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Abstract

Alzheimer’s disease (AD) and Parkinson’s disease (PD) constitute the main causes of 
dementia worldwide and the major health threats to elderly people. Moreover, with 
the ageing of the global population, neurodegenerative disorders, such as AD and PD, 
constitute a major public health issue. Regrettably, significant advances regarding the 
molecular aspects of these diseases have not yet been translated into real improve-
ments in AD/PD therapeutics. In this regard, both AD and PD are highly complex 
and involve critical molecular events governing the establishment and progression 
of each disease. Moreover, molecular alterations trigger pathophysiological cascades 
involving the immune/inflammatory response, oxidative stress, and mitochondrial 
dysfunction, among others, ultimately leading to neuronal death. Similarly, these 
alterations also affect glial cells and brain vasculature, which contribute directly to 
the progression of these disorders. Accordingly, the present paper aims to summarise 
the main molecular elements related to AD and PD as well as the pathophysiologi-
cal implications of such alterations to improve our understanding of the cellular and 
molecular responses observed during neurodegeneration. We believe that providing a 
more comprehensive view of the pathophysiological cascade, including neurons and 
glial cells, might prompt researchers to widen neurodegenerative disorder research 
and therapeutic approaches.
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1. Brief introduction to ageing

Undoubtedly, the increased life expectancy of the global population constitutes a major 

achievement of the modern world. However, it has also opened a gate for the development 

of age-related conditions that are far from completely understood. In this regard, age-related 

diseases, particularly neurodegenerative disorders, currently constitute a public health focal 

point. Accordingly, in recent years, much attention has been focused on understanding both 
the physiology of ageing and the critical events driving pathological ageing with the subse-

quent development of different age-related disorders, such as Alzheimer’s disease (AD) and 
Parkinson’s disease (PD) [1].

In this regard, ageing constitutes a natural, highly complex process that involves the pro-

gressive decay of several biological systems. Moreover, genetic and epigenetic heterogeneity 

introduces variation in the ageing process from one individual to another [2, 3]. In addition, 

an increased lifespan implies longer exposure to environmental pollutants that able to inter-

act and modify different biological molecules, including DNA, not only affecting the func-

tionality but also favouring the insurgence of several chronic degenerative disorders (http://
www.iarc.fr). Indeed, an altered DNA repair system, systemic and cellular redox imbalance 
related to mitochondrial dysfunction, sustained pro-inflammatory conditions and impaired 
immune system functionality are some of the several age-compromised homeostatic systems 

that can be at the root of pathological changes observed during ageing. Relevantly, and as 

occurs in other chronic degenerative processes, the breakdown of the homeostatic control 

and the verification of these alterations seem to depend not only on the impairment of one of 
the compromised systems but also on the concomitant failure of and crosstalk among others.

As an example, it can be noted that although a reduced methylation status has been rec-

ognised as a common condition of the aged genome, the promoter hypermethylation of 

some genes, with subsequent gene silencing, has also been described [2, 4–7]. The promot-

ers of MutL homologue 1 (MLH1) and MutS homologue 2 (MSH2), both part of the DNA 
mismatch repair system (MMR), have been reported to be hypermethylated due to arsenic 

exposure, suggesting an epigenetic-induced DNA MMR impairment that will increase the 
susceptibility of aged subjects to DNA damage [8]. Whether additional environmental pol-

lutants or inner cellular metabolism end-products can modify the epigenetic control of such 

relevant mechanisms is an open question [9]. It is important to highlight that both MLH1 

and MSH2 are related to the control of the impact that oxidative damage causes on DNA, 
and both have been observed to decrease during ageing [10]. Concomitantly, and in accor-

dance with Harman’s free radical theory [11], the redox balance has been well characterised 

in aged subjects, indicating that along with the age-related increased production of reactive 

oxygen and nitrogen species (ROS/RNS), mainly due to mitochondrial failure, the capability 
of different tissues, including the brain, to buffer ROS/RNS is diminished, as indicated by an 
increased oxidative status in older subjects [12, 13]. Indeed, the activity of the main ROS/RNS 
scavengers, including superoxide dismutase (SOD), catalase (CAT), glutathione (GSH) and 

glutathione peroxidase (GPx), has been demonstrated to decay with ageing, favouring ROS/

RNS-related damage, such as lipid peroxidation, protein denaturation and DNA mutations 
[14, 15]. Moreover, mitochondrial dysfunction, which also constitutes a key element in ageing, 
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is considered one of the major components of the neurodegenerative process observed in both 

AD and PD. Importantly, beyond the energy impairment, mitochondrial alterations contrib-

ute significantly to the increased production of ROS/RNS, increasing the oxidative pressure on 
the redox equilibrium (Figure 1).

On the other hand, it has been well established that chronic exposure to increased levels of pro-

oxidant species leads to the concurrent activation of the immune system and triggering of the 

inflammatory cascade, both further sustained by the release of several pro-inflammatory medi-
ators, such as several interleukins (IL-1, IL-6, IL-8) and interferon-γ (IFN-γ) [16–19]. Moreover, 

inflammation and the immune response both involve nuclear factor κb (NFκb), a common 

point that crosslinks both responses. While toll-like receptors (TLRs), which are activated by 

different subcellular molecular components (damage-associated molecular patterns, DAMPs), 
signal through NFκb to release several pro-inflammatory cytokines, leading to activation of the 
immune response, the very same NFκb constitutes an oxidative stress sensor, connecting the 

increased levels of ROS/RNS with activation of the inflammatory cascade [20, 21]. Additionally, 

it must be considered that immunocompetence is usually compromised in aged individuals, 

and several authors have shown that this decay is closely linked to the altered epigenetic control 

of several immune-related genes [22–24]. Altogether, this evidence suggests that the difference 
between “normal” and pathological ageing lies in the subtle equilibrium of different homeostatic 

Figure 1. Homeostatic balance against pathological ageing, Alzheimer’s disease (AD) and Parkinson’s disease (PD). 

The delicate balance that sustains healthy ageing can be broken under several conditions. Environmental challenges, 

pathological processes, such as AD and PD, or ageing itself might introduce further pressure in different homeostatic 
systems, including the immune and redox systems. Moreover, the complex network of molecular alterations, organelle 

dysfunction and cellular signalling, among others, increases the difficulty of properly addressing the cloudy edge 
between healthy ageing, pathological ageing and age-related disorders.
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systems that can become imbalanced with any additional external/internal stimulus, leading to 

failure of biological systems and the development of diverse pathological hallmarks.

In the following sections, we will summarise the most relevant aspects of AD and PD and the 

key elements of each pathophysiological process in the context of the delicate balance of an 

aged system.

2. Molecular event-driven neurodegeneration: lessons from  

AD and PD

AD and PD constitute the two most common age-related neurodegenerative disorders [1, 25], 

and their prevalence is expected to increase together with the ageing of the human popula-

tion [1]. Although they are different entities, both disorders share some similarities regarding 
pathophysiological processes (Figure 2).

2.1. Alzheimer’s disease

In general terms, AD compromises patient memory and cognitive performance. Initially mani-

festing as mood instability, the clinical scenario progresses from the compromise of short-term 

memory to the loss of long-term memory. As superior functions are lost, patients become abso-

lutely dependent on a caregiver to complete even the most elementary tasks. Atrophy of the 

frontal cortex, limbic area and hippocampus due to neuronal death are the basis of these clinical 

alterations. Histopathologically, AD shows the extracellular accumulation of amyloid β (Aβ) 

plaques and the intraneuronal formation of neurofibrillary tangles (NFTs) composed of hyper-

phosphorylated tau protein [26]. However, even when these molecular events are considered the 

hallmarks of AD, these alterations are accompanied by an increased oxidative stress status, mito-

chondrial dysfunction and a chronic inflammatory response, among others, which ultimately 
serve to explain the synaptic damage, neuronal loss and neuronal circuitry breakdown [26, 27].

Relevantly, although AD constitutes an age-related disorder, an early onset presentation linked 

to the genetic background should not be omitted. In this regard, while late-onset AD (LOAD) is 
associated with patients over 65 years old, familial or early-onset AD (EOAD) appears before 

this threshold, with cases reported as soon as 30 years old. Of course, in EOAD, there is a 

relevant genetic background in at least three genes (amyloid precursor protein, APP; presenilin 

1, PSEN1; and presenilin 2, PSEN2). On the other hand, in the case of LOAD, age and lifestyle 

are considered to be the main causative factors. Importantly, the apolipoprotein E epsilon 4 

(ApoEε4) allele has been identified as a relevant risk factor for both presentation forms [28].

