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Trans ε-Viniferin Decreases Amyloid Deposits With Greater Efficiency Than Resveratrol in an Alzheimer’s Mouse Model
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In a previous study, we showed that viniferin decreased amyloid deposits and reduced neuroinflammation in APPswePS1dE9 transgenic mice between 3 and 6 months of age. In the present study, wild type and APPswePS1dE9 transgenic mice were treated from 7 to 11 or from 3 to 12 months by a weekly intraperitoneal injection of either 20 mg/kg viniferin or resveratrol or their vehicle, the polyethylene glycol 200 (PEG 200). The cognitive status of the mice was evaluated by the Morris water maze test. Then, amyloid burden and neuroinflammation were quantified by western-blot, Enzyme-Linked ImmunoSorbent Assay (ELISA), immunofluorescence, and in vivo micro-Positon Emission Tomography (PET) imaging. Viniferin decreased hippocampal amyloid load and deposits with greater efficiency than resveratrol, and both treatments partially prevented the cognitive decline. Furthermore, a significant decrease in brain uptake of the TSPO PET tracer [18F]DPA-714 was observed with viniferin compared to resveratrol. Expression of GFAP, IBA1, and IL-1β were decreased by viniferin but PEG 200, which was very recently shown to be a neuroinflammatory inducer, masked the neuroprotective power of viniferin.
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INTRODUCTION

Alzheimer’s disease (AD) is the most common neurodegenerative disorder and the first cause of dementia in the world. Each year, there are over 9.9 million new cases of dementia worldwide, implying one new case every 3 s (Prince, 2015). Thus, in the world, nearly 50 million people have Alzheimer’s or related dementia as published by the Alzheimer’s association in 2021. This number will almost double every 20 years, reaching 75 million in 2030 and more than 130 million in 2050 (Prince, 2015). Unfortunately, there are no effective treatments to cure AD.

The cause of this disease is unknown, but many pathogenic mechanisms induce several types of cellular and molecular damage, e.g., extracellular senile plaques, composed of aggregated amyloid beta (Aβ) peptide, the intracellular neurofibrillary tangles composed of hyperphosphorylated tau protein, the exacerbated neuroinflammation, the synaptic loss in particular cholinergic hippocampal neurons and the oxidative stress (Tönnies and Trushina, 2017; Long and Holtzman, 2019; Webers et al., 2020). The pharmacological drugs approved by the authorities and currently used are acetylcholinesterase inhibitors (Singh and Sadiq, 2021) and uncompetitive antagonists of NMDA receptors (Alam et al., 2017), but these treatments are only symptomatic and do not prevent or cure the pathological mechanisms involved in AD and neuronal death (Mangialasche et al., 2010; Anand et al., 2014). Moreover, anti-amyloid-β and tau immunotherapies in clinical trials for AD have failed due to their late administration in the disease progression (Pedersen and Sigurdsson, 2015; van Dyck, 2018). Clinical trials evaluating the effects of drugs targeting only one pathological aspect of AD, such as neuroinflammation (Ali et al., 2019) or oxidative stress (Mecocci and Polidori, 2012; Charemboon and Jaisin, 2015; Wojsiat et al., 2018), failed to demonstrate the efficiency of these treatments. In this context, pharmacological treatments targeting several characteristic lesions of AD simultaneously could be more efficient. Consequently, natural polyphenols, which have been reported to possess various biological properties, could be interesting candidates (Dhakal et al., 2019). Polyphenols have been found to have anti-inflammatory action (Capiralla et al., 2012; Caillaud et al., 2019; Román et al., 2019), inhibit Aβ aggregation and induce its disaggregation (Ladiwala et al., 2010; Freyssin et al., 2018; Vion et al., 2018), inhibit phosphorylation and aggregation of tau and have protective effects against Aβ-induced neuronal death (Bureau et al., 2008; Vion et al., 2018; Sureda et al., 2019). One of them, trans-resveratrol (4-[(E)-2-(3,5-Dimethoxyphenyl)ethenyl]phenol) has been widely described in the literature for its beneficial properties on health, notably in the context of neurodegenerative diseases (Kou and Chen, 2017; Sawda et al., 2017; Chen et al., 2019). However, only one clinical trial on the beneficial effects of this stilbene has been reported in two papers. The first article found that resveratrol, administered to mild to moderate AD patients was safe and well tolerated but had ambivalent effects (Turner et al., 2015) in that resveratrol treatment compared to placebo induced a beneficial inhibition of Aβ decrease in cerebrospinal fluid (CSF) but also, an increase of in brain volume loss. Moreover, this treatment was reported to modulate neuroinflammation, and induce adaptive immunity (Moussa et al., 2017). Although better performances in cognitive tasks were observed in resveratrol-treated AD mice (Chen et al., 2019), clinical trials failed to show any efficacy on cognitive functions (Kennedy et al., 2010; Drygalski et al., 2018).

Resveratrol is rapidly metabolized in glucuronidated and sulfated forms which are excreted in the urine. Consequently, high doses are required but also induce adverse effects (Turner et al., 2015). Another natural polyphenol, trans ε-viniferin (5- [(2R,3R)-6-Hydroxy-2-(4-hydroxyphenyl)-4-[(E)-2-(4-hydroxyphenyl) ethenyl]-2,3-dihydro-1-benzofuran-3-yl]benzene-1,3-diol) recently caught our attention. It is a dimer of trans-resveratrol, synthetized by Vitis vinifera in response to different stresses and found in grapevine canes and roots. Viniferin could have higher beneficial properties than the reference polyphenol resveratrol, due to its chemical structure and reduced catabolism (Boocock et al., 2007). However, only a few findings concerning its role in AD have been published (Jeong et al., 2010; Rivière et al., 2010; Richard et al., 2011, 2013; Vion et al., 2018; Caillaud et al., 2019). In a first in vitro study, we confirmed that viniferin inhibited amyloid aggregation but we also demonstrated that it induced the disaggregation of amyloid fibrils with higher efficiency than resveratrol (Vion et al., 2018). Moreover, we showed that this stilbene rescued gliosis induced by aggregated Aβ in a murine primary culture of neurons, astrocytes and microglia, with better efficacy than resveratrol (Vion et al., 2018). In a second in vivo study, using APPswePS1dE9 transgenic mice, we evaluated the preventive effect of viniferin (Caillaud et al., 2019). AD mice received a weekly intraperitoneal (i.p.) injection of viniferin 10 mg/kg from 3 until 6 months. We reported that viniferin was able to pass through the blood brain barrier and had beneficial preventive effects, in that it reduced the size and density of amyloid deposits and decreased the reactivity of astrocytes and microglia (Caillaud et al., 2019). Therefore, as in these mice the characteristic histopathological lesions of the disease are not yet present at 3 months of age and appear from 4 to 6 months, this study only demonstrated the preventive effects of viniferin. The effects of treatment after development of the characteristic histopathological lesions, i.e., later than 6 months of age, remain unknown. Moreover, these beneficial effects were not compared to those of resveratrol. Lastly, it is would be necessary to determine whether these polyphenols could rescue the cognitive decline. For all these reasons, we decided to administer resveratrol or viniferin from 7 to 11 months or from 3 to 12 months in APPswePS1dE9 and WT mice to evaluate the efficacy of a chronic treatment. The aim of this study was therefore to compare the effects of the two polyphenols on (1) amyloid deposits, (2) neuroinflammation, and (3) cognitive decline. We previously demonstrated that a concomitant increase in the β-amyloid load and index of microglial activation 18 kDa translocator protein (TSPO) was detected in this Tg model by micro-positon emission tomography (PET) imaging (Sérrière et al., 2015).



MATERIALS AND METHODS


Chemical Products

All chemical products used in this study are indicated in the Supplementary Table 1.



Animals and Experimental Design

In the laboratory, we have APPswePS1dE9 transgenic mice (from Mutant Mouse Resource and Research Center, Stock No: 34829-JAX) displaying Alzheimer phenotype [Authorization from “Haut Comité de Biotechnologie français” (HCB) to Pr Guylène Page, number 2040 for reproduction, treatment, behavioral tests, and ex vivo experiments]. Wild type (WT) with B6C3F1 background and APPswePS1dE9 mice were obtained by crossing a male APPswePS1dE9 mouse with a WT female mouse (from Charles River, strain Code 031). The use of animals was approved by the Ethical and Animal Care Committee (N°84 COMETHEA, Ethical Committee for Animal Experimentation Poitou-Charentes, France) and by the French ministry (agreement number: 2015072717461531 to Pr Guylène Page as designer of experimental projects on animals for scientific purposes) and agreement APAFIS#13481-2018.013115261004.V3 for imaging experiments. At weaning, all mice were genotyped by polymerase chain reaction (PCR) analysis of tail biopsies according to the manufacturer’s recommended protocols. All animal care and experimental procedures conformed with the French Decree number 2013–118, 1 February 2013 NOR: AGRG1231951D in accordance with European Community guidelines (directive 2010/63/UE). All efforts were made to minimize animal suffering, as well as the number of animals used. The animals were housed in a conventional state under adequate temperature (23 ± 3°C) and relative humidity (55 ± 5%) control with a 12/12 h reversed light/dark cycle with access to food and water ad libitum. Throughout the study, the general state of health of the mice was evaluated weekly by monitoring their body weight, food, and water intake.

