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ARTICLE INFO ABSTRACT
Keywords: Baicalein (BE) has both antioxidant and anti-inflammatory effects. It has also been reported able to improve
Alzheimer’s disease cerebral blood circulation in brain ischemic injury. However, its chronic efficacy and metabolomics in Alz-

Chronic study
Baicalein
Neurobehavioural test
Cerebral blood flow
Metabolomics

heimer’s disease (AD) remain unknown. In this study, BE at 80 mg/kg was administrated through the oral route
in J20 AD transgenic mice aged from aged 4 months to aged 10 months. Metabolic- and neurobehavioural
phenotyping was done before and after 6 months’ treatment to evaluate the drug efficacy and the relevant
mechanisms. Meanwhile, molecular docking was used to study the binding affinity of BE and poly (ADP-ribose)
polymerase-1 (PARP-1) which is related to neuronal injury. The open field test showed that BE could suppress
hyperactivity in J20 mice and increase the frequency of the target quadrant crossing in the Morris Water Maze
test. More importantly, BE restored cerebral blood flow back to the normal level after the chronic treatment. A 'H
NMR-based metabolomics study showed that BE treatment could restore the tricarboxylic acid cycle in plasma.
And such a treatment could suppress oxidative stress, inhibit neuroinflammation, alleviate mitochondrial
dysfunction, improve neurotransmission, and restore amino homeostasis via starch and sucrose metabolism and
glycolipid metabolism in the cortex and hippocampus, which could affect the behavioural and cerebral blood
flow. These findings showed that BE is a potential therapeutic agent for AD.

and neuroinflammation caused by neurotoxic molecules reduce CBF,
which further increases the accumulation of neurotoxic molecules in the
brain (Badhwar et al., 2017; Zhang et al., 2017). Therefore, the sup-
pression of oxidative stress and neuroinflammation could potentially
alleviate AD symptoms, revert metabolic abnormalities, and restore CBF
in the brain.

Our previous study revealed that baicalein (5,6,7-trihydroxyflavone,
BE, Fig. 1A) had antioxidant and anti-inflammatory effects, indicating
metabolism, which could be triggered by the abnormal accumulation of its potential in AD treatment (Zhang et al., 2020). It has been reported
amyloid beta plaques and tau tangles (Gonzalez-Dominguez et al., that BE could regulate blood flow and protect cerebral tissues from
2014b; Liu et al., 2021). Meanwhile, cerebral blood flow (CBF) which ischemic injury by inhibiting the activation of poly (ADP-ribose)
accounts for the supply of oxygen and glucose in the brain has been polymerase-1 (PARP-1) through PI3K/AKT pathway (Huang et al.,
found reduced in AD patients (de Jong et al., 2019). The oxidative stress 2005; Li et al., 2020). Daily oral administration of BE at 100 mg/kg for

1. Introduction

Alzheimer’s disease (AD) is a complex, irreversible, and progressive
neurodegenerative disorder among the elderly. Apart from amyloid beta
plaques and tau tangles accumulation in the brain, AD patients also
suffer from neuro-oxidative stress, neuroinflammation, impaired mito-
chondrial activity, disrupted neurotransmission, and aberrant lipid
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Abbreviations

Acetonitrile ACN

Alzheimer’s disease AD

AutoDockTools ADT

Baicalein BE

Cerebral blood flow CBF

Fold-change FC

Human Metabolome Database HDMB

Institutional Animal Care and Use Committee IACUC
Internal standard IS

Kyoto Encyclopedia of Genes and Genomes KEGG
Methanol MeOH

Morris water maze test MWM

National Advisory Committee on Laboratory Animal

Research NACLAR
Nuclear magnetic resonance NMR
One-dimensional 1D
Open field test OFT
Orthogonal partial least squares discriminant analysis OPLS-DA
Partial least squares discriminant analysis PLS-DA
Peanut butter PB
Poly (ADP-ribose) polymerase-1 PARP-1
Principal component analysis PCA
Root mean square deviation RMSD
Transgenic Tg
Tricarboxylic acid cycle TCA cycle
Wildtype WT
Trimethylsilylpropanoic acid TSP
Variable importance in projection VIP

27 days in rats with occlusion of bilateral common carotid arteries
attenuated cognitive impairment (He et al., 2009). Since PARP-1 acti-
vation is also involved in oxidative stress and neuroinflammation in the
brain of AD patients, we hypothesize that treatment with BE could

A B

restore CBF in AD brains by inhibiting PARP-1 activation, oxidative
stress, and neuroinflammation, therefore the cognitive impairment
could be suppressed (Thapa et al., 2021).

It is always challenging to test the chronic treatment in transgenic
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Fig. 1. The chemical structure of baicalein (A), (B) animal treatment design, and (C) behavioural (open field test) and cerebral blood flow test of WT and J20 mice
after treatment in this study. n = 8 (WT-young control), 8 (WT-old control), 8 (J20-young control), 5 (J20-old control), and 5 (J20-BE) mice.
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mice, but the findings of which could duly reflect the drug efficacy.
Compared to the traditional forced oral gavage, the peanut butter-mixed
pellets (PB) taken voluntarily by animals after training would be a much
gentler route to minimise the stress response in animals, especially in
multi-months’ studies (Gonzales et al., 2014). Thus, the evaluation of
the long-term efficiency of BE treatment in transgenic mice could be
made feasible by using BE mixed PB.

