatory markers in 
vascular endothelial cells  

As described in other segments of this work, inflammation is a 

common component in many neurological diseases, which not only 

affects the CNS locally but also induces a series of signaling to en-

dothelial cells, which in turn express a series of inducible markers 

in the luminal side of the vessel to promote the recruitment of dif-

ferent inflammatory cellular components to act on the area affect-

ed by the pathology. This work focuses on adhesion molecules 

overexpressed in inflammatory conditions, specifically ICAM1 and 

VCAM1. 

8.1.1. In vitro analysis of VCAM1 and ICAM1 expression 

The expression of ICAM1 and VCAM1 was analyzed in Bend.3 cells 

(mouse brain microvasculature). Endothelial cells are characterized 

by establishing strong bonds by means of tight junction proteins in 

confluent conditions, as shown in Figure 71. 
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Figure 71. Immunostaining for occludin (green) a tight junction protein proper of endothelial 

cell; under conditions of (A) low confluence and (B) high confluence. 

The expression of ICAM1 and VCAM1 was analyzed qualitatively by 

immunostaining after inflammatory induction by increasing con-

centrations (1µg/mL, 10µg/mL and 100µg/mL) with E. Coli LPS for 

6 hours. Cells treated with the same volume of PBS were used as 

negative control. The cells treated with LPS suffered a drastic in-

crease in the expression of both markers compared to control 

groups in all concentrations used, the lowest concentration 

(1µg/mL) was selected for further experiments due to the lack of 

dose dependence as showed in Figures 72 and 73.  
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Figure 72. Immunostaining for VCAM1 and ICAM1 in Bend.3 endothelial cells stimulated with 

different concentrations of LPS. 

 

Figure 73. Positive marking for VCAM1 and ICAM1 in Bend.3 endothelial cells stimulated with 1 

µg/mL of LPS images acquired at 20X magnification. 

The expression of ICAM1 and VCAM1 was quantified by flow cy-

tometry in Bend.3 cells stimulated with 1µg/mL LPS for 6 hours. 

Unstimulated cells without applying the antibody markers were 



 Andrés Da Silva Candal   

252 
 

used as a blank to evaluate the possible background (autofluores-

cence). In addition, a control group (without LPS stimulation) and 

a stimulated group were used, both with antibodies against ICAM1 

(FITC fluorescence) and VCAM1 (Alexa 647 fluorescence). The cells 

treated with LPS showed an increase in the expression of ICAM1 

and VCAM1 compared to the non-stimulated group as seen in the 

populations represented in Figure 74 and in the representation of 

the spectrum of the intensity of each group in Figure 75 When 

analyzing the intensity ratio between cells stimulated with LPS and 

non-stimulated cells (Figure 76), there is an increase in the ex-

pression of ICAM1 of 4.5-fold increase, whereas in the VCAM1 

group showed around a 10-fold increase. Based on these results, 

VCAM1 was selected as a target of the nanoparticles to be used in 

the in vitro and in vivo experiments. 
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Figure 74. Analysis of ICAM1 and VCAM1 expresion measured by flow cytometry. Blank (no 

labeling), ICAM1 marked, and VCAM1 marked Bend.3 cell populations are represented. 
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Figure 75. Fluorescence intensity ICAM1 (FITC-A) and VCAM1 (Alexa 647-A) of Bend.3 cells. 

 

Figure 76. Ratio of fluorescense intensity means betweem stimulated and non-stimulated cells 

of ICAM1 and VCAM1 in Bend.3 cells. 
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8.1.2. In vivo analysis of VCAM1 expression after 

systemic inflammation induction 

Animals treated with LPS 100µg/animal through intravenous and 

intraperitoneal were subjected to a immunostaining in the brain 

vessels for a endothelial marker CD31, VCAM1 and Hoechst for 

nuclear staining 6 hours after LPS injection. Those animals were 

positive for VCAM1 compare to non-stimulated animals (control) 

(Figure 77). In addition, to confirm that systemic inflammation was 

taken place, serum levels for IL-6 were analyzed 6 hours after LPS 

administration. Those animals treated with LPS showed a signifi-

cant increase in IL-6 compared to the control group. No significant 

differences were found in IL-6 serum levels when comparing the 

i.v. and i.p. administration route (Figure 78). 
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Figure 77. Inmunofluorescence staining of CD31 (green), VCAM1 (Red) and nuclear staining 

(blue) in 12 µm brain slices of controls and LPS treated animals. Microphotographs showed 

were acquired at 20X in vessels found in the red circle area of 2 different animals per group. 
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Figure 78. IL-6 levels in serum after administered 100µg of LPS i.v. and i.p. in Swiss mice. Bars represent 
SD and * p<0.005.  

8.1.3. In vivo analysis of VCAM1 expression after 

intracerebral inflammation induction 

The polystyrene nanoparticles were designed to have VCAM1 as 

target, an endothelial cell adhesion molecule overexpressed under 

inflammatory conditions. The induction of this inflammation can be 

performed by inoculation of LPS as it happens in vitro. However, 

the route of administration of the LPS plays a key role in the area 

to be inflamed, to focus the expression of the VCAM1 target only 

on the brain, intracerebral injection was selected as the route of 

administration (Figures 79 and 80). To this end, 10µg of LPS were 
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injected in a final volume of 4µL in the right hemisphere of Swiss 

mice. 

 

Figure 79. Systemic and intracerebral inflammation induction by LPS injection. Self-created 

image (using elements with Creative Common license). 

 

Figure 80. Magnetic Resonance T2 weight image of the intracerebral injection of 4µL LPS in the 

right hemisphere of a Swiss mouse. The red circle shows the region where the LPS was 

injected. 
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The main objective of this methodology was to produce an inflam-

mation restricted to the brain without provoking a systemic in-

flammatory effect that could overexpress the target of the particles 

(VCAM1) in areas of the body of no interest for this study. To veri-

fy that the intracerebral injection of LPS was not producing a sys-

temic inflammation, serum levels of IL-6 (an inflammatory marker) 

were measured after the intracerebral administration. For this ex-

periment, venous blood was collected at different time points (6 

and 24 hours after LPS inoculation) and analyzed by mean of an 

ELISA kit. 

No significant differences in systemic IL-6 levels were found be-

tween the control group and animals treated with LPS intracerebral 

at any time point. On the other hand, IL-6 levels in animals treat-

ed with LPS intravenous (positive controls for systemic inflamma-

tion) increased drastically (250-fold) compared to the control 

group (Figure 81). 
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Figure 81. Analysis of the serum levels of IL-6 in animals treated with LPS (n=4 

animals/group). 

Once the systemic inflammation was analyzed, the next step was 

to analyze the expression of VCAM1 in the cerebral vessels. To 

qualitatively evaluate the expression of VCAM in the injected hemi-

sphere, LPS was administered in the group of study and saline was 

injected in the control group. After 6 hours the mice were sacri-

ficed and perfused with 20mL of cold PBS and brains were extract-

ed. An immunofluorescence stain was performed for CD31 (a spe-

cific endothelial cell marker), VCAM1, and cell nuclei. The fluores-

cence intensity for CD31 was similar for all marked vessels inde-

pendently of the group, while on the other hand, animals treated 

with LPS showed a higher fluorescence intensity for vascular 

VCAM1 compared to the control group (Figure 82).  
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Figure 82. Inmunofluorescence staining of CD31 (green), VCAM1 (Red) and nuclear staining 

(blue) in 12µm brain slices of controls and LPS treated animals. Microphotographs showed were 

acquired at 20X in vessels found in the red circle area of 2 different animals per group. 

Although the results are coherent with the expected, the difficulty 

of staining brain vessels due to the tendency to autofluorescence, 

added to the impossibility of seeing small vessels, an area where 

the greatest number of target-nanoparticles unions are usually 

produced, led to perform a quantitative analysis of the expression 

of VCAM1 by means of qPCR. 

Inflammation is a complex and multifactorial process that in many 

cases is time-dependent, therefore for the analysis of cerebral 

VCAM1 expression, a control group of healthy animals without LPS 

stimulation was used, and two study groups with administration of 

intracerebral LPS (10µg) in the right hemisphere at two time 

points, 6 and 24 hours after administration were analyzed. The 
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animals treated with LPS showed a 4-fold increase in the relative 

expression of VCAM1 6 hours after the LPS administration. On the 

other hand, after 24 hours the animals showed an 8-fold increase 

(Figure 83). These results suggest that VCAM has a time-

dependent expression and the greater expression is obtained after 

24 hours. The more overexpression of the target the greater the 

probability of particle-VCAM1 interaction so therefore, 24 hours 

post-stimulation was selected as the optimal time to administer 

the particles in the in animals. 

 

Figure 83. Quantification of the relative expression of VCAM1 in the brain by means of qPCR. 

The red line represents the basal expression of the controls without inflammatory stimulation. 
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8.2. Analysis and optimization of active 
targeting of polystyrene nanoparticles under 
different experimental conditions 

In this section is analyzed the effectiveness of targeting spherical 

and rod-shaped polystyrene nanoparticles against VCAM1, an en-

dothelial target that has previously been overexpressed due to 

induced inflammatory processes described in the previous section. 

The effectiveness of this target has been tested in different condi-

tions of increasing complexity (Figure 84). 

 

Figure 84. Experimental groups for rods and spheres, and the different conditions to test 

active targeting against endothelial VCAM1. Self-created image (using elements with Creative 

Common license). 
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8.2.1. Nanoparticle design and functionalization 

Fluorescent polystyrene spherical nanoparticles of 200nm of diam-

eter purchased from an external source were used in this section 

(Figure 85). 

