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Academic Abstract 

Current dogma suggests modulating or preventing amyloid assembly will prove critical to the 

armamentarium of therapeutic interventions that will likely be required to overcome the 

multifaceted pathology associated with amyloid diseases.  The work described in this dissertation 

reveals substantial gains in understanding key aspects relating to the anti-amylin amyloid 

activities associated with both individual and broad groups of small molecule amyloid inhibitors. 

A main observation was the important role that the catechol functional group plays in modulating 

and preventing amyloid formation.  In this context, each chapter provides unique yet 

complementary mechanistic insight that delineates a wide range of anti-amyloid activities 

associated with preventing amylin amyloid formation by mainly catechol-containing structural 

scaffolds.  Structure activity studies show that the catechol moiety present within baicalein, 

oleuropein and rosmarinic acid are critical for their anti-amyloid functions, including exerting 

cell rescue effects against amylin induced cytotoxicity.  We also demonstrate that in general, 

autoxidation enhances the anti-amyloid potency associated with many catechol containing 

amyloid inhibitors that may be mechanistically linked to a covalent mode of action.  For 

example, we demonstrate that the O-quinone form of baicalein conjugates with amylin via a 

Schiff base mechanism.  In contrast, we also show that catechol mediated formation of protein 

denaturant resistant aggregates, which requires autoxidation and that also stems from a predicted 

covalent mode of action, does not necessarily correlate with the enhanced anti-amyloid activities 

that occur upon catechol autoxidation.  Regardless of the chemical mechanism(s) that drive 

catechol mediated anti-amyloid activity in vitro, the observed cell rescue effects exhibited by 

catechol containing molecules against amylin amyloid induced cytotoxicity is congruent with 

several recent in vivo studies that indicate polyphenols prevent toxic amyloid deposition as well 

as decades of population based studies that show regular consumption of diets rich in 



 

polyphenols are linked to a reduce incidence of age-related neurodegenerative amyloid disease.  

Indeed, advances in structure based drug discovery against amyloid formation may provide new 

avenues to optimize various catechol containing scaffolds that could be readily leveraged into 

improving diagnostic tools or perhaps accelerate the effort of discovering anti-amyloid 

therapeutics.    



 

General Audience Abstract 

From causing dementia in diseases like Alzheimer’s disease (AD) to potentiating type 2 diabetes 

(T2D), amyloid diseases represent some of the most devastating and increasingly more common 

human diseases. Amyloids themselves mainly consist of an aggregated mass of a specific type of 

protein that is believed to be either directly or indirectly toxic. Currently, there are no known 

cures for preventing amyloid diseases, and so far, efforts to discover anti-amyloid therapeutics 

have been largely unsuccessful. Many studies indicate regular consumption of plant-based diets, 

like the Mediterranean diet, that includes foods such as olives, vegetables and red wine leads to 

reduced incidence of age related amyloid diseases.  Guided by these data, scientists have begun 

to uncover specific molecules within these diets that are able to prevent amyloid formation.  A 

main emphasis in this dissertation was to understand the details of how these molecules prevent 

toxic amyloid formation.  The insights gained from these studies have elucidated key chemical 

structural features present within these molecules that convey unique effects on perturbing 

amyloid formation.  Excitingly, we also found that the presence of oxygen within the air we 

breathe, interacts with and enhances the ability of these compounds to exhibit stronger anti-

amyloid functions! These data can be used to engineer better amyloid inhibitors that could  

lead to drugs.
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Thesis Overview  

The focus of this thesis was to identify small molecule (mainly natural product based) 

amylin amyloid inhibitors and to gain insights into their anti-amyloid activities. Provided below 

is a brief outline of each chapter. 

Chapter 1: Background information on protein amyloid and amylin amyloid-induced 

pathophysiology are provided. An overview of common approaches utilized to identify small 

molecule amyloid inhibitors is discussed.  Broad classes of natural compound small molecule 

amyloid inhibitors are identified and a detailed discussion of their chemical modes of action 

against amyloid formation in vitro are provided.      

Chapters 2-5: Each chapter begins with and includes a drug discovery component. Thioflavin T 

(ThT) assay screens were conducted on a variety of small molecule libraries to identify 

individual compounds or functional groups that display anti-amyloid activities. Utilizing 

identified lead compounds from these screens as tools, Chapters 2-4 focused on individual case 

studies that differentially emphasized a variety of mechanistic questions linked to their observed 

anti-amylin amyloid activities.  In contrast, Chapter 5 emphasizes the identification and 

characterization of broad classes of amyloid inhibitors that are effective against amylin, Aβ42 and 

tau 2N4R aggregation.  Below is a brief synopsis of each chapter that highlights major findings 

and comments on potential applications stemming from each study.  

Chapter 2: Structure activity studies of the natural compound anti-amylin amyloid inhibitor 

baicalein highlights essential roles of its vicinal dihydroxy groups, that are linked chemically to 

its ability to mediate covalent adducts with amylin.  As technologies for rational drug design 

approaches against amyloid formation further develop, this work may be useful for applications 

of lead compound optimization efforts for flavonoid-based amyloid inhibitors. 
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Chapter 3: Dual anti-diabetes properties were discovered for natural compound polyphenol 

oleuropein.  Structure activity studies determined that ligstroside and 3-hydroxytyrosol served as 

key underlying structural components responsible for enhanced glucose stimulated insulin 

secretion and anti-amylin amyloid activities, respectively. Future studies that elucidate the 

potential benefits of multifunctional amyloid inhibitors like oleuropein may be useful in 

engineering drugs that can address the multi-faceted nature of amyloid diseases.             

Chapter 4: The natural compound rosmarinic acid (RA) was found to potently inhibit amylin 

amyloid formation and to neutralize amylin amyloid-induced cytotoxicity.  Numerous anti-

amylin amyloid activities associated with RA were shown to be chemically linked to its 

underlying structural components, salvianic acid A and caffeic acid.  Excitingly, both RA and a 

synthetic amide-linked RA analogue (RA-A), which exhibited even stronger anti-amyloid 

potency compared to RA, disrupted pre-formed amylin oligomers present in the serum taken 

from both transgenic rats overexpressing human amylin (HIP rats) as well as from humans 

afflicted with T2D. We are currently conducting in vivo studies to determine if RA can prevent 

amylin amyloid deposition in HIP rats as well as assess if RA can halt T2D progression and 

rescue against neurocognitive deficits that develop in this animal model system.   This work 

epitomizes how basic science efforts to identify and characterize small molecule amyloid 

inhibitors can be leveraged into animal studies that could potentially have a translational impact.        

Chapter 5: A drug repurposing platform identified several broad classes of amyloid inhibitors 

capable of preventing amyloid formation against microtubule-associated protein tau 2N4R, Aβ42 

and amylin.  Herein catechol-containing inhibitors are highlighted.  We found that autoxidation 

is a general determinant for enhancing catechol-containing compound anti-amyloid activities.  

Data are presented that also suggest amyloid “remodeling” may not be a general requirement 
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linked to the anti-amyloid activities of catechol-containing inhibitors.  Identifying key structural 

features of the ligands and clarifying the mechanisms that confer their anti-amyloid activities 

will provide useful information for future rational drug design efforts.  Moreover, the initial 

repurposing screening platform utilized in this study could also be potentially employed to 

uncover protein specific amyloid inhibitors.  The latter could be used to further elucidate 

structure function amyloid toxicity that may be associated with unique amyloid polymorphisms 

as well as optimized to aid in clinical diagnostics.  

Chapter 6: Summary conclusions and future perspectives are discussed. 
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Chapter 1 Literature Review: Protein Amyloid, Amylin pathophysiology and 

Natural Product-Based Amyloid Inhibitors  

Portions of this review are adapted from: 

Paul Velander, Ling Wu, Francis Henderson, Shijun Zhang, David Bevan, Bin Xu. (2017) 

Biochem. Pharmacol. 139, 40-55.  
 

Amyloid Background 

Amyloidosis is associated with the largest class of protein misfolding diseases that 

includes a broad spectrum of neurological, metabolic and aging related diseases including 

Alzheimer’s disease (AD), prion disease, Parkinson’s disease, and type 2 diabetes (T2D). The 

pathological hallmarks of amyloidosis are structurally conserved intracellular and extracellular 

insoluble proteinaceous deposits termed amyloid fibrils.1-3. Protein amyloid aggregation 

proceeds through a nucleation dependent process wherein seed competent precursor species 

initiate an aggregation cascade that results in equilibrium between mature amyloid fibrils and 

their small precursor aggregates. Mature amyloid fibrils are comprised of several unbranched 

protofilament segments, which are in turn made up of β-sheet rich protein structures.  These 

structures stack upon one another, forming the conserved amyloid “cross beta spine”, 

characterized by individual β-strand units being positioned perpendicular to the long axis of the 

protofilament2. Even though certain physicochemical properties conferred by amino acid 

sequence such as hydrophobicity, charge and β-sheet propensity can affect amyloidogenicity of 

natively unfolded proteins, extensive literature suggests that amyloid formation is facilitated by 

backbone interactions 2. Over the last two decades, increasing evidence indicates that the primary 

pathological amyloid species are non-fibrillar precursor aggregates that range from unstructured 

oligomers (as small as dimers) to β-sheet rich aggregates termed protofibrils (as small as 20-

mers) 2, 4-9.     
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Generic mechanisms of amyloid induced cytotoxicity include cell membrane damage, 

organelle dysfunction, and impaired proteostasis that can ultimately lead to cell death 10-13. 

Protein amyloid-specific pathology can also arise due to the cellular and physiological processes 

that are perturbed in specific tissues. For example, insulin resistance and reduced β-cell mass 

may result from amylin amyloid formation in T2D.  Other amyloid pathology may stem from 

unique consequences linked to losing the native function of the aggregating protein. For 

example, amyloid formation that occurs in AD and tauopathies may result in microtubule 

dysfunction because of a depleted source of functional tau.  Currently amyloid disease can be 

classified based on if the amyloid deposits are localized or systemic and if the underlying 

pathologies are neuropathic.  Using these criteria, Dobson and colleagues delineated amyloid 

diseases into three categories:  neurodegenerative, non-neuropathic systemic and non-

neuropathic localized amyloidosis 1-2. Over fifty human protein misfolding diseases and their 

associated proteins and peptides have been described, including several physiologically 

important peptide hormones such as insulin 14 and amylin 15.        
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Pathophysiology of amylin amyloid 

Human islet amyloid polypeptide (hIAPP), is also called and hereon referred to as 

amylin.  It is a 37-residue natively unfolded peptide hormone that is co-expressed and co-

secreted with insulin by pancreatic beta cells.  Amylin plays a regulatory role in glucose 

homeostasis and in inducing post-prandial satiety15; however, human amylin is also highly 

amyloidogenic.  Sequence analysis between human and non-amyloidogenic isoforms, such as 

rodent amylin, as well as high resolution structural data using various human amylin fragments 

indicate residues 20-29 are essential determinants of human amylin amyloidogenicity 16-17 (Fig 

1A,).  Human amylin amyloid pancreatic deposition occurs is estimated to occur between 80-

95% of humans with T2D, and several animal studies validate its association with numerous 

clinicopathological features of T2D, including reduced pancreatic beta cell mass18-19.  

Furthermore, it is established that soluble oligomers and fibrils of aggregated amylin are toxic 

against numerous cell lines in vitro, including rat insulinoma INS-1, human neuroblastoma SH-

SY5Y, mouse neuroblastoma Neuro-2A and mouse smooth vascular muscle cells (Fig 1C). 

These cytotoxic effects which can lead to reduced cell viability and or apoptosis are linked to a 

variety of perturbed cellular processes including membrane ion leakage 20-21, perturbed 

intracellular calcium levels22-23, reactive oxygen species 21, and impaired proteostasis linked to a 

dysfunctional ubiquitin proteasome system or  autophagy11, 15. These data implicate amylin 

amyloid formation as a contributing factor to T2D pathology.  Moreover, recent validation of the 

presence of amylin amyloid in both the heart and brain tissue in humans suggest a wider 

pathological influence 23-25.  Despa and colleagues showed a significant difference in amylin 

oligomer accumulation occurs within failing hearts of obese and T2D individuals but not in 

healthy controls. A transgenic rat model further elucidated that amylin can perturb myocyte 



4 

 

Figure 1. Amylin sequences, cytotoxicity and biochemical characterizations 

(A) human and rodent amylin sequences are shown. Green box indicates a key region that 

determines amyloidogenicity where residue differences in rat amylin are highlighted in red. (B) 

ThT fluorescence assay indicates that human but not rat amylin forms amylin amyloid (C) TEM 

images of human amylin fibrils (D) MTT cell viability assays demonstrate the toxic effects of 15 

μM amylin on rat insulinoma INS-1, human neuroblastoma (SH-SY5Y), mouse neuroblastoma 

(Neuro-2A) and mouse vascular smooth muscle cells (VSMC) (unpublished results, Xu lab). 

A 

B C 

D 
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calcium homeostasis and induce diastolic dysfunction22. Immunohistochemistry and western blot 

analysis from two separate groups that examined human brain tissue specimens obtained from 

healthy controls, individuals diagnosed with T2D-with dementia or those with AD alone, 

confirmed that diseased but not healthy controls exhibit amylin (and Aβ) amyloid and oligomer 

deposition within blood vessels and brain parenchyma24-25.  Amylin amyloid also altered brain 

microvasculature and appeared to co-localize with apolipoprotein E, which has previously been 

observed in pancreatic arteriosclerotic lesions26.  Within the context of established dogma that 

the mechanisms of cytotoxicity of amyloidogenic peptides are conserved 2, 7, 12, 27-28, validation of 

amylin amyloid/oligomer deposition in the brain suggests the possibility that amylin could also 

potentiate cerebral amyloid angiopathy (CAA) and stroke. This rationale stems from 

epidemiological studies that link Aβ brain deposition to CAA and stroke 2, 7, 12, 27-31. In summary, 

these data suggest that amylin amyloid may potentiate T2D, is toxic to neuronal, heart and 

pancreatic beta cells in vitro, and may contribute to chronic cardiovascular and 

neurodegenerative diseases. These findings suggest an important need to develop anti-amylin 

amyloid inhibitors.  

At least in vitro, many kinds of molecules have been found to recognize/bind, perturb or 

prevent amyloid formation.  Some molecules are protein-based, which include antibodies, 

enzymes, or small peptides7, 32-37.  Others are nucleotide-based such as DNA or RNA aptamers38-

39.  Additionally, both carbohydrates such glycosaminoglycans as well as membrane lipids have 

been shown to accelerate amyloid formation40-43.  Another group of molecules includes 

structurally diverse small molecules such as antibiotics, sulfonated anions, molecular tweezers, 

and polyphenols44-47.  Since the work in this dissertation has primarily focused on characterizing 

small molecule natural compound amyloid inhibitors, the remainder of this review provides a 
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detailed overview of these compounds (Figure 2) as well as in-depth analysis of their 

mechanisms of inhibition.   

Natural Product-based Amyloid Inhibitors 

Natural compounds that exhibit anti-amyloid effects have distinct advantages over other 

synthetic compounds: they are often naturally consumed as part of a healthy diet wherein they 

offer general nutraceutical benefits such as reduced risk for AD and T2D 48. Several polyphenols 

including curcumin, resveratrol and epigallocatechin-3-gallate (EGCG), have progressed to 

clinical trials for AD treatment (see Section: in vivo efficacy and clinical studies). Moreover, 

based on their multiple functions including anti-oxidant, anti-inflammatory and metal chelating 

capacities, polyphenols are a rich source for a variety of different structural backbones that can 

be utilized in rational drug design efforts to find multifunctional anti-amyloid agents 49-50 (see 

Section: Natural Product—Metal—amyloid protein complexes and Chapter 3). 

Using PubMed and other public databases, we conducted a general search for a 

comprehensive list of natural compound amyloid inhibitors. Because natural compounds could 

be identified based on a wide variety of beneficial activities against amyloid diseases such as 

inhibiting amyloid indirectly by attenuating amyloid protein expression levels or influencing 

other key biochemical targets associated with amyloid, only natural compounds that directly 

prevented or modulated amyloid aggregation are included in our list. Of the 72 compounds 

identified, 44 are phenolic compounds that include 16 flavonoids, 4 anthraquinones, 13 alkaloids 

(including 3 indoles, 3 pyridines, and 2 porphyrins), terpenes, and steroids. Figures 2a-c provides 

the chemical structures of these compounds.   

Many of the phenolic compounds identified from our search are present in the diets that 

are epidemiologically linked with reduced risk of aging-associated amyloid pathologies 51-53. 
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Examples include oleuropein and oleocanthal found in olive oil, resveratrol found in fruit and red 

wine, curcumin found in turmeric, as well as EGCG and myricetin found in green tea. Additional 

polyphenols identified that are present in healthful foods include caffeic acid and rosmarinic acid 

found in culinary herbs, cinnamaldehyde found in cinnamon, and genistein found in legumes.  In 

contrast to the flavonoids or phenolic acid derivatives that comprised the majority of structures 

found within polyphenol amyloid inhibitors, several inhibitors with strikingly different structures 

were identified: cyclodextrin, a cyclic carbohydrate byproduct formed from enzymatic starch 

breakdown; squalamine, an amino sterol isolated from dogfish with previously documented anti-

viral and anti-bacterial activities 54-55; vitamin A, a fat soluble vitamin 56; hematin, a porphyrin 

employed as a therapeutic against porphyria 57; rifampicin, an antibiotic for treating bacterial 

infections; and scyllo-inositol, a plant sugar alcohol found abundantly in coconut palm. Caution 

must be taken since the amyloid-inhibitory functions of many of these compounds have not been 

validated in vivo.  
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Figure 2a. Chemical structures of identified flavonoid natural product protein amyloid 

inhibitors. Additional structures of other natural compounds are shown on the next two pages.   
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Figure 2b. Chemical structures of identified phenolic natural product protein amyloid inhibitors. 

Additional structures of other natural compounds are shown on the next page.   
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Figure 2c. A wide range of chemical structures of identified natural product protein amyloid 

inhibitors. Some representative structures shown above include quinones, pyridines, aldehydes, 

sugar alcohols, and terpenes. 
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 Drug Discovery Strategies against Amyloidosis 

There are multiple therapeutic strategies to identify disease-modifying agents against 

protein amyloidosis (for a recent review, see 58). For natural compound identification, one source 

of information comes from epidemiological studies that suggest preventative effects against 

dementia, AD, or diabetes may be associated with the diets containing high intake of flavonoids 

and polyphenolic compounds 53. The Mediterranean diet, featuring by a high intake of 

vegetables, fruits, cereals, and olive oil, was reported to be associated with reduced risk for AD 

and mild cognitive impairment in multiethnic community studies in New York 59-60. Several 

cohort studies suggested that moderate intake of red wine (containing resveratrol) was associated 

with a reduction in risk of dementia, AD, or cognitive decline 61-62. Curcumin, found in yellow 

curry spice turmeric in traditional Southeast Asian diets, and EGCG and myricetin, polyphenolic 

compounds present in green tea, have been associated with cognitive health 53. However, the 

protective effects of diet are not the same as the specific effects of a single compound. How diet-

specific natural compounds may provide health effects are not well known. Nevertheless, 

information from these epidemiological sources as well as information reported by alternative 

and complementary medicine led to testable hypotheses and experimental efforts that 

successfully identified numerous natural compound amyloid inhibitors 63-66. 

One of the current strategies aimed at identifying therapeutic lead compounds for 

amyloidosis focuses on inhibiting amyloid aggregation by (i) inhibiting toxic amyloid formation 

and/or stabilizing its native form from aggregating and (ii) remodeling or degrading toxic 

amyloid oligomers and/or insoluble fibrils. Various approaches have been used. A variety of 

platforms, including in vitro 67 and cell based approaches 68, have been used in a semi-to-high 

throughput capacity to screen for small molecules that prevent or modulate amyloid aggregation.  
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One selection criterion used to choose the library of compounds for screening emphasizes the 

overall quantity and diversity of compounds rather than any specific underlying physicochemical 

features 67. For instance, Chen and colleagues developed a high throughput small molecule 

microarray assay capable of identifying amyloid inhibitors by assessing binding affinity with 

amyloid β-peptide with ~11,000 different small molecule leads per array slide. Activities were 

assessed from a range of synthetic and natural compounds as well as compounds derived from 

diversity-oriented synthesis. Several high-resolution crystal structures of fragment sequences of 

amyloidogenic proteins 17, 69 in concert with atomic structural analysis on small molecules that 

bind these structures 46, 70-71 have revealed a variety of molecular scaffolds that either inhibit or 

modulate amyloid formation. These structures, some of which have been proposed as potential 

pharmacophores 46 that can presumably target the generic cross beta spine architecture common 

to all amyloids, are currently being used for structure-based drug design efforts. For example, 

Eisenberg’s group, utilizing Orange G, an amyloid binding dye, developed a high throughput 

screening platform that utilized iterative computational and experimental approaches, and 

investigated and fine-tuned structure activity relationships for lead compounds with optimized 

activity against Aβ amyloid 72. In addition, molecular docking and molecular dynamics 

simulation are commonly used approaches to screen small molecule libraries, to gain 

mechanistic insights into target – drug interactions, and to optimize lead compounds 72-74. 

Mechanisms of Inhibition 

The specific stages of aggregation and amyloid species that are targeted by natural 

product inhibitors, as well as the resulting biochemical and biomolecular processes that are 

linked to amyloid induced cytotoxicity, are not yet fully understood.  However, recent work has 

begun to elucidate a detailed understanding of the chemical mechanisms that underlie these 
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processes. Anti-aggregation agents can exert their actions by forming covalent bonds 75-78 and/or 

non-covalent interactions (i.e. π-π interactions, hydrogen bonding, or charge-charge interactions 

between an inhibitor and the backbone or side chain residues of the target protein) 46, 79-81 that 

may affect one or all stages of the aggregation processes.  Eisenberg’s group has elucidated at 

least two different binding modes of amyloid pharmacophores whose non-covalent interactions 

can be delineated by relatively “tight” (i.e. co-crystal structure of Orange G bound to Aβ fibril 

fragment KLVFFA) or “less tight” binding (i.e., co-crystal structure of curcumin bound to Tau 

fibril fragment VQIVYK) within the cross beta spine of single crystal structures of amyloid 

fragment sequences from Aβ and Tau 46. However, formation of a common amyloid 

pharmacophore mediated by predominantly non-covalent bonding interactions fails to explain 

why in some cases these forces, which typify EGCG mediated anti-amyloid activities in many 

amyloid systems, are ineffective in others 82. Accordingly, a series of papers have demonstrated 

that covalent adduct formation can occur between the nucleophilic side chain thiols and amines 

(as well as the amino terminal amine) and the electrophilic carbonyls within o-quinone 

intermediates and/or aldehyde moieties 75-76, 78. Covalent adduct formation significantly affects 

anti-aggregation effects of baicalein on α-synuclein 76, 83-84 and likely also on amylin 66. Adduct 

formation also affects EGCG’s binding affinity and remodeling of Aβ as well as amylin8-24 fibrils 

77. Such a mechanism appears to be essential to inhibiting phosphatase-cleaved amyloid 

precursor peptide (PAP)248−286 amyloid formation 82; Similar mechanisms have been proposed 

in the observed anti-aggregation effects of taxifolin on Aβ aggregation as well as for 

cinnamaldehyde and oleocanthal on tau amyloid formation 75, 85-86.  The following sections focus 

on numerous case studies to provide a detailed discussion of the non-covalent and covalent 
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mechanisms that mediate natural compound-amyloidogenic protein interactions, and importantly, 

their association with observed inhibitory effects on amyloid induced cytotoxicity. 

Non-covalent Inhibition Mechanisms 

The type and specificity of the non-covalent interactions that mediate amyloid inhibitor 

activity can vary depending upon the protein or stage of aggregation that is targeted 79, 82, 87-90.  

Thus, many of the non-covalent interactions described below are not meant to be a 

comprehensive description of all non-covalent interactions that may mediate the anti-amyloid 

activities of an inhibitor.  Rather it is a summary of some of the key interactions that have been 

shown to be important for each inhibitor within the specified context. We will use two 

extensively studied compounds, curcumin and EGCG, as showcase examples.    

Curcumin has been documented to modulate amyloid assembly in various amyloid 

systems. Because curcumin has been suggested as a potential pan-assay interference compound 

(PAINS) 91, it is especially important to have multiple orthogonal assays to validate the 

bioactivities of curcumin. Nonetheless, extensive literature shows that curcumin prevents 

amyloid formation, amyloid induced cytotoxicity, and provides beneficial in vivo effects 

including reduced plaque burden (for a recent review, see 92; Table 1) via (i) inhibiting amyloid 

aggregation in the instances of amylin or Aβ 90, 93−95 (ii) Accelerating α-synuclein aggregation 

that results in less toxic intermediates and insoluble aggregates 89, 96. Using experimental 

structure information, computational simulation work has provided insights into key non-

covalent interactions between curcumin and the generic cross beta spine structure present in 

amyloid fibrillar structures as detailed below. 

Docking simulations with amyloidogenic “steric zipper” hexapeptide amyloid beta 

fragment and full length Aβ1-40 showed that curcumin binds within the interstrand space 
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(maintained at characteristic 10 Å distance of protein fibrils; Figure 2A) in a planar fashion, with 

its phenyl heads oriented in parallel with the fibril axis 71. Subsequent analysis revealed that 

curcumin formed key inter-residue side chain interactions that targeted the bolded residues 

within segment KLVFFA of the hexapeptide octamer assembly and residues HQKLVFFA in 

full-length amyloid β peptide 71.  In both cases, interatomic distances between these residues and 

specific regions of the curcumin molecule were indicative of a variety of important non-covalent 

contacts that were mediated by hydrophobic and hydrogen bonding interactions (Figure 2A).  

