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Abstract.

Background: Alzheimer’s disease (AD) is a multifactorial disorder characterized by cognitive decline. Current available
therapeutics for AD have limited clinical benefit. Therefore, preventive therapies for interrupting the development of AD are
critically needed. Molecules targeting multifunction to interact with various pathlogical components have been considered
to improve the therapeutic efficiency of AD. In particular, herbal medicines with multiplicity of actions produce cognitive
benefits on AD. Bugu-M is a multi-herbal extract composed of Ganoderma lucidum (Antler form), Nelumbo nucifera Gaertn.,
Ziziphus jujuba Mill., and Dimocarpus longan, with the ability of its various components to confer resilience to cognitive
deficits.

Objective: To evaluate the potential of Bugu-M on amyloid- (AB) toxicity and its in vitro mechanisms and on in vivo
cognitive function.

Methods: We illustrated the effect of Bugu-M on Af,s—3s-evoked toxicity as well as its possible mechanisms to diminish
the pathogenesis of AD in rat cortical neurons. For cognitive function studies, 2-month-old female 3 xTg-AD mice were
administered 400 mg/kg Bugu-M for 30 days. Behavioral tests were performed to assess the efficacy of Bugu-M on cognitive
impairment.

Results: In primary cortical neuronal cultures, Bugu-M mitigated A(-evoked toxicity by reducing cytoskeletal aberrations
and axonal disruption, restoring presynaptic and postsynaptic protein expression, suppressing mitochondrial damage and
apoptotic signaling, and reserving neurogenic and neurotrophic factors. Importantly, 30-day administration of Bugu-M
effectively prevented development of cognitive impairment in 3-month-old female 3 x Tg-AD mice.

Conclusion: Bugu-M might be beneficial in delaying the progression of AD, and thus warrants consideration for its preventive
potential for AD.
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INTRODUCTION

Alzheimer’s disease (AD) is a progressive, neu-
rodegenerative disorder with multiple factors and
a continuum of gradual changes developing over
approximately 25 years from disease onset to death
[1]. Pathologically, AD is marked by extracellular
amyloid-3 (AB) plaques and intracellular neurofibril-
lary tangles formed from the microtubule-binding tau
protein, which results in atrophy and neuron death [2].
Despite FDA-approved drugs are currently available,
all these drugs have limited clinical benefit [3]. No
therapeutic has convincingly terminated or slowed
AD progression. Therefore, preventive strategies that
hinder the progression of AD prior to the disease
onset or when clinical manifestations are emerging
are increasingly pressing [3].

Application of AP peptide to neuronal cultures
caused cell death, axonal and synaptic dysfunction,
mitochondrial damage, neuroinflammation, oxida-
tive stress, and ultimately neurodegeneration [4].
Tau provides stability to the distal labile regions of
axonal microtubules that are the conduits for traffick-
ing cellular constituents along axonal extensions via
the process of axonal transport [5, 6]. Axon demise
attributes to microtubule deficits along with calcium
signaling imbalance, mitochondrial dysfunction, and
increased oxidative stress, leading to a dying-back
pattern of neuronal degeneration that is featured in
AD and Tg mouse models [7-9]. Multiple lines of
evidence has shown damaged axonal transport and
exacerbation of amyloid pathology in AD might be
attributed to AB-induced microtubule disruption in
presynaptic dystrophic neurites surrounding plaques
[8]. Similar to the axonopathy that occurs early in AD
and correlates strongly with cognitive decline [10,
11], synaptic loss is found to precede neurodegener-
ation in patients with symptomatic AD [12, 13].

In order to find more effective drugs for the treat-
ment of AD, natural products and their compounds
have been broadly studied because of their roles as
one of the major sources of drug discovery [14].
Indeed, two cholinesterase inhibitors for treating AD,
galantamine and rivastigmine, are derived from natu-
ral product with the former a natural product and the
latter a derivative of physostigminea [15, 16]. Given
the complexity of AD pathophysiology, multifaceted
natural products either from mixtures or from extracts
with neuroprotective effects may be beneficial for
AD compared to single compound [17]. Also, herbs,
herbal formulations and mixtures from other natural
sources may offer cognitive benefits to patients with

AD [14, 18, 19]. As a step in this direction, we estab-
lished a multi-component agent (denoted as Bugu-M)
with mixed extracts of the antler form of Gano-
derma lucidum (Lingzhi), Ziziphus jujuba Mill. (red
date), Dimocarpus longan (longan), and Nelumbo
nucifera Gaertn. (lotus seeds) based on their neu-
roprotective effects in Traditional Chinese Medicine
as well as in previous studies. First, Ganoderma
lucidum extract and its components improve learning
and alleviate cognitive deficits in APP/PS1 transgenic
AD mice [20-22] and animals treated with scopo-
lamine [23], d-galactose [24, 25], streptozotocin
[26, 27], hypobaric hypoxia [28], or chronic cere-
bral hypoperfusion [29]. These effects are mediated
through regulating fibroblast growth factor receptor
1 (FGFR1)/ERK/Akt [20], ROCK [21], CREB/p-
CREB/BDNF expression [28], DNA methylation
[22], Foxp3+ Treg cells [29], the Th17/Tregs axis
[24], the brain-liver axis [25], acetylcholinesterase
activities [23], oxidative stress, or mitochondrial
dysfunction [27]. Second, Ziziphus jujuba Mill.
extract possesses antiamnesic and neuroprotective
effects that are mediated in part through antioxi-
dant, anti-inflammatory, and antiapoptotic activities
in AB25-35-induced AD mice [30], scopolamine-
treated mice [31], or D-galactose-treated rats [32].
Semen Zizyphi spinosae, the seed of Ziziphus jujuba
Mill, has also been applied to patients with sleep
disorders to further prevent dementia [33]. Third,
Longan (Dimocarpus longan) improves the cogni-
tive ability and reduces the pathologic impairment in
D-gal/aluminium chloride-treated mice, which might
be partly mediated via inhibition of RAS/MEK/ERK
signaling pathway [34]. In combination with Gastro-
dia elata, Salvia miltiorrhiza and Liriope platyphylla,
Dimocarpus longan ingredients reverse Af3-elicited
memory decline and oxidative stress in mice [35].
Fourth, several compositions derived from or asso-
ciated with Nelumbo nucifera Gaertn. ameliorate
memory and cognitive dysfunction in aluminium
chloride- or scopolamine-treated mice [36—-39], and
in db/db diabetic mice [40]. The antiamnesic effect
of neferine may be mediated via antioxidant and
anti-inflammatory capacities [37, 40] or inhibition of
ChEs and BACEI1 [37], while allantoin contained in
Nelumbo nucifera partly mediates PI3K-Akt-GSK-
3[ signaling pathway [38].

The axo-and synapto-protective effect of above-
mentioned composition as single agent and the
potential efficacy in the early state of AD has not been
previously examined. Hence, the current study inves-
tigates Bugu-M efficacy on A3-induced toxicity in rat
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cortical neurons and cognitive impairment in female
3xTg-AD mice, and assesses potential mechanisms
underlying its action.

MATERIALS AND METHODS
Primary cortical neuronal cultures

The Institutional Animal Care and Use Commit-
tee of the National Tsing Hua University approved
all experiments involving animals for primary neu-
ronal cultures (NTHU-10912H036). Primary cortical
neurons were prepared from fetal brain of Sprague
Dawley rats (BioLASCO Taiwan, Taipei, Taiwan)
at embryonic day 18 (E18) as described previously
[41]. Briefly, cortical tissues cut in Hank’s balanced
salt solution (HBSS) were digested with papain
(10U/mL) at 37°C for 10 min. After digestion, tis-
sues were incubated with DNase I (Sigma-Aldrich,
St. Louis, MO, USA), followed by mechanically dis-
persion with a Pasteur pipette. After a low speed
centrifugation, cells in the pellet were resuspended
in plating medium (MEM containing 10% (v/~v)
horse serum, 100 U/mL penicillin, and 100 pwg/mL
streptomycin), followed by filtration through nylon
mesh (Greiner Bio-One, Frickenhausen, Germany).
Cells were then seeded onto plates or dishes coated
with poly-L-lysine-coated at a density of 2.5 x 10*
cells/cm? for 12-16h. The plating medium was
changed with neurobasal medium containing 0.5 mM
glutamine, 100 U/mL penicillin, and 100 pg/mL
streptomycin, and 2% (v/v) B27 (all from Thermo
Fisher Scientific, Waltham, MA, USA). Half of the
medium was replaced with fresh neurobasal medium
every 3-4 days, and cells were cultured for at least
8 days for experiments. The quality of neuronal
cultures was assessed by immunostaining with an
anti-B3-III tubulin antibody.

