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Abstract: Notwithstanding the functional role that the aggregates of some amyloidogenic proteins can 

play in different organisms, protein aggregation plays a pivotal role in the pathogenesis of a large number 

of human diseases. One of such diseases is Alzheimer’s disease (AD), where the overproduction and 

aggregation of the β-amyloid peptide (Aβ) are regarded as early critical factors. Another protein that 

seems to occupy a prominent position within the complex pathological network of AD is the enzyme 

acetylcholinesterase (AChE), with classical and non-classical activities involved at the late (cholinergic 

deficit) and early (Aβ aggregation) phases of the disease. Dual inhibitors of Aβ aggregation and AChE 

are thus emerging as promising multi-target agents with potential to efficiently modify the natural course 

of AD. In the initial phases of the drug discovery process of such compounds, in vitro evaluation of the 

inhibition of Aβ aggregation is rather troublesome, as it is very sensitive to experimental assay 

conditions, and requires expensive synthetic Aβ peptides, which makes cost-prohibitive the screening of 

large compound libraries. Herein, we review recently developed multi-target anti-Alzheimer compounds 

that exhibit both Aβ aggregation and AChE inhibitory activities, and, in some cases also additional 

valuable activities such as BACE-1 inhibition or antioxidant properties. We also discuss the development 

of simplified in vivo methods for the rapid, simple, reliable, unexpensive, and high-throughput amenable 

screening of Aβ aggregation inhibitors that rely on the overexpression of Aβ42 alone or fused with 

reporter proteins in Escherichia coli.  
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INTRODUCTION 

Many distinct proteins and peptides can undergo under certain (patho)physiological conditions 

conformational rearrangements from the native unordered and soluble states into misfolded -sheet rich 

conformers with exposed hydrophobic surfaces, which enable intermolecular attractive forces leading to 

aggregation into increasingly ordered and sized oligomeric and polymeric species, the so-called amyloid 

fibrils, which can eventually deposit within or around cells [1,2]. Notwithstanding the diverse amino acid 

sequences, size and in vivo distribution of amyloidogenic proteins, their aggregation seems to proceed 

through a similar process, namely a nucleation-dependent polymerization, which involves the initial 

formation of small oligomeric ordered nuclei as the rate-limiting step when the concentration of the 

amyloidogenic protein reaches a critical point, followed by the amyloid fibril growth by the 

thermodynamically favorable successive addition of monomers [3,4]. Moreover, the complex multi-step 

aggregation process of the different amyloidogenic proteins seems to result in very similar highly ordered 

structures which share a number of common features such as high insolubility and stability as well as 

similar morphological and tinctorial properties [4,5]. 

Increasing evidence suggests that amyloid fibers or some intermediate aggregated species might display 

specific physiological nontoxic roles [1,2,6]. Thus, several functional amyloids have been described in 

bacteria, including the Escherichia coli curli fibers, which play a role in bacterial growth in biofilms, the 

Streptomices coelicolor chaplins, which are involved in the development of aerial hyphea, or the 

Klebsiella pneumoniae microcin E492 and the harpins produced by plant pathogens, with a role in 

defense mechanisms. Also, functional amyloids have been described in eukaryotic cells, for example 

some yeast prion proteins such as Ure2p, involved in the regulation of the use of poor nitrogen sources, or 

Sup35p, with a role as the translation release factor in Saccharomyces cerevisiae, or the cytoplasmic 

polyadenylation element binding (CPEB) protein of the sea slug Aplysia californica, which has been 

found to act as a prion when expressed in yeast and has been suggested to play a role in the formation of 

long-term memory [6], or F-actin microfilaments, which participate in numerous cellular processes such 

as muscular contraction or cell motility and division, among others [2]. 

However, amyloid aggregation has been mostly associated with the pathogenesis of a number of human 

diseases. Indeed, aggregation of disease-specific amyloidogenic proteins and subsequent deposition 

seems to be the root cause of a broad range of disorders, called amyloidoses, which encompass 

neurodegenerative diseases such as Alzheimer’s, Parkinson’s, and Huntington’s diseases or spongiform 
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encephalopathies or systemic amyloidoses such as type II diabetes, cataracts, lysozime and fibrinogen 

amyloidosis, amyloid light-chain amyloidosis, amyloid A amyloidosis, or amyloid transthyretin 

amyloidosis [1,7]. Again some similarities have been proposed to exit in the mechanisms underlying the 

cellular toxicity of the amyloid aggregates of the different amyloidogenic proteins [3,5]. 

In the particular case of Alzheimer’s disease (AD), two amyloidogenic proteins are involved in the onset 

and progression of the neurodegenerative cascade, namely the -amyloid peptide (A) and the tau 

protein, whose aggregates accumulate extra- and intra-cellularly, respectively, giving rise to the two main 

hallmarks of AD, the senile plaques and the neurofibrillary tangles. Even though the protein tau plays an 

important role in the neurodegenerative process, its processing, hyperphosphorylation and aggregation 

seem to take place downstream of A formation and aggregation, as it seems to be the case of other 

important events such as inflammation and oxidative stress [8-10]. A is a short peptide from 38 to 43 

amino acids that is formed upon cleavage of a transmembrane glycoprotein, the amyloid precursor protein 

(APP), by the sequential action of the enzymes -secretase (or BACE-1) and -secretase. The most 

abundant form of A is 40 residues in length (A40), whereas the form of 42 amino acids (A42) is the 

one that most readily aggregates and the most neurotoxic. The credence that abnormally increased A 

production and subsequent aggregation in brain is the real culprit of the neurodegenerative cascade of AD 

constitutes the core principle of the prevailing hypothesis on the etiology of AD, the amyloid cascade 

hypothesis [10-17]. Thus, the increased brain levels of A resulting from an imbalance between its 

production and its clearance, and its aggregation under the increased concentration conditions trigger a 

cascade of deleterious events that ultimately lead to dysfunction and death of neurons, neurotransmitter 

deficits, and dementia. 

Compelling evidence from genetic studies strongly support the amyloid cascade hypothesis, inasmuch as 

all familial cases of AD are associated with mutations or polymorphisms in genes that result in increased 

production of A or of its amyloidogenicity (either increased levels of A42 or increased ratio 

A42/A40), namely the genes of APP, apolipoprotein E, presenilin 1, and presenilin 2, in chromosomes 

21, 19, 14, and 1, respectively [18]. Similarly, modulation of A production or degradation by the action 

of external factors might be the cause of the much more common sporadic cases of AD [19]. Also, the 

fact that in transgenic mice overexpressing human mutant APP gene many pathological hallmarks of AD 

are recapitulated gives also support to this hypothesis. 
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The most crucial factor determining A toxicity seems to be the aggregation state [20]. Thus, it was 

initially thought that mature A fibrils deposited in senile plaques were the neurotoxic species in AD 

pathogenesis. However, brain A plaque load does not correlate well with clinical progression of AD, and 

many AD patients with severe memory impairment do not show A plaques at post-mortem analysis, 

whereas normal individuals can have A plaques without cognitive deficits [15,21-23]. Increasing 

evidence indicates that soluble A oligomers or prefibrillar aggregation intermediates are indeed the 

major culprit for neurotoxicity [24,25]. Indeed, the levels of A oligomers equate with AD severity, and 

soluble A oligomers have been found to be able to inhibit long term potentiation in the hippocampus, 

and, therefore, to disrupt synaptic plasticity [26]. Notwithstanding the currently widely accepted role of 

A oligomers as the neurotoxic species responsible of triggering the neurodegenerative cascade of AD, 

the final A fibrils seem also not to be devoid of toxicity [10,27]. 

The amyloid cascade hypothesis has provided the rational framework for the development of therapeutic 

interventions, labelled as “disease-modifying” because they are expected to be capable of preventing or 

delaying the onset of AD and slowing or halting its progression, thereby going far beyond the currently 

available anti-Alzheimer drugs that are regarded as merely symptomatic [28]. Hence, the discovery of 

anti-Alzheimer drug candidates aimed at reducing A production through inhibitors of - and -

secretases, at reducing A aggregation, or at increasing A clearance by active or passive 

immunotherapies, has been very actively pursued in the past decades. Even though the predominant 

processing pathway of APP, which involves the initial action of -secretase followed by -secretase, does 

not lead to amyloidogenic peptides, A is continuously secreted under normal physiological conditions 

and might play a functional role, as it has been found for other amylodogenic proteins (see above). 

Indeed, provocative evidences for a physiological role of A in synaptic transmission and neuronal 

viability have been reported [29,30]. Because A might play physiological roles, inhibition of A 

aggregation, without having to entirely remove A from brain, is emerging as a very promising strategy 

in the search for effective and safe medications for AD. In most cases, A aggregation inhibitors are 

discovered through screening campaigns [2,4,5,9,20,24,31-33], but important efforts are being carried out 

to understand the mechanisms involved in A aggregation and in its inhibition by small molecule drug 

candidates and to develop suitable computational approaches that enable the rational design of novel A 

aggregation inhibitors [34-38]. 
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Disappointingly, despite huge research efforts and financial investments different A-directed anti-

Alzheimer drug candidates have failed in advanced clinical trials, including tramiprosate (Alzhemed, 3-

amino-1-propanesulfonic acid, Fig. 1), the most prominent A aggregation inhibitor, which failed to 

demonstrate cognitive benefits in phase III trials.  

 

H2N SO3H

tramiprosate, 1  

 

Fig. (1). Chemical structure of the A aggregation inhibitor anti-Alzheimer drug candidate tramiprosate. 

 

The clinical failures of advanced supposedly disease-modifying A-directed drug candidates might be 

ascribed, however, to a number of factors other than their apparent lack of efficacy, such as confusion of 

clinical outcomes by the occurrence of adverse effects (for example the meningoencephalitis produced by 

the A vaccine AN1792 or the side effects derived from Notch inhibition by -secretase inhibitors), 

pharmacokinetic issues (poor brain penetration in the case of tramiprosate), and especially the timing of 

the therapies [28], as these drug candidates are clinically assayed when AD patients become symptomatic 

and are diagnosed as such, which occurs years or decades after the amyloid pathology started and 

progressed, which leaves no much room for a disease-modifying intervention because at that point 

neurodegeneration is too widespread. With this in mind, and while awaiting the development of suitable 

biomarkers and technologies that allow an early diagnosis of AD and, hence, an advanced therapeutic 

intervention with more chances of success, A aggregation and production remain viable targets to derive 

effective medications. However, there is an increasing perception that these targets should be approached 

in a different way. Human disease, in general, and evidently complex multi-factorial diseases as AD in 

particular, are increasingly believed not to result from an abnormality in a single protein target but to 

consist of a complex pathological network of interconnected protein targets endowed with compensatory 

signaling and redundant pathways that render ineffective the modulation of a single target of the network 

[39]. This conception challenges both the relevance of overly simplistic in vitro assays of drug candidates 

against a particular protein target isolated from its complex physiological environment and the 

effectiveness of single-target therapies, and boosts the use of phenotypic in vivo tests and the 
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development of multi-target therapies, particularly multi-target single-molecule drugs, i.e. the so-called 

multi-target drugs, multiple ligands or multi-target-directed ligands [40,41]. 

In the case of AD, the notions that it is not a straightforward process, that A is one of the causative 

factors, and not the sole factor contributing to AD neuropathogenesis [15], and that AD should be better 

confronted with drugs that simultaneously hit A formation and/or aggregation as well as other targets are 

gaining credence [42-46], and important endeavors are being done for charting the protein-protein 

interactions network of AD [47] to rationally select those targets and pathways to be hit by multi-target 

drugs that may overcome the robustness of the pathological network of AD. 

Among the different targets involved in AD neuropathogenesis that can be hit together with A formation 

and/or aggregation by multi-target drug candidates, the enzyme acetylcholinesterase (AChE) deserves a 

special attention. AChE is the target of four out of the five marketed anti-Alzheimer drugs, namely the 

AChE inhibitors tacrine, donepezil, galantamine, and rivastigmine (Fig. 2), which, together with the 

NMDA receptor antagonist memantine, are used to alleviate the cognitive and functional decline of AD 

patients in mild to moderate or moderate to severe symptomatic stages of the disease.  
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Fig. (2). Chemical structures of marketed anti-Alzheimer drugs. 
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Despite the primary involvement of AChE at the level of the neurotransmitter deficits that appear as a 

downstream event in the neurotoxic cascade of AD, the finding of Inestrosa one decade ago that AChE 

can promote A aggregation upon binding to form an A-AChE complex and increase its neurotoxicity 

as an early event in AD [48-50] shifts AChE as an upstream element in AD neuropathogenesis, thereby 

increasing the interest in the development of multi-target compounds simultaneously directed to A and 

to AChE, especially taking into account that: i) the binding site of A within AChE has been identified, 

and ii) this site, the so-called peripheral anionic site (PAS) of AChE, is placed at the mouth of a narrow 

20 Å-deep gorge at the bottom of which is placed the catalytic anionic site (CAS) of AChE [51], which 

enables the rational design of both peripheral site AChE inhibitors (AChEIs) and dual binding site 

AChEIs, able to simultaneously bind to both PAS and CAS [52-62]. Apart from a high AChE inhibitory 

activity, dual binding site AChEIs should be endowed, by definition, with the ability to inhibit the AChE-

induced A aggregation. Also, a number of dual binding site AChEIs have been screened and found to be 

active against A self-aggregation. Herein, we review recent reports on the development of new multi-

target anti-Alzheimer drug candidates that hit both AChE and A aggregation, induced by AChE and/or 

spontaneous. 

Whereas the in vitro determination of cholinesterase inhibitory activity, usually carried out by the method 

of Ellman [63], is a quite well established and reproducible standard procedure, in vitro determination of 

the A anti-aggregating activity is rather troublesome. Apart from the artificiality and over-simplicity of 

in vitro assays, A aggregation is extremely sensitive to experimental conditions [9,15], thereby 

challenging the reliability of the obtained results regarding their physiological relevance or making it 

difficult the comparison between studies by differents groups. Herein, we also review on novel simplified 

in vivo models of A aggregation that allow an easy, rapid, inexpensive, and more physiological 

screening of A aggregation inhibitors. 

 

DUAL INHIBITORS OF A AGGREGATION AND AChE 

Tacrine-based dimers and hybrids 

Tacrine is the pharmacophoric moiety most consistently found in the chemical structures of heterodimeric 

or hybrid dual inhibitors of AChE and A aggregation developed so far, likely because of the ease of 

synthesis of the intermediates bearing the tacrine scaffold and also because of the outstanding multi-target 

pharmacological profile of its heptamethylene-linked dimer, bis(7)-tacrine or bis(7)-cognitin, the first 
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rationally designed dual binding site AChEI [53,57,64-66]. The development of novel classes of multi-

target anti-Alzheimer tacrine derivatives has been recently reviewed [67,68]. In this section, we 

summarize recent reports on novel tacrine-based dimeric or hybrid compounds that exhibit a multi-target 

profile, encompassing AChE and A aggregation inhibitory activities, among others. 