These include interactions between aromatic phenyl rings of curcumin and His14 (π stacking) 

and between the phenyl ring of curcumin and Val18 (π-alkyl stacking). Other interactions 

include hydrogen bonding between two separate flanking Lys16 residues (projected inward from 

opposite strands of the cross-beta spine) 71. Furthermore, data from molecular dynamics (MD) 

trajectories (at 1 ns duration) indicate much larger root mean square fluctuations for residues 

HQKLVF (1.4-3.6 Å) in full-length Aβ fibrils with curcumin bound than for controls with no 

curcumin bound (0.9-2.1 Å). Binding of curcumin results in β-sheet perturbations within the 

cross beta spine that may have important implications experimentally relevant to fibril inhibition 

88-89, 94-96.  Indeed, a similar mechanism of “binding and destabilization” has recently been 

described with curcumin-bound tau hexapeptide VQIVYK 70. Eisenberg’s group recently solved 

curcumin-bound tau hexapeptide crystal structure that demonstrated curcumin intercalates within 

the inter-β-sheet pocket of four interacting oligomeric chains, with curcumin oriented in a 

planar-lengthwise fashion parallel to the fibril axis 46. Using this complex structure as the starting 

point, a 20 ns MD trajectory was performed that showed curcumin-bound tau disrupts inter-

strand beta sheet chain interactions that preclude ordered fibril assembly 70.  
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Another recent study utilized MD simulations to investigate the molecular contacts that 

mediate amylin-curcumin interactions. MD simulations showed that multiple curcumin 

molecules self-associate, forming a nucleation site, characterized by exposed hydrophobic and 

hydrogen bonding contacts that bind to and stabilize small order amylin oligomeric “nano-

assemblies” that attenuate higher order amyloid aggregation 93. Helical structures have been 

proposed to play an important role in facilitating downstream β-sheet rich secondary changes 

that precede fibrillar amylin amyloid assembly 40-41, 97-99. Moreover, these data indicate that 

curcumin can target more than just the cross-beta spine motif. Residues in the amylin sequence 

that are targeted most frequently by curcumin included Leu12, Phe15, Phe23, Leu27 and Tyr37 

(which includes all aromatic residues within amylin). Discrete MD simulations (DMD) data 

supported the presence of π-π stacking between these aromatic residues and the phenyl rings of 

curcumin. These simulation results are consistent with the hypothesis that π-π interactions are an 

important force mediating anti-amyloid effects of polyphenols 100-101.  DMD also suggested the 

presence of hydrogen bonding between both 4-hydroxy-3-methoxy phenyl substituents on 

curcumin and backbone/polar residues of amylin. Importantly, these curcumin-nucleated amylin 

“nano-assemblies” displayed fewer amylin-amylin contacts, which was attributed to formation of 

several smaller assemblies versus the one cluster seen in the control 93. The possibility that 

curcumin nucleates and stabilizes small oligomeric assemblies that leads to fewer amylin-amylin 

interactions provides mechanistic insights into the experimentally confirmed ability of curcumin 

to significantly delay and prevent amylin amyloid formation in vitro 90.    

A common phenomenon observed in each study was that curcumin intercalated within 

the hydrophobic core of all amyloid assemblies regardless of the type of peptide or the 

quaternary structure of each complex.  The non-covalent interactions observed within these 
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complexes give not only mechanistic insights into how curcumin exerts its anti-amyloid effects 

88-89, 95, but also show how the molecular scaffold of curcumin is capable of targeting the cross 

beta spine present in all amyloid fibrillar structures, as well as α-helical oligomers that may play 

an important role during the early events of amyloid aggregation 40, 97. 

EGCG exerts powerful anti-amyloid effects against many amyloidogenic proteins. It has 

the ability to prevent the formation of toxic prefibrillar oligomers (while stabilizing non-toxic off 

pathway oligomers), as well as inhibit amyloid fibril formation and remodel previously existing 

amyloid fibrils into less toxic insoluble aggregates 77, 80, 82, 87, 102-104.  Numerous studies have 

elucidated some of the key non-covalent binding events and interactions that mediate these 

effects. Multiple studies suggest that EGCG undergoes non-specific hydrophobic and hydrogen 

bonding interactions that can mediate its anti-amyloid activities: (i) Nitro blue tetrazolium (NBT) 

dye staining analysis as well as NMR data suggest that EGCG can bind to natively unstructured 

α-synuclein and amyloid β peptide or denatured bovine serum albumin but not other native 

globular proteins 87. These data suggest that EGCG may have a propensity to target unfolded or 

natively unstructured proteins, presumably via non-specific backbone interactions 87. (ii) EGCG 

can remodel preformed amyloid generated by the mutant form of acetylated fragment of yeast 

prion protein Sup35 (GNNQQNFQQF) but not the native fragment (GNNQQYQQY). Such 

differential effects may be due to the mutant fragment possessing more hydrophobic binding 

regions that can interact with EGCG 77. (iii) Using a series of amylin mutants, Raleigh’s group 

investigated the importance of residue-specific aromatic/hydrophobic or covalent interactions 

that may mediate EGCG-induced amyloid inhibition and/or remodeling activities. They 

concluded that neither was critical, and that backbone hydrogen bonding/hydrophobic 

interactions likely mediate the effects of EGCG 79. Other studies indicate that the ability of 
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EGCG to inhibit amylin amyloid aggregation or remodel preformed amylin8-24 fibrils is 

attenuated in the presence of negatively charged lipid bilayers 77, 104. These data suggest that key 

polar and non-polar regions of amylin that mediate the non-specific hydrophobic interactions and 

hydrogen bonding as suggested by Raleigh and colleagues 79, are sequestered by both lipid 

bilayers and detergent, leading to fewer interactions with EGCG. 

The anti-amyloid activities of EGCG may also be facilitated by protein specific regions 

and/or residue binding: (i) Data from biochemical assays, ion mobility mass spectrometry, 2D 

NMR spectroscopy, and computational simulations suggest that EGCG-Aβ binding results in 

compact monomeric and dimeric conformations, as well as higher order SDS-stable Aβ 

oligomers that are mediated by polar and non-polar interactions between EGCG and the aromatic 

hydrophobic core of Aβ 103, 105. Hyung and colleagues also suggested from molecular modeling 

studies that EGCG may interact with metal binding residues His6, His13, and His14 in the Aβ 

sequence 105. (ii) NMR spectrometric data on prostatic acid phosphatase-cleaved amyloid 

precursor peptide (PAP248−286) with EGCG indicate that EGCG binding is selective for charged 

residues Lys, Arg, His along with Met but not its hydrophobic core 82. Furthermore, EGCG did 

not exhibit anti-amyloid activity against acetylated PAP, indicating that non-specific 

hydrophobic interactions or hydrogen bonding cannot alone mediate the anti-amyloid activity of 

EGCG towards this amyloid peptide (See Section 3.2.3 for further discussion). MD simulations 

have also been applied in studying the interaction of EGCG with amyloidogenic peptides. In one 

study, MD simulations were used in combination with MM-PBSA calculations to examine 

interactions between EGCG and the Aβ42 monomer 106. EGCG molecules were observed to expel 

water from the surface of the peptide and bind directly to it. Free energy decomposition revealed 

that the dominant terms contributing to binding involved nonpolar interactions, with polar 
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interactions playing a minor role. In another study, MD simulations were used to examine the 

effect of EGCG on aggregation of amylin 107. Replica exchange MD was used to study the 

conformation of amylin dimers. Initial conformations were extended and contained a three-

stranded antiparallel β-sheet and the β-hairpin characteristic of cross-beta amyloid. When EGCG 

was present, the hydrophobic and interpeptide interactions that stabilized the extended β-sheet 

structures were blocked, resulting in the formation of conformations containing predominantly 

coil structure. 

In summary, the anti-amyloid activities of EGCG are mediated by a broad spectrum of 

non-covalent interactions whose specificity and overall contribution to the observed anti-amyloid 

activity is determined by the interacting protein: in the case of amylin, non-specific interactions 

(i.e., hydrophobic/hydrogen bonding interactions) were sufficient to facilitate the anti-amyloid 

activity of EGCG; this contrasts sharply with its inhibition of PAP amyloid, wherein specific 

interactions are essential. This dichotomous behavior is also a departure from an inhibitory 

mechanism that is characterized by a common phenolic pharmacophore, as suggested by studies 

conducted with curcumin and Orange G 46. To our knowledge, high-resolution structural 

information has not been obtained for EGCG in complex with an amyloid peptide.  

Covalent Interaction Mechanisms 

Multiple studies have suggested or confirmed the presence of o-quinone mediated 

covalent adduct formation from certain flavonoid or catechol-containing phenolic compounds 

with amyloid proteins 66, 75-77, 82, 84). Additional covalent mechanisms have also been reported 

between nucleophilic amines and thiols of amyloidogenic proteins and electrophilic reactive 

groups on inhibitors such as aldehydes (Figure 2B, Middle and Lower Panels; 85-86). Major 

covalent inhibition mechanisms and selected cases are presented below.  
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O-quinone Mediated Covalent Mechanisms 

 We will use EGCG, taxifolin, baicalein, and catecholamines to showcase examples for o-

quinone mediated covalent mechanisms. A series of NBT binding assays, transmission electron 

microscopy (TEM), and NMR analyses confirmed that site specific adduct formation to lysine 

residues within (PAP)248−286 is essential for EGCG-mediated anti-amyloid activity as well as 

SDS-stable insoluble aggregate formation of (PAP)248−286 
82. Furthermore, mass spectrometry 

indicates that gallocatechin (GC), which lacks the gallic ester moiety presented in EGCG but 

retains the three contiguous hydroxyl groups on the B-ring, undergoes less conjugation with 

(PAP)248−286 and neither stabilizes low molecular weight SDS-stable PAP oligomers nor inhibits 

PAP amyloid formation. This suggests that the gallic ester moiety present in EGCG is essential 

for yielding a sufficient amount of adduct formation (i.e., 35% in EGCG-PAP samples versus 

10% observed in GC-PAP samples) necessary to confer anti-amyloid activities. These effects 

may be attributed to higher stoichiometric amounts of gallol functional groups capable of o-

quinone formation in EGCG (versus GC). Alternatively, the gallo ester may facilitate initial non-

covalent EGCG-PAP interactions as suggested by NMR experiments that places EGCG in a 

more favorable position and orientation (as compared to GC) for covalent conjugation 82. The 

latter explanation is similar to the idea of how aromatic/hydrophobic residues within the 

hydrophobic amyloid core may facilitate proper pharmacophore positioning of certain 

polyphenols along the cross beta spine of amyloid fibrils 100.  

Taxifolin does not inhibit monomeric or seeded amyloid beta fibril formation in 

anaerobic conditions or in the presence of a mild reducing reagent 75.  However, when incubated 
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under aerobic conditions, taxifolin attenuates beta sheet rich secondary changes and prevents 

Aβ42 fibril formation, a phenomenon that was accelerated in the presence of an oxidizing 

reagent, sodium periodate 75.  Studies using mass spectrometry and site directed mutagenesis 

confirmed that the chemical mechanism responsible for taxifolin mediated anti-amyloid activity 

occurs via site specific covalent adduct formation, through Michael addition at residues Lys16 

and Lys28 75.  Further characterizations with catechol-type (myricetin and quercetin) and non-

catechol type (morin, kaempferol and datiscetin) flavonoid compounds suggested that all 

compounds exhibited anti-amyloid activity against Aβ1-42. But in the presence of Lys16Nle, 

Lys28Nle, and Lys16Nle/Lys28Nle mutants, only non-catechol-type molecules showed anti-

amyloid activity 75.  These results indicate that myricetin and quercetin direct their anti-amyloid 

activities through o-quinone-Lys covalent adduct formation similar as taxifolin but that such a 

mechanism may not be generalized to all flavonoid molecules.   

In a similar case, baicalein prevents α-synuclein amyloid formation and the primary 

chemical mechanism responsible for this activity is believed to be via formation of baicalein- α-

synuclein covalent adducts 76, 83. Anti-amyloid activities of baicalein against α-synuclein 

aggregation are significantly enhanced when it is autoxidized into the quinone form of baicalein 

versus freshly prepared baicalein, but significantly weakened under anaerobic conditions 76, 83. 

Disrupting free radical cycling essential to o-quinone auto-oxidation via 5,5-dimethyl-1-

pyrroline-N-oxide radical quenching reagent significantly reduced anti-amyloid effects of 

baicalein 83.  Finally, results from mass spectrometry confirmed that the o-quinone form of 

baicalein forms covalent adducts with α−synuclein 76, 83. Inhibitory effects of baicalein against 

amylin oligomerization, fibril formation and amylin amyloid-induced toxicity have also been 

characterized and validated using a variety of analytical approaches 66.  In addition, systematic 
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structure activity studies using a series of baicalein analogues provided strong evidence for an 

essential role for its catechol moiety in mediating these effects. Importantly, Schiff-base 

mediated baicalein-amylin adducts were demonstrated by mass spectrometric evidence 66.  The 

latter mechanism can readily be explained by the ability of baicalein to undergo auto-oxidation to 

the o-quinone form and in turn to form covalent adducts with amylin. 

Several studies suggest that numerous quinones and amino chromes derived from 

oxidized catecholamines undergo o-quinone mediated protein covalent adduct formation that 

leads to the dissolution of both preformed Aβ and α-synuclein amyloid fibrils 108-110. Dopamine 

(DA), its precursor 3,4-dihydroxyphenylacetic acid (DOPAC), as well as other catecholamines 

such as norepinephrine and epinephrine were shown to bind to α−synuclein monomers and 

prevent β sheet secondary structural changes 109 and also inhibited fibril formation 109-110. In 

agreement with spectroscopic based techniques that indicated dopamine could break up 

preformed Aβ and α-synuclein fibrils, elegant microscopy work tracked the time course of 

dopamine-mediated dissolution of a single fibrillar species of α-synuclein 109. Further 

characterizations suggested that these effects are o-quinone mediated: administration of the anti-

oxidant sodium metabisulifite prevented catecholamines from inhibiting fibril formation 110; the 

oxidized products of catecholamines were significantly more effective versus the “fresh” parent 

catechol compounds in inhibiting fibril formation (albeit in this study, validation of polymerized 

oxidation products was not addressed); the importance for the catechol moiety was suggested by 

numerous related catecholamine analogues that did not confer anti-amyloid activities 109-110; the 

presence of long wavelength fluorescence in samples containing DA and α-synuclein which 

indicates Tyr-derived radical coupling (i.e., a phenomenon that can serves as an indicator of 

potential DA- α-synuclein adduct formation at the Tyr residues) was noted 109-110; the presence of 
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SDS- and heat-treatment stable DA-α-synuclein monomers and oligomers suggest very stable 

DA- α-synuclein interactions, potentially mediated by covalent binding 108, 110.       

Non-catechol Derived Covalent Mechanisms 

Cinnamomum (tree) verum extract has been shown to inhibit amyloid fibril formation 

from tau and hen egg-white lysozyme 111-112.  Recently it was confirmed that cinnamaldehyde, 

the major component of cinnamon bark oil, prevents Tau187 amyloid formation without 

affecting tau mediated microtubule assembly 85. Further characterizations confirmed that the 

unsaturated beta carbon on CA undergoes reversible nucleophilic attack by Tau187 cysteine 

thiols (Figure 2B, Middle Panel; 85). Amyloid formation from the double cysteine knock out 

Tau187 mutant C291S/C322S was not affected by cinnamaldehyde, suggesting that cysteine 

adduct formation was essential to anti-amyloid activity of cinnamomum.    

Oleocanthal prevents tau from undergoing beta sheet secondary structure changes and 

inhibits tau amyloid formation in a concentration dependent manner 86.  Utilizing mass 

spectrometry (MS), further work established that oleocanthal forms a covalent adduct via Schiff 

base formation with the lysine residue of the hexapeptide VQIVYK sequence in the tau protein 

86. MS also suggested oleocanthal-tau (full length) adduct formation, but confirmation of the 

adduct was not possible due to inherent ambiguity related to oleocanthal-crosslinked products as 

well as because the MS spectra contained a low signal-to-noise ratio.  Nonetheless, other data 

strongly suggests that covalent adduct formation is necessary for anti-amyloid activity of 

oleocanthal: systematic structure activity studies showed that the two aldehyde groups within 

oleocanthal are essential for its observed anti-amyloid activity (Figure 2B, Lower Panel; 86); 

Titration of lysine into the mixtures containing both tau and oleocanthal reduces tau amyloid 

formation, in a lysine concentration dependent manner.  Such reduction is consistent with the 
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ability of lysine to form adducts with the aldehyde reactive-functional groups in oleocanthal 

(maybe more readily than tau), which results in fewer oleocanthal molecules available to inhibit 

tau amyloid 86.   
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Figure 3. Schematic representations of several proposed mechanisms between inhibitors and 

amyloid proteins. (A) Non-covalent interaction mechanisms with curcumin as an example. Left 

panel: The planar curcumin molecule is depicted by a cartoon schematic within the cross-beta 

spine of an octomeric fibrillar backbone. This representation is based on the structural model of 

curcumin bound to the VQIVYK segment from the tau protein as well as MD simulation results 

of curcumin docking onto Aβ hexapeptide KLVFFA 46. Right panel: key non-covalent 

interactions occur within (continued next page) 
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the cross-beta spine of full-length amyloid β peptide and curcumin, as depicted from a recent 

MD simulation study 71. His14 undergoes π-π stacking (dotted line) with one end of the aromatic 

heads of curcumin, which is also positioned in a hydrophobic area near Phe20 (bottom right).  

The central keto-enol functional groups and as well as the aromatic head (bottom left) undergo 

hydrogen bonding with lysine residues located on opposite sides of the cross-beta spine (hashed 

lines). Additionally, π-alkyl interactions (depicted by dotted line) were seen between the 

aromatic head of curcumin (bottom left) and Val18 residues. (B) Covalent interaction 

mechanisms. Small molecule natural compounds containing electrophilic functional groups such 

as o-quinones and aldehydes form covalent adducts with amyloidogenic proteins and prevent 

amyloid formation. (Top panel) Taxifolin forms covalent adducts with the side chain amine 

group of lysine in Aβ42 via Schiff base formation via o-quinone intermediates. (Middle and 

Lower panels) Tau is covalently modified by the aldehyde functional groups in the case of 

cinnamaldehyde (middle panel) and oleocanthal (lower panel) via Michael addition and Schiff 

base respectively. Such conjugation prevents protein amyloid growth and formation.  
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Natural Product – Metal – Amyloid Protein Complexes 

Transition metals, including copper, iron, and zinc are believed to play important roles in 

contributing to various amyloid diseases 113-116. While there are still debates about the inhibitory 

or accelerating effects these metals may have on amyloid formation in vitro 115, 117-118, it is well 

known that metal dyshomeostasis is associated with neurodegenerative amyloid diseases 115, 119. 

Furthermore, metals have been shown to directly bind to and exacerbate amyloid plaque load and 

toxicity in vivo. A primary mechanism of toxicity has been attributed to redox active metals such 

as copper that are sequestered in the amyloid plaques and contribute to cytotoxic reactive oxygen 

species production in the presence of hydrogen peroxide and reducing agents 115. Recent work 

showed that by combining molecular scaffolds or functional groups from individual compounds 

that chelate metals, interact with amyloid or both, it is possible to engineer multifunctional small 

molecules with improved activity and selectivity against metal-induced amyloid formation and 

toxicity 49. 

Metal chelating activities of EGCG against various metals, including Zn(II), Cu(I/II), 

Fe(II/III), and Al(III), directly attenuate metal-catalyzed amyloid formation in vitro.  For 

example, EGCG can form compact ternary complexes with Aβ and either Zn(II) or Cu(I/II) that 

lead to formation of SDS-resistant non-toxic oligomers 105. Results from NMR and docking 

simulations showed that these ternary complexes are mechanistically related, at least in part, by 

the capacity of EGCG to chelate metals separately in solution, and, at the same time, compete 

(against metals) for binding with the metal binding His residues in amyloid beta peptide (Hyung 

et al., 2013 105). Importantly, these ternary complexes prevent metal-accelerated amyloid 

formation and are associated with EGCG-mediated cell rescue effects against metal-amyloid beta 

induced cytotoxicity 105. Al(III) ion can accelerate amylin amyloid formation in vitro, but when 
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EGCG and Al(III) are present at a 1:1 ratio in the presence of amylin, aggregation is more 

potently inhibited than in EGCG treated-metal free conditions 120. 

Several studies indicate that curcumin can chelate various biologically active metals 

including redox-active Cu(I/II) and Fe(II/III) 121-124. Curcumin can inhibit cytotoxic Cu(II)-

triggered Aβ42 aggregation and remodel preformed Aβ fibrils in the presence of Cu(II) 122.  

Mechanistically, these effects are associated with curcumin forming a ternary complex with 

Cu(II) and Aβ peptide that is facilitated by simultaneous Cu(II) chelation and peptide binding 123. 

Curcumin binds Cu(II) and Fe(II) with similar μM-range affinity 121. It appears that curcumin 

more readily binds the redox-active metals copper and iron than redox-inactive zinc 121, 125, 

which has been related to the role of curcumin in suppressing metal-induced oxidative 

neurotoxicity. 

Verbascoside has similar structural and chemical properties as curcumin (Figure 1). It 

was recently shown to inhibit Aβ fibrillation in vitro in metal-free conditions 126. Recent 

biochemical and biophysical characterizations have further clarified how verbascoside and its 

esterified derivative, VPP, interact with freshly dissolved or preformed Aβ aggregates in the 

presence or absence of CuCl2 or ZnCl2 
50. Verbascoside showed minimal effects on remodeling 

preformed aggregates in the absence of metal ions, but interestingly, it was selective for 

remodeling Aβ aggregates in the presence of CuCl2 but not ZnCl2.  In contrast, VPP remodeled 

preformed Aβ aggregates formed in metal free or in conditions containing either ZnCl2 or CuCl2. 

In addition, metal binding for both compounds was supported by data from UV-Vis and NMR 

titration experiments and residue specific peptide binding was suggested 50.  The latter showed 

evidence that both compounds interacted with the metal binding region of Aβ1-42. Furthermore, 

saturation transfer difference (STD) NMR was utilized to elucidate the atomic details of which 
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aspects of each compound interacted with preformed fibrils. These data suggested fibrillar Aβ42 

interacted strongly with the glucose and rhamnose rings of verbascoside, in contrast to the ethyl 

ester moieties and hydrogens within the aromatic functional groups in VPP50. Future studies such 

as these, that provide atomic details regarding the nature of interactions for different molecular 

scaffolds on various amyloid targets, will enhance our understanding on the roles of metals in 

relation to inhibitors and target proteins and also our ability to utilize multifunctional molecular 

scaffolds to reduce metal-mediated amyloid toxicity. 

Non-toxic Off Pathway Aggregates 

It has been shown that some natural compounds exert their anti-amyloid activities by 

inhibiting early oligomerization events as well as preventing mature fibril formation 66.  Others 

may actually accelerate amyloid formation that result in structural modulation and attenuated 

oligomer/fibril induced cytotoxicity 96. Interestingly, it has also been confirmed in multiple cases 

that natural compounds exert their anti-amyloid effects by modulating amyloid formation and/or 

preformed fibrils towards the production of both inhibitor-bound soluble and insoluble 

aggregates 76-77, 84, 87, 96, 103, 127-128. These aggregates have been reported to display a wide range of 

size distributions that include soluble low molecular weight oligomers (as small as dimers) as 

well as high-molecular-weight insoluble amorphous aggregates (HMAA) that sediment under 

similar conditions as amyloid fibrils and are unable pass through 0.2 μM filters  77. Several 

noteworthy biochemical and biophysical characteristics have been associated with these species. 

(i) Stability: both oligomers and HMAA remain stable in the presence of SDS denaturing 

conditions. Also, resistance to heat or high concentrations of denaturant have been observed in 

some cases 77, 84, 87, 129 (ii) Off-(amyloid) pathway nature: the low molecular weight oligomers do 

not act as nucleation or template “seeds” for fibril elongation nor do they form amyloid fibrils 
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themselves 84, 87. (iii) Non-toxic: both oligomers and high molecular weight (HMW) aggregates 

are inert in cell viability assays and are not recognized by conformation specific and toxic 

prefibrillar antibodies 87, 96, 127-128.  These characteristics contrast sharply with toxic prefibrillar 

intermediates that are believed to be one of the major (if not primary) contributors to amyloid 

induced toxicity 2, 6-7, 130. We will discuss a few recent findings regarding inhibitor bound protein 

oligomeric or HMAA complexes, with an emphasis on the chemical mechanisms responsible for 

their formation. 

As discussed earlier, EGCG inhibits PAP mediated fibril formation that results in the 

formation of insoluble SDS-resistant and EGCG-bound oligomeric PAP complexes 82.  EGCG 

directs similar formation of SDS- and heat-stable complexes in several other amyloid systems: 

(i) EGCG forms strong interactions with Aβ and α-synuclein that prevents amyloid formation 

and at the same time results in formation of EGCG-bound off-pathway complexes that were 

neither cytotoxic nor recognized by conformational-specific A11 antibody 87; (ii) EGCG directs 

formation of high molecular weight insoluble light chain immunoglobulins (isolated and purified 

from nine different humans diagnosed with light chain amyloidosis or multiple myeloma) that 

are heat- and SDS-treatment stable 129. It is unclear in these studies the chemical mechanism(s) 

that are responsible for the formation of these complexes. (iii) Using microscopic and filter 

retardation assays, both covalent and non-covalent mechanisms were shown to play a role in the 

ability of EGCG to remodel preformed amyloid fibrils from numerous amyloid systems (i.e., 

amylin8-24 , Aβ or Sup35NM7-16) 
77.   

Baicalein can also stabilize an off pathway population of soluble α-synuclein oligomers 

that are robustly stable 76, 84: It took greater than 2M guanidinium hydrochloride (GuHCl) to 

cause noticeable changes in the secondary structure as determined by thermodynamic stability 
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studies 84; at the highest concentration tested (6M GuHCl), baicalein-oligomers are not 

completely dissociated based on size exclusion chromatography data; at 37 °C baicalein-bound 

oligomers were shown to be stable for over a month (the longest duration investigated) 84.  

Amazingly, these oligomers were determined not only to be “off pathway”, but also, in a 

concentration dependent manner, they inhibited monomeric α-synuclein amyloid fibril formation 

and showed only minor lipid membrane perturbation against unilamellar vesicles in vitro 84. The 

unusual stability of these oligomers compounded with the previously confirmed adduct 

formation and its importance in mediating the anti-amyloid activity of baicalein against α-

synuclein suggests that covalent modification plays a role in forming these species.  

A recent study showed that nordihydroguaiaretic acid (NDGA), resveratrol, and 

myricetin remodeled both preformed soluble Aβ oligomers and fibrils towards SDS-stable 

aggregates that exhibited attenuated cytotoxicity compared to controls and were not recognized 

by prefibrillar oligomer and fibril conformation-specific antibodies 128. Another study showed 

that resveratrol-remodeled fibril aggregates were off pathway and that surprisingly, resveratrol 

was able to remodel unstructured and toxic prefibrillar oligomers, as identified by circular 

dichroism and A11 antibodies respectively 127. Curiously, it did not remodel unstructured, non-

toxic soluble oligomers. Since NDGA-, resveratrol-, and myricetin-directed SDS-stable 

oligomers did not form when samples were boiled prior to SDS-PAGE, it is likely that the 

chemical mechanism conferring their SDS stability is non-covalent.  