Preparation of AB fibrils

APB25—35 (Sigma-Aldrich) was reconstituted in
1 mL of distilled water, followed by incubation
at 37°C for 7 days. Formation of A fibril was
examined by visualizing under transmission electron
microscopy.

Transmission electron microscopy

A carbon-coated copper grids (Ted Pella Inc.,
Redding, CA, USA) was put on a drop of sam-

ple containing Af35-35 for Smin. Sample were
then negatively stained with 1% (w/v) uranyl acetate
(Electron Microscopy Sciences, Hatfield, PA, USA)
before examination under a transmission electron
microscope (HT7700, Hitachi High-Technologies,
Tokyo, Japan) with an accelerating voltage of 100 kV.
High-resolution images were acquired by a CCD
(charge-coupled device) camera and processed fur-
ther in the Adobe Photoshop CC (Adobe, San Jose,
CA, USA).

Preparation of Bugu-M extract

The antler-shaped fruiting bodies of Ganoderma
lucidum (purchased from Tianmei Farm, Pingtung,
Taiwan), fruit of Ziziphus jujuba Mill. (purchased
from Bohai Jujube Garden, Miaoli, Taiwan), fruit
of Dimocarpus longan (purchased from Dongshan
District Farmers Association, Tainan, Taiwan), and
seed of Nelumbo nucifera Gaertn. (purchased from
Jin Baoan Pharmacy, Miaoli, Taiwan) were obtained
following United States Pharmacopeia and Tai-
wan Herbal Pharmacopeia standard. Also, molecular
authentication based on the Internal transcribed
spacer (ITS) sequences for raw materials were
conducted. The names of botanical materials in
Bugu-M can be found on https://www.theplantlist.org
and https://www.mycobank.org. The Bugu-M extract
evaluated in this study was prepared according to the
process in US20210290710A1 [42]. The weight ratio
of Ganoderma lucidum, Ziziphus jujuba Mill., Dimo-
carpus longan and Nelumbo nucifera Gaertn. was
3:1:1:1. First, the respective material was extracted
with water under reflux for 2h to afford respective
extract. Next, the extracts were mixed and freeze-
dried to obtain Bugu-M. Then, Bugu-M was stored
at —20°C for in vitro and in vivo experiments.

Cell viability assay

Cell viability was assessed by 3-(4,5-dimethylthi-
azol-2-yl)-2,5-diphenyltetrazolium bromide (MTT;
Thermo Fisher Scientific) and the cells were incu-
bated with MTT solution at 0.5 mg/mL for 4 h. Then
dimethyl sulfoxide (DMSO) was added to solu-
bilze MTT-formazan on an orbital shaker for 5 min.
The optical density at 570nm was evaluated by
using SpectraMax® M5 Microplate Reader (Molec-
ular Devices, Sunnyvale, CA, USA).
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LDH cytotoxicity assay

Primary rat cortical neurons were treated with
Bugu-M prior to ABzs—35 exposure at 37°C in
a 96-well plate for 72h. Lactate dehydrogenase
(LDH) release was determined with the cytotoxi-
city Detection Kit (Roche, Mannheim, Germany)
according to the manufacturer’s instructions with the
absorbance measured at 490 nm using SpectraMax
M5 Microplate Reader (Molecular Devices, USA).

Immunofluorescence microscopy

Cells were processed for double-label immunoflu-
orescence microscopy as previously described [41].
Briefly, cells were washed with phosphate-buffered
saline (PBS), fixed in 4% (w/v) paraformaldehyde

(Electron Microscopy Sciences, Hatfield, PA, USA)
in PBS, and then permeabilized with 0.2% (v/v) Tri-
ton X-100 (Sigma-Aldrich, St. Louis, MO, USA)
in PBS. After being washed with PBS, cells were
blocked with 10% (w/v) normal goat serum (Jack-
son ImmunoResearch Laboratories, West Grove, PA,
USA) in PBS, followed by incubation with primary
antibodies (Table 1) for 1 h. After several washes with
PBS, cells were incubated with secondary antibodies
conjugated with Alexa Fluor 488 (1:400) or Alexa
Fluor 594 (Thermo Fisher Scientific, Waltham, MA,
USA), and were counterstained with 4’,6- diamino-
2- phenylindole (DAPI). After immunostaining, cells
were examined by a Zeiss LSM800 laser scanning
confocal microscope (Carl Zeiss, Jena, Germany)
using 20 x (0.7 NA) Plan-Neofluar or 40 x (1.3 NA)
Apochromat objective lens. Images were acquired by
the Zen software (Ver. 2.3) and processed for figures

Summary of antibodies used for Western blotting and immunofluorescence analysis

Antibody RRID Host Supplier
-11I tubulin ouse 10Legen
111 tubuli AB_2313773 M BioL d
MAP2 AB_2722660 Rabbit Cell Signaling Technology

Tau AB_2536235 Mouse Thermo Fisher Scientific
[-actin AB_787885 Mouse Novus Biologicals
Synaptophysin AB_10126406 Rabbit Novus Biologicals
PSD-95 AB_325399 Mouse Thermo Fisher Scientific
Neurogranin AB_447526 Rabbit Abcam

SV2A AB_778192 Rabbit Abcam

SNAP25 AB_2716878 Rabbit Thermo Fisher Scientific
VAMP2 AB_2798240 Rabbit Cell Signaling Technology
Synaptogyrin-3 AB_11004965 Rabbit Novus Biologicals

GAP43 AB_10860076 Rabbit Cell Signaling Technology
GAPDH AB_10622025 Rabbit Cell Signaling Technology
Phospho-PKC (pan) (BII Ser660) AB_2168219 Rabbit Cell Signaling Technology
mGluR1 AB_2797953 Rabbit Cell Signaling Technology
mGluR2 AB_2799878 Rabbit Cell Signaling Technology
NMDARI1 AB_10862307 Rabbit Abcam

AMPARI1 (GluAl) AB_2732897 Rabbit Cell Signaling Technology
CamKII (pan) AB_2067938 Rabbit Cell Signaling Technology
Phospho-CamKII (Thr286) AB_2713889 Rabbit Cell Signaling Technology
Phospho-CREB (Ser133) AB_2561044 Rabbit Cell Signaling Technology
Akt AB_1147620 Mouse Cell Signaling Technology
Phospho-Akt (Ser473) AB_2224726 Rabbit Cell Signaling Technology
Phospho-PI3Kp85a (Tyr607) AB_2834667 Rabbit Affinity Biosciences

PI3K (p85) AB_329869 Rabbit Cell Signaling Technology
Phospho-GSK-3f (Ser9) AB_2115196 Rabbit Cell Signaling Technology
GSK-3a/B AB_10547140 Rabbit Cell Signaling Technology
BDNF AB_10862052 Rabbit Abcam

Doublecortin AB_561007 Rabbit Cell Signaling Technology
Neurofilament-L AB_823575 Rabbit Cell Signaling Technology
Cleaved caspase-3 AB_2070042 Rabbit Cell Signaling Technology
a-tubulin cleaved by caspase-6 (TubACasp6) Not available Rabbit MyBioSource

TDP-43 AB_2200505 Rabbit Proteintech
Phospho-TDP-43 (Ser409/410) AB_2564934 Rat Biolegend

HSP90 AB_2233307 Rabbit Cell Signaling Technology
HSP40 AB_2094571 Rabbit Cell Signaling Technology
HSP60 AB_2636980 Rabbit Cell Signaling Technology
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using Adobe Photoshop CC (Adobe Systems, San
Jose, CA, USA).

Neurite outgrowth assay

Neurite length obtained from the aforementioned
immunofluorescence microscopy analysis of B3-III
tubulin was measured by using Image J for loading
images followed by quantification with the Neuron
J plug-in [41]. For individual neuron, the sum of
neurites was analyzed after tracing of each neurite.

Subcellular fractionation

Primary neurons were extracted with RIPA buffer,
and the resulting total, supernatant, and pellet frac-
tions were prepared as described previously [41].
Membrane-enriched fractions were prepared accord-
ing to a published protocol [43]. Briefly, primary
neurons were homogenized with homogenization
buffer (7.5 mM sodium phosphate (pH 7.0), 0.25M
sucrose, 5SmM EDTA, and 5 mM EGTA) contain-
ing a cocktail of protease and phosphatase inhibitors.
Homogenates were centrifuged at 1,000 x g in a
bench top centrifuge (Eppendorf, 5415R), and the
resulting supernatants were further centrifuged at
100,000 x g for 30 min at 4°C. The final pellet was
taken as the membrane-enriched fraction, and the
supernatant as cytosolic fraction. After concentration
determination by bicinchoninic acid assay (BCA),
protein samples were equalized by mixing with
appropriate volumes of sample buffer (25 mM Tris-
HCI, pH 6.8, 10% (v/v) glycerol, 1% (w/v) SDS, and
5% (v/v) B-mercaptoethanol) prior to Western blot
analysis.

