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This study aimed to develop a submicron emulsion (SE) of Acer truncatum seed oil (ASO) and Rose
roxburghii Tratt juice (RRTJ) using a response surface method for optimal formula screening and process
parameters. The stability of ASO-RRTJ/SE and its effects on scopolamine-induced memory impairment
in mice were investigated. The ASO-RRTJ/SE exhibited a desirable particle size ((276.86 = 4.61) nm),
polydispersity index (PDI, 0.22 + 0.02), centrifugal stability parameter (Ke, 0.143 + 0.004), and Zeta
potential ((30.57 + 2.38) mV). Morris water maze test, measurement of acetylcholine (ACh) concentration
and acetylcholinesterase (AChE) activity in the hippocampus, superoxide dismutase (SOD) activity and
malondialdehyde (MDA) concentration in serum, hematoxylin and eosin (H&E) staining, immunofluorescence
staining were adopt to evaluate ASO-RRTJ/SE therapeutic potential in alleviating scopolamine-induced
memory impairment in mice. Behavioral tests demonstrated that ASO-RRTJ/SE significantly ameliorated
scopolamine-induced spatial learning and memory deficits in mice, suggesting potential neuroprotective effects
against scopolamine-mediated central nervous system excitation. Compared to the Model group, the high-dose
ASO-RRTIJ/SE (H-SE) group displayed a 77.84% increase in hippocampal ACh content, a 46.97% decrease
in AChE activity, a 29.48% increase in serum SOD activity, and a 40.15% decrease in MDA content. H&E
staining of hippocampal sections revealed that the H-SE group exhibited well-organized hippocampal neurons,
with a significantly reversal of nuclear pyknosis, deep staining, and cytoplasmic dissolution. The pyramidal
cell layer displayed improved organization, and the intercellular distance returned to normal. Additionally,
H-SE treatment significantly reduced the aggregation of phosphorylated Tau protein, increased choline
acetyltransferase expression, and promoted brain-derived neurotrophic factor production. In conclusion,
ASO-RRTIJ/SE ameliorates scopolamine-induced memory impairment in mice.
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1. Introduction

With the accelerated pace of modern society and the explosive
growth of information, the importance of memory is becoming
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gradually emerging, profoundly impacting personal life and work.
Consequently, research on enhancing brain function, slowing the
progression of neurological diseases, and developing functional
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Acer truncatum seed oil (ASO) is a functional oil extracted from
the seed kernel of 4. truncatum, officially listed as a new resource
food in China in March 2011. It is rich in unsaturated fatty acids,
particularly containing 5.2%—6.2% nervonic acid"”, making it one of
the few edible vegetable oils that contain this acid. Nervonic acid is
considered the core natural component of brain nerve fibers and nerve
cells™™¥
nerve tissue. Multiple studies have confirmed that ASO can reduce

symptoms of depression in depressed model mice and improve the

, which can promote the repair and regeneration of damaged

production of memory and synaptic proteins by activating certain
signaling pathways™®, thereby contributing to the improvement of
memory. The beneficial effects of ASO on human health, particularly
brain health, have garnered widespread attention from the medical
and technological communities.

A recent investigation has established an association with oxidative
stress-driven harm and the progression of neurodegenerative diseases, further
indicating that laboratory animals exhibiting superior antioxidant abilities
tend to possess superior memory capabilities”'”. Rose roxburghii (RRT),
abundant in Guizhou, China, boasts an impressive vitamin C content
ranging from 841.5 to 3 541.1 mg/100 g in its juice, far exceeding that of kiwi
and lemon, thus earning the reputation of “king of vitamin C” "', As a rich
source of natural antioxidants, R. roxburghii juice (RRTJ) offers multiple
health benefits, including antioxidant””, regulation of dyslipidemia™*,
and protective effect on alcoholic liver injury™".

In terms of improving memory, the combination of ASO and RRTJ
may hold unique potential. The nervonic acid component of ASO aids in
the repair and development of the brain’s nervous system!”'”!, while the
antioxidant properties of RRTJ may provide a healthier environment for
the brain. However, traditional applications of ASO have been limited
by its unpleasant taste, low intestinal absorption and utilization rate, and
susceptibility to oxidation and deterioration*"”.

To overcome these limitations and enhance the resource utilization
value of ASO and RRT, this study employs advanced submicro
emulsification technology to finely disperse ASO in RRT]J, preparing
it into a submicron emulsion. This formulation not only helps improve
the bioavailability of ASO but also protects it from oxidative damage
through the antioxidant components of RRT. More importantly, the
synergistic effect of nervonic acid and the beneficial components in
RRT may jointly enhance the effect of improving memory.

This study is the first to combine ASO and RRTJ into a submicron
emulsion and deeply explores its role in improving memory. This
innovative research promises new breakthroughs in food applications
and offers a new, natural treatment option for patients with memory
impairments. Through scientific methods and rigorous experimental
design, we look forward to unveiling the unique potential of this
combination in improving memory.

2. Materials and methods

2.1 Reagents and materials

ASO was bought from Guizhou Xuande Biotechnology Co., Ltd.
(Guiyang, Guizhou, China). RRTJ was bought from Guizhou Saisi
Rosa roxburghii Health Industry Co., Ltd. (Duyun, Guizhou, China).
Sodium starch octenyl succinateand (SSOS) was gained from Jialishi
Additives (Haian) Co., Ltd. (Nantong, Jiangsu, China).