Following ultra-centrifugation sedimentation assays, natural compound polyphenol 

derivatives of rufigallol, trihydroxy benzophenone and exifone, as well as the porphyrin, 

hematin, were shown to inhibit tau fibril assembly as determined by maintaining a significantly 

larger portion of tau in the soluble fraction compared to untreated controls (also confirmed by 
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orthogonal TEM and ThT assays) 131.  At the same time, these compounds directed the formation 

of SDS-stable soluble and, to a lesser extent, SDS-stable insoluble high molecular weight 

oligomers.  Other sedimentation assays showed that porphyrin phthalocyanine also was able to 

significantly disaggregate preformed tau filaments into SDS-stable soluble tau oligomers 131. 

Further investigations regarding the chemical mechanisms responsible for formation of these 

soluble HMW oligomers were not performed. 

In vivo Efficacy and Clinical Studies 

 Our detailed analyses of “Mechanisms of Inhibition” in Section 3.2. are based primarily 

on in vitro biochemical and pharmacological studies. While mechanistic insights from in vitro 

studies may still be applicable to in vivo cases such as the interactions between directly injected 

inhibitor drugs with protein amyloid/oligomers in the circulation, such as hyperamylinemia [15]. 

To our knowledge, there are very few studies that address the mechanisms of amyloid inhibition 

by small molecules at cellular or in vivo levels. We envision a variety of confounding factors will 

come into play, such as cell membrane permeability/drug delivery, cellular environment, and 

drug metabolism. Furthermore, how amyloids induce cytotoxicity and lead to cell death are also 

not completely understood. For all the in vivo animal studies, most studies have been focused on 

examining relevant amyloid plaques using immunohistochemistry approach, quantifying amyloid 

oligomer levels, and testing basic neurobehavioral functions of the animals (Table 1). We expect 

future molecular mechanistic studies in the cellular or in vivo contexts will emerge as the field 

further develops. 

Currently, there are about two dozen in vivo animal studies and only three human clinical 

trials that have been performed to test selected natural product inhibitors for their efficacy 

against amyloid diseases (Table 1). Several clinical trials have been registered in the U.S. 
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National Institutes of Health (NIH) website (ClinicalTrials.gov), but either they are in progress 

or the final results of completed trials have not been reported53. Ongoing clinical trials include 

tests on resveratrol, genistein, and rosmarinic acid (RA) in AD or mild cognitive impairment 

patients 53. Most of these compounds are well studied flavonoids or phenolic compounds, such as 

EGCG, quercetin, curcumin, oleuropein, and resveratrol, except for rifampicin 132, an antibiotic 

used to treat bacterial infections, and scyllo-inositol 133, a naturally occurring plant sugar alcohol. 

Almost all in vivo studies have targeted amyloid β peptide. However, EGCG has also been used 

to target α-synuclein 134 and transthyretin 135. Most of the animal studies were conducted on 

transgenic mouse models, though several studies chose C. elegans worm as a model. C. elegans 

is known for its simplicity and short lifespan; additionally, deposition of Aβ amyloid in its 

muscles is age-dependent, as it is in humans, and leads to the paralysis of the worm, a phenotype 

that can be easily and clearly scored136-137.  

 Typical effects observed by these primarily Aβ-targeted inhibitors are summarized in 

Table 1. Reduced Aβ plaque burden and lowered toxic oligomer levels were observed in the 

brain of the animal models. Furthermore, memory dysfunction symptoms were often 

ameliorated. Additional beneficial effects that were reported included reduced microglial 

activation, increased autophagic responses, reduced inflammatory cytokine levels, and better 

redox homeostasis. EGCG, curcumin, and rifampicin also targeted tau protein, and these 

compounds led to reduced phosphorylated tau. In contrast to the animal studies, very few human 

trials have been completed and reported. EGCG and curcumin had been tested to target Aβ, tau 

or transthyretin. However, no significant beneficial effects were observed in curcumin-based 

clinical trials. Noticeably, levels of two inhibitors (curcumin in a clinical trial and resveratrol in 

an animal study) were undetectable in the brain, suggesting limited bioavailability of some 
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natural compounds 138-139. This problem arises for some natural products relevant to their 

solubility and whether they can efficiently pass blood brain barrier, which will be further 

addressed in the next section. It is desirable that the bioavailability issue is addressed before 

more expensive and time-consuming in vivo trials are initiated. If a promising lead compound 

has unsatisfactory bioavailability to reach its target tissue, additional lead optimization steps may 

be required using medicinal chemistry and/or engineered drug delivery approaches.  
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Natural 
Product 

Targeted- Protein / 
Animal Model / Human 

Trial 

Effects Reference 

 

In vivo Animal Studies 
 
Curcumin Aβ / Tg2576 mouse ● Low and high doses of curcumin 

significantly lowered oxidized proteins 

and proinflammatory cytokine IL-1β 
● With low-dose but not high-dose, soluble 

and insoluble Aβ, plaque burden, and the 

astrocytic marker GFAP were 

significantly reduced 

[129] 

Curcumin Aβ / Tg2576 mouse ● Curcumin labeled plaques and reduced 

amyloid levels and plaque burden 
[65] 

Curcumin Aβ / Tg2576 mouse ● Tris buffer saline (TBS)-soluble, A11-

positive oligomers in the mice brain 

significantly reduced 
● Aβ plaque depositions in mice brains had 

decreased tendency but not statistically 

significant 

[130] 

Epigallocatechi
n gallate 
(EGCG) 

Aβ / Tg2576 mouse ● Decreased Aβ levels and plaques [131] 

EGCG Aβ and tau; Tg2576 
mouse 

● Decreased plaque burdens in the brain, 

reduced soluble and insolubleAβ40 and 

Aβ42 
● Reduced sarkosyl-soluble 

phosphorylated tau 
● Improved working memory 

[132] 

EGCG α−synuclein / N-methyl-
4-phenyl-1,2,3,6-
tetrahydropyridine- and 
6-hydroxydopamine-
induced 
neurodegenerative C57-
BL mice 

● EGCG prevented the accumulation of 

iron and α-synuclein in the substantia 

nigra pars compacta. 

[133] 

Ferulic acid Aβ / Tg2576 mouse ● No significant changes in the Aβ profile [130] 

Ferulic acid Aβ / APP/PS1 mouse • Decreased in brain parenchymal 

and cerebral vascular β-amyloid 

deposits as well as Aβ oligomer 

abundance 

[134] 
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• Reversed transgene-associated 

behavioral deficits including 

hyperactivity, object recognition, 

spatial working, and reference 

memory 

Hopeahainol A Aβ / APP/PS1 mouse ● Protected against mitochondrial 

dysfunction and suppressed oxidative 

stress 

● Rescued synaptic dysfunction 

and memory impairment 

[135] 

Myricetin Aβ / Tg2576 mouse ● Aβ plaque depositions in mice 

brains significantly decreased  

● TBS-soluble, A11-positive 

oligomers in the mice brain 

significantly reduced 

● TBS-insoluble Aβ monomers 

was reduced 

[130] 

Nordihydrogua

iaretic acid 

Aβ / Tg2576 mouse ● Aβ plaque depositions in mice 

brains significantly decreased  

● TBS-soluble, A11-positive 

oligomers in the mice brain increased 

● No changes in TBS-soluble or 

TBS-insoluble Aβ 

[130] 

Oleuropein Aβ / TgCRND8 mouse ● Reduced β-amyloid levels and 

plaque deposits 

● Significantly improved 

cognitive performance 

● Reduced astrocyte reactions 

[136]  

Oleuropein Aβ / TgCRND8 mouse ● Ameliorated memory 

dysfunction 

● Enhanced autophagic response 

[137]  

Oleuropein Aβ / C. elegan CL2006 ● Reduced Aβ plaque deposition, 

less abundant Aβ oligomers 

● Decreased paralysis and 

increased lifespan 

[108]  

Scyllo-inositol Amyloid β peptide (Aβ) 

/ TgCRND8 mouse 
● Inhibit Aβ high-molecular –

weight oligomers in the brain 

● Ameliorate several AD-link 

phenotypes: Impaired cognition, 

Altered synaptic physiology, Cerebral 

Aβ pathology, Accelerated mortality 

[105] 
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Quercetin Aβ / C. elegan CL2006 ● Decreased the amount of 

aggregated proteins in solution and 

also paralysis in CL2006 

● Increased proteasomal activity 

and the flow of proteins through the 

macroautophagy pathway 

[109] 

Resveratrol Aβ / Tg19959 mouse ● Reduced plaques in medial 

cortex, striatum, and hypothalamus 

● Brain glutathione reduced and 

brain cysteine increased 

● Neither resveratrol nor its 

conjugated metabolites were 

detectable in brain 

[110] 

Resveratrol Aβ / APP/PS1 mouse ● Lowered Aβ plaque density in 

the cortex, caudoputamen, and 

hippocampus 

● Reduced average microglial 

activation 

[138] 

Resveratrol Aβ / APP/PS1 mouse ● Long-term treatment 

significantly prevented memory loss 

● Reduced the amyloid burden in 

the brain 

[139] 

Rifampicin Aβ and tau; APPOSK 

mouse, Tg2576 mouse, 

Tau609 mouse 

APPOSK mouse 

● Reduced accumulation of Aβ 

oligomers, tau hyperphosphorylation, 

synapse loss, and microglial 

activation 

● Improved memory 

 

Tg2576 mouse 

● Reduced accumulation of Aβ 

oligomers, tau hyperphosphorylation, 

synapse loss, and microglial 

activation 

● No change in amyloid 

deposition 

 

Tau609 mouse 

● Reduced accumulation of Aβ 

oligomers, tau hyperphosphorylation, 

synapse loss, and microglial 

activation 

● Improved memory 

[104] 
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Rosmarinic 

acid 

Aβ / Tg2576 mouse ● Aβ plaque depositions in mice 

brains significantly decreased  

● TBS-soluble Aβ monomers was 

increased 

● TBS-soluble, A11-positive 

oligomers in the mice brain 

significantly reduced 

[130] 

Rutin Aβ / APP/PS1 mouse ● Reduced oligomeric Aβ level, 

increased glutathione/glutathione 

disulfide ratio 

● Attenuated memory deficits 

● Reduced microgliosis and 

astrocytosis, and inflammatory IL-1β 

and IL-6 levels in brain 

[140] 

 

Clinical Studies 

 

Curcumin Aβ / Clinical trial ● No changes in Mini-Mental 

state Examination or plasma Aβ40 

levels 

● No significant side effects 

[141] 

Curcumin Aβ and tau; Clinical trial ● No changes in the AD 

Assessment Scale-cognitive 

Subscale, Aβ40 and Aβ42 levels in 

plasma, levels of Aβ42 and total and 

phosphorylated tau in cerebrospinal 

fluid (CSF) 

● Suggested limited 

bioavailability: levels of native 

curcumin were undetectable in the 

CSF 

[111] 

EGCG/Gree

n Tea/Green 

Tea Extract 

Transthyretin / Clinical 

trial 
● No increase of left ventricular 

(LV) wall thickness and LV 

myocardial mass was observed 

● Suggested an inhibitory effect 

of GT/GTE on the progression of 

cardiac amyloidosis 

[107] 

Table 1. Natural Product Inhibitor in vivo Efficacy: Animal Studies and Clinical 

Trials. 
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Enhanced Delivery for in vivo Efficacy 

A significant number of natural compound inhibitors, such as curcumin, resveratrol, and 

EGCG, are highly lipophilic 140, which is not ideal for drug delivery. These compounds have a 

low bioavailability in the plasma, which further limits their availability in the brain. For example, 

in one of the three clinical trials testing efficacy of curcumin 139, the authors were unable to 

demonstrate clinical or biochemical evidence of efficacy of curcumin in AD, and preliminary 

data suggested limited bioavailability (undetectable in CSF and low in plasma at 7.32 ng/mL). In 

order to address low bioavailability issues, large quantities of the compounds must be 

administered in order to reach desired therapeutic effects. The large dose size of these 

compounds could lead to acute toxicity or low patient compliance 141. 

Nanoparticle-based drug delivery approach has gained pace in recent years for both small 

molecules such as natural products as well as biomolecules such as peptides 140, 142. 

Nanoparticles can improve the effectiveness of natural compounds in disease treatment and 

prevention by increasing their bioavailability, including passing the BBB. In a recent study, the 

superior protective efficacy of resveratrol-loaded polysorbate 80-coated poly(lactide) 

nanoparticles compared to native resveratrol in a 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 

induced Parkinson’s Disease (PD) animal model was demonstrated, thus suggesting the 

advantage of nanoparticles over native drug in neuroprotection 143. Another study used lipid-

based nanoparticles (curcumin and piperine coloaded glyceryl monooleate nanoparticles). In vivo 

studies revealed that formulated dual drug (curcumin and piperine) loaded nanoparticles were 

able to cross the BBB, which rescued rotenone-induced motor coordination impairment, and 

restrained dopaminergic neuronal degeneration in a PD mouse model 144. 
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We and others recently reviewed and summarized multiple examples of nanoparticle 

formulations that increased the bioavailability (drug concentration in plasma) of selected natural 

compounds 140, 145. For example, poor bioavailability is a major limitation to the therapeutic 

utility of curcumin in clinical trials146-147. Shen et al compared the attenuation of morphine 

tolerance in mice induced by curcumin encapsulated in nanoparticles of PLGA and in 

nanoparticles of poly(ethylene glycol)-b-poly(lactic acid) (PEG-b-PLA)147. The mice that were 

given the curcumin-PLGA nanoparticles orally exhibited significantly greater attenuation of 

morphine tolerance than those mice given the curcumin-PEG-b-PLA nanoparticles, presumably 

due to greater absorption of the curcumin when formulated with PLGA. The mechanism behind 

PLGA nanoparticles increasing the bioavailability of curcumin has been investigated. Xie et al 

showed data suggesting that the increase in bioavailability of curcumin was due to the inhibition 

of P-glycoprotein (P-gp)-mediated efflux. They concluded that the PLGA nanoparticles inhibit 

P-gp, which allows increased drug permeability and bioavailability 148. Elucidation of the 

mechanisms of nanoparticle-based natural compound drug delivery will be important in further 

development of this promising technology.  Moreover, these studies demonstrate the significant 

potential of nanoparticle-mediated drug delivery. 

Liposomal encapsulation has also been used to improve bioavailability of hydrophobic 

compounds. Liposomes can better solubilize hydrophobic compounds and may also alter their 

pharmacokinetic properties. Multiple studies have been reported to use enhance the delivery of 

curcumin with liposome formulations 145. In a study of rat oral administration of liposome-

encapsulated curcumin (LEC), not only high bioavailability of curcumin but also a faster rate and 

better absorption of curcumin were observed as compared with other curcumin forms 149. Oral 

LEC gave higher pharmacokinetic C(max) and shorter T(max) values, as well as a higher value 
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for the area under the blood concentration-time curve (AUC), at the entire time points. In another 

case, a new type of liposome-propylene glycol liposomes (PGL) were engineered to facilitate the 

intracellular delivery of curcumin. From in vitro cell-based experiments, PGL showed the 

highest uptake of curcumin compared with that of conventional liposomes and free curcumin 

solution 150. 

Another approach for increasing solubility and bioavailability of poorly soluble natural 

compounds and drugs is to form amorphous solid dispersions (ASDs) of the therapeutic 

compound with a polymer 151. Most drugs and natural compounds tend to crystallize, which is a 

barrier to dissolution at physiological conditions. Those natural compounds that are also highly 

hydrophobic exhibit especially poor bioavailability due to the combination of hydrophobicity 

and crystallinity. ASDs are solid solutions of the therapeutic in an amorphous polymer carrier in 

which attractive interactions prevent crystallization. It is important to choose the polymer for 

biocompatibility and controlled release of the drug under physiological conditions and also for 

good storage stability. In particular, polysaccharides have recently been demonstrated to form 

ASDs that significantly enhance the solubility of natural compounds including ellagic acid, 

quercetin, curcumin, naringenin, and resveratrol 152-154. These studies suggest that ASDs in 

nanoparticle form could potentially be very useful in improving bioavailability through improved 

solubility and transport across physiological barriers. 

Even though nanoparticles have great potential to considerably improve the 

bioavailability of natural compounds and there has recently been significant progress in the 

development of such formulation, very few nanoparticle/natural compound drugs are currently 

being tested in clinical trials. More work needs to be performed to optimize these drug delivery 



42 

 

systems and to better understand the mechanisms underlining the enhanced nanoparticle 

delivery. 

 

Issues and Perspectives 

Natural product inhibitors are not without issues. These compounds examined thus far have 

relatively moderate inhibition potencies. Medicinal chemistry-based optimization steps (such as 

analogue synthesis and structure-function activity relationship characterizations) are often 

necessary. Another common issue is their solubility and bioavailability that has been addressed 

in the previous Section. 

There are a significant number of in vivo animal studies, but these studies focused on 

phenolic compounds and flavonoids that have similar physicochemical properties. Only a few in 

vivo studies test compounds that have significantly different chemical structures (hopeahainol A, 

rifampicin, and scyllo-inositol (Table 1)). Such limited diversity may hinder discovery of 

inhibitors that have novel structural scaffolds. To identify novel inhibitors, large library screens 

with diverse classes of compounds may be required, which in turn needs a high throughput 

platform. Lee and colleagues have implemented quantitative high throughput (qHTP) screening 

of approximately 292,000 compounds (not natural product focused) to identify drug-like 

inhibitors of tau assembly 155. The Hecht group developed an Aβ-GFP fusion strategy and 

screened a synthetic triazine library containing ~1000 compounds 68. Our group also developed a 

semi-high throughput platform using fluorescence based 384-well plate format, which can be 

readily expanded to 1596-well plate to achieve high throughput for large library screens, such as 

screening an NIH Clinical Collection library as part of our repurposing efforts to identify new 

inhibitors against multiple amyloidogenic proteins including Aβ, amylin, tau, and α-synuclein 
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(data not shown). These examples indicate that technology is available to perform qHTP screens 

to identify novel natural product inhibitors from large natural product diversity libraries. 

Besides natural product inhibitors, there are numerous non-natural product based inhibitors, 

including synthetic compounds, peptide mimics, and antibodies. In those cases, protein amyloid 

inhibition mechanisms are likely to be different, especially for peptide-based inhibitors and 

antibodies. These topics are beyond the scope of this review. 

Fully understanding the mechanisms of inhibition is critical. Currently, a significant gap in 

knowledge remains in our understanding of the biochemical and pharmacological mechanisms of 

amyloid inhibition, such as differences in protein remodeling with different natural product 

inhibitors (see Section 3.2.5). One major reason for our incomplete mechanistic understanding is 

that many of these amyloidogenic protein targets are partially unfolded or intrinsically 

disordered, which limits high-resolution structural characterization of the protein-inhibitor 

interaction. However, recent developments in high-resolution mass spectrometry may provide a 

powerful tool to rapidly characterize protein-inhibitor covalent compounds. Furthermore, 

expanding crystal structural information of fragments of amyloidogenic proteins and/or 

fragments in complex with inhibitors will yield significant insights into inhibition mechanisms as 

well as provide a basis for structure-based inhibitor design 72, 156. 

It is clear that similar types of non-covalent and in some cases covalent interactions can 

facilitate anti-amyloid activities of numerous inhibitors.  However, protein amyloid specificity 

may play an important role as well.  For example, curcumin accelerates α-synuclein amyloid 

formation into less toxic species 96, whereas it delays and inhibits amylin amyloid formation 90.  

Additionally, in many cases EGCG redirects amyloid formation from multiple different protein 

amyloid systems into off pathway non-toxic species, a common feature for many amyloid 
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inhibitors. However, the observed anti-amyloid activities of EGCG can vary markedly according 

to the protein it interacts with: non-covalent mechanisms are only required for the activity of 

EGCG against amylin amyloid formation 79, whereas covalent interactions are essential for anti-

amyloid activity of EGCG against (PAP)248−286 amyloid formation 82. In this context, studies are 

needed to elucidate the chemical mechanisms by which specific molecular scaffolds inhibit 

specific amyloid proteins. 

Due to bottlenecks in the therapeutic development process, developing a brand-new drug 

takes an enormous amount of time, money and effort. Therefore, it may be worthwhile to 

consider the concept of drug repurposing as a strategy to decrease costs and improve success 

rates: many drugs approved for other uses already have been tested in humans, so detailed 

information is available on their pharmacology, formulation, potential toxicity and side effects. 
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Chapter 2: Amylin Amyloid Inhibition by Flavonoid Baicalein: Key Roles of 

its Vicinal Dihydroxyl Groups of the Catechol Moiety 

This chapter is adapted from:  

 
Paul Velander, Ling Wu, Keith Ray, Richard Helm, Bin Xu (2016) Biochemistry. 55, 4255-4258. 

 
I acknowledge pleasant and fruitful collaboration with Dr. Ling Wu, who developed, performed and analyzed all data sets 

pertaining to the cell viability assays, and with Drs. Keith Ray and Richard Helm, who developed, executed and analyzed all data 

sets pertaining to Mass spectrometry assays.  

  
Abstract 

Amyloid formation of the 37-residue amylin is involved in the pathogenesis of type 2 diabetes 

and potentially, diabetes-induced neurological deficits. Numerous flavonoids exhibit inhibitory 

effects against amylin amyloidosis, but the mechanisms of inhibition remain not fully 

understood. Screening a library of natural compounds uncovered a potent lead compound, the 

flavone baicalein. Baicalein inhibits amylin amyloid formation and reduces amylin-induced 

cytotoxicity. Analog analyses demonstrated, for the first time, key roles of the vicinal hydroxyl 

groups on the A-ring. We provide mass spectrometric evidence that incubating baicalein and 

amylin leads to their conjugation, consistent with a Schiff base mechanism. 
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Introduction 

Amylin, also called islet amyloid polypeptide, is a hormone co-expressed and co-secreted with 

insulin by pancreatic β-cells. Amylin is one of the most amyloidogenic proteins known1. Obese 

and insulin-resistant type 2 diabetes (T2D) patients have increased blood concentrations of 

amylin due to the compensatory effect of increased insulin secretion. This hyperamylinemic state 

is associated with the high propensity of human amylin to form amyloids. Toxic amyloid 

significantly contributes to β-cell death. Indeed, individuals with T2D manifest increased β-cell 

apoptosis and reduced β-cell mass. Therefore, amylin fibrillation and its deposition in the 

pancreas are hallmark features of T2D2. Recent work has shown that hyperamylinemia also 

induces toxicity in other organs, including the brain3. Clinical studies reported that amylin 

plaques were observed in the brain of diabetic patients, but not in those of healthy controls, 

suggesting that amylin may be a new amyloid in the brain3-5. 

Both T2D and Alzheimer’s disease are protein amyloidosis diseases, of which currently 

there are no known cures6-7. New therapeutic strategies are urgently needed to decrease the 

burden of morbidity from these diseases. However, identifying therapeutic inhibitors is difficult, 

because many protein targets of amyloid assembly are partially folded or intrinsically disordered, 

which rules out structure-based design. Natural product based amyloid inhibitors have been 

reported. One proposed amyloidosis disease-modifying therapeutic strategy is amyloid 

remodeling7. For example, EGCG is currently under preclinical trials for different amyloidogenic 

proteins and a clinical study reported the beneficial effects of green tea and green tea extracts 

(EGCG is the most abundant catechin in green tea) on the progression of transthyretin cardiac 

amyloidosis8. Several flavanols, EGCG included, have been identified as amylin amyloid 

inhibitors or remodeling agents9,10.  However, the mechanisms of how these flavonoids and 
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polyphenols inhibit amyloid formation and amyloid-induced cytotoxicity are not well 

understood.  

Results/Discussion 

We took the approach of screening a library of natural compounds (mostly flavonoids and 

polyphenols) that are known to have anti-diabetes, anti-inflammation, and neuro-protective 

functions in Alternative and Complementary Medicine and performed a screening based on 

thioflavin T (ThT) fluorescence in a 384-well high throughput format. Several strong inhibitors 

(including EGCG and morin as positive controls) were identified and confirmed. Among those 

hits, one of the highest-ranking compounds was the flavonoid baicalein (Figure 1A). Baicalein 

has been reported to have anti-diabetes and anti-inflammatory functions11,12. It is also known to 

be an enzymatic inhibitor against human hypoxygenases 13. Relevant to protein amyloid, 

baicalein was reported to reduce the production of β-amyloid by increasing APP processing14. It 

has been shown to inhibit fibrillation of α-synuclein15.    
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Figure 1. Identification and characterization of flavonoid baicalein in amylin amyloid inhibition. 

(A) Identification of baicalein (in red) as a potent amylin amyloid inhibitor using a high 

throughput ThT fluorescence assay. The sample of amylin peptide plus ThT is used as control. 

All the rest samples were amylin, ThT, and specified compound (molar ratio of amylin: 

compound is estimated to be 1:3). (B) TEM images of human amylin amyloid and its treatment 

with baicalein (estimated 1:10 peptide: drug molar ratio). (C) ThT fluorescence assay shows 

amyloid formation (red traces) and baicalein spiking at designated time points (arrowed) and the 

resulting rapid disaggregation of the amyloid (blue traces). (D) Amylin-ThT fluorescence 

inhibition assay with different doses of baicalein. Fluorescence intensity without the drug is used 

as 100%. (E) Neutralization of amylin-induced cytotoxicity by baicalein in INS-1 β-cells. 

Amylin concentration was estimated to be 5 μM and molar ratio of amylin to compound is 1:3. 
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To validate our finding of baicalein as a potent amylin amyloid inhibitor, we performed 

multiple secondary assays. These orthogonal assays are necessary, partly due to the reported 

limitations of ThT fluorescence assays in defining amyloidogenicity in some cases16. We used 

transmission electron microscopy to compare fibril formation with and without baicalein 

treatment. Baicalein treatment (at an estimated molar ratio of 10:1 to amylin) significantly 

inhibits amylin fibrillation (Figure 1B). Consistently, rapid disaggregation of existing amyloid 

was observed when we spiked baicalein to the pre-formed amylin amyloid in a ThT fluorescence 

kinetic assay (Figure 1C). We also performed baicalein dose-dependence analyses and 

determined that the apparent IC50 is estimated to be 1 μM at the condition of 10 μM amylin in 1x 

DPBS buffer (Figure 1D). Our cell-based functional assay results demonstrated that human 

amylin has significant cytotoxicity against pancreatic INS-1 β-cells and neuronal line Neuro2A 

cells (Figure S2). To further test if baicalein can reduce amylin-induced cytotoxicity in cell-

based assays, we performed cell viability experiments with different doses of baicalein in the 

presence of amylin. Baicalein “neutralizes” amylin-induced cytotoxicity in INS-1 beta-cells in a 

dose-dependent fashion (Figure 1E). Baicalein itself has no effect on cell viability (Figure S3). 

