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A B S T R A C T

With an aim to explore the effects of β-alanine (β-A) on spatial memory and fatigue resistance, Kunming mice were treated with
different concentrations of β-A (418, 836, and 2090 mg·kg−1·day−1). After gavage feeding with β-A for 10 weeks, results of the
maze and MWM tests showed that β-A can enhance spatial learning and memory in mice. After evaluating the fatigue resistance,
biochemical parameters (LG, GG, BUN, SOD, andMDA) showed significant differences in the low concentration treatment group
compared to control group. Our data demonstrated that the appropriate dose of β-A can alleviate the oxidative stress and muscle
fatigue inmice. Subsequently, expression ofmRNAof key genes involved in cAMP-PKApathway (PDE4A,MAPK1, adcy1, cAMP
and CREB) was up regulated. Also, expression levels of apoptotic pathway genes were significantly affected as confirmed by qPCR
and Western blotting. Our results demonstrated that β-A can enhance spatial learning and memory in mice via regulation of
cAMP-PKA and apoptotic pathway.

© 2021 The Authors. Publishing services by Visagaa Publishing House
This is an open access article distributed under theCCBY-NC4.0 license (https://creativecommons.org/licenses/by/4.0/).

1. INTRODUCTION

Beta-alanine (β -A) as a non-essential amino acid (AA) in
synergism with L-histidine synthesizes carnosine in vivo [1] and
the latter is a dipeptide which is abundant in skeletal muscle. β-
A is considered to be the rate-limiting precursor for carnosine
production in vivo [2]. The exogenous supplementation with β-
A is considered to be an effective method for improvement of
carnosine content in muscle [2]. β-A in the human body is mainly
derived from food, and it is obtained mainly from fish and meat [3].
Supplementation with β-A has been shown to influence cycle
capacity [4], ventilatory threshold, and fatigue time in humans [5].
However, with the supplementation higher than 800mg, it can cause
abnormalities in the host body [6]. Therefore, it is essential to select
the appropriate dose for β-A supplementation to impart desired
benefits.

Fatigue can be divided into muscle fatigue and nerve fatigue, which
are caused by different conditions [7]. Recovering from fatigue state
to normal state is a long process [8], which has a negative impact
on the normal process of human body [9]. Muscle fatigue is closely
related to the exercise intensity of body and it is often measured
by metabolites produced during exercise [10]. During vigorous
exercise, the occurrence of muscle fatigue is related to many factors.

The accumulation of acid in themuscle is considered to be one of the
causes of fatigue. Carnosine has been shown to play an important
role in regulatingmuscle pH [11]. Studies have shown that carnosine
has a significant inhibitory effect on lipid oxidation caused by free
radicals and metal ions [12], which promotes the release of calcium
ions in skeletalmuscle [13]. Brain is themost developed nerve organ
in the human body. Normally, nerve fatigue is caused by excessive
use of the brain. Insufficient sleep, long-term stress or anxiety can
also lead to nerve fatigue, resulting into reduced efficiency [7].

In addition, studies have shown that several AA (β-A, tryptophan,
tyrosine, and arginine) were involved in spatial memory (cognition
and memory) [14, 15]. One study found that β-A may be involved
in the early and late stages of spatial memory recovery in rats [15],
while another study stated its non-significant effects for cognitive or
muscle function in agedmice [16].Therefore, involvement ofβ-A in
the spatial memory and muscle function still remains unclear. The
aimof the present studywas to investigate the ability ofmice to resist
fatigue and improve the spatial memory after supplementation with
different concentrations of β-A (low, medium, and high). Further,
we evaluated the possible correlation between these two functions
in mice. Subsequently, we also evaluated the expression of key
genes and proteins related to apoptosis and cAMP-PKA signaling
pathways.