The research groups of Bolognesi and Minarini have recently reported the synthesis and evaluation of 

novel derivatives of bis(7)-tacrine where the heptamethylene linker was replaced by more rigid aromatic 

spacers or by a unit of the neuroprotective and antioxidant agent cystamine, respectively [69,70]. The 

rationale behind the rigidification of the linker that connects both tacrine units by introduction of oligo(p-

phenylene) groups, as in the biphenyl-linked tacrine dimer 8 (Fig. 3), was triple, as improvements in the 

interactions with human AChE (hAChE), A and BACE-1 were pursued. On the one hand, the presence 

of the aromatic rings in the linker might allow to gain additional -stacking interactions with the aromatic 

residues that line the active site gorge of AChE, thereby enabling a three-site (CAS, PAS, and mid-gorge) 

interaction, and hence a strong interaction, with AChE. On the other hand, the planar aromatic surfaces of 

these aromatic rings of the linker might lead to a better interaction with A, thereby interfering with the 

aggregation process. Also, the high molecular hindrance provided by the linker might allow a better fit 

into the extended substrate binding site of BACE-1. Indeed, tacrine dimer 8 turned out to be more potent 

than the parent compound bis(7)-tacrine as inhibitor of A42 self-aggregation (76% vs 51% inhibition at 

10 μM) and as inhibitor of BACE-1 (90% vs 27% inhibition at 10 μM), but less potent for hAChE 

inhibition (Table 1). Even though the interactions of one tacrine unit at the CAS and of the biphenyl 

linker with mid-gorge aromatic residues of AChE were suggested by molecular docking experiments, a 

lack of interaction with Trp286 (hAChE numbering), the characteristic PAS residue, as a consequence of 

the rigidity imposed by the biphenyl system might account for the 4-fold lower hAChE inhibitory activity 

of 8 relative to bis(7)-tacrine. Despite the missing interaction with the PAS of AChE, protrusion beyond 

the PAS of one tacrine unit to the solvent-exposed gorge entrance seems to account for the significant 

inhibitory activity of 8 against the AChE-induced aggregation of A40. Worthy of note, compound 8 was 

more potent than the parent compound as inhibitor of human butyrylcholinesterase (hBChE; IC50=0.86 vs 

5.66 nM), an enzyme that exert a compensatory effect in response to a great decrease in brain AChE 

activity as AD progresses, thereby constituting a valuable target for anti-Alzheimer agents [71]. 

Replacement of the heptamethylene linker of bis(7)-tacrine by a cystamine unit was carried out with the 

hope that the resulting compound, the cystamine-tacrine dimer 9 (Fig. 3) would retain the antioxidant, 
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radical scavenging, and neuroprotective properties of cystamine as well as the dual inhibition against 

cholinesterases and A aggregation of bis(7)-tacrine [70]. Even though the cystamine-tacrine dimer 9 was 

less potent than bis(7)-tacrine against hAChE and AChE-induced and self-induced A aggregation (Table 

1) and roughly equipotent for hBChE inhibition (IC50 4.23 vs 5.66 nM), 9 was clearly superior to bis(7)-

tacrine in terms of neuroprotective activity and toxicity in human neuroblastoma SH-SY5Y cell cultures. 

Thus, compound 9 was able to protect SH-SY5Y cells against hydrogen peroxide insult even at a dose as 

low as 5 nM, the protective effect being complete at 0.5 μM. Apparently, this protective effect of 9 was 

related to its ability to scavenging oxygen peroxide, thereby reducing reactive oxygen species (ROS) 

production, likely by activation of the prosurvival kinases ERK1/2 andAkt [70]. 
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Fig. (3). Chemical structures of tacrine dimers and tacrine-4-aminoquinoline heterodimers. 
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Table 1. In Vitro Dual Inhibitory Activities of Tacrine Dimers and Tacrine-4-Aminoquinoline 

Heterodimers Against AChE and A Aggregation 

Compound hAChE  

(IC50 nM) 

AChE-induced 

A40 aggregation 

(% inhibition at 100 μM)a 

self-induced 

A42 aggregation 

(% inhibition at 10 μMb  

and/or IC50 μM) 

Bis(7)-tacrine, 7 0.81 68 51 / IC50 8.4 μM  

8 3.61 62 76 

9 5.04 53 IC50 24 μM 

10 1.05 46  

(±)-11 1.38 67 64 

a [inhibitor (I)]=100 μM, [A40]=230 μM, [AChE]=2.30 μM, A40:AChE ratio 100:1. b [I]=10 μM, 

[I]:[A42] ratio 1:5. 

 

The group of Rampa reported the synthesis of compound 10 (Fig. 3), closely related structurally to bis(7)-

tacrine, bearing a chlorine atom at position 6 of a tacrine unit to increase the affinity toward the CAS of 

AChE and an indenoquinoline moiety to interact with the PAS [72]. Compound 10 was found to be 

equipotent to bis(7)-tacrine as inhibitor of hAChE (Table 1). In agreement with kinetic studies that 

suggeted a mixed-type inhibition of hAChE by 10, i.e. the ability to interact with both CAS and PAS, this 

compound was able to inhibit the AChE-induced aggregation of A40, albeit with lower potency than 

bis(7)-tacrine [72]. Moreover, indenoquinoline-tacrine heterodimer 10 turned out to be a potent inhibitor 

of hBChE (IC50 64 nM) and, very interestingly, it also displayed a potent BACE-1 inhibitory activity (IC50 

1.0 μM), being 7.5-fold more potent than bis(7)-tacrine (IC50 7.5 μM), likely as a consequence of its 

greater molecular size, whereas none of its monomeric constituents, neither tacrine nor the 

indenoquinoline fragment, were active for BACE-1 inhibition. 

The group of Muñoz-Torrero recently developed a family of heterodimeric compounds that are also 

structurally related to bis-tacrines, namely the huprine-tacrine heterodimers [73], in which a unit of 

tacrine was connected through different linkers to a unit of huprine Y, a high affinity inhibitor of the CAS 

of AChE that was designed by merging the structures of the natural AChE inhibitor huperzine A and 
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tacrine [74]. Among these compounds, heterodimer (±)-11 (Fig. 3) exhibited a very interesting multi-

target profile, encompassing a highly potent inhibitory activity toward hAChE, resulting form its dual site 

binding to CAS and PAS as predicted by molecular dynamics simulations and kinetic studies, as well as 

moderately potent inhibitory activities toward AChE-induced and self-induced aggregations of A40 and 

A42, respectively (Table 1). Worthy of note, this compound was found to be able to block the 

aggregation induced by AChE of another amyloidogenic protein, namely the prion peptide PrP106-126, 

one of the key domains involved in the conformational change and aggregation of the prion protein (87% 

inhibition at 100 μM, IC50 69 nM). The facts that AChE can act as a pathological chaperone promoting 

the aggregation of distinct amyloidogenic proteins such A and PrP106-126 [75], and also of PrP82-146 

[76], the main component of the amyloid plaques in patients with Gerstmann-Sträussler-Scheinker 

disease, and that huprine-tacrine heterodimers as (±)-11 can inhibit both processes support the 

increasingly accepted notion that amyloidoses share common mechanisms and might also be confronted 

with common therapeutic interventions [77]. Regarding the multi-target profile of (±)-11, it is also a 

potent inhibitor of hBChE (IC50 74 nM) but it was found to be inactive against BACE-1, contrary to its 

analog bearing a chlorine atom at position 6 of the tacrine unit (IC50 for BACE-1 inhibition 5 μM). 

Finally, ex vivo experiments in OF1 mice confirmed the ability of the huprine-tacrine heterodimer (±)-11 

to cross the blood-brain barrier (BBB) after intraperitoneal administration and inhibit brain AChE. 

Other tacrine-based hybrid compounds with dual action on AChE and A aggregation in which the 

tacrine unit is linked to an heteroaromatic system different from 4-aminoquinoline have been also 

recently developed. The group of Wang and Kong has designed a series of hybrids that consisted of a 

tacrine unit connected to a coumarin system through a linker containing a piperazine ring. Unlike most 

tacrine-based dimeric or hybrid compounds developed so far, where the nitrogen atom at position 9 of the 

tacrine unit is an amino group, in these coumarin-tacrine hybrids, exemplified by compound 12 (Fig. 4), 

the exocyclic nitrogen atom of the tacrine unit was introduced in an amide functionality with a triple 

purpose, namely enabling metal ions chelation, promoting choline uptake, and decreasing toxicity [78]. 

Moreover, the piperazine moiety of the linker, which should be protonated at physiological pH, was 

expected to endow the coumarin-tacrine hybrids with the ability to establish cation- interactions with 

AChE mid-gorge aromatic residues, which would add to the expected interactions of the tacrine and 

coumarin moieties at the CAS and PAS of AChE, respectively. Indeed, kinetic and molecular docking 

studies confirmed the expected three-site binding mode of 12 to AChE. The tight binding of 12 to AChE 
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was also evidenced by its potent inhibition of electric eel AChE (eeAChE, IC50 92 nM), clearly higher 

than that of the parent monomeric tacrine (IC50 269 nM, in the same assay conditions). Also, compound 

12 at 20 μM, was able to inhibit by 68% the aggregation of A42, more potently than the positive 

reference compound curcumin (42% inhibition at 20 μM). Also, as expected, compound 12 was able to 

chelate Cu2+ and Fe2+, which might be important for lowering ROS production, and was found to be 

nontoxic to human neuroblastoma SH-SY5Y cells at concentrations up to 50 μM [78]. 
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Fig. (4). Chemical structures of other tacrine-based hybrids. 
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On the basis of previous results from screening campaigns pursuing the discovery of A anti-aggregating 

compounds, which suggested an important role of the methylenedioxybenzene moiety for A anti-

aggregating activity, and taking into account that this moiety seemed to be also important for the AChE 

inhibitory activity of a series of lignans, isolated from Schizandra chinensis [79], the group of Huang 

designed a series of hybrid compounds, such as 13 (Fig. 4), which contained a tacrine unit linked to a 

methylenedioxybenzene or related multialkoxybenzene moieties. These multialkoxybenzene-tacrine 

hybrids were expected to act as dual binding site AChEIs with both AChE and A aggregation inhibitory 

activities [80]. Both, kinetic and molecular docking studies suggested a dual site binding of 13 to AChE, 

with the tacrine unit occupying the CAS of AChE and the methylenedioxybenzene ring stacked against 

the characteristic Trp279 PAS residue (Torpedo californica AChE (TcAChE) numbering). As expected 

from this binding mode, compound 13 exhibited a potent inhibitory activity of eeAChE (IC50 7.98 nM), it 

being equipotent toward equine BChE (IC50 7.94 nM). Also, 13, at 20 μM and with a ratio [I]:[A42] 1:1, 

inhibited A42 self-aggregation by 65%. Worthy of note, compound 13 was more potent that the 

reference compounds for AChE and A aggregation inhibition, tacrine (IC50 eeAChE 193 nM, in the 

same assay conditions) and curcumin (52% inhibition of A42 aggregation), respectively. 

Starting from the knowledge that synthetic derivatives of oxoisoaporphine displayed a high AChE 

inhibitory activity, arising from an interaction of the 1-azabenzanthrone moiety with the PAS [81], Tang 

et al. designed a series of novel dual binding site AChEIs bearing a tacrine unit for the interaction with 

CAS and an oxoisoaporphine moiety for the interaction with PAS [82]. Among these compounds, 14 

(Fig. 4) emerged as a potent inhibitor of eeAChE (IC50 3.4 nM) and equine BChE (IC50 110 nM), as well 

as a potent inhibitor of both AChE-induced aggregation of A40 (83% inhibition at 100 μM) and self-

induced aggregation of A42 (80% inhibition at 10 μM, with a ratio [I]:[A42] 1:2), it being more potent 

than tacrine for eeAChE inhibition (IC50 104 nM, in the same assay conditions) and curcumin for AChE- 

and self-induced A aggregation inhibition (35% and 42% inhibition, respectively, in the same assay 

conditions), but less potent than Congo red for inhibition of AChE-induced A40 aggregation (97% 

inhibition) [82]. Disappointingly, an uncertain BBB permeation was predicted for the oxoisoaporphine-

tacrine hybrid 14 in the PAMPA-BBB assay, thereby challenging its potential interest for AD treatment. 

Because the phenylthiazole scaffold is present in compounds with inhibitory activity against the 

aggregation of tau protein [83], the group of Chen inferred that it might also afford Aβ anti-aggregating 

activity, and conjugated it with a unit of tacrine through different linkers [84]. The 2-amino-4-
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phenylthiazole-tacrine hybrids 15 and 16 (Fig. 4) emerged as multi-target compounds endowed with 

potent eeAChE inhibitory activity (81 nM and 158 nM, respectively), and moderately potent equine 

BChE inhibitory activity (467 nM and 588 nM, respectively), and, as expected, a significant inhibition of 

Aβ42 self-aggregation (70% and 72% inhibition at 20 μM, with a ratio [I]:[Aβ42] 1:1) [84]. Even though 

these compounds were less potent cholinesterase inhibitors than the parent tacrine (64 nM and 3 nM for 

eeAChE and equine BChE inhibition, respectively, in the same assay conditions), they were more potent 

Aβ42 aggregation inhibitors than the reference compound propidium iodide and the monomeric 2-amino-

4-phenylthiazole and 2-amino-4-[(4-methoxy)phenyl]thiazole (57%, 11%, and 12% inhibition at 20 μM, 

respectively). Interestingly, the Aβ42 anti-aggregating activity of compound 16 was confirmed by atomic 

force microscopy. 

The thiazole and other related heteroaromatic rings in the form of benzofused systems were also 

conjugated to tacrine by the group of He and Li in the search for multi-target anti-Alzheimer agents [85]. 

Compounds 17 and 18 turned out to be potent inhibitors of eeAChE (IC50 17 nM and 58 nM, respectively) 

and equine BChE (IC50 122 nM and 156 nM, respectively) and moderately potent inhibitors of Aβ42 self-

aggregation (52% and 63% inhibition at 20 μM, respectively, with a ratio [I]:[Aβ42] 2:5), they being 

more potent AChEIs than the parent tacrine (IC50 311 nM, in the same assay conditions) and with similar 

Aβ42 aggregation inhibitory activity than the reference compound curcumin (52% inhibition at 20 μM, 

IC50 18.7 μM). Molecular docking experiments suggested that the tacrine-based hybrid 17 can 

simultaneously bind to both CAS (through the tacrine moiety) and PAS (through the benzothiazole 

moiety) of AChE, but its potential effect on the aggregation of Aβ induced by AChE was not determined 

[85]. 

