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Introduction: Alzheimer’s disease (AD) is the most common type of dementia, impacting approximately 50 million individuals 
globally. However, the current treatments available for AD are only symptomatic and have limited efficacy. This study aimed to 
investigate whether Leonurine could alleviate cognitive dysfunction in a mouse model of AD and explore its underlying molecular 
mechanisms.
Methods: In this study, male APP/PS1 mice were orally administered Leonurine for two consecutive months. The cognitive functions 
of the mice were then evaluated using novel object recognition (NOR) and Morris water maze (MWM) tests. Hippocampal neuronal 
damage was observed through Nissl staining, Aβ levels were determined through ELISA, oxidative stress activity was detected 
through biochemical methods, and the nuclear factor erythroid-2-related factor 2 (Nrf-2) pathway was analyzed using western blot and 
real-time quantitative polymerase chain reaction analysis.
Results: Our results demonstrated that Leonurine treatment markedly improved cognitive functions, as indicated by the improved 
performance in the model. Additionally, histopathology showed a reduction in hippocampal neuronal damage. This can be attributed to 
the potential of Leonurine to reduce Aβ1-40 and Aβ1-42 levels and alleviate oxidative stress. Its antioxidant effect is linked to the 
activation of the Nrf-2 signaling pathway in APP/PS1 mice, which promotes Nrf-2 nuclear translocation and expression of HO-1 and 
NQO-1.
Conclusion: These findings suggest that Leonurine could be explored further as it could emerge as a promising drug for AD 
treatment.
Keywords: Alzheimer’s disease, cognitive deficit, Leonurine, Nrf-2, oxidative stress

Introduction
Alzheimer’s disease (AD) is a neurodegenerative disorder with insidious deterioration and gradual progression in older 
adults.1 In clinical settings, AD is strongly associated with irreversible loss of memory, neurodegeneration, progressive 
cognitive decline, and personality changes. Currently available drugs for AD such as donepezil, memantine, and 
rivastigmine only provide symptomatic relief and are not capable of preventing or curing the disease. Moreover, these 
drugs may cause undesirable gastrointestinal and cardiovascular adverse effects in AD patients.2 Several clinical trials of 
immunotherapy targeting Aβ (Crenezumab, Gentenerumab, and Solanezumab) have also been unsuccessful.3 It is an 
urgent task for researchers to find an effective and safe treatment to improve AD symptoms. While the etiology and 
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pathogenesis of AD remains unclear, studies have identified oxidative stress and Aβ as the primary pathways associated 
with the onset and progression of the disease.4

Excessive production of reactive oxygen species (ROS) in the brain can lead to oxidative stress and damage to 
antioxidant enzyme systems, thereby accelerating the pathological progression of AD including Aβ deposition. The 
accumulation of abnormal Aβ can further decrease mitochondrial redox activity and worsen ROS aggregation. Recent 
studies have shown that antioxidants and free radical scavengers could protect neurons in vivo and in vitro by preventing 
Aβ-related oxidative stress and lipid peroxidation.5,6 Antioxidant therapy may be a potential treatment for AD.

The nuclear factor erythroid-2-related factor 2 (Nrf-2) pathway is a multi-organ protective pathway against stressful 
environments, which exerts antioxidant effects by regulating the expression level of antioxidants and epigenetics, 
ultimately delaying the progression of the disease.7 It has been found that the Nrf-2 signaling pathway is closely 
associated with AD. The expression of Nrf-2 and its downstream genes heme oxygenase-1 (HO-1) and NADPH quinone 
oxidoreductase-1 (NQO1) were reduced in both elderly and AD brains.8 Further research showed that Nrf-2 deficiency 
exacerbated learning and memory deficits in mouse models of AD and increased amyloidosis and tau-like pathology in 
the brain.9,10 However, activating Nrf-2 had a positive effect on cognitive defects in AD model mice by inhibiting 
oxidative stress and neuroinflammation.11 Numerous Nrf-2 activators have demonstrated significant efficacy in halting 
the progression of AD by targeting key pathogenic factors such as Aβ and p-tau, as well as regulating mitochondrial 
function and reducing neuroinflammation.12–14 As a result, targeting the Nrf-2 pathway may represent a promising 
strategy for the treatment of AD. To this end, natural antioxidants have been extensively investigated to identify safe and 
effective therapeutic agents targeting Nrf-2.

