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ARTICLE INFO ABSTRACT

Keywords: Abscisic acid (ABA) is a plant hormone with various biological activities. Aging is a natural
Abscisic acid process accompanied by cognitive and physiological decline, and aging and its associated diseases
Anti-aging

pose a serious threat to public health, but its mechanisms remain insufficient. Therefore, the
purpose of this study was to investigate the ameliorative effects of ABA on p-galactose (D-Gal)-
induced aging in mice and to delve into its molecular mechanisms. Aging model was es-tablished
by theintraperitoneal injection of D-Gal. We evaluated the oxidative stress by measuring super-
oxide dismutase (SOD), malondialdehyde (MDA), catalase (CAT) levels in serum. Proteins content
in brain were determined by Western blot. D-Gal-induced brain damage was monitored by
measuring the levels of acetylcholinesterase (AChE) content and hematoxylin-eosin staining
(H&E). To evaluate the effects of ABA on aging, we measured the gut microbiota. The results
demonstrated that ABA increased SOD, CAT and AChE, decreased MDA level. H&E staining
showed that ABA could improve D-Gal-induced damage. In addition, ABA regulated the B-cell-
lymphoma-2 (BCL-2) family and Phosphatidylinositol 3-kinase/Protein kinase B (PI3K/AKT)
signaling pathway, while further regulating the acetylation of p53 protein by modulating the
AMPK pathway and activating SIRT1 protein, thereby inhibiting the apoptosis of brain neurons
and thus regulating the aging process. Interestingly, ABA improved the ratio of intestinal bacteria
involved in regulating multiple metabolic pathways in the aging process, such as Bacteroides,
Firmicutes, Lactobacillus and Ak-kermansia. In conclusion, the present study suggests that ABA
may be responsible for improving and delaying the aging process by enhancing antioxidant ac-
tivity, anti-apoptosis and regulating intestinal flora.

AMPK-SIRT1-p53 pathway
Intestinal flora
Aging mice

1. Introduction

With the global increase in life expectancy, individuals aspire to enhance their quality of life. However, aging is an inherent aspect
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of the life cycle, leading to degenerative changes in the functions of various tissues and organs [1]. In addition, extensive research has
demonstrated a strong correlation between aging and various diseases such as cardiovascular diseases, diabetes, and neurodegener-
ative disorders [2]. Therefore, there is a growing interest in investigating methods to delay aging and unravel the underlying
mechanisms, making it a prominent topic in current research.

Several doctrinal theories have been developed to explain the mechanisms of aging [3]. Among these theories, the oxygen free
radical theory is widely accepted. According to this theory, aging is caused by cell and tissue damage resulting from oxidative stress
and the accumulation of reactive oxygen species (ROS). In order to prevent free-radical-mediated diseases such as aging, it is important
to inhibit ROS. Additionally, as individuals age, their immune function declines and there are changes in the physiological function of
the intestines, including alterations in the type and quantity of intestinal flora. These changes have a direct impact on the overall
physiological function of the body [4,5]. Intestinal microorganisms, known as ‘microbial organs,” play a crucial role in various
physiological functions such as digestion, immunity, nutrition, metabolism, and cognition [6]. This highlights the strong relationship
between gut microbes and aging. Numerous studies have identified the manipulation of gut microbiota as a potential therapeutic
strategy for improving aging and related diseases [7].

Recently, there has been a growing interest in exploring natural ingredients for their potential anti-aging properties [8-10]. Re-
searchers have been particularly focused on screening drugs to develop new anti-aging treatments. Natural products have gained
attention due to their safety and beneficial biological activities. Consequently, there is a rising trend in seeking natural products with
antioxidant, anti-apoptotic, and anti-inflammatory properties for the prevention and treatment of aging. Abscisic acid, a natural plant
hormone found in various plants and animal tissues, has been found to possess significant pharmacological activities, including
anti-inflammatory effects [11-17]. However, the protective effect of ABA on subacute aging induced by p-galactose (D-gal) has not
been reported in the current study.

The purpose of this study is to investigate the anti-aging activity and molecular mechanism of ABA by detecting the oxidative stress
index, histopathological state and apoptosis signal pathway in brain tissue of aging mice induced by D-gal, and further probing the
correlation between aging body and intestinal flora, which provides a groundbreaking pharmacological basis for the development of
ABA anti-aging drugs.

