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ABSTRACT

Background: Alzheimer’s disease is characterized by abnormal p-amyloid (Af) plaque accumulation, tau hyper-
phosphorylation, reactive oxidative stress, mitochondrial dysfunction and synaptic loss. Myricetin, a dietary
flavonoid, has been shown to exert neuroprotective effects in vitro and in vivo. Here, we aimed to elucidate the
mechanism and pathways involved in the protective effect of myricetin.

Methods: The effect of myricetin was assessed on AB4s oligomer-treated neuronal SH-SYSY cells and in 3xTg
mice. Behavioral tests were performed to assess the cognitive effects of myricetin (14 days, ip) in 3xTg mice. The
levels of beta-amyloid precursor protein (APP), synaptic and mitochondrial proteins, glycogen synthase kinase3p
(GSK3p) and extracellular regulated kinase (ERK) 2 were assessed via Western blotting. Flow cytometry assays,
immunofluorescence staining, and transmission electron microscopy were used to assess mitochondrial
dysfunction and reactive oxidative stress.

Results: We found that, compared with control treatment, myricetin treatment improved spatial cognition and
learning and memory in 3xTg mice. Myricetin ameliorated tau phosphorylation and the reduction in pre- and
postsynaptic proteins in A4y oligomer-treated neuronal SH-SY5Y cells and in 3xTg mice. In addition, myricetin
reduced reactive oxygen species generation, lipid peroxidation, and DNA oxidation, and rescued mitochondrial
dysfunction via the associated GSK3p and ERK 2 signalling pathways.

Conclusions: This study provides new insight into the neuroprotective mechanism of myricetin in vitro in cell
culture and in vivo in a mouse model of Alzheimer’s disease.

1. Introduction

Oxidative stress is implicated in neurodegenerative diseases such as AD
and diabetes [7-9]. Acute oxidative stress is closely related to tau

Alzheimer’s disease (AD) is the most common cause of dementia and
affects more than 50 million people worldwide [1,2]. AD is pathologi-
cally characterized by p-amyloid (Ap) plaques, neurofibrillary tangles
formed by hyperphosphorylated tau, and loss of neurons and synapses
[3,4]. In addition, mitochondrial dysfunction and lipid peroxidation are
linked to oxidative stress and reactive oxygen species (ROS) levels in
neurotoxicity during the pathological development of AD [5,6].
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phosphorylation [10] and has been shown to stimulate Ap production
and aggregation, which could further lead to tau phosphorylation [11].
In turn, the accumulation of phosphorylated tau in the hippocampus has
been previously shown to contribute to oxidative stress and mitochon-
drial structural and functional changes, forming a vicious cycle [12-15].

Among other signalling pathways, the aberrant glycogen synthase
kinase 3p (GSK3p) and extracellular regulated kinase (ERK) signalling
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pathways are involved in mitochondrial dysfunction, and the dysregu-
lation of ROS signalling has been implicated in AD [16,17]. ERK1/2is a
type of mitogen-activated protein kinase (MAPK) that belongs to the
MAPK family. ERK1 and ERK2 are two major members of the ERK family
that play crucial roles in cell signal transduction. ERK2 is also referred to
as MAPK1. Ap monomers, including dimers, trimers, oligomers, proto-
fibrils, fibrils and ultimately Ap plaques, can form several different in-
termediate aggregation states. AP oligomers are considered the most
neurotoxic form of Ap, have been reported in various AD animal models
and have been biochemically identified in brain tissue samples from
patients with AD [18-20]. Moreover, Ap oligomers and tau have been
shown to interact synergistically and amplify toxic effects on synapses,
mitochondria and various downstream pathways [21].

The effects of dietary flavanols and their potential for modulating
cognitive function and the risk of AD have gained increasing interest
[22-24]. Myricetin (3,3,4,5,5,7-hexahydroxy-flavone) is a flavonoid
found in many natural plants, such as bayberry [25]. Myricetin has been
shown to play a critical role in various biological pharmacological ac-
tivities [26-30]. Myricetin has been shown to reduce Af aggregation
[31] and AP production by restricting the activity of beta-secretase 1
[32,33] and increasing the level of a-secretase to reduce Af production
[34]. In addition, myricetin has been shown to ameliorate AB-induced
mitochondrial impairment [35] and alleviate the response to oxidative
stress when redox homeostasis is compromised in mitochondria [36,37].
A recent study showed that myricetin prevents high-molecular-weight
AP oligomer-induced neurotoxicity through antioxidant effects [38].
Furthermore, myricetin has been shown to eliminate phosphorylated tau
and alleviate tau-induced toxicity in neuronal cells [39], potentially by
activating autophagy and slowing the liquid—liquid phase separation of
tau [26]. The effect of myricetin on cognitive impairment has been
demonstrated in Af4p-intoxicated rats [29,40].

In this study, we hypothesized that myricetin treatment provides
cognitive improvement by ameliorating tau phosphorylation, synaptic
toxicity, mitochondrial dysfunction and ROS via the GSK3p and ERK2
(MAPK1) pathways. We assessed the effect of myricetin in vitro in cell
culture and in vivo in a mouse model of AD.

2. Materials and methods
2.1. Network pharmacology (NP)

First, target prediction for myricetin was conducted using Swis-
sTargetPrediction (http://www.swisstargetprediction.ch/), SuperPred
(https://prediction.charite.de/), and the BATMAN-TCM database
(http://bionet.ncpsb.org.cn/batman-tcm/).  Subsequently, keyword
searches for ’Alzheimer disease’ were performed in the GeneCards
(https://www.genecards.org/) and OMIM (https://www.omim.org/)
databases to obtain disease-related targets and eliminate duplicate
genes. The identified targets of the drug components were mapped
against the disease targets, and a Venn diagram was created to obtain
the intersection genes. The drug-intersecting genes were subsequently
uploaded to the String database (https://string-db.org/) for the con-
struction of a protein—protein interaction (PPI) network. Finally, the
drug—disease intersection genes were uploaded to the DAVID database
(https://david.nciferf.gov/summary.jsp). Using DAVID 6.8, gene func-
tions in terms of biological process (BP), cellular component (CC), and
molecular function (MF) were annotated to elucidate the role of myr-
icetin in treating AD in the context of gene functionality.

2.2. Molecular docking

The 3D structures of the small-molecule drugs were downloaded in
SDF format from PubChem, the structures were imported into Chem-
Bio3D Ultra 14.0 for energy minimization, the minimum RMS gradient
was set to 0.001, and the optimized small molecules were saved in mol2
format. The optimized small molecules were imported into
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AutoDockTools-1.5.6 for hydrogenation, charge calculation, charge
assignment, and setting of rotatable bonds, after which the products
were saved in the ’pdbqt’ format. The protein structures of MAPK1
(ERK2) (PDB ID: 2Y9Q), APP (PDB ID: 4PWQ), and GSK3p (PDB ID:
6V6L) were downloaded from the PDB database. Pymol 2.3.0 was used
to remove protein crystal water and the original ligands, after which the
protein structures were imported into AutoDocktools (v1.5.6) for hy-
drogenation, charge calculation, charge assignment, and specifying
atom types. The protein binding sites were predicted using POCASA 1.1,
and docking was conducted using AutoDock Vina 1.1.2.

