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ABSTRACT: One of the major problems caused by repeated subcutaneous insulin injections in 

diabetic patients is insulin amyloidosis. Understanding the molecular mechanism of amyloid fibril 

formation of insulin and finding effective compounds to its inhibit or eliminate is very important and 

extensive research has been done on it. In this study, the anti-amyloidogenic and destabilizing effects 

of the pyrogallol, as a phenolic compound, on human insulin protein were investigated by CR 

absorbance, ThT and ANS fluorescence, FTIR spectroscopy and atomic force microscopy. According 

to the obtained results, the formation of amyloid fibrils at pH 2.0 and 50 °C was confirmed by CR, 

ThT, ANS, FTIR assays. Microscopic images also showed the twisted and long structures of amyloid 

fibrils. Simultaneous incubation of the protein with pyrogallol at different concentrations reduced the 

intensities of CR, ThT and ANS in a dose-dependent manner and no trace of fibrillar structures was 

observed in the microscopic images. FTIR spectroscopy also showed that the position of amide I 

band in the spectrum of samples containing pyrogallol was shifted. Based on the findings in this 

study, it can be concluded that pyrogallol can be effective in preventing and suppressing human 

insulin amyloid fibrils.  
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1. Introduction 

Diseases  related to protein misfolding are disorders caused by various factors such as genetic 

mutation, heat shock and malfunction of monitoring systems. As a result of these processes, the 

correct process of protein folding is disrupted and leads to its opening and exposure to hydrophobic 

surfaces. Following the change in protein structure, incorrect interactions occur between adjacent 

protein molecules, and eventually, very orderly and insoluble structures called amyloid fibrils are 

formed [1-4]. Many amyloidogenic proteins such as amyloid β, α-synuclein, islet amyloid 

polypeptide, and human lysozyme have been associated with protein misfolding diseases [5]. 

Extracellular aggregation and deposition of amyloid fibrils lead to cell death and in many cases 

cytotoxicity [4].  

Insulin hormone is a small globular protein with 51 amino acid residues [6]. This hormone plays 

an important role in regulating glucose metabolism and is used in the treatment of diabetes [7]. Insulin 

fibrillation in the body may occur after continuous and subcutaneous injection in diabetic patients 

and lead to local deposition of insulin amyloid fibrils at the injection site [8,9]. On the other hand, 

fibrillation is also one of the problems that occur during the production and storage of insulin as well 

as the agitation of insulin solutions during transport [7,10]. In vitro factors such as temperature, pH, 

protein concentration, ionic strength, the presence of organic solvents and denaturants such as urea 

and guanidine chloride are effective in changing the structure and formation of insulin amyloid fibrils 

[11,12]. 
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In recent years, finding a strategy for the treatment of amyloid diseases has been considered by 

many researchers. Important treatment strategies proven in most of these studies are to prevent the 

formation of amyloid fibrils and their disaggregation. It has been shown that small organic molecules, 

including polyphenols, due to having aromatic rings, possess the ability to interact and bind to 

proteins and show significant anti-amyloidogenic effects. In addition, the antioxidant properties of 

polyphenols have made these compounds very effective in clearing free radicals and thus reducing 

cancer, as well as in the treatment of chronic and degenerative diseases [13-15]. Reduction of 

amyloid-induced cell death and inhibition of self-association of amyloidogenic proteins in vitro are 

other beneficial functions of polyphenols [16]. 

In the structure of polyphenols, there is at least one aromatic ring with hydroxyl groups attached 

to it. Due to the number and location of these phenolic rings, as well as the presence of other 

constituent elements, various structures of polyphenols have emerged [17,18]. Phenolic compounds 

are found in large quantities mainly in natural foods such as vegetables, fruits, seeds, nuts, as well as 

in flowers. Due to their natural origin and presence in the human diet, they are given more attention 

than other inhibitory molecules [19,20]. 

1,2,3-Trihydroxybenzene, commonly known as pyrogallol, is a phenolic compound like other 

natural polyphenols that is present in human food sources, including fruits and vegetables, and a 

variety of edible and medicinal plants [20]. Pyrogallol, through hydroxyl groups attached to its 

aromatic ring, has a high tendency to form non-covalent interactions such as hydrogen bonds and 

hydrophobic with a variety of biological macromolecules, including proteins [21]. In addition, it has 

been proven that pyrogallol possesses a high potential in the elimination of free radicals [22]. 

