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Abstract

Neuroinflammatory based-diseases are a very challenging area for medicinal chemists. Several
efforts have been made during the years; however, an effective treatment for these diseases,
such as Alzheimer’s disease (AD) and multiple sclerosis (MS), does not exist yet.
Neuroinflammatory -based diseases are multifactorial in nature with still unclear pathogenic
mechanisms and scarce information on how neuroinflammation is interconnected with other
concomitant events, such as neurodegeneration.

Polypharmacology is one of the milestones for the development of therapies able to combat
multifactorial diseases. Particularly, the development of multitarget compounds through
different strategies (linking, fusing, merging) has permitted to expand the potential arsenal to
treat multifactorial diseases.

Based on these considerations, this thesis was focused on the development of multitarget
molecules for combating neuroinflammatory diseases through different and innovative
polyphamacological approaches in four projects.

Projects 1 & 2 focused on the development of fatty acids (FAs)/drug conjugates for the
treatment of MS and AD, respectively. Particularly, we applied a conjugation strategy among
omega-3 FAs and valproic acid (project 1) or P2Ys-agonists (project 2), in order to obtain
innovative multitarget molecules with potentially increased property in terms of efficacy and
pharmacokinetics, and less cytotoxicity.

Projects 3 & 4 focused on the design and synthesis of multitarget molecules derived from food
byproduct (cashew nut-shell liquid) for the treatment of AD. Particularly, we developed
different series of molecules as potentially globally accessible drugs, by applying a
hybridization strategy. Notably, we developed a small library of dual sustainable
HDAC/ferroptosis inhibitors (project 3), and a library of cholinergic inhibitors with potential
anti-inflammatory profile (project 4) as multitarget hybrids for the treatment of AD.
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short-chain fatty acids; SA: Stearic; TNF-a: tumors necrosis factor-alpha; TREM2: Triggering
receptor expressed on myeloid cells 2; VLC-FAs: very long chain fatty acids; VPA: valproic

acid; MW: microwave



Chapter 1

Introduction



1.1 Neuroinflammatory diseases

The functional decline of the central nervous system (CNS) is characterized by a chronic
progressive loss of the structure and functions of neuronal materials.!:? This event is generally
observed in numerous humans CNS diseases characterized by a chronic form of inflammation, !
2 and is particularly related to a set of neurodegenerative and neurological disorders, such as
Alzheimer’s disease (AD),? and multiple sclerosis (MS).* Neuroinflammation is defined as a
CNS inflammatory condition where the immune cellular defense respond to harmful stimuli,
such as: pathogens, damaged cells, or toxic compounds.® These pathogenic conditions are
primarily recognized by the innate-immune system of the CNS such as: microglia, and
astrocytes, but also by oligodendrocytes, neurons, and endothelial cells.® The condition of
neuroinflammation is generally characterized by abundant production of cytokines (i.e. IL-1,

IL-18), chemokines, reactive oxygen species (ROS), and secondary messengers.’

As it is well known, inflammation in neurological disorders is considered a double-edged
sword.® Indeed, inflammation is a physiological defense reaction against many insults, but an
altered expression of different inflammatory factors can either promote or counteract
neurodegenerative processes.® Therefore, the intensity and duration of inflammation are the
main factor that contributes to a physiological or pathological effect in the CNS.> Indeed, a
controlled inflammatory responses process is generally considered a benefit for the organism.
For instance, immuno-brain signals after inflammation lead to the subsequent reorganization of
host priorities such as: regulation of interleukin expression (i.e. IL-1 and IL-4), and
reprogramming of microglia activity.> On the contrary, a characteristic of neurodegenerative
diseases is the higher degree of chronic inflammation due to the high level of damaged neurons.
Indeed, chronic uncontrolled inflammation is characterized by increased production of
cytokines (IL-1 and TNF), reactive oxygen species (ROS), and other inflammatory mediators
(e.g. inducible nitric oxide synthase, (iNOS)). These markers are highly evident following
trauma to the CNS and are associated with a significant recruitment and trafficking of peripheral

macrophages and neutrophils to the site of injury.’

Microglia are the main actors for any argument about neuroinflammation. This is because these
innate immune cells perform the primary immune surveillance and macrophage-like activities
of the CNS, including the production of cytokines and chemokines.> These cells are local CNS

cells that are placed in the white matter and gray matter of the brain and spinal cord. Overall,
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microglia comprise 5—-12% of the CNS population and are involved in homeostasis and in host
defense against pathogens and CNS disorders.> ® Microglia have the ability to shift into three
different functional states, modifying its proliferation, morphology, phagocytic activity, and
antigen presentation.'? The first functional state occurs when microglia are characterized by a
quiescent morphology with several thin ramified processes, typical in healthy adult CNS.!!
Although commonly considered “resting”, emerging evidence suggests that quiescent microglia
are active and are actively involved in many physiological processes that include making
dynamic contacts with neuron.!! Upon appropriate stimulation, the second type of microglia
are the proinflammatory phenotype (M1). The M1 phenotype is the first line of defense of the
innate immune system that often occurs within the first few hours or days.!? Indeed, resident
microglia or macrophages infiltrating cells after injury, trauma, ischemia-reperfusion injury,
chemical exposure or infections start a massive production of proinflammatory cytokines (TNF-
a, interleukin (IL)-1p, IL-12), present antigen, and express high levels of inducible NO (iNOS)
for NO production.!? This action is aimed to kill the pathogen and restore the physiological
condition. Unfortunately, in several neurological diseases a chronic and uncontrolled
inflammatory condition can importantly contribute to disease pathogenesis. This is the case for
AD, MS, or other phatologies.? Finally, the third type of microglia are an alternative form
discovered in the early 1990s, called M2 phenotype.'*> The M2 phenotype has been found to be
induced after stimulation by IL-4 with inducing expression of the anti-inflammatory cytokines
(IL-4, IL-10, IL-13 and TGF-B) as well as, arginase-1 (Argl), CD206, MRC1 and TREM2.!2
M2 microglia play a critical role in allergy response, parasite clearance, inflammatory
dampening, tissue remodeling, angiogenesis, and immunoregulation. In addition to these, M2
phenotype facilitates the resolution of inflammation through anti-inflammatory factors (e.g. IL-
10, IL-13, TGF-B, VEGF, EGF) to deactivate pro-inflammatory cell phenotypes and re-
establish homeostasis.!? In a few studies, the effects, particularly on neuroprotection, repair and
anti-inflammatory, of M2 microglia have been demonstrated.!* !> These have suggested that
targeting microglia could represent an innovative potential target for treatment for

neuroinflammatory-based diseases.

1.1.1 Alzheimer’s disease

AD is a neurodegenerative disease primarily characterized by formation of amyloid B (AB)-
containing plaques, neurofibrillary tangles comprising intracellular hyperphosphorylated tau

protein, and neuronal loss.!® The brain regions that are associated with higher mental functions,
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particularly the neocortex and hippocampus, are those most affected by the characteristic
cholinergic neuron degeneration in AD.!® Actually, despite the several potential treatments in
clinical trials, only four acetylcholinesterase inhibitors (tacrine, donepezil, rivastigmine,
galantamine) and an N-methyl-D-aspartate (NMDA) receptor antagonist (memantine) have
shown sufficient safety and efficacy to allow marketing approval (Figure 1).!” Tacrine was the
first drug approved by the FDA in 1993 from the treatment of AD, then withdrawn in some
countries, due to concerns over safety.!” Then, donepezil was approved in 1996, rivastigmine
in 1998, galantamine in 2001, and memantine in 2003.!” From 2003 to now, no new treatments
have been approved. Moreover, for the period from 2002 to 2012, a very high attrition rate was
found, with an overall success rate of 0.4% (99.6% failure), thus making AD one of the most
unsuccessful therapeutic areas of drug discovery.'® Actually, there are no new drugs and
disease-modifying approved by Food and Drug Administration (FDA) for the treatments of
AD.Y”
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Figure 1. Chemical structures of the approved drugs for AD.

AD progression is typically painted as a sequence of events that starts from the accumulation
of AB.'® This process leads to a microglial response, which promotes tau hyperphosphorylation
and formation of neurofibrillary tangles, leading to neurodegeneration and cognitive
impairment.® Another key feature of AD is the presence of prominent neuroinflammation.? 2°
Indeed, although not fully appreciated, the neuroinflammation process in AD contributes to the

pathogenesis as much as the AB plaques and tangles do themselves.?!

AP is generated by a parent protein called amyloid precursor protein (APP), which is cleaved
in two steps by the secretase enzymes.?? In physiological condition APP is cleaved by a- and y-

secretases resulting in the generation of a long-secreted form of soluble APP (APPsa).?? Instead,
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in pathological conditions, the APP is cleaved sequentially by B- followed by y-secretases,
leading to release of the AP fragment and different soluble APP (APPsp).?? The resulting AP
fragments are predominantly 40 amino acids-long (but peptide length can range from 38 to 43
amino acids) and are the main component of AB-plaques after oligomerization. AP itself has
been shown to have proinflammatory properties into the CNS and can bind to several innate
immune receptors present on microglia, such as TLR2, TLR4, TLR6, and CD14.2* The binding
of AP with the microglia transmembrane receptors results in activation of microglia which starts
to produce proinflammatory cytokines, chemokines, ROS, and neurotoxic reactive nitrogen
species (RNS).2 Moreover, AB-induced proinflammatory cytokines reduce microglial AP
clearance ability causing AP aggregation and leading to further amyloid ‘seeding’ and
spreading of amyloid pathology.?* Similarly, Ap-induced cytokines promote tau
hyperphosphorylation and pathology, thus initiating a self-perpetuating loop that culminates in
worsening disease.?> Other proinflammatory cytokines, such as IFNy and TNFo not only
inhibited uptake of A, but also prevents the internalized AR degradation.?® This demonstrates
that M1 microglia phenotype might be less able to take up and degrade AP properly.?® While
M1 microglia appear to be impaired in their ability to remove AP, M2 microglia have been
demonstrated to be efficient phagocytes. Furthermore, many studies have demonstrated that
modulation of microglial polarization from the M1 to the M2 phenotype ameliorates
neuroinfammatory responses, AP deposits and tau hyperphosphorylation in AD.?” Hence,
modulation of microglial phenotypes may represent a promising therapeutic approach for the

treatment of AD.?”

1.1.2 Multiple sclerosis

MS is a chronic, inflammatory, neurodegenerative and demyelinating disease of the CNS.?®
Although MS etiology is not fully elucidated, its multifactorial nature is well-acknowledged.?®
Demyelination is the key of histopathological feature, in which the immune system attacks

t.28 Physiologically, when axonal

either the myelin or the oligodendrocytes that produce i
damage occurs, a remyelinating process starts, with oligodendrocyte progenitor cells (OPCs)
engaging the demyelinated axons and differentiating into oligodendrocytes.?’ However, in MS,
this natural self-repair process is hampered and fails. Importantly, in the progressive stages,
both active demyelination and neurodegeneration are observed, together with pronounced

inflammation in the brain.?® This occurs through the activation of microglial cells and the

pathological infiltration of immune system cells into the CNS.3°

12



The mechanism of action of the actual MS’s drugs can be summarized into two interdependent
processes: immunosuppression and anti-inflammation. Indeed, the drugs such as interferon-f3,
glatiramer, fingolimod, dimethyl fumarate, teriflunomide, laquinimod, siponimod, and
ocrelizumab are able to interact with B- or T-cells and lymphocyte in order to immunosuppress
the overactivated immune system decreasing the neuroinflammatory status (Figure 2). ! Other
drugs used for the treatment of MS are the monoclonal antibody: alemtuzumab and
natalizumab. Alemtuzumab is an anti-CD52 antibody and cause a robust peripheral depletion
of lymphocytes and monocytes, while natalizumab selectively binds the a4 subunit of the cell
adhesion molecule very late antigen 4 (VLA-4), which is expressed on the surface of
lymphocytes and monocytes blocking the entry of lymphocytes into the CNS.3! Although
reducing inflammation or brain-cells perfusion, none of the currently available therapies has
been shown to effectively enhance lesion repair. Therefore, there is an unmet clinical need to
develop new disability-reversing therapies also aiming at the preservation and/or regeneration

of both neurons and oligodendroglia cells.??
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Figure 2. Principal actual treatments for MS disease.

In the research of such restorative interventions, one emerging possibility is targeting both
protection and regeneration of neurons and oligodendrocytes, by acting at the same time on

immunomodulation.>? Clearly, the simultaneous activation of endogenous neuroprotective
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pathways, the support of brain neurogenesis and gliogenesis, and the decrease of
neuroinflammation may be more effective than blocking only one of these multiple networked
events underlying complex MS pathogenesis. It is appreciated that during the immune-driven
and neurodegenerative processes, MS-specific deregulation of gene expressions and resulting
protein dysfunction play a central role.* These deviations in gene expression support the CNS
inflammatory response. Epigenetic mechanisms are considered crucial in MS-disease
pathogenesis.>* Indeed, changes in histone acetylation patterns in normal-appearing white
matter and in early MS lesions have been documented.>> Furthermore, it has been found an
increase of immunoreactivity for acetylated histone H3 in nuclei of mature oligodendrocytes.*
A particular attention has been also paid to the pharmacological regulation of microglial
activation, which, as already discussed, is recognized as a double-edged sword, exerting both
beneficial and detrimental effects on neurons, the latter through neruoinflammation.®®
Microglia are thought to be protective when properly activated M2. However, inappropriate
activation worsens neuropathological processes and increases neuronal death (as observed in
AD) and has been largely incriminated for the MS pathology. Moreover, the complexity of the
microglia phenotype and its regulation, from proinflammatory (M1) to anti-inflammatory
phenotype (M2) may account for its protective and detrimental effects toward neurons,
respectively.?” The mechanisms of action of some of the drugs in Figure 2 can be summarized
into anti-inflammatory activity by acting directly on immunomodulation (Glatiramer, interferon
(IFN) beta, dimethyl fumarate) or blocking the entry of lymphocytes into the CNS hampered
the inflammation (Natalizumab, Laquinimod) or preventing lymphocyte egression
(Fingolimod, Ocrelizumab).?! Therefore, the reduction of neuroinflammation by modulation of

microglia phenotype represents a validated target for the treatment of MS.
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1.2 Polypharmacological approach for the treatment of complex diseases

Among the drug discovery community, there is a full understanding that the traditional
approach one-drug one-target one-disease may be inadequate for the treatment of complex
diseases such as neuroinflammatory diseases. This principle is based on the dogma that the
causes and/or the symptoms of a given disease can be tackled by a drug rationally designed to
modulating an individual biological target, previously identified as responsible of a given
disease.’® 3% Such a so-called target-based approach to discover new drugs promoted from
important technological advances: such as the arrival of omics and structural biology
techniques.* It has led to the successfully identify a series of top selling drugs which, by hitting
a single disease-relevant target with high potency and selectivity, entirely fulfilled the idea of
the “magic bullet” proposed by Ehrlich.*!: 42

The solid and rational foundation of (single)target-based drug discovery coupled with an
essentially finished version of the human genome sequence in 2003, led to an increase
enthusiasm among the pharmaceutical community and was expected to open new frontiers.*
Conversely, a lower number of new molecular entities approved over the last decades has been
the tangible symbol of a gradual decline of the pharma’s productivity.** In parallel to these
evidences, the cost of bringing a drug to the market has steadily increased, with a recent estimate
of $2.6 billion.* The evident inefficiency of the drug discovery process, together with the
consideration that most diseases are multifactorial in nature has highlighted that this approach
is reductionist, oversimplifying the disease mechanisms.>* 46 Nowadays, the most accepted
view on this matter is based on network medicine. Under an general perspective, diseases are
viewed as the result of the systemic collapse of physiological networks, due to the suppression
or activation of certain pathway and a consequent imbalance of input-output.*’ Thus, it is
intuitive that diseased networks cannot be efficiently restored by acting with a drug that interact
with a single target protein. This is because robustness and redundancy are distinctive features
of complex biological network systems. As a consequence, the modulation of several targets
through a well-concerted multitarget approach is more likely to achieve the desired therapeutic
effect.*® 4 The notion that the most currently incurable human diseases, such as cancer and
neurological diseases are complex in nature, i.e. are caused by a combination of events such as
genetic, environmental, and lifestyle factors and therefore must be attacked with similarly
complex therapeutic approaches, is another important argument to further support this drug
discovery paradigm change. In addition, different widely prescribed and effective drugs have

been retrospectively shown to interact more than one protein target, with their therapeutic
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efficiency. One example is the anti-cancer drugs imatinib, which was originally developed as a
selective inhibitor of the BCR-ADI kinase, but then shown to also inhibit other protein kinases.
These additional properties were reported to be essential for imatinib's clinical activity, for the
drug's multitarget profile potentially forming the basis of its therapeutic activity. A more recent
multitarget drug for cancer therapy is midostaurin. Midostaurin, a semi-synthetic derivative of
the pan-kinase inhibitor staurosporine, is a multi-kinases inhibitor for the treatment of acute
myeloid leukemia, approved in the 2017. It was shown to inhibit the protein kinase C alpha
(PKC alpha), VEGFR2, KIT, PDGFR and WT and/or mutant FLT3 tyrosine kinases.’® Another
example is the neuropsychiatric drug clozapine, which acts against schizophrenia by
modulating more than a dozen of different central nervous system (CNS) receptors.’! A more
recent example concerns safinamide, registered in 2017 (first drug approved for
neurodegeneration from 2007 to 2017) for the treatment of Parkinson’s disease. Safinamide
combines dopaminergic effects, comprising a selective and reversible MAO-B inhibition and a
dopamine reuptake inhibition, which are largely responsible for its beneficial effects on motor

symptoms (Figure 3).>
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Figure 3. Chemical structure of multitarget drugs: imatinib, midostaurin, clozapine, and

safinamide.

All these considerations have supported the acceptance of the quite unusual concepts of
polypharmacology at the beginning of the new century. The definition of polypharmacology
reported in the National Library of Medicine (NLM) vocabulary refers to “the design or use of
pharmaceutical agents that act on multiple targets or disease pathways”. Hence,
polypharmacology includes two possible scenarios: numerous drugs binding to multiple targets
(drug combination) and one drug binding to multiple targets.>® In the first case two or more
monotherapies are combined in a therapeutic regimen either as drug cocktail (combinations of
two or more active pharmaceutical ingredients (APIs)) or fixed-dose combination (a dosage

form with multiple APIs), whereas the second approach is based on so-called multitarget-
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directed ligands (MTDLs, one dosage form, one API able to simultaneously modulate multiple

targets) (Figure 4).%*
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Figure 4. Possible clinical strategies for a polypharmacological therapy.

In principle, both drug combinations and MTDLs are equally possible for reaching the desired
polypharmacological effect. Indeed, both have been pursued, and both have already been used
for the clinical treatment of complex diseases, such as neoplastic®® and neurological diseases.>®
38 However, in a risk/benefit analysis, MTDLs may be superior to drug combinations for a series
of reasons.*

Although drug combinations present more elasticity for what concerns dosing, they have the
intrinsic risk of drug—drug interactions (DDIs). DDIs are commonly caused by the inhibition or
induction of the hepatic drug metabolism by cytochrome P450-dependent (CYP450) enzymes.
These enzyme are monooxygenases that utilize heme as a cofactor and that are responsible of
metabolism of all xenobiotics, including drugs.®® Drugs may induce or inhibit CYP450 enzymes
and in turn, decrease or increase the concentrations of co-administered drugs that are CYP450
substrates. Thus, alterations in drug concentrations can lead to treatment failures or toxicities.
For these reasons, combinations often cause concern to prescribers, especially in the case of
polymedicated aged patients where DDIs can be serious and even life-threatening. ¢! Patients
aged >65 use an estimated 4.5 drugs and 2 over-the-counter preparations per day,®? and the
number of daily used drugs is a significant predictor of adverse drug reactions due to DDIs.

Thus, an MTDL will be desirable to drug cocktail in the treatment of complex diseases. Another
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clinically relevant advantage of MTDLs over drug cocktail relates to the simplification of the
therapeutic regimen. It is very well-known that simplifying drug regimens is one method of
improving patient compliance and adherence, which are fundamental for the therapeutic
success.

Moving to peculiar drug discovery issues, the advantages of biological study by a standardized
approval process of a multitarget drug with respect to a drug combination cannot be excluded.
The prediction of pharmacodynamic (PD) and pharmacokinetic (PK) relationships should be
substantially less complex when dealing with a single agent, rather than two or more. Similarly,
manufacturing and formulation of MTDL should be less complicated compared to a mixture of
two or more molecules, with inherent economic advantages.

In light on the potential to overcome some of the major limitations of traditional “one target,
one drug” strategies, the multitarget drug discovery research field has since grown rapidly. As
a key indicator of this phenomenon, we have seen an ever-increasing number of articles, which
have contributed to establish these research field as a accepted branch of medicinal chemistry.%?
In addition, when considering another performance indicator referring to the late stages drug
discovery pipeline, i.e. the number of Food and Drug Administration (FDA)-approved New
Molecular Entities (NME) with a polypharmacological activity, a similar steady increase is
evident.®®

However, the difficulties of the MTDL approach should also be mentioned. The major criticism
is in the initial stages of the drug discovery process. This is because the rational design of
MTDLs poses hitherto unexplored challenges to medicinal chemists. In fact, a well-known
challenge is related to the design of ligands able to interact with two proteins belonging to
different target families. Indeed, if the starting frameworks present different structure
functionalities, required for the interaction with the structurally unrelated targets, it might be
particularly problematic to integrate them in a new single molecule and to further optimize the
MTDL of high and balanced potencies.’* Indeed, previously mentioned examples of multi-
kinase inhibitors (i.e. imatinib and midostaurin) are a particular and reductive examples of
MTLDs. In spite of these challenges, a certain number of design strategies have already been
proposed and successfully developed. The first examples were explored by the pioneers
Morphy and Rankovic delineating two possible broadly different strategies: a knowledge-based
approach and random screening approach.>

For a knowledge-based approach the following flowchart can be envisaged. (i) First, two
validated target proteins are chosen. They can either belong to the same or to different pathways

or better involved in a target network, recognized as being critically involved in the disease’s
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pathogenesis. The regulation of these targets by a MTDL should potentially lead to additive
effects or, even better, to synergistic potentiation. MTDLs could certainly show synergistic
potentiation in the case they modulate the two targets at different key points. In the case of
additive effects “only”, an MTDL is expected to show major efficacy and safety profiles than
a single-target drug. (ii) Second, the pharmacophoric groups responsible for binding to the
selected targets must be identified. These pharmacophoric groups can be structurally joined into
a single new molecule through medicinal chemistry strategy (see below). (iii) Third, the new
MTDLs are tested using first biochemical and then cell-based assays. This stage is fundamental
for balancing the biological profile of the new MTDLs against the selected targets.

An alternative to this previous approach, a random screening approach is equally feasible. This
approach uses appropriate assays to search large compound collections, focused libraries, and
libraries of approved drugs for discover new MTDL candidates. In this case, molecules that are
already known to hit one of the targets of interest are screened against the second one in an
unbiased mode. Certainly, repurposing drugs that are already on the market shows the clear
advantages of reducing the cost of development, time to launch, and the uncertainty associated
with safety and pharmacokinetics over a new drug.%

Another very well validated alternative is to start from natural products.®® Indeed, as natural
products provide plants and animals with potent defense molecules with intrinsic
multifunctional activity, they are widely-predictable as prototypical multitarget molecules.5’
The biosynthesis of natural products has been evolved so that they usually possess a complex
molecular structure featuring more than one active functional group, which allows them to
recognize numerous molecular targets. In most cases, their synthesis involves a lot of enzymes
(synthetases), each with distinct structure and binding pockets, and to permit the natural product
synthesis, these enzymes must be able to bind to the molecules. Therefore, natural products
have inherently more potential than synthetic compounds to bind multiple target proteins due
to their mode of generation.®® On the other hand, their poor drug likeness properties and the

difficulty to synthesize them have limited their use in drug discovery.®®

1.2.1 Strategies to design multitarget-directed ligands

Although the concept of designing MTDLs is almost recent, the existence of a series of ligands

able to interact at the same time with multiple targets is well-appreciated. In this context, the

most exploited rationale medicinal chemistry strategy is the molecular hybridization (Figure

5).6* This approach is a very well-known medicinal chemistry strategy, which, through the
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combination of two pharmacophoric moieties, aims to produce a new hybrid compound. These
hybrid compounds should show improved affinity and efficacy and reduced toxicity with
respect to the starting drugs.®® With the advent of network pharmacology,* this strategy has
been elegantly denominated as framework combination.*® Basically, this approach aims to
“integrate the framework and underlying pharmacophores of two molecules, each selective for
a different target of interest, into a single molecules with dual activity”.” Then, the resulting
hybrid compounds can be classified as linked, fused and merged according to the degree of
integration between the starting pharmacophores (Figure 5).4¢-71-72 Clearly, the choice of linked,
fused and merged hybrids is driven by the possibility of the starting frameworks, their chemical
tractability, and the nature of the target.

The linking strategy is characterized by the typical presence of a linker (or spacer) able to bridge
the two pharmacophoric groups. The nature and the position of the linker in the pharmacophore
are the main issues for the success of this strategy. Indeed, it is necessary to identify a
structurally tolerant position in the structure of the starting framework where the modification
by the linker does not hinder the interaction with the targets. Another fundamental feature is
related to the chemical nature of the linker. First, the difference between a flexible linker and a
rigid one affects the PD properties of the hybrid compound, by allowing or not the recognition
with both targets. Second, the difference among stable and in vivo-metabolizable linkers plays
a fundamental role in the PK profile. In fact, a cleavable linker allows (after the appropriate in
vivo metabolism) the release of the two starting frameworks, which will be able to interact with
their targets, at the same time, and in the same tissue. This kind of hybrids are sometimes
reported in the literature as codrugs. It is intuitive that the principal limit of the /inking strategy
is the high molecular weight (MW) of the final hybrid compounds (Figure 5). According to the
Lipinski's rule of five, a molecule with an optimal oral PK profile should possess a MW less
than 500 Da. Clearly, if the MW is much higher than this threshold, it could hamper membrane

permeation, and compromise the reach of the desired targets.”: 7

Hybrid compounds can be obtained using two strategies defined as fused and merged when the
structure of the frameworks shows some scaffold similarities (Figure 5). If the two frameworks
are integrated by small portions or by no discernable linkers, they are called fused hybrids.
Conversely, when the frameworks possess an evident overlapping degree, the new hybrids are
defined as merged. Certainly, hybrid molecules derived from fusing or merging strategy, will

present lower MW and consequently potentially better PK properties than those obtained via a
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linking strategy. This would be of particular importance when designing compounds acting on

CNS 75,76
Single-target +
molecules
Linki‘V Fusing MergN
Increasing degree of overlap

> 4

Decreasing molecular weight

Figure 5. Design strategy to obtain hybrid compounds.

The concepts discussed above may be exemplified using the approved drug sultamicillin and
two investigational drugs, i.e. edasalonexent and ladostigil (Figure 6, 7). Particularly,
sultamicillin is one of the first example of an antibacterial agent (Unasyn®) designed by a
linking strategy. It is shown that, after its administration and gastro-intestinal absorption, it can
be hydrolyzed with the simultaneous liberation of two APIs, i.e. the B-lactam antibiotic
ampicillin and the B-lactamase inhibitor sulbactam upon hydrolysis of the methylene diester
linker.”” The most recent example of /inking strategy is edasalonexent, a hybrid compound in
phase three clinical trial (NCT03703882) for the Duchenne muscular dystrophy, in which
salicylic acid and docosahexaenoic acid are covalently linked through an ethylenediamine
linker. The aim of this molecule is to release in the selected tissue and in equimolar
concentration the starting molecule in order to exploit a synergistic effect after inhibition of
NF-xB.” Finally, ladostigil has been designed by fusing the molecular frameworks of
neuroprotective drug rasagiline (a selective inhibitor of MAO-B) with the acetylcholinesterase

inhibitor rivastigmine, with the aim of achieving a dual-targeted action against AD.”
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Figure 7. Molecular example of the fused strategy: rational design of ladostigil.

1.2.2 The fragment-based strategy to design multitarget-directed ligands

During the last decade another investigated strategy for the development of MTDL was the
fragment-based drug design (FBDD). Indeed, this strategy has gained increasing attention not
only as a successful strategy to discover new drugs, but also as a way to overcome the
limitations related to the sub-optimal PK profile of large MTDLs.3° The application of FBDD
has already allowed to bring two drugs to the market,®!: 32 and to develop at least 30 drug

candidates.?® Fragments are defined as molecules characterized by well-defined chemical
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properties. According to the so-called rule of three, fragments have: (i) a MW <300, (ii) <3 H-
bond acceptors and donors, (iii) a log P <3, (iv) < 3 rotatable bonds, and also (v) a polar surface
area < 60. Hence, by definition, fragments are very small molecules with less complex
molecular scaffold, and so with an innate propensity to binding to multiple targets (multitarget
profile), as well a high possibility to cross the BBB.”! However, being smaller compare to lead-
like molecules, usually they bind very weakly to their targets, with affinity among 100 uM -10
mM.3° Thus, once the activity against two targets of interests has been verified, fragments need
to be modified into larger molecules by step-wise addition of functional groups, in order to
increase affinity and balance it among the two targets. To do this fragment evolution, it is
possible to use several strategies including: fragment optimization, linking, growing, and
merging. All of these evolution strategies are aimed to transform a hit-fragment into a lead-like
molecule, and finally to a drug candidate.®*

An important example of FBDD strategy has been applied to develop the first class of dual-
target fragments able to simultaneously inhibit the aspartyl protease B-secretase (BACE-1) and
glycogen synthase kinase-3 beta (GSK-3p) enzymes for the treatment of AD (Figure 8).54 8>
BACE-1 and GSK-3p are considered ideal targets for multitarget approaches because they are
extremely involved in AD pathogenesis and progression and their network has been
demonstrated. Thus, the simultaneous and balanced inhibition of both these crucial, networked
enzymes could represent a polypharmacological advance for AD treatment.®> Particularly, this
class of molecules has been obtained by merging in a single MTDL (i) a guanidino motif which
binds to the aspartic dyad of BACE-1 and (ii) a cyclic amide group, as a structural element
responsible for the interaction of GSK-3f. Merging these functional groups led to a series of 6-
amino-4-phenyl-3,4-dihydro-1,3,5-triazin-2(1H)-one derivatives as dual BACE-1/GSK-3f3
inhibitors for the treatment of AD (Figure 8).
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Figure 8. Design of the dual BACE-1/GSK-3f inhibitors.

1.2.3 How to test multitarget compounds for neuroinflammation?

In the search of multitarget compounds, particularly of those active against complex diseases,
the set-up of a proper screening pipeline is a critical step. It should be proved by the performed
experiments that the efficacy is the result of a simultaneous modulation of both the targets of
interest and that their advantages compared to single-target drugs is clear. Cellular studies may
be very helpful in this connection.®® Different from isolated protein assays (where the initial
proof of a balanced affinity needs to be previously obtained), cell-based screening systems
allows to evaluate the disease target network as a result of molecular-pathway interactions.”!
Clearly, in vivo studies using whole, living organisms are even better suited for observing the
overall multitarget effect. However, cell-based assays, thanks to a continuous technological
evolution, can act in a quicker, low cost, and more efficient manner. In addition to the choice
of a suitable cellular system, another fundamental point while dealing with multitarget
compound testing, is the use of proper controls. Comparison with the starting frameworks alone
and in combination represents the standard to estimate the actual superior activity of multitarget
drugs.®?

In light of these consideration, a phenotypic screening represents a possible strategy for
investigate the multitarget drugs activity for neuroinflammatory-based diseases such as AD or

MS.

The phenotypic screening could start with the evaluation of viability profiles in neural cultures
in order to proceed only with the molecules that shows no neurotoxicity. Based on the nature
of neuronal culture (immortalized or primary culture) the outcome results different.3¢ Indeed,
immortalized cells or those derived from tumors differ biologically from the primary one, the
latter also having the advantage of being more sensitive to pharmacological intervention than
immortalized cell lines.®® However, the ethical constraints related to the manipulation of
primary cultures cannot be ignored.

If possible, primary pure neuronal cells are a reliable model for studying cellular and molecular
mechanisms of survival/apoptosis and neurodegeneration.?” Therefore, a cytotoxicity test on
primary neuron cell line, in comparison to the appropriate standard compounds, represents a
good starting point of a biological screening strategy for anti-neuroinflammatory drugs. In
addition to neurotoxicity, hepatic cell lines are useful to asses drug-likeness and to exclude

other relevant toxicities. In case of neuroinflammatory-based diseases, that affect mostly elderly
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people with comorbidity and subsequent polytherapy, there is a significant higher risk of
pharmacological side effects (i.e., liver injury). So, together with neurotoxicity, the evaluation
of hepatotoxicity in hepatoma cell line (i.e., HepG2) is extensively used to evaluate viability
and drug-likeness of new MTDLs.37-%

Following these preliminary steps, the anti-neuroinflammatory properties of the less toxic
compounds is also extensively explored in the study of multitarget drugs against AD or MS. As
it is known, in in vivo conditions, glial cells, especially microglia, strongly affect CNS
environment through their activation.”” °! Microglia are able to engulf and phagocyte the
extracellular A, via stimulation of triggering-receptor-expressed on myeloid cells 2 (TREM?2).
TREM?2 is a cell surface protein that is selectively and highly expressed by microglia and is
linked to an anti-inflammatory phenotype.®? In fact, microglial polarization, i.e., the shift from
a neurotoxic M1 to a neuroprotective phenotype M2, is crucial to make the brain
microenvironment not permissive to neurodegeneration.”® To this end, it is possible and
relevant to investigate the ability to modulate the glial phenotypic switch from the
proinflammatory M1 to the anti-inflammatory M2 type, by following TREM2 expression.*’
The first limit while investigating the role of microglia in these models is that studying cell
lines separately (neurons and microglia) does not encompass the complexity of CNS
physiological network. In this respect it would be a benefit to use a co-culture system that allows
to study how microglia and the factors they release in a shared environment mediate the effects
of drugs on neuronal function and survival.** %>

Another phenotype largely explored is the study of the neuroprotective activity. Therefore, it is
possible to evaluate the neuroprotective effect following peculiar insults (i.e., B-amyloid (Ap)
for AD, 6-hydroxydopamine for Parkinson disease, and glutamate for excitotoxicity)
mimicking distinct aspects of neurodegeneration.

In addition to target-based and phenotypic screens, drug discovery platforms that also include
evaluation of absorption, distribution, metabolism, and excretion—toxicity (ADME-Tox)
properties may accelerate drug discovery. An assay panel comprising physicochemical
characterization, solubility, in vitro off-target liability enzyme panel, in vitro cytotoxicity assay
panel, mitochondrial toxicity, cytochrome P450 (CYP) inhibition (1A2, 2C9, 2C19, 2D6, and
3A4 isoforms) or cardiotoxicity is being routinely used also at an academic drug discovery

level. %°

The concepts discussed in this chapter have been largely reported in the following review

articles:
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Ivasiv V, Albertini C, Goncalves AE, Rossi M, Bolognesi ML. Molecular hybridization

as a tool for designing multitarget drug candidates for complex diseases. Curr. Top. Med.

Chem. 2019, 19(19), 1694-1711

Rossi_M., Bolognesi ML. Sonde bifunzionali: I'unione fa la forza. La Chimica &

I’industria. DOI: 10.17374/C1.2019101.3.26
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Chapter 2

Objectives

27



Considering the clear medical needs discussed in Chapter 1, this PhD project has been devoted

to the development of small molecules with a polypharmacological profile against two

neuroinflammatory diseases, i.e. AD and MS. Starting from this rationale, the following

specific objectives have been pursued:

2.

In the first project, we applied a conjugation strategy to develop omega-3 FAs/VPA drug
conjugates for MS. Indeed, several scientific evidences support the potential synergistic
role of omega-3 FAs and VPA to modulate multiple pathways involved in
neuroinflammation. Starting from these evidences, a polypharmacological approach based
on the combination of the two drugs could be an innovative starting point for fighting
neuroinflammation. On this basis, the aim of this project was to realize a single multitarget
drug conjugate which, in vivo, could release the starting VPA and omega-3 FAs drugs, able
to interact with several targets involved in neuroinflammation. Toward this aim, we have
covalently linked a fragment of VPA, with ALA or DHA through a purposely selected
linker. In this way, we have obtained VPA-ALA or -DHA conjugates, where, VPA is
covalently linked by ethylene diester, diamide or ester-amide groups with the carboxylic
group of ALA or DHA (Figure 9). According to the approach proposed by Catabasis
researchers’® (see § 1.2.1), these VPA-conjugates should be inactive in the circulation, so
that safety may be improved compared to the individual starting drugs. Once delivered
inside the brain, they potentially become substrate of specific intracellular enzymes that
release the omega-3 FAs and VPA in equimolar concentration, which, in turn, should be

able to simultaneously modulate multiple targets.

