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RESUMEN

INTRODUCCION

La prevalencia de la demencia, en términos de globalidad, presenta un
crecimiento exponencial que se estima que crecera hasta los 76,7 millones en
2030y los 135 millones en 2050 en todo el mundo. Por otra parte, la International
Diabetes Federation estima que, para el afio 2030, la prevalencia sera de mas de
500 millones de diabéticos a nivel mundial. Ambas enfermedades suponen una
pandemia en crecimiento exponencial y un importante problema de salud
publica.

La Enfermedad de Alzheimer (EA) es el desorden neurodegenerativo mads
prevalente en la poblacién de edad avanzada. Se define principalmente por un
déficit progresivo de la memoria, acompafiado de caracteristicas
neuropatoldgicas como la perdida neuronal, el incremento de la proteina
precursora amiloidea (APP), la acumulacion de placas B amiloide a partir de AB
insoluble y la hiperfosforilacidn de la proteina citoesquelética tau.

La modulacion de la presencia de estos marcadores en el cerebro ha sido
insuficiente para frenar la enfermedad y por ello se contintan llevando a cabo
nuevas investigaciones que ayuden a comprender la patologia. En este trabajo
nos hemos centrado en relacionar la pérdida de memoria con trastornos
metabdlicos como la diabetes y la obesidad, considerando la posibilidad que la
EA sea una enfermedad metabdlica ya que en el cerebro de nuestros ratones
coexisten una incorrecta utilizacion de la glucosa y una produccion energética
deficiente.

Este enfoque viene desarrollandose a partir de estudios epidemiolégicos que han
demostrado que pacientes con intolerancia a la glucosa, con déficit de secrecidn
de insulina o con diabetes tipo Il (DM2) tienen incrementado el riesgo de
desarrollar deterioro cognitivo leve (MCI) o EA (Janson et al. 2004; Mayeda et al.
2015). Otros estudios, en este caso longitudinales, correlacionan trastornos
metabdlicos como la DM2, la obesidad y dislipidemia con MCl y EA (Profenno et
al. 2010; Gendron et al. 2013).

Los cambios metabdlicos que produce la DM2 promueven alteraciones
cerebrales. Asi, la hiperglucemia y la resistencia a la insulina pueden acelerar la
degeneracion neuronal mediante la glicosilacion no enzimatica provocando un
aumento del estrés oxidativo. Los trastornos metabdlicos y energéticos han sido
relacionados con un desequilibrio de la via de sefializacidn de insulina, del factor
de crecimiento insulinico (Igf) y de la leptina (ob) en diferentes érganos del
cuerpo, entre ellos el cerebro.
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En el sistema nervioso central (SNC) estas hormonas participan en diferentes
funciones fisiolégicas como la ingesta de alimentos, la inhibicion de la
gluconeogénesis hepatica, la modulacién de la activacidn de la proteina Tau, el
metabolismo de la AB-amiloide, la supervivencia neuronal y la memoria.

Tanto el receptor de insulina (RI), como el receptor de crecimiento insulinico
(IGFR) y el receptor de leptina (OBR) son receptores de tipo tirosina cinasa.
Cuando el mecanismo de accidn es incorrecto, decrece la sefial de substrato del
receptor de insulina (Irs), phosphoinositide 3-kinase (PI3K) y protein kinase b
(PKB/AKT) dando lugar a una reduccién de plasticidad y supervivencia neuronal.
Por otro lado, se activan diferentes proteinas como la glycogen synthase kinase
368 (GSK3pB) o las c-jun amino-terminal kinase (JNKs) que regulan negativamente
la seial de estos receptores. Esto conlleva un incremento de la fosforilacion de
la proteina Tau, estrés oxidativo y neuroinflamacion.

En condiciones normales el exceso de AB puede ser eliminado a través de la
proteina relacionada con el receptor de lipoproteina-1 (LRP1), o bien por un
proceso de degradacidén en que interviene la enzima degradadora de insulina
(IDE). En condiciones de hiperinsulinemia periférica crénica el transporte de
insulina a través de la barrera hematoencefalica decrece, produciendo déficits en
las acciones principales de la insulina a nivel central, como por ejemplo la
memoria a largo plazo, la plasticidad neuronal y la expresién de la
acetilcolintransferasa, enzima responsable de la sintesis de acetilcolina.

La insulina tiene la capacidad de activar IDE; por lo tanto, cuando los niveles de
insulina efectiva a nivel central son insuficientes puede verificarse una menor
activacion de IDE y consecuentemente una mayor acumulacidn nociva de AB. Asi,
se definiria como diabetes tipo 3 la situacion que se da cuando Ia
hiperinsulinemia, en respuesta a la resistencia a la insulina, comporta una
disminucion de la insulina cerebral y una mala regulacion de la funcionalidad de
IDE con consecuente incremento en la acumulacion de AB en el cerebro.

La hiperglicemia crénica ademas puede comportar un incremento del estrés
oxidativo, disfuncion mitocondrial y producciéon de productos finales de la
glicacién avanzada que aceleran la enfermedad.

Hipotesis general

La hipotesis general de la presente tesis doctoral es conocer si los niveles
elevados de B-amiloide producidos por la mutacién presente en los ratones
APP/PS1 producen algin efecto metabdlico a nivel central o periférico. Para
evaluar esta hipdtesis se han estudiado pardmetros relacionados con el sindrome
metabdlico, como son la obesidad, la resistencia a insulina y la dislipemia en este
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modelo animal. Al mismo tiempo, se ha querido evaluar el efecto de la
alimentacién rica en grasas sobre algunos pardmetros cognitivos e
histopatoldgicos caracteristicos de la EA en el citado modelo animal.

Material y métodos

El raton APPswe/PS1dE9 (APP/PS1) produce péptidos de AR debido a una doble
mutacién en los genes APP y PS1, y a partir del quinto mes se observan placas en
cortes histoldgicos cerebrales. Se realizé una caracterizacién en dos estados
temporales de su desarrollo. En una segunda fase experimental se administré
una dieta rica en grasa durante 5 meses con el fin de observar como afectaba un
cuadro clinico similar al sindrome metabdlico en el desarrollo de la EA.

Objetivos

1. Caracterizar el fenotipo metabdlico a nivel central y periférico en ratones
APP/PS1 de 3y 6 meses de edad sometidos a una dieta estandar.

2. Caracterizar el fenotipo metabdlico a nivel central y periférico en ratones
APP/PS1 de 6 meses de edad sometidos a una dieta rica en grasas.

Principales resultados

Se estudiaron las alteraciones metabdlicas periféricas tras la formacion de placas
seniles en los ratones transgénicos. A nivel central, la via de sefalizacién de
insulina estaba alterada antes y después de la formacion de placas; también se
detectaron deficiencias en la cadena de transporte de electrones y alteraciones
en las cinasas responsables de la hiperfosforilacidn de tau.

Se evalud el efecto de la obesidad y de la resistencia a insulina periférica,
inducidas a través de una alimentacion rica en grasas, en el proceso de
amiloidogénesis que experimenta el ratén APP/PS1. Los resultados indican que
el ratdn salvaje alimentado con dieta grasa tiene un fenotipo similar al ratén
transgénico alimentado con una dieta control. La dieta rica en grasa y la AB
provocan resistencia a insulina central y alteraciones en la cadena de transporte
de electrones de la mitocondria. Estas alteraciones parecen indicar que hay una
estrecha relacion a nivel molecular entre la EAf, la obesidad y la resistencia a
insulina.
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ACRONIMOS Y ABREVIATURAS

AB: péptido AB amiloide

ABCA1: ATP-binding cassette, sub-family A

AGRP: agouti related neuropeptide

AICD: activation-induced cell death

AMPK: adenosine monophosphate kinase

APLP 1/2: amyloid beta precursor-like protein 1/2
ApoE: apoliproteina E

APP: proteina precursora amiloide

APPSwe: APP Swedish mutation

Arc: activity-regulated cytoskeleton-associated protein
ATP: adenosin trifosfato

BACE: B-site APP cleaving enzyme

BHE: barrera hematoencefdlica

BDNF: brain-derived neurotophic factor

CAMKKR: calcio-calmodulina cinasa Il

cAMP: cyclic adenosine monophosphate

CDC2: cyclin-dependent protein kinase Cdk1/Cdc2
CDKS5: cyclin-dependent kinase 5

C-Fos: FBJ osteosarcoma oncogene

COX: clooxygenase

CREB: cAMP responsive element binding protein
CTF: carboxy-terminal fragment

Cyp46al: cholesterol 24-hydroxylase

DM: diabetes mellitus

DM1/2: diabetes mellitus tipo I y Il

DNA: acido desoxirribonucleico

EA: enfermedad de Alzheimer

EAe: enfermedad de Alzheimer esporadica

EAf: enfermedad de Alzheimer familiar
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ERK: extracellular regulated kinase
GLP-1: glucagon-like peptide |

GLUT: transportadores de glucosa
GSK3pB: glycogen synthase kinase 33
IAPP: islet Amyloid Polypeptide (Amylin)
IDE: enzima degradadora de insulina
IGF1: insulin growth factor-1

IGF2: insulin growth factor-2

IGFR1: insulin growth factor receptor 1
IkB: inhibitor of kB

IMC: indice de masa corporal

iNOS: inducible nitric oxide synthase
INS1: preproinsulina

IPGTT: intraperitoneal glucose tolerance test
ITT: insulin tolerance test

JAK2: janus kinase 2

JNK: c-jun amino-terminal kinase

LTP: potenciacion a largo plazo

LCR: liquido cefalorraquideo

LRP-1: low density lipoprotein receptor- related protein 1
MCI: deteriro cognitive leve

mRNA: 4cido ribonucleico mensajero
mTORC1: mechanistic target of rapamycin
NMDA: N-metil-D-aspartato

NPY: neuropeptide Y

NOS: nitric oxide synthase

NORT: novel object recognition test
NRF 1/2: nuclear respiratory factor 1/2
NTF: amino-terminal fragment

OB-R: receptor de leptina

ONF: ovillos neurofibrilares

OXPHOS: mitochondrial oxidative phosphorylation



UNIVERSITAT ROVIRA I VIRGILI
ALTERACIONES METABOLICAS EN EL PROCESO DE AMILOIDOGENESIS EN EL HIPOCAMPO DE RATONES APP/PS1
Ignacio Pedrds Martin

PARP: poly EAP ribose polymerase

PEN-2: presenilin enhancer 2

PET: tomografia por emision de positrones

PDPK: 3-phosphoinositide dependent protein kinase 1
PGCla: peroxisome proliferator-activated receptor gamma coactivator 1-a
PHF: filamentos helicoidales apareados

PI3K: phosphoinositide 3-kinase

PKB/AKT: protein kinase b

PKC: protein kinase C

POMC: proopiomelanocortin

PPARa: peroxisome proliferator-activated receptor a
PSEN-1/2: presenilina 1/2

PSD-95: postsynaptic density protein-95

RE: reticulo endoplasmatico

RI: receptor de insulina

ROS: especies reactivas de oxigeno

SOCs: suppressor of cytokine signaling

SNC: sistema nervioso central

STATs: signal transducer and activator of transcription
SYP: synaptophysin

Tfam: transcription factor A, mitochondrial

WT: wild type
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CAPITULO I. INTRODUCCION

1. La enfermedad de Alzheimer

1.1 Historia

En 1901, en la clinica para enfermos mentales y epilépticos de Frankfurt, el Dr.
Alois Alzheimer (1864-1915) evalla y diagnostica una demencia a la paciente
Auguste Deter (1850-1906). El Dr. Alzheimer describié que Auguste sufria un
delirio celotipico, una rapida y progresiva pérdida de memoria, ademas de
alucinaciones, desorientacion temporo-espacial, paranoia, trastornos de la
conducta y un grave trastorno del lenguaje (Guerra et al. 2009).

El 8 de abril de 1906, Auguste fallece y Alois Alzheimer solicita el cerebro y la
historia clinica de la paciente para ser estudiados por sus colaboradores Perusini
y Bonfiglio. Los resultados mostraron una atrofia de la corteza con citdlisis
generalizada, una patologia extrafia de las neurofibrillas, fuertes excrecencias de
la neuroglia fibrosa y numerosas células gliales con forma de varilla, ademas de
sedimentos de productos metabdlicos en forma de placas en toda la corteza
cerebral y signos leves de neovascularizacién.

El 4 de noviembre de 1906 presentd su observacion anatomoclinica con la
descripcion de placas seniles, ovillos neurofibrilares y cambios arteriosclerdticos
cerebrales. El trabajo se publicd al afio siguiente con el titulo “Ueber eine
eigenartige Erkrankung der Hirnrinde” (Alzheimer et al. 1907) traducido al inglés
en 1995 (Alzheimer et al. 1995). A pesar de esta publicacién, fue solo en 1910
que Emil Kraepelin, una autoridad médica internacional, en la octava edicién del
Manual de Psiquiatria, se refirid por primera vez a la patologia utilizando el
eponimo de Enfermedad de Alzheimer (EA).

Alzheimer publicé la exposicién completa del caso de Auguste en 1911 “Uber
eigenartige Krankheitsfélle des spéteren Alters”. El articulo describia también a
otro paciente, Johann F que habia sido ingresado en la clinica de Munich a la edad
de 56 afios, con sintomas clinicos muy parecidos a los que habia observado en
Auguste. El cerebro de Johann F se diferenciaba del de Auguste D. en un aspecto
importante. Aunque si exhibia las tipicas placas amiloides, no presentaba signos
de cambio de neurofibrillas (figura 1). Asi pues, ya en esta fase inicial descriptiva
de la EA se discutié la dificultad clinica que supone identificar los marcadores
histopatoldgicos y clinicos inherentes a la enfermedad.

La histopatologia del cerebro de Auguste D ha podido ser estudiada de nuevo
(Graeber et al. 1998). En este estudio no se encontraron lesiones microscdpicas
vasculares, existiendo solo placas amiloideas y ovillos neurofibrilares (ONF).
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Figura 1. Legado fotografico sobre el descubrimiento de la EA. Arriba a la izquierda: Grupo de
psiquiatras del Hospital clinico de la Universidad de Munich entre los que se encuentran Alois
Alzheimer, Fuller, Baroncini, Von Norbert, Ranke y otros colaboradores no identificados que
participaron en el descubrimiento y descripcion de la enfermedad. Abajo izquierda: Auguste y los
manuscritos del propio Alzheimer redescubiertos en Frankfurt en 1995 junto con todo el historial
clinico de la paciente. Izquierda debajo: Corte histopatolégico del cerebro de Johann F.; las manchas
oscuras corresponden a placas amiloides. Zona central: Se muestran varios estadios en la formacién
de NTF en el cerebro de Auguste D. En la imagen superior se describen las fases iniciales del proceso.
En la reproduccidn central e inferior se exponen, respectivamente, las fases intermedia y avanzada.
Derecha: Dibujos de secciones procedentes de diferentes profundidades de la corteza de Auguste D.
Se aprecian numerosas placas, asi como células con neurofibrillas intensamente tefiidas. Fuente:
https://becker.wustl.edu/about/news/art-alois-alzheimer

1.2 Definicion

La EA es una demencia neurodegenerativa primaria cortical; se caracteriza por la
presencia de alteraciones en areas del cerebro (hipocampo y corteza) que
ocasionan la pérdida progresiva de las funciones intelectuales a causa de una

disminucidn paulatina del nimero de neuronas.

Clinicamente, se define como un proceso degenerativo de evolucidn progresiva,
que se caracteriza por deterioro cognitivo y por la presencia de dos marcadores
histopatoldgicos: placas seniles y ovillos neurofibrilares intracelulares (figura 2).

En fases intermedias-moderadas, los pacientes estdn desorientados vy
desconocen incluso a sus familiares mas préximos. En las ultimas etapas (fase
moderada-avanzada) el enfermo no es capaz de valerse por si mismo y depende
totalmente de sus familiares y/o cuidadores, que deben enfrentarse diariamente
a problemas como la desorientacidn, agitacion, agresividad, depresion, pérdida
de conciencia, descoordinacién motora y dificultades en el lenguaje tanto
hablado como escrito.
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. Neurofibrillary tangle

+ Senile plaque

Figura 2. Ovillos neurofibrilares y placas B-amiloides. Los ovillos neurofibrilares son formaciones
intraneuronales secundarias que mediante la hiperfosforilacion de la proteina tau se forman
filamentos helicoidales. Las placas seniles se forman en los espacios interneuronales de la sustancia
gris del cerebro por el depédsito de la proteina beta-amiloide.
Fuente: https://alzheimersdiseasebiol2095.wordpress.com/

La EA se puede clasificar en funcién de la edad de aparicidn de los sintomas o en
funcién de la forma de herencia (tabla 1). En cuanto la edad, se distinguen entre
forma precoz o presenil y forma tardia o senil. Segun la forma de herencia, se
distinguen la EA familiar (EAf), y la forma esporadica (EAe).

Tabla 1. Clasificacion de la Enfermedad de Alzheimer.

CRITERIO CARACTERISTICAS
Inicio precoz o presenil: Comienza antes de los 60 afios, es de curso mas
rapido y no es muy frecuente. Puede haber casos de aparicion
Segtin edad de excepcionalmente precoz (40 o 50 afios) y se suele asociar a factores
inicio de los hereditarios. Estos casos suponen un 1-5% del nimero total de enfermos de
frces Alzheimer.
Inicio tardio o senil: Aparece después de los 65 afios, en la mayoria de las
veces es esporddica, de curso lento y es también la mas frecuente.
Familiar o de causa genética: Se produce una alteracion o mutacidn de tres
genes: el gen de la Proteina Precursora Amiloide (APP) situado en el
cromosoma 21; el gen de la Presenilina 1 (PS1) en el cromosoma 14; y el gen
Segtin de la Presenilina 2 (PS2) en el cromosoma 1. Se heredan de forma dominante
implicacién del produciendo alteraciones similares en los descendientes que en la mayoria
e de los casos coinciden con la EA presenil (el 1% de los casos).
genéticos Esporadica: Coincide generalmente con los casos de EA senil; comienza en
personas mayores de 65 afios y es el tipo mds comun (96%). No se conocen
genes causales, estando implicados diversos factores genéticos de
susceptibilidad.
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1.3 Epidemiologia

Segun del World Alzheimer Report 2014, se cifran en 135 millones las personas
que sufrirdn demencia en el 2050 (Martin Prince et al. 2014). Es ampliamente
aceptado que existe un aumento exponencial de las cifras de prevalencia e
incidencia segun la edad del paciente, siendo la edad el principal factor de riesgo
para la EA (figura 3).
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Figura 3. Prevalencia e incidencia de la EA en funcién de la edad. (Qiu et al. 2009)

Se ha descrito que los casos de EA constituyen el 50-75% de los casos totales de
demencia (Martin Prince et al. 2014; Martin Prince et al. 2015). Teniendo en
cuenta el creciente envejecimiento de la poblacion mundial, la elevada
prevalencia de EA se ha convertido en uno de los grandes problemas sanitarios
de la sociedad actual. Con el incremento de la poblacion se estima que el nUmero
de casos de demencia duplicara cada 20 afios (Ferri et al. 2005).

En una enfermedad ligada al envejecimiento, es fundamental conocer el entorno
demografico en el que se enmarca. Segun los datos del National Institute of
Aging, la poblacién mundial mayor de 65 afios en 2010 era de 524 millones de
personas (8% de la poblacion); se estima que en 2050 sea de 1500 millones (16%
de la poblacién) (Hyman et al. 2012). Este incremento sera debido a la mayor
esperanza de vida de los paises emergentes.

El Informe Mundial sobre la Enfermedad de Alzheimer publicado en 2013 indica
que ese afio habia 44,3 millones de personas que padecian algin tipo de
demencia en el mundo. Se calcula un aumento de 76 y 135 millones para los afios
2030 y 2050 respectivamente (Prince et al. 2013) (figura 4). En el caso de la
demencia tipo Alzheimer en 2013 se diagnosticaron mas de 26,6 millones de
casos a nivel mundial y se estima que el nimero de casos llegue a 100 millones
para el afio 2050 (Prince et al. 2013).
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Algunos estudios muestran una incidencia de dos a tres veces superior en
mujeres respecto a hombres, y parece que el aumento exponencial en la
incidencia de la EA se producira antes en la poblacion femenina (Gao et al. 1998;
Diaz Brinton & Yamazaki 1998). La explicacidn no estd esclarecida, parece ser que
existe una relacidn entre el gen ApoE4 (factor de riesgo para la patologia) y las
hormonas sexuales femeninas (Duara et al. 1996; Payami et al. 1996). En esta
direccion se ha descrito que la carencia de estrégenos en mujeres
posmenopausicas podria representar un factor de riesgo para el desarrollo de la

EA (Schneider et al. 1996).

Los casos de demencia se triplicaran en 2050

Los desequilibrios mentales, sobre todo el Alzheimer, seran uno de los mayores desafios de salud publica

de demencia
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Figura 4. Incremento estimado de la demencia en cada continente.
Fuente: (Guerchet et al. 2013)

1.4 Areas relevantes del cerebro

El sistema nervioso central (SNC) es el centro estructural y funcional de todo el
sistema nervioso. Estd formado por el encéfalo y la médula espinal. El encéfalo
se divide en tronco del encéfalo, cerebelo y cerebro. El cerebro a su vez esta
formado por la corteza cerebral, los ganglios basales y el sistema limbico.

La corteza cerebral consta de dos hemisferios cerebrales unidos en la linea media
a través de un tracto de fibras denominado cuerpo calloso. Cada hemisferio tiene
una capa externa de sustancia gris de unos 2-4 mm de grosor denominada
corteza cerebral. Esta corteza se encuentra extraordinariamente plegada
formando las circunvoluciones que suponen un fuerte incremento de la
En estos dos hemisferios

superficie manteniendo el mismo volumen.

distinguimos los Iébulos, que toman su nombre a partir de los huesos craneales
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de los cuales estan en contacto. Es decir lI6bulo frontal, temporal, parietal y
occipital.

e El I6ébulo frontal se encarga de controlar la actividad motora, como la
articulacién del lenguaje, el estado de animo, el pensamiento y la
planificacion del futuro.

e El I6bulo parietal se encarga de interpretar las sensaciones que se
reciben del organismo. También se encarga de controlar el movimiento
corporal.

e Ellébulo occipital su principal funcion es integrar e interpretar la vision.

e Ellébulo temporal se encarga de la memoria y de las emociones.

El sistema limbico es responsable de la mayoria de los impulsos basicos y de las
emociones que son importantes para la sobrevivencia del animal: miedo, furia,
libido sexual, placer, dolor, angustia. Los principales componentes del sistema
limbico incluyen las estructuras corticales (amigdala, hipocampo, cingulo), el
hipotalamo, algunos nucleos talamicos, los cuerpos mamilares y el septo
pelucido.

La formacion hipocampal estda compuesta por diferentes partes, entre las que se
encuentran el giro dentado, las areas divididas de CA1 a CA4, la corteza entorrinal
y el subiculo (Burwell et al. 1995) (figura 5). El hipocampo posee multiples
conexiones aferentes y eferentes con diversas areas cerebrales, realiza funciones
relacionadas con la memoria a corto y largo plazo asi como con la memoria
espacial. El hipocampo se encuentra en la base del I6bulo temporal y se conecta
profusamente con otras estructuras corticales. Se ha visto que el hipocampo
participa en funciones relacionadas con la memoria reciente y en el proceso de
la informacion recién adquirida.
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Figura 5. Anatomia de la formacién hipocampal. El hipocampo se caracteriza por presentar una capa
principal de neuronas, la capa de las células piramidales, que hace una trayectoria en forma de una C
(rojo) y en la cual se distinguen tres regiones llamadas CA1, CA2, CA3 y giro dentado (verde)
Fuente:http://what-when-how.com/neuroscience/the-limbic-system-integrative-systems-part-1/)
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El cerebro de una persona que ha fallecido con EA tiene un peso inferior y
presenta una atrofia en las circunvoluciones. Estas quedan estrechadas y los
surcos ensanchados debido a una importante degeneracion neuronal e
hipofuncién sindptica (Reiner et al. 2012). También se observa una atrofia en
areas cerebrales relacionadas con el aprendizaje y la memoria, como el
hipocampo, la amigdala y las cortezas temporal, parietal y frontal (figura 6).

La atrofia es generalmente simétrica, pero también puede haber atrofia lobular,
frontal, temporal u occipital asimétrica. Las lesiones en el hemisferio izquierdo se
han asociado a dificultades para recordar informacion de tipo verbal, mientras
que en el hemisferio derecho a dificultades para recordar patrones de
informacion no verbal. Sintomas como la pérdida de memoria en pacientes con
demencia estan relacionados con la degeneracién de neuronas del l6bulo
temporal. La atrofia cerebral suele ser mas grave en las formas familiares de inicio
precoz que en las formas esporadicas de inicio tardio. El grado de atrofia cerebral
se relaciona con el progreso de la enfermedad.

Brain Atrophy in Advanced Alzheimer’s Disease

Figura 6. Atrofia de las circunvalaciones de una cerebro con la EA. Fuente:
https://alzheimersdiseasebiol2095.wordpress.com/alzheimers-effect-on-the-brain/

Ademas de la afectacion de la corteza entorrinal y del hipocampo, la EA cursa con
pérdida neuronal en el locus ceruleo (pérdida de las conexiones noradrenérgicas
con la corteza entorrinal y el hipocampo), en el nicleo dorsal del rafe y en el
nucleo basal de Meynert (pérdida de conexiones colinérgicas) asi como en la
amigdala (Head et al. 2012).

Las zonas afectadas representan las areas del cerebro implicadas en los procesos
de memoria, pero no incluyen la corteza motora que mantiene intactas sus
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funciones incluso en los estadios mas avanzados de la enfermedad
(Nieuwenhuis-Mark 2009).

1.5 Etiologia

La etiologia de la EA es desconocida. Sin embargo, en la EAf se han identificado
mas de 185 mutaciones en tres genes que contribuyen al desarrollo de la
enfermedad: el gen que codifica la proteina precursora amiloide (APP) en el
cromosoma 21, la presenilina 1 (PSEN1) en el cromosoma 14 y la presenilina 2
(PSEN2) en el cromosoma 1 (Tabla 2) (Fernandez & Castro 2008). La funcién de
estos genes y sus correspondientes proteinas estan en continua revision. En este
trabajo se sefialan las principales funciones.

Tabla 2. Principales genes implicados en la EAf. (Fernandez & Castro 2008)

Mutacion o Proteina Herencia Efecto en patogénesis Edad
ligamento inicio
App Cromosoma 21 Proteina Dominante Altera la produccién (ratio 40-65
21qg21 precusrsa AB40y 421") y agregacion de afios
amiloide AB amiloide
Ps1 Cromosoma 14  Presenilinal  Dominante Altera la produccién (ratio 25-60
14924 AB40y 421") del AB amiloide afios
Ps2 Cromosoma 1 Presenilina2  Dominante Altera la produccién (ratio 45-84
1931 AB40y 421") del AB amiloide afios
ApoE  Cromosoma 19 Apolipopro- Factor de Desconocido éAgregacionde  >50
19913 teina E riesgo AB amiloide? ¢ Metabolismo  afios
lipidico?
Gen App

El gen app codifica una proteina de transmembrana llamada APP que se
encuentra en la mayoria de las células, incluidas las neuronas y las células gliales.
La APP sufre una protedlisis por las secretasas a, B y y-secretasa, lo que produce
péptido AB amiloide de diferente tamafio.

La via de la y-secretasa produce los amiloides AB40 y AB42, que son mads
amiloidogénicos y que se depositan desde las etapas iniciales de la enfermedad.
Al menos se han descrito 27 mutaciones del gen APP en 74 familias en todo el
mundo. Las mutaciones representan menos del 1 % de los casos de EA, y poco
mas del 10 % del total de las EAf de inicio precoz.
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La herencia es autosdmica dominante, con una penetrancia casi completa, lo que
supone que los portadores desarrollardn la enfermedad antes de los 60 afios.

Gen Psenl

El gen psenl se traduce en una proteina transmembrana de 467 aminoacidos.
Esta proteina se expresa en diferentes tejidos, incluido el cerebro. Se cree que la
PSEN1 es un cofactor de la y-secretasa y altera la via de la APP. Al menos hay
descritas 148 mutaciones de este gen en 82 familias en todo el mundo
(Fernandez & Castro 2008). La mayoria de las mutaciones son debidas a la
sustitucion de una base por otra y ocurren en el segundo dominio
transmembrana codificado por el exdn 5 y en el sexto dominio hidrofilico
codificado por exones de 8 a 11. Aproximadamente entre el 30y el 50 % de los
casos de EAf de inicio precoz estan relacionados con mutaciones de este gen.

Gen Psen2

El gen psen2 se traduce a una proteina de 448 aminoacidos llamada PSEN2,
homologa a la PSEN1. La edad de inicio de los sintomas en el caso de EAf debido
a una mutacién en PSEN2 es mas tardia, en torno a los 40 y hasta los 85 afios, a
veces sin mostrar penetrancia. Desde el punto de vista neuropatoldgico, esta
demencia no puede distinguirse de la EAe clasica.

Las mutaciones de estos genes producen una mayor actividad y-secretasa y B-
secretasa dando lugar a una mayor formacién de AP y por lo tanto, de placas
seniles (Mattson 2004).

Gen Apoe

El gen de la apoliproteina E (Apoe) se encuentra en el cromosoma 19, y esta
implicado tanto en las formas familiares de comienzo tardio como en la EAe
(Lovestone & McLoughlin 2002).

La ApoE es una proteina plasmatica implicada en el transporte del colesterol y
otros lipidos en diferentes tejidos. Es sintetizada por el higado y el cerebro, y
constituye la principal apoliproteina expresada en el tejido cerebral, de forma
destacada en la glia.

El gen Apoe tiene 3 isoformas: €2, €3 y €4. La mas frecuente es la €3 (constituye
el 78% de los alelos presentes en poblacidn caucasiana) y la menos frecuente es
la €2 (constituye el 7%). Se ha observado que la isoforma €4 aumenta el riesgo de
padecer la EA mientras que €2 probablemente reduce el riesgo o es un gen
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protector. Sin embargo, muchas personas con la patologia no tienen el gen tipo
€4,

En conjunto son muchos los esfuerzos en determinar las anomalias genéticas que
causan la enfermedad, en el caso de la EAf se han podido encontrar los genes
implicados pero en la EAe aun queda mucho por conocer e investigar.

Hoy en dia los estudios sugieren que la EAe es un proceso fisiopatolégico que
comienza décadas antes de que surjan las primeras manifestaciones clinicas
(figura 7) (Sperling et al. 2011; Pletnikova et al. 2015).

Un modelo hipotético sugiere que en las etapas preclinicas los factores de riesgo
genéticos y ambientales modularian la produccién de AB42 (Aido 2013).
Actualmente esta por identificar qué criterio diagndstico utilizar para evaluar el
deterioro cognitivo leve, la demencia y la EA (Jack et al. 2011; Montine et al.
2014).

Teniendo en cuenta que la EA incluye una fase asintomatica, es fundamental
identificar las caracteristicas inherentes al envejecimiento fisioldgico y las
caracteristicas patoldgicas. También es fundamental conocer los cambios
moleculares que desencadenan un MCI y en qué nivel de organizacién celular
actuan.

The continuum of Alzheimer’s disease
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Preclinical
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Cognitive
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Figura 7. Modelo de la evolucion clinica de la demencia tipo EA. El estado preclinico se ve directamente influenciado
por las mutaciones autosdmicas dominantes y los mdiltiples factores de riesgo. El estado preclinico evoluciona a
deterioro cognitivo leve y en Ultima instancia demencia (Sperling et al. 2011).

La investigacién de los biomarcadores en la etapa preclinica es fundamental para
conocer las causas que desencadenan la EA. Conocemos que los biomarcadores
genéticos diagnostican la EAf pero no la EAe, por ello en la practica clinica se usan
dos tipos de biomarcadores:
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1. De amiloidosis

2. De neurodegeneracion

1. Marcadores de amiloidosis

Los marcadores de amiloidosis pueden observarse en el liquido cefalorraquideo
(LCR) o directamente en el cerebro mediante tomografia por emisidon de
positrones (PET).

e Liquido cefalorraquideo

Dado que la patologia de la EA esta confinada en el cerebro, el LCR es un medio
idoneo para el estudio de marcadores bioquimicos que reflejan la patologia y el
grado de la enfermedad.

El marcador de amiloidosis mas utilizado para el diagndstico de EA en LCR son los
niveles de AB42, que en pacientes con EA se encuentran disminuidos. La
disminucion del AB42 se correlaciona con el deposito parenquimatoso del B-
amiloide en forma de placas amiloideas en el cerebro, habiendo una correlacion
clara entre disminucion del AB42 y la cantidad de placas amiloides (Strozyk et al.
2003; Buerger et al. 2006; Ossenkoppele et al. 2012)

Los niveles de AB 42 se encuentran ya disminuidos en el momento de la aparicion
de los sintomas tanto en casos esporadicos como en portadores de mutaciones
(Fagan et al. 2007; Fortea et al. 2011).

e Estudios PET con trazadores de B-amiloide

El PET con trazadores para depdsitos de amiloide fibrilar como el Pittsburg
Compound B marcado con 11C-PIB, muestra un captacion aumentada del
trazador en zonas frontales, temporoparietales y estriatales en la inmensa
mayoria de sujetos con EA respecto a controles (Klunk et al. 2004).

La técnica ha sido validada en estudios de correlacion clinico-patoldgicos
(lkonomovic et al. 2008). Nuevos trazadores desarrollados y recientemente
validados en cohortes patoldgicas (C. M. Clark et al. 2012) contribuiran
probablemente en el futuro préximo a aumentar la accesibilidad a la prueba.

2. Marcadores de neurodegeneracion

Los biomarcadores de neurodegeneracion se evaltan en el LCR y en el cerebro
mediante técnicas de neuroimagen como la resonancia magnética estructural y
PET con trazadores de glucosa que evaltan el hipometabolismo cerebral.

23



UNIVERSITAT ROVIRA I VIRGILI
ALTERACIONES METABOLICAS EN EL PROCESO DE AMILOIDOGENESIS EN EL HIPOCAMPO DE RATONES APP/PS1
Ignacio Pedrds Martin

¢ Liquido cefalorraquideo

Los marcadores de neurodegeneracion mas validados en LCR en la EA son los
niveles de t-tau y p-tau. En la EA, los niveles de t-tau y p-tau reflejarian el dafio
neuronal ya que esas proteinas se liberarian al espacio extracelular/LCR tras la
muerte neuronal. Hay una correlacién robusta entre el aumento de los niveles de
t-tau y p-tau y la extension de la pérdida neuronal y patologia neurofibrilar en el
estudio neuroanatémico (Strozyk et al. 2003; Buerger et al. 2006). La
determinacidn de su isoforma fosforilada en el LCR se correlaciona de forma mas
especifica con los ovillos neurofibrilares y permitiria aumentar la especificidad
del diagndstico (Koopman et al. 2009).

e Resonancia magnética estructural

Las técnicas de neuroimagen estructural han sido utilizadas para el diagndstico
clinico de la EA desde hace décadas para objetivar la atrofia cerebral secundaria
a los cambios patoldgicos y para descartar diagndsticos alternativos.

Técnicas como la volumetria basada en voxeles han permitido el uso de las
técnicas de neuroimagen en la investigacion, evidenciando el papel de la atrofia
hipocampal en el diagnéstico de la EA y la correlacion directa que existe entre el
volumen del hipocampo y el rendimiento cognitivo en pacientes con y sin EA
(Barnes et al. 2009).

Nuevas técnicas semiautomaticas puestas a punto en los ultimos afios, como la
evaluacion del grosor cortical, han permitido delinear un patrén de atrofia
cortical caracteristico de la EA que abarcaria zonas como la regién temporal
medial, temporoparietal lateral, precuneus o el cingulo posterior y que permitiria
discriminar con alta fiabilidad entre sujetos afectados y controles (Desikan et al.
2009). Este patrdn cortical de atrofia es muy robusto y se ha podido identificar
en sujetos en fase MCl y que posteriormente progresan a una demencia tipo EA
(Dickerson et al. 2009).

Estudios longitudinales en portadores de mutaciones han demostrado que estos
sujetos presentan cambios estructurales objetivables y caracteristicos de la
enfermedad (atrofia hipocampal, atrofia temporoparietal, cingulo posterior y
procuneus) hasta cinco afos antes de la aparicién del primer sintoma (Ridha et
al. 2006). Este patron de atrofia progresa y se generaliza a medida que la
enfermedad va evolucionando.

24



UNIVERSITAT ROVIRA I VIRGILI
ALTERACIONES METABOLICAS EN EL PROCESO DE AMILOIDOGENESIS EN EL HIPOCAMPO DE RATONES APP/PS1
Ignacio Pedrds Martin

e PET con trazadores de glucosa

El PET de fluorodeoxiglucosa (*F-FDG PET) muestra en pacientes con EA un
patrdn caracteristico de hipometabolismo cerebral temporoparietal bilateral, en
cingulado posterior y en precuneus, que progresa a medida que la enfermedad
avanza (Alexander et al. 2002)

La disminuciéon del metabolismo regional cerebral se correlaciona con la
progresidn de los déficits cognitivos desde MCI hasta una fase de EA (Kim et al.
2005)

Los estudios llevados con biomarcadores podrian ayudar a comprender y a
explicar la fase preclinica de la enfermedad. Sperling y colaboradores en el 2011
muestran un modelo que evalua los marcadores de la enfermedad teniendo en
cuenta la evolucidn de la patologia segun los estadios preclinicos, MCl y clinico.
El primer fendmeno es la acumulacion del peptido AB 42, seguido de un
hipometabolismo detectado con la fluorodeoxiglucosa; en los casos de
portadores de gen APOE €4 (alelo 34), este hipometabolismo es detectado
incluso antes que la AB42 (linea naranja intermitente). Los marcadores de Tau
estan relacionados con el estadio preclinico asi como los cambios estructurales
del cerebro detectados mediante MRI. Los déficits cognitivos se manifiestan a
partir de la fase MCl y se mantienen durante todo el desarrollo clinico de la EA
(Sperling et al. 2011).

Abnormal

~—— Amyloid-8 accumulation (CSF/PET)
- Synaptic dysfunction (FDG-PET/MRI)

Tau-mediated neuronal injury (CSF)
= Brain structure (volumetric MRI)
— Cognition

= Clinical function

Preclinical MCI Dementia

Clinical Disease Stage

Figura 8. Modelo hipotético de biomarcadores dinamicos de laEA. (Sperling et al. 2011)

En los udltimos afos, la iniciativa ADNI (Alzheimer’s Disease Neuroimaging
Initiative) esta realizando un estudio longitudinal multicéntrico a nivel mundial
para la busqueda de marcadores para el diagndstico precoz y seguimiento de la
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EA (Weiner et al. 2012; Srinivasa et al. 2015). Conocer los procesos y los estadios
tempranos puede ayudar a disefiar una estrategia clinica enfocada a la
prevencioén y la busqueda de dianas terapéuticas multifuncionales.

1.6 Factores de riesgo

La etiologia de la EAe es difusa y compleja y se han descrito multiples factores de
riesgo y/o protectores, de caracter genético o ambiental (Kalaria et al. 2008).
Sobre la base de varias revisiones sistematicas, estudios longitudinales y meta-
analisis, se evaluan diferentes variables como los riesgos vasculares en la
mediana edad (Meng et al. 2014), la obesidad (Beydoun et al. 2008), el colesterol
(Studies 2013) o la diabetes (Profenno et al. 2010).

Hasta la fecha, nadie tiene duda que el principal factor de riesgo es la edad pero
es evidente que interactuan muchas mas variables. Con el fin de categorizar los
factores de riesgo, éstos se clasifican en tres grandes grupos:

1. Factores genéticos (pequefio porcentaje sobre la incidencia total).
2. Factores vasculares y metabdlicos.
3. Factores ambientales.

1. Factores de riesgo genéticos

El principal factor genético es el polimorfismo para ApoE (Saunders et al. 1993;
Cramer et al. 2012). En concreto, la variante alélica €4 es capaz de triplicar el
riesgo de padecer la enfermedad en el caso de los heterocigotos y multiplicarlo
por 15 en el caso de los homocigotos, respecto a los alelos €2 y €3 (Mahley et al.
2006).

2. Factores vasculares y metabdlicos

Algunos de los factores de riesgo vascular que se han asociado a un mayor riesgo
de desarrollar EA son la diabetes, la obesidad, la hiperlipidemia y la hipertension.

e Diabetes

La asociacion entre la diabetes y la demencia es fuerte, pero no concluyente (Lu
et al. 2009; Profenno et al. 2010; Willette et al. 2015). Los individuos con
Alzheimer muestran altos niveles plasmaticos de insulina y baja utilizacién de
glucosa central, perfil que es caracteristico de una resistencia a la insulina (Craft
2012). Ademads, un reciente meta-andlisis demostré que las personas con
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deterioro cognitivo leve (MCI) y diabéticos eran mas propensos a progresar a
demencia que los individuos con deterioro cognitivo leve no diabéticos (Cooper
etal. 2015). La relacién entre DM y el aumento de riesgo de padecer EA es motivo
de discusion y estudio (Profenno et al. 2010; Mayeda et al. 2015).

La insulina no sélo modula el metabolismo de la glucosa periférica, sino también
la funcion normal del cerebro. Recientemente, se demostrd que el MCl y los
niveles de insulina en ayunas estan vinculados a alteraciones de las estructurales
cerebrales (Raji et al. 2010).

Por lo tanto, los trastornos relacionados con la desregulacién de la insulina, tales
como la obesidad y la DM, pueden tener efectos nocivos en la funcidn cerebral.

e Obesidad

Se ha demostrado la relacidn entre la obesidad, el deterioro cognitivo y la EA
(Kiliaan et al. 2014). Un alto indice de masa corporal (IMC) en la mediana edad
ha sido relacionado con un incremento del riesgo de padecer demencia en la
vejez (Gustafson et al. 2003; Anstey et al. 2011; Tolppanen et al. 2014).

La edad es importante porque, como descrito en el estudio de Kiliaan et al 2014,
y otros autores, un IMC superior a 30 en una edad que va de los 40 a los 45 afios
se asocia con un aumento de 3 veces el riesgo de desarrollar la EA (Anstey et al.
2011; Tolppanen et al. 2014).

El nivel de obesidad y el volumen de grasa blanca son el resultado de las
desregulaciones metabdlicas producidas por un incremento de adipocinas,
también implicadas en procesos inflamatorios, trombosis e hipertension (Kiliaan
et al. 2014). Estas hormonas son las responsables del aumentado riesgo de
demencia en pacientes que mantienen un IMC elevado durante gran parte de la
vida. Por otro lado, en algunos casos esporadicos, cuando se observa una
reduccién drastica del IMC en pacientes ex obesos mayores de edad (alrededor
de los 70 afios), estas mismas hormonas podrian tener un papel neuroprotector,
convirtiendo el sobrepeso en un factor positivo (figura 9).

La obesidad crénica tiene repercusiones a nivel central. Mediante una técnica de
RMN denominada morfometria basada en tensores (Hua et al. 2008), la cual
permite la observacidn simultanea tanto de la expansién como de la contraccion
de los volimenes regionales cerebrales, se demostré que entre los individuos
obesos (IMC > 30) habia una disminucién significativa del volumen cerebral. De
hecho, un aumento de una unidad del IMC se asociaba a una disminucion del 4%
del volumen cerebral (Becker 2010).
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EQUILIBRIO ENERGETICO & METABOLISMO-ADIPOCINAS
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Figura 9. Relacion entre la obesidad y la edad en la EA. Adaptacion (Kiliaan et al. 2014). El tejido adiposo
blanco esta distribuido a lo largo de todo el organismo y secreta multitud de adipocinas para
mantener la homeostasis celular. La cantidad de tejido adiposo se mide mediante el IMC. En
promedio el IMC asciende durante la vida adulta y decrece en la vejez. Un IMC elevado se asociada a
enfermedades cardiovasculares en la vida adulta, mientras que en la vejez una reduccién del IMC
pronunciada es un factor de riesgo para desarrollar EA. El mecanismo subyacente implica diferentes
adipocinas proinflmatorias y factores neurotréficos.

e Hiperlipidemia

La hiperlipidemia e hipercolesterolemia son factores de riesgo metabdlicos
asociados a la enfermedad. Distintos estudios sugieren que la desregulacién de
las cascadas del metabolismo lipidico estan implicadas en la génesis o desarrollo
de la EA (Di Paolo & Kim 2011). Niveles elevados de colesterol hacia los 50 afios
de edad son un factor de riesgo pare el deterioro cognitivo leve en edades mas
avanzadas (Kivipelto et al. 2005).

Ademas, algunos estudios sugieren que las alteraciones del metabolismo del
colesterol y la acumulaciéon de algunos metabolitos como el 24S-hidroxicolesterol
o el 27-hidroxicolesterol estan asociadas con la neurodegeneracion (Popp et al.
2013).

e Hipertension

Existen estudios clinicos que sugieren la posibilidad de que pacientes con
hipertensidn tratada presenten menos lesiones neuropatoldgicas de EA respecto
a pacientes no tratados (Hoffman et al. 2009). A su vez, los infartos cerebrales
multiples y recurrentes se han asociado a déficit cognitivo y a la aparicién de EA
(Newman et al. 2005; de Bruijn & lkram 2014).
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3. Factores de riesgo ambientales

e Estrés cronico

El estrés, considerado como la epidemia del siglo XXI en paises de primer mundo,
puede presentarse en épocas prenatales, neonatales o en edad adulta. Cada vez
mas estudios demuestran un posible rol crucial del estrés crénico en el desarrollo
de enfermedades neuropsiquiatricas como depresién y ansiedad. Estas a su vez
han sido consideradas factores de riesgo para padecer EA. De hecho, el
hipocampo, region cerebral muy afectada en la EA, es la estructura cerebral que
mas se ha relacionado con los efectos nocivos del estrés (Sapolsky 2000;
Stratmann et al. 2014).

Ademas, la disminucién de la neurogénesis, sobre todo en la zona subgranular
del hipocampo, aparece como una alteracién comun en patologias asociadas al
estrés (Snyder et al. 2011). La muerte neuronal en areas implicadas en la
neurogénesis desencadena atrofia hipocampal y deterioro cognitivo (Chadwick
et al. 2011). Recientemente ha sido descrito que una situacion de estrés cronico
causa deterioro cognitivo (Cuadrado-Tejedor et al. 2012) y un aumento en la
patologia sindptica y amiloide, una situacién muy similar a lo que ocurre en la EA.

e Tabaco y alcohol

El consumo de tabaco y alcohol también ha sido considerado como factor de
riesgo de la patologia. Un estudio reciente analiza 1629 individuos con el objetivo
de evaluar si factores de riesgo metabdlicos, como la diabetes y la obesidad, o
ambientales, como el alcohol y el tabaco, afectan a areas relacionadas con la
memoria.

El estudio identific6 que tanto el consumo de alcohol como la diabetes
conllevaban un volumen total del cerebro mdas pequefio, mientras que el
tabaquismo y la obesidad se relacionaban con volimenes reducidos de la corteza
cingulada posterior que representa el area del cerebro relacionada con la
recuperacion de la memoria (Srinivasa et al. 2015).

e Dieta

La dieta es una parte muy importante dentro de un estilo de vida saludable. La
ingesta de alimentos poco saludables influye en el riesgo de padecer varias
enfermedades y también afecta a la memoria y al aprendizaje hipocampal
(Kanoski et al. 2011). El deterioro cognitivo podria provocar que el propio dafio
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hipocampal interfiriera con el control de la ingesta de alimentos, generandose
una retroalimentacion positiva (Kanoski et al. 2011).

En cuanto a los acidos grasos, la ingesta moderada o elevada de grasas mono o
poliinsaturadas se ha descrito como factor protector (Florent-Béchard et al.
2009), mientras que la ingesta moderada de grasas saturadas incrementa el
riesgo de padecer EA (Morris & Tangney 2014), sobre todo en un fenotipo que
presente la variante alélica ApoE4. Estos acidos grasos podrian conducir al
desarrollo de la enfermedad por diversos mecanismos como la aterosclerosis, el
estrés oxidativo o la inflamacion.

Las dietas hipercaléricas de mala calidad, con elevada presencia de grasas
saturadas y azucares refinados, provocan en sujetos sanos una reduccion en la
memoria dependiente del hipocampo. (Francis & Stevenson 2011). Otro estudio
indica que nifios alimentados con dieta hipercaldrica durante la adolescencia
presentan un menor rendimiento académico (Nyaradi et al. 2014).

Los macronutrientes de la dieta y la composicién en acidos grasos son muy
importantes para el correcto desarrollo cerebral. Los acidos grasos saturados
ingeridos durante la juventud o la mediana edad se asocian con una peor funcion
cognitiva global, unas alteraciones en la memoria prospectiva y una mayor
vulnerabilidad a los déficits relacionados con la vejez (Solfrizzi et al. 2011;
Eskelinen et al. 2008; Tolppanen et al. 2014).

En contra, los acidos grasos poliinsaturados (PUFA) se asocian con un incremento
de la memoria y un menor riesgo de deterioro cognitivo (Solfrizzi et al. 2011;
Eskelinen et al. 2008). Mas en detalle, un mayor consumo de acidos grasos tipo
omega-3 se han relacionado con un menor riesgo de EA (Luchtman & Song 2013;
Swanson et al. 2012).

