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Abstract

Alzheimer’s disease (AD) is a clinically progressive decline in cortical function
involving memory and other cognitive domain of executive function and patho-
logically by two hallmark lesions, amyloid-β plaque cores (APC) and neurofi-
brillary tangles (NFT). Over 30 years ago, these hallmark lesions were
characterized by indirect qualitative analysis, which led to a substantial expansion
of molecular studies, as well as optimism about successful therapeutic interven-
tions. Unfortunately, despite copious facts of the biochemical cascades that

R. J. Castellani (*)
Feinberg School of Medicine, Northwestern University, Chicago, IL, USA
e-mail: rudolph.castellani@nm.org

G. Plascencia-Villa · G. Perry (*)
Department of Neuroscience, Developmental and Regenerative Biology, The University of Texas at
San Antonio, San Antonio, TX, USA
e-mail: german.plascenciavilla@utsa.edu; george.perry@utsa.edu

© Springer Nature Switzerland AG 2022
R. M. Kostrzewa (ed.), Handbook of Neurotoxicity,
https://doi.org/10.1007/978-3-031-15080-7_162

1709

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-15080-7_162&domain=pdf
mailto:rudolph.castellani@nm.org
mailto:german.plascenciavilla@utsa.edu
mailto:george.perry@utsa.edu
https://doi.org/10.1007/978-3-031-15080-7_162#DOI


produce these aggregates, there has been no meaningful progress toward disease
modification. The repeated failures in this regard have been attributed to tardiness
in intervention, rather than instead an overdue need for a paradigm shift. The
ruling theories for AD pathogenesis have their root in pathological lesion
removal. It is argued that “pathological” changes instead reflect elaborate
neuroprotection mechanisms in response to a decade-long adaptation to an
aging-hostile environment. The lesions themselves may similarly be a manifes-
tation of neuroprotection, and likewise the targeting of such lesions as the
offending agents is done at the risk of disrupting homeostasis and the body’s
attempt at fighting disease. Rather than simply shifting the same ideas and
interventions to an earlier age or disease stage, a broadening of the scope of
treatment efforts to working with rather than against the biological responses of
the brain, and the realities of repeated negative data, should now be embraced
with enthusiasm. Sadly, this verdict still holds since the previous version of this
book with only marginal benefits if any shown for any lesion removal-based
therapy.
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Abbreviations

AD Alzheimer’s disease
APC Amyloid-β plaque cores
ApoE Apolipoprotein E
Aβ Amyloid-β peptide
AβPP Amyloid-β protein precursor
BACE1 β-Site AβPP cleaving enzyme-1
eFAD Early-onset familial Alzheimer’s disease
ER Endoplasmic reticulum
GWAs Genome-wide association studies
HSV1 Herpes simplex virus 1
LTP Long-term potentiation
MAPT Microtubule-associated protein tau
MCI Mild cognitive impairment
NFT Neurofibrillary tangles
NHD Nasu-Hakola disease
NREM Non-rapid eye movement
OR Odds ratio
PSEN1 Presenilin 1
PSEN2 Presenilin 2
ROS Reactive oxygen species
TREM2 Triggering Receptor Expressed on Myeloid cells 2
WGS Whole-genome sequencing
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1 Introduction

Alzheimer’s disease (AD) is complex and heterogeneous, differing in many respects
from case to case, including age at onset, clinical signs and symptoms, presence or
absence of various and numerous risk factors, extent and distribution of neuropa-
thology, and genetic alterations including germline mutation and susceptibility
alleles. This heterogeneity is leading to dissection of AD into further diseases, as
in prior years it led to Lewy body disease and frontal temporal dementia. Numerous
hypotheses with ostensible treatment possibilities are therefore expected, while the
treatment avenues themselves have been unrewarding. Whether or not this failure
reflects the complexity of the disease, the now numerous failures in the face of
almost limitless knowledge of biochemical facts suggest that prevailing paradigms
are significantly, if not fatally, flawed (Castellani et al., 2008, 2009).

Presently, standard thought equates protein constituents of insoluble pathological
lesions or their assembly intermediates with toxicity (Hardy & Higgins, 1992). For
example, AD brains accumulate NFT (the major discovery made by Alois Alzheimer
in 1906) that contain phosphorylated tau protein that is toxic to neurons in vitro such
that the cascade that produces phosphorylated tau, if left unchecked, causes disease
(Spires-Jones et al., 2009). Alternatively, AD brains accumulate amyloid plaque
cores containing amyloid-β peptide (Aβ); Aβ is therefore a product of a pathological
cascade that is often viewed as inherently deleterious (Selkoe, 2008). Somewhat
more recent iterations of this hypothesis have focused on soluble oligomers as the
major toxic species, although such species suffer from artificiality, reproducibility,
and difficulty with which they are studied directly. If one adds to these issues a
putative attack on the synapse, another degree of complexity is added to the concept
and therefore further removed from relevance to the human condition (Tanzi, 2005).
Such thinking is elegant in its simplicity but presumptuous that it will yield a
solution (Benilova et al., 2012).

