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Abstract

Plant-derived polyphenolic compounds possess diverse biological activities, including strong anti-

oxidant, anti-inflammatory, anti-microbial, and anti-tumorigenic activities. There is a growing 

interest in the development of polyphenolic compounds for preventing and treating chronic and 

degenerative diseases, such as cardiovascular disorders, cancer, and neurological diseases 

including Alzheimer’s disease (AD). Two neuropathological changes of AD are the appearance of 

neurofibrillary tangles containing tau and extracellular amyloid deposits containing amyloid-β 
protein (Aβ). Our laboratory and others have found that polyphenolic preparations rich in 

proanthocyanidins, such as grape seed extract, are capable of attenuating cognitive deterioration 

and reducing brain neuropathology in animal models of AD. Oligopin is a pine bark extract 

composed of low molecular weight proanthocyanidins oligomers (LMW-PAOs), including 

flavan-3-ol units such as catechin (C) and epicatechin (EC). Based on the ability of its various 

components to confer resilience to the onset of AD, we tested whether oligopin can specifically 

prevent or attenuate the progression of AD dementia preclinically. We also explored the 

underlying mechanism(s) through which oligopin may exert its biological activities. Oligopin 

inhibited oligomer formation of not only Aβ1–40 and Aβ1–42, but also tau in vitro. Our 

pharmacokinetics analysis of metabolite accumulation in vivo resulted in the identification of Me-
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EC-O-β-Glucuronide, Me-(±)-C-O-β-glucuronide, EC-O-β-glucuronide, and (±)-C-O-β-

glucuronide in the plasma of mice. These metabolites are primarily methylated and glucuronidated 

C and EC conjugates. The studies conducted provide the necessary impetus to design future 

clinical trials with bioactive oligopin to prevent both prodromal and residual forms of AD.
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INTRODUCTION

Alzheimer’s disease (AD) is one of the most persistent and devastating geriatric 

neurodegenerative disorders, often leading to severe memory loss and functional impairment 

[1]. As of 2017, there were an estimated 50 million people with dementia worldwide. The 

prevalence of AD dramatically increases yearly, with there being nearly 10 million new 

cases each year. While there is currently no cure for AD, delaying its onset by even a few 

years would lead to a significant reduction in disease prevalence and, consequently, its 

burden on health care systems. As such, it is necessary to identify new treatment paradigms 

that not only manage AD symptoms, but that also address the underlying pathophysiological 

changes that contribute to the onset of the disease.

Long-recognized pathological hallmarks of AD are the accumulation of 

hyperphosphorylated neurofibrillary tangles, as well as the accumulation and deposition of 

neurotoxic amyloid-β (Aβ) peptides into extracellular Aβ plaques in the hippocampus and 

prefrontal cortex, the regions of the brain most commonly affected by these 

neuropathologies [2, 3]. Aβ species with varying amino and carboxy termini are generated 

from the ubiquitously expressed amyloid-β protein precursor through sequential proteolysis 

by β- and γ-secretases [4–6]. A third proteolytic enzyme, α-secretase, may reduce Aβ 
generation by cleaving the amyloid-β protein precursor within the Aβ peptide sequence. 

More recent evidence indicates that the accumulation of soluble extracellular oligomeric Aβ 
species in the brain, rather than the deposition of amyloid plaques per se, may be specifically 

related to spatial memory reference deficits in mouse models of AD [7, 8]. These deficits 

include the inhibition of hippocampal long-term potentiation, which is an 

electrophysiological feature of memory function [9], the disruption of synaptic plasticity in 
vivo [4], and early-onset behavioral impairment and synaptic dysfunction, which has 

recently been shown to accelerate the progression of AD symptoms as a result of the 

accumulation of soluble extracellular oligomeric Aβ peptides in the brain [10]. Most 

excitingly, recent experimental therapeutic evidence has indicated that neutralization of 

soluble extracellular Aβ oligomeric species from the brain may causally improve spatial 

memory function in a mouse model of AD [11]. This evidence strongly suggests that 

preventing the formation of Aβ peptides into soluble oligomeric species in the hippocampus 

and prefrontal cortex, rather than dissociating or preventing amyloid plaque formation and 

deposition, may be a more productive approach to preventing and treating AD memory 

dysfunction. For this reason, major efforts are presently focused on developing 
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pharmacologic strategies that could delay the onset and/or slow the progression of Aβ-

oligomerization into soluble extracellular high molecular weight species in the brain.

