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Abstract: Alzheimer’s disease (AD) is a progressive neurodegenerative disorder characterized by severe cognitive impairment due to
neuronal death, Although the lost of cognitive function is the main problem for AD subjects, death occurs due to secondary issues such as
concomitant infections, respiratory complications or multi-organ failure. Current drugs used in AD are acetylcholinesterase inhibitors and
antagonists of the N-methyl-D-aspartate receptor. These drugs may only slightly improve cognitive functions but have only very limited
impact on the clinical course of the disease. Over the last 5 years, new targets were identified and innovative drugs against AD have been
designed and developed. Worthy of mention are B-secretase inhibitors, monoclonal antibodies against amyloid-B-peptide and tau
inhibitors. However, although promising beneficial effects were highlighted in the data from preclinical studies, only few of these new

drugs improved cognitive functions for a significant time frame in AD subjects. Controversial is the therapeutic effect on AD obtained
through the manipulation of the nitric oxide synthase/nitric oxide system since the potential toxic effects on brain function could
overcome the beneficial effects. The aim of this review is to analyze from a pharmacologic point of view both old and new drugs
developed for the treatment of AD. In addition, the risk/benefit ratio related to the modulation of the nitric oxide synthase/nitric oxide

system in AD brain will be analyzed.
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INTRODUCTION

Alzheimer disease (AD) is a progressive neurodegenerative
disorder characterized by cognitive and memory decline, speech loss,
and changes in personality. It is one of the major causes of admission to
nursing homes {1, 2]. Alzheimer disease affects approximately 35
million people worldwide including 5.5 million people in the United
States [2]. Epidemiological data show that the incidence of AD
increases with age and doubles every 5 years after 65 years of age with
1275 new cases/100000 persons/year [2]. The prevalence of AD was
estimated to be about 1% in persons aged 60-64 but increases up to
33% in people aged 85 or older in the Westemn hemisphere [3].
However, the annual incidence worldwide ranges from 1% to 7% at the
ages of 70 and 85, respectively [4]. Sporadic AD is the more common
form of the disease, accounting for 90% of all cases, whereas only 1%
accounts for the familial form [1]. Although it was not definitely
proven, most of the sporadic AD is associated with the €4 allele of the
apolipoprotein E (APOE), a plasma protein implicated in the transport
of cholesterol, which binds amyloid-B-peptide (AB) [1, 5]. On the other
hand, familial AD is an autosomal dominant disorder, whose early
onset was associated with mutations in specific genes such as amyloid-
B precursor protein (APP) located on chromosome 21, presenilin 1 on
chromosome 14, and presenilin 2 on chromosome 1 [1]. Despite the
huge amount of data derived from preclinical and clinical studies about
the pathogenesis of AD, a limited number of drugs were developed
over the last years.
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The aim of this paper is to provide a focused pharmacological
point of view on the commercially available drugs used to treat AD
as well as some new drugs still under development.

PROPOSED PATHOGENESIS OF AD

Amyloid-$-Peptide, Tau Protein and Neuronal Damage |

Post-mortem analysis of human AD brains reveals a variable
degree of cortical atrophy with narrowed gyri and widened sulci
most apparent in the frontal, parietal and temporal lobes.
Microscopically, the most frequent features include both
extracellular deposits of Ap which forms the central core of semle
plaques (SP) and intracellular deposits of hyperphosphorylated tau
protein, the latter being a microtubule-associated protein, which
forms neurofibrillary tangles [2, 6]. These pathologlcal leswns
selectively affect neurons in specific brain regions, in particular the
neocortex, entorhinal area, hippocampus, amygdala, basal nucleus
of the anterior portion of the thalamus and several bramstem
monoaminergic nuclei [7]. These brain areas are endowed with high
cholinergic activity and this likely contributes to the impairments of
cognitive and memory functions characteristic of AD patients. ‘

Amyloid-B-peptide contains 39-43 amino acids and is produced
by serial cleavages of the APP by B- and y-secretases (for further
information see below). Once formed, AP tends to form
spontaneous aggregates in the form of oligomers or fibrils [2, 6, 8].
Amyloid-B oligomers and fibrils can be destroyed by neurons vig a
ubiquitin-proteasome-dependent process known as the unfolded
protein response [9, 10]. In addition, AB can be effluxed from the
brain by the low density lipoprotein receptor-related protein 1
(LRP-1), which in AD is oxidized and dysfunctional [11]. When
these measures are not sufficiently efficient, there is an excessive
build-up of AP that can trigger the onset of AD. This idea is known
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as the “amyloid hypothesis” that posits that fragment AB(1-42), and
less likely AP(1-40), are both responsible for the onset of AD
through their toxicity to cells. In addition, AB deposition increases
in the brain of people with Down syndrome because the gene
codifying for APP is located on chromosome 21, which is present
in three copies in people with this genetic disease [1]. This explains
the early onset of AD in people with trisomy 21 [1].

Tau is a soluble protein whose role is to assure a correct
assembly and stability of microtubules and vesicle transport. In AD,
tau undergoes hyperphosphorylation and experimental data
obtained in cultured cells and transgenic mice suggest that kinases
like the p25/cdkS complex [12] or GSK-3pB [13] are involved. As a
result, the protein becomes insoluble, its affinity for microtubules
declines, tau aggregates with a double-helix secondary structure and
forms neurofibrillary tangles. As with AP, phosphorylated tau that
is not efficiently destroyed by the proteasome accumulates and
exerts neurotoxic effects [14].