Western blot analysis

Protein samples were analyzed by SDS-PAGE fol-
lowed by Western blotting as described previously
[41]. The nitrocellulose membranes (Pall Life Sci-
ences, Port Washington, NY, USA) were washed with
Tris-buffered saline (TBS, 150 mM NaCl, 20 mM
Tris-HCI, pH 7.4), and then blocked with 3% (w/v)
BSA in TBS containing 0.1% (v/v) Tween 20 (TBST)
for at least 1h at room temperature. After several
washes with TBST, membranes were incubated with
primary antibody (Table 1) at4°C overnight, followed
by incubation with anti-mouse, anti-rabbit or anti-
rat secondary antibodies conjugated with horseradish
peroxidase (Jackson ImmunoResearch Laboratories,
West Glove, PA, USA) for at least 2h. Chemi-

luminescent signal was developed by Enhanced
Chemiluminescence Substrate (Western Lightning,
PerkinElmer Life Sciences, Waltham, MA, USA)
and visualized using a LAS 4000 (GE Healthcare,
Chicago, IL, USA) imaging system. Signal intensities
of immunoblots were quantified using the Image-
Quant TL 7.0 software (IQTL ver 7.0, GE Healthcare,
Chicago, IL, USA) and adjusted for protein loading
by normalizing to GAPDH or {3-actin.

Detection of extracellular tau levels

Following the stimulation of the cells with A3, cell
culture supernatants were collected and assayed for
tau using High Sensitive ELISA Kit for Microtubule
Associated Protein Tau (Taipei, Taiclone) according
to the manufacturer’s protocol.

Animals for behavioral testing

The Institutional Animal Care and Use Commit-
tee at Industrial Technology Research Institute (ITRI)
approved all animal procedures for behavioral testing
under protocol ITRI-IACUC-2021-037V1. Animals
were maintained in an AAALAC approved ITRI ani-
mal facility under a 12 h light/12 h dark cycle (lights
on at 7:30am, 23 4= 2°C). Animals were provided ad
libitum water and Standard Rodent Diet (altromin
1326, Altromin, Lage, Germany) until time of sacri-
fice, aged approximately 3 months for 3 xTg-AD [44]
and NonTg mice. 3xTg-AD and NonTg C57BL/6
background female mice were obtained from Jackson
Laboratory (stock 004807) and BioLASCO (Taipei
City, Taiwan), respectively.

Animal treatment

The dose of 400 mg/kg/day Bugu-M was selected
from our unpublished data that showed 28-day treat-
ment of Bugu-M rescues cognitive deficits in rodents
injected with AB1_42 or APBj—40 peptide intracere-
broventricularly. From 2 months of age Bugu-M was
administered via oral gavage. Mice were divided
to three groups of 10 mice each at 2 months of
age: 1) NonTg with water treatment; 2) 3xTg-AD
mice with water treatment; 3) 3xTg-AD mice with
400 mg/kg of Bugu-M treatment. Bugu-M and water
was administered by gavage once daily for 30 days.
Throughout the experimental process, evaluation of
body weight was continuously monitored until ani-
mal sacrifice. Behavioral tests were conducted by
the same trained experimenter one week before ani-
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mal sacrifice. We performed behavioral test during
the light phase (between 12:00-16:00) of the ani-
mal’s sleep-wake cycle. One hour prior to testing,
mice were allowed to acclimate to the testing arena
and returned to individual cages. At 3 months of age
animals were sacrificed by CO; asphyxiation.

T-maze test

T-maze analysis was performed as described by
Wenk [45] with slight modifications. The middle arm
was starting arm, while the other two arms were
assigned as novel and familiar arms. The novel arm
was blocked to form an L-shape arena in the acqui-
sition phase and kept open as T-shape in the test
phase. After placed into the starting arm, mice were
allowed to explore freely for 5 min in both acquisition
and test phases. Between these 2 phases, mice were
removed from arena to a non-home cage, and stayed
for 2 min as inter-trial interval. In the test phase, total
distance moved in novel arm was calculated. In fully
5 min of test phase, spontaneous alternation behavior
(%Alternations) was determined as (100 x number
of alternation) / (total arm entries — 2), while the
alternation was defined as a set of consecutive entries
into all 3 different arms, and the individual with total
arm entries less than 3 was excluded. All tests were
recorded with Logitech Capture software using Log-
itech C922 camera that was fixed on the top of the
testing arena. The recorded videos were then ana-
lyzed using the EthoVision XT software v13 (Noldus
Information Technology, Wageningen, Netherlands).

Morris water maze test

We performed the Morris water maze (MWM) as
reported by Morris [46] with slight modifications. A
water tank pool of 115 cm in diameter with a 40 cm
wall was divided into quadrants with opaque water of
22°C £ 1°C by adding skimmed milk powder. During
the training session, a platform of 10 cm in diameter
was constantly placed one cm in the middle of one
quadrant beneath the water surface with two stickers
as visual cues on the walls of the pool. Mice were
randomly placed in one of the quadrants and allowed
to swim for 60 sec in training trials for 3 days (four
training trials per day). The latency time for mice
to find the platform was assessed. A probe trial was
conducted without a platform by the same protocol as
the training session. The time for the mice to remain
at the previous location of the platform was evalu-
ated. All tests were recorded with Logitech Capture

software using Logitech C922 camera that was fixed
on the top of the testing arena. The recorded videos
were then analyzed using the EthoVision XT software
v13 (Noldus Information Technology, Wageningen,
Netherlands). The swimming paths of each mouse
were analysed by its navigational strategies classified
as non-goal-directed or goal-directed search stragte-
gies as described by Baeta-Corral and Giménez-Llort
[47].

Open field test

The open field arena was made of white acrylic and
measured 50 x 50 x 30cm. The central 25 x 25cm
square was defined as the center area. Each mouse
was placed in the corner of the box and allowed to
freely move for 5min. All tests were recorded with
Logitech Capture software using Logitech C922 cam-
era that was fixed on the top of the testing arena.
The recorded videos were then analyzed using the
EthoVision XT software v13 (Noldus Information
Technology, Wageningen, Netherlands). The total
distance traveled, time spent in the periphery, and the
frequency of freezing were measured.

Elevated plus maze test

The elevated plus maze (EPM) was a plus-shaped
maze made of white acrylic, consisting of two open
arms (30 x 5 cm) with 0.5 cm-high guardrail and two
closed arms (30 x 5 x 15 cm). Four arms were con-
nected to the center square (5 x 5cm), which was
elevated 50cm above the floor. Each mouse was
placed in the center square and allowed to freely
explore for 5min. All tests were recorded with
Logitech Capture software using Logitech C922 cam-
era that was fixed on the top of the testing arena.
The recorded videos were then analyzed using the
EthoVision XT software v13 (Noldus Information
Technology, Wageningen, Netherlands). The total
distance traveled, distance moved in the open arms,
and the frequency of freezing were measured.

Statistical analysis

All quantitative data are presented as
mean = standard error of the mean (SEM). Sta-
tistical significance between multiple groups were
measured by One-way or Two-way analysis of
variance (ANOVA) followed by Dunnett’s or
Fisher’s least significant difference (LSD) compar-
isons test that was described in the figure legends
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using GraphPad Prism (version 8.3.0) (San Diego,
CA, USA). Analysis of the strategies of goal- or
non-goal-directed search was performed using
logistic regression. Differences in the incidence
were measured by Chi-square test. Identification and
removal of outlier values was done using the robust
regression and outlier removal test (ROUT) with
Q=1%. A p-value less than 0.05 was considered
statistically significant.

RESULTS

Bugu-M rescues AB neurotoxicity in rat cortical
neurons

To examine the effect of Bugu-M on cell viability
of rat cortical neurons, we performed MTT assay.
As shown in Fig. 1B, Bugu-M (12.5, 25, 50, and
100 pg/mL) was not toxic to neurons after 72 h expo-
sure (Fig. 1B). Thus, the concentration of 100 pg/mL
or below was used for further studies. AP accu-
mulation is neurotoxic and pivotal for developing
AD [17]. To assess whether Bugu-M enhances neu-
ronal survival against A3 injury, rat cortical neurons
were incubated with AB25—35 peptide that results in
neuronal shrinkage, neurite breakdown and apop-
totic reactions [41]. Compared to control neurons,
72h exposure of 20 and 40 uM APr5-35 signif-
icantly reduced cell viability (Fig. 1C). However,
pretreatment of Bugu-M (25, 50, and 100 pg/mL)
significantly reversed 20 uM Af-induced neuronal
toxicity (p <0.01; Fig. 1D). The release of LDH was
also measured as an indicator of membrane dam-
age induced by AP25-35. Neurons co-treated with
Bugu-M (100 pg/mL) and AB (20 wM) decreased the
amounts of LDH leakage relative to the A3 alone
group (p=0.0142; Fig. 1E). Overall, the LDH assay
in neurons confirmed the results of MTT assay.