2.3. Materials, reagents, and antibodies

The list and sources of materials, including chemicals, antibodies,
and kits, are described in detail in Supplemental Table 1 and Table 2.
Human SH-SY5Y cells were obtained from Procell Life Science & Tech-
nology Co., Ltd. (Wuhan, China).

Myricetin (purity >98.0 %) was dissolved first in cell-grade dimethyl
sulfoxide (DMSO, 10 % v/v) and then further diluted with polyethylene
glycol 300 (PEG300, 40 %), Tween-80 (5 %) and saline (45 %). One
milligram of A4, freeze-dried powder (purity >95.0 %) was dissolved
in 220 pL of hexafluoro-2-propanol, incubated at 37°C for 1 h, trans-
ferred to ice for 10 min and air-dried in a fume hood at room temper-
ature for 12 h, ensuring that the hexafluoro-2-propanol volatilized
completely. A polypeptide film was formed at the bottom, and the
mixture was kept at —80°C. Nine microliters of cell-grade DMSO was
added after the film was fully dissolved. The solution was diluted with
441 pL of F12 medium without phenol red and incubated at 4°C for
24 hours. After centrifugation for 10 min at 14000 r/min, the super-
natant was transferred to a new Eppendorf tube and stored at —80°C for
future use. Western blotting was first performed to validate the aggre-
gation of Ab using a recombinant anti-Ap42 antibody (ab180956)
(Supplemental Table 1).

2.4. Cell culture, treatment, and extracts

SH-SY5Y cells (well-characterized cellular model of AD) were grown
to 80 % confluence in 6-well culture plates and maintained in Dulbec-
co’s modified Eagle medium (DMEM; Gibco, USA) supplemented with
10 % fetal bovine serum (Gibco, USA) in a humidified incubator with
5 % CO2 at 37°C. Cells were pretreated with myricetin (5, 10, or 20 pM)
for 24 h and then incubated with 10 pM AB420 for an additional 48 h. To
investigate the involvement of the ERK2 and GSK3p pathways, SH-SY5Y
cells were pretreated with the MAPK/ERK pathway inhibitor PD98059
(50 pM) for 30 min or the GSK3a/GSK3p inhibitor SB216763 (5 pM) for
24 h before treatment with 5 pM myricetin [41,42].

2.5. Cell viability assay

Cell viability was measured using a cell counting kit-8 (CCK-8)
(MedChemExpress, USA) as previously described [43,44]. In brief, a
total of 5x 103 cells were seeded into 96-well plates. After treatment, 10
pL of CCK-8 reagent and 100 pL of medium were added to each well, and
the cells were incubated for 1 h at 37°C. Next, the absorption (450 nm)
of the plate was measured using a microplate reader (Bio-Rad, Hercules,
USA).

2.6. Animal experiment

All animal experiments were approved by the Institutional Animal
Care and Use Committee of Guizhou Medical University (approval No.
2304543). All the experiments were complied with the ARRIVE 2.0
guidelines and were performed in accordance with guidelines under the
approval of the Animal Protection and Use Committee of Guizhou
Medical University. Eight C57BL/6 J mice (4 M/4 F) and sixteen 3xTg
mice (8 M/8 F) were used [45-47](weight: 24.5-25.5 g, age: 10 months)
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All the experimental protocols complied with the ARRIVE 2.0 guide-
lines. All the experimental animals were housed under a 12:12-h
light-dark cycle with ad libitum access to food and water at 22°C and
a humidity of 60 %. All of the animals were allowed to adapt to the
environment for 1 week.

Mice were randomly assigned to three groups: the wild-type group
without any processing (WT, n = 8, 4 M/4 F), the 3xTg control group
with saline (3xTg-saline, n = 8, 4 M/4 F), and the myricetin treatment
group (3xTg-myrecetin, n = 8, 4 M/4 F). For the myricetin group,
myricetin (20 mg/kg) was administered intraperitoneally (i.p.) daily for
2 weeks [48]. The same volume of saline was administered daily via the
i.p. route to the saline group. Behavioral tests were subsequently per-
formed after the myricetin treatment period. After the behavioral tests,
all the mice were sacrificed under deep anaesthesia with pentobarbital
sodium (50 mg/kg body weight)[49].

2.7. Behavioral testing

The Morris water maze was used to evaluate the learning and
memory function of the experimental mice. A black circular pool
(140 cm diameter and 50 cm height) was filled with nontoxic white
water (23-25°C, containing titanium dioxide (TiO2) to achieve opacity.
The pool was divided into four equal quadrants. All the mice were
trained for 4 days, after which the platform was removed. Mice were
allowed 60 seconds to swim freely. All trials were video recorded, and
the data were analysed via the EthoVisionXT system from Noldus In-
formation Technology. The dependent variables used for the analysis
were latency (seconds) to reach the platform for the learning trials and
the number of platform crossings, latency to first cross the platform
location (seconds), and velocity (cm/second) for the probe trial.

After the behavioral tests, all the mice were sacrificed under deep
anaesthesia with pentobarbital sodium (50 mg/kg body weight) and
transcardially perfused with PBS (pH 7.4). The brains were subsequently
removed from the skull. The left hemisphere brain tissue was saved for
Western blotting and for transmission electron microscopy (TEM) and
stored at —80°C. The right hemisphere mouse brain tissue was fixed in
4 % paraformaldehyde in 1 x PBS (pH 7.4) for 24 h and saved in 1x PBS
(pH 7.4) at 4°C. For immunofluorescence staining, the fixed right brain
hemisphere tissues were dehydrated using a vacuum infiltration pro-
cessor (Leica ASP200S, Germany) and embedded in paraffin using an
Arcadia H heated embedding workstation (Leica, Germany).

