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Alzheimer’s disease (AD) is a progressive neurodegenerative disorder and the primary cause of dementia in the elderly. The
research on AD has markedly evolved since discovering the pathological hallmarks in the brain over the past years. However,
the etiology of AD has not been completely elucidated, and presently there is no cure for AD. Furthermore, despite the dis-
ease hallmarks commonly manifested in all AD cases, considerable evidence suggests complex heterogeneity of AD pathogenesis.
Specifically, studies have identified several disease genes that cause or associate with AD and discovered multiple modifiable risk
factors of AD, which may further aggregate the complex etiology of AD. Understanding molecular mechanisms of AD genes and
modifying risk factors of AD are making it possible to develop effective interventions to prevent or cure the disease, which may in
turn help understand the disease etiology. Recently, there has been keen interest in carrying out multidisciplinary investigations
on AD, e.g., the studies on the molecular basis in association with neural network abnormalities in AD. Furthermore, the molec-
ular findings on the pathogenetics of AD have provided translational proof-of-concept to intervene in AD, which has inspired
clinical trials by reducing disease neuropathology related to AD genes or risk factors of AD. This article’s main aim is to high-
light recent progress on the mechanisms and approaches with an attempt to gain an integrated perspective of AD etiology. We
envision that this article and its referenced reports may provide a valuable point of reflection that may not only acknowledge past
discoveries, but also stimulate future studies, advancing the understanding of the complex etiology of AD and the development
of effective therapeutics for AD.
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Introduction for AD; however, their effects on disease pathology, ef-
ficacy on symptom progression, as well as safety proper-
ties require further evaluation (addressed in the manuscript
[6-8]). As important and worth noting as FDA-approval
of new AD drugs, the past few decades have witnessed
tremendous global efforts and studies in elucidating disease
etiology, as well as generating new evidence of strategies

for preventing and treating AD. Despite the mounting evi-

Alzheimer’s disease (AD) is an aging-related and pro-
gressive neurodegenerative disorder, accounting for nearly
two-thirds of all cases of dementia and up to 20% of in-
dividuals older than 80 years of age [1]. As the primary
cause of dementia in the elderly and a global health threat,
AD currently affects approximately 5.5 million Americans

which may triple to 13.8 million by 2050 with increasing
lifespans [2]. The State of US Health places AD as having
the fastest growing incidence rate among the most burden-
some diseases and among the top 5 leading causes of death

[3].

Presently, there are no therapies or approaches that
can stop disease progression. Several Food and Drug
Administration (FDA)-approved pharmacological medica-
tions for AD, including acetylcholinesterase inhibitors and
N-methyl-D-aspartate (NMDA) receptor partial antago-
nists, are only palliative and may provide temporary and
modest symptomatic relief. They have no impact on the
underlying pathology of AD, nor can they halt disease pro-
gression. There has been recent FDA-approval of adu-
canumab [4] and lecanemab [5] as two new medications

dence, the etiology of AD has still not been completely elu-
cidated. And there has been an urgent medical need to de-
velop therapeutic agents that can modify the pathology or
decrease the risk of AD.

This article attempts to collectively analyze and inte-
grate these new findings through multiple aspects toward
a better understanding of the etiology of AD. Specifically,
this article will discuss AD etiology and pathogenesis, fo-
cusing on the following aspects: (1) AD pathology — from
molecular abnormality to brain network impairment; (2)
aging-related mechanisms of AD; (3) pathogenetics of AD;
(4) associations of life exposures with AD; and (5) cellular
and molecular mechanisms of AD (Fig. 1).

We would like to note that although this article cov-
ered a comprehensive collection of studies that should help
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Fig. 1. Multi-level etiology of AD. Alzheimer’s disease (AD) is
a common neurological disorder and the major cause of dementia.
The heterogeneity of AD is characterized by multi-level mecha-
nisms, including: (1) age, (2) genetics, and (3) life exposures; a
combined interaction of these mechanisms may lead to the mani-
festation of (4) gain of neuropathology and neural network abnor-
mality in AD brains; and (5) loss of regular cellular and molecular
biological functions. All figures were original and generated using
PPT (Microsoft 365 Power-Point Slide Presentation Software).

dissect the nature of this complex disease, the field urgently
requires more efforts combining different methodologies to
fully capture the underpinnings of AD.

This review article not only discusses knowledge gath-
ered from each mechanism, but also attempts to recognize
findings from multidisciplinary studies, for this integrated
perspective of AD. This article recognizes the importance
of other recently published review articles on AD which
may have focused on different aspects of the disease. For
example, one article by Tatulian focused on pharmaceutical
endeavors for AD and highlighted emerging technologies
that may aid the diagnosis and treatment of AD [9]. More-
over, the article by Abeysinghe ez al. [10], itemized promis-
ing therapeutic interventions for AD. Additionally, the ar-
ticle by Ray and Buggia-Prevot [11] highlighted different
pathological features in the pathological cascade of AD
and further described related therapeutic strategies beyond
targeting amyloid pathology. Collectively, although AD
brains share substantial manifestations of S-amyloid and

tau-related disease neuropathologic hallmarks, they usually
appear at the end stage of disease following many years of
precipitation of pathogenic events. It is the various mech-
anisms in association with these pathogenic activities that
lead to the heterogeneity of AD. As a complex disease, a
future focus using a combination of multidisciplinary ap-
proaches on these AD-related pathogenic factors will en-
able novel and more precise understanding of the etiology
and pathogenesis of AD.

AD Neuropathology — From Molecular
Abnormality to Brain Network Impairment

Over a century ago, investigation of the neuropathol-
ogy of postmortem brains by Dr. Alzheimer and others em-
barked the discovery of “Alzheimer s disease”. In the cur-
rent era with contemporary biomedical studies, neuropatho-
logical analyses enable comprehensive understanding of
AD ranging from molecular abnormality to functional brain
network changes [12,13]. The results in this domain are be-
ginning to detect early and precise pathological changes, re-
flecting complex etiology and neurobehaviors, which may
function as biomarkers in AD and can provide great values
for disease diagnosis, prediction, and potential intervention.

Specifically, AD brains are characterized by two
pathological hallmarks: amyloid plaques comprised pri-
marily of a small peptide named amyloid-5 (A/$), and neu-
rofibrillary tangles (NFTs) composed of hyperphosphory-
lated tau. Considerable evidence supports “AS3 hypothe-
sis”, positing that A3 accumulation and oligomerization is
the primary pathological event, occurring initially in spe-
cific brain regions, particularly the hippocampus and cor-
tex, which induces phosphorylated tau (p-tau) in neurons
and formation of NFTs, as well as neuroinflammation, im-
paired neural activity, and ultimately dementia [14-20].

On the molecular and cellular basis, studies show wide
heterogeneity of A3 and tau pathology in AD pathogenesis.
Ap heterogeneity is associated with multiple mechanisms,
including the proteolytic pathway for generation, accumu-
lation and deposition, clearance and degradation, as well as
the interplay with tau pathology and neuroinflammation and
neural activity (Fig. 2). A3 generation occurs through a se-
rial cleavage of the transmembrane amyloid-/3 protein pre-
cursor (APP) by - and ~y-secretase; AS generation is pre-
cluded by a-secretase cleavage [17]. a-secretase (primar-
ily A disintegrin and metalloproteinase domain-containing
protein 10 (ADAM10)) cleavage produces sAPP«a and the
a-carboxy-terminal fragment (CTFa/C83); S-secretase (or
BACE]1) cleavage produces sAPPS and CTF3/C99. C83
and C99 are further cleaved by ~-secretase to produce
P3 and Ap, respectively [17]. ~y-secretase is a hetero-
geneous protein complex containing four proteins: pre-
senilin (PSEN1/2; PS1/2), presenilin enhancer-2 (PEN2),
nicastrin, and anterior pharynx-defective-1 (APH-1) [17].
~-secretase-processing of APP primarily determines the
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Fig. 2. Amyloid-g (A5) metabolism and plaque deposition in the brain are key players of AD neuropathology and underlie AD

pathogenesis. Early-onset familial AD (FAD) mutations in amyloid-3 protein precursor (APP), presenilin (PSEN1/2; PS1/2) usually

increase brain A3 (42.40) ratios which drives A3 accumulation and deposition in AD-susceptible brain regions, resulting in subsequent

molecular pathological changes, involving tau hyperphosphorylation, tangle formation and neuroinflammation, along with spatiotemporal

abnormality and cognitive impairment with disease progression. Understanding molecular mechanisms that regulate AD neuropathology

may help understand and potentially treat AD. BBB, brain-blood-barrier.

length of ApB species. With AB4s and AB4o being the
two major AS species in amyloid plaques, Af4o is more
aggregation-prone and prevalent than Af4¢ in AD brains,
and readily forms neurotoxic A oligomers [14,16,20]. Ad-
ditionally, tau heterogeneity has been reported in relation-
ship to post-translational modifications which are linked to
AD-related seeding activity, clinical outcomes, and differ-
ent stages of AD [21,22]. Tau propagation may occur fol-
lowing seeding in AD which can be enhanced by amyloid
plaques in AD, by neuronal activity or through communi-
cating neurons [23].

