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Mariko TAGA
A number of environmental and genetic risk factors have been identified for Alzheimer’s
disease (AD) in addition to the well-known factors of ageing and APOE gene polymorphism.
These include mainly lipid metabolism (e.g. diabetes) and inflammation. Recent evidence in
models of the metabolic disorders obesity and type 2 diabetes suggest the involvement of a
metabolic inflammasome (“metaflammasome”) in mediating chronic inflammation. The
central component of the metaflammasome is the double-stranded RNA-dependent protein
kinase (PKR), which also accumulates in AD brains. Other components of the
metaflammasome include the proteins JNK, IKKβ and IRS1. Chronic neuroinflammation is a
key feature of AD. Therefore my hypothesis is that metabolic risk factors for AD activate a
cerebral metaflammasome which, in turn, results in inflammation. To test my hypothesis, I
investigated the expression of cerebral metaflammasome components in animals and humans.
The effect of the absence of PKR on other metaflammasome components was studied using
PKR-/- mice.
In an acute model of systemic inflammation, using western blots and
immunohistochemistry (IHC) methods, my	
  study showed the absence of the expression of a
cerebral metaflammasome in Wild-Type (WT) (n=8) and PKR-/- mice (n=3) at day 1. Similar
results were obtained at day 3 (n=3 for both strains) by IHC. However, the results of our
chronic high fat diet model (HFD), to reproduce obesity, showed in the WT obese mice (n=14),
which developed type 2 diabetes and dyslipidaemia, increased expression of cerebral
metaflammasome proteins compared to WT control mice (n=12). Interestingly, no significant
difference in the expression of the metaflammasome was observed in PKR-/- HFD mice (n=5)
compared to controls (n=4), supporting a key role for PKR in the metaflammasome.
Furthermore, no development of type 2 diabetes and dyslipidaemia was found in PKR-/- HFD
mice unlike in WT HFD mice. The inhibition of PKR and metaflammasome components
could protect against metabolic disorders, which are known risk factors for AD.
In the human study, analysis obtained by IHC on brain tissue from 298 participants in the
Cognitive Function and Ageing Studies (CFAS) showed that high levels of PKR, JNK and
IRS1 were significantly associated with poor cognitive function while a high level of IKKβ
was associated with good cognitive function (p<0.05). Among participants without dementia,
an increase in metaflammasome proteins was related to a lower neuropathological burden such
as plaques and tangles. In contrast, among those with AD, higher levels of metaflammasome
proteins were mainly associated with more severe AD pathology (p<0.05). Metaflammasome
proteins were positively related to hypertension in non-demented participants, but negatively
in those with AD (p<0.05). Regarding diabetes, metaflammasome proteins were negatively
associated in both groups, except for JNK (p<0.05). Interestingly, in the presence of dementia,
a novel relationship was observed between JNK and IKKβ. APOE genotype did not affect
metaflammasome proteins.
In these studies, we have demonstrated for the first time the presence of a cerebral
metaflammasome in the context of metabolic disorders in animals and humans. The animal
data suggest an association of the cerebral metaflammasome with metabolic disorders and
support the central function of PKR in the expression of metaflammasome components. The
human data show an association between the metaflammasome and metabolic disorders,
cognitive function and AD pathology, and highlight the modification of relationship between
JNK and IKKβ during dementia.
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Chapter 1

Introduction
I.1. Alzheimer’s disease
I.1.1. Epidemiology
Nearly 35.6 million people live with dementia worldwide with 7.7 million new cases
every year. With the increase of life expectancy and the ageing population, by 2050 this is
likely to rise by more than 70%. In developed countries, 1 in 14 persons over 65 years of
age and 1 on 6 persons over 80 years suffer from a form of dementia [1].
Dementia is defined as a non-specific clinical syndrome characterized by progressive
cognitive impairment with resulting changes in behaviour that interfere with the ability to
function independently in everyday life. In 1992, the World Health Organisation (WHO)
defined dementia as follows: “Dementia is a syndrome due to disease of the brain, usually
of a chronic progressive nature, in which there is disturbance of multiple higher cortical
functions, including memory, thinking, orientation, comprehension, calculation, learning
capacity, language, and judgement”. There are many different types of dementia such as
Alzheimer’s disease (AD), vascular dementia or dementia with Lewy bodies. Most of
them occur in people over 65 years old, but they can be detected before the age of 65, in
which case they are called “early-onset dementia”.
AD is the most common form of dementia representing 50% - 75% of all cases of
dementia [2] and affecting 25 million people in the world [3]. AD is characterized by a
progressive degeneration of the central nervous system (CNS) leading to a slow decline
of cognitive functions, as described above. The disease was identified in 1906 by Alois
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Alzheimer, a German neuropathologist and clinician, after the clinicopathological study
of 51-year-old women named Auguste D.
Unfortunately, despite the fact that its discovery was made more than a century ago, no
curative treatment for AD exists.
Several therapies for AD are now under investigation and have been tested in clinical
trials but most of them were not successful.

I.1.2. Clinical features of AD
AD is a neurodegenerative disease characterized by a cognitive decline associated
with a loss of neurons in the cortex and hippocampus. The clinical symptoms are
characterized by memory problems (amnesia), language disorders (aphasia), a lack of
capacity of recognition (agnosia) and by an inability to program motor tasks and to
organise complex sequences of movements in space (apraxia) [4]. The development of
AD is slow and progressive with a presymptomatic course over several years to decades
[5]. Furthermore, the term mild cognitive impairment (MCI) was developed to categorize
patients with cognitive impairment not sufficient to characterize as AD dementia (Figure
1.1).
In 1982, Dr Reisberg developed The Global Deterioration Scale (GDS) to give an
overview of the stages of cognitive function for the patient with AD [6]. The GDS is broken
down into 7 different stages:
Pre-dementia stages (stages 1-3)
• Stage 1: No cognitive decline. No memory deficit evident in clinical interview.
• Stage 2: Age associated memory impairment. Complaint of memory deficit but no
objective evidence of memory deficit on clinical interview.
• Stage 3: Mild cognitive impairment. Complaint of memory deficit and objective
evidence of memory deficit on clinical interview. A decrease of performance in
demanding employment and social settings is observed.
Dementia stages (stages 4-7)
• Stage 4: Mild dementia. Deficit in knowledge of recent events and in personal history.
Concentration deficit and inability to perform complex tasks are also observed.
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• Stage 5: Moderate dementia. Patients need assistant for daily life. Patients are unable to
recall a major relevant aspect of their current lives during interview and disorientation in
time and place are reported.
• Stage 6: Moderately severe dementia. Patients are entirely dependent for survival.
Personality and emotional changes occur in this stage. Delusional behaviour, anxiety
obsessive symptoms are also observed.
• Stage 7: Severe dementia. Most of the verbal abilities are lost. Furthermore basic
psychomotor skills such as ability to walk are lost with the progression of this stage.
There is evidence that the first symptom detected in AD is subjective cognitive decline
and detection of early disease is crucial for targeted AD prevention.
Symptoms of AD such as memory impairment could be detected by clinical tests
allowing the diagnosis the disease. The clinical criteria for AD have been recently
updated [7]. Today, clinical tests used include the mini-mental state exam (MMSE) and
the relative impact of impairments of daily activities. The MMSE test is the most
commonly used and evaluates the memory impairment. The test includes 30 questions to
assess cognitive function, attention, orientation in time and place and language. A score
between 27 and 30 points is considered normal or non-demented. A score between 20 and
26 is considered to be mild AD and 10 to 20 to be moderate AD. A score under 10 is
severe dementia.

Figure 1.1: Cognitive decline in Alzheimer’s disease (AD) [8], illustrating the clinical
trajectory of AD. The stage of preclinical AD appears first followed by mild cognitive
impairment (MCI) leading to dementia.
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I.1.3. Neuropathological features of AD
The major neuropathological features defining AD include extracellular amyloid
plaques containing insoluble Aβ (amyloid peptide) in the brain parenchyma and the
presence of neurofibrillary tangles (NFTs) formed by the hyperphosphorylation of a
microtubule-associated protein tau [9], both identified on histological examination of
brains of AD patients (Figure 1.2). Activation of microglia and astrocytes and synaptic
and neuronal loss [10,11] are also hallmarks of AD pathology.	
  	
  

	
  

Figure 1.2: Neuropathology of Alzheimer disease (AD) (adapted from [12]). The figure
illustrates the presence of Aβ within the neurones (pink stars) and as extracellular fibrils
forming a plaque surrounded by glial cells (green cells). The pathology is also
characterised by the presence of intracellular neurofibrillary tangles (blue).
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I.1.3.1. Amyloid plaques
Amyloid plaques, an essential component of AD pathophysiology, are extracellular βamyloid deposits observed in AD brain but also in normal ageing.

I.1.3.1.a. Formation of amyloid plaques
The amyloid cascade hypothesis was described by John Hardy in 1991 [13] and
suggests that abnormal metabolism leads to aggregation of Aβ, specifically Aβ40-42, the
main components of amyloid plaques. Aβ is generated from amyloid precursor protein
(APP), a transmembrane protein encoded by a gene of 19 exons, through cleavage by
enzyme complexes β- and γ secretases. Two distinct antagonist cleavage pathways are
described: the non-amyloidogenic pathway and the amyloidogenic pathway (Figure 1.3).
In the normal state or non-amyloidogenic pathway, APP is initially cleaved by αsecretase to release sAPPα (secreted amyloid precursor protein α) composed of 612
amino acid that is further cleaved into a short P3 peptide by γ-secretase. sAPPα is a
soluble N-terminal ectodomain involved in the growth regulation of fibroblasts [14], of
thyroid epithelial cells [15] and in neurite outgrowth in vitro [16]. Furthermore, sAPPα
increases synaptic density and memory retention [17] and has a neuroprotective effect
against glutamate neurotoxicity. It was also shown in normal and amnestic mice that
sAPPα has potent-memory enhancing effects [18] suggesting that sAPPα is strongly
involved in cognitive performance.
In the amyloidogenic pathway, APP is cleaved by β-secretase (BACE1) to generate
sAPPβ (secreted amyloid precursor protein β), also involved in neurite outgrowth in vitro
[16] and in neuroprotection. sAPPβ is further cleaved by γ secretase to release Aβ, the
main component of amyloid plaques playing a central role in AD, and AICD (APP
intracellular domain). Aβ is a normal product of APP processing and is present in the
plasma and the cerebrospinal fluid of AD patients and normal individuals [19,20]. So, the
conversion of soluble Aβ into insoluble fibrils could be critical for the onset of the
disease. Aβ is thought to cause oxidative stress generating a neurotoxic consequence in
the brain [21] and accumulation of Aβ can form cation-selective ion channels in the
plasma membrane leading to an increase of cytosolic Ca2+ concentrations and cell death
[22]. Disturbances in Ca2+ signalling have been found in both sporadic and familial cases
of AD.
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Figure 1.3: Non-amyloidogenic and amyloidogenic pathways. In the non-amyloidogenic
pathway, the cleavage of amyloid precurcor protein (APP) by α-secretase generates
sAPPα, and C-terminal fragment (CTF) - α, leading to the production of the P3 fragment
and amyloid precursor protein intracellular domain (AICD). In the amyloidogenic
pathway, the cleavage of APP by β-secretase leads to the generation of sAPPβ, leading to
the generation of Aβ.
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I.1.3.1.b. Mechanisms of clearance of Aβ
The balance between production and clearance of Aβ is crucial to maintain a steady
level of Aβ and thus the deposition of Aβ might be related to an imbalance between its
production and clearance. Impairment of Aβ clearance has been proposed as a possible
pathogenic mechanism [23]. However, several mechanisms including receptors and
enzymes are involved in the clearance of Aβ from the brain.
Receptor-mediated Aβ transport across the blood-brain barrier
• LRP (Lipoprotein receptor-related protein): the interaction between Aβ and LRP leads
to the transport of Aβ from brain into the blood by endocytosis and transcytosis. In AD,
expression of LRP at the blood-brain barrier is reduced and is negatively regulated by Aβ
levels [24].
• Glycoprotein: it is involved in the transport of Aβ from the brain into the blood. In
cerebral vessels in the AD brain, levels of P-glycoprotein are reduced [25].
• RAGE (Receptor for adcanced glycation end products): RAGE, a cell surface receptor,
mediates the transport of Aβ from blood into brain. Unlike LRP and P-glycoprotein, the
expression level of RAGE is elevated in AD brain.
Enzyme-mediated Aβ degradation
• Neprilysin: Neprilysin is a zinc-dependent metalloprotease enzyme involved in
degradation of Aβ. The activity of neprilysin is decreased in ageing and in the cortex and
hippocampus of AD brain [26].
• IDE (Insulin degrading enzyme): IDE is also an enzyme playing an important function
in Aβ degradation. Its activity is decreased during ageing and in AD especially in the
cortex and hippocampus.
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I.1.3.1.c. Different morphological forms of amyloid plaques
There are a various morphological forms of amyloid plaques including diffuse plaques
and neuritic plaques [27,28]. Diffuse plaques are extracellular Aβ deposits (Figure 1.4),
without a dense central core. The presence of diffuse plaques is not associated with glial
response or synaptic loss.

Figure 1.4: Immunohistochemistry of diffuse Aβ40 observed as plaque and within glial
cells in the cortex of Alzheimer’s disease patients [27].
Neuritic plaques are characterized by a dense amyloid core surround by dystrophic
neurites, astrocytes and activated microglia [28] (Figure 1.5). They also contained paired
helical filament, resulted from the self-assembly of hyperphosphorylated tau protein. The
presence of neuritic plaques is usually associated with neuronal dysfunction and the
cognitive impairment observed in AD patients [29].

N
P

Figure 1.5: Illustration of neuritic plaques (P) and neurofibrillary tangles (N) in the
hippocampus of an Alzheimer’s disease patient [30] by Bielschowsky silver impregnation
method.
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I.1.3.2. Cerebral amyloid angiopathy
Cerebral amyloid angiopathy (CAA) is characterized by the deposition of Aβ in the
meningeal and cortical vessels and are the predominant vascular lesions of AD (Figure
1.6). Development of CAA has been suggested to result from the failure of perivascular
drainage of Aβ along cerebrovascular basement membranes. Ageing is the main risk
factors for the development of CAA, observed also in the absence of age-related
cognitive deficits. However, the presence of CAA could accentuate cognitive impairment
observed in AD patients [31]. Recently, it was reported that only amyloid plaques, and
not neurofibrillary tangles, are correlated with the development of CAA [32].
	
  

Figure 1.6: Immunohistochemistry of cerebral amyloid angiopathy (CAA) in
meningeal vessels in temporal lobe (right) and in frontal cortex (left) [32] using the
antibody against Aβ17-24 [32].
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I.1.3.3. Neurofibrillary tangles
AD is also characterized by the presence of neurofibrillary tangles (NFTs) formed by
hyperphosphorylation of a microtubule-associated protein known as tau [9] (Figure 1.7).
Tau protein, particularly abundant in the axons of neurons plays an important role in
neurons as it binds and stabilizes microtubules. The tau protein can be phosphorylated in
at least 30 serine/threonine residues and the phosphorylation is reversible. The degree of
phosphorylation is dependent on the activities of protein kinases such as GSK3β
(glycogen synthase kinase-3), CDK5 (cyclin-dependent kinase 5), JNK/SAPK (Jun Nterminal kinases/stress-activated protein kinases), PKC (protein kinase), PKA (cyclin
AMP-dependent protein kinase), and phosphatases such as PP-1, PP-2 and PP-5.
In pathological conditions, tau proteins are abnormally hyperphosphorylated
promoting self-assembly into PHFs [33]. The hyperphopshorylation of tau contributes to
its dysfunction in binding to microtubules leading to microtubule destabilization and
oligomerization of tau protein within the cell. The loss of tau microtubule-stabilizing
function leads to a pathological disturbance of the cytoskeleton and contributes to the
synaptic dysfunction and neurodegeneration [34]. This abnormal hyperphosphorylation of
tau could be the result of upregulation of tau kinases or downregulation of tau
phosphatases [35].
There is an association of the concentration of total and phosphorylated tau in the CSF
with the future development of AD in patients with MCI (Mild cognitive impairment)
[36].

Figure 1.7: Illustration of neurofibrillary tangles in human brain using pTau AT8
antibody Scale Bar = 20µm.
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I.1.3.4. Biomarkers
The development of biomarkers for AD is essential for the diagnosis, monitoring the
disease progression and the effect of therapeutic intervention (Figure 1.8).
Body fluids such as the CSF (cerebrospinal fluid) and plasma are important substrates
for AD biomarker development The CSF is considered as a good source of a potential
biomarker because of its direct contact with the brain. The direct contact of CSF with the
brain provides information about biochemical changes that occur inside the brain.
Thereby, CSF biomarkers are considered to be correlated directly with AD and to have a
high sensitivity and specificity to the disease. Actually, three CSF biomarkers are
considered to offer a potentially specific diagnosis for early AD: Aβ42, total-tau (t-tau)
and phosphorylated-tau (p-tau). However, the collection of CSF is by lumbar puncture
which is invasive and a problem of reproducibility of diagnosis is evoked due to the
sample storage and transportation. The blood plasma is also an interesting source for the
development of AD biomarkers because of the easy access to the samples. However,
plasma biomarkers seem to be less sensitive and less specific for AD [37].
In last few years, neuroimaging techniques including CT (Computerized Tomography),
MRI (Magnetic Resonance Imaging) and PET (Positron Emission Tomography) were
developed to assess the regional structure and function of brains. Symmetrical cerebral
atrophy, one of the consequence of neuronal loss observed in AD patients, can be
observed, in vivo, by using CT and MRI techniques, in early stage of the disease. MRI
can provide structural details of the brain and help to distinguish AD brain from normal
brain [38]. The biochemical details of the brain can be provided by PET, allowing
detection of the biochemical profile of brain dysfunction using amyloid and tau imaging
agents [39]. However, the expensive cost, especially for PET, limits the use of these
techniques.
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Figure 1.8: Representation of dynamic biomarkers of the Alzheimer’s disease
pathological cascade. The earliest neuropathological modifications occur with the
accumulation

of

Aβ,

followed

by

neuronal

injury

and

dysfunction,

then

neurodegeneration, and finally cognitive and clinical decline [40].

I.1.3.5. Inflammation
Several studies reported impairments of the immune system in AD characterized by
the presence of proteins from the complement system in the brain, elevated production of
cytokines and activation of microglia [41]. A relationship between microglia and Aβ was
suggested by Wisniewski and his colleagues when they discovered that 80% of a
morphologic structure called the amyloid star was covered by microglia [42] which led to
the hypothesis that microglia might be involved in the formation of amyloid [43].
Amyloid peptides are strong activators of microglia and knockdown of the APP gene
leads to a decrease of microglial activation [44]. Activated microglia and reactive
astrocytes initiate an inflammatory response leading to an activation of the complement
cascade and to an acute local cytokine response [45].
It has been reported that IL-1 (Interleukin-1), an immune response-generated cytokine
is overexpressed in the brain of AD patients compared with age-matched control subjects
[46] and an association of an IL-1 alpha polymorphism with AD has been described [47].
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Furthermore, significantly higher concentrations of the proinflammatory cytokines IL-6,
TNF (tumour necrosis factor), IL-1, IL-12 and IL-18 have been also observed in the
blood of AD patients [48].
In addition, it was suggested that long-term use of non-steroidal anti-inflammatory
drugs could protect against the development of AD [49] but the ratios of risk to benefit
are still unclear.

I.1.3.6. Neuronal loss and synaptic damage
Neuronal loss and synaptic damage are known to be involved in AD pathogenesis and
play a critical function in cognitive decline and memory impairment observed in AD
patients [50].
Synaptic damage is prominent in AD brains. The synaptic damage, with a reduction of
synaptic markers such as synaptophysin is reported in the brain of transgenic mice,
associated with long term memory impairment [51].	
  In human study, it was observed that
the concentration of pre-synaptic proteins such as synaptophysin and syntaxin were twothirds lower in AD brain compared to control [52].
The mechanism to explain the link between accumulation of Aβ and/or neurofibrillary
tangles with neuronal loss is still unknown. Apoptosis is regulated by activation of the
caspase cascade and evidence for activation of caspase proteins in AD brains was
reported [53]. Furthermore, expression of caspase mRNA seems to be associated with
neuritic plaque density and neurofibrillary tangles [53].
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I.1.4. Hypotheses of the origin of AD
I.1.4.1. Amyloid cascade hypothesis
The amyloid cascade hypothesis formulated by John Hardy in 1991 implies that the
aggregation of Aβ40-42, is upstream to tau pathology [54] (Figure 1.9). The hypothesis
suggests that accumulation and deposition of Aβ are the initial event in the complex
signalling pathway leading to neuronal loss and dementia. This hypothesis was based on
following observations: (i) Aβ is the major component of the amyloid plaques [13] (ii) the
deposition of Aβ occurs before the formation of neurofibrillary tangles and neuronal loss,
and (iii) Aβ can induce neuronal death [55].
The hypothesis states that: the accumulation of Aβ leads to the extracellular formation
of the amyloid plaques. This event results in the alteration of various kinases such as
GSK3β and PKA, inducing the hyperphosphorylation of tau and cell death.
The amyloid cascade hypothesis is supported by several pieces of evidence:
• Evidence from genetic studies: All genetic cases have mutations of the genes
responsible either for over-production of APP or alternative processing of APP (Presinilin
genes).
• Study of mutations in the tau gene showed that tau pathology is downstream of amyloid
β pathology [56]. Tau pathology alone seems to be sufficient to cause progressive
neurodegeneration [56].
• Aβ is neurotoxic to cells inducing cell death [57] and induces activation of an apoptosis
pathway through inhibition of Wnt [58].
• Aβ induces proinflammatory gene expression and production of reactive oxygen species
[59].
However, due to a lack of success of anti-Aβ directed clinical trials in AD patients,
criticisms were generated for this hypothesis.
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Figure 1.9: Amyloid hypothesis (adapted from [12]). Accumulation of Aβ leads to the
extracellular formation of amyloid plaques and the production of oxidative stress. The
oxidative stress could induce a dysregulation of kinase activity leading to the
hyperphosphorylation of tau and to neuronal death.
AICD:

Amyloid precursor protein intracellular domain

I.1.4.2. Tau hypothesis
As described previously, tau protein is also an essential pathological feature of the AD
brain. Indirect evidence using cellular models suggests that tau protein could play a key
role as a mediator of neurotoxicity of Aβ to induce neurodegeneration in the central
nervous system [60]. Moreover, several in vitro studies reported that GSK3β and CDK5,
known to be activators of tau phosphorylation, are activated in response to fibrillar Aβ
deposition [61,62]. The number of NFTs showed also a positive correlation and strong
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association with dementia progression [63]. Furthermore, in support of these findings, it
was reported that the formation of NFTs is particularly observed in the brain areas critical
for memory [64].
However, tau accumulation seems not to cause amyloid deposition, and formation of
NFT in AD seems to result from interaction between tau protein and Aβ [65]. It was also
demonstrated, in transgenic mice expressing human tau (P301L), that Aβ could accelerate
NFT formation [66].	
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I.2. Risk factors for AD
The most important risk factor for AD is ageing. In addition, genetics studies have
identified polymorphism of the apolipoprotein E gene (APOE) [67] and genes associated
with lipid metabolism and innate immunity as risk factors for AD. Environmental risk
factors have also been recognised by epidemiologic studies and include metabolic disorders
such as obesity [68], hyperlipidaemia [68], diabetes [69,70], and hypertension [69]. Aβ
accumulation [13], innate immunity [71,72] and lower education [73] were also reported as
risk factors for AD. Furthermore, the relation between metabolic disorders (e.g. diabetes)
and AD suggests a link between systemic disease and cognitive decline, and studies have
found an association between increased systemic inflammation and increased risk of
developing AD [74,75].

I.2.1. Ageing
Avancing age is the strongest risk factor for AD development. The prevalence is 4
times higher after 85 years of age compared to 65-69 years old with the prevalence of AD
rising exponentially with age [76]. The exact mechanism of involvement of ageing in the
development of dementia is not completely understood and increased understanding of
the normal ageing process is needed.
Cognitive decline is typically observed in normal ageing due to structural and
neurophyiological changes. In 2001, a disconnection hypothesis was described by
O’Sullivan suggesting that cognitive decline in normal ageing could result from changes
in functional connection between brain areas, due to white latter loss or disruption of
myelinated fibres that connect neurons in different cortical regions [77]. Furthermore,
during normal ageing, neuronal loss is minimal in most cortical regions and changes in
the physiology of synapses could have a consequence on their connectivity [78]. The
decrease of synapse density observed in aged human frontal cortex is correlated with the
reduction of prefrontal cortex activity during performance of executive tasks [78]. One of
the differences with pathological processes associated with neurodegenerative disorders
such as AD is that, in the context of cognitive decline, the neuronal loss starts in the CA1
field of the hippocampus leading to a volume loss in the medial temporal lobe [79],
observed in neuropathological studies.
During brain ageing, expression of genes is changed: some genes expression are
upregulated and some are dowregulated. Particularly, expression of genes involved in
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mitochondrial energy metabolism is reduced in the ageing brain and this reduction is
more pronounced in AD patients. Furthermore, other molecular events associated with
ageing may be involved in the development of AD such as accumulation of unrepairable
DNA double-stranded breaks [80] induced by oxidative stress, and hormonal stress [81].
Gene expression in the ageing brain between mouse, rhesus macaque and human was
compared and showed a large divergence between three species [82]. For example, the
genes participating in neuronal function are upregulated with age in the cortex of the
mouse but down-regulated in the human. However, gene expression involved in
mitochondrial function is down-regulated with age in three species. Overall, with ageing,
expression of genes is predominantly down-regulated in the cortex of humans and rhesus
macaques but upregulated in mice. However, similar gene repression was not observed in
other non-neuronal human tissues such as in mononuclear cells in peripheral blood [79].
According to these observations, the mechanisms of the ageing process could be different
between species and also between organs and tissues (Figure 1.10).

