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Summary

Alzheimer's disease is a neurodegenerative disorder characterized by a neuronal
and synaptic loss of the cholinergic system and by the accumulation of amyloid B
aggregates and hyperphosphorylated tau protein. There are two main forms of the
disease, namely the familial form, which affects people younger than 65 and
presents a genetic inheritance, and the sporadic form, which includes the
remainder of Alzheimer's cases that usually occur in adults aged 65 and older.
Since current therapies offer only temporary benefits to patients, new strategies
have been formulated on the basis of the complex nature of Alzheimer's disease.
One of the leading approaches is the development of multi-target ligands, which
are able to modulate simultaneously different pathogenic processes. On the
pattern of the previously identified multi-target leads, which displayed the ability
to inhibit both cholinesterases and amyloid B aggregation, the efforts of my PhD
work have concerned the design and synthesis of four different series of naphtho-
and anthraquinone derivatives connected through a polymethylene chain of
variable length to an (hetero)aromatic ring or a basic moiety.

The first set is characterized by the presence of hydrophobic features selected for
an efficient interaction with a sequence of aromatic amino acids of amyloid B,
implicated in the initial phases of aggregation. For the others set, the scaffold has
been decorated exploiting the piperazine or piperidine ring as basic feature in order
to improve the inhibition of cholinesterases. All the compounds have been
evaluated in vitro for the inhibitory activities towards amyloid B aggregation and
both cholinesterases. The first set was subsequentially evaluated towards other
targets such as Tau and MAQ. Since most of the derivatives have been shown a
multi-target mechanism of action, some promising compounds of the second set
have been selected for further biological studies that | performed at the University
of Bath (UK) to establish their safety profile and their value as potential
neuroprotective agents and y-secretase inhibitors.

The encouraging results gathered show that these derivatives may exert different
potential benefit as non-toxic agents against Alzheimer's disease, thus fulfilling
the fundamental requirement for a multi-target mechanism of action. The
challenge will be to move from early biological evaluation (enzyme and cellular
level) to the next in vivo stage.



Introduction

1. GENERAL OVERVIEW

Alzheimer's disease (AD) is one of the most common neurodegenerative diseases
and deemed by World Health Organization (WHO) as 60-70% of total dementia
cases in elderly people'. AD is characterized by a progressive decline in cognitive
function, which typically begins with memory deterioration. Usually, individuals
with this disorder become dependent on caregivers before death.

Alzheimer's main features are the deposit of amyloid beta (AB) peptides in the
extracellular surface of neurons and the formation of neurofibrillary tangles (NFTs)
arising from the intracellular accumulation of hyperphosphorylated Tau protein.
Alzheimer's disease international (ADI) estimates that currently over 50 million
people worldwide are afflicted by dementia, a global community around the size
of Spain; and, as a result of life expectancy increase over the next decades, that
community is likely to rise to about 152 million people by 2050, to one that is more
the size of Russia? (Figure 1).

Someone in the world develops dementia every three seconds, and the current
cost of the disease is about a trillion US dollars a year, which is forecast to double
by 2030. This means that if global dementia care were a country, it would be the
18" largest economy in the world. The annual costs of this disease are
comparable with the market values of company like Apple and Google?.

131 .5m 2050

LX) 2050

2050

13.4mPLL0)
2030

it 2015

Africa Europe
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Americas

FIGURE 1| The projected number of people living with dementia by 2050 according to the
World Alzheimer's Report published by Alzheimer's Disease International?.



1.1 Dementia

Dementia is the generic term to describe a clinical syndrome defined by the loss
of cognitive functions and everyday life skills and competencies. The main risk
factor due to the development of dementia is age. Dementia mainly affects older
people, but 2 to 10% of all cases are estimated to start before the age of 65 years.
This irreversible syndrome is due to diseases of the brain, usually of a chronic or
progressive nature, in which there is an impairment of functions including
memory, thinking, orientation, comprehension, language, learning capacity and
judgement. The impairment is often accompanied, and occasionally preceded, by
deterioration in emotional control, social behavior or motivation. Because of the
heterogeneity of clinical presentation and complexity of disease neuropathology,
dementia classification remains controversial. The most common classification
include: Alzheimer's disease, vascular dementia®, dementia with Lewy bodies?,
frontotemporal dementia® and mixed dementias® (Figure 2). While each of these
dementing conditions has their unique pathological signature, one common
etiology shared among these disorders is small-vessel disease or cerebrovascular
dysfunction at some point during the disease process. Furthermore, all dementia
types share molecular mechanisms, such as hypoxia, oxidative stress,
neuroinflammation and blood-brain barrier (BBB) altered permeability, responsible
for the disease etiology and progression’.

Dementia
Vascular Alzheimer's Dementia with Frontotemporal
dementia disease Lewy bodies dementia
Proportion of dementia cases 20-30 % 50-75% <5% 5-10%

m|.V
Ullc

Neuropathology

racteristicsymptoms

Cerebrovascular

Cortical amyloid

Cortical Lewy bodies

No single pathology —

limited

to

disease. plagues and (alpha-synuclein). damage
neurofibrillary frontal and temporal
tangles. lobes.

Similar to AD, but
memory less
affected, and
mood fluctuations
more prominent.
Stepwise onset.

Impaired memory,
apathy and
depression with
gradual onset.

Marked fluctuationin
cognitive ability.
Visual hallucinations.
Parkisonism (tremor
and rigidity).

Personality changes.

Mood changes.

Language difficulties.

FIGURE 2| Classification of dementia subtypes and associated neuropathological features. A

mixed phenotype

represented by double-sided arrows

neuropathology between two dementia types.

indicates a shared disease
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1.2 History of Alzheimer's disease

Alzheimer's disease was first reported by Alois Alzheimer, a German neurologist
and psychiatrist, in 1901, who described the pathology as an "unusual disease of
the cerebral cortex" which affected a woman in her fifties, Auguste D., and caused
memory loss, disorientation and hallucinations. He followed her care for five years,
until her death in 1906, aged 55. The post-mortem showed abnormalities such as
a shrinkage of the cerebral cortex which was also thinner than normal. He also
reported the presence of a collection of dense deposits or plaques outside the
neurons and bands of fibers or tangles within the brain cells, two figures which
have become indicative of AD. The condition was first discussed in medical
literature in 19078 and named after Alzheimer in 1910.

2. DISEASE PRESENTATION

The clinical manifestations of AD are characterized by progressive memory
deterioration and cognitive decline, related with gradual neuronal death and the
loss of cholinergic function®.

The anatomopathology of AD has been described by progressive loss of synaptic
neurons triggering atrophy in the hippocampus and frontal and tempo-parietal
cortex (Figure 3). The brain areas most affected are basal forebrain, cortex and
amygdala, which are all involved in memory, attention and emotions. However,
among elderly subjects, especially those of advanced age, there is considerable
overlap between brain weight as well as measures of cerebral cortical thickness
between age-matched individuals with normal cognitive function and those with
AD. Indeed, it is only upon the histological examination of the brain specimen that
a definitive diagnosis of Alzheimer's disease can be made.

The loss of synaptic components is a change that clearly has a significant impact
on cognitive function and represents another important morphological alteration.
Other lesions include poorly understood changes such as granulovacuolar
degeneration and eosinophilic rod-like bodies (Hirano bodies)'?. Microscopically it
is possible to observe the formation of amyloid plaques, or senile plaques, which
are amorphous structures of AB, and accumulation of hyperphosphorylated Tau
protein, which implies the formation of neurofibrillary tangles, and extensive
neuronal loss'011,

11
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FIGURE 3| Macroscopic changes. Atrophy of the hippocampus and cerebral cortex.

It is now clear that Alzheimer's disease is a slowly progressive disorder whose
lesions accumulate within the brain over a period of many years. However, the
brain changes underlying AD, such as atrophy and loss of synaptic transmission,
probably develop over a period of year, if not decades, before symptoms'?, and
this period of time is called preclinical AD (usually identified only in research
settings). How long it takes before a sufficient extent of neuropathological damage
produce a degree of functional impairment that might allow a clinical diagnosis is
not known, but it is likely to take many years for this to occur.

2.1 Symptoms

Symptoms vary between AD and other types of dementia, but there are broad
similarities among them all. The individual personality, general health and social
situation are important factors in determining the impact of dementia on the
patient; that is the reason why dementia affects people differently, namely no two
people will have symptoms that develop in exactly the same way.

The most common warning signs are the loss of memory and practical abilities,
which can lead to withdrawal from work or social activities. The early symptoms
include a decline of short-term memory, difficulty to complete everyday tasks,
decreased judgement, problems with language, misplacing things and rapid
changes in mood or behavior for no apparent reason (Figure 4).

12
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FIGURE 4| Alzheimer's disease symptoms timeline.

Disease progression occurs through three different stages, each with its own

challenges and symptoms. By identifying the current stage of the disease, it is

possible to predict what symptoms can be expected in the future and the possible

courses of treatment.

Early-Stage Alzheimer's disease - The disease is often first diagnosed in this
mild stage, which usually lasts 2 to 4 years. In this period of time, family and
friends may begin to realize that there has been a decline in the patient's
cognitive ability. Common symptoms are difficulty with retaining new
information and problem solving or decision making, personality changes and
difficulty expressing thoughts. Cholinergic neurons in the limbic system are
affected and the hippocampus shrinks by approximately 25% of its volume.
Moderate Alzheimer's Disease - Lasting 2 to 10 years, is the longest stage of
the disease. Patients experience increased difficulty with memory and may
need help with activities of daily living. Symptoms frequently include
increasingly poor judgment and confusion. The patients may begin to confuse
family members and lose orientation to time and place. Moreover, they may
begin wandering, making it unsafe for them to be left alone. Other symptoms
involve difficulty to complete tasks and many of the activities of daily living,
greater memory loss and significant personality changes. Additionally, patients
may become withdrawn from social interactions and develop unusually high
suspicions of caregivers.

Severe Alzheimer's Disease — It is the final stage of the disease, which can last
between 1 and 3 years on average, and ends with the death of the patient.
Cognitive capacity continues to decline and physical ability is severely
impacted. Due to the family's decreasing ability to care for the patient, this
stage often results in long-term care facility placements. Patients lose the
ability to communicate and gradually need others for personal care, such as
eating, bathing and dressing. They may be also unable to walk or sit
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independently; muscles may become rigid and swallowing can eventually be
impaired. The destruction of stored memories is associated with degeneration
of cholinergic neurons throughout the cerebral cortex. The person forgets his
past, friends and family. Additionally, no information recovery is possible due to
the interference of the disease in the limbic system.

2.2 Risk factors and prevention

Although it is not currently understood why people develop AD, there are many
genetics and environmental factors suggested to be linked to the development of
the condition. Some are risk factors, while others appear to be protective's.

Risk factors can be defined as characteristics related to the development of a
disease: if these risk factors are present, there is an increased chance, but not a
certainty, that the disease will develop. These include family background or
exposures to a substance or product. Some risk factors can be modified, for
example lowering blood pressure reduces the risk of a stroke; other risk factors
cannot be modified, for example age or family history. Furthermore, risk factors
may be related to AD through different pathways, namely through the affection of
one specific step on the cascade (amyloid, tangles, neurodegeneration), through
the modulation of other pathology related to AD, or independently of known
pathology.

2.2.1 Age

Epidemiologically, AD affects approximately 5% of individuals over 65 years and
20% of those over 80 years. This means that the rate of prevalence doubles every
5 years. Thus, AD has a progressive increase proportional to aging and age is
considered to be a prevalence factor.
The majority (>95%) of patients who develop this disease are aged >65 years, so-
called late onset AD (LOAD), with 1-5% of AD cases exhibiting an earlier onset,
typically in the late 40s or early 50s, so-called early onset AD (EOAD). Late onset
and early onset AD are clinically indistinguishable; however, the latter is generally
more severe than the former and it is associated with a more rapid rate of pro-
gression'4. Moreover, the two forms of AD are associated with different patterns
of genetic epidemiology.
Early onset Alzheimer's disease is usually characterized by the Mendelian
inheritance pattern; this rare form of the disease is called familial early onset
Alzheimer's disease (EOFAD) and it affects less than 10% of AD patients; however,
EOAD patients have also been reported without any family history (termed
14



“sporadic EOAD"). In late-onset Alzheimer's disease, several genes, which are not
inherited in a Mendelian fashion, have been described as potential risk factors, but
non-genetic factors may also be involved in the disease's progression'.

2.2.2 Genetics

There are two main form of the disease: familial AD and sporadic AD. Familial AD
(FAD) develops much faster and is caused by mutations in components of the
amyloid pathway, such as amyloid precursor protein (APP), presenilin-1 (PS1) and
presenilin-2 (PS2). In sporadic AD, there does not appear to be a genetic pattern
of inheritance; a connection has been found between a gene called Apolipoprotein
E (ApoE) and the development of AD.

2.2.2.1 Familial AD

Early-onset familial Alzheimer's disease is a condition characterized by early
onset dementia (age at onset <65 years) and a positive family history for dementia.
Occurrence of familial Alzheimer's disease represents the minority (about 5 %) of
all AD cases. Compared with sporadic AD, EOFAD has some distinctive features,
including onset at early age, positive familial history, a variety of non-cognitive
neurological symptoms and signs, and a more aggressive course. Notably, among
different mutations of EOFAD, there is a marked phenotypic heterogeneity. EOFAD
diagnosis is based on family and clinical history, neurological symptoms and
examination, biomarker features, as well as genotyping in some cases. EOFAD
individuals may benefit from new therapeutic agents targeting amyloid
formation'®. Three genes are considered the main risk factors for EOFAD: amyloid
precursor protein (APP), presenilin 1 (PSENT), and presenilin 2 (PSEN2) (Figure 5).
All three causal AD genes lend support to a common pathogenic AD pathway, with
a pivotal role for AB, leading to apoptosis of the neurons and dementia'"'8.
Mutations in these three genes can be considered as “diagnostic biomarkers” of
the disease, since they show an autosomal dominant inheritance and lead with
certainty to AB aggregation and early-onset disease.

e APP mutations account for <0.1% of AD cases. The APP gene is located on
chromosome 21. Triplication of chromosome 21 results in the triplication of
the APP gene, which might enhance APP expression and AR accumulation.
Down syndrome patients have been reported to develop AD pathology
(deposition of senile plaques and neurofibrillary tangles) earlier than those
without Down syndrome'®. This finding suggests that overexpression of APP
might be related to AD pathology. The APP gene contains 19 exons for
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encoding the APP protein. The AR peptide is encoded by exons 16 and 17.
Most of the pathogenic APP mutations are located near the cleavage sites
of a, B, and y secretase enzymes, suggesting they might be involved in the
onset of AD through altering the proteolysis of the AB peptide?°. In addition
to these dominant mutations, the APP mutation spectrum extends to two
recessive mutations, which only cause disease in the homozygous state, and
APP locus duplications, underscoring the importance of APP gene dosage in
AD™.

PSENT and PSENZ2, two highly homologous genes, were identified in 1996
through linkage analyses, as probably involved in the onset of AD?"?2, The
structures of PSENT and PSENZ are similar, sharing a homology of 67%. Both
of them contain 12 exons with ten coding exons (exons 3—12) for a protein
of ~450 amino acids. PS1 and PS2 are transmembrane proteins with at least
seven transmembrane domains?’. Presenilins are functionally involved in the
y-secretase-mediated proteolytic cleavage of APP??2. The majority of
AD-linked PSENT and PSENZ2 mutations are single-nucleotide substitutions,
but small deletions and insertions have been described as well. Mutations in
PSENT and PSENZ impair the cleavage and cause an increase in the ABaz:
ABa4o ratio. This rise might occur through either an increase in ABa2 levels, as
indicated in plasma and fibroblast media from PSEN-mutation carriers?3, or
a decrease in ABag levels.

Most AD risk-factor mutations have been detected in PSENT (approximately
30—70% of EOFAD), which is located on chromosome 14. More than 180
mutations were found in PSENT in association with FAD, but they might be
involved in sporadic AD or LOAD. Patients with PSENT mutations might
develop AD symptoms in their 40s or early 50s, with a few cases occurring
in persons in their late 30s and early 60s. PSEN2, on chromosome 1, is
another risk-factor gene for AD, especially EOAD. A few PSEN2 mutations,
such as Leul43His or Argl143His, have not been associated with any
neurodegenerative phenotype?*. Two PSEN2 mutations, may be involved in
breast cancer, although the pathomechanism is still not clear?®.
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FIGURE 5| Schematic of the three genes involved in the early onset AD.

2.2.2.2 Sporadic AD

Sporadic AD is characterized by a severe progressive decline in cognition and
increased neuronal cell death and it accounts for the most part of AD cases. The
prevalence of sporadic AD cases shows a late onset, is related to a complex
combination of genes, environment and lifestyle, and it has not a specific familiar
connection (Figure 6). An important genetic risk factor for late onset sporadic AD
Is the APOE gene, located on chromosome 19, and its importance has been
validated from population studies. ApoE protein is the main cholesterol carrier in
the brain, involved in neuronal maintenance and repair. This protein binds to
several receptors on the cell surface, implicated in lipid delivery and transport,
glucose metabolism, neuronal signaling, and mitochondrial function. In
physiological condition, ApoE binds to AR peptide and plays a role in its
clearance?®. Two polymorphic sites, located at codon 112 and 158, have been
described in the human APOE gene. At least three main variations of the APOE
gene have been identified, called "E2," “"E3," and "E4" alleles. E3 was defined as a
normal allele with Cys at codon 112 and Arg at codon 158, while the two other
APOE alleles, the E2 and E4 alleles, carry Arg158Cys and Cys112Arg
polymorphisms, respectively?’. Six different genotypes can be distinguished with
the following combinations: homozygous — E4/E4, E3/E3, and E2/E2 — and
heterozygous — E2/E3, E2/E4, and E3/E4. E3 is the most common variant (77%),
while E2 (8%) and E4 (15%) alleles have been detected less frequently. Higher
frequencies of the E4 allele have been found among AD patients, and increased
risk of AD can be found in patients with both homo- and heterozygous alleles?®.
Despite the studies linking E4 with AD, the presence of this allele is neither
necessary nor sufficient for developing the disease?®. The pathogenic nature of
the E4 allele might be associated with the structural change of ApoE protein. ApoE
protein has two major functional domains: a 22 kDa N-terminal and a 10 kDa C-
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terminal domain, connected by a hinge region. The E4 allele can promote domain
interactions through altered orientations in the N-terminal domain. Arg112 can
interact with the Glu255 in the C-terminal domain, resulting in structural changes
of ApoE protein, neuronal death, and neurodegeneration.

The prevalence of the E2 allele has been found to be significantly lower in
individuals with dementia?®. Indeed, E2 allele was suggested to be protective
against AD. Further, APOE E2 and E3 may participate in neuronal maintenance and

repairs0.
Less APB clearance
APOE
E4
AP aggregation
. Alzheimer's
Other genetic > disease
factors
Inflammation
Nongenetic
factors .
Altered AB production

FIGURE 6] Schematic of factors involved in the sporadic late onset AD.

2.2.2.3 Additional genetic risk variants for LOAD
Studies conducted in families of patients with AD support the presence of at least
four to six additional major AD risk genes. Indeed, genome-wide association
studies (GWASs) have identified several genes that might be potential risk factors
for AD, including clusterin (CLU), complement receptor 1 (CRT),
phosphatidylinositol binding clathrin assembly protein (PICALM), and sortilin-
related receptor (SORLT). Additionally, recent studies have discovered novel genes
that might be involved in late-onset AD, such as triggering receptor expressed on
myeloid cells 2 (TREMZ2) and cluster of differentiation 33 (CD33).

e Clusterin (CLU) is a major inflammatory-related apolipoprotein that is
expressed in all mammalian tissues. Clusterin may play a protective role
against apoptosis, cell damage, or oxidative stress. Its expression has been
found to be upregulated in the brains of AD patients. Animal models have
suggested it might be secreted with soluble AB. Clusterin can act as a
molecular chaperon, which might prevent AB oligomerization and fibrillization.
GWASs have determined a strong association between CLU mutations

18



(located on chromosome 8) and LOAD. Additionally, a significant association
has been found between the APOE E4 allele and CLU mutations®'.
Complement receptor 1 (CRT) gene, located on chromosome 1, encodes the
receptor for C3b complement protein. CR1 and C3b can be involved in AR
clearance and in the prevention of AB aggregation. Risk-factor mutations for
LOAD have been found in CR1 (rs6656401 and rs3818361). The functional role
of CR1 mutations in AD pathogenesis is not determined yet, and further
studies are needed to find out the effect in AR deposition32.
Phosphatidylinositol binding clathrin assembly protein (PICALM), located on
chromosome 11, may be a putative LOAD risk-factor gene. PICALM can play
a role in APP endocytosis and AR generation. Additionally, its overexpression
may increase AB cleavage and aggregations2.

Sortilin-related receptor 1 (SORL1) gene is the best-validated gene
modulating late-onset AD risk after APOE. It is located on chromosome 1123
and may be involved in AB recycling. SORL1 belongs to a group of five type |
transmembrane receptors that are highly expressed in the central nervous
system (CNS) and are characterized by a luminal, extracellular vacuolar
protein sorting 10 domains. The under-expression of SORL1 can increase AR
generation34.

Triggering receptor expressed on myeloid cells 2 (TREMZ2), located on
chromosome 6,is a member of immunoglobulin family and it contains a single
variable domain. TREM2 is located on the membrane of several immune cells,
such as macrophages and dendritic cells. Functions of TREM2 protein can
include the clearance of apoptotic cells and immunosuppression. In an
Icelandic population, a rare variant (Arg47His) has been suggested to increase
the risk of impairment in inflammation, leading to LOAD. Other variants
located in exon 2 have been shown higher percentage in AD patients. AD
associated with TREMZ2 can be associated with chronic brain inflammation
with aberrations in microglial phagocytosis or inflammatory pathways®®.
Cluster of differentiation 33 (CD33), located on chromosome 19, is a
transmembrane glycoprotein that is expressed on the surface of myeloid
progenitor cells, mature monocytes, and macrophages. It can function as a
lectin, a carbohydrate-binding protein, which inhibits cellular activity. The
CD33 locus is related to an altered monocyte function, which suggests it can
be involved in innate immunology, leading to AD progression. Elevated CD33
expression may lead to cognitive decline. Mutations in CD33 can be
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associated with disturbances in myeloid function and amyloid pathology, thus
may be involved in the progression of early AD3’.

Identification of new AD-related genes is important for better understanding the
pathomechanisms leading to neurodegeneration, and finding the potential genes
involved in AD progression is an essential step in molecular diagnosis. Since the
differential diagnoses of neurodegenerative disorders are difficult, especially in the
early stages, genetic testing is essential for diagnostic processes'®. Indeed,
disease-modifying therapies are more likely to be effective in the earlier stages of
AD, especially before the clinical symptoms appear. Genetic testing in the family
members of patients should also be important to predict the risk for disease onset
in the future. Using disease markers with genetic testing together may provide
more effective disease diagnosis.

2.2.3 Coexisting Health Problems

2.2.3.1 Cerebrovascular disease

The link between heart health and brain health has been firmly established, and
many cardiovascular risk factors are clearly related to risk for cerebrovascular
disease and vascular dementia (Figure 7). Indeed, cerebrovascular changes such
as hemorrhagic infarcts, small and large ischemic cortical infarcts, and
vasculopathies all increase the risk of dementia. Stroke could lead to cognitive
impairment and AD through several mechanisms. First, stroke may lead directly
to damage of brain regions that are important in memory function, such as
thalamus and thalamocortical projections. Second, stroke might increase AR
deposition, which in turn can lead to cognitive decline. Third, the onset of stroke
may induce inflammatory responses that impair cognitive function. And last,
hypoperfusion can lead to overexpression of cyclin-dependent kinase 5 (CDK5), a
serine—threonine kinase that is critical to synapse formation and synaptic
plasticity and, hence, to learning and memory. Aberrant CDK5 activation is
associated with neuronal apoptosis and death®8 This kinase may also be involved
in the abnormal phosphorylation of tau, thereby contributing to the formation of
NFTs®, and might be a key protein linking NFT pathology to amyloid plaques.
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FIGURE 7| Potential mechanisms linking vascular and other risk factors to cognitive
impairment. At least two pathways exist: the development of cerebrovascular disease
may lead to vascular cognitive impairment syndromes, and deposition of AB may lead to
other distinct amnestic clinical syndromes, including Alzheimer's disease. In addition,
these pathways may overlap and interact, resulting in mixed cognitive syndromes.

2.2.3.2 Blood pressure
Hypertension is a shared risk factor of AD and VaD associated with significant
memory impairments in late life®®. Chronically elevated blood pressure promotes
cerebrovascular remodeling, leading to a reduction in the lumen diameter by an
increase in the wall-to-lumen ratio. Additional consequences of prolonged
systemic blood pressure include altered morphology of small cerebral arterioles
that supply vulnerable brain regions necessary for cognitive function. In middle
age, elevated blood pressure increases the risk of cognitive impairment, dementia
and AD (Figure 7). Hypertension may increase the risk of AD by decreasing the
vascular integrity of the BBB, resulting in protein extravasation into brain tissue®'.
In turn, protein extravasation can lead to cell damage, a reduction in neuronal or
synaptic function, apoptosis, and an increase in AB accumulation, resulting in
cognitive impairment*?. With increasing age, the effect of elevated blood pressure
on AD risk diminishes and may even become inverted, with an increase in blood
pressure showing a protective effect. This observation might be explained by the
fact that following the onset of AD, blood pressure begins to decrease, possibly as
a result of vessel stiffening, weight loss and changes in the autonomic regulation
of blood flow.
2.2.3.3 Type 2 diabetes

In observational studies, type 2 diabetes (T2D) has been found to nearly double
the risk of AD*® (Figure 7). Various mechanisms have been proposed whereby
diabetes might influence the development of AD. In cases of hyper insulinemia
accompanying diabetes, insulin may compete with AB for the insulin degrading
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enzyme, which is involved in AB clearance, thereby hindering clearance of AB from
the brain*4,

Moreover, diabetes and impairment of glucose tolerance lead to the formation of
advanced glycosylation end products (AGEs), and amyloid plagues and NFTs
contain receptors for AGEs (RAGEs). Glycation of AB enhances its propensity to
aggregate in vitro. In addition, RAGEs may facilitate the neuronal damage caused
by AB*, as the latter is a high-affinity ligand for cell-surface RAGEs.

2.2.3.4 Others

Many others risk factors have been found to be probably associated with dementia
and/or AD. However, the mechanism linking these factors to the development of
the disease remains unclear and in literature conflicting data are reported. One
exampleis the level of plasma lipids: evidences assert that depletion of membrane
cholesterol inhibits secretase cleavage of APP#¢, thereby lowering AR
accumulation. Nevertheless, dyslipidemia increases the risk of vascular disease?*’,
which in turn is associated with a higher risk of AD. A second example is smoking,
which could affect the risk of AD via several mechanisms. It may increase the
generation of free radicals, leading to high oxidative stress, or affect the
inflammatory immune system, leading to activation of phagocytes and further
oxidative damage*® or it may promote cerebrovascular disease. However,
evidences that smoking can have a protective effect against AD also exist. Indeed,
nicotine has been suggested to induce an increase in the level of nicotinic
acetylcholine receptors, thereby counterbalancing the loss of these receptors, and
subsequent cholinergic deficits, observed in AD*%. The last example is depression;
studies have found an increase in the risk of AD or mild cognitive impairment in
individuals with a history of depression®°!, but others have been unable to link AD
with this mood disorder®?. However, depressive symptoms occur in 40—50% of
patients with AD. The mechanisms underlying the possible association between
these conditions might involve vascular pathways and still have to be clarified.

2.2.4 Prevention

Because there are no established diagnostic biomarkers of dementia-related brain
damage, and the mechanisms linking this damage to the expression of dementia
symptoms are not fully understood, prevention of dementia is commonly
conceived as the delay of the clinical onset of the disease rather than a slowing or
avoidance of the development of the neuropathology.
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A large variety of potential risk and protective factors for dementia and cognitive
impairment have been investigated in epidemiological and experimental studies®3.
The current focus on modifiable risk factors is justified by their potential to be
targeted for prevention. However, there is still no evidence strong enough at this
time to claim that lifestyle changes will prevent dementia on an individual basis.
A wide variety of activity, including physical, cognitive, and social or leisure
activities, has been linked to a reduction of risk for dementia®*°®. These activities
work through a wide variety of mechanisms, ranging from cardiovascular benefits
of physical activity to the potential building of reserve capacity through cognitive
stimulation.
Education has long been connected to a lowered risk of AD. In fact, several clinical-
pathologic studies showed that education is associated with cognitive decline or
dementia regardless of AD pathology®®®’ or that education modifies the
relationship between AD pathology and cognition®59. The evidences support the
hypothesis that education, and the related construct of occupational complexity,
impart resilience to pathology and a neural reserve capacity.
Following initial reports that elderly people with higher levels of education had a
lower incidence of dementia than individuals with no education, cognitively
stimulating activities such as reading, puzzles, and games were suggested to
decrease the risk of cognitive decline and are posited to build reserve capacity
much like education. Studies have shown that early-life and late-life cognitive
activities are independently associated with cognitive decline after adjustment for
AD and other pathologies and even that cognitive activities in adulthood are more
strongly related to reserve (residual variance in cognition after adjusting for AD
and other pathologies) than is education®°.
Social or leisure activity is another lifestyle activity that has been linked to
dementia, though, to date, the association has rarely been explored in the context
of AD pathology. Socializing, specifically, does appear to confer benefits to the
brain. Studies have shown that larger social networks positive modify the
relationship between AD pathology and cognition®'.
Epidemiological and experimental data suggest that also physical exercise may
promote brain health. Conflicting results have, however, emerged from
observational studies that examined the relationship between exercise levels and
cognitive decline or dementia: while some studies indicated that physical activity
has a beneficial effect on brain health, others showed no association between
these variables®?. Physical activity could affect cognition via multiple
mechanisms. An improvement in aerobic fitness increases cerebral blood flow,
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oxygen extraction and glucose utilization, and activates growth factors that
promote structural brain changes, such as an increase in capillary density®. In
addition, rodent studies suggest that physical activity decreases the rate of
amyloid plaque formation®4.

2.3 Diagnosis

Researches show that most people currently living with dementia have not
received a formal diagnosis. Indeed, in high income countries, only 20-50% of
dementia cases are recognized and documented in primary care. This “treatment
gap"is certainly much greater in low and middle income countries, with one study
in India suggesting 90% remain undiagnosed®. This means that approximately
three quarters of people with dementia have not received a diagnosis, and
therefore do not have access to treatment, care and organized support that getting
a formal diagnosis can provide. Moreover, in the cases in which diagnosis occurs,
this is typically at a relatively late stage in the disease process, when progressive
decline has had noticeable impacts upon patient's ability to carry out important
everyday activities.

Despite neurodegenerative changes can begin decades before the onset of
symptoms, the time from first symptoms to the correct diagnosis may take up to
2 years®. The reasons for a delayed diagnosis may include that older patients
themselves tend to play down their symptoms because they consider memory
problems part of “normal” aging, and because of concerns associated with a
dementia diagnosis, such as fear of limited autonomy, need for a caregiver and
the false belief that nothing could be done. All these issues result in inactivity in
seeking help. On the other hand, another factor contributing to low rates of
detection of dementia is that medical practitioners may also neglect the diagnosis
of dementia because of a misconception of memory problems as normal in
persons of advanced age, lack of (neuro)geriatric training, ageism or fear of
constraining the patient's independence. However, the recognition and correct
diagnostic assessment of dementia are important for enabling targeted treatment
and management as well as advance care planning®®.

Unfortunately, there is not a simple test to make a diagnosis. Despite significant
Improvements in brain imaging, dementia can only be confirmed with certainty by
examining the brain after death. Thus, the diagnosis of AD in living patients is
based upon clinical examination (Figure 8). There is new research on development
of tests that can detect Alzheimer's disease biomarkers, but this remains at an
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early stage®”® When making a diagnosis, it is important to exclude other treatable
conditions that cause memory loss such as depression, urinary infection, vitamin
deficiency and brain tumor.

The criterions for diagnosing mental disorders can be found in the Diagnostic and
Statistical Manual of Mental Disorders (DSM-1V), published by the American
Psychiatric Association, and are also established by the National Institute of
Neurological and Communicative Disorders and Stroke (NINCDS) concomitant
with Alzheimer's Disease and Related Disorders Association (ADRDA)®%°.

The first step in finding a diagnosis is obtaining the patient history. Namely, the
family history of illness, what symptoms are present, when they began and how
they have progressed over time. Then both neuropsychological and psychometric
tests are performed to analyze the cognitive functions of patients. Particularly, for
global cognitive function, the main clinical examination established by NINCDS-
ADRDA is the Mini-Mental State Examination (MMSE). Prepared by Folstein et al.’,
MMSE test can be used by clinicians to help diagnose dementia and to help assess
its progression and severity. It consists of a series of questions and tests, each of
which scores points if answered correctly, with a score out of 30 possible points
(a score of less than 12 indicates severe dementia). It tests a number of different
mental abilities, including a person’'s memory, attention and language. This test
can be used alone or coupled with other tools to assess the cognitive level of
patients. MMSE can also be used to assess changes in a person who has already
been diagnosed with dementia, as AD patient's scores typically decrease 2 to 4
points every year. Therefore, it can help to give an indication of how severe a
person's symptoms are and how quick dementia is progressing. Undoubtedly,
MMSE is only one part of assessment for dementia and the result should be
considered alongside other measures of how the person is coping together with
clinical judgement. Apart from MMSE test, several others neuropsychological
tests exist, aimed to evaluate specific cognitive function as memory assessment,
attention, conceptualization and abstraction and constructive skills”'. Two notable
issues surround the use of neuropathological studies to inform the diagnosis of
AD. First, neuropathological studies are usually end-stage disease investigations
and extrapolation of the findings of such studies to living patients in earlier stages
of disease can be difficult. Second, neuropathological findings can differ between
patients with similar clinical profiles before death. Thus, clinical diagnoses are not
always in agreement with clinicopathological diagnoses, which indicates that the
relationship between clinical profiles and age is not stable'.
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The standard diagnostic work-up also includes laboratory screening such as
blood tests, urinalysis and other physical examination to rule out comorbidities or
primary cause of dementia as hormone imbalance, vitamin deficiency,
hypothyroidism and urinary tract infections. Genetic studies are also important
complementary tests that can integrate a more complete diagnosis of the disease.
In the differential diagnosis of cognitive decline, brain imaging plays an important
role. The goals of imaging are: (i) to exclude a potentially treatable disorder as
frontobasal meningioma; (ii) to detect vascular alterations as small vessel disease;
(i) to demonstrate evidence of temporal or frontal atrophy indicative of AD or
frontotemporal dementia, respectively; (iv) to detect both atrophic and vascular
changes, features of mixed dementia’.

In most patients the imaging diagnosis is based on cranial computed tomography
(CT) and magnetic resonance imaging (MRI) as these exams provide information
about the shape and the volume of the brain. Other imaging modalities enable
evaluation of molecular alterations by using specific radiopharmaceuticals. The
metabolism of glucose visualized by positron emission tomography (PET) can be
evaluated to detect molecular alterations, such as amyloid beta and tau deposit’?,
and microglial cells driving neuronal destruction.

Cerebrospinal fluid exams (CSF) analyze the changes in two biomarkers: reduced
AB42 and increased levels of Tau protein, total and phosphorylated, that is related
to neuronal decay™.

According to INCDS-ADRDA criteria, information gathering from all the tests and
exams above mentioned result in a diagnosis of definite, probable or possible
Alzheimer's disease. As the brain pathology develops, then so do the symptoms
and signs, that may, with progression, ultimately validate the diagnosis of

dementia.
Screening Exclusion criteria Screen-in Risk of decline
Age Plasma Incidental findings Amyloid Neuronal loss
Cognitive testing Vascular pathology Tau Synaptic dysfunction
APOE-£4
Clinical measurement MRI PET / CSF MRI / PET / CSF
Number of subjects

FIGURE 8| Diagnostic set of images of patients with cognitive decline at various disease
stages and ages.
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3. ETIOPATHOGENESIS

The most important neuropathological event in Alzheimer's patients is a neuronal
and synaptic loss at the level of different neurotransmitter systems, the first of
which is the cholinergic system, although major alterations are also observed in
neuronal systems that use as neurotransmitter noradrenaline, serotonin,
glutamate, substance P and somatostatin. AD is also characterized by the loss of
function and death of neurons in different areas of the brain due to the
accumulation of B-amyloid (AB) aggregates and hyperphosphorylated tau
proteins, which lead to the formation of extracellular amyloid plaques and
intracellular fibrillary tangles, respectively. Despite the continuing efforts of
researchers, the pathogenesis of this neurodegenerative disorder is not yet fully
understood, and during the years different hypothesis have been formulated.
Currently the scientific consensus is quite firm in describing AD as a multifactorial
disease caused by several elements (Figure 9). These elements include: loss of
cholinergic transmission, excessive protein misfolding and AR aggregation,
oxidative stress and free radical formation, metal dyshomeostasis, excitotoxic,
and neuroinflammatory processes’®.
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FIGURE 9| Schematic representation of some biological pathways involved in AD
pathogenesis.
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3.1 Cholinergic hypothesis

The cholinergic hypothesis was proposed to explain the etiology of AD in 1970
after the observation of postmortem brain of patients. The first physiological
evidence for the involvement of the cholinergic system in the pathology was a
reduction in pre-synaptic acetylcholine (ACh), and a reduced activity of choline
acetyltransferase (ChAT) in the septal nuclei and basal forebrain of patients?®.
ChAT is the enzyme responsible for the synthesis of the neurotransmitter ACh in
the brain, which has a significant role in the neuromodulation of memory, learning
and other cognitive functions. According to the cholinergic theory, the
development of AD symptoms is related to structural alterations in cholinergic
synapses, loss of ACh receptors, death of ACh-generating neurons and the
deterioration of cholinergic transmission. Taken together, all these issues lead to
the accumulation of the enzyme responsible for ACh hydrolysis,
acetylcholinesterase (AChE).

3.1.1 Cholinergic neurotransmission
Cholinergic neurotransmission is based on proteins involved in ACh synthesis,
storage, transport, and degradation (Figure 10). Acetylcholine is synthesized from
choline and active acetate, partly in the cytoplasm of cholinergic neurons, but
mostly at the terminal buttons’’. Choline originates from lipid degradation
(especially from lecithin) as well as from acetylcholine hydrolysis and it is captured
from outside the neuron by axonal termination via a specific transport
mechanism. Acetyl-coenzyme A (acetyl-CoA) is formed in the mitochondria
starting from pyruvate. Choline acetyltransferase, which is present in high
concentration in the cytoplasm of cholinergic nerve endings, catalyzes the
esterification between choline and acetyl-CoA. The activity of ChAT is regulated
by neuronal depolarization, influx of calcium ions and phosphorylation of the
enzyme’’. The biosynthesized ACh is transported by vesicular ACh transporter
(VAChT) which facilitates its storage into synaptic vesicles. The release of
acetylcholine occurs by exocytosis of the synaptic vesicles. The vesicles fuse with
the pre-synaptic membrane and eliminate the neurotransmitter in the synaptic
cleft, where it can activate two different types of receptor: muscarinic and
nicotinic. The release activity is due to the influx of calcium ions, which occurs as
a result of the opening of the slow channels in the pre-synaptic membrane,
controlled by depolarization’®. Then acetylcholine crosses the synaptic cleft and
enters with its cationic end in the anionic site of the active receptor surface, and it
Is subsequentially fixed with its ester group by the esterophilic site of the enzyme.
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ACh acts by activating the receptors causing stimulation or inhibition, depending
on the neuronal type and localization of the receptor; the cellular effectors of these
receptor are sodium ion channels and membrane proteins modulated by G
proteins. Acetylcholine that breaks down from the cholinergic receptor complex is
rapidly hydrolyzed and inactivated thanks to acetylcholinesterase (AChE), an
enzyme presents in the synaptic cleft, either free or bound to the basal lamina. The
final step is the uptake of the choline in the presynaptic neuron, and then the
process is repeated for the neurotransmission.
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FIGURE 10| Schematic of the synthesis of acetylcholine and the cholinergic
neurotransmission.
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3.1.2 Cholinesterases

There are two types of cholinesterase: acetylcholinesterase (AChE) and
butyrylcholinesterase (BChE). Both enzymes are a,3-hydrolases folded with a-
helices surrounding the central B-sheet which contains the catalytic domain®
(Figure 11). In mammals, gene with chromosome location 7q23 encodes AChE,
while BChE is encoded by the gene with chromosome location 3g23. Within
species, the overall tertiary structure of cholinesterase enzymes was found to be
similar with ~50% amino acids identity®°.
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FIGURE 11| Schematic diagram of the topological secondary structure of the a,3-hydrolase
fold. The a-helices are shown as orange cylinders, the B-strands as green arrows, and
the three residues making up the active site are shown as blue circles (the labels Ser,
Glu and His correspond to the catalytic-triad of the AChE active-site).

Although AChE and BChE are structurally similar, both their significance and
location are substantially different. AChE is predominantly observed in the
neuronal synapses and blood, whereas BChE, at the level of the human brain, is
located close to glial cells and neurons or in tangles and neuritic plaques in AD
patients®'. Another difference between the two cholinesterases is the preference
for the substrate they hydrolyze. In physiological conditions, AChE is the main
enzyme responsible for ACh hydrolysis, while BChE plays a supportive role and
hydrolyzes butyrylcholine. AChE performs the hydrolysis of the small substrate
ACh into acetic acid and choline. Whereas, BChE adapts the bulkier substrate like
benzoyl- or butyrylcholine for their catalytic decomposition. BChE also
significantly catalyzes other esters, namely cocaine, acetylsalicylic acid, heroin,
physostigmine, and organophosphates®?. In addition, both these enzymes are
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involved in cell differentiation and development activities. There seems to be an
increasing appreciation of the potential importance of BChE in dementia. BChE,
indeed, showed to be capable to compensate for some functions of AChE in a
AChE knockout mice, maintaining the structural integrity of central and peripheral
cholinergic neurotransmission. The same compensatory effect is also reported in
AD patients. In fact, through AD progression, AChE activity is greatly reduced (by
up to 85%) in specific brain regions, whereas BChE activity increases, likely
compensating for AChE decrease®. The increasing role of BChE in the hydrolysis
of ACh, as the ratio AChE/BChE gradually decreases in these patients, makes BChE
an increasingly important therapeutic target with the disease progress. It has been
suggested that dual inhibition of AChE and BChE could increase the efficacy of
treatments and broaden the indications or even confer additional neuroprotective
benefits®. Thus both enzymes have drawn the attention of researchers towards
the design of dual AChE and BChE inhibitors in the interest of a better disease
outcome® (Figure 12).
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FIGURE 12| Cholinesterase hypothesis of memory and learning.