       To pinpoint which chemical functional groups are important for baicalein’s inhibitory 

functions, we did a systematic structure activity relationship analysis. Many flavonoids and 

polyphenolic compounds carry catechol structural moieties. From our screen results, we found 

that majority of the top hits showing amyloid inhibitory effects were catechol-containing 

compounds (Figures 1A & S1). We therefore hypothesized that the catechol groups or the 

hydroxyl groups in the catechol (or catechol-like) groups   
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Figure 2. Structural activity relationship analyses of baicalein and its analogs. (A) Chemical 

structures of baicalein and selected baicalein analogs are shown. (B) ThT fluorescence assay was 

used to quantify inhibition of amylin amyloid formation by baicalein and its analogs. 

Compounds with significant amyloid inhibition are shown with asterisk symbols. (C) ThT 

fluorescence-based assay shows amyloid formation (traces before the black arrow) and baicalein 

analog spiking at specified time point (black arrowed) and the resulting complete, partial, or no 

disaggregation of the amyloid. Bold numbers in the parentheses correspond to the analogs in 

panel A. (D) Photo-induced cross-linking of unmodified protein (PICUP) analysis of amylin 

oligomer formation with and without treatment of designated baicalein analogs. Cross-linked 

dimer position is marked with the red asterisk symbol. (continued next page)  



62 

 

(E) Neutralization of amylin-induced cytotoxicity by baicalein analogs in INS-1 β-cells. Amylin 

concentration was 5 μM and the molar ratio of amylin to compound is 1:3 in the treatments. 

Analogs that significantly reduce amylin amyloid cytotoxicity are shown with asterisk symbols. 
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play important roles in inhibition. To dissect the roles of the three hydroxyl groups on baicalein 

A-ring, we systematically compared the functions of baicalein and its analogs that are varied at 

these hydroxyl positions (positions 5, 6, and 7 in the A ring; Figure 2A). Analogs include single 

hydroxyl groups in these positions (compounds 3, 4, and 5), dual hydroxyl groups in these 

positions (compounds 6, 7, and 8), and methoxy groups replacing hydroxyl groups in these 

positions (compound 2). From the ThT fluorescence assay, we found that all analogs with single 

hydroxyl groups in these three positions were inactive, suggesting that more than one hydroxyl 

group is required for inhibition. Replacing all hydroxyl groups with methoxy groups also yielded 

an inactive compound, suggesting the hydroxyl groups may be involved in interaction with 

amylin. We observed that 5,6-dihydroxyflavone (5,6-DHF) and 6,7-dihydroxyflavone (6,7-DHF) 

retained most of baicalein’s inhibitory activity, but 5,7-dihydroxyflavone (5,7-DHF) lost most of 

its activity (Figure 2B). We further tested the functions of selected baicalein analogs by spiking 

them into solutions containing pre-formed amylin amyloid (Figure 2C). Both 5,6-DHF and 6,7-

DHF showed significant amyloid inhibition functions. Oligomer formation is the intermediate 

step in forming mature fibrils and oligomers are thought to be more cytotoxic than fibrils (2). We 

found 6,7-DHF strongly disrupted oligomer (dimer) formation in an in vitro PICUP assay 

(Figure 2D). Possibly due to the low solubility of 5,6-DHF in the PICUP assay condition, it is 

unclear if 5,6-DHF inhibits dimer formation. Most importantly, cell-based assays demonstrated 

significant neutralization functions of 5,6-DHF and 6,7-DHF, but little activity for 5,7-DHF, and 

no activity for baicalein-5,6,7-methoxyflavone (Figure 2E). Additional collaborating evidence 

comes from 7,8-dihydroxyflavone: it also displayed strong inhibitory effects (Figure 1A) and 

reduced amylin amyloid-induced cytotoxicity (data not shown). Together, these multiple lines of 

data demonstrated, for the first time to our knowledge, the key functional roles of the vicinal 
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hydroxyl groups in the baicalein A-ring. 

To probe the interaction between baicalein and amylin, we performed mass spectrometric 

analyses of their incubation mixtures. Our liquid chromatography-mass spectrometry (LC-MS) 

results demonstrated the formation of baicalein-amylin covalent adduct(s) (Figures 3A, 3B, & 

S4). The mass spectrometric data of the adduct(s) were consistent with a Schiff base mechanism 

with o-quinone as an intermediate (Figure 3C). Schiff base conjugation is either through Lys1 

and/or Arg11 residues. Similar conjugation reactions were reported in the case of α-synuclein 

aggregation inhibition by baicalein and in the case of inhibition of Aβ42 aggregation by 

taxifolin, also a catechol-type flavonoid (15,17). We propose catechol-like flavonoids, such as 

baicalein, can be autoxidized to quinone intermediates and o-quinones will conjugate with 

amines in the peptide via a Schiff base mechanism (Figure 3C). The proposed mechanism 

explains why the vicinal hydroxyl groups (but not 5,7-DHF) are so critical, because they can 

readily transition into o-quinone intermediates to form adducts with the peptide. Our results, 

however, do not rule out potential non-covalent interactions between these natural compounds 

and amylin as additional mechanisms of inhibition. Non-covalent interactions (such as 

hydrophobic interactions) between inhibitory natural compounds and amyloidogenic proteins 

have been suggested in the literature (18,19).  
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Figure 3. Mass spectrometric evidence of baicalein-amylin conjugation and a proposed 

mechanism for the conjugation. (A) Liquid chromatography-mass spectrometry analysis of 

amylin in the presence and absence of baicalein showing the elution time for amylin and its 

adduct. Amylin (15 μM) in 1X Dulbecco’s phosphate buffer containing 2.25% DMSO (v/v) was 

incubated for 4 days in the presence and absence of baicalein at a molar ratio of 1:10 (amylin: 

compound). The upper panel shows the extracted ion chromatograms for the m/z of the most 

intense ion of unmodified amylin and the lower panel shows the m/z for a product with mass 

corresponding to a Schiff base adduct of baicalein-amylin conjugate. Human amylin has an 

average mass of 3903.3 Dalton. (B) Mass spectrometric m/z profile of baicalein-amylin reaction 

product indicated by the black bar in (A). The regions shown correspond to the [M + 3H]+3 and 

[M + 4H]+4 for both unreacted and conjugated compounds. The inset shows the isotope 

distribution for the baicalein-amylin adduct, which best matches a reduced structure. (C) 

Proposed mechanisms for the conjugation of catechol-containing compounds to amylin along 

with their theoretical monoisotopic masses.  
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Conclusions  

In summary, our work identifies baicalein as a potent inhibitor against amylin amyloid. Using an 

analytical approach, we compared a list of selected baicalein analogs. We identified that the 

vicinal hydroxyl groups in the catechol-like structural moiety in baicalein played vital roles in 

amyloid inhibition. We provided mass spectrometric evidence that baicalein interacts with 

amylin to form covalent adduct(s) as a potential mechanism of amyloid inhibition. Whether such 

covalent modification of an amyloidogenic protein or alternative non-covalent interactions is the 

main driving force of inhibition merits further investigation.   
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Material and Methods 

Peptides and Other Reagents. Synthetic human amylin was purchased from AnaSpec (Fremont, 

CA), GenScript Inc. (Piscataway, NJ), or EMD Millipore (Billerica, MA). Amylin stocks were 

quantified by Pierce BCA protein assay kit (Thermo Fisher Scientific (Waltham, MA). Dimethyl 

sulfoxide (DMSO) was purchased from Fisher Scientific (Pittsburg, PA). Hexafluoro isopropanol 

(HFIP) and thioflavin T (ThT) were purchased from Sigma Aldrich (St. Louis, MO). Baicalein 

and its analogs were purchased from Indofine Chemical Company (Hillsborough, NJ). 

Additional natural compounds were purchased from Sigma Aldrich and Cayman Chemical 

Company (Ann Arbor, MI). Dulbecco’s phosphate buffer saline (DBPS) was purchased from 

Lonza, (Walkersville, MD). 200 mesh Formvar-carbon coated copper grids were purchased from 

Electron Microscopy Sciences (Hatfield, PA). All solvents used for liquid chromatography-mass 

spectrometry were LC-MS grade. 

Peptide and Natural Compound Preparation. 0.5 mg lyophilized human amylin powder was 

initially dissolved in 100% HFIP at a final concentration of 1-2 mM. After 2 hours of incubation 

at room temperature, the solution was lyophilized and re-dissolved in 100% DMSO to a final 

concentration of 1-2 mM. The additional lyophilizing step is employed to eliminate traces of 

organic solvents present in the synthetic peptide. The latter may affect amylin aggregation. 

Aliquots were either lyophilized again prior to use for cell-based assays or dissolved directly into 

DPBS, 10 mM phosphate buffer pH 7.4 or 20 mM Tris-HCl pH 7.4 for all in vitro assays. All 

remaining 1-2 mM stocks in 100% DMSO were stored at -80 °C until later use. Natural 

compounds and ThT (Sigma Aldrich) were dissolved in DMSO (10 mM) and distilled water (1 

mM), respectively. These stocks were stored at -20 °C until later use. Residual DMSO present in 

the final concentrations used for all in vitro assays ranged from 0-5.4%. We determined that 
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these DMSO concentrations had negligible effects on amylin amyloid formation as reflected by 

ThT fluorescence, TEM, or PICUS assays.     

Thioflavin T Fluorescence Assay. Fluorescence experiments were performed using a SpectraMax 

M5 plate reader. All kinetic reads were taken at 25 °C in low-binding all black clear bottom 

Greiner 96 (or 384-well) plates covered with optically clear films and shook for 10 seconds prior 

to each reading. ThT fluorescence was measured with excitation wavelength at 444 nm and 

emission wavelength at 482 nm. Each kinetic assay consisted of final concentrations of 5-30 μM 

amylin and optimal concentrations of ThT (typical molar ratio of amylin: ThT is 3:1). The 

apparent inhibition constant (IC50) values for dose response curves were estimated by multi-

parameter logistic nonlinear regression analysis. All experiments were repeated at least three 

times. 

Transmission Electron Microscopy (TEM). 15-30 μM amylin (20 mM Tris-HCl, 2 % DMSO, pH 

7.4) in the presence of a natural compound or vehicle control were incubated for ≥48 hours at 37 

°C with agitation (optimum signal at 60-72 hours). Prior to imaging analyses, 3 μL of sample 

were blotted on a 200-mesh formvar-carbon coated grid for 5 minutes, and stained with uranyl 

acetate (1%). Both the sample and the stain solutions were wicked dry (sample dried before 

addition of stain) by filter paper. Prior to taking representative images (obtained by a JEOL 1400 

operated at 120 kV, a qualitative assessment of the number of fibrils or oligomers observed were 

made by scanning each grid quadrant for deposited material. The range of final DMSO 

concentration (0-3.3%) that we used had negligible effects on fiber formation. 

Photo Induced Crosslinking of Unmodified Proteins (PICUP). Amylin aliquots from a master 

mix in 10 mM phosphate buffer, pH 7.4 were added separately to 0.6 ml eppendorf tubes 
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containing small molecule inhibitors or DMSO vehicle loaded controls. Crosslinking for each 

tube was subsequently initiated by adding tris(bipyridyl)Ru(II) complex (RuBpy) and 

ammonium persulfate (APS) (Amylin: RuBpy: APS ratios were fixed at 1:2:20, respectively), 

followed by exposure to visible light, emitted from a 150-Watt incandescent light bulb, from 5 

cm and for a duration of 5 seconds. The reaction was quenched by addition of SDS sample 

buffer. PICUP was visualized by SDS-PAGE (16% acrylamide gels containing 6 M urea), 

followed by silver staining. Final concentrations for all PICUP reactions included 30 μM amylin, 

with addition of 150 μM of inhibitors. All samples, treated and untreated with specified 

compounds, contained equal percentage of DMSO for normalization. DMSO content in the 

reaction, ranging between 0-5.4%, had negligible effects on the results.     

Cell Culture and Cell Viability Assays. Cell culture: rat pancreatic INS-1 cells and mouse 

neuroblastoma Neuro-2A cells are cultured per vendor’s instructions. An MTT-based cell 

viability assay was used. The INS-1 cells or Neuro-2A cells were seeded in 96-well plate at a 

density of 4x104 cells/well. After 24 hours incubation, cells are treated with either human 

amylin, with or without specified natural compounds. Following another 24 hours incubation, 0.9 

mM MTT is added to each well. The reduced insoluble MTT formazan product is then dissolved 

in SDS-HCl lysis buffer (5 mM HCl, 5% SDS) at 37 °C. Cell viability is determined by 

measurement of absorbance change at 570 nm using a spectrometric plate reader. Peptides 

dissolving buffer treated cells were used as positive control and taken as 100%, and 0.5% Triton 

X-100 treated cells at the start of the incubation period with test peptides are used as negative 

control and taken as 0%.  

MALDI-TOF/TOF Mass Spectrometry. Analyses were performed on an ABSciex 4800 MALDI-

TOF/TOF operating in linear positive ion mode using α-cyano-4-hydroxycinnamic acid (4 
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mg/ml in 50:50 water: acetonitrile supplemented with 0.1% (v/v) trifluoracetic acid and 10 mM 

ammonium chloride) as the matrix. 

Liquid Chromatography-Mass Spectrometry. Amylin (15 μM) in 1X Dulbecco’s phosphate 

buffer containing 2.25% DMSO (v/v) was incubated for 4 days in the presence and absence of 

baicalein at a molar ratio of 1:10 (amylin: compound). Peptide solutions were separated using an 

Acquity UPLC I-class system (Waters, Milford, MA).  Mobile phases were 0.1% (v/v) formic 

acid in water (solvent A) and 0.1% (v/v) formic acid in acetonitrile (solvent B).  The separation 

was performed using a CSH130 C18 1.7 µm, 1.0 x 150 mm column (Waters, Milford, MA) at 50 

µL/min using and a 13-minute gradient from 3-90% solvent B with the column temperature 

maintained at 45°C.  Analysis utilized a Synapt G2-S mass spectrometer (Waters, Milford, MA) 

operated in continuum positive ion “resolution” MS mode using an HDMSE acquisition method 

(high-definition mass spectrometry with alternating scans utilizing low and elevated collision 

energies with ion mobility separation (IMS) of peptides prior to fragmentation). Both low energy 

(4 V and 2 V in the trap and transfer region, respectively) and elevated energy (4 V in the trap 

and ramped from 20 to 50 V in the transfer region) scans were 1.2 seconds each covering the m/z 

range of 50 to 1800.  For ion mobility separation, the IMS and transfer wave velocities were 600 

and 1200 m/sec, respectively. Wave height within the ion mobility cell was ramped from 10 to 

40 V.  For lock-mass correction, a 1.2 second low energy scan was acquired every 30 seconds of 

a 100 fmol/µL [Glu1]-fibrinopeptide B (Waters, Milford, MA) solution (50:50 acetonitrile: water 

supplemented with 0.1% (v/v) formic acid) infused at 10 µL/min introduced into the mass 

spectrometer via a different source also utilizing a capillary voltage of 3 kV. 

Statistical Analyses. All data are presented as the mean ± S.E.M. and the differences were 

analyzed with an one-way ANOVA analyses for amylin kinetics as implemented within 
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GraphPad Prism software (version 6.0) or with unpaired Student's t test in analyzing the 

significance in cell viability changes. p values < 0.05 were considered statistically significant.  
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Supplemental Figures 

 

Figure S1. Chemical structures of the targeted set of natural compounds that have been tested in 

this work (corresponding to compounds listed in Figure 1A). Vicinal dihydroxyl groups of the 

catechol moieties are highlighted in red. 
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Figure S2. Cytotoxicity assays demonstrated the toxic effects of human amylin against INS-1 

pancreatic β-cells (panel A) and Neuro-2A neuronal cells (panel B), each at 5 μM concentration. 

* Symbols indicate significantly reduced cell viability with amylin treatments in comparison 

with controls.  
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Figure S3. Cell viability assay demonstrates that baicalein itself has no significant effects to 

INS-1 cell viability at the concentrations from 1-75 μM.  
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Figure S4. Mass information about the human amylin peptide and baicalein-amylin conjugated 

products. (A) Amino acid sequence of human amylin is shown. Theoretically calculated and 

observed monoisotopic masses are shown side by side in comparison. (B) Proposed mechanisms 

for the conjugation of baicalein to amylin (via oxidative Schiff based formation). Theoretically 

calculated and experimentally observed monoisotopic masses are shown side by side in 

comparison. The amylin peptides are schematically shown as filled black blocks. 
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Chapter 3:  Olive component oleuropein promotes β-cell insulin secretion and 

protects β-cells from amylin amyloid induced cytotoxicity 

This chapter is adapted from:  

 
Ling Wu, Paul Velander, Dongmin Liu, Bin Xu. (2017) Biochemistry. 56 (38), 5035-5039. 

 
I acknowledge pleasant and fruitful collaboration with Dr. Ling Wu, who developed, executed and analyzed all data pertaining to 

cell based assays including the novel GSIS activities of oleuropein. 

 

Abstract  

Oleuropein, a natural product derived from olive leaves, has reported anti-diabetic functions. 

However, detailed molecular mechanisms on how it affects β-cell functions remain poorly 

understood. Here, we present evidence that oleuropein promotes glucose-stimulated insulin 

secretion (GSIS) in β-cells. The effect is dose-dependent, and it stimulates ERK/MAPK 

signaling pathway. We further demonstrated that oleuropein inhibits the cytotoxicity induced by 

amylin amyloids, a hallmark feature of type 2 diabetes. We demonstrated that these dual 

functions are structure-specific: we identified 3-hydroxytyrosol moiety of oleuropein as the main 

functional entity responsible for amyloid inhibition, but the novel GSIS function requires the 

entire structure scaffold of the molecule. 
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Introduction 

Natural products derived from olive fruits, olive oil, and olive leaves have received 

widespread attention for their potential benefits to prevent several currently prevalent chronic 

human diseases, including type 2 diabetes (T2D)1. Oleuropein is a phenolic compound that is 

mainly found in olive leaves and fruits. This compound, as well as other olive-derived 

compounds such as ligstroside, are tyrosol esters of elenolic acid that are further hydroxylated 

and glycosylated (Figure 1A). Oleuropein has been reported to have beneficial anti-diabetic 

functions such as reduction of glycemia and enhanced glucose tolerance in diabetic animal 

models2-3. Oleuropein-containing olive leaf extract has been shown to promote insulin sensitivity 

and glucose tolerance in overweighed humans4. However, the mechanisms by which oleuropein 

contributes to these anti-diabetic functions and whether any structure moiety of oleuropein is 

responsible for such beneficial effects are not well understood. Oleuropein has also been reported 

to prevent cytotoxic amyloid aggregation of human amylin, Aβ42, and transthyretin, which links 

to T2D, neurodegeneration, or cardiovascular diseases5-7. However, it is not known if 

oleuropein’s amyloid inhibition properties are structure specific, as very few studies on structure-

function relationship have been investigated in this context. A recent study reported that 

polyphenolic glycosides and aglycones may utilize different pathways to selectively remodel and 

inactivate toxic Aβ oligomers8. 
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Results/Discussion 

We identified oleuropein from screening a library of natural compounds (mostly 

flavonoids and polyphenols) that are known to have anti-diabetic functions in Complementary 

Medicine based on a thioflavin T (ThT) fluorescence assay9. Several strong inhibitors (including 

EGCG control) were identified and confirmed. Among these hits, one that has been described to 

have multiple beneficial functions in health was oleuropein, an olive component2,3,10 (Figure 1A). 

Because oleuropein has the potential to activate G-protein-coupled estrogen receptor 

GPER/GPR3011,12 we hypothesized that oleuropein may have biological functions similar to 

genistein because phytoestrogen genistein is a known GPER/GPR30 agonist and can induce 

significant anti-diabetic effects13. One prominent biological function of genistein is its anti-

diabetic glucose-stimulated insulin secretion (GSIS). We therefore investigated oleuropein’s 

insulin secretion function in INS-1 β-cells and further validated it with specific signaling 

pathway analyses. 

           Oleuropein has also been reported to prevent cytotoxic amyloid aggregation of human 

amylin5. But detailed structure activity dissection of the molecule has not been investigated. 

Oleuropein has three parts to its structure – 3-hydroxytyrosol (3-HT), elenolic acid (EA), and 

glucose (Figure 1A). To pinpoint which part(s) of the molecule is responsible for its anti-

aggregation effects, we took an analytical approach using structural analogs of oleuropein.  

Health benefits of olives and its associated natural products have long been recognized, 

as seen in the Mediterranean diet, but compound-specific effects and mechanisms related to their 

biomedical and nutritional values are just beginning to be unraveled in recent years1,4-6,14,15. Our 

mechanistic studies will therefore contribute to the better understanding of those potential 

“nutraceuticals” for prevention of epidemic aging and metabolic syndromes. 
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Figure 1. Oleuropein and its analog ligstroside, but not 3-hydroxytyrosol or tyrosol, promote 

glucose-stimulated insulin secretion in INS-1 β-cells. (A) Chemical structures of oleuropein and 

its analogs. (B-E) Dose-dependent GSIS effects of oleuropein and its analog, ligstroside, in 

promoting GSIS in INS-1 β-cells, where 3-hydroxytyrosol serves as a negative control. Effects 

that are statistically significant with respect to 11 mM glucose controls are indicated with 

asterisks. Comparative analyses of GSIS effects in INS-1 β-cells with the different compounds 

are shown in panel E. 
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To investigate oleuropein and its analogs’ potential GSIS function, we tested them in 

INS-1 β-cells followed by ELISA measurements of secreted insulin concentrations. We observed 

modest, yet significant elevations of insulin secretion with increasing doses of oleuropein in the 

treatment starting at low μM ranges. Increases of 10-20% in insulin secretion were observed at 

the concentration of 30 μM (Figure 1B). The potency of oleuropein is comparable to the natural 

compound genistein by percent of increase in insulin secretion13. In this assay, glucagon-like 

peptide 1 (GLP-1), a potent GSIS agonist, was used as a positive control (Figure S1). We further 

tested structural analogs of oleuropein. We found that oleuropein’s close analog, ligstroside, 

retains GSIS function with similar potency to that of oleuropein (Figures 1C & 1E), but 3-HT, a 

component of oleuropein’s structure, and its related analog tyrosol, have no effects on 

stimulating insulin secretion (Figures 1D & 1E). Elenolic acid, another structural component of 

oleuropein, showed no GSIS activity (data no shown). These results suggest that the main 

structure scaffold of oleuropein is required for this novel metabolic effect and 3-hydroxyl group 

on the 3-HT component is not critical for oleuropein’s GSIS function. 

To further validate and gain mechanistic insights into oleuropein’s GSIS effect, we 

performed cell-signaling analyses in INS-1 β-cells. Based on the cell signaling activation used by 

other ligands (such as genistein and GLP-1) that induce GSIS effects in β-cells,13,16 we used a 

standard pharmacological inhibitor approach. We tested the involvement of major kinase 

pathways that are related to metabolism: protein kinase A (PKA), protein kinase C (PKC), 

ERK/MAPK, PI3 kinase, and the AMP-activated kinase (AMPK)13,16,17. The inhibitors we used 

were KT-5702 (PKA), H-89 (PKA), Ro-318220 (PKC), LY-294002 (PI3K), Compound C 
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(AMPK), and PD98059 (ERK/MAPK). Except for the ERK/MAPK pathway showing strong 

activation (Figure 2), we did not observe significant activation by other pathways (data not 

shown). We not only observed dose-dependent ERK activation by oleuropein (Figure 2A), but 

also found that oleuropein rapidly stimulated insulin secretion with peaks at 5-10 minutes upon 

treatment (Figure 2B). Consistently, the inhibition of ERK phosphorylation diminished with an 

increased dose of ERK/MAPK-specific inhibitor PD98059 (Figure 2C). Oleuropein was shown 

to induce AMPK phosphorylation (and mTOR inhibition)-related autophagy in SHSY-5Y 

neuroblastoma cells19. When we tested autophagy induction upon oleuropein treatment in INS-1 

cells, we found no significant induction of autophagic markers beclin-1 or LC3 proteins (Figure 

S2). The differences between our results and the literature could arise from the different cell 

models used.   
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Figure 2. Oleuropein activates ERK/MAPK signaling pathways in INS-1 β-cells. Cells were 

treated with oleuropein at the indicated concentrations or with the specified durations, and 

protein extracts were probed by Western blotting. Levels of phosphorylated p-ERK were 

quantified by densitometry, normalized against total ERK. Effects that are statistically significant 

with respect to vehicle control or zero-minute treatments are indicated with asterisks. (A) Dose-

dependent ERK phosphorylation by oleuropein. Treatment time was 10 minutes. (B) Time 

dependence of ERK phosphorylation. Concentration of oleuropein in the treatment was 5 μM for 

both panels B and C. (C) Oleuropein-induced ERK activation is specifically blocked by ERK 

signaling pathway inhibitor PD98059 in a dose-dependent manner.  
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The anti-diabetic effects of oleuropein have been attributed in part to its neutralizing 

effects against the cytotoxic amyloids of a peptide hormone, amylin5. This 37-residue peptide co-

secretes with insulin from the β-cells. Insulin resistance-associated hyperamylinemia can lead to 

toxic amylin amyloid deposits in the pancreas, which occurs in up to 90% of T2D patients20. To 

validate oleuropein as an effective amylin amyloid inhibitor identified from our initial natural 

product library screens9, we performed multiple secondary assays. These orthogonal assays are 

necessary, partly because of the reported limitations of ThT fluorescence screen assays in 

defining amyloidogenicity in some cases21. We used transmission electron microscopy (TEM) to 

validate that oleuropein significantly blocked fibrillation under experimental conditions (Figure 

3D). We showed in two orthogonal remodeling assays that oleuropein significantly remodeled 

pre-formed amylin amyloids such that ThT fluorescence signals were significantly reduced 

(Figure 3B) or led amyloid into non-toxic, off-pathway aggregates that have broad molecular 

weight distributions as exemplified by EGCG17,18 (Figure 3C). During the early phase of amyloid 

formation, we found oleuropein disrupted oligomer (dimer and trimer) formation in an in vitro 

photo-induced crosslinking of unmodified proteins (PICUP) assay (Figure 3E). Expectedly, 

oleuropein inhibited amylin amyloid in a dose-dependent manner (Figure 3A) with an estimated 

IC50 of 100 μM (Figure S3B). Oleuropein also induced kinetic delay (longer t1/2) in the lag-phase 

of amyloid formation at high concentrations (Figures 3A and S3A). Lastly and importantly, 

oleuropein neutralized amylin amyloid induced cytotoxicity against β-cells in a dose-dependent 

manner (Figures 3F and 3G). Oleuropein itself has no significant effects on cell viability (Figure 

S5). 