2.8. Western blotting

Next, western blotting was performed to investigate the protein
levels changes in the brain tissue from three WT and three 3xTg mice.
The protein level being assessed included beta-amyloid precursor pro-
tein (APP), presynaptic proteins (SNAP25 and synaptophysin), post-
synaptic proteins (PSD95); phosphorylated tau (p-TauS396, p-TauS356
and p-TauT231) and total tau (t-tau); phosphorylated ERK (p-ERK) and
total ERK (t-ERK); phosphorylated GSK3p (p-GSK3p (Tyr216), and p-
GSK3p (Ser9)), total GSK3p (t-GSK3p); phosphorylated tau (dynamin-
related protein 1, DRP1); and fusion proteins (mitofusin-1, Mfnl;
mitofusin-2, Mfn2) after treatment, as previously described [50,51]. The
antibodies used are listed in Supplementary Table 1. Total proteins from
SH-SYS5Y cells and the hippocampus of the mouse brain were extracted
with RIPA lysis buffer (Solarbio, China) containing a protease inhibitor
cocktail (1:200; Sigma, USA). Equal amounts of protein per lane
(20-50 pg) were loaded onto 4 %-12 % sodium dodecyl sulfa-
te-polyacrylamide gels (Absin, China) and transferred to polyvinylidene
difluoride membranes (Millipore, USA), after which the membranes
were incubated in 5 % skim milk powder (weight/volume) for 2 hours at
room temperature. The membranes were incubated with primary anti-
bodies overnight at 4°C and then incubated with goat anti-mouse or goat
anti-rabbit goat anti-mouse IgG (H+L), horseradish peroxidase (HRP),
or goat anti-rabbit IgG (H-+L) secondary antibodies and with HRP
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secondary antibodies (Thermo Fisher Scientific, USA). Anti-B-tubulin or
anti-p-actin was used as a loading control. Each experiment was
repeated at least 3 times. Inmunoreactive bands were visualized using a
ChemiDoc MP imaging system (Bio-Rad, USA). Band density was ana-
lysed by ImageJ software (NIH, USA).

2.9. Mitochondrial membrane potential detection by flow cytometry

A mitochondrial membrane potential assay (JC-1 detection Kkit,
Beyotime, China) was implemented to quantify the level of polarization/
depolarization of the mitochondrial membrane after treatment with
myricetin and AB420 in SH-SY5Y cells. SH-SY5Y cells were treated with
10 pM carbonyl cyanide m-chlorophenyl hydrazone for 30 min as a
positive control. The cells were digested and collected in 1.5 mL
Eppendorf tubes after three gentle washes with phosphate-buffered sa-
line (PBS). A total of 1x10° cells were added to 0.5 mL of 1x JC-1 dye
(diluted with JC-1 staining buffer and purified water). After washing the
cells with 1x JC-1 buffer three times, 10* cells from each group were
examined by using a FACSVerse™ flow cytometer (BD Biosciences, USA)
at excitation wavelengths of 488 and 633 nm. Fluorescence data were
recorded and analysed by using Flow Jo software (BD Biosciences, USA).
Each experiment was repeated at least 3 times independently.

2.10. ROS detection by flow cytometry

To measure the level of intracellular ROS in SH-SY5Y cells after
treatment with myricetin and AB420, a flow cytometry assay was per-
formed with the fluorescent probe 2,7-dichlorofluorescein diacetate
(DCFH-DA; Beyotime, China). At a density of 2x 10°, SH-SY5Y cells were
inoculated in 6-well cell culture plates as described earlier [49,52]. The
cells were maintained in DMEM containing 10 pM DCFH-DA at 37°C for
30 min. The staining solution containing DCFH-DA was then removed.
The cells were then gently washed three times with DMEM. The cell
suspension was loaded into a flow-specific tube and detected by flow
cytometry at excitation and emission wavelengths of 485 and 538 nm,
respectively. Fluorescence was measured by BD FACSVerse™ flow
cytometry (BD Biosciences, USA). FlowJo software (BD Biosciences,
USA) was used to analyse the data. Each experiment was repeated at
least 3 times independently.

2.11. Measurement of lipid peroxidation and DNA damage markers

The levels of 8-hydroxy-2’-deoxyguanosine (8-OHdG) and 4-hydrox-
ynonenal (4-HNE), which are DNA damage markers, produced by lipid
peroxidation after treatment with myricetin and Ap420 were evaluated.
SH-SY5Y cells were grown on polylysine-coated coverslips, and mouse
brain sections were fixed with 4 % paraformaldehyde in PBS (pH 7.4) for
30 min at room temperature. Cells and tissues were permeabilized by
treatment with 0.1 % Triton X-100 (Solarbio, China) for 5-10 min and
then incubated with primary antibodies against 8-OHdG (1:200) and 4-
HNE (1:200) overnight at 4°C. After the sections were washed with PBS
(pH 7.4), a fluorescent secondary antibody conjugated with Alexa Fluor
488 (1:200; Thermo Fisher Scientific, USA) or Alexa Fluor 546 (1:200;
Thermo Fisher Scientific, USA) was added, and the sections were incu-
bated for 1 h. The sections were subsequently mounted with vector
medium containing 4’,6-diamidino-2-phenylindole (DAPI) (Vector
Laboratories, USA). All the sections were examined on an Olympus
confocal microscope (Olympus, Japan) with a 40x-100x objective and a
constant exposure time for each marker. The experiments were repeated
three times. A total of 100 cells from each group were analysed. Each
experiment was repeated at least 3 times independently.

2.12. TEM

The morphology of mitochondria in neurons in the isolated hippo-
campal brain tissue of wild-type mice (n = 3) and 3xTg mice (n = 3) was
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assessed by using TEM. The mouse brain tissue was pre-fixed with 3 %
glutaraldehyde and post-fixed with 1 % osmium tetroxide. Next, the
sample was dehydrated gradually in a series of acetone solutions with
concentrations of 30 %, 50 %, 70 %, 80 %, 90 %, 95 %, and 100 %, with
three changes of 100 % acetone. Dehydration and embedding were
performed using a mixture of dehydration agents and Epon812
embedding agent in ratios of 3:1, 1:1, and 1:3, respectively, followed by
embedding in Epon812 resin. Ultra-thin sections of approximately
60-90 nm were prepared using an ultra-microtome, mounted on copper
grids, and stained. The staining process involved uranyl acetate staining
for 10-15 minutes followed by lead citrate staining for 1-2 minutes at
room temperature. Finally, the samples were observed using a JEM-
1400FLASH transmission electron microscope (JEOL Ltd., Japan).
Each copper grid was initially observed at 6000x magnification, and
images were captured of selected regions of interest to observe specific
pathological changes.

2.13. Statistical analysis

All analyses were performed with SPSS software, version 25.0 (IBM,
USA) and GraphPad Prism version 9.0 (GraphPad, USA). The data are
presented as the mean + standard error (SD). One hundred cells from
each group were analysed. Statistical significance was determined by
one-way ANOVA followed by Tukey’s multiple comparison test. A p
value <0.05 was considered to indicate statistical significance.