Scopolamine with 98% purity was purchased from MUST
(Chengdu) Biotechnology Co. (Chengdu, Sichuan, China).
Malondialdehyde (MDA), acetylcholinesterase (AChE), superoxide
dismutase (SOD) and acetylcholine (ACh) assay kits were purchased
from Nanjing Jiancheng Bioengineering Institute (Nanjing, Jiangsu,
China). Tubulin-associated unit (Tau), choline acetyltransferase
(ChAT) and brain-derived neurotrophic factor (BDNF) antibodies
were purchased from Servicebio (Wuhan, Hubei, China).

2.2 Experimental animals

Male ICR mice, aged 6—8 weeks and weighing (18 + 22) g
(Speiford (Beijing) Biotechnology Co., Ltd., Beijing, China) were
maintained under controlled environmental conditions at 22-26 °C
with a 12 h light/dark cycle and provided with ad libitum access to
food and water. All experimental procedures were carried out in strict
adherence to the ethical standards outlined by the Institutional Animal
Care and Use Committee (IACUC), and the protocols were duly
authorized by the Animal Experiment Ethics Committee of Guizhou
Medical University, under the permit number 2101015.

2.3 Formulation of ASO and RRTP submicron emulsion
(ASO-RRTJ/SE)

2.3.1 Choosing of emulsifiers

A total of 17 emulsifiers listed in the National Standard for Food
Safety, Standard for the Use of Food Additives (GB 2760—2014) were
chosen, the emulsifier that could prepare stable oil-water mixture of
ASO and RRTP without phase separation was adopted.

2.3.2  Choosing of the weight to volume ratio of ASO and RRTJ

Without the addition of emulsifier, the ten mixture of ASO and
RRTJ in the proportions (g/mL) of 1:1, 1:2, 1:3, 1:4, 1:5, 1:6, 1:7,
1:8, 1:9, 1:10 were carried out by using a SCIENTZ-IID ultrasonic
cell cracker (Ningbo SCIENTZ Biotechnology Co., Ltd., Ningbo,
China). The optimum proportion was determined by observation of
parameters, centrifugal results and centrifugal stability coefficient (Ke).

2.3.3 Choosing of the proportion of emulsifier and
co-emulsifier

Glycerol was selected as emulsifier. The mass ratio of emulsifier
to co-emulsifier of 4:1, 4:3, 2:1, 1:1 was choose. The optimum
proportion was determined by observation of parameters, centrifugal
results and Ke.

2.3.4 Determinaton of centrifugal stability parameter

The calculation of centrifugal stability parameter was performed
according to Xie et al.". ASO-RRTJ/SE was centrifuged in a
HERMLE centrifuge (model Z36K, Wihingen, Germany), then,
the lower layer solution was removed and mixed to a constant
volume. The absorbance of the solution (4) was determined by
UV-Vis photometer (UV-1800, shimadzu, Japan) at 500 nm. The
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absorbance of the ASO-RRTIJ/SE without centrifugation treated (4,)
was determined by the same method, and the centrifugal stability
parameter (Ke) was calculated as follows formula:
- 4,-4

Ke=—7—

0

(M

2.4 Optimization of the preparation process for ASO-RRTJ/SE

ASO was mixed with a specified amount of SSOS and glycerin
to obtain an oil solution, then the RRTJ, serving as an aqueous
solution, was then added in a predetermined volume. The mixture was
pre-emulsified using an ultrasonic cell disruptor at set ultrasound
power and duration. The emulsion was subsequently formed
employing using a 3000plus microfluidizer high pressure homogenizer
(Guian New Area Ruicheng Bioengineering Co., Ltd., Guiyang,
China) at set pressure. This process yielded the submicron emulsion
of ASO and RRTIJ.

2.4.1 Single-factor optimization of ASO-RRTJ/SE process

In order to find the best process parameters for ASO-RRTJ/SE,
in our study of the submicron emulsion process, the effects of added
amount of SSOS (1%, 2%, 3%, 4%, 5%), ultrasound time (1, 2,
3, 4, 5 min), ultrasonic power (200, 250, 300, 350, 400 W), and
homogenization pressure (500, 1 000, 1 500, 2 000, 2 500 MPa), on
the Ke, particle size, and polydispersity index (PDI) were investigated.
In each single-factor trial, one contributing factor was studied while
keeping the other parameters unchanged. Each experiment was
performed 3 times.

2.4.2 Response surface method (RSM) of ASO-RRTJ/SE
process

According to the response surface Box—Behnken design principle,
the ASO-RRTIJ/SE process was optimized by taking particle size
(Y) as the response value and selecting added amount of SSOS (4),
ultrasound time (B), and homogenization pressure (C) as independent
variables, which had a greater impact on ASO-RRTJ/SE process in a
single-factor test. The design factors and levels are shown in Table 1.

Table 1

RSM design factors and levels of subcritical extraction.

Factor A: Added amount of B: Ultrasound C: Homogenization
levels SSOS (%) time (min) pressure (MPa)
-1 3 2 500
0 4 3 1000
1 5 4 1500

2.5 Characterization of ASO-RRTJ/SE
2.5.1 Determinaton of centrifugal retention rate

A total of 8 mL ASO-RRTIJ/SE was accurately added into the
graduated centrifuge tube and centrifuged for 15 min at 4 000 r/min.
After centrifugation, the oil height in the upper layer was measured
with a ruler. Each sample was determined three times and the data

recorded. The centrifugal retention rate was calculated as follows
formula:

H—h
The centrifugal retention rate (%) = A x 100 2)

Where, H was sample height (mL), 2 was oil height (mL)"".

