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Abstract: 
Amyloids result from the aggregation of several unrelated proteins, due to either specific mutations or 
promoting intra- or extra-cellular conditions. Structurally, they are rich in intermolecular -sheets and 
are the causative agents of several diseases, both neurodegenerative and systemic. It is believed that 
the most toxic species are small aggregates, referred to as oligomers, rather than the final fibrillar 
assemblies. Their mechanisms of toxicity are mostly mediated by aberrant interactions with the cell 
membranes, with resulting derangement of membrane-related functions. Much effort is being put in 
the search for natural antiamyloid agents, and/or in the development of synthetic molecules. Actually, 
it is well documented that the prevention of amyloid aggregation results in several cytoprotective 
effects. Here, we portray the state of the art in the field. Several natural compounds are effective 
antiamyloid agents, notably tetracyclines and polyphenols. They are generally non-specific, as 
documented by their partially overlapping mechanisms, and the capability to interfere with the 
aggregation of several unrelated proteins. Among rationally designed molecules, we mention the 
prominent examples of -breakers peptides, whole antibodies and fragments thereof, and the special 
case of drugs contrasting transthyretin aggregation. In this framework, we stress the pivotal role of the 
computational approaches. When combined with biophysical methods, in several cases they have 
helped clarify in detail the protein/drug modes of interaction, which make it plausible that more 
effective drugs will be developed in the future. 
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Abbreviations: AA, serum amyloid A amyloidosis; Aβ, amyloid-beta; AD, Alzheimer’s disease; AL, 
immunoglobulin light chains; APrP, Prp amyloidosis; α-syn, alpha-synuclein; ATX3, ataxin-3; ATTR, 
transthyretin amyloidosis; 2-m, 2-microglobulin; CH, corea of Hungtington; CR, Congo red; cryo-EM, 
cryo electron microscopy; DOX, doxycycline; DRA, dialysis-related amyloidosis; EGC, (-)-
epigallocatechin; EGCG, (-)-Epigallocatechin-gallate; FATTR, familial transthyretin amyloidosis; GA, 
gallic acid; HEWL, egg-white lysozyme; htt, huntingtin; IAPP, amylin; IDOX, 4'-iodo-4'-deoxy-
doxorubicin; MD, molecular dynamics; PD, Parkinson’s disease; polyQ, polyglutamine; PrP, prion 
protein; RES, resveratrol (3,5,4’-trihydroxy-trans-stilbene); QSAR, quantitative structure-activity 
relationship; SAA, serum amyloid A; SSNMR, solid-state nuclear magnetic resonance; TTR, 
transthyretin. 
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1. Introduction 
 
Proteins generally require specific three-dimensional conformations in order to be soluble and function 
correctly in the body. Under stress conditions, normally soluble proteins can undergo structural 
changes and self-assembly that lead to their aggregation into insoluble deposits, referred as amyloids 
[1,2]. 

Amyloids from different proteins share several structural properties: they all have a fibrillar 
morphology and cross-β structure, whereby intermolecular main-chain hydrogen bonding acts as one 
major stabilising interaction [1,3]. Frequently, they also have repetitive hydrophobic or polar 
interactions along the fibril axis [3]. They are highly rigid [4], resistant to thermal [5] and chemical 
denaturation and degradation [6]. 

Recent technological advances in structural biology, which include solid-state nuclear magnetic 
resonance (SSNMR) [7], and cryo electron microscopy (cryo-EM) [8], allowed scientists to determine 
the structure of amyloids at the molecular level directly from patient tissues. These studies have shown 
that amyloid aggregates formed in vivo consist of differently modified variants of the amyloidogenic 
protein and include components of the protein homeostasis system, such as molecular chaperones [9]. 

The presence of amyloids is usually related to pathological conditions generally called 
amyloidoses [1]. Amyloidoses can be either localized or systemic, according to whether or not the 
amyloidogenic protein aggregates are in the site of synthesis, respectively, and they can have 
characteristic molecular and clinical hallmarks, depending on the site of deposition [10]. 
Neurodegenerative diseases including Alzheimer’s (AD) and Parkinson’s diseases (PD) and corea of 
Hungtington (CH) represent a highly prevalent class of of fatal localized amyloidoses in which amyloid 
deposits form in the nervous system where they induce the death of specific neuronal cell types [3]. In 
systemic amyloidoses, such as immunoglobulin light chain (AL), transthyretin (TTR), and dialysis-related 
amyloidoses (DRA), several organs are affected as the amyloidogenic protein gets distributed in 
different sites of the body while it travels from the site of synthesis [10]. 

The formation of amyloids depends on extremely complicated aggregation processes, in which 
various aggregation intermediates form through a combination of simultaneous microscopic events 
[11], namely: 1) primary nucleation, in which initial small soluble aggregates form from monomers 
interacting in solution; 2) elongation, in which existing fibrils increase in length by monomer addition; 
3) secondary nucleation processes, in which the surface of existing aggregates catalyses the formation 
of new small soluble aggregates and 4) fragmentation in which existing fibrils break apart, increasing 
the total number of fibrils [12]. The contributions of each of these microscopic events to the lag and 
growth phases are highly protein specific. 

Small soluble aggregates formed during the amyloid aggregation are generally called oligomers. 
These protein species are extremely heterogeneous and can rapidly interconvert into protofibrils. They 
are extremely toxic and believed to play a major role in cell and tissue toxicity, particularly in 
neurodegenerative diseases [13-16]. The mechanisms of toxicity of amyloid oligomers are still under 
debate. In vivo and in vitro studies have demonstrated that high levels of amyloid oligomers are able to 
over-stimulate glutamatergic synaptic transmission and cause synapse loss [17-22]. It has also been 
reported that oligomers are able to interact with the cell membrane [16, 23] and are associated with 
oxidative stress [14,24], altered calcium homeostasis [25], mithocondrial dysfunction [26], and 
inflammation [27].  

