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Foreword vii

FOREWORD

Alzheimer’s disease  (AD) is the  most common cause of age-related dementia, 
accounting for up to 70% of all dementia cases. There are 50 million individuals 
living with AD worldwide and its global prevalence is expected to grow due to 
predicted expansion of the older population. AD presents with irreversible cogni-
tive decline, which commences as insidious short-term memory dysfunction and 
gradually spreads to other cognitive domains, rendering patients mute and non-
ambulatory after 10-15 years of progressive course. AD is a genetically complex 
disease. The majority of AD cases are sporadic and their risk is predominantly 
controlled by the APOE genotype. The APOE ε4 allele increases AD risk in allele-
dose dependent fashion while the ε2 allele has a risk-mitigating effect. Early-onset 
familial AD (FAD) accounts for 2-5% of all AD cases and is caused by mutations 
of the amyloid precursor protein (APP) or presenilin 1 (PS1) or 2 (PS2) genes, 
which are inherited in autosomal dominant fashion. Neuropathological hallmarks 
of AD include accumulation of insoluble β-amyloid (Aβ) peptides in the form of 
parenchymal plaques and vascular deposits, intraneuronal neurofibrillary tangles 
(NFTs) composed of misfolded and hyperphosphorylated microtubule-associated 
τ protein, activated astrocytes and microglia and widespread loss of synapses and 
nerve cell bodies. Unfortunately, there are neither effective preventive measures 
nor efficacious treatments available for this devastating disease. 

Identification of Aβ peptides as the main constituents of Aβ plaques and vascu-
lar deposits by the late Dr. George Glenner in 1984 and later by Drs. Konrad 
Beyreuther and Colin Masters in 1985 has led to the development of the Alzheimer’s 
Aβ cascade hypothesis, which proposes that the accumulation of Aβ is the primary 
culprit of AD pathogenesis and is thus a critical therapeutic target. Building on this 
premise, development of Aβ-directed immunotherapeutics and inhibitors of APP 
proteases, β-site cleaving enzyme 1 (BACE1) and γ-secretase complex (γ-SC), 
whose synergistic action generates Aβ has been pursued over the past 20 years. 
However, a series of setbacks these approaches have encountered during clinical 
trials testing hampered progress toward their successful clinical development. At the 
time this book is set for print, Aducanumab an Aβ-directed monoclonal antibody 
remains under evaluation by regulatory agencies for an approval as a possible first 
AD modifying treatment, while two similar antibodies remain in advanced phase III 
testing. Unfortunately, clinical efficacy of anti-Aβ antibodies remains limited to 
moderating disease progression, while also causing side-effects in the form of amy-
loid related imaging abnormalities (ARIA). Such a situation undoubtedly calls for 
the diversification of AD druggable targets and a search for poly-targets or drug 
combination therapeutic strategies. 

Contributed by an assembly of clinicians and translational and basic AD 
research scientists, this book intends to provide a brief overview of AD drug dis-
covery field. It covers the underlying AD pathogenic mechanisms and provides a 
review of Aβ amyloid- and τ protein-targeted immunotherapies, and peptide 
inhibitors for anti-Aβ amyloidosis. In addition, it also examines therapeutic 
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potentials of various AD drug targets such as brain metal homeostasis, protein 
kinase C, the blood-brain barrier, epigenetic therapies, as well as discusses 
 chimeric conjugates, multifunctional ligands, and natural products as interven-
tional approaches. I am convinced that this book will be valuable to healthcare 
professionals caring for AD patients, AD researchers and interested readers as it 
will provoke thoughts about identifying novel and more efficacious therapeutic 
agents for AD and related dementias.

Martin Sadowski, MD, PhD 
Professor of Neurology, Psychiatry, Biochemistry and Molecular 

Pharmacology at NYU Grossman School of Medicine
Lead, NYU AD Clinical Trial Program 

Attending Neurologist, NYU Langone Health 
New York, USA
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Preface ix

PREFACE

In 1906, German psychiatrist Alois Alzheimer first reported the histological features 
of unique plaques and neurofibrillary tangles in the post-mortem brain of a 50-year-
old female patient, whom he had followed up for 5 years from admission until her 
death, for progressive sleep disturbance, memory dysfunction and behavioral 
changes such as paranoia, aggression, delusion, and confusion. The disease is now 
recognized as Alzheimer’s disease (AD), the most common form of senile dementia. 
The plaques are now known as amyloid beta (Aβ) plaques, and the neurofibrillary 
tangles are known as microtubule-associated hyperphosphorylated protein τ in the 
paired helical filaments. 

More than 200 clinical research programs and clinical trials targeting Aβ and 
protein τ, either directly or indirectly, as a therapeutic strategy for AD have failed 
thus far. A growing database of the etiopathological, genetic, and biochemical 
features of AD indicate that it is a heterogeneous, polygenic, multifactorial, and 
complex disease. Hence, more rational therapeutic strategies for AD should be 
druggable target diversification, multi-targeting, or drug combinations. While 
current drug discovery programs for AD continue to focus on anti-Aβ and anti-τ 
strategies, a deeper understanding of the disease in recent years has opened drug 
discovery avenues involving neuroinflammation, metabolic derangements, stem 
cells, gene therapy and alternative therapies. Despite the high attrition rate in AD 
drug discovery and development, and serial failures of AD drug trials, we remain 
hopeful for effective AD therapeutics to come in the near future. 

This book takes a snapshot of current AD drug discovery approaches to satisfy 
interested readers’ curiosity for diversity and complexity of AD drug discovery. 
Chapter 1 provides an overview of the underlying pathogenic mechanisms of AD. 
Chapters 2-4 summarize Aβ immunotherapy, Aβ-targeted inhibitory peptides, 
and τ protein immunotherapy, respectively. Chapter 5 reviews AD therapeutic 
strategy targeting brain metal homeostasis, while Chapter 6 examines atypical 
protein kinase C as a potential AD drug target. Chapters 7-8 discuss blood-brain 
barrier (BBB) models in AD drug delivery and the BBB degradation-related 
protein- secreted protein acidic and rich in cysteine (SPARC) as a potential AD 
druggable target, respectively. Chapter 9 examines the therapeutic potential of 
epigenetic therapies for AD. Chapters 10 and 11 discuss the search for effective 
AD therapies using chimeric conjugate and multifunctional ligand approaches, 
and Chapter 12 examines natural products as potential interventions for 
neurocognitive disorders such as AD. 

I am grateful for all the authors’ intellectual contributions and diligence toward 
the fruition of this book. The 12 chapters cover diverse AD therapeutic approaches, 
but by no means do they completely reflect the dynamic and challenging field of 
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AD drug discovery. I hope this book will encourage interested readers to dive into 
this field and appreciate both the challenges and excitement of developing effective 
therapeutics for AD.

Xudong Huang, PhD 
Associate Professor of Psychiatry

at the Psychiatry Department 
Massachusetts General Hospital and Harvard Medical School

Charlestown, MA, USA
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Abstract: Alzheimer’s disease is the most common form of dementia and the most 
common neurodegenerative disease. It manifests as a decline in short-term mem-
ory and cognition that impairs daily behavior. Most cases of Alzheimer’s disease 
are sporadic, but a small minority of inherited forms allow gene identification 
which, together with neuropathology, yields important clues about the wider 
causes. Environmental and metabolic risk factors, including inflammation and 
vascular impairment, play a role in disease onset and progression. While neuronal 
atrophy and a loss of synapses occur throughout the cerebral cortex, we lack a full 
understanding of how this arises. The known hallmarks of Alzheimer’s disease 
include amyloid-β plaques and neurofibrillary tau tangles and while extensive 
research has been carried out throughout the past few decades, the exact role of 
these protein aggregates in the disease remains elusive. In this chapter, we discuss 
mechanisms that have been implicated, including inflammation, mitochondrial 
dysfunction, oxidative stress and changes in protein clearance.

Keywords: amyloid-β plaques; etiology of Alzheimer’s disease; dementia; neuro-
degeneration in Alzheimer’s disease; neurofibrillary tau tangles
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INTRODUCTION

Around 50 million people worldwide suffer from dementia (1). About two thirds 
have Alzheimer’s disease (AD) (2), an irreversible neurodegenerative disorder 
involving a decline in memory and executive function, and personality change 
(3). It is named after Alois Alzheimer who first characterized AD in 1906 (4). AD 
results in synapse loss and neuronal atrophy predominately throughout the hip-
pocampus and cerebral cortex. It is characterized by amyloid plaques and neuro-
fibrillary tau tangles (NFTs), aggregates of misfolded proteins, throughout the 
brain. Both genetics and environmental factors are believed to play a role in AD. 
While there are a small number of cases due to dominant genetic mutations (5–7), 
a majority of AD cases are sporadic and have no single genetic cause. Environmental 
and metabolic risk factors such as diabetes, cerebrovascular disease, poor diet, 
head injury and stress are linked to increased dementia risk. The leading hypoth-
esis as to how AD begins and progresses, the amyloid hypothesis, though quite 
widely accepted, leaves many questions. In particular it remains unclear “what is 
the best drug target?” and “what lies upstream of the rise in amyloid-β (Aβ) in 
sporadic cases?.” We still lack a fundamental understanding of how AD comes to 
fruition, and therapies to help individuals fight the disease. AD is a chronic dis-
ease manifesting as loss of memory, language, cognition and problem-solving 
skills, changes in behavior and ultimately death. While the primary signs are 
memory loss and executive dysfunction, they are often preceded by changes in 
language and vision (8). Additionally, not all types of memory are equally affected. 
People with AD have severely impaired episodic, semantic and working memory, 
yet long-term memory, such as procedural memory, tends to remain intact (9, 10). 
Clinically, AD is classified into seven stages (Table 1) (11). Patients often die 3–10 
years after onset of symptoms (12) with complications arising from immobility, 
such as pneumonia or blood clots (13, 14).

TABLE 1 The seven clinical stages of Alzheimer’s disease 
(Global Deterioration Scale) (11)

Symptoms and characteristics

Stage 1 Persons appear cognitively normal, but pathological changes are happening in the brain.

Stage 2 Prodromal stage: mild memory loss, but generally this is indistinguishable from normal 
forgetfulness.

Stage 3 Progression into mild cognitive impairment (MCI). Individuals may get lost or have 
difficulty in finding correct wording.

Stage 4 Moderate dementia; poor short-term memory. Individuals forget some of their personal history.

Stage 5 Cognition continues to decline and at this point individuals need help in their daily lives. 
They suffer from confusion and forget many personal details.

Stage 6 Severe dementia. Requiring constant supervision and care. Patients fail to recognize many 
of their family and friends and have personality changes.

Stage 7 Individuals are nearing death. They show motor symptoms, have difficulty 
communicating, are incontinent and require assistance in feeding.
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ETIOLOGY

Both genetic and environmental risk factors play a role in the manifestation of AD. 
The greatest risk factor is age. At age 65, the likelihood of having AD is about 3%, 
rising to over 30% by age 85 (15). The incidence of AD under the age of 65 is less 
certain, but estimates suggest that this age group accounts for around 3% of AD 
cases (15). Although overall numbers are increasing with the ageing population, 
age-specific incidence appears to be falling in several countries (16–18).

AD can be classified by when the disease manifests, and whether it is inherited. 
Early-onset Alzheimer’s disease (EOAD) occurs before age 65, whereas late-onset 
Alzheimer’s disease (LOAD) accounts for over 95% of cases (19) and manifests 
beyond age 65. Familial AD shows Mendelian (usually dominant) inheritance, 
while sporadic AD shows no simple familial link (20). Nearly all EOAD are famil-
ial as these cases are due to mutations in APP, PSEN1 or PSEN2, and a vast major-
ity of LOAD are sporadic. Genome wide association studies (GWAS) and 
sequencing have now provided more than 20 risk loci in total that contribute to 
sporadic cases (21), but often there is no identifiable genetic cause.

Aβ precursor protein

Aβ precursor protein (APP) was the first gene shown to have autosomal dominant 
mutations causing AD. As the precursor of the aggregated peptide in amyloid 
plaques, its discovery in 1991 by John Hardy and colleagues (5) led to the “amy-
loid hypothesis,” which states that the toxic build-up of Aβ starts a cascade of 
events, leading to neuronal death and disease (22, 23). There are now over 50 
known APP mutations, accounting for approximately 10% of familial cases. 
Widely studied ones include the London (V717I) (24), Swedish (KM670/671NL) 
(25), Indiana (V717F) (26) and Artic (E693G) (27) mutations, and most cluster 
around cleavage sites for β and γ-secretase (28). Research suggests that many of 
these mutations increase Aβ production, or the Aβ 42:40 ratio, leading to increased 
amyloid accumulation. In very rare instances, APP duplication or promoter muta-
tions can cause AD (29, 30). Interestingly, studies have also found that there is an 
APP mutation (Icelandic—A673T) which lowers Aβ and protects against AD (31).

Presenilins

Presenilin 1 (PSEN1) and Presenilin 2 (PSEN2) encode the catalytic components of 
γ-secretase, an enzyme complex involved in APP processing (32). Presenilin muta-
tions cause autosomal dominant AD, with PSEN1 variants being the most commonly 
known Mendelian genetic cause, estimated to account for around 30–50% of familial 
EOAD cases (33, 34). Research shows that PSEN1 and PSEN2 mutations alter Aβ 
production, similar to APP mutations (35) but paradoxically tend to confer loss of 
function, raising questions as to how this fits the amyloid hypothesis (36, 37).

Other genetic risk factors

Other genes known to have variants associated with AD risk include TREM2 (38), 
APOE (39), CLU (40–42), SORL1 (43), BIN1 (42) and PICALM (40, 42). APOE 
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(apolipoprotein E) is a protein involved in fat metabolism, and its E4 allele is the 
most common genetic risk factor for AD with an allele frequency of ~13.7% (44, 
45). Heterozygosity for this allele increases the risk 3-fold (39). Although rarer, 
the variant TREM2R47H (triggering receptor expressed on myeloid cells 2) has a 
similar effect size (46). TREM2 is a receptor expressed on multiple cell types of the 
immune response, and its association supports a role for inflammation in AD 
pathogenesis.

Down syndrome

By age 65, up to 80% of Down syndrome (DS) individuals develop dementia (47). 
As with other instances of EOAD, amyloid and tau pathology begin much earlier 
than in LOAD, even at <40 years of age (48–50). DS results from the trisomy of 
chromosome 21, where the APP gene is located, and having three copies of this 
gene is sufficient to increase Aβ levels. However, the increased risk of developing 
the disease may also be due in part to triplication of other genes on chromosome 
21 (47, 51, 52).

Inflammation

Sporadic AD often results from a combination of genetic and environmental 
risk factors, with cerebral hypoperfusion (53) and inflammation (54) being 
among the most common. Inflammation due to trauma, sepsis and infection 
has been linked to both short- and long-term cognitive impairment (55–57). 
Traumatic brain injury, and even bone fractures in the elderly, are implicated 
in dementia risk (58, 59). Higher levels of inflammatory markers such as 
interleukin 6 (IL-6) associate with greater risk of AD and vascular dementia 
(60). AD patients often have higher levels of certain inflammatory markers 
and activated microglia and astrocytes in the brain, which tend to surround 
plaques and tangles (61, 62). Finally, higher levels of these markers are associ-
ated with faster cognitive decline (63).

Cerebral, cardiovascular disease and diabetes

There is a strong link between vascular disease and dementia. Cardiovascular 
disease, including high blood pressure and heart attack, and cerebrovascular dis-
ease such as ischemia are associated with increased risk of AD (64). Metabolic and 
lifestyle risk factors for developing vascular diseases, including poor diet, obesity, 
high cholesterol and sedentary lifestyle, are also risk factors for dementia (65, 66). 
Poor diet and high cholesterol can produce metabolic changes both systemically 
and in the brain, and alter oxygen levels (67). Additionally, type 2 diabetes 
approximately doubles the risk for dementia (68–70).

Other environmental risk factors

The list of environmental and metabolic risk factors discussed here is not intended 
to be comprehensive, especially as the nature of epidemiology in populations with 
diverse genetics and lifestyle means that important mechanisms will not always 
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generate conclusive evidence. Other risk factors implicated include pollution, 
stress and heavy metal exposure (71–76). Many of these risk factors share some 
common characteristics with one another which can thus make it difficult to 
determine how their presence affects the brain. Some may act through similar 
mechanisms, such as inflammation or oxidative stress, which will be discussed 
later in this chapter.

NEUROPATHOLOGY

AD is characterised by synapse loss, followed by the atrophy of neurons through-
out the cerebral cortex, with the medial temporal lobe being the most severely 
affected (77–79). Pathology appears to start within the hippocampus and entorhi-
nal regions and spreads subsequently throughout the fronto-temporal cortices. It 
reaches as far as the striatum and thalamus, usually with sparing of the cerebellum 
(80–83). On a macroscale level, MRI scans show shrinkage of these regions (84). 
In particular, pyramidal cells of the CA1 of the hippocampus are vulnerable to 
morphological changes and cell death, consistent with the main symptom of 
memory loss (85, 86). The appearance of Aβ plaques and NFTs precedes clinical 
symptoms suggesting that by symptom onset, there have been years of pathologi-
cal changes making early intervention difficult.

Aβ plaques

Senile plaques are primarily made of a variety of 36–43 residue-long amyloid 
peptides that undergo fibrilization to form Aβ sheets that are resistant to deg-
radation (87). They often co-localize with neuronal debris and activated 
microglia and astrocytes (88), and first appear in the frontal, temporal and 
occipital lobes of the neocortex. They spread throughout neocortical areas as 
well as the hippocampal formation and entorhinal region, and eventually 
spread further throughout the cerebral cortex to the striatum and thalamus 
(83) (Figure 1). Amyloid pathology appears to precede that of tau, with NFTs 
only being found in regions where amyloid was already present. Numerous 
studies have shown that cognitively unimpaired elderly individuals can also 
have significant Aβ deposition (89–91), while on the contrary, others have 
reported a correlation of deposition to cognitive decline (92) and dementia 
severity (93). A recent study has more specifically shown that differences in 
Aβ oligomer concentration may be a better correlate of disease (94, 95). It is 
likely that differences in methodology are responsible for the varying conclu-
sions from these studies. It has also been suggested that cognitively normal 
persons with high plaque levels may have “prodromal” disease, with Aβ 
pathology that precedes cognitive changes (96, 97).

Neuronal fibrillary tau tangles

NFTs are intraneuronal aggregates of hyperphosphorylated tau protein, encoded 
by the microtubule associated protein tau (MAPT) gene (98) (Figure 1). NFTs are 
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composed of paired helical fragments (PHFs) of tau fibrils approximately 20 nm 
in diameter (Figure 2). Like plaques, they spread throughout the brain as disease 
progresses, beginning near the entorhinal cortex. Braak staging is commonly used 
as a means of defining the progression of disease as determined by tau pathology. 
In stages I–II, tangles appear in the trans-entorhinal region; in stages III–IV, tan-
gles have spread to the limbic system and start to show in the neocortex; in stages 
V–VI, pathology is present throughout the neocortex (83) (Figure 1). In addition 
to AD, several other neurodegenerative diseases are classified as tauopathies due 
to the presence of NFTs; these include Parkinson’s disease, progressive supranu-
clear palsy, corticobasal degeneration and frontotemporal dementia (FTD) (99). 
While aggregates of amyloid and tau have both been associated with neuronal loss 
and toxicity, they have a poor correlation with cognitive decline as AD progresses. 
On the contrary, the loss of synapses is one of the strongest correlates to cognitive 
decline in AD (100). Familial cases and PET imaging have allowed us to identify 
changes in both Aβ and tau prior to changes in brain structure and symptom 
onset (101). A combination of psychological and cognitive testing, scans and CSF 
and blood tests (to rule out other neurological disorders) are required to obtain 
the diagnosis of AD. Ultimately though, definitive confirmation of the disease 
requires post-mortem histopathology.

A C

Amyloid Tau

B

Figure 1. Amyloid and tau pathology. (A) Thioflavin S staining of Aβ plaques in the cortex of a 
CRND8 APP transgenic mouse. (B) AT8 staining of neurofibrillary tau tangles (NFTs) within an 
aged human CA1 region of the hippocampus. (C) The spread of amyloid and tau pathology 
throughout the brain during AD, adapted from Braak and Braak 1991 (83).
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PATHOGENESIS

The mechanism of AD pathology and neuronal loss remains elusive. The roles of 
both Aβ and tau have been extensively researched in the past few decades, yet we 
are still unsure of their role in disease. A variety of mechanisms have been pro-
posed to explain what occurs in the pathogenesis of AD. It is possible that differ-
ent combinations of risk factors in different patients activate the disease in different 
ways, and that these converge on a common pathway of degeneration.

Aβ and APP

The amyloid hypothesis remains the dominant hypothesis in AD research due to 
the causal mutations found in both APP and presenilin genes. APP is processed via 
either the amyloidogenic or non-amyloidogenic pathway. For Aβ, APP is sequen-
tially cleaved by the β- and γ-secretases, releasing the peptide into the cytosol 
(Figure 3). Functions of APP and Aβ are largely unknown, but they are thought to 
play a role in signal transduction for neuronal development, growth and survival 
(102, 103). While genetic mutations may explain Aβ accumulation in EOAD, it is 
still unclear how this occurs in LOAD. Aβ accumulation has been proposed to 
cause neuronal death via a number of mechanisms, including excitotoxicity, syn-
aptic disruption, oxidative stress and mitochondrial dysfunction. Excitotoxicity 
can occur when NMDA receptors are continually activated, either by Aβ directly 
or by a downstream mechanism. In conjunction with synapse loss, both AD 
patients and animal models show reductions in the synaptic proteins synaptophy-
sin and PSD-95 (104–108). Aβ oligomers accumulating in an AD brain (109) may 
be even more toxic than fibrils or plaques. Soluble oligomers appear to amass in 
a different manner compared to plaques and appear early in pathogenesis (110). 
Oligomers can disrupt cognitive function (111) and inhibit long-term potentia-
tion (LTP) (112) in vivo, and can be neurotoxic (113) in vitro. Interestingly, oligo-
mers tend to cluster near synapses (114) and can induce synapse loss and 
dysfunction (115). It has also been suggested that changes in another APP 

Figure 2. Microtubule-associated protein Tau (MAPT) aggregation results in the accumulation of 
neurofibrillary tau tangles (NFTs). Tau is believed to play a role in the stabilization of 
microtubules. Hyperphosphorylated tau polymerization leads to the creation of insoluble 
paired helical fragments (PHFs), which further aggregate into NFTs.

Tau binds to
microtubles
providing
support

Tau monomers Tau oligomers Paired helical
fragments (PHF) of

hyperphosphorylated
tau

Neurofibrillary
tangle (NFT)
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processing product could be a contributor to AD (103). Though many APP mouse 
models present with aspects of AD pathology, most fail to fully recapitulate the 
neurodegeneration seen in the human AD brain. While this most likely reflects 
inter-species differences, it also raises questions about the relative importance of 
APP/Aβ in driving dementia (116).

NFTs and Tau

While no MAPT mutations are associated with AD, causal mutations in tau have 
been found for other neurodegenerative diseases such as FTD, suggesting that tau 
dysfunction and aggregation can be neurotoxic. Tau’s major role is thought to be 
that of a cytoskeletal protein, interacting with tubulin to help assemble and stabi-
lize microtubules (117). In humans there are six isoforms of tau generated by 
alternative splicing of exons 2, 3 and 10. The incorporation of exon 10 leads to 
four microtubule-binding repeats (4R tau) instead of three (3R tau), altering how 
tightly the protein binds to microtubules and its propensity to aggregate (118). 
Healthy adult humans express similar amounts of 3R and 4R tau. Research has 
shown that the ratio between the two may impact disease, with higher 4R iso-
forms leading to greater degeneration. In AD, there is a higher ratio of 4R to 3R, 
and reported downstream consequences include transcriptional alterations in the 
Wnt signaling pathway (119) and altered axonal transport (120). Prior to NFT 
formation, tau becomes hyperphosphorylated, and tau phosphorylation not only 
plays a large role in regulating tau function, but could be the key change resulting 
in the accumulation, and potential toxicity, of this protein. In fact, multiple tauop-
athy mutations cause tau to be more readily phosphorylated (117).

Mutant tau mouse models have shown that mutations in this gene can result 
in severe neurological phenotypes (121, 122). Tau has been hypothesized to 
induce neurotoxicity via loss of function, gain of function and/or mis-localization. 
Loss of function of tau occurs when tau is no longer able to stabilize microtubes 
having an impact on neuronal cytoskeleton, and similarly could lead to deficien-
cies in axonal transport (123, 124). Higher levels of tau have also been shown to 

Figure 3. Post-translational processing of Aβ precursor protein (APP) is thought to occur at the 
cell surface or within endosomes. It includes cleavage by either α- then γ-secretase 
(non-amyloidogenic), or β- then γ-secretase (amyloidogenic pathway).
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inhibit vesicle and organelle trafficking, including those carrying APP, and increase 
levels of oxidative stress (125), as well as have an effect on axonal transport (126). 
The mis-localization of tau to dendritic spines has been shown to effect cognition 
and synapses in vivo (127, 128). As with APP, it remains unclear as to exactly how 
tau influences disease progression, but interestingly, Aβ induced toxicity and 
impairment in LTP has been found to be a requirement for the presence of endog-
enous tau (129, 130). It has also been suggested that tau and Aβ work together to 
result in transcriptional deficits (131) and synaptic changes (132) in AD.

Mitochondrial dysfunction and oxidative stress

One of the many processes that is compromised in AD is mitochondrial function. 
Alterations in mitochondrial morphology, number and transport, reduced cyto-
chrome oxidase activity, deficiencies in metabolic proteins, changes in mitochon-
drial membrane potential and an increase in oxidative stress have been observed 
in AD (133, 134). Neurons are highly dependent on mitochondria, and mito-
chondria accumulate at synapses, helping to power their high metabolic demand. 
The high level of ROS production which occurs at synapses, in conjunction with 
insufficient antioxidants, can lead to oxidative stress (134). In addition, the brain 
is composed of high levels of cholesterols, which are also very vulnerable to oxida-
tive damage (135). Thus, the high energy demands of the brain and its high lipid 
concentration naturally put it at risk for oxidative damage. Rather than aging driv-
ing amyloid pathology, as in the case of the amyloid hypothesis, the mitochondrial 
cascade hypothesis proposes that genetic and environmental factors determine 
the rate of mitochondrial decline, which in turn determines the rate of aging and 
subsequently AD (133). In terms of EOAD, APP or Aβ induces mitochondrial 
deficits, inducing an increase in the rate of aging, thus making some people sus-
ceptible to AD. This has been suggested as a potential link between EOAD and 
LOAD pathogenesis (136). Supporting this hypothesis, Thy-1-APP mice show 
reduced mitochondrial membrane potential and ATP synthesis and increased 
ROS production (137). Similarly, transgenic APP mice have shown an increase in 
Aβ within synaptic mitochondria, leading to dysfunction and oxidative stress 
prior to plaque accumulation (138). Paradoxically, oxidative stress, a by-product 
of mitochondrial deficiency, has been known to affect β-secretase activity (139), 
which in turn could alter Aβ production.

Insulin

Insulin resistance and a decrease in insulin receptors have been observed in the 
AD brain (140). Late stages of diabetes also result in insulin resistance in the 
brain. As cells are heavily dependent upon glucose metabolism for energy produc-
tion, this can lead to energy deficiencies, potentially leading to oxidative stress. It 
has also been shown that insulin plays a role in neurotransmission (141) and can 
be neuroprotective during insults such as ischemia (142). Additionally, it has been 
reported that insulin and metabolic inhibitors result in increased levels of 
β-secretase in both wild-type and Tg2576 mice (an APP transgenic model). In 
Tg2576 mice, this also resulted in an increase in Aβ levels (143). Yet, as others 
report a protective role of insulin, it is likely that there is a certain level of this 
hormone which allows the brain to function optimally.
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Hypoglycemia and vascular dysfunction

In addition to insulin resistance, the link between diabetes and AD could be due 
to changes in metabolic proteins, glucose receptors/transporters or even hypogly-
cemia due to over-medication. Glucose metabolism decreases in the normal aging 
brain (144) and even further in the AD brain (145). It has also been reported that 
there is a decline in the expression of glucose transporter at the blood brain bar-
rier (BBB) in both AD patients and animal models of AD (146, 147), as well as in 
aged wild-type mice (147, 148). In addition, insulin-induced hypoglycemia has 
also been shown to cause neuronal death in vitro and in vivo (149). Glucose depri-
vation can elevate tau levels in vitro (150), and hypoglycemia has also been linked 
to increases in oxidative stress (151). Hypoglycemia could also be the link between 
cardiovascular and cerebral-vascular diseases and dementia, but whether it be 
hypoglycemia, hypoxia, a change in another blood component or a combination 
of these which increases one’s risk of disease is still unknown. Finally, abnormal 
angiogenesis and alterations of vasculature, including changes in blood flow, have 
been shown in AD patients and animal models of the disease (152–154).

Inflammation

The role of inflammation is a more recent topic of interest in the AD field. As dis-
cussed previously, people with inflammation are more likely to develop dementia, 
and dementia patients with higher levels of inflammatory markers tend to deterio-
rate more rapidly. Studies in animal models have shown that inflammation can 
result in cognitive impairment (155), as well as neuronal damage and synaptic 
loss in vivo and in vitro (156–159). Although inflammation and the activation of 
microglia are thought to play a neuroprotective role in acute circumstances, in the 
long term, this may lead to neurotoxicity, and an increase in Aβ load (155, 160, 
161). Aβ itself is thought to activate microglia, attracting them to plaques and 
enhancing phagocytosis (162–164). Potentially, microglial response to Aβ is pro-
tective, but after chronic activation, the microglia begin to play a detrimental role, 
resulting in a feed-forward loop of degradation (54). Similarly, it has been shown 
that increased ROS levels increase inflammatory markers, and that immune cells 
influence the production of ROS (165–168), demonstrating the complex inter-
play between Aβ, oxidative stress and inflammation.

Tau pathology also appears to be influenced by (169, 170), and have an effect 
upon (171, 172), inflammation. Research looking at the ability of microglia to 
phagocytose tau aggregates is conflicting, potentially due to microglia playing an 
initial role in clearance, but losing their ability to maintain this over extended 
periods (173). And finally, it has been reported that altering expression of TREM2, 
which plays a role in inflammation, may have an effect on Aβ levels and plaque-
associated macrophages (174).

Ubiquitin-proteasome system

The ubiquitin-proteasome system (UPS) is involved in the degradation of mis-
folded and excess proteins. It is particularly important for synapse function, where 
there is high protein turnover (175). Proteins to be degraded go through an 
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enzymatic process where they are labelled with a polyubiquitin chain which is 
recognized by the proteasome (176), and subsequently broken down. The protea-
some targets monomeric proteins, so is not thought to break down plaques or 
tangles, but both have been shown to potentially inhibit proteasome activity 
(177). This could lead to a toxic build-up of excess and misfolded proteins in the 
brain, and more specifically synapses.

Autophagy lysosome pathway

Autophagy and lysosomal dysfunction are also proposed mechanisms of AD 
pathogenesis. Autophagy is involved in tau clearance (178), and plays a role in 
both the generation and clearance of Aβ. APP amyloidogenic processing involves 
trafficking through the endo-lysosomal pathway (179). Several genes implicated 
in AD including BIN1, SORL1 and PICALM are involved in endosomal recycling, 
and studies have reported that each may directly play a role in APP endosomal 
processing (95, 180, 181).

Cholinergic hypothesis

The cholinergic hypothesis was one of the first proposed theories on the manifes-
tation of AD (182, 183). This came to fruition due to abnormal levels of acetyl-
choline in the AD brain. Cholinergic neurons of the basal forebrain are one of the 
earliest affected by AD and there is a decrease in choline acetyltransferase (ChAT) 
transcription and activity in remaining neurons. Studies have also shown a rela-
tionship between acetylcholinesterase (AChE) and Aβ accumulation (182). 
However, as the AD field has moved forward there has been difficulty in linking 
acetylcholine with other AD pathologies. Indeed, pyramidal neurons are lost in 
greatest numbers in regions with plaques and tangles and these are, for the most 
part, glutamatergic neurons (184).

CONCLUSION

Although we have amassed a vast amount of knowledge in the search for a central, 
unifying mechanism behind dementia and AD, we are still lacking suitable therapies 
to help slow down the progression of disease. The amyloid hypothesis remains the 
dominant theory, yet drugs aimed at lowering Aβ levels have been largely unsuc-
cessful. The possibility of NFT and plaque-load being correlative rather than caus-
ative with disease progression is entirely possible. There is much overlap between 
many of the risk factors, both genetic and environmental, and the known pathogen-
esis, highlighting the complexity of dementia. Similarly, we lack a firm understand-
ing of how familial EOAD and sporadic LOAD ultimately produce the same 
neurodegenerative outcome. By enhancing our understanding of AD etiology, 
pathology and pathogenesis, we hope to one day find an effective therapy.
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Abstract: Neurodegenerative diseases, in particular Alzheimer’s disease, represent 
significant unmet medical needs due to a lack of effective therapeutic treatment 
options and cause a substantial burden for health care systems. Accumulation of 
β-amyloid peptides within the brain is believed to be an initial trigger of the dis-
ease process. In the last 20 years, immunotherapy has emerged as a promising 
target-directed strategy to develop efficient treatment options with disease-modi-
fying potential. Unfortunately, either active vaccination against β-amyloid or its 
fragments, as well as passive immunization using monoclonal antibodies, have 
largely failed to show a clinical benefit in a variety of clinical trials. This chapter 
addresses progress and developments with regard to active and passive immuni-
zation against Aβ and summarizes the current state of clinical trials.

Keywords: Alzheimer’s disease; amyloid; immunization; immunotherapy; mono-
clonal antibodies
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INTRODUCTION

With an estimated 50 million people affected worldwide, Alzheimer’s disease (AD) 
is the most frequent cause of dementia, accounting for about 60–80% of all cases 
(1). The incidence is expected to increase in the next decades, due to the rapid 
increase of age in the population of the developing nations, possibly reaching 152 
million cases by 2050 (1). Despite numerous and continuous efforts to find an 
effective cure, no drug has been approved for AD in the last 17 years (2). 
Additionally, the currently available therapies, comprising cholinesterase inhibi-
tors and N-methyl-D-aspartate receptor agonist, do not modify the underlying 
pathophysiology of the disease and offer only modest, symptomatic and transient 
effects (3, 4). The amyloid cascade hypothesis is still widely considered the main 
theory for the pathology of AD (5), supported by the discovery of genetic autoso-
mal dominant mutations in the amyloid precursor protein (APP), presenilin 1 
(PSEN1) or presenilin 2 (PSEN2) genes in patients with early onset AD (EOAD), 
resulting in an enhanced formation and accumulation of amyloid-β (Aβ) peptides 
in plaques (6). Aβ accumulation in the brain, which starts 15–20 years before the 
manifestation of clinical symptoms, is believed to be the starting point for the 
progression of AD, driving tau phosphorylation and leading to synaptic and neu-
ronal loss, which ultimately translates to cognitive impairment. The cascade 
hypothesis has been revised and modified due to, among other reasons, lack of 
correlation between fibrillary Aβ aggregates and AD severity (7). The focus shifted 
to intraneuronal Aβ accumulations as a site of Aβ toxicity (8) or oligomeric forms 
of Aβ, which are considered the toxic and pathogenic driving force in AD (9). The 
cascade hypothesis is the rationale for the development of passive and active 
anti-Aβ immunotherapy strategies, targeting both fibrillary aggregates and soluble 
forms of Aβ. Reducing Aβ burden by employing monoclonal antibodies (mAb) 
appears a straightforward and appealing strategy to slow or prevent the progres-
sion of the disease. Numerous antibodies have been tested so far and are currently 
under investigation in clinical trials; however, the outcomes of the past two 
decades have been disappointing. Though some antibodies, such as bapineu-
zumab and aducanumab, appeared to clear parenchymal amyloid (10, 11), failure 
to meet the primary endpoints or the occurrence of adverse side effects such as 
vasogenic edema and/or microbleeding (12) caused the termination of the ongo-
ing trials for most of the tested mAb. The reasons for the disappointing outcomes 
could also be imputable to factors independent from the actual mode of action of 
the tested mAbs. An inaccurate selection of trial patients, leading to huge varia-
tions in cognitive and clinical decline during the trial period, as well as a late 
intervention and insensitive efficacy measures are potentially confounding factors. 
Proper target engagement (e.g. soluble, monomeric, dimeric, oligomeric, fibrillary 
Aβ) is also a critical aspect that needs to be addressed.

Aβ GENERATION AND AMYLOID CASCADE HYPOTHESIS

The vast majority of AD cases are of sporadic origin, occurring beyond 65 years of 
age with an unknown cause. While mutations in APP or the PSEN genes have 
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been linked to early-onset autosomal dominant forms of familial AD (FAD) with 
an early disease onset (13, 14), so far, only genetic risk loci have been identified 
as potentially involved in APP processing or β-amyloid peptide generation in spo-
radic cases (15). APP is a single-pass transmembrane protein, and Aβ peptides are 
generated via a series of consecutive proteolytical cleavage steps from this larger 
precursor protein (16). The generation of Aβ peptides from its precursor APP is 
linked to the so-called amyloidogenic processing pathway, which is initiated by 
β-secretase cleavage. This cleavage is predominantly carried out by an aspartic 
protease named β-site APP cleaving enzyme (BACE1) (17), resulting in the release 
of a soluble APP fragment (sAPP-β) and a slightly longer APP C-terminal fragment 
of 99 amino acids (CTF-β). Further cleavage by γ-secretase, a protein complex 
consisting of PSEN1/2 among others (18), releases Aβ peptides. This complex is 
able to cut APP at slightly different positions, mainly resulting in the production 
of ~90% of Aβ1–40 and less than 10% of Aβ1–42 under basal conditions (19), but 
also shorter as well as slightly elongated Aβ peptides (Aβ37 – Aβ43) (20). Processing 
by BACE1 and γ-secretase generates full-length Aβ peptides starting with an 
aspartic acid residue at position 1 (mainly Aβ1–40 and Aβ1–42). While most research 
efforts have concentrated on the full-length peptide species Aβ1–40 and Aβ1–42, 
there is accumulating evidence that a variety of other N- and C-terminally modi-
fied Aβ peptides may play an important role in the disease process (21–23).

The accumulation of Aβ peptides is regarded as one of the central processes 
underlying the neuropathological changes in AD. Almost 30 years ago, the amy-
loid cascade hypothesis was formulated, theorizing that Aβ accumulation is the 
initial event triggering further pathological alterations such as tau phosphoryla-
tion and neurofibrillary tangle formation, neuron and synapse loss, as well as 
cognitive impairment (5). While research efforts initially focused on fibrillar Aβ 
deposits in the form of extracellular plaques, the significance of soluble Aβ 
 species (24, 25), mainly in the form of oligomers, became more and more 
 recognized. They may directly injure synapses and neurites of brain neurons 
(26, 27), in addition to activating microglia and astrocytes (9). These metastable 
oligomeric forms likely exist in an equilibrium with amyloid plaques and con-
sist of cross-β-sheet Aβ peptide units of variable size, including protofibrillar 
intermediates (28, 29) (Figure 1).

MECHANISM AND PRINCIPLES OF (AMYLOID-β) 
IMMUNOTHERAPY

Immunotherapy focuses on the generation (in case of active) or use (in case of 
passive) of antibodies targeting a specific antigen, Aβ in this specific context, 
counteracting the disease by activation of the immune system. In active immuni-
zations, a vaccine containing the Aβ-antigen is administered usually intramuscu-
larly. Depending on the type of antigen used, a humoral response with B-cell and 
helper T-cell (TH) involvement, cytokine secretion and production of polyclonal 
antibodies, and/or a cell-mediated immunity response with the activation of 
phagocytes (antigen-specific cytotoxic T-lymphocytes) is induced. T-cell popula-
tions can be further divided into cytotoxic T-cells, which kill target cells by 



Zampar S and Wirths O26

inducing apoptosis, macrophage-activating proinflammatory Th1 cells, and Th2 
cells that stimulate B-cells into antibody-producing cells (30).

In passive immunization, monoclonal antibodies (mAb) against specific Aβ 
forms are administered by intravenous infusions or subcutaneous injection. In 
both cases, the antibodies are at first peripherally located and are required to pass 
the blood–brain barrier (BBB), greatly restricting the transport of antibodies, in 
order to reach the brain parenchyma. The access route for immunoglobulins has 
not been clearly identified yet, but could comprise passive diffusion, the lym-
phatic system, and perivascular spaces. The absence of active transport systems 
for antibodies, the presence of receptors (such as the neonatal Fc receptor) acting 
as a pump to remove antibodies in the central nervous system (CNS), as well as 
other not yet understood clearance mechanisms, are reasons why only a small 
fraction of antibodies (approximately 0.1%) introduced into the peripheral circu-
lation can be detected in the brain or cerebrospinal fluid (CSF) (31). The presence 
of a large number of antibodies in the periphery could also act as a driving force 
for the efflux of Aβ out of the CNS, likely by changing the dynamic equilibrium 
between Aβ in the blood and the brain. Antibodies might therefore act as a periph-
eral Aβ “sink,” creating a concentration gradient that attracts monomeric Aβ out 
of the CNS via passive diffusion mechanisms (32). In the brain parenchyma there 

Figure 1. Proposed targets of anti-amyloid-β (Aβ) drugs used in active and passive immunization 
approaches (modified from (2)).
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are several mechanisms, that are not mutually exclusive, by which the humoral 
response could exert its effects (33), and the Aβ epitope against which the anti-
body is directed (monomeric, oligomeric, fibrillary Aβ) may lead to a preferred 
mechanism over another. The antibodies could directly be responsible for the 
disassembly of Aβ deposits in the brain (34) or prevention of reassembly and 
inhibition of toxicity, as shown by in-vitro experiments (35, 36). Direct binding to 
Aβ oligomers, thus neutralizing their toxicity, is also a putative mechanism (37). 
The clearance of Aβ could also be enhanced by the antibodies through microglial 
activation, leading to Fc-mediated (32) or Fc-independent phagocytosis (38) 
(Figure 2). Peripherally, large immunoglobulin IgM, which is able to cross the BBB 

Figure 2. Proposed mechanisms of anti-amyloid-β (Aβ) antibodies. Antibodies might either 
directly target Aβ assemblies, leading to a neutralization of Aβ toxicity (A), or activate 
microglia, resulting in Fc-receptor (FcR) mediated phagocytosis (B). Alternatively, antibodies 
might not enter the brain but create a concentration gradient between the brain and the 
blood, leading to Aβ removal via a peripheral sink mechanism (C) (modified from (121)).
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to a lesser extent compared to IgG but is likely involved in the already-mentioned 
peripheral-sink effect, is believed to directly hydrolyze Aβ (39). The specific 
advantages and disadvantages of active and passive immunization are described in 
the next paragraphs.

ACTIVE AMYLOID-β-DIRECTED IMMUNOTHERAPIES

In active immunization, immunity is achieved following exposure to an Aβ anti-
gen that causes the generation of antibodies in the recipient. It engages the cellular 
and humoral immune system, including T and B cells. Typically, an active vaccine 
is comprised of an antigen (alone or conjugated to a non-self T helper cell  epitope) 
combined with an immune boosting adjuvant to ensure high antibody produc-
tion. An advantage of active immunization is that with few vaccinations the patient 
should be able to produce a prolonged antibody response. The variability of the 
induced response across patients is, on the other hand, a problematic aspect, 
especially when dealing with elderly individuals. Adverse side effects may occur 
after active immunization: when a T-cell response is induced, the risk of an abnor-
mal immune response increases. With age, the competency of the immune system 
reduces and the probability of developing autoimmune responses is enhanced. 
Additionally, vaccines lead to the formation of polyclonal antibodies, which can 
recognize multiple and possibly overlapping epitopes on the target protein. 
Polyclonal antibodies may be problematic in case the goal is the recognition of a 
specific form of the antigen.

The first effort to explore active immunization as a possible therapy for AD was 
made in 2001 with a vaccine called AN1792, consisting of synthetic full-length 
Aβ1–42 peptide with QS-21 adjuvant. Despite initial positive findings in an APP-
overexpressing mouse model (40), the phase II clinical trial in individuals with 
mild-to-moderate AD was interrupted, as 6% of the treated patients developed a 
T-cell-mediated meningoencephalitis (41). Additionally, only 20% of patients pro-
duced antibodies above the preset therapeutic cut-off titration level and clinical 
outcomes were no better than those of the placebo-treated control subjects (42). 
Despite the cessation of the trial, several follow-up studies were carried out as 
post-mortem brain samples from trial participants became available. 
Neuropathological analyses from AN1792 recipients in general showed a lower 
mean Aβ load compared to an age-matched unimmunized control group. The 
degree of plaque removal varied among immunized patients along with mean 
antibody response, and no evidence of improved survival or delay in the develop-
ment of severe dementia was observed (43). It was further reported that immu-
nized patients showed several-fold increases in Aβ42-containing blood vessels in 
the cerebral cortex and leptomeninges, as well as a higher density of micro-hem-
orrhages. However, no major cerebral amyloid angiopathy (CAA)-related intrace-
rebral hemorrhages were noted and, interestingly, two of the longest survivors 
showed a virtually complete absence of both plaques and CAA (44). Further 
 studies revealed that active immunotherapy with AN1792 was associated with 
wall splitting in leptomeningeal vessels (45) and an accelerated loss of damaged 
degenerating neurons, an observation consistent with imaging data indicating 
an  increased rate of cerebral atrophy among immunized AD individuals (46). 
A recent study reporting on post-mortem data from two AD patients who died 
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14  years after immunization revealed that these patients remained virtually 
plaque-free, however, an extensive overall distribution of neurofibrillary tangles 
(Braak stage V/VI) was observed (47).

In order to control the immune response by eliciting a strong antibody pro-
duction but avoiding inflammatory T-cell activation, second-generation vaccines 
were designed to target more specific epitopes (48). One of these second- 
generation Aβ vaccines, ACC-001 (vanutide cridificar), studied by Janssen 
Immunotherapy and Pfizer, was discontinued in phase II clinical trials, as the 
primary efficacy-biomarker endpoints were found not statistically significant in 
the considered dosage groups (49, 50). The vaccine was composed of Aβ1–7 with 
QS-21 adjuvant, designed to avoid the autoimmune meningoencephalitis caused 
by Th1 lymphocyte activation seen with AN1792, attributed to Aβ residues 
15–42. CAD106 (Amilomotide) was another second-generation Aβ vaccine that 
reached phase II clinical trials involving patients with mild AD. CAD106 is com-
posed of multiple copies of Aβ1–6 peptide, coupled to a Qβ virus-like particle. 
Phase II trials in the United States and Europe ended in 2010 and 2011, support-
ing the favorable safety profile found in phase I trials and reporting prolonged 
antibody titers in responders (51). In a phase IIb trial, 120 patients suffering from 
mild AD received up to 7 intramuscular injections of CAD106 or placebo over 
60 weeks. The vaccine was generally well tolerated and elicited an Aβ-specific 
immune response with an acceptable safety profile and preliminary evidence of 
target engagement by amyloid positron emission tomography (PET) (52). Despite 
a phase II/III trial began in November 2015, set to run until 2023, in September 
2019 Novartis noted in its quarterly financial report that it had “retired” the 
CAD106 program. Several other candidates have been investigated and reached 
different stages of clinical development (Table 1).

ABvac40

ABvac40 is an investigational vaccine targeting the C-terminus of Aβ40. The agent 
comprises multiple repeats of a short C-terminal fragment of the Aβ peptide 
(Aβ33–40), conjugated to the keyhole limpet cyanine (KHL) carrier protein and 
formulated with the adjuvant alum hydroxide. The phase I clinical trials demon-
strated a favorable safety and tolerability profile with no incidence of vasogenic 
edema nor microhemorrhage (53). A phase II clinical trial by Araclon Biotech S.L. 
is ongoing in several European countries to confirm the results and explore the 
clinical efficacy of ABvac40 in patient with amnestic MCI and very mild AD 
(Clinical Trial: NCT03461276) and is due to be completed in February 2022.

ACI-24

ACI-24 is a liposome vaccine that is designed to elicit an antibody response against 
aggregated Aβ peptides. ACI-24 is based on the truncated Aβ1–15 sequence, thus 
avoiding the T-cell epitopes. At each end of the peptide, a palmitoylated lysine 
residue was attached, enabling anchoring the peptide in the lipid bilayer of a lipo-
some adjuvant thus adopting an aggregated β-sheet structure and forming a con-
formational epitope. After promising preclinical results (54), a phase I/II trial 
to  assess safety, tolerability, immunogenicity as well as efficacy of the vaccine 
in patients with mild-to-moderate AD began in 2009 in Denmark, Finland and 
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Sweden. In 2016, ACI-24 became the first anti-Aβ vaccine to be evaluated for the 
treatment of Alzheimer’s disease in Down’s syndrome, and in late 2020 a double-
blind, randomized, placebo-controlled phase II trial to assess the safety, tolerabil-
ity and target engagement in adults with Down syndrome is scheduled to start 
(Clinical Trial: NCT04373616).

Affitope AD02

Affitope AD02 consists of a synthetic peptide of six amino acids mimicking the 
N-terminus of Aβ, lacking the most common T-cell epitopes, but including the B 
cell epitope. This peptide induced an anti-Aβ antibody response when conjugated 
to Keyhole Limpet Hemocyanin and adjuvanted with aluminum (55). In 2009, a 
phase I study was conducted in Austria by AFFiRiS AG and showed a favorable 
safety and tolerability profile 1 year after treatment. A phase II trial of AD02 was 
conducted in Europe between 2010 and 2013 in patients with early AD, but no 
significant treatment effects were seen with AD02. Surprisingly, the placebo group 
receiving a dose of the immunomodulator aluminum oxihydroxide which was 
part of the formulation, then called AD04, showed a significantly reduced cogni-
tive decline correlating with a reduced hippocampal shrinkage (56). The com-
pany declared to be interested in further investigating the potential therapeutic 
effects of AD04; however no further data have been disclosed yet and no further 
activities with regard to AD are listed on the company website.

UB 311

UB 311 is a synthetic peptide vaccine developed by United Neuroscience,  coupling 
a helper T-cell epitope to the Aβ1–14 sequence. The approach aims to stimulate a T 
helper type 2 regulatory immune response over a T helper type 1 proinflammatory 
response (57). In a transgenic AD mouse model (hAPP751), UB-311 reduced lev-
els of Aβ1–42 oligomers and protofibrils, as well as extracellular amyloid plaque load 
(57). In a first-in-human clinical trial in patients with mild-to-moderate AD, each 
participant received three immunizations (300 µg/dose) by intramuscular injec-
tion. The vaccine was well tolerated and showed encouraging improvement in 
ADAS-Cog scores in the subgroup of mild AD patients (57). As a result, a phase-II 
clinical trial started in Taiwan in October 2015 enrolling people with a clinical 
diagnosis of mild AD, which was followed by a safety extension in 2018. A press 
release from United Neuroscience at the beginning of 2019 reported a favorable 
safety profile and promising, yet not statistically significant, changes in the second-
ary endpoints (amyloid PET burden, CDR-SB, ADCS-ADL, ADAS-Cog and MMSE 
[Mini-Mental State Examination]) (58). United Biomedical, as of July 2020, lists 
UB 311 as investigational vaccine but no current clinical trials are registered.

Passive Immunotherapy with Monoclonal Antibodies

In passive immunization, externally produced antibodies are administered 
through intravenous infusions or subcutaneous injections. They can be human-
ized versions of murine mAb evaluated in previous preclinical trials (such as 
Bapineuzumab) or fully human mAbs (like Gantenerumab). In the first group, 
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murine mAbs are modified so that a large part of their protein sequences is simi-
lar to naturally produced human antibody variants, in order to reduce the 
immunogenicity that (foreign) murine antibodies would cause. Fully human 
mAbs are produced for example with transgenic mice that have been genetically 
engineered with the human immunoglobulin locus, while in contrast, human-
ized mAbs are initially generated in wild type mice with the endogenous murine 
immunoglobulin locus (59). Avoiding some of the side effects that the human-
ized murine mAb still possess, fully human mAb are considered safer and more 
effective (60).

The passive immunization strategy allows for a precise titration of the admin-
istered antibodies and a possible rapid clearance in case adverse effects develop, 
but has the disadvantage that repeated infusions/injections over time are required 
to maintain a constant amount of therapeutic antibodies. Passive immunization 
might allow for targeting specific conformations of the Aβ peptide, presumably 
leading to the specific removal of distinct Aβ assemblies such as monomers, oligo-
mers, or fibrils (61). The employment of mAbs against Aβ has been associated 
with the risk of developing amyloid-related imaging abnormalities (ARIAs) as 
severe adverse effects. These abnormalities seen in neuroimaging of AD patients 
comprise “vasogenic edema” and/or sulcal effusion (ARIA-E) and hemosiderin 
deposits (ARIA-H) including microhemorrhage and cortical superficial siderosis 
(62), and are believed to be the consequence of the removal of vascular amyloid 
leading to increased vascular permeability. The development of ARIAs after mAb 
treatment appears to be compound-dependent and dose-related. ARIAs represent 
a core safety issue in immunotherapy trials and challenged the progress of mAbs 
as a treatment for AD. Magnetic resonance imaging (MRI) imaging is used to 
detect active stages of ARIAs in clinical trials, but is not appropriate for predicting 
the risk of developing ARIAs during treatment (63). Currently, efforts to discover 
and use specific biomarkers for ARIAs in clinical trials are being made to better 
manage these severe side effects and reduce the delay caused by this side effect 
often seen in clinical trials (64).

Amyloid clearance in immunotherapy is largely correlated with IgG Fcγ 
Receptor (FcγR)-mediated activation of microglia and antibody-mediated 
phagocytosis, however, these same effects are probably responsible for an 
increased inflammatory response and vascular side effects (ARIAs) observed in 
a variety of studies (65). FcγRs are activated by human IgG1 and mouse IgG2a 
with higher affinity compared to other IgG subclasses. Using a different class of 
immunoglobulin G (e.g. IgG4) could help prevent an excessive microglial acti-
vation, reducing the risk of vascular damage (66). Modification of the effector 
function, such as de-glycosylation, by antibody engineering, was also used as a 
strategy to reduce the incidence of adverse ARIAs (67). Even though the role of 
the antibody effector function in the development of vascular side effects is 
clear, the engaged epitope is also crucial. A comparative study of murine ver-
sions of therapeutic Aβ antibody candidates with a constant IgG2a region 
showed strong differences in their plaque-removing potential, demonstrating 
that the ability of an antibody to remove plaques and activate inflammation is 
critically dependent on its epitope and affinity (68). A variety of antibodies have 
been evaluated in passive immunotherapy approaches and reached different 
stages of clinical trials (Table 2).
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Bapineuzumab

Bapineuzumab is a humanized form of the murine monoclonal antibody 3D6, 
directed specifically towards the N-terminus of the Aβ sequence starting at Asp1 
(69, 70). This antibody of the IgG1 subclass binds fibrillary and soluble Aβ and 
activates microglial phagocytosis as well as cytokine production, aiming to 
reduce plaque formation and promote Aβ clearance (71). Preclinical studies and 
phase I–II clinical trials gave initial promising results. When 3D6 mAb was 
administered to 4-month-old PDAPP mice with i.p. injections of 10 mg/kg/week 
for 12 months, total Aβ deposition was reported to be almost completely 
reduced (72). Although the translatability of these preclinical studies was later 
questioned (73), bapineuzumab was tested in a phase I clinical trial where a 
single ascending dose was administered to patients with mild-to-moderate 
Alzheimer’s disease in order to determine the safety, tolerability, and pharmaco-
kinetics of the mAb (74). MRI abnormalities, consistent with vasogenic edema, 
were observed in 3 out of 10 patients receiving the higher dose of 5 mg/kg, but 
this resolved with time. MMSE scores improved at the lower doses (0.5 and 
1.5 mg/kg) of bapineuzumab compared to the placebo, a finding not observed 
with the highest dose.

In a phase II clinical trial, patients with mild-to-moderate AD were randomly 
assigned to one of four dose cohorts (0.15, 0.5, 1.0, or 2.0 mg/kg) and received 
six infusions 13 weeks apart. The final assessments were performed at week 78 
but no significant differences were found in co-primary efficacy endpoints, the 
ADAS-cog and Disability Assessment for Dementia (DAD). Exploratory analyses 
showed potential treatment differences on cognitive and functional endpoints. 
Differences based on APOE ε4 carrier status were also observed. ARIA-E was 
found in 12/124 treated patients, with a dose and APOE ε4 carrier-dependent 
incidence increase (71). Additional phase II studies reported a reduction in 
exploratory CSF biomarkers T-Tau and p-Tau, the latter being significantly differ-
ent between treated and placebo groups (75). A reduced cortical 11C-Pittsburgh 
compound B (PiB) average uptake, visualized by PET, was also found after 
78 weeks of treatment with bapineuzumab (76). The feasible and tolerable admin-
istration of bapineuzumab, together with evidence that the mAb could be disease 
modifying, led to the actualization of phase III clinical trials.

A four-trial phase III program was launched in North America and Europe. 
The first two double-blind, randomized, placebo-controlled 18-month phase III 
trials tested bapineuzumab in patients with mild-to-moderate Alzheimer’s disease, 
divided into APOE ε4 carriers and non-carriers (71). Bapineuzumab was admin-
istered by intravenous infusion every 13 weeks for 78 weeks at a dose of 0.5 mg/kg 
in APOE ε4 carriers and at 0.5 mg/kg, 1 mg/kg, and 2 mg/kg doses in non- carriers, 
even though the highest dose was soon discontinued due to ARIA-E and ARIA-H 
development. No significant differences were found in the primary outcome mea-
sures (ADAS-cog11 and DAD) between groups. The APOE ε4 carriers group 
showed a modest reduction in PiB PET binding as well as a significant reduction 
of CSF p-Tau when compared to the placebo group. Consistent with the phase II 
data, a dose-related and APOE ε4 carriers-dependent increase in ARIA-E was 
observed. The failure to meet the primary endpoints led to the discontinuation of 
two additional phase III clinical trials and the further evaluation of  bapineuzumab 
as treatment for AD.



Immunotherapy Against Amyloid-β in Alzheimer’s Disease 35

Crenezumab

Crenezumab is a humanized mAb designed on an IgG4 backbone targeting mul-
tiple species of Aβ. Its epitope is located in the central part (~ Aβ13–24) of the 
peptide and it shows particular affinity for pentameric oligomeric and fibrillary 
16mer assemblies of aggregated Aβ (77, 78). A recent study confirmed that it 
detects a variety of full-length and N-terminal truncated Aβ variants in post-
mortem human AD brain samples (70). Limited preclinical data are currently 
published on the efficacy of chronic treatments with crenezumab. The murine 
version of the antibody (mC2) was tested in 18-month Tg2576 transgenic mice 
with a single intracerebral injection of 2 μg of antibody, which did not cause 
significant inflammatory changes (68). In vivo imaging of 10-month-old trans-
genic hAPP(V717I)/PS1 mice showed decreased plaque volumes over a period of 
3 weeks after an intraperitoneal injection of 60 mg/kg antibody (77). The same 
study reported the results of a phase I clinical trial, performed in patients with 
mild-to-moderate AD. No ARIAs were observed either with a single or multiple 
ascending dosage.

Crenezumab was further tested in phase II clinical trials in patients with 
mild-to-moderate AD. A total of 431 patients were enrolled in the ABBY study, 
receiving either a low subcutaneous dose (300 mg) or placebo every 2 weeks, or 
an intravenous high dose (15 mg/kg) or placebo every 4 weeks, for a total period 
of 68 weeks (79). The primary endpoints (changes in ADAS-Cog12 and CDR-SB 
scores), measured at week 73, were not met. Exploratory analyses pointed 
towards a reduction in decline on the ADAS-Cog12 in the high-dose group, and 
the patients with mild AD showed the greatest deviation from the placebo 
group. This difference became significant in the group with MMSE scores rang-
ing from 22 to 26. These trends were also observed in a smaller phase II brain 
imaging study (BLAZE), enrolling 91 patients. Even though no significant differ-
ences were observed in the primary outcome measures, non-significant trends 
toward ADAS-Cog12 and CDR-SB score improvements were observed in the 
mild AD group receiving the higher dose of antibody (80). Throughout these 
studies, no ARIAs adverse effects were reported.