          To further pinpoint which functional group(s) in oleuropein are important for its amyloid 

inhibitory effects, we performed an analog-based structure-activity relationship analyses. Our 
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assays compared and contrasted oleuropein with each of its component and related analogs 

(Figures 1A and 3). In both ThT-fluorescence and gel-based amyloid remodeling assays, we 

found oleuropein and 3-HT showed similar remodeling activities, whereas all other compounds, 

including the oleuropein analog ligstroside, the 3-HT analog tyrosol, and oleuropein components 

EA and glucose, showed no such activities. TEM results validated that both oleuropein and 3-

HT, but not EA or glucose, significantly reduced fibrillation in comparison to vehicle control 

(Figure 3D and data not shown). Consistently, oleuropein and 3-HT have similar IC50 inhibition 

potencies (Figure S3B). Oligomer formation is the intermediate step in forming mature fibrils, 

and oligomers are thought to be more cytotoxic than fibrils20. Our data suggested that oleuropein 

and 3-HT inhibit oligomer formation (Figure 3E). Only at much higher concentration (at 20:1 

compound: amylin molar ratio), tyrosol, ligstroside, 2-HPEA, and HPE showed moderate dimer 

break-up functions (at this ratio, EA and glucose remained negative; Figure S4). Importantly, 

cell-based assays demonstrated significant neutralization functions of oleuropein and 3-HT, but 

no activities for ligstroside and tyrosol at comparable concentrations (Figure 3G). All 

compounds alone have no effects on cell viability (Figure S5B). Ligstroside, a close analog of 

oleuropein that is active in stimulating GSIS effect, has no amyloid inhibitory functions (Figures 

3B, 3C, 3E, and 3G). Loss of inhibition activities of tyrosol and ligstroside demonstrated that 

vicinal dihydroxyl groups of the catechol moieties of 3-HT and oleuropein are required for 

amyloid inhibition functions, as we showed with other catechol-containing compounds9. 

Together, multiple independent lines of data demonstrated that 3-HT moiety of oleuropein is the 

main functional entity responsible for its amyloid inhibition.  
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Figure 3. Oleuropein inhibits the formation and the cytotoxicity of amylin amyloid primarily 

through its component 3-hydroxytyrosol moiety. (A) ThT fluorescence-based assay showing 

dose-dependent amyloid inhibition by oleuropein. (B,C) ThT fluorescence-based and gel-based 

amyloid remodeling assays showed oleuropein and 3-HT, but not other analogs, remodeled 

amylin amyloid.  In panel B, vehicle control or specified compounds were spiked into pre-

aggregated amyloid samples (arrowed) that already reached plateaus (equivalent to 10-hour point 

in panel A). Fluorescence signals after spiking were recorded continuously. Compound: amylin 

molar ratio was 10:1. In panel C, 3 days after spiking, samples were vacuum dried, re-dissolved 

in 6.5 M urea and subjected to SDS-PAGE and Western blotting with amylin–specific antibody 

T-4157. EGCG served as a remodeling positive control (17,18). Monomer (m) and dimer (d) 

sizes are marked. Compound: amylin molar ratio was 20:1. (continued next page) 
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(D) Representative TEM images of amylin amyloid and its treatment with vehicle, oleuropein, 3-

HT, or EA. Amylin concentration used was 15 μM and drug: amylin molar ratio was 20:1. (E) 

Photo-induced crosslinking of unmodified protein (PICUP) analysis of amylin oligomer 

formation with various oleuropein analog treatments. Absence of the cross-linked dimers is 

marked with the red asterisks. Amylin concentration used was 10 μM and drug:amylin molar 

ratio was 10:1. (F,G) Neutralization of amylin-induced cytotoxicity by oleuropein analogs in 

INS-1 β-cells. The amylin concentration was 5 μM, and the Ole:amylin molar ratios are indicated 

(panel F). Treatment of Ole and 3-HT, but not T and Lig, have significant effects that protect 

INS-1 cell viability (asterisks in panel G).  
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Conclusion 

In summary, here we report, for the first time to our knowledge, that oleuropein is a novel natural 

compound inducing anti-diabetic GSIS function. Our data suggested that its GSIS function 

requires the entire structural scaffold of oleuropein. In contrast, the 3-HT moiety of oleuropein is 

responsible for its amyloid inhibition function relevant to its second anti-diabetic function. Our 

work thus provides insights into the dual anti-diabetic functions of oleuropein. Anti-amyloid 

effects of oleuropein have been shown in an animal study to effectively counteract the toxicity of 

a well-studied amyloidogenic peptide, Aβ424. It will be interesting to test the specific effects of 

oleuropein and its components in counteracting amylin amyloid deposition in the pancreas as 

well as in positively regulating hyperglycemia in diabetic animal models in the future.  
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Material and Methods 

Chemicals, Peptides and Other Reagents. Synthetic human amylin was purchased from AnaSpec 

(Fremont, CA) and the peptide quality was further validated by Virginia Tech core facility Mass 

Spectrometry Incubator. Amylin stocks were quantified by Pierce BCA protein assay kit 

(Thermo Fisher Scientific, Waltham, MA). Oleuropein (>98% purity; glycated form, Fig. 1A), 

tyrosol, 2-(3-hydroxyphenyl)ethanol, hexafluoro isopropanol (HFIP), and thioflavin T (ThT) 

were purchased from Sigma Aldrich (St. Louis, MO). Dimethyl sulfoxide (DMSO) and 2-

Hydroxyphenethyl alcohol were purchased from Fisher Scientific (Pittsburgh, PA). 3-

Hydroxytyrosol was purchased from Cayman Chemical (Ann Arbor, MI). Ligstroside and 

elenolic acid were purchased from Toronto Research Chemicals (Toronto, Ontario, Canada). 

Dulbecco’s phosphate buffer saline (DBPS) was purchased from Lonza (Walkersville, MD). 

 

Peptide and Natural Compound Preparation. Typical amylin stock preparation was initiated by 

dissolving 0.5 mg lyophilized human amylin powder  in 100% DMSO at a final concentration of 

1-2 mM. After at least 2 hours of incubation at room temperature these solutions were aliquoted 

and either lyophilized again prior to use for cell-based assays or dissolved directly into DPBS, 10 

mM phosphate buffer pH 7.4 or 20 mM Tris-HCl pH 7.4 for all amylin amyloid-related in vitro 

assays. All remaining 1-2 mM stocks in 100% DMSO were stored at -80 °C until later use. In 

some cases, DMSO amylin stock solutions were made by first dissolving 0.5 mg of lyophilized 

human amylin powder in 100% HFIP before subsequently being air dried and re-dissolved in 

DMSO. Oleuropein and its analogs were dissolved in DMSO or ethanol (10 mM) and ThT 

(Sigma Aldrich) was dissolved in distilled water or relevant buffer (1-4 mM). These stocks were 

stored at -20 °C until later use. Residual DMSO present in the final concentrations used for all in 
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vitro assays ranged from 0-9.5%. We determined that residual DMSO present in samples (which 

depending on the assay ranged from 0-9.5%) had negligible effects on amylin aggregation as 

reflected by ThT fluorescence, transmission electron microscopy, PICUP assay9, and inhibitor-

induced amylin amyloid remodeling assays.     

 

Cell Culture and Glucose-Stimulated Insulin Secretion Analysis. Rat pancreatic INS-1 cells were 

cultured as previously described13. INS-1 cells were cultured in RPMI-1640 medium containing 

10% fetal bovine serum and supplemented with 11.1 mM glucose, 1 mM sodium pyruvate, 10 

mM HEPES, 50 μM β-mercaptoethanol, 23.8 mM NaHCO3. The medium was changed every 

other day until the cells became confluent. For insulin secretion analysis, INS-1 cells were plated 

in 12 wells with 70-80% confluence.  The cells were starved in RPMI medium containing 2 mM 

glucose and 5% FBS overnight and incubated with Krebs-Ringer bicarbonate buffer (KRBB; 129 

mM NaCl, 4.8 mM KCl, 1.2 mM MgSO4, 1.2 mM KH2PO4, 2.5 mM CaCl2, 5 mM NaHCO3, 

0.1% BSA, and 10 mM HEPES, pH 7.4) containing 2.0 mM glucose for 1 hour. Drugs were 

added to KRBB and incubated for another 1 hour. The supernatants were used for measuring the 

insulin secretion using rat insulin ELISA kit (Mercodia, Sweden). 

Cell Signaling Analysis. INS-1 cells were plated in six-well plates and treated with drugs/ 

pretreated with inhibitor for 45 min. The treated and untreated cells were harvested, washed with 

ice-cold PBS (pH 7.4), and lysed with ice-cold lysis buffer (20 mM Tris-HCl, pH 7.5,   0.15 M 

NaCl, 1 mM EDTA, 1% NP-40, 1% sodium deoxycholate, 2.5 mM sodium phosphate, 1 mM 

sodium orthovanadate, 1 mM sodium fluoride and proteinase inhibitor) on ice for 1 hour. The 

lysates were sonicated and protein concentration was determined. Equivalent samples were 

subjected to SDS-PAGE, then transferred onto PVDF membranes and subsequently incubated 
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with primary antibodies against phosphorylated phospho-p44/42 Erk1/2 (T202/Y204, rabbit 

monoclonal, 1:1000; Cell Signaling Technology, Danvers, MA),  p44/42 ERK1/2 (L34F12, 

mouse monoclonal, 1:1000; Cell Signaling Technology, Danvers, MA) in PBS with 0.1% Tween 

20 that contained 5% milk overnight at 4 °C, followed by horseradish peroxidase (HRP)-

conjugated anti-IgG (1:5000, Jackson ImmunoResearch, West Grove, PA). The immune 

complexes were visualized via enhanced chemiluminescence (ECL) using an ECL kit (Thermo 

Scientific, Waltham, MA). The film signals were quantified using Imagelab software (Bio-Rad 

Laboratories, Hercules, CA). In the analysis of autophagy induction by oleuropein or its analog 

ligstroside, INS-1 cells were exposed to either compound for 10 minutes with or without pre-

treatment of compound C for 30 minutes, a known AMPK inhibitor. Autophagy cellular protein 

markers, beclin-1 and LC3A/B levels were analyzed by Western blots with specific primary 

antibodies: rabbit polyclonal anti-beclin-1 antibody (1:3000, Cell Signaling) and rabbit 

polyclonal anti-LC3A/B antibody (1:1000, Cell Signaling). Mouse anti-GAPDH monoclonal 

antibody (1:6000, Cell Signaling) was used for protein load normalization. 

 

Cell Viability Assays. An MTT-based cell viability assay was used. The INS-1 β-cells were 

seeded in 96-well plate at a density of 4x104 cells/well. After 24 hours incubation, cells were 

treated with human amylin, either with or without specified natural compounds. Following 

another 24 hours incubation, 0.9 mM MTT was added to each well. The reduced insoluble MTT 

formazan product was then dissolved in SDS-HCl lysis buffer (5 mM HCl, 5% SDS) at 37 °C. 

Cell viability was determined by measurement of absorbance change at 570 nm using a 

spectrometric plate reader. Cells treated with the buffer that was used to dissolve peptides were 
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used as positive control and taken as 100%, and 0.5% Triton X-100 treated cells at the start of 

the incubation period with test peptides are used as negative control and taken as 0%. 

 

Thioflavin T Fluorescence Assay. Fluorescence experiments were performed using a SpectraMax 

M5 plate reader. Kinetic readings were taken at 25 °C in low- or medium-binding all black clear 

bottom Greiner 96 (or 384-well) plates covered with optically clear films and shaken for 10 

seconds prior to each reading. ThT fluorescence was measured with excitation wavelength at 444 

nm and emission wavelength at 491 nm. IC-50 experiments were conducted at an amylin 

concentration of 15 μM that included an amylin: ThT molar ratio of 1:4. All experiments were 

repeated at least twice. IC50 analysis was determined by percent of normalized fluorescence 

signal in relation to inhibitor concentrations. The t1/2 was defined as the time taken to reach half 

maximum RFU signal (difference between the plateaued maximum RFU and the background 

RFU signal at the time of 0 hr.). 

 

Transmission Electron Microscopy (TEM).  Amylin fibrillation was initiated in 20 mM Tris-HCl, 

pH 7.4 and a residual amount (0-3.75%) of DMSO or ethanol solvents from vehicle control or 

testing compounds. Final amylin concentration was 15 μM and the molar ratio of a compound to 

amylin was 20:1. Samples were typically incubated at 37 °C without agitation for 3-4 days. Prior 

to imaging analyses, ~2 μls of samples were blotted on a 200-mesh formvar-carbon coated grid 

for 5 minutes and wicked dry by filter paper (this cycle was repeated twice to enhance signal). 

Dried samples were then immediately stained with uranyl acetate (1%) for one minute, and 

again, wicked dry with filter paper before imaging. Prior to taking representative images 

(obtained from a JEOL 1400 operated at 120 kV, a qualitative assessment of the number of 
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fibrils or oligomers observed was made by scanning each grid quadrant for deposited material. 

Residual solvent(s) are expected to have negligible effects on fiber formation. TEM experiments 

were repeated at least twice. 

 

Inhibitor-induced Amyloid Remodeling Assays. Vehicle control or specified compounds were 

spiked into pre-aggregated amyloid samples (containing amylin, buffer and ThT) that already 

reached plateaus as determined by fluorescence readings. Amylin concentrations ranged from 

9.4-12.9 μM and the compound: amylin molar ratio was 10:1. Temperature was 25 °C. 

Thereafter, ThT fluorescence signals were continuously recorded. In the gel-based amyloid 

remodeling assays, amylin aggregation was initiated in the absence of compounds until the 

plateau phase was reached as estimated from ThT assay kinetic data (typically > 8 hours). Next, 

each pre-aggregated sample was spiked with a vehicle control or specified compounds. Amylin 

concentration was 15 μM and the compound: amylin molar ratio was 20:1. After 3 days, these 

samples were vacuum dried and re-dissolved in ~6.5 M urea containing 15 mM tris and 1X SDS 

laemmeli sample buffer, boiled at 95 °C for 5-10 minutes and subjected to SDS-PAGE followed 

by Western blot analysis with anti-amylin primary antibody (T-4157, 1:5000, Peninsula 

Laboratories, San Carlos, CA). All ThT fluorescence-based assays and gel-based amyloid 

remodeling assays were repeated at least twice. 

 

Photo-Induced Crosslinking of Unmodified Proteins (PICUP). Amylin aliquots from a master 

mix in 10 mM phosphate buffer, pH 7.4 were added separately to 0.6 mL eppendorf tubes 

containing small molecule inhibitors or DMSO vehicle loaded controls. Crosslinking for each 

tube was subsequently initiated by adding tris(bipyridyl)Ru(II) complex (RuBpy) and 
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ammonium persulfate (APS) (Typical Amylin:RuBpy:APS ratios were fixed at 1:2:20, 

respectively), followed by exposure to visible light, emitted from a 150-Watt incandescent light 

bulb, from a distance of 5 cm and for a duration of 5 seconds. The reaction was quenched by 

addition of SDS sample buffer. PICUP was visualized by SDS-PAGE (16% acrylamide gels 

containing 6 M urea), followed by silver staining. Final concentrations for all PICUP reactions 

included 20-30 μM amylin, with addition of drug: amylin ranging from 1:1 to 20:1 in molar 

ratios.  

 

Statistical Analyses. All data are presented as the mean ± S.E.M. and the differences were 

analyzed with one-way ANOVA analyses for amylin kinetics (t1/2) as implemented within 

GraphPad Prism software (version 6.0) or with Student's t test in determining the significance in 

cell viability changes and ERK phosphorylation. p values < 0.05 were considered statistically 

significant.  
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Supplemental Figures 

 

Figure S1. Control experiment demonstrates strong GSIS effect of glucagon like peptide 1 

(GLP-1) in INS-1 β-cells. GLP-1 concentration in the treatment was 1 μM. 
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Figure S2. Control experiments demonstrate oleuropein-treated cell autophagy is unmodified in 

pancreatic INS-1 cells. INS-1 cells were treated with oleuropein (Ole) or its analog ligstroside 

(Lig) at the indicated concentrations for 10 minutes with or without pre-treatment of 10 μM 

compound C (CC) for 30 minutes, a known AMPK inhibitor19. Autophagy cellular protein 

markers, beclin-1 (panels A and B) and LC3A/B (panel C) levels were analyzed by Western 

blots with specific primary antibodies. Corresponding lower panels of cellular GAPDH levels 

probed by Western blot demonstrated equal protein load for each lane. 
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Figure S3. Quantification of oleuropein-induced lag-phase kinetic delay (t1/2) in amylin amyloid 

formation (A) and IC50 measurements of oleuropein and 3-HT in inhibiting amylin amyloid 

formation (B) based ThT fluorescence based assays. Corresponding oleuropein dose-dependent 

kinetic profiles are shown in Figure 3A. Both oleuropein and 3-HT have an estimated IC50 of 100 

μM. Amylin concentration in both experiments was 15 μM. 
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Figure S4. PICUP assay demonstrates that ligstroside (Lig), tyrosol (T), 2-hydroxyphenethyl 

alcohol (2-HPEA), and 2-(3-hydroxyphenyl)ethanol (HPE), but not elenolic acid (EA) and 

glucose (Glu), exhibited amylin oligomer (highlighted as red asterisk) inhibition at high 

concentrations (20:1 drug:amylin molar ratio, at 20uM amylin). Note: the stronger oligomer 

break-up effects exhibited by OLE and 3HT versus Lig, T, 2-HPEA, and HPE (Figure 3E) was 

further suggested by a separate PICUP experiment that compared concentration dependent 

oligomer break-up effects between Ole and 3HT alongside Lig and T (data not shown).  
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Figure S5. Control experiments demonstrate oleuropein and its analogs themselves have no 

significant effects on INS-1 cell viability at the specified concentrations. Oleuropein itself has no 

significant effects to INS-1 cell viability at the concentrations from 0-18.75 μM (A). Oleuropein 

(Ole), 3-hydroxytyrosol (3-HT), tyrosol (T), and ligstroside (Lig), have no significant effects on 

INS-1 cell viability at the concentration of 18.75 μM (B).  
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Figure S6. Variations of effects of 3-HT treatments on amylin fibril formation under 

transmission electron microscopy (TEM). At 20:1 ratio (3-HT:amylin) 3-HT treated amylin 

samples showed significantly reduced amount of amylin string fibrils in comparison with buffer-

treated samples (Figure 3D). We also observed morphology of non-string like, wavy ribbon 

bundles of aggregates (panels below) after 3-HT treatment. In either case, string-like amylin 

fibrils were reduced compared to vehicle-treated controls.  Furthermore, at high concentrations 

of treatment (50:1, 3-HT:amylin) 3-HT prevented virtually any fibril deposition in concert with 

showing lots of dark amorphous aggregate structures(data not shown). Note that in these 

conditions, vehicle-treated controls (7.5% ethanol, 0.75% DMSO) contained ~ 50:50 mixture of 

fibrils and dark amorphous aggregates (data not shown).   
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Abstract  

Amyloid formation has been implicated in more than a dozen human protein misfolding diseases, 

yet effective therapeutic small molecules are currently not available. Amylin amyloid and plaque 

depositions are found in the pancreas of over 90% of type 2 diabetes (T2D) patients in 

postmortem examinations and have been implicated in the pathogenesis of neurodegeneration and 

cardiovascular disorders as diabetic complications. Screening of a targeted library of natural 

compounds used in complementary medicine identified rosmarinic acid (RA), a catechol-

containing natural product, as a strong inhibitor against amylin amyloid formation (estimated IC50 

= 200-300 nM). RA significantly reduces amylin amyloid-induced cytotoxicity. Dissecting the 

two functional groups of rosmarinic acid, we found each group, caffeic acid and salvianic acid A, 

contributes in an additive manner to the anti-amyloid activities observed with RA alone. We 

further synthesized multiple RA analogues. One RA analogue, which replaces the ester link with 

an amide in the RA molecule, showed significantly enhanced functions in converting toxic amylin 

amyloid into non-toxic amorphous aggregates. We further showed that in a dose- and time-

dependent manner, both RA and the synthetic RA analogue effectively disassociates pre-formed 

amylin oligomers taken from the sera of transgenic HIP rats. Moreover, both small molecules 

demonstrated efficacy in reducing pre-formed human amylin oligomers taken from diabetic 

patient sera. 

 

Chapter 4: A Synthetic Rosmarinic Acid Analogue Potently Detoxifies Amylin 

Amyloid 

I acknowledge pleasant and fruitful collaboration with Dr. Ling Wu, who performed all cell-based assays and western blot 

analyses of sera samples, Drs. Anne Brown and David Bevan who performed and or analyzed all MD simulations, Drs. Shijun 

Zhang and John Saathoff synthesized RA analogues.  
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Introduction 

Amyloid formation is associated with a large class of protein misfolding diseases that 

includes a broad spectrum of neurological, metabolic and aging related diseases such as 

Alzheimer’s disease (AD), Parkinson’s disease, prion disease, and type 2 diabetes (T2D). The 

pathological hallmarks of amyloid disease are structurally conserved intracellular and 

extracellular insoluble proteinaceous deposits termed amyloid fibrils 1,2,3. Protein amyloid 

aggregation proceeds through a nucleation-dependent process wherein monomeric and 

oligomeric aggregates form “seeds” that initiate an aggregation cascade that results in 

equilibrium between mature amyloid fibrils and their small precursor aggregates. Over the last 

two decades, increasing evidence indicates that the primary pathological amyloid species are 

non-fibrillar precursor aggregates that range from unstructured oligomers to β-sheet rich 

aggregates termed protofibrils (as small as 20-mers) 1.  

Amylin is a 37-residue peptide hormone co-secreted with insulin by pancreatic β-cells. It is 

one of the most amyloidogenic proteins known4.  Increased amylin concentrations in the blood 

have been detected in T2D-related obese and insulin-resistant patients likely due to the 

compensatory effect of increased insulin secretion5.  Hyperamylinemia leads to toxic amylin 

oligomer/amyloid formation and plaque deposition in the pancreas, which are established 

features of T2D 6,7,8,9. Growing experimental evidence shows that hyperamylinemia also induces 

toxicity in peripheral organs, including the heart, kidneys, and the brain 10,11.  Moreover, a 

“humanized” transgenic diabetic rat model that overexpresses human amylin (HIP rats) provided 

strong causal evidence that amylin oligomers/amyloid contribute to the heart dysfunction and the 

AD-mimicking neurobehavioral deficits 12,13,11.  
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Currently there are no cures for any protein amyloid diseases. Progress toward managing 

protein misfolding diseases in general has been hampered by the failure to develop any effective 

disease-modifying drugs. This lack of progress is in part due to our limited understanding of 

amyloidogenic proteins as well as their interactions with small molecules/inhibitors. 

Identification of effective amyloid inhibitors is challenging because of intrinsic structural 

disorder of many protein targets of amyloid assembly. 

There are multiple therapeutic strategies to identify disease-modifying agents against 

amyloid disease (see literature for a recent review14). One of the current strategies aimed at 

identifying therapeutic lead compounds focuses on inhibiting amyloid aggregation by (i) 

preventing toxic amyloid formation or stabilizing its native form from aggregating and (ii) 

remodeling or degrading toxic amyloid oligomers and/or insoluble fibrils. For natural product 

based amyloid inhibitor identification, one source of information comes from epidemiological 

studies that suggest preventative effects against dementia or diabetes may be associated with the 

diets containing high intake of flavonoids and polyphenolic compounds15. Information from 

these epidemiological sources as well as information reported by alternative and complementary 

medicine led to testable hypotheses and experimental efforts that successfully identified 

numerous natural compound amyloid inhibitors16,17,18,19,20. 

In the present study, we screened a targeted library of natural compounds used in 

complementary medicine and identified rosmarinic acid (RA), a catechol-containing natural 

product, as a strong inhibitor. We further investigated the structure-function relationship of RA 

and as a result uncovered the additive effect of two catechol-containing components of the RA 

molecule. We further synthesized an RA analogue (RA-amide or RA-A) that significantly 

enhanced its functions in converting toxic amylin amyloid into non-toxic amorphous aggregates. 
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Moreover, both RA and the synthetic RA analogue demonstrated the ability to dissociate pre-

formed amylin oligomers taken from the sera from transgenic HIP rats as well as from diabetic 

patients. 

Results 

Identification of Rosmarinic Acid.  Using the ThT fluorescence assay, we rapidly screened a 

small library of natural compounds (~100 compounds) that are rich in flavonoids and 

polyphenols and are used in Complementary and Alternative Medicine for their anti-diabetes, 

anti-inflammatory, or neuroprotective effects. EGCG was used as a positive control (Fig. 1A 

21,22,23). Several other compounds, including morin, salvianolic acid B, resveratrol, caffeic acid, 

and oleuropein, were confirmed for their inhibitory effects against amylin amyloid 24,25, 26,27,19,20. 

RA was one of the highest-ranking inhibitors that blocked amylin amyloid formation. We further 

validated RA in multiple secondary assays. Using transmission electron microscopic (TEM) 

analysis, we found that RA converted a large amount (estimated to be 50%) of amyloid fibrils 

into non-toxic aggregates at the given condition of 10:1 drug:amylin molar ratio (Fig. 1B). The 

potency is similar to EGCG, a well-known strong inhibitor. Based on the ThT fluorescence 

assay, we further determined that the IC50 for RA is 200-300 nM, slightly stronger than the 

positive control EGCG (~1 μM) (Fig. 1C). Consistent with the reduced amount of mature fibrils 

observed in TEM, RA significantly delays amylin amyloid formation, and such kinetic delay 

(t1/2) displays a dose-dependent relationship (Fig. 1D and Fig. S5). In addition, RA demonstrated 

significant amyloid remodeling functions in orthogonal ThT fluorescence assay and gel-based 

remodeling assays, similar to EGCG (Fig. 4 21,28,29).   
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Figure 1. Identification and biochemical and biophysical characterizations of RA as a strong 

amylin amyloid inhibitor. (A) Identification of rosmarinic acid as strong amylin amyloid 

inhibitor using a ThT fluorescence based screening assay. (B) TEM images of human amylin 

amyloid and its treatment with and without inhibitor treatment (1:20 amylin: drug molar ratio). 

Mature fibrils and amorphous aggregates are indicated by the red and blue arrows respectively. 

Buffer treatment sample served as control (100% mature fibril). RA treatment resulted in 

samples containing about 50% mature fibrils and 50% amorphous aggregates, which compared 

similarly to the anti-amyloid effects of EGCG, a known strong amylin amyloid inhibitor. (C) 

Amylin-ThT fluorescence-based inhibition assay. RA is estimated to have an IC50 between 200-

300 nM. IC50 curve for a known control EGCG is also shown (1 μM). (D) Dose-dependence of 

t1/2 of amylin amyloid formation in amylin-ThT fluorescence based assays. Concentration of 

amylin was 10 μM. With increased concentration of RA treatment, t1/2 becomes significantly 

delayed (arrows in Figure S5).  
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Additive Effects of Rosmarinic Acid. Based on our recent studies on catechol-containing 

compounds, we discovered that the catechol group is a key functional moiety in inhibiting 

amyloid formation and related cytotoxicity 19,20 (Velander et al, unpublished manuscript, 2017). 