*Corresponding author. Emails: zjwei@hfut.edu.cn
Peer review under responsibility of the International Association of Dietetic Nutrition and Safety

https://efood.visagaapublishing.com/
https://doi.org/10.53365/efood.k/144395
https://efood.visagaapublishing.com/
https://efood.visagaapublishing.com/
https://creativecommons.org/licenses/by/4.0/
mailto:zjwei@hfut.edu.cn


186 Ma et al / eFood 2 (4) 185–192

2. MATERIALS AND METHODS

2.1. Animals

Male Kunming mice (4 weeks old, N = 48) were purchased from
Changzhou Cavens Experimental Animal Co., Ltd [production
license number: SCXK(Su,2016-0010)]. The mice were housed in a
constant temperature (24 ◦C) under ventilated environment. Mice
were housed under a reverse 12 h light–dark cycle, (light cycle
started at 7:00am, and dark cycle started at 7:00 pm). Mice were
acclimatized for five days before gavage feeding with different doses
of β-A. All the animal procedures were performed in accordance
with the National Institutes of Health Laboratory Animal Care
and Use Guidelines. Our experiment plan was approved by the
Institutional Animal Care and Use Committee of Hefei University
of Technology, China.

2.2. Diets

β-A was purchased from Shanghai Macklin Biochemical Co.,
Ltd (CAS:107-95-9; Shanghai, China). All the mice were given a
standard chow diet and water ad libitum. Initially, 48 mice were
divided into 4 groups comprised of 12 animals in each group. The
control group was given a normal saline instead of β-A. The dose
of β-A in the low concentration group was 418 mg·kg−1·day−1,
the medium concentration group was 836 mg·kg−1·day−1, and
the high concentration group was 2090 mg·kg−1·day−1 [16, 17].
Regular gavage feeding was performed at AM9 at a dose of 200 ml
daily which lasted for 10 weeks.

2.3. Experimental design

The experimental design was shown in Figure 1A. The mice were
gavage fed with β-A for 10 weeks. The y-maze experiment was
performed on the 1stday and the 2nd day after 10 weeks of gavage
feeding. The Morris water maze (MWM) test was performed from
the 3rd day to the 7th day. On the 8th day, the mice were trained
to swim for five minutes, followed by immediate euthanization with
CO2 asphyxiation. On the 8th day of feeding, for the behavioral test,
mice were euthanized, and blood samples, liver, gastrocnemius, and
hippocampus were collected immediately and stored at −80 ◦C for
cryopreservation.

2.4. Y-maze test

For this test, previously described procedure was followed [18].
Briefly, y-maze was procured from ShangHai XinRuan Information
Technology Co., Ltd. consisted of three identical arms made up of
organic plates, with black adhesive tape on the inner and outer walls,
each with an angle of 120 degree. Each arm had a size of 30 cm ×
8 cm × 15 cm (length × width × height). There was a movable
partition at the center, and different geometric figures were attached
to each arm of the labyrinth as visual markers [18]. The camera
was installed above the maze to record the whole process. The three
arms of the Y maze were randomly set to start arm, novel arm,
and family arm. Novel arm was blocked by a partition during the

Figure 1 |Experimental design forEuth (A): swimming, euthanasia, and
tissue collection. MWM experimental detail(B). Black dots indicate the
mice entry point. The dotted lines indicate thedividing of pool into four
parts.

first phase of the experiment, during the training period, and it was
opened during the second phase of the test. The mouse entered at
the start arm where the maze was located. From the end of the arm,
the mouse head was placed towards the arm. The start arm and the
family arm were always kept open throughout the experiment.

The experiment consisted of two steps for each mouse, with the first
stepwhich lasted for 10minutes followed by two hours, the next step
lasted for five minutes. The first step was to close the novel arm and
let each mouse explore for free for 10 minutes inside the other two
arms. After two hours, while proceeding to the second step, all the
arms were opened and each mouse was allowed to explore for five
minutes inside three arms. At the end of each experiment, alcohol
was used to remove the odor from the maze to prevent interference.
The final parameters to be studied were the number of times the
mouse entered in each arm, and the time and distance of exploration
in each arm [19].

