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abstract
Abnormal protein folding and self-assembly causes over 30 cureless human diseases for which no disease-
modifying therapies are available. The common side to all these diseases is formation of aberrant toxic protein 
oligomers and amyloid fibrils. Both types of assemblies are drug targets, yet each presents major challenges to 
drug design, discovery, and development. In this review, we focus on two small molecules that inhibit formation 
of toxic amyloid protein assemblies – the green-tea derivative (–)-epigallocatechin-3-gallate (EGCG), which was 
identified through a combination of epidemiologic data and a compound library screen, and the molecular tweezer 
CLR01, whose inhibitory activity was discovered in our group based on rational reasoning, and subsequently 
confirmed experimentally. Both compounds act in a manner that is not specific to one particular protein and thus 
are useful against a multitude of amyloidogenic proteins, yet they act via distinct putative mechanisms. CLR01 
disrupts protein aggregation through specific binding to lysine residues, whereas the mechanisms underlying 
the activity of EGCG are only recently beginning to unveil. We discuss current in vitro and, where available, 
in vivo literature related to EGCG and CLR01’s effects on amyloid β-protein, α-synuclein, transthyretin, islet 
amyloid polypeptide, and calcitonin. We also describe the toxicity, pharmacokinetics, and mechanism of action 
of each compound.

abbreviations

ADAD  – Alzheimer’s disease
AFM  – Atomic force microscopy
Aβ  – Amyloid beta
APP  – Amyloid β-protein precursor
COMT  – Catechol-O-methyltransferase
CYP 450  – Cytochrome P450
EC  – Epicatechin
ECG  – Epicatechin-3-gallate
EGC  – Epigallocatechin
EGCG  – Epigallocatechin-3-gallate
EM  – Electron microscopy
FAP  –  Familial amyloidotic 

polyneuropathy
IAPP  – Islet amyloid polypeptide
IC50  –  Half maximal inhibitory 

concentration
IP  – Intraperitoneal
MPTP  –  1 - M e t h y l - 4 - p h e n y l - 1 , 2 , 3 , 6 -

tetrahydropyridine
MT  – Molecular tweezer
MTT  –  3-(4,5-Dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide
NBT  – Nitroblue-tetrazolium
NMR  – Nuclear magnetic resonance

PD  – Parkinson’s disease
SDS-PAGE  –  Sodium dodecyl sulfate 

polyacrylamide gel 
electrophoresis

SPRi  –  Surface plasmon resonance 
imaging

ThT  – Thioflavin T
TTR  – Transthyretin
UPS  – Ubiquitin-proteasome system

introduction

What is common to Alzheimer’s disease (AD), 
type-2 diabetes, medullary carcinoma of 
the thyroid, and human immunodeficiency 
virus infection? If you answered ‘protein 
aggregation,’ you answered correctly. In each 
of these diseases, particular proteins, which in 
all cases are part of normal physiology, change 
their behavior due to genetic, environmental, 
or unknown causes and begin to self-associate. 
The result is formation of abnormal oligomers 
of these proteins, which are not part of normal 
physiology, and in most of the cases studied 
to date, are cytotoxic [1]. They interfere with 
multiple cellular mechanisms, disrupt cell 

membranes, and eventually may cause cell 
death, all of which are mediated by mechanisms 
that are not well understood and are actively 
investigated [2]. The oligomers are metastable 
structures that are difficult to detect, isolate, 
and study even on their own, let alone in the 
complex context of a cell or a tissue.

The self-assembly process does not stop at 
the oligomers but continues on to formation 
of amyloid fibrils, which are polymers 
characterized by a cross-β structure, in which 
protein monomers are arranged in β-sheets 
aligned perpendicular to the fibril axis [3]. The 
amyloid fibrils are substantially more stable 
structurally than the oligomers, and therefore 
histological analysis of tissue from disease 
sufferers or animal models reveals the presence 
of deposited amyloid fibrils in, for example, 
amyloid plaques and neurofibrillary tangles 
in AD or Lewy bodies and Lewy neurites 
in Parkinson’s disease (PD) [4]. Intracellular 
deposits typically are found in dysfunctional 
cells, whereas extracellular amyloid often is 
surrounded by dead or dying cells and by 
an active inflammatory process. Because of 
their higher stability relative to oligomers, the 
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amyloid deposits and fibrils were discovered 
earlier than the oligomers and originally were 
thought to be the cause of diseases, such as 
AD [5]. However, the discovery of the toxic 
oligomers, the subsequent demonstration that 
in many cases oligomers were substantially 
more toxic than the corresponding fibrils, and 
better correlation of disease progression with 
soluble oligomers than with fibrillar deposits, 
led most researchers to adopt the view that 
oligomers of amyloidogenic proteins, not 
amyloid fibrils, are the predominant cause of 
the related diseases.

Efforts to obtain assembly inhibitors for 
treatment of amyloid-related diseases focused 
initially on inhibition of fibril formation or 
dissociation of fibrils [6]. With the realization 
that oligomers, rather than fibrils, likely were 
the primary culprits, the focus shifted towards 
generation of inhibitors and modulators 
of the oligomers aimed at preventing their 
toxicity. Because in many cases oligomers are 
thought to be precursors of amyloid fibrils, 
successful prevention of oligomer formation 
often also precludes formation of the fibrils, 
thereby inhibiting the toxicity of both types 
of assemblies. Recently, multiple examples 
have been published of compounds that may 
decrease the toxicity of amyloidogenic proteins 
by actually accelerating fibril formation, thereby 
reducing the steady-state concentration of the 
toxic oligomers [7-9]. However, the therapeutic 
applicability of this approach is questionable 
because amyloid deposits may be toxic 
themselves, the very process of their growth 
may contribute to cytotoxicity and tissue 
damage [10], and accelerating fibril formation 
may induce a harmful pro-inflammatory 
response [11].

An ideal assembly inhibitor would interact 
with different conformations of the offending 
protein, which would enable the inhibitor both 
to block formation of toxic oligomers and to 
dissociate already-formed aggregates into non-
toxic forms. Importantly, these forms should 
be soluble and amenable to degradation by 
the natural clearance mechanisms; otherwise, 
even if they are benign, they may accumulate 
and disrupt cellular function by sheer mass 
action. Examples of such inhibitors include 
predominantly two types of compounds – 

peptides derived from the amyloid proteins 
themselves [12,13], or found through screening 
in vitro or in silico [14-16], and small molecules 
found empirically [17,18].

Though small-molecule drug candidates 
typically possess superior pharmacological 
characteristics relative to peptides, for 
example higher biological stability and 
bioavailability, a rational basis for prediction 
of small-molecule efficacy is difficult to define 
and studies often are based on screening 
of large libraries or empirical findings. A 
particular difficulty in the amyloid field is 
the lack of specific and stable structures of 
the targets [19] that would allow efficient 
screening of potential pharmacophores in 
silico or in vitro. The absence of well-defined 
structures is partially the cause of the 
current reality in which neither the protein 
self-assembly process nor the interaction 
of the target proteins with inhibitors or 
cells is sufficiently understood [20]. Due 
to these obstacles, most efforts geared 
at discovering and testing new protein 
oligomerization inhibitors/modulators for 
different amyloid-related diseases have relied 
on empirical observations [21]. A particularly 
prominent trend has been the use of 
nutraceuticals – compounds isolated from 
natural food sources, for which empirical or 
epidemiological data suggested therapeutic 
potential [22]. The advantage here is clear – 

even if we do not know how or why these 
compounds work, at least we can reasonably 
expect them to be safe for human use [23].

If the main criterion for selection of 
aggregation modulator molecules is known 
safety based on many years of use, one might 
expect that the compounds available would 
have diverse structures. Surprisingly, however, 
the majority of the compounds reported 
in the literature based on this strategy are 
polyphenols or flavonoids [24,25]. The mode 
of action of these compounds, i.e., how they 
interact with amyloidogenic proteins or 
why the polyphenolic/flavonoid structures 
confer affinity for amyloid sequences, is 
unclear. Nevertheless, it has become evident 
that the binding of these compounds to 
amyloid sequences was not specific to one 
particular protein. Rather, compounds such 
as the green-tea (Camellia sinensis)-derived 
(−)-epigallocatechin-3-gallate [(2R,3R)-
5,7-dihydroxy-2-(3,4,5-trihydroxyphenyl)-
3 , 4 - d i h y d r o - 2 H - 1 - b e n z o p y r a n - 3 - y l 
3,4,5-trihydroxybenzoate (EGCG; Figure 1)] [26], 
the red-wine component resveratrol [27], or the 
coffee-bean extracted caffeic acid [28,29] can 
modulate the self-assembly process and inhibit 
the toxicity of multiple proteins [9]. Many of 
these compounds have additional activities, 
including anti-oxidant, anti-inflammatory, or 
chelatory actions that often are considered 
beneficial for treatment of amyloid-related 

Figure 1.  Chemical structures of major tea catechins. Catechins make up 10–30% of green tea weight. EGCG is the 
most abundant. Figure adapted from [41].
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diseases and have spurred a recent surge in 
reports of similar, multifunctional compounds 
[30-37]. However, the lack of understanding 
of the anti-amyloidogenic action of these 
compounds and their multiple other activities 
also have raised concerns about side-effects 
and potential toxicity ([38,39], also see 
comments in [9]).

egcg and clr01

The most studied compound among these 
examples is EGCG. Habitual green tea 
consumption has long been associated with 
health benefits, including neuroprotective, 
cardioprotective, anti-oxidant, anti-
inflammatory, and anti-carcinogenic effects 
[40]. These effects have been attributed to 
the high levels of polyphenols found in tea, 
especially green tea, due to the way tea 
leaves are processed. Polyphenols can be 
subdivided, with one of the larger categories 
being flavonoids, which can be further divided 
into subgroups, including catechins. These 
group names often are used interchangeably. 
The major catechins are epicatechin (EC), 
epigallocatechin (EGC), epicatechin-3-gallate 
(ECG), and (–)-epigallocatechin-3-gallate (EGCG) 
[41] (Figure 1). In green tea, polyphenols account 
for 20–40% of the weight, of which 60–80% 
are catechins, and EGCG is the most abundant 
among them – 50–80% [42]. Thus in 1 g of tea, 
EGCG constitutes ~130 mg. Green-tea catechins, 
and EGCG in particular, have been studied in 
many different fields of medicine, from human 
epidemiological studies to cellular and in vitro 
mechanistic studies. A PubMed literature search 
for “EGCG” results in over 2,900 hits, the majority 
of which are studies of the anti-oxidant and anti-
carcinogenic activities of EGCG.

EGCG also has been tested against multiple 
amyloidogenic proteins both in vitro and in 
vivo and has been found to have beneficial 
effects in various disease models, establishing 
it as a broad-spectrum drug candidate. Based 
on screening a library of ~5,000 natural 
substances for inhibitors of aggregation of 
mutant huntingtin (Htt) exon 1 containing a 
polyglutamine expansion, EGCG was identified 
as the only purified compound (as opposed 
to plant extracts) with substantial inhibitory 

activity [43]. Epidemiologic studies of PD 
and cognitive impairment [44-46] showed 
a moderate risk reduction in habitual tea 
drinkers compared to non-drinkers, supporting 
a role for EGCG as a protective compound in 
PD, though the protective activity could not 
be ascribed directly to inhibition of protein 
aggregation, because of EGCG’s other various 
reported beneficial therapeutic effects [47-55]. 
Further investigation of the anti-aggregation 
activity showed that EGCG modulated or 
inhibited amyloid assembly of a number of 
amyloidogenic polypeptides, including amyloid 
β-protein (Aβ, related to AD), α-synuclein 
(related to PD), islet amyloid polypeptide 
(IAPP, also known as amylin, related to type-2 
diabetes), Htt (related to Huntington’s disease), 
the human immunodeficiency virus enhancer 
factor – semen-derived enhancer of virus 

infection (SEVI), and the Plasmodium falciparum 
merozoite surface protein 2 (related to malaria) 
[43, 56-63]. EGCG also causes conversion of the 
cellular form of the prion protein, PrPC, into 
a form distinct from the pathological scrapie 
prion protein, PrPSc [64].