Plant-derived polyphenolic compounds have been shown to attenuate cognitive deterioration 

and reduce Aβ plaque load in animal models of AD. Previous preclinical work from our 

laboratory and others has demonstrated that polyphenols rich in proanthocyanidins, such as 

grape seed extract, may ameliorate the deleterious neuropathologies associated with AD. 

Indeed, clinical investigations have shown that a proanthocyanidins-rich diet improved 

cognitive functioning in the elderly [12, 13].

In particular, it has been shown that oligopin, a pine bark extract composed of low molecular 

weight proanthocyanidolic oligomers (LMW-PAOs), possesses neuroprotective properties. A 

primary component of LMW-PAOs includes monomeric flavan-3-ols (–)- epicatechin (EC) 

and (+)-catechin (C), which have been shown to mitigate the detrimental effects of oxidative 

stress in the brain. Thus, this study examined the effects of oligopin in both in vitro and in 
vivo model systems of AD with the goal of providing the scientific basis to design future 

clinical trials with bioactive LMW-PAOs from oligopin in AD or in subjects with mild 

cognitive impairment that are at high risk for developing AD.

MATERIALS AND METHODS

Photo-induced cross-linking of unmodified proteins assay (PICUP)

Aβ and tau peptides were purchased from Peptide Institute Inc. (Osaka, Japan) and 

Recombinant Peptide Technologies (LLC, GA), respectively. LMW Aβ1–42 (30–40 μM) or 

Aβ1–40 (40 μM) or tau peptides (50 μM) were mixed with 1 μl of 4–5 mM tris (2,2’-

bipyridyl)dichlororuthenium(II) (Ru(bpy)) and 1 μl of 80–100 mM ammonium persulfate 

(APS) in the presence or absence of equal molar concentration of oligopin or 4-fold excess 

of oligopin, as previously described [14] A control protein, glutathione S-transferase (GST) 

(Sigma-Aldrich), was cross-linked under similar conditions. The mixture was irradiated for 

1 s and quenched immediately with 10 μl of tricine sample buffer (Invitrogen) containing 5% 

β-mercaptoethanol [14]. The reaction was then subjected to SDS-PAGE and visualized by 

silver staining (SilverXpress, Invitrogen). Aβ and tau aliquots of all samples were dispensed 

from same tube, it was confirmed by protein measurement that Aβ and tau of all samples 

was ~25 μM before applying into gel, and so, there was no difference in the amount of 

applied protein between lanes. The ImageJ software package was used to measure the 

integrated density of the bands in digital images of the gels. Crosslinking was evaluated by 

computing for each lane the ratios of dimer, trimer, etc. to the monomer in the same sample; 

this ratio is not affected by variations in gel loading.

Bioavailability, metabolism, and brain penetration of oligopin monomeric flavan-3-ol phase 
II metabolites

Eight-week-old male Sprague-Dawley (SD) rats purchased from the Harlan Laboratory were 

placed on a polyphenol free AIN-93M diet (Dyets). Doses of oligopin (gift from Dérivés 

Résiniques et Terpéniques (DRT) (200 mg/kg/day) were administered to rats over a 10-day 

period through gavage with a plasma pharmacokinetic assessment (0–8 h) conducted on day 
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one (single acute dose) and on day ten (acute on chronic dose). On day 11, the animals were 

administered a final dose of oligopin and sacrificed an hour later by an overdose of carbon 

dioxide. The vascular systems were perfused with cold physiological saline. The brains were 

harvested and placed in 0.2% ascorbic acid in saline, and stored at –80°C until analysis was 

performed.

