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Neuroprotective effects of alisol A 24‑acetate 
on cerebral ischaemia–reperfusion injury are 
mediated by regulating the PI3K/AKT pathway
Taotao Lu1,2†, Huihong Li1,2†, Yangjie Zhou2,3, Wei Wei1,3, Linlin Ding2, Zengtu Zhan1,3, Weilin Liu2, Jing Tao2 and 
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Abstract 

Background:  Neuroinflammation and apoptosis are involved in the pathogenesis of ischaemic stroke. Alisol A 
24-acetate (24A) exerts a strong inhibitory effect on inflammation and cell apoptosis. The neuroprotective effect of 
24A on global cerebral ischaemia/reperfusion (GCI/R) injury remains unclear.

Methods:  GCI/R mice were used to investigate the neuroprotective effect of 24A. Modified neurological deficit 
scores, Morris water maze and object recognition tests were used to evaluate behaviours. Metabolism in brain regions 
was detected using magnetic resonance spectroscopy (MRS), and changes in microglia, astrocytes and neurons were 
detected. Inflammation and apoptosis were measured.

Results:  The results showed that 24A suppressed neurological deficits scores and improved GCI/R induced cogni-
tive dysfunction. It was also observed that 24A could alleviate neuroinflammation, which manifested as 24A inhibited 
microglia and astrocytes proliferation, downregulated the expression of interleukin (IL)-1β, tumor necrosis factor 
(TNF)-α, and inducible nitric oxide synthase (iNOS) in the GCI/R mice brain. The apoptosis of neurons reduced, and 
dendritic spines of hippocampal neurons increased in the presence of 24A. In addition, 24A could up-regulate the 
expression of phosphorylated phosphoinositide 3-kinases (p-PI3K) and phosphorylated protein kinase B (p-AKT) in 
GCI/R mice brain, and all the morphological, neurological, and biochemical changes of 24A treatment were abolished 
by the application of PI3K/AKT pathway inhibitor LY294002.

Conclusions:  Taken together, our study indicated that 24A alleviated GCI/R injury by inhibiting neuroinflammation 
and apoptosis through the regulation of the PI3K/AKT pathway.
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Introduction
Ischaemic stroke results in damage to the brain function 
by altering the blood supply and induces a series of neu-
rological symptoms, which seriously endanger people’s 

health. Cerebral ischaemia–reperfusion (CI/R) injury 
caused by cerebrovascular recanalization is considered a 
serious problem in the treatment of ischaemic stroke [1, 
2]. CI/R is a complex pathophysiological process involv-
ing various mechanisms, such as the release of excitatory 
amino acids, oxidative stress, apoptosis and inflamma-
tion. Accumulating evidence indicates that neuroinflam-
mation and apoptosis are involved in the pathogenesis 
of ischaemic stroke. However, numerous neuroprotec-
tive drugs have failed to show benefits in the treatment 
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of ischaemia–reperfusion (I/R) after ischaemic stroke, 
and thus the identification of new treatments is urgently 
needed.

Alisol A 24-acetate (24A), a protostane-type tetra-
cyclic triterpenoid, is one of the main components in 
Alisma orientale (Sam.) Juz [3, 4]. Modern pharmacologi-
cal investigations have shown that 24A is a multitarget 
compound that regulates the processes of inflamma-
tion, oxidative stress, autophagy, and apoptosis. Wu et al. 
reported that 24A suppresses oxidative stress and stimu-
lates autophagy through the Adenosine 5′-monophos-
phate (AMP)-activated protein kinase (AMPK)/
mammalian target of rapamycin (mTOR) pathway in 
mice with nonalcoholic steatohepatitis [5]. Another 
in  vitro study indicated that 24A effectively reduces the 
levels of inflammatory factors, such as TNF-α, IL-1β, 
IL-6, and IL-8 in HepG2 cells [6]. In addition, as shown 
in our previous study, 24A exerts an antiapoptotic effect 
and protects the tight junctions of brain microvascu-
lar endothelial cells from damage caused by oxygen and 
glucose deprivation [7, 8]. However, the potential neuro-
protective role of 24A in ischaemic stroke remains to be 
elucidated.

Phosphatidylinositol 3-kinase (PI3K) induces the 
phosphorylation of protein kinase B (AKT) in response 
to extracellular signals to regulate cell survival, growth, 
and angiogenesis. Previous studies have reported a piv-
otal role for PI3K/AKT signalling in defending against 
various insults that damage neurons [9]. In an oxygen–
glucose deprivation and reperfusion (OGD/R) model 
in  vitro, PI3K/AKT expression is inhibited, indicat-
ing that I/R injury inhibits the PI3K/AKT pathway [10]. 
Neuroinflammation and cell apoptosis are inhibited by 
activating PI3K/AKT signalling after cerebral ischaemia 
[11]. Overall, these results indicate that the upregulation 
of the PI3K/AKT pathway exerts a strong neuroprotec-
tive effect by reducing neuroinflammation and apopto-
sis caused by brain I/R injury. In this study, we evaluated 
the anti-neuroinflammatory and anti-apoptotic effects of 
24A on mice with global cerebral ischaemia–reperfusion 
(GCI/R) injury and explored its potential mechanism. 
We verified our hypothesis that the PI3K/AKT signal-
ling pathway was involved in the anti-inflammatory and 
antiapoptotic effects of 24A by administering the PI3K 
inhibitor LY294002 in rescue experiments. The results of 
this study provide a scientific basis for the clinical appli-
cation of 24A as a treatment for ischaemic brain diseases.

