
Heliyon 10 (2024) e33068

Available online 15 June 2024
2405-8440/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC license
(http://creativecommons.org/licenses/by-nc/4.0/).

Research article 

Artesunate improves learning and memory impairment in rats 
with vascular cognitive impairment by down-regulating the level 
of autophagy in cerebral cortex neurons 

Honqiao Wei c,1, Xiaokun Wang a,1, Hequan Zhong a, Xiangyu Kong a, Jie Zhu b,**, 
Bing Li a,* 

a Research Center for Clinical Medicine, Jinshan Hospital Affiliated to Fudan University, Shanghai, 201508, China 
b Department of Rehabilitation, Jinshan Hospital, Fudan University, Shanghai, 201508, China 
c School of Basic Medical Sciences, Guangxi Medical University, Nanning, 530022, China   

A R T I C L E  I N F O   

Keywords: 
Vascular cognitive impairment 
Cognitive impairment 
Autophagy 
Neurons 
Artesunate 

A B S T R A C T   

Background: Vascular cognitive impairment (VCI) is the second leading cause of dementia. 
Cognitive impairment is a common consequence of VCI. However, there is no effective treatment 
for VCI and the underlying mechanism of its pathogenesis remains unclear. This study to inves
tigate whether artesunate (ART) can improve the learning and memory function in rats with VCI 
by down-regulating he level of autophagy in cerebral cortex neurons. 
Methods: The models for VCI were the rat bilateral common carotid artery occlusion (BACCO), 
which were randomized into three groups including the sham operation group (Sham), model +
vehicle group (Model) and model + ART group (ART). Then the animal behaviors were recorded, 
as well as staining the results of cortical neurons. Western blot was performed to determine the 
protein expressions of LC3BII/I, p-AMPK, p-mTOR, and Beclin-1. 
Results: Behavioral outcomes and the protein expressions in Model group were supposedly 
affected by the induction of autophagy in cerebral cortex neurons. Compared to the Model group, 
ART improved memory impairment in VCI rats. And the expression of LC3BII/I, p-AMPK/AMPK, 
Beclin-1 is significant decreased in the ART group, while significant increases of p-mTOR/mTOR 
were showed. These results suggest that ART improved learning and memory impairment in VCI 
rats by down-regulating the level of autophagy in cerebral cortex neurons. 
Conclusion: The results suggest that autophagy occurs in cerebral cortex neurons in rats with VCI. 
It is speculated that ART can improve learning and memory impairment in VCI rats by down- 
regulating the level of autophagy in cerebral cortex neurons.   

1. Introduction 

Vascular cognitive impairment (VCI), the second most prevalent cause of dementia after Alzheimer’s disease (AD), encompasses a 
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range of conditions in which vascular factors either induce or contribute to severe neuronal damage and cognitive decline [1]. VCI is 
characterized by cerebral infarction, white matter (WM) lesions, myelin loss, and amyloid angiopathy [2]. Similar to other cognitive 
impairments, VCI is primarily caused by neuronal damage to the cortex [3]. Research has indicated that chronic cerebral hypo
perfusion (CCH) plays a vital role in the pathophysiology of VCI, affecting the supply of oxygen and glucose to the brain and frequently 
causing metabolic changes and oxidative stress [4]. AMP-activated protein kinase (AMPK) phosphorylation, which serves as a cellular 
energy status sensor, guides metabolic adjustments to promote cellular growth and survival following CCH [5]. The mammalian target 
of rapamycin (mTOR) kinase also participates in diverse cellular processes and neurotransmission and is important for neuronal 
development [6]. Overexpression of mTOR has been shown to be an early feature of AD associated with synaptic loss and cognitive 
decline [7]. 

Autophagy is a fundamental cellular process that plays a crucial role in maintaining neuronal homeostasis and function [8]. 
Autophagy is regulated by a complex network of signaling pathways and molecular machinery [9]. The key proteins involved include 
Beclin-1 [10], which initiates autophagosome formation, and LC3, which is lipidated to LC3-II. In addition, mTOR acts as a central 
regulator of autophagy under nutrient-rich conditions. Autophagy is presumed to contribute to metabolic adaptation and plays a role 
in neuronal deterioration and cognitive decline following CCH [5,11,12]. Sustained ischemia and hypoxia lead to hyperactivated 
autophagy, which initiates pathological processes in the brain resulting in neuronal cell damage. Several studies [13–15] have re
ported increased expression of the autophagy-related marker Beclin-1, which can significantly exacerbate the pathophysiological 
processes of vascular dementia. Due to the complexity of the pathological mechanisms involved in the occurrence and development of 
cognitive impairment, there are currently no effective drugs for the prevention or treatment of this neurological disorder. Herein, we 
propose that reducing neuronal damage by inhibiting excessive autophagy in the pathogenesis of VCI, thus reducing cognitive decline, 
could be a potential therapeutic strategy. 

