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Oligonol ameliorates liver function and brain
function in the 5 x FAD mouse model:
transcriptional and cellular analysis¥
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Alzheimer's disease (AD) is a common neurodegenerative disease worldwide and is accompanied by
memory deficits, personality changes, anxiety, depression, and social difficulties. For treatment of AD,
many researchers have attempted to find medicinal resources with high effectiveness and without side
effects. Oligonol is a low molecular weight polypeptide derived from lychee fruit extract. We investigated
the effects of oligonol in 5 x FAD transgenic AD mice, which developed severe amyloid pathology,
through behavioral tests (Barnes maze, marble burying, and nestle shredding) and molecular experiments.
Oligonol treatment attenuated blood glucose levels and increased the antioxidant response in the livers
of 5 X FAD mice. Moreover, the behavioral score data showed improvements in anxiety, depressive behav-
ior, and cognitive impairment following a 2-month course of orally administered oligonol. Oligonol treat-
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ment not only altered the circulating levels of cytokines and adipokines in 5 x FAD mice, but also signifi-
cantly enhanced the mRNA and protein levels of antioxidant enzymes and synaptic plasticity in the brain
cortex and hippocampus. Therefore, we highlight the therapeutic potential of oligonol to attenuate neuro-
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1. Introduction

Alzheimer’s disease (AD), a common neurodegenerative dis-
order, is characterized by chronic neuroinflammation, pro-
gressive accumulation of amyloid beta (AB) plaques, and neu-
rofibrillary tangles." The pathogenesis of AD causes gradual
cognitive decline and neuropsychiatric symptoms such as
depressive mood and anxiety.>™ Some studies have suggested
that more than 50% of patients with AD have neuropsychiatric
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psychiatric problems and improve memory deficits in the early stage of AD.

symptoms such as anxiety-like behaviors.®® Several studies
have demonstrated that the AD brain has global damage in
various regions, including the hippocampus, prefrontal cortex,
limbic subcortical region, dentate gyrus, and para hippocam-
pal region.'®'? The medial temporal lobe, including the cortex
and hippocampus, is associated with memory function, and
the amygdala is associated with anxiety, both of which exhibit
slight atrophy and accumulation of Ap plaque in the context of
AD." Additionally, in AD, the brain exhibits severe oxidative
stress, glial activation, neuronal cell death, and inflammation,
leading to memory deficits.'*"*

Many attempts have been made to identify the potential of
various natural plant products to ameliorate the pathogenesis
of AD, with relatively low side effects. Polyphenols, a remark-
able antioxidant that is abundant in various plant products
(fruits and vegetables), play an important role in attenuating
oxidative stress,'® improving network signaling between
neurons and glia, and decreasing excessive accumulation of Ap
plaque and tau protein in the AD brain."” Naringin from citrus
fruits has been reported to have a neuroprotective effect in AD
brain cerebellum by regulating tau phosphorylation and oxi-
dative stress.'® Quercetin, a well-known flavonoid obtained
from red berries, grapes, and onions, can increase mitochon-
drial biogenesis in neurons and protect neuronal cells against
oxidative stress-induced free radicals." In addition, polyphe-
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nols obtained from conyza dioscoridis are known to attenuate
AD pathologies,”® while others from resveratrol have been
shown to enhance memory deficit in an AD mouse model.**

Recently, oligonol, a low-molecular-weight polyphenol
derived from lychee fruit extract and containing catechin-type
monomers and pro-anthocyanidin oligomers, has gained inter-
est owing to its potential to attenuate cognition impairment in
AD and aging models.>>** Oliogonol has biologically ben-
eficial effects, including anti-inflammation, anti-obesity, anti-
cancer, and lipid regulation.”**> Oral administration of oligo-
nol at a high dose (100-200 mg per kg of body weight) in
amyloid p (25-35)-induced AD model mice for 2 weeks has
been found to improve memory deficit and cognition impair-
ment.>”> Moreover, in a senescence-accelerated prone mouse
model (SAMPS), locomotive deficit was significantly improved
and the severity of infection-induced inflammation was modu-
lated following 36-week oligonol treatment (60 mg per kg of
body weight), suggesting a benefit of oligonol in aging-associ-
ated diseases such as AD or Parkinson’s disease.”’

However, no previous study has identified the role of oligo-
nol, a low-molecular-weight polyphenol, in metabolic con-
ditions or cognitive function in an AD model with rapidly
developing severe amyloid pathology. Therefore, in this study,
we aimed to investigate whether oligonol influences liver func-
tion, cognitive decline, neuropsychiatric behaviors, and meta-
bolic alterations in 5 x FAD mice, which rapidly develop severe
amyloid pathology, a common mouse model of early stage
AD.*® Our findings highlight the therapeutic potential of oligo-
nol as a treatment for AD in terms of metabolic enhancement
and cognitive improvement.

