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A b s t r a c t

Alzheimer’s disease (AD) is a chronic, neurodegenerative disorder that affects the central nervous system and is found 
predominantly in elderly populations. As amyloid β protein (Aβ) is one of the key players responsible for the pathogenesis 
of AD, we sought to investigate the protective effects of fisetin in an Aβ1-42-induced rat model of AD. In this model, the 
protective effects of fisetin on learning and memory impairment induced by Aβ1-42 were determined via the Morris water 
maze and passive avoidance test. Furthermore, the antioxidant activity, anti-inflammation, and apoptosis effect of fise-
tin were investigated using biochemical and immunohistochemical methods. The results showed that intragastric (i.g.) 
administration of fisetin (100, 50, and 25 mg/kg) improved previous learning and memory impairments in Aβ1-42-treated 
rats. Hippocampal tissue from these fisetin-treated rats revealed that the activities of total superoxide dismutase (T-SOD) 
and glutathione peroxidase (GSH-Px) were markedly enhanced, and that the levels of malondialdehyde (MDA) and 
8-hydroxy-2’-deoxyguanosine (8-OHdG) were significantly reduced. Meanwhile, fisetin also significantly attenuated Aβ1-42- 
induced cholinergic dysfunction such as elevated the activity of choline acetyltransferase (ChAT) and reduced the activity 
of acetylcholine esterase (AChE). In addition, hippocampal tissue obtained from fisetin-treated rats revealed a reversal of 
Aβ1-42-induced effects on apoptotic pathway protein (caspase-3) expression and inflammatory response of glial fibrillary 
acidic protein (GFAP). This indicated that the amount of degenerating hippocampal neurons with apoptotic features was 
dramatically reduced after treatment with fisetin. Collectively, these findings suggest that fisetin has potential as a treat-
ment agent for Alzheimer’s disease and that its effects occur through several mechanisms, including inhibition of oxidative 
stress, adjustments to previous cholinergic dysfunction, anti-inflammatory actions, and decreased apoptotic activity.
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Introduction
Alzheimer’s disease (AD) is the most common neuro- 

degenerative disease associated with aging. Hallmark 
clinical features of AD include memory loss, cognitive 
dysfunction, and abnormal changes to the individual’s 
personality – all of which are hallmark features of chron-
ic central nervous system degeneration [39]. According 
to the data released by the World Alzheimer’s Disease 
Report 2022, there are currently 6.5 million AD patients 

over the age of 65 in the United States. This burden is 
hypothesized to increase dramatically, with the number 
of AD patients reaching 13.8 million by 2060 [1]. With 
the accelerated aging of the world, AD has seriously 
affected the quality of life and health of the elderly. As 
such, treatment and prevention of AD have become an 
urgent and difficult problem to be solved.

 The typical pathological changes of AD are the ap- 
pearance of extracellular deposits of β-amyloid (Aβ) 
generated senile plaques (SP) [34], intracellular neuro- 
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fibrillary tangles [2], cholinergic loss [9], and neuron loss 
in key brain areas of memory and cognition. Increas-
ing evidence suggests that brain accumulation of Aβ 
is the crucial link between the pathological changes 
found in AD and can result in a series of pathological 
processes [8]. Excessive deposition of Aβ can cause 
excitatory neurotoxicity and neuronal apoptosis, which 
will further aggravate the pathological development of 
AD [16]. To this end, this method has been approved 
by researchers that Aβ1-42 oligomers injected into the 
hippocampus of the rat, caused a series of neurotoxic 
effects, induced dysfunction and even death of nerve 
cells, resulting in decreased memory ability, resulting in 
an AD model [28]. Moreover, Aβ deposition can induce 
chronic inflammation and oxidative stress that results 
in the formation of reactive oxygen species (ROS) [4]. 
During conditions of oxidative stress, there is a serious 
imbalance between the body’s oxidation and antiox-
idant systems, and this imbalance ultimately leads 
to lipid peroxidation, protein carbonyl formation, and 
DNA damage such as the oxidation of deoxyguanosine 
to form 8-hydroxy-2’-deoxyguanosine (8-OHdG) [10]. 

Although there is an abundance of research inves-
tigating the mechanism(s) behind AD, we still do not 
have an effective way to prevent or to cure this disease. 
Given this, we sought to combine our country’s rich 
natural resources and explore candidate AD substanc-
es that have good therapeutic potential, but low side 
effects. It is hoped that this approach will play a posi-
tive role in the future treatment and prevention of AD.

