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Abstract: Compelling evidence indicates that a key pathological event in Alzheimer's 
disease is the misfolding and aggregation of normal soluble amyloid-j3 peptide 
into P-sheet-rich oligomeric structures which have a neurotoxic activity and 
ability to form insoluble amyloid deposits that accumulate in the brain. P-sheet 
breakers constitute a new class of drugs that are designed to specifically bind 
amyloid-P peptide blocking and/or reversing the misfolding process. In this 
article we review this approach and summarize the data supporting the view 
that p-sheet breakers could be serious candidates to combat this devastating 
disease. 
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1. INTRODUCTION 

Alzheimer's disease (AD) is the most common cause of late-Hfe dementia, 
and represents one of the leading causes of death in the developed world. 
AD is a progressive and devastating neurodegenerative disorder 
characterized by memory loss, and a variety of cognitive disabihties. This 
disease is a major social and health care problem, because of its increasing 
prevalence, long duration and high cost of care. Despite important efforts 
aimed at elucidating its underlying molecular mechanisms, there is still no 
effective treatment available for this disease. 
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The major neuropathological changes in the brains of AD patients are 
neuronal death, particularly in regions related to memory and cognition and 
the presence of abnormal intra- and extracellular abnormal protein 
aggregates, known as neurofibrillary tangles and amyloid plaques, 
respectively (Terry, 1994; Selkoe, 1997). Tangles are paired helical 
filaments composed largely of abnormally hyperphosphorylated tau protein 
(Terr>', 1994). Amyloid plaques deposit in AD brain parenchyma in the form 
of senile plaques and around the cerebral vessels walls (Selkoe, 1997). 
Amyloid deposits have revealed to be essentially composed of aggregated 
amyloid-P peptide (AP). This 39-42 residue peptide is derived from the 
processing of a large ubiquitous type I transmembrane protein called APP 
(amyloid precursor protein), whose gene is located on chromosome 21 
(Selkoe, 1997). The AP domain, which starts on the cell surface and ends 
within the membrane is sequentially cleaved by P- and y-secretase at the N-
and C-terminus, respectively (Selkoe, 1997). Although the role of tangles 
and amyloid plaques in the pathogenesis of the disease is not fully 
understood they represent a typical signature of AD and their presence is 
needed to make a definitive postmortem diagnosis of the disease. 

2. IS AMYLOID THE CAUSE OF AD 
PATHOGENESIS? 

In spite of numerous studies aimed at understanding the aetiology of AD, 
the triggering events leading to neuropathology remain to be clearly defined. 
Compelling evidence has accumulated in the last fifteen years indicating that 
amyloid may be the cause of neurodegeneration in AD or at least a central 
event in the pathogenesis (Selkoe, 1997; Selkoe, 2000b). These evidences 
come primarily from studies of individuals affected by the familial form of 
the disease or by Down's syndrome patients. Almost all patients with 
Down's syndrome (trisomy 21), which contain three copies of the APP gene, 
develop AD neuropathology at an early age, and the presence of diffuse 
amyloid deposits has been shown to precede other alterations (Mann, 1989). 
The fact that mutations in the amyloid protein precursor (APP) gene are 
associated to familial AD is a strong indication of the importance of amyloid 
in the pathogenesis of the disease (Selkoe, 2000a; Hardy et al, 1998). In 
addition to APP, three other genes have been so far linked with AD: 
apolipoprotein E {apoE, chromosome 19), presenilin 1 {PSI, chromosome 
14) and presenilin 2 {PS2, chromosome 1). Mutations or polymorphisms in 
these genes induce an increase in the production or amyloidogenicity of Ap 
and therefore appear to be implicated in the disease through the formation of 
amyloid (Selkoe, 2000a; Selkoe, 2000b; Younkin, 1995; Fraser et al, 2000; 
Price et al., 1998). Moreover, transgenic mice that express high levels of 
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human mutant APP progressively develop many of the pathological 
hallmarks of AD, including cerebral amyloid deposits, neuritic dystrophy, 
astrogliosis and behavioral alterations (Price et a!., 1998; Van Leuven, 
2000). 

Based on these findings it was thought during several years that mature 
amyloid plaques deposited in brain parenchyma were the culprit of 
neurodegeneration and disease. This idea was further supported by results 
indicating that amyloid aggregates are toxic to neuronal cells in culture and 
that citotoxicity was dependent upon Ap aggregation (Pike et ai, 1993; 
Lorenzo and Yankner, 1994). However, in the last couple of years tliis view 
has been changing progressively in favour of soluble misfolded oligomeric 
intermediates as the toxic specie (Caughey and Lansbury, 2003; Walsh et al, 
2002). Recent in vitro experiments obtained in cell culture experiments 
suggest that the soluble oligomeric intermediates (also known as Ap-derived 
difflisible ligands) and protofibrils could be even more toxic than amyloid 
fibrils (Walsh et al, 1999; Lambert et al, 1998). Moreover, temporal studies 
of the appearance of AD-like alterations in APP transgenic animals have 
shown that significant cerebral damage and cognitive impairment appear 
before amyloid plaque detection (Moechars et al, 1999). The nature of the 
toxic Ap specie is very important to design efficient therapeutic strategies 
based on arresting the negative influence of the AP pathway. Indeed, some 
scientists have proposed that the deposition of amyloid plaques could even 
be considered a protective event allowing the deposition and isolation of the 
toxic abnormally folded Ap oligomers (Caughey and Lansbury, 2003). 