For this study 27 AD mice (13 males and 14 females) and 24 WT mice (12 males and 12 females) were used. The mice were treated from 7 to 11 months of age by a weekly intraperitoneal i.p. injection of either trans ε-viniferin (Vini) at 20 mg/kg (4 AD males, 5 AD females, 4 WT males, and 4 WT females), trans-resveratrol (Resv) at 20 mg/kg (4 AD males, 5 AD females, 4 WT males, and 4 WT females) or their vehicle, the polyethylene glycol 200 (PEG 200) at 1.67 mL/kg (5 AD males, 4 AD females, 4 WT males, and 4 WT females). This dose of resveratrol and viniferin was chosen by taken into account the results published in a first study (Caillaud et al., 2019). All treatments were diluted in 0.9% NaCl. At the beginning of the study and at the end of each treatment, behavioral test was performed. PET-scan imaging was only performed at the end of each treatment. Finally, 1 week after PET-scan imaging, the mice were euthanized. The mice were transcardially perfused with 4% paraformaldehyde (PFA) after deep anesthesia with a mix of ketamine (100 mg/kg) and xylazine (10 mg/kg). Brains were rapidly removed, and the right hemisphere was immediately placed in 4% PFA at 4°C for immunofluorescence imaging. In the left hemisphere, the hippocampus was dissected and homogenized for biochemical experiments. All samples were stored at −80°C until further experiments. In all groups (PEG, Resv, Vini), some mice prematurely died. Moreover, the volume of hippocampal lysates was low and did not enable all the signals to be detected by western blot for some mice. Thus, the number of animals was variable for different experimental procedures as indicated in the figure captions.

At the same time, another set of experiments included mice treated weekly with either Vini, Resv, or PEG at the same i.p. doses indicated above from 3 to 12 months of age. Micro-PET imaging was not carried out for financial reasons. Thus, the results concerning amyloid deposits by immunofluorescence and inflammatory parameters [GFAP and IBA1 by western blot and IL-1β by enzyme-linked immunosorbent assay (ELISA)] were in Supplementary Material as indicated in the section “Results.”



Morris Water Maze

For the behavioral test by the Morris water maze (MWM), the mice were individually placed in a round pool (1 m diameter, 0.5 m height) filled with crushed white chalk mixed with water at room temperature (RT). An escape platform (5 cm diameter) was placed at 15 cm from the edge of the tank in the northeast quadrant of the pool. This platform was submerged under the water surface and was not visible by the mice. During the entire test, this pool was placed in a quiet room with visual cues. A camera recorded the mice’s pathway and behavior. The test consisted of four consecutive daily training periods followed by the retention test on the 5th day. For the training period, before the first trial, the mice were placed on the submerged platform for 5 s. They were tested four trials per day, with different starting locations, following a defined sequence. Each trial had a maximum duration of 60 s. If the mouse did not find the escape platform in 60 s, it was physically placed on the platform to learn for 20 s. For the retention test, on the 5th day, the platform was removed, and the mice were allowed to swim for 60 s. The tendency of the mice to search for the platform was evaluated by quantifying the time spent in the target quadrant where the escape platform had previously been located. The time spent by each mouse in the target quadrant and the distance traveled by the mice were recorded and processed using a video tracking device and computer-equipped analytics management system (Kinovea.org software, 0.8.15). The MWM protocol was applied twice, the first time before the first injection, at 7 months of age, and the second time after the last injection, at 11 months. To evaluate the effects of the molecules on the cognitive status of the mice, we assessed the evolution of their performance in the retention test between 7 (before initiation of the treatment) and 11 months (at the end of the treatment). Thus, for each mouse, this evolution was quantified by the following formula:
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The motor capacities of the mice were evaluated by quantifying the average swimming speed at 7 and 11 months.



Positon Emission Tomography-Scan Imaging

The β-amyloid load and TSPO imaging were assessed using [18F]Florbetaben and [18F]DPA-714, respectively, which were prepared as described previously (Wang et al., 2011) and obtained with a mean molar activity of 50–150 GBq/μmol. Each animal was explored with both tracers with a minimum delay of 3 days between each imaging experiment, according to a paper previously published (Sérrière et al., 2015). The mice received an i.v. injection of either [18F]Florbetaben or [18F]DPA-714 (15–20 MBq) in the tail vein under gas anesthesia (1.5–2% isoflurane in 1.5–2 L/min of O2). A 5 min CT-scan was first acquired for 5 min for attenuation correction, and the animals were then scanned over 61 min using a Super Argus PET/CT system (Sedecal, Spain). PET images were rebinned into 33 frames, and the last 30 min acquisition was extracted for reconstruction, and then analysis using PMOD (3.403, PMOD Technologies, Zurich, Switzerland)1. Then, a voxel-based analysis was used to assess the differences in radiotracer binding between the averaged brains of Vini vs. Resv vs. PEG treated mice. This was performed using unpaired Student’s two-tailed t-tests with p-values corrected for multiple comparisons using the Benjamini-Hochberg control of false discovery rate (Benjamini and Hochberg, 1995). However, all the individual voxel comparisons missed significance, as described in other PET studies with low degrees of freedom (Endepols et al., 2010). Therefore, Z-score maps with a threshold of p = 0.05 for uncorrected p-values were generated. The regions of interest were derived from Mirrione’s templates using PMOD v3.2 software and applied to Z-score maps to obtain the Z-score values in the regions of interest (ROI).



Immunofluorescence

After 24 h in 4% paraformaldehyde at 4°C, right brain hemispheres were rinsed in PBS (phosphate buffer saline), dehydrated, and embedded in paraffin for sagittal sectioning (4 μm thickness). Sagittal sections were cut in a microtome (Microm Microtech, Brignais, France) and mounted on Super-Frost Plus 1 slides (CML, Nemours, France) with water and conserved at 4°C until use. Immunolabelings were performed as previously described (Damjanac et al., 2007; Couturier et al., 2012), using specific antibodies at the dilutions indicated in Supplementary Table 2. Multiple labeled samples (two slices per mice) were examined with an Olympus BX51 epifluorescent optical microscope. Images were blind analyzed with ImageJ, as previously described (Caillaud et al., 2019). Multiple labeled samples were also examined with a spectral confocal FV-1000 station installed on an inverted microscope IX-81 (Olympus, Tokyo, Japan) with an Olympus x60 oil, 1.2 NA, objective lens with an optical section separation (z-interval) of 0.3 μm. Fluorescence signal collection, image construction, and scaling were performed using the control software (FluoView FV-1000, 4.2.1.20 Olympus). Multiple fluorescence signals were acquired sequentially to avoid crosstalk between image channels. Fluorophores were excited with the 405 nm line of a diode (for DAPI), and the 543 nm line of a HeNe laser (for TRITC). Emitted fluorescence was detected through spectral detection channels and images were merged as an RGB image.



Biochemical Experiments


Preparation of Protein Lysates

After euthanasia, the hippocampus of the left hemisphere was dissected and homogenized for biochemical experiments as previously described (François et al., 2014) in 10 volumes of lysis buffer (25 mM Tris–HCl, 150 mM NaCl, 1 mM EDTA, pH 7.4) and supplemented with 50 mM NaF, 1 mM PMSF, protease and phosphatase inhibitor cocktails (50 μL/g of tissue and 10 μL/mL of lysis buffer, respectively). Before use, supernatants were stored at −80°C. For ELISA experiments, requiring the use of an insoluble fraction, the pellet was suspended with 30 μL of lysis buffer before treatment with guanidine as explained below.



Western Blots

For each sample, 20 μg proteins were denatured in Laemmli Sample Buffer containing DTT by boiling during 5 min. Electrophoreses in 4–20% Tris-Glycine gels were performed according to the manufacturer’s recommendations (at 150 V during 40 min in Tris-Glycine SDS Running Buffer). Proteins were then transferred to nitrocellulose membranes using the Trans-Blot Turbo system set to program 25 V for 7 min. The membranes were washed for 10 min in Tris-buffered saline/Tween (TBST: 20 mM Tris–HCl, 150 mM NaCl, pH 7.5, 0.05% Tween 20) and non-specific antigenic sites were blocked 2 h in TBST containing 5% semi-skimmed milk and 0.21% sodium fluoride. The membranes were incubated with primary antibodies at the adequate dilution (Supplementary Table 2) overnight at 4°C. Then, they were washed twice with TBST and incubated with the HRP-conjugated secondary antibodies (Supplementary Table 2) during 1 h at RT. The membranes were washed again and exposed to the chemiluminescence Luminata Forte Substrate. After two washes in TBST, the membranes were put in contact with mouse antibodies against β-actin overnight at 4°C, washed with TBST and incubated with HRP-conjugated secondary antibodies for 1 h before being exposed to the chemiluminescence Luminata Classico Substrate. All luminescent signals were captured by the Gbox system (GeneSnap software, Syngene, Ozyme distributor). Automatic image analysis software was supplied with Gene Tools (Syngene, Ozyme distributor). In each case, the protein of interest/β-actin ratios were calculated. Results were then normalized as a percentage of expression in PEG treatment for both groups (WT and AD).



Aβ40-42 ELISA

The levels of Aβ42 and Aβ40 were quantified using an ELISA kit (Gibco-Invitrogen). Concerning the insoluble fraction, the pellets obtained after the preparation of hippocampal homogenates from the left hemisphere were suspended with 30 μL of lysis buffer. Then, a homogenization with 8 volumes of guanidine–Tris buffer (5 M guanidine HCl/50 mM Tris–HCl, pH 8.0) was performed in order to extract insoluble Aβ. Homogenates were incubated at RT for 4 h before they were assayed. Samples were diluted in cold BSAT-DPBS reaction buffer (0.2 g/L KCl, 0.2 g/L KH2PO4, 8.0 g/L NaCl, 1.15 g/L Na2HPO4, 5% BSA, 0.03% Tween-20, pH 7.4) supplemented with Protease Inhibitor Cocktail. Samples were centrifuged at 16,000 g for 20 min at 4°C. The supernatant was diluted in the standard diluent buffer available in the kit. The final concentration of AEBSF (included in the protease inhibitor cocktail) was 1 mM in order to prevent proteolysis of Aβ peptides. The human Aβ42 and Aβ40 standards were also diluted in the same standard diluent buffer as the samples. The plates were incubated with detection antibody overnight at 4°C. Concerning the soluble fraction, the same homogenization steps with guanidine and dilutions were performed. After washing, the plates were incubated with HRP anti-rabbit antibodies for 30 min at RT, then they were washed, and stabilized chromogen was added in each well for 30 min in a dark chamber at RT. After stopping the reaction, the absorbance of the plates was read at 450 nm using the Multiskan spectrum spectrophotometer. The standard curves were established using a range of concentrations (15.63–1,000 pg/mL) of a synthetic Aβ42 peptide, and a range of concentrations (7.81–500 pg/mL) of a synthetic Aβ40 peptide. Data are expressed as pg of total Aβ40–42/mg of protein.