Fisetin is a dietary flavonoid 3,7,3’,4’-tetrahydroxy-
flavone (see Fig. 1 for detailed structure), that is a com-
pound extracted from natural plants [15]. It has been 
described as a potent natural molecule with multiple 
beneficial biological activities, including: anti-oxidation 
[21], anti-inflammatory [6], anticancer [33], neuropro-
tection [36,37], postponement of senility, enhanced 
memory [35]. In this study, we sought to investigate 
the protective effects of fisetin on learning and mem-
ory impairment in an Aβ1-42-induced rat model of AD. 
We then explored its underlying mechanism, focusing 
on its effects on oxidative damage, cholinergic dysfunc-
tion, inflammatory response, and neuronal apoptosis.

Material and methods

Material
Fisetin was purchased from Xi’an Jinnking Biological 

Technology Co., LTD (Xian, China). Aβ1-42 was obtained 
from GL Biochem Ltd (Shanghai, China). Assay kits for 
malondialdehyde (MDA), total superoxide dismutase 
(T-SOD), glutathione peroxidase (GSH-Px), choline acetyl- 
transferase (ChAT), and acetylcholine esterase (AchE) 
were acquired from Jiancheng Bioengineering Institute 

(Nanjing, China). The DNA fragmentation detection kit 
(TUNEL) was obtained from Roche Molecular Biochemi-
cals (Germany). 3,3’-diaminobenzidine (DAB) substrate 
kit was purchased from Beijing Zhongshan Biotechnol-
ogy Co., Ltd. (Beijing China). All other common chemi-
cals and reagents were of analytical grade.

Preparation of aggregated Aβ1-42

Soluble Aβ1-42 oligomers were prepared based on 
a  previously published process [22,25]. Aβ1-42 was 
dissolved into hexafluoroisopropanol (HFIP, Sigma) to 
achieve a  1  mM concentration, incubated until the 
solution was clear and transparent, and vacuum dried 
to remove residual HFIP. Dimethyl sulfoxide (DMSO) 
was then added to obtain a 5 mM solution, after which 
phosphate-buffered saline (PBS, pH 7.4) was added to 
yield a  final concentration of 2.5  μg/μl. The solution 
was incubated at 4°C for 24 h and soluble Aβ1-42 oligo-
mers were stored at –80°C for later use.

Animal groups and drug delivery
Seventy-two adult male Sprague-Dawley (SD) rats 

(Weitong Lihua Experimental Animal Central; User 
License: SCXK (jing) 2012-0001) were used, all of which 
weighed 180-200 g and were approximately six weeks 
old. All animals were provided with ad libitum access 
to food and water and maintained in a  temperature-  
(22 ±1°C) and humidity- (55 ±5%) controlled room 
under a 12-h light-dark cycle (7 am-7 pm). Rats were 
randomly assigned to one of the six following groups 
(n = 12 animals per group): sham control group (0.01 M 
phosphate-buffered saline [PBS] + sterile water), Model 
group (Aβ1-42

 + sterile water), Huperzine A group (Aβ1-42
 

+ 0.2 mg/kg huperzine A) as a positive control group, 
Fisetin-H group (Aβ1-42

 + 100 mg/kg fisetin), Fisetin-M 
group (Aβ1-42 + 50 mg/kg fisetin), and Fisetin-L group 
(Aβ1-42 + 25 mg/kg fisetin).

 

Fig. 1. Structure of the flavonoid fisetin.
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Surgery and administration 
Rats were anesthetized using an intraperitoneal (i.p.) 

injection of 2% sodium pentobarbital (0.35 ml/100 g) 
and securely affixed to the stereotaxic apparatus. 
A  longitudinal incision was made through the skin 
overlaying the skull and the subcutaneous tissue was 
separated. Stereotaxic coordinates for the rat hippo-
campal CA1 region were determined using the Paxinos’ 
and Watson’s atlas of the rat brain [20], which were 
as follows: anterior-posterior (3.3 mm), medial-lateral 
(±2.0 mm), and dorsal-ventral (3.4 mm). Holes were 
bored above these axis coordinates and 5 μl of incu-
bated Aβ1-42 (2.5 μg/μl) was injected bilaterally over  
10 min using a Hamilton microsyringe. The syringe was 
kept in place for an additional 5 min to ensure that 
the solution had fully diffused from the injection site. 
After injection, each rat was sutured and injected with 
80000 U  penicillin to prevent post-op infection. Both 
the sham and model groups were injected bilaterally 
with an equivalent volume of phosphate buffer saline 
(0.01 M PBS). The first day after surgery, fisetin (25, 50, 
or 100 mg/kg) or huperzine A (0.2 mg/kg, positive con-
trol) groups were given their respective drug doses by 
intragastric administration once daily for the following 
15 consecutive days. Sham and model groups received 
the same volume of sterile water over the same injec-
tion schedule as that of the fisetin-treated groups. All 
animal treatment and maintenance procedures were 
approved by the Research Institute of Science and 
Technology of Functional Food and the Beijing Key Lab-
oratory of Bioactive Substances and Functional Food, 
Beijing Union University.