2. Materials and methods

2.1. Animal and experimental design

Five-month-old 5 x FAD male mice (n = 6) were housed in the
Laboratory Animal Research Center, Chonnam National
University (CNU), under a 16 h light/8 h dark cycle at 23 °C
with 60% humidity and were given ad libitum access to food
and water when the experimental procedures were conducted.
Each animal was housed in a cage. The body weight and blood
glucose levels of all mice were measured once a week. The 5 x
FAD mice were subdivided into two groups: oligonol treatment
(n = 3) and placebo (n = 3). The oligonol treatment groups were
orally administered oligonol at a dose of 50 mg kg™" day™* as a
suspension in drinking water daily for 8 weeks. The placebo
group was given water in the same way as the oligonol treat-
ment group (ESI Fig. 1 and Fig. 1A). The experiments were
performed following the recommendations of the 96 guidelines
for animal experiments established by the Animal Ethics
Committee at CNU. The Animal Ethics Committee approved
the protocol at CNU. At the 7th week of the experiments,
animals were tested in the Barnes maze, marble burying test
(MBT), and nestle shredding behavior test (NST), before being
sacrificed at week 8.
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2.2. Barnes maze behavior test

The Barnes maze test was successfully performed on 5 x FAD
mice to determine their spatial learning and memory. The
Barnes maze (Jungdo Bio & Plant) is an opaque circular plat-
form (diameter: 92 cm) with 20 equally spaced holes (dia-
meter: 5 cm) located 2 ¢cm from the edge. In a brightly lit
environment, mice naturally seek the dark enclosed area pro-
vided by the black goal box (20 x 10 x 4 cm), which was
located under the same escape hole throughout all trials.
From the surface of the maze, the escape hole containing the
goal box appears identical to the other 19 holes. The test was
conducted in three phases: a habituation phase, lasting for
5 min (day 0); a training phase, lasting for 1-5 days; and a
spatial reference memory phase, lasting for 7 days. In the
training and spatial reference memory phases, the escape box
was placed under one of the 20 holes. Initially, the mice were
placed at the center of the maze, from which point, they
explored the maze until they found the escape box. If the
mice failed to enter the escape box within 240 s, the exper-
imenter gently led them into the escape box. The mouse
remained in the escape box for an additional 30 s before it
was removed and returned to the home cage. To dissipate
and disseminate odor cues for subsequent trials, the escape
box, additional boxes, and maze surface were sprayed with
70% isopropyl alcohol and wiped non-systematically. The
location of the escape box remained the same for each mouse
during every trial of the training phase. The training was
repeated twice a day, with a 30 min interval between each
session. The performances of mice (latency: the time taken to
escape box, and the number of incorrect entries) was
recorded and averaged. The data were collected by a video
camera located above the maze and were analyzed using
Image].””

2.3. Marble burying behavior test

The marble burying behavior test was used to assess the
obsessive-compulsive behavior of 5 x FAD mice. Briefly, a poly-
carbonate cage (26 cm x 48 cm x 20 cm) was filled with
bedding material to a depth of 5 cm and contained 20 stan-
dard glass marbles (15 mm diameter, 5.2 g in weight) in five
rows of four marbles. The mice were allowed to explore the
polycarbonate cage for 30 min. Water and food withheld
during the experiment. Scoring was conducted when the rat
buried the marble in two-thirds of its surface into the bedding
material.*®

2.4. Nestlet shredding behavior test

The polycarbonate cage (26 cm x 48 cm x 20 cm) was filled
with bedding material, 1 g of nestlet (cotton bed) was kept,
and the filter-top cover was placed on the cage. The mice were
allowed to explore the cage for 30 min. Water and food were
withheld during the experiment. Scoring was conducted by
weighing the remaining unshredded nestle and dividing this
weight by the starting weight to calculate the percentage of
nestlets shredded.*
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Fig. 1 Metabolic alterations and liver function in oligonol-treated 5 x FAD mice. (A) Schematic of the experimental plan. (B) Body weight measure-
ments of control and oligonol-treated 5 x FAD mice. (C) Blood glucose measurements of control and oligonol-treated mice. (D) The expression
level of antioxidant-related genes (Gclc, Gpx-1, Sod2, and G6pdh) in control and oligonol-treated mice liver tissues, depicted as the mean + S.E.M
(n = 3). (E) The expression level of gluconeogenesis-related genes (Pepck and Pgcla) in control and oligonol-treated mice liver tissues, depicted as
the mean + S.E.M (n = 3). Statistical significance was determined using an unpaired two-tailed t-test with Welch’s correction. *p < 0.05, **p < 0.01.
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2.5. Quantitative real-time polymerase chain reaction
(RT-PCR)

Total RNA was extracted using TRIzol reagent (Ambicon)
according to the manufacturer’s protocol. Total RNA from the
liver, cortex, and hippocampus of 5 x FAD mice was converted
to complementary DNA (cDNA) using random hexamers
(Thermo Fisher Scientific) and RevertAid reverse transcriptases
(Thermo Fisher Scientific). mRNA expression was measured by
quantitative RT-PCR presented using the comparative CT
method using the Power SYBR Green PCR master mix (Applied
Biosystems) and the Step One Plus PCR system (Applied
Biosystems). mRNA expression was normalized to the Gapdh
primer set. The primer sequences of the mRNAs are listed in
Table 1.

2.6. Western blotting

Proteins from the mice cortex and hippocampus were extracted
in radioimmunoprecipitation assay buffer (RIPA, Translab)
containing 1x phosphatase inhibitors and 1x protease inhibi-
tors for 20 min on ice. Proteins were quantified using a
bicinchoninic acid protein assay kit (BCA, Thermo Fisher
Scientific) according to the manufacturer’s protocol. Proteins
(20 g) were loaded on a 10%-12% SDS-PAGE gel, and proteins
were transferred onto a polyvinylidene fluoride membrane
(PVDF, Millipore) activated by methanol. The membrane was
blocked with 5% skim milk (BD Biosciences) or 5% bovine
serum albumin (Thermo Fisher Scientific) for 1 h 30 min at
room temperature. The membrane was incubated with
primary antibodies (1:1000 dilution) overnight at 4 °C. The
membrane was incubated with horseradish peroxidase (HRP)
secondary antibody (Santa Cruz, 1:5000 dilution) for 2 h at
room temperature. The membrane was detected using an
enhanced chemiluminescence (ECL) solution (Thermo Fisher
Scientific) and Fusion Solo software (Vilber). Protein
expression was quantified using Image] software, and all
protein expression levels were normalized to the GAPDH
expression level. The following primary antibodies: brain-
derived neurotrophic factor (BDNF) (Abcam, ab108319), Syp
(Millipore, MAB368), c-Fos (Santa Cruz, sc-166940), glial fibril-

Table 1 RT-PCR Primer lists
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lary acidic protein (GFAP) (Santa Cruz, sc-33673), SR-2A (Santa
Cruz, sc-166775), and GAPDH (Santa Cruz, sc-32233).