IL-1β ELISA

Homogenates from mouse hippocampus were analyzed for IL-1β levels using ELISA kit (sensitivity: 16 pg/mL) according to the manufacturer’s instructions (BioLegend, Ozyme, Saint-Quentin-en-Yvelines, France). The range of IL-1β analysis was between 31.3 and 2,000 pg/mL. The cytokine levels were calculated by plotting the optical density (OD) of each sample against the standard curve. The intra- and inter-assay reproducibility was >90%. OD values obtained for duplicates that differed from the mean by greater than 10% were not considered for further analysis. For convenience, all results are expressed in pg/mg protein.




Statistical Analysis

Results were expressed as means ± standard error (SEM). The statistical program GraphPad (GraphPad Software, San Diego, CA, United States) was used to compare quantitative variables. For all comparisons, the level of significance was p < 0.05. To compare quantitative variables between two groups of mice, Mann–Whitney test was used. Comparisons between all groups of mice were performed using a Kruskal–Wallis test followed by a post hoc Dunn’s test. For imaging experiments, inter-group comparison was performed using a two-tailed unpaired Student t-test. Effect size was evaluated for each significant difference observed and expressed as d-values corresponding to a large effect size for d values superior to 0.80 (Cohen, 1988). The signals extracted using the ROIs on the z-score maps were considered for further analysis when representing at least 50 contiguous voxels for a statistical threshold set at p < 0.05.




RESULTS


Reduction of the Hippocampal Amyloid Burden and Deposits by Viniferin

In this study in which animals were treated from 7 to 11 months of age, amyloid deposits in the hippocampus were visualized by immunofluorescence, using the monoclonal mouse anti-amyloid WO2 clone, which recognizes amino acid residues 4–10 of human Aβ. The hippocampal amyloid plaques in viniferin-treated AD mice appeared to be less compact and intense than those of PEG-treated mice (Figure 1A). The global amyloid burden quantified by immunofluorescence in the hippocampus of AD mice showed a significant 45.5% decrease with viniferin compared to PEG-treated mice (Figure 1A). When the image analysis focused only on aggregated amyloid plaques, viniferin significantly reduced (−79.5%) the density of hippocampal amyloid deposits in these AD mice (Figure 1A). Resveratrol did not induce a significant decrease in either the parameters in the hippocampus compared to PEG-treated AD mice (Figure 1A). Interestingly, mice that they had received an earlier treatment of viniferin from 3 months and over a longer period (9 months) showed a significant decrease in global amyloid burden and WO2-positive amyloid deposits, compared to PEG-treated mice (−35 and −41.5%, respectively). Furthermore, viniferin had a better activity compared to resveratrol (decrease of 31 and 36%, respectively), (Supplementary Figure 1).
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FIGURE 1. Effects of resveratrol and viniferin on the hippocampal amyloid deposits. The double transgenic APPswePS1dE9 mice were intraperitoneally treated with resveratrol, trans ε-viniferin or their vehicle (PEG 200) at 20 mg/kg/week from 7 to 11 months of age. (A) The senile plaques were stained with antibody against amyloid peptide (clone WO2, green) and the nuclei with DAPI (blue). On each image, a magnification delineated by a white frame was added. Scale bars: 50 μm. The quantification of global signal WO2 and of WO2-positive amyloid deposits were represented. (B) Coronal images of significant differences in [18F]Florbetaben binding (z-score maps; decreases in tracer binding from dark to white; Student unpaired t-test; p < 0.01) in AD mice fused with an MRI template in three conditions: from left to right Resv vs. PEG, Vini vs. PEG, and Vini vs. Resv. Table resuming the statistical differences in [18F]Florbetaben binding for the three treatment conditions. The z-score and d-value are presented for each significant difference observed along with the t, df, and p values of the unpaired t-test. Hipp, hippocampus; PEG, polyethylene glycol 200; Resv, trans-resveratrol; Vini, trans ε-viniferin. (C–F) The hippocampal levels of insoluble fraction (C) and soluble fraction (E) of Aβ42 and those of Aβ40 (D,F) were quantified using ELISA. The dotted line represents the mean of the PEG group or 100% of PEG signal. The results were expressed as percentage of control (rounds represent females, triangles represent males). To compare values between PEG- and polyphenol-treated-mice (by trans resveratrol or trans ε-viniferin), Kruskal–Wallis test followed by Dunn’s test or the Mann–Whitney test for two groups were used, (n = 4–8). **p < 0.01, *p < 0.05 compared to PEG-treated AD mice (control mice).


The PET-Scan analysis of [18F]Florbetaben binding in the hippocampus showed a significant decrease both in viniferin- (p < 0.0001) and resveratrol-treated mice (p = 0.0016) compared to controls (Figure 1B).

These results were completed by quantification of insoluble and soluble Aβ40 and Aβ42 levels in the hippocampus. Compared to the PEG-treated AD mice, the levels of both Aβ42 and Aβ40 insoluble fractions were significantly reduced by 40 and 32%, respectively (Figures 1C,D) in the hippocampus of viniferin-treated mice while no significant differences were observed in resveratrol-treated mice, or between resveratrol- and viniferin-treated mice. No significant difference in soluble Aβ42 and Aβ40 was observed between all groups (Figures 1E,F).

Furthermore, the global WO2 density significantly decreased in cortex of viniferin-treated mice compared to resveratrol-treated and control mice (−78.6 and −74.5%, respectively) (Supplementary Figure 2).



Effect of Viniferin on the Reactivity of Microglia

The reactivity of hippocampal microglial cells was assessed by quantifying the immunolabeling of IBA1 (Figure 2A). The intensity of this marker was unchanged in all groups of WT mice (Figure 2A). In AD mice, however, both resveratrol and viniferin induced a low reduction in the IBA1 signal compared to the PEG group (−22 and −15.5%, not significant, respectively). However, the PET-Scan analysis of the TSPO tracer [18F]DPA-714 binding, which is an index of microglia reactivity in the hippocampus, showed a significant decrease between viniferin- and resveratrol-treated mice in the hippocampus (Figure 2B) although no difference in the tracer accumulation was observed between the viniferin or resveratrol and PEG groups (Figure 2B). IBA1 immunoreactivity was similar in all WT and AD groups despite a non-significant decrease of 21.6% in IBA1 expression in viniferin-treated AD mice compared to resveratrol-treated AD mice (Figure 2C). In AD mice treated between 3 and 12 months, no change was observed for IBA1 immunoreactivity (Supplementary Figure 3B).
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FIGURE 2. Effects of resveratrol and viniferin on the microglia reactivity. The WT mice and the double transgenic APPswePS1dE9 mice were treated by resveratrol, trans ε-viniferin or their vehicle (PEG 200) intraperitoneally from 7 to 11 months of age. (A) The senile plaques were stained with antibody against amyloid peptide (clone WO2, green), microglia with antibody against IBA1 (red), and the nuclei with DAPI (blue). On each image, a magnification delineated by a white frame was added. The immunofluorescent IBA1 signal was quantified as described in section “Materials and Methods.” Scale bars: 25 μm. (B) Coronal images of significant differences in [18F]DPA-714 binding (z-score maps; decreases in tracer binding from dark to white; Student unpaired t-test; p < 0.01) in AD mice fused with an MRI template in three conditions: from left to right Resv vs. PEG, Vini vs. PEG, and Vini vs. Resv. Table resuming the statistical differences in [18F]DPA-714 binding for the three treatment conditions. The z-score and d-value are presented for each significant difference observed along with the t, df and p values of the unpaired t-test. Hipp, hippocampus; PEG, polyethylene glycol 200; Resv, trans-resveratrol; Vini, trans ε-viniferin. (C) Cropped blots of IBA1 and corresponding β-actin were shown and IBA1/β-actin ratios were calculated. The means of IBA1 levels were represented for all groups. The results were expressed as percentage of PEG-treated mice as controls (rounds represent females, triangles represent males). The dotted line represents 100% signal. To compare values between PEG- and polyphenol-treated-mice (by trans resveratrol or trans ε-viniferin), Kruskal–Wallis test followed by Dunn’s test were used (n = 6–8). Any significant result was observed in (A,C). Full-length blots are presented in Supplementary Figure 4.




