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ARTICLE INFO ABSTRACT

Keywords: Alzheimer’s disease (AD) is a complex and multifactorial neurodegenerative disorder, and it is unlikely that any
p-asarone single drug or intervention will be very successful. The pathophysiology of Alzheimer’s disease involves a range
CBD of complicated biological processes, including the accumulation of beta-amyloid protein and tau protein. Given
Alzheimer’s disease . . N o . . . .

Amyloid p the complexity of AD and amyloid accumulation, a combination of interventions remains to be further explored.
Phy};ochemicals Here, we investigated the potential of combining p-asarone and cannabidiol (CBD) as a treatment for AD. The
C. elegans study analyzed the combined effects of these two phytochemicals on beta-amyloid (Ap) protein aggregation and

toxicity in bulk solution, in cells as well as in C.elegans. We detailed the morphological and size changes of Af4o
aggregates in the presence of f-asarone and cannabidiol. More importantly, the presence of both compounds
synergistically inhibited apoptosis and downregulated relative gene expression in cells, and that it may also slow
aging, decrease the rate of paralysis, enhance learning capacity, and boost autophagy activity in C.elegans. Our
studies suggest that multiple drugs, like p-asarone and CBD, may be potentially developed as a medicinal adjunct
in the treatment of AD, although further clinical trials are needed to determine the efficacy and safety of this

combination treatment in humans.

1. Introduction

Alzheimer’s disease (AD) is a complex neurodegenerative disorder
with multiple underlying mechanisms. The disease is manifested by the
presence of beta-amyloid (Ap) plaques and tau tangles in the brain [1,2].
Reducing their burden is a key target for developing more effective
drugs against the disease. Therapeutics inhibiting Ap production or
deposition are being investigated, such as beta-secretase inhibitors [3],
gamma-secretase inhibitors [4], and immunotherapy [1,5] targeting Ap.
In addition, drugs that modulate Ap and tau pathology, neuro-
inflammation, oxidative stress, and synaptic dysfunction are also being
explored. However, clinical trials of these drugs are still under debate so
far. It is highly plausible that this main challenge is caused by the
complicated amyloid aggregation and their significant consequences on
cellular and subcellular functions. To overcome this challenge, combi-
nation therapies may shed light on simplifying the complexity. There are

some researches about combination of two or more medicine to have a
better result than the single one [6,7].

Cannabidiol (CBD) and p-asarone are both phytochemicals with
diverse studies in neurodegenerative diseases. CBD is a non-
psychoactive phytocannabinoid [8] derived from the plant Cannabis
sativa. CBD prevents cognitive impairment in AD mouse model [9] and
is able to modulate different receptors in the endocannabinoid system
[10]. On the other hand, p-asarone has been found to have a significant
therapeutic effect against toxic protein deposition [11], inhibit Af by
promoting autophagy [11], and weaken apoptosis [12]. Either CBD or
B-asarone has the researches to cooperate with other components to
work on neurodegenerative diseases. While during these studies, CBD
only worked with THC and f-asarone only worked with levodopa when
they work in Parkinson’s disease [13-15], for AD, there will be more
combination trials, such as Icariin [16], tenuigenin [17] and eugenol
[18]. But there is no research about the combination of them two or
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showing the precise influence on morphology of AB4o. This is the first
trial to combine CBD and p-asarone, which are phytochemicals with
similar structure, so we carried out the experiment with a ratio of 1:1 of
them.

C. elegans is an effective model to study relationship between
neurodegenerative processes with drug targets [19]. CL4176 strains of
C. elegans to investigate the effects of the two compounds on aging and
AD. N2 is a wild-type strain of C. elegans, while CL4176 is a transgenic
strain that expresses Af;_42 and exhibits paralysis as a result of Ap
toxicity [20]. The increasing level of Ap and p-tau will lead to loss of
cognitive function [21], especially soluble Ap oligomers will aggravate
disease progression [22], so in this paper, we used two AP; 42
over-expressed C.elegans.

In this study, we investigate if the progression of AD could be slowed
down through the combination of the two compounds. The morphol-
ogies of AFM showed clearly that the two phytochemicals could
decrease the height and the length of the AB4o aggregates. We imple-
mented C. elegans and SH-SY5Y cells to investigate the effects of
f-asarone and CBD on the aging process and the development of Ap. The
combination of these two compounds was able to extend the lifespan
and alleviate paralysis caused by Ap in CL4176 C.elegans model.

2. Materials and methods
2.1. Differential expression genes determination

Differential expressed genes were obtained to see how these genes
changed in our cell model after having the two phytochemicals treat-
ment. In brief, GSE97760 dataset was analyzed by limma package from
Bioconductor to search for differently expressed genes (DEGs). As the
clinical data showed more than 2000 DEGs existed between AD and
healthy people, and CBD is mostly studied with endocannabinoid system
[23,24], then genes related to retrograde endocannabinoid system in
KEGG (Kyoto Encyclopedia of Genes and Genomes) was intersected to
obtain target genes (Supplement Fig. 1B).