Independent of the presentation form, and as noted previously, Aβ deposition and NFT 
formation constitute the key molecular features of AD. Moreover, considering that each of 

the additional pathological alterations often observed during progression of the pathologi-

cal process can be derived from each of these two hallmarks, each of them has led to the 

development of individual hypotheses. Although the crosstalk between the amyloid and tau 

hypotheses is evident, it must be noted that the scientific community has not yet agreed on 
which one encompasses the whole spectrum of the disease, and the aetiological trigger of the 

pathological molecular cascade remains unknown.
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Even with several additional hypotheses having been developed since the first description 
of AD by Dr. Alois Alzheimer, including the “cholinergic hypothesis” [29], from our limited 

expertise in the field, we approach AD considering the increased production and subsequent 
accumulation of Aβ within the brain as the starting point. Indeed, synaptic failure, mitochon-

drial dysfunction, tau hyperphosphorylation, glial activation and neuronal death, among 

Figure 2. Alzheimer’s disease (AD) and Parkinson’s disease (PD). Pathological milieu overview. AD and PD are highly 

complex disorders. In both cases, in addition to the molecular hallmarks, cellular alterations are verified. Although 
several risk factors have been identified, the aetiology of both disorders is still unknown. AD is characterised by neuronal 
loss, mainly in the hippocampus. The pathognomonic feature of AD is the deposition of amyloid-β aggregates (senile 

plaques) and the formation of neurofibrillary tangles composed of hyperphosphorylated tau protein. These molecular 
alterations not only affect neurons but also induce microglial and astrocytic activation, leading to the release of several 
pro-inflammatory mediators. Additionally, cellular and molecular events will cause an increased production of reactive 
oxygen/nitrogen species, which will further damage the surrounding neurons and activate the surrounding glial cells, 

perpetuating the inflammatory response. In contrast, PD is characterised by the loss of dopaminergic circuitry beginning 
at the basal forebrain (substantia nigra pars compacta (SNpc), nucleus accumbens and ventral tegmental area (VTA)) 
and spreading to the striatum. The molecular hallmark of PD is the formation of Lewy bodies and neurites, which 

are composed of aggregated α-synuclein (SNCA), causing severe cellular stress affecting the cytoskeleton, neuronal 
trafficking and the synthesis of dopamine because of the direct inhibition of tyrosine hydroxylase (TH). SCNA can be 
exocytosed, causing it to be internalised by astrocytes, where it can further aggregate. Similarly, it will cause microglial 

activation. Neurons, astrocytes and microglia release pro-inflammatory mediators as well as ROS/RNS. A common 
feature of both disorders is mitochondrial dysfunction, which can be due to the pathological process or the result of the 

homeostatic imbalance verified during abnormal ageing.
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others, can be explained by the Aβ dynamics [27, 30]. According to this theory, AD results 

from the increased levels of Aβ, a 37- to 49-amino acid peptide derived from the proteolytic 

processing of APP, because of an unbalanced production/clearance rate [31–33]. In this regard, 

under the AD scenario, the non-amyloidogenic processing of APP, carried out by the alpha 

(α) and gamma (γ) secretases, which leads to the release of soluble APPα (sAPPα) and the p3 

fragment, is overwhelmed by amyloidogenic processing, with beta (β) secretase (BACE1) as 

the main player, leading to an increased release of the neurotoxic Aβ peptide [30, 33]. On the 

other hand, under balanced physiological conditions, Aβ is cleared to the blood stream and 

cerebrospinal fluid (CSF), with the involvement of ApoE, the Aβ chaperone [30, 31], through 

several transporter proteins, including members of the ATP-binding cassette family of trans-

porters, such as ABCB1, ABCC2 and ABCG4, and the low-density lipoprotein receptor-related 

protein/ApoE receptor (LRP/APOER), the main receptor responsible for Aβ clearance through 

the blood-brain barrier (BBB) [30, 34–36]. ApoE deficiency/incompetence (ApoEε4), altered 

Aβ-related transporter expression, choroid plexus and BBB damage will impair Aβ clearance, 

increasing brain Aβ levels. Additionally, the reduced activity of Aβ-degrading enzymes, such 

as disintegrin and metalloproteases (ADAM 9, 10 and 17A) and neprilysin, will further con-

tribute to its accumulation within the brain [32, 33, 37–40]. At this point, the increased levels 

of Aβ will favour its self-aggregation, leading to the formation of different Aβ species, such as 

oligomers, fibrils and/or even larger aggregates, such as plaques [26, 29]. Moreover, the pres-

ence of APP together with its proteolytic machinery within the subcellular compartments, 

such as the Golgi and endoplasmic reticulum (ER), as well as the presence of Aβ peptide in 

the mitochondria, suggests that the intracellular APP dynamics can also be part of the patho-

logical scenario along with the extracellular accumulation of Aβ peptide. Indeed, it has been 

demonstrated that in the presence of high levels of Aβ, the peptide can enter the cell through 

the presynapticα 7 nicotinic acetylcholine receptor and that this influx could be the basis for 
tau hyperphosphorylation, thereby causing neurite atrophy and synapse failure [30].

2.2. Parkinson’s disease

PD is the second most common neurodegenerative disorder and can be classified as a synu-

cleinopathy. It is characterised by failure of the dopaminergic circuitry because of the loss of 

dopaminergic neurons of the substantia nigra pars compacta (SNpc). Histopathologically, 
PD shows neuronal inclusions of aggregated α-synuclein (SNCA) protein in both the cell 
soma and neurites, forming Lewy bodies and neurites [25]. Although the effects of the loss 
of dopaminergic neurons help to explain the symptomatology, mainly associated with motor 

compromise, the mechanisms by which SNCA aggregates in relation to the whole molecular 
and clinical picture have remained elusive. Ranging from non-motor symptoms, including 

hyposmia and sleep disturbances, PD progresses to bradykinesia and rigidity and can be 

accompanied by impairments in memory, mainly prospective memory [25, 41, 42].

Similar to AD, genetic background also accounts for a small proportion of PD cases worldwide. 

β-Glucocerebrosidase (GBA), leucine-rich repeat kinase 2 (LRRK2), SNCA, parkin (PRKN), 
protein/nucleic acid deglycase (DJ1) and phosphatase and tensin homologue (PTEN)-induced 
putative kinase 1 (PINK1) have been recognised as the most relevant genes associated with 
PD presentation [25, 43]. On the other hand, sporadic PD has been related to age and lifestyle, 
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mainly regarding exposure to different types of chemicals, including agrochemicals and 
drugs [25, 44]. With the increase in life expectancy, the global PD prevalence is expected to 

double over the next decade.

As noted previously, independent of the presentation form, SNCA aggregates constitute the 
pathological hallmark of PD. In this regard, SNCA corresponds to a monomeric 140-amino 
acid protein localised at the presynaptic terminal, which is thought to be involved in the 

recycling of synaptic vesicle pools [45–47]. Although 50% of the protein can be found at the 

cytosolic level within the terminals, the remaining SNCA is associated with the membrane 
of both vesicles and early endosomes. Indeed, SNCA has been described as a chaperone pro-

tein of the soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) 
proteins [48]. However, the mechanisms related to the interaction of SNCA with SNARE or 
additional presynaptic proteins, such as Piccolo/Bassoon or Rab, and its function in regulat-

ing the dynamics of the synaptic terminal are still unknown [43, 49, 50]. Under pathological 

conditions, SNCA changes from a monomeric membrane-associated protein to an unbound 
monomer capable of forming β-sheet aggregates, which ultimately will form SNCA amyloid 
fibrils [50–52]. Moreover, SNCA can not only interfere with tyrosine hydroxylase, the dopa-

mine synthesis enzyme, affecting both its expression and activity [53], but also interact with 

the dopamine transporter (DAT) [54]. At this point, and considering the altered synaptic ves-

icle dynamics, the dopaminergic synapse is severely compromised, constituting the basis of 

the PD synaptopathy. Additionally, similar to AD, this initial molecular event can be related 

to the additional features observed during the pathological process, including mitochondrial 

dysfunction, increased oxidative stress, and neuroinflammation.

3. Pathophysiological cascade in AD and PD

3.1. Inflammation and the CNS

Immunocompetence constitutes a fundamental feature for ensuring the preservation of any 

living organism. The rapid and coordinated elimination of potentially harmful elements is 

critical to maintain organism homeostasis and prevent irreversible damage to biological sys-

tems. In this regard, the innate and adaptive immune systems constitute the two subsystems 

that able to detect and induce a primary unspecific response to pathogens, coordinate a sec-

ondary response and develop an immune memory, the hallmark of adaptive immunity. As 

the first response element, the innate immune system depends on the effectiveness of several 
unspecific elements, including physical and chemical barriers, the complement system, the 
activity of surveillance cells, and inflammation. Through these complementary elements, a 
fundamental physiological process is triggered to constrain the insult and repair the damage. 