In this review, the pathophysiology of two proteins implicated in AD pathogenesis,
Aβ and tau, is discussed and the concept of pathology as a downstream and possibly
beneficial response to the underlying process which is as yet poorly understood, if not
completely misunderstood. Alternative hypothesis of AD linked to ApoE, genetics,
lifestyle, and alternations in neuronal metabolism is further discussed.

2 Amyloidosis Linked to Neurodegeneration

Amyloid-β peptide (Aβ) was initially identified through purification of insoluble
pathological lesions – amyloid plaque cores and cerebral vasculature involved by
amyloid angiopathy (Masters et al., 1985). Subsequent identification of Aβ as a
metabolic product of amyloid-β protein precursor (AβPP), its localization to the long
arm (q) of chromosome 21, the identification of familial AD kindred with pathogenic
AβPP mutations, and the increased AD pathology in Down’s syndrome patients who
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carry an extra copy of chromosome 21 produced a compelling argument in favor of
the so-called amyloid cascade as the pathogenic mediator of disease. The cascade
was further substantiated by characterization of presenilin proteins, part of the notch
signaling complex with γ-secretase activity (see below) and therefore inherently
amyloidogenic.

AβPP is an integral type I membrane protein on chromosome 21q21 (Wilquet &
De Strooper, 2004). Full expression of AβPP results in a cytoplasmic tail, a trans-
membrane portion, and a large extracellular domain, although only a fraction of
newly synthesized AβPP molecules reach the cell surface in cell culture studies.
AβPP further exists as multiple alternatively spliced isoforms, three of which
predominate: two isoforms, AβPP770/751, contain the Kunitz protease inhibitor
domain (exon 7) within the extracellular portion and are the predominant forms in
cells other than neurons; AβPP695 is devoid of the Kunitz protease inhibitor domain
and is the predominant form in neurons.

Enzyme cleavage results in amyloidogenic and non-amyloidogenic fragments,
depending on whether or not the Aβ protein is produced. Inherent in the term
“amyloidogenic” is a process that is deleterious, although it is worth noting that
Aβ synthesis, including the so-called pathogenic Aβ, Aβ1–42, is a physiological
process, with Aβ being synthesized and secreted throughout normal life (Fig. 1).

Fig. 1 The amyloidogenic pathway of amyloid-β precursor protein in Alzheimer’s disease.
Neuronal AβPP receptor is cleaved by β- and γ-secretases releasing transmembrane Aβ peptide;
then after a conformational change, the Aβ peptide aggregates into oligomers, fibrils, and ultimately
Aβ plaque cores. This process of Aβ peptide aggregation may be mediated by ApoE
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Comparable levels of Aβ in AD and healthy controls are detected in cerebrospinal
fluid and plasma.

Cleavage of AβPP by either α-secretase or β-secretase produces soluble
N-terminal fragments AβPP and C83 and C99 membrane-bound C-terminal frag-
ments, respectively. Further cleavage by γ-secretase leads to the release and secretion
of non-pathogenic p3 peptide (previous α-secretase cleavage) and Aβ (previous
β-secretase cleavage) (Fig. 1). Moreover, depending on the precise site of
γ-secretase cleavage, different lengths of Aβ are produced, varying from 38 to
43 amino acids. The 42 amino acid form, Aβ42, has a greater tendency to form
fibrils in vitro compared to other forms, so not surprisingly Aβ42 synthesis and
deposition is a hallmark of the amyloid cascade hypothesis.

β-Secretase and γ-secretase cleavage, resulting in the Aβ peptide, was established
early on in the study of Aβmetabolism, although the constituents and cell biology of
γ-secretase have proven a challenge. The presenilins, initially identified through
linkage to early onset familial AD with apparent increased Aβ42 (Citron et al., 1997;
Duff et al., 1996; Scheuner et al., 1996), are components of the γ-secretase complex
(Maiorini et al., 2002).

Despite the presumption of presenilin as an important component of the multi-
meric secretase complex, the biochemical mechanism of presenilin action is largely
unknown. During development, presenilins appear to cleave a transmembrane pro-
tein termed Notch, which in turn is a transcriptional activator of gene involvement in
cellular differentiation (De Strooper et al., 1999) . PS1 and PS2 are involved in a
range of biological processes, including cell adhesion, G-protein-mediated signal
transduction, and the unfolded protein response (Baki et al., 2001; Smine et al.,
1998; Niwa et al., 1999). Nicastrin has also been shown to interact strongly with the
presenilins and appears to be required for normal Notch signaling in Caenorhabditis
elegans (Yu et al., 2000).