Artesunate (ART), a water-soluble derivative of artemisinin, has been extensively used in the treatment of malaria [16].According 
to existing research, ART can maintain a high concentration in the brain and exert neuroprotective effects against brain injury through 
its anti-inflammatory and anti-oxidative stress mechanisms [17]. ART has also been shown to regulate autophagy [18]. As such, this 
study explored whether ART could downregulate autophagy in cortical neurons to improve learning and memory impairments in VCI 
rats. 

Abbreviations 

WM White matter 
CCH chronic cerebral hypoperfusion 
AMPK AMP-activated protein kinase 
mTOR Mammalian target of rapamycin 
ART Artesunate 
3-MA 3-Methyladenine 
Rapa Rapamycin 
BACCO Bilateral Common Carotid Arterial occlusion 
NOR novel object recognition 
MWM Morris water maze 
H&E hematoxylin & eosin 
CV Cresyl violet  

Fig. 1. A: Experimental procedure. (BCCAO: Bilateral Common Carotid Arterial occlusion; NOR: Novel object recognition; MWM: Morris water 
maze); B: Survival curve of each group. 
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2. Method 

2.1. Experimental procedure 

The experimental setup is shown in Fig. 1A. Sprague-Dawley (SD) rats were systematically assigned to six groups: sham operation 
(Sham, n = 18), model + vehicle (Model, n = 21), model + ART (ART, n = 14), model+3-Methyladenine (3-MA, n = 7), model +
rapamycin (Rapa, n = 7), and model + ART + Rapamycin (ART + Rapa, n = 7). The Novel Object Recognition (NOR) test, Morris 
Water Maze (MWM) test, and tissue collection procedures were conducted four weeks after bilateral common carotid arterial occlusion 
(BCCAO) induction. Fig. 1B shows the survival of animals during the experiment. 

2.2. Animal 

Sprague-Dawley (SD) rats weighing 280–300g were sourced from Shanghai Ji Hui Experimental Animal Breeding Co. Rats were 
housed in a controlled environment with a 12-h light-dark cycle and were provided ample water and food. All animal experiments 
adhered to the National Institutes of Health Guide for the Care and Use of Laboratory Animals, and the 3R principle. All animal ex
periments were approved by the hospital’s institutional committee (protocol approval number: 2022-A004-01). 

2.3. Model and drug treatment 

A VCI rat model was established using BCCAO [19,20]. The carotid arteries were exposed through a ventral midline incision and 
ligated using 4-0 silk sutures. Sham animals underwent a similar procedure without ligation. After the operation, the rats were 
intraperitoneally injected the vehicle, ART (50 mg/kg), 3-MA (30 mg/kg) [21] and rapamycin (10 mg/kg) [22] every day. 

2.4. MWM test 

The MWM experiments comprised three stages: adaptive swimming with a visual platform, place navigation trials, and spatial 
probe trials. The entire experiment was recorded and analyzed as previously described [23]. 

2.5. NOR test 

The NOR experiment, which was designed to assess learning and memory in rats, comprised three stages [24]: habituation, 
familiarization, and testing. Memory ability was evaluated using the recognition index: TB/(TA + TB) × 100 %, where TA is the time 
spent with a familiar object and TB is the time spent with a new object. 

2.6. Staining of brain and electron microscopy 

Paraffin sections of rat brains were stained with hematoxylin & eosin (H&E) and cresyl violet (CV). After fixing with glutaralde
hyde, the rat brain cortex was sliced and photographed using an electron microscope. 

2.7. Immunohistochemistry 

After the relevant treatment, the paraffin brain sections of the rats were incubated with the primary antibody anti-phospho (p)- 
ampk (#50081, Cell Signaling Technology). Subsequently, the sections were stained with DAB and hematoxylin. Finally, sealed slices 
were observed and photographed. 

2.8. Western blot 

Rat cortex tissue stored at − 80 ◦C was thawed, homogenized, and subjected to protein concentration determination and protein 
denaturation. Subsequently, protein samples (30 μg) were loaded 10 % SDS-PAGE gels. A constant voltage of 100 V was applied for 
150 min at low temperature for membrane transfer to a PVDF membrane. After transferring, the PVDF membrane was blocked with 5 
% skim milk at room temperature for 1 h, followed by incubation with the following diluted primary antibodies: p-AMPK (#50081, 
Cell Signaling Technology), AMPK (#2532, Cell Signaling Technology), p-mTOR (#5536, Cell Signaling Technology), mTOR (#5536, 
Cell Signaling Technology), P62 (#23214, Cell Signaling Technology), Beclin-1 (#3495, Cell Signaling Technology), LC3B (#83506, 
Cell Signaling Technology), and β-actin (#4970, Cell Signaling Technology). The membrane was washed with TBST and incubated 
with the appropriate secondary antibodies. After ECL chemiluminescence treatment, the results were captured using a Gel Imaging 
System. The gray values were subsequently quantified and analyzed using ImageJ software (NIH). 