Amyloid-B-peptide induces neuronal damage through several
mechanisms, the main one of which depends on the induction of
oxidative and nitrosative stress [8, 15, 16]. In addition to its direct
cytotoxic effects, AP synergizes with products of lipid peroxidation,
such as isoprostanes and 4-hydroxy-2-nonenal (4-HNE), to promote
tau phosphorylation and aggregation [2] (Figs. 1, 2). It is well
known that AP stimulates the production of reactive oxygen species
(ROS) which can induce neuronal damage either directly or by
reacting with NO, generated by the inducible isoform of nitric oxide
synthase (iNOS or NOS-2) up-regulated in microglial cells, thus
forming reactive nitrogen species (RNS) such as peroxynitrite [2,
17} (Fig. 1). Both ROS and RNS oxidize protein, lipids and nucleic
acids thus compromising cell function. Several brain proteins
undergo oxidative modifications, indexed by increased carbonyl
levels, protein-bound 4-HNE and glutathionylation, and contribute
to cell damage. Among these dysfunctional proteins it is
noteworthy to mention those involved in energy production (a-
enolase, aconitase, aldolase, ATP-synthase, creatine kinase BB),
antioxidant defense (Mn-superoxide dismutase, peroxyredoxins,
heat shock cognate 71), synaptic and cholinergic functions (a-
tubulin, DRP-2), excitotoxicity (glutamine synthase) and
proteasomal activity (ubiquitin carboxy-terminal hydrolase L1) {18-
20}.

Preclinical studies in several models of AD have led to the
proposal that mitochondrial impairment is a potential mechanism
leading to neuronal cell death. It is thought that cell death might be
related either to a direct toxic effect of hyperphosphorylated tau and
AP on enzymes involved in the respiratory chain (complex I and
complex IV) and Krebs-cycle (o-ketoglutarate and pyruvate
dehydrogenases) (Figs. 1, 2) or to the effect of toxic 4-HNE [2].
Due to the alterations of the respiratory chain, hyperphosphorylated
tau increases the generation of superoxide radical which activates
members of the mitogen-activated protein kinases (JNK and p38)
and initiates caspase-3-dependent apoptotic cell death (Fig. 2).
Finally, AP damages mitochondrial DNA which is responsible for
cytotoxicity. As a consequence of mitochondrial impairment, a
collapse in mitochondrial membrane potential and the opening of
membrane transition pores leading to cytochrome c release,
caspase-3 activation and apoptotic cell death occur [2]. Another
mechanism responsible for neuronal damage in AD involves
increased concentrations of transition metals, including iron and
copper, which can directly induce oxidative stress or promote
hyperphosphorylation and aggregation of tau [2]. The divalent
cation zinc, is considered as a toxin in AD for several reasons. It
has been shown that zinc (/) increases the levels of secreted APP,
(i) inbits a-secretase, thus shifting APP through the amyloidogenic
pathway and (iif) favors AP aggregation and precipitation [21].
However, zinc, at low micromolar concentrations, protects from Af
cytotoxicity by blocking the calcium channel pore formed by Ap
within the membrane or competing with iron or copper and thus
reducing the intracellular formation of hydrogen peroxide [2, 21].
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Fig. (1). Pleiotropic mechanisms of harm and drugs acting on amyloiq
precursor protein (APP) cleavage. Following the proteolytic cleavage of
APP by B- and y-secretases, the formation of amyloid-g-peptide(1-42) (A)
occurs. Amyloid-B-peptide aggregates and forms oligomers and fibrils and
exerts its toxic effects through (a) increases in the formation of both reactive
oxygen species (ROS), mainly the superoxide anion, and activation of
inducible nitric oxide synthase (NOS-2) leading to nitric oxide generation,
(b) mitochondrial impairment by inhibiting important enzymes involved in
the respiratory chain and Krebs-cycle and causing mitochondrial DNA
fragmentation, and (c) stimulation of the ionotropic glutamate NMDA
receptor resulting in an intracellular Ca® overload thus leading tq
excitotoxic cell death . As a consequence of the first mechanism, NO can
react with superoxide generating peroxynitrite (ONOO’). Both ROS and
ONOQ' contribute to cell death by oxidizing or nitrating proteins and llplds
which generate protein carbonyls (PC), 4-hydroxy-2-nonenal (4-HNE) and
3-nitrotyrosine (3-NT) protein adducts. The opening of mnochondnal
membrane transition pores, as depicted in b), causes cytochrome c release;
caspase-3 activation and apoptotic cell death. This cascade of events could
be blocked at least at three levels: semagacestat and tarenflurbil by
inhibiting y-secretase block the APP cleavage into Ap; bapineuzumab and
solanezumab are monoclonal antibodies which accelerate the bram
clearance of insoluble and soluble AB whereas memantine, ECT 101 and
LY451395 modulate NMDA and AMPA receptors. Finally, drugs including
donepezil, rivastigmine and galantamine inhibit acetylcholinesterase thu$
increasing acetylcholine concentration in the synaptic cleft and nmprovmg
cognitive functions, |