Effect of Viniferin on the Reactivity of Astrocytes

The reactivity of hippocampal astrocytes was assessed by quantifying the immunolabeling of GFAP (Figure 3A). As observed in microglia, the GFAP signal did not differ among the different groups, even if a decrease was found in the AD viniferin-treated group vs. the AD PEG-treated and AD resveratrol-treated groups (−25%, p = 0.156 and −30%, p = 0.073, respectively). GFAP immunoreactivity decreased in viniferin-treated mice compared to vehicle- or resveratrol-treated mice (−46.5 and −46%, not significant, respectively), whereas it was similar in all WT groups (Figure 3B). In AD mice treated between 3 and 12 months, the GFAP immunoreactivity decreased in AD mice treated with viniferin although this was not statistically significant (−27% compared to PEG-treated mice) (Supplementary Figure 3C).
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FIGURE 3. Effects of resveratrol and viniferin on the reactivity of astrocytes. The WT mice and the double transgenic APPswePS1dE9 mice were treated with resveratrol, trans ε-viniferin or their vehicle (PEG 200) intraperitoneally from 7 to 11 months of age. (A) The senile plaques were stained with antibody against amyloid peptide (clone WO2, green), astrocytes with antibody against GFAP (red), and the nuclei with DAPI (blue). On each image, a magnification delineated by a white frame was added. The immunofluorescent GFAP signal was quantified as described in section “Materials and Methods.” Scale bars: 25 μm. (B) Cropped blots of GFAP and corresponding β-actin were shown and GFAP/β-actin ratios were calculated. The means of GFAP levels were represented for all groups. The results were expressed as percentage of PEG-treated mice as controls (rounds represent females, triangles represent males). The dotted line represents 100% signal. To compare values between PEG- and polyphenol-treated-mice (by trans resveratrol or trans ε-viniferin), Kruskal–Wallis test followed by Dunn’s test were used (n = 4–8). Any significant result was observed. Full-length blots are presented in Supplementary Figure 4.




Effect of Viniferin on IL-1β Production

Results showed that both resveratrol and viniferin induced a reduction in IL-1β levels in AD mice treated from 7 to 11 months (−75 and −72.5%, not significant, respectively) (Figure 4). Moreover, this reduction was also observed in the hippocampus of AD mice treated with resveratrol and viniferin from 3 to 12 months (−42 and −37%, not significant, respectively) (Supplementary Figure 3A).


[image: image]

FIGURE 4. IL-1β levels in hippocampus after the resveratrol or viniferin treatment. As indicated in section “Materials and Methods,” IL-1β was quantified by ELISA in hippocampal homogenates of AD mouse brain. Means were represented and expressed in pg/mg protein (n = 6–7). Kruskal–Wallis test followed by Dunn’s test were used but any significant result was observed. The dotted line represents the mean of the PEG group. Black rounds represent females and black triangles represent males.




Partial Improvement of Spatial Memory Decline by Polyphenols in Alzheimer’s Disease Mice

To evaluate the spatial memory of mice, the MWM test was performed, before the beginning of treatment (at 7 months) and after the last injection (at 11 months). For each WT and AD mouse group, no difference in swimming speed was observed between the start and the end of the study (Figure 5A). Neither the treatment nor aging induced a modification in the motor capacities of mice in the two groups. However, one may note that AD mice presented a significantly lower swimming speed than WT mice after the onset of the study (Figure 5A). Finally, after analyzing the relative variation in the retention time between 7 and 11 months, it appeared that WT mice presented a similar positive variation in all three groups. In vehicle-treated AD mice, a negative relative variation (−15%) was observed whereas in resveratrol- and viniferin-treated animals, this variation of the retention time between the start and the end of the treatment became positive (+20%, Figure 5B).
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FIGURE 5. Effects of resveratrol and viniferin on the motor capacities and memory decline. (A) The average speed of WT and AD mice was measured before and after treatment. (B) The relative variation of retention time expressed as percentage between the beginning and the end of treatment was quantified for WT and AD mice. To compare values of average speed and relative variation of retention time, the Mann–Whitney test was used (n = 7–24). ***p < 0.001, **p < 0.01, compared to each treatment between WT and AD treated mice. The dotted line represents the mean of average speed before treatment (panel A) and sets at 0 for relative variation of retention time (panel B). Black rounds represent females and black triangles represent males.





DISCUSSION

The aim of this work was to compare the effects of resveratrol and viniferin in a murine model of AD displaying some histopathological lesions of this disease. These polyphenols were evaluated on the amyloid deposits, the reactivity of microglia and astrocytes, the IL-1β production and cognitive decline. We already showed in this model that viniferin administered at 10 mg/kg by i.p. injection once a week from 3 until 6 months of age, partially prevented the formation of amyloid deposits, and decreased the reactivity of astrocytes and microglia (Caillaud et al., 2019). However, these results only demonstrated the preventive effects of this stilbene on APPswePS1dE9 mice and were not compared to those of resveratrol. Indeed, these transgenic mice displayed diffuse amyloid deposits from 4 months of age with a robust neuroinflammation and cognitive impairment at 12 months (Savonenko et al., 2005; Garcia-Alloza et al., 2006; Ruan et al., 2009), supporting the preventive effect of viniferin on the appearance of amyloid deposits (Caillaud et al., 2019). Thus, in the present study, AD and WT mice were treated by resveratrol or viniferin, at 20 mg/kg, or their vehicle, PEG-200, by i.p. injections once a week from 7 until 11 months, when amyloid deposits were already present. Moreover, it was necessary to determine the effects of viniferin on memory decline in comparison to resveratrol.

Like many models of mice modeling Alzheimer’s disease, these APPswePS1dE9 mice display amyloid deposits in the whole brain including the cerebellum with age (Sérrière et al., 2015). Here, we compared data obtained in the hippocampus by immunofluorescence assay and micro-PET imaging. The classic AD pattern consists of early prominent involvement of the entorhinal cortex and the hippocampus. Recently, authors found by using different tools that medial temporal lobe atrophy including hippocampus followed by ventricular enlargement are two mid-life physiopathological events characterizing AD brain (Coupé et al., 2019; Chauveau et al., 2021). Thus, we targeted the hippocampus in this study.

In this mouse model of AD, it has already been shown that resveratrol (16 mg/kg/day) reduced thioflavin S-positive senile plaque after 10 months of treatment (Porquet et al., 2014). In the same animal model, immunohistochemistry results showed that viniferin at 20 mg/kg/week during 4 months and 9 months significantly reduced amyloid deposits in the hippocampus while resveratrol did not. Thus, viniferin seems to decrease amyloid deposits more quickly than resveratrol. Amyloid deposits in these mice were also investigated using micro-PET imaging with [18F]Florbetaben. Previous studies using this tracer showed an increased radioactivity in Tg vs. WT age-matched living mice from 12 months of age in the cortex (Rominger et al., 2013) and hippocampus (Stenzel et al., 2019). Using a quantification method that we previously developed (Nicolas et al., 2017), the present PET data showed that viniferin but also resveratrol decreased [18F]Florbetaben binding in the hippocampus after 4 months of treatment. It has been shown that [18F]Florbetaben is a reliable index of β-amyloid load as it has been shown to have a better affinity for dense fibrillary than for diffuse plaques (Catafau et al., 2016). Thus, the apparent discrepancy between immunofluorescence and in vivo PET experiments could be related to the fact that the PET-scan analysis considers the entire volume of brain regions, whereas only brain sections were analyzed by immunofluorescence.

We also showed that viniferin treatment decreased insoluble forms of Aβ, whereas resveratrol treatment did not show significant results. The insoluble forms are generated from the β-sheet and give the amyloid protein its compact, stable, and insoluble appearance (Shankar et al., 2008; Hong et al., 2014; Morris et al., 2014). Therefore, the significant decrease in the insoluble fraction in viniferin treated mice agrees with the decrease in amyloid deposits observed by immunofluorescence and by PET-scan imaging. This result was previously described in vitro, showing that viniferin induced the disaggregation the Aβ42 peptide (Vion et al., 2018). Resveratrol did not show a significant effect on the insoluble fraction which again agrees with the previous results. However, in vitro, resveratrol is known to not prevent oligomer formation (Feng et al., 2009). These oligomers are an association of peptides which can adopt heterogeneous morphologies, complicating their analysis. Thus, we find in the literature under the name of oligomers not only small oligomers (dimer/trimer/tetramer/pentamer/hexamer), larger oligomers (dodecamer: Aβ56) but also protofibrils and fibrils of which the number of monomers constituting them is unknown (Huang et al., 2000; Walsh and Selkoe, 2007; Amar et al., 2017). In the progression of AD, soluble monomeric Aβ peptides are recognized as the primary toxic forms. It has been proved for a long time that the soluble Aβ oligomers (AβOs), isolated from AD patients’ brains, reduced the number of synapses, inhibited long-term potentiation, and enhanced long-term synaptic depression in brain regions of memory in animal models of AD (Lambert et al., 1998; Klein et al., 2001; Lacor et al., 2007). Several studies hypothesized that the soluble AβOs could be sequestered within Aβ plaques until they reach a maximum saturation. Then, AβOs diffuse onto synaptic membranes, leading to a harmful cascade that damages neurons and synapses. Although this decrease was not found in the soluble fraction, it is important to emphasize that both soluble Aβ40 and Aβ42 levels did not increase with the treatments and that viniferin was able to reduce insoluble forms of Aβ more effectively than resveratrol. These results can be partially supported by the physical interaction of viniferin with amyloid peptide, since it has been proved that viniferin interferes with the β-sheet to exert its activity (Francioso et al., 2015; Freyssin et al., 2018).