 

Figure 85.Scanning electron microscopy (SEM) images of spherical polystirene nanoparticles. 

In order to avoid changing the type of particles used when analyz-

ing the effect of the shape that could add variables and interfer-

ences, the spherical particles themselves were subjected to a 

stretching process until the rod shape was reached by the process 

described in the Material and Methods section. The stretched parti-

cles reached a length of approximately twice as long (300-400nm) 

as the spheres, as can be seen in Figure 86.  
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Figure 86. Scanning electron microscopy (SEM) images of rod-shaped particles after stretching 

the spheres at an aspect ratio of 2. 

Spheres surface area was calculated for a single particle, and is 

around 1,03x105nm2, while for rods is 1.22x105nm2, this suppose 

an increase of 19,12% in the surface area in rods respect to the 

spheres. 

A key point to note is that during this process the nanoparticles 

are subjected to high temperatures and successive washes, this 

treatment causes the loss of fluorescence intensity, so that the 

same number of particles emits more fluorescence in spherical 

particles than in rod shaped particles. This makes it impossible to 

compare absolute fluorescence levels, so in order to compare both 

shapes they must always be normalized to a positive control.  

Once the desired shape of the particles was obtained, a series of 

molecules were added to meet the experimental requirements. The 

first modification carried out was the incorporation of a 3.5K PEG. 



 Andrés Da Silva Candal   

266 
 

Thus, PEG has an amine group that reacts with the carboxylic 

groups of the surface of the nanoparticles. Due to the deprotona-

tion at pH 7 of the carboxylic groups (-COO-
, H3O+), the particles 

acquired a negative charge, however this functional group is the 

one that will be involved in the reaction with PEG so that it will 

cause a change in the surface potential or Zeta potential that can 

be measured to ensure the reaction is taking place. The now incor-

porated PEG have a terminal azide group (-N3) that has a neutral 

charge, therefore the nanoparticles zeta potential will trend to 0, 

however as showed in Figure 88 is still negative (-4.50mV and -

6.34mV for spheres and rods respectively) due to the reaction had 

not a full efficiency and there are still remnants of -COO- groups 

that did not react. In addition, a fluorescent PEG with a terminal 

FITC was used to evaluate the percentage of PEG incorporated to 

the particles. Only around 20% of the PEG was coupled to the par-

ticles, no significance differences were shown between the shapes 

(Figure 87). 
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Figure 87.Percentage of fluorescent PEG incorporated in the particles after the reaction. The values 
correspond to the average of 5 reactions. Bars represent standard deviation. 

Finally, an antibody bioconjugation was performed on the azide 

groups of the pegylated nanoparticles. For this reaction to take 

place, it was necessary to incorporate a DBCO molecule into the 

antibody. For this purpose, the structure of the antibody was modi-

fied by means of an oxidation with sodium periodate in the carbo-

hydrate residues of the constant region that generated aldehyde 

groups that reacted with of a DBCO-amine molecule forming an 

imine bond. Once the antibody structure is modified, the DBCO 

reacts with the azide groups of the particles in a copper-free click 

reaction, binding covalently the two parts. The incorporation of the 

antibodies produces an increase of the potential in the case of both 
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the VCAM (targeting group) and the non-specific IgG (vehicle 

group) to around 20mV for spheres and 18mV for rods (Figure 85 

and Tables 20 and 21).  

 

 

Figure 88. Variation of the zeta potential of spheres and rods after different surface 

modifications obtained from DLS measurements. 
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Table 20. Zeta Potential, size number mean, and polydispersity index of sphere after different 

surface modifications. 

 

Table 21. Zeta Potential, size number mean, and polydispersity index of rods after different surface 
modifications. 

 

The amount of antibody (per milligram of particle) was quantified 

by micro-BCA (Figure 89). 
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Figure 89. Amount of VCAM1 and Vehicle antibody (non-specific IgG) coupled to 1mg of 
particles quantified by means of micro BCA technique. Graphic show the means of 3 separate 

antibody coupling experiments. 

For the in vivo biodistribution studies an 3H-Glycine was coupled 

between nanoparticle -COOH naïve structure and PEG.  

The VCAM1 antibody density (µg of antibody/nm2) was calculated 

for both shapes, due to the possible effect in the effectivity when 

binding to the target (Figure 90). Although the same amount is 

coupled to the both shapes, due to the increment in the surface 

area of the rods but keeping the same functional groups available 

to react as spheres, the antibody density is 20% less compared to 

spheres. 
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Figure 90. Amount of VCAM1 antibody per nm2 of nanoparticle in spheres and rods. 

 As shown in Figure 91, the particles and the initial amount of 3H-

Glycine of the reaction are measured in the scintillation detector to 

determine the 100% of DPM in the sample. Then particles were 

centrifuged sequentially and supernatants with the non-reacted 3H-

Glycine were collected until obtain insignificant values of DPM, 

meaning that all the DPM obtained in the nanoparticle vials is 

chemically coupled. 
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Figure 91.DPMs measured with the initial amount of tritiated glycine, and subsequent 

supernatants from washing centrifugations with unbound glycine, and finally the DPMs of the 

particles with bound glycine. Values represents the values represent the average of 3 

independent reactions and the bars represent the standard deviation 

8.2.2. Particle uptake in static cell culture 

In this section we study the effect of form on cellular uptake under 

in vitro static conditions. The nanoparticles with VCAM1 as target 

designed in the previous section have been used for these experi-

ments. On the other side, we used Bend.3 cells (the same one as 

used to evaluate de VCAM1 overexpression in section 8.1.1.) to 

evaluate the interaction cell-nanoparticles. With this aim the cells 

were cultured on 24-well plates until they reached 80% conflu-

ence. Cells were then stimulated for 6 hours with LPS, washed with 

PBS and treated with 50µg (100µg/mL) of particles per well ac-
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cording to the experimental group to which they belonged. Cells 

were incubated with nanoparticles at three separate times: 1 hour, 

3 hours and 6 hours. Cells were then lysed, and the fluorescence 

of each well was measured. Note that as we mention in the previ-

ous section, absolute levels of fluorescence intensity cannot be 

compared between shapes due to the photobleaching during the 

rod stretching process. Because of this, data was normalized to a 

positive control with no particle washing, considering it the 100% 

of the administered dose. 

Targeted particles (regardless the shape) showed an increased 

uptake compare to non-targeted in every time point under static 

cell culture conditions (Figure 92). Attending to the shape, target-

ed rods showed a trend to increase the uptake compare to target-

ed spheres (Figure 93).  

 

Figure 92. Percentage of administered dose of Vehicle and VCAM1 targeted rods and spheres 

at different time points. 
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Figure 93. Accumulation ratio between VCAM1 targeted particles and non-targeted in spheres 

and rods. Bars represent SD. * Represent p<0.05 compared to the spherical shape. 

The same conditions were used on confocal microscope slides to 

take images of the process. As far as the spherical particles are 

concerned, an increase in the red fluorescence of the particles can 

be observed over time. The vehicle group shows this pattern which 

indicates an unspecific accumulation not dependent on the target-

particle union. On the other hand, the spherical VCAM group shows 

a much higher accumulation of nanoparticles (Figure 94), at all-

time points similar to the results of the previous fluorescence 

quantification experiment which suggest that the targeting is 

working correctly.  
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Figure 94. Confocal imaging of Bend.3 endothelial cells nucleus (blue) treated with 50µg of 

spherical particles (red) at different time points (N= 6 wells/group) after LPS stimulation. 

Images were acquired at 20x. 

It was also included an actin stain (in the VCAM spheres group at 6 

hours) in order to verify that the fluorescence intensity of the na-

noparticles corresponds to areas of cytoplasmic involvement, 

showed in Figure 95. 
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Figure 95. Confocal imaging of an inmunostain for actin (green), cell nucleus (blue) and VCAM 

spheres (red) in Bend.3 cells 6 hours after administration 

 

As regard the rods, they showed a similar profile to the spheres in 

the fluorescence obtained in microscopy, with the difference that 

the intensity obtained is much lower although the same amount of 

particles were added. The rods showed an uptake that increases 

with the passage of time while VCAM rods show a higher quantity 

of particles than the vehicle group (Figure 96). 
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Figure 96. Confocal imaging of Bend.3 endothelial cells nucleus (blue) treated with 50 µg of 

rod-shaped particles (red) at different time points (N= 6 group) after LPS stimulation. Images 

were acquired at 20x magnification. 

Despite having lost some fluorescence in the Figure 97, the rods in 

contact with the cells can be observed in detail. For this purpose, 

an immunostaining for actin (the intensity for this marker was re-

duced during the acquisition of the image to avoid interference 

with the diminished fluorescence of the particles) and a nuclear 

staining was performed. 
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Figure 97. Confocal imaging of an inmunostain for actin (green), cell nucleus (blue) and VCAM 

rods (red) in Bend.3 cells 6 hours after administration. The images were acquired at 40X 

magnification. 

8.2.3. Binding/uptake study under flow conditions in 

microfluidic devices 

In this section, the aim is to go one step further in the complexity 

of the environment in which the cell-nanoparticle interaction is 

performing, adding another variable to the system: the flow. Flow 

as described in other sections promotes a directional force on the 
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vessel wall, resulting in shear stress, a parameter that actively 

influences the probability and nature of nanoparticle-cell target 

collisions. To incorporate the flow into our experiments, microfluid-

ic chips coupled to a microinjection pump were used. Microfluidic 

chips are capable of supporting a microvascular network of endo-

thelia cells that simulates the circulation inside any tissue with re-

spect to flow, shear and pressure. 