(o} (0]

ALA/VPA conjugates

(o} (e}

DHA/VPA conjugates

Figure 9. General chemical structure of VPA/ALA and VPA/DHA conjugates.

In a second project, we applied a similar conjugation strategy in order to develop FA/P2Y
agonist conjugates as modulators of neuroinflammation. Microglia cells are involved in the

homeostasis of the brain microenvironment, by taking part in phagocytosis of misfolded
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proteins, neurotrophic factor and cytokine secretion. P2Ys is a purinergic/pyrimidinergic
receptor expressed in microglia and activated by uridine 5’-diphosphate (UDP), which
mediates inflammation and regulation of phagocytosis. For these reasons, it is considered
a druggable target for neuroinflammatory diseases. Recent study has demonstrated that the
P2Ys receptor agonist GC021109 (NCT02386306) has showed positive results in the
stimulation of phagocytosis and in the suppression of proinflammatory cytokine release in
arecent Alzheimer’s disease (AD) trial. However, it has not being progressed to the market,
while repurposed for asthma. Reasonably, the PK and the BBB permeation problems of
GC021109 and other UDP-like P2Ys receptor agonists have hampered the development of
UDP-like drugs. FAs are essential nutrients and components of neuronal and glial cell
membranes regulating several processes in the brain, including neuroinflammation.
Particularly, omega-3 FAs is associated with a decreased risk of AD in animal models.
Thus, the co-administration of supplementation and drugs may lead a novel therapeutic
approach for AD.

Building on these considerations, the aim of this project was to develop a new class of
lipid—drug conjugates obtained by combining the structures of UDP-like P2Y¢ agonists
with FA. This strategy is in principle particularly promising for the following reasons: (i)
it would allow to exploit a polypharmacological approach by combining the beneficial
activities of both structures against neuroinflammation; (ii) it might overcome the

pharmacokinetic challenges of UDP-like molecules as CNS-directed drugs (Figure 10).

Stearic acid/P2Y ¢ agonists conjugates

Figure 10. General chemical structure of stearic acid/P2Y¢ agonist conjugates.

In a third project, we applied a multitarget strategy in order to design and synthesize the
first class of sustainable multitarget compounds able to hit histone deacetylation enzymes
and ferroptosis. In particular, these molecules were rationally designed for a potential use
for neurodegenerative diseases, including AD. The lack of an effective treatment and the
increasing life expectancy are the reason of an ever-increasing number of people affected

by AD not only in the Western societies, but also in the developing countries. Moreover,
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the cost of currently treatments is too high for the people affected in developing countries,
hence the possibility to develop new drugs based on inexpensive resources has gained
increasing attention. Brazil is one of the main producers of cashew nuts. During the cashew
nut processing, an enormous amount of a dark viscous fluid, called cashew nut-shell liquid
(CNSL), is obtained as a byproduct material. Long-chain phenolic compounds contained
in the inexpensive CNSL show innate multitarget mechanisms of action, becoming
innovative molecules with potential applications for the treatment of AD. In addition, the
structural homology between CNSL components and SAHA (suberoylanilide hydroxamic
acid), caught our attention. Indeed, recent studies with the approved histone deacetylases
inhibitor (HDACi) SAHA showed an improvement in memory, and cognition in several
AD animal models.

In light of this, the aim of this work was the design and synthesis of accessible and
sustainable multitarget compounds obtained by combining CNSL derivatives with the well
know SAHA structure. The target compounds have been synthesized using a cross
metathesis synthetic strategy in order to bridge the capping group, derived from CNSL
compounds and different zinc-binding groups. The molecules obtained were innovative
dual HDACIs with potential antiferroptotic activity, thanks to their potential metal
chelating activity. (Figure 11).
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Figure 11. Cross metathesis design strategy for the synthesis of dual sustainable

HDAC/ferroptosis inhibitors.

In the fourth project, we applied a molecular hybridization strategy to the design and
synthesis of a class of sustainable and globally accessible CNSL compounds-tacrine
hybrids for the treatment of AD. The lack of the efficacy of the actual drugs, their elevated
cost and the ever-increasing number of people affected by AD in the developing countries
has guided medicinal chemist in the develop of globally accessible multitarget compounds.

Tacrine is a withdrawn drug for the treatment of AD, but actually represent a good scaffold
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for the development of new anticholinesterase drugs inhibitors. Indeed, tacrine has been
largely exploited to obtain tacrine-hybrids with increased bioactive properties, thanks to a
chemically versatile scaffold, easy to functionalize. CNSL compounds, as highlighted in
above, have been reported as bioactive molecules with several biological functions
including anti-inflammatory and antioxidant activities. Moreover, these long-chain
phenolic compounds are easy to chemically modify and becoming a zero-cost starting
material for the synthesis of globally accessible drugs.

In light of this, the aim of this work was the design and synthesis of accessible and
sustainable multitarget compounds obtained by combining CNSL derivatives with the well
know acetylcholinesterase inhibitor drug, tacrine. The conjugation strategy (Figure 12)
allowed us to obtain innovative CNSL-tacrine hybrids with potential acetylcholinesterase

inhibition, and anti-inflammatory, antioxidant profiles.
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Figure 12. Molecular hybridization design approach for the synthesis of CNSL-derived
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Chapter 3

Project 1: Omega-3 FAs/VPA conjugates as a potential treatment for

multiple sclerosis
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3.1 Introduction to fatty acids

Fatty acids (FAs) are a class of natural lipids characterized by a hydrocarbon chain (lipophilic

tail) and a terminal carboxy acid function (hydrophilic head). FAs can be classified based on 1)

the number of carbons, and ii) the number and position of double bonds in the carbon chain.

(Figure 13, Table 1).7

The FAs that differ by length, can be categorized as:

Short-chain fatty acids (SC-FAs) are fatty acids with aliphatic tails of five or less

carbons (e.g. butyric acid).

Medium-chain fatty acids (MC-FAs) are fatty acids with aliphatic tails of 6 to 12

carbons, which can form medium-chain triglycerides.

Long-chain fatty acids (LC-FAs) are fatty acids with aliphatic tails of 13 to 21 carbons.

Very-long chain fatty acids (VLCFAs) are fatty acids with aliphatic tails of 22 or more

carbons.

Moreover, FAs can be classified according to the number of double bonds. There are three

classes of fatty acids:

Saturated FAs: are a type of fat in which the fatty acid chains have all single bonds (e.g.
palmitic acid (PA) and stearic acid (SA)).

Monounsaturated FAs: are a type of fat in which the fatty acid chains have only one

double bond (MUFA, e.g. oleic acid (OEA)).
Polyunsaturated FAs: are a type of fat in which the fatty acid chains have more than two

double bonds (PUFA, e.g. alpha-linolenic acid (ALA), arachidonic acid (AA), and
docosahexaenoic acid (DHA)).
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The unsaturated FAs can be also classified in according to the position in the carbon-chain of
the double bond. Indeed, three predominant family can be classified starting to count from the

terminal methyl carbon, called omega (o or n-). These families are:

e omega-9: the first double bound is in position 9 counting from the end of the carbon tail

(e.i. OEA)

e omega-6 FAs: the first double bound is in position 6 counting from the end of the carbon

tail (e.i. linoleic acid (LA), and AA)

e omega-3 FAs: the first double bound is in position 3 counting from the end of the carbon

tail (e.i. ALA, eicosatetraenoic acid (EPA), and DHA)
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(Linoleic acid) (Arachidonic acid)

Figure 13. Structures of principal FAs.
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Table 1. List of principals FAs.

IUPAC Name Type Number | Number of Symbol
of double
(Traditional name) carbons bonds
Butanoic acid Saturated 4 0 4:0 (BA)
Butyric acid
Hexadecanoic acid Saturated 16 0 16:0 (PA)
Palmitic acid
Octadecanoic acid Saturated 18 0 18:0 (SA)
Stearic acid
(Z)-octadec-9-enoic acid n-9 18 1 18:1 (OEA)
monounsaturated
Oleic acid
(92,12Z,152)-octadeca-9,12,15-trienoic acid n-3 18 3 18:3 (ALA)
polyunsaturated
Alpha-linolenic acid
(52,82,112,142,172)-icosa-5,8,11,14,17-pentaenoic acid n-3 20 5 20:5 (EPA)
polyunsaturated
Timnodonic acid
(42,72,102,132,162,192)-docosa-4,7,10,13,16,19- n-3 22 6 22:6 (DHA)
hexaenoic acid polyunsaturated
Cervonic acid
(92,12Z)-octadeca-9,12-dienoic acid n-6 18 2 18:2 (LA)
polyunsaturated
Linoleic acid
(52,82,112,142)-5,8,11,14-Eicosatetraenoic acid n-6 20 4 20:4 (AA)
polyunsaturated

Arachidonic acid

Among FAs, the omega-3 and -6 PUFAs are considered essential. Indeed, they are nutrients

necessary for maintaining the normal homeostasis, but cannot be produced by mammals and

need to be provided by the diet.”®

In particular, LA is the dietary-essential PUFA precursor of

AA (omega-6 FAs), whereas ALA is the dietary-essential PUFA precursor of EPA and DHA

(omega-3 FAs). As represented in Figure 14, the biosynthetic process from LA and ALA to the

production of AA, EPA, and DHA, respectively, share common biosynthetic pathway. The liver

is the primary organ involved in the synthesis of PUFAs from FAs circulating precursors.”
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Other organs, including the brain and kidney, can synthesize PUFAs because they express the
same liver enzymes for completing the synthesis of PUFAs.”” The principal biosynthetic
enzymes are a series of desaturation, and elongation enzymes, and only for the biosynthesis of
DHA a beta-oxidation enzyme. The PUFA LA and ALA result essential for the biosynthesis of
LC-PUFA because the lack in the human genes of delta-12 and -15 desaturases enzymes prevent

the formation of them starting from OEA (Figure 2).!%

18:0 Stearic acid

| | A’-desaturase enzyme

18:1 Oleic acid

n-6 n-3
18:2 Linoleic acid 18:3 alpha-Linolenic acid
-------- APC-desaturase enzyme --------
18:3 gamma-Linoleic acid 18:4 Octadecatetraenoi acid

22:6 Docosahexaenoic acid

Figure 14. Scheme of biosynthesis of PUFAs in mammals.

Therefore, the principle source of PUFAs, especially AA and DHA, come from the diet (nuts
and fish oil respectively), while LA and ALA are plentiful in green vegetables and seeds.
Although human metabolism can synthesize the more complex PUFA (e.g. AA and DHA)

starting from LA and ALA, the biosynthetic conversion efficiency is very low (1%) even in
healthy adults.!%!

In general, after the dietary absorption, FAs are preliminary transported by lipoprotein such as

chylomicron or albumin in their esterified form.!2 FAs can be also transported as esters of
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lysophosphatidylcholine (lyso-PC) or as free FAs form in a rapidly dissociable lipid-protein
complex in the blood.!”? Then, PUFAs accumulate principally in cell membranes, adipose
tissue, brain, cardiovascular system, immune system, muscular mass, and bone.!03104
Particularly, ALA and EPA are found in the blood as triacylglycerols and cholesteryl esters,
becoming the building blocks for cell membrane phospholipids of all tissues.!?> However, in
phospholipids, ALA is minimally present, whereas DHA and EPA are both prominent
components. In the organs of human body, DHA is the most abundant n-3 PUFA, especially in

brain and retina, where it is several hundred-fold more present than EPA.!%

The brain is the most PUFA-rich organ of our body. Particularly, AA and DHA are esterified
as phospholipid in neuronal cell membranes. Once PUFAs are released from the membrane,
they can participate in signal transduction, either directly or after enzymatic transformation to
a variety of bioactive derivatives (‘mediators’). PUFAs and their mediators regulate several
processes in the brain, such as neurotransmission, cell survival, neuroinflammation, and
cognition. PUFA levels and the signaling pathways that they regulate are altered in various

neurological disorders, including Alzheimer’s disease.”’

Unfortunately, since the de novo synthesis of PUFA is very low in the brain,!?! the blood must
supply PUFA to the brain either from exogenous PUFA obtained through diet or from
endogenous liver synthesis of PUFA from dietary precursors. The mechanisms by which
generally FAs cross the BBB and enter into the brain has been partially identified and
characterized. Several theories have been investigated regarding the involvement of several

proteins and transports for the delivery of FAs into the brain.
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Figure 15. General FAs mechanisms to entry from the plasma into the brain.!?’

The Edmond's theory (A, Figure 15) concern the involvement of lipoprotein receptor mediated
FA uptake. The binding of low-density lipoprotein (LDL) particles to LDL receptor (LDLr)
induces endocytosis of LDL particles into the BBB where it is hydrolyzed and releases
unesterified FAs.!%” The Eckel’s theory (B) hypothesizes that lipoprotein lipase (LPL) mediates
PUFA uptake. Circulating LDL particles binds to lipoprotein lipase where FAs are de-esterified
and taken up into the BBB via passive diffusion or transporter (such as CD36).!%” The theory
of Hamilton (C) proposed that albumin-bound unesterified PUFA may be the primary source
of PUFA for the brain. Albumin-bound unesterified PUFA passively diffuse across the BBB
via a “flip-flop” mechanism or transporter, (such as CD36).!%” (D) Lagarde’s theory of albumin-
bound lysophosphatidylcholine (LPC) uptake. Albumin-bound LPC containing FA is taken up
into the BBB by passive diffusion. Upon entry into the endothelial cells of BBB, unesterified
FAs are bound to fatty acid binding protein (FABP) and shuttled to the brain by fatty acid
transport protein (FATP) or monocarboxylic acid transporter (MCT) transport. Finally, PUFAs
are converted in different mediators (i.e. Acyl-CoA) able to explain several biological activities

in the CNS.197
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3.2 Omega-3 FAs role in the brain

During the last ten years from both in vivo and epidemiological research, the implication of
long chain (LC) -PUFAs in the development and function of normal brain has emerged.”” %
The principal LC-PUFA found in mammalian brain grey matter is DHA, an omega-3 FAs which
comprises approximately 10%-20% of total PUFA composition in the adult frontal cortex.”” %
Although the omega-3 FAs precursors of DHA, ALA and EPA and docosapentaenoic acid
(22:5n-3), are able to cross the BBB, they are rapidly oxidized in DHA and consequently
represent < 1% of total brain PUFAs composition.!?”- 1% The free DHA is esterified in the sn-2
position of brain phospholipids and it is maintained at low levels of other PUFAs in the brain.!%”
108 Omega-3 FAs, especially DHA, regulate both the structure and the function of neurons, glial
cells and endothelial cells. Moreover, once arrived into the brain, PUFAs can explicate several

biological actions such as regulation of neuroinflammation, membrane dynamics, neurogenesis

and neuroprotection.!

3.2.1 The role of omega-3 FAs in neuroinflammation

The higher dietary intakes of PUFAs are associated with an inferior risk of neurological
disorders that shared an inflammatory component, including Alzheimer’s disease, Parkinson’s
disease, multiple sclerosis, epilepsy and major depression.!” Hence, limiting inflammation by
PUFAs is very important, and may provide new targets in brain damage prevention and
treatment. Several reviews have discussed the role of omega-3 FAs in the regulation of
neuroinflammation compared to omega-6 FAs.!!? Indeed, omega-3 FAs are anti-inflammatory
FAs and they are precursors of lipid derivatives with anti-inflammatory properties, whereas
omega-6 FAs are commonly the precursors of the proinflammatory prostaglandins, leukotrienes
and stimulate the production of inflammatory cytokines.!!® This has led to the hypothesis that
DHA or its metabolites may have anti-inflammatory and pro-resolving effects in the brain.!!!
Indeed, several experiments have shown that the pre-treatment with DHA in rodent models of
brain ischaemia—reperfusion, spinal injury, and ageing is associated with a reduction of the
proinflammatory marker expression after systemic lipopolysaccharide (LPS) administration.!!!
Another large number of studies supports the hypothesis that PUFAs or their metabolites are
candidates for limiting neuroinflammation by downregulation of inflammatory gene
expression, such as those of cytokines or enzymes involved in the synthesis of eicosanoids, in

parallel to the induction on lipid mediators involved in the resolution of inflammation.!!? 13
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The same results have been found in people with higher omega-3 FAs levels in blood and with
lower proinflammatory cytokine production.!'* 'S Moreover, supplementation of DHA-rich
diet in AD patients led to a reduced release of proinflammatory cytokines from blood

mononuclear leukocytes. !¢

The main mediators of neuroinflammation are microglial cells. Microglia cells are the resident
macrophages of the brain and constitute the first line of immune defense of the brain.!'” Once
stimulated by an immune insult, microglia are capable of acquiring diverse and complex
phenotypes as well as performing several macrophage-like functions including inflammatory
and anti-inflammatory cytokine production. The anti-inflammatory effects of DHA could be
due to a direct action of DHA on microglia cells. Indeed, in vitro and in vivo results have shown
that DHA blocks microglia-induced activation of NF-kB in the CNS of rodents after the
neuroinflammatory induction by LPS or by spinal cord injury.!!8 1 Moreover, DHA promotes
the switching of microglia polarization from M1 proinflammatory phenotype to an anti-
inflammatory M2 phenotype. This phenotypic alteration results in a low production of
proinflammatory cytokine and an increased phagocytosis of amyloid-p isoform 42 (Ap42).!2°
One beneficial effect of DHA in AD consists in enhancing removal of AP42, increasing
neurotrophin production, decreasing proinflammatory cytokine production, and inducing a shift

in phenotype from a proinflammatory M1 to M2.120

3.2.2 Synaptic effect of omega-3 FAs

PUFAs and their metabolites act through several mechanisms in the brain. One of these is the
regulation of membrane dynamics; indeed, DHA is the most abundant esterified FA in the
neuron plasma membrane.” As reported by Salem et al. in the human brain the DHA-
phosphatidylserines ester results to be the 42.2% while the DHA-phosphatidylethanolamines
the 27.7%.'2! Once esterified into phospholipids, DHA has been demonstrated to significantly
alter the order and fluidity of the membrane through modification of the elastic compressibility,
permeability, fusion, flip-flop and protein activity of the membrane.!?> PUFAs are also involved
in the modulation of many membrane and nuclear receptors, in the signal transduction
mechanisms in neuronal membranes and in the synapses regulation. Particularly, PUFAs affect
adenylate cyclase as they influence a series of metabotropic receptors like serotoninergic (5-
HT1 and 5-HT4), beta-adrenergic and dopaminergic (D1 and D2) that are all coupled to the

cAMP messenger system.!?* 124 Moreover, PUFAs and/or their metabolites can directly interact
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as agonists with the oxysterols receptor LXR, peroxisome proliferator-activated receptor
(PPAR), hepatic nuclear factor 4A (NR2A1), chemokine- like receptor 1 (CHEMR23), G-
protein- coupled receptor 32, (GPR32) and inhibit nuclear factor-kB (NF-«kB).”7- 113- 125 PUFAs
can also influence brain function through modulation of neurons, glial cells and astrocytes by
modulation of endocannabinoid system. The endogenous ligand of endocannabinoids system
directly derives from the metabolism of PUFA.!?¢ Indeed, the endocannabinoids involve the
fatty acid ethanolamides anandamide (AEA), synaptamide (DHEA), oleylethanolamide (OEA)
and palmitoylethanolamide (PEA), as well as 2-arachidonoylglycerol (2-AG).'?” 128 The most
abundant endocannabinoids in the brain are AEA, DHEA and 2-AG, which bind to cannabinoid
receptor type 1 (CB1) and cannabinoid receptor type 2 (CB2).3? The endocannabinoid system
has an important role in the synaptic regulation of the neurotransmitter release (including the
release of glutamate, GABA, opioids, monoamine neurotransmitters, and acetylcholine).!?’
Recent studies have also shown that endocannabinoids can modulate synaptic transmission
through TRPV1 (transient receptor potential cation channel sub-family V member 1), which is
located in the post-synaptic cliff, through CBs.!3? Recent studies demonstrate that synaptamide
presents bioactive functions completely different compared to the analog AEA. Particularly,
synaptamide is involved in the neuritogenesis and synaptogenesis processes.!3! 132 Despite the
structural similarity between synaptamide and AEA, these bioactive molecules interact
independently with the endocannabinoid receptor system. Indeed, as proposed by H.S. Moon,
H.Y. Kim et al., synaptamide is a very weak binder on CB1 and CB2 receptors, compared to
AEA.'"?" In addition, AEA at high concentrations (1-1.5 uM) does not stimulate neurite growth
or synaptogenesis in cultured embryonic hippocampal neurons.!?”- 133 These results indicate that
synaptamide, and not AEA, promotes neurite growth and synaptogenesis by a cannabinoid-

independent mechanism.!?’

3.2.3 The role of omega-3 FAs in neurogenesis and neuroprotection

Although DHA is involved in learning and memory brain function, the cellular and molecular
mechanisms of these effects are poorly understood.!** One of the first described protective
effects of DHA is the promotion of neurogenesis'*®> and neuronal survival.!3®¢ DHA, the main
PUFA in phosphatidylserine, enhances phosphatidylserine synthesis in vitro, and the depletion
of DHA from the membrane impairs phosphatidylserine-mediated AKT and RAF1.%7- 137 The
phosphorylation of this two proteins modifies the translocation and activation of them,

promoting neurogenesis.”” 137 Potential neuroprotective mechanisms include anti-oxidative,
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anti-inflammatory, and anti-apoptotic properties of DHA.!3® Moreover, part of the DHA
neuroprotective effect is thought to be linked to its active oxygenated derived mediators, such
as protectin D1 (PD1, called neuroprotectin D1 in brain), resolvins, and maresins.!3% 140

Another neurogenesis mechanism is mediated by synaptamide, as highlighted in § 3.2.2. This
DHA-ethanolamide is a more potent promoter of neurite growth, synaptogenesis and synaptic

131,133 and neuronal

function than DHA itself, and is able to promote neuro and synaptogenesis,
differentiation.!*! 14! DHA was converted to synaptamide in the brain and retina, but also in
adipocyte, macrophage, and prostate and breast cancer cell lines.'*? Synaptamide results at least
10-times more potent than DHA in stimulating hippocampal neurite growth, synapse formation
and synaptic activity,!3! and inhibits the production of proinflammatory mediators and protein
markers in challenged microglia cultures.'** The N-acylethanolamines of other FA including
AEA, PEA and OEA are not effective, indicating the fundamental role of synaptamide in
neurogenesis and neuroprotection. Other mechanisms of action of synaptamide involve several
targets such as: G-protein coupled receptor GPR110 (ADGRF1), increasing cAMP production

144

in neural cells,'** activation of peroxisome proliferator-activated receptor alpha and gamma

(PPARGo, 7), 5-lipoxygenase,'* and COX-2.!46

To the end, these considerations suggest the importance and the involvement of omega-3 FAs
as key molecules for the maintenance of physiological condition of the brain. Moreover, the
broad spectra of activity and the anti-neuroinflammatory and neuroprotective profile make
these molecules promising for the development of innovative treatments for neurological

disorders with neuroinflammatory etiopathology.
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3.3 Omega-3 FAs as potential drugs for neuroinflammatory diseases

In the last decades, the hypothesis that omega-3 FAs could be used for the treatment of
neurological diseases has been highly investigated. Considering the role of DHA and of its
principal ethanolamide metabolite (synaptamide) in the brain, the dietary approach or
supplementation regimen of omega-3 FAs represents an innovative potential strategy to control
neuroinflammatory processes in neurological disease. While omega-6 FAs are relatively
abundant in the diet and there is no substantial evidence of their therapeutic potential, instead,
omega-3 FAs supplementation has been studied as a potential treatment or preventive strategy

for numerous diseases.'*’

Indeed, ReportLinker prospect that Omega-3 FAs supplement will be the fastest ingredient type
during next years, reaching USD 1.2 billion dollars
(https://www.reportlinker.com/p05778223/Algae-Omega-3-Ingredients-Market-Growth-
Trends-and-Forecasts.html?utm_source=PRN). The most recent approved drug by the Food
and Drug Administration (FDA) is omegaven. Omegaven is a fish oil triglycerides injectable
emulsion for intravenous use as a source of calories and FAs for pediatric patients with
parenteral nutrition-associated cholestasis. Another example is lovazan, approved by FDA in
the 2004, is a mixture of omega-3 FAs ethyl esters, in oral capsules formulation. This drug is
composed principally by EPA and DHA ester and is indicated as an adjunct to diet to reduce
triglyceride (TG) levels in adult patients with severe (> 500 mg/dL) hypertriglyceridemia.

During these years the interest to develop omega-3 FAs-based therapy for several disease is
continuing under investigation. In order to better understand the involvement of omega-3 FAs
in clinical trials we performed an analysis using Clinicaltrials.gov web site (September 2019).
The goal of this analysis was focused on the quantification of clinical trials where the omega-3
FAs are involved in order to understand their implication. Moreover, have been investigated
the major class of disease where omega-3 FAs are involved with a particular interest for
neurological diseases. The analysis was performed searching directly on the website the
following keywords: DHA, EPA, docosahexaenoic acid, eicosapentaenoic acid, alpha-linolenic
acid, omega-3 FAs, and adopting the boolean operator we found 1847 studies. The principal
diseases where the omega-3 FAs are implicated results the metabolic disorders (275 clinical
trials), followed by: cardiovascular disorders (244 clinical trials), cancer (211 clinical trials),

neurological disorders (149 clinical trials) and eye disorders (63 clinical trials). In detail,
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between the neurological disorders, we found that the high numbers of trials are related to
Alzheimer’s disease (13 clinical trials) and among these 5 are ongoing (Figure 16). Remarkably,
all the 13 trials have been started during the last 10 years highlighting the increased therapeutic
role of omega-3 FAs. The other diseases included multiple sclerosis (11 clinical trials and 3 of
those are ongoing), epilepsy (9 clinical trials and 3 of those are ongoing), stroke (6 clinical trials
and 3 of those are ongoing), dementia (3 clinical trials and 1 of those are ongoing), CNS
inflammation (3 clinical trials and 1 of those is ongoing), and Parkinson (2 clinical trials and 1
of those is ongoing). Clearly, all of these are neuroinflammatory-based pathologies that could

benefit from the anti-neuroinflammatory and neuroprotective effect of omega-3 FAs.

To note, the number of clinical trials involving omega-3 FAs is high, despite same inconclusive
evidences and failures. All in all, several trials are ongoing and the use of omega-3 FAs for the

treatment of neurological diseases remains a very promising field.

Ongoing trials
5

Failed trials
7

m Failed trials = Ongoing trials

m Rest of disease102 m AD

m Multiple sclerosis Epilepsy

m Strroke m Dementia

m CNS inflammation m Parkinson's disease

Figure 16. Pie charts distribution data referred to the use of omega-3 FAs clinical trials.
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3.3.1 The use of omega-3 FAs in combination therapy: a polypharmacological

strategy

All the trials discussed in the previous paragraph refer both to the use of a single omega-3 FAs
or a mixture of them (DHA and EPA). The lack of efficacy of a single omega-3 FAs against
multifactorial diseases might be easily explained by considering that it is not adequate to
contrast the underlying complex pathogenesis. Despite the intrinsic multipotent activity of
omega-3 FAs and their ability to interact with numerous targets, the challenges to exploit them
as a new treatment, in particular for neurological disease, remains open. Starting from these
considerations, a polypharmacological strategy could have increased possibilities to treat
multifactorial disorders. The so-called combination therapy (or drug cocktail) is not a new
polypharmacological strategy in the field of drug discovery.*® 33 3% 148 Indeed, a therapeutic
regime composed by two or three different drugs that combine different therapeutic
mechanisms might produce a stronger treatment for a disease than an individual one.>* In
particular, several studies indicate that the drug therapeutic regime supplemented by the use of
omega-3 FAs could produce a better response compared to individual drug and with potential
reduction of side effects. These studies reported the potential use of omega-3 FAs as supplement
for the treatment of different neuroinflammatory diseases like: AD, epilepsy and multiple

sclerosis.

There is a growing interest in lifestyle and dietary components as possible protection factors
for AD, including the use of omega-3 FAs. Moreover, epidemiological and animal studies have
suggested that dietary fish or fish oil, rich in omega-3 FAs DHA and EPA, may have effects
for the treatment of AD.!% %% As reported in several articles, the use of omega-3 FAs could
interfere directly with the AD’s pathologic hallmarks like AB’s excessive production or
deposition, neurodegeneration, and neuroinflammation, although the mechanisms still remain
unknown.?? 130 A pilot study was designed to evaluate the effects of supplementation with
omega-3 FAs, in particular DHA, in mild to moderate AD.!*! The trial participants chronically
used a cholinesterase inhibitor or a NMDA-receptor antagonist (memantine). A total of 295
participants completed the trial (DHA: 171; placebo: 124). Unfortunately, the collected results
indicated that DHA supplementation is not useful for that AD population.!>! The same result
has been obtained in another clinical trial in which the cohort of AD patients has been treated
with a fixed-dose mixture of DHA and EPA and an acetylcholinesterase inhibitor among
donepezil, galantamine or rivastigmine.'>? Even in this case, supplementation of DHA and EPA
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in patients with mild to moderate AD did not seem to influence psychiatric, behavior or

functional abilities.

Another neurological disorder where omega-3 FAs seem to be highly involved is epilepsy.!>
Relevant to epilepsy, omega-3 FAs reduce neuronal excitability. Reduction in excitability is
heavily dependent on sodium and calcium ion channels, which can be modulated by EPA and
DHA.!5* 1 In animal models of epilepsy, the result obtained after treatment with omega-3 FAs
have been highly controversial. Indeed, in a mouse model of epilepsy, Taha A4., Y. et al. reported
a 45% nonsignificant increase in time to the onset of seizures (prolonged seizure latency) in fat-
1 mice.!>® However, EI-Mowafy et al. and Abdel-Dayem found that high dose of EPA (125-200
mg/kg) or DHA (120-250 mg/kg) administration delayed the onset of seizures by 49%, and
synergistically enhanced the anticonvulsant activity of valproic acid.!>”- 138 In addition, in both
papers, the co-administration of DHA or EPA with VPA markedly alleviated VPA-induced
hepatotoxicity, oxidative stress, and inflammation. In conclusion, these experiments highlight
the protective and synergistic profile of the drug combination compared to the single use of
VPA_ 157 158

Analogous result has been observed in a combination therapy between omega-3 FAs (fixed-
dose mixture of DHA and EPA) with the antiepileptic drug levetiracetam.!® As reported by
Habeeb M., S. et al., combined treatment of levetiracetam with omega-3 FAs has shown an
additive protective effect to levetiracetam against pentylenetetrazol (PTZ) kindling-induced
seizures compared to the single antiepileptic drug. This effect was accompanied by a decrease
in hippocampal glutamate, oxidative stress, and improvement in antioxidant defenses in young

rat models.!>?

Another application of omega-3 FAs in combination therapy for neurological disorders is
multiple sclerosis. Important for multiple sclerosis is the immune-modulatory effect of omega-
3 FAs, and their anti-inflammatory and neuroprotective activities. In clinical trials studies the
has been studied the efficacy of co-administration of omega-3 FAs and interferon-beta, the
multiple sclerosis first line therapeutic drug. In general, what is emerged from these studies is
the no differences in clinical efficacy after the drug combination.* '° However, in only one
trial, where the primary outcome was not to evaluate the efficacy on the clinical outcomes, the

decrease of neuroinflammatory markers was observed.®’
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3.4 Lipid/drug conjugate as drug discovery strategy

The development of drug optimally targeting the CNS remains one of the most formidable

161 Tn several cases, the scarce CNS distribution is one of

challenges for medicinal chemistry.
the most complicated aspects. To overcome this problem, medicinal chemists have established
several strategies, such as the so-called prodrug strategy. Particularly, masking a polar or
hydrophilic group responsible of the low BBB permeability, is possible to increase the brain
permeation of a given drug. One very well-known strategy is the development of lipid-drug
conjugate (LDC).!%2 LDCs are drug molecules that have been covalently modified with lipids.
The resulting conjugate will gain several advantages including improved oral bioavailability,
enhanced CNS targeting, reduced toxicity, and enhanced drug loading into delivery carriers.!6?
Based on the chemical structures and the nature of the starting drugs and lipids, various
conjugation strategies and chemical linkers can be utilized to develop LDCs.!%? Among lipids,
the most investigated source of lipids are: steroids, FAs, glycerides and phospholipids.

In many cases, the use of a chemical linker is a promising strategy to join covalently the drugs
and the lipids. Moreover, depending from the nature of the linker, the profile of the LDCs could
be very variegated. Ester or amide bonds have been the most investigated functions to form
LDCs.!6% 163 They are usually formed by reaction between a carboxylic acid and an alcohol or
amine group, respectively. These kinds of linkers can be easily degraded by enzymatic

hydrolysis. Another common linker is hydrazine.!6% 163

This linker is stable at neutral pH but is
hydrolyzed in acid conditions. Alternative responsive-pH linkers are silyl ether, acetal or Schiff
base. Disulfide bonds is another class of linker. Disulfide lipid conjugates are stable in the
extracellular oxidative environments but will be hydrolyzed after cellular internalization in

response to the reductive intracellular environment.!6% 163

Another positive feature of LDC is the possibility to develop drug delivery system.!® 165

Indeed, joining a lipid to a hydrophilic drug leads to the formation of an amphiphilic molecule
that can self-assemble into nanoparticles without or with minimal use of stabilizer.!®? This
results very useful for the preparation of emulsion, liposome, micelle, lipid nanoparticle,

polymer nanoparticle, and carbon nanotube. '
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3.4.1 Omega-3 FAs/drug conjugates for the treatment of multifactorial

diseases

The drug combination strategy to combat multifactorial disease is a milestone of the
polypharmacological field since the first publications.*® >3 Moreover, the interest to develop
drug combinations by the pharmaceutical companies is witnessed by the increased number of
drugs approved in the last years.®> However, this is not the case for neurological disorders.

Indeed, all the trials proposed in this therapeutic area have inexorably failed.

Omega-3 FAs have been proposed as adjuvant in combination with usual therapy for many
neurological diseases. Unfortunately, the results are usually very promising until the in vivo
studies, then become controversial or with no clinical impact when translated to the clinical
trials. Probably, this is related to some disadvantages deriving from the combination therapy
and the use of supplements. The limitations of combination therapy are well-known and have
been discussed in Chapter 1.°° On the other side, the main problem of omega-3 FAs
supplementation is related to its bioavailability. As reviewed by Tamargo M. et al., short-term
and long-term studies have analyzed the oral bioavailability of different omega-3 FAs
formulation (i.e. free-FAs, triglycerides) in healthy volunteers.!®® Unfortunately, these studies
present multiple limitations which explain why contradictory results are frequently reported
and is difficult to extrapolate them. Clearly, additional studies with larger sample sizes are
needed to identify the PK differences in omega-3 FAs bioavailability among the most common

formulations.!%®

A polypharmacological strategy to overcome these problems might be the development of
multitarget drugs.

Clearly, therapy with a single drug with multiple biological properties would have numerous
advantages compared to combination therapy. It would avoid the problem of administering
complex combination therapy, which could have different drug bioavailability, DDI, and
metabolism. Furthermore, a single chemical entity can solve a difficult problem that appears
with the simple coadministration of two drugs, namely the different PK and tissue distribution
profile. The complex PK and tissue distribution of combination therapy could hamper the
synergistic activity of the drug combination therapy due to the heterogeneous concentration
distribution of the single drugs in different tissues. This undesired process is obviously avoided

with the use of a multitarget drug, which is a single molecular entity.
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In light of this, a polypharmacological strategy seems to be in principle very promising also for
omega-3 FAs. Indeed, several studies have been performed with the aim to develop omega-3
FAs-drug conjugates for the treatment of several disorders. One of the most recent examples
relates to the treatment of Duchenne muscular dystrophy. The drug candidate edasalonexent

167 Edasalonexent is

(Figure 5) has been developed as NF-kB inhibitor by Catabasis company.
the result of the conjugation between three main elements: i) the drug (salicylic acid), ii) the
omega-3 FA (DHA), and iii) the ethylendiamine linker used to covalently bridge the two
carboxylic functions. The rational design of this molecule has been realized and successfully
demonstrated. Indeed, edasalonexent is stable in the plasma, and once it is internalized into the
target tissue it becomes substrate of hydrolytic enzymes, releasing at the same time and in
equimolar concentration the two active drugs.!¢” Actually this drug is investigated in the phase
IIT clinical trial study NCT03703882.

