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1. C-JUN N-TERMINAL KINASE (JNK)  

 

Since its discovery more than 20 years ago, the c-Jun N-terminal kinase family (JNK) 

has remained a subject of intense research interest with continued efforts to evaluate 

its biochemistry and regulation, and its contribution to cellular events under 

physiological and pathophysiological conditions. The JNK family of protein kinases is one 

of the three identified families of mitogen activated protein kinases (MAPK). Three 

genes, namely jnk1 (MAPK8), jnk2 (MAPK9), and jnk3 (MAPK10), encode for 10 different 

splice variants with molecular weights of 46 and 54kDa (Davis, 2000). The 10 different 

variants are grouped depending on the homologous protein regions in the 3 known 

isoforms of JNK: JNK1, JNK2 and JNK3 (Figure 1). Whereas JNK1 and JNK2 have a broad 

tissue distribution, JNK3 is mainly localized in neurons and to a lesser extent in the heart 

and the testis (Coffey, 2014). 

  

 
Figure 1. Structural features of JNK isoforms. JNK is a multifunctional enzyme beginning with an 
amino terminal end (NH2 – terminal, in purple) and, in the other side, a carboxyl terminal end 
(COOH-terminal) where the long (54KDa, orange) or short (46KDa, green) JNK variants are 
determined. The schematic illustration depicts the ten JNK isoforms grouped by their 
homologous region. All isoforms presents 11 kinase subdomains (I-XI, in blue), but the 
alternative splicing took place in subdomains IX and X (light blue). Modified from Coffey, 2014.  

 

The discovery of JNK pathway scaffolds such as JNK-interacting protein-1 (JIP1) and 

related proteins, as well as the identification of JNK inhibitors have contributed to 

unmask the roles for the JNKs in both normal physiology and disease. JNK signaling 

process has been studied as an active pathological mechanism in many different 

diseases, especially in the field of oncology. To mention a few, JNK has been involved in 

regulation of the natural killer cells cytokine production and secretion (Lee et al., 2014), 
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oncology models and drug-resistant tumor cells (Chuang et al., 2014; Kim et al., 2014; 

Okada et al., 2014; Volk et al., 2014) or myeloproliferative disorders (Funakoshi-Tago et 

al., 2012).  

 

1.1. JNK distribution and functions in CNS 

 

Regarding the central nervous system (CNS), studies in rodents described the 

presence of jnk1, jnk2 and jnk3 mRNA in cortex, hippocampus and cerebellum. 

Specifically, JNK3 is widely expressed throughout the hippocampus, while JNK1 is 

concentrated around the dentate gyrus. The subcellular distribution of the different 

isoforms differs, with JNK1 being more abundant in the cytosol, whereas JNK3 is mostly 

found in the nucleus. JNK2 is distributed in both the cytosol and the nucleus (Coffey, 

2014).  

Transgenic knockouts of JNK isoforms have provided crucial insights into the roles 

played in the brain by each JNK isoform. It has been established that JNK1 and JNK2 

have important roles in the modulation of immune cell function and in the development 

of the embryonic nervous system. A study using JNK1 KO mice demonstrated that JNK1 

has a regulatory role and maintains physiological functions in the CNS; similarly, JNK2 

KO mice established that this isoform may also participate in some physiological 

functions and, particularly, in the long term potentiation (LTP; Chen et al., 2005). JNK3 is 

a multifunctional enzyme important in controlling brain functions under both normal 

and pathological conditions. JNK3 has been implicated in brain development (Kuan et 

al., 1999), neurite formation and plasticity (Eminel et al., 2008; Waetzig et al., 2006), in 

addition to memory and learning (Bevilaqua et al., 2003; Brecht et al., 2005). Under 

pathological conditions, JNK3 has been considered as a degenerative signal transducer 

and it seems to be the isoform that is over-activated after deleterious stress-stimuli in 

adult brain, such as ischemia, hypoxia or epilepsies. This principle is supported by the 

data on the reduced apoptosis of hippocampal neurons and reduced seizures induced 

by kainic acid in JNK3 KO mice, and by the notion that JNK3 KO mice are also protected 

against ischemia (Okazawa & Estus, 2002; Sahara et al., 2008; Yang et al., 1997). 
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1.2. JNK signaling 

 

1.2.1. JNK activation 

 

Activation of the JNK pathway relies on the coordinated interaction of the scaffold 

proteins belonging to the JNK activation complex. These proteins are able to mediate 

the biochemical signal amplification and also to ensure substrate-specificity as well as a 

coordinated cascade signaling (Figure 2). The interaction between scaffold proteins 

leads to the phosphorylation/activation of JNK which, in turn, by phosphorylation of 

different substrates, enables the activation of different functions (Antoniou et al., 2011). 

Different stimuli that have been described as able to trigger the signaling response 

to JNK include nerve growth factor (NGF) deprivation, trophic support withdrawal, DNA 

damage, oxidative stress, β-amyloid (Aβ) exposure, low potassium, excitotoxic stress, 6-

hydroxydopamine (6-OHDA), UV irradiation, tumor necrosis factor (TNF) or the Wnt 

cascade (for review see Cui et al., 2007; Mudher et al., 2001). Many are the scaffold 

proteins that have been described as the signaling proteins that converge in the 

activation of JNK: JIP1a (JNK interacting protein 1a) and JIP1b (also named IB1), JIP2 and 

JIP3 (firstly named JSAP1), JNK-interacting leucine zipper protein (JLP) and plenty of SH3 

(POSH) (Engstrom et al., 2010). JIPs belong to second-order-activating proteins that are 

dependent on previous interaction with MAPK activating kinases (MAPKK or MAP2K) 

and MAPKK activating kinases (MAPKKK or MAP3K; Cui et al., 2007; Engstrom et al., 

2010; Wang et al., 2004). Specifically, JNKs are directly activated by phosphorylation by 

two MAPKK: MKK4 and MKK7; and these are, in turn, activated by mixed-linage kinases 

(MLK) among other MAP3K (Mehan et al., 2011; Davis, 2000; Figure 2). Therefore, JIPs 

interaction with MLK, MKK4 or MKK7 and JNK is required to JNK activation (Antoniou et 

al., 2011; Davis, 2000). Thus, the coordination of what is called the “signalosome” that 

leads to the activation of JNK is complex and requires interaction of first messengers at 

different cellular levels for further activation of the scaffold-protein-complex and final 

JNK activation. 

Endoplasmic reticulum’s (ER) stress phenomena that induce the unfolded protein 

response (UPR) signaling is also involved in the control of activation of JNK pathway 
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(Figure 2). As a result of anomalous protein burden, an interaction between Ire1 

(endoplasmic reticulum to nucleus signaling 1) and presenilin 1 (PS1) has been proposed 

to enable the activation of JNK thus leading to pro-apoptotic signaling activation (Shoji 

et al., 2000). In addition, it has been suggested that ER stress activates apoptosis-signal 

regulating kinase 1 (ASK1) through IRE1/TRAF2/ASK1 pathway. ASK1 is included in 

MAP3K group, which subsequently triggers JNK signalling (Viana et al., 2012). Direct 

modulation of JNK-activation by the cdk5/p35 complex has also been described, 

although the underlying mechanisms that lead to this molecular phenomenon are 

unclear (Otth et al., 2003). 

 

 
Figure 2. Simplified diagram showing mechanisms involved in activation of the JNK pathway. 
Different stress conditions might activate JNK signalling via scaffold proteins. UPR and an 
interaction between IRE1 and PS1 have also been described as potential activators of JNK. Aβ: β-
amyloid; HPK: hematopoietic progenitor kinase 1; Ire1: endoplasmic reticulum to nucleus 
signalling 1; JIP: JNK interacting protein; MKK: mitogen activated protein kinase kinase; MLK: 
mixed-linage kinase; ROS, radical oxygen species; UPR: unfolded protein response.  
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1.2.2. JNK substrates 

 

The main cellular substrate activated by JNK mediated phosphorylation is c-Jun 

(Figure 3), which acquires greater stability and increases its transcriptional activity after 

its phosphorylation. c-Jun is able to interact with JunB, JunD, c-Fos and ATF constituting 

the AP-1 transcription factor, a nuclear complex that activates the transcription of 

diverse genes involved in processes related to proliferation, differentiation or apoptosis 

(Cui et al., 2007; Pearson et al., 2006; Figure 3). In addition, c-Jun can act by regulating 

the maturation of the cellular stress-response or modulating the signals that lead finally 

to activation of caspases (Nishina et al., 2004; Pearson et al., 2006). 

 

 
 
Figure 3. Schematic representation of some cellular mechanisms activated by JNK 
phosphorylation. Activated JNK leads to phosphorylation of c-Jun, which modulates gene 
expression as well as tangle maturation. JNK plays also a direct role in the formation of tangles 
by phosphorylation of Tau and it also contributes to the regulation of paired helical filament 
(PHF) formation and proteolytic cleavage processing. Moreover, JNK activation is involved in Aβ 
aggregation and plaque formation. Finally, JNK is responsible for the phosphorylation of the 
BH3-only proteins BIM and BMF and as consequence, for the activation of caspases leading to 
cellular apoptosis. BMF: Bcl-2 modifying factor. 
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Given the cytosolic nature of active JNK, several cytoskeletal components and 

intracellular transport proteins are found within JNK substrates such as Tau or other 

proteins associated with microtubules (Zeke et al., 2016). Moreover, JNK is able to 

phosphorylate and activate directly apoptosis-related proteins such as BIM (homologous 

to BAX) and BMF, both pro-apoptotic proteins resulting in activation of caspases. JNK 

also phosphorylates DP5-HRK, Bcl-2 and Bcl-xL (Cui et al., 2007; Okazawa & Estus, 2002), 

which are anti-apoptotic proteins inhibited by phosphorylation of JNK (Figure 3). In 

summary, JNK activation induces an imbalance between the pro-apoptotic and anti-

apoptotic members of the Bcl-2 family that regulate mitochondrial control of apoptosis 

and, thus, leading to mitochondrial cytochrome C release, caspases activation and, 

finally, apoptotic death (Coffey, 2014). 

Furthermore, it has also been described that JNK might exert its effects via 

microRNA (miRNA) mechanisms or regulation of histone H3 acetylation, as reviewed by 

Bogoyevitch et al., (2010). 

 

2. JNK AND ALZHEIMER’S DISEASE 

 

2.1. Alzheimer’s disease 

 

Alzheimer’s disease (AD) is the main cause of dementia and it is considered a global 

priority in the field of health-care. According to the World Health Organization (WHO), 

more than 47 million people worldwide have dementia and there are near 10 million of 

new cases every year, being AD the major contributor with a prevalence close to 70% of 

the cases (WHO, 2017).  

AD is an age-related neurodegenerative disorder clinically characterized by 

progressive deterioration of cognitive functions that leads to an irreversible memory 

loss and executive dysfunction interfering with daily life activities due to a progressive 

neuronal deterioration. Although the clinical signs and symptoms are widely 

characterized, AD etiology remains unclear and treatment strategies are only effective 

in the early disease stages (Thal et al., 2006). It has a variable duration presenting a 
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deterioration of the cognitive state that leads to death about 10 years after diagnosis 

(Querfurth & Laferla, 2010).  

Within AD, two subtypes are distinguished: familiar AD and sporadic AD. The 

prevalence of familiar AD is lower (5% of AD cases) than sporadic. In familiar AD, there is 

a mutated gene that causes AD so manifestations start much earlier than in sporadic AD 

due to its genetic origin. Several mutations in different genes, such as APP, presenilin 1 

or presenilin 2, have been identified. Among them, several autosomal dominant 

mutations have been described in APP gene that lead to the stimulation of the 

amyloidogenic processing of the APP such as the Swedish, London, Artic or Indiana 

mutation. 

In sporadic AD (95% of AD cases), the symptoms usually appear after 65 years old. 

Its etiology is attributed to several risk factors: age, gender, vascular factors, metabolic 

factors and other risk factors related to lifestyle such as stress, tobacco or alcohol. The 

age is the most important risk factor to suffer AD; indeed, its incidence and prevalence 

increase exponentially as patients get older (Prince et al., 2013). Women show a higher 

probability to suffer from AD (Carter et al., 2012). Furthermore, any disease related to 

vascular events, such as hypertension, cardiovascular or cerebrovascular disease, 

increases the risk of suffering from AD (Newman et al., 2005). Moreover, some authors 

refer to AD as diabetes mellitus type 3 because of the relationship between 

hyperglycemia, insulin resistance, loss of grey matter and brain atrophy. In this line, it 

has been probed that there is a decrease of insulin levels in CNS of AD patients (Gil-Bea 

et al. 2010b). Moreover, hypercholesterolemia and obesity are associated with 

neurodegeneration and cognitive impairment (Popp et al., 2013). Special attention must 

be paid to the implication of obesity in AD. Several studies reported a negative 

correlation between obesity and hippocampus and frontal cortex atrophy in non-

demented people (for review see Miller & Spencer, 2014). Given the importance of 

these brain regions sizes in the cognitive function performance, this fact might 

contribute to a cognitive decline in obese individuals (Miller & Spencer, 2014). 

Furthermore, it has been shown that obese population presents worse cognitive state 

compared with normal weight cases, categorized by body mass index (BMI) (Trakas et al. 

2001). 
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There are different AD clinical stages depending on the disease development. 

Normally, the diagnosis is made in the later stages when the symptoms are evident; but, 

fortunately, increasing attention is now paid to early-onset AD, where AD biomarkers 

can contribute to the early diagnosis (Scheltens et al., 2016). 

At cellular level, major neuropathological lesions of AD include extracellular 

deposits of Aβ peptides leading to formation of senile/neuritic plaques and intracellular 

neurofibrillary tangles (NFTs) which are paired helical filaments (PHF) of hyper-

phosphorylated Tau proteins (Haas, 2012). According to the amyloid hypothesis, Aβ 

peptides are produced by amyloidogenic processing of amyloid precursor protein (APP) 

that is a ubiquitous transmembrane protein. β-amyloid peptides originate from 

proteolysis of the amyloid precursor protein by the sequential enzymatic actions of 

beta-site amyloid precursor protein–cleaving enzyme 1 (BACE-1), a β-secretase, and γ-

secretase, a protein complex with presenilin 1 at its catalytic core. An imbalance 

between the Aβ peptides production and clearance results in aggregation, accumulation 

and Aβ oligomerization into insoluble fibrils and subsequent Aβ deposition establishing 

the primary factor that propitiates AD.  

On the other hand, the main component of NFTs is an abnormally 

hyperphosphorylated and aggregated form of Tau. Under physiological conditions, Tau 

binds to tubulin, among other proteins, stabilizing the axonal microtubules, which 

confers a very important role in the maintenance of the neuronal structure and in the 

transport of proteins through the axons. In physiological conditions Tau is responsible 

not only for the stabilization of neuronal cytoskeleton by its binding to tubulin 

monomers but also for many intra and extracellular signaling processes (Kolarova et al., 

2012). Hyperphosphorylated Tau lacks affinity for microtubules and becomes to 

aggregate into PHF, leading to microtubule destabilization (Querfurth & Laferla, 2010). 

Synaptic dysfunction and intra- and extracellular accumulation of abnormal 

proteins, as NFTs and senile plaques, are the main pathological hallmarks of AD. 

Synaptic neuronal loss has been observed in AD, which is related with the level of 

cognitive deficit (Terry, 2000). Synapsis degeneration in AD is characterized by 

progressive terminal loss, lower expression of pre- and post-synaptic proteins, 

alterations and loss of dendritic spines (Scheff et al., 2007). Aβ peptide accumulation 

seems to be one of the main mechanisms that produce synaptic dysfunction in AD. 
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Indeed, correlation between synaptic dysfunction and alterations of learning and 

memory in different animal models of AD has been observed. For example, it has been 

demonstrated that Aβ-related synaptic dysfunction can lead to learning deficits in APP 

transgenic mice (Westerman et al., 2002). 

The etiology of AD remains elusive, but the nosogenic basis of AD seems to be 

related to neuron apoptosis and loss of synaptic terminals within the central nervous 

system’s parenchyma. Thus, the increased concentration of reactive oxygen 

intermediates (ROI) and superoxide dismutase, both as markers of cellular stress, and 

increased intracellular calcium in AD are congruent with an underlying activation of 

apoptotic mechanisms via mitochondrial dysfunction. However, the molecular 

mechanisms that lead to the activation of apoptotic signals are not fully understood.  

 

2.2. JNK and pathological markers of Alzheimer’s disease 

 

It has been shown an increased expression of phosphorylated JNK (pJNK) in human 

post-mortem brain samples from AD patients and a positive co-localization with Aβ 

(Killick et al., 2014; Zhu et al., 2001). In particular, JNK3 is highly expressed and activated 

in brain tissue and cerebrospinal fluid from patients with AD and statistically correlates 

with the rate of cognitive decline (Gourmaud et al., 2015).  

 It has been described that Aβ peptides might be able to induce JNK activation, as it 

has been found in vitro that pJNK increases after treatment with Aβ in primary cortical 

and hippocampal cultures from C57BL/6 mice, in primary cortical cell cultures from 

Wistar rat and in SH-SY5Y neuroblastoma cells (Morishima et al., 2001; Suwanna et al., 

2014; Xu et al., 2015). Some reports confirmed that JNK3-mediated phosphorylation 

regulated APP cleavage by inducing the amyloidogenic processing of the protein, while 

JNK inhibition reduced amyloidogenic processing in favour of the non-amyloidogenic 

route in vitro by blocking APP phosphorylation (Colombo et al., 2009; Morishima et al., 

2001; Savage et al., 2002). Interestingly, Yoon et al. (2012) demonstrated that JNK3 is 

the major kinase for APP phosphorylation at T668, a phosphorylation site that favours 

the amyloidogenic processing. In fact, genetic depletion of JNK3 in transgenic AD mice 
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resulted in a dramatic reduction in Aβ42 peptide levels and overall plaque loads as well 

as in an increased number of neurons and improved cognition (Yoon et al., 2012).  