In general, whether because of a pathogen, toxic and/or damaged-cell end-products, the cel-

lular microenvironment will change, leading to the activation of immunocompetent cells and 

causing the release of pro- and anti-inflammatory cytokines, such as tumour necrosis factor 1α 

(TNF-1α), interleukins (IL-1, IL-8, IL-10), interferon γ (INF-γ) and transforming growth factor 

1 (TGF-1), to orchestrate a coordinated response against the primary insult, limiting its dam-

age [55, 56]. Importantly, to appropriately answer signals of harm/damage, surveillance cells 
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need to express several types of receptors. Moreover, considering that harm/damage signals 

can be both exogenous, such as those from bacteria and viruses, and endogenous, such as 

those from DNA or ATP, these receptors should be able to interact with a wide range of these 
elements. Among the latter, TLRs constitute a key element of the innate immune response 
related to sterile inflammatory pathological processes, such as AD and PD. It is important to 
highlight that even when it was initially considered an immune-privileged system, because of 

its high specialisation and partial isolation from the rest of the organism, the central nervous 

system (CNS) is able to generate full-range immune responses. In this context, microglia and 
astrocytes are responsible for immune surveillance in the CNS, with microglia being the only 
immune-derived cells within the brain. Due to the critical role of the brain microenviron-

ment, evidence suggests that the inflammatory response is tightly controlled to prevent the 
detrimental effects of an exacerbated process. Indeed, it has been determined that the brain 
parenchyma constitutes an anti-inflammatory environment with relevant levels of TGF and 
IL-10 [57, 58].

3.2. TLR-mediated neuroinflammatory response

TLRs are able to detect DAMPs, which are subcellular components, such as ATP, released into 

the extracellular media reflecting cell damage. Several members of the TLR family have been 
described and can be expressed at the plasma membrane, such as TLRs 1, 2, 4, 5, and 6, or 

in association with endosomes, such as TLRs 3, 7, 8, and 9. Importantly, TLRs are expressed 

by brain cells, including astrocytes, microglia, neurons and oligodendrocytes, with microglia 

and neurons expressing all TLR subtypes and astrocytes expressing a more limited repertoire, 

including TLR2, TLR3, TLR4, TLR9 and TLR11 [59, 60]. Briefly, the TLR-mediated modulation 
of the inflammatory response begins with the recruitment of myeloid differentiation factor 88 
(MyD88), causing activation of the IL-1 receptor-associated kinase (IRAK) family of proteins. 

IRAK activates TNF receptor-associated factor 6 (TRAF6), causing the recruitment of TGF-
β-activated kinase 1 (TAK1). TAK1, along with TAK1-binding proteins (TABs), will activate 

the IKK complex, causing phosphorylation of the IkB factor and the subsequent release of 

NF-kB to translocate into the nucleus, leading to the expression of NF-kB-related inflamma-

tory genes. Importantly, TLRs 3 and 4 can also signal via a secondary TIR-containing adaptor 

inducing an IFN-β (TRIF)-mediated pathway. Additionally, in the latter case, NF-kB will be 
released, but IFN-β will be produced because of the phosphorylation of IFN regulatory fac-

tors 3 and 7 (IRF3–7) via IKKe/TANK-binding kinase 1 (TBK1). Independent of the cascade 
triggered through TLRs, the final outcome will be the production and release of cytokines, 
chemokines, complement proteins and enzymes, including several members of the IL family, 

such as IL-1, IL-6, IL-10, IL-11, and IL-12, as well as TNF, TGF, IFN, CCL2, CCL5, CXCL8 and 
CXCL10 [59–62]. An additional clue about the necessity of tightly controlling this process 

within a highly specialised organ, such as the brain, emerges from the property of these mol-

ecules to further activate TLRs, a situation that can lead to re-activation of the inflammatory 
cascade and a state of chronic inflammation.

In this regard, the inflammatory component of AD and PD has been demonstrated to be fun-

damental for both pathological processes. Moreover, it has been shown that both Aβ and 

SNCA can induce direct activation of the inflammatory response and that their sustained 
accumulation and aggregation lead to the genesis of a pro-inflammatory environment [21, 63, 
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64]. Indeed, during the recent year, the modulation and control of the inflammatory cascade 
have emerged as target elements of future therapeutic interventions aimed at improving AD 

and PD outcomes [34, 64, 65].

3.2.1. TLRs and Aβ peptide in AD

Evidence indicates that TLR2 and TLR4 are able to react with Aβ, leading to the release of 

several pro-inflammatory mediators, such as IL-1β, IL-6, IL-12, TNF-α, cyclooxygenase 2 

(COX2) and inducible nitric oxide synthase (iNOS) [66]. As noted previously, such receptors 

are expressed by different cell types present in the brain, suggesting both the whole-brain 
commitment to the inflammatory response and the potential contribution of all these cells 
to the further release of pro-inflammatory mediators. In this regard, of the most relevance is 
the self-perpetuation of the inflammatory cycle induced by the continuous release of these 
molecules. Some of the pro-inflammatory cytokines, such as IL-6, which can be produced 
as part of the response to the initial insult (Aβ), can also be a consequence of the secondary 

effect induced by other cytokines, such as IL-1β [67]. Thus, if this response is not controlled, 

the environment can be perfectly suited to a sustained pro-inflammatory status that will over-

whelm homeostatic mechanisms and damage the surrounding tissue.

Furthermore, Aβ can trigger additional molecular events within neurons. Beyond its pro-

inflammatory effects, it has been demonstrated that Aβ can induce the hyperphosphoryla-

tion of tau protein, which will alter the neuronal cytoskeleton, ultimately leading to neuronal 

apoptosis with the release of further DAMPs [26, 27, 29, 35]. Evidently, this situation can also 

promote TLR activation, contributing to perpetuation of the inflammatory cycle. Similarly, 
astrocytes, which express a more limited repertoire of TLRs, are also fundamental for ade-

quate Aβ metabolism. In the case of AD, astrocytes are responsible for the release of ApoE, the 

Aβ chaperone protein necessary for its removal from the brain. In this context, defective astro-

cytes, such as inflammatory-challenged astrocytes, or ApoE-related genetic conditions, such 
as the ApoEε4 allele, can lead to impaired ApoE activity, causing an increase in the Aβ level 

[31]. Again, these astrocyte-related conditions can compromise the brain’s ability to resolve 

the inflammatory process and further contribute to enhancing a detrimental inflammatory 
response. In contrast, microglia, as the only representative of the immune system within the 

brain parenchyma, are the main cells responsible for surveying and initiating the immune 

response against exogenous and endogenous insults, acting as the macrophages of the brain. 

Microglia develop a close interaction with neurons through microglial chemokine (C-X-C 
motif) receptor 1 (CXCR1) and CD200L, with neuronal CX3CL1 and CD200, respectively 
[68, 69]. In the absence of a challenging stimulus, microglia remain in a non-inflammatory or 
“resting” state. However, when inflammatory signals, such as the loss of neuronal contact or 
DAMPs, are detected, microglia undergo morphological and physiological changes leading 

to an inflammatory or “activated” state. Among the several receptors expressed by microglia, 
TLRs 1–9 and the co-receptor CD14 are the most important for its activation [21]. Although it 

has been demonstrated that Aβ directly activates TLR2 and TLR4, it has recently been shown 

that additional elements are involved in the activity of microglia in response to aggregated 

forms of Aβ. Complement receptor 1 (CR1), cluster of differentiation 33 (CD33) and triggering 
receptor expressed on myeloid cells 2 (TREM2) have proven to be necessary for the successful 

phagocytosis of Aβ [70–72]. Moreover, it has been suggested that TREM2 acts as a receptor 
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for Aβ, thereby modulating the microglial inflammatory response [73]. The relevance of the 

functions related to TREM2 activity has led us to consider its proteolytic products (soluble 

TREM2) as potential biomarkers for AD, mainly because sTREM2 levels have been reported 

to be elevated in the plasma and CSF of AD patients [73–75]. The precise impact of such find-

ings is just emerging, and some discrepancies have already been identified regarding which 
should be the appropriate approach to a TREM2-related intervention [76, 77].

3.2.2. TLRs and SNCA in PD

Similar to Aβ, different research groups have shown that SNCA induces the inflammatory 
response through a TLR2- and TLR4-mediated mechanism, leading to TNF-α, IL-6 and CXCL1 
expression via the MyD88-NF-kB pathway [78–80]. Interestingly, it has been demonstrated 

that while monomeric SNCA activates TLR2, the oligomeric forms tend to activate TLR4 [81]. 

Complimentarily, a relevant issue has emerged from recent research which has demonstrated 

that inflammation itself, through a caspase-mediated mechanism, can favour the aggregation 
of SNCA [51, 52]. This latter finding further support the idea of a self-sustained cycle which 
amplifies the initial damage exerted by the SNCA and contributes to the progression of the 
pathology. However, beyond the TLR-NF-kB axis and the production of pro-inflammatory 
mediators, additional aspects should be considered regarding SNCA hallmarks.

Within neurons, aggregated SNCA, whether in the soma or in neurites, will cause cell death 
with the subsequent release of cellular content, the components of which will release addi-

tional DAMPs capable of interacting with additional TLRs [82]. Moreover, it has been demon-

strated that SNCA can be exocytosed actively from neurons, incorporated by the surrounding 
astrocytes, and then further aggregated, causing the formation of inclusion bodies within the 

new host cells [83]. Considering that the primary function of astrocytes is related to provid-

ing metabolic support to neurons and modulating the neurotransmitter metabolism within 
synapses, the SNCA pathology will not only involve the inflammatory response of astrocytes 
but will compromise its physiology, enhancing the neuronal network damage verified dur-

ing PD pathophysiology [84–86]. On the other hand, although microglia will react to SNCA 
through TLRs, SNCA can also influence the activity of activated microglia against further 
pro-inflammatory signals, suggesting that SNCA can induce a priming effect on the microglia 
population, exerting a type of modulation on the strength of the inflammatory response [70, 

87]. Thus, in the case of SNCA, this molecule can not only induce/perpetuate a pro-inflamma-

tory status but also lead to an increased susceptibility to any inflammatory process.