Because RA consists of two catechol-containing components, caffeic acid (CA) and salvianic 

acid A (SAA) that are linked by an ester bond, we hypothesized that each component, CA and 

SAA, should be amyloid inhibitors as well and that they would display additive anti-amyloid 

effects similar to that observed with RA alone. To test this hypothesis, we first performed ThT 

fluorescence assays (Fig. 2A and Fig 2B). CA and SAA each showed significant amyloid 

inhibition activities, but less than that of RA. However, a 1:1 molar ratio mixture of CA:SAA 

showed a level of inhibition like that of RA. We also determined the IC50 for RA, CA and SAA 

to be 200-300 nM, 7.2 μM, and 90 μM, respectively (Fig. 2B). This additive effect was also 

manifested in amylin amyloid induced cytotoxicity assays. At the inhibitor: amylin ratio of 3:1 

(amylin concentration was 15 μM), RA fully neutralized amylin-induced neurotoxicity while CA 

and SAA partially rescued the cell viability (Fig. 2C).  

In parallel with biochemical and cell biology experiments, we performed molecular 

dynamics (MD) simulation studies. Simulations were done using fragments of amylin consisting 

of residues 20-29, which are important in the formation of amyloid in full length amylin. These 

fragments have been shown to form distinct β-sheet structures during MD simulation.  

Simulations were done using three human amylin (20-29) fragments in the absence of any 

inhibitor, in the presence of RA, and in the presence of CA (Fig. 2D). Significantly less β−sheet 

structure was observed in the presence of RA, and the amount of β-sheet structure was also 

reduced in the presence of CA (Tables S1 and S2). Analysis of inter-peptide interactions also 

revealed a reduction in the presence of RA and less so in the presence of CA as expected (Fig. 2D).  
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 Figure 2. Additive effects of rosmarinic acid components in amylin amyloid inhibition. (A) ThT 

fluorescence based amyloid inhibition assay by RA and its hydrolytic components CA and SAA. 

Inhibition from 1:1 molar ratio of mixture of CA and SAA is comparable RA alone. (B) Amylin-

ThT fluorescence based inhibition assay. IC50 is estimated to be 200-300 nM for RA, 7.2 μM for 

CA, and 90 μM for SAA. (C) Neutralization of amylin-induced neurotoxicity by RA, CA, and 

SAA in Neuro2A cells. Amylin concentration was 15 μM and the ratio of the inhibitor: amylin is 

3:1. (D) MD simulation studies showing the effects of RA and CA on amylin fragment 

oligomerization. Dominant morphologies of amylin20-29 trimer formation with and without the 

presence of RA and CA (at a 5:1 molar ratio of compound to amylin). Individual amylin20-29 

peptide fragments are shown in cartoon and colored red (peptide 1), orange (peptide 2) and 

yellow (peptide 3). RA and CA are shown as grey sticks, colored by element. (continued below)    
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For clarity, only CA molecules within 1.0 nm of the amylin20-29 trimer are shown. Significantly 

less β-structure is observed in the presence of RA, and reduction in β-structure is observed in the 

case of CA. Residue-residue interaction plots for corresponding drug treatment are shown as 

“heat” maps in the lower panels. X- and Y-axis labels are in peptide fragment length (residues 

20-29), with each repeating number (e.g., 20) being a separate peptide.  
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A Synthetic Rosmarinic Acid Analogue.  To further optimize the inhibitory effects of RA, we 

synthesized multiple RA analogs that changed various functional groups. We found that one 

analog (RA-amide; Fig. 3A) significantly improved anti-amyloid activities in comparison with 

RA, even though both inhibitors showed similar 200-300 nM IC50 based on ThT fluorescence 

based inhibition assays (Fig. 3B): (i) RA-amide nearly completely prevented amylin amyloid 

deposition while RA only prevented amyloid fibril deposition about 50% of the time (Fig. 3C);  

(ii) RA-amide displayed significantly stronger potency in neutralizing amylin amyloid induced 

cytotoxicity in comparison with RA of the same concentration in both INS-1 cells and Neuro2A 

cells (Fig. 3E).   

Like EGCG, we also discovered that both RA and RA-amide remodel freshly dissolved 

or preformed amylin amyloid into non-toxic aggregates, via presumably off-pathway 

channels(Figs. 4C,D;S6).  Moreover distinct biochemical differences between RA and RA-amide 

remodeled aggregates were noted: RA-amide induced amyloid remodeling was more resistant to 

blockage by reducing reagent TCEP (higher concentration of TCEP was needed as compared to 

the case for RA; Fig. 3D); Additionally, RA-amide as well as EGCG remodeled aggregates are 

more soluble in non-denaturing Tris-buffer. In contrast, there are no discernable differences 

among RA, RA-amide and EGCG treatments when the amyloids were dissolved in 6.5 M urea 

denaturing conditions (Fig. S6). It is important to note that the differences observed in remodeled 

aggregate stability or solubility between RA and RA-amide does not imply differential or even 

advantageous anti-amyloid potency.  Indeed, future work is required to determine if these 

differences or even remodeling phenomena in general, are linked in any way to the ability of 

RA-amide to exert greater cell rescue effects against amylin amyloid induced cytotoxicity 

compared to RA. 
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 We next used the ThT assay in concert with a “two fractions” gel-based remodeling assay 

to (i) investigate the remodeling capacity of RA, its metabolites CA and SAA, as well as RA-

amide at different stages of amyloid formation and (ii) assess if potential remodeling activity 

against pre-formed mature amyloid fibrils can result in their dissolution.  A sharp drop in ThT 

signal was seen when preformed amylin amyloids were treated with RA, RA-amide, CA, SAA or  

a combination of CA and SAA at a 1:1 molar ratio that was equimolar to the final concentration 

employed for single compound treated amylin samples (Fig 4A).  The amyloid remodeling 

potency depicted by these data is consistent with the anti-amyloid additive effects demonstrated 

by CA and SAA in Figs 2A and 2B. The same general steep drop in ThT fluorescence was seen  

when RA, RA-amide and positive control EGCG (previously indicated to disaggregate pre-

formed amylin fibrils30) when spiked in at times before amyloid was formed (t=0),    at the 

plateau phase of amyloid formation (t=17 hours) and finally after mature fibrils were formed 

(based on our TEM conditions, t=3 days) (Fig 4B).  In some cases, this rapid drop in ThT 

fluorescence has been shown to reflect disaggregation of mature amyloid fibrils30. In other cases, 

this drop-in signal reflects an altered stability and seeding capacity of the remodeled fibril 

masses but not their solubility29.  We used the gel remodeling assay to further clarify the 

meaning behind our observed ThT data and to determine if either RA or RA-A can dissolve 

mature amyloid fibrils as has been noted for EGCG30. Herein we spiked RA, RA-A, and EGCG 

with either freshly dissolved unaggregated amylin or with preformed mature amyloid fibrils, and 

after three days analyzed the insoluble and soluble fractions from both conditions via western 

blot analysis (Figs 4C and 4D).  As expected for bona fide amyloid inhibitors, all compounds 

maintained a significant amount of peptide mass within the soluble fraction when spiked into 

solutions initially containing freshly dissolved unaggregated amylin (i.e., a significant amount of 
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insoluble amyloid formation was prevented).  Moreover RA, RA-A and EGCG all induced 

amyloid remodeling towards denaturant resistant aggregates regardless if compounds were 

spiked into solutions that initially contain unaggregated amylin or solutions that contained 

preformed mature amylin fibrils. However, no compound was able to dissolve pre-formed 

amyloid fibrils, as reflected by the absence of any detectable amylin mass in the soluble fraction 

of amylin fibril samples treated with the compounds (Fig 4D). Further elucidating the 

mechanisms of remodeling and related changes of physical species and molecular interactions 

remain to be an interesting subject for further investigation (the work presented in Chapter 5 

focuses on this subject).  
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Figure 3. RA-amide displays improved amylin amyloid inhibition activity in multiple biochemical, 

biophysical and cell biology assays. (A) Chemical structures of RA and RA-amide are shown. (B) 

Amylin-ThT fluorescence based inhibition assay. Both RA and RA-amide are estimated to have an 

IC50 between 200-300 nM. IC50 (1 μM) for positive control, EGCG, is also shown. (C) TEM images 

of human amylin amyloid and its treatment with and without inhibitor treatment (1:10 amylin: drug 

molar ratio). Mature fibrils and non-toxic, amorphous aggregates are indicated by the red and blue 

arrows respectively. One out of two replicates indicate that RA treatment resulted in an estimated 

50% of mature fibrils and 50% of amorphous aggregates whereas RA-amide treatment resulted in 

significantly higher, near 100% amorphous aggregates. However, a second replicate of the TEM 

experiment indicated only negligible differences between the amyloid inhibition demonstration by 

RA and RA-A (D) Reducing reagent TCEP blocks RA or RA-amide induced amyloid remodeling in 

a dose-dependent fashion. A ratio of 1:1 amylin: drug was used. Highlighted (red asterisks) show the 

differential effects by RA and RA-amide (RA-amide being a more potent remodeling reagent). (E) 

Neutralization of amylin amyloid-induced cytotoxicity by RA and RA-amide in INS-1 cells and 

Neuro2A cells.  Amylin concentration was 3.75 μM and the ratio of inhibitor: amylin is 5:1.   
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Ex vivo Efficacies of RA and RA-amide.  Because rodent amylin is not amyloidogenic, a 

“humanized” diabetic rat model has been established where it over-expresses human amylin for 

mechanistic and translational applications31. As a step towards testing in vivo efficacy of RA and 

RA-amide, we obtained the sera samples from HIP rats that have been demonstrated to have 

amylin oligomers in the plasma samples11. Both RA and RA-amide effectively reduced amylin 

oligomers in the sera from HIP rats based on the oligomer sizes of 14-mers, 20-mers, and 22-

mers detected by Western blotting with amylin specific antibody T-4157 (Fig 5A). We 

demonstrated that RA and RA-amide were effective to significantly reduce amylin oligomers in 

a dose-dependent fashion. We also showed that both RA and RA-amide can effectively reduce 

amylin oligomers (14-mers) in the sera from diabetic patients at an initial treatment 

concentration of 0.5 mM (Fig. 5B). We showed that reduction of amylin oligomers from diabetic 

patients was time-dependent. The sizes of respective oligomers were estimated without 

considering potential posttranslational modifications of human amylin in vivo. In sera from both 

HIP rats and diabetic patients, RA and RA-amide were effective at disrupting pre-formed amylin 

oligomers at concentration ranges of 0.1-0.5 mM.  We speculate that effective concentrations to 

disrupt toxic amylin oligomers can be significantly lower if the incubation times were extended 

to mimic in vivo treatment time frames, which are typically 2-3-month durations).  
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Figure 4. Amylin amyloid remodeling induced by ThT fluorescence and an orthogonal gel-based 

assay. (A) ThT fluorescence-based assay showed remodeling after spiking pre-formed amylin 

amyloid with either RA, CA, SAA, CA+SAA, and RA-amide (compounds were spiked in at the 

plateau phase, t=17 hrs., at 10:1 compound: amylin molar ratio).  Likewise, at 10:1 molar ratio, 

similar activity was observed for RA, RA-A and EGCG when spiked in before amyloid had 

formed (time=0), or after amyloid formed (t=17 hours or t=72 hours) (C) Two fraction amyloid 

remodeling assay revealed that when added to freshly dissolved unaggregated amylin RA, RA-A 

and EGCG exerted remodeling activity concomitant with preventing insoluble amyloid 

formation by maintaining a significant amount of peptide (continued below)   

A B 

C D 
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mass within the supernatant, whereas all detectable peptide mass of the vehicle treated sample 

(presumably insoluble amyloid) was maintained within the pellet. (D) Two fraction amyloid 

remodeling assay for compounds spiked into preformed amyloid fibrils (t=3 days), demonstrated 

that RA, RA-A and EGCG induce denaturant resistant aggregate formation against pre-formed 

amyloid fibrils, whereas buffer treated amyloid fibrils dissociated to a distribution of monomer to 

trimer. However, these remodeling activities do not enable any compound to re-dissolve 

preformed insoluble amyloid mass. Quenching amyloid aggregation for both gel based 

remodeling assay conditions was achieved under denaturing conditions (i.e., samples were boiled 

for 5 minutes in solutions containing a final concentration of 6.5 M urea in 1X SDS-reducing 

sample buffer).  Finally, all samples were separated by SDS-PAGE and probed by an antibody 

specific for human amylin (T-4157).   
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Figure 5. Ex vivo experiments demonstrate RA and RA-amide significantly reduced human 

amylin oligomers in the sera from HIP rat animal model and diabetic patients. HIP rat is an 

established diabetic rat model that overexpresses human amylin. (A) Western blot analyses of 

HIP rat sera treated with increased concentrations of RA or RA-amide as indicated. Samples 

were incubated with RA or RA-amide at indicated concentrations for 3 hours at 37 °C. Equal 

amounts of sera were loaded in each well as demonstrated by equal intensities of Western blot 

bands of GAPDH.  Lanes labeled as 0 mM are the no treatment (continued below)  
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negative controls. Anti-human amylin blots were probed with amylin specific antibody (T-4157).  

Human amylin oligomers, 14-mer, 20-mer and 22-mer (estimated sizes) are indicated. 

Quantification of the Western blot results in Panel A by densitometry are shown in the lower 

panels in A. (B) Western blot analyses of diabetic patient sera treated with 0.5 mM of RA or RA-

amide as indicated over a time course of 0, 2, 8, and 24 hours. Equal amounts of sera were 

loaded in each well as in A. Anti-human amylin blots were probed with amylin specific antibody 

(T-4157). Estimated size of the human amylin oligomer is indicated. Western blot results in 

Panel B were quantified by densitometry, shown in the lower panels in B.  
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Discussion  

Botanical RA was identified from our library screening for amylin amyloid inhibition. The 

library is a collection of natural compounds that are known to have anti-diabetes and anti-

inflammatory effects, but the mechanisms of action are poorly understood. RA has been tested as 

an inhibitor for Aβ amyloid in the past and showed in vivo efficacy in reducing Aβ plaques in the 

brain of an AD mouse model32, which provides useful guidance on treatment doses and delivery 

route for our planned in vivo HIP rats studies (experiments are under way). On the other hand, 

our synthetic RA analogue, RA-amide, is a novel and more potent inhibitor in comparison with 

RA in multiple in vitro and cell-based assays (we have filed an US Provisional patent for this 

synthetic compound).  Predictably, RA-amide will be an exciting new tool in aiding us to 

validate the novel molecular link of amylin between T2D and its complication of 

neurodegeneration.  

What is the nature of amyloid inhibition by small molecules? Are they non-covalent, 

covalent or both? We propose that the catechol functional groups in RA and RA-amide can be 

autoxidized to o-quinone intermediates, which then react with amylin(see chapter 2)33. Quinones 

may be readily conjugated with the amine groups in Lys1 and/or Arg11 in human amylin and 

form Schiff base or Michael addition conjugates. If this covalent bond formation is indeed part of 

the inhibitory mechanisms, it will be interesting to isolate amylin-RA and/or amylin-RA-amide 

adduct(s) and map the adduct formation site(s) on the peptide and determine the type of 

conjugation reaction (Schiff base or Michael addition) using mass spectrometry. To extend the 

investigation of amylin-inhibitor conjugations further, it will be interesting and highly significant 

to detect amylin-RA and/or amylin-RA-amide conjugates from in vivo sera from HIP rats.  
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Using EGCG as a benchmark, we postulate that both RA and RA-amide will “remodel” 

human amylin oligomers and lead them to form non-toxic amorphous aggregates, which have the 

characteristic broad “smears” in SDS-PAGE experiments. We will correlate these biochemical 

observations with sample cytotoxicity by dot blotting analyses using oligomer-specific 

antibodies34,35. 

The concept of amylin as a specific molecular link between T2D and neurologic deficits, 

originally proposed by Despa and colleagues, is relatively new11,36. Validating this hypothesis 

will be highly significant, as it identifies a specific molecular link (and a novel therapeutic target) 

between diabetes and neurodegeneration, which supports the observation that obese/diabetic 

individuals are more prone to dementia/AD. 

There is an urgent need for pathophysiological, diagnostic and therapeutic studies oriented 

specifically toward neuropathy in diabetic patients to better understand the factors that initiate 

and progress diabetic neuropathy and to develop more effective treatments. Showing that amylin 

oligomer/amyloid species, the entities that contribute to the development of T2D, are causally 

linked to neuro-dysfunction in T2D patients can greatly increase our ability to predict the onset 

of neuro-dysfunction in T2D. Moreover, if amylin accumulation in the brain is indeed important 

to trigger cerebral dysfunction, it will potentially be a new therapeutic target for T2D patients. 
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Materials and Methods 

Peptides and Chemicals. Synthetic amidated human amylin was purchased from Genscript Inc. 

(Piscataway, NJ). Hexafluoro isopropanol (HFIP) and thioflavin T (ThT) were purchased from 

Sigma Aldrich (St. Louis, MO). Rosmarinic acid, caffeic acid, and salvianic acid A were 

purchased from Toronto Research Chemicals (North York, ON, Canada), Fisher Scientific Inc. 

(Hampton, NH), and Sigma-Aldrich Corp. (St. Louis, MO), respectively. Dulbecco’s phosphate 

buffer saline (DBPS), pH 7.4 was purchased from Lonza (Walkersville, MD). Black 96 well non-

stick-clear-bottom plates and optically clear sealing film were purchased from Greiner Bio-one 

(Germany) and Hampton Research (Aliso Viejo, CA). The 150-300 mesh formvar-carbon coated 

copper grids and uranyl acetate replacement solution (UAR) were purchased from Electron 

Microscopy Sciences (Hatfeild, PA). 

 

Peptide preparation. A sample of 1- 0.5 milligrams of lyophilized amylin powder was initially 

dissolved in 100% HFIP at a final concentration of 1-2 mM.  After HFIP dissolution, the peptide 

was vacuum dried again and re-dissolved with 100% DMSO to final concentration of 1-2mM. 

Aliquots were either lyophilized again prior to use in cell-based assays or dissolved directly into 

DPBS, 10 mM phosphate buffer pH 7.4 or 20 mM Tris-HCl pH 7.4 for all amylin amyloid-

related in vitro assays.  All remaining 1-2 mM stocks in 100% DMSO were stored at -80 °C until 

later use. The lyophilized powder from all compounds and ThT (Sigma-Aldrich Corp, St Louis, 

MO) were dissolved in DMSO (10 mM) and distilled water or relevant buffer (1-4 mM).  These 

stocks were stored at -20 °C until later use. We determined that any residual DMSO present 

during amylin amyloid activity assays, (i.e. ThT fluorescence, TEM, PICUP, and inhibitor-

induced amylin amyloid remodeling assays) had negligible effects on amyloid aggregation.      
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RA-amide Synthesis and Validation.  3,4-dihydroxyphenyl-alanine (DOPA) methyl ester was 

synthesized via Fischer esterification from a mixture of racemic DOPA in the presence of thionyl 

chloride and methanol (Wells et al, 2001). Coupling of this ester with caffeic acid in the presence 

of hydroxybenzotriazole hydrate (HOBt) and N,N’-dicyclohexylcarbodiimide (DCC; Lee et al, 

2007) followed by hydrolysis with HCl gave compound target compound37. 

Step I: 

1H NMR (400 MHz, DMSO-d6) δ 2.95 (2H, m, CH2), 3.69 (3H, s, CH3), 4.12 (1H, t, J = 6.40 Hz, 

CH), 6.44 (1H, dd, J = 8.03 Hz, J = 2.01 Hz, aromatic), 6.59 (1H, d, J = 2.01 Hz, aromatic), 6.67 

(1H, d, J = 7.78 Hz, aromatic), 8.52 (2H, broad, NH2), 8.93 (2H, d, J = 13.55 Hz, OH). 

13C NMR (400 MHz, DMSO-d6) δ 35.3, 52.5, 53.4, 115.7, 116.7, 120.1, 124.8, 144.6, 145.3, 

169.4. 

Step II: 

1H NMR (400 MHz, DMSO-d6) δ 2.81 (2H, m, CH2), 3.60 (3H, s, CH3), 4.47 (1H, m, CH), 6.39 

(1H, d, J = 15.8 Hz, CH), 6.44 (1H, dd, J = 8.03, J = 2.26 Hz, aromatic), 6.59 (1H, d, J = 2.26 

Hz, aromatic), 6.61 (1H, d, J = 8.10 Hz, aromatic), 6.72 (1H, d, J = 8.03 Hz, aromatic), 6.81 (1H, 

dd, J = 8.16, J = 2.13 Hz, aromatic), 6.92 (1H, d, J = 2.01 Hz, aromatic), 7.20 (1H, d, J = 15.81 

Hz, CH), 8.30 (1H, d, J = 8.03 Hz, NH). 

13C NMR (400 MHz, DMSO-d6) δ 36.4, 51.6, 54.0, 114.1, 115.5, 115.9, 116.5, 117.5, 119.6, 

120.3, 125.9, 127.7, 139.9, 144.1, 145.1, 145.8, 147.9, 165.4, 172.6. 

Step III: 

1H NMR (400 MHz, DMSO-d6) δ 2.81 (2H, m, CH2) 4.40 (1H, m, CH) 6.43 (1H, d, J = 15.6 Hz, 

CH) 6.47 (1H, d, J = 1.25 Hz, aromatic) 6.59 (1H, d, J = 8.03 Hz, aromatic) 6.62 (1H, d, J = 1.51 

Hz, aromatic) 6.73 (1H, d, J = 8.28 Hz, aromatic) 6.82 (1H, dd, J = 8.16, J = 2.13 Hz, aromatic) 
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6.94 (1H, d, J = 1.80 Hz, aromatic) 7.18 (1H, d, J = 15.81 Hz, CH) 8.05 (1H, d, J = 7.78 Hz, 

NH). 

13C NMR (400 MHz, DMSO-d6) δ 36.6, 54.4, 113.9, 115.2, 115.8, 116.5, 118.4, 119.8, 120.3, 

126.3, 128.8, 139.3, 143.7, 144.8, 145.5, 147.4, 165.1, 173.7. 

Based on high-resolution mass spectrometry (ESI), target compound C18H17NO7 has molecular 

mass (M+H) of 358.09 daltons. Calculated molecular mass (M+H) is 359.10. 

 

Cell Culture. Rat pancreatic INS-1 cells and mouse neuroblastoma Neuro-2A cells were 

generously provided by Profs. Dongmin Liu and Deborah Good (Virginia Tech), respectively. 

The SH-SY5Y cells were purchased from ATCC (#CRL-2266). Vascular Smooth Muscle Cells 

(VSMCs) were primary cells isolated from mouse aorta using the treatment of type I, II 

collagenases and type III elastase. INS-1, Neuro2A, SHSY-5Y were cultured per vendor 

instructions. Briefly, INS-1 cells were cultured in RPMI-1640 medium containing 10% fetal 

bovine serum and supplemented with 11.1 mM glucose, 1 mM sodium pyruvate, 10 mM HEPES, 

50 μM β-mercaptoethanol, 23.8 mM NaHCO3. The medium was changed every other day until 

the cells became confluent. Neuro2A cells were cultured in DMEM medium containing 1% non-

essential amino acids, 1% L-glutamate and 10% FBS. SH-SY5Y cells were cultured in EMEM 

with 1% non-essential amino acids and 10% FBS. VSMCs were growing in DMEM containing 

20% FBS. 

 

Cytotoxicity Assay and Inhibitor Activity Quantification. An MTT-based cell viability assay 

was used. The INS-1 cells, Neuro-2A, SH-SY5Y cells were seeded in 96-well plate at a density 

of 4x104 cells/well. After 24 hours incubation, cells are treated with either human amylin (3.75 
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μM) with or without specified natural compounds. Following another 24 hours incubation, 0.9 

mM MTT was added to each well. The reduced insoluble MTT formazan product was then 

dissolved in SDS-HCl lysis buffer (5 mM HCl, 5% SDS) at 37 °C. Cell viability was determined 

by measurement of absorbance change at 570 nm using a spectrometric plate reader. Peptides 

dissolving buffer treated cells were used as positive control and taken as 100%, and 0.5% Triton 

X-100 treated cells at the start of the incubation period with test peptides were used as negative 

control and taken as 0%.  

 

Thioflavin-T Fluorescence Assay. Fluorescence experiments were performed using a 

SpectraMax M5 plate reader (Molecular Devices, Sunnyvale, CA). All kinetic reads were taken 

at 25 °C in non-binding all black clear bottom Greiner 96-well plates covered with optically clear 

films and stirred for 10 seconds prior to each reading. ThT fluorescence was measured at 444 nm 

and 491 nm as excitation and emission wavelengths, respectively. Each kinetic assay consisted 

of final concentrations of 30 μM amylin and 10 μM. ThT inhibition constant (IC50) values for 

dose response curves were estimated by multi-parameter logistic nonlinear regression analysis 

using GraphPad Prism software (version 6.0). All experiments were repeated three times using 

peptide stock solutions from the same lot.  

 

Transmission Electron Microscopy (TEM).  TEM images were obtained by a JEOL 1400 

microscope operating at 120 kV. A sample containing 30 μM amylin (20 mM Tris-HCl, 2 % 

DMSO, pH 7.4) in the presence of drug or vehicle control was incubated for ≥48 hours at 37 °C 

with agitation.  Prior to imaging, 10 μL of sample were blotted on a 200 mesh formvar-carbon 

coated grid for 5 minutes, and stained with uranyl acetate (1%). Both sample and stain solutions 
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were wicked dry (sample dried before addition of stain) by filter paper. Qualitative assessments 

of the amounts of fibrils or oligomers observed were made by taking representative images 

following a careful survey of each grid.      

 

Statistical Analysis for in vitro data sets.  Data presented as the mean ± S.E.M and the 

differences were analyzed with a one-way analysis of variance followed by Holm-Sidak's 

multiple comparisons (amylin kinetics) or unpaired Student's t test (cell based data). These tests 

were implemented within GraphPad Prism software (version 6.0). p values < 0.05 were 

considered significant.   

 

MD Simulations.  To simulate trimer formation of amylin in a reasonable time scale using MD 

simulations, the principal amyloidogenic region (residues 20-29) was extracted from an 

equilibrated MD structure of full length (residues 1-37) human amylin. Initial coordinates for 

full-length amylin were used from PDB access code 2L86 42. This PDB structure was chosen to 

best represent biologically active, monomeric amylin given the presence of the disulfide bound 

between Cys2-Cys7 and C-terminal amidation. However, 2L86 was solved in an SDS micelle 

environment, and to better mimic experimental procedures, we sought to use a structure of 

amylin that mimicked solution conditions (water and 150 mM NaCl). Simulations of full-length 

amylin were constructed by placing the structure of 2L86 in a cubic box with a minimum solute-

box distance of 1.0 nm. The SPC water model43 was used to solvate the box, and Na+ and Cl- 

ions were added to reach a final concentration of 0.150 mM NaCl and maintain a net neutral 

system.  All simulations were done using the GROMACS software package, version 4.6.0 44,45 

and the GROMOS53a6 force field 46. Energy minimization was performed using the steepest 



128 

 

descent method, with all protein heavy atoms being restrained during equilibration and later 

released during MD simulation. Equilibration was performed in two sequential steps, NVT and 

NPT. Three replicates starting with different random starting velocities in NVT were performed. 

