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BIP Immunoglobulin heavy chain-Binding Protein 

BMI Body Mass Index 

CA Cornu Ammonis 

CHOP C/EBP Homologous Protein 

CREB cAMP Response Element-Binding 

DG Dentate Gyrus 

DIABLO Direct IAP-Binding protein with Low PI 

DNA Deoxyribonucleic Acid 

EIF2α Eukaryotic Initiation Factor 2 alpha 

ER Endoplasmic Reticulum 

ERK Extracellular signal-Related Kinase 
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GABA γ-aminobutyric acid 

GLP1 Glucagon-Like Peptide 1 

GLUT Glucose Transporter 

GPX Glutathione Peroxidase 

GRP78 Glucose-Regulated Protein 78 

GSH L-γ-Glutamyl-L-cysteinylglycine 

GSK3β Glycogen Synthase Kinase 3 β 

HFD High Fat Diet 

IGF1R Insulin-like growth factor 1 receptor 

IL1β Interleukin 1β 

IR Insulin Receptor 

IRE1 Inositol-Requiring kinase/Endoribonuclease 1 

IRS Insulin Receptor Substrate 

JIP JNK-Interacting scaffold Protein 

JNK c-JUN N-terminal Kinase 

KA Kainic Acid 

LIC-A Licochalcone A 

MAPK Mitogen Activated Protein Kinase 

MKK Mitogen Activated Protein Kinase Kinase 

NFκB Nuclear Factor Kappa-light-chain-enhancer of activated 
B cells 

NMDA N-Methyl-D-Aspartate 

NORT Novel Object Recognition Test 

NOS Nitric Oxide Synthase 

OXPHOS Oxidative Phosphorylation 

PERK Protein Kinase activated by double-stranded RNA 
(PKR)-like ER Kinase 
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PGC1α Peroxisome Proliferator-Activated Receptor gamma 
(PPARγ) Coactivator 1-alpha 

PI3K Phosphoinositol-3-Kinase 

PPARγ Peroxisome Proliferator-Activated Receptor gamma 

PRX Peroxiredoxin 

PTP1B Protein Tyrosine Phosphatase 1B 

ROS Reactive Oxygen Species 

SAPK Stress-Activated Protein Kinase 

SE Status Epilepticus 

SOCS Suppressor Of Cytokine Signalling 

SMAC Second Mitochondria-derived Activator of Caspases 

SOD Superoxide Dismutase 

T2DM Type 2 Diabetes Mellitus 

T3D Type 3 Diabetes 

TLE Temporal Lobe Epilepsy 

TLR4 Toll-Like Receptor 4 

TNFα Tumour Necrosis Factor alpha 

TRAF2 Tumour Necrosis Factor Receptor-Associated Factor 2 

UPR Unfolded Protein Response 

WHO World Health Organization 

XBP1 X-box Binding Protein 1 
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ABSTRACT 

Many past reports on the c-JUN N-terminal Kinases (JNKs) did not take 

into account the existing differences in the activity of each of the isoforms. 

And so, therapeutic proposals that regulated the JNKs unspecifically 

encountered setbacks of import. The aim of the present thesis was to 

contribute to current understanding of the role of individual JNK isoforms 

in the development of pathology and, to appraise any therapeutic interest 

derived of their modulation for temporal lobe epilepsy and the metabolic-

cognitive syndrome. 

Reported results demonstrated that the knock-out JNK1 had 

neuroprotective effects against excitotoxic damage derived of the 

administration of kainic acid, a model of temporal lobe epilepsy. Thus, 

Licochalcone A (LIC-A), a JNK1 inhibitor, was tested for its potential as a 

therapeutic agent. Results confirmed that when animals were pre-treated 

with LIC-A they were protected from the effects of kainic acid, as 

demonstrated by the absence of degenerating cells and sclerotic tissue, as 

well as lower neuroinflammatory responses in astrocytes and microglia. 

Additionally, the metabolic consequences of a chronic feeding of a fat-

enriched diet (High fat diet; HFD) were also assessed. Data demonstrated 

that HFD caused the appearance of peripheral and central insulin 

resistance as a result of mitochondrial and endoplasmic stress, 

dysregulation of autophagy and other alterations. In the end, it led to the 

appearance of cognitive impairments. Parallelly, the effects of the 

ablation of JNK2 were evaluated and, it was determined that it favoured 

the appearance of these same alterations, especially when combined with 

HFD. On the contrary, the knockout of JNK1 protected against the 
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metabolic consequences of a chronic feeding with HFD, showing 

improved sensibility to insulin, reduced body weight and more efficient 

mitochondrial activity. Moreover, these animals were protected against 

the appearance of metabolic-derived cognitive dysfunctions. 
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RESUM 

Molts estudis previs sobre el paper de les cinases c-JUN N-terminal 

(JNK) no tenien en compte les diferències existents en l’activitat de 

cadascuna de les isoformes. Això va provocar que les propostes 

terapèutiques que regulaven les JNK de manera inespecífica es trobessin 

amb problemes importants. L’objectiu de la present tesi doctoral era 

ampliar els coneixements que es tenen actualment sobre el paper 

individual de les isoformes de les JNK i, avaluar qualsevol interès 

terapèutic que pugui derivar de la seva modulació per a l’epilèpsia del 

lòbul temporal i afectacions cognitives derivades del metabolisme. 

Estudis previs van demostrar que la inactivació genètica de la JNK1 

tenia efectes neuroprotectors davant el dany citotòxic derivat de 

l’administració d’àcid kainic, un model d’epilèpsia del lòbul temporal. Per 

tant, es va posar a prova el potencial terapèutic de la Licochalcona A (LIC-

A), un inhibidor de la JNK1. Els resultats van confirmar que quan els 

animals eren pretractats amb LIC-A, aquests quedaven protegits dels 

efectes de l’àcid kainic, tal i com ho demostrava l’absència de cèl·lules en 

degeneració ni de teixit escleròtic, així com una menor resposta 

neuroinflamatòria en astròcits i micròglia. 

A més a més, es van estudiar les conseqüències metabòliques d’una 

alimentació crònica amb una dieta rica en greixos (HFD). Els resultats 

demostraven que la dieta provocava l’aparició de resistència la insulina a 

escala central i perifèrica com a resultat d’estrès en les mitocòndries i el 

reticle endoplasmàtic, desregulacions de l’autofàgia, entre altres. Al final, 

això portava a l’aparició d’afectacions cognitives. Paral·lelament, es van 

avaluar els efectes de la inactivació genètica de la JNK2 i, es va determinar 
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que afavoria l’aparició d’aquestes mateixes alteracions, especialment 

quan es combinava amb HFD. Per contra, la inactivació de JNK1 protegia 

de les conseqüències metabòliques d’una ingesta crònica de HFD, 

afavorint una major sensibilitat a la insulina, un menor pes corporal i una 

activitat mitocondrial més eficient. A més a més, aquests animals estaven 

protegits davant l’aparició de dèficits cognitius derivats d’alteracions 

metabòliques. 
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RESUMEN 

Muchos estudios previos sobre el papel de las quinasas c-JUN N-

terminal (JNK) no tenían en cuenta las diferencias existentes en la 

actividad de cada una de las isoformas. Esto provocó que las propuestas 

terapéuticas que regulaban las JNK de forma inespecífica se encontraran 

con problemas importantes. El objetivo de la presente tesis doctoral era 

ampliar los conocimientos que se tienen actualmente sobre el papel 

individual de las isoformas de las JNK y, evaluar cualquier interés 

terapéutico que pueda derivar de su modulación para la epilepsia del 

lóbulo temporal y afectaciones cognitivas derivadas del metabolismo. 

Estudios previos demostraron que la inactivación genética de la JNK1 

tenía efectos neuroprotectores ante el daño citotóxico derivado de la 

administración de ácido kaínico, un modelo de epilepsia del lóbulo 

temporal. Por tanto, se puso a prueba el potencial terapéutico de la 

Licochalcona A (LIC-A), un inhibidor de la JNK1. Los resultados 

confirmaron que cuando los animales eran pretratados con LIC-A, estos 

quedaban protegidos de los efectos del ácido kaínico, tal y como lo 

demostraba la ausencia de células en degeneración ni de tejido 

esclerótico, así como una menor respuesta neuroinflamatoria en 

astrocitos y microglía.  

Además, se estudiaron las consecuencias metabólicas de una 

alimentación crónica con una dieta rica en grasas (HFD). Los resultados 

demostraban que la dieta provocaba la aparición de resistencia a la 

insulina a escala central y periférica como resultado de estrés en las 

mitocondrias y el retículo endoplasmático, desregulaciones de la 

autofagia, entre otros. Al final, esto llevaba a la aparición de afectaciones 
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cognitivas. Paralelamente, se evaluaron los efectos de la inactivación 

genética de la JNK2 y, se determinó que favorecía la aparición de estas 

mismas alteraciones, especialmente cuando se combinaba con HFD. Por 

lo contrario, la inactivación de JNK1 protegía ante las consecuencias 

metabólicas de una ingesta crónica de HFD, favoreciendo una mayor 

sensibilidad a la insulina, un menor peso corporal y una actividad 

mitocondrial más eficiente. Además, estos animales quedaban protegidos 

ante la aparición de déficits cognitivos derivados de alteraciones 

metabólicas. 
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INTRODUCTION 

Modern societies are characterized by technological innovations 

that have transformed human life in fundamental ways. In developed 

countries, people live longer and healthier. Now, it is possible to cure 

diseases that were once considered death sentences. Still, there are 

significant woes that need to be addressed. 

An increase in stress and anxiety, unbalanced and unhealthy diets, 

dominating sedentary lifestyles and exposure to pollution and 

radiation are just a few of these struggles, and they have paramount 

impact on human health. Understanding how these factors influence 

the development of complex diseases is crucial in order to develop 

safe, state-of-the-art treatments.  

This thesis discusses some molecular mechanisms responsible for 

the regulation of healthy physiology, and how these same systems 

bring about the development of disease. Specifically, it focuses on the 

study of the c-JUN N-terminal Kinases (JNKs) and their ability to 

control a wide range of cellular mechanisms in physiological and 

pathological conditions, as well as their potential as therapeutic 

targets in the context of neurodegenerative processes.  
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MITOGEN ACTIVATED PROTEIN KINASES  

The maintenance of homeostasis is key to cellular physiology. It is 

possible thanks to highly specialized biochemical mechanisms that 

respond to intra- and extracellular stimuli and induce alterations and 

regulatory modifications. 

The mitogen-activated protein kinases (MAPKs) are a superfamily 

of intracellular, ancient and highly conserved serine (Ser)/threonine 

(Thr) kinases that regulate multiple cellular functions by converting 

stimuli into responses. They can be found in most eukaryotic cells and 

are responsible for the control of cell proliferation, differentiation, 

migration, senescence and apoptosis among other processes 

(Cargnello M and Roux PP, 2011). Substrates for these kinases are 

located in the cytoplasm, mitochondria, Golgi apparatus, endoplasmic 

reticulum (ER) and the nucleus. The signals transmitted via the 

various cascades modulate the activity of a large number of 

transcription factors and suppressors, as well as chromatin 

remodelling proteins (Plotnikov A et al., 2011). 

This family of kinases is composed of four main cascades that 

propagate signals through sequential phosphorylation with the aid of 

scaffold proteins. These regulators have the ultimate role of inducing 

modifications in gene expression but are also implicated with proteins 

in the plasma membrane and the cytosol, thereby regulating 

additional cellular mechanisms. These proteins are the extracellular 

signal-related kinases (ERK1/2), ERK5, p38 and the JNKs (Figure 1) 

(Sabapathy K, 2012; Sun Y et al., 2015). 
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Each of the MAPK cascades responds to different sets of stimuli, 

prompting the appropriate responses according to the environment 

surrounding the cell. In general: 

• ERK1/2 are activated by growth factors, insulin, ligands linked to 

the activity of G-protein coupled receptors, cytokines, osmotic 

pressure and microtubule disorganization (Pinto DJ et al., 2005). 

• ERK5 becomes stimulated by growth factors, oxidative stress and 

hyperosmolarity (Wang X et al., 2006). 

• p38 isoforms have severe responses to environmental agents like 

oxidative stress and UV radiation, as well as to inflammatory 

cytokines (Cuadrado A and Nebreda AR, 2010). 

Figure 1. Schematic of the cascades in the MAPK pathway. Each pathway 

responds to different stimuli and creates an appropriate response (modified from 

Cargnello M and Roux PP, 2011). 
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• The JNKs, also known as stress-activated protein kinases (SAPK), 

are triggered by multiple stimuli, including heat shock, ionizing 

radiation, oxidative stress, deoxyribonucleic acid (DNA)-

damaging agents, cytokines, ultraviolet irradiation, protein 

inhibitors, G protein coupled receptors, as well as deprivation and 

presence of growth factors… (Davis RJ, 2000; Cui J et al., 2007). 

 

C-JUN N-TERMINAL KINASES 

The JNKs are stress-response elements that become activated 

through dual phosphorylation in Thr and tyrosine (Tyr) residues by 

the Mitogen Activated Protein Kinase Kinase 4 (MKK4) and 7 (MKK7) 

with the JNK-interacting scaffold protein (JIP) (Yasuda J et al., 1999). 

Over the years, three isoforms have been described for the JNKs: 

JNK1, JNK2 and JNK3. These variants share 85% of identity and are 

coded by three genes: (Mapk8 (Jnk1), Mapk9 (Jnk2) and Mapk10 

(Jnk3)). These can generate up to 10 spliced protein products, with 

molecular masses of 46 or 55 KDa. Isoforms JNK1 and JNK2 can be 

found almost ubiquitously but, JNK3 is only expressed in the brain, 

testes and cardiac myocytes (Cui J et al., 2007; Coffey ET, 2014). During 

embryonic development, isoforms JNK1 and JNK2 are the first to be 

expressed at E7, while JNK3 starts its expression at E11 (Borsello T, 

2012; Yarza R et al., 2016). Studies using knockout animals have 

determined that mice deficient in any of the three genes are viable 

without apparent morphological abnormalities in recent 

developmental stages. Also, it has been described that lack of 

expression of both Mapk8 (JNK1) and Mapk9 (JNK2) is non-viable in 
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mice. Triple JNK knockouts have been tested in vitro and cause 

neuronal hypertrophy and reduction in the number of dendrites. 

However, an increase in lifespan is also observed due to a reduction 

of the capacity to activate apoptosis (Borsello T, 2012). 

In vitro studies have shown that JNK activation can be transient, 

often leading to cellular survival signals, or sustained, leading to cell 

death. In most cases, when activated, these kinases relocalize from the 

cytoplasm into the nucleus where they phosphorylate the cJUN 

transcription factor in the Ser63/73 residues (Sabapathy K, 2012).  

Additional substrates for the JNKs include p53, activating 

transcription factor 2, heat shock factor 1 c-Myc and JUNB, among 

others. Continuous discoveries, the description of new mechanisms 

and the widespread effects of these kinases point to the possibility 

that there are still many other substrates that are yet to be identified 

(Cui J et al., 2007; Cargnello M and Roux PP, 2011). 

 

Role of the JNKs in the development of disease 

Many reports describe how, in pathological states, JNK activity is 

largely upregulated, indicating that these kinases play a significant 

role as originators and aggravators of pathological features 

(Sabapathy K, 2012).  

When cells are exposed to a stress, the initial response of the JNKs 

is to activate survival mechanisms, but if the alteration prolongs in 

time or is too intense, the JNKs will promote cellular death (Green DR 

and Llambi F, 2015). Specifically, sustained activation favours the 
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activation of apoptotic and necrotic cellular mechanisms, coupled 

with the upregulated expression of cytotoxic ligands, like tumour 

necrosis factor α (TNFα) or interleukin 1 β (IL1β), along with 

increased concentration of reactive oxygen species (ROS) (Ventura JJ 

et al., 2006; Madhumita D et al., 2009; Koch P et al., 2015). Also, the 

JNKs regulate the intrinsic apoptotic pathway through mitochondria 

by modulating the activity of the members of the Bcl2 family; 

activating pro-apoptotic agents and inhibiting anti-apoptotic ones 

(Tournier C et al., 2000). 

 

Pathologies linked to the activity of the JNKs can be found in almost 

all systems and apparati - neurological, coronary, hepatobiliary, 

respiratory, autoimmune, inflammatory, as well as cancer, diabetic 

alterations and obesity. In many cases, these conditions are associated 

Figure 2. Increased activity of the JNKs is associated with pathologies of 

different nature through their regulatory control of multiple cell mechanisms. 
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with mitochondrial and ER dysregulations, as well as with the 

disruption of other cellular mechanisms like autophagy or cell cycle 

progression (Figure 2) (Cui J et al., 2007; Sabapathy K, 2012). 

 

JNKs in subcellular compartments 

Mitochondria 

Mitochondria are double-membraned organelles critical for the 

regulation of many cellular processes (Waldbaum S and Patel M, 

2010). Their primary function lies in the production of intermediaries 

in the Krebs’s Cycle and the maintenance of chemiosmotic balances 

between the inner and intermembrane spaces, allowing for the 

synthesis of adenosine triphosphate (ATP) through oxidative 

phosphorylation (OXPHOS) (Picard M et al., 2011). 

The mitochondrial electron transport chain pumps protons (H+) 

into the intermembrane space efficiently. Despite this, some electrons 

leak into the inner matrix, becoming a source for the generation of 

ROS molecules. These particles are usually defined as partially-

reduced metabolites of oxygen possessing higher reactivity that 

molecular oxygen (O2) (Thannickal V and Fanburg B, 2000). There is 

growing evidence that indicates that a majority of the superoxide 

radicals (O2
-) are generated by the OXPHOS complexes I and III (Muller 

F et al., 2004). Research suggests that about 1-4% of the O2 that is used 

in cellular respiration is converted into O2
-, which may be later 

transformed into hydrogen peroxide (H2O2), hydroxyl radicals (OH-) 

or peroxynitrite (ONOO-) (Boveris A, 1984; Andreyev A et al., 2005). 
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Physiologically-speaking, the concentration of ROS molecules 

follows a pattern of transient fluctuations that have regulatory 

functions, requiring very tight control (Martindale JL and Holbrook NJ, 

2002). Organisms have evolved multiple methods to counteract the 

production and accumulation of ROS. These include the use of non-

enzymatic molecules like glutathione, vitamins A, C, E and flavonoids, 

as well as enzymatic ROS-degrading agents like superoxide dismutase 

(SOD), catalase, glutathione peroxidase (GPX) and peroxiredoxin 

(PRX). Additional antioxidant protection can be achieved through the 

activity of L-γ-glutamyl-L-cysteinylglycine (GSH)-linked antioxidant 

enzymes (Ott M et al., 2007). 

Unfortunately, the mechanisms responsible for the degradation of 

ROS are not always enough to counteract their production, leading to 

an increase in their concentration and accumulation, and the 

subsequent damage to most macromolecules. This situation is known 

as “oxidative stress” (Martindale JL and Holbrook NJ, 2002). Examples 

of the consequences include: damage to DNA, direct oxidation and 

inactivation of iron-sulphur (Fe-S) proteins, increased lipid 

peroxidation, as well as alteration of vital mitochondrial functions, 

inner membrane barrier properties and potential (Ott M et al., 2007).  

Oxidant injury elicits a wide spectrum of responses ranging from 

growth arrest to cell death through the release of pro-apoptotic 

proteins from mitochondrial intermembrane spaces. It has been 

described that the JNKs would play major role in this mechanism 

(Martindale JL and Holbrook NJ, 2002; Ott M et al., 2007).  
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The JNKs signal for cell death through the activation of pro-

apoptotic proteins like the B-cell lymphoma 2-like protein 4 (BAX) or 

B-cell lymphoma 2-like protein 11 (BIM). It may also inhibit the anti-

apoptotic protein B-cell lymphoma 2 (BCL-2) and B-cell lymphoma 

extra-large (BCL-XL). In the end, its actions will affect mitochondrial 

membrane integrity and cause the release of cytochrome c, Second 

Mitochondria-derived Activator of Caspases (SMAC) and Direct IAP-

Binding protein with Low PI (DIABLO) proteins (Figure 3) (Hanawa 

N et al., 2008; Chambers JW and LoGrasso PV, 2011). 

Figure 3. The electron transport chain is the pathway that pumps H+ from the 

cytosol into the intermembrane space of the mitochondria, creating a gradient that 

returns into the inner matrix through the ATP synthase (CV), allowing for the 

synthesis of ATP. Accumulation of ROS leads to oxidative stress and damage to 

macromolecules, inducing pro-apoptotic activity through the activation of the JNKs. 
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Endoplasmic reticulum 

The ER is a dynamic organelle found in all eukaryotic cells. It is 

made up of membranous structures that are both interconnected and 

branched to form tubules, vesicles and cisternae (Schöntal A, 2012). 

ER lumen provides a subcellular oxidative compartment that is 

important for the formation of disulphide bonds and proper protein 

folding (Xu C et al., 2005; Schöntal A, 2012). It also participates in the 

synthesis of fatty acids and phospholipids, assembly of lipid bilayers, 

carbohydrate metabolism, calcium homeostasis... (Schöntal A, 2012). 

Proper ER functionality depends on the maintenance of 

homeostatic conditions. This state can be significantly affected by a 

diverse range of elements, like oxygen pressure, glucose, temperature, 

acidosis, calcium and energy levels to name a few (Schöntal A, 2012).  

ER lumen is rich in calcium-dependent chaperones such as the 

master regulator immunoglobulin heavy chain-binding protein (BIP; 

also known as glucose-regulated protein 78 (GRP78)) (Haas I and 

Wabl, 1983). In physiological conditions, part of the BIP molecules are 

bound to specific transmembrane proteins in their N-terminal region, 

inhibiting their activity and maintaining them in an inactive state. 

These proteins are the protein kinase activated by double-stranded 

RNA (PKR)-like ER kinase (PERK), the inositol-requiring 

kinase/endoribonuclease 1 (IRE1), and activating transcription factor 

6 (ATF6) (Xu C et al., 2005). 

When ER balances are disturbed, protein folding is negatively 

affected, causing an accumulation of unfolded and misfolded proteins. 