3.3. Mitochondrial dysfunction

An additional common feature of both pathologies is the increased production of ROS/

RNS. Indeed, an important end point of glial activation is that in response to the initial inflam-

matory trigger, Aβ in the case of AD and SNCA in PD, astrocytes and microglia will produce 
not only further inflammatory mediators, such as TNF-α and ILs, but also ROS/RNS [85]. The 

increased production of ROS and RNS will alter the surrounding microenvironment, and these 
species will be able to interact with the lipids of the plasma membrane, proteins and nucleic 

acids of the contiguous cells, ultimately affecting component of the neuronal circuitry, such 
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as synapses, axons and whole cell structures [88–90]. In this context, mitochondrial activity, 

which is fundamental to sustaining neuronal activity, is one of the major sources of the con-

tinuous production of superoxide anions. This highly reactive species, if not neutralised, will 

severely damage subcellular structures. Under regular conditions, superoxide anions are scav-

enged as soon as they are produced through hydrogen peroxide formation. However, under 

altered redox conditions, such as those during ageing, cellular mechanisms to manage both 

physiological and pathological ROS/RNS production are overwhelmed [12–15]. Thus, AD and 

PD cause additional pressure on the mitochondria in an already poorly balanced system.

In this regard, both Aβ and SNCA have been demonstrated to be able to alter mitochondria. 
While Aβ has been found within mitochondria, indicating a direct effect on mitochondrial func-

tionality [91, 92], SNCA can impair mitochondrial function mainly via altered cell trafficking. 
Indeed, it has recently been suggested that the cytoskeletal alterations induced by SNCA will 
modulate the localization of dynamin-related protein 1 (Drp1), a key protein related to mito-

chondrial dynamics and whose malfunction will lead to mitochondrial dysfunction [93, 94]. 

Complimentarily, Aβ, and probably SNCA, can induce ER stress, leading to the intracellular 
release of Ca2+, which can increase the mitochondrial challenge, leading to further ROS/RNS 
production and causing the subsequent activation of classical pro-apoptotic pathways, such as 

ROS-mediated apoptosis through apoptosis signal-regulated kinase (ASK1) and activation of 

the B cell lymphoma 2 (BCL2)-beclin 1 (BECN1) complex [91, 92]. It should not be forgotten that 
ROS/RNS can trigger the inflammatory response in surrounding cells, such as glial cells and 
neighbouring neurons, in a TLR- and DAMP-mediated manner. Moreover, it is possible that 

prior to the pathological process, these aged individuals have some degree of inflammation, 
oxidative stress and mitochondrial impairment, which might facilitate the establishment and/

or progression of both diseases.

4. Wnt signalling in the context of AD and PD anti-inflammatory 
therapeutics

Currently, neurodegenerative disorders, especially AD and PD, are considered a major con-

cern in public health because of the ageing of the global population. Although some progress 

has been made regarding pharmacological strategies, regrettably, no effective therapies are 
currently available to stop or reverse these pathologies. Among the alternative approaches 

to overcome such situations, the identification and further modulation of key cellular 
pathways involved in the pathophysiology of neurodegenerative disorders should not be 

underestimated. In this regard, even when it is well recognised that inflammation is one of 
the most relevant features of AD and PD, anti-inflammatory therapies have remained over-

looked, although some epidemiological data have suggested a significant effect in terms of 
risk reduction with the use of some nonsteroidal anti-inflammatory drugs (NSAIDs) [95, 96]. 

Interestingly, the main effects related to the use of such a family of drugs have been observed 
prior to the onset of pathology; however, the efficacy of an anti-inflammatory therapy cannot 
be fully discarded. Indeed, the reasons behind the failure of some clinical trials exploring the 

beneficial effects of NSAIDs in AD and PD have not been properly addressed [97]. Moreover, 
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a quick search of scientific databases, such as PubMed, will return over 3000 and 1000 entries 
for AD and PD, respectively, when both “anti-inflammatory therapy” and “AD/PD” are used 
as search terms. This issue not only reinforces the fact that inflammation is a key element 
of both pathologies but also indicates that the inflammatory cascade is closely related to 
several signalling pathways that have been linked to the pathophysiology of these diseases. 

Regrettably, our understanding of these mechanisms is incomplete, limiting our capacity to 
properly address and exploit such relationships.

In this regard, over several decades, our laboratory has been working on Wnt signalling, a mas-

ter cellular pathway involved in both physiological and pathological conditions. The activity 

of Wnt signalling varies with ageing depending on the tissue [98]. Specifically, in the brain, an 
overall downregulation of the Wnt pathway is observed, suggesting that some of the impair-

ments associated with age might be mediated by this Wnt decay [98, 99]. Accordingly, this 

situation suggests that the rescuing of its activity might be a promising strategy to prevent and 

alleviate some of the pathological features of AD and PD.

4.1. Wnt signalling pathway

From the initial steps during embryogenesis to the less explored adult neurogenesis, the 

Wnt pathway constitutes the core molecular signalling pathway of cellular physiology. Its 

relevance is demonstrated by the evolutionary conservation of this system among different 
species, and its potentialities are cross-linked with the outcome of different neurodegenera-

tive disorders, including AD and PD [100, 101].

The Wnt pathway is commonly divided into two canonical or β-catenin-dependent and non-

canonical pathways, with the latter further divided into Wnt/Ca++ and planar cell polarity 

(JNK). Briefly, in the canonical pathway, the Wnt ligands bind to Frizzled receptor/low-
density lipoprotein receptor-related protein 5/6 (Fz/LRP5/6) and the subsequent activation 

of Dishevelled. This situation leads to disassembly of the β-catenin destruction complex 

comprising adenoma polyposis coli (APC), Axin, GSK3β and casein kinase 1 (CK1), leaving 

β-catenin free to translocate to the nucleus and initiate transcription of the Wnt target genes 

together with the T-cell factor/lymphoid enhancer factor (TCF/Lef) transcription factor. In the 

absence of Wnt ligands, the destruction complex remains active, and GSK3b phosphorylates 

β-catenin, causing its proteasomal degradation. On the other hand, in Wnt/planar cell polar-

ity, the binding of Wnt ligands will induce cytoskeletal rearrangements via JNK-mediated 
mechanisms; in the Wnt/Ca++ pathway, ligand binding induces the release of Ca2+ from the ER, 

causing the activation of several calcium-related proteins, such as protein kinase C (PKC) and 

calcium/calmodulin-dependent protein kinase (Ca2+/CamKII) [21, 100].

Additionally, the different cascades described for Wnt signalling can interact with several 
cellular pathways, including the forkhead box O (FOXO), Notch and hypoxia-inducible factor 
1 alpha (HIF1α) pathways [93]. Precisely, the wide range of molecular interactions established 

by Wnt signalling serves to explain how its altered activity can not only favour or directly 

induce different pathological conditions, including neurodegenerative disorders and cancer, 
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but also act as a relevant player in the ageing process. In this regard, we have recently demon-

strated that the loss of Wnt signalling favours the appearance of several pathological markers 

linked to AD in a wild-type murine model [102]. Moreover, we found that Wnt signalling is 

involved in the neuronal energy metabolism and that its activation rescues energy imbal-

ance because of improved glucose utilisation [103]. On the other hand, Wnt signalling also 

plays a relevant role in PD. It has been demonstrated that LRRK2 can interact with several 

members of the β-catenin destruction complex, including Dvl, Axin, GSK3β and β-catenin 

[104]. Similarly, PRKN is related to the ubiquitination of β-catenin, playing a direct role in 

the modulation of this pathway [105]. The relevance of such regulation has prompted some 

researchers to propose the pharmacological modulation of Wnt signalling as a relevant target 

in PD [106]. Complimentary to these well-established effects, Wnt signalling has also been 
linked to modulation and crosstalk within the inflammatory cascade.