The linear microfluidic circuits were covered with Bend.3 cells as 

described in the material and methods section. Images were taken 

by bright field optical microscopy (Figure 98 A), to verify that the 

cells were adhered to the walls of the circuit without large empty 

patches where the cells were detached, or to evaluate the pres-

ence of air bubbles that produce damage to the integrity of the 

cells when incorporating the flow. To see in more detail the cyto-

plasmic portion of the cells and how the surface of the circuit was 

covered, an actin and nuclear staining was performed inside the 

circuit (Figure 98 B).  

 

Figure 98. Linear microfluidic circuit covered with Bend.3 cells. (A) Brightfield image of the 

central section of the circuit. (B) Immunostaining for actin (green) and nucleus (blue) of the 

central section of the circuit acquired in confocal mycoroscopy with a magnification of 10X 
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The seeding of the cells inside the circuit is a tedious process that 

can be subject to failures (loss of the cells attached to the walls, 

growth of bubbles inside the channels) in short, a set of inconven-

iences that would destabilize the results when the particles are 

introduced. To solve this, it was necessary to optimize the protocol 

until it was possible to obtain circuits completely covered by the 

cells in three dimensions to mimic a blood vessel as best as possi-

ble (Figure 99). 

 

Figure 99. Reconstruction in 3 dimensions of a section of the microfluidic circuit from images 

acquired in confocal microscopy. (A) Top view, (B) cross view and (C) side view. 

After this, it was confirmed that endothelial cells could be stimulat-

ed with LPS within the circuits, and overexpressed VCAM1. For this 

purpose, as was done in static culture conditions, cells inside the 

device were stimulated with complete medium with LPS (1µg/mL) 

for 6 hours, the circuit was then washed with PBS and an im-

munostaining for VCAM1 and nucleus was performed. Thus, the 

cells treated with LPS showed a considerable increase in red fluo-

rescence intensity corresponding to the expression of VCAM1 com-
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pared to the control group. The stability of the culture under flow 

conditions, the formation of a 3D structure in the circuit walls and 

the ability to overexpress VCAM1 inside the circuit made this mod-

el suitable for introducing particles under flow conditions (Figure 

100). 

 

Figure 100. Immunostaining for VCAM in microfluidic circuits in a control group (A) without 

inflammatory stimulation, and (B) a group stimulated with LPS 1µg/mL for 6 hours. 

However, when we started the experiments of administration of 

nanoparticles in the device, we had serious problems of instability 

of the cells and continuous detachments that made it very difficult 

to complete the studies with this cell type. Different concentrations 

and coatings were tested to increase the adhesion of the cells but 

without success. This led us to change the cell line to hCMEC/D3, 

an immortalized line derived from human brain microvessels highly 

used in BBB models and already used by the group, which showed 

a better adhesion to the device (Figure 101). No new expression 
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experiments of VCAM1 were performed on these cells because the 

literature suggested a similar behavior of these cells under similar 

inflammatory conditions (LPS 1µg/mL for 6 hours)402 . 

 

Figure 101. Monolayer of hCMEC/D3 cell inside a microfluidic device with linear channels. (A) 

Growing under no flow conditions. (B) Growing after linear ramping to 2.36 uL/min. (C) After 6 

hours of 1µg/mL flow of LPS at 2.36µL/min and before particle flow. 
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Once the adhesion problem was solved, we began experiments 

with nanoparticles. For this purpose, the 4 study groups used in 

the static in vitro experiments were maintained: VCAM spheres, 

vehicle (non-specific IgG). VCAM rods and vehicle (non-specifi 

IgG). 

A total of 5 x 1010 nanoparticles/mL of particles flowed for 1 hour 

at 2.35µL/min with a resulting shear stress of 1.00 dyn/cm2 from 

inlet to outlet of each linear channel. Unbonded particles were 

washed with PBS for 10 minutes at the same flow rate. To quantify 

the accumulation of the nanoparticles, images were taken by con-

focal microscopy for each group (Figure 102).  

 

Figure 102. Images acquired by confocal microscopy of top and bottom sections of microfluidic 

linear circuits after the flow of (A) spherical and (B) rod-shaped nanoparticles. Particles with 

the same shape were acquired under the same image conditions. 
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Due to the difference in fluorescence between rods and spheres, to 

allow a comparison between the shapes, the intensity obtained in 

the VCAM group was normalized to the vehicle group intensity for 

each shape, the resulting ratios were compared. To get a more 

detailed result on the accumulation of the nanoparticles, the top of 

the circuit, the bottom and the average between the two were 

analyzed separately. No differences were observed between vehi-

cle and VCAM targeted spheres, particles accumulate at the same 

rate or fully saturate the monolayer under the conditions used. On 

the other side significantly, more particles accumulate for VCAM 

rods than for the vehicle group. This suggest that under physiolog-

ically-relevant shear stresses (1dyn/cm2), the rod shape is rele-

vant to improve the uptake to the VCAM target in a monolayer of 

cells (Figure 103). 
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Figure 103. Accumulation ratio between VCAM targeted particles and non-targeted in spheres 

and rods. Bars represent SD. * represent p<0.05 compared to the vehicle group. 

8.2.4. Binding/uptake study in vivo 

The objective of this section is to evaluate the effect of nanoparti-

cle shape on cellular uptake in vivo. For this purpose, a biodistribu-

tion assay was performed in LPS-stimulated animals with special 

aim in the brain (as represented in Figure 104). As mentioned in 

other sections, the particles used are fluorescent, which is an add-

ed value for evaluating the efficiency of binding to the cells in ster-

ile and clear environments. However, fluorescence is not strong 

enough to be detected in in vivo biodistribution assays, first be-

cause the particles are dispersed throughout the body when inject-

ed intravenously, further reducing the ability to detect them opti-
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cally and because of the interference of the tissue itself at the time 

of analysis. To solve this problem, the structure of the nanoparti-

cles was slightly modified (explained in detail in the Material and 

Methods 6.6, section) by introducing a glycine with a radioactive 

hydrogen (tritium) because it would allow the detection of the par-

ticles in the organs. Glycine was selected because is a small and 

simple molecule without lateral chains that does not alter the 

structure of the particle. 

 

Figure 104. Schematic representation of active targeting of nanoparticles to areas of 

endothelial inflammation. Self-created image (using elements with Creative Common license). 
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8.2.5. Polystyrene nanoparticle dose effect after 

intravenous administration 

The dose used for in vivo will vary depending on numerous factors. 

Particle size, surface modifications shape, are responsible for the 

difference in toxicity and/or accumulation of nanoparticles.  

The dose must be sufficient allow detection but without exerting 

harmful effects on the animal. Due to this, an initial toxicity test 

was performed using an intermediate dose of 15mg/Kg and a 

higher dose 50mg/Kg of spherical nanoparticles. A high dose may 

result in organ damage from either vessel occlusion or mechanical 

damage to the endothelial tissue resulting in bleeding. Regarding 

the brain to evaluate possible damage three animals per dose 

tested were followed by magnetic resonance imaging (T2-

weighted) for 14 days (at different time points) after the intrave-

nous (jugular vein) administration of the particles. No hipointensi-

ties or hyperintensities were detected in T2-weighed images that 

suggest there was no damage in the brain for any of the doses 

tested (Figure 105).  
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Figure 105. T2W-Image of a central brain region (1 out 14 slices) of the two studied doses 

Nanoparticle administration can produce hepatic or kidney damage 

as previously described403. To assess possible hepatic damage, 

blood levels of GOT and GPT were measured at different time 

points while kidney malfunction was assessed by measuring blood 

creatinine levels. An increase of GOT (Figure 106 A) and GPT (Fig-

ure 106 B) was observed 24 hours after administration of the 

50mg/Kg dose, which indicates that at least in that early range 

there is an increase in the hepatic damage, however it was de-

creased 24 hours later for both enzymes, although showing a great 

variation. No significant changes in the dose of 15mg/Kg were ob-

served. Creatinine levels were below equipment detection limits for 

both doses. Based on these data the 15mg/Kg dose was chosen 

for the upcoming experiments.  
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Figure 106. GOT (A) and GPT (B) levels at different time points in animals injected 

intravenously with two doses of nanoparticles 15mg/Kg, 50mg/Kg (n=3 animals /dose) 
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8.2.6. Nanoparticle ex-vivo biodistribution study: 

intravenous inflammation induction 

In this section we analyze the accumulation of nanoparticles with 

VCAM target after stimulation with LPS for 6 hours. In this experi-

ment, stimulation with LPS (100µg) was performed intravenously 

through the jugular vein. When this administration is performed, a 

systemic inflammation will occur following the venous and later 

arterial circulation. Systemic and brain inflammation levels was 

analyzed in previous sections (Results 8.1.2). Based in the dose 

experiments performed 15mg/Kg was the dose selected to perform 

the experiments in Swiss mice. The same 4 groups (4 animals per 

group) of study of the previous section were maintained: VCAM 

spheres, vehicle (non-specific IgG) spheres. VCAM1 rods and vehi-

cle (non-specific IgG) rods. 