In the case of systemic amyloidoses, the mechanisms of toxicity are probably different and both 
insoluble fibrils and soluble oligomers are important for cytotoxicity .[28] For example, it has been 
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reported that a further pathogenic effect besides that played by oligomers results from the massive 
extracellular accumulation of amyloid fibrils, which cause mechanical stress, and ultimately organ 
function impairment and failure [10]. 

In neurodegenerative diseases, the amyloidogenic proteins are often intrinsically disordered, 
which means that no misfolding event needs to occur to initiate their aggregation. Instead, the 
transition to amyloid is generally directly triggered by mutations, post-translational modifications (such 
as proteolytic cleavages or chemical modification of the protein side chains or backbone), and 
interactions with the environment, such as membranes and lipids [29,30].  

Most of the theoretical body on the mechanism of amyloidogenesis and amyloid toxicity for 
systemic amyloidoses derives from experimental studies carried out on three types of proteins: AL, TTR 
and 2-microglobulin (2-m) [31]. A generic step for the amyloid transition of these globular proteins 
and the acquisition of cytotoxic properties is the partial unfolding of the native state. Also in this case, 
mutations and selective proteolytic cleavages are certainly two major determinants in facilitating the 
amyloid transition. Studies on 2-m were particularly informative because the clinical counterpart of 
the experimental and theoretical side is relatively simple [32], at least simpler than for TTR and 
immunoglobulin. There are only two types of amyloidoses caused by 2-m, one acquired and one 
genetically transmitted, and both extensively characterized. 

Dialysis related amyloidosis is the acquired form of the disease and is caused by a substantial 
increase in monomeric 2-m plasma concentration resulting from haemodialysis. As a consequence, 
the protein acquires a strong propensity to misfold and aggregate. Normally, the intrinsic propensity to 
misfold is inhibited by the stabilizing interaction with the heavy chain within the MHC I and this 
observation offers the natural demonstration that amyloidogenesis can be prevented by stabilization 
through protein/protein or protein/ligand interactions. There is, so far, only one reported mutation 
associated to 2-m amyloidosis occurring in the absence of haemodialysis and low concentration of 
circulating 2-m. The study of the mutation N76D has disclosed a new scenario because it lead to the 
discovery that the partial unfolding and amyloid transition can be obtained by simply playing through 
the biomechanical forces generated by the turbulent fluid flow of a physiologic fluid at the interface 
with hydrophobic patches [33]. Such a discovery unleashed a flurry of research aimed at designing new 
biocompatible models of in vitro fibrillogenesis for this and other proteins such as TTR [34], which are 
especially suitable for understanding the in vivo mechanism of amyloidogenesis and offering a reliable 
tool for drug discovery. 

The present review will focus on, and discuss effects and therapeutic efficacy of drugs and 
nutraceuticals currently in use or under investigation, which are endowed with a well-documented 
capability of inhibiting the appearance of toxic protein aggregates. In doing so, we mainly aim at 
highlighting the methodological aspects related to the mechanisms of action of such compounds and 
to the development of new ones, rather than providing a comprehensive survey of this topic, provided 
this will be ever possible. In particular, their mode of interaction with the proteins committed to 
amyloidogenesis will be analysed. It should be stressed, however, that many such compounds also act 
by mitigating some of the aforementioned toxic effects at the cellular level. In any case, evidence of 
beneficial effects precisely fulfilled at the level of protein aggregation will be presented and discussed, 
when available. In Figure 1, the general features of the amyloidogenic pathway are shown, also 
highlighting the step(s) where these compounds interfere with the process, at least in most cases. In 
Table 1, a wide compilation thereof is provided, whereas the formulas of those compounds, which will 
be discussed in the present review are presented in Figure 2. 
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Finally, in the last chapter we will highlight how in vitro and in silico approaches have 
contributed to the present knowledge and how they have complemented each other. 
 

 

 
 
Figure 1. Schematic representation showing the intermediates of a generic amyloid aggregation 
pathway (monomers, oligomers, protofibrils and fibrils) and the reported inhibitors of the process. The 
main classes of anti-aggregation molecules discussed in this review are represented within boxes, 
depending on the specific steps and species they have been reported to affect. 
 
2. The main classes of anti-amyloid compounds 
 
2.1 Probes and dyes 

Since the origins of the amyloid field, several compounds have been developed for research 
purposes, in order to characterise their mechanism of formation and structure. In particular, many 
structural analyses are currently based on the use of molecular probes that change their spectroscopic 
proprieties upon binding to the amyloid fibrils. This is the case of thioflavin-T, for example, a fluorescent 
molecule that is now routinely used for monitoring the time evolution of the amyloid aggregates in vitro 
[35]. In addition to thioflavin-T, there are other molecules that may not be chemically related but have 
all been employed for diagnostic and research application thanks to their selective binding to amyloid 
aggregates. Some of these molecules (Table 1) have been proved to be able to affect amyloid 
aggregation to different extents and with different mechanisms. 

Congo red (CR) is probably the most famous case. This molecule is used for determining the 
amyloid nature of protein aggregates from biological samples. In particular, CR shows green 
birefringence under polarized light in the presence of amyloid aggregates. Recent studies have shown 
that CR is able to inhibit the aggregation of a series of proteins, including amyloid beta (Aβ), casein, the 
prion protein (PrP), α-syn (α-synuclein) [36,37]. In particular, CR is able to accelerate these aggregation 
processes, thus reducing the life-time of toxic oligomeric species [37]. 
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Figure 2. Chemical structures of the antiamyloid compounds discussed in the present review. 
 