3. Results

3.1. Identification of targets associated with myricetin and AD and
potential molecular docking for target screening

First, the intersection of drug-target genes and AD-associated target
genes was taken. A set of 199 intersecting genes related to both AD and
drugs was obtained. These genes represent potential interactive target
genes for the treatment of AD (Fig. 1a). The resulting 199 intersecting
target genes were subsequently imported into the String database (htt
ps://string-db.org/) for protein—protein interaction prediction. After
topological analysis of the network was conducted, degree values were
used to determine the size and color of the nodes, and combined score
values were used to represent the thickness of the edges. The core targets
were selected to construct a PPI network through Cytoscape 3.8.2
(Fig. 1b). The DAVID database was used for KEGG pathway analysis. In
total, 156 pathways related to the treatment of AD and 136 pathways
were selected for myricetin-related disease based on P < 0.01, filtering
out pathways associated with AD. The top 20 KEGG metabolic pathways
were visualized in a bubble chart based on P values (Fig. 1¢). Based on
the preexperimental results, we conducted molecular docking analysis
of the three selected targets: APP, ERK1/2 (MAPK1), and GSK3. (d, e)
3D and 2D images of myricetin binding to APP; the binding energy was
—7.0 kcal/mol indicating a favorable binding interaction. Myricetin
formed hydrogen bonds with ASP-125 and ARG-116 of APP, with
hydrogen bond lengths of 2.8 A and 2.1 A, respectively. These residues
might serve as key residues for the interaction between small molecules
and proteins. 3D and 2D images of the binding of myricetin to GSK3p
were obtained, and a binding energy of —8.2 kcal/mol was obtained
(Fig. 1f, g). Myricetin formed hydrogen bonds with LYS-85, ASP-200,
and GLN-185 of GSK3B, with hydrogen bond lengths of 2.1 &, 2.4 A, and
2.4 A, respectively. These residues may serve as key residues for the
interaction between small molecules and proteins. 3D and 2D images of
myricetin binding to ERK2 (MAPK1), which produced a binding energy
of —8.9 kcal/mol (Fig. 1h, i). Myricetin formed hydrogen bonds with
ASP-167, LYS-114 and MET-108 of MAPK]1, and the length of hydrogen
bonds are 2.5 A, 2.4 A and 2.8 A, respectively. These residues may be the
key residues in the interaction between small molecules and proteins.
Favorable binding effects of these three targets with myricetin were
observed.
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3.2. Dose—response analysis of myricetin and Af420

First, we determined the cytotoxicity and optimal dosage of myr-
icetin (1-200 uM) and AP420 (1-60 uM) using the CCK-8 cell viability
test in SH-SY5Y cells. No loss of cell viability was observed in the SH-
SY5Y cells treated for 24 h with 1 uM to 15 uM myricetin compared to
the control cells treated without myricetin. A dose-dependent decrease
in SH-SY5Y cell viability was observed after treatment with 20-200 uM
myricetin (20-70 %) (treated vs. control group) (Fig. 2a, b). Thus,
concentrations of 5, 10, and 20 uM myricetin were selected for the
following investigations. Oligomeric Ao (AP420, estimated mass
10-72 kDa) was the major species and included 16-mers, tetramers,
tremers, dimers and monomers (Fig. 2¢). Treatment with AB420 reduced
cell viability from 7.5 to 60 uM by 10-30 % (Fig. 2d). Thus, a concen-
tration of 10 uM Ap420 was selected for subsequent investigations.

3.3. Mpyricetin improved spatial cognition, learning, and memory in 3xTg
mice

Next we evaluate the effect of myricetin treatment on rescuing the
cognitive impairment and pathology development in the brain of 3xTg
mice. The mice were randomly divided into three groups, 3 xTg-saline,
3xTg-myricetin and C57/BL6 group (n = 8 mice/group). Based on our
results from the cell line as well as the effective and safe dose of myr-
icetin (without cellular toxicity) in a previous study [53], we chose the 2
weeks of 20 mg/kg daily i.p. treatment scheme. No weight loss was
observed in the 3xTg mice after 2 weeks of myricetin (20 mg/kg i.p.
daily) treatment or saline treatment. We assessed the spatial learning
and memory function of the 3xTg mice after 2 weeks of saline or myr-
icintin treatment as well as in C57/BL6 mice using the Morris water
maze test (Fig. 3a). During days 1-3 of the 4-day Morris water maze test,
the latency to reach the target did not significantly differ among the
groups (p> 0.05, 3xTg-myricetin (20 mg/kg) vs. 3xTg-saline group).
On day 4, the latency to reach the target was lower in the
myricetin-treated 3xTg mice (20 mg/kg) than in the saline-treated
3xTg mice (p<0.0001) (Fig. 3b). On day 5, the time spent in the
target zone, number of target crossings, and distance from the target
overall increased by approximately 50 % in the myricetin-treated 3xTg
mice (20 mg/kg) compared to the saline-treated 3xTg mice (p<0.0001,
p=0.0008, p=0.0002, respectively) (Fig. 3¢, d, g). A representative di-
agram of the behavioral trajectories of the three groups on day 5 is
displayed in Fig. 3e. The latency of the 1st entrance to the target was
approximately half that of the myricetin-treated 3xTg mice (20 mg/kg)
compared to that of the saline-treated 3xTg mice (p<0.0001) (Fig. 3f).
No differences were observed among the three groups in terms of mean
speed (p<0.05) (Fig. 3h).

3.4. Myricetin prevented Af 420-induced tau hyperphosphorylation in SH-
SY5Y cells and in 3xTg mice

Next, we assessed the influence of myricetin (5-20 uM) treatment on
the AB420 (10 uM)-induced effect on tau phosphorylation in SH-SY5Y
cells. We found no change in the t-tau level in any groups that treated
using varying concentration of myricetin (5-20 uM, Fig. 2g, h). Treat-
ment with AP420 increased the relative expression of p-tau/t-tau
(TauS396/Tau5) by 43 % (p=0.0328, control vs. the AP420 group;
Fig. 2g, i), which was prevented by myricetin (5 uM, p=0.0232; 10 uM,
p=0.0420; myricetin+ AP420 vs. the AB420 group) (Fig. 2g, i). Addi-
tionally, we observed a reduction in the precursor of APP following
intervention with myricetin (5 uM) (Fig. 2e, f).

We further assessed the alterations in the level of tau hyper-
phosphorylation induced by myricetin treatment in the brain tissue from
3xTg mice. We evaluated the changes at three tau phosphoepitopes, p-
TauS396, p-TauS356 and p-TauT231 by using Western blotting,
respectively. We observed that myricetin treatment suppressed hyper-
phosphorylation of p-TauS396, p-TauS356 and p-TauT231 in 3xTg mice
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Fig. 2. Myricetin decreased Ap4,0-induced tau phosphorylation in SH-SY5Y cells. (a, b, d) Dose—response to myricetin and Af4,0 was assessed by using the
CCK—8 assay. SH-SY5Y cells were treated without or with myricetin or Ap420 at different concentrations for 24 h (n=6). The data are presented as the mean =+ SD.
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total tau (Tau5); (f) APP levels remained stable after the different treatments. (h) Tau5 levels remained stable after different treatments. (i) Myricetin decreased the
AB420-induced increase in the p-TauS396/Tau5 ratio. The values were normalized to those of the control. The data are presented as the means + SD; one-way

ANOVA and Tukey’s multiple comparison test were used.

(p=0.0341, p=0.0067, p=0.0454, 3xTg-myricetin (20 mg/kg) vs.
3xTg-saline group; Fig. 3i, k, 1, m). No difference was observed in the
total Tau level (Tau5) between the 3xTg-myricetin (20 mg/kg) and
3xTg-saline groups (p>0.05; Fig. 3i, j).