Two large phase III clinical trials, CREAD1 and CREAD2, started in 
2016 and 2017 respectively, and enrolled patients with prodromal-to-mild 
AD. These double-blind, placebo-controlled global studies recruited overall 
more than 1500 patients, testing a 60 mg/kg dose by intravenous infusion 
every 4 weeks for a period of 100 weeks with the primary endpoint being 
changes in the CDR-SB score at 2 years (81). In January 2019 the company 
Roche announced the decision to discontinue both trials, based on prelimi-
nary analyses suggesting that the primary endpoint would unlikely be met. 
Crenezumab is, to date, being tested as a preventive treatment as part of the 
Alzheimer Prevention Initiative (API) in a randomized, double-blind, placebo-
controlled phase II study by Genentech, estimated to end in 2022 (Clinical 
Trial: NCT01998841). The 5-year trial started in 2013 and recruited patients 
who carry the PSEN1 E280A autosomal-dominant mutation and are still in a 
preclinical phase of AD (82). In a subgroup of participants (carriers and non-
carriers) the longitudinal tau burden will be evaluated with a tau positron 
emission tomography (PET) scan after IV injection of the probe [18F]GTP1 
(Clinical Trial: NCT03977584).
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Gantenerumab

Gantenerumab is a recombinant human IgG1 antibody, designed to recognize a 
conformational epitope present on Aβ fibrils, in order to disassemble and degrade 
aggregated Aβ peptides via recruiting microglia and activating phagocytosis (83). 
Using peptide mapping, N-terminal as well as central portions of Aβ were recog-
nized and no evidence of altered plasma Aβ was detected. In a preclinical study, 
gantenerumab bound cerebral Aβ and significantly reduced small amyloid-β 
plaques in APP/PS2 transgenic mice with chronic treatment (83). An initial ran-
domized study of AD patients receiving either 60 mg or 200 mg intravenous 
gantenerumab or placebo, showed a ~16% or ~36% reduction in Pittsburgh 
Compound B retention in the 60 mg and 200 mg gantenerumab group respec-
tively. However, two patients in the 200 mg group showed vasogenic edema and 
focal areas of inflammation on MRI scans at sites with the highest level of amyloid 
removal (84).

The Scarlet RoAD trial assessed the efficacy and safety of gantenerumab in 
prodromal AD patients. Participants enrolled in this 2-year randomized double-
blind phase III study received 105 mg, 225 mg or placebo every 4 weeks subcu-
taneously. A dose- and APOE ε4 genotype-dependent increase of generally 
asymptomatic ARIAs was noticed and the study was terminated for futility when 
no differences in primary or secondary endpoints were observed (85). Of note, 
significant reductions in total and phosphorylated tau in the CSF, as well as a 
dose-dependent reduction in brain amyloid on PET scans were observed in an 
exploratory biomarker analysis (85). A 2-year PET sub-study evaluating the effect 
of up to 1200 mg of gantenerumab every 4 weeks in patients with prodromal-to-
moderate AD, revealed a 3.5-times greater reduction in amyloid-PET signal than 
seen after 2 years at a dose of 225 mg, with 51% of patients having amyloid-β 
plaque levels below the positivity  threshold (86).

A phase I randomized, open-label study including healthy volunteers aged 
40–80 years, evaluated different subcutaneous injection regimens of gan-
tenerumab, with regard to pharmacokinetic properties and tolerability. The 
results of this study suggest that subcutaneous injections at speeds of 5 and 15 
s were well-tolerated and might enable at-home administrations by AD patients 
or their caregivers (87). Gantenerumab is currently under investigation in two 
large phase III trials (GRADUATE 1 and 2), which started enrolling patients 
with early AD in 2018 with the goal of more than 1500 patients in up to 350 
study centers with a data read-out expected in 2022 (Clinical Trial: NCT03443973 
and NCT03444870).

Ponezumab

Ponezumab is a humanized monoclonal IgG2Δa anti-Aβ antibody reported to 
bind to the C-terminus of the most abundant Aβ1–40 peptide. It contains two 
mutations that eliminate effector function and therefore potential cell toxicity 
depending on the antibody. Structural analyses revealed extensive contacts of 
ponezumab with the carboxyl moiety of Aβ40 (88). Preclinical analyses using the 
murine antibody 2H6, similarly binding to the C-terminal of Aβ1–40, demonstrated 
a robust reduction of amyloid deposits in aged Tg2576 (89). Intraperitoneal 
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injections of ponezumab increased plasma Aβ1–x and Aβx–40 levels in PS1xAPP 
mice in a concentration-dependent manner, while Aβx–42 plasma concentrations 
remained unchanged. This led to the suggestion that ponezumab removes brain 
Aβ via a peripheral sink mechanism (88). Another preclinical study in cynomol-
gus monkeys, sharing the same Aβ peptide sequence with humans, confirmed 
increased plasma Aβ1–40 and Aβ1–x levels in treated animals versus controls (90).

An initial randomized, double-blind, single-dose-escalation study evaluated 
safety, pharmacokinetics and pharmacodynamics using doses of 0.1 mg/kg up to 
10 mg/kg. The 2-h infusion was well-tolerated, and in individuals receiving the 
highest dose increases in CSF Aβ were observed, which is suggestive of altered 
central Aβ levels (91). A related study in a cohort of Japanese subjects yielded 
comparable results (92). A different administration protocol of a single 10-min 
intravenous infusion was evaluated and produced comparable effects on plasma 
Aβ species (93). Individuals aged 50 and older with a diagnosis of mild-to- 
moderate AD and a MMSE score of 16 to 26 were enrolled in a placebo-controlled, 
multiple dose study (0.1 mg/kg up to 8.5 mg/kg) of ponezumab. The treatment 
was administered as 10 2-h infusion every 2 months, and was generally well toler-
ated with an acceptable safety profile and robust plasma Aβ increases but no evi-
dence of a dose response with regard to CSF biomarkers (94). Effects on peripheral 
and central Aβ were characterized in small Swedish cohorts suffering from mild-
to-moderate AD. One cohort received ponezumab (10 mg/kg) or placebo quar-
terly over 1 year, whereas a second cohort started with an initial dose of 10 mg/kg 
or placebo, followed by monthly infusions of 7.5 mg/kg or placebo respectively. 
This phase II study again showed that ponezumab was generally safe and well 
tolerated, with dose-dependent increases in plasma Aβ. However, no apparent 
differences in brain amyloid burden assessed by PiB-PET were detected and 
changes in both cognitive and functional decline were observed during the course 
of the study without, however, differences between treatment arms (95). The 
potential effect of intravenous ponezumab was also investigated in patients with 
probable cerebral amyloid angiopathy (CAA) (96), a disease condition with amy-
loid deposition in the walls of leptomeningeal and intracortical blood vessels of 
the CNS (97, 98). In this study, again, ponezumab was safe and well tolerated; 
however, this antibody has been discontinued as prespecified efficacy criteria 
were not met in the majority of the trials.

Solanezumab

Solanezumab is a humanized monoclonal IgG1 antibody (mouse version m266), 
targeting the mid-region of Aβ. Co-crystallization studies revealed that solane-
zumab accommodates a large Aβ epitope (residues 16–26), forming extensive 
contacts and hydrogen bonds with the antibody (99). As administration of solan-
ezumab as well as its murine precursor m266 cause substantial dose-dependent 
increases in plasma antibody-bound Aβ levels (100–102), it has been suggested 
that this antibody primarily targets soluble monomeric forms of Aβ. On the con-
trary, neuropathological studies employing human brain samples indicated that a 
recombinant biosimilar antibody of solanezumab showed a strong binding affinity 
to amyloid plaques (103), calling its assumed selectivity for monomeric Aβ into 
question. In transgenic PDAPP mice, administration of m266 resulted in a rapid 
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reversal of memory deficits in the absence of amyloid plaque reductions (102); 
however, a more recent study in the J20 mouse model of AD reported no improve-
ment of behavioral deficits and even a strongly increased mortality rate following 
m266 immunization (101).

Solanezumab has been investigated in several clinical trials in order to evaluate 
its disease-modifying potential. Following a phase II trial with 52 patients suffer-
ing from mild-to-moderate AD evaluating diverse dose regimens (104), two large 
phase III studies (EXPEDITION-1, EXPEDITION-2) were launched. These stud-
ies recruited 2,052 mild-to-moderate AD patients, who received monthly 400 mg 
infusions. However, both showed a lack of efficacy with regard to cognitive per-
formance, the primary outcome measure of both studies (105). Pooled analyses of 
both studies suggested less functional and cognitive decline in the mild AD popu-
lation; however, no significant differences in baseline-to-endpoint changes were 
found for a variety of secondary outcome measures such as activities of daily liv-
ing (106). Following the review of the data obtained from the pooled mild AD 
population, a third phase III trial (EXPEDITION-3) was initiated. This trial 
enrolled 2129 patients with mild dementia and evidence of amyloid deposition, 
shown by either florbetapir PET or Aβ1-42 measurements in CSF, and patients 
received 400 mg solanezumab or placebo every 4 weeks for 76 weeks. As a result, 
the secondary analyses of the previous EXPEDITION trials were not reproduced 
and solanezumab showed no benefit with regard to cognitive decline in patients 
with mild AD (107).

Solanezumab is being tested within the Dominantly Inherited Alzheimer 
Network (DIAN) trial in a phase II/III study as a potential disease-modifying treat-
ment, together with gantenerumab, in individuals at risk for or with a mutation 
associated with EOAD. The trials are estimated to be completed by March 2021 
(Clinical trial: NCT017660005).

BAN2401

BAN2401 is the humanized version (IgG1) of the mouse monoclonal antibody 
mAb158, which has been shown to primarily bind to large soluble Aβ protofi-
brils (108). Selectivity for this type of aggregate has been described to be at least 
1000-fold higher than for monomers and 10–15 times better than for Aβ fibrils 
(109, 110). Administration of mAb158 to plaque-bearing AD transgenic mice 
carrying both the Arctic and Swedish APP mutations (tg-ArcSwe) resulted in 
lowered Aβ protofibrils, albeit unchanged insoluble Aβ levels. When treatment 
was started prior to extracellular plaque onset, a prevention of amyloid deposi-
tion and a reduction in protofibril levels was observed (111). Interestingly, indi-
vidual performance of young tg-ArcSwe mice in a spatial memory test (Morris 
water maze) was inversely correlated with protofibril but not total Aβ levels 
(112). This antibody, as well as its humanized version BAN2401, efficiently 
precipitated soluble Aβ aggregates from the human brain, and more than 50% 
reduction of protofibrils/oligomers was observed after long-term mAb158 treat-
ment in the CSF of tg-ArcSwe mice (113). A radiolabeled version of mAb158 
conjugated to a transferrin receptor antibody has been shown to effectively visu-
alize Aβ in the brain of two AD mouse models, enabled via receptor-mediated 
transcytosis across the BBB (114).
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Safety and tolerability of BAN2401 were investigated in an ascending dose 
study (0.1 mg/kg up to 10 mg/kg biweekly) for 4 months in mild-to-moderate AD 
cases. The treatment was well-tolerated across all doses and a slight elevation of 
plasma Aβ1–40 was noted, albeit in the absence of measurable effects on CSF 
 biomarkers (115). A subsequent placebo-controlled, double-blind, randomized 
phase IIb study enrolling 856 patients with mild cognitive impairment (MCI) 
caused by AD or mild AD-dementia evaluated several doses in a Bayesian adaptive 
design. A statistically significant reduction in amyloid PET standard uptake value 
ratio (SUVR) was observed after 18 months at the highest dose, together with a 
significant clinical benefit measured by ADCOMS at 6 and 12 months. The drug 
was well-tolerated with an incidence of ARIA-E of not more than 10% in any 
treatment arm and less than 15% in APOE ε4 carriers at the highest dose (116). 
Assessment of amyloid PET status in patients in an ongoing open-label extension 
(OLE) of BAN2401-G000-201 revealed that all amyloid-negative, BAN2401-
treated individuals entering the OLE were also amyloid negative at OLE baseline, 
despite subjects being off treatment for 9–52 months (117).

A phase III trial for individuals with preclinical AD and elevated amyloid 
(AHEAD 3–45 study) is currently underway and participants are being recruited 
and is expected to be completed in October 2027 (Clinical Trial: NCT04468659).

Aducanumab

Aducanumab (BIIB037) is a recombinant human IgG1 antibody that has been 
isolated from blood lymphocytes of a healthy donor population of elderly subjects 
with unusually slow cognitive decline and lack of symptoms of cognitive impair-
ment. Preclinical studies in the Tg2576 mouse model employing chronic dosing 
of a murine IgG2a/k chimeric aducanumab analogue showed significant reduc-
tions of Aβ in both soluble and insoluble protein extracts, as well as significantly 
reduced Aβ deposits in both the cortex and hippocampus; however, no data on 
behavioral performance was provided (11). Structural and biochemical analyses 
revealed that aducanumab binds a linear Aβ epitope comprised of amino acids 
3–7 in an extended conformation, discriminating between monomers and higher 
molecular weight peptide assemblies, based on a strong avidity for epitope-rich 
aggregates and very weak monomer affinity (118). The linear sequence recog-
nized by aducanumab substantially overlaps with other Aβ antibodies (such as 
bapineuzumab or gantenerumab), while specific interactions such as critical con-
tacts formed with Phe-4 and His-6, are different and the interaction of Aβ and 
aducanumab is quite shallow (118).

An initial phase I study investigated the safety, tolerability, and pharmacokinet-
ics of a single ascending aducanumab dose (0.3–60 mg/kg) or placebo in mild-to-
moderate AD patients. While doses up to 30 mg/kg were generally well-tolerated, 
all three patients receiving 60 mg/kg developed serious adverse events (SAEs) of 
symptomatic ARIA, which completely resolved after several weeks (119).

A subsequent phase Ib, 12-month, double-blind placebo-controlled, multiple 
ascending-dose (1 – 10 mg/kg) study (PRIME) enrolled 165 patients with a clinical 
diagnosis of prodromal or mild AD (11). Amyloid PET imaging using florbetapir 
was used as an adjunct tool to identify and select patients for enrollment (120). Of 
the 165 dosed patients, 40 discontinued treatment, mainly due to adverse events 
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or withdrawal of consent. Aducanumab reduced brain Aβ plaques as quantified by 
florbetapir PET in a dose- and time-dependent manner, with significantly reduced 
SUVR composite scores in the 3, 6 and 10 mg/kg dose groups after 54 weeks of 
treatment. A slowing of clinical progression as measured by both the MMSE as well 
as the CDR-SB was observed in patients receiving the highest dose after 1 year of 
treatment (11). Although this represents the first study reporting an effect of lower-
ing the brain Aβ load coupled to beneficial effects on cognitive outcomes, the small 
sample size, a staggered parallel-group design and potential unblinding due to 
ARIA-E in the treatment groups receiving higher antibody doses, impede interpre-
tation of the results. In addition, the clinical stage of dropouts might bear a poten-
tial interpretation bias. Similar discontinuation rates were reported among 
prodromal and mild AD patients in the placebo group; however, more mild than 
prodromal AD patients at baseline dropped out in the 10 mg/kg group, with a 
potential impact on the observed slower cognitive decline (121).

Two large 18-month, randomized, double-blind, placebo-controlled phase III 
trials (ENGAGE & EMERGE) evaluated aducanumab in patients with early AD 
and MCI due to AD with PET-confirmed amyloid pathology (122). The partici-
pants were randomized to receive a low dose (3 mg/kg for ApoE ε4 carriers, 
6 mg/kg for non-carriers) or a high-dose of 6 or 10 mg/kg for 78 weeks. The pro-
tocol has been amended during the course of the study, allowing ApoE ε4 carriers 
to receive up to 10 mg/kg and increasing the sample size of each trial to 1650 to 
compensate for larger than expected standard deviation. A planned futility analy-
sis indicated little chance of treatment efficacy and the trials were terminated in 
March 2019 (123). Later in 2019, analyses of a more complete data set from both 
studies were presented, with 29% of patients in EMERGE and 22% in ENGAGE 
receiving the full possible 14 doses of 10 mg/kg and final participant numbers of 
982 and 1084 respectively (124). In EMERGE, the high dose aducanumab group 
showed a significant 23% reduction in decline on the CDR-SB and 27% reduction 
on the AD Assessment Scale-Cognitive Subscale 13 items (ADAS-Cog 13) com-
pared to placebo; however, only a 2% reduction on CDR-SB and a 12% reduction 
in ADAS-Cog 13 were observed in the high-dose group in the ENGAGE sister trial 
(124). This was explained by the greater exposure to high-dose aducanumab in 
the EMERGE trial; however, other possibilities such as greater worsening in the 
placebo group are conceivable as well (125). On July 8, 2020 Biogen announced 
that it had completed the submission of a Biologics License Application (BLA) to 
the U.S. Food and Drug Administration (FDA) for the approval of aducanumab 
(126). On August 7, 2020, Biogen announced that the agency accepted this BLA 
granting priority review, which means that the time to review is cut down to 
6 months. In case of successful approval, aducanumab will be the first approved 
biological capable of removing amyloid plaques.

MEDI1814

MEDI1814 is a fully human monoclonal IgG1λ antibody targeting the C-terminus 
of Aβ42, with a triple mutation in the Fc tail to reduce its effector function. It aims 
to bind and remove monomers and low n-oligomers from circulation, thus 
 preventing further aggregation of the peptide (127). MEDI1814 showed a dose-
dependent suppression of up to 90% of free Aβ42 in the CSF of V717I transgenic 
mice, naıve rats and cynomolgus monkeys (128).
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AstraZeneca started a clinical trial in the United States in 2014 testing single 
and multiple ascending dose in subjects with mild-to-moderate AD. Safety, toler-
ability, pharmacokinetics, and pharmacodynamics were analyzed and none of the 
participants on the drug showed signs of ARIAs. In addition, pharmacokinetics 
and pharmacodynamics data provided evidence of dose-dependent and selective 
Aβ42 target engagement in the CNS (129).

SAR228810

SAR228810 is a humanized version of murine IgG1 SAR255952 antibody with an 
engineered human IgG4 backbone with two amino-acid substitutions to reduce 
the Fc effector function-dependent risk of ARIAs. It binds specifically to soluble 
protofibrillar and fibrillar forms of Aβ and it is relatively inactive against Aβ 
monomers and small oligomeric aggregates (130). Co-application of SAR228810 
and oligomeric Aβ42 preparations significantly inhibited Aβ-induced neurotoxic-
ity in primary neurons (131). Preclinical pharmacological studies of SAR255952 
in APPSL mice showed that a chronic 4-month treatment dose-dependently pre-
vented brain amyloid plaque formation. Even with high doses (up to 50 mg/kg/
week intravenously), SAR255952 did not increase brain micro-hemorrhages in 
old mice. In immunotolerized APPSL mice, in which CD4+ T lymphocytes have 
been transiently depleted, SAR228810 demonstrated the same efficacy as its 
murine precursor (130, 132).

A multi-center, double-blind, placebo-controlled phase I clinical trial testing 
escalating single and multiple doses by Sanofi has been completed and no fur-
ther clinical trials are ongoing at the moment. SAR228810 has been adminis-
tered by intravenous infusion or subcutaneous injection in patients with 
mild-to-moderate AD.

CONCLUSION

A multitude of preclinical biochemical, histopathological and animal studies, as 
well as a large number of genetic, biomarker and clinical reports support the cen-
tral role of Aβ in AD pathogenesis. While the amyloid cascade hypothesis, with all 
its modifications, is still considered relevant, the continuous failures of late stage 
clinical trials with immunotherapy approaches raise questions about considering 
the right target. There is increasing evidence that Aβ peptides might also play 
important physiological roles, as neurotrophic effects (133) or improved synaptic 
function after application of picomolar Aβ concentrations in mice depleted of 
endogenous Aβ have been described (134, 135). The observation that Aβ is ele-
vated in the CSF after sleep deprivation in healthy adults (136), together with its 
increased brain levels in a variety of other neurologic disease conditions such as 
traumatic brain injury (137) or cerebrovascular lesions (138) may indicate, that 
Aβ production in the case of neuronal stress or damage might represent response 
rather than origin. While immunotherapy trials targeting Aβ have been regarded 
as the final proof of the validity of the amyloid cascade hypothesis, the aforemen-
tioned studies still paint a nebulous picture and alternative therapeutic strategies 
and approaches should be vigorously investigated.



Zampar S and Wirths O42

Acknowledgements: This work has been supported by the Alzheimer Forschung 
Initiative (grant #16103 to OW), Gerhard Hunsmann Stiftung and Alzheimer 
Stiftung Göttingen (to OW). The figures were generated using the Smart Servier 
Medical Art website (https://smart.servier.com), licensed under a Creative 
Commons Attribution 3.0 Unported License.

Conflict of Interest: The authors declare no potential conflicts of interest with 
respect to research, authorship, and/or publication of this chapter.

Copyright and Permission Statement: To the best of our knowledge, the materi-
als included in this chapter do not violate copyright laws. All original sources have 
been appropriately acknowledged and/or referenced. Where relevant, appropriate 
permissions have been obtained from the original copyright holder(s).

REFERENCES

 1. World Alzheimer Report 2019. Attitudes to dementia. London: Alzheimer’s Disease International; 
2019.

 2. Panza F, Lozupone M, Logroscino G, Imbimbo BP. A critical appraisal of amyloid-β-targeting 
therapies for Alzheimer disease. Nat Rev Neurol. 2019;15(2):73–88. http://dx.doi.org/10.1038/
s41582-018-0116-6

 3. Hansen RA, Gartlehner G, Webb AP, Morgan LC, Moore CG, Jonas DE. Efficacy and safety of done-
pezil, galantamine, and rivastigmine for the treatment of Alzheimer’s disease: A systematic review and 
meta-analysis. Clin Interv Aging. 2008;3(2):211–25. 

 4. Kaduszkiewicz H, Zimmermann T, Beck-Bornholdt H-P, van den Bussche H. Cholinesterase inhibi-
tors for patients with Alzheimer’s disease: Systematic review of randomised clinical trials. BMJ. 
2005;331(7512):321–7. http://dx.doi.org/10.1136/bmj.331.7512.321

 5. Hardy J, Allsop D. Amyloid deposition as the central event in the aetiology of Alzheimer’s disease. 
Trends Pharmacol Sci. 1991;12(10):383–8. http://dx.doi.org/10.1016/0165-6147(91)90609-V

 6. Hardy J. The amyloid hypothesis for Alzheimer’s disease: A critical reappraisal. J Neurochem. 
2009;110(4):1129–34. http://dx.doi.org/10.1111/j.1471-4159.2009.06181.x

 7. Giannakopoulos P, Herrmann FR, Bussiere T, Bouras C, Kovari E, Perl DP, et al. Tangle and neu-
ron numbers, but not amyloid load, predict cognitive status in Alzheimer’s disease. Neurology. 
2003;60(9):1495–500. http://dx.doi.org/10.1212/01.WNL.0000063311.58879.01

 8. Wirths O, Multhaup G, Bayer TA. A modified beta-amyloid hypothesis: Intraneuronal accumulation 
of the beta-amyloid peptide – The first step of a fatal cascade. J Neurochem. 2004;91(3):513–20. 
http://dx.doi.org/10.1111/j.1471-4159.2004.02737.x

 9. Selkoe DJ, Hardy J. The amyloid hypothesis of Alzheimer’s disease at 25 years. EMBO Mol Med. 
2016;8(6):595–608. http://dx.doi.org/10.15252/emmm.201606210

 10. Liu E, Schmidt ME, Margolin R, Sperling R, Koeppe R, Mason NS, et al. Amyloid-β 11C-PiB-PET 
imaging results from 2 randomized bapineuzumab phase 3 AD trials. Neurology. 2015;85(8): 
692–700. http://dx.doi.org/10.1212/WNL.0000000000001877

 11. Sevigny J, Chiao P, Bussière T, Weinreb PH, Williams L, Maier M, et al. The antibody aducanumab 
reduces Aβ plaques in Alzheimer’s disease. Nature. 2016;537(7618):50–6. http://dx.doi.org/10.1038/
nature19323

 12. Penninkilampi R, Brothers HM, Eslick GD. Safety and efficacy of anti-amyloid-β immunother-
apy in Alzheimer’s disease: A systematic review and meta-analysis. J Neuroimmune Pharmacol. 
2017;12(1):194–203. http://dx.doi.org/10.1007/s11481-016-9722-5

 13. Schellenberg G, Montine T. The genetics and neuropathology of Alzheimer’s disease. Acta Neuropathol. 
2012;124(3):305–23. http://dx.doi.org/10.1007/s00401-012-0996-2

https://smart.servier.com�
http://dx.doi.org/10.1038/s41582-018-0116-6�
http://dx.doi.org/10.1038/s41582-018-0116-6�
http://dx.doi.org/10.1136/bmj.331.7512.321�
http://dx.doi.org/10.1016/0165-6147(91)90609-V�
http://dx.doi.org/10.1111/j.1471-4159.2009.06181.x�
http://dx.doi.org/10.1212/01.WNL.0000063311.58879.01�
http://dx.doi.org/10.1111/j.1471-4159.2004.02737.x�
http://dx.doi.org/10.15252/emmm.201606210�
http://dx.doi.org/10.1212/WNL.0000000000001877�
http://dx.doi.org/10.1038/nature19323�
http://dx.doi.org/10.1038/nature19323�
http://dx.doi.org/10.1007/s11481-016-9722-5�
http://dx.doi.org/10.1007/s00401-012-0996-2�


Immunotherapy Against Amyloid-β in Alzheimer’s Disease 43

 14. Tanzi RE. The genetics of Alzheimer disease. Cold Spring Harb Perspect Med. 2012;2(10):a006296. 
http://dx.doi.org/10.1101/cshperspect.a006296

 15. Dourlen P, Kilinc D, Malmanche N, Chapuis J, Lambert J-C. The new genetic landscape of Alzheimer’s 
disease: From amyloid cascade to genetically driven synaptic failure hypothesis? Acta Neuropathol. 
2019;138(2):221–36. http://dx.doi.org/10.1007/s00401-019-02004-0

 16. Nhan HS, Chiang K, Koo EH. The multifaceted nature of amyloid precursor protein and its proteo-
lytic fragments: Friends and foes. Acta Neuropathol. 2015;129(1):1–19. http://dx.doi.org/10.1007/
s00401-014-1347-2

 17. Vassar R, Bennett BD, Babu-Khan S, Kahn S, Mendiaz EA, Denis P, et al. Beta-secretase cleavage 
of Alzheimer’s amyloid precursor protein by the transmembrane aspartic protease BACE. Science. 
1999;286(5440):735–41. http://dx.doi.org/10.1126/science.286.5440.735

 18. Golde TE, Koo EH, Felsenstein KM, Osborne BA, Miele L. Gamma-secretase inhibitors and modulators. 
Biochim Biophys Acta. 2013;1828(12):2898–907. http://dx.doi.org/10.1016/j.bbamem.2013.06.005

 19. Dovey HF, Suomensaari-Chrysler S, Lieberburg I, Sinha S, Keim PS. Cells with a familial Alzheimer’s 
disease mutation produce authentic beta-peptide. Neuroreport. 1993;4(8):1039–42. http://dx.doi.
org/10.1097/00001756-199308000-00011

 20. Steiner H, Fukumori A, Tagami S, Okochi M. Making the final cut: Pathogenic amyloid-β peptide gen-
eration by γ-secretase. Cell Stress. 2018;2(11):292–310. http://dx.doi.org/10.15698/cst2018.11.162

 21. Bayer TA, Wirths O. Focusing the amyloid cascade hypothesis on N-truncated Aβ peptides as drug tar-
gets against Alzheimer’s disease. Acta Neuropathol. 2014;127(6):787–801. http://dx.doi.org/10.1007/
s00401-014-1287-x

 22. Dunys J, Valverde A, Checler F. Are N- and C-terminally truncated Aβ species key pathological trig-
gers in Alzheimer’s disease? J Biol Chem. 2018;293(40):15419–28. http://dx.doi.org/10.1074/jbc.
R118.003999

 23. Wirths O, Zampar S. Emerging roles of N- and C-terminally truncated Aβ species in Alzheimer’s dis-
ease. Expert Opin Ther Targets. 2019;23(12):991–1004. http://dx.doi.org/10.1080/14728222.2019.
1702972

 24. Chabrier MA, Blurton-Jones M, Agazaryan AA, Nerhus JL, Martinez-Coria H, Laferla FM. Soluble 
abeta promotes wild-type tau pathology in vivo. J Neurosci. 2012;32(48):17345–50. http://dx.doi.
org/10.1523/JNEUROSCI.0172-12.2012

 25. McLean CA, Cherny RA, Fraser FW, Fuller SJ, Smith MJ, Beyreuther K, et al. Soluble pool of Abeta amyloid 
as a determinant of severity of neurodegeneration in Alzheimer’s disease. Ann Neurol. 1999 Dec;46(6): 
860–6. http://dx.doi.org/10.1002/1531-8249(199912)46:6%3C860::AID-ANA8%3E3.0.CO;2-M

 26. Shankar GM, Bloodgood BL, Townsend M, Walsh DM, Selkoe DJ, Sabatini BL. Natural oligomers of 
the Alzheimer amyloid-beta protein induce reversible synapse loss by modulating an NMDA-type 
glutamate receptor-dependent signaling pathway. J Neurosci. 2007;27(11):2866–75. http://dx.doi.
org/10.1523/JNEUROSCI.4970-06.2007

 27. Selkoe DJ. Soluble oligomers of the amyloid beta-protein impair synaptic plasticity and behavior. 
Behav Brain Res. 2008;192(1):106–13. http://dx.doi.org/10.1016/j.bbr.2008.02.016

 28. Benilova I, Karran E, De Strooper B. The toxic Abeta oligomer and Alzheimer’s disease: An emperor in 
need of clothes. Nat Neurosci. 2012;15(3):349–57. http://dx.doi.org/10.1038/nn.3028

 29. Kayed R, Pensalfini A, Margol L, Sokolov Y, Sarsoza F, Head E, et al. Annular protofibrils are a struc-
turally and functionally distinct type of amyloid oligomer. J Biol Chem. 2009;284(7):4230–7. http://
dx.doi.org/10.1074/jbc.M808591200

 30. Janeway CAJ, Travers P, Walport M, Shlomchik MJ. Immunobiology: The immune system in health 
and disease. 5th ed. New York: Garland Science; 2001.

 31. Lannfelt L, Relkin NR, Siemers ER. Amyloid-β-directed immunotherapy for Alzheimer’s disease. J Int 
Med. 2014;275(3):284–95. http://dx.doi.org/10.1111/joim.12168

 32. DeMattos RB, Bales KR, Cummins DJ, Dodart JC, Paul SM, Holtzman DM. Peripheral anti-Abeta 
antibody alters CNS and plasma Abeta clearance and decreases brain Abeta burden in a mouse model 
of Alzheimer’s disease. Proc Natl Acad Sci U S A. 2001;98(15):8850–5. http://dx.doi.org/10.1073/
pnas.151261398

 33. Wisniewski T, Konietzko U. Amyloid-beta immunisation for Alzheimer’s disease. Lancet Neurol. 
2008;7(9):805–11. http://dx.doi.org/10.1016/S1474-4422(08)70170-4

http://dx.doi.org/10.1101/cshperspect.a006296�
http://dx.doi.org/10.1007/s00401-019-02004-0�
http://dx.doi.org/10.1007/s00401-014-1347-2�
http://dx.doi.org/10.1007/s00401-014-1347-2�
http://dx.doi.org/10.1126/science.286.5440.735�
http://dx.doi.org/10.1016/j.bbamem.2013.06.005�
http://dx.doi.org/10.1097/00001756-199308000-00011�
http://dx.doi.org/10.1097/00001756-199308000-00011�
http://dx.doi.org/10.15698/cst2018.11.162�
http://dx.doi.org/10.1007/s00401-014-1287-x�
http://dx.doi.org/10.1007/s00401-014-1287-x�
http://dx.doi.org/10.1074/jbc.R118.003999�
http://dx.doi.org/10.1074/jbc.R118.003999�
http://dx.doi.org/10.1080/14728222.2019.1702972�
http://dx.doi.org/10.1080/14728222.2019.1702972�
http://dx.doi.org/10.1523/JNEUROSCI.0172-12.2012�
http://dx.doi.org/10.1523/JNEUROSCI.0172-12.2012�
http://dx.doi.org/10.1002/1531-8249(199912)46:6%3C860::AID-ANA8%3E3.0.CO;2-M�
http://dx.doi.org/10.1523/JNEUROSCI.4970-06.2007�
http://dx.doi.org/10.1523/JNEUROSCI.4970-06.2007�
http://dx.doi.org/10.1016/j.bbr.2008.02.016�
http://dx.doi.org/10.1038/nn.3028�
http://dx.doi.org/10.1074/jbc.M808591200�
http://dx.doi.org/10.1074/jbc.M808591200�
http://dx.doi.org/10.1111/joim.12168�
http://dx.doi.org/10.1073/pnas.151261398�
http://dx.doi.org/10.1073/pnas.151261398�
http://dx.doi.org/10.1016/S1474-4422(08)70170-4�


Zampar S and Wirths O44

 34. Bacskai BJ, Kajdasz ST, Christie RH, Carter C, Games D, Seubert P, et al. Imaging of amyloid-β depos-
its in brains of living mice permits direct observation of clearance of plaques with immunotherapy. 
Nat Med. 2001;7(3):369–72. http://dx.doi.org/10.1038/85525

 35. Solomon B, Koppel R, Hanan E, Katzav T. Monoclonal antibodies inhibit in vitro fibrillar aggrega-
tion of the Alzheimer beta-amyloid peptide. Proc Nat Acad Sci. 1996;93(1):452–5. http://dx.doi.
org/10.1073/pnas.93.1.452

 36. Frenkel D, Solomon B, Benhar I. Modulation of Alzheimer’s β-amyloid neurotoxicity by site-
directed single-chain antibody. J Neuroimmunol. 2000;106(1):23–31. http://dx.doi.org/10.1016/
S0165-5728(99)00232-5

 37. Brody DL, Holtzman DM. Active and passive immunotherapy for neurodegenerative disorders. Annu 
Rev Neurosci. 2008;31:175–93. http://dx.doi.org/10.1146/annurev.neuro.31.060407.125529

 38. Bacskai BJ, Kajdasz ST, McLellan ME, Games D, Seubert P, Schenk D, et al. Non-Fc-mediated 
mechanisms are involved in clearance of amyloid-beta in vivo by immunotherapy. J Neurosci. 
2002;22(18):7873–8. http://dx.doi.org/10.1523/JNEUROSCI.22-18-07873.2002

 39. Taguchi H, Planque S, Nishiyama Y, Symersky J, Boivin S, Szabo P, et al. Autoantibody-catalyzed hydrolysis 
of amyloid β peptide. J Biol Chem. 2008;283(8):4714–22. http://dx.doi.org/10.1074/jbc.M707983200

 40. Schenk D, Barbour R, Dunn W, Gordon G, Grajeda H, Guido T, et al. Immunization with amyloid-beta 
attenuates Alzheimer-disease-like pathology in the PDAPP mouse. Nature. 1999;400(6740):173–7. 
http://dx.doi.org/10.1038/22124

 41. Orgogozo JM, Gilman S, Dartigues JF, Laurent B, Puel M, Kirby LC, et al. Subacute meningoencephali-
tis in a subset of patients with AD after Abeta42 immunization. Neurology. 2003;61(1):46–54. http://
dx.doi.org/10.1212/01.WNL.0000073623.84147.A8

 42. Gilman S, Koller M, Black RS, Jenkins L, Griffith SG, Fox NC, et al. Clinical effects of Aβ immuniza-
tion (AN1792) in patients with AD in an interrupted trial. Neurology. 2005;64(9):1553–62. http://
dx.doi.org/10.1212/01.WNL.0000159740.16984.3C

 43. Holmes C, Boche D, Wilkinson D, Yadegarfar G, Hopkins V, Bayer A, et al. Long-term effects of 
Abeta42 immunisation in Alzheimer’s disease: Follow-up of a randomised, placebo-controlled phase I 
trial. Lancet. 2008;372(9634):216–23. http://dx.doi.org/10.1016/S0140-6736(08)61075-2

 44. Boche D, Zotova E, Weller RO, Love S, Neal JW, Pickering RM, et al. Consequence of Abeta immu-
nization on the vasculature of human Alzheimer’s disease brain. Brain. 2008;131(Pt 12):3299–310. 
http://dx.doi.org/10.1093/brain/awn261

 45. Sakai K, Boche D, Carare R, Johnston D, Holmes C, Love S, et al. Aβ immunotherapy for Alzheimer’s 
disease: Effects on apoE and cerebral vasculopathy. Acta Neuropathol. 2014;128(6):777–89. http://
dx.doi.org/10.1007/s00401-014-1340-9

 46. Paquet C, Amin J, Mouton-Liger F, Nasser M, Love S, Gray F, et al. Effect of active Aβ immunotherapy 
on neurons in human Alzheimer’s disease. J Pathol. 2015;235(5):721–30. http://dx.doi.org/10.1002/
path.4491

 47. Nicoll JAR, Buckland GR, Harrison CH, Page A, Harris S, Love S, et al. Persistent neuropathologi-
cal effects 14 years following amyloid-β immunization in Alzheimer’s disease. Brain. 2019;142(7): 
2113–26. http://dx.doi.org/10.1093/brain/awz142

 48. Sterner RM, Takahashi PY, Yu Ballard AC. Active vaccines for Alzheimer disease treatment. J Am Med 
Dir Assoc. 2016;17(9):862.e11–15. http://dx.doi.org/10.1016/j.jamda.2016.06.009

 49. Ketter N, Liu E, Di J, Honig LS, Lu M, Novak G, et al. A randomized, double-blind, phase 2 study 
of the effects of the vaccine vanutide cridificar with QS-21 adjuvant on immunogenicity, safety 
and amyloid imaging in patients with mild to moderate Alzheimer’s disease. J Prev Alzheimers Dis. 
2016;3(4):192–201. 

 50. Pasquier F, Sadowsky C, Holstein A, Leterme GLP, Peng Y, Jackson N, et al. Two phase 2 multiple 
ascending–dose studies of vanutide cridificar (ACC-001) and QS-21 adjuvant in mild-to-moderate 
Alzheimer’s disease. J Alzheimers Dis. 2016;51:1131–43. http://dx.doi.org/10.3233/JAD-150376

 51. Farlow MR, Andreasen N, Riviere ME, Vostiar I, Vitaliti A, Sovago J, et al. Long-term treatment 
with active Aβ immunotherapy with CAD106 in mild Alzheimer’s disease. Alzheimers Res Ther. 
2015;7(1):23. http://dx.doi.org/10.1186/s13195-015-0108-3

 52. Vandenberghe R, Riviere M-E, Caputo A, Sovago J, Maguire RP, Farlow M, et al. Active Aβ immuno-
therapy CAD106 in Alzheimer’s disease: A phase 2b study. Alzheimers Dementia. 2016;3(1):10–22. 
http://dx.doi.org/10.1016/j.trci.2016.12.003

http://dx.doi.org/10.1038/85525�
http://dx.doi.org/10.1073/pnas.93.1.452�
http://dx.doi.org/10.1073/pnas.93.1.452�
http://dx.doi.org/10.1016/S0165-5728(99)00232-5�
http://dx.doi.org/10.1016/S0165-5728(99)00232-5�
http://dx.doi.org/10.1146/annurev.neuro.31.060407.125529�
http://dx.doi.org/10.1523/JNEUROSCI.22-18-07873.2002�
http://dx.doi.org/10.1074/jbc.M707983200�
http://dx.doi.org/10.1038/22124�
http://dx.doi.org/10.1212/01.WNL.0000073623.84147.A8�
http://dx.doi.org/10.1212/01.WNL.0000073623.84147.A8�
http://dx.doi.org/10.1212/01.WNL.0000159740.16984.3C�
http://dx.doi.org/10.1212/01.WNL.0000159740.16984.3C�
http://dx.doi.org/10.1016/S0140-6736(08)61075-2�
http://dx.doi.org/10.1093/brain/awn261�
http://dx.doi.org/10.1007/s00401-014-1340-9�
http://dx.doi.org/10.1007/s00401-014-1340-9�
http://dx.doi.org/10.1002/path.4491�
http://dx.doi.org/10.1002/path.4491�
http://dx.doi.org/10.1093/brain/awz142�
http://dx.doi.org/10.1016/j.jamda.2016.06.009�
http://dx.doi.org/10.3233/JAD-150376�
http://dx.doi.org/10.1186/s13195-015-0108-3�
http://dx.doi.org/10.1016/j.trci.2016.12.003�


Immunotherapy Against Amyloid-β in Alzheimer’s Disease 45

 53. Lacosta A-M, Pascual-Lucas M, Pesini P, Casabona D, Pérez-Grijalba V, Marcos-Campos I, et al. 
Safety, tolerability and immunogenicity of an active anti-Aβ40 vaccine (ABvac40) in patients with 
Alzheimer’s disease: A randomised, double-blind, placebo-controlled, phase I trial. Alzheimers Res 
Ther. 2018;10(1):12. http://dx.doi.org/10.1186/s13195-018-0340-8

 54. Muhs A, Hickman DT, Pihlgren M, Chuard N, Giriens V, Meerschman C, et al. Liposomal vaccines with 
conformation-specific amyloid peptide antigens define immune response and efficacy in APP trans-
genic mice. Proc Nat Acad Sci. 2007;104(23):9810–15. http://dx.doi.org/10.1073/pnas.0703137104

 55. Mandler M, Santic R, Gruber P, Cinar Y, Pichler D, Funke SA, et al. Tailoring the antibody response 
to aggregated Aß using novel Alzheimer-vaccines. PLoS One. 2015;10(1):e0115237. http://dx.doi.
org/10.1371/journal.pone.0115237

 56. Schneeberger A, Hendrix S, Mandler M, Ellison N, Burger V, Brunner M, et al. Results from a Phase II 
study to assess the clinical and immunological activity of AFFITOPE(R) AD02 in patients with early 
Alzheimer’s disease. J Prev Alzheimers Dis. 2015;2(2):103–14. 

 57. Wang CY, Wang P-N, Chiu M-J, Finstad CL, Lin F, Lynn S, et al. UB-311, a novel UBITh(®) amyloid β 
peptide vaccine for mild Alzheimer’s disease. Alzheimers Dementia. 2017;3(2):262–72. http://dx.doi.
org/10.1016/j.trci.2017.03.005

 58. United Neuroscience announces positive top-line results from Phase 2a clinical study of UB-311 vac-
cine in patients with Alzheimer’s disease. United Neuroscience, Press Release. 2019:Jan 16, 2019. 

 59. Mallbris L, Davies J, Glasebrook A, Tang Y, Glaesner W, Nickoloff BJ. Molecular insights into fully 
human and humanized monoclonal antibodies: What are the differences and should dermatologists 
care? J Clin Aesthet Dermatol. 2016;9(7):13–15. 

 60. Nelson AL, Dhimolea E, Reichert JM. Development trends for human monoclonal antibody therapeu-
tics. Nature Rev Drug Discov. 2010;9(10):767–74. http://dx.doi.org/10.1038/nrd3229

 61. van Dyck CH. Anti-amyloid-β monoclonal antibodies for Alzheimer’s disease: Pitfalls and promise. 
Biol Psychiatry. 2018;83(4):311–19. http://dx.doi.org/10.1016/j.biopsych.2017.08.010

 62. Sperling RA, Jack CR, Black SE, Frosch MP, Greenberg SM, Hyman BT, et al. Amyloid-related imag-
ing abnormalities in amyloid-modifying therapeutic trials: Recommendations from the Alzheimer’s 
Association Research Roundtable Workgroup. Alzheimers Dementia. 2011;7(4):367–85. http://
dx.doi.org/10.1016/j.jalz.2011.05.2351

 63. DiFrancesco J, Longoni M, Piazza F. Anti-Aβ autoantibodies in amyloid related imaging abnormalities 
(ARIA): Candidate biomarker for immunotherapy in Alzheimer’s disease and cerebral amyloid angi-
opathy. Front Neurol. 2015;6:207. http://dx.doi.org/10.3389/fneur.2015.00207

 64. Piazza F, Winblad B. Amyloid-Related Imaging Abnormalities (ARIA) in immunotherapy trials for 
Alzheimer’s disease: Need for prognostic biomarkers? J Alzheimers Dis. 2016;52(2):417–20. http://
dx.doi.org/10.3233/JAD-160122

 65. Wilcock DM, Colton CA. Immunotherapy, vascular pathology, and microhemorrhages in transgenic mice. 
CNS Neurol Disord Drug Targets. 2009;8(1):50–64. http://dx.doi.org/10.2174/187152709787601858

 66. Bruhns P. Properties of mouse and human IgG receptors and their contribution to disease models. 
Blood. 2012;119(24):5640–9. http://dx.doi.org/10.1182/blood-2012-01-380121

 67. Freeman GB, Brown TP, Wallace K, Bales KR. Chronic administration of an aglycosylated murine 
antibody of ponezumab does not worsen microhemorrhages in aged Tg2576 mice. Curr Alzheimer 
Res. 2012;9(9):1059–68. http://dx.doi.org/10.2174/156720512803569064

 68. Fuller JP, Stavenhagen JB, Christensen S, Kartberg F, Glennie MJ, Teeling JL. Comparing the efficacy 
and neuroinflammatory potential of three anti-abeta antibodies. Acta Neuropathol. 2015;130(5): 
699–711. http://dx.doi.org/10.1007/s00401-015-1484-2

 69. Miles LA, Crespi GA, Doughty L, Parker MW. Bapineuzumab captures the N-terminus of the 
Alzheimer’s disease amyloid-beta peptide in a helical conformation. Sci Rep. 2013;3:1302. http://
dx.doi.org/10.1038/srep01302

 70. Zampar S, Klafki HW, Sritharen K, Bayer TA, Wiltfang J, Rostagno A, et al. N-terminal heterogeneity 
of parenchymal and vascular amyloid-β deposits in Alzheimer’s disease. Neuropathol Appl Neurobiol. 
2020;46:673–85. http://dx.doi.org/10.1111/nan.12637

 71. Salloway S, Sperling R, Fox NC, Blennow K, Klunk W, Raskind M, et al. Two phase 3 trials of 
 bapineuzumab in mild-to-moderate Alzheimer’s disease. New Engl J Med. 2014;370(4):322–33. 
http://dx.doi.org/10.1056/NEJMoa1304839

http://dx.doi.org/10.1186/s13195-018-0340-8�
http://dx.doi.org/10.1073/pnas.0703137104�
http://dx.doi.org/10.1371/journal.pone.0115237�
http://dx.doi.org/10.1371/journal.pone.0115237�
http://dx.doi.org/10.1016/j.trci.2017.03.005�
http://dx.doi.org/10.1016/j.trci.2017.03.005�
http://dx.doi.org/10.1038/nrd3229�
http://dx.doi.org/10.1016/j.biopsych.2017.08.010�
http://dx.doi.org/10.1016/j.jalz.2011.05.2351�
http://dx.doi.org/10.1016/j.jalz.2011.05.2351�
http://dx.doi.org/10.3389/fneur.2015.00207�
http://dx.doi.org/10.3233/JAD-160122�
http://dx.doi.org/10.3233/JAD-160122�
http://dx.doi.org/10.2174/187152709787601858�
http://dx.doi.org/10.1182/blood-2012-01-380121�
http://dx.doi.org/10.2174/156720512803569064�
http://dx.doi.org/10.1007/s00401-015-1484-2�
http://dx.doi.org/10.1038/srep01302�
http://dx.doi.org/10.1038/srep01302�
http://dx.doi.org/10.1111/nan.12637�
http://dx.doi.org/10.1056/NEJMoa1304839�


Zampar S and Wirths O46

 72. Seubert P, Barbour R, Khan K, Motter R, Tang P, Kholodenko D, et al. Antibody capture of soluble Aβ 
does not reduce cortical Aβ amyloidosis in the PDAPP mouse. Neurodegen Dis. 2008;5(2):65–71. 
http://dx.doi.org/10.1159/000112834

 73. Karran E, Hardy J. A critique of the drug discovery and phase 3 clinical programs targeting the amy-
loid hypothesis for Alzheimer disease. Ann Neurol. 2014;76(2):185–205. http://dx.doi.org/10.1002/
ana.24188

 74. Black RS, Sperling RA, Safirstein B, Motter RN, Pallay A, Nichols A, et al. A single ascending dose 
study of bapineuzumab in patients with Alzheimer disease. Alzheimer Dis Assoc Disord. 2010;24(2): 
198–203. http://dx.doi.org/10.1097/WAD.0b013e3181c53b00

 75. Blennow K, Zetterberg H, Rinne JO, Salloway S, Wei J, Black R, et al. Effect of immunotherapy with 
bapineuzumab on cerebrospinal fluid biomarker levels in patients with mild to moderate Alzheimer 
disease. Arch Neurol. 2012;69(8):1002–10. http://dx.doi.org/10.1001/archneurol.2012.90

 76. Rinne JO, Brooks DJ, Rossor MN, Fox NC, Bullock R, Klunk WE, et al. 11C-PiB PET assessment of 
change in fibrillar amyloid-beta load in patients with Alzheimer’s disease treated with bapineuzumab: 
A phase 2, double-blind, placebo-controlled, ascending-dose study. Lancet Neurol. 2010;9(4): 
363–72. http://dx.doi.org/10.1016/S1474-4422(10)70043-0

 77. Adolfsson O, Pihlgren M, Toni N, Varisco Y, Buccarello AL, Antoniello K, et al. An effector-
reduced anti-β-amyloid (Aβ) antibody with unique Aβ binding properties promotes neuroprotec-
tion and glial engulfment of Aβ. J Neurosci. 2012;32(28):9677–89. http://dx.doi.org/10.1523/
JNEUROSCI.4742-11.2012

 78. Zhao J, Nussinov R, Ma B. Mechanisms of recognition of Aβ monomer, oligomer, and fibril by homolo-
gous antibodies. J Biol Chem. 2017;292(44):18325–43. http://dx.doi.org/10.1074/jbc.M117.801514

 79. Cummings JL, Cohen S, van Dyck CH, Brody M, Curtis C, Cho W, et al. ABBY – A phase 2 random-
ized trial of crenezumab in mild to moderate Alzheimer disease. Neurology. 2018;90(21):e1889–e97. 
http://dx.doi.org/10.1212/WNL.0000000000005550

 80. Salloway S, Honigberg LA, Cho W, Ward M, Friesenhahn M, Brunstein F, et al. Amyloid positron 
emission tomography and cerebrospinal fluid results from a crenezumab anti-amyloid-beta antibody 
double-blind, placebo-controlled, randomized phase II study in mild-to-moderate Alzheimer’s disease 
(BLAZE). Alzheimers Res Ther. 2018;10(1):96. http://dx.doi.org/10.1186/s13195-018-0424-5

 81. Blaettler T, Smith J, Smith J, Paul R, Asnaghi V, Fuji R, et al. P2-003: Clinical trial design of cread: 
A randomized, double-blind, placebo-controlled, parallel-group phase 3 study to evaluate cren-
ezumab treatment in patients with prodromal-to-mild Alzheimer’s disease. Alzheimers Dementia. 
2016;12:P609. http://dx.doi.org/10.1016/j.jalz.2016.06.1207

 82. Tariot PN, Lopera F, Langbaum JB, Thomas RG, Hendrix S, Schneider LS, et al. The Alzheimer’s 
prevention initiative autosomal-dominant Alzheimer’s disease trial: A study of crenezumab versus pla-
cebo in preclinical PSEN1 E280A mutation carriers to evaluate efficacy and safety in the treatment of 
autosomal-dominant Alzheimer’s disease, including a placebo-treated noncarrier cohort. Alzheimers 
Dementia. 2018;4:150–60. http://dx.doi.org/10.1016/j.trci.2018.02.002

 83. Bohrmann B, Baumann K, Benz J, Gerber F, Huber W, Knoflach F, et al. Gantenerumab: A novel human 
anti-abeta antibody demonstrates sustained cerebral amyloid-beta binding and elicits cell-mediated 
removal of human amyloid-beta. J Alzheimers Dis. 2011;28(1):49–69. http://dx.doi.org/10.3233/
JAD-2011-110977

 84. Ostrowitzki S, Deptula D, Thurfjell L, Barkhof F, Bohrmann B, Brooks DJ, et al. Mechanism of amyloid 
removal in patients with Alzheimer disease treated with gantenerumab. Arch Neurol. 2012;69(2): 
198–207. http://dx.doi.org/10.1001/archneurol.2011.1538

 85. Ostrowitzki S, Lasser RA, Dorflinger E, Scheltens P, Barkhof F, Nikolcheva T, et al. A phase III ran-
domized trial of gantenerumab in prodromal Alzheimer’s disease. Alzheimers Res Ther. 2017;9(1):95. 
http://dx.doi.org/10.1186/s13195-017-0318-y

 86. Klein G, Delmar P, Voyle N, Rehal S, Hofmann C, Abi-Saab D, et al. Gantenerumab reduces amyloid-β 
plaques in patients with prodromal to moderate Alzheimer’s disease: A PET substudy interim analysis. 
Alzheimers Res Ther. 2019;11(1):101. http://dx.doi.org/10.1186/s13195-019-0559-z

 87. Portron A, Jordan P, Draper K, Muenzer C, Dickerson D, van Iersel T, et al. A phase I study to 
assess the effect of speed of injection on pain, tolerability, and pharmacokinetics after high-volume 

http://dx.doi.org/10.1159/000112834�
http://dx.doi.org/10.1002/ana.24188�
http://dx.doi.org/10.1002/ana.24188�
http://dx.doi.org/10.1097/WAD.0b013e3181c53b00�
http://dx.doi.org/10.1001/archneurol.2012.90�
http://dx.doi.org/10.1016/S1474-4422(10)70043-0�
http://dx.doi.org/10.1523/JNEUROSCI.4742-11.2012�
http://dx.doi.org/10.1523/JNEUROSCI.4742-11.2012�
http://dx.doi.org/10.1074/jbc.M117.801514�
http://dx.doi.org/10.1212/WNL.0000000000005550�
http://dx.doi.org/10.1186/s13195-018-0424-5�
http://dx.doi.org/10.1016/j.jalz.2016.06.1207�
http://dx.doi.org/10.1016/j.trci.2018.02.002�
http://dx.doi.org/10.3233/JAD-2011-110977�
http://dx.doi.org/10.3233/JAD-2011-110977�
http://dx.doi.org/10.1001/archneurol.2011.1538�
http://dx.doi.org/10.1186/s13195-017-0318-y�
http://dx.doi.org/10.1186/s13195-019-0559-z�


Immunotherapy Against Amyloid-β in Alzheimer’s Disease 47

subcutaneous administration of gantenerumab in healthy volunteers. Clin Ther. 2020;42(1):108–20. 
http://dx.doi.org/10.1016/j.clinthera.2019.11.015

 88. La Porte SL, Bollini SS, Lanz TA, Abdiche YN, Rusnak AS, Ho WH, et al. Structural basis of C-terminal 
beta-amyloid peptide binding by the antibody ponezumab for the treatment of Alzheimer’s disease. 
J Mol Biol. 2012;421(4–5):525–36. http://dx.doi.org/10.1016/j.jmb.2011.11.047

 89. Karlnoski RA, Rosenthal A, Kobayashi D, Pons J, Alamed J, Mercer M, et al. Suppression of amyloid 
deposition leads to long-term reductions in Alzheimer’s pathologies in Tg2576 mice. J Neurosci. 
2009;29(15):4964–71. http://dx.doi.org/10.1523/JNEUROSCI.4560-08.2009

 90. Freeman GB, Lin JC, Pons J, Raha NM. 39-week toxicity and toxicokinetic study of ponezumab 
(PF-04360365) in cynomolgus monkeys with 12-week recovery period. J Alzheimers Dis. 
2012;28(3):531–41. http://dx.doi.org/10.3233/JAD-2011-110869

 91. Landen JW, Zhao Q, Cohen S, Borrie M, Woodward M, Billing CBJ, et al. Safety and pharmacology 
of a single intravenous dose of ponezumab in subjects with mild-to-moderate Alzheimer disease: A 
phase I, randomized, placebo-controlled, double-blind, dose-escalation study. Clin Neuropharmacol. 
2013;36(1):14–23. http://dx.doi.org/10.1097/WNF.0b013e31827db49b

 92. Miyoshi I, Fujimoto Y, Yamada M, Abe S, Zhao Q, Cronenberger C, et al. Safety and pharma-
cokinetics of PF-04360365 following a single-dose intravenous infusion in Japanese subjects 
with mild-to-moderate Alzheimer’s disease: A multicenter, randomized, double-blind, placebo-
controlled, dose-escalation study. Int J Clin Pharmacol Ther. 2013;51(12):911–23. http://dx.doi.
org/10.5414/CP201816

 93. Burstein AH, Zhao Q, Ross J, Styren S, Landen JW, Ma WW, et al. Safety and pharmacology of 
ponezumab (PF-04360365) after a single 10-minute intravenous infusion in subjects with mild to 
moderate Alzheimer disease. Clin Neuropharmacol. 2013;36(1):8–13. http://dx.doi.org/10.1097/
WNF.0b013e318279bcfa

 94. Landen JW, Cohen S, Billing CB, Cronenberger C, Styren S, Burstein AH, et al. Multiple-dose 
ponezumab for mild-to-moderate Alzheimer’s disease: Safety and efficacy. Alzheimers Dementia. 
2017;3(3):339–47. http://dx.doi.org/10.1016/j.trci.2017.04.003

 95. Landen JW, Andreasen N, Cronenberger CL, Schwartz PF, Börjesson-Hanson A, Östlund H, et al. 
Ponezumab in mild-to-moderate Alzheimer’s disease: Randomized phase II PET-PIB study. Alzheimers 
Dementia. 2017;3(3):393–401. http://dx.doi.org/10.1016/j.trci.2017.05.003

 96. Leurent C, Goodman JA, Zhang Y, He P, Polimeni JR, Gurol ME, et al. Immunotherapy with pone-
zumab for probable cerebral amyloid angiopathy. Ann Clin Transl Neurol. 2019;6(4):795–806. http://
dx.doi.org/10.1002/acn3.761

 97. Revesz T, Ghiso J, Lashley T, Plant G, Rostagno A, Frangione B, et al. Cerebral amyloid angiopathies: 
A pathologic, biochemical, and genetic view. J Neuropathol Exp Neurol. 2003;62(9):885–98. http://
dx.doi.org/10.1093/jnen/62.9.885

 98. Attems J, Jellinger K, Thal DR, Van Nostrand W. Review: Sporadic cerebral amyloid angiopathy. Neuropathol 
Appl Neurobiol. 2011;37(1):75–93. http://dx.doi.org/10.1111/j.1365-2990.2010.01137.x

 99. Crespi GAN, Hermans SJ, Parker MW, Miles LA. Molecular basis for mid-region amyloid-β capture by 
leading Alzheimer’s disease immunotherapies. Sci Rep. 2015;5(1):9649. http://dx.doi.org/10.1038/
srep09649

 100. Siemers ER, Friedrich S, Dean RA, Gonzales CR, Farlow MR, Paul SM, et al. Safety and changes in 
plasma and cerebrospinal fluid amyloid β after a single administration of an amyloid β monoclonal 
antibody in subjects with Alzheimer disease. Clin Neuropharmacol. 2010;33(2):67–73. http://dx.doi.
org/10.1097/WNF.0b013e3181cb577a

 101. Mably AJ, Liu W, Mc Donald JM, Dodart J-C, Bard F, Lemere CA, et al. Anti-Aβ antibodies incapable 
of reducing cerebral Aβ oligomers fail to attenuate spatial reference memory deficits in J20 mice. 
Neurobiol Dis. 2015;82:372–84. http://dx.doi.org/10.1016/j.nbd.2015.07.008

 102. Dodart J-C, Bales KR, Gannon KS, Greene SJ, DeMattos RB, Mathis C, et al. Immunization reverses 
memory deficits without reducing brain Aβ burden in Alzheimer’s disease model. Nat Neurosci. 
2002;5:452–7. http://dx.doi.org/10.1038/nn842

 103. Bouter Y, Noguerola JS, Tucholla P, Crespi GA, Parker MW, Wiltfang J, et al. Abeta targets of the 
biosimilar antibodies of Bapineuzumab, Crenezumab, Solanezumab in comparison to an antibody 

http://dx.doi.org/10.1016/j.clinthera.2019.11.015�
http://dx.doi.org/10.1016/j.jmb.2011.11.047�
http://dx.doi.org/10.1523/JNEUROSCI.4560-08.2009�
http://dx.doi.org/10.3233/JAD-2011-110869�
http://dx.doi.org/10.1097/WNF.0b013e31827db49b�
http://dx.doi.org/10.5414/CP201816�
http://dx.doi.org/10.5414/CP201816�
http://dx.doi.org/10.1097/WNF.0b013e318279bcfa�
http://dx.doi.org/10.1097/WNF.0b013e318279bcfa�
http://dx.doi.org/10.1016/j.trci.2017.04.003�
http://dx.doi.org/10.1016/j.trci.2017.05.003�
http://dx.doi.org/10.1002/acn3.761�
http://dx.doi.org/10.1002/acn3.761�
http://dx.doi.org/10.1093/jnen/62.9.885�
http://dx.doi.org/10.1093/jnen/62.9.885�
http://dx.doi.org/10.1111/j.1365-2990.2010.01137.x�
http://dx.doi.org/10.1038/srep09649�
http://dx.doi.org/10.1038/srep09649�
http://dx.doi.org/10.1097/WNF.0b013e3181cb577a�
http://dx.doi.org/10.1097/WNF.0b013e3181cb577a�
http://dx.doi.org/10.1016/j.nbd.2015.07.008�
http://dx.doi.org/10.1038/nn842�


Zampar S and Wirths O48

against N-truncated Abeta in sporadic Alzheimer disease cases and mouse models. Acta Neuropathol. 
2015;130:713–29. http://dx.doi.org/10.1007/s00401-015-1489-x

 104. Farlow M, Arnold SE, van Dyck CH, Aisen PS, Snider BJ, Porsteinsson AP, et al. Safety and biomarker 
effects of solanezumab in patients with Alzheimer’s disease. Alzheimers Dementia. 2012;8(4):261–71. 
http://dx.doi.org/10.1016/j.jalz.2011.09.224

 105. Doody RS, Thomas RG, Farlow M, Iwatsubo T, Vellas B, Joffe S, et al. Phase 3 trials of solanezumab 
for mild-to-moderate Alzheimer’s disease. New Engl J Med. 2014;370(4):311–21. http://dx.doi.
org/10.1056/NEJMoa1312889

 106. Siemers ER, Sundell KL, Carlson C, Case M, Sethuraman G, Liu-Seifert H, et al. Phase 3 solan-
ezumab trials: Secondary outcomes in mild Alzheimer’s disease patients. Alzheimers Dementia. 
2016;12(2):110–20. http://dx.doi.org/10.1016/j.jalz.2015.06.1893

 107. Honig LS, Vellas B, Woodward M, Boada M, Bullock R, Borrie M, et al. Trial of solanezumab for 
mild dementia due to Alzheimer’s disease. New Engl J Med. 2018;378(4):321–30. http://dx.doi.
org/10.1056/NEJMoa1705971

 108. Englund H, Sehlin D, Johansson AS, Nilsson LN, Gellerfors P, Paulie S, et al. Sensitive ELISA detection 
of amyloid-beta protofibrils in biological samples. J Neurochem. 2007;103(1):334–45. 