4.2. Wnt signalling and the inflammatory pathway

Although it could be considered circumstantial, the inflammatory status and Wnt signalling 
are inversely correlated during the ageing process; in other words, while the pro-inflammatory 
status increases with age, Wnt signalling decreases. Of course, additional signalling pathways 

are impaired during ageing; however, the fact that Wnt is able to modulate the NF-kB pathway 
strongly suggests that this particular pathway has a direct impact on the immune/inflamma-

tory response observed during the ageing process. Moreover, it should be considered that 

even when it is well accepted that canonical Wnt signalling has anti-inflammatory activity and 
the non-canonical pathway exerts a pro-inflammatory effect, these opposing functions can be 
carried out by the same ligand, such as Wnt5a [21, 101]. This latter finding also suggests that 
depending on the physiological or pathological status of the biological system, Wnt compo-

nents can exert different modulatory effects to contribute to the maintenance of system bal-
ance. In contrast, inflammation can also modulate Wnt activity. In this regard, TLR activation 
can downregulate the canonical Wnt signalling pathway. While TLR4 causes the blockade of 

the Fz-LRP5/6 complex [107], MyD88-mediated TLR activity activates nemo-like kinase (NLK), 
which interacts with the nuclear β-catenin-TCF/Lef complex. Similarly, MyD88-independent 

TLR signalling activates IKKe/TBK1, which can directly phosphorylate Akt, leading to GSK3β 

inhibition and blocking the activity of the β-catenin destruction complex [108–111].

Although evidence demonstrates a close relationship between Wnt signalling and the inflam-

matory process, our knowledge regarding this issue remains limited. Moreover, the already 

proven involvement and the critical role that Wnt signalling seems to play in different aspects 
of physiological and pathological cellular mechanisms certainly indicate that this pathway 

needs to be investigated deeply to properly assess the effects of finely modulating Wnt signal-
ling, including its potentially beneficial effects in the context of the inflammatory response. 
In this regard, part of our work suggests that lithium and andrographolide, both well-estab-

lished canonical Wnt agonists that act via GSK3β inhibition, can play a relevant role not only 

under pathological conditions but also as exogenous support of a healthy ageing process by 

reducing several markers of unhealthy conditions, including neuroinflammation [112].
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5. Final considerations

According to the available evidence, ageing constitutes a vulnerable stage for cell fate mainly 

because of the delicate balance of several molecular conditions. Under these conditions, any 

additional challenge to any homeostatic system can trigger the breakdown of such equilib-

rium, leading to the manifestation of pathological processes, such as neurodegenerative dis-

orders. AD and PD, the first and second most prevalent age-related diseases, can be favoured 
by a spontaneous imbalance in the homeostatic system and, once initiated, further contribute 

to increasing the homeostatic imbalance. A complex network of molecular alterations, organ-

elle dysfunction and cellular signalling, among others, increases the difficulty of properly 
addressing the cloudy edge between healthy ageing, pathological ageing and age-related 

disorders. However, neuroinflammation and the perpetuation of a chronic pro-inflammatory 
status have emerged as a central axis connecting all these conditions. Although our knowl-

edge regarding the inflammatory process has increased during years, the intricate molecular 
network that drives the final inflammatory response is still incomplete. In this regard, Wnt 
signalling, which has been demonstrated to be a relevant player in ageing and age-related 

disorders, such as AD and PD, should also be considered among the potentially relevant 

molecular pathways that could be involved in the modulation of the inflammatory process. 
Moreover, the still limited information regarding the Wnt-inflammatory response crosstalk 
already suggests interesting potentialities of an anti-inflammatory intervention based on the 
modulation of Wnt signalling. On the other hand, based on our research and considering the 

age-related changes in Wnt activity, it is possible to suggest that Wnt signalling can also be an 

interesting target to support physiological ageing.

Funding

This work was funded by Basal Center of Excellence in Science and Technology CONICYT 
PIA/BASAL PFB 12 (CONICYT-PFB12/2007) to NCI and by FONDECYT N° 11170212 to SBC.

Author details

Juan M. Zolezzi1, Sussy Bastías-Candia1 and Nibaldo C. Inestrosa1,2,3*

*Address all correspondence to: ninestrosa@bio.puc.cl

1 Centro de Envejecimiento y Regeneración (CARE), Departamento de Biología Celular 

y Molecular, Facultad de Ciencias Biológicas, Pontificia Universidad Católica de Chile, 
Santiago, Chile

2 Centre for Healthy Brain Ageing, School of Psychiatry, Faculty of Medicine, University of 

New South Wales, Sydney, Australia

3 Centro de Excelencia en Biomedicina de Magallanes (CEBIMA), Universidad de 

Magallanes, Punta Arenas, Chile

Recent Advances in Neurodegeneration14



References

[1] Alzheimer’s Disease International. World Alzheimer Report. 2016. Available from: 
https://www.alz.co.uk/research/world-report [Accessed: 2017-11-20]

[2] Ashapkin VV, Kutueva LI, Vanyushin BF. Aging as an epigenetic phenomenon. Current 
Genomics. 2017;18:385-407. DOI: 10.2174/1389202918666170412112130

[3] Masser DR, Hadad N, Porter HL, Mangold CA, Unnikrishnan A, Ford MM, et al. 
Sexually divergent DNA methylation patterns with hippocampal aging. Aging Cell. 
2017;16:1342-1352. DOI: 10.1111/acel.12681

[4] Hadad N, Unnikrishnan A, Jackson JA, Masser DR, Otalora L, Stanford DR, et al. Caloric 
restriction mitigates age-associated hippocampal differential CG and non-CG methyla-

tion. Neurobiology of Aging. 2018;67:53-66. DOI: 10.1016/j.neurobiolaging.2018.03.009

[5] Wezyk M, Spólnicka M, Pośpiech E, Pepłońska B, Zbieć-Piekarska R, Ilkowski J, et al. 

Hypermethylation of TRIM59 and KLF14 influences cell death signaling in familial 
Alzheimer's disease. Oxidative Medicine and Cellular Longevity. 2018;2018:6918797. 
DOI: 10.1155/2018/6918797

[6] Lardenoije R, van den Hove DLA, Havermans M, van Casteren A, Le KX, Palmour R, 
et al. Age-related epigenetic changes in hippocampal subregions of four animal mod-

els of Alzheimer's disease. Molecular and Cellular Neurosciences. 2018;86:1-15. DOI: 
10.1016/j.mcn.2017.11.002

[7] Berson A, Nativio R, Berger SL, Bonini NM. Epigenetic regulation in neurodegenera-

tive diseases. Trends in Neurosciences. 2018;S0166-2236:30133-30134. DOI: 10.1016/j.
tins.2018.05.005

[8] Bhattacharjee P, Sanyal T, Bhattacharjee S, Bhattacharjee P. Epigenetic alteration of mis-

match repair genes in the population chronically exposed to arsenic in West Bengal, 

India. Environmental Research. 2018;163:289-296. DOI: 10.1016/j.envres.2018.01.002

[9] Skinner AM, Turker MS. Oxidative mutagenesis, mismatch repair, and aging. Science of 

Aging Knowledge Environment. 2005;2005:re3. DOI: 10.1126/sageke.2005.9.re3

[10] Conde-Pérezprina JC, León-Galván MÁ, Konigsberg M. DNA mismatch repair system: 
Repercussions in cellular homeostasis and relationship with aging. Oxidative Medicine 

and Cellular Longevity. 2012;2012:728430. DOI: 10.1155/2012/728430

[11] Harman D. Aging: A theory based on free radical and radiation chemistry. Journal of 
Gerontology. 1956;11:298-300

[12] Lushchak VI. Free radicals, reactive oxygen species, oxidative stress and its classifica-

tion. Chemico-Biological Interactions. 2014;224:164-175. DOI: 10.1016/j.cbi.2014.10.016

[13] Garaschuk O, Semchyshyn HM, Lushchak VI. Healthy brain aging: Interplay between 
reactive species, inflammation and energy supply. Ageing Research Reviews. 2018;43:26-
45. DOI: 10.1016/j.arr.2018.02.003

Molecular Basis of Neurodegeneration: Lessons from Alzheimer’s and Parkinson’s Diseases 15



[14] Samarghandian S, Azimi-Nezhad M, Samini F. Preventive effect of safranal against 
oxidative damage in aged male rat brain. Experimental Animals. 2015;64:65-71. DOI: 
10.1538/expanim.14-0027

[15] Liu C, Li X, Lu B. The Immp2l mutation causes age-dependent degeneration of cerebel-
lar granule neurons prevented by antioxidant treatment. Aging Cell. 2016;15:167-176. 
DOI: 10.1111/acel.12426

[16] Meier B, Radeke HH, Selle S, Raspe HH, Sies H, Resch K, et al. Human fibroblasts release 
reactive oxygen species in response to treatment with synovial fluids from patients 
suffering from arthritis. Free Radical Research Communications. 1990;8:149-160. DOI: 
10.3109/10715769009087988

[17] Roberts RA, Smith RA, Safe S, Szabo C, Tjalkens RB, Robertson FM. Toxicological and 

pathophysiological roles of reactive oxygen and nitrogen species. Toxicology. 2010;276:85-
94. DOI: 10.1016/j.tox.2010.07.009

[18] Dandekar A, Mendez R, Zhang K. Cross talk between ER stress, oxidative stress, and 

inflammation in health and disease. Methods in Molecular Biology. 2015;1292:205-214. 
DOI: 10.1007/978-1-4939-2522-3_15

[19] Franceschi C, Garagnani P, Vitale G, Capri M, Salvioli S. Inflammaging and 'Garb-aging'. 
Trends in Endocrinology and Metabolism. 2017;28:199-212. DOI: 10.1016/j.tem.2016.09.005