Amylond B-peptide alters also the intracellular ion homeostasis
by increasing the entry of both sodium and calcium mediated by the
ion pump Na'/K'-ATPase, the ionotropic glutamate receptor Nw
methyl-D-aspartate (NMDA) and the membrane attack complex of
the comp]ement A direct consequence of this ion imbalance is a
Ca®" overload and excitotoxic cell death [2] (Fig. 1). ‘

NITRIC OXIDE, NITROSATIVE STRESS AND AD

The Nitric Oxide Synthase/NO System

Nitric oxide is generated by the NOS family of enzymes, which
catalyse the conversion of L-arginine to L-citrulline and NO. Three
main isoforms of NOS were identified so far and named (a)
neuronal NOS (nNOS, type 1) (b) endothelial NOS (eNOS; type
3), and (c) inducible NOS (iNOS, type 2) [22, 23]. Activation of
different isoforms of NOS requires various factors and co-factors.
Formation of calcium/calmodulin complexes is a prerequisite
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before the functional active dimer exhibits NOS activity, which
additionally depends on cofactors such as tetrahydrobiopterin
(BH,), flavins and NADPH [24-26]. In contrast to nNOS and
eNOS, iNOS can bind to calmodulin even at very low concentration
of intracellular calcium, thus INOS can exert its activity in a
calcium-independent manner [26-28].
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Fig. (2). Drugs acting on the phosphorylation of tau protein. Through
specific kinases, such as the p25/cdk5 system, amyloid-p-peptide(1-42)
(AB) increases the phosphorylation of tau protein. As a consequence of this
modification, hyperphosphorylated tau becomes insoluble and forms fibrils
with a double-helix secondary structure, known as neurofibrillary tangles. In
addition, the formation of tau fibrils is stimulated by protein carbonyls and
4-hydroxy-2-nonenal (4-HNE) protein adducts produced as consequence of
oxidative stress. Once formed, tau fibrils contribute to the destruction of
mitochondrial respiratory chain complex I/IIl which, in tum, increases the
formation of the superoxide anion, the activation of several members of the
mitogen-activated protein kinase (MAPK) family and ultimately induces
neuronal cell death. Methylthioninium and davunetide block the aggregation
of tau oligomers and dissolve tau aggregates into short truncated monomers
which are further cleared efficiently through the proteasomal system.

In the brain nNOS is localized in neuronal populations in the
cerebral cortex, striatum, hippocampus (CAl region and dentate
gyrus), lateral dorsal and peduncolopontine tegmental nuclei,

. cerebellum (granule cells) and in the hypothalamic paraventricular

and supraoptic nuclei [29]. Neuronal NOS immunoreactivity has
also been detected in astrocytes, cerebral blood vessels and in the
posterior pituitary [29, 30]. Endothelial NOS is expressed in
cerebral endothelial cells and regulates cerebral blood flow;
however, eNOS immunoreactivity has also been observed in
cerebellum, olfactory bulb, cerebellar cortex, dentate gyrus of the
hippocampus and the bed nucleus of the stria terminalis [24].
Inducible NOS levels in the central nervous system (CNS) are
generally fairly low; however, an increased expression of iNOS in
astrocytes and microglia occurs following viral infection and
trauma [31]. Activation of iINOS requires gene transcription, and
the induction can be influenced by amyloid-p-peptide,
lipopolysaccharide and pro-inflammatory cytokines (Table 1). This
activation can be blocked by anti-inflammatory drugs, inhibitory
cytokines, prostaglandins, tissue growth factors or inhibitors of
protein synthesis [30, 32] (see also Table 1).

Whether using Valence-Bond Theory (in which the NO
molecule is viewed as having 11 valence electrons—S5 from N and 6
from O) or Molecular Orbital Theory (in which an unpaired
electron occupies a w* antibonding orbital), NO has one unpaired
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electron. Consequently, this molecule is a free radical. Removal
from or addition to NO of electrons results in different redox-
related forms. In fact, the removal of the unpaired electron from NQ
generates nitrosonium ion, whereas the addition of another electron
to the n* orbital of NO forms nitroxyl anion [33]. Finally, in th¢
presence of superoxide radical anion, radical-radical recombination
with NO occurs at a diffusion-controlled rate, forming peroxynitrite
[33] Nitric oxide reactions include formation of dinitrogen trioxide¢
(N203), which can modify thiol groups (e.g. cysteine) to form S-
nitrosothiols [33]. In addition, NO covalently binds to certain metal
centers, particularly iron [34].

Early studies into NO-mediated signalling indicated that thls
gas is able to interact with soluble guanylyl cyclase and, in domg
so, stimulate its activity [35-37]. The consequent increase in the
intracellular levels of cyclic GMP can influence synaptic plasticity
[38, 39], smooth muscle relaxation [40-42], neurosecretion [43-47]
and neurotransmission [48-50]. NO has subsequently been shown to
interact with other members of the haemoprotein family such
cycloxygenase [51, 52] and heme oxygenase-1 [53, 54].

Nitric oxide also regulates the Akt kinase pathway and the
transcription factor cyclic-AMP-response-element-binding protein
(CREB), two pathways that promote cell survival and
neuroprotection [55, 56]. Finally, NO has been demonstrated tg
regulate cell signalling by S-nitrosylation — its ability to complex
with the thiol groups of proteins and non-protein molecules [57-59).
By this reaction NO exerts both neuroprotective and neurotoxw
effects (see below).