2.7. Detection of mouse cytokines and adipokines

A cytokine and adipokine array (R&D Systems, ARY006, and
ARY013, USA) was performed according to the manufacturer’s
instructions using 5 x FAD mice. Blood samples of 5 x FAD
mice were clotted at room temperature for 15 min and then
centrifuged at 10000 rpm for 10 min to collect plasma.
Subsequently, the plasma was diluted and incubated in a
blocking solution containing the antibody detection cocktail
for 1 h at room temperature, followed by incubating the mem-
branes for cytokine and adipokine detection overnight at 4 °C.
After incubating the membranes in streptavidin-horseradish
peroxidase solution for 30 min at room temperature, the dot
blots were visualized using an ECL solution and Fusion Solo
software.

2.8. Transcriptome analysis of RNA sequencing data

Total RNA from the cerebral hippocampus in three 5 x FAD
mice models and three oligonol treated 5 x FAD mice models
was extracted using TRIzol reagent (Thermo Fisher, MA, USA),
and RNA integrity was verified using the Agilent 2100
BioAnalyzer (Agilent, CA, USA). The sequencing reads for each
sample were mapped to the reference genome (Mus musculus
GRCm39) by Kallisto (v0.46.1).>° The aligned results were
applied to edgeR package®' to select differentially expressed
genes.

2.9. Functional analysis of significantly changed genes

To select genes with significant changes in their expression in
the oligonol-treated 5 x FAD group, we first selected transcripts
with significantly different expression in the oligonol-treated 5
x FAD mouse data and the corresponding control group data.
For this purpose, 577 genes with significant expression
changes based on p-values 0.05 in the oligonol-treated 5 x FAD
groups were selected. We distinguished genes in the volcano
plots in Fig. 5A with genes based on p-values < 0.05.
Statistically, among the genes with p-values < 0.05, the

Mouse

Name Forward sequence Reverse sequence

Gcle GTTATGGCTTTGAGTGCTGCAT ATCACTCCCCAGCGACAATC
Gpx-1 CCAGGAGAATGGCAAGAATGA TCTCACCATTCACTTCGCACTT
Sod2 TCTCACCATTCACTTCGCACTT GGTGGCGTTGAGATTGTTCA
Gé6pdh CTGGAACCGCATCATCGTGGAG CCTGATGATCCCAAATTCATCAAAATAG
Pepck AACTGTTGGCTGGCTCTC GAACCTGGCGTTGAATGC
Pgcla TATGGAGTGACATAGAGTGTGCT CCACTTCAATCCACCCAGAAAG
Fos CTGTCCGTCTCTAGTGCCAAC CCTCCTGACACGGTCTTCAC
Psd95 GGTAACTCAGGTCTGGGCTTC CACTGCAGCTGAATGGGTCA
Syp ACATGCAAGGAACTGAGGGA CCAGGTTCAGGAAGCCAAAC
Cyp2el CTTTGCAGGAACAGAGACCA ATGCACTACAGCGTCCATGA
Cyp4al0 CAACTTGCCCATGATCACACA CATCCTGCAGCTGATCCTTTC
Gapdh AATGTGTCCGTCGTGGATCT AGACAACCTGGTCCTCAGTG

This journal is © The Royal Society of Chemistry 2023
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expression values of 328 genes were increased and those of
249 genes were decreased after oligonol treatment in 5 x FAD
mice. Among the genes with a p-value < 0.05, we selected 20
increased and 20 decreased genes in the order of fold change.
For Gene Ontology (GO) analysis and Kyoto Encyclopedia of
Genes and Genomes (KEGG) analysis using the Molecular
Signatures Database,*” we selected 577 genes with p-values <
0.05 in the oligonol-treated 5 x FAD mouse model. The
STRING (https:/string-db.org) software program was used to
screen interaction networks of the top 200 genes in order of
decreasing p-values among genes with p-values <0.05. We
selected only the networks with a minimum of two nodes.

2.10. Statistical analysis

All data are presented as the group mean + S.E.M. Statistical
analysis was performed using an unpaired two-tailed t-test
with Welch’s correction in GraphPad Prism 8 (GraphPad
Software Inc., USA). Data were considered significant at *p <
0.05, **p < 0.01, and ***p < 0.005 in the statistical analysis.

3. Results

3.1. Oligonol treatment improved glucose metabolism and
increased antioxidant gene expression in the livers of 5 x FAD
mice

Oral administration of oligonol (50 mg kg™" day™") was admi-
nistered to 5 x FAD mice at 5 months of age for 2 months
(Fig. 1A) and the body weight and blood glucose level were
checked (Fig. 1A). The body weights of both oligonol-treated
and control 5 x FAD mice similarly increased over the 2-month
period (Fig. 1B). The blood glucose levels in the oligonol-
treated 5 x FAD mice gradually decreased from 4 weeks com-
pared to those in the control 5 x FAD mice (Fig. 1C). The
mRNA levels of antioxidant-related genes, such as glutamate-
cysteine ligase catalytic (Gclc), glutathione peroxidase 1 (Gpx1),
superoxide dismutase 2 (Sod2), and glucose 6-phosphate dehy-
drogenase (Gé6pdh), were significantly increased in the liver
tissues of oligonol-treated 5 x FAD mice compared to the
control 5 x FAD mice (Fig. 1D). Additionally, the mRNA levels
of gluconeogenesis-related genes, such as phosphoenolpyru-
vate carboxykinase (Pepck) and peroxisome proliferator-acti-
vated receptor-c coactivator-la (Pgcla), were dramatically
increased in the liver tissues of oligonol-treated 5 x FAD mice
compared to control 5 x FAD mice (Fig. 1E).