	
 

Figure 1.10: Changes in gene regulation in the brain and peripheral organs during
ageing. Genes that change with ageing in the human and rhesus macaque cortex are
predominantly down-regulated (pink). For mouse cortex they are predominantly upregulated (green) [79].
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I.2.2. Genetics
I.2.2.1. APOE
ApoE, is a protein involved in transport of cholesterol and other lipids and is produced
mainly by the astrocytes in CNS. Genetic studies have led to the identification of three
alleles of APOE, designated ε2, ε3 and ε4, and to the association of ε4 with AD
[15,83,84]. Cognitive and memory disturbances occur earlier in APOE ε4+ individuals
and the association between APOE genotype and AD reported as odds ratios (OR) shows
that the presence of ε4 was associated with an increase of the AD pathology [85] with an
OR of 3.6 for 1 ε4 allele and of 14.5 for 2 ε4 alleles and 14.5 for APOE 4/4 [86]. This has
been suggested to be related to a disturbance of the cholesterol transport [87].
Conversely, APOE ε2 seems to be associated with milder AD pathology and less
severe cognitive impairment, leading to suggest that APOE ε2 has a relative
neuroprotective effect in AD [88]. 	
  
In addition, immunostaining studies have shown that ApoE is bound to extracellular
senile plaques [14] and intracellular neurofibrillary tangles [89] in the cerebral cortex of
AD patients. Despite a number of studies, the pathophysiological mechanism by which
APOE genotype influences the development of AD remains unclear although it is known
that APOE ε4 influence the aggregation of Aβ [90] or/and the microglial activation [91]
[92-94].

I.2.2.2. GWAS studies
In recent GWAS studies (Genome Wide-Association Studies), novel genes involved in
cholesterol/lipid metabolism and innate immunity have been identified with a less strong
association than with APOE ε4 [95-97].
CLU (also known as ApoJ), HLA-DR, TREM2, CR1, BIN1, and others genes which are
all related to either lipid metabolism or innate immunity [71,72]. Only genes associated
with cholesterol metabolism and innate immunity are described below.
CLU (Clusterin) is a gene that encodes for clusterin (CLU) or apolipoprotein J on
chromosome 8. Clusterin protein is associated with the clearance of cellular debris and
apoptosis, and thus CLU levels are elevated in a number of pathological conditions
involving injury and chronic inflammation of the brain [98]. In AD, CLU expression is
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up-regulated in affected cortical areas [99] and an experimental study has demonstrated
its involvement in the metabolism of Aβ in association with ApoE. [100]. Therefore,
CLU could play an important function in the clearance of amyloid plaques with a
protective function in AD.
HLA-DR (Human Leucocyte Antigens-D Related) is a class II cell surface
glycoprotein of the human histocompatibility complex, playing a role in the presentation
of peptide antigens to T-lymphocytes. Recently, a significant association was identified in
the HLADRB5-DRB1 region with AD [101].
TREM2 (Triggering Receptor Expressed on Myeloid cells 2) is expressed by
macrophage, dendritic cells and microglia [102]. TREM2 protein is known to be a
suppressor of inflammatory responses by repression of microglia-mediated cytokine
production and secretion [103]. A genetic study showed that the R47H variant of TREM2
was strongly associated (p<0.001) with AD [104].
CR1 (Complement Receptor 1) is a gene which encodes for the receptor of the
complement C3b protein [105] and several studies suggest that pathways involving C3b
and CR1 are involved in Aβ clearance [106]. It was shown in a mouse model that
expression

of

a

complement

inhibitor

increased

amyloid

deposition

and

neurodegeneration; whereas increased C3 production was associated with reduce of Aβ
deposition [106]. Complement activation could protect neurons against Aβ-induced
toxicity and promote the clearance of amyloid. These observations emphasize that certain
inflammatory mechanisms such as innate immunity could be beneficial in AD.
BIN1 (Bridging integrator 1) is a member of the Bin1/amphiphysin/RVS167 and is
involved in diverse cellular processes such as endocytosis, actin dynamics and membrane
trafficking [107]. By its function in the regulation of cytoskeleton dynamics Bin1 is also
interacts with Tau. Recently, a study showed the involvement of Bin1 in Tau-mediated
neurotoxicity and the colocalization of Bin1 and Tau [108].
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I.2.3. Metabolic disorders
I.2.3.1. Cholesterol
Cholesterol is a key element for the structure and function of neurons and astrocytes.
In addition, a role for cholesterol in the synthesis, deposition and clearance of Aβ was
also described [109]. All brain cholesterol is locally produced in the CNS and it is known
to be an important structural component of cellular membranes [110]. Moreover, its role
in signal transduction, neurotransmitter release, synaptogenesis and membrane trafficking
was also reported [111].
Because of the involvement of cholesterol in the generation of Aβ, the role of
cholesterol in AD was studied. According to some studies, increased cholesterol could
induce the β-secretase pathway leading to an accumulation of Aβ and to a deposition of
extracellular Aβ [112,113]. Its involvement in modification of Aβ conformation was also
reported, suggesting that cholesterol could promote the formation of amyloid fibrils from
Aβ [114].
APOE ε4 the most important genetic risk factor for AD, is involved in cholesterol
transport. An association between cholesterol levels and APOE ε4 genotype in disease
progression was observed in AD patients [115]. In fact, it was shown that high cholesterol
levels increases ApoE expression and Aβ levels in hypercholesterolaemic rabbits leading
to an exacerbation of Aβ accumulation in the brain [116]. Cholesterol requires the
presence of ApoE to influence Aβ as	
   APOE knockout APP mice fed with a high
cholesterol diet had an unaltered Aβ levels [117].
Epidemiological studies also suggested high cholesterol levels as a risk factor for AD.
A study reported that midlife cholesterol could be associated with an increase of risk of
AD [118]. Furthermore, human studies reported a high low-density cholesterol particles
(LDL) associated with a more rapid cognitive decline in elderly subjects with AD
[119,120].
Recently, to investigate the relationship between serum cholesterol levels and Aβ
deposition in the brain, the measurement of LDL and HDL levels was performed in 74
elderly people. The study showed that a high level of LDL and low level of HDL was
associated with brain amyloid, independently of APOE genotype (Figure 1.11) [121].
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Figure 1.11:	
   Effects of LDL and HDL cholesterol on cerebral Aβ. Cerebral Aβ was
measured with Positron Emission Tomography (PET) using the tracer 11C-labeled
Pittsburgh Compound-B (PIB) [121]. LDL: low density lipoproteins; HDL: high density
lipoproteins

Furthermore, it was reported that the HDL level was lower in AD patients and was
correlated with lower cognitive score observed in AD individuals [120]. The involvement
of HDL in the regulation of Aβ aggregation, degradation and toxicity was also described
in cell models [122,123], suggesting that HDL could modify the risk of developing AD.
An epidemiological study was carried out in order to study the relationship between
APOE ε4 and midlife total cholesterol as risk factors for AD [124]. The result indicated
that the association between APOE ε4 and AD was not altered after adjustment for
midlife total cholesterol level: APOE ε4 genotype and a high midlife total cholesterol
level seem to be independent risk factors for AD [124].
In the last few years, studies [118] in humans have reported that individuals of 50
years and older who were treated with statins for years showed a drastically reduced risk
to develop AD [125,126] due to decreased Aβ42 and Aβ40 levels [127].
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I.2.3.2. Type 2 Diabetes
Type 2 diabetes mellitus, a chronic metabolic syndrome is characterized by peripheral
insulin resistance leading to hyperinsulinemia with disrupted glucose metabolism
(hyperglycemia) and chronic low-grade inflammation [128,129]. In 1994, Hotasmiligil
suggested that inflammation is the key component of the type 2 diabetes [130]. And, in
the last decade the role of inflammation in the development of diabetes was supported by
several studies [131-134]. Furthermore, in last few years, epidemiological studies suggest
type 2 diabetes as an environmental risk factors for AD. [135,136] The rate of cognitive
decline was accelerated in elderly people with type 2 diabetes [137]. In a longitudinal
cohort of more than 800 older persons, the risk of developing Alzheimer’s disease was
reported to be higher in people with diabetes than in non-diabetic people [128] (Figure
1.12).

Figure 1.12: Cumulative hazard of Alzheimer’s disease among persons with type 2
diabetes compared with those without type 2 diabetes [128].
The pathophysiological link between type 2 diabetes and AD is not clear but recent
studies have been interested in insulin as a potential link (Figure 1.13).
Insulin in the brain can be provided either from the periphery as it can cross the BBB
towards the CNS competing with Aβ for IDE (insulin degrading enzyme) [138], or be
produced cerebrally with a beneficial effect in amyloid clearance [139].
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It has been suggested that peripheral hyperinsulinaemia may lead to a decrease of
insulin production in the brain, resulting in an impairment of amyloid clearance [139],
and peripheral insulin resistance could induce not only an increase of Aβ levels but also
an increase of tau phosphorylation, proinflammatory cytokine release and apoptosis in the
brain [140]. Moreover, modulation of insulin levels in humans can affect cognition and
Aβ levels in the CSF [141,142].

Figure 1.13: Glucose intolerance and diabetes could lead to Alzheimer’s disease by
increasing cerebral Aβ deposition [68].

Moreover, the direct effect of insulin on brain activity and cognitive processes was
demonstrated in animal and human studies [143,144]. An animal study showed that a
decrease of insulin signalling leads to cognitive impairment and to a reduction of
hippocampal synaptic transmission [143]. Conversely, injection of insulin into the brain
intracerebroventriculary seems to improve the memory in animals [145]. This finding was
confirmed in humans with an improvement of performance in attention tasks after
intranasal administration of insulin [145].
Overall, these findings support the hypothesis of type 2 diabetes and insulin resistance
as a risk factor for late-onset of AD.
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I.2.3.3. Obesity
An association has been suggested between obesity and the increased incidence of AD
but with conflicting results from the literature [146-148]. Obesity is characterized by
leptin resistance, chronic inflammation and an excessive accumulation of fat while weight
loss is a consistent feature of AD patients [149], which could reflect an early brain
dysfunction [150,151].
Body Mass Index (BMI) is the most commonly used measurement of overweight and
obesity. In a human study, it was reported that BMI and also FM (Fat Mass) were
positively correlated with plasma levels of Aβ42 [152]. These correlations were
independent of the presence of APOE ε4 allele [152] (Figure 1.14).

Figure 1.14: Positive correlation with Body Mass Index (BMI), Fat Mass (FM) and plasma
Aβ42 among healthy individuals [152].
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An epidemiological study has reported obesity as not being a major risk factor for
cognitive decline with the increase of BMI (Body Mass Index) and the incidence of
dementia as independent factors [153]. Elevated BMI in middle-age adult life has been
associated with a reduction of brain volume with no influence on cognitive function [154].
Both studies were transversal and therefore highlight the need for longitudinal studies in
order to determine precisely the effect of mid-life obesity on cognition and on the risk of
developing late-life AD.
In animal experiments using AD mouse model fed with a high fat diet, there was a
correlation between weight and cerebral amyloid pathology, providing strong evidence of
the involvement of diet in amyloid pathology [155,156]. It was suggested that increased
leptin, a hormone playing a role in metabolism and regulation of appetite, was associated
with a reduction in AD incidence [157]. In addition, in vitro observations showed that
leptin reduces Aβ concentration and chronic treatment with leptin led to an improvement
of memory performance in a mouse model [158].
Recently, it was reported that gastric bypass surgery improved the cognitive function
of obese patients. The surgery was associated with a reduction of APP in monocytes and
of inflammatory mediators [148] and with a reduction in the expression of clusterin and
PICALM, both involved in the formation and the deposition of Aβ and recently identified
as risk factors for AD. Overall, these findings support the hypothesis of obesity as a risk
factor for late-onset of AD.

I.2.3.4. Hypertension
In 1996, a 15 year longitudinal study suggested hypertension as a risk factor for
dementia [159]. The study revealed a positive association between high blood pressure
developed at age 70 and the development of dementia [159]. Furthermore, the association
between, a high blood pressure in middle-age (40-64 years old) and dementia was also
reported in participants untreated for high blood pressure [160,161] . Several other studies
showed also a positive association between midlife hypertension and development of
dementia [162-165], however, only few studies supported the association between
hypertension in late-life and dementia [159,166].
Conversely, several studies suggest that in old age, hypotension could be a risk factor
for AD [167-170]. In a study with 599 individuals with a mean age at 83 years, it was
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shown that low blood pressure were associated with high risk of AD, whereas, high
systolic blood pressure was associated with a high MMSE score [167].
Recently, the effect of hypertension on the deposition of Aβ was reported in a mouse
model [171]. Aβ deposition is enhanced in the brains of hypertensive AD mouse model
(AD &HT) compared to non-hypertensive AD mouse model.

I.2.4. Inflammation
I.2.4.1. Inflammation and AD
One of the consistent features of the AD pathology is the presence of inflammation,
characterized by an activation of microglia, the immune cells of the CNS. Microglia are
the resident macrophages of the brain and have a downregulated phenotype in
physiological conditions [172]. They are particularly sensitive to changes to their
microenvironment [173].
During brain injury, microglia become activated leading to the up-regulation of
various surface receptors such as major histocompatibility complex class II (MHC class II)
antigen [174-177], scavenger receptors (e.g. CD68) [178] and the production of
inflammatory components: cytokines, chemokines and complement [179].
Microglial activation is increased during ageing [180-184] but also in aged-related
neurodegenerative diseases such as AD and Parkinson’s disease. The microenvironment
of the normal aged brain is characterized by chronic low-level inflammation, with
increased microglial reactivity of HLA-DR (human homologue for MHC II) in
neurological control brain but this is however lower than in the brains of demented
patients [185]. An association between neurodegenerative pathology and microglial
activation has been suggested. HLA-DR-positive microglia have been detected in postmortem tissue of Alzheimer’s patients [186] associated with amyloid deposition,
suggesting microglial involvement in the formation of Aβ plaques. The study using
human elderly microglia in culture revealed the migration of microglia to aggregated Aβ
spots [187]. In healthy brain, microglia may normally play a role in amyloid phagocytosis
[188] but in the context of AD, activated microglia cluster around amyloid deposits [186]
and seem unable to degrade Aβ [189] [190]. Histological analyses have also revealed the
presence of inflammatory molecules such as complement and cytokines (IL-1β, IL-6,
TNF-α) and immunoglobulins (Ig) G associated with amyloid plaques [94,191,192].
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Microglial involvement in neurofibrillary tangle formation [193,194] has been
suggested with the observation of an association between microglial distribution and the
presence of neurofibrillary tangles in AD [192], which is not detected in control brains
[194].
The potential role of microglia as the cause or one of the triggers of onset of AD has
been re-emphasized by the identification of polymorphism in genes controlling innate
immunity as risk factors for AD by the recent GWAS studies [71,72].

I.2.4.2. Inflammation and lipid metabolism
In the periphery, metabolic diseases are associated with chronic inflammation
characterized by abnormal cytokine production such as tumour necrosis factor (TNF)-α ,
IL-6, or C-reactive protein (CRP) and activation of inflammatory signalling pathways
[75]. Increased TNFα level in adipose tissue of obese mice was inhibited by soluble
TNFα receptor leading to a decrease in insulin resistance [195]. These results highlight
that an overexpression of TNFα might be in part responsible for the insulin resistance
observed in obesity. Moreover, the infiltration of macrophages in adipose tissue was
greater in obese mice than control mice leading to the activation of inflammation such as
TNFα expression [196].
In humans, TNFα was reported to be expressed in adipocytes, increased in obese
subjects and decreased after weight loss [197,198] with an association between BMI and
TNFα level [199]. Other proinflammatory mediators such as IL-6 and CRP appear also to
play a role in overweight and obesity in human [75] consistent with the idea that
metabolic disorders are associated with inflammation.

I.2.5. Education
In 1997, the link between socio-economic status (education level, occupational
prestige, and income) and the risk for developing AD was studied among 642 people aged
65 years old and over. The finding highlighted that a low socioeconomic status was a
potential risk factor for AD [200] (Figure 1.15).
In 2010, the importance of cognitive reserve against cognitive impairment was reemphasized by Dumurgier, et al. [201]. They observed that Aβ concentration in the CSF
of AD patients was inversely associated with the number of years of education. This
suggested that cognitive reserve may be neuroprotective against amyloid deposition and
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related cognitive impairment. The concept of cognitive reserve associated with a reduced
risk of AD was also highlighted by Stern [202].
Recently, it was reported that the MMSE score was increased with the degree of
education, and this was gender-specific [203]. The data showed that the MMSE score in
women was always lower than in age-matched men and this was independent of the level
of education (Figure 1.16).

I.2.6. Genders
A Swedish study, the Kungsholmen Project, showed that the incidence rates of dementia
are greater in females than males. In fact, in the age-group 75 to 79, they observed that the
incidence rates were 19.6 for woman and 12.4 for men per 1,000 person-years. In the agegroup 90 or more, the incidence rates were 86.7 and 15.0 per 1,000 person-years in females
and males respectively [204]. The similar pattern of distribution was also observed for AD.
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Figure 1.15: Mini-mental state examination score at the time of first diagnosis in
Alzheimer’s patients (aged between 60 and 100 years old) according to age and
education level [203].

Figure 1.16: Mini-mental state examination score at the time of first diagnosis in
Alzheimer’s patients (aged between 60 and 100 years old) according to age, education
level

and

gender

[203].
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1.3. Metaflammasomme
I.3.1. The metaflammasome
The concept of the metabolic inflammasome or “metaflammasome” has been recently
introduced by Nakamura et al.,[205] corresponding to the cellular signalling reaction
observed after endoplasmic reticulum (ER) stress, lipid stress (e.g. obesity) or infectious
stress [206,207]. The link between metabolic disease such as obesity or type 2 diabetes
and inflammation has been already described, with metabolic inflammation or
“metaflammation” a crucial element in these metabolic disorders [206,207]. The kinases
JNK (c-jun N-terminal kinase), IKKβ (inhibitor of nuclear factor kappa-B kinase subunit
beta) and PKR (Double-stranded RNA protein kinase) have been identified as major
contributors to the induction of inflammation in metabolic tissues [205,208]. In response
to nutrient or inflammatory signals, JNK and IKK are activated leading to a
phosphorylation of IRS-1 (Insulin Receptor Substrate 1) which inhibits the insulin
receptor signalling cascade. The key molecular component of the metaflammasome is
activation of the kinase PKR triggered by toxic lipids, ER stress and infections which
leads to the phosphorylation of JNK, IKKβ and IRS1 (Figure 1.17).

Figure 1.17: Metaflammasome pathway depicted by Nakamura [205]. PKR (Doublestranded RNA protein kinase) is activated in response to ER stress, lipid stress and
pathogen-related stress, leading to the activation of JNK (c-jun N-terminal kinase), IRS1
(Insulin Receptor Substrate 1), eIF2α (Eukaryotic Initiation Factor 2) and IKKβ
(inhibitor of nuclear factor kappa-B kinase subunit beta). These proteins may represent a
“metaflammasome” complex assembled and regulated by PKR expression.
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I.3.2 PKR
I.3.2.1. Structure and activation of PKR
PKR is a ubiquitous serine/threonine kinase present in humans as 68kDa protein (551
amino acid). The protein is composed of a catalytic domain on the C-terminal and two
double-stranded RNA binding motifs called dsRBM1 and dsRBM2 or Double Stranded
RNA Binding Domain (dsRBD) on the N-terminal [209,210]. The dsRBD is composed of
70 amino acids and regulates the activity of PKR [209]. Binding to the two dsRBDs is
required and sufficient for the dimerization of PKR leading to an autophosphorylation on
Ser446 and Thr451 on catalytic domain [211,212] (Figure 1.18).

Figure 1.18: Dimerization and autophosphorylation of PKR. The inactive form of PKR
(Double-stranded (ds) RNA protein kinase) is monomeric. The presence of dsRNA will
induce the formation of stable dimers between DRBM1 (dsRNA binding motif 1) and
DRBM2 (dsRNA binding motif 2) and a dissociation of the inhibitory interaction between
DRBM1 and the catalytic domain. This inhibition will also induce a dimerization of the
catalytic domain, leading to the autophosphorylation of PKR [174].
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Until 1995, PKR was known to be a cytosolic protein, however, Jeffrey and his
colleagues observed in human and mouse cells that PKR could be present in the
cytoplasm and in the nucleus [213]. Their data showed that approximatively 15-20% of
PKR is located in the nuclear compartment [213]. The origin and the effect of the
translocation of PKR into the nuclear compartment are still unknown, but stress-induced
apoptosis could be involved.
PKR is activated in response to dsRNA, Aβ42, LPS (Lipopolisaccharide), Poly I:C
(Polyinosinic:polycytidylic acid), cytokines and various cell stresses such as oxidative
stress, endoplasmic reticulum (ER), lipostress or viral infection [214].
PKR is also activated by PACT (Protein activator of the interferon-induced protein
kinase), by interaction on dsRBM (Double-stranded RNA binding domain motif) of PKR
in the response of cellular stress [215]. Activation of PKR by PACT leads to enhance the
phosphorylation of eIf2α (eukaryotic initiation factor alpha), its substrate, and the
interaction PACT-PKR induces apoptosis as well as activation of the NF-κB pathway
(Nuclear factor kappa B) in vitro [216].
However, a possible role of PACT as an inhibitor of PKR during HIV-1 replication
was recently described [217].

I.3.2.2. Substrates of PKR
PKR is known to be the most ubiquitous activator of eIf2α in mammalian cells. PKR
plays a major role in the cell defence against viruses by phosphorylating and inhibiting
eIF2α on Ser51, leading to the blockage of protein synthesis and apoptosis, so preventing
viral replication [218] (Figure 1.19).
PKR is also an activator of STAT (Signal transducers and activators of transcription)
[219], p53 [220], MAPK (Mitogen activated protein kinase) such as p38 or JNK (C-Jun
N-terminal kinase) [221], MAPKKK6 [222] and the NF-κB pathway [223].
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Figure 1.19: PKR signalling pathway [224]. PKR (Double-stranded RNA protein kinase) is
activated by cytokines, bacterial and viral infections resulting in phosphorylation of JNK (cjun N-terminal kinase), IKKβ (inhibitor of nuclear factor kappa-B kinase subunit beta) and
eIF2α (Eukaryotic Initiation Factor 2) leading to autophagy, cellular apoptosis and
transcription mechanism. PKR can also activates FADD (Fas-Associated protein with Death
Domain) to induce apoptosis and is involved in the phosphorylation of PP2A (Protein
phosphatase 2) related to apoptosis.

34	
  
	
  

Chapter1: Introduction

Metaflammasome
	
  

I.3.2.3. Function of PKR
PKR has been implicated in regulation of transcription, translation, in cellular growth
control, differentiation and apoptosis [225,226].
a)

Pro-apoptotic function of PKR
PKR is known to be a potential inducer of cell death by activating intrinsic and

extrinsic apoptotic pathways [214]. This was demonstrated by the detection of an
overexpression of PKR in Hela cells leading to apoptosis [227].
PKR can mediate apoptosis through caspase-8 activity. Indeed, in response to PKR
activation, FADD (Fa-Associated protein with Death Domain) can upregulate caspase-8
inducing the activation of caspase 3, 6, 7 triggering apoptosis [228]. PKR is also involved
in the mitochondrial apoptotic pathway where. in response to PKR activation, caspase-9
is activated leading to the apoptosis by cytochrome C released from the mitochondria
leading to the disruption of the mitochondrial membrane [229].
b)

PKR and inflammation

PKR was initially identified as an innate immune anti-viral protein as it can be activated
by several stimuli such as cytokines (IFN (Interferon), TNF (Tumor Necrosis Factor))
[230], bacterial or viral infection [214], resulting in the activation of proinflammatory
transcription factors such as ATF2 (activating transcription factor 2) [231] or NF-κB
[223]. It was also shown in cell culture of macrophages that PKR regulates the expression
of HMGB1 (High-mobility group protein B1) a nuclear and cytosolic protein released
during inflammation [232].

I.3.2.4. PKR and AD
The involvement of PKR in AD revealed that the activity of neuronal PKR is
associated with degenerating neurones in patients [233] (Figure 1.20), and that the level
of the phosphorylated form of PKR (pPKR) is increased (i) in AD cellular models
exposed to Aβ42 [234,235], (ii) in brain of APPSL/presenilin 1 knock-in mice [236] and
(iii) in CSF of AD patients [237]. In addition, the activation of PKR was negatively
correlated with cognitive and memory scores in AD patients [238], and this was
supported by the observation in PKR knockout (PKR-/-) mice that inhibition of PKR leads
to an improvement of the behavioural tasks [239]. At the molecular level, PKR can
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interact with Aβ and tau proteins with Aβ inducing PKR activation and apoptosis, both
reduced in PKR-/- neurons [234], and with PKR phosphorylating tau via the activation of
GSK3β kinase [49]. Therefore, not only is PKR involved in the metabolic disorders as
described below but also plays a role in the pathogenesis of AD.

Figure 1.20: Expression of phosphorylated (p) PKR (Thr451) in the hippocampus of
control and Alzheimer patients. Vesicular staining of pPKR (Double-stranded RNA
protein kinase) observed in the cytoplasm of neurons of Alzheimer’s patients [240].

I.3.2.5. PKR and metabolic disorders
The role of PKR in metabolic disorders was recently described by Nakamura and his
colleagues in mouse models [205]. In response to lipid stress induced by a high fat diet,
they observed an increase of PKR activity in peripheral organs such as muscle, adipose
tissue and liver. However, there have been few studies about the role of PKR in metabolic
disorders, so the function of PKR in metabolic disorders needs more exploration.
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I.3.3. JNK
JNK is one of the 3 members of the MAPK (mitogen-activated protein kinase)
superfamily including ERK (Extracellular Signal-regulated kinases) and p38. JNK was
originally identified as an activator of transcription factor c-Jun at Ser63 and Ser73 [241].
JNK is activated by sequential phosphorylation of a MAPK module. The kinase
activation is mediated by dual phosphorylation by MKK4 and MKK7 (MAPK kinase) on
Thr183 and Tyr185 [242] in response to a diverse environmental stresses such as heat
shock, oxidative stress and DNA damage and also to inflammatory cytokines such as
TNF and IL-1 [243]. JNK can also be dephosphorylated by Ser/Thr and Tyr protein
phosphatases, MKPs (MAPK phosphatases) [244] leading to the inhibition of JNK
activity.