Cholinesterases present three distinct domains, confirmed by molecular modeling
and site-specific mutagenesis studies, which contribute to the binding of ChE
inhibitors into the active site of ChEs. Each domain contains the clusters of
aromatic amino acid residues which contribute to substrate and inhibitor
specificities. AChE is an enzyme found in globular, monomer and homodimer
forms and can be either free or bound to lipid membranes. Free AChE can be

manipulated and successfully crystalized to study; for this reason, it was one of
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the first enzymes to be characterized by X-ray diffraction, and currently, there are
more than 300 AChE structures located in the Protein Data Bank (PDB,
http://www.pdb.org/). The first crystal structure of AChE was given in 199186,

consisting of 537 amino acids and containing 12 B-sheets surrounded by 14 a-
helices, successfully crystallized in Torpedo californica (TCAChE) (PDB ID:1EVE)®’.
The crystal structure of human BChE (hBChE) (PDB ID: 1POQI) is very similar to
TcAChE and consists of 529 amino acids®®. The difference between these two
crystal structures is that hBChE does not form the dimer as observed for TCAChE.
The TcAChE has four-helix structure, which are commonly involved in the
interaction of subunits.

The active site gorge of both ChEs is deep ~20 A length, wherein the catalytic site
is located at the bottom of the gorge (~4 A above the base of gorge) (Figure 13).
The outer gorge of AChE is termed peripheral anionic site (PAS) or B-anionic site,
and it is known to allosterically modulate the enzyme activity. The entrance of PAS
iIs lined by numerous aromatic amino acid residues, namely Tyr70, Tyr72, Tyr121,
Tyr279, and Tyr334 for TcAChE and Asp70, Tyr332 for hBChE, which are
responsible for the minteractions with inhibitors. Thus, in BChE, lining of the gorge
has lesser aromatic amino acid residues, six in number compared to 14 in AChE.
PAS enhances the catalytic efficiency by trapping the substrate or the inhibitor
toward the active site. Moreover, this region has been reported to play an
important role in AD since it contains a motif that promotes AR fibril formation: the
interaction of the AR peptide with the PAS contributes to the formation of amyloid
plaques by accelerating the aggregation process. The PAS sequence responsible
for triggering AB aggregation has been identified as a hydrophobic AChE sequence
(aa 281-315) which contains a highly conserved key residue, Trp27988. Thus,
inhibitors targeting both the active site and the PAS, along with the AChE inhibition
activity, they also prevents the AR production and deposition®. Donepezil, a
clinically approved drug for AD treatment, presents a structure which spans the
entire active site, interacting with both the catalytic active site and the PAS
residues at the same time®.

The inner gorge portion of the active site in cholinesterase consists of four
subsites: catalytic active site (CAS), oxyanion hole, acyl binding pocket and anionic
subsite.

- The catalytic active site catalyzes the hydrolysis of the ester bond of the
neurotransmitter and includes a catalytic triad of aminoacidic residues,
Ser200, His440 and Glu327 in TcAChE and Ser198, Glu325 and His438 in
hBChE. These residues of the CAS help in designing inhibitors. Inhibitors
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directed to the active site prevent the binding of a substrate molecule, or its
hydrolysis, either by occupying the site with a high affinity, as for tacrine, or
by reacting irreversibly with the catalytic serin, as for organophosphates
and carbamates®'.

The oxyanion hole is the crucial determinant in active site geometry, which
accommodates the acetyl group of ACh®2. The oxyanion hole is responsible
for the stabilization of the transition state of the enzyme-substrate
complex. The crystal structure of AChE revealed that three-pronged
oxyanion hole is created by peptidic NH group of Gly118, Gly119 and
Ala201 residues present in TCAChE. The oxyanion hole in hBChE is similar
to TcAChE and consists of highly conserved Gly116, Gly117, and Ala199.
The acyl binding pocket in cholinesterases is responsible for substrate
specificity. In TcAChE, acyl binding pocket consists of aromatic residues,
namely Trp233, Phe288, Phe290, and Phe331. During catalysis, acyl group
of choline esters are accommodated in this area. Whereas, in hBChE, two
of these phenyl residues were replaced with valine and leucine to create a
larger pocket. This larger pocket, made by Trp231, Val288, Leu286, and
Phe329, allows BChE to hydrolyze bulkier substrate and ligands compared
to AChE, resulting in its lower specificity.

The anionic subsite accommodates the quaternary amine of ACh, ensuring
Its correct orientation, by aromatic residue tryptophan with cation—1
interactions. The substrate is guided inside the active gorge via interaction
with a phenylalanine residue. In TcAChE, this gorge consists of Trp84,
Glu199, and Phe330 residues. In hBChE, Phe330 residue is replaced by
Ala328. Lack of this phenylalanine residue in BChE influences the affinity
for some inhibitors.

The catalytic mechanism of cholinesterases is similar to that of other hydrolases;

the hydroxyl group of the serine becomes highly nucleophilic by a charge-

retransmission mechanism involving the carboxylate anion of glutamate, the

imidazole anion of histidine, and the hydroxyl anion of the serine. During the

enzymatic attack on acetylcholine, which is an ester with trigonal geometry, a

tetrahedral intermediate is formed between the enzyme and the substrate.
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FIGURE 13| Schematic view of the active-site gorge of TcAChE. The bottom of the gorge
is characterized by several sub-sites: the anionic site, which interacts with the choline
moiety of ACh; the esteratic site, which contains the three residues of the catalytic triad;
the oxyanion hole, and the acyl pocket, which confers substrate specificity. The PAS is
located ~15 A above the active site, close to the mouth of the gorge.

Acetylcholine decomposes to an acetyl conjugate of the enzyme with concomitant
release of choline. Acetyl CoA is highly labile to hydrolysis after which acetate and
the active enzyme are formed. AChE is a very efficient enzyme as one molecule
can hydrolyze 6x10° molecules of acetylcholine/minute; thus, the recovery time of
the enzyme is 100 microseconds®?.

3.1.2 Cholinesterases as therapeutic target
From decades, cholinesterase hypothesis is widely approved for its role in
dementia and neurological disorders. It can be detected histopathologically
through the loss of neurons and neurochemically by the deficit of marker enzymes
involved in ACh synthesis and degradation. The hypothesis has been also
validated by the use of acetylcholinesterase inhibitors (AChEIs) drugs as
pharmacological treatment available for AD.
Even though this pharmacotherapeutic approach leads to a partial stabilization of
cognitive function and improvement of the quality of life, these compounds have
beneficial effects only for a short period of time, which usually lasts 1-3 years, and
they are not able to influence the disease evolution®*.
The question remains whether it may be more clinically beneficial for the
treatment of AD to have a selective cholinesterase inhibitor for AChE or BChE as
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opposed to the non-specific inhibitors. In vitro kinetic studies have demonstrated
that the marketed drug donepezil, rivastigmine, and galantamine inhibit both AChE
and BChE?®. Despite differences in potency, degree of selectivity and also
mechanism of action, these cholinesterase inhibitors demonstrate comparable
clinical efficacy for the treatment of AD®. In addition to their cholinesterase
inhibitory activity, several of these compounds also display modulatory activity on
AB and, thus, may influence AD through effects on this pathway. In particular,
tacrine and rivastigmine, both of which more strongly inhibit BChE over AChE,
lower AB levels in cell culture models®”%.

Although its precise role in the pathogenesis of AD is not fully understood, BChE
has been consistently found to be associated with the neuropathological
structures of AD, neuritic plaques and neurofibrillary tangles®. Especially, given
the decreasing levels of AChE with AD progression, inhibition of this enzyme may
yield diminishing returns for increasing brain acetylcholine levels that are declining
due to cholinergic neurotoxicity. In particular, selective inhibition of BChE has been
shown to raise acetylcholine levels in the brain'®. This has prompted the
suggestion that BChE may be a better target than AChE for treatment of AD®¢. To
date, no conclusive studies have demonstrated the benefit of BChE-selective
inhibition for the treatment of AD. Further clinical studies are required to
adequately evaluate the efficacy of BChE-selective inhibitors for the treatment of
AD compared with the effectiveness of non-selective inhibitors currently in use.

3.2 Amyloid hypothesis

The amyloid cascade hypothesis was first proposed in 1992 by Hardy and
Higgins'®'. Originally, this hypothesis simply described the harmful effects of B-
amyloid (AB), suggesting that accumulation of AR peptides in the brain is an early
event in AD which leads to the formation of senile plaques and, subsequentially,
neurofibrillary tangles, causing neuronal cell death and ultimately dementia.
Various experimental studies have supported this hypothesis which has
dominated research for more than 25 years'?2,

3.2.1 AB peptide

AB is a protein consisting in 40-42 amino acids, formed by proteolytic cleavage of

a 695 amino acids long type | transmembrane protein, known as amyloid

precursor protein (APP)'%3. APP is a type | cell surface glycoprotein of up to 770

amino acids involved in nuclear signaling which may also have a growth-

stimulating function and importance in wound repair. The APP gene, localized on
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chromosome 21g21.2, is a house-keeping gene as it is expressed abundantly in a
variety of tissues. After its synthesis on ribosomes, a small fraction of APP
molecules reaches the plasma membrane where they undergo a specific
endoproteolysis by three proteases: a-, B-, and y-secretases. The a-secretase
activity is exerted by three members of the ADAM (a disintegrin and
metalloprotease) family: ADAM-9, ADAM-10, and TACE (tumor necrosis factor-a
converting enzyme)/ADAM-171%4 The protein responsible for B-secretase activity
is as an aspartyl protease called BACE (B-site APP cleaving enzyme)'%®. A large
complex of different proteins, including neprilysin, insulin- degrading enzyme, and
presenilins as the part of catalytic center, is suggested to be responsible for the y-
secretase cleaving activity'.

The proteolytic cleavage can take two different pathways (Figure 14). In
physiological conditions, it occurs via the major non amyloidogenic pathway. a-
secretase cleaves APP to form soluble a-APP, which is removed from the brain,
and C83, a peptide consisting of 83 amino acids which remains anchored in the
membrane. A second enzyme, y-secretase, located within the transmembrane
zone, then cleaves the membrane peptide into two small peptides, APP
intracellular domain (AICD) and P3, which are not amyloidogenic. As previously
mentioned, the process of APP cleavage has been shown to be impaired in
genetically determined forms of AD?.

The amyloidogenic pathway begins with the cleavage of the extracellular part of
APP by 3-secretase, which forms soluble B-APP and a residual membrane peptide
consisting of 91 instead of 83 amino acids. This process is followed by the
formation of AICD and the pathological B-amyloid by y-secretase, which
accumulates in the brain forming cellular fibrillar deposits known as amyloid
plaques. The y-secretase processing is a heterogenous event forming AR with
different C termini; ABso and ABa4z are the most common forms, resulting from the
cut of y-secretase at Val at position 40 or/and at Ala at position 42197,
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FIGURE 14| Endoproteolytic cleavages of the amyloid precursor protein (APP) leading to
the formation of the non-amyloidogenic or amyloidogenic products, which are essential
for the pathogenesis of Alzheimer's disease.

The amino acids sequence of AB peptide was discovered in 1984, from
extracellular deposits and amyloid plaques'®. The AB4o peptide contains 17
hydrophobic, 11 polar and 12 charged residues. ABs; peptide includes two
additional hydrophobic residues at the C-terminal residue (Figure 15), which
makes the ARz peptide more toxic and aggregation prone'®?,

- AB1-40
DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVV

- AB1-42
DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA

FIGURE 15| Amino acids sequence of AB4o and AB4, peptides. Negatively charged residues
have been shown in red, positively charged residues have been shown in green, polar
residues have been shown in black and nonpolar residues have been shown in light blue
colour.
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3.2.2 AB aggregation

The fibrillization of AB into senile plaques is a complex process involving several
discrete steps, in which AB peptide sustains a series of transitions, from a
structure rich in a—helix to one in which B-strands prevail. The total AR
concentration may be the critical determinant of fibril formation. In young and
healthy brains, AR is fully catabolized immediately after its secretion from the cell
before it can be deposited. In the aging brain, enhanced production of AB and its
reduced clearance may lead to AR deposition. Three types of AB oligomers have
been identified thanks to in vitro studies: i) very short oligomers ranging from
dimer to hexamer size''?; ii) ABR-derived diffusible ligands (ADDLs), small
oligomers of 17-42 kDa''"; iii) protofibrils, short fibril intermediates of <8 nm in
diameter and <150 nm in length''2. Detailed relationships between these different
oligomers are still not clear. The two predominant in vivo AB alloforms, ABso and
ABay, have distinct behavior at the earliest stage of assembly''3. Studies of the
kinetics of AR fibril formation have shown that ARz forms fibrils much faster than
ABao' 4115 Thus, AB42 is more fibrillogenic and more neurotoxic than AB4o. The
initial phase of oligomerization of ABs; monomers involves the formation of
pentamer/hexamer units, so-called paranuclei''® (Figure 16). Paranuclei are initial
and minimal structures that can oligomerize to larger forms, namely large
oligomers, protofibrils, fibrils. Monomers, paranuclei and large oligomers are
predominately unstructured with only short B-sheet/B-turn and helical elements.
During protofibril formation essential conformational changes occur when the
unstructured, a-helix, and B-strand elements transform into B-sheet/B-turn
structures. Paranuclei could not be observed for AB4g at similar concentrations of
the peptide''®.

Moreover, it has been suggested that AB42 might directly aggregate into fibrils
without previous association into oligomers; thus indicating that oligomers are not
an obligate intermediate in the fibril formation pathway, but oligomerization and
fibrillization are independent and distinct pathways''".
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FIGURE 16| Simplified representation of AB., aggregation. The equilibrium between
monomer and paranuclei is rapid and reversible. The conversion to protofibrils is slower
but also reversible. The further oligomerization of protofibrils into fibrils appears
irreversible. Monomers, paranuclei and large oligomers are predominately unstructured
with only some B-sheet/B-turn and helical elements. During protofibril formation
essential conformational changes occur when the unstructured, a-helix, and B-strand
elements transform into B-sheet/B-turn structures. Recently, it has been suggested that
AB42 might directly aggregate into fibrils without previous association into oligomers.

3.2.3 AB as therapeutic target
Until recently, the fibrillar AB4o/42 was considered the only toxic form of this peptide,
but it is now clear that AB oligomers and protofibrils are more neurotoxic than
mature AR fibrils or amyloid plaques. The neurotoxicity of the prefibrillar
aggregates appears to result from their ability to trigger a whole cascade of
harmful mechanisms, including the neuroinflammatory process, oxidative stress,
and excitotoxicity, which leads ultimately to loss of synapses, intraneuronal
connections, and neuron death''® (Figure 17). The strong cytotoxicity of the pre-
fibrillar amyloid aggregates may be a direct consequence of their interactions with
cell membranes causing membrane damage via the formation of non-specific ion
channels, already described for AB peptide''®. They could disrupt cellular
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homeostasis impairing fundamental cellular processes by oxidative stress and by
increasing free Ca?* that eventually cause apoptotic cell death'®.

On the contrary, some authors hypothesize the cores of amyloid in the AD brain
as a mechanism of defense, which in the end lead to catastrophic
consequences'?0.

‘ Familal forms of AD | ‘ Sporadic forms of AD ‘

Missense mutations in APP, PS1, or PS2 genes Impaired AB clearance

Increased AB production and accumulation

v

AB oligomerization and deposition as diffuse plaques

v

Subtle effects of A oligomers on synapses

v

Microglial and astrocytic activation
(complement factors, cytokines, etc)

v

Progressive synaptic and neuritic injury

v

Altered neuronal ionic homeostasis; oxidative injury

v

Altered kinase/phosphatase activities Neurofibrillary tangles

v

Widespread neuronal/neuritic dysfunction and cell death with
transmitter deficits

v

Alzheimer's disease

FIGURE 17| The sequence of pathogenic events leading to AD proposed by the amyloid
cascade hypothesis. The curved arrow indicates that AR oligomers may directly injure
the synapses and neurites of brain neurons, in addition to activating microglia and
astrocytes.

As previously mentioned, the mutations responsible for the familial Alzheimer's
disease have a direct effect on AR fibril formation'’. Both APP and PS mutations
affect the activity of a-, -, and y-secretases during APP processing, leading to
overproduction of amyloidogenic AB42'?'. A significant increase in the ABaz/ABao
concentration ratio is observed in the majority of familial cases determined by the
mutations. Conversely, no evidence of an altered AR generation in sporadic late-
onset AD, the major form of the disease, has been provided. Therefore, it is
reasonable to assume that AB aggregation in sporadic AD may be induced by a
yet unknown post-translational modifications of AB and/or by an altered

mechanism of AR clearance. AB clearance is principally mediated by two distinct
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mechanism, namely, through its hydrolysis by cerebral proteases, both intra and
extracellular, and independently by transport from the brain and subsequent
proteolytic removal in the periphery. The proteolysis occurs by a family of amyloid-
degrading enzymes (ADEs), the majority of which are zinc metalloproteases, as
the plasma membrane peptidase neprilysin (neutral endopeptidase, NEP) and the
cytosolic insulin-degrading enzyme (IDE)'?2. In addition to extracellular and
neuronal metabolism of AR, another significant pathway for its removal is
represented by the uptake and clearance by glial cells, particularly microglia and
astrocytes. Extrusion of AB from the brain can occur by enzymic way, for example
through the potent binding of AB oligomers with the triggering receptor expressed
on myeloid cells 2 (TREM2). Alternatively, the extrusion can occur by nonenzymic
pathways, as the interaction of AR with the low-density lipoprotein receptor-
related protein-1 (LRP1), which is primary responsible for AR transport
peripherally, or the soluble form of the receptor of advanced glycation end
products (RAGEs)'?3. After its transport in the plasma, AB is cleared mainly in the
kidney, which is highly enriched in the AB-degrading peptidase NEP, and in the
liver'?4. Levels of AB in the periphery and brain are in equilibrium and enhancing
AB cleavage peripherally may result in reduced brain A levels.
Targeting the AR peptide cascade has been at the heart of therapeutic
development in AD research since its formulation in 1992, even if drugs based on
this hypothesis have not reached commercialization yet. In the last few years,
several phase 3 clinical trials of agents directed against the AB protein in
symptomatic patients with late-onset Alzheimer's disease have failed to achieve
their prespecified primary endpoints. This disappointing outcome automatically
leads to further questioning of the validity of the amyloid hypothesis.
A probable explanation for the clinical failures is that most trial participants may
have had too advanced pathobiology to have the process slowed noticeably when
averaged across all participants over 18 months. Even very mildly symptomatic
patients may have had too much biochemical and neuropathological abnormality,
including microgliosis, astrocytosis and synaptic loss, to experience a measurable
cognitive benefit from clearing some or many forms of AB. This explanation
suggests that the anti-amyloid agents may exert the most beneficial effects in
presymptomatic subjects with demonstrated AR dishomeostasis'?®.
Essentially, there are three different ways to approach AB as a therapeutic
strategy. Thefirstis based on the limitation of AR production through the inhibition
of B- and y-secretase or the activation of a-secretase'?®1?/. The second lies in
inhibiting AR oligomerization and fibrillization and/or destabilizing preformed AR
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fibrils'?6. The last focuses on the regulation of AB levels through targeting AB
clearance'??.

3.3 Tau protein

Tau (tubulin-associated unit) protein is known as an unfolded protein primarily
expressed in neurons, which in its physiological form is bound to microtubules of
neurons. Together with the other microtubule-associated proteins (MAPS), tau
exerts important effects to create and stabilize the network of neuronal
microtubules in the cytoskeleton'?®. Dysfunction and intraneuronal accumulation
of the microtubule-related protein tau in the form of insoluble paired helical
filaments (PHFs) and neurofibrillary tangles (NFTs) proved to be involved in early
stages of the AD pathogenesis. Hence tau hypothesis of AD suggests that
oligomerization, hyperphosphorylation, and propagation of tau have important
roles in the pathological pathways leading to cellular disintegration and the
consequent neurodegeneration. Contrary to the levels of senile plagues made by
AB aggregates, the typical brain-regional occurrence and progression of tau
pathology correlates temporally and spatially with neuronal and cognitive
dysfunction'??. Moreover, the levels of phosphorylated Tau also correlates to CSF
concentration'3%. However, the crucial question remains whether the protein Tau
should be placed downstream in the amyloid cascade hypothesis, at the same
level or even upstream of amyloid. According to the AB hypothesis already
discussed, NFTs formation is preceded by AR deposits, whereas other authors
suggest tau as the prime cause of synaptic and neuronal degeneration in AD'3'.
Only recently, a better view of how these two main AD hallmarks could be linked
mechanistically has gained.

Tau protein is encoded by a single gene (MAPT) made of 16 exons on
chromosome 17, resulting in six isoforms in the CNS and six additional isoforms
in the peripheral nervous system (PNS). Alternative splicing of exons 2, 3 and 10
leads to the six isoforms found in CNS, which are made of 352-441 amino acids
residues. Tau protein presents four different parts (Figure 18): (i) the N-terminal
domain; (ii) the proline-rich domain, which together with the N-terminal
constitutes the projection domain as it is not linked to the microtubules; (iii) the
microtubule-binding domain (MBD), which contains three or four repeats of a
sequence of 31 or 32 amino acids residues, depending on the isoforms; (iv) the C-
terminal region. Alternative splicing primarily affects the N-terminal and MBD,
yielding 3R and 4R tau isoforms, which display three or four repetitions of the

42



amino acids sequence in the MBD, respectively. Therefore, the 4R isoform, with
four repetitions, shares a stronger interaction with the microtubules, thus
conferring them a better stability'?8. In physiological condition, these two isoforms
are present in ratio 1:1 in adult human brains. The disruption of this ratio is at the
base of several tauopathies, AD included. Moreover, several tau mutations have
been observed and numbered by their locations in 2N4R human tau and are
associated with the emergence of tauopathies. These mutations could impact tau
post-translational modifications, protein folding and aggregation'3?.

Projection domain
| 1

N-terminal domain Microtubule-binding domain
1 [ 1
N1 | N2 Proline-richdomain| R1 R2 | R3 | R4 | C-terminal region
1 45 74 103 151 275 306 337 441

244 372
R1 ARZ F R3 R4

VQIINK  VaIVYK

FIGURE 18] Domains of 2N4R tau. Tau protein comprises four primary domains, the N-
terminal domain (blue), the proline-rich domain (orange), the microtubule-binding
domain (pink), and the C-terminal region (green). Alternative splicing of the N-terminal
and microtubule-binding domains yields six isoforms in the CNS. Repeat domains R1,
R3 and R4 (light pink) are constitutive, while R2 (dark pink) is incorporated only in the
three 4R isoforms. N1 and/or N2 may be skipped, but inclusion of N2 requires that N1
also be included. The final variants become: ON3R, TN3R, 2N3R, ON4R, 1N4R, and 2N4R
tau.

The molecular understanding of the role played by abnormal structural features of
tau protein in human tauopathies, should be based on the knowledge of its normal
cellular functions. The major, and as far as we know, the only physiological
function of tau involves its capacity to bind to microtubules to control or affect
spacing, stabilization and dynamics'3. The cytoskeleton, which is a complex
network of cytoplasmic protein filaments, allows cells to adapt to a wide variety of
morphological changes and to undertake coordinated movements. It constitutes
of three types of protein filaments: actin filaments, microtubules and intermediate
filaments. Microtubule formation is stabilized by a family of protein called
microtubules-associated proteins (MAPs). A major member of the MAPs is tau
protein which, by binding with tubulin dimers constituting the microtubules, takes
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part in their association-dissociation. This therefore grants them an essential
dynamic in neuronal transport'34.
In its native form, tau protein is disorganized, soluble, flexible and resistant to
aggressive treatments such as high temperatures and acid treatments'3. In many
of neurodegenerative diseases known as tauopathies, of which AD is the most
common, abnormally phosphorylated forms of tau protein aggregate in filaments.
When it becomes pathological, tau protein undergoes different post-translational
modifications such as glycosylation, cleavage, nitration, ubiquitination, glycation
or hyperphosphorylation, with the latter as the main one. Tau phosphorylation and
cleavage are the are early steps that trigger and precede aggregation. Tau protein
Is considered hyperphosphorylated when it is phosphorylated in greater quantities
than in normal adult brains at physiological level. This process is caused by a
deregulation of the kinases and phosphatases acting on tau protein. The
phosphorylation process can take place at diverse unique site of the protein and
through multiple pathways. Tau contains 85 potential serine, threonine, and
tyrosine phosphorylation sites, mainly found in the proline-rich domain of tau near
the MBD. A large number of different kinases and phosphatases are implicated in
tau phosphorylation regulation, including glycogen synthase kinase-3 (GSK-3),
cyclin-dependent kinase 5 (CDK5), mitogen-activated protein kinases (MAPKs),
casein kinase-1(CK1), microtubule affinity-regulating kinases (MARKS), cyclic
AMP-dependent protein kinase A (PKA), dual specificity tyrosine-phosphorylation-
regulated kinase-1A (DYRK-TA), tyrosine kinases such as Fyn, Abl and Syk, and
phosphatases such as protein phosphatase-1, -2A, and -5 (PP1, PP2A, and
PP5)136,
Tau hyperphosphorylation negatively influences its physiological ability to
stimulate the physiological microtubules assembly, resulting in the destabilization
of cytoskeleton and degeneration of nerve cells. Moreover, among the kinases
listed above, GSK3 appears to be directly involved in the AD pathogenesis, since it
also contributes to the production of AR and AB-associated neuronal death'3’. It
has also been reported that CK1 and CDKs play important roles in the tau
hyperphosphorylation and formation of intracellular tangles, and secondarily AB
peptides aggregation'®®. Furthermore, tau can be cleaved by many proteases:
caspase-3 cleaves tau at Asp421 while calpain-1 and caspase-6 are responsible
for the N-terminal cleavage. The resulting tau fragments have been detected in AD
brains; in fact, caspase-cleaved tau fragments are known to be prone to
aggregation, while cleavage of tau by calpain appears to partially inhibit the
aggregation processes. Thus, phosphorylation and caspase-mediated cleavage
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of tau should be considered also as important events in triggering the NFTs
formation in AD'36,

As happens for AB peptide, the mechanism of tau aggregation is constantly being
updated by new research findings, making difficult to establish a single
mechanism. Fibrillogenesis is a slow process evolving over several phases, and
one of its proposed mechanism include the protein dimerization (through
disulphide bridges or ionic bonds), followed by a nucleation phase in which the
dimers form oligomers, and finally the elongation phase in which the oligomers
grow. Intracellular tau aggregate formation is mediated by the MBD, in a region
between Ser214 and Glu372 which binds microtubules tethering tubulin dimers
together. MBD region contains a tau repeat domain, which spans residues 243 to
365'%9. The third repeat contains the hexapeptide motif 30sVQIVYK311 which, along
with the second hexapeptide motif 275VQIINK2go, is the most important for fibril
assembly since these two sequences initiate and stabilize fibrillization'0.
Moreover, they promote the formation of B-sheet structures and consequent tau
aggregation. The occurrence of tau mutations that destabilize local structure
around these motifs could trigger spontaneous aggregation, leading to
tauopathies'32139,

In AD, NFTs are mostly constituted by bundles of paired helical filaments which
are formed by two filaments twisted around one another with a crossover spacing
of approximately of 80 nm and a width of 2-20 nm?3®,

Based on tau hypothesis, researches are ongoing in order to explore different
aspects of tau pathogenesis, such as modulation of tau gene expression,
modulation of post-translational modifications, tau immunotherapy, and
microtubule stabilization'#. In addition, also anti-tau immunotherapy might
effectively become a promising strategy in AD treatment'42.
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3.4 Oxidative stress

The exacerbated production of reactive oxygen species (ROS) triggers the process
called oxidative stress, which increases neuronal cell abnormalities, most often
followed by apoptosis, leading to cognitive dysfunction and dementia. It is
demonstrated that the brain of AD patients shows a significant extension of
oxidative impairment. In this context, the oxidative stress plays a crucial role in the
origin and development of AD. However, it is not clear whether this is a disease
triggering event or it is a side effect'*3,

Reactive oxygen species (ROS) are generated in the cell of living organisms and
function as a second messenger in the intracellular signaling cascade'#*. This is a
normal outcome of cellular metabolism, being essential in the maintenance of
cellular homeostasis. In physiological conditions, low to moderate concentrations
of ROS are important for diverse activities, such as immune response,
inflammation, among others'#®. However, a redox imbalance or a dysfunction of
the antioxidant system, called oxidative stress, cause an excessive generation of
ROS, which may lead to loss of function and cellular apoptosis'®.

Since the brain is one of the organs that requires the highest oxygen demand to
perform its activities properly, it is susceptible to the action of ROS. In addition, the
brain is rich in polyunsaturated fatty acids that are exposed to peroxidation,
presenting a high level of iron, which is a potent ROS catalyst. Moreover, the brain
has a small amount of enzymes and other antioxidant substances''.

The ROS are highly reactive molecules since they have one or more unpaired
valence shell electrons. These species can be free radicals derived from oxygen,
such as superoxide anion (O2) and hydroxyl radical (OH), or non-radical molecules
as hydrogen peroxide (H202).

In the brain, these species can be generated by both exogenous and endogenous
sources. Example of exogenous sources are drugs (wherein the mechanism of
action is mediated by ROS), ionizing and UV radiation, environmental pollutants,
inflammatory cytokines, chemicals found in tobacco smoke and environmental
toxins. As for the endogenous sources, where ROS production is mediated by
mitochondrial and non-mitochondrial enzymes, they include nicotinamide
adenine dinucleotide phosphate—NADPH oxidase (NOX), xanthine oxidase (XO),
granular endoplasmic reticulum cytochrome P450 and flavo-oxidase. The main
source of endogenous generation is the respiratory chain and reduction—oxidation
systems. In fact, the superoxide radical is the most commonly found, and its main
source of generation is the electron transport chain'48.
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Mitochondria are organelles that are the bigger consumers of intracellular oxygen,
and, as a consequence, they are exposed to ROS. During the process of
mitochondrial respiration, many reactive species such as hydrogen peroxide and
superoxide anion are formed. The superoxide radical can also react with a reactive
nitrogen species (RNS), nitric acid, which is produced by nitric oxide synthase
(NOS) during cell signaling, resulting in others powerful reactive species.
In order to prevent their formation, hydrogen peroxide is deactivated by antioxidant
molecules such as glutathione peroxidase and catalase enzymes.
An increase in ROS stops the activity of the electron transport chain in
mitochondria, resulting in the oxidation of molecules such as DNA and lipids. In
this sense, mitochondrial dysfunction is observed in several neurodegenerative
diseases'®®,
The free radicals amount in the body is regulated by an antioxidant protection
system, which has the function of protecting healthy cells against free radicals.
Antioxidants can act against free radicals either inhibiting their formation or
repairing the damage already caused. The first way is related to the inhibition of
chain reactions involving their formation; and the second one, in the removal of
damaged cells, followed by reconstitution of cell membranes. In this context, the
human body presents two antioxidant self-defense systems, namely the
enzymatic (endogenous) and non-enzymatic (exogenous) systems.
The enzymatic system is formed by a set of enzymes naturally produced by the
body. The first antioxidant enzyme system consists of two types of SOD enzymes
which catalyze the dismutation of the superoxide anion radical Oz, converting it
into oxygen and hydrogen peroxide. The second antioxidant system is formed by
the catalase enzyme that acts in the dismutation of the H202 into oxygen and
water. The last system consists of glutathione (GSH) together with two enzymes,
glutathione peroxidase (GSH-Px) and glutathione reductase (GSH-Rd). This
system also catalyzes the dismutation of hydrogen peroxide into water and
oxygen, and glutathione operates in cycles between its oxidized and reduced
form?49,
In turn, the non-enzymatic system is made up of different substances such as
vitamins, plant substances and minerals that can be obtained through the diet.
However, the endogenous self-defense system tends to be reduced with the
natural aging process, as over the years the production of antioxidant enzymes
loses its efficiency. Therefore, it is important to maintain the quality of the non-
enzymatic defense system by eating antioxidant-rich foods. That is the reason
why the use of vitamin-rich diets is an important adjunct in the treatment of AD
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and other neurodegenerative diseases. Vitamins are powerful antioxidants that
directly influence the fight against free radicals, reducing oxidative stress,
inflammatory processes and loss of neurons'°.
As ROS production is increased within the mitochondria under some conditions of
stress, in addition to aging, and along with the absence of an effective antioxidant
system, there is an increased probability of developing AD. Various molecular
mechanisms explaining the association between oxidative stress and other AD's
features have been identified, most of which involve the alteration of AR
homeostasis (Figure 19). Firstly, most biomolecules can undergo oxidation, and
in the case of AD, these biomolecules are mainly those from the neuronal
membrane, which involves the oxidation of lipids, fatty acids, and proteins™'. If
ROS are very unstable and reactive, presenting a very short half-life, the species
they generate, after oxidizing biomolecules, are much more stable than
themselves and can be used as biomarkers of oxidative damage. Examples of
biomarkers include lipids, nucleic acids, and proteins in their oxidized states. In
this context, the oxidative stress plays a crucial role in the origin and development
of AD, and altered levels of biomarkers may indicate AD. Altered levels of
antioxidant enzymes, such as catalases, superoxide dismutase, and glutathione
peroxidase, as well as other antioxidant substances, can also be considered
biomarkers'®2. Among the molecules that may undergo oxidation, there are also
AR and tau, the two AD hallmark proteins. Moreover, AB itself is reported to induce
the formation of ROS through different pathways. A number of genetic factors
have been identified to play a role in AD-related failure to maintain physiological
ROS levels within strict limits. For example, clusterin, apolipoprotein E and other
enzymes involved in the APP processing are related, either directly or indirectly, to
oxidative stress'*. Another association identified as key feature in AD-related
oxidative stress is the potent interaction of AR with Cu?* 153, But the relationship
between AB and oxidative stress accounts also various other mitochondria-
associated factors, including mitochondrial permeability transition pore formation,
regulation of cellular metabolic pathways and Ca?* signaling'2. Additionally,
oxidative stress could be involved in the clearance of AB, as the oxidation of
biomolecules in AD context is mostly related to the neuronal membrane molecules
and to the disruption of membrane integrity. There are indications that AB may
promote the oxidation of the low-density lipoprotein receptor-related protein
(LRP1), the protein responsible for AB efflux from the brain through the BBB,
whose activity is decreased in AD. As a consequence, AB, through LRP1 oxidation,
might potentially disrupt its own clearance, resulting in an increased accumulation
48



of AB in the brain. Therefore, the association between oxidative stress and AD

appears complex, bi-directional, and self-reinforcing.
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FIGURE 19] Oxidative stress dependent altered amyloid-B homeostasis in AD.
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3.5 Monoamine Oxidases

Another feature associated to AD is represented by monoamine oxidases (MAQOS).
MAQs are flavin adenine dinucleotide (FAD)-containing enzymes that catalyze the
oxidative deamination of primary, secondary, or tertiary amines, producing the
corresponding aldehyde, hydrogen peroxide and ammonia. There are two
isoforms of MAO in mammals, MAO A and MAO B, which share ~70% sequence
identity and are encoded by separate genes located on the X chromosome. The
C-terminal regions of MAQOs are transmembrane a-helices that anchor the
enzymes to the mitochondrial outer membrane, leaving the rest of the protein
exposed to the cytoplasm. MAO-A catalyzes the deamination of
neurotransmitters like serotonin, norepinephrine and dopamine, while phenyl
ethylamine and benzylamine are mainly degraded by MAO-B. Both enzymes are
involved in the etiology of AD, particularly MAO-B has been considered as a
biomarker, being associated with the formation of AB peptide and responsible for
cognitive dysfunction and disorders of the cholinergic neurons'™* MAO B levels
continue to increase throughout the lifetime and in AD progression, and in AD
patients MAO B activity represents more than 80% of the total MAOs activity in the
brain'®®. The activity and gene expression of MAO-A are also up-regulated in
different brain areas. High levels of MAOs catalyze oxidative deamination and
increase the production of hydrogen peroxide and ROS which are responsible for
oxidative injuries and the toxic environment characteristics of neurodegeneration.
Moreover, the increased MAO-B levels can enhance astrogliosis in the brain'®®.
MAO-A inhibitors are used in the clinic to treat anxiety and depression, which are
also common symptoms considered to be risk factors in AD progression'®’, while
MAO-B inhibitors are used in the treatment of Parkinson disease. Since in AD the
loss of neuronal connection leads to a decrease in all neurotransmitter, the use of
an anti-MAO-B, which prevents removal of dopamine by metabolism, could be
beneficial. In addition to the increase of monoaminergic neurotransmission, MAOs
inhibitors can decrease ROS formation and exert pharmacological effects
including antioxidation, neuroprotection and cognitive improvement'®8 which are
all potentially valuable for the treatment of AD. Thus, both MAO isoforms can be
considered as targets for the treatment of AD'%4159,
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3.6 Metal ions dyshomeostasis

The homeostasis of metal ions, such as iron, copper, zinc and calcium, is crucial
for maintaining normal physiological functions. Studies have proved that an
imbalance of these metal ions levels in the brain is closely related to the onset and
progression of AD'®0 (Figure 20). In particular, changes in the balance of the metal
ions in the brain of AD patients, are closely related to the AR deposition and tau
hyperphosphorylation/accumulation, suggesting a crucial role of the metals in AD
pathogenesis. The AR peptide itself has shown to be a strong redox-active catalyst
able to produce hydrogen peroxide and OH™ in presence of copper or iron, which,
in turn, are enriched in the amyloid cores of senile plaques'®’. Metal ions canal so
interacts with AB peptide enhancing its self-aggregation and oligomerization at
low physiological concentrations. Moreover, metals can promote tau
hyperphosphorylation and subsequent formation of NFTs by inducing
aggregation upon tau interaction with AR and by activating protein kinases, GSK-
3, CDK5, MAPKs, etc., and/or inhibiting protein phosphatase 2A (PP2A)'%?. In
addition, erroneous deposition/distribution of the ions in different brain regions
induces oxidative stress. Redox-active metals, especially Fe?* and Cu?* are
capable of stimulating free radical formation via the Fenton reaction, thereby
Increasing protein and DNA oxidation and enhancing lipid peroxidation.

The metal ions imbalances can also directly or indirectly disrupt organelles,
causing endoplasmic reticulum (ER) stress and both mitochondrial and
autophagic dysfunctions, which in turn can cause or aggravate AR and tau
aggregation/accumulation and impair synaptic functions. The vicious cycles
between metal ions dishomeostasis and ABR/tau abnormalities might lead to a
chronic neurodegeneration and cognitive deficits.

As both increase and decrease as well as mislocalization of the metal ions have
been observed in AD, application of metal ions chelators has been studied for
ameliorating the pathology and the cognitive functions. In this context, several
clinical trials by supplementing or chelating or modulating the metal ions have
been carried out in AD patients'®3. An effective metal chelator should be able to
pass through the BBB, be specific for a single metal ion, and not show interference
to the normal metabolism of the metal ions.
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FIGURE 20| Metal ions imbalance in AD. The metal ions (Fe, Cu, Zn and Ca) imbalance
induces oxidative stress, as demonstrated by the reduced level/activity of GSH and SOD1
and the increased level of ROS. Oxidative stress can in turn induce tau
hyperphosphorylation by activating protein kinases, such as GSK-33, CDK5, MAPK, etc.,
and/or inhibiting PP2A; it can also promote AB overproduction by activating - and y-
secretases and/or inhibiting a-secretase. Together with the imbalanced metal ions and
oxidative stress, or independently, the hyperphosphorylated tau (p-tau) and
overproduced AR could induce ER stress, mitochondrial dysfunction, and autophagic
impairments, leading to p-tau and AR aggregation and accumulation. Again, together
with p-tau/AB accumulation, autophagic/mitochondrial deficits, ER stress and oxidative
stress, or independently, the imbalanced metal ions can induce synapse damages.
Synapse damages cause synaptic dysfunction, neurodegeneration, and eventually
learning and memory deficits. As indicated in the figure by the double-sided arrows,
many of these pathological processes occur in a bi-directional way thus forming a
vicious cycle!'t9.
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3.6.1 The role of Copper

Copper is an essential trace element for the human body and its levels are
controlled by homeostatic mechanisms to prevent an excess, or a deficiency, that
may trigger adverse health effects. Copper can undergo redox cycling between
Cu'*and Cu?* and it is an effective catalyst, which serves as an active component
for over 30 enzymes. The activities of some copper-containing enzymes, including
superoxide dismutase (SOD) and cytochrome-c oxidase have important biological
functions. However, copper is also involved in the formation of free radicals by the
Fenton reaction, in which free copper catalyzes the formation of toxic hydroxyl
radicals starting from physiologically available hydrogen peroxide®. In AD
pathology, copper is mislocalized in the brain, where decreased levels of this metal
have been reported in affected regions with enrichment in amyloid plaques and
tangles'®*. Copper ions can bind to AR and promote oligomer formation, and
eventually lead to AR aggregation. Cu?*-stabilized ABa, then interacts with the lipid
bilayer increasing the permeability of membrane'®®. Furthermore, Cu?*
significantly affects the amyloid cascade through the interaction with APP via a
Cu?*-binding domain'®®. In addition, APP and AR display copper binding sites, and
their interaction with copper can produce ROS, including *OH. Moreover, elevated
copper reduces the level of GSH, enhancing the production and cytotoxic effects
of ROS. The expression of copper dependent enzymes, as the SOD1 is reduced in
AD patients, and, since in addition to the antioxidant role SOD1 also has anti-
inflammatory functions, reduced expression of SOD1 can exacerbate ROS
accumulation and the chronic neuroinflammation'®’. Finally, excess copper can
promote tau phosphorylation and aggregation, as shown in a mouse model of
AD'®8 while suppressed levels of copper in plasma and brain resulted in an
attenuation of tau phosphorylation in a transgenic mouse expressing human tau,
as well as copper chelating agents in human neuroblastoma cells'90.