2.2. Chemicals

B-asarone (purity >98 %) was from Macklin, and CBD (purity >99
%) was from Harbin Smart/Intelligent Industrial Hemp Industry
Development Co., Ltd. (http://www.hitsmarthemp.com/). Dimethyl
sulfoxide (DMSO) was from Sigma (USA). BV2 and SH-SY5Y cells were
provided by Cell Resource Center, Institute of Basic Medical Sciences,
CAMS/PUMC (Beijing, China). Dulbecco modified eagle medium
(DMEM) and Roswell Park Memorial Institute (RPMI-1640) were from
Gibco (Shanghai, China). Fetal bovine serum (FBS) was from Clark
Bioscience and penicillin-streptomycin was from Beyotime. Poly-
vinylidene difluoride (PVDF) membrane was from Millipore (USA).
Antibodies to LC3 and Bcl-xl were purchased from Cell Signaling
Technology, Inc. (Danvers, MA, USA). P62 was purchased from Sigma
(Shanghai, China). Tubulin was purchased from Cusabio. All other re-
agents were of analytical grade. As some researchers showed that
different reagents would benefit for Alzheimer’s disease model [25], for
example, some DMSO concentrations prevent apoptosis whereas higher
concentrations induce apoptosis [26] in vitro experiment [27], and
mouse embryos [28]. Then DMSO in all the experiments in this article
would be adjusted to the same concentration in vivo/in vitro assays to
avoid solvent influence (0.4 % in vitro experiment, and 0.2 % in vivo
experiment).

2.3. C. elegans strains

CL4176 dvIs27 [myo-3p::A-Beta (1-42):let-851 3'UTR) + rol-6
(sul006)], CL2355 dvIs50 [pCL45 (snb-1::Abeta 1-42::3' UTR(long) +
mtl-2::GFP], N2 and Escherichia coli strain (OP50) were from the Cae-
norhabditis Genetics Center (CGC, University of Minnesota, America).
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According to standard procedures, C. elegans was cultivated at 16 °C or
25 °C on a standard nematode growth medium (NGM) seeded with OP50
for food [29].

2.4. Cell assays

Transgenic mice that express FAD mutant APP and PS1 overproduce
Ap42 and exhibit amyloid plaque pathology similar to that found in AD
[30]. APP and PSEN1 were constructed in the plasmid and connected
with a linker P2A [31]. The cells in the logarithmic growth phase were
seeded into the 6-well plates and were transfected according to the in-
structions of the transfection reagent (TransGen Biotech, Beijing,
China). Transfection was conducted by the plasmid for 24-48 h, then
were exposed to different concentrations of f-asarone, CBD, or a com-
bination of them for another 24 h after adding transfect agent. Cell
viability rates were subsequently assessed using the cell counting kit-8
(CCK-8) (Bimake, Beijing, China) according to the manufacturer’s
instructions.

2.5. Worm behavior assays

The worms were synchronized with sodium hypochlorite and
maintained in NGM plates (with or without B-asarone, CBD, or the
combination of the two drugs) at 16 or 25 °C until they reached the
specific stage larvae.

Lifespan assay was performed as the previous report with minor
modifications [32]. In brief, the CL4176 worms were treated as
described above and turned into adult, then transferred to 25.5 °C, and
the dead worms were scored every day by gentle prodding of the ante-
rior end of the worm body with a platinum wire. The survival time was
calculated after they were moved to 25.5 °C, and the survival curves
represent the percentage of nematodes that were considered alive at the
relevant time points. All the lifespan experiments were repeated three
times (30 worms in each group).

Paralysis assay was performed as the report with minor modifica-
tions [33,34]. Briefly, the paralysis nematodes were transferred to
25.5 °C for 24 h and counted every 2 h after L3 or every day after L4. The
nematodes that can only move their heads were marked as paralyzed (at
least 30 worms in each group).

Pharyngeal pumping assay was taken into record with observable
pumping activity using microscope (Leica S6, Germany) for 30 s. The
mean number of pumps were plotted with 13-28 worms for each group.

Head Thrashing Assay was performed as follows, with slight modi-
fications [35]. After the worms reached L4 incubated with different
combinations, then transferred to an unseeded plate, 10 pL. M9 buffer
was added on the worms. The number of head thrashes was counted
with 6-10 worms for each group.

Chemotaxis index was measured as follows with a little modifica-
tions [36]. Briefly, after synchronization, 30-100 eggs were randomly
placed into different condition plates for 1 h at room temperature.
Different concentrations of CBD or p-asarone were put on the Test points
with 2 pL, and the Control points were placed with solution of them.

