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Abstract Protein misfolding disorders, such as Alzheimer's
disease and Parkinson's disease, have in common that a
protein accumulates in an insoluble form in the affected
tissue. The process of aggregation follows a mechanism of
seeded polymerization. Although the toxic species is still
not well defined, the process, rather than the end product, of
fibril formation is likely the main culprit in amyloid toxicity.
These findings suggest that therapeutic strategies directed
against the protein misfolding cascade should focus on
depleting aggregation intermediates rather than on large
fibrillar aggregates. Recent studies involving natural com-
pounds have suggested new intervention strategies. The
polyphenol epi-gallocatechine-3-gallate (EGCG), the main
polyphenol in Camilla sinensis, binds directly to a large
number of proteins that are involved in protein misfolding
diseases and inhibits their fibrillization. Instead, it promotes
the formation of stable, spherical aggregates. These spherical
aggregates are not cytotoxic, have a lower β-sheet content
than fibrils, and do not catalyze fibril formation. Correspond-
ingly, epi-gallocatechine-3-gallate remodels amyloid fibrils
into aggregates with the same properties. Derivatives of
Orcein, which is a phenoxazine dye that can be isolated
from the lichen Roccella tinctoria, form a second promis-
ing class of natural compounds. They accelerate fibril
formation of the Alzheimer’s disease-related amyloid-beta
peptide. At the same time these compounds deplete olig-
omeric and protofibrillar forms of the peptide. These com-
pounds may serve as proof-of-principle for the strategies
of promoting and redirecting fibril formation. Both may

emerge as two promising new therapeutic approaches to
intervening into protein misfolding processes.
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Many diseases that occur mostly with age are caused by
protein misfolding. These include the most common neurode-
generative disorders, Alzheimer's disease (AD) and
Parkinson's disease (PD), as well as systemic disorders in
which the peripheral organs are serum amyloid A affected.
Examples of these are amyloid light chain and amyloidoses
and adult-onset (type II) diabetes. These disorders all have in
common that a protein accumulates in an insoluble form in the
affected tissue. The location of the deposits and the identity of
the proteins are characteristic for each particular disorder and
the deposited proteins share no obvious sequence homologies
[1]. However, they do share two characteristics: the majority
of the affected proteins or protein fragments are at least
partially unfolded under physiological conditions [2], and all
of them share a characteristic intramolecular cross-beta sheet
conformation that results in the formation of insoluble fibrillar
structures. These structures yield a characteristic pattern in
powder X-ray diffraction measurements, reflecting the two
characteristic atomic distances, 4.7 and ∼10 Å, of the cross-
beta structure [3, 4]. Although the term “amyloid” has histor-
ically been defined in the context of histology, it will be used
in this review as shorthand for all protein aggregates that share
these structural properties.

AD, first described by Alois Alzheimer in 1907 [5] is the
most frequent protein misfolding disease and, with 24 million
cases per year worldwide, one of the most frequent aging-
related diseases [6]. Extracelluar protein deposits in AD are
formed by products of an alternative proteolytic processing of
the amyloid precursor protein (APP). APP processing by beta-
and gamma-secretase produces amyloid beta (Aβ) peptides of
36–43 amino acids [7], of which the 40-amino acid peptide Aβ
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40 is the most abundant, with a total brain concentration
of ∼1 nM, whereas the 42-amino acid peptide (Aβ 42)
is formed at a 10-fold lower concentration, but has a higher
aggregation propensity than Aβ 40 [8, 9]. Intraneuronal de-
posits in the form of neurofibrillary tangles are formed by the
microtubule-associated protein tau [10, 11]. Tau found in
neurofibrillary tangles is highly phosphorylated [12]. Muta-
tions in the APP gene and in the APP processing proteins can
increase Aβ 42 production leading to early-onset AD [13].
However, only a small percentage of AD cases can be traced
to specific mutations. The second most frequent protein
misfolding disease, PD, is characterized by the deposition of
misfolded proteins in dopaminergic neurons of the substantia
nigra [14]. These deposits primarily contain the alpha-
synuclein protein (αS), but have tau and Aβ as secondary
components. A number of autosomal dominant mutations in
hereditary PD document the central role of alpha-synuclein
protein in PD (for a review see [15]).