This design strategy has been exploited to link other omega-3 FAs with bioactive molecules or
drugs for the treatment of neuroinflammatory diseases such as AD, Parkinson’s disease, and
multiple sclerosis.!®® An example reported by Meijerink J et al. propose the N-docosahexaenoyl
dopamine (DHDA) as anti-inflammatory molecules for the treatment of neuroinflammatory
diseases. This study was performed by evaluating the anti-inflammatory activity of DHDA in
both RAW264.7 macrophages and BV-2 microglial cells. DHDA results able to reduce several
key neuroinflammatory markers like NO, IL-6, MCP-1, and CCL-20. Moreover, has been
deeply investigate the immune-modulatory activity of DHDA analyzing the level of COX-2
mRNA expression, its metabolite PGE2 and the involvement of NF-kB. In conclusion, DHDA
displays marked immune-modulatory effects by attenuating the neuroinflammatory marker

detected and their mechanism of action involve the COX-2 enzyme (Figure 17).!68
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Figure 17. Chemical structure of edasalonexent e DHDA.

The conjugation strategy has been also highly investigated for the development of anti-cancer
drugs (Figure 18).'%° Based on the fact that omega-3 FAs uptake is considerably elevated in
cancer tissues, numerous omega-3 FAs/drug conjugates have been developed. Therefore,
conjugation of anticancer drugs to omega-3 FAs has been found to considerably change the PK

and distribution of the drugs, resulting in specific accumulation of the drugs in tumor tissues
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and cells. Noteworthy, among the numerous of examples, the drug candidate Taxoprexin® is
the most advanced in clinical trials (phase III). Taxoprexin® was designed by joining DHA

with the anticancer drug paclitaxel.
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Figure 18. Example of FAs/anticancer drug conjugates.

From the conjugation strategy between omega-3 FAs and drugs we took inspiration for the

develop of our series of omega-3 FAs/drug conjugates directed towards neuroinflammation.
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3.5 Design of omega-3 FAs/VPA conjugates

Harnessing the polypharmacological approach, the aim of this project was the development of
a completely new class of anti-neuroinflammatory lipid-drug conjugates against neurological
disorders. Particularly, we have investigated the possibility to join in a single molecule the well-

known effect of omega-3 FAs with the multipotent activity of VPA.

As highlighted before, neuroinflammation is a common element spanning all the neurological
and neurodegenerative disorders, and it is becoming one of the major targets for drug discovery.
As largely discussed before, the omega-3 FAs are effective anti-neuroinflammatory
supplements. Moreover, the use of omega-3 FAs are an attractive strategy for novel drug
development for the following reasons: (i) omega-3 FAs are FDA-approved food supplement
and so are non-toxic compounds;'”° (ii) omega-3 FAs possess anti-inflammatory activity via a
myriad of signaling pathways; (iii) synergism has been observed with a variety of drugs against
neurological disorders; (iv) omega-3 FAs appear to have protective effects on healthy cells by
preventing drug-induced specific organ injury; (v) conjugation may limit systemic toxicity by

altering the pharmacokinetic properties of the conjugated drugs.

Building on this rationale, in this project among the omega-3 FAs we have selected ALA and
DHA. ALA is the founder of omega-3 FAs family and, although less studied compared to its
derivatives EPA and DHA, it has demonstrated neuroprotective, anti-inflammatory, and
antidepressant properties.!’! Conversely, DHA is the most abundant omega-3 FA in the brain
and is role has been deeply investigate with better result in in vivo neurological model compared

to other omega-3 FAs analogs.!%

On the other end, the histone deacetylase (HDAC) inhibitor VPA is a well-known multipotent
compound actually registered as an antiepileptic drug and for mood disorder. The VPA has
been also deeply investigated as potential drug for neuroinflammatory diseases. Indeed, VPA
has demonstrated anti-neuroinflammation, neuro-regenerative and neuroprotective effect in
several neurological models.!”> 73 Moreover, the role of VPA as HDAC inhibitor results
fundamental for the prevention on neuronal death in in vivo models.!”* However, the molecular
mechanisms underlying this anti-inflammatory effect and the HDAC responsible are not

completely understood.!”*
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Recent studies have shown the role of VPA for the treatment of AD obtaining controversial
results. Indeed, as reported by Zhang H., Y et al. VPA promote neurogenesis and
neuroprotection suggest it could prove beneficial in AD patients.!”> Unfortunately, several
clinical trials demonstrate that the chronic stimulation with the VPA attenuated human
microglial phagocytosis,!”> and accelerate brain atrophy in AD patients with potentially greater
cognitive decline.!”¢

Another study investigates the potential role of VPA for the treatment of spinal cord injury.!”’
From the study conducted by Shun Li et. al. emerged that VPA treatment attenuated the
inflammatory response by modulating microglia polarization through STATI-mediated
acetylation of the NF-xB pathway, dependent on HDAC3 activity. These outcomes led to
neuroprotective effects in spinal cord injury in vivo model.!”’

Recently, VPA has been also tested in the experimental allergic encephalomyelitis (EAE)
multiple sclerosis model. Schluesener et al. reported that VPA greatly reduces the severity and
duration of EAE.!”® Moreover, VPA administration also reduces demyelination and suppresses
mRNA levels of the proinflammatory cytokines IFNy, TNFa, IL-1f and IL-17, while increasing
the anti-inflammatory cytokine IL-4, with a neuroprotective effect.!’® In spite of these
promising data, recent evidences have highlighted the reduced remyelinating activity for
VPA.!'7 This might be responsible (at least in part) of the inconclusive results of the first human
study.!”3

Generally, a great deal of attention has been paid to the pharmacological regulation of
microglial activation by VPA. Indeed, the possibility to modulate the microglia polarization
from proinflammatory (M1) to anti-inflammatory phenotype (M2) has put VPA in a new light
for the treatment of neuroinflammatory-based diseases. Starting from these scientific evidences,
the aim of this project was to design and synthesize a first set of omega-3 FAs/VPA conjugates
(1-8) for the treatment of neuroinflammatory diseases. To obtain this goal, we chemically linked
through proper spacers (ethylene glycol, ethanolamine and ethylenediamine) the marketed VPA
drug and ALA or DHA food supplements via their carboxylic acid functions (Figure 19).
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Figure 19. Design of omega-3 FAs/VPA conjugates 1-8.

We expected that, due to the nature of the formed ester and/or amide bonds, hydrolysis will
occur in vivo. Thus, each released starting framework would retain the ability to interact with
its specific target and, collectively, to produce multiple, synergistic pharmacological effects.
We believe that such a concerted, simultaneous modulation of multiple critical pathways
affected by VPA and ALA or DHA can result in a truly immunomodulatory, protective and

anti-neuroinflammatory effect.

In principle, the effect of the combination of these individual drugs should be well described.!8°
However, the herein proposed single-molecule conjugates should have several advantages with
respect to a classical drug combination for the following reasons: VPA and ALA or DHA are
delivered intracellularly at the same time and in equimolar concentrations. Since multiple
biological pathways in multiple brain cell types will be simultaneously hit by this type of
delivery, the resulting pharmacology that can be produced is peculiar and cannot be replicated
by administering VPA and ALA or DHA in combination, where each one has an individual

pharmacokinetic profile.

For the specific case of the DHA/VPA conjugate, when ethanolamine is used to link VPA and
DHA, the conjugate in vivo can release three active ingredients: VPA, DHA and synaptamide.
This is an N-acyl omega-3 FAs endogenous mediator whose immunomodulatory effect is well-
known. It promotes neurogenesis, neuritogenesis, synaptogenesis and axonal
morphogenesis.!?”- 142 Moreover, it is an agonist of cannabinoid receptors, which in turn if
activate can positive modulate decreasing the neuroinflammation. Importantly, while each
bioactive can exert an individual peculiar beneficial profile, we expect that the whole effect of
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this tripartite combination on neurons, oligodendrocytes and microglia is much greater than the
sum of its parts. Such a single-molecule combination encompassing a well-known drug, a food
supplement and an endogenous neurorigenerative compound could have a breakthrough

mechanism of action.

Another important advantage to combine in a single molecule VPA and omega-3 FAs is to
obtain codrug (or prodrug). In this case both codrug and mutual prodrug assumes the same
importance and relevance.'®' This because the drug design approach proposed allowed us to
chemically bind two drugs to improve theoretically the therapeutic efficiency, improve the PK
tissue distribution, and potentially decrease side effects.!®! The codrug obtained also can
potentially better targeting the CNS.!¢! The BBB represents a formidable impediment for the
develop of CNS drugs. Experimental tests have shown that the carboxylic acid groups in a
molecular structure, due to their dissociated form, hinder the BBB crossing and the consequent
distribution in the CNS of a drug.!®! Therefore, the strategy to develop codrug masking the
carboxylic acid functions of VPA and omega-3 FAs, such as ester or amide, represent a solution

to overcome the PK tissue distribution problem.
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3.6 Chemistry

The synthesis of compounds 1-8 was easily realized using a linear synthetic strategy, by
applying a modified Steglich coupling reaction. The conventional protocol is based on the
nucleophilic acyl substitution between a carboxylic acid and an amine or alcohol, in presence
of N,N'-dicyclohexylcarbodiimide (DCC) and a catalytic amount of 4-dimethylaminopyridine
(DMAP) in order to obtain an amide or ester derivative, respectively. However, the reported
protocol suffers principally from long reaction time, and a boring work-up filtration protocol to
remove the N,N'-dicyclohexylurea (DCU) coupling side product. Moreover, the risk to find
DCU in the final product remains an important problem to solve. Thus, taking inspiration from
the literature, we modified the protocol using 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDC) and a catalytic amount of DMAP.!%” Clearly, the major advantage using EDC compared
to DCC is the simplification of the work-up. Indeed, The EDC side products are soluble in the

organic solvent and easily removed during the purification step by column chromatography.

In details, the final conjugates 1-8 were synthesized starting from the appropriate valproic-
linker derivative 22-25 and ALA or DHA omega-3 FAs (Scheme 1). The synthesis starts from
the three linkers 11-13 that were protected with the appropriate protecting group as: di-tert-
butyl decarbonate (Boc20O) or tert-butyldimethylsilyl chloride (TBSCI) obtaining the N-Boc-
and O-TBS-protected derivatives 14-17 with a typical protection protocol in very good yields
(87-98%). The obtained protected-linker 14-17 was coupled with valproic acid (VPA) after
activation with EDC/DMAP obtaining the ester or amide intermediates 18-21 in good yields
(42-68%). Therefore, a deprotection reaction, using trifluoracetic acid (TFA) or
tetrabutylammonium fluoride (TBAF) in order to remove respectively the Boc- or TBS-
protecting groups, were performed, obtaining in very good yield the intermediates 22-25 (89-
98%). The deprotection reactions were conducted under anhydrous condition and at 0°C in
order to limit the valproic acid hydrolysis as side reaction. Finally, compound 22-29 were
synthesized starting from ALA or DHA and the valproic-linker conjugate 18-21 using the
previous coupling reaction condition with EDC/DMAP.

Scheme 1. Synthesis of omega-3 FAs/VPA conjugates 1-8.
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OH + 1417 —— X/\/Y orv_ 2. X/\/Y
VPA 18: X=NH, Y = NH-Boc (57%) 22: X = NH, Y = NH, (98%) 1:X=NH, Y = NH, R = ALA (43%)
19:X=0, Y = NH-Boc (63%) 23:X=0, Y = NH, (95%) 2:X=0,Y=NH, R = ALA (48%)
20: X=NH, Y = O-TBS (48%) 24: X=NH, Y = OH (89%) 3:X=NH,Y =0, R=ALA (33%)
21: X=0, Y = O-TBS (42%) 25:X=0,Y=OH (92%) 4:X=0,Y=0,R=ALA (37%)

5:X=NH, Y = NH, R = DHA (48%)
6:X=0,Y=NH, R = DHA (45%)
7:X=NH,Y = 0, R = DHA (35%)
8:X=0,Y=0,R=DHA (32%)

Reagent and conditions: i) TBSCI, Imidazole, DCM, r.t., 24 h; ii) Boc2O, DCM, r.t., 24 h. iii)
EDC, DMAP, DCM, r.t., 8 h, N2; iv) TFA, DCM, r.t., 2h; v) TBAF, r.t., 24h; vi) ALA or DHA,
1-EDC, DMAP, DCM, r.t., 8 h, N».

The final reaction was conducted from 0°C during the acid activation to room temperature under
nitrogen atmosphere and in the dark, in order to limit the formation of oxidation-side products.
The four final products have been purified by low-pressure column chromatography always in
the dark, the solvent was evaporated in a low-temperature bath, and finally stored at -20°C.
Finally, Compound 9-10 have been synthesized with the same synthetic strategy starting from
the protected linker. Then, the intermediate obtained was reacted with ALA or DHA by modify
Steglich coupling reaction obtaining 26-27 (Scheme 2). The last step was the deprotection

reaction using the appropriated reagent in order to remove the terminal O-protecting group.

Scheme 2. Synthesis of N-acyl omega-3 FAs derivatives 9, 10.

: o (o)
! i iii
HN ~_OH _» HoN A~_O- S|| o R)J\N/\/O\Si/ e R)J\N/\/OH
H [ H
12 16 26=R: ALA (38%) 9=R:ALA (94%)
27 =R : DHA (10%) 10 = R : DHA (98%)

Reagent and conditions i) TBSCI, Imidazole, DCM, rt, 24 h; ii)) ALA or DHA, EDC, DMAP,
DCM, rt, 8 h, N»; v) TBAF, DCM, rt, 24h.
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All compounds were characterized using analytical (HPLC) and spectroscopic data (1H- and

13C-NMR) (see Chapter 8).
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3.7 Results and discussion

The small series of omega-3 FAs/VPA conjugates 1-8 were designed and synthesized with the
aim to develop a new treatment for neuroinflammatory diseases, in particular MS. Thus, we
decided to first analyze the neuro- and hepatotoxicity profile of 1-8. After that, the HDAC
inhibitor activity has been evaluated, followed by a cannabinoid receptor (CB1/2) affinity assay

of the less cytotoxic conjugates.

As second step, the potential therapeutic profile of compounds 1-4 (ALA/VPA conjugates) has
been examined in detail. After excluding cytotoxic effects in Oli-Neu and microglia cell line
(N9), 1-4 were screened in order to evaluate their neuroprotective and immune-modulation
activity. Then, the most promising conjugates have been analyzed to evaluate their

proliferation, and differentiation activity in Oli-Neu cells.

Finally, the hydrolysis kinetic profile of the best conjugates (1, 2) was tested in rat blood, liver,
and brain lysate by LC-DAD-MS/MS.

3.7.1 Neurotoxicity assay

Being these conjugates designed to combat neurological diseases, a preliminary neurotoxic
screening has been performed on 1-8, the ethanolamide 9 and 10 and reference compounds
(VPA, ALA and DHA). Increasing concentrations of each compounds have been tested in
cerebellar granule neurons (CGNs). Primary cultures of CGNs were established a few decades
ago as one of the most useful in vitro models to study neuronal death.!8? Positively, none of
them (up to 10 uM) showed significant neurotoxic effects when viability was measured through
a (3-(4,5-dimethythiazol-2-yl)-2,5-diphenyltetrazolium bromide) MTT assay (Figure 20).
However, DHA derivatives 5 and 6, that present di-amide or ethanolamide linker, resulted the
most cytotoxic conjugates among the tested compounds. On the other side, the corresponding
ALA derivatives 1 and 2, maintain cells viability on CGNs over 100% at 10 uM after 24h. This
assay has been performed by the group of Prof. Monti of the University of Bologna.
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Figure 20. Effect of conjugates 1-8 on cell survival/death through MTT assay in CGN cells at
the concentrations 0, 5, 10, 25 and 50uM of 1-10 for 24h. Each point is the mean + S.E. of two
independent experiments, each run-in quadruplicate and is expressed as the percentage of

control (OuM). Bonferroni’s test after ANOVA.

3.7.2 Hepatotoxicity assay

In a parallel assay, we evaluated the hepatotoxicity of compounds 1-10 by MTT assay on human
hepatocellular liver carcinoma immortalized cell line (HepG2). The assay has demonstrated no
significant hepatotoxicity effect through MTT assay at 5 and 10 pM concentrations (Figure 21).
At higher concentrations (25 and 50 uM) the tested compounds start to display some sign of
cytotoxicity after 24h. Notably, the conjugate 8 results the safest, similarly to DHA. This assay
has been performed by the group of Prof. Monti of the University of Bologna.
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Figure 21. Effect of conjugates 1-8 on cell survival/death through MTT assay in HepG2 cells
at the concentrations 0, 5, 10, 25 and 50uM of 1-10 for 24h. Each point is the mean + S.E. of
two independent experiments, each run-in quadruplicate and is expressed as the percentage of

control (OuM). Bonferroni’s test after ANOVA.

3.7.3 HDAC inhibition profile

We wanted to evaluate whether the VPA-conjugates 1-8 maintain the HDAC inhibitory activity
of the parent drug VPA. The HDAC inhibition is a fundamental aspect to evaluate because it is
highly involved in neuroprotective and neuroinflammatory processes, and oligodendrocyte
precursor cells (OPCs) differentiation into oligodendrocytes.!”> 17* The Western blot analysis
and the relative densitometries of acetylated histones clearly indicate that compounds 1 (ALA
di-amide derivative), 2 (ALA ethanolamide derivative), S (DHA di-amide derivative) show an
activity similar or even better than VPA. Conversely 3, 4, 6-8 are significantly less effective
than VPA (Figure 22). From these data we can speculate that at least the presences of one amide
bond between the FA and the linker (and not the amide between the VPA and the linker as in 3
and 7) is essential for HDAC activity. Indeed, both the ALA and DHA di-ester derivatives do
not show significant HDAC activity. Possible explanations could be: (i) the more active “amide-
type” conjugates undergo to more efficient hydrolysis mediated by specific fatty acid amide
hydrolases (e.g. FAAH) to release the active molecule VPA (potent HDAC inhibitor); (ii) the
higher activity of ALA derivatives 1 and 2 support a possible contribution to the epigenetic
effect by this FA.!%> 18 Apparently, this does not apply to DHA. In fact, the equimolar
combination of DHA and VPA results equally active compared to the single treatment with
only VPA. This assay has been performed in collaboration with the group of Prof. Spampinato
of the University of Bologna.
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Figure 22. Effect of conjugate 1-8 on HDAC inhibition, evaluated through analysis of pan-
acetylated Histone H3 and total histone H3 in neuroblastoma (DAOY) cells. Cells were exposed
to 0.5mM for 48h and analyzed through western blot analysis of pan-acetylated Histone H3 or
total-histone H3. In the densitometry, each column is the mean + S.E. of three independent
experiments and are expressed as the percentage of control (OuM). * p < 0,05; ** p < 0,01 vs

vehicle (Student’s t-test).

3.7.4 Cannabinoid receptor binding assay

For the following experiment, we selected the less toxic and most active compounds based on
the previous experiments, i.e. the “amide-type” conjugates 1, 2, 5, 6 and the validated reference
compounds GW and WIN. As highlighted before, these compounds are omega-3 FAs
conjugates that after the in vivo hydrolysis can release important omega-3 FAs metabolites.
Notably, it has been observed that omega-3 ethanolamide FAs metabolites can interact as direct

127 Thus, in collaboration with Prof. Contino of the

agonists with the cannabinoid receptors.
University of Bari, a binding assay on CB1/2 cannabinoid receptors was performed.
Remarkably, only compound 10 (synaptamide) resulted to be a good binder for CB2 receptor
and a weak binder of CBI receptor (Table 2), in agreement with what is reported in the
literature. The rest of the tested molecules show less than 50% of binding at 10uM. The

conjugates are probably not active due to the lack of hydrolysis at the experimental conditions.

Table 2. CB1/2 receptor binding affinity values for compounds 1,2 5, 6,9, 10 and reference

compounds.
Compounds CB2R*" CB1R*®
Ki + SEM, nM
1 39% nd*
2 6% 41%
9 28% NA¢
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5 25% NA4

6 30% 27%
10 443nM 2,6nM
GW 7.7aM nd
WIN nd 75nM

a

Data represent mean values of n > 3 separate experiments in duplicate (tSEM for CB2R).

b

Percentage of displacement at the concentration of 10 uM.

C

nd: no determined

d

NA: without affinity at the repecptor

3.7.5 Immuno-modulatory assay

After collecting the data described above, we performed the preliminary experiments to
evaluate whether the selected ALA/VPA “amide-type” conjugates 1 and 2 were able to
modulate microglial activation from the M1 neurotoxic to the M2 neuroprotective phenotype.
Therefore, N9 microglial cells were treated with 100ng/mL lipopolysaccharides (LPS) in
presence or absence of increasing concentrations (0.5, 1, 5, and 10 uM) of 1 and 2, the reference
compounds (ALA and VPA) and a mixture 1:1 of reference compounds, for 24h. Microglial
phenotype has been evaluated through Western blot analysis of the M1 marker iNOS
(responsible for nitrite production) and Triggering receptor expressed on myeloid cells-2
(TREM2, Figure 23) M2 marker. Compounds 1, VPA, ALA and their mixture does not affect
the concentration of nitrites, whereas slightly 2 does. Regarding, marker expression, all of
compounds seem to decrease iNOS expression at 10 pM more than the equimolar mixture of
VPA and ALA. More importantly, 2 presents another biological function, particularly
significant for a possible anti-neuroinflammatory activity. It maintain constant the level the
expression of TREM2, an immunomodulatory activity marker of microglia shifts towards the

M2 phenotype, whereas the rest of compounds decrease this anti-inflammatory maker. We
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might interpret the increases expression of TREM2 by considering the hydrolysis pattern of 2.

From the hydrolysis of 2 three active metabolites could be released: ALA, VPA and the ALA-

ethanolamide. As discussed, omega-3 FAs ethanolamides are potent endogen stimulator of

immune-modulation, and are involved in remyelination process in the CNS.!8> This peculiar

biological effect can be appreciated by considering that diamide derivative 1, unable to release

an endogenous ethanolamide metabolite, is not active.

LpS

Ong/ml 100 ng/ml LpPS 0 ng/ml 100 ng/ml s 0 ng/ml 100 ng/ml
AA WPA
OSuM 1M SuM 104M 0SuM LM SM 10uM QSuM 1M SEM 10uM
INOS R iNOS - - - > a— iNOS
TREM2 - TREM2 W e W ” - TREM2
CAPDH s S — —— GAPDH GAPDH
3 3 E
i iz
1 2
® 2
128 128
T 100 = T 09
. : e
i ! e
E E x
o °
150 120 150
. 10 o 190 PR
H 2 2
3 E H
= * w * W
o < o o5 1 5 10 AAVPA) UM o < * c
LP5 10mmgiml
s 0 ng/ml 100 ng/ml LPS Ong/ml 100 ng/ml
1 2
OSEM 1M SM I0pM QSUM M SM 104

% ws control

% vs control
)

Nitrkes

INOS WD W ey

xR TR
TREM2 ,_‘k_ o S e p e

GAPDH - — —

% ws control

% vs control
)

Figure 23. Effect of 1, 2 and parent compounds on microglia activation. Western blot analysis

and the relative densitometries of iNOS (M1 marker), TREM2 (M2 marker) and nitrite
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concentration in N9 microglial cells. Densitometric data are expressed percentage of LPS only

of one experiment.

3.7.6 Microglia cell neuroprotective assay

As further step, we evaluated the neuroprotective activity of conjugates 1 and 2 and their parent
compounds ALA and VPA in N9 cell line. A typical neuroprotective assay involves the use of
H>O: as stressor agent that induces cell injury (Figure 25). After pre-treatment with the tested
compounds, the cells were treated with 500 pM of H>O> and viability evaluated by MMT assay.
From the data of Figure 25, we can conclude that all compounds do not show a significant

neuroprotective effect in this experimental cell model.
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Figure 25. Effect of compounds 1, 2 on cell survival/death through MTT assay in Oli-Neu cells,
immortalized. Cells were exposed to 10uM of 1, 2 and the reference compounds, then treated
with 500uM of H20». Each point is the mean + S.E. of two independent experiments, each run-

in quadruplicate and is expressed as the percentage of control (OuM). * P <0.05, ** P <0.01).

3.7.7 Oli-Neu cell cytotoxicity assay

Next, we tested whether the conjugates 1, 2 could be toxic in a model of immortalized murine

OPCs, by using Oli-Neu cells. Indeed, the use of Oli-Neu cells is considered a good in vitro

preliminary model to screen potential MS drug candidates.!8¢ After treatment with increasing

concentrations of compounds 1 and 2 and reference compounds (ALA and VPA) for 24h, the
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MTT assay clearly shows that, while the VPA and ALA are significantly toxic for these cells
even at low concentration (5uM), conjugates 1, and especially 2, show no toxicity even at higher

concentrations (Figure 24).

Oli-Neu-24h

ot

NRD 3

[uM]

Figure 24. Effect of compounds 1 and 2 on cell survival/death through MTT assay in Oli-Neu
cells, immortalized mouse oligodendrocyte precursor cells. Cells were exposed to increasing
concentrations (0.5, 1, 5 and 10pM) of the selected compounds. Each point is the mean + S.E.
of two independent experiments, each run-in quadruplicate and is expressed as the percentage

of control (OuM). * P <0.05, ** P <0.01.

3.7.8 Proliferation and differentiation assay

After the preliminary promising result obtained by Oli-Neu cytotoxicity assay, we performed
an experiment to evaluate the effect of “amide-type” ALA conjugates 1 and 2 on Oli-Neu
proliferation and on their spontaneous differentiation in oligodendrocytes, in comparison with
their equimolar mixture (Figure 26). Clearly, this assay will allow to preliminary assess the
therapeutic potential of these conjugates against MS. Compounds 1 and 2 slightly reduced the
proliferation of the cells and the number of their filaments (Figure 26). Conversely, by
analyzing filaments length as an index of differentiation, we observed that: (i) ALA alone does
not affect the length of the filaments (low differentiation); (ii) the VPA/ALA mixture reduces
differentiation; (iii) VPA and diamide 1 only slightly increase differentiation; (iv) conjugate 2

increases differentiation more then 20 % compared the other molecules and the control.

Remarkably, again 2 is the conjugate that can release the ALA-ethanolamide metabolite, which

can have a role of in Oli-Neo differentiation.
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Figure 26. Effect of tested molecules on cells and filaments proliferation and differentiation in
Oli-Neu cells. Cells were exposed to SuM of 1 and 2 or VPA or ALA for 48h. The cells and
number of filaments proliferation (A-B) were evaluated by cell counting, while differentiation
by measuring the filaments length (C), as shown by illustrative figures of each treatment (D).
For quantification, each point is the mean + S.E. of two independent experiments, five different
image fields for each experiment and is expressed as the percentage of control (OuM).

Bonferroni’s test after ANOVA. Scale bar = 100um.

3.6.9 Blood stability assay

Our was to develop plasma-stable conjugates that would be hydrolyzed in the brain. Thus,
selective, localized hydrolysis of conjugates 1 and 2 in the brain would permit a better efficacy
profile and less side effects following a targeted distribution. Therefore, we have evaluated the
plasma stability of the most promising compounds 1 and 2. From analysis by LC-DAD-MS/MS
we evaluated the percentage of starting compounds after 1h of treatment in in vitro rat blood.
Encouragingly, the remaining quantity of 1 and 2 after 1h of treatment is over 85% (Figure 27);
as expected, the diamide derivative 1 is slightly more stable. (< 90%). These data highlight that

the rational design strategy to obtain plasma-stable conjugates has been fulfilled.
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Figure 27. In vitro stability of compounds 1, 2 in rat blood (37 °C): percentage remaining

upon incubation, assessed by means of LC-DAD-MS/MS.

3.6.10 Hydrolysis kinetic assay

We have also demonstrated the desired hydrolysis profile of the conjugates 1 and 2 by
hydrolysis kinetics assay. To establish the hydrolysis profile of the two synthesized conjugates
we treated the rat-liver and brain lysate with 1 and 2 and determined the percentage of
compounds remaining upon incubation at 37 °C using LC-DAD-MS/MS (Figure 28, 29). As
expected, the different nature of the linkers resulted in different hydrolysis kinetics. Indeed, the
diamide bonds of 1 resulted more stable compared to the ester-amide linkage of 2. The further
step will be the determination of the structure and the quantification of the parent drugs and

metabolites after the hydrolysis.
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Figure 28. Kinetics hydrolysis of conjugate 1, 2 in rat liver homogenate (37 °C): percentage

remaining upon incubation, assessed by means of LC-DAD-MS/MS.

100 +«

1 (remaining %)

T T T T T T T ; T ; : ®
0 5 10 15 20 25 30 35 40 45 50 55 60
100 - Time (min)
80
60 -
40 -
20 -
0

2 (remaining %)

0 5 10 15 20 25 30 35 40 45 50 55 60
Time (min)

Figure 29. Kinetics hydrolysis of conjugate 1, 2 in rat brain homogenate (37 °C): percentage
remaining upon incubation, assessed by means of LC-DAD-MS/MS.

By recognizing the heterogeneity and the multifactorial nature disease, single chemical entities
directed to multiple disease-relevant targets offer a promising approach to the treatment of a

multifactorial disease such as MS. Notably, the VPA-ALA “amide-type” conjugate 2 emerges
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as a very promising hit compound for the treatment of MS pathology. Particularly, 2 proved to
be the less cytotoxic in two different CNS cell lines (CGN and Oli-Neu cells) and one hepatic
cell line (HepG2 cells) compared to the reference compounds (ALA and VPA) also at high
concentration. Moreover, the conjugate 2 demonstrated to be able to modulate the microglia
polarization from a pro-inflammatory phenotype M1 to an anti-inflammatory phenotype M2
through decreasing of the expression of iNOS and increasing the level of TREM?2. Furthermore,
2 reveled to be the most promising compound also after analysis of cell differentiation assay in
Oli-Neu cell model (validated MS cell model). Indeed, it can decrease cell proliferation and
trigger differentiation (by increasing the length of the filament) in Oli-Neu cells. Finally,
conjugate 2 proved to be a stable molecule after preliminary in vitro PK evaluation using in
vitro rat blood after 1 h, and it seem to be hydrolyzed in specific tissue (rat brain and liver

lysate).
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Chapter 4

Project 2: FAs/UDP-like conjugates as potential treatment for

Alzheimer’s disease
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This project has been performed during a Short-Term Scientific Mission (STSM) funded by
Multi-Target Paradigm for Innovative Ligand Identification in the Drug Discovery Process
(Mu.Ta.Lig.) COST ACTION (CA15135), in collaboration with the laboratory of the Prof.
Christa Miiller at the University of Bonn.

4.1 The role of P2Y¢ receptor in microglia and neuroinflammation

Neurodegenerative diseases such as AD, Parkinson’s disease, amyotrophic lateral sclerosis, and
neurological disorders like MS, are among the most pressing problems in the word.'®” Neurons
play an essential role such as signal transmission and network integration in the CNS and are
the main targets of neurodegenerative disease, in particular AD. Moreover, it is interesting to
understand how the brain environment could contribute to a neurodegenerating process. Indeed,
it largely emerged that neurodegeneration occurs in part because the environment is affected
during the disease in a cascade of processes called neuroinflammation.!®” In light of this,
neuroinflammation is considered nowadays one of the main component to the cause and
progression of neurodegenerative diseases.

Microglia cells are the resident immune cells in the CNS and are considered the main controllers
of the inflammatory responses in the brain.!®® They exhibit multiple activation phenotypes (M1
or M2) to accommodate functions in response to environmental changes. The physiological
functions of microglia, which include phagocytosis of cell fragments, misfolded proteins,
neurotrophic factors, cytokine secretion, and synaptic pruning, are crucial for maintaining
homeostasis of the brain microenvironment. Targeting microglia might represent a therapeutic
strategy for the treatment of several of these multifactorial diseases like AD.!88- 189

Microglia express a plethora of cell-surface proteins related to innate immunity that constantly
survey the surrounding extracellular environment. Certain receptors mediate microglial AP
phagocytosis and release of anti-inflammatory cytokines, thereby enhancing Af clearance in
AD models.!$% 1%

In particular, P2Y is a purinergic/pyrimidinergic receptor expressed on microglia that mediates
inflammation and regulates microglial activation and phagocytosis.!”! 12 Shortly, P2YRs
belong to the d-branch of class A rhodopsin-like GPCRs.!”* They have an extracellular,
glycosylated N-terminal domain, the characteristic seven hydrophobic transmembrane
domains, three intra- and three extracellular loops, and an intracellular C-terminus that
possesses consensus binding motifs for protein kinases. The mammalian P2YR family consists

of eight subtypes: P2Y1, P2Y>, P2Y4, P2Ys, P2Y 11, P2Y12, P2Y 13, and P2Y14. The numbers
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missing in the sequence belong to non-mammalian receptors.!”® The human P2YRs can be
further categorized into two groups based on sequence homology and the type of G coupled
protein.!”* The P2Y1, P2Y2, P2Y4, P2Ys, and P2Y 11 receptors signal principally through Gg/11
with successive activation of phospholipase Cp. This enzyme, through the production of the
second messengers inositol 1,4,5-trisphosphate (IP3) and diacyl-glycerol (DAG), mediates the
release of calcium ions from intracellular stores and activation of protein kinase C,
respectively.!®* The P2Y 12, P2Y13, and P2Y 14 receptors are coupled to Gi/o proteins, thereby
inhibiting adenylate cyclase and reducing 3’,5'-cyclic adenosine monophosphate (cAMP) levels

(Figure 30).1%°
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Figure 30. The P2Y receptor subtypes categorized into two groups based on sequence

homology and main signaling cascades.

Furthermore, P2YRs may form homo- or hetero- oligomers, as is the case for other GPCRs.
This may alter their pharmacological, signaling, desensitization, and trafficking properties (i.e.
formation of homodimers of P2Y5).!%°

Another approach to classifying the human P2YR family is based on their natural ligands. The

P2Y1, P2Y 11, P2Y12, and P2Y 3 receptors are activated by adenine di- or tri-phosphates. The
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P2Y> receptor responds to both ATP and UTP. In contrast, the receptors P2Y4, P2Y¢, and P2Y 14
are activated by the endogenous agonist uracil nucleotides.!??

In particular, the uracil nucleotide uridine 5'-diphosphate (UDP) is the most selective
endogenous agonist for P2Y receptor. The activation by UDP on P2Y receptor mediate only

Y1 However, Kim et al.

the phagocytosis but not the chemotaxis or migration of microglia.
(2011) found in primary cultured microglia, astrocytes and cortical slice cultures that UDP
induces expression of the chemokines CCL2 (MCP-1) and CCL3 (MIP-1a), which are
important for monocyte infiltration into the damaged brain.!®’

On these bases, P2Y¢ receptor represent an innovative, potential target for the treatment on
neuroinflammatory disease, as it is highly involved in the regulation of neuroinflammatory
process, microglia chemotaxis and increase of the phagocytosis. All these aspects have made
this receptor a potential druggable target for the treatment of AD.!?

Unfortunately, two main problems have hampered the development of UDP-like agonist for the
treatment of CNS diseases, both linked to the structure of the ligand. The first one is related to
the synthesis of more active agonist,'”®> while the second one is correlated to the high
hydrophilicity due to the present of two deprotonated phosphoric functions.!”® The first problem
is at least in part solved through a long and difficult optimization process of lead optimization
to obtain UDP-like molecules. Indeed, during the last year several UDP-like derivatives, able
to bind very tightly and with high selectivity the P2Ys receptor, (see Figure 31 for recent
examples) have been developed. Moreover, a new UDP dimer nucleotide (MRS2957) structure

has been found to be very active on P2Y receptor.
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Figure 31. Chemical structure and EC50 of P2Y agonists.

The second problem, related to the low BBB penetration and consequent CNS distribution,

remain a barrier for the development of UDP-like drugs.
4.1.1 Compound GC021109: the race to victory

One year ago, the company GliaCure started a clinical trial (NCT02386306) investigating the
therapeutic effect of the P2Ys agonist GC021109. This compound is able to recruit microglia
to phagocytose cell debris and regulate neuroinflammation. The peculiarity of this structure is
that GC021109 is an uracil-like nucleoside where in position N3 is present the 3-
ethylbenzo(d)isoxazole group.””” GC021109 is a prodrug, with the foremost advantage to cross
the BBB by an active transport system.?®® However, it is a nucleoside, this means that in this
form it does not activate P2Y¢receptor, nor over 70 channels, transporters, or receptors assayed
in an off-target screen. Nevertheless, when administered to cells, or in vivo, the nucleoside is
phosphorylated into the actual more active nucleotide (GC011002) that selectively activates the
P2Y¢ receptor (ECso 12 nM). Like the endogenous agonist, once the GC011002 is released from
cells it is rapidly hydrolyzed by endogenous ectonucleotidases enzymes back to the original

inactive nucleoside (Figure 32).!%
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Figure 32. Chemical structure of the P2Ys agonist GC011002 and its nucleoside GC021109.
However, GC021109 has not being progressed to the market, while repurposed for asthma.'*®

Reasonably, the complex PK profile and the BBB permeation problems of this and other UDP-
like P2Ys receptor agonists, have hampered the development of UDP-like drugs.
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4.2 Design of FAs/UDP-like conjugates

The world-wild impact, together with its future relevance makes AD the principal medical need
of our society. Moreover, the lack of new treatment and the absence of new targets, make it the
most formidable challenge for the drug discovery field. Thus, the aim of this project was
focused to the design and synthesis of a new class of lipid/drug conjugates obtained by
combining the structure of UDP-like P2Ys agonists with FA. The final idea also in this project
would been the use of omega-3 FAs in order to obtain omega-3 FAs/P2Ys agonist conjugates
with multipotent activities for the treatment of AD. We decided to start by using stearic acid as
FA model to conjugate with the P2Y-like molecules. Being an unexplored project, we have
preferred to set up the reaction with the lower cost materials to obtain first a reliable and
optimized synthetic strategy. Similarly, to the previous project, also in this case, the final
molecules have been designed as inactive conjugates. Once arrived in the target tissue, they will

become substrate of hydrolytic enzymes releasing the two active parent drugs.