Nitrosative Stress and AD

The involvement of nitrosative stress in the development of
neurodegenerative disorders is now widely accepted. In thesd
diseases, NO is produced in excess by iNOS induction due to the
pro-inflammatory response, the latter being a common feature of
neurodegenerative disorders. Moreover, NO is much more harmful
under pathological conditions involving the production of ROS
such as superoxide anion and the final formation of the toxi¢
product peroxynitrite [60, 61]. Nitrotyrosine formation, as a marker
of nitrosative stress, has been documented in AD, Parkinson’ s
disease and amyotrophic lateral sclerosis [62-64].

Redox proteomics techniques have been used recently to
determine which proteins are post-translationally modified to 3+
nitrotyrosine (3-NT) in AD brain [65]. Ten proteins were identified
which exhibited increased specific 3-NT immunoreacivity: o4
enolase, triosophosphate isomerase, neuropolypeptide h3, B-actin,
L-lactate dehydrogenase, carbonic anhydrase II, glyceraldehyde 3-
phosphate dehydrogenase, ATP synthase alpha chain, voltage:
dependent anion channel protein 1, and y-enolase [63, 66]. ‘

Alpha-enolase had previously been identified as specifically
oxidized in AD brain [19], and is one of the subunits composing the
enzyme enolase. Enolase catalyzes the reversible conversion of 2
phosphoglycerate to phosphoenolpyruvate in glycolysis. Taken
together with the increased nitration of triosephosphate isomerase;
which interconverts dihydroxyacetone phosphate and 3
phophoglyceraldehyde in glycolysis, these results indicate a
possible mechanism to explain the altered glucose tolerance and
metabolism exhibited in AD [67, 68]. In addition to its role in
glycolysis, enolase is involved in other pathways including
induction of plasminogen (leading to plasmin, one of whose
proteolytic substrates is AB) and induction of ERK 1/2 [69].
Neuropolypeptide h3, also known as phosphatidylethanolamine-
binding protein, hippocampal cholinergic neurostimulating peptide
and raf-kinase inhibitor protein, has a variety of functions in the
brain. Among them is in vitro up-regulation of the production of
choline acetyltrasferase in cholinergic neurons following NMDA
receptor activation [70]. Choline acetyltransferase activity is known
to be decreased in AD patients, and cholinergic deficits are
prominent in the brains of these patients [71, 72]. Nitration of
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Table1l. Main Factors Regulating Nitric Oxide Production Through Effects Exerted on Nitric Oxide Synthase lsoformsq

(Reprinted, with Permission, from Reference [47])

nNOS eNOS iNOS
Factor Mechanism® Factor Mechanism* Factor Mechanism®

Bilirubin 1 expression Ap 1 expression AB t expression
Calcium/calmodulin 1 activity Calcium/calmodulin 1 activity CHX | expression
Dephosphorylation Dephosphorylation DEX | expression
PP1(S847") 1 activity PP2A (S81177°) | activity IFN-y 1 expression
Hsp90 1 activity PP1 (T495% 1 activity IL-1 1 expression
NMDA 1 activity Hypoxia 1 expression IL-2 1 expression
NOSIP | activity LPS 1 expression IL-4 | expression
Phosphorylation Phosphorylation IL-10 | expression
CaMKII (S847") | activity Akt (S615°, S1177°%) 1 activity PGA; | expression
CaMKI (§741%) | activity CaMKII (S1177°) 1 activity TNF-a 1 expression
Parkinson’s disease T expression PKC (S114°, T495°% | activity
PSD95 1 activity Physical exercise 1 expression

TNF-a 1 expression

'Upregulation (1) / downregulation ({) of NOS gene expression or NOS activity.
*Studies performed in rat cortical and hippocampal neurons.

“The amino acid position number refers to the sequence of human eNOS.
Abbreviations: Ap, amyloid-B-pep

de; CaMK, calcium/calmodulin-dependent protein kinase; CHX, cycloheximide; DEX, dexamethasone; Hsp90, heat shock protein 90; IFN-y;

interferon-y; IL, interleukin; LPS, bacterial lipopolysaccharide; NMDA, N-methyl-D-aspartate; NOSIP, nitric oxide synthase-interactive protein; PG, prostaglandin; PKC, protein
kinase C; PP, protein phosphatase; PSD 95, postsynaptic density protein 95; Ser, serine residue; T, threonine residue; TNF-a, tumor necrosis factor-a.

neuropolypeptide h3 [73], and the consequent lack of neurotrophic
action on cholinergic neurons of the hippocampus and basal
forebrain might help to explain the decline in cognitive function.
Carbonic anhydrase II is critical for maintence of pH and control of
carbon dioxide levels, and its activity is altered in AD [74].
Glyceraldehyde 3-phosphate dehydrogenase is not only important
in ATP production, but also plays a role as a NO sensor [75, 76].
ATP synthase alpha chain is clearly important in energy
metabolism, and voltage-dependent anion channel protein 1 is
involved in the mitochondrial permeability transition pore, with
consequent apoptotic considerations, as well as in mitochondrial
calcium ion homeostasis {66].