2.5. Morris water maze test

The MWM was procured from ShangHai XinRuan Information
Technology Co., Ltd. The MWM consisted of a circular pool with a
diameter of 1.2 m and a height of 0.45 m. Briefly, mice were allowed
to swim in order to find the platformhidden under thewater surface
(1 cm below water). A camera tracking system was installed above
the pool to record thewhole process.The caramel colorwas added to
thewater for turning thewater into black liquid, which is convenient
for the system to follow. The temperature of water was controlled
at 20 ± 2 ◦C, and the maze was divided into four quadrants. Each
quadrant was marked with a different marker in the wall of the pool
for observation as described previously [20]. The MWM test was
started at 10 am and completed at 4 pm on the daily basis.Thewhole
experiment was carried out without light exposure to prevent the
visual interference of light on mice [21].

The MWM test can be divided into two parts: Concealed platform
test: At the first four days of the MWM experiment, each mouse
was placed in the four different quadrants (I, II, III, IV) facing the
pool wall (Figure 1B). Mice were trained four times a day and each
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quadrant were used only once a day. The platform was placed in the
I quadrant and each mouse was allowed to swim for 60 seconds to
find a hidden platform. If the platform was successfully found, the
mouse can rest on the platform for 10 seconds. On the contrary,
if the platform was not found, mouse was manually placed on the
platform and allowed to rest for10 seconds. Occasionally, mice may
jump into the water from the platform to continue swimming. In
that case, the mouse was put back on the platform and allowed to
rest for 10 seconds. The above step ensured that each mouse had
equal time to observe and acquire spatial information after each
experiment [22].

Space exploration test: After the end of the hidden platform test,
the platform was removed on the 5thday. The mice were placed in
water at the opposite side of the original platform position [23].
The swimming paths of mice within 60 seconds were recorded. The
time of the mice stay in the original platform (I) quadrant was also
recorded as shown in Figure 1B.

At the end of theMWMtest, the final parameters to be given include
the average speed, the total distance of swimming, and the time
required to reach the platformof eachmouse every day. If themouse
did not find the hidden platform within the prescribed time (60
seconds), it was moved to platform. The time of mice staying in the
original platform (I) quadrant on the last day of the test was also
recorded.

2.6. Quantitative real-time polymerase chain
reaction (qPCR

For this, the hippocampus, a complex brain part ofmicewas grinded
into powdered form in liquid nitrogen followed bymixing with 1ml
RNA isolater for lysis.Then, total RNAwas extracted usingHiScript
Q RT SuperMix kit (Nanjing Vazyme Biotech Co., Ltd.). The purity
of RNA was determined by A260/A280. Reverse transcription was
performedusing aPrimeScript RTkit (NanjingVazymeBiotechCo.,
Ltd. Nanjing, China) according to the manufacturer’s instructions.
qPCR was performed using SYBR Green Pro Taq HS DimerEraser
(Accurate Biotechnology Co., Ltd; Beijing, China) with a Fast-Real-
TimePCRSystem [24].TheqPCRconditionswere as follow: heating
to 95 ◦C for 30 s, followed by 40 cycles at 95 ◦C for 5 s, 60 ◦C for 30
s [25]. Each samplewas testedwith at least in independent triplicates
to check the data reproducibility.

2.7. Western blot analysis

Hippocampal tissues were collected with RIPA lysis buffer
(containing 1% PMSF protease inhibitors) to isolate proteins.
Protein concentrations were determined using a Bradford Protein
Assay Kit (Bio-Rad, Hercules, CA, USA) [26]. Associated proteins
were detected using primary antibodies specific for beta-actin,
Bcl-2, Bax, Caspase-9, and Caspase-3. The diluted corresponding
secondary antibody was added and incubated at room temperature
for 1 h. Finally, membrane was washed with TBST for three times,
and the protein expression was detected by ECL luminescence
method [27].