2. Materials and methods
2.1. Chemicals and reagents

ABA and D-Gal were purchased from Sigma-Aldrich (Louis, USA). Assay kits for the measurements of Superoxide Dismutase (SOD),
Malondialdehyde (MDA), Catalase (CAT) and acetylcholinesterase (AchE) were obtained from Jiancheng Biotech (Nanjing, China).
The primary antibodies such as Bax, Bcl-2, caspase 3, p-PI3K, PI3K, p-AKT, AKT, AMPK, p53, SIRT1 and CHOP, and all horseradish
peroxidase (HRP)-conjugated secondary antibodies for western blotting, were obtained from Cell Signaling Technology (Boston, USA).
B-actin was purchased from Proteintech Group (Chicago, USA).

2.2. Animals

Male ICR mice (6 weeks), weighing20 to 24 g (License number: SCXX 2023-0008), were obtained from Institute of Laboratory
Animals Science, CAMS & PUMC (Beijing, China), housed in Laboratory Animal Center of Jilin Agricultural Science and Technology
University. All animals were maintained under of the regulated temperature (22-24 °C) and humidity (45-65%) on the 12 h light-dark
cycle with access to standard commercial food and water. The present protocol in the experiment were in accordance with Animal
Ethics Committee of Jilin Agricultural Science and Technology University and Laboratory Animal Center of Jilin Agricultural Science
and Technology University (20220828002), and every effort were made to reduce animal suffering.

2.3. Experimental design

After 3-week acclimatization of feeding, all mice were randomly divided into 4 groups (n = 10): normal group (saline), D-Gal group
(D-Gal treated, 100 mg/kg (1%)), D-Gal + ABA low-dose group (20 mg/kg), and D-Gal + ABA high dose group (40 mg/kg), subacute
aging mice was induced by consecutive subcutaneous injection of D-Gal once a day at the different dose at different weeks for 8 weeks.
Normal group received equal amounts of saline rather than D-Gal in same way. In addition to normal and D-Gal received saline, ABA
low and high dose group orallyadministeredtwo doses of ABA treatment daily at fifth week for 4 weeks.

At the end of the experiment, the mice were fasted overnight and weighed after the last drug treatment. Before the mice were
sacrificed, the tails of the mice in each group were stimulated to defecate, and they were immediately collected in the 2 mL sterile
cryopreservation tube and stored at —80 °C for later sample analysis. Then, all mice were anesthetized by intraperitoneal injection of
70 mg/kg sodium pentobarbital (Shanghai Beizhuo Biochemical Technology Co., Ltd.) (Shanghai, China), and the eyeballs were
immediately removed for blood collection, and serum was collected by centrifugation at 3500xg at 4 °C for 10 min. The anesthetized
mice were then sacrificed by dislocation, and the brains were dissected out, washed with cold sterile saline and weighed, and then
immediately stored at —80 °C for subsequent experimental analysis.
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2.4. Histomorphometric analysis

Fresh brains were fixed in 4% paraformaldehyde, then paraffin-embedded and cut into 5 pm-thick sections, which were then
deparaffinized in xylene and hydrated with various concentrations of ethanol. The sections were then routinely stained using
hematoxylin-eosin staining (H&E) and analyzed histomorphometrically under the light microscopy [18].

2.5. Biochemical assays

According to the manufacturer’s instructions, the activities of superoxide dismutase (SOD, Xanthine oxidase method), catalase
(CAT, Ammonium molybdate method) and the level of malonaldehyde (MDA, Thiobarbituric acid method) in serum were measured
using commercial kits. Furthermore, the brain was carried out and centrifuged with ice-cold saline (3000 r/min, 4 °C, 15 min), and the
supernatant was used for assay [19]. The activity of AChE was determined by producing TNB with choline and chrominant. Protein
concentration was measured using the method of bicinchoninic acid (BCA) method with bovine serum albumin as the standard.

2.6. Western blot analysis

The hippocampal of the mice was lysed in cold RIPA (Beyotime, China) with protease and phosphatase inhibitors. After centri-
fugation at 10,000xg and 4 °C for 15 min, supernatants were decanted by BCA protein assay kits (Beyotime, China), mixed with SDS
loading buffer, and then boiled for 10 min. The proteins were separated by 6-10% SDS-polyacrylamide gel and transferred to PVDF
membranes (Millipore, USA). The membrane was blocked with 5% BSA (w/v) for 2 h, and then incubated overnight at 4 °C with the
primary antibody. After washing three times with TBST, the membrane was incubated with HRP-conjugated secondary antibodies for
60 min at room temperature. Protein bands were visualized using the ECL system and quantified by LAS 4000 mini gel-imaging system
(General Electric, Boston, USA). After that, the target protein levels were normalized with p-actin control [20].