Morris water maze test
The Morris water maze test is mainly used as a mea-

sure of spatial learning and memory [30]. Technically, 
it was composed of the water maze device itself, an 
automatic water maze image information acquisition 
system, and a corresponding software analysis system.  
The tank (145 cm in diameter and 60 cm high) was 
enclosed with a black cloth curtain and tank wall and 
water were all black. This was to prevent the presence 
of any visual cues. On experimental days, the water 
temperature was kept at 24°C ±1°C. The tank was ran-
domly divided into four quadrants (northeast, south-
east, southwest, and northwest) and an escape plat-
form was placed in the centre of any of these quadrants, 
at a  depth of 2 cm below the surface. A  camera was 
placed above the centre of the tank to image swimming 
behaviour and to collect signals through the computer 
input. The key feature of the Morris water maze test 
was the inclusion of the hidden platform. This allowed 
for a spatial probe test to be conducted, which record-

ed the escape latency of each subject (or, the time it 
took for each subject to find the hidden platform). Thus,  
the spatial and directional learning abilities of the rat 
were assessed. The platform was then removed for the 
spatial probe test, which was an assessment of the 
rat’s memory as to the location of the original platform. 

 The Morris water maze test began on day 11 after 
Aβ injection as previously described [31]. All exper-
imental rats completed the hidden platform test and 
their respective escape latencies were recorded. Three 
daily training trials were conducted for four consecu-
tive days. On each test, the rat was placed in the tank 
at one starting position and allowed to swim freely 
until it found the platform. Rats that found the plat-
form were allowed to remain on the platform for 15 s 
and were then returned to the home cage. If a rat failed 
to reach the platform within 90 s, it was gently guided 
to the platform by the experimenter, where it remained 
for 15 s. The platform was removed on day 15 for the 
spatial probe test. The results from this test were used 
to evaluate the effect of fisetin on learning and mem-
ory impairment in the Aβ1-42-induced rat model of AD.

Shuttle-box passive avoidance test
The Shuttle-box passive avoidance apparatus con-

sisted of two compartments: a light and dark side, both 
of which were separated by a guillotine door. The shut-
tle-box passive avoidance test began on day 13 after 
Aβ injection. Briefly, the rat was oriented toward the 
chamber wall of the light room. The door separating the 
two rooms was opened and the rat was allowed 3 min 
of free activity in both the light and dark rooms. On 
day 14 of training, the rat was oriented toward the 
chamber wall in the light room. When all four limbs of  
the rat were completely in the dark room, the door 
separating the two rooms was immediately closed and  
the rat received an electrical shock (2 s continuously). 
On day 15 (24 h after training), the rat was again 
placed in the light room, but with no plantar electrical 
stimulation. The rat was observed for time it took it to 
enter the dark room (incubation period; within 5 min) 
and the number of errors entries into the dark room. If  
the rat failed to enter the dark room, the incubation 
period was denoted as 300 s.

Tissue processing
After behavioural testing, rats (n = 8 in each group) 

were decapitated. Brains were immediately removed 
and washed in ice-cold, isotonic saline solution. Hippo-
campal tissue was isolated and frozen in liquid nitrogen 
prior to analysis. The remaining rats in each group were 
anesthetized with sodium pentobarbital and transcar-
dially perfused with 0.1 M PBS followed by 4% parafor-
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maldehyde (pH 7.4). The brain was then removed, kept 
in its entirety, and placed in 4% paraformaldehyde. 
After embedding it in a paraffin wax block, 5 μm coro-
nal sections were cut using a paraffin wax slicer.

Measurement of the activities  
of GSH-Px, T-SOD, ChAT, AChE,  
and the level of MDA
The activities of glutathione peroxidase (GSH-Px), 

total superoxide dismutase (T-SOD), choline acetyl-
transferase (ChAT), acetylcholinesterase (AChE), and 
the level of malondialdehyde (MDA) were measured 
using commercially available assay kits, which were pur- 
chased from Jiancheng Bioengineering Institute (Nan-
jing, China). All kits were used in accordance with  
the manufacturer’s instructions.

Haematoxylin and eosin staining
Five-micron thick sections were obtained from  

the paraffin-embedded brain tissue. Haematoxylin and 
eosin (H&E) staining was performed according to 
a  standard procedure. An automated H&E staining 
machine was used to observe the morphology of pyra-
midal neurons in the CA1 region of the hippocampus.