 

Another relevant compound in this category is crystal violet, which can be used for the detection 
of amyloid aggregates in histologic preparations for light microscopy. This molecule has been reported 
to an effective inhibitor of tau aggregation [38]. Structurally similar molecules such as acid fuchsin and 
fast green FCF have been reported to have the same effect [39]. 

 
2.2 Anthracyclines and tetracyclines 
 

In 1995, staring to the clinical observation that the anthracycline 4'-iodo-4'-deoxy-doxorubicin 
(IDOX) was able to induce amyloid resorption in patients with AL amyloidosis, Merlini et al showed the 
capability of this drug to interact with several types of amyloid fibrils and to inhibit the amyloid 
conversion of native proteins [40,41]. However, due to its intrinsic cardiotoxicity, the clinical 
exploitation of the drug was discontinued. 
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Table 1: A compilation of anti-aggregation compounds against neurodegenerative diseases 
 

Molecule Class Target protein Disease Key References 
Squalamine* Sterol α-syn PD 10.1073/pnas.1610586114 
Trodusquemine Sterol α-syn PD Paper in press 
Tetracycline Tetracyclines Prp / Aβ APrP / AD https://doi.org/10.1016/S0014-

5793(00)02380-2 
doi: 10.3390/ijms140612411 
doi: 10.1039/c0ob00303d 

Doxycycline Tetracyclines Aβ / PrP / 2-m / TTR AD / Aβ2-m / 
ATTR 

https://doi.org/10.1016/S0014-
5793(00)02380-2 
doi: 
10.1021/acs.analchem.7b02915 
doi: 10.1074/jbc.M116.774083 
doi: 10.1074/jbc.M110.178376 
doi: 
10.3109/13506129.2012.678508 
doi: 
10.3109/13506129.2013.803463. 
doi: 10.1186/s12882-017-0698-z 
doi: 10.1038/bcj.2017.26. 

4’Iodo-4’-doxorubicin Anthracyclines AL / SAA / TTR / Aβ/ / 
PrP 

AD / AL / AA / 
ATTR / Aβ2-m 

10.1074/jbc.273.6.3484 
PMID:7620181  
PMID:7708755 

Acid fuchsin Triarylmethane dye IAPP AD / diabetes 10.1016/j.jmb.2010.05.001 
Fast Green FCF Triarylmethane dye IAPP AD / diabetes 10.1039/C6FO00792A 
Crystal violet Triarylmethine dye Tau AD 10.1021/jm900116d 
N744 Cyanine dye Tau AD 10.1021/bi050387o 
Congo red Azo dye Aβ / casein/ PrP/ α-syn 

 
AD / systemic 
amyloidosis / 
prion disease / 
PD 

10.1021/bi902005t 
https://doi.org/10.1016/j.brainre
srev.2006.08.001 

Resveratrol Polyphenol Aβ / IAPP AD / diabetes 10.3390/ijms140612411 
Curcumin Polyphenol Aβ / tau / α-syn / htt / 

PrP 
AD / PD / CH 10.3390/ijms140612411 

EGCG Polyphenol Aβ / α-syn / htt / TTR / 
IAPP / PAP248–286 rom 
prostatic acidic 
phosphatase / HEWL / k-
casein and calcitonin / 
polyQ proteins 

AD / PD /CH / 
HIV infectivity 

10.3390/ijms140612411 

Quercetin and myricetin Polyphenol Aβ / α-syn / insulin / 
IAPP 

AD / PD / 
diabetes 

10.3390/ijms140612411 

Olive oil phenols Polyphenol Aβ / IAPP AD / diabetes  10.3390/ijms140612411 
Oleuropein Polyphenol    
Baicalein (quinone)** Polyphenol Tau AD PMID: 25387336 
Tafamidis (Vyndaqel) Benzoxazole TTR ATTR 10.1073/pnas.1121005109 
Tolcapone Benzophenone TTR FATTR 10.1038/s41598-017-00338 
Mds84 Palindromic ligand TTR ATTR 10.1038/s41598-017-00338 
Oleocanthal** Aldehyde Tau AD PMID: 25387336 
Cinnamaldehyde** Aldehyde Tau AD PMID: 25387336 
Asperbenzaldehyde** Aldehyde Tau AD PMID: 25387336 
β-Breakers Peptide Aβ AD 10.1038/nature10154 
β-Breakers Peptide IAPP AD / diabetes https://doi.org/10.1002/1873-

3468.12261 
β-Breakers Peptide IAPP AD / diabetes https://doi.org/10.1002/anie.201

504973 
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β-Breakers Peptide Aβ / IAPP AD / diabetes https://doi.org/10.1002/anie.201
302840 

(Bi)Cyclic peptides Peptide Aβ AD 10.1021/jacs.6b06000 
Nanobodies Single domain 

antibodies 
α-syn / Aβ / lysozyme / 
β2-m  

AD / PD / 
systemic 

10.1021/acs.biochem.6b00149 
10.1038/srep31910 (2016) 
10.1021/bi8005797 
10.1038/srep46711 

Rationally designed 
antibodies 

Single domain 
antibodies 

Aβ / α-syn / IAPP AD / PD / 
diabetes 

https://doi.org/10.1073/pnas.142
2401112 
10.1126/sciadv.1700488 
https://doi.org/10.1073/pnas.111
1232108 

Aducanumab Monoclonal antibody Aβ AD 10.1038/nature19323 
mAb158*** (BAN2401) Monoclonal antibody Aβ AD doi: 10.3233/JAD-140741. 
Crenezumab**** Monoclonal antibody Aβ AD 10.1523/JNEUROSCI.4742-

11.2012. 
Gantenerumab Monoclonal antibody Aβ AD 10.3233/JAD-2011-110977 
Solanezumab**** Monoclonal antibody Aβ AD https://doi.org/10.1111/joim.121