Besides the analysis of amyloid and tau pathology as
pathogenic hallmarks of AD, their interplay in AD etiology
is recapitulated using a 3D-AD human neural culture model
[15,24] and human post-mortem pathological studies [25].
Particularly, mutations in APP and presenilin-1 (PSENI;
PS1) drive S-amyloid which leads to tau pathology; lower-
ing A3 by - or y-secretase inhibitors attenuates S-amyloid
and tau pathology; and glycogen synthase kinase 3 (GSK3)
regulates A-mediated tau phosphorylation in this 3D-AD
human neural culture model. Furthermore, a study shows

abundant soluble AS oligomers in synapses of early AD
cases, but not those of control cases (AD symptom-free
and pathology-positive), as well as late stage-dependent
increase of synapse-associated p-tau in AD. These results
suggest that synaptic soluble oligomers are associated with
the onset of disease, which proceeds p-tau accumulation
and synaptic spreading, and also suggest that an effective
anti-amyloid therapy should be engaged before the devel-
opment of tau pathology in AD [15,24,25].

Despite manifestation of amyloid plaques and NFTs as
hallmarks in classical AD cases, AD clinical neuropathol-
ogy is complex due to heterogeneous etiology which re-
quires further classification. To better characterize AD-
related complex neuropathology and advance drug devel-
opment, an “ATN” binary (positive or negative) biomarker
classification protocol is established and utilized [26].
The ATN system represents three primary pathological
biomarkers of AD: including A for A3 abnormality (by
cortical amyloid positron emission tomography (PET) lig-
and binding or cerebrospinal fluid (CSF) AS42); T for tau
abnormality (by cortical tau PET ligand binding or CSF
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p-tau), and N for neurodegeneration or neuronal injury
(by '®F-fluorodeoxyglucose (FDG) PET, brain atrophy on
Magnetic resonance imaging (MRI), or elevated CSF total
tau). This ATN system not only can detect AD progres-
sion or analyze complex neuropathology of AD, but also
may differentiate classical AD cases with atypical AD or
individuals with primary age-related tauopathy who display
only NFTs without amyloid plaques. Recently, there has
been interest in using plasma analytes as potential biomark-
ers for AD, which particularly include A3 peptides and dif-
ferent forms of p-tau proteins [27-30]. Because of the ap-
proachability that is easier than PET and CSF, identification
and characterization of plasma and other biofluid analytes
may help early screening for AD in cognitively normal in-
dividuals and potentially improve early diagnosis of AD.

In addition to amyloid and tau pathology in AD, ab-
normal neuroinflammatory events play key roles in AD
pathogenesis and are considered as a potential hallmark
for AD (Fig. 2). Linked to the initiation and progression
of amyloid and tau pathology, neuroinflammation occurs
throughout the entire course of AD stages and closely in-
teracts with progression of neuropathology and neurobe-
haviors, which provide potentials to understand and treat
AD [19,24,31,32] (more information on this topic appears
in recent Reviews [33,34]). It is characterized by im-
paired microglia/astrocytes and altered proinflammatory
cytokines. The mechanisms by which neuroinflammation
relates to AD may involve microglia-associated A phago-
cytosis and clearance [35], tau propagation [36], and the
interaction of microglia to the immunological milieux in
AD brains [37,38]. Genetic studies have identified and
characterized genes that affect microglia-related amyloid
pathology, e.g., cluster of differentiation 33 (CD33) and
triggering receptor expressed on myeloid cells 2 (TREM?2)
[31,39-43]. Interestingly, AD-related CD33 protein inter-
acts with TREM2 and inhibits microglial uptake of Af
[31,44], highlighting effects of microglia in AD. Further-
more, soluble epoxide hydrolase affects neuroinflamma-
tion and its change in AD, inhibitors of which attenuate
AD neuropathology [45]. AD-related misfolded proteins
can trigger innate immune responses and activate microglia
and astroglia to generate and release inflammatory medi-
ators in the brain and contribute to disease progression in
AD [46]. Brain immunity may contribute to various ner-
vous system functions, e.g., long-term potentiation (LTP),
neural plasticity, and neurogenesis. Furthermore, upregula-
tion of Receptor-interacting serine/threonine protein kinase
1 (RIPK1) in microglia and its related necroptosis may lead
to AD which occurs in postmortem human AD brains in
positive correlation with the Braak clinical stage; and low-
ering necroptosis activation by RIPK1 inhibitors reduces
AD neuropathology and normalizes microglial inflamma-
tion in AD transgenic animals [47]. A recent study dis-
covered a new PET radioligand, [(18)F]CNY-07, which en-
abled brain imaging of RIPK1 and has provided a valu-

able tool in studying RIPK 1-associated neurological disor-
ders in animals and potentially humans [48]. Additionally,
as a different mechanism on neuroinflammation, NAIP,
CIITA, HET-E and TP1 (NACHT), leucine-rich repeat
(LRR) and pyrin domain (PYD) domains-containing pro-
tein 3/nucleotide-binding oligomerization domain-like re-
ceptor family pyrin domain containing 3 (NALP3/NLRP3)
inflammasome functions in innate immunity and may re-
spond to A and affect microglial activation and subse-
quently tau pathology [32,49,50]. Collectively, neuroin-
flammation is key to understanding AD which involves dif-
ferent pathways, and regulating AD-related neuroinflam-
mation has been a promising therapeutic strategy for treat-
ing AD [51,52].

In parallel to findings of molecular neuropathology in
AD, the synaptic and neural network impairments in AD
have been characterized using biochemical, electrophysio-
logical, and functional imaging approaches [53]. The brain
forms complex structural and neural networks (aka connec-
tomics) with highly regulated and complex brain circuitries
that perform memory and other neurobehaviors [54]. On
the synaptic level, loss of presenilin leads to impaired mem-
ory functions and synaptic plasticity with age-dependent
neurodegeneration. Probing brain network by functional
magnetic resonance imaging (fMRI) reveals multiple inter-
acting subsystems, primarily including the medial tempo-
ral lobe (MTL) subsystem, which provide experience-based
information in the form of memories and associations and
function as building blocks of mental simulation, facilitat-
ing flexible utilization of associated information. The me-
dial temporal and prefrontal lobe subsystems integrate and
form important nodes, including the posterior cingulate cor-
tex subsystem [54]. In AD brains, molecular and functional
network studies show that A accumulation and progres-
sion usually occur in certain brain networks, particularly
the default mode network (DMN), a conserved and large-
scale brain circuit of interacting brain regions that highly
correlate with one another and control memory network for-
mation and automatic information processing, distinct from
other brain circuits [55-58]. As key functional hubs located
within DMN, the hippocampal formation plus entorhinal
cortex and MTL are often brain regions with early A3 accu-
mulation in AD [55-57]. Impairment of DMN occurs early
in AD and can be a biomarker for AD, consistent with amy-
loid accumulation in AD brains and supported by neuronal
electrophysiology findings of early defects in neural net-
work of AD [53]. Emerging data suggested that DMN con-
nectivity is associated with computerized cognitive train-
ing, in subjects at risk for AD [59]. It is anticipated that the
impaired network of AD can be normalized by potential AD
therapeutics that attenuate AD neuropathology.