3.5. Myricetin ameliorated Af4,0-induced synaptic impairment in SH-
SY5Y cells and in 3x Tg mice

Next, the influence of treatment with myricetin (5-20 pM) on the
AP420 (10 uM)-induced effect on synaptic impairment in SH-SY5Y cells
was assessed. Treatment with Ap420 reduced the relative expression of
the presynaptic proteins SNAP25 (by 32 %) and synaptophysin (by
23 %) and the postsynaptic protein PSD95 (by 17 %, p=0.0146 control

vs. AP420 group; Fig. 4a-d). Treatment with myricetin completely pre-
vented this AB420-induced reduction in presynaptic SNAP25 expression
(10 uM, p=0.0496; myricetin+AB420 vs. AB420 group) (Fig. 4a, b) and
synaptophysin expression in SH-SY5Y cells (5uM, p=0.0071;
myricetin+Af420 vs. APs20 group) (Fig. 4a, c). Treatment with myr-
icetin (at 5 and 10 uM) ameliorated the AB450 (10 uM)-induced reduc-
tion in PSD95 expression in SH-SY5Y cells (Fig. 4a, d).

Subsequently, the effect of treatment with myricetin on synaptic
impairment was evaluated in vivo. Myricetin treatment (20 mg/kg, i.p.)
increased presynaptic SNAP25 expression (p=0.0210, 3xTg-myricetin
group vs. 3xTg-saline group) (Fig. 5a, b) and synaptophysin expression
in the hippocampus of 3xTg mice (p=0.0331, 3xTg-myricetin group vs.
3xTg-saline group) (Fig. 5a, c¢). In addition, myricetin treatment
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Fig. 3. Myricetin improved spatial cognition, learning, and memory in 3xTg mice. (a) The experimental flowchart. The mice were randomly divided into three
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decreased the expression of p-TauS396 TauS356 and TauT231. Myricetin prevented tau phosphorylation in 3xTg mice. There was no difference in the expression of
Tau5 in myricetin group. The values were normalized to those of the wild-type group.

(20 mg/kg) restored PSD95 expression in the hippocampus of 3xTg
mice (p=0.0437, 3xTg-myricetin vs. 3xTg-saline group) (Fig. 5a, d).

3.6. Mpyricetin alleviated the phosphorylation of ERK2 and GSK3p in SH-
SY5Y cells and in 3xTg mice

We hypothesized that the ERK2 and GSK3p signalling pathways are
involved in the neuroprotective effects of myricetin on Ap420-induced
alterations. Thus we assessed the influence of myricetin treatment on the
effects of AB420 on p-ERK, t-ERK, p-GSK3p (Tyr216) and t-GSK3p in SH-
SYS5Y cells. We found no change in the t-ERK or t-GSK3p levels in any of
the groups which were treated with different concentration of myricetin
(5,10, 20 pM, Fig. 4e, f, h, i). Intervention with A420 (10 uM) elevated
the relative expression of p-ERK/t-ERK and p-GSK3p (Tyr216) /t-GSK3p
(by 165 % p=0.0008, 58 %, p=0.0261 control vs. AP420 group).
Treatment with myricetin at various concentration prevented this AB420

(10 uM)-induced increase in p-ERK1/2 (5uM p=0.0002, 10 uM
p=0.0172, 20 uM p=0.0038, control vs. AB420 group). Treatment with
myricetin only shown a significant reduction effect on Af420 (10 pM)-
induced increase in p-GSK3p (Tyr216) at 5 uM (p=0.0253, control vs.
Ap420 group) but not at 10 uM or 20 uM (Fig. 4e, g, h, j).

In the following in vivo studies, we found that intervention with
myricetin (20 mg/kg) effectively decreased the expression of p-ERK
(p=0.0388, 3xTg-myricetin vs. 3xTg-saline group). We evaluated the
alterations at three GSK3p phosphoepitopes, including an inactive form
p-GSK3p Ser9, and an active form p-GSK3p Tyr216. We found the levels
of p-GSK3p Tyr216 was reduced (p=0.0085) while p-GSK3p Ser9 was
increased (p=0.0284) in 3xTg-myricetin group compared to 3xTg-sa-
line group after treatment with myricetin (20 mg/kg) (Fig. Se, g, h, j).
There was no alteration in the levels of t-ERK or t-GSK3p in the 3xTg-
myricetin or 3xTg-Saline group after treatment with myricetin (20 mg/
kg) (Fig. 5e, f, h, 1).
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Fig. 4. Myricetin enhanced the Af4,0-induced reduction in the expression of synaptic proteins and attenuated p-GSK3p and p-ERK2 expression in SH-
SY5Y cells. (a-d) Representative blots and quantification of the expression of (a-d) presynaptic SNAP25, synaptophysin, and postsynaptic PSD95. (e-g) t-ERK
and p-ERK (n=3), (h-j) t-GSK3p and p-GSK3p(Tyr216)//t-GSK3p. The values were normalized to those of the control. The representative membranes were incubated
with synaptic-associated protein antibodies (SNAP25, synaptophysin, and postsynaptic PSD95), cleaned with membrane regeneration solution and reincubated with
antibodies against t-ERK and p-ERK. The same loading control was used in 4a and e. The data are presented as the mean + SD; one-way ANOVA and Tukey’s multiple

comparison test were used.

Considering the potential indirect involvement of the ERK2 and
GSK3p signalling pathways, we employed specific inhibitors to assess
pathway-specific participation. PD98059 is a selective and potent
MAPK1 (ERK2) signalling inhibitor. Treatment with 50 pM PD98059
significantly inhibited the expression of p-ERK, similar to the consistent
induction by 5 pM myricetin (p = 0.0096; Fig. 5a, ¢), but had no sig-
nificant effect on the t-ERK level in SH-SY5Y cells (Fig. 6a, b). Treatment
with 50 pM PD98059 further decreased the level of p-GSK3p Tyr216
induced by 5 pM myricetin (p = 0.0451; Fig. 6a, e) without impacting
the level of t-GSK3p in SH-SY5Y cells (Fig. 6a, d).

SB216732 is an inhibitor of both GSK3a and GSK3p. Treatment with
5 uM SB216763 decreased the level of p-ERK induced by 5 pM myricetin
(p = 0.0292; Fig. 6f, h) without affecting the level of t-ERK in SH-SY5Y
cells (Fig. 6f, g). Treatment with 5 pM SB216763 further reduced the
level of p-GSK3p Tyr216 induced by 5 pM myricetin (p <0.0001; Fig. 6f,
j) without influencing the level of t-GSK3p in SH-SY5Y cells (Fig. 6f, i).