Particles were administered through the jugular vein after the in-

flammation induction and flowed for 6 hours. Then, animals were 

perfused with 20mL of cold PBS and liver, kidneys, spleen, lungs 

and brain were extracted and homogenized and the DPM were 

measured in a scintillation detector. Values of each organs are re-

presented as the ratio: 

𝑅𝑎𝑡𝑖𝑜 = % 𝐼𝑛𝑗𝑒𝑐𝑡𝑒𝑑 𝑑𝑜𝑠𝑒 /𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑟𝑔𝑎𝑛 (𝑚𝑔) 

Prior to the samples measurement, the organs of 3 healthy ani-

mals were measured without any radiation administration to eval-

uate the background produced. After analyzing the subsequent 

samples of the study, the background corresponding to the corre-

sponding organ was subtracted. 
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The liver provides the critical function of catabolism and biliary 

excretion of blood-borne particles as well as serves as an im-

portant site for the elimination of foreign substances and particles 

through phagocytosis. The accumulation of nanoparticles at hepat-

ic level does not attend to any type of targeting or relationship 

with the form. This is probably due to the fact that the liver is pro-

ducing a predominantly mechanical retention and clearance effect 

more than the particle-target bond itself. 

Regarding the spleen the accumulation seems to be very high, 

however is important to remark that spleen showed an elevated 

very variable background when measuring non-radiated organs, 

that could be causing an artefact where absolute numbers are not 

accurate enough. However, it showed a significant accumulation of 

targeted particles for both shapes compared to the vehicle. 

The accumulation of nanoparticles in the kidney is reduced in all 

groups and is not related to shape or targeting. From an anatomi-

cal point of view as the glomerular filtration threshold is below ap-

proximately 6 nanometers, so that larger particles escape filtration 

and accumulation in the collector tubes. The observed accumula-

tion may be due to mechanical entrapment in anastomosed vessels 

that form smaller capillaries than the particles can pass through. 

Lungs showed a similar accumulation of vehicle spheres and VCAM 

targeted particles, however there is a higher accumulation of rod 

targeted particles compared to the vehicle group. The flow condi-

tions, the tortuosity of the vessels and the shear stress in the 

lungs favor a greater uptake of the rods than spherical forms, 
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which is an advantage of this type of form in the targeting of this 

organ. 

Regarding the brain, the spherical particles showed a 1.2-fold in-

crease in accumulation in the targeted group (VCAM1) compared 

to the vehicle group, while the rod-shaped particles showed a 1.4-

fold increase compared to the vehicle group, which shows that 

active targeting is working slightly, and the form of the rod influ-

ences the increase of the uptake in the cerebral vessels, although 

not in a significant way (Figures 107 and 108). 

 

Figure 107. Nanoparticle biodistribution ex vivo, in different organs after systemic 

inflammation. 
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Figure 108. Ratio between VCAM /IgG media values of % Injected dose/g for spheres and rods 

 

8.2.7. Nanoparticle ex-vivo brain biodistribution study: 

intracerebral inflammation induction 

The nanoparticles used for this work were designed to target 

VCAM1, an endothelial cell adhesion molecule overexpressed under 

inflammatory conditions. The induction of this inflammatory condi-

tion can be performed by the inoculation of LPS the administration 

route plays an important role in the area to be inflamed. In the 

previous studies the inflammation was induced by the administra-

tion of 100µg of LPS per animal via intravenous injection (jugular 

vein). The intravenous administration induces an inflammation of 

the whole body and, as a result, the overexpression of the target 

VCAM probably caused the retention of particles in the endotheli-

um of non-analyzed areas, this loss of particles may be limiting the 
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resolution to visualize changes of accumulation of nanoparticles in 

our goal target: the brain. 

In order to solve this problem, the inflammation protocol was mod-

ified. The LPS (10µg in 4µL) was injected intracerebrally with the 

aim to restrict inflammation only to the brain. Here, the animals 

were anesthetized and immobilized in a stereotaxic frame, the in-

jection was performed in a single bolus of 4µL (1µL/min) by means 

of a microinjector and needle coupled to the frame. The use of a 

new dose and a new administration route of LPS required a new 

analysis of the VCAM expression levels in brain (described in the 

Result section 8.1.3.). 

As performed in the previous in vivo studies, a tritiated-glycine 

molecule was incorporated into the structure of the nanoparticles 

with the aim of evaluate their biodistribution by measuring the 

DPMs in different organs after the injection. In order to reduce the 

background effect, the nanoparticle dose was doubled (30mg/Kg= 

0.9mg administered in 200µL). The injected dose was calculated 

by measuring the number of DPM before each injection. To avoid 

the background in the measurements, the brains of 3 healthy ani-

mals with no radiation administration were measured under the 

same conditions as the samples of the study. Background was then 

subtracted to the sample’s radiation values. To analyze the results 

the values are represented as a ratio: 

𝑅𝑎𝑡𝑖𝑜 = % 𝐼𝑛𝑗𝑒𝑐𝑡𝑒𝑑 𝑑𝑜𝑠𝑒 /𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑟𝑔𝑎𝑛 (𝑔) 

A greater accumulation of targeted particles compared to non-

targeted particles is observed regardless of the shape, which sug-
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gests that apparently the targeting process is working and is not 

just about an unspecific accumulation of particles in the tissue. 

However, there is a greater dispersion in the values of the targeted 

particles compared with the non-targeted groups (Figure 109). 

 

Figure 109. Particle distribution in brain represented as % of injected dose/mg tissue (N=4 

animals/group) 

To analyze the effect of the shape on the uptake, the ratios of the 

averages between the VCAM/Vehicle values were analyzed. It can 

be noted that animals treated with spherical nanoparticles showed 

an uptake 3 times higher in the VCAM group than the non- target-

ed group. On the other side, animals treated with rod nanoparti-

cles showed an uptake 3.4 times higher than the VCAM group than 

the non- targeted group. Although there is a small improvement in 

the rods performance, there is no significant difference in the 
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shape of the nanoparticles in terms of uptake under in vivo condi-

tions (Figure 110). 

 

Figure 110. Ratio between VCAM /IgG media values of % Injected dose/g for spheres and 

rods. 

 

8.3. Biocompatibility of mesoporous 
nanostructures as contrast agents and drug 
delivery systems. 

8.3.1. Hybrid magnetic mesoporous nanorods 

In previous sections it has been demonstrated that a vascular 

marker with both spherical and rod-shaped fluorescent polystyrene 

nanoparticles can be actively targeted to VCAM1, this would open 

a new route to treat locally and mark endothelium affected by in-

flammatory conditions present in several neurological pathologies. 
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These particles however, are solid polymeric structures that are 

methodologically useful for evaluating targeting processes but lack 

the necessary structure to be used as a contrast agent or drug 

delivery systems, which represents an added value especially in 

the neurosciences field. Once the possibility of targeting has been 

demonstrated, this section focuses on the possible applications of 

nanotechnology as a contrast agent and as a drug delivery system 

and for this purpose a different type of nanoparticle has been 

used. As explained in the material and methods section all these 

structures were ceded by the Nanomag Laboratory (Applied Phys-

ics Department and Physical Chemistry Department, NANOMAG 

Laboratory, Research Technological Institute, Universidade de San-

tiago de Compostela, Spain), their synthesis and characterization 

were performed by Dra. Zulema Vargas. In this section, only char-

acterizations concerning the structure and properties of the 

nanostructures necessary to understand the subsequent experi-

ments will be included. These nanostructures are mesoporous sili-

ca nanorods, ordered silica matrices that forms pore diameters 

around 7.4nm with a large surface area above 300m2/g ensuring a 

potential high loading capacity (this initial scaffold was named 

SBA-15 NRs) (Figure 111). The structure has covalent bonded 

magnetic nanoparticles covered with an aminated silica film that 

would allow particles to act as a contrast agent in magnetic reso-

nance imaging. This structure was named as hybrid mesoporous 

magnetic nanorods (HMMSN). As explained in the material and 

methods section. 
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Figure 111. Schemes of the ordered mesoporous silica ceramic with Si-OH groups exposed on 

the surface (top scheme) before anchoring the magnetite nanoparticles by covalent bonding, 
forming the HMMSN hybrid mesoporous magnetic nanorods. Images provided by the NANOMAG 

Laboratory, Research Technological Institute, Universidade de Santiago de Compostela, Spain. 

The presence of magnetite nanoparticles anchored on the S15N 

ceramic surface is clearly evidenced by TEM and SEM micrographs 

of Figure 112, showing a well-defined mesoporous structure with 

NPs homogeneously distributed around it. 
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Figure 112. SEM (top) and TEM (bottom) micrographs of HMMSN hybrid magnetic mesoporous 

nanorods in different locations and with different magnifications. Images provided by the 

NANOMAG Laboratory, Research Technological Institute, Universidade de Santiago de 

Compostela, Spain. 

The size distribution statistics of these rod-like particles display an 

average width of 92 ± 25 nm, and a length in the range between 

300 and 540nm (Figure 113). 