To further illustrate the neuroprotective function
of Bugu-M, we determined the neurite outgrowth in
the presence of AB25—35. 3-1II tubulin immunolabel-
ing (Fig. 1F) showed pretreatment of neurons with
100 pg/mL Bugu-M significantly (p =0.0003 versus
A; Fig. 1G) rescued the disrupted neuronal integrity
by AB (p=0.0001 versus control; Fig. 1F, G) by an
average of ~44% after 72h compared to the AP
alone group (Fig. 1G). These data support the pro-
tective effect of Bugu-M on reversing AR-elicited
neurotoxicity.

Bugu-M alleviates AB-mediated apoptotic
signaling in neurons

Activation of caspases and apoptosis by impaired
mitochondrial function have been shown in brains
from AD patients and AD mouse models [48, 49],
where mitochondrial malfunction has been proposed
as an early event in AD [50]. Thus, we next assessed
the levels of caspase-3 that plays critical roles in
apoptotic pathway. Western blot analysis displayed
that 72h of 20uM A5 35 treatment markedly
increased caspase-3 activation fragment (Fig. 2A,
lane 2; Cleaved caspase-3). However, Bugu-M (100
and 50 pg/mL) was able to reduce caspase-3 acti-
vation (Fig. 2A, lanes 5 and 6). Instead of initiator
caspases, caspase-6 is often activated by caspase-
3 [51], and thus we evaluated changes in a-tubulin
[52] by immunoblotting. By doing so, we found that
AP contributed to a significant increase in a-tubulin
cleavage (Fig. 2A, lane 2; TubACsp6), whereas
Bugu-M (100 and 50 wg/mL) administration prior to
AP abrogated the elevation of cleaved fragments of
a-tubulin by caspase-6 (Fig. 2A, lanes 5 and 6). Con-
comitantly, Bugu-M (50 and 100 p.g/mL) resumed the
HSPI0 (significantly) and HSP40 (slightly) levels in
the mitochondria of neurons exposed to A3, whereas
HSP60 was reduced by Bugu-M (Fig. 2B, lanes 5
and 6).

Loss of transactive response DNA binding protein
of 43 kDa (TDP-43) function due to pathological
modifications and mislocalization is related to the
severity of AD pathology, as evidenced by higher
Braak neurofibrillary tangle stages and Thal amyloid
phases [53]. In particular, caspase-3-cleaved TDP-
43 accumulates in the AD brain and pathologically
prone to promote disease progression [54]. TDP-43 is
primarily located in the nucleus in the normal brain,
whilst accumulation of pathlogical TDP-43 mainly
occurs in the cytoplasm or neuronal processes [55,
56]. Based on our findings of caspase-3 inactivation
by Bugu-M, we hypothesized that Bugu-M would
block the aberrations of TDP-43. To address this, we
conducted immunoblotting on neurons treated with
Bugu-M and A. The increase in full-length and
fragmented TDP-43 and phospho-TDP-43 by 20 uM
AP was declined by Bugu-M (100 pg/mL) after 72 h
treatment (Fig. 2C, lane 4). In correspondence with
this, TDP-43 distribution also appeared to be altered
in AB-treated neurons (Supplementary Figure 11-L),
whereas Bugu-M prominently retained TDP-43 in the
nucleus (Supplementary Figure 1M-P).
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Fig. 1. Bugu-M rescues AB-induced neurotoxicity in neurons. A) A representative image of Af3»5—35 after incubation at 37°C for 7 days.
Scale bar, 200 nm. Rat cortical neurons were cultured in Bugu-M (B) or AB25-35 (C) at indicated concentrations for 72 h. (D) Rat cortical
neurons were cultured in AB2s5—35 at 20 wM with or without Bugu-M (12.5, 25, 50, and 100 pg/mL) for 72 h. Cell viability was measured
using the MTT assay (B-D). E) Rat cortical neurons were cultured in AB25—35 at 20 wM in the absence or presence of Bugu-M (100 pg/mL)
for 72 h. Cytotoxicity was measured by LDH release assay. F) Rat cortical neurons were pretreated with 100 pg/mL Bugu-M for 1 h prior to
AB2s5—35 incubation for 72 h. Neurite outgrowth was analyzed by immunofluorescent labeling of 3-III tubulin. Confocal images are single
optical slices, and camera and microscope setting were equivalent for comparisons between groups. Shown are representative images. Scale
bar, 20 wm. G) Quantification of total length of axons and minor neurites by NeuronJ software. Data are expressed as mean + SEM (n=3).
Statistic significance between groups were analyzed by one-way ANOVA and Dunnett’s multiple comparisons test. For all tests: #p <0.05,
##1<0.01, and #*p <0.001 versus the untreated control group; *p <0.05, **p <0.01, and ***p <0.001 versus the AB group.
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Fig.2. Bugu-M alleviates AB-triggered apoptotic signaling and axonal disruption in neurons. Rat cortical neurons were pretreated with Bugu-
M (50 and 100 pg/mL) (A, B) or 100 pg/mL Bugu-M (C) for 1 h prior to AB25-35 incubation for 72 h. A, D) Whole lysates, (B) mitochondrial
fractions and (C) membrane-enriched fractions analyzed by immunoblotting for apoptosis (cleaved caspase-3, caspase-6-cleaved a-tubulin
(TubACsp6)), mitochondrial dysfunction (HSP60, HSP40, HSP90), axon (Tau, NfL), dendrite (MAP2), and TDP-43 pathology related
proteins. GAPDH and B-actin were used as a loading control. Total TDP-43 shows C-terminal TDP-43 fragments (CTFs), while phospho-
TDP-43 reveals high molecular weight smears (asterisk) and low levels of CTFs. Densitometric quantification of immunoreactive bands
was determined using ImageJ, and the fold changes to control bands are analyzed in Supplementary Figure 3. D) Quantification of Tau by
ELISA in cell culture supernatants. Data are represented as mean £ SEM (n =3). Statistical significance between groups were calculated by
one-way ANOVA and Dunnett’s multiple comparisons test. #p <0.01 versus the untreated control group; **p <0.01 versus the A group.

Bugu-M prevents AB-triggered axonal disruption
in neurons

Defective axonal transport can trigger ‘dying back’
axonal degeneration and cell death [7-9]. As A
blocks axonal transport and amyloid plaques are
related to organelle accumulation and cytoskeletal
damage [57], we speculated that Bugu-M res-
cued neuronal death through preventing cytoskeletal
damage. In line with the effects of Bugu-M on
reserving B-III tubulin integrity in neurons treated

with ABss5—35 (Fig. 1F), 100 pwg/mL Bugu-M also
retained the expression levels of axonal cytoskele-
ton neurofilament light (NfL) (Fig. 2C, lane 4). In
addition, Tau and MAP?2, the microtubule-associated
proteins, were elevated at 100 and 50 pg/mL Bugu-
M-treated neurons upon exposure to 20 uM A for
72h (Fig. 2A, lanes 5 and 6). Consistent with this,
a decrease of Tau (Supplementary Figure 2C) and
MAP2 (Supplementary Figure 2G) immunoreactivity
was observed in 20 uM A[-treated neurons. How-
ever, Bugu-M (100 pg/mL) administration was able
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to reverse the decrement of Tau (Supplementary Fig-
ure 2D) and MAP2 (Supplementary Figure 2H) by
AB. Intriguingly, we found Bugu-M (100 pg/mL)
significantly(p = 0.0087 versus A) reduced extracel-
lular Tau that was increased by 20 M A3 stimulation
(p=0.0011 versus control) in neurons (Fig. 2D).
Altogether, these data demonstrate Bugu-M was
capable to mitigate AB-induced axonal disruption in
rat cortical neurons.

Bugu-M reverses AB-elicited synaptic disruption
in neurons

Presynaptic disturbances linking to axonal trans-
port defects cause a great proportion of the critical
early synapse loss that precedes cell death in AD
[12, 13]. Since Bugu-M restores the levels of NfL,
Tau and MAP?2 that play a critical role on synap-
tic plasticity [58—60], we next investigated whether
Bugu-M affects synaptic protein expression. We
treated rat cortical neurons with Bugu-M (50 and
100 pg/mL) prior to incubation with 20 . MA325-35.
Administration of AP reduced synaptic proteins,
synaptophysin and postsynaptic density protein 95
(PSD-95) (Fig. 3A, lane 2), which were elevated
by Bugu-M at 100 pg/mL (Fig. 3A, lane 6). Con-
comitantly, PSD-95 immunolabeling also showed
100 pg/mL Bugu-M significantly enhanced stain-
ing intensity of PSD-95 that was diminished by A
(Fig. 3B, C).

