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ABSTRACT 

Neurodegenerative disorders such as Alzheimer’s and Parkinson’s 
diseases are considered incurable, and they worsen the life quality 

significantly. As life expectancy continues to rise, the incidence of 

neurodegenerative diseases is projected to increase at an exponential rate. 

Protein accumulation into fibrillar aggregates that possess β-sheet-rich regions 

is commonly considered to be involved with the onset and progression of these 

disorders. The search for a cure for these neurological conditions has been 

ongoing for several decades. In turn, scientists have been developing 

approaches to target different processes, one of which is the inhibition of 

protein aggregation. However, this search led to many unsuccessful clinical 

trials with only a few drugs that slow the progression of the disease but also 

introduce significant side effects. This is why it is critical to continue the 

research and development of potential drugs, especially focusing on primary 

steps that may help avoid expensive investments during the course of the drug 

development. Improvement of in vitro screening procedures and pre-clinical 

trial analysis of potential medications can improve efficacy and speed up the 

development processes.  

In this work, the main focus was on the molecules of polyphenolic nature 

and their potency to inhibit the protein aggregation process. As a number of 

these molecules failed clinical trials in this field of research (e.g. 

epigallocatechin-3-gallate, curcumin, resveratrol), a more thorough in vitro 

analysis was dedicated to their stability and impact on protein aggregation. 

The results displayed the instability of molecules at neutral or higher pH that 

covers the physiological conditions where the molecule is supposed to be 

active. Part of these tested molecules autoxidize, which involves a complex 

mechanism; however, this process is vital for the inhibitory effect on amyloid-

beta (Aβ42) and insulin aggregation. Interestingly, the most potent inhibitor 

(2’3’-dihydroxyflavone) on the fibrillation of Aβ42, α-synuclein and insulin 

was found to autoxidize, forming different molecular compounds (small 

molecules and polymers), with only polymeric molecules being involved in 

the inhibitory mechanism. 

The second part of this study was focused on improving the in vitro 

screening procedure. Typically, protein aggregation assay in vitro is 

performed using phosphate or tris buffered saline solutions or even buffers 

which were used at the final step of purification. While this methodology 

reduces the complexity of data assessment, the aggregation mechanism as well 

as the inhibitory effect could be different from the process in the brain. This 

is why, distinct medium mimicking cerebrospinal fluid (CSF) composition 
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was formulated that allowed to assess how major components of CSF affect 

Aβ42 aggregation inhibition using epigallocatechin-3-gallate and fluorinated 

benzenesulfonamide VR16-09. The results were completely different from 

those acquired when using PBS, affirming the importance of altered medium 

during in vitro drug screening experiments. Artificial cerebrospinal fluid 

(aCSF) could be a new medium used for screening anti-amyloid compounds. 

This mixture could replace currently popular PBS or TBS formulations and 

lower the difference between in vitro and in vivo assay.  

 

Aim 

To examine the role of polyphenolic compounds in regulating protein amyloid 

aggregation process. 

Objectives 

1. To characterize the inhibitory effect of gallic acid and its oxidized products 

on the insulin aggregation process. 

 

2. To determine the link between the autoxidation process of hydroxy-

flavones and their inhibitory potential for Aβ42 and insulin aggregation. 

 

3. To examine the autoxidation products of 2’3’-dihydroxyflavone and 

distinguish particles involved in inhibiting Aβ42 and α-synuclein 

aggregation. 

 

4. To compare how cerebrospinal fluid components and artificially created 

medium affect the inhibition of Aβ42 by oxidized epigallocatechin-3-

gallate and fluorinated benzenesulfonamide VR16-09. 

 

Scientific novelty 

This study shows that the link between polyphenolic compounds and their 

anti-amyloid characteristics is due to their chemical properties change upon 

autoxidation. This process happens at neutral or higher pH resulting in shifted 

inhibitory mechanism that can lead to wrong data interpretation. The 

experiments of this work given the opportunity to analyse anti-aggregation 

characteristics of polyphenols before the autoxidation process and when it is 

complete. This analysis allowed to understand why the inhibitory effect is not 

visible under certain reaction conditions. This process helped to prove that 
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gallic acid does not possess anti-amyloid characteristics, while its oxidized 

form does. Analysis of protein aggregation inhibition with gallic acid led to 

finding a new insulin aggregate conformation that is dependent on the peptide 

concentration. 

The autoxidation process of flavones is very complex and is not thoroughly 

analysed. There are plenty of molecules that form during this process, 

however, there was no direct link between the polymers formed in the 

resulting mixture and the inhibitory features of polyphenols. Therefore, the 

conversion of polyphenolic molecules and their anti-amyloid characteristics 

were further analysed and discussed within this work. Furthermore, the 

investigation into the inhibitory properties of molecules at distinct reaction 

conditions led to figuring out that the commonly used medium during in vitro 

screening assay may lead to wrong data interpretation. This allowed us to 

formulate a distinct artificial cerebrospinal fluid medium that could minimize 

the bridge between the in vitro and in vivo experiments.  

 

Defending statements 

1. The autoxidation of polyphenolic compounds is a critical factor that 

enables their potential to inhibit protein amyloid formation. 

 

2. Autoxidation of flavones leads to the formation of polymeric molecules 

that are primary contributors to their inhibitory activity against Aβ42 and 

aSyn fibrillation. 

 

3. Components of cerebrospinal fluid alter the inhibitory potential of anti-

amyloid compounds.  
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1. LITERATURE OVERVIEW 

1.1. Neurodegenerative diseases 

The terms “neurodegeneration” or “neurodegenerative” are thought to be 
universally understood. However, there is no singular accurate definition that 

may fit into a sentence but rather into a paragraph covering many processes 

that may or may not be linked together. This word is a combination of “neuro”, 

meaning the nerve cells or neurons and “degeneration”, which specifies the 

loss of function or structure in the cells or “to become degenerate”. 
Accordingly, to these definitions, neurodegeneration could mean the primary 

loss of function in the nerve cells. However, in reality, it covers many different 

mechanisms related to a number of distinct neurological diseases that are 

located in different regions of the spinal cord or brain and possess particular 

pathological hallmarks [1]. The list of different common neurodegenerative 

disorders and their pathologies is summarized in Table 1. 

 

Table 1. Common neurodegenerative disorders and their neuropathology [2–
4]. 

Neurological 

disorder 
Type Main neuropathology Main anatomic 

vulnerability 

Alzheimer’s 
disease 

Sporadic Senile plaques, Neuronal 

Tau inclusions, amyloid 

angiopathy 

Basal forebrain, 

frontal/temporal 

lobes, limbic 

structures. 

Parkinson’s 
disease 

Sporadic, 

familial 

Neuronal inclusions of 

α-synuclein (Lewy 

bodies) 

Hippocampus, 

Substantia nigra, 

cerebellum 

Prion diseases: 

Creutzfeldt-

Jakob disease, 

fatal insomnia 

and others 

Sporadic, 

familial, 

iatrogenic, 

infectious 

Spongiform changes, 

prion protein 

accumulation and 

plaques 

Cerebral cortex, 

Cerebellum 

Amyotrophic 

lateral 

sclerosis 

Sporadic, 

familial 

TDP-43 immunoreactive 

neuronal cytoplasmic 

inclusions 

Motor cortex, 

brainstem and 

spinal cord 

motor neurons 

1.1.1. History of neurodegenerative diseases 

The concept of neurodegenerative diseases has gone through many 

centuries and had multiple names indicating symptoms or societal beliefs of 
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that time. A common proposed aetiology ranged from being the supernatural 

(e.g. caused by gods, demons or even ghosts), caused by reproductive organs 

(e.g. the displaced uterus interference with functions of other organs), 

traumatic experiences and cognitive biases towards bodily symptoms [5]. 

However, as early as 2000 B.C. Egyptians described memory declines in older 

people as a common expression. Later on, Pythagoras referred to old age as 

when the mind declines to a level of a baby. Similar observations were also 

recorded by Hippocrates, Plato, and Marcus Tullius Cicero, continuing to the 

modern era, where presumably William Shakespeare portrayed symptoms of 

some type of dementia [6].  

The first mention of degeneration was by George Gulliver in 1843 [7].

Later, in 1894, Charles Fere developed the term neurological disorder and 

talked about observing biological phenomena and pathological heredity [8]. 

After some time, the hypothesis on degeneration was further developed by 

Francis Galton, who proposed that good and bad temper or even intelligence 

were transmitted in families and that there could be an “improvement of 
humanity through selective breeding” [9]. Interesting to note, before the 

second world war in 1933, the Nazi government accepted a law that enforced 

sterilization to prevent such “hereditary diseases” [8].  

The first mention of the word “neurodegenerative” was in 1965 by J.F. 

Bray, much later than the first record of Parkinson’s (1817 by James Parkinson 
in an essay “An Essay on the Shaking Palsy”) [10] and Alzheimer’s (1906 by 

Alois Alzheimer describing “arteriosclerotic brain atrophy”) [11] diseases 

(PD and AD). One of the more profound and interesting cases was the first 

prion disease called Kuru, reported by Gajdusek and Vincent Zigas in 1957. 

The disease was described as transmissive and even caused by slow 

unconventional viruses. Following that, scientists discovered that the disease 

was spread through the cannibalism of the dead by eating contaminated human 

tissue [12]. 

1.1.2. Alzheimer’s disease 

Alzheimer’s disease is currently the most prevalent type of dementia that 

can be described as a progressive neurodegenerative disease. AD worsens the 

life quality and causes memory loss, insomnia, poor judgement, lost track of 

dates, difficulty completing daily life tasks and more [13]. The pathological 

hallmark of this disease is characterized by the accumulation of senile plaques 

(also known as dendritic, neuritic or amyloid plaques) and neurofibrillary 

tangles (NFTs) [14]. The amyloid plaques are composed of protein aggregates 

that are formed by the accumulation and aggregation of 40-42 amino acid 
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peptide called amyloid β (Aβ). This peptide derives from a large 

transmembrane amyloid precursor protein (APP) that is cleaved by enzymes 

called β- and γ-secretases [15]. In healthy individuals, during the normal 

protein lifecycle, APP is cleaved by α-secretase (the most dominating process) 

and then γ-secretase, resulting in soluble peptides that are further broken down 

and recycled in neurons (called non-amyloidogenic pathway) [16]. However, 

under disease conditions, APP is proteolytically processed by β- and γ-

secretases, leading to a generation of Aβ to extracellular space or APP is 

internalized into endosomes (acidic compartment), where the precursor 

protein is cleaved by the same proteases resulting in the generation of Aβ [17]. 

In neurons, a large fraction of this peptide is degraded by endothelin-

converting enzyme, while the rest of its fraction is degraded in the lysosome, 

recycled to the cell surface or via other known pathways such as matrix 

metalloproteinase-9, insulin-degrading enzyme and neprilysin. If Aβ escapes 
the degradation processes, the formation of Aβ oligomers and senile plaques 
in the extracellular space can occur due to an increasing concentration of the 

peptide [18]. It is thought that Aβ oligomers may cause multiple harmful 
changes in the brain, such as disrupted Ca2+ homeostasis, plasticity 

dysfunction, aberrant Tau (microtubule associated protein) phosphorylation, 

oxidative stress, insulin resistance, inhibition of axonal transport and other 

critical processes [19]. In addition to that, Aβ42 oligomers can interact with 

various cell surface receptors and enter the cell, causing endoplasmic-

reticulum stress and mitochondrial-mediated activation of caspases. This 

abnormal event prompts the release of Tau and its aggregation into 

neurofibrillary tangles [20]. 

Increased production of Aβ is thought to be the main trigger of AD. It is 

important to note that Aβ peptide is generated into several isoforms. The most 

common are 40- and 42-amino acid long peptides (Aβ40 and Aβ42, 

respectively). While Aβ40 is the most abundant of all the isoforms, it is less 

prone to aggregation than Aβ42. It was noted that decreased concentration of 

both peptides and a ratio of Aβ42/40 in CSF is an indicator that the peptide is 

accumulated into oligomeric and toxic species in the brain. This could be a 

beneficial biomarker to diagnose AD before the first symptoms [21,22].  

1.1.3. Parkinson’s disease 

The second most common type of neurodegenerative disorders is 

Parkinson’s disease. Most of PD cases are considered to be related to aging, 

with the typical symptoms being resting tremor, stiffness, slowness of 

movement, sleep disorders, depression and cognitive changes, however, each 
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individual may have a unique set of traits [23]. The pathological hallmark of 

PD is recognised to be the accumulation of abnormal protein deposits called 

Lewy bodies (LBs) and Lewy neuritis (LNs) [24]. The main component in 

these inclusions is aggregated α-synuclein (aSyn) [25]. While the exact 

function of aSyn is not entirely understood, the protein and its mutations are 

direct links to the onset of the disease [26]. In addition to the aSyn aggregation, 

the dysfunction of lysosomes, mitochondria, neuroinflammation and synaptic 

transport issues collectively cause the death of dopaminergic neurons in basal 

ganglia in the brain [27]. Even though it was thought that the loss of 

dopaminergic neurons is the direct cause of motor dysfunction, the researches 

show that spreading aggregation of aSyn affects central and peripheral

nervous systems, thus resulting in the development of both motor and non-

motor symptoms [28].  

1.2. Therapy of neurodegenerative diseases 

While neurodegenerative disorders are life-threatening diseases that are 

diagnosed with increasing numbers of new patients every year [29,30], 

disease-modifying drugs are extremely needed to treat these conditions. The 

search for potential drugs has led to many different trials, evaluating possible 

candidates and their therapy targets, including production, misfolding and 

aggregation of disease-related peptide/protein, neurotoxicity, inflammation 

and others [31,32]. However, despite an urgent need for medication and 143 

agents being assessed in clinical trials for AD alone (2022) [33], the success 

rate in approving the medication is low, with many candidates unable to pass 

the second or third clinical phases [34–38].  

1.2.1. Medications on AD 

AD currently has six formulations that are FDA-approved [39]. Four are 

used for symptomatic treatment, while the last two are thought to provide 

disease-modifying effects (Table 2). 

Table 2. Currently available drugs against AD (based on [39–41]) 

Name Type Treatment type 

Donepezil Cholinesterase inhibitor  Symptomatic 

Galantamine Cholinesterase inhibitor Symptomatic

Rivastigmine Cholinesterase inhibitor Symptomatic 
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Memantine N-methyl-D-aspartate 

(NMDA) receptor 

antagonist  

Symptomatic 

Aducanumab Anti-amyloid antibody Disease-modifying 

Lecanemab Anti-amyloid antibody Disease-modifying 

 

Cholinesterase inhibitors (Donepezil, Galantamine, Rivastigmine) and 

NMDA contribute to symptom management. Former reduces the breakdown 

of acetylcholin by inhibiting butylcholin- and acetylcholinesterase, this way 

prolonging signals between nerve cells. NMDA receptor antagonist 

(memantine), blocks the NMDA receptor by preventing the excessive influx 

of extracellular calcium that leads to cell rapture and death [39]. 

There is a substantial amount of controversy on the approval of 

aducanumab. The drug was approved in 2021 by the FDA, however, there are 

two issues with the medication pointed out after the accelerated admission. 

The drug (1) did not show enough evidence of efficacy in Phase III trials, and 

(2) there was a noticeable amount of reporting bias in the publications where 

aducanumab was reported [41].  

Lecanemab was approved recently (6th of January, 2023). The medication 

showed a reduced amount of both soluble and insoluble Aβ in the brain. 

Unfortunately, with the positive anti-amyloid traits, Lecanemab has severe 

side effects such as brain swelling and bleeding [40]. 

1.2.2. Future medications on AD 

Due to the lack of efficacy of the current disease-modifying medications, 

a vast number of attempts are made in order to create new formulations to 

slow or stop the progression of AD or even reverse effects that were developed 

during the onset of this disease [42]. The ongoing research and development 

for new medications include therapies targeting two main pathological aspects 

of AD – Aβ peptide and tau protein [43]. 

The therapy against Aβ pathology [16,39,42,44–50]: 

• The production of Aβ may be explicitly targeted by inhibiting β- 

and γ-secretases that cleave APP-producing aggregation-prone 

particles.  

• Anti-amyloid agents may inhibit Aβ aggregation. Ideally, such 

molecules would bind to Aβ, preventing the peptide from 
oligomerization and aggregation, resulting in neurotoxic effects to 

neurons. 
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• Active and passive immunotherapy that induces the production of 

antibodies specifically targeting Aβ particles. This includes 

vaccines or direct injection of monoclonal antibodies that bind to 

Aβ monomers, oligomers and/or aggregates. 

The therapy against Tau pathology [39,42,45–48,50,51]: 

• Tau protein aggregates after it undergoes abnormal 

phosphorylation. Inhibition of this process by targeting glycogen-

synthase-kinase-3β that has the prominent role in 

hyperphosphorylation of Tau (p-Tau) and should prevent Tau 

aggregation and its neurotoxicity. 

• Molecules that stabilize and prevent tau aggregation. 

• Stabilizing microtubules that are destabilized after the abnormal 

phosphorylation of tau could reduce the number of released 

hyperphosphorylated Tau. 

• Active and passive immunotherapy against pathogenic forms of 

tau protein. 

1.2.3. Polyphenols as anti-amyloid compounds 

Natural compounds were always thought to have the upper hand in 

providing health benefits and potentially curing diseases [52–54]. One of such 

categories is a group of polyphenolic compounds (Figure 1). They are 

abundant in nature and found in various fruits, vegetables, spices, herbs, and 

drinks. They also are shown to have anti-amyloid characteristics by being able 

to inhibit various protein aggregation processes [55]. Out of all polyphenols, 

the most known is epigallocatechin-3-gallate (EGCG) that is found in various 

teas. This catechin inhibits Aβ, aSyn and other protein aggregation and is also 

thought to disaggregate already formed amyloid fibrils [56–59]. In addition, 

gallic acid (GA), which is the direct product of EGCG hydrolysis, is also 

known to possess similar characteristics [60–62]. However, despite the 

remarkably well results of in vitro studies with EGCG, the polyphenol did not 

pass clinical trials [63,64]. Other polyphenols that entered clinical trials were 

curcumin, luteolin, quercetin and resveratrol [63]. 
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Figure 1. Structures of several polyphenolic compounds. A – 

epigallocatechin-3-gallate, B – gallic acid, C – resveratrol, D – flavone. 