2.5.2 Determination of particle dimensions, distribution, and
Zeta potential

The dimensional characteristics, including particle size and its
distribution, as well as the surface Zeta potential of ASO-RRTJ/SE,
were evaluated utilizing a dynamic light scattering (DLS) analyzer
(NanoBrook 90Plus PALS, USA). Test samples were diluted with
purified water at a ratio of 1:500. ASO-RRTJ/SE was stored at
different temperatures (4, 25, 40 °C) for 15 days, and the particle size
and PDI value of ASO-RRTJ/SE under these storage conditions were
measured.

2.6 Animals and the experimental protocol of improving
memory

After acclimatization for 1 week, the mice were randomly divided
into 9 groups (10 mice per group): Control, Scopolamine (Model),
Donepezil (DON, positive drug), ASO, RRTJ, ASO+RRTJ (ML),
low, middle, high dose groups of ASO-RRTJ/SE (named L-SE,
M-SE, H-SE, respectively). The dose selection of ASO-RRTJ/SE was
based on the following considerations, Specifically, the recommended
daily intake of ASO for humans is 10—20 g. After scientific dose
conversion, this intake corresponds to 1.75 g/kg in the mouse model.
Considering the general gavage volume for mice is 0.1 mL/10 g, we
carefully designed a 5:1 emulsion ratio of RRTJ to ASO for gavage
to ensure that mice could ingest a dose of ASO close to 1.75 g/kg.
Based on this, we used this dose as the high-dose group and carefully
prepared medium and low-dose groups by sequentially diluting the
emulsion with water in half. On days 1-46, the Control and Model
groups were given normal saline orally, the other groups were
administered with 0.1 mL/10 g of body weight corresponding drugs
by gavage continuously: DON (1 mg/kg DON), ASO (1 g ASO and 5 mL
water were mixed before use), RRTJ (R. roxburghii juice), ML (1 g
ASO and 5 mL RRTJ were mixed before use), H-SE (ASO-RRTIJ/SE),
M-SE (H-SE was diluted twice with water), L-SE (M-SE was diluted
twice with water). The mice were weighed every 5 days. On day 32,
Control group was administered with normal saline instead of the
scopolamine, the other groups were intraperitoneally injected with
100 mg/kg scopolamine saline solution™ until the end of the 46" day.
On the final day, the mice were given the scopolamine again 30 min
before the behavioral experiment.

2.7 Morris water maze (MWM) test

The MWM consists of a circular pool (120 cm in diameter and
40 cm in height) and image tracking software (Beijing Gene & I
Technology Co., Ltd., Beijing, China). The pool is divided into
4 quadrants on average. One of the quadrants was designated as the
target quadrant. A hidden platform (2 cm below the water surface)
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was placed in the target quadrant. The time taken by mice to reach the
platform was recorded on from the 1% to 5" days to measure escape
latency. If the mouse failed to find the platform in the quadrant within
60 s, it was guided to the platform with a stick and stayed there for
30 s, and the escape latency was recorded as 60 s. On the 6" day, the
hidden platform in the target quadrant was removed, and the space
exploration experiment was carried out. The total distance completed
in 60 s, the number of platform passes, and the residence time in the
target quadrant were recorded by the software®"".

2.8 Measurement of ACh concentration and AChE activity in
the hippocampus

The hippocampus of mice was excised from brain tissue,
accurately weighed, and stored in a =80 °C freezer. Subsequently, the
activity of AChE and the concentration of ACh in the hippocampus
were quantified using the instructions provided by the reagent kit
from Nanjing Jiancheng Biotechnology Research Institute (China).

2.9 Assessment of SOD activity and MDA concentration in
serum

Blood samples were collected from mice through eyeball removal
and subsequently centrifuged at 3 500 r/min for 10 min at 4 °C. The
resulting supernatant was isolated as serum. The activity of SOD and the
concentration of MDA were determined using the guidelines provided
with the kit obtained from Nanjing Jiancheng Bioengineering Institute.

2.10 Hematoxylin and eosin (H&E) staining

At the end of the behavioral experiment, the mice were sacrificed,
and the hippocampal tissues of the mice were removed completely and
quickly on ice, and fixed with 4% paraformaldehyde at room temperature.
Subsequently, paraffin-embedded, sectioned, stained, observed and
photographed. The hippocampi, having undergone H&E staining, were
analyzed under a light microscope (Nikon DS-U3, originating from Japan).