3.7. Myricetin restored mitochondrial fission protein, mitochondrial
membrane potential reduction and DRP1 phosphorylation in SH-SY5Y

cells and in 3xTg mice

Next, we assessed the influence of myricetin treatment (5, 10, 20 uM)

on the effect of AP420 on mitochondrial function in SH-SY5Y cells.
Treatment with AP420 (10 uM) reduced the relative expression of the
mitochondrial fission proteins Mfnl (by 43 %) and Mfn2 (by 30 %)
(p=0.0309 and p=0.0004, control vs. AB420 group). Myricetin treat-
ment reversed the Ap420-induced decreases in Mfn1 expression (10 pM,
p=0.0353; 20 uM p=0.0198, myricetin+Ap420 vs. AP420 group) and
Mfn2 expression (5 uM, p=0.008; 10 uM, p=0.003; 20 uM, p=0.0027;
myricetin+Af420 vs. AP420 group) (Fig. 7a, b, c¢). We found no change
in the t-DRP1 level in any of the groups, however an increase was
observed in the the relative expression of p-DRP1/t-DRP1 by 33 % in the
AP420 group (p=0.0190, vs. control group). Treatment with myricetin
(5 uM but not 10 uM) prevented this AB420-induced increase in p-DRP1/
t-DRP1 expression in SH-SY5Y cells (p=0.0386, myricetin+Ap420 vs.
AP420 group) (Fig. 7a, d, e).

In vivo, myricetin treatment for 2 weeks (20 mg/kg, i.p.) reversed
the decreases in the expression of Mfnl (p=0.0011) and Mfn2
(p=0.0435) in the hippocampi of 3xTg mice (3xTg-myricetin vs. 3xTg-
saline group) (Fig. 8a, b, ¢). In addition, we found that myricetin
treatment (20 mg/kg) could reverse the increase in the expression of p-
DRP1/t-DRP1 in the hippocampus of 3xTg mice (p=0.0283, 3xTg-
myricetin vs. 3xTg-saline groups).

TEM images of mitochondrial

structures revealed altered
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Fig. 5. Myricetin enhanced the reduction in synaptic protein expression and attenuated p-GSK3p and p-ERK2 expression in 3xXTg mice. Representative
blots and quantification of the expression of (a-d) presynaptic SNAP25, synaptophysin, and postsynaptic PSD95; (e-g) t-ERK and p-ERK; and (h-k) t-GSK3p, p-GSK3p
(Tyr216)/t-GSK3p, p-GSK3p (Ser9)/t-GSK3p (n=3 per group). The values were normalized to those of the control. The representative membranes were incubated
with synaptic-associated protein antibodies (SNAP25, synaptophysin, and postsynaptic PSD95), cleaned with membrane regeneration solution and reincubated with
antibodies against t-ERK and p-ERK. The data are presented as the mean + SD; one-way ANOVA and Tukey’s multiple comparison test were used.

mitochondrial morphology in neurons from the hippocampus of 3xTg
mice. We found that myricetin treatment (20 mg/kg) reversed the
changes in mitochondrial morphology in the hippocampi of 3xTg mice:
the increase in mitochondrial fragmentation, indicated by the appear-
ance of small and punctate mitochondria, was lower in the 3xTg-myr-
icetin group than in the 3xTg-saline group (Fig. 8f). The mitochondrial
perimeter of 3xTg-saline group was significantly larger than that of
3xTg-myricetin group (p=0.0382, 3xTg-myricetin vs. 3xTg-saline) and
WT group (p=0.0014, 3xTg-myricetin vs. WT). Additionally, the
mitochondrial damage rate was significantly increase in the 3xTg-saline
group compared to the myricetin-treated 3 xTg group (p<0.0001, 3xTg-

myricetin vs. 3xTg-saline) and WT group (p=0.0010, 3 xTg-myricetin
vs. WT).

Next we examined the effect of myricetin on the AP420-induced
alteration in the A¥m by using flow cytometry. When ¥m is decreased,
JC-1 aggregates (emitting red fluorescence) are converted to the
monomeric state, emitting green fluorescence. We found that treatment
with AB420 (10 uM) increased the ratio of green/red fluorescence,
indicative of the monomer/J-aggregate ratio, by 272 % (p<0.0001,
control vs. AP420 group; Fig. 7f, k). Treatment with myricetin (5, 10,
20 uM) prevented this AP420-induced increase in the monomer/J-
aggregate ratio in SH-SY5Y cells (p<0.0001 for all three conditions 5,
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depolarization in SH-SY5Y cells. (a-e) Representative blots and quantification of mitochondrial fusion proteins (Mfnl and Mfn2) and mitochondrial division (t-
DRP1 and p-DRP1/t-DRP1) (n=3). The values were normalized to those of the control. (f-k) Analysis of the A¥m via JC-1 staining and flow cytometry (n=3). (f)
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myricetin treatment, (d) Quantification of green/red fluorescence intensity (normalized to the control). One-way ANOVA and Tukey’s multiple comparison test

were used.
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10, 20 uM myricetin+AP420 vs. AB420) (Fig. 7f-k).

3.8. Myricetin blocked ROS production, lipid peroxidation, and DNA
oxidation in SH-SY5Y cells and in 3xTg mice

Next, we evaluated the effects of myricetin on Ap420-induced ROS
generation in SH-SY5Y cells by using flow cytometry with a DCFH-DA
assay. We found that treatment with Af420 (10 uM) increased ROS
levels by 24 % (p=0.0037, control vs. Af420 group), which was
completely blocked by myricetin (5uM p=0.0137, 10 uM 0,0367,
myricetin + AP420 vs. AB420 group) (Fig. 9a-f). We found that treatment

Biomedicine & Pharmacotherapy 177 (2024) 116963

with AB420 (10 uM) increased lipid peroxidation, as indicated by the
increase in 8-OHAG fluorescence intensity, by 61 % (p<0.0001, control
vs. AP420 group). treatment with myricetin (5. 10, 20 uM) prevented
this AB420 (10 pM)-induced increase in 8-OHdG fluorescence intensity
in SH-SY5Y cells (p<0.0001 for all groups, myricetin+ Ap420 vs. AB420
group) (Fig. 9 g). Furthermore, we found that treatment with Ap420
(10 uM) increased lipid peroxidation, as indicated by a 116 % increase
in 4-HNE fluorescence intensity (p<0.0001, control vs. AB420 group).
treatment with myricetin (5. 10, 20 uM) prevented this Ap420 (10 pM)-
induced increase in 4-HNE fluorescence intensity in SH-SY5Y cells
(p<0.0001 for 5. 10, 20 uM myricetin+ AP420 vs. AP420 group)
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Fig. 9. Myricetin reversed the increase in lipid peroxidation and DNA oxidation in SH-SY5Y cells. (a-f) Flow cytometry analysis of ROS in combination with
DCFH-DA. (a) Control, (b) 10 pM AP420 treatment, (c) 10 pM AP4,0+5 pM myricetin treatment, (d) 10 pM AP4,0+10 pM myricetin treatment, (d) 10 pM
AB420+20 pM myricetin treatment, and (f) quantification of ROS (normalized to the control). (g-i) Representative confocal images and quantification of the
immunoreactivity of (g, h) 8-OHdG. (g, i) 4-HNE. Nuclei were counterstained with DAPI; scale bar=10 pm (g). One hundred cells from each group were analysed.