To analyse the efficiency of BE, apart from the behavioural and CBF
tests, metabolomics is a powerful tool to evaluate the mechanisms of
action (Rong et al., 2019; Wang et al., 2014). Metabolomics could
identify potential biomarkers, provide general pictures of the whole
metabolites, and understand the mechanistic pathways (Wang et al.,
2014). This technique could divide into targeted- and
untargeted-metabolomics. The untargeted metabolomics could give an
unbiased overview of alterations in metabolites of AD samples and be
used for the discovery of new biomarkers and underlying mechanisms of
effects (Griffiths et al., 2010). Among the techniques of metabolomics,
the nuclear magnetic resonance (NMR) spectroscopy-based non--
targeted metabolomic approach is non-destructive to samples, easy to
reproduce, and straightforward in sample preparation (Verwaest et al.,
2011). Moreover, most metabolomics studies in AD tend to focus on
comparisons between healthy and diseased samples, whereas drug
effect-related metabolomics studies in AD are limited, our metabolomics
study of drug-treated samples could offer a deep understanding of the BE
effects in the J20 AD mouse model.

In this study, we aim to evaluate the in vivo pharmacodynamics of BE
through a 6-months’ study with a J20 AD transgenic mouse model. After
chronic drug treatment, behavioural tests were carried out to assess the
memory and cognition capability of the J20 mice. Concurrently, the
corresponding CBF levels were also measured. Finally, the metab-
olomics profiles of plasma and different brain parts of these mice were
analysed using 'H NMR to reveal the mechanism of BE from a metabolic
view. Our findings through the in vivo study provide scientific rationales
for the therapeutic application of BE in AD.

2. Materials and methods
2.1. Materials

Baicalein (BE) was purchased from Tokyo Chemical Industry Co.,
Ltd. (Tokyo, Japan). Deuterium oxide was purchased from Sigma-
Aldrich (St Louis, MO, USA). All other reagents and solvents used
were of analytical grade.

2.2. Molecular docking

To understand the potency of BE at the molecular level, the binding
affinity of BE to PARP-1 protein was estimated by molecular docking
with AutoDockTools 1.5.6 software (Wong et al., 2021). The crystal
structure of PARP-1 protein was obtained from RCSB Protein Data Bank.
The ligand, BE was prepared by Marvin sketch and the 3D confirmers
with the lowest energy were obtained by using the MMFF94 force field
minimization. Polar hydrogens were added to identify atom types for
scoring purposes. The rotation roots and number of the rotation bonds
were detected by AutoDockTools 1.5.6 software. The docking parameter
of exhaustiveness was set to 100 to achieve high precision. The root
mean square deviation (RMSD) value of the protein backbone and BE
was calculated by web server LigRMSD, and the ligand-receptor inter-
action was visualized by PyMol and LigPlot+.

2.3. Animals

Male J20 mice (carrying both Swedish (K670N and M671L) and
Indiana (V7171F) APP human mutations of familial Alzheimer’s disease
on a C57BL/6 x DBA2J background) and the wildtype (WT) littermate
C57BL/6 mice were kindly provided by Professor G. S. Dawe
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(Department of Pharmacology, National University of Singapore,
Singapore). The transgenic mice were genotyped by polymerase chain
reaction with specific human APP primers. WT mice taken from the
same breeding colony served as the healthy controls.

Mice were housed in cages with a maximum of 5 mice per cage under
standard conditions with free access to food and water. All animal ex-
periments were conducted in accordance with the Singapore National
Advisory Committee on Laboratory Animal Research (NACLAR) guide-
lines and approved by the Institutional Animal Care and Use Committee
(IACUC), National University of Singapore.

2.4. Experimental design

Male WT mice (n = 16) were divided into the WT-young control
group (n = 8) and the WT-old control group (n = 8). Male J20 transgenic
mice (n = 18) were divided into the J20-young control group (n = 8), the
J20-old control group (n = 5), and the J20-BE group (n = 5, Fig. 1B).
WT-young controls and J20-young controls aged 4 months old were
subjected to behavioural, CBF, and metabolomics tests without any
treatment served as young control groups. WT-old controls and J20-old
controls were housed at the standard condition until 10 months old and
served as old control. J20-BE group received a daily dose of PB pellets
containing BE (80 mg/kg) starting from 4 months of age for 6 consec-
utive months to 10 months of age. This dose was chosen because it has
been reported that oral treatment with this dose for 40 consecutive days
could decrease the escape latencies and distances travelled in amyloid-p
induced AD Sprague-Dawley rats in the Morris water maze test (Wei
et al., 2014). When the old control and drug-treated groups reached 10
months of age, the mice were subjected to the above tests. The group
sizes varied from 5 to 8 was comparable to a recent study leveraging on
behavioural and metabolomics testing for their experiments (Li et al.,
2021).