The process of amyloid formation in AD, PD, and other
protein misfolding diseases follows a mechanism of seeded
polymerization that has been compared to one-dimensional
crystal growth [16–18]. The process is characterized by a
lag phase, in which monomeric, di-, and oligomeric forms of
the protein are in kinetic equilibrium, as oligomer formation
is energetically unfavorable. Aggregates of a certain size or
conformation, however, stabilize and catalyze the addition
of monomers, which rapidly leads to the formation of large
fibrillar aggregates [19, 20]. Aggregation processes in vivo
are likely not as straightforward, but may involve numerous
alternative pathways, in which oligomeric and protofibrillar
aggregates are formed that may or may not be able to
nucleate amyloid formation.

Secondary nucleation processes have a major effect on the
kinetics of amyloid formation both in vitro and in vivo. In
secondary nucleation, fibrillar aggregates that were initially
formed in the aggregation pathway can nucleate further fibril
growth if a mechanism exists to break long fibrils into shorter
fragments [21]. These fragments can seed further fibril
growth, thus turning a linear polymerization process into an
autocatalytic replication of the amyloid structure [22]. This
process can be replicated in vitro by subjecting prions to a
cyclic process of fibril fragmentation and fibril growth, dem-
onstrating that autocatalytic seeded aggregation is the molec-
ular basis of prion replication [23, 24]. Recent data indicate
that prion-like replication can occur in many, if not all, amy-
loid diseases [25, 26]. Inoculating young ADmodel mice with
brain homogenate from late-stage disease mice accelerates
their disease progression [27]. It is believed that internaliza-
tion of amyloid aggregates and subsequent replication within
the cell are crucial to the spread of amyloid pathology between
cells and within tissues [25]. In cellular models, aggregates of
the tau protein can spread between cells and accelerate tau
aggregation in neighboring cells [28, 29].

Toxicity and Amyloid Formation

While macroscopic deposits of misfolded insoluble protein
aggregates characterize protein misfolding diseases, their con-
nection to cellular toxicity is not well understood. Alternative
hypotheses of how protein misfolding induces toxicity include:
1) loss-of-function as the conversion to a misfolded conforma-
tion reduces the pool of functional protein; 2) disruption of
cellular membranes; 3) disruption of mitochondrial function
and generation of reactive oxygen species; and 4) overloading
the regulatory networks of protein homeostasis [1, 30].

These mechanisms are not mutually exclusive, and all of
them may contribute to amyloid toxicity. Although the toxic
species is still poorly defined, there is growing consensus
that the process, rather than the end product, of amyloid
formation is the main culprit in amyloid toxicity[31–34].
Small oligomers of Aβ secreted from cell lines that
overproduce Aβ 42 inhibit long-term potentiation in hippo-
campal synaptic transmission [32] and induces neuronal
toxicity in mice [35]. Oligomeric forms of αS and Aβ
inhibit mitochondrial activity [31, 36]. Toxicity of Aβ 42
aggregates ebbs as monomers are depleted, but can be
restored by the addition of fresh monomeric protein [31].

These findings suggest that therapeutic strategies that
target the amyloid formation process should focus on
depleting aggregation intermediates such as oligomers
and protofibrils, rather than on large fibrillar aggre-
gates, and should also prevent the growth of these
intermediate species. Alternative therapeutic strategies
against amyloid toxicity could increase proteostatic capacity
or target reactive oxygen species (ROS). It has been described
that deposition of misfolded proteins increases the amount of
ROS [37], by causing inflammation in neuroglia, which, in
turn, catalyzes ROS formation [38, 39]. Aβ, αS, and PrP also
complex metal ions, such as FeII and CuI, that strongly
catalyze ROS formation [40, 41]. Concentrations of CuI and
FeII are in amyloid plaques are about twice as high as in
surrounding tissues [42].