In detail, these conjugates are characterized by the following parts: (i) the polar head:
constituted by an UDP-like structure, able to maintain the interaction with the P2Y¢ receptor,
(i1) the lipophilic tail constituted by stearic acid (FA), that in principle should increase the
lipophilicity of the molecule, and (iii) an ethanolamine linker able to bridge the two different

parts of the structure (Figure 33).
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Figure 33. Design of stearic acid/P2Ys agonist conjugates 28-30.
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In this way, the strategy aims to create new chemical entities with a better profile in order to
overcome the PK problems highlighted before. In fact, the new conjugates should be stable in
the plasma and the increased lipophilicity would facilitate the brain penetration.!®?> Moreover,
once the conjugate will arrive in the target tissue, it would potentially become substrate of

specific enzymes releasing the two molecules, able to exert their functions.?!

To achieve this goal, we chosen to start with the UDP molecule as reference compound and two
other UDP-derivatives. The first one is the well-known active compound synthesized in the lab.
of Prof. Miiller: 3-phenacyl-UDP, where in position N3 of the uridine heterocycle (R!) a
phenacyl group is present.?’? 29 The second derivative is a new UDP-derivatives that present
in position 3 (R!) a phenacyl group and in position 5 (R?) an iodine atom. The rational
modification in position 5 is due to the high activity and selectivity of compounds with halogen
atoms in that position, particularly the iodine.?**

Moreover, also the choice of the linker is not casual: ethanolamine will be used in order to
create a phosphor-ester bond on the polar head part and an amide bond on the lipophilic tail
side. In this way, as reported in literature, phosphor-ester bond result stable in different pH
conditions avoiding a possible premature degradation (i.e. plasma hydrolysis) of the

conjugates.?%
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4.3 Chemistry

In details, the designed synthetic strategy to obtain the target compounds was a convergent one.
In one branch of the synthetic route the synthesis of the nucleotide scaffold has been
investigated, while in the other part of the scheme the synthesis of the N-stearyl-ethanolamide

intermediate has been performed.

The synthesis of the intermediate nucleotide has represented the main challenge of all the
synthetic procedure. The synthesis started form the functionalization of the uridine in the
position N3 adding a phenacyl group. The reaction proceeded in basic conditions and after
column chromatography provided the desired compound in very good yield. The second step
was the iodination in position 5 using iodine in acid conditions. The iodination is selective for
the position 5 of the uracil ring, but the acid condition hindered the reaction, increasing the side

products after 5 hours (Scheme 3).

Scheme 3. Preparation of UDP-like derivatives 31 and 32.
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Uridine 31 (72%) 32 (54%)

Reagent and conditions: a) KoCO3, DMF: Acetone (1:1), 120°C, 5h; b) I, HNO3 (1 N), DCM,
reflux, 5h.

Intermediates 31 and 32 were obtained, they were subjected to phosphorylation reaction,

according to the Ludwig procedure (Scheme 4).

Scheme 4. Synthesis of uridine-nucleotide 33-36.
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Reagent and conditions: (a) POCI3, (C2Hs0)3PO, 1,8-bis-(dimethylamino)naphthaline, 0 °C,
5 h. (b) Two steps: (i) (HNBu3)>HPO4, BusN; (ii) (EkNHHCO:3), pH 7.4-7.6, H,0O, room

temperature, 1 h.

The lyophilized nucleosides 31 and 32 were dissolved in triethyl phosphate and reacted with
phosphorus oxychloride in presence of 1,8-bis-(dimethylamino)naphthaline, yielding the
reactive 5'-dichlorophosphate intermediates. Those were immediately reacted with a mixture of
tri-n-butylamine and bis(tri-n-butylammonium) phosphate in DMF to afford, after hydrolysis
with triethylammonium hydrogencarbonate (TEAC), the desired nucleoside diphosphates (33,
34).202.203 Unfortunately, the reaction of diphosphorylation of compound 34 did not work but
stopped as monophosphates (36). Probably, the reaction was hampered by iodine impurity,
making the color of the reaction violet. During the reaction most of the formed products are the
nucleoside monophosphates (35, 36) that were collected and purified. Particularly, 33, 35, 36
have been purified by anion exchange chromatography (FPLC condition: the column was
washed with deionized water, followed by a solvent gradient of 5%—100% mM NH4HCO3
buffer (0.5 M) using approximately 1000 mL of solvent to elute the mono and diphosphates.
Finally, to remove inorganic salts (inorganic phosphates and buffer) they were further purified
by reverse phase high-performance liquid chromatography (RP-HPLC column Knauer 20 mm
ID, Eurospher-100 C18; condition: the column was eluted with a solvent gradient of 0—40% of
acetonitrile in 50 mM aqueous NH4HCO3 buffer for 30 min at a flow rate of 5 mL/min).

As it was not possible to obtain compound 34 using the Ludwig procedure, a new one synthetic
procedure has been evaluated (Scheme 5). Unfortunately, also in this case the yield of the
reaction was 0%.
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Scheme 5. Alternative synthetic strategy to obtain 34.

Reagent and conditions: (2) DIC, MgCl,, DMF, (HNBu3):HPOs, 16 h, room temperature.

In parallel to the nucleotide synthesis, the lipophilic tail has been prepared, starting from stearic

acid. To obtain the target intermediate 38 two strategies have been investigated (Scheme 6).

Scheme 6. Synthesis of N-(2-bromoethyl)stearamide (38).

o o

a
+ NH,  HBr Br
%OH Br N 2 — %N/\/
Strategy A 16 6N
2-bromoethylamine
Stearic acid hydrobromide 38 (22%)
Strategy B i a i b i
ratc
gy %OH + HO/\/NHg . \(\/))LN/\/OH \WLN/\/BI'
16 16 H 16 H
Stearic acid Ethanolamine 37 (90%) 38 (54%)

Reagent and conditions: a) Ethyl chloroformate, NEt3, DCM, overnight, r.t.; b) PBr;, DCM
dry, Ar, overnight, r.t.

The first one synthetic strategy (A) involved a direct amidation reaction between stearic acid
and 2-bromoethylamine hydrobromide, using several coupling reagents. Despite it seems an
easy reaction, all the coupling reagent investigated in Table 3 did not work, except for TBTU
and isobutyl chloroformate, with triethylamine (NEt3) as base, obtaining the target compound
in low yield (22%). However, also using ethyl chloroformate, this reaction not only provides
the target intermediate, but also the derivative with chlorine as leaving group. These two

molecules were impossible to separate (Table 3).

Table 3. Synthetic strategy (A) optimization.
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Reagent Base Solvent Temperature yield
EDC/DMAP / DCM r.t 0%

DCC NEt3 DCM r.tand 45°C 0%

TBTU NEts DCM r.t 15%

SOCl, NEt; DCM r.t 0%

T3P NEts DCM r.t 0%

Ethyl NEts DCM r.t and 45°C Not quantified
chloroformate

Isobutyl NEts DCM r.t 22%
chloroformate

On the contrary, the second strategy (B) allowed us to obtain 38 in acceptable yield. Indeed,
stearic acid has been reacted with ethanolamine, using ethyl chloroformate and NEt3, obtaining
the stearyl-ethanolamide intermediate (37) in very good yield (90%). Finally, 37 has been
reacting with PBr3 under anhydrous condition, obtaining the key intermediate 38 (with bromide

as leaving group for the following reaction), in acceptable yield (54%).

The final reaction to obtain the target conjugates 28 and 29 is an alkylation at the beta-phosphate
(nucleophilic substitution) between an alkyl bromide 38 and the commercially available UDP
or 31 (Scheme 7). As reported in literature this reaction proceeds only if the UDP-derivatives
is converted in the tetrabutylammonium form, and if the reaction runs in DMF under strictly
anhydrous conditions. Thus, all the starting material has been solubilized 12 h before in dry

DMF and treated with molecular sieves 3A to remove completely the water.20

Scheme 7. Synthesis of target conjugates 28, 29.

o 0
.R .R
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16 H OH OH o 16 H OH OH 0

OH OH OH OH
38 UDP=R:H 28=R:H (0%)
31 =R : phenacyl 29 = R : phenacyl (0%)

Reagent and conditions: a) NBuz, DMF dry, Ar, 45°C, 24h.

After 24 hours of reaction a new molecule has been detected by TLC (eluent iso- propanol/ NH3

25% H>0O/ H20 = 6/3/1). The crude reaction has been purified first using FPLC followed by
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RP-HPLC. Unfortunately, from micrOTOF-Q analysis the product obtained was not the target

compound.

During my period at the University of Bonn I synthesized several intermediate compounds. In
particular I obtained two nucleosides (31, 32) three nucleotides (33, 35, 36) and an optimize
synthetic protocol for the synthesis of compound 38. Despite the reported reaction in the
literature, the synthetic strategy proposed for the synthesis of compounds 28, 29 results actually
incomplete. As future outlook, the synthetic strategy to obtain the target compounds 28, 29 will

be modify taking inspiration from the papers publish from Prof. Chris Meier.2%6 207

All compounds synthesize have been characterized by using analytical HPLC, 1H- and 13C-
NMR, ESI-MS) (see Chapter 8) and have been included to the chemical library of Prof. Christa
Miiller.
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Chapter 5

Project 3: Dual sustainable HDAC/ferroptosis inhibitors for

the potential treatment of Alzheimer’s disease
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This project has been performed during a Short-Term Scientific Mission (STSM) funded by
Epigenetics Chemical Biology (EpiChemBio.) COST ACTION (CM1406), in collaboration
with the laboratory of the Prof. Philippe Bertrand of the University of Poitiers, France.

5.1 The global impact of Alzheimer’s disease

AD is the most common cause of dementia worldwide and the most dominant
neurodegenerative disorder, representing one of the most formidable challenges for drug
discovery.??® Since the first description by Alois Alzheimer in 1906 to the most recent
knowledge of etiopathology mechanisms, an effective drug has not been developed yet, despite

an ever-increasing global socioeconomic and clinical burden. !%-2%8

As for 2019, AD is the most common dementia in late life, and it is becoming increasingly
common as the global population ages. The report edited by the World Alzheimer’s Disease
International reveals the results of the largest studies to dementia survey ever undertook with
almost 50 million people in the world with dementia.?*® 2!° Moreover, the number of people
affected by AD is destined to increase form the actual estimates to 152 million people by
2050.29% 210 These results derived from the increased life-expectancy in the developing
countries with the consequence risk to be affected by aging diseases (i.e. AD) and from the
absence of effective therapies. The current cost of the disease is about a trillion US dollars a
year, and that’s forecast to double by 2030.2%% 219 The estimates about the growth of AD
population are dramatic. Particularly, between 2015 and 2050, the amount of older people living
in higher income countries is forecast to increase by just 56%, compared with 138% in upper

middle-income countries, 185% in lower middle-income countries (Figure 34).2!!

83



=
[
8
E
E
8
8
c
53
=
@
°
e
=
H
o
=3
o
@
a
-
5
=
&
2
=
=]
=z

2015 2020 2025 2030 2035 2045

Low Income Lower Middle Income Upper Middle Income High Income

Figure 34. The growth of people with dementia (millions) in high income, upper-middle

income, middle income and low-income countries.!!

According to the World Bank 2019-2020 classification, the high-income countries are
represented by a country with over US$12,375 Gross National Income per Capita, the Upper-
middle income corresponds to a country with between US$ 3,996 - 12,375 Gross National
Income per Capita, lower-middle income are represented by a country with between USS$ 1,026
- 3,995 Gross National Income per Capita, and low income is equal to a country with less than
US$1,025 Gross National Income per Capita.?!

Low income countries tend to have a lower life expectancy, which reduces the possibility of
dementia. In upper middle-income countries, life expectancy and populations are increasing,
leading to a greater number of people with dementia compared with the high income
countries.?!! This indicates that the future actors affected by AD will be the people living in the
developing countries. The geographic picture of global dementia is more complex due to the
considerable differences between countries in the same global region (Figure 35). The number
of people with dementia is expected to rise more rapidly in Asia compared to the rest of the

world due to the rapidly rising population growth rate and increasing life-expectancy.?%% 210
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Figure 35. Geographical distribution of people with dementia (millions) in different

counties.?!!

What clearly emerge from these data is that, if AD was initially thought of as the epidemic of
the developed world, with its aging population, nowadays it particularly impacts middle- and
upper-middle income countries.?>2!13 As a consequence of an increasing life expectancy, 62%
of people with dementia already live in India, Brazil, and China, but by 2050 this will reach
71%.210:213 Therefore, AD emerges as a global tragedy, because it is actually incurable and also
because the actual palliative treatments cost is too high to guarantee a universal coverage and

equity of access of treatments to the global AD population.?'4

5.1.1 The cost of drug production

The drug production cost represents a problem for researchers and industries, but also for
consumers. Several high profiles news stories have highlighted the exorbitant cost of
pharmaceuticals.?!> 21 According to a recent study by Tufts Center for the Study of Drug
Development, developing a new prescription medicine that gains marketing approval is

estimated on average to cost 2.6 billion dollars.*’

As highlighted earlier in the chapter, the frequency of cases of AD is increasing as such as the
world's population ages and poses a major threat to the public health, especially for the

developing countries. Among the drawbacks of the current AD scenario, one important issue is
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the cost of the drugs. Indeed, the total costs of AD drug development program are estimated to
be $5.6 billion, and the process takes 13 years from preclinical studies to approval by the
FDA.2'7 This cost results extremely high if compared with the estimated cost of cancer
treatment development of $793.6 million per agent.?!® AD drug development costs significantly
exceed the most estimates for drugs production compared to the other therapeutic areas. The
most recent successful drug’s example for the treatment of AD is Namzaric.?!® Namzaric is a
fixed-dose combination of Memantine and Donepezil both hydrochloride (10 mg, 7 mg,
respectively) and is marketed as extended release oral capsule. The cost is around 282 US dollar
for a supply of 30 capsules.?!” Despite the palliative activity and considering the high drug cost
and the chronic use for AD patients, it is an option for only a part of the global AD’s problem.?!”

Unfortunately, all these events collectively (high drug development costs, a failure rate of about
99,6%;!8 and a failure rate of disease-modifying therapies of 100%), has led the big pharma to

pull out of AD research.??

Despite these discouraging outcomes in the drug discovery and development area, the urgent

need to address the socioeconomic crisis posed by AD requires a continued effort.
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5.2 Food byproduct as a valuable resource for drug production

Despite the limitations and the persistent problems in the development of new drugs for the
treatment of the AD, the research in this field should not stop. In parallel, the potential
production of innovative low-cost and effective drugs, in order to bridge the persistent gap to
access affordable medicines, represents the new challenge in drug discovery. In this context, a
possibility is represented by the valorization of food byproduct material.?*!-22 Food byproducts
are the raw-material obtained after various industrial food processing with a very low-economic
value.??! For the industries this raw-material is an important problem because it represents a
potential source of pollution, a material prone to bacterial contamination, with a not very well-

known chemical composition.??!

It also represents a logistic problem because of the
accumulation, as well as an economic problem because of the disposal.??! Therefore, the
valorization of food byproduct, as low-cost starting material for the production of drugs or
chemicals could be considered a revolution in the drug discovery field.?!® In addition, an
innovative environmental ecofriendly process that allows the recycling of the food byproduct
could affect the final cost of the product and facilitate the disposal process of the food

byproduct.

Several examples can be found in the literature about the valorization of byproduct, and most
of them are related to food- or plant-derivatives.??!> 222 Cashew nut-shell liquid (CNSL) is one
of the most investigated case of a food byproduct obtained during the cashew nut industrial

21223 Cashew (Anacardium occidentale) is a tree native to Brazil, and it was

process.
introduced to other parts of the world, such as Asia, Africa and South America.??* Cashew is
mainly grown for its nuts, which have a well-established market in the United States and
European Union countries with a great variety of uses. The other product, cashew apple (fruit),

is generally processed and consumed locally.?!6- 223

During the cashew nut industry processing,
tons of a dark viscous fluid, called CNSL, is obtained as a byproducts. The composition of
CNSL is different and the concentration of the main components such as cardanol, cardol,
anacardic acid and 2-methyl-cardol depends by the industry process (see Figure 36 for
structures).??* Natural CNSL, which is extracted by using cold solvents or mechanical
extraction, contains anacardic acid (60—65%), cardanol (10—15%), cardol (20%) and traces of
2-methyl-cardol. On the other hand, technical CNSL is extracted by roasting the cashew nuts

at higher temperature causing decarboxylation of most anacardic acid to cardanol as a major

component (60-65%).224
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Figure 36. Cashew products and component of the CNSL.

Chemically, CNSL components are phenolic compounds with in meta position a fifteen-carbon
linear chain with a varying degree of unsaturation, depending on the origin of the cashew nuts.
224 This peculiar amphiphilic structure leads the CNSL to be used for many applications.???
Indeed, CNSL is used in the construction sector, laminating industry, foundry industry and in
automobiles as resin for brake lining.??* Pharmaceutical application might be another important
use for CNSL. Indeed, emerging evidence suggests that all three CNSL constituents could be
potent bioactive compounds with bactericide, fungicide, insecticide, anti-termite and
molluscicide properties and with activity towards more serious disorders like cancer, oxidative
damage and inflammatory diseases.’”> Based on that, very recently medicinal chemists have
started to use CNSL components as starting material for the design and synthesis of new

bioactive molecules (Figure 37).

88



Kairomones

U

3-propylphenol  3-ethylphenol

Ry O Rs
I Co o
_
C, CL Cﬁ U@ L
Cardanol Cardol Anacardic acid  2-methoxy-cardol General structure of CNSL

components-quinone hybrids
l R: JJJJ — — N
& —— %
OO Gl
_—
NHR;R,

General structure of

acetylcholinesterase inhibitor
~o

General structure of
sustainable HDAC inhibitors

Figure 37. Examples of the use of CNSL components for pharmaceutical applications.

An example is the production of kairomones as attractors for tsetse flies.??® Tsetse flies, the
main vector of African sleeping sickness (trypanosomiasis), inhabit sub-Saharan Africa, the
region where CNSL is predominantly produced (Nigeria, Ivory Coast, and Tanzania). Traps
charged with the kairomones might be used as a sustainable and eco-friendly way to control the
tsetse flies population.??¢ Therefore, the synthesis of kairomones starting from the byproduct
cardanol through a green chemistry approach might represent an important success in the fight
against trypanosomiasis. 226

Tsetse flies are the main vector of parasites such as: Trypanosoma brucei rhodesiense and

227 Human

Trypanosoma brucei gambiense responsible of Human African trypanosomiasis.
African trypanosomiasis is one of the most neglected tropical diseases, endemic in sub-Saharan
Africa, but its diffusion in Mediterranean area (due to climate change and migratory flux)
represents a risk for public health.??” The actual anti-trypanosomiasis treatments suffer from
toxic side effects, lack of efficacy, and development of multiple-resistance. Moreover, even
though almost all control programs subsidize the cost of drugs and hospitalization, the
development of new drugs based on inexpensive resources is a valuable approach to be pursued.

Thus, the group of Professor Bolognesi in collaboration with Professor Romeiro synthesized a
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series of sustainable CNSL components-quinone hybrids for the treatment of trypanosomiasis
(see Figure 37 for general structure) .2

Another example of CNSL application has been the realization of potential drugs for the
treatment of AD. Particularly, Professors Bolognesi and Romeiro have tightly collaborated at
the realization of acetylcholinesterase inhibitors and histone deacetylase inhibitors (HDACH)
for the treatment of AD.??%22° Both researches are focused on the functionalization of the long
carbon-chain of CNSL compounds through the addition of functional groups able to interact
with a target involved in the AD. Indeed, adding an amine or a hydroxamic function to the
carbon chain has permitted to targeting efficacy the acetylcholinesterase and the HDAC

enzymes, respectively (see Figure 37 for general structure).??8 229

Considering these examples, it is possible to understand how the use of food byproducts (i.e.
CNSL) represents a valid alternative for the design and synthesis of bioactive molecules.
Moreover, starting from a low-cost material, the molecules obtained could be represent

examples of globally accessible drugs for the treatment of diverse diseases.
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5.3 The current strategies for targeting Alzheimer’s disease

As reported in Chapter 1, AD and other dementias represent the main challenge for drug
discovery in terms of healthcare systems, research, drug-discovery infrastructures, drug
development, and public policy.?*® Despite decades of study of basic biology of AD and
significant pharmaceutical industry efforts to develop therapies, there is no effective therapy
available to cure AD or to significantly inhibit the progression of the symptoms.** Only four
drugs are currently approved and their utility is limited.

At the moment, the clinical trials AD situation results multifaceted because of the high number
of different targets investigated.!” The analysis of the therapeutic indication of the most
promising drug candidates (phase 3) published by Cummings et al. 2019, shows 28 agents in
42 trials.!” Among the 28 drug candidate, 61% (18 drug candidates) are proposed as diseases-
modifying therapies and 32% anti-amyloid activity, 4% presented anti-tau activity, 4%
presented anti-amyloid activity & anti-tau activity, and 21% presented other mechanisms of
action such as anti-inflammatory, neuroprotection and antibiotic activity.!” The remaining drug
candidates are proposed as symptomatic cognitive enhancers (11%) and present different
mechanisms of action such as neurotransmitter-based, and anti-oxidant, and drug candidates for

the treatment of neuropsychiatric symptoms (28%, Figure 38)."
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Figure 38. Mechanisms of action of agents in phase 3 (Source: Cummings et al. 2019).!

What comes out from this study is that the amyloid cascade hypothesis is the most investigated
strategy for targeting AD, despite the number of failures collected.?*! In light of the enduring
failures, the Alzheimer Drug Discovery Foundation (ADDF) has decided to not support anti-
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amyloid projects.?*?> However, different approaches have already been investigated for blocking
the B-amyloid production such as: inhibiting - or y-secretases, increasing B-amyloid clearance
with immunotherapy or using anti-amyloid aggregation therapy. Another investigated strategy
is targeting the tau protein.!” Neurofibrillary tangles are one of the primary histological marker
of AD and are composed of tau protein.** Hyperphosphorylated tau leads to cytoskeletal

233 A reasonable

disruptions along axons and consequence collapse of neuron structure.
therapeutic approach would be to re-stabilize the microtubules to preserve neuronal health and
axonal transport. To this aim different approaches are investigated such as: using tau anti-
aggregation molecules or inhibiting the post transcriptional — modification
(hyperphosphorylation) by inhibition of glycogen synthase kinase 3B.233 Other areas of interest
include neuroprotection, inflammation, proteostasis, mitochondria and metabolic function,

vascular function, epigenetics, APOE, synaptic activity and neurotransmitters, other aging

target (e.g. senescent cells) and epigenetic.?3?

The sporadic nature of the AD, the differential susceptibility and disease course, as well as the
late age onset and the influence of lifestyles, highlight that genetic causes alone fail to explain
AD etiology and reinforce the hypothesis that epigenetics mechanism might play a main role.?3*
235 Several research suggest that targeting epigenetic mechanisms, namely, DNA methylation,
histone acetylation/deacetylation, or noncoding RNA, may be of potential benefit in AD.?3
Particularly, restoring the perturbed acetylation homeostasis of the neurodegenerative state by
histone modification has become one of the most significant research.?*¢ Indeed, if epigenetic
treatments represent fewer than 2% of current drugs in Alzheimer’s trials, ADDF considers this

237 Two epigenetic drugs are currently in AD

as an emerging area holding great expectation.
clinical trials: the HDAC inhibitor (HDACi) vorinostat (SAHA, NCT03056495) and

nicotinamide (NCT00580931, Figure 39).
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Figure 39. Chemical structures of HDAC:s in current clinical trials.

SAHA’s target in AD are the class I histone deacetylases (HDACs) and HDAC6 (class IIb),>8

while nicotinamide is a selective inhibitor of class IIl HDAC proteins.?*° Actually, the trial with
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nicotinamide has completed the phase 1, while the trials with SAHA is currently recruiting

participants for the phase 1.

Among the strategies for targeting AD the cholinesterase persists inexorably. Even if ADDF
has decided to not support new cholinergic therapeutic approaches,?*? this strategy remains the
more prolific one, considering that the number of marketed drugs have acetylcholinesterase as
target. Actually, the number of acetylcholinesterase inhibitors in clinical trials are three and are
one in phase 1, one in phase 2 and one in phase 3, respectively.!® Thus, the cholinergic strategy

remain again a milestone to combat AD.

The complex cellular pathophysiological nature of AD, involving a causal and temporal
sequence of AP aggregation, tau pathology, and neuroinflammation, is not fully understood.
Unfortunately, this problem has caused the high failure rate of drugs in clinical trials, and has
hampered the development of drugs for AD. Therefore, the challenge to find correct sequence

of event and the correlated targets for the treatment of AD remains open.

5.3.1 Ferroptosis: a new target for the treatment of Alzheimer’s disease

Such lack of effective treatments and the continued failures of clinical trials have inspired the
investigation of new targets for the treatment of AD or repurposing and deeply investigate old
hypothesis. Even if the dysregulation of brain metal homeostasis is one of the older
hypotheses,?* there is a renovated interest in this theory. From 2012, Stockwell et al. defined
this dysregulation, which particularly involve the iron in the brain, ferroptosis, in order to better
identify this pathologic condition.?*! More precisely, ferroptosis is a nonapoptotic, iron-
catalyzed form of regulated necrosis that is critically dependent on glutathione peroxidase 4
(GPX4).24! Ferroptosis is also a mode of cell death that involves the production of iron-
dependent ROS, followed by accumulation of lipid hydroperoxides to lethal levels.?*!
Moreover, abnormal iron level in the brain can also interact with several metal-binding proteins

(such as AP peptide or neuromelanin) that lead to oxidative stress. These have recently emerged

as important potential mechanisms in brain ageing and neurodegenerative disorders.>*

In healthy brain, iron plays a fundamental role in maintaining several biological functions,
which includes oxygen transport, mitochondrial respiration, cell growth and differentiation, as

well as the active site of metalloenzymes.?*? The biological function of iron is linked to its redox
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potential, which allows the reversible transition from the ferrous (Fe?*) to the ferric (Fe") state,

thus catalyzing electron-transfer reactions.?*’

However, the same redox chemistry process can
trigger deleterious reactions with oxygen and hydrogen peroxide leading to the formation of
ROS and RNS via Haber—Weiss and Fenton chemistry.?** Thus the iron homeostasis is finely
regulated by keeping its levels less to toxic threshold and chelated in safe environment as within
metalloproteins.?*3

Iron accumulation or dysregulation in several brain regions, as well as aging, is considered one

of the common starting event for several neurodegenerative disorders.?*

The mechanism of ferroptosis is recently defined as an iron-dependent form of cell death, which
is distinct from apoptosis, necrosis, autophagy, and other forms of cell death, with different
morphological, biochemical, and genetic criteria.?*! Ferroptosis involves metabolic dysfunction
that results in the production of both cytosolic ROS and lipid peroxidation by mitochondria
independent patways.?*!- 244 The main feature of ferroptosis is the accumulation of iron-induced
lipid peroxidation, the depletion of glutathione (GSH), and inactivation of the phospholipid
peroxidase glutathione peroxidase 4 (GPX4), creating a dysregulation redox process triggering
cell death.?*!> 2** The mechanism of ferroptosis has been for the first time identified through
serendipity by researchers during the screening of antitumor agents.?* Indeed, from this
screening the molecule erastin emerged as a molecule with a completely new profile to induce
cellular death (Figure 40). 24!- %4 Following erastin, other molecules (such as RSL3 and RSL5)

have been identified as triggering new cellular death profiles (Figure 40).24
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Figure 40. Chemical structure of erastin, RSL3 and RSLS5.

Even if the mechanisms of action of erasitin and RSLs are different, they share common

ferroptosis features, such as iron, MEK, and ROS dependence.?** 247

Indeed, erastin acts by
depleting glutathione (GSH), inhibiting GPXs and targeting the voltage-dependent anion
channels 2 and 3 (VDAC2/3).24” RSL’s mechanism has been for long time unknown because it
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is not dependent by VDAC2/3 and the level of GSH after insult with RSLs remains
unaffected.?*” Only in the 2017, the common mechanism of erastin and RSLs to induce
ferroptosis has been disclosed.?*’ Indeed, by inhibiting the isoform 4 of GPX enzymes, resulting

the cell death has been found to be different compared the other well-known forms of cell

death.?¥’

Therefore, a renewed interest about metal-dysregulation conditions, particularly iron, opens a
new direction for AD drug discovery.?*® 24 Consequently, the research of new molecules as
ferroptosis inhibitors could represent an innovative strategy for the researchers. The first
molecule identified as ferroptosis inhibitor was ferrostatin-1 (Fer-1). *! This molecule derived
from the screening of 3,372,615 commercially available compounds that were filtered in silico
on the basis of drug likeness and solubility. Fer-1 resulted as the most potent inhibitor of erastin-
induced ferroptosis in HT-1080 cells (ECso = 60 nM).>*! Although the exact mechanism of
action of Fer-1 is unknown, the same ferroptosis inhibition evidence has been obtained by using

deferoxamine (an iron chelating agent) after insults by erastin (Figure 41).

OH (0] (0] OH

Ferrostatin (Fer-1) Deferoxamine

H NH,
O/ o} o] OH H o
o~ )LNWNM(N\/\/\/NNNWNHZ
fo) ! H |

Figure 41. Chemical structure of ferrostatin-1 (Fer-1) and deferoxamine.

Novel inhibitors derived from Fer-1 are currently designed and synthesized with the aim of

increasing the potency and improving several critical issues such as solubility and stability.?*®

249

In conclusion, despite the pathological mechanisms of the process remain not completely clear,
as well as the mechanism of action of Fer-1, ferroptosis represents a potential new strategy for

targeting AD.
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5.4 Design of dual sustainable HDAC/ferroptosis inhibitors

The world-wide AD impact, and its future impact in the developing countries is considered the
most formidable challenge in the drug discovery field (see chapter 5.1). In particular, the
interest to produce globally and eco-sustainable AD drugs, starting from inexpensive resources,
is one of the most important future challenges. CNSL is a food byproduct produced in tons
during the cashew nut processing. This dark viscous fluid is composed by long-chain phenolic
compounds with innate multitarget mechanisms of action, which could become innovative
molecules with potential applications for the treatment of AD.?* In addition to this, the
structural homology between CNSL components (cardanol) and the capping group of SAHA,
as well as the recent studies showing an improvement in memory and cognition in SAHA-

treated animal models, caught our attention (Figure 42). 238
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Figure 42. Structure homology between CNSL derivatives and SAHA.

Thus, during a visit in the laboratory of Prof. Bertrand, we focused in the design and synthesis
of a small library of accessible and sustainable multitarget compounds obtained by combining
the CNSL derivatives (cardanol derivatives), as capping group, with different zinc-binding
group in order to obtain AD drugs from CNSL.

The designed molecule can act as dual, sustainable HDAC/ferroptosis inhibitors (39-46).
Particularly, these molecules could act as multitarget molecules able in principle to
simultaneously inhibit the HDAC enzymes and inhibit the ferroptosis condition.

In detail, the small library of compounds 39-46 are derived from cardanol, an inexpensive

resource, linked with several zinc-binding groups (Figure 43).
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Figure 43. Cross metathesis design strategy for the synthesis of dual, sustainable

HDAC/ferroptosis inhibitors.

The role of the two main functional groups in these molecules is very peculiar. Indeed, the zinc-
binding group have a dual role: the first one will be the interaction with the zinc present in the
HDAC enzyme, permitting interaction and consequent inhibition, and the second will be the
potential metal chelating activity against iron, zinc and copper responsible of the oxidative
stress and potentially ferroptosis. Moreover, a very recent study has highlighted how HDACis
can protect neurons from ferroptosis induced by erastine.”® 25! Thus, the concomitant
interaction with both biological targets can synergistically act on AD models.

In addition, the capping group could be an important function to obtain different selectivity
profiles among the different HDAC isoforms. For the design of compounds 39-46, we
considered particularly effective the strategy to link the capping group derived from cardanol
and the zinc-binding groups through the cross-metathesis reaction. Cross metathesis reaction is
an optimal way for this type of purposes, because it allows to easily join two pharmacophore
functions via formation of carbon-carbon double bond. The cross metathesis synthetic strategy

developed by Prof. Bertrand has been exploited to easily provide the target compounds 39-46.
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5.5 Chemistry

In details, the synthetic strategy to obtain compounds 39-46 was a convergent starting from the
cross-metathesis reaction between capping group derivatives 47-49 (Figure 44), and different
Boc-protected hydroxamate and benzamide 50 and S1.

The starting cardanol mono-ene derivatives 47-49 have been provided by Prof. Romeiro from
the University of Brasilia, while the characterization via 'H-NMR, 3C-NMR, and GC-MS was

accomplished by us.

Cardanol OH 48
49

Figure 44. Structure of cardanol mono-ene derivatives (47-49).

The zinc binding groups (50, 51) were obtained by protection of hydroxylamine and N-
phenylenediamine with Boc2O, followed by pentenoylation with pentenoyl chloride, affording
compounds 50 and 51. The zinc binding groups were already present in the laboratory of Prof.

Bertrand (Scheme 8).

Scheme 8. Synthetic procedure to obtain protected zinc binding groups (50, 51).

Boc Boc
U
NH A Boc. _NH b Boc. .N
HO 2 0 a
(0]
Hydroxylamine 52 (100%) 50 (79%)
(0}
NH, SOC\NH . Soc\N =
H,N c, N - N
Boc” Boc”
o-phenylenediamine 53 (100%) 51 (68%)

Reagents and condition: a) Boc2O, triethylamine, petroleum ether/ Tert-butyl methyl ether
(4/1); b) Pentenoyl chloride, pyridine, DCM; c) Boc2O, THF; d) Triphenylmethanethiol,
K>COs3, CH3CN.
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To verify the effectiveness of the cross-metathesis reaction, we have performed some cross-
metathesis reaction models. The cross-metathesis reactions were performed using Grubbs
catalyst between two terminal double bonds. The mechanism is a [2+2] cycloaddition between
an alkene double bond and a transition metal alkylidene (Ru, Mo, W) to form a
metallocyclobutane intermediate. A second alkene double bond will recruit obtaining the
desired a transalkylidenation compounds. (Figure 45).
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Figure 45. Catalytic mechanism of cross-metathesis reaction and structures of some Grubbs

1° and 2° gen. catalysts.

Most of the cross-metathesis have been performed between terminal double bond, but in our
case starting from non-terminal double bond reagent could hampered the reaction, thus we
perform a series of reaction models (scheme 9).

Compounds 47 was reacted with Grubbs 1° gen. catalyst, in order to obtain the symmetric cross
metathesis products 54. At the same time, compound 49 was reacted with the zinc-binding
group 50 to obtain the intermediate compound 55. These two cross-metathesis reaction models
have allowed us to understand that: i) the cross-metathesis reaction between non-terminal
double bond compounds works, and ii) the presence of free-phenoxy group hampered the
reaction, which has been necessary protect the phenolic group of compound 49 as benzylic ether

derivatives (56), otherwise the cross-metathesis reaction did not work.

Scheme 9. Cross metathesis reaction models, and benzyl protection of compound 49.
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Reagents and condition: a) Grubbs 1° gen. (0,5ml/h), DCM, 7h, reflux; b) Benzyl bromide,
K>CO3, DMF, 12h, room temperature.

Considering the positive results observed in the cross-metathesis reaction models, we began to
synthesize the small library of compounds 39-46.