Materials and methods
Animals
C57BL/6J mice (male, weighing 25–30  g, 12  weeks) 
were purchased from GemPharmatech (Jiangsu, China). 
Mice were housed in standard cages in the Animal 

Experimental Centre of Fujian University of Traditional 
Chinese Medicine and allowed to eat and drink freely. 
The environmental facility license no. was SYXK (Min) 
2019-0007. All experimental procedures were approved 
by the Ethics Committee of Fujian University of Tradi-
tional Chinese Medicine and were performed in strict 
accordance with the animal care and use guidelines of the 
National Institutes of Health.

Surgical procedures
The two-vessel occlusion (2-VO) method was performed 
to establish a model of global cerebral ischaemia (GCI), 
as previously described [12]. Mice were fasted for 24  h 
before surgery. Then, the mice were initially anesthetized 
with 1.5% thiopental sodium by intraperitoneal injec-
tion and maintained with oxygen and isoflurane. The 
common carotid artery (CCA) was gently isolated from 
vagus. Next, the 4.0 silk suture was performed to occlude 
both common carotid arteries (CCAs) for 20  min and 
induce transient global cerebral ischaemia–reperfusion 
injury (GCI/R). Blood flow was restored after 20 min to 
induce reperfusion.

Drug management and experimental subgroups
24A was suspended in normal saline in powder form. 
PI3K inhibitor LY294002 was dissolved in dimethyl sul-
foxide (DMSO) and diluted with normal saline when 
used. The final content of DMSO did not exceed 0.1%. 
Mice were randomly divided into four groups (n = 12 
mice per group): sham group (only the external carotid 
artery and vagus nerve were separated without drug 
intervention), GCI/R group (reperfusion was performed 
after 20  min of global cerebral ischaemia, GCI/R + 24A 
group (24 h after reperfusion, 30 mg/kg 24A was admin-
istered by gavage once a day for 7 consecutive days), and 
GCI/R + 24A + LY group (24 h after reperfusion, 30 mg/
kg 24A was administered by gavage for 7 days, and PI3K 
inhibitor LY294002 (10  mg/kg once a day) was injected 
intraperitoneally in the first 3 days).

Neurological deficit score
The modified neurological deficit score (mNSS) was used 
to evaluate neurological deficits, including motor, sen-
sory, reflex and balance ability tasks. Neurological defect 
scores were determined on the first, third, fifth and sev-
enth days after global cerebral ischaemia–reperfusion. 
Scores ranged from 0 to a maximum of 18 points.

Morris water maze
The Morris water maze (MWM) is designed to test the 
spatial memory and long-term memory of mice, which 
includes spatial exploration experiments and direc-
tional navigation experiments. In the spatial exploration 
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experiment, mice were placed in the water within the first 
quadrant daily, and the time to find the platform within 
90 s was recorded as the escape latency of the mice in the 
first quadrant. If the mice were unable to find the plat-
form within 90 s, then the escape latency was recorded as 
90 s, and mice were guided to the platform and allowed 
to stay on the platform for 15 s to learn its location. Each 
animal performed 4 trials per day and swam to an escape 
platform. The average escape latency in the four quad-
rants was recorded as the escape latency of the day. These 
steps were repeated daily for 4 days. The directional navi-
gation experiment was conducted on the fifth day after 
the platform was removed. The mice were placed in the 
pool on the opposite side of the original platform quad-
rant. The number of times the mice passed the original 
platform position and the time spent in the target quad-
rant within 90 s were recorded.

Novel object recognition test
The recognition memory of each mouse was evaluated 
using the novel object recognition test (NORT). 24  h 
before the test, the mice were allowed to explore an 
empty arena for 5 min. 24 h after habituation, the mice 
were exposed to the familiar arena containing two iden-
tical objects for 5  min. 24  h later, the mice were placed 
individually in the arena with one familiar object and one 
novel object. The time mice spent exploring novel objects 
and familiar objects was recorded for 5 min, and the dis-
crimination index and time ratio were calculated using 
the formula: discrimination index = time spent exploring 
the novel object/total time spent exploring the familiar 
and novel objects, time ratio = time spent exploring the 
novel object/total time spent exploring the familiar and 
novel objects. The total exploration time and times spent 
exploring both objects were recorded at the same time.

Magnetic resonance imaging
Mice were anaesthetized with a mixture of 1.5–2% isoflu-
rane and oxygen. The specific parameters of T2-weighted 
image (T2W1) were echo time (TE) = 35  ms, rep-
etition time (TR) = 4200  ms, average = 4, slice thick-
ness = 0.5 mm, and field of view = 20 mm × 20 mm. The 
specific parameters of echo planer imaging (EPI) were 
TE = 25  ms, TR = 12,000  ms, average = 2, slice thick-
ness = 0.5  mm, and field of view = 20  mm × 20  mm. 
Finally, a magnetic resonance spectroscopy (MRS) scan 
was performed, and T2 images of the bilateral hip-
pocampus were recorded. The cortex was selected as 
the region of interest on the transverse, coronal, and 
sagittal planes of the right hemisphere, with a size of 
1  mm × 1  mm × 1  mm. Specific parameters of MRS 
were TR = 1500  ms, TE = 144  ms, and number of aver-
ages = 256. The postprocessing of images and related data 

were analysed using the workstation TOPSPIN (V3.1, 
Bruker Biospin, Germany) of the MRI instrument. Cre-
atine (Cr) was used as an internal reference. The spec-
trum peak positions were as follows: Cr, approximately 
3.05  ppm; N-acetylaspartate (NAA), approximately 
2.02  ppm; Complex of glutamate and glutamine (Glx), 
approximately 2.2–2.4  ppm; Myoinositol (MI), approxi-
mately 3.56  ppm; Taurine, approximately 3.4  ppm; and 
Choline (CHO), approximately 3.2 ppm. γ-aminobutyric 
acid (GABA) approximately 3.02 ppm.