AβPP cleavage with generation of Aβ fragments also differs as a function of
cellular subcompartment. At the cell surface, AβPP is proteolytically processed,
primarily by α-secretases, resulting in shedding of the majority of the extracellular
domain. Rapid and efficient internalization is mediated by a “YENPTY” internali-
zation motif (Vetrivel & Thinakaran, 2006). Once endocytosed, AβPP may be
recycled to the cell surface, degraded, or further processed. β-Site AβPP cleaving
enzyme-1 (BACE1) acts on AβPP in late Golgi/TGN and endosomes, as indicated
by the acidic optimal pH of BACE1 activity. γ-Secretase complex activity on the
other hand takes place in multiple cellular compartments including endoplasmic
reticulum (ER), Golgi, and the plasma membrane; the last is thought to comprise
only a small fraction of the γ-secretase activity.

A key question that has existed since the elucidation of AβPP is the normal
cellular function of this molecule, which is unresolved. One candidate ligand,
secreted neuronal protein F-spondin, is implicated in neuronal sprouting and devel-
opment. F-Spondin binds AβPP as well as APLP-1 and APLP-2, which may
interfere with β-secretase cleavage and cell signaling effected by the cytoplasmic
domain (Wilquet & De Strooper, 2004). AβPP has been suggested to serve as a
receptor for intracellular transport of synaptic vesicles through interaction with
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kinesin and microtubules (Kamal et al., 2001). Both AβPP and the low density
lipoprotein receptor-related protein have been shown to bind the adaptor protein
Fe65 via their cytoplasmic domains which increases AβPP proteolytic processing
(Pietrzik et al., 2004). Interestingly, both LRP and AβPP are also γ-secretase sub-
strates after cleavage and removal of their extracellular domains. A role of AβPP in
heavy metal binding and as an antioxidant may also be an important role with direct
implications in the disease process when dysfunctional.

In brief, the fundamentally toxic Aβ42, otherwise a product of normal cellular
metabolism, is thought to be overproduced in AD resulting in neurodegeneration
or so the amyloid cascade theory postulates. Support for this comes principally if
not entirely from Mendelian diseases with pathogenic AβPP mutations linked to
extensive Aβ deposits and early onset disease. What is missed in causality is that
genetics demonstrate correlation/association; causality instead was not shown
because Aß removal in humans did not reverse AD. In vitro toxicity of Aβ42
peptides is considered further evidence for the cascade, although toxicity lies
within narrow conditions irrelevant to brain metabolism, at least as toxicity.
Despite the commonly held notions, whether Aβ42 is toxic in vivo in human
remains to be elucidated, whereas a role of Aβ42 in neuroprotection, which is
made intuitively difficult by the prevailing ideas, has been demonstrated
(Nunomura et al., 2006). Nevertheless, the collective data not surprisingly led
to considerable enthusiasm and a frenzy of activity to not only further character-
ize, or “prove” the importance of the cascade, but to rush headlong into human
immunotherapeutic trials specifically targeting Aβ. The first major and somewhat
infamous phase II active immunization approach (AN-1792) may have been the
most informative of all trials to date given the now long-term follow-up. The
evidence is now clear that removal of Aβ from the brain in mild to moderate AD
has no major cognitive benefits. Moreover, the two individuals studied who had
almost complete removal of Aβ plaques compressed to dementia at the same rate
as placebo and expired with a mini mental status score of 0, effectively answering
the question of whether dementia progresses in the face of Aβ removal from the
brain whether it be fibers or oligomers (Holmes et al., 2008).

2.1 Does Aβ Correlate with Clinical and Anatomic Indices
of Disease?

While the above data seems to have closed the case on whether Aβ causes
dementia, the relationship between Aβ pathology and disease has been the subject
of a number of studies prior to the AN-1792 trial, and indeed the data indicate
unambiguously that the correlation between Aβ and clinical disease is imprecise
at best (Castellani et al., 2010). With an early study in the 1960s showing an
overall trend toward increased disease severity with plaque burden (Blessed et al.,
1968; Giannakopoulos et al., 2003), subsequent studies have relied on this
concept. At present, it is accepted that amyloid burden overall correlates poorly
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with disease severity, and the distribution of Aβ tends to be diffuse throughout the
neocortex with no meaningful region specificity. Diffuse deposits of amyloid also
occur in the striatum and cerebellar cortex late in disease, with no discernible
selectivity in terms of loss of function subserved by these regions. Relative to
neocortical Aβ, it is of some interest that medial temporal allocortical tissue
involved in episodic declarative memory shows decreased Aβ (Arnold et al.,
1991). Given the role of ApoE in facilitating fibrillogenesis of Aβ, it is also
interesting that the extent of neocortical Aβ deposits does not correlate with the
various Apo E alleles, including ε4 (Berg et al., 1998). Nunomura found that Aβ
levels increase with disease progression with ApoE4 but shows less pronounced
increase with ApoE3 (Fig. 2).