Above all, molecular neuropathological and brain net-
work findings have provided insights in understanding AD
and facilitated drug development for AD. In future studies,
it is imperative to determine whether potential AD thera-
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peutics may attenuate AD molecular pathological impair-
ment and normalize altered network abnormality in AD
brains.

Aging-Related Mechanisms of AD

Aging is an inevitable and complex physiological pro-
cess and the biggest risk factor of AD. However, the mech-
anisms by which age links to AD are still elusive [60]. AD
is not simply an advanced or exacerbated state of normal
aging [61]. Aging-dependent changes may in part explain
neurodegenerative areas of AD brains. In fact, the atrophy
rate in specific brain regions of the elderly is higher than
middle-aged adults, and the atrophy is not uniform across
regions. The brain regions matured during late-stage de-
velopment (e.g., medial orbitofrontal cortex) tend to dis-
play more complex structures than early maturing areas,
and display higher vulnerability to age-related degeneration
[62]. In addition to aging-related atrophy, AD brains may
be further explained by neuroplasticity or neural adaptabil-
ity which reflects structural and/or functional reorganiza-
tion under internal and external stimuli. AD risk is precipi-
tated by aging and other non-aging components, e.g., family
inheritance, sex, and various life exposures, which collec-
tively determine the status of disease risk. Although aging
is the primary risk factor for AD, life exposures, which rep-
resent and include a range of different activities across the
lifespan (e.g., early education, exercise, sleep, among oth-
ers) have been increasingly investigated with keen interest
in the field. The increased demand for neuroplasticity in
cognition-related brain regions may result in increased vul-
nerability to age-related changes and subsequently trigger
AD. Areas with higher plasticity are vulnerable to aging-
related pathophysiology, linked to selective vulnerability
in AD. Particularly, hippocampal neurogenesis correlates
with unparalleled plasticity of the entire hippocampal cir-
cuitry and is often affected in AD [63]. The abnormality of
dendritic spine plasticity in the prefrontal cortex is associ-
ated with age-dependent vulnerability and may affect mem-
ory and cognitive processes in AD. Thus, brain atrophy and
neuroplasticity are among the mechanisms that account for
the association between aging and neuronal vulnerability in
AD, particularly during disease early stage in which cogni-
tive decline begins when neurons are unable to compensate
for the cumulative insults during aging.

On the cell and molecular levels, aging-related pro-
cesses usually display multiple mechanisms, which may in-
clude epigenetic regulation [64,65], altered autophagy and
increased endoplasmic reticulum (ER) stress and reactive
oxygen species (ROS), among others. Aging-related mech-
anisms have been investigated and suggested to function as
common mechanisms that may result in the progression of
AD in the brain [66]. Furthermore, aging-dependent sig-
naling pathways that link to ER stress and ROS caused by
accumulation of misfolded proteins in AD have been re-
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ported, including the insulin/insulin-like growth factor 1
(IGF1) and ghrelin signaling. The insulin/IGF1 signaling
pathway is responsible for energy homeostasis, stress re-
sistance, longevity, and aging-related neurodegeneration,
which is sensitively regulated and usually shows abnor-
mality during early-stage of aging [67]. Ghrelin and ghre-
lin signaling pathway are associated with longevity, glu-
cose and lipid metabolism, brain functions, e.g., learning,
memory, and sleep-wake rhythm [68], as well as neuro-
protection against AJ oligomer-induced neurotoxicity [69].
Additionally, a potential mechanism may involve a tran-
scription factor called RE1 silencing transcription factor
(REST) that performs conserved functions of regulation on
the excitatory-inhibitory balance of neural circuits in aged
brains, which are usually dysregulated in AD brains [70].
Collectively, these cell and molecular changes reduce neu-
roplasticity, neurogenesis, and neuro-metabolism for or-
chestrating adaptions of neurons to stressors at both func-
tional and neuroanatomical levels.

Furthermore, epigenetic-related nicotinamide adenine
dinucleotide (NAD) T /sirtuin pathways take part in normal
aging and protect against aging-related neuronal vulnera-
bility and AD events [71]. The sirtuins (SIRTs; silent in-
formation regulator protein types) are NAD*-dependent
deacetylases and can deacetylate N®-acyl-lysine of his-
tones and other target proteins. SIRTs are a family of in-
tracellular enzymes, containing seven members (SIRT1-
7) with distinct intracellular localization: SIRT1/2 resid-
ing in nucleus or cytoplasm, SIRT3-5 in mitochondrion,
SIRT6 in nucleus, and SIRT7 in nucleolus. In particu-
lar, SIRT1 can deacetylate both histones (H3K9 (H3 at ly-
sine 9), H3K 14 and H4K16) and non-histones (Peroxisome
Proliferator-Activated Receptor-gamma (PPAR~), Nuclear
Factor kappa B (NF-kB) and p53) [72] and are involved in
the pathophysiology of various aging-related diseases, in-
cluding cancer, metabolic diseases, and neurodegenerative
disorders including AD.

From the therapeutic point of view, reversing
epigenetic-related aging-dependent changes may provide
regenerative benefits to AD-related neurodegeneration.
Both genetic and pharmacological approaches have been re-
search interests [64], evidenced by recent findings showing
NAD™ supplementation-related normalization of AD fea-
tures in animals [73] and chemical-induced reprogramming
to reverse cellular aging [74]. Furthermore, SIRT1 has at-
tracted considerable attention as a therapeutic target for AD
and other disorders. SIRTI activators, e.g., resveratrol (a
natural activator) and SRT2104 (a synthesized activator)
have been tried for diabetes/obesity [75]. SIRT1 inhibitors
have been evaluated for anticancer therapies. And Ex-527
(Selisistat) is a small molecule that is highly potent and se-
lective in inhibiting SIRT1 (IC5¢ = 0.098 pM), which pro-
vides a candidate PET ligand for imaging SIRT1 in the brain
[76]. Recently, a study reported a new molecular imaging
probe for SIRT1 [76], which may enable visualization of
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age-related changes in the brain and can be utilized in com-
bination with amyloid and tau and other imaging probes to
further elucidate longitudinal and neuroanatomical changes
of AD.

Pathogenetics of AD

As a genetically complex disease, the genetic basis
of AD has been extensively investigated over the past sev-
eral decades through the primary unbiased and “top-down”
approach. Specifically, the effort of AD genetics with
the focus on discovering disease genes and genetic vari-
ants of AD has resulted in new insights for understanding
AD pathogenesis and advancing drug development of AD
(more information on this topic can be found in a recent
Review [77]). The influence of genetic factors in combina-
tion with aging and other AD risk factors may greatly vary
among individuals and collectively lead to the magnitude of
AD pathogenesis, being linked to complex neuropathology,
cognitive decline, and progression to AD. The genetic her-
itability and its association with AD are described below.

Early-Onset AD (EOAD)

The EOAD usually occurs in individuals younger than
65 years of age. It consists of familial AD (FAD) (a
small percentage of EOAD) and other EOAD with genetic
basis remaining to be identified. FAD is characterized
by autosomal dominant mutations in APP, PSI, and PS2
[14,16,20]. These fully penetrant and pathogenic FAD mu-
tations account for approximately 10% of all the heritability
in EOAD, suggesting the involvement of other genetic vari-
ants in this AD subtype [78]. The breakthrough of identify-
ing disease genes of FAD leads to the “amyloid cascade hy-
pothesis” of AD [20], which has been developed and exten-
sively tested. Earlier studies are primarily focused on cel-
lular and molecular mechanisms of A3 and tau metabolism
in AD without particularly considering neuroinflammation.
Current studies have broadened insights of AD based on
prior discoveries and are characterized by integrated analy-
ses on mechanisms and interactions involving Af, tau, and
neuroinflammation by neurons, microglia, and astrocytes,
as well as unraveling AD risk factors and brain biomateri-
als [79-83].