Chemotaxis Index (CI) = [nTest A+nTest B]/ [nControl C +nControl D].

Long-term learning ability was measured by the odorant preference
assay with some modifications [37]. Briefly, the age-synchronized
worms were maintained in NGM plates at 20 °C until they were grown
to the young adults, which were collected with M9 buffer and washed 3
times to remove bacteria. Synchronized worms were harvested and
divided into naive and trained groups. Each group was performed in
triplicate and contained about 50-300 worms. The worms were starved
in M9 buffer at room temperature for 1 h before the assay. Conditioning
block means incubating conditioning plates at room temperature for
30 min and starve block means starving in a 15 mL centrifuge tube at
room temperature for 30 min. The assay contains 7 conditioning blocks
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and 6 starve blocks. Incubate post-conditioning plates for 16 h (long--
term associative memory time points) at 20 °C. The number of worms
was counted on both butanone and ethanol spots after 1 h.

Chemotaxis Index (CI) = [(nButanone)-(nEtOH)]/[(Total-nOrigin)].

Learning Index (LI) = Cltimepoint — CINaive-

2.6. Fluorescence measurement

Apoptosis was conducted as followed, cells first were stained by
Annexin-mCherry kit and then Hoest3342, which represented the living
cell nuclei. Transfect ratio ofAPP/PS1 plasmid in cells was observed
according to the green fluorescence density.

In vivo experiment, we used C.elegans to conduct amyloid aggrega-
tion situations and the mitochondria. The amyloid aggregation was
conducted by the Th-S staining method from the modified staining
method [38]. In brief, the synchronous nematodes were obtained fol-
lowed standard method [39] and were incubated with Th-S at the
young-adult stage. The worms were washed and anesthetized by the
addition of 2 mM levamisole.

Mitochondrial Membrane Potential Assay. Prepared CL4176 worms
with different treatments. After the addition of PBS (Sigma-Aldrich,
Milan, Italy) and mitochondrial membrane potential (MMP) probe JC-1
(10 uM) (Solarbio, Beijing, China), worms were incubated for 1 h in
darkness, followed by labeling through the fluorescent. And the anes-
thesia was taken before observation to make sure the worms were still
alive. To obtain the ratio of red to green fluorescence intensity, worms
were assessed through confocal fluorescence ratio imaging by laser
scanning confocal microscope (LSCM) (Olympus). The images were
taken at ten folds magnification. Fluorescence intensities were assessed
using Image J, and three independent experiments were performed.

2.7. Dynamic light scattering (DLS) analysis

To characterize the size distribution status of amyloid p after ThT
binding assay, we applied DLS analysis using Prometheus (NanoTemper,
Germany) at 37 °C. Each sample has ten repeat measurements to check
the result repeatability.

2.8. Western blot analysis

Western blotting analysis was performed following the procedure in
the previous report with minor modifications [40]. The treated cells
were washed twice with PBS, and then the total protein extracts were
isolated using protein extraction commercial kits, which had been
collected and treated as mentioned above. The concentration of total
protein in stored at —80 °C. Proteins were separated by SDS-PAGE (12
%) and transferred to PVDF membranes. The protein bands were
detected using the Enhanced ECL Western Blotting Kit (GE Healthcare,
Munich, Germany). Relative optical densities and areas of ban were
quantified using the Quantity One software. The densitometry plots of
the results were normalized to the intensity of the p-actin band. Protein
contents were assessed according to the BCA protein quantity kit
(Beyotime, Shanghai, China).

2.9. Quantitative real-time PCR

Total RNA was isolated and remove residual genomic DNA was
removed using the TaKaRa MiniBEST Universal RNA Extraction Kit
(Takara Bio, Dalian, China) according to the manufacturer’s guidelines
after fracturing the cells containing Protease Inhibitor Cocktail and
Phosphatase Inhibitor Cocktail (both from Bimake, Houston, TX, USA).
According to the manufacturer’s guidelines, complementary DNA was
synthesized from 1 pg total RNA using a PrimeScriptTM RT reagent Kit
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(Takara Bio, Dalian, China) and temporarily stored at —80 °C. qRT-PCR
was conducted using SYBR Premix Ex Taq TM II (Takara Bio, Dalian,
China) with a CfX 96 Connect™ system (Bio-Rad, Munich, Germany).
Primers were purchased from BioMers (Sangon Biotech, China). Oligo-
nucleotide primer sequences, primer concentrations, and product sizes
are listed in Table 1. PCR cycling conditions were an initial denaturation
at 95 °C for 3 min, followed by 45 cycles of 95 °C for 10 s, 58 °C for 45 s
(except for aak-2 at 62 °C), and extension at 72 °C for 29 s. Gene
expression levels were analyzed by applying the —(2AACq) and
normalized to the expression levels of amanitin resistant (ama-1) and
actin (act-2).