The group of Marco-Contelles also used the structure of tacrine for the design of novel multi-target 

hybrid compounds, but in contrast with most approaches where tacrine was conjugated to a second 

pharmacophoric moiety through different linkers, they merged the structure of tacrine with that of the 

calcium channel blocker dihydropyridine drug nimodipine, which resulted in the design of the so-called 

tacripyrines, which keep the pharmacological activities of the parent compounds, i.e. AChE inhibitory 

activity and calcium channel blocking activity, and show neuroprotective and antioxidant properties 

[86,87]. Recently, this group prepared the methoxytacripyrine (S)-19 (Fig. 5) and its enantiomer by 

chromatographic resolution of the racemic compound [88]. According to kinetic studies, both 

enantiomers are mixed-type inhibitors of AChE, as suggested also by molecular docking studies, which 
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predicted different energetically favorable binding modes for both enantiomers of 19 either at the CAS of 

AChE or at the PAS. The (S)-enantiomer turned out to be more potent inhibitor of eeAChE (KI 16 nM vs 

125 nM for the (R)-enantiomer) but both enantiomers were roughly equipotent for inhibiton of the AChE-

induced aggregation of Aβ40 (29% and 25% inhibition at 100 μM, for (S)-19 and (R)-19, respectively) 

and self-induced aggregation of Aβ42 (89% and 84% inhibition at 50 μM, and with a ratio [I]:[Aβ42] 1:1, 

for (S)-19 and (R)-19, respectively, IC50 33 and 30 μM, respectively). Worthy of note, the ability of these 

compounds to inhibit amyloid fibril formation was confirmed by transmission electron microscopy 

(TEM). Curiously, despite the very similar in vitro biological profile of (S)-19 and (R)-19, only the (S)-

enantiomer was found to be able to protect neuroblastoma SH-SY5Y cells against the cytotoxicity 

induced by a short Aβ fragment (Aβ25-35) [88]. 
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Fig. (5). Chemical structure of the tacrine-dihydropyridine hybrid (S)-19. 

 

Memoquin derivatives 

Other dual inhibitors of AChE and Aβ aggregation have been recently developed from scaffolds other 

than tacrine. Memoquin (20, Fig. 6) is a very promising multi-target anti-Alzheimer compound which was 

designed some years ago by the group of Bolognesi by inserting the antioxidant benzoquinone moiety of 

ubiquinone into a polyamine scaffold that displayed AChE inhibitory activity [89,90]. A comprehensive 

in vitro biological characterization has shown that memoquin is able to potently interact with a number of 

important targets for AD treatment, namely, AChE and oxidative processes, as the parent compounds 

from which it was designed, but also BACE-1, and Aβ aggregation. More interestingly, a proof-of-

concept in a mouse model of AD showed that memoquin can positively affect the mechanisms behind 

neurodegeneration, thereby leading to cognitive enhancement [89,90]. In the light of the great potential of 
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memoquin as a disease-modifying anti-Alzheimer drug candidate, further studies have been carried out by 

the same group around the structure of memoquin to shed more light on the structure-activity 

relationships of this structural family and, eventually, to perform a lead optimization process. Thus, 

because the PAS and CAS of AChE are rich in hydrophobic amino acid residues, the group of Bolognesi 

studied the effect of the insertion of a methyl substituent at position α of the terminal benzylamino groups 

of memoquin on its multi-target profile [91], mainly with the hope that the additional methyl groups 

would lead to more tight interactions at both the CAS and PAS of AChE, thereby increasing the 

inhibitory activities against the catalytic and the Aβ pro-aggregating action of AChE. Indeed, the (R,R)-

stereoisomer (21, Fig. 6) exhibited a 3-fold increased inhibitory activity toward both processes (Table 2), 

while retaining the inhibitory activity of memoquin against Aβ42 self-aggregation  and hBChE 

(memoquin: IC50 1440 nM; 21: 1480 nM) [91]. Worthy of note, the meso (R,S)-stereoisomer exhibited 

similar potencies than 21 against the different tested targets. 

As previously mentioned, the high hindrance of some dimeric or hybrid AChEIs enable a better fit into 

the large substrate binding site of BACE-1, and as a result, some of these compounds exhibit significant 

BACE-1 inhibitory activities. However, the high molecular weight of such compounds might compromise 

membrane penetration, including BBB penetration. Even if it was not the case for memoquin, for which 

oral bioavailability and brain penetration had been confirmed [92], a series of memoquin analogs with 

lower molecular weights, and potentially better pharmacokinetic profile, were designed from memoquin 

through a disjunctive approach, i.e. by simplification of the structure of memoquin essentially by 

removing one of its 2-methoxybenzylaminoalkylamino chains [93]. The most interesting monomeric 

derivative of memoquin, 22 (Fig. 6), seems to keep the multi-target profile of memoquin, albeit with 

lower potencies. Molecular docking studies predicted a dual site binding of 22 to AChE, like the parent 

memoquin, which was in agreement with the high potency for its hAChE inhibition (Table 2), although 6-

fold lower than that of the dimeric memoquin. Also, lower, but still significant, potencies for inhibition of 

AChE-induced and self-induced Aβ aggregation and for BACE-1 inhibition (memoquin: >80% inhibition 

at 3 μM; 22: 60% inhibition at 3 μM) were found for 22 relative to memoquin [93]. Worthy of note, 

compound 22, which was less toxic than memoquin to primary chicken telencephalon neurons at a 

concentration up to 50 μM, inhibited the secretion of Aβ38, Aβ40, and Aβ42 in these cells with IC50 

values of 19, 21, and 46 μM, respectively [93]. 
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Fig. (6). Chemical structures of memoquin and derivatives thereof. 
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Table 2. In Vitro Dual Inhibitory Activities of Memoquin Derivatives Against AChE and A 

Aggregation 

Compound hAChE  

(IC50 nM) 

AChE-induced 

A40 aggregation 

(% inhibition at 100 μMa 

and/or IC50 μM) 

self-induced 

A42 aggregation 

(% inhibition at 10 μMb  

and/or IC50 μM) 

memoquin, 20 1.55 87 / IC50 28.3 μM 67 

21 0.50 IC50 9.34 μM 64 

22 9.73 69 / IC50 45 μM 27 

23 198  22 

24 102  50 

25 21800  27 

26 22000  19 

27 31400  41 

28 305  26 

29 100  45 

30 256 17  

31 3.32 41 14 

32 0.37 >90 / IC50 8.13 μM 55 / IC50 9.69 μM  

a [I]=100 μM, [A40]=230 μM, [AChE]=2.30 μM, A40:AChE ratio 100:1. b [I]=10 μM, [I]:[A42] ratio 

1:5. 

 

Notwithstanding the promising multi-target profile of memoquin, its activities against AChE (low 

nanomolar range) and Aβ (micromolar range) are not well balanced. In order to discover memoquin 

analogs with more balanced multi-target profile, and with the assumption that the planar 2,5-

diaminobenzoquinone moiety of memoquin might play a pivotal role in the modulation of protein-protein 

interactions, the terminal 2-methoxybenzyl groups of memoquin were replaced with structural moieties 

from compounds with known amyloid binding abitity, such as the vanillic ring (as in compounds 23 and 

24, Fig. 6), benzofuran moieties (as in compound 25), benzothiazole system (as in compound 26) or 2-
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phenylbenzothiazole fragment (as in compounds 27 and 28) [94]. These structural changes resulted in a 

very important drop of hAChE inhibitory activity from the nanomolar to the micromolar or 

submicromolar range and in a slightly decreased Aβ42 anti-aggregating activity (Table 2), thereby 

affording weaker but more balanced multi-target lead compounds [94]. Interestingly, compound 23 at 10 

μM elicited a protective effect against the neurotoxicity induced by Aβ42 in neuroblastoma SH-SY5Y 

cells similar to that of memoquin (approx. 80% inhibition of neurotoxicity). 

The 2-methoxybenzyl group of memoquin has also been replaced by a unit of the antioxidant lipoic acid, 

with the expectation of deriving compounds with multiple antioxidant mechanisms, of interest for the 

treatment of AD [95]. The memoquin-lipoic acid hybrid 29 (Fig. 6) at 10 μM significantly decreased the 

ROS production in bovine heart submitochondrial particles and in human glioma cell line T67, and 

retained the dual inhibitory effect of memoquin against hAChE and Aβ42 aggregation, albeit with lower 

potencies, thereby resulting again in a more balanced multi-target profile (Table 2) [95]. Further removal 

of the aminohexylaminobenzoquinone fragment of memoquin and direct linkage of lipoic acid to the 

remaining N-ethyl-N-(2-methoxybenzyl)-1,6-hexanediamine moiety led to compound 30 (Fig. 6), which 

significantly decreased ROS production in SH-SY5Y cells, from 82% of increased intracellular ROS 

induced by tert-butyl hydroperoxide to 70% at 10 μM or to 38% at 50 μM [96]. Compound 30 also 

potently inhibits hAChE (Table 2) but again with clearly lower potency than memoquin, and had a very 

weak inhibitory activity against the AChE-induced Aβ40 aggregation [96]. 

Based on previous studies by Tumiatti et al. on dimeric polyamine based AChEIs containing N-ethyl-N-

(2-methoxybenzyl)aminoalkyl moieties similar to those of memoquin, which suggested that increasing 

rigidity within the linker, as in compound 31 (Fig. 6), increased Aβ anti-aggregating activity relative to 

flexible oligomethylene-linked counterparts [97], and taking into account that aromatic systems may 

enable additional interactions with aromatic amino acid residues at mid-gorge of AChE as well as 

inhibition of Aβ self-aggregation, the dipiperidino moiety of 31 was replaced by still more constrained 

cyclic systems as the 1,4,5,8-naphthalenetetracarboxylic diimide moiety of the novel analog 32 (Fig. 6) 

[98]. Indeed, as suggested by kinetic and docking simulations, compound 32 was able to simultaneously 

interact with CAS, PAS and mid-gorge aromatic residues, this three-site binding mode accounting for its 

higher hAChE and AChE-induced Aβ40 aggregation inhibitory activities relative to the potent AChEI 31 

(Table 2). Also, the insertion of the aromatic system in the linker of 32, as expected, endowed the 

compound with a significant inhibitory activity toward Aβ42 self-aggregation, in contrast with 31, which 
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was essentially inactive for this activity [98]. Worthy of note, the Aβ anti-aggregating activity of 32 was 

in the same range than that of propidium and only slightly lower than that of Congo red [98]. 

 

Natural products and natural-based compounds 

A number of dual inhibitors of AChE and Aβ aggregation are natural products or natural-based 

compounds. The structure of the isoquinoline alkaloid berberine, 33 (Fig. 7), with known AChE 

inhibitory activity [99], has been linked to different (hetero)aromatic systems. Thus, the group of He and 

Li has synthesized series of berberine-based hybrids substituted at position 9 of the berberine scaffold 

with a linker that connects it to a phenylbenzoheterocyclic system, as in compounds 34 and 35 (Fig. 7) 

[85], to a triazole ring, as in compounds 36 and 37 [100], to a benzenediol ring, as in compounds 38 and 

39 [101], to a melatonin moiety, as in compound 40 [101], or to a ferulic acid unit, as in compound 41 

[101]. Most berberine-based hybrids were less potent eeAChEIs than berberine, with IC50 values in the 

micromolar or submicromolar range, with the exceptions of compounds 36-38 (Table 3). Precisely, a dual 

site binding to AChE has been predicted by molecular docking experiments for compound 38, which 

seems to position its berberine moiety at the PAS and the triazole ring at the CAS of AChE [100], which 

might account for its higher AChE inhibitory activity relative to berberine. Conversely, all of these 

hybrids turned out to be more potent inhibitors of Aβ42 self-aggregation than berberine and another 

reference compound such as curcumin (52% inhibition of Aβ42 aggregation at 20 μM, IC50 18.7 μM). 

Worthy of note, in the case of the berberine-based hybrids bearing a polyphenol moiety (38, 39, 41) or a 

melatonin unit (40), the antioxidant activity of these scaffolds was preserved in the hybrids, which 

exhibited oxygen radical absorbance capacity (ORAC) values ranging from 3.4 to 9.5 Trolox equivalents, 

clearly higher than that of the parent berberine (0.4 Trolox equivalents)  [101]. 
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Fig. (7). Chemical structures of berberine and derivatives thereof. 
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Table 3. In Vitro Dual Inhibitory Activities of Berberine Derivatives Against AChE and A 

Aggregation 

Compound eeAChE  

(IC50 nM) 

self-induced 

A42 aggregation 

(% inhibition at 20 μMa 

and/or IC50 μM) 

Berberine, 33 374 36  

34 774 IC50 4.69 μM 

35 2120 IC50 3.75 μM 

36 44 53 

37 201 78 

38 123 85 

39 460 92 

40 1110 83 

41 3210 76 

a [I]=20 μM, [I]:[A42] ratio 2:5. 

 

The scaffold of oxoisoaporphine, which is present in the hybrid 14 (Fig. 4), has been used by the same 

group in the synthesis of a series of oxoisoaporphine derivatives substituted at position 10 with different 

basic side chains [102]. Among these derivatives, compounds 42 and 43 (Fig. 8) emerged as potent 

inhibitors of eeAChE (IC50 720 nM and 210 nM, respectively) and AChE-induced aggregation of A40 

(42: 88% and 61% of inhibition at 100 μM and 10 μM, respectively; 43: 94% and 74% of inhibition at 

100 μM and 10 μM, respectively), and also moderately potent inhibitors of equine BChE (IC50 1.13 μM 

and 2.81 μM, respectively). These compounds were less potent cholinesterase inhibitors than the 

reference compound tacrine (IC50 eeAChE 130 nM, IC50 equine BChE 21 nM, in the same assay 

conditions) and more potent inhibitors of the AChE-induced aggregation of A40 than the PAS inhibitor 

propidium (85% and 40% inhibition at 100 μM and 10 μM, respectively), but less potent than Congo red 

(97% inhibition at 100 μM and 10 μM). As in the case of propidium, the potent inhibitory activity of 

these oxoisoaporphine derivatives seems to arise from interaction with the PAS of AChE, as suggested by 

kinetic studies. Despite the close structural similarity between compounds 42 and 43, the former was 
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predicted by the PAMPA-BBB assay to be able to cross the BBB, whereas surprisingly a low BBB 

permeation was predicted for its upper homolog 43 [102]. 
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Fig. (8). Chemical structures of other natural products and natural-based compounds with dual Aβ 

aggregation and AChE inhibitory activities. 

 

Following a high-throughput screening campaign of an in-house library of natural products that led to the 

discovery of a tetracyclic triperpene hit with AChE inhibitory activity [103], the group of Guillou 

 24



developed a novel class of analogs incorporating structural modifications to enable an additional 

interaction with the PAS of AChE, apart from interactions at the CAS, thereby potentially leading to 

increased AChE inhibitory activity and also to inhibitory activity against the AChE-induced aggregation 

of Aβ [104]. Indeed, molecular docking and molecular dynamics simulations suggested that one of the 

novel analogs, compound 44 (Fig. 8), was able to simultaneously reach the CAS and the PAS of AChE, 

establishing mainly hydrophobic interactions. This might account for the very potent inhibitory activity of 

44 and other analogs such as 45 and 46 against hAChE (IC50 3 nM, 3 nM, and 14 nM, respectively) and 

for their significant inhibitory activity against the AChE-induced aggregation of Aβ40 (69%, 56%, and 

42% inhibition at 100 μM, respectively) [104]. These compounds were clearly more potent hAChEIs than 

the reference compound tacrine and the initial tetracyclic triterpene hit (IC50 484 nM and 299 nM, 

respectively, in the same assay conditions) and only slightly less potent inhibitors of the AChE-induced 

Aβ40 aggregation that the prototypic inhibitor of AChE PAS and of the AChE-induced Aβ aggregation 

propidium (85% inhibition at 100 μM). 