Because FAD guarantees absolute penetrance of AD
onset in individuals expressing these mutations, analysis of
these genes has led to mechanistic findings of AD in us-
ing preclinical studies of cell and animal models express-
ing these mutations. For example, various cell models
of AD have been extensively developed and reported [15]
(more information on this topic appears in a recent Review
[84]). Additionally, rodents that express APPSWedish (or
Tg2576) [85] or APPSWedish/Florida/London and PSIM146L/L286V
(or 5XFAD) [86] have provided useful models to study
amyloid neuropathology of these animals. Age-dependent
APP upregulation in astrocytes occur in AD transgenic an-
imals [87,88], supporting mechanisms of astrocytes in AD

[89]. With AD progression, astrocytes may respond to (-
amyloid plaques by changing their morphology to a reactive
appearance. Furthermore, late-stage AD-related astrocytes
display an impaired ability in A uptake and neuroprotec-
tion. While neurons and glia all express APP, APP pro-
teins in neurons seemed to be more likely to be proteolyt-
ically cleaved with more A3 generation than those in glia.
In addition to AD, astrocyte expression of APP is upregu-
lated following brain injury. APP is not necessarily related
to reactive gliosis because reactive gliosis occurs in APP-
deficient mice. Besides APP-related functional changes in
astrocytes, a recent study reported that microglial APP may
regulate abilities to acquire a proinflammatory phenotype
related to AD [90].

In addition to the gain of pathological functions due
to FAD mutations, the etiology of AD may associate with
a loss of physiological functions or impaired functions in
APP and PS1/2 [91]. Their functions may display A/-
independent mechanisms, e.g., abnormalities in autophagy
and proteasome-lysosomal functions, intracellular signal-
ing and synaptic dysfunction, and neurotransmitter release
with neurodegeneration. Although independent of Af,
these mechanisms may indirectly precipitate A-induced
neurotoxicity and further aggregate AD progression. Sev-
eral studies have reported pathophysiological functions of
APP and PS1 in AD in addition to A3 generation. For ex-
ample, a co-expression of APP and cell death mediator p75
neurotrophin receptor (p75-NTR) triggers cell death and
mediates selective neuronal vulnerability in AD. Besides,
PS1 regulates the neuronal threshold to excitotoxicity, and
deficiency of PS1 increases calcium-related vulnerability of
neurons to oxidative stress.

Late-Onset AD (LOAD)

In contrast to EOAD, LOAD (or sporadic AD; SAD),
usually occurs over the age of 65 years and is associated
with polymorphism in the apolipoprotein E gene (APOE).
APOEe2, APOE<3, and APOE¢e4 are the three common al-
leles in APOE, encoding APOE2, APOE3, and APOEA4, re-
spectively. The APOEe2 is related to a reduced AD risk,
and the APOEe4 confers an increased AD risk comparing
to the APOE=3 [92].

Human APOE protein contains 299 amino acids fol-
lowing the cleavage of the 18-amino acid signal peptide.
The polymorphism of APOE for AD is primarily origi-
nated from two single nucleotides causing two amino acid
residue differences, which include rs429358 (related to
Cysl12Arg), and rs7412 (related to Argl76Cys). Corre-
spondingly, APOE protein isoforms differ based on these
two amino acid residues (Cys112 and Cys158 for APOE2;
Cys112 and Argl58 for APOE3; Argl12 and Argl58 for
APOE4). The frequency of APOEe4 is approximately 40%
in LOAD patients, and the presence of APOEs4 markedly
decreases the age of AD onset. APOEe4 carriers and par-
ticularly those of LOAD patients exhibit higher atrophy in
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hippocampus and surrounding temporal regions [93]. In
LOAD, APOE protein is highly expressed in the brain, pri-
marily in astrocytes. In the central nervous system (CNS),
APOE is produced by astrocytes, microglia, choroid plexus
cells, and vascular mural cells, and performs multiple bio-
logical functions, including lipid transport and cerebrovas-
cular function, glucose metabolism, synaptic integrity, and
microglial homeostasis [92].

Regarding mechanisms, APOEe4 may associate with
AD through different pathways, although the complete
mechanisms have not been elucidated (more information
on APOE in AD can be found in a recent Review [94]).
APOEA4 protein may increase amyloid neuropathology of
AD by promoting Af3 aggregation and inhibiting A3 clear-
ance [95]. Notably, there has been longtime interest in
studying the direct binding of APOE and Aj over the
past years focusing on the pathogenesis of AD as well as
the potential toward developing therapeutics by disrupting
the binding of APOE and AfS associated with AD (this
topic is covered in a recent Review [96]). Particularly, the
binding of APOE to AS displays isoform-specific prop-
erties with highest binding identified in APOE4 among
the isoforms. Also, it has been shown that the binding
of APOE to Af is associated with A3 conformation. In
addition to mechanistic studies, strategies that modulate
APOE-A/ binding for therapeutic purposes have been in-
vestigated, which has been tested in both model systems
and humans [97]. Interestingly, a recent study showed that
PS is essential for APOE secretion and PS mutations af-
fect APOE secretion in AD, suggesting a novel mecha-
nism linking PS and APOE in FAD and SAD pathogenesis
[98]. The neuronal APOEe4 is associated with increased
cell death and phosphorylation-related tau pathology [99].
Both 4APOFEe4-genotype and APOE deficiency display im-
paired hippocampal neurogenesis [ 100]. APOEe4 is related
to dysfunctional «-aminobutyric acid (GABA)-expressing
interneurons in the hippocampus [101]. Because of the di-
verse physiological functions of APOE, APOEs4 may lead
to LOAD by loss-of-function mechanisms and its interac-
tion with several other life exposures, such as hypertension,
diabetes, and depression [102]. Furthermore, APOEec4 is
associated with the vulnerability of cerebral regions beyond
the medial temporal areas in EOAD patients, and simultane-
ously seems to predispose LOAD patients to vulnerability
in the MTL region.

In addition to APOE, variants in many other genes
(e.g., Adenosine triphosphate (ATP)-binding cassette, sub-
family A, member 7 (ABCA7), Bridging integrator 1
(BINI), CD2-associated protein (CD24P), CD33, Clus-
terin (CLU), Complement C3b/C4b Receptor 1 (CRI),
Erythropoietin-producing hepatoma (EPH) receptor Al
(EPHAI), membrane-spanning 4-domains subfamily A
(MS44), Phosphatidylinositol binding clathrin assembly
protein (PICALM), Sortilin-related receptor 1 (SORLI),
and TREM?2, among others) have been recently identified
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and characterized [103—-106] in genome-wide association
studies (GWAS) or whole-exome and whole-genome se-
quencing. Functional investigation of these genes shows
heterogeneous pathological mechanisms in AD, e.g., neu-
roinflammation [31], A3 toxicity and endocytic trafficking,
changes of mitochondrial respiration and protein synthe-
sis in amyloid-vulnerable regions, and low expression of
genes for neural plasticity in neurodegeneration-vulnerable
regions.

Epigenetic Mechanisms of AD

Epigenetic factors regulate gene transcription in re-
sponse to endogenous and environmental changes with
widespread aging-dependent remodeling properties [65,
107] and may provide insights for AD [108-110]. Epige-
netic regulation of biology may occur through mechanisms
involving DNA methylation and variation, histone modifi-
cations and miRNA regulation. DNA methylation in early
life can impact the susceptibility to oxidative DNA dam-
age in aged brains. DNA methylation in AD-susceptible
genes, e.g., ABCA7, BIN1, Major histocompatibility com-
plex class II, DR beta 5 (HLA-DRBS), SORLI, and So-
lute carrier family 24, member 4 (SLC24A44), is associ-
ated with neuropathology of disease [111]. A recent study
profiled genome-wide methylomic variations leveraging
methylomic, epigenomic, transcriptomic, and proteomic
data from post-mortem brains, which found that methy-
lation is a key mechanism that regulates both gene and
protein networks of AD [110]. Furthermore, microRNA
126 (miRNA-126/miR-126) displays an association of neu-
ronal vulnerability in the presence of neurotoxicity [112].
An overexpression of miR-29a significantly reduces the is-
chemic injury in the brain, especially in the hippocampal
CAl area. In addition, the proportion of aneuploid neu-
rons and neuronal DNA content variations increase in AD,
which may result in neuronal death in selective brain areas
[113]. Mitochondrial DNA variations may also occur and
enhance neuronal vulnerability in AD [114].