The animal studies were carried out in accordance with the principles of the Basel 

Declaration and approved by the institutional review board at Icahn School of Medicine at 

Mount Sinai and by the Animal Care and Use Committee (IACUC) prior to commencing the 

study.

Extraction and analysis of proanthocyanidin monomer phase II metabolites from brain 
tissues

C and EC metabolites were extracted from brain tissues by solid phase extraction as 

previously described [15, 16]. Briefly, finely diced brain tissues (~500 mg) were extracted 

with ice cold methanol and dried under vacuum, resolubilized in 1.5 M formic acid prior to 

loading onto 1 mL Oasis HLB SPE cartridges (Waters Corporation) preactivated by 

methanol and water. Following loading, SPE cartridges were washed with 1.5 M formic acid 

and 1 mL (95:5) water-methanol. Plasma was diluted in saline and loaded directly on SPE 

cartridges. C/EC phase II conjugated metabolites were then eluted with methanol acidified 

with 0.1% formic acid. The catechin fractions were vacuum dried, sonicated, and 

resolubilized in mobile phase prior to LC-MS analysis. Analysis of C, EC, and the 

metabolites from the brain were performed using an Agilent 6400 Series QQQ in multiple 

reaction monitoring mode using identical ionization conditions employed on the TOF with 

30 eV collision energy used for MS/MS experiments. Catechin and epicatechin metabolite 

quantification were estimated using calibration curves from parent standard compounds.

RESULTS

Oligopin interferes with low molecular weight (LMW) Aβ oligomerization in vitro

In this study, using the photo-induced cross-linking of unmodified proteins (PICUP) 

technique, we explored the impact of oligopin, a pine bark extract composed of LMW-PAOs, 

on initial peptide-to-peptide interactions that are necessary for spontaneous oligomerization 

of Aβ peptides [17]. In the un-cross linked (UnXL) samples, only Aβ1–40 monomers and 

Aβ1–42 monomers and trimers were revealed on the SDS-PAGE gel.

Using cross-linked (XL) samples to stabilize Aβ peptide-to-peptide interactions, we 

confirmed that Aβ peptides spontaneously aggregate into multimeric conformers: Aβ1–40 

and Aβ1–42 formed a mixture of monomers and oligomers of orders 2–6 (Fig. 1a,c, lanes 

3,7).

We found that incubation of Aβ1–40 (Fig. 1a) with oligopin at equimolar concentrations (25 

μM), completely abolished the formation of aggregated Aβ1–40 hexamer, pentamer, and 

tetramer species, and reduced the generation of Aβ1–40 dimer (Fig. 1a, lane 5). At 1:4 ratio, 

oligopin (100 μM) strongly reduced Aβ1–40 dimerization and completely abolished the 
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formation of high order oligomerized Aβ1–40 (Fig. 1a, lane 9). Quantification of Aβ1–40 

changes is shown in Fig. 1b.

Similarly, incubation of Aβ1–42 with oligopin at equimolar concentrations (25 μM) 

completely blocked the formation of aggregated Aβ1–42 hexamer, pentamer, tetramer, and 

trimer species and strongly reduced the generation of Aβ1–42 dimers (Fig. 1c, lane 5). 

Aβ1–42 oligomerization (>dimers) was completely blocked at 1:4 ratio of 100 μM oligopin 

(Fig. 1c, lane 9). As previously described the presence of Aβ1–42 trimer band in UnXL (Fig. 

1c, lane 2) is an SDS-induced artifact. Quantification of Aβ1–42 changes are shown in Fig. 

1d.

An established compound related to oligopin was used as an internal control for SDS-page 

PICUP oligomerization studies confirmed the expected PICUP response (shown in Fig. 1a, 

c, and Fig. 2, lanes 4 and 8).