Screening of a commercial library of natural and natural-based compounds for AChE and BChE 

inhibitory activities allowed the identification by the group of Vuorela of chelerythrine, 47 (Fig. 8), as a 

hit compound for hAChE and hBChE inhibition (IC50 1.54 μM and 10.3 μM, respectively) [105]. Kinetic 

and docking simulations suggested that chelerythrine might bind to the PAS of AChE. Further biological 

profiling of this compound, showed that chelerythrine exhibits an interesting multiple Aβ anti-

aggregating action, as it is able to inhibit the self-aggregation of Aβ40 (IC50 4.20 μM) and the AChE-

induced aggregation of Aβ40 (49% at 5 μM, 65% at 10 μM, and 88% at 100 μM), and very interestingly, 

it is also able to disaggregate preformed Aβ40 aggregates (IC50 13 μM). Thus, chelerythrine emerges as a 

very promising anti-Alzheimer lead with multiple well balanced activities (all of them in the low 

micromolar range) [105].  

Analogously, in a screening campaign for AChE and BChE inhibitors from natural products, the extract 

of the roots of Vitis amurensis was selected, and  two resveratrol oligomers, compounds 48 and 49 (Fig. 

8), were isolated from this active extract [106]. Biological characterization of these compounds confirmed 

their moderately potent inhibitory activity against hAChE (IC50 1.04 μM and 1.66 μM, respectively) and 

hBChE (IC50 4.41 μM and 1.75 μM, respectively), they being roughly equipotent to the anti-Alzheimer 

AChEI drug galantamine (IC50 AChE 0.93 μM; IC50 BChE 9.24 μM, in the same assay conditions). 

Interestingly, both 48 and 49 also inhibited the self-aggregation of Aβ42 (61% and 39% at 10 μM, 
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respectively, with a ratio [I]:[Aβ42] 1:2.5) [106]. Thus, as in the case of chelerythrine, the multiple 

activities of these compounds, all of them in the low micromolar range, are well balanced, which is an 

important feature in multi-target drugs. 

Also, following a high-throughput screening of a plant extract library for AChE inhibition, an ethyl 

acetate extract of the fruits of Styrax agrestis was found to be able to inhibit AChE [107]. Subsequent 

bioassay-guided fractionation of this extract led to the isolation of the new egonol-type 2-arylbenzofuran 

50 (Fig. 8), which can inhibit both hAChE (IC50 1.7 μM) and the AChE-induced aggregation of Aβ40 

(78% at 100 μM). To expand the structure-activity relationships in this structural family, new egonol 

derivatives were prepared by semisynthesis from egonol, among which compound 51 (Fig. 8) displayed 

the most interesting profile (IC50 hAChE 4.5 μM; 87% inhibition of AChE-induced aggregation of Aβ40 

at 100 μM). Interestingly, both egonol derivatives were more potent inhibitors of the AChE-induced 

aggregation of Aβ40 than propidium (54% inhibition at 100 μM, in the same assay conditions), and only 

slightly less potent hAChEIs than tacrine (IC50 1.03 μM, in the same assay conditions) [107]. Molecular 

docking and molecular dynamics simulations suggested a simultaneous interaction of this kind of 

derivatives with both the CAS and PAS of AChE, which might account for their significant dual 

inhibitory activities. 

 

2-Arylbenzofuran derivatives 

Other synthetic 2-arylbenzofurans have been also developed for dual inhibition of AChE and Aβ 

aggregation. The group of Rampa combined the 7-(N-methyl-N-benzylamino)heptyloxy moiety of some 

previously developed cholinesterase inhibitors [108] and the 4-(2-furyl)phenoxy fragment of SKF-64346, 

an inhibitor of Aβ fibril formation [109], in the search for novel dual inhibitors of cholinesterases and Aβ 

aggregation [110,111]. Among the resulting benzofuran-based hybrids, compounds 52-55 (Fig. 9) 

emerged as the most interesting derivatives. Compounds 52-54 display not very strong but well balanced 

inhibitory activities against hAChE and the self-induced aggregation of Aβ25-35, a short Aβ peptide that 

retains the aggregation and neurotoxicity properties, exhibiting IC50 values in the low micromolar range, 

whereas compound 55 is more potent against hAChE and less potent for the Aβ25-35 anti-aggregating 

effect (Table 4). Worthy of note, all of these compounds also display a similar micromolar or 

submicromolar activity against hBChE (IC50 0.28 μM, 38.1 μM, 1.82 μM, and 2.88 μM, respectively) 

[110,111]. Interestingly, compounds 53 and 55 significantly protected neuroblastoma SH-SY5Y cells 
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against the neurotoxicity induced by Aβ25-35 (58% and 48% inhibition at 30 μM), this activity likely 

resulting from the hydrophobic properties of these compounds together with their putative ability to block 

the interaction of the Aβ peptide with the lipid bilayer of neuronal membranes [110,111]. Thus, it has 

been hypothesized that the benzoyl group of hybrids 53 and 55 is essential for the interaction with 

hydrophobic residues of Aβ25-35, particularly Ile31, Ile32, and Met35, that seem to be responsible for the 

aggregation and neurotoxic properties [112]. Worthy of note, at 30 μM hybrids 53 and 55 were found to 

be able to reduce the binding of Aβ25-35 to the cell membrane surface of SH-SY5Y cells and to inhibit 

the ROS formation induced by Aβ25-35, which would seem to be the mechanisms behind the 

neuroprotective effect of these compounds. 
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Fig. (9). Chemical structures of synthetic 2-arylbenzofuran derivatives. 

 

 27



Table 4. In Vitro Dual Inhibitory Activities of Synthetic Benzofuran-based Hybrid Compounds 

Against AChE and A Aggregation 

Compound hAChE  

(IC50 μM) 

self-induced 

A25-35 aggregation 

(% inhibition at 10 μMa 

and/or IC50 μM) 

52 32.6 IC50 7.0 μM 

53 40.7 47 / IC50 12.5 μM 

54 10.5 IC50 13.0 μM 

55 0.24 35 

a [I]=10 μM, [I]:[A42] ratio 1:10. 

 

Pyrimidine and triazine derivatives 

The group of Rao has developed a series of pyrimidine derivatives substituted at positions 2 and 4 with 

groups of different steric and electronic properties as dual inhibitors of AChE and A aggregation 

[113,114]. Some representative examples of these 2,4-disubstituted pyrimidines are compounds 56-59 

(Fig. 10), which exhibit moderate to weak potencies against hAChE and AChE-induced aggregation of 

A40 (Table 5) that might arise from a dual site binding to AChE as suggested by docking simulations 

with 58 [114]. Also, compound 59 was found to be weakly active as inhibitor of A40 self-aggregation 

(28% inhibition at 100 μM), and, together with 58, also active against equine BChE (58: IC50 3.9 μM; 59: 

IC50 7.6 μM). 
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Fig. (10). Chemical structures of 2,4-disubstituted pyrimidine derivatives. 

 

Table 5. In Vitro Dual Inhibitory Activities of 2,4-Disubstituted Pyrimidine Derivatives Against 

AChE and A Aggregation 

Compound hAChE  

(IC50 μM) 

AChE-induced 

A40 aggregation 

(% inhibition at 100 μM) 

56 24.9 59 

57 12.6 56 

58 8.0 31 

59 10.0 32 

 

Other nitrogen containing heterocycles such as triazines have been also used as the core of dual inhibitors 

of AChE and A aggregation. The group of Carotti has synthesized series of benzo[e][1,2,4]triazin-

7(1H)-ones, such as 60 (Fig. 11), and [1,2,4]-triazino[5,6,1-jk]carbazol-6-ones, such as 61, whose 

quinone/quinonimine and extended planar azaheterocyclic systems were expected to enable - stacking, 
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hydrophobic, and electrostatic interactions with A, thereby leading to an interference with the 

aggregation process [115]. Indeed, both compounds exhibit a potent inhibitory activity against A40 self-

aggregation (IC50 1.4 μM in both cases). Compound 60 also displayed eeAChE and equine BChE 

inhibitory activities in the same range than its A40 anti-aggregating activity (IC50 1.5 μM and 1.9 μM, 

respectively), whereas in the case of 61 these additional activities were not so well balanced (55% 

inhibition of eeAChE at 10 μM and IC50 BChE 25 nM) [115]. Worthy of note, further studies on the A 

anti-aggregating profile of 60 confirmed its ability to inhibit also the self-aggregation of A42 and 

suggested the stabilization of random coil arranged unstructured peptide as the mechanism underlying its 

inhibitory activity [115].  

Incorporation into a sym-triazine core of acetylcholine substrate analogs and multiple hydrophobic phenyl 

rings, which might improve -sheet intercalation into amyloid aggregates, has been used by the group of 

Kerman as strategies to confer both cholinesterases and A inhibitory activities [116]. Indeed, triazine 

derivatives 62-64 (Fig. 11) were found to be able to inhibit hAChE (IC50 9.7 μM, 0.3 μM, and 2.8 μM, 

respectively) and A40 self-aggregation (66%, 51%, and 72% at 100 μM, with a ratio [I]:[A40] 1:1). 

Also, the most hindered compounds 63 and 64 turned out to be moderately potent inhibitors of hBChE 

(IC50 3.9 μM and 15.3 μM, respectively). TEM studies confirmed the A anti-aggregating activity of 

triazines 62-64, which seemed to lead to the formation of globular aggregates instead of fibrillar 

structures [116]. Moreover, compounds 63 and 64 were nontoxic to neuroblastoma SH-SY5Y cells at a 

concentration as high as 400 μM. 
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Fig. (11). Chemical structures of triazine derivatives. 

 

Donepezil-related compounds 

Donepezil, 3, is the sole marketed dual binding site AChEI, with a proven, albeit weak, inhibitory activity 

against the AChE-induced A aggregation [35,55]. Several series of dual inhibitors of AChE and A 

aggregation have been designed from the structure of donepezil. The group of Muñoz-Torrero developed 

some donepezil-huprine hybrids bearing a donepezil-like 5,6-dimethoxy-2-[(4-piperidinyl)methyl]indane 

moiety [117], in which the indanone of donepezil had been replaced by an indane system on the basis of 

previous studies on a family of donepezil-tacrine hybrids where this replacement resulted in increased 

inhibitory activity against the AChE-induced aggregation of A40 [118]. A better dual site binding to 

AChE of these compounds relative to donepezil, as suggested by molecular dynamics simulations and 

kinetic studies, accounted for their improved dual inhibitory potencies. The most interesting compound of 

the series was the hybrid (–)-(7S,11S)-65 (Fig. 12, Table 6), which additionally was found to be a 

moderately potent inhibitor of hBChE (IC50 349 nM) and BACE-1 (IC50 11.0 μM) [117]. Moreover, this 

compound was predicted to be able to cross BBB in a PAMPA-BBB assay, and more importantly, it was 

confirmed to penetrate into the brain of OF1 mice (unpublished results). Despite the multi-target profile 

of compound 65, a proof-of-concept study in a transgenic mouse model of AD was not completely 

satisfactory, as this compound was able to improve cognition, likely by a purely cholinergic effect, but 
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not amyloid pathology (unpublished results), which likely reflects the significant difference in its 

potencies against cholinesterases (nanomolar range) and A (micromolar range), thereby highlighting the 

importance for multi-target compounds of having well balanced activities against the different targets. 
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Fig. (12). Chemical structures of donepezil-related compounds. 
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Table 6. In Vitro Dual Inhibitory Activities of Donepezil-Related Compounds Against AChE and 

A Aggregation 

Compound hAChE  

(IC50 nM) 

AChE-induced 

A40 aggregation 

(% inhibition at 100 μMa 

and/or IC50 μM) 

self-induced 

A42 aggregation 

(% inhibition at 10 μMb  

and/or IC50 μM) 

Donepezil, 3 21.4 22 <5 

65 2.61 42 29 

AP2238, 66 44 35 <5 

67 56 43 26 

68 52 48 27 

69 25 34  

a [I]=100 μM, [A40]=230 μM, [AChE]=2.30 μM, [A40]:[AChE] ratio 100:1. b [I]=10 μM, [I]:[A42] 

ratio 1:5. 

 

The group of Rampa has developed a series of hybrid compounds that conjugate the (N-benzyl-N-

methylamino)benzyl moiety of AP2238, 66 (Fig. 12), the first dual binding site AChEI purposely 

designed to hit both AChE and AChE-induced A aggregation [119], and a tetralone moiety, structurally 

related to the indanone system of donepezil [120]. The most interesting hybrids, 67 and 68, which seemed 

to be also dual binding site AChEIs according to kinetic studies, exhibited slightly lower AChE inhibitory 

potencies but increased A anti-aggregating effects than the parent compounds (Table 6), as well as 

significant hBChE inhibitory activities (IC50 8.05 μM and 5.01 μM, respectively). The same group 

developed some hybrid compounds that merged the (N-benzyl-N-methylamino)benzyl moiety of AP2238 

with another moiety structurally related to the indanone system of donepezil, namely a 

dimethoxybenzophenone scaffold [121]. Because the initial lead compound of this series was devoid of 

inhibitory activity against the AChE-induced aggregation of A, further modifications were carried out to 

increase this activity, which consisted of introducing at the benzophenone moiety aminoalkyl chains that 

might mimic the role of the diethylmethylammonium alkyl chain of the prototypic inhibitor of AChE 

PAS and, hence, of AChE-induced A aggregation propidium [122]. Indeed, the most interesting 

compound of the series, 69 (Fig. 12), exhibited improved hAChE and AChE-induced A40 aggregation 
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inhibitory potencies than the initial lead, it being equipotent to donepezil for hAChE inhibition but clearly 

less potent than propidium for inhibition of AChE-induced A aggregation (Table 6) [122], as the other 

previously mentioned donepezil-related derivatives. 

The group of Malawska has used another system structurally related to the indanone ring of donepezil, 

namely an isoindoline-1,3-dione scaffold, as the core of a series of dual inhibitors of AChE and A 

aggregation [123]. The most interesting compounds, 70 and 71 (Fig. 12), exhibit a significant inhibitory 

activity against eeAChE (IC50 1.2 μM and 1.1 μM, respectively) and against the self-aggregation of a 

short A peptide (34% and 39% inhibition at 80 μM, respectively, with a ratio [I]:[A] 1:1.25) [123]. 