This situation favours the release of BIP in order to respond to the 
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increased need for protein folding enzymes, and the posterior 

triggering of the unfolded protein response (UPR) through the 

activation of the three signalling pathways (Figure 4) (Kaneto H et al., 

2005; Malhotra J and Kaufman R, 2007; Ron D and Walter P, 2007). 

 

Figure 4.  Alteration of ER homeostasis favours the accumulation of unfolded and 

misfolded proteins in the lumen of the ER. This situation leads to the dissociation 

of BIP from the PERK, ATF6 and IRE1α proteins, allowing for their activation and 

posterior signalling of the UPR. 
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The first pathway. When the PERK pathway is activated, PERK 

subunits homodimerize and autophosphorylate. Later, they 

phosphorylate the eukaryotic initiation factor 2 alpha (EIF2α) in 

serine residues, causing a decrease in global protein synthesis. This 

step is expected to reduce protein influx into the ER, ameliorating 

cytotoxic damage caused by accumulated proteins (Harding H et al., 

2000). Furthermore, it increases the translation of the activating 

transcription factor 4 (ATF4) into the nucleus, and the stimulation of 

genes related to the recovery of homeostasis and/or the adaptation to 

the environment (Fels D and Koumenis C, 2006).  

The second pathway. After releasing BIP from ATF6, it translocates 

to the Golgi apparatus where it becomes proteolytically cleaved, 

releasing a p50 fragment from ATF6. This part migrates into the 

nucleus where it stimulates the expression of genes linked to the 

resistance to ER stress damage (Szegezdi E et al., 2006; Lin J et al., 

2008; Kaneko M et al., 2017). 

The third pathway. IRE1α has two functions after becoming 

homodimerized and autophosphorylated. For its first function, IRE1α 

cleaves mRNA molecules of X-box binding protein 1 (XBP1). The 

spliced products are transcription factors that control the expression 

of genes that stimulate ER-associated protein degradation (Ron D and 

Hubbard S, 2008). As a second function, this protein activates a 

cascade through TNF receptor-associated factor 2 (TRAF2) that 

results in the activation of the JNKs (Urano F et al., 2000).  

When stresses are mild or only last for a short-term, activation of 

this mechanism allows for necessary adaptation to the environment 
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or neutralisation of the stress. However, if they are too severe or long-

lasting, they favour the activation of pro-apoptotic molecules that will 

trigger cell death to dispense of dysfunctional cells (Xu C et al., 2005; 

Schöntal A, 2012). For example, the C/EBP homologous protein 

(CHOP) becomes highly expressed through the activation of the PERK 

pathway through ATF4 and is a key initiator of pro-apoptotic 

mechanisms. CHOP stimulates the expression of BIM, BID and BAX, 

which in turn promote the repression of anti-apoptotic BCL-2. This 

mechanism is highly coordinated and parallel to the activity of the 

JNKs (Nishitoh H, 2012). Signalling of the IRE1α pathway also 

promotes cell death by activating caspases, a large family of cysteine 

proteases that either relay or act as the actual effectors of apoptosis 

(Lin J et al., 2008).  

Additional consequences of JNK activation likely go further, causing 

for other harmful physiological alterations. As an example, when ER 

stress occurs and the JNKs are activated through the IRE1α pathway, 

BCL-2 activity is suppressed, disrupting its binding to beclin 1, an 

essential autophagy regulator (Hotamisligil GS and Davis RJ, 2016). 

 

JNKs in the brain 

It has been described that the JNKs have higher activity in the brain 

than in any other tissue, suggesting they may be key players in the 

regulation of protein function and gene expression in the central 

nervous system (Coffey ET and Courtney MJ, 1997; Xu X et al., 1997; 

Borsello T, 2012). Each of the three JNK genes show the highest 
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expression in the neocortex, followed by the hippocampus, thalamus 

and midbrain (Coffey ET, 2014).  

Using in situ hybridation in mice, it was determined that the JNK 

isoforms are distributed differently within adult brain tissue. The 

JNK1 isoform is found in the somatic space, axons and dendrites in the 

cortical layers III and IV. It shows significantly high expression in the 

cytosol and dendrites of thalamic neurons. The JNK2 isoform is found 

in the same areas but its limited in its localization, found only in the 

cytosol and nucleus. The JNK3 isoform is found at the highest 

concentration in layers III and V (pyramidal neuron layers) in the 

cortex and in the nuclei of Purkinje cells. Additionally, isoforms 1 and 

3 are the most predominant in the hippocampus, with JNK1 

expression being at its highest in the cornu ammonis 3 (CA3), CA4 and 

hilus of the dentate gyrus (DG). JNK3 is mostly localized to the somas 

of hippocampal pyramidal neurons (Lee J et al., 1999). On a cellular 

level, the JNKs are primarily distributed in the cytoplasm but, as it has 

been previously mentioned, they can be found in other cellular 

compartments. In neurons, the JNKs have been localized in peripheral 

structures like dendritic spines and synapses, being relevant in their 

maintenance and dynamics (Mao L and Wang J, 2016).  

The JNKs play roles in development, cellular proliferation, 

differentiation and morphogenesis, as well as neuronal pathfinding 

and synaptic maintenance. It is also thought that the JNKs regulate 

neuronal migration by phosphorylating cytoskeletal proteins. 

Furthermore, they are involved in neuronal death through apoptotic 

mechanisms after cellular insults, suggesting that they play important 

roles in neurodegenerative pathologies and in the physiology of 
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neuropsychiatric disorders (Cui J et al., 2007, Weston C and Davis R, 

2007; Coffey ET, 2014). 

The JNKs are also involved in the development of 

neuroinflammatory responses, a feature described as highly 

important in most degenerative disorders. They are expressed in 

microglia, astrocytes and oligodendrocytes, which are cells that 

contribute to this mechanism (Haeusgen W et al., 2009; Kaminska B et 

al., 2009). In initial stages, an inflammatory response causes for the 

activation of microglial cells and posterior release of cytokines which 

will favour the reactivity of the rest of the tissue through the 

upregulation of factors like cJUN and nuclear factor kappa-light-chain-

enhancer of activated B cells (NFκB) (Borsello T, 2012).  
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DISEASES LINKED TO THE ACTIVITY OF THE JNKs 

In this thesis, two different diseases have been studied due to the 

relevance of the JNKs in their neuropathophysiology: temporal lobe 

epilepsy (TLE) and the metabolic-cognitive syndrome. 

 

TEMPORAL LOBE EPILEPSY  

Epilepsy is a chronic, noncommunicable, neurological disease of 

the brain that affects people of all ages and is characterized by a 

predisposition for recurrent seizures (World Health Organization 

(WHO); Vezzani A et al., 2011). Epidemiological data indicates that it 

contributes 1-2% of the global burden of disease with around 50 

million people affected by epilepsy worldwide (80% of them live in 

developing countries) (WHO; Prilopko L, 2005; Vezzani A et al., 2011; 

Steinhäuser C et al., 2016). 

Seizures are brief episodes of involuntary movement that may be 

partial or full bodied. They are produced as a result of abnormal 

transient electrical discharges by firing neurons in different brain 

areas (epileptogenic focuses), and a posterior spreading across the 

cortex through the recruiting of other neuronal populations (WHO; 

Pinto D et al., 2005). TLE is the most common form of human epilepsy 

(40% of all cases). Its development involves three stages (Figure 5) 

(Lévesque M et al.,2016; Nirwan N et al., 2018):  

1. Initial insult: leads to the appearance of status epilepticus (SE). 

Insults include situations like severe encephalitis, febrile illness, 
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alcohol or drug abuse, exposure to chemical agents..., which can be 

combined with other factors like genetic predisposition and 

developmental dysfunctions (Lévesque M and Avoli M, 2016). 

SE has been defined as a period of tonic-clonic seizure activity that 

may or may not lead to a lack of consciousness, lasts at least 30 min 

and is accompanied by an increase in intracranial pressure, release of 

cytokines, chemokines, lipid mediators and other molecules, and a 

decrease in cerebral blood flow. This medical condition is life-

threatening and needs to be treated rapidly or it may lead to 

permanent neuronal damage and synaptic reorganization (Cherian A 

and Sanjeev T, 2009; Lévesque M et al., 2016; Seinfeld S et al., 2016).  

2. Latent period (epileptogenesis): time between the initial insult and 

the first clinical manifestation of spontaneous seizures. This period 

ranges anywhere from a few days to many years in humans. During 

this period, there is no epileptic activity but, it is assumed that 

alterations in neuronal and glial circuitry are occurring. For 

example, restructuration of pre/post-synaptic terminals, changes 

in ion channels, dysfunction of homeostatic mechanisms, as well as 

strong and persistent inflammatory states in astrocytes and 

microglial cells in the microenvironment of the neuronal tissue that 

can last for over 3 to 4 months (Lévesque M et al., 2016; Hiragi T et 

al., 2018; Rana A and Musto A, 2018). Additional alterations 

associated to the latent period include aberrant neurogenesis in the 

subgranular zone of the DG, coupled with ectopic positioning of 

new cells in the hilus (Zhong Q et al., 2016; Hiragi T et al., 2018). 
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3. Chronic period: There is an occurrence of spontaneous complex 

focal seizures due to a state of neuronal hyperexcitability and 

hypersynchrony.  They may show clustering profiles in which they 

occur many times a day over multiple consecutive days (Lévesque 

M and Avoli M, 2016). 

 

Neuroanatomical examinations of the brains of patients with TLE 

have shown that they typically display sclerosis in the CA1, CA3 and 

hilus of the DG of the hippocampus, coupled with granule cell 

dispersion and sprouting of aberrant mossy fibres in the molecular 

layer of the DG (Lévesque M and Avoli M, 2016). TLE will also cause 

cognitive sequelae on memory, attention, language, praxis, executive 

function, judgment, insight and problem solving (Zhao F et al., 2014; 

Tramoni-Negre E et al., 2017). 

Current standardized treatments for epilepsy include a wide group 

of molecules with multiple mechanisms of action (antiepileptic drugs; 

Figure 5. Time course of the different stages leading to the development of TLE. 

Initial insult → Latent period → Chronic period. 
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AEDs). But, in about 30% of patients affected by this illness, these 

strategies are ineffective and the pathology becomes 

pharmacoresistant or refractory. It has been hypothesized that this 

outcome is the consequence of a lack of understanding of all the 

mechanisms involved in the pathology. After all, AEDs only target the 

symptoms of epilepsy, not the underlying pathology. In this situation, 

surgical resection of the affected tissue is the only alternative but, in 

some occasions, it is impracticable or it only reduces the occurrence 

of seizures as a result of an insufficient resection or a lack of clear 

identification of their focus (Vezzani A et al., 2011; Lévesque M et al., 

2016; Lévesque M and Avoli M, 2016; Nirwan N et al., 2018; Rana A and 

Musto A, 2018). 

 

Preclinical models 

In the last four decades, researchers have developed multiple 

models that allow to reproduce some of the electroencephalographic, 

behavioural and neuropathological features of TLE (Lévesque M et al., 

2016; Nirwan N et al., 2018). These protocols induce an initial brain 

injury that favours the development of an SE-like state and a posterior 

latent period that will eventually result in the appearance of 

spontaneous seizures (Lévesque M et al., 2016). These models allow 

for the study of both the pathophysiology of the disease and the 

efficacy and safety profile of potential anti-epileptic molecules, just 

like their mechanism of action (Nirwan N et al., 2018). Some examples 

of these models include: 
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• Kainic acid (KA) (first described by Ben-Ari et al., 1979): cyclic 

analogue of L-glutamate that behaves as an agonist of amino-3-

hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and 

ionotropic KA receptors. It was first extracted and isolated from a 

red alga usually found in tropical and subtropical waters (Digenea 

simplex). The hippocampus and amygdala are often the sites of 

origin of seizures, which later propagate to the neocortex. It 

produces the neuronal degeneration typically found in humans 

with TLE. The chronic phase reproduces approximately two 

weeks after the initial administration (Nadler JV, 1979; Cavalheiro 

E et al., 1982; Nirwan N et al., 2018). 

KA receptors are expressed in the amygdala, entorhinal cortex, 

basal ganglia, cerebellum and hippocampus. Here, they are mostly 

located in the CA1 and CA3 regions, making them highly susceptible 

to the excitotoxic damage induced by KA (Vincent P and Mulle C, 2009; 

Lévesque M and Avoli M, 2016). 

• Pilocarpine (first described by Turski et al., 1983): agonist of 

cholinergic muscarinic and N-Methyl-D-aspartate (NMDA) 

receptors. The epileptogenic focus is limited to the hippocampus, 

posterior propagation affects the amygdala and the neocortex. 

Just like in KA, spontaneous seizures appear around 2 weeks after 

injection (Hamilton S et al., 1997; Lévesque M et al., 2016). 

This model has been combined with a pre-treatment of lithium, 

causing a reduction in seizure threshold by increasing the 

permeability of the blood-brain barrier, requiring a much lower 

pilocarpine dosage in order to induce SE (Marchi N et al., 2007). 
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These models are the most used and valid for the reproduction of 

human TLE. Yet, none of them can reproduce all the features of the 

pathology in humans. It is necessary to mention that effects vary 

between species and strains. There is high variability in mortality 

rates and posterior neuronal damage. Other elements that play a 

significant role in the response include age, supplier, colony, feeding, 

handling... (Holmes G and Thompson J, 1988; Langer M et al., 2011). 

Seizure symptoms developed by the systemic administration of 

these substances can be scored in order to evaluate the severity of the 

response, and to be able to quantify the possible differences obtained 

by the experimental conditions. Stage 0 signifies no response. Stage 1 

denotes chewing or facial twitches. Stage 2 is chewing and head 

nodding or wet dog shakes while stage 3 is unilateral forelimb clonus. 

Stage 4 is bilateral forelimb clonus and rearing, and finally. stage 5 is 

bilateral forelimb clonus, rearing and falling (Racine R et al, 1972). 

Other models to induce TLE-like states include: 

• Electric kindling: repetitive electrical stimulation protocols can 

induce the appearance of a chronic hyperexcitable state that can 

precipitate the occurrence of spontaneous seizures. It is a highly 

malleable method that allows for targeting of specific regions and 

allows for easy manipulation of experimental parameters. 

Controversially, this model does not cause visible lesions (no 

hippocampal sclerosis), leading to doubts on its validity (Mcintyre 

D and Leech C, 1969). 

• Organophosphate pesticides: these molecules mirror the 

characteristics of pilocarpine-induced SE through the 
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hyperstimulation of cholinergic receptors. Neurodegenerative 

damage is usually observed in the CA1, CA3 and DG areas of the 

hippocampus (De Aranjo FM et al., 2010). 

• Flurothyl (2,2,2-trifluoroethyl ether): it is volatile and fast acting 

stimulant that induces SE in rodents. Effects are variable 

depending on the age of the subject (Nirwan N et al., 2018). 

• Cobalt-homocysteine: homocysteine affects the synthesis of 

NMDA and γ-aminobutyric acid (GABA), while cobalt causes 

pathological lesions that impairs amino acid metabolism. The 

exact pathological mechanisms in this preclinical model are not 

completely understood to date (Nirwan N et al., 2018). 

• Orphenadrine: induces SE through the blockade of muscarinic and 

histaminic receptors (Rejdak K et al., 2011). 

• Thiocolchicoside: causes SE by blocking GABAA receptors and 

activating strychnine-sensitive glycine receptors. Additionally, it 

has muscle relaxant properties (antiinflammatory and analgesic 

effects) (Giavina Bianchi P et al., 2009). 

• Quinolinic acid: amino acid metabolite of tryptophan that behaves 

as endogenous excitatory molecules of glutamatergic signalling 

pathways (Schwarcz R et al., 1984). 

Pathophysiology 

On a molecular level, TLE is characterized by profound alterations 

in cellular homeostasis. As it has been previously mentioned, one of 

the consequences of seizure activity is the development of sclerotic 

tissue, derived by induction of cellular death in the neural tissue, 
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coupled with inflammatory and immunological reactions (Liu G et al., 

2011; Chatzikonstantinou A, 2014). The appearance of gliosis, 

characterized by proliferation and hypertrophy of glial cells, increases 

tissue damage and promotes the secretion of cytokines and 

chemokines (IL1, TNFα, IL6, IL10, interferon α and β, etc.). Crosstalk 

between neurons and glial cells in this situation reduces seizure 

threshold in neurons (Puttachary S et al., 2015). 

Seizures cause for activation of the apoptotic extrinsic pathway, via 

the activation of response elements like the TNF receptor 1. 

Furthermore, the intrinsic pathway is activated as a result of high 

levels of calcium in the cytoplasmic compartment. This accumulation 

also has negative consequences in a diverse array of organelles, 

including the mitochondria and ER, resulting in the increased 

production and release of molecules like ROS and cytochrome c, and 

the upregulation of caspase activity. The activation of IRE1α in the ER, 

as well as the release of ROS in the mitochondria also favours the 

maintenance of a constant activated state in the JNKs (Henshall DC, 

2007; Waldbaum S and Patel M, 2010; Liu G et al., 2011; Puttachary S 

et al., 2015; Tai T et al., 2017). 

The use of preclinical models for TLE has allowed to describe the 

roles of the different JNK isoforms. Specifically, combining TLE models 

with isoform-specific JNK knockouts, has led to the discovery that 

when JNK1 and JNK3 are absent, mice become highly resistant to the 

damage resulting from KA (Yang DD et al., 1997; Schauwecker P, 2000; 

Coffey ET, 2014; de Lemos L et al., 2018; Castro-Torres R et al., 2019). 

Furthermore, it has been demonstrated that their absence reduces the 

occurrence and severity of seizures, as well as glial reactivity and the 
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expression of proinflammatory genes (Tai T et al., 2017; de Lemos L et 

al., 2018). JNK absence also prevents the alteration of neurogenic cell 

subpopulations after KA insults (Castro-Torres R et al., 2019). 
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THE METABOLIC-COGNITIVE SYNDROME 

Insulin resistance, or the loss of sensibility of cellular insulin 

receptors (IR) to the action of insulin, causes impairments in glucose 

uptake both in central and peripheral regions. This condition, of 

supposed multifactorial origin, results in an increase in hepatic 

glucose production, favouring states of hyperglycaemia and/or 

compensatory hyperinsulinemia. Many pathologies like diabetes, 

cardiovascular disease, fatty liver disease, impaired lung function, 

mild cognitive impairment and Alzheimer’s disease (AD) have been 

linked with this condition (Duque-Guimarães D and Ozanne S, 2013; 

Dodd GT and Tiganis T, 2017; McCracken E et al., 2018; Onyango A, 

2018; Zafar U et al., 2018). 

 

Insulin Signalling  

Insulin is a pancreatic polypeptide hormone produced by β cells in 

response to nutritional stimuli. It is responsible for the control of 

glucose concentrations in blood by stimulating their uptake into cells 

through its interaction with the IR (Lee J and Pitch P, 1994; Boucher J 

et al., 2014). All tissues depend on this mechanism for the 

maintenance of their metabolism, especially muscle, adipose tissue, 

liver and the brain. It also plays a role in the control of development, 

cell growth and division among other physiological functions (Lee J 

and Pitch P, 1994; Haeusler R et al., 2018). 

The IR is a tetrameric tyrosine kinase protein made up of two 

extracellular α subunits and two transmembrane β subunits joined by 
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disulphide bonds. In their resting state, α subunits behave as 

inhibitors of the tyrosine kinase activity of the β subunits. When 

insulin binds to the IR, this inhibition is relieved due to the induction 

of conformational changes, allowing for the autophosphorylation of 

the IR in tyrosine residues (Lee J and Pitch P, 1994; Boucher J et al., 

2014; Saltiel A, 2015; Haeusler R et al., 2018).  

Following this, insulin receptor substrate (IRS) molecules are 

recruited and, when activated through tyrosine phosphorylation, they 

will be the ones responsible for signal transduction within the cell 

(Boucher J et al., 2014; Copps K and White M, 2012). One of the 

pathways that respond to the activation of IRS is the phosphoinositol-

3-kinase (PI3K)/Protein Kinase B (AKT) pathway. This axis controls 

and regulates the function of many cellular mechanisms. One of them 

is the recruitment of glucose transporters (GLUT) from intracellular 

storage vesicles to the cell surface. GLUT are glucose carriers that 

translocate glucose molecules from the exterior to the cellular 

cytoplasm (Lee J and Pitch P, 1994; Haeusler R et al., 2018). Other 

examples of functions of the PI3K/AKT pathway include the activation 

of the peroxisome proliferator-activated receptor gamma coactivator 

1-alpha (PGC1α) and the cAMP response element-binding (CREB) or, 

the inhibitory control of glycogen synthase kinase 3 β (GSK3β) and 

pro-apoptotic molecules BAX, BAD and caspase 9 (Yamaguchi H and 

Wang H, 2001; Gardai S et al., 2004; Saltiel A, 2015; Haeusler R et al., 

2018). Furthermore, AKT activity has been linked with the regulation 

and control of calcium influx in both mitochondria and ER membranes 

(Figure 6) (Phillips M and Voeltz G, 2016). 

 



Introduction 
 

 

29 
 

x 

There are many regulatory mechanisms associated with the 

signalling of the IR, allowing for a tight control on the maintenance of 

homeostasis. Yet, these mechanisms can also become dysregulated 

and thus cause pathological insulin resistance states. In situations 

where insulin concentrations increase (hyperinsulinemia), the 

receptor becomes down-regulated, going so far as to become 

internalized into vesicles and, in some occasions, going through 

Figure 6. Representation of the cellular response after insulin stimulation. 

Insulin binds to the IR and causes its activation. The posterior signalling cascade 

stimulates the uptake of glucose through the GLUT transporters. Also, this 

signalling pathway is responsible for the regulation of multiple cellular functions 

and response mechanisms. 
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lysosomal degradation (Haeusler R et al., 2018). IR signalling is also 

inhibited by inflammatory cytokines, which in turn will activate 

stimuli response elements like IKB kinase β or the JNKs. These kinases 

have been described to phosphorylate the IRS molecules in serine 

residues, causing for the development of states of decrease in insulin 

sensitivity (insulin resistance) and metabolic dysfunction (Hirosumi J 

et al., 2002; Osborn O and Olefsky J, 2012; Boucher J et al., 2014). Other 

elements responsible for the inhibitory control of insulin signalling 

include molecules like the protein tyrosine phosphatase 1B (PTP1B), 

responsible for the dephosphorylation of both the IR and IRS proteins. 