2.5. Preparation of drug-containing peanut butter pellets

In the chronic study, the BE-treated group was administered drug-
containing peanut butter (PB, Reese’s Cold Storage, Singapore) pellets
prepared weekly based on the body weight of mice (Gonzales et al.,
2014). 100 mg PB was used as a vehicle for the daily dose of BE. The
daily required amount of BE powder was added to melted PB and mixed
homogenously to form pellets and stored at —20 °C. Each formed pellet
weighed 100 + 5 mg. The drug amounts in the pellets (BE-PB) were
tested by HPLC. Prior to the initiation of drug treatment, PB-only pellets
were placed into the animal cages once a day for 7 continuous days to
allow the mice to become acclimatised to voluntary feeding on the PB
pellets. At the end of habituation, each mouse could finish one PB pellet
within 10 min.

2.6. Drug administration

The J20 mice aged 4 months were administrated with BE-PB once
daily at 14:00 (£30 min) h for consecutive 6 months. One BE-PB was
placed in a clean cage with bedding. Then one mouse was transferred
into the clean cage and was given 10 min to find the pellet, grasped the
pellet with its forepaws, and fully consumed the pellet. Finally, this
mouse returned to its home cage. Then the treatment was followed by
another mouse. The whole process was finished within 30 min.

2.7. Behavioural studies

All mice were subjected to behavioural tests including the open field
test (OFT) and Morris water maze test (MWM) when reaching 4 and/or
10 months of age with/without drug treatment (Fig. 1C). Only one test
was conducted on each test day. The mice had multiple days of rest
between the two experiments to minimise carryover effects. All behav-
ioural tests were performed in specialised experimental rooms to avoid
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environmental or physical stress on mice. Before initializing each test,
the mice were allowed at least 30 min of habituation period in the
experimental room with free access to food and water.

2.7.1. Open field test

Locomotor activity was recorded using a square open field (40 x 40
cm) in a plexiglass cage in the OFT test. The mice were transferred into
the test cage and allowed to explore freely for 1 h without disturbance.
Locomotor activity was recorded automatically with a video camera
fixed above the cage. The mice were returned to their respective home
cages after the test. The plexiglass cage was carefully cleaned before the
next run. The recorded data were analysed for the total distance trav-
elled using Topscan software (CleverSys Inc, VA, USA).

2.7.2. Morris water maze test

The MWM test was conducted in a circular pool with a diameter of
1.2 m. The pool water temperature was kept at 24-26 °C throughout the
experiment. The water inside the pool was made murky with non-toxic
white paint. A circular platform with a diameter of 9 cm was hidden 1.5
cm below the water surface at a fixed position. The pool area was
divided into 4 equal quadrants. The target quadrant hidden platform
was in the centre of the southeast quadrant. The mice were given 60 s to
explore in each training trial. If the mice could not find the platform
within 60 s, they were guided to the platform and allowed to remain
there for 10 s. The mice were trained 4 times a day for 5 consecutive
days. The time spent from the start point to reach the platform was
recorded as latency to the target platform to obtain a learning curve.
During the probe trial, the platform was removed and the mice were
given 60 s in the pool. The time recording was started once the mice
were placed into the pool. The latency to the target platform, the number
of quadrant visits, and the average swimming speed were recorded in
the probe test. After tests, the mice were dried with a towel and returned
to their home cages. All MWM trials were video-recorded and analysed
using the Topscan software.

2.8. Cerebral blood flow test

CBF measurements were performed on the mice with a Laser Doppler
Monitor (moor VMS-LDF1, Moor Instruments Inc., Devon, UK) after
behavioural tests (Poinsatte et al., 2015; Rajasekar et al., 2017). At least
5 mice in each group were subjected to CBF measurements. Each mouse
was first anesthetized using 4% isofluorane mixed with 1-2 L/min of
oxygen. Next, the mouse’s head was fixed using a stereotactic apparatus
in the prone position. Anesthesia was maintained using 2% isofluorane
mixed with 1-2 L/min of oxygen. A midline sagittal incision was made
using surgical scissors. After the skin underneath was carefully removed
to each side, the bone over the cortex was thinned using a small hand
drill until only a small translucent sheet of the bone remained. The laser
Doppler probe was positioned at 5.5 mm lateral-right, 1 mm caudal from
the bregma, and 5 mm above the head. The probe was fixed in a vertical
position with a clamp. The blood flow was recorded until getting a stable
flux and the average flux during this stable period was regarded as the
baseline CBF of the mouse. The entire process for each mouse took
around 40 min.

2.9. Tissue sample collection and preparation

After the CBF measurement, the mouse was sacrificed by COy
euthanasia. Blood samples were collected immediately via cardiac
puncture and transferred into Eppendorf tubes containing 3 pL heparin.
The collected blood samples were centrifuged at 4000 g for 5 min at
room temperature to get plasma (Zhang et al., 2020). The plasma was
collected and cooled down in an ice bath. Then the mice were perfused
with saline to remove the blood in the organs. The brains were carefully
isolated and washed with saline to remove the surface blood. Plasma and
different major parts of the brain including the cerebellum, midbrain,
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cortex, and hippocampus were collected and stored at —80 °C for future
analysis.

To extract metabolites for NMR analysis, the frozen plasma was
allowed to gradually thaw in an ice bath. For brain samples, 20 mg of
various brain tissues were weighed separately. 200 pL ice cold water was
added and the mixture was homogenized for 1 min using a bead ho-
mogenizer (Bullet Blender 24 Gold, Next Advance, NY, USA). 200 pL
homogenate was transferred to another clean tube. Then 200 pL cold
ACN and 200 pL cold MeOH were added into the plasma/brain ho-
mogenate and vortexed for 5 min. The mixture was centrifuged at
14,000 g for 20 min at 4 °C. 550 pL of supernatant containing the
extracted polar metabolites was collected and dried by blowing nitrogen
gas at room temperature. The dried residue was kept at —80 °C until
future analysis.