La ingesta de antioxidantes puede reducir el riesgo de sufrir demencia, ya que
disminuye la aparicién de enfermedades cerebrovasculares, el estrés oxidativo y
la inflamacidn (Morris 2004).

e Lesion cerebral

Existe evidencia sdlida de que las lesiones cerebrales traumaticas aumentan el
riesgo de desarrollar demencia. Los sujetos que han experimentado lesiones en
la cabeza de forma repetida (boxeadores, futbolistas y veteranos de guerra)
pueden tener un mayor riesgo de sufrir EA (Vanacore 2013; Baumgart et al.
2015), Si bien no se sabe qué aspecto especifico de la lesion es mas relevante
(fuerza, repeticion, etc.) y qué conduce a las alteraciones en la funcién cerebral.
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En resumen, son muchos los estudios que se han realizado con el fin de evaluar
varios factores de riesgo para la patologia de la EA. Parece que en los estadios
preliminares de la enfermedad los factores de riesgo mas importantes sean las
lesiones cerebrales, la obesidad, la hipertensidn, el tabaquismo y la diabetes. En
una una fase mas avanzada, la lesién cerebral sigue siendo un factor de riesgo
predominante, mientras que la obesidad, la hipertensién, el tabaquismo y la
diabetes contribuyen en una menor medida (figura 10).
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Figura 10. Factores de riesgo relevantes en el deterioro cognitivo y en lademencia (Baumgart et al. 2015).

1.7 Hipdtesis sobre la etiopatogénia de la EA

En las ultimas décadas se han formulado diferentes teorias que podrian explicar
la aparicién de la enfermedad. Inicialmente se analizé la estrecha correlacion
entre la acumulacidn a nivel cerebral de metales cuales el aluminio y el desarrollo
de la patologia (Terry & Pena 1965); mas adelante se puso en relacién la
enfermedad con la reduccién de los niveles del neurotransmisor acetilcolina
(Davies & Maloney 1976). En los afios 90 se publicaron varias hipodtesis:

La hipotesis de la cascada AB y la proteina tau (Hardy & Allsop 1991); La hipdtesis
vascular (de la Torre & Mussivand 1993); La hipédtesis de los canales idnicos
(Pollard et al. 1995); La hipdtesis del estrés oxidativo (Markesbery 1997); La
hipdtesis de la neurodegeneracion excitotdxica (Olney et al. 1997);

Recientemente se han publicado nuevas hipdtesis: La hipdtesis de la
neuroinflamacion (Akiyama et al. 2000); La hipodtesis de la cascada mitocondrial
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(Swerdlow & Khan 2004a); La hipdtesis de las disfunciones sindpticas (Snyder et
al. 2005); La hipotesis de la diabetes tipo Il o metabdlica (de la Monte & Wands
2005); La hipdtesis de las dendritas (Cochran et al. 2014).

Todas las teorias citadas siguen en continua revisién y, en conjunto, nos indican
que la enfermedad es de origen multifactorial.

Los mecanismos que activan las desregulaciones homeostaticas no se conocen
con precisién. En este trabajo se explican y se interconectan tres hipotesis con el
fin de elucidar en la medida de lo posible la biologia molecular de la EA en un
modelo de ratdn transgénico. Las hipotesis en que hemos trabajado son:

1. La hipdtesis de la cascada del péptido AB amiloide y la proteina tau.
2. La hipotesis de la cascada mitocondrial.
3. La hipodtesis metabdlica.

1.7.1  Hipotesis de la cascada AB y la proteina tau

La hipdtesis amiloide se formuld a principios de los afios 90 (Hardy & Higgins
1992; Hardy & Allsop 1991) y considera que la produccion patoldgica de los
péptidos AB es la principal causa de la muerte neuronal y de las disfunciones
centrales implicadas en la enfermedad.

El procesamiento defectuoso de la proteina precursora amiloide (APP) por accidn
de la B-secretasa produce un incremento de AB-42, que lleva a la formacion de
placas seniles. La formacién de placas seniles activa la microglia y la astroglia,
causando dafio oxidativo, hiperfosforilacion de tau y consecuentemente perdida
neuronal y disfuncidn sindptica (Hardy & Higgins 1992) (figura 11).

APP

PSEN1 and/or PSEN2 @ l ® APP FAD mutations
FAD mutations Trisomy 21

AB42 aggregation
‘?/ \ Deposited
Soluble forms - amyloid-p
of oligomeric A ¢ peptide

AGGREGATE STRESS

4

PHF formation
\

I Neuronal dysfunction and deathl
4

Figura 11. Hipétesis de la cascada amiloide. (Karran et al. 2011).
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La proteina APP es una proteina transmembrana de tipo | con el extremo amino-
terminal orientado hacia el espacio extracelular y el extremo carboxi-terminal
hacia el citosol. Se localiza en todos los tipos celulares y su ARNm representa el
0,2% del total en neuronas.

Un gran niumero de funciones se han atribuido a la proteina APP y a sus derivados
(Bossy-Wetzel et al. 2004). Por ejemplo, se ha descrito que el ectodominio amino-
terminal soluble que se libera a partir de la APP como consecuencia de la accion
proteolitica de la a-secretasa (a-APPs), actuaria como un factor autocrino y
también tendria propiedades neurotréficas y neuroprotectoras (Jiang et al.
2013).

En 2004 el grupo de Herms desarrolld un modelo de ratdn triple transgénico
“knockout” para APP y dos proteinas similares, APLP1 y APLP2. Los autores
observaron que este tipo de animal transgénico muere prematuramente y
muestra sintomas de un extrafio trastorno neuroldgico. A nivel morfoldgico, tales
ratones sufren una gran displasia cortical (caracterizada por una fragmentacion
de la Idmina basal). Los mecanismos moleculares implicados en estos procesos
patoldgicos siguen actualmente desconocidos, aunque estas observaciones
confirman la importancia del papel de la APP en los procesos de adhesién y
migracion celular (Herms et al. 2004).

La proteina APP es sintetizada a nivel del reticulo endoplasmatico y, después de
su sintesis, es extensamente modificada a nivel postrasduccional mediante
glucosilaciones complejas (N- u O- glucosilaciones). Sucesivamente, la APP es
transportada al aparato de Golgi en la zona de la red del trans Golgi (TGN, trans-
Golgi-network). La translocacién de la APP desde la TGN hacia la superficie celular
se verifica a través de vesiculas secretoras. Durante este proceso, se producen
ulteriores fosforilaciones y sulfataciones que conducen a la proteina final.

Una vez internalizada a nivel de la membrana celular, la APP puede sufrir una
variedad de escisiones proteoliticas, actuadas por tres diferentes proteasas: a-
secretasa, B-secretasa y y-secretasa. Dichas escisiones se pueden agrupar en dos
vias: la via amiloidogénica y la via no amiloidogenica (figura 12).

El fragmento AP es producido por la activacion de la via amiloidogénica, gracias
a la accion consecutiva de la B-y de la y- secretasa (Haass 2004). La actividad de
la B-secretasa inicia el proceso liberando una parte del ectodominio de APP
(APPsB) y generando un fragmento de APP carboxi-terminal (B-CTF o C99), que
seguidamente es escindido por la y-secretasa. Este ultimo corte proteolitico,
realizado por la y-secretasa, produce la liberacién del fragmento AR que es
soluble y, por lo tanto, se puede encontrar en fluidos extracelulares como el
plasma o en el LCR (Seubert et al. 1992).
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En la via no amiloidogénica, la APP es escindida en la parte central mediante la
actividad de la a-secretasa. Este procesamiento genera otro tipo de fragmento
de APP carboxi-terminal (a-CTF o C83), que carece de la porcion del dominio Ap.
Posteriormente C83 es escindido por la y-secretasa, liberando un péptido
llamado p3 (Haass et al., 1993), que es patoldégicamente irrelevante. La y-
secretasa no solo libera AR (a partir de C99) y p3 (a partir de C83), sino que
también genera un dominio intracelular de APP (AICD, del inglés amyloid
intracellular domain) (Radzimanowski et al. 2008) que es liberado al citosol y
puede tener funciones a nivel de sefializacién nuclear (Cao & Sidhof 2001; von
Rotz et al. 2004).
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Figura 12. Procesamiento de la APP. A la izquierda se muestra el procesamiento por a-secretasa que
forman C83 y sAPPa. Secuencialmente C83 es procesado por y-secretasa, originando AICD y p3, que
en su conjunto constituye la via no amiloidogénica. A la derecha, el procesamiento por B-secretasa
que origina C99 y sAPPB Secuencialmente C99 es procesado por y-secretasa, originando AICD con
fragmentos AB, respectivamente, lo que constituye la via amiloidogénica(Querfurth & Laferla 2010).

La via amiloidogénica y la via no amiloidogénica compiten entre ellas, al menos
en algunos compartimentos subcelulares, ya que se ha descrito que,
incrementando la actividad de la a-secretasa en modelos animales de EA o en
cultivos celulares, es posible reducir la produccién de AB y la formacion de placas
seniles (Postina et al. 2004).

Las placas seniles o agregados amiloides estan formadas por depdsitos amorfos
de péptidos AB, cuyo tamafio puede variar de 39 a 43 residuos aminoacidicos, y
se encuentran rodeadas de axones, dendritas distroficas, astrocitos y microglia
activada. Este tipo de placas se localiza principalmente en regiones limbicas
(hipocampo y amigdala) y también en regiones corticales y subcorticales, y
genera alteraciones en la permeabilidad de la barrera hematoencefalica (BHE).
Los agregados del péptido AP en el cerebro desencadenan la cascada de
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neurotoxicidad que conduce a muerte celular por apoptosis, excitotoxicidad,
inflamacion, estrés oxidativo, desregulaciones en la homeostasis del calcio,
pérdida de las sinapsis y reduccién de ATP celular (LaFerla et al. 2007). Ademas,
se ha descrito que niveles elevados del péptido AB activan la fosforilacién de Tau
a través de la glucdgeno sintetasa cinasa 3 (GSK-3B), promoviendo la formacion
de los ovillos neurofibrilares (ONF) responsables del proceso neurodegenerativo
a nivel intracelular.

Tau es una proteina altamente soluble presente en todas las células nucleadas
cuya principal funcidn es la estabilizacion de los microtubulos, esenciales para el
transporte de vesiculas y organulos entre el soma y las neuritas (Caviston &
Holzbaur 2006).

La proteina tau consta de dos dominios funcionales: el dominio de proyeccién y
el dominio de unién a microtubulos (MBD).

El dominio de proyeccién es asi denominado porque se proyecta fuera de la
superficie del microtubulo. Representa los dos tercios de la molécula e incluye el
extremo amino terminal (N-terminal); a su vez, se divide en dos regiones: la
region N-terminal y la regidn rica en prolinas.

El dominio de unién a microtibulos contiene dos regiones: la regidén de las
repeticiones y la region carboxilo terminal (C-terminal). La region C-terminal
también es rica en prolinas y contiene varios residuos susceptibles de
fosforilacién.

El balance fosforilacién/defosforilacion regula las funciones fisioldgicas de la
proteina tau (Martin et al. 2013). La hiperfosforilacién de tau se produce como
consecuencia del desequilibrio entre la accidn de las cinasas y las fosfatasas.

Existen dos tipos de cinasas que fosforilan tau en residuos de serina o de
treonina: las cinasas dirigidas por prolinas (PDPK) y las cinasas no dirigidas por
prolinas (non PDPK).

Entre las dirigidas por prolinas se encuentran la tau proteina cinasa | o GSK3, la
tau proteina cinasa Il o Cdk5, la MAP cinasa o p38 MAPK, y otras cinasas
dependientes de ciclina como Cdc2, JNK y SAPK. En el grupo de las no dirigidas
por prolinas (non PDPK) estan la proteina cinasa A (PKA), la proteina cinasa C
(PKC), la calcio-calmodulina cinasa Il (CaMKIl), la MARK cinasa y la caseina cinasa
Il (CKIl). Por ultimo, existe un grupo de proteinas que fosforilan tau en residuos
de tirosina: las tirosinas cinasas o TPK; entre estas se encuentran SFK y c-abl
(Martin et al. 2013; Cardenas et al. 2012).

Cuando la tau es hiperfosforilada en los residuos Ser-Pro o Thr-Pro pierde su
actividad bioldgica a causa del cambio conformacional. Este fenémeno provoca
la disociacion de Tau de los microtubulos y la consecuente translocacién al
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compartimento somatodendritico. La proteina se vuelve resistente a la
degradacidén proteolitica y padece ulteriores cambios conformacionales que la
hacen insoluble. En consecuencia, tau polimeriza hasta formar los filamentos
helicoidales apareados (PHF), que son el principal componente de los ONF
(Metcalfe & Figueiredo-Pereira), (Figura 13).
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Figura 13. Estructura de Tau y funcién. La isoforma mas larga de tau humana en el SNC, es de 441
aminoacidos y contiene 85 residuos susceptibles de fosforilacion. La mayoria de los residuos
susceptibles de fosforilacidn se sittan en la regidn rica en prolinas o en el extremo carboxilo terminal,
sin embargo, la desestabilizacion de los microtibulos se produce en mayor medida cuando se
fosforilan los sitios localizados en el dominio de unién a microttbulos. La hiperfosforilacion de tau se
produce como consecuencia del desequilibrio entre la accién de quinasas y fosfatasas, de manera
que se favorezca el estado fosforilado. En este sentido, en la EA, se ha descrito tanto una diminucion
de la actividad fosfatasa, principalmente de la PP2A y PP1, como un aumento de la actividad quinasa,
concretamente de GSK3 y Cdk5. (Querfurth & Laferla 2010)

Existen multiples evidencias que corroboran la hipdtesis de la cascada del
péptido AB y de la hiperfosforilacion de tau. Uno de los primeros indicios para su
formulacidn fue la observacidn de que un porcentaje importante de casos de EA
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familiar de aparicion precoz se producian por mutaciones de los genes app, psl
y psl (Bekris et al. 2010). Por lo general, estas mutaciones conducen a un
aumento en la produccién del péptido AR y del cociente AB1-42/AB1-40 y
probablemente a una pérdida de las funciones fisiolégicas de APP y PS (De
Strooper 2007). Asimismo, en base a las mutaciones de los genes app, ps1 y ps2
asociados al desarrollo de EAf, se han generado multitud de modelos animales
que desarrollan placas y muestran alteraciones en la memoria, entre ellos el
raton APP/PS1 utilizado para realizar este trabajo.

Ademas se ha observado que en cultivos neuronales de hipocampo de ratdn la
toxicidad del AB es dependiente de la proteina tau. Otros estudios relacionan
cambios en el metabolismo de AR con el riesgo de la EA de aparicion tardia (Hardy
& Selkoe 2002).

El genoma humano esta constituido por los miles de genes localizados en los 23
cromosomas heredados del padre y los 23 heredados de la madre. Todos ellos
estan localizados en el nucleo celular. Ademas, un pequeiio numero de genes,
37, se encuentran situados en un cromosoma circular y cerrado localizado en las
mitocondrias y que se conoce como DNA mitocondrial (mtDNA). Estos genes
mitocondriales codifican 13 proteinas del sistema de fosforilaciéon oxidativa
(OXPHOS) y los RNAs necesarios para su expresion, determinando el correcto
funcionamiento de la mitocondria.

La hipdtesis de la cascada mitocondrial se planted para explicar la EAe (Swerdlow
& Khan 2004a). El equipo de Swerdlow analizé el DNA mitocondrial (mtDNA)
mediante cibridos. Los cibridos son lineas celulares (SH-SY5Y y NT2) en las que ha
sido suprimido el mtDNA y que luego han sido fusionadas con plaquetas de
donantes humanos con y sin EA. De esta forma se pudo comparar el DNA
mitocondrial humano de pacientes con y sin EA de una forma répida y segura. Los
resultados mostraron que las células de pacientes con EA presentaban una
reduccién de la actividad de la citocromo oxidasa y del potencial de la membrana
mitocondrial. En contra, las vias de sefializacion del estrés oxidativo, de la
apoptosis, de la produccion de AR42 y también los niveles de radicales libres
resultaron incrementados (Swerdlow et al. 2010).

Al dia de hoy se discute sobre cual son los principales desencadenantes de la
enfermedad, si las mutaciones mitocondriales o la produccidn del fragmento AB
(Mancuso et al. 2009). De todas formas, esta consensuado que el conocimiento
de la funcionalidad mitocondrial es fundamental para explicar el desarrollo de la
EA.
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Las neuronas contienen varios centenares de mitocondrias necesarias para
cumplir las demandas energéticas. Las células neuronales requieren energia para
un correcto gradiente idnico y para desarrollar los procesos sindpticos. Las
mitocondrias neuronales producen el ATP en su mayor parte por fosforilacidn
oxidativa, usando como combustible la glucosa que se capta del medio
extracelular (las neuronas tienen una capacidad muy limitada de
almacenamiento de glucosa, de manera que la reduccion de glucosa disponible
en el medio produce un detrimento del estado energético de la neurona). En
ausencia de glucosa otras sustancias que quedan, como el piruvato o el lactato
pueden ser usadas para la respiracion mitocondrial, aunque la disponibilidad de
estos metabolitos termina rdpidamente y la produccién de ATP desciende. La
mayor parte del ATP producido (aprox. 60%) se consume por la actividad de una
enzima localizada en la membrana plasmatica, la ATPasa Na*/K". Esta enzima es
la encargada del mantenimiento del potencial de reposo de la membrana
neuronal y evita que dentro de la célula haya un exceso de iones de Na* y que se
produzca su despolarizacion.

La mitocondria es un organulo altamente dinamico. Su forma y biogénesis estan
controladas por fusion y fision, mientras su estructura interna cambia en funcion
de su estado fisioldgico. La mitocondria participa en interacciones reciprocas con
otros orgdnulos, como el reticulo endoplasmatico.

La mitocondria constituye uno de los compartimentos celulares mas susceptible
a sufrir dafo oxidativo. En particular, el mtDNA, por su proximidad a la cadena
de transporte de electrones, y sobre todo por la carencia de histonas protectoras
y de mecanismos de reparacion eficientes, constituye un substrato ideal para el
impacto de las especies reactivas de oxigeno y nitrogeno. Las mutaciones del
genoma mitocondrial se acumulan durante el proceso natural del envejecimiento
a causa de lesiones producidas por las especies reactivas de oxigeno (Schipper
2004). También se han observado altos niveles de mutaciones en el mtDNA del
I6bulo temporal de pacientes con EA (Corral-Debrinski et al. 1992) que a la vez
mostraban niveles elevados de dafio oxidativo (Mecocci et al. 1994).

La toxicidad del péptido amiloide afecta directamente a la mitocondria e
incrementa los niveles intracelulares de Ca2* y de NO en astrocitos y neuronas
(Yan & Stern 2005). El péptido AB es un potente tdxico para la mitocondria; la
exposicion a AP inhibe las proteinas mitocondriales como el citocromo C,
proteina esencial para el sistema de fosforilacién oxidativa (Querfurth & Laferla
2010). En consecuencia, el transporte de electrones, la produccion de ATP, el
consumo de oxigeno y el potencial de membrana mitocondrial resultan
alterados.
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El estrés oxidativo producido por mutaciones o sustancias toxicas interfiere en el
control homeostdatico. En pacientes con EA se ha comprobado que hay un
elevado ratio de fragmentacidon mitocondrial y se producen mitocondrias mas
pequefias. (Cho et al. 2009). También la acumulacién de AB y de la proteina tau
hiperfosforilada afecta a homeostasis del calcio y produce un incremento de ROS
y de NO (Brunden et al. 2009).

El NO es una molécula de sefializacion involucrada en muchos procesos
fisiolégicos de la célula, incluyendo la liberacidn de neurotransmisores y la
plasticidad sindptica. Sin embargo, cuando los niveles de NO son excesivos,
pueden contribuir a la toxicidad neuronal. Experimentalmente se ha demostrado
que la exposicion de neuronas al fragmento AP oligomerizado aumenta la
nitrosilacion en el residuo cisteina 644 de la proteina dynamin-related protein
(Drp1), causando fragmentacién mitocondrial (Cho et al. 2009; Nakamura et al.

2010).

La produccidon de energia en forma de ATP y la reduccion de oxigeno a H20 tienen
lugar en la membrana interna de la mitocondria. El sistema OXPHOS, constituido
por cinco subunidades o complejos, estd implicado en estos procesos (DiMauro

& Schon 2003) (figura 14).
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Figura 14. Efectos de la A Estrés oxidativo y fallos mitocondria. (Querfurth & Laferla 2010).
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Complejo I: también conocido como NEAH deshidrogenasa (ubiquinona
oxidoreductasa) es un nucleétido con electrones de alta energia proveniente del
ciclo del acido citrico. El complejo | transfiere electrones del NEAH a la ubiquinona
o coenzima Q (CoQ) y luego al succinato, siguiente paso en la cadena de
transporte. Al pasar de un transportador al siguiente, los electrones liberan
energia que es utilizada por el complejo para bombear protones (H+) de la matriz
al espacio de la intermembrana. Esto genera un gradiente transmembrana que
termina activando a la enzima ATP sintetasa o ATPasa.

Complejo II: succinato-ubiquinona reductasa o succinato deshidrogenasa; en
este complejo se transfiere electrones del succinato a la CoQ. En esta etapa no
se produce traslocacién de protones a través de la membrana; por lo tanto, el
complejo Il es un simple transportador entre los complejos | y Ill.

Complejo Ill: citocromo c, en este complejo se transporta electrones de la CoQ
al citocromo C. En esta etapa hay traslocacion de protones.

Complejo IV: constituido por la enzima citocromo C oxidasa (COX) que utiliza al
citocromo C como sustrato. La enzima toma cuatro electrones del citocromo c y
los transfiere a dos moléculas de oxigeno formando agua. Esta es la Unica
circunstancia en que el oxigeno (que por su estructura atémica sélo puede tomar
uno o a lo sumo dos electrones a la vez), adquiere en forma simultanea cuatro
electrones. En esta etapa hay traslocacion de protones.

Complejo V: Constituido por la enzima ATPasa (ATP sintetasa) que funciona en
forma reversible. La enzima aprovecha la energia generada por la traslocacién de
protones en los complejos |, Il y IV para sintetizar ATP que es el objetivo final de
todo este mecanismo. Actuando en forma reversible, la ATPasa puede, a su vez,
hidrolizar el ATP para bombear, contra gradiente, protones desde el espacio
intermembrana hacia la membrana, con un mecanismo inverso al que se
verificaba en los complejos |, lll, y V.

Recientemente se ha descrito la implicacidon de la los complejos OXPHOS en
trastornos neurodegenerativos (Knott et al. 2008). También se conoce la relacion
entre el fragmento B-amiloide y la COX (subunidad IV) (Yao et al. 2009; Pickrell et
al. 2009).

La biogénesis mitocondrial defectuosa y las anomalias en la respiracidon
mitocondrial constituyen una caracteristica del tejido cerebral en pacientes con
EA. Estas alteraciones afectan a la via de PKA/CREB/PGC1a (Castellani et al. 2002;
Sheng et al. 2012). En tal sentido, estudios bioquimicos realizados post-mortem
en cerebros de pacientes con EA han puesto de manifiesto deficiencias en Ila
actividad de enzimas clave del ciclo de Krebs como la piruvato deshidrogenasa y
la a-cetoglutarato deshidrogenada (Bubber et al. 2005).
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El coactivador transcriptional peroxisome proliferator-activated receptor-y
coactivator-laa (PGC-1a), es un regulador de la biogénesis mitocondrial,
termogénesis y homeostasis de lipidos y glucosa (St-Pierre et al. 2006).

PGCla tiene como principal funcion la detoxificacion de ROS (St-Pierre et al.
2006; Austin & St-Pierre 2012). Es un coactivador de moléculas que se encarga
de ayudar determinados factores de transcripcidon, como PPAR y y los Nuclear
Respiratory Factor-1y 2 (NRF-1y NRF-2), a unirse a regiones concretas de genes
nucleares encargados de codificar proteinas mitocondriales como la
mitochondrial transcription factor A (Tfam), incrementando su actividad.

En los procesos neurodegenerativos la actividad de PGCla se reduce y por tanto
disminuye la biogénesis mitocondrial y la detoxificacion de ROS (Austin & St-
Pierre 2012).

Recientemente se ha planteado la hipdtesis de que la EA sea de tipo metabdlico.
Muchos autores han utilizado la expresion diabetes tipo 3 para referirse a la
patologia (de la Monte & Wands 2005).

La hipdtesis considera que los trastornos metabdlicos periféricos provocan un
incremento de los péptidos AB a nivel central (Steen et al. 2005; de la Monte,
Suzanne M Wands 2008; Kroner 2009; Accardi et al. 2012).

La diabetes mellitus (DM) es una enfermedad crdnica que se genera cuando el
cuerpo no puede producir suficiente insulina o utilizarla de manera eficaz. La
insulina es una hormona producida por las células beta del pancreas que permite
la entrada de la glucosa a las células del cuerpo. Una vez en las células, la glucosa
se convierte en la energia necesaria para que funcionen los musculos y los tejidos.
Una persona que padece diabetes no absorbe adecuadamente la glucosa por lo
que esta sigue circulando por la sangre. Con el paso del tiempo la glucosa
circulante dafia los tejidos del cuerpo.

Existen tres tipos de diabetes: diabetes mellitus tipo 1 (DM1), diabetes
gestacional y diabetes mellitus tipo 2 (DM2). La DM1 es causada por una reaccion
autoinmune donde el sistema de defensa del cuerpo ataca a las células beta del
pancreas, productoras de insulina. La diabetes gestacional se presenta en la
mujer durante el embarazo alrededor de la semana 24 y normalmente
desaparece después del nacimiento. En la DM2 el cuerpo produce su propia
insulina pero no puede responder a sus efectos, dando lugar a la acumulacién de
glucosa en la sangre.
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La relacién entre la DM y la EA estd publicada en varios estudios experimentales.
En 2009, Ke y colaboradores estudiaron la posible relaciéon entre la DM1 vy la
patologia de la proteina tau implicada en el desarrollo de los ovillos
neurofibrilares. Los autores examinaron los efectos de la DM1 en la en la cepa de
raton transgénico pR5 que presentaba patologia tau preexistente. La DM1
experimental fue inducida mediante la administracién de estreptozotocina, que
causa la deficiencia de insulina. Se determind la fosforilacion de tau, mediante la
inmunohistoquimica y Western Blot. Los resultados demostraron que la
disminucion de la insulina después de la inyeccion de estreptozotocina y el
consecuente aumento de los niveles de glucosa en sangre causaban
hiperfosforilacion de tau (Ke et al. 2009)

Otro estudio determind que la insulina participa en el mantenimiento de las
funciones del SNC. Efectivamente, la expresidon génica de numerosos genes
relacionados con la secrecién de insulina pancredtica resulté alterada a nivel
central en un modelo de ratdn diabético; datos similares sugieren que esos genes
podrian mediar la produccién de insulina y su exocitosis en el cerebro (Abdul-
Rahman et al. 2012).

Zhang y colaboradores investigaron el efecto del péptido AB en la sensibilidad a
la insulina mediante la inyeccién in vivo de AB42 en ratones control. Los
resultados demostraron que A induce resistencia a la insulina hepatica a través
de la cinasa JAK2, lo que sugiere que la inhibicion de la sefializacion de AB podria
ser una nueva estrategia para tratar la resistencia a la insulina y la DM2 (Zhang
et al. 2013).

La hipdtesis de la diabetes tipo 3 considera que los desérdenes metabdlicos
(elevados niveles de glucosa en sangre, obesidad, esteatohepatosis o resistencia
a insulina periférica) pueden producir efectos adversos sobre la memoria. Asi, la
hiperinsulinemia periférica prolongada disminuye los receptores de insulina a
nivel de la BHE, alterando el transporte de insulina hacia el cerebro.

En resumen, la alteracidn de la via de sefializacion de la insulina/IGF1 contribuye
a la neurodegeneracién debido al aumento de:

e Cinasas que fosforilan Tau.

e Sintesis y expresion de APP-AR.

e  Estrés del reticulo endoplasmatico (ER).

e Generacion de especies reactivas de oxigeno y especies reactivas de
nitrégeno que dafian las proteinas, RNA y DNA.

e Disfunciones mitocondriales.

e Activacidon de mecanismos de inflamacidn y muerte neuronal.

e Desregulacion de genes diana implicados en la homeostasis colinérgica.

e  Metabolismo de lipidos alterado.
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Todos estos efectos adversos afectan a la memoria, cognicién y plasticidad
cerebral (de la Monte 2012a; Adeghate et al. 2013).

Diversas evidencias muestran que los trastornos metabdlicos, el estrés oxidativo,
la neuroinflamacidn y la resistencia a la insulina/IGF participan en la EA. Las
alteraciones en la via de sefializacién de insulina y de IGF conducen a una mayor
expresion del precursor de la proteina AB (ABPP) y a la consecuente acumulacion
de los péptidos ABPP-AB. Ademas, tales alteraciones promueven el estrés
oxidativo e inhiben la ruta neuroprotectora AKT/GSK3B provocando
neurodegeneracion (figura 15).
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Figura 15. Alzheimer y diabetes tipo Ill. (de la Monte 2012b)

El proceso de envejecimiento y la esperanza de vida también estan
condicionados por la via de la insulina. Un estado de resistencia a la insulina
vuelve las neuronas mas vulnerables al estrés oxidativos y altera la plasticidad
sindptica. Ademas, el aumento de los niveles plasmaticos de glucosa,
caracteristico del envejecimiento, es responsable del dafio a la estructura del
hipocampo, de la hiperfosforilacidon de las proteinas tau y de la reduccién en la
actividad de la enzima degradadora de insulina (IDE).

La enzima degradora de insulina (IDE) es una Zn?**-metaloproteasas de 113 KDa,
altamente conservada, presente en el medio extracelular, en los peroxisomas y
las mitocondrias. Los sustratos para las IDE son la cadena B de la insulina, lo
péptidos AB, la amilina y el glucagdn. En condiciones de resistencia a insulina IDE
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reduce su actividad permitiendo un incremento de los péptidos AB, fendmeno
que a su vez reduce la actividad de IDE provocando un circuito de
retroalimentacion positiva (Zhao et al. 2007).

A pesar de la estrecha relacidn entre las dos enfermedades, no queda claro si la
aparicion de resistencia a insulina tiene lugar antes o después de la acumulacion
del fragmento AB. Sin embargo, los pacientes con DM2 tienen mayor riesgo de
desarrollar MCI, demencia y EA. Ademas, los pacientes con EA tratados con
insulina intranasal mejoran sus puntaciones en test conductuales (Formiga &
Pérez-Maraver 2014).

En cuanto a la administracion intranasal crénica de insulina, se ha observado que
mejora el rendimiento cognitivo en individuos no dementes y con EA (sin alterar
los niveles de glucosa o insulina plasmatica), y ha sido demostrado que la
administracion aguda de insulina mejora la memoria declarativa en pacientes con
EA (de la Monte 2012b; I. Clark et al. 2012; Freiherr et al. 2013). Ademas la
administracion de antidiabéticos sensibilizadores de la insulina, como la
rosiglitazona, ralentiza el declive cognitivo en pacientes con EA (Watson et al.
2005).
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2. Metabolismo en el sistema nervioso central y en la EA

El cerebro humano representa el 2% del peso total del cuerpo y para su
funcionamiento energético requiere hasta el 20% del oxigeno y el 25% de la
glucosa totales, llegando en algunas ocasiones a gastar hasta el 50% (Peters et al.
2007).

Aproximadamente el 75% de la energia consumida por el cerebro es utilizada en
procesos de sefializacion, mientras que el restante 25% es utilizado para
actividades esenciales celulares como la sintesis y degradacion de proteinas y de
fosfolipidos (Attwell & Laughlin 2001; Alle et al. 2009).

La situacidn particular del cerebro respecto al resto de los érganos del cuerpo se
caracteriza por su aislamiento quimico mediante BHE. La BHE regula la
permeabilidad del endotelio vascular del SNC. Solo pueden atravesarla el agua,
gases como el oxigeno y el CO2, determinadas moléculas liposolubles muy
pequefias (<400-600 Da) y moléculas orgdnicas con sistemas de transporte
especifico y regulado.

La glucosa pasa la barrera mediante un transportador de glucosa GLUT-1
especificos de la familia (GLUTs); una vez dentro de las células interviene una
hexoquinasa para producir glucosa-6-fosfato. Al igual que en otros érganos, la
glucosa 6-fosfato puede ser procesada a través de diferentes vias metabdlicas,
(Bélanger et al. 2011), siendo las principales la glucdlisis, el ciclo de acidos
tricarboxilicos (TCA) o ciclo de Krebs y la fosforilacién oxidativa (cadena de
transporte de electrones).

La captacion de glucosa mediante transportadores pasivos es estimulada por la
insulina. Concretamente, la insulina induce un cambio de ubicacidn celular del
transportador que se transloca desde los compartimentos citoplasmaticos hasta
la membrana superficial, lo que conlleva un aumento de la captacién de glucosa
plasmatica.

En general, la glucosa en el cerebro se oxida casi en su totalidad a CO; y agua
(Clarke & Sokoloff 1999). En las neuronas la glucosa es el principal sustrato para
la produccidon de energia, aunque en determinadas circunstancias como el ayuno
o el esfuerzo fisico intenso se pueden utilizar otros substratos energéticos
derivados de la sangre, como los cuerpos cetdnicos (Bélanger et al. 2011) o el
lactato (van Hall et al. 2009).

En situaciones patoldgicas de resistencia a la insulina o DM, las neuronas no
disponen de glucosa suficiente para su metabolismo energético; por lo tanto se
producen adaptaciones metabdlicas que dan lugar a la produccién de cuerpos
cetdnicos en las mitocondrias de los hepatocitos. Estos cuerpos cetdnicos, cuyos
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representantes principales son el acetoacetato y el 3-D-B-hidroxibutirato, van a
ser el sustrato energético alternativo para las neuronas.

Esto significa que el principal papel fisiolégico de los cuerpos cetdénicos es
transferir la energia derivada de los lipidos del higado a los tejidos periféricos, de
manera que en periodos de hipoglucemia o situaciones patoldgicas las células de
los varios tejidos dispongan de un substrato alternativo para mantener la
homeostasis energética. Bajo esas condiciones andmalas, la supervivencia
cerebral sera fuertemente (aunque no Unicamente) dependiente de las reservas
de triglicéridos periféricos (Peters et al. 2007).

Cabe destacar que en humanos, en periodos prolongados de ayuno o resistencia
a insulina, los cuerpos cetdnicos aportan aproximadamente el 75% de las
necesidades energéticas del cerebro (Cahill 2006).

Los cuerpos cetdnicos son sustancias hidrofilicas que no atraviesan facilmente la
BHE por lo que necesitan de proteinas transportadoras como los transportadores
de monocarboxilatos. A largo plazo, la cetonemia causada por el ayuno
prolongado o la cetoacidosis diabética induce un aumento de la actividad de esas
proteinas transportadoras que conducen los cuerpos cetdnicos hacia el cerebro.
Aunque es asumido que es el hepatocito quien suministra los cuerpos cetdnicos
al resto de drganos, existen también ciertas evidencias que demuestran in vitro
que los astrocitos proveen de cuerpos ceténicos in situ a las neuronas, y
aumentan las posibilidades metabdlicas de supervivencia neuronal (Guzman et
al. 2001). También se han encontrado indicios de que los astrocitos podrian
producir cuerpos cetdnicos in vivo a partir de acidos grasos y ceramidas (Guzman
et al. 2001; Velasco et al. 2005).

La insulina regula la captacién de la glucosa por parte del hipotalamo, por lo tanto
una alteracion en la via de sefializacién de la insulina en esta zona del cerebro
puede provocar un estado de resistencia a la insulina parecido a lo que se verifica
en la DM2 y contribuir a largo plazo a la aparicion de un déficit cognitivo (Gelling
et al. 2006).

El control energético celular se produce en el hipotdlamo gracias a equilibrios
entre diferentes hormonas y adipocinas. Entre ellas las mas importantes son la
insulina y la leptina.

Entre la leptina y la insulina existe una retroalimentacion negativa que permite
que se regulen mutuamente (Morioka et al. 2007). Asi, la leptina inhibe la
produccion de insulina en las células B del pancreas, mientras que la insulina
estimula la produccién de leptina en el adipocito. Sin embargo, en un estado de
resistencia a leptina caracterizado por hiperleptinemia, esa regulacidn reciproca
entre las dos moléculas se altera: la leptina deja de inhibir la produccion de
insulina en el pancreas induciendo una fase de hiperinsulinemia y resistencia a
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esta hormona. Tanto la leptina como la insulina actdan centralmente para inhibir
la ingesta de alimentos y para aumentar el gasto energético (Morton & Schwartz
2011) aunque no se conozcan los mecanismos.

Cuando este equilibrio homeostatico se ve alterado, aumenta el riesgo de sufrir
procesos neurodegenerativos. Se ha descrito que la leptina puede actuar
disminuyendo la actividad de la B-secretasa, lo que disminuiria los depdsitos de
péptido B-amiloide y de tau (Bonda et al. 2014). Por otro lado, se ha descrito que
la disponibilidad de leptina en el cerebro de individuos obesos estaria disminuida
por dificultades en su transporte a través de la barrera hematoencefalica (Wang
et al. 2001). En conjunto, estos datos indican un vinculo de tipo bioquimico y
molecular entre obesidad y la EA.

2.1 Regulacién metabdlica en la EA

Existen evidencias que ponen de manifiesto la importancia de una correcta
regulacidon metabdlica en la evolucién de la EA; algunos ejemplos son:

e Laimportancia de la dietay la nutricién en la prevalencia de EA (Grant, 1999,
2004).

e Estudios en cultivos muestran que los lipidos activan las rutas
amiloidogénicas (Puglielli y col., 2003).

e La mayoria de pacientes con EA sufren de alguna forma de resistencia a la
insulina (Fishel y col., 2005).

e Lahormona leptina esta atenuada en pacientes con EA (Power y col., 2001;
Lieb y col., 2009).

Por estos motivos no es sorprendente que moduladores del colesterol como las
estatinas (Sparks y col., 2006), o de la glucosa, como la rosiglitazona (Risner y col.,
2006) o la insulina misma (Craft y col.,, 2012) se estén evaluando como
potenciales agentes terapéuticos frente a la EA.

Las dos hormonas que se han estudiado en detalle en el presente trabajo son la
insulina y la leptina (Pedros et al. 2016).

La insulina es una hormona polipeptidica formada por 51 aminodcidos, producida
y segregada por las células beta de los islotes de Langerhans del pancreas. El
principal estimulo que desencadena la secrecion de insulina es la glucosa; sin
embargo, otros nutrientes, como aminoacidos, acidos grasos y cuerpos
cetdnicos, también contribuyen a su liberacion, sin olvidar la modulacién
producida por hormonas gastrointestinales y pancredticas, asi como por
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neurotransmisores adrenérgicos, colinérgicos o excitatorios (por ejemplo el
glutamato) (Gammelsaeter et al. 2011).

El origen de la insulina en el cerebro sigue siendo motivo de controversia. La
mayoria de la insulina central deriva de la sintesis pancredtica y es transportada
al cerebro a través del LCR (Salkovic-Petrisic & Hoyer 2007; Bingham et al. 2002).
Sin embargo algunas evidencias sugieren que una parte sea sintetizada de novo
en el cerebro, ya que se ha descrito la existencia de mRNA de pre proinsulina | y
Il a nivel central (Schechter & Abboud 2001).

Se ha documentado que la insulina puede ejercer acciones pleiotropicas en el
cerebro (Cardoso et al., 2009). En otras palabras, ademas de ser el principal
regulador metabolico, la insulina también posee funciones como
neuromodulador y substancia neuroendocrina, desarrollando un papel
importante en el crecimiento y la supervivencia neuronal (Candeias et al. 2012).

Efectivamente, datos emergentes sugieren que la via de sefalizacion de la
insulina esta implicada en la plasticidad sinaptica mediante varios mecanismos
como por ejemplo la modulacién de la actividad de receptores excitatorios e
inhibitorios (glutamato y GABA) y la activacidén de cascadas de transduccién de
sefiales que regulan la memoria a largo plazo (Zhao et al. 2004).

La insulina ejerce su accion uniéndose a su receptor especifico, denominado
receptor de insulina (RI). Este receptor esta presente en practicamente todos los
tejidos de mamiferos, incluso en el cerebro. Los receptores de insulina son
abundantes en muchas regiones del cerebro y su densidad es mds elevada en las
regiones del bulbo olfatorio, de la corteza cerebral, del hipocampo, del cerebelo
y del hipotalamo.

Los Rl pertenecen a la clase de receptores tirosina cinasa; cuando la insulina se
une al receptor, se produce la fosforilacién del dominio intracelular y se inicia la
actividad tirosina cinasa del receptor. Tras esta autofosforilacion, el receptor
fosforila a su vez a un numero de substratos intracelulares con residuos
especificos de tirosina y, de este modo, desencadena la sefializacién intracelular.
Esta familia de sustratos estd compuesta por las proteinas IRS (Insulin Receptor
Substrate). En el cerebro los mas importantes son IRS1, IRS2 e IRS4. En este
punto, el Rl puede activar dos vias de sefalizacion: la via de la P13K (fosfoinositol-
3 cinasa) y la via de las MAPK cinasas (figura 16).

La insulina promueve la actividad de las neuronas hipocampales piramidales y la
utilizacion de glucosa en la corteza entorrinal y en el hipocampo, favoreciendo el
crecimiento neuronal y aumentando la potenciacion a largo plazo (LTP) a través
de aumento en la actividad de receptores NMDA (fosforilacion de subunidades
GIuN2A y GIuN2B).
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Ademas, se ha descrito que la induccién de LTP en el giro dentado de rata es
inhibido por wortmannina, un potente inhibidor de PI3K (Kelly et al. 2000); esto
confirmaria el papel de la via de la insulina en este efecto. También la insulina
puede inducir cambios en la transmisidn sinaptica esencial para formar la base
de la memoria y el aprendizaje (van der Heide et al. 2005).
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Figura 16. Representacion esquematica del RI. La unién de la insulina a su receptor recluta proteinas
Shcy sustratos de receptor de insulina (IRS). La fosforilacion de IRS activa PI3K y ésta, tras una cascada
compleja, activara fosforilando a AKT, con su implicacion en distintos procesos mediante la activacion
de proteinas como mTOR, GSK3B, PKC. A su vez, un sustrato de AKT (AS160) es fosforilado para
permitir la traslocacién de glucosa a través de transportadores sensibles a insulina (GLUT4).
Alternativamente, fosforilacion de Shc activa la via MAPK, implicada en proliferaciéon celular. (Korc
2003)

La relacion entre resistencia a la insulina en el cerebro y enfermedad de
Alzheimer ha sido ampliamente descrita, aunque los mecanismos moleculares a
la base de esa conexion no son del todo conocidos. La via de sefializacién de la
insulina a nivel central implica la activacion de la PI3-K/Akt que a la vez fosforila
la cinasa GSK3beta en un residuo de Serina (Ser9). La fosforilacion en serina, en
lugar de tirosina, inhibe la actividad de la enzima. En la enfermedad de Alzheimer
resultan inhibidas tanto la isoforma a como la isoforma citosélica B de la GSK3.

Se ha demostrado que la GSK-3a regula la formacion de péptidos B- amiloide a
nivel central. En consecuencia, la insulina también podria desarrollar un funcién
importante en este proceso a través de la via PI13-K dependiente. Efectivamente
Solanoy colaboradores describieron que la via de la insulina afecta a la liberacidn
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de B-amiloide soluble y especularon que el mecanismo podria implicar la
regulacion del trafico vesicular (Solano et al. 2000).

Gasparini y colegas (2001) observaron que la insulina es capaz de disminuir la
acumulaciéon intraneuronal de beta-amiloide AB mediante la aceleracion de
trafico de ABPP/AB desde la red trans-Golgi hacia la membrana plasmatica
(Gasparini et al. 2001).

Por otro lado, la isoforma GSK-3f estd implicada en la fosforilacién de la proteina
tau. Hong y Lee utilizaron cultivos de células neuronales humanas para
demonstrar que la GSK-3f es capaz de fosforilar tau y consecuentemente reducir
su afinidad por los microtubulos. Al contrario, la estimulacion con insulina reduce
la fosforilacién de tau y promueve la union de los microtibulos; este efecto de la
insulina esta mediado por la activacion de la cascada PI3-K/Akt que conduce a la
inhibicion de la GSK-3f (Hong & Lee 1997).

La funciéon de la insulina en los procesos de aprendizaje y memoria no esta del
todo claro, aunque se ha descrito que las vias de PI3-K y de MAPK estan
implicadas. Mas en especifico, la cinasa ERK1/2 tiene un papel esencial en la
supervivencia neuronal (Xia et al. 1995) y en la plasticidad sinaptica relacionada
con los proceso de aprendizaje y memoria (Davis & Laroche 2006).

En el cerebro de los mamiferos, la insulina tiene también efectos anorexigénicos,
induce pérdida de peso corporal y regula el control hipotaldmico sobre la ingesta
de alimentos. Es capaz de regular la homeostasis de la glucosa periférica gracias
a la estimulacion de las neuronas productoras de proopiomelacortina (POMC) y
de péptido relacionado con Agouti (AgRP). Estos efectos estan mediados por la
via AKT/PI3K.

Por otro lado, un estado de hiperinsulinemia podria inhibir la degradacién de AB,
bloqueando competitivamente la IDE (Farris et al. 2003). Esto es precisamente lo
que puede ocurrir en diabéticos o individuos resistentes a la insulina: la cantidad
elevada de insulina presente en el cerebro compite con el A en la unién al IDE
(Qiu et al. 2006) y como consecuencia desaparece la proteccion ofrecida por esta
enzima frente a la formacién de placas seniles y frente a la accion téxica de los
oligdmeros. Confirmando esta hipotesis, estudios histopatoldgicos han
demostrado que en cerebros de pacientes con EA hay una menor expresién de
IDE (McDermott et al. 1997; Vekrellis et al. 2000), fendmeno que provocaria un
aumento del contenido de AB (Miller et al. 2003; Farris et al. 2003).

También se ha observado que ratones Tg2576 alimentados con dietas ricas en
grasas se caracterizan por una menor actividad de IDE y por la acumulacién del
péptido AB (Zhao et al. 2004). Ademas en ratones knock-out para IDE hay una
menor degradacion de A (Farris et al. 2003).
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En resumen, la insulina es, sin duda, crucial para la funcién normal del cerebro.
Por lo tanto, no es sorprendente que las perturbaciones sobre la funcién cerebral
de la insulina y la transduccion de sefial de la insulina se hayan asociado a
trastornos patolégicos como la EA.

La leptina es una hormona peptidica de 16 KDa producto del gen ob. La secuencia
aminoacidica de la leptina, asi como indican los datos cristalograficos (Zhang et
al. 1997), adopta una estructura helicoidal de 3 dimensiones similar a la de
algunas citoquinas.

La leptina es sintetizada principalmente por los adipocitos en el tejido adiposo
blanco (Zhang et al. 1994), pero también se ha encontrado en la placenta (Senaris
y col., 1997), en el estdmago (Bado et al. 1998) y en el cerebro (Wiesner et al.
1999). La leptina modula la disponibilidad de energia metabdlica (Schwartz et al.
2000), permite el almacenamiento o movilizacion de la grasa y es capaz de
aumentar la sensibilidad a la insulina (Shimomura et al. 1999; Morton et al. 2005;
Morton & Schwartz 2011; Amitani et al. 2013).

Se ha observado que los roedores obesos presentan resistencia a la leptina, en
algunos casos debido al programa genético o perinatal (resistencia primaria),
aungue normalmente esta resistencia aparece en respuesta a elevados niveles
de leptina (resistencia secundaria). La resistencia secundaria causada por la
leptina puede ser el resultado de un transporte reducido de la hormona al
cerebro o de una disminucidn de su via de sefializacion.

Existen cinco isoformas de receptores de leptina (Ob R, a-e). Los receptores Ob
pertenecen a la familia de los receptores interleuquina-6 que a su vez proceden
de la superfamilia de receptores de citoquinas clase | (Lee et al. 1996). Existen
tres agrupaciones estructurales de los receptores: cortos (Ob-Ra, c, y d), largos
(Ob Rb) y solubles (Ob-Re) (Hegyi et al. 2004).

Se cree que muchas de las acciones fisiolégicas de la leptina se deben a la forma
larga del receptor, debido a su mayor capacidad de activar cascadas de
sefializacidon. Las formas cortas estan menos implicadas en la sefalizacion
intracelular. Parece que su funcién principal sea favorecer la transferencia de la
leptina desde el torrente sanguineo al interior del cerebro a través de la barrera
hematoencefalica.