A B
22 50 Normal = 80 —wm
= [A) (;\al g &0 ——. 8
4%0 45 218 2. 7 o
= sl T o
%\40 4/;’__/ 8 40
835 =21 = = 20
= 30 2
+ w2 1
=Y 2 4 & 8 1o o < RS S
< Q}C';b Y.,/ Y:b*
Week S
cec ~=5 ‘?g’ Yﬁb
€ Eo e s P
g 8 E o — 12273
E ¢ =210
5 s
5 4 &)
= g5
: =
= 0 v
3 > C>‘§ « @\w\ o> Y?’Q B3
o o q,‘?* SRS
) C
2 08y —— _s#
=,
5 0.6 1
= 0.4
S 0.2
e
g 00 >
= Qb ~ S
/M é° 27 A
ST o¥ =

Fig. 1. ABA ameliorates D-Gal-induced oxidative stress injury and cholinergic function (serum). (A) Body weight of mice in each group; (B)
Antioxidant enzyme SOD activity; (C) level of Lipid peroxidation MDA; (D) Catalase CAT activity; (E) level of Acetylcholinesterase AChE. Data
expressed as mean + S.D. (n = 10). *p < 0.05, **p < 0.01, as compared with Normal group; #p < 0.05, ##p < 0.01, as compared with D-Gal group.
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2.7. 168 rDNA gene sequencing

Total DNA from animal fecal samples was extracted using a DNA Extraction Kit (Omega Bio-Tek, USA). PCR amplification of the
V3-V4 variable region was performed using 16S rDNA gene-specific primers with the following primer sequences: 341F(5-
CCTACGGGNGGCWGCAG-3") and 806R (5- GGACTACHVGGGTATCTAAT-3"). Illumina Miseq sequencing was performed by Shanghai
Reabio Technology Co., Ltd.

2.8. Statistical analysis

All experimental data were analyzed using SPSS 24.0 (SPSS Inc., Chicago, IL). Measurement data are presented as the mean +
standard deviation (means + S.D.). The significance of the difference was determined by one-way ANOVA and post hoc Dunnett’s test.
Values of p < 0.05 were considered to be statistically significant.

3. Results
3.1. The general condition and body weights of mice

During eight-week administration of D-Gal, the daily behaviors and body weight of mice were observed and measured weekly. It
has been shown that mice in the normal group did not experience symptoms such as weight loss, reduced activity, slow movement, and
hair loss. Mice lost weight after being injected with D-Gal. After ABA intervention, weight was gradually restored (Fig. 1A). Five weeks
after the injection of D-Gal, the mice aging model group, including the obvious symptoms of slow in response, food intake, depression
reduce gradually, and wither and lackluster fur, aging model was successfully established by subcutaneous injection trigger D-Gal.
Compared with D-Gal group, mice in normal and ABA-treated group alleviated these symptom of aging.

3.2. ABA ameliorates D-gal-induced oxidative stress injury and cholinergic

The effect of ABA on brain function in mice of D-Gal-treated was evaluated by measuring the serum and levels of SOD, MDA, CAT
and AChE in brain. As shown in Fig. 1B-E and Fig. 2A-E, after 8 weeks of D-Gal induction, the levels of MDA and AChE in the D-Gal
group were significantly increased compared with normal group (p < 0.05), while the activities of SOD and CAT were significantly
inhibited (p < 0.05). However, ABA treatment significantly reversed MDA and AChE levels, and SOD and CAT activities were
significantly restored, especially in the ABA-40 dose group.

3.3. ABA improves hippocampal morphological changes in aging mice

In order to investigate the damage of dentate gyrus region (DG), histopathological changes were examined by HE staining with a
light microscope in Fig. 3. The results of HE staining showed that there were no significant pathological changes in DG neurons in the
normal group, but the apoptotic like cells in DG area of the brain of aging mice induced by D-gal increased significantly, unclear
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Fig. 2. ABA ameliorates D-Gal-induced oxidative stress injury and cholinergic function (brain). (A) Antioxidant enzyme SOD activity; (B)
Level of Lipid peroxidation MDA; (C) Catalase CAT activity; (D) Level of Acetylcholinesterase AChE; (E) ROS relative expression. Data expressed as
mean + S.D. (n = 10). *p < 0.05, **p < 0.01, as compared with Normal group; #p < 0.05, ##p < 0.01, as compared with D-Gal group.
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Fig. 3. Improvement of histopathology of the dentate gyrus in the hippocampal region of mice by ABA. H&E staining of hippocampal region
of brain tissue, amplification multiple: x 200 and x 400.

irregularly shaped cells, nuclear shrinkage cells and sparse cell arrangement. However, the mice in ABA treatment group showed the
significant reduction in DG neuron loss, indicating that ABA effectively reduced the injury of D-gal to the brain tissue of aging mice.