Also, the suppressor of cytokine signalling (SOCS) proteins reduce IR 

signalling by either occupying the phoshotyrosine activity site on the 

IR or recruiting ubiquitin ligases that will induce proteasomal 

degradation of IRS (Emanuelli B et al., 2000; Haeusler R et al., 2018).  

All these mechanisms that can induce states of insulin resistance 

have also been described in other conditions like obesity (visceral 

adiposity), systemic hypertension, hypercoagulation and atherogenic 

dislipidemia. Experts have determined that when at least three of 

these alterations occur, there is a state known as metabolic syndrome. 

Worldwide, this condition is responsible for substantial morbidity 

and premature mortality (McCracken E et al., 2018). Epidemiological 

data in the United States has determined that over 30% of the adult 

population are affected by these conditions and, that percentages 

increase to over 43% when measuring adults over 60 years of age 

(O’Neill S et al., 2015). 

Regarding conditions like overweight and obesity, they are one of 

the main risk factors for the development of metabolic syndrome, 
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becoming, in many cases, the source or a coadjuvant for the 

appearance of all or some of the other previously mentioned 

alterations (Després JP and Lemieux I, 2006; Engin A, 2017). The WHO 

has defined overweight and obesity as abnormal or excessive fat 

accumulations that impair health. It is considered that an individual 

suffers from overweight when their body mass index (BMI) value is 

greater than or equal to 25 kg/m2; and obesity when the BMI is 

greater than or equal to 30 kg/m2 (WHO).  

Epidemiological data from 2016 determined that 39% of the adult 

world population was overweight and 13% was obese, showing a 

clear upward tendency on the incidence of these conditions. Their 

appearance is highly entitled to an environmental factor, associated 

to the consumption of unbalanced, unhealthy and calorie-rich foods, 

as well as to the lack of physical exercise typical of sedentary lifestyles. 

But, in some cases, there is also a genetic factor that causes alterations 

in the physiological function of molecules like leptin, leptin receptor 

or proopiomelanocortin (WHO; Yaswen L et al, 1999; Pelloux V et al, 

2002). Importantly, in the past it was believed that metabolic 

alterations were the source for the appearance of only peripheral 

diseases but now, it is clear that the central nervous system is also 

highly affected (Dmitry P et al., 2015; Zhigang L et al., 2015; Kullmann 

S et al., 2016; Cardoso S et al., 2019). 

 

Insulin action in the brain 

The brain is a tissue highly sensitive to the effects of insulin due to 

its high distribution of IRs. The highest concentration of these 
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receptors can be found in the hypothalamus, olfactory areas, limbic 

regions, neocortex, basal ganglia, cerebellum, choroid plexus and 

hippocampus (Hill JM et al., 1986; Kullmann S et al., 2016; Bilotta F et 

al., 2017; Gralle M, 2017). Insulin activity controls glucose metabolism 

and the mobilization of GLUT4 transporters in neurons and glial cells. 

Also, it regulates multiple metabolic pathways in peripheral tissues 

through the regulation of hypothalamic activity. Furthermore, this 

hormone modifies synaptic plasticity, regulates neurogenesis and 

neurite outgrowth, has neuroprotective effects, as well as a role in 

memory, cognitive modulation and oligodendrocyte proliferation, 

differentiation and myelination, just like control of glial functionality 

(Figure 7) (Gralle M, 2017; Al Haj Ahmad RM and Al-Domi HA, 2018). 

 

Figure 7. Insulin has a very strong effect on the functionality of the brain. The areas 

with the highest abundance of IRs have been labelled in this figure.  
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Metabolism and cognitive affectations 

Over the years, multiple studies have demonstrated a relationship 

between the appearance of cognitive deficits and phenomena like 

insulin resistance. Dr. Siegfried Hoyer was the first to mention this 

relationship. On his studies on the neuropathology of AD, he observed 

that a desensitization of the IRs might be a cause for the development 

of neurodegenerative hallmarks classically linked to dementia 

(Henneberg N and Hoyer S, 1995). Later, the Rotterdam study revealed 

an increased risk of dementia in diabetic patients, stablishing a clear 

relationship between hyperglycaemia and hyperinsulinemia states 

and the development of pathologies like AD (Ott A et al., 1999). 

Additionally, the analysis of human samples also yielded clear data 

demonstrating that AD patients show defective insulin signalling and 

response to this hormone just like altered levels and/or altered 

activation of components of the insulin signalling pathway (de Felice 

F et al. 2014). In 2005, Dr. Suzanne M de la Monte coined the term type 

3 diabetes (T3D) to define as state of brain insulin resistance plus 

insulin deficiency that, in some occasions can overlaps with Type 2 

Diabetes Mellitus (T2DM) (Steen E et al., 2005; de la Monte SM and 

Wands JR, 2008). In the last decade, many other researchers have 

backed up this hypothesis of the metabolic-cognitive syndrome with 

new discoveries and ground-breaking research projects (Kroner Z, 

2009; Ma L et al., 2015; Kullmann S et al., 2016; Mittal K et al., 2016). 

Metabolic-related cognitive dysfunction develops through 

different stages, being the two initial ones potentially reversible with 

the appropriate strategy (Koekkoek, PS et al., 2015): 
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1. Cognitive decrements occur when slow and subtle changes in 

cognitive performance appear, giving rise to slight complaints but 

with no effect on daily life activities. 

2. Mild cognitive impairment characterizes for cognitive complaints 

and impaired performance in cognitive testing. In this stage daily 

life activities remain unaffected but, slight complex instrumental 

functions may be minimally impaired. It usually occurs in 

individuals between the ages of 60-65. 

3. Dementia is the last stage. This state presents cognitive 

affectations that run in parallel to behavioural changes and 

impaired performance on cognitive testing. Functional deficits 

are severe. In most cases it occurs in patients over 65 years of age. 

Given the metabolic component of these cognitive dysregulations, 

strategies for the treatment of diabetic and obesity situations might 

be able to prevent and alleviate them. It has been described that 

maintaining a healthy diet and active lifestyle is a potential method to 

improve insulin sensitivity on both peripheral and central tissue 

through the reversal of metabolic defects caused by conditions like 

obesity (Krentz A, 1996; Kullmann S et al., 2016). Importantly, the 

capacity of the body to regulate food intake and the control of energy 

reserves is highly determined in the very early life and thus, these 

balanced and healthy practices must be stablished shortly after birth 

(nutritional programming) (Symonds, ME et al., 2009). 

The use of insulin or insulin analogues has been described as 

another possible therapeutic approach. In small scale clinical, an 

intranasal treatment has afforded some degree of memory 

improvement and protection against further cognitive deterioration 
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(Reger M et al 2006, 2008). Problematically, some studies have 

described that, over time, this strategy may promote an 

insensitization of the IRs. Finally, the use of antidiabetic drugs like 

metformin, peroxisome proliferator-activated receptor gamma 

(PPARγ) agonists, sulfonylureas, glucagon-like peptide 1 (GLP1) 

agonists has also been proposed (Kullmann S et al., 2016).  

 

Preclinical models 

The preclinical study of insulin resistance in the periphery and in 

central tissues can be accomplished using models that include 

environmental agents like diets and chemical agents, as well as 

genetic models to modulate the expression of specific genes linked to 

the activity of insulin. These models have been used in the past to 

dissect the cellular mechanisms that relate to this alteration, just like 

for the test of new therapeutic strategies. These models show similar 

metabolic alterations, including hyperglycaemia, hyperinsulinemia, 

glucose intolerance, hyperleptinemia and insulin resistance both in 

peripheral and central areas. Some examples include: 

• Diet: 

o High fat diets (HFD; Western diets): typically composed of 

higher proportions of fat, alone or in combination with 

glucose/fructose (Biessels GJ and Reagan LP, 2015). These 

models typically induce obesity combined with increased 

levels in blood of free fatty acids, which favour the formation 

of other lipidic biomolecules like ceramides (Yang ZH et al., 

2012; Sah S et al., 2016). 
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o Cafeteria Diets: these models share high similarity with HFD 

models but, they differ in the fact that they are much more 

palatable to the animals, increasing food ingestion by animals 

through voluntary hyperphagia. Typical foods served to the 

animals include bacon, sausages cookies, soft drinks, 

condensed milk… (Sah S et al., 2016) 

o Fructose/Glucose/Sucrose-enriched drink/diet (Yang ZH et al., 

2012; Sah S et al., 2016; Sangüesa G et al., 2018). 

• Genetic models:  

o Knockouts of the IR gene have allowed to understand its 

cellular role. Animals of this model show slight growth 

retardation, as well as severe cases of hyperinsulinemia and 

pancreatic β-cell degranulation. Mice death usually occurs 

shortly afterwards due to diabetic ketoacidosis. Multiple 

knockout conditional models have also been produced to 

circumvent any problems linked to the negative effects of lack 

of IR during embryotic and early life development. These 

models also allow the design of tissue-specific knock-out 

(Nandi A et al., 2004). 

The use of lentiviral particles with antisense sequences for 

the downregulation of the expression of the IR gene is 

another model that has been used to evaluate the role of IRs 

in the hypothalamus (Grillo CA et al., 2007)  

o Some other knockout models include the genes: insulin-like 

growth factor 1 receptor (IGF1R), IRS, AKT, GLUT4, brain-

derived neurotrophic factor (BDNF)… (Nandi A et al., 2004; 

Sah S et al., 2016), just like mutations in the leptin (mice 



Introduction 
 

 

37 
 

ob/ob) and leptin receptor gene (mice db/db and Zucker rats) 

(Biessels GJ and Reagan LP, 2015). 

• Chemical agent: 

o Streptozotocin is an antimicrobial and chemotherapeutic 

agent. It is a cytotoxic agent for β-cells that is administered to 

animals to induce diabetic states (Sah S et al., 2016; Delikkaya 

B et al., 2019). This model can be also combined with HFDs to 

induced further metabolic dysregulations and a much more 

severe response. 

When tested for cognitive capabilities, these animal models show 

impaired performance, especially when tested for complex tasks, 

indicating that affectations are mostly located in prefrontal and 

hippocampal areas (Biessels GJ and Reagan LP, 2015). 

 

Pathophysiology 

One of the most striking elements that occurs in this pathologic 

scenario is that after a prolonged peripheral hyperinsulinemia state, 

there is a decrease in the number of IRs in the blood brain barrier, 

reducing the transport of insulin into the brain and causing a decrease 

in insulin action (Schwartz M et al., 1990). This condition also 

characterizes for a situation of mitochondrial dysfunction and ROS 

overproduction, as well as an increased activation of the UPR in the 

ER due to the activation of stress responses (Cui J et al., 2007; Ozcan L 

et al., 2009; Schöntal A, 2012; Boucher J et al., 2014; de Felice F et al. 

2014; Biessels GJ and Reagan LP, 2015; Hotamisligil GS and Davis RJ, 

2016; Kaneko M et al., 2017; Onyango A, 2018; Zafar U et al., 2018).  
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Furthermore, a chronic inflammatory state in astrocytes and 

microglia is developed favouring tissue damage and degeneration 

through the release of cytokines like TNFα, IL1β and IL-6, which later 

interact with receptors such as the toll-like receptor 4 (TLR4) (de 

Felice F et al. 2014; Hotamisligil GS and Davis RJ, 2016; Kullmann S et 

al., 2016; Kaneko M et al., 2017). This situation is usually aggravated in 

situations of obesity in which there is an excessive accumulation of fat 

in the perivisceral areas and the waist. Additionally, in this situation 

there is also an increase in plasma of other lipidic molecules like 

sphingolipids and ceramides, which have been associated with insulin 

resistance (Özcan U et al., 2004; Zafar U et al., 2018) 

What is more, all these dysregulations and the subsequent cellular 

stress, increase the activation of stress-response elements like the 

JNKs which, in turn will phosphorylate other molecules like the IRSs 

in serine residues. Thus, favouring further impairment on the 

signalling of insulin, as well as the release, activation and 

overproduction of proapoptotic molecules (Kaneto H et al., 2005; 

Sabapathy K, 2012; Schöntal A, 2012; Biessels GJ and Reagan LP, 2015; 

Hotamisligil GS and Davis RJ, 2016; Onyango A, 2018; Zafar U et al., 

2018). Additional alterations associated to an overactivation of the 

JNKs in a situation of insulin resistance include: negative activation of 

the hypothalamus-pituitary-thyroid axis and activation of PTP1B and 

SOCS3 molecules (Hotamisligil GS and Davis RJ, 2016) 

As a result, dysregulations in metabolic activity have adverse 

effects on brain function and structure, inducing brain atrophy 

through loss of grey matter, reduced integrity of white fibre tracts, 

white matter hyperintensity, infarcts and microbleeds. Alterations 
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can either be global or region specific with a particularly detrimental 

effect in the medial temporal lobe, which includes the hippocampus. 

Other alterations include loss of neurons, axodendritic pruning, 

reduced synaptic plasticity and integrity, as well as decreased 

neurogenesis, cell proliferation and reduction in the number of 

dendritic spines. In the end, all affectations will lead to impairments 

in learning, memory and other cognitive functions (Biessels GJ and 

Reagan LP, 2015; Kullmann S et al., 2016). 

Published preclinical research has demonstrated that modulation 

of the activity of the JNKs through a pharmacological approach or, 

genetic modulation, can have both beneficial and detrimental effects 

on insulin sensitivity. It depends on which of the JNK isoforms is being 

modulated and also, in which tissue the modification is occurring: 

• Whole body absence of JNK1 in knockout models has been shown 

to increase sensitivity to insulin and reduce body weight, even 

when animals are chronically exposed to HFD (Cui J et al., 2007; 

Grivennikov S et al., 2007; Solinas G and Karin M, 2010; Sabapathy 

K, 2012; Koch P et al., 2015). Furthermore, these animals show 

reduced oxidative damage and inflammatory responses, just like 

lower anxiety levels and increased neurogenesis (de Lemos L et 

al., 2017; Mohammad H et al., 2018). Importantly, when 

conditional knockouts for the JNK1 were produced in neurons, 

animals showed superior sensitivity to insulin than in the 

previous model, as well as protection against the damage 

associated with chronic HFD feeding (Belgardt BF et al., 2010; 

Sabio G and Davis RJ, 2010).  
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• Lack of JNK2 in the whole body is the model that has been the least 

studied both in the periphery and the brain, there being 

controversy between its actual effect on the control of energy 

metabolism. There is data on its importance in the maintenance 

of proper ER activity (Raciti M, 2012). 

• Finally, knockout of JNK3 in a situation of no metabolic stress has 

been shown to have no detrimental effects. Yet, when animals are 

fed HFD, it induces severe hyperphagia due to leptin 

dysregulation, causing the development of a severe obesity 

phenotype (Vernia S et al., 2016). 
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THE JNKs AS POTENTIAL THERAPEUTIC TARGETS 

Considering how the JNKs seem to have roles in the development 

of many pathologic situations, multiple pharmacological options have 

been proposed with the objective of modulating the JNK pathway 

(Figure 8) (Cui J et al., 2007; Bogoyevitch M and Arthur P, 2008).  

Initial research led to the synthesis of the first generation of 

chemical anthrapyrazole ATP competitive inhibitors like SP600125 

and CEP1347. These small molecules were tested both in vitro and in 

vivo and showed successful results in the prevention of JNK-

dependent apoptosis mechanisms, reduction of cytokine production 

and enhancement in the recovery of situations like ischemia-

reperfusion damage (Sabapathy K, 2012; Coffey ET, 2014). Other 

studies demonstrated neuroprotective effects in models of stroke and 

spinal cord injury (Guan Q et al., 2006; Yoshimura K et al., 2011).  

The problem with these compounds was that they showed poor 

bioavailability in the brain and had to be administered via 

intraventricular injections or infusions to achieve effective doses 

(Graczyk P, 2013). Moreover, they showed significant cellular toxicity, 

as well as lack of specificity. Some of them have shown interaction 

with over 70 different molecules (Coffey ET, 2014). Moreover, these 

compounds inhibited the phosphorylation of all substrates of these 

kinases, causing in some models, lack of effectivity as a treatment or, 

aggravation of the pathology at hand. For example, treatment with 

SP600125, 7 days after transient focal cerebral ischemia in mice 

causes for an increase in infarct volume, along with an inhibition of 

vascular remodelling (Bogoyevitch M and Arthur P, 2008; Murata Y et 
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al., 2012). Second generation ATP-competitive inhibitors like CC-401, 

AS601245 and Compound A showed lower toxicity but remained 

highly target unspecific making them low in therapeutic value 

(Sabapathy K, 2012). 

Posterior research allowed for the synthesis of ATP non-

competitive inhibitors based on the function and structure of scaffold 

proteins like JIP. These compounds targeted the substrate-docking 

site. The D-JNKI-1 inhibitor peptide demonstrated to be effective in 

multiple variety of pathological situations, allowing for a reduction in 

the production of amyloid β or showing neuroprotective mechanisms 

in a model of myocardial ischemic injury. Assays seemed to indicate 

that these molecules presented higher target specificity (Bogoyevitch 

M and Arthur P, 2008). Even more, it was described D-JNKI-1 had high 

JNK3 inhibitory capacity in mitochondria (Zhao Y et al., 2012). 

Increased specificity and the favourable results for these molecules 

in a wide spectrum of pathologies, encouraged companies into 

developing clinical trials using some of the previously mentioned 

compounds. The trials were oriented towards determining their 

toxicity in humans and potential therapeutic applications in Phase 2 

and 3 trials. In most cases, studies were discontinued due to their lack 

of efficacy or therapeutic capacity when tested in human models 

(Bogoyevitch M and Arthur P, 2008) 

The main problem is that these inhibitors cannot directly modulate 

JNK activity targeting only the affected tissue. Also, they inhibit all JNK 

isoforms which, may cause for a net balance of no therapeutic benefit 

or even, in some cases, a worsening of the pathological state. The use 
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of genetic experimental models in mice has shown that the JNK 

isoforms have, in some occasions, overlapping and redundant 

functions but also that, in many others, each of them have specific 

roles that vary in a cell-type and signal-dependent manner. For 

example, JNK1 and JNK2 show opposite effects on the turnover and 

activity over cJUN (Sabapathy K et al., 2004). Furthermore, a 

preclinical model of joint damage in mice demonstrated that JNK1 

deficiency caused a reduction of inflammatory cell infiltration while 

lack of JNK2 showed no benefit (Guma M et al., 2011). 

Problematically, the first initial attempts at designing isoform 

specific inhibitors were not successful. One of the problems they 

encountered was their very low capacity to go through the blood brain 

barrier, reducing very significantly their bioavailability in the brain. 

Next, the new compounds inhibited cytochrome P450, an essential 

cellular component required for lipid, hormone and drug metabolism, 

making them non-viable due to the very high possibility for the 

appearance of negative side effects (Kamenecka T et al., 2010). 

The design and synthesis of isoform-specific inhibitors is highly 

complicated. Within the ATP binding pocket, the different JNK 

isoforms can only be differentiated in two positions in the amino 

acidic sequence when comparing between JNK1 and 2 but, when 

comparing 1 and 3 or 2 and 3 there is only one point of variation (Koch 

P et al., 2015). Nonetheless, several natural molecules have been 

described as isoform specific inhibitors. 
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Compounds like latifolians A and B are benzylisoquinolones 

extracted from the Gnetum latifolium plant (found in Papua New 

Guinean) and have been described as inhibitors of the JNK3 isoform 

(Rochfort, SJ, 2005). 

Licochalcone A (LIC-A), is a chalcone phenolic component found in 

the roots of liquorice and has been described as a specific inhibitor of 

the JNK1 (Glycyrrhiza inflata). Like many traditional herbal medicines 

and foods, it exhibits anti-inflammatory and antioxidative effects. 

Mechanistically, LIC-A competes with JIP for the binding with JNK1, 

and causes distortions in the conformation of the ATP binding cleft, 

reducing its activity (Figure 8B). Importantly, like in most drugs an 

excessive daily dosage of 50 g can lead to negative effects through a 

significant rise in blood pressure. In preclinical studies, a dosage of 

Figure 8.  A) Diagram of the mechanism of action of ATP competitive and non-

competitive inhibitors. B) Lic-A competes with JIP for the binding with JNK1 and 

causes for changes in the conformation of the ATP binding cleft. 
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10-20 mg/kg has proven to have beneficial effects and to be well 

tolerated by mice. (Yao K et al., 2014; Liou CJ et al., 2019). 

 

--------------------------------------------------------------------------------- 

 

In conclusion, the scientific community has a lot of knowledge on 

the JNKs and their role in pathological situations yet, it seems that it 

still is not enough. This thesis aimed to understand further their role 

in the pathophysiological mechanisms involved in the development of 

TLE and the metabolic-cognitive syndrome. 
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HYPOTHESIS & OBJECTIVES 

The JNKs are stress-response elements that have been associated 

with the development of diseases in many tissues, including the brain. 

Yet, there are still many unknowns on the role of each of the isoforms. 

This thesis aims to understand better the role of the JNK isoforms in 

the development of two different pathologies: 

• The use of KA, a model for the study of TLE, has allowed to 

understand the protective effect of the knockout of JNK1 and JNK3 

against cytotoxicity (Yang DD et al., 1997; de Lemos et al., 2018). Yet, 

to this date no specific inhibitors for isoform JNK1 have been tested 

for their potential as pharmacological therapeutic strategies. 
 

Objective: 
 

1. Evaluate the preventive neuroprotective effect of a single dose 

of LIC-A (JNK1 inhibitor) prior to an administration of KA, as a 

model of TLE, on young adult wild-type mice (2 months of age). 

 

• Obesity, as a metabolic condition, is believed to affect the brain, 

favouring the disruption of homeostasis and the appearance of 

hallmarks typical of neurodegenerative pathologies like AD. 

Furthermore, the appearance of insulin resistance has been linked 

with the development of cognitive deficits (T3D hypothesis) (de la 

Monte and Wands JR, 2008). Importantly, previous data has 

established that the knockout of different JNK isoforms have 

variable effects on the development of obesity and insulin 
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sensitivity (Hirosumi J et al., 2002; Sabio G and Davis RJ, 2010; 

Solinas G and Karin M, 2010). 
 