TUNEL assay
The TUNEL assay is able to detect DNA strand 

breaks that are predominantly induced by ROS and/or 
apoptosis [24]. The amount of DNA fragmentation was 
determined in our samples using a commercially avail-
able TUNEL assay kit (Roche TUNEL Kit, Roche Molec-
ular Biochemicals, Germany) and in accordance with 
the manufacturer’s instructions. Briefly, hippocampal 
slices were rinsed twice for 5 min each using dimethyl 
benzene and subjected to a series of three minute eth-
anol washes of decreasing concentrations (100%, 95%, 
85%, and 75%). Tissue was then washed three times 
for 5 min each using PBS. Proteinase K (20 μg/ml) was 
then added and incubated at 37°C for 20 minutes, after 
which tissue was again washed three times (5 min/
wash) with PBS. Samples were incubated with 3% H2O2 
in methanol for 10 min at room temperature and rinsed 
in PBS twice for 5 min each. Slices were then transferred 
to a  buffer containing TdT and fluorescein-dUTP and 
incubated in a humid chamber for 1 hour at 37°C. After 
a final series of three PBS washes (5 min/wash), sam-
ples were examined using standard light microscopy.

Immunohistochemical analysis  
of 8-OHdG, GFAP, and caspase-3
Aβ-induced oxidative stress conditions result in 

DNA damage and an association between 8-OHdG and 

DNA fragmentation [32]. The expression of both glial 
fibrillary acidic protein (GFAP) and caspase-3 have been 
used as neuroinflammatory and neuronal apoptosis 
markers in the hippocampus of AD, respectively [11,13]. 
Given this, 8-OHdG, GFAP, and caspase-3 were analysed 
using an immunohistochemical approach. Tissue sec-
tions were washed twice in xylene for paraffin removal 
and were then immersed in graded ethanol solutions 
(100%, 100%, 95%, and 75%). Sections were washed 
three times for 5 min each using PBS before being 
placed in an EDTA buffer solution (pH 9.0) and boiled in 
a pressure-cooker. Tissue sections were then incubated 
for 15 min in 3% H2O2 solution to remove endogenous 
peroxidase activity, followed by three rinses in PBS  
(5 min/rinse). The sections were blocked in goat serum 
for 20 min at 37°C (SP Immunohistochemical Staining 
Kit, Beijing Zhongshan Biotechnology Co., China) and 
incubated overnight at 4°C with one of the following: 
rabbit anti-8-OHdG, anti-GFAP, and anti-caspase-3 anti-
bodies. After incubation, tissue sections were rinsed in 
PBS, incubated with biotinylated goat anti-rabbit IgG 
(SP immunohistochemical staining kit, Beijing Zhong-
shan Biotechnology Co., China) for 20 min at 37°C, 
and rinsed again. Tissue was then incubated in avidin- 
biotin horseradish peroxidase macromolecular complex 
(SP Immunohistochemical Staining Kit, Beijing Zhong-
shan Biotechnology Co., China) for 20 min at 37°C. Sec-
tions were incubated briefly in DAB using a DAB sub-
strate kit and then rinsed three times in PBS. Finally, 
slices were dehydrated, cleared, and cover slipped with 
mounting medium.

Statistical analysis
All data were expressed as mean ±SD. The Morris 

water maze data were analysed using a two-way anal-
ysis of variance (two-way ANOVA). When group vari-
ances were heterogeneous, we used a one-way ANOVA. 
Statistical significance was set at p < 0.05.

Results

Effect of fisetin on escape latency  
in the Morris water maze
We used the Morris water maze to determine if fise-

tin could ameliorate the learning and memory deficits 
seen in an Aβ1-42-induced rat model of AD. Beginning 
on day 11 after surgery, each group (n = 12) was trained 
in the Morris water maze for four consecutive days. 
With the increase of training times, the escape laten-
cies were decreased gradually across days (Fig. 2A). 
As shown, rats in the model group had the worst learn-
ing performance in the Morris water maze when com-
pared to sham controls (p < 0.01). Critically, rats treat-
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ed with fisetin (50 and 25 mg/kg) were able to locate 
the hidden platform more efficiently than those of  
the model group (p < 0.05).

As shown in Fig. 2B, the model group of Aβ1-42- 
injected rats had significantly longer escape latencies in 
the probe test than those of the sham group (p < 0.01). 
When compared to the model group, the Huperzine A, 
Fisetin-H, Fisetin-M, and Fisetin-L groups (0.2 mg/kg, 
100 mg/kg, 50 mg/kg, and 25 mg/kg, respectively) had 
markedly shorter escape latencies (p < 0.01), indicating 
improvements to Aβ1-42-induced learning and memory 
deficiencies. As shown in Figure 2C, the Aβ1-42-injected 
rat model group also demonstrated significantly shorter 
search frequency during the probe test than that of the 

sham group (p < 0.01). The number of target crossings 
in the Huperzine A, Fisetin-H, Fisetin-M, and Fisetin-L 
groups were significantly higher when compared to 
the model group (p < 0.01). We did not find any dose- 
dependent effects amongst the different fisetin treat-
ment groups.