2.9. Immunofluorescence 

Rat brain frozen sections (25 μm thickness) were treated with normal goat serum and Triton X-100 in PBS, followed by overnight 
incubation with primary antibodies against LC3B (1:400; #83506, Cell Signaling Technology) and NeuN (1:100; ab104224, Abcam) at 
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Fig. 2. A: Pattern diagram of the NOR; B: Movement speed of rats during the NOR experiment’s familiarization period; C: Movement speed of rats 
during the NOR experiment’s test period; D: Rats’ movement bias time towards object A2 recognition during the familiarization period of the NOR 
experiment; E: Rats’ movement bias time towards object B recognition during the test period of the NOR experiment. F, G: In the visual plateau 
stage, the latency of finding the platform and swimming speed of rats in each group were observed; H: Latency period for finding the platform during 
the navigation trial in three groups. I：Representative swimming trajectories of rats in each group during the exploration experiment in the water 
maze; J, K, L: Percentage of time spent in the platform quadrant, number of crossings over the platform location, and latency period for finding the 
platform location during the Morris water maze spatial probe trail. ***p < 0.001 vs. Sham; ##p < 0.01 vs. Model; ###p < 0.001 vs. Model. 

Fig. 3. A: HE staining(A), CV staining(B) and Electron microscopy(C) results of brain tissue in the Sham, Model and ART rat groups.  
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4 ◦C. After washing with PBS, sections were incubated with Alexa Fluor secondary antibodies. Imaging was performed using a Leica 
SP5II laser scanning confocal microscope after the final washing. 

2.10. Statistical analysis 

Data are presented as the mean ± standard deviation (Mean ± SD), and statistical analyses were conducted using SPSS 21.0. One- 
way analysis of variance was used to compare multiple groups, while the independent samples t-test was used to compare two groups. 

Fig. 4. A:Expressions of LC3B (red) and NEUN (green) in brain cortex neurons of rats in Sham group, Model group and ART group were observed by 
confocal microscopy(200x; 600x); B：Mean fluorescence intensity of LC3B; C：Western blot analysis of LC3B; D: Gray level analysis of LC3BII/I, 
**p < 0.01 vs. Sham; ***p < 0.001 vs. Sham;##p < 0.01 vs. Model. 
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Fig. 5. A:Immunohistochemical results of p-AMPK in brain cortex cell of rats in Sham group, Model group and ART group; B：Western blot analysis of p-mTOR, mTOR, p-AMPK, AMPK, P62, Beclin-1,β- 
actin; C: Gray level analysis of p-mTOR, mTOR, p-AMPK, AMPK, P62, Beclin-1. **p < 0.01 vs. Sham; ***p < 0.01 vs. Sham;#p < 0.01 vs. Model; ##p < 0.01 vs. Model; ###p < 0.001 vs. Model. 
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p < 0.05 was used as the criterion for statistical significance. 

3. Results 

3.1. ART improves learning and memory impairment in rats with VCI 

This study assessed learning and memory in rats using the NOR and MWM tests. In the NOR group, no differences in movement 
speed were observed (Fig. 2B and C). During familiarization, the recognition biases for objects A1 and A2 were similar (Fig. 2D). 
During the test period, the model group explored the new object less than the sham group, while the ART group explored it more than 
the model group (p < 0.01, Fig. 2E). 

In the visible platform experiment of the MWM test, no significant differences were observed in escape latency or swimming speed 
between the rat groups. This suggests that there were no abnormal variations in the visual or motor abilities (Fig. 2F and G). In the 
navigation trials, the model group exhibited a significant decrease in escape latency compared to the sham group (p < 0.001, Fig. 2H). 
However, compared to the model group, rats in the ART group exhibited a significant increase in escape latency (p < 0.01; Fig. 2H). 
Fig. 2I shows the movement patterns in the MWM of the three rat groups. The sham and ART groups both moved predominantly in the 
quadrant containing the platform, crossing it multiple times. However, the Model group did not concentrate on movement in the 
platform quadrant. 

In the spatial probe trial, rats in the model group exhibited a significant decrease in the percentage of time spent and the number of 
crossings in the platform quadrant compared to the sham group (p < 0.001, Fig. 2J and K). Further, the ART group showed a significant 
increase compared to the Model group in both percentage of time spent and number of crossings in the platform’s quadrant (p < 0.001, 
Fig. 2J and K). The Model group showed increased latency to find the platform compared to the sham group (p < 0.001, Fig. 2L), 
whereas the ART group displayed a significant decrease in latency compared to the model group. These results suggested that arte
sunate ameliorated memory impairment in rats with VCI. 

3.2. ART improves cerebral cortical cell damage and alleviates autophagy levels in rats with VCI 

In the cortical neuron staining results, H&E staining revealed that, compared to the Sham group, the Model group rats exhibited 
increased nuclear condensation, cytoplasmic granulation, and intensified cytoplasmic color, while the ART group showed improve
ment in all of these symptoms (Fig. 3A). Similarly, CV staining images showed that, compared with the sham group, the model group 
rats displayed reduced Nissl bodies, disordered cell arrangement, nuclear condensation, and uneven cytoplasmic color, with im
provements observed in the ART group (Fig. 3B). Electron microscopy highlighted autophagosomes digesting organelles in cortical 
neurons of the model group, while no obvious autophagosomes were found in the Sham and ART groups (Fig. 3C). 