Aunque el ObRb se expresa en todo el SNC, es especialmente abundante en el
hipotalamo, donde regula la homeostasis energética (reduccion del apetito y
aumento del gasto energético) y ejerce sus funciones neuroendocrinas.
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A través de su receptor, la leptina actta sobre ciertas neuronas hipotaldmicas, en
particular las neuronas del nucleo arcuato productoras de proopiomelanocortina
(POMC) y las relacionadas con la proteina agouti (AgRP). Las neuronas POMC son
anorexigénicas. La rotura proteolitica de la POMC da lugar a alfa-MSH que
estimula los receptores de la melanocortina 3 y 4 (MC3R, MC4R), muy
importantes en la homeostasis energética. Por el contrario, las neuronas AgRP
son orexigénicas e inhiben la actividad de las neuronas POMC mediante la
liberacién del dcido gamma-amino-butirico; ademasesas neuronas secretan los
neuropéptidos orexigénicos AgRP e Y (NPY), los cuales antagonizan MC3R y
MCA4R. La leptina inhibe la expresion de AgRP y NPY, reduce la excitabilidad de las
neuronas AgRP, asi como la liberacion del acido gamma-amino-butirico por las
mismas. Por otra parte, en el hipotdlamo, la leptina actua sobre neuronas que
directa o indirectamente regulan el nivel de otras hormonas circulantes
(hormonas tiroideas, GH, hormonas sexuales)

La union de la leptina al receptor altera la conformacion del homodimero de Ob-
Rb, permitiendo la trans fosforilacién y activacion de las JAK2 intracelulares
asociadas al Ob-Rb. La molécula JAK2 activada fosforila entonces otros residuos
tirosina del complejo Ob-Rb-JAK2 para mediar la cascada de sefializacidn. Se ha
descrito la existencia de 4 residuos tirosina (Tyr) en el dominio intracelular del
Ob-Rb que son fosforilados y participan en la cascada de sefializacidn de leptina:
Tyr1138, Tyr985, Tyr974 y Tyr1077 (Myers et al. 2008).

Los receptores de leptina e insulina estan estrechamente conectados por las
mismas vias de sefalizaciéon; de hecho, ambas controlan directamente la
actividad de los circuitos neuronales implicados en los mecanismos de
recompensa asociados a la ingesta de alimentos en el hipotalamo (Kénner et al.
2009).

La activacion de los receptores de insulina, leptina y otra adipocina (la prolactina)
pone en marcha diversas vias de sefializacion intracelular que se describen a
continuacion:

e Via de sefalizacidon JAK-STATs

La union de leptina a Ob-Rb activa JAK2, ocasionando la fosforilacion de residuos
especificos. La fosforilacion de Tyr1138 es fundamental en la sefializacién del
receptor ya que recluta el transductor de sefial y activador de la transcripcion 3
(STAT3) hacia el complejo leptina-Ob-Rb-JAK2. De esta forma se genera la
fosforilacion y la posterior traslocacion de STAT3 como dimero fosforilado al
nucleo, para mediar la regulacion de la transcripcion de genes diana (Miinzberg
& Myers 2005). Entre los genes regulados por STAT3 estd el supresor 3 de
sefializacion de citoquinas (SOCS-3). La molécula SOCS-3 es miembro de la familia
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de proteinas con dominios SH2 (dominios que contiene sitios especificos de
union para residuos de tirosina fosforilados) y estd compuesta por una region
amino terminal variable, un dominio central SH2 y un dominio carboxilo terminal
llamado caja SOCS. La sefializacidn de la leptina puede ser bloqueada por SOCS3.
De hecho, la hiperleptinemia que acompania la obesidad incrementa la expresion
de SOCS-3 dando lugar a una reduccion de la sensibilidad a la leptina.

Otra via descrita es la que implica la fosforilacién y la regulacion transcripcional
de STATS por la leptina; esta via esta mediada por el residuo Tyr1077, aunque el
residuo Tyr1138 también contribuye a la activacién de STATS (Myers et al. 2008).
Se ha sugerido que la via JAK2-STATS estaria relacionada con procesos de
angiogénesis (Frihbeck 2006).

e Via de sefializacidn PI3K-AKT-GSK3[

El receptor de insulina es un dimero, unido por un puente disulfuro, que consta
de una subunidad a y una subunidad B. Cuando éste se una a la insulina, el
receptor se autofosforila creando un sitio de union para el substrato del receptor
de insulina (IRS) y este ultimo activa a la fosfatidilinositol 3 cinasa (PI3K). La
leptina puede mediar la fosforilacién de IRS y regular la via de sefalizacion de
PI3K (Niswender et al. 2004; Benomar et al. 2005). Muchos estudios han
demostrado que la leptina induce la actividad de AKT mediante la fosforilacidon
en el residuo Ser473.

La leptina e insulina también son responsables de la activacion de la
serina/treonina cinasa mammalian target of Rapamycin (mTOR) a través de la via
PI3K-AKT (Cota et al. 2008).

mTOR es una cinasa conservada a lo largo de la evolucidn que modula la
traduccion de varios transcritos de ARN implicados en el crecimiento vy
proliferacién celular (Hay & Sonenberg 2004) también participa en la regulacion
energética del cerebro (Orr et al. 2014) y alteraciones en la actividad estan
vinculados a la hiperfosforilacion de tau mediante PKA, AKT, GSK3 y CDK5.

e Via de sefializacion ERK/MAPK

Las ERK (quinasas reguladas por sefiales extracelulares) son proteinas implicadas
en la consolidacién de la memoria hipocampal. Son estimuladas directamente
por la via IRS a través de la fosforilacién del residuo de Tyr985 del Ob-Rb; también
se ha descrito una activacion de ERK independiente de la fosforilacion del
receptor de la insulina que parece ser inducida por la cinasa JAK2 (Bates & Myers
2003). La fosforilacidn del residuo de Tyr985 propicia la activaciéon de SHP-2 que
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posteriormente se enlaza a GRB-2 y promueve la cascada de sefalizacién de ERK.
Este es el primer paso de la via de sefializacidn candnica de las quinasas reguladas
extracelularmente (ERK)-p21-ras. La activacion de ERK por leptina ha sido
relacionada con la fosforilacion ribosomal de la proteina S6 y su consecuente
traduccion. A nivel periférico, esta via es relevante para los efectos de la leptina
y de la insulina en la funcién inmune (Friihbeck 2006); a nivel hipocampal la via
esta implicada en los procesos de LTP que afectan a los receptores NMDA
(Shanley et al. 2001).
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CAPITULO II. HIPOTESIS Y OBJETIVOS

El presente trabajo de tesis doctoral se enmarca en el contexto de lo que se
conoce como hipdtesis metabdlica de la enfermedad de Alzheimer. En este
contexto, las alteraciones en las vias de sefializacién de la insulina y de la leptina
estarian implicadas en la etiologia del proceso neurodegenerativo.

De acuerdo con ello, los principales objetivos de la presente tesis doctoral se
proponen evaluar el efecto de la obesidad y de la resistencia a insulina inducidas
mediante una dieta rica en grasas en el proceso de amiloidogénesis y analizar los
mecanismos moleculares implicados.

En concreto:

Objetivo 1:

Caracterizar el fenotipo metabdlico a nivel central y periférico en ratones

APPswe/PS1dE9 de 3 y 6 meses de edad sometidos a una dieta estandar.

1.1. Determinar si el estado transgénico afecta al metabolismo periférico de
los carbohidratos

1.2. Determinar si la via de sefializacidn de la insulina y de adipocinas como
leptina estan alteradas a nivel del hipocampo en ratones APP/PS1 de 3
y 6 meses de edad

1.3. ldentificar los mecanismos moleculares que se encuentran alterados de
forma temprana en un modelo animal de la enfermedad de Alzheimer,
previamente a la aparicién de placas y a la pérdida de memoria en
hipocampo de ratones APP/PS1 de 3 y 6 meses de edad,

1.4. Determinar las alteraciones en el metabolismo periférico de colesterol

y triglicéridos en animales APP/PS1 de 3 y 6 meses de edad.

Objetivo 2. Caracterizar el fenotipo metabdlico a nivel central y periférico en
ratones APPswe/PS1dE9 de 6 meses de edad sometidos a una dieta rica en grasas

HFAT. En concreto:
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1. Determinar sila dieta grasa afecta al metabolismo periférico de la glucosa
en los ratones transgénicos y salvajes

2. Determinar si la exposicion a una dieta grasa afecta a la memoria a corto
plazo.

3. Determinar si la dieta rica en grasa acelera los marcadores de la
enfermedad, en particular el péptido amiloide y la fosforilacion de la
proteina Tau.

4. Determinar sila exposicidn a la dieta grasa afecta a las vias de sefializacion
de la via de insulina y de adipocinas como leptina.

5. Estudiar si la dieta grasa afecta a la cadena de transporte de electrones y

a la biogénesis mitocondrial.
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CAPITULO IIl. MATERIAL Y METODOS

3.1 Modelo experimental

En la presente tesis ha sido utilizada como control la cepa de raton C57BL/6. Se
trata de ratones que presentan homogeneidad genética y fenotipica y por lo
tanto son una excelente herramienta para la investigacion.

Los ratones transgénicos APP/PS1 se originan a partir de los C57BL/6 y han sido
modificados para sobreexpresar dos proteinas responsables de la aparicién del
fenotipo caracteristico de la enfermedad de Alzheimer familiar: una proteina
quimérica ratéon/humano de APP que contiene la mutaciéon Sueca
(K594M/N595L) y una proteina mutante humana presenilina PS1-dE9. Esta
mutacién de PS1 contiene una delecién del exdn 9 que genera un aumento de la
forma mas agregante de AB, que consta de 42 residuos (AB42) (Citron et al.
1997), respecto a la forma de 40 residuos mucho menos agregante (AB40).

Los ratones a los 4 meses de edad comienzan a presentar placas seniles tanto en
la corteza como en el hipocampo (Garcia-Alloza et al. 2006), y entre los 6 y los 15
meses presentan problemas de aprendizaje y memoria (Savonenko et al. 2005;
Minkeviciene et al. 2008; Huang et al. 2011). Sin embargo, no sufren otras
alteraciones de comportamiento, como la ansiedad (Webster et al. 2013). Estos
animales presentan niveles elevados de algunos marcadores de la inflamacion
como IL-1B y TNFa (Babcock et al. 2015).

3.2 Genotipado

La confirmacion del genotipo de los ratones APP/PS1 se realizé a partir de DNA
gendmico extraido de la cola del ratdn. El tejido se almacené a -20 °C hasta su
utilizacion para extraer el DNA. Sucesivamente el DNA obtenido se utilizé para
realizar su analisis por PCR. La extraccion del DNA a partir del tejido se realizé con
DirectPCR lisis reagent (ViagenBiotech) y siguiendo el protocolo descrito por el
productor.

Extraccion de DNA

El primer paso en la extraccién de DNA consistié en la obtencion de tejido, a partir
de un corte de 0,5-1cm de la cola del ratdon. Posteriormente, este tejido se incubd
con 100 pl de DirectPCR lysis reagent (ViagenBiotech) y 0,2 mg/ml de proteinasa
K (Roche) a 55 °C durante toda la noche. A continuacion el tejido se calenté a 85
°C durante 45 min y se centrifugd 3 min a 13000 g. Finalmente, se recuperd el
sobrenadante y se guardd a -20 °C hasta su uso posterior.

61



UNIVERSITAT ROVIRA I VIRGILI
ALTERACIONES METABOLICAS EN EL PROCESO DE AMILOIDOGENESIS EN EL HIPOCAMPO DE RATONES APP/PS1
Ignacio Pedrds Martin

Los reactivos no provistos con el kit fueron el agua Milli-Q estéril, el tampdén TBE
0.5x estéril (0.045 M Tris-borato, 0,001 M EDTA en agua Milli-Q) y los
oligonucledtidos (Sigma-Aldrich):

Para PS1: 5’-atagagaacggcaggagca-3’
5’-gccatgagggcactaatcat-3°
Para APP: 5’-gactgaccactcgaccaggttctg-3”

5’-cttgtaagttggattctcatatccg3’

Amplificacion del DNA gendmico mediante (PCR)

La reaccion en cadena de la polimerasa (PCR) permite la amplificacion de
fragmentos de DNA hasta niveles que puedan ser facilmente detectables. Para
ello, se necesita el enzima DNA polimerasa y dos oligonucledtidos especificos
complementarios a secuencias presentes en casa una de las cadenas de DNA, y
que limitan el fragmento de DNA a amplificar.

La mezcla de reaccidn para la técnica de PCR se prepard siguiendo las
instrucciones del kit Go Taq® Green Master Mix (Promega), para un volumen final
de 20 ul de reacciodn.

La amplificacion de la PCR se llevé a cabo en UN termociclador Veriti 96 Well
Thermal Cycler (Applied Biosystems).

A continuacidn, se realizé el analisis de los fragmentos amplificados en un gel de
agarosa al 2 % en tampdn TBE (Tris 10,8 g/L, Acido Bérico 5.5 g/Ly 4 ml EDTA 0.5
M pH 8.0), que contenia RedSafe DNA Stain (ChemBio) a una dilucion de 1:20000.
Para ello, se cargd un volumen de 10 pl de muestra en cada pozo y se inici6 la
separacién de las muestras a 90 V, durante 30 min. Una vez acabada esta
migracion, se observd el gel mediante un transiluminador de luz ultravioleta
(MiniBis Pro, Dnr), permitiendo visualizar las bandas de DNA resultado de la
amplificacién por PCR.

3.3 Dieta

Los ratones fueron destetados a las 3 semanas y alimentados, durante los
siguientes 6 meses, con una dieta rica en grasas que consiste en 25% de grasa
(45% kcal), aceite de coco principalmente hidrogenado, 21% de proteina (16
kcal%), y 49% de carbohidratos (39% kcal); Cat # D08061110 (Research Diet Inc
New Brunswick, EE.UU). La dieta control #2018 (Harlan Laboratories). En la tabla
3 podemos comparar las dos dietas.
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Es importante remarcar que la dieta se administré justo en el momento del
destete. El efecto nocivo la dieta rica en grasa no es el mismo si se administra en
ratones adultos que en jévenes, (Boitard et al. 2012). El peso de los ratones se
registré semanalmente.

Tabla 3. Macronutrientes de las dietas administradas

kcal % kcal %
Proteina 24 16,4
Carbohidratos 58 38,6
Grasas 18 45,0
Total 100 100

3.4 Protocolos experimentales
Primer y segundo articulo

El disefio experimental de los dos primeros articulos es muy similar, porque
persiguen el mismo objetivo: caracterizar y conocer los trastornos metabdlicos
implicados en el desarrollo del EA.

Se generaron cuatro grupos segun las variables cepa y edad. Para el desarrollo
experimental cada grupo contenia minimo una N=10. En el siguiente esquema
estan representados los 4 grupos utilizados: wild type (WT) y APP/PS1 de 6 meses
y WT y APP/PS1 de 3 meses.

Los ratones fueron genotipados en el momento del destete y repartidos en jaulas
sin tener en cuenta el genotipo. Para el experimento se seleccionaron solo los
que eran machos y hermanos de camada (litter mice)

Elegimos dos edades distintas (3 y 6 meses) porqué queriamos evaluar dos
estadios diferentes de la enfermedad: el estadio precoz, anterior a la formacién
de placas amiloidogénicas (ratones de 3meses) y el estadio avanzado
caracterizado por la presencia de placas (ratones de 6 meses).

Durante el transcurso de vida de los ratones se midio el peso una vez por semana,
y un mes antes del sacrificio se realizaron el test de conducta, las curvas de
glucosa e insulina y las lecturas de triglicéridos y colesterol. Cuando se
sacrificaron los ratones se extrajeron los tejidos del cértexy del hipocampo para
el sucesivo analisis genético y proteico.
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Figura 17. Diagrama experimental. Estudios 1y 2

Tercer articulo

El disefio experimental varia respecto a los dos anteriores. Eliminamos la variable
temporal, seleccionamos sdélo ratones de 6 meses y afiadimos la dieta HF. Por lo
que tenemos los siguientes grupos: wild type (WT) y APP de 6 meses y WT HFAT
y APP HFAT de 6 meses.

10wWT | SACRIFICIO _|
b 10 WT HFAT B SACRIFICIO
| DESTETE
DIETA CONTROL
¥ HFAT
HIPOCAMPO
| CONTROL DE PESO |
wa
INMUNOHISTO-
CONDUCTA AU
ELISA AMILOIDE

RT-PCR

IPGTT
PP
TRIGLICERIDOS
COLESTEROL
ELISA INSULINA

Figura 18. Diagrama experimental. Estudio 3

Durante el transcurso de vida de los ratones se midid el peso, y un mes antes de
sacrificio se realizd el test de conducta, las curvas de glucosa e insulina y las
lecturas de triglicéridos y colesterol. Cuando se sacrifican los ratones se extrajo
el cortex y el hipocampo para el analisis genético y proteico.
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3.5 Medidas de triglicéridos y colesterol

La determinacion de las concentraciones de triglicéridos y colesterol se realizo
mediante el detector Accutrend® Plus System (Roche Farma) utilizando las
siguientes tiras reactivas:

e  Triglicéridos: Accutrend Triglycerides; ref.11538144, Roche Farma; con
un margen de deteccion de 70-600 mg/dl.

e  Colesterol: Accutrend Cholesterol; ref.11418262, Roche Farma; con un
margen de deteccién de 150-300 mg/dlI

3.6 Test de conducta NORT

El novel object recognition test (NORT) es un test ampliamente descrito que se
utiliza para evaluar el aprendizaje y la memoria (Aso et al. 2012; Antunes & Biala
2012). Las zonas del cerebro involucradas en este test son principalmente el
hipocampo vy la corteza perirrinal. Se trata de una prueba de conducta basada en
el reconocimiento de objetos. Consiste en colocar un ratén en un laberinto en
forma de L (Panlab, Barcelona, Espafia) que contiene dos objetos idénticos en el
extremo de los brazos y permitiendo que el ratén pueda explorar libremente el
aparato durante 10 minutos. Transcurridas 24 h desde la sesidon de
entrenamiento, el animal se vuelve a colocar en el laberinto, pero esta vez uno
de los dos objetos familiares ha sido reemplazado por un objeto nuevo. El tiempo
que el animal dedica a explorar los dos objetos se registra y se cuantifica,
mediante un indice de reconocimiento que depende del tiempo que interacttay
explora el objeto nuevo y el familiar. Los animales que exhiben alteraciones de la
memoria puntdan un indice de reconocimiento menor.

3.7 Test de intolerancia a la glucosa y a la insulina

El test de intolerancia a la glucosa (IP-GTT) y el test de intolerancia a la insulina
(ITT) son determinaciones que se realizaron con el objetivo de conocer el tiempo
que los ratones tardan en metabolizar la glucosa y la insulina inyectada
intraperitionalmente.

Estas determinaciones se realizaron una semana antes del sacrificio de los
mismos, transcurrido un ayuno de 6 horas, se les inyectd glucosa por via
intraperitonealmente a razén de 1 gramo por kg de peso corporal, a partir de una
solucién de 0,4 g glucosa/ml preparada en NaCl 0,9% (p/v).

Se determiné la concentracion de glucosa en sangre a los 0, 15, 30, 45, 60y 120
minutos posteriores a la administracién de glucosa. La sangre se obtuvo a partir
de un pequefio corte en el apice de la cola del animal y la concentracién de
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glucosa se determind gracias al uso de tiras reactivas especiales para un
glucometro (Bayer Diagnostic)

Para la determinacion de la curva de insulina, a los 0, 15, 30, 45 y 60 minutos
posteriores a la administracion de insulina 0,25 Ul/kg de insulina humana (Lilly)
diluida en solucién salina.

3.8 Tinciones histoldgicas
Fijacién tisular por perfusién cardiaca

Antes de proceder a la fijacion del tejido, los ratones fueron anestesiados
mediante la administracion intraperitoneal de una mezcla de ketamina (Ketolar,
Pfizer) a una dosis de 100 mg/Kg y xilacina (Rompun, Bayer) a una dosis de 10
mg/Kg. Posteriormente, se procedid a la fijacion de los o6rganos mediante
perfusion intracardiaca con una solucidon de paraformaldheido al 4 % (PFA)
(Panreac) en tampon fosfato (PB) 0.1 M (K2HPO4 14 g/L, NaH2P04.H20 26.5 g/L).

Una vez finalizada la fijacion intracardiaca, se extrajeron los cerebros de cada
animal perfundido y se realizd6 una post-fijacion en la misma solucidn de
perfusion durante 24 h a 4 °C. A continuacion, se llevd a cabo un proceso de
crioproteccion de 48-72 h en PFA 4 % y sacarosa 30 % en PB 0.1 M. Finalmente
los cerebros se congelaron en hielo seco y se guardaron a -80 °C para la posterior
realizacidn de secciones coronales de 20 um de grosor a una temperatura de -20
°C. Dichos cortes se realizaron con el criostato (Leica Microsystems, Wetzlar,
Germany) y se guardaron en solucidn crioprotectora (glicerol 30 %, etilenglicol 30
% en PB 0.1 M) a -20 °C hasta el momento de su utilizacién.

Inmunoflorescencia de tioflavina S

La Tioflavina-S (TS) es una fluoresceina verde que se une de forma especifica a
las placas seniles que poseen una conformacién de hoja B plegaday a los ovillos
neurofibrilares.

Los cortes coronales se descongelaron y se rehidrataron en PBS 0,1 M durante 10
minutos. Se incubaron con tioflavina al 0,3% (Sigma-Aldrich) durante 20 min a
temperatura ambiente en una sala oscura, para preservarlos de la luz.

Tras este paso, los cortes se lavaron tres veces en etanol al 80% durante 5
minutos y dos veces etanol 90%. Luego, se montaron usando
Fluoromount®(EMS). Las imagenes se obtuvieron con un microscopio de
fluorescencia (BX41; Olympus)
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Tincion de Hoechst 33342

El colorante Hoechst 33342, también denominado de bisbenzimida H33342
(Sigma-Aldrich), es un colorante especifico para regiones del DNA que son ricas
en adenina y timina. Se puede utilizar tanto para la deteccidn de DNA en
muestras tisulares, como en células en cultivo. Es un fluorocromo permeable a la
membrana plasmatica que se excita a una longitud de onda de 343 nm (luz
ultravioleta) y que emite fluorescencia azul correspondiente a una longitud de
onda de 455 nm (Holmquist 1975).

Los cortes coronales se descongelaron y se rehidrataron durante 10 minutos en
PBS 0,1 M. Tras tres lavados de 5 min con PBS, estas secciones se incubaron con
la solucién del colorante a una concentracion de 5 uM en PBS durante 20 min en
condiciones de oscuridad. Posteriormente, se realizaron tres lavados con PBS.

3.9 Determinaciones mediante ELISA

La técnica de ELISA (Enzyme-Linked ImmunoSorbent Assay: Ensayo de
Inmunoadsorcion Ligado a Enzima) es una técnica de ensayo inmunoenzimatico
que permite la deteccidn tanto de antigenos como de anticuerpos (Engvall et al.
1971).

Se basa en la premisa de que un inmunoreactivo puede ser inmovilizado en una
fase sdlida y su reactivo reciproco puede unirse a una enzima; en ambos casos
las sustancias retienen su actividad inmunolégica donde la reaccion inmundgeno-
anticuerpo es monitorizada midiendo la actividad colorimétrica producida por
launa enzima.

Mediante esta técnica se analizaron la insulina en suero, y los fragmentos AB40
y AB42 humanos y de ratdén en sus formas solubles e insolubles aislados del de
cortex de ratones con seis horas de ayuno.

Insulina

En el momento del sacrificio de los animales, la sangre obtenida a partir de la
puncidn cardiaca se recogid en tubos colectores (Micro tube 1.1 ml Z-Gel,
Sarstedt). Seguidamente, éstos se centrifugaron a 5000 xg durante 10 minutos a
temperatura ambiente, para la obtencion del plasma (sobrenadante), que se
guardo a -802C hasta su posterior utilizacidn. Los niveles de insulina se midieron
con el kit comercial EZRMI-13K de Mlllipore.
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AB 40y 42

Las muestras fueron procesadas con PBS mas inhibidores de proteasas y
fosfatasas (#539131, Calbiochem) y centrifugadas 10 min a 4000 xg. Se separd la
fraccion soluble mediante incubacion de 3.5 horas con 5M de guanidina HCI/ 50
mM Tris HCl en un agitador orbital. Los niveles de AB40 y AB42 humano y ratén
soluble e insoluble se determinaron mediante los siguientes kits comerciales:
KMB3481, KMB3441, KHB3481 y KHB3441 (Invitrogen).

3.10 Western blot

La técnica de Western blot permite determinar los niveles de una proteina
especifica y combina un proceso de migraciéon electroforética con una
inmunodeteccion. La electroforesis permite la separacién de las proteinas en un
gel de acrilamida en funcién de su masa molecular. Posteriormente, se lleva a
cabo una transferencia de las proteinas a una membrana sintética, que actuara
como soporte para llevar a cabo la deteccion de los niveles de una determinada
proteina mediante el uso de anticuerpos especificos.

Obtencion de extractos totales de proteina

El tejido obtenido por decapitacion de los animales y destinado para la valoracién
proteica, fue homogenizado con 500l de tampédn de lisis (Tris-HCI 50 mM pH 7.4,
NaCl 150 mM, EDTA 5 mM, Triton X-100 1 %y cocktail de inhibidores de proteasas
(Complete, Roche Diagnostics) mediante el homogeneizador (PT10-35,
Metrohm). Posteriormente, los extractos homogenizados se centrifugaron a
13000 g durante 15 min a 4 °C y el sobrenadante se guardd a -80 °C para su
posterior utilizacién. La concentracién proteica del extracto se determind
siguiendo el ensayo del acido bicinconinico (BCA).

Determinacion de la concentracion proteica: método del BCA

La determinacién de la concentracion proteica se realizd mediante el método del
acido bicinconinico (BCA) (Pierce Company). Para ello, se afiadieron 48 pl H20
MilliQ a 2ul de extracto proteico y a continuacion se afiadié 1 ml de reactivo de
BCA (reactivo A + reactivo B, en proporcion 50:1). Posteriormente, se incubé la
mezcla durante 30 min a 65 °Cy finalmente, tras dejarla enfriar 5 min, se procedid
a la lectura de la absorbancia a 562 nm en un espectrofotometro de microplaca
(BioRad, Benchmark Plus). La concentracion de proteina se determind por
interpolacién de las lecturas de absorbancia obtenidas en una recta de calibrado
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preparada con concentraciones conocidas de albumina sérica bovina (BSA, 2
mg/ml, Pierce Company).

Preparacion de las muestras

Para la preparacion de las muestras, se tomaron volumenes de proteina total
equivalentes a 10 pg de proteina y se les afiadiéo tampdn de carga 2X (B-
mercaptoetanol 100mM, Tris-HCI 50mM pH 6.8, Glicerol 10%, SDS
(Dodecilsulfato sodico 2% y azul de bromofenol 0.05%) a una proporcion 1:1 con
el volumen proteico. A continuacion las muestras fueron colocadas en un bafio
seco (Techne DRI-BLOCK DB-2A) a 95 °C, durante 5 min, con la finalidad de
desnaturalizar las proteinas.

Electroforesis

Las muestras fueron cargadas en un gel de electroforesis, que consta de dos
fases: el gel concentrador, que permite concentrar las proteinas cargadas en el
gel, y el gel separador, en el cual se separan las proteinas en funcién de su masa
molecular.

Una vez polimerizados los geles, éstos se colocaron dentro de una cubeta de
electroforesis Miniprotean Il (BioRad) con suficiente tampdn de migracién (Tris
125 mM, Glicina 1,25 M, SDS 0.5 %) para que ambos extremos del gel queden en
contacto con el tampdn y permitir de esta manera cerrar el circuito. Finalmente,
se cargaron las muestras en el gel, junto con un marcador estandar de peso
molecular (Precision Plus ProteinTM Dual Color Standards, 161- 0374; BioRad).
La electroforesis se llevd a cabo a 90V-100 V el tiempo necesario para que la
proteina se separara seglin su masa molecular.

Transferencia de las proteinas a la membrana

Una vez finalizada la electroforesis, se llevd a cabo la transferencia proteica del
gel a una membrana de polivinilideno (PVDF, 162-0177; BioRad), utilizando el
sistema Mini Trans-Blot® (Bio-Rad). Este proceso permite la transferencia de las
proteinas a la membrana, donde se realizara posteriormente la inmunodeteccion
de las proteinas de interés. La transferencia se realizé6 a una intensidad de
corriente eléctrica constante de 200 mA en tampdn de transferencia (Tris 25mM,
Glicina 190mM, Metanol 20%) y manteniendo la cubeta de transferencia a 4 °C
durante todo el proceso.
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Inmunodeteccion

Para llevar a cabo la inmunodeteccion, se extrajeron las membranas de la cubeta
de transferencia y se lavaron con TBS 1X-Tween® 0.1 % pH 7.4 (TBS-T: Tris
24,25g/L, NaCl 80g/L y Tween 20 1ml/L) durante 5 min. Posteriormente, se
incubaron las membranas durante toda la noche a 4 °C en una solucién
bloqueadora (5% BSA en TBS-T) que contenia el anticuerpo primario de interés a
la concentracién correspondiente. Tras tres lavados de 5 min con TBS-T, se
procedié a la incubacidn de las membranas con el anticuerpo secundario
conjugado a un enzima peroxidasa, en TBS-T a temperatura ambiente durante 1
hora.

Como paso final de la inmunodeteccion, se lavaron las membranas con TBS-T
para eliminar el exceso de anticuerpo secundario y se procedio a la deteccién del
fragmento B-amiloidemediante una reaccion de quimioluminiscencia. Para ello,
se procedid al contacto de la membrana con la solucidn de deteccién (Immobilon
Western HRP substrate Peroxide Solution®, Millipore) durante 1 min. El revelado
de la sefial quimioluminiscente se llevd a cabo mediante el aparato Chemidoc
XRS Bio-Rad® y su cuantificacion, mediante el empleo de un software especifico
para capturar imagenes digitales (Imagelab, Bio-Rad). Para normalizar los
resultados se utilizé la proteina B-actina o GAPDH, inmunodetectada en la misma
membrana que la proteina de interés.

3.11 Analisis de la expresion génica mediante PCR cuantitativa

Obtencion de extractos de RNA

La extraccion de RNA se realizé a partir de la region del hipocampo, que se obtuvo
tras la decapitacién del animal y la diseccidn del cerebro.

Para la extraccion de RNA, los dos hipocampos de cada cerebro de cada animal
fueron homogenizados con 500 pul de TRIzol® (Invitrogen, Eugene, Oregon, USA).
Posteriormente, se afiadieron 200 pl de cloroformo vy, tras agitacién, se dejo
reposar la mezcla 5 min en hielo. A continuacidn, se centrifugd dicha mezcla a
13000 g durante 15 min a 4 °Cy se recupero la fase acuosa superior. Con el fin de
obtener un RNA mas limpio, se repitid este proceso de extraccion cloroférmica
una vez mas. Una vez obtenida la fase acuosa definitiva, se le afiadié 200 pl de
isopropanol. Tras una mezcla por inversidn y una etapa de reposo de 10 min en
hielo, la muestra se centrifugd a 13000 xg durante 15 min a 4 °C. Se descarto el
sobrenadante y se lavo el precipitado con 1 ml de etanol al 70 %. Posteriormente
se centrifugaron las muestras a 7500 xg, durante 5 min a 4 °C. Se repiti6 el lavado
con etanol al 70 % una segunda vez y tras la segunda centrifugacion, se descarté
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el sobrenadante y se dejé secar el pellet mediante evaporacion del etanol.
Finalmente, se resuspendié el pellet con 30 ul de H20 Milli-Q autoclavada.

Cuantificacion del RNA

Una vez extraido el RNA, se procedid a la determinacién de la concentracidon de
RNA de las muestras obtenidas, asi como del analisis de la pureza de éstas. Para
ello, se utilizé el NanoDrop (ND-1000), mediante el cual se obtuvieron las lecturas
de las absorbancias a 230, 260 y 280 nm. A partir de la lectura de 260 nm se
obtuvo la concentracion de RNA de la muestra, mientras que mediante las
relaciones 260/280 nm y 260/230 nm se determind la pureza de las mismas. Las
muestras se consideraron puras cuando la primera relacién era proxima a 2 y
cuando la segunda era superior a 1.70. Tras la cuantificacion de la concentracion
de RNA y de la pureza de las muestras, éstas fueron guardadas a -80 °C hasta su
uso posterior.

La PCR en tiempo real (qPCR) o PCR cuantitativa es una variante de la PCR en la
cual, el proceso de amplificacion y de deteccidn se producen simultdneamente.
Para ello, se realiza una reaccion de PCR convencional, pero en la que a cada ciclo
de reaccion, le acompafia una lectura de fluorescencia, mediante el uso de
fluoréforos.

La fluorescencia liberada en cada ciclo es proporcional a la cantidad de DNA
generado. La medicion de esta emision de fluorescencia y su representacion
grafica se realiza en un detector, permitiendo asi, la cuantificacion de la expresion
del gen de interés

Sintesis de cDNA: reaccion de retrotranscripcion

La reaccion de retrotranscripcion (RT), o transcriptasa inversa, permite sintetizar
una cadena complementaria de DNA (cDNA) a partir de una molécula de mRNA,
y es llevada a cabo por el enzima retrotranscriptasa inversa, un DNApolimerasa
dependiente de RNA.

La sintesis de cDNA se realizé a partir de 1 ug de RNA que se llevd a un volumen
de 10 pl, a estos 10 pl se les afadido 10 pul mas de una mezcla de reaccidn,
siguiendo el protocolo descrito por el Kit de Retrotranscription High Capacity
cDNA reverse transcription (Allied Biosystems)

El proceso de retrotranscripcidn se llevd a cabo en el termociclador Veriti 96 Well
Thermal Cycler (Applied Biosytems). Una vez obtenido el cDNA, las muestras se
diluyeron H20 Milli-Q (1:10) y se congelaron a -20 °C hasta su uso posterior.
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PCR en tiempo real

Para la amplificacion por la técnica de PCR en tiempo real, se llevaron a cabo dos
métodos de deteccion diferentes: el SYBR Green® dye y Tagman® probe FAM
dye.

Deteccion mediante SYBR Green® dye (Applied Biosystems).

Para este tipo de deteccidn, se partié6 de 25 ng de cDNA obtenidos tras la
retrotranscripcion, y se llevaron hasta un volumen de reaccién de 20 pul, en el que
también estaban presentes, a una concentracion de 1 uM, los cebadores forward
y reverse de cada gen a amplificar, y 10 ul de SYBR Green PCR Master Mix
(Applied Biosystems).

Los cebadores para PCR a tiempo real, se disefiaron con el software Primer Blast
(http://www.ncbi.ulm.nih.gov/tools/primer-blast del NCBI). Dentro de los
parametros deseados para el disefio de estos cebadores se selecciond, siempre
que fuera posible, un amplicén de un tamafio de entre 70 y 150 bp y que la
temperatura de melting fuera entre 59 y 61 °C. Ademas se procurd que dichos
cebadores fueran multi-exonales

Deteccion mediante Tagman® probe FAM dye (Applied Biosystems): Para este
tipo de deteccion se partio de 25 ng de cDNA obtenidos tras la retrotranscripcion,
y se llevaron hasta un volumen final de reaccién de 20 pl, al que también se le
afadio 1 ul de Tagman Gene Expression assay y 9 il de Tagman Gene expression
Master Mix (Applied Biosystems).

Para los dos tipos de deteccion utilizados, la reaccidn se llevé a cabo mediante el
termociclador StepOne plusTM Real Time PCR system (Applied Biosystems)
seleccionando el protocolo especifico dentro del software StepOne software
v2.2.2 (Applied Biosystems).

Para el analisis de los datos, se realizé una cuantificacion relativa mediante el
método de 2-AACt. Utilizando este método se determind el cambio en Ia
expresion del gen de interés en relacion a la expresiéon de un gen constitutivo,
cuya expresidn no varia en las condiciones del experimento (control enddgeno).
En este caso, como gen constitutivo (también como housekeeping gene) se utilizé
B-Actina o Gapdh
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4.1 Publicacién |

Early alterations in energy metabolism in the hippocampus of APP/PS1dE9
mouse model of Alzheimer’s disease

Ignacio Pedrds, Dmitry Petrov, Michael Allgaier, Francesc Sureda, Emma
Barroso, Carlos Beas Zarate, Carme Auladell, Merce Pallas, Manuel Vazquez-
Carrera, Gemma CasadesuUs, Jaume Folch, Antoni Camins (2014). Biochimica et
Biophysica Acta (BBA) - Molecular Basis of Disease. 1842:1556-1566.

Resumen

La resistencia a insulina y la diabetes son factores de riesgo en el desarrollo de
EA. Este trabajo se propone como principal objetivo conocer si el proceso de
amiloidogénesis que sufren los ratones APP/PS1 conlleva alteraciones
metabdlicas relacionadas con la glucosa, y - en caso afirmativo - si estas se
producen antes o después de la aparicion de placas B-amiloides. Otros objetivos
fueron evaluar en nuestro modelo animal la biogénesis mitocondrial y la
hiperfosforilacion de tau y, por ultimo, estudiar alteraciones en marcadores
sindpticos.

Definimos dos estados fenotipicos: ratones jévenes (3 meses de edad) que no
presentaban placas B-amiloide y ratones mayores (6 meses de edad) con
evidente presencia de placas. El disefio experimental se organizé de la siguiente
manera; se repartieron los ratones en 4 grupos: grupo control de 6 meses, grupo
transgénico de 6 meses, grupo control de 3 meses y grupo transgénico de 3
meses. Para reducir la variabilidad seleccionamos solo machos que eran
hermanos entre ellos y cada semana medimos el peso. Las pruebas bioquimicas
en sangre o plasma y el analisis conductual se realizaron dos semanas antes del
sacrificio. Después se procedio con la diseccidn el hipocampo

Los resultados muestran que los ratones transgénicos sufren una pérdida de
memoria a los seis meses y presentan niveles elevados de 42 insoluble a los 3 y
6 meses. También se observan intolerancia a la glucosa y a la insulina a los 6
meses y desregulaciones en los transcriptos implicados en la via de sefalizacion
de insulina, como por ejemplo el Rl y el substrato del receptor de insulina, a los
3 meses.

Observamos que la via implicada en la biogénesis mitocondrial AMPK/PGCla
resulta menos activa en los APP/PS1. Concretamente, observamos una reduccion
de PGCla a 3 y 6 meses, y de los receptores nucleares NRF1 y 2 a 3 meses.
También resulta alterada la cadena de transporte de electrones a nivel
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mitocondrial, en particular observamos una reduccién en los complejos I, II, I y
IVa3mesesyl, Ilyllla6meses.

La hiperfosforilacion de la proteina citoesquelética tau fue observada en
diferentes residuos tanto a 3 como a 6 meses. Ademas, evaluamos los niveles de
las cinasas CDK5 y GSK3 y a 6 meses observamos una tendencia a la fosforilacion
inactivadora de GSK3p en serina 9. Por otro lado los niveles de CDKS5 resultaron
elevados en los ratones de 6 meses, sugiriendo un papel de esa cinasa en la
fosforilacion de tau. Respecto a las proteinas sinapticas no registramos cambios
significativos.
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ARTICLE INFO ABSTRACT

A'Tid}’ history: The present study had focused on the behavioral phenotype and gene expression profile of molecules related to
Received 7 February 2014 insulin receptor signaling in the hippocampus of 3 and 6 month-old APPswe/PS1dE9 (APP/PS1) transgenic
Accepted 20 May 2014 mouse model of Alzheimer's disease (AD). Elevated levels of the insoluble Ap (1-42) were detected in the

Avalable online 2 (mie2014 brain extracts of the transgenic animals as early as 3 months of age, prior to the AR plaque formation (pre-plaque

stage). By the early plaque stage (6 months) both the soluble and insoluble AP (1-40) and A3 (1-42) peptides

ﬁ;{,‘gxﬁm dE9 were detectable. We studied the expression of genes related to memory function (Arc, Fos), insulin signaling,
Insulin receptor including insulin receptor (Insr), Irs1 and Irs2, as well as genes involved in insulin growth factor pathways,
Mitochondria such as Igf1, Igf2, Igfr and Igfbp2. We also examined the expression and protein levels of key molecules related
Hippocampus to energy metabolism (PGC1-a, and AMPK) and mitochondrial functionality (OXPHOS, TFAM, NRF1 and
Tau NRF2). 6 month-old APP/PS1 mice demonstrated impaired cognitive ability, were glucose intolerant and showed
Alzheimer's disease a significant reduction in hippocampal Insr and Irs2 transcripts. Further observations also suggest alterations in

key cellular energy sensors that regulate the activities of a number of metabolic enzymes through phosphoryla-
tion, such as a decrease in the Prkaa2 mRNA levels and in the pAMPK (Thr172)/Total APMK ratio. Moreover,
mRNA and protein analysis reveals a significant downregulation of genes essential for mitochondrial replication
and respiratory function, including PGC-1cx in hippocampal extracts of APP/PS1 mice, compared to age-matched
wild-type controls at 3 and 6 months of age. Overall, the findings of this study show early alterations in genes in-
volved in insulin and energy metabolism pathways in an APP/PS1 model of AD. These changes affect the activity
of key molecules like NRF1 and PGC-1c, which are involved in mitochondrial biogenesis. Our results reinforce the
hypothesis that the impairments in both insulin signaling and energy metabolism precede the development of
AD amyloidogenesis.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction to the amount of aged population. AD diagnosis is based on the detection
of senile amyloid-[3 (A3) plaques and neurofibrillary tangles in the brain

Alzheimer's disease (AD) is the most common cause of senile demen- [1]. Although the exact mechanisms triggering neurodegeneration in

tia and the incidence rates of the disease are increasing exponentially due AD remain unclear, a number of hypotheses have been proposed [2-11].
In recent years, several studies have focused on the potential rela-

tionship between AD and metabolic disorders [14-17]. Obesity and

* Corresponding author at: Unitat de Farmacologia i Farmacognosia, Facultat de diabetes significantly increase the risks of cognitive decline and AD, sug-
Farmacia, Universitat de Barcelona, Avda/Diagonal 643, E-08028 Barcelona, Spain. gesting that brain glucose metabolism impairments [18-25] may be
Tel:34934024531; fax. +34.934035952. linked to AD pathogenesis [ 14]. Both the AD and type 2 diabetes mellitus
E-mail address: camins@ub.edu (A. Camins). € : 2 6 SR .

! These authors contributed equally to this work. (T2DM) are associated with peripheral and central insulin signaling

2 Senior co-authors. abnormalities, including alterations in brain insulin and insulin-like
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0925-4439/© 2014 Elsevier B.V. All rights reserved.
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growth factor (IGF) levels [19-22]. Pathological changes in these sig-
naling pathways affect neuronal survival, energy homeostasis, gene
expression and memory processes [23-30]. For instance, insulin
and IGF1 regulate the expression and phosphorylation of Tau protein
through activation of kinases [26-36].

Therefore, AD could be considered as a “type 3 diabetes” metabolic
disorder, with insulin providing the link connecting both chronic dis-
eases [ 19-22]. Several studies have reported a role for insulin in the con-
trol of neuronal function in cortical and hippocampal areas, which are
involved in memory processing and cognitive functions [24-26]. Thus,
insulin directly influences neurons, modulates neurotransmitter re-
lease, neuronal outgrowth, neuronal survival, as well as synaptic plastic-
ity [19]. Moreover, it has been demonstrated that soluble Aj3 oligomers
alter insulin signaling because they bind to insulin receptors in hippo-
campal neurons, thereby inducing receptor mobilization from the
membrane and into the cell [15].

Another molecule implicated both in diabetes and AD is the insulin-
degrading enzyme (IDE). IDE is capable of degrading both insulin and
AP}, however it binds insulin with a much higher affinity. In an animal
model of T2DM, elevated levels of circulating insulin resulted in compet-
itive inhibition of IDE, thus causing an increase in A{3 levels. Additionally,
mice lacking IDE have lower rates of Af} and insulin degradation, and
develop hyperinsulinemia and Aj deposits in the brain [19-21].

AD etiology is complex and AP by itself is unable to account for all as-
pects of AD [1-6,37-41]. In order to identify the underlying causes of the
disease, it is of utmost importance to understand the potential correla-
tions between A} oligomers and hippocampal metabolism in early
disease-stages, prior to plaque deposition. Most of AD research is cur-
rently undertaken in animal models that have increased A3 levels com-
pared to controls, and while Aj3 pathology is mimicked in these models,
many other factors associated with AD are not. Transgenic mice that
carry an APP and presenilin 1 (PS1) mutations show AD-like pathology
and memory impairment, and are useful for studying AD and testing
possible treatments [42]. The current study, carried out in an APP/PS1
model of AD, aimed to identify the metabolic pathways responsible for
the onset of AD, with the main focus on the early disease-stages, prior
to the formation of senile plaques and memory loss. For this purpose,
we examined behavioral phenotype and mRNA expression and protein
levels of genes related to insulin receptor and mitochondria signaling in
3 and 6 month-old APP/PS1 mice. Three month-old animals were cho-
sen because at this age, neither significant cognitive loss, nor brain Ap
plaques are detectable compared to the six month-old mice, which ex-
hibit high brain AP content and memory loss [12-14].

2. Materials and methods
2.1, Animals

Male APPswe/PS1dE9 and C57BL/6 mice were used in this study.
APP/PS1 animals co-express a Swedish (K594M/N595L) mutation of a
chimeric mouse/human APP (Mo/HuAPP695swe), together with the
human exon-9-deleted variant of PS1 (PS1-dE9), allowing these mice
to secrete elevated amounts of human A{ peptide. Both mutations are
associated with AD, are under control of the mouse prion protein promot-
er, directing both mutated proteins mainly to the CNS neurons, and
result in age-dependent amyloid plaque depositions in mouse brain.
The APPswe-mutated APP is a favorable substrate for [3-secretase, where-
as the PS1dE9 mutation alters [>-secretase cleavage, thereby promoting
overproduction of A342. The animals were kept under controlled temper-
ature, humidity and light conditions with food and water provided ad
libitum. Mice were treated in accordance with the European Community
Council Directive 86/609/EEC and the procedures established by the
Department d'Agricultura, Ramaderia i Pesca of the Generalitat de
Catalunya. Every effort was made to minimize animal suffering and to
reduce the number of animals used. Fifty animals, divided into four
groups, were used for the present study, with at least 10 wild-type
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and 10 APP/PS1 transgenic mice of 3 and 6 months of age, per group.
Following in vivo testing, the animals were sacrificed and at least 6
mice in each group were used for RNA and protein extract isolation,
with an additional 4 mice for immunohistochemistry.

2.2, Glucose and insulin tolerance tests

Intraperitoneal glucose tolerance tests (IP-GTT) and insulin tolerance
tests (ITT) were performed in accordance with the previously published
guidelines [72]. For IP-GTT, mice were fasted overnight for 16 h. The
test was performed in a quiet room, preheated to + 30 °C. The tip of the
tail was cut with the heparin-soaked (Heparina Rovi, 5000 [U/ml; Rovi
S.A.; Madrid, Spain) scissors, 30 min prior to 1 g/kg intraperitoneal glu-
cose injection (diluted in H,0). Blood glucose levels of the tail vein
were measured at —30,0, 5, 15, 30, 60 and 120 min after the glucose in-
jection with the Ascensia ELITE blood glucose meter (Bayer Diagnostics
Europe Ltd.; Dublin, Ireland). ITT was performed in similar conditions
with the 0.25 1U/kg of human insulin, diluted in saline (Humulina Regu-
lar, 100 [U/ml/Lilly, S.A.; Madrid, Spain), except that the mice underwent
a 5-hour morning fast. Blood glucose levels were measured at — 30,0, 15,
30, 45 and 60 min after the insulin administration. If, during this time,
blood glucose levels dropped to below 20 mg/dl, 1 g/kg glucose was ad-
ministered to counteract the effects of insulin, in order to reduce animal
suffering.

2.3. Novel object recognition test

The test was conducted as described previously [43] in a 90° two
arm, 25 cm long, and 20 cm high maze. The light intensity in the middle
of the field was 30 Ix. The objects to be discriminated were plastic fig-
ures (object A: 5.25 cm high, object B: 4.75 cm high). First, mice were
individually habituated to the apparatus for 10 min a day, for two
days. On the third day, they were submitted to a 10 min acquisition
trial (first trial) during which they were placed in the maze in the pres-
ence of two identical novel objects (A + A, or B + B) placed at the end of
each arm. A 10 min retention trial, with the objects (A + B) (second
trial) occurred 2 h later. The amount of exploration time each animal
spent on objects A and B during the acquisition trial varied between 5
and 20 s, depending on the individual mouse. Total exploration time be-
tween the 2 objects when calculated for each individual animal indicat-
ed the absence of the object preference bias (Fig. 1C) (n = 5-9 per
group). During the retention trial, the times that the animal took to
explore the new object (tn) and the old object (to) were recorded.
A discrimination index (DI) was defined as (tn — to) / (tn + to).In
order to avoid further object preference biases, objects A and B
were counterbalanced so that half of the animals in each experimental
group were first exposed to object A and then to object B, whereas the
other half saw first object B and then object A. The maze, the surface,
and the objects were cleaned with 96° ethanol between animals, so as
to eliminate olfactory cues.