In this study, from the phenolic compound of pyrogallol was used with aim to investigate its anti-

amyloidogenic and destabilizing effects on the process of fibrillation and defibrillation of human 

insulin protein in vitro by several techniques such as CR absorbance, ThT and ANS fluorescence, 

FTIR spectroscopy and atomic force microscopy. 
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2. Results 

2.1.  Investigation of the effects of Py on the process of HI fibrillation 

2.1.1. Effect of Py on the kinetics of HI fibril formation 

To investigate the effect of Py on the kinetics of HI fibril formation, ThT fluorescence of HI 

incubated in the absence and in the presence of different concentrations of Py was measured at 

different times. The sigmoid curve obtained in this study showed that HI fibrillation follows the 

nucleation-dependent elongation mechanism [23]. 

According to the results presented in Fig. 1 and Tab. 1; the lag phase time of HI incubated in the 

absence of Py is about 47.29 hours, after which the intensity of ThT fluorescence increases strongly 

and enters the fibril growth phase.  Incubation of insulin in the presence of different concentrations of 

Py resulted in a reduction of the final ThT fluorescence intensity (increasing the inhibition 

percentage) in a dose-dependent manner (Tab. 1).  The high dose of Py (HI+Py (1:5)), in addition to 

having the highest effect on reducing fibril formation, was somewhat more effective in prolonging 

Fig. 1. Effects of pyrogallol on the fibrillation kinetics of 

human insulin. ThT fluorescence intensity of human insulin 

was recorded at 485 nm in the absence and in the presence 

of different concentrations of pyrogallol at pH 2.0 and 50 °C 

at different times. 
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the lag phase time of this process than other concentrations. In the presence of Py, no effect was 

observed on reducing the rate of the growth of fibril. 

 

 

 

 

 

 

 

 

 

 

2.1.2. CR, ThT, ANS and FTIR spectroscopy 

According to the results presented in Fig. 2A; the CR absorbance intensity of incubated HI in the 

absence of Py increased and its maximum optical absorption has red-shifted from the wavelength of 

490 nm to the wavelength of 500 nm. When insulin was incubated in the presence of different 

concentrations of Py, a decrease in the CR absorbance intensity was observed, dose-dependently.  In 

the ratios of 1:1 and 1:5 HI to Py, in addition to a significant decrease in the absorbance intensity, a 

blue shift (shift maximum absorption  from 500 nm to 490 nm) was also observed.  Gallic acid (Ga) is 

a polyphenol composed of trihydroxy benzene (Py) and a carboxyl group.  In order to compare the 

inhibitory effect of Ga with Py due to the structural similarity of these two compounds and to 

understand whether the carboxyl group has an effect on inhibiting the fibrillation process, a ratio of 

1:5 HI to Ga was prepared and its effect on the fibrillation process was investigated. As shown in Fig . 
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Table 1. Effects of different concentrations of 

pyrogallol on the kinetic parameters of human 

insulin fibril formation process. 
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2A; it was observed that Ga reduced the CR absorbance intensity of incubated HI by approximately 

as much as the ratio of 1:5 HI to Py. 

According to the results presented in Fig. 2B; the ThT fluorescence intensity of incubated HI in 

the absence of Py at 485 nm compared to pre-incubation HI (native HI) increased strongly. This result 

confirms the results of the CR assay. In the presence of different concentrations of Py, the ThT 

fluorescence intensity of incubated HI decreased in a dose-dependent manner.  In addition,  The ThT 

fluorescence intensity of HI samples incubated with Ga at the same concentration decreased and 

confirms the CR assay results. 

Fig. 2. Evaluation of pyrogallol effects on the human insulin fibrillation. Protein samples were 

tested in the absence and in the presence of different concentrations of pyrogallol after the 

incubation at pH 2.0 and at 50 °C. (A) CR test (B) ThT fluorescence test (C) ANS fluorescence test 

and (D) FTIR spectroscopic test. In statistical analysis (B,C), pre-incubation human insulin (native 

human insulin) was considered as a control to compare other groups with it. In this comparison, 

P <0.0001 was for all groups. The results are the average of three independent experiments. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 1 February 2022                   doi:10.20944/preprints202202.0012.v1

https://doi.org/10.20944/preprints202202.0012.v1


7 
 

According to the results presented in Fig. 2C; the ANS fluorescence intensity of pre-incubation 

HI is low due to the hydrophobic regions buried inside the protein structure and the lack of ANS 

access to them. When HI is incubated under acidic conditions at 50 °C the ANS fluorescence intensity 

was significantly increased.  In the investigating of samples containing Py, it was observed that with 

increasing the concentration of this compound, its effectiveness in reducing the ANS fluorescence 

intensity of incubated HI increases. The same decrease in ANS fluorescence intensity of incubated 

HI by Py and Ga also indicates a similar effect of these two compounds in reducing exposure of 

hydrophobic regions on the protein surface. 