Increasing evidence suggests that neuroinflammation contributes to the pathogenesis of AD. In APPswePS1dE9 mice, clusters of astrocytes and microglia were observed in the hippocampus and cortex from 6 months of age, and continued to progress with age (Ruan et al., 2009). Moreover, the activation and accumulation of glial cells and astrocytes around amyloid plaques has already been studied and described in AD patients (Overmyer et al., 1999; Prokop et al., 2013; Heppner et al., 2015). To assess the action of viniferin in AD on glial cells, the use of IBA1 and TSPO markers expressed in reactive microglia, and GFAP and TSPO markers expressed in reactive astrocytes were used. Furthermore, IL-1β was quantified in hippocampal homogenates. It is known that IL-1β is synthesized and released by both activated microglia and astrocytes in a pro-form, i.e., pro-IL-1β which is cleaved by caspase-1 in the cytoplasm in response to a variety of stimuli. It is a member of the IL-1 cytokine family and is considered as a major proinflammatory cytokine in the brain and plays a key role in the progression of AD (Wang et al., 2015; Ising et al., 2019; Webers et al., 2020). In the present study, no significant difference was observed for GFAP and IBA1 markers in WT mice whatever the treatment although a non-significant reduction was observed in viniferin-treated AD mice. These results disagree with the literature, where GFAP and IBA1 levels are reported to be significantly reduced by resveratrol (Bastianetto et al., 2015; Cheng et al., 2015; Yao et al., 2015). The evaluation of TSPO density is now well-recognized as a relevant index of microglial activation (Chen and Guilarte, 2008) and a great number of literature data have to date reported an upregulation of this biomarker in Alzheimer’s disease (Tournier et al., 2020). We measured TSPO density by PET imaging using [18F]DPA-714 in each mouse previously explored with [18F]Florbetaben, as already performed in this animal model (Sérrière et al., 2015). We did not detect any modification of the signal in the two groups of treated vs. control mice, but interestingly, a significant decrease in this signal was measured in the viniferin-treated group vs. the resveratrol-treated group. While TSPO PET imaging has already made it possible to longitudinally follow the neuroinflammatory process in Tg mice models of AD (Sérrière et al., 2015; Takkinen et al., 2017; Chaney et al., 2018), the present study demonstrates for the first time that such an in vivo method is suitable for evaluating long-term treatment effects. Further experiments would be needed to clarify the cellular origin of this over-expressed protein that is known to originally come mainly but not exclusively from activated microglia (Nutma et al., 2021). The absence of a significant decrease in inflammatory parameters (GFAP, IBA1, and IL-1β) by immunofluorescence and western blot could be related to a recently discovered side effect of the vehicle, PEG 200. We recently demonstrated that PEG 200, administered i.p. once a week at the dose of 1.67 mL/kg, induced hippocampal inflammation in WT mice (Freyssin et al., 2021), showing that the chronical administration of this molecule led to an increase of both GFAP, IBA1, and IL-1β expressions in the hippocampus of WT mice (Freyssin et al., 2021). However, the PET imaging exploration demonstrated a significant decrease in [18F]DPA-714 tracer binding by viniferin compared to resveratrol. In this study, the use of IBA1 as the main marker of microglia is questionable. IBA1 stains both resting and activated cells (Walker and Lue, 2015). Several studies used CD68, a common marker for macrophage lineage cells and primarily localized in microglia, and perivascular macrophages (Hopperton et al., 2018). CD68 labels the lysosome and is therefore commonly considered as a marker of activated phagocytic microglia. Its expression was positively correlated to cognitive decline (Minett et al., 2016). The use of this marker would be more judicious to compare these results with the TSPO used in PET-scan imaging, as previously done in another study (Sérrière et al., 2015).

During the progression of AD, deficits have been reported across cognitive domains and more precisely in spatial learning (Lalonde et al., 2005). Until 7 months, the spatial memory of AD mice is comparable to that of WT mice, but it is impaired at 12 months as measured by performance in the MWM (Volianskis et al., 2010). In this study, the spatial memory test was conducted to assess learning and spatial memory in AD and WT treated mice. Before treatment and after treatment, a significant difference was observed in the swimming speed between AD and WT mice. These motor impairments in AD mice could coincide with the development of AD related lesions within the motor regions of the CNS, although another study showed no difference in motor function of APPswePS1dE9 mice (Lalonde et al., 2005). In our study, no significant difference was observed in the swimming speed, between 7 and 11 months, for both WT and AD mice, indicating that neither age nor treatment impaired the motor capacities. Moreover, after treatment, the difference in swimming speed between AD and the respective WT groups remained significant, indicating that treatment did not improve swimming speed. Concerning the relative variation in the retention time between 7 and 11 months, a positive value was calculated for WT mice whatever the treatment, suggesting good mnesic learning. On the contrary, a negative variation of this retention time was calculated in the vehicle-treated AD mice, which spent less time in the target quadrant than the polyphenol-treated AD mice. This negative variation could be the sign of cognitive decline found in AD, while treatment by resveratrol or viniferin could partially improve the cognitive decline as described for resveratrol in the literature (Porquet et al., 2013; Chen et al., 2019). However, the absence of significance can be explained by the small number of animals in each group and the variability of the data.

To conclude, viniferin is a polyphenol that possesses greater beneficial properties for AD than resveratrol. A significant decrease in amyloid deposits (−79%) and a partial protection of cognitive decline (+20%) were observed for the first time in an AD mouse model after a chronic treatment. The major target of viniferin is the amyloid deposits with here the demonstration that it has an effect also with its curative treatment on this model of transgenic AD mice. The impact of polyphenols on glial reactivity must be interpreted with caution because PEG 200 was found to induce hippocampal inflammation (Freyssin et al., 2021). However, the significant decrease in the TSPO density measured by PET imaging by viniferin compared to resveratrol once again highlighted that viniferin is also more effective than resveratrol against glial reactivity. In the perspective of a clinical trial, further studies using oral administration of viniferin in a suitable excipient vehicle would be needed to assess its beneficial effects on inflammation.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.



ETHICS STATEMENT

The animal study was reviewed and approved by the N°84 COMETHEA, Ethical Committee for Animal Experimentation Poitou-Charentes, France.



AUTHOR CONTRIBUTIONS

AF: methodology, investigation, formal analysis, writing – original draft, and review. AR: conceptualization, funding acquisition, co-supervision, and review. BF: supervision and writing – review and editing. LG: validation of data imaging, formal analysis, and review. SS: methodology of micro-PET imaging. CT: formal analysis of data imaging. FP: resources and investigation for extraction and purification of polyphenols. JG: resources, investigation for extraction and purification of polyphenols, and review. SC: funding acquisition, validation of data imaging, and writing – review and editing. GP: conceptualization, co-supervision, resources, methodology, investigation, validation, and writing – review and editing. All authors contributed to the article and approved the submitted version.



FUNDING

This research receives specific grant from SFR FED 4226 (Structure Fédérative de Recherche) and benefited from the university endowment allocated to the EA3808 laboratory and help provided by Labex IRON (ANR-11-LABX-18-01).



ACKNOWLEDGMENTS

This work has benefited from the facilities and expertise of PREBIOS platform (University of Poitiers, France). The authors thank Johnny Vercouillie and Gabrielle Chicheri (UMR 1253, iBrain, University of Tours), and CERRP (Centre d’Etudes et de Recherches sur les Radiopharmaceutiques, University of Tours) for the preparation of PET tracers, Damien Chassaing (EA3808 Neurovascular Unit and Cognitive Disorders, University of Poitiers), Sylvie Bodard (UMR 1253, iBrain, University of Tours), and Julie Godet (Poitiers University Hospital) for their technical skills. The authors also thank the LNEC Inserm U1084 laboratory (M. Jaber) for the loan and advice of the VideoTrack system for automation of behavioral animal experiments and E. Rowley-Jolivet who edits the manuscript to eliminate possible grammatical or spelling errors and to conform to correct scientific English (Language Editing service available from Elsevier Author Services. Révision Anglaise de Publications de Recherche, Vennecy, France).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnins.2021.803927/full#supplementary-material


FOOTNOTES

1 www.pmod.com


REFERENCES

Alam, S., Lingenfelter, K. S., Bender, A. M., and Lindsley, C. W. (2017). Classics in chemical neuroscience: memantine. ACS Chem. Neurosci. 8, 1823–1829. doi: 10.1021/acschemneuro.7b00270

Ali, M. M., Ghouri, R. G., Ans, A. H., Akbar, A., and Toheed, A. (2019). Recommendations for anti-inflammatory treatments in Alzheimer’s disease: a comprehensive review of the literature. Cureus 11:e4620. doi: 10.7759/cureus.4620

Amar, F., Sherman, M. A., Rush, T., Larson, M., Boyle, G., Chang, L., et al. (2017). The amyloid-β oligomer Aβ*56 induces specific alterations in neuronal signaling that lead to tau phosphorylation and aggregation. Sci. Signal. 10:eaal2021. doi: 10.1126/scisignal.aal2021

Anand, R., Gill, K. D., and Mahdi, A. A. (2014). Therapeutics of Alzheimer’s disease: past, present and future. Neuropharmacology 76 Pt A, 27–50. doi: 10.1016/j.neuropharm.2013.07.004

Bastianetto, S., Ménard, C., and Quirion, R. (2015). Neuroprotective action of resveratrol. Biochim. Biophys. Acta 1852, 1195–1201. doi: 10.1016/j.bbadis.2014.09.011

Benjamini, Y., and Hochberg, Y. (1995). Controlling the false discovery rate: a practical and powerful approach to multiple testing. J. R. Stat. Soc. Ser. B Methodol. 57, 289–300. doi: 10.1111/j.2517-6161.1995.tb02031.x

Boocock, D. J., Patel, K. R., Faust, G. E. S., Normolle, D. P., Marczylo, T. H., Crowell, J. A., et al. (2007). Quantitation of trans-resveratrol and detection of its metabolites in human plasma and urine by high performance liquid chromatography. J. Chromatogr. B Analyt. Technol. Biomed. Life. Sci. 848, 182–187. doi: 10.1016/j.jchromb.2006.10.017

Bureau, G., Longpré, F., and Martinoli, M.-G. (2008). Resveratrol and quercetin, two natural polyphenols, reduce apoptotic neuronal cell death induced by neuroinflammation. J. Neurosci. Res. 86, 403–410. doi: 10.1002/jnr.21503

Caillaud, M., Guillard, J., Richard, D., Milin, S., Chassaing, D., Paccalin, M., et al. (2019). Trans ε viniferin decreases amyloid deposits and inflammation in a mouse transgenic Alzheimer model. PLoS One 14:e0212663. doi: 10.1371/journal.pone.0212663

Capiralla, H., Vingtdeux, V., Zhao, H., Sankowski, R., Al-Abed, Y., Davies, P., et al. (2012). Resveratrol mitigates lipopolysaccharide- and Aβ-mediated microglial inflammation by inhibiting the TLR4/NF-κB/STAT signaling cascade. J. Neurochem. 120, 461–472. doi: 10.1111/j.1471-4159.2011.07594.x

Catafau, A. M., Bullich, S., Seibyl, J. P., Barthel, H., Ghetti, B., Leverenz, J., et al. (2016). Cerebellar amyloid-β plaques: how frequent are they, and do they influence 18f-florbetaben SUV ratios? J. Nucl. Med. Off. Publ. Soc. Nucl. Med. 57, 1740–1745. doi: 10.2967/jnumed.115.171652

Chaney, A., Bauer, M., Bochicchio, D., Smigova, A., Kassiou, M., Davies, K. E., et al. (2018). Longitudinal investigation of neuroinflammation and metabolite profiles in the APPswe ×PS1Δe9 transgenic mouse model of Alzheimer’s disease. J. Neurochem. 144, 318–335. doi: 10.1111/jnc.14251

Charemboon, T., and Jaisin, K. (2015). Ginkgo biloba for prevention of dementia: a systematic review and meta-analysis. J. Med. Assoc. Thai. 98, 508–513.