3.6.2 The role of Zinc

Zinc is an essential component for many enzymes and transcription factors. In
healthy conditions, most of the zinc content is located in membrane-bound
metalloproteins, loosely bound to zinc within the cytoplasm, and vesicular zinc,
enriched in synapses. It has several functional roles in signal transmission.
Synaptic transmission releases high concentrations of zinc into the synaptic cleft,
where it acts as an antagonist of y-aminobutyric acid (GABA) and N-Methyl-D-
aspartate (NMDA) receptors and activates the G-protein-coupled receptor GPR39.
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Regarding the alterations or role of zinc in AD, large numbers of controversial
results have been reported. Some authors demonstrated that zinc concentration
in senile plaques increased 2~3-fold compared to the controls, while others
showed a decreased zinc concentration in hippocampus or amygdala of AD
patients. The reasons for the discrepancy are not still very clear, but the different
experimental systems used for the studies could be at least one of them. These
evidences strongly suggest that zinc is required for normal neural functions while
excessive or misdirected zinc is harmful to the neural cells'®°.
AR can directly bind to zinc at residues 6-28 with up to three zinc ions inducing AR
aggregation. The binding between zinc and AR also reduces the AB solubility, and,
together with the increase of AR aggregation, exacerbates damage to neurons’.
Therefore, zinc, like copper, is able to accelerate AR induced toxicity and zinc
sequestration into amyloid deposits. Zinc ions may also interfere with APP
processing and function, as these processes are coordinate by secretases under
the zinc regulation. Particularly, ADAM10, which can catalyzes the non-
amyloidogenic a-secretase cleavage of the APP, can be activated by zinc'™©.
Moreover, zinc is also associated with the impairment of AB clearance, as its direct
binding to AB hides the proteolytic cleavage site, thus inhibiting the degradation of
AB by proteases'’!.
Excessive of zinc induces tau aggregation and formation of NFTs, as zinc can
directly bind to tau monomers altering their conformation and inducing both
aggregation and fibrillation of tau protein'”?. Moreover, it can modulate the
phosphorylation of tau proteins by activating GSK-38, extracellular regulated
protein kinase1/2 (ERK1/2), and c-Jun N-terminal kinase (JNK)'"3. Zinc also
induces PP2A inactivation and tau hyperphosphorylation through Src-dependent
pathway, which ultimately leads to a net increase in phosphorylated tau that may
exacerbate AD-like tau pathologies.
Although zinc is recognized as a redox-inert metal ion, evidences show its active
involvement in redox metabolism. Under pathological conditions, excessive zinc
Is released from presynaptic neurons and astrocytes, which causes NADPH-
oxidase activation, ROS production in neurons, microglial activation, and
eventually exacerbates neuronal death. The mitochondrial respiratory chain is
particularly sensitive to Zn?*, and elevated Zn?* in mitochondria promotes ROS
production. Excessive zinc, which can be a consequence of an increased release
from metalloproteins, can induce, as mentioned, AR production and deposition,
and thereby triggering a cascade reaction. Therefore, oxidative and nitrosative
stresses can cause an uncontrolled zinc elevation and AB deposition, while zinc
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and AB accumulation can conversely lead to oxidative stress and cytotoxicity,
forming a vicious cycle'®?,

3.6.3 The role of Iron

Iron is a fundamental element in biology for oxygen transport and energy
metabolism. It is a transition element that exists in oxidative states from -2 to +8,
although in biological systems only ferrous (Fe?*) and ferric (Fe3*) states normally
exist. The cycling between ferric to ferrous states is used in biology for various
redox reactions essential to life. However, deleterious reactions with oxygen, such
as Fenton reaction, which is catalyzed by the free ferrous iron, are a source of
oxidative stress. In the brain, iron is involved in development, metabolic and
neurotransmitter systems. Iron is transferred into neurons via transferrin (Tf),
divalent metal transporter 1 (DMT1), and lactoferrin (Lf), while it is transferred out
of neurons by ferroportin (FPN). As a multifunctional iron-binding globular
glycoprotein, Lf has high affinity for Fe3*. Iron can be transported to tissues and
organs with blood circulation by bounding to Tf. Therefore, the dysregulation of
DMTT1, Lf, Tf and FPN not only affects the distribution, but also the accumulation
of iron in the brain'.

An increased iron level is correlated with the amount of AR plaques and tau
pathologies, and, in AD brain, iron is enriched in both senile plaques ad NFTs. The
binding of iron to AR or to tau induces AR aggregation and tau
hyperphosphorylation, leading respectively to the formation of senile plaques and
NFTs'4 Fe?* ions binding to the N-terminal region of AR can modify AB, impeding
its ordered aggregation'’®, and generate oxygen radicals that induce damages on
the membrane surface'’®. Fe?* can promote tau phosphorylation by activating
CDK5 and GSK-3B. Iron-mediated tau hyperphosphorylation may be caused by
the activation of ERK1/2 and MAPK pathway'’’. Conversely, it was observed that
treatment of the cultured hippocampal neuron with Fe3" decreases tau
phosphorylation, which correlates with a decreased activity of CDK5'78,

3.6.4 The role of Calcium

The dysregulation of intracellular Ca?* is an early manifestation of AD. Ca?*
concentrations near AB deposits are significantly increased, and the increase of
Ca?* likely plays a key role in the cognitive deficits associated with AD'". Calcium
elevation promotes AB production and the cellular toxicity of AB, while the
elevation of AB in turn promotes the opening of voltage-dependent calcium
channels contributing to the increased intracellular Ca?*. Moreover, an increased
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intracellular Ca?* concentration promotes the overexpression of L-type calcium
channel subtype in the hippocampal cell membranes in models of AD, which
further promote the Ca?* influx'8. Majority reports suggest that the intracellular
calcium overload can promote AB production and aggregation. For instance, the
elevated cytoplasmic Ca?* by inhibiting the sarcoplasmic/endoplasmic reticulum
(S/ER) calcium ATPase (SERCA) or liberating Ca?* release via the ryanodine
receptor (RyR), can robustly activate B-secretase and thus increase AR
production’®. Hence, a positive feedback loop may exist between Ca?* and AB,
which may exacerbate the neurodegeneration and cognitive deficits in AD
patients’®. In fact, inhibition of Ca?* influx can reduce the levels of insoluble ABao
/a2 in the hippocampus of AD transgenic mice'®2. Other studies demonstrated that
Ca?" ions actively participate in AB-related membrane damage, namely, Ca?* ions
inhibit AB-mediated membrane poration but enhance membrane fragmentation
by lipid loss due to fiber growth on the membrane surface'®. Finally, given that
many kinases can be activated by Ca?*, the dysregulation of calcium homeostasis
can increase tau phosphorylation'®0.

3.7 Inflammation

Increasing evidences suggest that AD pathogenesis involves strong interactions
with immunological mechanism in the brain. Inflammation is a defensive
mechanism of the body against multiple threats such as infections and injury. It is
a complex event that involves both soluble factors and specialized cells. Similar
inflalmmatory processes occur in the brain and peripheral tissues. In the brain, glial
cells, including astrocytes and microglia, undergo activation under pro-
inflammatory conditions by the increase in the production of inflammatory
cytokines in the CNS, which becomes deleterious and leads to progressive tissue
damage in degenerative diseases'®4.

Microglia are ubiquitously distributed in the brain and constantly use highly motile
processes to survey their assigned brain regions for the presence of pathogens
and cellular debris. Moreover, they simultaneously provide factors that support
tissue maintenance. At the same time, microglia are involved in the maintenance
and plasticity of neuronal circuits, contributing to the protection and remodeling
of synapses'®®. When activated by pathological triggers, as neuronal death or
protein aggregates, microglia extend their processes to the site of injury, and
migrate to the lesion, where they initiate the innate immune response (Figure 21).
Microglia can bind to AB oligomers and fibrils through cell-surface receptors,
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including SCARAT, CD36, CD14, a6B1 integrin and CD47, and this process is
thought to be part of the inflammatory reaction in AD'. Binding of AR with CD36,
TLR4, and TLR6 results in activation of microglia, which start to produce pro-
inflammatory cytokines and chemokines'®’. As a consequence of receptor
ligation, microglia start to engulf AB fibrils by phagocytosis, and these fibrils enter
the endolysosomal pathway. If fibrillar AB is mostly resistant to enzymatic
degradation, soluble AR can be degraded by various extracellular proteases as
neprilysin and insulin-degrading enzyme (IDE) which are of major importance in
microglia. However, as previously mentioned, in sporadic AD an inefficient
clearance of AR has been identified. Moreover, an increased concentration of
cytokines, by downregulation of expression of AR phagocytosis receptors, are
suggested to be responsible for insufficient microglial phagocytic capacity'®8.
Pathological responses of astrocytes include reactive astrogliosis, a complex,
multistage and pathology specific reaction, whereas remodeling of astrocytes is
generally aimed to neuroprotection and recovery of injured neural tissue. Next to
activated microglia, hypertrophic reactive astrocytes accumulate around senile
plaques and are often seen in post-mortem human tissue from AD patients'®, as
well as in animal models of the disorder'®. Glial cells activation might occur early,
even before AB deposition'™!. Infiltration by peripheral macrophages may also
occur'®?. Microglia and astrocytes release cytokines, such as tumor necrotic
factor a (TNFa), interleukins, nitric oxide (NO), ROS, and other potentially cytotoxic
molecules after exposure to AR, thereby exacerbating the neuroinflammatory
response and eventually promoting neuronal death'®®. The important role of
neuroinflammation is also supported by findings that gene for immune receptors,
as TREM2 and CD33, are associated with AD3637,

Therefore, in AD, neuroinflammation do not appear a passive system activated by
emerging senile plaques and neurofibrillar tangles, but instead contributes actively
to pathogenesis as do plagues and tangles themselves. Understanding and
controlling the interactions between the immune system and the nervous system
might useful for the prevention or delay of most late-onset AD.
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FIGURE 21| Pathomechanism sequence of microglia activation. Physiological functions of
microglia, including tissue surveillance and synaptic remodelling, are compromised
when microglia detect pathological AR accumulation. The acute inflammatory response
initially mediates a response aimed to restore tissue homeostasis. Triggers and
aggravators promote sustained exposure and immune activation leading ultimately to
chronic neuroinflammation.  Perpetuation of microglia activation and persistent
exposure to pro-inflammatory cytokines cause structural and functional changes which
lead to neurodegeneration.
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4. TREATMENT

Unfortunately, there is still no cure available for AD, as the currently approved
medications offer only a temporarily delay of the progression of symptoms and
improvement of the quality of patients' life. The nebulous and complicated
pathogenesis of AD makes difficult to develop new drugs, and also leads to the
failure of many promising drug candidates when tested in clinical trials, resulting
in unpredictable clinical manifestations. Despite these challenges, research of AD
is still a hot topic, and the efforts and attempts of scientific groups worldwide are
continuing, with the aim of finding an effective treatment. On the clinical front, the
approach that has so far produced the majority of marketed drugs is the
cholinergic hypothesis. Moreover, these medicaments are largely used in
combination therapy with agents that have non overlapping or even synergistic
mechanisms of action.

4.1 Current options

There are two main domains of intervention that may be relevant in early-stage
AD, namely, pharmacological interventions, which include symptomatic
treatments and other treatments targeting underlying disease mechanisms, and
non-pharmacological interventions, which include interventions aimed to support
and enhance cognitive abilities, and psychological interventions to support both
the patients and their caregivers (Figure 22).

Interventions

Pharmacological Non-pharmacological

Symptomatic Others AD patient Caregiver
treatment
Acetylcholinesterase Non-steroidal anti- Stretegies to support Education and
inhibitors inflammatory drugs and enhance training
cognition Psychological
Mematine Hormone ) Sy g
replacement Psycological and interventions
Antidepressants Vitamin E behavioural therapies

FIGURE 22| Classification of interventions.
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4.1.1 Pharmacological interventions

As mentioned, current therapies are only able to mitigate symptoms and not to
influence the progression of the disease (Figure 23). Symptoms can be divided
into cognitive and behavioral categories. Cognitive symptoms affect memory,
language, judgment and thought processes, while behavioral symptoms alter
actions and emotions of the patients and include anxiety, sleeplessness and
depression. Possible treatment methods involve medications and non-drug
interventions. To set appropriate expectations and improve medication
adherence, patients and families should be counseled that the expected goal of
these agents is to stabilize the patient's cognitive symptoms rather than achieve
noticeable improvement.

AChE inhibitors NMDA antagonist

H,CO
OCH,

NH NH,
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Aricept® Exelon® Cognex® Reminyl® Ebixa®

FIGURE 23| Overview of currently approved cognitive enhancing medications and Tacrine,
which was withdrawn from use in 2013.

4.1.1.7 Cholinesterase inhibitors

Attempts to enhance cholinergic neurotransmission represented an early
approach to treating AD. Though agonists of muscarinic receptors have previously
been unsuccessful in human trials, and a trial of a nicotine transdermal patch is
currently in phase 2 (ClinicalTrials. gov Identifier: NCT02720445), inhibitors of
acetylcholinesterase are the only examples of this approach that have thus far
shown some success. Acetylcholinesterase inhibitors (AChEIs) work by inhibiting
AChE, the enzyme primarily responsible for synaptic recycling of acetylcholine,
thereby prolonging the action of endogenous acetylcholine. Three inhibitors are
currently in clinical use: donepezil (Aricept®), rivastigmine (Exelon®), and
galantamine (Razadyne®) (Table 1). A fourth, tacrine, is no longer in use, largely
due to its side effects, particularly hepatotoxicity'?4.

AChEls are overall relatively well tolerated. Gastrointestinal side effects are fairly
common, occurring in 5-33% of patients in clinical trials, and include anorexia,
nausea, vomiting, and diarrhea'®. Other common adverse effects are
dizziness/vertigo, fatigue, insomnia, hallucinations, bradycardia, and muscle
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cramps'%. The rivastigmine patch can also cause skin irritation at the application
site.

Table 1. Administration, mechanism of action and adverse effects of currently approved
cognitive enhancing medications.

(!t\:laegécr?atlr?\r;) Administration Mechanism of action Adverse effect
Oral immediate , Nausea, vomiting, loss of
| | Reversible non- it At |
Donepezil reiease, ora competitive appetite, weight 1oss,
. disintegrating . diarrhea, bradycardia,
(Aricept) acetylcholinesterase . . : .
tablet, oral hibitor dizziness, insomnia, fatigue,
sustained release headache, muscle cramps
Nausea, vomiting, loss of
appetite, weight loss,
Acetylcholinesterase abdominal pain, tremor,
Rivastigmine | Oral, transdermal and diarrhea, bradycardia,
(Exelon) patch butyrylcholinesterase | dizziness, insomnia, fatigue,
inhibitor headache, allergic dermatitis,
irritation at application site
(patch)
Oral immediate Reversible and Nausea, vomiting, loss of
Galantamine rclease oral competitive appetite, weight loss,
azadyne acetylcholinesterase abdominal pain, diarrhea,
Hezai extended ’release tylchol ¢ bd | diarrh
inhibitor bradycardia, dizziness
Both hypertension and
Memantine Non-competitive hypotension, constipation and
(Ebixa) NMDA antagonist diarrhea, rare hypersensitivity
reactions

Donepezil was approved by the Food and Drug Administration (FDA) in 1996 and
by the European Medicines Agency (EMA) in 1997 and it is currently one of the
most commonly prescribed drugs for the treatment of mild to moderate AD. It is
a selective reversible non-competitive inhibitor of AChE, and it was developed,
synthesized and evaluated by a Japanese pharmaceutical industry. However, its
combination with other drugs should be cautious, since donepezil use cytochrome
P450 in its metabolism. Donepezil was also found to be effective in inhibiting AB
aggregation'®” and increasing the expression of nicotinic receptors in the
cortex'®®. It has oral bioavailability of about 100% with a long half-life (t1,2= 70—80
h)199. Donepezil can be considered the first drug approved for AD treatment acting
as a dual binding site inhibitor, namely is able to simultaneously bind both
peripheral and catalytic site of AChE. Inspection of the X-ray crystallographic
structure of the AChE-donepezil complex (PDB ID:1EVE)?% shows that this
compound extends from the catalytic site to the peripheral one along the gorge.
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The benzyl ring establishes stacking interaction with Trp84, and the piperidine ring,
whose nitrogen atom is protonated at physiological pH, lies onto the benzene
moiety of Phe330. Moreover, there can be a stabilizing electrostatic interaction
with Asp72. The indanone ring partly stacks against the indole ring of Trp279,
whose orientation also mimics the arrangement found in the complexes with
catalytic and peripheral site inhibitors?®'. The discovery of donepezil started with
the development of N-benzylpiperazine derivatives that showed micromolar
inhibitory potential. Subsequentially, the replacement of the piperidine nucleus
instead of piperazine ring dramatically increased the potency. Finally, among
several substitutions, 4,5-dimethoxyindanone nucleus showed significant
inhibitory potential and devoid of any side effect. The ring expansion of indanone
nucleus decreased the activity drastically, and the 4,5-dimethoxy substituents
showed maximum inhibitory potential. Moreover, the carbonyl group in indanone
is also essential for activity and its replacement with indanol or indene nucleus,
remarkably decreased the activity. Currently donepezil is an extensively
investigated molecule, and its detailed structure-activity relationship (SAR) study
has been conducted.

Rivastigmine is a combined AChE and BChE inhibitor that achieved FDA approval
in 2000 and is available in oral and transdermal forms. Its half-life is 1.5 h, but the
duration of clinical effect from oral administration is approximately 10 h because
of the "pseudo-irreversible” nature of the inhibition, allowing for twice daily dosing.
A more slowly absorbed patch form, which is applied once per day, was
subsequently developed?®?. Since rivastigmine does not involve the cytochrome
P450 system in its metabolism, the possibility of occurrence of drug-drug
interactions is reduced.

Galantamine is a tertiary alkaloid extracted from various species of
Amaryllidaceae, accidentally discovered in 1950. It is a competitive and reversible
inhibitor of acetylcholinesterase and therefore theoretically has greater effect in
areas of the brain with low levels of acetylcholine. It is also an allosteric modulator
that enhances the effect of acetylcholine at nicotinic cholinergic receptors?®. It is
available in immediate and extended release oral formulations.
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4.1.1.2 Memantine

Memantine is a low affinity and non-competitive NMDA receptor antagonist, and
thus memantine regulates the activity of glutamate in the brain. Glutamate is an
excitatory neurotransmitter involved in learning and memory. Overstimulation of
nerves by glutamate may be the cause of the neuron degeneration seen in AD,
called excitotoxicity. Glutamate binds to NMDA receptors on the surface of brain
cells. Memantine functions by blocking the NMDA receptors and therefore
protecting the nerves from excessive glutamate stimulation?%. The exact
mechanism of action in AD is uncertain but has been hypothesized that in addition
to  mitigate glutamate-induced excitotoxicity, ~memantine  decreases
hyperphosphorylation of tau protein and protects against the toxicity induced by
AB peptide?9®2% |t s available as immediate and extended release (XR)
formulations (Ebixa®) (Table 1) and as combination pill of memantine XR 28 mg
daily and donepezil 10 mg daily (Namzaric©, approved by the FDA in 2014).
Memantine, although frequently prescribed in the US for mild AD, has no
consistent measurable benefit until the disease reaches the moderate stages. At
that point, the modest benefit on cognition seems to be additive to that provided
by acetylcholinesterase inhibitors, and, given the lack of significant adverse
effects, combination therapy is appropriate for most patients?%’.

4.1.1.3 Others

In regard to the pharmacological treatment, in addition to AChEls and memantine,
there are other approaches that might collaborate in the process of stabilization
of the disease, such as the use of anti-inflammatory, antioxidant and estrogenic
replacement, among others.

The use of anti-inflammatory drugs, as indomethacin and ibuprofen, that act by
reducing the inflammatory response in the brain, is suggested to be able to reduce
AR formation. However, prolonged use of these drugs can cause many side effects
such as kidney and stomach problems?°8.

Since depression is a common problem in old age, with a particularly high
prevalence among people with dementia, the prescription of antidepressants is
sometimes practiced in AD patients. The classes commonly used to treat
depression in dementia are selective serotonin reuptake inhibitors (SSRI) and
noradrenalin and selective serotonin antidepressant (NASSA).

Antioxidant prevent free radical formation, reducing oxidative stress and thus
exerting a probable neuroprotective effect. The vitamin E demonstrated benefit on
AD, and other examples of antioxidant are some flavonoids, which are the active
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components of Gingko Biloba leaf extract. Evidence for the efficacy of vitamin E
supplementation and medical foods is weak but might be considered in the
context of cost, availability, and safety in individual patients.

Similar to antioxidant, the estrogen-replacement therapy also acts through
neuroprotective mechanism. Estrogens exert effects on various receptors on the
neuronal surface, promoting the neurotransmitters release and increasing the
cerebral blood flow".

4.1.2 Non-pharmacological interventions

Evidences suggest that is possible to produce short-term improvements in
cognitive functions and/or reduce cognitive decline in AD patients using non-
pharmacological approaches. The strongest evidence for efficacy is related to
interventions which apply principles of cognitive stimulation and/or reality
orientation®®. Cognitive stimulation targets cognitive and social function, through
reality orientation, activities, games and discussions. It can be administered by
professional therapists or by caregivers who have been trained.

Another non-pharmacological intervention involves psychological and
psychosocial treatments, including cognitive behavioral therapy aimed to treat
depression and anxiety. However, the evidence base for the effectiveness of these
intervention for AD patients is limited®®.

Despite there is evidence that midlife exercise is associated with a reduced risk of
AD, the benefits of exercise after onset of dementia are unclear, and the data are
limited by the lack of consistent use of biomarkers. For patients with mild cognitive
iImpairment, limited evidences suggest that exercise should be recommended
since it promotes cognitive health, but the direct effect on AD pathology remains
uncertain. Thus, while exercise may be recommended for the patient's overall
physical health, data do not support its prescription to specifically improve
cognitive function in AD patients??’,

4.2 State of the art — future perspectives

Since the number of AD cases will continue to rise in the next few decades as the
result of life expectancy increase, there is an urgent need to develop a treatment
able to modify the course of the disease more effectively. In the period between
1998 and 2011, ~100 compounds failed to demonstrate efficacy in modifying the
AD course in the clinical development phase?9®?19. The reason why these
compounds failed to show efficacy might be the related to the multifactorial
aetiology and intricate pathophysiology of AD. Finding a suitable drug that is also
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effective in the entire trial population is not an easy task. Although several key
aspects of AD pathogenesis have not been resolved yet, scientific progresses in
the last years allowed to establish different rational strategies for developing safe
and effective treatments able to modify AD course. As a consequence of the
current knowledge in the framework of new therapeutic intervention targets, there
are multiple hypotheses around which therapeutic agents can be developed?'".
Currently are being proposed or utilized in disease prevention trials drugs that
interfere with the synthesis, deposition and aggregation of B-amyloid protein?'?,
or with the hyperphosphorylation of tau protein?'3, anti-inflammatory agents'®?
and antioxidants'#924 among the others. Out of all of these treatment strategies,
those aimed at reducing AR formation and tau phosphorylation are the most
important, as the greater advance in AD field have had to do with these two types
of processes, and findings in this area may be the key to AD treatment in the near
future.

4.2.1 Anti-amyloid strategies

Over the past two decades, research has mainly focused on development on
compounds aimed to play a role interfering with AB, in line with the amyloidogenic
hypothesis'?6. Although the repeated clinical failures of compounds developed led
researchers to question the amyloidogenic hypothesis, it is believed that the past
failures may be due to the lack of biomarkers able to facilitate patient recruitment
for clinical trials before they have reached advanced stages of AD, in which any
type of therapeutic intervention might be useless?%. In this context, both new
compounds and new tools for AD diagnosis that take into account AR role are
currently being investigated (Figure 24).
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FIGURE 24| Therapeutic approaches targeting the amyloid cascade hypothesis.

4.2.1.1 Secretase modulators
The first strategy intended to reduce AR production is focused on modulate APP
processing, namely, to inhibit y— and/or B-secretase and to activated a-secretase.

B-secretase is a transmembrane aspartic protease that cleaves APP in the lumina,
and its inhibition provides multiple advantages, among which is the prevention of
AR formation at an early stage of APP processing. Developing an inhibitor of
BACE1 is a hard challenge, as, in addition to APP, BACE1 has many other
substrates important for synaptic plasticity and homeostasis, as neuregulin-1
which is involved in myelination of peripheral nerves. Moreover, BACET presents
similarities with other aspartyl proteases, such as BACE2, pepsin and rein; thus,
achieving selectivity in BACET inhibition without affecting other proteases, is
crucial for eliminating off-target side effects?'®. Furthermore, an additional
challenge is related to the size of the active site of BACE1, which is known to be
relatively large. Therefore, having a small hydrophilic molecule able
simultaneously to occupy the active site and cross the BBB represents a grand
challenge?'®. Despite all these issues in the design of BACE1 inhibitors, many
laboratories succeeded in developing selective, potent and bioavailable inhibitor
agents; and many of these compounds showed promising clinical effects (Table
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2); however, none of them have passed the final stages of clinical trials yet to

receive FDA approval and reach the market?'”.

Despite BACET inhibitor clinical trials conducted so far being discontinued for

either futility or safety reasons, BACET still remains a validated therapeutic
candidates for AD'%®.

Table 2. BACET inhibitors currently in different stages of clinical trials.

Drug Clinical
[Clinicaltrials.gov Structure trial Status Results
registry name] phase
The trial ended
5 months
. . earlier than
Verubecestat 0 Launched in .| expected as it
N.__NH, Phase | November 2012;
(MK-8931) TN T Il ended in April was non
INCT01739348] | N SN P effective and
0770 2017 .
associated
with adverse
effects
Studies
. stopped due to
Lanabecestat | ° Z Launched in the lack of
(LY2886721) N B Phase | September efficacy, no
[NCT02245737] ~ N I | 201 % endedin 1 700 e
NH, October 2018 . o9
improvement
were observed
F Launched in :
Atabecast \©\ 0 , Studies
(JNJ-54861911) ”ZNY/”V\I“" S W | ended i Jone | Stoppeddue o
[NCT02406027] S\ A N A Sy 2018 liver toxicity
Launched in
Elenbecestat Phase December 2016;
(E2609) " estimated study
[NCT03036280] competition
November 2023
F F ;
F - LF Launched in
(Unfmzcsggtat) S | CIH Of<F Phase August 2017, Results not
INCT02576639] N N\I/\Nl N“NH, | /Il | ended in March available
o LA, 2020

The enzyme y—secretase is responsible for the final stage in APP processing,

producing ABso and ABa42. Although achieving the inhibition of this enzyme was

seen as promising approach for the disease modification, the development of a

y—secretase inhibitor shares the same hard challenges as for BACE1?'8. In fact, in

addition to APP, y—secretase acts to process other proteins, as the Notch protein,
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which is involved in cell proliferation, development, communication and
survival?'®. For this reason, nonspecific inhibitors would result in severe adverse
effects. As a consequence, the attention of researchers is more oriented towards
BACET. One solution devised to prevent the adverse effects derived from y—
secretase inhibition was the study and use of selective y—secretase modulators
(GSMs), which block the enzyme to alter APP processing while sparing signaling
on other pathways. The development of GSMs began with the observation that
some non-steroidal anti-inflammatory drugs decreased levels of AR in cell
cultures and in rats??°. These drugs include ibuprofen, sulindac, indomethacin and
flurbiprofen. In contrast, both tarenflurbil (R-flurbiprofen) and ibuprofen failed to
show efficacy in their respective clinical trials??1222,

CHF-5074 is a nonsteroidal anti-inflammatory derivative which proved to reduce
AB42 production in vitro by modulating y—secretase. Subsequent preclinical
studies proposed other mechanisms of action, such as restoring neurogenesis,
reorganizing the astrocytic cytoskeleton, reducing tau, rescuing synaptic plasticity
and acting on microglia to counteract inflammation??®. CHF-5074 was submitted
to two different phase Il trials (ClinicalTrials.gov Identifier: NCT01723670,
NCT01303744). The second phase Il trial was withdrawn from ClinicalTrials.gov
reportedly to be placed on hold to await the outcome of licensing negotiations.
The natural occurring molecule NIC5-15 is one example of selective GSM, which
was found to decrease functional deficit and improve cognitive memory in
preclinical models of AD. NIC5-15 (ClinicalTrials.gov Identifier: NCT00470418)
entered in a phase Il trial in 2007 which ended in 2010. Researchers are now
examining its potential role as an inhibitor of the inflammatory process, especially
referring to inhibition of microglial activation'?®.

Activation of the a-secretase provides an attractive strategy for the development
of disease-modifying drugs as it leads to APP being processed by the non-
amyloidogenic pathway. With this aim, different compounds have been
investigated, including agonist of muscarinic, glutamatergic and serotonergic
receptors, and protein kinase C activators. However, only a limited number of
compounds proved to modulate this pathway in animal models, thus very few
compounds have reached the clinical trial stage'?®. In this context, a clinical trial
of phase Ill (ClinicalTrials.gov Identifier: NCT00951834) is currently underway to
evaluate the efficacy of epigallocatechin gallate in early stages of AD. It is reported
that epigallocatechin gallate, a polyphenolic compound extracted from green tea
leaf, displays beneficial effects ranging from anti-neoplastic to anti-inflammatory
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and neuroprotective properties; and, in addition, it may have positive effects on
cognitive function??4,

4.2.1.2 Amyloid aggregation inhibitors

The large amount of evidence about the neuronal and synaptic toxicity of amyloid
deposits provides the basis for the development of inhibitors of AR aggregation.
Unfortunately, only few AR aggregation inhibitors have reached clinical trials. One
example is the synthetic glucosaminoglycan 3-amino-1-propanesulfonic acid (3-
APS, tramiprosate, Alzhemed™), that acts antagonizing the interaction of AR with
endogenous glycosaminoglycans??®. Glycosaminoglycans have been reported to
promote AB aggregation and plaque stability?%®, and thus is reported 3-APS is able
to prevent B-sheet formation. After a phase Il study in which the drug appeared
safe and reduced CSF AB4; after three months, in June 2004, Alzhemed™ became
the first anti-amyloid drug to enter phase 3 (ClinicalTrials.gov Identifier:
NCT00088673). However, in 2007, it was announced the trial had failed to
measure an improvement in cognition in the North American trial. As a
consequence, it was stopped also the European trial, but the open-label extension
of the North American trial continued. Results were subsequently published in
2011 by Aisen et al.??'.

4.2.1.3 Promotors of amyloid clearance

The last strategy pursuing the amyloidogenic pathway targets the clearance of AR
aggregates and deposits. To this end, three different approaches can be pursued.
The first one is to activate the enzymes responsible for the breakdown of amyloid
plagues, such as neprilysin, IDE and endothelin converting enzyme, since their
levels drop in AD??8. However, no protease activators have been evaluated at
present, and this is probably due with their lack of specificity'?°.

The second approach is to modulate AB transport from the brain to the periphery.
AB transport is regulated by apolipoproteins (APOEe4 included), that promote the
transfer of AR from the blood-stream to the brain, low density lipoprotein receptor-
related protein, that increase the transfer of AR from the brain to the blood-stream,
and the RAGE, which facilitates AR penetration in the brain?29230_ Although different
proposed strategies exist, only the compounds aimed to inhibit or modulate RAGE
have reached the clinical development stage. One example is PF-04494700 which
blocks the interaction between RAGE and AR; hence the rationale is that it could
provide a combined treatment effect across glial inflammatory and amyloid-
related processes?®!. Currently PF-04494700 is undergoing a phase Ill clinical trial
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(ClinicalTrials.gov Identifier: NCT03980730). Another example is TTP4000, which
underwent a phase | clinical trial (ClinicalTrials.gov Identifier: NCT01548430), and
despite study ended in 2013, the results have not been published yet.
The last approach, which is the most studied approach to reduce AR, is based on
immunotherapy aimed to improve AR clearance. Immunotherapy can be either
active or passive. Active immunization (vaccination) with ABs2 or with other
synthetic fragments, has been successful in transgenic mouse model of AD.
These trials are typically based on stimulating T and B cells and generating an
immune response by activating the phagocytic capacity of microglia. If initial
results from these type of trials were promising, some studies have been
suspended since some patients developed meningoencephalitis?®?. By designing
second generation vaccines, researchers attempted to prevent a nonspecific
Immune response to immunization with complete ABs2 peptides. As a
consequence, the new vaccines employed shorter segments of the AB peptide,
that would promote a humoral response to the cellular immune response. The first
second-generation vaccine to reach clinical development stages was CAD-
10623, Two phase Il randomized and placebo-controlled clinical trials of CAD106
(ClinicalTrials.gov Identifier: NCT00733863 in Europe, and NCT00795418 in the
U.S, both sponsored by Novartis) were initiated in 2008, and their open-label
extension studies (ClinicalTrials.gov Identifier: NCT00956410 and NCT01023685)
lasted through to 2011 and 2012, respectively. A Phase 2/3 clinical trial
(ClinicalTrials.gov Identifier: NCT02565511) is currently underway. The study was
designed to separately test CAD106 and another investigative medication,
CNP520 from Amgen.
Passive immunization is another type of immunotherapy which in this context
consists in the passive administration of monoclonal or polyclonal antibodies
targeting AB. This method provokes an anti-AB immune response with no need
for pro-inflammatory reaction T-cells mediated?®*. Bapineuzumab and
solanezumab are two monoclonal anti-bodies that, among other, reached the
most advanced stages of clinical development. However, both failed to show the
expected clinical benefits in patients with mild to moderate AD in phase Il studies
in 2012. Bapineuzumab is a humanized monoclonal antibody that binds to the N-
terminus of AB1-s, while solanezumab is designed to bind the central part of the
protein, AB12-28 235238 At present, new phase IlI clinical trials are being carried out
on solanezumab (ClinicalTrials.gov Identifier: NCT02008357). Gantenerumab is
another monoclonal antibody tested for its disease-modifying potential in phase
Il clinical trial (ClinicalTrials.gov Identifier: NCT01224106). Results gathering from
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the study seem to indicate a tendence towards cognitive improvement, however,
this trend does not seem statistically significant. Gantenerumab is a fully human
IgG1 antibody with high affinity for a conformational epitope expressed on AR
fibrils?®”. The therapeutic basis for this antibody, supported by experimental
studies in transgenic mice?® is that it acts by breaking down amyloid plague with
a process that involves microglial recruitment and activation of phagocytosis.
Finally, aducanumab is a human monoclonal antibody that selectively targets AR
aggregates, including soluble oligomers and insoluble fibrils. It has been evaluated
in several clinical trials on mild Alzheimer's disease and mild cognitive impairment,
including the ENGAGE, EMERGE and PRIME trials?39-241. Based on a later analysis
of additional follow-up data and other supportive findings, Biogen submitted a
biological license application to the FDA requesting the therapy's approval for the
treatment of AD. Since 7 August 2020, Aducanumab has been under priority
review at the US FDA. On 4 November 2020, the FDA released documents noting
support for the safety and efficacy of Biogen's treatment for AD, aducanumab.
However, on 6 November 2020, the FDA discussed aducanumab during a meeting
of Peripheral and Central Nervous System Drugs Advisory Committee (which is
charged with reviewing and evaluating data concerning the safety and efficacy of
drugs for AD), and the committee voted against the approval. The FDA will now
continue the review process, with a final decision on approval whether
aducanumab's solution for intravenous infusion will attain its biologics license
firstly due by 7 March 2021 and currently postponed to 7 June 2021. If approved,
the drug will become the first new AD therapy to be approved in 17 years.

4.2.2 Tau

Another potential strategy to target AD is the inhibition of tau aggregation by small
molecules to avoid the development of tau lesions, but, unfortunately, this
approach lacks a complete understanding of the pathology of tau?4?.

While extensive research is directed to interpret the relations between AR, tau and
the kinase and proinflammatory cytokines that modulate tau phosphorylation, the
therapeutic potential of this target interconnection is strengthened further by the
case study of methylene blue (methythioninium chloride, MTC) (Figure 25).
Methylene blue, the first synthetic drug ever used as an antiseptic in medicine, is
a molecule able to cross the BBB which has neuroprotective effects in AD?43244,
The hypothesis that methylene blue could have a therapeutic potential against AD
arise from the observation that Tau filaments could be dissolved by this
compound and its demethylated derivatives, such as Azure A, Azure B and
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tolonium chloride?#®. Methylene blue also accumulates in the mitochondria,
intervening in electron transport and improving mitochondrial respiration. Starting
from methylene blue, two purified preparations have been developed, namely
Rember® and TRx0237 (LMTX™) (Figure 25). The latter is an inhibitor of the Tau
protein aggregation for the treatment of both AD and frontotemporal dementia?4,
and it is a replacement formula for Rember®, the first patented formulation of
methylthioninium chloride. Several clinical trials (ClinicalTrials.gov Identifier:
NCT01689233) evaluating the efficacy and safety of TRx0237 in the treatment of
mild AD are currently in phase Ill.

FIGURE 25| Structures of methylene blue (MTC) and its reduced form LMTX™.

Another strategy aimed to target tau toxicity consists in immunotherapy. The first
example is AADvac1, a synthetic peptide derived from tau protein sequence, which
is labeled with hemocyanin and uses aluminum hydroxide as adjuvant. AADvac]
Is expected to reduce the number of neurofibrillary tangles, eliminate
hyperphosphorylated Tau protein and reduce the amount of oligomerized Tau in
the brain. Therefore, this vaccine should prevent cognitive impairment. Results
gathering from preliminary phase | clinical trials, showed a tendency towards
improved cognition and brain atrophy?4’. However, more placebo-controlled
studies are necessary to confirm the efficacy of this compound significantly. A
phase Il study (ClinicalTrials.gov Identifier: NCT02579252) ended in June 2019,
but no data has been reported to date.

A second example is ABBV-8E12, a recombinant humanized anti-Tau antibody
that recognizes and binds to abnormal Tau aggregates, blocking their spreading
from neuron to neuron and thereby decreasing the severity of the disease?®.
Currently, two phase Il clinical trials run to evaluate the efficacy and safety of
multiple doses of ABBV-8E12 in AD patients (ClinicalTrials.gov Identifier:
NCT02880956 and NCT03712787) and they are expected to end in 2026.
RO7105705 is another potential therapy based on an antibody that reacts against
Tau slowing its spread in the brain?#. A Phase Il clinical trial (ClinicalTrials.gov

Identifier: NCT03289143) started in 2017 and will be completed in 2022. Another
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phase Il study, which evaluates RO7105705 in patients with moderate AD, started
at the beginning of 2019 and will be completed in September 2021
(ClinicalTrials.gov Identifier: NCT03828747).

Finally, LY3303560 is a humanized antibody engineered to bind and neutralize
soluble Tau aggregates?*®. A phase Il study evaluating the safety and efficacy of
LY3303560 administered intravenously in AD patients has been designed, and the
results are expected to be reported in October 2021 (ClinicalTrials.gov Identifier:
NCT03518073).

4.3 Multi-target directed ligands

To date, most pharmacological research is driven to the discovery of highly
selective drugs. Drugs with high selectivity, indeed, have been historically
designed to target a single biological entity, usually a protein, in order to avoid any
adverse side effects caused by mistargeting other biological targets. Thus the
paradigm “one target, one drug" has been considered the dominant drug discovery
hypothesis during the past few decades?®°. However, until now this strategy has
failed to develop any drugs able to slow down or stop the progression of AD.

This philosophy started to change in the last 20 years due to the emergent growing
awareness that drugs designed to act on individual molecular targets are usually
inadequate for multigenic diseases such as cancer, neurodegenerative and
infectious diseases. Nowadays the knowledge of the complex word underlying the
pathogenesis of these multifactorial diseases is being enriched, suggesting the
multi-target therapeutics as potentially more advantageous than mono-
therapies?! (Figure 26).

Multiple medication therapy Multiple _con_lpound Multiple target directed
medication ligands
Drug A Drug B Drug A Drug C
+B
2 active substances 7 active substances 1 active substance
2 biological targets 2 biological targets SEVERAL biological targets
K drug-drug interation K formulation problems « synergiceffect
¢ compliance  compliance «/ compliance

FIGURE 26| Advantages and disadvantages of different therapeutical approaches.
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One logical alternative to multi-target modulation is combination therapy, in which
different therapeutic agents that act independently on various components of the
disease network are applied simultaneously to treat complex diseases like AD. The
current standard treatment of Alzheimer's disease is the combination of an
acetylcholinesterase inhibitor and the only NMDA receptor antagonist marketed
memantine?®2. Though powerful, the combination therapy-based approach
displays noteworthy disadvantages, including increased drug toxicity, treatment
costs, drug-drug interactions as well as to patients' compliance. Another strategy
is represented by the incorporation of different drugs into the same formulation;
this simplifies dosing regiments and improves patient compliance with respect to
combination therapies. In this sense, an example is Namzaric©, approved for the
treatment of moderate to severe dementia of the Alzheimer's type in December
2014, that combines memantine and donepezil in a once-daily fixed-dose
combination therapy?®® (Figure 27). However, this strategy does not allow to
overcome the intrinsic conflict of drug combination, where positive outcomes
deriving from combating the disease on multiple fronts coexist with drug-drug
interaction concerns as two sides of the same coin?'". All of this information
enlighten it is appropriate and relevant to search for novel bioactive compounds
able to combine in one molecule multi-target properties, since they may offer the
interesting prospect of tackling intricate network effects with the benefits of a
single-molecule therapy.
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FIGURE 27| Schematic of Namzaric© and its active ingredients.

The greatest challenge to discover efficient multi-target leads for the treatment of
complex diseases is to identify the best combination of biological targets. Thus,
the key point is to find which and how many biological targets show the best
results. Unfortunately, until now, all the efforts in this area have met with failure,
confirming the challenge which is to face AD. Most efforts on the multi-target

74



strategy for AD treatment are focused on the development of compounds that
have ChE inhibitor activity (tacrine and donepezil-related derivatives) plus one or
more properties of: anti AR aggregation, -secretase inhibition, MAO inhibition,
neuroprotection, anti-oxidation, metal-chelation, anti-inflammation and tau
hyperphosphorylation inhibition.

At present, the development of multitarget drugs for AD is mostly based on
rational molecular hybridization in which two or more pharmacophores with
particular properties are combined in a single molecule, achieving the goal of
polypharmacology. In addition, screening of natural products for the discovery of
multi-target lead compounds has also regained the spotlight.

The cholinergic hypothesis and approved drugs make AChEls a high profile in AD
fleld and lead multi-target strategy to involve AChE in the drug design for the
potential AD treatment. Tacrine and donepezil are still subjected to various
modifications by research groups, and are often used as positive controls in in
vitro and in vivo tests. In this context, phenserine (Figure 28), which belongs to the
second generation of ChE inhibitors, not only is a selective, non-competitive AChE
inhibitor, but it also reduces APP production in vitro and in vivo?®*. Moreover, it has
a lower toxicity compared to tacrine and physostigmine?®®. Phenserine was
observed to be a promising anti-AD agent due to its dual effect towards AB and
AChE. It was clinically tested, but has shown only moderate success in initial
phase Il clinical trials. Subsequently, it proved to be uneffective in two curtailed
phase Il clinical trials?®® and failed also in phase Ill development. In 2016 it was
demonstrated that phenserine exhibits non-cholinergic effects with clinical
potential?®’. Therefore, investigations of
/ its mechanism of action are currently
@ i N ~“HN/ under development?®. Posiphen, one of
” 0 the two follow-on compounds of
phenserine, is currently evaluated in
Phenserine , phase I/l clinical trial (ClinicalTrials.gov
Identifier: NCT02925650 and

NCT04524351).
One example based on rational molecular hybridization is the AChE and NMDA

FIGURE 28| Structure of phenserine.

receptor multi-target strategy that can affect both cholinergic and glutamatergic
systems. The aim of this rational design was the obtainment of a single molecule
endowed with anticholinesterase efficacy and NMDA receptor antagonism by
integrating synergistic fragments into a single chemical identity?®®. The first
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rationally designed hybrid carbacrine (Figure 29), formed by linking the AChEI
tacrine with the carbazole moiety of carvediol, showed dual inhibitory activity
against AChE and NMDA receptor (ICso = 2.15 nM for AChE, ICs0 = 0.74 mM for
NR1/NR2A), 36.0% self-induced AB aggregation inhibition, 57.7% AChE-induced
AB aggregation inhibition, and the ability to reduce oxidative stress’®.
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FIGURE 29| Design strategy for carbacrine.