2.10. Atomic force microscopy (AFM)

Prior to imaging, an aliquot (10 pL) For each sample analysis, 10 pL
of the reaction mixture got from ThT binding assay were deposited in
freshly cleaved mica sheets and allowed to dry for a minimum of 10 min.
After that, the mica sheets were gently washed with Milli-Q water. The
mica sheets were then dried with air flow for 5 min [41] and visualized
using atomic force microscope (Bruker, USA). Images were acquired
with Tapping mode in Air mode. Samples were probed at different
scanning sizes (from 1 ym to 3 pm), with 840 or 1024 lines/image and
scanning rates of either 0.50 Hz/line. The images are flattened using
Gwyddion software and no further image processing was carried out.

For AFM measurement in air, 10 pM Ap40, with or without coag-
gregates (1 %, 10 %) were obtained from ThT Assay. 10 pL of each
sample was then added onto the freshly cleaved muscovite mica (Elec-
tron Microscopy Sciences) and incubated for 8 min at room temperature.
The excess sample was removed with 150 pL of Milli-Q water and dried
under nitrogen gas. The images were obtained with the Bruker Dimen-
sion Icon Scanning Station (Bruker, USA) in intermittent tapping mode
in air and processed with Gwyddion [42]. The height values of the grains
were taken to provide histograms, mean and error values using Origin.

2.11. THT binding assay

To investigate the effect of combination of the two phytochemicals
inhibition activity of AB4o aggregation by thioflavin T (ThT) fluores-
cence assay in 384 well plates, p-asarone and CBD were conducted with
a modification [43]. In brief, the AB4o (10 pM) was incubated with
compounds in different concentrations for 16 h in phosphate buffer (PB,
20 mM, pH 7.4) containing 50 pM ThT. The control wells were filled
with an equal amount of vehicle DMSO. All samples were prepared on
ice, and 35 pL of each sample was transferred into a 384-well black plate
with transparent bottom (NUNC) and sealed with foil film. The plate was
incubated in a microplate reader (PHERAstar FSX, BMG LABTECH,
Germany) and the fluorescence kinetics of Ap4o was monitored at 37 °C
with agitation every 10 min, using wavelengths of 430 nm and 480 nm
for excitation and emission, respectively.

All of the original ThT data were plotted with Origin (Version 2019,
OriginLab, USA). The averaged ThT data were normalized as previous

Table 1
Phenomenological paramerters for A, aggregation (tiag, thair, h), calculated
from the sigmoidal curve fitting of the ThT fluorescence kinetic assay.

Concentration trag (h) thare (h)
Ap40 10 uM 8.11 £ 0.01 9.8 +0.01
p-asarone+ 25 ug/mL 10.19 + 0.01 11.49 £+ 0.01
AB40 5 ug/mL 9.37 £0.01 10.86 + 0.01
2.5 pg/mL 9.90 + 0.02 11.25 + 0.03
CBD+AB40 25 ug/mL 11.21 £0.01  12.76 £ 0.02
5 ug/mL 10.21 £0.01  11.56 + 0.02
2.5 pg/mL 9.59 £+ 0.01 10.94 + 0.01
p-asarone+ CBD-+AP40 25 ug/mL+ 25 pg/mL 11.02 £ 0.01  12.47 £+ 0.02
5 ug/mL+ 5 ug/mL 9.48 £ 0.01 11.03 + 0.02
2.5 ug/mL+ 2.5 pg/mL  9.99 + 0.01 11.70 + 0.01
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work [44], the half time, t;/; [45] was obtained by fitting a sigmoidal
function to each kinetic trace shown with Eq. (1), and the lag time, t;,,
was defined as Eq. (2).

(ymax _yO)
= 1
Y T exp(—k( — 112)) )
tiag :t1/272/k 2)

2.12. Statistical analyses

Statistical analyses were performed using GraphPad Prism 5™. One-
way analysis of variance (ANOVA) followed by the Turkey test was used
for statistical evaluation of the antioxidant activities. For lifespan
studies, P values were derived from log-rank calculations. All de-
terminations were represented as Mean + SEM and P < 0.05 was
considered to indicate statistical significance.

3. Results

3.1. Synergetic effects of CBD and f-asarone on gene expression and
improve the cytotoxicity in vitro

First, we wanted to test how the two compounds work on the Ap
aggregation by using ThT binding assay and the kinetic was conducted

A .

30000: 3 asarone 2.5 pgimL.
e 5 pgimL.
20000 = asarone. 25 pgimL.

- a0
= CBD 25 pgimL.
= CBD 5 pgiml.