2.8. Determination of biochemical
parameters

In anti-fatigue activity experiments. after final administration on
8th day, the mice were allowed to swim for five minutes inside the
pool followed by immediate euthanization using CO2 asphyxiation.
Blood samples were collected by cardiac blood sampling, and
centrifuged at 5000 rpm for 10 minutes at low temperature
conditions. After centrifugation, the supernatant was taken for
the determination of blood urea nitrogen (BUN) and lactic acid
(LA) and placed in − 80 ◦C. Consequently, liver, gastrocnemius,
and brain hippocampus tissues were placed in − 80 ◦C for the
determination of liver glycogen (LG), gastrocnemius glycogen
(GG), LA and biochemical parameters related to antioxidant
activity.

2.9. Statistical analysis

All data were expressed as mean± SD. The data were analyzed by
One-way ANOVA through SPSS Statistics 20.0 (SPSS, Inc., Chicago,
IL, USA) followed by DunCan’s multiple comparison test with p <
0.05 of significance.

3. RESULTS AND DISCUSSION

3.1. Y-maze test

Since any changes in physical activity may affect the results of y-
maze test, therefore, the exploratory behavior of all experimental
mice was evaluated. As shown in Figure 2, the significant
differences were observed for the distance travelled, mean speed,
and number of line crossings in the low and medium concentration
groups compared with the control group.The total distance traveled
(Figure 2A) was longer, the mean speed (Figure 2B) was faster,
and the number of line crossings (Figure 2C) was more (p < 0.01)
compared to control group.

Figure 2 | Movementparameters of different groups of mice. Data for
the total distance travelled (A),the mean speed (B), and the number of
line crossings (C) are shown. The dose ofβ-A in the low concentration
groupwas 418 mg·kg−1·day−1, the medium concentration groupwas
836 mg·kg−1·day−1, and the high concentration groupwas 2090
mg·kg−1·day−1. The difference between thecontrol and dose groups
were analyzed by one-way ANOVA followed by DunCan’s multiple
comparison test with p < 0.01 of significancerepresented by **.

The y-maze test was analyzed from two different perspectives: (1)
The percentage of total test time spent by mice in each of the four
areas of themaze was calculated (Figure 3A). (2)The discrimination
index of y-maze data was analyzed, and the preferences of mice
for familiar and novel arm were compared (Figure 3B). The
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observations for spatial memory tests are shown in Figure 3. The
control group showed a characteristic feature with a preference to
move in the start arm which accounted for 58% of the total time.
The control group mice only moved in the start arm, while there
was no such phenomenon in the other three groups. This suggests
thatβ-Amay improve the exploratory behavior ofmice. In the novel
arm, there was a significant difference between the dose groups and
the control group (Figure 3A; p < 0.05). Low concentration of β-
A accounted for 35.85% and medium concentration accounted for
31.63% of the total time, while the control group only accounted
for 17.25% of the total time. The low and medium concentration
groups spent more time exploring in the novel arm than any other
arms. Compared with the familiar arm, mice preferred to explore in
the novel arm (Figure 3B). The data indicated that administration
of a suitable dose of β-A to mice may have a positive effect on its
short-term spatial memory.

Figure 3 | Y-mazetest. (A) The ordinate was expressed as the percentage
of time spent by mice oneach arm of the total time (300 seconds).
The data were significantly differentin the novel arm with p < 0.05 of
significance represented by *. (B)Discrimination index is comparison
between the time of mice exploring in familiararm and novel arm.
If the value approached 1.0, it means that mice preferred toexplore
in the novel arm. When the value approached -1.0, mice preferred
toexplore in the familiar arm. The dose of β-Ain the low concentration
group was 418 mg·kg−1·day−1, themedium concentration group was
836 mg·kg−1·day−1, andthe high concentration group was 2090
mg·kg−1·day−1.