3.3. ART downregulates the expression levels of LC3B in cortical neurons of rats with VCI 

Immunofluorescent double staining of LC3B and NEUN in the rat cortex revealed an increase in LC3B expression in the cortical 
neurons of the model group compared to the sham group (p < 0.001). However, the ART group showed a decrease in LC3B expression 
compared to that in the model group (p < 0.01, Fig. 4A and B). Western blotting results demonstrated a significant up-regulation of 
LC3BII/I in the model group compared to the sham group (p < 0.001), whereas the ART group exhibited a significant downregulation 
compared to the model group (p < 0.01, Fig. 4C and D). These findings suggest that ART alleviates LC3B expression in the cortical 
neurons of rats with VCI. 

3.4. ART downregulates the autophagic levels in cortical neurons of rats with VCI 

In immunohistochemical images of cortical neurons in VCI rats, the model group exhibited an upregulation of p-AMPK expression 
compared to the sham group. However, ART treatment downregulated p-AMPK expression in rat cortical neurons (Fig. 5A). Western 
blotting results indicated that the model group had significant increases in p-AMPK/AMPK and Beclin-1, along with significant de
creases in p-mTOR/mTOR and P62, compared to the sham group (p < 0.001, Fig. 5C, D, 5E, 5F). The ART group also showed a 
significant decrease in p-mTOR/mTOR and P62 (p < 0.01; Fig. 5C and E). These findings suggest elevated autophagy in the cortical 
neurons of VCI rats. However, after ART treatment, compared with the model group, the ART group exhibited significant decreases in 
p-AMPK/AMPK (p < 0.001, Fig. 5D) and Beclin-1 (p < 0.01, Fig. 5F), along with significant increases in p-mTOR/mTOR (p < 0.001, 
Fig. 5C) and P62 (p < 0.05, Fig. 5E). These results indicate that ART mitigates the increased autophagic levels in the cortical neurons of 
VCI rats. 

Fig. 6. A: Movement speed of rats during the NOR experiment’s familiarization period; B: Movement speed of rats during the NOR experiment’s test 
period; C: Rats’ movement bias time towards object A2 recognition during the familiarization period of the NOR experiment; D: Rats’ movement 
bias time towards object B recognition during the test period of the NOR experiment; E：Representative swimming trajectories of rats in each group 
during the exploration experiment in the water maze; F, G: In the visual plateau stage, the latency of finding the platform and swimming speed of 
rats in each group were observed; H: Latency period for finding the platform during the navigation trial in three groups. I, J, K: Percentage of time 
spent in the platform quadrant, number of crossings over the platform location, and latency period for finding the platform location during the 
Morris water maze spatial probe trail. ***p < 0.001 vs. Sham; ##p < 0.05 vs. Model; ##p < 0.01 vs. Model. 
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3.5. The autophagy agonist rapamycin diminished the beneficial effects of ART in alleviating cognitive impairment in VCI rats 

We further examined the role of autophagy in rats with VCI using rapamycin, an agonist of autophagy, and 3-MA, an inhibitor of 
autophagy. In the NOR test, we found no significant differences in movement speed between the experimental groups (Fig. 6A and B). 
During the familiarization phase, the interaction between objects A1 and A2 was consistent across all groups (Fig. 6C). However, in the 
test phase, the Model, Model + Rapa, and Model + ART + Rapa groups all exhibited a significantly lower tendency to explore the novel 
object than the Sham group (p < 0.001). In contrast, the Model+3-MA group showed a significantly higher level of exploration than the 
Model group (p < 0.05). Additionally, there were no statistically significant differences in novel object recognition index among the 
model, Model + Rapa, and model + ART + Rapa groups (Fig. 6D). 

In the visible platform trial of the MWM test, there were no significant differences in escape latency or swimming speed between the 
rat groups (Fig. 6F and G). In the navigation trials, the Model, Rapa, and ART + Rapa groups all exhibited significantly longer escape 
latencies than the sham group (p < 0.001, Fig. 6H). Conversely, the 3-MA group showed a significant reduction in escape latency 
compared to the Model group (p < 0.01; Fig. 6H). Additionally, there were no statistically significant differences in escape latency 
among the model, Rapa, and ART + Rapa groups (Fig. 6H). In the spatial probe trial, the Model,Rapa, and ART + Rapa groups all spent 
significantly less time and made fewer crossings in the platform quadrant than the Sham group (p < 0.001, Fig. 6I and J). Conversely, 
the 3-MA group demonstrated a marked increase in both the percentage of time spent and the number of crossings in the platform 
quadrant compared to the Model group (p < 0.001, Fig. 6I and J). Furthermore, the Model, Rapa, and ART + Rapa groups took 
significantly longer to locate the platform compared to the Sham group (p < 0.001, Fig. 6K), while the 3-MA group exhibited reduced 
latency compared to the Model group. Notably, there were no significant differences among the Model, Rapa, and ART + Rapa groups 
in terms of the percentage of time spent in the quadrant, number of crossings in the platform quadrant, or latency to find the platform 
(Fig. 6I, J, 6K). Fig. 2E illustrates the swimming patterns of the five rat groups in the MWM test. The Sham and 3-MA groups 
concentrated their movements in the quadrant containing the platform, frequently crossing it. In contrast, the Model, Rapa, and ART +
Rapa groups displayed more scattered swimming patterns with fewer crossings in the platform quadrant. These results indicate that the 
therapeutic effect of ART in reversing VCI in rats was compromised when rapamycin, an autophagy inducer, was administered. 