Memagal (Figure 30) is a hybrid made by the structures of galantamine and
memantine linked with a hexamethylene spacer. Memagal showed remarkably
inhibitory potency against AChE (ICso =1.16 nM), and NMDA receptor.
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FIGURE 30| Design strategy for memagal.

Memagal
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In the framework of simultaneous AChE and NMDA receptor inhibition, it is worth
mentioning the antihistamine drug dimebon. Dimebon is in a discontinued phase
Il clinical trial for AD treatment. Its mechanism of action for cognitive benefit has
never been conclusively established; however, a broad spectrum of effects on
neurologically relevant targets was proposed based on various in vitro and in vivo
studies?. Particularly, dimebon has been variously reported to modulate the
activity of channels and neurotransmitter systems, including L-type and voltage-
gated calcium channels, AMPA and NMDA glutamate receptors, a-adrenergic
receptors, and serotonergic or dopaminergic receptors. Based on computational
studies, the y-carboline moiety of dimebon was identified as the key fragment to
explore in the search of an amplified drug activity profile. Therefore, a bivalent
ligand approach led to dimebon congeners (Figure 31), which showed other
satisfactory in vitro biological activities, including a remarkable increase of
inhibitory potency against AChE combined with a greatly improved affinity

towards NMDA receptor?®!.
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FIGURE 31| Design strategy for dimebon congeners.

Considering the structural analogy existing between RS67333 and donepezil, the
pharmacophoric features of these two molecules were merged into a single
chemical entity leading to the obtainment of donecopride (Figure 32)26?. RS67333
is a partial 5-hydroxytryptamine 4 receptor (5-HT4R) agonist which is well known
for its procognitive effect. In addition to activate 5-HT4R, it lowers AR levels by
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directly inhibiting the activity of AChE with submicromolar activity (ICso =1.16
nM)2%3. The rational of employing a 5-HT4R agonist is that the serotonergic
neurotransmitter system possesses a strong implication in cognitive function?64.
5-HT4R receptors, in particular, have been largely described to be involved in
memory processes and thus they acquired interest in the development of new AD
therapeutics. Interestingly, brain functions mediated by 5-HT4R seem to require
interaction with cholinergic neurotransmission?®®. Moreover, some authors
hypothesize the up regulation of 5-HT4R may contrast AR accumulation through
the stimulation of the non-amyloidogenic APP processing?®. Donecopride
improves cholinergic transmission both through the inhibition of AChE and the 5-
HT4R-dependent release of ACh. In addition, it was observed that donecopride is
able to interact with the PAS of AChE, thus acting as a dual binding site inhibitor
able to limit AB accumulation. Finally, donecopride proved to be a druggable lead
component, as it presents good bioavailability and features a nontoxic profile?6’.
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FIGURE 32| Design strategy for donecopride.

Since increasing attention has been paid to the therapeutic potential of MAO
inhibitors in AD treatment, to meet the goal of MTDLs, AChE and MAO inhibitors
structures were combined to produce hybrids endowed with multi-efficacy. Thus,
ladostigil was obtained by combining the carbamate moiety of the ChEs inhibitor
rivastigmine with the indolamine moiety of the MAO-B inhibitor rasagiline (Figure
33). This drug shows potent neuroprotective inhibitory activities against
cholinesterase (both AChE and BChE) and MAO (both MAO-A and MAO-B)?%8. A
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phase Il clinical trials (ClinicalTrials.gov Identifier: NCT01354691) for the
treatment of mild cognitive impairment (MCI) and Alzheimer's type dementia
showed that low-dose ladostigil did not significantly affect progression from MCI
to dementia, the treatment group had less brain shrinkage than the placebo group
and, overall, ladostigil seemed well-tolerated?%°.

On the track of these promising results, the multifunctional ligand ASS324 was
designed and developed combining the 1-benzylpiperidine fragment of donepezil
with a MAO-inhibiting indolyl propargylamine moiety. In addition to a potent MAO
inhibitory effect, ASS234 also displays a dual binding site inhibition of AChE and
thus the modulation of AChE-dependent AR aggregation?©.

0
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FIGURE 33| Design strategy for ladostigil and ASS234.
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4.3.1 Quinone-based derivatives

Within the variety of molecules serving as scaffold for the design of multi-target
directed ligands, a moiety that emerges for its anti-AD potential is the quinone one.
Quinones are interesting chemical structures whose main features include a non-
aromatic ring and two carbonyl functions at the 1,4 or the 1,2 positions to one
another. The three most common quinone-based derivatives are benzoquinones,
naphthoquinones (NQs) and anthraquinones (AQs) (Figure 34).
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FIGURE 34| Structures of 1,4-quinone and related benzoquinones.

NQs are colored chemical compounds that in nature exist as secondary
metabolites of plants and are used in many traditional medicines in Asian
countries. They have gained considerable interest from researchers due to their
antibacterial, antifungal, antitumor, and insecticidal properties?’'=23. Therefore,
NQ can be considered a privileged structure since its derivatives have
demonstrated the ability to interact with several and different
biological/pharmacological targets exhibiting a wide range of activities. However,
few studies investigated the effect of 1,4-NQs on neurodegenerative diseases.
Only recently, natural and synthetic NQ derivatives have started to be explored as
potential agents for the treatment of AD?"* (Figure 35).
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FIGURE 35| Biological profiles of 1,4-NQs in the treatment of Alzheimer's disease.
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Naphthoquinones from natural sources are subject of a large number of studies.
Plumbagin (Figure 36) presents potent biological activities, including antioxidant
and anti-inflammatory, by selective inhibition of COX-2275276, which suggest the
activation of adaptive cellular stress response pathways as plausible
neuroprotective effects?’’. Moreover, plumbagin displays an anti-Alzheimer's
effect associated with activation of Nrf2/ARE signaling with consequential
suppression of astrogliosis and inhibition of BACET.

Another interesting natural naphthoquinone is juglone, a phenolic compound
produced by numerous species of walnut tree. Juglone (Figure 36) has antioxidant
properties that make it useful in combating oxidative stress-linked disease as AD.
Particularly, deprotonated juglone has demonstrated the ability to chelate Fe?* 278
leading to the formation of stable complexes, thereby preventing this metal from
participating in free radical generation?’®. In addition, juglone is an inhibitor of PinT,
a member of peptidyl-prolyl cis/trans isomerases?, that can regulate protein
phosphorylation and cell signaling and its activity has been connected to AD
through the modulation of phosphorylation of Tau protein?®!. Finally, juglone has
also been studied for its ability to inhibit both BACET (ICso= 6.51 pM) and the
aggregation of B-amyloid (ICso= 11.10 yM) and for its ability to disaggregate
preformed amyloid fibrils (ICso= 15.49 pM)282,

e
0 0
OH O OH O
Inhibition of BACE1 Inhibition of BACET
Suppression of astrogliosis Inhibition of AR aggregation
Inhibition of COX-2 Inhibition of Pin1
Antioxidant activity

FIGURE 36| Representative NQs from natural sources as lead compounds for the
development of new MTDLSs.

Among the anthraquinone derivatives which have been and are currently being
studied as potential anti-AD agents, most of them derive from natural sources. To
date, more than 700 natural anthraquinones, derived from 9,10-anthracenedione
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nucleus, have been isolate from plants, lichens and fungi. In the field of drug
discovery, the AQ moiety is an important scaffold associated with a wide range of
pharmacological properties, such as anti-inflammatory, anti-cancer, diuretic,
laxative, antidepressant, antioxidant and anti-parasitic?®3. Different AQ-based
molecules have recently shown to be capable of hit different molecular targets
involved in AD?*. In particular, AQs act as cholinesterase inhibitors?®4, reduce the
formation of protein aggregates, and act as antioxidants, thus impairing the
increased ROS formation associated with the AD progression. Within the natural
AQs, emodin?8®~287  alaternin?®® and helmintosporin?®* proved to be promising
chemotypes for the development of anti-AD drugs (Figure 37).
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Inhibition of tau polymerization
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FIGURE 37| Representative AQs from natural sources as lead compounds for the
development of new MTDLSs.

Alongside the discovery of the several potential applications of natural NQ and AQ
derivatives for AD treatment, synthetic analogues have also been developed with
the aim to target diverse factors implicated in AD pathology?’4. The greatest
results have been obtained by following a conjugation approach that allowed the
yield of hybrid molecules composed of naphtho- or anthraquinone scaffold in
combination with other structures, such as tryptophan?88289, tacrine??0-292 and
huprine??32%4 tethered through a linker of variable length and nature, in order to
Integrate their anti-AD properties.

82



Discussion

5. BACKGROUND

The research group where | developed my PhD work, for some years has been
dealing with the study of dual AChE and BChE inhibitors, as well as the design of
multitarget ligands capable of inhibiting both cholinesterases and AB aggregation.
This thesis represents the continuation of a previous work about a library of
thioxanthen-9-one, xanthen-9-one, naphthoquinone (I-VIII) and anthraquinone
derivatives (IX-XIV) decorated with a basic side chain (especially quinolizidinyl-
alkyl chains), which displayed a multitarget behavior by inhibiting both AChE and
BChE, and the spontaneous aggregation of B-amyloid with similar potencies??®
(Figure 38). The naphthoquinones demonstrated to be AChE-preferring inhibitors
(ICso= 0.011-5.8 uM) with respect to BChE, while the anthraquinones were
equipotent towards both enzymes in the low micromolar range. Moreover, the
tricyclic anthraquinone system resulted to be more suited to promote the
inhibition of AB aggregation (mean ICso ~ 8 uM) than smaller naphthoquinones,
which generally provided molecules endowed with less efficacy.

I . NH—(CH), v é i I # NH—(CH,); SCHZE i *NH (CHp)5~N

1-11 viil

0 HN—(CH,)y O HN—(CH,)g—S—Cr 0 HN—(CH,)s— N ““““““
0 0 0
n=1-31X-XI Xu X
FIGURE 38| Previous series of
naphthoquinone and
AChE 0.011(VI) - 5.8 (1) 0.84 (IX, X) - 3.8 (XIV) anthraquinone derivatives,
bearing a dialkylaminoalkyl or a
quinolizidinylalkyl chain as
BChE 4.1 (VII) =12 (V) 1.7 (XI) - 3.4 (XIV) multitarget  agents  inhibiting
cholinesterases and AB
aggregation.
ABao 61 (VII) 6.4 (IX) — 61 (XIII)
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Since the above-mentioned compounds may represent interesting leads for the
development of multi-target directed ligands of potential utility in the control of
symptoms and/or progression of AD, the efforts of my PhD work have concerned
the design and synthesis of novel libraries of naphthoquinone and anthraquinone
derivatives connected through a polymethylene linker to unexplored
functionalities such as a basic head or an aromatic or heteroaromatic ring (Figure
39).
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[ H
: N |/ (Hetero)aromatic
/ \ 1 O‘ ring or basic head
1
: Cl
Bi- or tri- : ! @) )
cyclic system Linker : ] | (Hetero)aromatic
I O NH ring or basic head
:
1
O
1
Tonelli M., Catto M. et al. ChemMedChem 1 o
10(6), 1040-1053 (2015). i
\ / " General structure of the novel quinone-based
\ derivatives investigated

FIGURE 39| General structure of naphthoquinone and anthraquinone derivatives
investigated in the present thesis.
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6. FIRST SET

6.1 Project

The first library probes the ability of an aromatic or heteroaromatic ring tethered
to the quinone scaffolds through a polymethylene chain to exhibit a multitarget
profile against key targets of AD?% (Figure 40). These hydrophobic features have
been selected with the aim to establish m-mt stacking interactions with a sequence
of aromatic amino acids (H14QKLVFF20) of AB, which plays an important role in
the initial phases of molecular recognition and structural transition, leading to AR
aggregation in soluble oligomers and fibrillary species'®.

N\/\ /Y
O‘ el L *
COOH
Cl Cl

(0] n=0: 1
n=1: 2 X=-H:Y=-H: 5 R=\© 8
n=2: 3 X=-N;Y=-H: 6
n=3: 4 X=-N;Y=-N: 7 _
NH
R= 9
_(CHy) NH _
o nn-(CH2hn ,l\,,N
L ¢ )
n=1: 10 * O‘O
n=2: 11
n=3: 12 o) 14

FIGURE 40| Chemical structures of the first subgroup of naphthoquinone and
anthraquinone investigated derivatives 1-14 as MTDLs for AD.
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6.2 Chemistry

The novel naphthoquinones derivatives 1-4 were obtained by reacting the 2,3-
dichloro-1,4-naphthoquinone, previously suspended in ethanol, with 2 equivalents
of the proper amine (Scheme 1).

i " er, 7w n=0: 1
Ol O e OO 2
ol (yields 48-89%) ol n=3 4

0 0

Scheme 1. Reagents and conditions: a) EtOH, A, 6 h.

To prepare derivatives 5-7, it was first necessary to synthetize the appropriate
intermediate (heteroaryl)ethylamines, by reducing with LiAlH4 in anhydrous THF
the 3-indolyl acetamide (Scheme 2) and the 1-benzimidazolyl and 1-
benzotriazolyl acetonitriles, respectively (Scheme 3). The 1-(2-aminoethyl)-
benzotriazole was also obtained with comparable yield from the acid catalyzed
hydrolysis (HCI 6N) of the 2-[2-(1H-benzotriazol-1-yl)ethyl]phthalimide.

While 2-(3-indolyl)acetamide was commercially available, to synthesize 2-
(benzimidazol-1-yl) and 2-(benzotriazol-1-yl) acetonitriles, benzimidazole and
benzotriazole were condensed with 2-chloroacetonitrile in DMF in the presence of
TEA according to the literature??’.

H,N _
NH

H-5N
O " gt O
cl (yield 59%) cl
0 0]
5

Scheme 2. Reagents and conditions: a) LiAIH, /anhydrous THF, 8 h; b) MeOH, r.t. 24 h.
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H-oN _X H
cl 2 \/\N \\N b N\/\N/X\
Cl Cl
0 0

X=CH 6 (yield 49%)
X=N 7 (yield 39%)

Scheme 3. Reagents and conditions: a) LiAIH, /anhydrous THF, 10 h; b) MeOH, r.t. 24 h.

For the derivatives 8 and 9, to a suspension of 2,3-dichloro-1,4-naphthoquinone
in methanol, a solution of phenylalanine or tryptophan in NaOH 6N was added; the
equimolar mixture was then stirred for 24 h at room temperature (Scheme 4).

(0] 0 H
cl . HZNYR a N\rR
COOH COOH
Cl Cl
0 0
R= \O 8 (yield 65%)
~NH
R= 9 (yield 26%)

Scheme 4. Reagents and conditions: a) MeOH/NaOH 6N r.t. 24 h
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The condensation at 160°C of a mixture of 1-chloroanthraquinone with the proper
aryl/heteroaryl alkylamine afforded compounds 10-14 (Schemes 5 and 6).

e
o cl (CH,),~NH, o HNT P!
a

0 0

1: 10 (yield 90%)
2: 11 (yield 71%)
3: 12 (yield 76%)

n
n
n
Scheme 5. Reagents and conditions: a) 160 °C, 7 h.
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0

o ¢l
0 =N

N
I
H,N N
Ns 0 HN
\\‘N N a
+ O‘O
@ 14 (yield 42%)

0]

Scheme 6. Reagents and conditions: a) 160 °C, 8 h.

Several unsuccessful attempts to obtain the anthraquinone derivative of
tryptophan were made, in sealed tube with DMF (or DMF and Kl), rather than in
BuOH at reflux and even applying microwaves-assisted synthesis.

Compounds 1, 32%8, 2299, 5,939 and 839" have been achieved according to the cited
references; while for compound 10%°? a different synthetic route with respect to
the literature was applied, as above mentioned. The structures of compounds 1-
14 have been confirmed using 'H and '3C NMR, and elemental analysis. The purity
of compounds (checked by elemental analysis) has been in all cases >95%.
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6.3 In vitro biological profiling

These quinone-based derivatives have been evaluated in vitro for their inhibitory
activities against different targets with a view to explore their potential as single
entity multitarget agents for the treatment of AD. The biological profiling of these
derivatives included the in vitro evaluation of (i) self-induced AR and tau
aggregation inhibition; (ii) the inhibitory activities against AChE and BChE; (iii)
inhibition of MAO A and B isoforms, that have been all performed by Prof. Marco
Catto — University of Bari. Moreover, to assess the ability of the best performing
AB inhibitors (2, 5, 11 and 12) to inhibit AB42 fibrillation, atomic force microscopy
(AFM) was then employed, which revealed clear differences between ARa2
aggregate morphologies obtained in the presence or absence of the compounds.
The same compounds have been assayed for their protective effect against ABRas-
induced toxicity in primary cultures of cerebellar granule cells from postnatal rats
(P7).

As fundamental prerequisite for AD therapy, drugs have to demonstrate the ability
to enter the CNS. Accordingly, the propensity of these quinone-based compounds
to cross the BBB by passive diffusion has been tested in silico, calculating their
LogPS values®® in comparison to the reference drugs donepezil, quercetin,
safinamide and the quinolizidine-containing naphthoquinone VI (Table 3), whose
BBB permeability profile was experimentally confirmed?9°.
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Table 3. In silico evaluation of quinone-based derivatives propensity to cross
blood-brain barrier measured as LogPS analysis (ACD/Percepta platform 2015
v14.0.0, www.acdlabs.co).

The last two columns report the experimental permeability results from the
PAMPA-BBB assay (P., 10°° cm/s) and the corresponding predictive penetration
in the CNS for compounds 2, 5,8, 11,12 and for donepezil and quercetin as
positive (CNS+) and negative (CNS-) controls, respectively.

Cpd LogPS? P. (105 cm/s) | CNS prediction®
1 -0.11
2 -1.1 28.4£2.1 CNS+
3 -1.1
4 -1.1
5 -1.2 143+1.3 CNS+
6 -1.3
7 -1.4
8 -2.5 6.1+£0.4 CNS+
9 -2.8
10 -1.1
11 -1.1 247 +2.2 CNS+
12 -1.1 22.0+1.9 CNS+
13 -1.1
14 -1.2
Donepezil -1.3 23.2+23 CNS+
Quercetin -3.6 0.14+0.06 CNS-
Safinamide -2.0
:“f.go

@Rate of brain penetration, -3 (medium affinity) < LogPS < -1 (high affinity). PS
represents Permeability-Surface area product and is derived from the kinetic equation
of capillary transport. PCNS permeation prediction based on the PAMPA-BBB
classification range from Di et al.304

The results listed in Table 3, predicted that all the compounds are able to
permeate the BBB as the reference compounds, reaching pharmacologically
relevant concentrations within the CNS. However, the capability of amino acids
naphthoquinones 8 and 9 to penetrate the BBB was poor, as LogPS values fell
close to the lower limit of the recommended ranges (-3 <LogPS< -1), even if
they could presumably reach the CNS by carrier-mediated active transport.

Thein vitro permeability (Pe) of compounds 2,5,8, 11 and 12 was also
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determined using the PAMPA-BBB assays®%4 (Table 3, 3rd column). Successful
assay validation was performed by comparing the experimental permeability
(Peexp) With the corresponding reported values (Peyep) for 20 commercial drugs
(Peexp = 0.9625 X Perep + 0.2836, R? = 0.9622, data not showed). Based on the
Pe values obtained, all analyzed compounds should be endowed with good-to-
high BBB passive permeability, with Pe values ranging from 6.1 to 28.4x10"
®cm/s (Table 3, last two columns).

6.3.1 Inhibition  of self-induced AB  aggregation and

Cholinesterases.

The newly synthesized compounds 1-14 have been tested for the direct
inhibition of AB4s aggregation and for the inhibition of electric eel
acetylcholinesterase (eeAChE) and equine serum butyrylcholinesterase
(esBChE).

In vitro inhibition of ABso aggregation was assessed following a previously
reported thioflavin T (ThT) fluorescence-based method which involves the use
of hexafluoroisopropanol (HFIP) as aggregation enhancer. HFIP is a low-polar
solvent that can stabilize the a-helix of AR and disrupt the interstrand hydrogen
bonds of the B-sheet. For the most active compounds (= 80% AR aggregation
inhibition) ICsq values were determined under the same assay conditions as
previously described3®. Inhibitory activities on eeAChE and esBChE were
determined by the spectrophotometric method of Ellman3® and are reported in
Table 4 as ICso (UM) for the most active compounds, or as percentage of
inhibition at 10 uM for the low active (i.e., <50%) compounds.

At 100 uM concentration, compounds 1-14 were proved to inhibit AR
aggregation, with ICsg values in the range of 1.9-19 uM. Among them, eight (2-
9) and three (11, 12 and 14) were naphthoquinone and anthraquinone
derivatives, respectively. Compounds 1, 10 and 13 exhibited an AB inhibition
rate of about 60% at a concentration of 100 uM instead.

Interestingly, the size of the aromatic bi- and tricyclic system seems to
influence the biological effect, as the most potent compounds, 12 and 1T,
sharing ICso values equal to 1.9 and 2.1 uM, respectively, belongs to the
anthraquinone series. As mentioned, previous studies demonstrated the
capability of (hetero)aromatic tricyclic systems to establish strong hydrophobic
and electrostatic interactions with the amino acid sequence H14QKLVFF20 of
AB, which is prone to aggregating®®’.

The length of the spacer between the quinone scaffolds and the
(hetero)aromatic rings also proved to influence the biological activity with a
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different trend in the two series. If one methylene unit was found the optimal
distance for naphthoquinone-based derivatives (compare aryl derivatives 2-4),
for anthraquinones the increase of the carbon units from 1 to 3 (compare
derivatives 10-12) resulted in a proportional increase of the inhibition potency
against AB aggregation. The effect of linker length on biological activity was
already explored on the basis of previous experience gained, from studies of
dual homo- and hetero-dimeric inhibitors of AChE binding sites, performed by
both my Research Group and other authors3%8-312,

Regarding the naphthoquinones linked to a heterocyclic system, the activities
of the indole (5, ICs0= 6.6 uM) and benzotriazole (7, ICso= 8.7 uM) derivatives
were comparable and about 2-fold higher than that of benzimidazole derivative
6. As a consequence, the presence of a hydrogen bond donor group, such as
the NH group of indole ring, rather than a hydrogen bond acceptor feature as
experienced by the N(2) atom of the benzotriazole ring were both permitted,
allowing the yield of the same degree of activity. In silico studies previously
highlighted the marginal role of NH indole in the tryptophan derivative 9, since
its N-methylation did not affect the binding affinity to amyloid oligomers, while
its NH group on naphthoquinone C(2) and its CO group of carboxylic function
were reported as essential features for the inhibition of AR aggregation®'s,
However, these experimental results pointed out that compound 5, lacking in
the COOH function, was 2-fold more effective than the amino acid analogue 9
such as AR aggregation inhibitor. Analogues 3 and 8 showed the same
potencies trend, whereas the presence of the polar carboxylic group in the
phenylalanine derivative 8 negatively impaired the activity.

These results corroborate the suitability of naphthoguinone and anthraquinone
scaffolds in providing AB peptide inhibition, even more when properly
substituted with hydrophobic moieties able to target the aromatic interactions
occurring in amyloid self-assembly process. Such behaviour was then
confirmed by AFM studies, as showed below.
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Table 4. Inhibitory activities (UM) of the investigated compounds 1-14 against AR
aggregation and ChEs.

ICs0 (UM) or (% inhibition)®

Cpd ABao aggr. eeAChE esBChE

1 (63 + 3)° (39+1) (8+3)

2 32+08 9.2+06 (26 + 3)

3 44+0.3 7908 (24+1)

4 82+0.3 35+03 (35 +3)

5 6.6£0.1 87+08 (29 £ 4)

6 19+4 6.8+0.7 (24 £ 4)

7 8.7+04 17401 (154 3)

8 17+2 1342 (14 +3)

9 1442 11+1 (17+1)

10 (62 +2)° 8.7+05 (24 + 3)

11 21102 7.3+0.7 1.7+03

12 1.9+0.3 7.84+0.03 82+04

13 (57 + 5)° 1.85+0.04 (17+1)

14 11+2 81+05 34102
Quercetin 0.82+0.07 - -

Donepezil = 0.021 £+ 0.002 2301

aData are the means + SEM of n=3 experiments; SEM <10%; "Data in parenthesis correspond

to % of inhibition at 10 uM, or 100 pM¢
Apart from the phenylamino naphthoquinone 1, all the compounds 2-14 have
been also proven to inhibit AChE reaching a low micromolar potency range. On
the contrary, BChE has been found less sensitive to these series of compounds.
The only exceptions are represented by the anthraquinone derivatives 11, 12
and 14 whose ICsp ranged from 1.7 to 8.2 yM.
The most potent and selective AChE inhibitor were the benzotriazole-based
naphthoquinone 7 (ICso= 1.7 uM) and the indole-based anthraquinone 13 (ICso=
1.85 uM). Two anthraquinone derivatives, 11 and 12, behaved as dual
cholinesterase inhibitors; compound 11 exhibited a comparable potency profile
towards the two enzymes, whilst 12 resulted 2.5-fold more selective for BChE.
Overall, the substitution pattern explored in the present series of quinone-based
derivatives, from one hand positively ameliorated the inhibitory potency against
AB aggregation, but from the other was responsible for a reduced efficacy
against cholinesterases, especially BChE, in comparison to the previous series
explored (Figure 28) which showed to be more potent dual inhibitors of both
enzymes?%,
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6.3.2 Inhibition of hMAOQOs

MAO inhibition was performed with a routine spectrophotometric assay,
monitoring the fluorescence of 4-hydroxyquinoline produced in the MAO-
catalyzed oxidation of kynuramine®'*. With few exceptions, all the compounds
acted as selective MAO B inhibitors (Table 5), thus corroborating their potential
as multitarget anti-AD agents, with ICsg values in the submicromolar range.

Table 5. Inhibitory activities (uM) of the investigated compounds 1-14 against MAO A
and MAO B.

hMAO A hMAO B

1 (<5) (22 £ 4)

2 36+0.3 0.0077 +0.0013

3 (41+3) 0.031 +0.001

4 3.0%0.2 0.054 + 0.001

5 50+0.2 0.11+0.01

6 (23+4) (24 +6)

7 (21+6) 0.48+0.08

8 (26 6) 27+038

9 (22+2) (52+3)

10 1.1+03 (84+3)

11 31+03 0.57+0.02

12 (50+3) 0.24 £+0.05

13 (25+5) (42+1)

14 (563+3) 0.98+0.14
Safinamide (18+3) 0.031 £ 0.001

aData are the means + SEM of n=3 experiments; SEM <10%; "Data in parenthesis correspond
to % of inhibition at 10 pM.

Noteworthy, the N-arylalkyl substituted naphthoquinones 2-4 displayed high
potency with ICsp values laying in the nanomolar range. Benzylamine derivative
2, with an ICsg = 7.7 nM, resulted in a potency higher than reference drug
safinamide, whilst 11 and 12, homologues of 3 and 4, were the most potent
MAO B inhibitors within the anthraquinone series. Compared with phenethyl
derivative 3, the substitution of phenyl with indole of compound 5 retained good
potency, while the introduction of different heteroaromatic systems was
somehow detrimental.
The very high potency of naphthoquinone 2 deserved further biochemical
investigation, in order to clarify its inhibition mechanism. Firstly, it was
confirmed that MAO B inhibition was not the consequence of a pan-assay
interference of 2 in the fluorimetric assay®'®, by performing the same
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kynuramine-based assay in spectrophotometric mode, following the increase
of absorbance of 4-hydroxyquinoline at 316 nm3'®. In agreement with that
reported in Table 5, an ICso equal to 18 nM was obtained. Then, in regard to the
inhibition mechanism, it was detected a competitive inhibition (inhibition
constant Ki = 22 nM) when the coincubation with enzyme was limited to 5 min
(Figure 41).
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FIGURE 41| Lineweaver-Burk plot of inhibition kinetics of MAO B by compound 2 (0 to
20 nM), in the presence of five concentrations of substrate kynuramine (2 to 30 uM).

For higher coincubation times (up to 2 h) the mechanism apparently turned to
noncompetitive, with the Kj increasing of about 20-fold. This change could be
ascribed to the formation of a covalent complex with the N5 of flavin3'?, due to
the presence of the chlorine leaving group. Indeed, a time course of absorption
of 4-hydroxyquinoline at 316 nm revealed that the enzymatic activity was still
present even after 3 hours in the presence of 10 nM 2 (Figure 42). This activity
profile was quite comparable to that of 10 nM safinamide, the reference drug
used for reversible and selective MAO B inhibition, when the assay was
performed without preincubation with the enzyme (Figure 42, left). With a
preincubation of 1 h, the time course of MAO B activity was still comparable for
2 and safinamide, although 2 suffered a strong decrease of potency (Figure 42,
right). When incubated with 100 nM pargyline, a known irreversible MAO B
inhibitor, the MAO B kinetic profiles were clearly different, since the enzymatic
activity in the presence of pargyline came to saturation in about 1 h (Figure 42,
left) and was completely inhibited with the preincubation (Figure 42, right).

Probably, the time-dependent change in potency of compound 2 may be due to
its inactivation, either from chemical decomposition or from covalent reaction
with nucleophilic residues of the enzyme, rather than to the formation of a
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covalent adduct with the flavin of catalytic site of the enzyme®'8, and by
consequence, that the inhibition of 2 may be considered as reversible.
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FIGURE 42| Time course of inhibition of MAO B by 2 (10 nM, blue line), safinamide (10
nM, red line), and pargyline (100 nM, green line). Left, no preincubation; right, 1 h
preincubation with enzyme. Data points represent the absorbance of 4-
hydroxyquinoline at 316 nm (n = 3; mean + SD).

The results listed in Table 5 so far highlighted the naphthoquinone 2 as the
molecule endowed with the most effective inhibitory activity against MAO B
(ICs0= 7.7 nM) and AChE (ICs0= 9.2 uM).

6.3.3 Molecular modeling studies

In order toinvestigate the molecular determinants for the potency and
selectivity of 2 towards MAO B and AChE, molecular modeling studies were
next performed by Prof. Sabrina Pricl Laboratory — University of Trieste.
Accordingly, the putative binding sites and modes for 2 were first identified on
both human enzymes (Figure 43) and then molecular dynamics (MD)
simulations of the resulting inhibitor/protein complexes were carried out to
evaluate the corresponding free energy of binding (AGping). The simulation
results clearly show that2has a substantially higher affinity for MAO B
(AGpind = -10.98 + 0.16 kcal/mol) than for AChE (AGping = -7.93 + 0.13 kcal/mol),
in agreement with the relevant experimental findings. The inspection of the
relevant MD trajectories reveals that, when in complex with MAO B (Figure 43A),
the two carbonyl groups of 2 are engaged in two stable hydrogen bonds (HBs)
with the monoamine oxidase side chains of Y326 (3.21 £0.13 A) and Y435
(2.87 £0.11 A), respectively. Moreover, one of the -C=0 groups of 2 is also
permanently H-bonded with the -NHz moiety of MAO B Q206 (3.23 £ 0.13 A),
whilst the chlorine atom of 2 interacts via a halogen bond (HaB) with
the SH group of MAO B C172 at an optimal distance of 2.95+0.11 A
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(Figure 43A). In addition, the 2/MAO B complex is further stabilized through an
extended network of close Van der Waals/hydrophobic contact interactions
(Cls) between the ligand and the side chains of MAO B residues F103, P104,
W119,L164,L167,L171,1198, 1199, K296, F343, and Y398.

Y435

FIGURE 43| Details of compound 2 in the binding pocket of human MAO B (A) and
human AChE (B). Compound 2 is shown as atom-coloured sticks (C, grey; O, red; N,
blue, Cl, green), while the side chains of the protein residues mainly interacting with
the compound are highlighted as coloured sticks and labelled. HBs/HaBs are shown
as dark green broken lines and their length are indicated (A). Hydrogen atoms, water
molecules, ions and counterions are omitted for clarity.

On the other hand, within the putative binding site of AChE the naphthoquinone
core of 2 is involved in a m-1 interaction with AChE W286, and is further
stabilized by weak van der Waals interactions with the side chains of the
esterase residues V294, F338, and Y341. One of the two -C=0 groups of 2
directly engages the side chain of Y72 in a long but stable HB (3.48 + 0.22 A),
while the second CO moiety interacts with the -OH group of AChE Y124 via a
water-mediated HB (2.40 + 0.33 (2..H20), 2.38 + 0.36 A (Y124..H,0)).
Additionally, mildly favorable, unspecific contacts are detected between the
phenyl moiety of 2 and AChE residues V73, T83, W86, N87, S125, and Y337.
Accordingly, the interactions between 2 and AChE are definitely less optimized
than those detected in the alternative 2/MAO B complex, and provide a
molecular-based rationale for the weaker (uM) and stronger (nM) affinity
of 2 for the esterase and the monoamino oxidase, respectively.

6.3.4 Inhibition of PHF6 aggregation

Since new evidences have shifted the role of tau in AD pathogenesis, acting as
crucial partner of AB®'°, the high potency of compounds 1-14 in inhibiting AR
aggregation prompted us to investigate the same feature in a smart in vitro
model of tau aggregation, represented by the highly repeated sequence
(306)VQIVYK(311) (PHF6) responsible for aggregation of tau in paired helical
fragments (PHF)3?°. To this aim, a fast assay method based on ThT
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fluorescence was performed?'4. Results listed in Figure 44 account for a high
potency profile of the entire set compounds in inhibiting PHF6 aggregation, with
inhibition values often exceed 90% and are comparable to reference drug
quercetin. Noteworthy, phenethyl derivatives 3 and 11 emerged as the most
potent within their structural subsets (inhibition > 95%).
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FIGURE 44| Inhibition of aggregation of PHF6 tau sequence (50 uM) by 10 uM test
molecules. Quercetin (QUR) was used as reference compound. Bars represent mean
+ SD of residual aggregation compared with control (CTR). Clear and dark filling
patterns are for naphthoquinones and anthraquinones, respectively.

6.3.5 Inhibition of ABaz fibrillation studied by AFM

Since the naphthoquinone derivatives 2 and 5, and the anthraquinone
derivatives 11 and 12 exhibited the highest efficiency against AR aggregation,
they were assayed by Prof. Annalisa Relini Laboratory - University of Genoa, for
the ability to inhibit fibrillation of the highly amyloidogenic fragment ARag,
employing tapping mode atomic force microscopy (AFM).

AB42 aggregated for 72 h in fibrillar morphology in the absence (Figure 45A) and
in the presence (Figures 45B-E) of the compounds, in a molar ratio 1:2
peptide/compound. The AFM inspection allowed a quantitative evaluation of
the number of fibrils per unit area at a fixed aggregation time, in the different
conditions (Figure 45F). In the presence of all the investigated compounds, a
significant decrease of the fibril surface density was observed compared with
the control.
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FIGURE 45| Inhibition of AB4; fibrillation tested by AFM. Tapping mode AFM images of
AB4, after 72 h aggregation at room temperature in the absence (A) and in the
presence of compounds 2 (B), 5 (C), 11 (D) and 12 (E). Scan size 5.0 uyM, Z range 25
nm. (F) Quantitative evaluation of the fibril surface density (number of fibrils per unit
area) in the absence and in the presence of the compounds. Mean values obtained on
at least six different areas of 100 pm? are reported. Errors were calculated using
Student's statistics, assuming a confidence level of 95%.

The inhibitory effect of the compounds was already observed after 24 h of
aggregation. Although at this stage of aggregation the sample was mainly
oligomeric with a low fibrils number, in the presence of the compounds there
was still a decrease in the fibrils surface density (Figure 46).
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FIGURE 46| Evaluation of the fibril surface density (number of fibrils per unit area) after
24 h of ABsy aggregation in the absence and in the presence of the compounds (2, 5,
11 and 12). Mean values obtained on at least four different areas of 100 pm? are
reported. Errors were calculated using Student's statistics, assuming a confidence
level of 95%.

6.3.6 Protection against AB42 -induced toxicity

The most promising MTDLs 2, 5,11 and 12 were also tested by Dr. Elena Gatta
- University of Genoa, for their ability to restore cell viability against the toxic
effects exerted by ABaz. Cerebellar granule cells (CGCs) were exposed for 48 h
to 5 UM AB42 aggregated for 24 hours with and without the compounds (molar
ratio peptide/compound 1:2). Then, after the exposure, cell viability was
measured through MTT test (Figure 47). Viability of cells treated with ABa2 alone
decreased to 51%, compared with the control. A partial recovery of the viability
in the presence of the compounds was generally observed, with compound 2
as the best neuroprotective agents.

This behaviour is probably due to the fact that, although the compounds are
effective in inhibiting aggregation of the peptide, they display some degree of
intrinsic toxicity. Indeed, there was only a marginal toxic effect from any of the
test compounds, since at 10 uM the cell viability remained as high as =80%
compared to the untreated control cells (Table 6).
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FIGURE 47| Protection against AR, toxicity in cerebellar granule cells. The CGCs were
treated with vehicle (control) or with AB42, with or without the tested compounds, for
48 h. Cell viability was measured by MTT reduction test and expressed as loss of
viability in comparison with vehicle-treated controls. Values have been obtained from
three experiments.

Compound + A vs A:*p<0.01, ** p<0.02, »**p < 0.05

Table 6. In vitro cytotoxicity of compounds 2,5, 11, 12. The CGCs were treated
with the compounds (10 pM) for 48 h. Cell viability was measured by MTT
reduction test and expressed as loss of viability in comparison with vehicle-
treated controls. Values have been obtained from at least three experiments.
Data are expressed as mean + SEM.
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6.4 Conclusion

By comparing compounds 1-14 with the previous series of naphthoquinone
and anthraquinones bearing a basic side chain?®® (Figure 38), in the case of
naphthoquinones the activity improved with 8 out of 9 compounds able to
target AB peptide, while the anthraquinones exhibited only a slight increase of
the potency, but with a reduced number of active compounds. Therefore, the
more apolar nature of the side chain (aromatic/heteroaromatic moiety), in place
of polar basic groups, emerged as relevant factor in enhancing the intrinsic
capability of naphthoquinone and anthraquinone scaffolds to target AR
fibrillation. These molecules were purportedly designed to inhibit AR
aggregation being properly decorated with hydrophobic moieties able to target
the aromatic interactions implicated in amyloid self-assembly; in agreement
with the design rationale the compounds significantly inhibited ARao
aggregation. The most active derivatives (2,5, 11 and 12) confirmed to disrupt
fibrillation of the highly amyloidogenic fragment AB42 and they were also found
to ameliorate the cytotoxicity caused by ABaz peptide.

All the compounds exhibited a preferential inhibition of AChE than BChE and,
appeared to be efficient inhibitors of fast-aggregating tau peptide PHFG6,
displaying inhibition values exceeding 90%. Moreover, most of them turned out
to be potent and selective MAQO B inhibitors, being able to provide ICso values in
the nanomolar or sub-micromolar range with respect to the MAO A isoform.
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7. SECOND SET

7.1 Project

The second set of molecules (15-37) accounts for 23 quinone derivatives
(Figure 48), that were designed assuming compound 2 as lead prototype in
virtue of its high potency towards AChE and AR aggregation (the in vitro
screening against PHF6 aggregation and MAO were completed only after this
series was synthesized). Firstly, novel decorations on the phenyl ring, including
both electron-withdrawing and electron-donors groups, were explored with the
aim of investigate their contributions to the inhibitory activities against ChEs
and AB aggregation. Secondarily, the electron-withdrawing chlorine atom in
position 3 of the naphthoquinone scaffold was replaced with a hydrogen or the
electron-donating group -OCHs. The last idea regarded the isosteric
replacement the NH on C(2) of the naphthoquinone ring with an oxygen atom
in order to probe its role as essential feature for the activity.

The chemical structures of the entire set two are listed in Figure 49.
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FIGURE 48| Design strategy of the second set of quinones based on the prototype 2
core structure.
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FIGURE 49| Structures of the second set of quinone-based derivatives 15-37.

7.2 Chemistry

Naphthoquinone derivatives 15-24 were obtained by reacting the 2,3-dichloro-

1,4-naphthoquinone, previously suspended in ethanol, with the proper amine in
a molar ratio 1:2 (Scheme 7).

R=2-Cl: 15
R=3-Cl: 16
0 NH, 0 = R=4-Cl: 17
ol N L) resacias
OO Q) g G0 Ei 2
NN elds= 52-94 % R=4-F 20
cl R (yields= 52-94 %) cl R=2-0CH,: 21
0 0 R=3-OCHg: 22
R=4-OCH,: 23
R=4-CH;: 24
Scheme 7. Reagents and conditions: a) EtOH, 80°C, 4 h.
The melted mixture at 160°C of 1-chloroanthraquinone with the proper
benzylamine has given compounds 25-32 (Scheme 8).
R=2-Cl: 25
o cl NH, 0 HN X R=3-Cl: 26
| R Re4cl 27
-0 - O o 2
+ - .
: R=4-Br. 29
R// (yields= 31-55%) R=2-0CH,;: 30
0 0 R=3-0CHy: 31
R=4-0CHj: 32

Scheme 8. Reagents and conditions: a) direct fusion 160 °C 7 h.

The yields of the anthraquinone reactions are generally lower than that of the
naphthoquinone analogues, probably due to the drastic reaction conditions that
are necessary to yield the expected products. Some reactions were also
repeated in n-BuOH at reflux for 7-8 h, or in DMF in sealed tube at 130 °C for 10
h, but the yields still remained unvaried.
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In the case of compound 33 the best reaction yield was obtained by adding the
4-methylbenzylamine to a suspension of 1-chloroanthraquinone in n-BuOH,
and stirring the mixture at reflux for 8 h (Scheme 9).

o« N2 0 HN
0 =
+
(yield= 35%)
0

Hy

Scheme 9. Reagents and conditions: a) BUOH at reflux 8 h.

To prepare derivatives 34-36 the 2-bromo-1,4-naphthoquinone suspended in
ethanol was reacted with the proper amine in a molar ratio 1:2 (Scheme 10).

0 (CH,),—NH, o
Br N_ n=0: 34
a
" Q Cryee O B
(yields= 72-86 %) n=2: 36
0] 0]

Scheme 10. Reagents and conditions: a) EtOH at reflux 4 h.

In the case of 37, 2-Br-naphthoquinone did not adequately react with 3-
phenylpropylamine, that instead formed the desired product via Michael
addition to 1,4-naphthoquinone (molar ratio 2:1) (Scheme 11).

o 5 ot

Scheme 11. Reagents and conditions: a) EtOH at reflux 4 h.