2.11  Immunofluorescence staining

Immunofluorescence staining analysis was conducted to
quantify the expression levels of p-tau, ChAT, and BDNF in
brain slices containing the hippocampus. The brain tissue samples
were rinsed with normal saline, fixed in a solution containing 4%
paraformaldehyde, and 4 pum thick coronal brain slices containing
the hippocampus were prepared. The slices were permeabilized with
0.5% Triton X-100 in PBS for 15 min and incubated with primary
antibodies at 4 °C overnight. On the following day, the coronal brain
slices were rinsed with PBS at room temperature and incubated with
fluorescent secondary antibody for 2 h, followed by DAPI staining for
10 min. Finally, the brain slices were observed using a fluorescence
microscope and analyzed with ImagelJ software. The positive rate
was calculated using the formula:

Positive rate (%) = T oo DS CUL g 3)

2.12  Statistical analysis

The obtained results were expressed as mean + standard deviation.
Graphical representations were generated using GraphPad Prism 9
software. The statistical significance of the experimental outcomes
was assessed using the least significant difference (LSD) test and
the Duncan test, with a significance level set at P < 0.05, and these
analyses were conducted in SPSS 19.0. Additionally, the experimental
design and further statistical evaluations were conducted utilizing the
Design-Expert software, version 13.

3. Results and discussion

3.1 Determination of ASO-RRTJ/SE formula

The difficulty of preparing ASO-RRTJ/SE is how to get the
emulsifier which is soluble in ASO as well as in RRTJ. The results
showed that the oil-water mixture of ASO and RRTJ which prepared
with SSOS as emulsifier, was centrifuged at 4 000 r/min at room
temperature for 15 min, there was absence of phase separation and
with the best emulsifying effect. So SSOS was determined to be the
emulsifier in ASO-RRTJ/SE formula. The addition of coemulsifier
made the interface between ASO and RRTJ form a stable interface
film, and reduced the interface tension sufficiently, thus the
ASO-RRTJ/SE with smaller particle size and physical stability was
prepared™. In the absence of emulsifiers, the mass ratio of ASO to
RRTJ were selected by evaluating the state of oil-water mixture and
Ke after centrifugation using a cell cracker. The results showed that
the ratio of ASO and RRTJ were 1:5 and 1:6, no phase separation was
observed, indicating a relative balance between ASO and RRTJ could
be achieved without emulsifier. Considering the Ke (0.394 and 0.689,
respectively), the ratio of 1:5 was selected for the follow-up experiment.
The results of the mass ratio of SSOS and glycerin showed that the
ratio of SSOS and glycerin was 4:3, there was absence of phase
separation and Ke value was 0.427. However, the phase separation
were observed in the other three ratios, so the mass ratio of 4:3 was
adopted.

3.2 Optimization of the preparation process of ASO-RRTJ/SE

In the single-factor experiment, the amount of emulsifier,
ultrasonic time, and homogenization pressure had great effects on the
particle size of ASO-RRTIJ/SE, therefore, the amount of emulsifier (4),
ultrasonic time (B) and homogeneous pressure (C) were selected as
the response factors, and a response surface experiment with 3 factors
and 3 levels was designed using Design Expert 8.0.6 software to optimize
the optimal preparation process of ASO-RRTJ/SE.

The experimental plan and results were shown in Table 2, and
the results of the analysis of variance were shown in Table 3. Using
Design Expert 13 software to perform regression fitting analysis on
the experimental results, the regression equation was determined
to be ¥ =281.5 +3.314 — 3.78B — 3.20C + 9.174B — 0.334C —
6.55BC + 15.904>+ 10.82B>+ 25.51C". According to Table 3, the
mismatch term P = 0.181 0 > 0.05 indicating that the mismatch was
not significant, indicating that the established model could be used
to predict the impact of preparation conditions (emulsifier dosage,
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ultrasonic time and homogenization pressure) on particle size. R* = 0.984 6,
indicated that 98.46% of the change in particle size came from the
selected factors. Therefore, the order of influence of factors 4, B and
C on particle size of ASO-RRTJ/SE was B > A > C; that is, ultrasonic
time > the amount of emulsifier > homogenization pressure, each
factor had significant effect on particle size (P < 0.05).

Table 2
RSM design scheme and experimental results.
Number A (%) B (min) C (MPa) Particle size (nm)
1 -1 -1 0 316.08
2 1 -1 0 308.23
3 -1 1 0 289.85
4 1 1 0 318.70
5 -1 0 -1 322.56
6 1 0 -1 325.95
7 -1 0 1 320.52
8 1 0 1 322.60
9 0 -1 -1 319.96
10 0 1 -1 325.80
11 0 -1 1 322.94
12 0 1 1 302.60
13 0 0 0 284.77
14 0 0 0 280.85
15 0 0 0 283.77
16 0 0 0 279.52
17 0 0 0 278.60
Table 3
RSM analysis of variance results.
Source sscli:rgi Df sl\c/s:;le F-value P-value Significance
Model 5525.59 9 612.84 49.63 <0.000 1 HAE
A 87.58 1 87.58 7.09 0.0323 *
B 114.46 1 114.46 9.27 0.018 7 *
C 81.98 1 81.98 6.64 0.036 6 *
AB 336.72 1 336.72 27.27 0.001 2 wk
AC 0.43 1 0.43 0.035 0.857 4
BC 171.35 1 171.35 13.88 0.007 4 ok
A 1064.16 1 1064.16 86.18 <0.000 1 HAE
B 492.50 1 492.5 39.89 0.000 4 Hokk
c 2739.56 1 2 739.56 221.86 <0.000 1 HHE
Residual 86.44 7 12.35
Lack of fit 57.84 3 19.28 2.70 0.1810
Pure error 28.60 4 7.15

Cor total 15 602.02 16

Note: Df, degrees of freedom. Significant effect on particle size, *P < 0.05, **P < 0.01,
*EEP <0.001.
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While keeping other factors constant, two interaction factors were
selected for response surface analysis of the particle size of ASO-RRTJ/SE.
A response surface graph was generated using Design Expert 8.0.6
software (Fig. 1). The results showed that the interaction between
A and B, B and C were significant; that is, the effect of amount of
emulsifier and ultrasonic time, ultrasonic time and homogeneous
pressure on the particle size of ASO-RRTIJ/SE were significant.