NVT was performed for 100 ps and maintained at 310 K using the Berendsen weak coupling 

method 47. Following NVT, NPT dynamics using a Nosé-Hoover thermostat 48,54 and a 

Parrinello-Rahman barostat 4,53) to maintain temperature (310 K), and pressure (1 bar) was 

performed for 100 ps.  Following equilibration, MD simulations were run using three-

dimensional periodic boundary conditions with short-range cutoffs of 1.4 nm being applied to all 

nonbonded interactions. Long-range interactions were calculated using the smooth particle mesh 

Ewald (PME method) 50,51 using cubic interpolation and Fourier grid spacing of 0.16 nm. Bond 

lengths were constrained by P-LINCS 52, which enabled an integration time step of 0.2 fs. 

Simulations were run until the criteria of convergence was met, which consisted of stabilization 

of 100 ns for both backbone root-mean-square deviation (RMSD) and protein secondary 

structure, as determined by DSSP algorithm38. RMSD clustering using the method of Daura et 

al39 was used to produce a representative structure of the last 100 ns of each replicate. The center 

structure of the replicate cluster structure, whose average secondary structure was closest to the 

set average, was chosen as the template for simulations of trimer formation of amylin(20-29).  

 

Trimer Formation  Residues 20-29 of amylin were extracted from the representative structure 

generated by MD simulations of full-length amylin in water and 0.150 mM NaCl. Acetyl and 

amide groups were added to cap the ends of the ten-residue fragment to negate spurious effects 

from having charges at the termini. The sequence of amylin(20-29) fragment is as follows: Ace-

Ser-Asn-Asn-Phe-Gly-Ala-Ile-Leu-Ser-Ser-NH2. Three amylin(20-29) fragments were randomly 
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placed at least 2.0 nm away from each other in a cubic box with dimensions of 11 x 11x 11 nm, 

with a solute-box distance of 1.0 nm.  For control simulations, no small molecules (SM) were 

added to the system. For simulations with rosmarinic acid or caffeic acid, five molecules were 

randomly placed in the system at least 2.0 nm away from amylin (20-29) fragments and other SMs. 

Topologies for rosmarinic acid and caffeic acid were generated using the PRODRG2 server40 

and refined by using charges and atom types found in functional groups within the 

GROMOS53a6 force field. For the ester functional group, parameters were taken from Horta et 

al.41 and modified to account for the double bond in the “R” position. The charges assigned to 

each atom can be found in Table S1. Rosmarinic acid and caffeic acid were both deprotonated to 

mimic protonation state at pH 7.4 (net charge -1). The following systems were generated and are 

identified in the following way: Control – 3 amylin(20-29) fragments and no SMs, ROS – 3 

amylin(20-29) fragments and five molecules of RA, and CA -- 3 amylin(20-29) fragments and five 

molecules of caffeic acid.  These systems were then equilibrated and run in MD simulations in 

the same way as full-length amylin. Simulations were run to 600 ns, which was found to be an 

adequate amount of time for trimer formation and β-strand structure to remain stabilized in the 

control simulations. Backbone RMSD and secondary structure analysis were also used to 

determine convergence. Analysis was performed using programs in the GROMACS package and 

over the last 100 ns of simulation time (e.g., 500-600 ns). RMSD clustering with a cutoff of 0.2 

nm was used to generate the structures shown in Figure 1. PyMOL was used for molecular 

visualization and any statistical analysis was done using a two-tailed t-test, with significance 

determined if p < 0.05. 
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Supplemental Tables and Figures 

Table S1. Average secondary structure (shown in %) of trimer fragment formation (residues 20 

– 29) of amylin with or without the presence of small molecules (SMs).a 

System Coil β-strand  α-helix 

WT 42 ± 11 58 ± 11 0 ± 0 

RA 73 ± 13 28 ± 13 0 ± 0 

CA 63 ± 17 37 ± 17 0 ± 0 

a Percentages represent averages of 3 replicates over the final 100 ns of simulation time, with 

associated standard deviations. 

 

 

Table S2. Average hydrogen bond presence between amylin fragments (20-29), amylin 

fragments and SMs, and between SMs. a,b 

System Protein-Protein Protein-SM  SM-SM 

WT 19 ± 3  n/a            n/a 

RA 12 ± 3 13 ± 4 3 ± 1 

CA 15 ± 2 4 ± 4 0.1 ± 0.1 

a Averages of 3 replicates over the final 100 ns of simulation time, with associated standard 

deviations. 

b n/a represents not applicable to the system tested. 
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Table S3. Average total SASA (nm2) of amylin fragments (20-29) and SMs. a,b 

System Protein SM  

WT            24 ± 1  n/a 

RA 29 ± 2 19 ± 1.6 

CA 26 ± 1 14.7 ± 0.1 

a Averages of 3 replicates over the final 100 ns of simulation time, with associated standard 

deviations. 

b n/a represents not applicable to the system tested. 
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Figure S1. Amylin and Aβ42 sequences, ThT, and PICUP assays. (A) Amino acid sequences of 

human and rodent amylin and amyloid β peptide (Aβ) are shown. The green box indicates a key 

region in amylin sequence (20-29) determining human amylin amyloid formation. (B) ThT 

fluorescence assay showing human amylin amyloid formation, but not non-amyloidogenic rodent 

amylin. (C) Proof-of-principle in vitro photoinduced cross-linking of unmodified proteins 

(PICUP) assay that identifies stable amylin oligomers. The assay was analyzed with SDS-PAGE 

followed by silver staining.  
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Figure S2. Cytotoxicity assays demonstrate the toxic effects of amylin against multiple relevant 

cell lines: pancreatic β-cells INS-1, mouse vascular smooth muscle cells, human SH-SY5Y 

neuronal cells, and mouse Neuro-2A cells, each at 5 μM concentration.  
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Figure S3. Neurotoxicity assays demonstrate the toxic effects of amylin and control amyloid β-

peptide Aβ42, each at 10 μM for SH-SY5Y treatment or 15 μM for Neuro2A treatment.  
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Figure S4. Control experiments demonstrate that RA and RA-amide have no effects on cell 

viability at the specified concentrations in INS-1, Neuro2A, and VSMC cell lines.  
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Figure S5. Measurement of t1/2 of amylin amyloid formation by amylin-ThT fluorescence based 

assays. Concentration of amylin was 10 μM. With increased concentration of RA treatment, t1/2 

becomes significantly delayed (arrows).  
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Figure S6 Single Fraction remodeling assays indicate RA remodeled aggregates are less soluble 

than EGCG or RA-A remodeled aggregates.  Under denaturing conditions (defined by 

aggregating samples being quenched in 6.5 M Urea containing 1X SDS sample buffer and then 

boiled for 5-10 minutes), EGCG, RA and RA-A induced formation of a broad distribution of 

denaturant resistant amylin aggregates while only monomer and dimer bands of amylin were 

seen in untreated samples. In contrast, remodeled aggregates visualized under non-denaturing 

conditions (defined as aggregating samples that were quenched with 1X Sample buffer in the 

absence of SDS or heat treatment) show that RA induced remodeled aggregates are less soluble 

than RA-amide and EGCG stabilized aggregates. Both Single fraction assays were visualized by 

SDS-PAGE followed by western blot analysis via human amylin antibody (T-4157).  Repeat 

experiments indicated that similar results were observed for samples that were quenched under 

non-denaturing conditions (as described above) regardless if they were exposed to SDS during 

PAGE or western blot transfer. 
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Chapter 5: Mechanisms of Amyloid Inhibition: Redox State is a Key 

Determinant of the Activities of a Broad Class of Catechol-Containing 

Inhibitors 

I acknowledge pleasant and fruitful collaborations with Dr. Sherry Hildreth and Dr. Rich Helm, who performed and analyzed 

LC-MS experiments for norepinephrine.  

 

Abstract 

Mechanisms of amyloid inhibition remain poorly understood, in part because most protein 

targets of amyloid assembly are initially partially unfolded or intrinsically disordered, which 

limits structural studies. Herein we employed a small molecule screening approach to identify 

inhibitors against tau 2N4R, Aβ42 and human amylin to aid in mechanistic studies. One 

remarkable class of inhibitors identified against all three amyloid proteins were catechol 

containing compounds.  Follow-up mechanistic studies confirm that autoxidation is critical to 

catecholamine anti-amyloid activities, but also enhances anti-amyloid activities for both catechol 

and catechol-containing compounds in general. Lastly, we also show that while autoxidation is 

essential for catechol mediated amyloid remodeling activities, these activities may represent 

epiphenomenon that are not required for anti-amyloid activities in general. 
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Introduction 

Amyloid diseases represent some of the most debilitating and increasingly more common human 

diseases that include neurodegenerative diseases such as Alzheimer’s disease and Parkinson’s 

disease, as well as other chronic diseases including type 2 diabetes1-3.  While there are currently 

no FDA approved anti-amyloid therapeutics available, decades of data continue to support the 

notion that one of the most viable therapeutic targets against amyloid disease continues to be the 

misfolding amyloid proteins themselves4-6.  Recent high-resolution insights gained from several 

high-resolution amyloid structures, and atomic details on their interactions with amyloid 

inhibitors, has provided potentially exciting new avenues from which to identify, characterize 

and optimize lead candidates that could potentially reach the clinic7-12.  Inevitably key to this 

process is achieving a better understanding of inhibitor mechanisms.  Recent mechanistic 

insights have elucidated some of the key covalent and non-covalent forces responsible for 

determining small molecule-amyloidogenic protein interactions at various stages of amyloid 

formation13.  Several examples have been described, such as stabilizing the soluble native 

conformations of some amyloidogenic proteins14,  perturbing or “remodeling” unaggregated or 

pre-aggregated amyloid species towards forming presumably innocuous, non-amyloidogenic 

aggregates15-18, or even accelerating amyloid formation19.  However, in many cases, a clear link 

between the chemical mode of action of an inhibitor and its macromolecular partner is poorly 

defined.   Moreover, the biophysical and biochemical basis of inhibitor-perturbed amyloid 

aggregation pathways or alternate aggregate assemblies is not always clear.     
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Results/Discussion 

In our studies, using a semi high throughput Thioflavin T screening platform, we 

performed a drug-repurposing screen on a library of 700 drugs or investigational compounds 

with diverse molecular scaffolds to identify broad classes of small molecule amyloid inhibitors 

that exhibited strong activities against three pathological amyloidogenic targets, these being tau 

2N4R, Aβ42, and amylin (Fig. 1).  Analysis from this work identified several noteworthy classes 

of compounds that inhibited amyloid formation on all three targets. These included tetracyclines, 

anthraquinones and catechol-containing molecules amongst other miscellaneous structures 

(Figure S1).   Secondary validation of a variety of lead candidates selected from each class was 

achieved by confirming that they exhibit dose response activities against amyloid formation and 

or prevented early oligomer interactions (Figure S2).  Further inspection of the initial screening 

results indicated that catechol-containing compounds and redox-related anthraquinones 

comprised a high proportion of the top lead candidate inhibitors against each protein or peptide, 

as defined as exhibiting greater than three standard deviation of the (relative fluorescence units) 

RFU units below buffer treated amylin controls (Figure 1).  In further support that the catechol 

functional group alone represents an important active component present within the group of 

catechol-containing compounds initially identified (Figure S1), ThT assays and preliminary 

transmission electron microscopy (TEM) data confirmed that catechol, but not phenol, exhibits 

strong anti-amyloid activities (Figure 1).  These data support the hypothesis that the catechol 

functional group possess general anti-amyloid activities, which has also recently been suggested 

by individual case studies18, 20-21, other small molecule screening experiments20 and large scale 

data mining efforts.13, 22 However, catechols and quinones are considered to be frequent Pan 

Assay Interference Compounds (PAINS)28-29, therefore caution needs to be taken to validate 
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catechol-containing amyloid inhibitors using multiple orthogonal in vitro and cell-based assays 

as described in our previous work18, 20. Yet multiple catechol-containing compounds and other 

PAINS-like compounds, such as EGCG, curcumin, and oleuropein, demonstrated significant in 

vivo efficacies in reducing amyloid plaques13. We also demonstrated structure-activity 

relationship on two catechol-containing compounds, baicalein and oleuropein18, 20, the criteria 

Baell and colleagues recommend using to exclude PAINS compounds.  Furthermore, these same 

compounds are also commonly found in polyphenol-rich diets that are associated with numerous 

health benefits, and therefore, could potentially be developed as nutraceuticals.  Thus, despite 

their classification as PAINS molecules, we argue that catechol-containing molecules represent a 

bona fide group of amyloid inhibitors as promising chemical biology tools to aid in future 

amyloid research.        
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Figure 1: Small molecule anti-amyloid ThT screen identifies catechol-containing compounds 

and redox related anthraquinones as broad classes of potent amyloid inhibitors.  (A) Catechol-

containing compounds or anthraquinones (denoted by red dots) were observed to comprise 61%, 

54% and 33% of the top lead candidates against tau 2N4R, Aβ and amylin, respectively. (top 

lead candidates were defined by exhibiting a ThT   fluorescent signal  ≥ three standard deviations 

below buffer treated negative controls identified against amylin. (continued next page) 

A 
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Buffer treated negative controls (NC), are shown in green.  Positive controls (PC, shown in 

magenta) included amyloid proteins treated with either rosmarinic acid (RA) or epigallocatechin 

gallate (EGCG), two previously confirmed amyloid inhibitors13.  (B) Catechol but not phenol 

demonstrates strong anti-amyloid effects as exhibited by ThT (panel B) and TEM (panel D) 

assays. Typical molar ratios of compound to amyloidogenic protein were 2:1 for all ThT assays 

and 50:1 for TEM assays. For the model in (C) black circles represent monomeric amyloid 

protein; blue ribbon structures represent amyloid fibrils.  
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Accordingly, we sought to conduct mechanistic studies to clarify the chemical modes of action 

of the anti-amyloid activities of the catechol-containing compounds. Several recent case studies 

have indicated that autoxidation enhances or is even necessary for the observed anti-amyloid 

activities associated with certain catechol-containing amyloid inhibitors including baicalein, 

taxifolin and catecholamines23-26.  Based on these data, and the fact that redox related 

anthraquinone compounds also exhibited strong anti-amyloid activities as indicated from our 

initial screening effort, we hypothesized that autoxidation represents a general factor that is 

linked to anti-amyloid activity of catechol-containing compounds.  To test this hypothesis, 

numerous aged versus non-aged catechol-containing compounds were compared for their anti-

amyloid activities. Under these conditions “aged” and “non-aged” terms define compounds that 

initially were prepared from the same powder stock but that were either incubated at 37 C° (i.e. 

“aged” condition) or -80 C° (i.e. “fresh” condition) for two days prior to being added to freshly 

dissolved solutions of amylin.  In virtually all cases, aged catechol containing compounds but not 

negative control phenol and non-catechol containing amyloid inhibitor morin, exhibited greater 

activity than their non-aged counterparts (Figure 2).  Moreover, these trends were recapitulated 

under aerobic but not anaerobic conditions for selected catecholamines and to a lesser extent for 

natural compound-catechol containing amyloid inhibitors (Figure S4). To show that the 

enhanced amyloid activities under aerobic but not anaerobic conditions were directly linked to 

the chemical change that occurs during autoxidation, UV-Visible time course spectra confirmed 

that oxidative chemical change only was detectable under aerobic conditions (Figure S3, Figure 

3).   
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A 

 

Figure 2: Autoxidation enhances anti-amyloid activities associated with a broad group of 

catechol-containing compounds. (A) Aged catechol containing compounds (brown bars), but not 

negative controls phenol (non-amyloid inhibitor) or morin (amylin amyloid inhibitor) display 

enhanced anti-amyloid activity compared to their non-aged counterparts (grey bars).  All aged 

and non-aged treated amylin aggregation reactions were normalized to buffer treated amylin 

controls (black bar) indicated by the dashed red line. (B) ThT time course taken from data shown 

in (A) of aged versus non-aged RA and norepinephrine treated amylin aggregations reactions. 

(C) Dose response effects of TCEP on inhibiting RA and norepinephrine amyloid remodeling 

activity. Abbreviations: 7,8-dihydroxy flavone (7,8-DHF), rosmarinic acid (RA), caffeic acid 

(CA), salvianic acid A(SAA), 3,4-dihydroxybenzoic acid (3,4-DHBA). Statistics were conducted 

using one-way ANOVA, Sidak’s multiple comparisons test: *p <0.05 ,** p <0.01, ***p < 0.001  

B 

C 

A B 
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While the mechanistic aims in this study were focused on broadly characterizing how 

autoxidation influences catechol mediated anti-amyloid activities, LC-MS data identified several 

oxidized byproducts within representative catecholamine, norepinephrine (Figure 3), that 

appeared during a similar time course observed for the anti-amyloid activities exhibited by 

norepinephrine as assessed by the gel remodeling, ThT and TEM assays (Figs. 3 and 4).  

Currently, ongoing studies are being employed to clarify the identity of these species.  

Collectively, these data suggest that autoxidation represents a general pathway that enhances 

catechol-containing compound anti-amyloid activities.  
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Figure 3: LC-MS identifies norepinephrine oxidized byproducts that are linked to 

norepinephrine anti-amyloid activity. (A,B) ThT and TEM data confirm that the anti-amyloid 

activity of norepinephrine requires aerobic conditions. (C) Freshly dissolved (time at 0 hour) or 

aged norepinephrine samples (time at 72 or 96 hours) were characterized by LC-MS. Visual 

inspection of the chromatograms showed a new peak at 0.97 minutes (continued next page)  

B A 

C 
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in the  72 and 96-hour samples that was not present at 0 hours. MS (positive mode) of this 

fraction identified three species that are likely the oxidized byproducts of norepinephrine that 

include [M+ H+] of 164.0716, 182.0455 and 182.1461.  Norepinephrine samples aged under 

similar conditions to when these putative oxidized species were identified from LC-MS 

experiments also showed anti-amyloid activity as assessed by TEM, ThT and gel remodeling 

assays  (Figure 3,4).  Such activity was not associated with non-aged norepinephrine, that did not 

undergo oxidative chemical change. Thus, the oxidized norepinephrine byproducts identified by 

LC-MS are likely associated with and may contribute to norepinephrine anti-amyloid activities. 

Statistics were conducted using one-way ANOVA, Sidak’s multiple comparisons test; *p <0.05 

,** p <0.01   
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Over the past decade several in vitro studies have reported that some small molecule amyloid 

inhibitors, many of which are catechol-containing polyphenols, perturb or “remodel” 

unaggregated and/or pre-aggregated amyloid species into aggregates that are resistant to protein 

denaturants15-18, 27. Consistent with these data and with the hypothesis that such phenomena are a 

general feature of catechol containing compounds, we confirmed that a variety of catechol 

containing natural compounds and catecholamines were all capable of remodeling freshly 

dissolved solutions of amylin into a distribution of protein aggregates that spanned the entire 

length of the separating gel in SDS-PAGE), which remained stable in presence of denaturing 

conditions (i.e., solutions containing 6.5M urea, 1X laemmli SDS sample buffer that were 

exposed to 95 C° for 5-10 minutes, data not shown).  Moreover, a series of subsequent 

experiments confirmed that the general mechanism related to catechol-containing compound 

amyloid remodeling activity requires compound autoxidation. Using RA and norepinephrine, 

whose initial anti-amyloid activities were previously confirmed to be strongly influenced by 

autoxidation (Figs 1-3), we discovered that in a dose dependent manner, treatment with the 

reductant, TCEP, eliminated their amyloid remodeling activity (Figure 2).  This effect was 

recapitulated in the presence of other reducing reagents including glutathione, cysteine and 

cystamine (Figure S5), and importantly, with many other catechol containing compounds, but 

not negative controls phenol and curcumin (Figure S6).  Finally, under anaerobic conditions, we 

showed that remodeling activity mediated by catechol alone and catechol containing compounds 

are completely prevented (Figure S4).  

A variety of covalent mechanisms can readily explain the observed requirement of 

autoxidation for catechol mediated remodeling and the corresponding strong stability of the 

observed remodeled aggregates. For example, free radical cycling occurring during catechol 
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autoxidation could directly cycle through nearby interacting amyloid proteins that subsequently 

leads to protein-protein and/or protein-compound adducts21.  Alternatively, remodeled 

aggregates may also form through covalent interactions between electrophilic o-quinone 

oxidized byproducts of catechol parent compounds and amyloid protein side chain amines17, 20-21, 

23-26.  Regardless of the exact mechanism, these data are all consistent with the hypothesis that 

the presence of oxygen facilitates autoxidation which in turn enables all catechol containing 

compounds to engage in amyloid remodeling that likely involves a covalent mechanism.   

While various reports indicate amyloid remodeling activities lead to what are presumably 

innocuous off-pathway aggregates that in some cases have even been reported to display anti- 

amyloid and/or cell rescue effects against amyloid induced cytotoxicity 15-18, it remains unclear 

whether amyloid remodeling is merely phenomenological in nature or if it represents a key 

mechanism responsible for anti-amyloid activity.  To clarify this point, a variety of aerobic and 

or anaerobic compound pre-aging and amyloid aggregation conditions for select compounds 

catechol, RA and norepinephrine were developed that enabled an assessment of the relationship 

between amyloid remodeling and anti-amyloid aggregation activities.  These data suggest that 

remodeling activity is not required for anti-amyloid activities in general nor is it an obligate 

determinant for enhancing catechol-containing compound anti-amyloid activity that occurs upon 

autoxidation (Figure 4).  
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Figure 4: Amyloid remodeling is not required for catechol-containing compound anti-

amyloid activity. (A) UV-Vis spectra reflect the oxidative changes incurred for aged catechol 

(cat), norepinephrine (nor) and rosmarinic acid (RA) under aerobic (green trace) but not 

anaerobic conditions (red trace). The zero-day (black trace) time point (continued next page) 

C B 
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represents the compound spectra taken prior to undergoing aging in either an aerobic or 

anaerobic environment (B) Experimental scheme for the ThT and remodeling assays under 

aerobic and anaerobic conditions. (C,D) When aerobically aged compounds are added to amylin 

amyloid mixtures maintained under aerobic conditions (condition 1, corresponding to red 

lettering in panel C and red bars in panel D) strong anti-amyloid and remodeling activity occurs. 

In contrast, when anaerobically aged compounds are added to amylin amyloid aggregation 

mixtures maintained under anaerobic conditions (condition 2, indicated by purple lettering in 

panel C and purple bars in panel D), compounds exhibit attenuated or no anti-amyloid 

aggregation activity coincident with a loss in remodeling activity.  Finally, when compounds are 

aged under aerobic conditions and are added to amylin aggregation mixtures maintained under 

anaerobic conditions (condition 3, indicated by green lettering in panel C and green bars in panel 

D) strong amyloid inhibitory effects occur coincident with only minor to no remodeling activity. 

Statistics were conducted using one-way ANOVA, Sidak’s multiple comparisons test; *p <0.05 

,** p <0.01, ***p < 0.001   
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Conclusions 

Building on previous work 13, 17-18, 20-22, 24, 26, 30, our data suggest that catechol containing 

compounds in general, as well as their redox related anthraquinones, represent broad classes of 

amyloid inhibitors capable of targeting amyloid aggregation on multiple pathologically relevant 

amyloid forming proteins including tau 2N4R, Aβ 1-42, and amylin.  Additionally, this work 

shows that (i) catechol but not phenol alone is an amyloid inhibitor (ii) autoxidation represents a 

general factor that plays a key role in enhancing the anti-amyloid activity of catechol-containing 

compounds and (iii) autoxidation is required for amyloid remodeling activity, a phenomenon that 

appears unnecessary for anti-amyloid activity. If indeed amyloid remodeling and the subsequent 

covalent process that is hypothesized to result in protein-compound adducts represent 

epiphenomenon, alternative reasoning is still needed to explain the overall enhanced amyloid 

activity observed upon catechol autoxidation.  Future studies that use the structures of previously 

confirmed amyloid pharmacophores to explore the specific oxidized byproducts, 

whichpresumably produce enhanced anti-amyloid activities, , provides a facile approach from 

which to not only address this gap but also amplify the current pool of known potent small 

molecule amyloid inhibitors.  Doing so will ultimately further uncover the key mechanisms and 

features that are pertinent to how catechol containing compounds and other broad classes of 

amyloid inhibitors function and potentially how such knowledge could be harnessed for 

translational applications. In this context, it would be desirable to find oxidized byproduct 

species that do not readily undergo potentially promiscuous (covalent) remodeling activity, 

which we suggest may not be necessary for anti-amyloid activity (Fig 4).   
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Material and Methods 

Chemicals, Peptides and Other Reagents. Synthetic human amylin was purchased from AnaSpec 

(Fremont, CA) and the peptide quality was further validated by Virginia Tech core facility Mass 

Spectrometry Incubator. Amylin stocks were quantified by Pierce BCA protein assay kit 

(Thermo Fisher Scientific, Waltham, MA). Oleuropein (>98% purity; glycated form, Fig. 1A), 

tyrosol, 2-(3-hydroxyphenyl)ethanol, hexafluoro isopropanol (HFIP), and thioflavin T (ThT) 

were purchased from Sigma Aldrich (St. Louis, MO). Dimethyl sulfoxide (DMSO) and 2-

Hydroxyphenethyl alcohol were purchased from Fisher Scientific (Pittsburgh, PA). 3-

Hydroxytyrosol was purchased from Cayman Chemical (Ann Arbor, MI). Ligstroside and 

elenolic acid were purchased from Toronto Research Chemicals (Toronto, Ontario, Canada). 

Dulbecco’s phosphate buffer saline (DBPS) was purchased from Lonza (Walkersville, MD). 

 

Protein amyloid preparation for the 700 compound ThT screen  

Aβ42 : Unaggregated solutions of Aβ42 were typically prepared by dissolving lyophilized Aβ42 

powder (i.e., Aβ42 is initially delivered from the vendor in this form) with 100% HFIP.  

Subsequent peptide quantification of this solution was estimated based on a standard microplate 

BCA assay. Initial stock solution preparation of Aβ42 for the ThT assay were prepared by 

evaporating HFIP treated stocks followed by a modified two-step aqueous dissolution process as 

previously described31:  Herein, HFIP evaporated stocks of Aβ42 were dissolved in 60 mM 

NaOH.  Next, these solutions were further diluted in 1X DPBS such that the final solution 

consisted of approximately 2.4 mM NaOH (i.e. ~4% 60 mM NaOH, 96% 1X DPBS). 