Human amyloid deposits are rich in methionine and
tryptophan [43]. Mouse Aβ, which lacks histidine and
tyrosine, is less prone to aggregation than human Aβ
[44]. Methionine and tyrosine are easily modified by
ROS. Oxidation of methionine 35 increases Aβ aggre-
gation propensity [45] and tri- and tetrameric Aβ olig-
omers that are cross-linked by radical-induced di-
tyrosine bridges are toxic to cells [36]. It is not clear
whether oxidative stress and the generation of ROS is
the primary pathologic event or whether it is a conse-
quence of protein misfolding [46]. However, both pro-
cesses may well form a vicious cycle in which either
process accelerates the other, and both may cause cel-
lular toxicity in AD, PD, and other protein misfolding
diseases via multiple pathways.
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Strategies for Intervention into the Amyloid Formation
Cascade

Therapeutic approaches to AD or PD are, for the most part, still
directed toward treating the symptoms of neurodegeneration.
Approaches that target the underlying mechanisms of
proteotoxicity are currently in the developmental stage, i.e.,
under clinical or preclinical evaluation [47, 48]. Recent studies
involving natural compounds have suggested intervention strat-
egies that target the protein misfolding cascade in new ways.
This review will focus on catechins, especially the polyphenol
epi-gallocatechine-3-gallate (EGCG), and phenoxazines, such
as orcein and related compounds. The pharmacological inter-
vention strategies discussed in this review are primarily directed
against the process of protein misfolding and amyloid forma-
tion occurring in AD and PD. It should be noted, however, that
many of the molecules discussed also have antioxidant charac-
teristics. This is especially true for the polyphenol EGCG,
which is a potent antioxidant that can also complex iron and
copper ions and thus neutralize their catalytic effects in the
production of ROS. The mechanisms involved in this activity
have been described extensively elsewhere [41, 49, 50] .

Multiple lines of evidence suggest that oligomeric inter-
mediate stages of the amyloid cascade are the main culprits
for the toxicity of misfolded proteins [31, 51]. Different
strategies can be applied to reduce the amount of toxic
oligomers (Fig. 1a). The first strategy is directed toward
cutting off the supply of aggregation-competent monomeric
protein; an example of this is the use of β-secretase in-
hibitors [52, 53] that block the formation of the Aβ peptide
via cleavage of APP. A second approach is the inhibition of

aggregation with substances that bind to and destabilize the
amyloid structure (Fig. 1b). A detailed review of this ap-
proach is provided by Cohen and Kelly [54]. This review
will examine two alternative strategies for reducing toxicity
in protein misfolding: redirection of the amyloid cascade
towards nontoxic aggregates (Fig. 1c) and the stabilization
of large amyloid fibrils (Fig. 1d). Both approaches reduce
the concentration of aggregation intermediates by shifting
the equilibrium of the aggregation reaction to other, less
toxic aggregate species.

Natural Compounds in Amyloid Intervention

When analyzing the results of studies aimed at finding small
molecules that can modulate amyloid formation, one cannot
help but notice that natural compounds figure prominently.
Many of these fall into either or both of the categories of
polyaromatic dyes and antioxidants. The oldest dye that is
used to stain amyloid deposits in histology is Congo red
(Fig. 2a) [55]. At high concentrations, Congo red inhibits
amyloid formation [56]. Its toxicity, however, limits thera-
peutic application. Dyes that inhibit amyloid formation in-
clude thioflavin T (Fig. 2b) [57], methylene blue (Fig. 2c)
[58, 59], curcumin (Fig. 2d) [60]) and orcein (Fig. 2e–g) and
its derivatives (Fig. 2h, i) [61], which will be discussed in
more detail later. The class of antioxidants is mainly repre-
sented by polycyclic polyphenols. Curcumin (Fig. 2d), res-
veratrol (Fig. 2j) [62], dopamine (Fig. 2k) [63], and
catechins of the tea plant Camilla sinensis fall into this
category. In the following, EGCG (Fig. 2l), the most abun-
dant of these catechins, will be discussed in detail.

New Strategies for Intervention in Amyloidogenesis:
EGCG

Catechins from tea leaves and grape seeds, especially
EGCG, have been a focus of intensive research for more
than a decade. Tea leaves consist of 30 % catechins, one
third of which is EGCG [64]. In addition to its antioxidant
properties, EGCG shows promising effects on tumor growth
in cell and mouse models. Thus, a possible application in
cancer therapy has been extensively investigated. The vari-
ous areas of potential EGCG applications have been sum-
marized in [65].