As shown below, the synthetic methods carried out for the 3-OMe substituted
naphthoquinones did not allow the yield of the expected products (Scheme 12);
the only derivative isolated and characterized was the 2-chloro-3-
methoxynaphthoquinone, obtained with a synthetic route similar to the
literature3?!.
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Scheme 12. Synthetic routes explored in an effort to prepare the 3-
methoxynaphthoquinone derivatives.

Schemes 13 and 14 depict the failed attempts to obtain the phenolic derivatives
of naphtho- and anthraquinones, despite the formation of sodium phenolate
was exploited as more reactive nucleophile than phenol itself.

0
: *OU o
0 OH cl
SO 0
cl
o 0
X~ OO
0
Scheme 13. Reagents and conditions: a) EtOH, NaOH, 80°C, 4 h; b) Cs,CO3, an. THF,

RT.24h.
o Q
0

K5 %0l

Scheme 14. Reagents and conditions: a) NaH, anhydrous THF, 60°C, 4 h.
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Compounds 34322 and 37°?® have been achieved according to the cited
references; while for compounds 20%%4, 35325, 36%2° a different synthetic route
with respect to the literature was applied. The structures of the compounds
have been confirmed using '"H NMR and elemental analysis. The purity of
compounds (checked by elemental analysis) has been in all cases >95%.

7.3 In vitro biological profiling

7.3.1 Inhibition of self-induced AB aggregation and

Cholinesterases

The newly synthesized compounds 15-37 (with the exception of 30 and 31
which are still under investigation) have been tested for the direct inhibition of
AB4o aggregation and for the inhibition of electric eel acetylcholinesterase
(eeAChE) and equine serum butyrylcholinesterase (esBChE). Inhibitory
activities on AChE and BChE were determined by the spectrophotometric
method of Ellman3% and are reported in Table 7 as ICso values for the most
active compounds or as percent inhibition at 10 uM for less active (i.e., <50%)
compounds. In vitro inhibition of AR aggregation was assessed following the
already mentioned thioflavin T (ThT) fluorescence-based method involving the
use of hexafluoroisopropanol (HFIP) as aggregation enhancer3®®. Results are
listed in Table 7 as ICso values for the most active compounds or as percent
inhibition at 100 uM for less active (i.e., <80%) compounds.
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Table 7. Inhibitory activities (UM) of compounds 15-37 against AR aggregation,
eeAChE and esBChE®.

ICs0 (UM) or (% inhibition)®

Cpd AB4o aggr. eeAChE esBChE
15 (56 + 3) 10.2+1.3 -
16 (58 £ 3) 6.99+0.47. (38t6)
17 (67+5)  557%0.62 (31+5)
18 (16 £ 3) 122412  (8%2)
19 (62 + 4) 6.36+0.7 (26 +4)
20 (57 £ 5) 122+1.8  (11+3)
21 (54 + 4) 16.4+1.7 (20 +4)
22 7.1330.64 6931057 (23+2)
23 9.7020.27 6.94+0.75 (23t5)
24 (T4 £1) 8.52 +0.69 =
25 (68 +3) 435+0.51 (47t3)
26 (36+4)  7.63+0.48 (12+3)
27 (21+4) 7314023 (10+2)
28 (60 + 4) 124426  (8%2)
29 (47 £ 2) 11.2+06  (7%2)
30 = = =
31 - - -

32 (8 £2) 7671066 (11+3)
33 (32+2)  841+097 (15+3)
34 (65+1)  7.16+061 (17+1)
35 26.9+25 6.86+0.78 (7+£3)
36 16.4 + 3.2 574+0.68 (11%2)
37 139+15 5.02%0.69 (19%1)
Quercetin | 0.82+0.07 - -
Donepezil = 0.021+0002 23%0.1

aValues represent the mean of two/three independent experiments; SEM <10%; °Data
in parenthesis correspond to % of inhibition at 10 uM (eeAChE and hsBChE), or 100
UM (AB aggregation)©.

The biological results confirm a moderate inhibitory activity against
acetylcholinesterase for all new molecules, whose ICso values fell in the range
4.35-16.4 uM.

In six out of ten 3-Cl-2-aminobenzyl-naphthoquinones, the substitution in
position 4 and 3 of the phenyl ring is responsible for an improved inhibitory
potency on AChE with respect to the prototype 2, with about a 2-fold increase
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of the activity for the 4-Cl benzyl derivative 17 (ICs0= 5.57 uM). Indeed, also the
3-Cl isomer (16), and 3/4-OCHz analogues (22 and 23) proved to be
comparable AChE inhibitors, suggesting that both lipophilic and electron-
withdrawing (Cl, Br, F) and polar and electron-donor groups (OCHs) were
permitted. The double substitution in position 3 and 4 (18) worsens the activity
as well as the mono-substitution in position 2 (15, 21), probably causing a
greater steric hindrance.

Again, good activity may be observed for 4-Br (19) and 4-F (20) derivatives,
although the 4-Cl analogue (17) remains unsurpassed.

Regarding the derivatives 34-37, devoid of the chlorine atom in position 3 of the
naphthoquinone scaffold, the AChE inhibitory potency proportionally increases
with the length of the alkyl spacer, with 3-phenylpropyl derivative 37 as the
most active compound (ICso= 5.02 uM).

All' naphthoquinone derivatives demonstrate no activity against BChE,
confirming to be AChE-selective inhibitors as prototype 2. Finally, it worth
noting the good inhibitory activity on self-induced AR aggregation of only 3-
methoxy (22) and 4-methoxy substituted compounds (23) showing ICso values
equal to 7.13 and 9.70 uM, respectively, however with a lesser extent than the
unsubstituted prototype 2 (ICso = 3.2 uM).

The four derivatives without the chlorine atom in position 3 on the
naphthoquinone nucleus (34-37) displayed a micromolar inhibitory activity
towards AR, thus ranking second to 3/4-methoxybenzyl naphthoquinones 22
and 23.

In the anthraquinone series (25-33), the presence of a substituent on the benzyl
ring always provides a good and selective activity against AChE (mean ICso= 7
M) over BChE, with the 2-Cl benzyl anthraquinone 25 as the most potent,
reaching an ICsg value of 4.35 uM against acetylcholinesterase enzyme. These
tricyclic derivatives resulted to be less interesting multitarget ligands than
smaller naphthoquinones, lacking an adequate inhibition potency against AR
aggregation.
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7.4 Conclusion

The introduction of a substituent on the phenyl ring does not seem to entail
significant amelioration of the individual biological activities compared to those
experienced by the starting compounds (2 and 10). Indeed, this type of
functionalities have generally moved the biological behavior from a multitarget
profile (first set) to a more selective one, towards AChE. Indeed, further studies
are deserved to evaluate the potential of these molecules also against other
targets with more credential for a disease-modifying effect, as tau and MAO, as
recently demonstrated for the first set of naphtho- and anthraquinones (1-14).
The new SAR insights gathered from this study have provided crucial
information around the chemical space of prototypes 2 and 10 and will guide
the successive development of an improved generation of anti-AD agents.
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8. THIRD SET

8.1 Project

The third subgroup is represented by a different library of quinone-based
derivatives that were decorated with a basic framework, which has been
selected in order to reduce the high hydrophobicity of the quinolizidine moiety
recurring in the naphthoquinone (I-VIII) and anthraquinone derivatives (IX-XIV),
previously investigated by my Research Group. To this aim | synthesized two
novel series of aryl naphtho- and anthraquinone derivatives, introducing a
piperazine or a piperidine ring as a basic and rigid spacer between the two main
units. Meanwhile the basic feature, resembling the lateral chain of Donepezil,
should maintain an efficient inhibition of both ChEs, by means of a suited bond
with anionic site (PAS) of AChE, the aromatic ring should guarantee the direct
inhibition of AB aggregation by interacting with its aromatic amino acids
sequence?®.

As the elongation of the linker chain was favorable for anthraquinones activity
of first set, in this series it was also explored the importance of the distance
between the quinone scaffold and the basic nucleus including a polymethylene
chain of variable length up to 4 carbon units (Figures 50 and 51).
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n=1 42 45 48 51
=N Rz//\T:::] 0 n=2 | 43 46 49 52

n=3 44 47 50 53

=-CH R= 1

FIGURE 50| Chemical structure of the investigated naphthoquinone derivatives 38-53
of the second set.
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FIGURE 51| Chemical structure of the investigated anthraquinone derivatives 54-69 of
the second set.

In the wake of the encouraging results from a preliminary screening, this third
set of compounds 38-69 was then expanded with other derivatives (70-83,
Figure 52), for which biological studies are still ongoing. The changes made
were to lengthen the polymethylene chain up to 6 carbon atoms for the
naphthoquinone derivatives, and to explore the benzyl-piperidine moiety in the
lateral chain.

= -N = -N = -N = -CH
H R=-CH; | R= R= R=
TSNS OO
o n=4 70 72 74 76
n=>5 71 73 75 77
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FIGURE 52| Chemical structure of the derivatives 70-83 of the second set.
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8.2 Chemistry

The novel naphthoquinone derivatives 38-41 and 78 were obtained by reacting
the 2,3-dichloro-1,4-naphthoquinone, previously suspended in CH3CN, with the
proper amine in a molar ratio 1:2 (Scheme 15).

S o
L HANTY N = \© 39
(ylelds 91-93%) O‘

N\

o]
LI
Cl

0

al O‘
(ylelds 95-97%)

Scheme 15. Reagents and conditions: a) CH3CN 100 °C 24 h.

Anthraquinone derivatives 54-57 were synthesized by reacting the 1-
chloroanthraquinone and the proper amine (in a molar ratio 1:2) in CHsCN in a
sealed tube at 100 °C for 24 h (Scheme 16).

g N R=\© 55
HN/\ a

+ - >
@N\R (vields= 58-84%) O‘O R=/\© 56
0
o ¢l
0
0 N
HN a
+ el GO
(yield= 76%)
O 57

Scheme 16. Reagents and conditions: a) CH;CN 100 °C 24 h.
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The intermediate chloro-alkylamino naphthoquinones (A-E) required for the
synthesis of 42-53, 70-77 and 79-83, were prepared by reacting at reflux an
ethanolic solution of the 2,3-dichloro-1,4-naphthoquinone and the proper
aminoalchool, in a molar ratio 1:2, and then converting the alcoholic group into
the corresponding alkyl chloride with an excess of SOCI, (1:4) in anhydrous
CHCl3 (Scheme 17).

0 0

H
Nw N
HoN OH b O‘ >l
O‘ ¥ M/\OH * SOCIZ ol "

0 n=1-5 0

A-E

Scheme 17. Reagents and conditions: a) EtOH at reflux 20 h; b) anhydrous CHCls, 60°C, 5 h.

Finally intermediates A-E were added to the proper piperazine derivative
dissolved in CH3CN (molar ratio 1:2), thus affording derivatives 42-53, 70-77
and 79-83 (Scheme 18).

0 H
"k, e UL
+ K/N n
“R (vields= 44-86%) ol
0]
0 42-50
X 70-75
CroC e —
n
Cl
0
0 H
M), ey G
R (yields= 67-98%) cl
0
51-53
76-77
79-83
~ =
_ _ = _/ = = =
R=-CHy |R="T ) |R< \© »
n=1 42 45 48 n=1 51 79
n=2 43 46 49 n=2 52 80
n=3 44 47 50 n=3 53 81
n=4 70 72 74 n=4 76 82
n=5 71 73 75 n=5 77 83

Scheme 18. Reagents and conditions: a) CH;CN 100 °C 24 h.
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The same synthetic method was applied to obtain the anthraquinone

analogues 58-69: the reaction between the 1-chloroanthraquinone and the

proper aminoalchool was followed by the chlorination with SOCl, of
corresponding product (f-1), yielding the intermediates F-I (Scheme 19).

0 HNWOH 0 HN</\>\/CI

O‘O s o ——
~socl,
5 .

f-i F-1

Scheme 19. Reagents and conditions: a) two different methods with comparable yields

were carried out: BUOH at reflux, 20 h in a molar ratio 1:2 or fusion in sealed tube 140
°C, 8hin a molar ratio 1:3; b) anhydrous CHCl3, 60°C, 5 h.

In the final step, a mixture of an intermediate F-I and of a proper piperazine or

piperidine derivative was heated in a sealed tube for 24 h at 100°C, leading to
derivatives 58-69 (Scheme 20).

58-66

.\ HN/\ a

(yields= 32-81%)

0 HNH;/N
HN

a
+ e UL T
(yields= 88-98%)

67-69

Scheme 20. Reagents and conditions: a) CH3CN 100 °C 24 h.

Intermediate €3¢ has been achieved according to the cited reference, while the

intermediates a%%’, b3?’ and compound 38°% has been achieved applying

different reaction condition with respect to the literature as above mentioned.

The structures of the novel compounds have been confirmed using 'H and '3C

NMR, and elemental analysis. The purity of compounds (checked by elemental

analysis) has been in all cases >95%.
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8.3 In vitro biological profiling

These quinone-based derivatives have been evaluated in vitro for their
inhibitory activities against different targets playing a significant role in AD
pathology. The biological profiling included the in vitro evaluation of (i) self-
induced AR aggregation inhibition; (i) inhibitory activities against AChE and
BChE; (iii) safety profile and neuroprotection activity against hydrogen peroxide;
(iv) inhibitory activity against y-secretase.

Firstly, the inhibition of self-induced AB aggregation and ChEs, were performed
by Prof. Marco Catto, as for the others set of derivatives. During my last year of
PhD (from October 2019 to February 2020) | performed the remaining biological
studies, in the laboratory of Dr. Robert Williams - University of Bath (UK).
Particularly, the safety profile of these molecules was tested in cell-based
assays, through two different methods, namely, the 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) and the lactate dehydrogenase
(LDH) assays; the six most promising derivatives were then tested for their
ability to protect cortical neurons against an insult as hydrogen peroxide (H202)
in different concentration, in order to investigate their potential as
neuroprotective and antioxidant agents. Meantime, the four compounds with
the best activities against AB aggregation and ChEs, underwent another in vitro
test: a reporter gene assay, with a view to defining them as modulators of APP
processing and particularly, y-secretase inhibitors.

8.3.1 Inhibition of self-induced AB aggregation and

Cholinesterases

The newly synthesized compounds 38-69 have been tested for the direct
inhibition of AB4s aggregation and for the inhibition of electric eel
acetylcholinesterase (eeAChE) and equine serum butyrylcholinesterase
(esBChE). Inhibitory activities on AChE and BChE are reported in Table 8 as I1Csg
values for the most active compounds or as percent inhibition at 10 uM for less
active (i.e,, <50%) compounds. In vitro inhibition of AB4o aggregation data are
listed in Table 8 as percent inhibition at 100 pM.

Table 8. Inhibitory activities of compounds 38-69 against AR aggregation,
eeAChE and esBChE®.
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AB4o aggr. eeAChE esBChE

Naphthoquinones
38 52 4.2140.21 (2413)
39 96.00 3.60+0.52 (2912)
40 93.00 5.71+0.51 (2814)
41 97.00 5.00+0.98 (1914)
42 41 0.49410.013 (2541)
43 61 0.44910.056 (18%2)
44 69 0.891+0.014 (30t4)
45 95.00 6.23+0.07 (31£3)
46 93.00 5.71+0.51 (2814)
47 96.00 3.45+0.31 (36%1)
48 86.00 0.046+0.010 (4412)
49 95.00 0.36610.024  4.52+0.25
50 86.00 0.08610.002  1.20#0.13
51 96.00 1.76%0.35 1.65%0.06
52 93.00 2.78+0.35 (13£1)
53 98.00 1.24+0.04 4.83+0.22
Anthraquinones

54 29 8.43+1.03 (40+5)
55 91.00 6.100.61 (3611)
56 98.00 5.50+0.19 2.82+0.17
57 91.00 5.76+1.03 (48x4)
58 88.00 3.25+0.41 5.02+0.18
59 94.00 1.79+0.11 4.94+0.25
60 - - -
61 96.00 6.100.75 (3115)
62 97.00 8.50+0.64 (3914)
63 99.00 3.86+0.04 (27£2)
64 100.00 0.093%0.011 0.883+0.032
65 100.00 0.195%0.025 1.62+0.17
66 101.00 1.10+0.02 1.56+0.35
67 99.00 3.48+0.33 1612
68 101.00 2.43+0.37 2.12+0.27
69 104.00 0.87+0.07 1.76+0.29

Quercetin 0.82+0.07 = -

Donepezil = 0.027 +0.002 23+0.1

aValues represent the mean of two/three independent experiments; SEM <10%. ° %
Inhibition at 10 uM (eeAChE and esBChE) or 100 uM (AB aggregation).
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The results relative to the direct inhibition of AB experienced by naphthoquinone
38-53 show that all compounds exert an inhibitory activity. The 1-methyl-
piperazine series proved to be the less efficient, while the other series display a
percentage inhibition in the range 86-98% at 10 pM. This finding further
supports the importance of the presence of lipophilic substitutions, like an
aromatic moiety, as decoration of the side chain of these compounds, thus
providing an appropriate interaction with AR and preventing its aggregation. As
regards the length of the polymethylene chain, a greater inhibitory activity has
been exhibited either by derivatives without a linker (39-41) or by those
endowed with a spacer of 3-4 carbon atoms. Therefore, this information
prompted me to expand this set of compounds including also some
homologues characterized by linkers of 5 and 6 carbon atoms.

Interestingly, all compounds have shown to inhibit the AChE activity in an ICso
range of 0.046-6.23 pM. Also for this set, the activity profile is generally
preferential for AChE over BChE; indeed, only a few number of compounds (49,
50, 51, 53) behave as dual ChEs inhibitors.

The benzyl-piperazine naphthoquinones provided the greatest potency against
AChE, with compounds 48 and 50 displaying, respectively, nanomolar ICso
values equal to 46 and 86 nM. Concerning the role played by the polymethylene
spacer, a peak of activity may be observed when its length is of 2 and 4
carbonaceous units. For the BChE inhibitory activity, the two best performing
series are the benzyl-piperazine derivatives, see compounds 49 and 50 (ICso
4.52 and 1.20 uM), and the phenyl-piperidine ones, see compounds 51 and 53,
(ICs0 1.65 and 4.83 pM).

As for naphthoquinone derivatives, also anthraquinone derivatives 54-69 (with
the exception of 60 which is still under investigation) are able to inhibit AR
aggregation. With the only exception of 54 (%imib.= 29), these derivatives
displayed a strong inhibition of AR aggregation, in the range 88-104%. The
activity increases proportional to the increase of the length of the
polymethylene linker, although the main feature, crucial for the activity, seems
to be the overall lipophilic nature of these derivatives.

All the anthraquinones have shown to inhibit the acetylcholinesterase activity,
with an ICsg value in the range 0.093-8.53 uM, and interestingly, 8 compounds
out of 15 have proven also to inhibit BChE, in the range 0.883-5.02 uM; thus,
anthraquinones may be considered as dual ChEs inhibitors. The benzyl-
piperazine series has shown to be the most active against both enzymes, with
the best results showed by compounds 64 (ICsg AChE= 0.093 uM, I1Cs0 BChE=
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0.883 uM) and 65 (ICso AChE= 0.195 uM, ICso BChE= 1.62 uM), whereas
compounds 59 (ICsg AChE= 1.79 uM, ICso BChE= 4.94 uM) and 69 (ICso AChE=
0.87 UM, ICso BChE= 1.76 uM) displayed the highest potency among methyl-
piperazine and phenyl-piperidine series, respectively. Except for the benzyl-
piperazine series, for the other derivatives the trend of activity improves with
the increase of the carbon units of the linker tethering the quinone moiety to the
basic core.

8.3.2 Determination of cell viability

8.3.2.1 MTT assay

MTT test is a standard colorimetric assay for assessing cell metabolic
activity3?°. The yellow MTT is reduced by succinate dehydrogenase to purple
insoluble formazan (Figure 53) in the mitochondria of living cells, and the level
of reduction activity is a measure of cells viability.

; CH Mitochondrial
N’N\ S 3 Succinate Dehydrogenase N,NH
| J'/,N4<\ I > l ~-N S
N N"cp, N™ T —CH,
Br N~
r

CHj,

MTT Formazan

FIGURE 53| Metabolism of MTT to a formazan salt by viable cells as shown in the
chemical reaction.

The mitochondrial-dependent reduction of MTT to formazan was used to
exclude a cytotoxic effect of the compounds in primary neurons prepared from
CD1 mouse embryos, and, for some compounds also in SHSY-5Y
neuroblastoma cells. Each compound was dissolved in DMSO and tested in a
concentration range between 0.1 uM and 100 pM for 24 h (Figures 54-56).
Data are presented as a percentage by comparison with the respective vehicle
control. All data from MTT measurements are expressed as Formazan blue %
production of control, considered as maximum formazan blue formation
(100%).
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FIGURE 54| Determination of cell viability after exposure to different concentration
(0.1,1,10,30,700 pM) of naphthoquinone compounds for 24 h of primary cultures of
mouse cortical neurons. (orange: methyl-piperazine series; blue: phenyl-piperazine
series; green: benzyl-piperazine series; pink: phenyl-piperidine series) Data are
presented as percentage relative to their vehicle controls, considered as 100%,
obtained from the mean + SD of three experiment.
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FIGURE 55| Determination of cell viability after exposure to different concentration
(0.1,1,10,30,1700 pM) of anthraquinone compounds for 24 h of primary cultures of
mouse cortical neurons. (orange: methyl-piperazine series; blue: phenyl-piperazine
series; green: benzyl-piperazine series; pink: phenyl-piperidine series) Data are
presented as percentage relative to their vehicle controls, considered as 100%,
obtained from the mean + SD of three experiment.

In general, the compounds demonstrated to have a progressive toxicity in the
concentration range 0.1-100 pM. Whereas for some anthraquinones, see
compounds 63, 66, 67, 68 and 69, the 100 uM concentration allows to display
a safer profile than the 30 uM one, and this fact may be explained by their low
and irregular solubility at high concentrations in DMSO.

Comparing the two scaffolds, the anthraquinone derivatives appear to be less
toxic for the neurons than naphthoquinones.

In regard to the lateral chain some considerations can be made. First, the
methyl-piperazine substituent results to exert the most cytotoxic effect;
whereas the phenyl-piperidine and phenyl-piperazine moieties proved to be the
safest among naphthoquinones and anthraquinones, respectively. In general,
the increase of the length of the linker, even though from one hand it is
associated with a gain of the activity, from the other hand it is responsible for
an increase of toxicity.
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Finally, it is worthy of note that the compounds, in the concentration range 0.1-
10 uM, showed to be safer than the DMSO alone, suggesting they may exert
some protective behavior for the cells towards the intrinsic toxicity of DMSO
(around 50-60%).

SHSY-5Y neuroblastoma cells were found less sensitive than primary neurons
(Figure 56). Moreover, in this cell line, the derivatives displayed to be less toxic
than DMSO alone even at the highest concentration tested (100 uM).
Concerning the experimental conditions, cells were cultured using two different
types of medium, that differ one from the other for the presence/absence of
bovine foetal serum. If the toxicity experienced by DMSO alone appeared to be
similar in the two types of medium, all the compounds proved to be safer in the
serum free medium.

Interestingly, in these experiments the toxicity profile does not increase with the
compound's concentration contrary to what observed in primary neurons. Both
compounds 55 and 66 were found to be safer at 10 uM concentration since cell
viability exceeded the 90%.

100 = With serum
mm Serum free
£
i
8
> —
* 50
O_
Control DMSO 0.1pM  1pM  10pM 100 pM
Compound 55
100 B With serum
mmm Serum free
Z
8
3
> —
° 50
O_

Control DMSO 0.1pM 1pM  10pM 100 pM
Compound 61

FIGURE 56| Determination of cell viability after exposure to different concentration
(0.1,1,10,100 pyM) of compounds 55 and 61 for 24 h of SHSY-5Y neuroblastoma cell
lines. Cells were cultured using two different types of medium (with and without foetal
bovine serum) to explore the different behaviour. Data are presented as percentage
relative to their vehicle controls, considered as 100%, obtained from the mean + SD of
three experiment.
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8.3.2.2 LDH assay

Lactate dehydrogenase (LDH) assay is a colorimetric method to quantify
cellular cytotoxicity by measuring extracellular LDH. LDH is a cytosolic enzyme
present in different cell types and released into the surrounding cell culture
medium after a damage to the plasma membrane. This enzyme can be
qguantified by a coupled enzymatic reaction in which LDH catalyzes the
conversion of lactate to pyruvate via NAD+ reduction to NADH. The oxidation of
NADH leads to the reduction of tetrazolium salt (INT) to a red formazan (Figure
19). The level of formazan formation is directly proportional to the amount of
LDH released in the medium, which is considered as a measure of cytotoxicity.

/ — Pyruvate NADH INT
( ))—> LDH Diaphorase
\\ J Lactate NAD* Formazan

Damaged cell

FIGURE 57| Schematic of LDH cytotoxicity assay mechanism.

LDH assay was performed on some selected compounds among derivatives
38-69 in order to validate the results gathered from MTT test (Figures 58-59).

As observed with the MTT test, anthraquinone derivatives have proven to be
endowed with a better safety profile with respect to naphthoquinone ones;
however, in this experiment, problems with their solubility at high
concentrations might cause interferences with the absorbance measurements,
as some compounds at 100 pM crystalized among the cells.
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FIGURE 58| Cytotoxicity determination after exposure to different concentration
(0.1,1,10,30,100 uM) of naphthoquinone compounds for 24 h of primary cultures of
mouse cortical neurons. (blue: phenyl-piperazine series; green: benzyl-piperazine
series) Data are presented as the absorbances calculated from the difference in
measurements at 490 nm and 655 nm, obtained from the mean + SD three experiment.
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FIGURE 59| Cytotoxicity determination after exposure to different concentration
(0.1,1,10,30,100 uM) of anthraquinone compounds for 24 h of primary cultures of
mouse cortical neurons. (blue: phenyl-piperazine series; green: benzyl-piperazine
series) Data are presented as absorbances calculated from the difference in
measurements at 490 nm and 655 nm, obtained from the mean = SD of three
experiment.
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8.3.3 Neuroprotection against hydrogen peroxide

The neuroprotective effect of the derivatives against hydrogen peroxide (H202)
was evaluated by MTT assay on cortical neurons exposed for 30 min to
different concentration of H202 (1 uM — 1T mM). The neuroprotective potential
of compounds 46, 50, 51, 62, 65, 67 was evaluated through two methods (i)
exposing primary neurons to each compound (1 pM concentration) for 18 h
before the treatment with H202 and for further 6 h after the treatment; (ii)
exposing primary neurons to each compound (1 UM concentration) for 18 h
before the treatment with H202, during the exposition to H202, and for further 6
h after the treatment.

Cell viability after the exposure was then measured with MTT test (Figures 60-
61). The viability of cells treated with H202 (1 uM — 1 mM) decreased to a range
of 30—70 % compared to the untreated cells (considered as 100%). In the
presence of the compounds, a partial viability recovery was generally observed,
with compounds 46 and 62 as the best neuroprotective agents.

Despite quinone nucleus is a well know scaffold for its redox potential, the
compounds did not show a relevant neuroprotective activity; this is probably
due to the intrinsic toxicity of the compounds combined with that of DMSO used
as solvent. Homogeneous results were met in the concentration range of 10-
300 uM, while at lower concentration of H202 a certain discrepancy has been
observed.

Definitely, with very few exceptions, the exposure of the cells to H20, in the
presence compounds proved to ameliorate the neuroprotective activity with
respect to the exposure to H20, alone.

The same experimental conditions were carried out for compounds 50 and 65
in SHSY-5Y neuroblastoma cells (data not showed). However, data obtained
exposing this cell line to hydrogen peroxide were not proportional to the
concentration used, and most importantly, they were not reproducible.
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FIGURE 60| Schematic of neuroprotection results. The neuroprotective activity of
compounds 46, 50, 51, 62, 65, 67 (1 uM) was evaluated in cortical neurons exposed
hydrogen peroxide (1, 3, 10, 30, 100, 300 puM; t= 30 min). Untreated cells (black bars)
were considered as 100%. Compounds treated cells (pink bars). Cell treated with
increasing concentration of H,0, (grey bars). Compounds were applied to the cells 18
h before the exposure and immediately following the removal of H,0, and toxicity
assessed by MTT test (light blue bars). Compounds were applied to the cells 18 h
before the exposure, together with, and immediately following the removal of H,0,
and toxicity assessed by MTT test (blue bars). Data are presented as percentage
relative to their vehicle controls, considered as 100%, obtained from the mean + SD of
three experiment.
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FIGURE 61| Images obtained after exposure of primary neurons to (A) 300 uM of
hydrogen peroxide for 30 minutes; (B) 1 uM of compound 51 for 18 h before the
application of 300 uM of hydrogen peroxide for 30 minutes and for 6 h after; (C) 1 uM
of compounds 51 for 18 h before, 6 h after and during the application of 300 uM of
hydrogen peroxide for 30 minutes.

8.3.4 Dual-Glo luciferase gene reporter assay
Four promising MTDLs, namely compounds 46, 51, 65 and 67, were also tested
with a cell based reporter gene assay, established in primary neurons, that
allows the identification of y—secretase mediated APP processing
modulators3%,
The APP-Gal4 assay utilizes the well-known Gal4-UAS system and takes
advantage of the fact that APP is a type | transmembrane protein, meaning the
holoprotein is retained at cell membranes. The assay measures level of
transfected APPegs processing in primary neurons by coupling this processing,
via Gal4-UAS system, to transcription of a luciferase gene. To enable this to
occurs, a number of plasmids must be chemically transfected into the primary
neurons. The plasmid pRC-APPggs-Gal4, encodes full length human APPegs with
the yeast transcription factor Gal4 inserted in frame at its C terminus via a
glycine linker, allowing expression of the fusion protein APP-Gal4%3'. Following
y-secretase mediated APP cleavage, an AICD-Gal4 fragment is released, which,
unlike the full-length protein, is free to translocate and binds to the synthetic,
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Gal4 specific, UAS promoter of a second plasmid pFR-luciferase, which
encodes the Firefly luciferase gene (Figure 62). Firefly luciferase expression can
be quantified through a standard luminescence assay. A third plasmid, TK-
Renilla is also transfected, which constitutively expresses the Renilla luciferase
gene, acting as an internal control to which the Firefly luminescence values can
be standardized.

APPggs |

UAS
UAS
UAS
UAS
UAS

TATA Firefy luciferase

HSV-TK Renilla luciferase

FIGURE 62| Schematic representation of APP-Gal4 gene reporter assay which
measures y-secretase mediated APP processing. Cleavage by y-secretase of human
APPsgs fused to the yeast transcription factor Gal4 (APP-Gal4) allows the release of
AICD-Gal4. Free AICD-Gal4 then binds to the synthetic promoter of Firefly luciferase
plasmid (consisting of 5 UAS repeats and a TATA box), driving the expression of
reporter gene Firefly luciferase. Resultant Firefly luciferase expression changes are
measured relative to an independent Renilla luciferase signal.

Transfected neurons were treated with compounds at T uM concentration and
processed 24 h post-transfection for quantification of firefly luciferase and
Renilla luciferase expression (Figure 63).

All the four derivatives were able to exert a strong inhibitory effect toward y-
secretase activity. Compound 51, in particular, was found to be the best
inhibitor, even better than the DAPT used as positive control. These
encouraging results might be due to the ability of these derivatives to interact
with a sequence of aromatic amino acids of APP which is retained in AB
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structure. The ability of these quinone-derivatives to modulate APP processing
and y-secretase activity will deserve further investigations.
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FIGURE 63| Schematic of dual-Glo luciferase gene reporter assay results. APP-Gal4
driven luciferase gene reporter activity reports amyloidogenic processing in primary
cortical neurons. Five DIV primary mouse cortical neurons chemically transfected
with 0.1 pg APP-Gal4, pFR-Luciferase and TK-Renilla plasmids using TuL/well
Lipofectamine 2000. Data are obtained from the ratio between the firefly and Renilla
luminescence measurements, respectively, and gather from the mean of
quadruplicate experiment. Blue and pink filling colours are for naphthoquinones and
anthraquinones, respectively.

8.4 Conclusion

Compounds of the third set were able to display an inhibitory activity against
both AChE and BChE and on the spontaneous aggregation of ABR. These
satisfying results prompt us to perform more in-depth analysis of their
biological activity, investigating them in other pathways involved in AD, such as
oxidative stress and APP processing.

Even though quinone scaffold is known for its redox potential, not all the
compounds tested were capable of preventing H202 toxicity. In particular,
compounds 46 and 62 displayed the best neuroprotective activity. In order to
strengthen the link between their protective effect and their redox potential,
additional tests should be performed.

Surprisingly, the four compounds tested by means of the dual-Glo luciferase
gene reporter assay were found to be strong inhibitors of y—secretase, being
comparable to DAPT used as control (which reduced luciferase expression by
approximately 80%). In case of compound 51 the inhibitory activity was even
higher than that of DAPT. All together, these results show that these derivatives
may provide different potential benefit to AD as non-toxic agents.
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9.

FOURTH SET

9.1 Project

On the base of promising results gathered from previous studies on the third

set of quinones 38-69 as MTDLs, | focused my research activity on the

functionalization of the benzyl-piperazine motif in the lateral chain of the

naphthoquinone scaffold. In particular, the substitution of the aromatic ring was

explored, including the electron-withdrawing chlorine atom and the electro-

donating methoxy group, with a view to investigating their influence for the

inhibition of ChEs and AB aggregation (Figure 64).
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FIGURE 64| Structure of the investigated naphthoquinone derivatives 84-113.

9.2 Chemistry

Concerning the fourth of compounds, derivatives 84-89 were obtained by

reacting the 2,3-dichloro-1,4-naphthoquinone, previously suspended in CH3CN,
with the proper amine in a molar ratio 1:2 (Scheme 21).
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Scheme 21. Reagents and conditions: a) CH;CN 100 °C 24 h.
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Finally, for derivatives 90-113 it was necessary to first prepare the appropriate
chloro-alkylamino reagents using the same two synthetic steps depicted Iin
Scheme 16; then the reaction of the intermediates in a molar ratio 1:2 with the
proper N-aryl piperazine in sealed tube afforded the desired products (Scheme
22).
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R= o-Cl m-Cl p-Cl 0-OCH; | m-OCH; | p-OCH,
n=1 90 94 98 102 106 110
n=2 91 95 99 103 107 m
n=3 92 96 100 104 108 112
n=4 93 97 101 105 109 113

Scheme 22. Reagents and conditions: a) CH3CN 100 °C 24 h.

The structures of the novel compounds have been confirmed using 'H and '3C
NMR, and elemental analysis. The purity of compounds (checked by elemental
analysis) has been in all cases >95%.

9.3 In vitro biological profiling

9.3.1 Inhibition of self-induced AB aggregation and

Cholinesterases

As for the aforementioned quinone-based derivatives, the novel compounds
84-113 have been evaluated for their inhibitory activity against eeAChE,
esBChE, and the spontaneous aggregation of ABao, performed by Prof. Marco
Catto — University of Bari. The inhibitory activities on AChE and BChE are listed
in Table 9 as ICso values for the most active compounds or as percent inhibition
at 10 uM for less active compounds. In vitro inhibition of AB4o aggregation data
are listed in Table 9 as ICsg values for the most active compounds or as percent
inhibition at 100 uM for less active (i.e., <80%) compounds.
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Table 9. Inhibitory activities of compounds against AB,4 aggregation, eeAChE
and esBChE @.

AB4o agar. eeAChE esBChE
84 85.00 (5812) (1447)
90 89.00 (6115) (21£3)
o-Cl 91 97.00 (6041) (3914)
92 95.00 2.99+0.42 (4913)
93 98.00 (6247) (53%2)
85 91.00 (55+2) (133)
94 86.00 (56%3) (1243)
m-Cl 95 101.00 (61£2) (1614)
96 97.00 (6012) (2212)
97 99.00 (60£3) (2314)
86 90.00 (5243) (2043)
98 95.00 (54+4) (154)
p-cCl 99 96.00 (5641) (174)
100 86.00 (5747) (5143)
101 100.00 (6912) (2043)
87 98.00 (54+2) (1143)
102 98.00 (5941) (15%3)
0 — OCH; 103 95.00 (60£2) (1912)
104 97.00 (68171) (37%2)
105 98.00 (6741) (46+1)
88 95.00 (59+4) (1514)
106 97.00 (60+2) (12+3)
m - OCH; 107 98.00 (66+7) (19+3)
108 98.00 7.27+0.14 (2741)
109 99.00 (6947) (3413)
89 97.00 (6212) (1241)
110 95.00 (6614) (1443)
p — OCH; 111 97.00 (65%2) (1643)
112 95.00 6.99+0.54 (17+2)
113 98.00 4.16+0.29 (1943)
Quercetin 0.82 +0.07 - -
Donepezil - 0.021 +0.002 2.3+0.1

@ Values represent the mean of two/three independent experiments; SEM <10%. ® %
Inhibition at 10 uM (eeAChE and esBChE) or 100 uM (AB aggregation).
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Compounds 84-113 have proven to inhibit AB4o aggregation in the range 85-
101% at 100 uM. The best compounds resulted to be the m-Cl derivative with a
propylene linker (95), and the p-Cl derivative with a pentylene chain (101), which
displayed an inhibition percentage of 101 and 100%, respectively. However,
either the different substitution of the aromatic ring nor the length of the linker
seem to influence the inhibitory behavior on AB aggregation, that does not
significantly vary, suggesting for the naphthoquinone scaffold and the aromatic
ring in the lateral chain as the main features able to assure the activity.

In regard to the inhibition of ChEs, the derivatives displayed inhibitory activity at
10 uM in the range of 51-69% against AChE and 11-53% against BChE. The best
AChE inhibitor compounds resulted to be the o-Cl derivative with a butylene
chain 92 (ICsg = 2.99 uM), followed by the p-OCHs derivative with a five carbon
atoms chain 113 which shows an ICso equal to 4.16 pM.

Once again, these compounds proved to be more selective toward AChE with
respect to BChE. Whereas, compounds 100 and 105 demonstrated a similar
inhibitory activity against the two enzymes. The compounds most active
against AChE (92, 108, 112) present a polymethylene chain of four carbon units;
however, as for the inhibition of AR aggregation, also for AChE the different
substitutions and the length of the polymethylene chain somehow do not
influence the inhibitory activity. Conversely, the inhibitory activity against BChE
seems to improve with the increase of the carbon unit number of the linker.

9.4 Conclusion

The newly obtained derivatives demonstrated to be promising dual targeting
inhibitors of AR aggregation and ChEs. The most active compounds against A
aggregation resulted to be 95 and 101, with an inhibition percentage of 101 and
100%, respectively. The best performing AChE inhibitor were 92 with an ICsgo
value equal to 2.99 uM, and 113 with an ICso value of 4.16 uM. In general, either
the substitution of the aromatic ring nor the number of carbon atoms of the
linker, significantly influenced the inhibitory profile against AR aggregation or
AChE. Regarding BChE inhibition, the increase of the length of the linker seems
to be beneficial for the activity.

This last study has allowed to deepen the SAR around the benzylpiperazine
motif linked to the naphthoquinone scaffold, even if the structural changes
introduced do not favor the improvement of the inhibitory activity against the
investigated targets in comparison to the previous set which show a better
MTDL profile.
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Experimental Section

10. CHEMISTRY

Chemicals and solvents were purchased from Sigma-Aldrich (Milan, Italy). Mps:
Biichi apparatus, uncorrected. '"H NMR spectra and '*C NMR spectra were
recorded on a Varian Gemini-200 instrument at 200 and 50 MHz, respectively;
CDClz or DMSO-d6; & in ppm rel. to MesSi as internal standard. J in Hz.
Elemental analyses were performed on a Flash 2000 CHNS (Thermo Scientific)
instrument in the Microanalysis Laboratory of the Department of Pharmacy,
University of Genova. Results of elemental analyses and NMR spectra indicated
that the purity of all compounds was >95%.

General method for the synthesis of naphthoquinone-derivatives (1-4)

A mixture of appropriate amine (2 mmol) and 2,3-dichloronaphthoquinone 1 (1
mmol) in absolute ethanol (20 mL) was stirred under reflux for 6 h. During the
progress of the reaction, monitored by TLC,a changein the colour from
yellow to red was observed. After evaporation of the solvent, the residue was
purified by CC (SiO2, CHClz+ 2%MeOH) or crystallized from EtOH.

2-Chloro-3-(phenylamino)-1,4-naphthoquinone (1)

Yield: 89%; M.p. 216-217°C
Elemental analysis for C21H14CINO2:

found:C% 67.46 H% 3.56 N% 4.96
calcd..C% 67.74 H% 3.55 N% 4.94

"H-NMR (200 MHz, CDCls) 0: 8.38-8.10 (m, 2H, arom); 7.98-7.65 (m, 2H, arom);
7.58-7.20 (m, 5H, arom); 6.27 (s, TH, NH).

13C NMR (200 MHz, CDCls) 6: 179.5, 176.5, 140.4, 136.3, 134.0, 131.9, 131.5,
128.8,127.4,126.1,126.0,124.6,123.2,113.9
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2-(Benzylamino)-3-chloro-1,4-naphthoquinone (2)

Yield: 84%; M.p. 112-113°C
Elemental analysis for C17H12CINO2:

found:C% 68.83 H% 4.19 N% 4.71
calcd..C% 68.58 H% 4.06 N% 4.70

"H-NMR (200 MHz, CDCl3) 0: 8.22-7.98 (m, 2H, arom); 7.82-7.59 (m, 2H, arom);
7.50-7.20 (m, 5H, arom); 6.26 (s, TH, NH); 5.08 (d, J = 6 Hz, 2H, CH>).

13C NMR (560 MHz, CDCls) 6: 179.4, 175.9, 143.0, 136.8, 133.9, 131.5, 128.7,
128.0,127.0,126.6, 125.8,47.9

2-Chloro-3-(phenethylamino)-1,4-naphthoquinone (3)

Yield: 48 %; M.p. 115-116°C
Elemental analysis for C1gH14CINO2:

found:C% 69.18 H% 4.84 N% 4.38
calcd.:C% 69.35 H% 4.53 N% 4.49

TH-NMR (200 MHz, CDCls) &: 8.21-7.90 (m, 2H, arom); 7.80-7.54 (m, 2H, arom):
7.41-7.15 (m, 5H, arom); 6.11 (s, TH, NH): 4.11 (g, J = 7 Hz, 2H, NHCH,CH,CH):
2.99 (d, J = 7.2 Hz, 2H, NHCH,CH,CH).