 

It was shown that EGCG undergoes autoxidation at neutral or higher pH. 

Šneideris et al. have shown that EGCG does not possess anti-amyloid 

properties against insulin aggregation at low pH (where the polyphenol is 

stable), but if the molecule is incubated at physiological pH (7.4), the resulting 

mixture acquires a strong inhibitory effect [56]. While these chemical 

modifications happen during in vitro assay, there are no exact studies showing 

whether these essential modifications occur in vivo (in humans). This means 

that there is no guarantee that the medication will work and it may be why

clinical trials for polyphenols have failed. 

1.3. Protein aggregation 

The aggregation process of peptides and proteins in neurodegenerative 

diseases is complex. Each protein differs by the polypeptide sequence, size, 

and conformation. This should lead to distinct aggregation mechanisms for 

each type of molecule. However, the main differences between these 

processes are related to the initial structure or conformation (intrinsically 

disordered, globular/functional peptides/proteins), while a further process is 

comparative and can be simplified to describe overall aggregation process 

[65], because the resulting form of aggregates exhibit similar structural motifs 

of highly dense β-structures [66]. 

1.3.1. Protein aggregation mechanism 

The association of peptides or proteins into fibrillar aggregates follows a 

distinct process that can be described by several main steps (Figure 2). Besides 

amyloidogenic intrinsically disordered peptide/protein, in the initial phase, 

molecules transition from the native to the aggregation-prone conformation. 

This step includes molecule modifications (e.g. phosphorylation of tau 

protein) [20], proteolytic cleavage (e.g. processing of APP) [17], 

conformational changes (e.g. dissociation of transthyretin tetramers) [67,68], 

structure conformation changes due to environment or mutations (e.g. prion 

protein) [69,70] and other transitions that are found in different diseases [66]. 

This step may be reversible depending on the peptide/protein [65].  

The second step of the mechanism involves the accumulation of 

aggregation-prone particles into the aggregation nucleus. This process is 

commonly known as nucleation and is regarded as the aggregation limiting 
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step. During this course, aggregation-prone molecules (further referred to as 

monomers) interact with each other and undergo structural changes forming 

hydrophobic regions that possess cross-molecular β-sheets. With the number 

of monomers accumulated, the nucleus becomes stable; hence the term 

nucleus is considered to be the smallest form of aggregate for which the 

inclusion of monomers is more likely to happen than the loss of monomers 

[71]. The number of monomers in the nucleus may vary based on the 

protein/peptide that aggregates; however, can start from one to multiple 

monomers [72,73]. It is essential to mention that the accumulation of 

monomers may lead to a secondary pathway that concludes with amorphous 

aggregates.

The nucleation process is limited by the number of molecule interactions 

and the reaction time that is needed to form nuclei. The aggregation assay in 

vitro can be altered by various factors affecting the aforementioned processes 

to speed up the aggregation. Interactions between molecules can be increased 

by increasing diffusion (e.g. increased temperature), the concentration of 

monomers in the sample and affecting mechanically (e.g. agitation) [66]. At 

the same time, reaction speed is controlled by the energy of molecules in the 

sample (e.g. controlled by the temperature), the concentration of electrolytes 

(e.g. electrolytes cover the surface of peptide/protein) and has a direct 

correlation with ligand concentration (e.g. heparin induces tau aggregation) 

[74].  

Once the nucleus is formed, the further aggregation step is called 

elongation, which also has a reverse counter-process – dissociation. During 

this reversible reaction, the nucleus binds monomers while converting them 

into identical conformation. This way, the nucleus linearly grows into fibrils, 

meaning that the fibril attaches monomers only at the fibril ends. There may 

be exceptions to this process if mutations or co-aggregation are viable 

[66,74,75]. 

Besides the primary aggregation mechanism, the secondary processes can 

happen during the elongation phase that involves fibril fragmentation and 

surface-catalyzed nucleation.  Fragmentation covers the step where the fibril 

breaks into shorter fragments, increasing the number of fibrils ends.  Surface-

catalyzed nucleation (referred to as secondary nucleation), happens at the 

surface of fibrils and initiates the formation of toxic nuclei/oligomers during 

the progression of dementia or other protein aggregation related diseases 

[66,76].  
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Figure 2. Simplified protein or peptide aggregation mechanism. 

1.3.2. Protein aggregation polymorphism 

Aggregation of a peptide/protein with an identical amino acid sequence 

may lead to the formation of different fibrils types due to a distinct β-structure 

conformation in the final aggregate form [77]. The polymorphism may occur 

in the presence of different environmental factors or even under identical 

reaction conditions [78]. Typically, the formation of a specific conformation 

is linked with the nucleation process, which is followed by a much faster 

process of elongation. Elongation is recognised to be a templating process 

during which the monomer inherits the same secondary structure as the fibril. 

However, there is probability for the formation of two or more distinct nuclei 

that leads to heterogenous mixture of fibrils [79]. 

Most fibrils have the ability to template its structure via elongation if the 

monomer is present in the reaction mixture. However, at very low fibril 

concentrations and with reduced elongation due to the reaction environment, 

surface-catalysed nucleation will not mirror the pattern of the fibril, instead 

leading to the formation of a unique secondary structure fibrils. This means 

that secondary nucleation is not the templating process, but rather a catalysis 

process that may influence the formation of distinct fibril conformations 

[80,81]. 

1.3.3. Inhibition mechanism 

The protein aggregation mechanism is very important when searching for

anti-amyloid drugs that may change the aggregation pathway. These are the 

primary questions that typically arise when assessing the inhibitor: (1) what 

does the inhibitor target, (2) what is the mechanism of inhibition, and (3) how 

does the inhibitor affect the toxicity to cells exerted by aggregates? A part of 

these former questions can be answered using aggregation kinetics data from 

a range of monomer/inhibitor concentrations. The inhibitor can interact with 

monomer (e.g. stabilize the monomer), oligomer (e.g. stabilize oligomer), 
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nucleus (e.g. limit elongation, surface catalysis) and fibril (e.g. limit 

elongation, surface catalysis and fragmentation) [71,82]. If a monomer or 

oligomer is the target, then primarily the nucleation process might be affected, 

resulting in an increased nucleation time. The opposite effect is seen when the 

inhibitor interacts with nuclei or fibrils. Then, the elongation, secondary 

nucleation and fragmentation processes are altered, which can only be 

understood by applying a mathematical fit [82]. 

1.4. Protein aggregation in vitro 

1.4.1. Aggregation monitoring 

Protein fibrillation is distinct based on various factors, but also brings up 

information that can help to understand the speed of  aggregation, its 

mechanism and how the inhibitor affects the fibrillation process [71,83]. 

Initially, monitoring the aggregation by looking at the reaction with the naked 

eye is very complicated. This is why spectroscopic techniques were adapted 

in order to track the aggregation process [84]. The most basic approach is to 

measure the light scattering due to the formation of insoluble particles (fibrils) 

through the course of the reaction. The scattering is typically measured at 

distinct absorbance wavelengths [85]. This means that the more aggregates 

are in the sample, the higher the scattering value should be, yet this method 

has limitations [84,86,87]: 

• Saturation of the detector - reaching maximum trusted value 

rendering the detection inaccurate. 

• Heterogeneity in scattering – other components that precipitate 

may disrupt the values of scattering. 

• The absorbance of molecules at the detection wavelength – during 

an inhibition assay, an inhibitor may absorb waves, limiting the 

signal and disrupting real-time aggregation studies. 

• Very low signal – fibrils may scatter the light less due to their 

physical appearance and concentration, leading to low detection 

levels. 

The second option is to use an amyloidophilic dye molecule that possesses 

an increased fluorescence intensity in the presence of fibrils. Molecules such 

as thioflavin-t (ThT), dapoxyl, Congo red, ANS (anilinonaphtalene-8-sulfonic 

acid) [88–90] and commercial dyes, such as Amytracker, Amylo-Glo, IRI-1 

[91–93] are known to be in use for amyloid staining. Nonetheless, fluorescent 

markers also have flaws [84,94,95]: 
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• The dye may interfere with the fibrillation process, slowing down 

or accelerating the process and changing the interpretation of data. 

The dye could change the aggregation mechanism, which would 

be an even worse scenario for the aggregation study. 

• The absorbance of molecules at the excitation or emission 

wavelength of the dye molecule – tested molecules (potential 

inhibitors) may absorb the excitation or emission wavelength, 

quenching the fluorescence intensity and leading to false data 

interpretation. 

• Molecular competition – the inhibitor may possess similar affinity 

to the fibrils as the dye molecule, competing for the binding sites 

with the dye and reducing the fluorescence intensity. 

• Molecular affinity – inhibitor could react with the dye molecule. 

This way, lower amounts of inhibitor would affect the aggregation 

process, additionally changing fluorescence intensity due to the 

reduced amount of dye molecules available to bind to the 

aggregates. 

Despite the drawbacks mentioned above, fluorescence measurements 

using a dye molecule are one of the most common tool for monitoring the 

aggregation process in vitro [84,96]. Nonetheless, more advanced strategies 

could be used. Time dependant secondary structure measurement using 

Fourier-transform infrared spectroscopy (FTIR) or circular dichroism could 

be applied [97,98]. In addition, high-speed atomic force microscopy (AFM) 

may bring the morphology data together with tracking the fibrillation process 

[99]. Besides these methods, dynamic light scattering [100], microfluidics 

[101], liquid cell electron microscopy [102], fluorescent labelling [103], 

quantum-dot nanoprobes [104] and other techniques are applied for probing 

the protein assembly, however, instrumentation and need for expert 

knowledge makes these approaches less attractive. 

1.4.2. Protein aggregation kinetics 

Protein aggregation kinetics in vitro are typically followed in a sigmoidal 

trend that is described by three steps - lag, exponential and plateau phases 

(Figure 3). Nucleation occurs during the lag phase and is the main limiting 

step of this process. Elongation, fragmentation and surface catalysis is 

considered to happen simultaneously during the exponential phase that is 

concluded by the plateau when the ratio between monomers/oligomers and 

fibrils becomes constant [71,72,74,105].  



24 

 
Figure 3. Protein aggregation kinetics curve indicating three aggregation 

phases. 

During seeded aggregation experiments, addition of fibrils alters the 

aforementioned pathway by removing the lag phase from the process. Added 

fibrils act as nuclei that initiate the elongation of fibrils resulting in immediate 

exponential phase. This way the final fibril conformation is related to the seed, 

not the environment where the aggregation did occur [79]. 

 

1.4.3. Fibril morphology and secondary structure 

A valid morphological and secondary structure assessment of the fibrils 

formed helps to explain the effect of the environment, inhibitor or other 

parameters that had an impact on the fibril formation process [106,107]. 

For fibril morphology analysis, AFM and electron microscopy 

(transmission -TEM, scanning - SEM and transmission cryogenic - cryo-EM) 

can be used [108,109]. Besides stationary scanning, AFM is applicable to 

measure the fibril assembly in real-time [99]. These scanning techniques are 

used to confirm the formation of fibrils. Images can be used to identify 

differences between fibril morphology as well as their structure (e.g. using 

detailed analysis from data gathered with cryo-EM) [110]. Fibrils may differ 

by height, length and width distribution, fibril twist periodicity, clustering and 

thinning/splitting [111]. This, in fact, may provide valuable information on 

the assembly pathway, count of the filaments in the fibril, maximum length of 
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the fibril, influence of the inhibitor on the fibril formation process and more 

characteristics [72]. Furthermore, fibril morphology assessment helps to 

understand the polymorphism of the fibrils within the same sample, which can 

help to explain the secondary structure and kinetic differences [112]. 

Theoretically, each fibril may have a specific intermolecular structure with 

beta-structures in the core. This means that the same protein can obtain diverse 

fibril structures. Structural differences may lead to distinct toxicity to cells, 

morphology, and seeding propensity (aggregate’s ability to replicate). In fact, 
these differences may appear due to a different aggregation mechanism 

influenced by the reaction environment [113,114]. This is why assessing the 

secondary structure and understanding these changes is necessary. The

analysis uses conventional methods such as Fourier transform infrared (FTIR) 

spectroscopy, nuclear magnetic resonance, Raman spectroscopy and circular 

dichroism [115–119]. The data collected using these approaches differ but 

may complement conclusions drawn using other methods [120].  

1.5. Proteins used in this thesis 

1.5.1. Amyloid-β 

Aβ aggregation in humans is known to be the initiator of Alzheimer’s 
disease. 40 – 42 amino acid peptide derives from amyloid precursor protein 

and aggregates in the interstitial fluid [121]. Aβ can accumulate into multiple 
assemblies that include oligomers, protofibrils and fibrils. This intrinsically 

disordered peptide can form amyloid aggregates with “cross β” structures that 
can be parallel or anti-parallel, suggesting the existence of various 

conformations (so called strains) [122]. The most common forms of Aβ 
peptide that is used during in vitro studies contains 40 or 42 amino acids. Aβ40 

is more stable than its isoform (Aβ42) and aggregates slower but it is also used 

in various drug screening and fibrilization experiments [49,123,124]. 

There are two main sources for production of the Aβ peptide isoforms: 
synthetic and recombinant. Synthetic source seems to be a more convenient 

approach (the main source to purchase), however its preparation for the 

aggregation experiments includes using high pH solutions (1% NH4OH [125], 

10 mM NaOH [126]) or organic solvents (1,1,1,3,3,3-hexafluoro-2-propanol 

[125]) for the pre-treatment in order to dissolve any possible oligomers [127]. 

The recombinant synthesis and purification involve a few steps of 

chromatographic procedures as well as treatment with high concentration of 

denaturant before the size-exclusion chromatography. This method yields to a 

high reproducible data without the possibility of leaving detergents attached 
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to the protein [128,129]. Recombinant Aβ42 is known to aggregate rapidly at 

37 C̊ forming fibrils within an hour even at very low peptide concentrations 

[76].  

1.5.2. α-synuclein  

aSyn is identified as the most abundant protein in the pathology of 

Parkinson’s disease. It forms variety of distinct aggregate forms due to the 
environment factors or different mutations in its gene SNCA. These 

aggregates are found in various morphological and secondary structure 

conformations that possess distinct toxic effect to cells [130]. In vitro, aSyn 

aggregates much slower than the Aβ, thus for a higher protein concentration 

and often agitation is used for its assay. It has been reported that aSyn is 

capable of forming various fibril conformations under the same reaction 

conditions, especially at lower concentration (50 – 100 µM) and at lower 

buffer ionic strength [131]. 

1.5.3. Insulin 

Insulin is a natural hormone that plays a significant role in the regulation 

of sugars and fats. It contains three alpha-helix regions and is made of two 

peptide chains that are connected via disulphide bonds [132]. Due to its high 

availability and relatively low cost, insulin is one of the most well-studied 

proteins in biology and has been used as a model in various scientific 

disciplines, including protein aggregation studies [133–135]. It is also used to 

study mechanisms of protein aggregation as well as to develop new 

approaches to treat or prevent related diseases to its aggregation in humans 

[56,96,136,137]. For instance, this protein has been used to explore the role of 

different factors in aggregation, such as temperature, pH and other solvent 

conditions [114].  

Besides many different conditions used to study insulin aggregation, the 

most well-known is insulin fibrillation at low pH [114]. The high robustness 

of kinetic experiments under these acidic reaction conditions allows to 

simplify the search for inhibitory molecules against protein aggregation [71]. 

One option for inhibiting insulin aggregation is using small molecules, such 

as short peptides, chemically synthesised compounds and even antioxidants, 

that can interact with insulin and prevent its aggregation [120,138]. In 

addition, this protein can be used to study the inhibitory effect of molecules 

that are not stable in neutral or physiological conditions [56]. For example, if 

the molecule autoxidizes or breaks down into different structures in an 
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environment with a high concentration of hydroxyl ions, it is possible to 

prevent further conversion by using low pH conditions [139]. This way, it is 

probable to understand the effect of initial, intermediate, and final products on 

aggregation. The information gathered can be used to build new, stable 

molecules that may be involved in the inhibitory process of insulin and 

modulators in neurodegenerative diseases [140]. 

2. METHOD OVERVIEW 

2.1. Protein purification 

Due to the relatively high price of commercially available 

peptides/proteins and need for high reproducibility between different batches, 

the biosynthesis and purification of recombinant peptides/proteins is 

considered to be the best option when working with protein aggregation and 

their inhibition studies. In the experiments described in this thesis, Aβ42 and 

aSyn were expressed in BL21-star cells using expression vectors as described 

previously [141].  

Aβ42 was purified using ion-exchange and size-exclusion chromatography 

(SEC) methods. The essential part for robust experimental procedure was to 

avoid peptide aggregation during the purification process and separate any 

potential oligomeric forms from monomer before kinetic studies. This is why 

SEC was repeated twice, requiring the lyophilized peptide powder to be 

dissolved in a high denaturant concentration (5 M of GuSCN) before injecting 

it into the column. Second SEC was used to gather the peptide, quickly dilute 

it with a reaction mixture (within 30 minutes) and start the kinetic experiment 

to reduce the possibility of peptide aggregation during the sample preparation 

stage. 

aSyn is thermostable, thus, it was initially purified using a high-

temperature water bath (80 degrees Celsius) to denature a large fraction of 

proteins. Later, the protein was precipitated using 42% of saturated 

ammonium sulphate concentration. This was done to reduce the number of 

nucleic acids in the sample. Then, ion exchange and size exclusion 

chromatography were performed. The protein was lyophilized after dialyzing 

it in the volatile ammonium bicarbonate buffer solution. Before the kinetic 

experiments, the aSyn powder was dissolved in the reaction buffer. 
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2.2. Protein aggregation studies 

Protein aggregation was monitored using fluorescent dye thioflavin-T 

(ThT) assay. ThT has a distinct absorbance maximum (λ = 412 nm), but when 

it binds to fibrillar aggregates, its absorbance maximum redshifts to 440 nm - 

450 nm range. In addition, by binding to fibrillar aggregates, ThT has a high 

increase in the fluorescence intensity (λ = 480 nm – 490 nm) due to increased 

quantum yield of stabilized ThT molecule on the surface of the fibril [84]. 

This allowed for monitoring the formation and growth of amyloid fibrils over 

time. 