A clear mechanism to explain the role of Ap in neurodegeneration is still 
missing (Yankner, 1996; Soto, 2003). Cell culture experiments involving the 
conversion of soluble Ap into P-sheet rich Ap have suggested that amyloid 
deposits, protofibrils and/or soluble oligomers could be directly toxic to 
neurons (Selkoe, 1997; Soto, 2003; Caughey and Lansbury, 2003). Various 
mechanisms have been proposed to explain AP neurotoxicity, including 
mitochondrial redox activity impairment leading to increased fi'ee radicals, 
intracellular Ca^^ increase, ion channels formation, or signal transducfion by 
interaction with specific cellular receptors (Soto, 2003; Yankner, 1996). 
Alternatively, amyloid could be indirectly toxic through a locally induced 
chronic inflammatory response, with the abnormal Ap structures acting as an 
irritant that triggers inflammation (Soto, 2003; McGeer and McGeer, 1998). 
Indeed, AD brains are characterized by microglia and astrocyte activation, as 
well as by numerous inflammatory proteins, including complement factors, 
pro-inflammatory cytokines and acute phase-reactant proteins (McGeer and 
McGeer, 1998). However, it remains to be clarified whether one central 
mechanism mediates amyloid toxicity or if it is dependent on an interplay of 
several direct and indirect processes. 
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3. Ax\IYLOID AGGREGATION INHIBITORS 

Ap misfolding and aggregation is probably the first pathological 
processes in AD. This fact and the abundant knowledge accumulated about 
the molecular mechanism of amyloid formation make the inhibition of Ap 
misfolding and oligomerization an attractive therapeutic target for AD. 
However, uncertainties respect to which AP species is mostly involved in the 
disease pathogenesis complicate this approach, because inhibiting the 
process in the wrong step may lead to accumulation of toxic intermediates. 

Several unrelated small molecules have been shown to prevent and/or 
reverse AP polymerization in vitro. Among these compounds is possible to 
mention the following (Fig. 1): congo red (Lorenzo and Yankner, 1994), 
hexadecyl-N-methylpiperidinium bromide (Wood et al, 1996), small 
sulfonated anions (Kisilevsky et al, 1995), benzofuran-based compounds 
(Allsop et al, 2001), rifampicin (Tomiyama et al, 1994), melatonin 
(Pappolla et al, 1998), nicotine (Salomon et al, 1996), estrogen (Hosoda et 
al, 2001), glycosaminoglycans mimetics (Gervais et al, 2001), nitrophenols 
(De Felice et al, 2001), tetracycline (Forloni et al, 2001), anthracycline 4'-
iodo-4'-deoxydoxorubicin (Merlini et al, 1995), clioquinol (Chemy et al, 
2001), ibuprofen (Lim et al, 2000) and N,N'-bis(3-
hydroxyphenyl)pyridazine-3,6-diamine (Nakagami et al, 2002). The activity 
of many of these compounds has also been shown in vivo using AD animal 
models and even some of them are currently under clinical evaluation in AD 
patients. However, the useflilness of these small molecules as amyloid 
inhibitors is compromised by their lack of specificity and their (in most of 
the cases) unknown mechanism of action, which makes it difficult to 
improve them. In addition, many of these compounds are highly toxic. 

A more rational approach to make inhibitors of amyloid formation is to 
design specific peptide ligands based on the well-known self-recognition 
ability of Ap and on the study of the structural requirements for AP 
aggregation (Soto, 1999; Findeis, 2002; Mason et al, 2003). This knowledge 
was used to develop peptide inhibitors that contain the self-recognition 
motif which binds Ap and partially inhibits amyloid fibril formation in 
vitro. Several different peptides around the sequence 16-22 of Ap are under 
development (Soto, 1999; Findeis, 2002; Mason et al, 2003). 

Tjemberg and co-workers showed that the AP( 16-20) peptide is able to 
bind full-length Ap and prevent its assembly into fibrils (Tjemberg et al, 
1996). 
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Figure 1 
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Figure 1. Chemical structure of some small-molecule amyloid inhibitors. Several structurally 
diverse small chemical molecules have been reported to inhibit either amyloid fibril formation 
or amyloid neurotoxicity in vitro. Some of them have also been shown active in animal 
models of AD. Unfortunately, their lack of specificity and, in many cases, toxicity diminishes 
their therapeutic use. 