The structure of donepezil has also inspired the design by the group of Ozadali of a series of 

acylhydrazones which incorporated the dimethoxybenzene and benzylpiperidine moieties of donepezil or 

related systems [124]. Compounds 72 and 73 (Fig. 12), as representative examples of this series, are 

rather weak inhibitors of hAChE (IC50 63 μM and 53 μM, respectively) and equine BChE (IC50 55 μM 

and 67 μM, respectively) but exhibit balanced inhibitory activity toward self-induced aggregation of both 

A40 and A42 (70-80% inhibition at 100 μM) [124]. 

 

Benzamide derivatives 

The group of Yang and Yang has reported the synthesis of a series of benzamides linked to a quinoline 

and to an acetophenone moieties, rationally designed as dual binding site AChEIs [125]. Compound 74 

(Fig. 13) was indeed predicted by docking simulations to be able to simultaneously reach both CAS and 

PAS of AChE. This compound exhibit potent inhibitory activities against hAChE (Ki 6.50 nM) and 

hBChE (Ki 55 nM) but lower inhibitory activities toward A42 self-aggregation (IC50 79 μM) and BACE-

1 (IC50 85 μM) [125]. 
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Fig. (13). Chemical structure of the benzamide derivative 74. 

 

Carbamate derivatives 

Most research endeavors on the discovery of novel anti-cholinesterase agents pursue reversible inhibitors. 

The group of Rampa has been involved in the development of pseudoirreversible AChEIs with additional 

activity against A aggregation [126]. Structural modification of an initial lead, xanthostigmine [127], 

had led to the design of novel phenylcoumarin and flavone derivatives, such as 75 and 76, respectively 

(Fig. 14) [126]. Docking and molecular dynamics simulations suggested a dual site binding to AChE for 

these compounds, which accordingly exhibited potent inhibitory activity against hAChE (IC50 1.20 nM 

and 0.73 nM), although unexpectedly quite weak AChE-induced A40 aggregation inhibitory activity 

(13% and 18% inhibition at 100 μM, respectively). 
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Fig. (14). Chemical structures of carbamate derivatives 75 and 76. 

 

As shown in this section, very intensive research is being carried out by an increasing number of groups 

toward the development of structurally diverse multi-target anti-Alzheimer agents, and particularly of 

those having at least a dual inhibitory activity against AChE and A aggregation (either spontaneous or 

AChE-induced). Much attention is paid to obtaining very high potencies at any target, maybe 

underestimating the crucial issue of balancing the different potencies at the multiple targets, which will 

eventually determine the in vivo efficacy of multi-target drug candidates. Therefore, it would be worth 

devoting more efforts to properly balancing the dual AChE and A aggregation inhibitory profile of 

already existing leads, even at the expense of a little drop of potency. 

 

SIMPLIFIED IN VIVO ASSAYS FOR THE SCREENING OF A ANTI-AGGREGATING 

COMPOUNDS 

The discovery of A anti-aggregating hit and lead compounds as well as the lead optimization process for 

increasing potency and/or balancing A anti-aggregating activity need robust and reliable methods for the 

evaluation of this activity. The screening of A anti-aggregating compounds is mostly carried out in vitro 
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through specific amyloid-like dyes as thioflavin-T (Th-T)-based fluorometric assays that use expensive 

synthetic peptides [35,36,128] and that seem not too easy to be implemented, inasmuch as amyloid 

aggregation is very sensitive to experimental conditions (purity of peptides, nature of solvents, 

concentrations of buffer solutions, incubation times, mixing conditions, or even the nature of the vessel 

surface, etc.) [9,15]. Apart from the high cost and technical difficulties, the sensitiveness of aggregation 

to the assay preparation conditions may lead to significant differences between assays performed in 

different conditions or by different researchers. Another important issue that applies for in vitro assays 

performed with isolated protein targets, in general, is the fact that they are increasingly perceived as being 

too far from the (patho)physiological conditions where these targets are expected to be hit by the drug 

candidates under evaluation. In living organisms proteins are not isolated but they are prone to interact 

with other molecules, and, indeed, they take part in complex interaction networks that are not present in 

in vitro tests [39,129,130]. In particular, amyloid aggregation seems to be greatly influenced in 

physiological conditions by interactions with other molecules such as metal ions, chaperones or proteases. 

These interactions are stimulated under the molecular crowding caused by the high concentration of 

macromolecules inside cells that favor processes as aggregation that lead to an increased available 

volume [131,132]. Because these key aspects of the biological complexity of amyloid aggregation cannot 

be captured in in vitro assays there is an increasing demand of novel phenotypic assays, which 

recapitulate better the physiological scenario of the amyloid aggregation process and its inhibition, which 

are less expensive than classical in vivo studies with mouse models and in vitro tests with synthetic 

peptides, and which are simple, rapid, and reliable. 

In this light, bacteria are emerging as suitable models to monitor protein aggregation [132]. Protein 

aggregation occurs intracellularly in bacteria, at least during the overexpression of heterologous genes, 

usually in the frame of the production of recombinant proteins for biotechnological purposes. Indeed, the 

high translation rate in bacteria results in high intracellular concentrations of the recombinant proteins, 

and in these conditions, as mentioned above, aggregation is favored over other processes such as protein 

folding, thereby leading to the formation of insoluble protein deposits called inclusion bodies (IBs) [133-

135]. IBs are very dense particles that can be formed in the cytoplasmic or in the periplasmic space of 

bacteria, which were initially regarded as amorphous aggregates, devoid of any ordered structure and 

activity and thought to result from molecular mechanisms completely unrelated with those mediating 

protein deposition in eukaryotic cells. Consequently, not only IBs constituted a serious bottleneck for the 
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biotechnological production of proteins in bacteria, but also they were considered to be useless for basic 

or applied research purposes [136]. Contrary to the initial assumptions, it has been recently found that 

bacterial IBs share common features and common mechanisms of formation and even toxicity with highly 

ordered amyloid structures, including the ability to seed further amyloid formation [137-141]. Thus, X-

ray diffraction, Fourier transform infrared spectroscopy (FTIR), and circular dichroism experiments have 

demonstrated the presence of amyloid-like structures inside IBs with -sheet motifs, which render IBs 

amenable to tinction with specific amyloid-like dyes such as Th-T or Congo red [140].  

In the light of the similarities between bacterial IBs and amyloid aggregates and of the easy genetic and 

biochemical manipulation of bacteria, bacterial IBs are emerging as a very interesting tool for studying 

protein aggregation processes and for screening protein aggregation inhibitors, as well [135]. 

Thus, aggregation of a given protein or peptide of interest can be monitored inside bacteria, particularly in 

Escherichia coli, genetically engineered to express a fusion protein where a given protein or peptide is 

fused to a functional reporter protein that can elicit a readily measurable property that is blocked upon 

peptide-triggered aggregation of the entire fusion protein or enabled by peptide aggregation inhibitors that 

block or delay the aggregation of the peptide thereby allowing a correct folding of the reporter protein, 

which becomes functional. One of such reporter proteins, widely used in these studies, is the green 

fluorescent protein (GFP) [139,142,143].  

The group of Hecht and Chang have developed a method for the screening of A42 aggregation inhibitors 

that is based on the use of E. coli cells expressing an A42-GFP fusion protein [144]. Induction of the 

expression of such fusion protein within E. coli in the absence of A42 aggregation inhibitors leads to 

misfolding and aggregation of the A42 sequence, which in turn triggers the misfolding of the whole 

fusion protein, thereby preventing the folding of GPF into its correct fluorescent structure. Conversely, 

addition of inhibitors of A42 aggregation to 96-well plates containing the E. coli cells before the 

induction of the expression of the A42-GFP fusion protein will eventually result in a blockade of the 

aggregation of the A42 sequence, and hence of the fusion protein, thereby allowing a proper folding of 

the GFP moiety into its native fluorescent structure, giving rise to a measurable fluorescent emission 

signal. Indeed, by using this methodology several inhibitors of A42 aggregation have been identified 

from a library of about one thousand triazine derivatives in only several hours [144]. Interestingly, 

conventional in vitro assays using synthetic A42 confirmed the A42 anti-aggregating activity of one 

compound, selected among those identified in the in vivo test, thus highlighting the reliability of the in 
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vivo test for the identification of A42 anti-aggregating hit compounds, apart from its simplicity, cost-

effectiveness, reproducibility, and scalability through robotization technologies [144]. Moreover, this in 

vivo test selects compounds that are nontoxic and membrane permeable. Even if these properties are 

desirable for drugs, some initial hits, either toxic to E. coli cells or unable to cross their membranes but 

otherwise active as inhibitors of A42 aggregation, whose toxicity or membrane permeability profile 

might be subsequently optimized in a classical hit-to-lead process, will remain undetected, and therefore 

lost, in the in vivo screen [144]. 

These limitations can be overcome using in vitro tests that use purified IBs previously formed in E. coli, 

and consisting of an A42-GFP fusion protein, as reported by the group of Ventura [145]. This method 

involved the initial induction of expression of the fusion protein, followed by isolation and purification of 

the formed IBs by centrifugation and resuspension in lysis buffer. The obtained purified IBs were 

subjected then to an in vitro refolding assay which consisted of denaturation of the aggregates contained 

in the IBs and dissolution in refolding buffer [145]. By adding different compounds to the refolding 

buffer and measuring the resulting fluorescence signal, pro-aggregating and anti-aggregating compounds 

can be identified by monitoring the recovery of GFP fluorescence upon folding. Using this method, the 

group of Ventura confirmed the A42 pro-aggregating action of metal ions, namely Cu2+, Ni2+, and Zn2+, 

and identified several inhibitors of metal-promoted A42 aggregation [145]. Even if the screening of 

A42 aggregation inhibitors is carried out under in vitro conditions, it avoids the use of expensive 

synthetic peptides, is rapid, simple and amenable to high-throughput scale. 

An analogous in vivo approach to that developed by the group of Hecht and Chang, but conceptually 

more complex, has been reported by the group of DeLisa, using a tripartite fusion protein instead of 

A42-GFP [146]. The tripartite fusion protein was composed of: i) a signal peptide (ssTorA) that targets 

an export pathway to the bacterial periplasm, namely the twin-arginine translocation (Tat) system; ii) the 

enzyme -lactamase to confer ampicillin resistance to E. coli cells; and iii) A42. Upon aggregation of 

the A42 sequence of the tripartite fusion protein the folding quality control mechanism of Tat precludes 

the Tat-dependent export of the fusion protein to the periplasm, with which -lactamase can not localize 

there, thus resulting in low levels of bacterial resistance to ampicillin. Conversely, incubation of E. coli 

cells with inhibitors of A42 aggregation should allow the Tat-dependent export of the fusion protein to 

the periplasm, thereby resulting in an increased resistance to ampicillin. For a more easy detection of the 

periplasmic localization of -lactamase in living cells, a precursor of a fluorogenic substrate of -
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lactamase (CCF2/AM) was added to the cell cultures. Cleavage of the fluorogenic substrate of -

lactamase (CCF2), which resulted in a measurable strong blue fluorescence, needed a previous hydrolysis 

of the substrate precursor CCF2/AM by a periplasmic cutinase enzyme that had to be heterologously 

expressed by the E. coli cells. Thus, this complex engineered assay with E. coli involved the induction of 

the coexpression of cutinase and the ssTorA-A42--lactamase fusion protein, after having added to the 

culture medium the potential A42 anti-aggregating compounds, followed by addition of CCF2/AM and 

measurement of the fluorescence and cell density of each well. A large library of triazine derivatives was 

screened using this method, and the positive A42 aggregation inhibitor hits were confirmed by a 

conventional in vitro assay using synthetic A42 [146]. 

Alternatively to the use of protein reporters, A42 aggregation can be also monitored in vivo through the 

use of conformational-sensitive dyes [132]. The group of Sabate and Ventura has recently developed a 

new method for monitoring A42 aggregation within intact E. coli cells that takes advantage of the 

membrane penetration of the amyloid dye thioflavin-S (Th-S) and of the high-speed high-throughput 

amenable flow cytometry to detect Th-S fluorescence [147]. Sabate has also developed a simple 

quantitative method for the in vivo screening of A42 aggregation inhibitors based on the direct Th-S 

staining of IBs within living E. coli cells and determination of Th-S relative fluorescence. Using this 

method, the percentages of inhibition of A42 aggregation in vivo of several inhibitors were found to be 

very similar to those previously determined with a classical in vitro assay with synthetic peptide, albeit 

slightly lower, likely as a result of a noncomplete penetration of the compounds through the bacterial 

membrane as well as the different expression levels of the recombinant A42 (Pouplana, S. et al., 

submitted). Very interestingly, the possibility of applying this method in automated technologies, like 

UV/Vis plate reader assays, might allow a rapid, simple, quantitative, and unexpensive in vivo testing of 

large compound libraries. 

 

CONCLUSION 

Huge research efforts and financial investement are eagerly pursuing the development of drugs that may 

efficiently treat AD, the so-called disease-modifying drugs, as they represent an acute unmet medical 

need. It is increasingly accepted that drugs that can hit simultaneously multiple biological targets involved 

in the neuropathogenesis of AD, regarded as a pathological networtk of interrelated protein targets instead 

of as a single-protein induced straightforward process, are the most viable option to efficiently confront 
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the disease. Among multi-target anti-AD drug candidates, dual inhibitors of Aβ aggregation and AChE 

are especially sought. A large number of synthetic, natural or semisynthetic compounds are being 

prepared or isolated and profiled against these two targets, and in many cases also against other biological 

targets of interest such as BACE-1 or oxidative stress, and some candidates with properly balanced 

multiple potencies are being discovered. However, to expedite the discovery of such candidates some 

innovations both at the early and late phases of the drug discovery process are necessary.  

At the early phases of hit identification and hit-to-lead processes simple in vivo methods for the screening 

of Aβ aggregation inhibitors are being developed that avoid the use of expensive synthetic Aβ peptides, 

which become cost-prohibitive in high-throughput screening of large compound libraries, and the 

artificiality of conventional in vitro assays. In vivo screening methods using bacterial IBs are emerging, 

which rely on the detection of the function of a reporter protein fused to Aβ or on the direct detection of a 

fluorescent signal upon binding to Th-S dye within living E. coli cells. These in vivo methods allow a 

rapid, reliable, reproducible, and cost-effective screening of Aβ aggregation inhibitors and are amenable 

to high-throughput automated technologies. 

At the final stages of drug development, the clinical success of dual inhibitors of Aβ aggregation and 

AChE, as well as of any other putative disease-modifying anti-Alzheimer drug, greatly depends on the 

possibility of initiating treatment very early in the course of AD, before widespread neurodegeneration 

and severe brain damage has already occured. For this purpose, the discovery of sensitive and reliable 

biomarkers and imaging agents that can allow an early diagnosis of AD, at the presymptomatic phases, is 

essential, inasmuch as they would enable both initiation of an early treatment and assessment of the 

effectiveness of disease-modifying drug candidates. 