In experimental models of AD, research using a mouse model of AD that 

incorporates the Swedish APP mutation and a mutant presenilin-1 (PS1) -Tg2576/PS1- 

has demonstrated that JNK activation is associated with increased levels of senile 

plaques and Tau phosphorylation (Savage et al., 2002; Figure 4). However, in contrast 

with these data, no significant differences were found in pJNK levels in the triple 

transgenic mice (3xTg mice, Feld et al. 2014).  

 

 
Figure 4. Simplified schematic of cellular mechanisms relevant for AD activated by JNK 
phosphorylation. Activated JNK (pJNK) leads to tangle maturation by phosphorylation of Tau as 
well as c-Jun activation. JNK activation contributes to Aβ aggregation and plaque formation. The 
amyloidogenic processing of APP also induces a positive feedback increasing JNK activation. 

 

Research has also been conducted in experimental models of AD based on well-

known risk factors contributing to the development of AD, such as stress or insulin 

resistance (Dhikav & Anand, 2007; Martisova et al., 2013). In mice subjected to chronic 

mild stress (CMS) known to increase Tau misprocessing and amyloidogenic processing, 

JNK phosphorylation is increased (Solas et al. 2013a). The intracerebroventricular (ICV) 

administration of subdiabetogenic doses of streptozotocin (STZ) induced cognitive and 

brain cholinergic deficits, oxidative stress, insulin resistant brain state and high levels of 

pJNK (Giuliani et al. 2013; Salkovic-Petrisic et al. 2013; Xiong et al. 2013). It is to be 

noted that JNK may also directly induce insulin resistance, as JNK phosphorylates insulin 
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receptor substrate 1 (IRS1), in an inhibitory site, blocking the transduction signal 

produced by the insulin receptor (Sabio et al., 2008; Solas et al., 2013b). 

c-Jun has been identified to play other possible roles in AD, e.g., phosphorylated c-

Jun burdens within the structure of NFTs may play an indirect regulatory role in tangle 

maturation in AD, mostly regulated by its phosphorylation by JNK. Due to the imbalance 

established between decreased PPA2 (protein phosphatase 2) expression and JNK 

mediated phosphorylation of c-Jun, phospho-c-Jun levels are preponderant over the 

non-phosphorylated form. As a matter of fact, phospho-c-Jun shows a lesser tendency 

for its degradation via proteasomes, leading to its accumulation within NFTs and, thus, 

contributing to tangle maturation process (Pearson et al., 2006; Figure 4). 

JNK also modulates directly the formation of NFTs (Figure 4) by direct 

phosphorylation of Tau (Lagalwar et al., 2006). In vitro phosphorylation experiments 

show that JNK3 isoform can strongly autophosphorylate itself and contribute to Tau 

hyperphosphorylation (Vogel et al., 2009). JNK was identified to phosphorylate Tau at 

Ser422, and concretely, JNK3 has the highest affinity towards phosphorylation at Ser422 

(Yoshida et al., 2004). In fact, phosphorylation at Ser422 has proved to protect against 

caspase hydrolysis (Guillozet-Bongaarts et al., 2005; Guillozet-Bongaarts et al., 2006; 

Kolarova et al., 2012).  

 

2.3. Apoptosis regulation mediated by JNK activation 

 

JNK plays a key role in the balance between cell survival and apoptosis. There are 

two pathways capable of initiating apoptosis and are classified as extrinsic pathway 

activated by death receptors such as TNF-α and targeted at the nuclear events, and 

intrinsic pathway stimulated by mitochondrial dysfunction. Thus, JNK is involved in both 

processes, as it is able to activate apoptotic signaling by its translocation to the nucleus 

and upregulation of pro-apoptotic genes. Furthermore, it is able to directly modulate 

the mitochondrial activity, through phosphorylation of pro-apoptotic proteins (Zeke et 

al., 2016).  

In AD, Aβ accumulation, ROS release and oxidative stress cause JNK activation 

leading to c-Jun phosphorylation, which allows formation of the AP-1 complex that 
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induces the transcription of pro-apoptotic genes such as Tnfα, Fas, Puma or Bak. In 

addition, activated JNK translocates to mitochondria and phosphorylates the Bcl-2 

family members in order to antagonize the anti-apoptotic activity of Bcl-2 and Bcl-xL. 

Ultimately, cytochrome C release and caspases activation is induced leading to neuronal 

death, as explained above (Akhter et al., 2015; Dhanasekaran & Reddy, 2008).  

It has been suggested that neurodegeneration in early age of AD patients could be a 

result of an increased vulnerability of neurons through activation of different apoptotic 

pathways as a consequence of elevated levels of oxidative stress, and that these effects 

could be mediated by JNK activation (Marques et al., 2003; Sahara et al., 2008). 

Furthermore, JNK has been involved in Aβ triggered down regulation of the anti-

apoptotic Bcl-w (Yao et al., 2005) and activation of toll-like receptor 4 (TLR4) signaling 

(Figure 3). Neurons from TLR4 mutant mice exhibit reduced JNK and caspase-3 

activation and protection against Aβ induced apoptosis (Tang et al., 2008). 

 

2.4. Role of JNK in neuroinflammation 

 

Inflammation is a protective mechanism in the body, as its main function is to repair 

and protect against infections, injury or disease. Neuroinflammation is defined as the 

natural immune system activation at CNS. Initially, neuroinflammation is a protective 

response in the brain, but a chronic neuroinflammatory response might play an 

important role in the onset and progression of neurodegenerative disease such as AD, 

Parkinson’s disease or multiple sclerosis (Kempuraj et al., 2016;  Zhang & Jiang, 2015).  

The regulation of the inflammatory cascade is under the control of intracellular 

signalling pathways, including MAPK signalling pathway. It has been suggested that Aβ 

peptide induces neuroinflammation mediated by JNK pathway activation resulting in c-

Jun phosphorylation. There is evidence that Aβ induces translational block leading to 

activation of JNK (Yoon et al., 2012), which in turn, results in neuroinflammation and 

neurodegeneration. Activated c-Jun leads to stimulation of AP-1 that up-regulated the 

expression of inflammatory genes. Interestingly, some studies have reported that JNK 

inhibitor SP600125 attenuates the neuroinflammatory response induced by Aβ (Lin et 

al., 2013; Vukic et al., 2009; Zhang & Jiang, 2015). 
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In the elderly and specially in AD patients, there are changes in blood perfusion, 

blood-brain barrier (BBB) disruption, together with Aβ aggregation and NFT that result 

in ATP synthesis and electrolytes imbalance, leading to oxidative stress and ROS 

production which cause overproduction of pro-inflammatory molecules such as 

interleukin 1 and 6 (IL-1 and IL-6), TNFα, cluster of differentiation-14 (CD14) or toll like 

receptor 2 and/or 4 (TLR2 or TLR4). Stabilization of this inflammatory cascade induces 

an irreversible neuronal damage (Bagyinszky et al., 2017).  

HPA axis dysregulation in AD leads to glucocorticoids (GC) excess (Gil-Bea et al. 

2010a) and decreased insulin sensitivity, trough TLR4, JNK and nuclear factor-kappa B 

(NF-κB) pathways. Given that hippocampus contains the highest concentrations of 

glucocorticoids receptors (GR) in the brain, altered GC levels causes hippocampal 

inflammation and disruption that is likely to lead to cognitive dysfunction. However, 

inflammation induced hypothalamic outputs are not only targeted to hippocampus, but  

also to other brain regions, such as cortical tissue and amygdala (Miller & Spencer, 2014; 

Williams, 2012). 

 

3. NOVEL COMPOUNDS TARGETING JNK INHIBITION 

 

Inhibition of JNKs is an attractive therapeutic strategy that has been investigated 

with considerable recent effort from both the pharmaceutical industry and academia. 

The development of JNK inhibitors prior to 2010 has been extensively reviewed (Siddiqui 

& Reddy, 2010). Within the last years, several patents claiming inhibitors of all JNK 

isoforms have been published, but few JNK inhibitors have entered clinical trials for 

different indications such as cancer, lupus erythematosus or stroke (Gehringer et al., 

2015), but none for the treatment of AD (Bogoyevitch & Arthur, 2008). 

Current compounds under evaluation are: bentamapimod for the treatment of 

inflammatory endometriosis, CC-930 (tanzisertib) for the treatment of idiopathic 

pulmonary fibrosis and discoid lupus erythematous and D-JNKi1 for the treatment of 

inflammation and stroke (as reviewed by Koch et al. 2015). In the following sections, and 

shown in Tables 1 and 2 and Figure 5, current knowledge of the JNK inhibitors will be 

described. 
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Figure 5. Pharmacology of JNK inhibitors, targets and mechanism of action. ATP-c: direct ATP-
competitive inhibitors; CPPi: cell-permeable peptide inhibitors; MKK; mitogen activated protein 
kinase kinase; MLKi: mixed linage kinase inhibitors. 
 
 

3.1. Direct ATP-competitive inhibitors: SP600125 

 

Since JNK need to transfer a phosphate from ATP in order to catalyze their specific 

substrate phosphorylation, ATP-competitive inhibitors were synthesized operating by 

competitive interaction at the ATP-binding site of JNK (Bogoyevitch et al., 2004). ATP-

competitive inhibitors group is typified by SP600125 (Anthra[1,9-cd]pyrazol-6-(2H)-one) 

which acted by reversible interaction to JNK. The use of SP600125 has been increasingly 

used in order to understand and elucidate the role of JNK in pathological conditions and 

a purported therapeutic role of this compound (Bogoyevitch et al., 2004; Table 1). 

However, it is to note that SP600125 has shown a limited specificity toward JNK, as it 

also inhibits not only MKK4 and MKK7, but also other protein kinases unrelated to JNK, 
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such as SGK, p70 ribosomal protein S6 kinase (S6K1), AMpk, CDk2, CK1d, and DYRK1A 

(Bain et al., 2003). 

 

Table 1.  Use of SP600125 as a possible therapeutic strategy in Alzheimer’s disease. 
 
 EXPERIMENTAL MODEL FINDINGS REFERENCES 

In vitro F11 cells Blockade of βAPP dimerization and ASK1 (MAP3K5) 
mediated neuronal cell death Hashimoto et al. 2003 

 Hippocampal cell culture 
from Wistar rats Increased synaptic transmission in CA1 region Costello & Herron 

2004 
 Murine L929 fibroblasts Block of Tau phosphorylation induced by WOX1 

knock-down in cell culture Sze et al. 2004  

 Primary rat  microglia 
culture 

Reduced nitrite accumulation and prevention of 
iNOS’s activation in glial cells Bodles & Barger 2005 

 
Primary cortical cell 
culture from Sprague 
Dawley rat 

Inhibition of Bcl-w and Bcl-xL down-regulation Yao et al. 2005 

 Neuroglioma U251 cells Inhibition of IL-1β induced sAPPα release Ma et al. 2005  

 PC12 cells Attenuation of 4-hydroxynonenal induced 
apoptosis Cho et al. 2009  

 Primary glial culture from 
Swiss-Webster mice Increase of ApoE/ABCA1 expression Pocivavsek & Rebeck 

2009  
 Cultured human brain 

endothelial cells Inhibition of Aβ induced AP-1 activation and MCP1 Vukic et al. 2009  

 Primary rat hippocampal 
culture 

Inhibition of both hetero- and 
autophosphorylation of JNK. Vogel et al. 2009  

 
Human Neuroglioma H4 
cells expressing Swedish 
APP695 or intracellular 
APP C99 

Inhibition of staurosporine-induced Aβ Chae et al. 2010  

 SK-N-SH cell line Reduction of passive calcium leak in endoplasmic 
reticulum Das et al. 2012 

 
Primary cortical cell 
culture from Sprague 
Dawley rat 

Reduction of morphine induced Tau 
phosphorylation Cao et al. 2013  

 CMEC/D3 cells Reduction of Aβ induced cytokine expression Bamji-Mirza et al. 
2014  

In vivo Male Swiss-Webster mice Increase of ApoE/ABCA1 expression Pocivavsek & Rebeck 
2009  

 Male albino Wistar rats Improvement of escape latency on MWM Ramin et al. 2011  
 Drosophila spp fly strains Rescue of Aβ42 induced apoptosis Hong et al. 2012  
 Male C57BL/6 mice Reduction of PS1 expression Rahman et al. 2012  

 Sprague Dawley neonatal 
rats 

Attenuate isoflurane-induced hippocampal 
apoptosis mediated by JNK Li et al. 2013b  

 APPswe/PS1dE9 mice 
Reversion of synaptic loss, decrease of IL-1β, IL-6 
and TNF-α expression, decrease of phosphorylated 
Tau, increase of αAPP, decrease of βAPP and Aβ 
oligomers and improvement of spatial learning 

Zhou et al. 2015  

ABCA-1: ATP-Binding Cassete transporter 1; ApoE: Apolipoprotein E; APP: Amyloid precursor protein; ASK-
1: Apoptosis signal-regulating kinase-1; CA1: Cornu Ammonis region 1; IL: Interleukin; MWM: Morris 
Water Maze; PS1: Presenilin-1.  
 

In both in vitro and in vivo models of AD, SP600125 has demonstrated to prevent 

the pathological mechanisms triggered by the up-regulation of pJNK.  
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In vitro, SP600125 has demonstrated that this inhibitor prevents βAPP induced 

neuronal cell death as well as down-regulation of ASK1 in F11 cell-lines (Hashimoto et 

al., 2003). Interestingly, this study did not find neuroprotection against βAPP induced 

neuroapoptosis when exposing cultures to a p38 inhibitor, highlighting the importance 

of JNK within this process. Other in vitro experiments showed decrease of Aβ-induced 

cytokine expression (IL6, IL8, MIP1β, TNF-α, Gro-α, GM-CSF) (Bamji-Mirza et al., 2014). 

In vivo studies have shown that ICV administration of SP600125 improved escape 

latency in the Morris water maze (MWM) (Ramin et al., 2011). In this line, in an AD 

transgenic mouse model (APPxPS1), administration of SP600125 improved spatial 

learning impairment in the MWM, and reduced pTau and Aβ oligomeric burden (Zhou et 

al., 2015). 

 

3.2. Mixed linage kinase inhibitors 

 

As already mentioned, MLKs have been thought to be a plausible target for JNK 

inhibition. Their inhibition could lead to down-regulation of the JNK signaling pathway 

resulting in anti-apoptotic and neuroprotective outcomes within neuropathological 

models. As a result of this, different MLK inhibitors have been developed in order to 

assess their potential role as a possible therapeutic agent in different pathologies 

including AD (Table 2). 

 

Table 2.  Use of different mixed linage kinase inhibitors as a possible therapeutic strategy in AD. 
 
JNK INHIBITOR EXPERIMENTAL MODEL FINDINGS REFERENCES 

K252a Primary cell culture Conferred neuroprotection to Aβ-exposition 
Goodman & 
Mattson 1994 

 Primary cell culture Prevention against Aβ-induced neuroapoptosis Xu et al. 2009  

CEP1347 Primary cell culture Prevention against Aβ-induced neuronal cell 
Bozyczko-Coyne 
et al. 2001 

 PC12 cell cultures Prevention against Aβ-induced neuronal cell death Troy et al. 2001 

 

The indolocarbazole K252a was the first MLK inhibitor found in Nocadiopsis sp. and 

it has been frequently used in experimental models implicating JNK signaling. In cell 

culture studies, it has been shown that K252a conferred neuroprotection to Aβ-exposed 
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hippocampal cells (Goodman & Mattson, 1994) and prevented Aβ-induced 

neuroapoptosis (Xu et al., 2009) which could be of potential benefit in AD.  

The compound CEP1347 derives from K252a by the addition of two ethylthiomethyl 

groups (Saporito et al., 2002) and acts over MLK1, MLK2, MLK3, DLK (dual leucine zipper 

kinase) and leucine zipper-bearing kinase (LZK, Bogoyevitch et al. 2004). CEP1347 

reached clinical phase studies (Parkinson Study Group, 2004; Parkinson Study Group 

PRECEPT Investigators, 2007; Schwid et al., 2010) for the treatment of Parkinson’s 

disease (Wang et al., 2004). Unfortunately, the results were disappointing. Regarding 

AD, CEP1347 has been shown to prevent Aβ-induced neuronal cell death and it reduced 

caspase-3 activity (Bozyczko-Coyne et al., 2001; Troy et al., 2001). 

CEP11004 is another carbazole-derived MLK inhibitor that has proved to be useful 

in PD models, as this compound prevented 6-hydroxydopamine-induced neuroapoptosis 

in neurons of the substantia nigra (Ganguly et al., 2004) and it also appeared as a good 

inhibitor of the JNK cascade in a MPTP-induced cellular stress model (De Girolamo & 

Billett, 2006). Further studies will be needed to evaluate the effects of CEP11004 in AD 

experimental models for its possible relation towards the AD-related pathophysiologic 

mechanisms explained above.  