Chauveau, L., Kuhn, E., Palix, C., Felisatti, F., Ourry, V., de La Sayette, V., et al. (2021). Medial temporal lobe subregional atrophy in aging and Alzheimer’s disease: a longitudinal study. Front. Aging Neurosci. 13:750154. doi: 10.3389/fnagi.2021.750154

Chen, M.-K., and Guilarte, T. R. (2008). Translocator protein 18 kDa (TSPO): molecular sensor of brain injury and repair. Pharmacol. Ther. 118, 1–17. doi: 10.1016/j.pharmthera.2007.12.004

Chen, Y., Shi, G.-W., Liang, Z.-M., Sheng, S.-Y., Shi, Y.-S., Peng, L., et al. (2019). Resveratrol improves cognition and decreases amyloid plaque formation in Tg6799 mice. Mol. Med. Rep. 19, 3783–3790. doi: 10.3892/mmr.2019.10010

Cheng, X., Wang, Q., Li, N., and Zhao, H. (2015). [Effects of resveratrol on hippocampal astrocytes and expression of TNF-α in Alzheimer’s disease model rate]. Wei Sheng Yan Jiu 44, 610–614.

Cohen, J. (1988). Statistical Power Analysis for the Behavioral Sciences. Hillsdale, NJ: L. Erlbaum Associates

Coupé, P., Manjón, J. V., Lanuza, E., and Catheline, G. (2019). Lifespan changes of the human brain in Alzheimer’s disease. Sci. Rep. 9:3998. doi: 10.1038/s41598-019-39809-8

Couturier, J., Paccalin, M., Lafay-Chebassier, C., Chalon, S., Ingrand, I., Pinguet, J., et al. (2012). Pharmacological inhibition of PKR in APPswePS1dE9 mice transiently prevents inflammation at 12 months of age but increases Aβ42 levels in the late stages of the Alzheimer’s disease. Curr. Alzheimer Res. 9, 344–360. doi: 10.2174/156720512800107582

Damjanac, M., Rioux Bilan, A., Barrier, L., Pontcharraud, R., Anne, C., Hugon, J., et al. (2007). Fluoro-Jade B staining as useful tool to identify activated microglia and astrocytes in a mouse transgenic model of Alzheimer’s disease. Brain Res. 1128, 40–49. doi: 10.1016/j.brainres.2006.05.050

Dhakal, S., Kushairi, N., Phan, C. W., Adhikari, B., Sabaratnam, V., and Macreadie, I. (2019). Dietary polyphenols: a multifactorial strategy to target Alzheimer’s Disease. Int. J. Mol. Sci 20:5090. doi: 10.3390/ijms20205090

Drygalski, K., Fereniec, E., Koryciński, K., Chomentowski, A., Kiełczewska, A., Odrzygóźdź, C., et al. (2018). Resveratrol and Alzheimer’s disease, from molecular pathophysiology to clinical trials. Exp. Gerontol. 113, 36–47. doi: 10.1016/j.exger.2018.09.019

Endepols, H., Sommer, S., Backes, H., Wiedermann, D., Graf, R., and Hauber, W. (2010). Effort-based decision making in the rat: an [18F]fluorodeoxyglucose micro positron emission tomography study. J. Neurosci. Off. J. Soc. Neurosci. 30, 9708–9714. doi: 10.1523/JNEUROSCI.1202-10.2010

Feng, Y., Wang, X., Yang, S., Wang, Y., Zhang, X., Du, X., et al. (2009). Resveratrol inhibits beta-amyloid oligomeric cytotoxicity but does not prevent oligomer formation. Neurotoxicology 30, 986–995. doi: 10.1016/j.neuro.2009.08.013

Francioso, A., Punzi, P., Boffi, A., Lori, C., Martire, S., Giordano, C., et al. (2015). β-sheet interfering molecules acting against β-amyloid aggregation and fibrillogenesis. Bioorg. Med. Chem. 23, 1671–1683. doi: 10.1016/j.bmc.2015.02.041

François, A., Rioux Bilan, A., Quellard, N., Fernandez, B., Janet, T., Chassaing, D., et al. (2014). Longitudinal follow-up of autophagy and inflammation in brain of APPswePS1dE9 transgenic mice. J. Neuroinflammation 11:139. doi: 10.1186/s12974-014-0139-x

Freyssin, A., Fauconneau, B., Chassaing, D., Rioux Bilan, A., and Page, G. (2021). Chronic intraperitoneal injection of polyethylene glycol 200 in mice induces hippocampal neuroinflammation. Drug Chem. Toxicol. 1–8. doi: 10.1080/01480545.2021.1894738 [Online ahead of print].

Freyssin, A., Page, G., Fauconneau, B., and Rioux Bilan, A. (2018). Natural polyphenols effects on protein aggregates in Alzheimer’s and Parkinson’s prion-like diseases. Neural Regen. Res. 13, 955–961. doi: 10.4103/1673-5374.233432

Garcia-Alloza, M., Robbins, E. M., Zhang-Nunes, S. X., Purcell, S. M., Betensky, R. A., Raju, S., et al. (2006). Characterization of amyloid deposition in the APPswe/PS1dE9 mouse model of Alzheimer disease. Neurobiol. Dis. 24, 516–524. doi: 10.1016/j.nbd.2006.08.017

Heppner, F. L., Ransohoff, R. M., and Becher, B. (2015). Immune attack: the role of inflammation in Alzheimer disease. Nat. Rev. Neurosci. 16, 358–372. doi: 10.1038/nrn3880

Hong, S., Ostaszewski, B. L., Yang, T., O’Malley, T. T., Jin, M., Yanagisawa, K., et al. (2014). Soluble Aβ oligomers are rapidly sequestered from brain ISF in vivo and bind GM1 ganglioside on cellular membranes. Neuron 82, 308–319. doi: 10.1016/j.neuron.2014.02.027

Hopperton, K. E., Mohammad, D., Trépanier, M. O., Giuliano, V., and Bazinet, R. P. (2018). Markers of microglia in post-mortem brain samples from patients with Alzheimer’s disease: a systematic review. Mol. Psychiatry 23, 177–198. doi: 10.1038/mp.2017.246

Huang, T. H., Yang, D. S., Fraser, P. E., and Chakrabartty, A. (2000). Alternate aggregation pathways of the Alzheimer beta-amyloid peptide. An in vitro model of preamyloid. J. Biol. Chem. 275, 36436–36440. doi: 10.1074/jbc.M005698200

Ising, C., Venegas, C., Zhang, S., Scheiblich, H., Schmidt, S. V., Vieira-Saecker, A., et al. (2019). NLRP3 inflammasome activation drives tau pathology. Nature 575, 669–673. doi: 10.1038/s41586-019-1769-z

Jeong, H. Y., Kim, J. Y., Lee, H. K., Ha, D. T., Song, K.-S., Bae, K., et al. (2010). Leaf and stem of Vitis amurensis and its active components protect against amyloid β protein (25-35)-induced neurotoxicity. Arch. Pharm. Res. 33, 1655–1664. doi: 10.1007/s12272-010-1015-6

Kennedy, D. O., Wightman, E. L., Reay, J. L., Lietz, G., Okello, E. J., Wilde, A., et al. (2010). Effects of resveratrol on cerebral blood flow variables and cognitive performance in humans: a double-blind, placebo-controlled, crossover investigation. Am. J. Clin. Nutr. 91, 1590–1597. doi: 10.3945/ajcn.2009.28641

Klein, W. L., Krafft, G. A., and Finch, C. E. (2001). Targeting small Abeta oligomers: the solution to an Alzheimer’s disease conundrum? Trends Neurosci. 24, 219–224. doi: 10.1016/s0166-2236(00)01749-5

Kou, X., and Chen, N. (2017). Resveratrol as a natural autophagy regulator for prevention and treatment of Alzheimer’s Disease. Nutrients 9:927. doi: 10.3390/nu9090927

Lacor, P. N., Buniel, M. C., Furlow, P. W., Clemente, A. S., Velasco, P. T., Wood, M., et al. (2007). Abeta oligomer-induced aberrations in synapse composition, shape, and density provide a molecular basis for loss of connectivity in Alzheimer’s disease. J. Neurosci. 27, 796–807. doi: 10.1523/JNEUROSCI.3501-06.2007

Ladiwala, A. R. A., Lin, J. C., Bale, S. S., Marcelino-Cruz, A. M., Bhattacharya, M., Dordick, J. S., et al. (2010). Resveratrol selectively remodels soluble oligomers and fibrils of amyloid Abeta into off-pathway conformers. J. Biol. Chem. 285, 24228–24237. doi: 10.1074/jbc.M110.133108