 

ABBREVIATIONS 

Aβ  = β-Amyloid peptide 

AChE   = Acetylcholinesterase 

AChEI  = AChE inhibitors 

AD  = Alzheimer’s disease 

APP  = Amyloid precursor protein 

BBB  = Blood-brain barrier 

BChE  = Butyrylcholinesterase 
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CAS   = Catalytic anionic site 

eeAChE  = Electric eel acetylcholinesterase 

GFP   = Green fluorescent protein 

hAChE  = Human acetylcholinesterase 

hBChE  = Human butyrylcholinesterase 

I  = Inhibitor 

IBs  = Inclusion bodies 

ORAC  = Oxygen radical absorbance capacity 

PAS  = Peripheral anionic site 

ROS  = Reactive oxygen species 

TcAChE  = Torpedo californica acetylcholinesterase 

TEM  = Transmission electron microscopy 

Th-S  = Thioflavin-S 

Th-T  = Thioflavin-T 

Tat  = Twin-arginine translocation 

  

REFERENCES 

[1] Aguzzi, A.; O’Connor, T. Protein aggregation diseases: pathogenicity and therapeutic 

perspectives. Nat. Rev. Drug Discovery, 2010, 9, 237-248. 

[2] Bartolini, M.; Andrisano, V. Strategies for the inhibition of protein aggregation in human 

diseases. ChemBioChem, 2010, 11, 1018-1035. 

[3] Kapurniotu, A. Shedding light on Alzheimer’s -amyloid aggregation with chemical tools. 

ChemBioChem, 2012, 13, 27-29. 

[4] Estrada, L.D.; Soto, C. Disrupting -amyloid aggregation for Alzheimer’s disease treatment. 

Curr. Top. Med. Chem., 2007, 7, 115-126. 

[5] Neddenriep, B.; Calciano, A.; Conti, D.; Sauve, E.; Paterson, M.; Bruno, E.; Moffet, D.A. Short 

peptides as inhibitors of amyloid aggregation. Open Biotechnol. J., 2011, 5, 39-46. 

[6] Hammer, N.D.; Wang, X.; McGuffie, B.A.; Chapman, M.R. Amyloids: friend or foe? J. 

Alzheimer Dis., 2008, 13, 407-419. 

 42



[7] Chiti, F.; Dobson, C.M. Protein misfolding, functional amyloid, and human disease. Annu. Rev. 

Biochem., 2006, 75, 333-366. 

[8] Selkoe, D.J. Resolving controversies on the path to Alzheimer’s therapeutics. Nat. Med. 2011, 

17, 1060-1065. 

[9] Hamley, I.W. The amyloid beta peptide: a chemist’s perspective. Role in Alzheimer’s and 

fibrillization. Chem. Rev., 2012, 112, 5147-5192. 

[10] Blennow, K.; Hampel, H.; Weiner, M.; Zetterberg, H. Cerebrospinal fluid and plasma 

biomarkers in Alzheimer disease. Nat. Rev. Neurol. 2010, 6, 131-144. 

[11] Selkoe, D.J. The molecular pathology of Alzheimer’s disease. Neuron, 1991, 6, 487-498. 

[12] Hardy, J.A.; Higgins, G.A. Alzheimer’s disease: the amyloid cascade hypothesis. Science, 1992, 

256, 184-185. 

[13] Hardy, J.; Selkoe, D.J. The amyloid hypothesis of Alzheimer’s disease: progress and problems 

on the road to therapeutics. Science, 2002, 297, 353-356. 

[14] Hardy, J. Testing times for the “amyloid cascade hypothesis”. Neurobiol. Aging 2002, 23, 1073-

1074. 

[15] Pimplikar, S.W. Reassessing the amyloid cascade hypothesis of Alzheimer’s disease. Int. J. 

Biochem. Cell Biol., 2009, 41, 1261-1268. 

[16] Kung, H.F. The -amyloid hypothesis in Alzheimer’s disease: seeing is believing. ACS Med. 

Chem. Lett., 2012, 3, 265-267. 

[17] Yankner, B.A.; Lu, T. Amyloid -protein toxicity and the pathogenesis of Alzheimer’s disease. 

J. Biol. Chem., 2009, 284, 4755-4759. 

[18] Bertram, L.; Tanzi, R.E. Thirty years of Alzheimer’s disease genetics: the implications of 

systematic meta-analyses. Nat. Rev. Neurosci., 2008, 9, 768-778. 

[19] Wilquet, V.; De Strooper, B. Amyloid-beta precursor protein processing in neurodegeneration. 

Curr. Opin. Neurobiol., 2004, 14, 582-588. 

[20] Hawkes, C.A.; Ng, V.; McLaurin, J. Small molecule inhibitors of A aggregation and 

neurotoxicity. Drug Dev. Res., 2009, 70, 111-124. 

[21] Rentz, D.M.; Locascio, J.J.; Becker, J.A.; Moran, E.K.; Eng, E.; Bruckner, R.L.; Sperling R.A.; 

Johnson, K.A. Cognition, reserve, and amyloid deposition in normal aging. Ann. Neurol., 2010, 

67, 353-364. 

 43



[22] Nordberg, A. Amyloid plaque imaging in vivo: current achievement and future prospects. Eur. J. 

Nucl. Med. Mol. Imaging, 2008, 35(Suppl. 1), S46-S50. 

[23] Villemagne, V.L.; Fodero-Tavoletti, M.T.; Pike, K.E.; Cappai, R.; Masters, C.L.; Rowe, C.C. 

The ART of loss: A imaging in the evaluation of Alzheimer’s disease and other dementias. 

Mol. Neurobiol., 2008, 38, 1-15. 

[24] Valensin, D.; Gabbiani, C.; Messori, L. Metal compounds as inhibitors of -amyloid 

aggregation. Perspectives for an innovative metallotherapeutics on Alzheimer’s disease. Coord. 

Chem. Rev., 2012, 256, 2357-2366. 

[25] Deshpande, A.; Mina, E.; Glabe, C.; Busciglio, J. Different conformations of amyloid  induce 

neurotoxicity by distinct mechanisms in human cortical neurons. J. Neurosci., 2006, 26, 6011-

6018. 

[26] Walsh, D.M.; Selkoe, D.J. A oligomers - a decade of discovery. J. Neurochem. 2007, 101, 

1172-1184. 

[27] Yoshiike, Y.; Akagi, T.; Takashima, A. Surface structure of amyloid-beta fibrils contributes to 

cytotoxicity. Biochemistry 2007, 46, 9805-9812. 

[28] Tayeb, H.O.; Yang, H.D.; Price, B.H.; Tarazi, F.I. Pharmacotherapies for Alzheimer’s disease: 

beyond cholinesterase inhibitors. Pharmacol. Ther., 2012, 134, 8-25. 

[29] Kamenetz, F.; Tomita, T.; Hsieh, H.; Seabrook, G.; Borchelt, D.; Iwatsubo, T.; Sisodia, S.; 

Malinow, R. APP processing and synaptic function. Neuron, 2003, 37, 925-937. 

[30] Plant, L.D.; Boyle, J.P.; Smith, I.F.; Peers, C.; Pearson, H.A. The production of amyloid  

peptide is a critical requirement for the viability of central neurons. J. Neurosci., 2003, 23, 5531-

5535. 

[31] Re, F.; Airoldi, C.; Zona, C.; Masserini, M.; La Ferla, B.; Quattrocchi, N.; Nicotra, F. Beta 

amyloid aggregation inhibitors: small molecules as candidate drugs for therapy of Alzheimer’s 

disease. Curr. Med. Chem., 2010, 17, 2990-3006. 

[32] Stains, C.I.; Mondal, K.; Gosh, I. Molecules that target beta-amyloid. ChemMedChem, 2007, 2, 

1674-1692. 

[33] Gestwicki, J.E.; Crabtree, G.R.; Graef, I.A. Harnessing chaperones to generate small-molecule 

inhibitors of amyloid  aggregation. Science, 2004, 306, 865-869. 

 44



[34] Teplow, D.B.; Lazo, N.D.; Bitan, G.; Bernstein, S.; Wyttenbach, T.; Bowers, M.T.; Baumketner, 

A.; Shea, J.-M.; Urbanc, B.; Cruz, L.; Borreguero, J.; Stanley, H.E. Elucidating amyloid -

protein folding and assembly: a multidisciplinary approach. Acc. Chem. Res., 2006, 39, 635-645. 

[35] Bartolini, M.; Bertucci, C.; Cavrini, V.; Andrisano, V. -Amyloid aggregation induced by 

human acetylcholinesterase: inhibition studies. Biochem. Pharmacol. 2003, 65, 407-416. 

[36] Bartolini, M.; Bertucci, C.; Bolognesi, M.L.; Cavalli, A.; Melchiorre, C.; Andrisano, V. Insight 

into the kinetic of amyloid  (142) peptide self-aggregation: Elucidation of inhibitors’ 

mechanism of action. ChemBioChem 2007, 8, 2152-2161. 

[37] Lemkul, J.A.; Bevan, D.R. The role of molecular simulations in the development of inhibitors of 

amyloid -peptide aggregation for the treatment of Alzheimer’s disease. ACS Chem. Neurosci., 

2012, 3, 845-856. 

[38] Yadav, A.; Sonker, M. Perspectives in designing anti aggregation agents as Alzheimer disease 

drugs. Eur. J. Med. Chem., 2009, 44, 3866-3873. 

[39] Viayna, E.; Sola, I.; Di Pietro, O.; Muñoz-Torrero, D. Human disease and drug pharmacology, 

complex as real life. Curr. Med. Chem., 2013, 20, 1623-1634. 

[40] Bolognesi, M.L. Polypharmacology in a single drug: multitarget drugs. Curr. Med. Chem., 2013, 

20, 1639-1645. 

[41] Morphy, R.; Rankovic, Z. Designing multiple-ligands - medicinal chemistry strategies and 

challenges. Curr. Pharm. Des., 2009, 15, 587-600. 

[42] Cavalli, A.; Bolognesi, M.L. Minarini, A, ; Rosini, M.; Tumiatti, V.; Recanatini, M.; Melchiorre, 

C. Multi-target-directed ligands to combat neurodegenerative diseases. J. Med. Chem., 2008, 51, 

347-372. 

[43] Geldenhuys, W.J.; Van der Schyf, C.J. Rationally designed multi-targeted agents against 

neurodegenerative diseases. Curr. Med. Chem., 2013, 20, 1662-1672. 

[44] Chen, X.; Decker, M. Multi-target compounds acting in the central nervous system designed 

from natural products. Curr. Med. Chem., 2013, 20, 1673-1685. 

[45] Russo, P.; Frustaci, A.; Del Bufalo, A.; Fini, M.; Cesario, A. Multitarget drugs of plants origin 

acting on Alzheimer’s disease. Curr. Med. Chem., 2013, 20, 1686-1693. 

 45



[46] Zheng, H.; Fridkin, M.; Youdim, M.B.H. Novel chelators targeting cell cycle arrest, 

acetylcholinesterase, and monoamine oxidase for Alzheimer’s therapy. Curr. Drug Targets, 

2012, 13, 1089-1106. 

[47] Soler-López, M.; Zanzoni, A.; Lluís, R.; Stelzl, U.; Aloy, P. Interactome mapping suggests new 

mechanistic details underlying Alzheimer’s disease. Genome Res., 2011, 21, 364-376. 

[48] Inestrosa, N.C.; Alvarez, A.; Pérez, C.A.; Moreno, R.D.; Vicente, M.; Linker, C.; Casanueva, 

O.I.; Soto, C.; Garrido, J. Acetylcholinesterase accelerates assembly of amyloid--peptides into 

Alzheimer’s fibrils: possible role of the peripheral site of the enzyme. Neuron 1996, 16, 881-

891. 

[49] Alvarez, A.; Alarcón, R.; Opazo, C.; Campos, E.O.; Muñoz, F.J.; Calderón, F.H.; Dajas, F.; 

Gentry, M.K.; Doctor, B.P.; De Mello, F.G.; Inestrosa, N.C. Stable complexes involving 

acetylcholinesterase and amyloid--peptide change the biochemical properties of the enzyme 

and increase the neurotoxicity of Alzheimer’s fibrils. J. Neurosci. 1998, 18, 3213-3223. 

[50] De Ferrari, G.V.; Canales, M.A.; Shin, I.; Weiner, L.M.; Silman, I.; Inestrosa, N.C. A structural 

motif of acetylcholinesterase that promotes amyloid beta-peptide fibril formation. Biochemistry 

2001, 40, 10447-10457. 

[51] Sussman, J.L.; Harel, M.; Frolow, F.; Oefner, C.; Goldman, A.; Toker, L.; Silman, I. Atomic 

structure of acetylcholinesterase from Torpedo californica: a prototypic acetylcholine-binding 

protein. Science, 1991, 253, 872-879. 

[52] Castro, A.; Martinez, A. Peripheral and dual binding site acetylcholinesterase inhibitors: 

implications in treatment of Alzheimer’s disease. Mini Rev. Med. Chem. 2001, 1, 267-272. 

[53] Du, D.-M.; Carlier, P.R. Development of bivalent acetylcholinesterase inhibitors as potential 

therapeutic drugs for Alzheimer’s disease. Curr. Pharm. Des., 2004, 10, 3141-3156. 

[54] Recanatini, M.; Valenti, P. Acetylcholinesterase inhibitors as a starting point towards improved 

Alzheimer’s disease therapeutics. Curr. Pharm. Des., 2004, 10, 3157-3166. 

[55] Muñoz-Torrero, D.; Camps, P. Dimeric and hybrid anti-Alzheimer drug candidates. Curr. Med. 

Chem., 2006, 13, 763-771. 

[56] Castro, A.; Martinez, A. Targeting beta-amyloid pathogenesis through acetylcholinesterase 

inhibitors. Curr. Pharm. Des., 2006, 12, 4377-4387. 

 46



[57] Li, W.M.; Kan, K.K.W.; Carlier, P.R.; Pang, Y.P.; Han, Y.F. East meets West in the search for 

Alzheimer’s therapeutics - Novel dimeric inhibitors from tacrine and huperzine A. Curr. 

Alzheimer Res., 2007, 4, 386-396. 

[58] Holzgrabe, U.; Kapková, P.; Alptüzün, V.; Scheiber, J.; Kugelmann, E. Targeting 

acetylcholinesterase to treat neurodegeneration. Expert Opin. Ther. Targets, 2007, 11, 161-179. 

[59] Musial, A.; Bajda, M.; Malawska, B. Recent developments in cholinesterases inhibitors for 

Alzheimer’s disease treatment. Curr. Med. Chem., 2007, 14, 2654-2679. 

[60] Haviv, H.; Wong, D.M.; Silman, I.; Sussman, J.L. Bivalent ligands derived from huperzine A as 

acetylcholinesterase inhibitors. Curr. Top. Med. Chem. 2007, 7, 375387. 

[61] Muñoz-Torrero, D. Acetylcholinesterase inhibitors as disease-modifying therapies for 

Alzheimer’s disease. Curr. Med. Chem., 2008, 15, 2433-2455. 

[62] Rampa, A.; Belluti, F.; Gobbi, S.; Bisi, A. Hybrid-based multi-target ligands for the treatment of 

Alzheimer’s disease. Curr. Top. Med. Chem., 2011, 11, 2716-2730. 