A variety of epidemiologic data, as well as several exper-
imental studies in cell and animal models of AD and PD,
point to a beneficial effect of green tea, green tea extracts, or
EGCG. EGCG reduced the toxicity of Aβ in pheochromo-
cytoma and neuroblastoma cell models [66, 67]. Green tea
extract decreased the formation of amyloid deposits [68, 69]
and the loss of spatial learning ability in a mouse model of

Fig. 1 Intervention strategies protein misfolding disorders. a
Preventing formation of the aggregation competent monomers; b dis-
aggregation of aggregation intermediates; c derailing amyloid forma-
tion; d accelerating formation of large fibrillar aggregates
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AD [70]. In a rat model, there was an increase in learning
ability with long-term EGCG treatment [71]. EGCG or
green tea extract inhibit the loss of dopaminergic neurons
in the substantia nigra in animal models of PD [72]. Epide-
miologic studies, in which patients were questioned about
their lifestyles over many years, found a negative correlation
between the consumption of green tea and loss of cognitive
function [73]. The incidence of Parkinsonism is 5- to 10-fold
lower in Asia than in Western societies [74]. Finally, the first
clinical pilot studies demonstrated a reduction in light chain
amyloid deposition and the thickness of the cardiac septum in
myeloma patients after the intake of green tea extract [75, 76].

Mechanism of EGCG Intervention

Alternative hypotheses for the protective mechanism of
EGCG on protein misfolding diseases have been discussed.

Early hypotheses centered on the antioxidant activity of
EGCG [49]. It has also been described that EGCG increases
the degradation of APP into non-amyloidogenic peptides
via α-secretase [77, 78] and inhibits the activity of β-
secretase [79].

Recent evidence suggests that direct interaction of EGCG
with misfolded proteins makes a major contribution to the
beneficial effect of EGCG, if not being its primary mecha-
nism of action. In 2006, Ehrnhoefer et al. [80] found that
EGCG directly inhibits the aggregation of the huntingtin
protein [80]. Since then, it has been shown that EGCG binds
directly to a large number of proteins that are involved in
protein misfolding diseases and that EGCG inhibits their
fibrillization. Examples include αS [81, 82], Aβ [36, 82],
transthyretin [83], lysozyme [84], the prion protein PrP [85],
and the yeast prion Sup35 [86].

EGCG binds strongly to unfolded proteins [82, 87].
Examination by nuclear magnetic resonance (NMR) showed
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that resonances of 30 % of the amino acids were rapidly lost
after incubation of monomeric αS with EGCG [82]. This
finding would suggest a nonspecific interaction of EGCG
with the peptide backbone or, possibly, with hydrophobic
residues of the polypeptide chain. The binding could occur
through hydrophobic interactions or through H-bonding.
EGCG binds to the Aβ peptide via hydrophobic sequences
at amino acids 14–24 and 27–37 [88, 89]. EGCG binding
inhibits the formation of the β-sheet in the first β-sheet
region (amino acids 14–24) [90]. Formation of this β-
sheet is thought to initiate the formation of amyloid [91].
EGCG can also bind to the hydrophobic region of folded
proteins, such as albumin [92] or transthyretin [93]. Several
defined binding sites were localized on exposed hydropho-
bic residues of the proteins. The binding energy has an
entropic, as well as an enthalpic, component, which indi-
cates that stabilization of H-bonds occurs in addition to the
hydrophobic interactions [92]. A thermodynamic analysis of
the interaction of EGCG with Aβ40 confirmed that there are
entropic and enthalpic contributions to the binding [87].
While most studies suggest that EGCG binding is mediated
by hydrophobic and π stacking interactions reversible cova-
lent conjugation, for example via the formation of Schiff
bases, has also been discussed [94].