URMC099 is a novel MLK inhibitor with good BBB penetrating properties which has 

already been proved to be useful in reducing inflammatory response both in vivo and in 

vitro models (Goodfellow et al., 2013; Marker et al., 2013). However, no studies have 

been performed up to date to evaluate the effects of URMC099 in neurodegenerative 

models.  

In summary, although the use of MLK inhibitors has been limited in the AD field, 

further studies are expected to come. 

 

3.3. Cell-permeable peptide inhibitors 

 

Cell-permeable peptide inhibitors of JNK (CPPis) are peptide sequences that 

specifically bind to the JNK binding domain (JBD) leading to its inhibition (Bogoyevitch et 

al., 2004; Borsello & Bonny, 2004). Their characterization came primarily from studies 

that confirm the interaction of highly expressed JIP1 with JNK, showing that high 
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concentrations of JIP1 are able to induce inhibition of JNK and down-regulation of JNK 

substrates (Dickens et al., 1997). A conserved 21 amino acid long sequence was firstly 

identified within JNK’s primary protein conformation at position 143-163 (Barr et al., 

2002; Bogoyevitch et al., 2004). This region is widely known to be the JNK binding 

domain where JIP1 mediates down-modulation over JNK, leading to its inhibition. 

Purification of the 143-163 region and synthesis of the polypeptide out of this sequence, 

named I-JIP, showed the capacity of triggering inhibition of JNK. Moreover, a shorter 

polypeptide obtained from the sequence specified in-between 153-163 demonstrated 

to exert the minimal inhibitory effect on JNK. This compound receives the name of TI-JIP 

(Barr et al., 2002; Bogoyevitch & Arthur, 2008).  

However, the disadvantages that result from the relative non-permeability of TI-JIP 

need to be solved. In order to achieve this aim, it has been proposed to couple TI-JIP to 

a cell-penetrating peptide (CPP, Bogoyevitch et al., 2004). CPPs are small peptides 

(typically 5-25 amino acids) which are used to facilitate the delivery of normally non-

permeable cargos such as other peptides, proteins, nucleic acids, or drugs into cells 

(Meloni et al., 2014). Hence Borsello & Bonny, (2004) observed that attaching CPPs, 

such as TAT 48-57 or antannapedia, to TI-JIP facilitates the diffusion of peptides through 

membranes in order to exert their action over the desired targets.  

JNK-interacting protein derived compounds have been studied for their possible 

role in preventing neurodegenerative pathways in which JNK has been proved to be 

implicated. TAT-TIJIP was obtained linking TI-JIP (truncated form of I-JIP) to TAT 48-57 

(CPP) which is a transporter sequence of 10 amino acids derived from the human 

immunodeficiency virus TAT protein (Borsello et al., 2003). TAT-TIJIP has been 

demonstrated to be able to prevent neuronal apoptosis via JNK inhibition and 

effectively prevented cell death by interfering with several processes that have been 

identified as leading to cell death by necrosis. In particular, reactive oxygen species 

production was reduced and the increase in cytosolic calcium following the excitotoxic 

insult was attenuated. These neuroprotective properties of JNK peptide inhibitors likely 

reflect their abilities to prevent cell death by necrosis as well as apoptosis (Arthur et al., 

2007). Interestingly, a peptide inhibitor of c-Jun has also been synthesized, the TAT-c-

Jun peptide (Antoniou et al., 2011; Holzberg et al., 2003).  
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It is noteworthy that CPPs show themselves as promising molecules for targeting 

JNK, as these compounds have the advantage of specificity, showing little activity over 

other kinases (Barr et al., 2002). In fact, one of the most important disadvantages shown 

by other synthetic JNK inhibitors, such as SP600125 or MLK inhibitor, is their lack of 

specificity towards their target (Bogoyevitch et al., 2004). Moreover, a study showed the 

neuroprotective efficacy of four CPPs, namely TAT, penetratin, Ar-9 and Pep-1 in a 

glutamic acid, kainic acid and in vitro ischemia injury model (Meloni et al., 2014). AP-1 

inhibitory peptides (both full-length and truncated) have also shown neuroprotective 

efficacy in kainic acid and glutamate neuronal excitotoxicity models (Meade et al., 

2010). However it is to note that TAT-like peptides and other non-related CPPs possess 

intrinsic neuroprotective properties (Meloni et al., 2014) and pose the question of the 

contribution of the CPP versus cargo in the neuroprotective effect. 

In this way, different post-modifications of TAT-TIJIP were performed that led to the 

synthesis of JNK inhibitors (JNKi). Furthermore, the in vitro synthesis of JNKi using pure 

D-isomers with the intention of preserving protein functionality and avoiding proteolytic 

instability, led to the obtaining of D-JNKi1 and its L-isomer (L-JNKi1, Borsello & Bonny 

2004). D-JNKi1 is the most frequently used inhibitor in experimental neurodegenerative 

models. It has been proved useful utility to reverse ischemia-induced neuronal damage 

(Borsello et al., 2003). It has been demonstrated that D-JNKi1 is able to decrease levels 

of APP in human neuroglioma H4 cell lines with the consequent reduction of βAPP levels 

and Aβ burdens, and it also shifted APP processing toward the non-amyloidogenic 

pathway (Colombo et al., 2009). Again, these events are of high interest as they are 

directly related to the central pathogenesis of AD.  

Regarding AD models (Table 3), different studies have confirmed the potential 

therapeutic benefit of these inhibitors for their capacity to interact within a wide variety 

of molecular signaling processes implicated in this pathology.  

Sclip et al. pointed out the efficacy of D-JNKi1 in a murine AD model, TgCRND8, in 

which D-JNKi1 demonstrated to prevented JNK action leading to decreased APP 

phosphorylation at Thr-668 and reduced amyloidogenic cleavage of APP and Aβ 

oligomers (Sclip et al., 2011). Tran et al. demonstrated that D-JNKi1 mediated down-

regulation of JNK induced Tau phosphorylation in an AD transgenic model 

(PS1xAPPxTau) (Tran et al., 2012). D-JNKi1 has also proved beneficial effects rescuing 
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synaptic loss and potentiating LTP in TgCRND8 (Sclip et al., 2014). The increase in pTau 

levels and neuronal cell death shown in a stress model of AD was also reversed by the 

administration of D-JNKi1 (Solas et al. 2013b). In this scenario, peptide inhibitors could 

represent a good therapeutic option for the continuously widening therapeutic 

armamentarium in AD. 

 

Table 3.  Use of different peptide inhibitors as a possible therapeutic strategy in AD. 
 
JNK INHIBITOR EXPERIMENTAL MODEL FINDINGS REFERENCES 
TAT-TIJIP Primary cell culture Prevention against neuronal apoptosis Meade et al. 2010 

 Primary cell culture 
Decrease of neuronal degenerarion and dendrite 
loss 

Meloni et al. 2014 

D-JNKi TgCRND8 mice 
Decrease of APP phosphorylation. Improvement of 
memory 

Sclip et al. 2011 

 
3xTg-AD mice with 
traumatic brain injury 

Prevention of Tau phosphorylation Tran et al. 2012 

 SAMP8 mice 
Decrease of Tau phosphorylation. Improvement of 
memory in MWM task 

Orejana et al., 
2013 

 
C57BL/6J mice + 
corticosterone regimen 

Reversion of insulin resistance. Improvement of 
cognitive function in NORT task 

Solas et al., 2013b 

 TgCRND8 mice 
Decrease of synaptic loss and preventing synaptic 
dysfunction 

Sclip et al. 2014 

APP: amyloid precursor protein; MWM: Morris water maze; NORT: novel object recognition test. 

 

 

3.4. Natural inhibitors 

 

Three different types of compounds can be mentioned in this section: latifolians, 

curcumin and ω-fatty acids (ω-FAs).  

Latifolians A and B are natural compounds isolated from the stem bark of the Papua 

New Guinean vine Gnetum latifolium that have been identified as inhibitors of JNK3 

(Rochfort et al., 2005). However, no studies have been performed concerning the 

possible use of latifolians as neuroprotective agents in neurodegenerative models.  

Curcumin is a natural compound that resides in the Zingiberaceae spp. family. Aside 

for its implications as an anti-inflammatory and antioxidant agent, curcumin has also 

proved to play a direct role in the modulation of the JNK pathway (Chen & Tan, 1998). 

Indeed, it has been proposed an underlying role of curcumin toward the inhibition of 

JNK, demonstrating its capacity to ameliorate MPTP (1-methyl-4-phenyl-1,2,3,6-
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tetrahydropyridine) and MPP+ (1-methyl-4-phenylpyridnium) induced neuronal loss 

models both in vivo and in vitro (Yu et al., 2010). It also promotes an increase in the 

expression of HSPs (heat shock proteins) that are centrally implicated in preserving the 

functionality of the proteasome-mediated degradation of abnormally misfolded 

proteins (Maiti et al., 2014). 

Regarding AD models (Table 4), curcumin showed to mediate a significant reduction 

in Aβ40 and Aβ42 levels within the hippocampal structures in APPswe/PS1 mice after 6-

month follow up (Feng et al., 2014) as well as a reduction in Aβ levels and senile plaques 

histopathology in Tg2576 mouse model (Yang et al., 2005). In addition to this, it has also 

been demonstrated a significant improvement of the spatial learning and memory 

ability after a 3-month based dosage regimen, as well as a reduced expression of 

presenilin 2, and an increased activity of Aβ degrading enzymes such as neprilysin 

(Wang et al., 2014).  

 

Table 4.  Use of curcumin as a possible therapeutic strategy in AD. 
 
JNK INHIBITOR EXPERIMENTAL MODEL FINDINGS REFERENCES 

Curcumin Tg2576 mice  
Reduced amyloid levels and plaque burden. Direct 
Aβ-binding prevention of fibril formation and 
aggregation  

 Yang et al. 2005 

 3xTg-AD-mice 
Reduced Aβ, plaque deposition and cytoquines 
levels 

Ma et al. 2009 

 APPswe/PS1dE9 mice Reduced hippocampal Aβ40/42 levels Feng et al. 2014 

 APPswe/PS1dE9 mice 
Spatial learning and memory improvements. 
Reduced hippocampal Aβ levels 

Wang et al. 2014 

APP: amyloid precursor protein; PS1: presenilin-1. 

 

In fact, the combination of docosahexanoic acid (ω-3 FA) and curcumin showed 

reduced phosphorylation of JNK and Tau as well as a decreased degradation of insulin 

receptor substrate-1 (IRS1) in 3xTg AD mice, leading to a Y-maze performance 

improvement due to a possible role of curcumin in an insulin-sensitization process that 

directly supports and preserves the insulin trophism within cerebral tissue (Ma et al., 

2009). In this way, curcumin could be considered an encouraging compound in order to 

obtain a potential therapeutic drug for AD. 

Based on the importance of ω-3 FAs in the present Doctoral Thesis, these 

compounds will be described in detail in the following section. 
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4. ω-3 DERIVATIVES AND ALZHEIMER’S DISEASE  

 

The implication of polyunsaturated fatty acids (PUFAs) in neurodegenerative 

diseases is currently widely accepted. Albeit, some controversy regarding the benefit of 

ω-3 FAs in mild to moderate AD patients have been reported and the effects on people 

with other type of dementia remain unclear (Burckhardt et al., 2016). Therefore, all 

above mentioned suggest the importance of further studies that could confirm the 

beneficial outcomes of the use of ω-FAs in the onset and progression of AD. 

 

4.1. ω-3 polyunsaturated fatty acid 

 

The organism can receive two different types of fat through diet: saturated and 

unsaturated fat. Saturated fats can be found naturally in food, mainly from animal 

sources, such as meat and dairy products, and have been related with higher risk of 

heart disease (de Souza et al., 2015). On the other hand, unsaturated fats are 

predominantly found in food derived from fish or plants, such as olive oil, nuts and 

seeds. These unsaturated fats can be differentiated in monounsaturated and 

polyunsaturated fats. 

In this sense, the long chain omega-3 polyunsaturated fatty acids (ω-3 PUFAs) are 

derived from marine or vegetal sources (Figure 6). Among marine ω-3 PUFAs, the most 

significant ones are Eicosapentaenoic acid (EPA, ω-3, 20:5) and Docosahexaenoic acid 

(DHA, ω-3, 22:6). EPA and DHA can be found mainly in oily fish including salmon, tuna, 

mackerel and anchovy among others (for review see Lorente-Cebrián et al., 2013; 

Lorente-Cebrián et al., 2015). On the other hand, the most relevant ω-3 PUFA derived 

from plants is the α-linolenic acid (ALA, 18:3). Nevertheless, mammals can obtain ALA 

through EPA and DHA processing into organism (Burdge et al., 2002; Burdge & Wootton, 

2002).  

Marine ω-3 PUFAs have been widely recognised to exert favourable anti-

inflammatory actions on inflammatory-related diseases such as cardiovascular diseases, 

atherosclerosis, AD, asthma, arthritis, colitis, obesity or metabolic syndrome (MetS) (for 

review see Calder, 2015).  
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Figure 6. ω-3 PUFAs biosynthesis and chemical structure. Modified from (Jump, et al., 2012). 
ALA: α-linolenic acid; DHA: docosahexaenoic acid; DPA: docosapentaenoic acid; EPA: 
eicosapentaenoic acid; SDA: stearidonic acid. 

 

It has been suggested that increased intake of ω−3 PUFAs might reduce 

cardiovascular disease risk and hypertriglyceridemia, improve some MetS features and 

have potential anti-obesity properties (Abete et al., 2011; Lorente-Cebrián et al., 2013). 

Obesity is considered as a chronic low-grade inflammatory disease, which increases the 

risk of both cardiovascular diseases and insulin resistance (Gregor & Hotamisligil, 2011). 

In this context, murine models of obesity and clinical trials strongly proposed ω-3 PUFAs 

supplementation as a potential therapeutic strategy to protect from diet-induced 

inflammatory state in obesity (Martínez-Fernández et al., 2015). 

 

4.1.1. ω-3 polyunsaturated fatty acid and Alzheimer’s disease 

 

Brain composition is highly enriched in fatty acids observing an imbalance of them 

in elderly. Specially, a ω-3 fatty acids decrease has been reported in AD brains 

(Cederholm et al., 2013). Moreover, several researches indicate that malnutrition is a 

common problem of people with dementia, which is associated with cognitive decline.  

In contrast, it is also true that obesity and high fat diet feeding induce systemic 

inflammation that leads to neuroinflammation beginning within hypothalamus with 

outputs to other brain regions. The result is a cognitive impairment mediated by 

EPA

DHA

EPA

DHA
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inflammation in hippocampal and cortical regions where cognitive processing, learning 

and memory are performed (Miller & Spencer, 2014).  

It’s widely accepted that ω-3 PUFAs are involved in neuronal development and 

neuroinflammation, mechanisms that are directly related to AD pathology. Changes in 

the lipid-metabolism as a source of ROS production, and the implication of a dys-

homeostasis within the regulation of cholesterol-derivatives have been described to 

play an important role in the development of AD (Corsinovi et al., 2011). Indeed, an 

adequate ω-FAs/cholesterol ratio plays an important role in the regulation of APP-

processing pathway, and it has also been suggested that a low consumption of ω-FAs 

could lead to a major up-regulation of pro-inflammatory responses (Corsinovi et al., 

2011). Considering these facts, ω-3 PUFAs might be a promising treatment option for 

dementia, particularly AD (Burckhardt et al., 2016). Table 5 shows the outcomes found 

when using ω-3 PUFAs as therapeutic strategy in experimental models of AD. 

 

Table 5. Use of different ω-3 PUFAs as a possible therapeutic strategy in AD. 

JNK INHIBITOR EXPERIMENTAL MODEL FINDINGS REFERENCES 

DHA 
Tg2576 mice on DHA 
regimen 

Decreased PI3K activity- Increase of caspase- 
cleaved actin. 

Calon et al. 2004 

 
Tg2576 mice on DHA 
regimen 

Decrease of Aβ levels Lim et al. 2005 

 
Human neural cells 
culture 

Reduce Aβ peptides production Lukiw et al. 2005 

 Primary cell culture 
Supress Aβ-induced IRS-1 inactivation and pTau 
pathology 

Ma et al. 2009 

 
C57BL/6J mice on DHA 
regimen 

Decrease of both γ and β-secretase activity Grimm et al. 2011 

 CHME3 cell culture 
Increase Aβ phagocytosis and decrease TNF-α 
levels 

Hjorth et al. 2013 

 5xFAD mice 
Reduction Aβ levels, senile plaque and pro-
inflammatory markers. Memory improvement 

Casali et al. 2015 

 
Primary microglia and 
astrocyte cells culture 

Reduction of LPS-induced pro-inflammatory 
cytokines release 

Casali et al. 2015 

 
Human PBMC cell 
culture 

Enhance Aβ phagocytosis Fiala et al. 2015 

 
APP/PS1 mice on DHA 
regimen 

Reduced Aβ pathology and cognitive 
improvement  

Teng et al. 2015 

 
Tg2576 mice on DHA 
regimen 

Changes in brain lipid content in cortex and 
hippocampus 

Bascoul-Colombo 
et al. 2016 

EPA SH-SY5Y cell culture Increase of cell survival Kou et al. 2008 

 CHME3 cell culture 
Increase Aβ phagocytosis and decrease TNF-α 
levels 

Hjorth et al. 2013 

 Human PBMCs Enhance Aβ phagocytosis by PBMCs Fiala et al. 2015 

CHME3: Human microglial cells line; IRS-1: Insulin receptor substrate-1; LPS: Lipopolysaccharide; PBMC: 
Peripheral blood mononuclear cells; PI3K: phophoinositol 3 kinase  
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As explained above, management of chronic neuroinflammation is essential in the 

development and progression of AD. PUFAs are involved in inflammatory resolution by 

inducing Aβ phagocytosis, inhibiting pro-inflammatory molecules, and increasing 

neuronal survival as well as memory improvement (Fraga et al., 2017). In this way, DHA 

supplementation in APP/PS1 mice reduced Aβ aggregation (Teng et al., 2015). 