Lalonde, R., Kim, H. D., Maxwell, J. A., and Fukuchi, K. (2005). Exploratory activity and spatial learning in 12-month-old APP(695)SWE/co+PS1/DeltaE9 mice with amyloid plaques. Neurosci. Lett. 390, 87–92. doi: 10.1016/j.neulet.2005.08.028

Lambert, M. P., Barlow, A. K., Chromy, B. A., Edwards, C., Freed, R., Liosatos, M., et al. (1998). Diffusible, nonfibrillar ligands derived from Abeta1-42 are potent central nervous system neurotoxins. Proc. Natl. Acad. Sci. U.S.A. 95, 6448–6453. doi: 10.1073/pnas.95.11.6448

Long, J. M., and Holtzman, D. M. (2019). Alzheimer disease: an update on pathobiology and treatment strategies. Cell 179, 312–339. doi: 10.1016/j.cell.2019.09.001

Mangialasche, F., Solomon, A., Winblad, B., Mecocci, P., and Kivipelto, M. (2010). Alzheimer’s disease: clinical trials and drug development. Lancet Neurol. 9, 702–716. doi: 10.1016/S1474-4422(10)70119-8

Mecocci, P., and Polidori, M. C. (2012). Antioxidant clinical trials in mild cognitive impairment and Alzheimer’s disease. Biochim. Biophys. Acta 1822, 631–638. doi: 10.1016/j.bbadis.2011.10.006

Minett, T., Classey, J., Matthews, F. E., Fahrenhold, M., Taga, M., Brayne, C., et al. (2016). Microglial immunophenotype in dementia with Alzheimer’s pathology. J. Neuroinflammation 13:135. doi: 10.1186/s12974-016-0601-z

Morris, G. P., Clark, I. A., and Vissel, B. (2014). Inconsistencies and controversies surrounding the amyloid hypothesis of Alzheimer’s disease. Acta Neuropathol. Commun. 2:135. doi: 10.1186/s40478-014-0135-5

Moussa, C., Hebron, M., Huang, X., Ahn, J., Rissman, R. A., Aisen, P. S., et al. (2017). Resveratrol regulates neuro-inflammation and induces adaptive immunity in Alzheimer’s disease. J. Neuroinflammation 14:1. doi: 10.1186/s12974-016-0779-0

Nicolas, C., Tauber, C., Lepelletier, F.-X., Chalon, S., Belujon, P., Galineau, L., et al. (2017). Longitudinal changes in brain metabolic activity after withdrawal from escalation of cocaine self-administration. Neuropsychopharmacology 42, 1981–1990. doi: 10.1038/npp.2017.109

Nutma, E., Ceyzériat, K., Amor, S., Tsartsalis, S., Millet, P., Owen, D. R., et al. (2021). Cellular sources of TSPO expression in healthy and diseased brain. Eur. J. Nucl. Med. Mol. Imaging doi: 10.1007/s00259-020-05166-2 [Online ahead of print].

Overmyer, M., Helisalmi, S., Soininen, H., Laakso, M., Riekkinen, P., and Alafuzoff, I. (1999). Astrogliosis and the ApoE genotype. an immunohistochemical study of postmortem human brain tissue. Dement. Geriatr. Cogn. Disord. 10, 252–257. doi: 10.1159/000017128

Pedersen, J. T., and Sigurdsson, E. M. (2015). Tau immunotherapy for Alzheimer’s disease. Trends Mol. Med. 21, 394–402. doi: 10.1016/j.molmed.2015.03.003

Porquet, D., Casadesús, G., Bayod, S., Vicente, A., Canudas, A. M., Vilaplana, J., et al. (2013). Dietary resveratrol prevents Alzheimer’s markers and increases life span in SAMP8. Age (Dordr.) 35, 1851–1865. doi: 10.1007/s11357-012-9489-4

Porquet, D., Griñán-Ferré, C., Ferrer, I., Camins, A., Sanfeliu, C., Del Valle, J., et al. (2014). Neuroprotective role of trans-resveratrol in a murine model of familial Alzheimer’s disease. J. Alzheimers Dis. 42, 1209–1220. doi: 10.3233/JAD-140444

Prince, M. (2015). World Alzheimer Report 2015, The Global Impact of Dementia: An Analysis Of Prevalence, Incidence, Cost And Trends. London: Alzheimer’s Disease International (ADI), 87.

Prokop, S., Miller, K. R., and Heppner, F. L. (2013). Microglia actions in Alzheimer’s disease. Acta Neuropathol. 126, 461–477. doi: 10.1007/s00401-013-1182-x

Richard, T., Papastamoulis, Y., Waffo-Teguo, P., and Monti, J.-P. (2013). 3D NMR structure of a complex between the amyloid beta peptide (1-40) and the polyphenol ε-viniferin glucoside: implications in Alzheimer’s disease. Biochim. Biophys. Acta 1830, 5068–5074. doi: 10.1016/j.bbagen.2013.06.031

Richard, T., Poupard, P., Nassra, M., Papastamoulis, Y., Iglésias, M.-L., Krisa, S., et al. (2011). Protective effect of ε-viniferin on β-amyloid peptide aggregation investigated by electrospray ionization mass spectrometry. Bioorg. Med. Chem. 19, 3152–3155. doi: 10.1016/j.bmc.2011.04.001

Rivière, C., Papastamoulis, Y., Fortin, P.-Y., Delchier, N., Andriamanarivo, S., Waffo-Teguo, P., et al. (2010). New stilbene dimers against amyloid fibril formation. Bioorg. Med. Chem. Lett. 20, 3441–3443. doi: 10.1016/j.bmcl.2009.09.074

Román, G. C., Jackson, R. E., Gadhia, R., Román, A. N., and Reis, J. (2019). Mediterranean diet: the role of long-chain ω-3 fatty acids in fish; polyphenols in fruits, vegetables, cereals, coffee, tea, cacao and wine; probiotics and vitamins in prevention of stroke, age-related cognitive decline, and Alzheimer disease. Rev. Neurol. 175, 724–741. doi: 10.1016/j.neurol.2019.08.005

Rominger, A., Brendel, M., Burgold, S., Keppler, K., Baumann, K., Xiong, G., et al. (2013). Longitudinal assessment of cerebral β-amyloid deposition in mice overexpressing Swedish mutant β-amyloid precursor protein using 18F-florbetaben PET. J. Nucl. Med. 54, 1127–1134. doi: 10.2967/jnumed.112.114660

Ruan, L., Kang, Z., Pei, G., and Le, Y. (2009). Amyloid deposition and inflammation in APPswe/PS1dE9 mouse model of Alzheimer’s disease. Curr. Alzheimer Res. 6, 531–540. doi: 10.2174/156720509790147070

Savonenko, A., Xu, G. M., Melnikova, T., Morton, J. L., Gonzales, V., Wong, M. P. F., et al. (2005). Episodic-like memory deficits in the APPswe/PS1dE9 mouse model of Alzheimer’s disease: relationships to beta-amyloid deposition and neurotransmitter abnormalities. Neurobiol. Dis. 18, 602–617. doi: 10.1016/j.nbd.2004.10.022

Sawda, C., Moussa, C., and Turner, R. S. (2017). Resveratrol for Alzheimer’s disease. Ann. N. Y. Acad. Sci. 1403, 142–149. doi: 10.1111/nyas.13431

Sérrière, S., Tauber, C., Vercouillie, J., Mothes, C., Pruckner, C., Guilloteau, D., et al. (2015). Amyloid load and translocator protein 18 kDa in APPswePS1-dE9 mice: a longitudinal study. Neurobiol. Aging 36, 1639–1652. doi: 10.1016/j.neurobiolaging.2014.11.023

Shankar, G. M., Li, S., Mehta, T. H., Garcia-Munoz, A., Shepardson, N. E., Smith, I., et al. (2008). Amyloid-beta protein dimers isolated directly from Alzheimer’s brains impair synaptic plasticity and memory. Nat. Med. 14, 837–842. doi: 10.1038/nm1782

Singh, R., and Sadiq, N. M. (2021). “Cholinesterase Inhibitors,” in StatPearls (Treasure Island, FL: StatPearls Publishing LLC). Available online at: http://www.ncbi.nlm.nih.gov/books/NBK544336/ (accessed June 6, 2021).