2.10. 'H NMR spectroscopy

Each dried residue was re-suspended with 600 pL deuterium oxide
buffer (pH 7.4) containing 50 mM sodium phosphate and 0.1 mM tri-
methylsilylpropanoic acid (TSP) as the internal standard (IS). The
mixture was vortexed for 5 min and centrifuged at 14,000 g for 10 min at
20 °C. 550 pL supernatant was transferred into an 800 MHz NMR tube
with a 5 mm diameter for analysis.

The nuclear magnetic resonance (NMR) spectroscopy was performed
using a Bruker AVANCE 800 MHz system equipped with an inverse
triple-resonance cryoprobe (5 mm diameter). The 'H NMR spectra were
acquired at 298 K. A Carr-Purcell-Meiboom-Gill pulse sequence with
pre-saturation was applied as a Ty filter to remove the signals of mac-
romolecules and water. All one-dimensional (1D) spectra were obtained
through 512 transients collected into 64 K data points with a spectral
width of 12,820 Hz and an acquisition time of 2.56 s. The 1D NMR
spectra were manually phased. The baseline of each spectrum was cor-
rected and shifted to O ppm based on the TSP reference using TopSpin
software 2.1 (Bruker Biospin, UK). The acquired ' NMR raw data were
first imported into Chenomx NMR Suite software 7.1 (Chenomx Inc.,
Canada), following which the peaks from 0.04 to 10.00 p.m. were
manually binned into 0.04 ppm wide buckets. The water region from
4.68 to 4.88 ppm was excluded. The MeOH signal from 3.32 to 3.36 ppm
was also excluded. All binned data were normalised according to the
total binned area in each data file.

2.11. Multivariate data analysis

The binned data from different matrices were subjected to multi-
variate data analysis with SIMCA-P 13.0 software (Umetrics, Umea,
Sweden). Data were Pareto-scaled prior to principal component analysis
(PCA) to give a direct observation of cluster trend. Then the data were
subjected to partial least squares discriminant analysis (PLS-DA) to
promote the separation between two or more groups and build a
discriminant model. The model was evaluated by the parameters
including R%(Y) and QZ(cum) obtained through 100 observation-
dependent randomised permutation tests. Subsequently, the data were
analysed by orthogonal partial least squares discriminant analysis
(OPLS-DA) to identify the metabolites that had significant contributions
to the differences between the two groups. Variables with variable
importance in projection (VIP) value > 1.0 and p value < 0.05 of CV-
ANOVA were selected to identify the potential discriminant metabolites.

2.12. Potential discriminant metabolite identification

The potential discriminant metabolites were identified with refer-
ence to the chemical shifts of pure compounds available from the da-
tabases of Chenomx NMR Suite software 7.1 (Chenomx Inc., Canada)
and Human Metabolome Database (HMDB, https://hmdb.ca). The
concentrations of the specific metabolites were calculated by comparing
the area of the signals of metabolites to that of TSP. The fold-change (FC)
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value of each discriminant metabolite was calculated using the
following equation:

Iy

Lyrou

FC=

I4 represents the average concentration of the specific metabolite in
group A while Iyyr,q represents the average concentration of the specific
metabolite in the WT-old control group.

2.13. Metabolic pathway analysis

Metabolic pathway analysis was carried out using Metaboanalyst 5.0
software, a web-based analysis tool (https://www.metaboanalyst.ca).
This platform supports quantitative metabolomics data analysis,
including ~1600 metabolic pathways for different species based on the
databases of the Kyoto Encyclopedia of Genes and Genomes (KEGG) and
HMDB.

2.14. Data and statistical analysis

All results are reported as mean + SD unless otherwise indicated.
Statistical analyses were performed by two-way ANOVA and Tukey’s
test for comparison among multiple groups and unpaired student’s t-test
for comparison between two groups. The significant difference was
defined as p < 0.05. All statistical analyses and graphs were plotted
using GraphPad Prism 7 (GraphPad Software, San Diego, CA, USA).

3. Results
3.1. Molecular docking

According to Fig. 2, the docking results showed the binding affinity
of PARP-1-BE was —8.4 kcal/mol. The root-mean-square deviation
(RMSD) value of PARP-1-BE was 2.3 A. Gly863 and Tyr896 were the
major residues forming the hydrogen bonds between PAPR-1 and BE.
The molecular docking results showed the binding affinity of BE to
PARP-1 protein.

3.2. Open field test

The body weight of mice was weighed before the OFT test. In Fig. S1,
the weight of mice in the J20-old control group and J20-BE group did
not show a significant difference, indicating the PB formulations did not
show any obvious adverse effects on the mice. The change in body
weight of WT young and old control mice was not significant, which may
be due to the small number of mice in this study.