In order to verify the accuracy of the model prediction, the
response surface optimization process was used. Combined with the
convenience of practical operation, the amount of emulsifier of 4%,
the ultrasonic time of 3.5 min, and the homogeneous pressure of 1 000 MPa
were selected as the best preparation processes for ASO-RRTJ/SE.
We carried out 3 parallel validation tests according to the process
conditions. The particle size of ASO-RRTIJ/SE was (276.86 + 4.61) nm,
which was close to the predicted value. Therefore, this method could
be used for the preparation of ASO-RRTIJ/SE.

3.3 Stability study of ASO-RRTJ/SE

Submicron emulsion is a colloidal dispersion system, which is
formed by the dispersion of 1-1 000 nm droplets in another liquid,
and belongs to thermodynamic instability system™ ", Stability is
crucial for the application of submicron emulsions. The physical
and chemical properties of ASO-RRTJ/SE were analyzed based on
its appearance, centrifugal test and Ke value, centrifugal retention
rate, particle size and PDI, Zeta potential. Additionally, the storage
stability of ASO-RRTIJ/SE was also investigated.

ASO-RRTIJ/SE was a light yellow, homogeneous and stable
emulsion liquid with good fluidity as shown in Fig. 2A. Under the
microscope, spherical emulsion droplets with complete structure and
clear boundary were observed. As revealed in Figs. 2B-C, the results
of methylene blue and Sudan III staining showed that ASO-RRTJ/SE
was an oil-in-water (O/W) emulsion.

After centrifugation for 15 min at 4 000 r/min, there was absence
of phase separation and oil droplets appearance. The Ke value and the
centrifugal retention rate are the indexes to evaluate the centrifugal
stability of submicron emulsion samples. The Ke of ASO-RRTJ/SE
was 0.143 + 0.004, the centrifugal retention rate was (90.76 = 1.54)%.
The particle size and PDI are important factors affecting the quality
of submicron emulsion, and are also the key indexes to evaluate its
stability and safety™. Low PDI values indicate uniform particle size
distribution. Commonly, PDI < 0.3 is a standard value. The particle

Fig. 1 Response surface diagram of the interaction between amount of emulsifier, ultrasonic time, and homogeneous pressure. (A) Amount of emulsifier and
ultrasonic time. (B) Amount of emulsifier and homogeneous pressure. (C) Ultrasonic time and homogeneous pressure.
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Fig. 2 Appearance, methylene blue and Sudan III staining of ASO-RRTJ/SE (200%). (A) Appearance. (B) Methylene blue staining. (C) Sudan III staining.

size of ASO-RRTIJ/SE was (276.86 + 4.61) nm and the PDI was
0.22 + 0.02, less than 0.3, indicating that the ASO-RRTJ/SE had a
narrow size distribution. The Zeta potential serves as an indicator of
the degree of electrostatic repulsion or attraction exhibited between
particles. It is an important index to characterize the stability of
colloidal dispersion system. The Zeta potentials of ASO-RRTJ/SE
was negative, and the absolute values were (30.57 + 2.38) mV, which
indicated that it had good physical stability.

Table 4 indicates that ASO-RRTJ/SE remains stable in a
low-temperature environment. However, with increasing temperature,
both its particle size and PDI gradually increase. Visually, when stored
at 4 °C, ASO-RRTIJ/SE maintains a uniform, light yellow emulsified
liquid appearance until the 15" day. When stored at 20 °C, its appearance
remains stable until the 10" day, but by the 15" day, a small amount
of yellow precipitate appears. Under high-temperature conditions
of 40 °C, yellow precipitate appears in ASO-RRTI/SE on the 5" day,
and oil-water separation occurs on the 10" day. This indicates that low
temperatures are more favorable for the storage of ASO-RRTJ/SE.

3.4 Effect of ASO-RRTJ/SE on spatial memory in the MWM

The water maze test can not only evaluate animals’ spatial
memory, goal-directed behavior, and adaptability to the environment
but also has important implications for studying animals’ cognitive
functions®*”. The MWM test was utilized to explore whether
ASO-RRTIJ/SE could alleviate the spatial learning and memory
impairment caused by SCOP in mice. Table 5 shows that with the
increase in training days from day 1 to day 5, the escape latency of
mice in all groups gradually shortened during the navigation period.
On the first day of training, compared to the Control group, mice
treated with SCOP took longer to find the platform, indicating that
SCOP treatment caused significant cognitive impairment in mice™.
On day 2, compared to the Model group, the escape latency of mice in
the DON, ASO, and ML groups was significantly shortened (P < 0.05). On
day 3, compared to the Model group, the escape latency of the ASO,

RRTJ, ML, and H-SE groups was shortened by 28.73%, 34.77%,
34.14%, and 37.34%, respectively, with no significant difference from
the Control and DON groups. By day 5, the escape latency of mice
in all groups had further shortened, with the ASO, ML, and H-SE
groups performing even better, with escape latencies of 28.13, 27.30,
and 26.13 s, respectively. Compared to the Model group, their escape
latencies were shortened by 33.17%, 35.14%, and 37.92%, respectively,
with no significant difference from the Control and DON groups.