24. Immunohistochemistry

For detection of A% deposits, free-floating coronal sections, 20 um
thick, were rinsed with 0.1 mol/l PB, pH 7.2, and pre-incubated in 88%
formic acid. Then, sections were treated with 5 ml/I H,0, and 100 ml/1
methanol in PBS and pre-incubated in a blocking solution (100 ml/l of
FBS, 2.5 g/l of BSA and 0.2 mol/l of glycine in PBS with 5 ml/1 of Triton
X-100). After that, sections were incubated overnight (O/N) at 4 °C
with the primary mouse anti-human beta-amyloid clone 6F/3D anti-
body (1:100; DakoCytomation, Denmark). Then, sections were incubat-
ed with the biotinylated secondary antibody (1:200; Sigma-Aldrich)
followed by the avidin-biotin-peroxidase complex (ABC; 1:200; Vector,
Burlingame, CA). Peroxidase reaction was developed with 0.5 g/l diami-
nobenzidine in 0.1 mol/l PB and 0.1 ml/l H;0,, and immunoreacted
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Fig. 1. Representative immunohistochemical staining with the A3-specific 6F/3D antibody, in 3 and 6 month-old mice, demonstrating AR plaque deposits in the hippocampus of 6 month-
old APP/PS1 animals (A). mRNA expression profile of app, fos and Arc in the hippocampal extracts (n = 6) (B). The results of the 2 object novel object recognition test, demonstrating an
absence of the object preference bias and a significant memory loss in 6 month-old APP/PS1 animals, compared to wild-type controls (n = 7-12) (C). Concentrations of the soluble and
insoluble human AP (1-40) and AP (1-42) peptides in the cortical extracts in 3 and 6 month-old APP/PS1 mice, expressed as pg/mg of total protein as determined by ELISA (n = 5-6)
(D). (Statistical analysis was performed with one-way ANOVA, with Tukey's post-hoc test, where * denotes p < 0.05, ** denotes p < 0.01, and *** denotes p < 0.001.)

sections were mounted on gelatinized slides. Stained sections were
examined under a light microscope (Olympus BX61).

2.5. Western blot analysis

Aliquots of hippocampus homogenate containing 15 mg of protein
per sample were analyzed using the Western blot method. In brief, sam-
ples were placed in a sample buffer (0.5 m Tris-HCl, pH 6.8, 10% glycer-
ol, 2% (w/v) SDS, 5% (v/v) 2-mercaptoethanol, 0.05% bromophenol blue)
and denatured by boiling at 95-100 °C for 5 min. Samples were separat-

for serum separation. The samples were collected and kept at room tem-
perature, and the serum was separated by centrifugation for 10 min at
5000 xg. Serum insulin levels were measured with Rat/Mouse Insulin
ELISA kit (Cat #: EZRMI-13K; EMD Millipore; St. Charles, MO, USA),
according to manufacturer's instructions, utilizing 10 pl of mouse serum.

Table 1
A list of antibodies used for the immunoblotting experiments.

ed by electrophoresis on 10-15% acrylamide gels. Following this, the Protein Antibody
proteins were transferred to PVDF sheets using transblot apparatus. PAMPK (Thr 172) #2531 (Cell signaling)
: : e : AMPK #2532 (Cell signaling)
Membranes were blocked overnight with 5% non-fat milk dissolved in PEEIA 101707 (Cayman chemical)
TBS-T buffgr (50 mM Tfis; 1.5% NaCl, 0.05% Tween 20, pH ‘7.5). They TFAM DR1071b (Calbiochem)
were then incubated with primary antibodies, as detailed in Table 1. NRF1 Sc-28379 (Santa Cruz biotech)
After O/N incubation, blots were washed thoroughly in TBS-T buffer IDE Ab32216 (Abcam)
and incubated for 1 h with a peroxidase-conjugated IgG secondary PGSK3B (Tyr 216) Ab74754 (Abcam)
tibody (1:2000). I ti e dtected isi pGSK3B (Ser 9) #9336 (Cell signaling)
antibody ( : - Immunoreactive protein was detected using a CSK3B #9315 (Cell signaling)
chemiluminescence-based detection kit. Protein levels were deter- pCDKS (Tyr 15) ab63550 (Abcam)
mined by densitometry, using Chemi doc XRS + Molecular Imager de- CDK5 Sc-173 (Santa Cruz biotech)
tection system (Bio-Rad), with ImageLab image analysis software. Piiu B ﬁgﬁg Cffi“f si]gni:ingl) .
0 2 _ p er ite Technologies,
Measurements are expressed as arblFrary units. All results are normal STAU (Thr 205) 447380 (Life Technologies)
ized to GAPDH, unless stated otherwise. PTAU (Ser 396) 447526 (Life Technologies)
PpTAU (Ser 404) 44748G (Life Technologies)
. . TAUS AHB0042 (Biosource)
2.6. Serum insulin ELISA PSD-05 Ab18258 (Abcam)
SYP MO0776 (DakoCytomation)
Heart puncture was used to collect whole blood samples from 3 and OXPHOS MS604 (MitoSciences)
6 month-old wild-type and APP/PS1 mice, following a 5-hour morning GAPDH MAB374 (Millipore)

fast, at the point of sacrifice. Blood samples were transferred to
Serum-Gel Z microcentrifuge tubes (Sarstedt, Numbrecht, Germany),
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2nd-ary Anti-Mouse
2nd-ary Anti-Rabbit

170-5047 (Biorad)
NA934V (GE Healthcare)
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2.7. Measurement of Aj3 peptides in brain tissues by ELISA

AP 1-40 and A3 1-42 were measured in cortical extracts according
to a previously published procedure [44]. In brief, the samples were
weighed and homogenized in a 8 x volume of PBS with AEBSF protease
inhibitor cocktail set (Cat # 539131; Calbiochem; La Jolla, CA, USA). The
soluble fraction was separated by centrifuging the samples for 10 min at
4000 xg. The pellets containing insoluble AP peptides were solubilized
in a5 M guanidine HCl/50 mM Tris HCl solution by incubating for 3.5
h on an orbital shaker at room temperature in order to obtain insoluble
fraction. The levels of soluble and insoluble Af> 1-40 and A3 1-42 were
determined employing the commercially available human ELISA kits
(Cat # KHB3481 and KHB3441; Invitrogen, Camarillo, CA, USA). Data
obtained from the cortical homogenates are expressed as picograms of
Ap content per milligrams of total protein (pg/mg).

2.8. RNA extraction and quantification

Total RNA was isolated from the hippocampi of wild-type and APP/
PS1 transgenic mice, as described previously [73]. Briefly, the tissue
was homogenized in the presence of Trizol reagent (Life Technologies
Corporation). Chloroform was added and the RNA was precipitated
from the aqueous phase with isopropanol at 4 °C. RNA pellet was
reconstituted in RNAse-free water, with the RNA integrity determined
by Agilent 2100 Bioanalyzer.

2.9, Quantitative RT-PCR

First-strand cDNA was reverse transcribed from 2 pg of total RNA
from the hippocampi of 3 and 6 month-old mice, using the High Capac-
ity cDNA Reverse Transcription kit, according to manufacturer's proto-
col (Applied Biosystems). Equal amounts of cDNA of each individual
animal were subsequently used for qRT-PCR, and each sample was
analyzed in triplicate for each gene. TagMan gene expression assays
(Applied Biosystems) as detailed in Table 2 were used to determine
transcription levels of individual genes. qRT-PCR was performed on
the StepOnePlus Real Time PCR system (Applied Biosystems) and nor-
malized to the average transcription levels of gapdh and tbp, using the
delta-delta Ct method.

2.10. Statistical analysis

All data are presented as means + SEM, and differences are consid-
ered significant at p < 0.05, p < 0.01 and p < 0.001. Differences between

Table 2
Alist of probes used for qRT-PCR analyses.

Gene TagMan probe
app Mm01344172_m1
arc Mm00479619_g1
fos Mm00487425_m1
gapdh Mm99999915_g1
igfl Mm01228180_m1
igf2 Mm00439564_m1
igfbp2 Mm00492632_m1
igflr Mm00802831_m1
ins1 Mm01950294_s1
insr Mm01211875_m1
irs1 Mm01278327_m1
irs2 Mm03038438_m1
nrfl Mm01135606_m1
nfe2l2 Mm00477784 m1
Ppargcia MmO01208835_m1
prkaal Mm01296700_m1
prkaa2 Mm01264789_m1
thp Mm00446971_m1
tfam Mm00447485_m1
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samples/animals were evaluated using either one-way ANOVA, with
Tukey's post-hoc test, where * denotes p < 0.05, ** denotes p < 0.01,
and *** denotes p < 0.001 and with the student's t-test, where § denotes
p < 0.05, $$ denotes p < 0.01 and $$$ denotes p < 0.001. Both the statis-
tical analyses and the graphs presented here were created with the
GraphPad InStat software V5.0 (GraphPad Sofware Inc., San Diego, CA,
USA).

3. Results
3.1. Early phenotypical signs of amyloidogenesis in APP/PS1 mice

In order to determine the extent of the amyloid deposition in the
brains of APP/PS1 mice, hippocampal sections were stained with the
6F/3D monoclonal antibody, which is specific for the human form of
the AP peptide. It was previously reported that the amyloid plaque de-
posits first start to appear at the age of 6 months in this model [13,14].
In agreement with the earlier studies, our immunohistochemical results
demonstrated neither diffuse nor fibrillar plaque deposition in the
brains of APP/PS1 mice at 3 months of age. In contrast, A[> protein ag-
gregates were clearly visible by the age of 6 months (Fig. 1A). In addi-
tion, a significant increase in the mRNA levels of the app (utilizing a
probe which recognizes both human and mouse transcripts) was de-
tected in hippocampal extracts of both 3 and 6 month-old animals, Like-
wise, we observed a significant reduction in the mRNA levels of Arc and
fos, which play a role in memory function, in the brains of APP/PS1 mice
[45] (Fig. 1B). Moreover, we have characterized the progression of
cognitive impairment, utilizing a 2 object novel object recognition test.
Our results showed a significant memory loss in 6 month-old APP/PS1
mice (Fig. 1C).

Interestingly, we have detected significant levels of the insoluble AP
(1-42) peptides in the cortical homogenates of 3 month old APP/PS1
mice (>1000 pg/mg), at an age when Af plagues are not yet detectable
by immunohistochemistry. The amyloid burden was further increased
in 6 month old transgenic animals, with the detectable levels of both
soluble and insoluble A3 (1-40) (> 140 and > 680 pg/mg) and of soluble
and insoluble AP (1-42) (>150 and >2300 pg/mg) (Fig. 1D).

3.2. Glucose and insulin tolerance tests and peripheral insulin levels

Since a connection between AD and T2DM has been established
during the past decade, we intended to identify any metabolic perturba-
tions in glucose metabolism in the APPswe/PS1dE9 strain [18]. In fact, as
shown in Fig. 2, APP/PS1 mice exhibited impaired fasting glucose and
insulin tolerance, following IP-GTT and ITT, respectively. Interestingly,
the biggest differences in blood glucose levels, between the wild-type
and transgenic animals, were detected from 30 to 120 min following
i.p. glucose administration in IP-GTT or insulin administration in ITT.
In addition, a slight increase in fasting peripheral insulin levels, deter-
mined by ELISA, was observed in 6 month-old APP/PS1 mice, compared
to age-matched controls. Having confirmed the existence of the periph-
eral metabolic phenotype in the APP/PS1 mice, we then proceeded to
study the expression of genes related to insulin metabolism in the
brain, with a particular focus on hippocampal insulin receptor signaling
pathway.

3.3. Identification of differentially expressed genes related to insulin
receptor

Previous studies demonstrated alterations in brain insulin signaling in
AD, but the onset and the severity of this impairment are unclear [43-46].
For this reason, we evaluated mRNA expression of preproinsulin 1 (Ins1),
insulin receptor (Insr), insulin receptor substrates 1 (Irs1) and 2 (Irs2),
insulin-like growth factors | (Igf1) and II (Igf2), IGF receptor (Igfr), as
well as insulin-like growth factor-binding protein 2 (igfbp2), at 3 and
6 months of age (Fig. 3). We detected a small, but significant reduction



UNIVERSITAT ROVIRA I VIRGILI
ALTERACIONES METABOLICAS EN EL PROCESO DE AMILOIDOGENESIS EN EL HIPOCAMPO DE RATONES APP/PS1

Ignaciol®edrés Martin 1. Pedrds et al. / Biochimica et Biophysica Acta 1842 (2014) 1556-1566
A Serum insulin levels B ITT ITT
4 125 150 $
- — 100 - WTBM (8]
=3 3 =2
H B -+ APPEM < 100 —
2 E s ;
g E & 50
£ &
il
0 T T L] T T T T T 0 T
F S & N » W & &
® qu ® \3‘2 Time [min] &
C IP-GTT
.G IP.GTT
IP.GTT 3 250+ .
320 320
S
- - WT3M — -= WTEM 200 4
g 240 - APP3M 3 40 -+ APPGM o
E g 5 >
= - a 1504
g 10 S 160 =
3 s 1004
80 80
T T T T T T L T Al T T T 50 Al b
$ S $ S S g Y 3 S z & 4 &
Time [min) Time [min] @ 2 @ &

Fig. 2. Fasting serum insulin levels ELISA (n = 5-7) (A), insulin tolerance test (n = 5-7) (B) and intraperitoneal glucose tolerance test (n = 5-12) (C) in 3 and 6 month-old wild-type and
APP/PS1 mice. For the ITT and the IP-GTT, AUC data were calculated from the timepoint 0 till the end of the experiment ( Statistical analysis was performed with the student’s t-test, where §
denotes p < 0.05.)

in insr and irs2 transcripts in the hippocampal extracts of 3 month-old 3.4. Energy metabolism is impaired in the early stages of the amyloidogenesis
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Fig. 3. mRNA expression profile of genes related to insulin signaling pathway in the hippocampal extracts of 3 and 6 month-old wild-type and APP/PS1 mice (n = 4-6). (Statistical analysis
was performed with one-way ANOVA and with Tukey's post-hoc test, where * denotes p < 0.05.)
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biogenesis through transcriptional coactivator peroxisome proliferator
activated receptor-y coactivator 1t (PGC-1at) signaling pathway
[47-54]. We detected a significant reduction in the mRNA levels of the
alpha 2 (Prkaa2), but not of the alpha 1 (Prkaa1) isoform of the catalytic
subunit of AMPK, in the hippocampi of 3 month-old APP/PS1 mice,
compared to wild-type controls (Fig. 4A). This observation is consistent
with the slight reduction in the protein levels of phosphorylated AMPK
(pAMPK (Thr172)/Total APMK ratio) (Fig. 4B). Thus, our data suggest
alterations in a key cellular energy sensor that regulates the activities
of a number of molecules involved in cellular metabolism.

PGC-1a is involved in energy homeostasis and glucose metabolism,
as well as in mitochondrial metabolism and biogenesis [49,50]. In the
current study, we detected a significant reduction in PGC-1c¢ mRNA
and protein (Fig. 4) levels in the hippocampi of 3 and 6 month-old
APP/PS1 mice, compared to control animals. Since PGC-1a regulates
the transcriptional activity of genes essential for mitochondrial replica-
tion and respiratory function, such as estrogen-related receptor o (ERR-
o), nuclear respiratory factor (NRF) and mitochondrial transcription
factor A (TFAM), we proceeded to study their mRNA and protein levels.

3.6. Mitochondrial OXPHOS expression

Deregulation in OXPHOS signaling is indicative of mitochondrial
function impairment and has been previously reported in the brains of
3 and 6 month old APP mice [46,47]. In agreement with the above men-
tioned studies, we have detected a significant reduction in OXPHOS
complexes 1, II, I, and IV in the hippocampi of the 3 month old APP/
PS1 mice (Fig. 5).

3.7. Tau phosphorylation and Tau kinase levels

Since Tau expression is regulated by insulin/IGF-1, and also by AMPK,
increased Tau phosphorylation could be an early event in the brains of
APP/PST mice. It is well-known that Tau is a microtubule-binding pro-
tein participating in neuronal cytoskeletal dynamics maintenance and
axonal transport [55-59]. Evaluation of several Tau phosphoepitopes
by Western blotting, revealed a global increase in Tau phosphorylation
in the hippocampal extracts of APP/PS1 mice, both at 3 and 6 months
of age (Fig. 6).

3.5, The impairment of mitochondrial biogenesis is involved in the early
stages of the amyloidogenesis 3.8. Involvement of GSK-3/3 and CDK5 kinases in the early stages of the
amyloidogenesis and Tau phosphorylation

It has been hypothesized that mitochondrial dysfunction could be
a trigger of AD [49-54]. In fact, mRNA expression analysis of genes,
downstream to PGC-1a, confirmed significant reductions in Nrf1
and Nrf2 transcripts in the hippocampi of 3-month old APP/PS1 ani-
mals, compared to controls. mRNA levels of Tfam were also slightly
reduced at this age, although the observed changes did not reach
statistical significance (Fig. 4A). These data suggest that reduced
mitochondrial biogenesis is an early event in the hippocampus of
APP/PS1 mice.

Insulin and IGFI signaling regulate the expression and phosphoryla-
tion of Tau proteins, as impaired insulin function leads to the over-
activation of GSK-33, a kinase capable of Tau phosphorylation. Qur
results show a significant increase in p35 content and pCDK5 (Tyr15)/
CDKS5 ratios in the hippocampus of APP/PS1 animals, compared to con-
trols, both at 3 and 6 months of age. In contrast, the protein expression
levels of GSK-3[3, phosphorylated at Ser9 (inactive form), and Tyr216
(active form), as well as of IDE, remained unchanged (Fig. 7).
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Fig. 4. mRNA expression profile (n = 4-6) (A) and representative immunoblot images and quantification (n = 4-6) (B) of the molecules related to energy metabolism and mitochondrial
biogenesis in the hippocampal extracts of 3 and 6 month old wild-type and APP/PS1 mice. pAMPK (T172) is normalized to total AMPK levels, with the rest of the proteins normalized to
GAPDH. (Statistical analysis was performed with one-way ANOVA and with Tukey's post-hoc test, where * denotes p < 0.05, ** denotes p < 0.01, and *** denotes p < 0.001, and with the
student’'s t-test, where § denotes p < 0.05).
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Fig. 5. Representative immunoblot images and quantification of various OXPHOS complexes, normalized to GAPDH protein levels, in the hippocampal extracts of 3 and 6 month old wild-
type and APP/PS1 mice (n = 4-6). (Statistical analysis was performed with the student’s t-test, where $ denotes p < 0.05, $$ denotes p < 0.01, and $$$ denotes p < 0.001.)

3.9. Changes in synaptic protein levels

there were no significant changes in their levels in the hippocampus
of APP/PS1 mice, relative to the control tissue. Our results are in agree-

Because A{ oligomers induce synaptic loss in AD we evaluated pro-
tein expression levels of representative pre- and post-synaptic proteins
(synaptophysin (SYP) and PSD-95 respectively). As shown in Fig. 8,

ment with a previous study by Minkeviciene et al. who did not detect
any changes in synaptic protein levels in 17 month-old APP/PS1 mice
[48].
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Fig. 6. Representative immunoblot images and quantification of various Tau phosphoepitopes, normalized to total Tau protein levels, in the hippocampal extracts of 3 and 6 month old
wild-type and APP/PST mice (n = 4-6). (Statistical analysis was performed with the student's t-test, where § denotes p < 0.05 and $$ denotes p < 0.01.)
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normalized to GAPDH. (Statistical analysis was performed with the student's t-test, where $ denotes p < 0.05 and $$ denotes p < 0.01.)

4. Discussion memory loss, clearly evident at the age of 6 months [11-15]. Thus,
APP/PS1 mice are commonly used in AD research [12,14,42,49]. In

In the current study, we employed an integrated approach consisting agreement with these studies, we detected a significant amyloid pep-

of the analyses in both the periphery and at the CNS levels, in order to tide deposition and the presence of Af> aggregates in 6 month-old
identify potential changes that occur in the early stages of the APP/PS1 mice, compared to age-matched wild-type controls. In addi-
amyloidogenic process, prior to amyloid plaque formation in a tion, the 2 object novel object recognition test has revealed a significant
mouse model of AD. We investigated several key metabolic routes cognitive impairment at the age of 6 months in this model. A novel find-
related to glucose uptake and insulin signaling, cellular energy ing in our study is the detection of the insoluble A3 (1-42) in the brains
homeostasis, mitochondrial biogenesis and Tau phosphorylation. of 3 month old APP/PS1 mice. This data is intriguing, as AP plaques were
In previous studies it was demonstrated that an increase in A} levels not detectable by immunohistochemistry at such an early age. Our

in APP/PS1 mice is accompanied by plaque deposition in the brain and results suggest that the formation of the insoluble AP “proto-fibrils” is
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Fig. 8. Representative immunoblot images and quantification of synaptophysin and PSD-95, in the hippocampal extracts of 3 and 6 month old wild-type and APP/PS1 mice (n = 4-6).
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an early event which leads to plaque formation by the age of 6 months.
Elevated levels of the insoluble AP (1-42) were previously reported in
brain homogenates of 6 month old APP/PS1 animals [50]. However,
the authors of that study did not detect any AP in 4 month old mice.
The discrepancy with this study could be explained by the differ-
ences in experimental methodologies. As expected, by the age of
6 months we have detected a further increase in the levels of insolu-
ble AP (1-42) together with the appreciable levels of both soluble
and the insoluble AP (1-40) as well as senile plaques,

Moreover, in the present research, we demonstrate early changes af-
fecting insulin signaling in the preplaque APP/PS1 mice. These mice
display impairment in genes involved in glucose metabolism and mito-
chondrial function, such as OXPHOS. Thus, as mentioned above, AD neu-
ropathology can be explained, in part, through alterations in glucose
metabolism. It was previously published that in 5-7 week-old APP/
PS1 mice, glucose and insulin tolerance were not impaired [16]. In our
study, we had used older animals and our results demonstrated a ten-
dency towards altered glucose tolerance already at 3 months of age,
with the 6-month-old animals exhibiting significantly impaired glucose
and insulin tolerance, In the same model, but employing female mice,
Hiltunen et al. reported significantly impaired glucose tolerance at
7 months of age in APP/PS1 animals, compared to wild-type controls.
Interestingly, the authors did not detect any changes in ITT, but this
could be explained by the fact that the ITT was terminated 20 min
after the insulin injection. In our study, the biggest differences in ITT be-
tween the wild-type and transgenic animals occurred between 30 and
60 min, following i.p. insulin administration. In addition, Hiltunen and
colleagues generated triple transgenic mice by cross-breeding APP/PS1
with the mice overexpressing pancreatic IGF2 [49], While IGF2 single
mutants showed impaired glucose and insulin tolerance, in triple APP/
PS1/IGF2 animals, this phenotype was further exacerbated. In fact, our
results clearly show a significant age-dependent increase in the IGF2
content in the hippocampus, supporting the role of IGF2 signaling in
the metabolic perturbations affecting APP/PS1 mice.

Recent studies suggest that there is a close link between insulin-
deficient diabetes and cerebral amyloidosis in the pathogenesis of AD
[25,51-59]. Using a streptozotocin (STZ)-induced diabetic APP/PS1
mouse model, it has been shown that the diabetic condition promoted
the processing of APP, resulting in increased A[} generation, neuritic
plaque formation, and spatial memory deficits [24]. Patients with AD
show a remarkable deposition of Aj3 peptide in the brain, whereas pa-
tients with T2DM present Islet Amyloid Polypeptide (IAPP) deposition
in pancreatic A-cells [17]. Then, AD and T2DM share common key mo-
lecular alterations in Af3 peptide processing and insulin signaling, in a
poorly understood interplay [15-17,51,52,60-65]. Chua and colleagues
have suggested that an increase in brain A{342 levels in 15 month-old
female APP/PS1 mice, may be dependent on impaired brain insulin
signaling [53]. However, Sadowski and colleagues demonstrated a
correlation between the hippocampal amyloid plaque levels and glu-
cose utilization at 22 months of age. It is of note, that the majority of
published studies focus on very late stages of the disease, when AP
plaques are fully developed [66].

Therefore, the question would be: Are metabolic disorders the cause
or the consequence of the AD? It is known that brain glucose metabo-
lism defects are strongly associated with memory impairment in AD
brain. Human brain imaging studies indicate that impaired glucose ufti-
lization precedes the onset of cognitive deficits in AD, suggesting causal-
ity [21]. In this context, the binding of insulin, IRST and IRS2 to the INSR,
could modulate hippocampal synaptic plasticity and memory consoli-
dation [19-22]. In agreement with this hypothesis, we detected a
small, but significant reduction in the hippocampal Arc, Fos, Insr and
Irs2 transcripts in 3 month-old APP/PS1 mice, compared to wild-type
controls. By the age of 6 months, APP/PS1 mice develop impaired glu-
cose and insulin tolerance, accompanied by a significant increase in
Igf2 and Igfbp2 transcripts. Interestingly, we did not detect any changes
in the transcription of Igf1, which is involved in development, cognitive
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functions and aging processes, and the alterations of which had been
linked to AD pathology.

Downstream of insulin signaling, we focused on mitochondrial
markers, Structural and functional perturbations of mitochondria in
AD have been recognized for some time, and led Swerdlow and Khan
to propose the mitochondrial cascade hypothesis [5]. This hypothesis
states that inherited mutations in mitochondrial DNA determine the
basal functional ability of mitochondria to respond to, and to recover
from stress-induced signaling. The physiopathology of AD develops
when the mitochondria lose their functional capacity, and includes
neuronal apoptosis, AP> deposition, and neurofibrillary tangles |7,
59-65]. Here, we report a significant downregulation in mitochondrial
OXPHOS complexes in the brains of 3 month old APP/PS1 mice. Like-
wise, we detected reduced mRNA expression levels of genes related to
mitochondrial biogenesis and the regulation of energy metabolism, in-
cluding Prkaa2 subunit of AMPK, Pgc-1cy, Nif1 and Nrf2. NRF1, through
its interaction with PGC-1¢, regulates mitochondrial biogenesis direct-
ly, and is a key transcriptional regulator of IDE [62-64]. The vast major-
ity of IDE protein is localized to the cytosol, with the small amounts
present in the mitochondria, where it participates in A degradation.
Mitochondrial localization is dependent on the long isoform of ide
mRNA transcripts, the expression of which was found to be positively
correlated with Pge-1a and Nrf-1 transcripts in the brains of non-
demented human patients. Interestingly, the correlation was weaker
in the brains of AD patients, suggesting an impairment of this route
[49]. The observed reduction of Pgc-1ce and Nrf-1, both at the mRNA
and protein levels, in the hippocampi of young APP/PS1 animals in our
study, supports this hypothesis. The lack of changes in IDE protein levels
can be explained by the phenomenon of eclipsed distribution [63]. As
the dominant, short isoform of IDE is ubiquitously expressed in the
cytosol, any changes at the mitochondrial level would be masked by
this dominant isoform.

PGC-1ax is a member of a family of transcriptional coactivators that
plays a central role in the regulation of cellular energy metabolism. It
stimulates mitochondrial biogenesis and participates in the regulation
of both carbohydrate and lipid metabolism in peripheral disorders
such as obesity and diabetes, however its role in the CNS is less clear
[55-60]. In addition to the direct effects on mitochondrial gene expres-
sion, PGC-1wx is also involved in the regulation of genes that protect neu-
ronal cells from oxidative stress, such as mitochondrial superoxide
dismutase. PGC-1a is regulated by several metabolism-responsive ele-
ments like AMPK which, when activated by elevated AMP/ATP ratios,
can phosphorylate it directly [59]. Recent reports indicate that PGC-1cx
could be a potential biomarker of AD disease, as reduced PGC-1a
mRNA and protein levels had been detected in AD brains [58-61]. In
agreement with this, we detected significant reductions in PGC-1a
mRNA and protein levels in APP/PS1 brains, compared to wild-type con-
trols, at 3 and 6 months of age. We also observed a decrease in a ratio of
activated pAMPK (Thr172)/Total APMK in 3 month old APP/PS1 mice,
supporting the role of mitochondrial biogenesis impairment in the
early stages of AD. PGC-1ct remains an attractive target for AD therapeu-
tic intervention [59].

AMPK is a cellular energy sensor conserved in all eukaryotic cells. It
regulates the activities of a number of key metabolic enzymes and pro-
tects cells from stresses that cause ATP depletion, by switching off ATP-
consuming biosynthetic pathways [58]. [t AMPK can also phosphorylate
substrates like Tau proteins, thereby causing their hyperphosphorylation.
Tau hyperphosphorylation occurs both as a result of elevated levels of A3
and genetic mutations in Tau proteins, and causes microtubule disassem-
bly, which leads to the formation of neurofibrillary tangles and synaptic
loss. In a mouse model overexpressing a P301L-mutated version of
human Tau (rTgP301L transgene), Tau hyperphosphorylation resulted
in its accumulation in the still functional dendritic spines. Significantly,
these observations were reported in relatively young 4.5 month-old
animals, at an age when cognitive impairments were already evident,
but neither the neuronal, nor synaptic loss was detectable [61].
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Fig. 9. Summary of the events, leading to the progressive amyloid plaque deposition and memory loss in an APP/PS1 mouse model of FAD,

We detected a significant increase in phosphorylation of several Tau
phosphoepitopes in the hippocampi of APP/PS1 mice, compared to
controls, including p-Tau (Ser199); p-Tau (Ser 205); p-Tau (Ser 396);
and p-Tau (Ser404). At the same time, the protein levels of phosphory-
lated forms of AMPK and GSK-3(3 remained unchanged, suggesting that
Tau phosphorylation occurs via an alternative pathway in our model.
Several studies have suggested that AD and T2DM may share a common
pathway to pathology: the hyperactivation of CDK5 [67-69]. CDK5 acti-
vation may cause aberrant phosphorylation of cytoskeletal components
like Tau and neurofilaments. Results from our research demonstrated
an increase in p(Y15) CDK5 phosphorylation in 3 and 6 month-old
APP/PS1 mice, suggesting that CDK5 may be the kinase involved in
Tau phosphorylation [62,64-71].

In summary, our results show an early downregulation of glucose,
insulin signaling and energy metabolism pathways in an APP/PS1
mouse model of FAD. An overview of the key events, occurring between
3 and 6 months of age in our model, is presented in Fig. 9. These changes
affect the activity of key molecules involved in memory processes (Arc,
Fos) and mitochondrial regulation, such as OXPHOS, PGC-1c« and NRF1,
as well as Tau phosphorylation, The data presented here reinforces the
hypothesis that the preceding events in the amyloidogenenic process
in AD are related to both insulin signaling and energy metabolism im-
pairment. Finally, we demonstrate an increase in the levels of pCDK5,
which may be responsible for Tau phosphorylation and NFT formation
in the hippocampi of the APP/PS1 mice.
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Resumen

En los ultimos afios se ha demostrado la presencia en el sistema nervioso central
de un gran numero de adipocinas y receptores correspondientes que regulan
procesos como la inflamacidn, la ingesta de alimentos y la neuroproteccién. Esta
descrito que estas citocinas estan fuertemente relacionadas con las
neurotrofinas bdnf, ngf y con los péptidos anorexigénicos (pomc, crh) y
orexigénicas (npy).

La hipercolesterolemia también se puede considerar como un factor de riesgo en
la EA. Efectivamente tratamientos con estatinas reducen los niveles de AB-40 y
42. (Review & Selection 2013). El exceso de colesterol en el cerebro es téxico y la
su eliminacidn parece estar alterada en la EA; moléculas como Cyp46al y Hmgcr
tienen un peso relevante en el proceso catalitico a nivel central

La leptina y la prolactina son hormonas implicadas en la obesidad y en el control
de la ingesta de alimentos y realizan sus funciones en el hipotalamo y en el
hipocampo (Kanoski et al. 2011). Sus receptores son de tipo tirosina cinasa y
desarrollan un papel importante en la neuroproteccién y la memoria. El
mecanismo de accidén es complejo e incluye varias rutas y varios estimulos que
actlian conjuntamente. Una de las vias implicadas es la via de JAK/STAT.

El objetivo principal de este trabajo es identificar a nivel del hipocampo las
posibles alteraciones que ocurren en las vias moleculares relacionadas con la
ingesta de alimentos durante el proceso de amiloidogénesis en los ratones
APP/PS1. Otros objetivos consisten en analizar la via neuroprotectora de
JAK/STAT y evaluar la presencia de alteraciones en marcadores implicados en el
transporte y la eliminacién del colesterol.

Los resultados obtenidos muestran ciertas alteraciones en moléculas
relacionadas con la ingesta de alimentos y la obesidad. En concreto los receptores
de leptina a 6 meses y prolactina a 3 meses muestran una reduccién de expresion
génica y proteica. No se observaron cambios en las neurotrofinas bdnfy ngf, pero
si en los péptidos que regulan el apetito (npy y crh), tanto a 3 y 6 meses. Los
niveles de pomc resultaron invariados

89



UNIVERSITAT ROVIRA I VIRGILI
ALTERACIONES METABOLICAS EN EL PROCESO DE AMILOIDOGENESIS EN EL HIPOCAMPO DE RATONES APP/PS1
Ignacio Pedrds Martin

Los receptores de prolactina y el de insulina actian activando stat5 y stat3. Esta
ampliamente descrito que ratones con desregulaciones en stat3 y stat5 sufren
obesidad y diabetes.(Gao et al. 2004; J. W. Lee et al. 2008; Nicolas et al. 2013).
En nuestro modelo encontramos que las subunidades stat5b, socs1, socs2 y socs3
estan reducidas a los 3 meses en el ratén APP/PS1. Los genes SOCS pertenecen a
una familia de genes supresores de citoquinas, por lo tanto regulan
negativamente esta via de sefalizacion.

A nivel periférico no observamos cambios significativos en los niveles plasmaticos
de colesterol. Al contrario los niveles de triglicéridos resultaron aumentados. Se
conoce que los polimorfismos del gen apoE tienen un papel clave en el desarrollo
de la enfermedad de Alzheimer. Aun asi, nuestros resultados no mostraron
cambios en la expresidon de apoE ni en la via Irp1. En contra si observamos un
incremento en el gen del receptor de Idl y de Hmgcr, dos genes implicados en la
sintesis de colesterol.
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ADIPOKINE PATHWAYS ARE ALTERED IN HIPPOCAMPUS OF AN
EXPERIMENTAL MOUSE MODEL OF ALZHEIMER’S DISEASE
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Abstract: A growing body of evidence suggests that 3-amyloid peptides (A[3) are unlikely to be the only factor
involved in Alzheimer’s disease (AD) aetiology. In fact, a strong correlation has been established between
AD patients and patients with type 2 diabetes and/or cholesterol metabolism alterations. In addition, a link
between adipose tissue metabolism, leptin signalling in particular, and AD has also been demonstrated. In the
present study we analyzed the expression of molecules related to metabolism, with the main focus on leptin and
prolactin signalling pathways in an APPswe/PSIJEY (APP/PS1) transgenic mice model, at 3 and 6 months of
age, compared to wild-type controls. We have chosen to study 3 months-old APP/PS1 animals at an age when
neither the cognitive deficits nor significant Af} plagques in the brain are present, and to compare them to the
6 months-old mice, which exhibit clevated levels of Ap in the hippocampus and memory loss, A significant
reduction in hoth mRNA and protein levels of the prolactin receptor (PRL-R) was detected in the hippocampi of
3 months old APP/PS] mice, with a decrease in the levels of the leptin receptor (OB-R) first becoming evident
at 6 months of age. We proceeded to study the expression of the intracellular signalling molecules downstream
of these receptors, including stat (1-3), sosl, kras and socs (1-3). Our data suggest a downregulation in some of
these molecules such as stat-3b and socs (1-3), in 3 months-old APP/PS] brains. Likewise, al the same age, we
detected a significant reduction in mRNA levels of lrpl and cypd6al, both of which are involved in cholesteral
homeostasis. Taken together, these results demonstrate a significative impairment in adipokine receptors
signalling and cholesterol regulation pathways in the hippocampus of APP/PS1 mice at an early age, prior (o the
A plaque formation,

Key words: APP/PS1, leptin, hippocampus, prolactin, Alzheimer,

Introduction study 3 months-old animals which do not present brain Ap

deposits nor cognitive loss and we have compared them to

Alzheimer’s disease (AD) is the most common cause of
senile dementia in the world, followed by Parkinson’s disease
(1). AD progression is associated with the formation of senile
B-amyloid (AP) plagques and neurofibrillary tangles composed
of hyperphosphorylated tau (1, 2). Currently it is widely
accepted that A} is generated by a specific proteolytic clavage
of the amyloid precursor protein (APP). In this amyloidogenic
pathway, the B- and ¥-Secretases cleave APP at the N- and
C-termini of the AP peptide, respectively. The relationship
between APP and A} caused the formulation of the amyloid
cascade hypothesis that states that mutations in APP (or other
genes) lead to an increase in AP, and that this in turn leads to
disease progression (3, 4).

A number of animal models attempting to mimic the
progression of the AD have been extensively investigated.
APP/PS1 mice, which possess 2 of the more frequent mutations
leading to familial AD (FAD) in humans, are commonly used
in experimental animal studies of AD. One of the principal
features of these mice is the development of memory loss
and a significant A} plaque deposition in the hippocampus,
clearly evident by 6 months of age (5-8). We have chosen to
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the 6 months-old mice. The rationale behind this approach is
to identify molecular events involved in the early pre-plaque
stages of the AD-like pathology in this mouse model, In our
opinion, this is especially relevant because despite the genetic
and cell biological evidence that supports the amyloid cascade
hypothesis, it is becoming increasingly clear that AD actiology
is more complex and that Af} alone is unable to account for all
the aspects of AD (9). Hundreds of genes have been identified
as being involved in this neurodegenerative disease (10, 11).
Recent studies suggest that metabolic allerations such as
diabetes mellitus, cholesterol metabolism dysregulations and
metabolic syndrome in general are strongly correlated with AD
(11-17). Thus, a continuous effort should be made to identify
components of the network involved in the progression of
diseases like AD in order to develop more efficient and specific
treatments (18-20).

Since the sporadic form of AD is a multifactorial disease
influenced by several risk factors such as hypertension,
diabetes, hypercholesterolemia, age, neuroinflammation,
hypoxia and others, it is difficult to point out a single
pathogenetic mechanism leading to the onset and progression

403



UNIVERSITAT ROVIRA I VIRGILI
ALTERACIONES METABOLICAS EN EL PROCESO DE AMILOIDOGENESIS EN EL HIPOCAMPO DE RATONES APP/PS1
Ignacio Pedrds Martin

I Nuer Health Aging
Volme [9, Nusber 4, 2013

ADIPOKINE PATHWAYS ARE ALTERED IN HIPPOCAMPUS OF AN EXPERIMENTAL MOUSE MODEL OF AD

of this devastating disorder (6-8, 14-20). For example,
obesity signilicantly increases cognitive decline and AD
risk, supporting the notion that molecular mechanisms of
cellular energy homeostasis are linked to AD pathogenesis
(15-20). Additionally, there is evidence of a relationship
between adipokines and AD (21-24). The adipokines
or adipocytokines are cytokines sccreted by adipose tissue
(21). These include leptin, adiponectin, tumor necrosis factor
(TNF)-alpha, interleukins, including IL-6, and also molecules
like prolactin (Prl), a well-known regulator of the lactating
mammary gland, recently shown to be produced by human
adipose tissue (21-27). Adipokines have come o be recognized
for their contribution to the mechanisms by which obesity and
related metabolic disorders influence discases like cancer or
AD (24-28). It has been observed that AD patients display
increased circulating levels of anorexigenic adipokines that
may contribute to the metabolic changes observed in AD
patients (21).

Among the adipokine genes associated to AD, an adipostatic
hormone leptin, coded by the ob or lep gene, stands out.
Leptin is a hormone secreted by adipose tissue that acts to
suppress appetite and regulates energy expenditure. In humans,
a correlation between elevated leptin levels and reduced
incidence of dementia and AD had been reported (28). In
rodents, leptin modulates production and clearance of Af (29-
31). Mice with leptin receptor disruption show impairments in
long-term potentiation, synaptic plasticity and spatial learning,
whercas treatment with leptin increases Af- and tau- clearance
as well as ameliorates AD-like pathology (21, 25-31). Thus,
in the context of the amyloid cascade hypothesis, leptin may
interfere with the pathogenesis of AD in multiple ways: (a)
by inhibiting the amyloidogenic process; (b) by decreasing the
activity of glycogen synthase kinase-3f (GSK3[), causing a
reduction in Tan protein phosphorylation: and (c) by improving
cognitive function (25-27).

Beside the roles of adipokines per se, it has been shown
that alterations in lipid metabolism can also promote the
development of AD. The brain is rich in cholesterol and
substantial evidence from in vitro and in vivo studies, as well
as from human trials, indicates that cholesterol levels affect the
synthesis, clearance. and the toxicity of AP (13, 14, 32). For
example, elevated cerebral AP levels in living humans were
found to be correlated with serum cholesterol fractions in a
pattern analogous to that found in coronary artery disease (11).

In the current study we have focused on molecular
mechanisms related to adipokine signalling, AD progression
and memory loss in the hippocampus of an APP/PS1 mouse
model of FAD at two time points: 1) at 3 months of age, prior
to the plaque formation and memory loss, and 2) at 6 months
of age, by which both cognitive decline and hippocampal Af
deposits are clearly evident.
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Materials and methods

Animals

Male APPswe/PS1dE9 and C57BL/6 mice were used in
this study. APP/PS1 animals co-express a Swedish (K395M/
N596L) mutation of a chimeric mouse/human APP (Mo/
HuAPP695swe), together with the human exon-9-deleted
variant of PS1 (PS1-dE9), allowing these mice to secrete
elevated amounts of human A[j peptide. Both mutations are
associated with familial AD, arc under control of the mouse
prion protein promoter, directing both mutated proteins mainly
to the CNS neurons, and result in age-dependent amyloid
plaque depositions in mouse brain. The APPswe-mutated APP
is a favourable substrate for fi-sccretase, whereas the PS1dE9
mutation alters vy-secretase cleavage. thereby promoting
overproduction of AP342. Animals were kept under controlled
temperature, humidity and light conditions with food and water
provided ad libitum. Mice were treated in accordance with
the European Community Council Directive 86/609/EEC and
the procedures established by the Department d’Agricultura,
Ramaderia i Pesca of the Generalitat de Catalunya. Every
effort was made to minimize animal suffering and to reduce
the number of animals used. Forty animals. divided into four
groups, were used for the present study, with at least 8 wild-
type and 8 APP/PS1 transgenic mice of 3 and 6 months of
age, per group. Following in vivo testing, the animals were
sacrificed and at least 6 mice in each group were used for RNA
and protein extracts isolation.

Blood Cholesterol and Triglyceride measurements

Cholesterol and trygliceride levels were measured in the
blood, collected from heart puncture, following a 5-hour
morning fast, at the point of sacrifice with the Accutrend Plus
meter (Roche; Mannheim, Germany).

Tmmunohistochemistry

For detection of AP deposits, free-floating coronal sections,
20 pm thick, were rinsed with 0.1 mol/L. PB, pH 7.2, and pre-
incubated in 88% formic acid. Then, sections were treated
with 5 ml/L 11202 and 100 ml/L methanol in PBS and pre-
incubated in a blocking solution (100 ml/L of FBS, 2.5 ¢/1. of
BSA and (0.2 mol/L of glycine in PBS with 5 ml/L of Triton
X-100y. After that, sections were incubated for 10 minutes
with Thioflavin S (Sigma T1892). Sections were mounted
on gelatinized slides. Images were taken with a {luorescence
laser and optic microscope (BX41, Olympus, Germany) and
stored in tiff format. All images were acquired using the same
microscope, laser and software settings,

Western blot analysis

Aliquots of hippocampus homogenate containing 15 mg
of protein per sample were analyzed using the Western blot
method. In brief, samples were placed in sample buffer (0.5
m Tris-IICL, pH 6.8, 10% glycerol, 2% (w/v) SDS, 5% (v/v)
2--mercaptoethanol, 0,05% bromophenol blue) and denatured
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by boiling at 95-100°C for 5 min. Samples were separated
by electrophoresis on 10% acrylamide gels. Following this,
the proteins were transferred to PVDF sheets using transblot
apparatus. Membranes were blocked overnight with 5% non-
fat milk dissolved in TBS-T buffer (50 mM Tris; 1.5% NaCl,
0.05% Tween 20, pH 7.5). They were then incubated with
primary antibodies directed against the GAPDH (Mab374,
Millipore), leptin (PA1-28843, Thermo Scientific) and
prolactin (ab98015, Abcam) receptors. Alter O/N incubation,
blots were washed thoroughly in TBS-T buffer and incubated
for 1 h with a peroxidase-conjugated IgG secondary antibody
(1:2000). Immunoreactive protein was detected using a
chemiluminescence-based detection kit. Target protein levels
were determined by densitometry, using Chemi doc XRS+
Molecular Imager detection system (Bio-Rad), with ImageLab
image analysis software. Measurements are expressed as
arbitrary units. All results are normalized to GAPDH, unless
stated otherwise.

RNA extraction and quantification
Total RNA was isolated from the hippocampi of wild-
type and APP/PS1 transgenic mice, as described previously

(Chomczynski and Sacchi, 1987). Briefly, the tissue
was homogenized in the presence of Trizol reagent (Life
Technologies Corporation). Chloroform was added and
the RNA was precipitated from the aqueous phase with
isopropanol at 4°C. RNA pellet was reconstituted in RNase-
free water, with the RNA integrity determined by Agilent 2100
Bioanalyzer.

Quantitative RT-PCR

First-strand ¢cDNA was reverse transcribed from 2 pg of
total RNA from hippocampi of 3 and 6 months-old mice, using
the High Capacity ¢cDNA Reverse Transcription kit, according
to manufacturer’s protocol (Applied Biosystems). Equal
amounts of cDNA were subsequently used for gqRT-PCR, and
each sample was analysed in triplicate for each gene. TagMan
gene expression assays (Applied Biosystems) as detailed in
Supplementary Table 1, were used to determine transcription
levels of individual genes. qRT-PCR was performed on the
StepOnePlus Real Time PCR system (Applied Biosysiems) and
normalized to the transcription levels of gapdh, actin and/or
tbp, using the delta-delta Ct method.

Figure 1
Mean body weight (n=20), whole blood cholesterol and triglycerides levels in 3 and 6 months-old wild-type and APP/PS1 mice
(n=7-12). (Statistical analysis was performed with one-way ANOVA, with Tukey’s post-hoc test, where * denotes p < 0.05). (A).
Representative immunolluorescent staining with the Thioflavin S, in 3 and 6 months-old mice, demonstrating Af plaque deposits
in the hippocampus and cortex of 6 months-old APP/PS1 animals (B)
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Statistical analysis

All data are presented as means = SEM, and differences are
considered significant at p < 0.05, p <0.01. Differences between
samples/animals were evaluated using either one-way ANOVA,
with Tukey’s post-hoc test, where * denotes p < 0,05, **
denotes p < (.01, and with the student’s t-test, where $§ denotes
p<005.

Results

Physiological and metabolic parameters of APPIPS1 mice

No changes in either the body weight or blood cholesterol
levels were detected between the 3 and 6 months old wild-
type and APP/PS1 animals. A significant increase in blood
triglycerides levels (p < 0.05) was observed in 6 months-old
APP/PS] mice, compared to respective controls (Fig.1A). As
expected, AP plaque deposits were present in the hippocampal
and cortical regions of 6 months-old APP/PS1 mice (Fig.1B).

Identification of differentially expressed genes related to
food intake and obesity in the hippocampus
We did not detect significant differences in the mRNA

expression of leptin, however a significant down regulation of

the leptin receptor (OB-R), both at the mRNA (Fig. 2a) and
protein (Fig. 2b) levels, was observed in the hippocampi of 6
months-old APP/PS1 mice compared to wild-type littermates.
In contrast, we detected a significant reduction in the levels
of the prolactin receptor (PRL-R), which is involved in the

regulation of energy metabolism, already at 3 months of age in
APP/PS1 brains (Fig. 2). The changes observed in the above
mentioned molecules were related to the APP/PST phenotype
(rather than age), as we did not detect statistically significant
alterations when comparing 3- and 6- months-old APP/PS1
animals.

We determined mRNA expression profiles of neurotrophic
factors and related receptors which play a role in food-intake
regulation, including brain derived neurotrophic factor (bdnf),
glucagon-like peptide 1 receptor (glplr), insulin-like growth
factor 1 (igfl), nerve groqgth factor (ngf), and Neuropeptide
Y (npy) (33-37) (Fig. 3). Of these, only npy was significantly
downregulated in the hippocampi of the APP/PS1 mice, both at
3 and 6 months of age, when compared to wild-type littermates.
Interestingly, there was a tendency towards the downregulation
of the glplr in 3 months-old animals, although this reduction
did not reach statistical significance. Apart from the regulation
of the food intake, GLP1 signalling has been implicated in the
regulation of glucose metabolism, memory formation and may
have neuroprotective effects against excitotoxic insults (33, 34).