68 
Tanshinones Diterpene Aβ AD 10.1021/cn400051e 
Dopamine and L-dopa Neurotransmitter Aβ, α-syn, IAPP AD / PD / 

diabetes 
10.1096/fj.03-0770fje 
10.1038/nchembio.1988 

Methylene Blue Thiazine dye Tau AD PMID: 25387336 

 
Notes:  
References as generally reported as DOI numbers 
* α-Syn aggregation is induced by its interaction with biological membranes. Squalamine inhibits the aggregation 
of α-syn by displacing it from the membranes. 
** Covalent inhibitors  
*** Murine version of BAN2401 
****failed clinical trials  

 
The search for structural analogues of IDOX resulted in the identification of tetracyclines as good 

candidates for mimicking the IDOX activity despite the lack of significant cardiotoxicity. A confirmation 
of the hypothesized anti-amyloid efficacy of tetracyclines came from experiments on inhibition of PrP 
infectivity in animal models [42].  

The generic effect of tetracyclines in interfering with amyloid formation inspired further 
investigation on the mechanism of interaction with amyloid structure and consequent block of amyloid 
to grow. 

Through a molecular mechanic approach, Cosentino et al highlighted the crucial role of the 
hydrophobic core given by aromatic rings in the generic interaction with amyloid [43]. This study 
provided insight into how different polar substituents could determine the specificity of the interaction 
between various analogues of tetracyclines with different types of fibrils. The fact that the affinity for 
tetracyclines differs from fibrils to fibrils is most likely based on the structural heterogeneity and 
polymorphisms of fibrils now clearly emerging from their structure solved at the atomic level by solid 
state NMR and cryo-EM [44]. Thus, the overall picture of the drug’s mode of action that emerges from 
available data is multifaceted. Apparently, tetracyclines not only bind mature fibrils, but can also 
interact with soluble precursors of insoluble amyloid fibrils; monomers and oligomers. In the case of 
the A peptide, tetracyclines bind oligomers, but not the monomer [45]; in the case of the globular 
protein 2-m the binding not only involves oligomers but also the monomer through a binding site 
highly influenced by the physical-chemical properties of the environment [46]; furthermore, in the case 
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of ataxin-3 (ATX3), tetracycline only binds oligomers via functional groups, mostly hydrophobic, located 
on one edge of the molecule, probably shielding to some extent the aggregate from the medium 
[47,48]. It is worth noting that also fibrils, upon binding to tetracyclines, deeply rearrange their 
structure resulting in the formation of disordered insoluble material lacking the typical features of 
amyloid fibrils [49]. 

Regardless of the molecular target and mechanism of binding, the capacity of tetracyclines to 
inhibit the intrinsic toxicity of these soluble conformers is apparently due to the drugs’ capability to 
structurally rearrange the toxic oligomers [50], thus converting them into inactive molecules.  

The best investigated type of tetracyclines is doxycycline (DOX), not only because is one of the 
most effective conformers on several type of fibrils in vitro, but also because it has been used in vivo 
for many years as a wide-spectrum antibiotic with no appreciable adverse effects. Its use in amyloidosis 
just represents the repurposing of an old drug on a new target. 

Based on the anti-amyloid properties demonstrated in vitro, the clinical efficacy of DOX is now 
under investigation in at least three types of systemic amyloidoses (https://clinicaltrials.gov). In TTR-
related amyloidosis a phase-3 clinical trial is in the stage of patients recruitment. In this study, DOX is 
used in combination with Tauroursodeoxycholic acid and the trial is designed on the basis of the results 
of a previous phase-2 study, showing the efficacy of this treatment in stabilizing the disease [51]. 

DOX was used in an exploratory off-label study on three patients affected by a severe form of 
dialysis-related amyloidosis (DRA) and although the amyloid mass was not apparently reduced, the 
patients experienced a very significant reduction of the ostheoarticular pain, as well as a remarkable 
improvement of the active and passive movements [52]. Although the mechanism in vivo is not 
clarified, the benefits of this treatment were recently confirmed by Piccoli et al., who recommend the 
DOX treatment as antalgic therapy for this kind of patients [53]. Although clinical trials for the validation 
of the treatment of this amyloidosis are not currently ongoing, DOX has received the designation of 
orphan drug by the European Medicines Agency for the treatment of DRA and hopefully a trial will be 
designed soon because there is no treatment for this very debilitating disease. 

Several clinical trials are now active or in the pipeline in AL amyloidosis caused by the fibrillar 
deposition of immunoglobulin light chains. In these trials, the purpose is to evaluate potential benefits 
on the disease outcome by the addition of DOX to standard chemotherapy used in these patients. These 
studies were strongly encouraged by the data reported by Wechalekar et al. [54], showing that addition 
of DOX to standard chemotherapy significantly reduced the mortality in patients in advanced state of 
the disease. 
 
2.3. Sterols 
 

Sterols are a class of steroids, which are naturally produced by several organisms, including 
plants and bacteria. In particular, a broad-spectrum of them has been isolated from the dogfish shark 
Squalus acanthias, initially for their antibiotic properties against both Gram-negative and Gram-positive 
bacteria, and fungicidal anti-protozoa activity [55]. Among these molecules, the compound squalamine 
has been proved to be effective against cancer [56] and, very recently, against PD. In particular, 
squalamine is able to inhibit the aggregation of the protein α-syn [57], whose deposition into Lewy 
bodies in a hallmark of PD [58]. In this regard, the mechanism of action of squalamine is an example of 
indirect effect of a molecule on the aggregation of an amyloidogenic protein. α-syn is known for being 
very soluble at normal pH, even at very high (mM) concentrations. In order to aggregate, α-syn requires 
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the presence of hydrophobic surfaces, such as lipid membranes, where α-syn monomers are attracted 
to and nucleate [30]. Squalamine has been proved to inhibit α-syn aggregation by displacing monomers 
from the membranes [57]. 