3.2. Oligonol treatment improved anxiety behavior and
cognitive function in 5 x FAD mice

We conducted the MBT and NST to investigate the anxiety be-
havior, and the Barnes maze to examine the cognition in 5 x
FAD mice after oral administration of oligonol (Fig. 2). The
marble burying score, considered as the number of buried
marbles, was significantly decreased in the oligonol-treated 5 x
FAD mice (Fig. 2A). The nestle shredding score, considered as
the weight of shredded material (g), was significantly reduced
in oligonol-treated 5 x FAD mice (Fig. 2B). Fig. 2A and B show
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the suppressed anxiety in 5 x FAD mice as a result of oligonol
treatment. We conducted the Barnes maze test to investigate
the cognitive function in oligonol-treated 5 x FAD mice
(Fig. 2D-L). Fig. 2C shows the quadrant region and target hole
in the Barnes maze (Fig. 2C), while Fig. 2D and E show the per-
centage of each quadrant region visit on days 1 and 7 (Fig. 2D
and E). Oligonol-treated 5 x FAD mice approached the C1
quadrant region containing the escape hole more frequently
than the control 5 x FAD mice (Fig. 2D and E). Oligonol-
treated 5 X FAD mice also showed a reduced total distance
(Fig. 2F), immobility time (Fig. 2G), and velocity (Fig. 2H) to
find escape holes on day 7. Additionally, oligonol-treated 5 x
FAD mice demonstrated a reduced number of visits (Fig. 2I),
decreased latency (Fig. 2J), reduced attempts in the target
escape hole (Fig. 2K), and reduced total errors (Fig. 2L) in the
fine target escape hole on day 7. These Barnes maze scores
indicate that oligonol treatment improves cognitive function in
5 x FAD mice.

3.3. Oligonol treatment alters the secretion of inflammatory
cytokines and adipokines in the blood plasma of 5 x FAD mice

We detected various cytokines and adipokines in the blood
plasma of 5 x FAD mice after oral administration of oligonol
using cytokine and adipokine array kits (Fig. 3). The results
revealed increased expression of cytokines, such as B lympho-
cyte chemoattractant (Blc) and tissue inhibitor of metallopro-
teinase-1 (TIMP-1), and reduced expression of interferon
gamma (IFN-y) and the chemokine ligand C-X-C motif chemo-
kine ligand 12 (CXCL12) in the blood plasma of oligonol-
treated 5 x FAD mice (Fig. 3A). We also found increased levels
of adipokines, such as insulin-like growth factor 2 (IGF-2) and
fibroblast growth factor 21 (FGF21), and dramatically reduced
levels of oncostatin M (OSM) in the blood plasma of oligonol-
treated 5 x FAD mice (Fig. 3B). These data indicate that oligo-
nol influences the levels of cytokines and adipokines in the
blood of 5 x FAD mice.

3.4. Oligonol treatment reduces the expression of reactive
oxygen species (ROS)-generating genes and increases the
expression of neuronal function-related genes and serotonin
receptors in the brains of 5 X FAD mice

We next investigated the mRNA levels of neuronal function-
related genes (c-FOS, PSD95, and SYP) and ROS generating
genes (Cyp2el and Cyp4a10) in the cortex, hippocampus, and
striatum regions of the brains of 5 x FAD mice oral adminis-
tration (Fig. 4). We detected increased mRNA levels of PSD95
and SYP genes, as synaptic function-related markers, and
c-Fos, as neuronal functional markers, in the mouse cortex
(Fig. 4A), hippocampus (Fig. 4C), and striatum (Fig. 4E) of 5 x
FAD mice after oligonol treatment (Fig. 4A, C, and E). We also
observed reduced mRNA levels of Cyp2e1 and Cyp4al0 genes,
as genes related to ROS generation, in the mouse cortex
(Fig. 4B), hippocampus (Fig. 4D), and striatum (Fig. 4F) of 5 x
FAD mice after oligonol treatment. Furthermore, we confirmed
the protein levels of m-BDNF, Syp, c-Fos, and GFAP in the
mouse cortex, hippocampus, and striatum of 5 x FAD mice

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Behavioral tests in oligonol-treated 5 x FAD mice. (A) Measurement of the number of buried marbles in control and oligonol treated 5 x FAD
mice. (B) Measurement of nestlet shredding activity, represented as grams of shredded materials after the test. (C) Schematic of the Barnes maze
apparatus. (D) Percentage of latency per quadrant on days 1 and 7 in the control group. (E) Percentage of latency per quadrant on days 1 and 7 in the
oligonol-treated group. (F) Changes in the total movement (cm), (G) immobility time (s), and (H) velocity (cm s™2), for control and oligonol mice. (I)
Number of visits to each hole on days 1 and 7. (J) Measurement of escape latency (s) to the target hole on days 1 and 7. (K) Number of trials to the
target hole on days 1 and 7. (L) Number of trials to non-target holes on days 1 and 7. Statistical significance was determined using an unpaired two-
tailed t-test with Welch's correction. ns: not significant, *p < 0.05, **p < 0.01.
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Fig. 3 Cytokine and adipokine arrays of the plasma of oligonol-treated 5 x FAD mice. (A) Immunoblot analysis of cytokine and chemokine levels in
control and oligonol-treated mouse plasma. The red box on the membrane represents the spots of Blc, IFN-y, CXCL1, CXCL12, and TIMP-1 in the
indicated numerical order. (B) Immunoblot analysis of adipokine levels in control and oligonol-treated mouse plasma. The red box on the membrane
represents the OSM spot. The statistical analysis of differential expression levels was performed using an unpaired two-tailed t-test with Welch's cor-

rection. ns: not significant, *p < 0.05, **p < 0.01, ***p < 0.005.