According to the results presented in Fig. 2D; The FTIR spectrum of pre-incubation HI showed 

an amide I band in region 1655 cm-1. After incubation, displacement was observed in the amide I 

band position and the FTIR spectrum of HI (HI fibril) showed the amide I band in the 1630 cm-1 

region. According to previous reports [24] the range 1653−1660 cm-1 is attributed to the α-helix 

conformation and the range 1615−1643 cm-1 is attributed to the β-sheet conformation. It was also 

reported that the β structure of amyloid fibrils has been observed in the range of 1628-1632 cm-1. 

Therefore, FTIR measurement confirms the change in HI conformation from α-helix to β-sheet and 

thus the presence of fibrillar structure in the sample after incubation. The FTIR spectrum of HI+Py 

in ratios of 1:1 and 1:5 showed the position of amide I band in region 1626 cm-1 which is in the range 

of β structure of amorphous aggregates (1624-1630 cm-1) [24]. 

 

2.2. Investigation of destabilizing effects of HI amyloid fibrils by Py 

Pre-formed HI fibrils were incubated in the absence and in the presence of different concentrations 

of Py for 3 days at 37 °C and then their structural changes were evaluated by CR, ThT, ANS and 

FTIR spectroscopy. 

According to the results presented in Fig. 3A and Fig.  3B; The CR absorbance and ThT intensity 

of Py-free fibrillar samples increased.  In contrast, samples containing Py showed a reduction in the 
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CR absorbance and ThT intensity, dose-dependently. In addition, in the study of CR absorbance, the 

ratios of 1:1 and 1:5 HI fibril to Py showed a blue shift (shift maximum absorption  from 500 nm to 

490 nm).  

 

Fig. 3. Evaluation of pyrogallol effects on the human insulin defibrillation. Samples containing 

pre-formed human insulin fibrils were tested in the absence and in the presence of different 

concentrations of pyrogallol after incubation for 3 days at 37 ° C. (A) CR test (B) ThT fluorescence 

test (C) ANS fluorescence test and (D) FTIR spectroscopic test. In statistical analysis (B,C), human 

insulin fibril in the absence of pyrogallol was considered as a control to compare other groups 

with it. In this comparison, P< 0.0001  was for all groups. The results are the average of three 

independent experiments. 
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According to the results presented in Fig. 3C; in the investigating of  the surface hydrophobicity of 

pre-formed HI fibrils by ANS fluorescence, it was found that all Py concentrations were effective in 

reducing the ANS intensity of fibrils and this effect was in a dose-dependent manner. 

According to the results presented in Fig. 3D; Compared with the FTIR spectrum of HI fibril which 

showed the amide I band in the 1630 cm-1 region, the FTIR spectrum of the HI fibril+Py in the ratios 

of 1:1 and 1:5 showed the position of amide I band in region 1624 cm-1 which is in the range of β 

structure of amorphous aggregates (1624-1630 cm-1) [24].  

 

2.3. AFM scanning 

AFM was used to investigate the effects of Py on the structural morphology of HI in fibrillation 

and defibrillation processes. 

According to the results presented in Fig. 4A; after exposure to acidic pH and incubation at 50 °C, 

twisted and long amyloid fibrils were observed in Py-free samples, however, as shown in Fig. 4B,  in 

the presence of Py, no fibrillar structure was observed and the images showed granular structures 

instead of fibrillar morphology. It is possible that Py redirects the protein fibril formation pathway 

toward the creation of amorphous aggregation  because it is observed that the amorphous aggregation 

in the electron microscope images has a granular appearance [2]. These results and the data of other 

tests performed in this study confirm the anti-amyloidogenic properties of Py.  