[63] Ellman, G.L.; Courtney, K.D.; Andres, B., Jr.; Featherstone, R.M. A new and rapid colorimetric 

determination of acetylcholinesterase activity. Biochem. Pharmacol., 1961, 7, 88-95. 

[64] Pang, Y.-P.; Quiram, P.; Jelacic, T.; Hong, F.; Brimijoin, S. Highly potent, selective, and low 

cost bis-tetrahydroaminacrine inhibitors of acetylcholinesterase. J. Biol. Chem., 1996, 271, 

23646-23649. 

[65] Zhang, L.; Yu, H.; Li, W.M.; Cheung, M.C.; Pang, Y.P.; Gu, Z.M.; Chan, K.; Wang, Y.T.; Zuo, 

Z.; Han, Y.F. Preclinical characterization of intestinal absorption and metabolism of promising 

anti-Alzheimer’s dimer bis(7)-tacrine. Int. J. Pharm., 2008, 357, 85-94. 

[66] Li, W.; Mak, M.; Jiang, H.; Wang, Q.; Pang, Y.; Chen, K.; Han, Y. Novel anti-Alzheimer’s 

dimer Bis(7)-cognitin: cellular and molecular mechanisms of neuroprotection through multiple 

targets. Neurotherapeutics, 2009, 6, 187-201. 

[67] Tumiatti, V.; Minarini, A.; Bolognesi, M.L.; Milelli, A.; Rosini, M.; Melchiorre, C. Tacrine 

derivatives and Alzheimer’s disease. Curr. Med. Chem., 2010, 17, 1825-1838. 

[68] Kozurkova, M.; Hamulakova, S.; Gazova, Z.; Paulikova, H.; Kristian, P. Neuroactive 

multifunctional tacrine congeners with cholinesterase, anti-amyloid aggregation and 

neuroprotective properties. Pharmaceuticals, 2011, 4, 382-418. 

 47



[69] Bolognesi, M.L.; Bartolini, M.; Mancini, F.; Chiriano, G.; Ceccarini, L.; Rosini, M.; Milelli, A.; 

Tumiatti, V.; Andrisano, V.; Melchiorre, C. Bis(7)-tacrine derivatives as multitarget-directed 

ligands: focus on anticholinesterase and antiamyloid activities. ChemMedChem, 2010, 5, 1215-

1220. 

[70] Minarini, A.; Milelli, A.; Tumiatti, V.; Rosini, M.; Simoni, E.; Bolognesi, M.L.; Andrisano, V.; 

Bartolini, M.; Motori, E.; Angeloni, C.; Hrelia, S. Cystamine-tacrine dimer: a new multi-target-

directed ligand as potential therapeutic agent for Alzheimer’s disease treatment. 

Neuropharmacology, 2012, 62, 997-1003. 

[71] Lane, R.M.; Potkin, S.G.; Enz, A. Targeting acetylcholinesterase and butyrylcholinesterase in 

dementia. Int. J. Neuropsychopharmacol., 2006, 9, 101-124. 

[72] Rizzo, S.; Bisi, A.; Bartolini, M.; Mancini, F.; Belluti, F.; Gobbi, S.; Andrisano, V.; Rampa, A. 

Multi-target strategy to address Alzheimer’s disease: design, synthesis and biological evaluation 

of new tacrine-based dimers. Eur. J. Med. Chem., 2011, 46, 4336-4343. 

[73] Galdeano, C.; Viayna, E.; Sola, I.; Formosa, X.; Camps, P.; Badia, A.; Clos, M.V.; Relat, J.; 

Ratia, M.; Bartolini, M.; Mancini, F.; Andrisano, V.; Salmona, M.; Minguillón, C.; González-

Muñoz, G.C.; Rodríguez-Franco, M.I.; Bidon-Chanal, A.; Luque, F.J.; Muñoz-Torrero, D. 

Huprine-tacrine heterodimers as anti-amyloidogenic compounds of potential interest against 

Alzheimer’s and prion diseases. J. Med. Chem., 2012, 55, 661-669. 

[74] Camps, P.; El Achab, R.; Morral, J.; Muñoz-Torrero, D.; Badia, A.; Baños, J.E.; Vivas, N.M.; 

Barril, X.; Orozco, M.; Luque, F.J. New tacrinehuperzine A hybrids (huprines): highly potent 

tight-binding acetylcholinesterase inhibitors of interest for the treatment of Alzheimer’s disease. 

J. Med. Chem., 2000, 43, 4657-4666. 

[75] Pera, M.; Román, S.; Ratia, M.; Camps, P.; Muñoz-Torrero, D.; Colombo, L.; Manzoni, C.; 

Salmona, M.; Badia, A.; Clos, M.V. Acetylcholinesterase triggers the aggregation of PrP 

106126. Biochem. Biophys. Res. Commun., 2006, 346, 89-94. 

[76] Pera, M.; Martínez-Otero, A.; Colombo, L.; Salmona, M.; Ruiz-Molina, D.; Badia, A.; Clos, 

M.V. Acetylcholinesterase as an amyloid enhancing factor in PrP82146 aggregation process. 

Mol. Cel. Neurosci., 2009, 40, 217-224. 

[77] Zhang, H.-Y. Same causes, same cures. Biochem. Biophys. Res. Commun., 2006, 351, 578-581. 

 48



[78] Xie, S.-S.; Wang, X.-B.; Li, J.-Y.; Yang, L.; Kong, L.-Y. Design, synthesis and evaluation of 

novel tacrine-coumarin hybrids as multifunctional cholinesterase inhibitors against Alzheimer’s 

disease. Eur. J. Med. Chem., 2013, 64, 540-553. 

[79] Hung, T.M.; Na, M.; Min, B.S.; Ngoc, T.M.; Lee, I.; Zhang, X.; Bae, K. Acetylcholinesterase 

inhibitory effect of lignans isolated from Schizandra chinensis. Arch. Pharm. Res., 2007, 30, 

685-690. 

[80] Luo, W.; Li, Y.-P.; He, Y.; Huang, S.-L.; Tan, J.-H.; Ou, T.-M.; Li, D.; Gu, L.-Q.; Huang, Z.-S. 

Design, synthesis and evaluation of novel tacrine-multialkoxybenzene hybrids as dual inhibitors 

for cholinesterases and amyloid beta aggregation. Bioorg. Med. Chem., 2011, 19, 763-770. 

[81] Tang, H.; Wei, Y.-B.; Zhang, C.; Ning, F.-X.; Qiao, W.; Huang, S.-L.; Ma, L.; Huang, Z.-S.; Gu, 

L.-Q. Synthesis, biological evaluation and molecular modeling of oxoisoaporphine and 

oxoaporphine derivatives as new dual inhibitors of acetylcholinesterase/butyrylcholinesterase. 

Eur. J. Med. Chem., 2009, 44, 2523-2532. 

[82] Tang, H.; Zhao, L.-Z.; Zhao, H.-T.; Huang, S.-L.; Zhong, S.-M.; Qin, J.-K.; Chen, Z.-F.; Huang, 

Z.-S.; Liang, H. Hybrids of of oxoisoaporphine-tacrine congeners: novel acetylcholinesterase 

and acetylcholinesterase-induced -amyloid aggregation inhibitors. Eur. J. Med. Chem., 2011, 

46, 4970-4979. 

[83] Bulic, B.; Pickhardt, M.; Schmidt, B.; Mandelkow, E.M.; Waldmann, H.; Mandelkow, E. 

Development of tau aggregation inhibitors for Alzheimer’s disease. Angew. Chem., Int. Ed., 

2009, 48, 1740-1752. 

[84] Wang, Y.; Wang, F.; Yu, J.-P.; Jiang, F.-C.; Guan, X.-L.; Wang, C.-M.; Li, L.; Cao, H.; Li, M.-

X.; Chen, J.-G. Novel multipotent phenylthiazole-tacrine hybrids for the inhibition of 

cholinesterase activity, β-amyloid aggregation and Ca2+ overload. Bioorg. Med. Chem., 2012, 20, 

6513-6522. 

[85] Huang, L.; Su, T.; Shan, W.; Luo, Z.; Sun, Y.; He, F.; Li, X. Inhibition of cholinesterase activity 

and amyloid aggregation by berberine-phenyl-benzoheterocyclic and tacrine-phenyl-

benzoheterocyclic hybrids. Bioorg. Med. Chem., 2012, 20, 3038-3048. 

[86] Marco-Contelles, J.; León, R.; de los Ríos, C.; Samadi, A.; Bartolini, M.; Andrisano, V.; 

Huertas, O.; Barril, X.; Luque, F.J.; Rodríguez-Franco, M.I.; López, B.; López, M.G.; García, 

A.G.; Carreiras, M.C.; Villarroya, M. Tacripyrines, the first tacrine-dihydropyridine hybrids, as 

 49



multitarget-directed ligands for the treatment of Alzheimer’s disease. J. Med. Chem., 2009, 52, 

2724-2732. 

[87] León, R.; Marco-Contelles, J. A step further towards multitarget drugs for Alzheimer and 

neuronal vascular diseases: targeting the cholinergic system, amyloid-β aggregation and Ca2+ 

dyshomeostatis. Curr. Med. Chem., 2011, 18, 552-576. 

[88] Bartolini, M.; Pistolozzi, M.; Andrisano, V.; Egea, J.; López, M.G.; Iriepa, I.; Moraleda, I.; 

Gálvez, E.; Marco-Contelles, J.; Samadi, A. Chemical and pharmacological studies on 

enantiomerically pure p-methoxytacripyrines, promising multi-target-directed ligands for the 

treatment of Alzheimer’s disease. ChemMedChem, 2011, 6, 1990-1997. 

[89] Bolognesi, M.L.; Cavalli, A.; Melchiorre, C. Memoquin: a multi-target-directed ligand as an 

innovative therapeutic opportunity for Alzheimer’s disease. Neurotherapeutics, 2009, 6, 152-

162. 

[90] Cavalli, A.; Bolognesi, M.L.; Capsoni, S.; Andrisano, V.; Bartolini, M.; Margotti, E.; Cattaneo, 

A.; Recanatini, M.; Melchiorre, C. A small molecule targeting the multifactorial nature of 

Alzheimer’s disease. Angew. Chem., Int. Ed., 2007, 46, 3689-3692. 

[91] Bolognesi, M.L.; Bartolini, M.; Rosini, M.; Andrisano, V.; Melchiorre, C. Structure-activity 

relationships of memoquin: influence of the chain chirality in the multi-target mechanism of 

action. Bioorg. Med. Chem. Lett., 2009, 19, 4312-4315. 

[92] Capsoni, S.; Andrisano, V.; Bartolini, M.; Bolognesi, M.L.; Cavalli, A.; Margotti, E.; 

Melchiorre, C.; Recanantini, M.; Cattaneo, A. Memoquin, a novel multifunctional compound for 

Alzheimer’s disease: an up-date on preclinical studies. Alzheimer’s Dementia, 2006, 2, S73-S74. 

[93] Bolognesi, M.L.; Chiriano, G.; Bartolini, M.; Mancini, F.; Bottegoni, G.; Maestri, V.; 

Czvitkovich, S.; Windisch, M.; Cavalli, A.; Minarini, A.; Rosini, M.; Tumiatti, V.; Andrisano, 

V.; Melchiorre, C. Synthesis of monomeric derivatives to probe memoquin’s bivalent 

interactions. J. Med. Chem., 2011, 54, 8299-8304. 

[94] Bolognesi, M.L.; Bartolini, M.; Tarozzi, A.; Morroni, F.; Lizzi, F.; Milelli, A.; Minarini, A.; 

Rosini, M.; Hrelia, P.; Andrisano, V.; Melchiorre, C. Multitargeted drugs discovery: balancing 

anti-amyloid and anticholinesterase capacity in a single chemical entity. Bioorg. Med. Chem. 

Lett., 2011, 21, 2655-2658. 

 50



[95] Bolognesi, M.L.; Cavalli, A.; Bergamini, C.; Fato, R.; Lenaz, G.; Rosini, M.; Bartolini, M.; 

Andrisano, V.; Melchiorre, C. Toward a rational design of multitarget-directed antioxidants: 

merging memoquin and lipoic acid molecular frameworks. J. Med. Chem., 2009, 52, 7883-7886. 

[96] Rosini, M.; Simoni, E.; Bartolini, M.; Tarozzi, A.; Matera, R.; Milelli, A.; Hrelia, P.; Andrisano, 

V.; Bolognesi, M.L.; Melchiorre, C. Exploiting the lipoic acid structure in the search for novel 

multitarget ligands against Alzheimer’s disease. Eur. J. Med. Chem., 2011, 46, 5435-5442. 

[97] Tumiatti, V.; Andrisano, V.; Banzi, R.; Bartolini, M.; Minarini, A.; Rosini, M.; Melchiorre, C. 

Structure-activity relationships of acetylcholinesterase noncovalent inhibitors based on a 

polyamine backbone. 3. Effect of replacing the inner polymethylene chain with cyclic moieties. 

J. Med. Chem., 2004, 47, 6490-6498. 

[98] Tumiatti, V.; Milelli, A.; Minarini, A.; Rosini, M.; Bolognesi, M.L.; Micco, M.; Andrisano, V.; 

Bartolini, M.; Mancini, F.; Recanatini, M.; Cavalli, A.; Melchiorre, C. Structure-activity 

relationships of acetylcholinesterase noncovalent inhibitors based on a polyamine backbone. 4. 

Further investigation in the inner spacer. J. Med. Chem., 2008, 51, 7308-7312. 

[99] Huang, L.; Shi, A.; He, F.; Li, X. Synthesis, biological evaluation, and molecular modeling of 

berberine derivatives as potent acetylcholinesterase inhibitors. Bioorg. Med. Chem., 2010, 18, 

1244-1251. 

[100] Shi, A.; Huang, L.; Lu, C.; He, F.; Li, X. Synthesis, biological evaluation and molecular 

modeling of novel triazole-containing berberine derivatives as acetylcholinesterase and β-

amyloid aggregation inhibitors. Bioorg. Med. Chem., 2011, 19, 2298-2305. 

[101] Jiang, H.; Wang, X.; Huang, L.; Luo, Z.; Su, T.; Ding, K.; Li, X. Benzenediol-berberine hybrids: 

multifunctional agents for Alzheimer’s disease. Bioorg. Med. Chem., 2011, 19, 7228-7235. 

[102] Tang, H.; Zhao, H.-T.; Zhong, S.-M.; Wang, Z.-Y.; Chen, Z.-F.; Liang, H. Novel 

oxoisoaporphine-based inhibitors of acetyl- and butyrylcholinesterase and acetylcholinesterase-

induced beta-amyloid aggregation. Bioorg. Med.Chem. Lett., 2012, 22, 2257-2261. 

[103] Sauvaître, T.; Barlier, M.; Herlem, D.; Gresh, N.; Chiaroni, A.; Guenard, D.; Guillou, C. New 

potent acetylcholinesterase inhibitors in the tetracyclic triterpene series. J. Med. Chem., 2007, 

50, 5311-5323. 