3.4. ABA alleviates D-gal-induced apoptosis in aging mice brain cells

In order to investigate the regulatory role of ABA in apoptosis, we detected the expression of markers in apoptosis protein, such as
Bax, Bcl-2 and Caspase-3 through Western blot in D-Gal induced mice. As shown in Fig. 4A, the protein factors related to the apoptosis
signaling pathway were detected by gel electrophoresis individually in this study, and each factor was separately subjected to a loading
control analysis. Our results showed that ABA treated group decreased the protein levels of Bax and Caspase-3 while increased the level
of Bcl-2 compared with D-Gal group (Fig. 4B-D), suggesting that ABA had a potent inhibitory effect on apoptosis. In addition, to further
confirm whether ABA’s anti-aging is related to regulating the expression of PI3K/AKT pathway, we detected the expression of PI3K, p-
PI3K, AKT and p-AKT by Western blot. As shown in Fig. 4E, F, D-Gal induction inhibited the expression of p-PI3K, p-AKT proteins.
However, ABA treatment significantly restored the p-PI3K, p-AKT proteins ratio compared with D-Gal group, with the most significant
improvement in the ABA-40 dose group, which suggesting that ABA exerted anti-aging effects by regulating the PI3K/AKT signaling
pathway.

3.5. ABA ameliorates aging process by modulating AMPK-SIRT1-p53 pathway

To further explore the potential mechanism of ABA anti-aging, the expression level of AMPK-SIRT1-p53 pathway in the brain was
analyzed by Western blot. As shown in Fig. 5A-D, compared with the normal group, SIRT1 and AMPK proteins were significantly
decreased in the D-Gal group, while p53 expression was increased. However, ABA administration significantly increased the levels of
AMPK and SIRT1, while the expression of p53 decreased. Considering all the above findings, we hypothesized that ABA may regulate
the acetylation of p53 protein by adjusting AMPK pathway and activating SIRT1 protein, thereby inhibiting the apoptosis of brain
neurons and thus regulating the aging process.

3.6. Ameliorating effect of ABA on the changes of intestinal flora in D-Gal-induced aging mice

It has been demonstrated that the composition of intestinal flora can affect the rate of aging [21]. Therefore, we conducted 16S
rDNA sequencing technology to analyze the fecal samples of aging mice to investigate the changes in the intestinal flora of aging mice,
so as to further explain the related changes of aging phenotype and explore the possible mechanism of ABA anti-aging function. In this
research, the analysis mainly focuses on the phylum and genus level, and to depict the profile histogram. Sequencing results generated
1205617 reads, which had passed all quality filters with a 97% identity threshold to obtain a total of 1965 species-classification OTUs
(Fig. 6A). Chaol, shannon and simpson was nearly saturated, indicating that the majority of the microbial has been sufficiently
captured (Fig. 6B-E).

At the phylum level, Bacteroides, Firmicutes and Verrucomicrobia accounted for over 90% (Fig. 7A). D-Gal group, Normal groups
showed adecrease in the proportion of Bacteroides, but it was increased in the D-Gal + ABA-40 group. Firmicutes class had a high
proportion in D-Gal, Normal and D-Gal + ABA-20, but the proportion was low in D-Gal + ABA-20 group. Moreover, the level of
Proteobacteria was close to Normal, which showed that ABA may reduce the content of Proteobacteria in the intestines of the elderly
mice, and thus promote their intestinal health. Importantly, at the genus level, Lactobacillus, Akkermansia, Bacteroides, alistipes,
Barnesiella, Clostridium and Desulfovibrio occupy over 80% of the total area (Fig. 7B). ABA-20 group had the highest Lactobacillus
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Fig. 4. ABA alleviates D-Gal-induced apoptosis in aging mice brain cells. (A) The effects of ABA on PI3K/Akt, Caspase 3 and Bcl-2/Bax in the
brain tissue of aging mice were detected by Western blot. (B—F) Analysis of Bax, Bcl-2, Caspase 3, p-PI3K/PI3K, p-AKT/AKT proteins expression.