To substantiate the aforementioned findings,
we analyzed membrane-enriched fractions from
ApB-treated rat cortical neurons by immunoblot-
ting. The levels of presynaptic (synaptophysin,
synaptogyrin-3, GAP43, SNAP25, VAMP2, SV2A)
and postsynaptic (PSD-95, neurogranin) proteins
were increased in 100 pg/mL of Bugu-M-treated neu-
rons (Fig. 3D, lane 4) relative to AR (20 uM) group
(Fig. 3D, lane 3). These data corroborated that Bugu-
M increased synaptic density post Af3 exposure.

Bugu-M activates glutamate receptor signaling
in neurons receiving A

PSD-95 overexpression is reported to induce the
maturation of glutamatergic presynaptic terminals
[61], which could attribute to the elevation in synapse
density detected by Bugu-M treatment. Synaptic
expression and transmission of glutamate receptors
are regulated by PSD-95 via direct physical inter-
action or coordination with auxiliary proteins [62]
that is upregulated by Protein kinase C (PKC) acti-

vation [63]. Thus, we next investigated if Bugu-M
increases cortical synapse density via a gluta-
mate receptor-dependent mechanism. AR (20 uM)
treatment for 72h markedly reduced glutamate
receptors including a-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid receptor (AMPAR), N-
methyl-D-aspartate receptor (NMDAR) (Fig. 3D,
lane 3), mGluR1 and mGluR2 (Fig. 4A, lane 3);
however, these effects were reversed by Bugu-M at
100 wg/mL (Fig. 3D and 4A, lane 4). In coincidence
with this, phospho-calcium/calmodulin-dependent
protein kinase I (CaMKII) and phospho-PKC were
also elevated in Bugu-M treated cells compared to
AR group (Fig. 4A, lane 4).

Given that the increase in NMDAR expression and
postsynaptic CAMKII or PKC may activate cAMP
response element-binding protein (CREB) phospho-
rylation [64], we addressed if Bugu-M affects CREB
activation. As shown in Fig. 4B, A3 (20 uM) dimin-
ished activated CREB levels after 72 h incubation,
while 100 pg/mL Bugu-M increased phospho-CREB
upon AR exposure (Fig. 4B, lane 4). These findings
suggest that Bugu-M is capable to reserve the expres-
sion of glutamate receptors and their downstream
signaling that is ablated by Ap.

Bugu-M precludes AB-evoked decrement of
neurogenic factors

CREB is essential not only for synaptic plasticity
but also for neuronal survival [65]. Phosphorylation
of CREB increases synaptic plasticity- and neu-
ronal survival-related protein expression, including
brain-derived neurotrophic factor (BDNF) and dou-
blecortin (DCX) [65, 66]. Hence, we tested whether
Bugu-M affects BDNF and DCX by Western blot
analysis. Unsurprisingly, AB (20 wM) abolished the
expression of BDNF and DCX (Fig. 4A, lane 3) in
cortical neurons after 72 h incubation. Nevertheless,
administration of Bugu-M (100 pg/mL) increased
BDNF and DCX levels compared with its Af3 coun-
terparts (Fig. 4A, lane 4). DCX immunolabeling
also demonstrated Bugu-M at 100 wg/mL reserved
staining intensity that was diminished by 20 puM A3
treatment (Fig. 4C).

Bugu-M abrogates AB-induced suppression of
PI3K/Akt/GSK-38 signaling

Besides CaMKII, Akt (commonly called protein
kinase B, PKB) [67] can directly phosphorylate
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Fig. 3. Bugu-M reverses AB-evoked synaptic disruption in neurons. A) Rat cortical neurons were pre-incubated with Bugu-M (50 and
100 wg/mL) for 1 h before AB2s5—35 stimulation for 72 h. Insoluble fractions were subject to immunoblotting for PSD-95 and synaptophysin.
GAPDH was used as a loading control. B) Rat cortical neurons were pretreated with 100 wg/mL Bugu-M for 1h and then incubated with
ABps5—35 for 72 h. Synaptic integrity was assessed by immunofluorescence co-labeling of PSD-95 (green, a) and B-III tubulin (red, b),
and higher magnification images are shown in a-c (merge). Confocal images are single optical slices, and camera and microscope setting
were equivalent for comparisons between groups. Shown are representative images. Scale bar, 10 pm. (C) PSD-95 immunoreactivity was
quantified by ImageJ. Data are shown as mean = SEM (n = 3). Statistical significance between groups were analyzed by one-way ANOVA and
Fisher‘s LSD test. *p <0.05 versus the untreated control group; **p <0.01 versus the A group. D) Rat cortical neurons were pre-incubated
with 100 pg/mL Bugu-M for 1 h followed by ABs5—35 incubation for 72 h. The membrane-enriched fractions were subject to Westen blot
analysis for presynaptic proteins (synaptophysin, synaptogyrin-3, GAP43, SNAP25, VAMP2, and SV2A), postsynaptic proteins (PSD-95
and neurogranin), and glutamate receptors (AMPAR1 and NMDAR1). GAPDH was used as a loading control. Densitometric quantification
of immnoreactive bands was conducted using ImageJ, and the fold changes to control bands are analyzed in Supplementary Figure 4.

CREB. To scrutinize whether Bugu-M activates AP25-35. In accordance with remaining CREB activ-
CREB through various cellular kinases, we eval- ity by Bugu-M upon AB;5—35 exposure in neurons,
uated Akt by treating neurons with Bugu-M and suppression of phospho-Akt by A3 was also reversed
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Fig. 4. Bugu-M activates glutamate receptor signaling in AP-treated neurons. Rat cortical neurons were pre-incubated with Bugu-M
(100 pg/mL) for 1 h before AB,5-35 incubation for 72 h. Whole lysates were analyzed by immunoblotting for glutamate receptors (mGluR1,
mGluR2), CamKII, Phospho-CamKII, phospho-PKC, neurogenesis related factors (BDNF, DCX) (A), and phospho-CREB (B). GAPDH
was used as a loading control. Quantification of immnoreactive bands was conducted using ImageJ, and the fold changes to control bands are
analyzed in Supplementary Figure 5. C) Immunolabeling of DCX in rat cortical neurons. Scale bar, 10 wm. Confocal images are maximum
projections, and camera and microscope setting were equivalent for comparisons between groups. Shown are representative images.

in Bugu-M-treated neurons (Fig. 5, lane 4). Consis-
tent with this, neurons receiving Bugu-M increased
phospho-PI3K p85a and phospho-GSK-3f3 in the
presence of AP compared to AP alone group
(Fig. 5, lane 4). Our findings suggest that Bugu-
M promotes CREB phosphorylation through PKC,
PI3K/Akt/GSK-3[3, and CaMKII signaling.

Bugu-M mitigates cognitive performance in
3xTg-AD mice

In 3xTg-AD mice, cognitive and synaptic deficits
are known to develop from 3 months of age before
A deposition (6 months) and tauopathy (12 months)
present [44]. Based on known abnormalities in presy-
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Fig. 5. Bugu-M abrogates AB-induced suppression of PI3K sig-
naling in neurons. Rat cortical neurons were pre-incubated with
Bugu-M (100 pwg/mL) for 1 h followed by AB25—35 stimulation for
72 h. Membrane-enriched fractions were subject to Western blot
analysis for phospho-PI3K, PI3K, Phospho-Akt, Akt, phospho-
GSK-383, and GSK-3. B-actin was used as a loading control.
Quantification of immnoreactive bands was conducted by ImageJ,
and the fold changes to control bands are analyzed in Supplemen-
tary Figure 6.

naptic and postsynaptic signaling deficits linked to
cognitive decline in early stages of AD [68], we
extended the in vitro studies by asking if Bugu-M
affects cognitive functions at early disease stages in
the 3 x Tg-AD mouse model, which displays both A3
and tau pathology that mimics the neuropathology of
the human form [44, 69]. Ideally, this is a period in
which successful therapeutic intervention may still be
achievable through preventing permanently neuronal
loss stemmed from local and recoverable synapse
loss.

Vehicle (distilled water) and Bugu-M (400 mg/kg/
day) were administered by oral gavage to 8-week-old
NonTg and 3xTg-AD mice for 30 days, followed by
behavioral testing (Fig. 6A). Body weights (grams)
were measured prior to behavioral testing in mice
(Fig. 6B). No significant differences were observed
between the body weights of 3xTg-AD mice and
NonTg mice at all time points, as well as the adminis-
tration of vehicle or Bugu-M, indicating that Bugu-M
did not exert toxic effects on the mice.