As shown in Fig. 4C, Py also successfully acted in the elimination of amyloid fibrils  and leads to 

a change in the fibrillar structure of the protein and probably the creation of amorphous aggregation.  
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Fig. 4. Evaluation of pyrogallol effects on the human insulin morphology using AFM. (A) 2D 

image and (a) 3D image of pyrogallol-free human insulin fibrils in the fibrillation process (after 

incubation at pH 2.0 and 50 °C). (B) 2D image and (b) 3D image of human insulin in the presence 

of pyrogallol (HI+Py (1: 5)) in the fibrillation process (after incubation at pH 2.0 and 50 °C). (C) 

2D image and (c) 3D image of pre-formed human insulin fibrils In the presence of pyrogallol (HI 

fibril +Py (1: 5)) in defibrillation process (after incubation at 37 °C for 3 days). 
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2.4. Docking studies 

AutoDock software was used to better understand the interactions between HI and Py as well as 

to determine possible connection locations. 

According to the results presented in Fig. 5; the amino acid residues of Gly1A, Ile2A, Val3A, 

Tyr19A, Tyr26B, and Thr27B interact with the ligand through hydrophobic interactions, and Thr27B 

also forms a hydrogen bond with the ligand (Length of hydrogen bond 2.93 Å).  

Since the GFFYTPKT (Residues 23–30) peptide fragment of the insulin B chain helps to create 

aggregation [25], Py reacted with the two amino acid residues in this fragment (Tyr26B and Thr27B), 

whereby It can cause disruption in the process of fibril formation.  Despite the lack of interaction of 

Py with the LVEALYL (Residues 11–17)  peptide fragment of the insulin B chain which has a very 

high tendency to form amyloid [11,26] it was shown that Py has a significant effect in preventing the 

formation of HI amyloid aggregation.  In the study of molecular docking of ascorbic acid [27] and 

peptides P4 and P5 [28] also no interaction with this amyloidogenic fragment of HI was observed 

and the researchers concluded that the reaction of other amino acid residues with inhibitors leads to 

the prevention of their participation in the interactions that cause the creation of amyloid structures. 

 

 

 

A 

 

 

B 
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3. Discussion 

Targeting protein aggregates by small organic molecules such as polyphenols is one of the most 

desirable and effective strategies to prevent and improve amyloid disease, which has received much 

attention in recent years. So far, the anti-amyloidogenic activity of many polyphenols, including 

quercetin [29], myricetin [30], silibinin [31], tannic acid [32], curcumin [33,34], resveratrol [35], etc. 

have been investigated.  Phenolic compounds in interaction with peptides and proteins, modify their 

structural properties and prevent amyloid aggregates and their toxicity. In addition, the antioxidant 

properties of these compounds play an important role in inhibiting amyloid fibrils [13,14,19].  It is 

said that the number of hydroxyl groups and the type of side-chain attached to the aromatic ring in 

the structure of polyphenols play an important role in the amount of possible binding to proteins so 

that with increasing the number of hydroxyl groups, the tendency of polyphenols to interact with 

proteins will be higher [36]. In addition, reports indicate that prevention of π-π interaction and 

inhibition of fibrillation process is due to interactions between the phenolic rings of polyphenols and 

the aromatic residues of amyloidogenic proteins [37].  Among the non-covalent interactions that may 

occur between polyphenols and proteins, hydrophobic interactions and hydrogen bonds are known as 

Fig. 5. Evaluation of possible interactions between insulin and pyrogallol using 

molecular docking. (A), (B) Schematic structure of the binding state of the insulin-

pyrogallol complex. (C) An accurate view of the state of the insulin-pyrogallol 

complex. 

C 
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the main interactions and are of great importance [36]. The results of molecular docking simulation 

in this study showed that Py was able to interact with HI through hydrophobic interactions and 

hydrogen bonding, thereby resulting in the inhibition of HI fibrillation. According to the results, it 

can be concluded that the presence of an aromatic ring and its attached hydroxyl groups in the Py 

structure is the reason for the potential of this phenolic compound to interact with the protein. 