 109. Sehlin D, Englund H, Simu B, Karlsson M, Ingelsson M, Nikolajeff F, et al. Large aggregates are the 
major soluble Aβ species in AD brain fractionated with density gradient ultracentrifugation. PLoS 
One. 2012;7(2):e32014. http://dx.doi.org/10.1371/journal.pone.0032014

 110. Sehlin D, Hedlund M, Lord A, Englund H, Gellerfors P, Paulie S, et al. Heavy-chain complementar-
ity-determining regions determine conformation selectivity of anti-Aβ antibodies. Neurodegen Dis. 
2011;8(3):117–23. http://dx.doi.org/10.1159/000316530

 111. Lord A, Gumucio A, Englund H, Sehlin D, Sundquist VS, Soderberg L, et al. An amyloid-beta pro-
tofibril-selective antibody prevents amyloid formation in a mouse model of Alzheimer’s disease. 
Neurobiol Dis. 2009;36(3):425–34. http://dx.doi.org/10.1016/j.nbd.2009.08.007

 112. Lord A, Englund H, Soderberg L, Tucker S, Clausen F, Hillered L, et al. Amyloid-beta protofibril levels 
correlate with spatial learning in Arctic Alzheimer’s disease transgenic mice. FEBS J. 2009;276(4): 
995–1006. http://dx.doi.org/10.1111/j.1742-4658.2008.06836.x

 113. Tucker S, Möller C, Tegerstedt K, Lord A, Laudon H, Sjödahl J, et al. The murine version of BAN2401 
(mAb158) selectively reduces amyloid-β protofibrils in brain and cerebrospinal fluid of tg-ArcSwe 
mice. J Alzheimers Dis. 2015;43:575–88. http://dx.doi.org/10.3233/JAD-140741

 114. Sehlin D, Fang XT, Cato L, Antoni G, Lannfelt L, Syvänen S. Antibody-based PET imaging of amy-
loid beta in mouse models of Alzheimer’s disease. Nat Commun. 2016;7(1):10759. http://dx.doi.
org/10.1038/ncomms10759

 115. Logovinsky V, Satlin A, Lai R, Swanson C, Kaplow J, Osswald G, et al. Safety and tolerability of 
BAN2401 – a clinical study in Alzheimer’s disease with a protofibril selective Aβ antibody. Alzheimers 
Res Ther. 2016;8(1):14. http://dx.doi.org/10.1186/s13195-016-0181-2

 116. Osswald G. BioArctic announces positive topline results of BAN2401 phase 2b at 18 months in early 
Alzheimer’s disease. BioArctic Press Release. 2018:Jul 6, 2018. 

 117. Swanson CJ, Zhang Y, Dhadda S, Wang J, Kaplow J, Bradley H, et al. Persistence of BAN2401-
mediated amyloid reductions post-treatment: A preliminary comparison of amyloid status between 
the core phase of BAN2401-G000-201 and baseline of the open-label extension phase in subjects with 
early Alzheimer’s disease (1330). Neurology. 2020;94(15 Suppl.):1330. 

 118. Arndt JW, Qian F, Smith BA, Quan C, Kilambi KP, Bush MW, et al. Structural and kinetic basis for the 
selectivity of aducanumab for aggregated forms of amyloid-β. Sci Rep. 2018;8(1):6412. http://dx.doi.
org/10.1038/s41598-018-24501-0

 119. Ferrero J, Williams L, Stella H, Leitermann K, Mikulskis A, O’Gorman J, et al. First-in-human, dou-
ble-blind, placebo-controlled, single-dose escalation study of aducanumab (BIIB037) in mild-to-
moderate Alzheimer’s disease. Alzheimers Dementia. 2016;2(3):169–76. http://dx.doi.org/10.1016/j.
trci.2016.06.002

 120. Sevigny J, Suhy J, Chiao P, Chen T, Klein G, Purcell D, et al. Amyloid PET screening for enrichment 
of early-stage Alzheimer disease clinical trials: Experience in a phase 1b clinical trial. Alzheimer Dis 
Assoc Disord. 2016;30(1):1–7. http://dx.doi.org/10.1097/WAD.0000000000000144

http://dx.doi.org/10.1007/s00401-015-1489-x�
http://dx.doi.org/10.1016/j.jalz.2011.09.224�
http://dx.doi.org/10.1056/NEJMoa1312889�
http://dx.doi.org/10.1056/NEJMoa1312889�
http://dx.doi.org/10.1016/j.jalz.2015.06.1893�
http://dx.doi.org/10.1056/NEJMoa1705971�
http://dx.doi.org/10.1056/NEJMoa1705971�
http://dx.doi.org/10.1371/journal.pone.0032014�
http://dx.doi.org/10.1159/000316530�
http://dx.doi.org/10.1016/j.nbd.2009.08.007�
http://dx.doi.org/10.1111/j.1742-4658.2008.06836.x�
http://dx.doi.org/10.3233/JAD-140741�
http://dx.doi.org/10.1038/ncomms10759�
http://dx.doi.org/10.1038/ncomms10759�
http://dx.doi.org/10.1186/s13195-016-0181-2�
http://dx.doi.org/10.1038/s41598-018-24501-0�
http://dx.doi.org/10.1038/s41598-018-24501-0�
http://dx.doi.org/10.1016/j.trci.2016.06.002�
http://dx.doi.org/10.1016/j.trci.2016.06.002�
http://dx.doi.org/10.1097/WAD.0000000000000144�


Immunotherapy Against Amyloid-β in Alzheimer’s Disease 49

 121. Panza F, Lozupone M, Seripa D, Imbimbo BP. Amyloid-β immunotherapy for alzheimer disease: Is it 
now a long shot? Ann Neurol. 2019;85(3):303–15. http://dx.doi.org/10.1002/ana.25410

 122. Budd Haeberlein S, O’Gorman J, Chiao P, Bussière T, von Rosenstiel P, Tian Y, et al. Clinical develop-
ment of aducanumab, an anti-Aβ human monoclonal antibody being investigated for the treatment of 
early Alzheimer’s disease. J Prev Alzheimers Dis. 2017;4(4):255–63. 

 123. Howard R, Liu KY. Questions EMERGE as Biogen claims aducanumab turnaround. Nat Rev Neurol. 
2020;16(2):63–4. http://dx.doi.org/10.1038/s41582-019-0295-9

 124. Budd Haeberlein S, Von Hehn C, Tian Y, Chalkias S, Muralidharan KK, Chen T, et al. EMERGE and 
ENGAGE topline results: Two phase 3 studies to evaluate aducanumab in patients with early Alzheimer’s 
disease [Internet]. San Diego, CA: CTAD; Dec 5, 2019. Available from: http://investors.biogen.com/
static-files/ddd45672-9c7e-4c99-8a06-3b557697c06f

 125. Schneider L. A resurrection of aducanumab for Alzheimer’s disease. Lancet Neurol. 2020;19(2): 
111–12. http://dx.doi.org/10.1016/S1474-4422(19)30480-6

 126. Caouette D. Biogen completes submission of biologics license application to FDA for aducanumab as 
a treatment for Alzheimer’s disease. Biogen Press Release. 2020:July 8, 2020. 

 127. Bogstedt A, Groves M, Tan K, Narwal R, McFarlane M, Höglund K. Development of immunoassays 
for the quantitative assessment of amyloid-β in the presence of therapeutic antibody: Application to 
pre-clinical studies. J Alzheimers Dis. 2015;46:1091–101. http://dx.doi.org/10.3233/JAD-142988

 128. Billinton A, Newton P, Lloyd C, Groves M, Welsh F, Bogstedt A, et al. Preclinical discovery and devel-
opment of MEDI1814, a monoclonal antibody selectively targeting β-amyloid 42 (Aβ42). Alzheimers 
Dementia. 2017;13:P266. http://dx.doi.org/10.1016/j.jalz.2017.06.141

 129. Ostenfeld T, Pomfret M, Billinton A, Chessell I, Chessell T, Lindqvist E, et al. Evaluation of safety, 
tolerability, pharmacokinetics and pharmacodynamics of MEDI1814, a β-amyloid 42 (Aβ42)-specific 
antibody, in patients with mild-moderate Alzheimer’s disease. Alzheimers Dementia. 2017;13:P574. 
http://dx.doi.org/10.1016/j.jalz.2017.07.193

 130. Pradier L, Blanchard-Brégeon V, Bohme A, Debeir T, Menager J, Benoit P, et al. SAR228810: An antibody 
for protofibrillar amyloid β peptide designed to reduce the risk of amyloid-related imaging abnormali-
ties (ARIA). Alzheimers Res Ther. 2018;10(1):117. http://dx.doi.org/10.1186/s13195-018-0447-y

 131. Taupin V, Vaucher N, Loux C, Le Parc J, Michoux F, Colonna C, et al. Anti-amyloid antibodies as a 
potential therapeutic for Alzheimer’s disease: Neuroprotective activity of SAR228810 against amyloid-
induced neurotoxicity in vitro. Alzheimers Dementia. 2017;13:P944. http://dx.doi.org/10.1016/j.
jalz.2017.06.1851

 132. Pradier L, Cohen C, Veronique B, Debeir T, Barneoud P, Canton T, et al. SAR228810: An antipro-
tofibrillar beta-amyloid antibody designed to reduce risk of amyloid-related imaging abnormalities 
(ARIA). Alzheimers Dementia. 2013;9:P808. http://dx.doi.org/10.1016/j.jalz.2013.05.1678

 133. Whitson JS, Selkoe DJ, Cotman CW. Amyloid beta protein enhances the survival of hippocampal 
neurons in vitro. Science. 1989;243(4897):1488–90. http://dx.doi.org/10.1126/science.2928783

 134. Puzzo D, Privitera L, Leznik E, Fa M, Staniszewski A, Palmeri A, et al. Picomolar amyloid-beta 
positively modulates synaptic plasticity and memory in hippocampus. J Neurosci. 2008;28(53): 
14537–45. http://dx.doi.org/10.1523/JNEUROSCI.2692-08.2008

 135. Puzzo D, Privitera L, Fa M, Staniszewski A, Hashimoto G, Aziz F, et al. Endogenous amyloid-beta is 
necessary for hippocampal synaptic plasticity and memory. Ann Neurol. 2011;69(5):819–30. http://
dx.doi.org/10.1002/ana.22313

 136. Lucey BP, Hicks TJ, McLeland JS, Toedebusch CD, Boyd J, Elbert DL, et al. Effect of sleep on overnight 
cerebrospinal fluid amyloid β kinetics. Ann Neurol. 2018;83(1):197–204. http://dx.doi.org/10.1002/
ana.25117

 137. Szczygielski J, Mautes A, Steudel WI, Falkai P, Bayer TA, Wirths O. Traumatic brain injury: Cause or 
risk of Alzheimer’s disease? A review of experimental studies. J Neural Transm. 2005 Nov;112(11): 
1547–64. http://dx.doi.org/10.1007/s00702-005-0326-0

 138. Garcia-Alloza M, Gregory J, Kuchibhotla KV, Fine S, Wei Y, Ayata C, et al. Cerebrovascular lesions 
induce transient β-amyloid deposition. Brain. 2011;134(12):3697–707. http://dx.doi.org/10.1093/
brain/awr300

http://dx.doi.org/10.1002/ana.25410�
http://dx.doi.org/10.1038/s41582-019-0295-9�
http://investors.biogen.com/static-files/ddd45672-9c7e-4c99-8a06-3b557697c06f[[AQ�
http://investors.biogen.com/static-files/ddd45672-9c7e-4c99-8a06-3b557697c06f[[AQ�
http://dx.doi.org/10.1016/S1474-4422(19)30480-6�
http://dx.doi.org/10.3233/JAD-142988�
http://dx.doi.org/10.1016/j.jalz.2017.06.141�
http://dx.doi.org/10.1016/j.jalz.2017.07.193�
http://dx.doi.org/10.1186/s13195-018-0447-y�
http://dx.doi.org/10.1016/j.jalz.2017.06.1851�
http://dx.doi.org/10.1016/j.jalz.2017.06.1851�
http://dx.doi.org/10.1016/j.jalz.2013.05.1678�
http://dx.doi.org/10.1126/science.2928783�
http://dx.doi.org/10.1523/JNEUROSCI.2692-08.2008�
http://dx.doi.org/10.1002/ana.22313�
http://dx.doi.org/10.1002/ana.22313�
http://dx.doi.org/10.1002/ana.25117�
http://dx.doi.org/10.1002/ana.25117�
http://dx.doi.org/10.1007/s00702-005-0326-0�
http://dx.doi.org/10.1093/brain/awr300�
http://dx.doi.org/10.1093/brain/awr300�




51

In: Alzheimer’s Disease: Drug Discovery. Huang X (Editor). Exon Publications, Brisbane, Australia. 
ISBN: 978-0-6450017-0-9; Doi: https://doi.org/10.36255/exonpublications.alzheimersdisease.2020

Copyright: The Authors.

License: This open access article is licenced under Creative Commons Attribution-NonCommercial 
4.0 International (CC BY-NC 4.0) https://creativecommons.org/licenses/by-nc/4.0/

3

Abstract: Alzheimer’s disease is the most common irreversible neurodegenerative 
disorder. To date, there is no cure for Alzheimer’s disease. While multiple patho-
logical mechanisms have been proposed for the onset and progression of 
Alzheimer’s disease, the hypothesis that attracted much attention is the amyloid 
hypothesis. The senile plaques that accumulate in the brain of Alzheimer’s disease 
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patients are predominantly composed of beta amyloid (Aβ). Aβ deposition in the 
brain is thought to occur years before the emergence of clinical symptoms. The 
overproduction, aggregation, and fibrillation of Aβ, combined with reduced clear-
ance, eventually lead to amyloid plaque formation and subsequent neurotoxicity. 
Hence, inhibition of Aβ aggregation and the promotion of Aβ clearance have been 
actively explored as therapeutic strategies for Alzheimer’s disease. This chapter 
provides an overview of the current knowledge on one such strategy, Aβ-targeted 
inhibitory peptides.

Keywords: Aβ aggregation in Alzheimer’s disease; biopanning; inhibitory peptides 
for Alzheimer’s disease; peptide–nanostructure conjugates; peptidomimetics

INTRODUCTION

Alzheimer’s disease is an age-dependent disorder that is the fifth leading cause of 
death in people aged 65 years and older. It is estimated that over 50 million peo-
ple worldwide suffer from Alzheimer’s disease, and this figure is set to increase to 
152 million by 2050 with a financial burden of 1.1 trillion US dollars by 2050 
(1–3). Several hypotheses, including the amyloid, cholinergic (4), and Tau protein 
hypotheses have been proposed to explain the pathophysiology and etiology of 
Alzheimer’s disease (5). Because of the presence of Aβ in the brain tissue, cerebro-
spinal fluid, and plasma, the amyloid cascade hypothesis is the most widely 
accepted. The amyloid cascade hypothesis states that neurodegeneration in 
Alzheimer’s disease is the result of amyloid plaque and neurofibrillary tangle for-
mations (6, 7). The overproduction, clearance failure, aggregation, and fibrillation 
of Aβ eventually leads to amyloid plaque formation. These factors also contribute 
to neuroinflammation and cell death. Aβ deposition in the brain is likely to be the 
first pathological incident that occurs years before the emergence of clinical symp-
toms. Aβ is produced through the proteolytic cleavage of the amyloid precursor 
protein (APP), a transmembrane glycoprotein, which is made up of a cytoplasmic 
domain with 55 amino acids and a long extracellular domain with 590–680 amino 
acids (8). APP cleavage by the proteases β- and γ-secretases produce Aβ fragments 
of varying size depending on the cleavage site (9), of which Aβ40 (about 90%) and 
Aβ42 (about 5–10%) are the most prevalent (Figure 1). Aβ42 is more toxic than 
Aβ40. After production, the Aβ peptides aggregate to form amyloid deposits. There 
are different aggregation forms such as low molecular weight oligomers, protofi-
brils, as well as mature fibrils that eventually come together to form amyloid 
deposits in the brain parenchyma and cerebrovascular spaces (10, 11).

Therefore, inhibition of Aβ aggregation and the promotion of Aβ clearance 
have been investigated as therapeutic strategies for Alzheimer’s disease. Some of 
these strategies include the use of metal chelators (12), peptides (13), organic 
molecules (14), and biomolecules (15, 16). Peptides are considered a better 
option than small molecule-based compounds because of their high affinity for 
Aβ and low toxicity (17). Although natural amino acid-based peptides are effec-
tive inhibitors of Aβ aggregation, they are prone to faster enzymatic degradation 
and show a tendency for self-assembly into fibrils during administration (15). 
To overcome these problems, modified peptides have been generated (18) with 
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D-amino acids, retro-inverso cyclization, fluorination, as well as N-methylation of 
the ester bond (19). With this knowledge, peptides could be potential candidates 
for inhibiting Aβ conformational transitions, self-assembly, and toxicity against 
neurons, and promotion of the pathways of the nontoxic fibrillation and early 
diagnosis of Alzheimer’s disease (20). This chapter provides an overview of the 
therapeutic potential peptides as Aβ aggregation inhibitors.

PEPTIDIC INHIBITORS

Luhrs and co-workers first experimentally described the structure of the Aβ42 
fibril (Figure 2, right) (21). At least four specific structural sites for interaction 
have been identified on the Aβ fibril (22): (i), hydrophobic regions of Ala30–
Val36, and Leu17–Ala21 residues from the C and N-terminal β-sheets respec-
tively; (ii), hydrophilic part using electrostatic interactions between Asp23 and 
Lys28 residues; (iii), central cleft in the interior of the U-shaped turn; and (iv), 
Glu22 ladder between the side chains of the Glu22 residues of the adjacent 
β-strands (Figure 2, bottom right). The formation of the salt-bridge between 
Asp23 and Lys28 is an essential β-sheet conformation stabilizer. Moreover, it 
might stimulate the oligomerization of Aβ via stabilizing the Val24–Asn27 turn 
(23). The hydrophobic residue of Met35 in the C-terminus domain could support 

Figure 1. Amyloid-β fibrillation and neuronal damage. First, amyloid precursor protein is 
cleaved by β and γ secretases, respectively. A peptide fragment of 39-42 amino acid is formed 
depending on the site of cleavage. After cleavage, Aβ monomers start to self-assemble to 
form soluble toxic aggregates, and finally into insoluble fibrils, which subsequently cause 
synaptic dysfunction and neuronal death.
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Figure 2. The structure of Aβ. Right, schematic of the Aβ42 amyloid fibril. Left, binding sites of 
inhibitory peptides of LPFFD and KVLFF on Aβ40 fibril.

fibril stability by hydrophobic interactions. The Met35 binding site can poten-
tially inhibit protein-protein interactions and prevent amyloid fibril formation 
(24). These sites are probably critical regions in the initiation of Aβ nucleation, 
conformational transition promotion, and fibril formation. The residues 
16KLVFFA21 (Figure 2) of the central hydrophobic core (CHC) region is a critical 
nucleation site, or self-recognition sequence. The Ile41 and Ala42 residues can 
modulate Aβ42 oligomer formation (25) by interacting with the N and C-terminus 
of Aβ42 (26). Figure 2, left, shows the binding sites of the most common inhibi-
tory peptides, such as LPFFD and KVLFF, on the Aβ40 fibril structure.

Peptide inhibitors are generally divided into Aβ-based peptide inhibitors and 
non-Aβ-based peptide inhibitors. A list of select Aβ inhibitory peptides are pre-
sented in Table 1.

Aβ-based peptide inhibitors

These are based on the structure of the C-terminal fragments (CTFs) and the CHC 
sequences of the Aβ peptide. They bind to the Aβ peptide at specific sites and 
prevent its assembly into amyloid fibrils. Peptides consisting of D-enantiomeric 
amino acids exhibit greater stability against proteases and show a higher binding 
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affinity for Aβ compared with their L-enantiomeric counterparts. Moreover, 
D-peptides inhibit Aβ aggregation in animal models (28). Retro-inverso peptides 
are a special class of modified peptides that contain D-amino acids and reversed 
NH and CO groups in the peptide bonds. These peptides could keep the same 
spatial position in the side chain of the residues and preserve the desirable 3D 
structure compared to unchanged L-peptides (47). They also displayed advan-
tages in terms of Aβ aggregation inhibition, higher proteolytic stability, lower self-
assembly, and better blood-brain-barrier (BBB) permeability when compared with 
L-peptides in an animal model (48, 49). Fluorinated hydrophobic valine or phe-
nylalanine in the LVFFA-based peptides can considerably delay the formation of 
Aβ aggregation. Fluorinated amino acids can also inhibit Aβ aggregation (50). 
Modification of amide functional groups with a methyl group is another strategy 
in the development of new inhibitors. N-methylated amide groups could enhance 
the peptide’s solubility in aqueous solutions and decrease Aβ-induced toxicity. 
Cyclic peptides have a higher inhibitory activity than acyclic derivatives (51). 
Because of their high enzymatic resistance, they are degraded slowly. Residues of 
lysine and glutamic acid have been known to be effective stabilizing and enhanc-
ing agents of Aβ fibrillation due to their ability to improve surface tension. In 
contrast, arginine residues have been reported as aggregation inhibitors or desta-
bilizers (chaotropes) (52).

The 16KLVFF20-based peptides play a crucial role in disrupting Aβ aggregation 
by binding to full-length Aβ peptides and preventing fibril formation (53, 54). 
Ac-LVFFARK-NH2 (LK7), designed by adding arginine and lysine to KLVFF, 
induced a dose-dependent inhibition on Aβ42 fibrillation; however, it was cyto-
toxic due to high self-assembling properties (55). When conjugated with poly 
(lactic-co-glycolic acid) nanoparticles (NPs), the LK7-PLGA-NPs complex resulted 
in the elimination of the LK7 self-assembly feature while inhibiting Aβ42 fibrillation 
(55). Binding β-cyclodextrin to LK7 (56) improved LK7 peptide solubility, inhib-
ited its tendency to self-aggregate, improved its binding to Aβ, and inhibited Aβ 
aggregation. Head-to-tail cyclization of LK7 peptide also resulted in a decrease in 
self-assembly of the LK7, an increase in binding affinity to the Aβ40 peptide, and 
proteolytic stability in serum. This derivative also can stabilize the Aβ40 secondary 
structure and inhibit Aβ40 –mediated cytotoxicity. Another derivative of LK7 pep-
tide is Ac-LVFFARKHH-NH2 (LK7-HH), in which LK7 has been conjugated to the 
HH ligand as a chelator for reducing reactive oxygen species (ROS) production 
and capturing free and complexed ions of Cu2+ (57). This chelator also improved 
the anti-aggregate effects of LK7 on Aβ peptide and reduced its self-aggregation 
properties.

Proline and aspartic acid were exchanged for valine and alanine, respectively, 
in KVLFFA (58, 59). The derived peptide, referred to as 5-mer iAβ5 with sequence 
LPFFD, inhibited Aβ aggregation, neurotoxicity, and reduced plaque load (58). 
Due to the lack of a proton on the secondary substituted nitrogen in the peptide 
bond of proline residue, it could inhibit the formation of the intramolecular 
hydrogen bonds into fibrils. Since these small peptides are prone to faster enzy-
matic degradation and have reduced BBB permeability in vivo, iAβ5p was modi-
fied by N-methylation between Pro and Phe residues to improve its stability (60). 
The results from in vitro and in vivo studies showed that it has the same inhibitory 
activity as the parental iAβ5 peptide against amyloid fibril formation and neuro-
toxicity but with improved protease resistance. Also, molecular dynamics 
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simulations show that this peptide has more durable binding and enhanced activ-
ity against Aβ40 aggregation in comparison to the iAβ5 peptide. In a similar study, 
the RIVFF sequence was produced by residue mutations of lysine16 (K) to argi-
nine (R) and leucine17 (L) to isoleucine (I) on the KLVFF segment (61). The 
results indicated that this peptide could self-aggregate into β-sheet structures by 
reducing the surface tension of water and at higher concentrations (>250 μM) 
enhanced the Aβ-induced cytotoxicity.

The peptide D-GRKKRRQRRR-GGGG-DVEFRH (Aβ1−6 A2V-TAT) was investi-
gated in vivo (62, 63). It was generated by modifying the N-terminal fragment of 
1DAEFRH6 through mutation of alanine in position 2 to valine and conjugating 
with the HIV protein transduction domain GRKKRRQRRR (TAT). The resulting 
peptide showed strong anti-amyloidogenic effects in vitro and Aβ aggregation 
inhibition in mouse models of Alzheimer’s disease (64). The KLVFWAK motif was 
designed based on the 16KLVFFAE22 sequence with mutations introduced at phe-
nylalanine and glutamic acid residues to tryptophan and lysine respectively to 
enhance solubility and disrupt self-assembly via electrostatic repulsion. Results 
showed that the designed motif could only target the C-terminal region of Aβ 
oligomers. The designed motif exhibited a lower self-aggregation tendency in 
comparison to other KLVFF-related sequences. Moreover, it demonstrated a 
higher binding affinity to Aβ aggregates and fibrils than monomers (65).

RGKLVFFGR (OR1) and RGKLVFFGR-NH (OR2) are retro-inverso peptides 
(66), designed by the addition of arginine (R) and glycine (G) to the KLVFF 
sequence. They exhibit high solubility and stability against enzymes. However, 
only the OR2 peptide showed inhibitory effects on Aβ oligomer formation and 
cytotoxicity. OR2 was modified to HN-rGklvffGr-Ac (RI-OR2) by acetylation of 
the C-terminal residue (49). The result illustrated that the peptide has a high 
resistance to proteolysis, while maintaining the same inhibitory activity in vivo. In 
a follow-up study, the RI-OR2 peptide was attached to the TAT peptide to improve 
its permeability into cells and the BBB (48). The results showed the peptide was 
able to decrease Aβ aggregation, plaque levels, and oxidative damages as well as 
increase the number of young neurons in the brain.

31IIGLMVGGVVIA42 and 39VVIA42 sequences were designed based on the 
C-terminal domain of Aβ42 (67). The 39VVIA42 sequences could interact with Aβ42 
monomers and smaller oligomers at several sites, specifically at the N-terminal 
domain. At micromolar concentrations, the VVIA-NH2 peptide inhibited Aβ42 
aggregation, exhibited less toxicity, and protected synaptic activity. However, 
these effects were not observed for the acetylated Ac-VVIA sequence (68). The 
non-acetylated VVIA-NH2 sequence particularly interacts with the C-terminal 
domain while the Ac-VVIA peptide has a dispersed binding distribution (68). The 
Ac-32IGLMVG37-NH2 sequence, a hexapeptide from the C-terminal fragment, has 
been shown to have a moderate efficacy with less toxicity (69).

O-acyl isopeptide and NMe-b-Ala26 (70) were derived from the full-length Aβ 
sequence with modification of an ester bond at the Gly25-Ser26 moiety and an 
N-methyl amide-β-Ala26, respectively. O-acyl isopeptide inhibited Aβ42 fibrillation 
at equimolar concentrations through an inhibitory mechanism distinct from any 
other peptidic inhibitors reported previously. Also, this derivative was more solu-
ble than Aβ42 peptides and rapidly decomposed to Aβ42 monomers under physi-
ological conditions through an O-to-N acyl rearrangement reaction whereas 
NMe-b-Ala26 showed higher chemical stability at physiological conditions.
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Non-Aβ-based peptide inhibitors

Carnosine, a natural imidazole-containing dipeptide is a metal ion chelator (71). 
It inhibits the fibrillation and toxicity of amyloidogenic species such as glycated 
α-Crystallin, Aβ peptide, and prions. This peptide also inhibits the intramolecular 
salt bridge formation, which is vital to the stability and elongation of fibrils (71). 
Peptide D1, QSHYRHISPAQV (72), is another non-Aβ peptide that reduces Aβ 
aggregation and Aβ-associated cytotoxicity at high concentrations. N-methylated 
proprietary peptides such as D-NH2 (SEN304) and SEN1576 can inhibit 
Aβ-associated toxicity in vivo (73). Furthermore, SEN304 is a more potent inhibi-
tor than customized versions of the KLVFF peptide. These peptides could inter-
fere with the nucleation of Aβ, convert them into non-toxic forms, and eliminate 
toxic oligomers.

PEPTIDE LIBRARY SCREENING

There are many screening approaches to identify target-specific ligands (74, 75). 
Phage display is one such efficient high-throughput screening method that allows 
the screening of a wide variety of peptide libraries to identify specific peptide 
sequences against the desired target (76, 77). Wang et al. synthesized a linear 
peptide with sequence PYRWQLWWHNWS selected based on the screening of a 
randomized 12-mer peptide library against the target Aβ1–10 sequence (78). After 
screening, specific phages were selected and their binding affinity to Aβ1–10 was 
evaluated by real-time biomolecular interaction analysis. This peptide could spe-
cifically bind to Aβ1–10, inhibit the aggregation of Aβ into plaques, and reduce 
Aβ1–42 induced-apoptosis. Furthermore, it illustrated a protective effect against 
Aβ1–42-induced memory and learning impairments in animal models (59).

Larbanoix et al. utilized the phage display method to discover a linear hexa-
peptide against Aβ1–42 aggregation (79). Two of the selected clones, Pep1: LIAIMA 
and Pep2: IFALMG, corresponding to fragment 31IIGLMV36 from Aβ1–42 peptide, 
demonstrated the highest binding affinities to Aβ1–42 with Kd values in the micro-
molar range. Their specific interactions with Aβ1–42 plaques were identified by 
immunohistochemistry on harvested brain tissue from an animal model of 
Alzheimer’s disease. The peptides did not induce any toxicity in neurons in vitro. 
Moreover, the thioflavin T aggregation assay indicated that the designed peptides 
could suppress the amyloid fibril formation.

In 2010, a random heptapeptide library (XX–P–XXXX) on T7 phage was 
reported by Kawasaki et al. (80). The library was designed based on the LPFFD 
sequence XX-P-XXXX, where P is proline, and X is any amino acid. After the fifth-
round of biopanning against Aβ1–42 soluble oligomers, eight new peptides con-
taining arginine residues were obtained. The peptide with the strongest affinity to 
Aβ (RGPRGRV) suppressed the formation of 37–48 kDa oligomers and main-
tained the monomeric form of Aβ1–42 for up to 24 h. In follow-up studies, to 
assess the effect of the peptide length on the inhibition of soluble oligomers for-
mation, random libraries containing 3-residue and 4-residue peptides were pre-
pared by phage display and evaluated. The results demonstrated that the 3-residue 
peptides could not significantly inhibit oligomers formation because of their 
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smaller size. In contrast, the 4-residue peptide with the RFRK sequence inhibited 
the soluble oligomer formation like the heptapeptide (RGPRGRV). It also showed 
a slight decrease on Aβ fibrillation (81), similar to the inhibitory activity of the 
N-Methylated Peptide (SEN304), against Aβ42 aggregation (25, 82, 83). Tsuji-
Ueno et al. utilized the all-steps-all-combinations (ASAC) method to explore 
Aβ42-binding peptide aptamers. The identified peptides from the primary and 
secondary libraries showed a weak binding affinity to Aβ42 (Kd values in the μ m 
range) (84). To further improve the peptide aptamers, Gautam et al. applied the 
mRNA display technique and paired-peptide library method. The library was 
assembled by a random shuffling method on selected peptide blocks taken from 
the formed primary and secondary peptide libraries by Tsuji-Ueno et al. (84). 
They reported two peptides with high binding affinity to Aβ42 (Kd in the nM 
range) which significantly inhibited the Aβ42 aggregation (85). The improved 
peptide aptamers, P84 (CGILDPIPWGGSGGSCGILDPIPW) and P131 
(GCPCIGIIGGSGGSDCSSDLTPS), where GGSGGS is the linker sequence, dem-
onstrated a higher binding affinity for the Aβ42 peptide (Kd values in the nanomo-
lar range) compared to the primary and secondary Aβ42-binding peptides (86). 
The results showed that both peptides could inhibit the Aβ42 aggregation and 
result in the reduction of the cytotoxic effects of Aβ42 fibrils and Aβ42 oligomers in 
PC12 cells; P84 showed better efficacy than P131 on the cell line.

Groen and co-workers employed mirror-image phage display to identify selec-
tive and high-affinity D-peptide ligands for Aβ1–42. The D-enantiomer Aβ1–42 was 
used as a target for selection from a randomized 12- amino acid peptide library 
with more than 1 billion different peptides. After six rounds of biopanning, they 
identified a specific D-enantiomeric peptide, RPRTRLHTHRNR, called D3 (73). 
The D3 ligand inhibited Aβ aggregation, and dissolved pre-formed Aβ fibrils. 
Additionally, D3 ligand could disaggregate pre-existing amyloid plaques in the 
brain and result in an increase in the amount of Aβ monomeric form, which has 
high clearance from the brain (87). FITC fluorescence data demonstrated that 
Aβ–D3 clearance might have been associated with pericytes, which have a major 
role in the clearance of different Aβ40/42 species (88, 89). Glial fibrillary acidic 
protein (GFAP) staining of astrocytes and CD11b staining of microglia in brain 
sections revealed that the D3 significantly decreased the amount of plaque-related 
inflammation markers (active astrocytes and microglia) around the Aβ plaques in 
comparison to the untreated animals. In addition to the anti-inflammatory prop-
erties, this peptide ligand could drastically reduce the Aβ plaque load in brain 
tissue of transgenic APP-PSD mice after a 30-day treatment with administration of 
9 mg D3 per day per mouse. Computational simulation studies demonstrated 
strong electrostatic interactions between the arginine-rich D3 and negatively 
charged groups of Aβ nonamer; D3 binding to Aβ nonamer could change the 
topology of the Aβ oligomers by inducing a twist in them and consequently pro-
mote the formation of Aβ nonfibrillar aggregations (73, 90, 91).

Luo et al. applied peptoid chemistry, N-substituted glycine oligomers as a class 
of peptidomimetics, to develop and improve selective high-affinity ligands for 
Aβ42 (92). They constructed an on-bead peptoid library of 38,416 unique pep-
toids. After screening for Aβ42-selective peptoid ligands, the IAM1 ligand and its 
dimeric form were selected and further evaluated. IAM1 peptide showed about 
10-fold more affinity for Aβ42-binding than for Aβ40, and inhibited Aβ42 aggrega-
tion in vitro. The dimeric derivative (IAM1)2 demonstrated a 7.4-fold higher 
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affinity for Aβ42 (60 nM) than the monomeric form. Moreover, (IAM1)2 demon-
strated neuroprotective effects on primary hippocampal neurons against Aβ42-
induced toxicity.

Due to the considerable similarities between the self-assembly of cyclic d,l-α-
peptides and amyloid structures, it is possible such peptides can bind to Aβ non-
toxic forms and stabilize them (29). Richman et al. described the cyclic peptide 
CP-2, cyclo-[l–J–w– H–s–K]s (J denotes l-norleucine), by screening a 6-residue 
library of head-to-tail cyclic d,l-α-peptides consisting of residues Lys, Glu, Ser, 
Leu, Trp, and His using a one-bead-one-peptide combinatorial approach (29, 93). 
The selected peptide strongly interacted with Aβ40/Aβ42 and prevented their 
assembly, entirely disassembled Aβ40 fibrils, and protected PC12 cells against 
Aβ40/Aβ42-induced toxicity, without having any toxic effects of its own. NMR 
spectroscopy revealed that the CP-2 peptide, in a self-assembled form, interacted 
with monomeric and low-oligomeric structures of Aβ40 and induced weak α-helix 
structures during the initial stage of Aβ40 aggregation and subsequently promoted 
the conformational transition shift from a more toxic antiparallel β-sheet confor-
mation to the less toxic parallel β-sheet.

In another study, Acerra et al. utilized an intracellular protein-fragment com-
plementation assay (PCA) methodology for the screening of selective high-affinity 
peptides to Aβ (94). The Aβ25–35 sequence, known to self-assemble into toxic 
fibrils (95), was inserted into one half of the murine dihydrofolate reductase 
enzyme as a target, and the Aβ29–35 sequence-based peptide was inserted on the 
other half of the enzyme (96). After the screening of primary and secondary librar-
ies, two new targeting peptides L2P1, FSKATSN, and L2P2, PVKATTA were 
selected. These peptides shared no homology with the starting template Aβ29–35. 
The results showed that all selected peptides could bind Aβ42, inhibit fibril forma-
tion, and disaggregate pre-formed fibrils. To further improve the metabolic stabil-
ity of selected peptides from primary and secondary libraries, their retro-inverso 
(RI) analogs were evaluated (86). All RI peptide ligands, such as KAR-R1, 
L2P1a-RI, L2P1b-RI, L2P2a-RI, and L2P2b-RI, inhibited Aβ fibrillation and disag-
gregated pre-formed fibrils, and reduced Aβ42-induced toxicity in PC-12 cells.

THE CURRENT STATE AND FUTURE DIRECTIONS OF Aβ 
INHIBITORY PEPTIDES IN ALZHEIMER’S DISEASE

A wide range of peptide-based inhibitors has been evaluated in cellular and ani-
mal models as new therapeutic compounds for inhibition of Aβ aggregation. 
While experimental studies generated promising results, only a few of these 
 inhibitory peptides have been successful enough to enter clinical trials. NAP or 
Davunetide peptide with NAPVSIPQ sequence, derived from the activity- 
dependent neuroprotective protein (ADNP), was reported in 2003 by Gozes et al. 
(97). NAP was able to inhibit Aβ aggregation, disassemble pre-formed fibrils, and 
protect the neuronal cells from Aβ induced toxicity. Though NAP demonstrated 
benefits in phase II clinical trials for mild cognitive impairment, it failed in a phase 
III trial (98–100). PPI-1019 peptide (APAN), with a sequence of D-(H-[(Me-L)-
VFFL]NH2), is an N-methylated peptide which is derived from the D-enantiomeric 
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Cholyl-LVFFA-NH2 that could inhibit Aβ aggregation and the induce toxicity in 
experimental studies (101). The phases I and II clinical trials of APAN was com-
pleted in patients with mild-moderate Alzheimer’s disease in 2005 (NCT00100282, 
NCT00100334), but the outcome of this study is still unknown (https://clinical-
trials.gov/, last assessed 28 October 2020). Other reported inhibitory peptides 
including, D3 (102), D-Trp-Aib−OH (44), D-4F (36), TAT-R1-OR2 (48), NL-RI-
OR2-TAT90 (103), and R1-OR2 (49) have shown considerable efficacy in pre-
clinical trials, but they have not yet entered clinical trials.

The reality is that, to date, there is no cure for Alzheimer’s disease. Only opti-
mism remains. Therefore, it is necessary to discover potential peptides for testing 
in clinical trials. The current inhibitory peptides have certain limitations such as 
poor BBB permeability and high cytotoxicity. To overcome these problems and 
further improve the inhibitory activity, a number of studies have focused on 
 peptide–nanostructure conjugates (PNCs) approach that provides an opportunity 
to increase the capabilities of both these classes of materials (55, 104, 105). 
Nanostructures could be considered as a potential vehicle to overcome poor BBB 
permeability and bring hope for neurodegenerative diseases therapy due to their 
size and various surface modifications (106). As an example, multivalent inhibi-
tors can be developed against Aβ aggregation by decorating gold nanoparticles 
with VVIA and LPFFD (107). The PNCs approach gives a fascinating insight into 
the fields of diagnosis and treatment, and provides new opportunities for the 
design of high-performance peptides (108, 109).

CONCLUSION

Despite a better understanding of the pathogenic mechanisms of Alzheimer’s dis-
ease, finding efficient therapeutic compounds to prevent or halt the progression of 
Alzheimer’s disease continues to be a challenge. Aβ aggregation inhibition-based 
approaches are being developed with the aim to stop disease progression. While the 
reported inhibitory peptides have considerable advantages over other compounds, 
and experimental evidence has been encouraging, bench-to-bedside has not yet 
become a reality. Therefore, adequate knowledge of binding interactions of these 
peptides with their biological targets, the ligand-target complex, is required to 
design more accurate therapeutic biomolecules. Peptide inhibitors have unique 
properties, particularly, high selectivity, low accumulation in tissues, low side-effects 
and toxicity, and different chemical and biological synthesis routes when compared 
with other compounds. As researchers continue to focus on rational design, charac-
terization, optimization, and interaction between the inhibitor and the Aβ peptide 
complex, more peptide inhibitors are expected to succeed in clinical trials.
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Abstract: Drugs available on the market for the treatment of Alzheimer’s disease 
show only low symptomatic efficacy and phase 3 clinical trials against amyloid 
have been negative over the past 20 years. As dysfunctional tau protein is more 
closely correlated with dementia than amyloid, targeting tau protein may be more 
effective in improving cognitive function in cases of Alzheimer’s disease. It should 
be emphasized that the development of tau protein therapy is in many ways more 
complicated than the development of anti-amyloid therapy. Several antibodies to 
the tau protein and two vaccines are currently undergoing clinical trials. Relatively 
speaking, tau protein therapy for Alzheimer’s disease is still in its infancy. The 
purpose of this chapter is to draw the readers’ attention to the various uncertain-
ties and barriers to the success of tau protein therapy in treating Alzheimer’s 
 disease, and to show how future research and clinical trials can avoid previous 
limitations or mistakes.
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INTRODUCTION

Alzheimer’s disease is an age-related disorder characterized clinically by gradual 
memory loss and cognitive impairment. The disease affects more than 47 million 
people worldwide, and this number is expected to reach over 131 million by 
2050. Alzheimer’s disease is considered the most common cause of dementia 
(1, 2), covering about 60–80% of dementia cases worldwide (3). Available data 
indicate that the incidence of sporadic Alzheimer’s disease is common and 
reaches 10–50% persons over the age of 65 (4). Factors that may be involved in 
the development of the disease include lifestyle habits such as diet, exercise, 
education, cognition and aging, immunosenescence, chronic infections and 
inflammation, latent infections, vascular factors, sleep problems and more (5–9). 
It has been suggested that intestinal microorganisms and ischemic episodes may 
also be involved in the development of this disease (10–13). Heritability of this 
form of dementia is high and estimated at 70–79% based on twin-studies. 
However, most evidence points to a heterogeneous etiology, with the disease 
resulting from a combination of many genetic, environmental, vascular and other 
currently unknown factors (5, 6, 10, 14–16). One particular genetic factor, the 
epsilon allele in the apolipoprotein E gene, has been identified as being associ-
ated with an increased risk of sporadic Alzheimer’s disease, but a large percentage 
of the genetic risk remains unidentified. Alzheimer’s disease is the leading cause 
of acquired disability in the world, affecting 1 in 2 in women and 1 in 3 in men 
(17). Alzheimer’s disease is described as one of the unsolved problems of modern 
medicine (18), one which has a significant impact on the global economy, society 
and the families of the sick (19). In addition to significant personal costs, the 
total estimated worldwide financial burden due to dementia in 2010 was USD 
604 billion (19). This is a serious public health problem that can grow to epi-
demic proportions over the next few decades if the disease cannot be prevented 
or slowed down (18).

Neuropathologically, Alzheimer’s disease is characterized by the accumulation 
of amyloid in the form of plaques in the extracellular space and tau protein dys-
function in the form of neurofibrillary tangles present in the intracellular space, 
which are important in the final post-mortem diagnosis. The most neurotoxic 
forms of amyloid and tau protein are believed to be oligomeric forms that spread 
extracellularly as soluble oligomers through a prion-like mechanism (20, 21). The 
causes or mechanisms of amyloid plaques and neurofibrillary tangles formation 
are not yet well understood, but they are generally considered to be the result of 
a process of misfolding of proteins that leads to the development of pathological 
phenomena. Alzheimer’s disease develops due to a combination of different neu-
ropathological processes in the brain that cause massive neuronal death and loss 
of synapses. The resulting atrophy causes patients’ brains to weigh about a third 
less than age-matched non-demented people (3). Today we know that the onset 
of Alzheimer’s disease begins between 15 (in familial cases) and 20–30 years (in 
sporadic cases) before any clinical symptoms appear (2, 8, 22). By the time the 
clinical phenotype is recognized, significant neuronal and synaptic degeneration 
and massive neuroinflammatory changes have already occurred. Though the 
cause of Alzheimer’s disease is not completely certain, it has been proven by 
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diagnostic methods based on the analysis of the patient’s brain images that the 
accumulation of amyloid in the brain precedes the appearance of clinical symp-
toms and indicates a number of pathological factors that are ultimately not 
defined.

The amyloid hypothesis of Alzheimer’s disease suggests that increased amyloid 
aggregation causes Alzheimer’s disease by triggering toxic events leading to pro-
gressive neurodegeneration. However, no drug candidate targeting amyloid has 
yet led to effective treatment (3, 23). It is currently speculated that treatment 
requires early targeting of amyloid when the changes remain reversible, and clini-
cal trials should focus on assessing amyloid compounds in pro-dromal Alzheimer’s 
disease. There is no prophylactic or causal therapy for the disease, and the lack of 
knowledge about etiology and when or why the disease really begins, significantly 
complicates the work of physicians (24). Currently available treatments for 
Alzheimer’s disease are only aimed at mitigating clinical symptoms and delaying 
cognitive decline. The development of a therapy for Alzheimer’s disease has 
resulted in only a few approved drugs that provide temporary symptomatic relief 
in some patients. None of these clinically used drugs stop or slow the progression 
of the disease. Currently, the only drugs that have an impact, albeit modest and 
transient, on the main symptoms in patients with mild to moderate dementia of 
Alzheimer’s disease are acetylcholinesterase inhibitors and N-methyl-D-aspartate 
(NMDA) receptor antagonists. For therapeutic measures to have a significant 
effect on the delay or actual prevention of Alzheimer’s disease, it is likely that 
patients will need to be diagnosed at the stage of preclinical Alzheimer’s disease 
(i.e., presence of Alzheimer’s disease neuropathology, but without clear clinical 
symptoms) or during early signs of Alzheimer’s disease that could be treated with 
disease modifying agents. Treatments that target the etiological mechanisms of 
Alzheimer’s disease are urgently needed.

That treatments targeting amyloid plaques have proven ineffective draws 
attention towards another pathologic hallmark of Alzheimer’s disease, neurofi-
brillary tangles arising from hyperphosphorylation of the tau protein. 
Experimental evidence indicates that the symptoms of Alzheimer’s disease 
appear in the presence of both accumulating amyloid and dysfunctional tau 
protein (3), and research has shown a strong correlation between the accumula-
tion of neurofibrillary tangles and the deterioration of cognitive functions (3, 
25, 26). Thus, it is believed that tau protein dysfunction cannot be ignored as 
an etiological factor of Alzheimer’s disease. Compounds that prevent tau protein 
hyperphosphorylation may therefore affect disease progression; however, the 
failure of previous trials to treat tauopathy in progressive supranuclear palsy 
(26) gives a strong warning of a possible failure. Nonetheless, the importance of 
tau protein as a potential independent cause of Alzheimer’s disease, and there-
fore a potential target for treatment, serves as the basis for ongoing clinical trials 
against the protein. Despite the lack of an in-depth understanding of the role of 
tau protein in the pathology of Alzheimer’s disease, efforts are underway to 
develop new therapies targeting tau protein in Alzheimer’s disease. This chapter 
presents some of the proposed therapeutic compounds in preclinical and clini-
cal studies that may affect the development of the next generation of anti-
Alzheimer’s disease drugs.
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SUBSTANCES PREVENTING TAU PROTEIN 
POST-TRANSLATIONAL CHANGES

The strong correlation between tau protein phosphorylation and its influence on 
the development of pathological processes gave rise to the search for tau protein 
kinases inhibitors as potentially effective therapeutic agents in Alzheimer’s dis-
ease. The most advanced strategy for inhibiting protein kinase in the clinic is cur-
rently directed at glycogen synthase kinase-3 (GSK-3) (27). To this end, pilot 
studies were performed to determine the clinical effects of lithium in patients with 
Alzheimer’s disease; however, the results of this study were inconsistent, perhaps 
due to the small number of patients, low susceptibility and narrow therapeutic 
range of lithium (28).

Tideglusib (NP031112, NP-12) is a GSK-3 inhibitor that, in preclinical stud-
ies, reduced neuronal loss, gliosis and tau protein phosphorylation, and improved 
spatial memory deficit in transgenic mice (29). Further investigation with human 
trials included a pilot study conducted on 30 patients affected with Alzheimer’s 
disease who were treated for 5 months with Tideglusib in a placebo-controlled 
phase IIa increasing dose clinical trial (NCT00948259). The results showed over-
all positive, but not significant, trends in their cognitive health, though the study 
affirmed the safety of the drug (30). Another 6-month phase IIb study on 308 
patients affected with Alzheimer’s disease was conducted at 55 centers in Europe 
(NCT01350362). Tideglusib proved to be safe in the study, but those treated with 
the drug did not show significant clinical benefit (31).

Another protein kinase that is increasingly being considered as a potential 
therapeutic target is Fyn tyrosine kinase, which phosphorylates tau protein at the 
N-terminal domain, and also plays a role in the amyloid signaling pathway (32). 
Saracatinib (AZD0530) is a Fyn inhibitor that improves memory deficiencies in 
transgenic mice and is considered safe and well tolerated based on a phase I clini-
cal trial (NCT01864655) (33). A multicenter phase IIa study in 159 Alzheimer’s 
disease patients treated with Saracatinib is still ongoing (NCT02167256).

The tau protein is also modified post-translation by lysine acetylation, which 
leads to impaired protein activity and triggers pathological aggregation. This sug-
gests that acetyltransferase inhibitors may be a potential therapeutic strategy for 
Alzheimer’s disease (34). A phase 1 clinical trial of salsalate has recently started to 
assess its safety and tolerability in patients with Alzheimer’s disease 
(NCT03277573). Patients will be randomly assigned to receive salsalate or pla-
cebo twice a day for 1 year. At present, the results of this study have not been 
published.

Phase I studies on substance AZP2006 are coming to an end for Alzheimer’s 
disease cases in France, but no detailed results are available as yet. The oral sub-
stance has been proposed to block phosphorylation of the tau protein thereby 
preventing the tau protein from folding incorrectly. In addition, it appears to stim-
ulate macrophages, inducing the removal and elimination of an incorrectly folded 
tau protein.

Nilotinib is a c-Abl tyrosine kinase inhibitor, and the rationale for the use of 
nilotinib in cases of Alzheimer’s disease is based on the clearance of tau protein 
and amyloid accumulated in the brain in neurodegenerative processes. Although 
the exact molecular mechanism is uncertain, nilotinib appears to cross the 
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blood–brain barrier and trigger autophagy in neurons to remove both tau protein 
and amyloid. The properties of nilotinib mentioned formed the basis of a random-
ized, double-blind, placebo-controlled, phase II trial to assess the effect of nilo-
tinib on safety and clinical outcomes in patients diagnosed with Alzheimer’s 
disease (NCT02947893).

SUBSTANCES THAT PREVENT MICROTUBULE 
DESTABILIZATION BY AMYLOID

The observation that amyloid oligomers destabilize microtubules and interfere 
with rapid axonal transport by activating calcineurin in tau protein-deficient mice 
has led to the conclusion that microtubule destabilization may be a key process 
during neurodegeneration (35). Epothilone D (BMS-241027), a small molecule 
stabilizer of microtubules that can pass through the blood–brain barrier, was able 
to increase the density of microtubules in axons, and improved cognitive function 
in a mouse transgenic tauopathy model; only insignificant changes in tau protein 
pathology were noted in the study (36). The substance was also tested in a dou-
ble-blind, randomized, placebo-controlled, multicenter phase I clinical trial 
(NCT01492374) intended to assess its safety and tolerability in patients with 
Alzheimer’s disease, but no results have been published and use of the drug in 
Alzheimer’s disease has been suspended.

Recently, a small molecule called abeotaxane (TPI-287) was tested in a phase I 
study to assess safety and tolerability in patients with Alzheimer’s disease 
(NCT02133846). Abeotaxane was administered intravenously for 9 weeks once 
per 3 weeks, with the option of extending the open label to 3 months. Ultimately, 
treatment was not well tolerated by people with Alzheimer’s disease, and explor-
atory cognitive endpoints showed no significant improvement.

SUBSTANCES THAT PREVENT TAU PROTEIN AGGREGATION

Methylthioninium chloride easily crosses the blood–brain barrier and prevents 
tau protein aggregation in vitro, as well as in cells and animals models (37). A 
double-blind clinical trial in which single-site, 6-month methylthioninium mono-
therapy was conducted on patients with Alzheimer’s disease (NCT00515333) 
showed signs of benefit in moderate cases of the disease (38). Leuco-
methylthioninium bis, a stable, reduced form of the methylthioninium moiety, 
acts as a selective inhibitor of tau protein aggregation both in vitro and in trans-
genic mouse models. The primary analysis using leuco-methylthioninium bis 
derivative of methylthioninium chloride in the treatment of Alzheimer’s disease 
was negative and the results did not suggest therapeutic benefits for Alzheimer’s 
disease (39). Recently, a second phase-III study in patients with Alzheimer’s dis-
ease treated orally, twice daily, (NCT01689233) showed no effect on primary end-
points (40). The authors’ explanations of the effectiveness after the secondary 
analysis of the post-hoc subgroup raised many doubts, mainly regarding the 
methodology used and the interpretation of the results. Although these studies 
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did not produce positive results, they are nevertheless an important step in the 
development of anti-tau protein drugs.

Since positron emission tomography (PET) tau protein imaging is currently 
used in conjunction with amyloid PET imaging in an increasing number of 
Alzheimer’s disease clinical trials, our knowledge of the ideal stage of the disease 
for testing anti-amyloid, anti-tau protein or a combination of both will undoubt-
edly be improved. There is growing optimism that we have the right tools to 
evaluate compounds that can stop and even prevent Alzheimer’s disease.

IMMUNOTHERAPY AGAINST TAU PROTEIN

The first mention of data on possible immunotherapy in Alzheimer’s disease 
appeared during research into the possibility that human β-amyloid peptide 1–42 
may be able to cross the blood–brain barrier (41, 42). Despite the disappointing 
data from several advanced clinical studies on anti-amyloid immunotherapy in the 
treatment of Alzheimer’s disease (23), immunotherapy in neurodegenerative dis-
eases is very actively sought as a promising approach for the removal of pathologi-
cal proteins, particularly in Alzheimer’s disease. Recently tested anti-tau protein 
immunotherapy strategies in animal models have shown that immunotherapy may 
be clinically viable to remove toxic protein species in tauopathies such as Alzheimer’s 
disease (43). Anti-tau protein immunotherapy strategies involve the removal of 
pathological species of tau protein with antibodies, which may ultimately improve 
neuronal function (26, 43). Thus, choosing the right epitope is crucial for obtain-
ing effective immunotherapy (26). Because hyperphosphorylation is thought to be 
the cause of tau protein aggregation and the development of neurofibrillary tangles, 
many phospho-epitopes have been tested in animal models with final positive 
effects (13, 26, 27, 29, 32, 33, 35–37, 44). It should be noted that the tau protein 
undergoes modifications other than phosphorylation during the transformation 
from soluble protein to insoluble aggregates and deposits (13, 27, 44). As men-
tioned above, the cascade of events leading to the development of neurofibrillary 
tangles may include post-translational modifications such as phosphorylation, gly-
cosylation, truncation and ubiquitination (13, 27, 29, 34, 44). This gave rise to a 
series of active and passive immunotherapy programs in the treatment of patients 
associated with Alzheimer’s disease (26). Some of the clinical studies of tau protein-
targeted immunotherapy described below target different protein domains rather 
than specific phospho-epitopes (26).

At present, studies of anti-tau protein immunotherapies in clinical trials are in 
their early stages. AADvac-1 is an active immunotherapy (vaccine) based on a syn-
thetic tau protein peptide containing residues 294–305 derived from a fragment of 
a misfolded tau protein. Phase I clinical trials of the therapy have been recently 
completed (NCT01850238). In this first-ever, randomized, double-blind, placebo-
controlled study, 30 Alzheimer’s disease patients aged 50–85 received subcutane-
ous injections of AADvac-1 for 3 months; generally mild, if any side effects were 
reported, and high tau protein titers indicated effective immunogenicity (45). The 
study was then extended to patients who completed the AADvac-1 phase 1 study 
to administer additional immunization doses that they received for the next 
18  months (NCT02031198) (46). The recruitment of 185 Alzheimer’s disease 
patients in a 24-month, randomized, placebo-controlled, double-blind, parallel 
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group study, multicenter clinical safety and phase II efficacy study for AADvac-1 
began in 2016 with an option to end by 2019 (NCT02579252) (Table 1).

So far only limited data from clinical trials and only for the AADvac1 vaccine 
have been presented (45, 46). Administration of the AADvac1 vaccine induced an 
IgG response against tau protein in 29 of 30 patients and a response to the short-
ened form of tau protein (151-391/4R) was noted in 25 of 28 patients (45). 
Although the phase 1 trial was not designed as an efficacy study, inter-individual 
differences in AADvac1-induced antibody titers enabled an assessment of the rela-
tionship between antibody response potency and disease progression. Patients 
with higher antibody titers were characterized by slower cognitive performance 
and lower hippocampal atrophy (46). Adverse reactions were generally mild, with 
the most common being local injection-site reactions (45, 46).

ACI-35 (vaccine) is a synthetic peptide comprising the tau protein sequence of 
human protein 393–408, phosphorylated at S396 and S404. In animal models, its 
administration has been shown to reduce both the quantity of aggregates of phos-
phorylated tau protein and the total pathological protein, as well as improve some 
cognitive functions. The vaccine triggers a specific antibody against the tau pro-
tein and an immune response that is independent of T cells. There are ongoing 
multicenter, double-blind, randomized, placebo-controlled phase I studies to 
assess the safety, tolerability and immunogenicity of ACI-35 in patients with mild 
to moderate Alzheimer’s disease (ISRCTN13033912) (Table 1).

Data for AADvac1 and the fact that no dangerous adverse effects were reported 
for ACI-35 indicate that active immunization may be a safe way to counteract tau 
protein pathology. The safety aspect will become more and more important as 
active tau protein-targeted immunotherapy switches from the treatment of neuro-
degeneration towards its prevention (46).

Intravenous immunoglobulin (IVIg) derived from human plasma, consisting 
of  polyclonal serum IgG obtained from blood donors, is effective in anti- 
inflammatory and immunomodulating therapy in cases of neurological diseases (50). 