3.2. Morris water maze test

From the 1stday to the 4thday of the MWM experiment, the time
taken by all the mice to reach the platform was shortened (Figure
4A, 4B; p < 0.01) indicating thatmice had amemory of the platform.
Although the speed was observed to be faster with the increase
in number of days, but it was non-significant. From the results
(Figure 4C), it can be seen thatwhen themicewere allowed to swim,
the instantaneous speed of mice slowed down with the increase in
swimming time.

While analyzing individually, there was no significant difference
observed in the time taken by different groups of mice to reach
the platform (Figure 5A). The change in the time taken by the low
concentration group was maximum, from the slowest on the 1stday
to the fastest on the 4thday. In the space exploration test (Figure
5B), it is reported that the longer the mice stayed in the platform
(I) quadrant, it resulted into better spatial memory. As shown in
Figure 5B, the control and low concentration groups were observed
for taking slightly more time as compared to other two groups.

Figure 4 | Concealed platform test. Time to reach the platform (A),
total swimming distance to reach the platform (B), and average speed
(C). Data were analyzed with one-way ANOVA followed by DunCan’s
multiple comparison test with p < 0.001 represented by ***.

However, there was no significant difference observed between the
four groups (p > 0.05). To conclude, the results of MWM and y-
maze experimentswere consistentwith previous study [15] Previous
reports suggest that β-A and citrulline may be involved in early and
late phases of spatial memory retrieval in the rat. To summarize, β-
A may improve spatial memory ability of mice, but the conclusions
are still open [28].

Figure 5 | MWM test. (A) Time taken by different groups of
mice to reach the platform. (B)Space exploration test. The time
of mice stay in the original platform (I)quadrant. The dose of β-
A in the low concentration group was 418 mg·kg−1·day−1, the
medium concentration group was 836 mg·kg−1·day−1, and the high
concentration group was 2090 mg·kg−1·day−1.

3.3. Evaluation of the toxicity of
supplementation of β-A to mice

The hematological parameters in mice administered with β-A for
10 weeks were investigated (Table 1). Hematological parameters
results showed that there were no significant differences (p > 0.05)
between the mice fed with β-A and control group. The indicators
of hematological parameters of mice fed with β-A are all within the
normal range (Table 1). The above results demonstrated that long
term supplementation of β-A displayed no toxicity to mice.

3.4. Determination of fatigue biochemical
parameters

The degree of fatigue can normally be judged by their individual
feelings and several biochemical indicators. Low-molecular lactose
and other low molecular compounds can produce glycogen in liver
or muscle, which is a major process of energy storage. Energy can
be produced by the decomposition of glycogen [29]. Glycogen can
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Table 1 |Hematological parameters in mice administered with β-A for 10 weeks.
Parameter Control Low Middle High Unit Reference range
WBC 4.2±0.54 3.3±0.52 3.8±0.57 3.1±0.43 109/L 0.8-6.8
Lymph 3.4±0.40 3.1±0.43 4.2±0.67 3.8±0.48 109/L 0.7-5.7
Mon 0.23±0.034 0.25±0.032 0.19±0.026 0.20±0.024 109/L 0.0-0.3
Gran 0.6±0.09 0.9±0.10 0.7±0.09 1.1±0.16 109/L 0.1-1.8
Lymph 82±11.48 73.2±10.98 70.8±8.49 74.1±12.59 % 55.8-90.6
Mon 3.7±0.48 2.3±0.39 5.1±0.76 3.9±0.50 % 1.8-6.0
Gran 14.3±1.71 14.5±1.88 14.1±2.39 22±2.86 % 8.6-38.9
RBC 7.96±1.19 8.75±1.13 7.61±0.98 4.24±0.50 1012/L 6.36-9.42
HGB 127±21.5 119±14.2 122±15.8 103±15.4 g/l 110-143
HCT 37.5±4.87 39.2±5.80 34.9±4.18 29.2±4.67 % 34.6-44.6
MCV 46.8±6.08 48.4±8.22 43.2±6.48 44.9±6.28 fl 40.2-50.3
MCH 16.6±1.99 16.6±2.15 16.4±2.62 16.8±2.18 pg 15.8-19
MCHC 312±46.8 309±40.1 311±43.5 285±34.2 g/l 302-353
RDW 16.0±2.56 15.1±1.81 14.9±1.93 16.7±2.50 % 13-17
PLT 873±122 847±131 679±81 717±131 109/L 450-1590
MPV 5.6±0.72 5.4±0.86 5.1±0.76 6.6±0.85 fl 3.8-6.0