The protein aggregation studies were done separately based on the 

protein/peptide that was used. Insulin aggregation was performed under acidic 

pH (in 20% acetic acid) at 60 ̊C, where the protein tends to accumulate into 

fibrillar aggregates quickly, with high data reproducibility. Aβ42, on the other 

hand, was aggregated at near-physiological conditions – under 20 mM sodium 

phosphate (pH 7.0), PBS and in a medium mimicking the basic composition 

of cerebrospinal fluid. The last protein covered in the thesis is aSyn. This 

protein aggregated slower than insulin and Aβ42 under the selected conditions. 

That is why agitation and glass beads were used to accelerate the fibril 

formation process. 

The aggregation reactions for all proteins used in this thesis were done in 

a microplate reader using low protein binding 96-well plates. 

2.3. Kinetic data analysis 

Kinetic data analysis is a important procedure that helps to understand the 

protein aggregation process in more depth. In this thesis, the data were 

analysed using Origin software, where the Boltzmann equation function was 

used to fit kinetic curves determining aggregation halftime values [142]. This 

parameter allowed to compare how effectively inhibitors affect the 

aggregation process.  

Further analysis of aggregation was done by applying a global fit (Figure 

4). This mathematical procedure allows to acquire more details about the 

mechanism of aggregation. For this to happen, it is necessary to collect 

aggregation data of different protein concentrations and apply appropriate 

model steps. The resulting fit provides constants for primary nucleation, 

elongation, fragmentation, and secondary nucleation. However, it is not 

possible to draw conclusions only from these constants. Each step (primary 

and secondary nucleation, fragmentation) generates fibril ends that affect the 

speed of elongation, thus the multiplication of each constant with elongation 
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is needed in order to compare the processes between different aggregation 

mechanisms. In the end, important information about the aggregation 

mechanism is in the form of combined rate constants (primary nucleation – 

elongation, elongation – secondary nucleation and elongation – 

fragmentation) that allow to compare primary and secondary nucleation, and 

fragmentation speed of different aggregation mechanisms [71,136]. 

 

 
Figure 4. Global fit modelling steps of protein aggregation and their constants 

(adapted from [71]). 

 

2.4. Protein inhibition studies 

The inhibition of protein aggregation can be evaluated by several factors, 

such as determining the kinetic parameters of protein aggregation with and 

without the inhibitor, secondary structure and morphology differences of 

fibrils formed after these studies. However, it is also essential to determine the 

stability of an inhibitory molecule to avoid secondary processes that may 

disrupt monitoring the kinetic or structural information. In this work, different 

inhibitory molecules, including gallic acid, multiple hydroxy-flavones and 

fluorinated benzenesulfonamide (VR16-09), were used to understand their 

impact on the protein aggregation process. 

2.5. Autoxidation and separation of polyphenolic molecules 

The polyphenolic molecules that were used in this work exhibited the 

potential to autoxidize in neutral and basic pH. Besides EGCG that is known 

to autoxidize [56], there are plenty of other polyphenolic molecules that may 

undergo similar pathway of autoxidation that alters their initial chemical 

structure [139]. To determine which polyphenolic molecules can autoxidize, 

the process was monitored by measuring absorbance spectra in time and 

assessing their spectral changes. 

The result of autoxidation may be a single molecule or a mixture of 

components of various chemical structures [143,144]. To identify this 
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instance, high-performance liquid chromatography was used, which allowed 

for determining the composition of molecules present in the autoxidation 

mixture. During this work, large molecules were isolated by concentrating the 

sample using membrane concentrators (3 kDa cut-off).  

2.6. Atomic force microscopy 

AFM is an imaging technique that is employed to visualize protein 

aggregates [145]. This method is known for its high-resolution scale that 

allows for determining different characteristics of fibrillar aggregates and 

other structures found on mica (Figure 5). AFM uses a probe (cantilever) to 

interact with the surface of the protein physically and closely measure the 

morphology of the fibrillar aggregates [146]. The initial characteristics such 

as height, width, length and especially fibril twist periodicity can be used to 

distinguish different types of molecules within the same or different samples. 

AFM is a great tool to measure the effect of the inhibitor on the formed fibrils. 

In fact, it grants options for studying single molecules in the same sample, 

which helps to determine the sample polydispersity and polymorphism [99].  

 

 
Figure 5. AFM image of different β-lactoglobulin fibrils, their lengths and 

heights frequencies (adapted from [72]). 
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2.7. Fourier-transform infrared spectroscopy 

FTIR spectroscopy is a powerful tool for the analysis of protein structure. 

This method measures the absorption of infrared light by a sample and 

provides information on its molecular structure, including the types and 

arrangement of bonds in the polypeptide. Protein secondary structure elements 

are assessed by detecting characteristic vibrational modes by analysing the 

amide bands. The most common and well-studied band is Amide I/I`, which 

absorption spectrum ranges approximately from 1600 cm-1 to 1700 cm-1 [147]. 

In this region, the spectrum provides information about the configuration of 

hydrogen bonds that reflect the protein secondary structure motifs, such as 

parallel and anti-parallel beta-sheets, alpha-helixes, and unstructured peptide 

regions. However, FTIR spectroscopy does not allow distinguishing single 

molecule structures but rather provides structural information of the average 

molecule in the sample [147,148]. This allows to compare structural 

similarities and differences in fibrils between separate samples. 
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3. RESULT OVERVIEW 

3.1. Article 1 

Gallic Acid Oxidation Products Alter the Formation Pathway of 

Insulin Amyloid Fibrils  

 

Aim of this study – to determine the inhibitory effect of gallic acid and its 

oxidation mixture on the insulin aggregation process. 

Methods – due to the potential autoxidation of gallic acid (GA) at neutral 

or higher pH, the compound was dissolved in sodium phosphate (pH 7.4) and 

incubated till the oxidation process was over (termed as oxidized gallic acid 

(GAO)). Then insulin aggregation was performed under a range of protein 

concentrations (0.2 to 1.0 mM) with and without GA or GAO at acidic pH. 

Global fit of this dataset allowed to understand the effect of these inhibitors 

on the insulin aggregation microscopic processes (primary and secondary 

nucleation, and fragmentation). The final samples were collected and further 

analysed using FTIR and AFM. 

Results - Initial experiments were done with gallic acid and its autoxidized 

form (GAO) that provided valuable data and showed that incubating gallic 

acid at neutral pH for an extended period of time changes the colour of the 

sample and inhibitory properties against insulin. GA had no significant impact 

on the halftime, nor to mechanism of insulin aggregation. The inhibitory effect 

was seen with GAO, that increased halftime at all added concentrations. The 

combined rate constant of primary nucleation-elongation and elongation-

fragmentation directly correlated with the amount of GAO in the reaction 

mixture. However, the combined elongation-secondary nucleation constant 

had undergone minimal changes by both inhibitors.  

The addition of GAO altered the aggregation pathway of insulin fibrils. 

This was particularly visible with increased ThT fluorescence intensity of 

fibrillation kinetic curves and from the structural assessment of fibrils' FTIR 

spectra. The shift of the insulin aggregation pathway when it was aggregated 

in an acetic acid solution was in a concentration-dependent manner. AFM and 

FTIR revealed that GAO prevented the formation of low-concentration fibrils 

(LCF) and instead turns the aggregation pathway to the formation of high-

concentration fibrils (HCF) (See section 3.2). 

Conclusions – Gallic acid does not possess an inhibitory effect against 

insulin aggregation at low pH. However, if gallic acid is pre-oxidized, it 

affects the primary nucleation and fragmentation of the insulin aggregation 
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process while possessing no impact on the fibril secondary nucleation, 

resulting in the formation of a single fibril type (Figure 6). 

3.2. Article 2 

Concentration-Dependent Polymorphism of Insulin Amyloid Fibrils 

 

Aim of this study – to understand the concentration-dependant 

polymorphism of insulin at acidic reaction conditions. 

Methods – recombinant human insulin was aggregated in 20% acetic acid 

in range of concentrations from 0.2 mM to 1.0 mM. In order to test strain self-

replication, homogenized fibrils (termed as seed) were added to the reaction 

mixture (from 5% to 10-6 % of monomer mass). Fibril morphology and 

secondary structure analysis of final samples was done using AFM and FTIR. 

Results – At 200 - 400 μM concentration, insulin forms fibrils that possess 
low ThT fluorescence intensity, while at 800 – 1000 μM – the ThT 

fluorescence intensity is much higher (~10 fold). Two distinct fibril species 

were termed as low-concentration and high-concentration fibrils. These fibrils 

were able to propagate their conformation when at least 1% of seed was added.  

LCF forms smaller, more dispersed fibrils than HCF. Their secondary 

structure was able to self-replicate when high amounts of preformed fibrils 

were added to the reaction mixture. However, at small seed concentrations, 

fibrils did not replicate sufficiently, resulting in FTIR spectra that is similar to 

the unseeded fibrils conformation at that reaction environment. 

Conclusions – Two distinct insulin fibril conformations LCF and HCF are 

capable of templating their structure via elongation (when higher amount of 

seed is added). This process does not happen at lower seed concentration 

leading to formation of environment-dependent aggregates (Figure 6).
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3.3. Article 3 

Autoxidation Enhances Anti-Amyloid Potential of Flavone 

Derivatives 

 

Aim of this study – to examine the autoxidation pattern of mono- and 

polyhydroxylated flavones and determine their effect on the fibrillation 

process of amyloid-beta and insulin. 

Methods – to examine the autoxidation pattern of flavones, 64 

hydroxylated flavones were incubated at 37 ̊C in 100 mM sodium phosphate 

buffer containing 10% DMSO (pH 8). The time-dependent UV-vis spectra 

changes were monitored to inspect any absorbance transitions within an 

incubation period of 100 hours. All incubated flavones were then used in 

insulin and Aβ42 aggregation experiments, while non-incubated flavones were 

only applied to insulin aggregation at low pH. Then, aggregated samples with 

the most potent inhibitors were taken for AFM and FTIR analysis. 

Results - the incubation of flavones at pH 8 allowed to categorize the 

autoxidized flavones into two parts: (1) those that contain neighbouring 

hydroxyl groups and (2) flavonols (3-hydroxyflavone) derivatives without 

neighbouring hydroxyl groups with some exceptions such as most of 3,6-

dihydroxyflavone, 6,7-dihydroxyflavone and 2’,4’-dihydroxyflavone 

derivatives.   

Insulin aggregation can be monitored at low pH where flavones are stable, 

the Aβ42 aggregation process was performed with only incubated flavones due 

to their potency to autoxidize in the reaction conditions. One out of 64 tested 

non-incubated flavones did show an inhibitory effect towards insulin 

aggregation, while after incubation, this number was 23. All these cases 

showed a relationship with the flavone autoxidation process, meaning that the 

autoxidation process impacted the inhibitory potential of flavone derivatives. 

However, flavonols did not have any effect to insulin aggregation process if 

they lack neighbouring hydroxyl groups. In case of Aβ42, a similar result was 

seen, linking the inhibitory effect with the autoxidation process. Nevertheless, 

the number of inhibitors was lower, with only 13 autoxidised flavones that 

slowed the halftime of the Aβ42 aggregation process.  

AFM images revealed that the most potent inhibitors initiate the formation 

of fibril clumps with round oligomeric structures attached to them. The height 

distribution of structures found on the mica indicated that both oligomeric 

structures and fibrils are higher than the fibrils observed in the control sample. 
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FTIR data suggests possible difference between secondary structure of Aβ42 

aggregates formed with and without oxidized 2’,3’-dihydroxyflavone. 

Conclusions – the autoxidation of flavones is the major factor that enables 

their potential to inhibit insulin and Aβ42 aggregation. The most potent 

inhibitor was oxidized 2’,3’-dihydroxyflavone, which slowed fibrillation 

processes of each tested protein at least two-fold. AFM data showed that 

oxidated flavones were bound to the surface of Aβ42 oligomers and fibrils 

(Figure 7). 

3.4. Article 4 

Exploring the Formation of Polymers with Anti-Amyloid Properties 

within the 2’,3’-Dihydroxyflavone Autoxidation Process 

 

Aim of this study – to study the autoxidation process of 2’3’-
dihydroxyflavone and to understand what particles within the sample interfere 

with the protein aggregation process. 

Methods – previously established 2’3’-dihydroxyflavone autoxidation 

mixture was considered to be the most potent inhibitor amongst various tested 

hydroxylated flavones. The flavone autoxidation product (oDHF) sample was 

separated into two fractions that contained high and low molecular weight 

components (oDHFHW and oDHFLW, respectively) using concentrators with 3 

kDa cut-off. Then the samples were analysed using HPLC and compared. 

These fractions were then used in aggregation experiments of Aβ42 and aSyn 

to determine how they affect Aβ42 and aSyn aggregation halftime values. 

oDHFHW was further analysed using MALDI-TOF and NMR. The cell 

viability assay was performed to understand how the oDHFHW changed 

toxicity of fibrils on SH-SY5Y cells. AFM imaging was used to assess 

changes in morphology of aggregates. 

Results - The HPLC chromatogram of non-oxidized 2’3’-
dihydroxyflavone contained one sharp peak, while after autoxidation, multiple 

distinct peaks were found. After separating the sample into oDHFLW and 

oDHFHW fractions, the latter contained only a few peaks from the original 

autoxidation mixture, with one of them being very shallow and broad, 

resembling the dispersity of polymeric molecules. 

Aggregation of aSyn was inhibited by both fractions, however, a much 

stronger impact on relative aggregation halftime was visible when the protein 

was aggregated with oDHFHW. In the case of Aβ42, oDHFLW did not have any 

influence on this peptide aggregation, while oDHFHW delayed the fibrillation 

halftime at least two-fold. The mass spectrum showed a series of different 
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mass-to-charge ratio values that ranged from 400 to 2000 with a constant 

repeat of ~246.51 m/z. NMR spectra additionally contributed to the revelation 

of polydispersity in the sample, suggesting that the mixture contains polymers 

of various lengths and dispersity. 

The cell viability increased compared to the control sample when aSyn 

fibrils were formed in the presence oDHFHW. However, the impact on cell 

viability of Aβ42 in the presence of oDHFHW did not correlate throughout the 

whole range of the inhibitor concentration. Smaller amount of inhibitor 

reduced toxic effect of fibrils, however a larger amount of inhibitor decreased 

cell viability below the control level (Aβ42 aggregates alone). 

AFM images indicated the formation of Aβ42 fibrils with round-shaped

structures bound to them. The addition of the inhibitor increased the width and 

height of the structures on the mica. Interestingly, the oDHFHW sample alone 

had particles up to 15 nm height, proving the existence of polymers. 

Conclusions – Autoxidation of 2’,3’-dihydroxyflavone leads to the 

formation of different molecules. Polydisperse polymeric molecules found in 

this mixture showed the most substantial inhibitory potential against both Aβ42 

and aSyn aggregation (Figure 7). 
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3.5. Article 5 

The Major Components of Cerebrospinal Fluid Dictate the 

Characteristics of Inhibitors against Amyloid-Beta Aggregation 

 

Aim of this study – to compare how epigallocatechin-3-gallate and VR16-

09 affects Aβ42 aggregation in PBS and artificial mixture mimicking CSF. 

Methods – in order to perform experiments in CSF mimicking 

environment, artificial cerebrospinal fluid was composed of the main 

components found in CSF, such as human serum albumin (HSA), glutamine, 

urea, glucose, cholesterol, lactate, Ca2+ and Mg2+
 ions. Aβ42 was aggregated in 

PBS and aCSF with and without the addition of VR16-09 or oxidized EGCG. 

AFM images were recorded of each sample to evaluate the differences in 

aggregates formed during the fibrillation process in both mediums with and 

without the inhibitor. Evaluation of a single component impact on the 

inhibitory effect of VR16-09 to Aβ42 fibrillation was done. Global fitting of 

Aβ42 in aCSF and in aCSF without HSA with and without VR16-09 was done 

by acquiring the data of aggregation experiments using a range of Aβ42 

concentrations (0.75 to 2.0 μM). 
Results - In PBS, oxidized EGCG increased the aggregation halftime (t50) 

of Aβ42 by ~2-fold, while VR16-09 did not have any visible effect on this 

parameter. In aCSF, EGCG accelerated the process, while VR16-09 increased 

t50 more than twice. Longer fibrils were found when Aβ42 was aggregated in 

aCSF. In addition, significantly higher (p > 0.01) fibrils were found in PBS 

compared to aCSF when VR16-09 was present in the reaction mixture. 

The aggregation of Aβ42 in aCSF was enhanced by Ca2+ and Mg2+
 ions and 

was inhibited by HSA and glutamine. All components have increased the 

inhibitory effect of VR16-09, except for glutamine, which had the opposite 

impact.  

Global fit data suggested that VR16-09 decreased primary nucleation and 

that this effect was strengthened by the presence of HSA. Also, VR16-09 

increased secondary nucleation while HSA was seen to reduce this impact. 

HSA had pronounced influence on fragmentation reducing the process with 

or without the presence of inhibitor.  

Conclusions – Aβ42 aggregated slower in aCSF than in PBS. This effect 

was due to the combination of aCSF components. Both inhibitors impact on 

Aβ42 aggregation was different in these reaction mixtures. EGCG lost the 

inhibitory potential, at the same time, VR16-09 had a pronounced effect 

against the Aβ42 aggregation process. Based on global fit data, HSA reduced 
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fragmentation and secondary nucleation (when VR16-09 was present), while 

VR16-09 decreased primary nucleation and increased secondary nucleation 

processes (Figure 8). 
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4. DISCUSSION 

4.1. Autoxidation of polyphenols 

Polyphenolic compounds are found to be very applicable within the field 

of medicine due to their potential to act against oxidation, inflammation, 

allergies, cancer, HIV, mutagens and the formation of platelet [149–152]. Due 

to their natural origin and high availability (e.g. in various herbs, spices, and 

edibles such as vegetables and fruits), they are a great source to be used in 

therapies [153]. This is why they were also used in research with 

neurodegenerative diseases [154]. Research shows that EGCG, gallic acid, 

curcumin, and various flavones such as quercetin, and luteolin had anti-

amyloid properties [61,140,154–158], even reporting the possibility of fibril 

disaggregation [57,159]. This seems as a positive trait of these molecules that 

may help create an effective drug against neurodegeneration. However, the 

matters are more complicated than it may seem, and this is why it required a 

more thorough analysis that answered questions about their inhibitory 

characteristics and its relationship to the polyphenols structure. 