4. Discussion 

In clinical settings, the primary symptoms of patients with VCI are cognitive and learning dysfunctions [25]. The mechanisms 
underlying cognitive and learning impairments, including neuronal damage, glial cell activation, and cholinergic neuronal damage, 
have been widely reported [26]. Research has further indicated that CCH may lead to neuronal apoptosis, cognitive impairment, and 
aberrant excessive autophagy in the frontal cortex and hippocampus of rats [4,27]. Additionally, several studies [4,5,28,29] have 
demonstrated that cortical autophagy precedes hippocampal autophagy in the development of chronic hypoxic-ischemic brain injury, 
with cortical neurons showing signs of damage earlier than hippocampal neurons. As such, improvements in cognitive and learning 
abilities are the key outcome indicators of VCI treatment. 

In this study, rats were subjected to the MWM and NOR experiments, 4 weeks after BCCAO revealing impairment in learning and 
memory functions. Concurrently, histopathological staining results using H&E and CV staining showed damage to cortical neurons in 
rats with VCI. The immunohistochemical results indicated the upregulation of autophagy in the cortical neurons of rats with VCI. 

Autophagy is a self-degradation process crucial for balancing energy sources which involves the lysosome-dependent cycling, 
synthesis, and degradation of cellular components, thus maintaining the stability of the internal environment [30]. However, excessive 
autophagy can be harmful because it enhances brain damage through excessive cytoplasmic degradation and/or induces cell apoptosis 
or necrosis [31]. Many studies in the literature have shown that autophagy is associated with various neurodegenerative diseases, in 
particular, CCH disrupts the autophagic machinery by altering the expression of autophagy-specific proteins [32,33]. Dysregulation of 
the autophagic pathway leads to neuronal loss, hippocampal atrophy, and the eventual loss of synaptic plasticity. In the present study, 
electron microscopy revealed that autophagosome digestive organelles appeared in the mitochondria of cortical neurons in the model 
group. Our results are consistent with those of a previous study [34], showing that autophagy is activated in the cortical regions of rats 
with VCI. We also found that the addition of the autophagy inhibitor 3-MA resulted in a significant improvement in learning and 
memory compared to the model group. These findings strongly indicate that autophagy plays a crucial role in the pathogenesis of VCI 
and influences cognitive function. As such, it is necessary to explore the specific molecular mechanisms involved and the clinical 
significance of autophagy in VCI treatment strategies. 

LC3B, Beclin-1 and P62 are major autophagy related proteins. Beclin-1 triggered autophagy, LC3B formed autophagosomes, and 
P62 was negatively correlated with autophagy activity [35]. LC3B is an RNA-binding protein that triggers rapid mRNA degradation 
during autophagy [36]. Conversion of LC3B–I to LC3B-II is essential for the formation of autophagosomes [37]. The LC3II level is 
proportional to the number of autophagosomes formed by nerve cells in the brain, and is a marker of autophagy activation [14]. In this 
study, it was observed that compared to the sham group, the expression of LC3B and LC3BII/I in cortex neurons was significantly 
up-regulated in the model groups. Beclin1 is a central regulatory factor in the early stages of autophagy which serves as a key regulator 
of autophagy, apoptosis, and inflammatory responses [38,39]. Beclin1 and other proteins associated with LC3 play essential roles in 
the initiation of autophagic processes [40,41]. mTOR regulates downstream signaling pathways primarily by inhibiting the formation 
and activation of the ULK1 complex and suppressing the promoter activity of protein synthesis, thus preventing the occurrence of 
autophagy. This establishes mTOR as a crucial intracellular inhibitor of autophagy [42,43]. P62, also known as sequestosome1 
(SQSTM1), has been shown to be critical in regulating mitochondrial autophagy, and has further been implicated in various neuro
degenerative diseases, such as Parkinson’s disease and AD [44]. Several studies [45,46] have further shown that a lack of p62 promotes 
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the developmental process of AD, which is different from our results, however, it has also been found that excessive autophagy leads to 
synaptic degeneration and axonal degeneration [47]. Therefore, P62 has the potential to be an effective molecular target for the 
therapeutic treatment of neurodegenerative diseases; however, further studies on P62 are needed. 