Objectives: 
 

1. Determine the consequences of a long-term chronic exposition 

to HFD (16 months) in the appearance of AD-related hallmarks 

in wild-type C57BL/6J mice. 

2. Evaluate the effects of the knockout of JNK1 and JNK2, 

combined with a chronic exposition to HFD (9 months), on the 

development of obesity, insulin resistance and cognitive 

impairments in mice. 
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Abstract 

The development of metabolic alterations like insulin resistance 

has been associated with dysfunctions in mitochondrial oxidative 

capacity, induction of neuroinflammatory responses, and the 

appearance of cognitive impairments in the brain. The c-Jun N-

terminal Kinase 1 (JNK1) is a potential key modulator of these 

mechanisms.  

The current study identifies a protective effect of whole body JNK1 

knock-out in the presence of a high-fat diet (HFD). Specifically, the 

data suggest that mice missing JNK1 show increased insulin 

sensitivity and mitochondrial activity, as well as reduced body weight, 

and astrocyte and microglial reactivity. Finally, these animals are also 

protected against HFD-induced cognitive impairments as assessed 

through NORT, the observation of dendritic spines, and the levels of 

BDNF or other proteins like spinophilin and ARC. Thus, modulation of 

JNK1 activity seems like a promising approach for the design of 

therapies aimed at treating metabolic-induced cognitive impairments. 
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Introduction 

Mild cognitive impairment is a human syndrome characterized by 

the appearance of small cognitive complaints that do not affect to the 

performance of simple tasks (1). It usually occurs in patients over 65 

years old, can aggravate over time, and eventually lead to the 

appearance of a dementia after 1 year (2). Longitudinal studies in 

humans have observed how its progression is linked to 

dysregulations in the metabolism of glucose, a characteristic of 

diabetic alterations (2). 

The nervous system depends on the metabolism of glucose to 

maintain its physiological activity (3). In preclinical studies, 

alterations in the oxidation of this carbohydrate have been linked with 

a decrease in lifespan and the appearance of slow-building 

affectations that cause neurodegeneration (4). It has been described 

that the insulin receptor (IR) and its signalling pathway play a role in 

the modulation of these mechanisms. Also, the IR has been studied for 

its importance in the development of diabetic complications and 

proper functionality of cognition-related areas like the hippocampus 

and the prefrontal cortex (5). On this note, Grillo and colleagues 

showed how silencing of the gene for the IR in the hippocampus 

caused major spatial learning impairments when using antisense 

sequences in lentivirus (6). These results correlate with previously 

reported studies in which sporadic forms of Alzheimer’s disease have 

been associated with the desensitization of the IR (7,8), a paradigm 

that has later been labelled as Type 3 Diabetes (T3D) (9,10). Thus, 

investigating mechanisms for the modulation of this pathway may 

prove relevant to identify new approaches to treat these afflictions. 
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The c-Jun N-terminal Kinases (JNK) are very active stress-response 

elements that participate in the control of many cellular mechanisms 

(11). Short term activation is believed to be necessary for survival and 

the maintenance of physiological functions, while long term activation 

has been described to cause the appearance of cellular stress and the 

induction of pathophysiological mechanisms. For example, it has been 

reported that there is high JNK activity in the hypothalamus during 

obesity (12,13). In 2010, Sabio and colleagues reported that isoform 

1 (JNK1) is a highly active JNK isoform (14). High JNK1 activity has 

been linked with the appearance of reactive stress responses, 

conditions like obesity, and pathologies like diabetes or anxiety and 

neurodegenerative disorders (15,16). On a molecular level, JNK1 is 

activated by cytokines, mitochondrial and endoplasmic reticulum 

stress, and hyperlipidaemia among many other stimuli, all of which 

are hallmarks of metabolic pathologies (4). Furthermore, JNK1 

regulates inhibitory serine phosphorylation of the IR substrate (IRS) 

proteins, which impairs insulin signalling. Yet, it has been observed 

that blocking of the Ser307 residue, a point of JNK1 activity, does not 

avoid insulin resistance but rather causes for a further increase, 

indicating the existence of multiple parallel and redundant 

mechanisms through which JNK1 promotes metabolic alterations 

when it is activated (20,21).  

In order to study these mechanisms, whole body knock-out animals 

for JNK1 (Jnk1-/-) have been previously used by several authors. It has 

been reported that JNK1 is necessary for the accumulation of visceral 

fat and, thus, its absence is protective against obesity, enhances 

sensitivity to insulin, and induces antiinflammatory effects in models 
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of obesity induced with a high fat diet (HFD)(16,19). Studies revealed 

that these animals showed metabolic protection against the effects of 

HFD for over 40 weeks and maintained a high level of tolerance and 

protection against oxidative damage in the adipose and hepatic 

tissues (20). Controversially, Becattini and co-workers reported that 

this genetic modification, while beneficial for the control of peripheral 

metabolic alterations, caused for mild oxidative damage in the skin of 

mice at the age of 11 and 20 months when exposed to a HFD, yet 

effects were lower than in previously studied models like Drosophila 

or Caenorhabditis elegans (20). Finally, researchers like Mohammad H 

and colleagues described how Jnk1-/- animals show lower anxiety 

levels and increased neurogenesis (21). Similar results on the 

differences of neurogenic activity of the JNK1 transgenic animals have 

been reported by our research group (22). Complementarily, tissue-

specific knock-outs of the JNK1 in the adipose tissue, muscle and liver 

have also been described. In all cases, animals showed amelioration of 

metabolic alterations, but effects were not as significant as those 

produced by the whole body knock-out (23–25). Exceptionally, 

conditional neuron JNK1 knock-out mice showed dramatic sensitivity 

to insulin in the brain and the periphery, reduced inflammatory 

responses and complete protection against HFD in the hypothalamus 

(26). Authors described very high energy expenditure rates, caused 

by the increased production of triiodothyronine (T3) and thyroid 

stimulating hormone (TSH) hormones (26,27).  

Consequently, the present research is intended to validate the 

hypothesis of a molecular regulatory factor linking metabolic 

dysregulations and cognitive loss, to demonstrate the role of JNK1 
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isoform in these mechanisms, and suggest a putative target for future 

pharmacological strategies. 

 

Research Design and Methods 

Animals and Diet 

Male C57BL/6J wild-type (WT) and Mpak8 monotransgenic knock-

out animals were used for this study. The Mapk8 gene codifies for the 

protein JNK1 (Jnk1-/-). Transgenic animals were obtained and 

characterized following the method described by Dong and 

colleagues(28). All animals used in this study were obtained from 

established breeding couples in the animal facility (Pharmacy and 

Food Sciences Faculty; University of Barcelona; Approval number C-

0032). 

The animals were fed with either control (CT) or palmitic acid-

enriched diets (High-Fat Diets; HFD; 45% fat content. Research Diets, 

Inc.; product D12451) from their weaning until they were euthanized. 

Thus, four experimental groups were established: WT CT, WT HFD, 

Jnk1-/- CT and Jnk1-/- HFD. Animals were randomly assigned into each 

experimental group in a non-blinded manner and 12-15 animals were 

used per group. They were grown until 9 months of age and 

underwent monthly weight controls. Environmental conditions of 

temperature and humidity were kept stable. Also, animals were kept 

under a 12h light/dark cycle and had food and water available at all 

times (Pharmacy and Food Sciences Faculty; University of Barcelona). 

During all procedures the European Committee bioethics directives 
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were followed (European Communities Council Directive 

2010/63/EU) and all protocols were previously approved by the ethic 

committee from the University of Barcelona. In all cases, it was made 

sure that animal numbers, stress, and pain were kept under a 

necessary minimum. 

Glucose Tolerance Test (GTT) – Insulin Tolerance Test (ITT) 

Tests were conducted as previously described (29). In short, 

animals were fasted 6 hours previous to the tests and posteriorly 

injected with either glucose (1 g/kg) or insulin (0.75 ui/kg) in the 

intraperitoneal cavity. Peripheral glucose concentrations were 

calculated using a glucometer (Accu-Check, Roche) at different time 

points right before (basal) and after the administration: GTT (5, 15, 

30, 60, 120 and 180 min) and ITT (15, 30, 45, 60 and 90 min). Animals 

were monitored throughout the test and, if any of the subjects 

dropped below 20 mg/dl in the ITT, they were administered a dose of 

glucose (1 g/kg). Blood glucose levels and behaviour where checked 

regularly until they were stable. 

Novel Object Recognition Test (NORT) 

Experimental procedure was adapted from a publication by Bevins 

RA and Besheer J(30). The week previous to the test, animals were 

handled for a few minutes every day in order to reduce manipulation 

stress. To reduce environmental cues, tests were conducted in an 

open field box (50x50x20cm) surrounded by black curtains. Initial 

testing consisted of three days in which the animals were introduced 

to the open field box for 10 minutes and were allowed to explore it 

freely (habituation period). Motor activity and stress for each animal 
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was evaluated by the quantification of the speed, total distance and 

time spent in the inner quadrant. On the following day, two identical 

objects were introduced into the open field and the exploration time 

for each object was quantified. Animals that showed significant 

preference for one of the objects over the other were excluded. The 

next day, one of the objects was substituted by a new one and 

exploration time was quantified again. 

During the experimental procedure all spaces and objects were 

properly cleaned previous to the introduction of the animals in order 

to eliminate odour cues. Objects were randomized by blindly choosing 

from a box in each session so as to reduce any possible preference 

effects caused by colour or shape. All recordings and data were 

obtained using the program Smart 3.0 (Panlab). Motor activity and 

stress data was presented as a curve in which the mean and standard 

deviation were presented. Area under the curve was extrapolated for 

posterior statistical analysis. Discrimination ratio (DI) was calculated 

using the formula: DI = (Time spent exploring the new object – Time 

spent exploring the known object)/Total exploration time. 

Western Blot 

Protein detection was performed from protein extracts of 

hippocampal tissue of mice euthanized by neck dislocation. Protein 

extraction and posterior western blot assays were performed as 

previously described (29). References for the antibodies used for 

these assays have been described in Supplementary Material 1. 

Detections were performed through chemoluminescence using 

Pierce® ECL Western Blotting Substrate (#32106, Thermo Scientific, 



Results: Publication IV 
 

105 
 

USA), a Bio-Rad Universal Hood II Molecular Imager and the Image 

Lab v5.2.1 software (Bio-Rad Laboratories). Measurements were 

expressed in arbitrary units and all results were normalised with the 

corresponding loading control (Glyceraldehyde-3-phosphate 

dehydrogenase; GAPDH). 

Immunofluorescence  

Prior to perfusion with 4% paraformaldehyde, animals were 

anesthetized through an intraperitoneal injection of ketamine (100 

mg/kg) and xylazine (10 mg/kg). Posterior brain fixation, sectioning 

and labelling through immunofluorescence have been previously 

described(29).  

Antibodies used for IF have been included in Supplementary 

Material 1. Images were acquired from an epifluorescence 

microscope (Olympus BX61 Laboratory Microscope, Melville, NY-

Olympus America Inc.). Number of SOD1-positive cells was quantified 

in the hilus of the dentate gyrus of the hippocampus.  

Real Time – Polymerase Chain Reaction (RT-PCR) 

Gene expression was quantified after hippocampal RNA extraction. 

Posteriorly, RNA samples were retrotranscribed into cDNA and used 

for RT-PCR (29). Specific protocol details are described in a previous 

publication from our research group. Primer sequences for the RT-

PCR are in Supplementary Material 2. 

Citrate Synthase Activity Colorimetric Assay Kit 

Activity was detected from tissue homogenates as described in the 

protocol by BioVision, Inc. (Citrate Synthase Activity Colorimetric 
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Assay Kit, K318) and corrected for sample-protein content through a 

Pierce™ BCA Protein Assay Kit (Thermo Scientific™, Waltham, MA, 

USA).  

Golgi Stain 

Protocol was followed as described by the manufacturer ((FD 

Rapid GolgiStain™ Kit; Cat #PK401; FD Neurotechnologies, Inc.) and 

images were obtained from a BX61 Laboratory Microscope (Melville 

NY-Olympus America Inc.). 

Dendritic spines were quantified as previously described(29). 

Briefly, granular neurons from the dentate gyrus of the hippocampus 

were chosen and measurements were performed at least 50 μm from 

the soma. At minimum, 5 consecutive 10 μm sections were collected 

and 5 neurons were quantified per animal. Neurons were chosen from 

those that showed clear staining. No neurons were included in the 

analyses if their dendritic arborisation crossed paths with those 

nearby. Four animals per experimental group were used. 

Statistical analysis 

Results were presented as interleaved boxes and whiskers with 

each of the obtained values being represented. The box represents the 

median and the 25th to 75th percentiles in the extremes. Maximum and 

minimum values were represented as whiskers. All experimental 

groups were tested through two-way ANOVA and Tukey’s. All 

analyses and graph representations were performed in the program 

Graph Pad Prism for Windows version 6.01; Graph Pad Software, Inc. 

Experimenters were blinded to data sets when calculating for 

statistical differences. Only relevant significant values were 



Results: Publication IV 
 

107 
 

represented with their corresponding p-value. In all figures and graph 

representations the f value and degrees of freedom for ANOVA was 

included. 

 

Results 

Transgenic JNK1 knock-out mice show lower body weight, higher insulin 

sensitivity and no negative insulin related or inflammatory alterations 

after long-term HFD feeding. 

Evaluation of periphery parameters demonstrated how lack of 

JNK1 reduced animal body weight and increased responsiveness to 

insulin when evaluated in the ITT. WT HFD animals showed 

significant increases in body weight, as well as, increased blood 

glucose concentrations both in the GTT and ITT. HFD caused for mild 

increases in weight and glucose concentrations in the Jnk1-/- HFD 

experimental group but values were similar to those of WT CT animals 

(Figure 1). 

On a molecular level, the IR/AKT signalling axis showed a 

significant increase of the activating phosphorylation rates in the Jnk1-

/-s when compared with WTs. GSK3β auto-phosphorylated inhibitory 

Ser9 residue showed similar tendencies. Additionally, IDE protein 

levels were significantly reduced in the WT HFD experimental group 

versus the WT CT. Finally, protein levels for the PTP1B were strongly 

increased in the WT HFD animals while Jnk1-/-s experimental groups 

showed non-significant, slightly lower values than WT CT (p=0.1143 

and p=0.0816 respectively) (Figure 2). 
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Analysis of the profiles of both astrocytes and microglia revealed 

that cells were more reactive in the WT HFD when compared against 

the control. Reactiveness was evaluated regarding the size, colour 

intensity, number and ramification rates of the detected cells. In the 

Jnk1-/- experimental groups, a reduction in these same characteristics 

was observed even below control levels (Figure 3). 

Lack of JNK1 increases mitochondrial oxidative phosphorylation, 

antioxidant enzymes and protects against HFD-induced dysregulations. 

Detection of OXPHOS complexes showed an overall tendency 

towards higher protein levels in the Jnk1-/- animals, especially when 

comparing against the WT HFD mice, which present significant 

reductions on CI and CII versus WT CT. Exceptionally, CII was strongly 

affected by HFD even in the Jnk1-/- HFD experimental group. 

Importantly, CIII is highly upregulated in both Jnk1-/- experimental 

groups. Similar upward tendencies were observed in PGC1α and 

PPARγ, as well as in antioxidant enzymes SOD1 and GPX1 (Figure 4A). 

Evaluation of gene expression rates for Pgc1α, Pparγ, Sod1, and Gpx1 

showed significant upregulation in the Jnk1-/- animals (Figure 4B). 

Additionally, quantification of the number of SOD-positive cells in the 

hilus region of the dentate gyrus of the hippocampus showed the same 

trends (Figure 5A-B). Finally, 4-HNE level were significantly 

increased in WT HFD and reduced in Jnk1-/-s (Figure 4) and the 

activity of citrate synthase was mildly higher in the Jnk1-/- 

experimental groups (Figure. 5C). 
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Absence of JNK1 increases motor activity and protects against cognitive 

impairment by maintaining dendritic spines and synapse-related 

proteins even after chronic exposure to HFD. 

During the habituation period, three parameters related to motor 

activity were quantified: time spent in the open field inner quadrant, 

total distance, and mean speed. In all three measures, Jnk1-/- animals 

showed higher values than their controls (Figure 6A-C). Assessment 

of long-term memory consolidation through the NORT determined 

that only WT HFD animals had reductions in the discrimination ratio 

index (Figure 6D). 

Detection of the protein levels of BDNF demonstrated a significant 

increase in the Jnk1-/- mice. Synapse-related proteins ARC, neurexin 2 

and neuroligin 3 showed tendencies towards an increase in animals 

lacking JNK1 (Figure 6E). Additionally, significant reductions were 

observed for the WT HFD experimental group versus WT CT in 

synaptophysin, neurexin 2 and neuroligin 3 protein levels while Jnk1-

/- HFD showed no diet-induced effects (Figure 6E). Finally, alterations 

on neurexin 2 and neuroligin 3 were confirmed in an 

immunofluorescence detection in the cornu ammonis 3 region of the 

hippocampus (Figure 7). 

Moreover, spinophilin, P-Pyk2, and DBN1, found in dendritic 

arborisations and spines, showed similar upward tendencies in Jnk1-

/-s (Figure 6E), which were correlated with the values in the 

PAK1/LIMK1 axis (Figure 8A). Similarly, quantification on the 

number of dendritic spines showed clear reductions in the WT HFD 

experimental group while Jnk1-/-s showed no differences against WT 
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CT (Figure 8B). Furthermore, WT HFD spines showed smaller and 

shorter profiles. 

 

Discussion 

The results from the present investigation demonstrate, for the 

first time, the role of JNK1 in the context of the appearance of cognitive 

deficits and metabolic alterations (31)..  

The appearance of hyperglycaemia and loss of insulin sensitivity in 

the periphery and central tissues has been previously reported in 

obesity models with HFD, both by us and by other research groups 

(29, 35). It is believed that this situation derives of the development 

of mitochondrial and endoplasmic reticulum stress which, in turn 

increases the activity of the JNKs, kinases responsible for the 

inhibitory phosphorylation of the IRS1. Moreover, other molecules 

like PTP1B and SOCS3, which are phosphatases of the tyrosine 

activation points, also become upregulated (36–38). These 

mechanisms were confirmed in a previous publication from our group 

in which the effects of the removal of JNK2 was studied (29). 

Additionally, other alterations like the increased production of 

ceramides, favour the appearance of metabolic dysfunctions, 

impairments of neuronal plasticity, reduced myelin maintenance, glial 

and neuronal cell death, neurodegeneration, and cognitive 

affectations (39).  

Alternatively, modulating the activity of the JNK1 seems like a 

promising approach to reverse this situation. As it has been 
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summarized in the introduction, the whole body removal of JNK1 or 

the neuron-specific silencing of this kinase causes mice to become 

significantly more sensitive to insulin even when exposed to a HFD for 

a long term (24,26). In the brain, when analysing hippocampal 

extracts, significant increases in the phosphorylation rates of the IR, 

AKT and GSK3β proteins were observed when comparing against the 

control, thus indicating higher activation of the IR axis. So, higher 

activity of the insulin signalling pathway after the modulation of JNK1 

would favour the maintenance of glucose homeostasis and increase 

cell survival and activity, allowing for the protection of brain function 

against metabolic diseases. 

When evaluating the state of the mitochondria, a reduction in 

oxidative capacity was observed in WT HFD mice. This conclusion was 

drawn from the detection of a decrease in the levels of the OXPHOS 

complexes, levels and expression of antioxidant enzymes, and PGC1α 

and PPARγ agents. Similar observations in other tissues have already 

been reported by other researchers (40). Impairments in PGC1α have 

been associated with the appearance of cognitive affectations through 

the down-regulation of BDNF (41). Furthermore, evidence suggests 

that PPARγ has protective roles through the regulation of SOD activity 

(42) and, consequently, its alteration might participate in 

mitochondrial dysregulation. Importantly, animals that lacked JNK1 

and where exposed to CT diet showed increased mitochondrial 

function, even when detecting the activity of citrate synthase enzyme, 

a component of the Krebs Cycle. So, higher mitochondrial activity will 

account for increased energy expenditure. This conclusion, together 

with the fact that JNK1 is involved with anxiety behaviours and other 
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mechanisms like the maintenance of reservoirs in the adipose tissue, 

and the observed increased motor activity of the Jnk1-/-, could account 

for the reduction in the total body weight of these animals. Jnk1-/- HFD 

animals showed high resilience to the negative effects of HFD in the 

mitochondria, thus indicating the potential protective capabilities of 

this kinase. 

As a result of metabolic affectations there is also increased release 

of molecules like cytokines (TNFα, IL6, etc.) and eicosanoids 

(prostaglandins, leukotrienes, etc.)  by adipocytes (43,44), which 

induce inflammatory responses. In the brain, astrocytes and microglia 

respond strongly to those molecules (45). The appearance of chronic 

inflammatory reactions in the brain leads to degeneration due to the 

induction of apoptotic mechanisms in neurons and other neural types 

(46,47). It has been described that HFD, as a method to cause 

environmentally-induced obesity in preclinical models, induces 

increased cellular reactivity (29,32). In our study, these same 

observations were made and, most significantly, it was clear that Jnk1-

/- animals presented qualitatively lower reactivity even against the 

control group.  This result is in accordance with the relevance that 

JNK1 has in the activation of this cellular type (48). 

In the end, the metabolic alterations caused by the HFD lead to the 

appearance of cognitive impairments (34). Our results have shown 

clear affectations in the capacity of animals to generate long-term 

memory as assessed by the NORT. Furthermore, the analysis of 

proteins like synaptophysin and neurexin related to the 

establishment of synaptic connections supported these assumptions, 

together with the reduction in the number and size of dendritic spines 
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as assessed by the Golgi Stain. Similar tendencies towards a reduction 

in the levels of other molecules like BDNF or Drebrin were observed, 

but statistical analysis deem them non-significant. Nonetheless, 

reported bibliography has already described the negative effects of 

dysregulation of metabolism in cognitive function (3). Yet, once again, 

Jnk1-/- experimental animals showed evidence of the protective and 

beneficial effects of the modulation of the activity of this kinase. These 

experimental groups had normal cognitive capacity in the NORT and, 

in some cases, showed higher levels for proteins related to the 

maintenance of synapses and dendritic spine density. Especially 

relevant results were observed in the high upregulation of BDNF, the 

maintenance of neurexin and neuroligin proteins, as observed both 

through immunoblot and immunofluorescence, and the increase 

activation of PAK1 and LIMK1 proteins, responsible of the inhibition 

of Cofilin, a known destabilising element of cytoskeletal 

microfilaments of the structure of dendritic spines (49). 