I.3.3.1. Function of JNK
a)

Apoptosis and JNK
The role of JNK in the apoptosis pathway is controversial. Xia et al. described initially

the pro-apoptotic function of JNK in PC-12 rat cells, a neural crest cell line where they
observed an increase of JNK activity and apoptosis after nerve growth factor removal
[245]. Moreover, in JNK-/- mice, it was shown that hippocampal neurons were resistant to
apoptosis [246].
JNK is also involved in apoptosis induced by TNFα, a pro-inflammatory cytokine
[247], and the inhibition of NF-κB can prolong JNK activation in response to TNFα [248].
However, other studies have revealed that JNK could also have an anti-apoptotic
function [249,250]. Therefore, JNK seems to be also involved in cell survival.
b)

Inflammation and JNK
The activation of JNK by inflammatory cytokines such as TNFα and IL-1 [243]

suggests its involvement in the inflammatory response. This might be due to the secretion
of IL-2 [251] and the regulation of the production of TNF [252].
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I.3.3.2. JNK and AD
The presence of amyloid plaques and hyperphosphorylation of tau protein are the key
feature of AD.
Several studies described the link between JNK and Aβ [253-257]: An in vitro study
reported that JNK could be involved in the neuronal apoptosis induced by Aβ, in cortical
neurons [253]. A similar result was described in Drosophila retinal neurons showing that
JNK signalling mediates cell death induced by Aβ [254]. The role of JNK in an increase
of BACE1 mRNA expression [256] and in the activation of γ-secretase [257] was also
described in in vitro studies. In vivo, an association between JNK and amyloid deposition
was reported in the cortex of AD model transgenic mice [255].
The link between JNK and tau was also reported in a few studies [258-260]: In vitro
studies showed that JNK can phosphorylate tau protein on many serine-threonine sites
such as Thr181, Thr212, Thr205, Ser202, Ser404 and Ser422 [258,259]. The
Ser202/Thr205 tau phosphorylation sites are known to be phosphorylated at the early
stages of AD [261] and Ser422 is known to correlated with the development of
neurofibrillary tangles [262]. The effect of inhibition of JNK on tau phosphorylation was
also reported in in vitro and in vivo models [260]. In rat neuronal and human fibroblasts
cells, inhibition of JNK led to a reduction of tau phosphorylation at Ser202/Thr205 and
Ser422 [260]. A similar result was obtained also in an AD transgenic mouse model with a
reduction of phosphorylation of tau at Ser202/Thr205 after inhibition of JNK [260].
An increase of JNK activity was also observed in the human brain and seems to occur
in early stages of the disease [263,264]. The increase of activation of JNK in AD brains
seems to be associated with the presence of neurofibrillary tangles, senile plaque and
dystrophic neurites [264]. Furthermore, the localisation of JNK seems to be important in
the progression of the disease; in control patients, pJNK was localized mainly in the
nuclei, whereas a translocation of pJNK from nuclei to the cytoplasm was detected in
mild AD patients [264]. This finding suggests that redistribution of JNK may be a key
element in the progression of AD.
Moreover, the role of JNK in synaptic dysfunction observed in AD was described in
an AD transgenic mouse model showing that inhibition of JNK could prevent loss of
postsynaptic proteins leading to a recovery of their function [265].
Recently, an increase of JNK expression in AD brain and CSF of AD patients was
observed and was associated with amyloid pathology [266].
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I.3.3.3. JNK and metabolic disorders
JNK is activated in metabolic disorders such as diabetes and obesity and is possibly
involved in the progression of insulin resistance (Figure 1.21).
Experimental studies have shown that: (i) inhibition of JNK in the liver leads to a
beneficial effect on insulin resistance and glucose tolerance [267], JNK is abnormally
activated in obesity and (iii) the lack of JNK leads to a decrease in adiposity and to an
improvement in insulin sensitivity [268]. Indeed, JNK might play a role in the expression
of the insulin gene. In diabetes, mononuclear cells have increased ROS (reactive oxygen
species) in tissues going under an oxidative stress [269]. This could be due to JNK
contributing to oxidative stress-induced reduction of insulin gene expression as inhibition
of JNK could protect β cells from oxidative stress [270]. This is supported by Nakamura
and his colleagues [205] who observed in obese mice an activation of JNK in liver,
adipose and muscle tissues.

Figure 1.21: Role of JNK pathway in metabolic disorders e.g. involved in the
progression of insulin resistance and β cell dysfunction. JNK: c-jun N-terminal kinase.
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I.3.4. IRS1
IRS (Insulin receptor substrate) plays a central role in the transmission of the signal
from insulin to intracellular pathways PI3K/Akt and MAPK pathways [271]. IRS1 is one
of the four members of IRS protein composed of IRS1, IRS2, IRS3 and IRS4. The IRS1
protein is known to be a mediator of insulin-dependent mitogenesis and regulation of
glucose metabolism [271]. Insulin mRNA was also demonstrated in the brain, suggesting
that the peptide is also synthesized in the brain [272].

I.3.4.1. Insulin signalling pathway
Insulin is a hormone involved in glucose homeostasis and stimulation of glucose
transport. The binding of insulin on insulin receptor tyrosine kinase (IR) activates the
intrinsic tyrosine kinase activity (IRK) [273]. The activation of IRK leads to the
phosphorylation on Tyr residues of different substrate adaptors including IRS1 [271,273].
In response to activation of IR, IRS1 protein activates the PI3K cascade
(Phosphatidylinositol 3-kinase) to trigger the metabolic functions of insulin [271,274].
The IRS1/PI3K pathway is also involved in the regulation of glucose levels in the
blood facilitating the translocation of GLUT4 (Glucose transporter type 4) from
intracellular stores to the plasma membrane [274,275]. The trafficking of GLUT4 to the
cell surface leads to an increase of glucose uptake into cells and to the regulation of
glucose levels in the blood (Figure 1.22).

Figure 1.22: Translocation of GLUT4 (Glucose transporter type 4) after insulin
treatment. Adipocytes were treated with (right) or without (left) insulin. After insulin
treatment, GLUT4 (green) was translocated from intracellular sites to the cell membrane
[274].
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I.3.4.2. Structure of IRS1
IRS1 contains two highly conserved domains which are the PH domain (pleckstrin
homology) and the PTB domain (phosphotyrosine binding). The PH domain facilitates
the recruitment of IRS1 protein to the receptor [276] and PTB allows the interaction with
the activated receptor [277] (Figure 1.23).
IRS1 is a substrate of IR and contains tyrosine phosphorylation motifs in the Cterminal region. The tyrosine phosphorylation by IR induces the recruitment of effectors
such as PI3K, SH2 (Src homology 2) and Grb2 (Growth factor receptor-bound protein 2)
[278,279].

Figure 1.23: IRS1 (Insulin receptor substrate 1) structure with interaction domains of
IRS1 with PI3K (phosphatidylinositide 3-kinase), Grb2 (Growth factor receptor-bound
protein 2) and SHP2 (Src homology 2).

Ser/Thr phosphorylation on IRS1 can induce the dissociation of IRS1 from IR leading
to the impairment of insulin-induced Tyr phosphorylation on IR and of propagation of the
[280]. While the phosphorylation of IRS1 on Tyr is required for insulin stimulated
responses, phosphorylation on Ser of IRS1 leads to the failure of the insulin effect.

I.3.4.3. Function of IRS1
a)

IRS1 and metabolism regulation

The regulation of glucose and lipid metabolism is the key role of IRS1.
As described in I.3.4.1, IRS1 plays a role in the translocation of GLUT4 to the cell
surface. In fact, GLUT4 translocation is an essential step in the regulation of the glucose
level, and IRS1 is involved in this process. Using a mutant cellular model with a mutant
insulin receptor, one study showed that tyrosine phosphorylation of IRS1 and GLUT4
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translocation were decreased in this cell model [275], highlighting the involvement of
IRS1 in the translocation of GLUT4.
IRS1 seems also to be involved in the secretion of insulin according to an in vitro
study showing that inhibition of IRS1 can improve the insulin secretion in pancreatic cells
of the rat [281]. Furthermore, the absence of IRS1 leads to an insulin resistance in
peripheral tissues and to an impairment of glucose tolerance, as observed in IRS1-/- mice
[282].
b)

IRS1 and inflammation
As described previously, metabolic disorders related to insulin resistance are known to

induce a systemic chronic inflammation [283]. The involvement of IRS1 in the
inflammatory response induced by insulin resistance was described in cultured murine
adipocytes. In this model, treatment with TNFα, also known to be a mediator of insulin
resistance in obesity and diabetes [284], led to Ser phosphorylation of IRS1 [285]
inhibiting its activity. In the same study, Ser phosphorylation of IRS1 was also observed
in muscle and adipose tissues of obese rats. These findings suggest that TNFα induces
insulin resistance through inhibition of IRS leading to the inhibition of IR.

I.3.4.4. IRS1 and metabolic disorders
The potential role of Ser phosphorylation of IRS1 in insulin resistance in obese mice
was mentioned in 1992 [286]. Subsequently, animal and human studies showed that IRS1
is downregulated in the context of diabetes [286-288].
Studies performed in type 2 diabetic mice showed an increase in Ser phosphorylation
and a decrease in tyrosine phosphorylation of IRS1 in adipose tissue of diabetic mice
[205]. Decreased expression of IRS1 was also observed in the muscle of obese mice with
a decrease of 29% [287].
In order to study the effect of gastric bypass on the activity of IRS1, gastric bypass
surgery was carried out in obese rats. After surgery, the results showed a loss of body
weight, a high expression of IR, and an increase of IRS1 activity in liver and muscle
[289].
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Furthermore, human studies of population-based cohorts identified as a genetic risk
for type 2 diabetes an allele associated with reduced basal levels of IRS1 in human
skeletal muscle biopsies [290].
These findings, taken together, strongly support dysregulation of the IRS1 pathway in
metabolic disorders.

I.3.4.5. IRS1 and AD
In the human brain, insulin regulates cerebral glucose metabolism [291]. So, a defect
in the regulation of glucose metabolism could be caused by a modification of the cerebral
insulin signalling pathway. In 1998, a study on human post-mortem tissues was carried
out in order to analyse the insulin level in AD patients [292]. The result showed a
reduction of insulin levels in the brain of normal aged people and also in middle aged
sporadic AD patients, suggesting that impairment of insulin signalling could precede
dementia and could be an early feature of AD [292].
The association between insulin resistance and IRS1 regulation was observed in the
brains of AD patients [293]. The results demonstrated a dysfunctional IRS1
phosphorylated on serine residues in the brains of AD patients. The level of IRS1 serine
kinase was also associated with the oligomeric Aβ load, however, brain insulin seems not
to affect GSK-3 mediated tau phosphorylation [293]. A positive correlation between IRS1
serine kinase level and cognitive decline was also reported in this study [293].
Furthermore, a human study reported that the intranasal administration of insulin
could have a beneficial effect on cognition in memory-impaired of aged adults,
highlighting the importance of insulin signalling dysfunction in cognitive impairment
[294].
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I.3.5. IKKβ
The NF-κB pathway plays key roles in inflammation, the apoptosis pathway and cell
proliferation [295]. NF-κB controls transcription of DNA and is composed of 5 subunits:
p50, p52, p65RelA, RelB and c-Rel. In the absence of stimuli, NF-κB is inactivated by IκB
by masking the NLS (Nuclear localization signals) of NF-κB. This mechanism keeps NFκB in the cytoplasm in its inactive state. In response to cellular stimuli including cytokines,
bacterial and viral infections, and stress-induced responses, NF-κB becomes activated
[295]. Cellular stimuli lead to activation of the IKK (IκB kinase) complex composed of
NEMO, IKKα and IKKβ, inducing the phosphorylation of IκB. This phosphorylation will
result in the dissociation of IκB from NF-κB which will translocate into the nucleus to
regulate gene expression [295] (Figure 1.24). IκB is then ubiquitinated and degraded by
the proteasome. Thus, IKK plays a key role in the coordination of inflammatory responses
through activation of NF-κB [296].

Figure 1.24: NF-κB pathway [297]. IKK (inhibitor of nuclear factor kappa-B kinase
subunit) complex is composed of NEMO, IKKα and IKKβ. Phosphorylation of IKK leads to
the dissociation of IκB (Inhibitor of kappa B) from NF-κB (nuclear factor kappa B) which
induces the translocation of NF-κB and the regulation of gene expression.
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I.3.5.1. Function of NF-κB pathway IKKβ
a)

NF-κB pathway and apoptosis
The anti-apoptotic function of the NF-κB pathway was reported in mice lacking one

subunit of NF-κB, RelA-/- , in which embryonic lethality was observed at 15-16 days of
gestation due to a massive degeneration of the liver by apoptosis [298]. NF-κB has been
reported to protect T cells against apoptosis induced by TNF-α [299,300]
The anti-apoptotic function of NF-κB could be explained by the induction of gene
expression involved in the inhibition of apoptosis [300] or/and the attenuation of TNF-αinduced JNK activation [248]. Furthermore, the hepatocyte-specific IKKβ-/- mice showed
that the anti-apoptotic function of IKKβ is mediated by the attenuation of JNK activity
[301], highlighting a link between these 2 proteins of the metaflammasome.
b)

NF-κB pathway and inflammation
Several studies have described the role of NF-κB pathway in innate and adaptive

inflammatory responses [295,302-304]. As described above, the NF-κB pathway is
activated in response to inflammatory stimuli including cytokines or viral infection.
Four pathways have been described by which NF-κB can be activated:
1)

The Canonical pathway involves TNF-α, TLR (Toll Like receptor) or T-cell

receptor [305]. This pathway is involved in the T-cell development controlled by NF-κB
[297] and is important in the activation of innate immunity and the anti-apoptotic
pathway.
2)

The alternative pathway activated by LPS and cytokines is also involved in the

regulation of inflammatory genes or apoptotic genes [297].
3)

The non-canonical pathway involves B-cell activation and humoural immunity.

This pathway is activated by different stimuli such as B-cell-activating factor or CD40L
[297].
4)

The atypical is induced by DNA damage [297].
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c)

NF-κB -Independent function of IKKβ
Activation of IKKβ stimulates the anti-apoptotic pathway but also a pro-apoptotic

function of IKKβ was described in mouse neuronal cells [306].
The pro and anti-apoptotic function of IKKβ could be explained by its ability to inhibit
or activate the FOXO3 factor known as transcription factor and tumour suppressor. The
inhibition of FOXO3 will have an anti-apoptotic effect leading to cell proliferation while
its activation will lead to a pro-apoptotic effect of IKKβ [307,308].
The function of IKKβ in insulin resistance was also reported by its capacity to
phosphorylate IRS1 on Ser leading to the impairment of insulin signalling and to the
development of type 2 diabetes [309].

I.3.5.2. IKKβ and metabolic disorders
The role of IKKβ in insulin resistance was described in a mouse model showing that
local inhibition of IKKβ in myeloid cells protects against insulin resistance, in response to
a high fat diet [310]. An in vitro study described IRS1 as a direct substrate of IKKβ
suggesting that the direct phosphorylation of IRS1 on Ser312 contributes to insulin
resistance in the context of type 2 diabetes [309]. Furthermore, an increase of NF-κB was
observed in the hypothalamus of obese mice [311], building a hypothesis that the
upregulation of SOCS3 expression, an inhibitor of insulin and leptin signalling, by IKKβ
could be involved in the development of obesity. The increase of IKKβ activity was also
observed in peripheral organs such as liver, adipose tissue and muscle in obese mice
[205].
These findings suggest that the IKKβ/ NF-κB pathway participates in insulin
signalling impairment, leading to the development of type 2 diabetes.

I.3.5.3. IKKβ and AD
The association between IKKβ and AD is unclear. However, some studies showed a
relationship between the NF-κB pathway and AD.
The role NF-κB as a suppressor of BACE1 transcription was described in
differentiated PC12 cells when an increase of BACE1 expression was observed with a
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pharmacological inhibition of NF-κB [312]. However, in activated astrocytes in the CNS
under chronic stress, NF-κB was described as an activator of BACE1 transcription. These
results suggest that the function of NF-κB could change according to the cellular context
[312]. An increase of NF-κB activity was also detected in the brains of AD patients [313].
However, the mechanism of involvement of IKKβ in the pathology of AD needs to be
elucidated.
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I.4. Scope for this project
Metabolic disorders including obesity, type 2 diabetes and hypertension are known as
risk factors for AD and are associated with chronic inflammation. The link between
metabolism and inflammation was explored in peripheral organs with the introduction of
the term of ‘metaflammasome’. The metaflammasome is described as a group of proteins
composed of PKR, JNK, IRS1 and IKKβ. All these proteins are involved in metabolism
and inflammatory processes and are activated in the peripheral organs in the context of
metabolic disorders.
Actually, no study has yet explored the existence of a metaflammasome in the brain in
the context of the risk factors associated with AD.
This PhD project presents a unique opportunity to explore the involvement of a
cerebral metaflammasome in metabolic disorders known as risk factors for AD and also
to analyse its association with AD pathology using animal models and human postmortem tissue.

48	
  
	
  

Chapter 2: Hypothesis, aims and experimental approach
	
  

Chapter 2

Project

Hypothesis,

aims

and

experimental approach
The following hypothesis was formulated:

Brain inflammation is associated with the expression of a cerebral
metaflammasome.
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To investigate the hypothesis, two studies were performed.
1-

The first study was carried out in an animal model of either an acute

inflammatory stress (poly I:C) or a chronic inflammatory stress (lipid stress using a
high fat diet).
The following aims were explored:
- To study whether the role of acute vs chronic inflammation was different in the
initiation of a cerebral metaflammasome.
- To explore whether metabolic disorders are associated with an activated cerebral
metaflammasome?
- To study whether inhibition of PKR, the central component of the metaflammasome,
affects expression of the cerebral metaflammasome.
2-

The second study was carried out using human post-mortem AD brains

provided by the Cognitive Function and Ageing Study (CFAS).
The following aims were explored:
Is the presence of a cerebral metaflammasome:
- Observed in dementia and associated with Alzheimer pathology?
- Associated with risk factors for AD (e.g. diabetes, hypertension, APOE)?
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Chapter 3

Materials & Methods
III.1. Materials
All animal experiments were performed in the laboratory of Prof. Jacques Hugon
(Paris, France). The acute model was performed at the “Institut du Fer a Moulin” and the
chronic model in Lariboisiere Hospital following the move of the laboratory. The tissue
analysis of the animals by Western blot was performed in Paris.
The human study was carried out in Southampton General Hospital (UK) in Dr
Delphine Boche’s team. The immunostaining of the mouse tissue generated in Paris was
done, quantified and analysed in Southampton.
	
  

III.1.1. Animal studies
In this study, the animal experimentations were conducted in agreement with accepted
standards of animal care, as outlined in the NIH Guide for the Care and Use of Laboratory
Animals. Experimentations were approved by the local ethics committee (Ethics
Committee for Animal Experimentation Lariboisiere-Villemin of the School of Medicine
Paris 7, Paris, France).
By use of animal experiments I have investigated the presence of the
metaflammasome in the brains of mice under an inflammatory stress induced by either
intraperitoneal (Poly I:C) injection, to mimic acute peripheral infection, or a high fat diet,
to produce chronic inflammation.
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Adult male wild-type C57BL/6J mice were purchased from Charles River Breeding
(Charles River, France). To analyse the role of PKR, PKR Knock-Out (PKR-/-) mice
(C57Bl/6J background) bred in the laboratory of Prof J. Hugon (Inserm U839) were used.
The genotype of both strains was verified using polymerase chain reaction (PCR) [314].
PKR Knock-out mice [314]
With regards to appearance and behaviour, PKR-/- mice develop normally and show no
visible differences compared with wild-type (WT) C57Bl/6J mice [314]. Homozygous
PKR-/- mice are fertile, no gross anatomical changes are observed and histological
examination of the internal organs reveals no consistent abnormalities [314]. The mice
are generated by disruption of exons 2 and 3 of the PKR gene to produce ES-mPKR, the
45 kDa exon-skipped mouse PKR protein [314] (Figure 3.1). This model is not
completely devoid of PKR as the PKR-/- mice express a dsRNA-binding (double stranded
RNA-binding) defective but catalytically active PKR protein [315].

Figure 3.1: PKR (The double-stranded RNA-dependent protein kinase) gene in WildType (WT) C57BL/6J and PKR-/- mice.
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III.1.1.1. Acute model
Adult male WT C57BL/6J mice and PKR-/- mice aged 3 months were used. On arrival,
mice were housed in groups of 3-4, with food and water ad libitium, in a room controlled
with a 12:12hr light-dark cycle.
Acute inflammation was induced using Polyinosinic:polycytidylic acid (Poly I:C),
obtained from Amersham Biosciences (GE Healthcare Life Sciences, UK Ltd). Poly I:C is
an analogue of dsRNA and has been identified as a ligand for Toll-Like Receptor-3
(TLR-3) [316]. It is also known as a potential inducer of apoptosis and is used to induce
an immune response analogous to the one observed during viral infection [317].
Poly I:C is also a potent activator of PKR by binding on the dsRNA-binding motif
(dsRBM) leading to PKR autophosphorylation on multiple sites, including Thr446 and
Thr451 [212], causing apoptosis [84].
Poly I:C was used to explore the effects of systemic inflammation on the expression of
metaflammasome proteins.
Preparation of Poly I:C: Poly I:C was stored at -20°C and a preparation of 2mg/ml of
Poly I:C was suspended in sterile saline heated at 50°C. The solution was cooled naturally
to room temperature.
Injection and treatment: Intraperitoneal (i.p) injection of 12mg/kg of Poly I:C solution
(or NaCl solution used as a control) was performed on WT and PKR-/- mice aged 3
months. These mice were then sacrificed at day 1 or day 3 after injection. Animals were
anaesthetised with pentobarbital (40 mg/kg; CEVA, Libourne, France) and transcardially
perfused with NaCl solution. Brains were rapidly removed. One half of the brain was
dissected to remove areas containing cortex, hippocampus, and hypothalamus, these were
placed in eppendorf tubes, snap frozen on liquid nitrogen and stored at -80°C until further
use. The other half-brain was stored in 4% PFA for immunohistochemistry (Figure 3.2).
Body weight assessment: Body weight was taken before the injection of poly I:C and
after at day 1 and 3 as a measure of inflammation, as it is known that Poly I:C induces
weight loss [318].
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Figure 3.2: Protocol of the acute model and number of mice per experiment.

54	
  
	
  

Chapter 3: Materials & Methods
	
  

III.1.1.2. Chronic model
We used a lipid stress model in order to induce chronic inflammation. Three-week old
male WT C57BL/6J and PKR-/- mice were fed with a high fat diet ad libitium (protein
20kcal%; carbohydrate 20kcal%; Fat 60kcal % (cat: D12492)) for 16 weeks. The control
group received a standard rodent diet ad libitium (protein 20kcal%; carbohydrate
70kcal%; lipid 10kcal % (cat: D12450B)) as previously published [205]. Both diets were
purchased from Research Diets (Research Diets, Denmark).
On arrival the mice were housed in groups of 3-4, with food and water ad libitium, in
a room controlled with a 12:12hr light-dark cycle.
Body weight assessment: Body weight was taken every week during the 16 weeks of
the high fat diet experiment.
Experimental procedures: 3 hours after fasting, the blood glucose level was measured
by puncture of the tail vein using an Accu-Check glucometer (One Touch; Roche
Diagnostics, Meylan, France). Body weight was recorded and animals were anaesthetised
with pentobarbital. Blood samples were collected in EDTA tubes and animals were
transcardially perfused with NaCl solution. Adipose tissue, livers and brains were rapidly
removed from the animals. One half of the brain was dissected to isolate cortex,
hippocampus, and hypothalamus. Tissue was placed in eppendorf tubes, snap frozen on
liquid nitrogen and stored at -80°C until further use. The other half-brain was stored in
4% PFA for immunohistochemistry (Figure 3.3).
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Figure 3.3: Protocol of the chronic model and number of mice per experiments.
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III.1.2. Human study
	
  
The study received ethical approval from the Cambridgeshire 1 Research Ethics
Committee (Rec reference number: 10/H0304/61/).	
  
The CFAS cohort
Post-mortem tissue was obtained from brains donated to the Medical Research
Council Cognitive Function and Ageing Study (MRC-CFAS) [319-321]. CFAS is a large
UK-based longitudinal multicentre study (Cambridgeshire, Gwynedd, Newcastle,
Nottingham, and Oxford) looking at health and cognitive function in older people (around
18000 people over 65 years). Baseline prevalence screening of the cohort included sociodemographic, cognitive, functional health and medication variables. The interview
(including MMSE test) and sampling procedures are described in detail on the study
website (http://www.cfas.ac.uk/) [322]. The CFAS data archive is held at the MRC
Biostatistics Unit in Cambridge.
Dementia status at death was based on review of information available during the last
years of life of the deceased patient, an informant interview after death and death
certificate. Diagnosis

was

confirmed

at the

post-mortem

examination

by

a

neuropathologist, blind to clinical data using immunohistochemical method. The severity
of neuropathological lesions of AD including diffuse plaques, neuritic plaques and
neurofibrillary tangles was classified into four categories: absent, mild, moderate, and
severe.
Using formalin-fixed brain tissue of 298 cases for which the APOE genotype is known,
the presence of metaflammasome proteins (PKR, JNK, IRS-1 and IKKβ) and microglial
activation (Iba1) was assessed in the frontal cortex. Hippocampal slides were used for the
optimisation

of

the

metaflammasome

immunolabelling.
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III.2. Methods
Expression of the activated metaflammasome, detected by the presence of
phosphorylated proteins, was explored by immunohistochemistry for the animal and
human studies. The Western blot method was used only for the animal study.
Inflammation was investigated in mouse tissue by immunohistochemistry, to assess
the level of activated microglia.

III.2.1. Measurement of serum parameters
Animal blood samples, collected in EDTA tubes, were centrifuged (3000g, 20 min)
just after collection. Serum levels of cholesterol, triglycerides, high-density lipoprotein
(HDL) and low-density lipoprotein (LDL) were analysed using an Architech c8000
autoanalyzer (Abbott, Rungis, France). Serum insulin was determined using an ELISA
kit (CrystalChem, Downers Grove, IL, USA).