Using molecular graphics simulations, they hypothesized that it binds 
stereospecifically and in an antiparallel conformation to Ap. However, Ap 
(16-20) spontaneously aggregates into amyloid-like fibrils and thus its use 
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as an inhibitor might be problematic. Therefore, several groups began to 
modify this sequence to produce peptide derivatives containing the self-
recognition motif, but at the same time a disrupting element enhancing their 
inhibitory activity. Our approach using p-sheet breaking amino acids was the 
first to lead to modified peptides with inhibitory activity (Soto et al, 1996). 
This strategy will be discussed in the next section. 

Based on the fact that the major force driving AP aggregation is 
hydrophobicity, Murphy and colleagues have added charged residues to the 
ends of the recognition motif as a disrupting element (Ghanta et al., 1996; 
Pallitto et al, 1999). Having shown that at least three lysines are required as 
an appropriate disrupting element, the compound (KLVFFKKKK) showed 
activity in altering fibril morphology and reducing cellular toxicity in vitro. 
The anionic disrupting compound KLVFFEEEE had similar effects, whereas 
the neutral compound KLVFFSSSS was ineffective, suggesting that the 
charged nature of the disrupting element is critical (Pallitto et al, 1999). 
Another approach to produce peptide inhibitors have been reported by 
Findeis and co-workers (Findeis et al, 1999; Findeis et al, 2001). Their 
strategy was to retain a peptide sequence that could bind to Ap and add a 
bulky group, such as a steroid, at its terminus to hinder AP polymerization. 
The all-D-amino acid peptide cholyl-LVFFA-OH was shown to be a potent 
inhibitor of Ap polymerization, but was cleared up almost completely upon 
hepatic first pass, possibly because the cholyl group was recognized as an 
endogenous bile component (Findeis et al, 2001). Several other peptides 
with different chemical groups having improved pharmacological properties 
are under development. Various teams are studying the incorporation of A'̂ -
methyl amino acids into peptides as disrupting elements (Hughes et al, 
2000; Gordon et al, 2001). The idea behind is that one side presents a 
hydrogen-bonding 'complementary' face to the protein, with the other side 
having A'-methyl groups in place of backbone NH groups, thus presenting a 
'blocking' face (Mason et al, 2003). Hughes et al. have shown that A'-methyl 
derivatives of AP(25-35) are able to prevent aggregation and inhibit toxicity 
in PC-12 cells (Hughes et al, 2000). Meredith and co-workers investigated 
A^-methylated peptides corresponding to 16-22 and subsequently 16-20 
sequence of Ap. These peptides can prevent Ap fibrils from forming and 
break down preformed fibrils (Gordon et al, 2001). N-methylation 
contributes additionally to make the peptides more resistant to proteolysis 
than regular peptides (Adessi and Soto, 2002). More recently, Kapumiotu 
and colleagues reported an Api-28 analog constrained by an internal cycle 
between residues Lysl7 and Ala21. This modified peptide inhibited AP 
aggregation and cytotoxicity (Kapumiotu et al, 2003). 
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P-sheet breakers have emerged in the last few years as the prototype class 
of compounds inhibiting and reversing protein misfolding and aggregation. 
Indeed, although we coined this name to refer specifically to our compounds 
rationally-designed to break P-sheets, in recent years the p-sheet breaker 
concept has been used to refer to any compound with amyloid inhibitory 
properties, such as some of those described in the previous section. 

Our approach to produce p-sheet breakers uses the Ap self-recognition 
motif (17-20) to achieve binding and specificity, but replacing a residue 