Effect of fisetin on the shuttle-box 
passive avoidance test 
The shuttle-box passive avoidance test was tradi-

tionally known to assess learning and memory ability. 
As shown in Table I and when compared to the sham 
group, the model group’s latency was significantly 
reduced (p < 0.05) while the numbers of errors was sig-

Fig. 2. Effects of fisetin on escape latency of the Morris water maze in Aβ1-42-induced memory impairment 
rats. A) The escape latency of each training session beginning on day 11 after Aβ injection. Three training 
trials were administered each day for four consecutive days. B) The escape latency was defined as the first 
time the rat crossed the position in which the platform had been prior to the probe trial. C) The search fre-
quency was the number of times the rat crossed the target area. Data are expressed as mean ±SD (n = 12 
in each group; *p < 0.05, **p < 0.01 relative to the model group, #p < 0.05, ##p < 0.01 relative to the sham 
group).
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nificantly increased (p < 0.01). When compared to the 
model group, 14 days of treatment with either Huper-
zine A or Fisetin-H (100 mg/kg) significantly increased 
escape latency (p < 0.05) and reduced the numbers of 
errors (p < 0.05) in the passive avoidance test.

Effects of fisetin on the activities  
of ChAT and AChE 
Alzheimer’s disease was characterized by marked 

cholinergic dysfunction [18]. As shown in Table II, Aβ1-42 
administration to rats resulted in altered activities of 
ChAT and AChE in the hippocampus. When compared 
to the sham group, the activity of ChAT significantly 
decreased (p < 0.01), while the activity of AChE signifi-
cantly increased in the Aβ1-42-induced model group. Rel-
ative to the model group, the activity of ChAT in Huper-
zine A, Fisetin-H, Fisetin-M, and Fisetin-L treatment 
groups were markedly enhanced (p < 0.01, p < 0.01,  
p < 0.01, and p < 0.05, respectively). Moreover, the activi-
ty of AChE in Huperzine A, Fisetin-H, and Fisetin-M treat-

ment groups were all significantly reduced (p < 0.01). 
Fisetin-L treatment had no significant effect on AChE 
activity.

Effects of fisetin on the activities  
of GSH-Px and T-SOD, and MDA levels
As oxidative stress plays an important role in 

Aβ1-42-induced neurotoxicity [12], the effects of fise-
tin treatment on the activities of GSH-Px and T-SOD, 
and the level of MDA in the hippocampus were next 
investigated. The results showed that Aβ1-42 treatment 
in the model group resulted in significantly (p < 0.01) 
decreased activities of both GSH-Px and T-SOD, com-
pared to the sham group (Table III). In addition, 
the level of MDA was significantly increased in model 
group compared with shame group (p < 0.01). How- 
ever, relative to the model group, the activities of the 
antioxidant enzymes GSH-Px in the Huperzine A, Fise-
tin-M (50 mg/kg), and Fisetin-L (25 mg/kg) treatment 
groups were significantly increased (p < 0.05). Rela-

Table I. Effect of fisetin on the shuttle-box pas-
sive avoidance test

Group Dose  
(mg/kg)

Incubation 
period

Number  
of errors

Sham – 300.00 ±0.00 0.00 ±0.00

Model – 160.08 ±122.91# 0.66 ±0.49##

Huperzine A 0.2 298.83 ±4.04* 0.08 ±0.29*

Fisetin-H 100 296.17 ±13.28* 0.08 ±0.29*

Fisetin-M 50 288.25 ±30.94 0.16 ±0.38

Fisetin-L 25 269.16 ±69.86 0.25 ±0.45

*p < 0.05 relative to the model group, #p < 0.05, ##p < 0.01 relative to the sham 
group.

Table II. Effects of fisetin on the activities of 
choline acetyltransferase (ChAT) and acetylcho-
line esterase (AchE)

Group Dose 
(mg/kg)

ChAT 
(U/g wet 
tissue)

AChE 
(U/mg 

protein)

Sham – 84.43 ±7.79 0.18 ±0.03

Model – 54.41 ±9.94## 0.30 ±0.06##

Huperzine A 0.2 83.06 ±6.50** 0.21 ±0.05**

Fisetin-H 100 74.79 ±9.51** 0.19 ±0.02**

Fisetin-M 50 74.10 ±6.25** 0.20 ±0.06**

Fisetin-L 25 63.50 ±4.64* 0.26 ±0.034

*p < 0.05, **p < 0.01 relative to the model group, ##p < 0.01 relative to the sham 
group.