Here, we compare EGCG with a drug 
candidate developed in our laboratory, the 
molecular tweezer CLR01, which in contrast 
to EGCG and the other small molecules 
mentioned above, was tested for its ability to 
inhibit protein self-assembly and toxicity based 
on a mechanistic rationale [65]. Torus-shaped 
molecular tweezers (MTs) were developed 
originally by Klärner and coworkers as host 
molecules for a variety of guests in organic 
solvents [66]. Introduction of negatively 
charged groups attached to the central 
hydroquinone in the hydrocarbon backbone 

Figure 2.  Chemical structures of molecular tweezers (MTs). A) Lysine-specific MTs bearing phosphate or 
phosphonate groups. B) Schematic representation of the interaction between CLR01 and Lys.
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led to water-soluble derivatives, suitable for 
biological applications, and to the discovery 
of the specificity of diphosphonate and 
diphosphate MTs (Figure  2A) for Lys residues 
[67,68]. The specificity for Lys is achieved by 
inclusion of the butylene moiety in the Lys 
side-chain within the MT cavity enabling 
hydrophobic interactions, together with 
electrostatic attraction between the negatively 
charged groups of the MT and the positively 
charged ε-NH2 group of the Lys side-chain 
(Figure 2B).

In amyloid fibrils, the major forces holding 
together the cross-β structure are hydrogen 
bonds and hydrophobic interactions. In 
contrast, in the early stages of the aberrant 
self-assembly of amyloidogenic proteins, when 
oligomers and nuclei form, the contribution 
of hydrogen bonding and β-sheet structure is 
lower. In these early steps, the self-assembly 
is mediated by a combination of hydrophobic 
and electrostatic interactions.

As Lys is the only proteinogenic amino 
acid that effectively forms both hydrophobic 
and electrostatic interactions in peptides 
and proteins and contributes substantially to 
these early self-assembly processes, the ability 
of MTs to bind specifically to the amino acid 
Lys was hypothesized to interfere with both 
these types of interactions within and among 
polypeptides [9,65]. This hypothesis was tested 
and concluded to be true by our group and our 
many collaborators over the last several years.

Lys is a ubiquitous residue and therefore 
the strategy held promise to produce broad-
spectrum inhibitors. At the same time, binding 
of MTs to exposed Lys residues in virtually 
any protein raised obvious concerns about 
potential toxicity. However, this was found not 
to present a major problem because of the 
difference in forces stabilizing amyloidogenic 
versus normal proteins. The abnormal 
structures of oligomers of amyloidogenic 
proteins are held together by relatively weak 
forces, as opposed to normal proteins, whose 
structures have been shaped and optimized 
by millions of years of evolution. MTs bind to 
Lys residues with micromolar affinity, which 
is relatively weak but has been found to be 
sufficient for modulating the assembly and 
inhibit the toxicity of multiple amyloidogenic 

proteins without causing toxicity in cell culture 
unless substantially higher concentrations 
were used [69]. These data are consistent 
with in vitro enzyme inhibition studies, which 
required MT concentrations at least an order 
of magnitude higher than those needed for 
inhibition of amyloidogenic proteins [68,70] 
and with data showing beneficial effects with 
no associated toxicity in animal models [71,72]. 
Below we compare and contrast in detail the in 
vitro and in vivo activities, modes of action, and 
drug-like characteristics of the broad-spectrum 
inhibitors EGCG and CLR01.

effects on aβ toxicity and 
assembly in vitro and in cell 
culture

Aβ was described originally as a component 
of vascular amyloid deposits associated with 
cerebrovascular amyloidosis [73] and the 
major component of amyloid plaques, both 
associated with AD [74]. The discovery of Aβ in 
these amyloid deposits led to the fibril-centered 
“amyloid cascade hypothesis” [5] as the driving 
tenet in AD pathogenesis. However, cumulative 
research in the last two decades has established 
that soluble, non-fibrillar Aβ assemblies, 
rather than fibrils, are the neurotoxic and 
synaptotoxic culprits underlying the protein-
misfolding aspects of AD pathogenesis, which 
was emphasized by an updated version of the 
“amyloid cascade hypothesis” [75]. Therefore, 
efforts to find inhibitors of Aβ assembly and 
hence Aβ-mediated toxicity have intensified in 
parallel.

EGCG: EGCG’s capability to inhibit Aβ-
induced toxicity and Aβ assembly has been 
studied in vitro by multiple researchers. 
Bastianetto et al. found that micromolar 
concentrations of EGCG prevented 15-μM 
Aβ42-induced neurotoxicity in mixed rat 
primary hippocampal cells [76]. Pre-incubation 
of cells with EGCG for 30 min before addition 
of Aβ42 did not promote cell survival, whereas 
co-incubation of EGCG with Aβ did. Therefore, 
the authors postulated that direct EGCG–Aβ 
interaction mediated the protective effect 
of EGCG. Thioflavin T (ThT) fluorescence [77] 
experiments supported this hypothesis by 
showing that EGCG (1–10 μM) inhibited Aβ42 

(15 μM) β-sheet formation [76]. However, it was 
later shown, as discussed below, that EGCG 
competes with ThT for hydrophobic binding 
sites on amyloid fibrils, which decreases the 
ThT fluorescence in the initial time points of 
the assay and causes remodeling of amyloid 
fibrils in later time points thus interfering with 
ThT binding and fluorescence [78].

Aβ42 assemblies produced in the presence 
of EGCG were found not to be cytotoxic in rat 
pheochromocytoma cells (PC-12) [57] and 
EGCG rescued Chinese hamster ovary cells, 
overexpressing amyloid β-protein precursor 
(APP, 7PA2 cells) from the toxic effects of Aβ 
oligomers [58]. These cells previously had been 
shown to secrete highly neurotoxic dimers and 
trimers into the culture medium [79,80], though 
the toxic effect actually may require formation 
of protofibrils [81]. Pre-formed intracellular 
Aβ42 aggregates in these cells were found by 
immunofluorescence microscopy to disappear 
after three days of EGCG treatment [58]. 
This finding and the cytoprotective effects 
of EGCG treatment against Aβ42 oligomers 
generated in tissue-culture medium [58], 
led to the hypothesis that EGCG-mediated 
remodeling of amyloid assemblies likely 
protects cells from Aβ42-induced toxicity [58]. 
Various concentrations of EGCG incubated 
with 15 μM soluble Aβ42 caused prolongation 
of the fibrillization lag phase, even when 10-
fold molar excess Aβ42 to EGCG were mixed 
together [57]. A 72-h incubation of Aβ42 with 
EGCG caused formation of mostly spherical or 
amorphous structures, in contrast to typical 
Aβ42 protofibrils and fibrils, which were the 
predominant morphology without EGCG 
treatment. These findings suggested that EGCG 
bound to Aβ oligomers and prevented their 
conversion into fibrils [58].

To examine the effect of EGCG on Aβ 
oligomerization, 50 μM Aβ42 were incubated 
in the absence or presence of EGCG and 
probed using the oligomer-specific antibody 
A11 [82] by dot-blotting [57]. A11 recognized 
untreated Aβ42 following incubation for 6–24 
h, but not Aβ42 incubated with EGCG, whereas 
6E10 (a monoclonal antibody against Aβ and 
APP) reacted with both treated and untreated 
Aβ42 [57]. The authors concluded that EGCG-
stabilized Aβ42 oligomers, which likely differed 
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structurally from the A11-reactive amyloid 
oligomers described previously.

Patients with AD likely will be treated 
with any assembly inhibitor after substantial 
amyloid deposition has occurred in their 
brains. Therefore, it is valuable to test whether 
inhibitors not only prevent formation of 
new aggregates, but also can disassemble 
pre-formed amyloid fibrils. When equimolar 
concentrations of EGCG were added to Aβ42 
fibrils, the morphology of the fibrils was 
altered within 1–4 h. Besides large assemblies 
with typical fibrillar morphology, smaller 
amorphous assemblies were found in EGCG-
treated samples, but not in controls [58]. These 
findings were supported by time-dependent 
reduction of ThT fluorescence suggesting 
that EGCG treatment disrupted the β-sheet 
structure of the amyloid fibrils. Interestingly, 
the gallate ester was found to be critical for 
efficient amyloid remodeling [58].

To determine whether EGCG bound directly 
to Aβ42, Ehrnhoefer et al. used a nitroblue-
tetrazolium (NBT) assay [57], which detects 
peptide-bound EGCG molecules by a color 
reaction [83]. NBT experiments showed 
that EGCG associated directly with soluble, 
unfolded Aβ42. When natively folded proteins, 
including ovalbumin, carbonic anhydrase, 
chymotrypsinogen, or lysozyme were 
subjected to the same assay, NBT staining was 
not observed, suggesting that EGCG binding 
was selective for unfolded proteins [57]. 
However, this conclusion was not supported 
by later studies, which suggested that EGCG 
bound predominantly to β-sheet containing 
Aβ oligomers [78].

Lopez Del Amo et al. [84] studied the 
interaction between EGCG and Aβ40 oligomers 
(which are distinct from Aβ42 oligomers 
[85-87]) using nuclear magnetic resonance 
(NMR) and atomic-force microscopy (AFM). In 
their experiments, addition of EGCG caused 
rapid Aβ40 precipitation. Nonetheless, well-
defined chemical-shift changes in solution-
state NMR spectra suggested specific EGCG–
Aβ40 interactions. AFM examination of the 
mixture revealed spherical particles of ~2.1 
nm height and no fibrils. Pre-formed amyloid 
fibril fragments and certain oligomers can seed 
further polymerization and efficiently convert 

unpolymerized amyloidogenic polypeptides 
from the soluble to the aggregated state [88]. 
In agreement with previous studies [57,58], Aβ 
oligomers produced in the presence of EGCG 
did not seed Aβ fibril formation, suggesting 
that in the presence of EGCG, Aβ oligomers 
adopt distinct structures than those formed 
in the absence of EGCG, and these structures 
cannot transform into protofibrils or fibrils [84]. 
Solid-state NMR experiments showed that Aβ40 
assemblies adopted a well-defined structure, 
in which residues 22–39 formed β-sheets, 
whereas the N-terminus (residues 1–20) was 
unstructured. The characteristic Asp23–Lys28 
turn, which previously had been identified 
as a key structural feature in Aβ fibrils [89,90], 
monomers [91], and oligomers [92], was present 
in these Aβ assemblies [84]. Overall, the NMR 
data suggested a model in which EGCG binds 
to unfolded Aβ40 by aromatic interactions. 
According to the model, during aggregation, 
Aβ40 folds into a hairpin structure, in which 
the C-terminus adopts a β-sheet conformation 
whereas residues 10–20 cannot do so due to 
steric interference by EGCG [84].

Wang et al. used isothermal titration 
calorimetry to study interactions between Aβ42 
and EGCG and to analyze the thermodynamic 
parameters involved in these interactions [93]. 
They found that the binding stoichiometry 
increased linearly when EGCG:Aβ42 ratio 
increased. Both hydrophobic interactions and 
hydrogen bonding were important in Aβ–EGCG 
interactions, but their relative contribution 
changed from predominantly hydrogen-
bonding to hydrophobic interactions with 
increasing EGCG:Aβ42 ratios. EGCG binding to 
Aβ42 was promoted by increasing temperature 
and salt concentration, and by changing the pH 
away from the isoelectric point of Aβ42 [93]. The 
same group extended their initial findings by 
probing intermolecular EGCG–Aβ interactions 
occurring at different regions of Aβ42 by using 
three Aβ42 fragments – Aβ(1−16), Aβ(1−30), 
and Aβ(31−42) [94]. Their results indicated that 
different interactions predominated at different 
Aβ42 regions [94]. Hydrogen bonding occurred 
mainly in Aβ(1−16), a region rich in hydrophilic 
residues, whereas hydrophobic interactions 
predominated in Aβ(17−42), which is rich in 
hydrophobic residues [94].