Figure 2 
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Figure 2, p-sheet breaker peptides as a promising approach for the treatment of AD. A 5 
residues peptide (chemical structure in center panel) has been shown to be active in several in 
vitro, cellular and in vivo models. In vitro studies showed that the compound was able to 
inhibit and dissolve amyloid plaques in the test tube, as studied by electron microscopy (top, 
left panel) among other techniques. In cell cultures, the peptide prevented neuronal death 
induced by amyloid (top, right panel) as studied by staining procedures that allow to 
distinguish healthy (green) fi^om death (orange) cells. In vivo experiments were done by using 
two different animal models; a rat model of cerebral amyloidosis (bottom, left panel) and a 
double transgenic mice model of AD (bottom, right panel). In both models, the 5 residues b-
sheet breaker showed a significant activity on preventing and dissolving amyloid plaques. 
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important for forming p-sheets by an amino acid thermodynamically unable 
to fit inside tlus structure (Soto et ai, 1996; Soto, 1999). Valine at position 
18 of AP plays an important role on stabilizing P-sheet folding in Ap (Soto 
et al, 1995), but seems not to be absolutely necessary for self-recognition. 
Therefore, we decided to replace this amino acid by proline, a residue that 
because of its particular chemical structure is an efficient P-sheet breaker 
(Wood et al, 1995; Kim and Berg, 1993). A prototype 5-residue P-sheet 
breaker peptide (iApS Seq: LPFFD) has been tested in different in vitro, 
cellular and in vivo assays (Figure 2). The in vitro activity was 
quantitatively demonstrated using a tliioflavine T binding assay, which is a 
commonly used fluorometric method to quantify amyloid, and qualitatively 
confirmed by electron microscopic examination of amyloid fibrils (Soto et 
al, 1996; Soto et al, 1998). This peptide appeared not only to inhibit the 
abnormal Ap conversion and subsequent amyloid formation, but also to 
dissolve preformed fibrils (Soto et al, 1996; Soto et al, 1998). Human 
neuroblastoma cell culture experiments revealed that iAp5 was able to 
prevent neuronal death induced by the formation of P-sheet-rich oligomeric 
Ap structures (Soto et al, 1998). Two animal models have been employed to 
monitor the activity of p-sheet breaker peptides in vivo. In the first model, 
amyloid deposition was induced by injecting non-aggregated Api-42 in rat 
brain. After some time, a single fibrillar lesion with ultrastructural properties 
similar to AD amyloid plaques could be observed at the site of injection 
together with some AD-typical neurodegenerative features such as extensive 
neuronal shrinkage, astrocytosis and microglial activation (Soto et al, 1998; 
Sigurdsson et al, 2000). Co-injecting iAp5 with Api-42 reduced cerebral 
Ap accumulation and completely prevented the formation of fibrillar 
amyloid-like lesions (Soto et al, 1998). In a second experiment in the rat 
model, iApS even proved to be able to induce a significant reduction in the 
size of preformed Ap fibrils when it was injected into the cerebral amygdala 
8 days after injecting Ap at the same place (Sigurdsson et al, 2000). A 
reversion of the associated cerebral histopathological changes, such as 
neuronal shrinkage and microglial activation, was also observed in this 
experiment. No effect was detected by injecting unrelated peptides (used as 
controls) under the same conditions. 

5. FROM P-SHEET BREAKER PEPTIDES TO p-
SHEET BREAKER DRUGS 

Like most short unmodified peptides, p-sheet breaker peptides are very 
prone to peptidase degradation and exhibit very short half-lives in vivo 
(Adessi et al, 2003; Adessi and Soto, 2002). For example, incubation of 
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iAp5 in human plasma revealed a half-life of only 5 minutes (Permanne et 
al., 2002a). Since no metabolites could be detected, it was concluded that 
degradation was complete and most probably due to exopeptidases. In order 
to block this enzymatic activity, iApS was end-protected by N-terminal 
acetylation and C-terminal amidation, yielding iApSp (AC-LPFFD-NH2). 
iApSp appeared to be very stable both in human plasma and CSF, with little 
or no degradation after 24 hours of incubation (Permanne et al, 2002a). This 
better stability made possible the evaluation of iApSp efficacy in a more 
relevant transgenic animal model by reasonable routes of administration. A 
double transgenic mouse model overexpressing human APP with the London 
mutation (V717I) and human PSl with the A246E mutation develops many 
AD pathological features, such as extensive deposition of amyloid plaques, 
neuritic dystrophy, astrogliosis and some degree of tau neuropathology 
(Dewachter et at., 2000). Such animals were treated with iApSp via 
intracerebroventricular infusion (icv) or intraperitoneal injection (ip, three 
times a week) for a period of 8 weeks. This treatment resulted in a 
significant lowering of cerebral amyloid load (67.3% and 46% for icv and ip, 
respectively) compared to vehicle administration, as well as a decreased 
brain inflammation and neuronal loss (Permaime et al., 2002b). However, by 
contrast with in vitro stability experiments, pharmacokinetic studies in rats 
revealed an in vivo iApSp half-life of only 37 minutes. In order to fiirther 
increase enzymatic stability, we identified the major cleavage sites in vivo 
and protected these peptide bonds by introducing various chemical 
modifications around them (Adessi et al, 2003). From the numerous newly 
engineered iApSp derivatives, one peptide appeared to have the same in 
vitro activity as iApSp in inhibiting amyloid fibril formation and amyloid 
neurotoxicity, while exhibiting a much higher stability in rat brain 
homogenate and a 10-fold greater half-life after intravenous administration 
to mice (Adessi et al, 2003). 

Minimizing the weakness of a peptide by specific chemical modifications 
may increase the drug-like properties of the compound, but in order to have 
an orally available and highly effective drug, the design of a non-peptide 
mimetic is needed. For this purpose, it is important to know the mechanism 
of action of the lead compound, the chemical groups responsible for activity 
and the tridimensional structure of the active compound (Adessi and Soto, 
2002; Adessi and Soto, 2002; Moore, 1994). 