DRUG TARGETS IN AD
Acetylcholinesterase

Acetylcholinesterase (AChE) hydrolizes the neurotransmitter
acetylcholine (ACh) to choline and acetic acid. Inhibitors of AChE
were the first drugs developed for the treatment of AD. The
rationale for the use of AChE inhibitors in AD is to delay the
degradation of ACh in the synaptic cleft thereby increasing the
concentration of this neurotransmitter at both muscarinic and
nicotinic receptors. Tacrine was the earliest AChE inhibitor shown
to have any benefit in AD (77, 78]. However, due to the occurrence
of significant adverse effects, primarily nausea and vomiting, and
potentially dangerous hepatic toxicity, tacrine was withdrawn from
the market [79-81]. Donepezil, rivastigmine and galantamine are
the AChE inhibitors currently used in AD therapy. Some of these
drugs are characterized by a multifaceted mechanism of action
which includes not only the inhibition of AChE and/or
butyrylcholinesterase but also the activation of cytoprotective
pathways and the blockade of cytotoxic systems. Donepezil and
galantamine act as allosteric potentiation ligands on a4- and a7-
nicotinic ACh receptors. Through this mechanism, donepezil and
galantamine activate pro-survival pathways such as the proto-
oncogene Akt and protein Bcl-2 and down-regulate calcium-

induced activation of NOS and the further increase of cytotoxic
RNS, including peroxynitrite [82]. These drugs have an excellent
bioavailability after oral administration and only donepezil is
tightly bound to plasma proteins [83]. Both rivastigmine and
galantamine have short elimination half-lives (1.5-2 h and 5-7 h;
respectively) and this requires multiple daily dosing scheme o%
administration; donepezil has a half-life of about 70 h and can b¢
administered once daily [83). Importantly, donepezil and
galantamine are metabolized by the liver enzyme isoforms 3A4 and
2C6 of the cytochrome-P-450 (CYP) and this implies a potential
reduction of drug plasma concentrations and therapeutic effect if
inducers of CYP3A4 and 2C6 are concomitantly administered [84].1
Among the adverse effects of AChE inhibitors worthy of mention
are fatigue, nausea, emesis, muscle cramps, dizziness, sinusitis [85
86].

Acetylcholinesterase inhibitors have been shown to produce
some degree of improvement in cognitive functions, but theu
effects are confined largely to patients with mild to moderate AD-
like dementia, and the most marked effects are observed during thq
first year or so of treatment {87, 88)]. Thereafter, their efficacy
declines progressively and disappears entirely after 2 or 3 years!
Attempts have been made to increases the efficacy of AChE
inhibitors by combining them with other drugs such as memantine
or statins, but it remains to be seen whether these associations are
more effective than the drugs alone [89, 90].

Latrepirdine, also known as dimebon or dimebolin, was initially
developed as an orally active anti-histamine drug, but due to the
development of newer and safer antihistamines, it was withdrawn
from the market. The interest on latrepirdine was renewed at the
beginning of the 2000s when this agent was shown to exhibit strong
neuroprotective effects in preclinical models of AD and Huntington
disease [91-94]. The findings of neuroprotection prompted
neurologists to study dimebon in subjects with mild-moderate AD.
Unfortunately, although there were promising results in earlier
undersized clinical studies, a recent randomized, double-blind,
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placebo controlled trial in which 598 patients were recruited,
clearly demonstrated that dimebon (5-20 mg 3 times a day) did not
improve cognitive and global functions in mild-moderate AD
subjects over 6 months of treatment and the development of
dimebon was discontinued [95].

Glutamate Receptors

The ionotropic glutamate receptor, NMDA, is a ligand-gated
ionic channel, which, if opened, allows the influx of calcium ions
from the extracellular space into the neuron. As a consequence of
this event, the intracellular calcium concentration increases and
activates several pathways leading to the activation of physiologic
functions or cytotoxicity [96, 97]. Neuronal NOS is activated by
calcium and this results in an increased production of NO [98]. The
increased intraneuronal level of NO is not necessarily a noxa for the
cell since it is a main regulatory system for the induction and
maintenance of long-term potentiation, necessary for synaptic
plasticity [38]. However, in the case of a sustained and prolonged
NMDA activation, as during chronic neuroinflammation, the
intracellular levels of L-arginine are progressively reduced, and,
during its catalytical cycle, nNOS generates superoxide radicals
which react with NO forming the toxic RNS peroxynitrite [99,
100]. The formation of peroxynitrite together with the calcium-
related mitochondrial impairment results in excitotoxic cell death in
AD {2]. On this basis, the blockade of NMDA receptor was
hypothesized to be a useful mechanism to counteract or, at least
delay, the progression of AD.

Memantine  (3,5-dimethyladamantan-1-amine) is a non-
competitive NMDA blocker. After oral administration, memantine
is almost completely absorbed, reaches peak plasma values in 6-8 h
and its half-life is 60-80 h [101]. Almost half of the drug is excreted
unchanged by the kidney whereas the remainder is metabolized via
conjugation with glucuronic acid and excreted in the urine [101].
The main side effects of memantine are dizziness, constipation,
cataracts, nausea, dyspnea, confusion, headache, and urinary
incontinence [102]. Memantine is currently used, either in
monotherapy or combined with donepezil or rivastigmine, for the
treatment of patients with moderate-severe AD [103-106]. Several
clinical studies showed that memantine improved activities of daily
living, global outcome and behavior, whereas the beneficial effect
on cognitive function is still under debate [103-105, 107]. However,
similarly to AChE inhibitors, the clinical efficacy of memantine
decreases within about 6 months of therapy.