Certain transition-metal ions accelerate the 
Aβ aggregation rate and alter its morphology 
and toxicity substantially [95-99]. Based 
on reports that EGCG has metal-chelating 
properties [100-104], Cheng et al. tested how 
the compound might affect Aβ fibrillization 
in the presence of metals [105,106]. Surface 
plasmon resonance imaging (SPRi), which 
allows monitoring intermolecular interactions, 
was used to study Aβ fibrillization in the 
presence of EGCG and various metal ions, 
including Fe3+, Cu2+, or Zn2+ [105]. Aβ40 fibril 
seeds were immobilized covalently on SPRi 
plates and soluble “monomeric” Aβ40 was 
introduced by continuous flow over the SPRi 
surface array. Consequently, fibril elongation 
was recorded and calculated. Incubation of Fe3+, 
Zn2+, or Cu2+ with Aβ40 caused fibril elongation 
more efficiently than control Aβ40, whereas 
EGCG addition resulted in slower elongation 
rates than Aβ control or Aβ–metal mixtures, 
suggesting that EGCG might have masked the 
immobilized fibril seeds and decreased their 
availability for elongation by addition of Aβ40 
monomers. EGCG inhibited Aβ fibril elongation 
of Aβ40 alone less efficiently than in the 
presence of metal ions. Therefore, the authors 
suggested that EGCG-mediated metal chelation 
might have reduced the concentration of free 
EGCG available to interact with Aβ40 [105]. If 
this mechanism were correct, it would suggest 
that direct interaction of EGCG with Aβ is more 
efficient at inhibiting Aβ fibrillogenesis than the 
indirect sequestration of metal ions by EGCG.

The ability of EGCG to modulate metal-
bound Aβ assembly and toxicity also has been 
studied by Hyung et al. [106], who found that 
EGCG interacted with Aβ in the presence of 
Cu2+ or Zn2+ and caused production of low-
molecular-mass, amorphous Aβ species 
whereas metal-free or metal-containing Aβ 
preparations formed fibrils in the absence of 
EGCG [106]. Similarly, EGCG disaggregated Aβ 
fibrils formed in the presence of metals after 
short incubation periods of 2–4 h, leading to 
formation of low-mass Aβ species [106]. In the 
presence of EGCG, regardless of the presence 
of metal ions, Aβ preparations were not toxic 
to murine Neuro-2a neuroblastoma cells [106]. 
Ion-mobility spectroscopy–mass-spectrometry 
and NMR experiments suggested that EGCG 
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interaction with metal–Aβ species caused 
formation of more compact configurations 
than those formed by metal-free Aβ [106].

CLR01: CLR01 was tested for inhibition of Aβ 
fibrillogenesis and dissociation of existing fibrils 
using ThT fluorescence and electron microscopy 
(EM), and inhibition of Aβ oligomerization by 
dot-blotting with antibody A11 [69]. Dose-
response experiments showed that CLR01 
inhibited formation of β-sheet-rich Aβ fibrils by 
10 μM Aβ40 or Aβ42 completely at Aβ:CLR01 
concentration ratio 1:3 and partially at 1:1 ratio 
[69]. In the absence of CLR01, both Aβ alloforms 
formed typical amyloid fibrils, whereas in the 
presence of CLR01, only amorphous structures 
were observed by EM. Incubation of pre-formed 
fibrils of Aβ40 or Aβ42 with 10-fold excess 
CLR01 led to gradual dissociation of the fibrils, 
decrease in ThT fluorescence, and formation of 
amorphous aggregates [69]. In contrast to the 
fast dissociation of fibrils by EGCG, which was 
accomplished within hours [58], dissociation 
by CLR01 was substantially slower and required 
several weeks for completion [69]. A potential 
explanation for the major difference in reaction 
rate is covalent modification of Aβ by EGCG 
[78] (see below in the Mechanisms of Action 
section), which shifts the equilibrium between 
fibrillar and soluble Aβ towards formation of 
soluble structures and prevents dissociated 
monomers from re-association with the fibrils. 
In contrast, CLR01 binds non-covalently and 
the binding is highly labile [70], requiring 
substantially longer time for shifting the 
equilibrium towards fibril dissociation.

Similarly to EGCG, the presence of 10-fold 
excess CLR01 prevented completely formation 
of A11-positive Aβ oligomers, whereas in the 
absence of CLR01, oligomers were detected 
readily already at t = 0 h, and their abundance 
increased gradually up to 120 h [69]. Interestingly, 
examination of the particle size distributions of 
Aβ40 or Aβ42 by dynamic light scattering showed 
that although CLR01 prevented fibril formation, it 
had little effect on the size distribution of soluble 
oligomers [69]. Thus, similarly to EGCG, binding 
of CLR01 to Aβ appears to stabilize assemblies 
of similar sizes to those formed in the absence 
of inhibitor, but subtle changes in the structure 
prevent further aggregation and fibril formation 
by these assemblies.

The interaction of CLR01 with Aβ strongly 
inhibited the toxicity of both Aβ40 and Aβ42. 
Addition of 20 μM Aβ40 or 10 μM Aβ42 to 
differentiated PC-12 cells caused 30–40% 
decrease in cell viability, which was reversed 
in the presence of CLR01 with half-maximal 
inhibitory concentration (IC50) values 14 ± 
11 and 52 ± 18 μM, respectively, measured 
using the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT)-reduction 
assay [69]. In primary rat or mouse neurons, 
CLR01 inhibited significantly Aβ42-induced 
retraction of dendritic spines and reversed Aβ-
mediated inhibition of basal synaptic activity 
[71]. CLR01 also inhibited significantly the 
typical decrease in long-term potentiation 
caused by treatment of hippocampal slices 
with Aβ42 [71].

Side-by-side comparison of EGCG and 
CLR01 showed that both compounds inhibited 
Aβ fibril growth and A11-positive Aβ42 
oligomerization with similar efficiency [107]. In 
cell-death assays using lactate dehydrogenase 
release in differentiated PC-12 cells, primary rat 
neurons, or mixed cultures of primary neurons 
and glial cells, EGCG was 10–20% more effective 
than CLR01 at inhibiting cell death following 
48 h of incubation. Interestingly, examination 
of the interaction between the two inhibitors 
and Aβ40 using solution-state NMR showed 
that unlike CLR01, which bound readily to the 
two Lys and one Arg residues in Aβ monomers 
already at 10:1 Aβ40:CLR01 concentration 
ratio, EGCG showed very little binding to Aβ40 
monomers even when used at 4-fold excess. 
These observations suggested that EGCG 
binds to Aβ oligomers but not monomers, in 
agreement with the study by Palhano et al. [78].

effects on tau toxicity and 
assembly in vitro

Tau is a microtubule-associated protein 
that is most abundantly found in neurons. 
Hyperphosphorylation of tau occurs in AD 
and several other neurodegenerative diseases 
called tauopathies. Tau hyperphosphorylation 
disrupts the normal function of the protein 
and results in aggregation and accumulation 
of neurofibrillary tangles. In AD, tau 
hyperphosphorylation and toxicity occur 

downstream of the effects of Aβ and its 
degredation by the proteasome is inhibited by 
Aβ signaling. Six different isoforms of tau exist 
in humans, which differ by the number of exons 
translated and the number of sequence repeats 
in the C-terminal region of the protein.

EGCG: EGCG has been reported to stimulate 
glycogen synthase kinase-3β [108], one of 
the kinases known to phosphorylate tau, and 
therefore treatment with EGCG may exacerbate 
tau hyperphosphorylation under pathologic 
conditions. We are not aware of studies 
examining the direct impact of EGCG on tau 
aggregation or toxicity in vitro, except for a 
conference report about potential induction of 
toxic tau oligomers upon treatment of tau with 
EGCG [109].

CLR01: The effect of CLR01 on tau 
aggregation was examined using 4 μM 
recombinant embryonic form of the protein 
(0N3R), which was induced to aggregate 
by addition of arachidonic acid [110] and 
monitored by ThT fluorescence. An increase in 
the ThT fluorescence signal began immediately 
following induction and reached a plateau by 
~15 h [69]. At 1:1 tau:CLR01 concentration ratio, 
little or no change in ThT fluorescence intensity 
was observed, suggesting inhibition of 
β-sheet formation. Examination of the protein 
morphology by EM showed that tau samples 
incubated in the absence of CLR01 formed 
abundant fibrils, whereas in the presence of 
CLR01, no fibrils formed [69].

effects on aβ and tau toxicity and 
assembly in vivo

EGCG: The discussion in this section is on 
both Aβ and tau, the two proteins whose 
aggregation is implicated in AD because 
we find it helpful to consider the effect 
on the pathological lesions formed by 
both proteins whenever possible. Tan and 
colleagues reported that Tg2576 mice, a model 
expressing the APPSwe mutation [111], treated 
either intraperitoneally (IP) with 20 mg/kg 
EGCG for two months, or orally with 50 mg/kg 
in water for six months, showed an increase 
in levels of C- and N-terminal fragments 
produced after cleavage of APP by α-secretase 
as compared to mice treated with vehicle [112]. 
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The EGCG-treated mice also showed ~50% 
reduction in both total brain Aβ levels and in 
deposited Aβ burden [112,113]. Mice treated 
with EGCG through either administration route 
also showed improved performance in the 
radial arm water maze [113], a task of working 
memory. In a different study, one week of oral 
3 mg/kg EGCG treatment of mice expressing 
a presenilin 2 mutation (Asn141→Ile) [114] 
showed decreased levels of Aβ42, measured by 
ELISA, compared to vehicle-treated mice [115].

Intracerebroventricular injections of Aβ42 
in mice resulted in memory dysfunction, as 
measured by passive avoidance and Morris 
water maze tests, neuronal apoptosis, an 
increase in β- and γ-secretase activities, and a 
decrease in α-secretase activity [115]. In addition, 
an increase in the activation of extracellular-
signal-regulated kinase, the mitogen-activated 
protein kinase system, and the nuclear factor 
κ-light-chain-enhancer of activated B cells 
protein complex was observed in these mice. 
These systems have been implicated in Aβ-
induced neuronal cell death in vitro [116]. Mice 
pre-treated orally for three weeks with 1.5 mg/
kg or 3 mg/kg EGCG showed dose-dependent 
improvement of all these pathological effects 
[115]. A rat model in which Aβ40 was injected 
directly into the hippocampus also showed 
improved psychomotor coordination and 
working memory when the animals were pre-
treated with daily IP injections of 10 mg/kg 
EGCG for three weeks [117].

Three weeks of oral EGCG pre-treatment of a 
mouse model utilizing intracerebroventricular 
[118] or IP [119] administration of 
lipopolysaccharide, a pro-inflammatory agent, 
to induce Aβ deposition by increasing levels 
of APP and activities of β- and γ-secretases 
[118-120], showed a dose-dependent decrease 
in APP and Aβ levels and the activities of the 
secretases [118,119]. An improvement in 
memory impairment measured by the passive 
avoidance [118] and Morris water maze tests 
also was observed [118,119]. Additionally, 
EGCG pre-treatment resulted in a decrease 
of lipopolysaccharide-induced apoptosis, 
cytokine release, inducible nitric oxide 
synthase, and cyclooxygenase-2 [118,119].

Both oral and IP EGCG treatment of 
Tg2576 mice also showed near-complete 

reversal of formation of sarkosyl-soluble 
hyperphosphorylated tau compared to 
vehicle-treated mice [113]. Conversely, as 
mentioned above, in vitro studies suggest that 
EGCG actually stimulated dose-dependently 
glycogen synthase kinase-3β-mediated 
phosphorylation of human recombinant 
tau and tau autophosphorylation [108]. The 
phosphorylation was thought to be stimulated 
by the direct binding of EGCG to human 
recombinant tau [108]. Additional studies 
are required to reconcile these contradicting 
results of a decrease in hyperphosphorylated 
tau [113] and glycogen synthase kinase-3β-
mediated phosphorylation of tau [108]. 