OFT was used to evaluate the locomotor performance of mice by
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comparing the total travelled distance (Ma et al., 2020). The total
travelled distance in the J20-young control group was 1.88-fold as that
of the WT-young group, indicating transgenic mice significantly moved
more (Fig. 3A, p < 0.05). This observed trend was consistent with a
previous report (Sun et al., 2008). Meanwhile, the J20 old control mice
were still more hyperactive than the respective WT young and old
control mice, though no significant difference was observed. After
chronic treatment with BE for 6 months, the total travelled distance
decreased to 68.75% of the J20-old control group (p > 0.05), bringing
the mean value in between that of the WT young and old control mice.
Therefore, BE treatment could normalize the locomotor activity in J20
mice.

3.3. Morris water maze test

MWM test was performed to evaluate the spatial acquisition of mice.
In Fig. 3B depicting the learning curves, there was no difference among
these groups on the 1st training day. After 5 days of training, the average
latency to the platform in the WT-old control group was only 26.43% as
that of the J20-old group (p < 0.05). Other groups did not show sig-
nificant differences. On the test day, the latency to platform of all groups
was around 40 s, which did not display obvious differences, including
the drug-treated mice compared to the J20-old controls (Fig. 3C).
However, J20-old control mice showed a lower frequency of target
quadrant crossing than the WT-old control mice, indicating memory
deficit in J20 mice aged 10 months (Fig. 3D, p < 0.05). The target
quadrant crossing frequency of drug-treated J20 groups was higher than
the J20-old control group and comparable with the WT-old control
group, suggesting BE could improve cognition in J20 mice. In addition,
the average swimming speed was also analysed to evaluate the motor
function of mice (Saffari et al., 2020). In Fig. 3E, the mean speed of
J20-old control mice was 56.85% as that of the WT-old control group.
After treatment with BE, the swimming speed of J20 mice increased to a
level comparable to the WT-old control group. Thus, long-term treat-
ment helps to normalize the motor activity of AD mice.

3.4. Cerebral blood flow test

A laser Doppler Monitor was used to measure the CBF in the brain as
the probe is sensitive to blood flow (Liu et al., 2018). The average CBF
flux in the WT-young control was comparable with the WT-old control
group (Fig. 3F). Meanwhile, the J20-young control mice did not show
obvious CBF reduction compared to the WT-young control mice. How-
ever, the CBF of the J20-old control group was only 55.94% of the
WT-old control group (p > 0.05). A similar trend was also reported in
another study (Lin et al., 2013). After chronic treatment with BE, CBF
increased in the J20-BE group to a level comparable to the WT-old

PARP-1-BE : -8.4 kcal/moL

Fig. 2. 3-Dimensional visualization by PyMol software (A) and 2-Dimensional visualization by LigPlot + software (B) molecular docking study PARP-1 protein with

Baicalein (BE). The red circles indicate the same residues in the interaction.
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Fig. 3. The behavioural and cerebral blood flow tests of mice after chronic treatment. (A) The total distance travelled the respective groups in the open field test.
(B-E) The Morris water maze test in J20 mice and WT mice of the respective groups. (B) The average latencies to the target platform across the training 5 days. (C)
The average latencies to the target platform of the probe trial. (D) The number of visit quadrant within 60 s in the probe trial. (E) The average swimming speed of the
mice within 60 s in the probe trial. (F) The cerebral blood flow flux via laser Doppler cytometry test in J20 mice and WT mice of the respective groups. (G) The
comparison of cerebral blood flow of the WT-young group with other groups. Data are reported as mean + SD (n = 5-8). * indicates p < 0.05 between the two

groups. ** indicates p < 0.01 between the J20 old group and the WT old group.

control group and showed a significant difference compared to the
J20-old control group (Fig. 3G, p < 0.05). Therefore, chronic adminis-
tration of BE normalised the impaired CBF in the brains of old AD mice.

3.5. Comparative metabolome analysis of plasma samples

PCA method was applied to generate an overall picture of metabolic
data, which can directly display the clusters in different groups (Peng
et al., 2014). The metabolites of plasma samples in WT young and old
control did not show any age-related differences, which was consistent
with a previous study that showed no obvious difference in metabolites
of plasma samples between the male C57BL/6J mice aged 15 weeks and
45 weeks through NMR tests (Varshavi et al., 2018). The PCA result for
plasma samples of WT control and J20 control mice did not show
obvious clustering trends on the scores plot, indicating no significant
changes in metabolic profiles in the plasma of these two groups
(Fig. 4A). Neither the plasma samples of the J20-old control group nor
the WT-old control group shows a clear cluster separation, suggesting
the metabolomic changes in the plasma of old transgenic mice were

limited. However, after the long-term treatment, the plasma samples of
the J20-BE group showed a clear cluster separation from the J20 old
control group, indicating that BE treatment could cause a metabolic
change that was reflected in the plasma metabolic profiles
(Fig. 4A&S2B).

Compared to the WT control mice, the identified metabolites of
plasma samples in the J20 control mice of the same age did not show
obvious changes from PLS-DA and OPLS-DA models, which was
consistent with PCA results (Fig. 4B). The levels of adenine and succinate
in the J20-BE group decreased to comparable levels with the WT-old
control group. In contrast, the levels of alanine, citrate, lactate, and
tryptophan in the J20-BE group showed some changes compared with
other groups but no significant difference was observed. Based on the
identified metabolites, metabolic pathway analysis was performed using
Metaboanalyst 5.0 software. Fig. 4C and D shows that the altered
pathway depicted in the plasma of the J20-BE group was related to the
tricarboxylic acid cycle (TCA cycle) on energy production. Thus, BE
treatment could restore energy production in J20 old mice.
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3.6. Comparative metabolome analysis of cortical tissues

PCA for cortex metabolic profiles of WT- and J20-control groups did
not show any obvious cluster separations (Fig. SA&S3A). Thus, the
changes in metabolic profiles of cortical tissues from J20 transgenic
mice were not obvious compared to WT mice. However, the cortex
metabolic profiles of J20 control mice and BE-treated mice displayed a
clear separation, indicating the metabolic alterations in the cortex after
BE treatment (Fig. S3B).