Table 6 demonstrates that in the spatial exploration experiment,
following 5 days of training, the time spent in the target quadrant
significantly increased in the ASO (by 41.13%), ML (by 67.84%),
M-SE (by 71.81%), and H-SE (by 70.57%) groups compared to the
Model group (P < 0.05), there was no significant difference between
the Control and DON groups. Nonetheless, there was not a significant
difference in the quantity of platform crossings between the groups.
Compared to the Model group, the proportion of the target quadrant
distance traveled significantly increased in the ASO, ML, M-SE, and
H-SE groups, by 69.96%, 67.90%, 71.81%, and 70.60%, respectively,
showed no discernible variations from the Control and DON groups.
The results of the MWM experiment indicate that scopolamine can
cause damage to spatial learning and memory functions”™, while
ASO-RRTIJ/SE can improve learning and memory impairments
caused by scopolamine.

3.5 Effects of ASO-RRTJ/SE on ACh and AChE activitie in
the hippocampus

ACh is a vital essential neurotransmitter, while AChE is a key
enzyme for the hydrolysis of ACh. The levels of ACh and the activity
of AChE are crucial indicators for evaluating memory function®*”.

The results of ACh levels and AChE activity in each group of mice are
shown in Fig. 3. Compared to the Control group, the mice treated with
SCOP showed a significant decrease in ACh levels and a remarkable
increase in AChE activity in the hippocampus. Specifically, the
Model group exhibited a 52.21% reduction in ACh levels and a 175%

Table 4
Changes of particle size and PDL of ASO-RRIJ/SE under different storage temperatures and time.
St time (day) 4°C 20 °C 40 °C
orage time (cay Particle size (nm) Average PDI Particle size (nm) Average PDI Particle size (nm) Average PDI

0 277.56 +0.29 0.21 +0.07 276.77 £ 1.51 0.24 +0.06 278.31+3.09 0.22+0.05
5 278.50 +2.54 0.19 +0.04 281.44 +1.47 0.22+0.01 293.55+2.32 0.28 +0.04
10 281.30 +3.47 0.21+£0.04 283.30+1.98 0.23+0.03 301.56 +3.68 0.34+0.06
15 280.70 +2.45 0.22+£0.02 283.40 +3.70 0.22+£0.03 33570 £ 1.98 045+0.14




Table 5

Effects of different groups on escape latency of MWM test in mice.
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Group

Latency to find platform (s)

Day 3

Day 4

Day 5

Day 1 Day 2
Control 56.22+10.33™ 48.06 + 16.89"*
Model 60.00 + 0.00™ 58.86 + 5.68"
DON 59.38 +2.50" 43.62 +17.39"
ASO 60.00 + 0.00™ 47.26 + 19.32""
RRTJ 59.34+2.57" 51.02 + 17.45™*
ML 60.00 + 0.00™ 43.46 + 18.72"
L-SE 60.00 + 0.00™ 52.87 + 13.55™""
M-SE 60.00 + 0.00** 52.80 + 1574
H-SE 60.00 = 0.00** 53.32 +10.90™*

34.04 +22.80"®
53.99 + 11.55"
33.09 £ 20.94"
38.48 +20.57"¢
35.22 +20.49"®
35.56 +20.70™
42.61 +20.27"5¢
43.46 + 20.05""¢
33.82 +20.23%

31.67 +21.80™"
45.57 + 19.84°®
25.45+21.18%*
34.57 +23.16™%
34.95 +20.35""
35.49 +22.00™¢
38.10 +25.16™
40.42 +20.21"°
33.29 +22.37""

24.19 +21.34"
42.09 +21.79°®
24.89 + 17.03"%¢
28.13 + 19.76"
31.11+21.70™
27.30 + 19.08™
31.34 +22.93"¢
31.35+19.07*"
26.13 + 19.80"

Note: Data are mean + SD values. Different capital letters (A, B, C, D) on the same row represent significantly different from each other (P < 0.05); Different lowercase letters

(a, b, ¢, d) on the same line represent significantly different from each other (P < 0.05).

Table 6
Effects of different groups on space exploration test in mice.

Group Resident time in target quadrant (s) Times of crossing the platform Target distance percentage (%)
Control 17.08 + 7.47™ 327+2.15 28.46 + 12.44™
Model 11.35+7.96" 1.36+1.36 18.91+13.27°
DON 18.99 + 7.09° 3.18+£2.04 31.65+ 11.81°
ASO 19.28 + 6.32° 2.91+1.64 32.14 +10.55°
RRTJ 17.26 +3.24™ 2.45+1.86 28.78 + 5.39™
ML 19.05 + 6.70° 236+ 1.86 31.75+ 11.16"
L-SE 14.87 +5.53" 236+1.75 24.80 +9.20™
M-SE 19.50 + 5.99° 2.73+2.00 3249 +9.99°
H-SE 19.36 + 7.25° 236+ 1.80 32.26+ 12.07°

Note: Data are mean + SD values. Different letters on the same line represent significantly different from each other (P < 0.05).

elevation in AChE activity, indicating cholinergic nervous system
dysfunction in the Model group. Compared to the Model group, all
treated groups showed a significant increase in hippocampal ACh
levels. Among them, the L-SE, M-SE, and H-SE groups experienced
increases of 34.39%, 53.26%, and 77.84% in ACh levels, respectively,
demonstrating a dose-response relationship. The activity of the M-SE
and H-SE groups was stronger than that of the ML (31.60%) group,
and the H-SE group was comparable to the DON group.