Three-dimensional (3D) time of flight (TOF) magnetic 
resonance angiography (MRA) method, a non-invasive 
MRI-based flow imaging technique, was used to observe 
detailed images of cerebral blood vessels of GCI/R 
mice. Specific parameters of 3D TOF were TR = 15  ms, 
TE = 2.7  ms, Field of view = 30 × 30 × 24  mm, aver-
ages = 1, slices = 1, slice thickness = 24 mm, time = 5 min 
5 s 280 ms.

Immunohistochemistry
After rodents were anaesthetized, 0.9% normal saline was 
perfused through the heart followed by 4% precooled 
paraformaldehyde, and then the brain was collected. The 
brain was fixed with 4% paraformaldehyde, embedded in 
paraffin, and cut into 4 μm paraffin sections. The immu-
nohistochemical process was performed according to 
the instructions of the immunohistochemistry (IHC) Kit 
(KIT-9720, MXB, Biotechnologies, Fujian, China). After 
dewaxing and rehydration, the sections were immersed 
in a beaker containing antigen repair solution, heated 
for 20  min, cooled naturally for 2  h, and washed with 
phosphate buffered saline (PBS) 3 times. After an incu-
bation for 15 min with 3% H2O2 to eliminate the effects 
of endogenous peroxidases, the slices were then washed 
with PBS 3 times. Next, the sections were incubated with 
blocking buffer at room temperature for 1  h and then 
incubated with a primary antibody against Iba1 (1:200, 
Proteintech, Cat No.: 10904-1-AP), GFAP (1:1000, Pro-
teintech, Cat No.:16825-1-AP), or NeuN (1:2000, Protein-
tech, Cat No.:26975-1-AP 1:2000) at 4  °C overnight and 
subsequently incubated with a secondary antibody. The 
sections were incubated with DAB-0031 (MXB, biotech-
nology, Fujian, China) for 1–10 min until a brown colour 
formed. Images of GFAP, Iba1, and NeuN staining in the 
hippocampus and cortex were captured using an optical 
microscope (Nikon, Model Eclipse Ci-L, 718345, Japan) 
and analysed with an image analysis system (ImageJ, ver-
sion 6.0; Motic China Group Co., Ltd., Xiamen, China).

Golgi staining
According to the instructions of the Rapid GolgiStain™ 
Kit (PK401, FD NeuroTechnologies, Columbia, USA), 
staining Solutions A and B were mixed 24 h in advance. 
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After the mice were anaesthetized, their brains were 
removed, placed the mixed solution, and stored in 
the dark at room temperature for 2 weeks. Two weeks 
later, brain tissues were transferred to Solution C and 
stored at room temperature in the dark for 1 week. The 
brains were sliced into coronal section (100 μm) using 
a microtome with a vibrating blade (Leica VT1000 S, 
Leica, Nussloch, Germany), and sections were mounted 
on gelatine-coated microscope slides with Solution C. 
Each brain was cut into 5 slices and dried in the dark at 
room temperature. The staining solution was prepared 
by mixing an equal volume of Solutions D and E. After 
staining, slices were dehydrated, rendered transparent 
and sealed, and photographed under an optical micro-
scope to observe the morphology.

Western blot
Mouse brain tissues were collected, and then the pro-
tein was extracted. The protein concentration was 
determined using the BCA protein assay. Proteins 
were electrophoretically separated on 10% sodium 
dodecyl sulfate–polyacrylamide-gel electrophoresis 
(SDS–PAGE) gels (Bio-Rad Laboratories, Inc. Her-
cules, CA, USA) and transferred to polyvinylidene 
fluoride (PVDF) membranes. The PVDF membranes 
were blocked with 5% milk for 2 h, incubated with pri-
mary antibodies against IL-1β (1:1000, Abcam, Cat# 
Ab9722), PI3K (1:1000, Cell Signaling Technology, 
Cat# 4257), AKT (1:1000, Cell Signaling Technology, 
Cat# 4691), p-PI3K (1:1000, Cell Signaling Technology, 
Cat# 17366), p-AKT (1:1000, Cell Signaling Technol-
ogy, Cat# 4060), TNF-α (1:1000, Cell Signaling Tech-
nology, Cat# 11948), Bcl-2 (1:1000, Proteintech, Cat# 
26593-1-AP), Bax (1:2000, Proteintech, Cat# 50599-2-
lg), cle-Caspase-3 (1:1000, Proteintech, Cat# 19677-1-
AP), or GAPDH (1:7000, Proteintech, Cat# 60004-1-lg) 
at 4  °C for 12  h, and then incubated with a secondary 
antibody (1:7000) for 2 h. The membrane was detected 
with enhanced chemiluminescence kit (Meilunbio, 
MA0186). The protein bands were imaged with the Bio-
Image Analysis system (Bio-Rad Laboratories, Inc.).