Leonurine (Leo, C14H21N3O5, 4-guanidino-n-butyl syringate) (Figure 1A), also known as SCM-198, is a bioactive 
agent derived from Herba leonuri (a traditional Chinese herb). It has received much attention for its extensive spectrum 
of biological activities, including antioxidant, anti-inflammatory, anti-tumor, and cardioprotective properties.15 As a safe 
and promising new drug, Leo is currently undergoing clinical trials in China.16 Besides, Leo has been shown to provide 
benefits for various central nervous system diseases such as ischemic stroke, Parkinson’s disease (PD), depression, and 
multiple sclerosis.17–19 Moreover, Leo treatment effectively inhibited the overactivation of microglia and reduced the 
neuroinflammatory responses in the Aβ1-40-induced rat model.20 Recent studies have demonstrated that Leo could 
ameliorate oxidative damage in aging mice and mice with ischemic stroke by activating the Nrf2 signaling pathway.17,21 

Figure 1 (A) Chemical structure of Leo. (B) The timeline for the experimental procedure.
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However, to date, the neuroprotective effect and antioxidant mechanism of Leo in the APP/PS1 mouse model of AD have 
not yet been reported. Based on these findings, we hypothesize that Leo could potentially serve as a viable treatment 
option for AD due to the activating effect of Nrf-2.

Here, we investigated the potential neuroprotective effects of Leo against oxidative stress in APP/PS1 mice of AD. 
Additionally, we explored whether the observed effects were mediated through Nrf-2 signaling pathways.

Materials and Methods
Animals and Drug Administration
Twenty male APP/PS1 (4-month-old) double transgenic AD mice and 20 C57BL/6J mice of the same age and sex were 
acquired from Beijing HFK Bioscience Co., LTD in China. Before the experiment, all mice were placed in a relative 
humidity of 50 ± 5%, with a constant temperature of (23 ± 1°C) and a 12-hour light-dark cycle for at least 1 week with 
free access to water and food. All experimental protocols were authorized by the Animal Experimentation Ethics 
Committee of the Second Hospital of Hebei Medical University (approval number: 2022-AE027) and followed the 
Guidelines of the Animal Care and Use Committee.22

Leo was obtained from MedChemExpress (NJ, USA), and the purity is above 98%. Mice were classified into 4 groups 
of 10 mice each: wild-type C57BL/6J group (WT, intragastric administration of normal saline); WT + Leo group (WT + 
Leo, intragastric administration of 150 mg/kg/d Leo); APP/PS1 transgenic group (Tg, intragastric administration of 
normal saline); Tg + Leo group (Tg + Leo, intragastric administration of 150 mg/kg/d Leo). The dosage of Leo was 
determined according to a previous study.21 The mice’s general health and body weight were monitored daily. After 2 
months of the administration, behavioral assays were conducted based on the progress of the experiment, as shown in 
Figure 1B.

Novel Object Recognition (NOR) Test
The NOR test was conducted as previously described with a slight modification.23 In brief, the procedure included 
a training phase and a testing phase on two consecutive days. On the first day, mice (n = 10) were placed in an open-field 
arena (29 cm × 29 cm × 29 cm) and allowed to freely explore two identical objects with the same color, shape and size 
for 10 minutes. The next day, one of the same objects was exchanged for a new and unfamiliar one. The mice were 
released back into the arena to explore freely for 10 minutes. The location preference (the ratio of the time mice spent 
exploring one object to the time they spent exploring two objects) in the training phase and the discrimination index (the 
ratio of the time mice spent exploring a novel object to the time they spent exploring two objects) in the testing phase 
were analyzed.

