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ABSRTACT: 

Ethnopharmacological relevance: Disruption of receptor-mediated mitophagy 

contributes to neuronal damage in Alzheimer's disease (AD). Chuanxiong-Danggui 

herb pair (CDHP) is classic herbal pair applied to treating neurodegenerative diseases 

including AD, Amyotrophic Lateral Sclerosis, Parkinson's disease. Though studies 

have demonstrated the neuroprotective effects of CDHP, the underlying mechanisms 

by which CDHP attenuates neuronal impairment of AD remains to be elucidated. 

Aim of the study: The objective of this work was to investigate the anti-AD 

mechanism of CDHP in APP/PS1 mice. 

Materials and methods: Behavioral assessments were conducted on C57BL/6J 

and APP/PS1 mice following CDHP treatment, alongside an evaluation of neuronal 

morphology in the hippocampal region. In vitro, HT-22 cells were induced by Aβ25-35 

before being treated with CDHP. The mechanisms of CDHP were investigated using 
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transmission electron microscopy, Golgi staining, immunofluorescence, siRNA, and 

Western blot analysis. 

Results: Results from the passive avoidance test and the Morris water maze 

(MWM) indicated that CDHP significantly mitigated cognitive deficits of APP/PS1 

mice, accompanied by a reduction of pathological damage in the CA1 and CA3 regions 

of hippocampus. Further testing found that a significant reduction in dendritic spines 

density was rescued by CDHP.  Synaptophysin (SYN) and postsynaptic density 

protein 95 (PSD-95) were elevated in the CDHP group, while Aβ (β-amyloid) plaques 

deposition was significantly reduced. Simultaneously, CDHP markedly inhibited 

neuronal apoptosis through a decrease of the levels of Cleaved Caspase-12 and 

enhanced expression of Bcl-2/Bax, both in vivo and in vitro. Additionally, CDHP 

improved mitochondrial morphology and function in the AD model by decreasing 

abnormal mitochondria and increasing the expression of COXIV. Transmission electron 

microscopy (TEM) revealed that clear mitophagy-autophagosomes were nearly absent 

in APP/PS1 mice, while the expression of p62 and LC3B were elevated following 

CDHP treatment. Furthermore, CDHP increased the expression of the FUNDC1 and 

PGAM5 in APP/PS1 mice and AD-like cell models. 

Conclusion: These findings suggest that CDHP mitigated cognitive dysfunction 

in APP/PS1 mice by enhancing mitophagy to reduce neuronal injury. 

Keywords: Mitophagy, Alzheimer's disease, CDHP, FUNDC1,PGAM5 

 

Highlight 

1. Chuanxiong-Danggui herb pair (CDHP) alleviated cognitive deficits in an AD animal 

model. 

2. CDHP promoted mitophagy in vivo and in vitro. 

3. CDHP enhanced the expression of FUNDC1 and PGAM5 in vivo and vitro. 

 

1. Introduction 

Mitochondrial dysfunction is associated with various synaptic impairments, 

including axonal conduction, neurotransmitter release and reuptake, which may 

manifest in the early stages of AD (Skaper et al., 2017). Neuronal activity is 



significantly reliant on functional mitochondria and the metabolic cost of normal 

neuronal function is high. Mitochondrial dysfunction exacerbates the pathological 

progression of AD and it is evident that mitochondrial deficits initiate neuronal damage, 

representing a critical pathological link in AD. Mitophagy serves as a vital mechanism 

for the clearance of damaged and dysfunctional mitochondria, thereby playing an 

essential role in maintaining mitochondrial functional homeostasis and neuronal 

synaptic plasticity (Mary et al., 2022). Research shows that mitochondrial dysfunction 

contributes to neurodegeneration in AD patients, while mitophagy enhancement has 

been shown to mitigate tau hyperphosphorylation and alleviate memory deficits in 

animal models (Fang et al., 2019).  

Disruption of mitophagy is a significant mechanism leading to neuronal damage. 

Mitophagy, a form of selective autophagy, removes damaged or excess mitochondria 

and is facilitated mainly by the autophagosome-lysosome system (Y. Zhou et al., 2024). 