The synthetic strategy starts with the cross-metathesis among the capping group 47, 48, 56 and
the zinc-binding group 50, 51 (Scheme 10). In particular, Grubbs 1° gen catalyst has been used
to join the capping group 47, 48, 56 with the zinc-binding group 50 and the 2° gen. catalyst for
the compounds S1. These reaction conditions are necessary otherwise, as reported from the
literature, that benzamide zinc-binding group do not react with the Grubbs 1° gen. catalyst.?>%
253 Moreover, the cross-metathesis reaction was performed with an optimized continuous
catalyst injection protocol used to obtain good yields (20%-47%) of the Grubbs 1° and 2° gen.
at 7.5% mol (flow injection 0.5 ml/h).?*> 233 From the cross-metathesis reaction has been
obtained the intermediate compounds 57-62. The intermediate compounds were obtained in
very good yields after purification of the crude reaction mixture by gradient column

chromatography (pentane/AcOEt, 100/0, 95/5, 90/10). The compounds 57-62 were obtained as

a mixture of isomer E/Z, in light of the non-stereoselectivity reaction protocol.

Scheme 10. Synthetic strategy to obtain hydroxamic and benzamide derivatives (39-46).
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47 =R;: Bz 50 =R,: )OJ\ o 57 =R, : Bz, Ry: Di-Boc-hydrox (28%) 63 =R;: Bz, Ry: Di-Boc-hydrox (85%)
48 =R;: Me w7 N “Boc 58 =R, : Me, Ry: Di-Boc-hydrox (20%) 64 =R,: Me, Ry: Di-Boc-hydrox (91%)
56 =R,: Bn Boc 59 =R, : Bn, R,: Di-Boc-hydrox (38%) 65 =R;: Bn, R,: Di-Boc-hydrox (50%)
(Di-Boc-hydrox) 60 =R, : Bz, Ry: Boc-bzamide (44%) 66 =R,: Bz, R,: Boc-bzamide (92%)
61 =R, : Me, Ry: Boc-bzamide (47%) 67 =R,: Me, Ry: Boc-bzamide (100%)
HN/BOC 62 =R, : Bn, R,: Boc-bzamide (46%) 68 =R,: Bn, Ry: Boc-bzamide (50%)
£ ¥ 69 =R: H, R,: Di-Boc-hydrox (46%)
51=Ry \© 70 =R,: H, R,: Boc-bzamide (64%)
o
(Boc-bzamide) Rivg lc

39 =R;: Me, R3: hydrox (67%)
40 =R,: Bz, R;3: hydrox (25%)
41 =R: Bn, Rj: hydrox (97%)
42 =R,: H, R;: hydrox (88%)
43 =R;: Me, R;: bzamide (57%)
44 =R,: Bz, R;: bzamide (64%)
45 =R;: Bn, R3: bzamide (93%)
46 =R;: H, R;: bzamide (91%)

Reagents and condition: a) Grubbs 1% or 2™ gen. catalyst (0,5ml/h), dry CH,Cl,, reflux, 8 h;
b) Ha, Pd/C, 5%, AcOEt, 3h; d) Trifluoroacetic acid, CH>Cly, 2h, room temperature.

The second reaction step was the reduction of the intermediate compounds 57-62. The reduction
reaction was performed using Hz, Pd/C 5% for 3h at room temperature and the crude was
purified only filtrating on silica the catalyst from the reaction mixture. In this way was obtained
the intermediate compounds 63-70 in very good yields (50%-100%). Moreover, starting from
compounds 59, 62 and monitoring the reaction every 30 minute by H-NMR, allowed us to get
four more compounds: 65, 68-70. Particularly, the intermediates 59 and 62 are two benzylated
derivatives with the double bond in the carbon chain and during the reduction reaction is
possible to observe the complete reduction of the double bond on the carbon chain and also the
partial de-benzylation of the starting compounds. In this way, after 1.5h of reaction we isolated
from compounds 59 the products 65, 69 (respectively 50%, 46%), while for compound 62 the
products 68 and 70 (respectively 46%, 22%).

The last reaction step was the deprotection of the Boc-group of the capping group by

trifluoroacetic acid in DCM at room temperature for 2h obtaining the final compounds 39-46.

All compounds synthesize have been characterized by using analytical HPLC, 1H- and 13C-
NMR, ESI-MS) (see Chapter 8).
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5.6 Results and discussion

5.6.1 Neurotoxicity assay

A preliminary neurotoxicity screening has been performed on compounds 39-46. At the
concentrations of 10 uM, each compound has been tested for evaluate their cytotoxicity against
human cell neuroblasts (IMR-32) using MTT assay. All the tested compounds showed no
significant neurotoxic effect, except for compounds 39 (Figure 46). This assay has been

performed in collaboration with the group of Prof. Fato of the University of Bologna.

150

WED 1 dT.o

MTT Arbitrary absorbance (% of control)
3
PURTIN B T T T S T Y

COMPOUNDS

Figure 46. Effect of compounds 39-46 on cell survival/death through MTT assay in IMR-32
cells at the concentrations of 10 uM for 24h.

5.6.2 Hepatotoxicity assay

In a parallel assay, we evaluated the hepatotoxicity of 39-46 by MTT assay Hep G2. The assay

has demonstrated no significant hepatotoxicity effect through at the concentrations of 10 pM.

(Figure 47). This assay has also been performed by the group of Prof. Fato.
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Figure 47. Effect of compounds 39-46 on cell survival/death through MTT assay in HepG2 cells
at the concentrations of 10 uM for 24h.

5.6.3 Global HDAC inhibition in cells by BRET assay

In order to evaluate the HDAC inhibition profile of compounds 39-46, a bioluminescence
resonance energy transfer (BRET) has been used. The luminescence being obtained directly in
living cells transfected with a histone H3 tagged with a yellow fluorescent protein (YFP) and a
bromodomain tagged with Renilla Luciferase protein. The treatment with an HDACi permits the
interaction of the two complex and the consequence energy transfer from the YFP to the luciferase
indicating the degree of acetylation in the system using an HDACi. The BRET signal was
expressed in milliBRET units (mBu), and the intensity of the signal is directly correlated with the

potency of the inhibitor used (Figure 48).
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Figure 48. Histone H3 acetylation BRET assay of compounds 39-46 at different concentrations.

Unfortunately, all of the tested compounds present a very low activity compared to the reference
compounds used (SAHA and CI-994) at all concentration. Probably, the lack of activity could be
due to the longer linker, formed during the synthesis, between the capping group and the zinc
binding group that could hampers the interaction with the enzyme. Another reason for the lack of

activity could be the low permeability of the compounds in the nucleus of the cells.

This assay has been performed in collaboration with the group of Prof. Blanquart of the University
of Nantes. Actually, the molecules 39-46 are under evaluation to analyze their ferroptosis inhibitor
profile using the erastin model proposed by Prof. Stockwell,?** the BBB permeability assay and
the HDACS6 inhibitor profile.
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Chapter 6

Project 4: Cashew nut-shell liquid-derived compounds/tacrine
hybrids as sustainable multitarget hybrids for the treatment of
Alzheimer’s disease
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The following project has been developed by Stefano Perna and Carlo Faggiotto, two graduate
students in Chemistry and pharmaceutical technology at the University of Bologna, under my
direct supervision. Moreover, also for this project, the CNSL-derived compounds have been

kindly provided by Prof. Luiz Antonio Soares Romairo of the University of Brasilia.

6.1 The cholinergic strategy to combat Alzheimer’s disease

As briefly highlight in the paragraph 5.3 “The current strategies for targeting Alzheimer’s
Diseases” the cholinergic strategy still remains a validated strategy for the treatment of AD.
Even if also this strategy suffers of the famine of new drugs that infected all the AD drug
discovery process. Indeed, the younger AChE drug inhibitor synthesized was galantamine in

the 2001.

Historically, the aim of the cholinergic strategy was the design and synthesize drugs able to
interact with AChE in order to repristinate the cholinergic tone lost in AD patients.?>* During

the last 20 years it is emerged that the isoform butyrylcholinesterase (BuChE),?>

also belong
to the cholinesterase family of enzymes, could play a role in acetylcholine regulation and in the
cholinergic signaling, representing a good target for the treatment of AD.?> Indeed, the two
enzymes isoforms are extraordinarily efficient and they are able to hydrolyze more than 10000
acetylcholine molecules per second.?>® Acetylcholine is the specific substrate of AChE and it is
found in high concentrations in the post-synaptic neuron in the brain, while BuChE is not-
specific and is widely distributed all over the body.?*” In a healthy brain, the AChE enzyme
dominantly hydrolyze the acetylcholine in acetate and choline, while BuChE plays only a minor
role during the regulation of the cholinergic tone. The two enzymes display diverse kinetic
characteristics depending on acetylcholine concentrations.”®® At low acetylcholine
concentrations, AChE’s activity becomes highly dominant, while BuChE is more efficient in

257

the hydrolysis at high acetylcholine concentrations.’ Initial studies underestimated the

238 However, other studies

importance of BuChE in human brain owing to its low expression.
have demonstrate the importance of BuChE within the nervous system to be pivotal in the late
stages of AD.?*” Indeed in patients with AD, BuChE activity progressively increases, while

AChE activity remains unchanged or decreased.?*" 2¢0

The two enzymes AChE and BuChE share nearly 65% sequence homology.?%! Both enzymes

present similar binding sites: the active site on the bottom of the gorge with the catalytic site
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and the peripheral anionic site (PAS) situated at the entry of the gorge for AChE and several
peripheral aromatic site for BuChE.?%! The main difference between the structure of these two
enzymes is situated in the acyl-binding site, which accommodates the acetylcholine moiety. In
detail, two bulky amino acids (Phe) in AChE are replaced with two smaller amino acids; Val
and Leu, which allows BuChE accommodate large and chemically different molecules. 237 26!
However, the active site of both enzymes is built of two subsides: the first one is the catalytic
anionic site (CAS) where the acetylcholine moiety is stabilized by Trp-Glu-Phe (or Val-Leu
instead of Phe in BuChE), while the second subsite is present in the catalytic triad made of Ser—

His—Glu which hydrolyzes acetylcholine. 2°7- 261

Thus, targeting the BuChE in order to ameliorate the condition of AD patients represent a valid
alternative in the field of AD drug discovery. Indeed, over the course of the disease, the
concentration of AChE sometimes decreases by 85%, whereas the levels of BuChE were found
to be stable and could influence the aggregation of A, the main component of the amyloid
plaques found in the brains of AD patients.?>% 2 Therefore, the possibility to design new
molecular scaffold able to inhibit not only the AChE but also the BuChE represent a validate

strategy in the AD drug development.

6.1.1 Tacrine hybrids: an old but gold medicinal chemistry strategy

The cholinergic hypothesis was defined over 40 years ago as the first AD hypothesis.?$?> The
damage of the cholinergic neurons is observed in the hippocampus, amygdala, frontal cortex,
and other structures responsible for learning, memory, or conscious awareness.”®> Has been
observed in cholinergic neuron that the main change was related to the choline uptake, impaired
acetylcholine release, and deficits in the expression of nicotinic and muscarinic receptors.
Indeed, the low levels of acetylcholine results in the cognitive impairment and memory

problems that occur decades after the beginning of the neurodegenerative process.?%

Currently, the most popular treatment for AD is using inhibitors of AChE. Tacrine was the first
AChE inhibitor drug (ICso = 500nM)%7 approved by the FDA in 1993, but after 5 years, it was
withdrawn from the market because of its hepatotoxicity caused by the stimulation of ROS
production and glutathione depletion.?%* Despite these side effects, tacrine still remain a simple
drug to synthesis, with a good inhibitory activity, and potential to attenuate Ap-induced

neurotoxicity.2%> Thus, tacrine and its derivatives 6-chlorotacrine (6-CI-THA, ICso = 7.18nM)%’

107



and 7-methoxytacrine (7-MEOTA, ICso = 10500nM)?7 (Figure 49) are still widely investigated
by the researchers worldwide, especially for the design and synthesis of MTDLs for AD
treatment. The 6-CI-THA even if was more potent, results more hepatotoxic compared to
tacrine, while the 7-MEOTA resulted more safer compared the two congeners but with a very
low inhibit activity.?® Several examples are reported in literature which, tacrine or its
derivatives, are used as substrate in order to obtain hybrids with improved biological profile

compared the starting tacrine and its derivatives and with less side effects.26> 267

NH, NH; | NH,
7 / o7
N Cl N N
Tacrine 6-chlorotacrine 7-methoxytacrine
(6-C1-THA) (7-MEOTA)

Figure 49. Chemical structures of tacrine and its derivatives.

The list of tacrine hybrids examples is very long considering that the first hybrid molecule
was the bis-tacrine in the 1996.26% Moreover, bis-tacrine represents the first example of dual-
binding site inhibitor, designed to interact at the same time with the CAS and PAS of AChE.
Indeed, several linkers have been tested until to understand that the perfect one was the

methylene chain with 7 atoms of carbon.?%®

The simultaneous interaction in two important
sites have permitted to obtain one of the highest potent and selective AChE inhibitors (ICso =
0.40nM, Figure 50).2%® From this first example dozens of tacrine hybrids have been designed
and synthesized modifying several functions, in order to obtain new multitarget compounds
for the treatment of AD (Figure 50).2 Indeed, maintaining the AChE and BuChE inhibition,
a second biological activity such as anti-inflammatory, anti-amyloid B, anti-aggregatory, anti-
oxidant activity is expressed. Therefore, substituting one tacrine and introducing different

substructures, such as: lipoic acid (Lipocrine),?®® quinone,?” gallamine, resveratrol,® indole,?”°

272

flurbiprofen,?’! phenylbenzoheterocycle,?’”? or donepezil?’ subunits has been possible to

obtain multitarget hybrids for the treatment of AD.
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Figure 50. General chemical structure of different tacrine hybrids and own activity.
As we have appreciated from these limited series of examples the tacrine-hybrids strategy has

been investigated from long time ago. Moreover, original research on novel tacrine derivatives

has been still carried out.
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6.2 Design of cashew nut-shell liquid-derived compounds/tacrine hybrids

Harnessing the polypharmacological approach, promoted in the chapter 1, the aim of this
project was the development of a completely new class of CNSL compounds-tacrine hybrids
for the treatment of AD. Moreover, beginning from inexpensive starting material compounds,
as in the previous project, the possibility to obtain globally accessible drugs by food byproduct

material could represent a solution for the people affected by AD in low and middle country.

To obtain this goal we decided to design and synthesize a CNSL compounds/tacrine hybrids
71-85 through a hybridization strategy. To do this, we have decided to integrate in a single
chemical entity the modified structure of the CNSL compounds with the tacrine moieties

(Figure 51).

T-H-A

OH Rg: ; — —
&

OH O OH
@oH @ Jﬁ:t
Re Re HO Re £ Tacrine : R, =R, =H
WWW

Anacardic Cardanol Cardol 6-CI-THA : R, =Cl; R, =H
acid 7-MEOTA : R=H; R, = OCH;
R, l

Rs
1
R o

—
\O/
86-89 R
CNSL mesylate intermediates 4 Rs

5
NH
Ry N7
71-85
CNSL-derived compounds/tacrine hybrids

X

O=m=0

Rs

Figure 51. Design strategy to obtain CNSL-derived compounds/tacrine hybrids as sustainable

multitarget molecules.

The hybridization strategy has been rationally thought in order to obtain compounds with an
appropriate medicinal chemistry profile. Indeed, the long chain of the CNSL derivatives has

been reduced from 15 to 8 atom of carbon and introducing a good leaving group (mesyl group)
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obtaining the intermediate compounds 86-89. The mesyl group will be useful for the reaction
of aromatic nucleophilic substitution in order to join in one step the CNSL-derived compounds

with the tacrine’s moieties.

This strategy will permit to create multitarget hybrids maintaining the tacrine biological
activities and integrating with the well-known anti-inflammatory activity derived from the
phenolic portion of the CNSL-derived compounds. Particularly, the tacrine’s portion will
permit the interaction with the CAS of the AChE and the BuChE, while the phenolic portion of
the CNSL-derived compounds present other biological functions. Indeed, the phenolic group
other that interact with the PAS, stabilizing the interaction, it could present a validate anti-

inflammatory activity useful for the treatment of neuroinflammatory-based diseases like AD.?"*

Therefore, starting from unexpansive compounds, derived from food byproduct (CNSL), and
combining by hybridization strategy with the acetylcholinesterase inhibitor tacrine’s moieties
will permit us to obtain another example of innovative globally accessible drug for the treatment

of AD.
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6.3 Chemistry

The synthetic strategy purposed to obtain compounds 71-85 was a linear synthetic strategy that
begins with the aromatic nucleophilic substitution between the tacrine and its derivatives and the
CNSL mesyl-derivatives (86-89). Particularly, tacrine and its derivatives 6-CI-THA have been
synthesized starting with cyclohexanone and 2-aminobenzonitril or 2-amino-4-chlorobenzonitril
in order to obtain in high yield tacrine and 6-CI-THA, respectively (Scheme 11). The reaction
proceeds via Friedldnder mechanism in which the lewis acid ZnCl, increase the reactivity of the
cyclohexanone promoting the formation of an imine intermediate. Then, by intramolecular
cycloaddition permit to obtain the 9-amino-tetrahydroacridine scaffold. The crude products were
purified by crystallization in ethanol/water in order to remove the ZnCl> and impurities. The
compounds 7-MEOTA was kindly donated from Professor Kamil Kuca of the department of
pharmaceutical chemistry and drug control, faculty of pharmacy in Hradec Kralove, Charles

University in Prague, Czech Republic.

Scheme 11. Synthetic strategy to obtain tacrine and 6-CI-THA.

0 N )
O 0, - LCLO
+ —_— P
HoN Ry R N
Cyclohexanone 2-aminobenzonitril : R, = H Tacrine : R, = H (70%)

2-amino-4-chlorobenzonitril 6-CI-THA : R, = Cl (60%)
:R;=Cl

Reagents and conditions: a) ZnCl, 3h, 140°C, NaOH (pH = 13).

The second substrate to obtain the final compounds are the CNSL-derived compounds as mesyl-
derivatives 86-89. Compounds 86-88 are kindly synthesized by Prof. Luiz Antonio Soares
Romeiro of the University of Brasilia. The first step for the synthesis of the intermediaries was an
ozonolysis reaction with reductive work-up; by using NaBH4 and isolating the intermediate
primary alcohol. Then, the CNSL primary alcohol intermediate was treated with mesyl chloride in

order to obtain the desiderated compounds 86-88 (Scheme 12).

Scheme 12. Synthetic strategy to obtain compounds 86-89.
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Rs Rs Rs

Re CisHa1 Re CgH16OH Re CgH10Ms

CNSL compounds CNSL primary 86:R;=H;R,=0CH;; Rs=H
mixture alcohol intermediates 87 : R3 = COOCHs; Ry = OCH3; Rs =
88 : R3 H R4 OBH R5 H
89ZR3=H;R4=R5=OCH3

Reagents and conditions: a) two steps: 1) 02/O3, MeOH 2h; i1) NaBH4, MeOH, -15°C to room

temperature, 3h; b) mesyl chloride, triethylamine, DCM, 12h, room temperature.

The last CNSL mesyl derivatives 89 has been obtained through different protocol reaction. Indeed,
starting from the LDT-71, donated from Prof. Romeiro Lab., has been first selectively benzylated
in the phenolic function and finally introduced the mesyl function in the aliphatic alcohol using
the previous mesylation protocol. Compounds 89 would be useful to obtain a series of cardanol-
tacrine derivative hybrids in which the benzyl group will be removed by hydrogenation reaction
(Scheme 13). This strategy permits us to maintain the natural free phenolic function responsible

of the anti-inflammatory activity of the CNSL compounds.

Scheme 13. Synthetic strategy to obtain compound 89.

OH

Gy =Y 2 YA

LDT-71 90 (92%) 89 (87%)

o]

O/

O‘(n

Reagents and conditions: a) benzyl bromide, K.COs, acetone, 12h, reflux; b) mesyl chloride,

triethylamine, DCM, 12h, room temperature.

With the starting material in our hands, the synthetic strategy began with the nucleophilic aromatic
substitution between the compounds 86-89 and the tacrine derivatives (Scheme 14). This reaction
was performed under microwave (MW) condition in which a solution of KOH in DMSO dry was
necessary to deprotonate the aniline function of the tacrine derivatives permitting the nucleophilic
substitution with the electrophilic carbon in alpha-position to the mesyl group of compounds 86-
89. The reaction carried out at 100°C for 12 minutes followed by several extraction with water in
order to remove the DMSO before the purification by column chromatography. From this first

reaction we obtained the final compounds 71-78 and the intermediates 91-93. The benzylic
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intermediates 91-93 have been hydrogenated using the H-CUBE system: a flow chemistry
hydrogenation process that permitted as to remove the benzylic group and obtain the free phenyl
derivatives 79-81. The free phenolic derivatives should present an increased anti-inflammatory

activity as reported in literature.?’*
Scheme 14. Synthetic strategy to obtain the CNSL compounds-tacrine hybrids 71-85.

Ry
R N7

1

]

Ry
/©/\R3/\/\/\/\
Rs o

O=m

86 : Ry =H; R, =OCHy; Rs = H Tacrine : R, =R, =H 71:R, =Ry =R, = Rs = H: Ry = OCH, (24%

87:R,=COOCHy; R, = OCHy; Rs=H  6-CI-THA: R, =CL R, =H 72 R, = CL R, = Ry —Rs - H: R, - OCH, (3;%)

88 : Ry =H; R, = OBn; Rs=H 7-MEOTA : R;= H; R, = OCH, 73R, =Ry~ Rs = H; R, = R4 = OCH; (29%)

89:R;=H; R4 =Rs=OCH, 74 : R, =R, =Rs = H; R; = COOCH3; R, = OCHj; (20%)
75: R, = CI; R, = Rs = H; Ry = COOCHj; R, = OCH; (34%)

76 : R, =Rs =H; R, =Ry =0CHj; R; = COOCHj; (23%)
77 : R; =R, =R;=H; R4 =Rs=0CHj; (25%)

78 : R, =Cl; R, =R; =H; R4 =Rs=0CH; (25%)
91:R; =R, =R3=Rs=H; R;=0Bn (32%)

92 : R, =Cl; R, =R; =Rs=H; R; = OBn (24%)

93 :R; =R;=Rs=H; R, =0CHj;; Ry =OBn (24%)

OH O OH O OH

NH d NH NH
R N/ Ry N/ R N/
84 : R, =R, =H (84%) 82:R, =R, =H (25%) 79 :R; =R, =H (41%)

85: R, =Cl; R, = H (54%) 83:R,=CL; R, = H (25%) 80 : R, =CI; R, =H (45%)
81: R, =H; R, = OCH; (44%)

Reagents and conditions: a) KOH, DMSO dry, MW: 100° C, 80 W, 12 min; b) H-CUBE: H», 6
bar, Pd/C 10%, flow 1 ml/min c) BBr3, DCM, from 0° C to room temperature, 40 min; d) two
steps: 1) KOH 3,5 M, MeOH/H>0 (2:1) MW: 100°C, 100W, 10 min, ii) HCI 2N 0°C, 20 min.

Considering that the anti-inflammatory activity seems derive from the free phenolic and benzoic
acid functions, we disassembled the compounds synthesized before 74, 75 removing at first the
methyl ether function and then the methyl ester function. The structure-activity relationship
expansion will permit as to validate the hypothesis about the role of the CNSL portion for the anti-
inflammatory activity. The structure-activity relationship expansion started with the demethylation
of the ether derivatives 74, 75 using BBr3, in order to obtain the compounds 82, 83 after purification
by column chromatography. Then, the methyl ester has been removed starting from the compounds
previous synthesized 82, 83 after treatment with KOH 3,5 M, MeOH/H>O (2:1) under MW
condition (100°C, 100W, 10 min). The crude of the reaction was purified adding HCI until the

complete precipitation of the final products 84, 85.
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All compounds synthesize have been characterized by using analytical HPLC, 1H- and 13C-NMR,
ESI-MS and HRMS) (see Chapter 8).
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6.4 Results and discussion

6.4.1 Cytotoxicity assay in hepatocyte cell line (Hep G2)

We evaluated the hepatotoxicity of the hybrids 72-85 by MTT assay on HepG2. Positively,
none of them (up to 1 uM) showed significant hepatotoxicity effect (Figure 52). At the
concentration of 10 uM, only compounds 73, 77 and 79 results cytotoxic, decreasing the
viability of the 40% compared the resto of compounds. At the higher concentration (100 pM)
all compounds result toxic. This assay has been performed by the group of Prof. Fato of the

University of Bologna.

Media 1 pM
Media 0,1 pM

Cell viability (% of

Cell viability (% of
control)

control)

C D 79 71 74 72 75 73 76 80 81 77 82 83 85 78 C D 79 71 74 72 75 73 76 80 81 77 82 83 85 78
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T
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B B
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S s =
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Figure 52. Effect of hybrid molecules on cell survival/death through MTT assay in Hep9
cells at the concentrations 0,1, 1, 10 and 100uM of 79-85 for 24h.

6.4.2 Cytotoxicity assay in SH-SYSY cells
The molecules resulted less toxic in the previous cytotoxicity assay has been studied by MTT

assay on Homo sapiens neuroblastoma cells (SH-SY5Y). The hybrids 72, 74, 75, 80-83, 85
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have been tested in three different concentration 0,1, 1, and 10 puM. Tacrine and the natural and
anti-inflammatory compound anacardic acid (LDT 11) have been used as reference
compounds. From the results emerged that at the low concentrations (0,1 and 1 puM) the
molecules are no cytotoxic. At the concentration of 10 uM the viability of all compounds
decrees more than 70% compared to the reference compounds, except for compounds 80 and
85 (Figure 53). The reference compounds tested results more toxic compared the new hybrids
compounds at all concentrations tested. This assay has been performed by the group of Prof.

Hrelia of the University of Bologna.
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Figure 53. Effect of hybrid molecules on cell survival/death through MTT assay in SH-SY5Y
cells at the concentrations 0,1, 1, and 10 pM of the references tacrine and LDT 11 and 72, 74,
75, 80-83, 85 for 24h.

6.4.3 Cytotoxicity assay in BV2 cells

In parallel with the previous assay was also evaluated the cytotoxicity by MTT assay on murine
microglia cell lines (BV2). The hybrids 72, 74, 75, 80-83, 85 have been tested in three different
concentration 0,1, 1, and 10 pM. From the results obtained emerges that at the low
concentrations (0,1 and 1 uM) the molecules are not toxic, while it became toxic at 10 uM
except for compound 85 (Figure 54). This assay has been performed by the group of Prof. Hrelia
of the University of Bologna.
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Figure 54. Effect of hybrid molecules on cell survival/death through MTT assay in BV2 cells
at the concentrations 0,1, 1, and 10 uM of 72, 74, 75, 80-83, 85 for 24h.

6.4.4 Neuroprotection assay in BV2 cells after LPS insults

The tacrine hybrids tested previously 72, 74, 75, 80-83, 85 does not show any cytotoxic effect
at low concentrations in neurons and microglia cells lines. Thus, these selected hybrids have
been tested to evaluate their potential protective effects on BV2 cell lines after LPS insults. The
reference compounds tacrine and LDT 11 have been analyzed highlighting the moderate
neuroprotective effect of LDT 11 and a slightly neuroprotective effect of the tacrine at all
concentration tested. As shown in Figure 55, treated BV2 cells with hybrids 74, 75, 82, 85 at
0.01 uM results protective showing a restored cell viability, while the rest of compounds results
less neuroprotective and more cytotoxic also at the high-dose concentration used (1 uM). In a
structure-activity relationship (SAR) point of view, compounds 74, 75, 82, 85 shear the same
anacardic acid motif in the phenolic subunit representing an indispensable functional group for
the neuroprotective activity compared the rest of phenolic functions investigated. Conversely,
the presence of the chlorine in the tacrine subunit does not influence the activity. This assay has

been performed by the group of Prof. Hrelia of the University of Bologna.
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Figure 55. Effect of hybrid molecules on cell survival/death through MTT assay in BV2 cells
at the concentrations 0,01, 0,1, and 1 pM of the reference compounds tacrine and LDT 11

and the hybrids 72, 74, 75, 80-83, 85 for 24h after LPS insults 100ng/ml.

6.4.5 Genes expression assay in BV2 cells after LPS insults

Targeting neuroinflammation in AD represent one of the most important strategy for the
treatment of this neuroinflammatory-based diseases. Thus, the evaluation of the genes
expression of typical inflammatory markers represent a validate assay to evaluate the anti-
inflammatory profile. Consequently, BV2 cell line has been treated with the most protective
compounds 72, 74, 75, 82, 85 at 0.1 uM and then insulted with LPS in order to evaluate the
mRNA expression level of IL-1p and TNF-a. All compounds decrease the expression of mRNA
levels of both markers, but particularly hybrids 85. 85 display in the CNSL portion the free
anacardic acid function resulting structurally similar to the salicylic acid. Thus, the possibility
that 85 is the more potent anti-inflammatory compounds was reinforced by the similarity with
the anti-inflammatory salicylic acid molecule.?’”* Moreover, the starting CNSL derivative,

saturated anacardic acid, has been reported in literature as potent anti-inflammatory molecule
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decreasing the mRNA levels of IL-1p and TNF-a (Figure 56).27* This assay has been performed

in collaboration with the group of Prof. Hrelia of the University of Bologna.
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Figure 56. Effect of hybrid molecules on cell mRNA gene expression (IL-1B and TNF-a) in
BV2 cells at the concentration 0,1 uM of 72, 74, 75, 82, 85 for 24h after LPS insults
100ng/ml.

6.4.6 Cholinesterase inhibitory activity

It is well known that AChE inhibitors are effective in temporarily improving behavior and well-
being and slowing cognitive decline in patients with dementia. In addition to AChE, mounting
preclinical evidence suggests that BuChE may be important in order to maintain normal
cholinergic function in AD, becoming more pronounced during the disease course.?”> Tacrine
and its derivatives acts as a dual AChE/BuChE inhibitor. In according to this, the inhibitory
activities of the synthesized hybrids and of the reference tacrine’s derivatives against human
recombinant AChE and human serum BuChE were evaluated by the method of Ellman in by

the Prof. Bartolini of the University of Bologna.

All the tested hybrids 71, 72, 74-85 turned out to be effective inhibitor of BuChE and AChE

with an 1Cso values spanning from a wide range (from nanomolar to picomolar, Table 4).

Table 4. Inhibition of human BChE and AChE activities by 71, 72, 74-85

ICso hAChE ICs0 hBuChE
(nM)* (nM)*
Tacrine 230+ 12 45.8+3.0

120



79 19.2 +£4.0 3.74 £ 0.10
71 40.0+3.3 7.72 £ 0.96
77 47.2+9.8 292+54

74 20.8+3.8 0.0352 +0.0077
82 17.0+2.7 0.177 £ 0.005
84 184 + 59 11.2+£2.3
6-CI-THA 14.5+0.9 505+ 28

80 4.19 + 0.81 19.4+£4.0

72 5.71+£0.43 25.8+0.5

78 5.10 £ 0.99 83.2+£3.5

75 2.54 £0.07 0.265 £ 0.027
83 2.81+0.14 4254048
85 13.4+4.2 120+ 12
7-MEOTA 8000 £ 650 8860 + 640
76 1260+ 10 3.49+0.09

2Results are expressed as the mean of at least three experiments
b Results are expressed as preliminary data.

According to the data contained in Table 4 we were able to draw preliminary SAR (Figure 57).
All hybrids obtained were significantly more potent compared to the corresponding tacrine’s
reference compounds. The hybrids that presents tacrine results more active on BuChE, while
the hybrids that present 6-CI-THA are more active on AChE. The activity and selectivity of the
hybrids, towards the investigated enzymes, is due to the nature of the connected tacrine’s

scaffold in the hybrids reflecting the trend already deeply explored in literature.?’% 277

What predominantly emerged from the SAR is the presence of a modified phenolic fragment
derived from the CNSL-derive molecules. Indeed, the different structure of the modified
phenolic fragment seems to deeply affect the inhibitory activity and selectivity of the hybrids.
In fact, the hybrids carrying di-methylated anacardic acid moiety (74-76) display the highest

potency and selectivity for BuChE, and at the same time the best activity over AChE.
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Figure 57. Structure-activity relationships of the CNSL/Tacrine hybrids.

Compared with the di-methoxy anacardic acid hybrids 74, 75 (ICso = 0.0352 nM and 0.265 nM,
respectively), the introduction of the hydroxy substituent in position R4 in the phenyl ring
decrease the enzyme inhibition of 10 times, as evident for 82 and 83 (ICso = 0.177 nM and 4.25
nM). Moreover, any other O-demethylation in position R3 (84, 85) decrease the activity of 100
times compared the starting hybrids 74, 75. Monosubstituted methoxy- 71-73 and hydroxy-
hybrids 90-92 in position R4 shows a weak enhancement respect to starting tacrine’s reference
compounds. The disubstituted methoxy-hybrids in position R3 and Rs (77, 78) presents a similar
profile of the monosubstituted hybrids 71-73.

In light of the data collected, le most promising compounds 74, 75 are already under biological
investigation in order to detect their ability to cross the BBB by using PAMPA assay by Prof.
Prof. Ondrej of the University of Hradec kralove (Czech Republic), and an in vivo proof of
concept by using Drosophila Melanogaster model by the group of Prof. Hrelia. Moreover, for
the hybrids 74 will be result determined the X-ray crystal structure with the BuChE in
collaboration with Prof. Florian from the Institut de Recherche Biomédicale des Armées

(France).
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Chapter 7

Conclusions
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Neuroinflammatory based-diseases are a very challenging area for medicinal chemists. Several
efforts have been made during the years, however, an effective treatment for these diseases,
such as AD and MS does not exist yet. Neuroinflammatory based-diseases are multifactorial in
nature with still unclear pathogenic mechanisms and scarce information on how neuro-
inflammation is interconnected with other concomitant events, such as neurodegeneration.

Polypharmacology is one of the milestones for the development of therapies able to combat
multifactorial diseases. Particularly, the development of multitarget compounds through
different strategy (linking, fusing, merging) has permitted to expand the potential arsenal to

treat multifactorial diseases.

Based on these considerations, this thesis was focused on the development of small molecule
for combat neuroinflammatory diseases through different and innovative polyphamacological

approaches:

1. Based on a peculiar interest in developing multitarget molecules for the treatment of MS and

aiming to target microglia immunomodulation and Oli-Neu differentiation, we have

synthesized and tested a small series of omega-3 FAs/VPA conjugates. Among the developed

compounds, the omega-3 FAs/VPA conjugate 2 display features relevant in terms of very

low hepato- and neuro-cytotoxicity, high stability in plasma and hydrolysis in the analyzed

tissues (liver and brain lysate). Compound 2 displays an immunomodulation activity

decreasing the expression of iNOS and increasing the expression of TREM2 in microglia

cells. Importantly, this effect is displayed only by compound 2, not for the reference

compounds singularly, nor for the reference compounds in an equimolar concentration co-

treatment. Finally, compound 2 displays a significative ability in the Oli-Neu differentiation

assay of increasing the length of the filaments after its administration. This effect is

appreciated only for the omega-3 FAs/VPA conjugate 2 and not for the reference compounds

nor for their equimolar combination. Thus, we have demonstrated how the multitarget effect

of compound 2 results in safer and more efficacious profiles compared the single treatment

and the co-administration of the two single components.

2. In the second project, we applied a similar conjugation strategy to obtain FAs/P2Y¢ agonist

conjugates for the treatment of AD. The molecules have been designed in order to potentially

maintain the ability to interact with the P2Y receptor, increase the anti-neuroinflammatory
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profile and the PK properties. Indeed, the lipid-drug conjugate strategy represents a well-
known alternative for the development of co/pro-drugs of drugs that generally suffer for their
low BBB penetration ability. The synthetic strategy started with the synthesis of the P2Y
agonists and the stearic acid intermediate. The P2Ys agonist were prepared using the Ludwig
procedure in order to obtain the uridine diphosphate derivatives. The FA intermediate was
obtained starting from stearic acid and obtaining its 2-bromoethanolamide derivatives.

Unfortunately, the reaction to obtain the final product failed by using the reported conditions.

In the third project, we focused on the design and synthesis of a small library of eight
sustainable HDAC/ferroptosis inhibitors (39-46). These molecules, developed starting from
food byproduct material might represents low cost and globally accessible drugs for the
treatment of AD. The library of compounds has been obtained starting from CNSL, as a valid
precursor for the synthesis of potential multipotent bioactive molecules. Thus, starting from
CNSL-derived compounds we have modifyied their structures by introducing different zinc-
binding groups able to interact with the HDAC enzymes and with potential ferroptosis
inhibition activity. Final products 39-46 have been preliminary tested in MTT assays to
evaluate their hepato- and neuro-toxicity. They resulted not cytotoxic at the tested
concentration. In addition, the eight molecules have been tested for their HDAC inhibitor
activity; however, they resulted very weak HDAC inhibitor binders. At the moment, the
molecules are under evaluation to analyze their ferroptosis inhibition profiles using the

ferroptosis-erastin model.