4.1.1. Gallic acid autoxidation 

Autoxidation of natural molecules under neutral or higher pH (could be 

induced by metal ions at lower pH) leads to a loss of the initial structure that 

results in the formation of different components within the sample that may 

be very dispersed [139,144,160]. Thus, it was essential to study how such 

molecule act against protein aggregation before and after it autoxidizes. For 

this particular purpose, insulin was an ideal protein that aggregates at low pH 

where polyphenols do not autoxidize and retain initial structure [139]. The 

sample colour change during the autoxidation process was an indicator of the 

process. However, the ThT fluorescence spectrum overlaps with spectra of 

oxidized flavones. Thus monitoring ThT fluorescence intensity in time was 

confusing as newly formed oxidation derivatives led to fluorescence 

quenching effect (reducing the intensity over time) which was previously 

thought to be the result of fibrils dissociation [161]. This study of gallic acid 

oxidation and its link with the inhibition of insulin aggregation proved that 

inhibition studies require more thorough analysis of the inhibitor stability. 

4.1.2. Flavone autoxidation 
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Autoxidation process was linked to inhibitory effect of polyphenols against 

aggregation, thus it was necessary to study this matter using a larger array of 

different polyphenolic molecules. For this reason, multiple mono- and 

polyhydroxy flavones were taken. Absorbance measurements allowed to track 

the autoxidation process, understand how long it takes and also use the 

resulting sample for inhibition studies. Because not all flavones did autoxidize 

(their absorbance spectra did not change) during their incubation time (100 

hours), it was decided to study the effect of autoxidation on the inhibitory 

properties of flavones and analyse the specific structural motifs that lead to 

the autoxidation. By having both autoxidized and non-autoxidized molecules, 

it was possible to compare their effect to protein aggregation.

Spectral parameters change of flavones during incubation led to the 

assumption that there could be structural changes in the flavone backbone that 

disrupts the aromatic system. These differences during the inhibition 

experiments could disrupt the ThT fluorescence intensity assay and lead to 

false interpretations of data. To avoid the autoxidation process of unincubated 

flavones, insulin was used to study their inhibitory characteristics at low pH. 

While it was discovered that only oxidized flavones were capable to inhibit 

insulin aggregation, there were a few of them that did not possess any 

inhibitory characteristics. By looking at the findings of Bijlsma et al. [139], 

who tracked iron-mediated oxidation of flavones (iron initiates the 

autoxidation at lower pH), these molecules (3-hydroxyflavone derivatives) are 

shown to undergo degradation pathway forming various benzoic acids. On the 

other hand, this structure dependant autoxidation process (formation of 

degradation and oxidation coupling products) suggests the formation of 

polymers in the mixture of flavones that were considered as inhibitors. Similar 

findings with Aβ42 confirmed that there is a strong link between the flavone 

structure, its autoxidation process and inhibitory potential. Sato et al., 

suggested that catechol-type flavones form o-quinones that may bind to the 

lysine or arginine residues [162]. However, this only correlates partly with the 

data present in this thesis – 5,6-dihydroxyflavone and 7,8-dihydroxyflavone 

did inhibit insulin aggregation while they do not have catechol moiety. 

The AFM imaging was complicated because of the low Aβ42 concentration 

and the characteristics of inhibitors. Initially, many round-shape structures 

were found on the mica, suggesting that the formation of fibrils is turned to 

the arrangement of oligomeric structures [146]. However, a deeper 

investigation of samples revealed that most of the fibrils (formed with 

inhibitors) were clumped together, besides a few that were found dispersed on 

the mica. These round-shaped structures were bound on the fibrils or fibril 

clumps, revealing a peculiar affinity between Aβ42 oligomers and fibrils. On 
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the other hand, FTIR spectra of a sample with 2’3’-dihydroxyflavone showed 

that there could be higher amount of turns or different types of β-sheets (1629 

cm-1, 1675 cm-1). This could happen due to the formation of o-quinone capable 

of covalently binding to lysine residues within Aβ42 and stabilising the 
peptide reported in (+)-taxifolin studies [162]. However, it does not answer 

why the surface of fibrils is clustered together into very large clumps.

4.1.3. Scavenging the inhibitor within the flavone autoxidation mixture 

The unclear view of the clumps of fibrils and round-shape structures and 

interest in finding the inhibitory molecule within the autoxidation sample 

initiated further analysis of the most potent inhibitor (2’3’-dihydroxyflavone) 

out of previously studied incubated flavones.  Separation of small and large 

molecular weight fractions could be identical to the membrane (3 kDa cut-

off), however it was enough to separate small molecules from larger 

components in the autoxidation sample. While the major inhibitory potential 

was seen to be retained in the sample with larger molecular weight 

components, it was evident that possible formation of o-quinones is not the 

main character that leads to inhibition. Polymers that were confirmed with 

MALDI-TOF, NMR and AFM images (15 μm) seem to be the key component 

that slows down the aggregation of Aβ42 and aSyn. In fact, round shape 

oligomers (from inhibitor) found on the mica could be confused with the 

oligomers of the specific protein or peptide. In addition to that, clumped 

round-shaped structures on the fibril surface are the same components from 

the inhibitor sample that may be confused with the disaggregation or shifted 

aggregation pathway towards amorphous aggregates. 

Despite the good solubility in water, these polymeric molecules were 

eluting at the higher MeOH concentration, comparing to the retention times 

of the initial molecule. Combining this information with the results from NMR 

and MALDI-TOF, the polymerization may be activated via the formation of 

ortho quinone structures. Then the ring of o-quinone could bind to amine 

[162], acid or alcohol groups. While there was strict correlation between 

structures that lead to active oxidation products against protein aggregation, 

the degradation of the flavone backbone may not be the limiting factor, if it 

does not affect the formation of o-quinone. However, if the ring has no 

possibility to form a bond at the reactive carbon in para position (tertiary 

carbon, presence of OH group), then no such polymerization was seen. This, 

in fact, explains why 6’,7’-dihydroxyflavone did not oxidize, while 7’,8’-
dihydroxyflavone did. Although this information is evident, there may other 

factors involved in this process. 
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Another important aspect to cover is the limitations to the applicability of 

autoxidized flavones as potential medications against neurological disorders. 

In this case, polymeric molecules break Lipinski’s rule of five. This rule 

indicates that in order to pass brain-blood-barrier, molecule should be smaller 

than 500 Daltons, should not contain more than 5 hydrogen donors and 10 

hydrogen acceptors [163,164]. Many polyphenols were thought to be ideal 

inhibitors due to their unique molecular structure that allows passing through 

the brain-blood barrier, however, the resulting inhibitor does not possess such 

characteristics. Nonetheless, autoxidation products should not be ruled out as 

studies are showing a potential link between the aggregation of proteins in the 

gut and the onset of PD [165], which could be an ideal case for using such

polymeric molecules. 

4.2. Insulin polymorphism 

One of the more interesting discoveries via inhibitory effect was the insulin 

polymorphism. Our group previously summarized two possible 

conformations of insulin fibrils at low pH that forms based on the equilibriums 

between monomers and oligomers of insulin [114]. Despite that, a third strain 

was discovered when insulin was aggregated under a range of protein 

concentrations that showed a concentration-dependant polymorphism and the 

formation of two distinct conformations. It appears, that GAO prevented 

formation of LCF strain, effectively inhibited primary nucleation while 

virtually not affecting secondary nucleation or elongation. It could be that 

GAO suppressed the nucleation of LCF, instead allowing the formation of 

HCF nuclei. 

HFC has a distinct characteristic of increasing the ThT fluorescence 

intensity 10-fold compared to the LFC. This distinct aggregation pathway 

change with higher ThT fluorescence intensity was visible when insulin was 

inhibited with incubated flavones. Perhaps flavones and gallic acid impede 

insulin fibrillation via similar inhibitory mechanisms. 

4.3. Altering the in vitro screening 

In vitro screening is an essential part of finding the potential molecule, 

nonetheless, different environments where the aggregation reaction occurs 

may lead to distinct results [56]. This is why mimicking cerebrospinal fluid 

led to perceiving different inhibitory characteristics of both EGCG and VR16-

09. Such results could be linked to two possible factors: (1) changed Aβ42 
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aggregation pathway by the component(s) in aCSF and (2) affinity between 

the inhibitor and components of aCSF. 

The first point is covered more in literature, however, only in the forms of 

one or two aCSF components. There are records of Ca2+ ions [124], HSA 

[166], HSA with cholesterol [167] and other components affecting the 

aggregation of Aβ42. While the contribution of other components is not well 

studied, there are significant data about Aβ42 aggregation in CSF from human 

patients that show similarly slowed aggregation as in the case of aCSF [168]. 

The second point emphasizes the complex bridge between in vitro screening 

and the results of the inhibitor in vivo. Each component would need to be 

tested with an inhibitor to understand whether they have a specific affinity.

However, this does not provide full information about extra factors that could 

happen in physiological conditions.  

The complex struggle to account for the differences between the 

experiments in vitro and in vivo may emerge due to the complexity of CSF 

and nanomolar amounts of components found in the fluid [169–172] that may 

be critical in shifting both Aβ42 aggregation and its inhibition process. 

However, an altered medium must be used during the initial search for the 

inhibitor as it lowers the possibility of getting false-positive and false-negative 

results. Aggregation and its inhibition comparison between CSF and aCSF 

could lead to finding a reaction mixture that would closely match the results 

of aggregation in CSF and lead to substituting artificial screening medium for 

the initial pH 8.0, TBS or PBS. It could potentially reduce the number of 

falsely discovered/undiscovered inhibitors. This is especially important as the 

drug discovery process gets more expensive when advancing through 

development steps, and it would be best to allocate money investments 

“correctly”.   
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CONCLUDING REMARKS AND FUTURE PROSPECTS 

 

A thorough analysis of protein aggregation inhibition studies using 

polyphenolic molecules led to several conclusions. First, hydroxyflavones 

autoxidation is limited to its structure, which involves having neighbouring 

hydroxyl groups or the backbone of the flavonol. Second, gallic acid and 

hydroxyflavones do not have any inhibitory effect on insulin and Aβ42 if they 

are unaffected by autoxidation. Nonetheless, there are a few exceptions, such 

as flavonols without neighbouring hydroxyl groups and some outliers - 

3,3’,4’-trihydroxyflavone and 6,7,3’,4’-tetrahydroxyflavone. Last, the 

autoxidation of 2’,3’-dihydroxyflavone leads to generation of multiple 

different molecules, however, the polymeric molecules in the sample possess 

a significant part of the inhibitory features of the mixture.  

 Exploring Aβ42 aggregation and inhibition in PBS and aCSF revealed that 

in vitro molecule screening is very sensitive to the reaction mixture where 

effects of oxidized EGCG and VR16-09 changed. Oxidized EGCG being 

ineffective and VR16-09 increasing inhibitory potential in aCSF. Let alone 

HSA being one component in aCSF that enables the activity of VR16-09 

against Aβ42 aggregation. This result enables to propose a screening protocol 

that is closer to in vivo conditions, avoiding unnecessary and ineffective 

research funding application.  

Taking all results into account, it is evident that inhibitory studies of 

protein aggregation require analysis not only for the phase transition of the 

studied protein, but also for the state of inhibitor and how it behaves at near 

physiological conditions (at least including the main components found in 

vivo). These findings will allow to shape our current research and contribute 

this knowledge into future studies. 

 

Conclusions: 

1. Gallic acid does not inhibit insulin aggregation, while its oxidized form 

slows down this process significantly altering the fibril formation 

pathway. 

2. Hydroxyflavones do not inhibit aggregation of Aβ42 and insulin unless 

they possess neighbouring hydroxyl groups and undergo autoxidation. 

3. 2’3’-dihydroxyflavone autoxidize forming degradation and 

polymerization products, where the latter are the only capable species 

in the mixture to inhibit Aβ42 and α-synuclein aggregation process. 
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4. The inhibitory potential of oxidized epigallocatechin-3-gallate and 

fluorinated benzensulfonamide against Aβ42 is notably influenced by 

the main components of cerebrospinal fluid, particularly by HSA. 
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SUMMARY IN LITHUANIAN LANGUAGE 

SANTRUMPOS 

Aβ40 Amiloidas beta (1-40) 

Aβ42 Amiloidas beta (1-42) 

aCSF Dirbtinis smegenų skystis 

AJM Atominės jėgos mikroskopija 

AL Alzheimerio liga 

APP Amiloido beta prekursorius / pirmtakas 

DMSO Dimetil sulfoksidas 

EGCG Epigalokatechin-3-galatas 

FTIR Fourier-transformacijos infraraudonoji spektroskopija 

GA Galo rūgštis 

GAO Oksiduota galo rūgštis 

HCF Fibrilės suformuotos, esant didelei baltymo koncentracijai 

HPLC Aukšto efektyvumo chromatografijos sistema 

LCF Fibrilės suformuotos, esant mažai baltymo koncentracijai 

PBS Fosfatų buferinis tirpalas atitinkantis fiziologinę druskų 
koncentraciją 

oDHF Oksiduotas 2’3’-dihidroksiflavonas  

oDHFHW Didelės molekulinės masės komponentai oDHF mišinyje 

oDHFLW Mažos molekulinės masės komponentai oDHF mišinyje 

PL Parkinsono liga 

TBS Tris buferinis tirpalas atitinkantis fiziologinę druskų 
koncentraciją 

ThT Tioflavinas-T 
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SANTRAUKA 

 

Neurodegeneracinės ligos, tokios kaip Parkinsono ar Alzheimerio, ženkliai 
blogina gyvenimo kokybę ir yra laikomos nepagydomomis. Prognozuojama, 

kad ilgėjant gyvenimo trukmei, neurodegeneracinių ligų atvejų skaičius 
eksponentiškai didės. Manoma, kad šių ligų atsiradimą ir progresavimą lemia 
baltymų kaupimasis į fibrilinius agregatus, kuriems būdinga beta-klosčių 
struktūra. Jau kelis dešimtmečius ieškoma vaistų gydyti šiems neurologiniams 
susirgimams, tačiau dauguma klinikinių bandymų baigiasi nesėkmingai. Tam 
kuriami ir pasitelkiami įvairūs metodai, iš kurių vienas yra baltymų 
agregacijos slopinimo tyrimai. Šiuo metu yra sukurti ir patvirtinti keli 

simptomus lengvinantys ar ligos eigą modifikuojantys preparatai, kurie 

sulėtina neurodegeneracinės ligos progresavimą, tačiau taip pat turi ir 
reikšmingų šalutinių poveikių. Dėl šios priežasties, labai svarbu tęsti naujų 
potencialių vaistų tyrimus, skiriant daug dėmesio pirminiams kandidatų 
kūrimo etapams, kurie galėtų padėti išvengti brangių tolimesnių išlaidų. 
Siekiant paspartinti vaistų kūrimo procesus ir padidinti jų veiksmingumą, 
svarbu tobulinti in vitro atrankos procedūras ir potencialių vaistų ikiklinikinių 
tyrimų analizę. 

Visų pirma, šiame darbe daugiausiai dėmesio buvo skirta tirti polifenolinės 

prigimties junginius ir jų gebėjimą slopinti baltymų agregacijos procesą. 
Kadangi daugelis šių junginių klinikinių tyrimų buvo nesėkmingi (pvz., 

epigalokatechin-3-galatas, kurkuminas, resveratrolis) buvo atlikta išsamesnė 
jų stabilumo ir poveikio baltymų agregacijai analizė in vitro. Rezultatai 

parodė, kad šios molekulės, esant neutraliam ar aukštesniam pH, 
atitinkančiam fiziologines sąlygas, yra nestabilios. Dalis šių tirtų molekulių 
yra paveikiamos sudėtingo proceso, vadinamo autoksidacija, kuris labai 
svarbus slopinant Aβ42 ir insulino agregaciją. Įdomu tai, jog stipriausias Aβ42 

ir insulino fibriliacijos inhibitorius - 2',3'-dihidroksiflavonas - autoksiduojasi, 

sudarydamas skirtingus molekulinius junginius (mažas molekules ir 
polimerus), iš kurių tik polimerinės molekulės dalyvauja slopinimo procese. 

Antroji šio tyrimo dalis buvo skirta in vitro atrankos procedūrai tobulinti. 
Paprastai baltymų agregacijos tyrimas in vitro atliekamas naudojant PBS, 

TBS ar net buferinius tirpalus, kurie buvo naudoti galutiniame gryninimo 

etape. Nors ši metodika leidžia lengviau įvertinti gautus duomenis, 

agregacijos mechanizmas ir slopinamasis junginių poveikis gali skirtis nuo 

proceso, vykstančio smegenyse. Todėl buvo sukurta terpė, imituojanti 
smegenų skysčio sudėtį, kuri leido įvertinti, kaip pagrindiniai smegenų 
skysčio komponentai veikia Aβ42 agregacijos slopinimą naudojant 
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epigalokatechino-3-galatą ir fluorintą benzensulfonamidą VR16-09. 

Rezultatai visiškai skyrėsi nuo gautų naudojant PBS, todėl in vitro vaistų 
atrankos eksperimentų metu yra svarbu taikyti terpę, kurioje stebimų procesų 
poveikis būtų kuo panašesnis į vykstantį smegenyse fiziologinėmis sąlygomis. 

Dirbtinis smegenų skystis (aCSF) galėtų būti nauja terpė, naudojama anti-
amiloidiniams junginiams tirti. Šis mišinys galėtų pakeisti šiuo metu 
populiarias PBS arba TBS bei sumažinti skirtumą tarp in vitro ir in vivo 

tyrimų.  

Tikslas: Ištirti skirtingų polifenolinių junginių poveikį baltymų 
amiloidinės agregacijos procesui. 

Uždaviniai: 

1. Nustatyti galo rūgšties ir jos oksiduotos formos slopinamąjį poveikį 
insulino agregacijos procesui ir jo mechanizmui. 

2. Nustatyti ryšį tarp hidroksiflavonų autoksidacijos proceso ir jo 

poveikio Aβ42 ir insulino agregacijai. 