The process is crucial for mitochondrial quality control and mitigates damage by 

reactive oxygen species, which results in progressive accumulation of mitochondrial 

DNA (mtDNA) mutations and ultimately cell death. Impaired mitophagy has been 

associated with AD, potentially exacerbating the Aβ and tau pathologies through 

mechanisms involving in oxidative stress, chronic neuroinflammation and microglial 

activation (Song et al., 2021). A small-molecule that induces mitophagy has 

demonstrated therapeutic efficacy in both cellular and mouse models of AD (Um et al., 

2024). In addition, ligands for the mitochondrial translocator protein, TSPO, have been 

shown to enhance P62/SQSTM1 gene expression and attenuate mitophagy deficits in 

cellular models (Fairley et al., 2024). Consequently, mitigating mitochondrial 

dysfunction and promoting mitophagy may be beneficial in reducing cognitive 

impairments associated with AD. Therefore, the protection of neurons, by enhancing 

mitophagy, has emerged as a novel target in the development of therapeutic strategies 

for AD (Katayama et al., 2020). 

Mitophagy primarily involves two pathways, the PTEN-induced kinase 1/Parkin 

(PINK1/Parkin) or receptor mediated mitophagy (Wang et al., 2023). Although 

PINK1/Parkin mediated mitophagy is recognized for its role in various diseases, 



including cerebral ischemia-reperfusion injury (X. Li et al., 2024), endometrial cancer 

(Wei et al., 2024) and neurodegenerative diseases (Yi et al., 2024), the significance of 

receptor-mediated mitophagy in the process of mitophagy is gaining increasing 

attention . Key receptors involved in this process include FUNDC1, Bcl-2/adenovirus 

E1B 19 kDa interacting protein 3 (BNIP3), BNIP3-like protein (NIX), Bcl-2 like 13 

protein (Bcl2l13), Autophagy/Beclin-1 regulator-1 (AMBRA 1) (Schmid et al., 2022), 

FK506-binding protein 8 (FKBP8), Sorting and assembly machinery component 50 

(SAMM50) and mitochondrial ferritin (FTMT) (Lee et al., 2018; Poole and Macleod, 

2021). FUNDC1 is a critical receptor in the receptor-mitophagy pathway, directly 

binding to and recruiting LC3, thereby promoting mitophagy through the coordination 

of mitochondrial fission or fusion processes (Chen et al., 2016). Numerous studies have 

reported that FUNDC1-mediated protective mitophagy participates in the recovery 

process of various diseases, including heart failure, cardiovascular diseases, kidney 

disease and cerebral ischemia reperfusion injury (K. Li et al., 2024; Tian et al., 2022), 

indicating its significant role in addressing supply disorders (Li et al., 2021). 

Overexpression FUNDC1 has been shown to markedly enhance locomotor activity in 

amyotrophic lateral sclerosis (ALS) transgenic mice，suggesting a novel strategy for 

targeting FUNDC1-mediated mitophagy to improve outcomes for patients with ALS 

(X. Guo et al., 2024). Research on cerebral ischemia-reperfusion injury has indicated 

that tissue-type plasminogen activator exerts neuroprotective effects by increasing 

FUNDC1 expression, thereby inhibiting apoptosis and enhancing mitochondrial 

function (Y et al., 2021). Given the involvement of mitophagy in the pathogenesis of 

AD, FUNDC1 may play a pivotal role in mitophagy dysfunction. 

Traditional Chinese medicine has been recognized for its therapeutic potential in 

treating neurodegenerative disorders. For instance, andrographolide has been shown to 

ameliorate cognitive impairment in an Apoe4 mouse model by initiating mitophagy and 

suppressing excessive neuroinflammation (Y. Zhou et al., 2024). Ginsenoside Rg1 may 

reduce β-amyloid (Aβ) deposits, restore mitophagy and ameliorate memory deficits in 

both cellular and animal models of AD via the classic PINK1-Parkin mitophagy 

pathway (N et al., 2023; She et al., 2024). Chuanxiong, Danggui, is derived from the 



root of Ligusticum sinense 'Chuanxiong' or Angelica sinensis (Oliv.) Diels. 