Compared to the Model group, all treated groups showed a notable
decrease in AChE activity. The reduction was relatively small in the
ASO, RRTJ, and ML groups (P < 0.05). The L-SE, M-SE, and H-SE
groups experienced reductions of 22.73%, 35.61%, and 46.97% in
ACHhE activity, respectively, exhibiting a dose-response relationship.
The activity of the L-SE group was similar to that of the ML (22.73%)
group, while the activity of the M-SE and H-SE groups was stronger
than that of the ML group. The H-SE group was comparable to the
DON group (54.55%). The results suggest that supplementation with
ASO-RRTJ/SE can prevent the imbalance of the cholinergic system
induced by scopolamine in mice.

3.6 Effects of SE on the activity of SOD and the level of MDA

in serum

SOD participates in redox reactions and is essential for removing
free radicals from the system during antioxidant processes™ "\
Because of its role as an antioxidant and in removing reactive oxygen
species (ROS), SOD activity has gained increasing attention. These
actions are thought to offer protection against a variety of diseases and
aging processes linked to oxidative stress, including inflammation and

. 35-36
neurodegeneration” ",

In organisms, free radicals induce peroxidation reactions in
lipids, resulting in the production is MDA, which serves as a final
oxidation product. MDA can cause cross-linking polymerization of
large biological molecules such as proteins and nucleic acids, inhibit
protein synthesis, and is cytotoxic'’”. Therefore, MDA content is an
important parameter that reflects the potential antioxidant capacity,
indicating the rate and intensity of lipid peroxidation and indirectly
reflecting the degree of cell damage™®.

As shown in Fig. 4A, compared to the Control group, the SOD
activity in the serum of mice in the Model group was significantly
reduced by 30.68%, with a value of 67.24 U/mg pro. Compared to the
Model group, all treated groups showed a significant increase in SOD
activity, with the ML, M-SE, and H-SE groups showing the most
prominent increases of 22.87%, 21.33%, and 29.48%, respectively,
which were comparable to the DON group.

As illustrated in Fig. 4B, compared to the Control group, the
MDA content in the serum of mice in the Model group increased
significantly (81.53%). Compared to the Model group, the serum
MDA levels in all treated groups were significantly reduced. The
ML, M-SE, and H-SE groups had values of 6.66, 6.67, and 5.41 nmol/mL,
respectively, representing reductions of 26.33%, 26.33%, and 40.15%.
The activity of these groups was superior to that of the ASO
(17.48%) and RRTJ (17.48%) groups. The L-SE, M-SE, and H-SE
groups exhibited a dose-response relationship, with the H-SE group
performing better than the ML group and showing no significant
difference from the DON and Control groups. The findings show that
consuming ASO-RRTIJ/SE can significantly raise SOD activity and
lower the amount of MDA in mice’s serum.
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3.7 Effects of ASO-RRTJ/SE on hippocampal morphology

The development and consolidation of learning and memory are
significantly aided by the hippocampus in the brain™*". Comprising
the cornu ammonis 1 (CA1l) cornu ammonis 3 (CA3), and dentate
gyrus (DG) areas, the hippocampus plays a crucial role in the
cholinergic system. The neuroprotective effects of ASO-RRTJ/SE
on hippocampal neurons were observed through histopathological
changes detected by H&E staining. Representative histopathological
photomicrographs of H&E staining in the hippocampal CA1, CA3,
and DG regions are shown in Fig. 5.

In the Control group, hippocampal neurons exhibited neatly
arranged morphology, appearing normal and structurally intact.
A relatively clear boundary was observed between the molecular
layer and the outer granular layer, and the pyramidal cell layer was
relatively normally arranged. However, in the Model group, some
neuronal nuclei in the hippocampus showed pyknotic and deeply
stained nuclei, cytoplasmic dissolution, and significantly widened
intercellular distances in the areas indicated by arrows, where a large
number of pyramidal cells appeared significantly smaller in size with
pyknotic nuclei. The RRTJ group showed a small amount of pyknotic
and deeply stained nuclei in the hippocampal region, while the ASO
group only exhibited this condition in the CA1 and DG regions.
In contrast, the SE group showed neatly arranged hippocampal
neurons, reduced nuclear pyknosis, deeply stained nuclei, and
cytoplasmic dissolution. The pyramidal cell layer was neatly

arranged, and the intercellular distances returned to normal. The effect
was even more prominent in the H-SE group. These results suggest
that supplementation with ASO-RRTIJ/SE can effectively alleviate
scopolamine-induced damage to hippocampal nerve cells, maintain
cell viability and integrity, and thereby improve memory ability in mice.

3.8. Effects of ASO-RRTJ/SE on protein expression in brain
tissue of mice

To further validate the neuroprotective effects of ASO-RRTJ/SE
on scopolamine- induced memory impairment, immunofluorescence
staining was used to investigate the status of p-tau, ChAT, and BDNF
in the hippocampus of mice.