Table III. Effects of fisetin on the activities of GSH-Px and T-SOD, and the level of MDA 

Group Dose (mg/kg) GSH-Px
(U/mg protein)

T-SOD
(U/mg protein)

MDA
(nmol/mg protein)

Sham – 25.20 ±6.06 133.11 ±7.05 3.20 ±0.59

Model – 18.32 ±2.39## 88.18 ±6.06## 9.14 ±3.02##

Huperzine A 0.2 23.88 ±5.04* 130.70 ±8.67** 3.43 ±0.87**

Fisetin-H 100 19.45 ±1.97 131.53 ±5.23** 2.86 ±0.68**

Fisetin-M 50 24.01 ±7.74* 128.85 ±4.31** 4.35 ±1.47*

Fisetin-L 25 24.18 ±3.77* 113.26 ±10.98** 4.44 ±2.19*

*p < 0.05, **p < 0.01 relative to the model group, ##p < 0.01 relative to the sham group.
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 Sham Model Huperzine A

 Fisetin-H Fisetin-M Fisetin-L

tive to the model group, the activities of the antiox-
idant enzymes T-SOD in the Huperzine A, Fisetin-H 
(100 mg/kg), Fisetin-M (50 mg/kg), and Fisetin-L  
(25 mg/kg) treatment groups were significantly elevat-
ed (p < 0.01). Finally, relative to the model group, MDA 
levels were significantly reduced in groups receiving 
pretreatment with Huperzine A, Fisetin-H, Fisetin-M,  
or Fisetin-L (p < 0.01, p < 0.01, p < 0.05, and p < 0.05, 
respectively).

Fisetin suppressed 8-OHdG levels 

8-OHdG was a  sensitive marker of DNA damage 
[19]. Immunohistochemical data revealed that the lev-

els of 8-OHdG in the CA1 region of the hippocampus 
were significantly enhanced in the AD model group  
(p < 0.01). Interestingly, this increase was suppressed 
by treatment with Huperzine A, Fisetin-H, Fisetin-M, and 
Fisetin-L (Fig. 3A and B, all p < 0.01).

Effects of fisetin on hippocampal 
neuronal morphology
H&E staining was used to investigate the effects 

of fisetin on Aβ1-42-induced neuronal morphological 
change in the CA1 region of the hippocampus. Repre-
sentative images for this H&E staining from each group 
is shown in Figure 4. The results indicated that pyra-

Fig. 3. Effects of fisetin treatment on the level of 
8-OHdG after Aβ1-42-treatment in the CA1 region 
of the hippocampus. A) Representative photomi-
crographs of 8-OHdG expression (400× magni-
fication). B) Quantification of 8-OHdG labelling 
in each group employed integral optical density 
(IOD)/area. Data are expressed as mean ±SD  
(n = 4 in each group; *p < 0.05, **p < 0.01 relative 
to the model group, #p < 0.05, ##p < 0.01 relative 
to the sham group).
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midal cells of the CA1 region obtained from the sham 
group were closely packed with clear nuclear staining. 
By contrast, the pyramidal cells of the Aβ1-42-induced 
AD model group had significant damage, revealed in 
nucleoli ambiguity, indefinable borders between nuclei 
and cytoplasm, non-structurally intact pyramidal cells, 
and decreased amounts of morphologically healthy 
neurons. Interestingly, neurons from fisetin-treated 
groups had markedly reversed Aβ1-42-induced CA1 neu-
ronal damage, maintaining their pathological lesions 
close to normal, control ranges. This was particularly 
evident for doses of 50 and 100 mg/kg.

Effect of fisetin on Aβ1-42-induced 
hippocampal neuronal apoptosis
The TUNEL assay was used to investigate the 

effects of fisetin on Aβ1-42-induced hippocampal neu-
ronal apoptosis in the area surrounding the damaged 
site (Fig. 5). The data provided supporting evidence 
that there was a significant increase in the apoptotic 
neurons of rats in the model group when compared 
with those in the sham group (p < 0.01, Fig. 5). How-
ever, fisetin treatment at doses of 25, 50 and 100 mg/
kg markedly decreased the number of apoptotic cells 
(p < 0.05, p < 0.05, and p < 0.01, respectively). Apop-
totic cells were occasionally observed in the Huperzine 
A treatment group (p < 0.01, Fig. 5).

Fisetin reduced GFAP and caspase-3 
protein levels
Glial fibrillary acidic protein was primarily expressed 

in astrocytes that are involved in inflammatory reac-
tions and was used by us as a marker of astrogliosis 
[11]. Figure 6 shows the effects of fisetin on GFAP levels 
in the CA1 region of the hippocampus. Fisetin signifi-
cantly increased both the area and intensity of GFAP 
staining in the AD model group. However, this increase 
was largely reversed in all fisetin treatment groups.

Furthermore, our immunohistochemical data also 
examined the expression of caspase-3 in the CA1 region 
of the hippocampus. When compared with the sham 
group, caspase-3 levels were significantly enhanced in 
the AD model group (p < 0.01). Fisetin treatment (25, 
50 and 100 mg/kg) and huperzine A treatment all sig-
nificantly decreased the expression of caspase-3, when 
compared to the model group (Fig. 7A and B, p < 0.01).