3. Ištirti 2'3'-dihidroksiflavono autoksidacijos produktus ir išskirti 
molekules, dalyvaujančias slopinant Aβ42 ir α-sinukleino agregaciją. 

4. Įvertinti smegenų skysčio komponentų įtaką/poveikį Ab42 agregacijos 

slopinimo efektyvumui, naudojant epigalokatechin-3-galatą ir 

fluorinuotą benzensulfonamidą - VR16-09. 

 

Mokslinis naujumas: šis tyrimas parodė, kad ryšys tarp polifenolinių 
junginių ir jų antiamiloidinių savybių yra susijęs su šių molekulių 
autoksidacija, dėl kurios pasikeičia jų cheminės savybės. Šis procesas vyksta 
esant neutraliam ar aukštesniam pH, dėl kurio pasikeičia polifenolinių 
junginių poveikis amiloidinei agregacijai, o tai gali lemti neteisingą duomenų 
interpretaciją. Šiame darbe atlikti eksperimentai leido išanalizuoti polifenolių 
antiagregacines savybes prieš jų autoksidacijos procesą ir jam pasibaigus. 

Atlikta analizė leido suprasti, kodėl tam tikromis reakcijos sąlygomis 
slopinamasis poveikis nėra matomas. Buvo įrodyta, kad pati galo rūgštis 
nepasižymi anti-amiloidinėmis savybėmis, priešingai nei jos oksiduota forma. 

Be to, baltymų agregacijos slopinimo galo rūgštimi tyrimas leido rasti naują 
insulino agregato konformaciją, kuri priklauso nuo šio peptido koncentracijos. 

Flavonų autoksidacijos procesas yra labai sudėtingas ir nėra nuodugniai
išanalizuotas. Šio proceso metu susidaro daugybė molekulių. Todėl 
tiesioginio ryšio tarp gautame mišinyje susidariusių polimerų ir šiame darbe 
aptartų polifenolių slopinamųjų savybių prieš tai nebuvo nustatyta. Be to, 
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ištyrus molekulių anti-amiloidines savybes skirtingomis reakcijos sąlygomis, 
paaiškėjo, kad įprastai naudojama terpė, atliekant in vitro potencialių slopiklių 
atranką, gali lemti neteisingą duomenų interpretaciją. Tai leido sukurti atskirą 
dirbtinę smegenų skysčio terpę, kuri galėtų sumažinti prarają tarp in vitro ir in 

vivo eksperimentų.  

Ginamieji teiginiai: 

1. Polifenolinių junginių autoksidacija yra esminis veiksnys, lemiantis 

baltymų amiloidinės agregacijos slopinimą. 
2. Flavonų autoksidacijos metu susidaro polimerinės molekulės, kurios 

yra pagrindinis susidariusių junginių mišinio slopinamojo poveikio 
Aβ42 agregacijai veiksnys. 

3. Smegenų skysčio komponentai keičia anti-amiloidinių junginių 
slopinamąjį poveikį. 

 

 

LITERATŪROS APŽVALGA 

1. Neurodegeneracinės ligos 

Atrodytų, kad terminas „neurodegeneracija“ yra visuotinai suprantamas. 

Tačiau nėra vieno tikslaus apibrėžimo, kuris tilptų į sakinį ir apimtų daugybę 
tame dalyvaujančių procesų. Šis terminas yra žodžių „neuro“, reiškiančio 
nervines ląsteles arba neuronus, ir „degeneracija“, nurodančio ląstelių 
funkcijos ar struktūros praradimą arba „išsigimimą“, derinys. Taigi, 

neurodegeneracija reikštų pirminį nervinių ląstelių funkcijos praradimą. 

Tačiau iš tikrųjų šiuo žodžiu apibūdinama daugybė skirtingų mechanizmų, 
siejamų su įvairiomis neurologinėmis ligomis, kurios pasireiškia skirtingose 
nugaros ar galvos smegenų srityse ir pasižymi tam tikrais patologiniais 
požymiais. [1].  

Skirtingais istorijos laikotarpiais neurodegeneracinės ligos buvo 
apibrėžiamos pagal jų sukeltus simptomus ir tuo metu vyravusius visuomenės 
įsitikinimus. Dažniausiai tokių susirgimų etiologija buvo aiškinama, kaip 

antgamtinė (pvz., sukelta dievų, demonų ar net vaiduoklių), sukelta 
reprodukcinių organų (pvz., pasislinkusi gimda trukdo kitų organų 
funkcijoms), trauminių išgyvenimų ir kognityvinių išankstinių nusistatymų 
dėl kūno simptomų [5]. Tačiau jau 2000 m. pr. m. e. egiptiečiai aprašė, kad 

vyresnio amžiaus žmonėms būdingas atminties pablogėjimas. Vėliau
Pitagoras senatvę įvardijo kaip laiką, kai protas sumenksta iki kūdikio lygio. 
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Panašius pastebėjimus taip pat įvardijo Hipokratas, Platonas ir Markas Tulijus 

Ciceronas, o mūsų eros laikotarpiu Viljamas Šekspyras savo veikaluose, 

tikėtina, aprašė tam tikros rūšies demencijos simptomus [6].  
Pirmą kartą terminą „neurodegeneracija“ 1965 m. paminėjo J. F. Bray, t. 

y. gerokai vėliau nei buvo pirmą kartą aprašytos Parkinsono (1817 m. Jameso 

Parkinsono esė „Esė apie drebėjimo paralyžių“) [10] ir Alzheimerio ligos 

(1906 m. Aloizas Alzheimeris aprašė „arteriosklerozinę smegenų atrofiją“) 
[11]. 1957 m. Gajdusekas ir Vincentas Zigas aprašė pirmąją prioninę ligą, 

vadinamą Kuru, kuri buvo įvardinta kaip užkrečiama ir sukelta netradicinių 
virusų. Tik vėliau mokslininkai išsiaiškino, kad liga plito kanibalizmo būdu, 
žmonėms valgant užkrėstus mirusių gentainių audinius [12].

1.1. Alzheimerio liga 

Alzheimerio liga (AL) šiuo metu yra labiausiai paplitusi demencijos rūšis, 
kurią galima apibūdinti kaip ilgainiui progresuojančią neurodegeneracinę ligą.  
– Ji yra gyvenimo kokybę bloginantis sutrikimas, dėl kurio suprastėja 

atmintis, kamuoja nemiga, sutrinka orientacija, sunku atlikti kasdienes 

užduotis [13]. Šiai ligai būdingas patologinis požymis - senilinių plokštelių 
(dar vadinamų dendritinėmis, neuritinėmis arba amiloidinėmis plokštelėmis) 
ir neurofibrilinių raizginių (NFT) kaupimasis smegenyse [14]. Amiloidinės 

plokštelės sudarytos iš 40-42 aminorūgščių peptido, vadinamo amiloidu β 
(Aβ), agregatų. Šis peptidas gaunamas iš didelio transmembraninio amiloido 
pirmtako baltymo (APP), kurį skaldo fermentai, vadinami β- ir γ-sekretazėmis 
[15]. Jei Aβ išvengia proteolitinio skaidymo procesų, tikėtina, kad Aβ 
oligomerai ir senilinės plokštelės ekstraląstelinėje erdvėje formuojasi dėl 
didėjančios peptido koncentracijos [18]. Manoma, kad Aβ oligomerai gali 
sukelti daugybę žalingų pokyčių smegenyse, pavyzdžiui, sutrikusią Ca2+ 

homeostazę, plastiškumo disfunkciją, aberantinį Tau fosforilinimą, oksidacinį 
stresą, atsparumą insulinui, aksoninio transporto slopinimą ir kitus procesus 
[19]. Be to, Aβ42 oligomerai gali sąveikauti su įvairiais ląstelių paviršiaus 
receptoriais ir patekti į ląstelę, sukeldami endoplazminio tinklo stresą ir 
mitochondrijų kaspazių aktyvaciją. Tai paskatina su mikrovamzdeliais 

susijusio baltymo Tau išsiskyrimą ir jo agregaciją į neurofibrilinius raizginius 

[20]. 

Manoma, kad padidėjusi Aβ gamyba yra pagrindinė Alzheimerio ligos 
priežastis. Svarbu pažymėti, kad Aβ peptidas susidaro iš kelių izoformų. 
Labiausiai paplitę yra 40 ir 42 aminorūgščių ilgieji peptidai (atitinkamai Aβ40 

ir Aβ42). Nors Aβ40 yra gausiausia iš visų izoformų, ji mažiau linkusi agreguoti 
nei Aβ42. Pastebėta, kad sumažėjusi abiejų peptidų koncentracija ir Aβ42/40 
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santykis smegenų minkštime galėtų būti naudingas biomarkeris diagnozuojant 

Alzheimerio ligą iki pasireiškiant pirmiesiems simptomams [21,22].  

 

1.2.Parkinsono liga 

Antrasis pagal dažnumą neurodegeneracinis sutrikimas yra Parkinsono 

liga (PL). PL yra susijusi su amžiumi, o jai būdingi simptomai yra tremoras, 

sustingimas, judesių lėtumas, miego sutrikimai, depresija ir kognityviniai 
pokyčiai [23]. Patologiniu PL požymiu laikomas nenormalių baltymų 
sankaupų, vadinamų Lewy kūneliais (angl. Lewy bodies), kaupimasis [24]. 

Pagrindiniai šių kūnelių komponentai yra α-sinukleino (aSyn) agregatai [25]. 

Nors tiksli aSyn funkcija nežinoma, šis baltymas ir jo mutacijos yra tiesiogiai 
susijusios su ligos pradžia [26].  

 

2. Neurodegeneracinių ligų gydymas 

 

Nors neurodegeneraciniai sutrikimai yra gyvybei pavojingos ligos,  kasmet 

diagnozuojamos vis naujiems pacientams [29,30], joms gydyti labai svarbūs 

ligos eigą modifikuojantys vaistai. Ieškant potencialių preparatų, atlikta daug 

įvairių tyrimų, vertinant galimus kandidatus ir jų terapijos taikinius, įskaitant 
su liga susijusių peptidų ir (arba) baltymų gamybą, neteisingą aminorūgščių 
susilankstymą ir agregaciją, neurotoksiškumą, uždegimą ir kt. [31,32].  

Vien 2022 m. klinikiniuose tyrimuose buvo vertinti 143 potencialūs 
medikamentai AL gydyti [33], tačiau nepaisant neatidėliotino vaistų poreikio, 
tik labai nedidelė dalis tokių tyrimų yra sėkmingi ir pereina antrąjį ar trečiąjį 
klinikinių tyrimų etapą [34-38].  

2.1. Vaistų kūrimas prieš AL 

Dėl nepakankamo dabartinių ligą modifikuojančių vaistų veiksmingumo 
dedama daug pastangų siekiant sukurti naujus preparatus, kurie sulėtintų ar 
sustabdytų Alzheimerio ligos progresavimą ar net panaikintų šios ligos 
pradžioje atsiradusius padarinius [42]. Šiuo metu ieškomi ir kuriami nauji 

vaistai, įskaitant terapiją, nukreiptą į du pagrindinius patologinius AL 

aspektus - Aβ peptidą ir tau baltymą [43]. 

Gydymas nuo Aβ patologijos [16,39,42,44-50]: 

• Aβ gamyba gali būti stabdoma slopinant β- ir γ-sekretazes, kurios 

skaldo APP ir generuoja Aβ monomerus.  

• Anti-amiloidiniai preparatai gali slopinti Aβ agregaciją. Idealiu 
atveju tokios molekulės prisijungtų prie Aβ, neleisdamos peptidui 
formuoti oligomerų ir agreguoti. 
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• Aktyvioji ir pasyvioji imunoterapija, skatinanti antikūnų, 
specifiškai nukreiptų prieš Aβ daleles, gamybą. Tai apima 
vakcinas arba tiesioginį monokloninių antikūnų, kurie jungiasi su 
Aβ monomerais, oligomerais ir (arba) agregatais, patekimą į 
organizmą. 

Gydymas nuo Tau patologijos [39,42,45-48,50,51]: 

• Tau baltymas agreguoja po to, kai jis yra hiperfosforilinamas. Šio 
proceso slopinimas, nukreiptas į glikogeno-sintetazės-kinazę-3β, 
kuri atlieka svarbų vaidmenį Tau hiperfosforilinimo (p-Tau) 

procese, turėtų užkirsti kelią tau agregacijai ir jo 

neurotoksiškumui. 

• Molekulės, stabilizuojančios ir užkertančios kelią tau agregacijai. 

• Stabilizuojant mikrovamzdelius, kurie yra destabilizuojami po tau 

fosforilinimo. Taip būtų galima sumažinti išsiskiriančio p-Tau 

kiekį. 
• Aktyvioji ir pasyvioji imunoterapija prieš patogenines tau baltymo 

formas. 

 

2.2. Polifenolių naudojimas amiloidinių ligų gydymui 
 

Visada buvo manoma, kad natūralūs junginiai turi pranašumą teikiant 
naudą sveikatai ir gydant ligas [52-54]. Viena iš tokių kategorijų yra 
polifenolinių junginių grupė. Jų gausu gamtoje ir randama įvairiuose 
vaisiuose, daržovėse, prieskoniuose, žolelėse ir gėrimuose. Taip pat įrodyta, 
kad jie pasižymi antiamiloidinėmis savybėmis, nes gali slopinti įvairius 
baltymų agregacijos procesus [55]. Iš visų polifenolių labiausiai žinomas yra 
epigalokatechino-3-galatas (EGCG). Šis katechinas slopina Aβ, aSyn ir kitų 
baltymų agregaciją, taip pat manoma, kad jis suardo jau susidariusias 
amiloidines fibriles [56-59]. Be to, pastebėta, kad panašiomis savybėmis 
pasižymi ir galo rūgštis (GA), kuri yra tiesioginis EGCG hidrolizės produktas 
[60-62]. Nepaisant nepaprastai gerų EGCG in vitro tyrimų rezultatų, šis 
preparatas nepraėjo klinikinių tyrimų [63,64]. Kiti polifenoliai, kurie naudoti 

klinikiniuose tyrimuose, buvo kurkuminas, liuteolinas, kvercetinas ir 

resveratrolis [63]. 

Nustatyta, kad EGCG autoksidacija vyksta esant neutraliam ar 

aukštesniam pH. Šis procesas yra susijęs su cheminėmis molekulės 
modifikacijomis. Šneideris ir bendraautoriai įrodė, kad EGCG nepasižymi 
antiamiloidinėmis savybėmis prieš insulino agregaciją esant žemam pH (kai 
polifenolis yra stabilus), tačiau jei molekulė inkubuojama esant fiziologiniam 
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pH (7,4), gautas mišinys įgyja stiprų slopinamąjį poveikį [56]. Nors šios 
cheminės modifikacijos pastebimos in vitro tyrimuose, tačiau vis dar nėra 
tikslių įrodymų, patvirtinančių šių esminių pokyčių atsiradimą in vivo 

(žmonėse). Tai reiškia, kad nėra jokios garantijos, jog vaistas veiks, ir tai gali 
būti priežastis, kodėl polifenolių klinikiniai tyrimai buvo nesėkmingi. 

 

3. Baltymų agregacija 

 

Neurodegeneracinių ligų atsiradime ir progresavime dalyvaujančių peptidų 
ir baltymų agregacijos procesas yra sudėtingas. Kiekvienas baltymas skiriasi 
polipeptidine seka, dydžiu ir konformacija. Tai turėtų lemti skirtingus 
kiekvieno tipo molekulių agregacijos mechanizmus. Tačiau pagrindiniai šių 
procesų skirtumai yra susiję su pradine struktūra arba konformacija 
(netvarkingos struktūros, globuliniai arba funkciniai peptidai ir baltymai), o 

bendrą agregacijos procesą galima supaprastinti [65]. Didžiosios dalies 
baltymų agregacijos mechanizmai yra panašūs, dėl to, kad jie formuoja 

giminingos struktūros fibrilinius agregatus [66]. 

 

3.1. Baltymų agregacijos mechanizmas 

 

Peptidų ar baltymų jungimasis į fibrilinius agregatus vyksta keliais 
pagrindiniais etapais. Pirmajame etape molekulės pereina iš natyvios formos 

į agregacijai palankią konformaciją (nebent baltymas jau yra netvarkingos 
struktūros).  

Antrasis mechanizmo etapas apima procesą, kurio metu agregacijai 
linkusios dalelės kaupiasi į agregacijos branduolius. Šis procesas paprastai 
vadinamas branduolių susidarymu ir laikomas agregaciją ribojančiu etapu. Jo 
metu agregacijai linkusios molekulės (toliau vadinamos monomerais) 
sąveikauja tarpusavyje ir patiria struktūrinius pokyčius, suformuodamos 
hidrofobines sritis, turinčias kryžmines β-klostes. Didėjant monomerų kiekiui, 
branduolys tampa stabilus; todėl terminas branduolys laikomas mažiausia 
agregato forma, kai monomerų įtraukimas yra labiau tikėtinas nei monomerų 
praradimas [71]. Monomerų skaičius branduolyje gali skirtis priklausomai 

nuo agreguojančio baltymo / peptido; ir gali prasidėti nuo vieno ar tik kelių 
monomerų [72,73]. Labai svarbu paminėti, kad monomerų kaupimasis gali 
lemti antrinį kelią, kuris baigiasi amorfinių agregatų susidarymu. 

Branduolių susidarymo procesą riboja molekulių sąveikų skaičius ir 
reakcijos laikas, kurio reikia branduoliams susidaryti. Agregacijos tyrimas in 

vitro gali būti pagreitintas įvairiais veiksniais, turinčiais įtakos minėtiems 
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procesams. Sąveiką tarp molekulių (susidūrimų skaičių) galima padidinti 

veikiant difuzijos procesą (pvz., keliant temperatūrą), didinant monomerų 
koncentraciją mėginyje ir paveikiant mišinį mechaniškai (pvz., maišant) [66]. 
Kartu reakcijos greitį kontroliuoja molekulių energija mėginyje (pvz., 
reguliuojama temperatūra), elektrolitų koncentracija (pvz., elektrolitai 
padengia peptido / baltymo paviršių) ir turi tiesioginę priklausomybę nuo 
ligando koncentracijos (pvz., heparinas skatina tau agregaciją) [74].  