supplement the consumption of blood sugar during exercise and
maintain normal levels. Therefore, the content of glycogen can
indicate the anti-fatigue ability of body [30]. As shown in Figure 6A
and 6B, the content of LG and MG in low concentration group was
higher (25.72% and 21.28%) than that in control group (p > 0.05).
Glycolysis is the main route for energy supply during short-term
intense exercise. The content of LA in plasma and liver represents
the degree of fatigue and recovery after exercise [31]. There was no
significant difference in LA content among the four groups (Figure
6C, 6D). The average values of each group were similar which may
be due to the fact that mice were killed after swimming for five
minutes and could not exercise intensely during the swimming.
Because only under intense exercise, a large amount of LA can be
produced.

Figure 6 | AfterExercise, effectsof beta-alanine on LG (A) and GG
(B). LA content in plasma (C) and liver (D). Effectsof beta-alanine
on BUN (E). p < 0.05 ofsignificance was represented by *. The dose
of β-A in the low concentration group was 418 mg·kg−1·day−1, the
medium concentration group was 836 mg·kg−1·day−1, and the high
concentration group was 2090 mg·kg−1·day−1.

Urea nitrogen is the main end product of human protein
metabolism. The amount of BUN is also an indicator of body
fatigue [32]. The BUN content in the low concentration group was
significantly lesser than that in the control group (p<0.05). The

content of the high concentration group was more than that of the
control group (Figure 6E).

The oxidative stress caused by exercise fatigue can produce reactive
oxygen species. If the gavage fed mice with β-A possess anti-
oxidant attribute, it can indirectly reflect the anti-fatigue ability of
the mice [33]. For the anti-oxidant assay, tissues from two different
parts (liver and hippocampus) were measured. In the liver, there
were significant differences in SOD and MDA between the low
concentration group and the control group (Figure 7A; p < 0.05).
SOD in low concentration group was higher than that in control
group and MDA in control group was higher than that in low
concentration group. MDA is usually measured together with SOD.
SOD activity reflects the ability of body to eliminate oxygen free
radicals. MDA content reflects the severity of free radical attack on
muscle cells. Our results can clearly reflect the antioxidant capacity
of mice fed with β-A. This suggests that the mice in the low
concentration group may have antioxidant capacity in vivo. In this
way, β-A may have indirect beneficial role in delaying the muscle
fatigue. No significant difference between the other three groups
was observed which demonstrates that the dosage of β-A is the key
criteria. Furthermore, there was no significant difference observed
in GSH-PX activity between all the four groups (Figure 7B). This
may be due to the fact GSH-PX can only promote the reaction
between H2O2 and GSH to produce H2O and GSSG and latter two
can also react withoutGSH-PX.Therefore, comparedwith the direct
action of SOD on free radicals, GSH-PX only plays a catalytic role
which is not rational to completely explain the antioxidant capacity
in vivo. In the hippocampus, there was no significant difference in
the three biochemical parameters (GSH-PX, MDA, SOD) between
the three groups (Figure 7C and 7D). However, experimental group
(low concentration) and the control group showed non- significant
difference which may be due to individual data dissimilarities,
resulting in less obvious results. To summarize, β-A can alleviate
oxidative stress in the liver and play an anti-fatigue role in mice.
The anti-fatigue test results of β-A were similar to previously [34].
It can be concluded that β-A can improve endurance performance
and delay the onset of muscle fatigue.
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Figure 7 | Effectof beta-alanine on GSH-PX, SOD activities and MDA
content in liver of mice (Aand B). Effect of beta-alanine on GSH-
PX, SOD activities, and MDA content inhippocampus of mice (C
and D). p < 0.05 of significancewas represented by *. The dose
of β-Ain the low concentration group was 418 mg·kg−1·day−1,the
medium concentration group was 836 mg·kg−1·day−1,and the high
concentration group was 2090 mg·kg−1·day−1.