Moreover, DHA treatment decreased TNF-α levels, while EPA increased the production 

of brain-derived neurotrophic factor (BDNF) in CHME3 microglial cells and both reduce 

the expression of pro-inflammatory markers, such as CD40 (Hjorth et al., 2013). The 

administration of ω-3 PUFAs prevented IRS-1 inactivation and pTau pathology by 

inhibition of the JNK signaling in vitro (neuronal cultures from embryonic Sprague 

Dawley rats), in vivo models (3xTransgenic AD mice) and post-mortem human AD 

samples (Ma et al. 2009). 

Regarding clinical trials, the evidence observed in vitro and in vivo AD experimental 

models becomes controversial. EPA and DHA supplementation for six months did not 

reduce cognitive impairment, but seems that longer period of time and the 

supplementation in early stage of dementia are able to improve AD pathology 

(Burckhardt et al., 2016; de Souza Fernandes et al., 2015). Despite the absence of clear 

evidence, the effect of ω-3 PUFAs supplementations should be further explored in both 

in vivo and in vitro studies. 

 

4.2. Specialized pro-resolving lipid mediators 

 

ω-3 PUFAs serve as precursors of others molecules involved in resolution of 

inflammation, namely specialized pro-resolving lipid mediators (SPMs) which have also 

beneficial effects on inflammatory-related diseases, such as obesity, MetS or 

neurodegenerative disorders. It is noteworthy to mention that unlike their precursors, 

these SPMs exert potent actions at pico to nanomolar range, suggesting a potential 

powerful therapeutic approach to improve obesity and metabolic-related diseases 

thanks to its anti-inflammatory effect. These novel bioactive lipid mediators are 

classified reliant on their precursor (Figure 7). 
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Figure 7. Human specialized pro-resolving lipid mediators (SPMs) biosynthetic routes.  SPMs 
derived from EPA and DHA are classified in 4 families depending on the biosynthetic routes: EPA 
derived resolvin (RvE), DHA derived resolving (RvD), protectin/neuroprotection (PDX/NPD) and 
maresins (MaR). The human enzymes involved in the production of SPMs include 15-LOX, 12-
LOX, 5-LOX and COX2. COX: cyclooxiygenase; DHA: docosahexaenoic acid; EPA: 
eicosapentaenoic acid; LOX: lipoxygensase; MaR: maresins; NPD: neuroprotectins; PDX: 
protectins; RvE: EPA derived resolvin; RvD: DHA derived resolving. Modified from Martinez-
Fernandez et al. (2015). 

 

EPA-derived SPMs are known as E-series Resolvins (RvE1-3) and DHA-derived lipid 

mediators are named as D-series Resolvins (RvD1-6), Protectins (NPD1 and PDX), and 

Maresins (MaR1-2) (Serhan, 2014). These SMPs derived from ω-3 PUFAs by the action of 

different enzymes, including the three major oxygenase enzymes in humans (5-, 12- and 

15-LOX) and also through epoxidation and peroxidation reactions. Additionally, the 

cyclooxygenase-2 (COX2), a key enzyme in the biosynthesis of prostaglandins, and the 

cytochrome P450 monooxygenases also play a role in some SPMs synthesis (Serhan, 

2007). 

Interestingly, the ω-6 PUFA arachidonic acid, which is known to have pro-

inflammatory actions, also serves as a substrate of SPMs. The arachidonic acid-derived 

SPMs are called lipoxins. These lipoxins promote resolution and exert similar properties 

as ω-3 PUFAs derivates, instead of having pro-inflammatory actions as their precursors 

(Borgeson et al., 2015; Chiang & Serhan, 2017;  Serhan, 2017). 
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Historically, the resolution of inflammation was thought to be a passive process, 

while is now known to involve several active molecules such as SPMs, which play a 

major role facilitating inflamed tissues to recover homeostasis (Serhan et al, 2008). 

Thus, SPMs activate tissue protection and healing through resolving physiological 

inflammatory responses and acting as more potent anti-inflammatory agents than their 

precursors. 

Indeed, it has been described that SPMs also present a wide distribution in human 

SNC, including brain and CSF, among others such as spleen or adipose tissue (Serhan, 

2017), where they exert anti-inflammatory effects. 

SPMs are investigated in AD on the basis of anti-inflammatory effects in neurons, 

inhibition of apoptosis signalling and induction of Aβ phagocytosis. In this way, RvD1 

and RvE1 pretreatment reduced IL-6, IL-1β and TNF-α levels in murine microglial cells 

BV2 (Rey et al., 2016). In addition, RvD1 showed neuroprotective effects inhibiting Aβ-

induced apoptosis (Mizwicki et al., 2013; Zhu et al., 2016). Finally, NPD1 inhibits APP-

amyloidogenic processing (Zhao et al., 2011). Therefore, evidences reveal SPMs as a 

promising therapeutic approach in AD (Table 6).  

 

 

Table 6. Use of different specialized pro-resolving lipid mediators (SPMs) as a possible 
therapeutic strategy in AD. 
 
JNK INHIBITOR EXPERIMENTAL MODEL FINDINGS REFERENCES 

RvD1 
Peripheral human 
macrophages 

Enhancement Aβ phagocytosis and inhibition of 
apoptosis 

Mizwicki et al. 
2013 

 
CHME3 and SH-SY5Y 
cell culture 

Contribution to neuronal maintenance Zhu et al. 2016 

 
Murine microglial cells 
BV2 

Reduce LPS-induced pro-inflammatory markers 
release 

Rey et al. 2016 

NPD1 
Human neural cells 
culture 

Exertion of neuroprotective and anti-apoptotic 
effects  

Lukiw et al. 
2005 

 
Human neuronal glial 
culture 

Down-regulated expression of pro-inflammatory 
markers and inhibition of amyloidogenic 
processing of APP 

Zhao et al. 2011 

MaR1 
Human macrophages 
culture 

Reduction of Zym-induced JNK, c-Jun, p38 and NF-
κB phosphorylation 

Li et al. 2013a 

 
CHME3 and SH-SY5Y 
cell culture 

Decrease pro-inflammatory markers and apoptosis 
signals. Increase of Aβ phagocytosis 

Zhu et al. 2016 

CHME3: Human microglial cells line; LPS: Lipopolysaccharide; SPMs: Specialized pro-resolving lipid 
mediators; Zym: zymosan. 
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4.2.1. Maresin 1 in Alzheimer’s disease 

 

The “Macrophage mediator in resolving inflammation” (Maresins) are a family of 

lipid mediators biosynthesized from DHA via 12-LOX through macrophages action. 

Maresin 1 (7R,14S-dihydroxy-docosa-4Z,8E,10E,12Z,16Z,19Z-hexaenoic acid or MaR1), 

was the first member of this family identified. The biosynthesis of MaR1 takes place 

during inflammation resolution. In fact, one of the intermediate in MaR1 biosynthesis, 

14S-hydroperoxydocosa-4Z,7Z,10Z,12E,16Z,19Z-hexaenoic acid (14-HpDHA) derived 

from endogenous DHA has been reported to be accumulated in the exudates of mouse 

peritonitis during resolution. Then, 14-HpDHA is converted to 13S,14S-epoxy-maresin 

through epoxidation (Dalli et al. 2016). Finally, an enzymatic hydrolysis through 

hydrolases converts 13S,14S-epoxy-maresin into MaR1. Maresins have been 

predominantly detected as products synthetized by monocytes/macrophages upon 

acute inflammatory response. MaR1 has been suggested to exert strong anti-

inflammatory effects and potent pro-resolutive actions (Serhan, 2009). Additionally, it 

has been related to have pro-healing properties at similar extent to other members of 

the ω-3 PUFAs-derived SPMs (Serhan et al., 2012; Tang et al., 2013). 

Deficiencies in SPMs levels, particularly MaR1, in AD brain turns into a decrease in 

the resolution of inflammation and deprivation of protective and restorative signals in 

neurons, being able to contribute to AD pathogenesis. Decreased levels of MaR1 have 

been observed in hippocampus and entorhinal cortex of AD cases (Zhu et al., 2016). 

Importantly, as described above, MaR1 effects have been described related to AD 

pathology (Table 6). MaR1 reduced neuronal apoptosis and improved cell survival in SH-

SY5Y neuroblastoma cells. Moreover, Aβ–induced microglial activation was 

downregulated by MaR1, because pro-inflammatory markers decline, such as CD40 or 

CD11. Additionally, MaR1 induced Aβ phagocytosis (Wang et al., 2015; Zhu et al., 2016).  

The mechanism of action of MaR1 has not still been established, but its similar 

structure to PD1 and RvD1 suggests that MaR1 might bind to peroxisome proliferator 

associated receptor (PPAR-γ). PPAR-γ is a receptor for several different PUFAs and SPMs, 

including DHA or RvD1, which was shown to be involved in neuroprotection. On the 

other hand, supporting this idea, a study on human macrophages described that MaR1 

and RvD1 decreased in zym-induced phosphorylation of JNK and p38, an effect 
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mediated by NF-κB inhibition (Li et al. 2013a). Keeping in mind that Aβ increases the 

phosphorylation of JNK and p38 in CHME3 microglial cells and taking into account that 

ω-3 PUFAs are considered natural inhibitors of JNK, it is suggested that MaR1 could be a 

potential compound for AD treatment (Table 6). 
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1. JUSTIFICATION FOR THE STUDY 

 

AD is the main cause of dementia and there is currently no treatment. The 

different clinical trials performed so far have failed and none of them have been able 

to reverse or halt dementia in patients. For this reason, it is essential to propose new 

strategies or therapeutic approaches for the disease (Scheltens et al., 2016).  

In last years, different studies have demonstrated the involvement of MAPK 

pathways in the mechanisms of neuronal death and neuroinflammation, 

characteristics of neurodegenerative diseases, such as AD (Ferrer et al., 2001; Lin et al., 

2013). In this context, chronic neuroinflammation induces neuronal damage through 

the activation of different signaling pathways. Among them, JNK activation could play 

important role in neurodegenerative diseases. Changes in the brain of AD patients, 

such as rupture of the BBB or Aβ aggregation, have been reported to induce JNK 

activation (Zhang & Jiang, 2015).  

Activation of JNK could lead to maturation of NFTs, formation of senile plaques 

and mitochondrial stress. In addition pJNK produces neuroinflammation and activation 

of caspases that induce apoptosis. Therefore, inhibition of JNK is postulated as a 

promising therapeutic strategy that should be investigated in AD. 

 

2. HYPOTHESIS 

 

Based on all the observations previously mentioned, the hypothesis of the present 

study is that an over-activation of JNK may be contributing to the neuropathology in 

AD, and that JNK inhibition could constitute a new therapeutic target in AD.  

 

3. AIMS 

 

The main aim of the present study is to validate JNK as a biological target for the 

diagnosis and treatment of AD, as well as to determine the ability of ω-3 PUFAs (DHA, 

EPA and MaR1) to reverse the functional alterations derived from JNK activation in 

animal models of AD.  
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To achieve the main objective, the proposed specific aims are: 

 

1. To study the implication of JNK in the pathological processes of AD. 

 

 1.1. Analysis of pJNK levels in mouse models of AD. 

 Levels of activated JNK (pJNK) will be measured in a familiar type AD mouse 

model (Tg2576) and a sporadic type AD mouse model (SAMP8). 

 

 1.2. Measurement of pJNK in AD and other dementias. 

 Levels of pJNK will be measured in post-mortem human samples of AD. The 

selectivity of this activation will be assessed by studying pJNK levels in other 

dementias (Lewy body dementia, frontotemporal dementia and vascular 

dementia). 

 

 1.3. Characterization of pJNK as a potential new AD biomarker. 

 To achieve this aim, levels of pJNK will be analyzed in cerebrospinal fluid (CSF) 

of control, mild cognitive impairment (MCI), progressive mild cognitive 

impairment (PMCI) and AD. 

 

2. To investigate the relationship between pJNK and Aβ in AD. 

 

 2.1. Measurement of Aβ levels and its relation to pJNK in AD murine models 

 To this end the same mouse models as in objective 1.1. will be used. 

 

 2.2. Assessment of Aβ levels in AD and other dementias. 

 To perform this aim Aβ levels and its relation to pJNK will be analyzed in the 

same postmortem brain tissue described in aim 1.2. 

 

 2.3. Study of the co-localization of Aβ and pJNK. 

 To this end immunohistochemistry analysis will be performed in murine models 

of AD and postmortem brain tissue. 
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 2.4. Investigate the causal relationship between Aβ increase and pJNK 

activation. 

To achieve this aim Aβ42 will be ICV injected to wild type mice in order to study 

the subsequently JNK activation. 

 

3. Validate JNK inhibition as a treatment for AD.  

 

3.1. Three JNK inhibitors of ω-3 PUFAs group (DHA, EPA and MaR1) will be 

studied in order to assess in their ability to reverse the cognitive impairment 

showed by the mouse model of sporadic AD (SAMP8).  

 

3.2. To demonstrate the plausible mechanism underlying the beneficial effects 

of ω-3 PUFAs on cognition. To achieve this aim, Tau hyperphosphorylation and 

endoplasmic reticulum (ER) stress markers will be analyzed. 
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1. HUMAN SAMPLES 

 

Brain tissues were obtained from the Brains for Dementia Research Initiative 

Network (BDR). At death, informed consent had been obtained from the patients’ 

next-of-kin before collection of brains. To exclude the effect of ageing, controls were 

split in mature and old subgroups according to their mean age (mature 65.10 ± 3.86; 

old 77.14 ± 2.77). All cases were selected based on clinic-pathological consensus 

diagnoses. AD cases were clinically diagnosed on the basis of meeting the Consortium 

to Establish a Registry for Alzheimer's Disease (CERAD) criteria for a diagnosis of 

probable or definite AD, LBD according to international consensus criteria and FTD 

according to Movement Disorders Society criteria. VaD was defined by the presence of 

multiple or cystic infarcts. Neuropathological assessment was performed according to 

standardized neuropathological scoring/grading systems, including neurofibrillary 

Braak staging (threads and tangles), CERAD scores (neuritic plaques), 

Newcastle/McKeith Criteria for Lewy body disease (Lewy bodies and neurites), 

National Institute on Aging—Alzheimer's Association guidelines and phases of Aβ 

deposition (as described in Howlett et al., 2014). Frontal (Brodmann Area, BA10) 

cortex were dissected free of meninges. All tissue used had a brain pH>6.1, condition 

used as an indication of tissue quality in post-mortem research (Lewis, 2002). The 

demographic characteristics are described in detail in Table 7. 

 

Table 7. Demographic features of patients. 

DIAGNOSIS SAMPLE SIZE (n) GENDER (MALE/FEMALE) AGE AT DEATH PMD (h) 
Controls     
   Mature 10 5/5 65.10 ± 3.86 34.10 ± 4.91 
   Old 16 6/10 77.14 ± 2.77 49.42 ± 6.82 
AD 16 5/11 81.20 ± 1.90 90.90 ± 6.21 
FTD 11 6/5 61.91 ± 2.48 31.00 ± 4.38 
LBD 8 4/4 74.50 ± 2.73 28.12 ± 4.27 
VaD 8 4/4 72.12 ± 3.77 29.12 ± 7.53 
AD: Alzheimer’s disease; FTD: frontotemporal dementia; LBD: Lewy body dementia; PMD: post-mortem 
delay (hours); VaD: vascular dementia. 

 

Immunohistochemical studies were performed in brain slices from AD patients at 

Brack V-VI stage obtained from Banco de Tejidos Neurológicos de Navarra (Spain).  
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Cerebrospinal fluid (CSF) samples were collected from 74 patients included in a 

study conducted by the Karolinska University Hospital (Sweden). As shown in Table 8, 

22 patients with subjective cognitive impairment (SCI) were grouped as controls 

because they didn’t present complaints on objective cognitive tasks, 24 patients as 

mild cognitive impairment (MCI), 9 progressive MCI evolving to AD (PMCI), and 19 as 

AD. The different dementia states were diagnosed according to DSM-IV and NINCDS-

ADRDA criteria as previously described (Gil-Bea et al., 2010a). CSF samples were 

obtained by lumbar puncture from L3/L4 o L4/L5 interspaces in the mornings. After 

disposal of the first milliliter, the following 10 mL were collected in polypropylene 

tubes. No sample containing more than 500 erythrocytes/µL of CSF was used. Samples 

were gently mixed to avoid gradient effects and centrifuged at 2000 x g at 4ºC for 10 

min to eliminate cells an insoluble material. Supernatants were aliquoted, immediately 

frozen and stored at -80ºC. 

 
Table 8. Clinical and demographic characterization of cerebrospinal fluid (CSF) donors. 