Chuanxiong-Danggui herb pair (CDHP) is frequently used in traditional Chinese 

medicinal formulations for treatment of conditions such as heart failure, stroke, cerebral 

ischemia reperfusion injury, AD and Parkinson's disease (PD) (Chen et al., 2018). The 

active ingredients of CDHP include ligustilide, senkyunolide, angelica sinensis 

polysaccharide, tetramethylpyrazine, 3-butylphthalide, ferulic acid, coumarin, and 

flavonoids. Numerous studies have highlighted the neuroprotective roles of these active 

ingredients in neurodegenerative diseases. Angelica sinensis polysaccharides exhibits 

neuroprotective effects by inhibiting LPS-induced inflammatory injury in HT-22 cells 

(Zhou et al., 2019), and ameliorates memory dysfunction in AD rat models by activating 

BDNF/TrkB/CREB pathway (Du et al., 2020). Ligustilide has been shown to mitigate 

neuronal injury and exert neuroprotective effects following cerebral ischemia-

reperfusion injury through promoting PINK1/Parkin-mediated mitophagy (Mao et al., 

2022). Tetramethylpyrazine has been reported to attenuate neuroinflammatory 

responses in both LPS-induced cellular models and animal models, potentially through 

the activation of SIRT1 and suppression of NF-kB pathway (Chen et al., 2023). Notably, 

some active ingredients of CDHP significantly influence mitochondrial metabolism. 

For example, Ferulic acid has protective effects against ferroptosis by inhibiting the 

activity of mitochondrial complex I and reducing mitochondrial respiration (Günther et 

al., 2023). Therefore, we proposed a scientific hypothesis that CDHP exerts a 

neuroprotective role and reduction cognitive deficit in AD by promoting FUNDC1-

mediated mitophagy. 

This work aims to investigate the therapeutic potential of CDHP in promoting 

mitophagy and alleviation of cognitive decline in AD, furthermore, to testify the CDHP 

play the neuroprotection mediated the PGAM5/FUNDC1 or not. APP/PS1 mice were 

employed to evaluate the effects of CDHP on cognitive function through behavioral 

assessments and morphological analyses. The underlying molecular mechanisms of 

CDHP were further elucidated using HT-22 cells in an AD-like model. 

2. Materials and methods 

2.1 Reagents, antibodies and drugs 



Aβ25-35 peptide was procured from Chinese Peptide Company (AMTD51). 

Preparation of Aβ25-35 peptide: 1 mg Aβ25-35 was mixed with 943 uL 

hexafluoroisopropanol with Aβ25-35 at room temperature for one hour. The peptide was 

dried by evaporation in 150 μL/unit aliquots. Froresuspensio, DMSO (15 μL) was 

added to each tube, followed by sonication in an ice bath for 10 mins. After addition of 

1470 μL of cold PBS the sample was mixed thoroughly and incubated at 4 ℃ for seven 

days to obtain Aβ25-35 oligomers. FUNDC1 antibody was purchased from ImmunoWay 

Biotechnology (YT5658, rabbit). β-actin (GB11001-100, rabbit), GAPDH (GB11002-

100, rabbit), Goat Anti-Rabbit IgG (GB23303) and Goat Anti-Mouse IgG (GB23301) 

antibodies sourced from Servicebio. COX IV (00081701, rabbit) antibody sourced from 

MultiSciences, BAX (50599-2-Ig, rabbit) antibody and phosphoglycerate mutase 

family member 5 (PGAM5) (68116-1-Ig, mouse) were acquired from Proteintech, LC3 

B (83506, mouse), Aβ (15126, mouse) and SQSTM1/p62 (5114S, rabbit) antibodies 

were obtained from Cell Signaling Technology. Bcl-2 (ab182858, rabbit), 

Synaptophysin (ab32127, rabbit) and Postsynaptic density protein 95 (PSD-95, 

ab13552, mouse) were purchased from Abcam. Aricept (2008002) acquired from Eisai 

(China) Pharmaceutical Company Limited. Angelica (220114-11) sourced from 

Chengdu Jiankang Pharmaceutical CO., Ltd, and Chuanxiong (2204104) purchased 

from Sichuan New Lotus Chinese Medical Drinks Co., Ltd. 