AMPK is believed to be an important molecule that promotes hyper-autophagy following CCH. The AMPK family preserves the 
equilibrium between ATP production and consumption in eukaryotic cells. AMPK further regulates autophagy by phosphorylating 
ULK1 and inhibiting mTOR [48], representing a potential mechanism of early brain injury [49]. Our findings indicate a significant 
decrease in P-AMPK/AMPK levels in the ART treatment group. Additionally, the expression of Beclin-1, LC3B, and the LC3BII/I ratio in 
cortical neurons were all down-regulated, while there was a notable increase in p-mTOR/mTOR levels. Electron microscopy results 
also showed that the number of autophagosomes in neurons was reduced after ART administration. The behavioral results of this study 
demonstrated that, compared to the model group, ART improved memory impairment in VCI rats. These results suggest that ART 
alleviates neuronal autophagic damage following ischemia-hypoxia by inhibiting AMPK activation. Moreover, following the admin
istration of the autophagy inducer rapamycin, we observed a decrease in the therapeutic effect of ART on VCI rats, which further 
supports the view that ART improves learning and cognitive function in VCI rats by inhibiting autophagy. These findings highlight the 
critical role of autophagy regulation in mediating the effects of ART. 

Previous research findings have indicated that ART, with its numerous complex symptoms and pathophysiological mechanisms, 
may be a potential candidate drug for the treatment of central nervous system diseases [50]. Studies have also reported that ART can 
penetrate the blood-brain barrier (BBB) and maintain a relatively high concentration in brain tissue, making it a potential candidate 
drug for managing brain diseases [51]. Based on previous research findings and our experimental results, we expect that ART could be 
a potential therapeutic drug which could be applied to improve the learning and memory function in VCI, and research on its 
pharmacological mechanism will be an important part of our future research. 

This study had some limitations. First, our focus on cortical neurons limited the generalizability of our findings to other brain 
regions and cell types affected by VCI. Second, although our study implicated AMPK-mediated autophagy activation as a potential 
mechanism underlying the therapeutic effects of ART, the precise molecular pathways involved remain unclear. The translational 
potential of ART in clinical practice requires further validation through large-scale clinical trials. 

In conclusion, our results suggest that autophagy occurs in the cerebral cortex neurons of rats with VCI. ART may improve learning 
and memory impairment in VCI rats by downregulating autophagy in the cerebral cortex neurons. 
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[16] C. Roussel, E. Caumes, M. Thellier, P.A. Ndour, P.A. Buffet, S. Jauréguiberry, Artesunate to treat severe malaria in travellers: review of efficacy and safety and 

practical implications, J. Trav. Med. 24 (2017). 
[17] M. Shao, Y. Shen, H. Sun, D. Meng, W. Huo, X. Qi, Protectiveness of artesunate given prior ischemic cerebral infarction is mediated by increased autophagy, 

Front. Neurol. 9 (2018) 634. 
[18] R.W. Button, F. Lin, E. Ercolano, J.H. Vincent, B. Hu, C.O. Hanemann, S. Luo, Artesunate induces necrotic cell death in schwannoma cells, Cell Death Dis. 5 

(2014) e1466. 
[19] N.S. Jiwa, P. Garrard, A.H. Hainsworth, Experimental models of vascular dementia and vascular cognitive impairment: a systematic review, J. Neurochem. 115 

(2010) 814–828. 
[20] A. Tian, W. Li, Q. Zai, H. Li, R.W. Zhang, 3-N-Butyphthalide improves learning and memory in rats with vascular cognitive impairment by activating the SIRT1/ 

BDNF pathway, Mol. Med. Rep. 22 (2020) 525–533. 
[21] H. Yuan, X. Wang, K. Hill, J. Chen, J. Lemasters, S.M. Yang, S.H. Sha, Autophagy attenuates noise-induced hearing loss by reducing oxidative stress, 

Antioxidants Redox Signal. 22 (2015) 1308–1324. 
[22] N. Yang, Z. Li, D. Han, X. Mi, M. Tian, T. Liu, Y. Li, J. He, C. Kuang, Y. Cao, L. Li, C. Ni, J.Q. Wang, X. Guo, Autophagy prevents hippocampal α-synuclein 

oligomerization and early cognitive dysfunction after anesthesia/surgery in aged rats, Aging (Albany NY) 12 (2020) 7262–7281. 
[23] N. Tiwari, J. Upadhyay, M.N. Ansari, S.S. Raza, W. Ahmad, M.A. Ansari, Experimental rodent models of vascular dementia: a systematic review, CNS Neurol. 