Oligopin interferes with tau protein misfolding in vitro

Abnormal aggregation of microtubule associated protein tau is the other pathological 

features of AD neuropathology. Recent evidence strongly suggests abnormal tau as a novel 

potential therapeutic target for treatment of AD.

We used the similar SDS-page PICUP technique to evaluate the effect of oligopin on 

abnormal tau aggregation. We found that in un-crossed linked (UnXL) samples, the majority 

of the full-length tau protein exists as monomers and there is a minor band of dimer (Fig. 2, 

lanes 2, 6). Following cross-linking (XL), tau protein forms dimer, trimer, and tetramer (Fig. 

2, lanes 3,7). In the presence of equal molar (25 μM) of oligopin, there is a complete 

inhibition tetramer formation and a significant reduction of trimer formation (Fig. 2a, lane 

5).

Tau oligomerization was further reduced for the trimerization by oligopin at 1:4 ratio (100 

μM) (Fig. 2a, lane 9). This data suggests that oligopin can interfere with initial tau peptides 

interaction and prevent the formation of tau aggregates in vitro. Quantification of tau 

oligomerization is shown in Fig. 2b. As shown in Fig. 1a and c, the internal control 

compound able to attenuate Aβ1–40 and Aβ1–42 aggregation (lanes 4, 8) also significantly 

mitigated tau oligomerization as assessed by SDS-page PICUP studies (Fig. 2, lanes 4,8).

Treatment with 25 or 100 μM oligopin did not affect the cross-linking reaction of GST (Fig. 

3a, b). It was previously reported that contrary to western blot staining and developing, 

photo-oxidation of Ru2+ on PICUP reaction [18], are fixed in this assay based on silver 

staining: longer staining and developing results into smeared black in silver staining.

Plasma pharmacokinetic response for EC and C metabolites from oligopin

To gather insight on the in vivo bioavailability and metabolism of oligopin, we measured 

plasma pharmacokinetics (0–2 h) to explore the impact of longer-term treatment on the 

bioavailability and metabolism of oligopin following long term treatments. Rats were treated 

with a daily dose of 200 mg/kg/day delivered through their drinking water for ten days. On 

the tenth day, plasma pharmacokinetic responses were determined following an oral dose of 
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oligopin. Metabolites of proanthocyanidin monomers, specifically C and EC were detected 

in mouse plasma following oligopin treatment (Fig. 4). The predominant plasma metabolites 

of EC and C were tentatively identified by LC-MS-TOF as Me-EC-O-β-Glucuronide (MeO-

EC-Gluc), Me-(±)-C-O-β-glucuronide (ME-O-Gluc) (Fig. 4A), EC-O-β-glucuronide, and 

(±)-C-O-β-glucuronide (Fig. 4B).

Characterization of these metabolites is consistent with previous reports and the positive 

control used in the study (Pos. C, Fig. 4A and 4B) that identifies the primary circulating 

forms of C and EC as methylated and glucuronidated C and EC conjugates that are derived 

by xenobiotic metabolism in the intestinal tissues and liver of both murine models and 

humans [19–23].

Assessment of metabolite accumulation in mouse brain tissue following 10 days of 
repeated dosing

A central issue in the development of polyphenol for the central nervous system is whether 

the compound crosses the blood-brain barrier and whether sufficient concentrations of the 

drug reach the brain tissues. We next tested for accumulations of C, EC, and their 

metabolites in brain tissues following chronic treatment with oligopin. We found C and EC 

phase II metabolites in the brain (O-β-glucuronides and O-Me-β-glucuronides) following 

repeated treatments with oligopin (Fig. 5).

DISCUSSION

The results of the present study demonstrated that oligopin successfully ameliorated AD 

neuropathologies, suggesting that its application as a novel AD treatment may be effective. 

Overall, the results of this study suggest a novel mechanism through which EC and C may 

exert their beneficial effects, and also provide the scientific basis to design future clinical 

trials with bioactive LMW-PAOs from oligopin to treat mild cognitive impairment and AD.