In this study, HI protein was exposed to pH 2.0 and a temperature of 50 °C. These conditions lead 

to the opening of the folded structure of the protein and the formation of amyloid aggregates. The 

acidic pH makes the protein highly vulnerable and heat is the main factor in the dissociation of the 

dimer and the production of monomeric protein [38]. It breaks hydrogen bonds, salt bridges, and 

disulfide bonds that play an important role in maintaining the native structure of the protein [39] and 

thus leads to exposure of hydrophobic regions. On the other hand, heating, by increasing the surface 

hydrophobicity of the protein, provides more binding sites for polyphenol, in which the hydrophobic 

bonds contribute significantly. It is said that the most interaction between protein and polyphenol is 

the hydrophobic interactions [40].   

Results of our experimental studies (CR absorbance, ThT and ANS fluorescence intensity) showed 

that Py has significant inhibitory potential against amyloid fibrils formation and is very effective in 

reducing the exposure of hydrophobic regions and thus reducing the tendency of the protein to form 

amyloid fibrils. This effect, like the inhibitory effect of many polyphenols, including gallic acid [41], 

silibinin [42] and curcumin [43] was observed in a dose-dependent manner. In addition, our findings 

in the study of the effect of Py destabilizing on the process of HI defibrillation indicated the 

elimination of fibrillar structures and reduction of surface hydrophobicity of protein is due to the 

disappearance of hydrophobic regions . Also, in this process, with increasing Py concentration, the 

rate of defibrillation increased. 
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The inhibitory effect of Py on other amyloidogenic proteins has also been investigated. According 

to Di Giovanni et al. [44], Py is effective in preventing the aggregation of α-synuclein and inhibiting 

the conversion of β-amyloid protofibrils to mature fibrils. 

It has been reported that main factor in the inhibitory properties of polyphenols with similar 

chemical structure is the phenolic hydroxyl group [45]. Our results confirmed this claim. The samples 

containing HI+Ga(1:5)  and the sample containing HI+Py(1:5) showed the same inhibitory effect, so 

the structural difference between the two compounds (carboxyl group) has no effect on inhibiting the 

HI fibrillation process. These results support the Jayamani and Shanmugam [41] hypothesis that the 

carboxyl group is not effective in inhibiting fibril formation. In fact, the trihydroxy benzene group in 

Ga is the major component of the inhibitory effect in this compound. In a study by Konar et al. [46], 

the inhibitory effect of several phenolic compounds including benzoic acid (BA), 4-hydroxy benzoic 

acid (4-HBA), 3,4-dihydroxy benzoic acid (3,4-DHBA), 3,5-dihydroxy benzoic acid (3,5-DHBA), 

and Py, which their structures are close to the structure of Ga, were investigated on HEWL 

fibrillation. It was reported that Ga and Py had the greatest inhibitory effect compared to other 

compounds. The presence of more hydroxyl groups in Ga and Py is the most significant reason for 

the high inhibitory effect of these two compounds, compared to other phenolic compounds. On the 

other hand, the similar inhibitory effect of Ga and Py, as well as the ineffectiveness of benzoic acid 

(which has only one carboxyl group in its structure) in the process of preventing the formation of 

HEWL fibrils, were other results obtained in this study which led to the conclusion that the carboxyl 

group had no significant effect on the inhibitory properties of polyphenols. 

In another study, the effect of hydroxyl groups of three polyphenolic compounds, myricetin, 

morin, and flavone, on the elimination of amyloid fibrils was investigated [47]. These three 

compounds have a similar structure and the only difference is in the number of hydroxyl groups. The 

results of this study demonstrated that myricetin, with six hydroxyl groups, and morin, with five 

hydroxyl groups, were more effective at destabilizing amyloid fibrils than flavone, which lacked the 
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hydroxyl group. According to Ono et al. [48], the number of hydroxyl groups is directly related to 

the anti-amyloidogenic effects of polyphenolic compounds. 

Investigation of microscopic images of the anti-amyloidogenic effects of small organic molecules 

on amyloid aggregates in many studies showed that some compounds belonging to this group of 

inhibitors, in addition to preventing fibril formation, can also redirect amyloidogenic proteins toward 

the creation of non-fibrillar aggregates. Wang et al. [49] in the study of the effect of Epigallocatechin-