CHARACTERISTICS SCI MCI PMCI AD 
Sample size (n) 22 24 9 19 
Gender (male/female) 9/13 16/8 3/6 6/13 
Age (years) 57.14 ± 6.7 61.52 ± 8.5 63.31 ± 2.2 69.23 ± 7.4 
Aβ42 levels (ng/L) 852.4 ± 31.6 676.4 ± 49.1 ** 424.0 ± 36.3 **,^^ 477.3 ± 30.8**,^^ 
Tau total (ng/L) 275.5 ± 23.9 409.5 ± 120.5 466.5 ± 74.9 733.0 ± 100.5**,^ 
p-Tau181 (ng/L) 51.6 ± 4.0 56.2 ± 8.6 71.4 ± 15.4 98.7 ± 11.6**,^^ 
Numeric values are presented as the number of patients or mean ± SEM. The current data of different 
protein measurements in CSF were determined in the same samples reported by our group in previous 
studies (Gil-Bea et al., 2010a).*p<0.05 vs. SCI; **p<0.01 vs. SCI; ^p<0.05 vs. MCI; ^^p<0.01 vs. MCI.  
Aβ42: β-amyloid; AD: Alzheimer’s disease; MCI: stable mild-cognitive impairment. PMCI: mild-cognitive 
impairment with AD progression; SCI: controls, subjective cognitive impairment. 
 
 

2. ANIMALS 

 

Animals were housed in a temperature (21 ± 1ºC) and humidity (55 ± 1%) 

controlled room on a 12h light/dark cycle. Experimental procedures were conducted in 

accordance with the European and Spanish regulations (2003/65/EC; 1201/2005) for 

the care and use of laboratory animals and approved by the Ethical Committee of 

University of Navarra (068-11). 
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2.1. Tg2576 mice 

 

In the present study, 9- and 16-month-old Tg2576 AD transgenic mice with the 

Swedish mutation and wild-type (WT) mice with the same background (C57BL/6J) were 

used. The sample size was 34 mice distributed in four different groups: 9-months-old 

WT mice (n=10), 9-months-old Tg2576 mice (n=9), 16-months-old WT mice (n=7) and 

16-months-old Tg2576 mice (n=8). This AD mouse model over-expresses the human 

APP, thus Aβ accumulation is exponentially associated to ageing. This mouse model 

has a normal development, but age-associated cognitive deficits are found. Studies 

have reported an impaired spatial learning and working memory by 9 months of age 

(Hsiao et al., 1996). This fact coincides with Aβ deposition and formation of senile 

plaques in time (Foley et al., 2015). However, NFTs and neuronal loss is absent in this 

model (Irizarry et al., 1997). Gliosis is another hallmark of this murine model: microglial 

density is increased in the hippocampus and frontal and occipital cortex from 10 

months old ( Figure 8; Frautschy et al., 1998). 

 

2.2. SAMP8 mice 

 

As sporadic AD murine model, the SAMP8 mouse model developed by professor 

Takeda from the department of pathology of Kyoto’s University has been chosen. The 

Jackson Laboratory (Bar Harbor, Maine, USA) donated several pairs of AKR/J mice to 

professor Takeda, some of which showed features of an early senescence after sister-

brother mating continued: loss of activity, alopecia and lack of glossiness, skin 

coarseness, periophthalmic lesions, increased lordokyphosis of the spine and a 

shortened life span, despite the relatively low incidence of thymic lymphoma. These 

litters were selected as progenitors of the “senescence-prone” (P series) and the rest 

of the litters were selected as “senescence-resistant” (R series) progenitors. Eleven 

senescence-prone subtypes of mice and seven senescence-resistant strains were 

obtained from the different P and R series, respectively. Life spam from the SAMP 

ranges from 10 to 17 months and is markedly shorter tan SAMR, which ranges from 19 

months to 21 months. Due to its phenotypical characteristics, SAMP8 mice have 
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received attention in dementia research. Indeed, this mouse model shows most of the 

characteristics present in AD patients such as age-related learning and memory 

deficits, oxidative stress, neuroinflammation, as well as the main AD hallmarks which 

are Tau hyperphosphorylation and Aβ accumulation (Flood & Morley, 1998; Takeda et 

al., 1981).  

The time line of the appearance of the phenotypical characteristics in the SAMP8 

mice is the following: oxidative stress appears at 2 month of age; hippocampal 

cognitive deficit, as well as, Tau phosphorylation start at 6 months of age; increased 

soluble Aβ , as well as, gliosis at 8 months of age and, finally, Aβ peptide accumulation 

begins after 12 months of age (Pallas et al., 2008; Figure 8). Due to this phenotype, the 

model is not only suitable for studying age-related learning and memory deficits, but 

may also be useful for studying Aβ-mediated effects in cognitive decline. Therefore, as 

these latter effects are of great relevance to AD, in the last years SAMP8 mice have 

been widely used as an AD mouse model.   

  

 

  

Figure 8. Phenotypical characteristics developed by Tg2576 and SAMP8 mouse models. 
Schematic representation of the time line of the appearance of the phenotypical 
characteristics in the two AD murine models: Tg2576 and SAMP8. 
 

 

The characterization of pJNK and Aβ levels in the sporadic AD mouse model were 

carried out using a total of 66 mice which were divided in 6 subgroups: SAMR1 6-

months-old (n=12), SAMP8 6-months-old (n=10), SAMR1 10-months-old (n=17) and 

SAMP8 10-months-old (n=8). Number of animals was dependent on availability. 
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In order to study the ability of ω-3 PUFAs (DHA, EPA and MaR1) to reverse the 

functional alterations derived from JNK activation, 9-months-old SAMP8 and SAMR1 

mice were chosen, divided in different groups depending on the treatment: SAMR1 

Saline (n=10), SAMP8 Saline (n=8), SAMP8 MaR1 (n=8), SAMP8 DHA (n=8) and SAMP8 

EPA (n=8). 

Mice were orally treated with 200 mg/kg of DHA, 200 mg/kg of EPA and 25 µg/kg 

of MaR1 for 20 days. The drugs were purchased from Cayman Chemical (Michigan, 

USA). Behavioral test carried out with these animals are described in section 4. 

 

3. Aβ INTRACEREBROVENTRICULAR INJECTION IN WT MICE 

 

ICV injection of Aβ was performed in 14 WT (C57BL/6N) mice of 9-months-old 

divided in two groups (Sham and Aβ injected) in order to study the causal relationship 

between pJNK and amyloidogenesis. 

Aβ42 peptide was purchased by Bachem laboratories (Bubendorf, Switzerland). For 

assuring monomerization, 1 mg of Aβ42 protein was dissolved to 1 mM in 

hexafluoroisopropanol (HFIP) and aliquoted into microcentrifuge tubes, then the HFIP 

was evaporated, and the peptides were stored at −20°C until use. For oligomeric 

assembly, concentrated peptides were suspended in DMSO and then diluted to 100 

μM in PBS and incubated at 4°C for 24 h. ICV injection of Aβ42 (300 pmol in 3 µL sterile 

dH2O containing 10% DMSO) was stereotaxically performed in both lateral ventricles of 

9 month-old-male WT mice (anterior–posterior, +0.3 mm; lateral, 1.0 mm; horizontal, 

3.0 mm from the bregma). Sham animals received equivalent amounts of sterile 

phosphate buffer saline. Mice were sacrificed 7 days after the injection. 

 

4. BEHAVIORAL TEST 

 

Behavioral experiments were conducted between 09:00 h and 13:00 h. Observers 

were blind to the treatment. All behavioral tests were carried out in the same cohort 

of animals (Figure 9).  
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Figure 9. Schematic representation of the experimental design. MWM, Morris water maze; 
NORT, novel object recognition test. 
 

The behavioral tests were conducted before daily oral administration of different 

treatments. 

 

4.1. Open field 

 

Locomotor activity was measured for 30 min in an open field (35 × 35 cm, 45 cm 

height) made of black wood, using a video-tracking system (Ethovision 11.5, Noldus 

Information Technology B.V., The Netherlands), in a softly illuminated room. Total path 

velocity (cm/s) was analyzed. 

 

4.2. Morris water maze (MWM) 

 

The MWM, a hippocampus-dependent learning task, was used to test spatial 

memory and to evaluate the working and reference memory functions. 

The water maze is a circular pool (diameter of 145 cm) filled with water (21–22°C) 

and virtually divided into four equal quadrants identified as northeast, northwest, 

southeast, and southwest. 

To test learning capacity, hidden-platform training was conducted with the 

platform placed in the northeast quadrant 1 cm below the water surface over 9 

consecutive days (4 trials/day). Several large visual cues were placed in the room to 

guide the mice to the hidden platform. Each trial was finished when the mouse 

reached the platform (escape latency) or after 60 s, whichever came first. Mice failing 

to reach the platform were guided onto it. After each trial mice remained on the 
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platform for 15 s. To test memory, probe trials were performed at the 4th, 7th and last 

day of the test (10th day). In the probe trials the platform was removed from the pool 

and mice were allowed to swim for 60 s. The percentage of time spent in the target 

quadrant was recorded. All trials were monitored by a video camera set above the 

center of the pool and connected to a video tracking system (Ethovision 11.5; Noldus 

Information Technology B.V, Wageningen, Netherlands). 

 

4.3. Novel object recognition test (NORT) 

 

The open field consisted of a square divided into four sections (35 cm × 35 cm × 

45 cm each) with black walls. On the previous day to the experiment, animals were 

familiarized with the square for 30 min. The test consists of 2 trials of 5 min: sample 

phase and 24 h trial. During the first trial, two identical objects were placed inside the 

cubicle, and the mice were allowed to explore. The second task took place 24 h later in 

which one object was replaced by another and the exploration time was recorded for 5 

min. Results were expressed as percentage of time spent exploring the new object 

with respect to the total exploration time (discrimination index). It is important to 

highlight that the exploration was considered complete when the nose of the mouse 

was oriented within 2 cm of the object. This behavioral test was carried out using 

video-tracking system (Ethovision 11.5; Noldus Information Technology B.V, 

Wageningen, Netherlands). 

 

5. BIOCHEMICAL MEASUREMENTS 

5.1. Tissue collection 

 

Mice were sacrificed by decapitation between 09:00–12:00 h. Brains were 

removed and dissected on ice to obtain the hippocampus and frontal cortex and 

stored at −80°C. For immunohistochemistry assays, left hemispheres from 5 mice per 
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group were fixed by immersion in 4% paraformaldehyde in 0.1 M PBS (pH=7.4) for 24 h 

followed by 20% sucrose solution. Brains were cut into series of 40 μm slides. 

 

5.2. Western blotting 

 

Total tissue homogenates were obtained by homogenizing the cortex or 

hippocampus in ice-cold RIPA buffer (50 mM Tris-HCl pH=7.4, 0.25% DOC, 1% Nonidet 

P-40, 150 mM NaCl, 1 mM EDTA, 1 mM PMSF, 1 μg/ml leupeptin, 1 μg/ml aprotinin, 

1 mM Na3VO4, 1 mM NaF), centrifuged at 14000 × g 4°C for 20 min, and the 

supernatant was aliquoted and frozen at −80°C. 

BA10 from patients or frontal cortex of Tg2576 mice homogenates were separated 

on 7.5% polyacrylamide gels. The primary antibodies used are described in Table 9. 

Secondary antibodies conjugated to IRDye 800CW or IRDye 680CW (LI-COR 

Biosciences, Lincoln, NE) were diluted to 1:5000 in TBS with 5% BSA. Bands were 

visualized using Odyssey Infrared Imaging System (LI-COR Biosciences, Lincoln, NE). β-

actin (mouse monoclonal, 1:10000, Sigma-Aldrich) was used as an internal control. 

 

Table 9: List of primary antibodies used for Western Blot studies. 

PROTEIN PRIMARY ANTIBODY 
DILUTION 

MOLECULAR 
WEIGHT COMPANY 

pJNK (Thr183/Tyr185) 1:1000 46, 54kDa Cell Signaling Technology, MA, USA 
JNK 1:1000 46, 54kDa Cell Signaling Technology, MA, USA 
p-c-Jun (Ser73) 1:500 48kDa Cell Signaling Technology, MA, USA 
pTau AT8 (Ser202/Tyr205) 1:1000 79kDa Thermo Fisher Scientific, MA, USA 
Tau 1:1000 45 to 60 kDa Sigma-Aldrich, St. Louis, MO, USA 
pIRE1 (Ser724) 1:1000 110kDa Abcam, Cambridge, MA, USA 

 

 

Hippocampus of SAMP8 and SAMR1 mice homogenates (30 μg of protein) were 

separated by electrophoresis on polyacrylamide gels (7.5%). Membranes were probed 

overnight at 4 °C with the corresponding primary antibodies (Table 9). Secondary 

antibodies conjugated to IRDye 800CW or IRDye 680CW (LI-COR Biosciences, Lincoln, 

NE) were diluted to 1:5000 in TBS with 5% BSA. Bands were visualized using Odyssey 
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Infrared Imaging System (LI-COR Biosciences, Lincoln, NE).  β-actin (mouse monoclonal, 

1:10000, Sigma-Aldrich) was used as an internal control.  

For the visualization of ICV injected Aβ oligomers, increasing concentrations (1, 

2.5, 5, 8 and 10 μM) of previously aggregated Aβ42 solution was subjected to SDS-PAGE 

electrophoresis in non-termal denatured conditions (samples were not boiled before 

loading). The separated proteins were transferred to nitrocellulose membranes for 

determining the presence of different Aβ aggregates with 6E10 as primary antibody 

(Abcam, Cambridge, MA, USA). Blots were incubated and revealed under the 

conditions previously described. 

 

5.3. Measurement of Aβ levels 

 

In human samples and SAMP8 mice samples, Aβ42 levels were determined using a 

commercially available high-sensitive ELISA kit (Wako Pure Chemical Industries, Tokyo, 

Japan) following manufacturer instructions.  

In Tg2576 mice samples, human Aβ42 levels were measured using a commercially 

available ultra-sensitive ELISA kit (Thermo Fisher Scientific Waltham, MA, USA) 

following manufacturer instructions. 

 

5.4. Measurement of pJNK levels in cerebrospinal fluid (CSF) 

 

pJNK levels were determined in CSF of 74 patients using a commercially available 

JNK (pT183/Y185 + Total) ELISA kit (Abcam, Cambridge, UK) with several modifications 

implemented by our group in order to reach the detection limits.  

In order to obtain detectable pJNK levels, CSF samples were concentrated 3 times 

by centrifugal vacuum. Savant Speed Vac is a concentrator equipment that removes 

solvents from the samples leading to higher sample concentration. For our 

experiment, 60 μL of CSF samples were concentrated during 55 min at 43ºC avoiding 

protein denaturation due to high temperatures. Concentrated CSF samples were 

subjected to the ELISA kit above mentioned, following manufacturer instructions. 
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5.5. Immunofluorescence staining 

 

For immunofluorescence, free-floating brain sections were washed (3 × 10 min) 

with PBS 0.1 M (pH=7.4) and incubated in blocking solution (PBS containing 0.3% 

Triton X-100, 0.1% BSA, and 2% normal donkey serum) for 2 h at room temperature. 

For 6E10 immunostaining, sections were incubated in 70% formic acid for 7 min to 

expose the epitope. Primary and secondary antibodies were diluted in the blocking 

solution. Sections were incubated with the primary antibody overnight at 4°C, washed 

with PBS and incubated with the secondary antibody for 2 h at room temperature, 

protected from light. The primary antibodies used were anti-pJNK (rabbit monoclonal, 

1:250, Cell Signaling Technology, Beverly, MA) and 6E10 (mouse monoclonal, 1:250, 

Covance, Princeton, NJ). Secondary antibodies used were Alexa Fluor 488 Donkey anti-

rabbit and Alexa Fluor 546 Donkey anti-mouse (1:200, Invitrogen-Molecular Probes, 

Eugene, OR).  

In order to develop the human brain sections immunofluorescence, our group set 

up the paraffin embedded brain sections staining. Slides were dewaxed, washing with 

xilol, decreasing concentrations of ethanol (100%, 90%, 70%) and water during 5 min 

every time. In order to block the endogenous peroxidase activity, sections were 

washed with hydrogen peroxide 3% during 5 min at 37ºC and, then, immersed in dH2O 

(2 x 5 min) and 0,1M PBS pH=7,4 (2 x 5min). 

 With the purpose of antigen retrieval, slides were treated with 0,01 M citrate 

buffer pH=6, microwaved 2 min and, then, washed with dH2O (2 x 5 min) and 0,1 M 

PBS pH=7.4 (2 x 5 min). After, they were incubated with blocking solution (PBS 

containing 0.3% Triton X-100 0.1% BSA and 2% normal donkey serum) for 1 h at room 

temperature. Primary and secondary antibodies were diluted in the blocking solution. 

Sections were incubated with the primary antibody overnight at 4ºC, washed with PBS 

and incubated with the secondary antibody for 2 h at room temperature, protected 

from light. Finally, black sudan treatment was applied on brain sections and they were 

washed with 70% ethanol 1 min and dH2O (3 x 5 min).  

The primary antibodies employed were anti-pJNK (rabbit monoclonal, 1:250, Cell 

Signaling Technology, Beverly, MA) and 6E10 (mouse monoclonal, 1:250, Covance, 

Princeton, NJ). Secondary antibodies used were Alexa Fluor 488 Donkey anti-rabbit 



Experimental design and methods 

 

51 

and Alexa Fluor 546 Donkey anti-mouse (1:250, Invitrogen-Molecular Probes, Eugene, 

OR). 

To ensure comparable immunostaining, sections were processed together under 

identical conditions. Fluorescence signals were detected with confocal microscope 

LSM 510 Meta (Carl Zeiss, Oberkochen, Germany). 