12 potential discriminant metabolites were generated in cortical
tissues (Fig. 5B). The levels of adenine, carnitine, and glycerol were
lower in the WT old than WT young control group. The other 9 me-
tabolites did not show any significant difference, suggesting that these
metabolites were not age-dependent. The levels of adenine, carnitine,
and glycerol were significantly increased in the J20-old group compared
with the WT-old group. These changes showed there were still abnor-
malities in the cortex of J20 old mice although the PCA study didn’t
show clear cluster separation. The metabolites that displayed a signifi-
cant reduction (p < 0.05) in the J20-BE group than the J20-old control
group are: adenine, carnitine, y-aminobutyrate (GABA), glycerol,

inosine, 3-methylxanthine, and phenylalanine. The levels of isoleucine,
leucine, phosphorylcholine, tyrosine, and valine showed a reduction
trend after treatment with BE compared to the J20-old control group but
no significant differences. The altered metabolites suggest that chronic
treatment with BE affected the metabolic profiles in the cortical tissues.

The metabolic pathways affected by BE treatment compared to the
J20-old control group are, phenylalanine, tyrosine and tryptophan
biosynthesis; phenylalanine metabolism; glycolipid metabolism; and
tyrosine metabolism (Fig. 5C). The typical pathway affected after
treatment with BE was glycerolipid metabolism based on the down-
regulation of glycerol after treatment (Fig. 5D). Since abnormal glyc-
erolipid metabolism has been observed in AD, restoration of glycerolipid
metabolism through BE could be beneficial to the brain with metabolic
dysfunction in AD (Gonzalez-Dominguez et al., 2015e).

3.7. Comparative metabolome analysis of hippocampal tissues

Similar to the cortex metabolic profiles, the PCA of the hippocampus
metabolic profiles of the WT control mice and J20 control mice did not
show any obvious cluster separations while there is a clear separation
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between the J20 control mice and J20 BE-treated mice, indicating the
metabolic alterations in their hippocampus after chronic treatment with
BE (Fig. 6A&S4). 9 potential discriminant metabolites (Fig. 6B) that
contributed to separations in hippocampus metabolic profiles among the
groups were generated. The level of glycerol in WT old mice was lower
than in young control mice, indicating an age-associated change. The
level of glucose-6-phosphate was significantly upregulated in the J20
old control in contrast to the WT old-control group. Other metabolites
such as adenine, glycerol, isoleucine, leucine, 3-methylxanthine,
phenylalanine, tyrosine, and valine showed higher expressions in the
J20-old control group than the WT-old control group, albeit no signifi-
cant differences were found. These changes in metabolites’ levels in the

hippocampus indicated the abnormalities in the J20 old control group
despite the unseparated clusters in PCA results (Fig. S4A). After the long-
term treatment with BE, the levels of adenine, glucose-6-phosphate,
glycerol, isoleucine, and phenylalanine in the J20-BE group were
significantly lower than the J20-old control group but comparable to
those of the WT-old control group. The level of glucose-6-phosphate in
the J20-BE group was even lower than that of the WT-old control group.
The levels of leucine, 3-methylxanthine, tyrosine, and valine in the J20
BE-treated mice showed a downregulation trend. Therefore, similar to
cortical tissues, the treatment effects were obvious in the hippocampal
tissues.

The affected pathways in the hippocampus are depicted in Fig. 6C.
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Compared to the J20-old control group, 5 metabolic pathways were
changed after chronic treatment with BE, including phenylalanine,
tyrosine and tryptophan biosynthesis; phenylalanine metabolism;
glycolipid metabolism; tyrosine metabolism; and starch and sucrose
metabolism. The most prominent pathway that was affected is starch
and sucrose metabolism (Fig. 6D).

4. Discussion

In this study, the chronic treatment of BE with J20 mice for 6 months
was carried out to evaluate its long-term effects in AD. Our results
indicated that BE could suppress the cognitive deficits as indicated in
behavioural tests, restore CBF in the brain to the normal level, and revert
the metabolomic abnormalities in plasma and brain of J20 mice through

'H NMR tests. These findings gave a deeper understanding of the ac-
tivities of BE in the treatment of AD.

The reactive oxygen/nitrogen species in the brain of AD patients
could trigger DNA damage by free radicals. Then the enzymatic activity
of PARP-1 could be activated by DNA damage, which could catalyze the
reaction of poly (ADP-ribose) polymers and the depletion of NAD™.
Finally, the persistent NAD" depletion could cause loss of energy,
resulting in further increased oxidative stress, neuroinflammation,
mitochondrial dysfunction, and neuronal death the in brain (Martire
etal., 2015). Thus, BE could be a potential therapeutic for AD because of
its inhibition effect on PARP-1 hyperactivity and reactive oxygen species
production, which is beneficial to the recovery of neuronal normal
functions.