Recently, a squalamine derivative, called trodusquemine, has been shown to affect the 
aggregation of α-syn as well [59]. In addition to displacing α-syn monomers similar to the mechanism 
fulfilled by squalamine, trodusquemine directly interact with α-syn to inhibit the secondary nucleation 
of aggregation [59]. 
 
2.4. Peptides and engineered antibodies 
 

One very demanding goal when designing anti-aggregation compounds is the development of 
highly specific molecules [60]. For this purpose, scientists have then looked at molecular biology and 
protein engineering as a solution in order to generate peptides and proteins for therapeutic 
applications. 

In particular, small peptides, generally referred as β-sheet breakers or simply β-breakers, have 
been reported affect the formation and stability of amyloid aggregates [61]. β-breakers are soluble 
short sequence portions of amyloidogenic proteins. As protein aggregation is a self-assembly process, 
β-breakers interact with the same sequences within amyloidogenic proteins blocking their aggregation 
or promoting the disaggregation of existing fibrils [61]. They have been shown to be effective in vitro in 
the case of Aβ [62]. Nevertheless, they are poorly stable, in vivo, being prone to proteolytic degradation 
and having a relatively short half-life [63,64]. To overcome these limitations, scientists are trying several 
chemical modifications including N-methylation, the incorporation of unnatural amino acids, and 
cyclization [65]. 

Antibodies and antibody fragments also have anti-aggregation properties. In particular, 
monoclonal antibodies probably represent at the moment the class of protein therapeutics with the 
most positive recent result from clinical trials. For example, the antibodies Aducanumab and BAN2401 
[66,67], have successfully passed phase 2 clinical trials in the context of passive immunotherapy 
protocols against Alzheimer’s and Parkinson diseases, with Aducanumab currently giving positive 
results in phase 3 clinical trials where it shows dose-dependent clearance of amyloid deposits and slows 
down cognitive decline.  

Also, antibody fragments have been proved to be effective anti-aggregation molecules. For 
example, camel single domain antibodies, generally referred as nanobodies, are extremely effective 
inhibitors of the aggregation of several amyloidogenic proteins, including lysozyme [68], α-synuclein (α-
syn) [69], Aβ [70], Tau [71], and β2-m [72]. They have also been proved to be effective diagnostic tools 
for distinguishing amyloid fibrils at different maturation stages [73]. The so-called grafted amyloid-
motif antibodies (or gammabodies) represent a valuable alternative class of anti-aggregation 
antibodies. Gammabodies are single domain human antibodies, where the complementarity-
determining regions are replaced by aggregation-prone sequences from amyloidogenic proteins [74]. 
They then act as β-breakers with the advantage of being more soluble thanks to the stabilizing effect 
provided by the presence of the single-domain antibody scaffold. In addition, recent advances have 
disclosed new possibilities for the rational development of anti-aggregation antibody molecules [75]. 
In this regard, single domain antibodies have been rationally designed to specifically inhibit the 
aggregation of α-syn, amylin (the causative agent of islet amyloid in type-2 diabetes, IAPP) and Aβ 
[75,76].  
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Rational design has also been applied to other classes of proteins, such as molecular chaperones. 
They are very well known for being naturally occurring effective inhibitors of protein aggregation 
[9,77,78], but also for being highly non-specific, as they interact with any solvent-exposed protein 
hydrophobic patch. In order to increase their specificity towards amyloidogenic proteins, scientists have 
generated designed chaperone variants carrying peptides, which selectively interact with a given 
protein when found in aggregated conformation [79,80]. 

 
2.5. Polyphenols 
 

Polyphenols are a class of compounds whose structure is characterized by the presence of 
several phenol units. They include a wealth of structurally diverse molecules, although they also share 
in part the mechanisms of action. Besides their capability to prevent or retard the amyloid aggregation, 
several additional effects have been assigned to them, which are beneficial for human health. Most 
notably, they are endowed with antioxidant and anticancer properties, the latter being mediated by 
inhibition of antiangiogenesis. The main types of polyphenols are discussed below. 
 
2.5.1. (-)-Epigallocatechin-gallate (EGCG) and related compounds 
 

EGCG is the major catechin found in the leaves of green tea. They also contain a variety of 
related, structurally simpler molecules, in particular (-)-epigallocatechin (EGC) and gallic acid (GA), 
whose effects are qualitatively similar to those exerted by EGCG [81,82]. 

Current literature shows ECGC’s capability to prevent the formation of aggregates from several 
potentially amyloidogenic proteins or peptides, including A, -syn [83], IAPP [84], AL [85], 
polyglutamine (polyQ)-containing proteins, including huntingtin (htt) [86] and ATX3 [47,87]. 

Although the precise mechanisms by which EGCG fulfils its action differ in details depending on 
the different target proteins, the trait most often observed is the compound’s capability to redirect the 
aggregation towards off-pathway, non-toxic, -sheet-poor aggregates, and/or remodeling the 
aggregates after their formation (as, for instance, in the case of htt and IAPP), rather than just retarding 
amyloid aggregation [86,88]. It also can interact with both monomeric protein and oligomeric 
aggregates. 

Concerning the non-covalent interactions underlying the antiamyoid action of EGCG and related 
compounds, plenty of work highlights a complex pattern. In particular, hydrogen bonding with both 
protein backbone and hydrophilic side chains has been identified, as well as hydrophobic interactions, 
including those with aromatic residues [89]. This pattern points to a non-specific binding, as clearly 
supported by the large repertoire of proteins, both folded and disordered, EGCG can interact with. 