Oral EGCG treatment reduced Aβ levels in 
a Caenorhabditis elegans strain that expresses 
wild-type human Aβ42, which deposits in 
the cytoplasm of muscle cells in this model 
[121,122]. Treatment with 220 μM EGCG for four 
days reduced the mean number of thioflavin-
S-stained deposits by ~30% compared to 
untreated worms. Western blot analysis using 
monoclonal antibody 6E10 showed a decrease 
in intensity of the bands identified as Aβ 
oligomers [122]. However, we and others have 
repeatedly warned that interpreting bands 
observed by Western blots or sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE) as bona fide oligomers is misleading 
because upon contact with SDS and other 
detergents, Aβ forms artifactual oligomers that 
are not observed in the absence of detergents 
[1,123-126].

In addition to the Aβ-related effects of 
EGCG, the polyphenol also has mitochondrial 
restorative properties [47]. Mitochondria from 
the APPswe/PS1ΔE9 [127] double-transgenic 
mouse model of AD treated orally with ~37 
mg/kg/day EGCG revealed a rescuing effect 
of EGCG on mitochondrial respiratory rates, 
mitochondrial membrane potential, reactive 
oxygen species production, and ATP levels 
by at least 50% in the hippocampus, cortex, 
and striatum. Hippocampal mitochondrial Aβ 
levels and total brain insoluble Aβ levels were 
also decreased by 50% and 13%, respectively, 
following EGCG treatment [47]. Whether the 
restorative mitochondrial effects of EGCG 
treatment were direct or indirect is yet to be 
determined.

CLR01: The effect of CLR01 on AD-related 
brain pathology was determined in a triple-
transgenic mouse model of AD [128]. 
Fifteen-month-old mice were treated for a 
month with 40 μg/kg/day of CLR01 using 
subcutaneously implanted osmotic mini-
pumps. Immunohistochemical analysis of 
brain sections of CLR01-treated and vehicle-
treated mice showed a significant decrease 
in Aβ burden of ~33% in AD-affected brain 
regions of CLR01-treated mice (Figure 3) [71]. 
Hyperphosphorylated tau, but not total tau, 
also decreased substantially following CLR01 
treatment (Figure 3). Previously, CLR01 was 
found to inhibit tau aggregation in vitro [69], 
suggesting that the decrease in neurofibrillary 
tangle-like, hyperphosphorylated tau-rich 
structures in the brain of the CLR01-treated 
mice might have resulted from the direct action 
of CLR01. Alternatively, this effect could have 
been downstream of the effect of CLR01 on Aβ. 
Presumably downstream of CLR01’s effect on 
Aβ burden, levels of microgliosis also decreased 
with CLR01 treatment, with no effect found in 
levels of microglia in CLR01- or vehicle-treated 
wild-type animals (Figure 3) [71]. 

effects on α-synuclein toxicity 
and assembly in vitro
α-Synuclein, a 140-amino-acid-residue protein 
was characterized first in the zebra finch 
(Taeniopygia guttata) [129] brain regions that 
control singing (under the UniProt accession 
number Q91448, the organism described 
is Serinus canaria (Island canary) or Fringilla 
canaria). It was also identified using an 
antibody to purified synaptic vesicles in the 
electric organ of Torpedo californica [130]. It 
was designated as “synuclein” because of its 
co-localization with the nuclear envelope of 
presynaptic nerve terminals [131]. Although 
its functions are still unclear, α-synuclein point 
mutations have been associated causally with 
autosomal dominant forms of PD. Lewy bodies 
and dystrophic neuritis, the pathological 
hallmarks of idiopathic and genetic forms of 
PD, react strongly with antibodies against 
α-synuclein (reviewed in [132]). Therefore, 
genetic evidence and fibrillar α-synuclein 
accumulation in patients’ neuropathlogical 
lesions point to a key role for α-synuclein in 
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PD pathogenesis. Similar to Aβ, α-synuclein 
undergoes fibrillization and self-assembly and 
causes cytotoxicity.

EGCG: To investigate whether EGCG-
generated oligomeric α-synuclein assemblies 
were cytotoxic, Ehrnhoefer et al. used the 
MTT-reduction assay in differentiated PC-12 
cells. Concordant with previous observations 
[133], a mixture of α-synuclein protofibrils 
and fibrils (~75 nM) reduced cell viability by 
~40%. In contrast, when identical amounts 
of EGCG-generated oligomeric α-synuclein 

assemblies were added to cells, no cytotoxicity 
was observed [57]. Similarly, EGCG-treated 
α-synuclein fibrils were significantly less 
toxic than untreated fibrils [58]. The lactate-
dehydrogenase release assay also was used 
to investigate the effect of EGCG on the 
cytotoxicity of α-synuclein amyloid aggregates. 
Lactate-dehydrogenase activity in α-synuclein-
treated cells was ~2.5-fold higher than in 
untreated cells and this effect was rescued by 
20 μM EGCG, suggesting that EGCG-mediated 
remodeling of α-synuclein aggregates 

correlated with reduced cytotoxicity [58]. To 
assess whether EGCG was active intracellularly, 
pre-formed, insoluble α-synuclein fibrils were 
introduced to HEK-293 cells overexpressing 
α-synuclein by a tetracycline-inducible, stable 
transfection system [58]. Six hours later, 
EGCG (20 μM) was added, and cultures were 
incubated for additional 1–3 d. EGCG treatment 
strongly reduced the amount of insoluble 
α-synuclein aggregates in these cells time-
dependently [58], suggesting that EGCG was 
active intracellularly, though an EGCG effect 

Figure 3.  CLR01 decreases amyloid β-protein and p-tau deposition and ameliorates microgliosis in transgenic mouse brain. Triple-transgenic mice were treated with 40 μg/
kg/d CLR01 or vehicle. (A, D, G and I) Vehicle-treated transgenic mouse hippocampus. (B, E, H and J) CLR01-treated transgenic mouse hippocampus. (A and 
B) Transgenic mouse brain stained with monoclonal antibody 6E10 showing amyloid plaque deposition. (C) Percent amyloid β (Aβ) burden was quantified by 
calculating the total 6E10-stained area divided by the total area measured. (D and E) Transgenic mouse brain showing AT8-positive neurofibrillary tangles in the 
CA1 region. (F) Percent aggregated p-tau load was quantified by calculating the total AT8-stained area divided by the total area. (G and H) Transgenic mouse 
brain stained with monoclonal antibody HT7 for total tau. (I and J) Transgenic mouse brain showing Iba1-positive microglia in the subiculum and CA1 region. 
(K) Number of stained microglia in a 1.14 mm2 area of hippocampus per treatment condition. Scale bars: bar in B applies to both A and B; bar in J applies to D–J. 
*P < 0.05, **P < 0.01, ***P < 0.001 compared with vehicle-treated mice. Amyg = amygdala; Ent = entorhinal; Hippo = hippocampus; Peri = perirhinal; Pir = piriform 
cortices; WT = wild-type. Figure adapted from [71].
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mediated through cell-surface interactions 
could not be excluded based on these findings.

The hypothesis that EGCG-mediated 
remodeling of α-synuclein assemblies rescued 
cells from cytotoxicity was tested using several 
biochemical, biophysical, and structural 
techniques. First, NBT staining [57] showed a 
purple α-synuclein (100 μM) band detected at 
~17 kDa upon SDS-PAGE in the presence of 1 
mM EGCG, whereas no colored bands were 
observed without EGCG treatment. This result 
was interpreted as indicating that EGCG bound 
unfolded α-synuclein directly [57]. Similar 
to experiments with Aβ, no EGCG binding 
was observed when control folded proteins 
were analyzed by NBT staining, suggesting 
that unfolding of α-synuclein specifically, and 
polypeptide chains generally, is a prerequisite 
for EGCG binding [57]. Furthermore, 
comparative studies using denatured, 
unfolded bovine albumin, which is natively 
folded, showed EGCG binding when albumin 
chains were denatured [57], suggesting that 
EGCG bound unfolded polypeptide chains 
irrespective of their primary sequence.

In two-dimensional NMR experiments, 
resonances corresponding to the C-terminus 
of α-synuclein disappeared at equimolar 
EGCG concentrations, indicating potential 
interactions with the flexible region of the 
C-terminus of α-synuclein at Asp119, Ser129, 
Glu130, and Asp135 [57]. At five-fold molar 
excess, EGCG interacted with the backbone 
groups of the protein along its sequence, rather 
randomly and non-specifically [57]. 

After determining the location of interactions 
between EGCG and α-synuclein, Ehrnhoefer et 
al. assessed the effect of EGCG on α-synuclein 
aggregation using 100 μM His-tagged 
α-synuclein. In the absence of EGCG, ThT-
positive, β-sheet-rich α-synuclein assemblies 
were observed following a lag phase of ~10 h. 
In contrast, 10 μM EGCG suppressed formation 
of α-synuclein aggregates at EGCG:α-synuclein 
concentration ratio 1:10. Complementary EM 
experiments showed that EGCG markedly 
reduced fibril formation. In size-exclusion 
chromatography experiments, 100 μM 
untreated α-synuclein eluted with an apparent 
molecular mass of ~51 kDa, representing the 
natively unfolded structure of the protein. In 

contrast, samples treated with 200 μM EGCG 
contained large soluble α-synuclein oligomers 
of ~500–1,500 kDa in addition to monomeric 
α-synuclein [57]. Apparently, these structures 
were conformationally disordered as circular 
dichroism spectroscopy showed that EGCG 
prevented β-sheet formation in α-synuclein in 
a dose-dependent manner [57].

To examine whether EGCG also could 
disassemble pre-formed, β-sheet-rich 
structures or earlier non-fibrillar assemblies, 
Bieschke et al. treated α-synuclein fibrils (100 
μM monomer concentration) with equimolar 
EGCG and monitored the mixture using time-
resolved EM and AFM [58]. After 1–4 h, mixtures 
of amorphous and fibrillar structures were 
observed, and by 24–72 h, small amorphous 
assemblies predominated [58]. Quantitative 
analysis of EGCG binding to α-synuclein fibrils 
yielded an apparent dissociation constant of 
100 ± 20 nM, suggesting high affinity of EGCG 
for the fibrils [58]. Complementary circular 
dichroism spectroscopy and ThT fluorescence 
data showed time-dependent disappearance 
of β-sheet conformation, in agreement with 
the morphological analyses. To find out 
whether EGCG disassembled α-synuclein 
fibrils into smaller species, which then could 
reassemble into amorphous structures or 
whether the remodeling occured directly, 
Bieschke et al. used red (Cy5) and green (Alexa 
488) fluorescently labeled α-synuclein fibrils 
(5% wt/wt). Labeled fibrils were mixed and 
incubated with equimolar EGCG for 1 or 24 h. 
Immunofluorescence microscopy showed that 
α-synuclein aggregates remained uniformly 
red or green after addition of equimolar EGCG 
(50 μM), indicating that EGCG mediated direct 
fibril restructuring and did not cause release of 
monomers or small oligomeric assemblies that 
would subsequently reassemble into larger 
protein aggregates [58]. Altogether, these 
findings suggested that EGCG bound directly to 
pre-formed α-synuclein fibrils and transformed 
them into smaller, non-fibrillar structures.

To test whether α-synuclein assemblies 
generated by EGCG addition might promote 
fibril formation, in vitro seeding experiments 
using pre-formed α-synuclein fibril fragments 
and EGCG-stabilized assemblies were 
performed [57]. When equal amounts of either 

EGCG-stabilized α-synuclein assemblies or 
α-synuclein fibrils were added to an excess of 
unpolymerized α-synuclein, fibrillization was 
efficiently seeded by sonicated fibrils, whereas 
EGCG-stabilized α-synuclein oligomers had no 
effect [57]. Ehrnhoefer et al. also characterized 
EGCG-stabilized α-synuclein assemblies for A11 
immunoreactivity. Using time-resolved dot 
blotting, formation of A11-reactive amyloid 
assemblies was suppressed efficiently by 
addition of EGCG, similar to findings described 
for Aβ in the same study [57].