Corticotropin-releasing hormone (CRH) is highly expressed
in paraveniricular nucleus neurons and is involved in the
regulation of food-intake and body weight in rats (38, 39).
[t may also play a role in cognition and has been linked to
neuroprotection in response to stress in the hippocampus (40).
Semi-quantitative RT-PCR analysis showed a significant
decrease in crh in hippocampi of 6 months-old APP/PS] mice,
compared to controls. We did not find significant changes in

Figure 2
mRNA expression profile (n=5-8) (A) and representative immunoblot images and quantification (n=5-8) (B) of the leptin and
prolactin hormones and their respective receptors in hippocampal extracts of 3 and 6 months-old wild-type and APP/PS1 mice.
Immunoblot images are normalized (o bela actin, (Slatistical analysis was performed with one-way ANOVA, with Tukey’s posi-
hoce test, where * denotes p < (0L05, ** denotes p < (.01, and with the student’s t-test, where % denotes p <(0.03)
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Table 1

Probes and primers used for semi-quantitative RT-PCR. Gene

ID# corresponds to the official classification of the Entrez Gene

database (NCBI)

Name  Gene m TagMan Probe Primers pairs (5°2>37)
Acth actin, bata 11461 Mm00607930 s1
Apocl apolipoprotein C-1 [1812 MmOO43 18 16_ml
Apoe Apolipoprotein £ 11816 Mm01307193_gl
Rdnf brain derived neurotrophic facror 12064 Mm4230607_s1
Crh corticotropin releasing hormone 12918 Mml12934920_s1
Cyp46al cytochrome P450, family 46, subfamily 13116 MmO0487306_m1
a, polypeptide |
Gapdh  glyceraldehyde-3-phosphate dehydrogenase 14433 Mm99999915 g1
Glplr glucagon-like peptide | receptor 14652 Mmii0445292_ml
Hmger  3-hydroxy-3-methylglutaryl-Coenzyme
A reductase 15357 Mm1282499_ml
Lgll insulin-like growth factor | 16000 Mml12281%80_m]
K-Ras  v-Ki-ras2 Kirsten rat sarcoma viral
oncogene homolog 16653 FAGACACGAAACAGGCTCAGGAGT, RIAGGCATCGTCAACAC
CCTGTCTT
Ldl-R low density lipoprotein receptor 16835 Mmi0440169_m
Lep leptin 16846 CTCCAAGGTTGTCCAGGGTT, RIAAAACTCCCCACAGA
ATGGG
Lrpl low density lipoprotein receptor-
related protein 1 16971 Mm00464608 _ml
Nef nerve growth Factor 180449 Mmi0443039_m
Npy neuropeptide Y 109648 FCTCCGCTCTGCGACACTACA  RIAATCAGTGTCTCAGGG
CTGGA
OB-R  leptin receptor 16847 IRCTGCACTTAACCTGGCATATCCA, RiGGCTCCAGCAGGTGA
GAGAA
Pome pro-opiomelanocortin-alpha 18976 Mml0435874_m]
Prl prolactin 19109 F.GTATOTGCAAGACCGTGAGT, RIAGGGACTTTCAGGGC
TTGTT
Prl-R prelactin receptor 19116 FATCTOTGGGTAAAATGGTTGCC, RIGTTTGATGACCTGTGAA
GTGGA
Sacsl suppressor of cytokine signaling 1 12703 MmO0782550 s
Socs2 suppressor of cytokine signaling 2 216233 Mm0RS0544_g|
Socs3 suppressor ol cytokine signaling 3 12702 Mmi0545913_s1
Sosl son of sevenless homolog 1 20662 FTCCCCTAAAATCTCCTGGTGTTCGT, REAGATGCTGTGCTTTC
CGTCTCACT
Srebfl  sterol regulatory element binding 20787 Mm00550338 ml
transeription factor |
Statl signal transducer and activator of 20846 Mm00439531_ml
transcription |
Sta3 signal ransducer and activator ol 20848 Mmi1219775_ml
transcription 3
Stat5a signal transducer and activator ol 20850 Mmi3033818_s1
transcription SA
StatSh sigmal transducer und activator of 20851 MmIOE30880_m]
transcription 5B
TRP TATA hox hinding protein 21374 F: ACCCTTCACCAATGACTCCTATG, R: TGACTGCAGCAAATCG

CTTGG

the mRNA expression ol a polypeptide hormone precursor
pro-opiomelanocortin (pomc), mutations of which had been
previously linked to the development of childhood obesity (Fig.
3)(41).

Leptin and prolactin signalling pathways

Because we detected significant alterations in the
hippocampal expression of Prl-R at 3 months of age and of
OB-R at 6 months of age in APP/PS1 animals, compared to

controls, we proceeded 1o study the expression profiles of the
downstream signalling molecules related to the physiological
functions of both receptors.

It has been shown that the prolactin receptor activates Signal
Transducer and Activator of Transcription (STAT-1), (STAT-
3) and (STAT-5) (20). We did not detect any changes in the
expression of stat-1 and stat-3, statSa and k-ras, however
mRNA levels of the 2b isoform of STAT-5 (stat3h) were
significantly downregulated in the hippocampus of 3 months-
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mRNA expression profile (n=5-8) of glplr, bdnf, ngf, npy, igf1, pomc and crh in hippocampal extracts of 3 and 6 months-old wild-

Figure 3

type and APP/PS1 mice. (Statistical analysis was performed with the student’s t-test, where $ denotes p < 0.05)
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old APP/PS1 animals, versus wild-type animals (Fig. 4).

In addition, we identified a significant downregulation of the
Son of Sevenless homologue 1 (SOS1) in 6 months-old APP/
PS1 mice, compared to wild-type, which is another molecule
downstream of the prolactin receptor (23, 24, 42), Moreover,
suppressors of cytokine signaling (socsl), (socs2) and (socs3)
were also downregulated at 3 months of age in APP/PSI
animals, with the mRNA expression levels of socs2 being
just short of reaching statistical significance (p = 0.06) (Fig.
4). Taken together, our results clearly show a significative
impairment in the adipokine receptors-related signalling
pathways.

Changes in the transcripts involved in disorders of lipid
metabolism in the early stages of amyloidogenesis

Impairment in cholesterol metabolism and biosynthesis,
which may lead to neuronal damage, is thought to be a
contributing factor to AD progression (43). We have detected
a significant increase in the mRNA levels of the Low Density
Lipoprotein receptor (Ldl-r) and 3-Hydroxy-3-Methylglutaryl-
Coenzyme A Reductase (hmger) transcripts in the hippocampi
of the APP/PS1 mice at 6 months of age, compared to the
control group (Fig. 5).  In addition, in our study a decrease
in Irpl mRNA levels in 3 months-old APP/PS1 brains was
found, which did not correlate to apoe and apocl mRNA
levels, where no changes were detected (Fig. 5). Both apoE and
Apolipoprotein C1 (apocl) genes have been implicated in the
development of sporadic AD (42, 43). Our data also indicate
a significant downregulation in the mRNA of the cholesterol

24-hydroxylase enzyme (cypd6al) that converts cholesterol to
245-hydroxycholesterol, in the 3 months-old APP/PS1 mice.

Discussion

Recent evidence indicates that metabolic deficiencies
may contribute to AD development and progression (43-50).
Pathological changes in glucose and cholesterol metabolism,
adipose tissue signalling, as well as in food-intake controlling
neuropeptides have all been implicated (45, 46). At a peripheral
level, we observed a significant increase in trygliceride levels
in blood of 6 months-old APP/PS1 mice, when compared to
wild-type littermates. Neither the peripheral cholesterol levels,
nor the body weight were affected. At the CNS level, the role
of feeding-regulatory peptides in the hypothalamus is well
known, but their function in the hippocampus is less clear
(31-33). As the hippocampus is involved in the processes of
learning and memory formation, it has been proposed that these
neuropeptides may take part in memory-related processes, and
may also participate in neuroprotection (32).

As one of the main purposes of our study was to cxamine
potential changes at the central nervous system (CNS) level,
we investigated gene expression profile of molecules related
to adipokine, ncuropeptide and cholesterol signalling in 3-6
months-old APP/PS1 transgenic animals.

It is becoming apparent that neuroendocrine hormones
including oxytocin, progesterone and prolactin, apart from their
roles in lactation, may also have ncuroprotective effects on
hippocampal neurons (45). Neuroprotective properties of PRL
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Figure 4
mRNA expression profile (n=5-8) of statl, stal3, stat5a, stat5h, K-ras, sos1, socsl, socs2 and socs3 in hippocampal extracts of 3
and 6 months-old wild-type and APP/PS1 mice. (Statistical analysis was performed with one-way ANOVA, with Tukey’s post-hoc
test, where * denotes p < 0.05, and with the student’s t-test, where § denotes p < 0.05)
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are demonstrated in a Kainic acid (KA)-induced rat model of
epilepsy, where the administration of PRL to ovariectomised
rats significantly reduces seizures and KA-neurotoxicity in
the hippocampus (51). Prolactin is also involved in immune
regulation (52). In the brain Prl-Rs, which belong to the class
I cylokine receplor superfamily, were detected in cortex,
hypothalamus and hippocampus, and in astrocytes and glial
cells (33, 54). This is noteworthy, as recent data suggest that
prolactin may be a possible marker for obesity in humans (54)
In the current study we observed a significant downregulation
of the PRL-R mRNA and protein in the hippocampi of the 3
months-old APP/PS1 mice, when compared to a wild-type
control group, indicating early perturbations in this particular
biological route, at an age when both cognitive impairments
and AP deposits have yet to develop.

Leptin is an adipostatic hormone with a range of effects
at the CNS level, and the distribution of the OB-R in the
human brain is wide. In the hypothalamus, leptin signalling
plays a prominent role in food-intake regulation (22-24). In
the hippocampus, leptin has been implicated in the processes
of learning and memory. neuroprotection, as well as synaptic
plasticity (54). Leptin signalling alterations have recently
been described in human patients with AD (55). In that study,
authors detected a significant increase in leptin levels both in
the cercbro-spinal fluid (CSF) and in the hippocampus of AD
patients, compared to age-matched controls. Interestingly, an
increase in circulating hormone levels was accompanied by a
reduction in OB-R mRNA levels and the localization of the

receptors to neurofibrillary tangles, hinting at the possibility of
leptin resistance (55). In our study, we did not detect significant
changes in the mRNA levels of leptin itself, however we
observed a significant reduction in OB-R mRNA and protein
in the hippocampus of 6 months-old APP/PS1 mice, compared
to wild-type controls. On the other hand, targeted leptin
delivery may in fact lead to a reduction in Afi-load and to
an improvement in the symptoms of AD-like pathologies,
as described by Pérez-Gonzilez et al., (2014). Authors
demonstrated that the 3 months-long intra-cerebroventricular
administration of a lentiviral vector expressing leptin protein
resulted in the improvement of memory functions and a
reduction in Af levels in APP/PS1 mice, compared to untreated
controls (29).

Janus kinase (JAK)/STAT signalling pathways are among
the principal transcriptional regulators in most cell types
(536). Within the CNS, JAK/STAT signalling is activated in
response to cytokines, growth factors and hormones, including
leptin and prolactin (57-59). Perturbations in JAK/STAT
signalling have been implicated in the processes of synaptic
plasticity, neuroinflammation and the survival of both glia
and neurons (59). Among the eight members of the STAT
family of transcription factors, four have been identified as
PRL-R transducer proteins: STATI1, STAT3, STATSa and
STAT5b. Upon activation of the PRL-R by JAK (which
promotes dimerization, phosphorylation and the activation
of the prolactin receptor), STATs are recruited, dimerized
and phosphorylated, which results in nuclear translocation
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Figure 5

mRNA expression profile (n=

5-8) of Idlr, apocl. apoe, lrpl, srebplc, hmger and cyp46al in hippocampal extracts of 3

and ©

months-old wild-type and APP/PS1 mice. (Statistical analysis was performed with one-way ANOVA, with Tukey’s posi-hoc test,
where * denotes p < 0.05, and with the student’s t-test, where § denotes p < 0.05)
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of activated STATs, where they stimulate the transcription
of the respective target genes (57). Morcover, three different
classes of negative regulators of PRL-R have been identified,
including protein tyrosine phosphatases (PTP), such as SH2
domain containing phosphatase-1 (SHP-1), protein inhibitors of
activated STATs (PIAS) and suppressors of cytokine signalling
(SOCS) proteins (39). Their expression is induced by PRL
itself, constituting an auto-negative feedback loop. SOCSs
(1 and 3 in particular) bind to the PRL-R or to JAKs and
prevent the recruitment of JAKs, and thus the phosphorylation
of STATs (57). Tn our model, we had detected a significant
reduction in stat3b, socs!l, socs2 (this being just short of
reaching statistical significance with a p=0.06) and socs3
mRNA in the hippocampus of 3 months-old APP/PS1
animals, when compared to age-matched wild-type littermates.
Interestingly, this reduction occurred at an early age, prior to
the AP plaque formation. Thus, we demonstrate for the first
time to our knowledge, a dysregulation ol prolactin signalling,
together with the alterations in the JAK/STAT pathways in the
hippocampi of 3 months-old APP/PS1 animals.

The processes of learning and memory in the hippocampus
are also regulated by NPY signalling (35-37). Several studies
have reported reduced levels of NPY and its receptor densities
in the brains of AD patients, as well as in rodent models of
the disease (37). Moreover, a reduction in NPY levels had
been detected in the plasma and the CSF of AD patients,
compared to healthy controls (60). In a transgenic mouse
model overexpessing APP, a decrease in NPY levels was

observed in the hippocampus, while exogenous administration
of NPY produced a neuroprotective effect (61, 62). Our data
is in agreement with the above mentioned research, as we had
detected a significant downregulation of NPY mRNA in the
hippocampi of APP/PS1 animals, both at 3 and 6 months of
age. when compared to the respective controls.

Moreover, we found a decrease in the mRNA transcripts of
the crh in the hippocampus of 6 months-old APP/PS1 mice,
compared to the control group. Interestingly, CRH protein has
neuroprotective properties and also regulates APP processing,
both via the CRHI receplor activation (39). Previous studies
suggest that the reduction of CRH signalling in the brains of
AD patients and a decrease in CRH-levels in CSF could be a
possible marker of the disease (39-40).

A number of studies have indicated that neurotrophins
NGF and BDNF may promote survival and differentiation of
neuronal cells in the CNS (62, 63). In the present study we did
not find significant differences in either of the transcripts.

Since it is hypothesised that deregulation of cholesterol
homeostasis could contribute to neurodegenerative diseases
progression by provoking neuronal loss, as well as the
formation of neuritic plaques and neurofibrillary tangles, we
decided to focus on hippocampal expression of genes related to
cholesterol metabolism (60-63. An increase in brain cholesterol
levels augments A} deposition, which can regulate cholesterol
homeostasis by itself, as demonstrated by Barbero-Camps et al.,
(2013). In a triple transgenic APP/PS1/SREBP-2 mice, which
overexpress SREBP-2 in combination with APP/PS1 mutations,

410

98



UNIVERSITAT ROVIRA I VIRGILI
ALTERACIONES METABOLICAS EN EL PROCESO DE AMILOIDOGENESIS EN EL HIPOCAMPO DE RATONES APP/PS1
Ignacio Pedrds Martin

J Nuir Healih Aging
Volume T9, Number 4, 2005

INHA: CLINICAL NEUROSCIENCES

authors detected an increase in mitochondrial cholesterol
levels as well as an accelerated f-secretase activation and Af
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Resumen

La obesidad y la resistencia a insulina son factores de riesgo en la EA. La dieta rica
en grasas (HFAT) provoca resistencia a insulina, obesidad, inflamacion y pérdida
de memoria. Rutas metabdlicas como AKT-GSK3B y AMPK-PGCla y moléculas
como JNK1, IDE y ERK son claves para un correcto metabolismo energético.

El objetivo principal de este trabajo es conocer si la obesidad provocada por la
dieta HFAT y el proceso de amiloidogénesis conllevan alteraciones en la via de
sefializacidn de insulina. Otros objetivos son estudiar las cinasas implicadas en la
hiperfosforilacion de tau, la biogénesis mitocondrial y las proteinas implicadas en
la degradacién de B-amiloide e insulina.

El proceso de amiloidogénesis en el APP/PS1 se inicia alrededor de los tres meses
mediante elevadas concentraciones de B-amiloide soluble e insoluble, pero no se
consolida en la formacién de placas hasta los 5 meses. Por esta razén elegimos 6
meses como marco temporal. La dieta HFAT fue subministrada durante los 6
meses de vida del ratdn. Escogimos machos y en caso de que fuera posibles
hermanos para reducir la viabilidad y cada semana medimos el peso. Las pruebas
bioguimicas en sangre o plasma y el analisis conductual se realizé dos semanas
antes del sacrificio y su correspondiente extraccion del hipocampo.

Los resultados muestran una disminucion significativa en la sefializacién de
insulina y deficientes homeostasis de la glucosa en el hipocampo de ratones
APP/PS1. También hemos detectado una regulacién al alza significativa tanto de
la CDK5 GSK-3pB y cinasas en el hipocampo de ratones WT alimentados con HFAT.
En el caso de la biogénesis mitocondrial observamos disminuciones significativas
en la fosforilacidn oxidativa mitocondrial proteinas complejas, tanto en el HFAT
alimentado ratones WT y en animales PS1/APP.

Segun nuestros resultados, las reducciones en la via de sefializacion de la insulina
y la disfuncién mitocondrial en el sistema nervioso central pueden ser
consideradas como marcadores de un principio de enfermedad de Alzheimer.
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ARTICLE INFO ABSTRACT

Article history: Global obesity is a pandemic status, estimated to affect over 2 billion people, that has resulted in an enormous
RECE!VECI _25 Fel_)ruary 2015 ) strain on healthcare systems worldwide. The situation is compounded by the fact that apart from the direct
Received in revised form 9 April 2015 costs associated with overweight pathology, obesity presents itself with a number of comorbidities, including
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an increased risk for the development of neurodegenerative disorders. Alzheimer disease (AD), the main cause
of senile dementia, is no exception. Spectacular failure of the pharmaceutical industry to come up with effective
AD treatment strategies is forcing the broader scientific community to rethink the underlying molecular mecha-
nisms leading to cognitive decline. To this end, the emphasis is once again placed on the experimental animal
models of the disease. In the current study, we have focused on the effects of a high-fat diet (HFD) on
Mitochondria hippocampal-dependent memory in C57/BI6 Wild-type (WT) and APPswe/PS1dE9 (APP/PS1) mice, a well-
Hippocampus established mouse model of familial AD. Our results indicate that the continuous HFD administration starting
TAU at the time of weaning is sufficient to produce 3-amyloid-independent, hippocampal-dependent memory
Alzheimer disease deficits measured by a 2-object novel-object recognition test (NOR) in mice as early as 6 months of age. Further-
more, the resulting metabolic syndrome appears to have direct effects on brain insulin regulation and mitochon-
drial function. We have observed pathological changes related to both the proximal and distal insulin signaling
pathway in the brains of HFD-fed WT and APP/PS1 mice. These changes are accompanied by a significantly
reduced OXPHOS metabolism, suggesting that mitochondria play an important role in hippocampus-dependent
memory formation and retention in both the HFD-treated and AD-like rodents at a relatively young age.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

Over the last couple of decades a global nutrition transition from
undernourishment to overconsumption has taken place. Replacement
of traditional diets with cheap and easily available processed foods
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rich in refined carbohydrates, animal fats and edible oils resulted in a
global obesity pandemic. While usually considered the plight of the
developed world, obesity is also an emerging public health concern
among the growing middle classes in poorer countries [1]. Overweight
and moderate obesity (defined as Body Mass Index (BMI) of between
25 and 35) may not have a major impact on life expectancy per se [2],
however, excessive weight significantly increases the risks of develop-
ing a number of pathological conditions. These include metabolic
syndrome, diabetes, non-alcoholic steatohepatitis, coronary heart dis-
ease, stroke, gallbladder disease, osteoarthritis, some types of cancers
[3], cognitive decline and Alzheimer disease (AD) [4-7].
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AD is the most common cause of senile dementia, accounting for
between 60 and 80% of all dementias. According to recent estimates,
the number of cases of AD worldwide is projected to rise from approx-
imately 30 million in 2010 to 40 million by 2020 and to 100 million by
2050. Apart from the genetic component and old age, seven primary
preventable environmental risk factors contributing to AD have been
identified: diabetes mellitus, midlife hypertension, midlife obesity,
depression, physical inactivity, smoking and cognitive inactivity |8,9].
Thus, it is becoming increasingly evident that most of the prognostic
preventable AD risk factors may also be linked to obesity and resulting
comorbidities, including metabolic syndrome and diabetes. Even
though the epidemiological data suggest an existing relationship
between AD and energy metabolism, molecular mechanisms behind
this relationship are poorly understood. Because AD is a multifactorial
disorder with complex etiology which takes decades to fully develop,
it is especially challenging to identify the precise disease mechanisms.
For example, in a patient with dementia it is not always easy to tell if
the underlying pathology is that of a specific brain disease or whether
it is also associated with vascular components, metabolic alterations
or additional factors (ie. traumatism). Such difficulties notwithstanding,
recent years saw a number of breakthroughs in AD research field which
contribute to a greater understanding of the molecular dynamics of this
devastating condition.

A classical, but currently hotly debated “amyloid cascade™ hypothe-
sis [10,11] states that cognitive decline and memory loss in AD are
caused by the formation of large, insoluble beta amyloid plaques in
the brain, which result in neuronal death and produce characteristic
disease symptoms. However, it is necessary to differentiate between
the insoluble plagues and soluble amyloid molecules. Recently emerged
alternative theories suggest that the [F-amyloid monomers, fibrils, or
oligomers, and not the plagues, may in fact be the primary neurotoxic
species in the brain, responsible for AD development and progression
[12]. Apart from amyloid beta itself, mounting evidence suggests that
impaired glucose and insulin signaling and metabolism in the brain
play a key role in AD. The discovery of brain-specific insulin signaling
deficiencies in the very early stages of AD pathogenesis has led some
authars to propose that AD may be termed “type 3 diabetes” [13-15].
This hypothesis is further strengthened by a recent study of diabetes-
related genes in the brains of post-mortem AD patients and in a
mouse model of AD [16]. Microarray analysis has demonstrated signifi-
cant alterations in the mRNA expression profiles of genes related to
insulin signaling, obesity and diabetes in the frontal cortex, temporal
cortex and hippocampus in both species. Interestingly, the biggest dif-
ferences were observed in the hippocampus, a key area related to
memaory.

Deficiencies in Tau processing may provide yet another link between
diabetes and AD. Hyperphosporylated Tau protein is a principle constit-
uent of neurofibrillary tangles (NFT) [17] which, alongside amyloid beta
plaques, have long been considered key histopathological hallmarks of
AD. Abnormalities in Tau phosphorylation have been detected in cortex
and the hippocampi of both type 1 (streptozotocin-induced) and type 2
(db/db) mouse models of diabetes [18,19].

Prior research has established a clear relationship between obesity,
insulin resistance, diabetes and dementia (reviewed in [20]). Results
from published research indicate that there is a close link between insu-
lin deficient diabetes and cerebral amyloidosis in the pathogenesis of
AD [21-24], Epidemiological, clinical, and basic studies have shown a
relationship between AD and Type 2 Diabetes Mellitus (T2DM), and
that the main physiological link between both conditions is peripheral
and central insulin signalling impairment [25,26]. In fact, results from
the so called “Hysayama Study” indicate that altered expression of
genes related to diabetes mellitus in AD brains is a result of AD pathol-
ogy, which may thereby be exacerbated by peripheral insulin resistance
or diabetes mellitus [16]. These cognitive deficits associated to T2DM
have been argued to be due in large part to an impaired central insulin
modulation in the hippocampus, which is a critical region for memory

processing [27]. Furthermore, a number of recent pilot clinical trials
have demonstrated an improvement in AD symptoms in patients
upon administration of both the intranasal insulin and Glucagon-like
peptide-1 (GLP1) analogues. It has been suggested that these com-
pounds may affect synaptogenesis, neurogenesis, cell repair and inflam-
mation processes, and may additionally help to reduce cerebral 3-
amyloid load (reviewed in [28]).

As it is especially difficult to study long-term effects of hypercaloric
diet in human subjects, we have chosen a mouse model in order to
further investigate the underlying molecular events linking brain ener-
gy metabolism to AD. A well-established experimental approach to
induce insulin resistance in peripheral organs of rodents consists of a
high-fat diet (HFD) treatment, which results in obesity [29-31].
We have characterized the neuropathological effects of a HFD in 6-
months-old male APPswe/PS1dE9 (APP/PS1) mice in comparison to
the nontransgenic C57BL/G (non-Tg; WT) control animals.

2. Materials and methods
2.1, Animals

Male APPswe/PS1dE9 and C57BL/6 mice were used in this study.
APP/PST animals co-express a Swedish (K594M/N595L) mutation of a
chimeric mouse/human APP (Mo/HuAPP695swe), together with the
human exon-9-deleted variant of P51 [(P51-dE9), allowing these mice
to secrete elevated amounts of human A% peptide. Both mutations are
associated with AD, are under control of the mouse prion protein
promoter, directing both mutated proteins mainly to the CNS neurons,
and result in age-dependent amyloid plaque depositions in mouse
brain. The APPswe-mutated APP is a favorable substrate for [-
secretase, whereas the PS1dE9 mutation alters 3-secretase cleavage,
thereby promoting overproduction of A342. The mice were fed for
5 months with a high-fat diet consisting of 25% fat (45 kcal %), mainly
from hydrogenated coconut oil, 21% protein (16 kcal %), and 49% carbo-
hydrate {39 kcal %); Cat# D08061110 (Research Diets Inc, New Bruns-
wick, USA). Body weight was recorded weekly. The animals were kept
under controlled temperature, humidity and light conditions with
food and water provided ad libitum. Mice were treated in accordance
with the European Community Council Directive 86/609/EEC and the
procedures established by the Department d'Agricultura, Ramaderia i
Pesca of the Generalitat de Catalunya. Every effort was made to mini-
mize animal suffering and to reduce the number of animals used. Fifty
animals, divided into four groups, were used for the present study,
with at least 10 wild-type and 10 6-month-old APP/PS1 transgenic
mice, per group. Following in vivo testing, the animals were sacrificed
at the age of 6 months and at least 6 mice in each group were used for
RNA and protein extract isolation, with an additional 4 mice used for
immunofluorescence.

2.2, Total blood cholesterol and triglycerides measurements

Total blood cholesterol and triglyceride levels were measured
following 4-hour-long fast at the point of sacrifice with Accutrend Plus
meter (Roche Diagnostics, Switzerland).

2.3. Glucose and insulin tolerance tests

Intraperitoneal glucose tolerance tests (IP-GTT) and insulin toler-
ance tests (ITT) were performed in accordance with the previously
published guidelines [32]. For IP-GTT, mice were fasted overnight for
16 h. The test was performed in a quiet room, preheated to 430 °C.
The tip of the tail was cut with the heparin-svaked (Heparina Rovi,
5000 IU/ml; Rovi 5.A.;Madrid, Spain) scissors, 30 min prior to 1 g/kg
intraperitoneal glucose injection (diluted in H20). Blood glucose levels
in the tail vein were measured at — 30, 0, 5, 15, 30, 60 and 120 min
after the glucose injection with the Ascensia ELITE blood glucose
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meter (Bayer Diagnostics Europe Ltd.; Dublin, Ireland). ITT was
performed in similar conditions with the 0.25 IU/kg of human insulin,
diluted in saline (Humulina Regular, 100 IU/ml/Lilly, S.A.;Madrid,
Spain), except that the mice underwent a 4-5 hour-long morning fast,
Blood glucose levels were measured at — 30, 0, 15, 30, 45 and 60 min
after the insulin administration. If during this time blood glucose levels
dropped to below 20 mg/dl, 1 g/kg glucose was administered to coun-
teract the effects of insulin, in order to reduce animal suffering.

24. 2-Object novel object recognition test (NOR)

The test was conducted as previously described by us and others
[33]. In brief, a 90°, 25 cm long, and 20 cm high L maze was used. The
light intensity in the middle of the field was 30 Ix. The objects to be
discriminated were plastic figures (object A: 5.25 cm high, object B:
4,75 cm high). First, mice were individually habituated to the apparatus
for 10 min a day, for two days. On the third day, they were submitted to
a 10 min acquisition trial (first trial) during which they were placed in
the maze in the presence of two identical novel objects (A + A, or
B + B) placed at the end of each arm. A 10 min retention trial, with
the objects (A + B) (second trial) occurred 2 h later. The amount of
exploration time each animal spent on objects A and B during the acqui-
sition trial varied between 5 and 20 s, depending on the individual
mouse. Total exploration time between the 2 objects when calculated
for each individual animal indicated the absence of the object prefer-
ence bias (Fig. 1C) (n = 5-9 per group). During the retention trial, the
times that the animal took to explore the new object (tn) and the old
object (to) were recorded. A discrimination index (DI) was defined as
(tn — to) / (tn + to). In order to avoid further object preference bias,
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objects A and B were counterbalanced so that half of the animals in
each experimental group were first exposed to object A and then to
object B, whereas the other half were exposed to object B first, and
then to object A. The maze, the surface, and the objects were cleaned
with 96° ethanol between animals, so as to eliminate olfactory cues.

2.5. RNA extraction and quantification

Total RNA was isolated from the hippocampi of wild-type and APP/
PS1 transgenic mice utilizing Trizol-based extraction (Life Technologies
Corporation; Carlsbad, Ca, USA), as described previously [34]. Briefly,
the tissue was homogenized in the presence of Trizol reagent (Life Tech-
nologies Corporation; Carlsbad, CA, USA). Chloroform was added and
the RNA was precipitated from the aqueous phase with isopropanol at
4 °C. RNA pellet was reconstituted in RNAse-free water, with the RNA
integrity determined by Agilent 2100 Bioanalyzer (Agilent Technolo-
gies; Santa Clara, CA, USA).

2.6. Real-time-PCR

First-strand cDNA was reverse transcribed from 2 pg of total RNA
using the High Capacity cDNA Reverse Transcription kit, according to
manufacturer's protocol (Applied Biosystems). Each sample was
analyzed in duplicate for each target. TagMan probes (Applied
Biosystems), as detailed in Table 2, were used to determine transcrip-
tion levels of individual genes. Reaction was performed on the
StepOnePlus Real Time PCR system (Applied Biosystems; Carlsbad, CA,
USA) and the values were normalized to gapdh and tbp.
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Fig. 1. Peripheral metabolic parameters in HFD-fed WT and APP/PS1 mice. (A) Body weight, (B) fasting blood glucose, fasting serum insulin levels ELISA, total blood triglycerides and cho-
lesterol in 6-month-old animals (n = 5-12 independent samples per group). (C) Intraperitoneal glucose (16 hour fast) and insulin (4 hour fast) tolerance tests in 6-month-old mice (n =
5-12 independent samples per group). For the ITT and the IP-GTT, AUC data were calculated from the timepoint 0 till the end of the experiment. (Statistical analysis was performed with
the student's t-test, where $ denotes p < 0.05, $$ denotes p < 0.01, $8$ denotes p < 0.001; regular 2-way ANOVA, where & denotes p < 0.05, && denotes p < 0.01) WC: Wild-type control diet,
AC: APP/PS1 control diet, WH: Wild-type high-fat diet, AH: APP/PS1 high-fat diet; open bar: chow, closed bar: high-fat diet.
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Table 1

Alist of antibodies used for immuneblotting and immunofluorescence,

comparable histological areas were selected, focusing on having the
hippocampus and the whole cortical area positioned adjacently [35].

Protein Antibady
Akt 26272 (Cell signaling) 2.8, Immunoblot anatysis
paAkt (5473 #A0G0P {Cell signaling) X )
CDK5 Se-173 (Santa Cruz biotech) Aliquots of hippocampal homogenates containing 15 mg of protein
PCDKS (Y15) abt3550 (Abcam) per sample were analyzed using the Western blot method. In brief,
E:;'{% (T202/¥204) ig:gf Eg:: ::g;'::;::g samples were placed in a sample buffer (0.5 m Tris-HCl, pH 6.8, 10%
CSK3B ’ #5315(&,“ signaling) glycerol, 2% w/v) SDS,E%(V,.:‘\.I') 2-mercaptoethanol, 0‘0.5% bromophenol
pGSK3B (Y216) Ab74754 (Abcam) blue) and denatured by boiling at 95-100 *C for 5 min. Samples were
IDE Ab32216 (Abcam) separated by electrophoresis on 10-15% acrylamide gels. Following
R 5c-20739 [Santa Cruz biotech) this, the proteins were transferred to PVDF sheets using transblot appa-
PIRE (YT150/1151) Sc-81500 [Santa Cruz hiatech) b lock ich ith f .
IRS1 #2382 (Cell signaling) ratus., Membranes were blocked overnight with 5% non-fat milk
pIRST (S612) £23865 (Cel signaling) dissolved in TBS-T buffer (50 mM Tris; 1.5% NaCl, 0.05% Tween 20,
IRS2 Sc-1555 (Santa Cruz biotech) pH 7.5). They were then incubated with primary antibodies, as detailed
PIRS2 ($723} Ab 3680 {Abcam) in Table 1. After O/N incubation, blots were washed thoroughly in TBS-T
INK #9252 (Cell signaling) buffer and incubated for 1 h with a peroxidase-conjugated IgG second-
TNK (Y183,T185) #9251 (Cell signaling) ° - a pel onjug .
ﬂm.ﬂysi" ) ! ADY51 (Abcam) ary antibody (1:2000). Immunoreactive protein was detected using a
NEF1 Se-28379 [Santa Cruz biotech) chemiluminescence-based detection kit. Protein levels were deter-
OXPHOS MS604 { MitoSciences) mined by densitometry, using Chemidoc XRS + Molecular Imager
Pff‘ "‘2"‘3“_55"-“ signaling) 1 detection system (Bio-Rad Laboratories Inc.; Hercules, CA, USA)), with
E;ﬁ;{: E;gg ! ‘i‘l){':;“ chemical) Imagel.ab image analysis software, Measurements are expressed as
PPARE #2430 (Cell signaling) arbitrary units. All results are normalized to GAPDH, unless stated
TAU AHBOU42 (Biosource) otherwise.
PTAU (5404) 447480 (Life Technologies)
TrAM DRI071h{Calbiochem) 2.9. Measurement of [3-amyloid peptides in cortical tissues by ELISA
GAFDH MAB374 (Millipore) - f p-amy bep Y
Thioflavin § Thioflavin S (Sigma-Aldrich)

2nd ~ary Anti-Mouse
2nd ~ary Anti-Rabbit

170-5047 {Biorad)
NADG34V [GE Healthcare)

2.7. Immunofluorescence, thioflavin § and Hoechst staining

Slides were allowed to defrost at room temperature and then were
rehydrated with Phosphate-buffered saline [PBS) for 5 min. Later, the
brain sections were incubated with 0.3% Thioflavin 5 (Sigma-Aldrich;
St. Louis, MO, USA) for 20 min at room temperature in the dark. Subse-
quently, these were submitted to washes in 3-min series: with 80%
ethanol (2 washes), 90% ethanol {1 wash), and 3 washes with PBS. Fi-
nally, the slides were mounted using Fluoromount {EMS), allowed to
dry overnight at room temperature in the dark, and stored at 4C.
Image acquisition was performed with an epifluorescence microscope
(BX41; Olympus, Germany).For plaque quantification, similar and

Table 2
Alist of Tagman probes used for real-time PCR analysis.

GENE TagManProhe

app MmO1344172 m1
essra Mm0O0433143_m1
zapdh MmB9o49915_g1
izfl MmO1228180_m1
igf2 MmO0439564_m1
iathp2 MmO0492632_mi
igflr Mm0O0802831_m1
ins1 Mm01950294_51
insr MmO1211875_m1
irsl MmO1278327_ml
irs2 MmO3038438_m1l
nrfl Mm0O1135606_m1
nrf2 [nfe2l2) Mm00477784_m1
Ppara Mm00440939_m1
pparg MmO1184322_ml
ppargela Mm01208835 m1
priaal MmO1295700_m1
prkaa2 Mm01264759_m1
tbp MmO0446971_m1
tfam MmO0447485_m1

Soluble and insoluble p-amyloid (BA) BA _ag and A, _yz were mea-
sured in cortical extracts employing the commercially available mouse
and human ELISA kits (Cat # KMB3481, KMB3441, KHB3481 and
KHEB3441; Invitrogen, Camarillo, CA, USA) according to manufacturer’s
guidelines. The soluble fraction was separated by centrifuging the
samples for 10 minutes at 4000xg. The pellets containing insoluble AR
peptides were solubilized in a 5 M guanidine HCl/50 mM Tris HCl solu-
tion by incubating for 3.5 hours on an orbital shaker at room tempera-
ture in order to obtain insoluble fraction. Data obtained from the
cortical homogenates are expressed as picograms of A content per mil-
ligrams of total protein ( pg/mg).

2.10. Data analysis

All data are presented as means + SEM, and differences are consid-
ered significant at p < 0.05. Differences between samples/animals were
evaluated using student’s t-test, and either one-way or 2-way ANOVA,
with Tukey's post-hoc test. Both the statistical analysis and the graphs
presented here were created with the GraphPad InStat software V5.0
(GraphPad Sofware Inc., San Diego, CA, USA).

3. Results

3.1. HFD treatment increases body-weight gain, insulin and triglycerides
levels in blood and provokes impaired glucose and insulin tolerance in both
WT and APP/PS1 mice

In order to determine the effects of a high-fat hypercaloric diet on
metabolic parameters in a mouse model of AD, male WT and APP/PS1
animals were fed either standard chow or a HFD, Mice were divided
into 4 groups (n = at least 10 per group): chow-fed WT control (WC),
HFD-fed WT (WH), chow-fed transgenic APP/P51 (TC) and HFD-fed
APP/PS1 (TH). Treatment commenced at the time of weaning
(21 days) and lasted until the animals reached 6 months of age. This
specific time point was chosen as at six months-old APP/PS1 mice pres-
ent with AD-like neuropathology, including readily detectable PA
plagues and memory loss [33] (Fig. 2). As expected, HFD treatment
produced progressive diet-induced obesity, with body weight at com-
pletion of the experiment reaching 144% in WH vs, WC (P = 0.0001),
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Fig. 2. (A) The results of the 2-object Novel Object Recognition test (NOR), demonstrating significant memory loss as a result of a HFD treatment in 6 month-old wild-type, as well as in
chow-fed and HFD-fed APP/PS1 animals, compared to chow-fed wild-type mice (n = 7-12 independent samples per group). (B) Hippocampal mRNA expression of the app with the probe
recognizing both mouse and human forms of app in 6-months-old mice (n = 10-12 independent samples per group, with 3 technical replicates per sample). (C) Concentrations of the
soluble and insoluble human 3A;_40 and [3A; _4; peptides in the cortical extracts in chow- and HFD-fed 6-month-old APP/PS1 mice, expressed as pg/mg of total protein as determined
by ELISA (n = 5-8 independent samples per group, with 3 technical replicates per sample). (D) Immunofluorescence analysis of 3-amyloid plaque numbers in the brains of 6-month-
old WT and APP/PS1 mice. No plaques were observed in WT animals (n = 4-6 independent samples per group, with at least 5 slices analyzed per sample). Hoechst staining in blue /
Thioflavin S staining in green (Statistical analysis was performed with the student's t-test, where $ denotes p < 0.05, $$ denotes p < 0.01; regular 2-way ANOVA, where & denotes

p < 0.05, && denotes p < 0,01); open bar: chow, closed bar: high-fat diet.

and 158% in TH vs. TC (P < 0.0001) (Fig. 1A). This weight increase was
accompanied by fasting hyperinsulinemia, with plasma insulin concen-
trations of 6.88 pM/mlin WH (1.92 in WC; P = 0.0484) and 8.92 pM/ml
inTH (2.44 in TC; P = 0.0332) (Fig. 1B). An additional sign pointing to
the possible presence of metabolic syndrome in 6-months-old HFD-
fed mice was an increase in fasting triglycerides levels with 146 mg/dl
in WH (96 in WC; P < 0.001) and 202 mg/dl in TH (123 in TC; P =
0.0119). Interestingly, a 2-way ANOVA demonstrated significant differ-
ences between WT and APP/PS1 groups as a whole, with higher triglyc-
erides concentrations in transgenic animals, suggesting exacerbated
phenotype in AD-like mice (Fig. 1B). Fasting blood glucose levels
support this observation, as the HFD treatment resulted in a significant
increase of this parameter in TH vs. TC group (136 vs 76 mg/dl; P =
0.0046), but not in WH vs. WC (106 vs 84 mg/dl; P = 0.1452). Fasting

blood cholesterol levels were not affected in any of the groups (Fig. 1B).

As our initial screening has not only demonstrated clear alterations
in peripheral glucose metabolism in response to HFD, but also signifi-
cant differences between the WT and APP/PS1 animals, we performed
additional glucose and insulin tolerance tests. Predictably, IP-GTT has
shown impaired glucose tolerance in 6-months-old WH and AH groups,
when compared to their respective controls (P = 0.02 and P = 0.0436)
(Fig. 1C). The results of the ITT were intriguing. While the test results
indicated impaired insulin tolerance in both WH and AH (P = 0.0106
and P = 0.0346) we, once again, detected a more severe phenotype in
an APP/PS1 model (P = 0.0239, with 2-way ANOVA) (Fig. 1C). Taken
together, our data indicate a possible acceleration of a HFD-induced
peripheral metabolic phenotype in APP/PS1 animals compared to con-
trol mice. In the following steps, we proceeded to study the effects of
HFD on CNS and attempted to identify molecular pathways related to
insulin metabolism in the brain, with a particular focus on hippocampal
metabolic and insulin signaling.

106

3.2. High-fat diet contributes to increased cerebral 3-amyloid levels and
memory loss

We have employed a 2-object Novel Object Recognition (NOR) test
as a means of evaluating the impact of HFD on cognitive performance.
Interestingly, our results demonstrate that HFD treatment has a signifi-
cant impact on memory function in both the WT and transgenic animals
(Fig. 2A). In order to determine if the resulting memory loss is depen-
dent on the increased cerebral [3A load, we have measured hippocampal
expression of the APP, cortical levels of the BA; .40 and 3A;_42 and
assessed the numbers of senile plaques in the brain.

Because APP/PS1 mouse model expresses a human form of the APP
and the A, it is necessary to quantify the combined expression of
both endogenous and transgenic protein. At the mRNA level, a probe
recognizing both human and mouse versions of app was selected for
Real-time PCR analysis. We have detected approximately a 2-fold
increase in app transcripts in the hippocampal extracts of APP/PS1
mice, compared to WT controls (Fig. 2B). Hypercaloric diet did not influ-
ence mRNA expression of this target in either group. Elevated levels of
soluble and insoluble forms of pA;_40 and PA; 4, peptides were detect-
ed in cortical homogenates of APP/PS1 animals. However, HFD treat-
ment resulted in a significant increase in insoluble [3A; 4, levels only,
and only in TH versus TC group (~266 compared to ~195 ng/mg)
(Table 3 and Fig. 2C). Surprisingly, this increase did not have an effect
on the total number of plaques in the hippocampal and cortical areas
of the brain (Fig. 2D). Furthermore, there appeared to be an increase
in the concentrations of the soluble pA; 4, in WH animals, but it only
affected a subset of this group, rendering the data unsuitable for statis-
tical analysis (Table 3). Thus, our results suggest that alterations in cere-
bral amyloid levels do not play a critical role in HFD-induced memory
loss in 6-month-old mice.
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Table 3

Concentrations of the soluble and insoluble mouse and human A _sg and [3A;_4> peptides in the cortical extracts in chow- and HFD-fed 6-month-old wild-type and APP/PS1 mice,
expressed as pg/mg of total protein as determined by ELISA (n = 5-8 independent samples per group, with 3 technical replicates per sample). (Statistical analysis was performed with
the Student's t-test; + is S.E.M.). WC: Wild-type control diet, AC: APP/PS1 control diet, WH: Wild-type high-fat diet, AH: APP/PS1 high-fat diet, m: mouse, h: human, t: total (mouse +

human), p: p value (t-test) N/A: not applicable, N/D: not detected.

Sol. (pg/mg) mpA 40 hpA 40 LBA40 mpA 42 hpA 42 tpA 42
we N/D N/A N/A 104+ 10 N/A 10+ 10
WH N/D N/A N/A 1132 + 632 N/A 1132 + 632
AC N/D 649 + 262 649 + 262 1120 + 706 1088 + 168 2208 + 863
AH N/D 879 + 260 879 + 260 1976 + 1121 1244 + 266 3220 + 1346
WC vs WH (p) N/A N/A N/A 0.1431 N/A 0.1431
AC vs AH (p) N/A 0558 0558 05215 0.588 05305
we 460 £ 158 N/A 460 + 158 6+6 N/A 646
WH 31417 N/A 331417 270 + 270 N/A 270 + 270
AC 1276 + 320 14075 + 5195 15352 + 4231 1722 + 655 193310 + 24590 194688 + 24396
AH 1350 + 190 27338 + 5954 28688 + 6138 2502 + 633 263797 + 18173 265882 + 18194
WC vs WH (p) 03878 N/A 03878 03024 /A 03024
ACvs AH (p) 0.8467 0.1476 0.1114 0.4245 0.043" 0.041"
1150/1151

3.3. HFD affects expression of genes involved in insulin signaling in the
hippocampus

We evaluated mRNA expression profiles of preproinsulin 1 (Ins1),
insulin receptor (Insr), insulin receptor substrates 1 (Irs1) and 2 (Irs2),
insulin-like growth factor I (Igf1), and IGF receptor (Igfr) in the hippo-
campus of 6 months-old mice (Fig. 3A). A modest increase in ins1
transcripts was accompanied by a small but significant reduction in
insr and igfr levels in the TH vs. TC group, while HFD treatment did not
have an effect on these molecules in WT brains. Conversely, igf1 was
upregulated in WH vs. WC group, but remained unchanged in transgen-
ic animals. We did not detect significant differences in total IRS1 and
IRS2 expression in any of the groups, both at the mRNA and protein
levels (Fig. 3A, B). As post-translational modifications and especially

ligand-mediated tyrosine autophosphorylation of the signal-
transducing catalytic [3-subunit of IR play a major role in receptor
activation, we have measured protein levels of both total IR and
pTyr'*Y"5LIRE. Immunoblotting analysis revealed no changes in the
ratios between the phosphorylated and total IRp protein in the hippo-
campal extracts at 6 months of age (Fig. 3B), suggesting that receptor
functionality is unaffected. Functional IR is necessary for downstream
signaling which is controlled in large part by IRS1 and IRS2 adaptor
molecules. Autologous (insulin-mediated) and insulin independent
Ser/Thr phosphorylations of IRS may both potentiate and attenuate IR
signaling. Mouse pSer®'?-IRS1 and pSer’?*-IRS2 (corresponding to
human pSer®'®-IRS1 and pSer”>!-IRS2) are amongst the better known
negative regulators of the IR-IRS pathway. Thus, an insulin-dependent
increase in the phosphorylation state of these residues may lead to
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Fig. 3. (A) mRNA expression profile (n = 4-6 independent samples per group, with 3 technical replicates per sample) and (B) representative GAPDH-normalized immunoblot images and
quantification (n = 4-6 independent samples per group) of molecules related to proximal insulin signaling in the hippocampal extracts of chow- and HFD-fed 6-month-old wild-type and
APP/PS1 mice. Mouse pSer®'?-IRS1 and pSer’?>-IRS2 correspond to human pSer®'®-IRS1 and pSer’>!-IRS2 (Statistical analysis was performed with the student's t-test, where § denotes
P < 0.05; $3 denotes p < 0.01; regular 2-way ANOVA, where & denotes p < 0.05, && denotes p < 0.01); open bar: chow, closed bar: high-fat diet.
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desensitization of proximal insulin signaling. We did not detect differ-
ences in IRS1 phosphorylation, however, our data demonstrated a
significant increase in pSer’2>-IRS2 in WH vs. WC (P = 0.039) and in
APP/PS1 vs. WT (2-way ANOVA, P = 0.0078) mice (Fig. 3b), indicating
a potential role of IRS2 in response to both the hypercaloric diet treat-
ment and in AD-like phenotype.

34. Effects of HFD on signaling kinases and tau phosphorylation

Having determined that the proximal insulin signaling is likely
perturbed in the hippocampi of HFD-exposed and APP/PS1 transgenic
animals, we turned our attention to the signaling kinases implicated
both in insulin signaling and senile plaque formation. Apart from their
diverse cellular roles, these kinases (except for CDK5) have also been
shown to phosphorylate IRS proteins directly, thus modulating the
activity of these adaptor molecules. We measured protein levels of
pSer?”-Akt, pTyr?'®-Gsk3p, pThr'®3/pTyr'8>-JNK1, pThr2®?/pTyr?%4-
ERK1/2, pTyr'>-CDK5 and its activator molecule p35 in the hippocampal
extracts of 6-month-old animals. All of the above mentioned phosphor-
ylations result in the activation of the respective kinases. Interestingly,
we have observed significant differences in the activation state in all
of the kinases tested when compared to at least one of the groups
(Fig. 4). For example, ERK1/2 and CDK5/p35 were overactivated in
WH vs. WC group only, while JNK1 activity was enhanced in WH vs.
WC and TH vs. TC hippocampi. Basal GSK3(3 activation was higher in
the TC vs. WC groups, with the HFD resulting in additional activation
in WH group only. In contrast, Akt activity was inhibited in all of the
groups when compared to WC (WH vs. WC; TC vs WC; TH vs. TC, as
well as in APP/PS1 vs. WT - 2-way ANOVA, P = 0.0085). As kinase-
mediated Tau hyperphosporylation is one of the principal diagnostic
criteria of AD, we have also measured the phosphorylation state of the
Tau protein at Ser*®*, HFD treatment resulted in a significant increase
in pSer®-Tau in the WH vs. WC group, an increase which was compa-
rable to the levels observed in the hippocampus of the APP/PS1 animals

WT WT HFD APP APP HFD

o

PAKT l--- -H— —

= )

PAKT (S473) / AKT

1693

(Fig. 4). Collectively, our data suggest that the HFD treatment shares
some of the features of the distal insulin signaling abnormalities
observed in AD-like model.