13C NMR (50 MHz, CDCls) 6: 179.3, 175.8, 142.9, 136.7, 133.8, 131.5, 131 .4,
128.6,127.7,125.7,44.9,36.2

2-Chloro-3-(phenylpropylamino)-1,4-naphthoquinone (4)

Yield: 75 %; M.p. 94-96°C
Elemental analysis for C19H16CINO2:

found:C% 70.30 H% 5.17 N% 4.17
calcd..C% 70.06 H% 4.95 N% 4.30

"H-NMR (200 MHz, CDCls) 6: 7.82-7.60 (m, 2H, arom); 7.41-7.18 (m, 5H, arom);
6.15 (s, TH, NH); 3.90 (q, J = 7 Hz, 2H, NHCH2CH2CHAr); 2.77 (t, J = 7.6 Hz, 2H,
NHCH2CH2CH»Ar); 2.07 (quint, J = 6.8 Hz, 2H, NHCH2CH2CH2Ar).

13C NMR (560 MHz, CDCls) 6: 179.4, 175.8, 143.0, 139.7, 133.9, 131.7, 131.4,
128.6,127.5,127.3,125.8,125.2,43.2,31.8, 31.5.
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General method for the synthesis of Intermediates: tryptamine, 2-
(benzimidazol-1-yl)ethylamine and 2-(benzotriazol-1-yl)ethylamine

To a suspension of LiAlH4 (40 mmol) in 20 mL of anhydrous THF cooled at 0-
5°C, a solution of 3-indolylacetamide or 2-(benzimidazol-1-yl)acetonitrile or 2-
(benzotriazol-1-ylacetonitrile (10 mmol) in anhydrous THF (5 mL) was added
drop by drop in 20 min. Then the mixture was refluxed for 8-10 h. At r.t. 5mL of
H0, 5 mL of 2N NaOH and 5 mL of H20 were carefully added to the mixture to
decompose the excess of LiAlH4, filtering and washing the inorganic residue
with Et;0. The solution was dried with Na;SOs, filtered and evaporated to
dryness, yielding an orange oil corresponding to the title ethylamino derivative
that was cromatographed on SiO> eluting with Et20.
2-(Benzotriazol-1-yl)ethylamine was also prepared from the 2-[2-(1H-
benzotriazol-1-yl)ethyllphthalimide (2 mmol) dissolved in 10.5 mL of HCI
refluxed for 17 h. The crystals of phthalic acid were removed by filtering and
washing with H20; the aqueous solution was treated with NaOH 6N and
extracted with CH2CH2. The organic solution was then dried with Na2SOs,
filtered and evaporated to dryness, yielding a yellow oil corresponding to the
expected product.

These intermediates were already prepared through different procedures, thus
they were characterized as follows.

Tryptamine

Yield: 81 %,
Elemental analysis for C1oH12Na:

found:C% 74.81 H% 7.95 N% 17.23
calcd..C% 7497 H% 7.55 N% 17.48

TH-NMR (200 MHz, CDCls) &: 10.17 (s, NH of Indole), 7.71-7.52 (m, 2H, arom.),
7.39-7.20 (m, 2H, arom.), 7.16-7.03 (m, TH, arom.), 4.88 (broad s, NH>), 3.09-
2.95 (m, 4H, CH2CH2-NH>).

2-(Benzimidazol-1-yl)ethylamine

Yield: 76 %;
Elemental analysis for CoH11Na:

found:C% 66.91 H% 6.79 N% 26.31

calcd..C% 67.06 H% 6.88 N% 26.07
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"H-NMR (200 MHz, CDCls) &: 8.21 (s, TH, arom.), 7.65=7.49 (m, 2H, arom.),
7.35=7.21 (m, 2H, arom.), 4.97 (broad s, NH2), 4.19-4.01 (m, 2H, N-CH>), 3.16-
3.07 (m, 2H, CH2-NH>).

2-(Benzotriazol-1-yl)ethylamine

Yield: 76 %;
Elemental analysis for CsH1oNa:

found:C% 59.01 H% 6.56 N% 34.16
calcd..C% 59.24 H% 6.21 N% 34.54

"H-NMR (200 MHz, CDCl3) 6:8.11-7.71 (m, 2H, arom.), 7.52-7.31 (m, 2H, arom.),
5.01 (broad s, NH2), 4.22 (pseudo s, 2H, N-CH>), 3.45 (pseudo s, 2H, CH2-NH>).

General method for the synthesis of naphthoquinone-derivatives (5-7)

A mixture of appropriate amine (5 mmol) and 2,3-dichloronaphthoquinone 1
(2.5 mmol) in methanol (20 mL) was stirred at room temperature for 20-
24 h. During the progress of the reaction, monitored by TLC,a changein
the colour from yellow to red was observed. After evaporation of the solvent,
the residue was treated with a solution of 2N NaOH and CHCls. The layers were
separated, and the chloroform solution was dried (Na2S0a),
filtered and evaporated, affording a residue that was purified by CC (SiOy,
CHClz+ 2%MeOH).

2-[2-(1H-indol-3-yl)ethylamino]-3-chloro-1,4-naphthoquinone (5)

Yield: 59 %; M.p. 140°C
Elemental analysis for CooH15CIN202:

found:C% 66.45 H% 4.46 N% 7.45
calcd..C% 66.70 H% 4.16 N% (.78

"H-NMR (200 MHz, CDCl3) 6: 10.84 (s, TH, NH indolic); 8.28-7.40 (m, 6H, TH NH
+ 5H arom); 7.38-6.79 (m, 4H, arom); 4.17-3.79 (m, 2H, NHCH,CH>CH); 3.18-
2.80 (m, 2H, NHCH2CH,CH).

13C NMR (50 MHz, CDCls) 6: 179.7, 175.5, 141.9, 135.8, 134.4, 134.2, 132.1,
131.5,130.5, 129.5, 126.6, 126.0, 125.3, 122.7, 120.6, 117.9, 110.9, 110.3, 44.2,
26.5
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2-[2-(1H-Benzimidazol-1-yl)ethylamino]-3-chloro-1,4-naphthoquinone (6)

Yield: 49 %; M.p. 205-207°C
Elemental analysis for C19H14CIN3O2:

found:C% 64.63 H% 4.28 N% 12.06
calcd..C% 64.87 H% 4.01 N% 11.94

TH-NMR (200 MHz, CDCls) 5:8.17 (s, TH, NH); 7.87 (s, 1H, CH); 7.58-7.18 (m, 2H,
arom); 7.00-6.42 (m, 4H, arom); 6.39-6.10 (m, 2H, arom); 3.42-2.99 (m, 2H,
NHCH,CH>CH); 2.22-1.91 (m, 2H, NHCH2CH2CH).

13C NMR (560 MHz, CDCls) 6: 172.9, 153.6, 142.7, 140.0, 137.6, 131.4, 129.6,
128.5,124.5,124.0,121.9,118.5,112.0, 105.6, 48.5, 27.3

2-{[2-(1H-Benzotriazol-1-yl)ethylamino}-3-chloro-1,4-naphthoquinone (7)

Yield: 39 %; M.p. 193-194°C
Elemental analysis for C1gH13CIN4O2:

found:C% 61.17  H% 3.77 N% 15.98
calcd.:C% 61.28 H% 3.71 N% 15.88

TH-NMR (200 MHz, DMSO0) &: .05-7.65 (m, 5H, arom); 7.62-7.41 (m, 2H, arom);
7.39-7.23 (M, TH, arom); 6.29 (s, 1H, NH); 4.98 (t, J = 5.8 Hz, 2H, NHCH,CHo-
N(1)Bzt); 4.24 (g, J = 6.2 Hz, 2H, NHCH,CH,-N(1)Bzt).

13C NMR (50 MHz, DMSO0) &: 179.6, 174.9, 145.2, 144.7, 134.4, 134.2, 1327,
132.3,131.1,129.6,126.8, 126.0, 125.3, 123.5, 118.6, 110.1, 47.8, 43.0.

General method for the synthesis of naphthoquinone-derivatives (8-9)

A mixture of the appropriate amino acid in NaOH 6N and 2,3-
dichloronaphthoquinone (5 mmol) in methanol (100 mL) was stirred at room
temperature for 20-24 h. The solution was treated with HClI 6N until the
precipitation of a residue, that was then filtered, washed with H>O and
purified by CC (SiO2, CHClz+ 2%MeOH).
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N-[(3-Chloro-1,4-naphthoquinon-2-yl)]phenylalanine (8)

Yield: 65%; M.p. 150°C
Elemental analysis for C19H14CINOa:

found:C% 64.39 H% 4.11 N% 3.87
calcd..C% 64.14  H% 3.97 N% 3.94

"H-NMR (200 MHz, DMSO0) &: 10.90 (s, TH, COOH); 8.02-7.65 (m, 4H, arom);
7.38-7.10 (m, 5H, arom); 6.65 (s, TH, NH); 5.42-5.20 (m, TH, NHCH); 3.26 (d, J =
5 Hz, 2H, CHy).

13C NMR (50 MHz, DMSO0) &: 179.3, 178.9, 172.5, 146.6, 135.7, 134.4, 132.4,
131.1,126.8,126.0, 125.1, 124.1,120.6, 110.9, 64.5, 14.7

N-[(3-Chloro-1,4-naphthoquinon-2-yl)]tryptophan (9)

Yield: 26%; M.p. 130°C dec.
Elemental analysis for C21H15CIN204:

found:C% 63.93 H% 4.14 N% 7.18
calcd.:C% 63.89 H% 3.83 N% 7.10

"H-NMR (200 MHz, CDCls) 6: 10.97 (s, TH, COOH); 8.35-8.10 (m, 2H, arom);
8.01-7.58 (m, 3H, arom); 7.42-7.10 (m, 4H, arom); 6.32 (s, TH, NH); 5.61 (s, TH,
NH); 3.62-3.44 (m, 2H, CH>); 1.38-1.10 (m, TH, NHCH).

13C NMR (50 MHz, DMSO0) &: 191.6, 172.5, 169.9, 135.7, 134.5, 132.4, 129.4,
126.8,126.1,125.4,124.1,120.6,117.8,1156.2,110.9, 107.9, 64.5, 28.4

General method for the synthesis of anthraquinone derivatives (10-14)

A mixture of 1-chloroanthraquinone (1.5 mmol) with the suitable amino
compound (3 mmol) was heated at 160°C ina sealed tube for 7-8 h. After
cooling, the mixture was treated with 2 M NaOH till alkalinity and extracted with
CHCls. After removing the solvent, the residue was purified by CC
(SiO2/CHCl3+2%MeOH).
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1-(Benzylamino)-9,10-anthraquinone (10)

Yield: 90 %; M.p. 171-173°C
Elemental analysis for C21H1sNO2:

found:C% 80.11  H% 5.20 N% 4.17
calcd..C% 80.49 H% 4.82 N% 4.47

"H-NMR (200 MHz, CDCls) 5: 10.15 (s, TH, NH); 8.43-8.19 (m, 2H, arom); 7.96-
7.61 (m, 4H, arom); 7.58-7.20 (m, 4H, arom); 7.17-6.98 (m, 2H, arom); 4.62 (s,
2H, NHCHA).

13C NMR (560 MHz, CDCls) 6: 184.2, 182.7, 150.4, 136.9, 136.7, 134.3, 133.9,
133.6, 133.5, 132.9, 132.6, 132.0, 127.8, 126.5, 126.4, 126.0, 125.7, 117.3,
1156.1,112.4,46.0

1-(Phenethylamino)-9,10-anthraquinone (11)

Yield: 71 %; M.p. 100-103°C
Elemental analysis for CooH17NO2:

found:C% 80.62 H% 5.04 N% 3.98
calcd.:C% 80.71  H% 5.23 N% 4.28

TH-NMR (200 MHz, CDCl3) &: 10.00 (s, 1H, NH); 8.42-8.20 (m, 2H, arom); 7.90-
7.70 (m, 4H, arom); 7.66-7.52 (m, 3H, arom); 7.45-7.22 (m, 2H, arom); 7.11 (dd,
1H, J = 1.6, 6.6 Hz, arom); 3.63 (t, J = 7.2 Hz, 2H, NHCH2CHAr); 3.10 (t, J =
7.8 Hz, 2H, NHCH2CHoAr).

13C NMR (50 MHz, CDCls) 6: 184.0, 182.8, 150.4, 137.7, 134.3, 134.0, 133.7,
131.9,127.7,127.6,126.5,125.7,116.7, 114.7,112.1, 43.6, 34.6

1-[(3-Phenylpropryl)amino]-9,10-anthraquinone (12)

Yield: 76 %; M.p. 115-116°C
Elemental analysis for CozH19NO2:

found:C% 80.73 H% 5.98 N% 3.93
calcd..C% 80.92 H% 5.61 N% 4.10

TH-NMR (200 MHz, CDCls) &: 10.02 (s, TH, NH); 8.42-8.21 (m, 2H, arom); 7.90-
7.70 (m, 4H, arom); 7.65-7.48 (m, 3H, arom); 7.43-7.18 (m, 2H, arom); 7.06 (dd,
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1H, J = 1.6, 8.2 Hz, arom); 3.38 (t, J = 7.0 Hz, 2H, NHCHoCH2CH2A); 2.86 (t, J =
7.4 Hz, 2H, NHCH2CH2CHA); 2.15 (quint, J = 7.2 Hz, 2H, NHCH,CHoCHoAT).

13C NMR (200 MHz, CDCls) 6: 183.9, 182.8, 150.6, 140.1, 134.2, 133.9, 133.5,
132.9,131.9,128.3, 127.5,127.4,125.7, 125.6, 125.1, 116.8, 114.6, 111.8, 41.0,
32.1,29.5.

1-{[2-(1H-Indol-3-yl)ethyllJamino}-9,10-anthraquinone (13)

Yield: 40 %; M.p. 240-241°C
Elemental analysis for CoaH1gN202:

found:C% 78.81 H% 4.95 N% .43
calcd..C% 78.67 H% 4.95 N% 7.65

'H-NMR (200 MHz, CDCls) 8:10.84 (s, 1H, NHof indole); 8.18-7.41 (m,
7H,arom); 7.39-6.82 (m, 5H,arom);6.60 (s, 1H, NH);3.98 (pseudo s,
2H, NHCH,CH2Ind); 2.99 (pseudo s, 2H, NHCH2CH»Ind).

13C NMR (50 MHz, CDCls) 6: 184.6, 182.6,150.0, 135.8,134.4, 134.2, 132.1,
131.5,130.5, 129.5, 126.6, 126.0, 125.3, 122.7, 120.6, 117.9, 110.9, 110.3, 44.2,
33.0.

1-{[2-(1H-Benzotriazol-1-yl)ethyllamino}-9,10-anthraquinone (14)

Yield: 42 %; M.p. 176-177°C
Elemental analysis for CooH1sN402:

found:C% 71.59  H% 4.31 N% 15.20
calcd..C% 71.73 H% 4.38 N% 15.21

TH-NMR (200 MHz, CDCls) &: 8.36-8.15(m, 3H,arom); 7.86-7.69 (m,
3H, arom); 7.63-7.57 (m, 2H, arom); 7.49-7.22 (m, 3H,arom); 6.82 (s, 1H,
NH); 4.57 (t, J = 7.0 Hz, 2H, NHCH2CH2-N(1)Bzt); 3.03 (t, J = 7.0 Hz, 2H,
NHCH2CH2-N(1)Bzt).

13C NMR (50 MHz, DMSO0) &: 184.5, 183.7, 146.2, 144.0, 135.9, 133.9, 1334,
132.9,132.0,127.8,126.9,125.8,125.0, 121.9, 119.0, 48.5, 44.2.

General method for the synthesis of naphthoquinone-derivatives (15-24)

A mixture of appropriate amine (3 mmol) and 2,3-dichloronaphthoquinone 1
(1,5 mmol) in absolute ethanol (10 mL) was stirred under reflux for 4 h. During
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the progress of the reaction, monitored by TLC, a change in the colour from
yellow to red was observed. After evaporation of the solvent, the residue was
treated with an acid aqueous solution and CHCIlz. The layers were separated,
and the chloroform solution was dried (Na2S0a),
filtered and evaporated, affording a residue that was crystallized from ethanol.

2-Chloro-3-(2-chlorobenzylamino)-1,4-naphthoquinone (15)

Yield: 86 %; M.p. 162-163 °C
Elemental analysis for C17H11CI2NO2:

found:C% 61.46 H% 3.69 N% 4.61
calcd..C% 61.47 H% 3.34 N% 4.22

'"H-NMR (CDCls) 6: 8.25-8.05 (m, 2H, arom); 7.85-7.60 (m, 2H, arom); 7.55-7.24
(m, 4H, arom); 6.38 (s, TH, NH); 5.18 (d, 2H, J = 6.6, NHCH?A).

2-Chloro-3-(3-chlorobenzylamino)-1,4-naphthoquinone (16)

Yield: 94 %; M.p. 135-136 °C
Elemental analysis for C17H11Cl2NO2:

found:C% 61.56 H% 3.74 N% 4.02

calcd.:C% 61.47 H% 3.34 N% 4.22
TH-NMR (CDCl3) &: 8.23-8.05 (m, 2H, arom); 7.84-7.61 (m, 2H, arom); 7.42-7.18
(m, 4H, arom); 6.28 (s, TH, NH); 5.07 (d, 2H, J = 6.4, NHCH2A).
2-Chloro-3-(4-chlorobenzylamino)-1,4-naphthoquinone (17)

Yield: 92 %; M.p. 167-169 °C
Elemental analysis for C17H11Cl2NO2:

found:C% 61.54  H% 3.71 N% 4.56
calcd..C% 61.47 H% 3.34 N% 4.22

'"H-NMR (CDCls) 0: 8.26-8.03 (m, 2H, arom); 7.83-7.61 (m, 2H, arom); 7.44-7.22
(m, 4H, arom); 6.25 (s, TH, NH); 5.05 (d, 2H, J = 6.4 Hz, NHCH-A).

13C NMR (200 MHz, CDCls) 8: 179.3, 175.9, 142.8, 135.5, 134.0, 132.9, 131.6,
131.5,128.7,128.1,127.9,125.9,47.1
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2-Chloro-3-(3,4-dichlorobenzylamino)-1,4-naphthoquinone (18)

Yield: 91 %; M.p. 179-181 °C
Elemental analysis for C17H10CIsNO2:

found:C% 55.54 H% 2.58 N% 4.10
calcd..C% 55.69 H% 2.75 N% 3.82

'"H-NMR (CDCls) 0: 8.24-8.04 (m, 2H, arom); 7.85-7.60 (m, 2H, arom); 7.46 (s,
1H, arom); 7.39-7.21 (m, 2H, arom); 6.36 (s, TH, NH); 5.13 (d, 2H, J = 6.6 Hz,
NHCH2AT).

2-(4-Bromobenzylamino)-3-chloro-1,4-naphthoquinone (19)

Yield: 74 %; M.p. 183-185 °C
Elemental analysis for C17H10BrCINO2:

found:C% 54.19  H% 2.71 N% 4.03
calcd.:C% 54.21 H% 2.94 N% 3.72

"H-NMR (CDCls) &: 8.26-8.00 (m, 2H, arom); 7.82-7.41 (m, 4H, arom); 7.32-7.15
(m, 2H, arom); 6.25 (s, TH, NH); 5.04 (d, 2H, J = 6.4 Hz, NHCH?A).

2-Chloro-3-(4-fluorobenzylamino)-1,4-naphthoquinone (20)

Yield: 84 %; M.p. 154-155 °C
Elemental analysis for C17H10CIFNO2:

found:C% 64.40 H% 3.38 N% 4.45
calcd.:C% 64.67 H% 3.51 N% 4.44

'"H-NMR (CDCls) 6: 8.25-8.03 (m, 2H, arom); 7.84-7.59 (m, 2H, arom); 7.43-7.28
(m, 2H, arom); 7.18-7.02 (m, 2H, arom); 6.22 (s, TH, NH); 5.05 (d, 2H, J = 6.2 Hz,
NHCH-AT).

2-Chloro-3-(2-methoxybenzylamino)-1,4-naphthoquinone (21)

Yield: 88 %; M.p. 155-157 °C
Elemental analysis for C1gH14CINOs:

found:C% 65.79  H% 4.27 N% 4.06

calcd.:C% 6596 H% 4.31 N% 4.27
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TH-NMR (CDCl3) &: 8.22-8.02 (m, 2H, arom); 7.80-7.58 (m, 2H, arom); 7.43-7.24
(m, 2H, arom); 7.06-6.92 (m, 2H, arom); 6.57 (s, TH, NH); 5.10 (d, 2H, J = 6.4 Hz,
NHCH2Ar): 3.93 (s, 3H, OCHs).

2-Chloro-3-(3-methoxybenzylamino)-1,4-naphthoquinone (22)

Yield: 52 %; M.p. 122-123 °C
Elemental analysis for C1gH14CINOs:

found:C% 66.04 H% 4.48 N% 3.97
calcd..C% 65.96 H% 4.31 N% 4.27

'"H-NMR (CDCls) 0: 8.23-8.04 (m, 2H, arom); 7.82-7.61 (m, 2H, arom); 7.41-7.24
(m, 2H, arom); 7.02-6.90 (m, 2H, arom); 6.26 (s, TH, NH); 5.06 (d, 2H, J = 5.8 Hz,
NHCH-Ar); 3.84 (s, 3H, OCH3).

2-Chloro-3-(4-methoxybenzylamino)-1,4-naphthoquinone (23)

Yield: 88 %; M.p. 124-126 °C
Elemental analysis for C1gH14CINOs:

found:C% 6590 H% 4.32 N% 4.55
calcd.:C% 6596 H% 4.31 N% 4.27

TH-NMR (CDCl3) &: 8.30-8.01 (m, 2H, arom); 7.83-7.60 (m, 2H, arom); 7.40-7.22
(m, 2H, arom); 7.02-6.88 (m, 2H, arom); 6.17 (s, TH, NH); 5.02 (d, 2H, J = 6.0 Hz,
NHCH2Ar): 3.85 (s, 3H, OCHs).

2-Chloro-3-(4-methylbenzylamino)-1,4-naphthoquinone (24)

Yield: 68 %; M.p. 134-135 °C
Elemental analysis for C1gH14CINO2:

found:C% 69.43 H% 4.43 N% 4.25
calcd..C% 69.35 H% 4.53 N% 4.49

'"H-NMR (CDCls) 0: 8.26-8.01 (m, 2H, arom); 7.84-7.60 (m, 2H, arom); 7.42-7.16
(m, 4H, arom); 6.22 (s, TH, NH); 5.04 (d, 2H, J = 6.0 Hz, NHCH>Ar); 2.39 (s, 3H,
CHz3).
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General method for the synthesis of anthraquinone-derivatives (25-32)

A mixture of 1-chloroanthraquinone (1.5 mmol) with the appropriate amino
compound (3 mmol) was heated at 160°C in a sealed tube for 7 h. After cooling,
the mixture was solubilized with CHClzand washed with 10 mL HCI 2N for three
times (in most of the cases it was necessary to extract the aqueous solution
with other CHCIs). The layers were separated, and the chloroform solution
was dried (Na2S0a), filtered and evaporated. The residue was then crystallized
from toluene or purified by CC (SiO2/CHCls).

1-(2-Chlorobenzylamino)-9,10-anthraquinone (25)

Yield: 35 %; M.p. 119-121 °C.
Elemental analysis for C21H14CINO2:

found:C% 72.51 H% 3.98 N% 4.40
calcd..C% 7252 H% 4.06 N% 4.03

TH-NMR (CDCl3) &: 10.22 (s, TH, NH); 8.43-8.21 (m, 2H, arom); 7.97-7.61 (m, 4H,
arom); 7.59-7.22 (m, 4H, arom); 7.02-6.88 (m, 2H, arom); 6.97 (d, TH, J= 7.6 H,
arom); 4.72 (s, 2H, NHCH2Ar).

1-(3-Chlorobenzylamino)-9,10-anthraquinone (26)

Yield: 31%; M.p. 216-217 °C
Elemental analysis for C21H14CINO2:

found:C% 72.49 H% 4.30 N% 4.23
calcd..C% 7252 H% 4.06 N% 4.03

TH-NMR (200 MHz, CDCl3) &: 10.19 (s, TH, NH); 8.42-8.23 (m, 2H, arom); 7.98-
7.59 (m, 4H, arom); 7.58-7.25 (m, 3H, arom); 7.05-6.91 (m, 2H, arom); 6.96 (d,
TH, J = 7.6, arom); 4.63 (s, 2H, NHCH»Ar).

1-(4-Chlorobenzylamino)-9,10-anthraquinone (27)

Yield: 47%; M.p. 204-206 °C
Elemental analysis for C21H14CINO2:

found:C% 72.51 H% 4.18 N% 4.08

calcd..C% 7252 H% 4.06 N% 4.03
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TH-NMR (200 MHz, CDCl3) &: 10.17 (s, TH, NH); 8.41-8.20 (m, 2H, arom); 7.97-
7.61 (m, 3H, arom); 7.60-7.21 (m, 5H, arom); 6.98 (d, TH, J = 8.2 Hz, arom); 4.60
(d, 2H, J = 5.2 Hz, NHCH2A).

1-(3,4-Dichlorobenzylamino)-9,10-anthraquinone (28)

Yield: 47%; M.p. 190-193 °C
Elemental analysis for C21H13CI2NO2:

found:C% 6592 H% 3.57 N% 3.75
calcd..C% 65.99 H% 3.43 N% 3.66

"H-NMR (200 MHz, CDCls) 5: 10.18 (s, TH, NH); 8.42-8.22 (m, 2H, arom); 7.97-
7.62 (m, 3H, arom); 7.60-7.40 (m, 2H, arom); 7.38-7.19 (m, 2H, arom); 6.94 (d,
1H, J = 8.4 Hz, arom); 4.59 (d, 2H, J = 6.0 Hz, NHCH?Ar).

13C NMR (200 MHz, CDCl3) 0: 184.6, 182.6, 150.0, 137.4, 134.5, 133.8, 133.0,
132.2,131.9,130.5,129.8,127.9,125.8,125.2,116.9,115.5,112.8, 44.9

1-(4-Bromobenzylamino)-9,10-anthraquinone (29)

Yield: 43%; M.p. 220-223 °C
Elemental analysis for C21H14BrNO2:

found:C% 64.32 H% 3.79 N% 3.87
calcd..C% 64.30 H% 3.60 N% 3.57

"H-NMR (200 MHz, CDCls) 5: 10.16 (s, TH, NH); 8.44-8.23 (m, 2H, arom); 7.96-
7.62 (M, 3H, arom); 7.56-7.15 (m, 4H, arom); 6.98 (d, TH, J = 8.2 Hz, arom); 4.63
(d, 2H, J = 6.4 Hz, NHCH2AT).

1-(2-Methoxybenzylamino)-9,10-anthraquinone (30)

Yield: 55 %; M.p. 177-179 °C
Elemental analysis for Co2H17NOs:

found.: C% r6.27r H% 5.04 N% 4.21
calcd.: C% 7695 H% 4.99 N% 4.08

TH-NMR (CDCl3) &: 10.16 (s, TH, NH); 8.39-8.19 (m, 2H, arom); 7.88-7.43 (m, 4H,
arom); 7.41-7.20 (m, 2H, arom); 7.16-6.84 (m, 3H, arom); 4.63 (d, 2H, J = 6.0 Hz,
NHCH2Ar): 3.94 (s, 3H, OCHs).
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1-(3-Methoxybenzylamino)-9,10-anthraquinone (31)

Yield: 41%; M.p. 112-113 °C
Elemental analysis for C2oH17NOs:

found:C% 76.93 H% 5.33 N% 4.41
calcd.:C% 76.95 H% 4.99 N% 4.08

"H-NMR (CDCls) 8: 10.10 (s, TH, NH); 8.40-8.22 (m, 2H, arom); 7.95-7.47 (m, 4H,
arom); 7.45-6.84 (m, 5H, arom); 4.60 (s, 2H, NHCH>Ar); 3.83 (s, 3H, OCHs).

1-(4-Methoxybenzylamino)-9,10-anthraquinone (32)

Yield: 49%; M.p. 150-152 °C
Elemental analysis for C22H17NOs:

found:C% 76.57 H% 5.08 N% 4.33
calcd.:C% 76.95 H% 4.99 N% 4.08

TH-NMR (CDCl3) &: 10.14 (s, TH, NH); 8.40-8.21 (m, 2H, arom); 7.90-7.47 (m, 4H,
arom); 7.30-6.85 (m, 5H, arom); 4.35 (d, 2H, J = 5.6 Hz, NHCH»Ar); 3.82 (s, 3H,
OCHsa).

Method for the synthesis of 1-(4-methylbenzylamino)-9,10-anthraquinone
(33)

A mixture of T-chloroanthraquinone (1.5 mmol) with 4-methylbenzylamine (3
mmol) in 10 mL of butanol was heated at 120°C and stirred for 8 h. After
cooling, the mixture was solubilized with CHClz and washed with 10 mL HCI 2N
for three times. The layers were separated, and the chloroform solution
was dried (Na2S0a), filtered and evaporated. The dark residue was then
crystallized from toluene.

1-(4-Methylbenzylamino)-9,10-anthraquinone (33)

Yield: 35 %; M.p. 132-135 °C
Elemental analysis for CooH17NO2:

found:C% 80.87 H% 4.81 N% 3.93
calcd.:C% 80.71 H% 5.23 N% 4.28

TH-NMR (CDCl3) &: 10.16 (s, TH, NH); 8.42-8.21 (m, 3H, arom); 7.95-7.61 (m, 4H,
arom); 7.38-7.12 (m, 4H, arom); 4.59 (s, 2H, NHCH»Ar); 2.38 (s, 3H, CHs).
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General method for the synthesis of naphthoquinone-derivatives (34-37)

A mixture of appropriate amine (3 mmol) and 2-bromonaphthoquinone (or 1,4-
naphthoquinone in case of compound 37) (1,5 mmol) in absolute ethanol (10
mL) was stirred at 80°C for 4 h. During the progress of the reaction, monitored
by TLC,a changein the colour from vyellowto redwas observed. After
evaporation of the solvent, the residue was treated with an acid agueous
solution and CHCls. The layers were separated, and the chloroform solution
was dried (Na2S0a), filtered and evaporated, affording a residue
that crystallized from ethanol.

2-(Phenylamino)-1,4-naphthoquinone (34)

Yield: 86 %; M.p. 180-185 °C
Elemental analysis for C16H11NO2:

found:C% 77.08 H% 4.25 N% 5.47
calcd..C% 7710 H% 4.45 N% 5.62

TH-NMR (CDCl3) &: 8.55-8.10 (m, 2H, arom); 7.95-7.62 (m, 3H, arom); 7.50-7.05
(m, 5H, arom); 6.48 (s, TH, NH).

2-(Benzylamino)-1,4-naphthoquinone (35)

Yield: 72 %; M.p. 157-159 °C
Elemental analysis for C17H13NO2:

found:C% 77.74 H% 5.02 N% 5.26
calcd..C% 7755 H% 4.98 N% 5.32

'"H-NMR (CDCl3) 6: 8.22-8.01 (m, 2H, arom); 7.89-7.60 (m, 2H, arom); 7.55-7.22
(m, 5H, arom); 6.28 (s, TH, NH); 5.85 (s, 1H, CH); 4.42 (d, 2H, J = 5.4 Hz
NHCH-Ar).

2-(Phenethylamino)-1,4-naphthoquinone (36)

Yield: 73 %; M.p. 140-142 °C
Elemental analysis for C1gH15NO2:

found:C% 78.16  H% 5.49 N% 5.38
calcd..C% 7796 H% 5.45 N% 5.05
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H-NMR (CDCls) &: 8.20-8.00 (m, 2H, arom); 7.82-7.60 (m, 2H, arom); 7.45-7.17
(m, 5H, arom); 6.00 (s, 1H, NH); 5.84 (s, 1H, CH); 3.50 (q, 2H, J = 6.6 Hz,
NHCH2CH2A); 3.02 (t, 2H, J = 7.0 Hz, NHCH2CHoA).

2-[(8-Phenylpropyl)amino]-1,4-naphthoquinone (37)

Yield: 50 %; M.p. 113-115°C
Elemental analysis for C1gH17NO2:

found:C% 78.33 H% 5.75 N% 5.31
calcd..C% 78.33 H% 5.88 N% 4.81

'"H-NMR (CDCls) 0: 8.21-8.02 (m, 2H, arom); 7.86-7.58 (m, 2H, arom); 7.42-7.17
(m, 5H, arom); 5.94 (s, TH, NH); 5.74 (s, 1H, CH); 3.24 (g, 2H, J = 6.6 Hz
NHCH,CH2CH2Ar); 2.78 (t, 2H, J = 7.6 Hz, NHCH2CH2CH»Ar); 2.07 (quint, 2H, J =
7.2 Hz, NHCH2CH2CH2A).

2-Chloro-3-methoxynaphthoquinone

Yield: 80 %; M.p. 147-148°C
Elemental analysis for C12HgClOs:

found:C% 61.11  H% 3.95 N% 0.00
calcd.:C% 60.90 H% 3.83 N% 0.00

"H-NMR (CDCl3) &: 8.30-8.10 (m, 2H, arom); 7.90-7.70 (m, 2H, arom); 4.67 (q,
2H, J = 7.0 Hz, OCH,CHs); 1.50 (t, 3H, J = 6.0 Hz, OCH,CHs).

General method for the synthesis of naphthoquinone-derivatives (38-41)

A mixture of 2,3-dichloro-naphthoquinone (1.5 mmol) with the appropriate
amino compound (3 mmol) with 5 mL of CH3CN was heated at 100°C ina
sealed tube for 24 h. After cooling, the mixture was solubilized with CHCls
and evaporated. The residue was then purified by CC (SiO2/CHCls).

2-Chloro-3-(4-methylpiperazin-1-yl)-1,4-naphthoquinone (38)

Yield: 93 %; M.p. 115-117 °C
Elemental analysis for C15H15CIN202:

found:C% 61.87  H% 4.97 N% 9.85

calcd.:C% 6197  H%5.20 N% 9.64
149



TH-NMR (CDCls) &: 8.23-7.94 (m, 2H, arom); 7.82-7.61 (m, 2H, arom): 3.82-3.58
(M, 4H, N(CH2CH2)2N); 2.82-2.58 (m, 4H, N(CH2CH2)2N); 2.4 (s, 3H, NCHs).

3-Chloro-2-(4-phenylpiperazin-1-yl)-1,4-naphthoquinone (39)

Yield: 91 %; M.p. 123—-125 °C
Elemental analysis for C2ooH17CIN202:

found: C% 68.07 H% 4.87 N% 8.17
calcd.:C% 68.09 H% 4.86 N% 7.94

'"H-NMR (CDCls) 0: 8.23-8.03 (m, 2H, arom); 7.83-7.68 (m, 2H, arom); 7.42-7.26
(m, 2H, arom); 7.10-6.90 (m, 3H, arom); 3.92-3.73 (m, 4H, N(CH2CH>)2N); 3.50-
3.32 (m, 4H, N(CH2CH2)2N).

13C NMR (200 MHz, CDClz) 8: 180.8, 177.0, 150.1, 148.8, 133.1, 132.1, 130.6,
130.4,128.2,125.9,125.6,122.3,119.3, 115.5, 50.6, 49.3

2-(4-Benzylpiperazin-1-yl)-3-chloro-1,4-naphthoquinone (40)

Yield: 92 %; M.p. 92-94 °C
Elemental analysis for C21H19CIN202:

found: C% 68.49 H% 5.25 N% 7.84
calcd.:C% 68.76  H% 5.22 N% 7.64

TH-NMR (CDCl3) &: 8.20-7.99 (m, 2H, arom); 7.77-7.67 (m, 2H, arom); 7.47-7.27
(m, 5H, arom); 3.75-3.59 (m, 6H, 4H, N(CH2CH2)2N, + s, 2H, NCH2Ar); 2.78-2.63
(M, 4H, N(CH2CHz2)2N).

2-Chloro-3-(4-phenylpiperidin-1-yl)-1,4-naphthoquinone (41)

Yield: 97 %; M.p. 117-118 °C
Elemental analysis for C21H1gCINO2:

found: C% 71.53 H% 5.03 N% 3.93
calcd.:C% 71.69 H% 5.16 N% 3.98

TH-NMR (CDCls) &: 8.23-8.03 (m, 2H, arom); 7.83-7.65 (m, 2H, arom); 7.45-7.10
(m, 5H, arom); 4.08-3.90 (m, 2H, N(CHCH,).CH); 3.58-3.38 (m, 2H,
N(CH2CH2)2CH); 2.85 (s, TH, N(CH2CH2)2CH); 2.18-1.92 (m, 4H, N(CH2CH2),CH).
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General method for the synthesis of hydroxyalkylamino-naphthoquinone-
derivatives (a-e)

A mixture of 2,3-dichloro-naphthoquinone (5 mmol) with the appropriate
hydroxy-alkyl-amino compound (10 mmol) with 20 mL of EtOH was heated at
reflux for 6 h. During the progress of thereaction, monitored by TLC, a
change in the colour from yellow to red was observed. After evaporation of the
solvent, the residue was treated with an acid aqueous solution and CHCls. The
layers were separated, and the chloroform solution was dried (Na2S0.),
filtered and evaporated, affording a residue that crystallized from toluene.

2-Chloro-3-(2-hydroxyethylamino)-1,4-naphthoquinone (a)

Yield: 92 %; M.p. 143-144 °C
Elemental analysis for C12H10CINOs:

found: C% 57.05 H% 4.07 N% 5.25
calcd.:C% 57.27 H% 4.01 N% 5.57

'"H-NMR (CDCl3) &: 8.23-7.94 (m, 2H, arom); 7.82-7.55 (m, 2H, arom); 6.21 (s,
TH, NH); 4.18-4.02 (m, 2H, CH10); 4.00-3.83 (m, 2H, NCH>); 1.88 (s, TH, broad,
OH).

2-Chloro-3-(3-hydroxypropylamino)-1,4-naphthoquinone (b)

Yield: 96 %; M.p. 112-113 °C
Elemental analysis for C13H12CINOs3:

found: C% 58.92 H% 4.54 N% 5.05
calcd.:C% 58.77 H% 4.55 N% 5.27

'"H-NMR (CDCls) 0: 8.24-7.94 (m, 2H, arom); 7.81-7.56 (m, 2H, arom); 6.28 (s,
TH, NH); 4.06 (t, 2H, J= 6.6 Hz, OCHy); 3.89 (t, 2H, J= 5.8 Hz, NCH>); 1.99 (quint,
2H, CH2CH,CH> + s broad, TH, OH).

2-Chloro-3-(4-hydroxybutylamino)-1,4-naphthoquinone (c)

Yield: 80 %; M.p. 99-100 °C
Elemental analysis for C14H14CIN20Os3:

found: C% 60.12 H% 4.94 N% 4.83
calcd.:C% 60.11 H% 5.04 N% 5.01
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"H-NMR (CDCl3) &: 8.25-7.99 (m, 2H, arom); 7.84-7.58 (m, 2H, arom); 6.23 (s,
broad, TH, NH); 3.94 (t, 2H, J= 6.8 Hz, OCH2): 3.76 (t, 2H, J= 6.2 Hz, NCH2); 1.94-
1.62 (m, 4H, CH2CH>CH,CH> + s broad, TH, OH).

2-Chloro-3-(5-hydroxypentylamino)-1,4-naphthoquinone (d)

Yield: 85 %; M.p. 93-95 °C
Elemental analysis for C15H16CINOs:

found: C% 61.65 H% 5.71 N% 4.89
calcd.:C% 61.33 H% 5.49 N% 4.77

'"H-NMR (CDCls) &: 8.21-7.99 (m, 2H, arom); 7.80-7.57 (m, 2H, arom); 6.13 (s,
broad, TH, NH); 3.89 (g, 2H, J= 6.6 Hz, OCH>); 3.71 (t, 2H, J= 6.4 Hz, NCH>); 1.98-
1.39 (m, 6H, CH2CH>CH»CH2CH2 + s broad, TH, OH).

2-Chloro-3-(5-hydroxyhexylamino)-1,4-naphthoquinone (e)

Yield: 86 %; M.p. 90-92 °C
Elemental analysis for C16H1sCINOs:

found: C% 62.71 H% 5.85 N% 5.03
calcd.:C% 62.44  H% 5.90 N% 4.55

"H-NMR (CDCl3) &: 8.25-7.95 (m, 2H, arom); 7.82-7.58 (m, 2H, arom); 6.11 (s,
TH, NH): 3.83 (g, 2H, J= 7.0 Hz, NHCH,); 3.68 (t, 2H, J= 5.8 Hz, CH,0H); 1.86-
1.00 (m, 8H, CH2CH2CH,CH2CH2CH2 + s broad, TH, OH).

13C NMR (200 MHz, CDCls) &: 179.5, 175.8, 143.1, 133.9, 131.7, 131.4, 128.6,
125.8,61.7,43.8,31.5,29.9, 25.4,24.4.

General method for the synthesis of chloroalkylamino-naphthoquinone
derivatives (A-E)

To a suspension of the proper chloroalkylamino-naphthoquinone (a-e)
(4 mmol) in 15 mL of anhydrous CHCls, a solution of thionyl-chloride (16 mmol)
in anhydrous CHCls (5 mL) was added drop by drop. Then the mixture was
refluxed for 4 h. During the reaction progress, monitored by TLC, a change in
the colour fromred to a darker red was observed. After cooling, the mixture was
treated with 10 mL of a cool solution of NaHCO3 10% v/v. The layers were
separated, and the chloroform solution was dried (Na2S0a),
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filtered and evaporated, affording a residue thatwas then purified by CC
(SiO2/CHCla).

2-Chloro-3-(2-chloroethylamino)-1,4-naphthoquinone (A)
Yield: 88 %; M.p. 166-168 °C
Elemental analysis for C12HgCloNO2:
found: C% 53.62 H% 3.73 N% 4.88
calecd.:C% 5336 H% 3.36 N% 5.19

"H-NMR (CDCl3) &: 8.25-7.98 (m, 2H, arom); 7.83-7.56 (m, 2H, arom); 6.24 (s,
broad, TH, NH); 4.04 (q, 2H, J= 6.6, CICH>); 3.67 (t, 2H, J= 6.2, NCHy).

2-Chloro-3-(3-chloropropylamino)-1,4-naphthoquinone (B)

Yield: 92 %; M.p. 134-135 °C
Elemental analysis for C13H11Cl2NO2:

found:C% 55.06  H% 3.70 N% 4.90
calcd.:C% 5495  H%3.90 N% 4.93

TH-NMR (CDCls) &: 8.26-7.98 (m, 2H, arom); 7.84-7.58 (m, 2H, arom); 6.19 (s,
broad, TH, NH); 4.06 (g, 2H, J= 6.8 Hz, CICH,); 3.68 (t, 2H, J= 6.2 Hz, NCH>); 2.30-
2.08 (m, 2H, CH2CH»CH2).

2-Cloro-3-(4-chlorobutylamino)-1,4-naphthoquinone (C)

Yield: 83 %; M.p. 125-126 °C
Elemental analysis for C14H13CI2NO2:

found: C% 56.44 H% 4.18 N% 4.40
calcd.:C% 56.40 H% 4.39 N% 4.70

'"H-NMR (CDCl3) &: 8.25-7.98 (m, 2H, arom); 7.82-7.58 (m, 2H, arom); 6.11 (s,
broad, TH, NH); 3.92 (q, 2H, J= 6.8 Hz, CICHy); 3.62 (t, 2H, J= 6.0 Hz, NCHy); 2.04-
1.78 (m, 4H, CH2CH2CH>CHy).