To rule out a possible correction of motor deficits
by Bugu-M as the main cause of its effects on
cognitive performance, we conducted an open field
test (OFT) to monitor the locomotor activity of the
mice. Whilst vehicle-treated 3 x Tg-AD mice showed
less moving distance than their NonTg couterparts
(»<0.0001; Supplementary Figure 7A), we found
no evidence that Bugu-M affected locomotor activ-

ity in 3xTg-AD mice, as assessed by total distance
travelled (p=0.1568; Supplementary Figure 7A).
However, compared to NonTg mice, both 3xTg-
AD groups had a significantly higher movement
in the periphery and freezing response (p <0.0001;
Supplementary Figure 7B, C), but there was no
significant difference upon Bugu-M treatment in
3xTg-AD mice (Supplementary Figure 7B, C) for
the former (p=0.6291) and the latter (p=0.9744)
compared to the vehicle-treated 3xTg-AD mice.
Similarly, less ambulations in total distance travelled
(p<0.0001) and distance in open arms (p =0.0012)
were observed in 3xTg-AD mice in the EPM (Sup-
plementary Figure 7D, E), in which no alterations
of total distance moved (p =0.4573; Supplementary
Figure 7D) and distance in open arms (p=0.9583;
Supplementary Figure 7E) were shown upon Bugu-
M treatment in 3xTg-AD mice. Also, the freezing
response was not affected by Bugu-M relative to
vehicle-treated 3xTg-AD mice(p =0.7949; Supple-
mentary Figure 7F), which showed more immobility
than NonTg mice(p <0.0001; Supplementary Fig-
ure 7F). Taken together, these results suggest no
apparent difference in locomotor activity and anxi-
ety between vehicle- and Bugu-M-treated 3xTg-AD
mice.

T-maze alternation task is widely used for work-
ing memory in mice, which relies on the natural
exploratory behavior of rodents and is considered
the most rudimentary task to assess spatial work-
ing memory [45]. The representative activity of the
mice was shown in Fig. 6C. Examination of the
percentage of time spent in the novel arm revealed
less duration of 3 xTg-AD compared to NonTg mice
(p=0.0363; Fig. 6D). However, Bugu-M showed
a trend to increase the time of the mice into the
novel arm relative to 3xTg-AD group (p=0.1185;
Fig. 6D). Similarily, 3 x Tg mice showed less dis-
tance travelled in novel arm (p <0.0001 vs NonTg;
Fig. 6E), which was reversed by Bugu-M treatment
(»p=0.0183; Fig. 6E). In addition, the 3xTg-AD
mice showed significant reductions in the percent-
age of correct decisions compared to NonTg mice
(p=0.0235; Fig. 6F), whereas Bugu-M treatment
prevented the decline significantly relative to 3xTg-
AD group(p=0.0117; Fig. 6F). Finally, 3xTg-AD
mice showed less novel arm preference compared to
NonTg mice (p =0.0524; Fig. 6G), which was altered
by Bugu-M (p=0.0100; Fig. 6G) in a trend smiliar
to NonTg mice (p =0.1553; Fig. 6G).

To assess the effect of Bugu-M on spatial learn-
ing and memory, we performed MWM in 3xTg-AD



64 N.-H. Lin et al. / Neuroprotective Effects of a Multi-Herbal Extract in Vitro and in Vivo

Vehicle or Bugu-M (400 mg/kg/day, oral gavage)
for 30 days

L 1 1 1 L 1 1 L1
T T

Weeks 0 6 7 8 9 10 1" 12

t t t
T-maze MWM Sacrifice

D

w

261
_ - NonTg I
2,1 =3xTg = 80+
= “ +* 3xTg + Bugu-M - E
= (<] 3 . A
£ 221 o B 607
e
g 2 < 40-
o 207 g £
e
[
B+ o3
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 g
Days £
-
C
NonTg 3xTg 3xTg + Bugu-M E

¥
i

Novel “j Familiar Novel = Familiar Novel | Familiar
- - = s xu -ald‘rs'}\"- -

G

Distance moved in
novel arm (cm)

p=0.1553
120+ p =0.0524
100- I l Novel arm

Familiar arm

S
> Bo..
25 F
$ o 60 p=0.01 80- 5
gE a0 — _
& g
20 =00
~ (=]
v T T T 40_
CINP E
& o & £ 20
Q <<
x
's‘{& o

Fig. 6. Bugu-M improves T-maze performance in 3-month 3 x Tg-AD mice. A) Illustration of experimental timeline. Acclimation was initiated
6 weeks of age. Bugu-M treatment was administered until the mice were 8 weeks of age. Bugu-M or water administration, and behavioral
testing are shown along the experimental timeline of 30 days. B) Changes in body weight after Bugu-M treatment. Mice were treated with
400 mg/kg Bugu-M or distilled water by gavage for 30 days. Data are expressed as mean = SEM (n = 10 per group). No significance between
groups were observed by two-way ANOVA. Spatial working memory was tested in T-maze by movement track (C), time spent in novel arm
(D), distanced moved in novel arm (E), spontaneous alternation (F), and the frequency of entries into novel and familiar arms (G). Data are
represented as mean &= SEM (n=3-10 per group). Statistic significance between groups were analyzed by one-way ANOVA and Fisher’s
LSD test (D) or Dunnett’s multiple comparisons test (E, F), except the frequency of entries into novel and familiar arms was analyzed using
Chi-square tests. #p <0.05 and ###p <0.0001 versus NonTg control; *p <0.05 and **p <0.01 versus 3 x Tg-AD group.
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Fig. 7. Bugu-M improves MWM performance in 3-month 3xTg-AD mice. MWM test for movement track (A), the assessment of escape
latencies to arrive visible platform over days 1-3 (B) and with hidden platform on day 4 after removing the platform (C), and goal- versus
non-goal-directed strategies (D) for 3xTg-AD and NonTg mice. Data are presented as mean = SEM (n=8-10 per group). For escape
latencies, differences among groups were determined by one-way ANOVA and Fisher’s LSD test. #p <0.05 and #p <0.01 versus NonTg
control; *p <0.05 versus 3x Tg-AD group. The frequency of use of various search strategies (operationally defined as per [42]) was calculated
across trials and analyzed using logistic regression. Statistical results are provided below each panel.

mice. The representative track of the mice was
shown in Fig. 7A. No obvious difference was shown
in escape latency between groups on day 1 and
day 2. However, on day 3, the escape latency of
3xTg-AD mice was significantly higher than NonTg
mice (p=0.002; Fig. 7B), indicating that 3xTg-
AD mice exhibited cognitive and spatial memory
loss. On the contrary, Bugu-M treatment significantly

reduced the escape latency compared to 3xTg-AD
mice receiving water (p=0.0365; Fig. 7B). On the
4th day, the platform was removed to perform a
probe trial. The 3xTg-AD mice spent more time to
the first target cross than NonTg mice(p =0.0090;
Fig. 7C), which was reduced by Bugu-M treatment
(p=0.0401; Fig. 7C). Intriguingly, when animals
were analyzed by the strategies of navigational paths,
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Fig. 8. Proposed mechanisms of Bugu-M acting on AB;5-35 neurotoxicity in rat cortical neurons. A3 results in a multitude of biochemical
alterations that closely mirror the pathophysiological and functional changes that characterize the progression of AD. Decrease of NfL and
tau at the presynaptic nerve terminal leads to cytoskeletal disruption, concomitant with axonal damage and thus limiting the rate of axonal
transport and damages presynaptic vesicle cycling. Of note, AR gives rise to synaptic protein depletion along with decrease in glutamate
receptor (NMDAR, AMPAR, and mGluR) expression, both of which result in synaptic dysfunction and neurotoxicity. These are manifested
by downstream dysregulation of CAMKII, PKC, PI3K/Akt, and CREB-associated pathways related to neurogenesis, synaptic function, and
apoptosis. Bugu-M, a multi-component agent, sustained cytoskeletal and axonal integrity and its associated protein levels when given at
100 pg/mL for 72 h. In parallel, Bugu-M AR damage by reserving synaptic proteins, remaining glutamate receptor levels, activating CREB,
promoting neurogenesis, decreasing apoptosis, and modulating mitochondrial function.

random search was observed in the majority of ber of 3xTg-AD mice showed less goal-directed
the NonTg and 3xTg-AD mice in the first trial search than NonTg mice (p <0.001; Fig. 7D), which
(T1; Fig. 7D). In the successive trials, the num- was significantly reversed by Bugu-M treatment that
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exhibited more goal-directed strategy than 3 x Tg-AD
mice (p =0.030; Fig. 7D).

