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Abstract – Amyloid polypeptides are considered to be intensely involved in the 

pathogenesis of Alzheimer's disease (AD) and type 2 diabetes (T2D), both of 

which are increasing in incidence worldwide. AD is believed to be caused by the 

cytotoxicity of amyloid-β (Aβ) aggregates, while T2D is considered to be due to 

the cytotoxicity of human islet amyloid polypeptide (hIAPP) aggregates. 

Therefore, the inhibition of Aβ and hIAPP aggregate formation can be effective in 

the prevention of both diseases. Previously, we established that catechol-bearing 

polyphenolic compounds exhibit remarkable amyloid aggregation inhibitory 

activities. In this study, we examined the amyloid aggregation inhibitory activities 

of B-type procyanidins, which have multiple catechol moieties and different 

degrees of polymerization. We found that all of the tested B-type procyanidins 

bearing catechol moieties displayed amyloid aggregation inhibitory activity. 

Furthermore, the higher the degree of polymerization of B-type procyanidins, the 

stronger the inhibition of amyloid aggregation.
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INTRODUCTION 

Alzheimer's disease (AD) is the most common neurodegenerative disease worldwide, accounting for 

50%–75% of all dementia cases.1 Type 2 diabetes (T2D) is a disease that causes chronic hyperglycemia 

due to insulin resistance, insufficient insulin secretion, and various associated complications. An 

increasing number of reports have shown a link between the two diseases.2,3 Both diseases are age-related, 

and the number of patients is increasing rapidly worldwide owing to the aging population.  

Amyloid polypeptides are thought to be closely associated with the pathogenesis of both diseases. 

Amyloid polypeptides aggregate to form oligomers and fibrils composed of cross β-sheet structures, 

which have been implicated in various diseases. In particular, amyloid polypeptides, termed amyloid β 

(Aβ), have been implicated in AD, and human islet amyloid polypeptides (hIAPPs) in T2D.4 Aβ is a 

peptide primarily consisting of 40 or 42 residues and it is formed via the cleavage of the amyloid 

precursor protein (APP), which is involved in synapse formation and repair, by β-secretase (BACE1) and 

γ-secretase.5,6 The accumulation and aggregation of Aβ in the brain causes the atrophy of the 

hippocampus in the cerebral cortex, which is closely related to learning and memory. In contrast, hIAPP, 

a peptide consisting of 37 amino acid residues, is produced by islet β-cells and is co-secreted with insulin. 

hIAPP polymerizes in the vicinity of islet β-cells and forms amyloid aggregates, causing β-cell death and 

dysfunction.7,8 The two amyloid polypeptides have high sequence similarity; they have been reported to 

aggregate alone as well as co-aggregate.9,10 

The accumulation and aggregation of Aβ in the brain has been shown to commence nearly 20 years 

before symptoms of dementia due to age-related AD appear, and by the time symptoms are observed, the 

accumulated amount plateaus.11 T2D is a slowly progressing chronic disease that requires long-term 

treatment. Therefore, it is important to take daily preventative measures against both diseases, and 

compounds with amyloid aggregation inhibitory activities are considered effective for this purpose. We 

previously reported that caffeoylquinic acid derivatives, phenylethanoid glycosides, hispidin derivatives, 

and p-terphenyl derivatives inhibit the aggregation of Aβ42.12-16 In addition, we have shown that 

kukoamines A and B, schizotenuin A, lycopic acids, rosmarinic acid, clovamide, and A-type procyanidins 

exhibit inhibitory activity against Aβ42 and hIAPP aggregation.17-22 The above-mentioned compounds are 

catechol-bearing polyphenol compounds, and catechol-type polyphenols are thought to be inhibitors of 

amyloid aggregation. In this study, we focused on B-type procyanidins, which are polyphenolic 

compounds with multiple catechol moieties; these procyanidins are abundant in grape seeds. We 

investigated the effects of synthetic B-type procyanidins comprising catechins different degrees of 

polymerization on the aggregation of Aβ42 and hIAPP. We also examined the differences in the 

aggregation inhibitory activities of the B-type procyanidins arising from varying degrees of 

polymerization. 
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Figure 1. Structures of 1–6 