Data expressed as mean + S.D. (n = 10). *p < 0.05, **p < 0.01, as compared with Normal group; #p < 0.05, ##p < 0.01, as compared with D-
Gal group.

level. Lactobacillus was gradually increasing in Normal, D-Gal, ABA-20 and ABA-40 groups, and Bacteroides and Barnesiella cover a
greater percentage in ABA-40 group. The correlation was calculated using a Spearmans correlation test (Fig. 7C). Some bacteria
biomass was found to have a strong significant correlation with bacterial (cor>0.6 or cor < —0.6), including Aeromonas, Enter-
orchabdus, Bifidibacterium, Fusobacterium, Erysipeotrichace, while these microbiotas could influence multiple metabolic pathways in
the aging process.

4. Discussion

The organ index and body weight are very important for assessing D-gal-induced aging in mice. The evidence shows that aging mice
exhibit symptom changes such as hair thinning, inhibited weight gain, reduced activity, body weight and organ index decreased. Our
results showed that the rate of weight gain declined in D-Gal model group, which was consistent with previous results in the literature
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Fig. 5. ABA ameliorates aging process by modulating AMPK-SIRT1-p53 pathway. (A) The effects of ABA on AMPK-SIRT1-p53 in the brain
tissue of aging mice were detected by Western blot. (B,C,D) Analysis of Bax, Bcl-2, Caspase 3, p-PI3K/PI3K, p-AKT/AKT proteins expression. Data
expressed as mean + S.D. (n = 10). *p < 0.05, **p < 0.01, as compared with Normal group; #p < 0.05, ##p < 0.01, as compared with D-Gal group.

[22,23]. In addition, we observed that the ABA treatment significantly increased rate of weight gain compared with those treated with
D-Gal group, and these results indicated that ABA can mitigate weight loss due to D-Gal.

The balance of redox in the body is very important to regulate aging. Previous research has shown that p-Galactose induced
oxidative stress in the serum/tissue via changing oxidative indicator levels such as MDA, SOD, and CAT [24-26]. MDA, which is the
end product of free radical-mediated lipid peroxidation. The level of MDA always reflects on oxidation in vivo. Indirectly, it reflects the
degree of cell damage [27,28]. SOD and CAT are important defense of antioxidant defense system. SOD is a strong free radical
scavenging enzyme, natural presence in the body. It can dismutation of harmful superoxide (O2) into hydrogen peroxide (H202).
Although hydrogen peroxide is still a reactive oxygen species that is harmful to the body, CAT in the body immediately breaks it down
into completely harmless water [22,23]. In present research, the antioxidant SOD and CAT are important antioxidant enzymes against
superoxide radicals in endogenous antioxidant defense systems, eliminates ROS and prevent its induced organ injury. MDA is the end
-product of polyunsaturated fatty acid peroxidation in bio membranes, which reflected the level of cell damage. In order to make sure
whether ABA regulate D-Gal-induced aging in mice, we detected several ROS- clearance antioxidant enzymes in the brain, including
SOD, MDA and CAT. In this research, D-Gal has been used to induce brain injury. We intraperitoneal injection of D-Gal caused a
significant increase in the MDA, as well as a decrease in CAT, SOD level. However, the activities of oxidative indicators were improved
after ABA supplementation, which indicating that ABA could be a potential pharmaceutical candidate for the prevention of aging.

The brain is vulnerable to oxidative stress injury because it is highest oxygen of oxygen consumption and its relative deficiency of
antioxidant enzyme compared with other organs. we have speculated that aging associated with decline in brain functions accom-
panying progressive memory loss. Dentate gyrus (DG) plays an important role in study, memory and responsible for memory functions
in hippocampus. In the progress of aging, many behavioral changes such as decline, memory, learning and cognitive capacity because
the structure and function of brain shows gradual degeneration [29]. After D-Gal treatment, D-Gal exist excessive apoptosis. In the
current study, our results showed that after ABA intervention, apoptotic cells of dentate gyrus were significant reduction.

It has been proved that the aging process induced by D-Gal is related to cell apoptosis in mice. Apoptosis is the multi-step process of
programmed cell death that plays an important role in the tissue development and cell turnover [30]. It is well known that imple-
mentation of apoptosis needs to the Bcl-2 family of proteins and caspase signaling cascades. Bcl-2 is a proto-oncogene that inhibits of
apoptosis. It keeps away from apoptosis through inhibit pro-apoptotic BAX. Bcl-2 shows anti-apoptotic effect and BAX shows effect as a
pro-apoptotic protein. Caspase-3 is considered to be another important protein of apoptosis, which participates in regulating apoptosis
through multiple channels [31]. In the present work, ABA regulated Bcl-2 family proteins, and pro-apoptotic protein Bax belongs to
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Bcl-2 family proteins, which regulated downstream caspase-3 to inhibit cell apoptosis.