Aβ attack on the synapse. A relatively new paradigm that is more functional than
structural has emerged, in part in response to the growing realization of the imprecise
relationship between Aβ and clinical disease, and the clinical trials that have
effectively removed Aβ and have not altered the neurodegenerative process. It is
now suggested that soluble, low-n Aβ oligomers, identified by high-speed centrifu-
gation and immunoblotting of the supernatant, cause synaptic damage and functional
neurologic deficits (Selkoe, 2008). Experimental studies involving injection of
conditioned medium, derived from oligomer-secreting AβPP V717F Chinese ham-
ster ovary cells into rat lateral ventricle, demonstrated alterations in long-term
potentiation (LTP) that was to be related to low-n oligomers per se and not mono-
mers (Walsh et al., 2002). LTP alteration was also shown in vitro in hippocampal
mouse slices, along with concomitant changes in cell cycle signaling cascades and
behavioral abnormalities. Here again, however, there is a premature juxtaposition of
experimental data and human brain separate from each other by several degrees of
relevance, in addition to lack of insight into those soluble species that are the most
toxic and the overall lack of reproducibility of many of the studies.

Fig. 2 Alzheimer’s disease is characterized by the presence of amyloid plaque cores
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3 Phosphorylated Tau

Alzheimer’s neurofibrillary tangle. While plaques were a known accompaniment of
senile dementia in the late 1800s, the first description of the neurofibrillary tangles
(NFT) in 1907 can be attributed to Alzheimer (1907; Castellani et al., 2010). It is also
interesting to note that Alzheimer devoted ten sentences and two paragraphs to his
initial description of the NFT, compared to only two sentences to the senile plaque.
This, and the fact that plaques were a known component of senile dementia at that
time, suggests that the NFTwas the more intriguing lesion. Nevertheless, in spite of
copious literature written by Alzheimer and his contemporaries, it is difficult to find
firm allusions to the cause of the basic disease process. Rather, the importance and
controversy rested for the most part on whether this condition affecting a relatively
young patient represented a new disease or, instead, was a form of senile dementia
with early onset.

Not long after the purification of amyloid deposits and the identification of the Aβ
protein, NFTs were purified and the microtubule-associated protein tau determined
as a protein component. The enthusiasm for tau phosphorylation as a primary
process in AD was however blunted by the absence of genetic linkage, which has
forever relegated pathological tau events to a downstream position on the popular
algorithms. Instead, germline tau mutations are more closely related to the
frontotemporal dementia phenotype.

Tau as the major protein component of neurofibrillary pathology. Similar to the
situation with Aβ, knowledge of tau has expanded considerably since it was purified
and molecular species elucidated from the insoluble lesions. It is now known that the
phosphorylated tau is a major protein component of neurofibrillary pathology, which
in turn promoted the study of tau in copious detail (Fig. 3).

Fig. 3 Formation of neurofibrillary tangles (NFT) of tau in Alzheimer’s disease
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The tau gene is comprised of over 100 kb and contains 16 exons. Upstream of the
first exon are consensus binding sites for transcription factors, including AP2 and
SP1. Alternative splicing of tau nuclear RNA in the adult brain involving exons two,
three, and ten results in six tau isoforms. These 6 isoforms in turn differ in the
presence of either 3 of 4 repeats of 31 or 32 peptide residues in the C-terminal region
(exon 10). This peptide repeat region also comprises the microtubule binding
domain and therefore has direct implications in tau pathophysiology. Moreover,
tau isoforms differ in the expression of zero, one, or two inserts encoded on exons
two and three. The relative amounts of these tau isoforms as well as their phosphor-
ylation status changes during development; 3 repeat tau with no inserts is expressed
in the fetus and early post natal infant, while heterogeneous isoforms are expressed
in the adult brain. This switch in RNA splicing also corresponds to an overall
reduction in tau phosphorylation. Tau is relatively abundant in neurons but is present
in all nucleated cells. Its major physiologic function appears to be in binding
microtubules and in stabilizing microtubule assembly for polymerization.

In disease, tau is abnormally hyperphosphorylated at proline directed serine/
threonine phosphorylation sites, including Ser-202/Thr-205 (AT8 site), Ser-214
and/or Ser-212 (AT100 site), Thr-231 and/or Ser-235 (TG3 site), and Ser-396/Ser-
404 (PHF-1 site). In addition, alternative tau splicing differs according to patholog-
ical phenotype, such that tau accumulation in AD is a mixture of 3R and 4R tau, Pick
disease tends to be 3R tau, corticobasal degeneration and progressive supranuclear
palsy tends to be 4R tau, and so-called argyrophilic grain disease accumulates small
inclusions comprised of 3R tau.