RESULTS AND DISCUSSION 

Aggregation inhibitory effects of 1–6 on Aβ42 

The Thioflavin-T (Th-T) assay was performed to evaluate the inhibitory effects of 1–6 on Aβ42 

aggregation (Figure 2). When Aβ42 was reacted alone, the fluorescence increased with time, reaching a 

maximum after 4 h and plateauing thereafter. In contrast, the addition of 1–5 suppressed the fluorescence 

increase over time compared to that observed with Aβ42 alone at all concentrations in a 

concentration-dependent manner. The IC50 values for 1–5 were 34.8, 7.3, 11.3, 3.5, and 4.0 µM, 

respectively (Table 1). Compound 1 has already been reported to have moderate Aβ42 aggregation 
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inhibitory activity.23 The extensively polymerized derivatives, 4 and 5, showed the highest potency. In 

contrast, 6, in which all the phenolic hydroxyl groups were methylated, displayed poor Aβ42 aggregation 

inhibitory activity (>100 µM). 

Transmission electron microscopy (TEM) was performed to examine the effects of 1–6 on the formation 

of Aβ42 aggregates (Figure 3). In the case of Aβ42 alone, a large number of interconnected Aβ42 

aggregates were observed, forming a mesh-like pattern, while a decrease in the amount of Aβ42 

aggregates was observed in the samples containing 1–5. However, 6, which was found not to be active in 

the Th-T assay, did not induce significant differences in the amount of Aβ42 fibers compared to the 

Aβ42-only sample. 

The results of the Th-T assay and TEM observations indicate that 1–5 display Aβ42 aggregation 

inhibitory activity, suggesting that the compounds inhibit the formation of β-sheet structures associated 

with Aβ42 aggregation. In general, the Aβ42 aggregation inhibitory activity tended to increase as the 

degree of polymerization of procyanidins increased, with particularly pronounced activity observed for 4 

and 5 with higher degrees of polymerization. In contrast, 6, which does not contain a phenolic hydroxyl 

group, was found to be inactive. Thus, the importance of the catechol moiety for activity was inferred. 

The catechol-type flavonoid (+)-taxifolin is thought to inhibit Aβ42 aggregation by forming Michael 

adducts with Lys16 and Lys28 of Aβ42 via the o-benzoquinone of its B ring.24 Therefore, it is considered 

that 1–5 inhibit Aβ42 aggregation via the same mechanism. The tendency for activity to increase with an 

increasing degree of polymerization in procyanidins is thought to be due to an increase in the number of 

catechol moieties, which are the Aβ42 reaction sites. The trends observed in the present study support our 

previous findings regarding the inhibitory effects of CQA, phenylethanoid glycosides, and clovamide on 

amyloid aggregation.12-14,20 However, 2 was slightly more active than 3, which had an additional catechol 

structure, suggesting that molecular size and other factors may affect activity.  

 

Table 1. Effects of 1–6 on Aβ42 and hIAPP aggregation 

Compounds Aβ42, IC50 (µM) hIAPP, IC50 (µM) 

1 34.8 22.4 

2 7.3 7.6 

3 11.3 12.7 

4 3.5 3.2 

5 4.0 2.7 

6 >100 >100 
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Figure 2. Effects of 1–6 on Aβ42 aggregation. Aggregation of 25 μM Aβ42 was monitored by Th-T 

fluorescence and observed in the presence the indicated concentrations of A: 1, B: 2, C: 3, D: 4, E: 5, and 

F: 6. Fluorescence intensity was measured at an excitation wavelength of 420 nm and emission 

wavelength of 485 nm, n = 8. 