As previously discussed, our in vitro studies demonstrated that oligopin administration 

successfully resulted in reductions to the oligomerization of Aβ1–40 and Aβ1–42, and also in 

the prevention of tau misfolding. We previously showed that PICUP-stabilized oligomers 

have significant biochemical properties [24, 25]. We observed that neurotoxic activity 

increased disproportionately (order dependence >1) with oligomer order, that is, namely 

tetramers ≥ trimers > dimers > monomers [24]. Additionally, we demonstrated that England 

and Tottori mutant oligomers of Aβ producing oligomer size distributions skewed to higher 

order, showed higher cytotoxicity than wild type oligomers [25]. These results suggest a 

novel mechanism through which oligopin and its bioactive constituents EC and C may exert 

their beneficial effects, as this is the first time that they were shown to be capable of 

attenuating and preventing misfolding of both Aβ and tau. Future in vivo studies will clarify 

the association of this mechanism with the attenuation of cognitive deterioration that are 

associated with AD-type neuropathologies.

In all crosslinking experiments, for Aβ, tau, and GST, the bands in the crosslinked lanes are 

stronger than in the uncrosslinked lane. A probable explanation is that the crosslinker, which 

binds to all proteins, is stained very well by silver, which makes all bands to appear stronger.
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Reduction by LMW-PAO of the amounts of oligomers (Figs. 1 and 2) is not accompanied, as 

expected, by an increased amount of monomer. A probable explanation is the following: We 

previously reported that the low n-order oligomers, such as PICUP-derived oligomers of Aβ, 

begin to exhibit β-sheet content at the dimer stage, whereas they did not exhibit thioflavin 

fluorescence [24]. Although it was once thought that intermediate aggregates of Aβ are 

positioned on the on-pathway from monomer to the final aggregates, mature fibrils, some 

aggregates such as Aβ-derived diffusible ligands, amylospheroids, and PICUP-derived 

oligomers are on the off-pathway and are more toxic [26–29]. In addition, we recently 

reported that the superior inhibitory potency of antiplatelet drug cilostazol against Aβ 
oligomerization, compared to fibrillization, is explained by the fact that the LMW oligomers 

generated by PICUP are positioned on the off-pathway [30]. Thus, an explanation for the 

fact that inhibition of LMW-PAO on Aβ1–40, Aβ1–42, and tau oligomerizations did not 

accompany distinct monomer increase is that low n-order oligomers generated by PICUP are 

on the off-pathway (Fig. 6).

To expedite translatability of these results from in vivo to clinical settings and to assess the 

metabolism of oligopin in an animal model of AD, a pharmacokinetics analysis was 

performed. This experiment resulted in the identification of Me-EC-O-β-Glucuronide (MeO-

EC-Gluc), Me-(±)-C-O-β-glucuronide (ME-O-Gluc) (Fig. 4A), EC-O-β-glucuronide and 

(±)-C-O-β-glucuronide (Fig. 4B) in the plasma of mice. These metabolites are primarily 

methylated and glucuronidated C and EC conjugates. Additionally, in line with previously 

reported data, we have shown the metabolites derived from oligopin are brain bioavailable 

compounds. Further studies using transgenic AD models such as 3xTg-AD mice that express 

human amyloid precursor protein, presenilin-1, and tau transgenes and develop AD-like 

brain and behavioral pathology are essential in order to confirm the preventing effects of 

oligopin for Aβ and tau accumulation [31].