Morris Water Maze (MWM) Test
The MWM test was performed as described previously with modifications.24 Briefly, the test consisted of a training phase 
of 4 trials per day for 5 consecutive days and a probe trial for 1 day. Mice (n = 10) were tested in a circular water tank 
with a diameter of 120 cm, which was divided into four quadrants. The water in the tank was opaque and maintained at 
a temperature of 21 ± 0.5°C. In the middle of one quadrant, a 9-cm-diameter hidden platform was positioned 1 cm under 
the water surface. In each trial of the training sessions, the time it took for the mice to find the hidden platform within 60 
seconds was determined as the escape latency. Probe trial was conducted on day 6, with the platform removed. Mice were 
permitted to explore freely for 60 seconds. The number of crossing platforms and the time spent in the target quadrant by 
mice were recorded as measures of retrieval memory.

Brain-Tissue Preparation
After the behavioral tests, all mice were anesthetized with sodium pentobarbital intraperitoneally at a dose of 50 mg/kg. 
The mice were sacrificed by decapitation following transcardial perfusion with ice-cold 0.9% saline. The brains of three 
mice from each group were sagittally sectioned on the surface of the ice. The left hemisphere was preserved in 4% 
paraformaldehyde for 48 hours, and then dehydrated and embedded in paraffin for histological analysis. From the right 
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hemisphere and the remaining mouse brain of each group, hippocampal tissue was extracted for biochemical 
measurements.

Nissl Staining
Nissl staining was carried out by immersing brain sections in Cresyl violet (Beyotime, China) for 30 minutes after 
deparaffinization and rehydration. The sections were then differentiated using 1% glacial acetic acid. The morphology of 
Nissl-positive cells was observed using an optical microscope (Olympus BX60, Japan).

ROS Detection
Intracellular ROS was detected with a DCFH-DA probe (Nanjing Jiancheng Bioengineering Institute, China) following 
the supplier’s protocol. Fresh hippocampal tissue (n = 6) was cut and rinsed in pre-cooled PBS. After 30 minutes of 
digestion, the cells were filtered and collected. Then, the cells were resuspended in 10 μM DCFH-DA and cultured at 
37°C for 20 minutes in the dark. Cell precipitates were gathered after centrifugation for 10 minutes at 1000 g, and 
washed twice with PBS to fully remove the DCFH-DA that did not enter the cells. Finally, the fluorescence intensity was 
determined at the excitation/emission wavelength of 488 nm/525 nm.

ELISA for Aβ Level
In this study, hippocampal tissue samples (n = 6) were analyzed for Aβ1-42 and Aβ1-40 levels using ELISA kits from 
Invitrogen, Carlsbad, CA, USA, following the previous description.25 Absorbance values were determined at 450 nm 
with a multifunctional microplate reader, and results were expressed as ng/ml.

Measurement of SOD, GSH-Px and MDA
The activities of SOD and GSH-Px and the content of MDA in brains (n = 6) were detected with the corresponding kits 
(Nanjing Jiancheng Bioengineering Institute, China) following the supplier’s directions. All protein concentrations were 
determined with the BCA kit (Beyotime Biotechnology, Shanghai, China). SOD and GSH-Px activity were assayed from 
the absorbance at 450 nm and 412 nm, respectively, and MDA were assayed from the absorbance at 532 nm.