following oligonol treatment (ESI Fig. 2f). We found an
increased protein level pattern of GFAP, considered to indicate
glial activation in the cortex (ESI Fig. 2Af}), an increased
protein level of c-Fos, considered to indicate neuronal acti-
vation in the hippocampus (ESI Fig. 2B), and an increased
protein level of c-Fos and SYP, considered to indicate neuronal
activation and synaptic function in the striatum (ESI Fig. 2Cf¥).
Although these ESI Fig. 21 data are not significant, they reveal
an increased pattern of proteins associated with neuronal
function. Furthermore, we detected increased protein levels of
serotonin receptors in the striatum region of 5 x FAD mice fol-
lowing oligonol treatment (Fig. 4G). Collectively, these findings
show that oligonol treatment inhibits ROS generation and
enhances synaptic plasticity, neuronal function, glial acti-

9656 | Food Funct, 2023, 14, 9650-9670

vation, and the expression of serotonin receptors in the brains
of 5 x FAD mice.

3.5. Transcriptome analysis of the hippocampus in oligonol-
treated 5 X FAD mice

For transcriptome analysis of the hippocampus in oligonol-
treated 5 x FAD mice, we conducted RNA sequencing of the
total RNA in the hippocampus of three oligonol-treated 5 x
FAD mice and three corresponding control 5 x FAD mice. First,
we checked that the grouping between 5 X FAD group genes
and oligonol treatment group genes was well performed
(Fig. 5A). In the RNA sequencing data, the genes with excep-
tionally high expression levels and genes showing statistically
significant changes in the oligonol-treated 5 x FAD group are

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 mRNA and protein levels in the brain tissues of oligonol-treated
5 X FAD mice. (A) The expression level of neuronal function related
genes (c-Fos, Psd95, and Syp) in control and oligonol-treated mice
cortex tissues, described as the mean + S.E.M (n = 3). (B) The expression
level of reactive oxygen species (ROS)-generating related genes (Cyp2el
and Cyp4al0) in control and oligonol-treated mice cortex tissues,
described as the mean + S.E.M (n = 3). (C) The expression level of neuro-
nal function-related genes (c-Fos, Psd95, and Syp) in control and oligo-
nol-treated mice hippocampus tissues, depicted as the mean + S.E.M (n
= 3). (D) The expression level of genes related to ROS generation
(Cyp2el and Cyp4al0) in control and oligonol-treated mice hippo-
campus tissues, depicted as the mean + S.E.M (n = 3). (E) The expression
level of neuronal function related genes (c-Fos, Psd95 and Syp) in
control and oligonol-treated mice striatum tissues, described as the
mean + S.E.M (n = 3). (F) The expression level of genes related to ROS
generation (Cyp2el and Cyp4al0) in control and oligonol-treated mice
striatum tissue, described as the mean + S.EEM (n = 3). (G) The
expression level of serotonin receptor SR-2A protein in control and oli-
gonol-treated mice striatum tissues, depicted as the mean + S.EM (n =
3). The statistical analysis of differential expression levels was performed
using an unpaired two-tailed t-test with Welch’s correction. ns: not sig-
nificant, *p < 0.05, **p < 0.01.
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shown in the volcano plot graph (Fig. 5B). Analysis of the hip-
pocampus of an oligonol-treated 5 x FAD mouse revealed
328 genes with significantly increased expression and
249 genes with significantly decreased expression with a
p-value of 0.05. As depicted in the volcano plot, the expression
of Gm15772, Slc6a3, tryptophan hydroxylase 2 (Iph2), small
nucleolar RNA, C/D Box 49B (Snord49b), Gm15461, spindle and
centriole associated protein 1 (Spice1), Gm20618, growth
hormone (Gh), and s100 calcium binding protein A7A
(S100a7a) was significantly distinguished in the oligonol-
treated 5 x FAD mouse hippocampus (Fig. 5B). Next, we identi-
fied fold changes in 20 genes with p-values < 0.05 in transcrip-
tome data (Fig. 5C). Our results showed that fold-change-
increased genes related to neuropathology were dermokine
(Dmkn), cadmium-12 (Cdhi2), stabilizer of axonemal micro-
tubules 2 (Saxo2), apolipoprotein L domain-containing 1
(Apold1), POC1 centriolar protein A (Pocia), anoctamin 3
(Ano3), potassium voltage-gated channel subfamily H member
7 (Kcnh7), membrane metallopentase (Mme), ATPase plasma
membrane Ca®" transporting 1 (A¢p2b1), cannabinoid receptor
1 (Cnri), X-ray repair cross complementing 4 (Xrcc4), calcium/
calmodulin dependent protein kinase IV (Camk4), doublecor-
tin-like kinase 3 (Dclk3), phosphodiesterase 10A (Pde10a), regu-
lator of G protein signaling 4 (Rgs4), cyclin-dependent kinase-
like 5 (Cdki5), homer scaffold protein 1 (Homer1), HIVEP zinc
finger 2 (Hivep2), leucine rich repeat-containing 8 VRAC
subunit B (Lrre8b), and synaptotagmin 1 (Syt1) genes in fold
change order (Fig. 5C). We also checked the fold changes in 20
decreased genes with p-values < 0.05 in transcriptome data
(Fig. 5D). Our results showed that the genes associated with
decreased fold change in neuropathology were RalA binding
protein 1 (Ralbp1), chitinase 3-like 1 (Chil1), fumarylacetoace-
tate hydrolase (Fah), solute carrier family 38 member 10
(Slc38a10), peroxisome proliferator activated receptor delta
(Ppard), progestin and AdipoQ receptor family member 3
(Pagr3), F-Box protein 7 (Fbxo7), phospholipid phosphatase 2
(Philpp2), myosin IXB (Myo9b), CCR4-NOT transcription
complex subunit 3 (Cnot3), ATP-binding cassette A7 (Abca?),
AXL receptor tyrosine kinase (Axl), cytoplasmic endogenous
regulator of oxidative phosphorylation 1 (Cerox1), abhydrolase
domain-containing 4, N-acyl phospholipase B (Abhd4), pleck-
strin homology and RUN domain containing M2 (Plekhm2),
strawberry notch homolog 2 (Shno2), regulatory factor X associ-
ated ankyrin-containing protein (Rfxank), deoxythymidylate
kinase (Dtymk), leucine rich repeat-containing 45 (Lrrc45), and
small nuclear ribonucleoprotein U1l subunit 70 (Snrnp70)
genes in fold change order (Fig. 5D). ESI Table 11 shows the
577 genes with p-value 0.05 or less genes (ESI Table 17).
Additionally, to identify the cellular pathways associated
with genes significantly changed in the hippocampus of the
oligonol-treated 5 x FAD mice, we performed GO analysis in
The Molecular Signatures Database (MSigDB) with 577 genes
with p-values < 0.05 (Fig. 6A). GO analysis showed that the
most significantly enriched terms were anatomical structure
morphogenesis, synapse organization, Ras protein signal
transduction, positive regulation of phosphorylation, positive
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Fig. 5 Analysis of transcriptomic data from the brain hippocampus of oligonol-treated 5 x FAD mouse models. (A) The expression profiles of the oli-
gonol-treated 5 x FAD group hippocampus are presented as heat maps after RNA sequencing. (B) Volcano plots of the oligonol-treated 5 X FAD
group hippocampus. The X-axis represents the log2-transformed fold change, and the Y-axis represents the —log;o (p-value) value. All red dots
depict significantly changed genes. (C) The 20 increased genes with a significant expression change in oligonol-treated 5 X FAD models. The graphs
are depicted for increased genes in fold change order in the oligonol-treated 5 x FAD mouse hippocampus. (D) The 20 decreased genes with a sig-
nificant expression change in oligonol-treated 5 x FAD mice. The graphs depict increased genes in fold change order in the oligonol-treated 5 X
FAD mouse hippocampus. The statistical analysis of differential expression levels was performed using an unpaired two-tailed t-test with Welch’s
correction. ns: not significant, *p < 0.05, **p < 0.01, ***p < 0.005.