Discussion
Alzheimer’s disease is a  type of brain dysfunction 

featuring a gradual loss in memory and its pathological 
features. Aβ deposition is believed to occupy an import-
ant role in the pathogenesis and progression of AD 
[23]. Aβ deposition in the brain can generate a range  
of negative responses, including oxidative damage, 

 Sham Model Huperzine A

 Fisetin-H Fisetin-M Fisetin-L
Fig. 4. Effects of fisetin on hippocampal neuronal morphology. H&E histochemical staining in the CA1 
region of the hippocampus for each group. Representative photomicrographs of H&E labelling in hippo- 
campus (400× magnification; n = 4 in each group).
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 Fisetin-H Fisetin-M Fisetin-L

cholinergic dysfunction, inflammatory responses, neu-
ronal apoptosis, and memory impairment. Given this 
host of Aβ-pathophysiologies, we sought to determine 
whether the known neuroprotective and anti-inflam-
matory properties of fisetin would have any ameliora-
tive effects. Thus, we utilized an Aβ-induced rat model 
of AD to investigate the protective effects of fisetin on 
the pathogenesis and progression of AD.

To investigate the neuroprotective effects of fisetin 
on the hippocampus-dependent memory induced by 
Aβ1-42, the Morris water maze and passive avoidance 
tests were used. First, we found that fisetin could sig-
nificantly ameliorate Aβ1-42-induced spatial learning 

and memory impairment in rats. This was particularly 
true at higher doses (50 and 100 mg/kg). These advan-
tageous effects of fisetin on the learning and memory 
ability of AD rats may be due to its ability to decrease 
Aβ-induced damage to the brain. 

We next sought to better understand the mech-
anism behind the basis of Aβ-induced neurotoxicity. 
Although the mechanism underlying Aβ-induced neu-
rotoxicity is complex, it is known that increased oxi-
dative stress may augment its neurotoxic effects and 
enhance neuron apoptosis [38]. Here, we investigated 
whether the activities of GSH-Px and T-SOD, the levels 
of MDA as well as 8-OHdG in the hippocampus would 

Fig. 5. Effects of fisetin on hippocampal neuronal 
apoptosis induced by Aβ1-42 via TUNEL staining. 
A) Representative photomicrographs of TUNEL 
labelling (400× magnification). B) Quantifica-
tion of TUNEL labelling in each group employed 
integral optical density (IOD)/area. Data are 
expressed as mean ±SD (n = 4 in each group;  
*p < 0.05, **p < 0.01 relative to the model group, 
#p < 0.05, ##p < 0.01 relative to the sham group).
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 Sham Model Huperzine A

 Fisetin-H Fisetin-M Fisetin-L

be altered as a function of fisetin treatment. We found 
that fisetin doses of 50 and 100 mg/kg enhanced both 
GSH-Px and T-SOD activities in addition to decreas-
ing the levels of MDA and 8-OHdG. These alterations 
could result in more efficacious scavenging of free rad-
icals, ultimately leading to a  reduction of Aβ-induced 
oxidative damage. This result was in agreement with 
our immunohistochemical staining data (H&E, TUNEL), 
which showed that administration of fisetin (1) sig-
nificantly ameliorated exterior morphological charac-
teristics of hippocampal neurons and (2) reduced the 
number of Aβ1-42-induced apoptotic neurons. Thus, 
antioxidative mechanisms are likely important to the 
ability of fisetin to reduce Aβ-induced hippocampal 
memory deficits and neurodegeneration. 

An important phenomenon in AD is the dysfunc-
tion of the cholinergic system in areas like the cortex 
and hippocampus [9]. The loss of cholinergic neurons 
and changes to ChAT and AChE activities are closely 
associated with the reduction of acetylcholine synthe-
sis, which are associated with memory problems in AD 
[29]. In addition, it is widely accepted that astrocyte- and 
microglia-mediated inflammation contributes to the pro-
gression of AD. In the AD mice, astrocytes and microglia 
were activated and clustered around dense-core amy-
loid plaques, which can promote synaptic loss, cognitive 
dysfunction, and, eventually, neuronal death [14,17]. To 
this end, GFAP is an intermediate filament protein that is 