Stenzel, J., Rühlmann, C., Lindner, T., Polei, S., Teipel, S., Kurth, J., et al. (2019). [18F]-florbetaben PET/CT Imaging in the Alzheimer’s Disease Mouse Model APPswe/PS1dE9. Curr. Alzheimer Res. 16, 49–55. doi: 10.2174/1567205015666181022095904

Sureda, A., Capó, X., and Tejada, S. (2019). Neuroprotective effects of flavonoid compounds on neuronal death associated to Alzheimer’s Disease. Curr. Med. Chem. 26, 5124–5136. doi: 10.2174/0929867325666171226103237

Takkinen, J. S., López-Picón, F. R., Al Majidi, R., Eskola, O., Krzyczmonik, A., Keller, T., et al. (2017). Brain energy metabolism and neuroinflammation in ageing APP/PS1-21 mice using longitudinal 18F-FDG and 18F-DPA-714 PET imaging. J. Cereb. Blood Flow Metab. 37, 2870–2882. doi: 10.1177/0271678X16677990

Tönnies, E., and Trushina, E. (2017). Oxidative stress, synaptic dysfunction, and Alzheimer’s disease. J. Alzheimers Dis. 57, 1105–1121. doi: 10.3233/JAD-161088

Tournier, B. B., Tsartsalis, S., Ceyzériat, K., Garibotto, V., and Millet, P. (2020). In Vivo TSPO signal and neuroinflammation in Alzheimer’s disease. Cells 9:1941. doi: 10.3390/cells9091941

Turner, R. S., Thomas, R. G., Craft, S., van Dyck, C. H., Mintzer, J., Reynolds, B. A., et al. (2015). A randomized, double-blind, placebo-controlled trial of resveratrol for Alzheimer disease. Neurology 85, 1383–1391. doi: 10.1212/WNL.0000000000002035

van Dyck, C. H. (2018). Anti-Amyloid-β monoclonal antibodies for Alzheimer’s disease: pitfalls and promise. Biol. Psychiatry 83, 311–319. doi: 10.1016/j.biopsych.2017.08.010

Vion, E., Page, G., Bourdeaud, E., Paccalin, M., Guillard, J., and Rioux Bilan, A. (2018). Trans ε-viniferin is an amyloid-β disaggregating and anti-inflammatory drug in a mouse primary cellular model of Alzheimer’s disease. Mol. Cell. Neurosci. 88, 1–6. doi: 10.1016/j.mcn.2017.12.003

Volianskis, A., Køstner, R., Mølgaard, M., Hass, S., and Jensen, M. S. (2010). Episodic memory deficits are not related to altered glutamatergic synaptic transmission and plasticity in the CA1 hippocampus of the APPswe/PS1δE9-deleted transgenic mice model of ß-amyloidosis. Neurobiol. Aging 31, 1173–1187. doi: 10.1016/j.neurobiolaging.2008.08.005

Walker, D. G., and Lue, L.-F. (2015). Immune phenotypes of microglia in human neurodegenerative disease: challenges to detecting microglial polarization in human brains. Alzheimers Res. Ther. 7:56. doi: 10.1186/s13195-015-0139-9

Walsh, D. M., and Selkoe, D. J. (2007). A beta oligomers - a decade of discovery. J. Neurochem. 101, 1172–1184. doi: 10.1111/j.1471-4159.2006.04426.x

Wang, H., Shi, H., Yu, H., Jiang, S., and Tang, G. (2011). Facile and rapid one-step radiosynthesis of [(18)F]BAY94-9172 with a new precursor. Nucl. Med. Biol. 38, 121–127. doi: 10.1016/j.nucmedbio.2010.06.009

Wang, W.-Y., Tan, M.-S., Yu, J.-T., and Tan, L. (2015). Role of pro-inflammatory cytokines released from microglia in Alzheimer’s disease. Ann. Transl. Med. 3:136. doi: 10.3978/j.issn.2305-5839.2015.03.49

Webers, A., Heneka, M. T., and Gleeson, P. A. (2020). The role of innate immune responses and neuroinflammation in amyloid accumulation and progression of Alzheimer’s disease. Immunol. Cell Biol. 98, 28–41. doi: 10.1111/imcb.12301

Wojsiat, J., Zoltowska, K. M., Laskowska-Kaszub, K., and Wojda, U. (2018). Oxidant/Antioxidant imbalance in Alzheimer’s Disease: therapeutic and diagnostic prospects. Oxid. Med. Cell. Longev. 2018:6435861. doi: 10.1155/2018/6435861

Yao, Y., Li, J., Niu, Y., Yu, J.-Q., Yan, L., Miao, Z.-H., et al. (2015). Resveratrol inhibits oligomeric Aβ-induced microglial activation via NADPH oxidase. Mol. Med. Rep. 12, 6133–6139. doi: 10.3892/mmr.2015.4199


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Freyssin, Rioux Bilan, Fauconneau, Galineau, Serrière, Tauber, Perrin, Guillard, Chalon and Page. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fnins-15-803927-e000.jpg
time spent in the target quadrant (11 months)—
time spent in the target quadrant (7 months)

(0]

time spent in the target quadrant (7 months)





OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Trans ε-Viniferin Decreases Amyloid Deposits With Greater Efficiency Than Resveratrol in an Alzheimer’s Mouse Model



		INTRODUCTION



		MATERIALS AND METHODS



		Chemical Products



		Animals and Experimental Design



		Morris Water Maze



		Positon Emission Tomography-Scan Imaging



		Immunofluorescence



		Biochemical Experiments



		Preparation of Protein Lysates



		Western Blots



		Aβ40-42 ELISA



		IL-1β ELISA









		Statistical Analysis









		RESULTS



		Reduction of the Hippocampal Amyloid Burden and Deposits by Viniferin



		Effect of Viniferin on the Reactivity of Microglia



		Effect of Viniferin on the Reactivity of Astrocytes



		Effect of Viniferin on IL-1β Production



		Partial Improvement of Spatial Memory Decline by Polyphenols in Alzheimer’s Disease Mice









		DISCUSSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES

















OPS/images/fnins-15-803927-g001.jpg
Global WO2 density (% of control)

200~ £ 0
c
(5]
o
e 2 ®
1504 ° 2 - 150 oA
&o
A © 3:3 A®
400 ® E o 400 . Y
100 a “ %8 100 5 L 4
o A oo ES A
oA ™Y ® X
()
504 A. —ae 2 50+ A.
A_a 3 - AeoA
L] 2 A L —
N o ® Agoe®
PEG Resv Vini g PEG Resv Vini

Resv vs PEG Vini vs PEG Vini vs Resv

Significant modifications in ['®F] Florbetaben binding
in the hippocampus

Z-scores d-value p-value

Resv vs PEG

-2.80 + 0.44 1.29 t=4.449 df=9p=0.0016

Vini vs PEG

-3.15+0.79 1.36 t=6.792 df =9 p <0.0001

Vini vs Resv

C

ABA42 levels (pmol/gr tissue)
insoluble fraction

m

AB42 levels (pmol/gr tissue)

soluble fraction

O

2000- o 200 *
1500+ A 2 3 150 @
—ex— 2%
A of
° L7\ o Ev- A
1000+ ° 82 1004 g
" o Y. 23 ——  ——
> 9 A
A 2 2 LJ _‘l._
500- » o= so e
< A
PEG Resv Vini PEG Resv Vini
400- 104
™ A
=
@ 8-
300~ A e b
53
g8 9 A o
200+ a® ° So o
35 4 —fes— °
% LTV 29 e
100 e > A® —
°0 — gk — £y < &’ A Ao
oA Ag < ® ‘oo A
A
o d ” A
PEG Resv Vini PEG Resv Vini





OPS/images/fnins-15-803927-g002.jpg
Resv Vini

A PEG
) "'
) "r

WT mice AD mice
200-
A

3 A
s
& 150 o %
Pt A ®
) A o, eA A
ool ik K
z. uv . k= AL .
2 ¢ 8 Ad T
[ =)
§ 5 A .A A ..
— 50+ A oA A
g o® ® A

PEG Resv  Vini PEG Resv  Vini

9109S-7

B
Averaged ['®F]DPA-714 binding
-2SD
|
' ' -10SD
Resv vs PEG Vini vs PEG Vini vs Resv
Significant modifications in ['®F] DPA-714 binding
in the hippocampus
Z-scores d-value p-value
Resv. vs PEG - - -
Vini. vs PEG - - -
Vini. vs Resv.  -2.68 + 0.48 1.19 t=4.768 df = 12 p < 0.0005
C
G & G &
= N = N
P F & Y E

B-actin (42 kDa) Yl sy il e aaee o

WT mice AD mice
250~
= A
o
S 2004 , o
(&)
o o A
° A A 88 "
2 150- &
g A
' &
@ 100 -@—--"=-==--1 e ~Niaar e
ek ® —
S L'\ A
> iy o, A M
o 501 AA g '. ® ®
o A ® A

PEG Resv Vini PEG Resv Vini





OPS/images/fnins-15-803927-g003.jpg
WT
AD
200-
S
=
S 150
o
i
> 100-
2]
c
g
=
o 50-
<
L
G
0
B
GFAP (50 kDa)

B-actin (42 kDa)

GFAP expression (% of control)

250+

200-

150

100

50

WT mice AD mice
®
A,
o0 A A A
O AR : ®
... - o O-----mnnn N Bl e L W
z Ag o ®
b eds
& A )
A

PEG Resv Vini

éq\.& @Q%@‘ q’\&

. s G Gus— TS  ATTend®  RETRIND

v, (O Se—— SIS H SPEGETI o een

WT mice AD mice
A
. e
A 4
e A
A
_e_ A
e : ® o®
&

A

PEG Resv Vini

PEG Resv Vini





OPS/images/fnins-15-803927-g004.jpg
40 ®

300+

o
o
N
uiayoud Bwy/bd ¢ -1

100-

Vini

Resv

PEG





OPS/images/fnins-15-803927-g005.jpg
Average speed (m/s)

Relative variation of retention time (%)

0.35- ’ *** .
B ** | ]
0.30- ) * % % .
.: . * % ,
®A ' '
025- ®ee o e
A & G —
LN s " z
B e it
0204 ac%h A A Tl o
A e
Ao A e A o, ®
A® A “ A A 2 A
A,s —a
0.15- : ' A A D ®
rx ®A 7] A
2 (=]
0.10-
® e
Before PEG Resv Vini Before PEG Resv Vini
treatment treatment
After treatment After treatment
WT mice AD mice
300~
)
200~ A
A,
] ®
¢
100 A
+—@ A o0 @A
2] @ ¢ y § o 0
O T e o D e
A
@ A ® A A
A A oA
A
-100- (5]
-200 T T T T T T T
PEG Resv Vini PEG Resv Vini

WT mice AD mice





OPS/images/cover.jpg
, frontiers
In Neuroscience

Trans e-Viniferin Decreases
Amyloid Deposits With Greater
Efficiency Than Resveratrol in an
Alzheimer’s Mouse Model









OPS/images/logo.jpg
' frontiers

in Neuroscience