 

Figure 113. (A) Width of S15N particles where N is the sampling, X and σ are the center and 

width of the Gaussian distribution. (B) Length distributions of the S15N mesoporous silica. X 

and σ are obtained from the arithmetic mean. Images provided by the NANOMAG Laboratory, 

Research Technological Institute, Universidade de Santiago de Compostela, Spain. 
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8.3.2. HMMSN particles as Magnetic Resonance contrast 

agents 

To evaluate the propriety of HMMSN particles as contrast agent, 

relaxivity was assessed by magnetic resonance in a agar phantom 

template with increasing concentrations of iron coupled to the 

HMMSN. The particles showed a relaxivity of 258.94 mM-1sec-1 and 

324.68 mM-1sec-1 in T2 and T2* sequences, respectively (Figure 

114). The iron portion of the mesoporous silica structure provide 

enough contrast for an adequate imaging comparing to other 

commercial contrast agents404. 
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Figure 114. (A) T2 and T2* weight images of an agar phantom template, with crescent concentrations of 
Fe coupled to HMMSN hybrid magnetic mesoporous nanorods. (B) Relaxivity values obtained with T2 
and T2* weight images. 

Once the contrast in agar templates was analyzed, we performed 

tests were on the brains of healthy rats to evaluate the contrast 

provided by these particles compared to the contrast-free tissue of 

this specific organ.  
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For this purpose, a nanoparticle suspension (0.41mg/mL) was in-

jected in the right hemisphere; and a vehicle injection of saline 

was performed in the left hemisphere (Figure 115 A). Figure 115 B 

shows that T2 signal intensity in the nanoparticles injection area is 

decreased around 58%, generating an hypointensity area with in-

creased contrast compared to a normal tissue intensity region, 

while vehicle signal intensity is only decreased by 5.7%. Regarding 

T2* signal intensity is decreased by 52% while in vehicle group is 

only around 15%. Nanoparticles concentered in the injection spot 

enhance the contrast with the normal brain tissue in both, T2 and 

T2* sequences. 
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Figure 115. Figure 12. (A) T2 and T2* weight images after intraparenchymal injection of 10µL 

0.9% NaCl saline (left hemisphere) and 10µL of a suspension (0,41mg/mL) of HMMSN hybrid 

magnetic mesoporous nanorods in saline (right hemisphere). (B) (C) % Signal intensity of 

saline and particles injection compared to a control for normal tissue intensity in T2 and T2* 

weight images respectively. (N=2/group). 
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8.3.3. In vitro toxicity and uptake of HMMSN in 

endothelial cell cultures 

In this section we analyzed the effect of HMMSN nanoparticles 

when interacting with bend.3 endothelial cells. The potential cyto-

toxicity was measured with a LDH release assay kit, by culturing 

the endothelial cells with increasing concentrations (25µg, 50µg, 

50µg and 200µg) of HMMNSN nanoparticles for 24 hours. The cells 

showed significant LDH release (correlated with cell mortality) only 

for the higher amount of 200µg, while at lower concentrations 

there was no increase in mortality compared to the control group 

(Figure 116). 

 

Figure 116. Cell cytotoxicity assay representing percent of LDH release of Bend.3 endothelial 

cells treated with increasing amounts of HMMSN hybrid magnetic mesoporous nanorods. Values 

are normalized to a positive control for cell death. (N=8/groups, *=p<0.05 compared to control 

group) 
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In order to qualitatively evaluate that the particles were interacting 

with the cells, (either by attaching to the surface of their mem-

brane or by internalizing), a stain was performed by Prussian blue, 

which stained the iron portion of the particles and imaged with a 

bright field filter (Figure 117). The particles formed large aggre-

gates in the amount of 200µg that occupied a large area of the 

culture, which remained even after the washes that preceded the 

image capture. This is consistent with the mortality obtained in 

this concentration in the cytotoxicity experiments. Although an 

increase in cytotoxicity is not related the amount of 100µg also 

exhibited the presence of aggregates, but apparently smaller in 

size and less frequent than in the amounts of 200µg. Although the 

amount of 100µg did not show an increase in toxicity, it did exhibit 

the presence of aggregates apparently smaller and less frequent 

than the amounts of 200µg. On the other hand, in the rest of the 

concentrations the particles cover especially a large cytoplasmic 

portion and follow a pattern delimited by the structure of the cell 

membrane, leaving the area that would correspond to the nucleus 

undyed (detailed in Figure 118), which suggests that they are be-

ing internalized. 
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Figure 117. Prussian Blue stain of HMMSN hybrid magnetic mesoporous nanorods after 24 

hours of incubation with Bend.3 endothelial cells. Scale bars: 10X = 200µm, 20X = 100µm and 

40X = 50µm. 
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Figure 118. Prussian blue staining of Bend.3 cells treated with 25µg of HMMSN particles. Red 

circle shows a magnification of a fully stained cytoplasmic portion of the cell except for the 

nucleus zone, marked with a red arrow. 

8.3.4. HMMSN effect after intravenous or intra-arterial 

administration  

Toxicity due to particle-cell interaction is not the only source of 

potential damage in nanoparticles treatments; in in vivo models it 

takes special importance the mechanical damage, the anastomosis 

in diverse organs reduces the vessel caliber trapping the particles 

and causing occlusions that could lead to ischemic lesion or could 

damage the integrity of the vessels structure leading to a possible 

hemorrhagic transformation. Another aspect considered in this 

work, is the administration route, after being injected into the ex-

ternal carotid artery, the first tissue with which particles have con-
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tact is the cerebral microvasculature due to advantageous ascend-

ing flow, being this the optimal route to observe the effect on the 

cerebral area without passing through the rest of the organs with 

the consequent loss of nanoparticles. On the other hand, venous 

administration through the jugular vein where descending flow 

transports the nanoparticles to the heart and then to the rest of 

the body disseminating them to the different organs of the animal, 

allows us evaluating their effect. In this section we analyzed the 

potential damage of HMMSN in the brain, liver and kidneys after 

the administration through two different routes: intra-arterial (ex-

ternal carotid) and intravenous (jugular vein). 

 A dose of 1.4mg/Kg was used for the in vivo experiments. Ani-

mals were followed by MRI for 14 days to evaluate the possible 

associated damage in the brain. No ischemic or hemorrhagic dam-

age were observed through the magnetic resonance images in any 

group (Figure 119 A), there was also no evidence of nanoparticles 

in the brain, which suggest no apparent BBB disruption due to na-

noparticle interaction. There was no increment in GOT and GPT 

activity (markers of hepatic damage) in any of the groups com-

pared to baseline levels (Figure 119 B and C). Creatinine levels 

(marker of kidney malfunction) were always under the detection 

limit (<0.5mg/dL) and no increment was observed in any of the 

groups or time point. On the other hand, all rats were observed 

during 1 month in order to control their activities in case of pre-

senting any respiratory failure or lethargic behavior, showing a 

normal activity. 
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Figure 119. (A) T2 weight images after intravenous and intra-arterial administration of 1.4 

mg/Kg of HMMSN hybrid magnetic mesoporous nanorods. (B)(C) GOT and GPT levels 

normalized to baseline at different time points after intravenous and intra-arterial 

administration. 
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9.Section I. Research and analysis of 

new glutamate grabbing 

treatments: preclinical and clinical 

validation. 

 

In the frame of a project focused in validate blood glutamate scav-

enging approach to treat ischemic stroke in humans, we discov-

ered the blood glutamate grabber properties of riboflavin by em-

ploying a drug repositioning strategy. The results obtained during 

riboflavin in vitro experiments were validated in vivo, employing 

ischemic animals and its safety in case of ischemic hemorrhaging. 

Additionally, the Phase IIb clinical trial data supports the non-toxic 

effects in humans and the lowering of blood glutamate seen is-

chemic animal models, demonstrating riboflavin represents a 

promising new treatment for acute ischemic stroke.  

Riboflavin is a water-soluble and photo-sensitive vitamin405 of the 

B group (vitamin B2) essential for numerous biological functions 

and due to its properties, riboflavin is an important source of ex-

ogenous antioxidants and it has been suggested for the treatment 

of migraine406 (400mg capsules for 3 months), alcoholism 

(150mg/day)407, and also stroke (supplements of 5mg for 14 days 

after stroke)408.  

In the work of Eyad T. Marashly and Saeed A. Bohlega409 have 

been recently exposed the pleiotropic effect of riboflavin in several 

neurotoxic effects. In this sense we are aware that the therapeutic 
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effects reported (infarct reduction in animals, or clinical improve-

ment in patients) are not only caused by glutamate reduction but 

the combination of beneficial effects at different key points of the 

cerebral neurotoxicity, as summarized in Figure 120.  

This multifunctional effect complicates the elucidation of the exact 

mechanism of action operating at this stage of the study. Based on 

the obtained data, a specific (direct) action of riboflavin on GOT 

(e.g., acting as substrate of the reaction of GOT-enzymatic amino-

transamination) could be discarded. However, it is well known that 

pyridoxal 5’-phosphate (PLP) (known as vitamin B6) acts as a co-

enzyme for amino-transaminase enzymes such as GOT410; there-

fore, we speculated that, similar to PLP, riboflavin could be acting 

as a co-enzyme of GOT. We first aimed to confirm the interaction 

between GOT and riboflavin observed in the HTS study using the 

same commercial kits, which although useful to confirm the gluta-

mate grabbing effect, we considered this method not to be the 

optimal tool to elucidate a mechanism of action due to the un-

known reagents present in the kit that could interfere with our re-

sults. We opted for a more specific approach using STD-NMR. This 

analysis suggested that there was not a direct interaction between 

the two molecules, which discarded the suspected role as a co-

factor and suggested that the interaction between GOT and ribo-

flavin could be mediated through an indirect mechanism. These 

results are in agreement with the early findings on the involve-

ment of riboflavin on vitamin B6 metabolism thus, riboflavin has 

been reported to be a precursor of Flavin mononucleotide, which 

then stimulates pyridoxine phosphate oxidase to render PLP. After 
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these results, an in vivo study of the interaction between GOT and 

riboflavin was considered; however, due to the wide participation 

of riboflavin on cell metabolism, an individual analysis of all molec-

ular pathways that could be mediating on GOT activity was outside 

the scope of this study. What we could confirm, both in in vitro 

and in vivo analyses was the specific effect of riboflavin on GOT 

reaction and on blood glutamate reduction as the two analogs, FAD 

and TARF, showed similar effect to riboflavin, but not to its trun-

cated (inactive) form. 