Remarkably, EGCG was also proved to covalently bind to lysines of target proteins via Schiff base 
formation, which might be one factor allowing irreversible protein remodelling into non-toxic 
aggregates [90]. Still with regard to covalent modification EGCG can undergo, it has long been known 
that this molecule is subject to auto-oxidation, an issue obviously related to its bioavailability [91]. 
However, it has been recently reported that the oxidation products, i.e., quinone or quinonoid 
substances, are even more effective in preventing amyloid aggregation, quite likely by covalently 
binding to target protein [92]. 

Some literature is also available regarding the antiamyloid effects of smaller polyphenols 
structurally related to EGCG, in particular EGC and GA. In general, they also were proved to be effective 
antiamyloid agents, although to a somewhat lesser extent [87,93]. 
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2.5.2. Resveratrol 
 

Natural sources rich in resveratrol (3,5,4’-trihydroxy-trans-stilbene, RES), are grapes, berries, 
red wine and other plants [94]. Several protective effects have been assigned to this compound, 
including antioxidant, antiinflammatory, anticarcinogenic properties, as well as a neuroprotective 
action in models of neurodegenerative diseases [95,96]. RES has been shown to substantially affect the 
amyloidogenic pathway of A and IAPP. In particular, the effects on A amyloid aggregation are the 
best characterized. This drug does not prevent oligomer formation, but retards fibril formation and 
even disaggregates preformed fibrils. Concomitantly, it mitigates A-induced toxicity, suggestive of 
significant structural modifications in the oligomeric species [97]. A recent work provides structural 
details on the effects of RES on the mode of A oligomerization [98]. In particular, it is shown that Aβ42 
forms disc-shaped low molecular weight and high molecular weight oligomers (1.5-2 and 3-5 nm high, 
respectively), the latter resulting from the stacking of the former, and that RES prevents the stacking 
process, which also suggests that the largest aggregates are the most toxic ones. 

The capability of this polyphenol of inhibiting the aggregation of the membrane-associated 
IAPP has been observed even in the presence of aggregation-fostering negatively charged lipid 
interfaces [99]. Based on NMR data and molecular simulations, it has been suggested that this 
molecule prevents ring stacking intermolecular interactions between the residues His18 and Tyr37 
from adjacent polypeptide chains, quite likely via its aromatic rings [100]. 
 
2.5.3. Curcumin 
 

Curcumin ((1E,6E)-1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione) is 
abundantly found in the rhizomatous plant turmeric that grows in southeast Asia. It is a major 
component of Indian curries [101,102]. This molecule has been proved to interfere with the amyloid 
aggregation of A [103-105], -syn [106], tau [107,108] and PrP, although in this latter case there is no 
evidence that this interaction prevents of the appearance of toxic aggregates [109]. 

Overall, curcumin has been shown to prevent oligomerization, as in the case of Aβ and tau 
[108,110], redirect the aggregation towards nontoxic oligomers (Aβ and α-syn) [104,106] and even 
disaggregate preformed fibrils (Aβ, tau and α-syn) [106,108,110]. Stacking interactions between 
aromatic rings of the compound and aromatic residues have been implicated in the aforementioned 
effects, as well as hydroxy groups on the aromatic rings [111,112]. 

Plenty of evidence confirms that, irrespective of other well-known cytoprotective effects 
exerted by the molecule at the cellular level, curcumin also mitigates the neurotoxicity by directly 
interacting with the amyloidogenic proteins, thus preventing or reducing the appearance of the 
cytotoxic oligomeric forms [103-105;109]. 

Interestingly, much effort is being put into developing more potent and water-soluble curcumin 
analogues, solubility being a major constraint thwarting its therapeutic efficacy [103,106,107].  
 
2.5.4. Oleuropein 
 

Oleuropein, the main phenolic compound of olive oil [113], is endowed with several beneficial 
effects on human health, the most prominent being anti-tumor [113], anti-inflammatory [114] and 
antioxidative activities [115], besides its capability to prevent the formation of toxic amyloid 
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aggregates. This compound and its aglycone form have been proved to exert anti-amyloidogenic effects 
on A [116], α-syn [117], 2-m [118], TTR [119], IAPP [120], and tau protein [121]. Similar to other 
polyphenols, the described modes of action are somewhat different depending on the protein assayed, 
but also share the basic features. Most often, the aggregation is redirected towards non-toxic, off-
pathways. Furthermore, oleuropein displays the remarkable capacity of hindering protein binding to 
the plasmamembrane, a key event in inducing cytotoxicity, as shown in the case of α-syn, IAPP and TTR. 
Interestingly, the decreased toxicity of the aggregates generated by this latter protein is likely related 
to the poor interaction between the resulting TTR/oleuropein aglycone complexes and GM1 found in 
the lipid rafts domains of the plasma membrane [119]. Thus, although no data are available as regards 
oleuropein’s functional groups involved in protein interaction, it is well established that its action on 
the amyloidogenic pathway results in significant cytoprotective effects. 
 
2.6. Compounds retarding transthyretin aggregation 
 

In the context of the present review, a special mention deserves the class of rationally designed 
compounds capable of retarding TTR aggregation. This protein can cause familial forms of systemic 
amyloidosis in the presence of gene mutations, but also the wild type can make in the elderly amyloid 
deposits mostly localized in the heart.  

TTR is a homotetrameric plasma protein presenting a well defined binding site for a maximum 
of two tyroxines that bind the protein through a negatively cooperative manner resulting in two 
different affinity constants, respectively in the nanomolar and micromolar range. 