TABLE 1 Clinical trials of tau protein-targeted 
immunotherapies (21, 26, 45–55)

Compound Isotype Therapy type Patients Trial phase

AADvac1 IgG1 Active Alzheimer’s disease 1/2

ACI-35 n.a. Active Alzheimer’s disease 1

BIB076 IgG1 Passive Alzheimer’s disease 1

BIB092 IgG4 Passive Alzheimer’s disease 2

LY3303560 n.a. Passive Alzheimer’s disease 2

RO7105705 IgG4 Passive Alzheimer’s disease 2

JNJ-63733657 n.a. Passive Alzheimer’s disease 2

LuAF87908 n.a. Passive Alzheimer’s disease 1

ABBV-8E12 IgG4 Passive Alzheimer’s disease 2

UCB0107 IgG4 Passive Alzheimer’s disease 2

IVIg pIgG Passive Alzheimer’s disease 2/3

n.a, not available.
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A randomized, double-blind, placebo-controlled phase III study (NCT00818662) 
involving 390 patients with Alzheimer’s disease found no improvement in cognitive 
ability and function after IVIg infusions every 2 weeks for 18 months (Table 1) (47). 
Two further trials, one phase II (NCT01300728) and one phase III (NCT01561053) 
for the treatment of Alzheimer’s disease are underway. Interestingly, it was found 
that tau protein-specific antibodies are present in the IVIg Flebogamma® product 
that recognizes a recombinant tau protein fragment containing residues 155–421, 
as well as tau protein aggregates from the brains of Alzheimer’s disease patients (51).

In addition to active immunotherapy, strategies for passive immunotherapy 
using various antibodies to the tau protein are also under investigation (Table 1). 
It has been shown that this approach can improve behavioral and cognitive 
impairment in mouse models (52). In the past few years, three passive immuno-
therapy programs based on tau protein antibodies have been opened in clinical 
trials, mainly for the treatment of Alzheimer’s disease as outlined in Table 1. 
BIIB092 is a humanized IgG4 monoclonal antibody against the extracellular 
N-terminal of a tau protein isolated from pluripotent stem cells of a patient with 
familial Alzheimer’s disease (Table 1) (53).

ABBV-8E12 is a humanized monoclonal antibody against tau protein for the 
treatment of Alzheimer’s disease in clinical settings. Currently, recruitment for a 
phase II clinical trial is done to assess the effects of ABBV-8E12 in patients 
with Alzheimer’s disease (NCT02880956) (Table 1). A multicenter, randomized, 
double-blind, placebo-controlled study to assess the efficacy and safety of 
ABBV-8E12 in 400 patients with Alzheimer’s disease should be completed by 
2020 (54). A  final approach to passive immunotherapy in clinical trials is 
R07105705, an antibody against tau protein, whose features regarding its nature 
are very limited and its preclinical efficacy unknown (55). In 2016, patients with 
Alzheimer’s disease were recruited for the first stage of the study (NCT02820896). 
Although no results have been published, recruitment was initiated at the end of 
2017 to an 18-month, randomized, double-blind, placebo-controlled phase II 
study to evaluate the efficacy and safety of RO7105705 in 360 patients with 
Alzheimer’s disease (NCT03289143) (Table 1). Patients who complete the dou-
ble-blind therapy will be invited to an optional 24-month extension period.

In summary, many active and passive tau protein-targeted immunotherapies 
are already in the clinical trial stage for the treatment of Alzheimer’s disease 
(Table 1). Due to the fact that new strategies for tau protein-directed immuno-
therapy are still being developed, a number of key questions need to be answered, 
in particular regarding the choice of the immunogen, the species of tau protein to 
be targeted, as well as mechanism of action and safety (56–58).

FUTURE PERSPECTIVES

Per the studies and data noted in this chapter, the status of tau protein targeting 
therapy in the treatment of Alzheimer’s disease is unclear due to lack of evidence 
or mutually exclusive observations. The small number of studies, and variable 
non-uniform measures of results suggest the field to be in its infancy and limit the 
possibility of making generalized conclusions. Although Alzheimer’s disease is a 
real challenge for the pharmaceutical industry, there has been no clear progress in 
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treatment options in the past few years. Current drugs on the market show only 
low effectiveness, and clinical studies from the last 20 years have ultimately proven 
to be negative in phase 3. This was perhaps due to the hegemony of the amyloid 
hypothesis and focus of therapeutic strategies on amyloid, while the focus on tau 
protein, the main component of neurofibrillary tangles which correlates better 
with the degree of dementia than amyloid (25) has only emerged in recent years. 
A limited number of studies provide evidence of low or very low quality. Some 
studies have shown side effects, although the study times were short and the long-
term risk of side effects was not determined.

To date, several drug trials targeting the tau protein have failed in clinical trials. 
Although there are various causes for these failures, the following points can help 
improve the results of future attempts. Firstly, the tau protein should be ideally 
targeted intracellularly, since most pathologies of the tau protein affect neurons 
inside. Secondly, as previous anti-amyloid immunotherapy attempts have taught 
us, it is important to continue to develop second- and third-generation methods 
in the field of tau protein immunotherapy. Smaller antibodies that are fragments 
of whole antibodies should have better access to the inside of both the brain in 
general and the neurons themselves, while also enabling them to bind to different 
epitopes of the tau protein than whole antibodies, providing greater and more 
effective therapeutic benefits. Thus, due to their smaller size, they will also be bet-
ter suited for gene therapy than whole antibodies. We will be looking forward to 
future preclinical studies examining antibody fragments as a novel therapeutic 
approach. Thirdly, in recent years, a major focus has been on the implementation 
of drug-screening models that have focused on preventing seeding or spreading 
aggregation. Much less attention has been paid to the identification of compounds 
that inhibit the neurotoxicity of these aggregates, which is not necessarily associ-
ated with their seeding or spreading tendency. Ideally, all these markers should be 
readings in a unified test or model. Fourthly, the variety of conformer or strain of 
aggregates complicates the development of drugs for small molecule aggregation 
inhibitors but will probably not pose a problem in antibody-based therapy. Fifthly, 
other more general goals related to neurodegeneration should still be pursued, 
but in many ways, they are more difficult to solve than the removal of amyloid and 
tau protein, which are the hallmarks of Alzheimer’s disease. Sixthly, shifting the 
time of therapeutic intervention to the very early stages of Alzheimer’s disease 
should be a feature of long-term clinical studies. Lastly, targeting the tau protein is 
likely to provide better therapeutic benefits at a later stage in the development of 
the disease because tau protein dysfunction is more closely correlated with perfor-
mance on cognitive tests than amyloid (25). Based on the data discussed in this 
chapter regarding the presence and abundance of intra- and extracellular pools of 
tau protein and its epitopes, and the finding that antibodies can have disease-
specific efficacy and separate efficacy against tau protein toxicity, are the right 
direction for future preclinical and clinical investigations.

Future randomized clinical trials are needed to demonstrate the effectiveness 
of test substances and provide necessary data on several unresolved practical 
problems, that is, how and how long these substances can be administered to 
patients with Alzheimer’s disease. What part of the tau protein is affected by 
immunotherapy and other test substances? How? What effect do treatment 
attempts have on the physiological and neuropathophysiological function of the 
tau protein? What human data was obtained to confirm this? These questions can 
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only be answered by undertaking large, multi-center clinical trials. At the moment, 
information on the use of anti-tau protein substances as drugs in the treatment of 
Alzheimer’s disease seems interesting because of the possible effect on the accu-
mulation of tau protein. The few clinical trials available to date have no genuine 
control and group randomization. Evidence has shown the causative factors and 
indicates the need for further research to show that anti-tau protein substances 
have a positive effect on patients with Alzheimer’s disease. Though there is uncer-
tainty regarding the potential of tau protein-targeting therapies in the treatment of 
Alzheimer’s disease, and indeed the reasoning behind this skepticism is important 
to consider, it is still worthwhile to investigate. Though published studies on the 
subject are often flawed, and the findings should be taken with caution, the prom-
ising results should not be completely disregarded.

Another issue is the study design for substances directed against tau protein. 
Current ethical standards for clinical trials require that substances under investi-
gation must be compared to the current treatment standard; this makes it difficult 
to conduct a true randomized, placebo-controlled study that is independent of 
potentially confounding treatments. This necessitates that the question of what 
standards of treatment serve as the best basis of comparison be answered prior to 
further study. Based on comprehensive pre-clinical results, as well as the initial 
clinical data, it is clear that the next step must be to test these substances in well-
designed and controlled clinical trials. However, further double-blind studies are 
also needed to determine the efficacy of these substances in treatment. In conclu-
sion, future clinical trials should focus on the proper selection of patients. Accurate 
and definitive explanation of the therapeutic properties of substances against tau 
protein can give hope for a long-lasting therapeutic effect. Based on the results of 
verified clinical trials, it may seem that the clinical effectiveness of substances that 
target tau protein is promisingly high, but this is not to be considered certain. We 
must be patient and wait at least a few years for thorough confirmation. No sub-
stances against the tau protein have been approved for use in the clinic. We hope 
that the evidence from ongoing clinical trials will help us better understand the 
therapeutic efficacy of substances against the tau protein and put them at the fore-
front of new therapies that patients and their doctors are eagerly awaiting. While 
some open questions and challenges remain, the data presented here encourages 
and demonstrates the potential of tau protein-based therapeutic strategies in the 
future treatment of Alzheimer’s disease. The complexity of abnormal tau protein 
folding, aggregation and propagation of neuropathology, as well as the immune 
response during aging and neurodegeneration should be considered so that we 
can design and develop safe and effective treatment in a better way. Lessons must 
be learned from the disappointing experience accumulated over the past 20 years 
to develop disease-modifying therapies so that we can continue to progress, with 
caution, translating results from preclinical models into the development of drugs 
at the clinic. The growing interest in the tau protein will certainly lead to a deeper 
understanding of its function and will give new insight into the precise mecha-
nisms and nature of tau protein species responsible for neuronal dysfunction and 
its causal role in the development of Alzheimer’s disease. Hopefully, this will lead 
to an extension of the range of potentially useful therapeutic tools for treating 
such a devastating condition as Alzheimer’s disease.
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CONCLUSION

Although both amyloid and tau protein are very important, their relationship in 
causing Alzheimer’s disease remains unknown. Treatment directed to amyloid and 
tau protein may be individually effective, but the convergent progression of amy-
loid and tau protein pathology suggests that combination therapy may eventually 
be required, especially in late stages when both are abundant. While ongoing 
works focused on single-goal therapies, the approach to double-targeting amyloid 
and tau protein is more likely to lead to a breakthrough (3). Referring to the above 
observations, it should be stated that Alzheimer’s disease is an age-related neuro-
degenerative disease whose various neuropathological and therapeutic aspects are 
still being investigated and are not fully explained; pending success in the devel-
opment of an effective treatment for Alzheimer’s disease, it may be best to focus on 
preventive measures (59).
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Abstract: Trace metals play an important role in the pathophysiology of amyloid 
precursor protein, amyloid beta, and tau, the key molecules involved in Alzheimer’s 
disease. Altering trace metal concentrations in the brain has been explored as a 
therapeutic strategy for Alzheimer’s disease. It is not only the accumulation of 
metals that drives amyloid beta aggregation, but also the lack of sufficient trace 
metals for other biological processes created through sequestration by amyloid 
beta that affects brain health and function. Thus, balancing metal levels to achieve 
therapeutic effects is an intricate process. This chapter summarizes the role of 
trace metals in Alzheimer’s disease and highlights the preclinical and clinical 
 studies targeting metal homeostasis in animal models and humans. It further dis-
cusses recent  developments in pharmacological approaches targeting metals in 
Alzheimer’s disease and provides an outlook on possible future treatments based 
on current translational research, for example, nanomedicine.
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INTRODUCTION

Over the last decade, the literature covering the roles of metals in biological 
systems has increased considerably. Metallobiology has become a useful tool 
in  investigating the connection between metals, metalloproteins, and 
neurodegenerative diseases and other disorders of the central nervous system 
(CNS). The primary risk factor for Alzheimer’s Disease (AD) is aging (1, 2). 
However, evidence shows that dysregulation of trace metals such as copper (Cu), 
zinc (Zn), iron (Fe), aluminum (Al), manganese (Mn), and other elements such as 
lead (Pb) and cadmium (Cd) is also associated with AD (3). Fe, Zn, Cu, and Mn 
are essential for various biochemical and physiological processes in humans, 
playing roles in structural and regulatory functions in proteins, cellular signaling 
pathways, and oxygen transport. In the human body, the distribution of metals is 
different for each organ. For example, in the human brain, the most abundant 
trace metal is iron, mostly found as heme iron (iron bound to hemoglobin in red 
blood cells). Iron is essential not only for the transport of oxygen but also as a 
cofactor for a series of enzymes that play a role in the synthesis of neurotransmitters 
such as tryptophan hydroxylase and tyrosine hydroxylase (4, 5). Additionally, 
iron has several functions in the CNS including the regulation of synaptic plasticity 
(6), the myelination of neuronal axons (7), and the regulation of the neuronal 
energy status (8). Zinc is the second most copious trace element in the human 
brain (9). Like iron, zinc is a modulator of synaptic plasticity. In addition to this, 
it can regulate neurogenesis, neuronal migration, and differentiation, and plays a 
role in neurotransmission (10–12). Zinc is a fundamental structural and catalytic 
component of proteins, acting as a cofactor for over 300 enzymes. It also gives 
stability to various transcription factors. Finally, zinc has neuroprotective 
functions, and can protect against oxidative stress (13, 14). Copper is the third 
most prevalent trace metal in the brain. Like zinc, copper acts as a cofactor for a 
series of enzymes and plays a vital role in the biosynthesis of neurotransmitters 
(15). Manganese is a cofactor for several enzymes, including glutamine synthetase, 
pyruvate carboxylase, arginase, MnSOD, and protein serine/threonine phosphatase-1. 
Mn is also involved in a series of Mn-sensitive pathways, such as the ATM-p53 
pathway (16).

Thus, trace metals are involved in enzyme activation, catalysis, regulation of 
gene expression, and protection against reactive oxygen species (ROS). Therefore, 
they are fundamental to appropriate brain growth, development, and function. The 
homeostasis of these charged elements is tightly regulated at the blood–brain barrier 
(BBB); metal ions are actively transported across the BBB by several transport 
proteins. Any disruption of metal balance, which can be caused by impairments in 
the processes of absorption, distribution, and excretion, or mutations in metal 
transport or metal-binding proteins, or by the competition between metals for the 
binding sites (e.g., Zn and Cu), can lead to an imbalance of essential trace metals or 
increased levels of non-essential trace elements (17, 18).
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METALS AND THE AMYLOID PRECURSOR PROTEIN

In AD, metal imbalances occur in the brain (3, 19) as a result of the interactions 
between the metals and the critical proteins amyloid precursor protein (APP) and 
its products, amyloid beta (Aβ), and tau (Figure 1). APP, which is mainly expressed 

Figure 1. Trace metals interactions with APP, Aβ, and tau. (A) APP can be considered to act as a 
metalloprotein. It has two putative metal-binding sides with which it binds Cu and Zn ions. Fe is 
involved in the regulation of APP translation, and APP may mediate Fe export of neurons. Aβ is 
derived from APP cleavage through β- and γ-secretases. Cu and Zn indirectly influence Aβ 
generation by interacting with all three secretases (α, β, and γ) involved in the cleavage of APP. 
(B) Aβ directly binds Zn and Cu ions after enzymatic cleavage. Aggregation of Aβ into insoluble 
fibrils is mediated by the interaction of Aβ with Zn and Cu. Chelation of Zn and Cu results in the 
enrichment of these ions in amyloid plaques. Aβ may also bind Fe, and changes in Fe metabolism 
occur after the development plaques. Al has been detected in Aβ plaques suggesting an 
interaction of Al with Aβ, and Al and Hg promote the accumulation of Aβ aggregates in vitro. 
(C) NFTs include trace metals such as Zn, Cu, Fe, and Mn, but also Pb, Cd, Hg, and Al have been 
detected. Trace metals may promote tau hyperphosphorylation and induce tau aggregation. 
A direct interaction between Zn and tau has been reported. Similarly, a selective binding 
between tau and Cu was found. Fe, as Zn and Cu, interacts with some isoforms of tau. Al, Cd, Pb, 
and Hg may not directly bind tau, but influence NFT formation through secondary processes.
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in the human brain, is involved in neuronal cell migration and neurite outgrowth 
(20). Copper binds to APP between residues 142 and 166 (21), playing essential 
roles in the structural stability of the protein, including folding stability and 
homodimerization, and expression levels (22). Zinc can also interact with APP 
using the site located between amino acid positions 170 and 188, regulating the 
homodimerization of APP (23, 24). In addition, there is bidirectional regulation 
between iron and APP: iron can directly control APP translation, and APP levels 
control the export of iron in neurons (25). The Aβ protein is derived from APP in 
the process of sequential proteolysis realized by β  and γ- secretases. Insoluble 
amyloid fibrils of Aβ are associated with metals like Zn, Cu, and Fe and represent 
a pathological feature of AD (26). Zinc plays a role in the stabilization of amyloid 
fibrils (27), binding to Aβ at histidine (His)13 and His6 sites (28). High zinc con-
centrations have been found at the level of senile plaques in postmortem tissues 
of patients affected by AD and in plaques of genetic AD mouse models, underlin-
ing the critical role of zinc in this process (26). Copper is considered to play a 
significant role in the neurotoxicity of Aβ. The monomeric Aβ exhibits three high-
affinity His Cu-binding sites: His6, His13, and His14. They are known to form a 
tetragonal complex with copper ions along with the N terminal amino group and 
aspartate (29). In addition to this, copper is involved in the formation of β-sheet 
structures, the precursors of the toxic aggregates of the fibrillary form of Aβ. 
Several studies have shown that, in transgenic AD mouse models, Cu chelators 
could inhibit the accumulation of Aβ (30, 31). Iron also interacts with Aβ at the 
binding sites of Asp1, Glu3, and the three His residues: His6, His13, and His14. 
The consequence of this interaction is the release of free radicals via Fenton chem-
istry (32). Other metals such as Al and Hg have been identified in Aβ plaques. 
While the role of Al in the AD pathology is still not clear, Hg promotes the accu-
mulation of Aβ deposits in vitro. Cd and Mn are also involved in increasing the Aβ 
accumulation (33).

Another pathological hallmark of AD is hyperphosphorylation of the protein 
tau that leads to the formation of abnormal intracellular structures known as neu-
rofibrillary tangles (NFTs). Zn, Cu, Fe, Mg, Mn, Pb, Cd, Hg, and Al have been 
found in these structures. Zinc interacts with tau using the serine (Ser) and pro-
line (Pro) binding sites, using two cysteine (Cys) residues (C291 and C322), or 
threonine (Thr) and Pro sites (34). Zinc also interacts indirectly with tau, through 
the activation of kinase and phosphatase pathways (35). The importance of cop-
per in the hyperphosphorylation of protein tau via the activation of the cyclin-
dependent kinase (CDK)5/p25 complex is still controversial, although high levels 
of Cu have been reported in amyloid plaques and NFTs (36, 37). Iron (Fe3+) is 
also reported to interact with NFTs through His residues (38). Like Cu, Fe can 
also indirectly contribute to hyperphosphorylation of tau, by activating the CDK5/
p25 complex and GSK-3β and MAP kinases (39).

The abundance of Aβ and the formation of NFTs lead to an imbalance in trace 
metals that interact with tau and Aβ. It is both the interaction with the hallmark 
proteins of AD and the loss of trace metals in their physiological processes due to 
excessive binding by Aβ and tau that contributes to the pathogenesis of AD. For 
example, in postmortem AD brains, increased Mn concentration, abnormal tau 
aggregation, and consequent hyperphosphorylation of tau caused by GSK-3β 
kinase, have been observed (40). The presence of toxic trace metals has also been 
reported in AD. For example, Cd is involved in the activation of GSK-3β kinase, 
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inducing hyperphosphorylation of tau (41). Pb plays a role in the modulation of 
tau by regulating the activity of (CDK)5/p25 complex and GSK-3β kinase (42). To 
modify Aβ aggregation, plaques, and the formation of NFTs, and to return essential 
trace metals to their effector proteins, balancing levels of trace metals is necessary 
and has been pursued as therapeutic strategy with some success in the past (43).

NUTRITIONAL INTERVENTIONS

The essential metals (Na, K, Ca, Mg) and essential trace metals (Fe, Zn, Cu, Mn, 
Co, Mo) are obtained almost exclusively from the diet. Trace metal deficiencies 
may affect the elderly (44, 45) and alter immune function (46). While some meta-
analyses of studies analyzing the nutrient status of patients with AD found no 
significant differences in Fe, Zn, and Cu status (47, 48), more recent meta- analyses 
revealed significantly lower brain Cu (49) and serum Mn levels (50). However, 
subclinical trace metal deficiencies are hard to diagnose (51) and may not be 
detected in many individuals. Considering this, nutritional supplementation 
studies may provide additional insights. A systematic review found that the 
amount of caloric intake and type of diet may influence AD onset and progression 
(52). For example, reports show that a Mediterranean diet, which is naturally rich 
in metals, such as Mg, K, Ca, and Zn, (53), can have a neuroprotective effect that 
may be relevant to AD (54). In mouse models of AD, zinc supplementation pre-
vented cognitive deficits (55). In humans, despite case-control and postmortem 
studies showing decreased systemic Zn levels in AD patients (47, 56), studies 
investigating the effects of zinc supplementation provided inconclusive results. 
Zinc supplementation also reduces copper uptake due to an antagonistic relation-
ship between the two metals (57). A diet low in Cu has been suggested as benefi-
cial for AD (58–60), but a recent study does not support this hypothesis (61).

Trace metal homeostasis in AD is affected at cellular and sub-cellular levels in 
the brain and, thus, therapeutic strategies involving their manipulation may 
require more targeted approaches than dietary supplementation/restriction. 
However, trace metal supplementation in AD is still understudied. In addition to 
their direct effects on physiological processes in the brain, they may exert indirect 
effects through the microbiota composition of the gut (62). Regardless, maintain-
ing adequate trace metal status will affect general health positively and may mod-
ify AD phenotypes, for example, by lowering pro-inflammatory responses and 
oxidative stress (63).

TARGETED INTERVENTIONS: DELIVERY OF 
METAL-ATTENUATING COMPOUNDS

Altered homeostasis of certain essential and non-essential trace metals can be 
the cause, as well as the consequence of AD pathology. Abnormal trace metal 
levels have been associated with neuroinflammation, mitochondrial 
dysfunction, oxidative stress, and protein aggregation (19). The AD hallmark 
proteins Aβ and tau are metal-binding proteins. Therefore, metal chaperones 
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and/or metal chelators may help modulate and counteract AD progression. 
Metal chaperones or metallochaperones are a class of compounds that shuttle 
metal ions to specific intracellular targets. In contrast, metal chelators or 
buffers function to exclude or deplete metals from discrete cellular 
compartments to limit biological or pathological interactions of essential metal 
ions. Cumulatively, these processes serve to maintain tight regulatory control 
over cellular metal ion homeostasis such that the intracellular concentration 
of freely available metal ions (like Cu and Zn) is close to zero, and sufficient 
metals are available for crucial metal-binding proteins. Among the metal-
focused interventions (Table 1), metal protein attenuating compounds 

TABLE 1 Metal interventions in preclinical 
and clinical trials

Drug
Targeted 
metal Species Effect of the drug Reference

Clioquinol 
(CQ)

Fe, Cu, Zn Mouse: Tg2576 Reduction of sedimentable Aβ (50%), 
plaques surface area and Aβ serum 
levels and increase in Aβ soluble fraction

(30)

Clioquinol 
(CQ)

Fe, Cu, Zn Human: severe AD 
patients

Prevention of cognitive deterioration and 
reduction of Aβ plasma levels

(64)

DP-109 Fe, Cu, Zn Mouse: Tg2576 Reduction of Aβ plaques and CAA (66)

PBT2 Fe, Cu, Zn Mouse: APPswe/
PS1 dE9 and 
Tg2576

Decrease in soluble and insoluble Aβ 
levels and plaques burden and 
improvement in learning and memory 
in the MWM

(67) 

PBT2 Fe, Cu, Zn Human: early/mild 
AD patients

Reduction of Aβ plasma and CSF levels 
and improvement of executive tasks

(70, 71)

DFO Al, Fe Human: AD 
patients

Reduction of mental deterioration (81)

Ferelex-G Al, Fe Human: 
postmortem 
AD brain

High Al/Fe removal bound to 
hyperphosphorylated tau

(79)

DFO Al, Fe Mouse: APP/PS1 Reduction of Aβ, improvement in 
learning and memory retention

(82)

TETA Cu Mouse: APP/PS1 
and Tg2576

Reduction of Aβ deposition in APP/PS1 
but not in Tg2576 mice

(73)

PDTC Cu Mouse: APP/PS1 Improvement of spatial learning but no 
reduction of Aβ levels

(75)

Zn7MT3 Zn Mouse: Tg2576 Reduction of behavioral deficits, Aβ 
aggregation, oxidative damage and 
neurodegeneration

(83)

XH1 Fe, Cu, Zn Mouse: APP/PS1 Reduction of Aβ load (87)

AD, Alzheimer’s disease; CAA, cerebral amyloid angiopathy; CSF, cerebrospinal fluid; MWM, Morris water maze.
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(MPACs) have been employed in both preclinical animal studies and human 
clinical trials. MPACs are metal chelators with a moderate affinity for metal 
ions and can cross the BBB. They correct abnormal metal interactions and 
have subtle effects on metal homeostasis. Therefore, they may limit metal 
binding to plaques, inhibit Zn and Cu-induced oligomerization of Aβ, and 
consequently reduce Aβ aggregation and toxicity (64).

Clioquinol (CQ, 5-chloro-7-iodo-8-hydroxyquinoline, MW = 305.5) is a 
hydrophobic 8-hydroxy (OH) quinoline derivative and an archetype of MAPCs. 
CQ freely crosses the BBB and is a moderate chelator of Fe, Cu, and Zn. Additionally, 
with its ionophore activity, it works as a metal chaperon relocating metal ions into 
cells (65). Originally developed as an oral antiparasitic agent, CQ treatment 
significantly prevents the cognitive decline of patients with moderately severe AD, 
as demonstrated in a phase II clinical trial (64). The slowed cognitive decline was 
also accompanied by a transient decrease in Aβ1–42 plasma levels. These results 
indicate the potential of CQ and related compounds as treatments for AD and 
have sparked further interest in MPACs. Also, in animal models of AD such as 
Tg2576 mice, chronic treatment with CQ can decrease Aβ loads without adverse 
effects (30). Treated mice showed significant improvements in general behavior 
and neurotoxicity, in accordance with the results obtained in severely affected AD 
patients (64).

DP-109 is a diester derivative of BAPTA (1,2-bis(2-aminophenyloxy)ethane-
N,N,N′,N′-tetra acetic acid), a widely-used calcium chelator, that is able to cross 
the BBB and is designed to selectively chelate transition metals such as Zn, Cu, 
and Fe within membrane compartments (increased efficacy for divalent metals). 
Like CQ, prolonged administration of DP-109 to female Tg2576 mice markedly 
reduced the amyloid plaque load and the degree of cerebral amyloid angiopathy 
(CAA) (66).

PBT2 belongs to the second-generation MPACs and is a highly soluble 
derivative of 8-OH quinoline that lacks iodine. With increased BBB 
permeability and ionophore activity compared to CQ, PBT2 reduced Aβ 
levels  and improved cognitive abilities in Tg2576 and APP/PS1 AD mouse 
models (67, 68). In these mice, both acute and chronic dosing resulted in a 
significant decrease in Aβ plaque burden and interstitial fluid Aβ levels, a 
significant increase in synaptophysin levels, and restoration of hippocampal 
dendritic spine density (69). In a 12-week phase-II clinical trial of early AD 
patients, PBT2 was also found to lower cerebrospinal fluid Aβ42 concentrations 
and reverse frontal lobe functional deficits significantly, reducing executive 
dysfunction; however, no significant effects on cognition and memory were 
reported (70, 71).

The ionophore activity (the selective Aβ-metal-ion binding) of these 
compounds seems more promising than metal-chelation (metal-depletion) in 
counteracting AD pathology. While CQ and PBT2, possessing both features, are 
effective in reducing sedimented Aβ, triethylenetetramine (TETA), a classic 
hydrophilic Cu chelator, is not (72). TETA, a well-characterized anti-diabetic 
molecule, acts as a highly selective divalent copper (Cu(II)) chelator that 
prevents or reverses diabetic copper overload, thereby suppressing oxidative 
stress. Recent data showed that TETA disuccinate or trientine treatment also 
reduces Aβ production and deposition in APP/PS1 mice but not in Tg2576 mice 
in the same experimental paradigm in which CQ was effective (73). Given the 
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hybrid action of many of these compounds, the original proposed name shifted 
from MAPCs to “ionophores” and finally to “metallochaperones” (74). Other 
molecules with metal ion chaperone properties, like pyrrolidine dithiocarbamate 
(PDTC) and copper-bis(thiosemicarbazonoto) complexes, have also proved to 
ameliorate cognitive functions in AD mouse models, though they did not affect 
Aβ (75, 76). On the contrary, D-penicillamine chelates Cu by forming a stable 
complex with thiol groups and allowing renal copper excretion. A clinical pilot 
study indicates that D-penicillamine can reduce oxidative stress, but not the 
clinical progression of AD (77).

While Zn, Fe, and Cu mainly bind to Aβ (78), Al and Fe accumulate and bind to 
hyperphosphorylated tau in neurons with NTFs (79). As Fe binds to both misfolded 
proteins, Fe is a potential target for chelation therapy. A 2-year long, single-blind 
clinical study showed that sustained intramuscular administration of desferrioxamine 
mesylate (DFO), an Al/Fe metal chelator, slows the clinical progression of AD-associated 
dementia (80). Unfortunately, its hydrophilic nature and large molecular size limit its 
absorption across the gastrointestinal tract and prevent it from penetrating the BBB 
(80), inducing undesired side effects such as systemic metal depletion. All these 
features have prevented its final use in the clinics (81). More recent evidence showed 
that intranasal administration of DFO is accompanied by a reduction in Aβ burden/
load as well as improved learning and memory abilities in APP/PS1 mice (82) 
confirming, again, the beneficial effects of this drug on AD pathology.

Other Fe chelators have been developed in the last 20 years. Feralex-G, for 
instance, showed enhanced chelating activity for Al/Fe associated with 
hyperphosphorylated tau compared to DFO (79).

Chelators such as TETA, penicillamine, and DFO are routinely used in the 
treatment of metal overload disorders, such as Wilson’s disease. However, these 
molecules are hydrophilic and exert their effects by systemic depletion of metals 
and are poorly absorbed through the BBB with limited bioavailability. The efficacy 
of chelation therapy is still a matter of debate (74). Several metal-binding proteins 
are currently being tested as AD treatment. Metallothionein 3 (MT-3), a key 
regulator of metal homeostasis in the brain, has been found to decrease in AD 
patients. Intraventricular injection of Zn-loaded MT-3 (Zn/MT3) attenuates 
behavioral deficits, Aβ aggregation, oxidative damage, and neurodegeneration in 
the Tg2576 AD mouse model. This drug allows the exchange of Aβ Cu with Zn 
making Aβ ROS inert (83).

Finally, another group of molecules has been characterized for their ability to 
modulate APP expression, leading to a novel therapeutic approach aimed at 
reducing the amyloidogenic process (84). A common feature of these molecules, 
to which the previously mentioned DFO belongs, is their ability to recognize an 
IRE stem-loop upstream to the start codon of the APP transcript at the APP-5’UTR 
region (84, 85). Like tetrathiomolybdate (TM) (a Cu chelator) and dimercapto-
propanol (a Pb and Hg chelator), DFO reduces Aβ secretion and restrains the 
expression of APP holo-protein in vitro (84, 86). Similarly, XH1, a bifunctional 
compound capable of both APP binding and metal-chelation, was able to lower 
APP expression in the SH-SY5Y cell line and reduce Aβ burden in APP/PS1 mice 
(87). Several other chelators with multifunctional properties with potential appli-
cations in AD treatment exist (88). However, so far, they have mainly been tested 
in vitro, and the beneficial effects they exert cannot all be attributed to their inter-
action with metals.
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TARGETED INTERVENTIONS: DELIVERY OF TRACE METALS

Although many studies support the efficacy of chelation therapy in vitro, the trans-
lation of metal chelators into clinical studies is currently limited due to their ina-
bility to cross the BBB easily: they are hydrophilic, and many are neurotoxic at 
high concentrations. The use of innovative drug delivery systems (DDSs) such as 
nanoparticles designed to overcome the BBB could be considered as a strategic 
approach in the prevention and treatment of neurological and neurodegenerative 
diseases such as AD (89–91). Several sustained-release nanocarriers have been 
studied for the treatment of AD; in particular, polymeric nanoparticles (NPs) 
allow a significant increase in bioavailability and effectiveness of the administered 
drugs. Although the efficacy and advantage of these systems have been supported 
by several experimental studies (Table 2), the translational efficacy is yet to be 
proven.

CONCLUSION

The role of trace metals in AD is complicated as they are involved in both 
pathological and physiological processes in the brain. In addition, trace metals 
such as zinc, which binds to more than 10% of proteins encoded in the human 
genome (96), regulate a plethora of processes whose effects are neither fully 
understood nor assessable in preclinical and clinical studies. Furthermore, levels 
of one trace metal affect the levels of other metals (19). Therefore, any therapeutic 
strategy targeting trace metal levels in AD needs to be specific in terms of drug 
delivery and consider its effect on the concentration of a particular metal. 
Preclinical and clinical studies attempting to manipulate trace metals, although 
not entirely successful, were among the most promising approaches for the 
treatment for AD. Metal chelation and chaperoning successfully reduced Aβ 

TABLE 2 Novel approaches in AD using DDSs

Delivery 
system Function Effect of the drug Reference

G7-Zn-NP Zinc delivery Plaque size reduction and decrease in   
pro-inflammatory cytokine release in vivo

(92)

ZnONP Zinc oxide delivery Dose-dependent inhibition of fibrillar amyloid 
growth and β-sheet formation in vitro

(93)

CQ-MSNP CQ metal chelator Inhibition of Cu2+-induced Aβ40 aggregation 
in vitro

(94)

Nano-N2PY Iron chelator Inhibition of Aβ aggregation in human cortex 
in vitro

(95)

DDSs, drug delivery systems; AD, Alzheimer’s disease.
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generation and aggregation, synaptic dysfunction, neuroinflammation, oxidative 
stress, and induced degradation of senile plaques (Figure 2). In addition, effects 
on cognitive abilities were observed in some studies. To further develop treatment 
strategies targeting metal homeostasis, it is necessary to clearly understand the 
role of trace metals in AD. It is important to explore the role of trace metals, such 
as zinc, in physiological processes that could be exploited as therapeutic targets 
apart from Aβ aggregates, such as synaptic plasticity mediated by zinc-dependent 
SHANK proteins (97) or reducing excitotoxicity and Aβ burden by zinc-binding 
S100B proteins (98–101). A re-distribution and balancing of metals may be 
necessary between neurons, astrocytes, and microglial cells to optimize effects on 
synapses and inflammatory processes. This could be achieved by targeted delivery 
of trace metals to Aβ aggregates and NFTs. To this end, novel compounds, 
combinations of novel metal chelators and chaperones, and novel delivery 
platforms will be needed.

Conflict of Interest: The authors declare no potential conflict of interest with 
respect to research, authorship and/or publication of this chapter.

Figure 2. Targeting trace metals as therapeutic strategy in AD. Metal chelators and ionophores 
can prevent metal binding to Aβ, inhibit oligomerization of Aβ, and consequently reduce its 
aggregation and toxicity. Altering metal homeostasis by depletion, delivery, and chaperoning 
was reported to decrease Aβ plaque burden and interstitial fluid Aβ levels, positively affect 
synaptic spine density, and suppress oxidative stress. Zinc delivery further reduces 
inflammation, while iron chelation modifies tau phosphorylation, and APP expression.
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Abstract: Alzheimer’s disease (AD) is commonly, not always, associated with 
insulin- resistant, hyperinsulinemic, and obesity/type-2-diabetic (O/T2D) states. 
Partial deficiencies of brain insulin receptor (IR) indeed occur in both O/T2D-AD 
and human AD, but these deficiencies can be bypassed by hyperinsulinemia, 
which activates atypical protein kinase C (aPKC) and β-secretase, increases 
Aβ-peptide and phospho-thr-231-tau levels, and induces memory impairments; 
importantly, these aberrations are reversed by reduction of liver/aPKC-dependent 
hyperinsulinemia or direct blockade of brain aPKC. New evidence shows that 
aPKC acts via nuclear factor kappa-B to increase β-secretase mRNA/protein levels 
in brain, where β-secretase acts on both β-amyloid precursor protein to increase 
AD risk and IR to limit beneficial (aPKC independent) insulin effects, particularly 
in normo/hypoinsulinemic AD, and liver, where β-secretase acts on IR to initiate 
or abet development of insulin resistance and compensatory hyperinsulinemia 
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that originates from diet-induced hepatic aPKC activation. Fortunately, agents 
that inhibit PKC-λ/ι in brain, liver, or both effectively reduce β-secretase levels 
and adverse actions therein, and moreover, prevent/reverse O/T2D and AD devel-
opment in mouse models. This chapter summarizes work implicating the critical 
role of atypical PKC in the development of liver-dependent hyperinsulinemia as a 
risk factor in O/T2D-associated AD and β-secretase-mediated pathological altera-
tions in brains of O/T2D-associated and O/T2D-independent AD.

Keywords: atypical protein kinase C; β amyloid precursor protein; β secretase; 
insulin-resistant Alzheimer’s disease; insulin-sensitive Alzheimer’s disease

INTRODUCTION

In the United States, according to the Alzheimer Association, late onset (LO) 
Alzheimer’s disease (AD) afflicts 1 in 5 women and 1 in 10 men over the age of 65, 
and 45% of people over the age of 85. Hyperinsulinemic forms of obesity, the 
associated metabolic syndrome (MetS) and type 2 diabetes mellitus (T2DM), 
which together afflict half of all adults in the United States, are thought to increase 
LO-AD risk. The extent and consequences of these interrelated disorders are 
enormous, in terms of morbidity, mortality, and cost. Although pathogenetic 
mechanisms of AD are still unsettled, both early-onset, inherited forms of AD and 
sporadic LO-AD are thought to be dependent on pathological increases of 
Aβ-plaques that arise from Aβ-peptides, whose production is initiated by the 
aspartyl peptidase, β-site β-amyloid precursor protein (βAPP) cleaving enzyme-1 
(BACE1), acting on specific amino acids of βAPP (1–4). Indeed, BACE1 levels are 
increased in many or most, but not necessarily all, AD patients (5). In either case, 
BACE1 action is thought to be essential for the development of classical AD 
pathology, and this dependency spurred the widely heralded development of 
BACE1 inhibitors for AD treatment. Unfortunately, however, in human clinical 
trials, BACE1 inhibitors apparently produced cognitive/memory impairments, 
and this may reflect requirements for uncertain actions of BACE1 in cognitive/
memory functions, or development of compensatory increases in BACE1-
containing vesicles (6) that may be dysfunctional owing to inhibitor binding, with 
impairment in vesicle trafficking needed for cognitive/memory functions.

As to whether BACE1 is needed for normal cognition and memory, BACE1 
knockout (KO) does not produce significant aberrations in mice (7, 8), but it is 
uncertain if humans have greater dependence on BACE1. It is also uncertain if 
vesicle trafficking needed for memory function is disrupted by BACE1 inhibitors. 
However, there is another approach that would avoid the use of BACE1 inhibitors 
in AD, that is, development of therapeutic measures to partially diminish BACE1 
content to levels that sufficiently reduce Aβ-peptide production while maintaining 
essential BACE1 functions. In this regard, we recently found that the atypical 
protein kinase C (aPKC) signaling factor, PKC-λ/ι, is critically needed for the 
production of BACE1 mRNA and protein (presumably BACE1 transcription), not 
only in the brain, where BACE1 acts upon βAPP to generate Aβ-peptides in AD, 
but also in liver, as discussed later in greater detail. BACE1 diminishes insulin 
receptor (IR) levels (9) and thereby contributes to the development of hepatic and 
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systemic insulin resistance that, in turn, as alluded to, leads to hyperinsulinemia, 
which we postulate, increases AD risk in states of obesity, MetS and T2DM. 
Moreover, we have developed chemical agents that, when administered to mice 
orally or parenterally (subcutaneously [SC] or intravenously [IV]), inhibit both 
liver and brain PKC-λ/ι, and thereby reduce BACE1 levels in both organs; but, 
when given nasally, it inhibits brain, but not liver, PKC-λ/ι, and thereby reduce 
brain, but not liver, BACE1 levels. Furthermore, in very recent studies, we found 
that oral and nasal treatment of transgenic (Tg) AD mice with an inhibitor of 
PKC-λ/ι over several months diminished brain aPKC activity and BACE1 levels 
and, most importantly, largely prevented the development of AD pathology and 
memory impairment.

THE ESSENTIAL ROLE OF BACE1 IN THE PATHOGENESIS OF AD

It seems abundantly clear that the aspartyl protease, BACE1, acts upon βAPP in 
the brain to initiate the production of Aβ1–40/42 peptides that polymerize to form 
the characteristic Aβ-plaques of AD (1–4). Indeed, genetic KO of BACE1 blocks 
Aβ1–40/42 production and Aβ-plaque formation in Tg AD mice carrying human 
mutations that increase susceptibility to actions of BACE1 (e.g., APPSwede) and 
γ-secretase (e.g., presenilin-1 [PS1]) (7, 8). This BACE1-KO-induced protection 
against the development of AD pathology in Tg AD mice is accompanied by the 
improvement of cognition/memory losses that occur in unprotected wild-type 
(WT) Tg AD mice, suggesting that (i) BACE1-dependent pathology is required 
and may account for cognitive/memory losses in Tg AD mice (and presumably 
other AD states) and (ii) BACE1 itself is not required for cognitive/memory 
functions, at least in mice. Moreover, delayed conditional KO of brain BACE1 in 
Tg AD mice, in which AD pathology and cognitive/memory losses are already well 
established, was found to reverse pathology and cognitive/memory losses therein 
(7), suggesting reversibility following BACE1 depletion, at least in Tg mouse AD 
models.

Although elevations of brain BACE1 levels have been observed in some series 
of human AD patients (5), this is not always the case, and increases in BACE1-
dependent Aβ-peptide production may also be due to enhanced trafficking of 
BACE1-containing vesicles (10) and interactions with βAPP-containing vesicles in 
the Trans Golgi Network (TGN), where BACE1 is activated by increases in 
intravesicular acidity and perhaps other factors, for example, increased 
phosphorylation of ser-498 in the cytosolic, C-terminal tail of BACE1. Also, 
changes in other factors, for example, mutations in βAPP, PS1, or γ- or 
α-secretase(s), or altered clearance of Aβ-peptides, may serve to increase 
Aβ-peptide levels. Regardless of the initial or later causes, BACE1 action is critically 
needed for Aβ-peptide production and Aβ-plaque formation in AD, and BACE1 is 
an attractive target for the treatment of AD and minimal cognitive impairment 
(MCI).

Unfortunately, as alluded to, the use of chemical agents that directly inhibit 
BACE1 in humans with AD or MCI resulted in impairments in cognition/memory, 
despite apparent reduction of Aβ production. This raises the possibility that 
increases in BACE1 levels, activity and/or action, do not explain cognition/
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memory losses in human AD/MCI, or losses of cognition/memory reflect a 
requirement for BACE1 itself, or there are direct or indirect untoward effects of 
BACE1 inhibitors. With respect to the latter possibility, as discussed, BACE1 levels 
increase with BACE1 inhibitor treatment (6), and increases in vesicles containing 
chemically inhibited forms of BACE1 may interfere with the vesicular trafficking 
needed for neurite formation, cognition, and memory induction. Whether 
decreases in BACE1 levels that are elicited by inhibition of regulatory factors 
upstream of BACE1 transcription, in particular for the present discussion, 
PKC-λ/ι, or downstream factors linking PKC-λ/ι to BACE1, will adversely affect 
cognition/memory is uncertain, but this approach seems worthy of consideration, 
given the present dearth of effective treatments for MCI and AD.

SYSTEMIC VERSUS BRAIN INSULIN RESISTANCE IN  
DIABETES-ASSOCIATED AND NONDIABETIC AD

LO-AD and the insulin-resistant states of T2DM and its forerunners, that is, obesity 
and MetS, have frequently been found to coexist, for example, in a particularly 
important study, 80% of all AD patients seen at the Mayo Clinic were found to have, 
in half the cases, overt T2DM (fasting blood sugar [FBS] over 125 mg/dL) or, in the 
other half, pre-T2DM (FBS 110–125 mg/dL) (11). In view of this and other reports, 
it has been speculated that the systemic insulin resistance, which is generally, if not 
usually, seen in T2DM, pre-T2DM, obesity, and the MetS, serves as a risk factor for 
LO-AD. It has further been speculated or tacitly assumed that, as in peripheral 
tissues, most notably, muscle, where resistance to insulin is particularly severe, the 
brain is similarly insulin resistant, that is, essentially unresponsive to insulin, and 
therefore hypoinsulinized in the aforesaid insulin-resistant states. Accordingly, it is 
proposed that this hypoinsulinization as such provides an explanation for increases 
in AD risk in states of systemic insulin resistance.

In keeping with the idea that insulin action in brain is reduced in AD, brain IR 
activity and/or number is reportedly mild-moderately reduced in the brains of 
humans with nondiabetic AD (12); accordingly, the concept of brain 
hypoinsulinization has been reemphasized and expanded, and it has been 
proposed that the brain itself is insulin resistant and, moreover, hypoinsulinized, 
in both nondiabetic AD and obesity/MetS/T2DM-associated AD.

However, in view of our more recent findings, as discussed later, this proposal 
appears to be overstated and in need of modification. Thus, it is indeed reasonable 
to postulate that deficiencies of the brain IR would of necessity impair insulin 
effects in the brains of AD patients that have normal or low circulating levels of 
blood/plasma insulin, as in non-diabetic, normo-insulinemic AD, or in late forms 
of T2D, if and when insulin levels fully diminish to normal or subnormal levels. 
On the other hand, the same cannot be said in conditions of hyperinsulinemia, 
wherein elevated levels of blood insulin can bypass partial defects in the IR in 
many or most tissues by using “spare” IRs, that is, IRs in excess of those needed to 
produce maximal downstream effects.

In this respect, note that a more severe insulin resistance that exists in T2D 
muscle is largely a result of down-regulation of IRS-1 and its ability to activate 
phosphatidylinositol (PI) 3-kinase (3K), which is needed to produce 
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PI-3,4,5-(PO4)3 (PIP3), which activates signaling factors required for insulin-
stimulated glucose transport in muscle, that is, Akt and aPKC. Also note that this 
defect in muscle IRS-1/PI3K is a “post-IR” impairment that cannot be bypassed by 
hyperinsulinemia and should not be confused with IR defects that can be bypassed 
via “spare” IRs, which, as will become evident in this chapter, are present and 
operative in both liver and brain (13–17).

And, in marked contrast to muscle, insulin action in liver and activation of 
hepatic Akt and aPKC in obesity, the MetS and early T2DM are excessive in many 
respects owing to hyperinsulin-emia-induced activation of “spare” hepatic IRs. 
Indeed, note that, unlike the post-IR defect in muscle IRS-1/PI3K which occurs 
early in high-fat-fed (HFF) mice (18), the post-IR impairments of hepatic IRS-1/PI3K 
and subsequent Akt activation by insulin occur only later as T2DM progresses, that 
is, only after 2–3 months of high-fat feeding in the classical mouse model of diet-
dependent obesity/MetS/T2DM (15). Also note that the activation of hepatic IRS-2/
PI3K and subsequent aPKC activation by insulin remains intact even in late T2DM 
when IRS-1/PI3K/Akt activation is impaired: in short, hepatic aPKC remains 
activated by hyperinsulinemia and continues to promote increases in hepatic 
production of glucose and lipids throughout the course of obesity, the MetS and 
T2DM. Moreover, as stated, the post-IR defect in muscle described earlier occurs 
very early in initial stages of the development of diet-induced obesity/MetS/T2DM 
in HFF mice (18), viz, and several months before impairments in hepatic IRS-1/PI3K 
and Akt develop. And this muscle defect in glucose metabolism undoubtedly 
contributes importantly to early elevations of blood insulin to levels (18) that are 
sufficient to bypass IR defects and strongly/maximally activate key processes in 
other tissues, most notably for the present discussion, liver and brain. In keeping 
with mouse studies, note that defective glucose transport in muscle occurs early in 
human obesity, well before the development of pre-T2D and overt T2DM.

INSULIN RECEPTOR DOWNREGULATION IN OBESITY/T2DM 
AND AD

The downregulation of the brain IR that is seen in nondiabetic AD (12) and 
diabetes-associated AD (see below) may well be at least partly due to increases in 
BACE1-dependent degradation of the IR, as this mechanism has recently been 
shown to clearly be operative in the liver in various murine and human forms of 
obesity and T2DM (9). Indeed, in initial studies, we too have found that there are 
decreases of IR levels in both brain and livers of hyperinsulinemic, HFF, and 
obese/MetS/T2DM mice, and these decreases in IR levels in both brain and liver 
are associated with, and apparently dependent on, increases in PKC-λ/ι activity 
and aPKC-dependent increases in BACE1 levels and proteolytic activity, as 
aberrant elevations in BACE1 levels and subsequent deficiencies in IR levels are 
abrogated by the inhibition of aPKC.

In addition to the above-described aPKC/BACE1-dependent degradative 
mechanism for the decreases in IR levels, the activity of the IR may also be 
diminished by inhibitory phosphorylation of the IR that is provoked via negative 
feedback mechanisms that occur during actions of a wide variety of factors, 
many of which are likely to be increased and operative in damaged AD tissues. 
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These factors include lipids, such as ceramide and phosphatidic acid (PA), both 
of which directly activate aPKCs; cellular stress, inflammatory, and oxidative 
factors that activate phospholipases C and D (PLC and PLD) that produce 
diacylglycerol (DAG) and PA, respectively (note that DAG and PA can 
interconvert); DAG-sensitive conventional (c) and novel (n) PKCs (α,β,γ,δ,ε,θ) 
that phosphorylate and diminish activity of the IR and/or IRS-1 which activates 
PI3K. Also note that negative feedback on the IR and IRS-1 can be mediated by 
phosphorylation provoked by a variety of signaling factors, including Akt, 
aPKC, mammalian target of rapamycin (mTOR), and ERK, all of which are 
activated by insulin and various polypeptides that operate via PI3K. In this 
regard, note that aPKC, and Akt and ERK are all reportedly hyperactivated in 
brains of humans with nondiabetic AD (12), and any of these downstream 
factors may negatively feedback on the IR.

Finally, note that the partial resistance at the IR level in nondiabetic AD brain 
is in fact readily overcome by elevated insulin levels (12), which may be acting via 
“spare” IRs, that is, present in excess of that needed for maximal activation of 
downstream factors; alternatively or additionally, IGF-1 receptors may also be 
activated by elevated insulin levels and may contribute to the activation of IRS-1/
PI3K, Akt, and aPKC. And, in this regard, note that, despite decreases in IR 
number that we recently observed in brains of obese/MetS/T2D HFF mice, the IR 
is nevertheless maximally activated by hyperinsulinemia in HFF mice (13), 
apparently by the activation of “spare” IRs. Further note that the treatment of HFF 
mice with inhibitors of brain aPKC (discussed later) diminished brain BACE levels 
and simultaneously increased brain IR levels.

HYPERINSULINEMIA IN INSULIN-RESISTANT FORMS OF 
OBESITY AND T2DM AS A RISK FACTOR FOR AD

With the prevailing assumption that the brain itself is insulin resistant and more 
importantly hypo-insulinized in AD, we were surprised to find (14), in whole brain and 
individual neurons of the anterior cortex and hippocampus of systemically insulin-
resistant, hyperinsulinemic HFF mice, ob/ob mice, and, very importantly, monkeys 
with long-standing, diet-dependent obesity/T2D, that insulin signaling to both Akt 
and aPKC, and to all examined Akt substrates, viz, glycogen synthase kinase-2β, 
mTOR, and forkhead homeobox factors (FoxO1, FoxO3a, and FoxO4), is uniformly 
increased (Figure 1). Indeed, increased Akt/aPKC signaling in obese/T2D HFF and 
ob/ob mice appears to be maximal, as insulin treatment (which rapidly, over 15 min, 
maximally increases brain Akt and aPKC activities in normal mice) did not elicit 
further increases in these activities in hyperinsulinemic HFF and ob/ob mice (13, 14).

As alluded to, we moreover found that the brain IR itself, despite a reduction 
in total levels, is nevertheless maximally activated (as per total phosphotyrosine 
content of the IR-β subunit) by the hyperinsulinemia that exists in HFF obese/
T2D mice (13). It therefore seems clear that any IR deficiency that is present in the 
brains of HFF obese/T2D mice is readily bypassed by the activation of “spare” IRs 
by hyperinsulinemia in HFF mice (13).

Finally, note that the hyperinsulinemia as such in insulin-resistant mice appears to 
be largely/fully responsible for increases in brain IR and Akt and aPKC signaling, as 
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Figure 1. Atypical PKC (aPKC)-dependent risk factors in Alzheimer’s disease.
Activity of neuronal aPKC (encircled) can be excessively activated by (i) diet/liver/aPKC-
dependent hyperinsulinemia acting on insulin receptors (IRs) and IR substrates (IRS-1/2), 
(ii) other factors (left box) acting on noninsulin receptors (R) that similarly activate 
phosphatidylinositol 3-kinase (PI3K) by IRS-1/2 and/or other factors, and (iii) various agents and 
metabolites (right box) that operate directly or indirectly via phospholipases D and C to increase 
levels of ceramide and phosphatidic acid, which directly activate aPKC. In turn, aPKC acts via 
inhibitor of kappa-B kinase-beta (IKKβ) to increase the activity of nuclear factor kappa-beta 
(NFκB), which acts directly to increase β-secretase (aka, BACE1) transcription, and thus increase 
levels of Aβ-peptides and phospho-tau, that is, precursors of Alzheimer plaques and tangles. 
Note that, although not shown, NFκB also increases transcription and levels of proinflammatory 
cytokines, tumor necrosis factor-alpha (TNF-α) and interleukin 1-β (IL-1β), and perhaps other 
cellular stress/oxidant/inflammatory factors, which, along with increases in Aβ42 peptides, act, as 
depicted (right box), to increase aPKC activity, perhaps creating multiple vicious cycles.
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the correction of hyperinsulinemia (elicited by improvement in hepatic abnormalities 
following treatment with aPKC inhibitor, aurothiomalate [ATM] (14), in doses that 
selectively act in liver [but not in brain] to fully ameliorate obesity/MetS/T2DM and 
correct hyperinsulinemia (16)) was attended by (i) return of all brain insulin signaling 
aberrations, including increases in activities of Akt, Akt substrate, and aPKC, to their 
normal resting/basal levels and (ii) restored ability of insulin to acutely and fully 
activate both Akt and aPKC in the brain (14). Obviously, unlike aPKC inhibitors 
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1H-imidazole-4-carboxamide, 5-amino-1-[2,3-dihydroxy-4-[(phosphono-oxy)
methyl]cyclopentyl-[1R-(1a,2b,3b,4a)] (ICAPP), 1H-imidazole-4-carboxamide, 
5-amino-1-[2,3-dihydroxy-4-[(hydroxyl)methyl]cyclopentyl-[1R-(1a,2b, 3b,4a)] 
(ICAP), and 2-acetyl-cyclopentane-1,3-diketone (ACPD) (see later), ATM did not 
cross the blood–brain barrier (BBB) in these studies.

Accordingly, as depicted in Figure 1, we postulate that persistent hyperactivation 
of brain Akt in insulin-resistant states and phosphorylation/inhibition of activities 
of all brain FoxOs (1/3a/4/6) and PGC-1α (14) may be problematic over time, as 
their transcriptional actions are needed to maintain cognitive functions and 
neuronal integrity (see discussion in (14)). On the other hand, Akt may also have 
more acute beneficial effects on memory and overall brain metabolism and may 
also function as an antiapoptotic agent. In any case, the hyperactivation of brain 
aPKC, and subsequent increases in BACE1, Aβ1–40/42, and phospho-tau (p-tau) 
(13, 14) most likely have detrimental effects.

To summarize, systemic insulin resistance that originates in the liver due to 
diet-dependent caloric excess (15) or in the brain appetite/energy center as in 
leptin-deficient ob/ob mice (17), or in muscle that is defective in glucose transport 
(16) is accompanied by key abnormalities in liver that includes the hyper-
activation of hepatic aPKC, aPKC-dependent increases in gluconeogenesis and 
lipogenesis, and development of hyperinsulinemia. In turn, hyperinsulinemia 
leads to chronic hyperinsulinization of the brain, which, by hyper-activating brain 
aPKC, increases levels of the factors that produce pathological plaques and tangles 
in AD, that is, BACE1 expression, BACE1 activity, and BACE1-dependent increases 
in Aβ-peptides and p-tau. Obviously, this hypothesis is at odds with postulates 
that the brain itself is uniformly insulin resistant, unresponsive to insulin, and 
hypoinsulinized in hyperinsulinemic states of obesity. MetS and T2DM, and brain 
insulin resistance per se increase AD pathology in these states (19–22). In any case, 
liver involvement plays a critical role in causing systemic insulin resistance, and 
liver abnormalities are dependent on excessive activation of hepatic aPKC (15–18). 
This dependence on hepatic aPKC explains how treatment with inhibitors of 
hepatic aPKC and correction of hyperinsulinemia can reduce brain aPKC activity 
and thereby improve BACE1, Aβ1–40/42, p-tau, and memory alterations (13, 14).

On the other hand, in AD that is not associated with hyperinsulinemia, for 
example, in lean nondiabetic subjects, there may well be an impairment in brain 
IR activity or a deficiency of brain IR, which limits insulin action in the brain, that 
is, in response to normal or low blood insulin levels. As discussed, this, of course, 
may occur in nondiabetic, normo-insulinemic AD and possibly in later stages of 
T2D-related AD if and when insulin levels are reduced to normal or subnormal 
levels. These differences in ambient insulin levels may explain how some, but not 
all, studies suggest that nasal insulin treatment, as well as subsequent brain 
insulinization, has beneficial effects in AD (19–22).

EFFECTS OF DAG-SENSITIVE PKCs (α,δ,ε) VERSUS aPKC-λ/ι ON 
BACE1 AND AD

In addition to PIP3-activated aPKCs, DAG-activated conventional (c) cPKCs and 
novel (n) nPKCs can influence AD pathology in a variety of ways. For example, 
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the activations of both DAG-sensitive cPKC-α and nPKC-ε diminish the 
amyloidogenic pathway and limit Aβ1–40/42 production by activating α-secretase, 
which cleaves βAPP between sites cleaved by β-secretase and γ-secretase, thus 
producing shortened, nonamyloidogenic peptides (1, 2, 23, 24). In this regard, 
note that insulin activates all DAG-sensitive PKCs in muscle, liver, and adipose 
tissues, but whether this occurs in brain is uncertain and is in need of study.

Additionally, the activation of PKC-α may diminish Aβ1–40/42 production 
indirectly by restraining PKC-ε-dependent βAPP expression, as it has been 
reported that phorbol-ester-induced deficiency of PKC-α is accompanied by 
increases in PKC-ε, βAPP expression, βAPP accumulation in the TGN, and 
subsequent increases in BACE1-dependent Aβ1–40/42 production (25).

On the other hand, some LO-AD patients have gain-of-function mutations in 
PKC-α that diminishes cognitive/memory functions by altering synaptic activity 
(26). However, in the absence of this mutation, it is unknown if there are similar 
memory problems that result from PKC-α activation arising from (i) de novo 
synthesis of PA/DAG owing to increases in glucose and/or fatty acids, (ii) PLC-
produced DAG, or (iii) increases in levels of blood insulin, which activates all 
c/nPKCs, including PKC-α, by a variety of mechanisms in muscle, liver, and 
adipose tissues (information on brain c/nPKCs during insulin action is lacking).

In marked contrast to the potentially beneficial effects on AD conferred by the 
activation of DAG-sensitive aPKC-α and nPKC-ε and subsequent activation of 
α-secretase, the effects of the DAG-sensitive nPKC, PKC-δ, are much different, in 
that PKC-δ overexpression increases, and PKC-δ knockdown decreases, BACE1 
levels and Aβ1–40/42 production in neuronal cells (27). Further, like the increases in 
activity or levels of PKC-λ/ι in brains of humans with AD (12), PKC-δ levels are 
increased and correlate with increases in BACE1 levels in brains of AD humans (27).