regulation of transferase activity, regulation of endocytosis, phosphate metabolic process, cell part morphogenesis, diva-
calcium ion homeostasis, regulation of synaptic plasticity, lent inorganic cation homeostasis, regulation of protein modi-
neuron development, cellular component biogenesis, organo- fication process, and regulation of transferase activity (Fig. 6A).
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Fig. 6 Functional analysis of changed genes in the oligonol-treated 5 X FAD mouse hippocampus. (A) Gene ontology (GO) analysis for changed
genes in the oligonol-treated 5 x FAD mouse hippocampus. The top 15 GO terms based on the false discovery rate (FDR) g-value are shown. (B)
Kyoto encyclopedia of genes and genomes (KEGG) analysis for changed genes in the oligonol-treated 5 X FAD mouse hippocampus. The top seven
KEGG terms based on the false discovery rate (FDR) g-value are shown. (C) Analysis of the protein interaction network for changed genes in oligo-
nol-treated 5 X FAD groups using the STRING database.

We also performed KEGG pathway analysis in MSigDB with calcium signaling pathway, long-term depression, axon gui-
577 genes with p-values 0.05 (Fig. 6B). KEGG analysis showed dance, phosphatidylinositol signaling system, Wnt signaling
that the most significant terms were long-term potentiation, pathway, and insulin signaling pathway (Fig. 6B). Next, to
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analyze the protein networks affected in the oligonol-treated 5
x FAD mouse hippocampus, we selected 200 genes in order of
low p-values among genes with p-values < 0.05. We then ana-
lyzed the STRING network analysis database using selected
genes®® (Fig. 6C). The protein interaction network obtained
from the STRING database for the genes that were changed in
the oligonol-treated 5 x FAD group is shown in Fig. 6C.
Interestingly, the network containing the APLP2 protein,
related to the amyloid precursor protein, the RGS7 protein,
related to the GTPase activating protein in the brain, the
PDE4B and RGS4 proteins, related to schizophrenia, and the
TNIK protein, related to postsynaptic density of glutamatergic
synapse and neuropsychiatric disorders were selected after
STRING analysis (Fig. 6C).