[20] Muriach M, Flores-Bellver M, Romero FJ, Barcia JM. Diabetes and the brain: Oxidative 
stress, inflammation, and autophagy. Oxidative Medicine and Cellular Longevity. 
2014;2014:102158. DOI: 10.1155/2014/102158

[21] Zolezzi JM, Inestrosa NC. Wnt/TLR dialog in neuroinflammation, relevance in Alzheimer's 
disease. Frontiers in Immunology. 2017;8:187. DOI: 10.3389/fimmu.2017.00187

[22] Wei L, Liu B, Tuo J, Shen D, Chen P, Li Z, et al. Hypomethylation of IL17RC promoter 

associates with age-related macular degeneration. Cell Reports. 2012;2:1151-1158. DOI: 
10.1016/j.celrep.2012.10.013

[23] Marttila S, Kananen L, Hayrynen S, Jylhava J, Nevalainen T, Hervonen A, et al. Ageing-
associated changes in the human DNA methylome: Genomic locations and effects on 
gene expression. BMC Genomics. 2015;16:179. DOI: 10.1186/s12864-015-1381-z

[24] Zhao M, Qin J, Yin H, Tan Y, Liao W, Liu Q, et al. Distinct epigenomes in CD4+ T cells of 
newborns, middle-ages and centenarians. Scientific Reports. 2016;6:38411. DOI: 10.1038/
srep38411

[25] Kalia LV, Lang AE. Parkinson's disease. Lancet. 2015;386:896-912. DOI: 10.1016/
S0140-6736(14)61393-3

[26] Selkoe DJ. Alzheimer’s disease. Cold Spring Harbor Perspectives in Biology. 2011;3: 
a004457. DOI: 10.1101/cshperspect.a004457

Recent Advances in Neurodegeneration16



[27] Selkoe DJ, Hardy J. The amyloid hypothesis of Alzheimer’s disease at 25 years. EMBO 

Molecular Medicine. 2016;8:595-608. DOI: 10.15252/emmm.201606210

[28] Bird TD. Early-onset familial Alzheimer disease. In: Pagon RA, Adam MP, Ardinger HH, 
et al., editors. Genes Reviews. Seattle (WA): University of Washington, Seattle: 1993-2017

[29] Carvajal FJ, Inestrosa NC. Interactions of AChE with Aβ aggregates in Alzheimer’s brain: 
Therapeutic relevance of IDN 5706. Frontiers in Molecular Neuroscience. 2011;4:19. DOI: 
10.3389/fnmol.2011.00019

[30] Zolezzi JM, Bastías-Candia S, Santos MJ, Inestrosa NC. Alzheimer’s disease: Relevant 
molecular and physiopathological events affecting amyloid-β brain balance and the 

putative role of PPARs. Frontiers in Aging Neuroscience. 2014;6:176. DOI: 10.3389/
fnagi.2014.00176

[31] Cramer PE, Cirrito JR, Wesson DW, Lee CY, Karlo JC, Zinn AE, et al. ApoE-directed 
therapeutics rapidly clear β-amyloid and reverse deficits in AD mouse models. Science. 
2012;335:1503-1506. DOI: 10.1126/science.1217697

[32] Singh I, Sagare AP, Coma M, Perlmutter D, Gelein R, Bell RD, et al. Low levels of cop-

per disrupt brain amyloid-β homeostasis by altering its production and clearance. 

Proceedings of the National Academy of Sciences of the United States of America. 
2013;110:14771-14776. DOI: 10.1073/pnas.1302212110

[33] Yan R, Vassar R. Targeting the β secretase BACE1 for Alzheimer’s disease therapy. Lancet 

Neurology. 2014;13:319-329. DOI: 10.1016/S1474-4422(13) 70276-X

[34] Zolezzi JM, Inestrosa NC. Peroxisome proliferator-activated receptors and Alzheimer's 
disease: Hitting the blood-brain barrier. Molecular Neurobiology. 2013;48:438-451. DOI: 
10.1007/s12035-013-8435-5

[35] Zlokovic BV. Neurovascular pathways to neurodegeneration in Alzheimer's disease and 
other disorders. Nature Reviews. Neuroscience. 2011;12:723-738. DOI: 10.1038/nrn3114

[36] Bastías-Candia S, Garrido NA, Zolezzi JM, Inestrosa NC. Recent advances in neuro-

inflammation therapeutics: PPARs/LXR as neuroinflammatory modulators. Current 
Pharmaceutical Design. 2016;22:1312-1323. DOI: 10.2174/1381612822666151223103038

[37] Ben Halima S, Rajendran L. Membrane anchored and lipid raft targeted β-secretase 

inhibitors for Alzheimer’s disease therapy. Journal of Alzheimer's Disease. 2011;24:143-
152. DOI: 10.3233/JAD-2011-110269

[38] Larner AJ. Presenilin-1 mutations in Alzheimer’s disease: An update on genotype-
phenotype relationship. Journal of Alzheimer's Disease. 2013;37:653-659. DOI: 10.3233/
JAD-130746

[39] Mok KY, Jones EL, Hanney M, Harold D, Sims R, Williams J, et al. Polymorphisms in BACE2 
may affect the age of onset Alzheimer’s dementia in down syndrome. Neurobiology of 
Aging. 2013;35:1513.e1-1513.e5. DOI: 10.1016/j.neurobiolaging.2013.12.022

Molecular Basis of Neurodegeneration: Lessons from Alzheimer’s and Parkinson’s Diseases 17



[40] Natunen T, Parrado AR, Helisalmi S, Pursiheimo JP, Sarajärvi T, Mäkinen P, et al. 
Elucidation of the BACE1 regulating factor GGA3 in Alzheimer’s disease. Journal of 

Alzheimer's Disease. 2013;37:217-232. DOI: 10.3233/JAD-130104

[41] Jia SH, Li K, Su W, Li SH, Chen HB. Impairment in the intention formation and execu-

tion phases of prospective memory in Parkinson's disease. Frontiers in Neuroscience. 
2018;12:98. DOI: 10.3389/fnins.2018.00098

[42] Hawkes CH, Del Tredici K, Braak H. A timeline for Parkinson’s disease. Parkinsonism & 

Related Disorders. 2010;16:79-84. DOI: 10.1016/j.parkreldis.2009.08.007

[43] Bridi JC, Hirth F. Mechanisms of α-synuclein induced synaptopathy in Parkinson's dis-

ease. Frontiers in Neuroscience. 2018;12:80. DOI: 10.3389/fnins.2018.00080

[44] Bastías-Candia S, Di Benedetto M, D'Addario C, Candeletti S, Romualdi P. Combined 
exposure to agriculture pesticides, paraquat and maneb, induces alterations in the N/
OFQ-NOPr and PDYN/KOPr systems in rats: Relevance to sporadic Parkinson's disease. 
Environmental Toxicology. 2015;30:656-663. DOI: 10.1002/tox.21943

[45] Murphy DD, Rueter SM, Trojanowski JQ, Lee VM. Synucleins are developmentally 
expressed, and alpha-synuclein regulates the size of the presynaptic vesicular pool in 

primary hippocampal neurons. The Journal of Neuroscience. 2000;20:3214-3220

[46] Cabin DE, Shimazu K, Murphy D, Cole NB, Gottschalk W, McIlwain KL, et al. 
Synaptic vesicle depletion correlates with attenuated synaptic responses to prolonged 
repetitive stimulation in mice lacking alpha-synuclein. The Journal of Neuroscience. 
2002;22:8797-8807

[47] Larsen KE, Schmitz Y, Troyer MD, Mosharov E, Dietrich P, Quazi AZ, et al. Alpha-
synuclein overexpression in PC12 and chromaffin cells impairs catecholamine release 
by interfering with a late step in exocytosis. The Journal of Neuroscience. 2006;26:11915-
11922. DOI: 10.1523/JNEUROSCI.3821-06.2006

[48] Burré J, Sharma M, Tsetsenis T, Buchman V, Etherton MR, Südhof TC. Alpha-synuclein 
promotes SNARE-complex assembly in vivo and in vitro. Science. 2010;329:1663-1667. 
DOI: 10.1126/science.1195227

[49] Lotharius J, Brundin P. Pathogenesis of Parkinson's disease: Dopamine, vesicles and 
alpha-synuclein. Nature Reviews. Neuroscience. 2002;3:932-942. DOI: 10.1038/nrn983

[50] Burré J. The synaptic function of α-synuclein. Journal of Parkinson's Disease. 2015;5:699-
713. DOI: 10.3233/JPD-150642

[51] Bassil F, Fernagut PO, Bezard E, Pruvost A, Leste-Lasserre T, Hoang QQ, et al. Reducing 

C-terminal truncation mitigates synucleinopathy and neurodegeneration in a transgenic 

model of multiple system atrophy. Proceedings of the National Academy of Sciences of 
the United States of America. 2016;113:9593-9598. DOI: 10.1073/pnas.1609291113

[52] Wang W, Nguyen LT, Burlak C, Chegini F, Guo F, Chataway T, et al. Caspase-1 causes 
truncation and aggregation of the Parkinson's disease-associated protein α-synuclein. 