CLR01: The effect of CLR01 on α-synuclein 
aggregation was investigated using ThT 
fluorescence, EM, and native PAGE [72]. 
ThT fluorescence measurements showed 
that CLR01 inhibited formation of β-sheet 
completely at α-synuclein:CLR01 concentration 
ratio 1:1, respectively, and partially at 10:1 ratio. 
In disaggregation experiments, α-synuclein 
was allowed to aggregate for 60 days and 
monitored by ThT fluorescence. Ten-fold excess 
CLR01 was added on day 8, in the middle of the 
fibril growth phase, or on day 24, when the ThT 
signal had been stable for more than a week. 
In both disaggregation reactions, following 
addition of CLR01, a gradual decrease in the ThT 
fluorescence signal was observed, suggesting 
the arrest of fibril growth and dissociation of 
existing fibrils. EM examination confirmed the 
disappearance of fibrils and appearance of 
non-fibrillar aggregates [72].

Interestingly, the inhibition of α-synuclein 
aggregation by CLR01 seemed to involve 
stabilization of intermediate-to-high-
order oligomers. Thus, when subjected 
to native PAGE, α-synuclein migrated as a 
predominant band of 127 kDa, and additional 
bands migrated with apparent mobility 
corresponding to 238 kDa and 700–900 kDa, 
presumably corresponding to oligomers. In 
the presence of CLR01, a similar pattern to that 
of α-synuclein alone was observed, yet the 
700–900 kDa bands were substantially more 
abundant. The data suggested that CLR01 
promoted the formation and/or stabilization 
of intermediate- to high-molecular-weight 
oligomers [72]. In contrast, experiments using 
Photo-Induced Cross-linking of Unmodified 
Proteins showed no effect of CLR01 on the 
distribution of small α-synuclein oligomers, 
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although electron-capture dissociation–mass-
spectrometry data showed binding of CLR01 to 
monomeric α-synuclein [134].

Cell-culture experiments showed that CLR01 
inhibited the toxicity of 20 μM α-synuclein 
oligomers in differentiated PC-12 cells with 
IC50 = 4 ± 1 μM in the MTT-reduction assay 
[72]. In addition, CLR01 inhibited the toxicity 
of endogenously expressed α-synuclein in HEK 
293 cells. Induction of α-synuclein expression 
for two days in these cells resulted in a decrease 
of ~40%, in cell viability. When CLR01 was 
simultaneously added with induction of 
α-synuclein expression, cell numbers did not 
decrease at 1 μM CLR01 and even increased 
slightly at 10 μM CLR01.

effects on α-synuclein toxicity 
and assembly in vivo

EGCG: In vivo studies of EGCG in PD models 
have shown neuroprotection, increased life-
span, and improvement of behavioral deficits. 
Mutant LRRK2 (Gly2019→Ser) [135] and parkin-
null [136] drosophila melanogaster treated 
with EGCG showed improvements in both 
dopaminergic and mitochondrial dysfunction, 
which was abolished upon genetic inactivation 
of adenosine monophosphate-activated 
protein kinase, suggesting that the effect of 
EGCG was mediated by increased adenosine- 
monophosphate-activated protein kinase 
activity [137]. In drosophila in which the park2 
gene was knocked-down, treatment with low 
doses of paraquat alone, a toxin that eliminates 
dopaminergic neurons at high levels through 
oxidative stress, or paraquat and EGCG, or 
propyl gallate resulted in improved survival and 
increased climbing ability [138]. Interestingly, 
the addition of EGCG, an antioxidant, did not 
improve the effect conferred by low doses of 
paraquat, a pro-oxidant, alone, but paraquat 
in combination with epicatechin or gallic 
acid actually reduced the effect of paraquat 
alone (Figure 4) [138]. Hormesis, also known 
as the upside-down U-shaped dose-response 
curve and an anti-oxidant supplemented pro-
oxidant stimuli regimen, was suggested as the 
mechanism for these unexpected effects. 

In studies utilizing the 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP)-mouse 

model of PD, oral administration of either tea 
(containing ~25 mg/kg/day EGCG) or pure EGCG 
(25 mg/kg/day) prevented the loss of tyrosine-
hydroxylase-positive cells in the substantia 
nigra (i.e., dopamine-producing cells) and of 
tyrosine hydroxylase activity and dopamine 
levels in the striatum [139]. In a separate study, 
in which EGCG was administered at 10 or 50 
mg/kg/day, dopaminergic cell death rate was 
reduced to less than 50% of control and no 
toxicity was observed in either group [140]. 
MPTP-treated mice showed a 20% increase in 
levels of nitric oxide synthase, which causes 
toxicity by increasing nitric oxide [140]. 
Treatment with EGCG or oral tea administration 
not only reduced levels of neuronal nitric oxide 
synthase [139], but also lowered them down 
to control levels [140]. MPTP-administered 
mice treated with a combination of EGCG and 
rasagiline, a monoamine oxidase B inhibitor, 
showed a synergistic neuroprotective effect 
in the substantia nigra at doses below the 
therapeutic level of each compound [141]. A 
suggested mechanism for this response was a 
potential convergence of the individual effects 
of the compounds to increase levels of the 
Ser/Thr kinase Akt/protein kinase B [141]. A 
cDNA microarray analysis of the early and late 
genes involved in the MPTP model suggested 
a domino effect resulting from the early gene 
changes that led to cell death in the substantia 
nigra [142]. EGCG treatment reversed some of 
the gene expression changes and reduced cell 
death, supporting the role of those changes in 
neurodegeneration [142]. 

Rats pre-treated orally for 14 days with 
up to 2 mg/kg of EGCG followed by lesion 
surgery with 6-hydroxydopamine – a 
synthetic neurotoxin that selectively destroys 
dopaminergic and noradrenergic cells – 
showed subtle improvement in postural 
abnormalities and ability to cross a narrow 
beam [143]. However, this study did not 
demonstrate a rescue in dopaminergic cell 
loss [143]. In addition to the neuroprotective 
and nitric oxide synthase inhibitory properties 
of EGCG, Kang et al. showed that EGCG also 
acted as a catechol-O-methyltransferase 
(COMT) inhibitor [144]. COMT inhibitors 
typically are administered together with 
L-dopa or carbidopa as approved treatments 

for PD to improve the brain penetration and 
bioavailability of the dopamine derivatives by 
preventing their methylation and inactivation. 
Thus, oral administration of EGCG to rats 
treated with L-dopa or carbidopa decreased 
the accumulation of 3-O-methyldopa in plasma 
and striatum [144]. The EGCG treatment also 
exerted a strong neuroprotective effect against 
kainic-acid-induced oxidative neuronal death 
in the rat hippocampus [144].

CLR01: CLR01’s in vivo effects on α-synuclein 
aggregation and toxicity were first tested in 
a zebra fish (Brachydanio rerio) model, which 
expresses human wild-type α-synuclein under 
a neuronal promoter that causes a deformed 
body phenotype due to neuronal apoptosis, and 
early death [72]. Addition of CLR01 to the water 
environment of the fish at 1 or 10 μM caused  
dramatic, dose-dependent improvements in 
both the body phenotype and the survival of 
the fish [72]. Immunohistochemical analysis 
of the zebra fish neurons showed abundant 
aggregated α-synuclein in untreated fish, 
whereas only soluble α-synuclein was 
observed in fish treated with CLR01. Western 
blot analysis in the absence or presence of 
the 26S ubiquitin-proteasome system (UPS) 
inhibitor, lactacystin, showed that by blocking 
α-synuclein aggregation, CLR01 prevented the 
known inhibition of the UPS by α-synuclein 
oligomers [145,146], leading to increased 
clearance of α-synuclein [72]. This latter finding 
provided important support for the “process-
specific” mechanism of action of CLR01 by 
demonstrating that the labile binding of CLR01 
to Lys residues in α-synuclein was sufficient for 
inhibition of aggregation, yet at the same time 
did not interfere with ubiquitination, which is 
required for UPS degradation [72].

A new zebra fish study [147] used the 
fungicide ziram (zinc bis(dithiocarbamate)), 
an inhibitor of ubiquitin E1 ligase of the UPS 
[148-150], which is linked to increased risk 
of PD [151]. Inhibition of E1 ligase has been 
shown to damage dopaminergic neurons 
preferentially and to increase α-synuclein levels 
and synaptic currents [150,152]. Exposure 
of zebra fish embryos to 10–1,000 nM ziram 
led to dose-dependent altered swimming, 
selective dopamine cell loss, and early death. 
UPS inhibition was measured using a degron–
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green fluorescent protein system [72] and 
detected at ziram concentrations as low as 1 
nM. Unexpectedly, treatment of the zebra fish 
embryos with CLR01 attenuated ziram toxicity 
and improved survival, suggesting that ziram 
might have caused aggregation of endogenous 
zebra fish synuclein, a heretofore-unknown 
mechanism of ziram toxicity. Examination of 
this potential mechanism in the zebra fish 
confirmed that ziram promoted synuclein 
aggregation, suggesting that CLR01 protected 
the fish by mitigating ziram-induced synuclein 
aggregation.

effects on ttr aggregation and 
toxicity in vitro
Transthyretin (TTR) is a tetrameric protein in 
which each subunit comprises 127 amino acid 
residues. TTR is produced by the liver, cerebral 
choroid plexus, and pancreas (reviewed in 
[153]). It is normally circulated in the plasma 
and cerebrospinal fluid where it transports 
thyroxin and retinol. Over 100 TTR mutations 
have been identified, some of which cause 
familial amyloidotic polyneuropathy (FAP), 
whereas others cause variable phenotypes, 
including neuropathy, cardiomyopathy, 
carpal-tunnel syndrome, vitreous TTR 

deposition, and/or leptomeningeal pathology. 
Aggregation of wild-type TTR in the elderly 
causes senile systemic amyloidosis [154]. 
Immunohistochemical evidence suggests 
deposition of TTR in non-fibrillar forms in early 
stages of FAP before maturation into amyloid 
fibrils in the proximity of Schwann cells. Tissue-
culture studies have provided evidence that 
low-molecular-mass, oligomeric assemblies of 
TTR (<100 kDa), but not fibrillar or large soluble 
TTR aggregates (>100 kDa), are cytotoxic 
(reviewed in [153]).

EGCG: EGCG interaction with TTR was 
assessed by binding assays using control plasma 

Figure 4.  Effect of paraquat and/or catechins on Drosophila melanogaster locomotor activity. Female (n = 50 per treatment) parkin knock-down Drosophila melanogaster 
were treated with paraquat in the absence (0, blue bar) or presence of different concentrations of A) EGCG, B) Propyl gallate, C) Epicathecin, and D) Gallic acid. 
Statistical comparisons between untreated and treated flies showed p < 0.05 by χ2 test for all compounds. Figure adapted from [138].
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or plasma from heterozygous TTR Val30→Met 
carriers, and recombinant wild-type TTR or 
recombinant TTR Val30→Met preparations 
incubated with 125I-thyroxin in the absence or 
presence of EGCG [155]. Upon electrophoresis 
and phosphorimaging, no significant change in 
the TTR band intensity was observed regardless 
of EGCG presence, indicating that EGCG did not 
interfere with thyroxin binding to the tested 
TTR variants [155]. However, TTR showed a 
different apparent molecular weight when 
incubated with EGCG, suggesting that EGCG 
altered the electrophoretic mobility of the 
TTR preparations by binding, likely covalently, 
to a region distinct from its thyroxin-binding 
site [155,156]. X-ray crystallography of TTR 
Val30→Met complexed with EGCG showed 
three EGCG binding sites. EGCG interacted 
with these sites by hydrogen bonding or 
hydrophobic interactions with hydrophilic 
or hydrophobic side-chains of various amino 
acid residues between two monomers in 
the TTR dimer interface. Binding of EGCG 
was interpreted as stabilizing the TTR dimer 
interface and the overall tetramer structure 
[156].