4. Discussion

Here, we investigated the role of oligonol in metabolic con-
dition and cognitive function in 5 x FAD mice, which together
with 3TG mice, is a widely used AD mouse model.>** In par-
ticular, the 5 x FAD mouse is an AD model that rapidly devel-
ops severe amyloid pathologies within 2-4 months after
birth.*® During the oral administration of oligonol to 5 x FAD
mice, we checked the body weight and blood glucose levels
every week until the day of sacrifice. We observed a reduction
in blood glucose levels in the oligonol-treated 5 x FAD mice
compared to control mice. A previous study mentioned that
oligonol improved insulin sensitivity and glucose uptake.*® We
previously confirmed the positive regulatory role of oligonol in
glucose metabolism in AD mice. We have also detected
increased mRNA levels of antioxidant-related genes, such as
Gele,” Gpx1,*® Sod2,*® and Gépdh,"® and nuclear factor ery-
throid-2-related factor 2 (Nrf2)*! in the livers of 5 x FAD mice
(Fig. 1). Increased expression of these genes indicates that oli-
gonol treatment causes an increased antioxidant response in
the liver and reduced liver damage in AD mice.*? In addition,
the increased levels of Pepck and Pgcla genes observed in our
study are associated with gluconeogenesis through the acti-
vation of PI3K/AKT signaling.**** PGC-1a regulates the mito-
chondrial catabolic capacity of the cell and boosts the
expression of antioxidant enzymes against damage
conditions.*>*” These findings indicate that oligonol pro-
motes the antioxidant response and plays a cellular protective
role in the livers of AD mice.

In this study, we performed three behavior tests (Barnes
maze test, BMT, and NST). The Barnes maze test, as one of the
major behavior tests, is used to assess spatial memory and
learning function more accurately than previous tests such as
the Morris water maze.*®> Several studies have used the
Barnes maze to investigate learning and memory deficits in
AD model mice.*>** The results of the Barnes maze test
suggest that oligonol enhances spatial memory in the AD
brain. MBT is used to investigate anxiolytic behavior’®> and
obsessive-compulsive behavior.>® Wild-type mice usually dig in
the ground to search for food, bury harmful things, and create
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safe nurseries for their babies.”® Some studies have attempted
to investigate the behavioral and psychological symptoms of
dementia, such as anxiety, in AD mouse models using the
MBT.***""*°Considering the MBT scores observed in our study,
oligonol may alleviate anxiety-like psychiatric problems in the
AD brain. Additionally, the NST is a behavior test to assess psy-
chiatric diseases such as anxiety, compulsive-like behaviors,
distress, and pain.®®®* Some studies have identified brain
functional deficits and brain damage using the NST.®*** Our
results suggest that oligonol improves anxiety, compulsive-like
behavior, and distress in the AD brain. The data shown in
Fig. 4G confirm the increased expression of the serotonin
receptor SR-2A in the striatum. The serotonin receptor 5-HT 2a
is commonly expressed on neurons and glia in the cortex,
nucleus accumbens, claustrum, olfactory bulb, limbic system,
striatum including the amygdala, and basal ganglia.®>®®
Several studies have mentioned that reduced serotonin 5-HT
2a receptors are associated with object memory loss, spatial
memory loss,®”®® and reduced long term memory® in AD.
Other studies have reported that reductions in serotonin 5-HT
2a receptors lead to impaired fear memory, mental disorders,
depression and anxiety.”®”? Serotonin 5-HT 2a receptors colo-
calize with PSD-95 protein’? and influence dendritic spine
maturation and synapse stabilization.”> Serotonin 5-HT 2a
receptor signaling also induces intercellular signaling pathway
activation, including ERK and tyrosine kinase signaling in
neurons.”® Accordingly, our results indicate that oligonol
enhances the serotonergic system in the brains of 5 x FAD
mice and improves anxiety, spatial memory, and depression in
the AD brain.

Subsequently, we detected the cytokine and adipokine
levels in the blood plasma of 5 x FAD mice. Our data revealed
that oligonol treatment increased the levels of Blc (CXCL13),
related to T cell activity and THE immune response,”” and
I-TAC, a chemokine that regulates the activity of T cells,”® in
the blood plasma of 5 x FAD mice. Oligonol treatment also
reduced the levels of INF-y and IL-27, which serve to heighten
the immune and inflammatory responses by T cell polariz-
ation, T-cell proliferation, and T cell activation”®®® in the
plasma of 5 x FAD mice. Additionally, the level of oncostatin
M, an IL-6 family member that accelerates severe inflam-
mation,®" was dramatically reduced in the blood plasma of 5 x
FAD mice following oral administration of oligonol. In con-
trast, the levels of IGF-2, an anti-inflammatory regulator and
enhancer of neuronal density,®” and FGF21, an anti-inflamma-
tory regulator,®® were considerably increased in the plasma of
5 x FAD mice following oral administration of oligonol. Based
on the data obtained for cytokines and myokines, we speculate
that oligonol treatment suppresses the inflammatory response
and contributes to the immune system in AD mice.

Furthermore, we confirmed increased mRNA levels and
protein level patterns of synapse-related genes, including c-Fos,
PSD95, and SYP, in the cortex, hippocampus, and striatum of
5 x FAD mice as a result of oligonol treatment. Overall, we
hypothesize that oligonol treatment contributes to the
expression of neuronal activation and synaptic plasticity in the

This journal is © The Royal Society of Chemistry 2023
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brains of 5 x FAD mice. c-Fos, as an index of neuronal activity,
has been reported to be associated with several neurological

issues, including anxiety, depression, fear memory, and spatial
84-87

memory. PSD95, as a postsynaptic density protein,
regulates the localization of various neurotransmitter
receptors,®®®° clustering of ion channels,’® and synaptic plas-

ticity.”' SYP, as a presynaptic density protein, regulates neuro-
nal networks and affects cognitive function,”>*® and depress-
ive like behavior and anxiety.”* Considering this evidence, we
consider that oligonol serves to modulate synapse plasticity
and neuronal activity, which is involved in neuropathological
issues.