III.2.2. Western blots
Brain lysates were prepared in RIPA buffer containing 10mM NaPi buffer, pH 7.8,
59mM NaCl, 1% Triton 100X, 0.5% DOC (Deoxycholic Acid), 0.1% of SDS (Sodium
Dodecyl Sulfate), 10% of glycerol, 0.1µM calyculin (Serine/Threonine phosphatase
inhibitor; Cell Signaling), 1mM sodium orthovanadate (Tyrosine phosphatase inhibitor;
Sigma) and 1X protease inhibitor (Roche Diagnostics GmbH, Penzberg, Germany). The
lysate was sonicated on ice 4 times for 5 seconds each with medium setting and
centrifuged at 16000g for 5 minutes at 4oC. The quantity of total protein was determined
with a Micro BCA Protein Assay kit (Thermo Scientific, Cergy-Pontoise, France).
The protein samples (40 to 50 µg) were separated on 4-12% Mini-PROTEAN TGX
precast gels (Bio-Rad) and transferred to nitrocellulose membranes (GE Healthcare,
Chalfont St. Giles, UK). Membranes were blocked for 45 min in TBS (Tris-Buffered
Saline) containing 5% milk. The membranes were incubated with the appropriate primary
antibody diluted in TBS at 4oC overnight (Table 3.1). Mouse anti-α-tubulin was used as
the standard.
Membranes were washed 3 times with TBS and then incubated with the secondary
antibodies, IR Dye 700DX conjugated anti-mouse IgG and IR Dye 800CW conjugated
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anti-rabbit IgG (1:5000 Rockland Immunochemical Inc.) during 1 hour at room
temperature. After washes with TBS and TBS-Tween 0.1%, bound proteins were
visualized with the Odyssey Imaging System (LI-COR biosciences, Lincoln, NE, USA)
and quantified with Multigauge software (Fujifilm, Tokyo, Japan).
Due to our laboratory being moved to an alternative location, the protocol was reoptimised using different materials for the chronic model. Membranes were blocked for 1
hour in a Blocking Buffer (Casein Blocking Buffer 10X, Sigma Aldrich). After incubation
with the primary antibody, membranes were incubated with secondary antibodies, sheep
anti-mouse (1:5000, ECL Mouse IgG produced in sheep, HRP-Linked Whole Ab, GE
Helthcare) and goat anti-rabbit (1:10000 Anti-Rabbit IgG) (whole molecule)chemiluminescent signals. For this, membranes were incubated in a solution of
Amersham ECL Prime Western Blotting Detection Reagent (GE Helathcare) for 5
minutes at least. Then, bound proteins were visualized with Image Reader LAS 3000
(Fujifilm, Courbevoie, France) (Table 3.1).

Table 3.1: Antibodies used for Western blots on mouse tissue.
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III.2.3 Immunohistochemistry
	
  
For the mouse tissue, immunohistochemistry was carried out on paraffin-embedded
sections fixed by PFA 4% (Paraformaldehyde). Formalin paraffin embedded tissue
provided by Prof. Paul Ince (Sheffield) was used for the human tissue. Four µm sections
were cut from the paraffin blocks using a microtome and left overnight to dry at 37oC.
(Histochemistry Research Unit, Southampton General Hospital). To deparaffinize, the
sections were taken through 2 baths of clearene for 10 min each, then rehydrated though
graded alcohol (100%-95%-70%) for 1 min each, then immersed in water. Between the
remaining steps of the protocol TBS (Tris buffered saline pH7.6) was used to wash
tissues. The endogenous peroxidase activity was inhibited with a 10 minute incubation of
3% hydrogen peroxide in methanol.
Several antigen retrieval methods were used to optimize the primary antibodies. Heatinduced epitope retrieval was performed using a microwave oven (800 Watt 50% power
setting) for 25 min or a pressure cooker for 2 min, according to the optimization protocol
for the primary antibody used. To block non-specific sites, tissues were incubated with a
blocking medium solution (80% Dulbecco’s modified Eagles medium/20% fetal calf
serum/1% bovine serum albumin) for 20 min at room temperature. Following this, tissues
were incubated overnight at 4oC or room temperature with the primary antibody diluted in
TBS. The following day, the secondary biotinylated antibody diluted at 1:400 in TBS
(rabbit anti-mouse or swine anti-rabbit) was applied on the section for 30 min at room
temperature. Specific binding was amplified with VECTASTAIN Elite ABC Kit
(Standard) (Vector Laboratories) for 30 min at room temperature. DAB (3, 3diaminobenzidine) (Vector Laboratories) was then applied to the sections to visualize the
specific binding by a brown precipitate. The incubation time of DAB was adjusted for
each primary antibody to ensure optimal specific visualization. Slides were
counterstained in the haematoxylin solution for 20 sec. Then, tissue was dehydrated
though graded alcohol (70%-95%-100%) followed by 2 baths of clearene for 2 min each.
Each slide was mounted, with a coverslip using Pertex mounting medium (HistoLab)
(Table 3.2).
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Table 3.2: Antibodies used for immunohistochemistry.
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III.3. Quantification
III.3.1. Immunohistochemistry
Human study: 30 pictures in the frontal cortex were taken at magnification x20 for
each case (8940 pictures for 298 cases per antibody) using a light microscope (Nikon
E600). Images of grey matter were taken in a systematic zigzag pattern to ensure that all
layers of the cortex were included in quantification (Figure 3.4).
Immunostaining was carried out on all 298 cases for pPKR, pJNK, pIRS1 and pIKKβ.
In total, 35760 pictures were taken (Figure 3.4).

Figure 3.4: Image capture in a zigzag pattern in the grey matter (Human study).

Animal study: Pictures were taken at magnification x20 in 3 different areas of the
brain: cortex, hippocampus and hypothalamus. 6 pictures were taken in the cortex, 3
pictures in the hippocampus and 6 pictures in the hypothalamus. This allowed us to
analyse the expression of metaflammasome proteins in each specific region.
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The software ImageJ, a Java-based image processing program developed at the
National Institutes of Health [323], was used to analyse immunostained photos. The
following steps were applied to each image (Figure 3.5 to 3.11):

Figure 3.5: Original image of DAB-stained PKR (The double-stranded RNA-dependent protein
kinase).
1-

Background of the image was corrected using the “Substract Background”

function, which removed the smooth continuous light background using the Rolling ball
algorithm.

Figure 3.6: Image with substracted background.
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2-

Enhancement of the contrast, This image was obtained after enhancement of the

contrast with saturation of 0.4% of all pixels.

Figure 3.7: Image with enhanced contrast.

3-

Recolouration of image - To select the brown specific staining, the scaling

factors of red and green were set to 0.00, and the blue scaling factor to 1.00. This gives a
picture with the specific staining in black and the rest of the picture in blue. This method
is suitable because the brown staining of the DAB is composed of red and green.

Figure 3.8: Image re-colouring step.
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4-

Conversion of image into 8-bit grey format as required for the analysis.

Figure 3.9: Image reconverted into 8-bit grey format.

5-

Adjustment of the threshold (here 0/0) to select only the specific staining (black).

Figure 3.10: Image after adjustment of the threshold.
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6-

Measure of the stained area - The combined area occupied by all objects on the

image, was recorded as a percentage (%) of the total area of the image and expressed as
the percentage of protein load.

Figure 3.11: Stained area measured in protein load (%).

III.3.2. Western blot
Membranes were quantified with multigauge software (Fujifilm). All data were
normalized on α-tubulin. Results were evaluated with phosphorylated form to full length
form and presented as the ratio between the phosphorylated form to the full length form.

III.3.3. Statistical analysis
III.3.3.1. Animal study
Statistical analyses were done using the statistical software SigmaPlot 12.0 (Systat
Software Inc, San Jose, USA).
Acute study: The three way analysis of variance test t (non-parametric test) was used,
in order to study the effect of acute inflammation on cerebral metaflammasome
expression according to the strain of animal, treatment and duration of the treatment.
Results were considered significant when p<0.05.
Chronic study: The two way analysis of variance test t (non-parametric test), in order
to study the effect of the strain of animal/or diet on the expression of a cerebral
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metaflammasome. To assess the effect of the high fat diet on the body weight, the 2 way
ANOVA repeated measure was performed. Results were considered significant when
p<0.05.

III.3.3.2. Human study
The study was performed blind to the clinical information. According to the
requirements of the CFAS collaboration, all the statistical analysis was performed by Dr
Thais Minett from the MRC Biostatistic Unit at the University of Cambridge. The
metaflammasome data were analysed in relation with APOE genotype, clinical data
(cognitive function, presence or not of dementia), Alzheimer's pathological features
(CAA, neuritic and diffuse plaques and tangles) and metabolic disorders (diabetes and
hypertension) and level of education. The screening of cognitive function was performed
by MMSE. Diabetes and hypertension information was self-reported by the participants
or carers. All data were adjusted for gender, APOE genotype and duration of dementia,
when available.
Pathological evaluation of the Cognitive Function and Ageing Study cohort used for
this study has been described in detail previously [324].
Assessment of plaques and tangles associated with AD was conducted by
neuropathologists blind to the clinical data using immunohistochemical or tinctorial
methods (University of Sheffield). The severity of diffuse plaques, neuritic plaques and
tangles was scored semi-quantitatively according to the Consortium to Establish a
Registry for Alzheimer’s Disease (CERAD) protocol [325] as either ‘none’, ‘mild’,
‘moderate’ or ‘severe’. For this study, the scores were simplified for the analysis as
follows: as the score ‘severe’ did not occur very often, it was merged with the ‘moderate’,
and the score ‘mild’ was merged with ‘none’.
The sensitivity analysis was used when the metaflammasome staining values were
concentrated at low absolute values (below 0.6%), regardless of dementia status. In order to
confirm if the results obtained were stable, the metaflammasome data were divided into
quartiles and the categorised data were used in the regression analyses instead of the raw
data.
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Metaflammasome data
The molecular components of the metaflammasome were analysed using weighted
logistic regression where 30 pictures of metaflammasome components were given the
same 1/30 weight. Then sensitivity analyses were performed to verify if the relationships
predicted by the regressions were stable. For this, the metaflammasome scores were
divided into quartiles and the categorised data used rather than the raw scores into the
weighted regression analyses.
Disease status and cognition
The relationship of the metaflammasome components and the disease status was
verified using weighted logistic regression. Weighted multiple linear regression analysis
was performed to test the association between the metaflammasome components and the
cognition (MMSE score).
Pathology of AD
Weighted logistic regressions analyses were used to check if the metaflammasome
components were related to the frontal lobe neurodegenerative pathologies.
APOE genotype and risk of dementia
Hierarchical weighted logistic regression was used to verify the role of
metaflammasome components in the relationship between APOE genotype and clinical
dementia, as well as in the relationship between risk factors and clinical dementia.
Risk factors: Diabetes, hypertension and education
Weighted

multilinear

regression

analyses

were

performed

to

investigate

the

metaflammasome molecular components and their relationship with self-reported clinical
features.
Microglia
Using the Iba1 microglial data obtained on the same cohort by Dr Classey, Spearman
rho coefficients were calculated to verify the strength of the relationship between the
molecular components of the metaflammasome with microglia and with each other.
All analyses were adjusted by age of death and sex. All tests were 2-tailed. Statistical
analyses were performed using statistical package STATA, version 12.
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Chapter 4

Acute peripheral inflammation and
the brain metaflammasome
IV.1. Results
This study was designed to assess the involvement of a brain metaflammasome during
acute peripheral inflammation induced by Poly I:C used to mimic viral infection.
As stated previously (cf. Materials and Methods), Poly I:C is an analogue of dsRNA
known to be an activator of PKR, the central component of the metaflammasome.
WT and PKR-/- mice were injected i.p by Poly I:C and sacrificed at day 1 (24 hours) or
day 3 (72 hours) following the injection. The expression of activated microglia was
detected by Iba1 and of the phosphorylated components of the metaflammasome: pPKR
(Thr446), pJNK (Thr183/Tyr185), pIRS1 (Ser307) and pIKKβ (Ser177/181) were studied
in the cortex using Western blot and immunohistochemistry. Body weight was measured
for each animal before and after the treatment prior to sacrifice.
Follow-up of the body weight measurements (%) (Figure 4.1) showed a significant
decrease in mice treated by poly I:C at day 1 in both strains (WT and PKR-/-) compared to
control mice (p<0.001). A loss of 6.3% of weight (p<0.001) was observed in the WT
mice and of 8.2% of weight in PKR -/- mice (p<0.001).
At day 3, the loss of weight was significant in PKR-/- mice (p=0.03) with a loss of
6.3%, whereas in WT mice, no significant weight loss was present (p=0.052) compared to
the controls at the same time.
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Figure 4.1: Variation of body weight (%) in mice before and after poly I:C treatment at
day 1 (top) and day 3 (below) in Wild-Type (WT) and PKR-/- mice (double-stranded RNAdependent protein kinase knock-out). Poly I:C: Polyinosinic:polycytidylic acid
At day 1: WT CTRL n=8, WT PolyI:C n=8; PKR-/- CTRL n=6; PKR-/- PolyI:C n=6
At day 3: WT CTRL n=3, WT PolyI:C n=3; PKR-/- CTRL n=3; PKR-/- PolyI:C n=3
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IV.1.1. Effect of Poly I:C on brain inflammation
To study inflammation in the brain after systemic poly I:C treatment, Iba1 was used as
a microglial marker. The result was obtained by Lucindi Smit an undergraduate student
under my supervision.
Immunostaining of Iba1 revealed both ramified and amoeboid morphology in the
brains of mice. Ramified morphology was mainly observed in treated WT mice (Figure
4.2).

Figure 4.2: Illustration of Iba1 immunostaining in the murine cortex. Amoeboid (top) and
ramified (below) structure. Scale bar = 20µm.
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At day 1 in the cortex of WT mice treated by Poly I:C, the results showed a significant
increase of Iba1 protein load by 138% (p=0.016). The same results were also reported in
the hippocampus and hypothalamus of these animals with a significant increase of 100%
(p=0.008) and 144% (p=0.01) (Figure 4.3 and 4.4).
In PKR-/- mice, no significant increase of Iba1 protein load was observed in the cortex
(p=0.20), hippocampus (p=0.16) or hypothalamus (p=0.15) at day 1 (Figure 4.3 and 4.4).
At day 3, no significant modification of Iba1 protein load was reported between
control and treated mice in both strains and in the 3 brain areas.

Figure 4.3: Illustrations of Iba1 immunostaining in the cortical grey matter in Wild-Type
(WT) and PKR-/- (The	
  double-stranded RNA-dependent protein kinase knock-out) mice
after saline or Poly I:C injection at day 1. Scale bar = 50µm.
Poly I:C: Polyinosinic:polycytidylic acid
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Figure 4.4: Histogram of levels of Iba1 (in protein load, %) in the 3 brain areas of WildType (WT) and PKR-/- (double-stranded RNA-dependent protein kinase knock-out) mice
at day 1 and day 3 showing a significant increase of Iba1 expression at day 1 in the
brains of WT mice. Error bars = Standard Error of the Mean (SEM). Poly I:C:
Polyinosinic:polycytidylic acid
At day 1: WT CTRL n=8, WT PolyI:C n=8; PKR-/- CTRL n=6; PKR-/- PolyI:C n=6
At day 3: WT CTRL n=3, WT PolyI:C n=3; PKR-/- CTRL n=3; PKR-/- PolyI:C n=3
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IV.1.2. Effect of acute peripheral inflammation on the expression
of a brain metaflammasome
As inflammatory changes were observed only at day 1 after Poly I:C treatment, the
study of the metaflammasome expression was performed only at this time-point and in
the cortex.

IV.1.2.1. Western Blot
a)

pPKR detection
The results obtained by Western blot showed a trend towards an increase of

expression of total PKR in treated WT mice compared to control WT mice(p=0.07). In
PKR-/- mice (treated or control), no expression of PKR was detected. This result revealed
that treatment by Poly I:C does modify the expression of total PKR in the cortex 24 hours
after the systemic injection (Figure 4.5).

Figure 4.5: Level of total PKR (double-stranded RNA-dependent protein kinase) in the
cortex of mice. Western blot analysis (left) and corresponding histogram (right) showing
a trend towards an increase of PKR expression in the cortex of Wild-Type (WT) mice
treated by Poly I:C at day 1. Error bars = SEM (standard error of the mean). Poly I:C:
Polyinosinic:polycytidylic acid
WT CTRL n=8, WT PolyI:C n=8; PKR-/- CTRL n=6; PKR-/- PolyI:C n=6
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Detection of phosphorylated PKR (pPKR) did not work despite several antibodies
tested on Western blot. Therefore, in the aim to study the activation of PKR, we
investigated the activation of eIf2α, a substrate of PKR, as PKR is also involved in
protein synthesis by phosphorylating the alpha subunit of the translation initiation factor
eIf2α [326] (Figure 4.6).

Figure 4.6: Illustration of PKR (double-stranded RNA-dependent protein kinase) - eIF2α
eukaryotic initiation factor 2-	
  α) pathway.
The result showed a significant increase of 50% of the phosphorylated form of eIf2α
in the brain of WT mice after treatment by Poly I:C at day 1 (p=0.01). No significant
variation of the phosphorylated form of eIf2α level was observed between the PKR-/mice treated and control (p=0.6) (Figure 4.7).

Figure 4.7: Level of peIF2α and eIF2α (eukaryotic initiation factor 2-	
  α) in the cortex of
Wild-Type (WT) and PKR-/- (double-stranded RNA-dependent protein kinase knockout)
mice. Western Blot analysis (left) and corresponding histogram (right). The ratio
peIF2α/eIF2α shows a significant increase in the cortex of WT mice treated by Poly I:C
at

day

1.

Error

bars

=

SEM

(standard error of

the

mean).

Poly

I:C:

Polyinosinic:polycytidylic acid
WT CTRL n=8, WT PolyI:C n=8; PKR-/- CTRL n=6; PKR-/- PolyI:C n=6
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b)

JNK detection
A significant decrease of the phosphorylated form of JNK was observed in treated WT

mice compared to control WT mice (p=0.002). In PKR-/- mice, no significant change of
the phosphorylation level of JNK was present after Poly I:C treatment (p=0.29).
Furthermore, the Western blot showed in both controls that the basal level of
phosphorylated JNK is 38% lower in the PKR-/- mice compared to the WT mice
(p=0.038) (Figure 4.8).

Figure 4.8: Level of total JNK and pJNK (c-Jun N-terminal kinase) in the cortex of
Wild-Type (WT) and PKR-/- (double-stranded RNA-dependent protein kinase knockout)
mice. Western Blot analysis and corresponding histogram. The ratio pJNK/JNK shows a
significant decrease in the cortex of WT mice treated by Poly I:C at day 1. Error bars =
SEM (standard error of the mean). Poly I:C: Polyinosinic:polycytidylic acid
WT CTRL n=8, WT PolyI:C n=8; PKR-/- CTRL n=6; PKR-/- PolyI:C n=6.
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c)

pIKKβ detection
No difference in the expression of phosphorylated form of IKKβ was present in the

cortex between control and treated WT mice at day 1 (p=0.90). A similar result was
observed in the cortex of treated PKR-/- mice at day 1 (p=0.65).
Furthermore, in basal condition, the expression level of phosphorylated form of IKKβ
was the same in the cortex of WT and PKR-/- mice (p=0.68) (Figure 4.9).

Figure 4.9: Level of IKKβ and pIKKβ (IkappaB kinase complex beta) in the cortex of WT
(Wild-Type) and PKR-/-(double-stranded RNA-dependent protein kinase knockout) mice.
Western Blot analysis and corresponding histogram. The ratio pIKKβ/IKKβ shows no
variation in the cortex of WT mice treated by Poly I:C at day 1. Error bars = SEM
(standard error of the mean). Poly I:C: Polyinosinic:polycytidylic acid
WT CTRL n=8, WT PolyI:C n=8; PKR-/- CTRL n=6; PKR-/- PolyI:C n=6.
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Due to the technical problems, IRS1 assay was not performed by Western blot in
this study. The French laboratory moved to Lariboisiere hospital during my PhD, before
the optimisation of the IRS1 antibody for the acute study. With regards to the Western
blot, the two laboratories used a different system of revelation (Odyssey Imaging System
vs Image Reader LAS 3000); therefore the acute study was terminated because it was not
possible to compare the results obtained with two different techniques for revelation.
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IV.1.2.2. Immunohistochemistry
Immunohistochemistry for the 4 proteins of the metaflammasome was carried out
(pPKR, pJNK, pIRS1, and pIKKβ) in the WT and PKR-/- mice in the cortex, hippocampus
and hypothalamus.

a)

pPKR detection
No significant variation of pPKR protein load (%) was detected in the 3 brain

structures after Poly I:C treatment in WT and PKR-/- mice at day 1 or day 3. However,
pPKR was also detected in PKR-/- mice (Figure 4.10 and 4.11).

Figure 4.10: Illustrations of pPKR (phospho-double-stranded RNA-dependent protein
kinase) immunostaining in the cortical grey matter in WT (Wild-Type) and PKR-/(double-stranded RNA-dependent protein kinase knockout) mice after saline or Poly I:C
injection at day 1. Scale bar = 50µm. Poly I:C: Polyinosinic:polycytidylic acid
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Figure 4.11: Histograms of pPKR (phospho-double-stranded RNA-dependent protein
kinase) protein load (%) in 3 brain regions of WT (Wild-Type) and PKR-/- (doublestranded RNA-dependent protein kinase knockout) mice at day 1 and day 3 showing no
significant variation of expression of pPKR in both strains after Poly I:C treatment.
Error bars = SEM (standard error of the mean). Poly I:C: Polyinosinic:polycytidylic
acid
At day 1: WT CTRL n=8, WT PolyI:C n=8; PKR-/- CTRL n=6; PKR-/- PolyI:C n=6.
At day 3: WT CTRL n=3, WT PolyI:C n=3; PKR-/- CTRL n=3; PKR-/- PolyI:C n=3.
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b)

pJNK detection
In WT mice, at day 1, a trend towards a decrease of expression of pJNK was detected

in the cortex (p=0.075). Conversely, a trend towards an increase of pJNK load was
detected in the hypothalamus (p=0.061) and no change was present in the hippocampus.
At day 3, no significant variation in pJNK expression level was present in the 3 brain
structures of WT mice.
In PKR-/- mice, a significant decrease of pJNK was detected in the cortex at day 1
(p=0.049). In the hippocampus, a trend towards a decrease of pJNK protein load was
observed after Poly I:C treatment (p=0.077). In the hypothalamus, no change in the
expression level of pJNK was observed between control and treated mice but,
surprisingly, we observed in the hypothalamus, a significantly increased pJNK expression
in PKR-/- mice control compared to WT control (p=0.003). At day 3, no significant
variation of expression of pJNK was observed in the brains of PKR-/- mice before and
after treatment (Figure 4.12 and 4.13).

Figure 4.12: Illustrations of pJNK (phospho-c-Jun N-terminal kinase) immunostaining in
the cortical grey matter in WT (Wild-Type) and PKR-/- (double-stranded RNA-dependent
protein kinase knockout) mice control and treated at day 1. Scale bar = 50µm.
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Figure 4.13: Histogram of pJNK (phospho-c-Jun N-terminal kinase) protein load, (%) in
3 brain structures of WT (Wild-Type) and PKR-/- (double-stranded RNA-dependent
protein kinase knockout) mice at day 1 and day 3 showing significant variation of
expression of pJNK in the cortex of PKR-/- mice after Poly I:C treatment. Error bars =
SEM (standard error of the mean). Poly I:C: Polyinosinic:polycytidylic acid
At day 1: WT CTRL n=8, WT PolyI:C n=8; PKR-/- CTRL n=6; PKR-/- PolyI:C n=6.
At day 3: WT CTRL n=3, WT PolyI:C n=3; PKR-/- CTRL n=3; PKR-/- PolyI:C n=3.
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c)

pIRS1 detection
After 24 hours of Poly I:C treatment, a significant increase of 42% in pIRS1 load was

observed in the cortex of WT mice (p=0.036). In the hippocampus and the hypothalamus,
no significant modification of pIRS1 load was observed after treatment in WT mice. No
significant difference of pIRS1 expression was observed in PKR-/- mice.
At day 3, no significant variation of pIRS1 load was observed in the cortex and the
hypothalamus of WT mice. In the hippocampus, a significant increase was detected
(p=0.02). In PKR-/- mice, no significant difference of pIRS1 expression was observed
(Figure 4.14 and 4.15).

Figure

4.14:

Illustrations

of

pIRS1

(phospho-insulin

receptor

substrate

1)

immunostaining in the cortical grey matter of the cortex in WT (Wild-Type) and PKR-/(double-stranded RNA-dependent protein kinase knockout) mice after saline or Poly I:C
treatment at day 1. Scale bar = 50µm. Poly I:C: Polyinosinic:polycytidylic acid
At day 1: WT CTRL n=8, WT PolyI:C n=8; PKR-/- CTRL n=6; PKR-/- PolyI:C n=6.
At day 3: WT CTRL n=3, WT PolyI:C n=3; PKR-/- CTRL n=3; PKR-/- PolyI:C n=3.
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Figure 4.15: Histogram of pIRS1 (phospho-insulin receptor substrate 1) protein load (%)
in 3 brain structures of WT (Wild-Type) and PKR-/- (double-stranded RNA-dependent
protein kinase knockout) mice at day 1 and day 3 showing a significant increase of
expression of pIRS1 in the cortex of WT mice after Poly I:C treatment. Error bars = SEM
(standard error of the mean). Poly I:C: Polyinosinic:polycytidylic acid
At day 1: WT CTRL n=8, WT PolyI:C n=8; PKR-/- CTRL n=6; PKR-/- PolyI:C n=6.
At day 3: WT CTRL n=3, WT PolyI:C n=3; PKR-/- CTRL n=3; PKR-/- PolyI:C n=3.
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d)

pIKKβ detection
No significant variation of the expression of pIKKβ protein load was detected after

Poly I:C treatment in WT and PKR-/- mice at day 1 or day 3 (Figure 4.16 and 4.17).