One-way ANOVA, Tukey’s multiple comparison test.
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(Fig. 9 h, i).

To determine the impact of myricetin on oxidative stress damage in
3xTg mice in vivo, we measured the levels of 8-OHdG and 4-HNE in
hippocampal brain tissue by using immunofluorescence assays.
Compared with saline treatment, myricetin treatment (5. 10, 20 pM)
reduced the 8-OHAG and 4-HNE fluorescence intensities in the cornu
ammonis (CA) 1, dentate gyrus (DG), and CA3 regions of 3xTg mice (8-
OHdG: 5yM p=0.0005, 10 uM p<0.0001, 20 uM p<0.0001; 4-HNE:
5 uM p<0.0001, 10 pM p<0.0001, 20 pM p=0.0029) (Fig. 10a-h).

4. Discussion

Here, we integrated the network pharmacology results of myricetin
with the cell culture and in vivo treatment studies. We discovered strong
interactions between myricetin and selected core targets, including APP,
ERK2 (MAPK1), and GSK3p. Next, we demonstrated the ability of myr-
icetin treatment to ameliorate cognitive impairment in 3xTg mice.
Myricetin treatment alleviated tau hyperphosphorylation, synaptic and
mitochondrial impairment, ROS production and oxidation in both
AP400-treated SH-SYS5Y cells and 3xTg mice through the inhibition of
the hyperphosphorylation of the GSK3p and ERK2 signalling pathways.

Biomedicine & Pharmacotherapy 177 (2024) 116963

We found that myricetin treatment (20 mg/kg, i.p., 14 days)
improved the spatial cognition, learning and memory of 3xTg mice,
which is consistent with previous reports [29,53]. The dosage
(20 mg/kg) and duration (14 days) of myricetin treatment used in the
present study were within the ranges of earlier studies [29,53].
Decreased synaptic protein expression, indicative of impaired synaptic
function [18-20,54], and increased levels of tau phosphorylation [21,
55] have been reported in cultured Ap420-treated neurons and in 3xTg
mice. Myricetin has been previously shown to prevent Af oligomeriza-
tion and neurofibrillary tangle formation and reduce neuronal plasticity
(long-term potentiation and long-term depression) through site-specific
binding to Ap [39,56,57]. We also observed that myricetin 5 uM could
alleviate the increase in the expression of APP induced by Ap oligomers
in SH-SY5Y cells. Concurrently, we found that myricetin treatment at 5,
10 puM in AP400-treated SH-SY5Y cells and at 20 mg/kg (i.p. daily. for 2
weeks) in 3xTg mice restored synaptic impairment by decreasing the
expression of presynaptic proteins (SNAP25 and synaptophysin) and
postsynaptic protein PSD95 and the phosphorylation of tau, which has
not been demonstrated previously.

We observed that myricetin reversed the reductions in the mito-
chondrial membrane potential, the expression of mitochondrial fusion
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Fig. 10. Myricetin reversed ROS production, lipid peroxidation and DNA oxidation in 3 xTg mice. Representative confocal images and quantification of the
immunoreactivity of (a-c, g) 8-OHdG and (d-f, h) 4-HNE and neurons in the dentate gyrus (DG)/corno ammon (CA)1/(CA)3 subfields of the hippocampus (n = 3).
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proteins (Mfnl at 10, 20 pM and Mfn2 at 5, 10, 20 uM), and the phos-
phorylation of mitochondrial fission protein (p-DRP1, at 5, 10 uM) in
AP4o0-treated SH-SY5Y cells and 3xTg mice (20 mg/kg, i.p., 14 days).
Several studies have shown that Af and tau accumulation reduce the
expression of Mfn1, Mfn2 and DRP1 in animal models of AD [13,58,59].
Our results are consistent with recent studies showing that myricetin
prevents high-molecular-weight Af4, oligomer-induced neurotoxicity
through antioxidant effects on the cell membranes and mitochondria of
HT-22 cells [38] and by restoring Ap-induced mitochondrial impair-
ments in N2a-SW cells [35]. However, Ap may not be the only
disease-causing protein involved in the course of AD. Intraneuronal
tangles containing hyperphosphorylated tau are a hallmark of AD pa-
thology|[60], and tau is a mediator of Ap cytotoxicity[61]. However, our
findings contrast with those of a previous report showing the stable
expression of various fission/fusion-mediating proteins, such as Mfn1
and Mfn2, and the phosphorylation of DRP1 after 1-6 h of Ap treatment
[62]. The potential reason for this difference is the duration of treatment
with Ap and the forms of Ap oligomers used in different studies. A recent
study indicated the involvement of mitochondrial fission and mitophagy
in Ap oligomer-induced synaptotoxicity [63]. Phosphorylation of DRP1
has been reported to activate DRP1-mediated fission, and translocation
of DRP1 is important for the initiation of fission [64]. In our study, we
also detected a positive effect of myricetin extract on mitochondrial
morphology in hippocampal tissue via electron microscopy.

We found that myricetin prevented the increased generation of
intracellular ROS (at 10, 20 uM), lipid peroxidation (4-HNE, at 5, 10,
20 uM), and DNA oxidation (8-OHdG, at 5, 10, 20 uM) in AB420-treated
SH-SY5Y cells. A similar effect was observed in the treatment with
myricetin in 3xTg mice (at 20 mg/kg, i.p., daily, 2 weeks). These
findings are consistent with previous reports that myricetin reduces lipid
peroxidation and DNA oxidation in human periodontal ligament stem
cells [65]. ROS overproduction is known to interfere with the equilib-
rium between oxidants and antioxidant capacity, leading to extensive
damage to subcellular structures, mitochondrial dysfunction, lipid per-
oxidation, and DNA damage [5,66]. The reciprocal association between
mitochondrial fusion proteins and ROS in Ap-treated neurons has been
reported previously [62,67].

Moreover, we found that myricetin showed reduction against A 450
induced phosphorylation of ERK2 (MAPK1) (at 5, 10 uM) and GSK3p (at
5, 10, 20 pM) in SH-SY5Y cells. The two pathways w were also involved
in the protective effect of myricetin treatment (20 mg/kg, i.p., 2 weeks)
in 3xTg mice. This observation is in line with previous findings on the
effect of myricetin on the ERK2 (MAPK1) and GSK3f pathways [51,68].
ERK2 (MAPK1) plays a central role in oxidative stress in AD, is involved
in tau phosphorylation [69,70] and is a potential therapeutic target in
various neurodegenerative disorders [71]. GSK3p, a downstream pro-
tein kinase of AKT, plays an important role in tau hyperphosphorylation,
the regulation of hippocampal neurogenesis and synaptic plasticity and
is involved in mitochondrial function [72-74]. Here we found that
p-GSK3p Ser9, an inactive form of GSK3p was increased, while p-GSK3p
Tyr216 (the active form) was increased in 3xTg-myricetin mice
compared to 3xTg-saline mice. These alteration in p-GSK3p contributed
to the reduction in the downstream tau phosphorylation in
3xTg-myricetin mice compared to 3xTg-saline mice [75,76].