The herbal formulation of CDHP consists of two Chinese herbs, Chuanxiong 

Rhizoma and Radix Angelica sinensis, in a ratio of 1:1. Equal weights of both herbs 

were combined with 10 times their weight in water, soaked for 30 mins, and then 

subjected to reflux heating extraction using a volatile oil extractor. The mixture was 

boiled and subsequently maintained at a gentle boil for 2 h, with two reflux extraction 

cycles performed. Following each cycle, the volatile oil was collected, cooled, filtered, 

and the combined filtrate was concentrated via vacuum spinning and freeze-drying to 

yield a lyophilized powder. 

2.2 High Performance Liquid Chromatography (HPLC) 

The quality of CDHP was assessed using HPLC. Reference substances, including 

Chlorogenic Acid (AZ22011851, Alfa Biotechnology, CHN), Ligustrazine 



(AF8072604, Alfa Biotechnology, CHN), Caffeic Acid (AF21020856, Alfa 

Biotechnology, CHN) and Ferulic Acid (AF712632, Alfa Biotechnology, CHN) were 

accurately weighed, sonicated in methanol to prepare solutions at a concentration of 4 

mg/mL. Reference substrates (250 μL of each) were combined to create a mixed 

standard solution at 1 mg/mL, and used to prepare mixed standards at concentrations 

of 0.1 mg/mL, 0.01 mg/mL, and 0.001 mg/mL. The lyophilized CDHP powder was 

dissolved in 20% methanol to achieve a concentration of 50 mg/mL. HPLC analysis 

was performed using a C18 column (Ultimate AQ-C18, Welch Materials, CHN) with a 

mobile phase consisting of methanol (A) and 0.2% acetic acid aqueous solution (B). 

The detection wavelength was set at 290 nm, with an injection volume of 10 μL, a 

column temperature of 25℃, and a flow rate of 0.8 mL/min. 

2.3 Animals and Treatment 

All animal experiments were conducted with approval from the Animal Ethics 

Committee of the Institute of Material Medica Integration and Transformation for Brain 

Diseases at Chengdu University of Traditional Chinese Medicine (No. IBD2202006). 

The animals were maintained at 23±1°C temperature, 50±5% humidity and 12-hour 

light-dark cycle. Male C57BL/6J (n=10) and APP/PS1 (n=50, 11~12 mice of each 

group) mice, were purchased from SPF (Beijing) Biotechnology Co. LTD, and were 

aged three months (License No.: 110324220105681135 and License No.: 

110324220104497853). All animals were passed through an accommodation period, 

and APP/PS1 mice were randomly assigned to four groups: APP/PS1 group, Aricept 

group (0.92 mg/kg-d-1) (Cao et al., 2017), CDHP-Low group (1.5 g/kg-d-1), and CDHP-

High group (3 g/kg-d-1). CDHP lyophilized powder and Aricept were dissolved in 

purified water prior to administration. Dosages calculated based on the equivalent dose 

for mice and human as per the Chinese Pharmacopoeia. C57 BL/6J mice served as the 

wild-type (WT) group, which received pure water. All treatments, including drug 

administration and pure water, were conducted continuously for three months. 

2.4 Cell Culture 

HT-22 cells purchased from iCell Bioscience Inc (Shanghai, China). The cells were 

maintained in a high-glucose complete medium supplemented with 10% fetal bovine 



serum, 1% Penicillin-Streptomycin. Cells were cultured at 37°C in a 5% CO2 incubator. 

Cell viability was assessed by CCK-8 assay. Cells were seeded into 96-well plates at a 

density of 10,000 cells/well and set the groups as control, Aβ25-35, Aβ25-35+2.5 μg/mL 

CDHP, Aβ25-35+5 μg/mL CDHP, and Aβ25-35+10 μg/mL CDHP. Cells were treated with 

25 μM Aβ25-35 for 24 h, in the absence or presence of CDHP. After incubation, medium 

was removed, and replaced with 100μL of DMEM containing 10μL CCK-8 (BG0025, 

BIOGROUND, CHN). After 1 h at 37°C, the absorbance at 450 nm was measured using 

a microplate reader. 