 

6. STATISTICAL ANALYSIS 

 

Data were analyzed by SPSS for Windows 15.0 and normality was checked by 

Shapiro–Wilk’s test (p<0.05).  

In the acquisition phase of the Morris water maze, over-all treatment effects were 

examined by two-way repeated measures ANOVA (treatment x trial). Differences 

between trials within groups were analyzed using a factorial ANOVA with replicates. 

Data in the retention phase were analyzed with one-way ANOVA.  

Neurochemical data was analyzed by Student´s t-test, one- or two-way ANOVA.  

Correlation between variables was investigated by Pearson’s or Spearman´s 

correlation coefficients, depending upon the normality of variables.  
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1. SPECIFIC INCREASE OF pJNK IN AD 

 

As already described in introduction, JNK is involved in gene expression, 

inflammation, cell proliferation and apoptosis; therefore it is suggested that JNK 

activation plays a key role in neurodegenerative disorders, especially AD. The present 

study aimed to evaluate the expression of activated JNK (pJNK) in AD experimental 

models and human samples, in order to determine its possible implication in AD 

pathology. 

 

1.1. Increased pJNK levels in AD experimental mouse models 

 

As depicted in Figure 10A, significant increased levels of pJNK were found in 9-

month-old and 16-month-old Tg2576 mice frontal cortex compared to WT animals 

(two-way ANOVA, main effect of genotype, F(1,16) =5.467; p<0.05). Moreover, pJNK 

levels significantly increase in 16-month-old group compared with 9-month-old mice 

(two-way ANOVA, main effect of age, F(1,16)=84.48; p<0.001). 

 

 
Figure 10. JNK immunoblotting in 9-month-old and 16-month-old wild-type (WT) and Tg2576 
mice frontal cortex (panel A) and in 6-month-old and 10-month-old SAMP8 mice frontal cortex 
(panel B). In each panel, a representative picture of western blot is shown. Results are 
expressed as % optical density (O.D.) of correspondent controls and normalized to total levels 
of JNK. ^main effect of genotype; * main effect of age, two-way ANOVA.  
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In the other mouse model analyzed, a significant increase in pJNK levels in SAMP8 

mice in all ages was observed (two-way ANOVA, main effect of genotype, F(1,28)= 14.08; 

p<0.001; Figure 10B). 

Therefore, pJNK is increased in both AD experimental mouse models used. 

 

1.2. Specific increases in pJNK levels in AD human samples 

 

In order to confirm that the increase in JNK activation observed in both AD mouse 

models is also observed in AD patients, pJNK levels were measured in frontal cortex 

(BA10) of post-mortem samples.  

The demographic characteristics of brain samples used were detailed in Table 7. 

There were significant differences between age at death among the different 

pathological conditions (one-way ANOVA; F(3,42)=11.065, p<0.001), being AD cases 

older than the rest of the groups (p<0.01). In addition, it is to note that in controls, 

pJNK expression correlated with age (Pearson’s, r=0.435; p<0.05, n=26). In order to 

match for age in all pathological conditions, two subset of controls were used, one 

being considered mature controls (age at death=65.1±3.86, n=10), being these the 

samples used as controls for the FTD, VaD and LBD samples, and the other group was 

named old controls (age at death=77.14±2.77, n=16) and was used as control for AD 

samples. There were no statistical differences regarding sex or post-mortem delay 

between groups. 

Significant increases in pJNK levels were seen (Student t test, p<0.05) in the frontal 

cortex of patients with AD compared with controls (Figure 11A). Total levels of JNK did 

not differ between controls and AD group. pJNK levels in AD did not differ by sex 

(male/female, Student t test, p>0.05).  

Based in the literature, increases in pJNK levels could be considered a common 

denominator for all types of dementia. However, our results do not support this 

possible hypothesis because pJNK levels were similar (one-way ANOVA; F(3,31)= 1.210; 

p>0.05) in all dementia groups (LBD, FTD or VaD) compared to control samples (Figure 

11B). Total levels of JNK did not differ from controls in any of the pathological groups.  
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Figure 11. JNK immunoblotting in control and Alzheimer´s disease (AD) frontal cortex (BA10) 
(panel A) and in Vascular dementia (VaD), Lewy body dementia (LBD) and Frontotemporal 
dementia (FTD) (panel B). In each panel, a representative picture of western blot is shown. 
Results are expressed as % optical density (O.D.) of controls and normalized to total levels of 
JNK. ***p<0.001, Student´s t-test.  

 
 

For this reason, it could be suggested that the increase of pJNK levels in frontal 

cortex is specific of AD and no other dementias. 

 

1.3. pJNK as a potential AD biomarker 

 

pJNK was measured in CSF samples. It is noteworthy that we needed to develop 

technique implementations to achieve this aim, explained in detail in methods.  

As described in Figure 12, our results revealed increased CSF pJNK levels in AD 

compared with the control (SCI) and MCI groups (One-way ANOVA, F(3,70)=4.484, 

p<0.01; Tukey test p<0.05).  
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Figure 12. CSF levels of pJNK in patients diagnosed with clinical and prodromal stages of AD. 
SCI: Controls, subjective cognitive impairment; MCI: Stable mild- cognitive impairment; PMCI: 
Mild-cognitive impairment with AD progression; AD: Alzheimer’s disease. Data are expressed 
as total levels of pJNK as optical density (O.D.). *p<0.05 vs. SCI, ^p<0.05 vs. MCI; one-way 
ANOVA; Tukey p<0.05.  

 

 

2. RELATIONSHIP BETWEEN pJNK AND Aβ LEVELS IN AD 

 

2.1. Aβ levels in mice models of AD  

 

As it has been described before, both AD mouse models (Tg2576 and SAMP8) 

assessed in the present work show most of the characteristics present in AD patients, 

such as Aβ peptide accumulation, one of the main AD hallmarks. Aβ peptide originates 

from the proteolysis of APP and it has the ability to accumulate in Tg2576 model while 

it remains soluble in SAMP8 mice without aggregation.  

As depicted in Figure 13A, significant increases in Aβ42 levels were observed in 9-

month-old and 16-month-old Tg2576 mice frontal cortex compared to wild-type 

animals (two-way ANOVA, main effect of genotype, F(1,22) =181.2; p<0.001). Moreover, 

it was observed that this increase follows an age fashion as Aβ42 levels are significantly 

higher in 16-month-old mice with respect to 9-month-old mice (two-way ANOVA, main 

effect of age, F(1,22) =12.04; p<0.01). Aβ levels in 9-months-old WT were 7.18 ± 1.13 

pg/mL. 
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Figure 13. Aβ levels in mouse models of AD. In panel A, Aβ42 levels in 9-month-old and 16-
month-old wild-type (WT) and Tg2576 mice frontal cortex. ^main effect of genotype; *main 
effect of age; two-way ANOVA. In panel B, Aβ42 levels in 6-month-old and 10-month-old 
SAMR1 and SAMP8 mice frontal cortex. ^vs. 6-month-old SAMR1; *vs. 6-month-old SAMP8; 
two-way ANOVA; Tukey p<0.05. Levels of Aβ42 are expressed as % versus its corresponding 
control. 

 

Interestingly, regarding Aβ42 levels in sporadic mouse model of AD, significant 

interaction between age and strain was observed (two-way ANOVA, F(1,27) =11.41; 

p<0.01; Figure 13B). Further analysis showed increased levels of Aβ peptides in 10-

month-old SAMP8 mice compared to the rest of the groups (Tukey, p<0.001) and 6-

month-old SAMP8 mice in comparison with 6-month-old SAMR1 mice (Tukey, p<0.01). 

Aβ levels in 6-month-old SAMR1 were 6.40 ± 2.02 pg/mL. 

Therefore, the increase observed in pJNK and Aβ levels present a very similar 

pattern in both AD mouse models, reinforcing the possible relationship between pJNK 

and Aβ in AD pathology. 

 

2.2. Aβ levels in human samples of AD and other dementias  

 

Aβ42 levels were significantly increased in AD cases compared to controls (Student 

t-test p<0.05; Figure 14A) and not in other dementias (one-way ANOVA; F(3,36)=1.210, 

p>0.05; Figure 14B). 

There was a significant correlation between enhanced pJNK expression in BA10 

and Aβ42 levels (Spearman´s rho = 0.733, p<0.05, n=16) in AD. Interestingly, no 

correlation was found between pJNK expression in BA10 and Aβ42 levels in any other 
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type of dementia (Spearman´s rho = 0.143, p>0.05, Spearman´s rho = -0.143, p>0.05 

and Spearman´s rho = 0.405, p>0.05 for LBD, FTD and VaD, respectively). 

 

 
 
Figure 14. Aβ levels in Alzheimer´s disease (AD) cases (panel A) and in Vascular dementia 
(VaD), Lewy body dementia (LBD) and Frontotemporal dementia (FTD) (panel B). Levels of Aβ42 
are expressed as % versus its corresponding controls (Ctrl). *p<0.05, Student´s t-test.  

 

 

These observations allow us to propose the positive correlation among pJNK levels 

and Aβ as a characteristic exclusive of the pathology of AD, underlining the similarity 

between the experimental mouse models and the pathogenesis in patients. 

 

 

2.3. pJNK and Aβ co-localize in AD human samples and in Tg2576 

mouse model 

 

In order to deepen in the understanding of the positive correlation between pJNK 

and Aβ levels, co-localization studies of both compounds in frontal cortex from 

patients and AD mouse model brains were performed. Co-localization studies were not 

performed in SAMP8 mouse model because murine Aβ does not accumulate in plaques 

and are not detectable in immunohistochemical analysis. 

Our inmunohistochemical results revealed that pJNK in Tg2576 mice brains was 

detected around the amyloid plaque. In matched aged control mice, pJNK 

immunolabelling was not seen (Figure 15).  
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Figure 15. pJNK and 6E10 (β-amyloid marker) immunostaining in frontal cortex of Tg2576. 
Scale bar 50 µm. 
 

The same pattern was observed in human samples, as AD patients presented pJNK 

and senile plaques co-localization (Figure 16), reinforcing the idea of a strong 

association between activated JNK and Aβ in AD. 

 

 
Figure 16. pJNK and 6E10 (β-amyloid marker) immunostaining in BA10 of Alzheimer’s Disease 
(AD) cases. Scale bar 50 µm. 
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2.4. Aβ42 intracerebroventricular administration increases pJNK 

levels in wild type mice frontal cortex 

 

The next question was to assess whether an increase of Aβ could lead to pJNK 

elevation.  

The injected Aβ42 was previously aggregated to obtain the highly toxic oligomer 

species. To study the oligomeric species formed in the incubation conditions used, 

western blot was performed and several bands corresponding to the different 

aggregation forms could be observed (Figure 17).  

 

 

 
 
 
 
 
 
 
 

 
 
Figure 17. Aβ42 aggregation and toxic oligomer formation. Aβ immunoblotting (6E10) of 
different Aβ concentration evaluated. 
 

 

In order to achieve this aim, western blot was performed using the 6E10 antibody. 

Increasing concentrations of protein (1 μM, 2.5 μM, 5 μM, 8 μM and 10 μM) were 

tested in order to be able to discriminate all the oligomeric species present in the 

sample (Figure 17). 

The bands under 10 kDa could correspond to the monomeric (4 kDa) and dimeric 

(8 kDa) forms of Aβ42. Bands under and above 15 kDa correlate in size with Aβ42 in its 

trimeric (12 kDa) and tetrameric (16 kDa) forms. The band above 50 kDA is closed to 

the expected 56 kDa band of the dodecameric Aβ form (Aβ*56), currently considered 

as one of the most toxic oligomers of Aβ.  
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As depicted in Figure 18, pJNK levels increased in frontal cortex of WT mice after 

ICV administration of Aβ42 (Student t test p<0.05). Consistent with JNK activation in 

vivo in both AD and animal model brains, ICV injection of Aβ to WT mice activates JNK, 

suggesting a causal relationship between both. 

 

 
 
Figure 18. JNK immunoblotting in wild-type (WT) mice frontal cortex after ICV administration 
of Aβ42. Results are expressed as % optical density (O.D.) of sham and normalized total levels 
of JNK. *p<0.05, Student´s t-test. 
 

 

3. JNK INHIBITION RESTORES COGNITIVE IMPAIRMENT IN AN 

AD MOUSE MODEL 

 

After proving the strong association between activated JNK and Aβ levels in AD, 

the last aim of the present work was to study the consequences of JNK inhibition in 

AD. The ω-3 PUFAs are natural JNK inhibitors with reported benefits in several 

diseases. Thus, two ω-3 PUFAs (DHA and EPA) and one specialized pro-resolving lipid 

mediator (MaR1) were selected to assess the effects of JNK inhibition in the sporadic 

AD mouse model, SAMP8.  
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3.1. Effects of ω-3 polyunsaturated fatty acids in cognition 

 

In order to study the potential beneficial effects of ω-3 PUFAs on the cognitive 

deficits observed in the SAMP8 model, 9 months old SAMP8 and SAMR1 mice were 

treated for 20 days with DHA, EPA or MaR1. 

Locomotor activity was measured as velocity in open field. No differences 

between groups were found (one-way ANOVA; F(4,41)=1.963; p=0.122), indicating that 

purported behavioral performance differences between SAMP8 and SAMR1 are not 

due to locomotor activity alterations (Figure 19). 

 
 

 
Figure 19. Effect of MaR1, DHA and EPA treatment in locomotor activity. Average velocity in 
the open field. Data are presented as mean ± SEM. DHA: docosahexaenoic acid; EPA: 
eicosapentaenoic acid; MaR1: maresin 1. 
 

 

There was no difference between groups in the discrimination index in the sample 

trial in NORT (F(4,41)=2.006; p=0.116) indicating no preference for any of the objects 

(Figure 20).  

Recognition memory was significantly impaired at 24 h interval in SAMP8 mice, as 

shown by a significantly decreased discrimination index (one-way ANOVA; F(4,41)=5.472, 

p<0.01; Tukey’s p< 0.05 vs. SAMR1 Saline; Figure 20), that was reversed by MaR1 and 

DHA. Interestingly, cognitive improvement was not observed in SAMP8 treated with 

EPA (Tukey’s ^p<0.05 vs. SAMP8 Saline), establishing marked differences between the 

ω-3 PUFAs tested. 
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Figure 20. Effect of MaR1, DHA and EPA treatment in cognition on NORT. Sample phase and 
24 h interval of NORT. Data are presented as discrimination index (percentage of time 
exploring the new object/total exploration time). *vs. SAMR1 Saline, ^vs. SAMP8 Saline; 
Tukey’s test, p<0.05; one-way ANOVA. NORT: Novel object recognition test; DHA: 
docosahexaenoic acid; EPA: eicosapentaenoic acid; MaR1: maresin 1. 
 

In the MWM task, no significant differences among groups were found during the 

days of visible-platform training, indicating that all groups are able to perform the test 

correctly (data not shown). 

In the acquisition phase of the test, significant difference between strains was 

found (repeated measurements ANOVA; F(4,37)=22.20; p<0.001) where SAMP8 mice 

showed higher scape latency compared to SAMR1 mice, indicating a cognitive 

impairment characteristic of this mouse model (Figure 21A). Interestingly, when 

SAMP8 mice were treated with DHA or MaR1, lower scape latency was observed, 

indicating a cognitive performance improvement. However, this improvement was not 

enough to reach SAMR1 scape latency (Dunnet p<0.05, vs. SAMR1 Saline group; Figure 

21A). 

In the retention phase, no significant differences were found among groups in the 

first probe trial (day 3 of the MWM task) (one-way ANOVA; F(4,41)=0.219; p=0.926). 

Nevertheless, on the second probe trial (Day 7), SAMP8 saline group showed a 

statistically significant decrease compared with SAMR1 saline group in the time swam 

in the quadrant were the platform used to be located, indicative of a memory deficit of 

this AD mouse model.  Interestingly, DHA was the only treatment able to reverse the 

observed cognitive impairment (one-way ANOVA, F(4,41)=5.150, p<0.01). The same 

results were observed in the last probe trial (Day 10), i.e. the memory deficit observed 

in SAMP8 mice was completely reversed by DHA (one-way ANOVA, F(4,41)=6.146, 
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p<0.001). These results indicates that DHA administered for 20 days is able to restore 

the cognitive function of SAMP8 mice in the MWM test (Tukey’s p<0.05 in all cases; 

Figure 21B). 

 

 
Figure 21. Effect of MaR1, DHA and EPA treatment in cognition. In panel A and B, cognitive 
performance assessed by MWM acquisition phase and retention phase, respectively. Data are 
presented as mean ± SEM. In panel A, *vs. SAMR1 Saline; repeated measure two-way ANOVA; 
Dunnet test p<0.05. In panel B, *vs. SAMR1 Saline, ^vs. SAMP8 Saline; Tukey’s test, p<0.05; 
one-way ANOVA. MWM: Morris water maze; DHA: docosahexaenoic acid; EPA: 
eicosapentaenoic acid; MaR1: maresin 1. 
 

3.2. Involvement of pJNK on cognitive improvement  

 

Recently, ω-3 PUFAs have been suggested as JNK inhibitors. Therefore, we next 

aimed to evaluate the effect of MaR1, DHA and EPA on pJNK levels in SAMP8 mice 

hippocampus, the main brain region involved in learning and memory. 
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In order to confirm this data and study a possible pJNK inhibition induced by 

PUFAs, activated and total JNK levels were measured by immunoblotting analysis. 