Unlike the models generated by the induction of compounds like AB
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and scopolamine (Aghajanzadeh et al., 2020; Liu et al., 2013), the J20
mouse model could illustrate the dynamic progression of AD. The drug
administration started at 4 months of age because J20 mice started
showing symptoms of AD at such an age (Hong et al., 2016). J20 male
mice were used in this study, as the male mice showed more obvious
cognitive deficits than J20 female mice at a young age of 3 months
(Quartey et al., 2019). The PB formulations taken voluntarily by animals
would be a much gentler approach compared to forced oral gavage.
Since chronic treatment with PB vehicle did not cause any obvious ef-
fects in Tg2576 mice in our previous study (Wong et al., 2020), a PB
vehicle group was not included in this study.

In the behavioural tests, the reduced hyperactivity in AD mice
treated with BE observed in the OFT test indicated these treatments were
beneficial to locomotor activity normalization (Walker et al., 2011). The
differences observed in the number of quadrant visits in the MWM test
were caused by differences in spatial memory and swimming speed in
the J20 old mice and drug-treated J20 mice. Thus, long-term treatment
with BE helped improve cognition and motor activity in AD mice
(Fig. 3).

A previous study showed BE could decrease the cerebral infarct
volume in rats with artificial middle cerebral artery occlusion at the dose
of 100 mg/kg for 7 days (Li et al., 2020). However, the effect of BE on
CBF of AD mouse models is still unknown. The average CBF in C57BL/6
(wildtype) mice aged 18 months was reported to be about 20% lower
than the normal level (Hecht et al., 2012). Our results did not reveal CBF
reduction in WT-old control mice, which may be due to the relatively
younger age (Fig. 3F&G). The antioxidant effect of BE could protect
blood vessels from oxidative damage. Its inhibition effect on the intra-
cellular concentration of Ca®" resulted in vasorelaxation and reduced
blood pressure (Huang et al., 2005). Both effects could regulate the CBF.
As the main energy source, the delivery of glucose is impaired when CBF
reduces, which could significantly affect the energy homeostasis in the
brain of Alzheimer’s patients. The restoration of CBF via BE could
improve the energy supplement in AD patients.

Metabolomics analyses of plasma (Fig. 4&S2) and 4 major brain
regions implicated in AD namely, the cortex (Fig. 5&S3), hippocampus
(Fig. 6&S4), midbrain (Fig. S5&S6), and cerebellum (Fig. S7&S8) could
generate useful mechanic findings that complement existing under-
standing of the AD pathophysiology in the J20 mice and corresponding
drug treatment effects. The cortex and hippocampus are the two most
affected brain regions in AD patients, which are responsible for cognitive
function (Salek et al., 2010), the metabolomic study of these two brain
parts were displayed in the main context. The metabolomics changes of
the midbrain and cerebellum could be seen in supplementary studies.

Carnitine is related to fatty acid transportation to mitochondria and
participated in energy production (Trushina et al., 2013). Carnitine also
possesses an antioxidant effect. The level of carnitine was found to be
elevated in response to oxidative stress in the brain (Pena-Bautista et al.,
2019). Upregulation of glucose-6-phosphate in the hippocampus of the
J20-old control group also indicated oxidative stress and energy
impairment (Martins et al., 1986). After drug treatment, carnitine level
in the cortex and glucose-6-phosphate level in the hippocampus of J20
mice downregulated to levels comparable to the WT-old control group,
indicating oxidative stress was circumvented in these tissues caused by
BE (Figs. 5 and 6).

Oxidative stress is one early feature of AD, which could cause
mitochondrial dysfunction. The mitochondrial activity after treatment
with BE was also explored. The levels of citrate, lactate, and succinate
showed an upregulation trend in the plasma of J20 old control mice,
indicating energy supply impairment (Gonzalez-Dominguez et al.,
2015a; Tsuruoka et al., 2013). The upregulation of adenine in plasma
(Fig. 4), cortex (Fig. 5), hippocampus (Fig. 6), and midbrain (Fig. S5)
samples in the J20-old control mice indicated mitochondrial toxicity in
the brain (Trushina and Mielke, 2014). 3-methylxanthine was upregu-
lated in the cortex, hippocampus, and midbrain of J20 old mice as well.
It is reported that xanthine was upregulated in the brain of AD patients
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(Paglia et al., 2016). Since 3-methylxanthine is a derivative of xanthine,
both could possess similar activities, and are purine metabolites corre-
lating to the brain’s energy state (Ibanez et al., 2013; Zhang et al., 2015).
After drug treatment with BE, these metabolites in plasma and specific
brain regions downregulated to levels comparable to the WT-old control
group. Therefore, the mitochondrial activities in plasma, cortex, hip-
pocampus, and midbrain were normalised after chronic treatment with
BE, which is beneficial to the energy supply in the plasma and brain of
AD patients.

In addition, mitochondrial function is also essential to the early stage
of transmission (Guo et al., 2017). Mitochondrial dysfunction may affect
neuron transmission. The increased production of phosphorylcholine
could lead to reduced production of acetylcholine, which is a key
neurotransmitter (Craig et al., 2011). Hence, the higher level of phos-
phorylcholine detected in the cortex of the J20-old control group may be
related to impaired neurotransmission although the differences were not
statically significant (Fig. 5). Our results showed the downregulation of
phosphorylcholine after the administration of BE. Therefore, the
impaired neurotransmission in the cortex could be alleviated with the
chronic long-term treatment with BE.