2.5 Behavioral Tests 

2.5.1. Passive avoidance test（PAT） 

The ability of mice to recall unpleasant experiences evaluated using the PAT system 

(TechMan Soft, CHN). The apparatus consisted of two compartments, one illuminated 

and the other dark and electrified. On the first day, mice were allowed to explore both 

compartments for 4 mins, with the dark compartment remaining unpowered. Following 

this acclimatization, the baffles were closed, and the dark compartment was electrified. 

Animals were then placed in the bright compartment, and the time taken for the mice 

to enter the dark compartment (escape latency) and the total number of shocks received 

(number of errors) recorded, with a maximum escape latency of 300 seconds. The 

procedure was repeated on the second day(Liu et al., 2014). 

2.5.2. Morris Water Maze (MWM) 

MWM apparatus (NOLDUS, Netherlands) were used to measure the spatial 

memory capacity of mice. During the training phase, a platform was positioned in the 

center of the third quadrant. Mice was placed in the maze and the time taken to find the 

platform recorded. If a mouse failed to find the platform within 2 mins, they were 

guided to the hidden platform and left there for three seconds. In the spatial exploration 

phase, the platform was removed, and the time and swimming path taken by mice and 

the duration of time within the target quadrant over a 120-second period was 

recorded(Costa-Mattioli et al., 2005). 

2.6 Histopathological Analysis 

Post-experiment, the brain of mice extracted and fixed with 4% paraformaldehyde 



for one week, embedded and sectioned into 4-μm slices. After dewaxing, sections were 

stained with hematoxylin, eosin and Nissl. In brief, the sections underwent gradient 

dehydration using ethanol following dewaxing in xylene, were washed with water, and 

immersed in the hematoxylin and eosin or Nissl staining solutions. Finally, all sections 

sealed with neutral gum and visualized by microscope. 

2.7 Immunohistochemistry (IHC) 

Paraffin sections were dewaxed and hydrated, and 1 × Sodium citrate solution was used 

to repair the antigen at 100℃ for 20 mins. After cooling to room temperature and 

washing with PBS, the sections were treated with 3% H2O2 at room temperature for 5 

mins. After washing, Aβ (1:800) was added dropwise and incubated at room 

temperature for 1 h. After washing by PBS, the secondary antibody in the 

immunohistochemistry kit (SV0004, Wuhan Boster) used for incubation and color with 

DAB solution. After washing with PBS, the nucleus was stained with hematoxylin. 

Finally, all sections were sealed with neutral gum and visualized by microscope. 

2.8 Golgi staining   

Fresh brain tissues excised and washed multiple times with purified water, and then 

stored in potassium dichromate solution and Mercury dichloride solution at room 

temperature. The solution replaced with fresh solution and maintained for two weeks. 

The tissue transferred to potassium chromate solution and exposed to light for a 

minimum of 72 hours. Sections were cut into 100-μm slices using a vibrating slicer, 

and stained according to the super Golgi kit (PK401, FD Neuro Technologies, INC, 

USA). 

2.9 TUNEL Staining 

Neuronal apoptosis was detected using a TUNEL kit (C1088, Beyotime 

Biotechnology, CHN) on paraffin-embedded mouse brain sections. Sections were 

incubated with 20 μg/mL DNase-free proteinase K at 37℃ for 20 mins. Following 

three washes with PBS, the preconfigured TUNEL solution was added dropwise and 

incubated at 37℃ for one hour. After three additional washes with PBS, sections were 

treated with an autofluorescence quencher containing DAPI (S2110, Solarbio, CHN), 



and photographed using a fluorescence microscope. 