Although numerous experiments involving various P-sheet breaker 
peptides have shown that these drug candidates were very efficient both in 
vitro and in vivo, the mechanism underlying their activity remains mostly 
unclear. P-sheet breaker peptides appear to bind to the central self-
recognition motif of Ap through hydrophobic interactions. Hydrophobicity is 
also the major driving force for AP-AP interaction through the self-
recognition sequence (Soto et al, 1994). Indeed, the replacement of 
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hydrophobic residues by hydrophilic ones in this region of Ap has been 
shown to prevent amyloid formation, thereby suggesting that aggregation of 
Ap monomers is driven by hydrophobic interactions (Hilbich et a!., 1992). 
Since P-sheet breaker peptides exhibit a certain degree of homology to the 
self-recognition region of Ap, they may compete with Ap monomers to bind 
this region through similar interactions. Consistent with this view, molecular 
modelling studies of the interaction between the three-dimensional structure 
of Api-40 and iApSp, both elucidated by nuclear magnetic resonance, 
suggest that the p-sheet breaker binds to a hydrophobic pocket in the central 
region of Ap in an antiparallel way (unpublished observations). 

From our structure-activity studies, it seems that Pro and Phe at positions 
2 and 3, respectively, play a fundamental role in the activity of P-sheet 
breaker peptides (Adessi et ai, 2003). It has been shown previously by 
several groups that Phe 19 (equivalent to the Phe 3 of iApSp) is critical for 
Ap-AP interaction and amyloid formation (Hilbich et al, 1992; Tjemberg et 
al., 1996; Wood et al, 1995). It is likely that the phenylalanines (second and 
third position) and leucine (first position) residues are responsible for 
selective binding of the P-sheet breaker peptides to Ap. Also an ionic 
interaction between positively and negatively charged residues in Ap and 
iAp5 appears to be important for binding affinity. On the other hand, the Pro 
residue does not seem to play a role on binding, but is critical for activity. 
These results suggest the importance of maintaining a key balance between 
the sequence homology between Ap and the P-sheet breaker, and the 
presence of amino acids able to disrupt P-sheet folding. Indeed, a p-sheet 
breaker peptide with full sequence homology to AP would have a strong 
affinity but would not be able to block the pathological conformational 
change. On the other hand, a compound with too many proline residues to 
inhibit P-sheet structures would be inactive because of low affinity due to 
poor homology. 

With all this information in hand, now the aim is to design compounds 
with similar chemical groups in the correct tridimensional position but tied 
together by a non-peptidic scaffold (Adessi and Soto, 2002; Moore, 1994). 
Although this is a challenging task, the small size of the peptide lead and the 
abundant knowledge of its structure and properties, coupled with the 
accelerated advance on scaffold chemistry, make it feasible. 

REFERENCES 

Adessi, C , Frossard, M.J., Boissard ,C., Fraga, S., Bieler, S., Ruckle, T., Vilbois, P., 
Robinson, S.M., Mutter, M., Banics, W.A., and Soto,C., 2003, Pharmacological profiles of 
peptide drug candidates for the treatment of Alzheimer's disease. / Biol. Chem. 278: 
13905-13911. 



Amyloid Inhibitors and fl-Sheet Breakers 361 

Adessi, C. and Soto, C , 2002, Converting a peptide into a drug: Strategies to improve 
stability and bioavailability. Curr. Med. Chem. 9: 963-978. 

Alisop, D., Gibson C , Martin, r.K., Moore S., Tumbull, S.. and Twyman, L.I, 2001, 3-p-
Toluoyl-2-[4'-(3-diethylaminopropoxy)-phenyl]-benzofuran and 2-[4'-(3-
diethylaminopropoxy)-phenyl]-benzofuran do not act as surfactants or micelles when 
inhibiting the aggregation of beta-amyloid peptide. Bioorg. Med. Chem. Lett. 11: 255-257. 

Caughey, B. and Lansbury, P.T., 2003, Protofibrils, pores, fibrils, and neurodegeneration: 
separating the responsible protein aggregates from the innocent bystanders. Annu. Rev. 
Neurosci. 26: 267-298. 

Chemy,R.A., Atwood.C.S., Xilinas.M.E., Gray,D.N., Jones,W.D., McLean.C.A., 
Bamham,K.J., Volitakis,!., Fraser,F.W., Kim,Y., Huang,X., Goldstein,L.E., Moir,R.D., 
Lim.J.T., Beyreuther,K., Zheng,H., Tanz!,R.E., Masters,C.L., and Bush,A.I., 2001, 
Treatment with a copper-zinc chelator markedly and rapidly inhibits beta-amyloid 
accumulation in Alzheimer's disease transgenic mice. Neuron 30: 665-676. 