3.1 Does Phospho-Tau Correlate with Clinical and Anatomic
Indices of Disease?

In spite of the fact that tau tends to appear in the cortex subsequent to Aβ and is
generally considered a secondary or downstream phenomenon, it is interesting that
neurofibrillary pathology correlates closely with clinical signs and much more
closely than Aβ deposits. Phosphorylated tau deposition, for example, has a striking
tendency to involve memory circuitry early in disease as well as in the aging process.
It is also remarkable that abundant neocortical neurofibrillary pathology is virtually
always associated with clinical signs of AD, whereas extensive neocortical Aβ
deposits are often seen in aged individuals in the absence of significant cognitive
impairment or evidence of neuronal loss. In other words, heavy tau “burden” is
generally incompatible with preserved cerebral function, while heavy amyloid
burden often is not.

Tau attack on the synapse. The role of phosphorylated tau in functional disease is
progressing in a manner very much similar to Aβ. Recent studies, for example,
indicate that insoluble tau accumulation is somewhat benign, while oligomeric
phospho-tau intermediates may be more toxic and may be toxic at the specific
level of the synapse (Santacruz et al., 2005). Also similar to Aβ studies, support
for this concept is limited to highly experimental models. In another AD-like model,
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axonal pathology with accumulation of tau preceded plaque deposition, while
studies of a P301S tauopathy model demonstrated microglia activation and synapse
loss prior to NFT formation. The results highlight the growing theme that insoluble
pathological lesions, and in this case NFT formation, are late-stage non-toxic events
and that attention might be better directed toward upstream soluble tau intermedi-
ates. That the entire process, from changes in synthesis of soluble species, to putative
soluble assembly intermediates, to insoluble pathological lesions, has yet to be
embraced as a response to an underlying pathogenic process. With recent failure
of the cascades, testing of biological alternatives is long overdue.

4 Apolipoprotein E

Polymorphism in the apolipoprotein E (APOE) gene is a major genetic risk of late-
onset AD. The APOE gene exists as three polymorphic alleles – ε2, ε3, and ε4 – with
a frequency of 8.4%, 77.9%, and 13.7%, respectively, although the frequency of the
ε4 allele is significantly higher among patients with AD, being around 40%. Also,
there are racial and ethnic differences associated with APOE alleles. A study with
4917 patients in the USA indicated that Black/African Americans have a higher
proportion of APOE-ε2 allele than White/European Americans (ε2ε2/ε2ε3/ε2ε4;
22% vs 13%) and APOE-ε4 allele (ε3ε4/ε4ε4; 33% vs 24%) (Rajan et al., 2017).
Clinical and basic research support the correlation between APOE-ε4 with an
increased risk of AD and more abundant amyloid pathology in the brain. Human
ApoE is a 34 kDa glycoprotein composed of 299 amino acids, with key functions in
lipid transport throughout the body, playing a critical role in atherosclerosis, meta-
bolic diseases, and neurodegeneration. ApoE isoforms only differ by one amino acid
at the structural level; ApoE2 has C112/C158, ApoE3 has C112/R158, and ApoE4
has R112/R158, providing isoform-specific properties and binding specificities
(Fig. 4).

ApoE4 is a strong risk factor for late-onset AD by altering Aβ aggregation and
clearance, NFT aggregation, microglia and astrocyte responses, alteration of the
blood-brain barrier, and alteration in synapse formation contributing to AD patho-
genesis. In particular, ApoE4 disrupts lipid homeostasis in human glia, causing
increased unsaturation of fatty acids and accumulation of lipid droplets (Sienski
et al., 2021). In contrast, ApoE3 did not affect intracellular lipid metabolism. APOE4
+ carriers present a higher susceptibility to developing AD, including Aβ and tau
accumulation, brain atrophy in the medial temporal lobe, and overall greater memory
impairment compared to APOE4- subjects (Emrani et al., 2020). ApoE3 is the most
common variant and not related to AD risk. Individuals with two copies of APOE3
(Christchurch R136S mutation) showed resistance to autosomal dominant AD, even
though accompanied with unusually high brain Aβ levels, limited tau, and no
development of mild cognitive impairment (Arboleda-Velasquez et al., 2019). In
contrast ApoE2 is rare and has showed some neuroprotective effects against AD. A
clinical study of AD with 5000 subjects indicated that APOE2/2 homozygotes are
associated with an exceptionally low likelihood of AD compared to APOE2/3,
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APOE3/3, and obviously the APOE4/4 (Reiman et al., 2020). Subjects with the
APOE2/2 genotype have a 66% lower odds ratio (OR) to develop AD than those
with the APOE2/3 genotype, an 87% lower OR than subjects with the APOE3/3
genotype, and an overall 99.6% lower OR than those with APOE4/4 genotype.