We also observed that the mRNA levels of Cyp2e1 and
Cyp4a10 genes related to ROS generation in mitochondria®>°®
were decreased in the brain cortex, hippocampus, and striatum
of 5 x FAD mice treated with oligonol. This may indicate that
oligonol suppresses ROS generation in the cortex, hippo-
campus, and striatum of the AD brain. Decreased ROS gene-
ration in the cortex and hippocampus is linked to enhanced
long-term potentiation,”” improved learning and memory
function,’® reduced neuronal apoptosis,®® the inhibition of
blood-brain barrier (BBB) breakdown,' and reduced pain.'!
Increased ROS production in the striatum induces apopto-
sis,'® hyperglycemia,'® Impaired dopamine release and
synaptic plasticity."® Our data suggest that oligonol can
restore dysfunctions caused by ROS production, suggesting
that the expression of genes related to ROS generation was
reduced by oligonol treatment in the striatum. Our western
blot data showed an increased protein level of GFAP in the
cortex of 5 x FAD mice after oligonol treatment. Increased
GFAP levels are related to astrocyte reactivity,'® neurogen-
esis,'*® attenuation of depressive like behavior,'®” and neuro-
nal cell survival'®® through autophagy in the brain.

The volcano graph demonstrates the distinguishing genes
of the dopamine transporter Slc6a3 gene, related to neuropsy-
chiatric diseases,'®>''® Tph2, related to serotonergic neuronal
cell regulation,""""'? and Gh, related to inflammation."*® In
addition, our transcriptome data showed 20 increased genes,
including Cdhi2, related to the upregulation of neurite
growth;"'* Apoldi1, associated with angiogenesis and blood
brain permeability;'*>''® Pocia, related to the regulation of
neuronal spindle function;''” Kcnh7, associated with the
downregulation of schizophrenia;''® Atp2b, related to the
protection of y-aminobutyric acid (GABA)ergic neurons;'*°
Cnrl, related to mood disorder and dopaminergic
neurotransmission;'**'*! Camp4, related to the upregulation
of memory formation improvement;'** Dclk3, associated with
neuroprotective function in the dentate gyrus in hippocampal
formation and Huntington’s disease;'*®* Pde10a, related to
regulation of the dopamine system in neurons;'** Rgs4, associ-
ated with neurotransmitter transmission, psychiatric disorders
such as depression and autism, and cognition;"*>™**” CdkI5,
related to the downregulation of seizure and motor dysfunc-
tion;'*® Homer1, related to the downregulation of epilepsy,
autism, addiction, schizophrenia, and depression;'*® Hivep2,
related to the regulation of dopaminergic neurons;'?® and
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Syt, related to the regulation of neurotransmitter release™*° in
the 5 x FAD mouse hippocampus after oligonol treatment.

We also found 20 decreased genes, including Ralbp1,
related to mitochondrial function and  decreased
neuroinflammation;"*"*** §ic38a10, related to the upregula-
tion of cell survival and the homeostasis of neurotransmitters
such as GABA, dopamine, serotonin, and glutamate;'** Ppard,
associated with the protection of axonal injury and cell growth
and the regulation of immune response;'*! Pagr3, related to
the regulation of energy metabolism, and Golgi apparatus;"*®
Fbxo7, related to the upregulation of pyramidal neuronal func-
tion with Pink1;*®"” Myo9b, related to the maintenance of
the dendrite morphology of neurons;"*® Abca7, associated with
the downregulation of the phagocytosis process in glia, and
the process of Alzheimer’s disease;'*>'*° Shno2, related to the
downregulation of interleukin-6 secretion, and the suppres-
sion of inflammation;'**'** and Snrnp70, related to the inhi-
bition of amyotrophic lateral sclerosis and motoneuronal
degeneration'**'** in the 5 x FAD mouse hippocampus after
oligonol treatment.

Considering our transcriptome analysis data, we found
enriched GO terms, including calcium signaling, which is pro-
moted by synaptic activity;'*® the regulation of endocytosis,
which modulates the hippocampal synapse strength'*® and
neuronal survival;'*” and RAS protein signaling for the regu-
lation of hippocampal neurogenesis and cognition'*® in the 5
x FAD mouse hippocampus after oligonol treatment. We also
observed significant KEGG terms such as long-term poten-
tiation, long-term depression which are linked to neuro-
transmitter secretion, synaptic plasticity, neuronal circuit,
learning and memory function;"**"**" axon guidance, which is
related to improved hippocampal circuit and synaptogenic
activity;'>> Wnt signaling, which is related to hippocampal
neurogenesis;'>® and insulin signaling, which can regulate
energy homeostasis, cognition, and mood****® in the 5 x FAD
mouse hippocampus after oligonol treatment.

Our STRING protein network software data showed the
interaction between Ppp2ca, related to neuropsychiatric dis-
eases;"*° Aplp2, associated with amyloid beta peptide process-
ing;'"” and Rps27a, affecting microglia activation.'®
Additionally, Tnik, related to cognition and postsynaptic for-
mation;'*® Rgs7, associated with synaptic plasticity and
memory formation;'®® Pde4b, related to the inhibition of
memory acquisition;'®* and Pde10a, related to the secretion of
dopamine by neurons.**

In summary, oral oligonol administration may contribute to
the activation of the antioxidant response pathway, reduce ROS
generation, modulate glucose metabolism and cytokine and
adipokine production, increase glial reactivity, activate synaptic
plasticity and neuronal function, and increase serotonin recep-
tor expression in AD. These consequences may lead to stable
mood conditions and improved cognitive function in the AD
brain. Taken together, our results suggest that oligonol has
therapeutic potential to ameliorate liver function and meta-
bolic function and attenuate neuropathological and neuro-
psychiatric issues such as anxiety and cognitive decline in AD.
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