According with previous data, pJNK levels were significantly increased in SAMP8 mice 

compared to SAMR1 mice. Only DHA treatment was able to significantly reverse pJNK 

levels (one-way ANOVA, F(4,41)=5.501, p<0.01; Tukey’s p<0.05; Figure 22).  

 

 
 
Figure 22. JNK immunoblotting in MaR1- DHA- and EPA-treated SAMP8 and SAMR1 mice 
hippocampus. A representative picture of western blot is shown. Results are expressed as % 
optical density (O.D.) of correspondent controls (SAMR1 mice) and normalized to total levels 
of JNK. *vs. SAMR1 Saline, ^vs. SAMP8 Saline; one-way ANOVA, Tukey p<0.05. 

 

 

This result confirms the possible effects of DHA as JNK inhibitor, but also indicates 

that this is not a general characteristic of ω-3 PUFAs, since EPA and MaR1 do not 

achieve the same effect. 

Interestingly, there was a significant and negative correlation between pJNK levels 

and cognitive decline, i.e. the reduction of pJNK levels in SAMP8 hippocampus and 

improvement in cognitive function in 24 h interval NORT (Spearman´s rho = -0.601, 

p<0.01, n=40) and last day of retention probe in MWM (Day 10) (Spearman´s rho =       

-0.560, p<0.01, n=40).  
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3.3. Mechanisms and consequences of JNK inhibition by ω-3 

derivatives 

 

The mechanism by which ω-3 derivatives (DHA) could inhibit JNK activation would 

involve ERS, direct inhibition of the enzyme or any other step (see Figure 2). The 

involvement of ERS can be checked by measuring the pIRE1α, a marker of ERS. 

Significant increase of pIRE1α was shown in SAMP8 mice compared to SAMR1 group. 

However, no effect of treatment was observed in any case (one-way ANOVA, 

F(4,41)=5.917, p<0.001; Tukey’s p<0.05; Figure 23). These results point to a direct 

inhibition of JNK activation by ω-3 derivatives.  

 

 
Figure 23. Activated IRE1α immunoblotting in MaR1- DHA- and EPA-treated SAMP8 and 
SAMR1 mice hippocampus. A representative picture of western blot is shown. Results are 
expressed as % optical density (O.D.) of correspondent controls (SAMR1 mice) and normalized 
to total levels of JNK. *vs. SAMR1 Saline; one-way ANOVA, Tukey p<0.05. 

 

 

In order to assess the biochemical outcomes after JNK inhibition by DHA, activated 

c-Jun (p-c-Jun) was measured. c-Jun is a nuclear transcriptional factor and one of the 

main JNK substrates. DHA treatment was able to reverse the increase of p-c-Jun levels 

observed in SAMP8 strain in comparison with SAMR1 group (one-way ANOVA, 

F(4,41)=2.639, p<0.05; Tukey’s p<0.05; Figure 24). 
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Figure 24. Activated c-Jun immunoblotting in MaR1- DHA- and EPA-treated SAMP8 and SAMR1 
mice hippocampus. A representative picture of western blot is shown. Results are expressed as 
% optical density (O.D.) of correspondent controls (SAMR1 mice) and normalized to total levels 
of β-actin. *vs. SAMR1 Saline, ^vs. SAMP8 Saline; one-way ANOVA, Tukey p<0.05. 

 

As it is described in the introduction, activated JNK induces Tau 

hyperphosphorylation, contributing to decline in AD pathology. Regarding our results, 

a significant increase in AT8 was observed in SAMP8 animals when compared to 

control SAMR1 strain. However, unlike to our expectations, AT8 phosphorylation was 

not reversed after DHA treatment (one-way ANOVA, F(4,41)=3.131, p<0.05; Tukey’s 

p<0.05; Figure 25). 

 

 
Figure 25. Phosphorylated Tau (AT8) immunoblotting in MaR1- DHA- and EPA-treated SAMP8 
and SAMR1 mice hippocampus. A representative picture of western blot is shown. Results are 
expressed as % optical density (O.D.) of correspondent controls (SAMR1 mice) and normalized 
to total levels of Tau. *vs. SAMR1 Saline; one-way ANOVA, Tukey p<0.05. 
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Many studies have pointed out the emerging role of JNK in the development of  

neurodegenerative processes due to its implication in stress-triggered response (Cui et 

al., 2007; Pearson et al., 2006), neuronal apoptosis (Antoniou et al., 2011), caspase 

activation (Nishina et al., 2004; Pearson et al., 2006), mitochondrial oxidative burst, 

gene modulation (Cui et al., 2007) or its involvement in maturing process of NFTs 

(Kolarova et al., 2012; Mondragon-Rodriguez et al., 2008; Reynolds et al., 2000; 

Stoothoff & Johnson, 2005). Moreover, many different molecules and biological 

mediators associated to markers of neurodegeneration have proved to directly 

activate the JNK-c-Jun cascade such as cytokines, reactive oxygen intermediates or Aβ 

peptide (Marques et al., 2003; Okazawa & Estus, 2002; Sahara et al., 2008; Tamagno et 

al., 2003). Therefore, JNK has been proposed a promising target in the field of 

neurodegenerative disorders (Yarza et al., 2016). 

Increases in Aβ levels remain a clear pathological mark, albeit unspecific, in the 

pathological development of AD, which has been clearly related to neuronal stress and 

subsequent pathological perpetuator (Bloom, 2014). In vitro discoveries revealed that 

pJNK increases after treatment with Aβ in primary cortical and hippocampal cultures 

from C57BL/6 mice, in primary cortical cell cultures from Wistar rat and in SH-SY5Y 

neuroblastoma cells (Morishima et al., 2001; Suwanna et al., 2014; Xu et al., 2015). In 

AD experimental models, research using a mouse model of AD that incorporates the 

Swedish APP mutation and a mutant presenilin-1 (PS1) –Tg2576- has demonstrated 

that JNK activation is associated with increased levels of senile plaques (Savage et al., 

2002). Regarding SAMP8 mouse model, it is widely characterized that this mouse 

model shows most of the characteristics present in AD patients such as elevated Aβ 

peptide (Orejana et al., 2015) and interestingly, this Aβ over-production might be 

associated with enhanced pJNK levels (Orejana et al., 2013; Tajes et al., 2010). 

According with these data in the present study it has been demonstrated both Aβ and 

pJNK increases in the two AD mouse models used: the familiar AD model Tg2576 and 

the sporadic AD model SAMP8. Based in the above mentioned literature and according 

to our results, it is tempting to speculate that Aβ accumulation could be the cause of 

elevated pJNK levels observed in those mice, therefore, the next step was to 

investigate this question.  
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There is extensive evidence that Aβ induces the activation of JNK in familiar AD 

mouse models (Guglielmotto et al., 2011; Hwang et al., 2004; Savage et al., 2002). 

Moreover, JNK3 activation is involved in a positive feedback loop of Aβ42 production 

(Yoon et al., 2012). In accordance with these data, it has been described that ICV Aβ42 

injection induces astroglial and microglial activation, and as consequence, 

neuroinflammation and neurocognitive impairment (Frozza et al., 2013). In this line, 

our study reported a significant increase of pJNK levels after ICV Aβ42 injection in 

healthy mice, according with the published literature (Bicca et al., 2015; Frozza et al., 

2013) and suggesting that pJNK activation is the consequence rather than the cause of 

Aβ accumulation. However, some other studies reported the decrease in Aβ42 brain 

levels after JNK inhibition, which might suggest that the activation of JNK triggers the 

Aβ cascade leading to neuronal death (Ebenezer et al., 2010; Mazzitelli et al., 2011). 

Moreover, it has been described that Aβ42 is able to increase BACE-1 expression 

through JNK activation, which leads to establish a vicious cycle between JNK and Aβ 

(Guglielmotto et al., 2011). Although the mutual feedback between JNK and Aβ42 in AD 

has been extensively probed, it remains unclear which of either JNK or Aβ appears first 

in the disease onset. The results observed in CSF samples may shed some light to this 

dichotomy. 

Thank to basic research studies, AD is progressively more characterized. However, 

there are still few clinical trials sponsored by pharmaceuticals industry, which 

highlights the need to develop clinical tests to diagnose the disease before the 

manifestation of the symptoms and thus improve the life quality of the patients. Since 

the alteration of Aβ42 and Tau levels in CSF of AD patients were discovered, there is a 

clear need to develop new biomarkers that are minimally invasive and that reflect 

other pathological mechanisms of the disease such as neurodegeneration, 

neuroinflammation or synaptic dysfunction (Mattsson et al., 2015).  To date, many CSF 

biomarkers have been described in AD: VLP-1, GAP-43, SANP-25, IL-3, IL-6, IL-1β or 

YKL-40 (Alcolea et al., 2015; Blennow et al., 2010; Craig-Schapiro et al., 2010; Killick et 

al., 2014; Lee et al., 2008; Tang et al., 2008; Zetterberg, 2015). As a matter of fact, 

several biomarkers have been measured in our CSF samples, as shown in Table 8. 

When determining the levels of pJNK in CSF in patients diagnosed with AD or 
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prodromal stages of AD, it has been presently demonstrated a significant increase of 

pJNK levels in AD group compared with control and MCI groups. Interestingly, PMCI 

levels are higher, although not significantly, than both MCI and control groups, 

pointing to JNK as a plausible prodromal biomarker of AD. This result suggests the 

need of increasing the number of participants in this group, as it is presently rather 

small. 

In contrast to our findings, a previous work reported undetectable CSF levels of 

pJNK in AD patients (Gourmaud et al., 2015). Indeed, in the present work, the 

manufacturer’s protocol needed to be adapted to reach detectable JNK concentration. 

To this end, CSF samples were concentrated in a step prior to the performance of the 

enzyme-immunoassay, being this concentration of the samples a crucial step in the 

technique development. This previous step can be useful for any other CSF 

measurement as it allows preserving the chemical and physical characteristics of the 

samples. It should be noted that the sensitivity and selectivity is an essential 

requirement in the procedures carried out. As future perspectives, it might be possible 

to propose the validation of this modified method, consolidating pJNK measurement in 

CSF as AD biomarker. 

One of the aims of the present work was to study if the activation of JNK is a 

central feature not only in AD but also other types of dementias, i.e. VaD, LBD and FTD. 

Confirming previously published works, we found increased expression of pJNK in 

human post-mortem brain samples from AD patients and a positive correlation with 

Aβ levels (Killick et al., 2014; Zhu et al., 2001). Interestingly this increase of pJNK 

appeared to be specific of AD, as no alteration in this kinase was observed in the other 

dementias. This reinforces the idea of a direct link between pJNK and Aβ, i.e. all our 

experiments suggest that increased Aβ levels in AD could lead to an increased 

activation of JNK, which in turn could result in neuroinflammation and 

neurodegeneration. 

The discovery of a lack of involvement of pJNK in VaD is interesting and novel. 

There are still several open questions regarding the pathophysiology of VaD and the 

possible role of Aβ in the pathophysiology of the disease. Indeed, whether expression 

of Aβ and the co-existence of underlying AD-related pathology play a crucial role in the 
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pathogenesis of VaD remains still controversial. Several reports suggest that there are 

no significant differences in serum and CSF levels of Aβ42 when comparing VaD 

patients with the corresponding controls (Jia et al., 2005; Paraskevas et al., 2009; Uslu 

et al., 2012). In fact, cortical microinfarcts that are frequently found in AD, with 

particular predilection for the occipital lobe, show amyloid burden whereas VaD-

associated subcortical infarcts do not express amyloid (Okamoto et al., 2009). 

Consistent with these observations, in the present work it was not found increases in 

amyloid expression beyond the limits observed in normal elderly brains. However, it 

has been proposed that, in late stages, VaD patients may develop AD pathology that 

could reflect an overlap between histopathological features of both VaD and AD (Lewis 

et al. 2006). 

It is widely accepted that the dementia spectrum varies from pure forms of AD 

and LBD to intermediate forms of both, sharing either Lewy body pathology or AD-

related pathology. Although in our hands we did not found Aβ elevation in LBD 

samples, it has been described that between 50 and 90% of the LBD cases show in 

some extent increased Aβ production without other AD pathological markers such as 

NFTs and other AD-related histopathological changes (Halliday et al., 2011; Kovari et 

al., 2009). On the other hand, the results obtained in the present work showing the 

lack of activation of JNK in samples from LBD are in agreement with a previous study 

(Ferrer et al., 2001). In fact, some authors have suggested the possible role of α-

synuclein aggregates in preventing JNK activation and, therefore, inhibiting JNK-

mediated signaling (Hashimoto et al. 2002). Interestingly, another study found 

activated JNK within LBD samples when they also show AD-related pathology (i.e. 

increases in Aβ and Tau levels), showing that pJNK is exclusively present in areas 

affected by AD-related pathology and no neurons affected by Lewy bodies without AD-

markers showed pJNK staining (Ferrer et al., 2001). These results highlight a 

presumable specificity of pJNK towards AD and concomitant AD-related pathology in 

mixed type dementias. 

 Regarding FTD, different classifications have been proposed according to clinical 

and histopathological features expressed. Three different subtypes are distinguished 

according to the predominant inclusions found in the pathological examination 
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(Koedam et al., 2013). The Tau positive variant shows Tau pathology similar to AD 

cases whereas the other subtypes (TDP-43 and DPR subtypes) do not. As a matter of 

fact, Tau subtype shows increased production and expression of amyloid leading to 

formation of Aβ although plaques are absent (Vitali et al., 2004). No literature 

published so far supports an underlying production of Aβ in the other FTD subtypes, 

which is congruent with the results of our study, where no increases in amyloid 

production were found. In fact, imaging studies using 18F-Florbetapir (an amyloid 

labeling radiotracer) showed a lower expression of cortical Aβ-labeling in FTD 

compared to controls (Kobylecki et al., 2015). In this way, the presence of Aβ within 

the Tau positive variant in FTD could be the representation of a mixed variant of FTD 

that includes AD-related pathology. Opposite to our data, some studies have shown 

positive staining for pJNK in the Tau positive variant of FTD (Atzori et al., 2001; Ferrer 

et al., 2001; Lagalwar et al., 2007) and in the TDP-43 variant (Parker et al., 2012). It is 

important to note that TDP-43 inclusions are not specifically expressed in FTD variants, 

as production of this misfolded-protein subtype has also been described in other 

dementia sub-entities such as AD (Arai et al., 2009; Jung et al., 2014) and LBD (Higashi 

et al., 2007). In fact, some reports describe an expression-frequency of TDP-43 

inclusions that varies from 20 to 57% in AD cases (Amador-Ortiz et al., 2007; Josephs et 

al., 2014). Moreover, in regard to TDP-43 inclusions, most frequently they are present 

mainly in both temporal and limbic structures (Hu et al., 2008), whereas aggregates 

are rarely seen within frontal cortex (Josephs et al., 2014). Therefore, the lack of 

activation of JNK found in this study could be related to the region studied, as our 

study was conducted in the frontal cortex (BA10).  

Co-localization studies were performed to further support the relationship 

between Aβ and pJNK. Literature published so far (Mehan et al., 2011; Yarza et al., 

2016) highlights the hypothesis that increased expression of pJNK could underlie the 

AD pathology, as it has been demonstrated the co-localization of pJNK with the main 

AD histopathological markers, i.e.,  senile plaques and NFTs (Killick et al., 2014; Zhu et 

al., 2001) and even with TDP-43 inclusions, which, as mentioned before, seem to be 

present in a significant percentage of AD cases (Amador-Ortiz et al., 2007; Josephs et 

al., 2014).  
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Supporting the tight and specific relation between pJNK and Aβ in AD, this work 

showed the co-localization between pJNK with the senile plaque in the BA10 region of 

AD patients. In addition, immunohistochemistry in the frontal cortex of Tg2576 mice, 

an amyloidogenic transgenic model, reproduced the co- localization of pJNK and Aβ 

with a pattern in which pJNK appears to be located around the senile plaque. These 

data supports the idea of a tight link between Aβ peptide accumulation and the 

neuroinflammation present in AD, in accordance with previous studies where it has 

been also reported the co-localization of pJNK with the amyloid deposits (Savage et al., 

2002). The pattern showed by pJNK staining is another key point, as the co-localization 

of activated JNK not only appears inside the senile plaques in Tg2576 mice (Savage et 

al., 2002), but also co-localizes with dystrophic neurites coinciding with the damage of 

neuritic processes and neuronal death (Yoon et al., 2012). This suggests a possible role 

of pJNK in the inflammation surrounding the plaque and the cell death that occurs 

within that area. Moreover, the similar staining pattern observed in our hands both in 

animals and human brain samples indicates the similarity and the validity of Tg2576 as 

AD murine model. 

Although, SAMP8 mouse model does not show Aβ accumulation in form of senile 

plaques, the current project demonstrated the enhanced pJNK expression in SAMP8 

strain that mirrors the elevation in Aβ levels. The disadvantages of this model rely on 

the fact that the produced Aβ peptides does not accumulate in form of senile plaques 

(and therefore it is not possible to perform plaques immunohistochemistry) and that 

they only develop certain features of the disease. Indeed, in the SAMP8 mouse it is still 

unknown the final cause by which progressive cognitive decline and 

neurodegenerative changes are developed. In spite of this, the two selected models 

showed increased pJNK levels indicating that are adequate tools to try to understand 

the implication of this kinase in AD onset and development. 