De Felice,F.G., Houzel,J.C., Garcia-Abreu,J., Louzada,P.R., Jr., Afonso,R.C., Meirelles,M.N., 
Lent,R., Neto,V.M., and Ferreira,S.T., 2001, Inhibition of Alzheimer's disease beta-
amyloid aggregation, neurotoxicity, and in vivo deposition by nitrophenols: implications 
for Alzheimer's therapy. F^j'ffi a 15: 1297-1299. 

Dewachter,!., Van Dorpe,J., Smeijers,L., Gilis,M., Kuiperi,C., Laenen,!., Caluwaerts,N., 
Moechars,D., Checler.F., Vanderstichele,H., and Van Leuven,F., 2000, Aging increased 
amyloid peptide and caused aitiyloid plaques in brain of old APP/V7171 transgenic mice 
by a different mechanism than mutant presenilinl. J. Neurosci. 20: 6452-6458. 

Findeis,iVI.A., 2002, Peptide inhibitors of beta amyloid aggregation. Curr. Top. Med. Chem. 2: 

417-423. 
Findeis,M.A., Lee,J.J., Kelley,M., Wakefield,J.D., Zhang,M.H., Chin,J., Kubasek,W., and 

Molineaux,S.M., 2001, Characterization of cholyl-leu-val-phe-phe-ala-OH as an inhibitor 
of amyloid beta-peptide polymerization. ^my/o(rf. 8: 231-241. 

Findeis,M.A., Musso,G.M., Arico-Muendel,C.C., Benjamin.H.W., Hundal,A.M., Lee,J.J., 
Chin,J., Kelley,M., Wakefield,J., Hayward,N.J., and Molineaux,S.M., 1999, Modified-
peptide inhibitors of amyloid beta-peptide polymerization. Biochemistry 38: 6791-6800. 

Forloni,G., Colombo,L., Girola,L., Tagliavini,F., and Salmona,M., 2001, Anti-amyloidogenic 
activity of tetracyclines: studies in vitro. FEBS Lett. 487: 404-407. 

Fraser,P.E., Yang,D.S., Yu,G., Levesque,L., Nishimura,M., Arawaka,S., Serpell,L.C., 
Rogaeva,E., and George-Hyslop,P., 2000, Presenilin structure, function and role in 
Alzheimer disease. S;OC/Z/OT. Biophys. Acta 1502: 1-15. 

GervaiSjF., Chalifour,R., Garceau,D., Kong,X., Laurin,J., Mclaughlin,R., Morissette.C, and 
Paquette,J., 2001, Glycosaminoglycan mimetics: a therapeutic approach to cerebral 
amyloid angiopathy./^m^'/oW. 8 Suppl 1: 28-35. 

Ghanta, J., Shen, C.L., Kiessling, L.L., and Murphy, R.M., 1996, A strategy for designing 
inhibitors of beta-amyloid toxicity. J. Biol. Chem. 271: 29525-29528. 

Gordon, D.J., Sciarretta, K..L., and Meredith, S.C, 2001, Inhibition of beta-amyloid(40) 
fibrillogenesis and disassembly of beta-amyloid(40) fibrils by short beta-amyloid 
congeners containing N-methyl amino acids at alternate residues. Biochemistry 40: 8237-
8245. 

Hardy, J., Duff, K., Hardy, K.G., Perez-Tur, J., and Hutton.M., 1998, Genetic dissection of 
Alzheimer's disease and related dementias: amyloid and its relationship to tau. Nat. 
Neurosci. 1: 355-358. 

Hilbich, C , Kisters-Woike, B., Reed, J., Masters, C.L., and Beyreuther, K., 1992, 
Substitutions of hydrophobic amino acids reduce the amyloidogenicity of Alzheimer's 
disease beta A4 peptides. / . MoL Biol. 228: 460-473. 



362 Claudio Soto and Lis be II Estrada 

Hosoda, T., Nakajima, H., and Honjo, H., 2001, Estrogen protects neuronal cells from 
amyloid beta-induced apoptotic cell death. Neuroreport 12: I965-I970. 

Hughes, E., Burke R.M., and Doig, A.J., 2000, Inhibition of toxicity in the beta-amyloid 
peptide fragment beta -(25-35) using N-methylated derivatives: a general strategy to 
prevent amyloid formation, J. Biol. Chem. 115: 25109-25115. 

Kapumiotu, A., Buck, A., Weber, M., Schmauder, A., Hirsch, T,, Bemhagen, J., and Tatarek-
Nossol, M., 2003, Conformational restriction via cyclization in beta-amyloid peptide 
Abeta(l-28) leads to an inhibitor of Abeta(l-28) amyloidogenesis and cytotoxicity. Chem. 
Biol. 10: 149-159. 

Kim, C.A. and Berg, J.M., 1993, Thermodynamic beta-sheet propensities measured using a 
zinc-finger host peptide. Nature 362: 270. 