Furthermore, investigators speculated and tested that
targeting epigenetic regulation can be a therapeutic ap-
proach for AD [107,115]. For example, a recent focus is
on the bromodomain containing protein 4 (BRD4), which
belongs to the bromodomain and extra-terminal (BET) pro-
tein family. BRD4 acts as an epigenetic regulator that reg-
ulates gene transcription [116]. JQ1 is a well-studied in-
hibitor for BRD4, by binding the central benzodiazepine re-
ceptor within BRD4, and improves cognitive performance
in AD transgenic mouse models. The potential of targeting
BRD4 for understanding AD requires future studies [117].

Associations of Life Exposures with AD

Like other common and complex diseases (e.g., can-
cer, cardiovascular diseases, and stroke) that have a mul-
titude of causes, AD is also regulated by different compo-
nents in lifespan, which can be evaluated in association with
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AD risk and pathological changes in individuals of differ-
ent populations. Life exposure-related components, both
endogenous and exogenous, have been discovered that may
increase or reduce the risk of AD. Below we will introduce
common and compelling risk factors of AD, and then ex-
tend our discussions focusing on microbiome, sleep and pe-
ripheral mechanisms because of emerging data in these do-
mains, which we believe should collectively suggest a wide
range of the heterogeneity of AD and help elucidate the eti-
ology of AD (Fig. 1).

Risk Factors of AD

In addition to aging and genetics as the major and
common risk factors for AD, sex shows significant differ-
ences in AD which contributes to neuropathological abnor-
malities [118,119]. For example, a study was performed
using a longitudinal and clinicopathologic cohort and re-
ported sex differences in the clinical manifestations of amy-
loid and tau pathology in AD brains, with more pathology
in women than in men [120]. Additionally, a recent study
identified novel loci (Glutamate ionotropic receptor delta
type subunit 1 (GRIDI), RIO kinase 3 (RIOK3), Micro-
cephalin 1 (MCPH1), Zinc finger and BTB domain contain-
ing 7C (ZBTB7C)) showing sex-specific association with
AD risk through the family-based association analysis of
whole-genome sequence data [121]. Because sex is an im-
portant factor for AD, more studies are urgently required
to characterize sex-specific clinicopathological features of
AD which may help advance patient stratification and per-
sonalized treatment of AD [119].

Furthermore, several modifiable risk factors of AD
have been identified, which consist of sleep [122], diet
[123], stress, education, low cognitive activity, and other
non-AD conditions and diseases, including orthostatic hy-
potension, hypertension in midlife, head trauma, hyperho-
mocysteinemia, high body mass index in late-life, diabetes,
and depression [83]. Extensive research supports that diet
plays substantial functions to AD-related pathophysiology
and may significantly change the risk of AD [124—127]. For
example, a recent study investigated fasting-mimicking diet
(FMD) cycles, which has been previously shown to reduce
several aging-related disease risks, and found that FMD sig-
nificantly attenuated cognitive decline in Alzheimer’s mod-
els expressing amyloid and/or tau pathology through mech-
anisms involving reduced neuroinflammation and/or super-
oxide production in the brain [126].

Moreover, many studies show that physical and cog-
nitive exercise as well as social activity are also impor-
tant factors in association with AD which deserve close
attention. Physical exercise is a key event that may sig-
nificantly reduce the neuropathology of AD and improve
cognitive functions associated with AD [128]. Exercise-
related underlying molecular mechanisms are complex and
are beginning to be elucidated, which may involve regulat-
ing neurogenesis in the brain as well as modulating brain

and peripheral circulating cytokines or neurotrophic fac-
tors, e.g., brain-derived neurotrophic factor (BDNF), clus-
terin, Interleukin-6 (IL-6), IGF-1, and irisin [129—133]. For
example, a recent study focused on identifying and charac-
terizing new secreted mediators that may confer exercise-
related cognitive benefits in AD model animals [131]. It
discovered that irisin is a crucial regulatory molecule offer-
ing exercise-related cognitive benefits, which thus can be a
potential therapeutic for treating AD and potentially other
cognitive disorders [131]. Furthermore, cognitive exercise,
e.g., by meditation or computerized cognitive games, has
been assessed with beneficial effects in improving cogni-
tive functions [59,134,135]. The underlying mechanism of
action has been shown to associate with modulating brain
connectivity, as well as plasma A3 proteins and cytokines
[59,134,135].

In addition to physical and cognitive exercise, the as-
sociation of social activity with AD and molecular phe-
notypes has been investigated. A study by Wilson et al.
[136] reported that loneliness is a significant factor of an
increased risk of AD. This study, in combination with the
other article, suggested that a trial may be designed to re-
duce loneliness and potentially reduce the risk of AD [137].
Indeed, a mindfulness-based stress reduction training was
performed in older adults through a randomized controlled
trial (RCT), which reduced loneliness and affected pro-
inflammatory gene expression profiles, including NF-kB-
related gene expression in circulating leukocytes [138].
Collectively, physical and cognitive exercise as well as so-
cial activity are all significant players that regulate brain
functions and the risk of AD using inflammatory regula-
tion and several other mechanisms. These findings warrant
future studies based on these molecular mechanisms to de-
velop potential therapeutics of AD.

Also, certain medical exposures (non-steroidal anti-
inflammatory drugs) and specific dietary exposures (folate,
vitamin E and C, and coffee) are found to be protective fac-
tors of AD [139]. Recently a systematic and meta-analysis
was able to strengthen the association of age-dependent
life components and AD risk based on 243 observational
prospective studies and 153 randomized controlled trials
[83]. The underlying mechanisms of these modifiable ex-
posures require to be further characterized in association
with other common AD risk factors, including aging and
genetics. Notably, these factors are considered modifiable
endogenous or internal exposures which can be managed
during different stages in lifespan with a potential to main-
tain healthy brains and ultimately reduce AD risks or pre-
vent AD [140].

In addition to the aforementioned endogenous factors,
exogenous or external factors also exist that can alter AD
risks. Air pollution may increase AD risks by inducing neu-
rochemical, pathological, and cognitive changes [141]. In
combination with air pollution, other environmental com-
ponents have been identified which act together as an “en-
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vironmental exposome” and affect individuals’ AD risks by
interacting with aging and other endogenous factors [142].
An animal-based study showed that life exposure is able to
reduce AD-related and Af oligomer-induced impairment of
hippocampal neuroplasticity [143]. Specifically, increased
exposure to novelty in animals activates S-adrenergic sig-
naling and enhances hippocampal synaptic plasticity and at-
tenuates synaptotoxicity in the presence of A oligomers
[143]. The exposome concept has been conceived to assess
lifetime internal and environmental exposures of individ-
uals in relationship to health and complex disease [144].
To study the exposome of AD combining exogenous and
environmental exposures, the analysis by Mendelian ran-
domization has been conducted, and validated previously
known exposures linked to AD [145]. New exposures that
change AD risks are anticipated to be identified in future
studies in the presence of new results gathered for analysis.
Above all, these results suggest that family inheritance, in-
cluding early onset and sporadic AD genetic variants, may
work together with life exposures in age-dependent man-
ners and determine the ultimate AD risks of different indi-
viduals.

Microbiome and AD

Recently, there has been a keen interest on the role
of the human microbiome on the pathophysiology of AD.
Consisting of the bacterial, viral, and other residents of
the human body, the human microbiome is a substantial
lifelong player for controlling human pathophysiology. It
particularly affects the immune and metabolic system in
the gut, as well as the brain, which is referred as the
“microbiota-gut-brain axis” for such interacting functions
[146].