5 Genetic Aspects Associated with Alzheimer’s Disease Risk

Pathophysiology of AD is linked to several variants in key genes linked to
neurodegeneration, especially in the case of early-onset familial AD (eFAD) which
is inherited in an autosomal dominant pattern. Early development of AD is associ-
ated with the presence of mutations or duplication in AβPP, PSEN1 (presenilin 1), or
PSEN2 (presenilin 2) genes. Back in 1963, several cases of early-onset AD indicated
the presence of autosomal-dominant mutations. This was later confirmed in 1987,
indicating that the genetic defect causing eFAD maps on loci 21q11.2 to 21q22.2 in
chromosome 21, causing a single-point mutation Val-Ile in codon 717 of APP. There
are at least 68 variants of the APP gene that, in most of the cases, occur close to the
sites of cleavage by γ-secretase. Several of these APP mutations have not shown
clear pathogenicity, but others such as the Swedish (KM670/671NL), English
(H677R), Taiwanese (D678H), Osaka (E693del), Italian (E693K), Dutch (E693Q),
Iowa (D694N), or Artic (E693G) have shown an increased expression and deposi-
tion of Aβ into senile plaques. Remarkably, the Icelandic APP mutation A673T
seems to have a neuroprotective activity with reduced deposition of Aβ and
age-related cognitive decline. PSEN1 and PSEN2 encode for presenilin 1 and 2,
respectively, which are subunits of γ-secretase complex that cleave AβPP to produce
Aβ40/42 peptide. Databases indicate that there are more than 300 variants of the

Fig. 4 Apolipoprotein E
molecular structure. Circles
indicate the positions of
amino acid residues that
distinguish the isoforms ε2
C112/C158, ε3 C112/R158,
and ε4 R112/R158. Model
rendered with PyMOL from
PBD 2L7B
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PSEN1 gene and 64 different mutations in the PSEN2 gene. The presence of rare
variants in APP, PSEN1, and PSEN2 may increase the risk for AD (Cruchaga et al.,
2012). Although eFAD constitutes around 1–5% of all AD cases, understanding the
molecular and biochemical features of these genetic variants is critical to understand
the pathological deposition of Aβ, alterations in neuronal metabolism, and overall
clinical progression of AD (Fig. 5).

MAPT gene encodes for microtubule-associated protein tau, which is the second
pathological hallmark of AD forming neurofibrillary tangles (NFT). Mutations in
MAPT are mainly related to tauopathies and frontotemporal dementia, altering the
structure of neuronal microtubules and promoting tau aggregation. More than
100 different mutations in MAPT have been reported with variable degrees of
pathogenicity, propensity to alter microtubules, and overexpression of tau isoforms
and to promote aggregation of NFTwithin affected neurons. Mutations in theMAPT
gene in chromosome 17 have been linked to a higher risk of developing
neurodegeneration, promoting tauopathies and abnormal aggregation of NFTwithin
affected neurons. The gene TREM2 encodes for Triggering Receptor Expressed on
Myeloid cells 2, and this cellular receptor is expressed in microglia in the brain.
Several mutations in TREM2 have now been shown to increase the risk of devel-
oping late-onset AD. The relevance of TREM2 is its participation in microglial
metabolism, stress responses, and microglial responses to Aβ deposition. Around
70 mutations in TREM2 have been observed; these variants are linked to a high risk
of AD, frontotemporal dementia, Parkinson’s disease, amyotrophic lateral sclerosis,
and Nasu-Hakola disease (NHD), an autosomal recessive early-onset dementia.

Genome-wide association studies (GWAs) have discovered common risk variants
for late-onset AD. These large GWAs of patients diagnosed with AD have found a
strong genetic correlation in 29 risk loci, with more than 215 potential causative
genes. The genes with significantly associated regions identified in AD include