Susidarius branduoliui, vyksta tolesnis agregacijos etapas, vadinamas 

ilgėjimu, kurio metu yra stebimas ir jam atvirkštinis procesas – disociacija. 

Vykstant šiai grįžtamajai reakcijai, branduolys prisijungia monomerus, tuo pat 
metu paversdamas juos identiškais branduolio konformacijai. Taip branduolys
linijiniu būdu auga į fibriles, o tai reiškia, kad fibrilė prisijungia monomerus 
tik jos galuose [66,74,75]. 

Be minėto pirminio agregacijos mechanizmo, antriniai procesai gali vykti 
ilgėjimo fazėje, kai vyksta fibrilių fragmentacija ir paviršiaus katalizuojamas 

branduolių susidarymas. Fragmentacija įvyksta, kai fibrilė suskyla į 
trumpesnius fragmentus, todėl padidėja galų skaičius. Paviršiaus 
katalizuojamas branduolių susidarymas (kartais vadinamas antrine nukleacija) 

vyksta fibrilių paviršiuje ir inicijuoja toksiškų branduolių ir (arba) oligomerų 
susidarymą demencijos progresavimo metu [66,76].  

 

 

3.2. Baltymų agregatų polimorfizmas 

 

Identišką aminorūgščių seką turinčio polipeptido agregacija gali lemti 

skirtingų fibrilių susidarymą, kurios pasižymi savita β struktūros konformacija 
galutinėje agregato formoje [77]. Polimorfizmo poveikis gali pasireikšti esant 
skirtingiems aplinkos veiksniams arba net esant vienodoms reakcijos 

sąlygoms [78]. Paprastai specifinės konformacijos susidarymas yra susijęs su 
branduolių susidarymo procesu, po kurio seka daug greitesnis ilgėjimo 
procesas. Ilgėjimas laikomas šabloniniu procesu, kurio metu monomeras 
paveldi tą pačią antrinę struktūrą kaip ir fibrilė. Tačiau yra tikimybė, kad 
agregacijos metu susidarys du ar daugiau skirtingi branduolių tipai, dėl kurių 
mišinys taps heterogenišku [79]. 

Dauguma fibrilių geba šablonizuoti savo struktūrą, jei reakcijos mišinyje 
yra monomero. Tačiau esant labai mažai fibrilių koncentracijai ir dėl reakcijos 
aplinkos sulėtėjus ilgėjimo procesui, paviršiaus katalizuojamas antrinis 
branduolių susidarymas gali lemti unikalios antrinės struktūros fibrilių 
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susidarymą. Tai reiškia, kad antrinė nukleacija yra ne šabloninis procesas, o 

veikiau katalizė, kuri gali turėti įtakos skirtingų konformacijų fibrilių  
formavimuisi [80,81]. 

 

3.3.Slopinimo mechanizmas 

 

Baltymų agregacijos mechanizmas yra labai svarbus ieškant vaistų 
neurodegeneracinių ligų gydymui, nes slopiklio molekulės gali ne tik 

sustabdyti procesą, bet ir pakeisti baltymo agregacijos kelią. Todėl kyla 
keletas klausimų, kai vertinami inhibitoriai: 1) kas yra slopiklio taikinys 

(monomeras, oligomeras, fibrilė), 2) koks yra slopinimo mechanizmas ir 3) 
kaip slopiklis veikia agregatų sukeliamą toksiškumą ląstelėms? Į dalį minėtų 
klausimų galima atsakyti remiantis agregacijos kinetikos duomenimis, gautais 

analizuojant skirtingas monomero ir inhibitoriaus koncentracijas. Inhibitorius 

gali sąveikauti su monomeru (pvz., stabilizuoti monomerą), oligomeru (pvz., 
stabilizuoti oligomerą), branduoliu (pvz., riboti ilgėjimą, paviršiaus katalizę) 
ir fibrile (pvz., riboti ilgėjimą, paviršiaus katalizę ir fragmentaciją) [71,82]. Jei 
taikinys yra monomeras arba oligomeras, gali būti paveiktas nukleacijos 

procesas, sulėtinant pirminį branduolių formavimą. Tuo tarpu, jeigu 

inhibitorius sąveikauja su branduoliais arba fibrilėmis, pakinta ilgėjimo, 
antrinės nukleacijos ir fragmentacijos procesai, kuriuos galima suprasti tik 
taikant matematinius modelius [82]. 

 

4. Šiame darbe naudoti baltymai 

 

4.1.Amiloidas-β 

 

Aβ agregacija žmonių organizme sukelia Alzheimerio ligą. 40-42 

aminorūgščių peptidas atsiranda iš amiloido pirmtako baltymo ir agreguoja 
tarpląsteliniame skystyje [121]. Aβ gali formuoti skirtingo tipo sankaupas – 

oligomerus, protofibriles ir fibrilinius agregatus. Šis peptidas sudaro 

agregatus, pasižyminčius tiek paralelinėmis, tiek anti-paralelinėmis beta 
klostėmis. Dėl to yra randami skirtingos struktūros (konformacijos) baltymo 
agregatai [122]. Dažniausios Aβ peptido formos, kurios naudojamos atliekant 

in vitro tyrimus, turi 40 ir 42 aminorūgštis. 
Šio peptido izoformų sintezė gali būti sintetinė arba bakterijose 

(rekombinantinė).  Kiekviena iš jų turi teigiamų ir neigiamų aspektų. Nors 
sintetinį Aβ galima išgryninti aukšto grynumo, prieš tolimesnius tyrimus 
peptidą reikia paveikti 1% NH4OH [126], 10 mM NaOH [126] ar net 
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organiniais junginiais (1,1,1,3,3,3-heksafluoro-2-propanoliu)[125]. Tai yra 

daroma tam, kad išvengti bet kokių užsilikusių Aβ oligomerinių formų 
pradiniame mėginyje. Nors tokia metodika yra gera, bet yra tikimybė, kad 
šarmais ar organiniais junginiais paveiktas peptidas gali būti pakitęs [128]. 
Tam, kad išvengti tokių problemų, yra naudoja dydžio atskyrimo 
chromatografija (tipiškai rekombinantinio baltymo gryninimo metu). 
Baltymas yra tirpinamas didelės koncentracijos denatūranto tirpale ir tada yra 

atskiriamas pagal dydį nuo bet kokių užsilikusių oligomerinių formų [129]. 
Yra žinoma, kad Aβ42 rekombinantinė forma greitai agreguoja 37 ̊C 

temperatūroje, per valandą suformuojant fibriles net ir esant labai mažai 
peptido koncentracijai [76].

 

4.2.α-sinukleinas

 

aSyn yra labiausiai paplitęs baltymas Parkinsono ligos patogenezėje. Dėl 
aplinkos veiksnių arba skirtingų jį koduojančio geno SNCA mutacijų, šis 
baltymas sudaro įvairius agregatus, kurie pasižymi skirtingomis 

morfologinėmis savybėmis, antrinės struktūros konformacijomis ir toksišku 

poveikiu ląstelėms [130]. In vitro aSyn agreguoja daug lėčiau nei Aβ, todėl jis 
agreguojamas daug didesnėmis koncentracijomis ir dažnai maišant. Nustatyta, 
kad aSyn gali sudaryti skirtingas fibrilių konformacijas tomis pačiomis 
reakcijos sąlygomis, ypač esant mažesnei baltymo koncentracijai (50-100 

µM) ir mažesnei buferinio tirpalo joninei jėgai [131]. 

 

4.3.Insulinas 

 

Insulinas yra natūralus hormonas, kuris atlieka svarbų vaidmenį 
reguliuojant cukraus ir riebalų kiekį. Jį sudaro trys alfa spiralės sritys ir dvi 
peptidinės grandinės, sujungtos disulfidinėmis jungtimis [132]. Dėl didelio 
prieinamumo ir santykinai nedidelės kainos insulinas yra vienas iš geriausiai 
ištirtų baltymų biologijoje ir naudojamas kaip modelis įvairiose mokslo 
disciplinose, įskaitant baltymų agregacijos tyrimus [133-135]. Jis taip pat 

naudojamas baltymų agregacijos mechanizmams tirti bei siekiant atrasti 

slopiklius prieš insulino sukeltas amiloidozes [56,96,136,137]. Pavyzdžiui, šis 
baltymas buvo naudojamas tiriant įvairių agregacijos veiksnių, tokių kaip 
temperatūra, pH ir kitos reakcijos mišinio sąlygos, vaidmenį [114].  

Iš daugybės skirtingų sąlygų, kurios yra naudojamos insulino agregacijai 

tirti, geriausiai žinomas yra insulino fibrilių formavimasis esant žemam pH 
[114]. Didelis kinetinių eksperimentų patikimumas ir sigmoidinės formos 
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kreivės tokiomis rūgščiomis reakcijos sąlygomis leidžia supaprastinti baltymų 
agregaciją ir slopinančių molekulių paiešką [71]. Viena iš insulino agregacijos 
slopinimo galimybių - naudoti mažas molekules, pavyzdžiui, trumpus 
peptidus, chemiškai susintetintus junginius ir net antioksidantus, galinčius 
sąveikauti su insulinu ir užkirsti kelią jo agregacijai [120,138]. Be to, šis 
baltymas gali būti naudojamas tiriant slopinamąjį poveikį molekulių, kurios 
nėra stabilios neutraliomis ar fiziologinėmis sąlygomis [56]. Pavyzdžiui, jei 
molekulė autoksiduojasi arba skyla į skirtingas struktūras aplinkoje, kurioje 
yra didelė hidroksilo jonų koncentracija, galima užkirsti kelią tolesnei 
konversijai naudojant žemo pH sąlygas [139]. Taip galima suprasti pradinių, 
tarpinių ir galutinių produktų poveikį agregacijai. Surinkta informacija gali

būti panaudota kuriant naujas, stabilias molekules, kurios gali dalyvauti 
insulino slopinimo procese [140]. 

 

METODAI 

 

5.1. Baltymų gryninimas 

 

Dėl santykinai didelės komerciškai prieinamų peptidų/baltymų kainos ir 
būtinybės užtikrinti aukštą eksperimentų atkartojamumą, rekombinantinių 
peptidų/baltymų biosintezė ir gryninimas laikomi geriausiu pasirinkimu, 

atliekant baltymų agregacijos ir jų slopinimo tyrimus. Šiame darbe 
aprašytuose eksperimentuose Aβ42 ir aSyn buvo sintetinami BL21-star 

ląstelėse, naudojant ekspresijos vektorius, kaip aprašyta anksčiau išleistame 

straipsnyje [141].  

Aβ42 buvo išgrynintas naudojant jonų mainų chromatografijos ir 

gelfiltracijos metodus. Siekiant užtikrinti patikimą eksperimentinę procedūrą, 
buvo labai svarbu  išvengti peptido agregacijos gryninimo proceso metu ir 

prieš atliekant kinetinius tyrimus atskirti bet kokias galimas oligomerines 
formas nuo monomero. Dėl šios priežasties gelfiltracijos procesas buvo 

pakartotas du kartus. 

aSyn yra termostabilus, todėl iš pradžių buvo gryninamas naudojant 
aukštos temperatūros vandens vonelę (80 laipsnių Celsijaus), kad būtų 
denatūruota didelė baltymų dalis. Vėliau baltymas nusodintas naudojant 42 % 
sotųjį amonio sulfato tirpalą. Tai buvo padaryta siekiant sumažinti 
nukleorūgščių kiekį mėginyje. Tada buvo atlikta jonų mainų ir dydžio 
išskyrimo chromatografija. Po dializės baltymai buvo liofilizuoti  lakiame 

amonio bikarbonato buferiniame tirpale. Prieš kinetinius eksperimentus aSyn 
milteliai buvo ištirpinti reakcijos buferiniame tirpale ir nufiltruoti. 
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5.2. Baltymų agregacija 

 

Baltymų agregacija buvo stebima naudojant fluorescencinį dažą tioflaviną-

T (ThT). ThT turi aiškų sugerties maksimumą (λ = 412 nm), bet kai jis 
prisijungia prie fibrilinių agregatų, jo sugerties maksimumas pasislenka į 440-

450 nm bangos ilgio diapazoną. Be to, ThT prisijungus prie fibrilinių agregatų, 

molekulė yra stabilizuojama ir dėl to padidėja jos fluorescencijos 

intensyvumas (λ = 480-490 nm) [84]. Tai leidžia stebėti amiloidinių fibrilių 
formavimąsi ir augimą laike. 

 

5.3. Kinetinių duomenų analizė 

 

Kinetinių duomenų analizė yra labai svarbi procedūra, padedanti geriau 
suprasti baltymų agregacijos procesą. Šiame darbe duomenys buvo 
analizuojami naudojant Origin programinę įrangą, kurioje Boltzmanno lygties 

funkcija buvo naudojama kinetinėms kreivėms sulyginti ir nustatatyti 

agregacijos puslaikio vertes [142]. Šie parametrai leido palyginti, kaip 

inhibitoriai veikia agregacijos procesą.  
Tolesnė agregacijos analizė atlikta taikant globalią aproksimaciją. Ši 

matematinė procedūra leidžia apskaičiuoti agregacijos mechanizmo 

parametrus. Tam pasiekti yra būtina atlikti agregacijos kinetikos tyrimus, 
esant skirtingoms baltymo koncentracijoms ir taikyti atitinkamus modelio 

žingsnius. Gautas modelis suteikia informaciją apie pirminį branduolių 
susidarymą,  fibrilių ilgėjimą, fragmentaciją ir antrinę nukleaciją. Tačiau iš 
gaunamų konstantų negalima daryti išvadų. Kiekviename žingsnyje  susidaro 
fibrilių galai (pirminė ir antrinė nukleacija, fragmentacija), kurie turi įtakos 
ilgėjimo greičiui, todėl, norint palyginti skirtingus agregacijos mechanizmų 
procesus, reikia kiekvieną konstantą padauginti iš elongacijos. Galiausiai, 

sudauginus konstantas, gaunamos kombinuotos greičio konstantos (pirminė 

nukleacija - elongacija, elongacija - antrinė nukleacija ir elongacija - 

fragmentacija), kurios leidžia palyginti skirtingų agregacijos mechanizmų 
pirminės ir antrinės nukleacijos bei fragmentacijos greičius [71,136]. 

 

5.4. Baltymų slopinimo tyrimai 
 

Baltymų agregacijos slopinimo efektas yra įvertinamas keliais skirtingais 
būdais. Pavyzdžiui, galima nustatyti baltymų agregacijos kinetinius 
parametrus, fibrilių antrinės struktūros ir morfologijos skirtumus, baltymą 
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agreguojant su inhibitoriumi ir be jo. Tačiau taip pat labai svarbu nustatyti 
inhibitoriaus stabilumą reakcijos tirpale tam, kad būtų išvengta antrinių 
procesų, kurie gali pakeisti agregacijos kinetinius parametrus ar susidarančių 
fibrilių struktūrą. Šiame darbe, baltymų slopinimo tyrimuose buvo 

naudojamos skirtingos inhibitorių molekulės, įskaitant galo rūgštį, EGCG, 64 

hidroksiflavonus ir fluorintą benzensulfonamidą (VR16-09). 

 

5.5. Polifenolinių molekulių autoksidacija ir atskyrimas 

 

Dalis šiame darbe naudotų polifenolinių molekulių savaime oksidavosi, jas 
inkubuojant neutraliame ir baziniame pH. Be EGCG, kuris, kaip žinoma, 
autoksiduojasi [56], buvo pasirinkti galo rūgštis ir įvairūs hidroksiflavonai, 
kurie taip pat gali autoksiduotis [139]. Siekiant nustatyti, kurios polifenolinės 
molekulės gali modifikuotis reakcijos sąlygomis, procesas buvo stebimas 

matuojant kiekvieno iš jų sugerties spektrą laike ir vertinant jų spektrų 

pokyčius. 
Autoksidacijos proceso rezultatas gali lemti vienos ar įvairių molekulių 

susidarymą [143,144]. Tam nustatyti buvo naudojama didelio efektyvumo 

skysčių chromatografija, kuri leido įvertinti autoksidacijos mišinio 
kompleksiškumą. Šio darbo metu didelės molekulinės masės molekulės buvo 
išskirtos iš 2‘,3‘-dihidroksiflavono oksidacijos mišinio koncentruojant mėginį 
membraniniais koncentratoriais (3 kDa riba).  

 

5.6. Atominės jėgos mikroskopija 

 

AJM yra vaizdavimo metodas, naudojamas baltymų agregatams 
vizualizuoti [145]. Šis metodas žinomas dėl didelės skiriamosios gebos, 
leidžiančios nustatyti įvairias fibrilinių agregatų ir kitų struktūrų, randamų ant 
žėručio, charakteristikas. Pradinės morfologinės savybės, tokios kaip aukštis, 
plotis, ilgis ir fibrilių susisukimo periodiškumas, gali būti naudojamos atskirti 

skirtingų tipų molekules tame pačiame arba skirtinguose mėginiuose [146]. 

AJM yra puiki priemonė matuoti inhibitoriaus poveikį susidariusiems 

agregatams. Ši metodika suteikia galimybę tirti pavienes molekules tame 
pačiame mėginyje, o tai padeda nustatyti polidispersiškumą ir susidariusių 
fibrilių polimorfizmą [99].  

 

5.7. Infraraudonųjų spindulių spektroskopija 
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FTIR spektroskopija yra galinga baltymų struktūros analizės priemonė. 
Šiuo metodu matuojama mėginio infraraudonųjų spindulių šviesos sugertis ir 

gaunama informacija apie molekulės antrinę struktūrą. Baltymų antrinės 
struktūros elementai įvertinami nustatant būdingus baltymo virpesių režimus, 
analizuojant amidų regionus. Labiausiai naudojamas yra amido I/I` regionas, 

kurio sugerties spektras yra maždaug nuo 1600 cm-1 iki 1700 cm-1 [147]. Šioje 
srityje spektras suteikia informacijos apie vandenilinių ryšių konfigūraciją, 
atspindinčią baltymų antrinės struktūros motyvus, pavyzdžiui, paralelines 

arba anti-paralelines β-klostes, alfa spirales ir nestruktūrizuotas peptidų sritis. 
Deja, FTIR spektroskopija neleidžia išskirti pavienių molekulių struktūrų, o 
veikiau suteikia molekulių konformacijų vidurkį [147,148]. Todėl FTIR
spektroskopija yra naudojama palyginti atskirų mėginių fibrilių struktūrinius 
panašumus ir skirtumus. 
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REZULTATŲ APŽVALGA 

 

6.1. Publikacija 1 

 

Galo rūgšties oksidacijos produktai keičia insulino amiloidinės 

agregacijos mechanizmą 
 

Tyrimo tikslas - nustatyti galo rūgšties ir jos oksidacijos mišinio 
slopinamąjį poveikį insulino agregacijos procesui. 