DISCUSSION

The tremendous burden from AD in an aging soci-
ety is growing in the coming decades [70]. This
recognition magnifies the critical need for preven-
tion strategies to stop or slow this disease in either
preclinical or early AD (mild cognitive impairment
to mild dementia). In this study, we assessed the
effects of Bugu-M, a multi-herbal extract containing
antler-shaped Ganoderma lucidum, Ziziphus jujuba
Mill., Dimocarpus longan, and Nelumbo nucifera
Gaertn. on axonal damage and synaptic dysfunction.
We demonstrated that Bugu-M was capable to reverse
deficits in synapse density in primary cortical neu-
rons receiving AR and in cognition in 3xTg-AD
mice. These effects were along with restoration of key
synaptic proteins, reversal of axonal damage, inac-
tivation of apoptotic pathway, and enhancement of
neurite outgrowth and neurogenesis by Bugu-M in
neurons exposed to AP3. As Bugu-M provides a robust
preclinical evidence that targeting multiple pathways
is a potential therapeutic approach in AD, and thus
the efficacy of Bugu-M is of high translational sig-
nificance.

AP toxicity triggers synaptic and neuronal degen-
eration in patients with AD and transgenic mouse
models, which is one of the mechanisms involving
in the pathogenesis of AD [8-13]. Hence, we illus-
trated the efficacy of Bugu-M on A exposure in
rat cortical neurons, in anticipation that it could pro-
vide insights into Bugu-M mechanisms or assist with
the identification of new therapeutics. The fact that
Bugu-M rescues cell death, increases neurite out-
growth and inhibits apoptosis by AB25—35 (Fig. 1D-G,
2A) corroborates earlier studies showing that A3
evokes cytoskeletal disruption, mitochondrial dys-
function, synaptic loss, and apoptosis [4] and strongly
supports the protective effects of Bugu-M on Af3-
triggered neurotoxicity. Of note, Bugu-M diminished
the TDP-43 and a-tubulin fragments cleaved by cas-
pases (Fig. 2A, C). TDP-43 aberrations are dominant
in human AD brains, including phosphorylated, ubiq-
uitinated and truncated forms of TDP-43 [71], which
are associated with greater memory loss and worse
brain atrophy [72]. Intriguingly, full length TDP-43
alongside caspases-3, -4, and -7 truncated variants
reduce AP fibrillization due to their cross-seeding
[73, 74].

Similar to lentiviral expression of AB_47 in the rat
motor cortex, APRos—3s triggered TDP-43 pathogenic
alteration in rat cortical neurons, including upreg-
ulation, cleavage, and phosphorylation [75]. Also,
nuclear localization of TDP-43 was concomitantly
depleted in AB5-35-treated neurons as that observed
in rat cortex injected with lentiviral-AB_42. Trun-
cation, phosphorylation, and ubiquitination alters
TDP-43’s conformation, size, and charge, contribut-
ing to the decrease of nuclear shuttling with diffuse
cytoplasmic and nuclear distribution [71, 76]. Both
cytoplasmic and oligomeric aggregates of TDP-43
are neurotoxic in cultured neurons and in mouse
[77, 78] through reducing the DNA binding capac-
ity of TDP-43, thereby leading to either toxic gain
of function or loss of physiological function [73].
Our previous [41] and present findings show AB25—35
induced caspase-3 and caspase-6 activation and mito-
chondrial dysfunction in rat hippocampal and cortical
neurons, which might give rise to TDP-43 fragmen-
tation and exacerbate TDP-43 toxicity that in turn,
amplifies oxidative stress [79]. These results suggest
that caspase activation and mitochondrial dysfunc-
tion may contribute to TDP-43 proteinopathies by
AB25-35. Inline with the effects of Bugu-M on block-
ing the aberrations of TDP-43, it is presumed that
Bugu-M may be a potential therapy for AD as a
disease-modifying agent.

Impaired mitochondrial function presents in early-
stage AD, resulting in activation of caspases and
apoptosis in AD patients and transgenic mouse
models [48, 50]. In particular, abnormalities of
Hsp60, Hsp70/HSP40, and Hsp90 are found in
AD [80]. Whereas Bugu-M increased HSP40 and
HSPI0 levels, HSP60 was depleted by Bugu-M upon
AP exposure in cortical neurons (Fig. 2B). This
was not surprising as the complex of Hsp90 with
Hsp70/Hsp40 can inhibit A formation [81], while
HSP60 participates in the translocation of amyloid-3
protein precursor (ABPP) and A to the mitochon-
dria and induces mitochondrial dysfunction in both
3xTg-AD mouse model and human AD subjects
[82]. Overall, our studies identify an alleviating effect
of Bugu-M on mitochondrial HSPs that were altered
by AP, and thus extrapolated Bugu-M was able to
restore mitochondrial function.

Accumulation of AP plaques in the brain
poteintially damages axons, leading to cytoskele-
tal alterations that are essential in the pathology
of neurofibrillary tangle and neurodegeneration [57,
83]. In fact, defective axonal transport by dis-
ruption of microtubular cytoskeleton in diseased
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axons has been demonstrated in AD brains [84],
which might increase AP accumulation [85]. A
changed proportion in the stabilization and desta-
bilization of microtubules contributes to neuronal
cytoskeletal alterations, and thus altering the dynam-
ics of axons and synapses. In line with these
findings, the immunoreactivity of 3-III tubulin upon
AR stimulation was low in rat cortical neurons
(Fig. 1F), suggesting that in this amyloidogenic
model, AD pathology may also attribute to unsta-
ble and depolymerized microtubules. Of importance,
Bugu-M treatment caused an increase of (3-11I tubulin
intensity and thus in the neuronal integrity (Fig. 1F,
G), as revealed previously in tauopathy [86].

Tau is a microtubule-associated protein and plays
a role in axonal transport [87]. Partial decrease or
loss of tau expression may cause axonal degener-
ation, short-term memory loss, hyperactivities, and
synaptic plasticity deficits [88, 89]. Of interest, extra-
cellular tau has been identified as a possible cause
of memory loss and synaptic dysfunction [90], and
its release could occur prior to neuronal death or
from dying neurons [91]. Concurrently, degenera-
tion affected brain areas show progressive neuron
loss, while in human brains without tangles, tau
species can seed misfolding [13]. In line with this, our
findings showed A3 decreased tau expression levels
(Fig. 2A) and increased extracellular Tau (Fig. 2D),
which was ablated by Bugu-M treatment (Fig. 2A,
D), suggesting Bugu-M may possess the ability to
prevent tau abnormalities and seeding.

MAP?2 is expressed in cell bodies and dendrites
and is considered a microtubule stabilizer [92] as it
increases microtubule rigidity [93]. Similar to tau
protein, loss of MAP2 has been widely linked to
AD in human samples and in animal models [94,
95]. Within the current study as well, AP trig-
gered a decrease in MAP2 expression level. This
ablation of MAP2 protein levels was reversed by
Bugu-M treatment at 100 wg/mL (Fig. 2A). Along
these lines, NfL, a crucial axonal cytoskeletal pro-
tein involved in axonal and dendritic branching and
growth, and axonal integrity, has been measured for
axonal degeneration in AD [96]. As cytoskeletal
proteins, neurofilaments are primarily expressed in
neuronal axons, with NfL the smallest of the neuro-
filament proteins. Importantly, CSF and plasma NfL
levels are correlated to each other and are elevated in
AD [97]. Our findings are similar to those reported
by Tohda and colleagues wherein the expression lev-
els of neurofilament heavy and synaptophysin were
reduced in the cerebral cortex and the hippocam-

pus of ABys5—3s-treated mice [98]; however, Bugu-M
restored the NfL levels in neurons exposed to AP
(Fig. 2C). Axons near amyloid deposits encouter
changes that further promote Af3 accumulation [99].
Given that Bugu-M exerts axoprotective effects as
observed for B-1II tubulin, Tau, MAP2, and NfL and
published observations that immunotherapy result-
ing in AB clearance can ameliorate AB-related axonal
degeneration in AD transgenic models [100, 101], we
surmise that Bugu-M may reduce A neurotoxicity
through protection against axonal disruption.