The discovery of the involvement of the human mi-
crobiome in AD began several decades ago with the identi-
fication of a number of microbes in AD brains, including
Borrelia spirochetes [147], Chlamydia pneumonia [148],
and herpes simplex virus type 1 (HSV-1) [149], among oth-
ers. The clinical relevance of gut microbiota in AD has re-
cently been analyzed in humans [150]. Increased antibody
titers specific for HSV-1 are found present in the serum
of early AD cases and positively correlate with brain grey
matter volumes, suggesting protective mechanisms of neu-
roimmune activity [151]. HSV-1 DNA is distributed mainly
in the hippocampus and temporal cortex in human post-
mortem brains [152]. HSV-1 may mediate a transsynaptic
and interneuronal cascade for propagating aggregated pro-
teins in AD brains [149]. A study for the bacterial taxo-
nomic composition of fecal samples demonstrates distinct
composition and decreased microbial diversity comparing
AD patients to age- and sex-matched controls [150]. Par-
ticularly, differences in bacterial abundance are represented
by decreased Firmicutes and Bifidobacterium and increased
Bacteroidetes, and levels of differentially abundant genera
are correlated with CSF biomarkers of AD [150].
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To further investigate the mechanisms by which mi-
crobiome changes the outcome of AD, a series of stud-
ies have attempted to manipulate microbiome in animals.
First, gut microbiota significantly affects AD neuropathol-
ogy, in which gut-administrated antibiotics result in attenu-
ated amyloid neuropathology, altered microglial morphol-
ogy, and reduced plaque-localized glial reactivity in brains
of AD transgenic animals, in association with prolonged
shifts in gut microbial composition and diversity and altered
circulating cytokine levels and chemokine signatures in the
blood [153,154]. Next, microbial infection (e.g., herpes
viral infection) may promote A/ amyloidosis in brains of
AD transgenic animals [155,156]. Hippocampal and neo-
cortical neurons are highly vulnerable to HSV-1 infection
in animals [157]. Furthermore, toll-like receptor-4 (TLR4)
and pattern-recognition receptors (PRRs) signalings may
sense microorganisms in association with differential neu-
ronal vulnerability in the presence of Af-related neuro-
toxicity and oxidative stress in AD brains [158]. The gut
microbiota can synthesize and release lipopolysaccharides
(LPS), which may activate inflammatory signaling and trig-
ger pathological changes in AD-susceptible brain regions,
particularly the hippocampus [159].

Overall, these findings provide evidence suggesting
AD as a disease linked to microbial involvement. Gut mi-
crobiota may not only affect innate immunity in the gut,
but also regulate the systemic immune and metabolic status
through the gut-brain crosstalk and, by extension, neuroin-
flammation [160]. These microbes may act as exogenous
exposures to gain access to human bodies and become en-
dogenous exposures, in early and late stages of life and may
lie dormant for many years. They may associate with AD by
regulating the host immune system in response to microbes
during microbial reactivation, which may lead to neuronal
damage in aging-related AD brains or conditions with re-
duced neural immunity.

Sleep, Circadian Clock, and AD

Sleep is a physiological process required for human
health, cognitive performance, and mental health. Al-
though the mechanisms controlling human sleep remain
poorly understood, sleep has been repeatedly identified as
one of endogenous life exposures in significant association
with AD [83,161-163]. Notably, sleep is a key player for
memory formation and consolidation [164] which primar-
ily occurs in the hippocampus [165]. Sleep is regulated at
neuroanatomical, molecular, genetic, and circadian clock
levels. Notably, emerging evidence showed strong contri-
bution of thalamic reticular nucleus (TRN) underlying the
etiology of sleep impairment in AD [161]. Specifically,
TRN regulates sleep maintenance, initiation of sleep spin-
dles, and slow-wave sleep (SWS) using its GABAergic neu-
rons [166,167]. It contains calbindin (“core”) and somato-
statin (“shell”)-expressing GABAergic neurons, which dif-
fer neuroanatomically and differentially affect sleep spin-
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dles and bouts [166,167]. While TRN displays reduced ac-
tivity in AD, restoring TRN activity by DREADDs (De-
signer Receptors Exclusively Activated by Designer Drugs)
improves sleep impairment and ameliorates AD pathology
in AD transgenic mice [161,168]. Presently, further mech-
anistic studies of TRN in sleep impairment-related AD are
required.

On the molecular basis, recent studies have linked
abnormality of AS clearance to sleep in AD [122,169].
As one of the brain’s metabolic wastes, A3 is removed
from the brain by the glymphatic system, mostly during
sleep [122,170]. Accordingly, insomnia is associated with
impairment of glymphatic system-mediated A clearance
and hippocampal atrophy [122]. Af[-related neurotoxic-
ity causes neuronal hyperexcitability that can further drive
cellular AS release. Thus, abnormality of sleep, such as
aging-related reduced sleep quality and sleep deprivation,
as well as sleep disorders, may increase AD risk through
lowered A3 clearance and associated neurotoxicity and hy-
perexcitability in AD brains [162,171].

Sleep is governed by circadian clock, an endogenous
and conserved 24-hour cycle timing system that regulates
immune system and other functions [172]. Alzheimer’s
ApS may result in circadian rhythm disruption in AD by
inducing responsible proteins, i.e., Basic helix-loop-helix
ARNT like 1 (BMALI) and CREB-binding protein (CBP)
[173]. In addition to aging-related functions aforemen-
tioned, SIRT1 is an NADT-dependent circadian deacety-
lase that governs circadian control by regulating transcrip-
tion of the major circadian regulators, BMAL1 and Clock
circadian regulator (CLOCK) [174]. The activity by which
SIRT1 regulates circadian control decays with aging [174]
and can be reversed by supplementation of NAD™ [175].
Furthermore, SIRT1 affects neurodegeneration, and hip-
pocampal SIRT1 levels fall in AD transgenic animals [176].
These data support a mechanism by which A drives circa-
dian rhythm protein abnormality and SIRT1-related reduc-
tion and circadian rhythm disruption in AD.

Furthermore, sleep genes have been discovered that
control sleep/wake duration and human sleep length,
which encode, respectively, the transcriptional repressor
DEC2 (aka Basic helix-loop-helix family, member E41
(BHLHEA41)) [177,178] and the (1-adrenergic receptor
(ADRBI) [179]. Humans with mutations in DEC2 or
ADRBI display short sleep phenotype [179], partly due to
changing levels of the neuropeptide hormone orexin [178].
Transgenic mice with these human mutations show short
sleep behavior [179].

In summary, these results provide evidence that AD
is partly a sleep disorder linked to age-dependent impaired
circadian control. These genetic and molecular findings on
sleep/wake require further studies which may lead to sleep-
orientated strategies that can potentially attenuate sleep im-
pairment in AD and enhance brain health and cognitive per-
formance.

Mechanisms of AD from Peripheral Abnormality to
Neuropathology

Emerging evidence shows that AD pathology in the
brain can be caused by factors from the peripheral systems
(systems that are indirectly related to the brain), thus pro-
viding pathogenic mechanisms and therapeutic potentials
for AD.

Notably and as afore-described in this article, life
exposure-related conditions and components may modulate
the risks of AD in humans, including cardiovascular sys-
tems, hyperhomocysteinemia, high body mass index (BMI)
in late-life, diabetes [83,139], and gut microbiota, which
interact with aging and affect the neuropathology of AD
[153,154]. Inflammation is a mechanism by which the pe-
ripheral factors cause AD-related changes, which can lead
to both acute and chronic impairment of cognitive func-
tions underlying AD and other neurodegenerative disor-
ders [180-182]. AD-related peripheral factors may lead
to changes of peripheral inflammatory events which then
engender an inflammatory microenvironment in brain re-
gions responsible for impaired memory and cognitive func-
tions. Once stimulated, peripheral inflammatory cytokines
can enter the brain through a defective BBB (brain-blood-
barrier) and get recruited to activated microglia and astro-
cytes [182]. At the neuroanatomical level, the MTL is a
susceptible brain area in AD which highly expresses recep-
tors and messenger RNA for pro-inflammatory cytokines
with special sensitivity to inflammation [183]. Particularly,
the hippocampus is vulnerable to the increase of the IL-
18 level, linked to a reduction of adult hippocampal neu-
rogenesis and cognitive impairment [184], as well as age-
dependent reduction of LTP in hippocampus and dentate
gyrus [183]. In addition to inflammatory molecules, mi-
gration of blood immune cells from the peripheral to the
brain may occur in AD [37] or peripheral organ inflamma-
tion [185], in response to Tumor necrosis factor (TNF)-«
signaling [185].