Aggregated A induces tau hyperphosphorylation by enhancing the
activity of GSK3p [77]. GSK3p also functions in DNA repair by phos-
phorylating DNA repair factors and influencing their binding to chro-
matin [73]. To clarify the relationship between ERK2 (MAPK1) and
GSK3p in this study, we included inhibitors of these two signaling
pathway proteins in the experiment. Surprisingly, we found that these
two inhibitors not only inhibit their respective signaling pathways, but
also inhibit other signaling pathways simultaneously. Therefore, we
hypothesize that ERK2 (MAPK1) and GSK3p signaling pathways show
synergistic effects on myricetin improvement of AD pathology, sug-
gesting that there may be cross-action or mutual promotion between the
two pathways. Whether there is interaction between the two target
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proteins still needs further study and discussion. Myricetin may inhibit
the phosphorylation of ERK1/2 and GSK3p primarily through indirect
mechanisms rather than direct binding: Myricetin has potent antioxi-
dant properties, which can reduce the levels of ROS within cells, which
is known to activate ERK1/2 signaling pathways. By reducing oxidative
stress, myricetin can indirectly inhibit the activation (phosphorylation)
of ERK1/2 [78,79]. Moreover, myricetin may affect upstream kinases
that are responsible for the activation of ERK1/2, such as inhibiting the
activity of MEK (MAPK/ERK kinase), which directly phosphorylates and
activates ERK1/2 [80]. GSK3p is regulated by the PI3K/Akt signaling
pathway, where Akt phosphorylates and inhibits GSK3p. Myricetin can
activate the PI3K/Akt pathway, leading to the phosphorylation (and
thus inhibition) of GSK3p. This indirect mechanism involves enhancing
Akt activity rather than binding directly to GSK3p [81]. Myricetin can
block BTK/ERK and BTK/AKT signal transduction cascades (including
downstream substrates GSK3p, IKK, STAT3, and NF-kB) [82]. While
direct binding to GSK3p has been proposed in some studies, the primary
mechanism seems to involve modulation of upstream kinases and
pathways that regulate GSK3p. Some research suggests that flavonoids,
including myricetin, can bind to ATP-binding sites of kinases, poten-
tially leading to direct inhibition. However, the predominant evidence
supports an indirect regulatory mechanism.

The differential effect of myricetin at varying concentrations (5, 10,
and 20 pM) on cellular outcomes can be attributed to several factors,
including: 1) Concentration-dependent efficacy: Many bioactive com-
pounds exhibit a bell-shaped dose-response curve where there is an
optimal concentration (middle level of concentration) that provides the
maximum therapeutic benefit. For myricetin, 5 pM might be the optimal
concentration for reducing p-TauS396, ROS, p-DRP1, pGSK3p, and
increasing synaptic protein levels. At higher concentrations (10 or
20 pM), the compound may lose its efficacy due to various factors such
as receptor saturation or negative feedback mechanisms. 2) Cellular
Toxicity: Higher concentrations of myricetin (10 or 20 pM) could lead to
cytotoxic effects, resulting in cellular stress or damage that offsets its
therapeutic benefits. This can manifest as increased ROS production or
other forms of cellular stress that negate the positive effects observed at
lower concentrations. While myricetin has antioxidant properties at
lower concentrations, at higher concentrations, it might paradoxically
act as a pro-oxidant, increasing ROS levels and causing oxidative dam-
age to cellular components, including proteins, lipids, and DNA. 3)
Pathway and enzyme interaction: At lower concentrations, myricetin
might inhibit enzymes like GSK3f and DRP1 effectively, thereby
reducing p-TauS396 and p-DRP1 levels. However, at higher concentra-
tions, it might inhibit these enzymes too much or non-specifically,
leading to dysregulation of normal cellular functions. Myricetin’s
interaction with various signaling pathways might be concentration-
dependent. At 5 pM, it might enhance beneficial pathways (e.g., anti-
oxidant defenses, synaptic protein expression) and suppress harmful
ones (e.g., tau phosphorylation, ROS generation). At higher concentra-
tions, these pathways might become overstimulated or inhibited
excessively, leading to suboptimal or adverse outcomes. 4) Pharmaco-
kinetics and Bioavailability: The cellular uptake of myricetin could be
optimized at 5 pM, ensuring adequate intracellular concentrations for
therapeutic effects. At higher concentrations, the compound might
saturate the transport mechanisms or undergo rapid metabolism and
degradation, reducing its effective intracellular concentration and
activity.

Here we have assessed only three tau phosphoepitopes p-TauS396, p-
TauT231 and p-TauS356 in the brain tissue from 3xTg mice, and
observed consistent alterations in these three phosphoepitopes. Alter-
ation in the phosphorylation of tau at TauT231 or TauS396 plays a
crucial role in hyperphosphorylation and formation of tau tangle in AD
brains, and that phosphorylation of tau at sites Ser396-404 is one of the
early events in AD [83-85]. Given the complexity in tau phosphoryla-
tion processes, analysis of other phosphorylation sites of tau by using
Western blotting as well as immunofluorescence staining would be
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useful in the further study.

There are several limitations in our study. 1) In the in vitro experi-
ment, we observed that at a higher concentration (20 pM), myricetin
reduced cell viability, which is quite close to the effective dosage of 5
pM. 2) In vivo treatment study in 3xTg mice is a single dosing design
and with only Morris Water Maze test being used as the outcome mea-
sure for the cognitive improvement. Further studies using different
escalating doses of myricetin for treatment and additional behavioural
test panels will be critical. 4) The mechanistic study had a limited scope.
Moreover we focused on the pathway related to Tau protein phos-
phorylation and the involvement of only GSK3p and the ERK2 (MAPK1)
pathway. Other pathways including the effect on amyloid-genic
pathway, and ERK/JNK/p38 mitogen-activated protein kinase signal-
ling pathways, the mTOR pathway, and the ATG5-dependent autophagy
pathway, have also been implicated in the effect of myricetin [26,65].

5. Conclusions

We showed that myricetin treatment ameliorated cognitive impair-
ment in 3xTg mice and reduced tau hyperphosphorylation, impairment
of pre- and postsynaptic proteins, mitochondrial function, ROS genera-
tion, lipid peroxidation, and DNA oxidation in both cell culture and in a
3xTg mouse model. Furthermore, hyperphosphorylation of the GSK3p
and ERK2 (MAPK1) signalling pathways was involved in the protective
effect of myricetin treatment. These findings provide new insights into
the protective mechanism of myricetin as a potential treatment for AD.
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