== CBD 25 ugimL.
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%
8
8

W= APP/PST WM APPIPS1+5 pgiml
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for 16 h (Fig. 1A). The fluorescence intensity clearly decreased when
combine the two compounds at 5 pg/mL. These data were globally
analyzed by the AmyloFit online software server [46]. We could see that
either p-asarone or CBD inhibited A4 aggregation compared to Ap
alone and the highest concentration had the highest inhibitory activity
(Supplement Fig. 1A), while p-asarone might not present too much
dose-dependent ability and the inhibition activity of CBD itself will be
hugely dose-dependent. Our sigmoidal curve fitting reveals that both the
lag time and half time of AB4o aggregation were prolonged with the
addition of the two compounds (Table 1). And when we combined the
two compounds together, the low dosage (2.5 pg/mL of each) could
have a better inhibition when compared to the medium dosage (5 pg/mL
of each), which could confirm our hypothesis that the combination of
two compounds would work better in lower dosage and have the pos-
sibility to get rid of the harm caused by high dosage. While, CBD single
use could have a better inhibitory effect on AP4 fibrillization compared
to combined.

Then, we wanted to test if the combined treatment could have a
better effect in cells, we transfected plasmid to construct a cell model.
After the transfection, we measured the cell viability of the SH-SY5Y cell
model, which was widely used as an in vitro model in PD research [47]
with a single compound or combination in different concentrations. It
was easy to see that (Fig. 1B) CBD could be toxic (25 pg/mL) to cells and
B-asarone could attenuate the toxicity in the combined groups. And the
low dosage group (with 2.5 pg/mL) had the most efficient ability to

- A0
Combined 2.6+2.5 pgimL

. = Combined 5+5 gimL

- T Combined 26:25 pginl
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Fig. 1. The effect of CBD and p-asarone on Ap fibrillization. (A) Fluoresene intensity for Ap4o with two phytochemicals. Aggregation was monitored in the presence of
20 pM ThT in 20 mM phosphate buffer with 10 uyM Ap40 at pH 7.4 for different concentrations. (B) Cell viability of the combination of CBD and p-asarone in
transfected SH-SY5Y cell model. (C) Gene expressions in SH-SY5Y cell model after transfection. (D) Morphology of the transfected cells with or without the com-
bination dosages and the fluorescent signal of them. Scale bar: 150 ym. (E) Autophagy protein expression influenced by the combination of CBD and beta-asarone in
transfetced cell model. All proteins were analyzed by one-way ANOVA with 3 replicates.
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improve cell viability. As the plasmid contained GFP signal and the
transfect process or the express of the plasmid would be harmful to the
cells, confocal images were taken after with or without the two phyto-
chemical combination treatment for another 24 h.

As AP not only appeared in senile area, but also will appeared in
arteriolar blood vessel walls [48]. Then, it is useful to investigate how
genes expression changed in blood to detect disease process. In that case,
we selected a GEO dataset, which studied blood gene changes and
retrograde endocannabinoid signaling pathway to select target genes.
There were 6 genes that appeared differentially changed, which were
PRKACB, ADCY2, NDUFAS5, CNR1, GABRP, FAAH (Supplement Fig. 1B).
After that, selected genes were analyzed by qRT-PCR (Fig. 1 C). The 6
genes were all downregulated after having two phytochemicals culti-
vated, FAAH and ADCY2, which were downregulated in AD patients and
had a little upregulation effect. It was easy to see (Fig. 1 D) that cells in
the control group (0.2 % DMSO) were in an unhealthy condition, all the
cells were in clusters, while the cells stayed in good condition after the
dosage of the combination of the 2 phytochemicals, which we believed
that the combination treatment could reverse the side effect caused by
the transfection.

3.2. Synergetic effects of two phytochemicals on autophagy/apoptosis
induced by APP/PS1

Autophagy has a strong relationship with AD with so many

A

r—10 UM AB
=10 M AB +B-asarone 2.5 ug/mL
[ =10 yM AB+CBD 2.5 pg/mL.

— 10 M AB+Combination 2.5 pg/mL

—10uM AB

Intensity distribution %
Lo am e s oo N @ o 3

Intensity distribution %
Lo om o 6 o e N @ @

=10 uM AB +B-asarone 5 pg/mL
—10 uM AB+CBD 5 pg/mL
=10 pM AB+Combination 5 pg/mL
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researches have proved that [49-52]. Here we used three major auto-
phagy related proteins to test what have changed in the cell model with
or without the compounds. SQSTM1, which is associated with auto-
phagy and correlates with ubiquitinated proteins aimed at autophagy
degradation [53] and reduced deposition of AB4a, APso, and amyloid
precursor protein (APP) in the hippocampus of the AD animal model
[54]. To test the effect of the combination of the two compounds on
autophagy flux, SH-SY5Y cells were treated with medium (5 pg/mL) and
low concentration (2.5 pg/mL) 48 h after transfection. Bcl-xl, LC3B/A
and p62 were simultaneously detected by western blotting. The result
showed that the combination treatment modulated the autophagy in
SH-SY5Y cells (Fig. 1 E). CBD might be the reason that decreased
LC3-II/LC3-I but increased SQSTM1, which was opposite to the research
[55], but similar to the research [54]. In the medium group, LC3 II/I
ratio and the Bcl-xl were both downregulated approximate 49 % and 55
%, respectively, which meant the combination treatment could reduce
the deposition of toxic proteins. While P62/SQSTM1 was slightly
decreased when compared to the control group, which meant it might be
digested during autophagy.