2.10 Western Blot 

Brain tissues of mice or HT-22 cells were homogenized in cold RIPA lysate buffer 

(CR2407036, Servicebio, CHN) containing phosphatase and protease inhibitors, and 

centrifuged (12,000 rpm/min) for 10 mins at 4°C. The concentration of total protein 

was quantified using BCA kit (BL521A, Biosharp, CHN). Proteins were denatured and 

subjected to electrophoresis on a 12% SDS-PAGE gel and transferred to polyvinylidene 

difluoride (PVDF) membranes. Membranes were blocked with 5% skimmed milk for 

one hour at room temperature, followed by overnight incubation with primary 

antibodies diluted in TBST with milk: FUNDC1 (1:800), β-actin (1:1000), COX IV 

(1:1000), SYN (1:200,000), PSD-95 (1:1000), SQSTM1/p62 (1:1000) PGAM5 

(1:10000) and LC3 B (1:1000) were diluted by TBS. After washing with TBST three 

times, the PVDF membranes were incubated with the appropriate secondary antibody 

(1:1000) for one hour at room temperature. Membranes were imaged using the e-Blot 

system and images analyzed with Image-J. 

2.11 Transmission electron microscopy (TEM)  

Hippocampal regions of mice, approximately 1 mm3 in size, were isolated on ice 

cleaned with saline, and put into electron microscope fixative. The tissue was fixed at 

room temperature for two hours using 1% osmium tetroxide. Following rinsing, 

gradient dehydration was performed, and then tissue was infiltrated and embedded at 

60℃ using an acetone-812 embedding agent. Uranium-lead double staining performed 

after obtaining 60-80 nm sections, which dried overnight. Images were obtained using 

transmission electron microscopy. 

2.12 Immunofluorescence of LC3B/TOM20 co-staining and reactive oxygen 

species (ROS) 

HT-22 cells were co-stained with mouse anti-LC3B (1:200, #83506, CST, Cell 

Signaling Technology, USA) and rabbit anti-TOM20 (1:400, #GB111481, Servicebio, 

CHN) antibodies to observe co-localization. Cells were blocked for 30 mins at room 

temperature with 5% BSA solution, followed by overnight incubation with primary 



antibodies at 4℃. Subsequently, cy3 goat anti-mouse (1:200, #GB21301, Servicebio, 

CHN) and 488 Goat anti-rabbit (1:200, #GB25303, Servicebio, CHN) were added and 

incubated for 2 h at room temperature. After washing, the samples treated with DAPI 

stain (#C0065, Solarbio, CHN) for 10 mins at room temperature. Following sealing, the 

fluorescence intensity of LC3B (red) and TOM20 (green) observed by a fluorescence 

microscope.  

Reactive oxygen species were quantified using a detection kit (CA1410, Solarbio, 

CHN), DCFH-DA was diluted with serum-free medium at 1:10000 to a final 

concentration of 1 μmol/L in advance. After the cells were treated in 24-well plates, the 

culture medium was removed, and 200 μL/well diluted DCFH-DA was added and 

incubated in at 37 ℃ for 10 mins. The cells were gently washed three times with a 

serum-free medium to remove fully the DCFH-DA that did not enter the cells. Finally, 

observed by a fluorescence microscope. 

2.13 Molecular docking 

Based on the criteria of oral bioavailability (OB) 30% and drug-likeness (DL) 0.18 

(Gao et al., 2024), the bioactive constituents of CDHP were identified using Traditional 

Chinese Medicine Systems Pharmacology Database and Analysis Platform (TCMSP, 

https://www.tcmsp-e.com/tcmspsearch.php). The 2D structure data of these compounds 

were obtained in sdf format from PubChem database 

(https://pubchem.ncbi.nlm.nih.gov/) and subsequently converted to mol2 format using 

Open Babel software (version 3.1.1). The 3D crystal structure of the target protein was 

obtained from Protein Data Bank database (PDB, https://www.rcsb.org/) and the protein 

structure was processed using PyMol software (version 3.0.3) to remove excess ligands 

(e.g., water molecules, Mg2+, Cu2+). The format of molecules and the protein were 

converted to pdpqt format using AutoDockTools software (version 1.5.6). Molecular 

docking was performed using Autodock software. The 3D docking results were 

visualized by PyMol. 

2.14 Statistical analysis 

Data shown are mean ± Standard Error of Mean (SEM) and were analyzed using t-

tests or Two-Way ANOVA, as appropriate. Statistical significance was taken at p < 0.05 



level.  