3.5. Amyloid degrading enzymes (ADE) and HFD

Peripheral hyperinsulinemia and insulin resistance disrupts insulin
transport into the CNS, resulting in the reduction of brain insulin levels.
Under the normal circumstances, excess insulin is removed by Insulin
Degrading Enzyme (IDE), increased expression of which forms a part
of a negative feedback loop triggered by insulin itself. Thus, low local
insulin levels will result in the reduced expression of IDE. As expected,
we have observed a significant reduction in the protein levels of IDE in
the hippocampi of both WH and TH mice (Fig. 5). However, IDE may
also participate in [3-amyloid clearance, and the reduction in its levels
may potentially exacerbate APP/PS1 phenotype. Neprilysin is another
well-known ADE that had been implicated in AP degradation. Interest-
ingly, we detected a significant upregulation of neprilysin levels in TH
vs. TC group (Fig. 5), suggesting a possible compensatory mechanism
to counteract elevated amyloid load in HFD-treated APP/PS1 mice.

3.6. Mitochondrial metabolism is altered in the hippocampi of HFD-fed WT
and APP/PST mice

So far, we have mainly focused on the insulin route and have not
discussed the implications of altered insulin signaling on mitochondrial
homeostasis. As mitochondria are the principal organelles involved in
cell metabolism, we measured hippocampal mRNA and protein expres-
sion levels of a number of molecules associated with mitochondrial
energy status and biogenesis. We did not detect changes in the mRNA
expression of - catalytic subunits of one of the major kinases activated
in response to ATP depletion - AMPK (Prkaal and Prkaa2 levels were
not affected in any of the groups). However, we observed a marginal
but significant reduction in response to HFD in a key transcriptional
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Fig. 4. Representative GAPDH-normalized immunoblot images and quantification (n = 4-6 independent samples per group) of molecules related to distal insulin signaling in the hippo-
campal extracts of chow- and HFD-fed 6-month-old wild-type and APP/PS1 mice. (Statistical analysis was performed with the student's t-test, where $ denotes p < 0.05; $$ denotes
p < 0.01; regular 2-way ANOVA, where & denotes p < 0.05); open bar: chow, closed bar: high-fat diet.
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Fig. 5. Representative GAPDH-normalized immunoblot images and quantification (n = 4-6 independent samples per group) of enzymes implicated in [3-amyloid degradation in the hip-
pocampal extracts of chow- and HFD-fed 6-month-old wild-type and APP/PS1 mice. (Statistical analysis was performed with one-way ANOVA with Tukey's post-hoc test, where " denotes

p < 0.05, ** denotes p < 0.01); open bar: chow, closed bar: high-fat diet.

co-regulator of mitochondrial biogenesis PGC-1cx, which is partly regu-
lated by AMPK (ppargcla was reduced in APP/PS1 vs. WT groups; 2-way
ANOVA, P = 0.0144; PGC-1cx was reduced in WH vs. WC and TH vs. TC,
P = 0.0044 and P = 0.0022, respectively) (Fig. 6A, B).

We have also determined the expression levels of PGC-1x co-
regulated transcription factors, including peroxisome proliferator-
activated receptors o (PPAR-a) and vy (PPAR-v), mRNA and protein
levels of which remained unchanged (Fig. GA, B). Differences in the
mRNA expression of the nuclear respiratory factors 1 (nrfl) and 2
(nrf2) between the groups were very small, even though statistically
significant, and were comparable to the changes observed in estrogen-
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related receptor o (esrra) and mitochondrial transcription factor A
(tfam) transcripts (Fig. 6A). At the protein level, we detected a signifi-
cant reduction of TFAM in WH vs. WC and TH vs. TC groups (Fig. 6B).

In addition, we evaluated mitochondrial function impairment via
immunoblotting analysis of OXPHOS complexes. Our results demon-
strated significant reduction in OXPHOS I, II, Ill and IV in the hippocampi
of 6-months-old WH vs. WC mice. All of the OXPHOS complexes were
down regulated in the basal state in TC vs. WC animals, and were not
further reduced in response to HFD treatment (Fig. 7). Taken together,
our data indicate significant perturbations in cellular energy metabo-
lism in the brains of HFD-treated and APP/PS1 mice.
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Fig. 6. (A) mRNA expression profile (n = 4-6 independent samples per group, with 3 technical replicates per sample) and (B) representative GAPDH-normalized immunoblot images and
quantification (n = 4-6 independent samples per group) of molecules related to distal insulin signaling and mitochondrial homeostasis in the hippocampal extracts of chow- and HFD-fed
6-month-old wild-type and APP/PS1 mice. (Statistical analysis was performed with the student’s t-test, where $ denotes p < 0.05; regular 2-way ANOVA, where & denotes p < 0.05): open
bar: chow, closed bar: high-fat diet.
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Fig. 7. Representative GAPDH-normalized immunoblot images and quantification (n = 4-6 independent samples per group) of mitochondrial OXPHOS complexes in the hippocampal
extracts of chow- and HFD-fed 6-month-old wild-type and APP/PS1 mice. {Statistical analysis was performed with the student’s t-test, where $ denotes p < 0.05, $§ denotes p < 0.01; reg-
ular 2-way ANOVA, where & denotes p < 0.05, && denotes p < 0.01); open bar: chow, closed bar: high-fat diet.

4. Discussion

The original “amyloid cascade” hypothesis postulated over 20 years
ago in a seminal Science paper by Hardy and Higgins [10] has undoubt-
edly led to major breakthroughs in understanding the pathophysiology
of AD. At its core, the hypothesis defined the cascade as a sequence of
events starting from abnormal 3-amyloid peptide processing leading
to [3-amyloid deposition, tau phosphorylation and neurofibrillary tangle
formation, all of which ultimately result in cellular dysfunction and
neuronal death [11]. Since then, significant research efforts on the part
of academic labs and the pharmaceutical industry have largely focused
on the amyloid cascade as the principal target for AD treatment. Unfor-
tunately, none of the molecules that reached Phase Il and Il clinical
trials targeting this pathway have proven to be more effective than
placebo at treating AD (reviewed in [36]). Mounting criticism of the am-
yloid cascade hypothesis has recently prompted John Hardy himself to
address the issues plaguing AD drug development [37]. The general fail-
ure of the amyloidocentric approach in pharmaceutical development
strongly suggests that the -amyloid is unlikely to be solely responsible
for AD progression.

It has been long suspected that mitochondria play a significant role
in neurodegenerative diseases [38-40]. By 2004, Swerdlow & Khan
[41] proposed a comprehensive model which takes into account mito-
chondrial alterations occurring during the course of AD. The “mitochon-
drial cascade” hypothesis suggests that the cause and effect relationship
in AD are reversed when pitted against an “amyloid cascade” hypothe-
sis. The theory implies that the damage to the mitochondria occurs prior
to the 3-amyloid accumulation. This view has recently been expanded
[42-44] and is supported by a number of studies (reviewed in [45])
which classify AD as a primarily metabolic disorder. According to this
view, dementia develops as a result of the diminished ability of the
brain to efficiently utilize the available glucose, leading to reduced
neuronal plasticity which affects cerebral capacity to form and retain
memories.

In the present paper, we present results that reinforce the hypothe-
sis that AD may be viewed as a metabolic disorder, with the disease
neuropathology at least partially related to insulin signaling failure
and energy depletion in hippocampal neurons. Our data notwithstand-
ing, before we continue the discussion regarding the implications of
insulin signaling and mitochondrial regulation on hippocampal memo-
ry, we would like to address some of the discrepancies in peripheral
metabolic parameters in our results compared to previously published
studies. Ramos-Rodriguez and colleagues recently reported that a simi-
lar HFD treatment did not result in an increase in basal fasting blood
glucose levels, nor in plasma triglycerides, but instead increased plasma
cholesterol in 6 months-old APP/PS1 animals [46]. Our data clearly
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demonstrate elevated basal blood glucose in TH group, an increase in
total blood triglyceride levels in WH vs. WC and in TH vs. TC groups,
and no changes in cholesterol levels. Regarding blood glucose measure-
ments, our methodology is very similar with 16 hours-long fast applied
in both studies. However, the glucose values approximating 60 mg/dl
detected by Ramos-Rodriguez et al, suggest that the measurements
were taken at room temperature, which may explain the observed
differences in the basal glucose levels in WC animals (~80 mg/dl in
our study), as our tests were conducted at 28-29C [32]. As for the differ-
ences in cholesterol and triglycerides levels, these can be easily
explained by the different diets used (60% Kcal obtained mainly from
animal fat (lard) in Ramos-Rodriguez et al, vs. 45% Kcal mainly from
hydrogenated coconut oil (vegetable fat) in our study). Interestingly, in-
creases in plasma insulin levels in mice treated with either diet were
comparable. Taken together, our data indicate that metabolic syndrome
is indeed present in our model.

The connection between AD, obesity and type-2 diabetes has been
known by epidemiologists for some time now. In fact, as early as
2004, in a study carried out at the Mayo clinic, investigators reported
either impaired fasting glucose or diabetes in 81% of human subjects
suffering from AD [47]. However, it is only recently that we are begin-
ning to understand the pathophysiological processes linking peripheral
metabolic abnormalities and neuronal dysfunction. Defective insulin
signaling and mitochondrial redox imbalances appear to play a major
role in the development of both the metabolic syndrome and AD.
Crucially, it has been suggested that the insulin-dependent signaling
in the brain may potentially be regulated via the pathways independent
of its glucoregulatory functions in the periphery [48-50]. In the present
study, we compared molecular pathways involved in memory loss in
mice as a result of a HFD treatment, with animals which lose memory
as a consequence of an APP/PS1 genotype. It was reported previously
that the continuous exposure of juvenile (3-weeks-old) mice to a HFD
causes relational memory loss (hippocampus-dependent) in a signifi-
cant number of animals by 5 months of age [51]. We have chosen a
similar experimental approach, but have focused on 6-months-old
animals, with our data indicating that virtually all HFD-fed WT mice
demonstrate pronounced memory loss at this age, as measured by
NOR test. Importantly, 6-months-old APP/PS1 control animals present
with similar memory deficits when compared to WH group. This has
permitted us to make direct comparisons between the treated and
untreated WT and APP/PS1 animals. One of the intriguing findings in
our study is that the HFD-induced memory loss appears to be indepen-
dent of the levels of cerebral 3-amyloid peptide in mice not predisposed
to abnormal BA processing (even though we detected a significant
increase in insoluble 3A; _4> levels in cortical homogenates in TH vs. TC
group).
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In our experiments, HFD treatment produces metabolic syndrome
which includes peripheral hyperinsulinemia, peripheral insulin resis-
tance, peripheral and central hyperglycemia and dyslipidemia among
others. So, what are the components of metabolic syndrome that result
in memory loss in HFD-fed WT animals? Assuming that the insulin is
involved, we need to consider that one of the key differences in brain
insulin signaling between AD and diet-induced obesity is the availabili-
ty/quantity of insulin hormone in the brain. Diet-induced obesity
results in the disruption of the Blood-Brain-Barrier (BBB), which limits
receptor-mediated insulin transport to the CNS. Therefore, somewhat
counterintuitively, peripheral hyperinsulinemia actually provokes insu-
lin deficiency in the brain [52-56]. On the other hand, in AD, cerebral in-
sulin resistance has been widely implicated in disease pathogenesis
(reviewed in [48]). While the distinction between insulin deficiency
and insulin resistance may seem trivial to some authors in the neurosci-
ence field (to the point that a large number of studies use both terms
interchangeably), it may have a significant impact on potential treat-
ment strategies. For example, in an insulin-resistant (at the CNS level)
non-obese AD patient, it may actually be beneficial to choose an oral
anti-diabetic drug treatment as a means for improving AD symptoms.
Conversely, the same treatment in an obese patient may not have the
desired effects due to the inability of the extra insulin to cross BBE, in
which case the intranasal administration may provide better outcomes.
Regardless of the root cause, if we consider insulin signaling perturba-
tions to be one of the contributors to memory loss and AD-like
symptoms in our model, then both the proximal and distal insulin sig-
naling pathways should be altered in the hippocampal region. Proximal
insulin signaling consists of an insulin-IR/IGF-1R-IRS axis, whereby the
binding of the insulin to the extracellular alpha subunit of the IR or
ICF-1R initiates a series of Tyr autophosphorylations in the beta subunit,
disinhibiting intracellular Tyr kinase activity towards IRS, thereby
allowing these adaptor molecules to interact with a large number of
targets, Once activated, IRS1 and 2 are further regulated via a highly
complex mechanism involving multiple Ser/Thr kinases, which can
phosphorylate the tail regions of IRS molecules at over 50 Ser/Thr resi-
dues. Unlike Tyr phosphorylation by the IR, which activates IRS, modifi-
cations at Ser/Thr residues are capable of both promoting and inhibiting
downstream IRS-mediated signaling [57]. As previously mentioned,
cerebral insulin resistance has been implicated in AD pathogenesis.
Such a resistance may stem from defects in IR itself [58], or may be
mediated via negative regulation of the IRS. Our data suggest that the
IR is functional in the hippocampi of 6 months-old HFD-treated WT
and APP/PS1 mice. Furthermore, we have also detected a significant in-
crease in igfl transcripts in WH vs, WC animals, possibly in response to
cerebral insulin deficiency. We then considered the possibility that the
downregulation of the IRS pathway, via inhibitory Ser/Thr phosphoryla-
tion, may attenuate downstream insulin signaling. As it is nearly impos-
sible to determine the phosphorylation state of all of the 50 + Ser/Thr
residues of the IRS molecules within the scope of a single paper, we
have performed immunoblotting analysis of mouse pSer®?-IRS1 and
pSer™3-IRS2 (corresponding to human pSer®'®-IRS1 and pSer”!-
IRS2). Elevated levels of pSer®'®-IRS1 were previously detected in
neurons of AD patients and were associated with insulin resistance
[59], and an increase in pSer’?*-IRS2 protein levels was observed in
dorsal root ganglia neurons of diabetic mice [60]. As indicated in our
findings, there were no differences in pSer®#-IRS1 for any groups. How-
ever, we detected a significant increase in hippocampal pSer’2*-IRS2 in
WH, TC and TH mice. While our analysis is by no means exhaustive, it
does support the hypothesis that the hippocampus-dependent memory
loss is, at least in part, dependent on insulin signaling deficiencies.

Ser/Thr phosphorylation of the IRS molecules is mediated by both
insulin-dependent {autologous) and insulin-independent { heterolo-
gous) kinases. Autologous regulation is thought to be the predominant
form of downstream insulin-mediated signaling under physiological
conditions. In a disease state, however, preferential activation of the
heterologous pathway may contribute to the underlying pathology.

Cellular stress and/or proinflammatory phenotype may cause inappro-
priate Ser;Thr modifications of IRS, which may result in the “hijacking”
of the normal physiological route. In the current study, we measured
hippocampal expression of IRS-regulating Ser, Thr kinases, which are
also known to play a role in neurodegenerative diseases. These include
autologous { Akt, ERK 1,2), heterologous capable of phosphorylating IRS
in the basal cellular state (AMPK, GSK3[3), as well as heterologous
kinases activated in response to cellular stress and sympathetic activa-
tion (JNK1) [57].

4.1, Insulin-IRS-Akt-GSK-3f3 pathway

Apart from the involvernent of insulin, insulin-related molecules and
their receptors in the cognitive loss observed in HFD-fed animals, we
waould like to further discuss key pathways and molecules related to
insulin signaling. This pathway is one of the major regulators of distal
insulin signaling. Activated IRS recruits PI3K, thus activating down-
stream signaling cascade involving 3-phosphoinositide-dependent
protein kinase-1 (PDK1), Akt and GSK-3p. In the context of glucose reg-
ulation, GSK-3p promotes glycogen synthesis, but it is also one of the
principal kinases responsible for Tau phosphorylation [61]. Successful
activation of Akt requires not only phosphorylation at Thr308 by
PDK1, but also additional “priming” at Ser473 residue by mammalian
target of rapamycin (mTOR) complex [62]. The activity of GSK-3( is,
in turn, negatively regulated by phosphorylation at Ser9 residue by
activated Akt, as well as positively regulated by autophosphorylation
at Tyr216 [63]. Our data demonstrate both HFD- and transgene-
dependent decrease in hippocampal pSer*”*-Akt levels, accompanied
by an increase in activated pTyr?'®-GSK-3p protein levels in 6-
months-old mice. Furthermore, we have also observed an upregulation
in pSer*™-Tau, which suggests abnormalities in IRS-Akt-GSK-3[ signal-
ing. These results are in line with previously published postmortem
examinations of the brains of human patients suffering from AD and
diabetes [G4].

4.2. AMPK, PPAR and ERK

ERK has been implicated as a key molecule involved in hippocampal
memory consolidation. While directly stimulated by insulin, it may also
be partially activated via IRS-independent mechanisms [57], thus offer-
ing a potentially attractive modulatory target for the pharmaceutical
intervention. ERK acts via ERK/CREB/CBP pathway, activation of which
ultimately results in the transcription of genes required for neuronal
plasticity and long-term potentiation (LTP), in particular. In the brain,
ERK was shown to be positively regulated by AMPK [65], a key energy
sensor in the peripheral tissues, the role of which in the CNS remains
controversial [66]. In addition, activated ERK was shown to be recruited
(thus activating) to PPARY, a nuclear receptor and a transcription factor
which activates a number of genes related to insulin sensitivity and
cognition [67]. We did not detect any changes in the ¢« subunit of the
AMPK, nor in PPARc and + levels, but we did observe an increase in
pThr*®/pTyr*™-ERK1,2 in response to HFD treatment. Considering
that ERK expression is positively correlated with memory consolidation
our results may seem contradictory, however this is not the case. Feld
et al [68] have recently demonstrated that a minimum threshold of
ERK expression is required to maintain memory function, and that the
aberrant overexpression of ERK protein leads to memory impairment
in a similar manner as ERK deficiency.

43, NK1

This stress activated pro-inflammatory and pro-apoptotic MAPK has
been previously linked to neurodegeneration and to AD, albeit the
existing evidence for its importance is rather strenuous (reviewed in
|69]). There is much more support for the involvement of [NK1 in
diet-induced obesity and the peripheral insulin resistance (reviewed
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Fig. 8. A proposed mechanism whereby insulin signaling and mitochondrial dysregulation contribute to hippocampal phenotype in HFD-fed and AD-like mice. Increased circulating tri-
glyceride levels in response to HFD treatment initially provoke cerebral insulin deficiency, which results in the downregulation of the canonical insulin signaling pathway in the hippo-
campus. At the same time, the free fatty acid-mediated increased metabolic stress subverts autologous IR-IRS-Ser/Thr kinase axis signaling, thus favoring heterologous regulation. This
route, once activated, initiates a series of self-propagating events which ultimately lead to insulin resistance in a manner similar to that observed in response to elevated [3-amyloid levels.
As functional IR signaling in the hippocampus is, at least partially, regulating neuronal glucose entry [74], the inhibition of this pathway may result in the reduced supply of readily available
energy to the mitochondria, affecting neuroplasticity. Mitochondrial OXPHOS metabolism deficiencies may thus be explained by two possible mechanisms: (a) as a direct result of reduced
glucose availability, and (b) as a consequence of decreased mitochondrial biogenesis (PGC1) and/or disruptions to mitochondrial function due to hyperphosphorylated Tau protein and

increased [5-amyloid levels.

in [70]). The fact that we detected a significant increase in pThr'®3/

pTyr!35-JNK1 in the hippocampi of HFD-fed mice, irrespective of the
p-amyloid load, is curious for two reasons. One: it suggests that
hippocampal insulin signaling may in fact be strikingly similar to the pe-
ripheral phenotype. Two: very high levels of (3 amyloid, as observed in
6-months-old APP/PS1 control animals, are not sufficient to trigger
elevated JNK1 expression.

4.4. CDK5

Cyclin-dependent kinase 5 (co-activated by p35) does not phos-
phorylate IRS directly, however increased activity of this kinase (and
GSK-3(3) contributes to Tau hyperphoshorylation, resulting in neurofi-
brillary tangle formation (reviewed in [71]). We have detected a signif-
icant upregulation of both the CDK5 and GSK-3( kinases in the
hippocampi of HFD-fed WT mice. These data correlate well with the
observed increase in pSer*®*-Tau.

4.5, PGC-1ax

Our data demonstrate a significant decrease in insulin signaling and
impaired glucose homeostasis in the hippocampus. As hippocampal
neurons require copious amounts of energy in order to be able to form
and retain memories, such deficiencies will likely have an effect on
mitochondrial energy metabolism. Therefore, in the latter part of this
study, we have focused on the pathways related to mitochondrial
biogenesis and OXPHOS pathway.

The peroxisome proliferator-activated receptor-+ coactivator-1a
(PGC-1av) is a transcriptional co-activator which, apart from other func-
tions, plays a critical role in mitochondrial biogenesis. PGC-1ot was
previously shown to regulate the expression, either directly or indirect-
ly, of the nuclear respiratory factors 1 (NRF1) and 2 (NRF 2), estrogen-
related receptor & (ESRRa) and mitochondrial transcription factor A
(TFAM) (reviewed in [72]). While we have observed a significant
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reduction in PGC-1ax protein levels in response to HFD treatment, and
various statistically significant changes in the above mentioned mole-
cules, most of the differences were rather modest in numerical values,
and may or may not represent the behavior of individual targets
under similar experimental conditions. Taken together, however, our
data suggest clear impairments in mitochondrial function. Regarding
the expression of OXPHOS proteins, we detected significant decreases
in mitochondrial OXPHOS metabolism in both the HFD-fed WT mice
and in APP/PS1 animals. This finding is especially significant as
OXPHOS deregulation has been previously linked to both the BA and
Tau pathologies in AD brains (reviewed by [73]).

In conclusion, we have demonstrated some parallels between the
hippocampus-dependent HFD-induced memory loss vs. the memory
loss occurring in a mouse model of Alzheimer disease. Qur results
indicate that the brain 3-amyloid levels seem not to be the primary
cause of the HFD-induced memory perturbations. It appears that the re-
ductions in brain insulin signaling and the resulting mitochondrial
dysfunction are among the key culprits leading to cognitive decline in
early-stage AD-like rodent models. A summarized view of our hypothe-
sis is provided in Fig. 8.
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CAPITULO V. DISCUSION

La mayoria de las investigaciones sobre la EA se realiza mediante modelos
transgénicos de raton caracterizados por mutaciones que producen un aumento
en los niveles de péptidos AP, en comparacién con los animales control. La
funcién de estos modelos animales es conseguir reproducir los sintomas y las
lesiones responsables de la EA. Por lo tanto, constituyen una herramienta
decisiva para el conocimiento de las enfermedades neurodegenerativas y
permiten el disefio de nuevas estrategias terapéuticas.

Existen modelos animales basados en mutaciones en los genes que regulan el
metabolismo de la proteina precursora del amiloide (APP), de la presenilina
(PS1/2) o de ambos (APP/PS1). Otros estdn basados en alteraciones de la
proteina tau (tau-JNPL3) e incluso existen triple transgénicos PS/APP/tau.
También se dispone de cepas con alteracidn de la expresion de la neprilisina, una
de las principales enzimas que participan en la degradacion de AB, asi como de
APOE. Una revisidén detallada sobre las caracteristicas diferenciales de los
modelos de ratdn de la enfermedad se puede encontrar en la publicacién de
Bilkei-Gorzo (Bilkei-Gorzo 2014).

En la cepa de ratones transgénicos APP/PS1 se combinan dos mutaciones en los
genes app y psl, alterando la produccién y el procesamiento de la proteina APP.
Este hecho provoca un aumento de los niveles de AB42 (Kurt et al. 2001; Radde
et al. 2006; Bilkei-Gorzo 2014). Dichos animales presentan alteraciones
patoldgicas, como la amiloidogénesis, a las 6-8 semanas de edad y presentan
placas en la corteza cingulada y en el hipocampo en el 4-5 mes. También se
caracterizan por activacion de la glia, alteraciones sinapticas y déficits en el
aprendizaje y en la memoria (Holcomb et al. 1998; Savonenko et al. 2005; Garcia-
Alloza et al. 2006). El presente trabajo de investigacién ha utilizado el ratdn
APPswe / PS1dE9 (APP / PS1) con la mutacidon Sueca (K594M/N595L).

Como ampliamente descrito en la introduccion, la EA es una patologia compleja
de etiologia todavia desconocida. Aparte del componente genético y de la vejez,
se han identificado otros factores de riesgo metabdlicos y ambientales que
contribuyen a la EA.

Por una parte se encuentran los factores metabdlicos, como la obesidad, la
hipertensidn, la hiperlipidemia y la resistencia a la insulina. Por otra parte, se
pueden identificar factores ambientales como el tabaquismo, la depresién y las
lesiones cerebrales (Baumgart et al. 2015) .

Varios estudios epidemioldgicos correlacionan la EA con comorbilidades
metabdlicas, aunque los mecanismos moleculares implicados sigan todavia
desconocidos. La correlacién observada entre las alteraciones en la via de la
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sefializacion de la insulina y la EA ha sido tal que se ha llegado a denominar la
patologia como “diabetes tipo 3” (Steen et al. 2005). Segun esa hipdtesis, no sélo
se daria una continua alteracion de la sefializacion de la insulina a nivel periférico,
sino también a nivel central. Esa alteracion en la sefializacion de la insulina podria
comprometer y alterar la captacién de glucosa por parte de las células
neuronales, afectando a la produccién eficiente de energia en el cerebro a partir
de la glucosa (Yao et al. 2011).

En la presente tesis doctoral se presentan tres trabajos. El primero ha tenido
como objetivo establecer si la sefalizacion de insulina a nivel periférico y central
se ve afectada en el modelo murino de EAf representado por los ratones
APP/PS1, antes y después de la formacion de las placas amiloides. El segundo
trabajo consistio en evaluar los efectos de adipocinas implicadas en el control de
la ingesta de alimentos en el hipocampo. Por ultimo, en el tercer trabajo,
evaluamos el impacto de la dieta grasa en el proceso de amiloidogénesis tanto
en los ratones salvajes como en los transgénicos.

A continuacidn se realiza una discusion en detalle de los resultados obtenidos
siguiendo el siguiente esquema:

1. Caracterizacion de modelo de EAf
1.1. Alteraciones metabdlicas periféricas
1.2. Alteraciones en el SNS (hipocampo y corteza)

2. Efectos de la dieta HFAT en ratones salvajes y APP/PS1 de 6 meses de edad
2.1. Alteraciones periféricas que produce la dieta HFAT.

2.2. Alteraciones que produce la dieta HFAT en el SNS (hipocampo vy
corteza).

1. Caracterizacion de modelo de EAf.

1.1 Alteraciones metabdlicas periféricas

Se evaluaron las alteraciones metabdlicas en los ratones transgénicos a la edad
de 3y 6 meses, con el fin de detectar si el proceso de amiloidogénesis podia estar
relacionado con alteraciones en el metabolismo de la glucosa.

Por lo que se refiere a los niveles de insulina en sangre a los tres meses de edad,
no se observaron diferencias significativas entre las dos cepas; un ligero
incremento se observo en la curva de tolerancia a la glucosa (IP-GTT) pero las
diferencias entre las AUC no resultaron significativas. Tampoco se observaron
alteraciones en los niveles de triglicéridos y de colesterol, por lo que los datos
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sugieren que el fenotipo metabdlico periférico no se ve afectado a esta edad.
Estos datos corroboran los de otros grupos de investigacidén, que muestran que
los ratones APP/PS1 entre 5y 7 semanas de edad no muestran alteraciones en el
metabolismo de la glucosa y de la insulina (Jiménez-Palomares et al. 2012).

En cambio, a los 6 meses, los ratones APP/PS1 presentaban diferencias
significativas en el metabolismo energético. Concretamente se observaba una
disminucion de la capacidad de metabolizar la glucosa y una disminuida
sensibilidad a la insulina. Estos datos sugieren que la sintesis de AB42 podria
inducir a un estado pre-diabético antes de que se formen las placas seniles.

Para explicar este fendmeno hay dos posibles hipdtesis: en la primera, el
fragmento AP sintetizado en el cerebro migra a la periferia a través del liquido
cefalorraquideo y del plasma, para producir los efectos metabdlicos
mencionados (DeMattos et al. 2002); en la segunda, la sintesis de AB se produce
a nivel periférico, en concreto por parte de adipocitos (Roher et al. 2009; Y.-H.
Lee et al. 2008). Un reciente estudio indicaria que la primera de las hipdtesis seria
la correcta, ya que el AB provocaria resistencia hepatica a la insulina mediante
una desregulacién de la via de JAK2/STAT3/SOCS1 (Y. Zhang et al. 2012).

La resistencia hepatica a la insulina promueve la lipogénesis y también produce
un incremento del estrés oxidativo y de la disfuncion mitocondrial. Ademas la
lipogéneis produce un incremento de ceramidas, lipidos toxicos que se
relacionan con la EA (de la Monte 2012).

Por lo que se refiere al metabolismo de los lipidos, recientemente se ha
publicado que existe una relacidn entre el colesterol y la amiloidosis cerebral
(Reed et al. 2014), sin embargo en nuestro modelo no encontramos diferencias
en los niveles de colesterol entre las distintas cepas. En cambio, los niveles de
triglicéridos aumentaron en el ratén APP/PS1 a la edad de 6 meses, por lo que
parece de que si existirian cambios en la lipogénesis.

1.2 Alteraciones en el SNC (hipocampo y corteza)
Amiloidogénesis y proteina tau

Para demostrar las alteraciones en la actividad transcripcional inducida en los
animales transgénicos, se analizo la actividad transcripcional del gen APP y se
encontraron niveles elevados de ARNm de APP en el hipocampo de ratones
transgénicos a 3 y 6 meses. Por otro lado, se observaron niveles elevados de Ap42
insoluble en ratones de 3 meses, aunque no hubiera presencia de placas seniles.
En los ratones de 6 meses se detectaron niveles elevados de AB40 soluble e
insoluble, asi como niveles incrementados de AB42 soluble e insoluble;
microscépicamente se observaron placas seniles.
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Estos datos contrastan con otros trabajos publicados en este modelo de ratdn,
en los que se detectan niveles elevados de AB40 pero no de AB42 a la edad de 3
meses, mientras que a los 6 meses se detectan ambos péptidos solubles e
insolubles (Aso et al. 2012).

Estos datos sugieren que, a la edad de 3 meses, los mecanismos enddgenos de
defensa que protegen contra la agregaciéon amiloide serian capaces de
neutralizar el exceso de péptidos amiloides mientras en edades mds avanzadas
los animales pierden esa capacidad protectora.

En cuanto a la hiperfosforilacion de la proteina tau, en nuestro estudio hemos
observado diferentes residuos fosforilados en ratones transgénicos de 3 meses,
precisamente los residuos de serina 199 y 404 y de treonina 205. Estos datos
indican que las alteraciones de tau pueden comenzar a manifestarse a los 3
meses de edad. A los 6 meses se mantienen las fosforilaciones y se reporta una
fosforilacion mds en el residuo de serina 396. Como comentado en la
introduccién, las cinasas implicadas y los residuos susceptibles a la
hiperfosforilacién de tau son multiples (Martin et al. 2013).

La determinacién de las cinasas responsables de estas fosforilaciones ha sido uno
de nuestros objetivos. Por ello, se determinaron diferentes cinasas mediante la
técnica de Western-blot, entre ellas AMPK, ERK, JNK1, AKT, GSK3B, y CDK5/P35,
cuyo resultado ha sido el siguiente:

Lo niveles de ERK no se vieron modificados, aunque la cinasa esté implicada en la
consolidacidon de la memoria en el hipocampo. ERK estd regulada por AMPK
(Dineley, Jahrling, et al. Denner 2014), actia a través de la via ERK/CREB/CBP y
permite transcribir genes necesarios para la plasticidad neuronal y la
potenciacion a largo plazo (LTP).

La cinasa JNK1 estd implicada en la diabetes tipo Il y la obesidad (Sabio & Davis
2010). En nuestro modelo aparece un aumento de su expresion génica en los
ratones sometidos a dieta HFAT (Petrov et al. 2015) aunque no se observan
cambios entre los ratones transgénicos y los controles. Estos datos sugieren que
JNK1 no es responsable de la fosforilacion de tau en el modelo de raton APP/PS1.

Otros estudios indican CDK5 como la principal cinasa responsable de la
fosforilacion de tau, ademas de otras cinasas cuales AKT y GSK3f (Sundaram et
al. 2012; Shukla, Skuntz, and Pant 2012). De acuerdo con ello, nuestros
resultados muestran que los niveles de CDK5/P35, AKT y GSK3p resultan mas
elevados en el ratén transgénico respecto al control (Pedrds et al. 2014; Petrov
et al. 2015).

La activacion de CDK5/P35 estd estrechamente relacionada con alterados niveles
de glucosa y con los defectos en la via de la insulina (Ubeda et al. 2004). Por lo

120



UNIVERSITAT ROVIRA I VIRGILI
ALTERACIONES METABOLICAS EN EL PROCESO DE AMILOIDOGENESIS EN EL HIPOCAMPO DE RATONES APP/PS1
Ignacio Pedrds Martin

tanto, varios estudios han sugerido que la EA 'y la DM2 pueden compartir una via
comun de la patologia: la hiperactivaciéon de CDK5 (Sadowski et al. 2004; Vignini
et al. 2013).

Via de senalizacion de la insulina en el hipocampo

Algunos estudios publicados recientemente sugieren una estrecha relacién entre
la diabetes y el proceso de amiloidosis cerebral (Sato and Morishita 2013;
Hokama et al. 2013; Ramos-Rodriguez et al. 2014).

La presencia de depdsitos de sustancia amiloide en los islotes pancreaticos es una
caracteristica fisiopatoldgica en la DM2, que se ha descrito en mas del 90% de las
necropsias de los pacientes afectos de dicha enfermedad. Estos depdsitos estan
formados por la pro IAPP (pro-Islet amyloid polypeptide) que es un precursor de
la amilina. La amilina es una proteina de 37 aminoacidos, sintetizada y secretada
por las células beta pancreaticas (Haataja et al. 2008).

Parece que el proceso patoldgico de amiloidogénesis que sufre el cerebro en la
EAy el pancreas en la DM2 estdn ligados y comparten alteraciones moleculares
comunes en el procesamiento de péptidos implicando la via de sefializacién de la
insulina (De Felice 2013; Jiménez-Palomares et al. 2012; Haataja et al. 2008;
Hokama et al. 2014).

Por ejemplo, se ha descrito que el uso de estreptozotocina, un compuesto
quimico que induce diabetes, provoca aumento de los niveles de AB y formacion
de placas neuriticas, ademas de déficits en la memoria espacial (Wang et al.
2010).

Segun la informacion publicada, la resistencia periférica a la insulina actuaria
como factor de riesgo para el desarrollo de la EA, aunque esta descrito que este
fendmeno puede producirse Unicamente a nivel local, en el cerebro,
(concretamente en el hipocampo y en menor medida en la corteza del cerebelo)
sin que necesariamente se produzca un cuadro de DM2 (Talbot et al. 2012).

Las principales proteinas implicadas en la resistencia a insulina en el cerebro son
el Rl, el receptor del factor de crecimiento insulinico (IGFR) y los substratos del
receptor de insulina 1y la 2 (IRS1 y IRS2). En nuestro modelo transgénico se han
podido observar fenédmenos que indicarian un proceso de resistencia sistémica a
la insulina.

En primer lugar, observamos una reduccion de los niveles de mRNA del Rl en los
ratones de tres meses de edad (Pedrds et al. 2014); en ratones de 6 meses
observamos un incremento de la fosforilacidn inactivadora de IRS2 en serina 723
(Petrov et al. 2015). Estos datos indican que la resistencia a insulina es un proceso
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que se inicia antes de la formacién de placas y se va agravando a medida que
avanza la amiloidogénesis.

En efecto, se ha descrito que el aumento en los niveles de AB42 en el cerebro de
ratones de APP/PS1 a los 15 meses de edad estd relacionado con un bloqueo de
la via de sefalizacion de insulina en el cerebro (Chua et al. 2012). Es de sefialar
que la mayoria de los estudios publicados se centran en etapas muy tardias de la
enfermedad, cuando las placas de AP estdn completamente desarrolladas (Jucker
& Walker 2013).

Proceso de aprendizaje y memoria

El proceso de aprendizaje y memoria en el hipocampo esta regulado por
multiples procesos y factores de crecimiento. Entre las moléculas implicadas estd
el neuropéptido Y (NPY) (Ramos et al. 2006; Rangani et al. 2012). Varios estudios
han demostrado que los niveles de NPY estan reducidos en los pacientes con EA
(Sperk et al. 2007). También se ha comprobado que en plasma y en el liquido
cefalorraquideo existe una reduccion de NPY en pacientes con EA (Minthon et
al. 1996). En nuestro modelo de ratdn observamos una reducciéon del mRNA en
el hipocampo de ratén transgénico a los 3 meses en comparacion con el control.

Ademas, se observd una reduccion significativa en la expresion de los genes
relacionados con la memoria, Arc y Fos que estan regulados por la sefializacion
de insulina (Guillod-Maximin et al. 2004; Kremerskothen et al. 2002).

Mediante el test de conducta que evalia la memoria hipocampal pudimos
observar un déficit significativo en los ratones transgénicos de 6 meses de edad.
Estos resultados coinciden con otros estudios referentes a la pérdida de memoria
hipocampal, que indican que a los 6 meses esta cepa desarrolla deterioro
cognitivo (Aso et al. 2012).

Via de senalizacion de la leptina en el hipocampo

En el hipocampo, la leptina se ha implicado en los procesos de aprendizaje y
memoria, en la neuroproteccidn y en la plasticidad sinaptica (Irving & Harvey
2014). Recientemente se han descrito alteraciones en la via de sefializacién de
leptina en pacientes humanos con EA (Bonda et al. 2014). En dicho estudio, los
autores detectaron un aumento significativo en los niveles de leptina tanto en el
liqguido cefalorraquideo (LCR) como en el hipocampo de pacientes con EA.
Curiosamente, un aumento en los niveles circulantes de la hormona se acompafié
a una reduccion en los niveles de ARNm de receptor de leptina haciendo alusion
a la posibilidad de resistencia a la leptina (Bonda et al. 2014).
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En nuestro modelo de Alzheimer se detectd una reduccidon del receptor de
leptina a los 6 meses, tanto en la expresion de su mRNA como en el contenido
proteico.

Paralelamente, se estudié otra adipocina llamada prolactina que activa la misma
ruta y parece tener efectos neuroprotectores en las neuronas hipocampales
(Warren et al. 2012). Ambas moléculas comparten receptores del tipo citocina,
lo cual sugiere la posibilidad de que tengan efectos sinérgicos entre ellas. Los
efectos protectores de la prolactina se han puesto de manifiesto en un modelo
murino de epilepsia (Morales 2011); parece que esta adipocina tenga una funcién
relevante en el control de la ingesta de alimentos en humanos (Garfield et al.
2012; Lacquaniti et al. 2013). Otro estudio relaciona la prolactina con el proceso
de la neurogénesis y la mielinizacién de las neuronas en el hipocampo (Mak &
Weiss 2010).

Nuestros resultados en ratones de 3 meses muestran que se produce una
reduccidn del receptor de prolactina, tanto en la expresién del mRNA como en
los niveles de proteina, y una desregulacion de Stat5b dependiente del receptor
de prolactina.

Tanto leptina como prolactina comparten la via de sefializacion JAK/STAT/SOCS
que implica diferentes factores de transcripcion citoplasmaticos de la familia
STAT. En los ratones APP/PS1 de 3 meses de edad se ha detectado una reduccidon
de la subunidad de del gen STAT5b, junto con una reduccion de SOCS1, SOCS2 y
SOCS3. Esto podria estar indicando que hay una desregulacion de la via en una
fase inicial de la amiloidogénesis.

Acidos grasos y colesterol

El colesterol es especialmente abundante en las estructuras mielinizadas del
cerebro y del sistema nervioso central. La concentracion de colesterol en el SNC
es la mayor de todos los tejidos corporales (23mg/g). Asi el SNC representa solo
el 2,1 % del peso corporal pero contiene el 23% de todo el colesterol presente en
el cuerpo. (Dietschy & Turley 2004).

La homeostasis del colesterol en el sistema nervioso central es independiente de
la que se realiza en el resto del cuerpo. Por lo tanto, en el cerebro todo el
colesterol se sintetiza de forma enddgena. El colesterol no se puede degradar en
el cerebro ya que las altas concentraciones de colesterol libre son tdxicas para las
neuronas y, por lo tanto, se secreta a la circulacién sistémica. Cerca del 60% se
secreta en forma del metabolito conocido como 24S-hidroxi-colesterol (240HC),
y el 40% restante a través de vias aun desconocidas, que pueden implicar la
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apolipoproteina E (ApoE) y el transportador ATP-Binding Cassette transporter
(ABCA1) (Vanmierlo et al. 2010).

La colesterol 24S-hidroxilasa (CYP46A1) es una enzima que convierte el colesterol
en 240HC, uno de los principales metabolitos del colesterol en el cerebro, capaz
de atravesar la barrera hematoencefalica (Dietschy & Turley 2004). Una
disminuciéon en los niveles 240HC en el cerebro puede ser, por tanto, un
marcador indirecto de niveles elevados de colesterol.

En nuestro estudio, hemos detectado una reduccién significativa en el ARNm de
cyp46al en el hipocampo a 3 meses de edad en los ratones transgénicos, en
comparacioén con los controles. Nuestros resultados estdn en concordancia con
estudios que han evaluado los niveles en plasma de pacientes con EA, e
identifican una disminucion de los niveles de 240HC (Heverin et al. 2004; Ali et
al. 2013).

En conjunto, nuestros resultados sugieren que las alteraciones en las vias del
metabolismo de colesterol del cerebro pueden estar asociados con los primeros
signos de EA como en un modelo de raton APP/PS1.

Metabolismo y biogénesis mitocondrial

La fisiopatologia de la EA se desarrolla cuando las mitocondrias pierden su
capacidad funcional, e incrementan la apoptosis neuronal, la deposicién de AB y
ovillos neurofibrilares.

El metabolismo mitocondrial del hipocampo esta alterado en los ratones
transgénicos APP/PS1 a los 3 meses de edad como pone de manifiesto la
reduccién significativa de los complejos OXPHOS, es decir en la fosforilacion
oxidativa de los complejos |, Il, Il y IV. Por otra parte, hemos detectado cambios
significativos en el contenido de las moléculas que participan en la biogénesis
mitocondrial incluyendo PGC-1a, NRF1 y NRF2.

PGC1l-a es un miembro de la familia de co-activadores transcripcionales que
desempefia un papel central en la regulacién del metabolismo de la energia
celular. Estimula la biogénesis mitocondrial y participa en la regulacion del
metabolismo de carbohidratos y lipidos. Por tanto, participa directamente en los
trastornos metabdlicos como la obesidad y la diabetes. Sin embargo, su papel en
el SNC es menos claro. Se ha publicado que PGC-1a podria ser un biomarcador
potencial de la enfermedad EA. En efecto, se ha observado una reduccion de la
actividad transcripcional y del contenido de PGC-1a en los cerebros post mortem
de pacientes con EA (Shirwany & Zou 2014; Kim et al. 2007; Qin et al. 2009;
Galluzzi et al. 2009)
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PGCla, ademas de regular directamente la biogénesis mitocondrial activando
OXPHOS, también es un regulador transcripcional clave de la IDE (Hoover et al.
2010; Shukla et al. 2012; L. Zhang et al. 2012) y el metabolismo oxidativo de
PGCla interviene en la eliminacion de insulina (Austin & St-Pierre 2012).

No detectamos diferencias de expresion en IDE, y la razén podria encontrarse en
que los cambios de IDE mitocondrial serian enmascarados por la IDE citosdlica
(Shukla et al. 2012).

Proteinas sinapticas

La pérdida de conexiones sindpticas puede ocurrir como resultado de la
acumulacion de oligdmeros AB, en fases anteriores a la formacién de las placas
seniles. Hemos medido los niveles de SYP y PSD95, en los ratones APP/PS1, que
son marcadores sinapticos. Los resultados muestran que no se vieron afectados
en el ratdn transgénico. Estos resultados indican que, a estas edades todavia no
se han producido alteraciones importantes en la neurotransmision.

2. Efectos de la dieta HFAT en ratones salvajes y APP/PS1 a 6
meses

2.1 Dieta HFAT y alteraciones periféricas

El presente trabajo trata de considerar la enfermedad de Alzheimer como un
desorden metabdlico, en el cual los trastornos cognitivos estan relacionados con
alteraciones en la via de sefializacidn de la insulina y del metabolismo energético
a nivel periférico y central.

El objetivo de esta parte de la tesis doctoral fue evaluar los cambios metabdlicos
que produce una dieta HFAT en el modelo murino APP/PS1. En particular, se
quiso determinar si la dieta grasa acelera el desarrollo de la enfermedad en
nuestro modelo.

En nuestro trabajo observamos que la dieta grasa es capaz de inducir pérdida de
memoria en ratones de 6 meses de edad y sugiere que sea debido al incremento
de la resistencia a la insulina a nivel periférico.

La dieta control suministrada a los ratones tenia un 18% de Kcal provenientes de
la grasa; mientras que la dieta HFAT aporté un 45%. Los ratones sometidos a
HFAT presentan obesidad inducida por la dieta, con diferencias en el peso
corporal que empiezan a ser detectadas alrededor de los 2 meses de edad. Al
final del tratamiento (5 meses), se registr6 un aumento de peso de
aproximadamente el 50%.
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Las caracteristicas clasicas del sindrome metabdlico estan presentes tanto en los
ratones control como en los ratones transgénicos tratados con la dieta HFAT. Es
decir detectamos obesidad, dislipidemia, hiperinsulinemia periférica e
intolerancia a la glucosa e insulina.

Por tanto, la dieta causé el efecto esperado y, por ello, se estudiaron en detalle
las diferencias entre las dos cepas. En los ratones control los niveles de glucosa
basal en sangre se mantuvieron normales mientras que en los transgénicos se
observd un incremento muy significativo. No obstante los niveles de insulina en
plasma se incrementaron en los dos tipos de raton. Este dato nos indicaria que la
glucosa no se estd metabolizando adecuadamente en el ratdn transgénico. Para
comprobar esta hipotesis se realizaron las curvas de glucosa e insulina, se
observo que el ratdn salvaje HFAT y el APP/PS1 control compartian un patrén de
eficiencia similar en la metabolizacién de glucosa, mientras que el raton APP/PS1
alimentado con dieta HFAT emporaba su rendimiento de forma significativa.

Asi pues, parece que una elevada secrecion cerebral del péptido AB es suficiente
para producir cambios en el metabolismo periférico de los hidratos de carbono
que son comparables a los que se observan con la administracién crénica de una
dieta grasa.

Es importante recordar que no se conoce todavia si el AB es responsable por si
solo del fenotipo metabdlico del raton APP/PS1. Algunos estudios correlacionan
los niveles de AB42 en plasma con el incremento de indice de masa corporal en
pacientes sanos (Balakrishnan et al. 2005). La insulina en plasma en condiciones
normales es degradada por la IDE enzima que también degrada AB (Deprez-
Poulain et al. 2015). Los dos substratos podrian producir una inhibicion
competitiva de la enzima IDE. Esto podria tedricamente llevar a un aumento de
los niveles plasmaticos de insulina y producir intolerancia a la glucosa.

2.2 Dieta HFAT y alteraciones en el sistema nervioso central

Existe una relacién bien establecida entre la obesidad humana y el deterioro
cognitivo (Beydoun et al. 2008; Lee 2011). La obesidad y dietas hipercaloricas
alteran funciones cerebrales especificas relacionadas con la memoria contextual
y espacial en el hipocampo pueden ser particularmente vulnerables (Greenwood
& Winocur 2005; Valladolid-Acebes et al. 2012; Yamada-Goto et al. 2012; Kosari
et al. 2012). Curiosamente, se ha demostrado que los animales obesos cuya dieta
se revierte de nuevo a una dieta estandar, recuperan la funcionalidad de la
memoria (Sobesky et al. 2014).

En nuestros resultados la dieta grasa produce pérdida de memoria en ratones de
6 meses de edad. Segln una prueba conductual, asociada a evaluar la pérdida de
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memoria, los ratones APP/PS1y los ratones salvajes alimentados con dieta grasa,
pierden la memoria. Confirmando el papel de la dieta hipercaldrica en el proceso
del déficit cognitivo. Es importante remarcar que se empezo a administrar la
dieta en el momento del destete, cuando aun los procesos de neurogénesis estan
en curso. Estudios recientes han comprobado que el tipo de dieta condiciona el
desarrollo neuronal (Boitard et al. 2012).

Los mecanismos moleculares a través de los cuales una dieta rica en grasa es
capaz de empeorar los procesos cognitivos en modelos animales no estan del
todo explicados.

Amiloidogénesis y tau

Los resultados de la presente tesis doctoral muestran que los niveles de péptidos
AB en la corteza de ratones salvajes con y sin dieta grasa no fueron significativos.
Al contrario, observamos un incremento significativo de los niveles de AB42
insoluble en el cértex de ratones transgénicos alimentados con dieta grasa,
respecto a los ratones transgénicos sometidos a la dieta control.

Este resultado podria sugerir que la dieta grasa contribuye a la formacion de
placas amiloides en animales transgénicos. Lamentablemente, el nimero vy el
tamafio de las placas en los animales APP/PS1 no resultaron modificadas en
respuesta al tratamiento HFAT, dejando abierta la cuestion de si una dieta
hipercaldrica contribuye de forma aditiva al desarrollo de la patologia de
Alzheimer en ratones transgénicos.

Por otro lado, la proteina tau, fosforilada en serina 404, resulté incrementada en
ratones de tipo salvaje sometidos a una dieta rica en grasa. Otros autores han
publicado que la obesidad acelera la fosforilacion de tau en ratones
predispuestos al desarrollo de déficits cognitivos, acelerando la progresion de la
enfermedad (Gendron et al. 2013).