Western Blot Analysis
Western blot analysis was conducted according to previously mentioned methods.26 Cytoplasmic and nuclear proteins 
were isolated from the hippocampal tissues (n = 3) with a Nuclear and Cytoplasmic Protein Extraction Kit (P0028, 
Beyotime Biotechnology, Shanghai, China). Protein concentration was determined by a BCA method. 20 μg protein was 
separated from each sample by polyacrylamide gel electrophoresis utilizing 10% sodium dodecyl sulfate, and then 
transferred to a polyvinylidene fluoride (PVDF) membrane. The PVDF membranes were blocked in 5% BSA-PBST 
buffer for 1 hour at room temperature. Next, the membranes were incubated with primary antibodies overnight at 4°C. 
The primary antibodies included: Nrf-2 (1:1000), HO-1 (1:1000) were obtained from Cell Signaling Technology (MA, 
USA), NQO1 (1:1000), Histone H3 (1:2000) and GAPDH (1:2000) were obtained from Abcam (MA, USA). Then, the 
membranes were incubated with a specific horseradish peroxidase-conjugated secondary antibody at room temperature 
for 1 hour. The relative density of target bands was normalized to Histone H3 or GAPDH levels.

Real-Time Quantitative Polymerase Chain Reaction (RT-qPCR)
RT-qPCR was performed as previously described.27 Total RNA was extracted from the hippocampal tissues (n = 3) with 
RNA Rapid Extraction Kit (Takara, Japan). For subsequent experiments, the OD260/280 ratio of total RNA was 
maintained between 2.1 and 2.2. A total of 2 μg of RNA was reverse-transcribed into complementary DNAs with a First- 
Strand cDNA Synthesis kit (GeneCopoeia, Guangzhou, China). The levels of Nrf-2, HO-1, NQO1, and GAPDH mRNA 
were quantitatively analyzed using an RT-qPCR system (Bio-Rad, USA). The primer sequences used for RT-qPCR were 
listed in Table 1. Gene expressions of Nrf-2, HO-1 and NQO1 were analyzed using the Ct (2−ΔΔCt) method. The 
expression levels were presented as the ratio of threshold cycle (Ct) values to GAPDH.
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Statistical Analysis
All data were graphed as mean ± SEM. The escape latency in the MWM test was examined by repeated-measures one- 
way analysis of variance (ANOVA), and the other data were examined by ANOVA using SPSS 23.0 software (SPSS, Inc) 
followed by Tukey’s test. Significance was presented as P < 0.05.

Results
Leo Improved Cognitive Impairment of APP/PS1 Mice
Cognitive function of mice in each group was assessed using the NOR and MWM tests. During the NOR test (Figure 2A and B), 
all groups showed similar preference scores of around 50% in the learning trial. In the subsequent testing trial, Leo did not 
significantly affect the discrimination index of WT mice, but APP/PS1 mice had a significantly reduced discrimination index 
compared to WT controls (Figure 2B, P < 0.01). However, when Leo was administered to APP/PS1 mice, they exhibited a higher 
discrimination index in the testing trial compared to APP/PS1 mice without Leo treatment (P < 0.05).

Similarly, no significant differences were observed in the MWM test between Leo-treated WT mice and WT mice. In 
contrast, APP/PS1 mice took more time to find a platform than WT mice, indicated by a prolonged escape latency 
(Figure 3A, P < 0.01), and this result was reversed by Leo treatment in APP/PS1 mice (P < 0.05). Additionally, in the 
probe test, we found a significant increase in the number of crossing platforms and target quadrant residence time in Leo- 
treated Tg mice compared to Tg mice (Figure 3B and C, P < 0.05 and P < 0.05, respectively). Furthermore, there was no 
notable difference in swimming speed among the groups (data not shown), suggesting that the enhancement of cognitive 
ability in the Leo-treated Tg group was not attributed to the movement speed of mice.