Rezultatai - atlikus eksperimentus su galo rūgštimi (GA) ir jos 

autoksiduota forma (GAO), paaiškėjo, kad ilgesnį laiką inkubuojant galo 
rūgštį neutraliame pH, pasikeičia mėginio spalva ir poveikis insulino 

agregacijai. GA neturėjo reikšmingos įtakos agregacijos puslaikiui ir insulino 

agregacijos mechanizmui. Vis dėlto slopinimo poveikis pasireiškė naudojant 
GAO, kuri pailgino agregacijos puslaikį, naudojant skirtingas slopiklio 

koncentracijas. Kinetinės konstantos gautos iš globalios aproksimacijos 
(pirminės branduolių susidarymo-ilgėjimo ir ilgėjimo-fragmentacijos) turėjo 
atvirkščią priklausomybę nuo GAO kiekio reakcijos mišinyje (kuo didesnė 
GAO koncentracija, tuo lėtesni nukleacijos ir fragmentacijos procesai). Abu 

junginiai (GA ir GAO) neturėjo įtakos kombinuotai ilgėjimo – antrinės 
nukleacijos greičio konstantai.  

Pridėjus GAO, pasikeitė insulino fibrilių agregacijos mechanizmas. Tai 

lėmė stipriai padidėjusį ThT fluorescencijos intensyvumą ir kitokią 
susidariusių fibrilių struktūrą, nustatytą FTIR metodu. AJM ir FTIR parodė, 
kad GAO neleidžia susidaryti LCF ir vietoje to pakeičia agregacijos 

mechanizmą susidarant HCF (žr. 3.2 skyrelį). 
Išvados - galo rūgštis neslopina insulino agregacijos žemame pH. Tačiau 

jei galo rūgštis yra iš anksto oksiduota, ji lėtina insulino agregacijos procesą, 

slopinant pirminį branduolių susidarymą ir fragmentaciją. 
 

6.2. Publikacija 2 

 

Nuo koncentracijos priklausomas insulino amiloidinės agregacijos 

polimorfizmas 

 

Tyrimo tikslas - išsiaiškinti nuo koncentracijos priklausantį insulino 
agregatų polimorfizmą rūgštinės reakcijos sąlygomis. 

Rezultatai - esant 200 - 400 μM koncentracijai, insulinas suformuoja 

fibriles, kurių ThT fluorescencijos intensyvumas yra santykinai mažas, o esant 
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800 - 1000 μM koncentracijai, ThT fluorescencijos intensyvumas yra daug 
didesnis (~10 kartų). Tai lemia susidariusios skirtingos konformacijos 

agregatai, kurie buvo pavadinti mažos koncentracijos (LCF) ir didelės 
koncentracijos (HCF) fibrilėmis. Šios fibrilės galėjo replikuoti savo 

konformaciją, kai buvo pridėta bent 1 % prieš tai suformuotų agregatų. Tačiau 
esant mažesnei pridėtų fibrilių koncentracijai, fibrilės nereplikavo struktūros, 
todėl šių agregatų FTIR spektras buvo panašus į susidariusių fibrilių 
konformaciją toje reakcijos aplinkoje. Naudojant AJM buvo pastebėta, kad 
LCF fibrilės yra mažesnės ir labiau išsibarsčiusios nei HCF.  

Išvados - dvi skirtingos insulino fibrilių konformacijos - LCF ir HCF - gali 

replikuoti savo struktūrą vykstant fibrilių ilgėjimo procesui (pridėjus didesnį
kiekį prieš tai suformuotų fibrilių). Šis procesas nevyksta esant mažesnei 
agregatų koncentracijai, todėl formuojasi nuo aplinkos priklausomi agregatai. 

 

6.3. Publikacija 3 

 

Autoksidacija pakeičia flavonų anti-amiloidines savybes 

 

Tyrimo tikslas - ištirti mono- ir polihidroksilintų flavonų autoksidacijos 
procesą ir nustatyti jų poveikį amiloido beta ir insulino fibrilizacijai. 

Rezultatai – inkubuojant flavonus pH 8 dalis jų oksidavosi. Pastarieji buvo 
suskirstyti į dvi dalis: (1) flavonus, turinčius gretimas hidroksilo grupes ir (2) 

flavonolius (3-hidroksiflavonus) be gretimų hidroksilo grupių.  
Insulino agregacija buvo stebima žemame pH, kai flavonai yra stabilūs, o 

Aβ42 agregacijos procesas buvo atliekamas tik su inkubuotais flavonais, tam 

kad išvengti šių junginių oksidacijos proceso agregacijos metu. Tik vienas iš 
64 tirtų neinkubuotų flavonų turėjo slopinantį poveikį insulino fibrilizacijos 

procesui, o po inkubacijos šis skaičius išaugo iki 23. Autoksidacijos procesas 

turėjo įtakos flavonų poveikiui insulino agregacijai, tačiau ne visi autoksidavę 
junginiai slopino šį procesą. Pavyzdžiui flavonoliai neslopino insulino 

fibrilizacijos proceso, jei jų struktūroje nebuvo gretimų hidroksilo grupių. 
Aβ42 atveju, gautas panašus rezultatas, susiejantis slopinamąjį poveikį su jų 
oksidacijos procesu. Vis dėlto inhibitorių skaičius buvo mažesnis - tik 13 

oksiduotų flavonų sulėtino Aβ42 agregacijos puslaikį. 
AJM vaizdai parodė, kad stipriausi inhibitoriai limpa prie fibrilių ir 

inicijuoja šių fibrilių sulipimą tarpusavyje. Ant žėručio rastų struktūrų aukščio 
pasiskirstymas parodė, kad tiek oligomerinės struktūros, tiek ir fibriliniai 
dariniai yra aukštesni už kontroliniame mėginyje stebėtas fibriles. FTIR 
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duomenys parodė galimą Aβ42 agregatų, susidariusių su oksiduotu 2',3'-
dihidroksiflavonu ir be jo, antrinės struktūros skirtumą. 

Išvados - flavonų autoksidacija yra pagrindinis veiksnys, dėl kurio jie 
slopina insulino ir Aβ42 agregaciją. Stipriausias inhibitorius buvo oksiduotas 
2',3'-dihidroksiflavonas, kuris abiejų baltymų agregacijos procesus sulėtino 
mažiausiai du kartus. AJM duomenys parodė, kad oksiduoti flavonai buvo 
prisijungę prie Aβ42 oligomerų ir fibrilių paviršiaus. 

 

6.4. Publikacija 4 

 

Polimerų, turinčių anti-amiloidinių savybių 2',3'-dihidroksiflavono 

autoksidacijos mišinyje tyrimas 

 

Tyrimo tikslas - ištirti 2‘3‘-dihidroksiflavono autoksidaciją ir išsiaiškinti, 
kokios dalelės mėginyje veikia baltymų agregacijos procesą. 

Rezultatai - Neoksiduoto 2'3'-dihidroksiflavono HPLC chromatogramoje 

buvo viena aštri smailė (pradinis junginys), o po autoksidacijos – daug 

smailių, kurios parodė įvairių skirtingas struktūras turinčių molekulių 
susidarymą. Atskyrus mėginį į oDHFLW ir oDHFHW frakcijas, pastarosiose 

buvo tik kelios smailės iš pradinio autoksidacijos mišinio, o viena iš jų buvo 
labai plati, primenanti eliuojančias įvairias polimerines molekules. 

ASyn fibrilizaciją slopino abi frakcijos, tačiau didesnis poveikis 

santykiniam agregacijos puslaikiui buvo stebimas, kai baltymas buvo 

agreguojamas su oDHFHW. Aβ42 atveju oDHFLW neturėjo jokios įtakos šio 
peptido fibrilizacijos procesui, o oDHFHW pailgino agregacijos puslaikį 
mažiausiai du kartus. Masių spektrometrijos tyrimai parodė keletą skirtingų 
masės ir krūvio santykio verčių, kurios svyravo nuo 400 iki 2000, o pastovus 
jų pasikartojimas buvo ~ 246,51 m/z. BMR spektrai papildomai padėjo 
atskleisti mėginio polidispersiškumą, o tai rodo, kad mišinyje yra įvairaus 

ilgio ir dispersiškumo polimerų. 
AJM vaizduose nustatytos suformuotos Aβ42 fibrilės. Esant slopikliui, 

agregatai matomi su prie jų prisijungusiomis apvalios formos struktūromis. 
Vien tik inhibitoriaus (oDHFHW) mėginio vaizdinyje buvo stebimos dalelės, 
kurių aukštis siekė iki 15 nm, o tai įrodo polimerų egzistavimą slopiklio 

mėginyje. 

Išvados - 2',3'-dihidroksiflavono autoksidacijos metu susidaro skirtingos 

molekulinės masės molekulės. oDHFHW frakcijoje rastos polidispersinės 

polimerinės molekulės pasižymėjo didžiausiu poveikiu Aβ42 ir aSyn 

agregacijos procesui.  
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6.5. Publikacija 5 

 

Pagrindiniai smegenų skysčio komponentai keičia amiloido beta 

agregacijos inhibitorių savybes 

 

Tyrimo tikslas - palyginti, kaip epigalokatechin-3-galatas ir VR16-09 

veikia Aβ42 agregaciją PBS ir dirbtiniame smegenų skysčio mišinyje (aCSF). 

Rezultatai - PBS tirpale oksiduotas EGCG padidino Aβ42 agregacijos 

puslaikį ~2 kartus, o VR16-09 neturėjo jokio pastebimo poveikio šiam 
parametrui. aCSF tirpale, oksiduotas EGCG pagreitino procesą, o VR16-09 

padidino agregacijos puslaikį daugiau nei du kartus. Aβ42 agreguojant aCSF, 

nustatytos ilgesnės fibrilės. Be to, aukštesnės fibrilės buvo rastos PBS (P > 

0,01), lyginant su aCSF, kai reakcijos mišinyje buvo VR16-09 slopiklis. 

Aβ42 agregaciją pagreitino Ca2+ ir Mg2+
 jonai, bet slopino žmogaus serumo 

albuminas (HSA) ir glutaminas. Visi aCSF komponentai didino VR16-09 

poveikį agregacijai, išskyrus glutaminą. Globalaus matematinio modelio 

duomenys rodo, kad VR16-09 lėtina pirminio branduolių susidarymo procesą 
ir kad šį poveikį dar sustiprina tirpale esantis HSA. Be to, VR16-09 pagreitino 

antrinę nukleaciją, o HSA šį poveikį sumažino. Taip pat, HSA mažino fibrilių 
fragmentaciją, esant inhibitoriui arba be jo.  

Išvados - Aβ42 agregacija aCSF tirpale vyksta lėčiau nei PBS buferiniame 

tirpale. Šį poveikį lemia aCSF komponentų derinys. Abiejų inhibitorių 
poveikis Aβ42 agregacijai šiuose reakcijos mišiniuose buvo skirtingas. aCSF 

tirpale EGCG neturėjo slopinamojo poveikio, tuo pat metu, VR16-09 turėjo 
ryškų poveikį Aβ42 agregacijos procesui. Remiantis globalios aproksimacijos 

duomenimis, HSA sulėtino fragmentaciją ir antrinę nukleaciją (kai yra VR16-

09), o VR16-09 lėtino pirminės nukleacijos ir greitino antrinės nukleacijos 
procesus. 
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IŠVADOS IR ATEITIES PERSPEKTYVOS 

 

Atlikus išsamią baltymų agregacijos slopinimo tyrimų analizę naudojant 
polifenolines molekules, padarytos kelios išvados. Pirma, hidroksiflavonų 
autoksidaciją apibrėžia jų struktūra – oksiduojasi tik tie hidroksiflavonai, 

kurių struktūroje yra gretimos hidroksilo grupės arba hidroksilo grupė 3 
pozicijoje (3-hidroksiflavonai). Antra, galo rūgštis ir hidroksiflavonai neturi 
jokio slopinamojo poveikio insulinui ir Aβ42, jeigu jie nėra oksiduoti. Vis dėlto 
yra keletas išimčių, pavyzdžiui, flavonoliai, neturintys gretimų hidroksilo 
grupių, 3,3',4'-trihidroksiflavonas, bei 6,7,3',4'-tetrahidroksiflavonas. 

Galiausiai, vykstant 2',3'-dihidroksiflavono autoksidacijai, susidaro daugybė 
skirtingų molekulių, iš kurių polimerai yra pagrindiniai agregaciją slopinantys 
junginiai.  

Tiriant Aβ42 agregaciją ir šio proceso slopinimą PBS ir aCSF tirpaluose, 

paaiškėjo, kad slopinančių molekulių atranka in vitro yra labai jautri reakcijos 

mišiniui. Oksiduoto EGCG ir VR16-09 poveikis buvo skirtingas PBS ir aCSF. 

Oksiduotas EGCG prarado slopinimo poveikį, o VR16-09 tapo geresniu 

slopikliu vykdant reakciją aCSF. Taip pat, didžioji dalis aCSF komponenčių 
padidino VR16-09 poveikį Aβ42 agregacijos procesui. 

Atsižvelgiant į visus rezultatus, akivaizdu, kad baltymų agregacijos 
slopinimo tyrimų metu reikia analizuoti ne tik tiriamojo baltymo fibrilizacijos 
procesą, bet kartu ir inhibitorių būseną bei jų elgseną artimose fiziologijai 
sąlygose. Šios išvados leis tinkamai formuoti mūsų dabartinius tyrimus ir 
panaudoti šias žinias ateities studijoms. 
 

Išvados: 

1. Galo rūgštis neturi poveikio insulino agregacijai, tuo tarpu, jos oksiduota 
forma slopina insulino fibrilizaciją ir pakeičia šio proceso mechanizmą. 

2. Hidroksiflavonai neslopina Aβ42 ir insulino agregacijos, nebent šie 
junginiai turi gretimas hidroksigrupes ir autoksiduojasi. 

3. 2‘3‘-dihidroksiflavono audoksidacijos proceso metu formuojasi 

degradacijos ir polimerizacijos produktai, iš kurių polimeriniai dariniai 
slopina Aβ42 ir α-sinukleino agregacijos procesus. 

4. Epigalokatechin-3-galato ir fluorinuoto benzensulfonamido poveikis 

Aβ42 agregacijos procesui yra reikšmingai paveikiamas pagrindinių 
smegenų skysčio komponenčių, iš kurių didžiausią poveikį turi žmogaus 
serumo albuminas. 
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Gallic acid oxidation products alter 
the formation pathway of insulin 
amyloid��brils
Andrius Sakalauskas, Mantas Ziaunys & Vytautas Smirnovas*

Amyloidogenic�protein�assembly�into�insoluble��brillar�aggregates�is�linked�with�several�
neurodegenerative�disorders,�such�as�Alzheimer’s�or�Parkinson’s�disease,�a�ecting�millions�of�people�
worldwide. The search for a potential anti-amyloid drug has led to the discovery of hundreds of 

compounds,�none�of�which�have�passed�all�clinical�trials.�Gallic�acid�has�been�shown�to�both�modulate�
factors�leading�to�the�onset�of�neurodegenerative�disorders,�as�well�as�directly�inhibit�amyloid�
formation.�However,�the�conditions�under�which�this�e�ect�is�seen�could�lead�to�oxidation�of�this�
polyphenol,�likely�changing�its�properties.�Here�we�examine�the�e�ect�of�gallic�acid�and�its�oxidised�
form on the aggregation of a model amyloidogenic protein–insulin at low pH conditions. We show

a�vastly�higher�inhibitory�potential�of�the�oxidised�form,�as�well�as�an�alteration�in�the�aggregation�
pathway,�leading�to�the�formation�of�a�speci�c��bril�conformation.

Protein aggregation into highly-structured, beta-sheet rich �brils is associated with multiple neurodegenerative 
disorders, such as Alzheimer’s, Parkinson’s or prion  diseases1,2. �e prevalence of these diseases is of utmost 
concern, as there is currently no available drug or e�ective  treatment3. As of right now, there are various poten-
tial antibodies, peptides, naturally occurring polyphenolic molecules and other compounds with either direct 
or indirect anti-amyloid  activity3–5. However, a large portion of them are either in initial trials or do not work 
in vivo and most have not passed the third clinical trial stage6.

Tea extracts are known for their bene�cial e�ects on health and a wide variety of compounds present in them 
have been shown to possess anti-amyloid properties, with one of them being gallic acid (GA)7,8. �is simple 
polyphenol is considered to be able to not only mediate the factors leading to neurodegenerative diseases, such 
as oxidative stress or in�ammation, but also to directly inhibit the formation of amyloid  �brils9–22.

In these experiments, one of the methods used to track the existence or formation of amyloids is an amyloi-
dophilic dye molecule–thio�avin-T (�T), which �uorescence emission intensity increases signi�cantly when it 
binds to the beta-sheet grooves on the surface of amyloid  �brils23. In some cases, where GA or other polyphenolic 
compounds displayed a reduction in �T �uorescence, additional examinations by alternative methods, such 
as transmission electron microscopy, revealed that such a �uorescence inhibition may be related to interfer-
ence between the dye and  inhibitor24. �is could be the result of either �uorescence quenching due to molecule 
interactions or as an inner �lter e�ect, because of the absorbance of �T emissions by the  inhibitor25. Despite 
this, multiple reports consider the reduction of �T �uorescence as inhibition of  aggregation10–12,14,16,17,19,22,26.

�e e�ect of GA is also usually determined in neutral pH both in vitro and in vivo11,12,16,17,19,20,26. And it is 
known that it is capable of undergoing oxidation at neutral and higher  pH26–29. One report demonstrated that 
when this process is carried out at pH 7.4, a o-quinone is produced and changes in the solution’s absorbance 
spectra can be  observed26. In another instance, incubation of GA at neutral pH lead to the formation of a gallic 
acid  dimer30. Oxidation at highly basic conditions was shown to yield ellagic  acid31. �e varying reports make 
it highly likely that when GA is incubated under neutral conditions, the product may be a mixture of two or 
more di�erent compounds.