Many literatures have confirmed that PI3K/Akt signaling pathway is relevant to cell proliferation, agingand survival [32-34]. PI3K,
a kind of phosphatidylinositol kinase in cells, can be activated by a series of growth factor receptors. Alteration of AKt protein structure
by activated PI3K produces next levels of signaling. In our study, exposure to D-Galreduced the relative expression degree of proteins
such as PI3K and AKt their phosphorylation levels, that is the relative expressions of p-PI3K and p-AKT. These results are similar to
inhibition of PI3K/AKT pathway. Thus, conjecture that ABA may inhibitsgrowth factor receptors or signaling transduction complexes
to activate PI3K, which may reduce the downstream AKT kinase activity, and then inhibit a series of phosphorylated cascade activation
reactions triggered by AKT.

SIRT1, a member of nicotinamide adenine dinucleotide (NAD+)- dependent histone deacetylases, have a vital role in biological
functions, including cell survival, aging, apoptosis, metabolism, and oxidative stress [32,35-37]. Increasing evidence show that
increased SIRT1 activity may have beneficial effects on aging and senescence related diseases in mammals [38,39]. SIRT1 regulates
several important transcription factors, including p53. p53 is a tumor suppressor, which can be activated by numerous stressors to
induce cell apoptosis, cell cycle arrest and plays a vital role in aging [40]. In this study, we elucidated that oxidative stress triggered by
activation of the SIRT1 and p53 in aging mice. D-Gal-induced oxidative stress in aging mice is mediated by activation of SIRT1 and p53.
D-Gal can enhance p53 and down-regulate the protein expression level of SIRT1. ABA and D-Gal can inhibit p53 and increase SIRT1
levels. Overall, oxidative stress is the key pathway of D-Gal-induced aging. ABA inhibits senescence through Sirt1l and p53, which may
reduce oxidative stress.

As reported, the gut microbiome changes were related to the age [41]. Gut microbiota architecture has altered in elderly. Main-
taining a “young” intestinal flora composition may delay the aging [21,42,43]. The intestinal flora is not only a participant in the
metabolic process, but also a regulator of its metabolic process. The metabolism of the host is regulated by its own genome and
symbiotic bacteria. Some brain functions are regulated by intestinal flora including emotional behaviors, stress-related responsiveness,
pain and food intake. ABA affects the intestinal flora of mice, and all groups had different bacterial abundances. By analyze Chao 1 and
species richness, Bacteroides and Firmicutes are the two most abundant phyla in the intestinal flora of mice, which is consistent with
the previously reported literature. Besides, Lactobacillus and Akkermansia are the dominant genus. At phylum, Bacteroides and
Firmicutes play a key role in host gut metabolism. Bacteroides metabolizes pyruvate into acetic acid and propionic acidby some
metabolic pathways [44], thereby inhibiting intestinal inflammation. For genus, Lactobacillus and Akkermansia considered to be
beneficial bacteria. Lactobacillus stimulating intestinal peristalsis for maintaining health [45]. A low level of Akkermansia may cause
the intestinal mucosa to become thinner, thereby weakening the intestinal barrier function and making it easier for enteric pathogens
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Fig. 7. Effects of ABA on the phylum and genus levels of the intestinal flora. (A) Phylum level barplot; (B) Genus level barplot; (C) Spearmans
correlation analysis.

to invade the body [46]. This evidence showed that ABA delaying aging of mice may be related to inhibiting the growth of harmful
bacteria and increasing the number of beneficial bacteria (Fig. 8).

5. Conclusions

In conclusion, the present study revealed that ABA inhibited D-Gal-induced brain cell apoptosis in aging mice by regulating the
expression levels of PI3K/AKT and its downstream apoptotic protein family, while further regulating the AMPK-SIRT1 pathway and
inhibiting the acetylation of p53 protein, thereby inhibiting the apoptosis of brain neurons and regulating the aging process.

Importantly, ABA regulated the proportion of intestinal bacteria in aging mice, such as Bacteroides, Firmicutes, Lactobacillus and
Akkermansia, which evidences lay the research foundation for the development of clinical anti-aging drugs.
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