Leo Prevented the Neuronal Damage in the Hippocampus of APP/PS1 Mice
The effect of Leo treatment on neuronal damage in the hippocampus of APP/PS1 mice was investigated using Nissl 
staining. Surviving cells were identified as those with pale stained and round nuclei. As shown in Figure 4, Tg mice 

Table 1 RT-qPCR Primer Sequences

Gene Primer SEQUENCE

Nrf-2 F: GGACATGGAGCAAGTTTGGC
R: CAGCGGTAGTATCAGCCAGC

HO-1 F: GACACCTGAGGTCAAGCAC

R: ATCTTGCACCAGGCTAGCAG
NQO1 F: GACGCCTGAGCCCAGATATT

R: AGCACTCTCTCAAACCAGCC

GAPDH F: GGTCGGTGTGAACGGATTT
R: GTGGATGCAGGGATGATGTT

Figure 2 Leo improved discrimination index in the NOR test in APP/PS1 mice. (A) Diagram of the NOR test. (B) Preference scores of learning trail and discrimination 
index of testing trail. Data represent the mean ± SEM. **P < 0.01 vs WT; #P < 0.05 vs Tg.
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exhibited neuronal injury in the hippocampal CA1 region, characterized by evident nuclear rupture and less intact Nissl 
material, indicating neuronal degeneration, when compared to WT mice. However, treatment with Leo significantly 
reduced neuronal damage in the CA1 region of the hippocampus of APP/PS1 mice.

Leo Reduced Aβ Levels in the Hippocampus of APP/PS1 Mice
We quantified the levels of Aβ1-42 and Aβ1-40 in the hippocampus of mice using an ELISA assay. As illustrated in 
Figure 5A, the Tg mice exhibited significantly higher Aβ1-42 and Aβ1-40 levels compared to WT mice (P < 0.0001 and 
P < 0.0001, respectively). However, treatment with Leo significantly reduced the levels of Aβ1-42 and Aβ1-40 in Tg 
mice (P < 0.001 and P < 0.001, respectively). These results indicated that Leo treatment effectively decreased Aβ levels 
in the hippocampus of APP/PS1 mice.

Leo Suppressed Oxidative Stress in APP/PS1 Mice
To investigate the impact of Leo on the level of oxidative stress in the hippocampus of APP/PS1 mice, we analyzed the 
contents of ROS, MDA, SOD and GSH-Px. Our results showed that the level of ROS in the hippocampus of Tg mice was 
significantly higher than in WT mice (Figure 5B, P < 0.01). However, treatment with Leo significantly reduced the ROS 
levels in Tg mice (P < 0.05). Furthermore, Leo treatment increased the activities of SOD (Figure 5C, P < 0.05) and GSH-Px 
(Figure 5D, P < 0.01) while decreasing the amount of MDA (Figure 5E, P < 0.01) in the hippocampus of APP/PS1 mice.

Leo Evoked the Activation of Nrf-2 Pathway in APP/PS1 Mice
To evaluate the expression of Nrf-2 pathway proteins, we detected the protein levels of nuclear-Nrf-2 (N-Nrf-2), 
cytoplasmic-Nrf-2 (C-Nrf-2), HO-1 and NQO1 using western blot. Our findings indicated that in Tg mice, the protein 
levels of N-Nrf-2 (Figure 6A and B, P < 0.05), C-Nrf-2 (Figure 6C and D, P < 0.05), HO-1 (Figure 6C and E, P < 0.05) 
and NQO1 (Figure 6C and F, P < 0.01) protein levels were lower compared to WT mice, suggesting that the Nrf-2 

Figure 3 Leo improved spatial learning and memory ability in the MWM test in APP/PS1 mice. (A) Escape latency of mice for 5 consecutive days in the MWM test. (B) The 
number of crossing platforms by mice in the MWM test. (C) Time spent by mice in the target quadrant in the MWM test. Data represent the mean ± SEM. **P < 0.01 vs WT; 
#P < 0.05 vs Tg.