In addition to the mechanism of peripheral inflamma-
tion in AD, abnormality of protein clearance is a mecha-
nism by which the peripheral system may contribute to AD.
A metabolism has been comprehensively characterized to
be regulated by multiple pathways, including generation
(B-/y-secretase-mediated APP processing), degradation (by
Insulin-degradation enzyme (IDE)), oligomerization, ag-
gregation, and propagation, as well as clearance. Follow-
ing generation, clearance of A, tau, and other brain wastes
may occur by different mechanisms in the brain. They may
enter into peripheral circulation from BBB through vari-
ous transporters and receptors or get degraded by BBB in
vascular smooth muscle and endothelial cells [186]. BBB-
related P-glycoprotein affects the elimination rate of neu-
rotoxic proteins, the activity of which is reduced in AD
[187]. BBB-associated low-density lipoprotein receptor-
related proteinl (LRP1) can also mediate transport of A3
out of the brain in association with AD [188]. Brain AS
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clearance can also be through the glymphatic system, which
is located in the perivascular space surrounding cerebral
blood vessels [186]. Once transported outside of the brain,
brain-derived AS and potentially other wastes maintain
homeostasis by further clearance in the peripheral tissues
and organs [189], including the kidney [190]. Patholog-
ically, the kidney function abnormality is associated with
AD [190]. Thus, studying the pathophysiological capacity
of peripheral tissues and organs in clearing brain-derived
A is opening a novel avenue to understanding the etiol-
ogy of AD [189,191].

Cellular and Molecular Mechanisms of AD

AD-Related Disease Protein Seeding, Aggregation,
and Spreading

AD is a disease of protein aggregation and is charac-
terized by cerebral proteinopathy caused by composition,
deposition, and distribution of misfolded proteins [192] as
well as propagation of amyloid and tau pathology. A3 gen-
eration and metabolism display complex mechanisms and
are highly regulated [117,193]. Following generation, Aj3
homeostasis is maintained by multiple mechanisms in com-
bination with degradation, which occurs at both intracellu-
lar and extracellular levels, before seeding into pathogenic
proteins and subsequent aggregation and spreading. In-
tracellularly, the common degradation mechanisms consist
of autophagy, lysosome, and ubiquitin-proteasome system;
extracellularly, the degradation pathways involve plasmin,
IDE, and neprilysin [186]. A/ is transported across and/or
diffuses into the extracellular space of the brain before ag-
gregation [194]. Cerebral amyloidogenesis of AD may
even derive from transmission of peripherally originated
Ap (e.g., AB-containing brain extracts) in animal models
[195].

Prior to manifestations of clinical neurobehavioral
changes, AD-related pathological proteins, in the presence
of unbalanced homeostasis, may first seed and aggregate
in local regions with cerebral vulnerability and then spread
to other brain areas [192]. The spatial and temporal dis-
tribution of AD disease proteins manifest heterogeneous
and complex mechanisms related to neuroanatomy, BBB
and neurovascular system, and neuroimmune system [196].
The initiation of cerebral amyloidogenesis is determined by
the agent and the host [197]. Reactive astrocytes may oc-
cur in an age-dependent manner with upregulation of as-
trocytic APP expression and AS generation [88], and can
mediate the spreading of AD-related A and tau proteins
[198]. At the neuroanatomical level, oligomeric and fib-
rillar A3 species are associated with brain regional differ-
ences [199], and amyloid pathology spreading may occur
at the temporobasal and frontomedial areas and the remain-
ing associative neocortex, primary sensory-motor areas, the
MTL, and striatum [200].
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Furthermore, propagation of AD-related tauopathy
has been well-documented, which can first occur in individ-
ual neurons of local brain areas and then transmit to other
neurons at different brain areas [201]. Pathologic tau trans-
mission may display prion-like properties in animal stud-
ies [202] with different biochemical forms (e.g., soluble
monomeric or fibrillar tau) [203]. Tau proteinopathy is in-
volved in several clinical conditions other than AD; how-
ever, specific clinical features of tauopathies seem to be de-
pendent on disease-specific tau proteins that propagate in
these diseases [204]. Different tau fibrillar strains may in-
duce specific pathologic changes in mouse brains, partic-
ularly the hippocampus which displays high vulnerability
[205]. Enhanced neuronal activity can increase the release
of tau proteins in vitro and enhance tau propagation in vivo
[206]. Neuroanatomically, spreading of AD-related tau
pathology partially overlaps with amyloid pathology and
may occur from medial temporal regions/entorhinal cortex-
hippocampal system to the basal and lateral temporal cor-
tices, inferior parietal cortices, posterior cingulate cortices,
and other associative cortices [207]. Finally, A3 can accel-
erate tau propagation in early stages of AD [208].

Association of y-Secretase with Amyloid Pathology
and Neuroinflammation

Collective findings suggest AD being a protein aggre-
gation and proteinopathy disorder which is driven by age-
related upregulation of A3 (42.40) ratios [14,16,20]. There-
fore, understanding mechanisms that increase A3 (42.40) ra-
tios can help to understand the etiology of AD. Molecules
that preferentially decrease AS4s levels may lower pro-
tein aggregation in AD and become promising therapeu-
tics. y-Secretase in AD controls the length of A proteins
and A3 (42.40) ratios and therefore has been a prime focus
for disease understanding and intervention. As a hetero-
geneous protein complex, y-secretase contains the prese-
nilin (PS1/2) proteins that harbor the active site enabling
proteolytic processing of its substrates, as well as PEN2,
nicastrin, and APH-1 [17]. Over 300 FAD mutations in
presenilin-encoding genes have been identified [14,16,20].
PS1 holoprotein lacks the proteolytic activity and requires
endoproteolysis to generate the active subunits, i.e., PS1-
NTF (N-terminal fragment)/CTF (C-terminal fragment),
which regulate the intramembrane proteolysis of APP and
other substrates, including Notch [17].

Therapeutically, y-secretase is a prime therapeutic tar-
get which has investigated primarily through two strate-
gies, either inhibiting or modulating ~y-secretase [209-213].
Small molecule inhibitors of vy-secretase are represented
by avagacestat and semagacestat, which reduce Af45 pro-
duction, however, have caused serious adverse events such
as skin cancer and worsened functional ability in partici-
pants of clinical trials in addition to being clinically inef-
fective in improving cognitive status [214]. These adverse
safety issues may be associated with gamma-secretase in-
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Table 1. Translational medicine of AD: advancing from etiology to potential therapeutics of AD.

From Etiology to Therapeutics of AD

. FAD genes: APP, PS1, PS2

*  LOAD risk genes: APOF and other candidate genes

Verubecestat: Lack of efficacy and adverse safety issues
Semagacestat: Lack of efficacy and adverse safety issues

Genetics

Antibodies . Aducanumab, Lecenumab, and Donanemab
BACEli .

GSI .