Statistical analysis
Data are presented as the means ± standard error of the 
mean (SEM) and were analysed using one-way or two-
way repeated measures analysis of variance (ANOVA) 
with IBM SPSS Statistics statistical software (IBM SPSS 
Statistics for Windows, Version 23.0. Armonk, NY, USA). 
After ANOVA, pairwise comparisons were analysed 
using the least significant difference test (LSD-t). A p 
value < 0.05 was defined as statistically significant.

Results
24A ameliorated the neurological deficits of GCI/R mice
The molecular structure of 24A is shown in Fig. 1B. We 
used three-dimensional (3D) time of flight (TOF) mag-
netic resonance angiography (MRA) method to detect 
the cerebral blood vessels of mice. The images (Fig. 1A) 
showed that two-vessel occlusion surgery we performed 
successfully occluded both common carotid arteries. 
We scored neurological deficits on the first, third, fifth, 
and seventh days after ischaemia–reperfusion injury. 
According to the line chart (Fig.  1C), the neurological 
deficit scores of all groups displayed a downwards trend. 
The score of the GCI/R group was significantly higher 
than that of the sham group. After the 24A intervention, 
the score decreased, while the use of the PI3K inhibitor 
reversed the effect of 24A. Based on these results, 24A 
ameliorated the neurological deficits, and the effect was 
reversed by the PI3K inhibitor LY294002.

24A improved GCI/R‑induced spatial memory and learning 
deficits
The Morris water maze was used to test the learning and 
memory abilities of the animals. Escape latency and the 
total distance travelled represent the time and distance 
required for mice to find the target platform. A shorter 
escape latency and total distance represent better spa-
tial memory and learning abilities. The escape latency 
and total distance showed a decreasing trend in the spa-
tial exploration experiment (Fig. 1D, E). Compared with 
the sham group, GCI/R mice required a longer time and 
exhibited a longer path length when searching for the 
platform. After the 24A intervention, the escape latency 
and total distance travelled decreased significantly com-
pared with the GCI/R group, indicating that 24A signifi-
cantly improved the spatial memory and learning abilities 
of mice. The escape latency of the PI3K inhibitor group 
was longer than that of the sham group and 24A inter-
vention group. Although the difference was not signifi-
cant, it still indicated that the addition of the inhibitor 
prevented the improvements in the spatial memory and 
learning abilities of mice to some extent. After the spa-
tial exploration experiment, the frequency at which mice 
crossed the target platform location and the time spent 
in the platform location were tested. Compared with the 
sham group, the numbers of platform crossings (Fig. 1F) 
were significantly reduced in the GCI/R group (p < 0.01) 
and inhibitor group (p < 0.05). After the 24A intervention, 
the number of platform crossings increased, although the 
difference was not significant (p > 0.05). Compared with 
the GCI/R group, the sham group and 24A intervention 
group spent more in the platform quadrant (Fig.  1G) 
(p < 0.05). Mice in the sham group tended to swim to the 
zone, where the platform was previously located, while 
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Fig. 1  Treatment with 24A improved the neurological deficits of GCI/R mice. A Cerebral blood vessel of mice detected by three-dimensional time 
of flight magnetic resonance angiograph method. B The molecular structure of 24A. C The neurological deficit scores evaluated on the first, third, 
fifth and seventh days (n = 12, repeated measures ANOVA, p < 0.001). D, E Time (n = 12, repeated measures ANOVA, p < 0.001) and distance (n = 12, 
repeated measures ANOVA, p < 0.001) of the mice travelled to find the platform in the spatial exploration experiment of the MWM. F, G Frequency 
of the mice crossing over the target platform location (n = 12, one-way ANOVA, p = 0.001) and the time spent in the target platform quadrant 
(n = 12, one-way ANOVA, p = 0.040) in the directional navigation experiment of the MWM. H Representative trajectories in the directional navigation 
experiment of the MWM. (**p < 0.01, *p < 0.05, ns indicates no significant differences)
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mice in the GCI/R group did not exhibit this preference. 
The 24A treatment increased the proportion of distance 
travelled and time spent in the platform quadrant, while 
the effect was reversed by the PI3K inhibitor LY294002 
(Fig. 1H).

24A improved the ability of GCI/R mice to explore novel 
objects
NORT are based on the principle that animals have 
a tendency to explore novel objects (Fig.  2A–C). 
The discrimination index and time ratio repre-
sent the frequency and time mice spend exploring a 
novel object relative to that of the familiar object. As 
shown in Fig.  2D, the GCI/R group showed a lower 

discrimination index than the sham group at 24  h in 
the NORT (p < 0.05). Treatment with 24A significantly 
increased the discrimination index (p < 0.05), while 
the PI3K inhibitor decreased it, indicating that  24A 
improved the ability of mice to explore and distinguish 
novel objects and confirmed its effect on improving 
long-term memory. The time ratio (Fig. 2E) is the time 
animals spend exploring the novel object relative to the 
total exploration time. The ratio in the GCI/R group 
was less than that in the sham group at 24  h in the 
NORT (p < 0.01). After the 24A intervention, the time 
ratio increased (p < 0.05), and the inhibitor reduced 
this value (p < 0.05). Therefore, GCI/R mice spent more 
time exploring novel objects after the 24A intervention, 