2-Chloro-3-(5-chloropentylamino)-1,4-naphthoquinone (D)

Yield: 84 %; M.p. 101-103 °C
Elemental analysis for C15H15Cl2NO2:
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found: C% 57.91 H% 5.03 N% 4.35
calcd.:C% 57.71 H% 4.84 N% 4.49

'"H-NMR (CDCl3) &: 8.23-7.97 (m, 2H, arom); 7.82-7.58 (m, 2H, arom); 6.12 (s,
broad, TH, NH); 3.89 (g, 2H, J = 6.6 Hz, CICH2); 3.59 (t, 2H, J = 6.6 Hz, NCH>);
2.05-1.46 (m, 6H, CH2CH>CH2CH2CH>).

2-Chloro-3-(5-chlorohexylamino)-1,4-naphthoquinone (E)

Yield: 66 %; M.p. 81-82 °C
Elemental analysis for C16H17Cl2NO2:

found: C% 59.18 H% 5.12 N% 4.31
calcd.:C% 58.91 H% 5.25 N% 4.29

"H-NMR (CDCls) 6: 8.23-7.97 (m, 2H, arom); 7.82-7.58 (m, 2H, arom); 6.10 (s,
broad, TH, NH): 3.87 (q, 2H, J = 7.0 Hz, CICH2); 3.57 (t, 2H, J = 6.4 Hz, NCH,);
1.90-1.05 (m, 8H, CH2CH2CH>CH>CH,CH2).

13C NMR (200 MHz, CDClz) d: 179.5, 175.8, 143.0, 134.0, 131.7, 131.4, 128.6,
125.8,43.9,43.7,31.3,29.9, 25.5,24.9

General method for the synthesis of naphthoquinone-derivatives (42-53)

A mixture of the proper chloroalkylamino-naphthoquinone (A-E)
(1.5 mmol) with the appropriate amino compound (3 mmol) in 5 mL of CHsCN
was heated at 100°C in a sealed tube for 24 h. After cooling, the mixture was
solubilized with CHCIs and evaporated. The residue was then purified by CC
(SiO2/CHCla).

2-Chloro-3-[2-(4-methylpiperazin-1-yl)ethylamino]-1,4-naphthoquinone
(42)

Yield: 75 %; M.p. 94-96 °C
Elemental analysis for C17H20CIN3O2:

found: C% 61.10 H% 6.21 N% 12.80

calcd.:C% 6117  H% 6.04 N% 12.59
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'"H-NMR (CDCl3) &: 8.23-7.96 (m, 2H, arom); 7.81-7.56 (m, 2H, arom); 6.95 (s,
TH, NH); 3.97 (q, J = 5.6 Hz, 2H, HNCHy); 2.69 (t, 2H, J = 6.0 Hz, CH:N); 2.65-2.42
(m, 8H, 3 N(CH2CH2)2N); 2.33 (s, 3H, NCH3).

2-Chloro-3-[3-(4-methylpiperazin-1-yl)propylamino]-1,4-naphthoquinone
(43)

Yield: 83 %; M.p. 84-87 °C
Elemental analysis for C1gH22CIN3O2:

trov.. C% 62.10 H% 6.57 N% 11.80
calcd.:C% 62.15 H% 6.38 N% 12.08

'"H-NMR (CDCls) 0: 8.24-8.01 (m, 2H, arom); 7.91-7.78 (m, 2H, arom); 7.54 (s,
1H, NH); 4.03 (g, J = 6.2 Hz, 2H, HNCH>); 2.81-2.39 (m, 10H, 2H, CHoN + 8H,
N(CH2CH2)2N); 2.38 (s, 3H, NCH3); 1.87 (quint, 2H, J = 6.2 Hz, CH2CH>CH2).

2-Chloro-3-[4-(4-methylpiperazin-1-yl)butylamino]-1,4-naphthoquinone
(44)

Yield: 69 %; M.p. 76-80 °C
Elemental analysis for C19H24CIN3O2:

found: C% 62.91 H% 6.58 N% 11.89
calcd.:C% 63.06  H% 6.69 N% 11.61

'"H-NMR (CDCls) &: 8.22-7.97 (m, 2H, arom); 7.82-7.57 (m, 2H, arom); 6.22 (s,
1H, NH); 3.90 (g, J = 6.6 Hz, 2H, HNCH>); 2.83-2.34 (m, 10H, 2H, CHoN + 8H,
N(CH2CH2)2N); 2.31 (s, 3H,NCH3); 1.84-1.56 (m, 4H, J = 6.2 Hz, CH2CH2CH>CH?).

2-Chloro-3-[2-(4-phenylpiperazin-1-yl)ethylamino]-1,4-naphthoquinone
(45)

Yield: 63 %; M.p. 120-123 °C
Elemental analysis for C2oH22CIN3O2:

found: C% 66.65 H% 5.73 N% 10.97
calcd.:C% 66.75 H% 5.60 N% 10.61

TH-NMR (CDCls) &: 8.23-8.00 (m, 2H, arom); 7.82-7.59 (m, 2H, arom): 7.39-7.23
(m, 2H, arom); 7.10-6.84 (m, 3H, arom); 6.94 (s, TH, NH); 4.03 (q, 2H, J=5.4 Hz,
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HNCHz); 3.40-3.20 (m, 4H, N(CH2CH2)2N); 2.90-2.65 (m, 6H, 2H of CH2N, 4H of
N(CH2CH2)2N).

13C NMR (200 MHz, CDCls) d: 179.6, 150.2, 143.6, 133.7, 131.7, 131.3, 128.1,
125.7,118.9,115.1, 656.3,51.5,48.3, 40.0

2-Chloro-3-[3-(4-phenylpiperazin-1-yl)propylamino]-1,4-naphthoquinone
(46)

Yield: 85 %; M.p. 119-120 °C
Elemental analysis for C2zH24CIN3O2:

found: C% 67.40 H% 5.99 N% 10.05
calcd.:C% 67.39 H% 5.90 N% 10.25

"H-NMR (CDCls) &: 8.22-7.99 (m, 2H, arom); 7.80-7.54 (m, 2H, arom); 7.40-7.26
(m, 2H, arom); 7.05-6.85 (m, 3H, arom); 6.94 (s, TH, NH); 4.07 (g, 2H, J = 6 Hz,
HNCH_); 3.44-3.30 (m, 4H, N(CH2CH2)2N); 2.80-2.55 (m, 6H, 2H, CH:2N, 4H,
N(CH2CHz)2N); 2.00-1.84 (m, 2H, CH2CH2CH?>).

13C NMR (200 MHz, CDCls) d: 179.6, 150.2, 143.9, 133.7, 131.8, 131.2, 128.9,
128.1,1256.7,125.6,118.6, 115.1, 56.2, 52.5,47.8, 44.4,25.0

2-Chloro-3-[4-(4-phenylpiperazin-1-yl)butylamino]-1,4-naphthoquinone
(47)

Yield: 64 %; M.p. 206-208 °C
Elemental analysis for C24H26CIN3O2:

found: C% 68.11 H% 6.41 N% 10.11
calcd.:C% 6800 H%6.18 N% 9.91

TH-NMR (CDCl3) &: 8.23-8.00 (m, 2H, arom); 7.83-7.59 (m, 2H, arom); 7.40-7.20
(m, 2H, arom); 7.13-6.81 (m, 3H, arom); 6.24 (s, TH, NH); 3.93 (g, 2H, J = 6.4 Hz,
HNCH_); 3.35-3.10 (m, 4H, N(CH2CH2)2N); 2.77-2.40 (m, 6H, 2H, CH2N, 4H,
N(CH2CH2)2N); 1.90-1.60 (m, 4H, CH2CHoCH,CH).

13C NMR (200 MHz, CDCls) d: 179.5, 175.8, 150.3, 143.2, 133.9, 131.8, 131.3,
128.7,128.1,125.8,125.7,118.6,115.0, 56.9, 52.3, 48.1, 43.7, 28.0, 22.9
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2-[2-(4-Benzylpiperazin-1-yl)ethylamino]-3-chloro-1,4-naphthoquinone
(48)

Yield: 76 %; M.p. 103-106 °C
Elemental analysis for C23H24CIN3O2:

found: C% 67.58 H% 5.90 N% 10.58
calcd.:C% 67.39 H% 5.90 N% 10.25

'"H-NMR (CDCls) d: 8.23-8.03 (m, 2H, arom); 7.82-7.60 (m, 2H, arom); 7.50-7.24
(m, 5H, arom); 6.98 (s, TH, NH); 3.96 (q, 2H, J = 5.6, HNCH2); 3.55 (s, 2H, NCH>);
2.78-2.67 (M, 2H, CH2N); 2.67-2.40 (m, 8H, N(CH2CH2)2N).

13C NMR (200 MHz, CDClz) 8: 179.6, 143.7, 137.1, 133.7, 131.7, 131.2, 128.9,
128.1,128.0,127.3,127.2,126.3,126.0, 125.6,61.9, 55.3, 52.1, 51.5, 40.1

2-[3-(4-Benzylpiperazin-1-yl)propylamino]-3-chloro-1,4-naphthoquinone
(49)

Yield: 81 %; M.p. 95-98 °C
Elemental analysis for C24H26CIN3O2:

found: C% 67.93 H% 6.14 N% 10.24
calcd.:C% 68.00 H% 6.18 N% 9.91

"H-NMR (CDCls) d: 8.23-8.02 (m, 2H, arom); 7.80-7.62 (m, 2H, arom); 7.55 (s,
TH, NH); 7.45-7.23 (m, 5H, arom); 4.02 (g, 2H, J = 6 Hz, HNCH>); 3.59 (s, 2H,
NCH2Ar); 2.72-2.40 (m, 8H, N(CH2CH2)2N); 1.96-1.70 (m, 4H, 2H, CH2N, 2H,
CH2CH2CHo).

2-[4-(4-Benzylpiperazin-1-yl)butylamino]-3-chloro-1,4-naphthoquinone
(50)

Yield: 44 %; oll
Elemental analysis for C2sH28CIN3O2:

found: C% 68.40 H% 6.21 N% 9.80
calcd.:C% 6856  H% 6.44 N% 9.59

TH-NMR (CDCls) &: 8.22-8.00 (m, 2H, arom); 7.82-7.58 (m, 2H, arom); 7.50-7.18
(M, 5H, arom); 6.23 (s, TH, NH); 3.89 (q, 2H, J = 6.6 Hz, HNCHy): 3.54 (s, 2H,
NCH2AT); 2.72-2.25 (m, TOH, 8H of N(CH2CH2)2N, 2H di CHoN); 1.84-1.53 (m, 4H,
CH2CH2CHoCH2).
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2-Chloro-3-[2-(4-phenylpiperidin-1-yl)ethylamino]-1,4-naphthoquinone
(51)

Yield: 67 %; M.p. 80-82 °C
Elemental analysis for C23H23CIN202:

found: C% 69.81 H% 5.80 N% 6.96
calcd.:C% 6996  H% 5.87 N% .09

"H-NMR (CDCls) d: 8.24-8.05 (m, 2H, arom); 7.83-7.60 (m, 2H, arom); 7.42-7.20
(m, 5H, arom); 7.09 (s, TH, NH); 4.18-4.01 (m, 2H, HNCH>); 3.30-3.10 (m, 2H,
N(CHQCHQ)QCH); 2.96-2.78 (m, 2H, N(C_HZCHQ)QCH); 2.02-2.52 (m, 1H,
N(CH2CH2)2CH); 2.50-2.25 (m, 2H, CH2N); 2.10-1.86 (m, 4H, N(CH2CH>)>CH).

2-Chloro-3-[3-(4-phenylpiperidin-1-yl)propylamino]-1,4-naphthoquinone
(52)

Yield: 88 %; M.p. 118-120 °C
Elemental analysis for C24H25CIN202:

found: C% 70.49 H% 6.16 N% 6.85
calcd.:C% 70.41 H% 5.90 N% 7.02

TH-NMR (CDCls) &: 8.28-8.04 (m, 2H, arom); 7.99 (s, TH, NH); 7.84-7.59 (m, 2H,
arom); 7.50-7.20 (m, 5H, arom); 4.08 (g, 2H, J= 6 Hz, HNCH>); 3.30-3.10 (m, 2H,
N(CH2CH2)2CH); 2.63 (t, 3H, 2H, J=6 Hz, N(CH2CH>),CH, TH, N(CH2CH2).CH);
2.30-2.05 (M, 4H, 2H, N(CH2CH2),CH, 2H, CH2N); 2.05-1.80 (m, 4H, 2H,
N(CH2CH2)2CH, 2H di CH2CH>CH>).

2-Chloro-3-[4-(4-phenylpiperidin-1-yl)butylamino]-1,4-naphthoquinone
(53)

Yield: 81 %; M.p. 94-95 °C
Elemental analysis for C2sH27CIN202:

found: C% 70.85 H% 6.27 N% 6.46
calcd.:C% 70.99 H% 6.43 N% 6.62

'"H-NMR (CDCls) 6: 8.25-8.00 (m, 2H, arom); 7.83-7.59 (m, 2H, arom); 7.43-7.18
(m, 5H, arom); 6.29 (s, TH, NH); 3.92 (q, J = 6.2 Hz, 2H, HNCH>); 3.23-3.05 (m,
2H, N(CH2CH2)2CH); 2.65-2.40 (m, 3H, 2H, N(CH2CH2)2CH, TH, N(CH2CH2)2CH);
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2.13-2.04 (M, 2H, N(CHoCH2)2CH); 1.99-1.84 (m, 4H, 2H di N(CH,CH2),CH, 2H di
CH:N); 1.82-1.63 (M, 4H, CH2CHoCHoCHS).

General method for the synthesis of anthraquinone-derivatives (54-57)

A mixture of 1-chloro-anthraquinone (1.5 mmol) with the appropriate amino
compound (3 mmol) in 5 mL of CH3CN was heated at 100°C in a sealed tube
for 24 h. After cooling, the mixture was solubilized with CHCIl3 and evaporated.
The residue was then purified by CC (SiO2/CHCls).

1-(4-Methylpiperazin-1-yl)-9,10-anthraquinone (54)

Yield: 77 %; M.p. 157-160 °C
Elemental analysis for C1gH18N202:

found:C% 74.60  H% 5.90 N% 9.18
calcd.:C% 74.49 H% 5.92 N% 9.14

"H-NMR (CDCl3) 6: 8.38-8.19 (m, 2H, arom); 7.99 (d, 1H, J = 7.4 Hz, arom); 7.83-
7.61 (m, 3H, arom); 7.44 (d, TH, J = 8.4 Hz, arom); 3.43-3.18 (m, 4H,
N(CH2CH2)2N); 2.92-2.70 (m, 4H, N(CH2CH2)2N); 2.47 (s, 3H, NCHsa).

1-(4-Phenylpiperazin-1-yl)-9,10-anthraquinone (55)

Yield: 84 %; M.p. 217-218 °C

Elemental analysis for CoaH20N202:
found: C% 78.23 H% 5.61 N% 7.35
calcd.:C% 7824  H% 5.47 N% 7.60

TH-NMR (CDCl3) &: 8.38-8.21 (m, 2H, arom); 8.02 (dd, TH, J = 0.8 Hz, J = 0.7 Hz,
arom); 7.87-7.63 (m, 3H, arom); 7.49 (d, 1H, J = 8.2 Hz; arom); 7.40-7.25 (m, 2H,
arom); 7.00-7.15 (m, 2H, arom); 6.94 (t, TH, J = 6.8 Hz, arom) 3.62-3.50 (m, 4H,
N(CH2CH2)2N); 3.48-3.35 (m, 4H, N(CH2CH2)2N).

13C NMR (200 MHz, CDCls) d: 183.1, 180.8, 152.2, 150.3, 135.6, 134.3, 133.3,
133.1,132.0, 131.3, 128.1, 126.3, 125.4, 123.8, 121.9, 120.0, 118.9, 115.3, 51.3,
48.4
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1-(4-Benzylpiperazin-1-yl)-9,10-anthraquinone (56)

Yield: 58 %; M.p. 128-131 °C
Elemental analysis for CosH2oN202:

found: C% 78.75 H% 5.69 N% 7.34
calcd.:C% 78.51 H% 5.80 N% 7.32

"H-NMR (CDCls) 6: 8.38-8.19 (m, 2H, arom); 7.99 (d, TH, J = 7.4 Hz, arom); 7.85-
7.60 (m, 3H, arom); 7.50-7.25 (m, 6H, arom); 3.71 (s, 2H, NCH>); 3.37-3.20 (m,
4H, N(CH2CH2)2N); 2.78-2.98 (m, 4H, N(CH2CH2)2N).

1-(4-Phenylpiperidin-1-yl)-9,10-anthraquinone (57)

Yield: 76 %; M.p. 201-203 °C
Elemental analysis for CosH21NO2:

found:C% 81.83  H% 5.44 N% 3.80
calcd:C%81.72 H%5.76 N% 3.81

"H-NMR (CDCl3) : 8.38-8.19 (m, 2H, arom); 7.99 (d, TH, J = 7.6 Hz, arom); 7.86-
7.61 (m, 3H, arom); 7.59 (s, TH, arom); 7.48-7.18 (m, 5H, arom); 3.62 (d, 2H, J =
12.2 Hz, N(CH2CH2),CH); 3.37-3.08 (m, 2H, N(CH2CH2)2CH); 2.92-2.71 (m, TH,
N(CH2CH2)2CH); 2.40-2.13 (m, 2H, N(CH2CH>),CH); 2.04 (d, 2H, J = 12.2 Hz,
N(CH2CH>),CH).

General method for the synthesis of hydroxyalkylamino-anthraquinone-
derivatives (f-i)

A mixture of 1-chloro-anthraquinone (5 mmol) with the appropriate hydroxy-
alkyl-amino compound (10 mmol) in 20 mL of BuOH was heated at reflux for
20 h. During the progress of the reaction, monitored by TLC,a changein
the colour from yellow to red was observed. After evaporation of the solvent,
the residue was treated with an acid aqueous solution and CHCIlz. The layers
were separated, and the chloroform solution was dried (Na2S0s4),
filtered and evaporated, affording a residue that crystallized from toluene or
purified by CC (SiO2/CHCls).

A second method carried out was stirred the mixture of 1-chloro-
anthraquinone (5 mmol) with  the  appropriate  hydroxy-alkyl-amino
compound (15 mmol) in sealed tube at 140 °C for 8 h; the residue was then
purified as described above for the first method.
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1-(2-Hydroxyethylamino)-9,10-anthraquinone (f)

Yield: 68 %; M.p. 168-170 °C
Elemental analysis for C16H13NOs:

found: C% 71.71 H% 5.08 N% 5.38
calcd.:C% 71.90 H% 4.90 N% 5.24

"H-NMR (CDCls) 8: 9.67 (s, TH, NH); 8.38-8.16 (m, 2H, arom); 7.85-7.49 (m, 4H,
arom); 7.44 (dd, TH, J = 8.0, 1.8 Hz, arom); 4.02 (t, 2H, J= 5.2 Hz, OCH>); 3.59 (4,
2H, J= 5.4 Hz, NCHo),

1-(8-Hydroxypropylamino)-9,10-anthraquinone (g)

Yield: 74 %; M.p. 178-179 °C
Elemental analysis for C17H15NOs:

found:C% 72.65  H% 5.73 N% 4.69
calcd.:C% 72568  H% 5.37 N% 4.98

TH-NMR (CDCls) &: 9.72 (s, 1H, NH); 8.39-8.21 (m, 2H, arom); 7.94-7.52 (m, 4H,
arom): 7.31 (dd, J = 8.0, 1.8 Hz, TH, arom); 3.91 (t, 2H, J= 6.0 Hz, OCH>); 3.55 (t,
2H, J = 6.6 Hz, NCH>); 2.06 (quint, 2H, J = 6.0 Hz, CH,CH,CHo).

1-(4-Hydroxyibutylamino)-9,10-anthraquinone (h)

Yield: 68 %; M.p. 130-131 °C
Elemental analysis for C1gH17NOsa:

found: C% 73.00 H% 5.95 N% 4.60
calcd.:C% 73.20 H% 5.80 N% 4.74

'"H-NMR (CDCls) 8: 9.69 (s, TH, NH); 8.38-8.20 (m, 2H, arom); 7.91-7.53 (m, 4H,
arom); 7.18 (d, J = 8.0 Hz, TH, arom); 3.79 (t, 2H, J = 6.2 Hz, OCH>); 3.42 (t, 2H, J
= 6.6 Hz, NCH2); 2.08-1.74 (m, 4H, CH,CH2CH,>CH>).

1-(5-Hydroxypentylamino)-9,10-anthraquinone (i)

Yield: 55 %; M.p. 107-111 °C
Elemental analysis for C1gH19NOs3:

found: C% 73.53 H% 6.35 N% 4.72
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calcd.:C% 73.77 H% 6.19 N% 4.53

TH-NMR (CDCls) &: 9.98 (s, TH, NH): 8.39-8.19 (m, 2H, arom); 7.85-7.46 (m, 4H,
arom); 7.18-7.03 (m, TH, arom); 3.74 (t, 2H, J = 5.2 Hz, HNCH,): 3.38 (t, 2H, J =
5.4 Hz, CH,0): 2.01-1.44 (m, 6H, CH,CH,CH,CH>CHy + TH, OH).

General method for the synthesis of chloroalkylamino-anthraquinone-
derivatives (F-I)

To a suspension of the proper chloroalkylamino-anthraquinone (f-i)
(4 mmol) in 20 mL of anhydrous CHCls, a solution of thionyl-chloride (16 mmol)
in anhydrous CHCIz (5 mL) was added drop by drop. Then the mixture was
refluxed for 4 h. During the reaction progress, monitored by TLC, a change in
the colour from red to a darker red was observed. After cooling, the mixture was
treated with 10 mL of a cool solution of NaHCO3 10% v/v. The layers were
separated, and the chloroform solution was dried (Na2S0a),
filtered and evaporated, affording a residue thatwas then purified by CC
(SiO2/CHCla).

1-(2-Chloroethylamino)-9,10-anthraquinone (F)

Yield: 86 %; M.p. 174-176 °C
Elemental analysis for C16H12CINO2:

found: C% 67.09 H% 4.58 N% 4.66
calcd.:C% 67.26 H% 4.23 N% 4.90

'"H-NMR (CDCls) 6: 10.02 (s, TH, NH); 8.40-8.12 (m, 2H, arom); 7.92-7.57 (m, 4H,
arom); 7.10 (dd, TH, J = 8.2, 1.4 Hz, arom); 3.94-3.68 (m, 4H, NCH2 e CH2Cl).

1-(3-Chloropropylamino)-9,10-anthraquinone (G)

Yield: 91 %; M.p. 125-127 °C
Elemental analysis for C17H14CINO2:

found: C% 67.99 H% 4.58 N% 4.66
calcd.:C% 68.12 H% 4.71 N% 4.67

TH-NMR (CDCls) &: 9.81 (s, 1H, NH); 8.41-8.17 (m, 2H, arom): 7.96-7.51 (m, 4H,
arom); 7.12 (dd, J = 8.0, 1,8 Hz, TH, arom); 3.75 (t, J = 6.2 Hz, 2H, CH.Cl); 3.59 (,
J = 6.2 Hz, 2H, NCH,); 2.38-2.16 (quintetto, J = 6.4 Hz, 2H, CHCH,CHy).
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1-(4-Chlorobutylamino)-9,10-anthraquinone (H)

Yield: 83 %; M.p. 89-90 °C
Elemental analysis for C1gH16CINO2:

found: C% 68.73 H% 4.97 N% 4.29
calcd.:C% 68.90 H% 5.14 N% 4.46

"H-NMR (CDCl3) 6:9.80 (s, TH, NH); 8.38-8.21 (m, 2H, arom); 7.88-7.54 (m, 4H,
arom); 7.08 (dd, J = 8.0, 2.0 Hz, TH, arom); 3.66 (t, J = 6.2 Hz, 2H, CH2Cl); 3.42 (%,
J = 6.4 Hz, 2H, NCH,): 2.15-1.86 (m, 4H, CH,CH2CH,CHo)

1-(5-Chloropentylamino)-9,10-anthraquinone (1)

Yield: 55 %; M.p. 96-97 °C
Elemental analysis for C1gH1sCINO2:

found: C% 69.93 H% 5.29 N% 4.55
calcd.:C% 69.62 H% 5.53 N% 4.27

TH-NMR (CDCl3) &: 10.02 (s, TH, NH); 8.37-8.21 (m, 2H, arom); 7.84-7.45 (m, 4H,
arom); 7.08 (d, TH, J = 7.8 Hz, arom); 3.62 (t, 2H, J = 6.4 Hz, HNCH); 3.38 (t, 2H,
J = 6.8 Hz, CH2Cl); 2.04-1.61 (m, 6H, CH2CH2CH2CH>CH>).

General method for the synthesis of anthraquinone-derivatives (568-69)

A mixture of the proper chloroalkylamino-anthraquinone (F-1) (1.5 mmol) with
the appropriate amino compound (3 mmol) in 5 mL of CHsCN was heated at
100°C in a sealed tube for 24 h. After cooling, the mixture was solubilized with
CHClz and evaporated. The residue was then purified by CC (SiO2/CHCls).

1-[2-(4-Methylpiperazin-1-yl)ethylamino]-9,10-anthraquinone (58)

Yield: 60 %; M.p. 93-94 °C
Elemental analysis for C21H23N302:

found:C% 72.15  H% 6.85 N% 11.82
caled.:C% 7212 H% 6.63 N% 12.03

TH-NMR (CDCls) &: 9.87 (s, TH, NH); 8.41-8.20 (m, 2H, arom); 7.93-7.45 (m, 4H,
arom); 7.08 (d, TH, J = 9.2 Hz, arom); 3.48 (g, 2H, J = 6.2 Hz; HNCH>); 2.80 (t, 2H,
J = 6.4 Hz, CH2N); 2.79-2.42 (m, 8H, N(CH2CH2)2N); 2.48 (s, 3H, NCHa).
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13C NMR (200 MHz, CDClz) d: 183.8, 182.9, 150.4, 134.2, 134.0, 133.6, 132.9,
132.0,131.8,125.7,125.6,116.9,114.6, 112.2,55.4, 54.0, 51.2, 44.8, 39.2

1-[3-(4-Methylpiperazin-1-yl)propylamino]-9,10-anthraquinone (59)

Yield: 39 %; M.p. 104-106 °C
Elemental analysis for CooH25N302:

found: C% 72.88 H% 6.67 N% 11.40
calcd.:C% 72.70 H% 6.93 N% 11.56

"H-NMR (CDCls) 6:9.82 (s, TH, NH); 8.38-8.18 (m, 2H, arom); 7.84-7.51 (m, 4H,
arom); 7.14 (dd, TH, J = 8.0 Hz, 1.8, arom); 3.44 (q, 2H, J = 6.8 Hz, HNCH>); 2.83-
2.36 (M, 10H, 8H, 2H, CHaN + 8H, N(CH2CH2)2N); 2.36 (s, 3H, NCHs); 1.96 (quint,
2H, J=70 HZ, CHzC_HzCHz).

1-[4-(4-Methylpiperazin-1-yl)butylamino]-9,10-anthraquinone (60)

Yield: 32 %; M.p. 126-127 °C
Elemental analysis for CozH27N302:

found: C% 73.43 H% 7.37 N% 10.84
calcd.:C% 73.18 H% 7.21 N% 11.13

TH-NMR (CDCls) &: 9.95 (s, TH, NH); 8.41-8.22 (m, 2H, arom); 7.87-7.48 (m, 4H,
arom); 7.16 (dd, 1TH, J = 8.4 Hz, 1.8, arom); 3.45 (q, 2H, J = 6.8 Hz, HNCH>); 2.88-
2.32 (M, T0H, 8H, 2H, CHzN + 8H, N(CH2CH2)2N); 2.39 (s, 3H, NCH3); 2-01-1.60
(m, 4H, J = 7.0 Hz, CH2CH,CH,CH).

1-[2-(4-Phenylpiperazin-1-yl)ethylamino]-9,10-anthraquinone (61)

Yield: 75 %; M.p. 138-140 °C
Elemental analysis for CoeH25N302:

found: C% 75.89 H% ©.09 N% 10.56
calcd.:C% 75.89 H% 6.12 N% 10.21

'"H-NMR (CDCls) 6:9.917 (s, TH, NH); 8.38-8.20 (m, 2H, arom); 7.82-7.45 (m, 4H,
arom); 7.39-7.22 (m, 2H, arom); 7.10-6.82 (m, 4H, arom); 3.49 (q, 2H, J = 5.2 Hz;
HNCH,); 3.40-3.21 (m, 4H, N(CH2CH,)2N); 2.92-2.63 (m, 6H, 2H, CHoN, 4H,
N(CH2CH2)2N).
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13C NMR (200 MHz, CDCls) d: 183.7, 182.8, 150.3, 134.1, 134.0, 133.7, 132.8,
131.9, 131.8, 128.1, 125.8, 125.6, 118.7, 116.8, 115.0, 114.6, 112.2, 55.4, 52.1,
48.2,39.2

1-[3-(4-Phenylpiperazin-1-yl)propylamino]-9,10-anthraquinone (62)

Yield: 43 %; M.p. 143-145 °C
Elemental analysis for Co7H27N302:

found: C% 76.20 H% 6.38 N% 9.69
calcd.:C% 76.21 H% 6.41 N% 9.87

"H-NMR (CDCl3) 8:9.83 (s, TH, NH); 8.36-8.19 (m, 2H, arom); 7.82-7.45 (m, 4H,
arom); 7.40-7.20 (m, 2H, arom); 7.13 (dd, TH, J = 1.6, 8.0 Hz, arom); 7.03-6.82
(m, 3H, arom): 3.46 (q, 2H, J = 5.6 Hz, HNCHy): 3.34-3.20 (m, 4H, 2H, CH2N, 2H,
N(CH2CH2)2N); 2.80-2.50 (M, 6H, N(CH2CH2)2N); 2.18-1.90 (m, 2H, CHaCH2CHy).

13C NMR (200 MHz, CDCls) 8: 183.9, 182.8, 150.7, 150.3, 134.2, 134.0, 133.6,
132.9, 132.0, 131.8, 128.1, 125.6, 118.6, 116.8, 115.0, 114.6, 111.9, 54.9, 52.3,
48.1,40.1,25.5

1-[4-(4-Phenylpiperazin-1-yl)butylamino]-9,10-anthraquinone (63)

Yield: 59 %; M.p. 123-125 °C
Elemental analysis for CogH2gN302:

found: C% 76.73 H% 6.95 N% 9.86
calcd.:C% 76.51 H% 6.65 N% 9.56

'"H-NMR (CDCls) 6:9.81 (s, TH, NH); 8.38-8.21 (m, 2H, arom); 7.83-7.51 (m, 4H,
arom); 7.39-7.20 (m, 2H, arom); 7.11 (dd, TH, J = 1.6, 7.8 Hz, arom); 7.00-6.81
(m, 3H, arom); 3.42 (q, 2H, J = 5.4 Hz, HNCH>); 3.25-3.12 (m, 4H, N(CH2CH2)2N);
2.77-2.60 (M, 4H, N(CH2CH2):N); 2.52 (t, 2H, J = 7.0 Hz, CHzN); 1.91-1.60 (m,
4H, CH2CH2CH>CHa).

13C NMR (200 MHz, CDCls) d: 183.9, 182.8, 150.7, 150.3, 134.2, 134.0, 133.7,
133.0,132.0,131.9,128.4,128.0, 125.7,125.6,118.6,116.8, 116.1, 115.0, 114.6,
111.9,57.1,52.3,48.1,41.8,40.1, 26.1, 26.0, 23.4, 23.3
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1-[2-(4-Benzylpiperazin-1-yl)ethylamino]-9,10-anthraquinone (64)

Yield: 81 %; M.p. 93-97 °C
Elemental analysis for Co7H27N302:

found: C% 76.06  H% 6.53 N% 10.07
calcd.:C% 76.21 H% ©.40 N% 9.87

"H-NMR (CDCl3) 6:9.85 (s, TH, NH); 8.39-8.20 (m, 2H, arom); 7.87-7.67 (m, 2H,
arom); 7.67-7.49 (m, 2H, arom); 7.42-7.20 (m, 5H, arom); 7.10 (t, 1H, J=11.6
Hz, arom): 3.58 (s, 2H, NCH2Ar); 3.51-3.37 (m, 2H, NHCH2) 2.79 (t, 2H, J = 6.6
Hz, CH2N); 2.76-2.38 (m, 8H, N(CH2CH2)2N).

13C NMR (200 MHz, CDClz) d: 183.8, 182.9, 150.4, 137.1, 134.2, 134.0, 133.7,
132.9,132.0,131.9,128.2,128.0,127.3,127.2,126.3,126.0, 125.7,116.9, 114.6,
112.2,62.0,55.5,54.8,52.2,52.1, 40.1

1-[3-(4-Benzylpiperazin-1-yl)propylamino]-9,10-anthraquinone (65)
Yield: 55 %,; oll
Elemental analysis for CogH2gN302:
found: C% 76.51 H% 6.88 N% 9.59
calcd.:C% 76.51 H% 6.65 N% 9.56

"H-NMR (CDCls) 0:9.85 (s, TH, NH); 8.38-8.19 (m, 2H, arom); 7.83-7.65 (m, 2H,
arom); 7.65-7.48 (m, 2H, arom); 7.48-7.20 (m, 5H, arom); 7.19-7.03 (m, TH,
arom); 3.56 (s, 2H, NCH2Ar); 3.50-3.35 (m, 2H, J = 6.8 Hz; NHCH?); 2.78 (t, 2H, J
= 6.0 Hz, CH2N); 2.65- 2.32 (m, 8H, N(CH2CH2)2N); 2.08-1.79 (m, 2H,
CH2CH2CHo).

13C NMR (200 MHz, CDCls) d: 183.9, 182.8, 150.8, 137.1, 134.2, 134.0, 133.6,
132.9, 132.0, 131.8, 128.1, 127.2, 126.0, 116.9, 114.6, 111.9, 62.0, 55.6, 54.8,
52.3,52.1,52.0,40.0,25.5

1-[4-(4-benzylpiperazin-1-yl)butylamino]-9,10-anthraquinone (66)

Yield: 66 %,; oll
Elemental analysis for CogHz1N302:

found:C% 76.30  H% 6.70 N% 9.90

calcd.:C% 76.79 H% ©.89 N% 9.26
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TH-NMR (CDCls) 6: 9.80 (s, 1H, NH); 8.38-8.21 (m, 2H, arom); 7.83-7.45 (m, 4H,
arom); 7.41-7.20 (m, 4H, arom); 7.12-7.03 (m, 2H, arom); 3.54 (s, 2H, CHAr);
3.62-3.31 (M, 4H, NHCHs, CH:N); 2.65-2.37 (m, 8H, N(CH2CH2)2N); 1.91-1.60 (m,
4H, CH2CH2CH2CHy).

1-[2-(4-Phenylpiperidin-1-yl)ethylamino]-9,10-anthraquinone (67)

Yield: 88 %; M.p. 120-124 °C
Elemental analysis for Co7H26N202:

found: C% 79.28 H% 6.30 N% 6.88
calcd.:C% 79.00 H% 6.38 N% 6.82

"H-NMR (CDCl3) 6:9.92 (s, TH, NH); 8.41-8.20 (m, 2H, arom); 7.85-7.68 (m, 2H,
arom); 7.68-7.53 (m, 2H, arom); 7.53-7.19 (m, 5H, arom); 7.13 (dd, TH, J=1.8,8
Hz, arom); 3.56 (g, 2H, J = 5.2 Hz; HNCH>); 3.20 (m, 2H, CH2N); 2.85 (t, 2H, J =
6.6 Hz, CHoN); 2.61 (quint, 1H, J = 6.6, N(CH2CH2)2CH); 2.39-2.18 (m, 3H,
N(CH2CH2)2CH); 2.10-1.82 (m, 3H, N(CH2CH2)2CH).

13C NMR (200 MHz, CDClz) d: 183.8, 182.9, 150.5, 145.2, 134.2, 134.0, 133.7,
132.9,132.0, 131.8, 127.4,125.9, 125.7, 125.6, 125.2, 116.9, 114.6, 112.2, 55.9,
53.4,41.5,39.4,32.3

1-[3-(4-Phenylpiperidin-1-yl)propylamino]-9,10-anthraquinone (68)

Yield: 98 %; M.p. 117-118 °C
Elemental analysis for CogH2gN202:

found:C% 79.16  H% 6.61 N% ©6.61
calcd.:C% 79.22 H% 6.65 N% 6.60

'"H-NMR (CDCls) 6:9.85 (s, TH, NH); 8.38-8.17 (m, 2H, arom); 7.86-7.42 (m, 4H,
arom); 7.40-7.05 (m, 6H, arom); 3.47 (g, 2H, J = 5.4 Hz, NHCH); 3.14 (m, CH2N);
2.65-2.41 (m, 3H, 2H NCHz 1H, N(CHoCH2):CH); 2.20-1.95 (m, 4H,
N(CH2CH2)2CH); 1.95-1.73 (m, 4H, N(CH2CH2)2CH).

1-[4-(4-Phenylpiperidin-1-yl)butylamino]-9,10-anthraquinone (69)

Yield: 89 %; M.p. 82-87 °C
Elemental analysis for CogHzoN202:

found: C% 79.58 H% 6.67 N% ©.39
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calcd.:C% 79.42 H% ©6.90 N% ©.39

TH-NMR (CDCls) &: 9.82 (s, TH, NH): 8.37-8.20 (m, 2H, arom): 7.82-7.50 (m, 4H,
arom); 7.40-7.05 (m, 6H, arom); 3.50-3.36 (m, 2H, NHCH,); 3.25-3.03 (m, 2H,
CH2N): 2.63-2.42 (m, 3H, 2H NCHa, TH, N(CH2CHZ),CH); 2.23-2.03 (m, 2H,
NCH>); 2.03-1.64 (m, 8H, 4H, N(CH2CH2)2CH, 4H, CH,CH,CH,CHy).

General method for the synthesis of naphthoquinone-derivatives (70-113)

A mixture of the proper chloroalkylamino-naphthoquinone (A-E)
(1.5 mmol) with the appropriate amino compound (3 mmol) in 5 mL of CHsCN
was heated at 100°C in a sealed tube for 24 h. After cooling, the mixture was
solubilized with CHCIs and evaporated. The residue was then purified by CC
(Si02/CHCl3 + 2% MeOH).

2-Chloro-3-[5-(4-methylpiperazin-1-yl)pentylamino]-1,4-naphthoquinone
(70)

Yield: 64 %; M.p. 93-96 °C
Elemental analysis for CogH26CIN3O2:

found:C% 64.05  H% 6.79 N% 11.02
calcd.:C% 63.91 H% 6.97 N% 11.18

"H-NMR (CDCl3) &: 8.24-8.01 (m, 2H, arom); 7.83-7.59 (m, 2H, arom); 6.12 (s,
1H, NH); 3.87 (g, 2H, J = 6.6 Hz, HNCH>); 2.82-2.33 (m, 10H, 2H, CHoN + 8H,
N(CH2CH2)2N); 2.33 (s, 3H, NCHs); 1.82-1.41 (m, 6H, CH2CHoCH,CH,CHo).

13C NMR (200 MHz, CDCls) &: 179.5, 143.1, 133.9, 131.8, 131.4, 128.7, 125.8,
125.7,57.2,53.9,52.0,44.9,43.8,29.9, 25.4,23.5

2-Chloro-3-[5-(4-methylpiperazin-1-yl)hexylamino]-1,4-naphthoquinone
(71)

Yield: 56 %; M.p. 75-77 °C
Elemental analysis for C21H2sCIN3O2:

found: C% 64.33 H% 6.98 N% 10.82
calcd.:C% 64.69 H% 7.24 N% 10.78

'"H-NMR (CDCls) &: 8.22-8.00 (m, 2H, arom); 7.85-7.58 (m, 2H, arom); 6.17 (s,
1H, NH); 3.84 (g, 2H, J = 6.8 Hz, HNCH>); 2.80-2.32 (m, 10H, 2H, CHoN + 8H,
N(CH2CH2)2N); 2.31 (s, 3H, NCH3); 1.82-1.25 (m, 8H, CH2CH2CH2CH2CH2CH>).
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2-Chloro-3-[5-(4-phenylperazin-1-yl)pentylamino]-1,4-naphthoquinone
(72)

Yield: 86 %; M.p. 147-149 °C
Elemental analysis for C2sH28CIN3O2:

found: C% 68.29 H% 6.77 N% 9.48
calcd.:C% 68566  H% 6.44 N% 9.59

"H-NMR (CDCls) 6: 8.23-8.00 (m, 2H, arom); 7.84-7.60 (m, 2H, arom); 7.40-7.20
(m, 2H, arom); 7.14-6.82 (m, 3H, arom); 6.22 (s, TH, NH); 3.89 (q, 2H, J = 6.4 Hz,
HNCH2); 3.36-3.11 (m, 4H, N(CH2CH2)2N); 2.75-2.40 (m, 6H, 2H, CH2N, 4H,
N(CHQCHQ)QN); 1.85-1.40 (m, 6H, CHzC_HzC_HzC_HzCHz).

2-Chloro-3-[5-(4-phenylpiperazin-1-yl)hexylamino]-1,4-naphthoquinone
(73)

Yield: 84 %; M.p. 107-108 °C
Elemental analysis for C26Hz0CIN3O2:

found:C% 68.83  H% 6.67 N% 9.88
calcd.:C%69.09  H% 6.69 N% 9.30

TH-NMR (CDCl3) &: 8.21-7.99 (m, 2H, arom); 7.83-7.59 (m, 2H, arom); 7.42-7.22
(m, 2H, arom); 7.15-6.83 (m, 3H, arom); 6.15 (s, TH, NH); 3.86 (g, 2H, J = 7.0 Hz,
HNCH,); 2.85-2.30 (m, 10H, 2H, CH2N + 8H, N(CH2CH2)N); 1.81-1.25 (m, 8H,
CH2CH2CH2CH2CHLCH2).

2-[3-(4-Benzylpiperazin-1-yl)pentylamino]-3-chloro-1,4-naphthoquinone
(74)

Yield: 66 %; M.p. 94-96 °C
Elemental analysis for C26H30CIN3O2:

found: C% 68.88 H% 6.76 N% 9.47
calcd.:C% 69.09 H% ©.69 N% 9.30

"H-NMR (CDCls) 0: 8.20-8.00 (m, 2H, arom); 7.83-7.60 (m, 2H, arom); 7.45-7.22
(m, 5H, arom); 6.22 (s, TH, NH); 3.93 (g, 2H, J = 6.6 Hz, HNCH>); 3.55 (s, 2H,
NCH2Ar); 2.76-2.24 (m, 10H, 8H di N(CH2CH2)2N, 2H di CHzN); 1.85-1.42 (m, 6H,
CH2CH2CH2CHLCHO).