3.3. The morphology and insight status of Af49 caused by CBD and
p-asarone

The size distribution of the mixture after ThT binding assay was
directly performed by dynamic light scattering (DLS). DLS analysis
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Fig. 2. p-asarone and CBD could inhibit Ap aggregation confirmed by size distribution and the morphology of the mixture collected from ThT binding assay. (A)
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(Fig. 2A) of AB4o showed a wide range broad size distribution range from
100 nm to 10,000 nm, the addition of p-asarone, CBD or the combina-
tion of them could influence the particle size. When the concentration
was 2.5 pg/mL, p-asarone formed three predominant peaks and the
majority peak (8 %) formed from 300 to 2000 nm. CBD group had three
predominant peaks and the biggest peak (9 %) formed 1000-3000 nm.
While combine them together, there would be four predominant peaks
and the biggest peak (10 %) formed from 300 to 1000 nm. When the
concentration was 5 pg/mlL, B-asarone formed three predominant peaks
ranging from 100 to 10,000 nm and the biggest peak (6 %) ranged from
1000-3000 nm. CBD formed two predominant peaks ranging from 100
to 3000 nm and the biggest peak (8 %) ranging from 1000 nm to
3000 nm. The combination group showed clear decrease on size and
formed more smaller particles ranging from 1 to 100 nm and the ratios
of different size distribution were all around 3 %. When the concen-
tration was 25 pg/mL, p-asarone group and CBD group showed main-
tained the similar trend as the other concentration, and the combination
group formed only two predominant peaks and the biggest one was 8 %.
DLS results might be in accordance with ThT results that the combina-
tion treatment could decrease the fibril size. Although the sizes of fibril
did not decrease clearly, while the particles tended to accumulate in
some sizes instead of a wide range.

Samples were collected to further investigate the morphology of Af4q
affected by CBD, fp-asarone and the combination of them. From ThT
binding assay results, it seems that all the groups have reached to the
same fluorescence signal, from AFM results (Fig. 2 B), it could be seen
directly that what precisely we got after adding different phytochemical
combinations. It was visually showed that, without any compound in-
side, after 16 h incubation, AB4o was visually shown to form long fibers,
whereas the addition of CBD and p-asarone has a profound effect on
fibril formation.

Since AFM can provide the height and length information about the
nanoparticles, so we first analyzed the height of the fibers (or aggre-
gates) obtained from the ThT binding assay (Fig. 2C), and the over-
lapping regions were exclusive. We can see, the single use of either
f-asarone or CBD could have visual influence on the height of the A4
aggregates, which has a predominant distribution around 5 nm. While
when they work together, they could prominently decrease the height of
the aggregates to 2 nm. The fiber length (Fig. 2 D) would more clearly
show the conversion of AP fibrils into aggregates. Ap fibers are

Annexin V-mCherry

Hoechst 33342
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100-200 nm long, but can be shorter than 100 nm with p-asarone or
CBD individually. If combine them, the length of the mixture could be
around 20 — 30 nm when the concentration came to 25 pg/mL. Obser-
vations from AFM morphological images are consistent with the results
of ThT binding assay and DLS analyses.

3.4. The combination treatment inhibits cell damage caused by APP/PS1
in vitro by decreasing the apoptosis

We also wanted to learn more about the combination of two phy-
tochemicals acting on Af-induced apoptosis that we used in vitro and in
vivo experiments. And in vitro experiment, we used only the low dosage
group (either compound was 2.5 pg/mL) and medium dosage group
(either compound was 5 pg/mL) of the combined dosages. The cells
were first transfected with the plasmid overexpressed APP/PS1.
Apoptosis is critical for normal development and tissue homeostasis, and
plays an important role in cell development, differentiation, and
balancing cell number in continued tissue regeneration and immune
system development [56] and can be detected by probe [57,58]. In such
condition, we used Annexin-V labeled by mCherry (Beyotime, Shanghai,
China) to detect apoptosis. Annexin-V could selectively combine phos-
phatidylserine, which means the normal cells won’t be stained by this
red color. And the nuclei of the live cells were stained with the Hoechst
33342, to see further the apoptosis cells distribute in the live cells. In
Fig. 3, in the control group the living cells were in clusters and less than
in the other groups. When comparing the red to blue fluorescence in-
tensity, the low concentration had the least ratio, which meant the cells
were in a better situation than the others.