Fig. 2  Treatment with 24A improved the ability of GCI/R mice to explore novel objects. A–C Schematic diagrams of the novel object recognition 
test. D, E Discrimination index (n = 12, one-way ANOVA, p = 0.002) and time ratio (n = 12, one-way ANOVA, p = 0.010) in the ORT at 24 h. 
(Discrimination index = time spent exploring the novel object/total time spent exploring the familiar and novel objects), (time ratio = time spent 
exploring the novel object/total time spent exploring familiar and novel objects). F, G Total exploration frequencies (n = 12, one-way ANOVA, 
p = 0.159) and total exploration time (n = 12, one-way ANOVA, p = 0.076) in the ORT at 24 h. H Representative trajectory diagram in the ORT at 24 h. 
(**p < 0.01, *p < 0.05, ns indicates no significant differences)
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which confirmed that 24A improved the ability of mice 
to explore novel objects. The exploration trajectory of 
mice was consistent with the phenomenon described 
above (Fig.  2H). However, no significant difference in 
total exploration times were observed between the 4 
groups (Fig. 2F, G).

24A improved the changes in substance metabolism 
in various brain regions of mice with I/R injury
In our study, MRS was used to detect changes in neuro-
metabolites in the hippocampus and cortex (Fig. 3A–C). 
Because creatine (Cr) is present at relatively constant and 
uniform levels, it is usually used as an internal reference 

Fig. 3  Treatment with 24A improved metabolism in different brain regions of GCI/R mice. Substance metabolism in the hippocampus and cortex 
was detected using MRS. A Typical spectra recorded from the hippocampus of mice. B, C Region of interest (ROI) in the mice hippocampus and 
cortex. D–I Changes in the levels of the metabolites Glx (n = 6, Kruskal–Wallis test/one-way ANOVA, p hippocampus = 0.027, p cortex = 0.005), GABA 
(n = 6, one-way ANOVA, p hippocampus < 0.001, p cortex = 0.012), NAA (n = 6, one-way ANOVA, p hippocampus = 0.002, p cortex = 0.079), MI (n = 6, one-way 
ANOVA, p hippocampus < 0.001, p cortex = 0.041), CHO (n = 6, one-way ANOVA, p hippocampus = 0.003, p cortex = 0.033) and Taurine (n = 6, one-way ANOVA, p 

hippocampus < 0.001, p cortex < 0.001) in the hippocampus and cortex. (*p < 0.05 and **p < 0.01 compared with the sham group; ^p < 0.05 and ^^p < 0.01 
compared with the GCI group; !p < 0.05 and !!p < 0.01 compared with the 24A intervention group)
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for measuring the levels of other metabolites. In our 
study, Glx/Cr (Fig. 3D) levels in the cortex of the GCI/R 
group increased, while 24A treatment reduced Glx/Cr 
levels in the cortex (p < 0.01). The GCI/R group showed 
a decrease in GABA/Cr levels (Fig. 3E) in the hippocam-
pus (p < 0.01) and cortex (p < 0.01) but an increase after 
the addition of 24A (p < 0.01). In our study, significantly 
decreased NAA/Cr levels (Fig. 3F) were detected in the 
hippocampus of the GCI/R group (p < 0.05), while 24A 
increased the levels of this metabolite (p < 0.01), but 
the change in the cortex was not significant (p > 0.05). 
The MI/Cr ratio (Fig.  3G) increased in the hippocam-
pus (p < 0.01) and cortex (p < 0.05) in the GCI/R group 
increased but decreased after the 24A intervention in the 
hippocampus (p < 0.01) and cortex (p < 0.05). The con-
tents of CHO (Fig.  3H) increased in the hippocampus 
(p < 0.01) and cortex (p < 0.05) of the GCI/R group but 
decreased after treatment with 24A (p < 0.01, p < 0.05). 
I/R injury leads to an increase in Taurine levels in the 
hippocampus and cortex. Our study confirmed signifi-
cantly higher Taurine levels (Fig. 3I) in the GCI/R group 
than in the sham group (p < 0.01), while the 24A interven-
tion reduced Taurine levels (p < 0.01), and the administra-
tion of the PI3K inhibitor increased its levels (p < 0.01).

24A reduced GCI/R‑induced microglial and astrocyte 
activation
Ionized calcium binding adaptor molecule 1 (Iba1) is a 
positive marker of microglia, and glial fibrillary acidic 
protein (GFAP) is a positive marker of astrocytes. In the 
GCI/R group, the number of Iba1 + and GFAP + cells 
in the hippocampus (Fig.  4A, E) and cortex (Fig.  4B, F) 
increased, and the cell body became larger, indicat-
ing that microglia and astrocytes were overactivated 
after GCI/R (p < 0.01). The numbers of microglia and 
astrocytes in the 24A group were markedly decreased 
(p < 0.01). Notably, 24A inhibited microglial and astrocyte 
overactivation in the hippocampus and cortex. However, 
this effect was reversed by the PI3K inhibitor (p < 0.01), 
although Iba1 levels in the cortex were not significantly 
different. The numbers of microglia and astrocytes in the 
hippocampus and cortex were calculated using ImageJ 
software (Fig. 4C, D, G, H).