3-gallate (EGCG) on human insulin fibrillation found that EGCG in physiological conditions, in 

addition to having high inhibitory effects, leads to a change in the path of aggregation and the 

formation of globular aggregates. In a study on inhibitory and destabilizing effects of quercetin 

against bovine insulin fibrillation (at acidic pH and high temperature) and its defibrillation it was 

shown that this compound leads to the formation of amorphous aggregates both during inhibition of 

fibrillation and in the process of elimination of amyloid fibrils [29]. In other studies, the effect of 

silibinin [42], curcumin [43] and ferulic acid [50] on the formation of bovine insulin fibril also 

indicated the presence of amorphous species instead of fibrillar morphology in samples containing 

these compounds. Our observations in this study are consistent with the above reports, as in the 

microscopic images obtained, the presence of non-fibrillar species and similar to amorphous 

aggregates in both the inhibitory and destabilizing effects of Py were clearly observed. The results of 

FTIR spectroscopy also indicate a high probability of amorphous aggregation formation during 

inhibition and treatment of HI amyloid fibrils by Py. 

Totally, based on various studies it can be concluded that polyphenols prevent the formation of 

amyloid species in different ways. For example, a group of polyphenols, despite being successful in 

inhibiting the formation of oligomers, lead to the formation of fibrils. Another group prevents the 

formation of fibrils but has no effect on inhibiting the formation of oligomers. There are also 

polyphenols that are capable of preventing the formation of both oligomeric and fibrillar forms. Many 

of them cause a change of the direction of fibrillation and the creation of non-fibrillar oligomers 
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instead of fibrillar forms [37]. Regarding these facts, the structure of the compound is very important 

in determining how it affects the process of amyloid formation. 

 

4. Materials and methods 

4.1. Chemicals 

Human insulin (HI), Thioflavin T (ThT), 1-anilino naphthalene 8-sulfonic acid (ANS), Congo red 

(CR) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Pyrogallol (Py) and all salts and 

organic solvents were obtained from Merck (Darmstadt, Germany). 

 

4.2. Preparation of insulin solution for fibril formation 

 HI fibrils were prepared according to Amini et al. [51] method. HI (4 mg/ml) was dissolved in a 

50 mM glycine – HCl buffer (pH 2.0) containing 0.02% NaN₃. Then, it was incubated in the presence 

and absence of different concentrations of Py (in ratios of 0.1, 0.5, 1, and 5 Py to 1 protein in terms 

of mM) at 50 °C without agitation. 

To investigate the destabilizing effects of Py on HI amyloid fibrils, preformed fibrils in the 

presence and absence of different concentrations of Py (in ratios of 0.1, 0.5, 1, and 5 Py to 1 protein 

in terms of mM) were incubated at 37 °C for 3 days. 

The formation of HI fibrils was monitored by CR and FTIR spectroscopy, ThT and ANS 

fluorescence intensity, and atomic force microscopy. 

 

4.3. Congo red (CR) binding assay 

CR binding assay is mainly used to identify amyloids in vitro. CR was dissolved in potassium 

phosphate buffer (5 mM, 0.15 M NaCl, 0.02% NaN₃, pH 7.4) and filtered. This stock solution (2 
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mM) was diluted to a final concentration of 12.5 μM and used as a working solution. 5 μl of each 

sample solution was added to 195 μl of CR working solution and incubated at room temperature and 

in the dark for 30 minutes. The spectrum of CR was measured at a wavelength of 400-700 nm using 

an Epoch microplate reader (BioTek, USA). 

 

4.4. Thioflavin T (ThT) fluorescence assay 

ThT fluorescence was also used as a reliable method in identifying HI amyloid fibrils and also 

evaluating the effect of Py on HI fibrillation. After binding of ThT to fibrillar structures, dye 

fluorescence intensity significantly increases [52]. 

ThT was dissolved in sodium phosphate buffer (10 mM, 0.15 M NaCl, 0.02% NaN₃, pH 7.0) and 

filtered. This stock solution (2 mM) was diluted to a final concentration of 20 μM and used as a 

working solution. 15 μl of each sample solution was added to 585 μl of ThT working solution and 

incubated at room temperature for 2 minutes. Then, the ThT fluorescence intensity was measured 

with excitation at 440 nm and emission at 488 nm and the slit widths for excitation and emission 5 

nm and 10 nm, respectively, using the Cary-Eclipse fluorescence spectrophotometer (Agilent, USA). 