And, very interestingly, inhibition of PKC-δ by rottlerin simultaneously protects 
Tg/APP/PS1/AD mice from developing increases in BACE1 and Aβ-peptide/plaque 
production, and aberrations in cognition/memory functions (27). However, note 
that, like PKC-λ/ι, which activates NFκB in liver (15–17, 28) and at least certain 
other tissues, for example, lymphocytes (29) (and presumably in brain, as 
discussed further later), PKC-δ similarly activates brain/neuronal NFκB (27), 
which, in turn, increases the expression of proinflammatory cytokines, TNF-α, 
and IL-1β, which, in turn, activate NFκB by a PKC-λ/ι-dependent mechanism (30). 
And, as PKC-δ is also activated by NFκB (27), this suggests operation of a vicious 
cycle and raises the possibility that the activation of PKC-λ/ι by TNF-α and IL-1β 
may explain or contribute to BACE1 increases and AD-abetting effects of PKC-δ 
overexpression (see Figure 2).

PKC-�/�

PKC-�

BACE1TNF-�, IL-1� IKK/NF�B

Figure 2. Potential interplay of aPKC, PKC-λ/ι, nPKC, and PKC-δ, to operate upstream and 
downstream of IKKβ/NFκB and act cooperatively in a vicious cycle to increase BACE1 
transcription.
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Also note that, in the previously cited PKC-δ study (27), BACE1 mRNA and 
protein levels were substantially increased in Tg/APP/PS1/AD mice, and inhibition 
of PKC-δ activity by rottlerin reduced BACE1 levels back to normal levels in Tg/
APP/PS1 mice, but had little or no effect on basal BACE1 levels in WT cells. This 
partial reduction of elevated BACE1 levels to normal in Tg AD mice contrasts with 
the marked (up to 80–90%) reductions of basal/resting levels of BACE1 protein 
and mRNA seen in both brain and liver of mice following chemical inhibition or 
haploinsufficiency of PKC-λ. Thus, PKC-λ may be more potent than PKC-δ in 
regulating BACE1 transcription.

In this regard, further note that, in adipocytes, PKC-λ and PKC-δ were found 
to physically interact, and the PKC-δ inhibitor, used in the aforesaid study (27), 
rottlerin, was found in another study (31) to block insulin-stimulated translocation 
of Glut4-containing vesicles to the plasma membrane independently of PKC-δ, 
which, in fact, is not required for this process in adipocytes (31). Thus, rottlerin 
may have also inhibited PKC-λ, which is clearly required for Glut4 translocation 
in adipocytes (31). Or, stated differently, rottlerin is not a specific inhibitor of 
PKC-δ, and the ability of rottlerin to improve AD pathology in Tg/APP/PS1/AD 
mice may reflect inhibition of PKC-λ (or other factors that operate via NFκB), 
rather than PKC-δ. Alternatively, both PKC-λ and PKC-δ may work together, 
cooperatively or additively, to regulate BACE1 expression.

Finally, note that we have found that PKC-λ/ι activity is increased in brains of 
APP/PS1/AD mice, and inhibition of PKC-λ/ι with a relatively specific inhibitor, 
which clearly does not inhibit PKC-δ, is effective in improving memory 
impairments and for reducing Aβ-peptide and Aβ-plaque levels. This, of course, 
suggests that PKC-λ/ι is required for BACE1-dependent AD development in Tg 
AD mice, and AD-promoting effects of PKC-δ overexpression could conceivably 
involve PKC-λ/ι activation by the above-described circular pathway.

Nevertheless, as alluded to, it is possible that both PKC-δ and PKC-λ/ι are 
activated in the AD process, and, moreover, both may participate in the activation 
of NFκB, which, in turn, via TNF-α and IL-1β, may further activate both PKC-δ 
(32) and PKC-λ/ι (30) in the aforesaid circular “vicious” cycle. This possibility 
becomes even more interesting in light of the observation that increases in the 
activity of both PKC-δ and PKC-λ/ι/ζ, but not PKC-α, are seen in T-lymphocytes 
isolated from AD humans, but only when stimulated ex vivo with Aβ1–42 (33,34); 
this suggests that neurotoxic Aβ1–42 (Aβ42) activates both PKC-δ and PKC-λ/ι/ζ, 
and this brings into play an interaction between the proliferative actions of PKC-λ/ι 
and the proapoptotic effects of PKC-δ, a combination that, when more fully 
activated, may enhance and hasten AD pathology development. The latter 
possibility, featuring a triad of increases in PKC-λ/ι, PKC-δ, and NFκB that are put 
into high-gear when Aβ42 levels reach a threshold may provide an explanation for 
the rapid downhill phase of AD that follows a slow inductive process.

aPKC INHIBITORS

By high throughput screening, a number of compounds have been identified, 
which target a site at or near the substrate and/or the ATP-binding site of aPKCs, 
and potently inhibit both recombinant aPKCs and aPKC activity of cultured 



Atypical Protein Kinase C Hyperactivity in Insulin-Resistant 109

neurons and hepatocytes, but not myocytes. Among others yet to be studied, 
three such agents have been studied in detail: (i) ICAPP, which potently inhibits 
both recombinant PKC-λ/ι, and neuronal and hepatocyte PKC-λ/ι (IC50, 1–10 
nM); (ii) ICAP, which is converted to active phosphorylated ICAPP intracellularly 
by adenosine kinase and is similarly potent for PKC-ι/λ in neurons and hepatocytes 
(IC50, 10–100 nM); and (iii) ACPD, which comparably inhibits recombinant 
forms of both PKC-λ/ι and PKC-ζ, and their activities in isolated neurons and 
hepatocytes (IC50, 10–30 nM) (15–17, 28, 35). Note that, whereas ACPD inhibits 
PKC-λ/ι and PKC-ζ with equal potency, ICAPP and ICAP preferentially inhibit 
PKC-λ/ι. Also note that the full-length, 70 kDa aPKC in brain, is largely if not 
entirely PKC-λ/ι, as, unlike peripheral non-CNS PKC-ζ, brain PKC-ζ lacks an 
inhibitory regulatory domain and exists largely as a shortened, 50 kDa, 
constitutively-active moiety, called PKMζ, which is particularly important in long-
term memory (LTM) functions, as discussed later. Further note that ICAPP, ICAP, 
and ACPD do not inhibit recombinant forms of conventional/novel (c/n) PKCs 
(α,β,δ,ε,θ) (15–17, 28, 35).

During in vivo usage, in doses that are sufficient to effectively inhibit hepatic 
aPKC and largely, albeit not completely, reverse post-IR hepatic aberrations seen 
in mouse obesity/MetS/T2D models (15–17), the aforesaid inhibitors, ICAPP, 
ICAP, and ACPD, do not inhibit muscle, adipocyte, or brain aPKC, and, in all 
tissues, they have no inhibitory effects on Akt, or on AMPK. These inhibitors also 
have no effect on activities of an array of 35 other kinases independently tested by 
Life Technology Selectscreen Profiling, Madison, WI (15–17, 28, 34). We therefore 
believe that these agents have reasonable selectivity for aPKC, but as with all 
drugs, exclusive targeting cannot be assumed.

On the other hand, we have verified that partial heterozygous KO of total body 
PKC-λ in the mouse (total homozygous KO is embryonic lethal), and thus 
haploinsufficiency of PKC-λ, has biological effects similar if not identical to those 
of the aforesaid chemical aPKC inhibitors in liver (36) and in brain: for example, 
PKC-λ haploinsufficiency (i) in liver blocks all hepatic diabetic aberrations 
induced by high-fat-feeding (36) and (ii) in brain markedly diminishes BACE1 
levels and insulin-stimulated production of Aβ-peptides. In addition, liver-specific 
KO of PKC-λ (by administration of adenovirus encoding Cre-recombinase to 
PKC-λ-floxed mice) or liver-specific inhibition of hepatic aPKC by adenovirus-
mediated expression of kinase-inactive aPKC has biological effects in liver similar 
if not identical to those of the aforesaid chemical aPKC inhibitors on obesity/
MetS/T2DM (18, 36, 37). We therefore are confidant that aPKC inhibition 
underlies all biological effects of ICAPP, ICAP, and ACPD that we have reported in 
both liver and brain.

However, at higher in vivo doses, ICAPP, ICAP, and ACPD inhibit brain, as well 
as liver, aPKC (13). Thus, in insulin-resistant, hyperinsulinemic states, these 
agents can reduce brain aPKC activity (i) at lower doses, indirectly via inhibition of 
liver aPKC and reduction of blood insulin levels, and (ii) at higher doses, by 
directly inhibiting brain aPKC. In this regard, note that, in published (38) and 
other pharmacokinetic/pharmacodynamic (PK/PD) studies, it was found that 
ICAP preferentially distributes to liver, but clearly passes the BBB to enter the 
brain. And, as found in other studies, ICAP is effective in liver and brain when 
given insufficiently increased doses by oral gavage (i.e., per os [PO]), as well when 
administered IV or SC. Moreover, when administered to mice intranasally, ICAP 
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inhibits brain, but not liver, aPKC, suggesting that ICAP reaches the brain through 
neurovascular bundles that traverse the sphenoid sinuses and the cribriform plate; 
this raises the possibility that nasally administered aPKC inhibitors (or other 
agents) may be used to selectively target brain aPKC during AD treatment.

Furthermore, in cultured human neuronal cells and/or mouse hippocampal 
slices, ICAPP fully inhibits insulin-stimulated increases in activities of 70 kDa 
PKC-ι/λ and BACE1, and increases in the production of Aβ1–40/42 by approximately 
50% at 10 nM and 90–100% at 100 nM, without inhibiting the putative memory 
protein, that is, constituently-active 50 kDa PKMζ (13), which was alluded to 
earlier and discussed more fully later. And, in cultured human neuronal cells, 
ICAPP, at low 10 nM concentrations, fully blocked 2–3-fold increases in BACE1 
levels that were provoked by 24-h insulin treatment. It therefore seems clear that 
prolonged treatment with high-dose insulin acts directly via aPKC to induce 
remarkably strong increases in neuronal BACE1 levels. This bolsters our contention 
that hyperinsulinemia is an important risk factor for AD. It also seems very clear 
that aPKC inhibitors are working directly in neurons to alter BACE1 and BACE1-
dependent alterations in Aβ-peptide production.

aPKC REQUIREMENTS FOR MEMORY FUNCTION

As alluded to, a number of findings suggest that the 50 kDa, constitutively active, 
brain-specific form of PKC-ζ, that is, PKMζ (described earlier), functions in long-
term potentiation (LTP) and LTM formation (39, 40). However, although PKMζ 
KO in brain does not impair LTP/LTM, this appears to be explained by a 
compensatory increase in PKC-λ/ι in PKMζ-null mice, as suggested by the fact 
that LTP/LTM is impaired by selective inhibition of PKC-ι/λ by ICAP in PKMζ-null 
mice, but not in normal mice, wherein ICAP does not inhibit PKMζ (40). And, from 
the lack of effect of ICAP on LTP and memory function in normal mice (40), it 
may be argued that PKC-λ/ι is not required for on-going LTP/LTM.

Indeed, in HFF mice, as reported in (13), aPKC inhibitor ACPD improved 
high-fat-diet-induced decreases in acute memory function (as per Novel Object 
Recognition [NOR]) while blocking insulin-stimulated increases in PKC-ι/λ 
activity, but largely sparing basal PKC-ι/λ activity. Moreover, in other studies, a 
50% loss of brain PKC-λ in PKC-λ haplo-insufficient mice, and subsequent 
decreases in PKC-λ activity and BACE levels (80–90%) did not impair training 
and memory functions in Radial Arm Water Maze (RAWM) and NOR tests. It thus 
appears that brain aPKC activity can be partially diminished to levels that markedly 
reduce AD development, without impairing memory processes.

Nevertheless, it should be noted that, whereas a marked and chronic loss of PKC-ι/λ 
in a long-term, hippocampus/anterior-cortex-selective KO study showed essentially 
normal memory function and LTM/LTP, which was attributed to PKMζ compensation, 
acute KO of hippocampal/anterior-cortical PKC-λ (and thus lacking time for 
compensatory changes) suggested a need for PKC-λ, in learning/memory processes, 
but only in more difficult (nonstandard) learning tasks (41). Furthermore, acute 
1-month knockdown of PKC-λ produced specifically in the hippocampus by 
stereotactic injection of virus encoding shRNA, suggested that hippocampal PKC-λ 
is needed for the initiation of LTP, short-term memory (as per contextual and trace 
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fear testing), and consolidation of LTM (42). Thus, these inhibitory effects on 
learning and memory may be exaggerated by acute, and thus uncompensated, and 
excessive losses of PKC-λ, since (i) as discussed, partial inhibition of PKC-λ/ι and 
simple reduction of elevated brain PKC-λ activity to normal by aPKC inhibitor 
treatment improve memory loss (in NOR) in hyperinsulinemic HFF mice (13) and 
(ii) chronic 50% loss of PKC-λ in PKC-λ-haploinsufficient mice did not impair 
learning/memory performance in RAWM and NOR tests.

It is, of course, interesting that brain PKC-λ/ι and PKMζ (and perhaps other 
PKCs) can apparently compensate for losses of each other over time in the adult 
mouse brain, and these compensatory changes can satisfactorily maintain relatively 
normal memory functions. In any case, these caveats of aPKC inhibition or 
deficiency need to be kept in mind.

aPKC ACTIVATORS

Atypical PKCs are activated not only by insulin and other polypertides (IGF-1, 
NGF, BDNF, NMDA-receptor activators (43–47)) that activate PI3K and thereby 
produce PI-3.4.5-(PO4)3 (PIP3) which directly activates aPKCs (48) but also by 
C:14 and C:16 ceramides which directly activate aPKCs (15) (higher C:20–24 
ceramides may be inhibitory); PLD-derived phosphatidic acid (PA), which, like 
PIP3, contains an acidic head group and directly activates aPKCs (49, 50); various 
factors, such as Aβ42 (33, 34) and certain oxidants (e.g., sorbitol (49)) and 
inflammatory factors (e.g., lipopolysaccharide (51)) which presumably activate 
PLCs and/or PLD to produce PA. Note that many of these metabolites and agonists 
are thought to abet AD development.

CONTROL OF BACE1 TRANSCRIPTION BY NFκB

There is clear evidence that NFκB is a strong, if not the major, transactivator of the 
BACE1 gene in mouse brain (52–54). This is of considerable interest, as we have 
shown, that hyperinsulinemia in various O/MetS/T2D states (e.g., HFF, ob/ob, and 
HetMλKO mice (15–18, 36, 37) and T2D humans (28)) leads to, in liver, aPKC-
dependent increases in (i) phosphorylation/activation of inhibitor of kappa-B 
kinase-β (IKK-β), (ii) phosphorylation and thus dissociation of the inhibitor of 
NFκB inhibitor (IκB) from NFκB (and, presumably, subsequent degradation of IκB), 
(iii) transfer of the active p65/RelA subunit of NFκB into the nucleus, (iv) p65/RelA 
phosphorylation and activation, as per electrophoretic mobility shift assay, and (v) 
NFκB-dependent transcription of genes encoding various proinflammatory 
cytokines, including TNF-α and IL-1β, that is, with increases in their mRNA and 
protein levels. These changes are clearly provoked by an aPKC-dependent mechanism, 
as shown by inhibition of aPKC by chemical inhibitors and expression of kinase-
inactive-aPKC, and by various PKC-λ KO methods.

In particular, note, in normal WT mice, acute insulin treatment over 15 min 
increases nuclear levels of the p65/RelA subunit of NFκB, and simple feeding-
induced increases in insulin provoke increases in mRNA levels of TNF-α and 
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IL-1β; and all effects of insulin and feeding are blocked or markedly diminished 
in littermate mice haploinsufficient for PKC-λ (35). And, perhaps most importantly, 
we found in both hepatocytes harvested from humans with long-term preexisting 
T2DM, and following acute 4-h insulin treatment of normal human hepatocytes, 
that there were increases in TNF-α and IL-1β mRNA levels by an aPKC-dependent 
mechanism (28). Note that others have also shown that aPKCs are major activators 
of NFκB during inflammation and lymphocyte activation (29).

We therefore strongly suspect that aPKC increases BACE1 transcription by 
activating NFκB in hepatocytes and neurons by the following mechanism and 
linear pathway:

(i)   In liver, dietary caloric excesses → hepatic aPKC activity → IKKβ activity → 
NFκB activity → BACE1 levels → IR degradation → systemic insulin resis-
tance → hyperinsulinemia → activation of hepatic spare IRs → post-IR 
hepatic aberrations → hyperinsulinemia → and so on in a vicious cycle

(ii)  and, in brain, hyperinsulinemia, cellular stress/oxidant/inflammatory factors, 
Aβ42, and so on → aPKC activity → IKKβ activity → NFκB activity → BACE1 
levels → Aβ-peptides and p-tau, and IR degradation (that is partial and can 
be bypassed by hyperinsulinemia) → AD pathology.

CONCLUSION

It seems abundantly clear that AD risk in obesity MetS/T2DM is real, and this risk 
at least partly results from hyperinsulinemia-induced increases in brain aPKC 
activity that provokes increases in BACE1 levels and production of Aβ-peptides 
and p-tau. Increases in brain aPKC activity and BACE1 activity/levels can also 
proteolytically diminish brain IR levels, but hyperinsulinemia in all mouse and 
monkey models of obesity/MetS/T2DM that we have examined does not diminish 
IR-dependent Akt activity; indeed, despite decreases in brain IR levels, brain IR 
and Akt activities are increased (apparently via “spare” IRs) by hyperinsulinemia 
and/or other factors.

On the other hand, increases in BACE1 activity and levels that occur in 
nondiabetic AD can not only increase Aβ-peptide and p-tau levels but presumably 
can also diminish brain IR levels, and this may diminish insulin-stimulated Akt 
activation in norm- or hypoinsulinemic subjects. On the other hand, activities of 
both Akt and aPKC are reportedly elevated by uncertain noninsulin factors in the 
brains of humans with nondiabetic AD, and this increase in aPKC activity can 
increase BACE1 levels and activity in these AD brains.

Accordingly, there is considerable evidence to suggest that brain aPKC 
activity is increased in both diabetes-related and nondiabetic forms of LO-AD. 
And initial findings in mice suggest the feasibility of using chemical aPKC 
inhibitor treatment to reduce BACE1, Aβ-peptides, and p-tau. Alternatively, 
treatments that target factors that activate aPKCs, or factors that operate 
between aPKC and BACE1, that is, at levels surrounding NFκB, may also be 
effective in AD treatment and should be considered. In any event, the 
continued elucidation of signaling pathways that are operative in AD 
pathogenesis is likely to open new avenues for the development of effective 
treatments for AD.
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Abstract: The blood–brain barrier is a semipermeable barrier structure that lines 
the walls of brain microvessels. Although the blood–brain barrier plays a key role 
in protecting the brain from unwanted molecules, it simultaneously challenges 
the delivery of drugs into the brain. In addition, the blood–brain barrier has been 
shown to be dysfunctional in Alzheimer’s disease, the most common cause of 
dementia for which there is no cure. Mouse models of Alzheimer’s disease have 
played a central role in investigating disease-specific changes in the blood–brain 
barrier, but the translation of findings from mouse models into the human system 
is hindered by interspecies differences. In an effort to develop new drug delivery 
techniques and/or understand changes in the human blood–brain barrier in 
Alzheimer’s disease, several human blood–brain barrier in vitro models have 
been developed. These comprise primary and immortalized human endothelial 
cell-based models as well as human induced pluripotent stem cell-derived 
brain  microvascular endothelial cell models. Both two- and three-dimensional 
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(2D and 3D) culture platforms have been established to better mimic the com-
plexity of the brain. This chapter discusses the current blood–brain barrier mod-
els, their advantages and disadvantages as well as their potential to understand 
drug delivery in Alzheimer’s disease.

Keywords: Alzheimer’s disease; astrocyte cell culture model; blood–brain barrier; 
brain endothelial cell; induced pluripotent stem cell

INTRODUCTION

The blood–brain barrier (BBB), formed by tightly-sealed brain endothelial cells 
(BECs), serves as a selectively permeable membrane at the blood–brain interface. 
It allows for the delivery of oxygen and nutrients into the brain and at the same 
time, maintains a highly controlled brain milieu by preventing the entry of neuro-
toxic blood components into the brain and transporting metabolic waste products 
from the brain to peripheral circulation (1). Furthermore, the brain vascular sys-
tem supports the activity of neuronal networks through increased blood flow and 
oxygen supply, a mechanism termed as neurovascular coupling (2).

Integrity of the BEC layer is critical for the barrier function of the BBB and is 
achieved by the presence of tight and adherens junctions (AJ) between BECs. 
Tight junctions (TJ) consist of claudins-3,-5, and -12, occludin, and TJ associated 
zona occludens (ZO-1 and ZO-2) proteins (3). AJ are formed by vascular endothe-
lial cadherin (VE-cadherin) and platelet endothelial cell adhesion molecule-1 
(PECAM1) (3). Synergistically, TJ and AJ proteins ensure high transendothelial 
electrical resistance (TEER) of the BBB (1000–2000 ohm/cm2 compared to 
10  ohm/cm2 in peripheral capillaries) and restrict paracellular permeability to 
molecules under 500 Da (4). Compared to peripheral endothelial cells, BECs 
also have more mitochondria and less fenestrations and pinocytic vesicles, further 
limiting the exchange of solutes across the BBB (4).

In addition to TJs and AJs, BECs express a unique selection of transporters, 
which either transport nutrients to the brain or transport molecules back to the 
blood. Solute carrier mediated transport (CMT) enables transendothelial exchange 
of organic cations and anions, carbohydrates, vitamins, fatty acids, nucleotides, 
amino acids, and hormones, whereas receptor-mediated transcytosis (RMT) facili-
tates the transport of peptides and proteins across the BBB, including insulin, 
transferrin, and apolipoproteins (1). ATP-binding cassette (ABC) transporters, 
including, P-glycoprotein (P-gp), multidrug resistance-associated proteins 
(MRPs), and breast cancer resistance protein (BCRP), protect the brain from the 
accumulation of xenobiotic compounds and drugs via their active efflux from 
BECs to the blood, and also greatly hinder drug delivery across the BBB (5).

Finally, to support BBB integrity, BECs are ensheathed by pericytes and astro-
cyte end-feet, and may create connections with microglia, neurons, and neural 
stem cells, which together form the so-called neurovascular unit (NVU) 
(Figure 1A) (1). Pericytes cover an approximate 1/3 of the BEC monolayer and 
can contract or relax cell membrane extensions to locally change cerebral blood 
flow in response to neuronal activity (6). Pericytes can also guide the polarisation 
of astrocyte end-feet, modulate TJ protein expression and permeability, participate 
in BBB immune responses, and regulate clearance of neurotoxic substances, such 
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as amyloid-β (Aβ) (6, 7). Astrocytes mediate innate immune responses on the 
brain barrier, provide nutrients from the blood to neurons, and regulate BBB bar-
rier function by secreting protective factors, which modulate BEC TJ integrity (8). 
Astrocytes also play a primary role in the maintenance of parenchymal water and 
ionic homeostasis due to high expression of aquaporin 4 water (AQP4) channels 

Figure 1. Cellular structure and Alzheimer’s disease (AD) specific changes in the blood–brain 
barrier (BBB). (A) Schematic representation of the BBB structure. The BBB is formed by brain 
endothelial cells (BECs) with astrocytes and pericytes functioning as key supporting cells. The 
BBB and other brain cells (neurons and microglia) form the neurovascular unit. (B) AD-specific 
changes in the BBB include altered tight junction and transporter expression in BECs, pericyte 
degradation, altered aquaporin-4 (AQP4) expression in astrocytes with these changes leading 
to increased permeability, reactive oxygen species (ROS) and neuroinflammation, and 
subsequent amyloid-β (Aβ) accumulation and neuronal loss. Created using BioRender.com.

http://BioRender.com


Wasielewska JM et al.120

and ion transporters, contributing to clearance of interstitial solutes, including Aβ 
(9, 10). Together all the components comprise a highly specialized BBB unit, 
which plays a major role in maintaining homeostasis, demonstrates heterogeneity 
in disease, and poses a major hurdle for drug delivery.

ALZHEIMER’S DISEASE RELATED CHANGES IN THE BBB

Emerging evidence suggests that BBB dysfunction, together with Aβ plaques and 
hyperphosphorylated tau, is the third driving pathology underlying early 
Alzheimer’s disease (AD) and corresponding cognitive decline (11–15). During 
preclinical asymptomatic stages of AD, cerebrovascular dysfunction is one of the 
first changes preceding any other detectable alterations characteristic of AD, 
including Aβ and tau (12, 16). The two-hit vascular hypothesis proposes that 
blood vessel impairment initiates the cascade of events by causing initial BBB dys-
function, decreased cerebral blood flow, and infiltration of neurotoxic molecules 
that in turn lead to neuronal loss (hit 1). BBB pathology subsequently causes 
impaired Aβ clearance and increased production of toxic Aβ species (hit 2), which 
synergistically with other vascular, genetic, and environmental risk factors, leads 
to progression of AD pathology (17).

Interestingly, major genetic risk factors of AD, including mutations is APP and 
PSEN1 as well as APOE ε4 polymorphism, have been shown to contribute to BBB 
leakage, brain microbleeds, BEC degeneration, pericyte injury, and abnormal Aβ 
clearance, linking multiple pathways of vascular- and neurodegeneration (13, 14, 
18, 19). Increased BBB leakage in AD has been shown in both brain imaging 
 studies as well as post-mortem brain tissue demonstrating an accumulation of 
blood-derived proteins in the brain (13, 20–23). Leakage of blood-borne factors 
further contributes to multiple pathological pathways in the AD brain, including 
BBB breakdown, pericyte dysfunction, neuronal death, neuroinflammation, and 
increased oxidative stress (24–27).

Defective function of nutrient and efflux transporters in the BBB has also 
been identified in human and animal studies of AD. Impaired glucose transport 
and reduced glucose transporter 1 (GLUT1) expression has been shown at the 
BBB of individuals with mild cognitive impairment (MCI) and in transgenic 
murine models of AD (28–30). The brain-to-blood efflux transporter P-gp has 
been implicated in AD pathology with clinical studies showing decreased P-gp 
activity in patients with mild AD, suggesting P-gp dysfunction and correspond-
ing xenobiotic and Aβ build-up in the brain could contribute to AD pathogen-
esis (31, 32). Altered expression of efflux transporters in AD has further been 
demonstrated in a human induced pluripotent stem cell (hiPSC)-derived BEC 
model of familial AD (fAD) (33).

Cell-specific changes in the NVU have also been shown in AD. Human post-
mortem and cell model studies of AD have identified reduced BEC integrity, 
altered BEC TJ and AJ protein expression, and reduced expression in the brain 
endothelium of low-density lipoprotein receptor-related protein 1 (LRP1), the 
main receptor facilitating removal of Aβ (11, 33–35). Pericyte loss and decreased 
pericyte coverage of brain capillaries has also been observed in brain samples 
from AD individuals—an effect being amplified in APOE ε4 carriers (11, 13, 36). 
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In addition, pericytes contribute to the clearance of Aβ from the brain, and their 
loss has been shown to decrease the age of onset of AD and accelerate the develop-
ment of Aβ and tau pathology in transgenic mice models (37). Astrocyte dysfunc-
tion is also implicated in AD, with altered APQ4 expression and localization as 
well as increased inflammatory and oxidative stress responses reported in human 
and mouse models of AD (38–40).

AD-specific changes in the BBB are summarized in Table 1 and Figure 1B. 
These alterations highlight severe AD-specific effects on the BBB with likely 
important consequences on disease progression and drug delivery.

TABLE 1 Alzheimer’s disease related changed in the BBB

Change Details Model Ref

BBB breakdown • Increased albumin ratio in CSF/blood
• Increased leakage in the hippocampus
• Increase in blood-borne factors in the 

brain

Human brain imaging 
(MCI and APOE4)

Human post-mortem tissue

 (11, 13, 
16, 36)

Vascular 
pathology

• Reduced cerebral blood flow
• Cerebral amyloid angiopathy
• Infarcts
• Haemorrhages
• Abnormal blood vessels
• Increased fibrin(ogen) deposition in 

cortical vessels

Human brain images 
(LOAD)

Human post-mortem tissue
Transgenic (PSEN1) AD 

mouse model

(11, 12, 14, 
15, 18, 19, 

21)

Brain 
endothelium 
dysfunction

• Reduced integrity
• Reduced LRP1 expression
• Altered TJ and AJ protein expression
• Accumulation of CypA and MMP-9

Human post-mortem tissue
Human fAD iBEC model

(11, 
33–35) 

Transporter 
dysfunction

• Reduced P-gp activity
• Reduced GLUT-1 expression
• Reduced glucose metabolism
• Altered efflux transporter expression

Transgenic (APP) AD 
mouse model

Human brain imaging 
(MCI and AD)

Human fAD iBEC model

(28–33)

Pericyte 
dysfunction

• Loss of pericyte number and 
coverage in the hippocampus

• Increased PDGFβ in the CSF
• Accumulation of CypA and MMP-9
• Upregulated calcineurin signalling 

Human brain imaging 
(MCI)

Human post-mortem tissue
Human APOE4 iBEC model

(11, 13, 16, 
36, 64)

Astrocyte 
dysfunction

• Increased AQP4 expression
• Altered AQP4 distribution
• Altered inflammatory response
• Altered calcium signalling
• Increased oxidative stress

Human post-mortem tissue
Transgenic (APP) AD 

mouse model
Human fAD iPSC-derived 

astrocytes

(38–40)

AJ, adherens junction; APOE4, apolipoprotein E allele ε4 carrier; APP, amyloid precursor protein; AQP4, aquaporin 4; 
BBB, blood–brain barrier; CSF, cerebrospinal fluid; CypA, cyclophilin A; fAD, familial Alzheimer’s disease; GLUT1, 
glucose transporter 1; iBEC, induced brain endothelial cell; iPSC, induced pluripotent stem cell; LRP1, low density 
lipoprotein receptor-related protein 1; LOAD, late onset Alzheimer’s; MCI, mild cognitive impairment; MMP9, matrix 
metalloproteinase-9; PDGFβ, platelet-derived growth factor β; PSEN1, presenilin 1; TJ, tight junction.
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DIFFERENCES BETWEEN ANIMAL AND HUMAN BBB AND 
IMPLICATIONS TO DRUG DELIVERY

Due to the challenges in studying the BBB in humans, animal models have played 
a central role in understanding AD-specific changes in the BBB and modeling 
delivery of brain targeting therapeutics (1, 41). Animal models have allowed for 
the in-depth investigation of BBB structure and biology, which is mostly only pos-
sible in humans using post-mortem tissue. The limitation of post-mortem tissue 
is that it does not allow for the analysis of BBB structure and function in a living 
person and at early stages of disease, critical for understanding the role of the BBB 
at different stages of disease progression.

Although extensive research has been conducted in animal models to identify 
novel therapeutics for AD, successful pre-clinical studies rarely translate into 
humans. In fact, over 99% of AD clinical trials with drugs which provided promis-
ing results in model animal systems, have not been successfully translated into 
humans (41, 42). The underlying problem is that although animal models of AD 
express key pathological hallmarks, including Aβ and hyper-phosphorylated tau, 
these models do not necessarily exhibit other biological features of AD and can be 
considered to not have AD (42). In addition, there is a lack of animal models for 
sporadic forms of AD, the most common type of AD in humans (42). Finally, 
interspecies differences are a central hindrance to translation of therapies from 
animal models to humans.

The mouse is one of the most commonly used animal models in BBB research and 
has been central to understanding BBB development and biology (43). Structurally 
mouse and human brains and BBB contain the same cell types, but distinct differ-
ences between mouse and human have been reported in properties of cells located 
in the neocortex, such as differential morphology and gene expression (43, 44). In 
addition, the human neocortex is vastly larger and more complex compared to that 
of the mouse, which complicates drug delivery in humans. The human neocortex 
also contains proportionally more astrocytes than the mouse cortex (45), which 
could potentially affect BBB formation and subsequent drug delivery.

Differences between the rodent and human BBB have been reported in TJ pro-
tein (TJP) and transporter expression and function. Key TJPs including claudin-5, 
occludin, and ZO-1 have been reported to have higher mRNA expression in 
mouse BECs compared to human BECs (46). In addition, comparison of protein 
level expression of transporters in brain microvessels identified a clearly higher 
expression of some transporters, including ABC (P-gp and MRP4) and solute car-
rier transporters (monocarboxylate transporter 1, L-type amino acid transporter, 
and organic anion transporter 3) in rats compared to humans (47). Real-time 
brain imaging also revealed differences in P-gp-dependent uptake of drugs 
between rat and human brains with brain concentrations of P-gp substrates found 
to be higher in humans than rats (48). These results indicate higher BBB perme-
ability in humans compared to rodents and suggest that drug delivery experi-
ments cannot be directly translated from rodents to humans. Interestingly, 
differences between humans and other primates have been shown to be smaller 
(47), with non-human primates potentially providing a more accurate model for 
human drug delivery than rodents.
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Interspecies differences have also been found in other cell components of the 
NVU. Human astrocytes are larger and exhibit differences in process complexity 
than corresponding rat astrocytes (49). AQP4, the main water channel in the 
brain expressed by astrocytes, is polarized in astrocyte end-feet surrounding the 
BBB to a lesser extent in human astrocytes compared to mouse (50). Mislocalization 
of AQP4 has been linked to AD in humans (51), thus the differential expression 
and localization of AQP4 between mouse and human could have implications to 
how AD features in mouse models. Finally, primates are unique in terms of the 
presence of interlaminar astrocytes, which are not found in rodents (49). The 
disruption of processes of interlaminar astrocytes in AD has been reported (52), 
highlighting an important characteristic of AD humans that cannot be replicated 
in rodent models.

BBB IN VITRO CELL MODELS

To overcome species differences in BBB modeling, in vitro models of the human 
BBB are central to enhancing our understanding of BBB biology at a cellular level 
in health and disease. BBB cell models have traditionally been limited to primary 
and immortalized BECs (53), with hiPSC-derived BBB cells emerging as a novel 
approach for BBB modeling (54).

Primary and immortalized BECs

Human and mouse primary BEC isolation has been described from both fetal and 
adult brain tissue (Figure 2A) (55, 56). Primary BECs are reported to express BBB 
markers, such as TJPs and transporters (57), providing a tool for in vitro modeling 
of the BBB. BEC isolation from AD patient post-mortem tissue has also been 
described, revealing disease-specific differences compared to healthy BECs (56), 
suggesting a potential for using primary BECs for disease modeling.

The use of primary BECs is, however, associated with multiple limitations. 
Isolation of BECs from brain tissue is challenging as the proportion of BECs from 
all brain cell types is low (approximately 1–2%), easily resulting in contamination 
by unwanted cell types (55). In addition, the availability of tissue from patients is 
limited with donor-to-donor variability and ethical considerations posing chal-
lenges (57). Withdrawing BECs from their in vivo tissue and culturing them in vitro 
has also been reported to result in the loss of TJ markers and reduced transporter 
expression (58, 59). Passaging primary BECs has been reported to result in 
reduced TEER and an unstructured monolayer with loss of localized TJP expres-
sion (53), limiting the time that these cells can be utilized for experiments.

Immortalized human BEC lines (such as the hCMEC/D3 line) have helped 
overcome some of the challenges associated with primary BECs (Figure 2B) (60). 
Advantages of immortalized BEC lines include their ability to maintain cell prop-
erties over multiple passages, high viability, and expression of brain endothelium-
specific transport systems, making them an ideal model to perform high-throughput 
screening of new drugs targeting specific transporters and/or receptors (61). 
However, immortalization has been shown to affect the cell phenotype compared 
to primary BECs, including highly upregulated expression of genes related to 
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nucleic acid processing and repair as well as interferon signaling (46). In addition, 
differential cell growth and altered gene expression of TJPs, receptors and trans-
porters has been reported between immortalized and primary BECs (46). A major 
limitation of immortalized BECs is that they do not allow for the study of 
AD-specific changes. The overexpression of fAD mutations in APP and PSEN1 in 
human immortalized neural progenitor cells has been described, resulting in the 
production of Aβ-plaques and pathological tau in vitro (62). A similar approach in 
human immortalized BECs could be possible, however, how this would alter BEC 
properties is unknown.

Human-induced pluripotent stem cell derived BECs

Due to the limitations associated with primary and immortalized BEC models, 
hiPSC-derived models have arisen as a promising approach for in vitro BBB model-
ing (Figure 2C) (54, 63). BECs can be generated from iPSCs (iBECs) with relative 
ease and AD patient-derived hiPSCs allow for the study of disease-specific differ-
ences (33, 63). iBECs exhibit key characteristics of BECs, including high TEER, 
high expression of BBB-specific TJPs as well as expression and function of efflux 
transporters (33, 63). Importantly, hiPSCs from the same patient can be differenti-
ated into other cell types of the NVU, including pericytes and astrocytes, enabling 
the generation of an isogenic multi-cell BBB model (Figure 2C) (64, 65). In 
 addition, CRISP/Cas9 gene editing allows for the further examination of the 

Figure 2. Brain endothelial cell (BEC) sources for blood–brain barrier (BBB) modeling. 
(A) Primary BECs are isolated directly from the brain with (B) immortalized BEC lines 
(e.g., hCMEC/D3) generated via the introduction of immortalization factors. (C) An 
alternative source of BECs are human induced pluripotent stem cells (hiPSC), which are 
generated by reprogramming patient-derived cells. hiPSCs can be used to generate all BBB 
cell types, including iBECs, pericytes and astrocytes. Created using BioRender.com.

http://BioRender.com
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contribution of AD risk genes on BBB function (33, 64). iBECs generated from 
patients with familial and sporadic AD have revealed key cellular differences giv-
ing insights into AD-specific effects on the BBB and potential implications to drug 
delivery (33, 64).

Although hiPSC-based technologies hold enormous potential for the develop-
ment of preclinical BBB models, there are a few hindrances that need to be con-
sidered. hiPSC lines often exhibit a high level of variability and their generation 
and maintenance is expensive (66). The genetic editing of these cells also often 
results in loss of patient-specific epigenetic signatures and genetic instability. 
Other limitations include the lack of relevant genome matched-controls and lack 
of maturity in iPSC-derived cells, particularly important for modeling late onset 
diseases (67, 68). Finally, models based on hiPSC-derived iBECs allow only for a 
narrow experimental window, since cells tend to de-differentiate rapidly (54). 
Despite these limitations, continuous advancements in hiPSC research and com-
mercially available reprogramming kits and cell culture reagents have the ability 
to ensure standardized culture conditions and the production of high quality 
hiPSC lines for BBB research.

IN VITRO CULTURE PLATFORMS FOR MODELING OF BBB 
STRUCTURE AND DRUG DELIVERY

In vitro platforms of the BBB are central to modeling the human BBB and to screen-
ing and developing BBB permeable drugs. BBB in vitro culture systems can broadly 
be divided into static 2D cultures and static or microfluidic 3D cultures.

2D models of the BBB

Static monolayer (i.e., 2D) culture systems are, to date, the most commonly used 
BBB in vitro model platforms. Most commonly, BECs (primary, immortalized or 
iPSC-derived) (69–71) are seeded inside a Transwell insert, in which cells are cul-
tured on a permeable support as opposed to solid plastic (Figure 3A). The inside of 
the insert represents the luminal (blood) side, whereas the surrounding well, in 
which the insert is placed, represents the abluminal (brain) side (Figure 3A). The 
Transwell model allows for measurement of integrity as well as permeability of com-
pounds through the BEC monolayer, from the luminal to the abluminal side (72).

BEC barrier integrity in the Transwell system can be increased via co-culture 
with pericytes, astrocytes, and other cells of the NVU usually resulting in increased 
TEER, higher TJP and transporter expression, promoting in vivo-like BBB pheno-
type (70, 73, 74). Co-cultures are achieved by culturing other BBB cells, such as 
pericytes or astrocytes, in the surrounding well, in which the BEC containing 
Transwell insert is placed, or on the underside of the BEC containing Transwell 
insert (Figure 3A) (63, 69). In this formation, cells are not in direct physical con-
tact, as they are separated by a membrane, but will regulate each other via secreted 
factors. Direct contact Transwell models have also been described, where BECs 
and astrocytes, for example, are layered directly on top of each other, with this 
reported to result to higher TEER than indirect co-cultures (64, 70).
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The Transwell assay has been widely used to study BBB integrity, permeability, 
and drug delivery (71, 72, 75). Although the Transwell assay is relatively easy to 
set-up and thus, widely used in BBB research, its limitations are that it lacks the 
complex 3D structure of the BBB in vivo, and BECs are cultured as a monolayer 
instead of a tubular structure, lacking complex cell interactions.

3D models of the BBB

Three-dimensional model systems of the BBB are emerging to better mimic the 
complexity of the BBB in vivo. In the brain, the BBB is a tubular structure, which 
is not accurately replicated using traditional 2D culture settings. Other features of 
the in vivo BBB include the complex interaction of BECs and other cells of the 
NVU with each other and with the extracellular matrix. In the body the BBB is also 
exposed to blood flow, which causes shear stress in BECs (4).

A central component of scaffold-based 3D models is using a supporting matrix 
(e.g., Matrigel or collagen I) that forms a gel, in which cells are able to grow in 3D 
conformation (Figure 3B) (76). In 3D BBB modeling, a central aim is to allow BECs 
to grow in a tubular formation using extracellular matrix (ECM) support (64, 77, 78). 

Figure 3. Two- (2D) and three- (3D) dimensional model platforms of the blood–brain barrier (BBB). 
(A) The Transwell system is the most common 2D platform for BBB modeling. In the Transwell 
system, brain endothelial cells (BECs) are cultured inside the Transwell insert with BBB 
co-cultures established by culturing other cell types (such as pericytes or astrocytes) in the 
surrounding well or on the underside of the Transwell insert. (B) 3D cultures can be 
established by embedding BBB cell types in a scaffolding matrix and allowing them to grow in 
a 3D conformation. In 3D and microfluidic models of the BBB, BECs are cultured in a tubular 
formation and the culture medium is allowed to flow through the BEC tube mimicking blood 
flow. Other BBB cell types (pericytes and astrocytes) are embedded in an extracellular matrix 
and allowed to grow adjacent to the BEC tube. Created using BioRender.com.

http://BioRender.com
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Other cells, such as astrocytes and pericytes are then ideally cultured in direct con-
tact with BECs, mimicking cell interactions in the body (64, 77). Vascular networks 
of both the healthy and AD BBB have been achieved in vitro by allowing BECs to 
self-assemble in an extracellular matrix containing 3D culture environment in co-
culture with astrocytes and pericytes (64, 79). When combining microfluidic tech-
nology with a 3D growth environment, it is possible to achieve tubular in vitro 
models of the BBB that also mimic blood flow (Figure 3B). These “organ-on-a-chip” 
models have shown promising outcomes in understanding cellular interactions and 
modeling drug transport, often allowing for minimal use of cells and culture reagents 
(79–81). Three-dimensional and microfluidic culture conditions have been used to 
model the AD BBB using immortalized human BECs and neural progenitor cells, 
with this model revealing AD-specific BBB dysfunction (78).

The limitation of many 3D and microfluidic BBB models is that they are com-
plex in-house made platforms, often utilising proprietary materials, which are 
difficult to replicate in other laboratories. Commercial 3D and microfluidic plat-
forms are emerging, providing a means for off-the-shelf systems for BBB modeling 
(82, 83). Other limitations include that most of the 3D and microfluidic BBB 
models have been established using cell lines, such as immortalized BECs. To be 
able to accurately model AD- or other neurodegenerative disease-specific effects, 
patient-derived cells, such as primary BECs or iPSC-derived iBECs would be 
ideal. Likely the challenge of culturing patient-derived BECs in co-culture with 
other cells as well as the poor long-term survival has hindered the development of 
patient-derived 3D and microfluidic models of the BBB.

BBB organoids provide an additional platform of studying BBB function in a 3D 
format without the need for a complex device. Previously generated BBB spheroids 
have consisted of primary or iPSC-derived BECs and other NVU cell types which 
spontaneously assemble under low-attachment conditions into a multicellular 3D 
structure (84, 85). These spheroids have been shown to demonstrate direct cell-to-
cell contacts, enhanced TJ and AJ expression, higher efflux transporters expression 
and reduced paracellular permeability, thus more closely mimicking the in vivo BBB 
when compared to traditional 2D cultures (84, 85). Human cortical spheroids con-
taining BECs, pericytes, microglia, astrocytes, oligodendrocytes and neurons were 
shown to exhibit high expression of BBB markers as well as high viability, making 
them an attractive platform for drug discovery, disease modeling and long-term 
neuro- and cytotoxicity testing (85). The resemblance of organoid-like spheroids to 
the in vivo environment make them a promising platform for high-throughput 
screening of BBB penetrating drugs. Limitations of organoid research, however, 
include inter-sample variability, high processing time and technical difficulties in 
TEER measurements and permeability studies (86).

Permeability and drug delivery assays

Integrity of in vitro models of BBB is usually assessed via the permeability to fluo-
rescently-conjugated molecules, such as dextran or sodium fluorescein, which 
have both been used in 2D Transwell and 3D microfluidic models of the BBB (33, 
72, 83). For modeling drug delivery, various methods have been studied to tran-
siently open the BBB in vitro cell model. Mannitol can be used to reversibly open 
the BBB, based on hyperosmosis, and has been used in an in vitro hiPSC-derived 
3D BEC model to increase paracellular permeability (87). In the clinic, mannitol 
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has been used to deliver antibodies to treat brain tumors (88), with its use other-
wise not widely described due to possible side-effects. Human patient cell based 
AD BBB models may be important to allow the in-depth investigation of mannitol-
dependent BBB opening (87), to develop its use for the delivery of therapeutic 
antibodies, such as to treat AD. Another reversible means to open the BBB is 
focused ultrasound (FUS) applied in-conjunction with gas-filled microbubbles 
(MB) (89). The safety of FUS+MB treatment in AD patients has been demon-
strated, opening an avenue for potential Aβ clearance or therapeutic drug delivery 
(90). The effects of FUS+MB have also been investigated in a patient iPSC-derived 
fAD iBEC in vitro model, which demonstrated a differential response to FUS+MB 
treatment between patient and control cells, such as in FUS+MB-mediated perme-
ability and Aβ clearance (33). These results highlight the importance of using 
patient-derived cell models to identify potential patient-specific differences that 
could affect drug delivery in the clinic.

ENHANCING DRUG DELIVERY IN ALZHEIMER’S DISEASE 
THROUGH IN VITRO MODELS OF BBB—CHALLENGES AND 
FUTURE PERSPECTIVES

BBB dysfunction in AD not only underlies disease pathogenesis and progression 
but also serves as the main burden for successful drug delivery. Additionally, BBB 
impairment in AD and subsequent physiological changes lead to disruption in 
drug delivery by diffusion, with pathological changes in transporters contributing 
to minimal (or no) bioavailability of the drug in the brain (1, 91). Furthermore, 
infiltrating toxic blood-derived products, reactive oxygen species and increased 
neuroinflammation may change the tightly controlled brain milieu and lead to 
undesired metabolism and/or interactions of delivered drugs (Figure 1B) (1). As 
such, to overcome challenges associated with drug delivery in AD, an in-depth 
understanding of AD-related changes at the BBB and subsequent effects on drug 
delivery are needed, which can be addressed using accurate model systems.

The basis of an accurate AD BBB cell model is that the cells, as closely as possi-
ble, recapitulate the disease phenotype. With challenges associated with all the 
described BEC sources, it is important to consider the benefits and limitations of 
each model. AD patient-derived primary BECs provide an opportunity to examine 
cells obtained directly from a patient (56), but patient brain tissue is difficult to 
obtain with these cells often only capturing late-stage of the disease. In addition, the 
lifespan of primary BECs in vitro is short, limiting their use for large-scale experi-
ments (53). Patient-derived iPSCs on the other hand provide a scalable approach to 
generate BECs in vitro and one patient line can be used to generate all components 
of the NVU, providing an isogenic patient-specific BBB model (33, 64). In addition, 
using CRISPR/Cas9 gene editing, the role of specific AD mutations on BBB dysfunc-
tion can be investigated (33, 64). To ensure the translatable use of iPSC-derived 
cells, it is important to generate standardized differentiation protocols and utilize 
defined xeno-free reagents to minimize variability associated with iPSC culture.

Following selection of a good BBB cell source, it is vital to consider the culture 
environment for accurate BBB modeling. Successful screening for drug delivery 
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across the BBB will be best achieved in an environment that as closely as possible 
mimics the brain environment in complexity, structure and chemistry. It has been 
shown that following a long-term culture (>3 months), AD-patient derived iPSC 
cerebral organoids exhibit hallmarks of AD, including Aβ plaques and accumulation 
of hyper-phosphorylated tau (92). Thus, to replicate physiological changes charac-
teristic of AD, long-term cell culture models of the BBB are likely needed. 
Furthermore, to capture the complexity of the brain, standardized platforms that 
enable both 3D and microfluidic culture conditions are likely the future means to 
establishing an accurate BBB in vitro model. The challenge that still exists is develop-
ing a reproducible culture platform that is easy and cost-effective for laboratories to 
use, with emerging commercial platforms providing a potential solution (82, 83).

Finally, to accelerate drug discovery in AD, high-throughput testing in BBB 
in vitro models is important. Scaling down reagent and cell use (i.e., minimizing 
culture platform size) and scaling up the number of replicates, would help to 
achieve testing of a large number of drugs in a cost-effective manner. For this 
reason, small-scale “organ-on-a-chip” type platforms may be ideal (93). It is also 
vital to consider how easily drug delivery efficiency and downstream effects can 
be measured. Ideally, a BBB in vitro model that enables the simultaneous observa-
tion of drug delivery efficiency as well as effects on brain cell types and AD pathol-
ogies (Aβ and tau) would be a key step in AD drug discovery.

CONCLUSION

BBB dysfunction is associated with AD, likely playing a central role in AD progres-
sion and drug delivery. Considering inter-species differences, accurate human BBB 
in vitro models are needed to understand AD-specific changes on the BBB and 
subsequent effects on drug delivery. Human BBB cell models of AD, in particular 
using patient-derived cells in a culture environment that accurately mimics the 
AD brain, are an important step to enhance drug discovery in AD.

Conflict of Interest: The authors declare no potential conflict of interest with 
respect to research, authorship, and/or publication of this chapter.

Copyright and Permission Statement: To the best of our knowledge, the materi-
als included in this chapter do not violate copyright laws. All original sources have 
been appropriately acknowledged and/or referenced. Where relevant, appropriate 
permissions have been obtained from the original copyright holder(s)

REFERENCES

 1. Sweeney MD, Sagare AP, Zlokovic BV. Blood-brain barrier breakdown in Alzheimer disease and 
other neurodegenerative disorders. Nat Rev Neurol. 2018;14(3):133–50. http://dx.doi.org/10.1038/
nrneurol.2017.188

 2. Kisler K, Nikolakopoulou AM, Sweeney MD, Lazic D, Zhao Z, Zlokovic BV. Acute ablation of cortical 
pericytes leads to rapid neurovascular uncoupling. Front Cell Neurosci. 2020;14:27. http://dx.doi.
org/10.3389/fncel.2020.00027

http://dx.doi.org/10.1038/nrneurol.2017.188�
http://dx.doi.org/10.1038/nrneurol.2017.188�
http://dx.doi.org/10.3389/fncel.2020.00027�
http://dx.doi.org/10.3389/fncel.2020.00027�


Wasielewska JM et al.130

 3. Tietz S, Engelhardt B. Brain barriers: Crosstalk between complex tight junctions and adherens junc-
tions. J Cell Biol. 2015;209(4):493–506. http://dx.doi.org/10.1083/jcb.201412147

 4. Aday S, Cecchelli R, Hallier-Vanuxeem D, Dehouck MP, Ferreira L. Stem cell-based human blood-
brain barrier models for drug discovery and delivery. Trends Biotechnol. 2016;34(5):382–93. http://
dx.doi.org/10.1016/j.tibtech.2016.01.001

 5. Qosa H, Miller DS, Pasinelli P, Trotti D. Regulation of ABC efflux transporters at blood-brain barrier in 
health and neurological disorders. Brain Res. 2015;1628(Pt B):298–316. http://dx.doi.org/10.1016/j.
brainres.2015.07.005

 6. Brown LS, Foster CG, Courtney JM, King NE, Howells DW, Sutherland BA. Pericytes and neurovas-
cular function in the healthy and diseased brain. Front Cell Neurosci. 2019;13:282. http://dx.doi.
org/10.3389/fncel.2019.00282

 7. Ma Q, Zhao Z, Sagare AP, Wu Y, Wang M, Owens NC, et al. Blood-brain barrier-associated pericytes 
internalize and clear aggregated amyloid-β42 by LRP1-dependent apolipoprotein E isoform-specific 
mechanism. Mol Neurodegener. 2018;13(1):57. http://dx.doi.org/10.1186/s13024-018-0286-0

 8. Michinaga S, Koyama Y. Dual roles of astrocyte-derived factors in regulation of blood-brain barrier 
function after brain damage. Int J Mol Sci. 2019;20(3):571. http://dx.doi.org/10.3390/ijms20030571

 9. Iliff JJ, Wang M, Liao Y, Plogg BA, Peng W, Gundersen GA, et al. A paravascular pathway facilitates 
CSF flow through the brain parenchyma and the clearance of interstitial solutes, including amyloid β. 
Sci Transl Med. 2012;4(147):147ra11. http://dx.doi.org/10.1126/scitranslmed.3003748

 10. Mader S, Brimberg L. Aquaporin-4 water channel in the brain and its implication for health and dis-
ease. Cells. 2019;8(2):90. http://dx.doi.org/10.3390/cells8020090

 11. Halliday MR, Rege SV, Ma Q, Zhao Z, Miller CA, Winkler EA, et al. Accelerated pericyte degeneration 
and blood-brain barrier breakdown in apolipoprotein E4 carriers with Alzheimer’s disease. J Cereb 
Blood Flow Metab. 2016;36(1):216–27. http://dx.doi.org/10.1038/jcbfm.2015.44

 12. Iturria-Medina Y, Sotero RC, Toussaint PJ, Mateos-Pérez JM, Evans AC, Weiner MW, et al. Early role of 
vascular dysregulation on late-onset Alzheimer’s disease based on multifactorial data-driven analysis. 
Nat Commun. 2016;7(1):11934. http://dx.doi.org/10.1038/ncomms11934

 13. Montagne A, Nation DA, Sagare AP, Barisano G, Sweeney MD, Chakhoyan A, et al. APOE4 leads to 
blood–brain barrier dysfunction predicting cognitive decline. Nature. 2020;581(7806):71–6. http://
dx.doi.org/10.1038/s41586-020-2247-3

 14. Niwa A, Matsuo K, Shindo A, Yata K, Shiraishi T, Tomimoto H. Clinical and neuropathological findings 
in a patient with familial Alzheimer disease showing a mutation in the PSEN1 gene. Neuropathology. 
2013;33(2):199–203. http://dx.doi.org/10.1111/j.1440-1789.2012.01340.x

 15. Toledo JB, Arnold SE, Raible K, Brettschneider J, Xie SX, Grossman M, et al. Contribution of 
cerebrovascular disease in autopsy confirmed neurodegenerative disease cases in the National 
Alzheimer’s Coordinating Centre. Brain. 2013;136(Pt 9):2697–706. http://dx.doi.org/10.1093/
brain/awt188

 16. Montagne A, Barnes SR, Sweeney MD, Halliday MR, Sagare AP, Zhao Z, et al. Blood-brain bar-
rier breakdown in the aging human hippocampus. Neuron. 2015;85(2):296–302. http://dx.doi.
org/10.1016/j.neuron.2014.12.032

 17. Zlokovic BV. Neurovascular pathways to neurodegeneration in Alzheimer’s disease and other disor-
ders. Nat Rev Neurosci. 2011;12(12):723–38. http://dx.doi.org/10.1038/nrn3114

 18. Gama Sosa MA, Gasperi RD, Rocher AB, Wang AC, Janssen WG, Flores T, et al. Age-related vascular 
pathology in transgenic mice expressing presenilin 1-associated familial Alzheimer’s disease muta-
tions. Am J Pathol. 2010;176(1):353–68. http://dx.doi.org/10.2353/ajpath.2010.090482

 19. Zarranz JJ, Fernandez-Martinez M, Rodriguez O, Mateos B, Iglesias S, Baron JC. Iowa APP muta-
tion-related hereditary cerebral amyloid angiopathy (CAA): A new family from Spain. J Neurol Sci. 
2016;363:55–6. http://dx.doi.org/10.1016/j.jns.2016.02.029

 20. Cortes-Canteli M, Paul J, Norris EH, Bronstein R, Ahn HJ, Zamolodchikov D, et al. Fibrinogen 
and beta-amyloid association alters thrombosis and fibrinolysis: A possible contributing factor to 
Alzheimer’s disease. Neuron. 2010;66(5):695–709. http://dx.doi.org/10.1016/j.neuron.2010.05.014

 21. Hultman K, Strickland S, Norris EH. The APOE ε4/ε4 genotype potentiates vascular fibrin(ogen) 
deposition in amyloid-laden vessels in the brains of Alzheimer’s disease patients. J Cereb Blood Flow 
Metab. 2013;33(8):1251–8. http://dx.doi.org/10.1038/jcbfm.2013.76

http://dx.doi.org/10.1083/jcb.201412147�
http://dx.doi.org/10.1016/j.tibtech.2016.01.001�
http://dx.doi.org/10.1016/j.tibtech.2016.01.001�
http://dx.doi.org/10.1016/j.brainres.2015.07.005�
http://dx.doi.org/10.1016/j.brainres.2015.07.005�
http://dx.doi.org/10.3389/fncel.2019.00282�
http://dx.doi.org/10.3389/fncel.2019.00282�
http://dx.doi.org/10.1186/s13024-018-0286-0�
http://dx.doi.org/10.3390/ijms20030571�
http://dx.doi.org/10.1126/scitranslmed.3003748�
http://dx.doi.org/10.3390/cells8020090�
http://dx.doi.org/10.1038/jcbfm.2015.44�
http://dx.doi.org/10.1038/ncomms11934�
http://dx.doi.org/10.1038/s41586-020-2247-3�
http://dx.doi.org/10.1038/s41586-020-2247-3�
http://dx.doi.org/10.1111/j.1440-1789.2012.01340.x�
http://dx.doi.org/10.1093/brain/awt188�
http://dx.doi.org/10.1093/brain/awt188�
http://dx.doi.org/10.1016/j.neuron.2014.12.032�
http://dx.doi.org/10.1016/j.neuron.2014.12.032�
http://dx.doi.org/10.1038/nrn3114�
http://dx.doi.org/10.2353/ajpath.2010.090482�
http://dx.doi.org/10.1016/j.jns.2016.02.029�
http://dx.doi.org/10.1016/j.neuron.2010.05.014�
http://dx.doi.org/10.1038/jcbfm.2013.76�


Blood–Brain Barrier and Drug Delivery in Alzheimer’s Disease 131

 22. Ryu JK, McLarnon JG. A leaky blood-brain barrier, fibrinogen infiltration and microglial reactiv-
ity in inflamed Alzheimer’s disease brain. J Cell Mol Med. 2009;13(9a):2911–25. http://dx.doi.
org/10.1111/j.1582-4934.2008.00434.x

 23. Zipser BD, Johanson CE, Gonzalez L, Berzin TM, Tavares R, Hulette CM, et al. Microvascular injury 
and blood-brain barrier leakage in Alzheimer’s disease. Neurobiol Aging. 2007;28(7):977–86. http://
dx.doi.org/10.1016/j.neurobiolaging.2006.05.016

 24. Altinoz MA, Guloksuz S, Schmidt-Kastner R, Kenis G, Ince B, Rutten BPF. Involvement of hemoglo-
bins in the pathophysiology of Alzheimer’s disease. Exp Gerontol. 2019;126:110680. http://dx.doi.
org/10.1016/j.exger.2019.110680

 25. Di Pardo A, Castaldo S, Capocci L, Amico E, Vittorio M. Assessment of blood-brain barrier permeabil-
ity by intravenous infusion of FITC-labeled albumin in a mouse model of neurodegenerative disease. 
J Visual Exp. 2017;129:56389. http://dx.doi.org/10.3791/56389

 26. Festoff BW, Sajja RK, van Dreden P, Cucullo L. HMGB1 and thrombin mediate the blood-brain bar-
rier dysfunction acting as biomarkers of neuroinflammation and progression to neurodegeneration in 
Alzheimer’s disease. J Neuroinflamm. 2016;13(1):194. http://dx.doi.org/10.1186/s12974-016-0670-z

 27. Merlini M, Rafalski VA, Rios Coronado PE, Gill TM, Ellisman M, Muthukumar G, et al. Fibrinogen 
induces microglia-mediated spine elimination and cognitive impairment in an Alzheimer’s disease 
model. Neuron. 2019;101(6):1099–108.e6. http://dx.doi.org/10.1016/j.neuron.2019.01.014