Figure 4.16: Illustrations of pIKKβ (phospho IkappaB kinase complex beta)
immunostaining in the cortical grey matter WT (Wild-Type) and PKR-/- (doublestranded RNA-dependent protein kinase knockout) mice control and treated at day 1.
Scale bar = 50µm.
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Figure 4.17: Histogram of levels of pIKKβ (phospho IkappaB kinase complex beta)
protein load, (%) in 3 brain structures of WT (Wild-Type) and PKR-/- (doublestranded RNA-dependent protein kinase knockout) mice at day 1 and day 3, showing no
significant variation of expression of pIKKβ in both strains after Poly I:C
(Polyinosinic:polycytidylic acid) treatment. Error bars = SEM (standard error of the
mean).
At day 1: WT CTRL n=8, WT PolyI:C n=8; PKR-/- CTRL n=6; PKR-/- PolyI:C n=6.
At day 3: WT CTRL n=3, WT PolyI:C n=3; PKR-/- CTRL n=3; PKR-/- PolyI:C n=3.
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IV.2. Discussion
In order to study the effect of acute peripheral inflammatory stress on the expression
of metaflammasome proteins (PKR, JNK, IRS1 and IKKβ), mice were injected with Poly
I:C, an analogue of dsRNA. The role of PKR, the central component of the
metaflammasome, was studied using a PKR-/- mouse.
To confirm the presence of an acute systemic inflammation after Poly I:C treatment ,
the body weight of the animals was measured at day 1 and day 3. At day 1, a significant
loss of weight was observed in both strains (WT and PKR-/-) treated by Poly I:C. At day 3,
no significant loss of weight was reported in WT mice but the loss was still significant in
PKR-/- mice, suggesting a faster recovery in WT mice.
The presence of neuroinflammation after Poly I:C treatment was assessed by
investigating the microglial activation using Iba1, a calcium adapter protein expressed on
resting and activated microglia [327].
The significant increase of Iba1 expression observed in the cortex, hippocampus and
hypothalamus of WT mice at day 1 suggests that the acute peripheral inflammation
induced by Poly I:C up-regulates microglial activation. However, 72 hours after Poly I:C
treatment, the expression of Iba1 was no different between control and treated WT mice.
This implies that 3 days later, the WT mice have recovered from the acute systemic
inflammation, as also observed by the recovery of their weight loss. Surprisingly, no
significant variation of Iba1 expression was observed in the PKR-/- mice at day 1 or day 3,
suggesting that PKR might be required for the up-regulation of microglial activation in
the context of an acute systemic inflammation. However other markers of microglial
activation

(e.g.

CD68,

CD11b)

should

be

tested

to

confirm

whether

the

neuroinflammation is downregulated and whether PKR is required for microglial
activation or for the expression of Iba1.
The result obtained by Western blot showed a trend towards an increase of PKR in the
cortex of treated WT mice at day 1, a result that has previously been demonstrated [328].
The same group also observed a trend towards an increase of mRNA expression of
PKR in the hippocampus of WT mice 6 hours after systemic injection of Poly I:C. These
findings suggest that Poly I:C could induce the increase the mRNA expression of PKR
leading to the expression of PKR total.
In PKR-/- mice, as expected, no band of total PKR was detected on the Western blot.
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Immunodetection showed no variation of the phosphorylated form of PKR in the
cortex of WT mice treated by Poly I:C at day 1 or day 3. This result contradicts the
increase of phosphorylated eIF2α, a substrate of PKR, as revealed by Western blot. This
might be explained by PKR being activated earlier than 24 hours after Poly I:C treatment
leading to eIF2α activation. However, in addition to PKR, eIF2α is known to be also
activated by other proteins such as PERK which is also activated by Poly I:C [329]. But
the result obtained in PKR-/- mice showed no variation of peIF2α after treatment which
suggests that PKR is involved in eIF2α phosphorylation and thus supports an earlier
activation of PKR by Poly I:C. To confirm this hypothesis, the study should be repeated
and pPKR levels studied before day 1.
Expression

of

the

phosphorylated
-/-

form

of

PKR

was

detected

by

-/-

immunohistochemistry in PKR mice. Our PKR model [314] is generated by disruption
of exons 2 and 3 of the PKR gene to produce ES-mPKR. Thus the PKR-/- model used in
this study is not completely devoid of PKR as the PKR-/- mice express a dsRNA-binding
domain which is defective and non-functional [315]. The antibody pPKR detects PKR
phosphorylated on Threonine 446. The phosphorylation site of T446 is present in the
catalytic domain of PKR, which is located in the C-terminal domain of PKR. In our
mouse model, the C-terminal is present allowing the antibody pPKR (T446) to detect the
phosphorylation site (Figure 4.18).
Secondly, we observed by Western blot a decrease in phosphorylation of the JNK
level in the cortex of treated WT mice at day 1. This result was confirmed by
immunohistochemistry with a trend towards a decrease of pJNK level in the cortex at day
1. In PKR-/- mice treated by Poly I:C at day 1, a significant decrease in pJNK level was
also detected. Two hypotheses could explain the pJNK decrease. Firstly, the involvement
of MAP Kinase Phosphatase (MKP) such as MKP-1 or MKP-7, identified as a JNKspecific phosphatase [330]. The regulation of cytokines in innate immune response by
MKP such as MKP-1 was studied [331] and has shown that MKP-1 induced by LPS in
macrophages correlates with the inactivation of JNK [332]. Therefore the activity of
MKP-1 or MKP-7 might explain the significant decrease of JNK activity 24 hours after
the Poly I:C injection. The second hypothesis is the involvement of nitric oxide (NO) as
studies have shown the inhibition of JNK activity by NO [333]. This study suggests that	
  
the treatment by Poly I:C might increase the expression of mRNA of inducible NO
synthase [328] leading to the production of NO and thus to the inhibition of JNK activity
in the cortex of the treated mice in both strains. However, we have to highlight that the
number of mice, especially in PKR-/- mice was low, possibly explaining the non
significant p value obtained in PKR-/- mice (p=0.49). In order to confirm or refute if the
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Poly I:C has an effect or not on cerebral JNK, experiment should be repeated with a
larger number of animals (10 mice).
However, the result obtained by immunohistochemistry in the hypothalamus at day 1
showed the opposite effect of Poly I:C on pJNK, with a trend towards an increase of
pJNK level. Study has demonstrated that LPS increases TNF-α, IL-1β and iNOS
expression in the hippocampus and cortex, but revealed an opposite effect in the
hypothalamus, suggesting that in our model, expression of NOS was lower in the
hypothalamus than in the cortex after Poly I:C treatment, leading to an increase of pJNK
level in the hypothalamus [334].
Immunohistochemistry for IRS1 revealed a significant increase in the cortex of WT
mice at day 1 and in the hippocampus at day 3. PKR and JNK are known to
phosphorylate IRS1 on its serine site (inhibitory) [335]. However, in our study, we
obtained a decrease of pJNK level and no variation of pPKR level after Poly I:C
treatment at day 1. Cunningham et al. reported in mice brains an increase of IL-6 and
TNF-α expression after Poly I:C treatment [318]. Interestingly, TNF-α can lead to insulin
resistance by phosphorylating IRS1 on its Serine sites and IL-6 can increase the
phosphorylation of IRS1 through STAT3 and SOCS3 [336,337]. To confirm the
involvement of these proteins, a study of expression of TNF-α, IL-6, SOCS3 should be
performed. However, PKR could also be involved in IRS1 phosphorylation as no
variation of pIRS1 level was detected in PKR-/- mice. The result obtained in PKR-/- mice
also suggests that PKR could be activated before day 1 in WT mice leading to an increase
of pIRS1 level, as suggested for eIF2α.
The NF-κB pathway has an important role in protecting cells against dsRNA and is
central to the immune and inflammatory response. The involvement of PKR in NF-κB
activation [338], by dsRNA has been reported, and recently, it was observed that PKR
acts through IKKβ binding [339]. NF-κB and IKKβ, one of the two catalytic subunits
(IKKα and IKKβ) are both primary regulators of inflammatory responses and are
involved in acute inflammation. The direct link between PKR and IKK complex has
previously been described [340] and a strong induction of NF-κB by poly I:C via PKR
within 1 hour was observed in a cell model with a decline to very low levels observed at 4
hours [339]. In our study we did not detect any modification of IKKβ phosphorylation
24h after poly I:C treatment. This suggest that the effect of poly I:C on IKKβ and on NFκB pathway via PKR could be transient.
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Conclusion
Overall, at day 1 no modification of pPKR and pIKKβ was detected in WT and PKR-/mice. However, a decrease of pJNK and an increase of peIF2α and pIRS1 were detected
in WT mice after systemic challenge suggesting that pathways other than PKR might be
involved. No changes in Iba1, pIRS1 and peIF2α expression was detected in PKR-/- mice
suggesting that PKR is required for the up-regulation of these 3 proteins.
Due to the small number of mice used (n=3) at day 3, the study should be repeated,
to confirm the findings. Furthermore, during the study, fights occurred between the PKR-/mice before Poly I:C injection and thus the mice might have already been suffering from
peripheral inflammation before the start of the treatment.
In conclusion, the findings of this study suggest the absence of the formation of a
cerebral

metaflammasome

in

the

context

of

acute

systemic

inflammation.
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Figure 4.18: Structure of PKR. PKR (double-stranded RNA-dependent protein kinase) is
composed by DsRNA Binding Domain (DRBD) and Catalytic Domain. In our PKR-/- mouse
model, the DRBD is defective.
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Chapter 5

Chronic

peripheral

inflammation

induced by lipidic stress and the brain
metaflammasome
This study was designed to assess the involvement of a brain metaflammasome in
response to chronic peripheral inflammation induced by a high fat diet
In this study, WT and PKR-/- mice were fed either with a high fat diet (HFD) or a
control diet ad libitium for 16 weeks and the body weight was measured weekly.

V.1. Results
V.1.1. Effect of HFD on body weight and peripheral organs
In WT mice, a significant increase of body weight between mice fed with a high fat
diet (WT HFD) and mice fed with a control diet (WT Ctrl) was reported from the week 5
of the diet (p=0.017). In PKR-/-, a significant increase of body weight between fat mice
(PKR-/- HFD) and control mice (PKR-/- Ctrl) started to be reported from week 8 of the diet
(p=0.013). Furthermore, from the 5th week, the weight of the PKR-/- HFD mice was
significantly lower than the weight of the WT HFD mice (p=0.004) and at the end of the
study, the body weight of the PKR-/- HFD mice was 17% lower than the WT HFD mice
(p<0.001). No significant difference of body weight was observed between WT Ctrl and
PKR-/- Ctrl diet mice (Figure 5.1).
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To study whether the HFD affected the peripheral organs, Hematoxylin and Eosin
(H&E) staining was performed on liver and adipose tissues of WT and PKR-/- mice to
study the morphological difference after 16 weeks of diet.
In adipose tissue of WT Ctrl mice, an appearance of “crown-structures”, indicative of
mononuclear cellular infiltration, was observed. In PKR-/- Ctrl diet mice, this crownstructure was reduced (Figure 5.2 and 5.3), likely to reflect less infiltration of
inflammatory cells in PKR-/- HFD mice after 16 weeks of HFD. Furthermore, the
macrophage (Iba1) and T cell (CD3) immunostainings on adipose tissue support
published observation that the pattern of cellular clustering is composed of inflammatory
cells, mainly macrophages (Figure 5.4 and 5.5),.
No morphological difference in liver tissue was detected between WT Ctrl and PKR-/Ctrl diet mice. In the WT HFD mice, their liver tissue had a more regular hepatic fatty
infiltration compared to PKR-/- mice (Figure 5.6 and 5.7).

Figure 5.1: Evolution of total body weight on control diet or HFD (High Fat Diet) in WT
(Wild-Type) and PKR-/- (double-stranded RNA-dependent protein kinase knockout) mice.
Obesity is induced by HFD starting at 3 weeks of age. Error bars = SEM
(standard error of the mean).
WT CTRL n=12; WT Fat n=14; PKR-/- CTRL n=4; PKR-/- Fat n=5.
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Figure 5.2: Illustration of adipose tissue with H&E staining of WT (Wild-Type) and PKR/-

(double-stranded RNA-dependent protein kinase knockout) mice control diet or treated

by HFD. Scale bar = 100µm. H&E: haematoxylin and eosin.

Figure 5.3: Illustration of adipose tissue with H&E staining of WT (Wild-Type) and PKR-/(double-stranded RNA-dependent protein kinase knockout) mice control or treated by HFD.
Note the “crown structure” reflecting infiltration of the adipose tissue by inflammatory cells.
Scale bar = 20µm. H&E: haematoxylin and eosin.
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Figure 5.4: Illustration of Iba1 immunostaining in adipose tissue of WT (Wild-Type) and
PKR-/- (double-stranded RNA-dependent protein kinase knockout) mice control or treated
by HFD (High Fat Diet) showing the presence of macrophages in the Crown structures in
both groups. Scale bar = 20µm.

Figure 5.5: Illustration of CD3 immunostaining in adipose tissue of WT (Wild-Type) and
PKR-/- (double-stranded RNA-dependent protein kinase knockout) mice control or treated by
HFD (High Fat Diet) showing infiltration of few T cells. Scale bar = 20µm.

95	
  
	
  

Chapter 5: Chronic model and brain metaflammasome
	
  

Figure 5.6: Illustration of liver tissue with H&E staining of WT (Wild-Type) and PKR-/(double-stranded RNA-dependent protein kinase knockout) mice control or treated by
HFD (High Fat Diet). Scale bar = 100µm. H&E: haematoxylin and eosin.

Figure 5.7: Illustration of liver tissue with H&E staining of WT (Wild-Type) and PKR-/(double-stranded RNA-dependent protein kinase knockout) mice control or treated by
HFD (High Fat Diet). Scale bar = 20µm. H&E: haematoxylin and eosin.
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V.1.2. Effect of HFD on metabolic regulation
The HFD treatment led to a significant increase of blood glucose levels in WT HFD
mice compared to WT Ctrl mice (p=0.0008). In PKR-/- mice, no modification of blood
glucose levels was observed between PKR-/- HFD mice and PKR-/- Ctrl diet mice (Figure
5.8).
The insulin levels were significantly increased after HFD (p<0.0001) in WT mice and
in PKR-/- mice (p=0.0120). Surprisingly, the insulin levels observed in PKR-/- HFD mice
were significantly higher than in the WT HFD mice after treatment (p=0.008) (Figure
5.9).
Triglyceride levels were not significantly modified after HFD treatment in WT and
PKR-/- mice. However, a significant increase of total cholesterol levels was observed in
WT HFD mice (p< 0.0001) and PKR-/- HFD mice (p< 0.0001) (Figure 5.10 and Figure
5.11).
The analyses of HDL levels showed a significant increase of HDL in WT HFD mice
(p=0.0001) and PKR-/- HFD mice (p=0.0002) mice, with the HDL levels in PKR-/- HFD
mice significantly higher than in WT HFD mice (p=0.0092) (Figure 5.12). The LDL
levels were also significantly increased in WT HFD mice (p<0.0001) mice and PKR-/HFD mice (p=0.0003) but no significant difference was observed between WT HFD mice
and PKR-/- HFD mice (Figure 5.13).
The analysis of the ratio of LDL/HDL showed a significant increase of LDL/HDL
levels in WT HFD mice (p=0.002) and PKR-/- HFD mice (p=0.03). Furthermore, the
LDL/HDL levels were significantly lower in PKR-/- HFD mice compared to WT HFD
mice (p=0.03) (Figure 5.14).
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Figure 5.8: Analysis of blood glucose level after 16 weeks of HFD (High Fat Diet) in WT
(Wild-Type) and PKR-/- (double-stranded RNA-dependent protein kinase knockout) mice
showing a significantly increased blood glucose level in WT mice after HFD. Error bars
= SEM (standard error of the mean). WT CTRL n=12; WT Fat n=14; PKR-/- CTRL n=4;
PKR-/- Fat n=5.

Figure 5.9: Analysis of insulin level after 16 weeks of HFD (High Fat Diet) in WT (WildType) and PKR-/- (double-stranded RNA-dependent protein kinase knockout) mice
showing a significantly increased insulin level after HFD treatment in WT mice (p<0.001)
and PKR-/- mice (p=0.012). A significant increase of insulin is also observed between WT
HFD and PKR-/- HFD mice (p=0.0008). Error bars = SEM (standard error of the mean).
WT CTRL n=12; WT Fat n=14; PKR-/- CTRL n=4; PKR-/- Fat n=5.
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Figure 5.10: Analysis of cholesterol level after 16 weeks of HFD (High Fat Diet) in WT
(Wild-Type) and PKR-/- (double-stranded RNA-dependent protein kinase knockout) mice
showing a significant increased cholesterol level in WT HFD and PKR-/- HFD compared
to their controls. Error bars = SEM (standard error of the mean). WT CTRL n=12; WT
Fat n=14; PKR-/- CTRL n=4; PKR-/- Fat n=5.

Figure 5.11: Analysis of triglyceride level after 16 weeks of HFD (High Fat Diet) in WT
(Wild-Type) and PKR-/- (double-stranded RNA-dependent protein kinase knockout) in WT mice
and PKR-/- mice shows no difference of triglyceride level in WT and PKR-/- mice after HFD.
Error bars = SEM (standard error of the mean). WT CTRL n=12; WT Fat n=14; PKR-/- CTRL
n=4; PKR-/- Fat n=5.
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Figure 5.12: Analysis of HDL (high-density lipoprotein) level after 16 weeks of HFD (High
Fat Diet) in WT (Wild-Type) and PKR-/- (double-stranded RNA-dependent protein kinase
knockout) mice showing a significant increased HDL level after HFD in WT and PKR-/- mice
compared to controls and between WT HFD and PKR-/- HFD (p=0.0092). Error bars = SEM
WT CTRL n=12; WT Fat n=14; PKR-/- CTRL n=4; PKR-/- Fat n=5.

Figure 5.13: Analysis of LDL (Low-density lipoprotein) level after 16 weeks of HFD (High
Fat Diet) in WT (Wild-Type) and PKR-/- (double-stranded RNA-dependent protein kinase
knockout) mice showing a significant increased LDL level after HFD in WT and PKR-/- mice
compared to control diet. Error bars = SEM (standard error of the mean). WT CTRL n=12;
WT Fat n=14; PKR-/- CTRL n=4; PKR-/- Fat n=5.
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Figure 5.14: Analysis of ratio of LDL/HDL (Low-density lipoprotein/ high-density
lipoprotein) after 16 weeks of HFD (High Fat Diet) in WT (Wild-Type) and PKR-/- (doublestranded RNA-dependent protein kinase knockout) mice. The results showed a significant
differences after HFD treatment in the WT mice (p=0.002) and PKR-/- mice (p=0.03), as well
as between WT HFD and PKR-/- HFD mice (p=0.03). Error bars = SEM (standard error of
the mean). WT CTRL n=12; WT Fat n=14; PKR-/- CTRL n=4; PKR-/- Fat n=5.
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V.1.3. Study of neuroinflammation after HFD treatment
In order to study the neuroinflammatory response to 16 weeks of HFD in WT and
PKR-/-

mice,

the

expression

of

microglial

activation

was

explored

using

immunohistochemistry against the marker Iba1.
In WT mice, no significant modification of Iba1 expression was detected in the cortex
(p=0.37), hippocampus (p=0.7) or hypothalamus (p=0.59).
However, the results showed a significant increase of Iba1 protein load (%) in the
cortex of PKR-/- HFD mice (p=0.0092) with an increase of 36%. In the hippocampus, no
significant increase of Iba1 was observed (p=0.3) whilst a significant increase of 27%
was observed in the hypothalamus of PKR-/- HFD mice compared to PKR-/- Ctrl diet mice
(p=0.02) (Figure 5.15 and 5.16).
No significant difference of Iba1 protein load (%) was observed between WT control
and PKR-/- control mice in the cortex (p=0.25), hippocampus (p=0.44) and hypothalamus
(p=0.30).

Figure 5.15: Illustrations of Iba1 immunostaining in the cortical grey matter in WT
(Wild-Type) and PKR-/- (double-stranded RNA-dependent protein kinase knockout) mice
control and treated by HFD (High Fat Diet). Scale bar = 50µm.
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Figure 5.16: Histogram of levels of Iba1 protein load in the 3 brain structures of WT (WildType) and PKR-/- (double-stranded RNA-dependent protein kinase knockout) mice after 16
weeks of HFD (High Fat Diet). Significant increase of Iba1 expression is observed in the cortex
and hypothalamus of PKR-/- HFD mice. Error bars = SEM (standard error of the mean). WT
CTRL n=12; WT Fat n=14; PKR-/- CTRL n=4; PKR-/- Fat n=5.
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V.1.4. Expression of a brain metaflammasome after HFD treatment
To explore if HFD treatment led to the expression of a metaflammasome in the brain,
the phosphorylation levels of each component of the metaflammasome were studied by
Western blot in the cortex and by immunohistochemistry in 3 brains areas: cortex,
hippocampus and hypothalamus as described in chapter 3.

V.1.4.1. PKR-eIF2α pathway and HFD
This pathway was investigated by immunohistochemistry for pPKR and by Western blot
for eIF2α.
PKR immunostaining showed a significant increase of pPKR load in the cortex of WT
HFD mice (p=0.021) with an increase of 12 % compared to WT Ctrl mice. The same
result was also reported in the hippocampus (p=0.016) with a significant increase of 19%
and in the hypothalamus (p=0.018) with an increase of 40%.
In PKR-/- mice, pPKR load was detected by immunohistochemistry due to the presence
of C-Terminal domain in our PKR-/- mice model as explained in Chapter 3. No difference
in pPKR load was reported in the 3 brain areas after HFD treatment. Furthermore, pPKR
load in the cortex of PKR-/- HFD mice was significantly lower than in the cortex of WT
HFD mice (p<0.0001) (Figure 5.15 and 5.16).
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Figure 5.17: Illustrations of pPKR (phospho-double-stranded RNA-dependent protein
kinase) immunostaining in the cortical grey matter in WT (Wild-Type) and PKR-/(double-stranded RNA-dependent protein kinase knockout) mice control and treated by
HFD (High Fat Diet). Scale bar = 50µm.
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Figure 5.18: Histogram of levels of pPKR (Th446) (phospho-double-stranded RNAdependent protein kinase) areas of WT (Wild-Type) and PKR-/- (double-stranded RNAdependent protein kinase knockout) mice after 16 weeks of HFD (High Fat Diet) showing
a significantly increased pPKR load in the 3 brain areas of WT HFD mice. Error bars =
SEM (standard error of the mean). WT CTRL n=12; WT Fat n=14; PKR-/- CTRL n=4;
PKR-/- Fat n=5.
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Due to technical problems for the Western blot, the phosphorylation level of eIF2α, a
substrate of PKR, was studied instead of pPKR. The results showed a significant increase
of expression level of peIF2α in the cortex of WT HFD mice (p=0.025) with an increase
of 168% compared to WT Ctrl mice. In the PKR-/- HFD mice, no significant variation was
detected after HFD treatment (p=0.17). Furthermore, in basal condition, the expression
level of peIF2α was significantly lower in the cortex of PKR-/- Ctrl diet mice compared to
WT Ctrl mice (p=0.038) (Figure 5.19).

Figure 5.19: Level of peIF2α and eIF2α (eukaryotic initiation factor alpha) in the cortex
of WT (Wild-Type) and PKR-/- (double-stranded RNA-dependent protein kinase knockout)
mice. Western blot analysis (top) of peIF2α and eIF2α in cortex of mice. Corresponding
histogram (below) of the ratio peIF2α/eIF2α showing a significant increase in the cortex
of WT HFD (High Fat Diet) mice treated. Error bars = SEM (standard error of the mean).
WT CTRL n=12; WT Fat n=14; PKR-/- CTRL n=4; PKR-/- Fat n=5.
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V.1.4.2. JNK and HFD
The results obtained by Western blot and immunohistochemistry showed a significant
increase of 70% of the expression of pJNK in the cortex of WT mice treated by HFD
(p=0.016). No significant variation was observed in the cortex of PKR-/- HFD mice
compared to PKR-/- Ctrl diet mice (p=0.257).
No significant difference between mice treated by HFD and control mice was
observed by immunohistochemistry in the hippocampus or the hypothalamus for both
strains (Figure 5.20, 5.21 and 5.22).

.

Figure 5.20: Level of pJNK and JNK (c-Jun N-terminal kinase) in the cortex of mice (WT and
PKR-/-). Western blot analysis (top) of pJNK and JNK in cortex of mice. Corresponding
histogram (below) of the ratio pJNK/JNK showing a significant increase in the cortex of WT
HFD mice treated. Error bars = SEM (standard error of the mean). WT CTRL n=12; WT Fat
n=14; PKR-/- CTRL n=4; PKR-/- Fat n=5.
WT: Wild-Type; PKR-/-: double-stranded RNA-dependent protein kinase knockout.
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Figure 5.21: Illustrations of pJNK (phospho-c-Jun N-terminal kinase) immunostaining in the
cortical grey matter in WT (Wild-Type) and PKR-/- (double-stranded RNA-dependent protein kinase
knockout) mice control and treated by HFD (High Fat Diet). Scale bar = 50µm.

109	
  
	
  

Chapter 5: Chronic model and brain metaflammasome
	
  

Figure 5.22: Histogram of levels of pJNK (phospho-c-Jun N-terminal kinase) in the 3
brain areas of WT (Wild-Type) and PKR-/- (double-stranded RNA-dependent protein
kinase knockout) mice after 16 weeks of HFD (High Fat Diet) showing a significant
increase of pJNK load in the cortex of WT HFD mice. Error bars = SEM
(standard error of the mean). WT CTRL n=12; WT Fat n=14; PKR-/- CTRL n=4; PKR-/Fat n=5.
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V.1.4.3. IRS1 and HFD
The results obtained by Western blot and immunohistochemistry showed a significant
increase of 50% of the expression of pIRS1 in the cortex of WT HFD mice (p=0.014 and
p=0.0072 respectively). No significant variation was observed in the cortex of PKR-/HFD mice compared to PKR-/- Ctrl diet mice (p=0.135). Immunohistochemistry also
revealed a significant increase of pIRS1 level in the hippocampus of WT HFD mice
(p=0.0046). No variation was observed in the cortex of PKR-/- HFD mice compared to
control mice (Figure 5.23, 5.24 and 5.25).
	