The discovery of riboflavin as a new glutamate grabber, a drug 

already used in humans (Vitamin B2 Streuli®), with a similar for-

mulation (for i.v. bolus administration) to that used in the in vivo 

studies, allowed us to immediately test the reduction of blood glu-

tamate effect in patients with stroke, previously observed in is-

chemic model animals. The reduction of blood glutamate levels 

observed in patients after riboflavin administration demonstrated 

that glutamate grabbing is a valid strategy and it opens the way to 

investigate similar treatments and reduces the risk of failure of 

other glutamate grabbing approaches, as the administration of 

recombinant glutamate-oxaloacetate transaminase (rGOT1), a re-

combinant enzyme, more stable than riboflavin and that over-

comes the toxicity impairment of oxaloacetate conserving the 

therapeutic effect and which works directly on glutamate metabo-

lism. In addition the i.v. administration of an endogenous blood 

enzyme such as glutamate-oxaloacetate transaminase (GOT1) as a 

new protective treatment against ischemia is an interesting strate-

gy because its activity after administration remains at least 24h381 
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and it is unlikely that the administration of rGOT1 can induce toxic 

effects in humans as the levels of this enzyme varies among 

healthy human subjects (7–45 U/L), and has been shown to in-

crease >10-fold in patients with liver damage.381, 411. The main 

handicap of rGOT1 for human testing is that, contrary to riboflavin, 

this treatment requires of a pharmaceutical develop starting with a 

Phase I clinical study that, as we have indicated in the introduc-

tion, involved a high risk of investment.  

It could be suggested that some important limitations of the 

treatment were that riboflavin only showed a transient reduction 

on infarct volume after 24 hours in ischemic animals with a trend 

at 7 days. The hydrosoluble nature of the vitamin supported the 

quick clearance data, so the therapeutic effect could be improved 

by successive bolus administrations or by a continuous infusion of 

the treatment. In addition, as explained in detail at section II, a 

nanotechnology approach would allow to target areas close to the 

brain, as endothelial cells involved in the ischemic pathology, per-

forming a progressive local release of riboflavin, avoiding in one 

hand its quick clearance, and in the other hand increasing its effi-

ciency when releasing the treatment in a specific spot. Moreover, 

in all our experimental studies with ischemic animal models, we 

always perform a basal ischemic evaluation during artery occlusion 

to reduce infarct size variability (inter-group) and to confirm that 

all included animals before treatment administration presented 

same infarct lesion, as we did before for other studies164, 381, 412. 

This ischemic pre-treatment evaluation allows us to convincingly 

demonstrate that the differences observed in ischemic animals 
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during the follow-up period were due to the treatment used and 

not to surgery variability, which demonstrates the protective effect 

of the treatment, at least in terms of infarct reduction. In addition, 

we aware that, although the study was not designed for such pur-

pose, this clinical trial showed a slight neurological improvement 

on stroke treated patients, that could be considered as other limi-

tation of the study due to the low number of included patients, 

however these results, definitely, support the develop of a larger 

Phase III study to validate this novel therapeutic approach with 

riboflavin of the clinical develop of rGOT as a new blood glutamate 

grabber.  

In conclusion, this translational study, which started with an in 

vitro drug repositioning study, followed by an in vivo experimental 

analysis, and concluded with a proof of concept clinical trial, show-

ing for the first time a reliable human demonstration of the efficacy 

of glutamate grabbers on blood glutamate reduction in patients 

with stroke, and could hopefully contribute to the clinical develop-

ment of a novel protective therapeutic protocol. 
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Figure 120. Therapeutic riboflavin effects in cerebral neurotoxicity summarized in409. Self-

created image (using elements with Creative Common license). 

10. Section II. Functionalization and 

development of nanoparticles for 

active targeting toward 

inflammatory markers. 

The CNS and specifically the brain, is protected by a series of bar-

riers, not only from possible external threats or pathogens but is 

also "isolated" from the rest of the body itself due to the strong 
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control of the homeostasis to which its components must be sub-

jected, which allows their proper functioning, as described along in 

this work and in many others339, 341, 343, 350. Although the systemic 

components are also subjected to a control in order to function 

properly, the range for autocorrection in the event of a certain 

mismatch is greater in terms of time and options available. If we 

extrapolate this to the brain, the range of correction is considera-

bly reduced, where any alteration of the energy supply or molecu-

lar gradients leads to the corresponding interruption of the normal 

behavior of neuronal tissue and consciousness. A good example is 

the epilepsy, characterized by an uncontrolled and rapid neuronal 

firing due to the inability to control the levels of excitatory neuro-

transmitters in the synaptic cleft413. This loss of cerebral homeo-

stasis is not only applicable to acute pathologies such as epilepsy 

or stroke, but also to chronic component pathologies such as AD, 

where the lack of processing and clearance of proteins such as β-

amyloid produces a progressive loss of neuronal functionality. 

To prevent plasmatic extravasation, and an uncontrolled interac-

tion body/brain, endothelial cells express tight junction proteins 

that strongly bind adjacent cells, the permeability of these cells 

varies throughout the body portion and reaches its greatest her-

meticism when combined with astrocytes and neurons to form the 

BBB. The vascular endothelium, which was initially considered no 

more than a physical-biological barrier, it is nevertheless an enor-

mously reactive part of the BBB, which can react to pathological 

and inflammatory stimuli, and has developed a high specificity in 

the passage of molecules/ions from the bloodstream to the brain. 
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It is important to understand the function of this barrier, since its 

correct performance also constitutes one of the major impediments 

and paradigms in the treatment of neurological diseases.  

In this context of need for new approaches, nanoparticles arise as 

a versatile tool, capable of being used for drug delivery, contrast 

agent or both326, 414, 415. This versatility is given by the ability to 

design particles to meet very specific requirements by changing 

the material of the core, surface coating, shape, surface potential, 

size, function, or targeting strategy. On the other hand, this versa-

tility can be a double-edged strategy. Each of these possible modi-

fications of the nanostructure will generate different responses of 

those for which they were primarily designed when used in vivo/in 

vitro, either by interacting with the target cell in a different way, 

with its receptors, with other non-targeted circulating cells, it can 

influence its clearance, or simply it may generate an unspecific 

union of molecules/proteins to its surface that could completely 

change their behavior when being in a complex environment such 

as the bloodstream. Each of these parameters modifies the proper-

ties of the particle, not just individually but acting collectively; the 

possible combinations between all of them grow exponentially, 

making it in many cases impossible to predict theoretically the be-

havior of a particle which made necessary a practical experimental 

approach. 

In this section, we performed a longitudinal analysis of particle 

targeting and uptake in different environments, from static and 

dynamic cell culture to in vivo studies. We started this approach by 

analyzing two endothelial markers as possible targets for the na-
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noparticles: the adhesion molecules ICAM1 and VCAM1 expressed 

on the luminal side of the endothelial cells. These markers were 

chosen in first place because they are inducible under inflammato-

ry conditions416, increasing the number of copies expressed in the 

cell, which also increases the possibilities target-nanoparticle union 

in pathological zones, while it is reduced on non-specific zones; 

however, when targeting a constitutive expressed marker the par-

ticles will bind equally to pathological and healthy zones, limiting 

their efficiency. Secondly, they were chosen because inflammation 

is a common denominator in many neurological diseases such as 

ischemic and hemorrhagic stroke, Alzheimer's disease, multiple 

sclerosis, Parkinson's or cancer416-422. In order to induce inflamma-

tion, throughout this section we used E. coli LPS, simulating an 

infection without the need for the pathogen itself. The expression 

of the markers was analyzed by means of different methods 

throughout the study in both in vitro and in vivo conditions. Initial-

ly the expression of the two markers (ICAM1 and VCAM1) was 

analyzed in cells of the brain microvasculature of mouse (Bend.3 

cells) in a qualitative (immunostaining) and quantitative (flow cy-

tometry) way, showing an increase in the expression of ICAM1 

(4.5-fold increase) and an even higher increase in the VCAM1 ex-

pression (around 10-fold increase) compared to the non-inflamed 

cells. For this reason, we selected the VCAM for nanoparticles tar-

geting experiments. As described in the results section (8.1.1, 

8.1.2, and 8.1.3.) the VCAM1 was also analyzed in vivo (in Swiss 

male mice) after inflammation induction by qPCR showing a time-

dependent expression (8-fold increase after 24 hours) and im-

munostaining (positive for VCAM1 in brain vessels) confirming the 
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overexpression in animal studies. Although the inflammatory pro-

cess is well studied, and the expression of certain molecules in-

volved has been confirmed to be time dependent, there is some 

discrepancy as the exact time profile423-425. The nanoparticle tar-

geting to an inflammatory target was selected to improve the per-

formance of glutamate grabbers once encapsulated (for future 

works). Nevertheless, in this specific case the time window for 

treating glutamatergic toxicity seems not to fully overlap with the 

peak of VCAM1 expression, which even meeting the requirements 

for being an adequate target in other diseases that involve inflm-

mation, for glutamate treatment in stroke a pool of more a more 

early inflammatory markers could match better and further im-

prove the accumulation of particles    Once identified the target, 

the design and optimization of nanoparticles to be sent efficiently 

to this target was started.  