EVT 101 (initially developed by Evotec) and LY451395 (Ely-
Lilly) are two modulators of glutamate receptor still under
development. EVT101 is an antagonist at the NR2B subunit of the
NMDA receptor, whereas LY451395 is an AMPA (e-amino-3-
hydroxyl-5-methyl-4-isoxazole-propionate) receptor potentiator
[108, 109). Earlier clinical studies demonstrated that EVT101
improved cerebral blood flow in specific region of the cortex but
this effect was not paralleled by a significant amelioration of
cognitive functions in healthy volunteers [110]. Evotec planned to
carry out phase 2 clinical trials of EVT 101 in AD patients over the
next years in order to understand the potential neuroprotective role
of this agent. With regard to LY451395, this compound did not
exhibit any effect on cognitive function in patients suffering from
mild-moderate AD but demonstrated some potentially beneficial
effects on neuropsychiatric functions and behaviors {111].

p- and y- Secretases

These enzymes play a main role in the formation of AP. In
amyloidogenic processing, APP is initially cleaved by B-secretase,
also known as B-site APP-cleaving enzyme 1, which releases an
extracellular soluble fragment leaving in the cell membrane a 99-
residue carboxy-terminal fragment. This fragment represents the
substrate for y-secretase, an aspartyl protease, which generates Ap
and a membrane-bound fragment called AICD. In addition, in vitro

Siciliano et al.

studies demonstrated that the inhibition of y-secretase reduced the
generation of both NO and ROS thus suggesting that NO/RNS+
induced neurotoxicity is positively correlated with the activity of y+
secretase [112]. That said, it is straightforward to hypothesize that
the blockade of y-secretase could reduce the formation of Ap and
the cytotoxic events downstream. i

Semagacestat (Ely-Lilly) and tarenflurbil (developed by Loma
Linda University Medical Center and later licensed to Encore
Pharmaceuticals) are two y-secretase inhibitors. Both these agent
are well adsorbed after oral administration, reach peak plasma
values within 0.5-3 h and their half-lives range from 2.5 h
(semagacestat) to 2-8 h (tarenflurbil) [113, 114]. Phase 2 clinical
studies demonstrated that semagacestat markedly reduced AB
plasma concentration in mild-moderate AD patients {115, 116];
However, despite this indirect evidence of a reduced Ap formatlon,‘
semagacestat did not improve cognitive functions in these patients;
In August 2010, Eli-Lilly decided to discontinue the clinical
development of semagacestat. Results from two phase 3 trials
demonstrated that mild-moderate AD patients treated with
semagacestat (60-140 mg/day per os for 21 months) did not exhibit
any beneficial effect on cognitive function relative to the placebo
group and patients in the active group had an increased risk to
develop skin cancer [117]. This last side effect was due to the
inhibition by semagacests of pathways different from y-secretasea
such as Notch [117]. For this reason, semagacestat was
discontinued. ‘

With regard to tarenflurbil, early studies showed a significant
improvement in the activities of daily living and global function
only in patients suffering from mild AD [118]. No positive effects
on cognitive function were found in mild to moderate AD subjects
[118]. This evidence was recently confirmed by a large phase 3 trial
[119] and, therefore, the development of tarenflurbil was
discontinued. ‘

AMYLOID-B-PEPTIDE

Once formed by the activity of B- and y- secretases, AP tends to
form oligomers and fibrils [8]. The importance of A fibrils td
trigger intracellular cytotoxic pathways is no longer a matter of
discussion. Both AP(1-40) and (1-42) were found in AD brain and
a number of in vitro and in vivo studies showed that AB(1-42), 4
primary component of SP, is more toxic than AB(1-40) {120, 121],
In addition, small oligomers of AP were suggested to be the actual
toxic species rather than fibrillar A [122-124]. In order to avoid
the formation of both oligomers and fibrils, monoclonal armbodles
against AP were developed.

Bapineuzumab (initially developcd by Wyeth/Pfizer and Elan
but later acquired by Janssen) is a humanized monoclonal antibody
designed to target the N-terminus of AP in the brain. Bapineuzumab
strongly binds to fibrillar AP and removes Ap from the brain and
thereby potentially preventing or reversing the progression of AD
[125-127]. Little data on the pharmacokinetics of bapineuzumab i
humans are available. In a recent phase 2 clinical trial in mild-
moderate AD subjects, bapineuzumab was well tolerated, the only
significant adverse effect reported being vasogenic oedema [128];
The administration of bapineuzumab significantly decreased
cortical fibrillar Ap and showed demonstrable clinical benefits on
both cognitive and functional endpoints in non-carriers ApoE4 AD
patients [128]. In June 2009, phase 3 clinical studies of
bapineuzumab in mild-moderate AD were initiated and the results
will be released in the near future.