  
No significant difference between mice treated by HFD and control mice was found in
the hypothalamus for both strains.

Figure 5.23: Level of pIRS1 and IRS1 (Insulin receptor substrate 1) in the cortex of mice
(WT and PKR-/-). Western blot analysis (top) of pIRS1 and IRS1 in cortex of mice.
Corresponding histogram (below) of the ratio pIRS1/IRS1 showing a significant increase
in the cortex of WT HFD (High Fat Diet) mice treated. Error bars = SEM
(standard error of the mean). WT CTRL n=12; WT Fat n=14; PKR-/- CTRL n=4; PKR-/Fat n=5.
WT: Wild-Type; PKR-/-: double-stranded RNA-dependent protein kinase knockout.
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Figure

5.24:

Illustrations

of

pIRS1

(phospho-Insulin

receptor

substrate

1)

immunostaining in the cortical grey matter in WT (Wild-Type) and PKR-/- (doublestranded RNA-dependent protein kinase knockout) mice control and treated by HFD
(High Fat Diet). Scale bar = 50µm.
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Figure 5.25: Histogram of levels of pIRS1 (phospho-Insulin receptor substrate 1) in the 3 brain
areas of WT (Wild-Type) and PKR-/- (double-stranded RNA-dependent protein kinase knockout)
mice after 16 weeks of HFD (High Fat Diet) showing a significant increase of pIRS1 load in the
cortex and hypothalamus of WT HFD mice. Error bars = SEM (standard error of the mean).
WT CTRL n=12; WT Fat n=14; PKR-/- CTRL n=4; PKR-/- Fat n=5.
113	
  
	
  

Chapter 5: Chronic model and brain metaflammasome
	
  

V.1.4.4. IKKβ and HFD
The results obtained by Western blot showed a trend towards an increase of pIKKβ
level in the cortex of WT treated by HFD mice (p=0.114). A trend towards a decrease of
pIKKβ level was observed in the cortex of PKR-/- HFD mice compared to PKR-/- Ctrl diet
mice (p=0.098). Interestingly, we observed a significant difference of pIKKβ expression
level between WT HFD mice and PKR-/- HFD mice (p=0.002).
The results obtained by immunohistochemistry did not reveal any significant variation
of pIKKβ level in the cortex between WT Ctrl mice and WT HFD mice (p=0.366). No
significant difference was observed in the hippocampus or hypothalamus of WT mice
after HFD treatment. No significant variation was observed in the 3 brain areas of PKR-/mice after 16 weeks of HFD (Figure 5.24, 5.25 and 5.26).

Figure 5.26: Level of pIKKβ and IKKβ ( IkappaB kinase complex) in the cortex of mice
(WT and PKR-/-). Western blot analysis (top) of pIKKβ and IKKβ in cortex of mice.
Corresponding histogram (below) of the ratio pIKKβ/IKKβ. Error bars = SEM
(standard error of the mean). WT CTRL n=12; WT Fat n=14; PKR-/- CTRL n=4; PKR-/Fat n=5.
WT: Wild-Type; PKR-/-: double-stranded RNA-dependent protein kinase knockout.
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Figure 5.27: Illustrations of pIKKβ (phospho-IkappaB kinase complex) immunostaining
in the cortical grey matter in WT (Wild-Type) and PKR-/- (double-stranded RNAdependent protein kinase knockout) mice control and treated by HFD. Scale bar = 50µm.
WT CTRL n=12; WT Fat n=14; PKR-/- CTRL n=4; PKR-/- Fat n=5.
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Figure 5.28: Histogram of levels of pIKKβ (phospho-IkappaB kinase complex) in the 3 brain
areas of WT (Wild-Type) and PKR-/- (double-stranded RNA-dependent protein kinase knockout)
mice after 16 weeks of HFD (High Fat Diet) showing no difference in pIKKβ load in both
strains after HFD. Error bars = SEM (standard error of the mean).
WT

CTRL

n=12;

WT

Fat

n=14;

PKR-/-

CTRL

n=4;

PKR-/-

Fat

n=5.
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V.2. Discussion
In this chapter, we have explored whether metabolic disorders (e.g. obesity, diabetes),
known to be risk factors for AD, were associated with the expression of a brain
metaflammasome in mouse models.
Obesity is characterized by increased weight and fat accumulation in adipose tissues.
Obese adipose tissue shows a hypertrophy of adipocytes and an inflammatory cell
infiltration, such as macrophages or T cells [341].
To induce obesity, animals were fed with HFD for 16 weeks. This resulted in obese
WT mice with an increase of 58% of body weight observed from the 5th week.
The H&E staining revealed a hypertrophy of adipocytes in WT mice which were five
times larger than in Ctrl mice. Furthermore, an inflammatory cell infiltration was observed
in adipose tissue of WT HFD mice, thus confirming an inflammatory reaction to the
obesity of the mice. Obesity and type 2 diabetes induce lipid abnormalities such as
dyslipidaemia which is characterized by an increase of LDL (low-density lipoprotein). In
addition, the measurement of total cholesterol level in the plasma of mice showed a
significant increase after HFD treatment in the WT mice.
With these findings, we can confirm that our HFD mice were suffering from metabolic
disorders and thus allowing us to study the expression of a brain metaflammasome.
Systemic chronic lipid stress induces increase of cerebral metaflammasome
expression
In 2010, Nakamura and his colleagues reported in mice an increase of expression of
the 4 components of the metaflammasome (PKR, JNK, IKKβ and IRS1) in peripheral
organs (liver, adipose tissue and muscle) after HFD-feeding, highlighting the involvement
of the metaflammasome in metabolic disorders [205].
To investigate the presence of a metaflammasome in the brain in response to
peripheral chronic lipid stress induced by HFD, the expression of the metaflammasome
was studied in the brain of obese mice. Our results showed an increase of cerebral PKR,
JNK and IRS1 expression in WT mice after 16 weeks of HFD. A trend towards an
increase of pIKKβ was also observed in the cortex of WT mice fed with HFD. However,
we didn’t observe any significant modulation of Iba1 expression after HFD treatment in
WT mice.
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But

how

can

peripheral

lipid

stress

affect

the

expression

of

cerebral

metaflammasome?
There are 3 major routes of communication between the peripheral and central
nervous system (CNS) leading to the synthesis of cytokines and inflammatory mediators
in the brain [342]:
- The first one is through vagal-nerve sensory afferents.
- The second is through cytokines produced in the periphery entering the blood and
communicating with macrophages.
- The third is through cytokines interacting directly with brain endothelium and crossing
the blood-brain barrier.
Interestingly, it was demonstrated that, cytokine release (TNFα and IL-1β) was
significantly increased in the mouse hippocampus, after systemic inflammation induced
by LPS, leading to the activation of PKR [343]. A similar mechanism could explain the
activation of PKR and other cerebral metaflammasome proteins during chronic lipid
stress. To confirm this hypothesis, a study of expression of cytokines such as TNFα, IL1β, and IL-6 in the brain should be carried out.
Therefore, our findings suggest that chronic peripheral lipid stress can induce the
expression of a metaflammasome in the brain and also highlight the putative role of this
metaflammasome in metabolic disorders, risk factors for AD.
Neuroinflammation and brain metaflammasome during chronic lipid stress
As mentioned in the introduction, metabolic diseases are associated with a chronic and
low-grade inflammation. Indeed, over-nutrition leads to the infiltration of inflammatory
cells such as macrophages in adipose tissue and increased pro-inflammatory cytokines
[337]. The link between systemic inflammation and central inflammation has been
reported by several studies [344,345]. In our model, the results did not show any variation
of Iba1 expression in the 3 brain areas (cortex, hippocampus and hypothalamus) of WT
mice, after 16 weeks of HFD.
Conversely, in PKR-/- mice, a significant increase of Iba1 expression was observed in
the cortex and hypothalamus of the mice fed with HFD. These findings suggest that the
absence of PKR might result in a more severe neuroinflammatory reaction following
HFD. A study by Thaler and his colleagues in their HFD mouse model reported that
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astrocytes

played

an

important

neuroprotective

role

temporarily

limiting

neuroinflammation and neuronal loss [345]. Thus our study suggests that the absence of
PKR might disrupt the neuroprotective mechanisms established during HFD treatment.
Interestingly, the Iba1 expression seems to be lower in PKR-/- control mice compared to
WT control mice. This observation suggests that PKR-/- mice might present a lower
neuroinflammation than WT mice in normal situation. However, due to the limit number
of PKR-/- mice, no significant result was obtained in this study. To confirm this
observation, the study should be repeated with a larger number of PKR-/- mice.
Overall our observations and those of others suggest that, relative to other organs, a
neuroprotective mechanism against neuroinflammation is established to limit bystander
damages in the brain, and that PKR could play a key role in this neuroprotective process.
Role of PKR in cerebral metaflammasome expression
According Nakamura and his colleagues, PKR is the key component of the peripheral
metaflammasome. In our study, using PKR-/- mice, we demonstrated that the inhibition of
PKR prevents the phosphorylation of the 3 other proteins present in the cerebral
metaflammasome. The results also revealed the importance of the RNA-binding domain
of PKR to activate the substrate because our PKR-/- mouse model was mutated on RNAbinding domain. Our study supports the hypothesis that PKR plays a central role in the
activation of a cerebral metaflammasome induced by a chronic lipidic stress. However,
due to the limited number of PKR-/- mice, the standard deviation value was large
compared to WT mice between non-treated and treated mice. Therefore, the limited
number of mice could explain the absence of significant results in PKR-/- mice between
non-treated and treated mice. To confirm or refute our results and the potential role of
PKR in cerebral metaflammasome expression, the experiments should be repeated with a
larger number of PKR-/- mice.

Inhibition of PKR protects against weight gain and inflammation in peripheral organs
An increased weight was detected in PKR-/- mice fed with HFD but it was
significantly less than the weight gain observed in WT HFD mice. The body weight
difference between the two strains became significantly evident after week 5 of HFD. At
the end of the study, the weight gain in the PKR-/- HFD mice was 17% lower than in the
WT HFD mice. No significant difference was observed in Ctrl mice of both strains
highlighting the important role of PKR in weight gain during HFD. The same
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observations were reported by Nakamura and his colleagues [205], and thus both studies
suggest that inhibition of PKR could protect against the weight gain induced by HFD.
Interestingly, in PKR-/- Ctrl diet mice, the adipocyte size was observed to be larger
compared to WT Ctrl mice. This observation suggests that PKR could be involved in the
fat reservoir of adipocytes. Furthermore, the presence of the crown structure composed
mainly of macrophages in adipose tissue was less in PKR-/- HFD mice compared to WT
HFD mice. This indicates a reduction of the inflammatory cell infiltration in adipose
tissue in PKR-/- mice despite the HFD treatment, suggesting that the inhibition of PKR
prevents inflammation in adipose tissue. Furthermore in liver tissue, a reduction of
hepatic fatty cells was also observed in PKR-/- HFD mice, compared to WT HFD mice.
With these findings, we confirm previous observations by Nakamura and his colleagues
[205] strengthening the hypothesis that the inhibition of PKR could prevent obesityassociated inflammation and hepatic fatty cell infiltration.

Figure 5.29: Illustration of the role of PKR (double-stranded RNA-dependent protein kinase)
in peripheral organs during HFD (High Fat Diet). Weight gain, infiltration of inflammatory
cells and hepatic fatty infiltration were observed in WT (Wild-Type) mice after HFD. These
effects of HFD were attenuated in PKR-/-.
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Inhibition of PKR protects against the development of type 2 diabetes
Type 2 diabetes is characterized by hyperglycaemia in response to deficiencies in
insulin secretion by pancreatic β cells and/or in insulin action resulting from insulin
resistance in tissues, and obesity is the most important risk factor in the development of
type 2 diabetes.
Insulin regulates glucose transport and glucose uptake into cells. Its mechanism is
mediated by the signalling pathway composed by IRS proteins, PI3-kinase, Akt, mTOR
and p70S6 kinase. Activation of IRS protein, by phosphorylation on tyrosine inducing the
activation of PI3-kinase and Akt, is critical for the mechanism of insulin action on
glucose transport into the cells. Several studies reported that during insulin resistance, the
activity of IRS proteins is reduced by phosphorylation of IRS1 on its serine residue [346].
This disturbance of IRS1 activity leads to a defective insulin action resulting in a
diminution of glucose transport into the cells [347]. In our study, blood glucose level was
measured after 16 weeks of HFD treatment. In WT mice, HFD led to a significant
increase of blood glucose level compared to control mice. This result showed that WT
mice treated by HFD developed type 2 diabetes. Interestingly, in PKR-/- mice, no
significant difference of blood glucose level was observed between animals fed with HFD
and control diet. These results suggest that PKR could play an important role in the level
of blood glucose during a HFD. Nakamura and his colleagues demonstrated that IRS1 is a
direct substrate of PKR and, also that PKR activity was increased in peripheral organs
after HFD treatment. Increased PKR activity led to an increase in the level of IRS1
phosphorylation on ser307 [205] thus inducing inhibition of IRS1. Therefore, inhibition
of PKR led to an activation of IRS1 resulting in the restoration of normal metabolic
insulin signalling. Our results suggest that inhibition of PKR can prevent the development
of type 2 diabetes by maintaining the metabolic insulin signalling. However, due to the
large value of standard deviation observed in the expression of pIRS1 in PKR-/- mice, the
experiment should be repeated with a larger number of PKR-/- mice to confirm or refute
the potential role of PKR in the development of type 2 diabetes.
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Figure 5.30: Role of PKR (double-stranded RNA-dependent protein kinase) in insulin
resistance pathway. Excess of nutrients induces activation of PKR leading to the
phosphorylation of IRS1 (Insulin receptor substrate 1) on Ser site. The phosphorylation of
IRS1 on Ser307 conducts to the deregulation of insulin pathway resulting in insulin
resistance. In the absence of PKR, the excess of nutrients has no significant effect in insulin
regulation.
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It has been reported that HFD treatment is injurious to beta-cell function and can lead
to the impairment of glucose transport and insufficient beta cell insulin secretion [348].
The insulin level was measured in the plasma of mice after HFD treatment. In WT
mice, HFD treatment induced a significant increase of insulin with 2.5 times higher levels
in WT HFD mice compared to the WT Ctrl mice. Surprisingly, a significantly increased
insulin was also observed in the plasma of PKR-/- mice after HFD treatment which was 8
times higher compared to the PKR-/- Ctrl diet mice and also significantly higher than the
insulin level in the WT HFD mice. A possible explanation for this is that increased beta
cell function is improved by the HFD treatment resulting in increased insulin secretion
secondary to the activity of receptor tyrosine kinases such as c-KIT [349]. In this paper,
the authors demonstrated that overexpression of c-KIT in beta cells ameliorates glucose
metabolism by increased insulin secretion; thus implying that this receptor could have a
protective role in preventing type 2 diabetes.

Inhibition of PKR protects against dyslipidaemia
Our results show in both strains increased cholesterol suggesting that PKR might not
have a major role in the total cholesterol level detected during lipid stress.

The level of triglyceride was also studied and showed no variation after HFD
treatment for both strains, suggesting that HFD did not have effect on the triglyceride
concentration in our model. In the aim to study if HFD induced a dyslipidaemia, the
levels of HDL and LDL were measured in the plasma of the mice. The results revealed a
significant increase of HDL and LDL in both strains after HFD treatment. However, a
higher level of HDL level was found in PKR-/- HFD mice compared to WT HFD mice.
The ratio LDL/HDL was significantly lower in PKR-/- HFD mice compared to WT HFD
mice. These observations suggest that PKR could be involved in the production of HDL
in response to nutrient excess and that its inhibition could promote the production of HDL.
Indeed, it has previously been shown that lipid metabolism is regulated by FABP (Fatty
acid-binding proteins), a family of transport proteins for fatty acids [75] and it was
reported that JNK protein regulates FABP expression [350]. Furthermore, the ablation of
FABP (Fatty acid-binding protein) gene reduces HDL cholesterol content in the serum of
mice [351]. Knowing that JNK is one of the substrates of PKR, the results suggest that
inhibition of PKR could induce an increase of FABP leading to an increase of HDL total
cholesterol. To confirm this hypothesis in future studies, FABP expression should be
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studied in our model. In conclusion, the results suggest that inhibition of PKR could
prevent dyslipidaemia development in our model.

Conclusion
In this study, we showed that metabolic disorders led to the expression of a brain
metaflammasome similar to the one expressed in periphery. Our findings support PKR as
a key feature of the brain metaflammasome. Furthermore, a protective role of PKR
against increased neuroinflammation was also supported by our findings. We observed
that not only the inhibition of PKR prevented the expression of cerebral metaflammasome
components but also the development of type 2 diabetes and diabetic dyslipidaemia.
Therefore inhibition of PKR components could be a new pharmacological target aimed at
initiating protection against metabolic disorders, known as risk factors of AD.
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Chapter 6

The metaflammasome in the human
post-mortem brain
To identify the presence of a cerebral metaflammasome in the human brain and assess
its association with AD risk factors, immunohistochemistry was performed on postmortem sections of frontal cortex obtained from 298 participants of the CFAS cohort.
Immunoreactivity was detected in cells which appeared to be mainly neuronal based on
morphology for all the metaflammasome proteins.

VI.1. Results
VI.1.1. Characteristics of the cohort
The cohort consisted of 298 participants in total, however 20 of them were not
included for the analysis because the dementia status for these participants was not
confirmed at the time of death or by the death certificate.
Among 278 participants analysed, 130 participants were non-demented and 148
participants were demented (Table 6.1). Of the 148 participants with dementia, 83 people
had sufficient AD pathology for a neuropathological diagnosis of AD. For the nondemented control group, 51% were female, the average age at death was 84 years and the
mean MMSE score performed at the last assessment was of 25. For the group with
dementia, 69% were female, including 64% with AD pathology, with an average age at
death of 89 years. The mean MMSE score performed at the last assessment for the
dementia group was 14 and 11 for people with dementia with AD pathology (Table 6.1).
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Number of female †
Age at death ††
Years since last cognitive assessment ††
MMSE at last assessment ††

Dementia with

No dementia

Overall dementia

(n= 130)

(n=148)

66 (51)

102 (69)

53 (64)

84 (77-90)

89 (84-93)

89 (83-93)

1.1 (0.5-1.8)

1.7 (0.8-3.1)

1.5 (0.8-3.2)

25 (22-28)

14 (8-20)

11 (6-17)

AD pathology
(n=83)

	
  

Table 6.1: Demographic and cognitive profile according to dementia status.
The immunodetection of the components of the metaflammasome showed that all
proteins were expressed in the neuronal cells, as identified by the morphology of the cells.
For PKR and IRS1, the staining was mainly nuclear. The staining of IKKβ was
cytoplasmic and JNK was present in both compartments (Figure 6.1-6.4).
No staining was detected in the white matter.
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Figure 6.1: Illustration of pPKR (phospho-double-stranded RNA-dependent protein kinase )
immunostaining in human cortex. Scale bar = 20µm.

Figure 6.2: Illustration of pJNK(phospho- c-Jun N-terminal kinases) immunostaining in
human cortex. Scale bar = 20µm.
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Figure 6.3: Illustration of pIRS1 (phospho-Insulin receptor substrate 1) immunostaining in
human cortex. Scale bar = 20µm.

Figure 6.4: Illustration of pIKKβ (phospho- IkappaB kinase beta) immunostaining in human
cortex. Scale bar = 20µm.
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Quantification of the immunostaining of the metaflammasome components, according
to dementia status, is presented below in the Table 6.2 and the distribution illustrated in
figure 6.5:

All cases

No dementia

Overall dementia

(n=298)

(n= 130)

(n=148)

Dementia with
AD pathology
(n=83)

Mean (linearized SE)
pIKKbeta

0.293(0.001)

0.302(0.002)

0.282(0.002)

0.279(0.003)

pIRS1

0.378(0.002)

0.391(0.003)

0.379(0.003)

0.360(0.003)

pJNK

0.266(0.003)

0.266(0.005)

0.274(0.003)

0.302(0.004)

pPKR

0.542(0.004)

0.542(0.005)

0.540(0.005)

0.551(0.006)

Table 6.2: Quantification of immunohistochemistry for molecular components of the
metaflammasome according to dementia status (protein load, %).

Figure 6.5: Graphs showing quantification of metaflammasome components according to
dementia status.
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IV.1.2. Relationship between metaflammasome proteins and
dementia
Correlations between the metaflammasome proteins and the presence of dementia
showed that the participants with high protein load of pIKKβ and pIRS1 were less likely
to have dementia including the dementia with AD pathology, whereas participants with
high expression of pJNK were more likely to have dementia with AD pathology (Table
6.3).

Metaflammasome
component

OR

95%CI(OR)

p

Dementia / no dementia
pIKKbeta

0.2

(0.2; 0.3)

<0.001

pIRS1

0.5

(0.4; 0.7)

<0.001

pJNK

1.1

(0.9; 1.3)

0.338

pPKR

0.9

(0.8; 1.0)

0.059

Dementia with AD pathology / no dementia
pIKKbeta

0.2

(0.1; 0.4)

<0.001

pIRS1

0.3

(0.2; 0.4)

<0.001

pJNK

1.5

(1.2; 1.9)

<0.001

pPKR

1.0

(0.8; 1.1)

0.617

Table 6.3: Relation between metaflammasome components and dementia.
It was noticed that most of the metaflammasome staining values were concentrated at
low absolute values (below 0.6%), regardless of dementia status. Thus, to verify if the
different relationships predicted by the results were stable, the metaflammasome data
were divided into quartiles and the categorised data were used in the regression analyses
instead of the raw data. The significant data still observed after the sensitivity analyses (Ɨ)
are used for discussion (Table 6.4).
After the sensitivity analyses, the findings showed that pIKKβ and pIRS1 maintained
their relationship with dementia; the participants with the higher quantities of both
proteins were less likely to be associated with an AD pathology dementia. For pJNK, the
relationship with AD-dementia status was maintained.
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Metaflammasome

OR

95%CI(OR)

p

pIKKbeta I

0.2

(0.2; 0.3)

<0.001

pIRS1

0.5

(0.4; 0.7)

<0.001

pJNK

1.1

(0.9; 1.3)

0.338

pPKR

0.9

(0.8; 1.0)

0.059

component
Dementia / no dementia

Dementia with AD pathology / no dementia
pIKKbeta I

0.2

(0.1; 0.4)

<0.001

pIRS1 I

0.3

(0.2; 0.4)

<0.001

pJNK I

1.5

(1.2; 1.9)

<0.001

pPKR

1.0

(0.8; 1.1)

0.617

Table 6.4: Relation between metaflammasome components and dementia following
sensitivity analyses.
Ɨ	
  Relationship maintained in the sensitivity analysis
The ROC (Receiver Operating Characteristic) regression analysis shows that none of
the metaflammasome proteins was a good discriminator of dementia status or AD
pathology dementia (Table 6.5).
Metaflammasome
component

AUC

95%CI(AUC)

p

Dementia / no dementia
pIKKbeta
pIRS1
pJNK

0.45

(0.43; 0.46)

<0.001

0.47

(0.45; 0.48)

<0.001

0.51

(0.49; 0.52)

<0.001

pPKR

0.49 (0.48; 0.50)
Dementia with AD pathology / no dementia
pIKKbeta
pIRS1
pJNK
pPKR

<0.001

0.45

(0.43; 0.46)

<0.001

0.43

(0.42; 0.45)

<0.001

0.53

(0.51; 0.55)

<0.001

0.50

(0.48; 0.51)

<0.001

Table 6.5: ROC analyses to investigate the metaflammasome components as a
discriminator of dementia.
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VI.1.3. Relationship between metaflammasome proteins and
cognition
	
  
The cognition measure was based on the MMSE score obtained at the last assessment.
The analysis showed that participants with a high pIKKβ load had better cognitive
performance (p<0.001), whereas participants with high quantities of pIRS1, pJNK and pPKR
load were more likely to have worse cognitive performance (p<0.001) (Table 6.6).

Metaflammasome

β

95%CI(β)

p

pIKKbeta

4.0

(2.8; 5.3)

<0.001

pIRS1

-1.3

(-2.0; -0.6)

<0.001

pJNK

-2.2

(-2.7; -1.6)

<0.001

pPKR

-0.7

(-1.1; -0.3)

0.001

component

Table 6.6: Relationship between metaflammasome components and MMSE.

VI.1.4. Relationship between components of the metaflammasome
To study the strength of the relationship between the components of the
metaflammasome, the spearman rho coefficients were calculated.
Overall, there was either weak (r<0.39) or a moderate (0.40<r<0.59) correlation
between the components of the metaflammasome. However, among non-demented
participants, a positive correlation was observed between pIKKβ and pIRS1 (p<0.001),
pIKKβ and pPKR (p=0.004), pIRS1 and pJNK (p<0.001), pIRS1 and pPKR (p<0.001),
and pJNK and pPKR (p<0.001) (Table 6.7).
Among participants with AD pathology, positive correlations were observed
between pIRS1 and pJNK (p<0.006), pIRS1 and pPKR (p<0.001), and pJNK and pPKR
(p<0.001) and a negative correlation between pIKKβ and pJNK (p=0.009). There was no
correlation between pIKKβ and pIRS1 (p=0.171).
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Correlations

r

p

pIKKbeta x pIRS1 Ɨ

0.33

<0.001

pIKKbeta x pJNK

0.07

0.463

pIKKbeta x pPKR Ɨ

0.25

0.004

pIRS1 x pJNK Ɨ

0.43

<0.001

pIRS1 x pPKR Ɨ

0.34

<0.001

pJNK x pPKR Ɨ

0.59

<0.001

pIKKbeta x pIRS1

0.15

0.171

pIKKbeta x pJNK Ɨ

-0.29

0.009

pIKKbeta x pPKR

-0.13

0.260

pIRS1 x pJNK Ɨ

0.30

0.006

pIRS1 x pPKR Ɨ

0.38

<0.001

pJNK x pPKR Ɨ

0.66

<0.001

No dementia

Dementia with AD pathology

Table 6.7: Correlation matrix between the components of the metaflammasome.
Ɨ	
  Relationship maintained in the sensitivity analysis
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VI.1.5. Relationship between the metaflammasome proteins and the
AD neuropathology
The study of the relationship between the metaflammasome protein quantification and
the pathology in the entire cohort (Table 6.8) showed that: (i) increased pIKKβ was
related to decreased meningeal and parenchymal CAA (ii) lower expression of pIRS1 was
related to increased parenchymal CAA and diffuse plaques; (iii) increased pJNK was
related to increased parenchymal CAA and tangles, and (iv) increased pPKR was related
with parenchymal CAA. Overall the analyses in the entire cohort showed that all
metaflammasome components were related to the parenchymal CAA.