3.5. Combination treatment of the two phytochemicals alleviates the A
aggregation and enhances multiple behaviors in vivo

We used a higher concentration compared to in vitro experiments in
wild type C.elegans N2 and AP over expressed strains (CL4176 and
CL2355). The concentrations of the two phytochemicals were 100, 50
and 10 pg/mL at a ratio of 1:1. Firstly, we tested the basic behavior like
pharyngeal pumping (Fig. 4 A). CBD had little influence on improving
the pharyngeal pumping with different concentrations, while p-asarone
could clearly increase the pharyngeal pumps, and when combined them
in a medium dosage, the total pumps would be higher than separately
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Fig. 3. Apoptosis in SH-SY5Y cell model. Cells were stained first by Annexin V-mCherry then were stained with Hoechst 33342. The ratio of Annexin V-mCherry and
Hoechst 33342. Quantification was conducted with 9 replicates for each group and showed with mean + SEM. *P < 0.05; **P < 0.01.
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use. The body binding assay result (Fig. 4 B) would clearly show that the
low dosage of the combination treatment would hugely increase the
body thresh hold counts, and it tended to have a negative dosage
dependent trend. After that, we tested the chemotaxis index in N2 (Fig. 4
C) and CL2355 (Fig. 4 D) stains. In N2 group, p-asarone had a clear
positive dosage dependent tendency, and CBD had a decrease when the
dosage came to 50 pg/mL, while when combined them together, the
chemotaxis index was lower than the single usage. In CL2355 group, it
had more varies, CBD had a negative chemotaxis when the concentra-
tion came to 100 pg/mL, while p-asarone group would face the smallest
chemotaxis index when the concentration came to 10 pg/mL.

If CL4176 were cultured at 25 °C could induce the expression of
AP1_42, which produces strong neurotoxicity will cause paralysis and
shortened lifespan. To determine whether the combination treatment is
able to alleviate the neurotoxicity caused by Af; 42 in CL4176, we
cultured the worms in the presence or absence of the 2 phytochemicals
at different stage. While we found when the worms were transferred into
higher temperature in L4 would have a longer period to paralyze when
compared with L3. As shown in Fig. 4(E), the paralysis situation of
CL4176 (L4) could be significantly extended in the presence of single
fB-asarone and CBD, particularly at the low and medium concentrations,
while the combination treatment won’t have a huge difference when
compared to the single dosages. When the paralyze ended, the survival
rate of the combined group (low dosage group) was over 75 %. The
survival rates of the p-asarone groups were all around 75 %, and the
survival rates of CBD groups with 10 pg/mL and 50 pg/mL were over 75
%, when the concentration reached 100 pg/mL, the survival rate would
decrease to 50 %.
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The results were consistent with those of paralysis tests initiated
when the worms were at L3 (Fig. 4 F). After 12 h, the paralysis rates in
the p-asarone and CBD groups were similar to the control group, with all
rates being less than 25 %. However, combination treatment demon-
strated superior antiparalytic activity. Interestingly, the combination of
the two phytochemicals even showed a protective effect against ABj_42
induced death at higher temperature, which was a harmful environ-
ment. At 12 h, the paralysis rate for the combined groups (low dosage
group) was the only one to reach almost 50 % when compared to 10 % of
that in the control group. The results indicated that the combination of
the two phytochemicals was more helpful when the C.elegans experi-
ment were performed at earlier stage (L3).

Next, we tested the Af aggregation status using the ThS staining
method with combined treatment. We found that the low dosage group
was able to significantly reduce Af aggregation compared with the
control group (Fig. 4 G). The results also suggest that CL2355 may not be
suitable for conducting long-term learning studies of these two phyto-
chemicals. Therefore, the researchers used Ny alone for long-term
butanone training, which showed that the combined treatment signifi-
cantly improved the learning index of Ny after seven training sessions.
However, after 16 h, the learning index of the intermediate group still
remained the best, almost 30 % higher than the control group. These
findings suggest that the combination treatment of p-asarone and CBD
may have potential for improving learning and memory in AD.
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3.6. The combination treatment decreases the apoptosis caused by Ap in
vivo

In vivo experiments assessing apoptotic status were conducted in the
control group (treated with DMSO 0.4 %) and the low dosage group
(10 pg/mL for each phytochemical). In C.elegans, aggregated Af can
cause significant neuronal damage [32] with the nerve ring located close
to the mouth being part of ganglia and easily quantifiable. To assess
mitochondrial apoptosis, JC-1 was used, which aggregates within the
matrix and turns red at high potentials and green at lower potentials.
The red-to-green ratio likely reflects mitochondrial apoptosis, and it was
found that the strength of this ratio was significantly reduced. Our re-
sults suggest that combination treatment could reverse AB-induced
apoptosis in vivo (Fig. 5), as evidenced by an increase in the red/green
ratio by almost 44 % when compared to the control group.