In conclusion, metabolic dysregulations and posterior cognitive 

impairments seem to be prevented when modulating the activity of 

JNK1. So, it is of interest to consider this target for the design of future 

strategies to treat these pathologies, taking into account that the use 

of a partial, pharmacological approach will most likely avoid the 

reported skin oxidative damage in the whole body knock-out animals. 

Additionally, the use of a molecule derived from natural products like 

Licochalcone A, a compound already tested by our research group in 

a model of temporal lobe epilepsy(50), will prove to cause less 

secondary side effects than those typically caused by the chronic use 

of synthetic drugs. 



Results: Publication IV 
 

114 
 

Acknowledgments 

The research group is partly supported by funds from the Spanish 

Ministerio de Economía y Competitividad (SAF2017-84283-R to AC), 

the Generalitat de Catalunya (2014SGR-525 to AC) (2017 SGR 625 to 

CA) and CIBER de Enfermedades Neurodegenerativas (CIBERNED) 

(Grant CB06/05/2004 to AC). 

OB was the lead scientist of this research he worked on the 

experimental design, procedures and the manuscript. AE and TEJ 

contributed on the experiments. ME took part in experimental design 

and experimental trouble solving. EV and CA provided the first 

animals to create the colony, helped with the experimental design and 

corrected the manuscript. JF and AC provided with ideas and helped 

write and correct the manuscript. 

References 

1.  Gauthier S, Reisberg B, Zaudig M, Petersen RC, Ritchie K, Broich K, 
et al. Mild cognitive impairment. Lancet. 2006;367(9518):1262–
70.  

2.  Drzezga A, Lautenschlager N, Siebner H, Riemenschneider M, 
Willoch F, Minoshima S, et al. Cerebral metabolic changes 
accompanying conversion of mild cognitive impairment into 
alzheimer’s disease: A PET follow-up study. Eur J Nucl Med Mol 
Imaging. 2003;30(8):1104–13.  

3.  Mergenthaler P, Lindauer U, Dienel GA, Meisel A. Sugar for the 
brain: the role of glucose in physiological and pathological brain 
function. Trends Neurosci. 2013;36(10):587–97. 

4.  Belgardt BF, Mauer J, Brüning JC. Novel roles for JNK1 in 
metabolism. Aging (Albany NY). 2010;2(9):621–6.  

5.  De Felice FG, Lourenco M V. Brain metabolic stress and 
neuroinflammation at the basis of cognitive impairment in 



Results: Publication IV 
 

115 
 

Alzheimer’s disease. Front Aging Neurosci. 2015;7(May):1–8. 

6.  Grillo CA, Piroli GG, Lawrence RC, Wrighten SA, Green AJ, Wilson 
SP, et al. Hippocampal insulin resistance impairs spatial learning 
and synaptic plasticity. Diabetes. 2015;64(11):3927–36.  

7.  Henneberg N, Hoyer S. Desensitization of the neuronal insulin 
receptor: a new approach in the etiopathogenesis of late-onset 
sporadic dementia of the Alzheimer type (SDAT)? Arch Gerontol 
Geriatr. 1995;21(1):63–74.  

8.  Hoyer S, Henneberg N, Knapp S, Lannert H, Martin E. Brain 
glucose metabolism is controlled by amplification and 
desensitization of the neuronal insulin receptor. Ann N Y Acad Sci. 
1996;17(777):374–9.  

9.  de la Monte SM, Wands JR. Alzheimer’s disease is type 3 diabetes-
evidence reviewed. J Diabetes Sci Technol. 2008;2(6):1101–13. 

10. Steen E, Terry BM, J. Rivera E, Cannon JL, Neely TR, Tavares R, et 
al. Impaired insulin and insulin-like growth factor expression and 
signaling mechanisms in Alzheimer’s disease – is this type 3 
diabetes? J Alzheimer’s Dis. 2005;7:63–80.  

11. Sabapathy K. Role of the JNK Pathway in human diseases. 1st ed. 
Vol. 106, Progress in Molecular Biology and Translational Science. 
Elsevier Inc.; 2012. 145–169 p. 

12. Araujo EP, De Souza CT, Bordin S, Zollner RL, Saad MJA, Velloso LA, 
et al. Consumption of a Fat-Rich Diet Activates a Proinflammatory 
Response and Induces Insulin Resistance in the Hypothalamus. 
Endocrinology. 2005;146(10):4192–9.  

13. Prada PO, Zecchin HG, Gasparetti AL, Torsoni MA, Ueno M, Hirata 
AE, et al. Western diet modulates insulin signaling, c-jun N-
terminal kinase activity, and insulin receptor substrate-1 ser307 
phosphorylation in a tissue-specific fashion. Endocrinology. 
2005;146(3):1576–87.  

14. Sabio G, Davis RJ. CJun NH2-terminal kinase 1 (JNK1): Roles in 
metabolic regulation of insulin resistance. Trends Biochem Sci. 
2010;35(9):490–6. 

15. Mohammad H, Marchisella F, Ortega-Martinez S, Hollos P, Eerola 
K, Komulainen E, et al. JNK1 controls adult hippocampal 



Results: Publication IV 
 

116 
 

neurogenesis and imposes cell-autonomous control of anxiety 
behaviour from the neurogenic niche. Mol Psychiatry. 
2018;23(2):362–74.  

16. Grivennikov S, Vilcu C, Naugler W, Wynshaw-Boris A, Solinas G, 
Luo J-L, et al. JNK1 in Hematopoietically Derived Cells Contributes 
to Diet-Induced Inflammation and Insulin Resistance without 
Affecting Obesity. Cell Metab. 2007;6(5):386–97.  

17. Copps KD, Hancer NJ, Opare-Ado L, Qiu W, Walsch C, White MF. 
Irs1 Serine 307 Promotes Insulin Sensitivity in Mice Kyle. Cell 
Metab. 2010;11(1):84–92.  

18. Hotamisligil GS, Peraldi P, Budavari A, Ellis R, White MF, 
Spiegelman BM. IRS-1-Mediated Inhibition of Insulin Receptor 
Tyrosine Kinase Activity in TNF-α- and Obesity-Induced Insulin 
Resistance. Science (80- ). 1996;271(5249):665–70.  

19. Solinas G, Karin M. JNK1 and IKKβ: molecular links between 
obesity and metabolic dysfunction. FASEB J. 2010;24(8):2596–
611.  

20. Becattini B, Zani F, Breasson L, Sardi C, D’Agostino VG, Choo MK, et 
al. JNK1 ablation in mice confers long-term metabolic protection 
from diet-induced obesity at the cost of moderate skin oxidative 
damage. FASEB J. 2016;30(9):3124–32.  

21. Mohammad H, Marchisella F, Ortega-Martinez S, Hollos P, Eerola 
K, Komulainen E, et al. JNK1 controls adult hippocampal 
neurogenesis and imposes cell-autonomous control of anxiety 
behaviour from the neurogenic niche. Mol Psychiatry. 
2018;23(2):362–74.  

22. de Lemos L, Junyent F, Camins A, Castro-Torres RD, Folch J, 
Olloquequi J, Beas-Zarate C, Verdaguer E AC. Neuroprotective 
effects of the absence of JNK1 or JNK3 isoforms on kainic acid-
induced temporal lobe epilepsy-like symptoms. Mol Neurobiol. 
2017;  

23. Sabio G, Cavanagh-Kyros J, Jin Ko H, Young Jung D, Gray S, Jun JY, 
et al. Prevention of Steatosis by Hepatic JNK1. Cell Metab. 
2009;10(6):491–8.  

24. Sabio G, Kennedy NJ, Cavanagh-Kyros J, Jung DY, Ko HJ, Ong H, et 
al. Role of Muscle c-Jun NH2-Terminal Kinase 1 in Obesity-



Results: Publication IV 
 

117 
 

Induced Insulin Resistance. Mol Cell Biol. 2010;30(1):106–15.  

25. Sabio G, Das M, Mora A, Zhang Z, Jun JY, Hwi JK, et al. A stress 
signaling pathway in adipose tissue regulates hepatic insulin 
resistance. Science (80- ). 2008;322(5907):1539–43.  

26. Belgardt BF, Mauer J, Wunderlich FT, Ernst MB, Pal M, Spohn G, et 
al. Hypothalamic and pituitary c-Jun N-terminal kinase 1 signaling 
coordinately regulates glucose metabolism. Proc Natl Acad Sci. 
2010;107(13):6028–33.  

27. Sabio G, Cavanagh-Kyros J, Barrett T, Jung DY, Ko HJ, Ong H, et al. 
Role of the hypothalamic-pituitary-thyroid axis in metabolic 
regulation by JNK1. Genes Dev. 2010;24(3):256–64.  

28. Chen Dong, Derek D. Yang, Mark Wysk, Alan J. Whitmarsh, Roger J. 
Davis RAF. Defective T Cell Differentiation in the Absence of Jnk1. 
Science. 1998;5396(282):2092–5.  

29. Busquets O, Eritja À, López BM, Ettcheto M, Manzine PR, Castro-
Torres RD, et al. Role of brain c-Jun N-terminal Kinase 2 in the 
control of the insulin receptor and its relationship with cognitive 
performance in a high-fat diet preclinical model. J Neurochem. 
2019;149(2):161–310.  

30. Bevins R a, Besheer J. Object recognition in rats and mice: a one-
trial non-matching-to-sample learning task to study “recognition 
memory”. Nat Protoc. 2006;1(3):1306–11. 

31. E. González-Reyes R, Aliev G, Avila-Rodrigues M, E. Barreto G. 
Alterations in Glucose Metabolism on Cognition: A Possible Link 
Between Diabetes and Dementia. Curr Pharm Des. 
2016;22(7):812–8.  

32. Busquets O, Ettcheto M, Pallàs M, Beas-Zarate C, Verdaguer E, 
Auladell C, et al. Long-term exposition to a high fat diet favors the 
appearance of β-amyloid depositions in the brain of C57BL/6J 
mice. A potential model of sporadic Alzheimer’s disease. Mech 
Ageing Dev. 2017;162:38–45. 

33. Cordner Z a., Tamashiro KLK. Effects of high-fat diet exposure on 
learning &amp; memory. Physiol Behav. 2015;152:363–71. 

34. Freeman LR, Haley-Zitlin V, Rosenberger DS, Granholm A-C. 
Damaging effects of a high-fat diet to the brain and cognition: a 



Results: Publication IV 
 

118 
 

review of proposed mechanisms. Nutr Neurosci. 2014;17(6):241–
51.  

35. Yang ZH, Miyahara H, Takeo J, Katayama M. Diet high in fat and 
sucrose induces rapid onset of obesity-related metabolic 
syndrome partly through rapid response of genes involved in 
lipogenesis, insulin signalling and inflammation in mice. Diabetol 
Metab Syndr. 2012;4(1):1–10.  

36. Morrison CD, Huypens P, Stewart LK, Gettys TW. Implications of 
crosstalk between leptin and insulin signaling during the 
development of diet-induced obesity. Biochim Biophys Acta - Mol 
Basis Dis. 2009;1792(5):409–16.  

37. Thon M, Hosoi T, Ozawa K. Possible integrative actions of leptin 
and insulin signaling in the hypothalamus targeting energy 
homeostasis. Front Endocrinol (Lausanne). 2016;7(OCT):1–7.  

38. Bastard J-P, Maachi M, Lagathu C, Kim MJ, Caron M, Vidal H, et al. 
Recent advances in the relationship between obesity, 
inflammation, and insulin resistance. Eur Cytokine Netw. 
2006;17(1):4–12. 

39. De La Monte SM, Tong M, Nguyen V, Setshedi M, Longato L, Wands 
JR. Ceramide-mediated insulin resistance and impairment of 
cognitive-motor functions. J Alzheimer’s Dis. 2010;21(3):967–84.  

40. García-Ruiz I, Solís-Muñoz P, Fernández-Moreira D, Grau M, Colina 
F, Muñoz-Yagüe T, et al. High-fat diet decreases activity of the 
oxidative phosphorylation complexes and causes nonalcoholic 
steatohepatitis in mice. Dis Model Mech. 2014;7(11):1287–96.  

41. Jodeiri Farshbaf M, Ghaedi K, Megraw TL, Curtiss J, Shirani 
Faradonbeh M, Vaziri P, et al. Does PGC1α/FNDC5/BDNF Elicit 
the Beneficial Effects of Exercise on Neurodegenerative 
Disorders? NeuroMolecular Med. 2016;18(1):1–15.  

42. Garcia-Fuentes E, Murri M, Garrido-Sanchez L, Garcia-Serrano S, 
García-Almeida JM, Moreno-Santos I, et al. PPARγ expression after 
a high-fat meal is associated with plasma superoxide dismutase 
activity in morbidly obese persons. Obesity. 2010;18(5):952–8. 

43. Hardwick JP, Eckman K, Lee YK, Abdelmegeed MA, Esterle A, 
Chilian WM, et al. Eicosanoids in Metabolic Syndrome. Vol. 66, 
Advances in Pharmacology. 2013. 157–266 p.  



Results: Publication IV 
 

119 
 

44. Wisse BE. The inflammatory syndrome: The role of adipose tissue 
cytokines in metabolic disorders linked to obesity. J Am Soc 
Nephrol. 2004;15(11):2792–800.  

45. Norden DM, Trojanowski PJ, Villanueva E, Navarro E, Godbout JP. 
Sequential Activation of Microglia and Astrocyte Cytokine 
Expression Precedes Increased Iba-1 or GFAP Immunoreactivity 
following Systemic Immune Challenge. Glia. 2016;64(2):300–16.  

46. Chen WW, Zhang X, Huang WJ. Role of neuroinflammation in 
neurodegenerative diseases (Review). Mol Med Rep. 
2016;13(4):3391–6.  

47. Amor S, Peferoen LAN, Vogel DYS, Breur M, van der Valk P, Baker 
D, et al. Inflammation in neurodegenerative diseases - an update. 
Immunology. 2014;142(2):151–66.  

48. Solinas G, Becattini B. JNK at the crossroad of obesity, insulin 
resistance, and cell stress response. Mol Metab. 2017;6(2):174–
84. 

49. Shaw AE, Bamburg JR. Peptide regulation of cofilin activity in the 
CNS: A novel therapeutic approach for treatment of multiple 
neurological disorders. Vol. 175, Pharmacology and Therapeutics. 
2017. p. 17–27.  

50. Busquets O, Ettcheto M, Verdaguer E, Castro-Torres RD, Auladell 
C, Beas-Zarate C, et al. JNK1 inhibition by Licochalcone A leads to 
neuronal protection against excitotoxic insults derived of kainic 
acid. Neuropharmacology. 2018;131:440–52. 

 

Figure Legends 

Figure 1. Periphery metabolic parameters: (A) Weight: WT CT = 13, 

WT HFD = 12, Jnk1-/- CT = 13, Jnk1-/- HFD = 14; (B) GTT: WT CT = 8, 

WT HFD = 11, Jnk1-/- CT = 11, Jnk1-/- HFD = 10; (C) ITT: WT CT = 9, WT 

HFD = 11, Jnk1-/- CT = 11, Jnk1-/- HFD = 10. [x]/Time progression 

curves are presented as the mean and standard deviation. Results are 

presented as interleaved boxes and whiskers. The box represents the 
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median in the middle and the 25th to 75th percentile in the extremes. 

The maximum and minimum values were represented as whiskers. 

Statistical analysis: two-way ANOVA and Tukey’s (** p < 0.01 and *** 

p < 0.001). 

Figure 2. Evaluation of biomarkers associated with the cellular 

signalling of insulin through the detection of protein levels. Results 

are presented as scatter plots representing individual values. MEAN ± 

SD. n = 4. Statistical analysis: two-way ANOVA and Tukey’s (* p < 0.05, 

** p < 0.01 and *** p < 0.001). 

Figure 3. Analysis on the reactive profiles of astrocytes (GFAP; green; 

first column) and microglia (IBA1; green; second column) in the 

dentate gyrus of the hippocampus. Representative images were 

presented. Scale bar: 200 μm. Abbreviations: mol – molecular layer, gl 

– granular layer, h – hilus. 

Figure 4. Detection of mitochondrial oxidative phosphorylation 

complexes and antioxidant enzymes through (A) protein levels and 

(B) gene expression. Results are presented as scatter plots 

representing individual values. MEAN ± SD. n = 4. Statistical analysis: 

two-way ANOVA ($ p < 0.05 and $$ p < 0.01) and Tukey’s (* p < 0.05, 

** p < 0.01 and *** p < 0.001). 

Figure 5. (A) Representative images of labelling against SOD1 (red) in 

the dentate gyrus of the hippocampus. Cellular nuclei were stained 

with Hoechst (blue). Scale bar: 1. 200 μm and 2. 100 μm. 

Abbreviations: mol – molecular layer, gl – granular layer, h – hilus. (B) 

Quantification of the number of SOD1-positive cells/10 mm2. n = 6. (C) 

Results of the citrate synthase activity assay. n = 6. Results are 
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presented as scatter plots representing individual values. MEAN ± SD. 

Statistical analysis: two-way ANOVA and Tukey’s (* p < 0.05, ** p < 

0.01 and *** p < 0.001). 

Figure 6. Behavioural assessment through NORT in an open field. (A) 

Time spent in open field inner quadrant (sec), (B) Total distance (cm; 

x1000), (C) Mean speed (cm/sec) and (D) Discrimination ratio The 

first three measurements (A, B and C) were quantified during the 

habituation period. WT CT = 12, WT HFD = 11, Jnk1-/- CT = 11, Jnk1-/- 

HFD = 11; [x]/Time progression curves are presented as the mean and 

standard deviation. Results are presented as interleaved boxes and 

whiskers. The box represents the median in the middle and the 25th 

to 75th percentile in the extremes. The maximum and minimum 

values were represented as whiskers. (E) Protein level detection 

against: BDNF, SPINOPHILIN, P-PYK2(Thr402)/PYK2, DBN1, 

SYNAPTOPHYSIN, ARC, NEUREXIN 2 and NEUROLIGIN 3. Results are 

presented as scatter plots representing individual values. MEAN ± SD. 

Statistical analysis: two-way ANOVA and Tukey’s (* p < 0.05, ** p < 

0.01 and *** p < 0.001).  

Figure 7. Distribution of Neurexin 2 (Red, presynaptic protein) and 

Neuroligin 3 (Green, postsynaptic protein) in the cornu ammonis 3 

area of the hippocampus. Cellular nuclei are stained with Hoechst 

(Blue). Scale bar: 200 μm. Abbreviation: so – stratum oriens, sp – 

pyramidal layer, slu – stratum lucidum and stratum radiatum.  

Figure 8. (A) Determination of the levels for the PAK1 and LIMK 

protein axis. (B) Representative images and quantification of the 

number of dendritic spines for each of the experimental groups. Scale 
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bar: 5 μm. Results are presented as scatter plots representing 

individual values. MEAN ± SD. n = 4. Statistical analysis: two-way 

ANOVA ($$ p < 0.01) and Tukey’s (* p < 0.05 and *** p < 0.001). 
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Supplementary Material 1. List of antibodies used in the study. 

Primary Antibody Company Reference 

4-Hydroxinonenal (4-HNE) 

Abcam 

ab46545 

Arg 3.1; Activity-regulated 

cytoskeleton-associated protein (ARC) 
ab23382 

Insulin Degrading Enzyme (IDE) ab32216 

Neurexin 2 ab34245 

Neuroligin 3 ab186307 

Oxidative phosphorylation complexes 

(OXPHOS) 
ab110413 

Peroxisome proliferator-activated 

receptor gamma coactivator 1- alpha 

(PGC1α) 

ab54481 

Spinophilin ab18561 

Glycogen Synthase Kinase 3β (27C10) 

(GSK3β) 

Cell Signalling 

9315 

Glycogen Synthase Kinase 3β phospho 

Ser9 (P-GSK3β) 
9336 

LIM kinase 1 (LIMK1) 3842 

LIM kinase 1 phospho Thr508 (P-

LIMK1) 
3841 

p21-activated kinase 1 (PAK1) 2602 

Peroxisome proliferator-activated 

receptor gamma (PPARγ) 
2430 

Protein Kinase B (AKT) 9272 

Protein Kinase B phospho Ser473 (P-

AKT) 
4060 

Protein Tyrosine Kinase 2 (PYK2) 3292 
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Protein Tyrosine Kinase 2 phospho 

Tyr402 (P-PYK2) 
3291 

Synaptophysin M0776 

Protein Tyrosine Phosphatase 1B 

(PTP1B) 
ABS40 

Developmentally-regulated brain 

protein; Drebrin 1 (DBN1) 
Dako ABN207 

Glutathione Peroxidase 1 (GPX1) 

Millipore 

NBP1-

33620 

Superoxide Dismutase 1 (SOD1) 
NBP2-

24915 

Brain-derived Neurotrophic Factor 

(5H8) (BDNF) 
Novus 

Biologicals 

sc-65514 

Insulin Receptor (CT-3) (IR) sc-57342 

Insulin Receptor (10C3) phospho 

Thr1150/1151 (P-IR) 

Santa Cruz 

Biotechnology 
sc-81500 

Secondary Antibody Company Reference 

Alexa Fluor 488 Donkey Anti-Rabbit 

Life Technology 

A21206 

Alexa Fluor 594 Goat Anti-Rabbit A11012 

  

Alexa Fluor 594 Goat Anti-Mouse A11005 

Goat Anti-Rabbit IgG (Horseradish 

peroxidase conjugate) - Pierce™ 

Antibody Thermo Scientific 

 

31460 

Goat Anti-Mouse IgG (Horseradish 

peroxidase conjugate) - Pierce™ 

Antibody 

31430 
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Supplementary Material 2. List and sequences for the RT-PCR 

primers. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Gene 
Forward Primer Sequence 

(5’-3’) 

Reverse Primer Sequence 

(5’-3’) 

Gpx1 CACAGTCCACCGTGTATGCC GTGTCCGAACTGATTGCACG 

Pgc1α TCTCAGTAAGGGGCTGGTTG TTCCGATTGGTCGCTACACC 

Pparγ GCTGTTATGGGTGAAACTCTGG ATAGGCAGTGCATCAGCGAA 

Sod1 GGAACCATCCACTTCGAGCA CCCATGCTGGCCTTCAGTTA 
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DISCUSSION 

The aim of this thesis was to understand further the role of each the 

JNK isoforms in pathological states, as well as evaluate their potential 

as therapeutic targets. Specifically, two different diseases were 

reproduced in murine models: TLE and the metabolic-cognitive 

syndrome. In both cases, previous data from our research group and 

others set the foundations for the design of each of the projects. 