 28. Mosconi L, Tsui WH, Herholz K, Pupi A, Drzezga A, Lucignani G, et al. Multicenter standardized 18F-
FDG PET diagnosis of mild cognitive impairment, Alzheimer’s disease, and other dementias. J Nucl 
Med. 2008;49(3):390–8. http://dx.doi.org/10.2967/jnumed.107.045385

 29. Niwa K, Kazama K, Younkin SG, Carlson GA, Iadecola C. Alterations in cerebral blood flow and  glucose 
utilization in mice overexpressing the amyloid precursor protein. Neurobiol Dis. 2002;9(1):61–8. 
http://dx.doi.org/10.1006/nbdi.2001.0460

 30. Winkler EA, Nishida Y, Sagare AP, Rege SV, Bell RD, Perlmutter D, et al. GLUT1 reductions exacer-
bate Alzheimer’s disease vasculo-neuronal dysfunction and degeneration. Nat Neurosci. 2015;18(4): 
521–30. http://dx.doi.org/10.1038/nn.3966

 31. Deo AK, Borson S, Link JM, Domino K, Eary JF, Ke B, et al. Activity of P-glycoprotein, a β-amyloid 
transporter at the blood-brain barrier, is compromised in patients with mild Alzheimer disease. J Nucl 
Med. 2014;55(7):1106–11. http://dx.doi.org/10.2967/jnumed.113.130161

 32. van Assema DME, Lubberink M, Bauer M, van der Flier WM, Schuit RC, Windhorst AD, et al. Blood–
brain barrier P-glycoprotein function in Alzheimer’s disease. Brain. 2011;135(1):181–9. http://dx.doi.
org/10.1093/brain/awr298

 33. Oikari LE, Pandit R, Stewart R, Cuní-López C, Quek H, Sutharsan R, et al. Altered brain endo-
thelial cell phenotype from a familial Alzheimer mutation and its potential implications for amy-
loid clearance and drug delivery. Stem Cell Rep. 2020;14(5):924–39. http://dx.doi.org/10.1016/j.
stemcr.2020.03.011

 34. Donahue JE, Flaherty SL, Johanson CE, Duncan JA, 3rd, Silverberg GD, Miller MC, et al. RAGE, 
LRP-1, and amyloid-beta protein in Alzheimer’s disease. Acta Neuropathol. 2006;112(4):405–15. 
http://dx.doi.org/10.1007/s00401-006-0115-3

 35. Yamazaki Y, Shinohara M, Shinohara M, Yamazaki A, Murray ME, Liesinger AM, et al. Selective 
loss of cortical endothelial tight junction proteins during Alzheimer’s disease progression. Brain. 
2019;142(4):1077–92. http://dx.doi.org/10.1093/brain/awz011

 36. Sengillo JD, Winkler EA, Walker CT, Sullivan JS, Johnson M, Zlokovic BV. Deficiency in mural vas-
cular cells coincides with blood-brain barrier disruption in Alzheimer’s disease. Brain Pathol (Zurich, 
Switzerland). 2013;23(3):303–10. http://dx.doi.org/10.1111/bpa.12004

 37. Sagare AP, Bell RD, Zhao Z, Ma Q, Winkler EA, Ramanathan A, et al. Pericyte loss influences Alzheimer-like 
neurodegeneration in mice. Nat Commun. 2013;4(1):2932. http://dx.doi.org/10.1038/ncomms3932

 38. Moftakhar P, Lynch MD, Pomakian JL, Vinters HV. Aquaporin expression in the brains of patients 
with or without cerebral amyloid angiopathy. J Neuropathol Exp Neurol. 2010;69(12):1201–9. http://
dx.doi.org/10.1097/NEN.0b013e3181fd252c

 39. Oksanen M, Petersen AJ, Naumenko N, Puttonen K, Lehtonen Š, Gubert Olivé M, et al. PSEN1 
mutant iPSC-derived model reveals severe astrocyte pathology in Alzheimer’s disease. Stem Cell Rep. 
2017;9(6):1885–97. http://dx.doi.org/10.1016/j.stemcr.2017.10.016

http://dx.doi.org/10.1111/j.1582-4934.2008.00434.x�
http://dx.doi.org/10.1111/j.1582-4934.2008.00434.x�
http://dx.doi.org/10.1016/j.neurobiolaging.2006.05.016�
http://dx.doi.org/10.1016/j.neurobiolaging.2006.05.016�
http://dx.doi.org/10.1016/j.exger.2019.110680�
http://dx.doi.org/10.1016/j.exger.2019.110680�
http://dx.doi.org/10.3791/56389�
http://dx.doi.org/10.1186/s12974-016-0670-z�
http://dx.doi.org/10.1016/j.neuron.2019.01.014�
http://dx.doi.org/10.2967/jnumed.107.045385�
http://dx.doi.org/10.1006/nbdi.2001.0460�
http://dx.doi.org/10.1038/nn.3966�
http://dx.doi.org/10.2967/jnumed.113.130161�
http://dx.doi.org/10.1093/brain/awr298�
http://dx.doi.org/10.1093/brain/awr298�
http://dx.doi.org/10.1016/j.stemcr.2020.03.011�
http://dx.doi.org/10.1016/j.stemcr.2020.03.011�
http://dx.doi.org/10.1007/s00401-006-0115-3�
http://dx.doi.org/10.1093/brain/awz011�
http://dx.doi.org/10.1111/bpa.12004�
http://dx.doi.org/10.1038/ncomms3932�
http://dx.doi.org/10.1097/NEN.0b013e3181fd252c�
http://dx.doi.org/10.1097/NEN.0b013e3181fd252c�
http://dx.doi.org/10.1016/j.stemcr.2017.10.016�


Wasielewska JM et al.132

 40. Yang J, Zhang R, Shi C, Mao C, Yang Z, Suo Z, et al. AQP4 association with amyloid deposition 
and astrocyte pathology in the Tg-ArcSwe mouse model of Alzheimer’s disease. J Alzheimers Dis. 
2017;57(1):157–69. http://dx.doi.org/10.3233/JAD-160957

 41. Cummings J, Feldman HH, Scheltens P. The “rights” of precision drug development for Alzheimer’s 
disease. Alzheimers Res Ther. 2019;11(1):76. http://dx.doi.org/10.1186/s13195-019-0529-5

 42. Drummond E, Wisniewski T. Alzheimer’s disease: Experimental models and reality. Acta Neuropathol. 
2017;133(2):155–75. http://dx.doi.org/10.1007/s00401-016-1662-x

 43. O’Brown NM, Pfau SJ, Gu C. Bridging barriers: A comparative look at the blood-brain barrier across 
organisms. Genes Dev. 2018;32(7–8):466–78. http://dx.doi.org/10.1101/gad.309823.117

 44. Hodge RD, Bakken TE, Miller JA, Smith KA, Barkan ER, Graybuck LT, et al. Conserved cell types 
with divergent features in human versus mouse cortex. Nature. 2019;573(7772):61–8. http://dx.doi.
org/10.1038/s41586-019-1506-7

 45. Oberheim NA, Wang X, Goldman S, Nedergaard M. Astrocytic complexity distinguishes the human 
brain. Trends Neurosci. 2006;29(10):547–53. http://dx.doi.org/10.1016/j.tins.2006.08.004

 46. Urich E, Lazic SE, Molnos J, Wells I, Freskgård PO. Transcriptional profiling of human brain endothe-
lial cells reveals key properties crucial for predictive in vitro blood-brain barrier models. PLoS One. 
2012;7(5):e38149. http://dx.doi.org/10.1371/journal.pone.0038149

 47. Hoshi Y, Uchida Y, Tachikawa M, Inoue T, Ohtsuki S, Terasaki T. Quantitative atlas of blood-brain bar-
rier transporters, receptors, and tight junction proteins in rats and common marmoset. J Pharmaceut 
Sci. 2013;102(9):3343–55. http://dx.doi.org/10.1002/jps.23575

 48. Syvänen S, Lindhe O, Palner M, Kornum BR, Rahman O, Långström B, et al. Species differences in blood-
brain barrier transport of three positron emission tomography radioligands with emphasis on P-glycoprotein 
transport. Drug Metab Disposit. 2009;37(3):635–43. http://dx.doi.org/10.1124/dmd.108.024745

 49. Oberheim NA, Takano T, Han X, He W, Lin JH, Wang F, et al. Uniquely hominid features of adult human 
astrocytes. J Neurosci. 2009;29(10):3276–87. http://dx.doi.org/10.1523/JNEUROSCI.4707-08.2009

 50. Eidsvaag VA, Enger R, Hansson HA, Eide PK, Nagelhus EA. Human and mouse cortical astrocytes 
differ in aquaporin-4 polarization toward microvessels. Glia. 2017;65(6):964–73. http://dx.doi.
org/10.1002/glia.23138

 51. Zeppenfeld DM, Simon M, Haswell JD, D’Abreo D, Murchison C, Quinn JF, et al. Association of 
perivascular localization of aquaporin-4 with cognition and Alzheimer disease in aging brains. JAMA 
Neurol. 2017;74(1):91–9. http://dx.doi.org/10.1001/jamaneurol.2016.4370

 52. Colombo JA, Quinn B, Puissant V. Disruption of astroglial interlaminar processes in Alzheimer’s dis-
ease. Brain Res Bull. 2002;58(2):235–42. http://dx.doi.org/10.1016/S0361-9230(02)00785-2

 53. Fujimoto T, Morofuji Y, Nakagawa S, Kovac A, Horie N, Izumo T, et al. Comparison of the rate of 
dedifferentiation with increasing passages among cell sources for an in vitro model of the blood-
brain barrier. J Neural Transm (Vienna, Austria). 2020;127(8):1117–24. http://dx.doi.org/10.1007/
s00702-020-02202-1

 54. Lippmann ES, Azarin SM, Kay JE, Nessler RA, Wilson HK, Al-Ahmad A, et al. Derivation of blood-
brain barrier endothelial cells from human pluripotent stem cells. Nat Biotechnol. 2012;30(8): 
783–91. http://dx.doi.org/10.1038/nbt.2247

 55. Navone SE, Marfia G, Invernici G, Cristini S, Nava S, Balbi S, et al. Isolation and expansion of human 
and mouse brain microvascular endothelial cells. Nat Protocols. 2013;8(9):1680–93. http://dx.doi.
org/10.1038/nprot.2013.107

 56. Yin X, Wright J, Wall T, Grammas P. Brain endothelial cells synthesize neurotoxic thrombin in Alzheimer’s 
disease. Am J Pathol. 2010;176(4):1600–6. http://dx.doi.org/10.2353/ajpath.2010.090406

 57. He Y, Yao Y, Tsirka SE, Cao Y. Cell-culture models of the blood-brain barrier. Stroke. 2014;45(8): 
2514–26. http://dx.doi.org/10.1161/STROKEAHA.114.005427

 58. Couraud PO, Greenwood J, Roux F, Adamson P. Development and characterization of immor-
talized cerebral endothelial cell lines. Methods Mol Med. 2003;89:349–64. http://dx.doi.org/ 
10.1385/1-59259-419-0:349

 59. Lyck R, Ruderisch N, Moll AG, Steiner O, Cohen CD, Engelhardt B, et al. Culture-induced changes 
in blood-brain barrier transcriptome: Implications for amino-acid transporters in vivo. J Cereb Blood 
Flow Metab. 2009;29(9):1491–502. http://dx.doi.org/10.1038/jcbfm.2009.72

http://dx.doi.org/10.3233/JAD-160957�
http://dx.doi.org/10.1186/s13195-019-0529-5�
http://dx.doi.org/10.1007/s00401-016-1662-x�
http://dx.doi.org/10.1101/gad.309823.117�
http://dx.doi.org/10.1038/s41586-019-1506-7�
http://dx.doi.org/10.1038/s41586-019-1506-7�
http://dx.doi.org/10.1016/j.tins.2006.08.004�
http://dx.doi.org/10.1371/journal.pone.0038149�
http://dx.doi.org/10.1002/jps.23575�
http://dx.doi.org/10.1124/dmd.108.024745�
http://dx.doi.org/10.1523/JNEUROSCI.4707-08.2009�
http://dx.doi.org/10.1002/glia.23138�
http://dx.doi.org/10.1002/glia.23138�
http://dx.doi.org/10.1001/jamaneurol.2016.4370�
http://dx.doi.org/10.1016/S0361-9230(02)00785-2�
http://dx.doi.org/10.1007/s00702-020-02202-1�
http://dx.doi.org/10.1007/s00702-020-02202-1�
http://dx.doi.org/10.1038/nbt.2247�
http://dx.doi.org/10.1038/nprot.2013.107�
http://dx.doi.org/10.1038/nprot.2013.107�
http://dx.doi.org/10.2353/ajpath.2010.090406�
http://dx.doi.org/10.1161/STROKEAHA.114.005427�
http://dx.doi.org/10.1385/1-59259-419-0:349�
http://dx.doi.org/10.1385/1-59259-419-0:349�
http://dx.doi.org/10.1038/jcbfm.2009.72�


Blood–Brain Barrier and Drug Delivery in Alzheimer’s Disease 133

 60. Weksler BB, Subileau EA, Perrière N, Charneau P, Holloway K, Leveque M, et al. Blood-brain barrier-
specific properties of a human adult brain endothelial cell line. FASEB J. 2005;19(13):1872–4. http://
dx.doi.org/10.1096/fj.04-3458fje

 61. Daniels BP, Cruz-Orengo L, Pasieka TJ, Couraud PO, Romero IA, Weksler B, et al. Immortalized 
human cerebral microvascular endothelial cells maintain the properties of primary cells in an in vitro 
model of immune migration across the blood brain barrier. J Neurosci Methods. 2013;212(1):173–9. 
http://dx.doi.org/10.1016/j.jneumeth.2012.10.001

 62. Choi SH, Kim YH, Hebisch M, Sliwinski C, Lee S, D’Avanzo C, et al. A three-dimensional human 
neural cell culture model of Alzheimer’s disease. Nature. 2014;515(7526):274–8. http://dx.doi.
org/10.1038/nature13800

 63. Lippmann ES, Al-Ahmad A, Azarin SM, Palecek SP, Shusta EV. A retinoic acid-enhanced, multicel-
lular human blood-brain barrier model derived from stem cell sources. Sci Rep. 2014;4:4160. http://
dx.doi.org/10.1038/srep04160

 64. Blanchard JW, Bula M, Davila-Velderrain J, Akay LA, Zhu L, Frank A, et al. Reconstruction of the 
human blood-brain barrier in vitro reveals a pathogenic mechanism of APOE4 in pericytes. Nat Med. 
2020;26(6):952–63. http://dx.doi.org/10.1038/s41591-020-0886-4

 65. Canfield SG, Stebbins MJ, Morales BS, Asai SW, Vatine GD, Svendsen CN, et al. An isogenic blood-
brain barrier model comprising brain endothelial cells, astrocytes, and neurons derived from human 
induced pluripotent stem cells. J Neurochem. 2017;140(6):874–88. http://dx.doi.org/10.1111/
jnc.13923

 66. Berry BJ, Smith AST, Young JE, Mack DL. Advances and current challenges associated with the use of 
human induced pluripotent stem cells in modeling neurodegenerative disease. Cells Tissues Organs. 
2018;205(5–6):331–49. http://dx.doi.org/10.1159/000493018

 67. Doss MX, Sachinidis A. Current challenges of iPSC-based disease modeling and therapeutic implica-
tions. Cells. 2019;8(5):403. http://dx.doi.org/10.3390/cells8050403

 68. Lee J, Bayarsaikhan D, Bayarsaikhan G, Kim JS, Schwarzbach E, Lee B. Recent advances in genome edit-
ing of stem cells for drug discovery and therapeutic application. Pharmacol Ther. 2020;209:107501. 
http://dx.doi.org/10.1016/j.pharmthera.2020.107501

 69. Appelt-Menzel A, Cubukova A, Günther K, Edenhofer F, Piontek J, Krause G, et al. Establishment 
of a human blood-brain barrier co-culture model mimicking the neurovascular unit using induced 
pluri- and multipotent stem cells. Stem Cell Rep. 2017;8(4):894–906. http://dx.doi.org/10.1016/j.
stemcr.2017.02.021

 70. Kulczar C, Lubin KE, Lefebvre S, Miller DW, Knipp GT. Development of a direct contact astrocyte-
human cerebral microvessel endothelial cells blood-brain barrier coculture model. J Pharm Pharmacol. 
2017;69(12):1684–96. http://dx.doi.org/10.1111/jphp.12803

 71. Wang Y, Wang N, Cai B, Wang GY, Li J, Piao XX. In vitro model of the blood-brain barrier established 
by co-culture of primary cerebral microvascular endothelial and astrocyte cells. Neural Regen Res. 
2015;10(12):2011–17. http://dx.doi.org/10.4103/1673-5374.172320

 72. Stebbins MJ, Wilson HK, Canfield SG, Qian T, Palecek SP, Shusta EV. Differentiation and character-
ization of human pluripotent stem cell-derived brain microvascular endothelial cells. Methods (San 
Diego, Calif). 2016;101:93–102. http://dx.doi.org/10.1016/j.ymeth.2015.10.016

 73. Nakagawa S, Deli MA, Kawaguchi H, Shimizudani T, Shimono T, Kittel A, et al. A new blood-brain 
barrier model using primary rat brain endothelial cells, pericytes and astrocytes. Neurochem Int. 
2009;54(3–4):253–63. http://dx.doi.org/10.1016/j.neuint.2008.12.002

 74. Stone NL, England TJ, O’Sullivan SE. A novel transwell blood brain barrier model using primary 
human cells. Front Cell Neurosci. 2019;13:230. http://dx.doi.org/10.3389/fncel.2019.00230

 75. Ohshima M, Kamei S, Fushimi H, Mima S, Yamada T, Yamamoto T. Prediction of drug permeability 
using in vitro blood-brain barrier models with human induced pluripotent stem cell-derived brain 
microvascular endothelial cells. BioRes Open Access. 2019;8(1):200–9. http://dx.doi.org/10.1089/
biores.2019.0026

 76. Edmondson R, Broglie JJ, Adcock AF, Yang L. Three-dimensional cell culture systems and their appli-
cations in drug discovery and cell-based biosensors. Assay Drug Dev Technol. 2014;12(4):207–18. 
http://dx.doi.org/10.1089/adt.2014.573

http://dx.doi.org/10.1096/fj.04-3458fje�
http://dx.doi.org/10.1096/fj.04-3458fje�
http://dx.doi.org/10.1016/j.jneumeth.2012.10.001�
http://dx.doi.org/10.1038/nature13800�
http://dx.doi.org/10.1038/nature13800�
http://dx.doi.org/10.1038/srep04160�
http://dx.doi.org/10.1038/srep04160�
http://dx.doi.org/10.1038/s41591-020-0886-4�
http://dx.doi.org/10.1111/jnc.13923�
http://dx.doi.org/10.1111/jnc.13923�
http://dx.doi.org/10.1159/000493018�
http://dx.doi.org/10.3390/cells8050403�
http://dx.doi.org/10.1016/j.pharmthera.2020.107501�
http://dx.doi.org/10.1016/j.stemcr.2017.02.021�
http://dx.doi.org/10.1016/j.stemcr.2017.02.021�
http://dx.doi.org/10.1111/jphp.12803�
http://dx.doi.org/10.4103/1673-5374.172320�
http://dx.doi.org/10.1016/j.ymeth.2015.10.016�
http://dx.doi.org/10.1016/j.neuint.2008.12.002�
http://dx.doi.org/10.3389/fncel.2019.00230�
http://dx.doi.org/10.1089/biores.2019.0026�
http://dx.doi.org/10.1089/biores.2019.0026�
http://dx.doi.org/10.1089/adt.2014.573�


Wasielewska JM et al.134

 77. Herland A, van der Meer AD, FitzGerald EA, Park TE, Sleeboom JJ, Ingber DE. Distinct contributions 
of astrocytes and pericytes to neuroinflammation identified in a 3D human blood-brain barrier on a 
chip. PLoS One. 2016;11(3):e0150360. http://dx.doi.org/10.1371/journal.pone.0150360

 78. Shin Y, Choi SH, Kim E, Bylykbashi E, Kim JA, Chung S, et al. Blood-brain barrier dysfunction in 
a 3D in vitro model of Alzheimer’s disease. Adv Sci (Weinheim, Baden-Wurttemberg, Germany). 
2019;6(20):1900962. http://dx.doi.org/10.1002/advs.201900962

 79. Campisi M, Shin Y, Osaki T, Hajal C, Chiono V, Kamm RD. 3D self-organized microvascular model 
of the human blood-brain barrier with endothelial cells, pericytes and astrocytes. Biomaterials. 
2018;180:117–29. http://dx.doi.org/10.1016/j.biomaterials.2018.07.014

 80. Adriani G, Ma D, Pavesi A, Kamm RD, Goh EL. A 3D neurovascular microfluidic model consist-
ing of neurons, astrocytes and cerebral endothelial cells as a blood-brain barrier. Lab on a chip. 
2017;17(3):448–59. http://dx.doi.org/10.1039/C6LC00638H

 81. Griep LM, Wolbers F, de Wagenaar B, ter Braak PM, Weksler BB, Romero IA, et al. BBB ON CHIP: 
Microfluidic platform to mechanically and biochemically modulate blood-brain barrier function. 
Biomed Microdev. 2013;15(1):145–50. http://dx.doi.org/10.1007/s10544-012-9699-7

 82. Silvani G, Scognamiglio C, Caprini D, Marino L, Chinappi M, Sinibaldi G, et al. Reversible cavitation-
induced junctional opening in an artificial endothelial layer. Small. 2019;15(51):1905375. http://
dx.doi.org/10.1002/smll.201905375

 83. Wevers NR, Kasi DG, Gray T, Wilschut KJ, Smith B, van Vught R, et al. A perfused human blood–brain 
barrier on-a-chip for high-throughput assessment of barrier function and antibody transport. Fluids 
Barr CNS. 2018;15(1):23. http://dx.doi.org/10.1186/s12987-018-0108-3

 84. Cho C-F, Wolfe JM, Fadzen CM, Calligaris D, Hornburg K, Chiocca EA, et al. Blood-brain-barrier spher-
oids as an in vitro screening platform for brain-penetrating agents. Nat Commun. 2017;8(1):15623. 
http://dx.doi.org/10.1038/ncomms15623

 85. Nzou G, Wicks RT, Wicks EE, Seale SA, Sane CH, Chen A, et al. Human cortex spheroid with a func-
tional blood brain barrier for high-throughput neurotoxicity screening and disease modeling. Sci Rep. 
2018;8(1):7413. http://dx.doi.org/10.1038/s41598-018-25603-5

 86. Bhalerao A, Sivandzade F, Archie SR, Chowdhury EA, Noorani B, Cucullo L. In vitro modeling of the 
neurovascular unit: Advances in the field. Fluids Barr CNS. 2020;17(1):22. http://dx.doi.org/10.1186/
s12987-020-00183-7

 87. Linville RM, DeStefano JG, Sklar MB, Chu C, Walczak P, Searson PC. Modeling hyperosmotic blood–
brain barrier opening within human tissue-engineered in vitro brain microvessels. J Cereb Blood Flow 
Metab. 2020;40(7):1517–32. http://dx.doi.org/10.1177/0271678X19867980

 88. Burkhardt JK, Riina H, Shin BJ, Christos P, Kesavabhotla K, Hofstetter CP, et al. Intra-arterial deliv-
ery of bevacizumab after blood-brain barrier disruption for the treatment of recurrent glioblastoma: 
Progression-free survival and overall survival. World Neurosurg. 2012;77(1):130–4. http://dx.doi.
org/10.1016/j.wneu.2011.05.056

 89. Aryal M, Arvanitis CD, Alexander PM, McDannold N. Ultrasound-mediated blood-brain barrier 
 disruption for targeted drug delivery in the central nervous system. Adv Drug Deliv Rev. 2014;72: 
94–109. http://dx.doi.org/10.1016/j.addr.2014.01.008

 90. Lipsman N, Meng Y, Bethune AJ, Huang Y, Lam B, Masellis M, et al. Blood–brain barrier opening 
in Alzheimer’s disease using MR-guided focused ultrasound. Nat Commun. 2018;9(1):2336. http://
dx.doi.org/10.1038/s41467-018-04529-6

 91. Sekhar GN, Fleckney AL, Boyanova ST, Rupawala H, Lo R, Wang H, et al. Region-specific blood–brain 
barrier transporter changes leads to increased sensitivity to amisulpride in Alzheimer’s disease. Fluids 
Barr CNS. 2019;16(1):38. http://dx.doi.org/10.1186/s12987-019-0158-1

 92. Gonzalez C, Armijo E, Bravo-Alegria J, Becerra-Calixto A, Mays CE, Soto C. Modeling amyloid beta 
and tau pathology in human cerebral organoids. Mol Psychiatry. 2018;23(12):2363–74. http://dx.doi.
org/10.1038/s41380-018-0229-8

 93. Wang DZ, Samanipour R, Kim K. Organ-on-a-chip platforms for drug screening and tissue engineer-
ing. 2016;9:209–33. Springer, Cham. https://doi.org/10.1007/978-3-319-21813-7_10

http://dx.doi.org/10.1371/journal.pone.0150360�
http://dx.doi.org/10.1002/advs.201900962�
http://dx.doi.org/10.1016/j.biomaterials.2018.07.014�
http://dx.doi.org/10.1039/C6LC00638H�
http://dx.doi.org/10.1007/s10544-012-9699-7�
http://dx.doi.org/10.1002/smll.201905375�
http://dx.doi.org/10.1002/smll.201905375�
http://dx.doi.org/10.1186/s12987-018-0108-3�
http://dx.doi.org/10.1038/ncomms15623�
http://dx.doi.org/10.1038/s41598-018-25603-5�
http://dx.doi.org/10.1186/s12987-020-00183-7�
http://dx.doi.org/10.1186/s12987-020-00183-7�
http://dx.doi.org/10.1177/0271678X19867980�
http://dx.doi.org/10.1016/j.wneu.2011.05.056�
http://dx.doi.org/10.1016/j.wneu.2011.05.056�
http://dx.doi.org/10.1016/j.addr.2014.01.008�
http://dx.doi.org/10.1038/s41467-018-04529-6�
http://dx.doi.org/10.1038/s41467-018-04529-6�
http://dx.doi.org/10.1186/s12987-019-0158-1�
http://dx.doi.org/10.1038/s41380-018-0229-8�
http://dx.doi.org/10.1038/s41380-018-0229-8�
https://doi.org/10.1007/978-3-319-21813-7_10�


135

In: Alzheimer’s Disease: Drug Discovery. Huang X (Editor). Exon Publications, Brisbane, Australia. 
ISBN: 978-0-6450017-0-9; Doi: https://doi.org/10.36255/exonpublications.alzheimersdisease.2020

Copyright: The Authors.

License: This open access article is licenced under Creative Commons Attribution-NonCommercial 
4.0 International (CC BY-NC 4.0) https://creativecommons.org/licenses/by-nc/4.0/

8

Abstract: Alzheimer’s disease is a progressive neurodegenerative disorder affect-
ing a substantial portion of the older population, with the number of afflicted 
individuals expected to grow with time. Although numerous contributing factors 
to the disorder have been identified, there is currently no cure or effective pre-
vention method. With the situation as dire as it is, many efforts have been made 
to shed light on the mechanisms tying diverse contributing factors to the patho-
genesis of Alzheimer’s disease. One common neuropathological feature of 
Alzheimer’s disease is the dysfunction of the blood–brain barrier, which normally 
maintains brain homeostasis by isolating it from the peripheral circulation and 
mediating the transport of various bloodborne elements in and out of the brain. 
An increase in the blood–brain barrier permeability has been observed in 
Alzheimer’s disease at a level  considerably above normal aging. This chapter pro-
vides an overview of the effects of aging, the neuroimmune system, inflamma-
tion, traumatic brain injury, apolipoprotein E gene ε4 allele, and secreted protein 
acidic and rich in cysteine (SPARC) protein on blood–brain barrier. The potential 
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of SPARC as a therapeutic target for Alzheimer’s disease, and the application of 
deep-learning-based virtual screening tools against SPARC protein are explored.
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INTRODUCTION

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder that has 
widespread detrimental effects on memory and cognitive abilities that worsen 
over time. The disease is ultimately fatal, often through complications associated 
with decreased cognition. It is the most common form of senile dementia, with an 
estimated 5.8 million Americans currently afflicted with AD, a number that is 
expected to increase dramatically with an aging population that is more consistently 
reaching the “oldest-old” phase where AD risk is at its highest (1). AD has a 
substantial economic impact, with projections indicating the global cost of 
dementia could balloon to 2 trillion US dollars by 2030 (2). Given the threat the 
disease poses, researchers have been tackling AD from different angles, but as of 
now attempts to develop treatments have been met with widespread clinical 
failure (3).

The blood–brain barrier (BBB) consists of endothelial cells, serving as a layer 
of separation between blood vessels and the brain. The endothelia that line the 
blood vessels of the brain serve to isolate the brain parenchyma from bloodborne 
molecules that lack corresponding transporters to mediate their entry, and 
maintain the equilibrium of the brain’s environment. The barrier is also 
comprised of other elements interacting with endothelial cells, including 
astrocyte foot processes and pericytes, which together with neurons and 
microglia comprise the neurovascular unit. The BBB is also responsible for 
controlling immune surveillance within the brain, by restricting the flow of 
immune cells (4). Dysfunction of the BBB is implicated in AD pathogenesis. The 
BBB is partially responsible for the clearance of amyloid-beta (Aβ), which builds 
up and forms plaques in AD, and the BBB is a site of CNS inflammation, which 
is frequently observed in AD patients (5).

While the integrity of the BBB is tightly regulated, emerging evidence implicates 
the matricellular proteins, secreted protein acidic and rich in cysteine (SPARC), 
and Hevin, as having a role in regulating BBB permeability. This chapter discusses 
the effects of various AD risk factors on BBB permeability, with emphasis on SPARC, 
which is upregulated in AD brain tissue (6, 7). Since the SPARC protein enhances 
BBB permeability, promotes neuroinflammation, and prolongs pro-inflammatory 
M1 phase of microglia, its potential as a druggable target is also discussed.

THE BBB IN AD

The integrity of the BBB is critical to the maintenance of brain homeostasis in 
health. As mentioned, BBB dysfunction is commonly seen in cases of AD, and a 
variety of factors may contribute to the observed disruption.
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Aging

Age is perhaps the most predominant risk factor for AD, with almost half of all 
individuals over the age of 85 suffering from it; conversely, less than 10% of cases 
under the age of 65 suffer from AD (8). BBB deterioration has been well-
documented in aging (9), with nearly all its components being affected (Table 1). 
Degradation of the BBB is known to start early, with notable permeability increases 
around the hippocampal region in individuals between 23 and 47 years of age, 
which worsens with increasing age (9, 10). Hormones such as insulin, which are 
associated with aging, can affect the permeability of the BBB and contribute to 
leakage (11). Additionally, transporters of certain molecules such as glucose, along 
with various proteins and hormones, may become defective in older individuals, 
reducing their availability to the brain (12). Outside of the barrier, the appearance 
of white matter hyperintensities, which are indicative of a loss of vascular integrity, 
also correlates with age. Damaged vasculature may cause a corresponding decrease 
in BBB integrity (13). Corroborating this, the vascular density of the brain appears 
to experience a significant age-related decline between the ages of 57 and 90 (14). 
Hypertension, which is more common in older individuals, can contribute to 
microvascular injury, thereby increasing the incidence of BBB disruption (15, 16).

TABLE 1 Alterations of BBB components during 
physiological aging

BBB element Property changes due to aging

Endothelial cells Increased capillary wall thickness

Decreased number of endothelial cells

Decreased number of mitochondria

Tight junctions Decreased expression of tight junction protein

Basal lamina Increased thickness of basement membrane

Increased concentration of collagen IV and arginase

Decreased concentration of laminin

Astrocytes Increased astrocyte proliferation

Increased GFAP expression

Microglia Changes to amoeboid morphology

Production of neurotoxic proinflammatory mediators

Pericytes Degeneration and loss of pericytes

Vesicular and lipofuscin-like inclusions

Increased size of mitochondria

Foamy transformation

Neurons Deterioration of synaptic plasticity

Deficit in long-term potentiation

Impaired neurogenesis

Increased apoptosis

Neuronal damage due to cytokine release
Adapted from (9). GFAP, glial fibrillary acidic protein; BBB, blood–brain barrier.



Pilozzi A et al.138

Neuroimmunity

The brain exists in a state that is considered “immune privileged.” Due to the 
existence of barriers between the brain and the rest of the body’s circulation, the 
brain is insulated against many peripheral immune events (17). The presence of 
immune cells derived from main circulation, such as peripheral macrophages, 
neutrophils, and leukocytes, in the brain is an indication of BBB breakdown (18). 
In addition, the brain has intrinsic immune components, and these components 
interact with the BBB in such a way that peripheral immune events can also invoke 
a response in the brain (17). There are two primary types of neuroimmune cells, 
microglia and astrocytes, and both interact with the BBB.

Microglia are a variant of macrophage, though they do not develop and 
function as peripheral macrophages do. Microglial progenitors emerge from the 
yolk sac, and the development of microglia occurs in phases, with each phase 
being regulated by different transcription factors, and exhibiting differing gene 
expression profiles (19). Some of their key functions include phagocytosis, 
synapse pruning, and mediating immune signaling through the release of cytokines 
and other factors (20). They play a role in AD primarily by phagocytizing abnormal 
Aβ amyloid and forming a barrier between the plaques and the rest of the brain 
through plaque envelopment, thereby limiting the expansion of the plaque (21). 
Microglia are known to associate tightly with the BBB. Microglia exist in a resting 
state until they are activated due to brain injury or another immunological 
stimulus. Upon activation, they release a host of cytokines and other molecules 
that increase the permeability of the BBB; in the case of brain injury, this allows 
bloodborne agents like myeloid cells to cross the BBB. They also have been found 
to release reactive oxygen species that impair the function of the BBB (22). 
Perhaps, the most significant contribution of microglia to AD pathology is their 
involvement in evoking inflammatory responses within the brain (23). The role of 
inflammation in BBB disruption is discussed further in the following section.

Astrocytes are of epithelial origin and feature a wide array of morphologies and 
functions within the nervous system. Aside from their roles in neural immunity, 
they are responsible for ion transport, removal and catabolism of neurotransmitters, 
and neurogenesis. Some astrocytes are noted for their vascular end-feet, which are 
closely associated with brain vasculature and the BBB (24). They increase the 
permeability of the BBB through vascular endothelial growth factor A (VEGFA) 
and thymidine phosphorylase (TYMP). VEGFA, along with the TYMP product 
2-deoxy-d-ribose, downregulates tight-junction proteins and promotes 
angiogenesis and BBB permeability (25). The release of these two factors is induced 
by interleukin-1 beta (IL-1β), an inflammatory cytokine (25). Both astrocytes and 
microglia produce and react to inflammatory responses that can impact BBB 
health primarily through inflammatory cytokines (26).

Neuroinflammation

Neuroinflammation has been found to be relevant to AD pathology in a variety of 
ways. Inflammation in the brain has widespread effects on vasculature, cell signaling, 
neural function, and other immune responses. The effect of cytokines and other 
inflammatory mediators released during an inflammatory event involve some of the 
key components of the neuroimmune system and have been found to regulate the 
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clearance of Aβ (27). Many of these mediators have also been shown to influence 
BBB permeability. A summary of some of the mediators and their effects on the BBB 
are given in Table 2 (28). Neuroinflammation is a common effect of aging and 
notably includes an increase in the production of inflammatory cytokines by 
microglial cells (29). These mediators, in general, are not directly responsible for 
modulating the permeability of the BBB. Instead, they influence the expression or 
activation of other factors that, in turn, disrupt the BBB function (30).

Traumatic brain injury

Traumatic brain injury (TBI) has been shown to be a significant risk factor for 
AD. Individuals who had experienced a mild traumatic brain injury (mTBI) are 
more vulnerable to early-onset cognitive impairment (31) than those that have 
not experienced such an event. The effects of a TBI are often immediate, with 
force-induced injury resulting in what is considered secondary brain damage, 
which includes an increase in BBB permeability. Following TBI and mTBI, 
bloodborne substances accumulate in various regions of the brain, due to a 
breach in the BBB. While, in most cases, the effects of mTBI appear to be 
relatively short-lived, in rats with preexisting hypertension, mTBI can induce 
persistent disruption of the BBB (32). These rats experienced an increase in 
fibrin accumulation and neuronal expression of inflammatory cytokines (32). 
Generally, a focal breach following mTBI has been observed in rats to persist for 

TABLE 2 Inflammatory mediators and their effect upon 
the BBB

Inflammatory 
mediator Observed effects on BBB

TNF-α Increase in BBB permeability in in vivo and in vitro models

Increased efflux of albumin from brain to blood

Decreased ZO-1 expression

Increased MMP-9 protein expression

IL-1β Increase in BBB permeability in in vivo and in vitro models

Decreased TEER of primary cultures of brain endothelial cells and human 
brain endothelial cells

Increased production of PGE and COX

Decreased ZO-1 expression

IL-6 Decreased TEER in cerebrovascular endothelial cells from rats at higher doses 
but not at lower doses

Decreased BBB permeability in ischemic brain in rodents

IL-17A Increase in BBB permeability in in vivo and in vitro models

CRP Increase in BBB permeability in in vivo and in vitro models

Increase in ROS production in brain endothelial cells
Adapted from (28). BBB, blood brain barrier; COX, cyclooxygenase; CRP, c-reactive protein; IL, interleukin; MMP-9, 
matrix metalloproteinase-9; PGE, prostaglandin E; ROS, reactive oxygen species; TEER, transepithelial/transendothelial 
electrical resistance; TNF-α, tumor necrosis factor alpha; ZO-1, zonula occludens-1
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approximately 24–48 h (33, 34). In rare occurrences, singular instances of BBB 
disruption via mTBI in humans, typically measured by the cerebrospinal fluid/
serum albumin quotient, have been found to persist for months or even years 
(35). A meta-analysis of studies conducted from 1995 to 2012 found that TBI 
and mTBI events are substantial risk factors for AD (36). The BBB disruption at 
the onset of TBI is relatively short-lived; however, the subsequent events lead to 
structural degeneration in the brain causing long-lasting cognitive impairments 
(37). Disruption of the BBB has been observed to be a marker of mild cognitive 
impairment independently of the neurofibrillary tangles (NFTs), tau protein, 
and Aβ amyloid plaques, indicating that substantial breakdown of the BBB 
itself contributes to cognitive decline in addition to exacerbating other 
neurodegenerative processes in AD (38).

Apolipoprotein E gene ε4 allele (APOE ε4)

The APOE ε4 allele has been identified as the most significant genetic risk factor 
for AD (39). It is also associated with other dementia subtypes, such as Parkinson’s 
(40) and frontotemporal dementias (41, 42). Individuals homozygous for APOE4 
(ε4/ε4) experience a 10-fold higher risk of dementia, and individuals heterozygous 
(ε3/ε4) for the variant experience a 1.7-fold higher risk of dementia (43). APOE4 
is attributed to reduced clearance of Aβ amyloid, which contributes to the 
formation of the Aβ amyloid plaques that are a hallmark of AD (44). Possession of 
at least one APOE4 allele increases the leakage of the BBB (45, 46). The role of 
APOE in maintaining the integrity of the BBB is confirmed by experiments 
involving APOE deficient (APOE−/−) mice, which exhibit signs of increased BBB 
permeability, such as the leakage of exogenous tracers, starting at 2 weeks old 
(18). The allele may also have relevance to TBI. When assessing the BBB repair 
ability of APOE3 and APOE4 mice, the APOE3 mice experienced a significant 
reduction in permeability between the 3-day and 10-day measurements, indicating 
substantial BBB repair. APOE4 mice, however, did not experience a significant 
reduction in permeability in the same time period; APOE4 was also expressed at 
lower levels than APOE3 at both 3 and 10 days (47). The role of APOE in BBB 
integrity is further reinforced by postmortem studies of both AD and normal 
humans with and without the APOE4 allele. AD-afflicted APOE4 carriers 
experienced a 3.1-fold increase in fibrin perivascular deposits in the brain relative 
to APOE3 carriers, indicating an increase in BBB permeability. The same study 
also found that APOE3 carriers still had a 6.9-fold increase in Aβ amyloid deposits 
relative to normal controls, indicating that BBB disruption is indeed a significant 
component of AD. In addition, pericytes, which are constituents of the BBB, have 
substantially reduced coverage in both AD and normal individuals (48).

SECRETED PROTEIN ACIDIC AND RICH IN CYSTEINE

SPARC belongs to a family of matricellular proteins that modulate cell interaction 
with the extracellular environment. There are currently six known members of the 
SPARC family. These members, along with some key features of them, are shown 
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in Table 3. While their structures and functions are not identical, each member of 
the family possesses shared motifs and is secreted into the extracellular space 
where they influence the structure of the extracellular matrix and modulate 
various signaling pathways (58) such as the TGF-β pathway (30, 58). Two 
particular members of this family, SPARC and Hevin/SPARCL1, are notable in that 
they have collagen binding domains in addition to the calcium binding domains 
exhibited by all of the other members of the protein family (30). The SPARC-
collagen binding interaction is depicted in Figure 1. Nullification of SPARC 
expression decreases the expression of the proinflammatory cytokines IL-6, IP-10, 
and FAS/CD95 in rats (59). Hevin is a member of the SPARC protein family, which 
is most commonly expressed in the brain along with SPARC (30). Studies have 
found that SPARC has an antiadhesive effect on brain endothelial cells and 
decreases cerebral endothelial transepithelial/transendothelial electrical resistance 
(TEER), indicating decreased BBB integrity (60).

SPARC expression in AD

Within the brain, SPARC and Hevin are attributed to a variety of functions, such as 
the regulation of synaptogenesis and tissue remodeling following an injury. The 
proteins are primarily expressed in immune cells. While both SPARC and Hevin are 
produced by microglia (7) and astrocytes (61), Hevin is produced only by some 
neurons (62). Postmortem examination of the brains of AD and control individuals 
found that there is a notable upregulation of SPARC and downregulation of Hevin 
in the AD brains. As indicated in Figure 2, SPARC is expressed by microglia found 
in close proximity to pathological Aβ amyloid plaques (7). Interestingly, while it 
seems that SPARC has a destructive effect on the BBB, which would exacerbate the 
AD condition, it appears to support the Aβ amyloid clearance process, which should 
have the opposite effect (7, 60). Hevin’s role in BBB health is unclear, though it may 
be responsible for the initiation of the repair process by microglia (7).

TABLE 3 Members of the SPARC protein family

SPARC family 
member

Significant brain 
expression Binds to Impact on cell adhesion

SPARC Yes (7, 30) Collagen + calcium (30) Antiadhesion (49, 50)

Hevin/SPARC-like 1 
(SPARCL1)

Yes (7, 30) Collagen + calcium (30) Antiadhesion (51)

Smoc-1 Yes (52) Calcium (30) Unidentified

Smoc-2 No (53) Calcium (30) No effect on non-epithelial 
cells (53)

Testicans/spocks Yes (54, 55) Calcium (30) Antiadhesion (testican-1) 
(56)

Follastatin-like 1 
(FSTL1)

Yes (57) Calcium (30) Unidentified

SARC, secreted protein acidic and rich in cysteine.
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SPARC and the BBB

Expression of SPARC is also associated with inflammatory responses. When 
testing the effects of various cytokines on SPARC expression and BBB permeability 
in hCMEC/D3 cell culture, it was found that TNF-α caused an upregulation 
in SPARC only in the absence of IFN-γ that negated the effects of TNF-α (63). 

Figure 1. Secreted protein acidic and rich in cysteine (SPARC)-collagen binding. The bottom 
part of the structure diagram represents a collagen alpha-1(III) chain; the top part of the 
structure diagram represents SPARC. The SPARC-collagen binding site represents a potential 
target for agents that modify SPARC activity. Created with BioRender.com.

Figure 2. Secreted protein acidic and rich in cysteine (SPARC) is expressed by microglia found in 
close proximity to pathological Alzheimer’s Aβ amyloid aggregates. Analysis of cortical tissue 
from Alzheimer’s disease patients reveals the presence of SPARC (in green) in and around 
glial cells within Aβ amyloid (ThioS in blue) plaques. These SPARC-associated glial cells were 
identified as microglia (IBA-1 in HRP brown). Adapted from (7) under CC BY-NC 4.0 
(https://creativecommons.org/licenses/by-nc/4.0/) license. Reproduced with permission.

http://BioRender.com
https://creativecommons.org/licenses/by-nc/4.0/�
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In the brain, SPARC is typically localized to astrocytic end-feet and cerebral 
endothelium. SPARC was experimentally determined to increase transendothelial 
permeability and affect the differentiation of endothelial cells through protein 
tyrosine kinase signaling (63). A particular area of interest is the SPARC-collagen 
binding domain. Increased levels of collagen IV, as well as general thickening, in 
the basement membrane of brain microvessels are noted in cases of AD (64); 
increases in SPARC show a corresponding increase in the levels of collagen 
(65, 66), and SPARC acts as a chaperone for collagen IV (67). Furthermore, 
abnormalities in the vasculature that surround the Aβ amyloid plaques are 
associated with aberrant levels of collagen IV (68). The interactions between 
SPARC and collagen have been linked to inflammation and pathological fibrosis 
(69), as well as induction of a pro-inflammatory response in brain monocytes 
(64). The differential effects of SPARC may mean it can serve as an effective 
broad-spectrum therapeutic target.

Rationale for SPARC protein as a potential Alzheimer’s 
therapeutic target

Although a better understanding of the disease and its mechanisms have provided 
avenues for druggable targets, attempts to develop effective ways to treat or reverse 
AD progression have been met with failure thus far. Perhaps targeting AD from 
multiple treatment angles may be the key. As vascular dysfunction is a substantial 
component of AD, SPARC and other members of the protein family may be 
druggable targets for AD (70). Information on SPARC modifiers on the central 
nervous system is limited; however, such modifiers have been studied to a degree 
in the context of cancers (71, 72). Currently, the translational aspects of these 
drugs for AD are largely speculative. The SPARC-collagen binding site represents 
a reasonable start to the search, given the detailed research surrounding the 
structure and mechanism of the SPARC-collagen binding domain and knowledge 
of collagen binding with other molecules (73). A general diagram of how SPARC 
and Hevin, in particular, interact with the BBB is shown in Figure 3.

FUTURE DIRECTIONS

Research on the SPARC protein and molecules that can modify its activity is limited. 
Given that the process of drug discovery is capital-intensive and time-consuming, it 
may be prudent to establish what molecules modify the activity of SPARC and its 
relative such as Hevin. High-throughput screening has been applied to other 
molecules, in which batteries of mini-scale experiments assaying the activity of the 
target when introduced to a library of molecules are conducted (74). However, 
conducting this procedure on a compound library that can contain hundreds of 
thousands of molecules, with a generally low hit rate of modifying compounds, is 
costly; samples of every compound must first be synthesized before it can be tested. 
The use of screening tools that conduct the filtering of molecules in silico has become 
increasingly popular, as large numbers of molecules can be processed quickly and 
cheaply, so long as one has access to sufficient computational power (75). Molecules 
must be first tested both in vitro and in vivo and, ultimately, in humans before a drug 
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can be considered successful. The fast in silico screening compound hits can 
significantly reduce the time and costs of drug development (76).

We thus propose that such methods be used to identify inhibitors for SPARC-
collagen binding. A variety of machine learning (ML) algorithms have been 
applied to the problem of drug discovery and molecular screening with 
considerable success; decision trees, support vector machines, and other classifiers 
have been applied to either structural or ligand-based virtual screening (VS) 
(77–79). Ligand-based approaches take the similarities of different molecules to 
other compounds that are known to be active against a target protein. Information 
on the molecules is generally taken from compound databases, which are filtered 
based on certain properties, such as those that influence pharmacokinetics and 
toxicity, in order to make the problem of screening a large number of molecules 
more computationally feasible (76). As the name implies, structure-based VS 
involves structural information, either obtained from techniques such as X-ray 
crystallography or, more commonly, data obtained from computational models. 
The molecular structures of the protein target and those of the structural databases 
are examined, in order to determine which will interact in the desired manner 
(76). Structural methods also encompass the development of novel molecules, 

Figure 3. Secreted protein acidic and rich in cysteine (SPARC) and Hevin interactions with the 
blood–brain barrier (BBB). SPARC is produced primarily by microglia and astrocytes, while 
Hevin is primarily produced by astrocytes. SPARC and Hevin exert antiadhesive effects, and 
SPARC promotes the release of inflammatory cytokines in certain conditions. Both SPARC 
and Hevin are distinct from the other members of the SPARC protein family because they 
bind to collagen as well as calcium; both binding sites represent potential targets for 
Alzheimer’s disease-modifying agents. Created with BioRender.com.

http://BioRender.com


SPARC in Alzheimer’s Disease 145

as generative models, which are notable for their ability to use information gleaned 
from training data for the purpose of classification or prediction and create novel 
data for a novel sample of the given type.

Deep learning (DL), which involves ML algorithms that feature multiple neural 
network (NN) layers, has become prevalent in a variety of fields. NNs form the 
primary basic structure of DL models. Notable examples of NN-based drug 
discovery platforms include “AtomNet,” developed by Wallach et al., a structure-
based virtual screener based on a convolutional neural network (CNN) algorithm. 
Though typically applied to image processing and linguistic applications, a CNN 
model, which features layers of feature-reduction (convolution) and pooling 
operations, was trained on a set of molecular structures and tested against a set of 
benchmark decoy-structures. Performance of the CNN was found to be better 
than other ML methods (80). Thus, it may be the case that more research into 
some unorthodox NN strategies may provide a helpful performance boost for VS 
tools; such a tool could be useful in VS against SPARC protein target for AD drug 
discovery, as the limited data on SPARC target make in silico methods a practical 
predecessor to future in vitro and in vivo work and beyond.

CONCLUSION

Current evidence shows that the BBB plays a crucial role in a variety of neurological 
disorders, and its disruption is evident in AD. There is a great deal of interplay 
between the various known hallmarks of AD, such as the buildup of amyloid 
plaques, NFTs, and BBB degradation. Many risk factors tie into multiple facets 
of the disorder; APOE4, the most significant genetic risk factor for AD discovered 
to date, diminishes Aβ clearance and inhibits BBB repair. TBI/mTBI and 
neuroinflammation contribute to AD pathogenesis and BBB damage. Gradual 
erosion of the BBB is a common part of the aging process, increasing an individual’s 
vulnerabilities to further breakdown and neurodegenerative diseases. Given the 
importance of the health and stability of the BBB, and the wide array of factors 
that can be detrimental to it, such as SPARC, more research into its mechanics, 
maintenance, and recovery pathways may be vital to understanding AD and how 
to treat it. DL-based VS tools may be employed to identify inhibitors of SPARC-
collagen binding for AD drug discovery.
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Abstract: Alzheimer’s disease is characterized by the formation and deposit of 
abnormal peptides such as amyloid plaques and neurofibrillary tangles in the 
brain. Therapeutic strategies aimed at preventing the formation of such deposits 
have not been successful. Currently, there are no effective treatments for the 
 disease. Since numerous epigenetic changes have been detected in Alzheimer’s 
disease, treatments aimed at reversing these changes by intervening in DNA meth-
ylation, histone acetylation, and microRNA expression may constitute promising 
lines of research in the future. This chapter provides an overview of the epigenetic 
changes and the potential epigenetic therapies in Alzheimer’s disease.

Keywords: Alzheimer’s disease; DNA methyltransferase; epigenetic changes; 
 histone acetylation; noncoding RNA
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INTRODUCTION

Alzheimer’s disease (AD) is the most common cause of dementia. It usually occurs 
in people over 60 years of age and presents with progressive loss of memory and 
cognitive capacity, language disorders, inability to translate ideas into actions 
(ideomotor apraxia), impaired planning and judgment, apathy, depression, and, 
in later stages, psychosis with paranoid delusions. AD is characterized by the pres-
ence of abnormal peptide deposits in the brain. The most characteristic lesions are 
neuritic extracellular plaques of the amyloid β (Aβ) peptide, which consists of 
33–40 amino acids derived from the proteolysis of the transmembrane protein 
amyloid precursor protein or APP. These neuritic plaques contain a large number 
of distorted neuronal expansions, known as dystrophic neurites. Activated 
microglial cells are observed at their center.

Some evidence suggests that amyloid deposits may be neurotoxic and may 
cause neuronal dysfunction and even neuronal death. In the normal brain, APP is 
fragmented into functional segments by the α-, β-, and γ-secretase enzymes. 
Occasionally, there is an increase in β- and γ-secretase relative to α-secretase, lead-
ing to the accumulation of peptides with 40 and 42 amino acids, known as amy-
loid β40 (Aβ40) and amyloid β42 (Aβ42). The Aβ42 peptide appears to have greater 
neurotoxic properties. Aβ oligomers, small aggregates of 2-12 peptides, appear to 
be especially toxic (1). Diffuse plaques, another kind of plaque, lack a dense cen-
ter of amyloid and dystrophic neurites. Unlike neuritic plaques, they are not asso-
ciated with either neuronal destruction or cognitive dysfunction (2).

Neurofibrillary tangles are twisted aggregates of abnormal intraneuronal fibers 
that have a helical structure, typically paired helical filaments, made up of hyper-
phosphorylated tau protein. The tau protein is involved in stabilizing microtu-
bules, maintaining the integrity of the cytoskeleton and axoplasmic transport. 
Neurofibrillary tangles are found in the areas of association of the neocortex, hip-
pocampus, limbic system, substantia nigra, raphe nuclei, locus coeruleus, and the 
nucleus basalis of Meynert (3). In AD, there is also a significant synaptic loss in 
certain areas of the neocortex and in the hippocampus, as well as the disappear-
ance of dendritic spines.

AD occurs frequently in humans over 65 years of age. In those aged over 85, 
the prevalence of AD ranges between 20 and 40% in developed countries (3). In 
2010, the prevalence of AD in China among people aged between 85 and 89 was 
18.54% (4). In 2006, the number of patients with AD was 26.6 million world-
wide. In the United States, the prevalence of AD in people over 70 years of age is 
9.51%, and the incidence is 14.26 per 1000 person-years (4). However, AD is not 
an inevitable consequence of old age. A relatively high number of elderly people 
show neither cognitive decline nor lesions typical of AD with age. The causes of 
AD are still not well understood. In a small percentage of cases, AD can be attrib-
uted to mutations in genes located on chromosomes 1, 14, and 21. These cases 
are usually of early onset and are transmitted in an autosomal dominant manner. 
Most AD cases appear to be caused by the interaction of multiple genetic and 
environmental factors that are not yet well understood (1).

Areas of association, phylogenetically more recent areas of the human brain, 
have simpler organization and greater immaturity in the adult than phylogeneti-
cally older primary areas. Thus, in the neurons belonging to the areas of 
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association, myelination occurs very slowly and many neurons belonging to these 
areas remain incompletely myelinated—that is, immature even in adulthood. 
Poorly myelinated neurons are chronically subjected to high-energy turnover, 
which makes them more vulnerable to the influence of oxidative stress. There are, 
therefore, extensive cortical areas in the human brain that remain structurally 
immature throughout life (5).

Various studies show that there has been an increase in the expression of genes 
related to aerobic metabolism and, more importantly, to synaptic plasticity and 
activity in the human cerebral cortex relative to nonhuman primate brains (6, 7). 
Learning and memory take place through the formation of new synapses and 
remodeling of preexisting synapses, suggesting that the increase in the expression 
of genes related to these functions has occurred in humans, as well as the selection 
of genes that encode proteins capable of increasing neuroplasticity. The apolipo-
proteins E (ApoEs) are proteins of 299 amino acids synthesized in the astrocytes 
of the central nervous system. They influence the transport and reuptake of cho-
lesterol and the stabilization of the neuronal cytoskeleton, contributing to the 
preservation of synaptic integrity (3).

Humans present a polymorphism for ApoE with three alleles: ε2, ε3, and ε4. 
Possession of allele ε4 of the ApoE is the most important risk factor for the devel-
opment of AD, after advanced age (3, 6). The most common allele is ε3, whose 
frequency is 60% or higher in all the populations studied. Possession of the ε4 
allele is associated with lower neuroplasticity and lower synaptic repair capacity, 
and seems to promote the relatively early appearance of brain deposits of neuro-
toxins, such as Aβ and neurofibrillary tangles, whose excess is associated to AD.

There has been an increase in the expression of genes associated with neuronal 
plasticity in the human cerebral cortex, resulting in an increased capacity for 
learning and memory, neurotransmission, axonal transport, aerobic metabolism, 
and neuroprotection, all of which are adaptations that promote high neuronal 
activity over a long life (6, 7). The human brain has a high need for glucose, espe-
cially during its development. A child’s brain consumes more than 40% of the 
body’s basal energy requirements. Most of the glucose is oxidized to produce ATP. 
This process is upregulated in anaerobic conditions. Aerobic glycolysis is increased 
during childhood and is synonymous with high rates of synaptic formation and 
the growth and remodeling of synapses. Aerobic glycolysis is associated with the 
persistence of genetic expression associated with childhood, especially genes 
active in youth, and especially those related to the growth and formation of new 
synapses (transcriptional neoteny) (8). In the adult human brain, aerobic glycoly-
sis is especially elevated in cortical areas related to cognitive functions that have 
undergone significant modifications during the evolution of the human species, 
such as the dorsolateral prefrontal cortex and the brain’s default mode network 
(BDMN), related to the coordination of activity between different cortical areas 
and to planning and autobiographical memory capacities, which allow “mental 
travel in time,” remembering and planning.

The brain regions where most of the Aβ deposits are located almost exactly 
match the regions that make up the BDMN, which suggests that the high synaptic 
turnover that occurs in these areas predisposes the formation of abnormal peptide 
deposits characteristic of AD (8). Multiple studies show that AD appears to be 
associated with oxidative stress (9). Increased aerobic metabolism in neurons that 
retain juvenile characteristics in adulthood could subject these neurons to high 
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oxidative stress. It appears that oxidative stress could induce epigenetic changes, 
reducing the expression of certain genes, including those related to synaptic 
plasticity.

EPIGENETIC CHANGES AND AD

Epigenetic changes modulate the expression of certain genes without altering the 
DNA sequence. Epigenetic factors include DNA methylation, histone modifica-
tion, and the regulation and modification of chromatin by noncoding RNA 
(ncRNA) (10). DNA methylation modifies cytosine residues by adding methyl 
groups in regions rich in cytosine-guanine. DNA methyltransferases, such as DNA 
methyltransferase 1, DNA methyltransferase 2, DNA methyltransferase 3, and 
DNA methyltransferase 3,6, are involved in the process.

Some cytosines, for example those located in the promotor region of the APP 
gene, have been found to exhibit methylation with age, which can lead to the 
formation of Aβ deposits. Methylation of the gene coding for the microtubule-
associated protein tau (MAPT) can lead to the suppression of MAPT, which can 
end up affecting the level of the tau protein. Further, methylation in the promotor 
region of the brain-derived neurotrophic factor (BDNF) gene seems to play a sig-
nificant role in the appearance of mild cognitive impairment (11).

Methylation of certain loci of specific genes, such as sortilin-related receptor 1 
(SORL1), ATP binding cassette subfamily A member 7 (ABCA7), HLA class II his-
tocompatibility antigen DRB5 beta chain (HLADRB5), solute carrier family 24 
member 4 (SLC24A4), and box-dependent-interacting protein 1 (BIN1), has also 
been associated with AD (11). The protein encoded by SORL1 controls the pro-
duction of Aβ, so the methylation of the DNA that codifies this protein could lead 
to increased levels of Aβ.

Reelin is an extracellular matrix glycoprotein that, together with ApoE, shares 
the LRP and VLDLR/ApoER2 membrane receptors. During embryonic develop-
ment, this protein regulates neuronal migration and, in the adult brain, intervenes 
in synaptic plasticity, interacting with ApoE. Binding of this protein to the mem-
brane receptors activates a series of proteins that constitute the signaling pathway 
of reelin, inducing changes in the neuronal cytoskeleton. In transgenic mice that 
have lesions similar to those of AD, reelin counteracts early-phase synaptic dys-
function induced by the Aβ peptide (12).

In vitro studies have shown that oxidative stress alters the activation of proteins 
that are part of the reelin signaling pathway, resulting in the hyperphosphorylation 
of tau, which precedes the formation of neurofibrillary tangles in AD (13). Depletion 
of brain reelin has been detected in patients with AD prior to the formation of Aβ 
deposits (14). Thus, there seems to be a relationship between dysfunction of the 
reelin signaling pathway and AD.