Based on previous studies demonstrating that these metabolites improve synaptic plasticity 

in the hippocampus [16], these results suggest that oligopin may be developed as a potential 

novel therapeutic agent for the treatment of AD.
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Fig. 1. 
Oligopin attenuates oligomerization of Aβ peptides in vitro. SDS-PAGE of Aβ1–40 and 

Aβ1–42 in the presence or absence of oligopin following PICUP. (a) 25 μM Aβ1–40 and (c) 

Aβ1–42 were cross-linked in the presence or absence of 25 (1:1) or 100 (1:4) μM oligopin 

and the bands in subsequent SDS gels were visualized using silver staining. Lane 1: 

molecular weight; Lanes 2 and 6: UnXL, un-cross-linked Aβ1–40 or Aβ1–42; Lanes 3 and 7: 

XL, cross-linked Aβ1–40 or Aβ1–42; Lanes 5 and 9: Aβ1–40 or Aβ1–42 aggregated in the 

presence of 25 or 100 μM oligopin; the molecular weight of oligopin is based on the 

composition of dimer, trimer and tetramer of oligopin. A compound related to oligopin was 

used as a control to asses attenuation of Aβ1–40 or Aβ1–42 purposes relative to oligopin 

(lanes 4 and 8). For each lane that contains crosslinked samples (XL) in a and c, the ratios of 
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the integrated densities of each oligomer to the monomer are shown in panels b and d, 

respectively. The gels are representative of three independent experiments.
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Fig. 2. 
Oligopin prevents oligomerization of full-length tau protein in vitro. (a) SDS-PAGE of tau 

protein in the presence or absence of 25 (1:1) or 100 (1:4) μM oligopin following PICUP. 

This panel is composed of two independent results. Lanes 1: molecular weight; Lanes 2 and 

6: UnXL, un-cross-linked tau protein; Lanes 3 and 7: XL, cross-linked tau protein; Lanes 5 

and 9: tau protein aggregated in the presence of 25 or 100 μ M oligopin. A compound related 

to oligopin was used as a control to assess attenuation of tau oligomerization (lanes 4 and 8). 

For each lane in a, the ratios of the integrated densities of each oligomer to the monomer in 

the lane are shown. The gel is representative of three independent experiments.
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Fig. 3. 
Oligopin does not influence oligomerization of GST in vitro. (a) SDS-PAGE of GST in the 

presence or absence of 25 (1:1) or 100 (1:4) μM oligopin, following PICUP. Lane 1: 

molecular weight; Lane 2: UnXL, un-cross-linked GST; Lane 3: XL, cross-linked GST; 

Lanes 4 and 5: GST protein aggregated in the presence of 25 or 100 μM oligopin, 

respectively. For each lane that contains crosslinked samples, the ratios of the integrated 

densities of each oligomer to the monomer are shown in panel b. The gels are representative 

of three independent experiments.

Ono et al. Page 13

J Alzheimers Dis. Author manuscript; available in PMC 2021 May 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. 
Plasma pharmacokinetics C and EC metabolites following 10 days repeated dosing of 

oligopin. A, B) Plasma pharmacokinetic profile of methylated and glucuronidated C and EC 

metabolites following acute on repeated dosing of mice by treatment with 200 mg/kg/day 

oligopin following acute on repeated dosing. LC-MS/MS separation of major C and EC 

metabolites detected in extracts of mice plasma collected after 10-day treatment. Multiple 

reaction monitoring trace is shown for C/EC-O-β-glucuronide (465.1 ± 289.1 m/z) and 

MeO-C/EC-O-β-glucuronide (479.1 ± 303.1 m/z). Data represent mean ± SD, n = 5 mice 

per group.
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Fig. 5. 
Brain levels of C and EC metabolites following 10 days repeated dosing of oligopin. Brain 

content of C and EC metabolites following acute or repeated dosing of rats by treatment 

with 200 mg/kg/day oligopin. The error bars represent standard errors of the means.
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Fig. 6. 
Inhibitory effects of LMW-PAOs on Aβ1–40, Aβ1–42, and tau oligomerizations. The 

monomer of Aβ1–40, Aβ1–42, and tau may aggregate to form intermediate aggregates such as 

oligomers and finally fibrils. LMW-PAOs mainly prevents off-pathway oligomers of Aβ1–40, 

Aβ1–42, and tau.
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