Immediately after the addition of 1X DPBS, 6.48 μL aliquots of Aβ42 and 0.52uL aliquots of 

compound or buffer treated controls were distributed within a 384 microplate (i.e. reading plate). 
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The reading plate was sealed to prevent evaporation and allowed to incubate at 37° C  until the 

estimated plateau of aggregation (~ 1 day). Next, the reading plate were centrifuged prior to 

receiving 14 uL of a 45 μM ThT solution prepared in 50 mM –Glycine-NaOH, 8.6 pH. Finally, 

all plates were read at excitation 444 nm/emission 490 nm to estimate plateau phase amyloid 

aggregation as indicated by ThT fluorescence.  Note, the final concentration of Aβ42 prior to 

being titrated with ThT, was approximately 12 μM, at a 3:1 molar ratio of compound to Aβ42.   

 

Amylin: Amylin stock preparation was initiated by dissolving lyophilized human amylin powder 

in 100% HFIP. After at least 2 hours of incubation at room temperature, HFIP was removed and 

the resulting amylin powder was re-dissolved in 100% DMSO and quantified by a standard BCA 

microplate assay  (i.e. HFIP is extremely volatile and difficult to accurately pipette; thus, DMSO 

is a better solvent for peptide transfer; Initial HFIP dissolution was employed because it has been 

suggested to aid in removal of trace contaminants that may be present within lyophilized batches 

of peptide initially received from the vendor). Solutions of approximately 400 μM amylin (100% 

DMSO) were subsequently diluted with ThT in 1X DPBS and aliquoted to reading plate wells 

containing 0.45 μL of compound or vehicle buffer controls to a final volume of 15 μL. Final 

concentrations prior to amylin amyloid aggregation were 10 μM amylin, 30 μM compound and 

30  μM ThT.  All plates were continuously monitored for ThT fluorescence every 10 minutes 

(plates were shaken briefly prior to each read) at excitation 444 nm/emission 490 nm until the 

plateau phase was reached.   

 

Tau 2N4R: Purified recombinant Batches of tau 2N4R initially dissolved in 100% 1X PNE 

buffer, were buffer exchanged with 1X HEPES buffer (10 mM HEPES, 30 mM NaCl, pH X) to 
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final concentration of 34.4 μM (quantified by standard BCA micro plate assay) in 92% 1X 

HEPES, 8% 1X PNE.  Amyloid aggregation was initiated in the presence or absence of 

compound by diluting 6.48 μL of 34.4 μM tau 2N4R into the wells of the reading plates to a final 

volume of 21 μL containing 12.5 μM ThT and 0.06 mg-ml-1 Heparin. For compound treated 

wells, final molar concentration of compound to tau 2N4R was ~2:1. All aggregation reactions 

were incubated at 37 °C until the approximated plateau fluorescent readings were made at 

excitation 444 nm/emission 490 nm. 

 

Anaerobic aggregating conditions  

All reagents including buffers, protein and compounds were made anaerobic by flushing with 

nitrogen prior to being placed within an anaerobic bag.  Oxygen concentration was maintained 

between 15-50 ppm within the anaerobic bag. Typical aggregating conditions within the bag 

were maintained between 25-30 °C.  

 

Sample processing for ThT assays: after aggregation (>24 hrs.) , samples (amylin + compound, 

or amylin + buffer) were removed from the anaerobic bag and promptly added to ThT solutions 

contained within a 384 well plate (i.e., ThT solutions were added to the plate prior to taking out 

the samples form the anaerobic bag).  End ThT fluorescence was measured at a 444 nm 

excitation/490 nm emission until a stable signal was reached (2-10 hr.).   

 

Sample processing for gel remodeling assays: after aggregation (~3 days) samples were removed 

from the anaerobic bag, vacuumed dried (~30-45 minutes) and immediately quenched with ~6.5 

M urea containing 15 mM tris and 1X SDS laemmeli sample buffer, heated at 95-100°C for 5-
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10- minutes and subjected to SDS-PAGE followed by Western blot analysis with anti-amylin 

primary antibody (T-4157, 1:5000, Peninsula Laboratories, San Carlos, CA).   

 

Sample processing for TEM: after aggregation (~3-4 days) samples were immediately removed 

from the anaerobic chamber and spotted on a 200-mesh formvar carbon coated grid within ~ 45 

minutes. (see below for more details regarding TEM sample processing) 

 

Transmission Electron Microscopy (TEM).  Amylin fibrillation was initiated in 20 mM Tris-HCl, 

pH 7.4 and residual amount of DMSO at 1.5%. Final amylin concentration was 30 μM and the 

molar ratio of a compound to amylin ranged from 20:1 to 50:1. Samples were typically incubated 

at 27-37 °C without agitation for 3-4 days. Prior to imaging analyses, ~4 μl’s of samples were 

blotted on a 200-mesh formvar-carbon coated grid for 5 minutes and wicked dry by filter paper. 

Dried samples were then immediately stained with uranyl acetate (1%) for 1-2 minutes, and 

again, wicked dry with filter paper before imaging. Prior to taking representative images 

(obtained from a JEOL 1400 operated at 120 kV, a qualitative assessment of the number of 

fibrils observed were made by scanning each grid quadrant for deposited material. TEM 

experiments were repeated at least twice. 

 

Gel based remodeling activity. Vehicle control or specified pre-aged or non-pre-aged compounds 

were spiked into freshly dissolved amylin samples (containing amylin and buffer).  Thereafter 

amylin aggregation was allowed to proceed for 3 days in the presence of reductant or under 

aerobic or anaerobic conditions. Final amylin concentration was 15 μM that included varying 

concentrations of compound and or reducing reagent depending upon the assay.  After 3 days, 
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these samples were vacuum dried and re-dissolved in ~6.5 M urea containing 15 mM tris and 1X 

SDS laemmeli sample buffer, boiled at 95 °C for 5-10 minutes and subjected to SDS-PAGE 

followed by Western blot analysis with anti-amylin primary antibody (T-4157, 1:5000, Peninsula 

Laboratories, San Carlos, CA).  All gel-based amyloid remodeling assays were repeated at least 

twice exception to remodeling experiments pertaining to reduced glutathione, cystamine and 

cysteine(Fig. S5).  Herein, RA was chosen as the selected candidate to conduct at least two 

repeat assays with glutathione, cystamine and cysteine, whereas only single experiments were 

completed for Norepinephrine (Fig. S5).  

 

Photo Induced Crosslinking of Unmodified Proteins (PICUP). Amylin aliquots from a master 

mix in 10 mM phosphate buffer, pH 7.4 were added separately to 0.6 mL eppendorf tubes 

containing small molecule inhibitors or DMSO vehicle loaded controls. Crosslinking for each 

tube was subsequently initiated by adding tris(bipyridyl)Ru(II) complex (Ruby) and ammonium 

persulfate (APS) (Typical Amylin:Rubpy:APS ratios were fixed at 1:2:20, respectively, at a final 

volume of 15-20 μL), followed by exposure to visible light, emitted from a 150-Watt 

incandescent light bulb, from a distance of 5 cm and for a duration of 5 seconds. The reaction 

was quenched by addition of 1X SDS sample buffer. PICUP was visualized by SDS-PAGE (16% 

acrylamide gels containing 6 M urea), followed by silver staining. Final concentrations for all 

PICUP reactions included 30 μM amylin, and 150 μM compound.  The initial screening PICUP 

experiments depicted in Fig S6 were conducted once; similar trends were recapitulated in repeat 

PICUP experiments using selected catechol and anthraquinone candidates depicted in Fig S6 

(data not shown).     
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Statistical Analyses. All ThT assay data are presented as the mean ± S.E.M. and the differences 

were analyzed with one-way ANOVA analyses multiple comparisons test ( p<0.05 *, p <0.01 **, 

p< 0.001 ***) as implemented within GraphPad Prism software (version 6.0)   
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Supplemental Tables and Figures   

Table S1: 

Top lead catechol and anthraquinone candidates identified from the 700 compound ThT screen 
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 against amylin, tau 2N4R and Aβ42 (see Figure 1). The compound candidate name, number 

(corresponding to Figure 1) and percent amyloid inhibition is depicted. Any compounds that 

exhibited 3 standard deviation units of inhibition greater than observed for amylin + ThT 

controls were considered top candidates. Amylin was selected as the control amyloid protein 

standard because it exhibited greatest the deviation in the presence of buffer (compared to tau 

2N4R and Aβ42), which in turn conferred the most stringent criteria for defining top hits.  The 

structures and total percent inhibition demonstrated from each compound relative to all proteins 

are shown in Fig. S1.     
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Figure S1 

The compound name and number of each catechol and anthraquinone lead candidate identified 

form the 700 compound ThT assay against amylin, tau 2N4R and Aβ42 (Supplementary Table 1, 

Figure 1) along with its relative amyloid inhibition against each protein is depicted above and on 

the next page. In exceptional cases, compound activity was shown to be   
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Figure S1 (continued from previous page) potentially protein specific: Isoproterenol inhibited 

tau 2N4R and Aβ42 but not amylin amyloid formation; Rutin inhibited amylin and Tau 2N4R but 

not Aβ42 amyloid formation. While protein specific or even amyloid polymorph specific affinity 
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within the same protein has been previously recognized 12, 32, further characterization to confirm 

the specificity of Isoproterenol and rutin was not conducted.   
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Figure S2. Selected compounds from a variety of classes of lead anti-amyloid candidates 

identified against tau 2N4R, Aβ42 and amylin (Fig. 1, main text, compound structures S1-S5) 

also exhibit dose-response effects against amylin amyloid formation (ThT assay) (A) and prevent 

amylin oligomerization (Photo induced cross linking of unmodified proteins, PICUP assay) (B).  

ThT dose-response curves were conducted at an amylin concentration of 15 μM and all PICUP 

experiments were executed at an amylin concentration ranging from (continued next page) 

B 

* 

A 
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 25-30 μM at a fixed compound to amylin molar ratio of 5:1. Note: PICUP experiments that 

resulted in the observed band that ran below amylin monomer for doxorubicin treated-amylin 

(red asterisk) and the continuous distribution of bands observed for Rolitetracycline as well as 

carbidopa and fenoldopam mesylate (observed in duplicate repeat experiments, data not shown) 

treated-amylin PICUP reactions are phenomena that have been previously observed with other 

amylin amyloid inhibitors tested in our lab including rosmarinic acid, oleuropein and EGCG 

(data not shown). In these cases, follow up attempts to characterize the identities of these bands 

were unsuccessful.  For PICUP experiments, baicalein served as a Positive control (PC)20 and 

calcitriol was randomly selected from the list of compounds that displayed negligible activity 

against amylin from the initial repurposing screen (Fig 1, main text) to serve as the negative 

control (NC).     
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Figure S3: Representative UV-vis spectra depict the oxidative chemical change that occurs for 

catechol and catechol containing compounds under typical aerobic (continued next page) 
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 pre-aging conditions.  Multiple UV vis experiments confirmed that such chemical change does 

not occur under anaerobic conditions (data not shown).    
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Figure S4. Aerobic conditions lead to enhanced anti-amyloid activity and is essential for 

amyloid remodeling phenomena by a select group of catechol containing amyloid inhibitors. 

(A,B) Aerobic but not anaerobically aged catechol and selected catecholamines, 

norepinephrine(nor), dopamine (dop) and epinephrine (epi) display strong anti-amyloid activities 

(A) and exhibit amyloid remodeling activities (B). No anti-amyloid activity or remodeling 

phenomena was observed for negative control phenol, regardless of the presence or absence of 

aerobic or anaerobic aging and aggregating conditions. (continued next page)  

A B 

D C 
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Aerobic but not anaerobically aged rosmarinic acid (RA) both exhibited enhanced anti-amyloid 

activity (C) and induced amyloid remodeling (D).  This trend was also seen for EGCG and RA 

amide linked analogue (RA-A), albeit not statistically significant. The reverse trend for anti-

amyloid activity was noted for baicalein (as has been previously observed under certain aging 

conditions17, 24), but remodeling effects of baicalein still required aerobic conditions.  Statistics 

were conducted using one-way ANOVA, multiple comparisons test; p<0.05 *, p <0.01 **, p< 

0.001 ***  
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Figure S5: A reducing environment prevents amyloid remodeling phenomena induced by potent 

amylin amyloid inhibitors rosmarinic acid (RA) and norepinephrine(Nor). (A) In a dose 

dependent manner, low (10-100 μM) and high (450 μM) concentrations of various reducing 

reagents including TCEP, cysteine, glutathione and cysteamine eliminate remodeling activity by 

RA and Nor (For the effect of TCEP on RA-amyloid remodeling, see the main text of Fig. 2). 

We also observed similar activities for the disulfide forms of cysteine (i.e. cystine), glutathione, 

and cysteamine (i.e., cystamine) (data not shown).   

 

 

 

 

 

 

  

B A 
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Figure S6: TCEP prevents amyloid remodeling effects observed by two classes of catechol-

containing amyloid inhibitors. (A) remodeling activity of selected catechol containing natural 

compound amyloid inhibitors Epigallocatechin gallate (EGCG), rosmarinic acid (RA), 

oleuropein (OLE), baicalein (Bac) is significantly attenuated or completely prevented in the 

presence of 10:1 molar ratio of TCEP to compound (i.e., 450μM TCEP, 45μM natural 

compound).  The negative control, curcumin, an amyloid inhibitor which lacks a catechol 

functional group, exhibits moderate remodeling activity, independent of the presence of TCEP. 

(B) The remodeling activity of selected catecholamine inhibitors norepinephrine, dopamine and 

epinephrine is completely prevented in the presence of a 10:1 molar ratio of TCEP to compound.  

Consistent with a remodeling mechanism linked to the catechol functional moiety present within 

the catecholamines, the same remodeling trend was seen for catechol but not phenol. Note that 

while under these conditions negligible remodeling activity is observed for epinephrine in the 

absence of TCEP (indicated by faint streak), some minor remodeling effects are observed at 

higher ratios of epinephrine to amylin (data not shown).   

  

B A 
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Chapter 6: Conclusions and Future Perspectives   

Summary  

The work put forth in this dissertation has provided numerous mechanistic insights into the 

modes of action of several different catechol-containing small molecule anti-amyloid inhibitors. 

Chapter 2 elucidated that the catechol functional group is essential for anti-amyloid effects of 

baicalein, that was mechanistically linked to forming adducts with amylin. Chapter 3 highlighted 

the multifunctional capacity of oleuropein that included its anti-amyloid activities.  The latter 

was linked to the presence of the catechol functional group present in the 3-hydroxytyrosol 

moiety within oleuropein.  Chapter 4 demonstrated that rosmarinic acid and its metabolites 

caffeic acid and salvianic acid A prevent amylin amyloid formation, consistent with a 

mechanism that was linked to the presence of RA’s catechol functional groups.  Moreover, RA 

and its amide linked analogue RA-A, which showed stronger anti-amyloid activities than RA in 

several assays, disrupted pre-formed amylin oligomers obtained from the sera of both HIP rats 

and humans; Chapter 5 showed that catechol and redox related anthraquinones represent broad 

classes of amyloid inhibitors and that autoxidation is a determining factor for enhancing catechol 

containing amyloid inhibitor activities.  Our data also indicate that while autoxidation is required 

for catechol mediated formation of (presumably non-toxic) denaturant resistant amylin 

aggregates, such a phenomenon may not be required for catechol mediated anti-amyloid 

activities. 
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Future perspectives 

The focus of this dissertation has been the identification of small molecule amyloid 

inhibitors and mechanistic studies on how they modulate amylin amyloid formation, a hallmark 

characteristic of T2D.  A critical issue that remains is determining the structural features present 

in oligomeric amyloid precursors or other amyloid species that are linked to their toxicity.  To 

aid in these goals, recently solved high resolution amyloid structures and identification of a 

variety of structure and sequence-specific amyloid inhibitors including antibodies1-7 as well as 

small molecules8-13, together open powerful new avenues for potential amyloid diagnostic and 

drug discovery applications.  For instance, over the last decade multiple amyloid-like crystal 

structures have been solved using truncated peptide sequences found within full length 

pathological amyloidogenic proteins14-17.  The ability to co-crystalize small molecule amyloid 

inhibitors with some of these peptides has elucidated atomic details that clarify key interactions 

that define both sequence specific and non-sequence specific small molecule amyloid 

pharmacophores15, 18.  Moreover, it now be possible to study amyloid inhibitors with full length 

amyloid proteins using cryo EM19 or a combination of other high resolution structural 

techniques15, 20-21.  As discussed in the literature review, these findings have paved the way for 

future structure-based amyloid inhibitor drug discovery22.    

One important group of amyloid structures that represent promising drug targets are seed 

competent or prion-like amyloids.  Numerous data indicate that amyloid propagation in vivo in 

T2D as well as several other neurodegenerative amyloid diseases may be spread by prion like 

mechanisms, wherein a variety of conformational specific seeds (or strains) can serve as 

templates that accelerate amyloid formation and disease progression 23-30. It is important to note 

that while infectious amyloid transmission has been confirmed between a variety of in vivo 23-24, 



182 

 

27, 29-30 and or  cell based systems 15, 26, the use of the phrases amyloid strains, or amyloid prions 

used in this context  are not meant to be synonymous with prion proteins that cause transmissible 

spongiform encephalopathies, (i.e., that are infectious/transmissible between humans); rather, 

they are used to highlight the growing evidence that prion-like or seeded amyloid aggregation 

may be critical to how toxic amyloid formation is propagated in amyloid diseases.  A major 

hurdle in improving and identifying the culprit amyloid prion strains that can be effectively 

targeted is to first delineate the specific structures that render these species seed-competent.  

While homotypic seeding is likely the main avenue for seeded amyloid assembly in vivo 23, 26-27, 

29, given the polymorphic nature of amyloid formation 31-32, there may be multiple amyloid prion 

strains that exist for a given protein, some of which may be more relevant to disease progression 

than others. In fact, recent in vivo evidence supports this notion. In one study, -synuclein 

exhibited prion activity that was specific to multiple system’s atrophy,  and that remarkably, the 

observed seeding propensity as reflected by in vitro biosensor cells (see below),  differed 

according to the patient and brain tissue type.23  In others studies, patient tissue samples obtained 

from both sporadic and familial forms of Alzheimer’s disease (including Swedish and Artic 

forms) exhibit distinct amyloid beta prion conformations and propagate unique amyloid 

morphologies24, 30 that are maintained upon serial passage within AD mice models24. In addition, 

recent characterization of tau prions suggests that their seeding propensity represents an early 

pathological indicator in P301S tauopathy mice model whose incidence precedes and may also 

contribute to increasing amounts of other observed pathological indicators such as 

phosphorylated tau 27.  Nonetheless, not all amyloid-prion strains seed cytotoxic amyloid 

formation 15.  Recently, it was confirmed that while amylin fragment 15-25 and 19-29 S20G both 

form fibrils, only those formed by 19-29 S20G were toxic; moreover, while both fragments 
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seeded full length amylin fibril assembly only 19-29S20G seeded-fibrils were toxic 15. Thus, it 

may be advantageous to enhance seeded aggregation towards innocuous amyloids while at the 

same time preventing seeded amyloid assembly stemming from toxic precursor strains.    

Numerous biosensor cell-based assays have been developed as sensitive tools that can 

reliably quantitate amyloid seeding activity of exogenously added amyloid prions 23, 26-27, 33. 

Herein a variety of cell culture systems can be employed to recombinantly express an 

amyloidogenic protein of interest that is typically fused with a fluorescent reporter such as the 

yellow fluorescent protein, or in the case of FRET-based biosensor systems, differentially tagged 

with an acceptor/donor fluorescent pair. The fluorescently tagged amyloid proteins produced by 

these cells, normally remain soluble as reflected by a low intensity diffuse fluorescent signal; 

however, in the presence of an exogenously added amyloid seed, these fluorescently fused 

amyloid proteins will undergo amyloid aggregation.  This results in punctate amyloid inclusions 

that emit an intense florescent signal, which can be easily quantified.   

One potential application of this technology would be to utilize it in a high throughput 

manner to identify anti-amyloid inhibitors capable of disrupting cell to cell prion transmission 

from either in vivo or in vitro prepared amyloid samples.  In addition, or even alternatively, one 

could use the same platform to select for seed competent strains only capable of propagating 

non-toxic amyloid polymorphs15.  Initial candidates identified from the high throughput 

biosensor assays could further be examined with their interacting amyloid seeds to obtain high 

resolution structural data, that could in turn spur downstream rational drug design efforts in a 

similar fashion employed by Eisenberg and colleagues 22.  This approach would allow one to 

select for seed specific amyloid pharmacophore inhibitors or enhancers that could theoretically 

be tailored to a specific amyloid prion strain.  Lead candidates emerging from these studies, 



184 

 

especially if the binding prion amyloid strain was obtained from a pathologically relevant in vivo 

preparation (i.e. human or animal model tissue samples) would represent promising anti-amyloid 

agents to test in animal models.     

Currently our group is assessing the in vivo efficacy of rosmarinic acid’s (RA) ability to 

prevent various pathologies that occur in T2D animal model (HIP rats) 34.  These include 

investigating RA’s anti-amylin amyloid activities as well as its ability to halt or slow down 

progression of T2D and other related neurodegenerative complications that occur in HIP rats 35-

36.  Based on previously confirmed RA efficacies against Aβ in vitro and in an AD mice model, 

37-38 I hypothesize that RA will reduce toxic oligomeric and insoluble amylin amyloid burden in 

HIP rat’s concomitant with attenuating HIP rat pathologies such as T2D progression.  My work 

indicates that RA prevents amylin amyloid formation in vitro coincident with stabilizing, non-

toxic amylin aggregates that presumably do not enhance or seed further amylin amyloid 

aggregation (Chapter 4) 12.  At the same time, data in Chapter 5 suggest that such activity may 

represent epiphenomena related to inhibitor mediated amyloid inhibition in vitro.  In any case, it 

remains unclear what role these off pathway aggregates may play in vivo.  Recently, Soto and 

colleagues showed that amylin prion propagation is critically important to potentiating amylin 

amyloid formation and T2D progression in transgenic mice that express human amylin29.  

Accordingly, development of the biosensor system for assessing amylin prion transmission could 

be employed to clarify if the RA-stabilized amylin aggregates formed in vitro, and more 

importantly, if the hypothesized anti-amyloid activity of RA-treated HIP rats are mechanistically 

linked to preventing seeded amylin prion transmission.  Seeding assays using primary islets 

obtained from HIP rats and or experiments that assess amylin prion propagation between HIP 

rats, could be employed to further assess RA’s ability to prevent serial propagation of amylin 
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prions 29.  These types of experiments will not only provide insights on the hypothesized modes 

of action of potent anti-amyloid inhibitors such as RA, but also provide an elegant chemical 

biology platform for future studies that could be used to better address the importance of a prion-

like mechanism in determining amyloid propagation in vivo.   

A major challenge in implementing any future anti-amyloid therapeutic will be 

determining when and how often it will be administered.  Although improving amyloid 

diagnostic tools may eventually be able to help address these problems, it is likely that such a 

treatment plan would require regular doses for potentially dozens of years.  Thus, an ideal 

alternative to an anti-amyloid drug therapeutic would be to discover an anti-amyloid vaccine.  

Below is a brief overview of recent and ongoing clinical trials involving select active 

immunotherapies against amyloid beta and tau. While adverse immune responses prematurely 

ended Phase II clinical trial for AN1792 (AN-1792 consists of synthetic full-length Aβ peptide 

with adjuvant; https://clinical trials.gov, identifier: NCT00021723) which targeted active 

immunity against Aβ42, a silver lining in this study was that antibody responders (~20% of 

patients) showed favorable neuropsychological test battery scores and exhibited decreased 

amounts of tau in cerebral spinal fluid39.  Second generation biological CAD106 (CAD106 

combines multiple copies of Aβ1-6 peptide derived from the N-terminal B cell epitope of Aβ, 

coupled to a virus-like bacteriophage particle, called Qβ) has been engineered to induce active 

immunity against amyloid beta while avoiding the T cell mediated immune responses that 

plagued AN1792.  Currently, CAD106 is in phase III human clinical trials that is testing efficacy 

against a sub population of non-cognitively impaired APOE carries that are at risk for developing 

AD (identifier: NCT02565511). This study is scheduled to finish in 2024.  Additionally, the 

AADvac-1 vaccine that targets active immunity against pathological tau in populations of 

https://clinical/
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individuals with mild AD, is also currently in phase II human clinical trials that is scheduled to 

conclude by 2019 (identifier NCT02579252).   A more in-depth discussion of these or other 

recent clinical trials testing efficacies of anti-amyloid immunotherapies, or alternatively, small 

molecule amyloid inhibitors can be found elsewhere7, 40 and in Chapter 1.   

While modulating or preventing amyloid formation is currently thought to be important 

in curing amyloid diseases, given the multifactorial nature of amyloid disease pathogenesis, it’s 

possible and even likely that a cure will require more than an effective anti-amyloid drug or 

vaccine.  Accordingly, additional efforts to target non- amyloid agents and cellular processes 

linked to amyloid disease will also likely be important.  In this context, an exciting application is 

the prospect of engineering multifunctional small molecules capable of inhibiting amyloid 

assembly as well as other specific targets or processes pertinent to amyloid disease progression 

(see literature review and Chapter 3 for more discussion)9, 41. In fact, in Chapter 3 using natural 

compound oleuropein, our group showed that multifunctional amyloid inhibitors may be 

harnessed against specific amyloid pathologies (i.e. enhancing glucose stimulated insulin 

secretion while concomitantly inhibiting amylin amyloid formation represents dual activities that 

are particularly important for preventing or protecting against T2D).   

In addition to oleuropein, many anti-amyloid natural compound inhibitors have been 

shown to exhibit other activities that could be leveraged to address the multifactorial nature of 

amyloid disease.  These include but are not limited to serving as antioxidants 41-45, preventing 

inflammation 41, 46, reducing mitochondrial stress 47-49, and enhancing autophagy 46. In fact, these 

observed multifunctional activities may be linked to several epidemiological/population based 

studies that indicate regular consumption of the Mediterranean diet 50, that consists of a rich pool 

of polyphenols, is correlated with a reduced risk of developing neurodegeneration-linked 
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amyloid diseases as well as obesity-related  cardiovascular dysfunction and T2D 41, 50-53.  These 

data suggest it may be possible to engineer a modulated formula of multifunctional anti-amyloid 

nutraceuticals that could be prophylactically and regularly consumed to combat the chronic 

development and progression of amyloid diseases.  If so, the latter could represent a solution to 

bypass the otherwise daunting task of administering a therapeutic for a long duration, or to act in 

concert with a potential future anti-amyloid vaccine.     
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