It was shown for other natural polyphenolic compounds, such as EGCG, that oxidation alters their anti-
amyloid e�ects in a positive  way32,33. �e appearance of new oxidised GA forms could result in the modulation 
of di�erent aggregation pathways, as well as have higher or lower aggregation inhibition or �bril disassembly 
potential. In addition, it was shown that during auto-oxidation, some of the reactions could lead to the forma-
tion of hydrogen  peroxide34. �is could, in turn, result in the hydroxylation of �T and cause the previously 
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mentioned reduction in �uorescence  intensity35. All of these factors may lead to a false interpretation of the 
inhibitory potential of GA; therefore, its e�ect requires further analysis.

A commonly used model protein to examine anti-amyloid compound activity is  insulin36. �e majority of 
insulin aggregation studies are carried out at low pH  conditions14,37–40, with some being conducted at neutral 
 pH41,42. Depending on the acidity of the solution, insulin can exist as a monomer, dimer, tetramer or  hexamer43. 
�is greatly complicates matters when attempting to �t experimental data to an aggregation model, as it needs 
to account for the formation and existence of these non-monomeric assemblies, which can even directly a�ect 
the aggregation  process44. It is known that insulin exists as a monomer in a 20% acetic acid  solution43, which 
negates the need for the model to account for any oligomeric forms and it can be broken down into four basic 
steps, which include primary nucleation, �bril elongation, secondary nucleation on the surface of �brils and 
fragmentation of  aggregates45. We have also recently reported that when insulin is aggregated in a 20% acetic acid 
solution, it forms two distinct �bril conformations, based on the initial concentration of the  protein46. Fibrils, 
formed at low protein concentration (further referred as low concentration �brils or LCF) are short, dispersed 
and result in a low �uorescence intensity of �bril-bound-�T, while �brils formed at high protein concentration 
(high concentration �brils or HCF) are longer, clumped together and result in a high �uorescence intensity of 
�bril-bound-�T. �is creates an additional opportunity to examine whether the e�ect of GA is dependent on 
the conformation of aggregates. Such a low pH solution should also prevent or minimize the oxidation of GA, 
which allows to explore its inhibitory e�ect without the appearance of any of its oxidised forms.

In this work we examine the e�ect of GA and how it modulates the mechanism of insulin amyloid aggregation. 
We show that its oxidation products have a signi�cantly higher inhibitory e�ect on the formation of primary 
nuclei and favour a speci�c insulin �bril conformation.

Methods
Insulin sample preparation. Human recombinant insulin powder (Sigma-Aldrich cat. No. 91077C) was 
dissolved in a 20% acetic acid solution (prepared from 100% acetic acid; Carl-Roth, cat. No. 3738.1) containing 
100 mM NaCl (Fisher cat. No. 10316943, purity > 99.5%), which is further referenced as the reaction solution, 
to a �nal concentration of 2 mM (11.6 mg/ml). Samples for unseeded aggregation kinetic measurements were 
prepared by diluting the 2 mM stock solution to a range of concentrations from 0.2 to 1.0 mM by using the reac-
tion solution, as well as 10 mM �T (Sigma-Aldrich, cat. No. T3516) and 10 mM gallic acid (TCI Chemicals, cat. 
No. G0011, purity > 98%) stock solutions (�nal �T concentration was 100 µM in all cases, gallic acid concen-
tration was in the range from 0 to 200 µM). For seeded aggregation, insulin �brils, prepared from the 0.2 mM 
sample (which did not contain gallic acid), were sonicated for 10 min using Sonopuls 3,100 (Bandelin) ultrasonic 
homogenizer equipped with a MS73 tip (40% power, 30 s sonication/30 s rest intervals). �e homogenized �brils 
were then mixed with the insulin, gallic acid and �T stock solutions to yield 0.2 and 1.0 mM unaggregated pro-
tein concentration samples containing 100 µM �T, and a range of �bril concentrations (from 1 to  10−6% of total 
protein mass) with and without 200 µM gallic acid.

Gallic acid solution preparation. Non-oxidised gallic acid (GA) stock solution was prepared by dissolv-
ing 10 mM gallic acid in the reaction solution. Oxidised gallic acid (GAO) stock solution was prepared by dis-
solving 10 mM gallic acid in a 100 mM sodium phosphate (Carl-Roth, cat. No. P030.3 and T879.2, purity > 99%) 
bu�er (pH 7.4). Oxidation was achieved by incubating the solution at 37 °C for 15 days. Absorbance spectra of 
GA at the start and end of the reaction were scanned in the range from 250 to 800 nm to con�rm changes to its 
structure (Fig. S1).

Aggregation kinetics. Insulin aggregation kinetics were monitored in non-binding 96-well plates (sam-
ple volume was 100 µL) at 60  °C without agitation by measuring �T �uorescence emission intensity (exci-
tation wavelength—440 nm, emission—480 nm) through the bottom of the plate, using Synergy H4 Hybrid 
Multi-Mode (Biotek) microplate reader (readouts were taken every 10 min). For every condition 3 independ-
ent measurements were performed. In order to rule out any possible e�ect �T may have on the aggregation 
measurements, the aggregation was simultaneously tracked by �T �uorescence and sample optical density at 
600 nm (Fig. S2).�e �T �uorescence intensity was normalized and the aggregation half-time  (t50) values were 
calculated by applying a linear �t to the data points ranging from 40 to 60% of normalised intensity values and 
interpolating the time at which 50% of intensity is reached. �e increase in  t50 was used as a main hallmark of 
inhibition.

Atomic force microscopy (AFM). A�er kinetic measurements, the sample AFM images were scanned 
as previously  described46. In short, 20 µL of each sample was deposited on freshly cleaved mica and incubated 
for 1 min. �en the samples were rinsed with MilliQ water and dried under air�ow. AFM images were scanned 
using a Dimension Icon (Bruker) atomic force microscope. �e 1,024 × 1,024 pixel resolution images were ana-
lysed using Gwyddion 2.55. Fibril length, height and width were determined by tracing parallel and perpendicu-
lar to each �bril’s axis.

Fourier-transform infrared (FTIR) spectroscopy. Insulin �brils were separated from solution by cen-
trifugation at 10,000 g for 30 min and subsequently resuspended in 1 mL of  D2O, the procedure was repeated 3 
times. A�er the last centrifugation the �brils were resuspended in 0.25 mL of  D2O and sonicated for 1 min using 
a MS72 tip (with 50% power and constant sonication). FTIR spectra were recorded and analysed as previously 
 described46.
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Analysis of aggregation kinetics. Experimental data �tting was done using rModeler (Ubicalc So�ware) 
as described  previously44 and the model’s mathematical framework is provided as supplementary information. In 
short, a “classic” model comprised of four aggregation steps, including primary nucleation, elongation, second-
ary nucleation and fragmentation, was applied to �t the kinetic data. �ree combined rate constants (primary 
nucleation-elongation, elongation-secondary nucleation and elongation-fragmentation)44,47,48 were obtained for 
every condition. Each set of kinetic constants is the average of 3 data set �ts (insulin concentration is in micro-
moles; nuclei size is set to 2).

Results
Aggregation kinetics. �e aggregation of insulin was performed under a range of protein concentrations 
from 0.2 to 1.0 mM in a 20% acetic acid solution, containing no GAO or GA (Fig. 1A), with 200 µM GA (Fig. 1B) 
and with a range of GAO concentrations (Fig. 1C–F). GA had nearly no visible in�uence on the aggregation 
half-times, apart from a small e�ect on the lowest insulin concentrations (Fig. 1A,B). However, when GA was 
oxidised, the inhibitory e�ect became much more potent, with larger  t50 values seen even at low GAO concentra-
tions (Fig. 1C). Double logarithmic plots of the aggregation half-times versus insulin concentrations are linear 
under all GAO conditions (Fig. 1A–F inserts), suggesting that the overall aggregation mechanism remains the 
same and there are no saturation or competition e�ects  present49.

�e �T �uorescence intensity and �bril concentration ratios (sample �uorescence intensity divided by its 
protein concentration) at the end of the reaction were compared in order to determine if there are any di�erences 
(Fig. 2A) when insulin is aggregated in the absence or presence of 200 µM GA or GAO (Fig. S3). GAO leads to 
a tenfold higher ratio when insulin is aggregated at 0.2 mM concentration, while GA has no e�ect. In the case 
of 1.0 mM insulin, the ratio is similar between samples containing no additives or GA and they are only slightly 
lower when compared to the sample with GAO. In all four cases, the FTIR spectra (Fig. 2B) exhibit a maximum 
at 1628 cm−1 with a shoulder at 1641 cm−1 in the amide I/I′ region. �ree of the four spectra look nearly identi-
cal, with 0.2 mM without GAO being the odd one out with the more pronounced shoulder. It is re�ected in the 
second derivative FTIR spectra (Fig. 2C) in a more pronounced minimum and displays a minor shoulder at 
1641 cm−1. Moreover, the shoulder at 1620 cm−1 is visible in all second order derivative spectra, except the case 
of 0.2 mM insulin �brils prepared without GAO. All of this suggests di�erences in the secondary structure of 
�brils. �is is in line with the �T intensity-�bril concentration ratio distribution, which shows that the 0.2 mM 
sample without GAO is distinct from the rest.

Global �tting of the kinetic curves resulting from a range of protein concentrations at di�erent GAO con-
centrations reveals that there is a sizeable decrease in the combined primary nucleation-elongation rate con-
stant and a considerable decrease in the combined elongation-fragmentation rate constant, while the combined 
elongation-secondary nucleation constant experiences minimal changes (Fig. 3, Table S1). In some cases, the 

Figure 1.  Unseeded aggregation kinetics of insulin without GA (A), with 200 µM GA (B), 25 µM GAO (C), 
50 µM GAO (D), 100 µM GAO (E) and 200 µM GAO (F). For each condition, global-�tting was applied using 
a four-step aggregation model. Inserts show a comparison between  t50 values obtained from both experimental 
and global-�t data.
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�t is not ideal at low concentrations due to the stochastic nature of insulin  aggregation50. Non-oxidised GA had 
nearly no e�ect on any of the combined rate constants.

Seeded aggregation. To determine whether GAO has an e�ect on �bril elongation, seeded aggregation 
(Fig. 4A,B) was performed using �brils prepared from a 0.2 mM insulin solution (aggregates that possess a 
relatively low bound-�T �uorescence). When the amount of seed present in solution is high, GAO has almost 
no e�ect on the reaction  t50 values (Fig. 4C) or the resulting �T �uorescence intensity (Fig. 4D). �is indicates 
that the seed replicates its structure via elongation and GAO has virtually no in�uence on this process. However, 
when the seed concentration is low  (10−3–10−6%) and nucleation events have a substantial contribution to the 
aggregation process, GAO causes a signi�cant increase in both the  t50 values, as well as bound-�T �uorescence 
intensity. �is higher intensity is attributed to �brils formed at 1.0 mM insulin concentration or when GAO is 
present during spontaneous aggregation. �is suggests that the presence of GAO a�ects predominantly nuclea-
tion events and induces the formation of a di�erent �bril conformation.

Fibril�morphology.� �e morphology of insulin �brils formed at di�erent protein and GA or GAO concen-
trations was compared using AFM (Fig. 5). In the case of 0.2 mM insulin without GAO (Fig. 5A and Fig. S4) or 
with 200 µM GA (Fig. 5B and Fig. S4), the �brils are mostly dispersed and short. When there is 200 µM GAO 
present in the sample (Fig. 5C and Fig. S4), the formed aggregates are longer (Fig. 5G), wider (Fig. 5I) and more 
prone to self-association, while their average height (Fig. 5H) remains relatively even. In the case of 1.0 mM 
insulin, all conditions lead to longer �brils that are prone to self-association (Fig. 5D–F and Fig. S5). �ere is also 
a slight increase in their average length (Fig. 5G and Fig. S6). While in both cases length and width experience 
a GAO concentration-dependent change, there appears to be almost no e�ect on �bril height (Fig. S6). �ese 
GAO-induced changes in morphology further support the hypothesis that GAO alters the pathway of �bril for-
mation, which is especially visible in the case of 0.2 mM insulin.

Figure 2.  Fluorescence emission intensity and �bril concentration ratios calculated by dividing the sample’s 
�uorescence intensity by its protein concentration (A). FTIR (B) and second derivative spectra (C) of insulin 
�brils formed from 0.2 mM and 1.0 mM insulin with or without 200 µM GAO.

Figure 3.  Insulin aggregation primary nucleation-elongation (A), elongation-secondary nucleation (B) 
and elongation-fragmentation (C) combined rate constants when there is 200 µM GA or di�erent GAO 
concentrations present in solution. Rate constants were obtained by global-�tting the entire concentration range 
(0.2–1.0 mM) of insulin aggregation kinetic data at a speci�c GA or GAO concentration.
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Discussion
�e unseeded aggregation kinetic data shows that at low pH values, GA has virtually no e�ect on insulin aggre-
gation, while GAO inhibits it quite e�ectively (Fig. 1). �is could be the reason why experiments conducted at 
neutral pH, where GA can undergo oxidation, show an e�ective inhibition of amyloid formation. Due to this 
factor, the inhibitory e�ect can be best analysed using pre-oxidised gallic acid at low pH values, where it no 
longer experiences any further oxidation.

Fitting the spontaneous aggregation kinetic data with the “classic” aggregation model reveals that GAO most 
e�ectively inhibits primary nucleation (Fig. 3A), as 200 µM GAO results in a 100-fold decrease in the rate of 
nuclei formation. �ere is also a considerable decrease in fragmentation rates (Fig. 3C). Despite the massive 
e�ect on primary nuclei formation, secondary nucleation appears to be almost una�ected, even at the highest 
GAO concentrations (Fig. 3B).

A previous report demonstrated that distinct �bril conformations can be formed at 0.2 mM and 1 mM insulin 
concentrations, termed LCF (low concentration �brils) and HCF (high concentration �brils),  respectively46. 
When 0.2 mM insulin aggregates in the presence of GAO, the �bril-bound-�T �uorescence intensity is much 
higher than typically observed for the LCF conformation, and the intensity-concentration ratio is similar to the 
HCF conformation (Fig. 2A). It is likely that GAO induces formation of HCF, which is further supported by the 
di�erences in secondary structure, as examined by FTIR (Fig. 2B,C), where �brils formed with GAO possess 
a similar secondary structure as HCF (Fig. 6A). Interestingly, even the HCF sample ratio experiences a slight 
increase with the addition of GAO, suggesting that without GAO it likely contains some LCF as well.

Seeded aggregation data shows that at high initial LCF concentrations, GAO has virtually no e�ect on the 
 t50 value (Fig. 4A–C), indicating that it does not a�ect the rate of elongation (Fig. 6B). At high concentrations, 
the LCF seed replicates its conformation and we observe no di�erences in �T �uorescence intensity between 
samples with and without GAO (Fig. 4D). However, once the amount of seed reaches a low enough value, there 

Figure 4.  Seeded aggregation kinetic curves of insulin without (A) and with (B) 200 µM GAO and their  t50 
values (C). �e �uorescence intensity of �brils formed during seeded aggregation with and without 200 µM 
GAO (D).



6

Vol:.(1234567890)

SCIENTIFIC REPORTS |        (2020) 10:14466  | https://doi.org/��.����/s�����-���-�����-�

www.nature.com/scientificreports/

is a drastic change in  t50 values and �T �uorescence intensities between both conditions, indicating that GAO 
causes the formation of HCF.

When GAO is present, the dependence of  t50 on initial seed concentration is not linear on a logarithmic scale. 
�is suggests that the process is more complex and involves not just inhibition of primary nucleation. Since 
the concentration of seed appears to factor into this e�ect, it is possible that GAO a�ects the rate of second-
ary nucleation on the surface of �brils (Fig. 6B).However, �tting the data of spontaneous aggregation does not 
display any signi�cant di�erences in the combined elongation-secondary nucleation rate constants (Fig. 3B). 
Considering that the �t model is comprised of four basic aggregation steps, it would be unable to account for 
any additional processes or inhibitor-�bril interactions. One possible explanation for this e�ect is that GAO 
does inhibit secondary nucleation by hiding the accessible surface of �brils, but its a�nity towards the �bril’s 
surface is so low that only a small amount of �brils can be e�ectively covered. When more aggregates are present, 
it is simply incapable of e�ectively covering the �bril surface area. Seeing as its e�ect on secondary nucleation 
diminishes at around 0.01% �bril concentration (Fig. 4C), such a tiny amount of aggregates would likely not be 
detected in the spontaneous aggregation experiments, which is why �tting their kinetic data shows virtually no 
e�ect on secondary nucleation.

If we consider the e�ect of GAO based on the spontaneous and seeded aggregation kinetic data, it seems 
that it is potent at inhibiting the formation of nuclei and has no in�uence on the elongation process. Based on 
the di�erences in bound-�T �uorescence data, as well as AFM images and FTIR spectra, it appears that GAO 
is also capable of altering the aggregation pathway of these nuclei. Even under conditions which would favour 

Figure 5.  AFM images of insulin �brils formed without (A, D) and with 200 µM of GA (B, E) or GAO (C, F) at 
0.2 mM and 1.0 mM protein concentration respectively. Fibril length (G), height (H) and width (I) distribution, 
where box plots indicate the interquartile range and errors bars are for 1 standard deviation (n = 50).
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the formation of the LCF conformation, GAO manages to alter the �brillization process towards HCF. �e non-
oxidised form of GA, on the other hand, has no visible e�ect on the aggregation kinetics, nor does it change the 
resulting �bril type.

Conclusions
Gallic acid does not a�ect the aggregation of insulin at low pH and it only gains its inhibitory potential a�er 
undergoing oxidation. �e oxidized form is highly e�ective at inhibiting primary nuclei formation, while hav-
ing no e�ect on �bril elongation. It also appears to alter the formation pathway of insulin amyloid aggregation, 
resulting in HCF even at low protein concentrations.

Data�availability
�e datasets generated and/or analysed during the current study are available from the corresponding author 
on reasonable request.
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