In the fourth project, we applied a hybridization strategy in order to design and synthesize
the first class of hybrids between tacrine and its derivatives and CNSL-based compounds.
These molecules, together with the previous ones, represents a good example of
revalorization of food byproduct material for the production of globally accessible drugs for
the treatment of AD. The obtained hybrids have been preliminary screened in order to filter
out the more hepato- and neurotoxic compounds. Then, the most promising compounds have
been tested for evaluating their neuroprotective/ neuroinflammatory effect after insults with
LPS. From these assays it emerges that the most neuroprotective and anti-inflammatory
molecules are the hybrids 72, 74, 75, 82, 85, that also reduces the expression of IL-B and
TNF-o. In parallel, the inhibition activity on BuChE has been evaluated using the Elmann
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assay. From these data it emerges that hybrid 74 (synthesized by reacting the protected
anacardic acid with tacrine) is endowed with a remarkable inhibitory activity BuChE ICso =
35.2+£0.0077 pM and AChE ICso = 17 + 0.9 nM. The AChE inhibitory activity data will be

confirmed soon.
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Chapter 8

Experimental part
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Chemistry

All the commercially available reagents and solvents were purchased from Sigma-Aldrich,
Alpha Aesar, VWR, and TCI, and used without further purification. Reactions were followed
by analytical thin layer chromatography (TLC), on pre-coated TLC plates (layer 0.20 mm silica
gel60 with a fluorescent indicator UV254, from Sigma-Aldrich). Developed plates were air-
dried and analyzed under a UV lamp (UV 254/365 nm). Nuclear magnetic resonance (NMR)
experiments were run on Varian VXR 400 (400 MHz for 1H, 100 MHz for 13C). 1H and 13C
NMR spectra were acquired at 300 K using deuterated dimethyl sulfoxide ((CD3)2SO) and
chloroform (CDCI3) as solvents. Chemical shifts (8) are reported in parts per million (ppm)
relative to tetramethylsilane (TMS) as internal reference and coupling constants (J) are reported
in hertz (Hz). The spin multiplicities are reported as s (singlet), br s (broad singlet), d (doublet),
t (triplet), q (quartet), and m (multiplet). Due to the high level of carbon similarity several peaks
in the 13C-NMR are overlapped especially for omega-3.27%: 272 Mass spectra were recorded on
a VG707EH-F and Waters Xevo G2-XS QTOF apparatus, and electrospray ionization (ESI)
both in positive and negative mode was applied when the 13C-NMR spectra were not
completely exhaustive. Compounds were named following IUPAC rules as applied by
ChemBioDraw Ultra (version 14.0). All of the final compounds showed >90% purity by
analytical HPLC. The purity of compounds 1-35 was determined using a Kinetex® Sum EVO
C18100 A, LC column 150 x 4.6 mm and a HPLC Jasco Corporation (Tokyo, Japan) instrument
(PU-1585 UV equipped with a 20 pL loop valve). HPLC parameters were the following: water
with 0.05% trifluoroacetic acid (eluent A), and acetonitrile with 0.05% trifluoroacetic acid
(eluent B); flow rate 1.00 mL/min; elution type isocratic with 75% of eluent A and 25% of
eluent B; detection UV-Vis Abs at 254 nm. The samples were dissolved in MeOH or DMF (10
pg/mkL).
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Synthesis of omega-3 FAs/VPA conjugates

General procedure for the preparation of N-Boc linkers (14, 15)

To a solution of 11 or 12 (1 mmol) in DCM (10 ml), were added tert-butoxycarbonyl anhydride
respectively (Boc2O, 0.2 mmol and 1.1 mmol, respectively) and the resulting mixture was
stirred at room temperature for 16 hours. The crude reaction was concentrated under reduce
pressure and then was purified by using flash silica gel column chromatography using different

eluent mixtures to give the title compounds 14, 15.
Tert-butyl (2-aminoethyl)carbamate (14)

The resulting residue was purified by flash chromatography (9:1:0.1 DCM/ MeOH/ NH3 33%)
affording 14 as pale-yellow oil. Yield 98%.
'H-NMR (CDCl3, 400 MHz) & (ppm): 1.41 (s, 9H), 2.77 (t, 2H, J = 4 Hz), 3.14 (m, 2H), 5.01

(bs, 1H). BC-NMR (CDCl3, 100 MHz) & (ppm): 28.36, 41.79, 43.30, 79.67,156.19.
Tert-butyl (2-hydroxyethyl)carbamate (15)

The resulting residue was purified by flash chromatography (9:1:0.1 DCM/ MeOH/ NH3 33%)
affording 15 as pale-yellow oil. Yield 97%.

"H-NMR (CDCl3, 400 MHz) § (ppm): 1.43 (s, 9H), 2.87 (bs, 1H), 3.24-3.28 (m, 2H), 3.65-3.69
(m, 2H), 5.04 (bs, 1H). *C-NMR (CDCl;, 100 MHz) & (ppm): 28.34, 43.05, 62.49,

79.67,156.80.
General procedure for the preparation of O-TBS linkers (16, 17)

To a solution of 12 or 13 (1 mmol) in DCM (10 ml), were added imidazole (1.2 mmol) tert-
butyldimethylsilyl chloride respectively (TBS-CI, 0.2 mmol or 1.1 mmol, respectively) and the

resulting mixture was stirred at room temperature for 16 hours. The crude reaction was
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concentrated under reduce pressure and then was purified by using flash silica gel column

chromatography using different eluent mixtures to give the title compounds 16, 17.

2-((tert-butyldimethylsilyl)oxy)ethan-1-amine (16)

The resulting residue was purified by flash chromatography (9:1:0.1 DCM/ MeOH/NH3; 33%)
affording 16 as pale-yellow oil. Yield 87%.

'"H-NMR (CDCls, 400 MHz) & (ppm): 0.02 (t, 6H, J = 4 Hz), 0.87 (s, 9H), 1.72 (s, 2H), 2.73 (t,
2H,J=4Hz), 3.58 (t, 2H, J = 8 Hz). *C-NMR (CDCl3, 100 MHz) & (ppm): -5.38, 18.24, 25.85,

44.22, 65.16.

2-((tert-butyldimethylsilyl)oxy)ethan-1-ol (17)

The resulting residue was purified by flash chromatography (9:1 DCM/ MeOH) affording 17
as pale-white oil. Yield 92%.

"H-NMR (CDCls, 400 MHz) & (ppm): 0.07 (t, 6H, J = 4 Hz), 0.88-0.90 (m, 9H), 2.09 (bs, 1H),
3.61-3.41 (m, 2H), 3.69-3.71 (m, 2H). 3C-NMR (CDCl;, 100 MHz) & (ppm): -5.38, 18.28,

25.85, 63.64, 64.07.

General procedure for the preparation compounds (18-21)

To a solution of VPA (1.2 mmol) in dry DCM (3 ml) under nitrogen, was added at 0°C, 1-etil-
3 (3-dimetilaminopropil) carbodiimide chloride (EDC, 1.2 mmol) and the reaction was stirred
at room temperature for 1 hour. Successively, a solution contained 14-17 (1 mmol) and 4-
dimethylaminopyridine (DMAP, 10% mmol) in dry DCM (1 ml) were added in the activated
solution. The resulting mixture was stirred at room temperature for 16 hours. The reaction was
concentrated under reduce pressure and then was purified by using flash silica gel column

chromatography using different eluent mixtures to give the title compounds 18-21.

Tert-butyl (2-(2-propylpentanamido)ethyl)carbamate (18)
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The resulting residue was purified by flash chromatography (9:1 DCM/ MeOH) affording 18
as pale-yellow oil. Yield 57%.

'"H-NMR (CDCls, 400 MHz) 8 (ppm): 0.86-0.90 (m, 6H), 1.23-1.43 (m, 15H), 1.54-160 (m,
2H), 2.01-2.06 (m, 1H), 3.24-3-29 (m, 2H), 3.34-3.38 (m, 2H), 4.97 (bs, 1H), 6.18 (bs, 1H).
BC-NMR (CDCls, 100 MHz) & (ppm): 14.05, 20.72, 28.31, 35.13, 40.30, 40.43, 47.48, 79.47,

156.90, 176.90.

2-((tert-butoxycarbonyl)amino)ethyl 2-propylpentanoate (19)

The resulting residue was purified by flash chromatography (9:1 DCM/ MeOH) affording 19
as pale-yellow oil. Yield 63%.

'H-NMR (CDCl3, 400 MHz) & (ppm): 0.84 (t, 6H, J = 8 Hz), 1.21-1.26 (m, 4H), 1.32-1.39 (s,
11H), 1.49-1.57 (m, 2H), 2.33 (q, 1H, ] =4 Hz), 3.31-3.35 (m, 2H), 4.08 (t, 2H, J = 8 Hz), 4.80
(bs, IH). BC-NMR (CDCl3, 100 MHz) § (ppm): 13.88,20.53,28.26, 34.51, 39.74, 45.11, 62.89,

79.34, 155.66, 176.40.

N-(2-((tert-butyldimethylsilyl)oxy)ethyl)-2-propylpentanamide (20)

The resulting residue was purified by flash chromatography (9:1 DCM/ MeOH) affording 20
as pale-yellow oil. Yield 68%.

'"H-NMR (CDCl;, 400 MHz) & (ppm): 0.03 (s, 6H), 0.84-0.88 (m, 15H), 1.20-1.37 (m, 6H),
1.53-1.59 (m, 2H), 2.01 (q, 1H, J =4 Hz), 3.30-3.37 (m, 2H), 3.64 (t, 2H, J = 4 Hz), 5.84 (bs,
1H). BC-NMR (CDCl3, 100 MHz) 8 (ppm): -5.48, 14.03, 18.17, 20.76, 25.78, 35.24, 41.33,

47.68, 61.95, 175.88.

2-((tert-butyldimethylsilyl)oxy)ethyl 2-propylpentanoate (21)

The resulting residue was purified by flash chromatography (9.5:0.5 DCM/ MeOH) affording

21 as pale-white oil. Yield 42%.
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'H-NMR (CDCls, 400 MHz) & (ppm): 0.06 (m, 6H), 0.89 (m, 15H), 1.25-1.42 (m, 6H), 1.56-
1.62 (m, 2H), 2.36 (q, 1H, J = 4 Hz), 3.77-3.80 (m, 2H), 4.10-4.13 (m, 2H). 3C-NMR (CDCL,

100 MHz) & (ppm): -5.41, 13.95, 18.23, 20.60, 25.76, 34.65, 45.27, 61.22, 65.36, 176.54.

General procedure for N-Boc deprotection (22, 23)

To a cold solution of 18 or 19 (1 mmol) in dry DCM (5 ml), was added dropwise trifluoroacetic
acid (TFA, 20 mmol) under anhydrous condition. The resulting mixture was stirred at room
temperature till the complete disappearance of the starting material (around 1.5-2.5 hours). The
crude reaction was concentrated under reduce pressure and then was purified by using flash
silica gel column chromatography using different eluent mixtures to give the title compounds

22,23

N-(2-aminoethyl)-2-propylpentanamide (22)

The resulting residue was purified by flash chromatography (9:1:0.1 DCM/ MeOH/NH3; 33%)
affording 22 as pale-yellow oil. Yield 98%.

'H-NMR (CDCls, 400 MHz) & (ppm): 0.86 (t, 6H, J = 8 Hz), 1.21-1.31 (m, 8H), 1.55 (m, 2H),
2.02 (q, 1H, J = 4 Hz), 2.79 (t, 2H, J = 4 Hz), 3.25-3.30 (m, 2H), 6.06 (bs, 1H). 3C-NMR

(CDCI3, 100 MHz) 6 (ppm): 14.06, 20.81, 35.20, 41.30, 41.56, 47.67, 176.26.

2-aminoethyl 2-propylpentanoate (23)

The resulting residue was purified by flash chromatography (9:1:0.1 DCM/ MeOH/NH3; 33%)
affording 23 as pale-yellow oil. Yield 95%.

'"H-NMR (CDCl3, 400 MHz) & (ppm): 0.85 (t, 6H, J = 8 Hz), 1.21-1.37 (m, 6H), 1.51-156 (m,
2H), 2.07 (q, 1H, J =4 Hz), 3.36-3.39 (t, 2H, J = 4 Hz), 3.66 (t, 2H, ] = 4 Hz) 4.86 (bs, 2H).

BC-NMR (CDCl3, 100 MHz) & (ppm): 13.65, 20.33, 33.98, 39.64, 44.79, 60.27, 177.40.

General procedure for O-TBS deprotection (24, 25)
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To a cold solution of 20 or 21 (I mmol) in dry DCM (5 ml), was added dropwise
tetrabutylammonium fluoride (TBAF, 5 mmol) under anhydrous condition. The resulting
mixture was stirred at room temperature until the complete disappearance of the starting
material (around 12-15 hours). The crude reaction was concentrated under reduce pressure and
the crude was purified by using flash silica gel column chromatography using different eluent

mixtures to give the title compounds 24, 25.

N-(2-hydroxyethyl)-2-propylpentanamide (24)

The resulting residue was purified by flash chromatography (9:1 DCM/ MeOH) affording 24
as pale-yellow oil. Yield 89%.

'"H-NMR (CDCls, 400 MHz) & (ppm): 0.7 (m, 6H), 1.23-1.38 (m, 6H), 1.52-1.58 (m, 2H), 2.08
(g, 1H), 3.37-3.41 (m, 3H), 3.67 (t, 2H, J = 4 Hz), 6.42 (bs, 1H). 3*C-NMR (CDCl3, 100 MHz)

d (ppm): 14.06, 20.73, 35.18, 42.31, 47.45, 62.37, 177.59.

2-hydroxyethyl 2-propylpentanoate (25)

The resulting residue was purified by flash chromatography (9:1 DCM/ MeOH) affording 25
as pale-white oil. Yield 92%.

'H-NMR (CDCls, 400 MHz) & (ppm): 0.85 (t, 6H, J = 4 Hz), 1.22-1.27 (m, 4H), 1.37-1.40 (m,
2H), 1.53-1.58 (m, 2H), 2.36 (q, 1H), 2.58 (bs, 1H), 3.74-3.77 (m, 2H), 4.14-4.17 (m, 2H). 13C-

NMR (CDCl;, 100 MHz) & (ppm): 13.89, 20.53, 34.53,45.17, 61.10, 65.62, 177.07.

General procedure for the preparation of omega-3 FAs/VPA conjugates (1-8)

To a solution of ALA or DHA (1.2 mmol) in dry DCM (3 ml) under nitrogen, was added at
0°C, 1-etil-3 (3-dimetilaminopropil) carbodiimide chloride (EDC, 1.2 mmol) and the reaction
was stirred at room temperature for 1 hour in the dark. Successively, a solution of one
intermediate compound 22-25 (1 mmol) and 4-dimethylaminopyridine (DMAP, 10% mmol) in

dry DCM (1 ml) were added in the activated solution. The resulting mixture was stirred at room
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temperature around 4-6 hours. The crude reaction was concentrated under reduce pressure and
then was purified by using flash silica gel column chromatography using different eluent

mixtures to give the title compounds 1-8.

(9Z2,12Z,15Z)-N-(2-(2-propylpentanamido)ethyl)octadeca-9,12,15-trienamide (1)

The resulting residue was purified by flash chromatography (9.5:0.5 DCM/ MeOH) affording
1 as pale-yellow oil. Yield 32%.

"H-NMR (CDCls, 400 MHz) & (ppm): 0.87 (t, 6H, J = 8 Hz), 0.96 (t, 3H, J = 8 Hz), 1.23-1.35
(m, 14H), 1.53-1-58 (m, 4H), 2.03-2.08 (m, 5H), 2.15 (t, 2H, J = 8 Hz), 2.79 (m, 4H), 3.37 (s,
4H), 5.27-5.41 (m, 6H), 6.43 (bs, 1H), 6.52 (bs, 1H)."*C-NMR (CDCl;, 100 MHz) § (ppm):
14.07,14.23,20.51,20.75, 25.49, 25.57,25.67,27.17,29.11, 29.25, 29.28, 29.57, 35.18, 36.63,

39.83,40.38,47.47,127.07, 127.69, 128.20, 128.25, 130.20, 131.92, 174.42, 177.55.

2-((9Z,12Z,157)-octadeca-9,12,15-trienamido)ethyl 2-propylpentanoate (2)

The resulting residue was purified by flash chromatography (9.5:0.5 DCM/ MeOH) affording
2 as pale-yellow oil. Yield 37%.

'H-NMR (CDCls, 400 MHz) & (ppm): 0.89 (t, 6H, J = 8 Hz), 0.96 (t, 3H, J = 8 Hz), 1.24-1.46
(m, 14H), 1.53-1-61 (m, 4H), 2.03-2.09 (m, 4H), 2.15 (t, 2H, J = 8§ Hz), 2.35-2.39 (m, 1H), 2.79
(t,4H, J =4 Hz), 3.49-3.53 (m, 2H), 4.17 (m, 2H, J = 4 Hz), 5.28-5.40 (m, 6H), 5.77 (bs, 1H).
BC-NMR (CDCl3, 100 MHz, 2 overlapping peaks corresponding to the CH group present in
the omega-3 fatty acid portion) & (ppm): 13.96, 14.24, 20.51, 20.63, 25.49, 25.57, 25.62,27.17,
29.09, 29.23,29.56, 34.58, 36.69, 38.94, 45.17, 62.78, 127.07, 127.69, 128.20, 128.25, 130.21,

131.92, 173.15, 176.80.

2-(2-propylpentanamido)ethyl (9Z,12Z,15Z)-octadeca-9,12,15-trienoate (3)

The resulting residue was purified by flash chromatography (9.5:0.5 DCM/ MeOH) affording

3 as pale-yellow oil. Yield 28%.
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'H-NMR (CDCls, 400 MHz) & (ppm): 0.88 (t, 6H, J = 4 Hz), 0.96 (t, 3H, J = 8 Hz), 1.24-1.35
(m, 14H), 1.56-1.62 (m, 4H), 2.03-2.06 (m, SH), 2.30 (t, 2H, J = 8 Hz), 2.79 (s, 4H), 3.51-3.5
(m, 2H), 4.15 (t, 2H, J = 8 Hz), 5.29-5.40 (m, 6H), 5.76 (bs, 1H). *C-NMR (CDCls, 100 MHz)
5 (ppm): 14.07, 14.23, 20.51, 20.74, 24.85, 25.49, 25.57, 27.15, 29.06, 29.09, 29.14, 29.54,
34.13, 35.19, 38.60, 47.64, 63.05, 127.06, 127.73, 128.19, 128.26, 130.17, 131.92, 173.91,

176.11.

2-((2-propylpentanoyl)oxy)ethyl (97,12Z,15Z)-octadeca-9,12,15-trienoate (4)

The resulting residue was purified by flash chromatography (9.8:0.2 DCM/ MeOH) affording
4 as pale-white oil. Yield 25%.

"H-NMR (CDCls, 400 MHz) & (ppm): 0.89 (t, 6H, J = 8 Hz), 0.97 (t, 3H, J = 8 Hz), 1.26-1.45
(m, 14H), 1.55-1.64 (m, 4H), 2.04-2.09 (m, 4H), 2.31 (t, 2H, ] = 8 Hz), 2.39 (q, 1H, J =4 Hz)
2.79-2.80 (s, 4H), 4.27 (s, 4H), 5.29-5.43 (m, 6H). 3*C-NMR (CDCl3, 100 MHz, 2 overlapping
peaks corresponding to the CH group present in the omega-3 fatty acid portion) o (ppm): 13.96,
14.24,20.52, 20.55, 24.83, 25.50, 25.58,27.17,29.08, 29.14, 29.55, 34.10, 34.58, 45.14, 61.67,

62.02, 127.08, 127.71, 128.21, 128.26, 130.21, 131.93, 173.50, 176.27.

472,72,102,1372.,16Z.,19Z)-N-(2-(2-propylpentanamido)ethyl)docosa-4,7,10,13,16,19-

hexaenamide (5)

The resulting residue was purified by flash chromatography (9.9:0.1 DCM/ MeOH) affording
S as pale-white oil. Yield 48%.

'"H-NMR (CDCls, 400 MHz) & (ppm): 0.87 (t, 6H, J = 8 Hz), 0.96 (t, 3H, J = 4 Hz), 1.21-1.39
(m, 6H), 1.50-1.59 (m, 2H), 2.02-2.10 (m, 3H), 2.21 (t, 2H, J = 4 Hz), 2.35-2.40 (m, 2H), 2.77-
3.83 (m, 10H) 3.36 (m, 4H), 5.28-5.41 (m, 12H), 6.47 (bs, 1H), 6.62 (bs, 1H). 3C-NMR
(CDCl3, 100 MHz, 3 overlapping peaks corresponding to the CH group present in the omega-3

fatty acid portion) 6 (ppm): 14.07, 14.23, 20.52, 20.76, 23.31, 25.50, 25.55, 25.59, 35.16, 36.24,
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39.77,40.31, 47.44, 126.97, 127.83, 128.01, 128.04, 128.07, 128.08, 128.21, 128.24, 128.27,

128.53, 129.22,131.99, 173.61, 177.54.

2-(42.,72.,102,1372.,16Z.,19Z))-docosa-4,7,10,13,16,19-hexaenamido)ethyl 2-

propylpentanoate (6)

The resulting residue was purified by flash chromatography (9.9:0.1 DCM/ MeOH) affording
6 as pale-white oil. Yield 45%.

"H-NMR (CDCls, 400 MHz) & (ppm): 0.87 (t, 6H, J = 8 Hz), 0.95 (t, 3H, J = 8 Hz), 1.21-1.38
(m, 6H), 1.52-1.61 (m, 2H), 1.99-2.08 (m, 3H), 2.37-2.38 (m, 4H), 2.78-2.84 (m, 10H), 3.49-
3.53 (m, 2H), 4.15 (t, 2H J = 8), 5.26-5.43 (m, 12H), 5.79 (bs, 1H). *C-NMR (CDCls, 100
MHz, 3 overlapping peaks corresponding to the CH group present in the omega-3 fatty acid
portion) & (ppm): 14.06, 14.22, 20.51, 20.73, 22.66, 25.49, 25.55, 25.58, 25.59, 33.99, 35.17,
38.52, 47.60, 63.23, 126.96, 127.70, 127.81, 127.89, 128.01, 128.23, 128.25, 128.33, 128.53,

129.44,131.99, 173.13, 176.13.

2-(2-propylpentanamido)ethyl 47,72,102,1372.,16Z2.,197))-docosa-4,7,10,13,16,19-

hexaenoate (7)

The resulting residue was purified by flash chromatography (9.9:0.1 DCM/ MeOH) affording
7 as pale-white oil. Yield 33%.

'H-NMR (CDCls, 400 MHz) & (ppm): 0.87 (t, 6H, J = 8 Hz), 0.96 (t, 3H, J = 8 Hz), 1.22-1.40
(m, 6H), 1.52-1.62 (m, 2H), 1.99-2.08 (m, 3H), 2.38-2.49 (m, 4H), 2.78-2.85 (m, 10H), 3.49-
3.53 (m, 2H), 4.16 (t, 2H J = 8), 5.28-5.42 (m, 12H), 5.75 (bs, 1H). 3C-NMR (CDCls, 100
MHz, 3 overlapping peaks corresponding to the CH group present in the omega-3 fatty acid
portion) & (ppm): 14.07, 14.23, 20.52, 20.74, 22.66, 25.50, 25.56, 25.58, 25.60, 33.99, 35.18,
38.52, 47.62, 63.25, 126.96, 127.71, 127.82, 127.89, 128.01, 128.24, 128.26, 128.33, 128.54,

129.44, 132.00, 173.12, 176.10.
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2-((2-propylpentanoyl)oxy)ethyl 472,72,102,132,16Z,19Z)-docosa-4,7,10,13,16,19-

hexaenoate (8)

The resulting residue was purified by flash chromatography (9.9:0.1 DCM/ MeOH) affording
8 as pale-white oil. Yield 32%.

"H-NMR (CDCls, 400 MHz) & (ppm): 0.87 (t, 6H, J = 8 Hz), 0.96 (t, 3H, J = 8 Hz), 1.23-1.32
(m, 4H), 1.36-1.44 (m, 2H), 1.53-1.60 (m, 3H), 2.05 (t, 2H, J = 8 Hz), 2.39-2.49 (m, 4H), 2.78-
2.84 (m, 10H), 4.16 (t, 4H J = 8), 5.28-5.42 (m, 12H). C-NMR (CDCls, 100 MHz, 2
overlapping peaks corresponding to the CH group present in the omega-3 fatty acid portion) &
(ppm): 13.93, 14.21,20.51, 20.54, 22.63,25.49, 25.53,25.59,33.93, 34.55, 45.09, 61.60, 62.14,
126.97, 127.71, 127.82, 127.97, 128.02, 128.04, 128.18, 128.21, 128.24, 128.50, 129.33,

131.95, 172.67, 176.16.

General procedure for the preparation of compounds (26, 27)

To a solution of ALA or DHA (1.2 mmol) in dry DCM (3 ml) under nitrogen, was added at
0°C, 1-etil-3 (3-dimetilaminopropil) carbodiimide chloride (EDC, 1.2 mmol) and the activation
was stirred at room temperature for 1 hour in the dark. Successively, a solution contained 16 (1
mmol) and 4-dimethylaminopyridine (DMAP, 10% mmol) in dry DCM (1 ml) were added in
the previous solution. The resulting mixture was stirred at room temperature around 4-6 hours.
The residue was concentrated under reduce pressure and then was purified by using flash silica

gel column chromatography using different eluent mixtures to give the title compounds 26, 27.

(9Z.,12Z.,15Z))-N-(2-((tert-butyldimethylsilyl)oxy)ethyl)octadeca-9,12,15-trienamide (26)

The resulting residue was purified by flash chromatography (9.5:0.5 DCM/ MeOH) affording
26 as pale-white oil. Yield 38%.
'H-NMR (CDCIs, 400 MHz) & (ppm): 0.054 (s, 6H), 0.90 (s, 9H), 0.96 (t, 3H, J = 8 Hz), 1.30

(s, 8H), 1.61 (t, 2H, J = 8 Hz), 2.08-2.01 (m, 4H), 2.17 (t, 2H, J = 8 Hz), 2.79 (t, 4H, ] =4 Hz),
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3.38-3.34 (m, 2H), 3,66 (t, 2H, J = 4 Hz), 5,40-5.29 (m, 6H), 5.80 (bs, 1H). 3C-NMR (CDCls,
100 MHz) & (ppm): -5.80, 14.25, 18.25, 20.52, 25.49, 25.58, 25.71, 25.86, 27.18, 29.10, 29.24,

29.57,36.87,41.50, 61.93, 127.08, 127.68, 128.22, 128.25, 130.23, 131.92, 173.00

472,72,10Z2,137.,16Z.,197)-N-(2-((tert-butyldimethylsilyl)oxy)ethyl)docosa-

4,7,10,13,16,19-hexaenamide (27)

The resulting residue was purified by flash chromatography (9.8:0.2 DCM/ MeOH) affording
27 as pale-white oil. Yield 10%.

"H-NMR (CDCls, 400 MHz) & (ppm): 0.055 (s, 6H), 0.89 (s, 9H), 0.96 (t, 3H, J = 8 Hz), 2.06
(g, 2H, J =8 Hz), 2.23 (t, 2H, ] = 8 Hz), 2.40 (t, 2H, J = 8 Hz), 2.83-2.79 (m, 10H), 3.78-3.50
(m, 2H), 3.66 (t, 2H, J = 4 Hz), 5.40-5.31 (m, 12), 5.80 (bs, 1H). *C-NMR (CDCls, 100 MHz,
4 overlapping peaks corresponding to the CH group present in the omega-3 fatty acid portion)
o (ppm): -5.41, 14.16, 18.22, 20.49, 23.37, 25.50, 25.60, 25.61, 25.83, 36.49, 41.60, 61.90,

126.99, 127.84, 128.04, 128.08, 128.21, 128.23, 128.53, 129.25, 131.97, 172.11

General procedure for the preparation of compounds (9, 10)

To a cold solution of 26 or 27 (I mmol) in dry DCM (5 ml), was added dropwise
tetrabutylammonium fluoride (TBAF, 5 mmol) under anhydrous condition. The resulting
mixture was stirred at room temperature until the complete disappearance of the starting
material (around 12-15 hours). The reaction was directly concentrated under reduce pressure
and the crude was purified by using flash silica gel column chromatography using different

eluent mixtures to give the title compounds 9, 10.

(9Z,127.,157)-N-(2-hydroxyethyl)octadeca-9,12,15-trienamide (9)

The resulting residue was purified by flash chromatography (9.8:0.2 DCM/ MeOH) affording

9 as pale-white oil. Yield 94%.
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'"H-NMR (CDCls, 400 MHz) & (ppm): 0.96 (t, 3H, J = 8 Hz), 1.29-1.24 (m, 8H), 1.61 (t, 2H, J
=8 Hz), 2.80-2.09 (m, 4H), 2.19 (t, 2H, J =8 Hz), 2, 78 (t, 5H, J = 8 Hz), 3.93 (t, 2H, ] = 8§ Hz),
3.70 (t, 2H, J = 8 Hz), 5.40-5.28 (m, 6H), 6.11 (bs, 1H). *C-NMR (CDCl3;, 100 MHz, 2
overlapping peaks corresponding to the CH group present in the omega-3 fatty acid portion) o
(ppm): 14.25,20.52,25.49, 25.58,25.68,25.86,27.17,29.10, 29.22,29.56, 36.62, 42.41, 62.38,

127.07, 127.71, 128.21, 128.26, 130.21, 131.94, 174.55.

472,72,10Z2,1372.,16Z,197)-N-(2-hydroxyethyl)docosa-4,7,10,13,16,19-hexaenamide (10)

The resulting residue was purified by flash chromatography (9.8:0.2 DCM/ MeOH) affording
10 as pale-white oil. Yield 98%.

'H-NMR (CDCls, 400 MHz) & (ppm): 0.96 (t, 3H, J = 8 Hz), 2.03-2.10 (m, 2H), 2.62 (t, 3H, J
=8 Hz), 2.39-2.44 (m, 2H), 2.84-2.74 (m, 10H), 3.43-3.39 (m, 2H), 3.71 (t, 2H, J = 8 Hz), 5.44-
5.28(m, 12H), 5.96 (bs, 1H). 3C-NMR (CDCl3, 100 MHz, 3 overlapping peaks corresponding
to the CH group present in the omega-3 fatty acid portion) 6 (ppm): 14.24, 20.53, 23.36, 25.51,
25.58, 25.60, 25.62, 36.31, 42.46, 62.50, 126.98, 127.85, 127.96, 128.05, 128.26, 128.27,

128.32, 128.57,129.47, 132.03, 173.60
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Synthesis of FA/UDP-like conjugates

Chemistry

1-((2R,3R,4S,5R)-3,4-dihydroxy-5-(hydroxymethyl)tetrahydrofuran-2-yl)-3-(2-oxo-2-

phenylethyl)pyrimidine-2,4(1H,3H)-dione (31)

Uridine (1 g, 4.09 mmol), anhydrous K>COs3 (0.960 g, 6.95 mmol), phenacyl chloride (2.03,
10.22 mmol), were dissolved in a mixture of DMF and acetone (1 : 1, 11 ml) and refluxed in
an oil bath for 4 h at 120 °C. The acetone was evaporated, and 70 ml of ice was added followed
by extraction with ethyl acetate. The organic phase was over anhydrous sodium sulfate and
filtrated. The product was purified by using flash silica gel column chromatography using

DCM: MeOH (20: 1). Yield 72%.

'"H NMR (600 MHz, DMSO) & = 3.55-3.59 (m, 1H), 3.68-3.64 (m, 1H), 3.88-3.86 (m, 1H),
3.97-4.00 (m, 1H), 4.08-4.05 (m, 1H), 5.10 (d, ] = 6 Hz, 1H), 5.13 (t, ] = 6 Hz, 1H), 5.33 (d, J
= 6 Hz, 2H), 5.40 (d, J = 6 Hz, 1H), 5.81 (d, J = 6 Hz, 1H), 5.88 (d, J = 6 Hz, 1H), 7.56-7-60
(m, 2H), 7,70-7,73 (m, 1H), 8.05-8.07 (m, 3H). '*C NMR (151 MHz, DMSO) & = 47.16, 60.88,
69.86, 73.87, 85.09, 89.14, 100.95, 128.15, 129.14, 134.22, 134.57, 139.93, 150.87, 161.76,

192.58. LC/ESI-MS: positive mode [M + H] 363, [M +NH4] 380.

1-((2R,3R,4S,5R)-3,4-dihydroxy-5-(hydroxymethyl)tetrahydrofuran-2-yl)-5-iodo-3-(2-

oxo0-2-phenylethyl)pyrimidine-2,4(1H,3H)-dione (32)

In a solution of DCM (19.25 ml) containing 3.5 ml of HNOs (1M), was added I; and it was left
solubilize for 5 minutes at room temperature. 31 was added to the reaction mixture (350 mg,
0.966 mmol) in little portions and the reaction was refluxed for 5 h at 50 °C. After 5 h a white
precipitate was observed, and the reaction was cooled at 5 °C and filtrated. The white precipitate

was filtrated and was the pure product 32. The organic solution was composed by 32, 31, and
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several side products. Thus, the organic solution was extract with a water solution of Na;S>03
(2 X 15 ml, 5%) in order to remove iodine and part of side products. Finally, the organic solvent
was concentrated and purify by column chromatography using DCM: MeOH (9.5: 0.5). Yield

54% (pure product obtained after precipitation and column chromatography).

'"H NMR (600 MHz, DMSO) & = 3.59-3.62 (m, 1H), 3.70-3.74 (m, 1H), 3.89-3.91 (M, 1H),
4.01-4.03 (m, 1H), 4.06-4.09 (m, 1H), 5.10 (d, ] = 5 Hz, 1H), 5.30-5.32 (m, 1H), 5.39 (s, 2H),
5.44-5.45 (m, 1H), 5.76 (d, ] = 6 Hz, 1H), 7.58-7.61 (m, 2H), 7.72-7.74 (m, 1H), 8.05-8.07 (m,
2H), 8.67 (s, 1H). 3C NMR (151 MHz, DMSO) § = 48.54, 60.19, 68.23, 69.34, 74.22, 84.98,
89.70, 128.17, 129.15, 134.30, 134.44, 144.33, 150.33, 159.38, 192.40. LC/ESI-MS: positive

mode ([M + H] 489, [(M +NHa] 506.

(2R,3S.,4R,5R)-5-(2,4-diox0-3-(2-0x0-2-phenylethyl)-3,4-dihydropyrimidin-1(2H)-yl)-

3,4-dihydroxytetrahydrofuran-2-yl)methyl trihydrogen diphosphate (33)

Lyophilized nucleoside 31 (0.28 mmol) was dissolved in 1.4 mL of trimethyl phosphate (dried
over 10 A molecular sieves). The mixture was stirred at room temperature under argon and then
cooled to 4 °C. Dry 1,8-bis(dimethylamino)naphthalene (Proton Sponge, 89 mg, 1.5 mmol) was
added, followed by 55 mg (1.3 mmol) of POCl; 5 min later. After several hours of stirring at 0-
4 °C, tri-n-butylamine (0.048 mL, 0.72 mmol) was added to the solution followed by 2.76 mL
(5 mmol) of 0.5 M bis(tri-n-butylammonium) pyrophosphate in DMF. After 2-5 min the
mixture was poured into a cold 0.5 M aqueous TEAC solution (30 mL, pH 7.5) and stirred at
0-4 °C for several minutes. The solution was allowed to reach room temperature upon stirring
and then left standing for 1 h. Trimethylphosphate was extracted with tert-butyl methyl ether,
and the aqueous solution was evaporated and lyophilized to yield glassy colorless oils. The
reactions were controlled by TLC wusing a freshly prepared solvent system (2-
propanol/NHsOH/water) 6 : 3 : 1). The compound was purified by anion exchange

chromatography (FPLC condition: the column was washed with deionized water, followed by
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a solvent gradient of 5%—100% mM NH4HCO3 buffer (0.5 M) using approximately 1000 mL
of solvent to elute the mono and diphosphates. Finally, to remove inorganic salts, such as
inorganic phosphates and some buffer the product was further purified by reverse phase high-
performance liquid chromatography (RP-HPLC column Knauer 20 mm ID, Eurospher-100
C18; condition: the column was eluted with a solvent gradient of 0—40% of acetonitrile in 50
mM aqueous NH4HCOj3 buffer for 30 min at a flow rate of 5 mL/min). and purify as described

before. Yield: 16%,

'H NMR (600 MHz, D,0) & 4.06-4.09 (m, 1H), 4.15-4.18 (m, 1H), 4.28-4.30 (m, 1H), 4.36 (1,
J=6Hz, 1H), 4.40 (t, ] = 6 Hz, 1H), 5.51 (s, 2H), 6.00 (d, ] = 6 Hz, 1H), 6.11 (m, 1H), 7.62 (t,
J=6Hz, 2H), 7.75-7.78 (m, 1H), 8.07-8.09 (t, ] = 6 Hz, 2H), 8.14 (d, ] = 12 Hz, 1H). *C NMR
(151 MHz, D:0) § 47.72, 63.56, 63.60, 69.52, 74.04, 83.43, 83.49, 89.56, 101.67, 128.24,
129.03, 133.89, 134.90, 140.33, 151.66, 164.56, 164.58, 196.00. >'P NMR (243 MHz, D,0) &

-6.56,-9.87 (J = 17.01 Hz). LC/ESI-MS: positive mode ([M + H] 523, [(M +NHa] 540.