Fig. 5 Genetics of AD neuropathology. Genes with mutations or variants linked with high risk of
developing Alzheimer’s disease
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ADAMTS4 and CR1 in chromosome 1; BIN1 and INPPD5 in chromosome 2;HESX1
in chromosome 3; CLNK and HS3ST1 in chromosome 4; HLA-DRB1, TREM2, and
CD2AP in chromosome 6; ZCWPW1, EPHA1, and CNTNAP2 in chromosome 7;
CLU/PTK2B in chromosome 8; ECHDC3 in chromosome 10; MS4A6A, PICALM,
and SORL1 in chromosome 11; SLC24A4 in chromosome 14; ADAM10 and APH1B
in chromosome 15; KAT8 in chromosome 16; SCIMP, ADI3, and BZRAP1-AS1 in
chromosome 17; SUZ12P1 and ALPK2 in chromosome 18; ABCA7, APOE,
AC074212.3, and CD33 in chromosome 19; and CASS4 in chromosome 20 (Jansen
et al., 2019). These genes are associated with immune responses, lipid-related
processes, and processing or degradation of AβPP. Genetic meta-analysis of AD
confirmed risk loci and additional GWAs loci (IQCK, ACE, ADAM10, ADAMTS1,
and WWOX) implicated with Aβ processing, tau, immune responses, and lipid
processing (Kunkle et al., 2019). An integrative approach that combines proteomics
with GWAs found new proteins implicated in AD pathogenesis. Eleven genes
showed significance via cis-regulated brain protein abundance (CTSH, DOC2A,
ACA1L, LACTB, SNX32, ACE, RTFDC1, CARHSP1, STX6, STX4, and PLEKHA1),
which are independent of APOE e4 phenotype (Wingo et al., 2021). Whole-genome
sequencing (WGS) of 3347 subjects from 605 multiplex AD families and 1669
unrelated individuals discovered rare genomic variants associated with AD. These
13 new AD candidate loci implicated genes FNBP1L, SEL1L, LINC00298, PRKCH,
C15ORF41, C2CD3, KIF2A, APC, LHX9, NALCN, CTNNA2, SYTL3, and CLSTN2,
as rare variants contributing to AD risk mainly affecting synaptic function, in
contrast to other common AD-associated genes previously described. The discovery
of all these loci and genes implicated directly or indirectly in AD pathogenesis opens
new insights to understand the complex molecular mechanisms and brain responses
during neurodegeneration.

6 Influence of Lifestyle Factors in Alzheimer’s Disease

Different lifestyle factors may contribute to the development of AD. Physical activ-
ity or exercise, the nutritional content of the diet, and even sleep patterns are risk
factors that directly impact brain health and influence the advancement of AD
(Fig. 6). Subjects with long-term exercise interventions show improved blood
flow, increased hippocampal volume, and improved neurogenesis. Physical inactiv-
ity is, in general, the most common preventable risk factor for developing AD;
evidence confirms that subjects with a higher physical activity present a reduced risk
of AD. Around half of the AD risks factors are avertible, including diabetes, midlife
hypertension, midlife obesity, physical inactivity, depression, smoking, and low
educational attainment; in particular, lack of physical activity is the highest attribut-
able lifestyle factor with 21–21.8% of population-attributable risk of AD (Norton
et al., 2014). A meta-analysis that included 29 studies concluded that aerobic
exercise training is associated with modest improvements in attention, memory,
processing speed, and executive function (Smith et al., 2010). In particular, physical
activity has an impact in hippocampal volume in elderly subjects; those patients that
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exercised showed better health, larger hippocampus, and better spatial memory. Diet
is an important lifestyle factor influencing etiology of AD. Subjects that follow a
Mediterranean diet show lower blood pressure and cognitive benefits. The Mediter-
ranean diet is based on natural fruits, vegetables, whole grains, a variety of legumes,
fish, seafood, unsaturated fats from olive oil, and moderated amounts of red meat,
eggs, and sweets. The individuals under this diet have shown a lower risk for AD and
reduced oxidative stress and inflammation. In contrast, the Western diet has been
linked to a higher risk of cognitive decline and AD, possibly linked by the high
amounts of processed and refined foods, such as red meat, processed meat, processed
carbohydrates, saturated fat, and fried foods. This type of diet has demonstrated a
high correlation with development of neurodegenerative processes in the brain, such
as elevated Aβ levels, formation of senile plaques, and small vessel disease. This is
linked a high-salt diet that may promote AD-like changes, including cognitive
impairment and abnormal protein aggregation. Sleep changes have been linked
with deteriorating brain health and promoting AD pathology. Alterations in quality
sleep measured as non-rapid eye movement (NREM) showed an inverse relationship
with cognitive impairment and negatively correlated with Aβ/tau deposition in
several areas of the brain (Lucey et al., 2019). Remarkably, alteration of sleep-
wake cycle in chronic sleep deprivation has a direct impact in brain damage and
cognitive decline, linked with an acute chronical accumulation of Aβ and tau that
drive pathology spreading in the affected brain (Holth et al., 2019).