 

--------------------------------------------------------------------------------- 

 

In the past, research had already stablished the response of the 

JNK3 isoform in the KA preclinical model of TLE.  Specifically, the team 

of Yang and colleagues described that the knockout of JNK3 was 

neuroprotective against excitotoxic damage (Yang DD et al., 1997). 

Importantly, in 2018, the team of Dr. Carme Auladell (Department of 

Cell Biology, Physiology and Immunology, Biology Faculty; University 

of Barcelona) demonstrated for the first time that the lack of JNK1 had 

similar effects (de Lemos L et al., 2018). Given the need for continuous 

research on new and effective therapies for TLE, LIC-A (JNK1 

inhibitor) was tested for its potential as a therapeutic and damage-

preventive molecule. 

Publication I: JNK1 inhibition by Licochalcone A leads to neuronal 

protection against excitotoxic insults derived of kainic acid. 
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In this study, the injection of KA produced severe episodes of 

seizures on animals (Ben-Ari et al., 1979), due to a significant 

activation of the neuronal tissue in the hippocampus, focal point for 

the appearance of a hyperexcitable state in the KA model (Nadler JV, 

1979; Cavalheiro E et al., 1982; Nirwan N et al., 2018). 

This situation led to an acute and sustained activation of the JNKs 

as a result of increased levels of stress molecules like PGC1α, TNFα 

and others like nitric oxide synthase (NOS). Also, there was a 

dysregulation of AKT and CREB, elements necessary for the 

maintenance of cell survival stimuli (Zhao F et al., 2014; Tramoni-

Negre E et al., 2017). Furthermore, there was cell degeneration as a 

result of the activation of proapoptotic mechanisms, which caused the 

appearance of sclerotic areas in the granular layer of the hippocampus 

(Chatzikonstantinou A, 2014). Moreover, there was a disruption of 

normal neurogenic activity, coupled with severe inflammatory 

responses from both astrocytes and microglia (Dudek EF, 2002). These 

alterations favoured the formation of aberrant synaptic contacts, 

critical hallmarks towards the development of the chronic state of the 

pathology (Mathern GW et al., 1993). 

Prominently, animals that had been pre-treated with a single dose 

of LIC-A showed significant resilience to excitotoxic damage. 

Specifically, initial evaluations determined that this experimental 

group showed lower severity of seizures, an effect that had already 

been described by another research group when treating animals 

with SP600125 (Tai TY et al., 2017). The exact mechanisms 

responsible for this outcome are yet to be determined but, our 

research group hypothesized that the inhibition of JNK1 caused a 
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reduction in the intensity of seizures through a decrease in muscle 

responsiveness and a downregulation of the activity of enzymes 

responsible for the control of calcium homeostasis. 

Additionally, in our experiments the LIC-A pre-treatment favoured 

complete protection against neuronal degeneration. In fact, no 

alterations were observed in the granular layers of the CA of the 

hippocampus. Furthermore, a reduction in the intensity of damage-

derived neurogenic activity was observed, thus reducing the 

probability for the appearance of a chronic TLE state (Mathern GW et 

al., 1993). This situation also correlated with a reduction of 

proapoptotic molecules like BAX, BIM and cleaved products of α-

spectrin and, importantly, with a significant upregulation of the anti-

apoptotic protein BCL-2.  

Finally, results also pointed to a significant reduction in the 

reactive state of both astrocytes and microglia, a consequence of the 

inhibition of JNK1, kinase responsible for the activation of these cells 

(Solinas G and Becattini B, 2017). 

 

--------------------------------------------------------------------------------- 

 

Regarding the studies on the metabolic-cognitive syndrome, 

previous data by the team of Dr. Antoni Camins (Department of 

Pharmacology, Toxicology and Therapeutic Chemistry, Pharmacy and 

Food Sciences Faculty; University of Barcelona) and Dr. Jaume Folch 

(Department of Biochemistry and Biotechnology, Medicine and Health 

Sciences Faculty; University Rovira i Virgili), suggested that 
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dysregulations in normal metabolism have a significant role in the 

aetiology and development of brain cognitive affectations and 

neurodegenerative processes. Specifically, studies with the 

APPswe/PD1dE9 familial AD mice model demonstrated that a chronic 

feeding with HFD worsened and accelerated the pathological outcome 

(Ettcheto M et al, 2016 and 2018).   

That is why this thesis aimed to evaluate the consequences of 

metabolic dysregulations induced by HFD in the brain of wild-type 

mice. Also, it focused on determining the outcome of a genetic ablation 

of isoforms JNK1 and JNK2. 

 

Publication II: Long-term exposition to a high fat diet favours the 

appearance of β-amyloid depositions in the brain of C57BL/6J mice. A 

potential model of sporadic Alzheimer’s disease. 

Metabolic dysregulations induced by obesity have been proven to 

affect negatively the brain (Dmitry P et al., 2015; Zhigang L et al., 2015; 

Kullmann S et al., 2016; Cardoso S et al., 2019). In Publication II, the aim 

was to pinpoint some of the mechanisms involved in this alteration, 

and demonstrate the similarity of these to some of the features 

described as part of the pathophysiology of AD. 

The first result that was presented was the detection of β-amyloid 

accumulations in the brain of wild-type mice that had been chronically 

fed with HFD (16 months). Similar observations had been previously 

reported by another research group, which also detected alterations 

in the normal rates of phosphorylation of the TAU protein, just like 
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reductions in the abundance of the IR in the hippocampus (Nuzzo D et 

al., 2015). The appearance of this last alteration together with such 

classical hallmarks of the pathophysiology of AD was in agreement by 

the ideas postulated in the metabolic hypothesis of this disease. 

Nonetheless, this data was also an indicator of the dysregulated state 

of other cellular mechanisms. 

Correspondingly, it was observed that the chronic feeding with 

HFD caused an increase in the reactive state of both astrocytes and 

microglia, which prompted a neuroinflammatory response. As it has 

been previously mentioned, the development of a reactive state in 

these cells causes the release of cytokines and other substances, 

affecting the surrounding tissue and promoting its dysregulation and 

eventual degeneration (de Felice F et al. 2014; Hotamisligil GS and 

Davis RJ, 2016; Kullmann S et al., 2016; Kaneko M et al., 2017). In the 

present research, one of the observed consequences of this state was 

a reduction in the number of progenitor neuronal cells (nestin-

positive cells) found in the DG of the hippocampus. 

Another alteration observed in this study was a reduction in the 

abundance of proteins linked to autophagy, a mechanism necessary 

for the maintenance of normal physiological activity through the 

recycling and degradation of damaging or long-lived biomolecules 

(Ravanan P et al., 2017). A dysregulation of this cellular process might 

explain the increased concentration of soluble β-amyloid found in the 

brain of animals chronically fed with HFD (Wakabayashi T et al., 2019) 

and also, for its eventual precipitation and accumulation in the form 

of senile plaques as observed in this study. 
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Publication III: Role of brain c-Jun N-terminal Kinase 2 in the 

control of the insulin receptor and its relationship with cognitive 

performance in a high-fat diet preclinical model. 

The development of insulin resistance has been associated with the 

appearance of cognitive dysfunction (Henneberg N and Hoyer S, 1995; 

Ott A et al., 1999; de Felice F et al. 2014; Steen E et al., 2005; de la Monte 

SM and Wands JR, 2008). It is believed that this alteration derives of a 

downregulation of both peripheral and brain metabolism and, that the 

JNKs have a role in the regulation of this processes (Hotamisligil GS 

and Davis RJ, 2016). Importantly, each of the isoforms responds 

differently, controlling separate systems and pathways (Cui J et al., 

2007; Grivennikov S et al., 2007; Solinas G and Karin M, 2010; Sabapathy 

K, 2012; Koch P et al., 2015; Vernia S et al., 2016). Thus, in Publication 

III the aim was to determine the effects of whole-body ablation of 

JNK2, coupled with a chronic feeding with HFD (9 months) on 

hippocampal insulin sensitivity and cognitive performance.  

The first assay in this publication focused on determining the state 

of activation of the JNKs. It was observed that a chronic feeding of 

HFD, and the subsequent obesity and metabolic syndrome conditions, 

caused significant activation of these kinases (Ip YT and Davis RJ, 1998; 

Hirosumi J et al., 2002). Furthermore, it was observed that lack of JNK2 

also caused an increase of total JNK activity, even when the animals 

were not exposed to HFD, indicating to the existence of some kind of 

regulatory mechanism between the isoforms. 
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Moreover, animals that had been exposed to the HFD, lacked JNK2 

or had both variables together, showed reduced tolerance to glucose 

and sensibility to insulin action. It was determined that this situation 

was derived, in part, from an increased inhibitory activity of the JNKs, 

coupled with an increased abundance of molecules like PTP1B and 

SOCS3, inhibitors of the signalling capacity of the IR and its substrates 

(Emanuelli B et al., 2000; Haeusler R et al., 2018). Also, these responses 

were upregulated by an activation of the UPR in the endoplasmic 

reticulum and an increased inflammatory state (Panzhinskiy E et al., 

2013; Hotamisligil GS and Davis RJ, 2016). Surprisingly, animals that 

had been knocked out for the expression of JNK2 showed no increased 

astrocyte or microglial reactivity when compared to the control, even 

when fed HFD. This result would be in accordance with published data 

that demonstrates that the JNKs are required for the polarization of 

the M1 microglia subtype (proinflammatory) (Hotamisligil GS and 

Davis RJ, 2016). There is also evidence on increased polarization 

towards the M2 subtype (antiinflammatory) when the JNKs are 

inhibited but, in our results, this response was not reproduced. There 

is a possibility that this response derives only of the regulation of 

another isoform. 

Finally, behavioural tests determined that all experimental groups 

showed cognitive affectations during the novel object recognition test 

(NORT) when compared against the control. This correlated with a 

reduction in the number of dendritic spines found in neuronal 

dendrite arborisations and with the decrease on the levels of proteins 

like spinophilin and PSD95. 
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Publication IV: c-Jun N-terminal Kinase 1 ablation protects against 

metabolic-induced hippocampal cognitive impairments. 

Following up from the results presented in Publication III, in 

Publication IV we analysed the effects of the knockout of JNK1 in the 

same experimental model of HFD (7 months).  

In accordance to published data, animals that lacked JNK1 showed 

lower body weight, normal tolerance to glucose and increased 

sensitivity to insulin in the periphery, as well as protection against the 

effects of HFD (Cui J et al., 2007; Grivennikov S et al., 2007; Solinas G 

and Karin M, 2010; Sabapathy K, 2012; Koch P et al., 2015). 

Furthermore, when analysing protein extracts from the hippocampus 

of these animals, it was clear that the knockout of JNK1 caused for an 

increased activation of the insulin signalling pathway in this tissue. 

These results were backed up with the observation of a significant 

decrease in the reactive state of astrocytes and microglia in the 

dentate gyrus of the hippocampus, in accordance with previous 

publications (Solinas G and Becattini B, 2017).  

Moreover, when analysing the state of mitochondria, it was 

confirmed that HFD reduced the oxidative capacity of this organelle 

and, that the diet favoured a decrease in the levels of antioxidant 

enzymes, thus favouring an increased production and accumulation of 

ROS (García-Ruiz I et al., 2014). In animals lacking JNK1, it was 

observed how there was an increased abundance of mitochondrial 

molecules (OXPHOS complexes and antioxidant enzymes), pointing to 

a high and efficient activity of this organelle. Also, a decrease in the 

levels of 4-hidroxinonenal (4-HNE) pointed to a reduction on the 
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accumulation of peroxidation products derived of lipid oxidation, 

elements highly damaging for cells (Pillon NJ et al., 2012).  

Next, data regarding the behavioural and cognitive state of animals 

was analysed. Results from the open field test and NORT led to the 

conclusion that the ablation of JNK1 significantly reduced anxiety 

levels (Mohammad H et al., 2018), and increased motor activity, as 

well as protected animals from the development of cognitive 

affectations derived of a chronic feeding with HFD. This conclusion 

was backed up by the analysis of levels of multiple proteins linked to 

the maintenance of synaptic plasticity and cognitive function like 

BDNF, spinophilin or the Activity-Regulated Cytoskeleton-associated 

protein (ARC), as well as by the evaluation of the state and number of 

dendritic spines and the detection of the abundance of proteins like 

neuroligin and neurexin in the CA3 from the hippocampus. These 

results were also confirmed by an increase in the levels of enzymes 

responsible of the inhibition of the activity of cofilin, a known 

destabilizing element of microtubules in synaptic structures (Shaw AE 

et al., 2017). Finally, previous research has determined that reactive 

microglial cells are sensible to phagocytise synaptic structures (Hao S 

et al., 2016). The previously mentioned result on the reduced 

reactivity of these cells would also be evidence of the amelioration 

obtained through the ablation of JNK1. 

With all these results in mind, it is our belief that the JNKs play a 

significant role in the development of neurodegenerative pathology. 

Also, that the inhibition of JNK1 seems to be a very promising 

therapeutic strategy. That is why we propose that a treatment with 

LIC-A would be an effective strategy for TLE and cases of metabolic-
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cognitive syndrome (Figure 9). In fact, published data by Liou and 

colleagues already hints to the truth behind this idea. Their research 

demonstrates that a treatment with LIC-A is able to ameliorate 

conditions like obesity and hepatic non-alcoholic fatty liver disease in 

a model of HFD (Liou, C et al., 2019). Furthermore, the use of LIC-A 

would bypass other side effects derived of a complete inhibition of 

JNK1 activity, like isoform activity compensation, dysregulated 

physiological mechanisms or the appearance of skin oxidative stress 

as reported by Becattini B (Becattini B et al., 2016).  

Figure 9.  Final chart describing the pathways regulated by JNK1 and their 

involvement in the development of TLE and the metabolic-cognitive syndrome. 

Also, the mechanism of action of LIC-A is represented. 



Discussion 
 

 

143 
 

Finally, the use of encapsulated nanoparticles of LIC-A could also 

be an interesting improvement to this therapeutic proposal (higher 

bioavailability, targeted treatment, lower hepatic first pass effect and 

toxicity…), as it has been demonstrated in our group in previously 

reported research (Sánchez-López E et al., 2016, 2017 and 2018; Cano 

A et al., 2018 and 2019). 
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CONCLUSIONS 

The main conclusions derived of the present doctoral thesis are:  

 

1. The inhibition of JNK1 by LIC-A is an effective preventive 

neuroprotective strategy against the effects of KA. The observed 

beneficial effects were: 

o Lower seizure severity. 

o Absence of any degenerating cells or sclerotic areas in the 

hippocampus after the KA insult. Also, lower levels of pro-

apoptotic proteins and higher anti-apoptotic. 

o Reduced insult-response neurogenesis. 

o Decreased reactivity in astrocytes and microglia. 

Overall, the results point to an improved prognosis of the pathology 

and a lower chance for the appearance of a chronic epileptic state. 

 

----------------------------------------------------------------------------------- 

 

2. Chronic feeding with HFD has severe negative consequences on 

normal physiology. The studies have revealed that it causes: 

o Increased fat accumulation and release of stress molecules, 

as well as mitochondrial and endoplasmic reticulum stress 

and higher reactivity in astrocytes and microglia.  

o Higher production of β-amyloid, leading to its eventual 

accumulation in the form of senile plaques.  

o Appearance of phenomena of glucose intolerance and 

insulin resistance as a result of increased activation of the 

JNKs and other inhibitory molecules like PTP1B and SOCS3.  
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o Decreased neurogenic activity, coupled with reduced 

autophagy and anti-apoptotic proteins. 

o Reduced cognitive performance in the NORT. 

In the end, there is enough evidence to conclude that all these 

alterations favour the appearance of cognitive affectations derived of 

significant dysregulations in normal metabolism and physiology. 

 

3. The knockout of JNK2 is detrimental for the maintenance of 

proper metabolic and cognitive activity. The consequences were: 

o Lower tolerance for glucose and appearance of insulin 

resistance situations both in the periphery and central area. 

o Increased endoplasmic reticulum stress. 

o Reduced cognitive performance and abundance of proteins 

like spinophilin and PSD95, as well as a decrease in 

dendritic spines in neurons of the DG of the hippocampus. 

These results are a demonstration that the JNK isoforms have, in 

some occasions, different roles and behaviours in the cell. This 

conclusion is an evidence of the importance of targeting single 

isoforms for therapeutic approaches in order to avoid negative 

outcomes derived of an unspecific modulation. 

 

 

4. The inactivation of JNK1 favours the maintenance of proper 

metabolic and cognitive activity, and confers resistance against 

alterations derived of chronic HFD feeding. There was: 

o Lower body weight, normal glucose tolerance and increased 

sensitivity to insulin. 

o Reduced cellular reactivity in astrocytes and microglia. 
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o Enhanced mitochondrial activity. 

o Decreased anxiety, higher motor activity and preserved 

cognitive function even when chronically exposed to HFD. 

There was also higher abundance of certain proteins linked 

to proper cognitive function like BDNF and ARC. 

This data points to the significant role of JNK1 in the development 

of pathology and how, its negative modulation can become an 

effective therapeutic approach. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Conclusions 
 

150 
 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Bibliography 



 



Bibliography 
 

 

153 
 

BIBLIOGRAPHY 

A 

Al Haj Ahmad RM, Al-Domi HA. Thinking about brain insulin 

resistance. Diabetes Metab Syndr Clin Res Rev. 2018;12(6):1091–4. 

Andreyev AY, Kushnareva YE, Starkov AA. Mitochondrial Metabolism 

of Reactive Oxygen Species. Biochem. 2005;70(2):200–14.  

Auladell C, de Lemos L, Verdaguer E, Ettcheto M, Busquets O, 

Lazarowski A, et al. Role of JNK isoforms in the kainic acid 

experimental model of epilepsy and neurodegeneration. PubMed 

Commons. Front Biosci. 2017; 22:795–814.  

B 

Becattini B, Zani F, Breasson L, Sardi C, D’Agostino VG, Choo MK, et al. 

JNK1 ablation in mice confers long-term metabolic protection from 

diet-induced obesity at the cost of moderate skin oxidative damage. 

FASEB J. 2016;30(9):3124–32.  

Belgardt BF, Mauer J, Wunderlich FT, Ernst MB, Pal M, Spohn G, et al. 

Hypothalamic and pituitary c-Jun N-terminal kinase 1 signalling 

coordinately regulates glucose metabolism. Proc Natl Acad Sci. 

2010;107(13):6028–33.  

Ben-Ari Y, Lagowska J, Tremblay E, Le Gal G, Salle LA. A new model of 

focal status epilepticus: intra-amygdaloid application of kainic acid 

elicits repetitive secondarily generalized convulsive seizures. Brain 

Research. 1979; 163(1):176-179. 

Biessels GJ, Reagan LP. Hippocampal insulin resistance and cognitive 

dysfunction. Nat Rev Neurosci. 2015;16(11):660–71.  

Bilotta F, Lauretta MP, Tewari A, Haque M, Hara N, Uchino H, et al. 

Insulin and the Brain: A Sweet Relationship with Intensive Care. J 

Intensive Care Med. 2017;32(1):48–58.  

Bogoyevitch MA, Arthur PG. Inhibitors of c-Jun N-terminal kinases-

JuNK no more? Biochimica et Biophysica Acta - Proteins and 

Proteomics. 2008; 1784 (1):76–93.  



Bibliography 
 

 

154 
 

Borsello T. The JNK signalling transduction pathway in the brain. 

Front Biosci. 2012; E4(6):2110–20.  

Boucher J, Kleinridders A, Ronald Kahn C. Insulin receptor signalling 

in normal and insulin-resistant states. Cold Spring Harb Perspect Biol. 

2014;6(1).  

Boveris A. Determination of the Production of Superoxide Radicals 

and Hydrogen Peroxide in Mitochondria. Methods Enzymol. 

1984;105(C):429–35.  

C 

Cano A, Ettcheto M, Chang JH, Barroso E, Espina M, Kühne BA, et al. 

Dual-drug loaded nanoparticles of Epigallocatechin-3-gallate 

(EGCG)/Ascorbic acid enhance therapeutic efficacy of EGCG in a 

APPswe/PS1dE9 Alzheimer’s disease mice model. J Control Release. 

2019; 301:62–75.  

Cano A, Ettcheto M, Espina M, Auladell C, Calpena AC, Folch J, et al. 

Epigallocatechin-3-gallate loaded PEGylated-PLGA nanoparticles: A 

new anti-seizure strategy for temporal lobe epilepsy. Nanomedicine 

Nanotechnology, Biol Med. 2018;14(4):1073–85.  

Cardoso S, Moreira PI. Diabesity and brain disturbances: A metabolic 

perspective. Mol Aspects Med. 2019; 66;71-79.  

Cargnello M, Roux PP. Activation and Function of the MAPKs and Their 

Substrates, the MAPK-Activated Protein Kinases. Microbiol Mol Biol 

Rev. 2011;75(1):50–83.  

Castro-Torres RD, Landa J, Rabaza M, Busquets O, Olloquequi J, 

Ettcheto M, et al. JNK Isoforms Are Involved in the Control of Adult 

Hippocampal Neurogenesis in Mice, Both in Physiological Conditions 

and in an Experimental Model of Temporal Lobe Epilepsy. Mol 

Neurobiol. 2019; 56 (8): 5856-5865. 

Cavalheiro EA, Riche DA, Le Gal La Salle G. Long-term effects of 

intrahippocampal kainic acid injection in rats: A method for inducing 

spontaneous recurrent seizures. Electroencephalogr Clin 

Neurophysiol. 1982;53(6):581–9.  