Disord.: Drug Targets 20 (2021) 657–672. 
[24] L.M. Lueptow, Novel object recognition test for the investigation of learning and memory in mice, J. Vis. Exp. 126 (2017) 55718. 
[25] T. Rundek, M. Tolea, T. Ariko, E.A. Fagerli, C.J. Camargo, Vascular cognitive impairment (VCI), Neurotherapeutics 19 (2022) 68–88. 
[26] Y. Hase, K. Horsburgh, M. Ihara, R.N. Kalaria, White matter degeneration in vascular and other ageing-related dementias, J. Neurochem. 144 (2018) 617–633. 
[27] Y. Zhao, C.X. Gong, From chronic cerebral hypoperfusion to Alzheimer-like brain pathology and neurodegeneration, Cell. Mol. Neurobiol. 35 (2015) 101–110. 
[28] W. Zou, Y. Song, Y. Li, Y. Du, X. Zhang, J. Fu, Erratum to: the role of autophagy in the correlation between neuron damage and cognitive impairment in rat 

chronic cerebral hypoperfusion, Mol. Neurobiol. 55 (2018) 792. 
[29] D.P. Wang, H. Yin, K. Kang, Q. Lin, S.H. Su, J. Hai, The potential protective effects of cannabinoid receptor agonist WIN55,212-2 on cognitive dysfunction is 

associated with the suppression of autophagy and inflammation in an experimental model of vascular dementia, Psychiatr. Res. 267 (2018) 281–288. 
[30] T. Guo, J. Fang, Z.Y. Tong, S. He, Y. Luo, Transcranial direct current stimulation ameliorates cognitive impairment via modulating oxidative stress, 

inflammation, and autophagy in a rat model of vascular dementia, Front. Neurosci. 14 (2020) 28. 
[31] W. Chen, Y. Sun, K. Liu, X. Sun, Autophagy: a double-edged sword for neuronal survival after cerebral ischemia, Neural Regen Res 9 (2014) 1210–1216. 
[32] W.M. Toyama, Combined congenital defects of the anterior abdominal wall, sternum, diaphragm, pericardium, and heart: a case report and review of the 

syndrome, Pediatrics 50 (1972) 778–792. 
[33] M. Castellazzi, S. Patergnani, M. Donadio, C. Giorgi, M. Bonora, C. Bosi, G. Brombo, M. Pugliatti, D. Seripa, G. Zuliani, P. Pinton, Autophagy and mitophagy 

biomarkers are reduced in sera of patients with Alzheimer’s disease and mild cognitive impairment, Sci. Rep. 9 (2019) 20009. 
[34] D. Xia, R. Sui, L. Min, L. Zhang, Z. Zhang, Fastigial nucleus stimulation ameliorates cognitive impairment via modulating autophagy and inflammasomes 

activation in a rat model of vascular dementia, J. Cell. Biochem. 120 (2019) 5108–5117. 
[35] J. Xu, B. Zheng, Y. Ma, X. Zhang, J. Cheng, J. Yang, P. Li, J. Zhang, L. Jing, F. Xu, PI3K-AKT-mTOR signaling pathway regulates autophagy of hippocampal 

neurons in diabetic rats with chronic unpredictable mild stress, Behav. Brain Res. 452 (2023) 114558. 
[36] H.J. Hwang, H. Ha, B.S. Lee, B.H. Kim, H.K. Song, Y.K. Kim, LC3B is an RNA-binding protein to trigger rapid mRNA degradation during autophagy, Nat. 

Commun. 13 (2022) 1436. 
[37] H.J. Hwang, Y.K. Kim, The role of LC3B in autophagy as an RNA-binding protein, Autophagy 19 (2023) 1028–1030. 
[38] R.K. Manthari, C. Tikka, M.M. Ommati, R. Niu, Z. Sun, J. Wang, J. Zhang, J. Wang, Arsenic induces autophagy in developmental mouse cerebral cortex and 

hippocampus by inhibiting PI3K/Akt/mTOR signaling pathway: involvement of blood-brain barrier’s tight junction proteins, Arch. Toxicol. 92 (2018) 
3255–3275. 

[39] R. Kang, H.J. Zeh, M.T. Lotze, D. Tang, The Beclin 1 network regulates autophagy and apoptosis, Cell Death Differ. 18 (2011) 571–580. 
[40] S. Xing, Y. Zhang, J. Li, J. Zhang, Y. Li, C. Dang, C. Li, Y. Fan, J. Yu, Z. Pei, J. Zeng, Beclin 1 knockdown inhibits autophagic activation and prevents the 

secondary neurodegenerative damage in the ipsilateral thalamus following focal cerebral infarction, Autophagy 8 (2012) 63–76. 

H. Wei et al.                                                                                                                                                                                                            

http://refhub.elsevier.com/S2405-8440(24)09099-6/sref1
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref2
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref2
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref3
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref3
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref4
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref4
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref5
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref5
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref6
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref6
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref7
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref7
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref8
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref8
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref8
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref8
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref8
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref8
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref9
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref9
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref10
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref10
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref12
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref12
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref13
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref14
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref14
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref15
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref15
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref16
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref16
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref17
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref17
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref18
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref18
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref19
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref19
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref20
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref20
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref21
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref21
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref22
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref22
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref23
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref23
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref24
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref24
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref25
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref26
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref27
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref28
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref29
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref29
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref30
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref30
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref31
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref31
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref32
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref33
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref33
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref34
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref34
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref35
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref35
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref36
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref36
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref37
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref37
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref38
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref39
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref39
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref39
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref40
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref41
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref41


Heliyon 10 (2024) e33068

13

[41] X. Chen, Y. Sun, B. Wang, H. Wang, Prognostic significance of autophagy-related genes Beclin1 and LC3 in ovarian cancer: a meta-analysis, J. Int. Med. Res. 48 
(2020) 300060520968299. 