Figure 4 Leo reduced neuronal damage in the hippocampal CA1 region of APP/PS1 mice, as evidenced by representative Nissl staining sections of the same region. Scale bar: 100 μm.
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Figure 5 Leo reduced Aβ levels and suppressed oxidative stress in APP/PS1 mice. (A) Aβ1-42 and Aβ1-40 levels in the hippocampus of mice by ELISA. (B) Relative ROS 
level in the hippocampus of mice. The activities of (C) SOD and (D) GSH-Px and the level of (E) MDA in the hippocampus of mice. Data represent the mean ± SEM. **P < 
0.01, ***P < 0.001, ****P < 0.0001 vs WT; #P < 0.05, ##P < 0.01, ###P < 0.001 vs Tg.

Figure 6 Leo treatment elevated the protein expression of Nrf-2 pathway in APP/PS1 mice. (A) Representative western blot images for N-Nrf-2. (B) Quantitative analyses 
for N-Nrf-2. (C) Representative western blot images for C-Nrf-2, HO-1 and NQO1. Quantitative analyses for (D) C-Nrf-2, (E) HO-1 and (F) NQO1. Data represent the 
mean ± SEM. *P < 0.05, **P < 0.01 vs WT; #P < 0.05, ##P < 0.01 vs Tg.
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pathway was blocked. However, after Leo treatment in Tg mice, we observed an increase in N-Nrf-2 (P < 0.05), C-Nrf-2 
(P < 0.05), HO-1 (P < 0.05) and NQO1 (P < 0.01) protein levels compared to Tg mice, suggesting that Leo treatment 
may have a positive effect on the Nrf-2 pathway.

Similar results were found in the gene expression of Nrf-2 pathway. As illustrated in Figure 7A-C, it is evident that 
the Tg mice treated with Leo had a significant increase in mRNA expression of Nrf-2, HO-1, and NQO1 compared to Tg 
mice (P < 0.01, P < 0.01 and P < 0.05, respectively). These results suggested that Leo evoked the activation of Nrf-2 
pathway in APP/PS1 mice.

Discussion
AD is a prevalent neurodegenerative disease that causes a gradual decline in memory and cognitive function in older 
individuals. Unfortunately, current treatment options for AD are limited, resulting in a significant economic and social 
burden on public health systems worldwide. However, our research has shown that Leo may be a potential drug for the 
treatment of AD. In particular, Leo has been found to alleviate cognitive deficits, prevent neuronal damage, and reduce 
the levels of Aβ1-42 and Aβ1-40 in the hippocampus of the brain in APP/PS1 mice.

Leo, derived from the traditional Chinese medicine Herba leonuri, has the potential to exhibit antioxidant, anti- 
inflammatory, and anti-apoptotic effects on both the cardiovascular and central nervous systems. Studies have shown that 
Leo could protect against LPS-induced myocarditis by inhibiting the NF-кB signaling pathway.28 Additionally, Leo has 
been found to have an antidepressant-like effect in a mouse model of chronic mild stress depression by inhibiting 
neuroinflammation.19 Moreover, Leo attenuated cognitive impairment induced by Aβ1-40 in rats by inhibiting microglial 
hyperactivation through JNK and NF-кB pathways.20 Furthermore, Leo improved cardiac function in rats with myo
cardial infarction by initiating an anti-apoptosis role through PI3K/AKT/GSK3β pathway.29 In addition, Leo has been 
shown to exhibit antioxidant and anti-apoptotic effects in PD rats and cell models induced by 6-OHDA through 
increasing SOD, decreasing ROS and maintaining mitochondrial function.18 Based on the multiple biological roles of 
Leo in neurological disorders, it may be used in the treatment of AD. In our study, we demonstrated for the first time that 
Leo improved cognitive function in APP/PS1 mice through NOR and MWM tests and reduced hippocampal neuronal 
damage through Nissl staining. Therefore, we proposed that Leo could be a potential alternative drug for AD treatment 
and further explored the mechanism underlying the therapeutic effect of Leo on AD.