3.5. B-A inhibits neuroinflammation and
improves memory behavior in mouse

As shown in Figure 8, according to the physiological processes
involved in genes, we divided the 15 target genes into two categories.
The first type was related to inflammation, apoptosis, and synaptic
plasticity. We found that the expression levels of some apoptosis-
related genes and pro-inflammatory factors (such as bcl2, caspase3,
IL4, IL6, and BDNF) were significantly reduced after β-A treatment
(P <0.01). In addition, we found that β-A had a significant role for
inhibiting the inflammatory process and regulating the apoptosis
process. The second type was related to cAMP-PKA signaling
pathway. We found that the expression trends of PDE4A, MAPK1,
adcy1, and cAMP response element binding protein (CREB) genes
were similar with up regulation, with the most pronounced results
at medium concentrations (p <0.01).

The PKA signaling pathway is important for memory, and the effect
of the PKA signaling pathway promotes hippocampal-dependent
memory. Studies have shown that antioxidant stress kinases /
molecules (GPx, catalase, SOD, etc.) play an essential role in
learning and spatial memory. Furthermore, oxidative stress can
trigger the apoptosis process. The mRNA expression data revealed
that β-A has significant role in inhibiting the inflammatory process
and regulating the apoptosis process which was in accordance with
the results of previous study where β-A improved the expression of
memory related genes in mice [15].

Figure 8 | MRNAlevels of genes involved in apoptosis and cAMP-PKA
pathways. Compared with thecontrol group, a, b, c, and d represent the
significant differences p < 0.05.The dose of β-A in thelow concentration
group was 418 mg·kg−1·day−1, themedium concentration group was
836 mg·kg−1·day−1, andthe high concentration group was 2090
mg·kg−1·day−1.

3.6. B-A improves protein expression of
apoptosis-related genes

In this study, the expression of pro-apoptotic member Bak was
significantly up-regulated, while the expression of anti-apoptotic
Bcl-2 was decreased. As shown in Figure 9, after administration
with β-A, the levels of mRNA and protein associated with apoptosis
were significantly affected. As the β-A concentration increased, the
levels of Caspase-3 and Caspase-9 proteins were down-regulated
which was in similar trend to the results obtained in previous
study [15].

Figure 9 | Theexpression levels of apoptosis-related genes and
proteins in the hippocampus ofmice after treatment with
increased concentrations of β-A (Control group, low group 418
mg·kg−1·day−1,medium group 836 mg·kg−1·day−1, and high group
2090mg·kg−1·day−1). The dose of β-A in the low concentration
group was 418 mg·kg−1·day−1, the medium concentration group
was 836 mg·kg−1·day−1, and the high concentration group was 2090
mg·kg−1·day−1.

4. CONCLUSIONS

Through the y-maze test results, we speculate that intragastric
administration with β-A may have a positive effect on short-term
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spatial memory in mice. From MWM data, no change in the
long-term spatial memory of mice was noticed after intragastric
administration with β-A. MWM test confirmed the role of β-A
for improving the short-term spatial memory in mice. Appropriate
dose of β-A improves the fatigue resistance of mice by alleviating
oxidative stress in vivo. After β-A administration, the content of
SOD and MDA changed significantly. Our results demonstrated
that β-A may be involved in the regulation of the cAMP-
PKA pathway to improve the learning and memory. Medium
concentration dose of β-A had a significant role for inhibiting
the inflammatory process and regulating the apoptosis process
and in the promotion of hippocampal-dependent memory. Taken
together, these findings provide strong evidence that oxidative stress
affects learning and memory.
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