In this first part, polystyrene particles were selected to evaluate 

the effect of shape over targeting activity of nanoparticles. Polysty-

rene was chosen because it is a widely used material, with colloidal 

stability, and with proven biocompatibility in different dose 

ranges426. These particles were selected due to their easy of ma-

nipulation, (purchased commercially which implies low batch to 

batch variation) and they that allows the change of shape (by 

means of the stretching protocol already described), the presence 

of fluorescence (rhodamine) in its structure allows an easy moni-

toring by optical microscopy. Due to its "solid" polymeric structure, 

it is not possible to encapsulate drugs, so this stage was focused 

only on the analysis of cell targeting and uptake. Shape effect was 



    Discussion 

323 
 

selected as one of the parameters to analyze target binding and 

cell uptake of the nanoparticles, two of the most representative 

shapes in biotechnology, spheres and rods, a controversial subject 

in the literature368-370, 426. For this purpose, 200nm spheres were 

stretched in one dimension into 2 aspect ratio rods (doubling 

length) and functionalized with PEG and antibodies against the 

previously mentioned VCAM endothelial receptor (a non-specific 

IgG antibody was used as vehicle). 

These particles were tested in environments of increasing com-

plexity, from static cell cultures and flow conditions to in vivo stud-

ies with different routes for inflammation induction. Particles tar-

geted to VCAM1 were analyzed in comparison with particles tar-

geted with an unspecific IgG (from now termed as vehicle nano-

particles). For static cell culture, the uptake in Bend.3 cells at dif-

ferent time points was analyzed, while spheres showed an increase 

in the uptake of around 1.2-1.5 fold, compared to the vehicle 

group, rods showed a higher ratio around 2.1-2.5 fold-increase, in 

both shapes VCAM1/Vehicle ratio peaked at 3 hours, probably one 

hour does not provide the necessary resolution to see the specific 

binding, while on the other hand with the passage of time the non-

specific uptake accumulates in the cell slightly decreasing the ratio 

at 6 hours. In this experiment cell culture poorly represent the 

body environment, in terms of fluid composition and dynamics, 

which represent two major aspects to limit the adhesion. To go 

one step ahead similar experiments with same groups were per-

formed in microfluidic devices coated with human endothelial cells 

(hCMEC/D3) in order to incorporate flow into the system. In this 
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regard, flow allows the grow of endothelial cells mimicking differ-

ent hemodynamic forces as the shear stress, which it is well known 

that these fluid forces induce changes in endothelial morphology, 

cytoskeletal remodeling, and altered gene expression, inducing a 

better endothelial organization and reducing permeability, making 

it more similar to the vascular tissue of the body427. However, the 

main aim of these experiments was to evaluate if shear stress 

could alter the nanoparticle performance; an approach that is in-

creasingly included in the analysis of nanoparticles where different 

flow rates are applied to evaluate their effect on different 

nanostructures to bind to the endothelium428, 429. Therefore, shear 

stress it is an important parameter to take into account, it is a var-

iable along the body, physiological differences between vessels 

modify the shear stress were arteries show higher shear stress 

compared to veins, it is also modified according to the caliber and 

anatomical location of the vessel, all directly related to the particle 

uptake430. The greater the shear stress, the lower the probability 

of adhesion with the lumen target and higher the decoupling forc-

es, therefore of being retained and absorbed428, 429. After flowing 

the particles for 1 hours we saw no differences in the spheres ra-

tio, while VCAM1 rods still showed a significant uptake. Similar 

studies analyzed the effect of shear stress compared with static 

cultures showing a drastic decrease in cell uptake when applying 

flow, decreasing proportionally to the shear stress applied to the 

system 431. When comparing shapes in static vs flow conditions, it 

can be observed that while under static conditions there are obvi-

ous differences between targeted and non-targeted in both 

shapes; when applying a shear stress of 1dyn/cm2 we find no dif-
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ferences in the uptake spherical nanoparticles, while the rod tar-

geted group maintain a significant difference compared to the ve-

hicle (1.7-fold increase), suggesting that rod shape offers some 

advantage over the spheres. Although it is necessary to check the 

individual behavior of each type of particle, the shape effect in the 

flow has been studied both in mathematical models and simula-

tions and experimentally432, 433. Size and shape result in different 

contact area of nanoparticle and drag force induced by a fluid, thus 

influencing nanoparticle binding process. The main parameter of 

spheres is the diameter while in rods are width and length which 

determine the aspect ratio. These parameters will determine that 

static and under a shear flow, spheres and rods exhibit different 

binding behaviors. On the first place, initial contacts between na-

noparticles and wall surface depend on particle shape. For spheres, 

their contact area and orientation are irrelevant, with a constant 

binding area within interacting distance; for rods, while they might 

have higher chance of initiating contact due to larger length and 

tumbling motion, rod binding is orientation dependent with varying 

contact area. Under static conditions fluid makes no differences, it 

is expected that both spheres and rods bind immediately as they 

contact the wall by strong adhesion force since a single bond is 

larger than the drag force. However, when applying a shear rate, 

the bonding force of spheres cannot resist the drag force and will 

be washed away. In contrast, rods have a larger contact area with 

a reduced drag force when the principle long axis is aligned with 

the monolayer, thus has higher resistance and larger adhesion 

probability at high shear rate. A possible explanation is described 
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in a mathematical model in Decuzzi et al.370, where the attaching 

probability of a nanoparticle to the receptor is expressed as; 

𝑃𝑎

𝑚𝑟𝑚1𝐾𝑎
0

=  𝐴𝑐  exp [−
𝛌

𝐾𝐵𝑇

𝐹𝑑𝑖𝑠

 𝑚𝑟 𝐴𝑐

] 

Where K0
a is the association constant at zero load of the ligand-

receptor pair; Fdis is the dislodging force due to hydrodynamic 

forces; mr, and ml are the receptor and ligand density, respective-

ly; Ac is contact area; λ is the characteristic length of the ligand-

receptor bonds; kB is the Boltzmann constant; and T is the tem-

perature. In this work it was also studied the probability of adhe-

sion related to the volume and the aspect ratio (γ), here is de-

scribed how for any given particle shape, there exists an optimal 

volume for which the adhesive strength has a maximum; and par-

ticles with an oblate shape (γ>1) are more effective in adhering 

to a surface under a laminar flow than classical spherical particles (

γ =1) at a fixed volume.  

This mathematical approach was used in Yaling Liu et al.432 to ana-

lyze the probability adhesion of 100nm and 200nm spherical rod 

shaped particles of 3 and 5 aspect ratio (assuming that the long 

axis of nanorod is aligned with the binding surface). Results show 

a higher probability for the highest aspect ratios compared to 

spheres. In brief, a larger surface of contact increases the proba-

bilities by decreasing the hydrodynamic dislodging force, this may 

suggest that under our experimental conditions spheres had a de-

creased binding probability than rods, and assuming equality of 

parameters except the nanoparticle area of contact this support 
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our results, where 2 aspect ratio rod-shaped particles increase the 

binding when targeting endothelial VCAM1. 

Finally, keeping the same experimental groups we analyzed how 

the in vivo conditions affected the nanoparticles uptake in the 

brain endothelium. We labeled the nanoparticle with a radioactive 

glycine, we consider this approach the way to reduce undesired 

interactions in the functional groups or modification in the struc-

ture that could mask the shape effect. No significant different were 

found in liver, probably due to the entrapment in small vessels or 

captured for further processing without distinguishing between 

shape or targeting. Kidney showed a low level of accumulation, 

due to the size of this particles scape glomerular filtration, and like 

happen in liver it reduces the interaction with the organ diminish-

ing the resolution to see differences between groups. Regarding 

the lungs, here we can see the first differences between shapes, 

while spheres showed no differences between vehicle or targeting, 

rods showed a significant difference, this kind of resemble the re-

sults showed in microfluidic devices, which evidence that under 

these conditions rod-shaped particles increase the accumulation 

probably due a better NP-endothelium binding. When focused in 

the brain, when animals were stimulated intravenously and with a 

lower dose we can see a trend in the accumulation in targeted 

groups for both shapes but no significant. We assume this was 

first, because of the limitations of the detector, and secondly due 

to the binding of particles to inflamed regions no analyzed, which 

in combination limits the resolution to see changes in the organ 

accumulation between groups. However, in a second approach 
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with only brain inflammation and doubling the nanoparticle dose, 

we found that there was an increase of 3-fold more uptake of tar-

geted spheres and around 3.5-folds in the targeted rods compared 

each with its vehicle group in intracerebral LPS induced inflamma-

tion. Although targeting shows a significant increase in particulate 

accumulation compared to the control group in both shapes, no 

significant differences were found between rods and targeted 

spheres. To the shear stress generated when nanoparticles were 

administered intravenously we have to add a large number of in-

teractions with a complex fluid such as blood plasma that presents 

several thousand different proteins whose abundance varies by 12 

orders of magnitude, and compete for the limited nanoparticle sur-

face, leading to a combinatorial offering of molecules to that sur-

face forming the protein corona (which also includes a range of 

different lipids). As described in the results the functionalization 

with antibodies gives the particles a positive charge, which facili-

tates electrostatic interaction with negatively charged proteins in 

serum434, 435, where proteins such as albumin or has been shown 

that protein interaction can mask targeting in a dose-dependent 

way436 and can also determine the pathway when reached the 

cell437. Size and shape are also parameters that may determine the 

composition of the protein corona438. In our study when shape is 

modified and stretched into rods, they will have the same func-

tional groups for as the initial spheres, however they show a high-

er surface area (20% more) which means larger “bold” areas to 

interact with proteins altering their function and behavior. This 

could explain a decrease in the efficiency of targeting in rods com-

pared with the spheres as the high variation in the cerebral uptake 
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for targeted particles. An important point to remark is that both 

animal studies showed an elevated uptake of nanoparticles, alt-

hough targeting works for lungs and brain, the %ID/g of tissue 

seems to be very high (specially in brain) compared to other simi-

lar biodistribution studies. We attribute this to an artifact due to 

the enormous background produced for the tissue persé (without 

radiation), that even subtracting background from control animals 

this still introduce noise in the results. However, all groups are 

affected for this same factor which is eliminated from the equation 

when ratios are calculated allowing us to still appreciate differ-

ences in terms of targeted-vehicle and rods-spheres. 