(2R,3S.,4R,5R)-5-(2,4-diox0-3-(2-0x0-2-phenylethyl)-3,4-dihydropyrimidin-1(2H)-yl)-

3,4-dihydroxytetrahydrofuran-2-yl)methyl dihydrogen phosphate (35)

This product has been obtained as side product during the synthesis of compounds 33 and it has

been purified and characterized. Yield 28%,

'H NMR (600 MHz, D,0) & 4.05-4.08 (m, 1H), 4.14-4.17 (m, 1H), 4.28-4.29 (m, 1H), 4.36 (1,
J = 6 Hz, 1H), 4.40-4.42 (m, 1H), 5.51 (s, 2H), 6.00 (d, ] = 6 Hz, 1H), 6.11 (d, J = 6 Hz, 1H),
7.62 (t, ] = 6 Hz, 2H), 7.75-7.78 (m, 1H), 8.08 (d, J = 12 Hz, 2H), 8.15 (d, ] = 12 Hz, 1H). 13C
NMR (151 MHz, D20) 8 50.61, 66.37, 66.41, 72.45,76.95, 86.41, 86.48, 92.42, 104.58, 131.14,
131.92, 136.78, 137.79, 143.27, 154.56, 163.58, 167.46, 198.90. >'P NMR (243 MHz, D,0) &

~10.78 (m). MicrOTOF-Q [M - H] 441.0707.
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(2R 35S AR SR)-3 4-dihydroxy-5-(5-iodo-2 4-dioxo-3-(2-0xo0-2-phenylethyl)-3 4-

dihydropyrimidin-1(2H)-yl)tetrahydrofuran-2-yl)methyl trihydrogen diphosphate (34)

Lyophilized nucleoside 32 (0.28 mmol) was dissolved in 1.4 mL of trimethyl phosphate (dried
over 10 A molecular sieves). The mixture was stirred at room temperature under argon and then
cooled to 4 °C. Dry 1,8-bis(dimethylamino)naphthalene (Proton Sponge, 89 mg, 1.5 mmol) was
added, followed by 55 mg (1.3 mmol) of POCl; 5 min later. After several hours of stirring at 0-
4 °C, tri-n-butylamine (0.048 mL, 0.72 mmol) was added to the solution followed by 2.76 mL
(5 mmol) of 0.5 M bis(tri-n-butylammonium) pyrophosphate in DMF. After 2-5 min the
mixture was poured into a cold 0.5 M aqueous TEAC solution (30 mL, pH 7.5) and stirred at
0-4 °C for several minutes. The solution was allowed to reach room temperature upon stirring
and then left standing for 1 h. Trimethylphosphate was extracted with tert-butyl methyl ether,
and the aqueous solution was evaporated and lyophilized to yield glassy colorless oils. The
reactions were controlled by TLC wusing a freshly prepared solvent system (2-
propanol/NH4OH/water) 6 : 3 : 1) and purify as described before. The compound was purified
by anion exchange chromatography (FPLC condition: the column was washed with deionized
water, followed by a solvent gradient of 5%—100% mM NH4HCO3 buffer (0.5 M) using
approximately 1000 mL of solvent to elute the mono and diphosphates. Finally, to remove
inorganic salts, such as inorganic phosphates and some buffer the product was further purified
by reverse phase high-performance liquid chromatography (RP-HPLC column Knauer 20 mm
ID, Eurospher-100 C18; condition: the column was eluted with a solvent gradient of 0—40% of
acetonitrile in 50 mM aqueous NH4HCO3; buffer for 30 min at a flow rate of 5 mL/min). and

purify as described before. Yield: 0 %

(2R,3S,4R,5R)-3,4-dihydroxy-5-(5-iodo-2,4-dioxo0-3-(2-0x0-2-phenylethyl)-3.4-

dihydropyrimidin-1(2H)-yl)tetrahydrofuran-2-yl)methyl dihydrogen phosphate (36)

143



This product has been obtained as side product during the synthesis of compounds 34 and it has

been purified and characterized. Yield 37%

'H NMR (600MHz, D;0) & 4.09-4.12 (m, 1H), 4.15-4.18 (m, 1H), 4.28-4.30 (m, 1H), 4.34 (t,
J=6Hz, 1H), 4.41 (t,J = 6 Hz, 1H), 5.58 (s, 2H), 5.95 (d, J = 6 Hz, 1H), 7.62 (t, ] = 6 Hz, 2H),
7.77 (t, T = 6 Hz, 2H), 8,08 (d, J = 6 Hz, 2H), 8.41 (s, 1H). 3C NMR (151 MHz, D,0) § 49.14,
63.89, 63.93, 67.15, 69.54, 73.98, 83.52, 83.58, 89.90, 128.25, 129.03, 133.86, 134.91, 144.69,
151.25, 161.73, 167.28, 195.67. *'P NMR (243 MHz, D,0) & -11.02 (m). MicrOTOF-Q [M -

H] 566.9650.

N-(2-hydroxyethyl)stearamide (37)

A solution of stearic acid (600 mg, 2.1 mmol) and NEt; (0.6 ml, 4.2 mmol) in DCM (50 ml)
was stirred for 5 minutes at 0 °C. Then, ethyl chloroformate (0.4 ml, 4.2 mmol) was added
dropwise slowly and the reaction was stirred for 1 hour at room temperature. Successively,
ethanolamine (0.254 ml, 4.2 mmol) was added to the solution and the mixture was stirred
overnight at room temperature. The white suspension obtained was concentrated at reduced
pressure and the crude was purify by silica gel column chromatography using DCM: MeOH

(9.5: 0.5). Yield 90%

'H NMR (600 MHz, CDCls) & 0.88 (t, ] = 6 Hz, 3H), 1.25-1.32 (m, 28H), 1.63 (q, ] = 6 Hz,
2H), 2.21 (t, J = 12 Hz, 2H), 2.49 (bs, 1H), 3.41-3.43 (m, 2 H), 4.72 (t, ] = 6 Hz, 2H), 6.10 (bs,
1H). 3C NMR (151 MHz, CDCls) § 14.09, 25.73, 29.27, 29.33, 29.34, 29.47, 29.60, 29.64,
29.66, 29.68, 31.91, 36.60, 42.55, 62.50, 174.70. LC/ESI-MS: positive mode ([M + H] 328,

[(M +Na] 350.

N-(2-bromoethyl)stearamide (38)

To a stirred suspension of 37 (200 mg, 0.6 mmol) in dry DCM (20 ml) was added dropwise

PBr3 (0.8 mmol) at 0 °C and the reaction was stirred overnight under argon. To the colorless
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solution was added water (5 ml) and a white precipitate was formed and filtrated. The white
solid was purified by silica gel column chromatography using petroleum ether: ethyl acetate (7:

3). Yield 54%.

'H NMR (600 MHz, CDCls) & 0.88 (t, J = 6 Hz, 3H), 1.25-1.32 (m, 28H), 1.61-1.65 (m, 2H),
2.20 (t,J = 12 Hz, 2H), 3.49 (t, J = 6 Hz, 2H), 3.65-3.68 (m, 2H), 5.86 (bs, 1H). 13C NMR (151
MHz, CDCL3) § 14.07, 22.63, 25.61, 29.19, 29.28, 29.30, 29.42, 29.55, 29.59, 29.60, 29.62,

29.64, 31.86, 32.81, 36.65, 40.97, 173.23. Standard LC/ESI-MS cannot detect this molecule.

General procedure for compounds 28, 29

To a solution of UDP or 33 (0.064 mmol) in 0.5 ml of dry DMF, was added a solution of 38
(0.93 mmol) in 1 ml of dry DMF and NBu3 (1 mmol). The reaction was stirred for 24 hours at
45 °C, under argon atmosphere. After 24 hours a new molecule was detected by TLC (eluent
iso-propanol/ NHs 25% H>O/ H20 = 6/3/1). The crude of reaction is purify first using FPLC
followed by RP-HPLC. Unfortunately, from micrOTOF-Q analysis the product obtained is not

the target compounds.

Unfortunately, before the end of the Grant Period we did not finish to fully purify and
characterize the two final products. Thus, to complete the first part of the project I prolongated
my period for other two week out-side of the Grant Period in order to obtain at least the two

final compounds.
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Synthesis of dual sustainable HDAC/ferroptosis inhibitors

Chemistry
(E/Z)-1,16-bis(3-methoxyphenyl)hexadec-8-ene (54)

A solution of Grubbs I catalyst (0.075 mmol, 7.5% mol) in DCM (3 mL) was added at a 0.5
mL/h rate in a boiling solution of 47 (1.0 mmol, 1 eq) in DCM (3 mL). After complete addition,
the solution was refluxed for 1 h. The reaction was directly concentrated under reduce pressure

and the resulting yellow oil was purified by flash chromatography, ethyl acetate: pentane

(0:100; 2.5:97.5; 5:95; 7.5:92.5 with 10:90) in order to obtain the dimer compounds (e/z).
Compounds 54 was obtained as a colorless oil. Yield 16%.

'H-NMR (CDClLs, 400 MHz) & (ppm): 0.86-0.89 (m, 4H), 1.25-1-29 (m, 12H), 1.57-1.59 (m,
4H), 1.94-1.96 (m, 4H), 2.57 (t, 4H, J = 7.6 Hz), 3.79 (s, 6H), 5.37-5.40 (m, 2H), 6.71-6.78 (m,
6H), 7.17-7.21 (m, 2H). >*C-NMR (CDCls, 100 MHz) § (ppm): 14.2, 22.7, 29.4, 29.8, 31.4,
32.6, 36.0, 5.1, 110.8, 114.2, 120.9, 129.2, 129.9, 130.4, 144.6, 159.6. HRMS: C3sH47NOs
calc for [M+H"] C3sH47NO7 437.3431 found 437.3414; [M+Na*] C3sHasNNaO; 459.3235

found 459.3234
(Z)-1-(benzyloxy)-3-(pentadec-8-en-1-yl)-benzene (56)

To a solution of 47 (1.4g, 1 eq) in DMF (11ml) was added K>COs3 (0.767 g, 1.2 g) and the
reaction was stirred 30 minutes. Then, to the solution was added benzyl bromide (0.870, 1.1 eq)
and stirred for 24 h at room temperature. The reaction was quenched adding 20 ml of water and
it was extracted with DCM (2 x 15 ml). The organic layer was concentrated under reduced

pressure and it was purified by column chromatography with pentane / DCM (8.5/1.5).

Compound 56 was obtained as a pale-yellow oil. Yield 98%.
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'H-NMR (CDCL, 400 MHz) § (ppm): 0.88 (q, 3H), 1.25-1.27 (m, 16H), 1.60-1.65 (m, 2H),
2.01 (t, 4H, J = 9 Hz), 2.57 (t, 2H, ] = 9 Hz), 5.04 (s, 2H), 5.31-5.36 (m, 2H), 6.76-6.80 (m,
3H), 7.12-7.20 (m, 1H), 7.29-7.38 (m, 5H). *C-NMR (CDCls, 100 MHz) 5 (ppm): 14.20, 22.75,
27.27, 20.07, 29.30, 29.37, 29.49, 29.60, 29.82, 31.43, 31.87, 36.08, 53.47, 69.91, 111.72,
115.19, 121.19, 127.57, 127.94, 128.22, 128.60, 129.22, 129.89, 130.00, 130.18, 137.25,
144.67, 158.88. HRMS: MW 392.31 CasHs0O calc for [M+Na'] CasHaoNaO 415.2986 found

415.2971

General procedure for the cross-metathesis reaction (57-62)

Procedure A) In a boiling solution of 47, 48, 56 (1.0 mmol, 1 eq) and 50 (2.0 mmol, 2 eq) in
DCM (3 ml) was added dropwise a solution of Grubbs I catalyst (0.075 mmol, 7.5% mol) in
DCM (3 mL). The addition was completed in 6 hours (0.5 mL/h rate), after that it was refluxed
1 h. The reaction was directly concentrated under reduce pressure and the resulting yellow oil
was purified by flash chromatography with ethyl acetate: pentane (0:100; 2.5:97.5; 5:95;

7.5:92.5 with 10:90) in order to obtain the dimer compounds (e/z).

Procedure B) In a boiling solution of 47, 48, 56 (1.0 mmol, 1 eq) and 51 (2.0 mmol, 2 eq) in
DCM (3 ml) was added dropwise a solution of Grubbs I catalyst (0.075 mmol, 7.5% mol) in
DCM (3 mL). The addition was completed in 6 hours (0.5 mL/h rate), after that it was refluxed
1 h. The reaction was directly concentrated under reduce pressure and the resulting yellow oil
was purified by flash chromatography with ethyl acetate: pentane (0:100; 2.5:97.5; 5:95;

7.5:92.5 with 10:90) in order to obtain the dimer compounds (e/z).

(E/Z)-3-(12-((tert-butoxycarbonyl)((tert-butoxycarbonyl)oxy)amino)-12-oxododec-8-en-

1-yl)phenyl benzoate (57)

Procedure A: Compound 57 was obtained as a pale-yellow oil. Yield 28%.
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'H-NMR (CDCls, 400 MHz) & (ppm):1.27-1.30 (m, 8H), 1.54 (s, 18), 1.60-1.63 (m, 2H), 2.00-
2.04 (m, 2H), 2.38 (m, 2H), 2.60-2.65 (m, 2H), 2.91-2.92 (m, 2H), 5.45 (s, 2H), 7.10-7.19 (m,
3H), 7-43-7.35 (m, 4H), 8.21-8.27 (m, 2H). 3C-NMR (CDClLs, 100 MHz)  (ppm): 14.13,27.31,
27.55, 27.60, 27.90, 28.06, 29.10, 29.27, 29.35, 29.44, 29.72, 31.26, 32.54, 35.79, 53.50,
118.85, 121.57, 126.05, 128.08, 128. 59,129.22, 129.69, 130.18, 133.55, 144.78, 150.92,

165.31. HRMS: C35H47NOs calc for [M+Na*] C3sH47NNaO7 609.3328 found 609.3332.

tert-butyl (E/Z)-((tert-butoxycarbonyl)oxy)(12-(3-methoxyphenyl)dodec-4-

enoyl)carbamate (58)

Procedure A: Compound 58 was obtained as a pale-yellow oil. Yield 20%.

'"H-NMR (CDCl3, 400 MHz) 8 (ppm): 1.27-1.30 (m, 10H), 1.56 (s, 18H), 1,95-1.99 (m, 2H),
2.37-2.40 (m, 2H), 2.57 (t,2H, ] = 10.5Hz), 2.92-2.95 (m, 2H), 3.79 (s, 3H), 5.40-5.45 (m, 2H),
6.76-6.80 (m, 3H), 7.18-7.25 (m, 1H) C-NMR (CDCl;, 100 MHz) & (ppm): 27.21, 27.94,
29.12,29.72, 31.42, 32.53, 36.04, 36.97, 53.46, 55.13, 85.20, 85.94, 110.81, 114.15, 120.87,
127.83, 129.15, 131.93, 144.64, 149.59, 151.25, 159.54, 169.54. MW 519.32; HRMS:

C29H4sNO7 calc for [M+Na'] C2oHssNNaO7 542.3088 found 542.3088.

tert-butyl(E/Z)-(12-(3-(benzyloxy)phenyl)dodec-4-enoyl)((tert-

butoxycarbonyl)oxy)carbamate (59)

Procedure A: Compound 59 was obtained as a pale-yellow oil. Yield 38%.

'H-NMR (CDCl3, 400 MHz) & (ppm): 1.28-1.30 (m, 10H), 1.57 (s, 18H), 1.96-2.00 (m, 2H),
2.37-2.40 (m, 2H), 2.57 (t, 2H, J = 8.5 Hz), 2.92-2.94 (m, 2H), 5.04 (s, 2H), 5.44 (m, 2H), 6.80-
6.85 (m, 3H), 7.17-7.20 (m, 1H), 7.32-7.40 (m, 3H), 7.45-7.47 (m, 2H). 3C-NMR (CDCl3, 100
MHz) & (ppm): 27.23, 27.41, 27.54, 27.89, 27.95, 29.13, 29.29, 29.38, 29.66, 31.39, 32.54,

34.14, 36.98, 69.89, 85.94, 111.71, 121.17, 126.10, 127.55, 127.90, 128.47, 129.18, 131.58,
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137.21, 144.67, 149.60, 151.26, 158.82, 169.54. HRMS. MW 595.35; C35sH49NO7 calc for

[M+Na'] C35sH4)NNaO7 595.3547 found 595.3553

(E/Z)-3-(12-((2-((tert-butoxycarbonyl)amino)phenyl)amino)-12-oxododec-8-en-1-

yD)phenyl benzoate (60)

Procedure B: Compound 60 was obtained as a pale-yellow oil. Yield 44%.

'"H-NMR (CDCl3, 400 MHz) & (ppm): 1.20-1.25 (m, 8H), 1.51 (s, 9H), 1.58-1.61 (m, 2H), 1.99-
2.03 (m, 2H), 2.41 (s, 4H), 2.62 (t, 2H, 10.5 Hz), 5.50-5.54 (m, 2H), 6.91 (bs, 1H), 7.16-7.20
(m, 5H), 7.35-7.40 (m, 3H), 7.48-7.53 (m, 2H), 7.61-7.65 (m, 1H), 8.19-8.21 (bs, 1H), 8.21 (m,
2H). BC-NMR (CDCIl3, 100 MHz) & (ppm): 23.51, 27,25, 28.33, 29.04, 29.63, 31.22, 32.56,
35.76, 37.23, 80.85, 118.86, 121.55, 124.34, 125.24, 125.42, 126.06, 127.23, 127.31, 127.93,
128.59, 129.23, 129.65, 129.75, 130.17, 131.96, 132.92, 133.60, 144.76, 150.91, 154.14,
165.29, 171.85. HRMS: MW 584.33; C3eH44N20s calc for [M+Na'] 607.3150 found

Cs6H44N2NaOs 607.3142.

tert-butyl (E/Z)-(2-(12-(3-methoxyphenyl)dodec-4-enamido)phenyl)carbamate (61)

Procedure B: Compound 61 was obtained as a pale-yellow oil. Yield 47%.

'"H-NMR (CDCls, 400 MHz) & (ppm): 1.25-1.28 (m, 8H), 1.52 (s, 11H), 1.94-2.01 (m, 2H),
2.42 (s,4H), 2.57 (t, 2H, J = 9 Hz), 5.46-5.51 (m, 2H), 6.71-6.77 (m, 3H), 6.87 (bs, 1H), 7.13-
7.21 (m, 3H), 7.39-7.42 (m, 2H), 7.90 (t, 1H, J = 6 Hz). *C-NMR (CDCls, 100 MHz) § (ppm):
28.31, 28.69, 29.10, 29.28, 29.46, 29.65, 31.40, 32.57, 36.02, 37.32, 53.46, 55.14, 80.94,
110.78, 114.22, 120.87, 124.41, 125.41, 126.26, 127.88, 129.17, 129.90, 130.75, 132.37,
144.59, 154.46, 159.39, 171.70. HRMS: MW 584.33; C36H44N20s calc for [M+Na*] 607.3150
found C3sH4sN2NaOs: 607.3142 HRMS: MW 494.31; C3oHsa2N204 calc for [M+Na']

C30H42N2NaO4 517.3045 found 517.3037

tert-butyl (E/Z)-(2-(12-(3-(benzyloxy)phenyl)dodec-4-enamido)phenyl)carbamate (62)
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Procedure B: Compound 62 was obtained as a pale-yellow oil. Yield 46%.

'"H-NMR (CDCl3, 400 MHz) & (ppm): 1.26-1.28 (m, 8H), 1.51 (m, 11H), 1.98-1.99 (m, 2H),
2.40 (s, 4H), 2.56 (t, 2H, ] = 11 Hz), 5. 04 (s, 2H), 5.45-5.50 (2H), 6.78-6.81 (m,3H), 6.93 (bs,
1H), 7.10-7.20 (m, 3H), 7.31-7.40 (m, 7H), 8.08 (bs, 1H). *C-NMR (CDCl3;, 100 MHz) &
(ppm): 27.28, 28.33, 29.12, 29.48, 31.37, 32.60, 34.68, 36.01, 37.26, 41.14, 69.90, 80.90,
111.68, 115,18, 121.17, 124.40, 125.33, 124.45, 126.26, 127.29, 127.93, 128.08, 129.21,
129.83, 130.83, 132.00, 132.34, 137.17, 144.64, 154.17, 158.83, 171.81. HRMS: MW 570,35

C36H46N204, calc for [M+Na+] C3sHa6N2NaO4 593.3360 found 593.3350

General procedure for the reduction reaction (63-70)

Pd/C 5% (0.9 mmol, 3 eq) was added to a solution of 57-62 (0.3 mmol, leq) in ethyl acetate (2
mL). After 3 h stirring under hydrogen atmosphere, the solution was diluted with DCM (10
mL) and filtered on silica with ethyl acetate : pentane (50:50) in order to obtain the desired

compounds.

3-(12-((tert-butoxycarbonyl)((tert-butoxycarbonyl)oxy)amino)-12-oxododecyl)phenyl

benzoate (63)

Compound 63 was obtained as a colorless oil. Yield 85%.

'"H-NMR (CDCl3, 400 MHz) 8 (ppm): 1.25-1.30 (m, 12H), 1.54 (s, 22H), 1.63-1.65 (m, 2H),
2.62-2.65 (m, 2H), 2.82-2.86 (m, 2H), 7.10-7.34 (m 4H), 7.47-7.53 (m, 2H), 7.61-7.65 (m, 1),
8.19-8.20 (m, 2H). 1*C-NMR (CDCl3, 100 MHz) & (ppm): 27.53, 27.88, 28.02, 29.04, 29.16,
29.32, 29.35, 29.46, 29.49, 31.27, 31.91, 36.12, 36.87, 85.36, 85.90, 118.83, 121.55, 126.04,
128.57, 129.19, 129.70, 130.16, 133.53, 144.81, 149.62, 150.92, 151.28, 165.28, 170.14.

HRMS: MW 611.35; C35H49NOs calc for [M+Na'] C3sH49NNaOg 634.3371 found 634.3350.

tert-butyl ((tert-butoxycarbonyl)oxy)(12-(3-methoxyphenyl)dodecanoyl)carbamate (64)

Compound 64 was obtained as a colorless oil. Yield 91%.
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'H-NMR (CDCL, 400 MHz) § (ppm): 1.26-1.29 (m, 14H), 1.54 (s, 18H) 1.65-1.67 (m, 4H),
2.57 (t, 2H, T = 10.5Hz), 2.84-2.86 (m, 2H), 3.79 (s, 3H), 6.70-6.78 (m, 3H), 7.16-7.20 (m, 1H).
13C-NMR (CDCls, 100 MHz) & (ppm): 27.53, 27.88, 29.04, 29.45, 29.52, 29.57, 30.96, 31.43,
36.05, 36.86, 55.12, 85.11, 85.89, 110.81, 114.13, 120.87, 129.14, 144.66, 149.62, 151.27,
159.54, 170.13, 207.21. HRMS: MW 496.33; C30H44N»04 calc for [M+H'] 497.3388 found

C30H45N204 497.3374; calc for [M+Na*] 519.3206 found C3oH44N2NaO4 519.3193.

tert-butyl  (12-(3-(benzyloxy)phenyl)dodecanoyl)((tert-butoxycarbonyl)oxy)carbamate

(65)

Compound 65 was obtained as a colorless oil. Yield 50%.

'"H-NMR (CDCl3, 400 MHz) & (ppm): 1.28-1.30 (m, 14H), 1.52-1.68 (m, 22H), 2.57 (t, 2H, J =
9 Hz), 2.84 (t, 2H, ] =9 Hz), 5.05. (s, 2H), 6.78-6.81 (m, 3H), 7.16-7.20 (m, 1H), 7.31-7.36 (m,
1H), 7.40-7.45 (m, 4H). C-NMR (CDCls, 100 MHz) & (ppm): 27.54, 27.89, 27.94, 29.05,
29.35, 29.36, 29.47, 29.73, 31.40, 36.04, 36.87, 69.88, 85.11, 85.90, 111.72, 115.12, 121.17,
127.54,127.89,127.90, 129.18, 137.21, 144.69. 149.63, 151.29, 158,82, 170.137. HRMS: MW

597.37; C35sH51NOy calc for [M+Na*] C3sHsi1NNaO7 620.3562 found 620.3558.

3-(12-((2-((tert-butoxycarbonyl)amino)phenyl)amino)-12-oxododecyl)phenyl  benzoate

(66)

Compound 66 was obtained as a colorless oil. Yield 92%.

'"H-NMR (CDCls, 400 MHz) & (ppm): 1.30 (m, 14H), 1.50 (s, 9H), 1.66 (m, 4H), 2.33 (t, 2H, J
=10.5 Hz), 2.63 (t, 2H, ] = 10.5 Hz), 6.99-7.11 (m, 6H), 7.29-7.38 (m, 1H), 7.48-7.52 (m, 2H),
7.60-7.64 (m, 1H), 8.12 (bs, 1H), 8.14-8.17 (m, 2H). *C-NMR (CDCl;, 100 MHz) & (ppm):
28.32, 29.23, 29.52, 29.55, 29.62, 30.96, 31.26, 35.69, 35.79, 37.33, 53.47, 60.45, 80.81,

118.85, 121.55, 124.49, 125.34, 126.05, 127.83, 128.37, 128.41, 128.59, 129.21, 129.66,
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130.16, 130.81, 133.58, 144.79, 150.91, 154.22, 165.35, 172.49. HRMS: MW 486,29,

C31H33N203 calc for C31H3sN2NaO3; [M+Na*] 509.2795 found 509.2775

tert-butyl (2-(12-(3-methoxyphenyl)dodecanamido)phenyl)carbamate (67)

Compound 67 was obtained as a colorless oil. Yield 100%.

'"H-NMR (CDCl3, 400 MHz) 8 (ppm): 1.25-1.30 (m, 12H), 1.51 (s, 11H), 1.58-1.60 (m, 2H),
1.68-1.70 (m, 2H), 2-36-2.36 (t, 2H, J = 9 Hz), 2.56-2.59 (t, 2H, J = 9.5 Hz), 3.80 (s, 3H), 6.78-
6.78 (m, 3H), 6.95 (bs, 1H), 7.10-7.19 (m, 3H), 7.36-7.40 (m, 2H), 8.11 (bs, 1H). C-NMR
(CDCl3, 100 MHz) & (ppm): 25.80, 28.32, 29.20, 29.25, 29.36, 29.40, 29.53, 29.58, 29.64,
31.43, 36.05, 37.35, 55.13, 80.84, 110.784, 114.198, 120.88, 124.53, 125.40, 126.18, 128.37,
129.17, 130.05, 130.77, 144.63, 154.25, 159.55, 172.48. HRMS: MW 496.33; C30H44N204 calc
for [M+H'] 497.3388 found C3oHasN20s4 497.3374 calc for [M+Na'] 519.3206 found

C30H44N2NaO4 519.3193.

tert-butyl (2-(12-(3-(benzyloxy)phenyl)dodecanamido)phenyl)carbamate (68)

Compound 68 was obtained as a colorless oil. Yield 50%.

'"H-NMR (CDCl3, 400 MHz) & (ppm):1.27-1.29 (m, 14H), 1.51 (s, 9H), 1.58-1.61 (m, 2H), 1.68-
1.70 (m, 2H), 2.33 (t, 2H, J = 9.5 Hz), 2.60 (t, 2H, J = 9.5 Hz), 5.04 (s, 2H), 6.78-6.81 (m, 3H),
6.94 (bs, 1H), 7.10-7.20 (m, 2H), 7.31-7.38 (m, 6H), 8.07 (bs, 1H). *C-NMR (CDCls, 100
MHz) é (ppm):22.67, 25.81, 28.33, 29.08, 29.26, 29.36, 29.42, 29.55, 29.59, 29.66, 31.40,
36.04,37.36, 69.90, 80.85, 111.682, 115.168, 121.174, 124.53, 125.41, 126.19, 127.56, 127.93,
128.58, 129.20, 130.05, 130.77, 137.17, 144.67, 154.25, 158.83, 172.47. HRMS: MW 572,36

C36H4gN204 calc for [M+Na*] C3sHasN2NaO4 595.3519 found 595.3506.

tert-butyl ((tert-butoxycarbonyl)oxy)(12-(3-hydroxyphenyl)dodecanoyl)carbamate (69)

Compound 69 was obtained as a colorless oil. Yield 46%.
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'H-NMR (CDCls, 400 MHz) & (ppm): 1-28-1.29 (m, 14H), 1.53-1.69 (s, 22H), 2.54 (t, 2H, J =
10.5Hz), 2.81-2.86 (m, 2H), 6.63-6.66 (m, 1H), 6.74-6.76 (m, 1H), 7.12 (t, 2H, J = 4.5 Hz). 13C-
NMR (CDCls, 100 MHz) & (ppm): 24.39, 27.52, 27.88, 28.98,29.16, 29.27, 29.36, 29.42, 29.59,
31.23, 35.81, 36.86, 85.25, 86.03, 112.48, 115.35, 120.77, 129.31, 144.87, 149.87, 151.30,
155.66, 170.34. HRMS: MW 507.32; C2sHusNO; Cale for [M+Na'] C2sHasNNaO; 530.3106

found 530.3088.

tert-butyl (2-(12-(3-hydroxyphenyl)dodecanamido)phenyl)carbamate (70)

Compound 70 was obtained as a colorless oil. Yield 44%.

'H-NMR (CDCl3, 400 MHz) & (ppm): 1.25-1.27 (m, 14H), 1.51-1.59 (m, 11H), 1.69-1.73 (m,
2H), 2.37 (t, 2H, J = 9.5 Hz), 2.53 (t, 2H, J = 9.5 Hz), 6.62-6.71 (m, 3H), 6.86 (bs, 1H), 7.10-
7.16 (m, 3H), 7.35-7.39 (m, 1H), 7.46-7.49 (m, 1H), 8.12 (bs, 1H). 3C-NMR (CDCls, 100
MHz) é (ppm):25.77, 28.31, 28.90, 29.02, 29.11, 29.16, 29.22, 29.26, 29.28, 29.32, 31.13,
35.77, 37.43, 53.46, 81.11, 112.57, 115.39, 120.59, 124.61, 125.69, 126.31, 129.28, 130.14,
130.54, 154.34, 155.86, 172.70. HRMS: MW 482,31, Cy9H4#N204 calc for [M+Na']

C29H42N2NaO4 505.3052 found 505.3037

General procedure for the deprotection reaction (39-46)

A compound 63-70 (0.2 mmol, 1 eq) was solubilized in DCM (1mL), then 0.5 mL of TFA (6.5
mmol, 30 eq) was added to the reaction mixture, and it was stirred at room temperature for 3 h.
The resulting solution was dried under reduced pressure. The crude was resolubilized with of
DCM and the product was precipitate adding some drops of pentane. The precipitate was
purified removing the organic solvent. The white solid obtained was washed several times with

pentane in order to obtain the desired product.

N-hydroxy-12-(3-methoxyphenyl)dodecanamide (39)

Compound 39 was obtained as a colorless oil. Yield 67%.
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'H-NMR (DMSO-d6, 400 MHz) § (ppm): 1.23 (s, 14H), 1.46-1.54 (m, 4H), 1.94 (t, 2H, ] =
11Hz), 2.54 (s, 2H), 3.73 (s, 3H), 6.718-6.76 (m, 3H), 7.15-7.19 (m, 1H), 8.67 (bs, 1H), 10.33
(bs, 1H). 3C-NMR (DMSO-d6, 100 MHz) § (ppm): 25.59, 29.06, 29.15, 29.23, 29.34, 29.41,
29.48, 30.18, 31.38, 32.72, 35.68, 55.30, 111.44, 114.35, 120.98, 129.63, 144.63, 144.40,

159.69, 169.56
3-(12-(hydroxyamino)-12-oxododecyl)phenyl benzoate (40)

Compound 40 was obtained as a colorless oil. Yield 25%.

'"H-NMR (DMSO-d6, 400 MHz) & (ppm): 1.29 (s, 14H), 1.46-1.58 (m, 4H), 1.92 (t, 2H, J =
10Hz), 2.52-2.54 (m, 2H), 3.34 (s, 3H), 7.08-7.15 (m, 3H), 7.35-7.39 (m, 1H), 7.60-7-64 (m,
2H), 7.76-7.79 (m, 1H), 8.15 (m, 2H), 8.66 (s, 1H), 10.32 (s, 1H). *C-NMR (DMSO-d6, 100
MHz) § (ppm): 25.58, 29.07, 29.22, 29.31, 29.41, 29.45, 31.06, 31.21, 32.71, 35.28, 119.58,
122.05, 126.41, 129.43, 129.48, 129.73, 130.20, 134.47, 144.73, 151.07, 165.06, 169.55.

HRMS: MW 41 1,24, C25H33NO4 calc for [M+Na+] CasH33NaNO4 434.2309 found 434.2302.

12-(3-(benzyloxy)phenyl)-N-hydroxydodecanamide (41)

Compound 41was obtained as a colorless oil. Yield 97%.

'H-NMR (DMSO-d6, 400 MHz) & (ppm):1.23 (s, 14H), 1.49-1.50 (m, 4H), 1.92 (t, 2H, J =11
Hz), 2.52-2.56 (m, 2H), 5.07 (s, 2H), 6.80-6.87 (m, 3H), 7.15-7.19 (m, 1H), 7.39-7.44 (m, 5H),
8.68 (bs, 1H), 10.35 (bs, 1H). *C-NMR (DMSO-d6, 100 MHz) § (ppm): 25.61, 29.05, 29,11,
29.34,29.42,29.47,30.19, 31.31, 32.64, 34.60, 35.65, 39.32, 39.74, 39.95, 40.16, 40.37, 69.46,
112.34, 115.25, 121.24, 128.02, 128.13, 128.22, 128.74, 128.86, 128.92, 129.07, 129.66,
137.69, 144.44, 158.80. HRMS: MW 397.26; C2sH3sNOs3 Calc for [M+H"] C2sH3sNOs3

398.2693 found 398.2690
N-hydroxy-12-(3-hydroxyphenyl)dodecanamide (42)

Compound 42 was obtained as a colorless oil. Yield 88%.
154



'H-NMR (DMSO-d6, 400 MHz) & (ppm):1.23 (s, 16H), 1.51-1.53 (m, 4H), 1.93 (t, 2H, J =
9Hz), 6.56-6.60 (m, 3H), 7.04 (t, 1H, ] = 10.5Hz), 8.68 (bs, 1H), 9.22 (bs, 1H), 10.35 (bs, 1H).
13C-NMR (DMSO-d6, 100 MHz) § (ppm): 25.90, 29.05, 29.13, 29.22, 29.36, 29.42, 29.48,
31.18, 31.35, 32.70, 35.61, 113.00, 114.68, 115.58, 119.38, 129.56, 144.19, 157.70. HRMS:

MW 307,21; C1sH20NOs3 cale for [M+Na*] 330.2049 found CisH20NNaO3 330.2040

N-(2-aminophenyl)-12-(3-methoxyphenyl)dodecanamide (43)

Compound 43 was obtained as a colorless oil. Yield 57%.

'"H-NMR (DMSO-d6, 400 MHz) & (ppm):1.26-1.30 (m,14H), 1.52-1.56 (m, 4H), 2.30 (t, 2H, J
=9.5Hz), 2.51-2.54 (m, 2H), 3.73 (s, 3H), 4.82 (bs, 1H), 6.48-6.53 (m, 1H), 6.63-6.72 (m, 4H),
6.89-6.93 (m, 1H), 7.17-7.19 (m, 2H), 9.11 (bs, 1H). 3C-NMR (DMSO-d6, 100 MHz) 8 (ppm):
14.55,21.22,25.78,29.15, 29.28, 29.35, 29.43, 29.48, 31.38, 35.68, 36.22, 55.30, 55.40, 60.23,
111.45, 114.35, 116.34, 116.60, 120.99, 124.04, 125.71, 126.13, 129.64, 142.34, 144.41,

159.69, 171.63.