To obtain the sigmoid curve, the data collected from ThT fluorescence measurements at 485 nm 

were fitted by the following equation [53]:  

𝑭 =
𝐹𝑚𝑎𝑥

1 + 𝑒−([
𝑡−𝑡0

𝜏
])

 

Where F is the fluorescence intensity at time t, t is the incubation time,  Fmax is the fluorescence 

intensity at the final time and t0 is the time to reach 50% of the maximum fluorescence. The value of 

τ (the time constant of fibril growth) was obtained by nonlinear regression. Kapp (the apparent growth 

rate constant of fibril) and lag phase time were obtained from 1 / τ and t0 - 2τ, respectively. 

The inhibition percentage was calculated by the following equation [54]  :  
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𝑰𝒏𝒉𝒊𝒃𝒊𝒕𝒊𝒐𝒏 𝒑𝒆𝒓𝒄𝒆𝒏𝒕𝒂𝒈𝒆 =
𝐼𝑐𝑜𝑛𝑡𝑟𝑜𝑙 − 𝐼

𝐼𝑐𝑜𝑛𝑡𝑟𝑜𝑙

× 100 

Where I is the final ThT fluorescence intensity. 

 

4.5. Anilinonaphthalene-8-sulfonic acid (ANS) fluorescence assay 

ANS is generally used to identify partially folded intermediates and to investigate the surface 

hydrophobicity of proteins. The fluorescence intensity of this dye is significantly increased due to its 

binding to hydrophobic parts in proteins [55]. Therefore, ANS fluorescence is a very suitable method 

to identify amyloid structures due to their high surface hydrophobicity. 

ANS was dissolved in sodium phosphate buffer (10 mM, 0.15 M NaCl, 0.02% NaN₃, pH 7.0) and 

filtered. This stock solution (2 mM) was diluted to a final concentration of 20 μM and used as a 

working solution. 15 μl of each sample solution was added to 585 μl of ANS working solution, mixed, 

and incubated at room temperature for 1 minute. The intensity of ANS fluorescence was measured 

with excitation at 380 nm and emission at 420-600 nm and the slit widths for excitation and emission 

5 nm and 10 nm, respectively, using the Cary-Eclipse fluorescence spectrophotometer (Agilent, 

USA). 

 

4.6. Fourier transform infrared (FTIR) spectroscopic assay 

To investigate changes in the secondary structure of the protein, according to Kawasaki et al. [56] 

method, Protein samples were mixed with completely dry KBr and compressed into a thin disc using 

a tablet press. Then all spectra were recorded from 400 cm-1 to 4000 cm-1 at a resolution of 4 cm-1 

with 16 scans and by the 8400S spectrometer. (Shimadzu, Japan). 

 

4.7. Atomic force microscopy (AFM) 
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To investigate the effects of Py on the morphology of HI amyloid fibrils, 5 μl of each sample 

diluted with deionized water was dried on a mica plate in the presence of air. After drying, the samples 

were imaged in the non-contact AFM (NC-AFM) imaging mode at a scan frequency of 0.5 Hz using 

Full Plus AFM (Ara Pajoohesh, Iran). 

 

4.8. Docking studies 

For molecular docking analysis, the structure of HI was obtained from the protein data bank 

(http://rcsb.org/) (PDB id code: 1GUJ) and the SDF file of Py was obtained from PubChem database 

(http://pubchem.ncbi.nlm.nih.gov/) (PubChem CID: 2519). Protein docking was performed using 

Autodock v1.5.6 software. Discovery studio and VMD v1.9.3 program software were also used to 

prepare the 2D and 3D schematic diagrams of the docking model, as well as to exhibit different 

orientations between ligand and the protein.  

 

4.9. Statistical analysis 

Results were presented as mean ± standard deviation (SD). All experiments were performed at 

least three times and one-way analysis of variance (ANOVA) was used. P-value <0.05 was 

considered significant. GraphPad Prism software version 9.2.0 was used for statistical analysis. 

 

5. Conclusion 

In this study, it was found that Py has a very acceptable function both as an inhibitor in preventing 

the formation of amyloid fibrils and as a destabilizer in eliminating pre-formed amyloid fibrils. The 

phenolic structure of Py seems to play an important role in creating effective interactions with the 

protein. Since various studies have shown that natural polyphenols have special properties to prevent 
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amyloid disease, the present study could be useful in advancing the design purposes of new anti-

amyloid drugs in the future. In addition, more studies are needed to investigate the toxicity of Py in 

cellular conditions and then to investigate the anti-amyloidogenic properties of Py in animal models 

in order to prove its medicinal potential. 
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