The analysis of aggregation reactions in the presence
and absence of EGCG demonstrated that EGCG inhibits
the formation of fibrillar aggregates that bind to amyloid
dyes, such as Congo red or thioflavin T. Instead, in the
case of αS, Aβ, and most other amyloidogenic proteins,
stable, spherical aggregates are formed (Fig. 2) [82].
These spherical aggregates are not cytotoxic and have
a lower β-sheet content than fibrils [90]. In particular,
they lack the characteristic property of amyloid fibrils to
catalyze their own formation. EGCG-induced aggregates
do not seed fibril formation when they are added to a
solution of monomeric Aβ or αS [82]. As EGCG ag-
gregates cannot function as aggregation nuclei, they are,
by definition, off-pathway in relation to the amyloid
cascade (Fig. 2).

The general mechanism of EGCG has now been
confirmed in various misfolded protein systems [81,
95, 96] and the yeast prion Sup35 [86]. However,
mechanistic details seem to depend on the stability of
the protein aggregates that are formed with the aid of
EGCG. Carboxymethylated casein forms fibrils with β-
sheet structure that bind to the amyloid dye thioflavin
T; it has, therefore, been used as a generic model
system for amyloid formation [97]. EGCG inhibits the
fibril formation of casein through its binding to aβ-sheet-turn-
sheet motif of the protein [98]. The protein remains in solution
as a monomer after EGCG binding. The casein model, how-
ever, is atypical for amyloidogenic proteins in that the β-
sheet–turn–sheet motif structure, which is characteristic of

many amyloid fibrils [99], is already present in the monomeric
form of the protein [98]. In contrast, the Aβ peptide, as well as
most other proteins, forms these structures during aggregation
into oligomeric and protofibrillar intermediates of the amyloid
cascade [100].

Disassembly and Remodeling of Amyloid Deposits

Hauber et al. [101] demonstrated that EGCG inhibits the
formation of amyloid-like fibrils of a fragment of prostatic
acidic phosphatase and that it dissolves fibrils that have
already formed. The fibrils of this semen-derived enhancer
of virus infection bind to human immunodeficiency virus
and facilitate its entry into the body through mucous mem-
branes [102]; here, a local application of EGCG helps to
prevent human immunodeficiency virus infection [101].
Disassembly or transformation of fibrils by EGCG has
also been observed for several other amyloid-forming
proteins. After treatment with EGCG, the yeast prion
Sup35 loses its ability to replicate the fibrillar structure
[86]. EGCG degrades fibrils of transthyretin [96]; fibrils
of merozoite surface protein 2 are also transformed into
an amorphous structure by EGCG [103]. We were able
to elucidate the mechanism by which EGCG acts on αS
and Aβ fibrils [104].

When EGCG is added to fibrils of Aβ or αS the fibrillar
structure is gradually lost and sodium dodecyl sulfate
(SDS)-resistant spherical or amorphous structures are
formed (Fig. 3a) that do not bind to thioflavin T, do not
catalyze seeding-induced aggregation, and that are not toxic
in neuronal (SHSY5Y, PC12) cell models [104]. They pos-
sess the same properties as the off-pathway aggregates that
are formed in the presence of monomeric αS and Aβ in the
presence of EGCG. In the neuronal cell model Aβ aggre-
gates are degraded after treatment with EGCG [104].

Mechanisms of Amyloid Fibril Remodeling

Two mechanisms may be postulated for the transformation
of fibrillar into amorphous structures (Fig. 3a, b): either the
fibrils are dissociated by EGCG or they are converted di-
rectly into amorphous structures, i.e., without passing
through the monomer stage (Fig. 3b). Disassembly of the
fibrils could be initiated by EGCG binding, or it could occur
indirectly if EGCG binds to the monomeric form of the
protein and shifts the equilibrium between monomeric and
fibrillar phases by removing monomers irreversibly from the
reaction (Fig. 3b).