In the last part of this section, we analyzed the properties as con-

trast agents and biocompatibility of silica mesoporous nanoparti-

cles. Silica is a widely used material in nanotechnology specialized 

in drug delivery439, and the encapsulation/liberation properties 

were tested by the Nanomag the group which provided the materi-

al440. These nanostructures were modified to incorporate iron oxide 

nanoparticle to provide contrast via MRI. We measured the relaxiv-

ity with different concentrations, obtaining a relaxivity of 258.94 

mM-1sec-1 and 324.68 mM-1sec-1 in T2 and T2* sequences, re-

spectively, showing a promising performance as contrast agents 

compared with other commercial agents404. This contrast proper-

ties were tested in vivo, after intracerebral administration, and 

compared with a vehicle group showing a decrease of signal inten-

sity around 58%, compared to the 5.7% of the vehicle group in T2 

signal and 52% compared to the 15% of the vehicle group in T2* 

sequences. This validates futures uses as contrast agent that to-
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gether with the drug delivery properties make these nanostruc-

tures a useful tool in the neurology field.  

Although silica nanoparticle showed good biocompatibility proper-

ties, some formulations reported toxicity by ROS pro inflammatory 

induction441, or several responses as apoptosis induction and LDH 

release with doses of 10-100µg/mL442, 443. For this reason, continu-

ing with the line of this work, we performed a basic analysis of 

biocompatibility by means of and LDH kit and a Prussian blue stain 

to confirm particle presence in the culture after several washing. 

From all the amounts tested (25, 50, 100 and 200µg) only the 

highest amount 200µg showed a significant mortality compared to 

the control group. The Prussian blue stain confirmed the uptake in 

the cells and showed several aggregation problems in the 200µg 

will could also explain the cell impairment. 

Toxicity due to particle-cell interaction is not the only source of 

potential damage in nanoparticles treatments; in in vivo models it 

takes special importance the mechanical damage, anastomosis in 

diverse organs reduces the vessel caliber trapping the particles 

and causing occlusions that could lead to ischemic lesion or could 

damage the integrity of the vessels structure leading to a possible 

hemorrhagic transformation. Another aspect considered in this 

work, is the administration route, after being injected into the ex-

ternal carotid artery, the first tissue with which particles have con-

tact is the cerebral microvasculature due to advantageous ascend-

ing flow, being this the optimal route to observe the effect on the 

cerebral area without passing through the rest of the organs with 

the consequent loss of nanoparticles. On the other hand, venous 
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administration through the jugular vein where descending flow 

transports the nanoparticles to the heart and then to the rest of 

the body disseminating them to the different organs of the animal, 

allows us evaluating their effect when scattered. A total of 

1.4mg/Kg particles were injected either by the external carotid or 

the right jugular vein. Animals were followed by MRI for 14 days, 

and no ischemic or hemorrhagic lesions were observed. On the 

other side particle accumulation effect is especially relevant in or-

gans well vascularized where any malfunction lead to several im-

pairments in the animal444. Serum enzymes GOT and GPT were 

analyzed to evaluate possible liver damage445, 446, while creatinine 

levels were used to evaluate kidney malfunction447. None of these 

parameters showed a significant increase in any of the routes test-

ed. 

Although a basic study, this work has demonstrated a first ap-

proach for the safety use of rod shaped magnetic mesoporous na-

norods at the concentrations described above, with no potential 

damage to endothelial brain cells even showing an apparently high 

level of uptake. Magnetic resonance imaging showed no brain 

damage for 14 days, and no liver or kidney impairment which evi-

dence its safety use in both, in vitro and in vivo; overcoming tox-

icity impairments and exhibiting a good performance in terms of 

uptake and contrast agent. Future continuations in this line of 

study would allow to encapsulate riboflavin as other glutamate 

grabbers to active targeting it to endothelial areas affected not 

only by ischemia but for other neurological disease448. The versatil-

ity of silica as well other material also allows to test different strat-
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egies to increase BBB overpassing and perform the drug delivery 

of treatments directly on the affected brain spot.  
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11. Section I. Research and analysis 

of new glutamate grabbing 

treatments: preclinical and clinical 

validation 

 

• Riboflavin was selected as a glutamate grabbing molecule 

resulting from an HTS of a chemical library of 1120 based on 

the inhibition of glutamate formation in presence of GOT1 

enzyme. 

• Riboflavin effect as glutamate grabber was tested in vivo in 

healthy animal showing a significant reduction in glutamate 

serum levels. 

• The efficiency of riboflavin was tested in animals subjected to 

an ischemic animal model, showing a significant reduction in 

glutamate levels 2 hours after the administration but no GOT 

increase in serum levels. In addition, treated animals showed a 

reduction in the infarct volume 24 hours after. No functional 

recovery was showed in the functional test used in the 

evaluation. 

• The treatment with riboflavin in animals subjected to an 

intracerebral hemorrhagic animal model, showed no differences 

in the hemorrhage volume profile, as no worsening in the 

functional outcome compared to controls. 

• Different riboflavin derivative forms (FAD and TARF, as an 

inactive form, Lumichrome) were tested in a GOT assay, as in 

vivo (healthy animals) conditions, confirming that glutamate 

grabbing effect was only conserved in riboflavin-like structures 

(TARF and FAD) while the effect was lost in inactive-truncated 

forms like Lumichrome. 
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• A clinical trial (a total of 50 patients) confirmed the reduction in 

blood glutamate levels and a trend to functional recovery 

compared to the placebo group after riboflavin (Streuli) 

administration. 

 

12. Section II. Functionalization and 

development of nanoparticles for 

active targeting toward 

inflammatory markers. 

 

• VCAM1 was selected as an endothelial target for 

nanoparticles. VCAM1 showed an inducible expression 

under inflammatory stimulus. The overexpression was 

confirmed in vitro with Bend.3 microvasculature endothelial 

cells stimulated with LPS (1µg/mL); In vivo with Swiss 

mice, after systemic inflammation (100µg/animal) and 

intracerebral induction (10µg/animal). 

• Spherical (200nm) and rod-shaped (double aspect ratio 

400nm length) polystyrene particles were used to evaluate 

the shape effect when targeting VCAM1 in brain endothelial 

cells. The particles were bioconjugated with anti-VCAM1 

and a non-specific IgG (used as a vehicle group), and 

tested under different conditions. 

• Particles were tested in vitro under static conditions with 

inflamed Bend.3 endothelial cells. VCAM targeted particles 

(for both shapes) showed a significant increase in the 

uptake compared to the control group. Regarding the 

shape, VCAM rods showed a significant increase in uptake 

compared to spheres. 
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• Particles were tested in microfluidic devices coated with 

human microvasculature endothelial cells. Under a shear 

stress of 1 dyn/cm2 only VCAM1 rods showed a higher 

uptake compared to the vehicle group. 

• A systemic inflammation was induced in Swiss mice and 

administered with a dose of 15mg/Kg of polystyrene 

nanoparticles. Animals showed a significant accumulation of 

VCAM rods in lungs compared to the vehicle group. There is 

a trend of more accumulation in the brain of the targeted 

groups (for both shapes) compared to the vehicle, but it did 

not reach significance. 

• An intracerebral inflammation was induced in Swiss mice 

and administered intravenously a dose of 30mg/Kg of 

polystyrene nanoparticles. Animals showed a significant 

higher accumulation of nanoparticles in the brain in both 

shapes compared to vehicle groups. There are no significant 

differences in the accumulation of VCAM1 rods vs VCAm1 

spheres. 

• Relaxivity was calculated for Hybrid magnetic mesoporous 

nanorods (HMMSN) in T2WI= 258.94mM-1s-1 and T2*WI= 

324.68mM-1s-1. 

• Hybrid magnetic mesoporous nanorods (HMMSN) 

biocompatibility was tested in vitro by culturing with Bend.3 

endothelial cells at different concentrations, showing only 

significant cell death with the higher concentration (200µg). 

• Hybrid magnetic mesoporous nanorods (HMMSN) were 

tested in vivo in S-D rats by administering intravenous and 

intraarterial (mg/Kg) showing no cerebral damage 

(assessed by MRI) and hepatic (GOT or GPT serum enzyme 

levels analysis), or kidney malfunction (creatine serum 

levels analysis).  
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