Solanezumab (Ely-Lilly) is the humanized analog of the of the
murine antibody m266.2 and differs from bapineuzumab mainly in
the mechanism of action. Solanezumab binds not only full-length
AP but also other truncated forms of the peptide [126, 129]. In
addition, solanezumab selectively binds soluble AR with very low
affinity for the fibrillar form [125, 126]. Solanezumab significantly
increased AP brain clearance in subjects suffering from mild-
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moderate AD [130]. However, despite this effect, this compound
did not improve cognitive functions in these patients [130].
Importantly, solanezumab administration did not result in
meningoencephalitis [130]. Two phase 3 clinical trials of
solanezumab are being conducted by Ely-Lilly but they will be
completed in late 2012,

TAU PROTEIN

As mentioned earlier, hyperphosphorylated tau becomes
insoluble and forms aggregates with a double-helix secondary
structure, known as neurofibrillary tangles. An intriguing aspect
related to tau phosphorylation is that it occurs concurrently with
NOS up-regulation and is inhibited by the addition of NOS
inhibitor in an in vitro co-culture of astrocytes with primary
hippocampal neurons [131]. An important finding of this study was
the evidence of a prominent role of GSK-3p as an intermediate in
NO-induced tau hyperphosphorylation [132]. The contribution of
the single NOS isoforms to NO effects in AD is still debated. The
overexpression of NOS-3 was associated with increased oxidative
stress and mitochondrial dysfunction leading to neuronal damage
[133] in Long Evans rat pups. On the contrary, NOS-2 gene
deletion was shown to increase pathological hyperphosphorylation
of tau, caspase-3 activation and neuronal cell death {134, 135]. The
evidence of a cytoprotective role of NO was also supported by
Cappelletti ef al. [136] who reported on a physiological nitration of
tau protein as an important process in neuronal growth and
differentiation.

Methyltioninium (TauRx Therapeutics) and davunetide (Allon

Therapeutics) are new molecules still under development which act -

on tau protein. Methyltioninium blocks the aggregation of tau
oligomers and their conversion into paired helical filaments [137].
Furthermore, this agent dissolves tau aggregates into short truncated
monomers which are further cleared efficiently through the
proteasomal system [138]. In patients affected by mild-moderate
AD, oral methylthioninium 60 mg 3-times daily significantly
increased cognitive performance over 50 weeks of treatment [139].
This is perhaps not surprising given that the severity of cognitive
deficits correlates much better with the extent of neurofibrillary
tangles than with plaque formation.

Davunetide is a peptide derived from an endogenous brain
protective protein (Activity-Dependent Neuroprotective Protein)
and it is able to cross blood-brain-barrier {140]. Several preclinical
studies demonstrated a neuroprotective role for davunetide due to a
significant reduction in both hyperphosphorylated and insoluble tau
[141, 142]. In addition, davunetide reduced AB(1-40) and AB(1-42)
protein levels in the brain of a transgenic mouse model of AD [143,
144). Recent clinical trials showed that intranasal davunetide
improved recognition and short-term memory in patients with
amnestic-mild cognitive impairment (MCI) [145], which is
considered to be a precursor to full-blown AD. Furthermore,
davunetide up to 15 mg exhibited a good safety profile in both
healthy adults [146, 147] and MCI subjects [145].

NITRIC OXIDE SYNTHASE

Although NO, or other molecules acting on the NO-cGMP
pathway, are used to treat important disorders such as impotence
[148, 149], respiratory diseases [150, 151] and pulmonary
hypertension [152], current data indicate that an NO-based therapy
for treating neurodegenerative disorders, including AD, would not
be appropriate. This pessimism arises from the intrinsic difficulty of
delivering NO in the CNS without side-effect, as well as from the
dual role — neurotoxic or neuroprotective — of NO in the brain
[100]. In order to appreciate much better the difficulties that could
derive from an uncontrolled inhibition of the NOS/NO pathway in
the CNS, it is necessary to recall some of the physiologic action of
this gaseous neurotransmitter as well as the mechanisms involved in
its neuroprotective effects.
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The first evidence of NO’s activity as a neurotransmitter was
reported in 1988 by Garthwaite ez al. [S0]. They demonstrated that
glutamate stimulation of cerebellar NMDA receptors caused
neurons to release a diffusible molecule with features very similar
to those of endothelium-dependent relaxing factor. In the years that
followed, multiple functions in the CNS were documented for NO,
including the roles it played in cognitive function {50, 153, 154],
the control of sleep [155-157], appetite [158, 159], body
temperature [160-163] and neurosecretion [47, 164, 165]. In the
peripheral nervous system, NO was shown to regulate the
nonadrenergic, noncholinergic relaxation of smooth muscle in the
corpora cavernosa and the gastrointestinal tract [166, 167].

Furthermore, NO exerts neuroprotective effects via the
modulation of many intracellular pathways. Through the
stimulation of the sGC/cGMP system, NO regulates the Akt and
CREB transcription factors in brain cells; notably, both proteins are
important as signal transducers of neurotrophin-mediated survival
and protection against various neurodegenerative challenges, and
this similarity contributes to the neuroprotective role of NO [55, 56,
168, 169]. Nitric oxide protects against such excitotoxicity by
nitrosating the NR1 and NR2 subunits of the NMDA receptor [170,
171}, which reduces the intracellular Ca** influx responsible for
neuronal death [172]. Consequently, it is possible to conclude that
NO formed during excessive NMDA activation nitrosates the
NMDA subunits, and thereby diminishes either the formation of
peroxynitrite or Ca®* influx to promote neuronal survival,
Nicholson ef al. showed that NO-mediated inhibition of NMDA
receptor activity in a subpopulation of substantia gelatinosa
neurons in adult rat spinal cord is mediated, at least in part, via
¢GMP, thus providing data about an alternate mechanism involved
in NO-NMDA interaction [173]. Furthermore, NO-related species,
such as nitroxyl anion, could react with critical thiols in the NMDA
receptor and generate an R-SNH-OH derivative which inhibits
NMDA receptor activity [174]. Nitric oxide can also bind the
cysteines of the catalytic-sitt of caspases thus conferring
cytoprotection [175, 176]. The latter mechanism has been shown to
reduce the activity of caspases in several cell lines, including
neurons [176-179]. The controversial role of NO is also confirmed
by in vitro and in vivo studies in many experimental models of AD,
Data from preclinical studies demonstrated that the inactivation of
NOS-2 increases both AR deposition and tau phosphorylation thus
supporting a neuroprotective role of NOS-2 derived NO [134, 135].