24A attenuated GCI/R‑induced inflammation 
and apoptosis
We detected the expression of proteins related to 
inflammation and apoptosis using western blot to bet-
ter understand the anti-inflammatory and antiapop-
totic mechanisms of 24A. IL-1β, TNF-α and iNOS were 
expressed at higher levels in the GCI/R group than 
in the sham group (p < 0.01), and the 24A interven-
tion markedly attenuated the increased expression of 

IL-1β (p < 0.01), TNF-α (p < 0.05) and iNOS (p < 0.01) 
but these changes were reversed by the PI3K inhibitor 
LY294002 (Fig.  5A–C). Thus, 24A reduced inflamma-
tion induced by ischaemia–reperfusion. The levels of 
Bax and cleaved Caspase-3 were significantly increased 
after GCI/R injury, while Bcl-2 levels were decreased 
(p < 0.01). Treatment with 24A significantly reduced 
the ratio of Bax to Bcl-2 (p < 0.01) and the expression 
of cleaved Caspase-3 (p < 0.05). However, the situation 
was reversed by the PI3K inhibitor LY294002 (Fig. 5D, 
E). Notably, 24A inhibited inflammation and apoptosis 
after GCI/R by regulating the levels of proinflammatory 
factors and proapoptotic and antiapoptotic proteins. 
However, LY294002 reversed the effect of 24A.

Therapeutic effect of 24A on GCI/R‑induced apoptotic 
neuronal death
More obvious morphological changes in neurons, such 
as nuclear shrinkage, chromatin deepening, irregu-
lar cell morphology and blurred edges, were observed 
in the hippocampus and cortex. The addition of 24A 
attenuated the destruction of neurons, and the mor-
phology was relatively regular. However, the addition of 
the PI3K inhibitor reversed this change (Fig. 6A, B).

Therapeutic effect of 24A on GCI/R‑induced damage 
to hippocampal and cortical neurons and dendritic spines
Golgi staining was performed to observe the quantity 
and arrangement of hippocampal and cortical neurons 
in each group and to further investigate the destruc-
tion of the neuronal structure. As shown in Fig.  6C, 
the number of hippocampal neurons was significantly 
decreased and the remaining cells were arranged 
irregularly in the GCI/R group compared with the 
sham group. After the 24A intervention, the num-
ber of hippocampal neurons increased and cells were 
arranged neatly and regularly, while the administra-
tion of the PI3K inhibitor weakened the effect of 24A 
(Fig.  6C). Furthermore, we found that the dendritic 
spines on hippocampal neurons in the CA1 region and 
cortical neurons (Fig.  6D–G) of the sham group were 
dense. While in the GCI/R group, the dendritic spines 
were lost and atrophied, and the number of dendritic 
spines was decreased compared with the sham group 
(p < 0.01). A reduction in the dendritic spine density 
had been shown to be associated mainly with brain 
dysfunctional. Although some dendritic spines in the 
24A intervention group were lost, the number of den-
dritic spines was higher than that in the GCI/R group 
(p < 0.05). The PI3K inhibitor decreased the number of 
dendritic spines (p < 0.05).
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Fig. 4  Treatment with 24A reduced GCI/R-induced microglial and astrocyte activation. A, B Immunohistochemical staining for Iba1 in the 
hippocampus and cortex (10 ×, 40 × magnification). C, D Quantitative analysis of microglia in the hippocampus (n = 3, one-way ANOVA, 
p < 0.001) and cortex (n = 3, one-way ANOVA, p = 0.011). E, F Immunohistochemical staining for GFAP in the hippocampus and cortex (10 ×, 
40 × magnification). G, H Quantitative analysis of astrocytes in the hippocampus (n = 3, one-way ANOVA, p < 0.001) and cortex (n = 3, one-way 
ANOVA, p < 0.001). (**p < 0.01, *p < 0.05, ns indicates no significant differences)
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Fig. 5  Treatment with 24A attenuated GCI/R-induced inflammation and apoptosis. A–E Representative western blot images and quantitative 
analysis of IL-1β (n = 3, one-way ANOVA, p = 0.011), TNF-α (n = 3, one-way ANOVA, p = 0.008), iNOS (n = 3, one-way ANOVA, p = 0.004), Bax/Bcl-2 
(n = 3, one-way ANOVA, p = 0.001), and cle-Caspase-3 (n = 3, one-way ANOVA, p = 0.003) levels. (**p < 0.01, *p < 0.05, ns indicates no significant 
differences)

(See figure on next page.)
Fig. 6  Therapeutic effect of 24A on GCI/R-induced apoptotic neuronal death. A, B Immunohistochemical staining of neurons in the hippocampus 
and cortex (10 ×, 40 × magnification). C The quantity and arrangement of neurons in the hippocampus and cortex were observed using 
Golgi staining (4 × magnification). D, E Density of dendritic spines on hippocampal and cortical neurons was observed using Golgi staining 
(100 × magnification). F, G Quantitative analysis of dendritic spine density of hippocampal (n = 3, one-way ANOVA, p = 0.001) and cortical neurons 
(n = 3, one-way ANOVA, p < 0.001) in each group. (**p < 0.01, *p < 0.05, ns indicates no significant differences)
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Fig. 6  (See legend on previous page.)
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24A activated PI3K/AKT signalling pathway after GCI/R
We confirmed whether the PI3K/AKT signalling path-
way was involved in the protective effect of 24A by first 
examining the changes in PI3K/AKT levels after ischae-
mia–reperfusion and the 24A intervention using western 
blot. Total PI3K and AKT levels were consistent among 
the four groups. Treatment with 24A increased PI3K 
phosphorylation compared with that in the GCI/R group, 
while LY294002 inhibited PI3K phosphorylation (Fig. 7A, 
B). Compared with the sham group, p-PI3K/PI3K and 
p-AKT/AKT levels were decreased after GCI/R (p < 0.01) 
and increased after the 24A intervention (p < 0.01), while 
the PI3K inhibitor reversed the effect of 24A (p < 0.01, 

Fig. 7C, D). PI3K is upstream of AKT, and the PI3K/AKT 
pathway is related to cell survival and growth, which may 
play an important role in attenuating cerebral ischaemia.