 

 

Figure 3. Effects of 1–6 on Aβ42 aggregate formation as observed by transmission electron microscopy 

(TEM). Scale bars: 2 µm 

A: Aβ42 (25 μM), B: Aβ42 (25 μM) + 1 (100 μM), C: Aβ42 (25 μM) + 2 (100 μM), D: Aβ42 (25 μM) + 

3 (100 μM), E: Aβ42 (25 μM) + 4 (100 μM), F: Aβ42 (25 μM) + 5 (100 μM), and G: Aβ42 (25 μM) + 6 

(100 μM) 
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Aggregation inhibitory effects of 1–6 on hIAPP 

A Th-T assay was performed to evaluate the inhibitory effects of 1–6 on hIAPP aggregation (Figure 4). 

When hIAPP was reacted alone, the fluorescence increased with time, reaching a maximum after 4 h, and 

plateauing thereafter. In contrast, the addition of 1–5 suppressed the increase in fluorescence over time 

compared with hIAPP alone at all concentrations in a concentration-dependent manner. The IC50 values 

of 1–5 were 22.4, 7.6, 12.7, 3.2, and 2.7 µM, respectively (Table 1). Highly polymerized 4 and 5 showed 

the highest activities. In contrast, the addition of 6, in which all phenolic hydroxyl groups were 

methylated, did not inhibit the increase in fluorescence compared to that observed with hIAPP alone. The 

hIAPP aggregation inhibitory activity of 6 was negligible with an IC50 of >100 µM. 

TEM was performed to verify the effects of 1–6 on hIAPP aggregate formation (Figure 5). In the case of 

hIAPP alone, a large number of interconnected hIAPP aggregates formed a mesh-like pattern, whereas a 

decrease in the amount of hIAPP aggregates was observed in the presence of 1–5. In contrast, 6, which 

was not active in the Th-T assay, did not affect the amount of hIAPP fibers compared to the hIAPP-only 

sample. 

The results of the Th-T assay and TEM observations indicated that 1–5 possess hIAPP aggregation 

inhibitory activity, suggesting that the compounds inhibit the formation of β-sheet structures associated 

with hIAPP aggregation. In general, the hIAPP aggregation inhibitory activity tended to increase as the 

degree of polymerization of procyanidins increased, with particularly pronounced activity observed for 4  

 

 

Figure 4. Effects of 1–6 on hIAPP aggregation. Aggregation of 25 μM hIAPP was monitored by Th-T 

fluorescence and observed in the presence of the indicated concentrations of A: 1, B: 2, C: 3, D: 4, E: 5 

and F: 6. Fluorescence intensity was measured at an excitation wavelength of 420 nm and emission 

wavelength of 485 nm, n = 8. 
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and 5 with higher degrees of polymerization. In contrast, 6, which did not contain a phenolic hydroxyl 

group, was found to be inactive. Thus, a similar trend to that of the Aβ42 aggregation inhibitory activity 

was observed, suggesting the importance of the catechol moiety for activity. 

 

 

Figure 5. Effects of 1–6 on hIAPP aggregate formation as observed by transmission electron microscopy 

(TEM). Scale bars: 2 µm 

A: hIAPP (25 μM), B: hIAPP (25 μM) + 1 (100 μM), C: hIAPP (25 μM) + 2 (100 μM), D: hIAPP (25 

μM) + 3 (100 μM), E: hIAPP (25 μM) + 4 (100 μM), F: hIAPP (25 μM) + 5 (100 μM) and G: hIAPP (25 

μM) + 6 (100 μM) 