In order to differentiate between these two possibilities,
fluorescent markers were incorporated into Aβ fibrils [104].
If red-tagged fibrils are mixed with green-tagged fibrils, a
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mechanism in which dissociation of the fibrils is followed
by re-aggregation should lead to amorphous aggregates
containing similar amounts of both red- and green-tagged
monomers. If the fibrils are transformed by EGCG in situ
into amorphous structures without first being disassembled,
then each structure would either be predominantly green or
red. Surprisingly, this latter scenario was observed after
treating Aβ with EGCG [104], indicating that EGCG does
not disassemble the fibrils but rather remodels them directly
into amorphous structures. The molecular details of this
mechanism still need to be clarified. A plausible mechanism
would begin with EGCG binding to the amino acids 14–24
β-sheet of Aβ in the fibril which could weaken the cross-β
structure. Simultaneously, EGCG promotes formation of
amorphous aggregates at the fibril ends through hydropho-
bic interactions, Π–Π stacking, or the formation of covalent
networks (Fig. 3a).

Perspectives for Prevention and Therapy

The effects of EGCG in vitro were observed at low micro-
molar concentrations; reduction of Aβ deposits and rescue
of metabolic inhibition occurred in the same concentration
range [82, 89, 104]. Oral administration of EGCG (50 mg/kg
body weight) to AD-model mice (tg2576) decreased plaque
load and rescued cognitive performance [69]. Plasma con-
centrations close to 1 μM were achieved in mice after oral
administration of EGCG (75 mg/kg) [105]. Oral

administration of EGCG (450 mg) or green tea extract
(1.2–4.5 g, corresponding to 100–300 mg EGCG) resulted
in similar peak plasma concentrations in humans [106–108].
While EGCG has been recognized to be hepatotoxic in mice
at concentrations of 500 mg/kg body weight and above and
sporadic incidents of hepatotoxicity in humans have been
reported [109, 110], daily doses of 800 mg EGCG have been
used in clinical trials without adverse effects (clinical trial
NCT00951834) [111].

However, a widely recognized problem in the therapeutic
application of EGCG is the large variability in the bioavail-
ability of orally administered EGCG (reviewed in [108] and
[112]). This is owing to its high sensitivity to oxidation, the
tendency to conjugate to proteins in the digestive tract (e.g.,
casein), and rapid metabolism in the body. With an especially
conscientious oral regimen these problems can be overcome
[76]. However, the variations in bioavailability confound the
systematic evaluation of treatment outcome in clinical studies
[108]. In addition, only 10–20% of the EGCG passes through
the blood–brain barrier [113]. Several approaches aim to solve
the problem of bioavailability; encapsulation of EGCG in
nanoparticles increases its uptake and long-term bioavailabil-
ity [114, 115]. The uptake of EGCG in the gastrointestinal
tract can be increased via the simultaneous intake of vitamin C
[116] and piperine [105]. Concomitant intake of fish oil has
augmented the anti-amyloid effectiveness of EGCG in a
mouse model of AD [117].

Encapsulation may also improve the cellular availability of
EGCG. Enclosing EGCG in poly-(lactide-co-glycolide)
nanoparticles increased its enhancing effect in chemotherapy
with cisplatin compounds [118]. Enclosure in lipid
nanoparticles increased the effect of EGCG on the cleavage
of APP by α-secretase in neuroblastoma cells [119]. We have
recently demonstrated that the transport of small molecules
such as EGCG through the cell membrane can also be aug-
mented by physical means through irradiation with a pulsed
laser source in the red to the near infrared wavelength region
[120]. Near infrared laser irradiation penetrates deeply into
human tissue. It can stimulate mitochondrial metabolism
[121] and enhance the effectiveness of EGCG in preventing
the proliferation of tumor cells [120]. The combination of
pulsed laser irradiation at 670 nm with the intake of EGCG
decreased the amount of Aβ aggregates and improves the
metabolic activity in a neuroblastoma cell model [122].