Some reelin genotypes have been found to be associated with mild cognitive 
impairment and AD. The reelin single nucleotide polymorphism 2299356 
(RELN-rs2299356) guanine–guanine genotype is associated with cognitive 
decline, while the adenine–adenine genotype triples the risk of developing AD. 
The reelin single nucleotide polymorphism 528528 (RELN-rs528528) cytosine–
cytosine genotype, on the other hand, reduces the probability of mild cognitive 
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impairment by two thirds. These variations are located in the promoter region of 
the gene, which seems to play a regulatory role in its expression (15).

Reelin is involved in neuroplasticity, a process that has increased during the 
evolution of the human brain. Oxidative stress and probably other factors seem to 
induce epigenetic changes capable of reducing the expression of genes involved in 
synaptic plasticity. In some cases, such as that of the carriers of certain reelin geno-
types, dysfunction of the proteins involved in the reelin signaling pathway caused 
by a reduction in reelin related to epigenetic changes could increase the probabil-
ity of having the abnormal peptide deposits that characterize AD (15). It cannot 
be ruled out that certain alleles are more vulnerable than others to oxidative stress, 
toxins, inflammation, and other factors possibly related to AD.

Histones are proteins that serve as structural support for the DNA of the cell 
nucleus. Nuclear DNA associates with histones to form nucleosomes. The distri-
bution and compaction of nucleosomes determines the structure of the chromatin 
and the accessibility of DNA to factors involved in the transcriptional machinery. 
Histones are also susceptible to epigenetic changes that can cause an increase or 
decrease in genetic expression. Nucleosomes are mainly regulated by posttransla-
tional modifications that occur in the N-terminal region of histones.

Both methylation and acetylation can occur in histones through the antagonis-
tic action of histone acetyltransferases (HATs), histone deacetylases (HDACs), his-
tone methyltransferases, and histone demethylases. The acetylation of histones 
results in increased genetic activity by reducing the compactness of the nucleo-
somes and thus facilitating access of the transcriptional machinery to DNA. 
During senescence, mammalian cell cultures develop highly condensed regions of 
chromatin that may be associated with transcriptional decline (16).

Various HDAC inhibitors, like valproic acid and sodium butyrate, seem to 
improve memory in animal models and some neurodegenerative diseases like 
Parkinson’s and even AD (16). Among the epigenetic changes described are the 
alteration of expression of the ncRNA. ncRNA is involved in genetic silencing as 
well as other functions, including the regulation of the activity of retrotranspo-
sons, genes that are capable of moving from one location in the genome to another. 
Short fragments of ncRNA, such as microRNA (miRNA), are involved in transcrip-
tional gene regulation. ncRNA is primarily expressed in the brain, where it is 
involved in neuronal development, control of regions of the genome, which are 
involved in neuronal migration, homeostasis, and plasticity (17).

Epigenetics has improved our understanding of the evolution of the human 
brain, synaptic plasticity and neuronal diversity. Several studies have identified 
DNA methylation, changes in histones and chromatin, and changes in ncRNA 
expression in various neurological diseases, including AD. A large proportion of 
the genes that compose our genome are expressed in the central nervous system, 
where a substantial amount of miRNA is also synthesized. Several factors that 
have been associated with AD, such as diabetes mellitus, high blood pressure, 
obesity, diet, excessive sedentary lifestyle, smoking, and even a low educational 
level, are capable of inducing epigenetic changes (18).

There is currently no effective treatment for AD. However, cholinesterase inhibi-
tors, such as donepezil, rivastigmine, and galantamine, together with N-methyl-D-
aspartate (NMDA) receptor antagonists, such as memantine, produce moderate and 
transient symptomatic benefits in the early stages of the disease. Various treatments 
targeting the supposed causes of the disease are being developed, all still in the 
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experimental phase. One such treatment, active immunotherapy with Aβ fragments, 
which has been effective in transgenic mice (19), has not only been clinically inef-
fective in human patients but has also caused encephalitis in some cases (20). 
Passive immunotherapy with antibodies to Aβ has shown some benefits in trans-
genic mice and is being tested in humans. These clinical trials have shown that the 
clearance of Aβ in humans does not appear to produce significant cognitive improve-
ments, which has led to some researchers questioning the role that Aβ plays in the 
cognitive decline associated with AD (20).

Attempts are also being made to develop drugs that prevent hyperphosphory-
lation or aggregation of the tau protein, although less effort has been made to this 
end than in inhibiting the formation of Aβ deposits. Most researchers support the 
hypothesis that amyloid plaques and the neurofibrillary tangles are neurotoxic. 
The amyloid cascade hypothesis has led to the development of treatments that 
promote Aβ clearance or prevent the formation of plaques. Such treatment has 
thus far been ineffective. A relatively high number of elderly people develop Aβ 
deposits without presenting with cognitive decline, which calls into question the 
amyloid cascade hypothesis.

Recent studies show that the Aβ peptide has antimicrobial properties, and that 
the absence of this peptide leads to an increased vulnerability to infection. 
Although the immune system has limited access to the central nervous system, it 
could fight invading pathogens with antimicrobial peptides like Aβ. The abnor-
mal accumulation of Aβ observed in AD could be caused by persistent subacute 
infection or by noninfectious factors, such as trauma, ischemia, toxins, and anes-
thetics (21). Some researchers defend the hypothesis that Aβ acts as an antioxi-
dant in response to the oxidative stress that takes place in regions of the brain 
subjected to high synaptic turnover, like that which occurs in the phenomenon of 
neuronal neoteny, where certain neurons retain a high synaptic plasticity in 
adulthood.

The generation of the Aβ peptide may have an adaptive function in its initial 
phases, and the same could be assumed about the hyperphosphorylation of tau. 
This would explain why drugs that reduce Aβ production have not been effective 
so far. Attempting to reverse the epigenetic changes that occur in AD could per-
haps be of therapeutic value in the future.

EPIGENETIC THERAPIES IN AD

As previously discussed, the treatments currently approved for AD are acetylcho-
linesterase inhibitors (donepezil, rivastigmine, and galantamine) and the gluta-
mate NMDA receptor antagonist memantine, drugs indicated for the specific 
treatment of memory disorders. Acetylcholinesterase inhibitors increase the levels 
of the neurotransmitter acetylcholine, which is decreased in brains with AD, and 
NMDA receptor antagonists prevent aberrant stimulation (22). These drugs 
achieve a discrete and transient improvement in cognitive and functional capaci-
ties, but do not delay the progression of the disease. Nevertheless, observational 
studies suggest that the combination of these treatments prolongs the time until 
patients need to be admitted to a residence (23). As a result, there is a great deal 
of interest in researching new treatments for the disease.
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The main line of research in AD is that of anti-amyloid therapies (24). Despite 
the serious complications associated with active immunotherapy and the repeated 
failures of passive immunotherapy, novel anti-amyloid antibodies such as adu-
canumab and BAN2401 have brought fresh hope in this line of research, since 
they have been shown to be capable of reducing amyloid load in preliminary clini-
cal trials (25). Other treatments within the amyloid cascade hypothesis have been 
developed, which promote Aβ clearance or prevent plaque formation. However, 
not only have none of these treatments within this line of research been shown to 
be effective, but some of them have led to clinical worsening (26, 27).

Another line of research is that of anti-tau therapies, drugs that prevent the 
hyperphosphorylation or aggregation of the tau protein, or antibodies that reduce 
the levels of the protein in the cerebrospinal fluid. Lastly, other avenues of research 
that are currently unsuccessful or under investigation are anti-APOE4 drugs, anti-
oxidants, anti-inflammatory drugs, cardiovascular drugs, mitochondrial protec-
tors, hormone therapy, and antiviral drugs (28–30).

Due to the difficulty in finding effective drugs for AD, it is crucial that other 
possible therapeutic avenues are explored, such as that of epigenetic drugs. This 
line of research is based on the fact that epigenetic changes take place during neu-
rodevelopment and aging, and that epigenetic alterations are common in various 
neurodevelopmental and neurodegenerative diseases.

In the case of AD, more than 20 epigenetic mechanisms have been identified, 
most of which involve direct DNA modifications (as in the case of methylation), 
modifications in chromatin structure (as in the case of histone modifications), or 
modification of mRNA-related processes, including ncRNA and miRNA.

With regard to changes in methylation in AD, a recent study has established 
reference maps of the genome-wide distribution of the three possible states of 
DNA methylation (5mC, 5hmC, and 5fC/caC) in this disease (31). The results of 
this study, based mainly on cortical neurons obtained from induced pluripotent 
stem cells, suggest that the changes detected in DNA may precede the appearance 
of the disease, rather than appear later as a consequence of its progression. These 
results could mean these markers could be very useful in reaching early molecular 
diagnosis and therapy.

In addition, it has been detected in AD and frontotemporal dementia that the 
levels of an important transcriptional repressor—repressor element 1-silencing 
transcription factor (REST)—do not increase adequately with age (32). 
Consequently, transcriptional changes occur, and decreases in the expression of 
neuroprotector genes are found, including forkhead box protein class O (FOXO), 
which contributes to resistance to oxidative stress. In contrast, increased expres-
sion levels of genes that promote AD pathology, such as presenilin 2, are found. 
Taken together, these changes would increase neuronal fragility in these diseases. 
Furthermore, in animal models, such as the K-p25 AD mouse model, an increase 
in the expression of genes associated with the immune response has been detected, 
along with decreases in the expression of genes involved in synaptic functions and 
learning (33).

Several changes in the histone acetylation process, which is heavily involved in 
the consolidation of memory, have been detected in AD. For example, the levels 
of histone H4 with acetylation at the 16th lysine residue protein (H4K16ac), a 
histone marker located in enhancers and promoters generally associated with 
active gene expression, are duplicated in the cerebral cortex in healthy aging but 
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are barely detectable in the cerebral cortex of people with AD (34). Levels of his-
tone deacetylase 2 (HDAC2), which increase in cultured cells after neurotoxic 
insults, are also found to be increased in the hippocampus and prefrontal cortex 
of AD mouse models and in the hippocampus of people with AD (35). Increases 
in deacetylase lead to worsening of synaptic function. It should be noted that 
blocking HDAC2 increases synaptic density and alleviates the loss of memory, but 
does not improve neuronal survival. This means that deficits in AD are caused not 
only by neuronal loss but also by epigenetic blocking of the functions of neuronal 
survivors (36). In addition to the reduction in expression of genes important for 
neuronal function, an increase in aberrant expression of genes that are normally 
silenced or expressed at low levels has also been observed in AD (37, 38).

Furthermore, the expression of miRNA in the brain is altered in AD. For exam-
ple, reduced levels of miRNA-29a/b-1 and miRNA-132, and increased levels of 
miRNA-34c have been detected. The decrease in miRNA-29a/b-1, which is a beta-
site amyloid precursor protein cleaving enzyme 1 (BACE1) inhibitor, correlates 
with an increase in the production of Aβ (39). A decrease in miRNA-132, which 
targets the tau protein, HAT-associated protein 300 (EP300), sirtuin deacetylase 1, 
and FOXO1a, would jeopardize neuronal growth, the integration of newborn 
neurons, synaptic structure, and plasticity (40). Dysregulation of miRNA expres-
sion has also been detected in biofluids, suggesting that these molecules could be 
used as both biomarkers and therapeutic targets (39, 40).

Finally, an acceleration of epigenetic age has also been observed in AD, espe-
cially in the prefontal cortex. Epigenetic age is estimated from DNA methylation 
levels in 353 CpG sites, and its acceleration with respect to chronological age is 
associated with, in addition to AD, higher mortality, cognitive impairment, and 
other neurodegenerative diseases (41, 42). Epigenetic age could also explain dif-
ferences in the onset age of AD in members of the same family that share the same 
gene mutation (43). That is, those who have an accelerated epigenetic age would 
develop AD symptoms at an earlier age.

The goal of epigenetic therapies is to reverse at least some of the epigenetic 
changes caused by AD. Such therapies have several advantages. First, specific 
drugs can be designed because the epigenetic changes are induced by enzymes 
that act at the DNA or histone level. Second, they act on reversible mechanisms 
since the epigenetic changes at the DNA and histone level are both regulated by 
enzymes. Finally, these therapies enable us to unite physiology and pathology, 
because epigenetics influence gene expression throughout life, and thus epigene-
tic drugs would be effective in both neurodevelopmental and neurodegenerative 
diseases. In addition, epigenetic therapies can target any component of the epi-
genetic machinery.

In the last decade, several epigenetic drugs have been designed for the treat-
ment of neurological diseases. The most promising are DNA-demethylating agents 
and HDAC inhibitors (HDACis). In fact, there are already drugs of these two 
therapeutic groups that have been approved by the US Food and Drug 
Administration for the treatment of hematological cancer. In the former group, 
there is 5-azactydine and the 5-aza-2’-deoxycytidine (or decitabine), and in the 
latter group, suberoylanilide hydroxamic acid (SAHA or vorinostat), romidepsin, 
belinostat, panobinostat, and chidamide have been approved.

HDAC aims to regulate imbalances in protein acetylation levels and transcrip-
tion. Their use in neurodegenerative diseases is based on their neuroprotective, 
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neurotrophic, and anti-inflammatory properties. In the case of AD, HDACs play 
an important role in memory consolidation and could be useful as therapeutic 
targets. For example, HDAC2 and HDAC3 have been shown to play a repressive 
role in memory formation, while HDAC5 has a memory-enhancing effect (44). As 
a result, HDAC2-inhibiting drugs, such as CI-994, and HDAC5-enhancing drugs 
could be useful in AD. The therapeutic potential of HDACis has been demon-
strated in studies with animals. In APP/PS1 mice, acute treatment with HADCi 
trichostatin A (TSA), sodium valproic acid, SAHA, sodium butyrate (NaB), butyr-
ate, vorinostat, 4-phenylbutiric acid, MS-275, and crebinostat improved the cog-
nitive performance of these animals (45–49).

Sulforaphane could also be useful in AD. Sulforaphane is an HDACi that 
decreased HDAC2 levels in the triple-transgenic mouse model of AD (3 × Tg-AD). 
This was accompanied by an increase in the acetylation of histones H3 and H4 in 
the BDNF promoter and resulting in an increase in its expression (50).

There are HDACis that affect multiple genes involved in AD, which could be 
advantageous given the multifactorial etiology of AD. The disadvantage of these 
compounds is that their wide spectrum theoretically broadens the possibilities of 
adverse effects with their use. This group includes M344 {4-(dimethylamino)-n-
[7-(hydroxyamino)-7-oxoheptyl]benzamide}, CM-414 {3-[[4-ethoxy-3-(1-methyl-
7-oxo-3-propyl-6H-pyrazolo[4,3-d]pyrimidin-5-yl)phenyl]methyl]-  
N-hydroxycyclobutane-1-carboxamide}, and RGFP-966 {(E)-N-(2-amino-4-
fluorophenyl)-3-[1-[(E)-3-phenylprop-2-enyl]pyrazol-4-yl]prop-2-enamide}. Their 
chronic use in animal models showed cognitive benefits (51–57).

In addition to the HDACis described, there are other HDACis that have been 
specifically designed. In this way, HDACi W2 was obtained, which features a lon-
ger half-life and better penetration of the blood–brain barrier than the HDACis 
currently available. HDACi W2 has been shown to be capable of significantly 
reducing Aβ levels in hAPP 3×Tg AD mice by reducing the expression of genes 
involved in Aβ production and increasing the expression of Aβ degradation 
enzymes. This HDACi is also capable of decreasing phosphorylation of the tau 
protein, promoting the formation and growth of dendritic spines, and improving 
learning and memory in these mice, which makes it a potential candidate for the 
treatment of AD.

Due to the observed benefits of using HDACis in animal models of AD, there 
are several ongoing clinical studies with these compounds. One of the compounds 
under study is valproate, which is a class I HDAC inhibitor. It has already been 
approved for treating epilepsy, migraine, and bipolar disorder, and since its activ-
ity as a HDACi was discovered, it is also being studied to evaluate its effectiveness 
in neurodegenerative disease. In preclinical studies, it was shown to be effective in 
reversing cognitive impairment in a mouse model of AD (58, 59).

Another drug under study is vitamin B3 or nicotamide, which is also a class III 
NAD-dependent sirtuin HDAC inhibitor. This compound can delay aging in 
mouse oocytes and delay cognitive impairment in a mouse model of AD (60). 
A phase I clinical trial in patients with AD demonstrated its safety. It is currently 
in a phase II clinical trial. Another HDACi, vorinostat, is being evaluated in a 
phase I clinical trial in patients with AD. Finally, RDN-929, which is a CoREST-
selective HDAC inhibitor that could reactivate neuronal gene expression, 
strengthen synaptic function, and promote new synapses, has been studied in two 
phase I clinical trials as a possible treatment for AD.
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Another mechanism for enhancing acetylation is the use of drugs that enhance 
HATs. The increased expression of an enzyme of this type, Tip60, in drosophila 
overexpressing human APP was able to restore the benefits of environmental 
enrichment (61).

With regard to miRNA, utility of the drug gemfibrozil has been studied. 
Gemfibrozil is capable of modifying miR-107 levels, the reduction of which may 
accelerate the progression of AD by regulating the expression of BACE1. A phase 
I clinical trial showed the drug was safe and reduced miR-107 in plasma and in 
CSF to undetectable levels.

Other possible epigenetic therapeutic targets not yet explored in AD are drugs 
directed against HATs, ten-eleven-translocation methylcitosine-dioxygenases 
enzymes (which catalyze the conversion of 5-methylcytosine to 5-hydroxymeth-
ylcytosine), DNA demethylation, chromatine remodelers, and other histone 
modifications.

Finally, it should be noted that there are also nonspecific epigenetic therapies 
that can be useful in AD. The first is blood plasma therapy from young subjects. 
In a recent study, in which aged mice were treated with blood plasma from 
young mice, it was observed that the treatment halved the epigenetic ages of 
blood, heart, and liver tissue, and also rejuvenated the hypothalamus. The treat-
ment also improved the functioning of these organs as well as cognitive func-
tions (62). The second nonspecific epigenetic therapy is cognitive stimulation, 
which has been shown to be capable of causing epigenetic changes (63). The 
third nonspecific epigenetic therapy is physical exercise. In animals, physical 
exercise is capable of reversing age-related reduction of adult neurogenesis and 
cognitive function in the aged hippocampus (64). In addition, a recent study 
showed that the administration of circulating blood factors in the plasma of 
aged mice subjected to exercise was capable of transferring the beneficial effects 
to sedentary-aged mice. These investigations led to the discovery that glyco-
sylphosphatidylinositol (GPI)-specific phospholipase D1 (Gpld1), a GPI-
degrading enzyme derived from liver, was probably responsible for these effects.

Although epigenetic therapies have a promising future role in AD, there are 
still problems that must first be addressed. First, we need to bear in mind that 
perhaps not all epigenetic changes can be reversed with these types of therapy. 
Second, epigenetic changes are extremely complex, and the therapies could 
have any number of side effects that are difficult to control. Third, different 
regions of the same gene can have antagonistic epigenetic changes, so the effect 
of an epigenetic therapy could be unpredictable. With respect to pharmacologi-
cal properties, current therapies lack specificity and are not selective for specific 
brain regions, cell types, or genes. This limitation could be addressed with the 
use of siRNA or the use of chromatin-modifying enzymes, transcription activa-
tion-like effectors or clustered regularly interspaced short palindromic repeats/
Cas System, and the use of artificial transcriptional factors of the silencing or 
promoter type.

The development of new study techniques will also be essential to better 
understand how epigenetic therapies work and to be able to design future drugs. 
First, laboratory techniques such as cell-type specific analysis of transcription and 
DNA methylation in the brain, single cell analysis of DNA–protein interactions, 
and chromatin 3D structure might be applied in future studies to uncover  neuronal 
cell-type specific chromatin structure and interneuronal variations. Furthermore, 
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new models for studying the effect of these therapies, such as neuronal cultures or 
other brain cell types derived from human stem cells or induced pluripotent 
stem cells, could be better than the animal models used so far. The application of 
innovative imaging techniques, such as positron emission tomography using 
radiochemical [11C] martinostat, which binds specifically to certain HDAC iso-
forms, could help to discover the gene expression patterns regulated by chromatin- 
modifying enzymes in the live brain. Finally, establishing epigenetic biomarkers 
for diagnosis, prognosis, and therapy would be important to test the efficacy of 
epigenetic drugs and to classify patients according to the particular therapy they 
would most benefit from.

CONCLUSION

At present, there are no treatments for AD. Given that several epigenetic changes 
occur in this disease, treatments aimed at reversing these changes may constitute 
promising lines of research in the future.
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Abstract: Alzheimer’s disease is a complex, progressive, neurodegenerative disor-
der with a multifactorial etiology. More than one mechanism appears to be 
involved in its pathogenesis. Current treatment targeting only a single mechanism 
provides only symptomatic relief and is unable to stop the progression of the 
 disease. There is a substantial unmet medical need to develop more efficacious 
drugs that can address all the causative factors that lead to the development and 
progression of Alzheimer’s disease. One of the strategies which has emerged is the 
development of chimeric conjugate compounds, in which multiple bioactive 
components are combined to form novel molecular entities, that can simultane-
ously regulate multiple mechanisms effectively. This chapter presents an overview 
of the various factors contributing to the pathophysiology of Alzheimer’s disease. 
Chimeric strategies that are being developed to supplement the single-mechanism 
targeting acetylcholinesterase drugs, which are currently available for the treat-
ment of Alzheimer’s disease, are also exemplified.

Keywords: Alzheimer’s disease; chimeric compounds; cholinesterase inhibitors; 
hepatotoxic; neuroinflammation
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INTRODUCTION

Dementia can be defined as a clinical syndrome characterized by cognitive impair-
ment that often leads to dependence on others for carrying out basic functions of 
daily life (1, 2). Alzheimer’s disease (AD) is one of the most prevalent neurodegen-
erative disorder seen in older individuals, accounting for over 80% of all dementia 
cases worldwide (1, 2). AD causes structural damage to the brain, which results 
in substantial functional loss (3). It is a neurological disorder, often characterized 
by short-term memory impairment, which progresses into cognitive and physical 
disabilities (4). The etiology of AD is multifactorial with genetic, environmental, 
behavioral, and developmental components playing a role (5). The greatest risk 
factor is advancing age, while others include positive family history, head trauma, 
female gender, history of depression, diabetes mellitus, hyperlipidemia, and vas-
cular factors (5).

In developed countries, the incidence of AD is increasing rapidly along with 
the aging of populations. The prevalence of AD among 60-year-old individuals is 
about 1%. This frequency doubles approximately every 5 years, becoming 2% at 
the age of 65 years, 8% at 75 years, and 16 and 32% at 85 years (4). This disorder 
may be classified as early and late-onset AD. Early onset AD is typically seen 
between 30 and 60 years of age and accounts for less than 6% of all cases. Late 
onset AD accounts for approximately 90% of cases and has an age at onset of more 
than 60 years (5). The estimated number of patients is 7–8 million in Europe, 4–5 
million in the USA, and 24 million worldwide (6). This number is expected to 
reach around 100 million (one out of every 85 people) by 2050 (7).

AD is a multifaceted disease related with multiple risk factors that have an 
impact on the emotional and financial status of the patients and their families 
(3, 8). As per the World Alzheimer Survey 2015, the total health care expenses of 
the disease including medical services, social support, and informal care were 
818 billion dollars with a rise of 35.4% compared with the same survey  conducted 
in 2010. The expense for the treatment of AD for the year 2018 was $1 trillion, 
which is expected to rise about 2 trillion by the year 2030 (9).

DISEASE AND PATHOLOGY

AD is a complex, self-escalating neurodegenerative disease, which is marked by 
the presence of beta-amyloid (Aβ)-rich senile plaques and neurofibrillary tangles 
(NFTs) in the brain (10, 11). The disease is characterized by impairments of mem-
ory and cognition, depression, and psychiatric and behavioral changes (12). The 
diagnosis of AD is confirmed by brain histopathological examination and relies on 
many clinical factors (4). Cognitive and functional declines are spread over 5–8 
years as the disease progresses clinically from mild to moderate to severe AD (4). 
The mild stage is marked by short-term memory loss and generally lasts for about 
2–3 years, which is often followed by symptoms of anxiety and depression (4). 
Neuropsychiatric manifestations, such as visual hallucinations, false beliefs, and 
reversal of sleep patterns, are prominent during the moderate stage (4). Motor 
signs, such as motor rigidity, mark the severe stage of AD (4). Cognitive and func-
tional declines are seen in all three stages of the disease (4). The gross pathology 
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of AD includes generalized cortical atrophy, usually most prominent in the medial 
temporal lobe and hippocampus (13). AD pathology includes positive and nega-
tive signs (14, 15). Positive signs manifest in the form of cerebral Aβ plaques (the 
major peptide component being Aβ42) and NFTs of paired helical filaments made 
of hyperphosphorylated microtubule-associated protein tau (MAPτ) (4). These 
signs are quantified and shape the foundation for diagnostic criteria. Negative 
signs include neuronal and synaptic losses (14). The chronology of neuronal loss 
occurs on two levels. There is a local impact after the accumulation of Aβ and 
aggregation of tau, and there is selective impact on the regions affected by tau 
pathology (14). Synapse loss is another factor that contributes toward atrophy of 
the brain cortex. Synaptic loss has been demonstrated in AD patients through 
immunohistochemical studies, where immunoreactivity to antibodies of pre- or 
postsynaptic proteins (generally the presynaptic protein synaptophysin) is quanti-
fied using electron microscopy studies (16). Negative signs are difficult to evaluate 
and are not included in the diagnostic criteria, even though they have great phys-
iopathological relevance (14). In recent years, several hypotheses have been pro-
posed in an attempt to explain the pathogenesis of AD. These include the amyloid 
hypothesis, tau hypothesis, cholinergic hypothesis, oxidative stress hypothesis, 
and metal ion hypothesis, as depicted in Figure 1.

Amyloid hypothesis

Histopathologically, the two hallmarks of the disease process in AD are extracel-
lular amyloid plaques and intraneuronal tau NFTs, which characterize the domi-
nant amyloid cascade hypothesis (9, 17). Aβ is formed after the proteolytic 
cleavage of a larger protein, known as the amyloid precursor protein (APP) (3). 

Figure 1. Pathophysiological mechanisms and multifunctional targeting as an approach for 
Alzheimer’s disease (AD) treatment. This figure depicts the various hypotheses involved in AD 
pathology and the role of chimeric conjugates in multifunctional targeting as a new 
therapeutic strategy for AD.
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APP is a glycoprotein comprising of about 770 amino acids and is found primarily 
in the CNS neurons (9). Activation of APP and subsequent cleavage leads to the 
formation of oligomers, fibrils, plaques, and β-sheets, ultimately resulting in Aβ 
aggregation, disruption of cellular communication, and generation of neuroin-
flammation (3, 18). There are several forms of Aβ, including lower and higher 
order oligomers and fibrils such as Aβ40 and Aβ42 (3). Aβ42 is the first form that 
accumulates in the brain and forms amyloid plaques and deposits (3, 19). The 
two enzymes responsible for APP cleavage are alpha-secretase (α-secretase) and 
beta-secretase (β-secretase) (3, 20). The α-secretase enzyme combines with the 
C-83 subunit (non-amyloidogenic pathway) and produces APP-α precursors, 
which is thought to have neuroprotective effects (3, 21). On the other hand, the 
β-secretase enzyme combines with the C-99 β-subunit and produces APP-β 
( amyloidogenic pathway) (3).

Genetic factors also influence Aβ production and deposition. Genetic muta-
tion and polymorphism of presenilin (PSEN1 and PSEN2) elevate the production 
of Aβ (3, 22).

Amyloid plaques are extracellular deposits of Aβ, abundant in the cortex of AD 
patients (23). There are two forms of plaques: neuritic and diffuse. Neuritic 
plaques mainly consist of Aβ and form part of tau-containing dystrophic neurites 
(13). Neuritic plaques are useful in the pathological diagnosis of AD because their 
appearance indicates the extent of cognitive impairment (23). Diffuse plaques 
consist mainly of Aβ-protein (13). Diffuse plaques are generally non-neuritic and 
are not linked with synaptic loss (23). These forms of plaques are also normally 
found in the brains of elderly patients with normal cognition, and their presence 
is not indicative of AD (23). In extracellular regions, Aβ accumulates and forms 
deposits in the parenchyma and vascular walls, which is denoted as cerebral amy-
loid angiopathy (CAA) (15). These deposits lead to a threefold increase in the 
concentration of soluble Aβ and comprise the visible part of Aβ aggregates (15). 
These soluble, oligomeric Aβ assemblies are highly toxic as well as difficult to 
identify and analyze (14, 15). These deposits, which are comprised of Aβ42, can 
be further classified as diffuse, focal, or stellate (15).

Diffuse deposits are large, about 50 µm in size or larger, and are generally seen 
in patients where there is no cognitive impairment, leading to the conclusion that 
these lesions are not directly toxic (15). Such deposits are typically seen in the stria-
tum and the molecular layer of the cerebellum (14, 16). Focal deposits are charac-
terized by dense, spheroid aggregation of Aβ. Few microglial cells are located in the 
area around the focal deposit that contains the amyloid plaque core. Astrocytes are 
located far away from the core and are involved in the processes of differentiation of 
neuronal stem cells without affecting neuronal or oligodendrocyte differentiation 
(16, 24). Stellate deposits are generally linked to astrocytes and are seldom observed 
and rarely examined (15). Aβ may build up in the walls of blood vessels, primarily 
in the arteries and capillaries, but seldom in the veins leading to CAA. CAA is 
 characterized mainly by the presence of Aβ-40, which is frequently seen in the 
parenchymal deposits and is more soluble than Aβ-42 (14). Some degree of CAA, 
usually mild, is present in approximately 80% of AD patients (23).

Tau hypothesis

Tau is an MAP found in the axon, where it attaches and stabilizes the microtu-
bules, thereby physiologically promoting axonal transport (23). In AD, tau is 
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translocated to the somato-dendritic component, where it hyperphosphorylates, 
misfolds, and forms aggregates, leading to the formation of NFTs and neuropil 
threads (23). The effects of tau in neurodegeneration are less well established (25). 
However, aggregation of phosphorylated tau in dendritic spines appears to dis-
rupt synaptic plasticity (14). In the cellular body of the neurons, tau aggregates 
form NFTs and neuropil threads in the dendrites and axons, which surround the 
core of the senile plaque (14). NFTs are hyperphosphorylated and misfolded tau 
intraneuronal aggregates, which become extraneuronal or “ghost tangles” with the 
death of the neurons carrying the tangles. NFT progression occurs in a stereotypi-
cal spatiotemporal way, which is linked with the decline in cognitive function (23). 
These are axonal and dendritic segments consisting of aggregated and hyperphos-
phorylated tau and are typically related with the NFTs in the brain (23).

The tau protein has a significant role to play in microtubule stabilization, 
which is important for maintaining cell integrity (3). The major structural domains 
of the tau proteins include the N-terminal projection domain, a microtubule-
binding domain at the C-terminus, and a short sequence encompassing the tail 
domain (3). Tau proteins are hyperphosphorylated and form insoluble intracel-
lular NFTs in AD, which lose the tenacity to bind the microtubules of brain cells. 
These hyperphosphorylated forms bind to each other, tying themselves in 
knots called NFTs that disrupt neuronal plasticity and cause neurodegeneration. 
Tau–tau interactions and its hyperphosphorylation in AD trigger a cascade of 
events in the microglial cells and astrocytes, activating the NF-kB pathway and 
overproduction of proinflammatory mediators such as TNF-α and interleukins 
(ILs), resulting in inflammatory reactions in brain (3). The elimination of tau is far 
more complicated compared to others like Aβ (3). It has been shown via PET 
imaging that deposition of tau has a greater correlation with the decline of cogni-
tive functions than deposition of Aβ (26).

Cholinergic hypothesis

The cholinergic hypothesis was the first established theory proposed to explain 
the pathogenesis and development of AD (9). In addition to the histopathological 
markers, the brain of AD patients is usually characterized by atrophy, synaptic 
loss, and decline in central neurotransmission (9) along with degeneration of 
neurons of the basal forebrain (9, 27). Cholinergic neurons are affected in the 
initial phase of the disease with greater than 90% of cholinergic neurons being lost 
in the advanced stages (9). Per this theory, the development of all symptoms 
related to impaired cognition in AD is due to the disruption of cholinergic neurons 
in the basal forebrain, along with loss of central cholinergic transmission (9).

Oxidative stress hypothesis

Free radicals play an important role in the progression of neurodegeneration (3). 
Neuronal cells are more susceptible to free radical damage because of greater 
oxygen content and lack of antioxidant enzymes when compared with other 
organs (3). There is clear evidence that oxidative stress induced by Aβ is critical to 
the pathogenesis and progression of AD, leading to exacerbation of inflammatory 
processes, which is a characteristic of many multifactorial diseases including 
AD  (9). The mitochondrial membranes of the AD postmortem brain have 
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demonstrated that Aβ and APP cause disruption of electron transport chain, 
thereby promoting irreversible neurodegeneration and cellular damage (3, 28).

Metal ion hypothesis

Metal dyshomeostasis is involved in the progression of AD (29). Development of 
Aβ plaques and NFT is aggravated by the aberrant accumulation of metals in the 
brains of AD patients (30). High concentrations of Cu and Fe in the brain trigger 
the production of reactive oxygen species, which further exacerbates oxidative 
stress, thereby leading to worsening of AD (31, 32). Thus, a useful therapeutic 
strategy to mitigate AD would be to decrease the abnormal load of metal ions in 
the brain by chelating them (33).

CURRENT LINE OF TREATMENT

AD is a complex disease, and hence difficult to treat with a single medication or 
therapy (34). The current line of treatment functions by modulating the levels of 
specific brain neurotransmitters such as acetylcholine and glutamate (34). These 
are helpful in retaining thoughts, cognitive functions, and social skills and can 
mitigate behavioral issues to a certain extent (34). However, these approaches do 
not address the root cause of the disease. The U.S. Food and Drug Administration 
(US-FDA) has approved several drugs to provide symptomatic relief in AD (34). 
Existing drugs employed for the symptomatic treatment of AD can be divided 
into two major classes: acetylcholinesterase (AChE) inhibitors such as donepezil, 
rivastigmine, galantamine, and tacrine and N-methyl-D-aspartate (NMDA) antag-
onists (glutamate inhibitor) such as memantine.

Acetylcholinesterase inhibitors

Cholinesterase inhibitors (ChEIs) are generally used for long-term symptomatic 
treatment for AD (35). ChEIs are the only class of drugs approved by FDA for the 
symptomatic treatment of AD that can alter cholinergic neurotransmission and 
these include donepezil, rivastigmine, galantamine, and tacrine (4). To date, 
ChEIs are the only drugs that have shown significant improvements in cognition 
of AD patients by improving the cholinergic transmission in neuronal synapses. 
ChEIs slow down the degradation of the choline neurotransmitters at the synaptic 
clefts by inhibiting the cholinesterase enzymes, AChE, and butyrylcholinesterase 
(BuChE), which are responsible for the choline neurotransmitter degradation (9). 
These enzymes are abundant in neuritic plaques and can be inhibited by ChEIs; 
this may alter the build-up of Aβ, which is a critical part of AD pathophysiol-
ogy (4). ChEIs increase cholinergic functions in AD at the postsynaptic choliner-
gic neuron (35). This class of drugs decreases AChE-induced destruction of ACh 
in the synaptic cleft, elevates the intrasynaptic residence time of acetylcholine, 
and promotes interaction between acetylcholine and the postsynaptic cholinergic 
receptor (35). Thus, to inhibit them, ChEIs increase the availability of these neu-
rotransmitters in the synaptic cleft, thereby reducing the symptoms of AD (9).
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AChE is also partially involved in the production of amyloid plaques and 
neurofibrillary tangles (34). AChE acts as an influencer to help in aggregating 
clusters of Aβ peptides, resulting in the formation of complexes with mature 
fibrils (34). The newly formed complexes are more cytotoxic in comparison to Aβ 
fibrils alone. ChEIs increase the levels of ACh in the brain of AD patients (34). 
Evidence derived from clinical trials, imaging, and basic science studies indicates 
that ChEIs are useful for symptomatic treatment but have limited disease- 
modifying effects (35).

Donepezil is a piperidine-derivative AChE inhibitor drug, which increases the 
levels of acetylcholine in the CNS (9, 36). It has shown moderate benefit in the 
treatment of AD patients due to its modest and transient outcomes (36, 37). It is 
effective in managing the symptoms of AD-associated dementia. However, it does 
not alter the progression of AD (38). Donepezil is metabolized via the cytochrome 
P-450 system and has the tendency of being involved in drug–drug interactions, 
especially when used in combination (9).

Rivastigmine, a physostigmine-derived drug, is the only carbamate containing 
AChE inhibitor approved for the treatment of mild to moderate AD (9, 39). It 
improves cognition and shows neuroprotective effects, but does not alter the 
course of disease and only leads to a modest improvement in cognitive functions. 
This drug shows good activity and tolerance in AD patients and is not involved in 
the cytochrome P-450 system metabolism, thereby decreasing the chances of 
drug–drug interactions (9).

Galantamine is a tertiary alkaloid extracted from various species of 
Amaryllidaceae (9). It is a selective, competitive, and reversible inhibitor of AChE 
with nicotinic-modulating properties, has low hepatotoxicity (9), and reduces 
APP metabolism in animal models of AD (35). However, its involvement in cyto-
chrome P-450 metabolism makes it prone to interaction with other drugs (9).

Tacrine, a dual AChE and BuChE inhibitor, was the first of its kind to get FDA 
approval for the treatment of AD. It was withdrawn from the market shortly after 
FDA approval due to serious hepatotoxicity (40). Tacrine is a noncompetitive, 
reversible inhibitor of AChE, which has a short half-life (9).

N-methyl D-aspartate receptor antagonism (NMDA antagonists)

Overstimulation of the NMDA receptor by the neurotransmitter glutamate is 
implicated in neurodegenerative disorders (4). Glutamate is the principal excit-
atory neurotransmitter in the brain (4). The overstimulation of glutamate has 
been known to contribute to neuronal damage, which is termed as excitotoxic-
ity (4). Such excitotoxicity eventually contributes to neuronal calcium overload 
and has been implicated in neurodegenerative diseases (4). Glutamate activates 
several postsynaptic receptors, including the NMDA receptor, which have a direct 
impact on the memory processes, dementia, and in the pathogenesis of AD (4).

The FDA-approved NMDA antagonist memantine decreases glutaminergic 
excitotoxicity by influencing neuronal activity in the hippocampus and can be 
used in the treatment of moderate to severe AD (35). Memantine is approved as 
an alternative to ChEIs in treatment of moderate to severe AD (25). Memantine at 
high concentrations can suppress synaptic plasticity, which is believed to have an 
effect on learning and memory. However, at lower concentrations, memantine can 
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promote synaptic plasticity, thereby enhancing memory in animal models of 
AD (4). Memantine also has the potential to enhance long-term potentiation and 
decrease tau hyperphosphorylation (17). The neurobiological basis for the thera-
peutic action of memantine in AD is not clearly known. Memantine is a noncom-
petitive NMDA receptor antagonist with moderate affinity and fast on/off 
kinetics (4). These attributes are vital for memantine action as it is able to balance 
the effects of excessive glutamate levels while preserving physiologic activation of 
NMDA receptors necessary for learning and memory (4). Memantine inhibits the 
effects of excessive glutamate production, which contributes to cell death and 
cognitive impairment (4).

RATIONALE FOR CHIMERIC CONJUGATES

The current FDA-approved drugs addressing a single mechanism have turned out 
to be palliative rather than curative. By addressing just the cholinergic hypothesis, 
they only provide temporary relief for the patients by improving their cognitive 
functionality throughout the time period of usage (41, 42). There is a critical need 
to add antioxidant, metal chelation, neuroprotective, Aβ1–42 amyloid anti- 
aggregation, and anti-inflammatory activities into the compounds. Such mole-
cules that can address all the hypotheses of AD will likely yield significant 
disease-modifying outcomes.

The multifaceted, complex nature of AD has limited the treatment options in 
the battle against the disease. One of the ways of tackling this problem is to expand 
the scope of single-mechanism targeting drugs to form multi-targeting chimeric 
entities (43). The multi-target directed ligand (MTDL) design strategy is a method 
where a molecule is designed by simultaneously integrating multiple functional-
ities into it that can target different mechanisms crucial to the disease pathol-
ogy  (44). These chimeric conjugates are created by molecular hybridization of 
different biologically relevant pharmacophores (45). Each pharmacophore of the 
new chimeric molecule retains the ability to interact with its own target while the 
 chimeric molecule simultaneously modulates multiple molecular targets, thereby 
producing a range of diverse pharmacological responses (45–47). Such engi-
neered chimeric compounds simultaneously target many of the implicated path-
ways of the disease, thereby yielding a disease-modifying effect (48, 49). In 
addition, these compounds potentially have a lower risk of triggering drug–drug 
interactions and facilitate pharmacodynamic and pharmacokinetic roles of drug 
administration (46, 47). AChE inhibitors like donepezil, rivastigmine, and tacrine 
have been used as starting points and combined with several bioactive molecules 
to generate chimeric series, which have demonstrated expanded efficacy and 
safety profiles. The hybrid series were designed so as to retain the key structural 
features essential for retaining AChE inhibition of the parent molecules.

Donepezil-related derivatives as multifunctional compounds for AD

The structure of donepezil shows the presence of benzyl piperidine and substi-
tuted indanone fragments linked via a methylene bridge (Figure 2, left panel). The 
binding pose of donepezil within the AChE pocket as seen in the X-ray 
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diffraction-elucidated crystal structure (PDB id 4EY7) shows the interaction of the 
benzyl piperidine fragment with the catalytic site of AChE (50). This fragment has 
been nominated as a crucial pharmacophoric subunit of donepezil. The indanone 
moiety binds to the peripheral anionic site of the AChE pocket and forms aro-
matic stacking interactions (50). The benzyl piperidine fragment of donepezil has 
been hybridized with various bioactive groups in order to introduce other activi-
ties into the molecule so as to make them more effective for the holistic treatment 
of AD. Aryl acyl hydrazones possess anti-inflammatory activity, which has been 
shown to slow down the progression of AD. Donepezil-aryl acyl hydrazone chi-
meras were constructed (51) by attaching the aryl-acyl hydrazone sidechain to the 
benzyl end of N-benzyl piperidine of donepezil (Figure 2, right panel).

The donepezil-derived hybrid molecules were screened for AChE inhibition 
according to the spectrophotometric method developed by Ellman (52). 
Replacement of the dimethoxy indanone fragment of donepezil with various ring-
substituted aryl acyl hydrazones gave molecules that exhibited comparable AChE 
inhibition. In-depth structure–activity correlation studies showed that com-
pounds that had the 3-hydroxy piperidine moiety were more active than the mol-
ecules where the 3-hydroxy group was acetylated. Substitutions on the aromatic 
ring on the other side of the molecule with groups like nitro (1a) and piperidine 
(1b) resulted in molecules that were more potent relative to the unsubstituted 
compound (51). Halogen substitution gave a threefold increase in activity as com-
pared to the unsubstituted molecule with the fluoro analogue (1c) being more 
potent than bromo (1d) and chloro (1e) derivatives (51). The placement of the 
benzyl piperidine fragment in the chimeric series with the piperidine ring placed 
at the terminal end was opposite to that in donepezil. It is possible that by revers-
ing the placement of benzyl piperidine fragment, the hybrid molecules were able 

Figure 2. Left panel—donepezil with its pharmacophoric unit boxed in blue; right panel—
donepezil-aryl acyl hydrazone hybrids. Various donepezil-aryl acyl hydrazone chimeras have 
been constructed by conjugating the pharmacophoric unit of donepezil with substituted 
phenyl acyl hydrazones.
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to find an alternate binding orientation in the AChE binding pocket, which 
resulted in their enhanced activity profiles.

Suppression of the neuroinflammation process is an effective therapeutic 
approach against AD. The donepezil-aryl acyl hydrazone chimeric molecules 
were tested for their in vivo anti-inflammatory activities using classical animal 
models such as mechanical allodynia test, formalin-induced hyperalgesia, and 
 carrageenan-induced paw oedema assays (51). Halogens (1c, 1e) and methoxy- 
substituted hybrid molecules (1f) as well as compounds substituted with rings 
such as piperidine (1b) and morpholine (1g) (Figure 2) significantly reduced 
mechanical hyperalgesia index, decreased licking time in the formalin test point-
ing to an analgesic effect, and reduced oedema volume, thereby confirming an 
anti-inflammatory effect (51).

The halogen-substituted compounds (1c, 1e) were found to inhibit the release 
of TNF-α and IL-1β induced by lipopolysaccharides (LPS) in THP-1 cells, which 
are representative of human microglial cells (51). THP-1 cells were treated with 
10 µM of the compounds and LPS (1 µg/ml) for 24 h. At the end of the treatment, 
it was concluded that both halogen-substituted compounds reduce evoked 
 neuroinflammation (51).

Rivastigmine-related derivatives as multifunctional 
compounds for AD

Rivastigmine, a carbamate-containing AChE inhibitor, has been found to provide 
only mild to moderate benefit in patients with AD (39). The carbamate moiety is 
the pharmacophore subunit of rivastigmine (Figure 3, left panel), which binds to 
the catalytic site of AChE and is responsible for its ChEI activity (53). Rivastigmine 
chimeras with amino chalcones with promising cholinesterase inhibition activity 
are shown in Figure 3 (right panel). Xiao et al. worked on developing  rivastigmine-4 
amino chalcone hybrids and conducted in-depth structure–activity  correlation 
studies for the series (54).

Several of the rivastigmine-derived compounds showed potent AChE inhibi-
tion. Structure–activity correlation studies revealed that compounds with cyclic 
amine groups (2b, 2c, 2d) at one or both extremities of the molecule show better 
inhibitory activity as compared with those with noncyclic amine groups (2a). 
Pyrrolidine ring-substituted compound 2b was twice as potent as rivastigmine, 
while morpholine ring-substituted compound 2e (Figure 3) was the weakest 
inhibitor of AChE (54). The authors surmised that the electron-withdrawing 
inductive effect of the oxygen atom on the morpholine ring may decrease the 
electron density of the ring nitrogen, thereby influencing its protonation at physi-
ological pH, which could diminish the cation–π interaction between the nitrogen 
and residues of the catalytic active site of AChE (54).

The antioxidant activity for rivastigmine-amino chalcone hybrids was evalu-
ated by the oxygen radical absorbance capacity assay involving fluorescein. 
Compounds containing a pyrrolidine ring (2b), N-methylethaneamine (2f), and 
benzyl piperazine ring (2g) as substituents were found to exhibit the most 
potent antioxidant activities. 4-Dimethylamine chalcone–rivastigmine hybrid 
molecule (2a) showed moderate antioxidant activity, while replacement with 
other amino alkyl groups resulted in loss of antioxidant activity. The authors 
concluded that dimethylamine substitution at para position is favorable for anti-
oxidant potency (54).
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The 2-hydroxy and ketone groups of rivastigmine-amino chalcone chimeras 
undergo intramolecular hydrogen bonding as they exhibit metal-chelating prop-
erties. Xiao et al. found that compound 2b (Figure 3) exhibited selective metal 
chelation for copper and aluminium but not iron and zinc metal ions (54).

The effects of the rivastigmine-amino chalcone hybrid molecules on Aβ aggre-
gation were evaluated by performing thioflavin T (ThT) fluorescence assay using 
curcumin as a reference standard. Structural studies concluded that noncyclic 
amines 2a and 2f (Figure 3) exhibited the most potent inhibition effects on self-
induced Aβ aggregation, while the N-benzyl piperazine containing analogue (2g, 
Figure 3) showed the best Cu2+-induced Aβ aggregation inhibition. Besides this, 
bulky substituents on the hydroxy group at 2-position on the chalcone fragment 
lowered the anti-aggregation effects (54).

Tacrine analogues with decreased liability of hepatotoxicity

Tacrine, an acridine analogue, was the first centrally acting ChEI approved for the 
treatment of AD. It is a reversible, noncompetitive inhibitor of AChE and BuCHE. 
It also possesses the ability to reduce Aβ-induced neurotoxicity. Despite it bene-
fits, tacrine is poorly tolerated and often causes reversible abnormalities in liver 
enzymes. Nevertheless, its inherent efficacy and small molecular weight have 
attracted a lot of research directed toward the development of MTDLs. The whole 
molecule of tacrine (Figure 4, left panel) has been used as a starting point and 
fused with hepatoprotective scaffolds, leading to the development of safe, effica-
cious tacrine hybrids (55). Tacrine derivatives coupled to fragments that help 
counter its hepatotoxicity are shown in Figure 4 (right panel).

Zha et al. developed tacrine-benzofuran chimeric molecules in an attempt to 
combine the AChE inhibitory properties of tacrine and the in vitro inhibitory 

Figure 3. Left panel—rivastigmine with its pharmacophoric unit boxed in blue; right panel—
rivastigmine-aryl acyl hydrazone hybrids. Various rivastigmine-aminochalcone chimeras have 
been constructed by conjugating the pharmacophoric unit of rivastigmine with substituted 
amino chalcones.
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effects on Aβ fibril formation and aggregation reported for the benzofuran 
nucleus (56). The most active designed molecule, compound 3 (Figure 4), showed 
nanomolar inhibitory potency against AChE, as well as an ability to partially 
inhibit AChE-induced Aβ fibril formation and amyloid self-aggregation (56). This 
compound demonstrated mixed inhibitory behavior in an enzyme kinetics study 
pointing to dual binding interaction sites (56). This was confirmed by the authors 
by determining the three-dimensional form of the AChE-bound structure of this 
compound through X-ray diffraction studies (56). The tacrine fragment was seen 
to occupy its place at the catalytic site, engaging in stacking interactions with Trp 
84 and Phe 330 and hydrogen bonding interactions with His 440 of the catalytic 
triad of AChE, while the methyl benzofuran was found to make contact with the 
peripheral anionic site where it is accommodated within a pocket of hydrophobic 
residues (56). In addition, compound 3 had a better safety profile and showed 
significantly lower hepatotoxicity than tacrine when tested with the alanine 
 aminotransferase and aspartate aminotransferase activity assays (56).

Mao et al. synthesized a number of tacrine-propargylamine derivatives, 
inspired by propargylamine-containing compounds, which exhibit neuroprotec-
tive effects (40). These compounds were tested for AChE inhibition and neurotox-
icity (40). In addition, they were evaluated for hepatotoxicity in human hepatic 
stellate cells using the colorimetric MTT assay (40). It was reported that com-
pound 4 (Figure 4) exhibited superior AChE inhibition and lower neurotoxicity 
than tacrine. In addition, it almost eliminated the hepatotoxicity of tacrine (40). 
Kinetic studies were also carried out on this compound, which pointed to a mixed 
type of enzyme inhibitory behavior. It is possible that extending the tacrine amine 
with the lipophilic propargyl group endowed the molecule with additional bind-
ing opportunities within the AChE enzyme, resulting in a twofold improvement 
in AChE inhibition. Such tacrine chimeras, which have excellent AChE inhibition 
and neuroprotective effects without the hepatotoxicity of tacrine, can be used as 
potential lead compounds for the treatment of AD (40).

Chioua et al. designed a series of tacripyrimidines by coupling the ChEI tacrine 
moiety to derivatives of 3,4-dihydro dihydropyrimidin-2(1H)-thiones, which 
are known calcium channel blockers (CCBs) (57). CCBs enhance cerebrovascular 

Figure 4. Tacrine hybrids with reduced hepatotoxicity. Several tacrine chimeras have been 
constructed by conjugating tacrine with various hepatoprotective moieties.
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perfusion and attenuate amyloid-β-induced neuronal decline and neurotoxicity, 
improve cell survival in the presence of Aβ in vitro, and show neuroprotective 
effects (57). Derivatives bearing halogens (Br, Cl) at meta and para position of the 
aromatic ring of the dihydropyrimidine-thiones demonstrated the highest inhibi-
tory potencies toward AChE, while the presence of a 4-dimethylamino group or 
3-nitro group was found to be the best CCBs, with potencies higher than that of 
the reference CCB drug nimodipine (57). Tacripyrimidine compound 5 (Figure 4) 
had the most balanced overall biological profile. It had low micromolar AChE 
inhibitory potency as well as calcium channel blocking activity and had no signifi-
cant hepatotoxicity toward HepG2 cells up to 300 mM and excellent predicted 
oral absorption and BBB permeability (57).

CONCLUSION

The currently available FDA-approved drugs for the treatment of AD are limited 
by the fact that they target only a single mechanism in the development of this 
multifactorial disease with extremely complex pathophysiology. Several molecules 
with antioxidant, anti-inflammatory, and neuroprotective properties are known. 
Conjugation of these molecules with the currently available, FDA-approved ChEIs 
to form molecular chimeras has been shown to expand their anti-AD spectrum, 
thereby creating entities that have the potential for development as disease- 
modifying therapies for AD.
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Abstract: Alzheimer’s disease is a progressive, incurable, and complex neurode-
generative disease. Currently, an effective treatment that can slow down or stop the 
damage and death of neurons, which is a characteristic of Alzheimer’s disease, is 
lacking. Taking into account the complex nature of the disease, a multitarget design 
approach has been developed for the production of new potential anti-AD agents. 
The goal of this approach is to create a single molecule that can interact selectively 
with several desired molecular targets relevant to the disease. This strategy was suc-
cessfully developed two decades ago and has been improved in recent years. This 
chapter describes the progress made in the discovery and design of selected multi-
targeted drugs based on molecular targets, which can be used for treating 
Alzheimer’s disease. The most promising among these drugs are the molecules 
having properties that are valuable not only in the symptomatic therapy but also in 
the causal treatment of the disease. The main hypotheses of Alzheimer’s disease, 
such as β-amyloid (Aβ), tau, and cholinergic, suggest that compounds capable of 
inhibiting the aggregation of neurotoxic Aβ-amyloid peptide and tau protein, and 
improving the cholinergic neurotransmission, may possess such properties. 
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Examples of such multifunctional molecules, which have been recently reported in 
the literature, are presented in this chapter.

Keywords: Alzheimer’s disease; disease-modifying strategies; multimodal com-
pounds; polypharmacology; symptomatic strategies

INTRODUCTION

Alzheimer’s disease (AD) is a progressive, incurable, and complex neurodegen-
erative disorder. The two main neuropathological hallmarks of AD are extracel-
lular amyloid plaques composed of β-amyloid (Aβ), and intracellular 
neurofibrillary tangles (NFTs) containing the tau protein, leading to nerve cell 
death. In addition, AD is characterized by a low level of the neurotransmitter 
acetylcholine and loss of cholinergic neurons, excitotoxicity, impairment of 
other neurotransmitter systems, extensive oxidative stress, chronic neuroin-
flammation, mitochondrial dysfunction, calcium and metal dyshomeostasis, 
and other factors (1). This complex and unclear pathogenesis of AD has led to 
the creation of several theories. The oldest one is the cholinergic hypothesis, 
followed by others such as the Aβ hypothesis, the tau hypothesis, the oxidative 
stress theory, the metal imbalance theory, the mitochondrial cascade, and the 
inflammation hypothesis were developed. The available AD therapy is based 
only on medications that are capable of treating the cognitive symptoms: three 
cholinesterase inhibitors (donepezil, rivastigmine, and galantamine) and one 
N-methyl-D-aspartic acid (NMDA) receptor antagonist (memantine). Currently, 
an effective treatment that may slow down or stop the damage and death of 
neurons in AD is lacking.

Complex diseases such as AD require a more intricate treatment (2, 3), and 
hence, agents acting on only one particular target or modulating only one process 
are not sufficient. This problem can be overcome by two possible approaches. The 
first, polypharmacy, involves combination therapies with the use of two or more 
drugs (4). An alternative way is to use multifunctional compounds that exhibit 
many effects by interacting with more than one biological target (5, 6). Such mol-
ecules, which are referred to as multifunctional or multidirectional compounds, 
multitargeted ligands (MTLs), or multitarget-directed ligands (MTDLs), provide 
additive or synergistic effects, called polypharmacology (7).

The issues related to the use of combination therapies for AD have been 
recently described by Cummings et al. (8). Pharmacodynamic combination thera-
pies are based on two or more symptomatic agents that can improve the behav-
ioral and cognitive symptoms of AD and/or disease-modifying therapies (DMTs) 
that affect the causes of the disease. In 2014, Namzaric, a combination of two 
symptomatic medications—the cholinesterase inhibitor, donepezil and the NMDA 
receptor antagonist, memantine—was approved for the treatment of AD patients 
with moderate-to-severe dementia (9). Currently, various clinical trials are ongo-
ing on combination therapies involving a standard-of-care medication like a cho-
linesterase inhibitor or memantine combined with another agent. Selected add-on 
clinical trials of combination treatment for AD, using a small molecule with a 
standard-of-care medication, are presented in Table 1.
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MULTITARGET LIGANDS APPROACH

Combination therapy has some disadvantages resulting from the possible accu-
mulation of drug side effects, pharmacokinetic complexity, drug–drug interac-
tions, and decreased compliance. Moreover, older patients might feel that using 
one tablet is more convenient than using two or more. Multifunctional com-
pounds are free of the above-mentioned disadvantages. Since these agents can be 
considered as a form of multicomponent therapy, the creation of new molecules is 
based on similar principles. Multifunctional agents can be designed by combing 
two or more structures of active agents or their pharmacophore fragments that 
interact with the desired targets. Possible strategies for designing multifunctional 
agents include combining molecules that can interact with two symptomatic tar-
gets or symptomatic targets and disease-modifying targets or with two disease-
modifying targets. The targets of DMT are neurotoxic aggregates of Aβ and tau 

TABLE 1 Selected add-on clinical trials of combination 
treatment for AD using a small molecule with a 
standard-of-care medication

Agent Biological target Phase Baseline Therapy Clinical trials

Masitinib Selective tyrosine kinase 
inhibitor

III Rivastigmine and/or 
memantine

NCT01872598

Telmisartan Angiotensin II receptor 
antagonist

II AChE inhibitor and/or 
memantine

NCT02085265

Saracatinib Src/Abl kinase family inhibitor II AChE inhibitor and/or 
memantine

NCT02167256

UE2343 β-Hydroxysteroid 
dehydrogenase inhibitor

II AChE inhibitor and/or 
memantine

NCT02727699

ANAVEX2-73 Sigma-1 chaperone agonist II AChE inhibitor and/or 
memantine

NCT02244541

Neflamapimod P38 MAPK alfa inhibitor II AChE inhibitor or 
memantine

NCT03402659

CT1812 Antagonist of the sigma-2 
receptor

II AChE inhibitor or 
memantine

NCT02907567

Idalopirdine 5-HT6 receptor antagonist III Donepezil or donepezil 
and memantine

NCT01955161

Citalopram Selective serotonin reuptake 
inhibitor

III AChE inhibitor and/or 
memantine

NCT00898807

Rasagiline MAO-B inhibitor II AChE inhibitor or 
memantine

NCT02359552

Piromelatine Melatonin and serotonin 
receptor agonist

II AChE inhibitor or 
memantine

NCT02615002

AD, Alzheimer’s disease; AChE, acetylcholinesterase; MAO, monoamine oxidase; MAPK, mitogen-activated protein 
kinase.
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protein, as well as various processes associated with neuroprotection or neuroin-
flammation. The targets of symptomatic therapy are the cholinergic system, 
including acetylcholinesterase (AChE) and butyrylcholinesterase (BuChE) 
enzymes, NMDA neurotransmission, G protein-coupled receptors (GPCRs), and 
monoamine oxidase (MAO) enzymes (Table 2).