Bibliography 
 

 

155 
 

Chambers JW, LoGrasso P V. Mitochondrial c-Jun N-terminal Kinase 

(JNK) signalling initiates physiological changes resulting in 

amplification of reactive oxygen species generation. J Biol Chem. 

2011;286(18):16052–62.  

Chatzikonstantinou A. Epilepsy and the hippocampus. Hippocampus 

Clin Neurosci. 2014; 34:121–42.  

Cherian A, Sanjeev T. Status epilepticus. Ann Indian Acad Neurol. 

2009;12(3):140–53.  

Coffey ET. Nuclear and cytosolic JNK signalling in neurons. Nat Rev 

Neurosci. 2014;15(5):285–99.  

Coffey ET, Courtney MJ. Regulation of SAPKs in CNS neurons. Biochem 

Soc Trans. 1997;25(4):568.  

Copps KD, White MF. Regulation of insulin sensitivity by 

serine/threonine phosphorylation of insulin receptor substrate 

proteins IRS1 and IRS2. Diabetologia. 2012; 55(10):2565–82.  

Cuadrado A, Nebreda AR. Mechanisms and functions of p38 MAPK 

signalling. Biochem J. 2010;429(3):403–17.  

Cui J, Zhang M, Zhang YQ, Xu ZH. JNK pathway: Diseases and 

therapeutic potential. Acta Pharmacol Sin. 2007;28(5):601–8.  

D 

Davis RJ. Signal transduction by the JNK group of MAP kinases. Cell. 

2000;103(2):239–52.  

De Araujo Furtado M, Lumley LA, Robison C, Tong LC, Lichtenstein S, 

Yourick DL. Spontaneous recurrent seizures after status epilepticus 

induced by soman in Sprague-Dawley rats. Epilepsia. 

2010;51(8):1503–10.  

De Felice FG, Lourenco M V., Ferreira ST. How does brain insulin 

resistance develop in Alzheimer’s disease? Alzheimer’s Dement. 

2014;10(1 SUPPL.): S26–32.  

de la Monte SM, Wands JR. Alzheimer’s disease is type 3 diabetes-

evidence reviewed. J Diabetes Sci Technol. 2008;2(6):1101–13.  



Bibliography 
 

 

156 
 

de Lemos L, Junyent F, Camins A, Castro-Torres RD, Folch J, Olloquequi 

J, et al. Neuroprotective Effects of the Absence of JNK1 or JNK3 

Isoforms on Kainic Acid-Induced Temporal Lobe Epilepsy-Like 

Symptoms. Mol Neurobiol. 2018;55(5):4437–52.  

Delikkaya B, Moriel N, Tong M, Gallucci G, de la Monte SM. Altered 

expression of insulin-degrading enzyme and regulator of calcineurin 

in the rat intracerebral streptozotocin model and human 

apolipoprotein E-ε4–associated Alzheimer’s disease. Alzheimer’s 

Dement Diagnosis, Assess Dis Monit. 2019; 11:392–404.  

Després J-P, Lemieux I. Abdominal obesity and metabolic syndrome. 

Nature. 2006; 444:1–7.  

Dhanasekaran DN, Reddy EP. JNK signalling in apoptosis. Oncogene. 

2008;27(48):6245–51. 

Dodd GT, Tiganis T. Insulin action in the brain: Roles in energy and 

glucose homeostasis. J Neuroendocrinol. 2017;29(10):1–14.  

Dudek EF. Role of glial cells in seizures and epilepsy: intracellular 

calcium oscillation and spatial buffering. Epilepsy Curr. 

2002;2(4):137–9.  

Duque-Guimarães DE, Ozanne SE. Nutritional programming of insulin 

resistance: Causes and consequences. Trends in Endocrinology and 

Metabolism. 2013; 24(10):525-535. 

E 

Emanuelli B, Peraldi P, Filloux C, Sawka-Verhelle D, Hilton D, Van 

Obberghen E. SOCS-3 is an insulin-induced negative regulator of 

insulin signalling. J Biol Chem. 2000;275(21):15985–91.  

Engin A. Obesity and Lipotoxicity: The Definition and Prevalence of 

Obesity and Metabolic Syndrome. Adv Exp Med Biol. 2017;960: 1-17.  

Ettcheto M, Sánchez-López E, Gómez-Mínguez Y, Cabrera H, Busquets 

O, Beas-Zarate C, et al. Peripheral and Central Effects of Memantine in 

a Mixed Preclinical Mice Model of Obesity and Familial Alzheimer’s 

Disease. Mol Neurobiol. 2018;55(9):7327–39.  



Bibliography 
 

 

157 
 

Ettcheto M, Petrov D, Pedros I, Alva N, Carbonell T, Beas-Zarate C, et 

al. Evaluation of neuropathological effects of a high-fat diet in a 

presymptomatic Alzheimer’s disease stage in APP/PS1 mice. J 

Alzheimer’s Dis. 2016;54(1):233–51. 

F 

Federico A, Cardaioli E, Da Pozzo P, Formichi P, Gallus GN, Radi E. 

Mitochondria, oxidative stress and neurodegeneration. J Neurol Sci. 

2012;322(1–2):254–62.  

Fels DR, Koumenis C. The PERK/eIF2α/ATF4 module of the UPR in 

hypoxia resistance and tumour growth. Cancer Biology and Therapy. 

2006; 5(7):723–728. 

G 

García-Ruiz I, Solís-Muñoz P, Fernández-Moreira D, Grau M, Colina F, 

Muñoz-Yagüe T, et al. High-fat diet decreases activity of the oxidative 

phosphorylation complexes and causes non-alcoholic steatohepatitis 

in mice. Dis Model Mech. 2014;7(11):1287–96.  

Gardai SJ, Hildeman DA, Frankel SK, Whitlock BB, Frasch SC, 

Borregaard N, et al. Phosphorylation of Bax ser184 by AKT regulates 

its activity and apoptosis in neutrophils. J Biol Chem. 2004 May 

14;279(20):21085–95.  

Giavina-Bianchi P, Giavina-Bianchi M, Tanno LK, Ensina LFC, Motta 

AA, Kalil J. Epileptic seizure after treatment with thiocolchicoside. 

Ther Clin Risk Manag. 2009;5(1):635–7.  

Graczyk P. JNK inhibitors as anti-inflammatory and neuroprotective 

agents. Futur Med Chem. 2013;5(5):539–51.  

Gralle M. The neuronal insulin receptor in its environment. Vol. 140, 

Journal of Neurochemistry. Blackwell Publishing Ltd; 2017. p. 359–67.  

Green DR, Llambi F. Cell death signalling. Cold Spring Harb Perspect 

Biol. 2015;7(12):1–24.  



Bibliography 
 

 

158 
 

Grillo CA, Tamashiro KL, Piroli GG, Melhorn S, Gass JT, Newsom RJ, et 

al. Lentivirus-mediated downregulation of hypothalamic insulin 

receptor expression. Physiol Behav. 2007;92(4):691–701.  

Grivennikov S, Vilcu C, Naugler W, Wynshaw-Boris A, Solinas G, Luo J-

L, et al. JNK1 in Hematopoietically Derived Cells Contributes to Diet-

Induced Inflammation and Insulin Resistance without Affecting 

Obesity. Cell Metab. 2007;6(5):386–97.  

Guan QH, Pei DS, Liu XM, Wang XT, Xu T Le, Zhang GY. Neuroprotection 

against ischemic brain injury by SP600125 via suppressing the 

extrinsic and intrinsic pathways of apoptosis. Brain Res. 

2006;1092(1):36–46.  

Guma M, Ronacher LM, Firestein GS, Karin M, Corr M. JNK-1 deficiency 

limits macrophage-mediated antigen-induced arthritis. Arthritis 

Rheum. 2011;63(6):1603–12. 

H 

Haas I, Wabl M. Immunoglobulin heavy chain binding protein. Nature. 

1983;306(5941):387–9.  

Haeusgen W, Boehm R, Zhao Y, Herdegen T, Waetzig V. Specific 

activities of individual c-Jun N-terminal kinases in the brain. 

Neuroscience. 2009;161(4):951–9.  

Haeusler RA, McGraw TE, Accili D. Metabolic Signalling: Biochemical 

and cellular properties of insulin receptor signalling. Vol. 19, Nature 

Reviews Molecular Cell Biology. Nature Publishing Group; 2018; 

19(1):31–44.  

Hamilton SE, Loose MD, Qi M, Levey AI, Hille B, Mcknight GS, et al. 

Disruption of the m1 receptor gene ablates muscarinic receptor-

dependent M current regulation and seizure activity in mice. Proc Natl 

Acad Sci USA. 1997;94(24):13311–6.  

Hanawa N, Shinohara M, Saberi B, Gaarde WA, Han D, Kaplowitz N. 

Role of JNK translocation to mitochondria leading to inhibition of 

mitochondria bioenergetics in acetaminophen-induced liver injury. J 

Biol Chem. 2008;283(20):13565–77.  



Bibliography 
 

 

159 
 

Hao S, Dey A, Yu X, Stranahan AM. Dietary obesity reversibly induces 

synaptic stripping by microglia and impairs hippocampal plasticity. 

Brain Behav Immun. 2016; 51:230–9. 

Harding HP, Zhang Y, Bertolotti A, Zeng H, Ron D. Perk is essential for 

translational regulation and cell survival during the unfolded protein 

response. Mol Cell. 2000;5(5):897–904.  

Henneberg N, Hoyer S. Desensitization of the neuronal insulin 

receptor: a new approach in the etiopathogenesis of late-onset 

sporadic dementia of the Alzheimer type (SDAT)? Arch Gerontol 

Geriatr. 1995;21(1):63–74.  

Henshall D. Apoptosis signaling pathways in seizure-induced 

neuronal death and epilepsy. Biochem Soc Trans. 2007;35(2):421–3.  

Hill JM, Lesniak MA, Pert CB, Roth J. Autoradiographic localization of 

insulin receptors in rat brain: Prominence in olfactory and limbic 

areas. Neuroscience. 1986;17(4):1127–38.  

Hiragi T, Ikegaya Y, Koyama R. Microglia after Seizures and in 

Epilepsy. Cells. 2018;7(4):26.  

Hirosumi J, Tuncman G, Chang L, Görgün CZ, Uysal KT, Maeda K, et al. 

A central role for JNK in obesity and insulin resistance. Nature. 

2002;420(6913):333–6. 

Holmes G, Thompson J. Effects of kainic acid on seizure susceptibility 

in the developing brain. Brain Res. 1988;467(1):51–9.  

Hotamisligil GS, Davis RJ. Cell signaling and stress responses. Cold 

Spring Harb Perspect Biol. 2016;8(10):1–20. 

I 

Ip YT, Davis RJ. Signal transduction by the c-Jun N-terminal kinase 

(JNK) - from inflammation to development. Curr Opin Cell Biol. 1998; 

10:205–19. 

K 



Bibliography 
 

 

160 
 

Kamenecka T, Jiang R, Song X, Duckett D, Chen W, Ling YY, et al. 

Synthesis, biological evaluation, X-ray structure, and 

pharmacokinetics of aminopyrimidine c-jun-N-terminal kinase (JNK) 

inhibitors. J Med Chem. 2010;53(1):419–31.  

Kaminska B, Gozdz A, Zawadzka M, Ellert-Miklaszewska A, Lipko M. 

MAPK signal transduction underlying brain inflammation and gliosis 

as therapeutic target. Anatomical Record. 2009; 292(12):1902–13.  

Kaneko M, Imaizumi K, Saito A, Kanemoto S, Asada R, Matsuhisa K, et 

al. ER Stress and Disease: Toward Prevention and Treatment. Biol 

Pharm Bull Pharm Bull. 2017;40(9):1337–43. 

Kaneto H, Matsuoka TA, Nakatani Y, Kawamori D, Miyatsuka T, 

Matsuhisa M, et al. Oxidative stress, ER stress, and the JNK pathway in 

type 2 diabetes. J Mol Med. 2005;83(6):429–39.  

Koch P, Gehringer M, Laufer SA. Inhibitors of c-Jun N-terminal kinases: 

An update. J Med Chem. 2015;58(1):72–95.  

Koekkoek PS, Kappelle LJ, van den Berg E, Rutten GEHM, Biessels GJ. 

Cognitive function in patients with diabetes mellitus: Guidance for 

daily care. Lancet Neurol. 2015;14(3):329–40. 

Krentz A j. Insulin resistance. BMJ. 1996;313(7069):1385.  

Kroner Z. The relationship between Alzheimer’s disease and diabetes: 

Type 3 diabetes? Altern Med Rev. 2009;14(4):373–9.  

Kullmann S, Heni M, Hallschmid M, Fritsche A, Preissl H, Häring HU. 

Brain insulin resistance at the crossroads of metabolic and cognitive 

disorders in humans. Physiol Rev. 2016;96(4):1169–209. 

L 

Langer M, Brandt C, Löscher W. Marked strain and substrain 

differences in induction of status epilepticus and subsequent 

development of neurodegeneration, epilepsy, and behavioural 

alterations in rats. Strain and substrain differences in an epilepsy 

model in rats. Epilepsy Res. 2011;96(3):207–24.  



Bibliography 
 

 

161 
 

Lee JK, Park J, Lee YD, Lee SH, Han PL. Distinct localization of SAPK 

isoforms in neurons of adult mouse brain implies multiple signalling 

modes of SAPK pathway. Mol Brain Res. 1999;70(1):116–24.  

Lee J, Pilch PF. The insulin receptor: structure, function, and signalling. 

Am J Physiol Cell Physiol. 1994; 266:319–34.  

Lévesque M, Avoli M. The kainic acid model of temporal lobe epilepsy. 

Neurosci Biobehav Rev. 2016; 37:2887–99.  

Lévesque M, Avoli M, Bernard C. Animal models of temporal lobe 

epilepsy following systemic chemoconvulsant administration. J 

Neurosci Methods. 2016; 260:45–52.  

Liang L, Chen J, Zhan L, Lu X, Sun X, Sui H, et al. Endoplasmic reticulum 

stress impairs insulin receptor signalling in the brains of obese rats. 

PLoS One. 2015;10(5):1–14.  

Lin JH, Walter P, Yen TSB. Endoplasmic Reticulum Stress in Disease 

Pathogenesis. Annu Rev Pathol Mech Dis. 2008; 3:399-425.  

Liou C-J, Lee Y-K, Ting N-C, Chen Y-L, Shen S-C, Wu S-J, et al. Protective 

Effects of Licochalcone A Ameliorates Obesity and Non-Alcoholic Fatty 

Liver Disease Via Promotion of the Sirt-1/AMPK Pathway in Mice Fed 

a High-Fat Diet. Cells. 2019;8(5):447.  

Liu G, Guo H, Guo C, Zhao S, Gong D, Zhao Y. Involvement of IRE1α 

signalling in the hippocampus in patients with mesial temporal lobe 

epilepsy. Brain Res Bull. 2011;84(1):94–102.  

Liu Z, Patil IY, Jiang T, Sancheti H, Walsh JP, Stiles BL, et al. High-fat 

diet induces hepatic insulin resistance and impairment of synaptic 

plasticity. PLoS One. 2015;10(5):1–16. 

M 

Ma L, Wang J, Li Y. Insulin resistance and cognitive dysfunction. Clin 

Chim Acta. 2015; 444:18–23. 

Madhumita D, Sabio G, Jiang F, Rincón M, Flavell RA, Davis RJ. 

Induction of hepatitis by JNK-mediated expression of TNFα. Cell. 

2009;136(2):249–60.  



Bibliography 
 

 

162 
 

Malhotra JD, Kaufman RJ. The endoplasmic reticulum and the 

unfolded protein response. Vol. 18, Seminars in Cell and 

Developmental Biology. Elsevier Ltd; 2007;18(6):716–31.  

Mao LM, Wang JQ. Synaptically Localized Mitogen-Activated Protein 

Kinases: Local Substrates and Regulation. Vol. 53, Molecular 

Neurobiology. Humana Press Inc.; 2016;53(9):6309–6315.  

Marchi N, Oby E, Batra A, Uva L, De Curtis M, Hernandez N, et al. In 

vivo and in vitro effects of pilocarpine: Relevance to ictogenesis. 

Epilepsia. 2007;48(10):1934–46.  

Martindale JL, Holbrook NJ. Cellular response to oxidative stress: 

Signalling for suicide and survival. J Cell Physiol. 2002;192(1):1–15.  

Mathern GW, Cifuentes F, Leite JP, Pretorius JK, Babb TL. Hippocampal 

EEG excitability and chronic spontaneous seizures are associated with 

aberrant synaptic reorganization in the rat intrahippocampal kainate 

model. Electroencephalogr Clin Neurophysiol. 1993;87(5):326–39.  

McCracken E, Monaghan M, Sreenivasan S. Pathophysiology of the 

metabolic syndrome. Clin Dermatol. 2018;36(1):14–20.  

Mcintyre DC, Leech CK. A Permanent Change in Brain Function 

Resulting from Daily Electrical Stimulation. Exp Neurol. 1969; 

25:295–330.  

Mendelson KG, Contois L-R, Tevosian SG, Davis RJ, Paulson KE. 

Independent regulation of JNK/p38 mitogen-activated protein 

kinases by metabolic oxidative stress in the liver. Proc Natl Acad Sci. 

1996;93(23):12908–13. 

Mittal K, Mani RJ, Katare DP. Type 3 Diabetes: Cross Talk between 

Differentially Regulated Proteins of Type 2 Diabetes Mellitus and 

Alzheimer’s Disease. Sci Rep. 2016; 6:1–8.  

Mohammad H, Marchisella F, Ortega-Martinez S, Hollos P, Eerola K, 

Komulainen E, et al. JNK1 controls adult hippocampal neurogenesis 

and imposes cell-autonomous control of anxiety behaviour from the 

neurogenic niche. Mol Psychiatry. 2018;23(2):362–74.  



Bibliography 
 

 

163 
 

Muller FL, Liu Y, Van Remmen H. Complex III releases superoxide to 

both sides of the inner mitochondrial membrane. J Biol Chem. 

2004;279(47):49064–73.  

Murata Y, Fujiwara N, Seo JH, Yan F, Liu X, Terasaki Y, et al. Delayed 

Inhibition of c-Jun N-Terminal Kinase Worsens Outcomes after Focal 

Cerebral Ischemia. J Neurosci. 2012;32(24):8112–5. 

N 

Nadler JV. Kainic acid: neurophysiological and neurotoxic actions. Life 

Sci. 1979;24(4):289–99.  

Nandi A, Kitamura Y, Kahn CR, Accili D. Mouse Models of Insulin 

Resistance. Physiol Rev. 2004;84(2):623–47.  

Nirwan N, Vyas P, Vohora D. Animal models of status epilepticus and 

temporal lobe epilepsy: A narrative review. Rev Neurosci. 

2018;29(7):757–70.  

Nishitoh H. CHOP is a multifunctional transcription factor in the ER 

stress response. Journal of Biochemistry. 2012;151(3):217–219.   

Nuzzo D, Picone P, Baldassano S, Caruana L, Messina E, Gammazza A, 

et al. Insulin Resistance as Common Molecular Denominator Linking 

Obesity to Alzheimer’s Disease. Curr Alzheimer. 2015;12(8):723–35.  

O 

O’Neill S, O’Driscoll L. Metabolic syndrome: A closer look at the 

growing epidemic and its associated pathologies. Obes Rev. 

2015;16(1):1–12.  

Onyango AN. Cellular Stresses and Stress Responses in the 

Pathogenesis of Insulin Resistance. Vol. 2018, Oxidative Medicine and 

Cellular Longevity. Hindawi Limited; 2018; 4321714. 

Osborn O, Olefsky JM. The cellular and signalling networks linking the 

immune system and metabolism in disease. Nat Med. 2012; 18:363–

374.  



Bibliography 
 

 

164 
 

Ott A, Stolk RP, van Harskamp F, Pols HAP, Hofman A, Breteler MMB. 

Diabetes mellitus and the risk of dementia: The Rotterdam Study. 

Neurology. 1999;53(9):1937–1937.  

Ott M, Gogvadze V, Orrenius S, Zhivotovsky B. Mitochondria, oxidative 

stress and cell death. Apoptosis. 2007;12(5):913–22.  

Ozcan L, Ergin AS, Lu A, Chung J, Sarkar S, Nie D, et al. Endoplasmic 

reticulum stress plays a central role in development of leptin 

resistance. Cell Metab. 2009;9(1):35–51. 

Özcan, U., Cao, Q., Yilmaz, E., Lee, A.H., Iwakoshi, N.N., Özdelen, E., 

Tuncman, G., Görgün, C., Glimcher, L.H. and Hotamisligil GS, Ozcan U, 

Cao Q, Yilmaz E, Lee A-H, Iwakoshi NN, et al. Endoplasmic reticulum 

stress links obesity, insulin action, and type 2 diabetes. Science. 

2004;306(5695):457–61. 

P 

Panzhinskiy E, Ren J, Nair S. Protein Tyrosine Phosphatase 1B and 

Insulin Resistance: Role of Endoplasmic Reticulum Stress/Reactive 

Oxygen Species/Nuclear Factor Kappa B Axis. PLoS One. 2013;8(10).  

Pelloux V, Lahlou N, Cabrol S, Bougnères P, Dina C, Froguel P, et al. A 

mutation in the human leptin receptor gene causes obesity and 

pituitary dysfunction. Nature. 2002;392(6674):398–401.  

Petrov D, Pedrós I, Artiach G, Sureda FX, Barroso E, Pallàs M, et al. 

High-fat diet-induced deregulation of hippocampal insulin signalling 

and mitochondrial homeostasis deficiencies contribute to Alzheimer 

disease pathology in rodents. Biochim Biophys Acta - Mol Basis Dis. 

2015;1852(9):1687–99.  

Phillips MJ, Voeltz GK. Structure and function of ER membrane contact 

sites with other organelles. Nat Rev Mol Cell Biol. 2016; 17:69–82.  

Picard M, Taivassalo T, Gouspillou G, Hepple RT. Mitochondria: 

Isolation, structure and function. J Physiol. 2011;589(18):4413–21.  