CONCLUSION 

The aggregation process of Aβ42 can be divided into two phases: the nucleation phase, which is 

thermodynamically less likely to occur, and the elongation phase, entailing fiber elongation. In the 

nucleation phase, monomeric Aβ42 gradually forms low-molecular-weight oligomers, subsequently 

entering the fiber elongation phase, during which each nucleus acts as a template and binds to a monomer 

to initiate polymerization.25,26 There are three types of aggregation inhibitors: compounds that inhibit 

nucleation, or elongation, or both. An investigation into which phase of the amyloid aggregation is 

inhibited by B-type procyanidin should be conducted in the future. Furthermore, it has been reported that 

amyloid aggregates are more cytotoxic in the oligomeric state than in the full fibrillar state.27,28 L-DOPA, 

which has a catechol structure, inhibits the aggregation of α-synuclein, an amyloid polypeptide 
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considered to be a causative agent of Parkinson's disease, the major product of which has been shown to 

be an oligomer.29 It is possible that the compound with the highest activity in the present study also exerts 

aggregation inhibitory activity by preventing the formation of the highly toxic oligomeric state, 

constraining the amyloid polypeptide in the fibrillar form, which is less cytotoxic. Therefore, it was 

necessary to investigate the Aβ state induced by the presence of the compounds used in this study. 

In contrast, it has been reported that hIAPP and the baicalein flavonoid form o-benzoquinone and inhibit 

aggregation as a result of Schiff base formation with Lys1 and Arg11 residues.30 Therefore, it is 

considered that 1–5 inhibit hIAPP aggregation via the same mechanism. However, 2 was slightly more 

active than 3, which had an additional catechol group, suggesting that molecular size and other factors 

may also influence activity. An investigation into which stage of hIAPP aggregation B-type procyanidins 

inhibit should be conducted in the future. It is also necessary to investigate the hIAPP state that results in 

the presence of B-type procyanidins. 

Regarding the aggregation inhibitory activity of Aβ using monomers and oligomers of procyanidins, it 

has been reported that oligomers are more active.31 However, this study is the first to investigate the 

aggregation inhibitory activity of Aβ42 and hIAPP using various purely synthesized procyanidin 

oligomers. 

EXPERIMENTAL 

Chemicals 

Compounds 1–6 used in this study were synthesized according to a previously published procedure.32 

Aβ42 was purchased from Peptide Institute Inc., Japan. hIAPP was purchased from KareBay Biochem, 

Inc. (USA). 

Th-T assay 

The aggregation of Aβ42 and hIAPP was evaluated using the Th-T method developed by Naiki et al.33 

The procedure has been described elsewhere.34 Th-T fluorescence assays were performed to evaluate the 

inhibitory effects of 1–6 on Aβ42 and hIAPP aggregation. In brief, Aβ42 was dissolved in 0.1% NH4OH 

at a concentration of 250 μM and hIAPP was dissolved in HFIP solution (0.5% acetic acid aqueous 

solution) at a concentration of 250 mM. The amyloid polypeptide solution was diluted tenfold with 50 

mM PBS (pH = 7.4) and the solution was incubated at 37 °C with or without samples. Both peptides were 

prepared with 1, 5, 10 μM or 1, 10, 100 μM of compounds 1-6 dissolved in PBS. The solution (2.5 μL) 

was added to 250 μL of 5 µM Th-T in 5 mM Gly–NaOH (pH = 8.5). Fluorescence intensity was 

measured at an excitation wavelength of 420 nm and emission wavelength of 485 nm using a Wallac 

1420 ARVO MX multidetection microplate reader (PerkinElmer). The IC50 value of each compound was 

calculated from the inhibition rate (%) of amyloid aggregation after 24 h of incubation at 37 °C. 
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TEM 

TEM was conducted to examine the aggregate formation of Aβ42 and hIAPP. A total of 5 μL of the 

sample of the same composition as the Th-T assay incubated at 37 °C for 24 h was spotted onto a form 

bar carbon-coated grid that had previously been hydrophilically treated by an HTD-400 hydrophilic 

treatment system (JEOL), incubated for 2 min, and washed twice with 5 μL of ultrapure water. Finally, 

the grid was negatively stained twice for 1 min each with 5 μL of 0.4% silicotungstic acid, and the 

solution was removed. After air drying, each sample was examined using a JEM-1400 electron 

microscope (JEOL). 
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