3-(12-((2-aminophenyl)amino)-12-oxododecyl)phenyl benzoate (44)

Compound 44 was obtained as a colorless oil. Yield 64%.

'H-NMR (DMSO-d6, 400 MHz) & (ppm):1.29 (m, 14H), 1.58 (m, 4H), 2.29 (t, 2H, J = 10.5
Hz), 2.62 (t, 2H, J = 10.5 Hz), 4.84 (bs, 2H), 6.51 (t, 1H, J = 10.5 Hz), 6.72 (m, 1H), 6.90 (m,
1H), 7.10 (m, 4H), 7.39 (m, 1H), 7.62(m, 2H), 7.77 (m, 1H), 8.12 (m, 2H), 9.11 (bs, 1H). 13C-
NMR (DMSO-d6, 100 MHz) & (ppm): 22.96, 25.78, 29.07, 29.14, 29.28, 29.45, 31.22, 35.28,
36.22, 55.90, 60.23, 116.35, 116.62, 119,59, 122.06, 124.04, 125.70, 126.13126.43, 129.45,

129.74, 130.21, 134.48, 142.32, 144.74, 151.06, 165.08, 170.82, 171,62

N-(2-aminophenyl)-12-(3-(benzyloxy)phenyl)dodecanamide (45)

Compound 45 was obtained as a colorless oil. Yield 64%.
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'H-NMR (DMSO-d6, 400 MHz) § (ppm):1.24 (m, 14H), 1.52 (m,4H), 2.25 (t, 2H, J = 9.5 Hz),
2.46 (t, 2H, ] = 9.5 Hz), 4.78 (bs, 2H), 5.03 (s, 2H), 6.47 (m, 1H), 6.78 (m, SH), 7.09. (m, 2H),
7.36 (m, SH), 9.06. (bs, 1H). *C-NMR (DMSO-d6, 100 MHz) & (ppm):25.78, 29. 12, 29. 15,
29.29, 29.36,29.44, 29.49, 31.32, 35.65, 36.22, 69.44, 112.33, 115.24, 116.34, 116.60, 121.25,
124.02, 125.71, 126.14, 128.14, 128.22, 128.86, 129.66, 135.24, 137.69, 142.35, 144.44,

158.80, 171.62

N-(2-aminophenyl)-12-(3-hydroxyphenyl)dodecanamide (46)

Compound 46 was obtained as a colorless oil. Yield 91%.

'"H-NMR (DMSO-d6, 400 MHz) & (ppm):1.26 (s, 14H), 1.58 (m, 4H), 2.30 (t, 2H, J = 9.5 Hz),
2.46 (t,2H, ] = 9.5 Hz), 4.82 (bs, 2H), 6.54 (m, 4H), 6.72 (m, 1H), 6.87 (m, 1H), 7.06 (m, 1H),
7.15 (m, 1H), 9.11 (bs, 1H), 9.25 (bs, 1H). 3*C-NMR (DMSO-d6, 100 MHz) & (ppm): 25.78,
29.144,29.28,29.37, 29.44, 29.49, 31.36, 35.62, 36.22, 113.00, 115.58, 116.33, 116.60 119.36,

124.04, 125.71, 126.13, 129.55, 142.34, 144.177, 157.71, 171.64

Compound purity

HPLC were performed on Hitachi equipped with an auto-sampler, a diode array detection DAD
L-2455 used in the range 230-400 nm and a column Kromasil C18 5uM, 4.6*150 mm. 5-20 [/L
of MeOH solution of compounds at 1-4mg/1.5mL concentrations was injected. Two eluents
were used at 1 ml/mL flow rate to assess the compound purity >= 95%: Eluent A (for PBMR-

1-45): Acetonitrile 0.1% TFA; eluent B (all compounds) MeOH 0.1% TFA.

156



Synthesis of cashew nut-shell liquid-derived
compounds/tacrine hybrids

Chemistry
1,2,3,4-tetrahydroacridin-9-amine (Tacrine)

2-aminobenzonitril (0.553g, 4.68mmol) and ZnCl, (0.638g, 4.68mmol) were solubilized in
cyclohexanone (5.62mL, 54,20mmol) and the reaction reflux for 3 h at 140 °C. After that, the
reaction was cooled at room temperature and the jelly solid was filtrated. The crude solid was
resuspended in NaOH 10% in water (pH 12) and refluxed for 1 h. Then, the suspension was

filtrated, and then it was crystalized in ethanol / water mixture.
White solid, yield 70%

'H NMR (CDCls, 400MHz) 8: 1.91 (m, 4H), 2.57 (t, 2H, J = 6.4Hz), 3.01 (t, 2H, J = 5.2), 4.65
(bs, 2H), 7.32 (t, 1H, J = 7.2), 7.54 (t, 1H, ] = 7.6), 7.66 (d, 1H, J = 8.4), 7.88 (d, 1H, J = 8.4).
13C NMR (CDCLs, 100MHz) & 22.77, 22.86, 23.74, 34.16, 110.39, 117.15, 119.61, 123.79,

128.37, 128.88, 146.32, 146.61, 158.60.
6-chloro-1,2,3,4-tetrahydroacridin-9-amine (CI-6-THA)

2-amino-4-chlorobenzonitril (0.714g, 4.68mmol) and ZnCl, (0.638g, 4.68mmol) were
solubilized in cyclohexanone (5.62mL, 54,20mmol) and the reaction reflux for 3 h at 140 °C.
The reaction was cooled at room temperature and the jelly solid was filtrated. The crude solid
was resuspended in NaOH 10% in water (pH 12) and refluxed for 1 h. Then, the suspension

was filtrated, and then it was crystalized in ethanol / water mixture.
Pale yellow solid, yield 60%

'H NMR (DMSO-d6, 400MHz) &: 1.78 (m, 4H), 2.49 (t, 2H, J = 6Hz), 2.77 (t, 2H, ] = 5.2Hz),

6.44 (bs, 2H), 7.25 (dd, 1H, J' =9 Hz, J> = 2.4 Hz), 7.59 (d, 1H, J = 2.4 Hz), 8.15 (d, 1H, J =
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8.8 Hz). *C NMR (DMSO-d6, 100MHz) &: 22.81, 22.92, 24.04, 33.99, 109.90, 116.04, 123.21,

124.64, 126.82, 132.87, 147.48, 148.74, 159.32.

7-methoxy-1,2,3,4-tetrahydroacridin-9-amine (7-MEOTA)

The 7-methoxy-1,2,3,4-tetrahydroacridin-9-amine has been kindly donated from Professor
Kamil Kuca of the department of pharmaceutical chemistry and drug control, faculty of

pharmacy in Hradec Kralove, Charles University in Prague, Czech Republic. Pale yellow solid.

'H NMR (CDCls, 400MHz) &: 1.90 (m, 4H), 2.60 (t, 2H, J = 6.4 Hz), 2.98 (t, 2H, J = 5.2 Hz),
3.85 (s, 3H), 4.51 (s, NH), 6.90 (d, 1H, J = 2.4 Hz), 7.22 (dd, 1H, J' = 9.2 Hz, J? = 2.4 Hz),
7.79 (d, 1H, J = 9.2 Hz). 3C NMR (CDCls, 100MHz) &: 22.83, 22.92, 23.87, 33.90, 55.46,

98.60, 110.86, 117.55, 120.27, 130.49, 142.51, 145.34, 156.16, 156.17.

8-(3-(benzyloxy)phenyl)octan-1-ol (90)

LDT71 (0.165g, 0.74mmol) and K>COs (0.153g, 1.11lmmol) were solubilized in acetone
(7.40mL), then benzyl bromide (0.088mL, 0.74mmol) was added to the mixture. The mixture
was stirred for 12 h refluxing. Then, the reaction mixture was cooled, and the solvent was
removed under reduced pressure. The crude obtained was extracted with ethyl acetate/H>O (3x,
10 ml), and it was purified using silica gel column chromatography with a mixture of eluent

composed by petroleum ether / ethyl acetate / methanol (7.5/2/0.5). Colorless oil, yield: 92%

'H NMR (CDCls, 400MHz) &: 1.36 (s, 8H), 1.56-1.66 (m, 4H), 1.94 (s, OH), 2.62 (t, 2H, J =
7.6 Hz), 3.63 (t, 2H, J = 6.8Hz), 5.07 (s, 2H), 6.87-6.82 (m, 3H), 7.22 (s, 1H, J = 8 Hz), 7.35-
7.48 (m, SH). 3C NMR (CDCls, 100MHz) §: 25.79, 29.27, 29.41, 29.51, 31.36, 32.78, 36.03,

62.92,69.93,111.77,115.232, 121.21, 127.56, 127.92, 128.58, 129.23, 137.24, 144.60, 158.88.

8-(3-(benzyloxy)phenyl)octyl methyl sulfate (89)
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Compound 90 (0.212g, 0.68mmol) was solubilized in DCM (0.35mL) then, EzN (0.125mL,
0.88mmol) was added to the solution and stirred for 15 minutes DCM (0.35mL) at 0°C. Then,
mesyl chloride (0.086mL, 0.88mmol) was added and the reaction was stirred 12 h, at room
temperature. The reaction was quenched adding 10 ml of water and the crude was extracted
with DCM/H20 (3X 10 ml). The organic layer was collected and evaporated under reduced
pression and the resulting crude was purified using silica gel column chromatography with a

mixture of eluent composed by petroleum ether / DCM (3.5/6.5). Colorless oil, yield: 87%

'H NMR (CDCls, 400MHz) §: 1.35-1.41 (m, 8H), 1.64-1.76 (m, 4H), 2.61 (t, 2H, J = 7.6 Hz),
2.96 (s, 3H), 4.21 (t, 2H, ] = 6.0 Hz), 5.06 (s, 2H), 6.81-6.85 (m, 3H), 7.22 (t, 1H, ] = 8.0 Hz),
7.34-7.47 (m, 5H). 3C NMR (CDCls, 100MHz) &: 25.42, 28.96, 29.13, 29.14, 29.29, 31.28,
35.97, 37.26, 69.89, 70.27, 111.79, 115.21, 121.18, 127.55, 127.92, 128.57, 129.26, 137.24,

144.50, 158.88.
General Procedure for the synthesis of hybrids 71-78 and 91-93

In a microwave tube tacrine compounds (Tacrine or 6-ClI-THA or 7-MEOTA) was solubilized
in dry DMSO (1.3mL), KOH (0.24mmol) and molecular sieves (4 A, about 100mg) and stirred
at room temperature for 1 h under N,. Then, CNSL-derivatives 86-89 (0.18mmol) was added
to the reaction mixture. The reaction was carried-out in a CEM microwave with the following
condition: pre-stirring 15s, time 12minuti, temperature 120°C, pawer 100W. After that, the
crude was extracted with DCM/H20 (3X, 15 ml)/ and the organic layer was collected and
evaporated under reduced pressure. Finally, the crude product was purified using silica gel

column chromatography with different eluents.
N-(8-(3-methoxyphenyl)octyl)-1,2,3,4-tetrahydroacridin-9-amine (71)

Column chromatography eluent: petroleum ether / ethyl acetate / EtsN (7/2.5/0.5). Sticky

yellow-brown oil yield 24%, HPLC purity: 95%
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'H NMR (CDCls, 400MHz) §: 1.30-1.39 (m, 8H) 1.55-1.66 (m, 4H), 1.92 (m, 4H), 2.53 (t, 2H,
J=8.0Hz), 2.70 (m, 2H), 3.06 (m, 2H), 3.47 (t, 2H, J = 7.6Hz), 3.77 (s, 3H), 6.70-6.75 (m, 3H),
7.17 (t, 1H, T = 7.6Hz,), 7.35 (t, 1H, ] = 7.2Hz), 7.58 (t, 1H, J = 7.2Hz), 7.99 (d, 1H, J = 8.8Hz),
8.09 (d, 1H, ] = 7.6Hz). '*C NMR (CDCl;, 100MHz) § 21.51, 22.35, 22.65, 22.83, 24.01, 26.74,
29.10, 29.14, 29.30, 29.67, 31.23, 31.41, 35.91, 49.00, 55.09, 110.69, 114.28, 117.57, 120.81,

123.56, 124.44, 129.15, 130.62, 144.35, 153.45, 154.46, 159.55.

MS (ESI"): cal. 416, found: m/z: C2sH36N20 417 [M + H'].

6-chloro-N-(8-(3-methoxyphenyl)octyl)-1,2,3,4-tetrahydroacridin-9-amine (72)

The compounds 72 was purified by two subsequent column chromatography:
first column chromatography eluent: petroleum ether / ethyl acetate / Et:N 8/1.5/0.5)
second column chromatography eluent: petroleum ether / ethyl acetate / methanol / ammonia

(8/1.5/0.5/ 10%). Sticky yellow-brown oil yield 29%, HPLC purity: 91%

'H NMR (CDCls, 400MHz) &: 1.32-1.38 (m, 8H), 1.60-1.68 (m, 4H), 1.91 (m, 4H), 2.57 (¢, 2H
J=17.6Hz), 2.65 (m, 2H), 3.05 (m, 2H), 3.51 (t, 2H, J = 7.6Hz), 3.79 (s, 3H), 6.72-6.77 (m, 3H),
7.19 (t, 1H, J = 8.4Hz), 7.27 (m, 1H), 7.90-7.93 (m, 2H).!*C NMR (CDCls;, 100MHz) & 22.46,
22.82, 24.45, 26.84, 29.12, 29.21, 29.32, 31.24, 31.70, 33.53, 35.93, 49.53, 55.10, 110.72,
114.26, 115.26, 118.02, 120.81, 124.31, 124.67, 126.92, 129.14, 134.34, 144.39, 151.17,

159.55. MS (ESI"): cal. 450, found: m/z: C2sH35CIN2O 451 [M + H'].

7-methoxy-/N-(8-(3-methoxyphenyl)octyl)-1,2,3,4-tetrahydroacridin-9-amine (73)

Column chromatography eluent: petroleum ether / ethyl acetate / EtsN (8/1.5/0.5). Sticky

yellow-brown oil yield 29%, HPLC purity: 96%

'H NMR (CDCls, 400MHz) &: 1.31-1.39 (m, 8H), 1.60-1.68 (m, 4H), 1.91 (m, 4H), 2.57 (t, 2H,

J=7.6Hz), 2.71 (m, 2H), 3.07 (m, 2H), 3.45 (t, 2H, J = 7.2Hz), 3.79 (s, 3H), 3.91 (s, 3H), 6.71-
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6.77 (m, 3H), 7.19 (¢, 1H, J = 8.4Hz,), 7.25 (m, 3H), 7.84 (d, 1H, J = 8.8Hz,). *C NMR (CDCL;,
100MHz) 5: 22.57, 22.92, 24.58, 26.97, 29.13, 29.29, 29.37, 29.67, 31.25, 31.73, 31.90, 35.93,
49.12, 55.10, 55.47, 101.93, 110.71, 114.25, 120.65, 120.81, 129.14, 144.40, 155.99, 159.56.

MS (ESI): cal. 446, found: m/z: C290H3sN202 447 [M + H'].

methyl 2-methoxy-6-(8-((1,2,3,4-tetrahydroacridin-9-yl)amino)octyl)benzoate (74)

Column chromatography eluent: petroleum ether / ethyl acetate / EtsN (6.5/3/0.5). Sticky

yellow-brown oil yield 20%, HPLC purity: 95%

'H NMR (CDCls, 400MHz) &: 1.30-1.39 (m, 8H), 1.55-1.66 (m, 4H), 1.92 (m, 4H), 2.53 (t, 2H,
J=8.0Hz), 2.70 (m, 2H), 3.06 (m, 2H), 3.47 (t, 2H, J = 7.6Hz), 3.81 (s, 3H), 3.89 (s, 3H), 6.75
(d, 1H, ] = 8.4Hz) 6.80 (d, 1H, J = 7.2Hz), 7.26 (t, 1H, ] = 7.6Hz), 7.33 (t, 1H, ] = 7.2Hz), 7.56
(t, 1H, J = 7.2Hz), 7.90-7.96 (m, 2H). 3C NMR (CDCL;, 100MHz) &: 22.38, 22.83, 24.53,
26.81,29.13,29.18,29.24, 29.30, 30.95, 31.00, 31.60, 32.89, 31.74, 33.37, 33.40, 49.31, 51.99,
55.86, 108.48, 113.49, 121.42, 121.46, 122.99, 123.56, 123.81, 127.32, 128.96, 130.19, 141.18,
156.26, 168.83. HRMS (ES+) caled for CsoHasN2Os (M + H+) m/z, 475.29552; found,

475.29597.

methyl 2-(8-((6-chloro-1,2,3,4-tetrahydroacridin-9-yl)amino)octyl)-6-methoxybenzoate

(75)

Column chromatography eluent: petroleum ether / ethyl acetate / EtsN (7.5/2/0.5). Sticky

yellow-brown oil yield 34%, HPLC purity: 98%

'H NMR (CDCls, 400MHz) &: 1.28-1.35 (m, 8H), 1.53-1.66 (m, 4H), 1.89 (s, 4H), 2.51 (t, 2H
J=7.6Hz), 2.63 (m, 2H), 3.04 (m, 2H), 3.50 (t, 2H, J = 7.2Hz), 3.79 (s, 3H), 3.87 (s, 3H), 6.72-

6.79 (m, 2H) 7.24 (m, 2H), 7.89-7.93 (m, 2H). *C NMR (CDCls, 100MHz) &: 22.34, 22.77,
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24.43, 26.78, 29.10, 29.17, 29.22, 30.94, 31.62, 33.19, 33.36, 49.40, 51.99, 55.86, 108.49,
115.04, 117.84, 121.42, 123.56, 124.40, 124.68, 126.50, 130.24, 141.16, 151.40, 156.33,

168.83. HRMS (ES+) caled for C3oH37CIN2O3 (M + H+) m/z, 509.256547; found, 509.25651

methyl 2-methoxy-6-(8-((7-methoxy-1,2,3,4-tetrahydroacridin-9-yl)amino)octyl)benzoate

(76)

Column chromatography eluent: petroleum ether / ethyl acetate / Et:N (7.5/2/0.5) Sticky

yellow-brown oil yield 23%, HPLC purity: 99%

'HNMR (CDCls, 400MHz) &: 1.29-1.37 (m, 8H), 1.55-1.66 (m, 4H), 1.90 (m, 4H), 2.51 (t, 2H,
J=17.6Hz), 2.69 (m, 2H), 3.05 (m, 2H), 3.42 (t, 2H, J = 6.8Hz), 3.79 (s, 3H), 3.87 (s, 3H), 3.89
(s, 3H), 6.73-6.80 (m, 2H) 7.24 (m, 4H), 7.99 (d, 1H, J = 7.2Hz). '*C NMR (CDCL;, 100MHz)
8: 20.90, 22.15, 24.20, 26.68, 28.88, 29.05, 29.16, 29.19, 30.95, 31.42, 33.35, 48.16, 52.13,
55.85,103.34, 108.41, 117.81, 121.40, 122.97, 123.24, 130.26, 141.07, 154.09, 156.24, 156.65,

168.30. LRMS (ESI") cal. 504, found m/z: C31H40N204 505 [M + H'].

N-(8-(3,5-dimethoxyphenyl)octyl)-1,2,3,4-tetrahydroacridin-9-amine (77)

Column chromatography eluent: petroleum ether / ethyl acetate / dichloromethane /methanol /

ammonia (7/2.5/0.5/1/10%). Sticky yellow-brown oil yield 25%, HPLC purity: 95%

'H NMR (400 MHz, CDCls) &: 1.46 — 1.13 (m, 8H), 1.73 — 1.46 (m, 4H), 1.91 (t, 4H, J = 6.6,
Hz), 2.58 — 2.39 (m, 2H), 2.68 (s, 2H), 3.08 (s, 2H), 3.49 (t, 2H, J = 7.1 Hz), 3.61 (t, 2H, J =
6.6 Hz), 3.75 (s, 6H), 6.46 — 5.79 (m, 2H), 6.76 (m, 1H), 7.28 (m, 1H), 7.54 (t, 1H), 7.95 (d,
2H, J=8.6 Hz), *C NMR (100 MHz, CDCls) : 22.61,24.47,25.21,26.84, 29.11,29.32, 31.64,
33.41, 39.64, 49.94, 52.20, 54.80, 55.19, 57.61, 97.44, 106.49, 107.09, 108.35, 119.94, 121.44,

123.02, 123.85, 130.19, 141.05, 141.26, 145.15, 159.22, 160.66.
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6-chloro-N-(8-(3,5-dimethoxyphenyl)octyl)-1,2,3,4-tetrahydroacridin-9-amine (78)

Column chromatography eluent: petroleum ether / ethyl acetate / dichloromethane /methanol /

ammonia (7/2.5/0.5/1/10%). Sticky yellow-brown oil yield 25%. HPLC purity: 95%

'H NMR (400 MHz, CDCL) §: 1.40-1.10 (m, 8H), 1.57-1.62 (m, 4H), 1.91 (t, 4H, J = 2.9 Hz),
2.58 — 2.47 (m, 2H), 2.65 (s, 2H), 3.02 (s, 2H), 3.45 (s, 2H), 3.77 (s, 6H), 6.46-6.16 (m, 3H),
7.57-6.97 (m, 2H), 7.8-7.90 (m, 2H). 3C NMR (100 MHz, CDCl3) &: 22.61, 22.89, 24.51,
26.85, 29.12, 29.22, 29.33, 31.13, 31.74, 33.94, 36.20, 49.59, 55.20, 97.45, 106.47, 115.59,

118.32, 124.17, 124.60, 127.45, 133.98, 145.18, 148.03, 150.87, 159.39, 160.66,

N-(8-(3-(benzyloxy)phenyl)octyl)-1,2,3,4-tetrahydroacridin-9-amine (91)

Column chromatography eluent: petroleum ether / ethyl acetate / EtsN (6.5/3/0.5). Sticky

yellow-brown oil yield 32%.

'HNMR (CDCls, 400MHz) 5: 1.30-1.39 (m, 8H), 1.56-1.89 (m, 4H), 1.89 (m, 4H), 2.55 (t, 2H,
J=17.6Hz), 2.62 (m, 2H), 3.14 (m, 2H), 3.61 (t, 2H, J = 7.2Hz), 5.02 (s, 2H), 6.75-6.79 (m, 3H),
7.17 (t, 1H, ] = 7.6Hz), 7.30-7.42 (m, 6H), 7.53 (t, 1H, J = 7.2Hz), 8.00 (d, 1H, ] = 8.4Hz,),
8.12 (d, 1H, J = 8.00Hz). 3C NMR (CDCls, 100MHz) &: 22.74, 23.03, 24.74, 26.91, 29.14,
29.27,29.37,31.25, 31.76, 33.86, 35.94, 49.50, 69.88, 111.64, 115.19, 115.65, 120.09, 121.12,
122.90, 123.58, 127.50, 127.89, 128.36, 128.54, 129.19, 137.14, 144.47, 147.25, 150.93,

158.23, 158.82.

N-(8-(3-(benzyloxy)phenyl)octyl)-6-chloro-1,2,3 4-tetrahydroacridin-9-amine (92)

Column chromatography eluent: petroleum ether / ethyl acetate / EtsN (7/2.5/0.5). Sticky

yellow-brown oil yield 24%, HPLC purity 97%

'H NMR (400 MHz, CDCl3) &: 1.36 - 1.24 (m, 8H), 1.64 - 1.59 (m, 4H), 1.91-1.88 (t, 4H, J =

8 Hz), 2.56 (t, 2H, J = 8 Hz), 2.63 (t, 2H, J = 8 Hz) , 3.02 (t, 2H, J = 8 Hz), 3.47 (t, 2H, J = 8
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Hz), 5.03 (s, 2H), 6.81 - 6.76 (m, 3H), 7.43-7.15 (m, 8), 7.90 - 7.87 (m, 2H), 13C NMR (100
MHz, CDCl3) §: 22.56, 22.87, 24.49, 26.85, 29.10, 29.22, 29.33, 31.21, 31.74, 33.81, 35.92,
49.58, 69.88, 111.63, 115.22, 121.11, 124.24, 124.63, 127.48, 127.88, 128.53, 129.17, 137.13,

144.44, 151.16, 158.83.

N-(8-(3-(benzyloxy)phenyl)octyl)-7-methoxy-1,2,3,4-tetrahydroacridin-9-amine (93)

Column chromatography eluent: petroleum ether / ethyl acetate / EtsN (7/2.5/0.5). Sticky

yellow-brown oil yield 24%. HPLC purity 94%

'H NMR (400 MHz, CDCL) §: 1.44 - 1.26 (m, 12H), 1.68 - 1.58 (m, 4H), 1.92 - 1.89 (m, 4H),
2.57 (t,2H, T =8 Hz), 2.71 (t, 2H, ] = 4 Hz), 3.06 (t, 2H, J = 8 Hz), 3.43 (t, 2H, J = 8 Hz), 3.90
(s, 3H), 5.04 (s, 2H), 6.82-6.77 (m, 3H), 7.44 - 7.17 (m, 8H), 7.90 - 7.87 (m, 1H). 3C NMR
(100 MHz, CDCLs) &: 22.65, 22.98, 24.64, 26.98, 29.13, 29.30, 29.38, 29.68, 31.22, 31.74,
33.27, 35.92, 49.12, 55.47, 69.88, 101.85, 111.64, 115.21, 120.53, 121.11, 127.48, 127.88,

128.52, 129.17, 137.13, 144.44, 150.32, 155.96, 158.82.

General procedure for the reduction reaction

A solution 0.01 M of the intermediate compounds 91-93 (0.12-0.76 mmol) in EtOAc/MeOH
(1/1) has been hydrogenate by H-Cube using Pd/C 10% as catalyst. The flow chemistry process
was performed under the following conditions: flow ImL/min, pressure H, 5 Bar, and
temperature 25°C. The crude reaction mixture has been purified with a very fast column

chromatography

3-(8-((1,2,3,4-tetrahydroacridin-9-yl)amino)octyl)phenol (79)

Eluent column chromatography dichloromethane/methanol/ammonia (9.5/0.5/1%). Sticky

yellow-brown oil yield 41%. HPLC purity: 95%
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'H NMR (CDCLs, 400MHz) §: 1.22-1.45 (m, 10H), § 1.67 (q, 2H, J = 6.8Hz), 5 1.87 (m, 4H),
§2.44 (t, 2H, J = 7.6Hz), § 2.66 (m, 2H), & 3.10 (m, 2H), 5 3.62 (t, 2H, J = 6.8Hz), & 4.44 (br,
NH), 3 6.62 (m, 2H) & 6.73 (d, 1H, J = 8.0Hz,), 5 7.07 (t, 1H, J = 8.0Hz), § 7.34 (t, 1H, ] =
8.0Hz), & 7.53 (t, 1H, J = 8.0Hz), 5 8.00-8.06 (m, 2H). 3C NMR (CDCls, 100MHz) &: 22.31,
22.76, 24.49, 26.41, 28.51, 28.64, 29.07, 29.67, 30.69, 31.39, 32.36, 35.49, 48.95, 113.04,
114.48, 115.38, 119.15, 119.56, 123.17, 123.80, 126.82, 129.16, 129.19, 144.19, 152.08,

157.10, 157.18. MS (ESI") cal. 402, found m/z: C27H34N>0 403 [M + H'].

3-(8-((6-chloro-1,2,3,4-tetrahydroacridin-9-yl)amino)octyl)phenol (80)

Eluent column chromatography petroleum ether/ethyl acetate/methanol/ammonia

(7/2.5/0.5/10%). Sticky yellow-brown oil yield 45%. HPLC purity: 97%

'H NMR (400 MHz, CDCI3) &: 1.40 — 1.13 (m, 8H), 1.51 (m, 2H), 1.69 (m, 4H), 2.00 — 1.84
(m, 2H), 2.55 — 2.43 (m, 2H), 2.73 — 2.63 (m, 2H), 3.17 — 3.02 (m, 2H), 3.64 — 3.51 (m, 2H),
4.36 — 4.00 (m, 1H), 6.70 (m, 3H), 7.12 (m, 1H), 7.28 (m, 1H), 7.97 (m, 2H). '*C NMR (100
MHz, CDCls) §: 22.31, 22.71, 24.36, 26.47, 28.60, 28.71, 29.13, 30.75, 31.47, 32.83, 35.55,
49.18,112.99, 114.76, 115.40, 117.64, 119.75, 124.36, 124.89, 126,12, 129.23, 134.73, 144.30,

146.87, 151.75, 157.15, 158.63.

3-(8-((7-methoxy-1,2,3,4-tetrahydroacridin-9-yl)amino)octyl)phenol (81)

Eluent column chromatography petroleum ether/ethyl acetate/methanol/ammonia

(7/2.5/0.5/10%). Sticky yellow-brown oil yield 44%. HPLC purity: 90%

"H NMR (400 MHz, CDCl5) &: 1.40 — 1.19 (m, 8H), 1.72 — 1.44 (m, 4H), 1.90 (m, 2H), 2.59 —
2.47 (m, 2H), 2.68 (s, 2H). 3.08 (s, 2H), 3.49 (m, 2H), 3.60 (d, 2H, J = 6.6 Hz), 3.75 (s, 2H),
6.30 (t, 2H, J = 8.4 Hz), 7.26 — 7.15 (m, 1H), 7.33 (t, 1H, J= 7.6 Hz), 7.54 (t, 1H, J = 7.2 Hz),
7.95 (d, 1H, J = 8.6 Hz). *C NMR (100 MHz, CDCl3) very low quantity to perform the

experiment.
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General procedure for the O-demethylation reaction

Compound 74 or 75 (0,25 mmol, 1 eq) was solubilized in DCM (3.03mL) then BBr3 (1 mmol,
4 eq) drop wise was added at 0°C. The reaction mixture was left stirred for 40 min at room
temperature. When the reaction was completed it was quenched with ImL of saturated solution
of NaHCO3 and 20 mL of water. Then the crude solution was extracted with DCM/H>O (3X10
mL) and the organic layers were collected and evaporated under reduced pressure. Finally, the

crude. Obtained was purified using silica gel column chromatography with different eluents.

methyl 2-hydroxy-6-(8-((1,2,3,4-tetrahydroacridin-9-yl)amino)octyl)benzoate (82)

Eluent column chromatography petroleum ether/dichloromethane/methanol/ammonia

(7/2.5/0.5/10%). Sticky colorless oil yield 25%. HPLC purity: 99%

'H NMR (400 MHz, CDCls) &: 1.25-1.38 (m, 8H), 1.50-1.52 (m, 2H), 1.64 (t, 2H, J' = § Hz),
1.91 (s, 4H), 2.69 (s, 2H), 2.85 (t, 2H, J' = 8 Hz), 3.06 (s, 2H), 3.48 (t, 2H, J = 7.1 Hz), 3.92 (s,
4H), 6.69 (d, 1H, J = 7.5 Hz), 6.83 (d, 1H, J = 8.2 Hz), 7.29 (dt, 2H, ] = 15.8, 7.7 Hz), 7.54 (,
1H, J=17.5 Hz), 7.80-8.05 (m, 2H). 13C NMR (100 MHz, CDCL) &: 22.71, 23.00, 24.73, 26.91,
29.31, 29.38, 29.68, 31.75, 31.94, 33.81, 36.41, 49.46, 52.08, 112.19, 115.54, 115.63, 120.07,
122.28, 122.84, 123.58, 128.35, 128.48, 134.01, 145.81, 147.19, 150.90, 158.20, 162.29,

171.77.

methyl  2-(8-((6-chloro-1,2,3,4-tetrahydroacridin-9-yl)amino)octyl)-6-hydroxybenzoate

(83)

Eluent column chromatography petroleum ether/dichloromethane/methanol/ammonia

(7/2.5/0.5/10%). Sticky colorless oil yield 25%. HPLC purity: 97%

'H NMR (400 MHz, CDCls) §: 1.23-1.40 (m, 8H), 1.47-1.54 (m, 2H), 1.67 (dt, 2H, J = 8 Hz),

1.88-1.89 (m, 4H), 2.63 (s, 2H), 2.79-2.92 (m, 2H), 3.04 (s, 2H), 3.51 (t, 2H, J = 6.8 Hz,), 3.92
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(s, 3H), 4.19 (s, 1H), 6.69 (d, 1H, J = 7.5 Hz), 6.75-6.98 (m, 1H), 7.11-7.33 (m, 2H), 7.92 (dd,
2H, J! = 16.0, /2 = 5.2 Hz). >*C NMR (100 MHz, CDCL3) 8: 22.35, 22.76, 24.41, 26.86, 29.28,
29.38,29.67, 31.70, 31.94, 33.25, 36.48, 49.46, 52.10, 111.01, 114.99, 115.62, 117.80, 122.37,

124.41, 124.72, 126.54, 134.12, 134.60, 145.89, 151.38, 158.51, 162.46, 171.81,

General procedure for the ester hydrolysis reaction

In a microwave tube the compound 82 or 83 (0.07mmol, leq) was solubilized in 2 ml of KOH
solution 3.5M (composed by water/methanol 2:1). Then, the reaction was carried out in a CEM
microwave with the following reaction condition: pre-stirring 15s, time 10 min, temperature
100°C, power 100W. Once cooled, a solution of HCI 2N was added dropwise until pH 2. A
white precipitate was formed and collected by filtration obtaining the corresponding

hydrochloride derivatives 84, 85.

2-hydroxy-6-(8-((1,2,3,4-tetrahydroacridin-9-yl)amino)octyl)benzoic acid (84)

White solid, yield 84%, HPLC purity: 92%

'H NMR (400 MHz, CD;0D) 8: 1.21-1.43 (m, 8H), 1.52 (s, 2H), 1.76-1.83 (m, 2H), 1.93 (s,
4H), 2.67 (s, 2H), 2.88-2.94 (m, 2H), 2.99 (s, 2H), 3.92 (t, 2H, J = 6.4 Hz,), 6.62 (dd, 2H, J' =
18.5,J2=17.7 Hz,), 7.11 (t, 1H, J = 7.8 Hz), 7.55 (t, 1H, J = 7.6 Hz), 7.74 (d, 1H, J = 8.4 Hz),
7.81 (t, 1H,J=7.2 Hz), 8.35 (d, 1H, J= 8.7 Hz). *C NMR (100 MHz, CD;OD) &: 20.40, 21.53,
23.40, 26.04, 27.85, 28.50, 28.76, 29.09, 29.92, 31.26, 31.56, 34.93, 111.43, 113.90, 118.67,
121.04, 124.87, 125.04, 132.64, 137.75, 148.21 154.81, 159.89. HRMS (ES+) calcd for

CasH34N203 (M + H+) m/z, 447.26422; found, 447.26436

2-(8-((6-chloro-1,2,3,4-tetrahydroacridin-9-yl)amino)octyl)-6-hydroxybenzoic acid (85)

White solid, yield 54%. HPLC purity: 95%
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'H NMR (400 MHz, CDCl3) &: 1.41 — 1.25 (m, 5H), 1.53 (s, 1H), 1.79 (dd, 1H, J'= 14.1, 2 =
6.8 Hz), 1.92 (d, 3H, J = 2.8 Hz), 2.64 (s, 1H), 2.89 — 2.77 (m, 1H), 2.97 (s, 1H), 3.31 — 3.24
(m, 1H), 3.91 (t, 2H, J = 7.3 Hz), 6.66 (dd, 2H, J' = 13.1, 2 = 8.0 Hz,), 7.17 (t, 1H, J= 7.8
Hz,), 7.52 (dd, 1H, J = 9.3, 2/ = 1.9 Hz,), 7.75 (d, 1H, J = 1.9 Hz,), 8.35 (d, J = 9.3 Hz, 1H).
13C NMR (100 MHz, CDCL) 8: 20.46, 21.92, 24.15, 25.90, 27.84, 27.89, 28.41, 28.65, 29.67,
30.75, 31.81, 36.28, 48.32, 110.65, 111.78, 115.38, 118.52, 122.24, 125.55, 126.64, 134.07,
138.32, 138.41, 147.19, 151.66, 155.35, 163.18, 173.25. HRMS (ES+) caled for CagH33CIN,O;

(M + H+) m/z, 481.22525; found, 481.20619

Compounds purity.

The compounds purity was determined by using a Kinetex® 5um EVO C18 100 A, LC Column
150 x 4.6 mm and a HPLC Jasco Corporation (Tokyo, Japan) instrument, model PU-1580 UV
equipped with 20 pL loop valve. HPLC parameters were the following: MeCN/H20O/
trifluoroacetic acid 50/50/0.05%; flow rate: 0.6 ml/min; elution type: isocratic detection UV-

Vis Abs at 254nm. The samples were dissolved in MeOH (100 pg/ml)
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