Discussion
Ischaemic stroke is the primary cause of death and 
long-term disability in elderly individuals. Ischae-
mia reperfusion (I/R) is a complex pathological pro-
cess accompanied by ischaemic stroke that exacerbates 
brain damage, including reactive oxygen species (ROS) 
outburst, inflammatory mediator overproduction, leu-
kocyte infiltration, increased Ca2+ influx, and calcium 
overload, all of which mediate the induction of apoptosis 

Fig. 7  24A activated the PI3K/AKT pathway in the GCI/R model. A, B Levels of p-PI3K, PI3K, p-AKT, and AKT were detected using western blotting, 
with GAPDH serving as a loading control. C, D Ratio of p-PI3K to PI3K (n = 3, one-way ANOVA, p < 0.001) and p-AKT to AKT (n = 3, one-way ANOVA, 
p < 0.001) among different groups was analysed. (**p < 0.01, *p < 0.05, ns indicates no significant differences among each group)
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[13]. These factors are considered to play important roles 
in neuronal injury after ischaemic injury [14]. Based on 
the pathogenesis of I/R, many neuroprotective drugs 
have been designed to protect the brain from reperfu-
sion injury or to inhibit the pathological process. How-
ever, few effective treatments are currently available for 
ischaemic stroke. The present study confirmed that alisol 
A 24-acetate (24A),  one of the main active triterpenes 
of Rhizoma Alismatis [4], significantly attenuated global 
cerebral ischaemia/reperfusion (GCI/R)-induced brain 
injury.

Studies have shown that microglia exert a proinflam-
matory and proapoptotic effect on the early stage of I/R 
[15] by regulating the immune response and affecting 
neuronal function. Microglia function in the early stage 
of ischaemia–reperfusion by undergoing morphological 
changes and secreting inflammatory factors [16]. Global 
cerebral ischaemia is usually followed by inflammation 
induced by astrocytes in the initial stage of inflammation. 
In the I/R group, the expression of GFAP, a characteris-
tic marker of astrocytes, was upregulated, indicating that 
I/R injury may be accompanied by reactive astrogliosis. 
Many studies have revealed that activated astrocytes in 
ischaemic regions are potentially harmful, because they 
release chemokines and increase the levels of NOS and 
neurotoxic NO, thereby aggravating ischaemic brain 
diseases [17]. Furthermore, the hippocampus and cor-
tex are vulnerable to microglial activation and reactive 
astrocytes in GCI/R [18]. In our study, the activation of 
microglia and astrocytes in the hippocampus and cor-
tex of the GCI/R group increased, and the morphology 
changed significantly, which confirmed that the hip-
pocampus and cortex may be damaged by GCI/R injury. 
The 24A intervention reduced the activation of microglia 
and astrocytes, indicating that 24A may effectively sup-
press inflammation in the process of GCI/R injury. IL-1β 
and TNF-α are the primary cytokines mediating inflam-
mation in response to transient I/R, and the expression 
of iNOS is upregulated during I/R, which leads to ischae-
mic neural damage [19]. Furthermore, the expression of 
IL-1β, TNF-α and iNOS was suppressed by 24A treat-
ment. In general, the inflammatory process continues 
during I/R and plays a vital role in the disease outcome. 
Our results are consistent with a study showing that 
TNF-α and IL-1β production were markedly inhibited 
by 24A [6]. Apparently, 24A-mediated downregulation 
of inflammatory factors suggests its potential as a great 
candidate in investigations of novel therapeutic targets 
for GCI/R injury.

The anti-inflammatory effect of 24A has been proven. 
Interestingly, the inhibition of neuroinflammation 
may reduce neuronal apoptosis [20]. Apoptosis is cru-
cial for neuronal death after cerebral I/R injury, which 

is considered the prominent form of neuronal death 
occurring in the penumbra. The expression of apopto-
sis-related genes was upregulated in response to cer-
ebral I/R injury. Bcl-2 is a key antiapoptotic factor, and 
Bax is a proapoptotic factor. Various reports suggest 
that Bcl-2 expression is decreased, while Bax expression 
is increased after reperfusion, and inhibition of Bcl-2 
reduces apoptosis and neuroinflammation after I/R [21]. 
Caspases and the Bcl family play equally important roles 
in the regulation of apoptosis. Activation of caspase-3 is 
an important feature of apoptosis following I/R, and its 
levels increase in the hippocampus of individuals with 
I/R injury [22]. As shown in our previous study, 24A 
exerts an antiapoptotic effect on OGD-induced brain 
microvascular endothelial cells [8]. The in  vitro experi-
ments showed that 24A reduced the proportion of Bax/
Bcl-2, indicating that 24A, an anti-neuroinflammatory 
drug, effectively ameliorated apoptosis. These findings 
are consistent with previous cellular studies [7, 8] show-
ing that 24A exerts antiapoptotic effects by regulating the 
expression of Bax/Bcl-2 in vivo.