Although the etiology and pathological mechanism of AD are still unclear, toxic Aβ-related oxidative stress is one of 
the central hypotheses. Studies have shown that there is an increase in oxidative stress in areas of the brain that contain 
high levels of Aβ1-42 in both AD patients and mouse models.30 This increase in oxidative stress is believed to be caused 
by Aβ, which in turn leads to the production of cytotoxicity by boosting the production of mitochondrial ROS.31 

Oxidative stress can destroy the antioxidant activity of cells and lead to neuronal damage, which is a key “bridge” 
connecting multiple pathways and pathogenesis of AD.32 Drugs targeting oxidative stress have great application 
prospects in treating of AD. In the study conducted, it was observed that Leo decreased the levels of Aβ1-42 and 

Figure 7 Leo treatment upregulated the mRNAs expression of Nrf-2 pathway in APP/PS1 mice. Relative mRNA levels of (A) Nrf-2, (B) HO-1 (C) NQO1 using RT-qPCR. 
Data represent the mean ± SEM. *P < 0.05, **P < 0.01 vs WT; #P < 0.05, ##P < 0.01 vs Tg.
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Aβ1-40 and exhibited remarkable antioxidant ability in APP/PS1 mice. This was evident from the increase in antioxidant 
enzyme SOD and GSH-Px activities and the decrease in ROS and MDA levels. The findings suggest that Leo has 
a neuroprotective effect by inhibiting Aβ-related oxidative stress. It was found that Nrf-2 plays a crucial role in 
maintaining cellular redox homeostasis and regulating inflammatory responses. We then validated whether the antiox
idant effect of Leo was achieved through Nrf-2.

Recent studies have shown that Nrf-2 is involved in several critical pathological processes of Aβ and p-tau pathways 
in AD.33 Nrf-2 deficiency worsens spatial learning and memory abilities, as well as AD-like pathology in APP/PS1 
mice.34 On the other hand, Nrf-2 activation has been found to improve cognitive deficits in an AD mouse model by 
inhibiting oxidative stress and neuroinflammation.11 Upon activation, Nrf-2 is translocated from the cytoplasm to the 
nucleus, where it triggers the transcription of downstream target genes such as HO-1 and NQO1, ultimately enhancing 
the antioxidant capacity of cells.35 Leo was observed to promote Nrf-2 nuclear translocation in the kidney tissues of rats 
with ischemic acute kidney injury and in the liver tissues of aging mice, resulting in increased expression of HO-1 and 
NQO1, which helped to counteract oxidative stress damage.17,36 Besides, Leo upregulated N-Nrf-2 protein and increased 
total Nrf-2 protein expression and mRNA levels in brain tissues of mice with ischemic stroke. Similar to these findings, 
our study discovered that Leo increased levels of N-Nrf-2 and C-Nrf-2 protein, as well as Nrf-2 mRNA levels, indicating 
that Leo promoted Nrf-2 activation and nuclear translocation. Furthermore, Leo elevated the protein and mRNA 
expression of HO-1 and NQO1, suggesting that Leo acts as an antioxidant through the Nrf-2 pathway.

Conclusion
Our findings of the current study in vivo show that Leo could ameliorate cognitive deficits and hippocampal neuronal 
damage in APP/PS1 mice by reducing Aβ levels and inhibiting oxidative stress. This is achieved by increasing 
antioxidant enzyme activity and decreasing ROS levels. In addition, the antioxidant effect of Leo may be attributed to 
the activation of the Nrf-2 signaling pathway (Figure 8). These findings provide new insights into the beneficial role of 
Leo in the treatment of AD.

Data Sharing Statement
The datasets used in this study may be obtained from the corresponding author upon reasonable request.

Figure 8 The possible mechanism of Leo’s protective effects against Aβ-induced oxidative stress in APP/PS1 mice. Leo activates Nrf-2 pathway, improves the activity of 
antioxidant enzymes, and thereby reduces the oxidative stress induced by Aβ.
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