En otro estudio publicado con ratones 3xTgAD (modelo murino de Alzheimer), no
se encuentra incrementada la fosforilacion de tau $S202 después de administrar
una dieta HFAT (Knight et al. 2014). Otros autores en cambio si observan
variaciones en tau en serina 214, tau 422 y tau 404. (Leboucher et al. 2013). Esta
diversidad de resultados podria ser debida a la complejidad de evaluar de forma
individual las fosforilaciones de la proteina tau. Es importante recordar que dicha
proteina puede fosforilarse en 85 residuos distintos, y 28 son especificos de la EA
(Martin et al. 2013).

En los ratones salvajes alimentados con dieta hipercaldrica, observamos un
incremento de CDK5/p35, una disminucién de la via de sefializacién AKT/GSK3pB
y un incremento notable de las cinasas JNK1 y ERK. La desregulacion de las vias
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AKT/GSK3B y CDK5/P35 ya estaba presente en los ratones APP/PS1 alimentados
con dieta control. Por lo tanto, la administraciéon de la dieta HFAT tendria un
impacto en la patologia a nivel central ya que también se produce una alteracion
en la actividad de las cinasas ERK y JNK1.

Estas cinasas pueden explicar el aumento observado en la fosforilacion de tau en
S404 en ratones de tipo salvaje alimentados con dieta HFAT.

Via de senalizacion de la insulina en el hipocampo

Los resultados de la presente tesis doctoral muestran que el tratamiento con la
dieta HFAT provocé cambios en la sefializaciéon de la via de la insulina en el
hipocampo en comparaciéon con la dieta normal, tanto en los ratones salvajes
como en los transgénicos.

La insulina/Igf es reconocida por sus receptores mediante la subunidad alfa. Una
vez formado el complejo se inicia una serie de autofosforilaciones en los residuos
Tyr de la subunidad beta, que a su vez fosforila IRS1/2, permitiendo asi que estas
proteinas adaptadoras puedan interactuar con un gran numero de moléculas.

La activaciéon de IRS1 y 2 se realiza mediante un mecanismo que involucra
multiples cinasas que fosforilan IRS en mas de 50 residuos, (Copps & White 2012).
Mediante la activacion de IRS se activan diferentes rutas como PI3K/AKT/GSK38;
AMPK/PGC1la; que regulan el correcto metabolismo energético.

En el presente trabajo, se evaluaron los niveles de mRNA de preproinsulina
(INS1), del IR, IRS1, IRS2, IGF1 e IGFR. La dieta HFAT produjo un incremento
significativo en la INS1, lo que puede significar dos cosas: A) No llegaria suficiente
insulina a las células del cerebro, lo que podria dar lugar a los mecanismos
compensatorios que activan la expresién endégena de insulina directamente en
el hipocampo; B) La obesidad inducida por dieta produciria resistencia a la
insulina en el hipocampo.

Otro hallazgo muy interesante es el comportamiento de IGF1 y su receptor IGF1R.
La expresion del mRNA de IGF1 se incrementd en ratones salvajes alimentados
con HFAT y fueron ligeramente reducidos en ratones transgénicos, mientras que
la expresion del mRNA de IGF1R disminuyd en los ratones transgénicos expuestos
a la dieta hipercaldrica. Es de destacar que en muestras de cerebros post-mortem
de pacientes con EA se han descrito niveles reducidos de IGFR (Freude et al.
2009).

La reduccidén de la expresiéon de IGF1 se ha correlacionado con el deterioro
cognitivo en la EA (Kimoto et al. 2015). Asi pues, nuestros datos estdn de acuerdo
con estas observaciones. La razén por la cual se produce un aumento de
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expresion en ratones de tipo salvaje tratados con HFAT es menos evidente, pero
puede implicar mecanismos compensatorios similares a los descritos
anteriormente para la insulina.

También se evaluaron los niveles proteicos de IRS2 mediante Western blot. Los
analisis realizados en extractos hipocampales mostraron que IRS2 se encontraba
inactiva tanto en ratones transgénicos como por la administracion de la dieta
hipercaldrica.

El IRS2 modula el comportamiento alimentario y reproductor; los ratones IRS-2-
/- (knockout para el IRS-2) dan como resultado ratones hiperfagicos y obesos
como consecuencia de la defectuosa sefial de la insulina (Masaki et al. 2004).
Estudios con imagenes cerebrales de humanos indican que la incorrecta
utilizacion de glucosa en el cerebro precede a los déficits cognitivos (de la Monte
2012b). En este contexto, tanto la insulina, como IRS1 y IRS2 podrian modular la
plasticidad sindptica del hipocampo y la consolidacién de la memoria (M. de la
Monte 2012; Leal et al. 2013; de la Monte 2012b; de la Monte & Wands 2008).

Metabolismo y biogénesis mitocondrial

Como se ha comentado anteriormente, la funcionalidad de la mitocondria tiene
un papel fundamental en el proceso de neurodegeneracion. La hipdtesis de la
cascada mitocondrial fue propuesta por Swerdlow & Khan. Los autores proponen
que el dafio mitocondrial en la patologia de Alzheimer es anterior a la
acumulacion del B-amiloide (Swerdlow & Khan 2004b). Conociendo que una
dieta rica en grasa puede alterar la funcionalidad mitocondrial (Godoy J.A. et al,
2014), en nuestro trabajo hemos querido evaluar en qué medida una dieta
hipercalérica puede afectar a la actividad mitocondria a nivel del sistema
nervioso central, y de esta forma contribuir al desarrollo de la patologia de
Alzheimer.

En este sentido los resultados de este trabajo han permitido observar que la
obesidad inducida por la dieta grasa en los ratones salvajes ha producido una
reduccién significativa de todos los complejos OXPHOS. Cuando se evaluaron los
ratones transgénicos con y sin dieta HFAT no se observaron diferencias entre los
diferentes complejos OXPHOS, probablemente porque la alteracidon mitocondrial
ya era demasiado grave. Aun asi, estos datos demuestran que una dieta rica en
grasa es suficiente por si sola, para provocar una disfuncién mitocondrial. Por lo
tanto la cadena de transporte de electrones se ve alterada de forma similar entre
la obesidad/DM2 y la EA. Por otro lado, el dafio mitocondrial en condiciones
basales en los ratones transgénicos es suficientemente grave y el sindrome
metabdlico no lo empeora.
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También se evaluaron otros marcadores de la funcionalidad mitocondrial, como
los reguladores de la biogénesis mitocondrial: los factores de transcripcion
nuclear factor respiratorio 1 y 2 (NRF-1 y NRF-2), el factor de transcripcion
mitocondrial A (Tfam) y el coactivador PGC-1a.

Se observé que la dieta HFAT reducia los niveles de estos marcadores tanto en
ratones salvajes como en los transgénicos. En conjunto, nuestros datos
demuestran claramente que el sindrome metabdlico afecta significativamente a
la funcionalidad y a la biogénesis mitocondrial del hipocampo en ratones de tipo
salvaje. En el grupo transgénico, las deficiencias en estos procesos ya estan
presentes incluso antes de la administracion de la dieta grasa.

Mecanismos de eliminacion de los agregados y depdsitos amiloides

El mecanismo principal para la eliminar el fragmento AP se produce por
degradacion in situ mediante proteasas especificas. Entre estas proteasas, las que
tienen mayor relevancia fisioldgica en el cerebro son la neprilisina (NEP), la
enzima degradadora de insulina (IDE) y la enzima convertidora de endotelina
(ECE) (lwata et al. 2001; Qiu et al. 1998).

En un estado de resistencia periférica a la insulina, el transporte de insulina a
nivel del sistema nervioso central estd alterado y, en consecuencia, se observa
una fuerte reduccién de los niveles de insulina en el cerebro. En condiciones
basales, el exceso de insulina circulante es eliminado por la IDE. La disminucion
de los niveles de insulina en el hipocampo, producida por un estado de resistencia
a lainsulina, provoca una reduccidn en la actividad de IDE.

De acuerdo con ello, en el presente trabajo observamos una reduccion
significativa en la expresion de IDE en el hipocampo de los ratones alimentados
con dieta grasa, tanto en el grupo salvaje como en el grupo transgénico. Estos
datos confirman que la administracion de la dieta rica en grasa altera la tolerancia
a la insulina no solo a nivel periférico, sino también en el cerebro. Por otro lado,
IDE estd también involucrada en un mecanismo de defensa que implica la
degradacion del péptido APB. Por lo tanto, la reduccidn en los niveles de IDE que
se producen en consecuencia al estado de resistencia a la insulina podria
contribuir a exacerbar el fenotipo transgénico. En estas circunstancias, para
compensar la falta de una de las proteasas responsables de la degradacion del
péptido B-amiloide, parece que haya un aumento de neprilisina, otra enzima
degradadora de péptidos de Ap.
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3. Resumen general

El proceso de amiloidogénesis y las alteraciones de la via de sefializacién de
insulina en estados iniciales de la enfermedad afecta a moléculas relevantes de
la biogénesis mitocondrial como son AMPK, PGCla, OXPHOS y NRF1.

La activacién del complejo de P35/CDK5 participa en la resistencia a insulina
periférica y en nuestro modelo participa en la hiperfosforilacion de tau antes de
la formacion de placas. Identificar los procesos antes y después de la formacion
de placas ha sido uno de nuestros objetivos (figura 19).

Pre-Plaque AB

/// \‘\-‘..
EARLY EVENTS (3 MONTHS) LATE EVENTS (6 MONTHS)
Alterations ininsulin & IGF signalingin the brain | | AB plaque formation
Mitochondrial dysfunctions Impaired glucose tolerance
CDKS hyperactivity Impaired insulin tolerance
Tau hyperphosphorilation Memory loss

Alzheimer’s disease

Figura 19. Resumen de los procesos que conducen a la EA antes y después de la formacion de placas
(Pedros et al. 2014).

La dieta rica en grasa produce obesidad, resistencia a insulina (a nivel periférico
y central) y provoca pérdida de memoria en ratones control y transgénicos.

La dieta HFAT y los niveles elevados de A, provocan una activacion de las cinasas
IJNK1 y ERK, de forma que inhiben la via de sefializaciéon de la insulina en el
hipocampo mediante el bloqueo de IRS.

La insulina es responsable de la activacion de moléculas clave en el metabolismo
energético como PGCla. Estas funciones quedan alteradas y provocan una
reduccidén en la fosforilacion oxidativa y del ATP generado. En los ratones
transgénicos los niveles de AB40 y AB42, las placas seniles y los niveles elevados
de tau incrementan el dafio mitocondrial, contribuyendo al desarrollo de
trastornos cognitivos (Figura 20)
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Figura 20. Mecanismo propuesto que relaciona la via de sefalizacién de insulina y la desregulacién
mitocondrial en el hipocampo de ratones APP/PS1 y salvajes alimentados con una dieta grasa
(Petrov et al. 2015).
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CAPITULO VI. CONCLUSIONES

A partir del trabajo experimental desarrollado en esta Tesis Doctoral, puede
concluirse:

Si bien no se han hallado depdsitos de placas de péptido B-amiloide en
ratones transgénicos APP/PS1 a los tres meses de edad, si se ha hallado un
aumento en la actividad transcripcional del gen app en el hipocampo.
Igualmente, se ha observado la presencia de péptido amiloide 842 soluble
en los extractos corticales.

Il Se ha observado la implicacién de genes relacionados con la biogénesis
mitocondrial en fases tempranas de la amilodogénesis, con una disminucion
en la expresion de la proteina PGC1-a en el hipocampo de ratones APP/PS1
a los tres meses de edad, asi como de la expresion de NRF1.

Il Las alteraciones en la fosforilacion oxidativa mitocondrial (OXPHQOS) en
ratones APP/PS1 tienen lugar ya a los tres meses de edad, y se mantienen a
los 6 meses.

V. El ratdn APP/PS1 presenta una mayor fosforilacion de la proteina tau a
partir de los 3 meses de edad, fendmeno que se intensifica a los 6 meses,
probablemente relacionado con una mayor expresién de la cinasa CDKS5.

V. Los ratones APP/PS1 presentan una reduccion de la actividad de la proteina
IRS2 y cambios en la expresion de genes involucrados en la sefializacion de
la insulina y de IGF, que podrian estar involucrados en alteraciones en la
tolerancia a la glucosa y la insulina.

VL. Los ratones APP/PS1 de seis meses de edad presentan una disminucién en
la expresion génica del receptor de la leptina, de Neuropéptido Y y de la
hormona corticétropa, respecto a los controles, asi como la expresion de
proteinas de la cascada de activacion de la prolactina (SOCS1 y 2). Por todo
ello, parece que en este modelo experimental estarian afectadas vias de
sefializacion de adipocinas.
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VII. La alimentacion con dieta HFAT provoca un incremento en las
concentraciones plasmaticas de insulina, triglicéridos e intolerancia a la
glucosa e insulina tanto en ratones APP/PS1 como en salvajes, pero sélo los
ratones transgénicos presentan hiperglucemia basal.

VIII. La dieta HFAT contribuye a elevar las concentraciones de péptidos R-
amiloides en el cerebro, altera la expresion de genes relacionados con la
sefalizacidn de insulina en el hipocampo, asi como incrementa el déficit
cognitivo.

IX. La dieta HFAT, en ratones salvajes, incrementa la fosforilacion de JNK1,
CDK5/P35 y ERK. En ratones APP/PS1 los niveles son por si elevados y solo
incrementa la JNK1. Estas cinasas son responsables de la fosforilacién de tau
S404.

X. El metabolismo mitocondrial se halla alterado en el hipocampo de ratones
salvajes alimentados con dieta HFAT y en los APP/PS1 con dieta control y
HFAT. En concreto, se afectan todas las proteinas estudiadas, desde el
complejo | al V.
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Abstract

Leptin (Lep), an adipose-derived hormone, exerts very important functions in the body mainly on energy storage and
availability. The physiological effects of Lep controlling the body weight and suppressing appetite are mediated by the
long form of Lep receptor in the hypothalamus. Lep receptor activates several downstream molecules involved in key
pathways related to cell survival such as STAT3, PI3K, MAPK, AMPK, CDK5 and GSK3p. Collectively, these pathways
act in a coordinated manner and form a network that is fully involved in Lep physiological response. Although the major
interest in Lep is related to its role in the regulation of energy balance, and since resistance to Lep affects is the primary
risk factor for obesity, the interest on their effects on brain cognition and neuroprotection is increasing. Thus, Lep and Lep
mimetic compounds now await and deserve systematic exploration as the orchestrator of protective responses in the
nervous system. Moreover, Lep might promote the activation of a cognitive process that may retard or even partially
reverse selected aspects of Alzheimer's disease or ageing memory loss.

Journal of Molecular Endocrinology (2012) 49, R149-R156

Introduction

It is well documented that hormones play a vital role in
the regulation of numerous biochemical pathways
throughout the body (Fernandez & Torres-Aleméan
2012). In recent years it has been demonstrated that a
range of hormones can be found within the CNS jointly
with its receptors and this is evidence of an existence of
physiological effects in the brain under regulation of
hormonal signalling (Scott et al. 2009). Although a wide
number of hormonal systems can be potential candi-
dates to study the effects on the brain, the largest bodies
of work concentrate mainly around leptin (Lep) and
insulin due to their modulation on hippocampal
function (Plum et al. 2005, Signore el al. 2008).
Likewise, there are other potential targets regulated
by Lep such as brain-derived neurotrophic factor
(BDNF), which is a neurotrophin also involved in
hypothalamic food intake regulation and represents a
potential target for developing new anti-obesity thera-
pies. Furthermore, cytokines such as interleukin 6 and

Journal of Molecular Endocrinology (2012) 49, R149-R156
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other hormones also regulate the physiological actions
of Lep (Sadagurski et al. 2010, Rosas-Vargas et al. 2011).

Alterations in lipid metabolism have been related to
neurodegenerative disorders, in particular Alzheimer’s
disease (AD; Lieb et al. 2009, Tezapsidis et al 2009).
Interestingly, clinical studies have also shown that
patients with diabetes mellitus have an increased risk of
suffering from AD, which reveals the link between
hormonal diseases and neurodegenerative processes
(Salminen et al. 2011, Li et al. 2012). Furthermore, the
association between obesity and altered signalling
mechanisms of insulin implies a greater susceptibility
to neurodegenerative processes (Fig. 1).

However, controversy exists in determining the
specific relationships between obesity and Alzheimer’s
disease (AD). Although some authors consider that
obesity in middle age is due to a risk of dementia, others
questioned the existence of a relationship between the
two processes, particularly in humans (Doruk et al
2010, Arab et al. 2011). On the other hand, it is well
known that both insulin resistance, associated with an
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Figure 1 Factors involved in the amyloidogenesis: free fatty acids
(FFA), cholesterol, lipoproteins (Apo lipoprotein E), obesity and
dislipidaemia status and impairment of insulin and leptin signalling
(adapted from Merlo S, Spampinato S, Canonico PL, Copani A &
Sortino MA 2010 Alzheimer’s disease: brain expression of a
metabolic disorder? Trends in Endocrinology & Metabolism 21
537-544).

increase in plasmatic levels of fatty acids, and high
VLDL content contribute to amyloidogenesis (Arab
et al. 2011).

Probably, the main characteristic and important
problem to solve in AD is memory loss. It is well
known that the hippocampus has been recognized to
play a fundamental role in the process of learning and
memory (Bonda et al. 2011). Thus, hormonal modu-
lation of hippocampal neuronal function by insulin and
Lep has great interest and numerous implications
(Bjgrbaek & Kahn 2004, Harvey et al. 2006, Harvey
2007, Carro 2009).

The aim of the present review is to discuss the
potential beneficial effects of the hormone Lep in
neurological disorders basically in two aspects: its
neuroprotective role and beneficial effects on memory
(Tezapsidis et al. 2009).

Physiological functions of Lep in the CNS

The Lep gene (OB (LEP)) encodes a polypeptide of
16 kDa. The primary sequence and the crystallographic
data suggest that Lep adopts a helical three-
dimensional structure, which is reminiscent of some
cytokines such as interleukin 2 (Elmquist et al. 1998,
Elias et al. 2000).

The physiological functions of Lep are known to be
mediated through the binding to Lep receptor (Ob-R),
and elicit an array of subsequent intracellular signalling
cascades (Guo el al. 2008). For instance, previous
studies demonstrated that mice with a deficiency in
Lep develop morbid obesity and diabetes and plasma
levels of Lep are highly correlated with the amount of
body fat (Thio et al. 2006, Coccurello et al. 2009, Doruk
et al. 2010).

Within the CNS, Lep receptors are located in
the hypothalamus, where they are known to be involved
in the control of energy homeostasis. Besides the

Journal of Molecular Endocrinology (2012) 49, R149-R156
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regulation of body energy homeostasis and neuroendo-
crine functions in the hypothalamus, Lep may have
more widespread actions in the brain. Examples of Lep
functions in the brain are the modulation of the
excitability of hippocampal neurons by activating
potassium channels. Another interesting point is that,
since Lep receptor-deficient mice have impaired spatial
learning ability, it was suggested that Lep signalling may
influence neuronal excitability and synaptic plasticity
(Oomura et al. 2006).

The regulation of appetite and energy expenditure by
Lep takes place by inhibiting serotonin synthesis and
releasing it in brainstem neurons. Therefore, the brain
regulation of serotonin is an important biological and
medical function of Lep. This effect is due to the
localization of Lep receptors, which are found in
brainstem serotonergic neurons. Besides, the presence
of Ob-Rb mRNA expression has been demonstrated in the
substantia nigra. Neurochemical effects of Lep on dopa-
minergic neurons also include the increase of tyrosine
hydroxylase content and the regulation of dopamine
transporter activity (Scott et al. 2009). Therefore, Lep is
able to modulate the mesolimbic dopaminergic system
(Bjorbaek & Kahn 2004, Scott et al. 2009).

On the other hand, Lep receptors have been shown
to be expressed in neuronal cell cultures of hippo-
campal and glial cells (Marwarha et al. 2012). As Lep is a
modulator of hippocampal function, the study of the
effects of Lep in this brain area on glutamate receptors,
especially Nmethyl-p-aspartate (NMDA) and AMPA,
is therefore of particular interest, because they are
potential modulators of not only learning and memory
processes but also with regard to CNS-driven diseases
such as epilepsy (Moult & Harvey 2008, 2011, Morley &
Banks 2010). These roles are interesting, because it
has been demonstrated that Lep exerts an important
role in protecting from kainate excitoxicity and
modulating synaptic plasticity and dendritic morpho-
logy (Shanley et al. 2002).

Lep receptor signalling in neurons

From the Lep receptor gene a total of six different
isoforms are synthesized. All are membrane proteins
with the exception of the soluble isoform, Ob-Re. The
Ob-R form is the longest isoform and is solely
responsible for signalling induced by ligand binding.
The best-described signalling pathway used by Lep
involves the coordinated activation of JAK2/STATS3.
The binding of Lep, or an agonist, to its receptor
stimulates the activation of JAK2, which in turn
phosphorylates tyrosine residues in the intracellular
domain of the Lep receptor. STAT3 is a transcriptional
factor that, upon phosphorylation, dimerizes and
is transported to the nucleus, where it controls

www.endocrinology-journals.org



UNIVERSITAT ROVIRA I VIRGILI
ALTERACIONES METABOLICAS EN EL PROCESO DE AMILOIDOGENESIS EN EL HIPOCAMPO DE RATONES APP/PS1

Ignacio Pedrds Martin Neuroprotective and anti-ageing role of leptin - J FoLcH and others  R151

the transcription of target genes (Guo el al 2008,
Signore et al. 2008). This favours the activation of
different molecular mechanisms critical for Lep effects
on body weight, control the route of phosphatidyl-
inositol 3 kinase (PI3K), the kinase AKT, MAPK and
protein Kinase activated by 5-AMP (Shanley et al. 2002).
The signalling mechanism of the Lep receptor is
negatively regulated by the molecule suppressor of
cytokine signalling 3 (SOCS3) and protein tyrosine
phosphatase 1B (PTP1B). In particular, SOCS3 is a
member of cytokine-inducible signalling inhibitors,
which inhibits LepR signalling by blocking JAK2 activity
(Hubschle et al. 2001, Avraham et al. 2010; Fig. 2).

More recently, it has been suggested that Cdk5/p35
modulate signalling triggered by Lep (He et al. 2009).
Thus p35, a co-activator of p35, favours Lep signalling
manifested by STAT3 and SOCS3 activation. Moreover,
cdkb was co-localized with Lep receptor in the same
cells in the hypothalamus (He et al. 2009).

Another downstream target of Lep signalling is
peroxisome proliferator-activated receptor y (PPARy
(PPARG)). Lep is involved in the regulation of PPARy
levels both in vivo in peripheral tissues and in neuronal
cultures of human neuroblastoma SH-SY5Y (Greco et al.
2009a,b, 2011).

Moreover, Lep modulates activation of endogenous
cellular energy sensors in neurons such as AMP and
NAD*', AMPK and sirtuin 1 (SIRT1; Avraham el al.
2010). It is well known that AMPK is an important
enzyme involved in the regulation of cellular metabolic
activity (Marwarha et al. 2010, Greco et al. 2011). Among
them, AMPK regulates the cellular uptake of glucose,
the P-oxidation of fatty acids and the biogenesis of

i Oluoou
transport

Protein syntesis and
neuronal survival

activity

glucose transporter 4 (GLUT4) and mitochondria
(Greco et al. 2009a,b, 2011, Salminen et al. 2011).
Thus, through changes in hypothalamic AMPK activity,
Lep could regulate human metabolism. Furthermore,
downstream targets of AMPK, such as the mammalian
target of rapamycin pathway, are important not only in
food intake regulation but also in the control of the
ageing process and autophagia (Greco et al. 2011).

Lep as a neuroprotective agent

Different studies conducted in in vitromodels show that
Lep is neuroprotective not only in dopaminergic cells
but also in other cell types and brain areas (Dicou et al.
2001, Tezapsidis et al. 2009, Oury and Karsentry 2011).
These data suggest the potential application of Lep in
the treatment of neurological disorders such as AD and
Parkinson’s disease (PD; discussed below).

Role of Lep in AD

AD has been well characterized as a multifactorial
neurodegenerative process characterized by pro-
gressive neuronal loss, gliosis and accumulation of two
markers of disease:

B-amyloid peptides) and neurofibrillary tangles (hyper-
phosphorylated tau protein) (Greco et al. 2008, 20094).
The formation of B-amyloid aggregates is the result
of an abnormal amyloid precursor protein cleavage by
B- and y-secretases. It seems that the presence of free
fatty acids, cholesterol,

lipoprotein and APOE

Damaged DNA'

Figure 2 Proposed anti-apoptotic mechanisms of leptin. The leptin signalling pathway can
contribute to reduce the neuronal apoptosis through, hypothetically, the activation of
sirtuin 1 activity that, in turn, would reduce the stabilization of p53 by an acetylation
process. Currently it is unknown how SIRT1 regulates AKT (??). Activation of p53 is
promoted by mitochondrial metabolism impairment and the concomitant generation of
reactive oxygen species. The oxidative species damage DNA and activate ataxia
telangiectasia mutated (ATM) protein, which also acts due to the activation of p53.
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promotes amyloidogenesis, whereas Lep facilitates their
elimination. Intervention in one or more of these
factors could slow or limit the process of amyloido-
genesis. In the context of the B-amyloid hypothesis for
AD, Lep may interfere with the pathogenesis of AD in
different ways by a) inhibiting the amyloidogenic
process (Greco et al. 2008); b) decreasing the activity
of glycogen synthase kinase-3B (GSK3B) and, thus,
reducing the levels of tau protein phosphorylation
(Greco et al. 20096) and ¢) improving the cognitive
function (Tezapsidis et al. 2009).

Firstly, it appears that Lep may reduce amyloido-
genesis, decreasing the activity of the enzyme respon-
sible for the breakdown of the [ site APP (BACE) in
neurons and, thus, decreasing the amount of protein
B-amyloid formed (Marwarha et al. 2010). It has been
suggested that this effect may be indirect, and is related
to the lipolytic activity of Lep. Similarly, Lep may also
enhance the elimination of B-amyloid protein through
the effect of APOE-dependent uptake. It has been
demonstrated that Lep signalling is probably related to
changes in Apoe gene expression and Lep would exert
this effect on removal of B-amyloid aggregates with the
same intensity. These observations have been confirmed
in in vitro and in vivo experiments using a transgenic
mice model for AD in which mice have been adminis-
tered Lep chronically (Greco et al. 2010, Marwarha et al.
2010). It was shown that the treatment of a murine
model of AD (TgCRNDS8) with Lep significantly
improves all parameters of experimental AD such as
decrease in f-amyloid and phospho-tau levels and
cognitive function improvement (Tezapsidis e al. 2009).

Another mechanism involved in the neuroprotective
effects of Lep may be the activation of AMPK and
SIRT1, because these enzymes constitute potential
targets associated with AD (Fig. 2; Greco et al. 2011).
Low levels of Lep contribute to an insufficient
stimulation of AMPK which, in turn, favours an
increase in f-amyloid levels and phosphorylated tau.
SIRT1 activation exerts beneficial effects in AD
probably by upregulation of a-secretase production
(Bonda et al. 2011). Moreover, additional neuroprotec-
tive effects in AD of SIRT1 may also be mediated, at
different levels, through the acetylation state (and thus
the localization and activity) of basic transcription
factors like p53 (TP53), NF«B, FOXO and KU7(
(XRCC6), and this might trigger pro-survival pathways
in the neuronal cell (Camins ¢ al. 2010).

Published data suggest that Lep regulates tau
phosphorylation through a pathway involving both
AMPK and GSK3p, leading the enzyme to this inactive
form by the activation of serine-9 phosphorylation
(Greco et al. 2008, 20094,b). Thus, Lep, which amelio-
rates both amyloid B- and t-related pathological
pathways, holds promise as a therapeutic for AD (Fig. 3).
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Figure 3 Insulin and leptin signalling. Leptin inhibits the
hyperphosphorylation of tau protein through PI3K and AKT
activation that, in turn, promotes the formation of inactive form
Ser-9 GSK3p. Leptin also inhibits GSK3 activity acting on AMPK,
and reducing the activity of transcription factors SREPB1,2 and
the formation of amyloid deposits (AB*).
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Effects of Lep on memory

Recent evidence indicates that Lep plays an important
role in modulating hippocampal synaptic plasticity and
affecting glutamate receptor trafficking, mainly NMDA
and AMPA receptors (Moult et al. 2010).

The regulation of NMDA by Lep is important because
receptor-dependent long-term potentiation (LTP)
induced in the hippocampal CAl region has been
implicated in spatial learning and memory. It is well
established that the synaptic activation of NMDA
receptors is associated with a postsynaptic rise in
intracellular Ca2+, which is crucial for the induction
of LTP in hippocampal CAl synapses. Treatment of
hippocampal neurons with Lep stimulates CaMKII
phosphorylation and facilitates the development of
LTP. It has been shown that neonatal Lep adminis-
tration in rodents is able to increase the expression of
the NRI subunit of NMDA receptors in the hippo-
campus (Walker et al 2007). Subsequently, this
treatment increases the density of hippocampal
synapses. This process is dependent on the synaptic
activation of NR2A-containing NMDA receptors. The
role of Lep in regulating dendritic morphogenesis has
important implications in hippocampal synaptic
plasticity and neuronal development (Moult et al.
2010, O’'Malley et al. 2007). These effects of Lep are
not limited to hippocampal neurons, as Lep receptors
are expressed in cerebellar neurons and treatment of
these neurons with Lep facilitated NR2B NMDA
receptor-mediated calcium influx. Therefore, these
effects could explain, in part, the beneficial effects of
Lep on memory.
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Lep promotes an increase in the synaptic expression
of GLUR2-lacking AMPA receptors in adult hippo-
campal slices resulting in a persistent increase in the
efficacy of excitatory synaptic transmission (Moult &
Harvey 2011). AMPA receptors are permeable to Ca’t,
which allows the activation of specific intracellular
signalling pathways required for synaptic efficacy.

Role of Lep in PD

Several reports show that weight loss is a common
characteristic in patients with PD (Fiszer et al.
2010). The relationship between serum body weight
with Lep in PD patients has been studied (Loreflit
et al. 2009, Aziz et al. 2011). However, a decreased
body fat mass is probably the better parameter to
be correlated with lower Lep levels in PD patients
(Novakova et al. 2011).

It was reported that Lep exerts a cytoprotective effect
against the mitochondrial neurotoxin MPP™", an
experimental model of PD (Lu et al. 2006). In these
studies two neuroprotective pathways are mainly
proposed. The first one suggests that the activation by
Lep of PISK/AKT favours the survival of SH-SY5Y
neuroblastoma cells (Lu et al. 2006, Ho et al. 2010).
Another study suggests that Lep neuroprotective effects
are mediated through the expression of mitochondrial
uncoupling protein 2 (UCP2). Thus, Lep favours an
increase of UCP2 that restores ATP levels in vitro and
in vivo and preserves energy supply, as has been
observed in the neuroblastoma SH-SY5Y cell line.
These data are interesting as they show the association
between Lep and the increase in mitochondrial
efficiency (Ho et al. 2010).

6-hydroxydopamine (6-OHDA) is another well
known neurotoxin. In the MN9D dopaminergic cell
line, subjected to the toxic action of 6-OHDA, the
administration of Lep reverses cell loss (Weng et al.
2007). The neuroprotective effect is related to the
modulation of the route of mitogenic extracellular
kinase and ERK. Lep treatment has shown significant
protective effects by rescuing dopaminergic neurons
from 6-OHDA toxicity in vivo due to pCREB increased
BDNF levels. Lep-induced increase of BDNF levels
may be the main potential mechanism that mediates
neuroprotection and gives support to the application
of Lep as a neuroprotective drug in experimental
PD models.

Lep and epilepsy

The interest in Lep as anti-epileptogenic therapy has
emerged after the observation that the ketogenic diet,
an effective anticonvulsant therapy used to treat
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intractable epilepsy, elevates serum Lep levels in
rodents (Thio et al. 2006). Thus, current data suggest
that Lep will be an endogenous anticonvulsant
(Shanley et al. 2002). This hypothesis is based on the
observation that mice deficient in Lep receptors (0b/ob
mice) are more susceptible to seizures induced by
pentylenetetrazol (PTZ), an experimental proconvul-
sant agent used as experimental model of epilepsy
(Erbayat-Altay et al. 2008). Moreover, it was evidenciated
that the ob/ob mice are more susceptible to PTZ-
induced generalized seizures and cell death than
wild-type mice. These data suggest that elevated
blood Lep levels may decrease neuronal excitability
and also provide an anticonvulsant effect. Likewise,
Lep treatment also significantly diminished seizure
activity induced by other chemical models, such as
i.c. injections of 4-aminopyridine (voltage-gated
potassium channel inhibitor), and i.p. injections of
PTZ (a non-competitive GABA antagonist) in mice
(Xu et al. 2008).

Furthermore, in Lep-deficient o0b/ob mice model,
Lep was able to protect hippocampal neurons against
kainate excitotoxicity, another experimental model
of epilepsia. This experimental model favours seizure
activity by activation of glutamate receptors (Guo
et al. 2008).

How Lep exerts this anticonvulsant effect in this
model is unknown. However, several hypotheses have
been proposed. The anticonvulsant effect of Lep may
result from NMDA receptor modulation or via acti-
vation of large conductance calcium-activated pot-
assium channels (Walker et al. 2007). Calcium-
activated potassium channels are important in deter-
mining the excitability of hippocampal neurons and
may contribute to aberrant firing such as during seizure
activity (Moult & Harvey 2011).

The inhibition of AMPAR-mediated synaptic trans-
mission constitutes another potential mechanism
involved in Lep anti-epileptic properties. This effect
on AMPA synaptic responses is mediated by binding to
its receptor and activating the JAK2/PI3K pathway.

In addition, previous studies demonstrated that Lep
has an in vitro neuroprotective effect against NMDA
receptor-induced excitotoxicity (a receptor implicated
in kainate-induced hippocampal cell death) and
oxidative stress favours neuronal damage (Dicou et al.
2001). The mechanisms involved in these neuroprotec-
tive mechanisms may be the induction of BclxL and
Mn-SOD, through a STAT3-dependent manner.
Mn-SOD is a mitochondrial antioxidant enzyme,
whereas BclxIL. stabilizes mitochondrial membranes,
and both proteins favour mitochondrial protection
mediated by Lep. This hormone has also shown
neuroprotective effects against death induced by
trophic factor withdrawal, a model relevant to natural
developmental cell death.
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Neuroprotective effects of Lep in models of
ischaemia

In addition to the beneficial effects on the potential
treatment of neurodegenerative diseases, Lep exerts a
neuroprotective role in rodent models of cerebral
ischaemia. In these studies, it has been demonstrated
that Lep neuroprotective mechanisms involve ERK1/2,
AKT, NF-kf transcription and STAT3 signalling
pathways (Weng et al 2007, Zhang & Chen 2008,
Guo el al. 2008), which are all downstream signalling
events of Lep receptor activation. With respect to the
transcription factor NF-kB, activation is typical of
neuroprotective molecules and is associated with the
induction of the Bcl-xL gene, an anti-apoptotic protein
which is member of the BCL-2 family (valerio ef al.
2009). Therefore, the anti-apoptotic properties of Lep
in ischaemia could be explained by modification of the
Bcl-xL./Bax ratio towards an anti-apoptotic state. Like-
wise, the neuroprotective properties of Lep could be
also explained by the activation of ERK1/2 that can
phosphorylate Bad at Ser-112 and, thus, prevent its
apoptotic activity. The nuclear translocation of p65 and
p50, which then form a complex with c¢-Rel that is also
involved in cell survival, is another neuroprotective
effect of Lep.

Conclusions and future perspectives

It has been demonstrated that Lep plays an important
role in neuroprotection and cognitive improvement
against some experimental neuropathological con-
ditions such as ischaemia, AD, PD and epilepsy.
Evidence suggests that Lep, through binding to its
receptor, modulates key pathways namely CDK5, AMPK,
GSK3B, STAT3 and others involved in neuroprotection
(Tezapsidis et al. 2009). In addition, Lep modulates
glutamate receptors and improves cognition (Moult &
Harvey 2011). The regulation or modulation of the
mitochondria function is another area of interest in the
neuroprotective functions of this hormone. AMPK, and
the PPARy coactivator (PGC)/PPAR are pathways
activated by Lep which supports mitochondrial
function. Lep-dependent mitochondrial metabolic
activation and regulation may exert a trophic and
protective effect that contributes to the restoration of
energetic status in neurons altered in neurological
disorders. The molecular mechanisms driving these
mitochondrial changes induced by Lep should be
investigated in depth, because the regulation of BCL-2
family of proteins is a key factor involved in apoptotic
neuronal cell death.

Finally, the development of peptides designed as
potential agonists of Lep could be relevant for the
treatment of diseases associated with the Lep receptor.

Journal of Molecular Endocrinology (2012) 49, R149-R156

In reference to this, an area of pharmacological interest
is the treatment of rheumatoid arthritis, where
antagonists of Lep receptor probably could be of
therapeutic use (Otvos el al. 2008, 2011).
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ABSTRACT

Leptin (Lep) is emerging as a pivotal molecule involved in both the early events and the terminal phases of
Alzheimer's disease (AD). In the canonical pathway, Lep acts as an anorexigenic factor via its effects on hypotha-
lamic nucleus. However, additional functions of Lep in the hippocampus and cortex have been unravelled in re-
centyears. Early events in the sporadic form of AD likely involve cellular level alterations which can have an effect
on food intake and metabolism. Thus, AD can be conceivably interpreted as a multiorgan pathology that not only
results in a dramatic neuronal loss in brain areas such as the hippocampus and the cortex (ultimately leading to a
significant cognitive impairment) but as a disease which also affects body-weight homeostasis. According to this
view, bedy-weight control disruptions are to be expected in both the early- and late-stage AD, concomitant with
changes in serum Lep content, alterations in Lep transport across the blood-brain barrier (BBB) and Lep receptor-
related signalling abnormalities. Lep is a member of the adipokine family of molecules, while the Lep receptor be-
longs to the class | cytokine receptors. Since cellular response to adipokine signalling can be either potentiated or
diminished as a result of specific ligand-receptor interactions, Lep interactions with other members of the

3?‘*52’3“' s adipokine family including amylin, ghrelin and hormones such as prolactin require further investigation. In
ppocamp this review, we provide a general perspective on the functions of Lep in the brain, with a particular focus on

Alzheimer's disease .

PGC-Ta the sporadic AD.

mTOR © 2015 Elsevier Inc. All rights reserved.
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1. Introduction

Alzheimer's disease is one of the most common causes of senile de-
mentia and it is estimated that by 2050, the number of cases will rise to
110 million [1,2]. The vast majority of patients suffer from the sporadic
AD, with only a small subset of the population presenting with the fa-
milial form as a result of mutations in amyloid precursor protein
(APP) Presenilin 1 or Presenilin 2 genes [3,4].

AD progression is associated with the formation of senile [3-amyloid
(AR) plaques and accumulations of hyperphosphorylated Tau proteins
called neurofibrillary tangles in the brain [5,6]. Clinically, AD is charac-
terized by a progressive loss of cognitive abilities as a result of severe
hippocampal neurodegeneration, with the biggest impact on memory
and learning faculties [7,8]. AP peptides are generated by a specific pro-
teolytic cleavage of the APP. In this amyloidogenic pathway, the 3>- and
y-Secretases cleave APP at the N- and C-termini of the AR, respectively.
The relationship between the aberrant APP processing and Aj> genera-
tion caused the formulation of the widely accepted “amyloid cascade
hypothesis”. It states that mutations in APP (or other genes) lead to an
increase in A3 which, when accumulated, leads to disease [9,10].

Apart from the Af3 itself, a host of other factors contributing to AD
pathology have been identified: oxidative stress and ROS generation, al-
terations in glucose metabolism, deregulation of Ca* signalling, dereg-
ulation of glial cell activity, alterations in nutritional behaviour,
metabolic syndrome and obesity, hypertension and type 2 diabetes
mellitus (T2DM) [11-19]. Thus, it is difficult to point out a single path-
ogenic mechanism leading to the onset and progression of this devastat-
ing disease. It has been suspected for many years that AD may in fact be
a multifactorial metabolic disorder influenced by several risk factors
such as hypertension, diabetes, hypercholesterolaemia, neuroinflam-
mation and hypoxia, among others [13-15].

In the next sections we discuss some of the metabolic aspects of AD,
with a special emphasis on adipokines in general, and leptin in
particular.

2. Lifestyle and AD

As a means to slow down the onset of disease symptoms, re-
searchers have turned their attention to the relationship between
lifestyle and AD [20]. Lifestyle-related diseases are potentially prevent-
able, and their incidence can be decreased with adequate changes in
diet, amount of physical activity and modification of the environment.
The common feature at the core of most lifestyle diseases is obesity,
and accumulating evidence indicates that obesity is an independent
risk factor for developing AD. Obesity is a pandemic and a serious global
health concern. Obesity is also a risk factor for multiple conditions and
contributes to multi-morbidities, resulting in increased healthcare
costs and millions of deaths each year [21]. Obesity has been associated
with changes in brain structure, cognitive deficits, dementia and AD. In
agreement with this, high-fat diet (HFD)-induced obesity also causes a
variety of health disorders including cognitive decline in experimental
animal models [22]. There is a well-established link between human
obesity and cognitive decline [23]. Specific brain functions related to
the hippocampus may be particularly vulnerable as evidenced in a
large number of studies in rodents linking high-caloric diets with de-
creased contextual and spatial memory [24-29]. Significantly, it has
been demonstrated that obese animals whose diet regimen is reversed
from HFD back to standard chow, recover memory function [22].

3. Obesity, type 2 diabetes mellitus and leptin resistance

As mentioned above, obesity significantly increases cognitive de-
cline and AD risk, supporting the notion that AD is a degenerative met-
abolic disease in which brain glucose uptake and utilization are
impaired [30]. Thus, several early biomarkers rely on the definition of
AD as a “Cognitive Metabolic Syndrome” or “Type 3 Diabetes” [31].

Biological plausibility for this relationship has been framed within the
“Metabolic cognitive syndrome” concept. Even more, it has been pro-
posed that A3 accumulation can be considered a consequence rather
than the real etiologic basis for the disease. A growing body of epidemi-
ological evidence suggests that metabolic syndrome and its components
(impaired glucose tolerance, abdominal or central obesity, hyperten-
sion, hypertriglyceridemia, and reduced high-density lipoprotein
cholesterol) may be important in the development of age-related cogni-
tive decline, mild cognitive impairment, vascular dementia, and AD [32].
Furthermore, results from the “Hysayama Study” indicate that altered
expression of genes related to diabetes mellitus in AD brains is a result
of AD pathology, which may thereby be exacerbated by peripheral insu-
lin resistance or diabetes mellitus [33].

In fact, adults with newly diagnosed prediabetes, or type 2 diabetes
mellitus (T2DM), show insulin resistance associated with reductions in
regional cerebral glucose metabolism and subtle cognitive impairments
[34]. Furthermore, most obese individuals show increased food intake
despite high circulating Lep levels [35]. These findings imply a state of
Lep resistance that causes a reduced responsiveness to Lep anorexigenic
effect, with a concomitant loss of appetite- and weight gain-suppressing
effects [36,37].

4. Leptin functions in the hypothalamus

The peripheral actions of metabolic hormones are well documented.
However, the functions of these pleiotropic hormones are not restricted
to the periphery, with growing evidence suggesting that both Lep and
insulin can readily cross the BBB, producing widespread central effects
in brain areas like the hypothalamus. In the periphery, the fat mass par-
ticipates in the regulation of glucose and insulin metabolism through
the release of hormones in a bidirectional feedback loop, a mechanism
called the “Adipoinsular axis” (Fig. 1) [38,39]. This axis links adipose tis-
sue and pancreatic 3-cells via leptin and insulin, respectively. As insulin
directly stimulates Lep release by adipose tissue, Lep feeds back to re-
duce both insulin secretion and insulin gene expression in (3-cells by
modulation of K* orp channels and activation of cyclic nucleotide phos-
phodiesterase 3B and subsequent suppression of cCAMP levels [40,41].
The suppressive effect of Lep on insulin production is not only mediated
by direct actions via Lep receptors (LepR) on 3-cells, but also by the au-
tonomic nervous system (ANS). Lep-dependent ANS regulation of body
weight is largely achieved via a negative afferent loop involving the hy-
pothalamus [42,43].

It has been shown that hypercaloric diets (HCD) used in a majority of
diet-induced obesity studies, typically induce glucose metabolism ab-
normalities and insulin resistance (including diabetes mellitus) and
persistent hyperleptinaemia [44]. In addition, the consumption of West-
ern diets, rich in sugar and saturated fat, stimulates an inflammatory re-
sponse in the hypothalamus, a contributing factor to the development
of central Lep resistance and obesity [36]. In the hypothalamus,
specialized groups of neurons are sensitive to signals derived from sev-
eral organs related to food intake or starvation. Hypothalamic pro-
opiomelanocortin (POMC) and neuropeptide Y-Agouti-related peptide
(NPY-AgRP) neurons produce anorexigenic and orexigenic neuropep-
tides and neurotransmitters, and express the long signalling form of
the leptin receptor (LRb). The anorexigenic properties and the regula-
tory functions of Lep in the control of energy and glucose homeostasis
are largely dependent on the POMC and NPY-AgRP circuits in the arcu-
ate nucleus of the hypothalamus. POMC and NPY neurons are consid-
ered as major Lep effector sites, with the food-intake regulation
directly dependent on the LRb/STAT3 (activator of transcription 3) inter-
action [45,46].

Recent evidence suggests that sirtuin-1 (SIRT1) activation and ex-
pression are essential for leptin-induced anorexigenic effects in the hy-
pothalamic POMC neurons [47]. Moreover, results in Lep deficient ob/ob
mouse model show a lack of SIRT1 activation in the hypothalamus in re-
sponse to caloric restriction, compared to age-matched controls [48].
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Fig. 1. Leptin, amylin and insulin decrease appetite by inhibiting neurons that produce the
molecules NPY and AgRP, while stimulating melanocortin-producing neurons in the arcu-
ate-nucleus region of the hypothalamus, near the third ventricle of the brain. NPY and
AgRP stimulate eating, and melanocortins inhibit eating, via other neurons. Activation of
NPY/AgRP-expressing neurons inhibits melanocortin-producing neurons. The gastric hor-
mone ghrelin stimulates appetite by activating the NPY/AgRP-expressing neurons, In the
hypothalamus, leptin regulates food intake, glucose homeostasis, and energy expenditure,
The hippocampus integrates signals from Lep ghrelin, insulin, amylin and prolactin, and
contributes to decrease risk of memary impairment related to obesity and T2DM, which
are all risk factors for Alzheimer's disease.

Adapted from Marwarha and Ghribi [72], and from Schwartz and Morton [132].

The complexity of AD pathology is illustrated by the fact that apart
from clear links between AD and obesity, weight loss is another promi-
nent early feature of AD that often precedes cognitive decline and clin-
ical diagnosis. In fact, pathologically low Lep levels and disruptions in
orexigenic NPY hypothalamic neuron signalling were described in a
mouse model overexpressing AP, suggesting that Lep regulation may
be involved [49].

A large body of work has identified inflammatory signalling in the
hypothalamus as an essential mediator of the sickness response: an-
orexia, cachexia, fever, inactivity, lethargy, anhedonia and adipsia are
all triggered by systemic inflammatory stimuli and promote negative
energy balance [50].

5. Leptin, amylin and ghrelin

Alzheimer's disease and T2DM share many common features
including the deposition of amyloidogenic proteins — AP} and amylin
(islet amyloid polypeptide), respectively [51]. The hormone amylin,
discovered in 1987, is the second B-cell hormone described. It is co-
secreted with insulin by the pancreatic (3-cells in response to nutrient
stimuli, in the context of the “Adipoinsular axis” (Fig. 1). Dysregulation
of the axis may contribute to obesity and the development of
hyperinsulinaemia associated with diabetes [39,52]. In addition,

anisms for this interaction at a cellular level are unknown.

One of the roles of amylin is to slow gastric emptying, thereby
delaying the delivery of nutrients to the circulation [55]. A second effect
is to decrease food intake, and a third effect is to reduce postprandial
hyperglucagonemia, thereby inhibiting hepatic glucose release. Despite
the beneficial effects of amylin in the CNS, it has also been shown to in-
duce neurotoxicity in embryonic rat hippocampal primary cultures
invitro [56]. This effect may contribute to the prominent neurite degen-
eration in AD [57]. Furthermore, centrally administered amylin resulted
in impaired memory retention (on a footshock avoidance conditioning
in a T maze) in mice given strong training [58].

Besides the involvement of Lep and amylin in energy regulation, an
additional adipokine ghrelin may also be implicated in weight loss ob-
served in AD patients. Leptin and insulin stimulate anorexigenic POMC
neurons, whereas ghrelin stimulates orexigenic NPY-AgRP neurons.
Ghrelin is an endogenous ligand for GH secretagogue receptor type Ta
(GHSR1a). It is a multifunctional hormone produced and released
mainly from the stomach, which assists in the promotion of sensations
of hunger [59]. Ghrelin has been associated with the progression of
obesity and metabolic syndrome, but has been also linked to
neuromodulation, neuroprotection, memory and learning processes
|60]. Ghrelin receptors are prominently expressed in different regions
of the brain, including the arcuate nucleus, ventromedial nuclei, in
CA2 and CA3 regions of the hippocampus, in the substantia nigra, in
the ventral tegmental area, the dentate gyrus of the hippocampal for-
mation, and the dorsal and median raphe nuclei [61,62].