Coronal sections of the hippocampus were stained with
FITC-labeled p-tau antibodies. Given that tau predominantly exists
in neurons, immunofluorescence analysis employed to ascertain the
distribution of p-tau in hippocampal neurons, with DAPI used for
counterstaining the hippocampus. As shown in Figs. 6 and 7A, there
are only a very small number of aggregates in the control group
of mice, while an increase in p-tau protein aggregation occurs in
scopolamine-induced mice, with the model group being the most
severe, increased by 183.60% compared to the Control group. This
suggests that in addition to inducing memory impairment by causing
an imbalance in the cholinergic system of mice, the aggregation
of p-tau protein may also be one of the reasons for memory
impairment™*?. Compared to the Model group, mice in the ML,



X.T. Ran et al. / Food Science and Human Wellness 15 (2026) 9250404 9

Hippocampus

Control

Model

DON

ASO

RRTJ

ML
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Fig. 5 Pathological sections of the hippocampal CA1, CA3 and DG region stained with H&E of different groups, scale bar: 200 or 50 um. In the hippocampal
diagram, different colored boxes represent different regions of the hippocampus, with blue representing the CA1 region, red representing the CA3 region, and white
representing the DG region.

M-SE, and H-SE groups all exhibited significant reductions in p-tau
protein aggregation (P < 0.05). Among them, M-SE and H-SE showed
a certain dose-effect relationship, with H-SE demonstrating the most
pronounced effect, showing no significant difference from the DON
group and the Control group.

A key player in memory, learning, and the growth and
differentiation of dendrites and neurons, the cholinergic system
is regarded as one of the most significant systems in the brain’s
neurotransmitter system™*". A decrease in the neurotransmitter ACh
leads to a lack of learning and memory, and ChAT is the biosynthetic
enzyme for ACh™*". Therefore, the expression level of ChAT enzyme
in the mouse hippocampus can be analyzed to investigate whether
ASO-RRTIJ/SE can improve memory impairment by enhancing
cholinergic signaling in the hippocampus.

As observed in Figs. 6 and 7B, the expression of ChAT in the
Model group significantly decreased compared with the Control
group, reaching only 58.71% of the Control group. Conversely,

compared with the Model group, the expression of ChAT was
significantly increased in the ML, M-SE, and H-SE groups (P < 0.05),
with the M-SE and H-SE groups displaying a discernible dose-effect
relationship. The H-SE group was superior to the ML group and
showed no significant difference from the DON group. The expression
of ChAT in each group further illustrates that scopolamine induces
memory impairment by causing an imbalance in the cholinergic
system of mice, which is consistent with data on ACh content and
ACHhE activity in the mouse hippocampus. The results indicate that
ASO-RRTIJ/SE can improve memory impairment by enhancing
cholinergic signaling in the hippocampus.

BDNEF is one of the neurotrophins that have a significant impact
on neural survival and differentiation®”**!. It can affect the growth
and development of brain nerves through its neurotrophic effects,
promote neurogenesis in the hippocampus, and influence learning
and memory functions™®>%. As shown in Figs. 6 and 7C, there was
barely any BDNF in the Model group and a little quantity in the
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Control group. The groups that swallowed ASO, ML, ASO, M-SE, and
H-SE had significantly greater BDNF-positive cell rates than the Model
group, with the H-SE group having significantly higher rates than the
Control group. This may be related to the presence of nervonic acid in
ASO. As one of the functional fatty acids, nervonic acid has the ability
to stimulate neurons to produce a substance known as BDNF. This
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substance plays a crucial role in promoting the regeneration and
repair of damaged nerve fibers®>. In addition, vitamin E, which
is rich in ASO, can reduce oxidative stress and increase BDNF
expression in hippocampus of rats®***. Therefore, we speculate
that the intake of ASO-RRTIJ/SE is beneficial for the production
of BDNF in the hippocampus.
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4. Conclusion

In this study, we successfully prepared a submicron emulsion
of ASO and RRTJ through formula screening, cell disruption, and
micro-jet homogenization. Optimal preparation conditions were
attained via response surface optimization. Analysis of particle
size, PDI, Zeta potential, Ke value, and centrifugal retention rate
affirmed the stability of ASO-RRTJ/SE as an oral formulation.
We employed a mouse model of memory dysfunction to perform
a thorough examination into the impact of ASO-RRTIJ/SE on
scopolamine-induced memory impairment. Evaluation of behavioral
indicators, ACh content, AChE activity, SOD activity, and MDA
levels revealed significantly enhanced memory abilities in mice
treated with ASO-RRTIJ/SE compared to memory-impaired
mice. Yet, in the examination of behavior, it is not conclusive
that the submicron emulsion formulation of ASO and RRTJ
improves memory more effectively than the ASO and RRTJ
mixture. Furthermore, the SE group exhibited neatly arranged
hippocampal neurons, reversing nuclear pyknosis, deep staining, and
cytoplasmic dissolution. The pyramidal cell layer appeared more
organized, and intercellular distances returned to normal, effectively
reducing hippocampal neuronal damage caused by scopolamine
and maintaining cellular viability and integrity. ASO-RRTJ/SE
significantly reduced the aggregation of phosphorylated tau
protein in the mouse hippocampus, increased ChAT expression,
and promoted BDNF production. In conclusion, ASO-RRTJ/SE
demonstrates enhanced efficacy in improving memory. This study
presents a promising avenue for the development and utilization of
A. truncatum and RRT resources, as well as for the research and
development of functional and diversified products derived from
ASO.
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