EGCG-bound TTR was detectable by 
electrophoresis, NBT staining, and mass 
spectrometry [155]. Isothermal calorimetry 
allowed determination of the binding constant, 
K = 2.5 × 106 ± 9 × 105 and the enthalpy change 
associated with the binding process, ΔH = –30 
± 1 kJ mol–1 [155]. Isoelectric focusing showed 
that EGCG increased TTR tetramer stability in 
plasma samples from heterozygote carriers 
of TTR Val30→Met and control individuals 
[155]. The effect of EGCG on TTR aggregation 
also was assessed by transmission electron 
microscopy of TTR Tyr78→Phe treated with 
10- or 100-fold molar excess. Following two 
days of incubation at 37°C, TTR alone showed 
a heterogeneous mixture containing mainly 
oligomers, amorphous aggregates, and short 
twisted fibrils. In contrast, in a mixture of TTR 
Tyr78→Phe and 10-fold excess EGCG, small 
oligomeric assemblies were detected and 
no fibrils were visible. Incubation with 100-
fold molar excess EGCG caused formation of 
quasi-spherical structures resembling those 
formed by the native, soluble protein. By day 
6, TTR alone was mainly fibrillar whereas the 

EGCG-containing preparations did not change 
[155]. Similarly, EGCG was found to inhibit TTR 
aggregation in media of a rat Schwannoma 
cell line, which secretes TTR Leu55→Pro, as 
determined by a filter-binding assay [155].

Because structural [156] and electrophoretic 
evidence [155] showed that EGCG–TTR 
interaction sites are distinct from the thyroxin-
binding site of TTR, it was hypothesized 
that EGCG could stabilize TTR tetramers and 
suppress TTR fibril formation in variants, such 
as TTR Glu54→Lys, which is resistant to the 
effect of tetramer stabilizers (e.g., thyroxin) 
[156]. To test this hypothesis, recombinant 
wild-type TTR, TTR Val30→Met, or TTR 
Glu54→Lys preparations were incubated with 
different amounts of EGCG and analyzed by 
ThT fluorescence [156]. EGCG decreased TTR 
amyloid formation in the tested preparations 
in a dose-dependent manner [156]. However, 
whether this was caused by stabilization of 
the tetramer, disruption of aggregation, or a 
combination of both mechanisms, is yet to be 
determined.

To assess whether EGCG could dissociate 
pre-formed TTR fibrils, wild-type TTR, TTR 
Tyr78→Phe, and TTR Val30→Met fibril 
preparations were incubated in the absence 
or presence of 100-fold molar excess EGCG 
for 18 days at 37°C. In the absence of EGCG, 
on day 0, Tyr78→Phe preparations comprised 
mainly oligomers, small aggregates, and short 
twisted fibrils. Upon incubation with EGCG, a 
time-dependent decrease in assembly size was 
observed, demonstrating that EGCG disrupted 
TTR Tyr78→Phe fibrils [155]. Wild-type TTR and 
Val30→Met TTR fibrils, which were formed by 
acidification, were disrupted similarly to the 
Tyr78→Phe variant.

Because dissociation of TTR tetramers into 
monomers is necessary for TTR fibrillization, 
inhibition of TTR monomer formation by 
EGCG was investigated by Miyata et al. using 
11 naturally occurring and clinically relevant 
TTR variants: Asp18→Glu, Asp18→Gly, 
Ala25→Thr, Val30→Met, Glu54→Gly, 
Glu54→Lys, Leu55→Pro, Tyr78→Phe, 
Ile84→Ser, Arg104→His, and Thr119→Met, 
and two other clinically relevant variants: 
Ser112→Ile and Tyr114→Cys [156]. CHO-K1 
cells were transfected with the TTR variants 

and incubated in the absence or presence of 
20 μM EGCG for 36 h. Cell-culture media were 
analyzed by SDS-PAGE and Western blotting. 
Except for TTR variants Ala25→Thr, Ser112→Ile, 
and Tyr114→Cys, levels of TTR oligomers were 
increased while the level of corresponding 
monomers decreased depending on EGCG 
dose [156]. However, results obtained using 
SDS-PAGE and Western blotting should be 
interpreted with caution because of artifactual 
effects of SDS interactions with amyloidogenic 
proteins, as discussed above.

CLR01: Inhibition of TTR aggregation by CLR01 
was examined using wild-type TTR, which was 
incubated at a concentration of 7.2 μM under 
aggregation-inducing conditions – 10 mM 
sodium acetate, pH 4.4, at 37 ºC in the absence 
or presence of CLR01 [69]. The aggregation 
was assessed using turbidity at λ = 340 nm 
and EM. CLR01 inhibited the aggregation of 
TTR completely at a TTR:CLR01 concentration 
ratio 1:1 and partially at a 10:1 ratio. TTR alone 
formed abundant worm-like fibrils, whereas 
in the presence of CLR01, only amorphous 
structures were observed [69]. Surprisingly, 
though inhibition of TTR fibrillogenesis was 
achieved by equimolar concentration of CLR01, 
measurement of cytotoxicity in differentiated 
PC-12 cells showed that high concentration 
of CLR01 was required for inhibition. One μM 
oligomerized TTR caused ~20% reduction of cell 
death, measured using the MTT release assay. 
CLR01 inhibited this toxic effect with IC50 = 54 
± 19 μM, suggesting that inhibition of toxicity 
occurred through a different mechanism from 
inhibition of fibrillogenesis [69]. Deciphering 
these mechanistic differences will require 
further studies.

effects on ttr toxicity in vivo

EGCG: A single-center observational study 
conducted in patients with familial amyloidotic 
TTR cardiomyopathy with an intake of 500–700 
mg EGCG per day for 12 months, reported either 
no increase or a decrease in the left ventricular 
myocardial mass [157]. Left ventricular function 
is positively correlated with better prognosis in 
cardiac amyloidosis [158]. Though this study 
was very preliminary, without a control cohort, 
and the increase in left ventricular mass varied 
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[159], the authors also found an increase in 
the mean mitral annular systolic velocity, 
a restorative effect, and a decrease in the 
total and low-density lipoprotein-associated 
cholesterol levels with no serious adverse 
events, suggesting that treatment with EGCG 
might be beneficial in these patients [157].

Six weeks of 100-mg/kg/day oral treatment 
with EGCG was examined in a mouse model 
of FAP [160]. These mice express human TTR 
Val30→Met on a TTR-null background and 
are heterozygous for heat-shock transcription 
factor 1 [161]. Mice were treated at a pre-amyloid 
deposition age resulting in a decrease of TTR 
deposition by ~50%, compared to untreated 
control mice, along the gastrointestinal tract 
and the peripheral nervous system [160]. 
Disease-associated biomarkers of endoplasmic 
reticulum stress, protein oxidation, and 
apoptosis also were reduced. Treatment of 
older mice at a post-amyloid deposition stage 
produced a decrease in amyloid deposits and 
the associated biomarkers [160].

CLR01: Treatment of the same FAP 
mouse model [161] at the pre-amyloid 
deposition stage with CLR01 administered 
subcutaneously via osmotic mini-pumps 
resulted in a decrease in TTR deposition and 
the associated endoplasmic reticulum stress, 
protein oxidation, and apoptosis biomarkers, 
compared to vehicle-treated mice, similarly to 
the effects found with EGCG [162]. Taking into 
account the different routes of administration 
and different doses used in the two studies, the 
compounds appear to have similar activity in 
this model [162].

effects on iapp aggregation and 
toxicity in vitro

IAPP (also called amylin) is a 37-residue 
polypeptide associated with islet amyloid 
deposits in type-2 diabetes mellitus [163-165]. 
IAPP readily self-assembles to form amyloid 
fibrils. IAPP fibrils, intermediate assemblies in 
the fibrillization process, or both, are toxic to 
β-cells, suggesting that IAPP fibrillization and 
islet amyloid formation contribute to type-2 
diabetes pathogenesis [166-170]. 

EGCG: In efforts to interfere with IAPP 
fibrillization, multiple groups have reported 

IAPP amyloid formation inhibitors, including 
EGCG [171-175]. Meng et al. measured the IAPP 
fibrillization rate in the absence or presence of 
EGCG using ThT-binding assays [56], where a 
typical sigmoidal curve, with an unusually long 
lag phase for IAPP – ~20 h, was observed in vitro 
in the absence of EGCG. When equimolar EGCG 
concentration was added, ThT fluorescence did 
not increase. The final ThT fluorescence intensity 
was reduced by 94% and 80% with 2- and 
5-fold excess IAPP, respectively [56]. EM images 
of samples of IAPP alone showed abundant 
fibrils, whereas few fibrils were observed in 
the presence of equimolar EGCG [56]. Similarly 
to the experiments examining the seeding 
potential of EGCG-treated Aβ and α-synuclein 
assemblies (discussed above), Meng et al. 
investigated the fibril-seeding ability of EGCG-
treated IAPP assemblies and found that they 
did not seed IAPP fibril formation [56]. EGCG 
also disaggregated and converted IAPP fibrils 
to smaller aggregates with a lower tendency to 
self-assemble [56].

In cytotoxicity experiments, the effects 
of equimolar EGCG and IAPP (30 μM each) 
mixtures on rat INS-1 cells were compared [56]. 
Cells incubated with 30 μM human IAPP alone 
for 5 h showed reduced viability relative to 
untreated control cells determined by alamar-
blue assay. EGCG addition reduced cytotoxicity 
and increased the proportion of viable cells. 

Engel et al. used a uniquely sensitive and 
spatially selective method called vibrational 
sum-frequency generation spectroscopy to 
probe the effects of EGCG on IAPP fibrillization 
at water–phospholipid interfaces [176]. 
Previously, Yan and colleagues used this 
approach to study changes in the secondary 
structure of IAPP at air–water or water–lipid 
interfaces [177, 178]. Vibrational sum-frequency 
generation is an optical technique that uses 
one visible laser beam and one infrared laser 
beam, which interact with molecules of 
analytes at interfaces, generating a third beam 
at the sum-frequency of the visible and infrared 
beams [177,178]. In addition to vibrational 
sum-frequency generation, AFM combined 
with the Langmuir−Blodgett technique 
was used to investigate the morphology of 
aggregating species at the phospholipid 
interfaces [176]. The study found that EGCG 

inhibited IAPP fibrillization at phospholipid 
interfaces considerably less effectively than 
in bulk solution [176]. Under the conditions 
used, EGCG did not disaggregate existing fibril 
β-sheets, in strong contrast with the efficient 
inhibition of fibril formation and disruption of 
pre-existing fibrils in bulk solution.

19F NMR and transmission electron 
microscopy experiments for measuring 
fibrillization have been used recently to 
examine IAPP amyloid assembly pathways and 
EGCG interactions by measuring monomer 
consumption [179]. In these experiments, a 
19F-labeled IAPP (IAPP-tfmF23), in which Phe23 
was substituted with 4-trifluoromethyl-Phe, 
was used. The rationale behind this study 
was that Phe23 is solvent-exposed in the 
unstructured monomeric peptide, but becomes 
buried when IAPP undergoes aggregation 
[179]. Therefore, the 19F chemical shifts and 
line widths corresponding to trifluoromethyl 
groups would change significantly as IAPP’s 
secondary structure and oligomerization 
state change [179]. The data suggested that 
monomeric IAPP was converted into large, 
mostly β-sheet-containing species without 
significant accumulation of non-fibrillar 
intermediates during the aggregation process 
[179]. The aggregation kinetics of IAPP-tfmF23 
then was monitored in the absence or presence 
of 0.2, 0.5, 1.0, or 5.0 molar equivalents of EGCG 
[179]. 19F measurements showed that EGCG 
inhibited IAPP fibrillization dose-dependently. 