Pillon NJ, Croze ML, Vella RE, Soulère L, Lagarde M, Soulage CO. The 

lipid peroxidation by-product 4-hydroxy-2-nonenal (4-HNE) induces 



Bibliography 
 

 

165 
 

insulin resistance in skeletal muscle through both carbonyl and 

oxidative stress. Endocrinology. 2012;153(5):2099–111.  

Pinto DJ, Patrick SL, Huang WC, Connors BW. Initiation, propagation, 

and termination of epileptiform activity in rodent neocortex in vitro 

involve distinct mechanisms. J Neurosci. 2005;25(36):8131–40.  

Plotnikov A, Zehorai E, Procaccia S, Seger R. The MAPK cascades: 

Signaling components, nuclear roles and mechanisms of nuclear 

translocation. Biochim Biophys Acta - Mol Cell Res. 2011; 

1813(9):1619–33. 

Prilopko L (WHO). Epilepsy Care in the World. Epilepsy Health Atlas. 

2005.  

Puttachary S, Sharma S, Stark S, Thippeswamy T. Seizure-induced 

oxidative stress in temporal lobe epilepsy. BioMed Research 

International. Hindawi Limited; 2015; 745613. 

R 

Racine RJ. Modification of seizure activity by electrical stimulation: II. 

Motor seizure. Electroencephalogr Clin Neurophysiol. 1972; 31:281–

94.  

Raciti M, Lotti L V., Valia S, Pulcinelli FM, Di Renzo L. JNK2 is activated 

during ER stress and promotes cell survival. Cell Death Dis. 

2012;3(11): e429-10. 

Raman M, Chen W, Cobb MH. Differential regulation and properties of 

MAPKs. Oncogene. 2007;26(22):3100–12.  

Rana A, Musto AE. The role of inflammation in the development of 

epilepsy. Vol. 15, Journal of Neuroinflammation. BioMed Central Ltd.; 

2018; 15(1):144. 

Ravanan P, Srikumar IF, Talwar P. Autophagy: The spotlight for 

cellular stress responses. Life Sci. 2017;188:53–67.  

Reger MA, Watson GS, Frey WH, Baker LD, Cholerton B, Keeling ML, et 

al. Effects of intranasal insulin on cognition in memory-impaired older 

adults: Modulation by APOE genotype. Neurobiol Aging. 

2006;27(3):451–8.  



Bibliography 
 

 

166 
 

Reger MA, Watson GS, Green PS, Baker LD, Chorleton B, Fishel MA, et 

al. Intranasal insulin administration dose-dependently modulates 

verbal memory and plasma β-amyloid in memory-impaired older 

adults. J Alzheimers Dis. 2008;13(3):323–31.  

Rejdak K, Nieoczym D, Czuczwar M, Kiś J, Wlaź P, Turski WA. 

Orphenadrine induces secondarily generalized convulsive status 

epilepticus in rats. Brain Res Bull. 2011;84(6):389–93.  

Rochfort S, Towerzey L, Carroll A, King G, Michael A, Pierens G, et al. 

Latifolians A and B, novel JNK3 kinase inhibitors from the Papua New 

Guinean plant Gnetum latifolium. J Nat Prod. 2005;68(7):1080–2.  

Ron D, Hubbard SR. How IRE1 Reacts to ER Stress. Cell. 2008; 132 

(1):24–6.  

Ron D, Walter P. Signal integration in the endoplasmic reticulum 

unfolded protein response. Nat Rev Mol Cell Biol. 2007; 8:519–29. 

S 

Sabapathy K. Role of the JNK Pathway in human diseases. Progress in 

Molecular Biology and Translational Science. 2012;106:145–169. 

Sabapathy K, Hochedlinger K, Nam SY, Bauer A, Karin M, Wagner EF. 

Distinct roles for JNK1 and JNK2 in regulating JNK activity and c-Jun-

dependent cell proliferation. Mol Cell. 2004;15(5):713–25.  

Sabio G, Davis RJ. CJun NH2-terminal kinase 1 (JNK1): Roles in 

metabolic regulation of insulin resistance. Trends Biochem Sci. 

2010;35(9):490–6. 

Sah SP, Singh B, Choudhary S, Kumar A. Animal models of insulin 

resistance: A review. Pharmacol Reports. 2016;68(6):1165–77. 

Saltiel AR. Insulin Signalling in the Control of Glucose and Lipid 

Homeostasis. Metab Control. 2015; 233:51-71. 

Sánchez-López E, Egea MA, Cano A, Espina M, Calpena AC, Ettcheto M, 

et al. PEGylated PLGA nanospheres optimized by design of 

experiments for ocular administration of dexibuprofen-in vitro, ex 

vivo and in vivo characterization. Colloids Surfaces B Biointerfaces. 

2016; 145:241–50.  



Bibliography 
 

 

167 
 

Sánchez-López E, Ettcheto M, Egea MA, Espina M, Calpena AC, Folch J, 

et al. New potential strategies for Alzheimer’s disease prevention: 

pegylated biodegradable dexibuprofen nanospheres administration 

to APPswe/PS1dE9. Nanomedicine Nanotechnology, Biol Med. 

2017;13(3):1171–82. 

Sánchez-López E, Ettcheto M, Egea MA, Espina M, Cano A, Calpena AC, 

et al. Memantine loaded PLGA PEGylated nanoparticles for 

Alzheimer’s disease: In vitro and in vivo characterization. J 

Nanobiotechnology. 2018;16(1):1–16.  

Sangüesa G, Roglans N, Montañés JC, Baena M, Velázquez AM, Sánchez 

RM, et al. Chronic Liquid Fructose, but not Glucose, Supplementation 

Selectively Induces Visceral Adipose Tissue Leptin Resistance and 

Hypertrophy in Female Sprague-Dawley Rats. Mol Nutr Food Res. 

2018;62(22):1–18. 

Schauwecker PE. Seizure-induced neuronal death is associated with 

induction of c-Jun N-terminal kinase and is dependent on genetic 

background. Brain Res. 2000;884(1–2):116–28.  

Schönthal AH. Endoplasmic Reticulum Stress: Its Role in Disease and 

Novel Prospects for Therapy. Scientifica (Cairo). 2012; 2012:1–26.  

Schwarcz R, Brush GS, Foster AC, French ED. Seizure activity and 

lesions after intrahippocampal quinolinic acid injection. Exp Neurol. 

1984;84(1):1–17.  

Schwartz MW, Figlewicz DF, Kahn SE, Baskin DG, Greenwood MRC, 

Porte D. Insulin binding to brain capillaries is reduced in genetically 

obese, hyperinsulinemic Zucker rats. Peptides. 1990;11(3):467–72.  

Shaw AE, Bamburg JR. Peptide regulation of cofilin activity in the CNS: 

A novel therapeutic approach for treatment of multiple neurological 

disorders. Pharmacology and Therapeutics. 2017; 175:17–27.  

Solinas G, Becattini B. JNK at the crossroad of obesity, insulin 

resistance, and cell stress response. Mol Metab. 2017;6(2):174–84.  

Solinas G, Karin M. JNK1 and IKKβ: molecular links between obesity 

and metabolic dysfunction. FASEB J. 2010;24(8):2596–611.  



Bibliography 
 

 

168 
 

Steen E, Terry BM, J. Rivera E, Cannon JL, Neely TR, Tavares R, et al. 

Impaired insulin and insulin-like growth factor expression and 

signalling mechanisms in Alzheimer’s disease – is this type 3 diabetes? 

J Alzheimer’s Dis. 2005; 7:63–80.  

Steinhäuser C, Grunnet M, Carmignoto G. Crucial role of astrocytes in 

temporal lobe epilepsy. Neuroscience. 2016; 323:157–69.  

St-Pierre J, Buckingham JA, Roebuck SJ, Brand MD. Topology of 

superoxide production from different sites in the mitochondrial 

electron transport chain. J Biol Chem. 2002;277(47):44784–90.  

Sun Y, Liu WZ, Liu T, Feng X, Yang N, Zhou HF. Signalling pathway of 

MAPK/ERK in cell proliferation, differentiation, migration, 

senescence and apoptosis. J Recept Signal Transduct. 2015; 

35(6):600–4.  

Symonds ME, Sebert SP, Hyatt MA, Budge H. Nutritional programming 

of the metabolic syndrome. Nat Rev Endocrinol. 2009;5(11):604–10. 

Szegezdi E, Logue SE, Gorman AM, Samali A. Mediators of endoplasmic 

reticulum stress-induced apoptosis. EMBO Rep. 2006;7(9):880–5. 

T 

Tai TY, Warner LN, Jones TD, Jung S, Concepcion FA, Skyrud DW, et al. 

Antiepileptic action of c-Jun N-terminal kinase (JNK) inhibition in an 

animal model of temporal lobe epilepsy. Neurosci. 2017; 349:35–47.  

Thannickal VJ, Fanburg BL. Reactive oxygen species in cell signalling. 

Am J Physiol Lung Cell Mol Physiol. 2000;279(6):1005–28.  

Tournier C, Hess P, Yang DD, Xu J, Turner TK, Nimnual A, et al. 

Requirement of JNK for Stress- Induced Activation of the Cytochrome 

c–Mediated Death Pathway. Science. 2000; 288:870–4.  

Tramoni-Negre E, Lambert I, Bartolomei F, Felician O. Long-term 

memory deficits in temporal lobe epilepsy. Revue Neurologique. 

2017; 173(7-8): 490–7.  

Turski WA, Schwarz M, Czuczwar SJ, Kleinrok Z, Turski L, Cavalheiro 

EA. Limbic seizures produced by pilocarpine in rats: Behavioural, 



Bibliography 
 

 

169 
 

electroencephalographic and neuropathological study. Behav Brain 

Res. 1983;9(3):315–35. 

U 

Urano F, Wang X, Bertolotti A, Zhang Y, Chung P, Harding HP, et al. 

Coupling of Stress in the ER to Activation of JNK protein kinases by 

Protein Kinase IRE1. Science. 2000;287(5453):664–6. 

V 

Ventura JJ, Hübner A, Zhang C, Flavell RA, Shokat KM, Davis RJ. 

Chemical genetic analysis of the time course of signal transduction by 

JNK. Mol Cell. 2006;21(5):701–10.  

Vernia S, Morel C, Madara JC, Cavanagh-Kyros J, Barrett T, Chase K, et 

al. Excitatory transmission onto AgRP neurons is regulated by cjun 

NH2-terminal kinase 3 in response to metabolic stress. Elife. 2016; 

5:1–18.  

Vezzani A, French J, Bartfai T, Baram TZ. The role of inflammation in 

epilepsy. Nature Reviews Neurology. 2011; 7 (1):31–40.  

Vincent P, Mulle C. Kainate receptors in epilepsy and excitotoxicity. 

Neuroscience. 2009; 158(1):309–23. 

W 

Wakabayashi T, Yamaguchi K, Matsui K, Sano T, Kubota T, Hashimoto 

T, et al. Differential effects of diet- and genetically-induced brain 

insulin resistance on amyloid pathology in a mouse model of 

Alzheimer’s disease. Mol Neurodegener. 2019;14(1):1–18.  

Waldbaum S, Patel M. Mitochondria, oxidative stress, and temporal 

lobe epilepsy. Epilepsy Research. 2010; 8(1):23–45.  

Wang X, Finegan KG, Robinson AC, Knowles L, Khosravi-Far R, 

Hinchliffe KA, et al. Activation of extracellular signal-regulated protein 

kinase 5 downregulates FasL upon osmotic stress. Cell Death Differ. 

2006;13(12):2099–108.  



Bibliography 
 

 

170 
 

Welty FK, Alfaddagh A, Elajami TK. Targeting inflammation in 

metabolic syndrome. Translational Research. Mosby Inc.; 2016; 

167(1):257–80.  

Weston CR, Davis RJ. The JNK signal transduction pathway. Current 

Opinion in Cell Biology. 2007; 19(2):142–9. 

X 

Xu C, Bailly-Maitre B, Reed JC. Endoplasmic reticulum stress: Cell life 

and death decisions. Journal of Clinical Investigation. 2005; 115(10): 

2656–64.  

Xu X, Raber J, Yang D, Su B, Mucke L. Dynamic regulation of c-Jun N-

terminal kinase activity in mouse brain by environmental stimuli. 

Proc Natl Acad Sci. 1997; 94:12655–60. 

Y 

Yamaguchi H, Wang HG. The protein kinase PKB/Akt regulates cell 

survival and apoptosis by inhibiting Bax conformational change. 

Oncogene. 2001;20(53):7779–86.  

Yang DD, Kuan CY, Whitmarsh AJ, Rincón M, Zheng TS, Davis RJ, et al. 

Absence of excitotoxicity-induced apoptosis in the hippocampus of 

mice lacking the Jnk3 gene. Nature. 1997;389(6653):865–70.  

Yang ZH, Miyahara H, Takeo J, Katayama M. Diet high in fat and 

sucrose induces rapid onset of obesity-related metabolic syndrome 

partly through rapid response of genes involved in lipogenesis, insulin 

signalling and inflammation in mice. Diabetol Metab Syndr. 

2012;4(1):1–10.  

Yao K, Chen H, Lee MH, Li H, Ma W, Peng C, et al. Licochalcone A, a 

natural inhibitor of c-Jun N-terminal kinase 1. Cancer Prev Res. 

2014;7(1):139–49.  

Yarza R, Vela S, Solas M, Ramirez MJ. c-Jun N-terminal kinase (JNK) 

signalling as a therapeutic target for Alzheimer’s disease. Frontiers in 

Pharmacology. 2016; 6:321. 



Bibliography 
 

 

171 
 

Yasuda J, Whitmarsh AJ, Cavanagh J, Sharma M, Davis RJ. The JIP Group 

of Mitogen-Activated Protein Kinase Scaffold Proteins. Mol Cell Biol. 

1999;19(10):7245–54.  

Yaswen L, Diehl N, Brennan MB, Ute Hochgeschwender. Obesity in the 

mouse model of pro-opiomelanocortin deficiency responds to 

peripheral melanocortin. Nat Med. 1999;5(9):3–7.  

Yoshimura K, Ueno M, Lee S, Nakamura Y, Sato A, Yoshimura K, et al. 

C-Jun N-terminal kinase induces axonal degeneration and limits 

motor recovery after spinal cord injury in mice. Neurosci Res. 

2011;71(3):266–77. 

Z     

Zafar U, Khaliq S, Ahmad HU, Manzoor S, Lone KP. Metabolic 

syndrome: an update on diagnostic criteria, pathogenesis, and genetic 

links. Hormones. 2018;17(3):299–313.  

Zhao F, Kang H, You L, Rastogi P, Venkatesh D, Chandra M. 

Neuropsychological deficits in temporal lobe epilepsy: A 

comprehensive review. Ann Indian Acad Neurol. 2014;17(4):374–82.  

Zhao Y, Spigolon G, Bonny C, Culman J, Vercelli A, Herdegen T. The JNK 

inhibitor D-JNKI-1 blocks apoptotic JNK signaling in brain 

mitochondria. Mol Cell Neurosci. 2012;49(3):300–10.  

Zhong Q, Ren BX, Tang FR. Neurogenesis in the Hippocampus of 

Patients with Temporal Lobe Epilepsy. Curr Neurol Neurosci Rep. 

2016;16(2):1–9. 

 

 

 

 

 

 

 



Bibliography 
 

 

172 
 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Annexes 



 



175 
 

 

 

 

 

 

 

Annex I 

 

Role of JNK isoforms in the kainic acid experimental model of 
epilepsy and neurodegeneration. 

 

Auladell C, de Lemos L, Verdaguer E, Ettcheto M, Busquets O, 

Lazarowski A, Beas-Zarate C, Olloquequi J, Folch J and Camins A. 

Front Biosci. 2017; 22:795–814. 

 

 

 

 

 

 

 

 

 

 



Annex I 
 

176 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Annex I 
 

177 
 

 



Annex I 
 

178 
 

 



Annex I 
 

179 
 

 



Annex I 
 

180 
 

 



Annex I 
 

181 
 

 



Annex I 
 

182 
 

 



Annex I 
 

183 
 

 



Annex I 
 

184 
 

 



Annex I 
 

185 
 

 



Annex I 
 

186 
 

 



Annex I 
 

187 
 

 



Annex I 
 

188 
 

 



Annex I 
 

189 
 

 



Annex I 
 

190 
 

 



Annex I 
 

191 
 

 



Annex I 
 

192 
 

 



Annex I 
 

193 
 

 



Annex I 
 

194 
 

 



Annex I 
 

195 
 

 



Annex I 
 

196 
 

 



197 
 

 

 

 

 

 

 

Annex II 

 

The implication of the brain insulin receptor in late onset 
Alzheimer’s disease dementia. 

 

Folch J, Ettcheto M, Busquets O, Sánchez-López E, Castro-Torres RD, 

Verdaguer E, Manzine PR, Rabieipoor S, García ML, Olloquequi J, 

Beas-Zarate C, Auladell C and Camins A. 

Pharmaceuticals. 2018;11(1):1–16. 

 

 

 

 

 

 

 

 

 



Annex II 
 

198 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Annex II 
 

199 
 

 



Annex II 
 

200 
 

 



Annex II 
 

201 
 

 



Annex II 
 

202 
 

 



Annex II 
 

203 
 

 



Annex II 
 

204 
 

 



Annex II 
 

205 
 

 



Annex II 
 

206 
 

 



Annex II 
 

207 
 

 



Annex II 
 

208 
 

 



Annex II 
 

209 
 

 



Annex II 
 

210 
 

 



Annex II 
 

211 
 

 



Annex II 
 

212 
 

 



Annex II 
 

213 
 

 



Annex II 
 

214 
 

 

 

 

 

 

 



215 
 

 

 

 

 

 

 

Annex III 

 

Triple GLP-1/GIP/glucagon receptor agonists, a potential 
novel treatment strategy in Alzheimer’s disease. 

 

Camins A, Ettcheto M, Busquets O, Manzine PR, Castro-Torres RD, Beas-

Zarate C, Verdaguer E, Sureda F, Bulló M, Olloquequi J, Auladell C and Folch J. 

Expert Opin Investig Drugs. 2018;28(1): 93-97. 

 

 

 

 

 

 

 

 

 

 



Annex III 
 

216 
 

 

 

 

 

 

 

 



Annex III 
 

217 
 

 



Annex III 
 

218 
 

 



Annex III 
 

219 
 

 



Annex III 
 

220 
 

 



Annex III 
 

221 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Annex III 
 

222 
 

 



223 
 

 

 

 

 

 

 

Annex IV 

 

JNK Isoforms Are Involved in the Control of Adult Hippocampal 

Neurogenesis in Mice. Both in Physiological Conditions and in 

an Experimental Model of Temporal Lobe Epilepsy. 

 

Castro-Torres RD, Landa J, Rabaza M, Busquets O, Olloquequi J, 

Ettcheto M, Beas-Zarate C, Folch J, Camins A, Auladell C and 

Verdaguer E. 

Mol Neurobiol. 2019. 

 

 

 

 

 

 

 

 

 



Annex IV 
 

224 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Annex IV 
 

225 
 

 



Annex IV 
 

226 
 

 



Annex IV 
 

227 
 

 



Annex IV 
 

228 
 

 



Annex IV 
 

229 
 

 



Annex IV 
 

230 
 

 



Annex IV 
 

231 
 

 



Annex IV 
 

232 
 

 



Annex IV 
 

233 
 

 



Annex IV 
 

234 
 

 



235 
 

 

 

 

 

 

 

Annex V 

 

A metabolic perspective of late onset Alzheimer’s disease. 

 

Ettcheto M, Cano A, Busquets O, Manzine PR, Sánchez-López E, Castro-

Torres RD, Beas-Zarate C, Verdaguer E, García ML, Olloquequi J, Auladell 

C, Folch J and Camins A. 

Pharmacol Res. 2019;145. 

 

 

 

 

 

 

 

 

 

 



Annex V 
 

236 
 

 

 

 

 

 

 

 

 

 

 



Annex V 
 

237 
 

 



Annex V 
 

238 
 

 



Annex V 
 

239 
 

 



Annex V 
 

240 
 

 



Annex V 
 

241 
 

 



Annex V 
 

242 
 

 



Annex V 
 

243 
 

 



Annex V 
 

244 
 

 



Annex V 
 

245 
 

 



Annex V 
 

246 
 

 



Annex V 
 

247 
 

 



Annex V 
 

248 
 

 



Annex V 
 

249 
 

 



Annex V 
 

250 
 

 



251 
 

 

 

 

 

 

 

Annex VI 

 

Potential preventive disease-modifying pharmacological 
strategies to delay late onset Alzheimer’ s disease. 

 

Ettcheto M, Busquets O and Camins A. 

Neuro Reg Res. 2019;14(10):1721–5. 

 

 

 

 

 

 

 

 

 

 

 



Annex VI 
 

252 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Annex VI 
 

253 
 

   



Annex VI 
 

254 
 

 



Annex VI 
 

255 
 

 



Annex VI 
 

256 
 

 



Annex VI 
 

257 
 

 



Annex VI 
 

258 
 

 



259 
 

 

 

 

 

 

 

Annex VII 

 

The Involvement of Peripheral and Brain Insulin Resistance 
in Late Onset Alzheimer's Dementia. 

 

Folch J, Olloquequi J, Ettcheto M, Busquets O, Sánchez-López E, Cano 

A, Espinosa-Jiménez T, García ML, Beas-Zarate C, Casadesús G, Bulló 

M, Auladell C and Camins A. 

Front Aging Neurosci. 2019;11(236):1-16. 

 

 

 

 

 

 

 

 

 



Annex VII 
 

260 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Annex VII 
 

261 
 

 



Annex VII 
 

262 
 

 



Annex VII 
 

263 
 

 



Annex VII 
 

264 
 

 



Annex VII 
 

265 
 

 



Annex VII 
 

266 
 

 



Annex VII 
 

267 
 

 



Annex VII 
 

268 
 

 



Annex VII 
 

269 
 

 



Annex VII 
 

270 
 

 



Annex VII 
 

271 
 

 



Annex VII 
 

272 
 

 



Annex VII 
 

273 
 

 



Annex VII 
 

274 
 

 



Annex VII 
 

275 
 

 



Annex VII 
 

276 
 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

“Freedom of thought is best promoted by the 
gradual illumination of men’s minds which  

follows from the advance of science” 
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