The role of NOS-2 in AD prompted the investigators to study
the role of microglial cells, characterized by a marked NOS-2
expression and activity. Blood-derived microglial cells are
associated with AP(1-40)/(1-42) and prevent the formation of
oligomers and fibrils through a phagocytosis-dependent mechanism
[180]. That said, it is plausible to hypothesize that changes in
microglial reactivity durmg senescence as well as the prevalence of
resident mlcroglla (whlch is not able to clear AB) [180], might have
a permissive role in the brain damage characteristic of AD. With
regard to NOS-3, the upregulation of this isoform leads to the
activation of the apoptotic machinery and neuronal cell death [133],
That said, any drug targeted for the NOS/NO system should not
only be specific for NOS but also selective, in the sense that it
should inhibit NOS-3 without affecting NOS-2 activities. ‘

CONCLUSIONS AND PERSPECTIVES

Over the last 10-15 years several efforts have been made by
researchers to design and develop new drugs to improve cognitive
functions in patients suffering from AD. Unfortunately, AChE
inhibitors and the NMDA antagonist memantine did not have any
effect on the clinical course of AD and only slightly improved
cognitive functions, especially in mild-moderate AD patients. In
addition, another promising class of agents, secretase inhibitors,
were discontinued from clinical development due to a substantial
lack of beneficial effect on cognitive function and the appearance of
severe side effects. The only agents, whose clinical development is
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still ongoing, are the monoclonal antibodies against Ap and tau
inhibitors.

Very controversial is the potential therapeutic effect on AD
obtainable by pharmacological manipulation of the NO/NOS
system. As noted above, the effect of NO in the CNS is something
of a double-edged sword, since this gaseous compound has
important physiological effects but it may become toxic if produced
in excess or under pro-oxidant conditions which trigger the
formation of RNS. Therefore, drug research should focus on
hits/leads that modulate NO generation and reactivity in a dose-
dependent manner. With compounds of this sort, one would be able
to titrate the dose to achieve the desired pharmacologic effect
without provoking toxicity. Unfortunately, this goal is more
difficult than it sounds. First of all, we do not have enough data to
calculate the therapeutic index for NO in the whole brain or in those
brain areas involved in cognitive or autonomic functions and
second, the sensitivity to the therapeutic and/or toxic effect of NO
depends on the redox status of the cell. This potential limitation
might be overcome by the development of new delivery systems
that can selectively drive substances in the brain and modulate NO
generation. A possible way to resolve this problem is the synthesis
of a pro-drug composed by a molecular probe which senses the NO
level within the cell and an active component which, once released,
increase/decrease the activation of NOS. Although plausible from a
theoretical point of view, this goal is hard to achieved. The main
obstacle is represented by the blood-brain-barrier which reduces the
possibility for drugs to reach pharmacological concentrations in the
brain. To go through this restriction, the administration of
modulators of NO synthesis by the intrathecal route could be
proposed; however, this route of administration is not ideal for
chronic therapeutic use.

Regarding the administration of NO donors or
stimulators/inhibitors of NO synthesis by sublingual or oral routes
(much more feasible for chronic treatment and currently used for
the administration of organic nitrates), its use results in the onset of
harmful systemic effects on the cardiovascular system, such as
changes in blood pressure and platelet aggregation, which should be
avoided in the elderly suffering from AD. The last possibility could
be the administration of gaseous NO by inhalation. If administered
through this route, NO exerts its main effect locally by reducing
arterial pulmonary pressure and improving lung perfusion.
Similarly to other gaseous compounds, the possibility for inhaled
NO to reach pharmacological concentrations in the CNS, is based
on several factors, such as the degree of solubility in the blood
(measured as the blood/gas partition coefficient), the concentration
of the gas in the inspired air, the pulmonary ventilation and
pulmonary blood flow. The first two factors could be easily
handled, but the latter are characterized by a high individual
variability. For this reasons, it is not possible to predict the amount
of inhaled NO to reach the brain.

In conclusion, pharmacological manipulation of NO synthesis
and release is not easy to achieve and this is more difficult if the
main target of the gaseous compound is the brain. The translation of
basic pharmacologic issues of NO to the bedside is a challenging
goal, however, and one that will require close, active collaboration
by pharmacologists, chemists, and clinicians.
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ABBREVIATIONS

3-NT = 3-nitrotyrosine

4-HNE = 4-hydroxy-2-nonenal

AB = Amyloid-B-peptide

AD = Alzheimer disease

APP = Amyloid precursor protein
NMDA = N-methyl-D-aspartate
NO = Nitric oxide

NOS = Nitric oxide synthase

PC = Protein carbonyls

RNS = Reactive nitrogen species
ROS = Reactive oxygen species
sGC = Soluble guanylyl cyclase.
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