Among the non-demented participants, the analysis between the metaflammasome
components and AD pathology showed that: (i) increased pIKKβ related to lower severity
of meningeal CAA (p<0.001); (ii) increased levels of pIRS1 related to a lower density of
diffuse plaques (p<0.001) and neuritic plaques (p=0.003), and (iii) increased pJNK
related to lower number of neuritic plaques (p=0.001) (Table 6.9).
Among participants with AD pathology, the analysis showed that: (i) increased pIKKβ
load related to higher number of diffuse (p=0.004) and neuritic plaques (p<0.001); (ii)
increased pJNK related to increased meningeal and parenchymal CAA (p<0.001), and
(iii) increased pPKR load associated with increased parenchymal CAA (p<0.001) (Table
6.10).
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Neurodegenerative pathologies

OR

95%CI(OR)

p

pIKKbeta Ɨ

0.12

(0.06; 0.22)

<0.001

pIRS1

0.40

(0.29; 0.56)

<0.001

pJNK

2.23

(1.83; 2.71)

<0.001

pPKR

2.38

(2.01; 2.83)

<0.001

pIKKbeta Ɨ

0.10

(0.03; 0.33)

<0.001

pIRS1 Ɨ

0.17

(0.10; 0.29)

<0.001

pJNK Ɨ

3.06

(2.45; 3.82)

<0.001

pPKR Ɨ

3.49

(2.85; 4.27)

<0.001

pIKKbeta

1.83

(1.29; 2.59)

0.001

pIRS1 Ɨ

0.47

(0.38; 0.59)

<0.001

pJNK

1.37

(1.18; 1.59)

<0.001

pPKR

1.49

(1.31; 1.69)

<0.001

pIKKbeta

4.16

(2.85; 6.06)

<0.001

pIRS1

0.65

(0.51; 0.83)

<0.001

pJNK

1.13

(0.97; 1.33)

0.123

pPKR

1.12

(0.98; 1.30)

0.106

pIKKbeta

2.52

(1.41; 4.50)

0.002

pIRS1

0.51

(0.37; 0.70)

<0.001

pJNK Ɨ

1.36

(1.17; 1.57)

<0.001

pPKR

1.06

(0.87; 1.29)

0.582

CAA meningeal

CAA parenchymal

Diffuse plaques

Neuritic plaques

Tangles

Table 6.8: Relationship between metaflammasome components and AD neuropathology
in the entire cohort.
Ɨ	
  Relationship maintained in the sensitivity analysis
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Neurodegenerative pathologies

OR

95%CI(OR)

p

pIKKbeta Ɨ

0.00

(0.00; 0.02)

<0.001

pIRS1

0.04

(0.02; 0.09)

<0.001

pJNK

0.11

(0.06; 0.21)

<0.001

pPKR

0.25

(0.14; 0.44)

<0.001

pIKKbeta

0.00

(0.00; 0.00)

<0.001

pIRS1 Ɨ

0.00

(0.00; 0.00)

<0.001

pJNK

0.28

(0.14; 0.56)

<0.001

pPKR

1.40

(0.97; 2.03)

0.072

pIKKbeta

0.86

(0.51; 1.45)

0.573

pIRS1 Ɨ

0.22

(0.15; 0.31)

<0.001

pJNK Ɨ

1.07

(0.88; 1.31)

0.473

pPKR

0.76

(0.62; 0.93)

0.008

pIKKbeta

2.65

(1.33; 5.31)

0.006

pIRS1

0.49

(0.31; 0.79)

0.003

pJNK

0.60

(0.44; 0.81)

0.001

pPKR

1.10

(0.84; 1.44)

0.502

pIKKbeta

391.08

(135.07; 1132.32)

<0.001

pIRS1

0.77

(0.19; 3.16)

0.714

pJNK

0.00

(0.00; 0.02)

<0.001

pPKR

0.08

(0.05; 0.14)

<0.001

CAA meningeal

CAA parenchymal

Diffuse plaques

Neuritic plaques

Tangles

Table 6.9: Relationship between metaflammasome components and AD neuropathology
among non-demented participants.
Ɨ	
  Relationship maintained in the sensitivity analysis
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Neurodegenerative pathologies

OR

95%CI(OR)

p

pIKKbeta

0.51

(0.26; 0.98)

0.043

pIRS1

0.79

(0.45; 1.38)

0.403

pJNK Ɨ

8.98

(5.66; 14.25)

<0.001

pPKR

3.63

(2.74; 4.83)

<0.001

pIKKbeta

1.62

(0.72; 3.64)

0.242

pIRS1

1.21

(0.64; 2.30)

0.555

pJNK Ɨ

10.93

(6.46; 18.47)

<0.001

pPKR Ɨ

7.35

(5.22; 10.35)

<0.001

CAA meningeal

CAA parenchymal

Diffuse plaques
pIKKbeta Ɨ

3.89

(1.54; 9.79)

0.004

pIRS1

1.66

(0.93; 2.95)

0.087

pJNK

3.11

(1.95; 4.96)

<0.001

pPKR

4.23

(3.08; 5.82)

<0.001

(27.06; 182.30)

<0.001

Neuritic plaques
pIKKbeta Ɨ

70.24

pIRS1

5.07

(2.75; 9.34)

<0.001

pJNK Ɨ

5.96

(3.94; 9.01)

<0.001

pPKR

1.95

(1.52; 2.49)

<0.001

pIKKbeta

5.26

(2.92; 9.48)

<0.001

pIRS1

1.34

(0.81; 2.21)

0.260

pJNK

1.09

(0.74; 1.61)

0.650

pPKR

1.68

(1.27; 2.21)

<0.001

Tangles

Table 6.10: Relationship between metaflammasome components and AD neuropathology
among participants with AD pathology-dementia.
Ɨ	
  Relationship maintained in the sensitivity analysis
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VI.1.6. Relationship between metaflammasome proteins and risk
factors for AD
In 5% of the CFAS cases, there were no available data regarding hypertension or type
2 diabetes. Among those with available data, 42% of the participants had hypertension
and 12% had type 2 diabetes. Both hypertension and type 2 diabetes were self-reported
either by the participant, a relative or the carer.
	
  

Hypertension
Among participants without dementia, hypertension was positively associated with
pIKKβ (p<0.001), pIRS1 (p<0.001) and pJNK (p<0.001). No correlation was observed
with pPKR (Table 6.11).
Interestingly, among participants with AD pathology, all components of the
metaflammasome were negatively correlated with hypertension (Table 6.11).

Metaflammasome

β

95%CI(β)

p

pIKKbeta Ɨ

0.02

(0.02; 0.03)

<0.001

pIRS1 Ɨ

0.04

(0.03; 0.06)

<0.001

pJNK Ɨ

0.07

(0.05; 0.09)

<0.001

pPKR

-0.01

(-0.03; 0.01)

0.281

component
No dementia

Dementia with AD pathology
pIKKbeta Ɨ

-0.03

(-0.05; -0.02)

<0.001

pIRS1

-0.03

(-0.04; -0.01)

0.006

pJNK Ɨ

-0.05

(-0.07; -0.03)

<0.001

pPKR Ɨ

-0.09

(-0.11; -0.06)

<0.001

Table 6.11: Relationship between metaflammasome components and self-reported
hypertension.
Ɨ	
  Relationship maintained in the sensitivity analysis
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Type 2 Diabetes
Among participants without dementia, the results showed that type 2 diabetes was
negatively associated with pIKKβ (p=0.004), pIRS1 (p<0.001) and pJNK (p<0.001). No
correlation was detected with pPKR.
Among participants with AD, there was a negative correlation with pIRS1 (p<0.001)
and pPKR (p=0.005), whereas, pJNK (p<0.001) was positively associated with type 2
diabetes (Table 6.12).

Metaflammasome

β

95%CI(β)

p

pIKKbeta Ɨ

-0.02

(-0.03; -0.01)

0.004

pIRS1 Ɨ

-0.05

(-0.06; -0.03)

<0.001

pJNK Ɨ

-0.05

(-0.07; -0.04)

<0.001

pPKR

-0.01

(-0.04; 0.01)

0.225

component
No dementia

Dementia with AD pathology
pIKKbeta

0.00

(-0.02; 0.02)

0.793

pIRS1 Ɨ

-0.05

(-0.07; -0.02)

<0.001

pJNK Ɨ

0.10

(0.06; 0.13)

<0.001

pPKR Ɨ

-0.07

(-0.11; -0.02)

0.005

Table 6.12: Relationship between metaflammasome components and type 2 diabetes.
Ɨ	
  Relationship maintained in the sensitivity analysis
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Education
Among participants without dementia, our analysis showed that the education level (in
years) was positively associated with pIRS1 (p<0.001) only.
Among participants with AD pathology, the results showed that pIKKβ (p=0.010) and
pPKR (p<0.001) were positively correlated with education level, whereas pJNK
(p=0.008) was negatively associated (Table 6.13).

Metaflammasome

β

95%CI(β)

p

pIKKbeta

-0.001

(-0.003; 0.001)

0.237

pIRS1 Ɨ

0.008

(0.004; 0.013)

<0.001

pJNK

-0.002

(-0.006; 0.002)

0.281

pPKR

-0.003

(-0.008; 0.001)

0.148

component
No dementia

Dementia with AD pathology
pIKKbeta Ɨ

0.007

(0.002; 0.011)

0.010

pIRS1

0.001

(-0.003; 0.005)

0.514

pJNK Ɨ

-0.005

(-0.009; -0.001)

0.008

pPKR Ɨ

0.011

(0.006; 0.017)

<0.001

Table 6.13: Relationship between metaflammasome components and education level
(years).
Ɨ	
  Relationship maintained in the sensitivity analysis
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VI.1.7. Relationship between metaflammasome components and
APOE genotype
	
  
APOE ε2 and ε4 were associated with clinical dementia after adjustment for age at
death and sex. When each metaflammasome protein was individually introduced into the
model (between APOE and clinical dementia), dementia risks conferred by ε2 (0.6) and
ε4 (2.5) did not change. This shows that the presence of the metaflammasome proteins
did not change the dementia risk attributed to APOE genotype (Table 6.14).

Metaflammasome
component†

OR

95%CI(OR)

p

Relationship between e2 and dementia

OR

95%CI(OR)

p

Relationship between e4 and dementia

0.7

(0.6; 0.8)

<0.001

1.9

(1.8; 2.1)

<0.001

pIKKbeta

0.7

(0.6; 0.8)

<0.001

1.8

(1.7; 2.0)

<0.001

pIRS1

0.7

(0.6; 0.8)

<0.001

1.8

(1.7; 2.0)

<0.001

pJNK

0.7

(0.6; 0.8)

<0.001

1.9

(1.7; 2.1)

<0.001

pPKR

0.7

(0.6; 0.8)

<0.001

1.9

(1.7; 2.1)

<0.001

Relationship between e2 and dementia with AD pathology

Relationship between e4 and dementia with AD pathology

0.6

(0.5; 0.7)

<0.001

2.6

(2.3; 2.9)

<0.001

pIKKbeta

0.6

(0.5; 0.7)

<0.001

2.5

(2.2; 2.7)

<0.001

pIRS1

0.6

(0.5; 0.7)

<0.001

2.5

(2.2; 2.7)

<0.001

pJNK

0.6

(0.5; 0.7)

<0.001

2.6

(2.4; 2.9)

<0.001

pPKR

0.6

(0.5; 0.7)

<0.001

2.5

(2.3; 2.8)

<0.001

Table 6.14: Influence of the metaflammasome components on the relationship between
APOE genotype and dementia.
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VI.1.8. Relationship between metaflammasome components and
microglia
To analyse whether the metaflammasome components and the presence of chronic
cerebral inflammation in AD were related, we utilised the microglial data obtained by Dr
John Classey with the microglial antibody Iba1 on the same CFAS cohort. A Spearman
test was performed.
Among non-demented participants, weak positive correlations were observed between
Iba1 and pIKKβ (p<0.001) and Iba1 and pIRS1 (p<0.001) (Table 6.15).
Among participants with AD pathology, a weak positive correlation between Iba1 and
pIKKβ was observed (p=0.002) (Table 6.15).

Correlations

r

p

IBA1 x pIKKbeta Ɨ

0.41

<0.001

IBA1 x pIRS1 Ɨ

0.31

<0.001

IBA1 x pJNK

0.15

0.086

IBA1 x pPKR

0.16

0.073

IBA1 x pIKKbeta Ɨ

0.34

0.002

IBA1 x pIRS1

0.12

0.302

IBA1 x pJNK

-0.04

0.718

IBA1 x pPKR

0.02

0.847

No dementia

Dementia with AD pathology

Table 6.15: Correlation between components of the metaflammasome and microglia.
Ɨ	
  Relationship maintained in the sensitivity analysis
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Summary of the human study
Relationship between metaflammasome proteins, dementia status and cognition.

Table 6.16: Summary of the relationship between metaflammasome proteins and
dementia status. Odds ratio < 1 (green) and Odds ratio >1 (orange).

Relationship between metaflammasome proteins and cognition (MMSE score).

Table 6.17: Summary of the relationship between metaflammasome and cognitive function. β
< 0 negative correlation (green) and β >0 positive correlation (orange).
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Relationship between metaflammasome proteins and AD neuropathology.
Non-demented participants

AD participants

Table 6.18: Summary of the relationship between metaflammasome proteins and AD
neuropathology. Odds ratio < 1 (green) and Odds ratio >1 (orange).
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Associations between metaflammasome proteins and risk factors.
Non-demented participants

AD participants

Table 6.19: Summary of the relationship between metaflammasome and risk factors.
β< 0 negative correlation (green) and β >0 positive correlation (orange).
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Relationship between metaflammasome proteins and Iba1-positive microglia.
Non-demented participants

AD participants

Table 6.20: Relationship between metaflammasome and microglia
r>0 positive correlation (orange).

Association between the metaflammasome components.
	
  

Table 6.21: Relationship between the components of metaflammasome.
ND: Non-demented participants; AD: AD participants
r< 0 negative correlation (green) and r>0 positive correlation (orange).
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VI.2. Discussion
To identify whether a brain metaflammasome was expressed in AD brain in response
to risk factors, immunohistochemistry was performed on post-mortem sections of frontal
cortex from 298 participants of the CFAS cohort.

Cerebral metaflammasome in dementia and its role in cognition
The immunostaining identified neuronal expression of a cerebral metaflammasome in
the cortex of demented participants. Our study showed that IKKβ and IRS1 expression
are related to the absence of dementia and a good cognition whereas JNK is associated
with the presence of AD and a decline of the cognition, using the MMSE score.
Interestingly, PKR which has been described in experimental studies as a key component
of the metaflammasome is not related to the presence of dementia in our human study,
but could affect negatively the cognition. Indeed it was previously shown that activated
PKR in the CSF of AD patients is negatively correlated with cognitive and memory
(MMSE) scores [239,352].
The findings showed an expression of a cerebral metaflammasome in the cortex of
demented participants, we observed a decreased expression of IKKβ and IRS1 in the
context of dementia whereas JNK is increased only in the cohort of demented patients
with AD pathology. Interestingly, PKR which has been described in experimental studies
as a key component of the metaflammasome, is not related to the clinical status of
dementia in our human study.
The relation between JNK and AD has been previously described [255,258-260,266].
A recent study showed an increase of JNK expression in the brain and CSF of 30 AD
patients, correlated with Aβ42 levels, implying a role for JNK	
  in the development of AD
pathology [266]. Our analysis on 300 human post-mortem brains confirmed a role for
JNK in AD, as high expression of JNK is associated with the presence of clinical
dementia and a bad MMSE score. However, our finding also highlighted that JNK is
specific for AD pathology rather than other type of dementia, as the association with the
presence of dementia was observed only with the AD participants.
Regarding IKKβ, an activator of NF-κB, our study showed its expression associated
with a good MMSE score and the absence of dementia. Interestingly, in a rat model of
AD, an improvement of memory was observed after the inhibition of IKKβ [353]. In fact,
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suppression of IKKβ levels by anti-neuroinflammatory effect of Acetylpuerarin led to an
amelioration of learning and memory functions in Aβ42 induced rat models [353].
Interestingly in our study we also observed that the neuronal expression of IKKβ was
related to a good cognition. This suggests that increased cerebral IKKβ could prevent the
cognitive impairment observed in AD patients. Previous studies supported this finding by
showing a neuroprotective role of neuronal NF-κB against Aβ toxicity [354] and
oxidative stress [355]. NF-κB regulates DNA transcription in response to several cellular
stresses such as oxidative stress or inflammatory stress [295], and thus preventing
neurodegeneration. Furthermore, it was reported that inhibition of neuronal NF-κB
resulted in the loss of neuroprotection [356]. Interestingly, experimental studies described
that activation of NF-κB in glial cells leads to an activate inflammatory process which
could exacerbate AD, whereas neuronal activation of NF-κB was enhancing memory
[356]. These studies are reinforced by our findings showing that neuronal expression of
IKKβ is associated with good cognition, but also imply that the IKKβ might have a
different role according its cell location.
Regarding IRS1, the insulin receptor substrate, we observed that its expression was
associated with poor MMSE score but with the absence of dementia. Insulin resistance is
described as one of the features of AD [293] and a recent study reported that mice fed
with a HFD which developed insulin resistance had an impairment of spatial working
memory [357]. However in our study, we showed that insulin resistance was associated
with poor cognitive function but not with dementia.
To summarize, we have observed that neuronal expression of JNK, IRS1 and PKR
appear to be detrimental whereas neuronal expression of IKKβ seems to protect again a
loss of cognition and the presence of dementia.

Relationship between components of metaflammasome
The analysis of the association between the different components of the
metaflammasome showed that their association was different according to the dementia
status. In the absence of dementia, there was an association between IKKβ-IRS1 and
IKKβ-PKR, but no association between IKKβ and JNK. Interestingly, in the context of
dementia, a negative association was reported between IKKβ-JNK while no other
relationship was observed. These findings suggest that the relationship between IKKβ and
other components of the metaflammasome is not stable and is susceptible to be influence
by dementia. This supports previous studies in which a pro-survival mechanism of the
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NF-κB pathway, by supressing apoptosis through the inhibition of JNK signalling was
described [299,300,358]. Indeed, it has previously been demonstrated that the IKKβ/NFκB pathway and JNK signalling could lead to the opposite function during apoptosis with
the anti-apoptotic function mediated through the attenuation of JNK activity [301]. This
mechanism of attenuation of JNK signalling by IKKβ/NF-κB seems to be crucial to a cell
survival mechanism during an acute inflammatory response as well as in the context of
chronic inflammatory diseases [358]. Chronic inflammation is a key feature of AD
aetiology and thus our results suggest that a pro-survival mechanism is in place via the
IKKβ/ NF-κB pathway to protect against the neuronal loss observed in AD.
To summarise, we observe in dementia a novel association between IKKβ-JNK and a
loss of relationships of IKKβ with PKR and IRS1. In addition, high expression of IKKβ,
at the opposite of IRS1, JNK and PKR, appears to protect against the loss of cognition.
Therefore the change of the relationship between IKKβ and the others components of the
metaflammasome could explain the cognitive decline observed in AD patients.

Metaflammasome and AD pathology
Our human study showed different associations between the metaflammasome and the
AD neuropathology when looking at the entire cohort or comparing groups with or
without dementia.
Interestingly, in the entire cohort, IKKβ and IRS1 are negatively associated with Aβ
(CAA and diffuse plaques) whereas JNK and PKR are positively related to parenchymal
CAA and tangles for JNK. In the non-demented participants, the relationships detected
are all negative, whereas conversely in the AD participants, all associations observed are
positive. The difference between the absence or the presence of dementia implies a switch
in the relationship between the metaflammasome and key features of AD pathology,
supporting a role of the metaflammasome in the development of AD pathology.
CAA
CAA is one of the hallmarks of AD pathology and is characterized by the deposition
of Aβ in the cerebral vessels [359]. In the absence of dementia, only IKKβ is associated
with the presence of meningeal CAA and the association is negative. In the context of
dementia, an association was observed between the expression of JNK and the presence
of meningeal and parenchymal CAA. Both associations seem to be specific to the cohort
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(either non-demented for IKKβ or AD for JNK) and might reflect a switch in the
association between IKKβ and JNK in the presence of dementia as described above.
The JNK pathway is directly involved in an increased expression of BACE1 in human
cerebral vascular smooth muscle cells under oxidative stress (HC-VSMC) [360] leading to
the accumulation of Aβ in the cerebral vessels. In addition, PKR, known to be an activator
of JNK, is also involved in the increase of BACE1 expression during oxidative stress [236].
In our study PKR expression was also associated with the presence of parenchymal
CAA. Therefore our results suggest that increased neuronal PKR and JNK expression
could be risk factors for the development of CAA in AD patients, a well-recognised risk
factor for dementia, also supported by our finding on JNK and PKR being associated with a
worse cognition.
No association was observed for IRS1 and CAA in our study.
Aβ plaques
In this study, we showed that the association between JNK and the presence of diffuse
and neuritic plaques was different according to the dementia status, with a negative
association with diffuse and neuritic plaques in non-demented participants and a positive
relation in AD. The neuritic plaques are defined by the presence of amyloid and
hyperphosphorylated tau protein in the neuronal processes [29].
The association of JNK with amyloid plaques and tau phosphorylation was described.
Indeed, in response to a variety of stimuli, including cellular stress, JNK can be activated
by upstream kinases leading to the phosphorylation of tau [361]. In AD, a high expression
of JNK is associated with neuritic plaques, the opposite of what is observed in nondemented participants.
IKKβ, is also strongly associated with the development of neuritic plaques only in the
dementia group but with the strongest odds ratio. GSK3β, a kinase involved in tau
phosphorylation, has been reported to activate IKKβ [362,363]. The central role of GSK3β
in AD has been described in several studies [364,365]. Therefore activation of GSK3β
observed in AD patients [364,365] could activate and phosphorylate IKKβ, inducing the
development of neuritic plaques.
Our data showed that in the absence of dementia, IKKβ is not linked to the presence of
plaques whereas a low expression of JNK is related to the neuritic plaques. In the context
of AD, we have demonstrated the establishment of an association between JNK and IKKβ
and this seems to be associated with the expression of IKKβ and JNK and the presence of
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neuritic plaques. Therefore our findings suggest that the JNK-IKKβ association induces
tau phosphorylation in the neuronal processes around amyloid plaques. 	
  
No association was observed for IRS1 and PKR with Aβ plaques in our study.
Tangles
Interestingly, none of the metaflammasome components is associated with the tangles,
despite the neuronal expression of the metaflammasome, suggesting that the main action
of the metaflammasome is on the amyloid peptide rather than on tau protein.

Metaflammasome and environmental risk factors
Hypertension
Our study reports different behaviour of the metaflammasome in relation with
hypertension according to the dementia status. In non-demented participants, all cerebral
metaflammasome components are positively associated with the presence of hypertension.
This suggests that in non-demented people, the presence of hypertension, one of the risk
factors for AD could lead to the increase of the expression of metaflammasome proteins.
This association has never been described in human. The link between a peripheral
metaflammasome and metabolic disorders has been reported in an experimental study by
Nakamura and his colleagues [205].
In the AD patients, a negative relation was reported between the metaflammasome and
the presence of hypertension implying that expression of the metaflammasome is
associated with a lower risk of hypertension.
The difference in the relation between the cerebral metaflammasome and hypertension
in non-demented versus demented participants could be explained by the change of the
association between blood pressure and dementia. Indeed, the development of high blood
pressure in middle-age is associated with higher risk of dementia; whereas, in elderly
people, a low blood pressure is associated with higher risk of dementia [167-170]. Thus in
theory, the development of hypertension in old age could protect against the development
of dementia or could have no effect.
In order to deepen the understanding of the role and the effect of a cerebral
metaflammasome in relation with hypertension, it would be important to know when
participants developed hypertension. A study of the correlation between hypertension and
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expression of peripheral metaflammasome could also be interesting, to clarify whether the
negative correlation observed in AD patients is specific to the brain.
Type 2 diabetes
Overall, a negative association was reported between metaflammasome expression
and type 2 diabetes in both cohorts. However, a difference was observed in non-demented
participants with an absence of association with PKR, and in demented participants for an
absence of association with IKKβ and a positive association with JNK. These findings
highlight again the key role for these two proteins in the metaflammasome. IRS1 was
negatively associated with type 2 diabetes in both cohorts.
This result suggests that JNK is the only protein of the metaflammasome associated
with the risk factor type 2 diabetes in AD. This implies that either type 2 diabetes induces
JNK or JNK induces type 2 diabetes. However, in our mouse study, we showed an
increase of cerebral JNK expression in the HFD mice developing a type 2 diabetes. Thus
our experimental findings suggest that type 2 diabetes might induce JNK activation in the
brain.
Overall, the associations observed between the metaflammasome and metabolic
disorders were different according to the dementia status of the participants. This could
be explained by either (i) the link between the different proteins of the metaflammasome
with a specific emphasis on the link between JNK and IKKβ, (ii) the difference in the
pathological burden and/or (iii) the effect of the AD treatment. Interestingly our study
also highlights a stronger association between the metaflammasome and hypertension
than with the type 2 diabetes.
Education
The effect of the length of education on metaflammasome expression also differs
according to the dementia status. In non-demented cases, a negative relationship between
PKR and JNK and the length of education was observed.
These results imply that a high cognitive reserve could lead to a low expression of
PKR and JNK, preventing neuronal loss and neurodegenerative disease, and it is known
that a high expression of PKR and JNK is associated with a loss of cognition [266,352].
Furthermore, building on our results that increased PKR, JNK and IRS1 levels are
associated with a cognitive decline, we suggest that the cognitive reserve could also
prevent the loss of cognitive function [200,201]. In demented participants, the association
between JNK and education is not modified. Conversely, we observed that a high level of
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education correlated with high levels of PKR, suggesting that the PKR pathway was
modulated during dementia. Interestingly, a positive association between IKKβ and
education was found, suggesting that a high level of education is correlated with
increased IKKβ in the brain. We know from our result that expression of IKKβ is
associated with good cognitive function. These results suggest that cognitive reserve
might slow down the deterioration of the cognitive function in patients with dementia.