169



2-[3-(4-Benzylpiperazin-1-yl)hexylamino]-3-chloro  -1,4-naphthoquinone
(75)

Yield: 64 %; M.p. 91-93 °C

Elemental analysis for C27H32CIN3O2:
found:C% 69.42  H% 6.79 N% 9.34
calcd.:C% 69.59  H% 6.92 N% 9.02

'"H-NMR (CDCls) 0: 8.21-7.99 (m, 2H, arom); 7.81-7.59 (m, 2H, arom); 7.41-7.18
(m, 5H, arom); 6.21 (s, TH, NH); 3.87 (g, 2H, J = 7.0 Hz, HNCH>); 3.58 (s, 2H,
NCH2Ar); 2.82-2.30 (m, 10H, 2H, CH2N + 8H, N(CH2CH2)2N); 1.80-1.25 (m, 8H,
CH2CH2CH»CH2CH2CHo).

2-Chloro-3-[3-(4-phenylpiperidin-1-yl)pentylamino]-1,4-naphthoquinone
(76)

Yield: 85 %; M.p. 92-94 °C
Elemental analysis for CoeH29CIN202:

found: C% 71.87 H% 6.77 N% ©.54
calcd.:C% 71.46  H% 6.69 N% 6.41

TH-NMR (CDCls) &: 8.24-8.00 (m, 2H, arom); 7.83-7.58 (m, 2H, arom): 7.45-7.17
(m, 5H, arom): 6.24 (s, TH, NH); 3.91 (g, 2H, J = 6.2 Hz, HNCH>); 3.25-3.00 (m,
2H, N(CH2CH2)2CH); 2.67-2.42 (m, 3H, 2H, N(CH2CH2)2CH, TH, N(CH2CH2)2CH);
2.12-2.02 (M, 2H, N(CH2CH2)2CH); 1.97-1.82 (M, 4H, 2H di N(CH2CH2)2CH, 2H di
CH:N); 1.75-1.40 (m, 6H, CH,CHoCH,CH,CHy).

2-Chloro-3-[3-(4-phenylpiperidin-1-yl)hexylamino]-1,4-naphthoquinone
(77)

Yield: 82 %; M.p. 85-90 °C
Elemental analysis for C27H31CIN202:

found: C% 71.53 H% ©.64 N% ©6.89
calcd.:C% 71.91 H% 6.93 N% ©6.21

'"H-NMR (CDCls) 0: 8.20-7.99 (m, 2H, arom); 7.84-7.58 (m, 2H, arom); 7.47-7.15
(m, 5H, arom); 6.22 (s, TH, NH); 3.92 (q, 2H, J = 6.2 Hz, HNCH>); 3.26-2.99 (m,
2H, N(CH2CH2)2CH); 2.65-2.40 (m, 3H, 2H, N(CH2CH2)2CH, TH, N(CH2CH2)2CH);
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2.14-2.03 (m, 2H, N(CH2CH2)2CH); 1.96-1.80 (m, 4H, 2H of N(CH2CH>).CH, 2H
of CH2N); 1.70-1.25 (m, 8H, CH2CH»CH2CH2CH2CH).

2-(4-Benzylpiperidin-1-yl)-3-chloro-1,4-naphthoquinone (78)

Yield: 95 %; M.p. 104-106 °C
Elemental analysis for Co2H20CINO2:

found: C% 71.98 H% 5.35 N% 3.77
calcd.:C% 72.23 H% 5.51 N% 3.83

'"H-NMR (CDCls) d: 8.20-7.99 (m, 2H, arom); 7.78-7.68 (m, 2H, arom); 7.42-6.98
(m, BH, arom); 2.78-2.40 (m, 4H, N(CH2CH2)2N); 2.11 (s, 2H, NCH2Ar); 1.80-1.20
(m, 5H, TH of N(CH20H2)2C_H, 4H of N(CHZCHZ)ZN).

2-[3-(4-Benzylpiperazin-1-yl)ethylamino]-3-chloro  -1,4-naphthoquinone
(79)

Yield: 98 %; M.p. 91-92 °C
Elemental analysis for C24H25CIN202:

found:C% 69.99  H% 6.00 N% 7.12
calcd:C% 7049  H%6.16 N% 6.85

"H-NMR (CDCls) &: 8.23-7.97 (m, 2H, arom); 7.82-7.61 (m, 2H, arom); 7.42-6.90
(m, 6H, 5H arom, TH, NH); 3.96 (g, 2H, J = 6.8 Hz, HNCH>): 3.05-2.82 (m, 2H,
CH2N(CHoCH2)sN); 2.78-2.41 (m, 4H, N(CH2CH2)2N); 2.19-1.89 (m, 2H, NCHoA);
1.82-1.20 (M, 5H, TH of N(CH2CH2)>CH, 4H of N(CH2CH2)2N).

2-[3-(4-Benzylpiperazin-1-yl)propylamino]-3-chloro  -1,4-naphthoquinone
(80)

Yield: 70 %; M.p. 85-86 °C
Elemental analysis for C2sH27CIN202:

found: C% 70.28 H% 6.45 N% 6.77
calcd.:C% 70.99 H% ©.43 N% 6.62

'"H-NMR (CDCls) 6: 8.21-7.95 (m, 2H, arom); 7.80-7.60 (m, 2H, arom); 7.40-6.86
(m, 6H, 5H arom, TH, NH); 3.95 (q, 2H, J = 6.6 Hz, HNCH>); 3.02-2.80 (m, 2H,
CH2N(CHoCH2)2N); 2.75-2.39 (m, 4H, N(CH2CH2)2N); 2.20-1.95 (m, 2H, NCH2AT);
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1.80-1.20 (m, 7H, TH of N(CH2CH:).CH, 4H of N(CH2CH2):N, 2H of
NHCH2CH2CH).

2-[3-(4-Benzylpiperazin-1-yl)buthylamino]-3-chloro  -1,4-naphthoquinone
(81)

Yield: 80 %; M.p. 80-82 °C
Elemental analysis for C2eH29CIN202:

found: C% 71.42 H% 6.40 N% 6.10
calcd.:C% 71.46  H% 6.69 N% 6.41

'"H-NMR (CDCls) 8: 8.23-7.97 (m, 2H, arom); 7.81-7.62 (m, 2H, arom); 7.38-6.88
(m, 6H, 5H arom, TH, NH); 3.94 (g, 2H, J = 6.8 Hz, HNCH?2); 3.01-2.79 (m, 2H,
CH2N(CH2CH2)2N): 2.73-2.43 (m, 4H, N(CH2CH2)2N); 2.18-1.96 (m, 2H, NCHoAr);
1.78-1.20 (m, 9H, TH of N(CH2CH2),CH, 4H of N(CH,CH2):N, 4H of NHCH,
CH2CH2CHy).

2-[3-(4-Benzylpiperazin-1-yl)pentylamino]-3-chloro  -1,4-naphthoquinone
(82)

Yield: 75 %; M.p. 78-79 °C
Elemental analysis for C27H31CIN202:

found:C% 71.63  H% 6.24 N% 6.15
calcd..C% 71.91 H% 6.93 N% 6.21

TH-NMR (CDCls) 5 8.20-7.94 (m, 2H, arom); 7.79-7.55 (m, 2H, arom); 7.38-6.87
(M, 6H, 5H arom, TH, NH): 3.95 (q, 2H, J = 6.6 Hz, HNCHy): 3.02-2.82 (m, 2H,
CH2N(CH2CH2)2N): 2.77-2.37 (m, 4H, N(CH2CH2)2N): 2.18-1.94 (m, 2H, NCH,A):
1.80-1.64 (M, 5H, TH of N(CH2CH2)2CH, 4H of N(CH2CH2)2N); 1.59-1.18 (m, 6H,
CH2CH2CH2CH2CHLCH2).

2-[3-(4-Benzylpiperazin-1-yl)hexylamino]-3-chloro  -1,4-naphthoquinone
(83)

Yield: 69 %; M.p. 75-76 °C
Elemental analysis for C2gHz3CIN202:

found: C% 71.99 H% ©.89 N% 6.41

calcd.:C% 72.32 H% 7.15 N% 6.02
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"H-NMR (CDCls) 6: 8.20-7.95 (m, 2H, arom); 7.83-7.57 (m, 2H, arom); 7.42-6.88
(m, 6H, 5H arom, TH, NH); 3.93 (q, 2H, J = 6.8 Hz, HNCH>); 3.10-2.83 (m, 2H,
CH2N(CH2CH2)2N); 2.78-2.42 (m, 4H, N(CH2CH2)2N); 2.20-1.98 (m, 2H, NCH-Ar);
1.85-1.55 (m, 5H, TH of N(CH2CH2).CH, 4H of N(CH2CH2)2N); 1.48-1.23 (m, 8H,
CH2CH2CH2CH2CH2CH?).

2-Chloro-3-[4-(2-chlorophenyl)piperazin-1-yl]-1,4-naphthoquinone (84)

Yield: 67 %; M.p. 145-148 °C
Elemental analysis for CooH16Cl2N202:

found:C% 61.63  H% 4.17 N% 7.23
calcd.:C% 6203 H% 4.16 N% 7.23

'"H-NMR (CDCls) 6: 8.22-8.02 (m, 2H, arom); 7.81-7.66 (m, 2H, arom); 7.45-7.39
(m, TH, arom); 7.36-7.22 (m, TH, arom); 7.20-6.99 (m, 2H, arom); 3.91-3.78 (m,
4H, N(CHCH2)2N); 3.98-3.20 (M, 4H, N(CH2CH2)oN).

2-Chloro-3-[4-(3-chlorophenyl)piperazin-1-yl]-1,4-naphthoquinone (85)

Yield: 79 %; M.p. 69-70 °C
Elemental analysis for CooH16Cl2N202:

found: C% 62.08 H% 4.45 N% 6.79
calcd.:C% 62.03 H% 4.16 N% 7.23

TH-NMR (CDCls) &: 8.21-8.04 (m, 2H, arom); 7.81-7.68 (m, 2H, arom): 7.31-7.19
(m, TH, arom); 7.00-6.84 (m, 3H, arom); 3.88-3.74 (m, 4H, N(CH2CH>)2N); 3.98-
3.37 (m, 4H, N(CH2CH»)2N).

2-Chloro-3-[4-(4-chlorophenyl)piperazin-1-yl]-1,4-naphthoquinone (86)

Yield: 95 %; M.p. 151-154 °C
Elemental analysis for CooH16Cl2N202:

found: C% 62.59 H% 4.09 N% 7.49
calcd.:C% 62.03 H% 4.16 N% 7.23

'"H-NMR (CDCls) 0: 8.21-8.01 (m, 2H, arom); 7.81-7.65 (m, 2H, arom); 7.35-7.20
(m, 2H, arom); 7.02-6.88 (m, 2H, arom); 3.92-3.72 (m, 4H, N(CH2CH2)2N); 3.90-
3.28 (M, 4H, N(CH2CHo)2N).
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2-Chloro-3-[4-(2-methoxyphenyl)piperazin-1-yl]-1,4-naphthoquinone (87)

Yield: 97 %; M.p. 157-159 °C
Elemental analysis for C21H19CIN2Os:

found: C% 65.08 H% 4.85 N% 7.38
calcd.:C% 65.88 H% 5.00 N% 7.32

'"H-NMR (CDCls) 6: 8.22-8.01 (m, 2H, arom); 7.82-7.64 (m, 2H, arom); 7.18-6.89
(m, 4H, arom); 3.94 (s, 3H, OCH3) 3.91-3.79 (m, 4H, N(CH2CH2)2N); 3.40-3.20 (m,
4H, N(CH2CH>)2N).

2-Chloro-3-[4-(3-methoxyphenyl)piperazin-1-yl]-1,4-naphthoquinone (88)

Yield: 84 %; M.p. 74-78 °C
Elemental analysis for C21H19CIN20s3:

found:C% 65.44  H% 4.90 N% 7.20
calcd.:C% 65.88  H% 5.00 N% 7.32

"H-NMR (CDCls) &: 8.22-8.01 (m, 2H, arom); 7.83-7.64 (m, 2H, arom); 7.37-7.18
(m, 2H, arom); 6.70-6.43 (m, 2H, arom); 3.97-3.70 (m, 7H, 4H of N(CH2CH2)2N,
3H of OCHa); 3.50-3.32 (M, 4H, N(CH2CHo):N).

2-Chloro-3-[4-(4-methoxyphenyl)piperazin-1-yl]-1,4-naphthoquinone (89)

Yield: 87 %; M.p. 134-138 °C
Elemental analysis for C21H19CIN2Os3:

found:C% 65.64  H% 4.95 N% 7.31
calcd.:C% 65.88 H% 5.00 N% 7.32

'"H-NMR (CDCls) 6: 8.21-8.00 (m, 2H, arom); 7.81-7.64 (m, 2H, arom); 7.08-6.82
(m, 4H, arom); 3.90-3.70 (m, 7H, 4H of N(CH2CH>)2N, 3H of OCH3); 3.37-3.20 (m,
4H, N(CH2CH>)2N).

2-Chloro-3-{2-[4-(2-chlorophenyl)piperazin-1-yllethylamino}-1,4-
naphthoquinone (90)

Yield: 70 %; M.p. 166-168 °C
Elemental analysis for CooH21Cl2N3O2:

found: C% 61.13 H% 4.56 N% 9.59
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calcd.:C% 61.69 H% 4.77 N% 9.29

TH-NMR (CDCls) &: 8.23-7.98 (m, 2H, arom); 7.82-7.58 (m, 2H, arom): 7.44-7.35
(m, TH, arom); 7.34-7.20 (m, 2H, arom); 7.18-6.97 (m, 2H, arom); (s, TH, NH);
4.03 (q, 2H, J=5.4 Hz, HNCHy); 3.24-3.02 (m, 4H, N(CH2CH2)2N); 2.86-2.67 (m,
6H, 2H of CH2N, 4H of N(CH2CH2)2N).

2-Chloro-3-{2-[4-(2-chlorophenyl)piperazin-1-yl]propylamino}-1,4-
naphthoquinone (91)

Yield: 756 %; M.p. 109-111 °C
Elemental analysis for C2sH23Cl2N302:

found:C% 62.18 H% 5.20 N% 9.53
calcd..C% 62.17 H% 5.22 N% 9.46

"H-NMR (CDCls) 6:8.21-8.00 (m, 2H, arom); 7.81-7.58 (m, 3H, 2H arom, TH, NH);
7.46-7.37 (m, TH, arom); 7.35-7.22 (m, TH, arom); 7.21-7.12 (m, TH, arom);
7.10-6.98 (m, TH, arom); 4.08 (g, 2H, J = 6.0 Hz, HNCH>); 3.23 (t, 4H, J = 4.6 Hz,
N(CH2CH2)2N); 2.82-2.58 (m, 6H, 2H, CH2N, 4H, N(CH2CH>)2N); 1.92 (quint, 2H,
J = 6.0 Hz, CHyCH2CH).

2-Chloro-3-{2-[4-(2-chlorophenyl)piperazin-1-yl]butylamino}-1,4-
naphthoquinone (92)

Yield: 74 %; M.p. 103-104 °C
Elemental analysis for C24H25Cl2N302:

found: C% 62.83 H% 5.20 N% 9.49
calcd.:C% 62.89 H% 5.50 N% 9.17

'"H-NMR (CDCl3) 0:8.22-7.99 (m, 2H, arom); 7.81-7.49 (m, 3H, 2H arom, TH, NH);
7.37-7.16 (m, 2H, arom); 7.01-6.78 (m, 2H, arom); 4.07 (g, 2H, J = 6.0 Hz,
HNCH2); 3.46-3.20 (m, 4H, N(CH2CH2)2N); 2.82-2.37 (m, 6H, 2H, CH2N, 4H,
N(CH2CH2)2N); 1.94 (quint, 4H, J = 5.8 Hz, CH,CH2CH>CH>).

2-Chloro-3-{2-[4-(2-chlorophenyl)piperazin-1-yl]pentylamino}-1,4-
naphthoquinone (93)

Yield: 66 %; M.p. 78-80 °C
Elemental analysis for C2sH27Cl2N302:

found: C% 63.05 H% 5.62 N% 8.94
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calcd.:C% 6356  H%5.76 N% 8.90

"H-NMR (CDCls) 6: 8.22-7.99 (m, 2H, arom); 7.82-7.58 (m, 2H, arom); 7.43-7.33
(m, TH, arom); 7.30-6.18 (m, TH, arom); 6.11-6.92 (m, 2H, arom); 6.13 (s, TH,
NH); 3.89 (g, 2H, J = 7.0 Hz, HNCH2): 3.24-2.99 (m, 4H, N(CH2CH2)2N): 2.88-2.60
(M, 4H, N(CH2CH2)2N); 2.48 (t, 2H, J = 7.8 Hz, CHuN); 1.88-1.38 (m, 6H,
CH2CH2CHo2CH2CHo).

2-Chloro-3-{2-[4-(3-chlorophenyl)piperazin-1-yllethylamino}-1,4-
naphthoquinone (94)

Yield: 70 %; M.p. 111-113 °C
Elemental analysis for C22H21Cl2N302:

found:C% 61.13  H% 4.56 N% 9.59
calcd.:C% 6140  H% 4.92 N% 9.76

'"H-NMR (CDCls) &: 8.23-8.12 (m, 2H, arom); 8.10-7.93 (m, 2H, arom); 7.82-7.48
(m, 2H, arom); 7.36-7.17 (m, TH, arom); 6.98-6.79 (m, 2H, arom); (s, TH, NH);
4.03 (g, 2H, J= 5.8 Hz, HNCH2); 3.40-3.20 (m, 4H, N(CH2CH2)2N); 2.88-2.63 (m,
6H, 2H of CHaN, 4H of N(CH2CH2)2N).

2-Chloro-3-{2-[4-(3-chlorophenyl)piperazin-1-yl]propylamino}-1,4-
naphthoquinone (95)

Yield: 75 %; M.p. 123-124 °C
Elemental analysis for C23H23Cl2N302:

found: C% 62.48 H% 5.28 N% 9.05
calcd.:C% 6217 H% 5.22 N% 9.46

'"H-NMR (CDCls) 0: 8.23-8.00 (m, 2H, arom); 7.82-7.39 (m, 2H, arom); 7.44-7.19
(m, 2H, arom); 7.16-6.96 (m, 2H, arom); 6.28 (s, TH, NH); 3.93 (q, 2H, J = 6.4 Hz,
HNCH,); 3.28-3.08 (M, 4H, N(CH2CH2)2N); 2.89-2.67 (M, 4H, N(CH2CH2)2N); 2.58
(t, 2H, J = 6.8 Hz, CHoN); 1.77 (quint, 2H, J = 3.2 Hz, CHoCH2CHy).

2-Chloro-3-{2-[4-(3-chlorophenyl)piperazin-1-yl]butylamino}-1,4-
naphthoquinone (96)

Yield: 74 %; M.p. 118-119 °C
Elemental analysis for C2aH25Cl2N302:

found: C% 62.98 H% 5.30 N% 8.96
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calcd.:C% 62.89 H% 5.50 N% 9.17

"H-NMR (CDCls) 6: 8.23-8.00 (m, 2H, arom); 7.83-7.60 (m, 2H, arom); 7.35-7.12
(m, 2H, arom); 6.97-6.78 (m, 2H, arom); 6.27 (s, TH, NH); 3.93 (g, 2H, J = 6.8 Hz,
HNCH>); 3.37-3.17 (m, 4H, N(CH2CH2)2N); 2.75-2.57 (m, 4H, N(CH2CH2)2N); 2.48
(t, 2H, J = 6.8 Hz, CH2N); 1.91-1.58 (m, 4H, CH2CH2CH»CH2).

2-Chloro-3-{2-[4-(3-chlorophenyl)piperazin-1-yl]pentylamino}-1,4-
naphthoquinone (97)

Yield: 83 %; M.p. 69-72 °C
Elemental analysis for C2sH27Cl2N302:

found:C% 63.67  H% 5.64 N% 9.19
calcd:C% 6356 H%5.76 N% 8.90

"H-NMR (CDCls) &: 8.24-8.00 (m, 2H, arom); 7.82-7.58 (m, 2H, arom); 7.35-7.10
(m, 2H, arom); 6.95-6.75 (m, 2H, arom); 6.14 (s, TH, NH); 3.89 (g, 2H, J = 6.8 Hz,
HNCHs); 3.34-3.15 (m, 4H, N(CH2CH2)2N); 2.70-2.55 (m, 4H, N(CH2CH2):N); 2.45
(t, 2H, J = 7.8 Hz, CH2N); 1.87-1.39 (m, 6H, CH2CH2CH2CH2CH>).

2-Chloro-3-{2-[4-(4-chlorophenyl)piperazin-1-yllethylamino}-1,4-
naphthoquinone (98)

Yield: 70 %; M.p. 130-132 °C
Elemental analysis for C2oH21Cl2N302:

found: C% 60.53 H% 4.86 N% 9.99
calcd.:C% 61.40 H% 4.92 N% 9.76

'"H-NMR (CDCls) 0: 8.21-8.00 (m, 2H, arom); 7.81-7.59 (m, 2H, arom); 7.32-7.19
(m, 2H, arom); 7.00-6.81 (m, 3H, 2H arom, TH, NH); 4.02 (g, 2H, J =5.8 Hz,
HNCH,); 3.37-3.15 (m, 4H, N(CH2CH2)2N); 2.83-2.60 (m, 6H, 2H of CH2N, 4H of
N(CH2CH2)2N).

2-Chloro-3-{2-[4-(4-chlorophenyl)piperazin-1-yl]propylamino}-1,4-
naphthoquinone (99)

Yield: 75 %; M.p. 137-139 °C
Elemental analysis for CosH23Cl2N302:

found: C% 62.51 H% 5.28 N% 9.47
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calcd.:C% 6217 H% 5.22 N% 9.46

"H-NMR (CDCls) 0:8.21-7.98 (m, 2H, arom); 7.80-7.48 (m, 3H, 2H arom, TH, NH);
7.37-7.19 (m, 2H, arom); 6.99-6.82 (m, 2H, arom); 4.07 (q, 2H, J = 6.0 Hz,
HNCH>); 3.32 (t, 4H, J = 5.0 Hz, N(CH2CH2)2N); 2.79-2.54 (m, 6H, 2H, CH2N, 4H,
N(CH2CH2)2N); 1.92 (quint, 2H, J = 6.2 Hz, CH,CH>CH>).

2-Chloro-3-{2-[4-(4-chlorophenyl)piperazin-1-yl]butylamino}-1,4-
naphthoquinone (100)

Yield: 67 %; M.p. 128-131 °C
Elemental analysis for C24H25Cl2N302:

found:C% 6248  H% 5.32 N% 9.39
calcd.:C% 6289  H% 5.50 N% 9.17

"H-NMR (CDCls) &: 8.23-7.99 (m, 2H, arom); 7.81-7.59 (m, 2H, arom); 7.33-7.17
(m, 2H, arom); 6.95-6.79 (m, 2H, arom); 6.25 (s, TH, NH); 3.91 (g, 2H, J = 6.6 Hz,
HNCHz); 3.30-3.08 (m, 4H, N(CH2CH2)2N); 2.73-2.55 (m, 4H, N(CH2CH2)2N); 2.47
(t, 2H, J = 6.0 Hz, CH2N); 1.97-1.59 (m, 4H, CH2CH2CH>CH?).

2-Chloro-3-{2-[4-(4-chlorophenyl)piperazin-1-yl]pentylamino}-1,4-
naphthoquinone (101)

Yield: 53 %; M.p. 142-145 °C
Elemental analysis for C25H27Cl2N302:

found: C% 63.05 H% 5.70 N% 8.19
calcd.:C% 6356  H%5.76 N% 8.90

'H-NMR (CDCls) 0: 8.26-8.01 (m, 2H, arom); 7.83-7.59 (m, 2H, arom); 7.37-7.18
(m, 2H, arom); 6.95-6.81 (M, 2H, arom); 6.13 (s, TH, NH); 3.90 (q, 2H, J = 7.0 Hz,
HNCHo); 3.27-3.11 (m, 4H, N(CH2CH2):N); 2.74-2.56 (m, 4H, N(CH2CH2):N); 2.44
(t, 2H, J = 7.6 Hz, CH2N); 1.86-1.39 (m, 6H, CH2CH2CH>CH>CH2).

2-Chloro-3-{2-[4-(2-methoxyphenyl)piperazin-1-yllethylamino}-1,4-
naphthoquinone (102)

Yield: 74 %; M.p. 164-165 °C
Elemental analysis for CooH21Cl2N3O2:

found: C% 64.99 H% 5.61 N% 9.80
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calcd.:C% 6486  H% 5.68 N% 9.87

"H-NMR (CDCls) 6: 8.21-7.99 (m, 2H, arom); 7.82-7.58 (m, 2H, arom); 7.10-6.82
(m, 5H, 4H arom, TH NH); 4.03 (g, 2H, J= 2.8 Hz, HNCH); 3.90 (s, 3H, OCHs3);
3.28-3.07 (m, 4H, N(CH2CH2)2N); 2.90-2.70 (m, 6H, 2H di CH2N, 4H di
N(CH2CH2)2N).

2-Chloro-3-{2-[4-(2-methoxyphenyl)piperazin-1-yl]propylamino}-1,4-
naphthoquinone (103)

Yield: 73 %; M.p. 120-124 °C
Elemental analysis for C24H26CIN3Os3:

found: C% 65.27  H% 5.55 N% 9.89
calcd.:C% 65562  H% 596 N% 9.55

"H-NMR (CDCls) 6: 8.21-7.98 (m, 2H, arom); 7.79-7.57 (m, 2H, arom); 7.14-6.83
(m, 5H, 4H arom, TH NH); 4.07 (q, 2H, J = 6.0 Hz, HNCH>); 3.90 (s, 3H, OCHy3);
3.38-3.17 (m, 4H, N(CH2CH2)2N); 2.89-2.72 (m, 4H, N(CH2CH2)2N); 2.64 (t, 2H, J
= 6.0 Hz, CH2N); 1.92 (quint, 2H, J = 5.8 Hz, CH2CH2CH>).

2-Chloro-3-{2-[4-(2-methoxyphenyl)piperazin-1-yl]butylamino}-1,4-
naphthoquinone (104)

Yield: 62 %; M.p. 125-128 °C
Elemental analysis for C25H2sCIN3Os:

found: C% 66.00 H% ©.04 N% 9.31
calcd.:C% 66.14  H% 6.22 N% 9.26

'"H-NMR (CDCls) 0: 8.22-8.00 (m, 2H, arom); 7.81-7.59 (m, 2H, arom); 7.08-6.83
(m, 4H, arom); 6.26 (s, TH, NH); 4.01-3.80 (m, 5H, 2H HNCH>, 3H OCHj3); 3.24-
3.04 (m, 4H, N(CH2CH2)2N); 2.79-2.61 (m, 4H, N(CH2CH2)2N); 2.50 (t, 2H, J = 6.6
Hz, CH2N); 1.98-1.59 (m, 4H, CH2CH2CH2CH2).

2-Chloro-3-{2-[4-(2-methoxyphenyl)piperazin-1-yl]pentylamino}-1,4-
naphthoquinone (105)

Yield: 77 %; M.p. 90-93 °C
Elemental analysis for C26H30CIN3Os3:

found: C% 66.43 H% ©.40 N% 9.36
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calcd.:C% 66.73 H% 6.46 N% 8.98

TH-NMR (CDCls) &: 8.23-8.00 (m, 2H, arom); 7.81-7.59 (m, 2H, arom); 7.10-6.82
(m, 4H, arom); 6.13 (s, TH, NH); 4.00-3.78 (m, 5H, 2H HNCH,, 3H OCHs); 3.28-
2.99 (m, 4H, N(CH2CH2)2N): 2.82-2.59 (m, 4H, N(CH2CH2)2N): 2.46 (t, 2H, J = 7.8
Hz, CH2N); 1.90-1.39 (m, 6H, CH2CH,CH,CH,CHo).

2-Chloro-3-{2-[4-(3-methoxyphenyl)piperazin-1-yllethylamino}-1,4-
naphthoquinone (106)

Yield: 91 %; M.p. 139-141 °C
Elemental analysis for C22H21Cl2N302:

found:C% 64.18  H% 5.60 N% 9.58
calcd:.C% 6486  H%5.68 N% 9.87

"H-NMR (CDCl3) &: 8.22-8.02 (m, 2H, arom); 7.80-7.60 (m, 2H, arom); 6.98 (s,
1H, NH); 6.63-6.41 (m, 4H, arom); 4.03 (q, 2H, J= 5.4 Hz, HNCH>); 3.83 (s, 3H,
OCHzs); 3.38-3.21 (m, 4H, N(CH2CH>)2N); 2.81-2.64 (m, 6H, 2H of CH2N, 4H of
N(CH2CH2)2N).

2-Chloro-3-{2-[4-(3-methoxyphenyl)piperazin-1-yl]propylamino}-1,4-
naphthoquinone (107)

Yield: 93 %; M.p. 90-91 °C
Elemental analysis for C24H26CIN3Os:

found: C% 65.75 H% 5.91 N% 9.45
calcd.:C% 65.52 H% 5.96 N% 9.55

'"H-NMR (CDCls) 8: 8.22-7.99 (m, 2H, arom); 7.80-7.50 (m, 3H, 2H arom, TH NH);
7.35-7.17 (m, 2H, arom); 6.64-6.42 (m, 2H, arom); 4.07 (g, 2H, J = 6.2 Hz,
HNCH,); 3.84 (s, 3H, OCHs); 3.43-3.26 (m, 4H, N(CH2CH2)2N); 2.75-2.43 (m, 6H,
4H N(CH2CH2)2N, 2H CH2N); 1.91 (quint, 2H, J = 6.2 Hz, CH,CH2CHy).

2-Chloro-3-{2-[4-(3-methoxyphenyl)piperazin-1-yl]butylamino}-1,4-
naphthoquinone (108)

Yield: 76 %; M.p. 96-98 °C

Elemental analysis for C25H2sCIN3Os:

found: C% 65.89 H% 6.11 N% 9.14
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calcd.:C% 66.14  H% 6.22 N% 9.26

"H-NMR (CDCls) 6: 8.22-8.00 (m, 2H, arom); 7.81-7.59 (m, 2H, arom); 7.32-7.12
(m, 2H, arom); 6.62-6.38 (M, 2H, arom); 6.26 (s, TH, NH); 3.92 (g, 2H, J = 6.6 Hz,
HNCH>); 3.82 (s, 3H, OCHs); 3.39-3.17 (m, 4H, N(CH2CH>)2N); 2.78-2.56 (m, 4H,
N(CH2CH2)2N); 2.48 (t, 2H, J = 7.0 Hz, CH2N); 1.93-1.569 (m, 4H, CH2CH2CH>CH2).

2-Chloro-3-{2-[4-(3-methoxyphenyl)piperazin-1-yl]pentylamino}-1,4-
naphthoquinone (109)

Yield: 85 %; M.p. 70-73 °C
Elemental analysis for C26Hz0CIN3Os3:

found:C% 66.45  H% 6.45 N% 8.82
calcd.:C% 66.73  H% 6.46 N% 8.98

"H-NMR (CDCls) &: 8.23-7.99 (m, 2H, arom); 7.82-7.59 (m, 2H, arom); 7.26-7.13
(m, TH, arom); 6.63-6.38 (m, 3H, arom); 6.14 (s, 1H, NH); 4.01-3.74 (m, 5H, 2H
HNCH2, 3H OCHs); 3.38-3.14 (m, 4H, N(CH2CH2):N); 2.77-2.56 (m, 4H,
N(CH2CH2)oN); 2.44 (t, 2H, J = 7.6 Hz, CH:N); 1.96-1.38 (m, 6H,
CH2CH2CH2CH2CHo).

2-Chloro-3-{2-[4-(4-methoxyphenyl)piperazin-1-yllethylamino}-1,4-
naphthoquinone (110)

Yield: 72 %; M.p. 113-115°C
Elemental analysis for C2oH21Cl2N3O2:

found:C% 64.54  H% 5.45 N% 9.63
calcd.:C% 6486  H% 5.68 N% 9.87

'"H-NMR (CDCl3) 6: 8.22-7.95 (m, 2H, arom); 7.80-7.56 (m, 2H, arom); 7.17-6.80
(m, 5H, 4H arom, TH NH); 4.03 (g, 2H, J= 5.6 Hz, HNCH>); 3.83 (s, 3H, OCHz3);
3.27-3.04 (m, 4H, N(CHaCH2)2N); 2.87-2.64 (m, 6H, 2H of CHoN, 4H of
N(CH2CH2)2N).

2-Chloro-3-{2-[4-(4-methoxyphenyl)piperazin-1-yl]propylamino}-1,4-
naphthoquinone (111)

Yield: 73 %; M.p. 131-134 °C
Elemental analysis for C24H26CIN3Os3:

found: C% 65.03 H% 5.96 N% 9.45
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calcd.:C% 65.562 H% 5.96 N% 9.55

"H-NMR (CDCl3) 0: 8.22-7.97 (m, 2H, arom); 7.80-7.48 (m, 3H, 2H arom, TH NH);
7.04-6.81 (m, 4H, arom); 4.06 (q, 2H, J = 5.8 Hz, HNCH,); 3.81 (s, 3H, OCHz3),
3.35-3.14 (m, 4H, N(CH2CH2)2N); 2.82-2.49 (m, 6H, 4H N(CH2CH>)2N, 2H CH2N);
1.92 (quint, 2H, J = 6.0 Hz, CH2CH>CH>).

13C NMR (200 MHz, CDClz) d: 179.5, 175.7, 152.8, 144.6, 143.9, 133.7, 131.7,
131.2,128.9,125.7,125.6, 117.3,113.4, 56.1, 54.5, 52.6, 49.2, 44.3, 25.0

2-Chloro-3-{2-[4-(4-methoxyphenyl)piperazin-1-yl]butylamino}-1,4-
naphthoquinone (112)

Yield: 71T %; M.p. 113-115°C
Elemental analysis for C25H2sCIN3Os:

found:C% 6595  H% 5.85 N% 9.36
calcd.:C% 66.14  H% 6.22 N% 9.26

"H-NMR (CDCls) 6: 8.23-8.00 (m, 2H, arom); 7.81-7.59 (m, 2H, arom); 7.03-6.80
(m, 4H, arom); 6.27 (s, TH, NH); 3.93 (g, 2H, J = 6.4 Hz, HNCH>); 3.80 (s, 3H,
OCHg); 3.28-3.04 (m, 4H, N(CH2CH2)2N); 2.80-2.60 (m, 4H, N(CH2CH2)2N); 2.52
(t, 2H, J = 6.0 Hz, CH2N); 1.90-1.60 (m, 4H, CH2CH2CH,CH>).

2-Chloro-3-{2-[4-(4-methoxyphenyl)piperazin-1-yl]pentylamino}-1,4-
naphthoquinone (113)

Yield: 72 %; M.p. 95-96 °C
Elemental analysis for C26H30CIN3Os3:

found:C% 66.46  H% 6.52 N% 8.77
calcd.:C% 66.73 H% 6.46 N% 8.98

H-NMR (CDCls) &: 8.23-8.00 (m, 2H, arom); 7.81-7.59 (m, 2H, arom); 7.00-6.80
(m, 4H, arom); 6.13 (s, TH, NH): 3.90 (g, 2H, J = 7.0 Hz, HNCHy); 3.80 (s, 3H,
OCHs); 3.22-3.05 (m, 4H, N(CH2CH2)2N); 2.75-2.56 (m, 4H, N(CH2CHz)2N); 2.45
(t, 2H, J = 7.8 Hz, CHaN): 1.87-1.40 (m, 6H, CH2CHoCHoCH,CHS).
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11. BIOLOGY

Primary neuronal cell cultures

Primary cultures of mouse cortical neurons were prepared from CD1 mouse
embryos. Animal procedures were in accordance with UK Home Office
Guidelines as stated in the Animals Scientific Procedures Act (1986, UK) using
Schedule 1 procedures approved by the University of Bath Animal Welfare and
Ethical Review Body. Primary neurons were prepared essentially as described
previously®3?. Briefly, the cortex was dissected from 15 days old CDT mouse
embryos, and mechanically separated in PBS supplemented with 33 mM
glucose, using a firepolished glass Pasteur pipet. Cells were plated into 24-wells
Nunc tissue culture plates, previously coated with 20 pg/mL poly-D-lysine
(Sigma). Neurons were cultured in Neurobasal medium (phenol red free) (500
mL) supplemented with 5 mL L-glutamine, 5 mL penicillin/streptomycin, and
10 mL B27 (all from Invitrogen), and incubated at 37 °C, in high humidity with
5% CO2.

SHSY-5Y cell line

Human neuroblastoma catecholaminergic SHSY-5Y cells were seeded onto
24-well plates in DMEM/F-12 medium (435 mL) supplemented with 50 mL
foetal bovine serum, 5 mL L-glutamine, 5 mL penicillin/streptomycin, and 5 mL
nonessential amino acids at 37°C in a humidified atmosphere of 5% CO, and
95% air. Human neuroblastoma catecholaminergic SHSY-5Y cells were also
seeded in the same conditions without the supplementation of foetal bovine
serum.

MTT assay

Compounds 38-69 were dissolved in DMSO at concentrations ranging from 0.1
UM to 100 uM. Cells were plated in 24-well plates with 20 000 cells per well and
incubated at 37 °C for 24 h to allow cells to attach. Each plate was then
incubated with each compound in a concentration range of 0.1—100 puM for an
additional 24 h. Afterwards, the medium was removed (keeping it aside for
performing LDH assay) and cell viability was determined by additioning 50 pL
of T mg/mL MTT to each well. After incubation for 1 h at 37 °C, the medium was
aspirated and 50uL of isopropanol was added to each well to dissolve the
formazan crystals, helping the dissolution by pipetting up and down. The
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absorbance was read at 595 nm using a Bio-Rad iMark Microplate Absorbance
Reader. The optical density of the formazan formed in the control cells
(untreated) was taken as 100% viability. The survival rates of viable cells were
calculated by comparing the optical absorbance of treated samples with that
of the untreated controls using Prism software (GraphPad Prism version 9.00
for Windows, GraphPad Software, San Diego, CA, USA). All experiments were
repeated three times, and data are expressed as mean + SD.

LDH assay

The assay was performed according to the product information sheet of
CyQUANT™ LDH Cytotoxicity Assay Kit from Invitrogen™. To perform this assay,
50uL of each sample medium, obtained from MTT assay as stated above, were
transferred to a 96-wells plate. Then 50uL of Reaction Mixture was added to
each sample well and the plate was incubated at r.t. for 30 minutes protected
from light. Subsequently, 50uL of Stop Solution was added to each well and
mixed by gentle tapping. Finally, the absorbance was read at 655 nm and 490
nm using a Bio-Rad iMark Microplate Absorbance Reader, and determined LDH
activity by subtracting the 655 nm absorbance value (background) from the 490
nm absorbance. The survival rates of viable cells were calculated by comparing
the optical absorbance of treated samples with that of the untreated controls
using Prism software. Experiments were run in triplicate, and data are
expressed as mean + SD.

Neuroprotection against hydrogen peroxide

Primary neurons were cultured in an anti-oxidant free neurobasal medium (48
mL NBM, 1 mL anti-oxidant free B27, 5 mL L-glutamine, 5 mL
penicillin/streptomycin) in order to not interfere with the experiment's results.
To perform this study, three 24-well plates were used for each compound to
test. One 24-well plate was treated with H202 in the absence of the compound,
and the others two in the presence of the compound. On the first day of
experiment 5uL of a solution of TuM compound concentration was added onto
each well of two 24-wells plates, and the plates were incubated at 37°C for 18
h. On the second day the medium was removed in both of the two 24-well
plates, and cells were treated with H202 in a concentration range of TuM- TmM
(H202 was prepared immediately before use as a 100mM stock solution in
sterile tissue culture quality H20 (Invitrogen)). In one of the two 24-well plates
the exposure to H202 was chaperoned with the compound in a concentration of
TuM. The third 24-well plate was used instead as control, exposing the cells

only to H202 insult. After 30 min of incubation at 37°C, in all plates the medium
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was replaced with their original conditioned one and the neurons were
incubated for a further 6h at 37°C. In this way the putative neuroprotective
effect of each compound was evaluated before, during and after the insult
made by H20,. Afterwards the cultures were washed with sterile phosphate-
buffered saline before the addition of MTT (1 mg/ 1 mL). Following incubation
for 1 h at 37°C, MTT solutions were removed, the formazan product was
solubilized in isopropanol, and the absorbance read at 595 nm using a Bio-Rad
IMark Microplate Absorbance Reader. Data are presented as a percentage
relative to the vehicle control (untreated neurons), considered as 100%.

Dual-Glo luciferase gene reporter assay

Primary cortical neurons cultured in a 24-well plate were transfected with APP-
Gal4, pFR-Luciferase and TK-Renilla (0.7 ug per plasmid) using Lipofectamine
2000 (1 pL/well) (Invitrogen). pFR-Luciferase reporter vector with firefly
(Photinus pyralis) luciferase gene under the control of a synthetic promoter
containing 5 tandem repeats of the yeast Gal4 upstream activation sequence
upstream of a minimal TATA box and phRL thymidine kinase (TK) vector
containing sea pansy (Renilla reniformis) luciferase gene under control of the
herpes simplex virus TK-promoter, from Promega. Transfection mixes
containing lipid and DNA were prepared separately in OptiMEM reduced serum
medium (Invitrogen) by vortexing and incubating for 30 min. Neuronal cultures
were removed from the incubator, and transfection mixes (150 ulL/well) were
added dropwise onto the neuronal culture medium, after which, neuronal
cultures were placed back in the incubator. Cell treatment started 30 min after
transfection. Due to high intrinsic variability of this assay, quadruplicates for
each condition were done, so 4 different compounds at TuM were assayed
together  with  vehicle  (control  condition) and  (2S)-N-[(3,5-
difluorophenyl)acetyl]-L-alanyl-2-phenyllglycine  1,1-dimethylethyl  ester
(DAPT) (10uM, positive control)33, After processing 24 hours, firefly luciferase
and Renilla luciferase expression were quantified. Neurons were lysed with Glo
lysis buffer (60uL/well) (Promega), and the Dual-Glo luciferase activity assay
was performed accordingly to manufacturer's instructions (Promega).
Luciferase signals were captured using a microplate luminometer (Glomax
Plate reader). Firefly luciferase reporters activity was normalized using the
Renilla luciferase activity, which helps to differentiate between specific and
nonspecific cellular responses and control for transfection efficiencies across
experiments. Data are expressed as mean + SD of quadruplicate
measurements.
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