Due to the weak antioxidant ability in the brain, oxidative stress also
affects the level of fatty acid in phospholipids (Gonzalez-Dominguez
et al., 2014a). The abnormal metabolism of fatty acids in AD patients
could lead to the accumulation of free fatty acids in the brain, which is
associated with membrane lipids degradation (Gonzalez-Dominguez
et al., 2015d). Glycerol is the final product of the degradation process
(Gonzalez-Dominguez et al., 2014b). The upregulated glycerol in the
cortex (Fig. 5), hippocampus (Fig. 6), midbrain (Fig. S5), and cerebellum
(Fig. S7) of J20-o0ld control mice indicated the abnormal metabolism of
fatty acid. After long-term treatment with BE, the glycerol level was
downregulated in these four brain regions of J20 mice, suggesting a
reversion of the abnormal fatty acid metabolism in the brain.

Neuroinflammation is another characteristic of the brain of AD pa-
tients. GABA is an inhibitory neurotransmitter and was reported to be
downregulated in the cortex of AD mice in another study (Lalande et al.,
2014). However, another study indicated GABA upregulation was
related to the activation of astrocytes linked to neuroinflammation
(Oksanen et al., 2019). Thus, the downregulation of GABA levels in our
study suggested possible inhibition of neuroinflammation in the cortex
after treatment. Phenylalanine was related to immune activation in AD
which can enhance the oxidative stress of astrocytes (Wissmann et al.,
2013; Zhou et al., 2021). The level of phenylalanine showed an upre-
gulated trend in the cortex and hippocampus, and midbrain samples of
the J20-old control group (Figs. 5 and 6&S5). After the chronic treat-
ment, the level of phenylalanine in these tissues downregulated to a
level comparable to the WT-old control group, demonstrating that BE
could reduce neuroinflammation.

The levels of other amino acids including alanine and tryptophan in
plasma; inosine in the cortex; isoleucine, leucine, tyrosine, and valine in
the cortex, hippocampus, and midbrain (Figs. 4-6&S5); tyrosine in the
cerebellum (Fig. S7) were altered in this study although not all changes
of these metabolites show significant changes. The upregulation of
alanine in plasma samples of the J20 old control group (Fig. 4) was also
observed in another study (Santos et al., 2020). In contrast, the meta-
bolism of tryptophan is complicated and the direction of change in
tryptophan level in plasma varied in different studies (Gong et al.,
2015). In this study, the level of tryptophan in plasma samples of the
J20-BE group shows a decreasing trend compared to the J20-old control
group. The upregulated inosine in J20-old control mice was linked to
nucleotide degradation in the brain (Gonzalez-Dominguez et al.,
2015b). Tyrosine is the precursor of catecholamine including dopamine.
The change in tyrosine level suggests a disturbance of neurotransmission
in the brain as well (Gonzalez-Dominguez et al., 2015c). After chronic
treatment with BE, the levels of alanine and tryptophan in plasma
(Fig. 4); inosine in the cortex (Fig. 5); isoleucine, leucine, tyrosine, and
valine in the cortex, hippocampus, and midbrain (Figs. 5 and 6&S5); and
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tyrosine in the cerebellum (Fig. S7) were restored to levels comparable
to the WT-old control group, indicating that amino acid homeostasis in
the plasma and brain was restored after drug treatment.

Collectively, the above results suggested the long-term treatment of
BE could restore the TCA cycle in plasma and alter the metabolomics
abnormalities in the brain of J20 mice. BE could amend mitochondrial
dysfunction, oxidative stress, fatty acid metabolism, neurotransmission,
neuroinflammation, and amino acid homeostasis in the cortex and
hippocampus due to its antioxidant and anti-inflammatory ability. The
main affected pathways are starch and sucrose metabolism, and glyco-
lipid metabolism. Since the cortex and hippocampus are the key regions
responsible for memory and cognition, the chronic treatment of BE
could alter the abnormalities in the brain regions of AD patients. How-
ever, due to the limited amounts of tissues available in this study, the
histology of AB depositions, PARP-1 activity, and in vivo neuro-
inflammation in the brain tissues of WT, J20, and BE-treated J20 mice
could not be carried out to evaluate the effects of BE in the in vivo
studies. To get a deeper understanding of the mechanisms of actions of
BE in AD, another batch of animals could be added to test for these in
vivo effects in the future studies.

5. Conclusion

In summary, the long-term treatment with BE at a dose of 80 mg/kg
for 6 months was beneficial to AD transgenic mice. BE could inhibit
hyperactivity, improve spatial learning ability, and restore CBF in J20
mice. Metabolomics study showed BE restored the TCA cycle in plasma.
Metabolic profiling of the respective brain parts suggested BE was able
to regulate mitochondria activity, oxidative stress, fatty acid meta-
bolism, neuroinflammation, neurotransmission, and amino acid ho-
meostasis in the brains of AD mice via starch and sucrose metabolism,
and glycolipid metabolism in cortex and hippocampus. Therefore,
chronic treatment with BE could be a promising treatment strategy for
AD.
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