Fig. 6 Influence of lifestyle
factors in Alzheimer’s disease
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7 Alternative Hypothesis for Pathogenesis of Alzheimer’s
Disease

The exact mechanisms of Alzheimer’s disease neuropathology remain unclear;
besides the mainstream hypothesis of amyloid-β and tau, alternative ideas have
been explored. These alternative hypotheses for explaining the pathogenesis of
AD include oxidative stress, impaired glucose-insulin, infection by microorganisms,
metal accumulation, arrest in the cell cycle, prion-like transmission, and
inflammation.

Oxidative stress or alteration of brain redox and the antioxidant system is
frequently found in AD, pointing to a probable hypothesis for understanding the
pathogenesis and progression of dementia. This is characterized by altered mito-
chondrial activity, accumulation of reactive oxygen species (ROS), and formation of
free radicals. Oxidative stress leads to protein oxidation, protein nitration,
glycoxidation, lipid peroxidation, and ultimately synaptic dysfunction and neuronal
death. Dysfunctional glucose metabolism contributed to cognitive decline and
progression of neurodegeneration. The hypothesis of metal accumulation in AD
suggests that alterations in transport-storage of copper, iron, zinc, aluminum, and
calcium present a potential factor in AD pathogenesis. These biometals alter mito-
chondrial functions and redox state and may trigger protein aggregation forming Aβ
plaques and NFT. Amyloid-β aggregates isolated from AD brain have shown to have
copper, iron, zinc, and calcium, but not only in the ionic form but also aggregated
into nanometer-scale deposits (Plascencia-Villa et al., 2016; Everett et al., 2018).
Alterations of biometals in the brain could be related to mitochondrial dysfunction,
high oxidative stress, synaptic dysfunction, and cell death (Plascencia-Villa & Perry,
2021). Alterations in glucose and insulin in the brain may cause extensive oxidative
damage, protein oxidation and nitrosylation, mitochondrial dysfunction, and oxida-
tive damage to mitochondrial DNA. Decreased ATP production in the brain cells is
linked to synaptic dysfunction, neuronal death, and cognitive impairment. The
changes in energy metabolism are also associated with mitochondrial dysfunction,
microglia, and astrocyte activation in AD. Infectious microorganisms have been
proposed to explain late-onset AD etiology, even though it is a controversial topic.
Several bacteria, viruses, and fungi in the brain are linked to the onset of dementia,
triggering overproduction and aggregation of Aβ senile plaques (Fig. 7). The
infectious hypothesis of AD is based on analysis of postmortem brain of AD
patients, showing the presence of herpes simplex virus 1 (HSV1) (Jamieson et al.,
1991; Readhead et al., 2018), but also several bacteria such as Chlamydophila
pneumoniae, Borrelia burgdorferi, and Porphyromonas gingivalis. Fungi and gut
microbes are associated with a higher risk of mild cognitive impairment (MCI) and
AD. Fungal material was detected in AD subjects in different brain regions, includ-
ing the frontal cortex, entorhinal cortex/hippocampus, and choroid plexus (Pisa
et al., 2015). Alterations in gut microbiota are linked to neuroinflammation and
AD in the proposed microbiota-gut-brain axis. This hypothesis proposed that gut
microbiota-related products can cause systemic inflammation and brain amyloidosis
via endothelial dysfunction.
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8 Conclusion

Current hypotheses of AD pathogenesis encompass copious and sophisticated data,
but nevertheless have their origin in hallmark pathological lesions described more
than a century ago. The literature is now contradictory on whether hallmark lesions
are best considered manifestations of neurotoxicity or instead insoluble epiphenom-
ena to the more important events involving soluble, toxic intermediates and the
synapse: events that, ironically, are difficult to observe. Based on considerable
evidence, however, it is now believed that pathological lesions as well as their
constituent proteins of whatever species, be they monomeric, oligomeric, or insol-
uble fibrils, can be tied to molecular pathogenesis on the basis of disease expression,
or a host response, that is fundamentally adaptive over a long period of time.
Targeting of such lesions for therapeutic intervention should be entertained only

Fig. 7 The infectious hypothesis of Alzheimer’s disease. Postmortem brain samples have shown
presence of viruses, bacteria, and fungi
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with considerable care, if not the sober realization that it will more likely do more
harm than good, as has been demonstrated in abundance.

9 Cross-References

▶Biomarkers of Neurotoxicity Inform Mechanisms of Vulnerability and Resilience
in Dopaminergic Neurons

▶Experimental Approach to Alzheimer’s Disease with Emphasis on Insulin Resis-
tance in the Brain

▶ Iron Neurotoxicity in Parkinson’s Disease
▶Mechanisms Underlying Long-Latency Neurodegenerative Diseases of Environ-
mental Origin

▶Microglial Cell Dysregulation in the Aged Brain and Neurodegeneration
▶Neurotoxicity: A Complex Multistage Process Involving Different Mechanisms
▶ Pathogenesis of Alzheimer’s Disease
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