Ap-related dystrophic axons contribute to synap-
tic damage [102], and synaptic loss is correlated
with cognitive impairment in AD. Therefore, synap-
tic proteins are postulated as prognostic biomarkers
for AD progression as well as assessment for the
efficacy of disease-modifying therapies [103]. In
fact, SV2A, a vesicle membrane protein expressed
at synapses, is currently employed as a diagnostic
marker in AD patients [104]. Increased A3 not only
affects neuronal communication in both presynaptic
and postsynaptic mechanisms but also impair over-
all brain activity [105]. Thus, motivated by these
lines of evidence, we sought to untangle the effects
of Bugu-M on presynaptic and postsynaptic proteins
in AB-treated neurons, in which A3 had impact on
synaptic loss and axonal integrity. We used presy-
naptic markers (e.g., synaptophysin, synaptogyrin-3,
GAP43, SNAP25, VAMP2, and SV2A) and post-
synaptic markers (e.g., neurogranin and PSD-95)
because of their roles in synaptic communication,
regulating synaptic strength and plasticity, and pro-
moting synapse maturation [106—109]. We found that
increases in presynaptic and postsynaptic proteins
occurred in Bugu-M-treated neurons upon exposure
to 20puM AR (Fig. 3A, D). Along with the ele-
vated number of PSD-95-positive elements, Bugu-M
treatment significantly increased synapse-like puncta
immunopositive for the postsynaptic scaffolding pro-
tein PSD-95 (Fig. 3B, C). Previous report has
demonstrated that the synaptic content of PSD-95
is positively correlated with spine size and synap-
tic efficacy [110, 111]. Along with the increase of
PSD-95, neurogranin was also elevated by Bugu-M
in neurons receiving A3 (Fig. 3D). Neurogranin dele-
tion causes deficits in spatial memory and synaptic
plasticity in mice [112]. On the contrary, high levels
of neurogranin in CSF during prodromal AD is pre-
dictive of more rapid progression toward AD [113,
114]. Altogether, these findings indicate that Bugu-
M could prevent synaptic disruption and might be
able to restore synaptic function.
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Furthermore, we observed increased levels of
mGluR1, mGluR2, NMDARI, and AMPARI
(Fig. 3D, 4A) as well as phosphorylation of CamKII,
PKCBIIL, CREB, PI3K, Akt, and GSK-3( by Bugu-
M treatment (Fig. 4A, 4B, 5). Previous reports have
shown that elevated AP attenuates glutamatergic
synaptic transmission strength and plasticity [115]
by the number of surface NMDARs and AMPARs
[116, 117] that are regulated by PSD-95 via direct
physical interaction or coordination with auxiliary
proteins [62]. Activated NMDARSs induces CaMKII
phosphorylation and promotes its translocation to the
post-synapse [118], leding to the activation of CREB
associated with the formation of long-term mem-
ory [119, 120]. Besides, the activation of PI3K/Akt
pathway by NMDARSs induces long-term potentia-
tion [121] and alterations in Akt phosphorylation are
correlated with the staging and severity of AD [122].
Notably, binding of BDNF to TrkB can also activate
Akt and subsequently phosphorylates CREB [123].
BDNF is decreased significantly in the hippocampus
in AD, which affects hippocampal long-term potenti-
ation and thus memory [124, 125]. In accordance with
our findings, AP diminished neurogenesis-associated
BDNF and DCX whose production is dependent on
CREB activation [126]. Nevertheless, Bugu-M was
capable to remain the expression levels of BDNF and
DCX (Fig. 4A, C). Overall, these findings might open
possibilities for Bugu-M as a new therapeutic agent
for AD based on its effects on restoration of axonal
and synaptic integrity.

Deficits in hippocampal-dependent navigation and
spatial memory are frequently observed in patients
with AD as the key cognitive symptoms [127, 128].
To illustrate the effect of Bugu-M on cognitive
impairment, we used 3xTg-AD mice with cogni-
tive and synaptic deficits developed between 3 and
5 months of age before the presence of AP plaques
and tau tangles [129, 130]. Consistent with this, we
observed cognitive dysfunction in 3 xTg-AD mice at
3 months of age, which was reduced by 30-day dosing
of Bugu-M at 400 mg/kg. Indeed, Bugu-M improved
spontaneous alteration in T-maze and preference to
novel arm (Fig. 6F, G), as well as escape latency and
goal-directed search strategies (Fig. 7B-D) in MWM
performance in 3x Tg-AD mice, indicating Bugu-M
is beneficial to early-stage AD. It is important to
note that cognitive improvement by Bugu-M is not
attributed to locomotor ability as we found no signif-
icant difference in overall distance moved between
Bugu-M- and vehicle-treated 3 xTg-AD mice in the
OFT and EPM (Supplementary Figure 7A, D). Also,

it is not because of anxiety as revealed by either
unaltered time in the periphery of the open field
(Supplementary Figure 7B) or distance traveled in
the open arms in EPM (Supplementary Figure 7E)
by Bugu-M treatment compared to 3 xTg-AD group.
However, compared to NonTg mice, 3xTg-AD mice
showed greater freezing and limited exploratory
behavior in the open field and EPM, implying a
basal difference in performance (Supplementary Fig-
ure 7C, F). These observations are consistent with
previous findings [69, 131, 132] indicating 3 x Tg
mice may have a lowered fear response threshold,
leading to a higher level of anxiety or and further a
predisposition due to AD pathology. The characteris-
tics of an increased freezing behavior and time spent
in the peripheries of the open field might be due to
the increase in corticosterone responses to stressful
tasks [133] or elevated brain inflammatory responses
[134, 135].

Taking these measures into account, we found
3xTg-AD mice exhibited short-term spatial memory
deficits at a young age, at which Bugu-M demon-
strated its capability to resume the spatial learning
and memory. Therefore, our results suggest that
30-day Bugu-M treatment may be beneficial to pre-
vent cognitive decline in AD, which is commonly
first recognized as memory impairment. Despite
these findings, the current studies have limitations.
One limitation is the absence of the degree of
AD neuropathological development in 3xTg-AD
mice. Nonetheless, as the triple transgenic mouse
model (APPSwe, PS1IM146V, and tauP301L) is
a well-characterized model that mimics synaptic
changes prior to plaque and tangle pathologies [44],
we assumed 3-month 3xTg-AD mice would dis-
play impairment in both synaptic plasticity and
spatial working memory [44, 129, 134], as well
as altered expression of genes involving neuronal
death, apoptosis, mitochondrial functioning, synap-
tic modulation, and cognitive dysfunction [134, 136].
However, the exact mechanisms underlying Bugu-M
effects on AD progression in 3 x Tg-AD mice remains
to be elucidated. Another limitation is the low num-
ber of 3xTg-AD mice to meet the inclusion criteria
of total arm entries equal or more than 3 in the T-
maze test, preventing us to draw a conclusion on
the potential effect of Bugu-M on 3xTg-AD mice;
for example, the time spent in the novel arm. Never-
theless, rodents’ spontaneous alternation behavior in
T-maze demonstrates their memory for the previous
spatial location, which is different from motivated
learning-based spatial tasks [45]. Hence, the increase
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in the preference to novel arm and spontaneous
alternation in Bugu-M-treated 3xTg-AD displays
the beneficial effects of Bugu-M on spatial working
memory. Furthermore, we only used AB2s5—35 pep-
tide to treat rat neurons. Albeit the most frequent
AP isoforms in human AD brains are APB1—49 [137]
and ABi_4> [138], the functional domain compris-
ing amino acids 25-35 of AP, the actual biologically
active region of A3, is essential for its neurotoxic-
ity [139-145]. Physiologically, the AB,5—35 fragment
has also been found in elderly people [146], sug-
gesting it might be involved in the development of
AD. Albeit AB,5-35 is the shortest fragment to form
large B-sheet aggregates, it reserves the toxicity of the
full-length AP [144], without requirement of aging
to form aggregate and gain toxicity like its full-
length counterpart [144, 147-149]. Also, it has been
shown that in vitro ABys—3s is aggregation-prone, and
its aggregation states are concentration-dependent
[150]. In our experiments, we prepared AR25-35
stock at a concentration of 1 mM by dissolving
it directly in sterile distilled water and incubated
for 7 days. Under these conditions, Af2s5—35 read-
ily formed fibrils that are more than 1 wm long and
8—12nm in diameter (Fig. 1A). After being diluted
to desired concentrations to treat primary rat neu-
rons, however, we do not know whether ABy5-35
formed monomers, oligomers, protofibrils, or stayed
as fibrils, nor do we know the correlation between the
specific aggregation states and their toxicity toward
neurons. These are limitations of the present study.
Although amyloid fibrils were initially recognized to
be the primary toxic species, a steadily accumulating
body of evidence has indicated that soluble oligomers
or prefibrils can be toxic even more [151]. Additional
studies will be required to determine the molecular
and structural basis of A3y5—35 aggregation and toxi-
city, which may correlate with the neurodegenerative
process of AD.

In conclusion, we found that Bugu-M preserves
axonal and synaptic integrity that are ablated by A
treatment in rat cortical neurons (Fig. 8). Mechanisti-
cally, the neuroprotective effects of Bugu-M involve
reduction of cell death, suppression of apoptotic sig-
naling, decrease of mitochondrial dysfunction, and
promotion of neurogenesis. Also, Bugu-M reverses
cognitive deficits in female 3xTg-AD mice at 3
months of age. These findings highlight the poten-
tial of Bugu-M for preventing the development of
AD. Further clinical study to investigate the efficacy
of Bugu-M in the early stage of AD is warranted.
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