In 1992 the pionieristic work of Jeff Kelly [122] revealed that aggregation of TTR requires the 
disassembly of the tetramer into monomer and dimers and that the native tetramer is otherwise 
protected from the aggregation. The demonstration that tetramer disassembly, achievable in vitro in 
denaturing conditions, can be inhibited when the binding pockets are occupied by the natural ligand 
(thyroxine) or analogues has triggered an extraordinary pharmaceutical action in order to make 
drugable analogues of thyroxine suitable for stabilizing the TTR tetramer in vivo.  

In particular, the screening of a library of substituted benzoxazoles led to the identification of 
tafamidis meglumine as an effective TTR stabilizer [123]. This compound is now tested in clinical trials 
and the early results suggest that even if a mild benefit from the treatment is achievable, there is space 
for improving the efficacy of this approach because a discrepancy still exists between the non 
physiologic in vitro model of aggregation used, so far, in drug discovery and the pathologic process 
occurring in vivo. 

Bellotti’s group has recently discovered that disassembly of TTR and fibrillogenesis can be 
achieved under physiologic conditions by mechano-enzymatic mechanism consisting in a proteolytic 
cleavage permitted by the perturbation of the folded state in the presence of physiologic biomechanical 
forces [124,125]. Fibrils formed through this procedure display chemical and structural properties 
extremely similar to those extracted from natural deposits and highlight the role of a truncated form of 
TTR [124] in priming the amyloidogenesis. TTR ligands, including tafamidis, can protect TTR from the 
mechanoenzymatic mechanism of amyloidogenesis, however the efficacy highly depends on the 
capacity of ligands to occupy both binding sites and this task is difficult to achieve in vivo due to the 
negative cooperativity and the low affinity of most of ligands for the second site. A good candidate for 
a better inhibition of the mechanoenzymatic mechanism might be Tolcapone and analogues for their 
property of high affinity for both the two binding sites and lack of negative cooperativity. Very 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 8 August 2018                   doi:10.20944/preprints201808.0155.v1

Peer-reviewed version available at Int. J. Mol. Sci. 2018, 19, 2677; doi:10.3390/ijms19092677

http://dx.doi.org/10.20944/preprints201808.0155.v1
http://dx.doi.org/10.3390/ijms19092677


14 
 

promising drug candidates are bivalent compounds that not only simultaneously occupy the two 
binding sites, but also occupy the inner channel of TTR [126]. 
 
3. The contribution of the computational approaches 
 

The high structural flexibility of many polypeptides involved in amyloid plaques formation is 
such that the application of molecular docking techniques to the study of ligand-target binding have 
generally proved to be a challenging task. In fact, docking strategies based on classical, molecular 
mechanics force fields usually require that the overall structure of the receptor be little influenced by 
the interaction with inhibitors. When this is actually the case, as for example in the functional 
interaction between EGCG or related lower-weight compounds (EG, EGC) and the Josephin domain – 
which triggers the amyloid aggregation in expanded ATX3 variants [127-129] – well-established docking 
approaches are able to provide detailed information on the structural basis of the action of inhibitors 
[87]. However, simulations of thermodynamic ensembles by molecular dynamics (MD)-based modeling 
of A1-42 dimers either in the presence or the absence of EGCG, showed that A-EGCG interactions 
lead to a significant reduction in the -content of specific regions of the peptide [130]. Similar secondary 
structure destabilization, accompanied by a concomitant increase in -helix content, is common finding 
in MD studies of A-inhibitor interaction [131,132]. Nonetheless, the structural information provided 
by MD simulations turned out to be a valuable starting point for extensive docking efforts, which led to 
the identification of key residues for the interaction with several inhibitors. Exemplary cases are the 
curcumin and RES interactions with A peptides, which turned out to be mainly – but not exclusively – 
mediated by a specific stretch of peptide backbone (F19-E22) and by the side chains of two 
phenylalanine residues (F19 and F20) [133]. Notably, quinone derivatives (e.g.: 1,4-naphthoquinon-2-
yl-L-tryptophan) exert a similar mechanism of action [132]. Moreover, similar to the effects they exert 
on lysozyme [92], quinones are possibly able to form covalent bonds with lysine residues of A peptide, 
which would contribute to disfavour peptides aggregation [134]. Noteworthy, in this respect, is that 
quinone intermediates can be formed also upon in vivo oxidation of polyphenols containing catechol 
residues, which may in part explain the superior inhibitory activity of some catechol-containing 
flavonoids [134]. Computational investigation focusing on molecules such as myricetin, quercetin and 
baicalein, which contain either catechol groups or adjacent dihydroxy substituents, evidenced other 
elements that favour inhibition. In fact, molecular docking investigations of such compounds on a 
tetrameric assembly of A16-21 – a relatively rigid scaffold of biochemical significance – highlighted the 
capability of the flavonoids under investigation of forming both polar and non-polar interactions with 
Lys, Phe, and Leu residues. Most importantly, the docking poses obtained indicated that their 2-
phenylchromen-4-one pharmacophore plays a key role by inserting itself into the core of the A16-21 
tetramer [81]. 

Docking studies have been useful to also clarify the antiamyloidogenic activity of tetracyclines. 
As above mentioned, modelling studies based on molecular mechanics were successful in clarifying 
some key aspects of the mechanism of this class of inhibitors [43]. However, more recent studies have 
gone beyond the exploration of the conformational space of tetracyclines for the search of a 
pharmacophore, and aimed at the explicit modelling of protein-receptor interactions. Most notably, 
docking calculations on tetracycline and PrP as a receptor demonstrated that the antibiotic can 
specifically bind the C-terminal helix 2 of human PrP [135]. This solvent-exposed fragment of PrP is 
known as a potential site of nucleation toward conversion from the cellular to the pathogenic form of 
PrP. Such tetracycline-PrP interaction can be particularly critical because it can modulate the local 
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geometric features of the target, which has no definite preference between  and  structure in the 
targeted region [135,136]. 