4. Discussion

The objective of this study was to develop a potential way to combine
the two phytochemicals. We first tested the ability of the phytochemicals
to inhibit AB4o aggregation in vitro and found that p-asarone and CBD at a
concentration of 2.5 pg/mL had a superior inhibitory effect. The inhib-
itory activity of them were not all dosage-dependent. We analyzed the
differentially expressed genes (DEGs) from a database (GSE97760) and
retrograde endocannabinoid signal pathway using various bioinfor-
matics methods, and selected six genes for gene expression analysis to
determine how the combination of the two compounds had an effect on
these genes. Our results were further confirmed through DLS size dis-
tribution analysis and AFM morphology images. The DLS results showed
that when the two compounds were combined, the aggregation of Af4o
was interrupted and more smaller size particles formed. The AFM im-
ages visually presented the particles’ internal structure, and we
randomly selected dozens of particles from different areas on the mica to
perform a statistical analysis of their height and length distributions. The
morphology analysis confirmed that both f-asarone and CBD could
inhibit A4 aggregation, mainly by inhibiting fiber length formation.
Furthermore, the combination of the two phytochemicals could reduce
fiber formation in both height and length dimensions.

To further investigate the potential of our phytochemicals, we con-
structed a cell model that can express APP/PS1. After transfection, the
cells received different concentration of the two phytochemicals. In pilot

JC-1 monomer JC-1 aggreagtes
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experiments, we found that concentrations higher than 25 pg/mlL of
either compound were toxic to the cells. Therefore, in the subsequent in
vitro experiments, we used only two different concentrations. We
observed that even the low-dosage combination (2.5 pg/mL of each) was
able to maintain cell morphology and reverse the transfection-induced
side effects. Moreover, the dosage was lower than that used in a previ-
ous study [59], which employed 7 pg/mL of p-asarone to improve cell
viability. From the cell viability experiment, we could observe that the
high concentration of CBD would be toxic to cells and f-asarone could
reverse the harm, which make this combination more friendly to in vivo
experiment in the near future.

Combination treatment has been successful in treating various dis-
ease, including cancer and human immunodeficiency virus 1 (HIV). This
approach may prove to be more effective than targeting only one
mechanism at a time [36]. Currently, research on combing CBD with
other cannabinoids for AD treatment is limited. However, there have
been positive results when THC and CBD were combined in the CREAE
model of spasticity in multiple sclerosis (MS) [60]. Additionally, studies
have shown that THC and CBD can alter the gut microbiome [61]. A
previous study [16] examined the effects of combining f-asarone with
icariin to inhibit Af. Similarly, our research aimed to overcome the
limitations of using single compounds by combining p-asarone and CBD
to achieve lower effective doses and better results. Our findings showed
that p-asarone and CBD delayed A4 aggregation, and the combination
was effective at lower doses. We confirmed that the selected doses were
able to reverse Af-induced side effects and suppress upregulated genes
in the blood of AD patients in cells treated with the p-asarone and CBD
combination. Besides, the addition of p-asarone could also be possible
attenuate the toxicity caused by CBD.

Aging-related dysfunction of autophagy and subsequent metabolic or
oxidative stress can lead to the accumulation of indigestible or incom-
pletely degraded substances, such as APP and its processing enzyme [62,
63]. Several studies have demonstrated that promoting mitochondrial
autophagy can improve the cognitive deficits associated with Ap and tau
pathologies [64]. The expression of autophagy-related proteins was
confirmed in cell models treated with CBD and p-asarone. These models
showed a decreased intensity of LC3II / I and Bcl-xl compared to the
untreated control group. Our results suggest that the CBD may have
contributed to the inhibition of P62 expression.

Ap was found to induce apoptosis [65]. The findings suggest that the
combination of CBD and f-asarone may have therapeutic potential in
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treating Alzheimer’s disease by promoting autophagy and inhibiting
apoptosis. In addition, the downregulation of genes upregulated in AD
patients’ blood suggests that the combination treatment may have a
systemic effect in improving the overall health of AD patients. The use of
blood samples as a method to demonstrate the process also provides a
non-invasive and convenient approach for monitoring the efficacy of the
treatment. Further studies, including animal studies and clinical trials,
are needed to validate these findings and assess the safety and efficacy of
the combination treatment in treating Alzheimer’s disease.

Taken together, our results demonstrate that the combination of
B-asarone and CBD reduces Af4 aggregation and increases learning
activity. This study provides a new perspective on the potential of
fB-asarone and CBD for Ap. And in the future, we may focus on the initial
mechanism of the two phytochemicals work on the AD related proteins
and how these protein structures change.

However, these results also remain some questions needed to be
answered in the near future, such as, (1) if the two components interact
with each other before link to AB? (2) will the combination of them will
have a long period influence after dosage? (3) if different ratios of the
two phytochemicals have more efficient effect?
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