 51



[104] Rouleau, J.; Iorga, B.I.; Guillou, C. New potent human acetylcholinesterase inhibitors in the 

tetracyclic triterpene series with inhibitory potency on amyloid β aggregation. Eur. J. Med. 

Chem., 2011, 46, 2193-2205. 

[105] Brunhofer, G.; Fallalero, A.; Karlsson, D.; Batista-Gonzalez, A.; Shinde, P.; Mohan, C.G.; 

Vuorela, P. Exploration of natural compounds as sources of new bifunctional scaffolds targeting 

cholinesterases and beta amyloid aggregation: the case of chelerythrine. Bioorg. Med. Chem., 

2012, 20, 6669-6679. 

[106] Jang, M.H.; Piao, X.L.; Kim, J.M.; Kwon, S.W.; Park, J.H. Inhibition of cholinesterase and 

amyloid-β aggregation by resveratrol oligomers from Vitis amurensis. Phytother. Res., 2008, 22, 

544-549. 

[107] Liu, J.; Dumontet, V.; Simonin, A.-L.; Iorga, B.I.; Guerineau, V.; Litaudon, M.; Nguyen V.H.; 

Gueritte, F. Benzofurans from Styrax agrestis as acetylcholinesterase inhibitors: structure-

activity relationships and molecular modeling studies. J. Nat. Prod., 2011, 74, 2081-2088. 

[108] Piazzi, L.; Belluti, F.; Bisi, A.; Gobbi, S.; Rizzo, S.; Bartolini, M.; Andrisano, V.; Recanatini, 

M.; Rampa, A. Cholinesterase inhibitors: SAR and enzyme inhibitory activity of 3-[omega-

(benzylmethylamino)alkoxy]xanthen-9-ones. Bioorg. Med. Chem., 2007, 15, 575-585. 

[109] Howlett, D.R.; Perry, A.E.; Godfrey, F.; Swatton, J.E.; Jennings, K.H.; Spitzfaden, C.; 

Wadsworth, H.; Wood, S.J.; Markwell, R.E. Inhition of fibril formation in -amyloid peptide by 

a novel series of benzofurans. Biochem. J., 1999, 340, 283-289. 

[110] Rizzo, S.; Rivière, C.; Piazzi, L.; Bisi, A.; Gobbi, S.; Bartolini, M.; Andrisano, V.; Morroni, F.; 

Tarozzi, A.; Monti, J.-P.; Rampa, A. Benzofuran-based hybrid compounds for the inhibition of 

cholinesterase activity,  amyloid aggregation, and A neurotoxicity. J. Med. Chem., 2008, 51, 

2883-2886. 

[111] Rizzo, S.; Tarozzi, A.; Bartolini, M.; Da Costa, G.; Bisi, A.; Gobbi, S.; Belluti, F.; Ligresti, A.; 

Allarà, M.; Monti, J.-P.; Andrisano, V.; Di Marzo, V.; Hrelia, P.; Rampa, A. 2-Arylbenzofuran-

based molecules as multipotent Alzheimer’s disease modifying agents. Eur. J. Med. Chem., 

2012, 58, 519-532. 

[112] Pike, C.J.; Walencewicz-Wasserman, A.J.; Kosmoski, J.; Cribbs, D.H.; Glabe, C.G.; Cotman, 

C.W. Structure-activity analyses of -amyloid peptides: contributions of the 25-35 region to 

aggregation and neurotoxicity. J. Neurochem. 1995, 64, 253-265. 

 52



[113] Mohamed, T.; Zhao, X.; Habib, L.K.; Yang, J.; Rao, P.P.N. Design, synthesis and structure-

activity relationship (SAR) studies of 2,4-disubstituted pyrimidine derivatives: dual activity as 

cholinesterase and A-aggregation inhibitors. Bioorg. Med. Chem., 2011, 19, 2269-2281. 

[114] Mohamed, T.; Yeung, J.C.K.; Rao, P.P.N. Development of 2-substituted-N-(naphth-1-ylmethyl) 

and N-benzhydrylpyrimidin-4-amines as dual cholinesterase and A-aggregation inhibitors: 

synthesis and biological evaluation. Bioorg. Med. Chem. Lett., 2011, 21, 5881-5887. 

[115] Catto, M.; Berezin, A.A.; Lo Re, D.; Loizou, G.; Demetriades, M.; De Stradis, A.; Campagna, 

F.; Koutentis, P.A.; Carotti, A. Design, synthesis and biological evaluation of 

benzo[e][1,2,4]triazin-7(1H)-one and [1,2,4]-triazino[5,6,1-jk]carbazol-6-one derivatives as dual 

inhibitors of beta-amyloid aggregation and acetyl/buturyl cholinesterase. Eur. J. Med. Chem., 

2012, 58, 84-97. 

[116] Veloso, A.J.; Dhar, D.; Chow, A.M.; Zhang, B.; Tang, D.W.F.; Ganesh, H.V.S.; 

Mikhaylichenko, S.; Brown, I.R.; Kerman, K. sym-Triazines for directed multitarget modulation 

of cholinesterases and amyloid- in Alzheimer’s disease. ACS Chem. Neurosci., 2013, 4, 339-

349. 

[117] Viayna, E.; Gómez, T.; Galdeano, C.; Ramírez, L.; Ratia, M.; Badia, A.; Clos, M.V.; Verdaguer, 

E.; Junyent, F.; Camins, A.; Pallàs, M.; Bartolini, M.; Mancini, F.; Andrisano, V.; Arce, M.P.; 

Rodríguez-Franco, M.I.; Bidon-Chanal, A.; Luque, F.J.; Camps, P.; Muñoz-Torrero, D. Novel 

huprine derivatives with inhibitory activity toward -amyloid aggregation and formation as 

disease-modifying anti-Alzheimer drug candidates. ChemMedChem, 2010, 5, 1855-1870. 

[118] Camps, P.; Formosa, X.; Galdeano, C.; Gómez, T.; Muñoz-Torrero, D.; Scarpellini, M.; Viayna, 

E.; Badia, A.; Clos, M. V.; Camins, A.; Pallàs, M.; Bartolini, M.; Mancini, F.; Andrisano, V.; 

Estelrich, J.; Lizondo, M.; Bidon-Chanal, A.; Luque, F. J. Novel donepezil-based inhibitors of 

acetyl- and butyrylcholinesterase and acetylcholinesterase-induced -amyloid aggregation. J. 

Med. Chem., 2008, 51, 35883598. 

[119] Piazzi, L.; Rampa, A.; Bisi, A.; Gobbi, S.; Belluti, F.; Cavalli, A.; Bartolini, M.; Andrisano, V.; 

Valenti, P.; Recanatini, M. 3-(4-{[Benzyl(methyl)amino]methyl}phenyl)-6,7-dimethoxy-2H-2-

chromenone (AP2238) inhibits both acetylcholinesterase and acetylcholinesterase-induced -

amyloid aggregation: a dual function lead for Alzheimer’s disease therapy. J. Med. Chem., 2003, 

46, 2279-2282. 

 53



[120] Rizzo, S.; Bartolini, M.; Ceccarini, L.; Piazzi, L.; Gobbi, S.; Cavalli, A.; Recanatini, M.; 

Andrisano, V.; Rampa, A. Targeting Alzheimer’s disease: novel indanone hybrids bearing a 

pharmacophoric fragment of AP2238. Bioorg. Med. Chem., 2010, 18, 1749-1760. 

[121] Belluti, F.; Piazzi, L.; Bisi, A.; Gobbi, S.; Bartolini, M.; Cavalli, A.; Valenti, P.; Rampa, A. 

Design, synthesis, and evaluation of benzophenone derivatives as novel acetylcholinesterase 

inhibitors. Eur. J. Med. Chem., 2009, 44, 1341-1348. 

[122] Belluti, F.; Bartolini, M.; Bottegoni, G.; Bisi, A.; Cavalli, A.; Andrisano, V.; Rampa, A. 

Benzophenone-based derivatives: a novel series of potent and selective dual inhibitors of 

acetylcholinesterase and acetylcholinesterase-induced beta-amyloid aggregation. Eur. J. Med. 

Chem., 2011, 46, 1682-1693. 

[123] Ignasik, M.; Bajda, M.; Guzior, N.; Prinz, M.; Holzgrabe, U.; Malawska, B. Design, synthesis 

and evaluation of novel 2-(aminoalkyl)-isoindoline-1,3-dione derivatives as dual-binding site 

acetylcholinesterase inhibitors. Arch. Pharm. Chem. Life Sci., 2012, 345, 509-516. 

[124] Özer, E.Ö.; Tan, O.U.; Ozadali, K.; Küçükkilinç, T.; Balkan, A.; Uçar, G. Synthesis, molecular 

modeling and evaluation of novel N’-2-(4-benzylpiperidin-/piperazin-1-yl)acylhydrazone 

derivatives as dual inhibitors for cholinesterases and A aggregation. Bioorg. Med. Chem. Lett., 

2013, 23, 440-443. 

[125] Peng, D.-Y.; Sun, Q.; Zhu, X.-L.; Lin, H.-Y.; Chen, Q.; Yu, N.-X.; Yang, W.C.; Yang, G.F. 

Design, synthesis, and bioevaluation of benzamides: novel acetylcholinesterase inhibitors with 

multi-functions on butylcholinesterase, A aggregation, and -secretase. Bioorg. Med. Chem., 

2012, 20, 6739-6750. 

[126] Rizzo, S.; Cavalli, A.; Ceccarini, L.; Bartolini, M.; Belluti, F.; Bisi, A.; Andrisano, V.; 

Recanatini, M.; Rampa, A. Structure-activity relationships and binding mode in the human 

acetylcholinesterase active site of pseudo-irreversible inhibitors related to xanthostigmine. 

ChemMedChem, 2009, 4, 670-679. 

[127] Rampa, A.; Bisi, A.; Valenti, P.; Recanatini, M.; Cavalli, A.; Andrisano, V.; Cavrini, V.; Fin, L.; 

Buriani, A.; Giusti, P. Acetylcholinesterase inhibitors: synthesis and structure-activity 

relationships of ω-[N-methyl-N-(3-alkylcarbamoyloxyphenyl)methyl]aminoalkoxyheteroaryl 

derivatives. J. Med Chem., 1998, 41, 3976-3986. 

 54



[128] LeVine, H., III. Thioflavine T interaction with synthetic Alzheimer’s disease -amyloid 

peptides: detection of amyloid aggregation in solution. Protein Sci., 1993, 2, 404-410. 

[129] Barabási, A.L.; Oltvai, Z.N.; Network biology: understanding the cell’s functional organization. 

Nat. Rev. Genet., 2004, 5, 101-113. 

[130] Lee, J.A.; Uhlik, M.T.; Moxham, C.M.; Tomandl, D.; Sall, D.J. Modern phenotypic drug 

discovery is a viable, neoclassic pharma strategy. J. Med. Chem., 2012, 55, 4527-4538. 

[131] Ellis, R.J.; Minton, A.P. Join the crowd. Nature, 2003, 425, 27-28. 

[132] Ami, D.; Natalello, A.; Lotti, M.; Doglia, S.M. Why and how protein aggregation has to be 

studied in vivo. Microb. Cell Fact., 2013, 12, 17. 

[133] Villar-Piqué, A.; Ventura, S. Modeling amyloids in bacteria. Microb. Cell Fact., 2012, 11, 166. 

[134] García-Fruitós, E.; Sabate, R.; de Groot, N.S.; Villaverde, A.; Ventura, S. Biological role of 

bacterial inclusion bodies: a model of amyloid aggregation. FEBS J., 2011, 278, 2419-2427. 

[135] de Groot, N. S.; Sabate, R.; Ventura, S. Amyloids in bacterial inclusion bodies. Trends Biochem. 

Sci., 2009, 34, 408-416. 

[136] Ventura, S.; Villaverde, A. Protein quality in bacterial inclusion bodies. Trends Biotechnol., 

2006, 24, 179-185. 

[137] Carrió, M.; González-Montalbán, N.; Vera, A.; Villaverde, A.; Ventura, S. Amyloid-like 

properties of bacterial inclusion bodies. J. Mol. Biol. 2005, 347, 1025-1037. 

[138] Schrödel, A.; de Marco, A. Characterization of the aggregates formed during recombinant 

protein expression in bacteria. BMC Biochem., 2005, 6, 10. 

[139] Morell, M.; Bravo, R.; Espargaró, A.; Sisquella, X.; Avilés, F.X.; Fernàndez-Busquets, X.; 

Ventura, S. Inclusion bodies: specificity in their aggregation process and amyloid-like structure. 

Biochim. Biophys. Acta, 2008, 1783, 1815-1825. 

[140] Wang, L.; Maji, S.K.; Sawaya, M.R.; Eisenberg, D.; Riek, R. Bacterial inclusion bodies contain 

amyloid-like structure. PLoS Biol., 2008, 6, e195. 

[141] Gonzalez-Montalban, N.; Villaverde, A.; Aris, A. Amyloid-linked cellular toxicity triggered by 

bacterial inclusion bodies. Biochem. Biophys. Res. Commun., 2007, 355, 637-642. 

[142] de Groot, N.S.; Ventura, S. Protein activity in bacterial inclusion bodies correlates with predicted 

aggregation rates. J. Biotechnol., 2006, 125, 110-113. 

 55



 56

[143] García-Fruitós, E.; González-Montalbán, N.; Morell, M.; Vera, A.; Ferraz, R.M.; Arís, A.; 

Ventura, S.; Villaverde, A. Aggregation as bacterial inclusion bodies does not imply inactivation 

of enzymes and fluorescent proteins. Microb. Cell Fact., 2005, 4, 27. 

[144] Kim, W.; Kim, Y.; Min, J.; Kim, D.J.; Chang, Y.-T.; Hecht, M.H. A high-throughput screen for 

compounds that inhibit aggregation of the Alzheimer’s peptide. ACS Chem. Biol., 2006, 1, 461-

469. 

[145] Villar-Piqué, A.; Espargaró, A.; Sabaté, R.; de Groot, N.S.; Ventura, S. Using bacterial inclusion 

bodies to screen for amyloid aggregation inhibitors. Microb. Cell Fact., 2012, 11, 55. 

[146] Lee, L.L.; Ha, H.; Chang, Y.-T.; DeLisa, M. Discovery of amyloid-beta aggregation inhibitors 

using an engineered assay for intracellular protein folding and solubility. Prot. Sci., 2009, 18, 

277-286. 

[147] Espargaró, A.; Sabate, R.; Ventura, S. Thioflavin-S staining coupled to flow cytometry. A 

screening tool to detect in vivo protein aggregation. Mol. Biosyst., 2012, 8, 2839-2844. 

 


	Dual Inhibitors of (-Amyloid Aggregation and Acetylcholinesterase as Multi-Target anti-Alzheimer Drug Candidates
	Elisabet Viayna,a Raimon Sabate,b Diego Muñoz-Torreroa,*