Kisilevsky, R., Lemieux, L.J., Eraser, P.E., Kong, X., Hultin, P.G., and Szarek,W.A., 1995, 
Arresting amyloidosis in vivo using small-molecule anionic sulphonates or sulphates: 
implications for Alzheimer's disease. iVa;. Med. 1: 143-148. 

Lambert, M.P., Barlow, A.K., Chromy, B.A., Edwards, C , Freed, R., Liosatos, M., Morgan, 
T.E., Rozovsky, 1., Troinmer, B., Viola, K.L., Wals, P., Zhang, C , Finch, C.E., Krafft, 
G.A., and Klein,W.L., 1998, Diffusible, nonfibrillar ligands derived from Abetal-42 are 
potent central nervous system neurotoxins. Proc. Natl. Acad. Sci. USA 95: 6448-6453. 

Lim, G.P., Yang, F., Chu, T., Chen, P., Beech, W., Teter, B., Tran, T., Ubeda, O., Ashe, K.H., 
Frautschy, S.A., and Cole, G.M., 2000, Ibuprofen suppresses plaque pathology and 
inflammation in a mouse model for Alzheimer's disease. J. Neurosci. 20: 5709-5714. 

Lorenzo, A. and Yankner, B.A., 1994, Beta-amyloid neurotoxicity requires fibril formation 
and is inhibited by congo red. Proc. Natl. Acad. Sci. USA 91: 12243-12247. 

Mann, D.M., 1989, Cerebral amyloidosis, ageing and Alzheimer's disease; a contribution 
from studies on Down's syndrome. Neurobiol. Aging 10: 397-399. 

Mason, J.M., Kokkoni, N., Stott, K., and Doig, A.J., 2003, Design strategies for anti-amyloid 
agents. Curr. Opin. Struct. Biol. 13: 526-532. 

McGeer, E.G. and McGeer, P.L., 1998, The importance of inflammatory mechanisms in 
Alzheimer disease. Exp. Gerontol. 33: 371-378. 

Merlini, G., Ascari, E., Amboldi, N., Bellotti, V., Arbustini, E., Perfetti, V., Ferrari, M., 
Zorzoli, I., Marinone, M.G., and Garini, P., 1995, Interaction of the anthracycline 4'-iodo-
4'-deoxydoxorubicin with amyloid fibrils: inhibition of amyloidogenesis. Proc. Natl. Acad. 
Sci. USA 92: 2959-2963. 

Moechars, D., Dewachter, I., Lorent, K., Reverse, D., Baekelandt, V., Naidu,A., Tesseur, I., 
Spittaels, K., Haute, C.V., Checler, F., Godaux, E., Cordell, B., and Van Leuven, F., 1999, 
Early phenotypic changes in transgenic mice that overexpress different mutants of amyloid 
precursor protein in brain. / . Biol Chem. 274: 6483-6492. 

Moore,G.J., 1994, Designing peptide mimetics. Trends Pharmacol. Sci. 15: 124-129. 
Nakagami,Y., Nishiraura, S., Murasugi, T., Kaneko, I., Meguro, M., Marumoto, S., Kogen, 

H., Koyama, K., and Oda, T., 2002, A novel beta-sheet breaker, RS-0406, reverses 
amyloid beta-induced cytotoxicity and impairaient of long-term potentiation in vitro. Br. 
J. Pharmacol. 137: 676-682. 

Pallitto, M.M., Ghanta, J., Heinzelman, P., Kiessling, L.L., and Murphy, R.M., 1999, 
Recognition sequence design for peptidyl modulators of beta-amyloid aggregation and 
toxicity. Biochemistry 38: 3570-3578. 

Pappolla, M., Bozner, P., Soto, C, Shao, H., Robakis, N.K., Zagorski, M., Frangione, B., and 
Ghiso, J., 1998, Inhibition of Alzheimer beta-fibrillogenesis by melatonin. J. Biol. Chem. 
273:7185-7188. 



Amyloid Inhibitors andpSheet Breakers 363 

Pemianne, B., Adessi, C , Fraga, S., Frossard, M.J., Saborio, G.P., and Soto, C , 2002a, Are 
beta-sheet breaker peptides dissolving the therapeutic problein of Alzheimer's disease? / 
Neural Transm. SuppI 293-301. 

Permanne, B., Adessi, C , Saborio, G.P., Fraga, S., Frossard, M.J., Van Dorpe, J., Dewachter, 
I., Banks, W.A., Van Leuven, F., and Soto, C , 2002b, Reduction of amyloid load and 
cerebral damage in a transgenic mouse model of Alzheimer's disease by treatment with a 
beta-sheet breaker peptide. FASEB J. 16: 860-862. 

Pike, C.J., Burdick, D., Walencewicz, A.J., Glabe, CO., and Cotman, C.VV,, 1993, 
Neurodegeneration induced by beta-amyloid peptides in vitro: the role of peptide assembly 
state. J. Neiimsci. 13: 1676-1687. 