Proceedings of the National Academy of Sciences of the United States of America. 
2016;113:9587-9592. DOI: 10.1073/pnas.1610099113

Recent Advances in Neurodegeneration18



[53] Li YH, Gao N, Ye YW, Li X, Yu S, Yang H, et al. Alpha-synuclein functions as a negative 
regulator for expression of tyrosine hydroxylase. Acta Neurologica Belgica. 2011;111: 
130-135

[54] Butler B, Goodwin S, Saha K, Becker J, Sambo D, Davari P, et al. Dopamine trans-

porter activity is modulated by alpha-synuclein. The Journal of Biological Chemistry. 

2015;290:29542-29554. DOI: 10.1074/jbc.M115.691592

[55] Heneka MT, Golenbock DT, Latz E. Innate immunity in Alzheimer's disease. Nature 
Immunology. 2015;16:229-236. DOI: 10.1038/ni.3102

[56] Heneka MT, Carson MJ, El Khoury J, Landreth GE, Brosseron F, Feinstein DL, et al. 

Neuroinflammation in Alzheimer's disease. Lancet Neurology. 2015;14:388-405. DOI: 
10.1016/S1474-4422(15)70016-5

[57] Malipiero U, Koedel U, Pfister HW, Levéen P, Bürki K, Reith W, et al. TGFbeta receptor 
II gene deletion in leucocytes prevents cerebral vasculitis in bacterial meningitis. Brain. 

2006;129:2404-2415. DOI: 10.1093/brain/awl192

[58] Strle K, Zhou JH, Shen WH, Broussard SR, Johnson RW, Freund GG, et al. Interleukin- 

10 in the brain. Critical Reviews in Immunology. 2001;21:427-449. DOI: 10.1615/CritRev 

Immunol.v21.i5.20

[59] Landreth G, Reed-Geaghan E. Toll-like receptors in Alzheimer’s disease. Current Topics 

in Microbiology and Immunology. 2009;336:137-153. DOI: 10.1007/978-3-642-00549-7_8

[60] Hanke M, Kielian T. Toll-like receptors in health and disease in the brain: Mechanisms 
and therapeutic potential. Clinical Science (London). 2011;121:367-387. DOI: 10.1042/
CS20110164

[61] Mishra BB, Mishra PK, Teale JM. Expression and distribution of toll-like receptors in the 

brain during murine neurocysticercosis. Journal of Neuroimmunology. 2006;181:46-56. 
DOI: 10.1016/j.jneuroim.2006.07.019

[62] Atmaca HT, Kul O, Karakus E, Terzi OS, Canpolat S, Anteplioglu T. Astrocytes, microg-

lia/macrophages, and neurons expressing toll-like receptor 11 contribute to innate 

immunity against encephalitic toxoplasma gondii infection. Neuroscience. 2014;269:184-
191. DOI: 10.1016/j.neuroscience.2014.03.049

[63] Doorn KJ, Lucassen PJ, Boddeke HW, Prins M, Berendse HW, Drukarch B, et al. Emerging 

roles of microglial activation and non-motor symptoms in Parkinson's disease. Progress 

in Neurobiology. 2012;98:222-238. DOI: 10.1016/j.pneurobio.2012.06.005

[64] Blandini F. Neural and immune mechanisms in the pathogenesis of Parkinson's disease. 
Journal of Neuroimmune Pharmacology. 2013;8:189-201. DOI: 10.1007/s11481-013-9435-y

[65] Andreasson KI, Bachstetter AD, Colonna M, Ginhoux F, Holmes C, Lamb B, et al. Targetin 
innate immunity for neurodegenerative disorders of the central nervous system. Journal 

of Neurochemistry. 2016;138:653-693. DOI: 10.1111/jnc.13667

[66] Reed-Geaghan EG, Savage JC, Hise AG, Landreth GE. CD14 and toll-like receptors 

2 and 4 are required for fibrillar ab-stimulated microglial activation. The Journal of 
Neuroscience. 2009;29:11982-11992. DOI: 10.1523/JNEUROSCI.3158-09.2009

Molecular Basis of Neurodegeneration: Lessons from Alzheimer’s and Parkinson’s Diseases 19



[67] Dursun E, Gezen-Ak D, Hanağası H, Bilgiç B, Lohmann E, Ertan S, et al. The interleu-

kin 1 alpha, interleukin 1 beta, interleukin 6 and alpha-2-macroglobulin serum levels 

in patients with early or late onset Alzheimer's disease, mild cognitive impairment 

or Parkinson's disease. Journal of Neuroimmunology. 2015;283:50-57. DOI: 10.1016/j.
jneuroim.2015.04.014

[68] Cameron B, Landreth GE. Inflammation, microglia, and Alzheimer's disease. 
Neurobiology of Disease. 2010;37:503-509. DOI: 10.1016/j.nbd.2009.10.006

[69] Wake H, Moorhouse AJ, Miyamoto A, Nabekura J. Microglia: Actively surveying and 
shaping neuronal circuit structure and function. Trends in Neurosciences. 2013;36:209-
217. DOI: 10.1016/j.tins.2012.11.007

[70] Crehan J, Hardy J, Pocock J. Blockage of CR1 prevents activation of rodent microglia. 

Neurobiology of Disease. 2013;54:139-149. DOI: 10.1016/j.nbd.2013.02.003

[71] Griciuc A, Serrano-Pozo A, Parrado AR, Lesinski AN, Asselin CN, Mullin K, et al. 
Alzheimer’s disease risk gene CD33 inhibits microglial uptake of amyloid beta. Neuron. 
2013;78:631-643. DOI: 10.1016/j.neuron.2013.04.014

[72] Wang Y, Cella M, Mallinson KJ, Ulrich JD, Young KL, Robinette ML, et al. TREM2 
lipid sensing sustains the microglial response in an Alzheimer’s disease model. Cell. 

2015;160:1061-1071. DOI: 10.1016/j.cell.2015.01.049

[73] Zhao Y, Wu X, Li X, Jiang LL, Gui X, Liu Y, et al. TREM2 is a receptor for β-amyloid 

that mediates microglial function. Neuron. 2018;97:1023-1031.e7. DOI: 10.1016/j.
neuron.2018.01.031

[74] Guerreiro R, Wojtas A, Bras J, Carrasquillo M, Rogaeva E, Majounie E, et al. TREM2 vari-

ants in Alzheimer’s disease. The New England Journal of Medicine. 2013;368:117-127. 
DOI: 10.1056/NEJMoa1211851

[75] Brosseron F, Traschütz A, Widmann CN, Kummer MP, Tacik P, Santarelli F, et al. 
Characterization and clinical use of inflammatory cerebrospinal fluid protein mark-

ers in Alzheimer's disease. Alzheimer's Research & Therapy. 2018;10:25. DOI: 10.1186/
s13195-018-0353-3

[76] Leyns CEG, Ulrich JD, Finn MB, Stewart FR, Koscal LJ, Remolina Serrano J, et al. TREM2 

deficiency attenuates neuroinflammation and protects against neurodegeneration in a 
mouse model of tauopathy. Proceedings of the National Academy of Sciences of the 
United States of America. 2017;114:11524-11529. DOI: 10.1073/pnas.1710311114

[77] Bemiller SM, McCray TJ, Allan K, Formica SV, Xu G, Wilson G, et al. TREM2 defi-

ciency exacerbates tau pathology through dysregulated kinase signaling in a mouse 

model of tauopathy. Molecular Neurodegeneration. 2017 Oct 16;12:74. DOI: 10.1186/
s13024-017-0216-6

[78] Stefanova N, Fellner L, Reindl M, Masliah E, Poewe W, Wenning GK. Toll-like recep-

tor 4 promotes α-synuclein clearance and survival of nigral dopaminergic neurons. The 

American Journal of Pathology. 2011;179:954-963. DOI: 10.1016/j.ajpath.2011.04.013

Recent Advances in Neurodegeneration20



[79] Fellner L, Irschick R, Schanda K, Reindl M, Klimaschewski L, Poewe W, et al. Toll-like 

receptor 4 is required for α-synuclein dependent activation of microglia and astroglia. 

Glia. 2013;61:349-360. DOI: 10.1002/glia.22437

[80] Kim C, Ho DH, Suk JE, You S, Michael S, Kang J, et al. Neuron-released oligomeric 
α-synuclein is an endogenous agonist of TLR2 for paracrine activation of microglia. 