[42] Z. Zhu, C. Yang, A. Iyaswamy, S. Krishnamoorthi, S.G. Sreenivasmurthy, J. Liu, Z. Wang, B.C. Tong, J. Song, J. Lu, K.H. Cheung, M. Li, Balancing mTOR 
signaling and autophagy in the treatment of Parkinson’s disease, Int. J. Mol. Sci. 20 (2019). 

[43] Y. Wang, H. Zhang, Regulation of autophagy by mTOR signaling pathway, Adv. Exp. Med. Biol. 1206 (2019) 67–83. 
[44] H. Liu, C. Dai, Y. Fan, B. Guo, K. Ren, T. Sun, W. Wang, From autophagy to mitophagy: the roles of P62 in neurodegenerative diseases, J. Bioenerg. Biomembr. 

49 (2017) 413–422. 
[45] P. Nilsson, M. Sekiguchi, T. Akagi, S. Izumi, T. Komori, K. Hui, K. Sörgjerd, M. Tanaka, T. Saito, N. Iwata, T.C. Saido, Autophagy-related protein 7 deficiency in 

amyloid β (Aβ) precursor protein transgenic mice decreases Aβ in the multivesicular bodies and induces Aβ accumulation in the Golgi, Am. J. Pathol. 185 (2015) 
305–313. 

[46] K. Tanji, Y. Miki, T. Ozaki, A. Maruyama, H. Yoshida, J. Mimura, T. Matsumiya, F. Mori, T. Imaizumi, K. Itoh, A. Kakita, H. Takahashi, K. Wakabayashi, 
Phosphorylation of serine 349 of p62 in Alzheimer’s disease brain, Acta Neuropathol Commun 2 (2014) 50. 

[47] C.Q. Dai, T.T. Luo, S.C. Luo, J.Q. Wang, S.M. Wang, Y.H. Bai, Y.L. Yang, Y.Y. Wang, p53 and mitochondrial dysfunction: novel insight of neurodegenerative 
diseases, J. Bioenerg. Biomembr. 48 (2016) 337–347. 

[48] A.J. Meijer, P. Codogno, AMP-activated protein kinase and autophagy, Autophagy 3 (2007) 238–240. 
[49] Z. Li, X. Han, Resveratrol alleviates early brain injury following subarachnoid hemorrhage: possible involvement of the AMPK/SIRT1/autophagy signaling 

pathway, Biol. Chem. 399 (2018) 1339–1350. 
[50] J. Zhang, X. Sun, L. Wang, Y.K. Wong, Y.M. Lee, C. Zhou, G. Wu, T. Zhao, L. Yang, L. Lu, J. Zhong, D. Huang, J. Wang, Artesunate-induced mitophagy alters 

cellular redox status, Redox Biol. 19 (2018) 263–273. 
[51] S. Zuo, Q. Li, X. Liu, H. Feng, Y. Chen, The potential therapeutic effects of artesunate on stroke and other central nervous system diseases, BioMed Res. Int. 2016 

(2016) 1489050. 

H. Wei et al.                                                                                                                                                                                                            

http://refhub.elsevier.com/S2405-8440(24)09099-6/sref42
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref42
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref43
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref43
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref44
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref45
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref45
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref46
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref46
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref46
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref47
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref47
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref48
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref48
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref49
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref50
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref50
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref51
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref51
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref52
http://refhub.elsevier.com/S2405-8440(24)09099-6/sref52

	Artesunate improves learning and memory impairment in rats with vascular cognitive impairment by down-regulating the level  ...
	1 Introduction
	2 Method
	2.1 Experimental procedure
	2.2 Animal
	2.3 Model and drug treatment
	2.4 MWM test
	2.5 NOR test
	2.6 Staining of brain and electron microscopy
	2.7 Immunohistochemistry
	2.8 Western blot
	2.9 Immunofluorescence
	2.10 Statistical analysis

	3 Results
	3.1 ART improves learning and memory impairment in rats with VCI
	3.2 ART improves cerebral cortical cell damage and alleviates autophagy levels in rats with VCI
	3.3 ART downregulates the expression levels of LC3B in cortical neurons of rats with VCI
	3.4 ART downregulates the autophagic levels in cortical neurons of rats with VCI
	3.5 The autophagy agonist rapamycin diminished the beneficial effects of ART in alleviating cognitive impairment in VCI rats

	4 Discussion
	Funding
	Ethics statements
	Data availability statement
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	References