Computational studies offer the perspective to identify novel classes of inhibitors also by means 
of the application of virtual screening techniques on large libraries of molecular structures. Such 
approach requires reliable structural determination of the receptor protein as a premise. When the 
latter is available, ligand-receptor docking calculations making use of virtual libraries containing 
thousands of small molecules can lead to the identification of novel scaffolds for the development of 
new drugs. This kind of study was actually performed by Jiang and coworkers [137]. They used the 
experimentally determined structure of the A16-21 segment after complexation with the Orange G dye 
as the receptor structure for a virtual screening effort on a library containing 18000 small molecules. 
This allowed them to test the ability of the latter to bind the receptor efficiently, which led to the 
identification of a number of promising -conjugated interactors featuring a mainly flat geometry. 
Subsequently, such molecules were tested on cell cultures, in order to experimentally evaluate their 
ability to protect cells from A toxicity. The novel compounds probed in this way were actually capable 
of reducing the toxicity, but there was no evidence that they led to a reduction in the abundance of 
protein aggregates. These observations are consistent with the hypothesis that most of the toxic effects 
are sustained by fragments arising from the fibrils, rather than by the fibrils themselves. 

Finally, it is important to underline that high-throughput computational methods were recently 
proved capable to efficiently screen and design peptide inhibitors against Aβ toxicity and aggregation. 
By using quantitative structure-activity relationship (QSAR) approaches combined with MD simulations, 
Wang and coworkers demonstrated that high-throughput-based strategies hold a remarkable potential 
for the development of peptide inhibitors sharing no sequence relationship with natural peptides [138]. 
By taking into account six fingerprint factors for controlling self-assembling properties of hexapeptides 
– i.e. bulky property, hydrophobicity, local flexibility, alpha and turn propensity, electronic properties 
and compositional characteristics – these authors constructed their QSAR model training it against 
experimentally verified amyloidogenic databases of hexapeptides. The obtained model was used to 
screen and identify thousands of peptides predicted to be able to self-assemble into amyloid-like 
aggregates, as molecules with such property were considered to be possibly good interactors with the 
Aβ peptide. A selection of the hexapeptides thus identified was further tested for the actual ability to 
form aggregates, using MD simulations. Then, the most promising hexapeptides were successfully 
probed for their inhibition activity against Aβ aggregation using biophysical experiments. Notably, in 
very broad terms these outcomes might also influence future developments of computational 
strategies devoted to the de novo design of anti-amyloid antibody drugs. In fact, among the most 
promising theoretical approaches in this context, it should be mentioned the one that focuses on the 
design of specific structural features of the complementarity-determining regions, the latter being 
relatively short sequence stretches of the antibody molecules that directly interact with the target 
peptides. 

Recently, a complementary high-throughput method based on a quasi-structure–based drug 
discovery and chemical kinetic [139] has been successfully developed in order to potentiate the anti-
aggregation activity of small molecules [140] towards the aggregation of Aβ. We anticipate methods of 
this kind, which look at the activity rather than the binding of potential inhibitor, to provide further 
advance to the computational design of anti-aggregation inhibitors. 
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4. Final remarks and perspectives 
 
In the present review, we have discussed relevance and mechanism of action of several classes of 
compounds capable of contrasting amyloid aggregation. As far as low-molecular weight molecules are 
concerned, they can be classified into two subgroups: i) natural compounds and ii) synthetic molecules, 
the latter generally developed on the basis of drug design approaches.  

As regards natural compounds, in the present review we have highlighted that they exert a 
wealth of beneficial effects (antioxidant, antiangiogenetic, anti-inflammatory, etc.), yet not only their 
antiamyloidogenic effect is well established, but plenty of evidence also supports the idea that this 
latter underlies much of the observed cytoprotective effects. 

The mechanism of action of these compounds appears to be – to a certain extent – unspecific, 
as supported by both their capability of inhibiting the aggregation of several unrelated proteins, and by 
their binding affinities, in the order of micromolar. Outcomes of molecular modelling studies are in line 
with evidence provided by the in vitro experimentation, which indicates that rigid hydrophobic groups 
in active polyphenols, tetracyclines/anthracyclines and sterols play a major role in interfering with the 
amyloid aggregation. Also, these inhibitors generate stable patterns of hydrogen bonds with the target 
proteins, which are crucial in establishing a significant inhibition of the amyloidogenic pathway. In the 
framework of these achievements, it comes with little surprise that compounds belonging to the cited 
classes of inhibitors display largely superimposable effects, notwithstanding the significant structural 
differences they hold. In view of their cytoprotective action and their natural origin, many of the anti-
amyloid compounds can be regarded as molecules to be used not only in therapy, but also in the context 
of amyloidosis prevention.  

Instead, synthetic molecules are meant to be used exclusively in the case of overt amyloidoses. 
Design and development of such molecules can take advantage of knowledge stemming from both 
theoretical and experimental investigations on the mode of action of natural compounds. In particular, 
there is surely room for developing more effective compounds starting from the natural ones used as 
lead compounds. High-throughput screening studies of compounds libraries (also in the form of virtual 
libraries) have built on previous knowledge on inhibition mechanisms, thus disclosing new perspectives 
for the development of novel classes of inhibitors. Interestingly, high-throughput computational 
methods are expected to become increasingly useful not only in view of the development of low-
molecular weight organic molecules as anti-amyloid agents, but also as a support in the efficient 
screening of peptide libraries for the selection of the most effective compounds against amyloid 
aggregation (i.e., for instance, peptide-based inhibitors derived from original amyloid sequences). 
Notably, this might have a significant impact also on the area of motif-grafted antibodies development, 
at least on the long run. 
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