GSMs . Small molecule GSM776890

e New druggable targets (e.g., epigenetic molecule)

Other potential therapeutics (examples)

New strategies (e.g., neuronal stimulation, repurposing of non-AD therapeutics of AD)

Understanding the molecular pathogenesis of AD has started through discovering disease genes and elucidating mechanisms by which

disease genes associate with AD, which has resulted in finding a series of different strategies that may reduce AD neuropathology and

cognitive abnormality. While some of these therapies have shown cognitive benefits in clinical trials (e.g., antibodies), some displayed a

lack of efficacy and even adverse effects (e.g., small molecule BACE1i (BACEI inhibitor) and gamma-secretase inhibitor (GSI)), and there

are some other new targets and potential therapeutics that have yet to be further tested. GSM, ~-secretase modulator; FAD, familial AD;
PS1, presenilin 1; PS2, presenilin 2; LOAD, Late-onset AD; APOE, apolipoprotein E gene.

hibitor (GSI)-related increase of APP-CTFs and impaired
~-secretase cleavage of substrates other than APP [215]. In
addition to GSIs, BACE] inhibitors have also been devel-
oped and tested which however displayed a lack of clinical
efficacy and adverse safety issues [216,217].

Different from small inhibitors of 8- or «y-secretase,
~v-secretase modulators (GSMs) are a group of small
molecules that specifically modulate y-secretase cleavage
of APP and preferentially lower A345 levels and A3 (42.40)
ratios, without affecting ~y-secretase cleavage of non-APP
substrates or increasing levels of APP-CTF proteins [15,
209,210,212,218-220].

Furthermore, in addition to AS generation, ~-
secretase-related neuroinflammation has been recently dis-
covered. Using GSM molecules, one study uncovered
interferon-induced transmembrane protein 3 (IFITM3) as
a y-secretase modulatory protein [80], which stimulates ~y-
secretase in the presence of neuroinflammation, resulting in
increased A levels and AD risk. The complex heterogene-
ity of y-secretase in A3 generation is reported in vitro [221]
and in vivo, indicated by age-dependent changes in A ac-
cumulation in animal brains [79]. These findings add new
evidence to the heterogeneity of A3, agreeing with previ-
ous findings showing -secretase changes in sporadic AD
dependent on age and sex in mouse brains [222].

The correlation of ~y-secretase with both early onset
and sporadic AD suggests a potential use of positron emis-
sion tomography (PET) to visualize vy-secretase for ana-
lyzing and predicting AD in human brains. As a non-
invasive imaging method, PET can visualize and analyze
biochemistry-based molecular targets in inaccessible tis-
sues, e.g., the brain, and therefore provide distinct advan-
tages for studying AD and other neurodegenerative disor-
ders [108,223]. It is in contrast with in vitro techniques that
cannot provide analyses of system-level intact organisms
over time in endogenous environment. PET imaging has
been developed and widely utilized to evaluate AD pro-

gression in preclinic and clinic settings, including ligands
for A plaques [224] and NFTs [225]. Molecular imaging
probes for - [226] and -secretase have been reported in
preclinical models [227]. Since y-secretase has a substan-
tial role in AD, imaging y-secretase in the brain may im-
prove the drug development and a potential success of AD
trials. A recent study discovers an GSM-based ~y-secretase
probe which enables, for the first time, visualization of -
secretase in animal brains, with a potential enabling brain
imaging in humans [227]. Collectively, the results on -
secretase provide evidence suggesting that AD is a disease
linked to y-secretase, genetically and biochemically, which
also offers therapeutic potentials for targeting y-secretase.

Mechanism-Based Translational Medicine to Test
AD Pathogenesis

A successful treatment may better explain disease eti-
ology, which is considered as a “bottom-up approach”. For
example, because the recently FDA-approved medications
for AD, including aducanumab [4] and lecanemab [5], as
well as the drugs under ongoing trials, e.g., donanemab
[228], are designed to reduce amyloid patholgy, their ef-
fects will be useful to comprehensively test the association
of neuropatholgy with symptom progression of AD (Ta-
ble 1). More detailed information on ongoing clinical tri-
als can be found in a recent Review [229]. In addition to
the efficacy of antibody-based anti-Af3 drugs, the safety
should be carefully monitored which may associate with ad-
verse effects caused by amyloid-related imaging abnormal-
ities (ARIAs) and brain atrophy [230]. Additionally, be-
cause PS1/vy-secretase-related FAD genes cause complete
penetrance of disease, the etiology of AD can be potentially
addressed by Clustered regularly interspaced short palin-
dromic repeats (CRISPR)-based genetic correction of dis-
ease mutations. This genetic approach is becoming pos-
sible with the technology advancement in the field of ge-
netic editing. Alternatively, GSM-based therapeutic ap-
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proach for v-secretase also provides a promising potential
for disease treatment in clinic [15,209,212,218-220,227].
Furthermore, there are other approaches that can offer ther-
apeutic potentials for AD, e.g., neuronal stimulation [231],
or small molecule pharmacological agents that may work
either by epigenetic regulation [108,232,233] or by repur-
posing non-AD drugs for AD [13,52] (Table 1).

Perspectives of AD Translational Research

Before reaching the end of our article, we would like
to particularly describe our perspectives on the translational
research of AD, for its current problems and challenges, and
will then speculate future directions needed for the success-
ful drug development of AD.

Through our present review article, we may realize
that developing useful therapeutics through AD clinical tri-
als may go through a process of trial and error, because of
the multi-level heterogeneity of this extremely complex dis-
ease. The heterogeneity of AD etiology across the disease
continuum may bring the major issues and challenges of
current translational studies of AD in the field, which are
primarily lacking adequate and suitable tools to precisely
stratify patients and analyze AD changes with high spa-
tiotemporal resolutions. Therefore, we speculate that the
future of successful AD research and drug development,
may require more efforts focused on developing useful tools
and methods that may readily enable molecular biomarker
discovery from the brain or the biofluid and can allow early
and prompt analysis of dynamic changes of AD pathol-
ogy and brain functions. For example, despite the wide
clinical use of PET probes for amyloid and tau pathology
which has resulted in recent FDA-approvals of antibody-
based AD therapies, it requires to the development of new
and specific PET probes that may detect disease-related
changes of microglia and enable analysis of spatiotempo-
ral changes of neuroinflammation in AD brains. For fu-
ture clinical trials, we speculate that the success will be
facilitated by multiple approaches, including, e.g., (1) dis-
ease mechanism and pathology-based experimental designs
based on biomarker discovery and insights gained from pre-
vious findings, (2) identification of novel mechanisms or
drug targets that safely and effectively attenuate the neu-
ropathology of AD, and (3) regulation of life exposures that
may modify AD risks and neuropathology. We speculate
that suitable tools and biomarker discovery of AD will ac-
celerate drug development and identify novel drug targets
of AD. Once such trials are tested successful in treating AD,
the drug targets involved in the trials will prove to be the
underpinnings of AD pathogenesis. Collectively, we spec-
ulate that the development of adequate tools for the mech-
anism and biomarker discovery of AD are key areas of at-
tention in future translational research of AD, which may
help engage patient stratification and trial selection, better
predict clinical outcome, and ultimately provide precise and
new insights for the etiology of AD.
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Conclusion

In summary, etiologically, AD is an aging-related neu-
rodegenerative disorder that is caused by genetic hetero-
geneity in relationship to a multitude of life exposures,
and is pathologically characterized by gain of cellular and
molecular abnormalities and neural network impairment,
as well as loss of normal functions in AD brains (Fig. 1).
Although AD brains share common manifestation of /-
amyloid and tau-related disease neuropathologic hallmarks,
the mechanisms causing these changes may significantly
differ among patients depending on their genetics and pre-
cipitating life exposures. It is the various mechanisms in
association with these pathogenic activities that may col-
lectively lead to the heterogeneity of AD.

In conclusion, this article focuses on dissecting the
mechanism-based heterogeneity of AD based on previous
findings. It is challenging to cover all areas due to the ex-
pansive literature in this field. Nevertheless, this article at-
tempts to not only recognize the rich knowledge gleaned
from different research methodologies, but also discuss the
findings and mechanisms that are identified by multidis-
ciplinary efforts in areas of pathology, genetics, cell and
molecular biology, biomedicine, and biochemistry. These
efforts have resulted in an integrated perspective for AD
etiology. As a complex disease, we speculate that the suc-
cess of AD’s future research will require continued combi-
nation of multidisciplinary approaches to attain more pre-
cise mechanisms underlying the etiology of AD.
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