After our characterization about the specific increase of pJNK levels in AD and its 

association with Aβ deposition, it was next proposed to study JNK inhibition as 

therapeutic strategy for the treatment of AD. As described in the introduction of this 

work, the ω-3 fatty acids (EPA and DHA) are considered natural JNK inhibitors and they 

have demonstrated beneficial effects in experimental models of neurodegenerative 
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diseases. However, most clinical trials did not meet the expectations and did not 

reproduce the good results observed in preclinical stages (Eckert et al. 2013). The 

quality of evidence from clinical trials and the duration of supplementation with ω-3 

PUFAs has been questioned in relation to the cognitive function of patients included in 

those studies (Burckhardt et al., 2016). In addition, it has been shown that ω-3 PUFAs 

are capable of being metabolized in vivo to a novel series of bioactive lipid mediators 

known as resolvins (Rv), protectins (PDX) and maresines (MaR) (Serhan, 2014). These 

lipid mediators not only have potent anti-inflammatory effects, but also actively 

participate in the resolution of tissue inflammation, and may contribute to the 

beneficial actions of ω-3 PUFAs in AD. Recent studies have revealed that the 

administration of some of these SPMs as RvD1 and NPD1 are found to be beneficial in 

counteracting the AD pathology (Rey et al., 2016; Zhao et al., 2011; Zhu et al., 2016). 

However, the metabolic actions of MaR1 and its possible therapeutic actions in 

neurodegeneration have been poorly studied. For these reason, it was decided to 

assess the effects of EPA and DHA together with MaR1, a novel DHA metabolite which 

has not been previously tested for the treatment of AD, in SAMP8 mice. 

It has been already described that EPA pre-treatment induces neuroprotective 

actions against irradiation and LPS-induced dysfunction in rat hippocampus through 

JNK and caspases activation reduction and a subsequent apoptosis inhibition 

(Lonergan et al., 2002; Lonergan et al., 2004). In the same way, pre-treatment with 

EPA exhibited neuroprotective effects by inhibiting the mitochondrial apoptotic 

pathway in PC12 cells. Moreover, EPA-enriched diet during 3 months restored 

cognitive function and reduced anxiety in SAMP8 mice, evaluated in MWM and open 

field test, respectively (Wu et al., 2014). 

In contrast to previous publications (Zhang & Jiang, 2015), in our hands, EPA did 

not show beneficial effects on SAMP8 memory deficits. Supporting our data, recent 

studies discovered that EPA decreases cell viability in a dose-dependent way inducing 

apoptosis in HepG2 cells, a human hepatoma cell line. The study showed that EPA- 

induced ROS production which caused cytoplasmic calcium concentration elevation 

and JNK activation leading to mitochondrial-dysfunction triggered by Cyt C release and 

caspase activation (Zhang & Jiang, 2015). Notably, this hypothesis could explain the 
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different effects of EPA and DHA over the risk to suffer AD observed in a clinical 

randomized trial, where it has been shown that only DHA and not EPA is able to 

prevent AD development in elderly population (Morris et al., 2003). 

On the other hand, DHA promotes cell survival through the induction of anti-

apoptotic and neuroprotective gene expression. Certain evidence has already related 

ω-3 fatty acids with Aβ, i.e. DHA limits the production of APP avoiding the production 

and accumulation of Aβ (Cole et al. 2009). Moreover, several studies reported the 

beneficial impact of DHA diet on synaptic plasticity by increase of pre and postsynaptic 

markers in Tg2576 mice leading to memory improvement in MWM (Calon et al., 2004; 

Lim et al., 2005). Aged 3x-Tg-AD mice that accumulate human Aβ showed improved 

cognition and less dysfunction of entorhinal cortex neurons after daily DHA feeding for 

8-10 months (Arsenault et al., 2011). Finally, SAMP8 mice fed with ω-3 FA-enriched fish 

oil during 2 months demonstrated memory improvement in a passive avoidance test 

and increased survival in SAMP8 strain which presented shortened life-span. 

Specifically, these beneficial effects were attributed to DHA and not to other dietary 

fatty acids (EPA, DPA or ALA) since it was the only fatty acid that appeared increased in 

the brain lipid composition of these animals (Petursdottir et al., 2008; Ueda et al., 

2011). Indeed, age-dependant decrease of DHA in SAMP8 hippocampus was detected 

in comparison with SAMR1 which is in agreement with several clinical trials that 

reported a positive association between decreases in ω-3 fatty acid brain content and 

cognitive decline (Petursdottir et al. 2007; Cole et al. 2009).  

Albeit MaR1 is not proved in AD mice model or patients, its anti-inflammatory 

effects are widely accepted and it has been proposed as a potential therapeutic tool in 

neurodegenerative diseases due to its higher potency compared with its upstream 

precursor DHA. MaR1 improved cell survival in SH-SY5Y culture and reduced Aβ levels, 

which is a clear AD hallmark (Wang et al. 2015; Zhu et al. 2016). 

As expected, in our hands, SAMP8 mice showed cognitive deficit in the NORT and 

MWM test, and only treatment with DHA was able to counteract these deficits. 

Surprisingly, MaR1 was ineffective. Maybe a higher dose and/or longer treatment 

would be essential to detect a positive effect of MaR1 (mice were treated only for 20 

days). These results were quite surprising because being MaR1 the active metabolite 
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of DHA, a stronger effect that the one observed after DHA treatment was expected. 

However, MaR1 could be acting at other levels such as decreasing neutrophil 

infiltration, increasing macrophage phagocytosis, inhibiting NF-κB as well as limiting 

pro-inflammatory cytokines production among others (Martínez-Fernández et al., 

2017). 

Therefore, our data demonstrates that DHA improves cognitive function in SAMP8 

mice, remaining controversial the effect of MaR1 on memory. Based on these 

evidences, the next step was to try to understand the mechanisms underlying the 

cognitive improvement observed in DHA-treated SAMP8 mice.   

As ω-3 fatty acids have been proposed as natural JNK inhibitors, the first aim in 

the mechanism seeking was to explore the involvement of JNK in these actions. 

Regarding our results, SAMP8 mice showed significant increase of pJNK levels (Orejana 

et al., 2013). This increase was reversed only after DHA administration. Interestingly, 

higher pJNK levels correlate negatively with mice cognitive status, while a decrease in 

pJNK expression after DHA treatment is associated with cognitive improvement. On 

the contrary, pJNK levels were not reversed after EPA and MaR1 treatment and their 

cognitive impairment persisted.  

It has been postulated that JNK can be activated intracellularly by ERS; however, 

the exact mechanism is still unknown. ERS has been implicated in abnormal protein 

processing and neuronal death in cognitive dysfunction. The UPR response starts, 

when three ERS sensors located on the ER membrane are phosphorylated: IRE1α, PERK 

and ATF6. It has been suggested that misfolded proteins accumulation such Aβ 

initiates IRE1α activation inducing UPR which is the adaptive response to ERS. The 

effect of IRE1 pathways results in JNK activation through IRE1-TNF receptor associated 

factor 2 (TRAF2)-ASK signaling or due to the calcium dysregulation in response to ERS 

modulation (Shah et al., 2017). Notably, it has been proposed that DHA protected SH-

SY5Y cell from thapsigargin induced ERS that resulted in decrease of mitochondrial 

membrane potential representing an early hallmark of apoptosis (Eckert et al., 2011). 

Activated IRE1α measurement aimed to assess the ERS implication in JNK 

activation in our AD experimental model and its plausible inhibition after ω-3 fatty 

acids treatment. According to a recent study, SAMP8 strain presents elevation in ERS 
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markers in comparison with SAMR1 mice, assessed as higher IRE1α phosphorylation 

(Zhang et al., 2017). However, in the present study, DHA treatment did not reverse the 

increase in pIRE1α levels, suggesting that DHA is a direct JNK inhibitor and it is not able 

to act in an upstream level in the JNK pathway (Figure 26). According with these 

results, Torres et al. did not find significant changes in pIRE1α levels in SH-SY5Y cells 

after DHA derivate metabolite treatment (Torres et al., 2015). 

Upon its activation, JNK may act at the cytosolic level, since it is its subcellular 

location, but it may also perform a translocation to the nucleus in order to carry out its 

kinase activity in this cell compartment (Zeke et al., 2016). c-Jun has been described as 

the first and main substrate of JNK (Dérijard et al., 1994). c-Jun is a transcription factor 

that is phosphorylated by JNK activity. Previous studies have shown that cell stress 

produces an increase in p-c-Jun and that JNK inhibitors succeed in decreasing c-Jun 

phosphorylation induced by cellular stress (Barros-Miñones et al., 2013; Reddy et al., 

2013). JNK also acts on other transcription factors such as ATF2, FOXO3, FOXO4 or 

Stat3, among others (Zeke et al., 2016). In this way, JNK can regulate the transcription 

of many target genes involved in differentiation, growth or apoptosis, altering the 

balance between survival and neuronal death. Indeed, c-Jun activation promotes 

neuronal apoptosis and DHA was able to reverse the increased p-c-Jun levels in SAMP8 

mice suggesting the mechanism of action through which DHA can exert its beneficial 

effects on cognition. 

At cytosolic level, it has been observed that pJNK leads to hyperphosphorylation of 

Tau and results in neurofibrillary tangles maturation, a characteristic event in AD. It 

has been proposed that the onset of amyloidosis induces Tau hyperphosphorylation, 

thereby suggesting that pathological changes consequent to amyloid deposition such 

as neuroinflammation or oxidative stress may be potential events involved in 

abnormal Tau processing, where JNK activation might play a key role (Zhang et al. 

2016; Ma et al. 2009). 

Tau can be phosphorylated at multiple sites by several kinases, but in particular, 

JNK is known to phosphorylate Tau at Ser202/Thr205 and Ser422 and these two sites 

are strictly associated with AD pathogenesis. Phosphorylation at Ser202/Thr205 

residues of Tau, recognized by AT8 antibody, displays at early stage of the disease, 
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while phosphorylation at Ser422 is related with tangle formation at the end-stage of 

neurodegeneration (Ploia et al. 2011; Ma et al. 2009). Some authors also related 

Ser396/Ser404 Tau phosphorylation, recognized by PHF-1 antibody, with JNK 

activation in AD or other tautopathies (Bellucci et al., 2007; Tatebayashi et al., 2006).  

Regarding our AD mouse model, it is widely accepted that the brains of the SAMP8 

strains presents hyperphosphorylation of Tau protein (Morley et al., 2012). Specifically, 

these animals are characterized by an increase in Tau phosphorylation at 

Ser202/Thr205 (AT8 epitope). In this line it has been described a reduction of pJNK-

induced Tau phosphorylation (AT8) by D-JNKi-1 treatment, a well-standardized JNK 

inhibitor (Orejana et al., 2013). Following this evidences, in the present study, AT8 

antibody was chosen for the assessment of Tau aberrant phosphorylation, as it has 

been demonstrated to be the most appropriated antibody for the measurement of p-

JNK-induced Tau phosphorylation (Ploia et al., 2011). Unexpectedly, although our data 

reveals that SAMP8 mice presented increased levels of AT8 in concordance with 

previous studies, DHA induced JNK inhibition did not restore this effect.  

It could be proposed that other Tau phosphorylation (Ser422 or PHF-1) could be 

restored after DHA induced JNK inhibition in SAMP8 mice. Indeed, Ploia et al. did not 

observe alteration of Ser422 Tau phosphorylation in TgCRND8 after D-JNKi-1 

administration, but Ser422 Tau phosphorylation was reduced by the same treatment 

in AD human fibroblasts (Ploia et al., 2011). In addition, the JNK inhibitor SP600125 

significantly inhibits Tau phosphorylation at PHF-1 site in SH-SY5Y cells (Tatebayashi et 

al., 2006). Interestingly, it has been described that after pretreatment of hippocampal 

cultured neurons with DHA during 48h, the Aβ-induced Ser422 Tau phosphorylation 

was suppressed trough JNK inhibition. DHA showed a trend for suppression of Ser422 

Tau phosphorylation and Ser616 IRS-1 phosphorylation in JNK-dependent pathway 

when it is oral administrated during 4 months to HFD-fed 3xTg-AD mice (Ma et al. 

2009). Therefore, further experiments are required to study the implication of JNK 

inhibition in Tau hyperphosphorylation in AD. 
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Concluding remarks 

 

In summary (Figure 26), based on our results, a clear relationship between Aβ and 

pJNK is hereby reported highlighting the direct role of JNK within AD pathogenesis. 

Even though the etiology of AD remains elusive, the nosogenic basis of AD seems to be 

related to neuron apoptosis and loss of synaptic terminals that results in 

neuroinflammation and neurodegeneration (Yarza et al., 2016).  

The JNK cascade could be understood as an axis in the molecular development of 

AD and other neurodegenerative pathologies. Its implication at different stages of the 

disease makes clear its importance within neuronal dysregulation, metabolic 

disruption as well as in development of its neuropathological hallmarks. 

It has been suggested that elevated levels of oxidative stress can activate different 

apoptotic pathways mediated by JNK activation (Marques et al., 2003; Sahara et al., 

2008). Our study showed a significant increase in levels of pJNK and Aβ specific for AD, 

which is not observed in all other dementias, with a positive correlation between these 

levels. In addition, an age- and genotype-dependent increase in pJNK and Aβ levels is 

observed in AD transgenic mouse models. Moreover, the positive strong correlation 

between both pathological processes is supported by the co-localization of pJNK and 

Aβ in both human and mice brains. Finally, the increase of activated JNK in WT mice 

after ICV Aβ administration further supports the close relation between them. 

Considering all the above mentioned results, the increase of pJNK levels could be a 

direct consequence of Aβ increase in AD. Moreover, the specificity of increasing levels 

of pJNK in AD allows us to propose it as a possible CSF biomarker for the detection of 

the disease.  

Several studies and clinical investigations have suggested beneficial effects of ω-3 

PUFAs on neurodegenerative diseases, such as AD. The beneficial effects of DHA have 

been demonstrated in AD experimental models, but the therapeutic effect in clinical 

trials is controversial (Casali et al., 2015; Hjorth et al., 2013; Teng et al., 2015). In the 

present work, it has been proposed that the therapeutic actions of DHA could be 

related to JNK inhibition. As described in Figure 26, thanks to lipid nature of DHA, it is 

able to cross BBB and to disseminate into the neuron. At cytosolic level, DHA exerts its 
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action directly inhibiting JNK phosphorylation and, as consequence, decreasing p-c-Jun 

levels which promotes survival in neurons. 

 

 

 
Figure 26. Schematic proposed DHA mechanism of action. DHA acts inhibiting JNK 
phosphorylation and, in consequence, decreasing c-Jun activation at nuclear level.  
 

Altogether, the present results remark the specific implication of JNK in AD-related 

pathology and, thus, reinforce the idea that JNK could represent a promising 

therapeutic target in AD. Moreover, DHA administration showed cognitive 

improvement in AD mice model by JNK inhibition, pointing DHA as a novel therapeutic 

approach. Nevertheless, further investigation is needed in order to elucidate the 

mechanism of action of DHA and to determine the real extension of the rationale 

behind proposing JNK-related drugs as specific treatments of AD. 

Nowadays, different pharmacological agents are available for experimental and 

preclinical use assessing the possible role of JNK as a plausible therapeutic target in 

AD. Significant progress in the design of selective JNK inhibitors versus other kinases 
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has been achieved within the past years. However, directed inhibition of JNK isoforms 

in specific tissues is still an open task.  

The fact that JNK3 is specifically expressed in the CNS and its activation by stress-

stimuli renders is an attractive and potential target for treating AD. It is possible to 

speculate that JNK3 specific inhibition will reduce the possible side-effects of a 

systemic JNK inhibition. Although there is no consensus in the literature if there is a 

need for whether isoform selectivity is needed for the treatment of AD, the answer to 

this question can only be obtained when such compounds are available. 
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From the results obtained in the present Doctoral Thesis it can be concluded that: 

 

1. Age- and genotype-increased activated JNK (pJNK) levels were observed in 

experimental mouse models of AD: Tg2576, a transgenic amyloidogenic model and 

SAMP8, a sporadic AD based on accelerated senescence. This increase parallels the 

enhanced Aβ levels. 

2. Specific increase of pJNK levels in AD postmortem and not in other dementias was 

found. 

3. Significantly increased pJNK levels were observed in CSF of AD patients compared 

with subject cognitive impairment (controls) and stable mild cognitive impairment 

groups. 

4. Aβ levels were increased in human frontal cortex samples of AD patients, and 

these Aβ levels positively correlated to pJNK levels. 

5. Aβ and pJNK co-localize in frontal cortex of Alzheimer’s disease brains. Aβ and pJNK 

also co-localize in frontal cortex of Tg2576 mice. In both cases the same 

immunolabelling pattern was observed which shown activated JNK around the 

senile plaque. 

6. Intracerebroventricular administration of β-amyloid increased JNK expression in 

wild-type mice. 

7. SAMP8 mice showed cognitive deficits in NORT and MWM test that were only 

reversed by docosahexaenoic acid (DHA), and not other ω-3 polyunsaturated fatty 

acids, treatment. 

8. Increased pJNK levels in SAMP8 mice were only reversed by DHA treatment. 

 

As general conclusion, pJNK expression is selectively increased in AD and not in 

other dementias, probably as a consequence of increased levels of Aβ in this type of 

dementia. JNK could be considered as a new AD biomarker and pharmacological 

inhibition of JNK with DHA, an ω-3 fatty acid derivative, could be a new therapeutic 

approach for the treatment of AD. 
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