CLR01: Based on its mechanism of action, 
CLR01 would not be expected to inhibit IAPP 
aggregation or toxicity efficiently. CLR01 
inhibits the electrostatic and hydrophobic 
interactions mediating amyloidogenic protein 
assembly by binding predominantly to Lys 
and to a lesser extent, to Arg residues. In IAPP 
there are one Lys and one Arg residues, in 
positions 1 and 11, respectively. Because the 
predominant putative binding site at Lys1 is 
far from the amyloidogenic sequences in IAPP, 
the expectation was that CLR01 would be a 
weak inhibitor of the peptide’s aggregation 
and toxicity. Surprisingly, CLR01 was found to 
inhibit IAPP aggregation at 1:10 concentration 
ratio, respectively, using ThT fluorescence 
and EM [69]. Investigation of the role of the 
binding of CLR01 to the Lys and Arg residues 
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in IAPP suggests that binding of CLR01 to 
Lys1 is not crucial for the observed inhibitory 
effect [180]. Interestingly, inhibition of IAPP-
induced toxicity in rat insulinoma (RIN5fm) cells 
showed that CLR01 inhibited IAPP-induced 
toxicity yet a large excess, ~600-fold, was 
required for the inhibition [69], suggesting 
that the non-fibrillar structures observed by 
EM in the presence of CLR01 were toxic at low 
CLR01:IAPP concentration ratio, whereas similar 
structures formed in the presence of large 
excess of CLR01 were non-toxic, although the 
morphology of the latter, as observed by EM 
was indistinguishable from that of the former.

effects on calcitonin aggregation 
and toxicity in vitro

Calcitonin is a 32-residue polypeptide hormone 
secreted from the thyroid gland in response to 
high serum [Ca2+] to exert hypocalcemic effects 
and reduce bone resorption by osteoclasts 
[181-185]. Calcitonin’s tendency to form 
amyloid fibrils in aqueous solutions limits its 
therapeutic applications in bone disorders such 
as osteoporosis.

EGCG: Studies assessing the effects of EGCG 
on calcitonin aggregation and fibrillization 
have been rather limited. Huang et al. [186] 
investigated high-resolution structures 
of human calcitonin at 0.3 mM and 1 mM 
and documented the EGCG–calcitonin 
interactions using one- and two-dimensional 
NMR spectroscopy. Based on the NMR data, 
the authors suggested that EGCG efficiently 
inhibited calcitonin fibril formation by 
preventing the initial peptide assembly. 
In addition, the authors performed EM 
experiments, in which 100 μM calcitonin was 
incubated in the absence or presence of 500 
μM EGCG at pH 7.4 for 36 h. In the absence 
of EGCG, calcitonin aggregated into dense 
networks of amyloid fibrils, which did not form 
in the presence of EGCG. Hydrogen–deuterium 
exchange and NMR experiments indicated 
a much faster exchange of amide protons 
in the presence of EGCG than in its absence, 
supporting the interpretation that calcitonin 
was almost entirely unstructured in the 
presence of EGCG and formation of calcitonin 
oligomers was prevented. Heteronuclear 

1H/15N NMR experiments using calcitonin in the 
absence or presence of two molar equivalents of 
EGCG showed that EGCG bound to monomeric 
calcitonin in a non-specific manner. The data 
suggested that intermolecular aromatic 
interactions were important in inhibiting 
calcitonin fibrillogenesis [186].

CLR01: Aggregation of calcitonin in the 
absence or presence of CLR01 was examined 
using ThT fluorescence and EM. Similarly to the 
experiments described above with EGCG, in the 
presence of CLR01, calcitonin formed non-fibrillar 
amorphous structures, whereas abundant fibrils 
were observed in the absence of CLR01 [69]. ThT 
fluorescence experiments showed that β-sheet 
formation was inhibited completely by 1 molar 
equivalent of CLR01 and partially by 0.1 molar 
equivalent. The inhibitory effect was on the final 
ThT fluorescence level, which was ~50% of the 
level observed in the absence of CLR01, but not 
on the reaction rate [69]. The fact that CLR01 
inhibited formation of β-sheet-rich calcitonin 
fibrils at substoichiometric concentrations 
was somewhat surprising because calcitonin 
has only one Lys and no Arg residues. Thus, 
apparently binding of CLR01 to Lys18 in one 
out of ten molecules of calcitonin recruited 
other molecules into assemblies with reduced 
β-sheet content relative to those formed by 
calcitonin alone. A detailed understanding 
of this phenomenon will require additional 
investigation.

The capability of CLR01 to inhibit 
calcitonin-induced cytotoxicity was assessed 
in differentiated PC-12 cells. Calcitonin was 
allowed to oligomerize by incubation of 1.5 
mM at 37 ºC for 24 h and then added to the 
cells in the absence or presence of increasing 
concentrations of CLR01 at a final concentration 
of 15 μM. In the absence of CLR01, ~30% 
reduction of cell viability was measured using 
the MTT reduction assay. CLR01 inhibited this 
toxic effect with IC50 = 28 ± 4 μM [69].

toxicity 

EGCG: Green tea has a long history as one of 
the world’s most popular beverages and is 
recognized widely as beneficial for health. 
However, as extracts and dietary supplements of 
green tea and purified EGCG have become more 

popular, some case studies and some formal 
studies of their toxicity have shown that at high 
levels they often lead to hepatotoxicity [187].

Cell assays in bacteria and mouse lymphoma 
L5178Y tk+/- have shown that up to 450 μM 
EGCG were not genotoxic [188]. In animal 
experiments, a daily dose of up to ~1,000 
mg/kg EGCG did not show teratogenicity in 
rats [189]. A topical dose of 1,860 mg/kg of 
EGCG resulted in minor dermal irritation in 
rats and guinea pigs but not in rabbits [190]. 
Administration of 100 mg EGCG to rabbit eye 
resulted in moderate-to-severe irritation and 
slight-to-moderate corneal opacity [190]. A 
single dose of 2,000 mg/kg was >80% lethal 
in rats [190] and single doses of 1,500 mg/
kg or 1,200 mg/kg were 85% or 40% lethal in 
mice, respectively [191]. Two days of oral 750 
mg/kg/day or 7 days of intraperitoneal 50 
mg/kg/day were 50% and 67% toxic in mice, 
respectively [191,192], whereas 13 weeks of 
oral 500 mg/kg/day showed no toxicity in rats 
[190]. Toxicity in mice often was observed in 
the form of increased alanine-aminotransferase 
levels suggesting hepatotoxicity [192], and/
or by oxidative stress [191]. Plasma EGCG 
concentrations in mice tend to be closer to 
levels reported in human studies compared to 
levels in rats, in which administration of similar 
doses results in higher plasma concentrations 
[188]. Chronic toxicity studies in beagle dogs, 
showed 67% lethality within 26 weeks of 
daily doses of 200–800 mg/kg Polyphenon 
E, a pure and standardized green tea extract, 
when the dogs fasted for 20 h prior to EGCG 
administration [193]. However, replication of 
the 200-mg/kg dose for 13 weeks did not result 
in any deaths compared to the previous study, 
in which 3/8 deaths were recorded at that dose 
[193]. Fasting dogs receiving a single dose of 
120 mg/kg/day or 400 mg/kg/day died or were 
sacrificed due to their moribund condition 
starting at 7 weeks of a 13-week study [190]. 
Prior to death, dogs presented with occasional 
vomiting, frequent diarrhea, weight loss, and 
anorexia [190]. Autopsy of dogs from the 120-
mg/kg and 400-mg/kg groups consistently 
showed thymus lymphoid atrophy and some 
kidney necrosis, liver necrosis, erosion of 
the stomach, and limited cases of hemolytic 
anemia and myocardial necrosis [190]. In 
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contrast, no adverse events were observed 
when non-fasting dogs were treated with 400 
mg/kg in two doses [190].  

The cytochrome P450 (CYP) superfamily of 
enzymes is involved in phase-1 metabolism 
and accounts for ~75% of metabolic reactions 
in the body. Thus, inhibition or activation of 
these enzymes may cause metabolic toxicity 
or drug–drug interactions [194]. EGCG showed 
inhibition of CYP19 (aromatase enzyme for 
estrogen biosynthesis) and activation of 
CYP3A subfamily enzymes and CYP2E1 when 
administered by intraperitoneal injection at 
25 mg/kg/day for 7 days to female mice [192]. 
In vitro, 250 μM EGCG inhibited CYP2B1 [195]. 

Acute human studies showed that single 
doses of 1,200 mg or 1,600 mg EGCG were 
safe and well tolerated, though nausea was 
reported [196,197]. Doses of 800 mg/day for 10 
days also were safe and well tolerated, though 
an excretion saturation limit was reached [198]. 
Doses of ~800 mg/day for 4 weeks or 4 months 
in 1–3 doses per day showed mild adverse 
events, in the form of upset or achy stomach, 
constipation, nausea, headache and dizziness, 
and muscle pain. Abdominal discomfort and 
mild constipation also was recorded in the 
placebo group [199,200]. A case study reported 
a man drinking 6 cups of green tea (600–1200 
mg EGCG) per day for 4 months who presented 
with jaundice and increased plasma alanine 
aminotransferase [201]. A 6-month chronic 
study of 800–1,600 mg/day administered in 
two doses determined the maximum tolerated 
dose, defined as the dose that causes 25% 
dose-limiting toxicity, to be 1,200 mg per day, 
with liver function abnormalities observed 
at the highest dose [202]. In addition, at least 
25 reports have been made of hepatotoxicity 
following use of herbal supplements containing 
10–29 mg/kg/day green tea extracts (Table 1 in 
Mazzanti et al. 2009) [203,204].

CLR01: In all the in vitro and in vivo 
experiments using CLR01, no signs of toxicity 
have been observed near the efficacious 
doses used. Mild toxicity was observed at 400 
μM, which is 1−3 orders of magnitude higher 
than concentrations needed for inhibition of 
the toxicity of different proteins in culture in 
differentiated PC-12 cells or primary neurons 
[69,107]. In a zebra fish model of α-synuclein 

toxicity treated with up to 10 μM CLR01 
dissolved in the water environment, only 
improvement in pathology and no signs of 
toxicity were seen [72]. Mouse brain slices 
treated with up to 2 μM CLR01 did not show 
changes in levels of long-term potentiation 
[71]. Importantly, mice treated with up to 1.2 
mg/kg/day subcutaneously or with 10 μM 
CLR01 intracerebroventricularly did not show 
any signs of toxicity, measured by weight 
loss, changes in activity, or morbidity ([71] 
and unpublished results). In a recent study, 
the toxicity of CLR01 was evaluated 24 hours 
following a single dose of 10 or 100 mg/kg, or 
after administration of 3 or 10 mg/kg for 30 
days (intraperitoneal administration in both 
cases) [205]. Behavioral monitoring revealed 
signs of distress in the single, 100-mg/kg dose 
group, but not in the 10-mg/kg group, ~30 min 
following administration, which disappeared 
by 2 h following administration. No mortality 
was recorded. In the 30-day study, no signs of 
discomfort were observed in either group [205]. 
Serum chemical analysis of mice from both 
studies showed no differences in the low-dose 
groups compared to controls. In contrast, mice 
in the single 100-mg/kg dose group showed 
signs of acute hepatotoxicity [205]. Histological 
findings in the heart, lung, kidney, and brain 
of all the treated mice were indistinguishable 
from vehicle-treated mice, whereas liver injury 
was observed in the 100-mg/kg dose group 
[205].

In vitro studies of CLR01 inhibition of five 
major CYP enzymes showed IC50 values of 1.5 
μM for 2C19, 1.7 μM for 3A4, 2.2 μM for 2C9, 3.6 
μM for 2D6, and >20 μM for 1A2 [71]. Inhibitory 
potencies are thought to have an increased 
risk for drug–drug interaction complications 
if the IC50 is <1 μM [206], which was not found 
for CLR01 with any of the 5 isoforms studied. 
In vitro studies of CLR01 activation of the CYP 
system found minimal activation up to 50 μM 
[71].

pharmacokinetics

EGCG: In a meta-analysis of seven studies 
of EGCG pharmacokinetics, following 
consumption of an average cup of green 
tea (containing 112 mg EGCG, 51 mg EGC, 

and 15 mg of EC), the maximum plasma 
concentration of total free and sulfated or 
glucuronidated conjugates were 125 nM EGCG, 
181 nM EGC and 76 nM EC [207], indicating a 
higher bioavailability of EGC relative to EGCG 
even at lower administered doses [207-209]. 
Oral bioavailability of EGCG can be increased 
by administration to fasting people [197], 
albeit, with an increased risk of toxicity as 
suggested by the dog studies discussed above. 
Catechins appear in plasma after ~30 min and 
reach maximum levels between 1–3 h post-
ingestion in a monophasic manner suggesting 
that the key site of absorption is the small 
intestine [207,208,210]. EGCG is found at very 
low levels, if at all, in urine [207,211,212] and 
interconversion or de-gallation from EGCG to 
EGC is very limited [211].