Cerebral metaflammasome and microglia
No association was observed between the metaflammasome and microglia among
non-demented and demented participants, except for IKKβ. Several studies have
described the role of NF-κB pathway in innate and adaptive inflammatory responses
[295,302-304], and in our study, we observed a positive correlation between IKKβ and
Iba1. The findings suggest a role of IKKβ in neuroinflammatory process occur during the
absence and the presence of dementia.
So far with the use of Iba1, a microglial marker of resting and activated microglia, the
expression of the cerebral metaflammasome does not seem to be linked with microglial
activation present in AD as expected from the animal study. This study should be
repeated using others microglial markers and inflammatory markers such as of the proand anti-inflammatory cytokines.

Cerebral metaflammasome and APOE genotype
No significant correlation was reported between cerebral metaflammasome expression
and APOE genotype, suggesting that APOE genotype does not affect the expression of
the brain metaflammasome, but also that he metaflammasome does not influence the
dementia risk attributed to APOE genotype. These results suggested that any
metaflammasome effect is independent of APOE genotype.
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Conclusion
In this study, we have demonstrated for the first time the presence of a brain
metaflammasome in the cortex of demented people. The metaflammasome seems to play
a role in cognition with PKR, JNK and IRS1 associated with poor cognition and IKKβ
with good cognition. Furthermore, the cerebral metaflammasome appears to be associated
with AD pathology, mainly in the accumulation of Aβ rather than with the tau pathology.
We confirm our hypothesis that environmental risk factors are associated with the
presence of a cerebral metaflammasome, leading to an increased risk of dementia in the
elderly people. We have also observed that the behaviour of the cerebral
metaflammasome is modified in the presence of dementia. This modification could affect
the function and regulation of cellular signalling pathways resulting in the development
of dementia.
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VII.1. Conclusions
This study has explored the effect of risk factors for AD on cerebral metaflammasome
(PKR, JNK, IKKβ and IRS1) activation using animal and human post-mortem tissues.
Knowing that systemic inflammation is one of the risk factors for AD, our animal studies
showed that, in the context of acute systemic inflammation, a cerebral metaflammasome
is not present 24 hours following the inflammatory challenge. Conversely, activation of a
cerebral metaflammasome was observed during a chronic lipid stress induced by a high
fat diet. These findings are in agreement with the hypothesis that obesity and type 2
diabetes known as risk factors of AD could induce the activation of a cerebral
metaflammasome. Moreover, these two experimental studies highlighted the importance
of the protein PKR in the regulation of the cerebral metaflammasome activity and
neuroinflammation. The key role of PKR in insulin and glucose regulation was previously
reported in a model of chronic inflammation by Nakamura and his colleagues, supporting
a role for PKR in the metabolic regulation. Therefore, inhibition of PKR could be an
important element in preventing metabolic disorders and thus dementia.
In our human study, we investigated the effect of environmental risk factors for AD in
the expression of a cerebral metaflammasome. Using post-mortem brain tissue, we
studied firstly whether a cerebral metaflammasome was expressed in human brain and
secondly its relationship with clinical dementia, cognition, APOE genotype, AD
neuropathology, environmental known risk factors including metabolic disorders and
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education, and inflammation. We found that the expression of IKKβ is associated with
better cognitive function whereas JNK, IRS1 and PKR are associated with poor cognitive
function. In AD patients, the cerebral metaflammasome proteins are associated with a
more severe neuropathology and mainly with Aβ.The data obtained with the metabolic
disorders reported that the relation between a cerebral metaflammasome and hypertension
changes according to the dementia status, whereas the relation with type 2 diabetes is not
affected. Interestingly, the relationship between IKKβ and JNK is modified by the
dementia status. The expression of a cerebral metaflammasome is not related to the
APOE genotype.
In summary, metaflammasome proteins are detected in the brain and their expression
is either modulated by the presence of dementia and/or metabolic disorders, or the
opposite.

VII.2. General comments
VII.2.1. Difference between acute and chronic models
Animal studies revealed a difference in the metaflammasome activity status between
the acute and chronic systemic inflammations. In the acute model, we did not observe the
formation of a cerebral metaflammasome while its expression was observed in the
chronic model. One of the hypotheses to explain the difference observed between the two
models, could be that the stimulus of systemic inflammation (viral or lipid stress) is an
important factor of the cerebral metaflammasome activation. The second possible
hypothesis is that the activation of the cerebral metaflammasome by Poly I:C occurred
before 24h. The phosphorylated form of the cerebral metaflammasome should be studied
before day 1, or a chronic low-grade viral systemic inflammation should be studied in
these mice.

VII.2.2.

Role

of

PKR

in

the

expression

of

the

cerebral

metaflammasome
According to the human study, PKR does not seem to be a key component of the
cerebral metaflammasome, while in the animal studies, the central function of PKR in the
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expression of the metaflammasome was shown in the periphery and confirmed by our
study in the brain. This could be explained by:
- Difference in the functions and expression of the cerebral metaflammasome between
rodent and human brains.
- Animals used in the chronic study were young (5 months old) whereas the average age
of the CFAS participants were around 85 years old. Thus, advanced age could modulate
the function of PKR and the expression of the cerebral metaflammasome.
- Animals were not one of the AD mouse models. The presence of AD pathology could
modulate the function of PKR.
- In human study, participants with metabolic disorders were treated by drugs. Therefore,
the results obtained in the animal models could not be compared with the ones obtained in
the human study.

VII.2.3. Metaflammasome: a complex or not?
In the human cortex, we observed that some of the cerebral metaflammasome proteins
were expressed in the nuclei (IRS1, PKR and JNK) and others in the cytoplasm (IKKβ
and JNK) of the neurones. According to this observation, the cerebral metaflammasome
proteins seem unlikely to form a physical complex. However, in the human hippocampus,
a cytoplasmic expression of IRS1, PKR, JNK and IKKβ was observed. Therefore, the
metaflammasome proteins could have a different cell localisation according to the brain
area. To confirm whether the metaflammasome proteins could form a complex, an
immunoprecipitation experiment should be performed in order to demonstrate the direct
interaction between the proteins.

VII.3. Future directions
Our present study described the involvement of cerebral metaflammasome proteins in
relation to AD pathology and metabolic disorders. However, additional studies should be
performed in the future to clarify the link between a cerebral metaflammasome and
inflammation.
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Inflammation is a key feature of AD, so the relation between the cerebral
metaflammasome and neuroinflammation should be further explored. As mentioned
above, the use of a chronic low-grade viral systemic inflammation model could be
interesting to confirm whether the expression of a cerebral metaflammasome depends on
the type of inflammatory stimulus (e.g. viral, bacterial or lipid stress). Inflammatory
markers such as the cytokines should be detected in order to study if the
metaflammasome components are associated with pro- (e.g. TNFα, IL-6, IL-1) or antiinflammatory cytokines (TGFβ1, IL-10). Moreover, microglial markers other than Iba1
such as CD68 (phagocytic activity) or CD64 (FcγRI, presence of antibodies) should be
also used to characterised the type of microglial activation associated with the
metaflammasome components.
Finally, it would be important to repeat the current studies using a mouse model of AD
such as 5xFAD model [366], in order to analyse if the presence of cerebral
metaflammasome proteins could modulate the AD pathology. Furthermore, the study of
cerebral metaflammasome proteins in a PKR-/- AD mouse model should be also
performed to confirm the central function of PKR during metabolic disorders in the
context of AD pathology. Memory and behaviour tests might be carried out for these
studies. In addition, using HFD mice allow to switch to a normal diet and study if the loss
of weight could modify the expression of the cerebral metaflammasome.
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Supplementary data

Table S.1: Weighted logistic regression analyses investigating metaflammasome
molecular components and relationship with dementia – sensitivity analyses.

Metaflammasome

OR

95%CI(OR)

p

pIKKbeta: 2nd quartile

0.7

(0.6; 0.8)

<0.001

pIKKbeta: 3rd quartile

0.6

(0.5; 0.6)

<0.001

pIKKbeta: 4 quartile

0.5

(0.4; 0.6)

<0.001

pIRS1: 2nd quartile

1.1

(1.0; 1.3)

0.113

rd

pIRS1: 3 quartile

0.8

(0.7; 0.9)

0.007

th

pIRS1: 4 quartile

0.8

(0.7; 1.0)

0.017

pJNK: 2nd quartile

1.6

(1.4; 1.9)

<0.001

rd

pJNK: 3 quartile

1.9

(1.7; 2.2)

<0.001

pJNK: 4th quartile

component
Dementia / no dementia

th

2.0

(1.7; 2.3)

<0.001

nd

pPKR: 2 quartile

1.2

(1.1; 1.4)

0.002

pPKR: 3rd quartile

1.2

(1.1; 1.4)

0.002

th

1.0

(0.9; 1.1)

0.941

pPKR: 4 quartile

Dementia with AD pathology / no dementia
pIKKbeta: 2nd quartile

0.5

(0.5; 0.6)

<0.001

pIKKbeta: 3rd quartile

0.5

(0.4; 0.6)

<0.001

0.4

(0.4; 0.5)

<0.001

pIRS1: 2 quartile

1.2

(1.1; 1.5)

0.005

pIRS1: 3rd quartile

0.8

(0.7; 1.0)

0.031

th

pIRS1: 4 quartile

0.7

(0.6; 0.8)

<0.001

pJNK: 2nd quartile

2.1

(1.8; 2.5)

<0.001

rd

pJNK: 3 quartile

2.9

(2.4; 3.4)

<0.001

pJNK: 4th quartile

th

pIKKbeta: 4 quartile
nd

3.0

(2.6; 3.5)

<0.001

nd

pPKR: 2 quartile

1.4

(1.2; 1.6)

<0.001

pPKR: 3rd quartile

1.4

(1.2; 1.6)

<0.001

th

1.1

(0.9; 1.3)

0.323

pPKR: 4 quartile
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Table S.2: Weighted logistic regression analyses investigating the relationship between
metaflammasome molecular components and pathology in the entire cohort – sensitivity
analyses.

Metaflammasome
component

OR

95%CI(OR)

p

CAA meningeal
nd

Metaflammasome
component

OR

95%CI(OR)

p

CAA parenchymal

pIKKbeta: 2 quartile

0.4

(0.3; 0.5)

<0.001

pIKKbeta: 2nd quartile

0.2

(0.2; 0.3)

<0.001

pIKKbeta: 3rd quartile

0.4

(0.4; 0.5)

<0.001

pIKKbeta: 3rd quartile

0.2

(0.2; 0.3)

<0.001

<0.001

pIKKbeta: 4th quartile

0.5

(0.4; 0.7)

<0.001

pIKKbeta: 4th quartile
pIRS1: 2nd quartile
pIRS1: 3rd quartile
pIRS1: 4th quartile
pJNK: 2nd quartile

0.6

(0.5; 0.7)

1.2

(1.0; 1.4)

0.049

0.6

(0.5; 0.8)

<0.001

1.1

(0.9; 1.3)

0.455

pIRS1: 3rd quartile

0.7

(0.5; 0.9)

0.004

pIRS1: 4th quartile

0.4

(0.3; 0.5)

<0.001

3.4

(2.2; 5.1)

<0.001

0.7

(0.5; 0.8)

<0.001

1.0

(0.8; 1.2)

0.625

pJNK: 3rd quartile

1.3

(1.1; 1.6)

pJNK: 4th quartile

2.1

(1.8; 2.6)

pPKR: 2nd quartile

1.2

(1.0; 1.5)

pPKR: 3rd quartile

1.0

(0.9; 1.3)

pPKR: 4th quartile

2.0

(1.7; 2.4)

pJNK: 2nd quartile

0.005

pJNK: 3rd quartile

4.3

(2.9; 6.4)

<0.001

<0.001

pJNK: 4th quartile

7.8

(5.3; 11.5)

<0.001

0.067

pPKR: 2nd quartile

2.7

(1.9; 3.9)

<0.001

0.677

pPKR: 3rd quartile

2.6

(1.8; 3.7)

<0.001

<0.001

pPKR: 4th quartile

4.9

(3.5; 6.9)

<0.001

0.061

Diffuse plaques
pIKKbeta: 2nd quartile

pIRS1: 2nd quartile

Neuritic plaques
0.9

(0.8; 1.1)

0.316

pIKKbeta: 2nd quartile

0.9

(0.8; 1.0)

1.1

(1.0; 1.3)

0.085

1.6

(1.4; 1.8)

<0.001

pIKKbeta: 3rd quartile

1.5

(1.3; 1.7)

<0.001

pIKKbeta: 3rd quartile

pIKKbeta: 4th quartile

1.3

(1.1; 1.5)

<0.001

pIKKbeta: 4th quartile

0.6

(0.6; 0.7)

<0.001

pIRS1: 2nd quartile
pIRS1: 3rd quartile

0.7

(0.6; 0.8)

pIRS1: 4th quartile

0.5

(0.5; 0.6)

pJNK: 2nd quartile
pJNK: 3rd quartile
pJNK: 4th quartile
pPKR: 2nd quartile
pPKR: 3rd quartile
pPKR: 4th quartile

pIRS1: 2nd quartile

0.9

(0.7; 1.0)

0.019

<0.001

pIRS1: 3rd quartile

1.1

(0.9; 1.2)

0.364

<0.001

pIRS1: 4th quartile

0.8

(0.7; 0.9)

0.001

pJNK: 2nd quartile

0.7

(0.6; 0.8)

<0.001

0.9

(0.8; 1.1)

0.446

0.7

(0.7; 0.8)

<0.001

pJNK: 3rd quartile

1.2

(1.1; 1.4)

0.003

0.830

pJNK: 4th quartile

1.3

(1.1; 1.5)

<0.001

1.0

(0.9; 1.1)

pPKR: 2nd quartile

1.1

(1.0; 1.3)

0.073

1.0

(0.9; 1.2)

0.500

1.1

(1.0; 1.3)

0.043

pPKR: 3rd quartile

0.9

(0.8; 1.0)

0.117

pPKR: 4th quartile

1.1

(1.0; 1.3)

0.085

1.4

(1.2; 1.6)

<0.001

pIKKbeta: 2nd quartile

0.6

(0.5; 0.7)

<0.001

pIKKbeta: 3rd quartile

0.7

(0.6; 0.9)

0.001

pIKKbeta: 4th quartile

1.2

(1.0; 1.4)

0.051

Tangles

pIRS1: 2nd quartile

0.6

(0.5; 0.8)

<0.001

pIRS1: 3rd quartile

0.9

(0.7; 1.0)

0.113

pIRS1: 4th quartile

0.7

(0.6; 0.9)

0.002

2.8

(2.1; 3.6)

<0.001

pJNK: 3rd quartile

6.4

(5.0; 8.1)

<0.001

pJNK: 4th quartile

2.6

(2.0; 3.4)

<0.001

1.4

(1.2; 1.8)

<0.001

pPKR: 3rd quartile

1.2

(1.0; 1.5)

0.066

pPKR: 4th quartile

1.1

(0.9; 1.3)

0.590

pJNK: 2nd quartile

pPKR: 2nd quartile
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Table S.3: Weighted logistic regression analyses investigating the relationship between
metaflammasome molecular components and pathology among participant without
dementia – sensitivity analyses.

Metaflammasome
component

OR

95%CI(OR)

p

CAA meningeal

Metaflammasome
component

OR

95%CI(OR)

p

CAA parenchymal

pIKKbeta: 2nd quartile

0.5

(0.4; 0.7)

<0.001

pIKKbeta: 2nd quartile

0.8

(0.5; 1.3)

0.343

pIKKbeta: 3rd quartile

0.4

(0.3; 0.6)

<0.001

pIKKbeta: 3rd quartile

0.2

(0.1; 0.4)

<0.001

pIKKbeta: 4th quartile

0.1

(0.1; 0.2)

<0.001

pIKKbeta: 4th quartile

empty

nd

pIRS1: 2 quartile

0.6

(0.4; 0.8)

0.004

pIRS1: 2nd quartile

0.2

(0.1; 0.4)

<0.001

pIRS1: 3rd quartile

0.9

(0.6; 1.2)

0.372

pIRS1: 3rd quartile

0.0

(0.0; 0.1)

<0.001

<0.001

th

pIRS1: 4 quartile

empty

0.026

pJNK: 2nd quartile

2.2

(1.1; 4.4)

0.036

rd

th

pIRS1: 4 quartile
pJNK: 2nd quartile

0.1
0.6

(0.1; 0.3)
(0.4; 0.9)

rd

pJNK: 3 quartile

1.1

(0.7; 1.5)

0.755

pJNK: 3 quartile

2.8

(1.5; 5.4)

0.002

pJNK: 4th quartile

0.2

(0.1; 0.4)

<0.001

pJNK: 4th quartile

0.2

(0.1; 1.1)

0.064

0.048

pPKR: 2nd quartile

3.6

(1.2; 11.1)

0.026

rd

pPKR: 2nd quartile

0.7

(0.5; 1.0)

rd

pPKR: 3 quartile

0.7

(0.5; 1.0)

0.063

pPKR: 3 quartile

7.2

(2.5; 20.6)

<0.001

pPKR: 4th quartile

0.4

(0.3; 0.7)

<0.001

pPKR: 4th quartile

4.2

(1.4; 12.7)

0.011

1.0

(0.7; 1.2)

0.757

Diffuse plaques
nd

pIKKbeta: 2 quartile
rd

Neuritic plaques
0.6

(0.5; 0.7)

<0.001

pIKKbeta: 2nd quartile
rd

pIKKbeta: 3 quartile

0.9

(0.7; 1.1)

0.171

pIKKbeta: 3 quartile

1.0

(0.8; 1.3)

0.963

pIKKbeta: 4th quartile

1.0

(0.8; 1.2)

0.841

pIKKbeta: 4th quartile

1.3

(1.0; 1.6)

0.043

nd

pIRS1: 2 quartile
rd

pIRS1: 3 quartile
th

0.4
0.3

(0.3; 0.5)
(0.3; 0.4)

nd

<0.001

pIRS1: 2 quartile

0.6

(0.5; 0.8)

<0.001

<0.001

rd

pIRS1: 3 quartile

0.8

(0.6; 0.9)

0.016

th

pIRS1: 4 quartile

0.3

(0.2; 0.3)

<0.001

pIRS1: 4 quartile

0.5

(0.4; 0.7)

<0.001

pJNK: 2nd quartile

0.9

(0.7; 1.0)

0.109

pJNK: 2nd quartile

0.6

(0.5; 0.7)

<0.001

<0.001

rd

pJNK: 3 quartile

0.4

(0.4; 0.6)

<0.001

th

rd

pJNK: 3 quartile

0.5

(0.4; 0.6)

th

pJNK: 4 quartile

0.7

(0.6; 0.8)

<0.001

pJNK: 4 quartile

0.7

(0.6; 0.9)

0.008

pPKR: 2nd quartile

1.1

(0.9; 1.3)

0.254

pPKR: 2nd quartile

0.9

(0.7; 1.1)

0.332

0.010

rd

pPKR: 3 quartile

0.8

(0.6; 1.0)

0.030

(0.6; 0.9)

0.004

th

1.1

(0.9; 1.3)

0.566

rd

pPKR: 3 quartile
th

pPKR: 4 quartile

0.8
0.8

(0.7; 0.9)

pPKR: 4 quartile

Tangles
pIKKbeta: 1st quartile empty
pIRS1: 2nd quartile

empty

rd

pIRS1: 3 quartile

0.1

(0.0; 0.3)

<0.001

th

pIRS1: 4 quartile

0.9

(0.5; 1.4)

0.537

pJNK: 2nd quartile

1.1

(0.7; 2.0)

0.657

rd

pJNK: 3 quartile

0.1

(0.0; 0.4)

<0.001

th

pJNK: 4 quartile

empty

pPKR: 2nd quartile

1.7

(0.9; 3.0)

0.093

pPKR: 3rd quartile

0.4

(0.2; 0.9)

0.035

th

empty

pPKR: 4 quartile
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Table S.4: Weighted logistic regression analyses investigating the relationship between
metaflammasome molecular components and pathology among participant with ADPdementia – sensitivity analyses.

Metaflammasome
component

OR

95%CI(OR)

p

CAA meningeal
nd

pIKKbeta: 2

quartile

rd

Metaflammasome
component

OR

95%CI(OR)

p

0.2

(0.2; 0.4)

<0.001

CAA parenchymal
0.5

(0.4; 0.7)

<0.001

pIKKbeta: 2nd quartile
rd

pIKKbeta: 3 quartile

0.4

(0.3; 0.6)

<0.001

pIKKbeta: 3 quartile

0.5

(0.3; 0.7)

<0.001

pIKKbeta: 4th quartile

1.1

(0.9; 1.4)

0.461

pIKKbeta: 4th quartile

1.2

(0.9; 1.6)

0.178

pIRS1: 2nd quartile

1.3

(1.0; 1.6)

0.067

pIRS1: 2nd quartile

0.9

(0.7; 1.2)

0.536

pIRS1: 3rd quartile

1.2

(0.9; 1.5)

0.254

pIRS1: 3rd quartile

1.6

(1.2; 2.2)

0.003

th

th

pIRS1: 4 quartile

0.8

(0.6; 1.1)

0.151

pIRS1: 4 quartile

1.0

(0.7; 1.4)

0.982

pJNK: 2nd quartile

1.8

(1.3; 2.6)

0.001

pJNK: 2nd quartile

2.6

(1.5; 4.3)

0.001

<0.001

rd

pJNK: 3 quartile

2.8

(1.7; 4.6)

<0.001

th

rd

pJNK: 3 quartile

1.9

(1.3; 2.6)

th

pJNK: 4 quartile

3.7

(2.7; 5.2)

<0.001

pJNK: 4 quartile

5.8

(3.6; 9.4)

<0.001

pPKR: 2nd quartile

0.8

(0.6; 1.0)

0.098

pPKR: 2nd quartile

1.9

(1.3; 2.9)

0.001

rd

rd

pPKR: 3 quartile

0.7

(0.6; 1.0)

0.034

pPKR: 3 quartile

1.5

(1.0; 2.3)

0.044

pPKR: 4th quartile

1.6

(1.2; 2.0)

0.001

pPKR: 4th quartile

4.8

(3.3; 7.0)

<0.001

3.0

(2.2; 3.9)

<0.001

1.6

(1.3; 2.1)

<0.001

Diffuse plaques
pIKKbeta: 2nd quartile
rd

Neuritic plaques
pIKKbeta: 2nd quartile
rd

pIKKbeta: 3 quartile

4.8

(3.5; 6.5)

<0.001

pIKKbeta: 3 quartile

3.3

(2.6; 4.1)

<0.001

pIKKbeta: 4th quartile

1.5

(1.1; 1.9)

0.002

pIKKbeta: 4th quartile

7.9

(6.1; 10.3)

<0.001

0.003

pIRS1: 2nd quartile

1.2

(1.0; 1.6)

0.083

rd

pIRS1: 2nd quartile
rd

0.7

(0.5; 0.9)

pIRS1: 3 quartile

1.3

(1.0; 1.7)

0.085

pIRS1: 3 quartile

2.6

(2.0; 3.4)

<0.001

pIRS1: 4th quartile

0.9

(0.7; 1.2)

0.496

pIRS1: 4th quartile

2.1

(1.6; 2.7)

<0.001

pJNK: 2nd quartile

0.4

(0.3; 0.6)

<0.001

pJNK: 2nd quartile

1.4

(1.1; 1.9)

0.018

pJNK: 3rd quartile

0.8

(0.5; 1.0)

0.081

pJNK: 3rd quartile

2.5

(1.9; 3.3)

<0.001

pJNK: 4th quartile

1.0

(0.7; 1.4)

0.925

pJNK: 4th quartile

2.5

(1.9; 3.2)

<0.001

1.1

(0.8; 1.4)

0.717

pPKR: 2nd quartile

0.8

(0.6; 1.0)

0.108

rd

nd

pPKR: 2

quartile

rd

pPKR: 3 quartile

1.5

(1.1; 1.9)

0.006

pPKR: 3 quartile

0.6

(0.4; 0.7)

<0.001

pPKR: 4th quartile

2.8

(2.1; 3.8)

<0.001

pPKR: 4th quartile

1.2

(1.0; 1.6)

0.074

pIKKbeta: 2nd quartile

1.0

(0.8; 1.3)

0.926

pIKKbeta: 3rd quartile

1.1

(0.9; 1.4)

0.268

pIKKbeta: 4 quartile

2.1

(1.7; 2.7)

<0.001

pIRS1: 2nd quartile

0.5

(0.4; 0.7)

<0.001

rd

pIRS1: 3 quartile

1.2

(0.9; 1.5)

0.268

pIRS1: 4th quartile

1.0

(0.8; 1.3)

0.746

pJNK: 2nd quartile

2.5

(1.8; 3.6)

<0.001

pJNK: 3rd quartile

6.3

(4.5; 8.8)

<0.001

th

pJNK: 4 quartile

1.9

(1.3; 2.6)

<0.001

pPKR: 2nd quartile

1.1

(0.9; 1.5)

0.330

rd

pPKR: 3 quartile

1.1

(0.8; 1.4)

0.495

th

1.3

(1.0; 1.7)

0.038

Tangles

th

pPKR: 4 quartile
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