It has been shown that intracerebroventricular injections of ghrelin
increased memory retention in rats [63-65]. In fact, ghrelin administra-
tion rescued memory deficits and prevented neuronal and synaptic
degeneration in the hippocampi of mice injected with AR [66]. Further-
more, ghrelin also decreased the levels of hyperphosphorylated Tau via
the PI3K/Akt-GSK pathway, in hippocampal neurons [67]. These studies
suggest that ghrelin plays a vital role not only in metabolic control, but
also in regulating cognitive function and memory capacity. Therefore,
abnormal ghrelin signalling could be one of the causes and/or conse-
quences of AD symptomatology [64,65,68,69].

Thus, it can be concluded that there is an association between obe-
sity, T2DM and AD, where altered mechanisms of insulin, Lep, ghrelin
and amylin signalling lead to a greater susceptibility to neurodegenera-
tive processes. Taken together, these results suggest that peripheral
metabolic peptides, in particular Lep and ghrelin, might be considered
as potential preventive strategies for ameliorating the hypothalamic al-
terations in AD [70].

6. Leptin functions in the hippocampus

As mentioned earlier, circulating Lep is transported across the BBB
into the brain, where it regulates food intake, glucose homeostasis,
and energy expenditure mainly via the hypothalamic circuits. Loss of
Lep signalling may increase the likelihood of developing atherosclerosis,
obesity and T2DM, all independent risk factors for AD. However, func-
tional Lep receptors (LepR or ObRb) also have been reported to be
expressed in the hippocampus and other cortical regions of the brain.
The physiological significance of this observation has been explored
during recent years. Then, besides the described canonical functions of
insulin, Lep, and ghrelin in the control of metabolism, each of these hor-
mones has been implicated in the control of neuronal survival, astrocyte
activity and neuroprotection in extrahypothalamic regions, in particular
the hippocampus.

It is well known that the hippocampus is an area which is severely
affected during the course of AD, The cognitive deficits associated with
T2DM have been linked to impaired central insulin modulation in the
hippocampus, which is a critical region for memory processing [71].

ghrelin and the pituitary...,

Please cite this article as: ]. Folch, et al., The role of leptin in the sporadic form of Alzheimer's disease. Interactions with the adipokines amylin,
Life Sci (2015), http://dx.doi.org/10.1016/).1f5.2015.05.002

149



UNIVERSITAT ROVIRA I VIRGILI
ALTERACIONES METABOLICAS EN EL PROCESO DE AMILOIDOGENESIS EN EL HIPOCAMPO DE RATONES APP/PS1
Ignacio Pedrdés Martin

4 J. Folch et al. / Life Sciences xxx (2015) xxx-xxx

Furthermore, epidemiological studies have demonstrated that higher
circulating Lep levels are associated with lower risk of dementia includ-
ing AD, whereas lower circulating levels of Lep have been reported in
patients with AD [72]. It has been demonstrated that chronic Lep ad-
ministration has led to memory improvements in the CRND8 transgenic
mouse model of AD [73,74]. The hippocampus expresses high levels of
both insulin and Lep receptors, as well as key components of their
associated signalling cascades. Recent studies indicate that both
hormones are potential cognitive enhancers [75]. Indeed, it has been
demonstrated that both Lep and insulin markedly influence key cellular
events that underlie hippocampal learning and memory, including
activity-dependent synaptic plasticity and the trafficking of glutamate
receptors to and away from the hippocampal synapses [74,75]. Further-
more, the induction of apoptosis among hippocampal cells can
be related to impairments in either Lep or insulin function. Thus, it ap-
pears that Lep confers protection against hippocampal-dependent AD
neuropathology.

An important question is whether leptin deficiency plays a role in
the causation of AD and/or its progression. In fact, Lep deficiency in
AD contributes to a neuronal imbalance in handling energy require-
ments, leading to higher AP and phosphorylated Tau. Additionally, Lep
modulates AD pathological pathways in vitro through a mechanism in-
volving the energy sensor, AMP-activated protein kinase (AMPK) [74].
Lep activates the PI;K/Akt, JAK STAT, and AMPK/SIRT pathways, pro-
moting neuronal survival, reducing Af3 production and increasing its
clearance, and reducing Tau hyperphosphorylation [72,76].

We can conclude that Lep promotes neurogenesis and synaptogene-
sis, thus facilitating learning and memory processes in the hippocampus
(Fig. 1). Nevertheless, the ability of Lep to regulate hippocampal synap-
tic function markedly declines with age, and these changes have been
linked to neurodegenerative disorders such as AD [77]. In fact, it has
been described that individuals with early AD, or mild cognitive impair-
ment, show low plasma Lep levels [78]. Accumulating data suggest that
AD patients may benefit from Lep replacement therapy, and it may con-
stitute a very significant application of Lep [79]. Then, Lep deficiency in
AD can be restored by replenishing low Lep levels, and this may also be a
legitimate strategy for therapy [74].

7. Leptin signalling

As discussed before, several studies have shown that AD and T2DM
may share common pathways to pathology. In fact, Lep and insulin sig-
nalling pathways may act synergistically with the insulin receptor lead-
ing to the development of neurodegenerative processes [80]. Early
alterations in glucose, insulin signalling and energy metabolism path-
ways have been demonstrated in an APPswe/PS1dE9 mouse model of
familial AD. The observed changes are complex and related to impair-
ment in insulin and adipokine receptors, all along with alterations in
cholesterol and fatty acid metabolism [81].

Leptin and insulin receptors are widely expressed in the central ner-
vous system. The human ObRb is a member of the superfamily of cyto-
kine receptor class I (gp130). The best-described signalling pathway
activated in response to receptor activation involves the coordinated
functions of JAK2/STAT3 (Fig. 2). STAT3 is a transcription factor that,
upon phosphorylation, dimerizes and is translocated to the nucleus,
where it controls the transcription of target genes. ObRb is negatively
regulated by the suppressor of cytokine signalling 3 (SOCS3) and pro-
tein tyrosine phosphatase 13 (PTP1f3). Key downstream effectors of
ObRb include AMP-activated protein kinase (AMPK), PGC-1ex (involved
in mitochondrial biogenesis), as PPAR, as well as aspartyl protease (3-site
APPP-cleaving enzyme (BACE1). Among the targets of the receptor we
can also find kinases involved in Tau phosphorylation and microtubule
stability, including the mammalian target of rapamycin (mTOR).

Leptin is involved in the activity of kinases like mTOR, which could
perhaps explain the significance of Lep resistance to both AD and
T2DM. As Orr and colleagues propose, since mTOR hyperactivity is

common to both diabetes and AD, mTOR signalling could be considered
a molecular link between these two age-related diseases [82]. Leptin
signalling also induces the activation of the ubiquitous and broad spec-
trum PI3K/Akt/mTOR pathway [83]. Indeed, it has been shown that Lep
binding to its long-form receptor can activate four major signal trans-
duction pathways: JAK/STAT pathway; ERK pathway; PI3K/Akt/mTOR
pathway as well as the AMPK/SIRT1 signal transduction pathways [72,
76].

The mammalian mTOR plays a key role in maintaining energy ho-
meostasis in the brain and other tissue types [82,84]. As an energy sen-
sor, mTOR regulates numerous cellular pathways including protein
translation, cell growth and proliferation. In fact, mTOR mediates the
synthesis and aggregation of Tau, resulting in compromised microtu-
bule stability [85]. mTOR has been shown to modulate insulin signalling
in a context of high nutrient exposure. mTOR directly phosphorylates
the insulin receptor leading to its internalization; this, in turn, results
in a decrease of mTOR signalling [82,86]. However, through the same
mechanisms, chronic mTOR hyperactivity leads to insulin resistance, a
key feature of T2DM [87].

AMPK is a cellular energy sensor highly conserved among eukary-
otes. AMPK regulates the activities of a number of key metabolic en-
zymes through phosphorylation [88]. It protects cells from stresses
that cause ATP depletion by switching off ATP-consuming biosynthetic
pathways. Furthermore, previous data suggest that AMPK can also
phosphorylate substrates like Tau proteins, thereby favouring their ag-
gregation. Phosphorylated Tau becomes soluble and causes microtubule
disassembly. In extreme cases, including in AD, hyperphosphorylation
of Tau leads to the formation of neurofibrillary tangles.

AMPK can phosphorylate and directly activate PGC-1a that, in turn,
controls major metabolic functions through the co-activation of PPARy
and other transcription factors [89]. PGC-1a is a PPAR transcriptional
coactivator, and elevated levels of PGC1c change the composition of
peroxisomes, so that they might exhibit decreased insulin degradation
and purine metabolism. PPARs are ligand-activated transcription factors
of the nuclear receptor superfamily. The levels of PPARs have been re-
ported to decline with age [90]. PPARY is highly expressed in adipose
tissue and is a major regulator of insulin and glucose metabolism. It
can be therefore suggested that the link between energy metabolism
and the amyloid cascade hypothesis stems from the fact that PPAR~y reg-
ulates the transcription of BACET, a key enzyme involved in Aj> genera-
tion. The enzyme BACE1 catalyses the rate-limiting step in A3
production, a peptide at the nexus of neurodegenerative cascade in
AD. Leptin has been shown to reduce AP> production by decreasing
BACET1 activity and expression levels [72,76]. Leptin increases the ex-
pression and activity of SIRT1, which results in decreased NF-x[>-
mediated transcription of BACE1.

Furthermore, since PGC-1cx appears to decrease Af> generation, ther-
apeutic modulation of PGC-1ax could have real potential as a treatment
for AD. Thus, Lep emerges as a general activity modulator of AMPK, PGC-
1 and the molecules downstream of them: PPARy and BACET.

8. Leptin and inflammation

Chronic inflammatory processes are common in obesity, cancer and
neurodegenerative diseases like AD. Although the BBB restricts access of
immune cells and mediators from the blood, innate immune activation
can occur throughout the brain in response to both local and systemic
inflammatory stimuli [91]. The apoE4 genotype, lifestyle-induced obe-
sity and dyslipidaemia could be considered as systemic inflammatory
stimuli, whereas Af> and Tau protein accumulation are considered
local stimuli. Chronic inflammation is known to cause Lep resistance
that, as previously discussed, is a status related to T2DM and AD [92].

It has been shown that both the accumulation of A3 and apoE4 geno-
type result in a transient enhancement of Lep signalling that might lead
to Lep resistance over time [93]. The mechanisms by which Af and
apoE4 affect LepR expression are unknown. Both molecules have been
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Fig. 2. Leptin signalling. In the hippocampus, Lep activates the PIsK/Akt, JAK STAT, and AMK/SIRT pathways, thus promoting neuronal survival, BACET down-regulation, reducing A3 pro-
duction and increasing its clearance, and reducing Tau phosphorylation. Leptin activation of Lep receptor induces STAT-3 phosphorylation activating the transcription of genes from SOCS
family, among others. Leptin inhibits the hyperphosphorylation of Tau protein thraugh PI3K and AKT activation that, in turn, promotes the formation of inactive form ser-9 GSK3-{>. Leptin
also inhibits GSK3-f activity acting on AMPK, and reducing the formation of A{ deposits. Leptin activates PGC-1cx that, in turn, causes the inhibition of BACE1 and Aj3 accumulation. PGC-1a
activation induces mitochondrial biogenesis and induces PPAR activity and fatty acid oxidation.

Adapted from Greco et al. [74].

shown to cause inflammation, and LepR upregulation has been demon-
strated in response to proinflammatory stimuli, such as treatments with
LPS and TNFa [94)]. In fact, transgenic animal models overexpressing
human forms of AR or human apoE4, showed enhanced inflammatory
reactions in the brain, including TNFa generation and gliosis [95,96].
Thus, it may be speculated that the initial up-regulation of LepR could
result from the pro-inflammatory effects of AR or apoE4.

Current evidence indicates that hypothalamic proinflammatory
phenotype could play a key role in central Lep and insulin resistance.
Recent studies have shown that diet-induced obesity (DIO), or HFD-
induced obesity, accelerates AD progression. Hypothalamic inflamma-
tion, induced by HFD feeding, favours increases in body weight [58].
It has been shown that DIO increases amyloid deposition in
amyloidogenic transgenic mice [97]. In WT rats, DIO causes Tau phos-
phorylation, increases glial fibrillary acidic protein (GFAP) expression
and astroglial activation in the hippocampus and impairs cognitive
function [98-100]. Interestingly, these changes were associated with
enhanced astrocytic LepR expression and mild microgliosis, but not A>
accumulation. The involvement of microglia and astrocytes in the
onset and progress of neurodegenaration in AD is increasingly recog-
nized [101]. Glial cells maintain brain plasticity and protect the brain
to ensure functional recovery from injuries. Dysfunction of glial cells
may promote neurodegeneration and, eventually, the retraction of neu-
ronal synapses, which leads to cognitive deficits [100,101].

The hippocampus may be particularly vulnerable to the negative
consequences of HFD, and it is suspected that the HFD may ‘prime’ the
proinflammatory response in this area, a process which is potentially
regulated by fatty acid signalling [22]. Several studies have attempted

to correlate hypothalamic expression of specific cytokines (IL-1f3,
TNFa, IL-6 and IL-10) to either DIO or to intraventricular administration
of saturated fatty acids [102,103]. Results show that saturated fatty acids
can stimulate microglia, leading to upregulation of NF-k3 and pro-
inflammatory cytokine expression [103-104].

Proinflammatory cytokines such as Interleukin-1 (IL-1), IL-4, IL-6, IL-
10,1L-12, and IL-18, IFN-~y, TNFet, TGF-B3, and several chemokines known
to cause glial activation, have been suggested as potential AD bio-
markers. These and other related pro- and anti-inflammatory molecules
are rapidly overexpressed by glia in adult rodent hippocampus in vari-
ous models of limbic seizures [104-106]. In addition, it has been dem-
onstrated that in the hippocampus, neuronal injury occurs only when
the cytokines are induced in glia, and cytokine synthesis precedes the
appearance of degenerating neurons [106]. In this context, neuronal in-
jury is more pronounced when both IL-6 and TNF-« are produced in ad-
dition to [L-1f.

Adipokines and circulating food-intake-controlling metabolites are
capable of reducing glial activation in models of excitoxicity. It has
been demonstrated that Lep was able to protect hippocampal neurons
against kainate excitotoxicity in an experimental model of epilepsia in
Lep deficient ob/ob mice [107]. Likewise, ghrelin prevented kainate-
induced activation of microglia and astrocytes, and inhibited the expres-
sion of proinflammatory mediator TNFc, IL-1(3, and cyclooxygenase-2
[104,105]. The inhibitory effect of ghrelin appears to be associated
with the reduction in matrix metalloproteinase-3 expression in dam-
aged hippocampal neurons [104]. Furthermore, recent findings demon-
strate that desacyl-ghrelin, hexarelin and EP-80317 ligands display
relevant anticonvulsive properties in models of limbic seizures [108].
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Fig. 3. Effect of Lep and amylin administration on hippocampal gliosis. As it is shown, treatment with KA 24.5 mg/kg, caused a reactive process of gliosis, as revealed from the immuno-
histochemistry of GFAP. The gliosis was especially intense in both CA1 and DG regions, when compared with the controls. Whereas treatment with amylin and Lep alone did not produce
significant differences when compared with the controls, the combined exposure to amylin and Lep was able to decrease the process of reactive gliosis in CA1 and CA2 areas.

Lactation is a natural model for neuroprotection because it effec-
tively prevents acute and chronic cell damage of the hippocampus
that can be induced by excitotoxicity. It is becoming apparent that neu-
roendocrine hormones including oxytocin, progesterone and prolactin
(PRL), apart from their roles in lactation, may also have neuroprotective
effects on hippocampal neurons [109].

Among the pituitary hormones, PRL is the most versatile in the spec-
trum and number of functions it regulates. PRL modulates virtually
every aspect of vertebrate physiology, including osmoregulation,
growth, metabolism, development, reproduction, parental behaviour,
and immune function [110]. In mammals, this hormone may act in co-
operation with Lep to transfer information to the brain about the caloric
state of the animal [111].

It has been shown that PRL prevents the damaging effects of
excitotoxicity in the dorsal hippocampus [112]. Trophic actions of PRL
in the CNS include mediating development and maturation of dopami-
nergic tuberoinfundibular neurons [113]. It also regulates neurogenesis
and brain cell proliferation [ 114]. Prolactin also shows mitogenic actions
on astroglia and protects hippocampal neurogenesis in the dentate
gyrus of chronically stressed mice [115,116]. Prolactin is also involved
in immune regulation [117]. In the brain, prolactin receptors (Prl-Rs),
which belong to the class I cytokine receptor superfamily, have been

detected in the cortex, hypothalamus and hippocampus, in both astro-
cytes and glial cells [77]. Neuroprotective properties of PRL have also
been demonstrated in a kainic acid-induced rat model of epilepsy,
where the administration of PRL to ovariectomised rats significantly re-
duced seizures and neurotoxicity in the hippocampus [118]. This is
noteworthy, as recent data suggest that PRL may be a possible marker
for obesity in humans [77].

Finally, recently published results from our group show that PRL
gene is down-regulated at early stages of amyloidogenesis, in an
APPswe/PS1dE9 double transgenic murine model of AD [80,81]. We ob-
served a significant down-regulation of the Prl-Rs and PRL genes in the
hippocampus of 3 month-old APPswe/PS1dE9 mice, when compared to
a wild-type control group. Thus, our results indicate early perturbations
in this particular biological route, at early stages of the neurodegenera-
tive process, when both cognitive impairments and A3 deposits have
yet to develop.

It has been shown that Lep is a powerful stimulator of in vitro PRL re-
lease and that its actions occur in part through stimulation of ERK1/2
[119]. This observation, once again, demonstrates the existence of a
complex net of interactions among different adipokines, and related
hormones like PRL, that should be extensively analysed to gain a better
understanding of AD aetiology.
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9. Synergic effects among adipokines

Besides the compelling evidence concerning the effects of
adipokines Lep, amylin and ghrelin, and pituitary-derived hormones
like PRL in the brain, there is a relative lack of knowledge in
relation to either the synergistic or antagonistic effects of their
combinations.

The first evidence of effects from combined actions of these mole-
cules comes from the fact that the high circulating levels of PRL (or pla-
cental lactogens) during pregnancy, may directly interfere with Lep
receptor signalling, possibly predisposing to Lep resistance [120]. Fur-
thermore, pregnancy is characterized by marked changes in the control
of energy balance [121,122]. In addition, Lep is a very potent in vitro se-
cretagogue of PRL release in ectotherms [119]. However, the physiolog-
ical significance of Lep actions in stimulating PRL release, including any
similar effects on PRL secretion in vivo, remains uncertain.

Another point of interest is the synergic effects of amylin and Lep in
reducing body weight and adiposity. Unfortunately, treatment of DIO
animals and obese humans with Lep alone, did not demonstrate the dra-
matic weight-reducing benefits seen in ob/ob mice. As De Paoli stated in
a recent review, the possibility to potentiate or enable the weight-
reducing properties of Lep has led to significant efforts to combine Lep
with other interventions or agents known to induce weight loss in
order to overcome leptin resistance [123]. It seems that either a re-
sistance to the weight-reducing actions of Lep exists in DIO mice
and obese humans, or that Lep is not actively functioning to reduce
body weight in the obese state. These observations led to the conclu-
sion that, in the absence of endogenous amylin, Lep signalling is
likely diminished. Results from a diet-induced leptin-resistant
obese rat model, show that pre-treatment with amylin, for 1 week,
restored Lep-induced neuronal activation of phosphorylated STAT3
signalling, within the ventromedial hypothalamus [124-126]. Fur-
thermore, it has been shown that amylin augmented Lep signal-
ling/receptor binding [126]. More recent data show that amylin-
induced microglial IL-6 production is the likely mechanism by
which amylin treatment interacts with Lep signalling to increase its
anorexigenic effects in the hippocampus [127]. Taken together,
these data establish a novel role for Lep and amylin in the processes
of mouse hippocampal neurogenesis, and provide new insights into
the mechanisms of neurogenic regulation [123].

It has been demonstrated that Lep and amylin, alone and in combi-
nation, activate signal transducer STAT3, AMPK, Akt, and extracellular
signal-regulated kinase signalling pathways in human primary adipo-
cytes, human peripheral blood mononuclear cells, and ex vivo in
human adipose tissue from male versus female subjects [moon]. How-
ever, the authors conclude that in humans Lep and amylin activate over-
lapping intracellular signalling pathways and have additive, but not
synergistic, effects.

Unpublished results from our laboratory suggest synergic effects of
the combination of amylin and Lep in reducing kainate-induced neuro-
toxicity in mouse hippocampus (Fig. 3). In our experiments, a single
treatment with KA 24.5 mg/kg caused a reactive gliosis at 72 h, clearly
evident with GFAP immunohistochemistry. The gliosis was intense in
both CA1 and DG regions, when compared with the respective controls,
and treatment with amylin and Lep alone did not result in significant
decreases in reactive gliosis. The combined exposure to amylin and
Lep, however, produced a significant reduction in gliosis in CA1 and
CA2 areas. Further experiments demonstrated that these effects were
specifically related to GSK-3[> and Akt activities. In fact, it has been
shown that in vitro exposure of HEK293 cells to Aj31-42 and human
amylin increased cytosolic cAMP and Ca‘® *) levels and triggered multi-
ple pathways involving the signal transduction mediators protein ki-
nase A, MAPK, Akt, and c-Fos [126,127].

The effects of amylin and Lep on AMPK activity are particularly
remarkable. AMP-activated protein kinase, a master regulator of cel-
lular energy homeostasis and a central player in glucose and lipid

metabolism, is potentially implicated in the pathogenesis of AD
|62]. AMPK activity decreases in AD brain, indicating decreased mito-
chondrial biogenesis and function. The roles of AMPK in the pathogenesis
of AD include A(3 generation and Tau phosphorylation at Thr-231 and Ser-
396/404, and an inhibition of mTOR signalling pathway, thus facilitating
autophagy and promoting lysosomal degradation of Ap. Then, AMPK
emerges as a potential key target in the AD treatment and highlights
the potential usefulness of amylin and Lep as neuroprotective agents in
the context of AD. In agreement with that, recent translational research
findings point to a potential therapeutic approach that incorporates
amylin (a beta-cell hormone) and Lep agonism, restoring or enhancing
Lep sensitivity [126-132].

10. Concluding remarks

The present review emphasizes the role of adipokines and hormones
related to adipoinsular axis in the development of AD. Leptin and amylin
modulate the activity of key molecules involved in energy regulation,
including AMPK, which plays a role in mitochondrial function,
neurogenesis and cognition. Similarly, a number of studies suggest a
central regulatory role for ghrelin not only in metabolism, but also in
modulation of cognitive functions and memory capacity. In addition,
these adipokines can regulate the inflammatory response mediated by
the glia cells, a very useful property considering that inflammation
plays a large role in AD neuropathology. Both ghrelin and Lep have de-
monstrable capacity to reduce seizures caused by exposure to kainic
acid, and also limit the extent of glial inflammatory response. A compre-
hensive understanding of Lep functions at the cellular level, including
elucidating potential interactions with other members of the
adipocytokine family, is required for the development of novel pharma-
cotherapies targeting sporadic AD. This knowledge can contribute to the
long-term goal of both AD prevention and treatment.

As a general conclusion, adipokines in general, and Lep in particular,
are promising AD targets.
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1. ABSTRACT

Recent studies suggest that the neurobiology
of Alzheimer's disease (AD) pathology could not be
explained solely by an increase in f-amyloid levels. In
fact, success with potential therapeutic drugs that inhibit
the generation of beta amyloid has been low. Therefore,
due to therapeutic failure in recent years, the scientists are
looking for alternative hypotheses to explain the causes of
the disease and the cognitive loss. Accordingly, alternative
hypothesis propose a link between AD and peripheral
metabolic alteration. Then, we review in depth changes
related to insulin signalling and energy metabolism in the
context of the APPSwe/PS1dE9 (APP/PS1) mice model
of AD. We show an integrated view of the changes that
occur in the early stages of the amyloidogenic process in
the APP/PS1 double transgenic mice model. These early
changes affect several key metabolic processes related
to glucose uptake and insulin signalling, cellular energy
homeostasis, mitochondrial biogenesis and increased Tau
phosphorylation by kinase molecules like mTOR and Cdk5.

2. INTRODUCTION

Alzheimer's disease, in the more common
sporadic form (SAD), is one of the most common causes
of senile dementia and the numbers of new cases
of the disease are increasing exponentially. The AD

progression is associated with the formation of senile
f-amyloid (AP) plaques and cognitive decline. In the
early 1980s, the biochemical characterization of senile
plagues, in patients with Down’'s syndrome and AD, led
to the identification of A} peptide as a major component.
The AP is a product of the AP protein precursor (APP),
and the relationship between APP and A} caused the
formulation of the amyloid cascade hypothesis. Then,
mutations in APP (or other genes) lead to an increase in
Ap and to disease (1,2).

The majority of AD research is carried out using
animal models that have increased AP levels compared
to controls, and while Af} pathology is mimicked in these
models, many other factors associated with AD pathology
are not. The APP/PS1 double transgenic mouse is
a genetically modified mouse model that has been
generated to try to mimic human AD pathology. In the APP/
PS1 line, two strategies are combined to reach elevated
Af levels: overexpression of the mutant human amyloid
precursor protein encoding gene, together with the mutant
presenilin-1 gene, which additionally impairs amyloid
protein processing leading to elevated A42 levels (3-5).

Despite the existence of several mice models
for AD, the early onset of pathological changes as the
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cerebral amyloidosis present at 6-8 weeks old mice,
allow to consider APP/PS1 mice a good model to study
the familial form of AD. A detailed review concerning
differential characteristics of the AD mice strains can be
found in Bilkei-Gorzo (5). Among them, Tg2576, APP23,
APP/PS1 and the triple transgenic 3xtg AD mice strains
express the so called Swedish mutation. It consists in a
695-amino acid isoform of human Alzheimer A3 precursor
protein containing the substitution of Lys670 by Asn and
Met671 by Leu. Whereas APP/PS1 mice is a good model
to study the early onset of pathological changes, the
Tg2576, APP23, and 3xtg strains express a late onset
form of the disease. Loss of both noradrenergic and
cholinergic neurons is unique to double transgenic APP/
PS1 and 3xtg mice. By contrast, none of these models
show massive neuronal loss in cortex and hippocampus.
The APP/PS1 strain show amyloid plaques formation
along with Tau protein hyperphosphorylation (3).
Only in 3xtg mice strain neurofibrillary tangles can be
observed (6).

It has been demonstrated that APP/PS1
mice show increased insoluble B-amyloid production
accompanied by brain plaque pathology and early memory
loss, becoming evident at the age of 6 months (7-9).
Recent data demonstrated that cognitive decline occur
early before amyloid plaque deposition in APP/PS1 mice
and, then, in this experimental model soluble $-amyloid
peptide should be involved in early cognitive impairment.
Acutely administered soluble Ap oligomers have recently
been reported to induce impairments in memory function
(10,11) possibly by disturbing acetylcholinesterase (ACh)
or NMDA receptors signalling systems (12,13). In fact,
several studies have demonstrated impaired function of
ACh and NMDA receptors signalling systems in multiple
transgenic mouse models of Alzheimer's disease like
APP/PS1 (11,12). Since PS1/APP mice aggressively
generate AP (14), excessive concentrations of soluble
Ap oligomers may lead to the observed memory deficits
by functionally disrupting the ACh and NMDA receptors
signalling pathways. Thus APP/PS1 mice are commonly
used in AD research for behavioural tests and studying
the molecular mechanisms in plaque formation and thus
AD progression (8,9,15).

3. METABOLIC SYNDROME, ADIPOKINES
AND AD

Despite the genetic and cell biological evidence
that supports the amyloid hypothesis, it is becoming clear
that AD aetiology is complex and that AB alone is unable
to account for all aspects of AD (16,17). For many years,
it has been suspected that AD is a generalized metabolic
disorder, but little evidence has emerged to confirm this
suspicion. Published data have suggested metabolic
syndrome as an independent risk factor for AD. Decades
of fruitless search for effective therapies have led to the
suggestion that the treatment usually starts too late in the
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course of the disease to be able to modify it, and can only
be detected when pathology is already advanced (18).

There is evidence of a relationship
between adipokines and AD. The adipokines,
are cytokines secreted by adipose tissue. Among them,
leptin, adiponectin, tumour necrosis factor (TNF)-alpha,
interleukins (IL-6), and also molecules like Pituitary-
derived prolactin (PRL), a well-known regulator of the
lactating mammary gland, recently shown to be produced
by human adipose tissue (19). Adipokines have come to
be recognized for their contribution to the mechanisms by
which obesity and related metabolic disorders influence
diseases like cancer or AD. It has been observed that
AD patients display increased circulating levels of
anorexigenic adipokines, related to gender, that may
contribute to the metabolic changes observed in AD
patients (20).

Among the adipokine genes associated to AD,
we can find the obese gene (ob) which is responsible
of the synthesis of the adipostatic hormone leptin
(Lep). Leptin is a hormone secreted by adipose
tissue that acts to suppress appetite and regulate
energy expenditure. In humans, recent studies have
suggested an association between higher Lep levels
and a reduced incidence of dementia and AD (21). In
rodents, Lep modulates the production and clearance
of AP (22). Mice with Lep receptor disruption show
impaired long-term potentiation, synaptic plasticity
and spatial learning, whereas treatment with Lep
increases A and tau clearance as well as amelioration
of AD-like pathology (23-25). More recently it has
been demonstrated that leptin resistance in the
hippocampus may play a role in the characteristic
changes associated with AD (26). In this study,
whereas leptin mMRNA was decreased in hippocampus,
increased leptin was found and, then, suggesting
a discontinuity in the leptin signalling pathway. The
lack of leptin signalling within degenerating neurons
may represent a novel neuronal leptin resistance
in Alzheimer disease.

Similar to the ligand, the prolactin receptor
(PRLR) has also been shown to be a member of the
larger class of receptors, known as the class 1 cytokine
receptor superfamily. Prolactin is secreted by the pituitary,
decidua, and lymphoid cells, has been shown to have
a regulatory role in reproduction, immune function, and
cell growth in mammals. Elevated levels PRL, oxytocin,
progesterone and glucocorticoids are characteristics
of lactation and the pronounced fluctuation of these
hormones occurring in this phase may play a role
protecting the hippocampus. Indeed, it has been
shown that PRL administration to ovariectomized rats
significantly diminishes the deleterious effects of kainic
acid (KA) in the dorsal hippocampus and reduces
the progression of KA-induced seizures (27). Thus,
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lactation is a natural model for neuroprotection because
it effectively prevents acute and chronic cell damage of
the hippocampus induced by excitotoxicity. Furthermore,
it has been shown that PRLR affects energy balance
and metabolic adaptation in rodents via effects on
brown adipose tissue differentiation and function (28).
In fact, recent findings show that circulating prolactin
improves glucose homeostasis by increasing insulin
action and secretion (29). It has been demonstrated
that PRL loss resulted in learning and memory deficits
in the PRL null mice, as indicated by significant deficits
in the standard behavioural tests requiring input from the
hippocampus (30).

Despite molecules like PRL have not been
clearly associated to AD, it seems clear the presence of
PRLR in several brain areas like cortex, hypothalamus
and hippocampus, and identified in both astrocytes and
glial cells (31). Then, changes downstream prolactin
receptor involve key molecules related to fatty acid
oxidation, mitochondrial biogenesis, inflammation and
memory processes. Among them, we can point out
the PPARYy coactivator-1o. (PGC-1a) a molecular link
between metabolic syndrome, A generation and AD.

3.1. Energy metabolism and AD

Besides the role of adipokines per se, it has
also been shown that alterations in energy metabolism
also promote the development of AD. Mitochondrial
structural and functional perturbations in AD have been
recognized for some time, and led Swerdlow and Khan to
propose the mitochondrial cascade hypothesis (32). This
hypothesis proposes that inherited mutations in mtDNA
determine the basal functional ability of mitochondria
and their ability to respond to and recover from stress
signalling. The histopathology of AD develops when the
mitochondria loss their functions below a certain point,
and includes neuronal apoptosis, B-amyloid deposition,
and neurofibrillary tangles (33).

Mitochondrial biogenesis is the process by
which cells generate new mitochondria and, if necessary,
increase mitochondrial mass. PGC-1c is a member of a
family of transcription co-activators that plays a central
role in the regulation of cellular energy metabolism
and stimulates mitochondrial biogenesis (34). PGC-1u
participates in the regulation of both carbohydrate and
lipid metabolism (35). Although the role of PGC-1u in
peripheral disorders such as obesity and diabetes is well
known, the role in neurons is currently a great interest
because is a key regulator of energy metabolism (34).
In addition, PGC-1a is also involved in the regulation
of genes that protects neuronal cells from oxidative
stress such as mitochondrial superoxide dismutase.
Finally, PGC-1a coordinates mitochondrial biogenesis
in at least some tissues such as muscle, heart, liver,
and pancreas via co-activation of various transcription
factors (33,34).

It has been recently shown that PGC-1a mRNA
and protein levels are reduced in AD subject brains
(36,37). As Selfridge and colleagues suggested (33),
even if PGC-1a. changes represent a consequence as
opposed to cause of AD pathology, PGC-1c. remains an
attractive target for therapeutic intervention. Whether
mitochondrial mass changes in AD, it is reasonable
to postulate that increasing mitochondrial mass may
alleviate bioenergetics-related stress in the AD brain.

PGC-1a is regulated by several metabolism-
responsive elements like AMPK, which is activated by
elevated AMP/ATP ratios. AMPK is a cellular energy
sensor conserved in all eukaryotic cells. AMPK regulates
the activities of a number of key metabolic enzymes
through phosphorylation (38). It protects cells from
stresses that cause ATP depletion by switching off
ATP-consuming biosynthetic pathways. AMPK can
phosphorylate and directly activate PGC-1a (39).

Furthermore, previous data suggest that AMPK,
besides the important cellular functions such as cellular
energy sensor, can also phosphorylate substrates like
Tau protein and, thus, could favour its aggregation.
Ilts phosphorylation makes it soluble and causes
microtubule disassembly. In extreme situations as in AD,
hyperphosphorylation of Tau leads to the formation of
neurofibrillary tangles. It is well established that neurons
are elongated cells. To maintain neuronal function they
need efficient delivery of cellular organelles (such as
mitochondria, endoplasmic reticulum, lysosomes, proteins,
and lipids from soma to axons, dendrites and synapses.
Hoover et al. (40) investigated the localization of abnormal
Tau in dendritic spines using rTgP301L tau mice. They
found that early Tau-related deficits develop not from
the loss of synapses or neurons, but rather as a result
of synaptic abnormalities caused by the accumulation of
hyperphosphorylated Tau within intact dendritic spines.

PPARs are ligand-activated transcription
factors of the nuclear receptors superfamily. The levels
of PPARs have been reported to decline with age (41).
PPARYy is highly expressed in adipose tissue and is
a major regulator of insulin and glucose metabolism.
PGC-1a is a PPAR transcriptional co-activator, and
elevated levels of PGC1a change the composition of
peroxisomes, so that they might exhibit decreased
insulin degradation and purine metabolism. Then,
it can be suggested that the link between energy
metabolism and the amyloid cascade hypothesis can
rely in the fact that PPARy regulates the transcription
of B-secretase (BACE1), a key enzyme involved in Ap
generation. In turn PGC-1a controls major metabolic
functions through the co-activation of PPARy and other
transcription factors (42). In conclusion, since PGC-1a
appears to decrease AP generation, therapeutic
modulation of PGC-1a could have real potential as a
treatment for AD.

159



UNIVERSITAT ROVIRA I VIRGILI
ALTERACIONES METABOLICAS EN EL PROCESO DE AMILOIDOGENESIS EN EL HIPOCAMPO DE RATONES APP/PS1
Ignacio Pedrdés Martin

Energy metabolism in the APP/PS1 mice model

3.2. Cholesterol, fatty acids and AD

Several strategies have proved to be effective
in slowing down the pathological process or in improving
the health status of the APP/PS1 mice (5) and, among
them, can be pointed out the caloric restriction (43). From
the 1930s it has been reported that caloric restriction
(CR) mitigates neurological damage and, furthermore,
rats submitted to CR live almost twice as long as non-
restricted rats. Since that time, findings from a diverse
range of species support the view that CR exerts beneficial
effects on health and longevity, and is also able to reduce
amyloid accumulation in middle-aged APP/PS1 mice.
Then, excessive consumption of calories, particularly fat,
opposes healthy brain aging though mechanisms that
remain to be elucidated (43).

Hyperlipidemia, hypercholesterclemia, and
obesity are all associated with increased accumulation
of amyloid in AD and mouse models that form AD-type
amyloid plaques. The brain is rich in cholesterol and
substantial in vitro and animal evidence indicates that
cholesterol levels in the brain affect the synthesis,
clearance, and toxicity of Af} (44). Then, elevated cerebral
AR levels can be associated with cholesterol fractions
in a pattern analogous to that found in coronary artery
disease. In fact, a large amount of evidence suggests
a pathogenic link between cholesterol homeostasis
dysregulation and AD, where altered cholesterol
metabolism and hypercholesterolemia appear to play
fundamental roles in amyloid plaque formation and
tau hyperphosphorylation (45). Experiments carried
out with the use of low density lipoprotein receptor
(LDLR)-deficient mice link  hypercholesterolemia
with cognitive dysfunction, potentially mediated by
increased neuroinflammation and APP processing
(46). Furthermore, it has been demonstrated, using an
Af25-35-injected AD-like pathological mouse model,
that hypercholesterolemia accelerated Ap accumulation
and tau pathology, which was accompanied by microglial
activation and subsequent aggravation of memory
impairment (47).

By contrast, it is unknown if a specific fatty-
acid composition influences the development of AD,
and published results are controversial. For instance,
an study based on the Uppsala Longitudinal Study of
Adult Men (ULSAM) cohort show that serum levels of
saturated FAs were inversely associated with risk of
AD, in sharp contrast to experimental studies (48). By
contrast, research carried out in the APP/PS1 mice
model show that AD increases susceptibility to body
weight gain induced by short-term high-fat diet (HFD)
feeding, and to the associated glucose intolerance and
insulin resistance (49).

Nevertheless, protective effects of omega-3
fatty acids have been hypothesized (50-52). This can be
supported on epidemiologic results and on the evidence

160

that decreased levels of omega-3 fatty acids have been
observed in brain tissue of people with AD, specifically
in areas that mediate learning and memory. Thus, these
observations reinforce an innovative approach that
focuses on the protective action exerted by molecules
naturally occurring in food and, at higher content, in
dietary supplements (52,53).

Then, recognition of the correlation between AD
and dyslipemia could be an important step forward for
our understanding of AD pathogenesis and, possibly, for
the development of new therapeutic strategies. However,
the underlying mechanisms remain unknown.

3.3. Alzheimer’s disease or “brain diabetes”

It has been described that obesity and diabetes
significantly increase cognitive decline and AD risk,
supporting the notion that molecular mechanisms
of cellular energy homeostasis are linked to AD
pathogenesis. Furthermore, biological plausibility for this
relationship has been framed withinthe metabolic cognitive
syndrome concept. Thus, several early biomarkers have
been proposed and many of them rely on the definition
of AD as a “Cognitive Metabolic Syndrome” or “Diabetes
3" (54). Then, AD would be a degenerative metabolic
disease in which brain glucose uptake and utilization are
impaired. Furthermore, a growing body of epidemiological
evidence suggested that metabolic syndrome and its
components (impaired glucose tolerance, abdominal or
central obesity, hypertension, hypertriglyceridemia, and
reduced high-density lipoprotein cholesterol) may be
important in the development of age-related cognitive
decline, mild cognitive impairment, vascular dementia,
and AD (55). In fact, results from hippocampal gene
expression studies in normal mice, show several aging-
dependent up-regulated processes and, among them,
lipid catabolism, proteolysis, cholesterol transport,
and myelinogenesis (56,57). Additionally, a consistent
observation is that persons with AD, despite unchanged
eating habits, begin to lose weight several years prior
to the onset of clinical symptoms, suggesting the link
between adipose tissue metabolism and AD (25,58,59).

Epidemiological, clinical, and basic studies have
shown a relationship between AD and Type 2 Diabetes
Mellitus (T2DM), and that the main physiological link
between both conditions is peripheral and central
insulin signalling impairment (60). T2DM triggers a
condition of “diabetic encephalopathy” characterized
by electrophysiological, structural and neurochemical
changes leading to cognitive impairments (61). In fact,
results from the so called “Hisayama Study” indicate
that altered expression of genes related to diabetes
mellitus in AD brains is a result of AD pathology, which
may thereby be exacerbated by peripheral insulin
resistance or diabetes mellitus (62). These cognitive
deficits associated to T2DM have been argued to be due
in large part to an impaired central insulin modulation in
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the hippocampus, which is a critical region for memory
processing (63). In fact, adults with newly diagnosed pre-
diabetes or T2DM show insulin resistance associated
with reductions in regional cerebral glucose metabolism
and subtle cognitive impairments (64). Interestingly, the
insulin signalling overlaps with pathways that regulate
both synaptic plasticity and memory processes (63).
Therefore, insulin has effects on memory storage and
synaptic physiology (65,66).

Published results indicate that there is a close
link between insulin deficient diabetes and cerebral
amyloidosis in the pathogenesis of AD (67,70). Despite
the active research on this field in recent years, the
molecular mechanisms involved in the pathophysiology
observed in both diseases remain unclear. It has been
shown that f-amyloid peptide and phosphorylated tau
accumulation also occur in T2DM rat models that exhibit
neurite degeneration and neuronal loss (71). These
changes appear to be associated with insulin resistance
and hypercholesterolemia, and emphasize the role of
energy metabolism control in the etiopathology of the AD.
Results from Chua and colleagues have demonstrated an
alteration in brain insulin proteins in APP/PS1 females,
and the alteration of this pathway is responsible of the
increase in brain (342 level in APP/PS1 mice (72). Thus,
authors suggestthatthe braininsulin signalling impairment
is involved in the amyloid accumulation in female APP/
PS1 mice. Sadowski and colleagues demonstrated a
correlation between the hippocampal levels of amyloid
plaques and glucose utilization at 22 months of age (73).

It has been suggested from human brain
imaging studies that impaired glucose utilization in AD
precedes the onset of cognitive deficits and, thus, it will
be the cause of AD. Therefore, brain glucose metabolism
defects are strongly associated with memory impairment
in AD brain. In agreement with that, early markers related
to insulin function, like circulating insulin-like growth factor
| (IGF-I) have been recently proposed (18). Furthermore,
it has been shown that insulin tolerance tests revealed
significant hyperglycaemia in mice overexpressing
mutant amyloid precursor protein and presenilin-1
(APdE9), either by cross-breeding them with pancreatic
insulin like growth factor 2 (IGF-2) overexpressing
mice, or by feeding them with high-fat diet (74). In fact,
it has been shown that local and systemic levels of
IGF1 are altered in such CNS diseases as Alzheimer.
IGF1 has emerged as a crucial factor in the CNS; it is
involved in normal cognitive function and successful
aging, in addition to development. In this context,
insulin binds to the insulin receptor and insulin receptor
substrates 1 and 2 (IRS-1 and IRS-2), and is involved
in the modulation of hippocampal synaptic plasticity and
memory consolidation (75).

Then, it can be concluded that the
association between obesity and altered signalling

mechanisms of insulin implies a greater susceptibility to
neurodegenerative processes.

3.4. The “missing link” between T2DM and AD

Several studies have shown that AD and T2DM
may share another common pathways to pathology, both
kinases involved in Tau phosphorylation and microtubule
stability: the mammalian target of rapamycin (mTOR) and
the cyclin dependent kinase 5 (Cdk5). The kinase mTOR
plays a key role in maintaining energy homeostasis in
the brain and other tissue types (76,77). As an energy
sensor, mTOR regulates numerous cellular pathways
including protein translation, cell growth and proliferation.
In fact, mTor mediates the synthesis and aggregation of
Tau, resulting in compromised microtubule stability (78).
Furthermore, the authors describe that changes of
mTOR activity cause fluctuation of the level of a battery
of Tau kinases such as protein kinase A, v-Akt murine
thymoma viral oncogene homolog-1, glycogen synthase
kinase 3f, cyclin-dependent kinase 5, and Tau protein
phosphatase 2A. In addition, compelling evidence
indicated that the sequential molecular events such as the
synthesis and phosphorylation of Tau can be regulated
through p70 S6 kinase, the well characterized immediate
downstream target of mTOR. Acommon pattern observed
in both post-mortem AD brains and drug-oriented in vitro
and in vivo models, is an aberrant accumulation of mTOR.
Recently, rapamycin has beenshownto be neuroprotective
in models for Alzheimer’s disease in an autophagy-
dependent manner. Caccamo and colleagues (79) and
Spilman and colleagues (80) showed that rapamycin
rescued cognitive deficits by suppressing extracellular
AP deposition and intracellular Tau accumulation (81).
In fact, treatment with rapamycin has proved to reduce
ApB42 levels and to improve cognitive function through
inhibition of mMTOR signalling in two independent mouse
models of AD (77,79,80). Finally, it has been shown that
rapamycin exerts neuroprotection via a novel mechanism
that involves presynaptic activation (82) and rapamycin-
treated hippocampal neurons are resistant to the
synaptotoxic effect induced by AP oligomers, suggesting
that enhancers of presynaptic activity can be therapeutic
agents for Alzheimer’s disease.

It has been proposed that mTOR modulate
insulin signalling in times of high nutrient exposure. mMTOR
directly phosphorylates the insulin receptor leading to
its internalization; this, in turn, results in a decrease of
mTOR signalling (83, 77). However, through the same
mechanisms, chronic mTOR hyperactivity leads to insulin
resistance, a key feature of T2DM (84). Then, as Orr and
colleagues propose (77), since mTOR hyperactivity is
common to both diabetes and AD, mTOR signalling could
be considered a molecular link between these two age-
related diseases.

In addition to mTOR, the hyper-activation of
Cdk5/p25 can be related to AD and T2DM (85). Cdk5
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Figure 1. The image shows a complex grid of interactions resulting from the correlations that can be found among metabolic processes and key
molecules involved in AD. Results from animal models of AD, like APPswe/PS1dE9, show early down-regulation of glucose and insulin signalling
pathways and energy metabolism. The observed changes are complex and are related to insulin and adipokine receptors signalling impairment, all along
with alterations in cholesterol and fatty acids metabolism. All together cause changes that affect the activity of key molecules like AMPK and PGC-1c,
involved in mitochondrial biogenesis, PPAR and BACE activity regulation and A deposition. Since Tau expression is regulated by insulin/IGF-1, and by
AMPK, changes in neurofibrillary tangles can be related to energy impairment. Finally, an increased activity of mTOR, Cdk5 and p35 could be responsible

of increased Tau phosphorylation and neurofibrillary tangles formation.

is an atypical cyclin-dependent kinase localized in the
brain, and its activity is dependent upon binding to p35/
p39. In addition, while cdk5 has important physiological
functions related to brain development, the breakdown
of cdk5/p35 into cdk5/p25 increases its kinase activity
and neurotoxicity. Interestingly, in recent years increased
cdk5/p25 expression has been demonstrated in the
brains of patients with Alzheimer's and Parkinson’s
diseases. Experimental studies performed in neuronal cell
cultures indicate that cdk5/p25 plays a prominent role in
apoptosis. In fact, The Cdk5-p25 forms a more stable and
hyperactive complex, causing aberrant phosphorylation of
cytoskeletal components like Tau and neurofilaments, and
induces cell death. It has been shown that cells treated
with high glucose concentrations exhibit an induction of
p25, the p35-derived truncated fragment which hyper
activates CdkS5 in neurons. Cdk5/p35 has been implicated
in cytoskeletal protein phosphorylation in normal brain
and in many human neurodegenerative disorders (86).
Significant increases in Cdk5 activity and the localization
of Cdk5 in neurodegenerative lesions have been
demonstrated in several diseases, including AD (87).

Studies illustrate that p35 regulates the subcellular
distribution of Cdk5 and cytoskeletal proteins in neurons
and that Cdk5 has a hierarchical role in regulating the
phosphorylation and function of cytoskeletal proteins. All
these data supports the hypothesis that cdk5/p25 acts
as a master regulator of neuronal cell death. In addition,
cdk5/p25 might also interact with other pathways such as
GSK-3p and c-JUN kinase.

Recent studies have identified P5, a truncated
24-aa peptide derived from the Cdk5 activator p35,
later modified as TFP5, so as to penetrate the blood-
brain barrier after intraperitoneal injections in AD model
mice (84). Since this treatment inhibited abnormal Cdk5
hyperactivity and significantly rescued AD pathology in
these mice, the authors suggest that TFP5 peptide may
be a novel candidate for type 2 diabetes therapy.

4. CONCLUDING REMARKS

In summary, the reviewed results show early
down-regulation of glucose and insulin signalling pathways
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and energy metabolism in an APPswe/PS1dE9 model of
Alzheimer disease (Figure 1). These changes affect the
activity of key molecules like AMPK and PGC-1o,, involved
in mitochondrial biogenesis. It reinforces the hypothesis
that the preceding events in the amyloidogenesis are
related with both insulin signalling and energy metabolism
impairment. Then, initial hypothesis of inscluble A fibrils
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