Conflicting results have been published 
regarding whether EGCG is mainly in an 
unconjugated or conjugated, i.e., sulfated or 
glucuronidated, form in plasma. Thus, one 
study reported 92% unconjugated EGCG [194], 
whereas another found 72% of EGCG to be 
conjugated, mostly in a sulfated form [212].

Methylated catechins, most likely by COMT 
[213] also have been detected in the plasma 
[214]. Interestingly, as mentioned above, EGCG 
is a COMT inhibitor [144]. The beneficial or 
detrimental significance of EGCG methylation 
has been debated. Methyl capping of other 
flavones has been shown to increase metabolic 
stability, and by preventing glucoronidation 
and sulfation, to improve bioavailability [215]. 
In addition, an increased anti-allergic effect has 
been reported for methylated EGCG and other 
catechins relative to the unmethylated forms 
[216]. On the other hand, other studies have 
reported a decrease in the antioxidant activity 
of methylated catechins [217].

In combination-therapy experiments, 8 
mg/kg/day of fish oil added to 12.5 mg/kg/
day EGCG given to a transgenic mouse model 
of Alzheimer’s disease increased the oral 
bioavailability and brain penetration of EGCG 
up to levels similar to those obtained upon 
administration of 62.5 mg/kg/day of EGCG 
alone [218]. Nanolipid formulations of EGCG, in 
which EGCG is co-solubilized with a lipid carrier 
to form 30–80 nm diameter, non-micellar 
nanoparticle complexes resulted in a 2.4-fold 
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increase in bioavailability of free EGCG in rats 
administered 100 mg/kg EGCG by oral gavage 
[52].

CLR01: Initial studies of CLR01 have 
shown little, if any biotransformation. In vitro 
incubation of CLR01 with mouse or human, 
liver microsomes or plasma preparations for 
one hour showed 100% stability [71]. The initial 
plasma concentration measured following 
an intravenous injection of 1 mg/kg CLR01 to 
mice was 10–11 μM and the half-life was ~2.5 h 
in mice [205]. In blood–brain-barrier  studies, 
one hour following intravenous injection, brain 
levels of 3H-CLR01, measured by scintillation 
counting, were ~2% of the levels found in the 
blood [71].

Mechanisms of action

EGCG: Metals and oxygen promote EGCG auto-
oxidation, generating superoxide and quinones 
[219]. Superoxide formation propagates EGCG 
oxidation and the resultant quinones cross-link 
and form polymeric species, which potentially 
react with sulfhydryl (SH) and/or free amino 
(NH2) groups of proteins, forming covalent 
conjugates [220]. An important recent study 
by Palhano et al. examined the mechanism(s) 
whereby EGCG remodels mature amyloid 
fibrils using Aβ(1−40), IAPP(8−24), or the yeast 
prion fragment Sup35NM(7−16) [78]. They 
observed that Aβ(1−40) solutions or fibrils 
after centrifugation changed from clear to 
brown color when incubated with EGCG for 24 
h, suggesting EGCG auto-oxidation. Under the 
experimental conditions used – 30 μM EGCG in 
phosphate buffer, pH 7.4, at 25°C – EGCG was 
oxidized fully after 6 h with a half-life of 2.7 h, 
which was increased to 5.5 h in the presence of 
superoxide dismutase 1. Addition of superoxide 
dismutase 1 was found to delay the decrease in 
ThT fluorescence caused by EGCG remodeling 
of Aβ(1−40) fibrils following a centrifugation–
wash protocol and reduced the amount of NBT-
stained protein–EGCG conjugates, indicating 
that EGCG auto-oxidation was important for 
amyloid remodeling [78]. The centrifugation–
wash protocol was used to remove unbound, 
soluble EGCG. In this protocol, aliquots of 
fibrillar amyloid proteins incubated in the 
absence or presence of EGCG were centrifuged 

to obtain a pellet. The protein pellet was washed 
and centrifuged again before suspension and 
further testing by ThT or other assays. Based 
on these observations, the authors concluded 
that covalent modifications of amyloid fibrils by 
EGCG promoted their cross-linking and likely 
prevented fibril fragmentation or dissociation 
into toxic oligomeric assemblies, but reduction 
in toxicity was independent of formation of 
covalent conjugates between EGCG and the 
protein [78]. They also established that EGCG 
oxidation products reacted with free amines in 
the Lys side-chains of Aβ(1−40) through Schiff 
base formation; however, EGCG could still bind 
Aβ(1−40) fibrils likely near the hydrophobic 
ThT-binding sites when free NH2 groups were 
acetylated [78]. The role of auto-oxidation of 
catechol-containing flavonoids in inhibiting 
Aβ fibrillization was confirmed recently 
by Sato et al., who showed that o-quinone 
forms of catechol-containing flavonoids (e.g., 
(+)-taxifolin) prevented Aβ42 fibril formation by 
binding covalently to Lys16 and/or Lys28 [221].

Palhano et al. reported also that addition of 
EGCG to pre-formed Aβ(1−40) fibrils caused 
an initial sudden decrease followed by gradual 
decrease in ThT fluorescence measurements 
with time [78]. This observation led them 
to hypothesize that EGCG might compete 
with ThT for amyloid-binding sites or 
might quench the ThT fluorescence signal 
rather than remodel fibrillar structures. To 
test this hypothesis, the authors used the 
centrifugation–wash protocol mentioned 
above [78], ensuring removal of excess 
unbound EGCG for subsequent ThT binding 
assays. EGCG or oxidized EGCG were found 
to bind amyloid fibrils and interfere with 
ThT-binding-associated fluorescence early 
during the assay. In contrast, the reduced 
ThT fluorescence after 24-h incubation of 
Aβ(1−40) fibrils with EGCG was due to EGCG-
mediated altered amyloid fibril structures 
rather than disaggregation of amyloid fibrils 
or interference with ThT fluorescence [78]. 
To assess the effect of non-covalent EGCG 
remodeling, acetylated IAPP(8–24), which does 
not contain Lys or Cys, was used. Fibrils of this 
IAPP analogue treated with EGCG and washed 
with phosphate-buffered saline alone in the 
centrifugation–wash protocol showed higher 

ThT fluorescence than fibril preparations 
washed with phosphate-buffered saline and 
Tween-20. This experiment indicated that 
some of the non-covalent EGCG-mediated 
IAPP remodeling was reversed by Tween-20 
treatment, demonstrating that the detergent 
could displace a fraction of non-covalently 
bound, oxidized EGCG from the fibrils [78]. 
Finally, when the hydrophilic amyloid fibrils 
derived from acetylated Sup35NM were 
treated with EGCG, a negligible effect on 
ThT binding was observed, suggesting no 
EGCG-mediated amyloid remodeling, likely 
because hydrophobic EGCG interactions 
were impaired. When the hydrophobicity 
of acetylated Sup35NM was increased by 
a Tyr→Phe substitution, a decrease in ThT 
fluorescence was observed after 24 h similar to 
Aβ and IAPP peptides. The authors concluded 
that oxidized EGCG could remodel amyloid 
fibrils sufficiently only using hydrophobic 
interactions [78].

CLR01: CLR01 binds selectively to Lys 
residues and with lower affinity to Arg residues. 
The selectivity for these residues is achieved 
by the combination of electrostatic and 
hydrophobic interactions, as explained in the 
introduction. Strong evidence for this mode 
of binding to different amyloidogenic proteins 
comes from observation of a large shift of 
proton NMR resonances in the side chains of 
Lys and Arg when they are enclosed in CLR01’s 
cavity (Figure 2) [69,180]. This binding mode 
also has been observed crystallographically 
[70]. The combination of hydrophobic and 
electrostatic interactions, which in the absence 
of the inhibitor mediate early assembly of 
amyloidogenic proteins, are blocked by 
CLR01 binding sufficiently to modulate the 
self-assembly process into non-toxic and non-
fibrillogenic structures, which are amenable 
to clearance by the 26S UPS [72] and plausibly 
other clearance mechanisms.

Importantly, the binding of CLR01 is highly 
labile and the affinity of the compound 
for Lys is in the micromolar range [68,69], 
although higher affinity may be achieved 
in certain cases, depending on the number 
of Lys residues in the target protein and the 
specific sequence of the protein [134]. The 
high lability and moderate affinity prevent 
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CLR01 binding to structured proteins from 
interfering with normal physiological function. 
Thus, despite its ability to bind exposed Lys 
residues on virtually any protein, as discussed 
above, the compound was found to have weak 
iatrogenic toxicity in cell culture and animal 
models. Direct demonstration of the specificity 
of CLR01’s mechanism for modulation of 
aberrant assembly of amyloid proteins was 
provided by examining its effect on a regulated 
physiologic assembly process – that of tubulin 
polymerization. The CLR01 concentration 
required for modulation of tubulin 
polymerization was ~50-times higher than 
that needed for inhibition of amyloidogenic 
proteins [205].

conclusion

EGCG and CLR01 are not specific to one target, 
but rather bind multiple amyloidogenic 
proteins and remodel the aberrant assembly 
process of amyloidogenic proteins. Although 
CLR01 binds directly to monomers, whereas 
EGCG binds to oligomers and larger assemblies, 
neither compound prevents monomer self-
association. Rather, both compounds modulate 
the assembly process into formation of non-
toxic structures that do not go on to form 
amyloid fibrils and do not seed fibril formation. 
Deciphering the details that distinguish these 
structures from transient toxic oligomers 
of amyloid proteins will require future 
investigation.

Although both CLR01 and EGCG bind to Lys 
residues, it is important to note the distinct 
nature of the binding. In contrast to the labile 
binding of CLR01, EGCG binds covalently to 

the amino groups of Lys side chains due to its 
self-oxidation into quinone derivatives that 
subsequently form a Schiff base with the Lys side 
chain. Modification of the Lys amino group by 
reactive carbonyls has been reported in certain 
cases to cause toxicity (e.g., by 4-hydroxy-2-
nonenal [222-224]) and may contribute to the 
toxicity of EGCG. At the same time, the covalent 
binding of EGCG makes it substantially more 
efficient at dissociating existing fibrils of various 
amyloidogenic proteins compared to CLR01, as 
discussed above.

Therapeutically, both CLR01 and EGCG 
treatment result in reduction of pathological 
protein deposition, such as Aβ and α-synuclein, 
in animal models of disease. Additionally, 
the effect of both extends to secondary 
disease features such as levels of microglia, 
proteasome and mitochondrial activity, and 
protein oxidation. As the study of EGCG has 
been ongoing for far longer and by more 
investigators, much more data exist about its 
functional in vivo effects. EGCG has been shown 
to improve memory in a mouse model of AD, 
climbing ability in a drosophila model of PD, 
and posture and movement in a mouse model 
of PD. CLR01’s functional effects have thus far 
only been tested in a zebrafish model of PD 
with results of improved survival and postural 
phenotype. 

EGCG has a better oral bioavailability profile 
than CLR01. Both compounds have relatively low 
toxicity, though the auto-oxidation and covalent 
cross-linking of EGCG to proteins and potentially 
other biomolecules may be a reason for concern. 
Nonetheless, the readily available nature of 
EGCG and its general protective anti-oxidant 
and anti-carcinogen effects increase EGCG’s 

short-term therapeutic use potential. CLR01 is 
the first example of a process-specific modulator 
of amyloid protein aggregation selected based 
on rational considerations. The high efficacy and 
low toxicity of this compound provide proof of 
concept for the idea that modulators binding 
with moderate affinity may be the drugs of the 
future for amyloidoses. Development of process-
specific drugs with effects on multiple aspects of 
disease in many amyloidoses is an important 
goal of future research.
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