Nature Communications. 2013;4:1562. DOI: 10.1038/ncomms2534

[81] Sanchez-Guajardo V, Tentillier N, Romero-Ramos M. The relation between α-synuclein 

and microglia in Parkinson's disease: Recent developments. Neuroscience. 2015;302:47-
58. DOI: 10.1016/j.neuroscience.2015.02.008

[82] Ganguly U, Chakrabarti SS, Kaur U, Mukherjee A, Chakrabarti S. Alpha-synuclein, 

proteotoxicity and Parkinson's disease: Search for neuroprotective therapy. Current 
Neuropharmacology. 2017;15. DOI: 10.2174/1570159X15666171129100944

[83] Lee HJ, Suk JE, Patrick C, Bae EJ, Cho JH, Rho S, et al. Direct transfer of alpha-synuclein 

from neuron to astroglia causes inflammatory responses in synucleinopathies. The 
Journal of Biological Chemistry. 2010;285:9262-9272. DOI: 10.1074/jbc.M109.081125

[84] Farina C, Aloisi F, Meinl E. Astrocytes are active players in cerebral innate immunity. 

Trends in Immunology. 2007;28:138-145. DOI: 10.1016/j.it.2007.01.005

[85] Ambrosini E, Aloisi F. Chemokines and glial cells: A complex network in the cen-

tral nervous system. Neurochemical Research. 2004;29:1017-1038. DOI: 10.1023/B:N
ERE.0000021246.96864.89

[86] Morales I, Rodriguez M. Self-induced accumulation of glutamate in striatal astrocytes 

and basal ganglia excitotoxicity. Glia. 2012;60:1481-1494. DOI: 10.1002/glia.22368

[87] Roodveldt C, Labrador-Garrido A, Gonzalez-Rey E, Lachaud CC, Guilliams T, Fernandez-

Montesinos R, et al. Preconditioning of microglia by α-synuclein strongly affects the 
response induced by toll-like receptor (TLR) stimulation. PLoS One. 2013;8:e79160. DOI: 
10.1371/journal.pone.0079160

[88] Aktas O, Ullrich O, Infante-Duarte C, Nitsch R, Zipp F. Neuronal damage in brain 
inflammation. Archives of Neurology. 2007;64:185-189. DOI: 10.1001/archneur.64.2.185

[89] Little AR, Benkovic SA, Miller DB, O'Callaghan JP. Chemically induced neuronal dam-

age and gliosis: Enhanced expression of the proinflammatory chemokine, monocyte 
chemoattractant protein (MCP)-1, without a corresponding increase in proinflammatory 
cytokines. Neuroscience. 2002;115:307-320. DOI: 10.1016/S0306-4522(02)00359-7

[90] Patel NS, Paris D, Mathura V, Quadros AN, Crawford FC, Mullan MJ. Inflammatory 
cytokine levels correlate with amyloid load in transgenic mouse models of Alzheimer's 

disease. Journal of Neuroinflammation. 2005;2:9. DOI: 10.1186/1742-2094-2-9

[91] Cai Q, Tammineni P. Mitochondrial aspects of synaptic dysfunction in Alzheimer's dis-

ease. Journal of Alzheimer's Disease. DOI: 10.3233/JAD-160726

Molecular Basis of Neurodegeneration: Lessons from Alzheimer’s and Parkinson’s Diseases 21



[92] Kerr JS, Adriaanse BA, Greig NH, Mattson MP, Cader MZ, Bohr VA, et al. Mitophagy 
and Alzheimer's disease: Cellular and molecular mechanisms. Trends in Neurosciences. 
2017;40:151-166. DOI: 10.1016/j.tins.2017.01.002

[93] Zolezzi JM, Silva-Alvarez C, Ordenes D, Godoy JA, Carvajal FJ, Santos MJ, et al. 

Peroxisome proliferator-activated receptor (PPAR) γ and PPARα agonists modulate 

mitochondrial fusion-fission dynamics: Relevance to reactive oxygen species (ROS)-
related neurodegenerative disorders? PLoS One. 2013;8:e64019. DOI: 10.1371/journal.
pone.0064019

[94] Ordonez DG, Lee MK, Feany MB. α-Synuclein induces mitochondrial dysfunction 

through spectrin and the actin cytoskeleton. Neuron. 2018;97:108-124.e6. DOI: 10.1016/j.
neuron.2017.11.036

[95] Chen H, Zhang SM, Hern'an MA, et al. Nonsteroidal anti-inflammatory drugs and the 
risk of Parkinson disease. Archives of Neurology. 2003;60:1059-1064

[96] Vlad SC, Miller DR, Kowall NW, Felson DT. Protective effects of NSAIDs on the devel-
opment of Alzheimer disease. Neurology. 2008;70:1672-1677

[97] Pimplikar SW. Neuroinflammation in Alzheimer's disease: From pathogenesis to a 
therapeutic target. Journal of Clinical Immunology. 2014;34:S64-S69. DOI: 10.1007/
s10875-014-0032-5

[98] Farr JN, Roforth MM, Fujita K, Nicks KM, Cunningham JM, Atkinson EJ, et al. Effects of 
age and estrogen on skeletal gene expression in humans as assessed by RNA sequenc-

ing. PLoS One. 2015;10:e0138347. DOI: 10.1371/journal.pone.0138347

[99] García-Velázquez L, Arias C. The emerging role of Wnt signaling dysregulation in the 
understanding and modification of age-associated diseases. Ageing Research Reviews. 
2017;37:135-145. DOI: 10.1016/j.arr.2017.06.001

[100] Lambert C, Cisternas P, Inestrosa NC. Role of Wnt signaling in central nervous system 
injury. Molecular Neurobiology. 2016;53:2297-2311. DOI: 10.1007/s12035-015-9138-x

[101] Godoy JA, Rios JA, Zolezzi JM, Braidy N, Inestrosa NC. Signaling pathway cross talk 
in Alzheimer's disease. Cell Communication and Signaling: CCS. 2014;12:23. DOI: 
10.1186/1478-811X-12-23

[102] Tapia-Rojas C, Inestrosa NC. Wnt signaling loss accelerates the appearance of neuro-

pathological hallmarks of Alzheimer's disease in J20-APP transgenic and wild-type 

mice. Journal of Neurochemistry. 2018;144:443-465. DOI: 10.1111/jnc.14278

[103] Cisternas P, Salazar P, Silva-Álvarez C, Barros LF, Inestrosa NC. Activation of Wnt sig-

naling in cortical neurons enhances glucose utilization through glycolysis. The Journal 

of Biological Chemistry. 2016;291:25950-25964. DOI: 10.1074/jbc.M116.735373

[104] Berwick DC, Harvey K. LRRK2 functions as a Wnt signaling scaffold, bridging cytosolic 
proteins and membrane-localized LRP6. Human Molecular Genetics. 2012;21:4966-
4979. DOI: 10.1093/hmg/dds342

Recent Advances in Neurodegeneration22



[105] Rawal N, Corti O, Sacchetti P, Ardilla-Osorio H, Sehat B, Brice A, et al. Parkin protects 
dopaminergic neurons from excessive Wnt/beta-catenin signaling. Biochemical and Bio-

physical Research Communications. 2009;388:473-478. DOI: 10. 1016/j.bbrc.2009.07.014

[106] Arenas E. Wnt signaling in midbrain dopaminergic neuron development and regenera-

tive medicine for Parkinson’s disease. Journal of Molecular Cell Biology. 2014;6:42-53. 
DOI: 10.1093/jmcb/mju001

[107] Yi H, Patel AK, Sodhi CP, Hackam DJ, Hackam AS. Novel role for the innate immune 
receptor toll-like receptor 4 (TLR4) in the regulation of the Wnt signaling pathway and 

photoreceptor apoptosis. PLoS One. 2012;7:e36560. DOI: 10.1371/journal.pone.0036560

[108] Trinath J, Holla S, Mahadik K, Prakhar P, Singh V, Balaji KN. The WNT signaling path-

way contributes to dectin-1-dependent inhibition of toll-like receptor-induced inflam-

matory signature. Molecular and Cellular Biology. 2014;34:4301-4314. DOI: 10.1128/
MCB.00641-14

[109] Ishitani T. Context-dependent dual and opposite roles of nemo-like kinase in the Wnt/

β-catenin signaling. Cell Cycle. 2012;11:1743-1745. DOI: 10.4161/cc.20183

[110] Ishitani T, Kishida S, Hyodo-Miura J, Ueno N, Yasuda J, Waterman M, et al. The TAK1-
NLK mitogen-activated protein kinase cascade functions in the Wnt-5a/Ca(2+) pathway 
to antagonize Wnt/beta-catenin signaling. Molecular and Cellular Biology. 2003;23:131-
139. DOI: 10.1128/MCB.23.1.131-139.2003

[111] Xie X, Zhang D, Zhao B, Lu MK, You M, Condorelli G, et al. IkappaB kinase epsilon 
and TANK-binding kinase 1 activate AKT by direct phosphorylation. Proceedings of 
the National Academy of Sciences of the United States of America. 2011;108:6474-6479. 
DOI: 10.1073/pnas.1016132108

[112] Li N, Zhang X, Dong H, Zhang S, Sun J, Qian Y. Lithium ameliorates LPS-induced 
astrocytes activation partly via inhibition of toll-like receptor 4 expression. Cellular 

Physiology and Biochemistry. 2016;38:714-725. DOI: 10.1159/000443028

Molecular Basis of Neurodegeneration: Lessons from Alzheimer’s and Parkinson’s Diseases 23