A multitarget design approach was successfully developed two decades ago 
and has been improved in recent years. There are basically three ways to combine 
pharmacophores to form an MTL structure, which can interact with appropriate 
biological targets (10). The simplest way is to connect two pharmacophores 
through a linker. Another way is to combine two pharmacophore fragments with-
out a linker, forming condensed molecules. The third and best way is to create 
merged pharmacophores that result in small molecules with low molecular weight 
and thus with good drug-like properties. Over the years, various potential multi-
functional anti-AD agents have been designed, synthesized, and developed 
(11–13). Based on the structures of currently used anti-AD drugs or their 

TABLE 2 Therapeutic strategies of AD applied for the 
creation of multifunctional agents

Therapeutic strategies 
for AD treatment Target for AD treatment Agents

Disease modifying therapies Aβ aggregates β-Secretase inhibitor
Aβ aggregation inhibitor
Metal chelator

Tau aggregates GSK-3β inhibitor
Tau aggregation inhibitor

Neuroinflammation
Neuroprotection
Various

COX-2 inhibitor, LOX inhibitor,
Antineuroinflammatory agent,
S1R modulator,
Antioxidant agent,
PDE4 inhibitor

Symptomatic therapies Cholinergic neurotransmission AChE inhibitor
BuChE inhibitor

NMDA neurotransmission NMDA receptor antagonist

GPCRs
Serotonin receptor

5-HT4 receptor agonist
5-HT6 receptor antagonist

GPCRs
Histamine receptor

H3 receptor antagonist/inverse 
agonist

GPCRs
Cannabinoid receptor

CB1 receptor antagonist
CB2 receptor agonist
FAAH enzyme

Oxidative damage MAO-A inhibitor
MAO-B inhibitor

AD, Alzheimer’s disease; AChE, acetylcholinesterase; BuChE, butyrylcholinesterase; COX, cyclooxygenase; FAAH, fatty 
acid amide hydrolase; GPCR, G protein-coupled receptors; GSK, glycogen synthase kinase; LOX, lypoxygenase; MAO, 
monoamine oxidase; NMDA, N-methyl-D-aspartic acid; PDE4, phosphodiesterase 4.
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pharmacophoric fragments, multimodal compounds are produced. Thus, ligands 
containing fragments of tacrine (as a strong inhibitor of cholinesterases), donepe-
zil, or rivastigmine are the most numerous. Of these, only ladostigil has entered 
phase II/III clinical trials in patients with mild cognitive impairment. Its structure 
represents a merged pharmacophore, which is formed by combining a propargyl-
amine moiety derived from an MAO-A/B inhibitor rasagiline with a pharmacoph-
oric carbamyl moiety derived from rivastigmine. Ladostigil is a dual AChE/BuChE 
and a brain-selective MAO-A/B inhibitor possessing in vivo neuroprotective prop-
erties (14) and, as such, is an example of a multifunctional agent created by com-
bining two pharmacophores that act on the symptomatic targets of AD.

Among the various multifunctional agents, the largest group that focuses on 
the targets of symptomatic therapy is cholinesterase inhibitors combined with 
other targets (15). Dual binding site cholinesterase inhibitors capable of interact-
ing with the catalytic active site and the peripheral anionic binding site of AChE 
can inhibit Aβ aggregation. Based on this action, many such ligands were obtained, 
which showed potency toward both symptomatic targets (AChE/BuChE) and dis-
ease-modifying targets (Aβ aggregation) (16–20). Herein, the recent advances 
made in the design of multifunctional agents for AD treatment based on molecular 
targets and selected examples of novel multimodal ligands are presented.

MULTIFUNCTIONAL AGENTS FOCUSING ON DISEASE-
MODIFYING TARGETS: Aβ AND OTHERS

The Aβ hypothesis assumes that the primary cause of neuron loss is the formation 
of senile plaques due to abnormal processing of amyloid precursor protein (APP) 
(21). The key role in this process is played by the β-secretase enzyme (BACE-1, 
Aβ precursor protein-cleaving enzyme 1), which together with γ-secretase cleaves 
APP, producing Aβ peptides consisting of 38–42 amino acids. Because of their 
fibrillogenic and hydrophobic nature, Aβ peptides accumulate easily. These pep-
tide aggregates induce oxidative stress, neuroinflammation, hyperphosphoryla-
tion, and the aggregation of tau protein, ultimately resulting in loss of neurons 
and dementia. Based on this theory, some biological disease-modifying targets 
have been identified and are used in the search for new anti-AD agents. Inhibition 
of BACE-1 and amyloid aggregation is considered as the most important objective 
of these agents. Currently, 38 (29%) Aβ-targeting agents are undergoing clinical 
trials, of which four BACE-1 inhibitors are gaining continued interest as biological 
targets in the field of drug discovery and development (22). BACE-1 inhibition 
has also been applied for the generation of MTDLs having other beneficial 
properties.

BACE-1 inhibitors with other properties

The structure of donepezil is widely used as a pharmacophoric moiety for devel-
oping multifunctional agents (19). Examples of compounds formed using the 
donepezil structure are N-benzylpiperidine analogs acting as BACE-1 and AChE 
inhibitors with antioxidant and antiaggregating properties, which were described 
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by Sharma et al. (23). As a core group, N-benzylpiperidine moiety present in 
donepezil and capable of inhibiting BACE-1 was selected. Virtual screening led to 
the emergence of the hit compound SEW06622. Based on its structure, a series of 
new anti-AD agents was designed. The compounds differed in the substitution of 
benzylamine and the presence of a double bond close to the nitrogen atom. The 
design of these compounds is presented in Figure 1. Among them, compound 1 

Figure 1. Multifunctional agents focusing on disease-modifying targets: BACE-1, Aβ, and others.
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was found to be the most promising. Besides inhibiting both BACE-1 and AChE 
enzymes with IC50 values in the submicromolar range, it showed blood–brain 
barrier (BBB) permeability in the parallel artificial membrane permeability assay 
(PAMPA) and inhibited self-induced and AChE-induced Aβ aggregation, while 
proving to be safe in SH-SY5Y neuroblastoma cell lines at a concentration of up to 
80 μM. Most importantly, it alleviated cognitive impairment in rat models of 
 scopolamine-induced amnesia and by continuous intracerebroventricular infu-
sion of a pathogenic dose of Aβ peptides. In addition, compound 1 displayed 
good pharmacokinetic parameters after oral administration. Therefore, it can be 
considered as a potential drug candidate for AD treatment (23).

The approach to obtain disease-modifying and symptomatic multifunctional 
ligands inspired the design and synthesis of a group of 1-benzylamino-2- 
hydroxyalkyl derivatives (24). The new multifunctional agents contained substi-
tuted benzylamine, responsible for inhibiting BuChE, connected to aromatic 
fragments: benzyl, phenyl, and benzhydryl through a 2-hydroxyethyleneamine 
linker. This linker was suggested to confer the agents with BACE-1 inhibitory 
activity. Among these ligands, the diphenylpropylamine derivative 2 (Figure 1) 
was the most interesting, which was capable of inhibiting BACE-1 and BuChE, as 
well as Aβ and tau aggregation. Due to its broad biological profile, it is regarded 
as a potential multifunctional compound (24).

Multifunctional agents combining Aβ antiaggregation effects with 
other activities

A series of tetrahydroisoquinoline–benzimidazole derivatives was developed, which 
represent multifunctional anti-AD agents focusing only on the disease-modifying 
effects (25). To design this group, two well-known pharmacophores, benzimid-
azole, present in BACE-1 and inflammation inhibitors, and a tetrahydroisoquino-
line moiety possessing anti-inflammatory, antioxidation, and neuroprotection 
properties, were chosen. Benzene or pyridine ring was used as a linker. Among 
the obtained derivatives, compound 3 showed the most balanced profile 
(Figure 1). It inhibited nitric oxide (NO) production in lipopolysaccharide (LPS)-
induced BV2 microglia cells with an IC50 value of 5.07 µM and BACE-1 activity 
by 65.7% at a concentration of 20 µM. Additionally, it showed a strong neuropro-
tective effect against glutamate-induced cell death at 5 µM (91.8% cell viability) 
and reduced the level of proinflammatory cytokines such as TNF-α and IL-1β. 
Furthermore, the ability to penetrate the BBB demonstrated that compound 3 is a 
promising multiple anti-AD ligand.

Suppressing the formation of senile plaques is feasible not only by the inhibi-
tion of enzymes involved in the pathological Aβ cascade but also by direct inhibi-
tion of Aβ aggregation. Kong’s group (26) designed compounds that displayed 
this property as well as other anti-AD activities, based on two structures: donepe-
zil and Trolox, an antioxidative analog of vitamin E. The Trolox fragment was 
fused with a differently substituted N-benzylpiperidine moiety derived from 
donepezil by an amide bond. The designed compounds were supposed to bind to 
both active sites of AChE and inhibit AChE, Aβ aggregation, and MAOs, while 
also acting as antioxidants. The biological evaluation of the effect of these com-
pounds on all proposed targets revealed that compound 4, which had a fluor 



Pasieka A et al.188

atom in position 2 of benzene ring, was a promising MTDL (Figure 1). This com-
pound inhibited both cholinesterases (IC50 hAChE = 0.54 µM, IC50 hBuChE = 
5.97 µM). Moreover, it displayed nonselective inhibitory activity against MAO-A 
and MAO-B at a micromolar range. Its antioxidant property compared to Trolox 
was confirmed in three different experiments. Furthermore, compound 4 exhib-
ited a metal-chelating effect, especially with copper ions, which are associated 
with AD pathogenesis. The results of self-induced and metal-induced Aβ aggrega-
tion assays also indicated that compound 4 can inhibit both types of Aβ aggrega-
tion. The promising outcomes of the in vitro assays were translated successfully to 
in vivo experiments, in which multifunctional ligand 4 was found to significantly 
improve cognitive decline in scopolamine-, D-galactose-, and AlCl3-induced 
memory deficit models. All these results suggested that this compound is an 
excellent anti-AD candidate.

Another antioxidant and antiaggregating molecule that can serve as a multi-
functional compound is the well-known natural derivative resveratrol. For design-
ing new hybrid structures, deferiprone, metal-chelating drug was used (27). These 
two structures were merged by replacing one of the aromatic rings of resveratrol 
by deferiprone moiety (Figure 1). Among the newly synthesized hybrids, com-
pound 5 possessing an ethoxy group at position 4 showed triple anti-AD func-
tions—inhibition of Aβ aggregation, antioxidation, and metal chelation. Such 
properties make it a potential disease-modifying drug candidate.

MULTIFUNCTIONAL AGENTS FOCUSING ON DISEASE-
MODIFYING TARGETS: TAU PROTEIN AND OTHERS

Besides the presence of senile plaques in the brain of patients suffering from AD, 
the occurrence of NFTs consisting of hyperphosphorylated tau protein aggregates 
is discerned as the second hallmark of the disease. Based on this observation, the 
tau hypothesis was formulated to explain the development of AD (28). Tau is a 
microtubule-associated protein, which, in the physiological condition, stabilizes 
the microtubules and takes part in axonal transport. During the pathological 
 process, kinases, especially glycogen synthase kinase (GSK-3β) and GSK-3α, 
excessively phosphorylate this protein, resulting in a loss of function. 
Hyperphosphorylated tau proteins aggregate and easily create intracellular 
lesions—primarily paired helical filaments and further NFTs. As indicated by the 
tau theory, the presence of these aggregates contributes to all the processes related 
to the AD pathomechanism leading to dementia, including Aβ aggregation. 
Therefore, in drug discovery and development, the tau-centered approaches, 
which involve the interaction with kinases, mainly the GSK-3β enzyme, and the 
direct inhibition of tau aggregation process, are especially important (29).

Tau and Aβ inhibitors

One of the valuable strategies applied in the search of new anti-AD agents is the 
dual inhibition of Aβ and tau aggregation for reducing simultaneously the level of 
both lesions. An example of these agents is 1,2,3,4-tetrahydro-1-acridone 
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analogs, which were designed by combining the structure of tacrine with quino-
lone moiety, and the antiaggregating compound cinnamaldehyde containing 
α, β-unsaturated carbonyl fragment (30). Among the derivatives that differed in 
the length of linker, degree of saturation, substitution of cinnamaldehyde moiety, 
and methylation of the nitrogen atom of tacrine, five compounds inhibited Aβ1–42 
and tau aggregation by 84.7–99.5% and 71.2–101.8%, respectively, at the 
 screening concentration of 20 μM. All these compounds had a quaternary amine 
considered crucial for the observed inhibitory activities. Compound 6 with a 
naphthalene residue (Figure 2), which was identified as a noncovalent inhibitor 
of both neurotoxic proteins and predicted to penetrate the BBB as well as prevent 
tau aggregation in living cells, was selected as the most promising dual agent.

Due to its rich biological properties, the curcumin scaffold is highly preferred 
in the design of multiple antiaggregation agents. It is a natural polyphenol, 
reported to have antioxidant, antiaggregating, and anti-inflammatory activities, 
and is used as a yellow spice. Because of its poor pharmacokinetic parameters, 
especially bioavailability, the scaffold is not applied in the treatment of AD. 
However, its structure was included in a series of potential multifunctional ligands 
(31). Compound 7 (PE859) is a perfect example of such ligands (32) (Figure 2), 
which was found to display higher dual antiaggregating properties compared to 
the parent compound. Moreover, it penetrated the BBB, improved memory in vivo, 
reduced the amount of both aggregated lesions in mice brains, and showed a 
promising pharmacokinetic profile.

Dual Aβ and tau antiaggregating properties were also combined with anticho-
linesterase activity in order to achieve disease-modifying and symptomatic effects. 
However, it should be noted that such hybrid molecules were designed as dual 
binding site cholinesterase inhibitors with potential Aβ antiaggregating proper-
ties. The hybrids described by Muñoz-Torreo et al. (33) were formed by the fusion 
of 6-chlorotacrine, a strong AChE inhibitor, and the previously described tetrahy-
drobenzonaphthyridine derivatives capable of interacting with both active sites of 
AChE and displaying weak Aβ aggregation inhibitory activity. This combination 
allowed obtaining a group of compounds that can target tau, Aβ, and cholinester-
ases. The most potent derivative 8 (Figure 2) inhibited hAChE with an IC50 value 
of 2.06 nM and hBuChE with 0.286 μM, as well as Aβ42 and tau aggregation by 
77.5% and 68.7%, respectively, in recombinant Escherichia coli cells at a concen-
tration of 10 μM. However, a major disadvantage of this compound is its weak 
drug-likeness. Similarly, a series of shogaol–huprine hybrids displaying antioxi-
dant properties, in addition to anticholinesterase and antiaggregating activities, 
was developed, which was characterized by poor drug-likeness (34).

GSK-3β inhibitors with other activities

The inhibition of tau protein phosphorylation by interaction with GSK-3β is an 
important tau-centered approach. A group of researchers from the University of 
Bologna (35) developed a series of 2,4-thiazolidinedione derivatives, which were 
capable of inhibiting not only GSK-3β but also directly the tau aggregation pro-
cess. Compound 9 possessing a substituted indole moiety (Figure 2) was the most 
potent GSK-3β inhibitor (IC50 = 0.89 μM). It inhibited the AcPHF6 aggregation 
peptide (306VQIVYK311) up to 80% in a model system at 10 μM concentration. 
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Figure 2. Structures of small molecules targeting tau protein and other targets.
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The BBB permeability of the derivatives revealed by PAMPA, their safety, and abil-
ity to inhibit truncated and full-length tau aggregation allow regarding them as 
tau-centric multitarget agents.

A new disease-modifying strategy that suppressed both amyloid and tau cas-
cades by the inhibition of two enzymes, GSK-3β and BACE-1, was proposed by 
Bolognesi’s group (36, 37). A series of triazinones was designed based on two 
fragments: a guanidine motif interacting with BACE-1 and a cyclic amide group 
binding to GSK-3β. Among the obtained derivatives, compound 10 (Figure 2) 
was recognized as a novel well-balanced multiple anti-AD agent (IC50 GSK-3β = 
7.11 μM, IC50 BACE-1 = 16.05 μM) because it showed neuroprotective and neu-
rogenic effects and a good ADME (Adsorption, Distribution, Metabolism, 
Excretion) profile. Thus, it seems to be a promising lead structure for further 
development.

The inhibitory activity against GSK-3β, together with AChE inhibition, was 
proposed as a new strategy by Chinese researchers (38). Figure 2 presents the 
most interesting example (compound 11) for simple combination of tacrine scaf-
fold with the structure of a selective GSK-3β inhibitor using an alkyl linker. 
Among the ligands developed by the above team, compound 11 exhibited a  
well-balanced biological profile with the IC50 values in the nanomolar range  
(IC50 hAChE = 6.5 nM, IC50 hGSK-3β = 66 nM). The efficacy of this dual strategy 
was verified in the animal model where compound 11 ameliorated the cognitive 
decline. Moreover, the examined compound did not demonstrate any hepatotox-
icity for tacrine.

Oukoloff et al. (39) also used the same AChE inhibitor fragment for creating 
hybrids, which showed a similar mechanism of action. They connected tacrine 
pharmacophore by a linker containing 1,2,3-triazole with the structure of the 
GSK-3α/β inhibitor valmerin. The in vitro results revealed that compound 12 in 
the form of an R enantiomer (Figure 2) was the most potent, which exhibited 
inhibitory potential with an IC50 value of 9.5 and 7 nM for AChE and GSK-3α/β, 
respectively. Additional advantages of the developed novel tacrine–valmerin mul-
tifunctional ligands were low cytotoxicity and good BBB permeability.

The metal hypothesis of AD indicates that excess levels and dysregulation of 
biometal ions, such as Cu2+, Fe2+, Zn2+, and Ca2+, in the brain cause Aβ aggrega-
tion, generation of reactive oxygen species (ROS), and oxidative stress, leading to 
cell death (40). Metal chelators are potential anti-AD agents and are also used in 
the development of multifunctional agents (41). A novel approach based on 
combing GSK-3β inhibitors with agents exhibiting metal-chelating and 
Aβ-antiaggregating properties was recently presented. The newly formed com-
pounds included 2,3-diaminopyridine derivatives (42) and hydroxy-substituted 
trans-cinnamoyl derivatives (43). The most promising representative compound 
13 from the first group (Figure 2) inhibited the GSK-3β enzyme with an IC50 
value of 49 nM and acted as a selective Cu2+ and Al3+ chelator, showing antioxi-
dant and Aβ-antiaggregating properties. On the other hand, compound 14 from 
the second series (Figure 2) exhibited lower inhibitory potency against GSK-3β 
(IC50 = 24.36 µM), but displayed a broad profile of anti-AD activities.

In turn, two series of compounds, benzoxazinone and indole derivatives, were 
designed as dual kinase inhibitors (44). Besides inhibiting GSK-3β, they targeted 
human adenosine kinase (hAK), which also induces the development of AD by 
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regulating the level of adenosine and cytoprotective effects. Based on three well-
known hAK/hGSK-3β inhibitors, the structures of novel agents were designed and 
developed. Among them, 15 (Figure 2) displayed dual kinase inhibitory activity 
(IC50 hAK = 13.6 µM, IC50 hGSK-3β = 6.4 µM) with antioxidant and neuroprotec-
tive properties, and thus identified as an appropriate lead structure for the devel-
opment of multifunctional ligands that can exhibit an innovative mechanism of 
action.

MULTIFUNCTIONAL AGENTS FOCUSING ON SYMPTOMATIC 
THERAPIES WITH ADDITIONAL BENEFICIAL PROPERTIES

In the course of Alzheimer’s disease, it is important to both treat the causes and 
symptoms of the disease. Dementia changes in patients are also associated with 
other disease symptoms, such as depression, anxiety, psychosis, and personality 
changes. According to the oldest theory of AD, dementia changes and memory 
disturbances are associated with damage to cholinergic neurotransmission. Other 
symptoms result from disturbances in other neurotransmitter systems, including 
GPCRs, such as serotonin, H3 histamine receptors, and the cannabinoid system or 
with impaired functioning of enzymatic systems such as MAOs. Hence, the design 
of multifunctional molecules aimed at the treatment of disease symptoms is based 
on combining the inhibitory activity of cholinesterase with the influence on the 
other molecular targets mentioned earlier.

Multifunctional ligands influencing serotonin and cholinergic 
neurotransmission

Among all GPCRs, serotoninergic receptors are the most attractive as they are 
targeted for designing MTDLs as potential treatment of AD. Their particularly 
desired actions are the activation of 5-HT4 receptors (5-HT4Rs) and inhibition of 
5-HT6 receptors (5-HT6Rs) (45). The first action leads to the modulation of APP 
metabolism and redirects the protein to a nonamyloid pathway. In turn, 5-HT6 
blockage improves cognitive performance by increasing the release of glutamate, 
acetylcholine, and catecholamine in the cortical and limbic areas.

The first class of multifunctional ligands formed by combining 5-HT4Rs with 
cholinesterases was presented by Dallemagne’s research team (46). They described 
a compound named donecopride (compound 16, Figure 3) as a new preclinical 
multifunctional drug candidate showing both in vitro AChE inhibitory activity and 
5-HT4R agonistic potency. Moreover, donecopride also displayed in vivo procogni-
tive and antiamnestic activities in mice. The same research group (47) described 
novel MTLs with an interesting biological profile, which were capable of restoring 
cholinergic transmission through the activation of 5-HT4R, blockage of 5-HT6R, 
and inhibition of AChE. This class of compounds was developed by merging the 
previously developed dual compound with the benzyl analog of donecopride dis-
playing in vitro 5-HT4R agonist and 5-HT6R antagonist properties. The most inter-
esting compound was 17 (Figure 3), a fumaric acid salt exhibiting well-balanced 
activities toward all the three mentioned targets. Compound 17 was found to act 
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as a partial agonist of h5-HT4R (Ki = 210 nM), an inverse agonist of h5-HT6R (Ki 
= 219 nM), and an inhibitor of hAChE (IC50 = 33.7 nM). Additionally, the com-
pound was tested in vivo in a model of scopolamine-induced working memory 
deficit, where it displayed antiamnestic effects at a dose of 0.3 mg/kg.

Several multifunctional ligands based on the combination of pharmacophores 
that are dedicated to 5-HT6R blockage and cholinesterase inhibition were devel-
oped by Więckowska et al. (48, 49). These novel hybrid ligands were obtained by 
combining the pharmacophores directed against 5-HT6R (1-(phenylsulfonyl)-4-
(piperazin-1-yl)-1H-indole) and cholinesterases (tacrine or N-benzylpiperidine 
analogs). Among them, compound 18 (Figure 3) was the most interesting as it 
displayed potent and balanced antagonist activity toward 5-HT6R (Ki = 27 nM) 
and inhibitory effect against both cholinesterases (IC50 AChE = 12 nM, IC50 

Figure 3. Multifunctional ligands influencing serotonin or histaminergic neurotransmission and 
cholinesterases.
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BuChE = 29 nM). The compound also showed good in vitro BBB permeability 
(proved by PAMPA). Additionally, an in vivo study with the use of a scopolamine-
induced hyperlocomotion rat model confirmed the central cholinomimetic activ-
ity of the compound (48). The further development of this series of hybrids 
resulted in multifunctional ligands with Aβ antiaggregation properties (49).

Indole-based multifunctional ligands were designed, synthesized, and evalu-
ated for the treatment of AD as 5-HT6R blockers with inhibitory abilities toward 
eqBuChE and antioxidant properties (50). Based on the biological screening of the 
5-HT6R antagonists against BuChE, two compounds were selected. In order to 
improve their BuChE inhibitory activity, structural modifications were introduced 
in the next stage in the two series of compounds. Of them, ligand 19 (Figure 3) 
displayed beneficial, dual activity targeting 5-HT6R (Ki = 41.8 nM) and eqBuChE 
(IC50 = 5.07 μM), in addition to favorable antioxidant properties that were com-
parable with the reference ascorbic acid.

Multifunctional ligands combining H3R antagonism and 
cholinesterase inhibition

Histamine H3 receptor (H3R) belongs to the GPCRs family. In the central nervous 
system (CNS), H3R acts as a presynaptic autoreceptor and is involved in inhibiting 
the release of histamine and the modulation of other neurotransmitters such as 
acetylcholine. Numerous in vivo studies have proven that both antagonist and 
inverse agonists of H3R improve cognitive deficits, memory, and spatial orienta-
tion (51). Based on their results, H3R is frequently chosen as a biological target for 
anti-AD multifunctional ligands (52–54).

An international multiteam group discovered new multifunctional ligands with 
a broad and well-balanced spectrum of activities against H3R, AChE, BuChE, and 
MAO-A/B (55, 56). These new indole derivatives were designed by combining the 
neuroprotectant ASS234 with cholinesterase- and MAO-inhibiting motifs and cip-
roxifan containing H3R-blocking and MAO-inhibiting pharmacophore fragments 
(Figure 3). Among the newly formed hybrids, contilisant was identified as the most 
promising multifunctional agent. It inhibited hMAO-A (IC50 = 1.85 μM, after 30 
min of preincubation IC50 = 0.145 μM), hMAO-B (IC50 = 1.94 μM, after 30 min of 
preincubation IC50 = 0.078 μM), hAChE (IC50 = 0.530 μM), and hBuChE (IC50 = 
1.690 μM), as well as blocked H3R (Ki = 10.8 nM). Moreover, contilisant demon-
strated in vitro antioxidant neuroprotective effects and the ability to penetrate the 
BBB in PAMPA. Due to its original in vitro biological profile, contilisant was selected 
for in vivo studies and tested using the novel object recognition test in mice with 
LPS-induced cognitive deficit. Based on the excellent in vitro data supported by 
positive in vivo activity, contilisant was studied further with the aim of exploring new 
pharmacological properties that may be potentially beneficial for AD therapy (57). 
The studies revealed another valuable activity of the compound: selective agonistic 
effect on Sigma 1 receptor (S1R) (Ki = 65.2 nM). S1R is associated with learning and 
memory processes, and hence, its agonists are used as antiamnestic agents in a vari-
ety of pharmacological models, probably due to the improvement of glutamatergic 
and cholinergic neurotransmissions. Additional in vivo studies including Y-maze 
and radical arm-maze tasks in mice with cognitive impairment induced by Aβ1–42 
oligomers showed that contilisant exhibited higher activity in comparison with the 
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commonly used anti-AD drug donepezil. Due to its multifunctional profile as well 
as in vitro activities, which were reflected in in vivo tests, contilisant thus seems to 
be  an interesting multifunctional ligand for further development as a disease- 
modifying anti-AD agent (57).

A number of anti-AD multifunctional ligands have been developed based on 
naturally occurring substances. Wang et al. (58) synthesized a series of multifunc-
tional ligands based on isoflavone, which was recently proven to exhibit inhibi-
tory properties toward cholinesterases. In vitro studies revealed that some of these 
ligands showed a multifunctional profile including blockage of H3R, neuroprotec-
tive effect, and antineuroinflammatory properties. Among them, compound 
20 (Figure 3) is noteworthy since it displayed moderate H3R antagonist property 
(Ki = 270 nM) and potently inhibited AChE (IC50 = 80 nM). In addition, the com-
pound 20 demonstrated neuroprotective and antineuroinflammatory properties. 
The in vivo study also confirmed that it did not induce acute toxicity even at high 
doses (1000 mg/kg), but penetrated through the BBB into the CNS and caused 
significant improvements in mice with scopolamine-induced cognitive deficit, 
which were revealed by passive avoidance test (58).

Ismaili et al. (59) described new small molecules combining activities against 
three biological targets including hH3R. The most promising lead showed high affin-
ity toward hH3R (Ki = 0.565 μM), Ca2+ channel blockade activity (IC50 = 21 μM), 
and moderate selective hBuChE inhibition (IC50 = 7.83 μM), besides strong antioxi-
dant properties and ability to restore cognitive impairment induced by LPS.

Multifunctional ligands targeting endocannabinoid system and 
cholinesterases

Since the discovery that the activation of cannabinoid receptors (CB1R, CB2R) 
causes a reduction in the production of neurotoxic factors (ROS, proinflammatory 
mediators) leading to decreased neuroinflammatory processes, the receptors were 
considered as another biological target in the search for anti-AD agents as well as 
multipotent ligands (60, 61). Consequently, Decker’s group (62) developed a 
series of benzimidazole-based dual-acting ligands that can activate CB2R and 
inhibit BuChE. Among them, the authors highlighted compound 21 as the most 
promising hybrid (Figure 4) as it activated hCB2R with an IC50 value of 0.763 μM 
and hBuChE with an IC50 value of 1.6 μM. It is worth noting that this compound 
21 was selective over hCB1R and AChE. Compound 21 was further evaluated 
in  vivo which revealed that it improved cognitive functions in mice showing 
 neuroinflammation and cognition deficits after Aβ25–35 administration at doses 
ranging from 1 to 3 mg/kg.

In turn, Montanari et al. (63) synthesized multifunctional ligands that indi-
rectly enhanced endocannabinoid signaling by inhibiting fatty acid amide hydro-
lase (FAAH), an enzyme responsible for the degradation of crucial endocannabinoid 
signaling molecules: N-arachidonoylethanoloamine and 2-arachidonoyl glycerol. 
In addition to FAAH, the compounds inhibited cholinesterases. Some of the com-
pounds exhibited very high potencies toward single targets; however, the most 
interesting MTL was compound 22 (Figure 4). It potently inhibited FAAH (IC50 = 
157.2 nM, after preincubation IC50 = 27.9 nM), hAChE (IC50 = 922 nM), and 
hBuChE (IC50 = 42.7 nM).
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Enzyme inhibitors—MAO-A/B and cholinoesterases

MAOs (MAO-A and MAO-B) are the enzymes responsible for the degradation and 
inactivation of monoamine neurotransmitters. The inhibition of MAOs leads to neu-
roprotective effects, not only due to an increase in monoaminergic neurotransmis-
sion but also due to limitations in the production of neurotoxic substances, which 
are by-products of a reaction catalyzed by these enzymes. Due to its multiactive 
nature, the chromone scaffold is commonly applied as a structural motive in the 
development of multimodal ligands. Based on its structure, Reis et al. (64) reported 
a series of dual MAO and cholinesterase inhibitors. Among the tested compounds, 
the most promising was found to be compound 23 (Figure 4), which selectively 
inhibited hAChE (IC50 = 210 nM) over BuChE and nonselectively inhibited both the 
isoforms of MAO (IC50 MAO-A = 0.94 µM, IC50 MAO-B = 3.81 µM). Moreover, the 
additional pharmacokinetic and toxicological studies of compound 23 showed its 
lack of cytotoxicity at a concentration below 25 µM, and PAMPA predicted its 
penetration through the BBB. Thus, the established well-balanced activities, low 
toxicity, and predicted permeability of the tested compound make them interest-
ing multifunctional ligands for AD therapy.

Another group of dual inhibitors of MAOs and cholinesterases was developed 
by connecting N-benzylpiperidine fragment derived from donepezil with 
di- tert-butylated hydroxytoluene, which is a fragment responsible for antioxidant, 
anticancer, and anti-inflammatory properties in numerous compounds (65). These 
inhibitors were analyzed by studies divided into two parts: the first aimed to find an 
appropriate linker to connect the two pharmacophores and the second aimed to deco-
rate the  aromatic ring of the benzylpiperidine scaffold. Among the tested compounds, 
24 was recognized as a double AChE (IC50 eeAChE = 75 nM, IC50 hAChE = 750 nM) 
and MAO-B (IC50 = 7.5 µM) inhibitor with noticeable antioxidant properties and 
 ability to reduce both self-induced and hAChE-induced Aβ aggregation (65).

MULTIFUNCTIONAL AGENTS FOCUSING ON VARIOUS 
DISEASE-MODIFYING AND SYMPTOMATIC THERAPIES

The complexity of AD etiopathogenesis forced a search for new biological targets 
in the CNS and even beyond. Among the numerous molecular targets discovered, 
some have been used to create multifunctional ligands.

In pathological conditions, S1R modulates regulatory proteins, restores cal-
cium homeostasis, and controls the production of ROS, thereby contributing to 
the overall neuroprotection effect (66). Based on their previous study, Rui et al. 
(67) developed multifunctional agents capable of modulating S1R and inhibiting 
AChE. The chemical structure of the new multifunctional ligands was developed 
through an interesting combination of RRC-33 (S1R agonist), curcumin (having 
antioxidant properties), and donepezil. The newly developed compounds exhib-
ited a high affinity to S1R, but very weak AChE inhibitory properties. Among 
them, compound 25 (Figure 4) showed binding affinity to S1R with a Ki value of 
15 nM; however, it inhibited AChE only by 64.80% at a concentration of 50 µM. 
Its neuroprotective effect associated with S1R modulation was confirmed by the 
neurite outgrowth observed in the dorsal root ganglia in the in vitro model (67).



Multifunctional Ligand Approach 197

Interesting biological activities were also presented by flurbiprofen–clioquinol 
hybrids (68). Flurbiprofen is a known potent nonsteroidal anti-inflammatory 
drug, which also inhibits platelet aggregation and Aβ aggregation and reduces tau 
phosphorylation. On the other hand, clioquinol is a metal chelator with proven 
antioxidant properties. Among the obtained hybrids, compound 26 (Figure 4) 
was able to inhibit both self-induced and Cu2+-induced Aβ aggregation and 
MAO-B. In addition, it presented biometal-chelating abilities as well as antioxi-
dant and antineuroinflammatory activities and appropriate BBB permeability.

In turn, Hu et al. (69) developed a novel group of multifunctional compounds 
by combining clioquinol with rolipram or roflumilast. These compounds inhib-
ited phosphodiesterase 4D (PDE4D), an enzyme participating in the process of 
memory consolidation and long-term potentiation. The most interesting of them 

Figure 4. Multifunctional agents focusing on various targets.
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was compound 27 (Figure 4), which inhibited not only the PDE4D with an 
IC50 value of 0.399 µM but also the metal-induced aggregation of Aβ, chelated 
metal ions, and exhibited antioxidant properties (ORAC [oxygen radical absor-
bance capacity] = 0.60 Trolox eq.). In addition to in vitro activity, compound 27 
showed in vivo activity by demonstrating procognitive effects in the Morris 
water-maze test.

Another example of multifunctional compounds is hybrids formed by the 
combination of pharmacophore cyclooxygenase-2 and 15-lipoxygenase enzymes 
with the structure of tacrine (70). These compounds are endowed with antineu-
roinflammatory and anticholinesterase activities.

CONCLUSION

The lack of an effective treatment or DMT capable of influencing the causes of 
AD has led to a constant need to search for new solutions and drugs. Undoubtedly, 
an important issue here is the identification of new disease biomarkers, which 
can indicate early enough the pathological changes in the brain that may lead to 
irreversible processes and symptoms over time. The search for new anti-AD 
agents is challenging due to the complexity of the disease and the corresponding 
lack of appropriate animal models useful in preclinical studies. In addition, 
there is a need for properly planned clinical trials to demonstrate the effective-
ness of the drugs. These problems concern small molecules targeting single 
biological target as well as combination treatment and multifunctional com-
pounds. The clinical trials of combination therapy for AD focus on combining a 
cholinesterase inhibitor or memantine with other medications having various 
therapeutic indications. In this context, multifunctional ligands seem to be a 
much better strategy as they combine effects aimed at both causal and symp-
tomatic treatment of the disease.

The examples presented in this chapter show that the search for new anti-AD 
drugs is based on the combination of pharmacophores acting not only on cholin-
esterases and Aβ aggregation but also on tau protein aggregation (GSK-3β inhibi-
tors), neuroinflammation, and antioxidation. The ligands that regulate the 
influence on GPCRs or MAOs are particularly interesting, taking into account that 
the symptoms of depression or other mental disorders often coexist in AD. This 
may indicate that the proper design of a multifunctional molecule can facilitate 
the discovery of an effective therapy for this devastating disease.
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Abstract: Neurocognitive disorders are devastating. In 2016, 43.8 million people 
were estimated to have Alzheimer’s disease worldwide. By 2050, this figure is 
expected to rise by 56%. Despite the extreme importance of the disease, the weap-
ons available to us to combat it are very scarce. Natural substances may be a 
worthwhile option for the treatment and management of neurocognitive disor-
ders. Some of these natural products have been shown to be capable of positively 
impacting memory, behavior, and functions of patients with Alzheimer’s disease. 
These substances act on the disease mainly through antioxidant properties, the 
ability to eliminate oxygen radicals, the capacity to influence cell survival and 
programmed cell death, and the potential to condition amyloidogenesis. This 
chapter provides an overview of our current knowledge on the potential of natural 
products to be effective neuroprotective agents for Alzheimer’s disease. Current 
evidence on Ginkgo biloba, bacopia, resveratol, curcumin, quercetin, kaempferol, 
capsaicin, and berberine, along with their adverse effects and drug interactions are 
discussed.
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INTRODUCTION

In 2013, the Diagnostic and Statistical Manual of Mental Disorders (DSM–5), 
introduced the term “Neurocognitive Disorders”. It groups neurocognitive 
disorders into “major” and “mild” categories. A major neurocognitive disorder 
(MaND) is a disorder characterised by a decline in intellectual function due to 
disease of the brain, caused by a variety of acquired conditions such as 
cerebrovascular disease, Alzheimer’s disease, infections, adverse drug reactions, 
and trauma. Alzheimer’s disease is the most common form of MaND. The key 
distinction between a MaND and a mild neurocognitive disorder (MND) is that 
individuals with MaND experience substantial degradation in function resulting 
in loss of independence due to profound cognitive impairment, whereas subjects 
with MND experience only modest cognitive decline and can therefore function 
relatively independently. Reduced mental capacity may involve problems with 
complex attention, executive functioning, learning and memory, expressive and 
receptive language, perceptual-motor abilities, changes in behavior, and trouble 
performing everyday tasks (1). 

A growing number of herbal remedies, dietary supplements, and “medical 
foods” are advertised as having beneficial neuroprotective effects. Compounds 
such as Ginkgo biloba, resveratrol, curcumin, capsaicin, berberine, kaeperol, 
quercetin as well as others are promoted as memory enhancers or as treatments to 
delay or prevent MaND (2). Many of these substances are found naturally in the 
diet, in vegetables and fruits, as well as in some spices. Some epidemiological 
investigations revealed that high consumption of certain foods was inversely 
associated with the incidence of Alzheimer’s disease. These foods contain 
antioxidants, especially polyphenols. Polyphenols are excellent antioxidants both 
as reactive oxygen species (ROS) scavengers and transition metal chelators. While 
the neuroprotective effects of these foods in neurocognitive disorders are largely 
attributed to their antioxidant potential, some antioxidants derived from these 
foods go beyond modulating ROS (Figure 1). Several natural products are used 
alone or in combination with other treatment modalities to improve memory and 
cognition in both AD and MND (3). This chapter discusses the current scientific 
data on the potential of Ginkgo biloba, bacopa, resveratol, curcimun, quercetin, 
kaempferol, capsaicin, and berberine as effective neuroprotective agents for 
Alzheimer’s disease along with their toxicities and drug interactions.

GINKGO BILOBA

Ginkgo biloba, also known as the Maidenhair tree, is an ancient plant whose 
origins date back to 250 million years ago to the Permian period. The extracts 
of its leaves have been used since antiquity in traditional Chinese medicine to 
treat various pathologies. Nowadays, extracts of this plant are used in Europe, 
especially in Germany and France, for the treatment of memory and 
concentration problems, depressive anxiety disorder, dizziness, headache, and 
many other issues. As highlighted by a systematic review and meta analysis, 
the extract of Ginkgo biloba, EGb761, which contains about 22% of glycosides 
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and flavonoids and about 5–7% of terpene lactans (ginkgollids and biloballids), 
is capable of stabilizing or slowing down cognitive decline, functional decline, 
and behavior disorders at a dose of 240 mg/day. Furthermore, it is able to 
achieve global changes in cognitive impairment and neuro cognitive disorders 
in 22–26 weeks. These changes are significant for patients with neuropsychiatric 
symptoms (4, 5).

Neuroprotective Effects of Ginkgo Biloba

The in vitro effects of Ginkgo biloba extracts are manifold and are widely 
documented. They contain significant amounts of polyphenols. The effects of 
the extracts are largely attributed to their free radical scavenging abilities and 
metal chelation properties, especially chelation of copper and iron. In vitro 
studies conducted on PC12 cell lines have shown that Ginkgo biloba extracts 

Figure 1. Natural products for neurocognitive disorders. The neuroprotective effects of natural 
products are largely attributed to their free radical scavenging abilities. In addition, they can 
chelate metals, inhibit amyolid beta formation, and enhance its clearance. In general, the 
natural products exert minimal or lower-grade adverse events.
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prevent the production of ROS and reduce the cytotoxicity of Aβ(1–42) by 
inhibiting apoptosis and cellular glucose absorption (6). Ginkgo biloba extracts 
were also found to prevent the formation of diffusible neurotoxic ligands 
derived from Aβ(1–42).

The in vivo activities of Ginkgo biloba have been studied in various animal 
models. In the nematode Caenorhabditis elegans, EGb761 alleviated the 
pathological behavior connected to the presence of Aβ, inhibited beta 
oligomerization and Aβ deposits, and attenuated basal and induced levels of 
ROS in models of neurodegenerative pathology. In a trial conducted on 
TgCRND8 AD mice (mice that overexpress the amyloid precursor protein (APP) 
particularly at a neuronal level), treatment with EGb 761 for 5 months 
significantly improved cognitive function, as measured by Barnes Maze test. The 
results clearly showed inhibition of neuroinflammation, reduction in cognitive 
deficits, reduction in synaptic damage, improvement of autophagy, and 
inhibition of Aβ1–42-induced microglial inflammatory activity (7). The doses 
given were designed to maintain plasma concentrations comparable to those 
reached by humans who take 240 mg of product per day (recommended dose).

The effects of the treatment with EGb761 extract of Ginkgo biloba have been 
the subject of a meta-analysis that collected data from three clinical studies. The 
meta-analysis showed that a dose of 240 mg per day of Ginkgo biloba extract is able 
to delay the deterioration of basal activities of daily life. An interesting fact that 
emerged from this analysis was that treatment with EGb761 had the same efficacy 
as acetylcholinesterase inhibitors, at a lower cost (8). The weak point of the cited 
meta-analysis was that it took into account only daily life activities and treatment 
costs, not the behavioral and psychological symptoms of dementia. The behavioral 
and neuropsychiatric effects were explored in a randomized controlled double-
blind multicenter trial, which was designed to investigate the safety and efficacy 
of a daily dose of 240 mg of EGb761 in patients with mild to moderate 
neurocognitive disorders, using the neuropsychiatric inventory scale. Treatment 
with EGb761 improved cognitive function and the neuropsychological symptoms 
of dementia. Significantly, the quality of life of patients and their caregivers 
improved compared to placebo-treated patients (9). A randomized double-blind 
phase III trial conducted on 3069 community volunteers of at least 75 years of age 
with normal cognitive functions or mild cognitive impairment has shown that a 
dose of 120 mg twice daily of Ginkgo biloba is unable to prevent or delay the 
overall incidence rate of MaND or cases of Alzheimer’s disease (10). On the 
contrary, a systematic review and meta-analysis investigating the clinical efficacy 
of EGb761 in minor and major cognitive decline, established that 240 mg per day 
was able to stabilize or slow down the decline in cognitive functions, functional 
skills, and behavior, resulting in overall positive effects, especially in patients with 
behavioral and psychological symptoms of dementia (11).

The Paquid study, a population-based cohort with a follow-up period of 22 years, 
examined the effect of Ginkgo biloba in the elderly. There were 3777 
community  participants, at least 65 years of age at the time of recruitment. 
The  patients were visited at home by psychologists at baseline, and then every 
2  years. They were grouped into three categories: consumers of Ginkgo biloba 
extracts, consumers of other medicines, and controls that did not receive 
any treatment. Consumers of Ginkgo biloba extracts showed lower mortality rates 
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and longer dementia-free lifespans than subjects taking other drugs for the same 
indications (12).

Ginkgo biloba extracts are mainly indicated for the treatment of “age-
associated” cognitive decline and for improving the quality of life in patients 
with mild neurocognitive disorders (MND). Long-term use of these extracts is 
most effective in patients over 50 years of age. According to European 
Pharmacopoeia (Ph. Eur.), the extract should contain 22.0–27.0% of flavonoids, 
2.8–3.4% of ginkgolides A, B, and C, and 2.6–3.2% of bilobalide (active 
constituents), and a maximum of 5 ppm ginkgoid acids (potential allergens) 
(13). Treatment with Ginkgo biloba extracts is safe, but close attention should be 
paid to patients being treated with anticoagulants, as the pharmacokinetics of 
some may be altered by certain plant extracts (14).

Adverse Effects of Ginkgo Biloba

Ginkgo biloba is currently considered to have one of the highest rates of adverse 
side effects and interaction (Table 1) with conventional drugs (15). Cases of 
intoxication have been reported in Japan and China, where Ginkgo seeds and 
nuts have been a common food since ancient times. Poisoning causes  tonic–clonic 
epileptic seizures, vomiting, and loss of consciousness. These effects are mainly 
related to a neurotoxic compound known as ginkgotoxin. Rare cases  of death 
related to Ginkgo poisoning have been described, especially in the years following 
the first and second World Wars, probably due to food shortages. Now-a-days, 
cases of Ginkgo poisoning are much rarer, perhaps due to an increase in knowledge 
of the toxicological profile of these substances. Another adverse effect attributable 
to Ginkgo biloba extracts is spontaneous bleeding, especially in patients taking 
Ginkgo and warfarin together. Rarer adverse effects include a proarrhythmic 
effect, nocturnal palpitations, cerebrovascular events (ischemic stroke and 
transient ischemic attacks), and allergic reactions such as contact dermatitis. Drug 
interactions of Ginkgo biloba with conventional medicinal substances have also 
been reported. It interacts with drugs widely used in clinical practice such as 
omeprazole, midazolam, and tolbutamide.

BACOPA

Brahmi or Bacopa monnieri is a plant used in Ayurvedic medicine with 
neuroprotective and nootropic properties. The neuroprotective effect of this 
plant seems to derive from numerous bioactive components such as bacoside A, 
bacoside B, bacosaponins, and betulinic acid. The mechanisms by which these 
compounds exert a neuroprotective effect and offer improvement of cognitive 
and learning abilities include reduction of ROS, anti-inflammation, and 
inhibition of beta amyloid aggregation. Bacopa seems to play a relevant role in 
the treatment of not only of Alzheimer’s disease but also of other neurological 
pathologies (16).
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TABLE 1 Interactions and side effects of natural products

Natural 
product Indications Drug interactions and side effects

Ginkgo biloba • Age associated cognitive decline
• Mild neurocognitive disorder
• Multi infarct dementia
• Traumatic brain injury
• Normal aging
• Stroke
• Tinnitus
• Intermittent claudication
• Senile macular degeneration

• Pay attention in association with 
anticoagulants

• Intoxication: tonic clonic epileptic 
seizures, vomiting, loss of 
consciousness

• Spontaneous bleeding (when 
administered with warfarin)

• Rare: proarrhytmic effect, allergic 
reactions, acute generalized 
exhantematous pustolosis

Bacopa monnieri • Improve cognition in the elderly 
and in patients with neuro cognitive 
disorders

• Beneficial effects in Parkinson 
disease, depression, neoplastic 
pathologies

• Beneficial properties on 
gastrointestinal tract

No significant harmful side effects is 
currently known

Resveratrol • Improves adult cognitive abilities
• Reduces cognitive decline in the 

healthy elderly
• Slows down the decline in 

pathological states such as 
Alzheimer’s and Parkinson’s disease

• Leukopenia
• Decreases circulating levels of TNF 

and IL 6
• Mild to moderate diarrhea, nausea, 

hypersensitivity and annoying itching 
in the anal area.

Curcumin • Neurodegenerative diseases, multiple 
sclerosis, prion diseases, stroke

• Autism, Down syndrome, 
Amyotrophic Lateral Sclerosis, 
depression, anxiety and aging

• Beneficial properties in diabetes 
mellitus, arthritis, liver, kidney and 
cardiovascular pathologies

• High doses can produce toxic and 
even carcinogenic effects

• Mild nausea and diarrhea
• Subclinical iron deficiency 

Quercetin • Prevention and treatment of 
Alzheimer’s disease and other types 
of dementia

• Adverse effects are rare and usually 
very mild

• In animal models it shows toxic 
effects on kidney

Kaempferol • Protective action against cognitive 
decline

• Beneficial effects in experimental 
models of Alzheimer’s disease

No significant harmful side effects is 
currently known

Table continued on following page
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TABLE 1 Interactions and side effects of natural 
products (Continued)

Natural 
product Indications Drug interactions and side effects

Capsaicin • Beneficial effects both on cognitive 
functions of middle aged adults and 
advanced age subjects

• Beneficial effects on biomarkers of 
Alzheimer’s disease

• Anti cancer properties
• Anti obesity properties
• Osteoarthritic pain
• Cannabinoid hyperemesis syndrome
• Useful as a dermal patch in 

peripheral neurotrophic pain

• At very high doses, well above those 
clinically useful, capsaicin can lead to 
death due to respiratory paralysis

• It is hypothesized that capsaicin may 
have carcinogenic effects linked to 
overdose

• Capsaicin in the form of pepper 
spray is likely to induce a form of 
acute polyneuropathy that resembles 
Guillain Barrè syndrome

Berberine • Neurodegenerative pathologies and, 
in particular, Alzheimer's disease

• Ischemic stroke
• Vascular dementia

• When administered for prolonged 
periods of time, causes a deterioration 
of dopaminergic neurons

• Several drug interactions (tetrandine, 
levodopa, doxorubicin, beta lactam 
antibiotics and hydroxycamptotecin, 
Panax ginseng, cisplatin, fluconazole, 
cyclosporin A, warfarin and 
thiopental)

Neuroprotective Effects of Bacopa

Bacopa’s mechanisms of action (Table 2) have been studied on the microglial 
cell line N9. Infusions, teas, and extracts of bacopa and bacoside A are able to 
significantly inhibit the release of mediators such as TNF-α and interleukin 6 
by microglial cells in vitro. In cell-free systems, teas, infusions and alkaloid 
extracts of Bacopa can inhibit caspases 1 and 3, and matrix metalloproteinases 3. 
Thus the fundamental mechanism of action of bacopa appears to be inhibition 
of the release of pro-inflammatory cytokines by microglia cells and inhibition 
of enzymes that perform pro-inflammatory actions in the central nervous 
system. The net effect of all these pharmacological actions of bacopa evidently 
consists of keeping inflammation under control in the brain (17). In animal 
models, Bacopa monnieri extracts improve cognitive functions mainly through 
protective action on hippocampal neurons and partly through promoting 
neuroregeneration in the dentate gyrus (18, 19). Furthermore, studies on 
APP/PS1 mice have shown that Bacopia monnieri extracts can reduce plaque 
load and enhance plaque clearance, possibly via phagocytosis (20). Bacopa 
monnieri prevents senescence and has an anti-apoptotic effect in brain 
astrocytes and, therefore, is thought to combat brain pollution and age-related 
neurological disorders (21).
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TABLE 2 Mechanism of action

Natural 
products Mechanisms of action

Ginkgo biloba • Antioxidant power
• Copper chelating ability
• Radicals scavenging properties
• Prevents formation of diffusible neurotoxic ligands derived from Aβ(1–42)

• Prevents apoptosis

Bacopa monnieri • Inhibits the release by microglial cells in vitro of mediators such as TNF α and IL 6
• Inhibits caspases 1 and 3 and metalloproteinases 3
• Overall, keeps inflammation under control into the brain
• Expresses amyloid clearance capacity
• Prevents senescence and has anti apoptotic effect in brain astrocytes
• Reduces the share of Reactive Oxygen Species

Resveratrol • Improves metabolic functions
• Acts as a neuroinflammation modulator
• Shows protective effects against oxidative stress
• Seems to inhibit the mechanism of apoptosis in brain cells
• Anti aggregating activity against Aβ(1–42)

Curcumin • Powerful antioxidant, anti inflammatory, anti cancer, anti microbial actions
• Neurotrophic properties
• Stimulates amyloid clearance in Alzheimer’s disease

Quercetin • Anti inflammatory, anti oxidant, anti cancer properties
• Beneficial properties for dyslipidemia, hypercolesterolemia, cardiovascular 

diseases, diabetes
• ROS scavenging ability
• Neuroprotective properties

Kaempferol • Antiamyloidogenic activity
• Destabilizing activity against amyloid fibrils
• Chelates metal ions
• Keeps oxidative stress under control
• Inhibits platelet aggregation and thrombosis

Capsaicin • Mitigates amyloid induced synaptic loss
• Performs neuroprotective functions against stress induced cognitive 

impairment
• Able to reduce the hyperphosphorylation degree of tau protein

Berberine • Anti inflammatory activities
• Anti oxidant properties
• Inhibits acetyl cholinesterase
• Inhibiting properties against amyloid formation

Taken together, the neuroprotective actions and positive effects of bacoside A on 
memory, mental, and intellectual functions can be largely attributed to its ability to 
reduce beta amyloid aggregation and toxicity (22), lower inflammation in the brain, 
scavenge ROS, and increase cerebral blood flow (23, 24). Promising indications for 
use in humans include improving cognition in the elderly and in patients with 
neurodegenerative disorders (25). Bacopa is considered by some authors as a kind of 
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“bulletproof vest” against Alzheimer’s disease (26). It seems that Bacopa monnieri 
extracts are able to reduce the formation of transthyretin fibrils (TTR) by attenuating 
their disassembly from the tetrameric form to the monomeric form. This suggests 
bacopa has a role in preventing transthyretin amyloidosis, a very debilitating and often 
fatal disease in humans (27). The anti-inflammatory properties of bacopa have been 
beneficial in the treatment of many neurological diseases of the central nervous system. 
For example, they have shown promising results in some experimental models of 
Parkinson’s disease (28). In addition, bacopa has proven beneficial in the treatment 
of depression, anhedonia, various inflammatory diseases, and neoplastic pathologies. 
In the rat, bacopa has exhibited beneficial properties on the gastrointestinal tract as an 
antidiarrheal, as a protector of the gastric mucosa, and as an anti-ulcer drug (29, 30). 
Currently, no significant harmful side effects of Bacopa monnieri are known.

RESVERATROL

Resveratrol is a phenol predominantly found in grapes and wine as well as in berries, 
peanuts, and soybeans (31). Resveratrol is effective in reducing the risk of dementia 
in mouse models; this perhaps is due to the fact that improving metabolic function 
improves brain health during senile age (32). Resveratrol acts as a brain 
neuroinflammation modulator (33), shows protective effects against oxidative stress 
(34), inhibits the mechanism of apoptosis in brain cells (35), and exerts anti-
aggregating activity against Aβ(1–42) (36). Resveratrol is a promising molecule for 
improving cognitive abilities in adults, reducing cognitive decline in healthy elderly, 
and slowing decline in pathological states such as Alzheimer’s and Parkinson’s 
disease (37, 38). The toxic effects of resveratrol seem to be closely associated with a 
hormetic effect; low doses are generally associated with antioxidant effects while 
higher doses can have a pro-oxidant effect. Resveratrol can cause leukopenia, 
decrease circulating levels of TNF and interleukin 6, and increase plasma levels of 
alanine aminotransferase. In addition, it can cause mild to moderate diarrhea, 
nausea, hypersensitivity, and irritation of the anal area. Through the dose-dependent 
ROS increase, resveratrol can also cause proteolysis and DNA damage (39).

CURCUMIN

Curcumin is an extract of turmeric widely used in Asia, especially in the culinary 
sector. This substance seems to have multiple beneficial effects, particularly with 
respect to various neurological pathologies and cancer. Curcumin exerts its effects 
through powerful antioxidant, anti-inflammatory, anti-cancer and antimicrobial 
actions. In addition, the molecule has neurotrophic properties and appears to 
stimulate amyloid clearance in Alzheimer’s disease (40). Curcumin shows beneficial 
effects in neurodegenerative diseases such as Alzheimer’s disease, Parkinson’s 
disease, Huntington’s chorea (41), multiple sclerosis, prion diseases, and stroke. In 
addition, the molecule can attenuate age-related severity of autism and Down 
syndrome, and prevent the progression of amyotrophic lateral sclerosis, depression, 
anxiety, and pathological aging by reducing the expression of IL-1α, IL-6, and 
TNF-α, and by the activation of mitochondrial protection and anti-apoptotic 
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mechanisms (42). Currently, there is still insufficient clinical data to support the 
beneficial effects of curcumin in patients with Alzheimer’s disease. In addition, 
curcumin administered orally is poorly bioavailable (43). The pharmacological 
effects, whether therapeutic or toxic, are dose-dependent. At high doses, the 
molecule can produce toxic and even carcinogenic effects (44). Sometimes curcumin, 
due to metabolic activation, can exert pro-oxidant effects (45). Other side effects 
include mild nausea and diarrhea (46). Curcumin also chelates iron and suppresses 
hepcidin, leading to a subclinical iron deficiency (47).

QUERCETIN

Quercetin is a flavonoid present in numerous plants, as well as in certain fruits 
and vegetables. It is also present in red wine and green tea. Quercetin has antioxi-
dant, anti-inflammatory, anti-cancer, and ROS scavenging properties, and has 
been shown to be beneficial for the prostate, dyslipidemia hypercholesterolemia, 
cardiovascular diseases, diabetes, viral infections, kidney transplantation, asthma, 
and lung disease. Furthermore, it seems to have neuroprotective effects in schizo-
phrenia, Alzheimer’s disease, and other forms of dementia (48, 49). The adverse 
effects associated with the use of quercetin are rare and typically mild; however, 
animal studies have shown that quercetin has toxic effects on the kidney, promote 
tumor development especially in estrogen-dependent cancers, and can interact 
with various drugs to alter their bioavailability (50).

KAEMPFEROL

Kaempferol is a flavonoid present in many plants and in vegetables such as cabbage, 
spinach, beans, broccoli, and tea (51). Kaempferol has antiamyloidogenic activity. It 
can destabilize amyloid fibrils, chelate metals, and keep oxidative stress under control 
(52). Kaempferol has also been shown to inhibit platelet aggregation and thrombosis, 
an effect that could prove particularly interesting in vascular forms of cognitive decline 
(53). Like the other main dietary flavonoids (myricetin and quercetin), Kaempferol 
protects against cognitive decline (54). All flavonoids (myricetin, morin, rutin, 
quercetin, fisetin, kaempferol, apigenin, and glycitein) have shown beneficial effects in 
experimental models of Alzheimer’s disease (55). There is currently insufficient data in 
the literature regarding the adverse effects of Kaempferol in humans.

CAPSAICIN

Capsaicin is a well-known alkaloid present in chilli pepper and is responsible for 
its spiciness. In experimental mouse models, capsaicin has been shown to mitigate 
amyloid-induced synaptic loss (56). Furthermore, capsaicin has proven to be 
capable of performing neuroprotective functions against stress-induced cognitive 
impairment (57). Finally, it has been shown in experimental animals that capsaicin 
is able to reduce the degree of hyperphosphorylation of the tau protein, a protein 
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involved in the pathogenesis of Alzheimer’s disease (58). A capsaicin-rich diet has 
been shown to have beneficial effects both on the cognitive functions of middle 
aged adults and advanced age subjects, and on the blood biomarkers of Alzheimer’s 
disease (Aβ40, Aβ42, and their ratio) (59). In addition to its neuroprotective 
properties, capsaicin has anti-cancer (60), antiobesity properties (61) and can 
counteract metabolic syndrome (62). It is useful as a topical applicant to ease 
osteoarthritic pain (63), particularly in that of the knee (64). It can be used in the 
treatment of cannabinoid hyperemesis syndrome (65), and as a dermal patch for 
peripheral neuropathic pain (66). At very high doses (well above those clinically 
useful), capsaicin can lead to death due to respiratory paralysis (67, 68). Capsaicin 
in the form of pepper spray can induce a form of acute polyneuropathy that 
resembles Guillain-Barrè syndrome (69).

BERBERINE

Berberine is an alkaloid extracted from various plants of the Berberis species and 
is widely used in Asia. Berberine exhibits anti-inflammatory, antioxidative, and 
anti-amyloid activities (70). It can also inhibit acetylcholinesterase (70). Berberine 
is useful in neurodegenerative pathologies such as Alzheimer’s disease (71), stroke 
(72), and vascular dementia (73, 74).

Berberine, when administered for prolonged periods of time, causes a 
deterioration of dopaminergic neurons due to the cytotoxic effect exerted by 6 
hydroxydopamine (75–77).

Berberine stimulates uterine contractions and should therefore be used with 
caution in pregnancy. It also appears to exacerbate jaundice and kernicterus 
(Kernicterus or Bilirubin encephalopathy or Nuclear jaundice) in infants with 
glucose-6-phosphate dehydrogenase deficiency. Berberine is likely to be able to 
cross the placenta and harm the developing fetus. It can be transferred to breast 
milk and should therefore also be used with caution when breastfeeding. However, 
berberine does not have known genotoxic, cytotoxic, mutagenic actions, or other 
adverse effects at clinically relevant doses.

Various drug interactions (Table 1) of berberine have been reported: (i), 
tetrandineh worsens the hypoglycaemic properties of berberine; (ii), the activity of 
levodopa is antagonized by berberine; (iii), with doxorubicin, Panax ginseng, 
cisplatin, and fluconazole berberine exerts synergistic effect; and (iv), berberine 
increases the circulating levels of cyclosporin A, warfarin, and thiopental (78).

CONCLUSION

Neurocognitive disorders are multifactorial pathological conditions that require a 
multidisciplinary therapeutic approach. The pharmacological weapons at our 
disposal are extremely limited and any aid is a welcome measure for the patients, 
their families, and caregivers. Given the available evidence, it is reasonable to assume 
that natural products will gain an increasingly important role in the future alongside 
traditional and experimental pharmacological therapies for the management of 
patients with neurocognitive disorders, including Alzheimer’s disease. 
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