Ischaemic stroke contributes to the development of 
neurological deficits and cognitive decline. The modi-
fied neurological severity score (mNSS) and morris water 
maze (MWM) are often used as indicators to evaluate the 
neurological function of rodent models. We found that 
24A significantly improved neurological function and 
spatial learning and memory following GCI/R injury. We 
observed the synaptic morphology in the hippocampus 
and cortex to further investigate the intrinsic mecha-
nism underlying neuronal changes during GCI/R injury. 
Synaptic plasticity is the cellular physiological basis of 
learning and memory [23]. Dendritic spines are small 
processes of dendrites, and their dynamic changes are an 
important form of synaptic remodelling [24, 25]. Cerebral 
ischaemia affects the synaptic structure and the density 
of dendritic spines, which exhibit a continuously decreas-
ing trend with the extension of the ischaemia time. In the 
present study, the dendritic branches and density of den-
dritic spines increased after the 24A intervention. Thus, 
24A effectively promotes the remodelling of hippocam-
pal and cortical dendritic spine structure and function 
to promote the recovery of neurological function after 
CI/R. The neuroprotective activity of 24A suggests that it 
represents a promising and effective drug for improving 
neurological function after I/R injury.

Magnetic resonance imaging (MRS) is a novel tech-
nique used to detect brain metabolites in  vivo. Ischae-
mia induced neurochemical and metabolic changes in 
the brain, including alterations in creatine (Cr), lactic 
acid, N-acetylaspartate (NAA), γ-aminobutyric acid 
(GABA), myoinositol (MI) and glutamate (Glu), and 
glutamine levels. MI is a marker of glial hyperplasia, 
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and its level is increased in some nervous system dis-
eases. Choline (CHO) levels increased during cerebral 
ischaemia. Amino acid neurotransmitters are the most 
abundant neurotransmitters in the central nervous sys-
tem. In pathophysiological processes, their concentra-
tions will change substantially. During the early stage of 
cerebral ischaemia, neuronal damage may be induced 
by excitatory neurotoxicity due to the oversecretion of 
neurochemicals [26]. Glx is a complex of glutamate and 
glutamine, which is an excitatory neurotransmitter that 
participates in many important metabolic pathways. 
Under ischaemic conditions, its peak becomes larger. 
GABA is an inhibitory neurotransmitter that plays a key 
role in motor learning and mediates the recovery of brain 
injury, but its levels decrease after stroke. NAA, which is 
considered a predominantly neuronal marker, reflects the 
functional state of neurons. The inhibition of neuronal 
metabolism leads to a significant decrease in NAA/Cr 
levels during cerebral ischaemia, indicating the develop-
ment of cognitive deficits. Our study revealed decreased 
NAA levels after I/R injury, consistent with existing stud-
ies [27]. A reduction in NAA levels is often regarded as 
an indicator of neuron loss [28]. Recent magnetic reso-
nance imaging (MRI) studies have been conducted to 
explain the susceptibility of hippocampal neurons to 
metabolic stress and delayed neuronal death, such as glu-
tamate excitotoxicity, changes in lipid metabolism and 
production of free radicals, energy metabolism and local 
blood flow dysfunction, and apoptosis induction [29]. 
This finding explains why ischaemia causes an increase 
in Glx levels and subsequently mediates neuronal death. 
Our experiments showed that 24A regulated the levels 
of these substances, which provides a research basis for 
its application in the protection against brain injury after 
cerebral I/R. Furthermore, the application of MRI pro-
vides a scientific basis for the monitoring of changes in 
cognitive function caused by altered neurotransmitter 
levels after cerebral ischaemia.

Inflammation and apoptosis caused by ischaemia–rep-
erfusion injury exert a serious effect on neurons and 
ultimately damage cognitive function. In our study, the 
neuroprotective effect of 24A was weakened when the 
PI3K-AKT signalling pathway was inhibited in GCI/R 
mice. We verified that this protective effect was medi-
ated via the PI3K/AKT pathway by detecting behavioural 
performance, MRS, inflammation and apoptosis-related 
factors. We found that 24A activated the PI3K/AKT sig-
nalling pathway. Recent reports have highlighted the criti-
cal role of the PI3K/AKT signalling pathway in promoting 
cell survival. Bax and Bcl-2 are downstream proteins in 
the PI3K/AKT signalling pathway that regulate the activa-
tion of caspases [30]. Phosphorylated AKT increases the 
expression of the antiapoptotic protein Bcl-2 and mediates 

the inhibition of proapoptotic proteins. Recently, we 
observed increased expression of PI3K and AKT follow-
ing 24A treatment. Therefore, we speculate that 24A may 
modulate PI3K/AKT signalling. As expected, inhibition 
of the PI3K/AKT pathway attenuated the protective anti-
inflammatory and antiapoptotic effects of 24A treatment. 
In addition, the neurological deficits were exacerbated, 
and the behavioural performance deteriorated following 
the administration of LY294002. This result further indi-
cated that the PI3K/AKT signalling pathway is involved in 
the protective effect of 24A on GCI/R injury.

Conclusions
Taken together, our study first found that 24A exerts anti-
inflammatory and anti-apoptotic effects and improves 
neurological deficits via the PI3K/AKT signalling path-
way in a GCI/R model, which provides new insights and 
inspiration for the treatment of cerebral ischaemia–rep-
erfusion injury.
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