Price, D.L., Tanzi, R.E., Borchelt, D.R., and Sisodia, S.S., 1998, Alzheimer's disease: genetic 

studies and transgenic models. Annu. Rev. Genet. 32: 461-493. 
Salomon, A.R., Marcinowski, K.J., Friedland, R.P., and Zagorski, M.G., 1996, Nicotine 

inhibits amyloid formation by the beta-peptide. Biochemistry 35: 13568-13578. 
Selkoe, D.J., 1997, Alzheimer's disease: genotypes, phenotypes, and treatments. Science 275: 

630-631. 
Selkoe, D.J., 2000a, The genetics and molecular pathology of Alzheimer's disease: roles of 

amyloid and the presenilins. Neurol. Clin. 18: 903-922. 
Selkoe, D.J., 2000b, The origins of Alzheimer disease - A is for amyloid. Jama: Journal of 

the American Medical Association 283: 1615-1617. 
Sigurdsson, E.M., Permanne, B., Soto, C., Wisniewski, T., and Frangione, B., 2000, In vivo 

reversal of amyloid-beta lesions in rat brain. / . Neuropathol. Exp. Neurol. 59: 11-17. 
Soto, C , 1999, Plaque busters: strategies to inhibit amyloid formation in Alzheimer's disease. 

Mol. Med. Today 5: 343-350. 
Soto, C , 2003, Unfolding the role of Protein Misfolding in Neurodegenerative Diseases. 

Nature Rev. Neurosci. 4: 49-60. 
Soto, C , Branes, M.C., Alvarez, J., and Inestrosa, N.C., 1994, Structural determinants of the 

Alzheimer's amyloid beta-peptide. / . Neurochem. 63: 1191-1198. 
Soto, C., Castano, E.M., Frangione, B., and Inestrosa, N.C., 1995, The alpha-helical to beta-

strand transition in the amino-tenninal fragment of the amyloid beta-peptide modulates 
amyloid formation. / . Biol. Chem. 270: 3063-3067. 

Soto, C., Kindy, M.S., Baumann, M., and Frangione, B., 1996, Inhibition of Alzheimer's 
amyloidosis by peptides that prevent beta-sheet conformation. Biochem. Biophys. Res. 
Commiin. 226: 672-680. 

Soto, C., Sigurdsson, E.M., Morelli, L., Kumar, R.A., Castano, E.M., and Frangione, B., 
1998, Beta-sheet breaker peptides inhibit fibrillogenesis in a rat brain model of 
amyloidosis: implications for Alzheimer's therapy. Nature Med. 4: 822-826. 

Terry, R.D., 1994, Neuropathological changes in Alzheimer disease. Prog. Brain Res. 101: 
383-390. 

Tjemberg, L.O., Naslund, J., Lindqvist, F., Johansson, J., Karlstrom, A.R., Thyberg, J., 
Terenius, L., and Nordstedt, C, 1996, Arrest of beta-amyloid fibril formation by a 
pentapeptide ligand./. Biol. Chem. Ill: 8545-8548. 

Tomiyama, T., Asano, S., Suwa,Y., Morita, T., Kataoka, K., Mori, H., and Endo, N., 1994, 
Rifampicin prevents the aggregation and neurotoxicity of amyloid beta protein in vitro. 
Biochem. Biophys. Res. Commun. 204: 76-83. 

Van Leuven, F., 2000, Single and multiple transgenic mice as models for Alzheimer's disease. 
Progress in Neurobiology 61: 305-312. 

Walsh, D.M., Hartley, D., Kusumoto, Y., Fezoui, Y., Condrom, M.M., Lomakin, A., 
Benedek, G.B., Selkoe, D.J., and Teplow, D.B,, 1999, Amyloid beta-protein 



364 Claudio Soto and Lis bell Estrada 

fibrillogenesis. Structure and biological activity of protofibrillar intermediates. / . Biol. 
Chem. 214: 25945-25952. 

Walsh, D.M., Klyubin. I., Fadeeva, J.V., Rowan, M.J., and Selkoe, D.J., 2002, Amyloid-beta 
oligomers: their production, toxicity and therapeutic inhibition. Biochem. Soc. Trans. 30: 
552-557. 

Wood, S.J., MacKenzie, L., Maleeff, B., Hurle, M.R., and Wetzel, R., 1996, Selective 
inhibition of Ap fibril formation./ Biol. Chem. Ill: 4086-4092. 

Wood, S.J., Wetzel, R., Martin, J.D., and Hurle, M.R., 1995, Prolines and amyloidogenicity in 
fragments of the Alzheimer's peptide beta/A4. Biochemistry 34: 724-730. 

Yankner, B.A., 1996, Mechanisms of neuronal degeneration in Alzheimer's disease. Neuron 
16:921-932. 

Younkin, S.G., 1995, Evidence that AP 42 is the real culprit in Alzheimer's disease. Ann. 
Neurol. 31: 287-288. 