Reducing Proteotoxicity by Promoting Fibril Formation

The accumulation of extracellular amyloid plaques and intra-
cellular neurofibrillary tangles characterizes AD pathology
[123], and fibrillar protein deposits can be found in many, if
not all, protein misfolding diseases [1]. However, as aggrega-
tion intermediates are the likely culprits in proteotoxicity [46], it

Fig. 3 a Epi-gallocatechine-3-gallate (EGCG) redirects the amyloid
cascade into the formation of globular off-pathway aggregates. b
Alternative molecular mechanisms for the transformation of fibrillar
Aβ into spherical aggregates. i = direct remodeling; ii = dissociation/
re-aggregation
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should be possible to reduce toxicity by promoting the forma-
tion of larger fibrillar aggregates at the expense of oligomeric
intermediates. We demonstrated that inhibition of the Daf-2
receptor by RNA interference, the equivalent of the
insulin/insulin growth factor-receptor in Caenorhabditis
elegans, reduced proteotoxicity and consequently paralysis
in a C. elegans model that produced Aβ peptide in muscle
cells [124]. At the same time, Aβ deposition increased when
compared to the untreated control animals. Our interpretation
of this finding supports the oligomer toxicity hypothesis, as
we concluded that Daf-2 down-regulation likely reduced the
amount of oligomeric aggregation intermediates by promoting
the formation of large aggregates. Daf-2 negatively regulates
Daf-16, the C. elegans homolog of the human transcription
factor FOXO-3 [124], which controls the expression of a
number of chaperone proteins.

While the details of the mechanistic connection between
these pathways and opportunities for therapeutic intervention
into the regulation of protein misfolding remain to be explored
[30], the same concept can be leveraged for a direct therapeutic
intervention into Aβ amyloid formation. A group of natural
compounds, which can promote the formation of fibrillar Aβ,
was found in a screening study in the laboratory of Erich
Wanker [61]. At the same time, these compounds reduce olig-
omeric and protofibrillar forms of the peptide [61]. The com-
pounds are derivatives of Orcein (Fig. 2), which, like litmus, is a
phenoxazine dye that can be isolated from the lichen Roccella
tinctoria [125]. Orcein is a mixture of closely related substances
that share a phenoxazine backbone (Fig. 2e–g). It has been used
as natural dye and food coloring, but also as a histological stain
[126]. In testing a number of phenoxazines, O4 (Fig. 2i), a
semi-synthetic derivative of Orcein had the strongest activity in
promoting fibril formation. During extraction, the conjugated
hydroxyl group of the phenoxazine backbone easily hydrolyzes
into an amine (Fig. 1) [125]. Mixtures that contain either are
also known as Lacmoid or Resorcin blue.

Quantitative analysis of electron micrographs finds an in-
crease in fibrils and a decreased number of oligomeric and
protofibrillar aggregates when Aβ 42 aggregates in the pres-
ence of O4 compared with untreated controls [61]. The
amount of Aβ aggregates that remain insoluble when boiled
in 2% SDS can be measured in a filter retardation assay as an
indicator of mature amyloid fibrils [127]. SDS-resistant fibrils
of Aβ 42 are formed faster in the presence of O4 than in its
absence. While O4 increases the amount of mature fibrils,
these fibrils show decreased inhibition metabolic activity in
neuronal model cells and an increased survival of primary
neurons when compared with treatment with the Aβ peptide
in the absence of the compound [61]. At the same time O4
treatment rescued hippocampal long-term potentiation that is
impaired by Aβ 42. The Aβ 42 fibrils that were formed in the
presence of O4 were structurally similar to those formed by
untreated Aβ peptide, which suggests that the compound

binds to aggregated forms of the peptide and either promotes
fibril growth or inhibits monomer dissociation.

Binding of O4 to Aβ was analyzed by biochemical
methods, NMR, and molecular modeling [61], which con-
firmed this hypothesis and resulted in the following model
(Fig. 4): the small molecule binds with high affinity to oligo-
meric and fibrillar forms of the Aβ peptide, while affinity to
the Aβ monomer is substantially lower. It preferentially in-
teracts with two patches (amino acids 17–22 and 31–37). The
combination of titration experiments, NMR, and docking
models strongly suggests that O4 does not interact with a
single Aβ monomer but rather binds along the fibril axis,
bridging 4–5 Aβ molecules (Fig. 4a). This model strongly
suggests that bridging the Aβ monomers is what inhibits
monomer dissociation from the nascent fibril. Shifting the
equilibrium towards monomer association promotes fibril
growth (Fig. 4b). This, in turn, would shorten the lag phase
and lowers the concentration of toxic oligomers.