primarily expressed in astrocytes. Previous research has 
indicated that Aβ were surrounded by reactive astrocytes 
that have increased GFAP expression in Aβ42-induced AD 
mice models [13]. Moreover, apoptosis-related caspases 
have been proposed to be significant contributors to the 
progressive neuronal death seen in AD. More specifical-
ly, caspase-3 is considered a principal effector caspase 
in apoptotic cascades and has been shown that Aβ can 
induce neuronal apoptosis via caspase-3 activation 
[11,27]. Abnormal intracellular accumulation and extra-
cellular Aβ deposition in AD leads to the amplification 
of oxidative stress, which is itself a trigger for a series 
of inflammatory reactions and apoptosis that are impli-
cated in its pathogenesis [5,7]. Post-mortem analysis of 
AD brains has revealed the presence of many activated 
microglia and astrocytes [26]. Notably, GFAP primari-
ly expressed in astrocytes, correlated strongly with Aβ 
markers and with all assessments of cognition, which 
suggests that GFAP could emerge as the most robust 
indicator of disease progression, tau/Aβ pathology, and 
cognitive impairment [3]. Moreover, apoptosis-related 
caspases have been proposed to significantly contribute 
to neuronal death in AD [11]. Specifically, caspase-3 has 
been shown to be a main effector caspase in the apop-
totic cascade(s) leading to neuronal apoptosis [11]. Here, 
we examined GFAP and caspase-3 expression in an AD 
rat model. Our research demonstrated that GFAP and 
caspase-3 expression were both elevated in the AD rat 

Fig. 6. Effects of fisetin treatment on the level of GFAP after Aβ1-42 treatment in the CA1 region of the hip-
pocampus. Immunohistochemical assay of GFAP in the CA1 region of the hippocampus for each group. Repre-
sentative photomicrographs of GFAP labelling in the hippocampus (400× magnification; n = 4 in each group).
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 Fisetin-H Fisetin-M Fisetin-L

model, but that fisetin treatment resulted in significant 
reductions. This was particularly apparent at doses of  
25, 50, and 100 mg/kg. 

Finally, we also examined changes to the cholin-
ergic system in the AD rat model, and selected both 
ChAT and AChE activities in the hippocampus. Our 
results showed that the activity of ChAT was signifi-
cantly decreased while that of AChE was significantly 
increased in our Aβ1-42-induced model group. Impor-
tantly, the activities of ChAT in the Fisetin-H, Fisetin-M, 
and Fisetin-L treatment groups were significantly 
enhanced and the activities of AChE in both Fisetin-H 

Fig. 7. Effects of fisetin treatment on the level 
of caspase-3 after Aβ1-42 treatment in the CA1 
region of the hippocampus. A) Representative 
photomicrographs of caspase-3 expression 
(400× magnification). B) Quantification of fise-
tin treatment on caspase-3 levels employed 
integral optical density (IOD)/area. Data are 
expressed as mean ±SD (n = 4 in each group;  
*p < 0.05, **p < 0.01 relative to the model group, 
#p < 0.05, ##p < 0.01 relative to the sham group).
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and Fisetin-M groups were all significant reduced. We 
found that the lowest dose of fisetin (Fisetin-L) has no 
significant effect on AChE levels.

Fisetin is a  flavonoid that reduces free radical re- 
lease, enhances mitochondrial function, and alleviates 
renal ischemia-reperfusion injury through antioxidant 
effects [21]. It has been reported that fisetin can block 
the activation of the NLRP3 inflammasome, inhibit  
the secretion of IL-1β into the central nervous system, 
and suppress neuroinflammation in rats with sepsis- 
associated encephalopathy [6]. Fisetin can also have an 
anticancer effect by enhancing apoptosis and inhibiting 
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cancer cell division, proliferation and invasion [33]. This 
study elucidated that fisetin attenuates Aβ1-42-induced 
learning and memory impairments by inhibiting oxida-
tive stress, adjusting cholinergic dysfunction, and its 
anti-inflammatory and apoptotic properties.

Conclusions
Collectively, this study sought to assess the effects 

of fisetin on ameliorating Aβ1-42-induced learning and 
memory impairments in a  rat model of AD. We also 
investigated a possible mechanism behind the effects 
of fisetin on inhibiting oxidative stress, cholinergic dys-
function, and the expression of GFAP and caspase-3. We 
found that there were some differences in the effects of 
fisetin and its mechanism within the range of our three 
tested doses. Fisetin-L was able to effectively increase 
the activities of GSH-Px and ChAT, which would give it 
both antioxidant properties and result in the genera-
tion of acetylcholine (ACH). Fisetin-H was able to mark-
edly reduce the level of MDA and the activities of AChE, 
allowing it to scavenge for oxidation product(s) and 
reduce the hydrolysis of acetylcholine. Finally, Fisetin-M 
was able to do both. Furthermore, the three fisetin dos-
es were able to reverse the inflammatory response and 
apoptosis produced by Aβ1-42-treatment. This was evi-
denced in a  significant decrease in the expression of 
both GFAP and caspase-3 levels. Taken together, these 
findings suggest that fisetin is a potential agent for use 
in the treatment of AD and that it operates by inhibit-
ing oxidative stress, adjusting cholinergic dysfunction, 
and its anti-inflammatory and apoptotic properties.
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