These data support the hypothesis that oligomeric forms,
rather than mature fibrils, are responsible for amyloid tox-
icity [32]. It also fits the observation that functional amy-
loid, such as the Pmel17 protein that scaffolds melanin

Fig. 4 aModel of O4 binding to fibrillar Aβ. The molecule bridges 4–
5 peptides and thus stabilizes the fibril. Docking (B Grüning, S.
Günther in [61]) uses the Aβ model from [99]. b Mechanistic model
of intervention. Monomer dissociation exceeds growth in pre-nuclear
assemblies (i), compound binding stabilizes early fibrillar aggregation
intermediates and inhibits monomer dissociation (ii)
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polymerization, forms fibrils much more rapidly that
disease-associated proteins [128]. While the toxicity of olig-
omeric forms of Aβ has been established in multiple exper-
iments in vitro [32, 51, 129], their role in pathogenesis in
vivo is much less understood. In general, the deposition of
macroscopic protein aggregates does track the progression of
protein misfolding diseases. The amount of neurofibrillary
tangles formed by the tau protein correlates with cognitive
decline in AD [11]. The presence of characteristic protein
deposits in brain tissue postmortem remains the definitive
diagnostic proof of Creutzfeld–Jacob disease and AD [130,
131]. Drugs that have mechanisms of action similar to the
Orcein derivatives could thus make a valuable contribution to
validating the oligomer hypothesis in vivo. It would predict
that these compounds should reduce neuronal loss and cogni-
tive deficits, but, at the same time, increase the amount of
protein deposited in large macroscopic aggregates.

There is plenty literature on a large number of small mol-
ecules, both natural and man-made, that intervene into the
amyloid formation cascade (Fig. 2). Some of these have been
reported to also accelerate fibril formation. Osmolytes like
trimethylamine-N-oxide [132], but also short peptides [133],
can accelerate the aggregation process. Likewise, scyllo-
inositol stabilized fibrillar structures with highβ-sheet content
and low toxicity [134]. Their mechanism of action has not
been fully explored yet, but it is likely that these substances
also decrease the fraction of toxic aggregation intermediates.
Interestingly, accelerated fibril formation was also observed in
the case of methylene blue (Fig. 2c), which is structurally
related to Orcein [59]. However, the authors concluded that
methylene blue, unlike Orcein or O4 affects oligomer and
fibril formation by two independent mechanisms.

These examples demonstrate that promoting fibril forma-
tion may emerge as a promising new therapeutic approach to
intervening into protein misfolding processes. Many of the
compounds studied so far are too large to effectively pene-
trate the blood–brain barrier, so their effectiveness in neu-
rodegenerative diseases may be limited. Unlike green tea
polyphenols, little data from animal models or from epide-
miologic studies is available so far. Methylene blue showed
promise in early studies on AD, which were attributed to its
effect on tau aggregation [58]. Results from clinical studies,
however, are inconclusive so far [135].

Conclusions

The misfolding of endogenous proteins and the formation of
fibrillar structures, which are integral to the concept of
amyloidogenesis, is a complex process involving the forma-
tion of many intermediate aggregate species. While the com-
plexity of the aggregation process has confounded our
understanding of the mechanisms of amyloid formation and

toxicity, it also provides many potential therapeutic targets.
Oligomeric intermediates play a central role in the pathology
of disorders of protein misfolding. New intervention strategies
involving natural compounds have emerged that target this
point in the amyloid cascade. While some of these, for exam-
ple, the polyphenol EGCG, show significant therapeutic po-
tential, there are still numerous practical hurdles that have to
be overcome before successful therapeutic application.

Understanding the basic mechanisms underlying pathology
is the foundation on which every rational therapy is built. It
offers a starting point for improving the pharmacokinetic
properties of existing compounds or for the development of
new substances that have the samemechanism of action as the
tea polyphenols and other natural compounds that were
discussed in this review. Mechanistic studies can open new
treatment strategies for amyloid disorders and show as a
proof-of-principle that detoxification of amyloid structures
by redirecting the fibril formation process is possible. It is
my express hope that their results will contribute to the devel-
opment of an effective, cause-based therapy for AD and PD
and other destructive forms of protein misfolding disorders.
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