3. Results 

3.1 Analysis of active ingredients in CDHP using HPLC 

Quality control assessment of the components in CDHP was conducted through 

HPLC. It was found that there were four peaks in the sample with the same retention 

time as the standards, confirming the presence of compounds that aligned with the 

mixed standards (chlorogenic acid, ligustrazine, caffeic acid, and ferulic acid). Notably, 

the ferulic acid content was quantified at 0.5824 mg/g (Figure 1) (Table 1), which 

complies with the standards set forth by the Chinese Pharmacopoeia (2020), thereby 

affirming the quality of CDHP. 

 

Fig. 1 Analysis of active ingredients in CDHP. The four active ingredients constituents expected in 
CDHP: 1, Chlorogenic Acid, 2, Ligustrazine, 3, Caffeic Acid, and 4, Ferulic Acid, were evaluated using 
HPLC assays. The black, blue, yellow and green peaks represent mixed standards with varying 
concentration gradients, while the red peaks correspond to CDHP. 

 

3.2 CDHP ameliorated cognitive impairment and pathologic morphology in 

APP/PS1 Mice 

Behavioral assessments were performed to evaluate the impact of CDHP in 

APP/PS1 mice. In the passive avoidance experiment, APP/PS1 mice exhibited a 

significantly shorter escape latency and a higher number of errors compared to WT 

mice. However, following CDHP administration, the escape latency for APP/PS1 mice 

entering the dark box increased, and the number of errors decreased (Figure 2 A, B). In 

the MWM test, CDHP significantly enhanced the spatial memory capabilities of 

APP/PS1 mice, reducing the time taken to locate the platform and increasing the 

frequency of platform crossing, particularly in CDHP-H group (Figure 2 C-G). 

Additionally, histological evaluation via HE staining revealed the CA1 and CA3 

regions of hippocampus in APP/PS1 mice atrophied compared to WT mice (Figure 2 

H, I). Importantly, CDHP mitigated neuronal atrophy in this mouse model and 

ameliorated cognitive deficits. 

 



Fig. 2 CDHP ameliorated cognitive impairment and brain pathology in APP/PS1 mice. A-B. Error counts 

and escape latency in the passive avoidance test (n=8). E. The escape latency of the training phase in the MWM test. 

（F (16, 178)=1.739, P=0.0432）. C, D, F. Frequency of platform crossing, total swimming distance and escape 

latency of the spatial exploration phase in the MWM test (n=8). G. Representative traces of each group in the MWM 

test. H. Representative images from HE analysis of the hippocampal CA1 and CA3 regions (n=5). Scale bars=100 

μm. I. The width of CA1 and CA3 regions (n=5). Data are presented as mean ± SEM. ###p<0.001 compared with the 

WT group. ***p<0.01, **p<0.01, *p<0.05, compared with the APP/PS1 group. 

 

3.3 CDHP increased dendritic spine density and reduced Aβ plaques in the brain 

of APP/PS1 Mice 

Dendritic spines, which are protrusions on dendritic branches, serve as primary 

sites for synapse formation. Early synaptic dysfunction associated with tau pathology 

occurs in in dendritic spines in AD. The presence of stubby and mushroom-shaped 

dendritic spines are linked to memory function (Kasai et al., 2023). Golgi staining 

results showed that a significant reduction in spines density per 10 μm of dendrites in 

APP/PS1 mice, which were markedly ameliorated by CDHP treatment (Figure 3 A-C). 

Notably, the average percentage of stubby and mushroom-like dendritic spines in 

CDHP groups were higher than that of APP/PS1 mice (Figure 3 B). Furthermore, SYN 

and PSD-95 levels were markedly enhanced in the CDHP-H mice compared to 

APP/PS1 mice (Figure 3 D, E). Aβ plaques were detected in hippocampal and/or 

cortical region of all groups except WT mice, however, Aβ plaque deposition was 

significantly reduced in CDHP groups (Figure 3 F, G). These findings imply CDHP 

exerts neuroprotective effects by reducing Aβ plaque deposition in the brain of 

APP/PS1 mice. 

 

Fig. 3 CDHP increased dendritic spine density and reduced Aβ plaques in the brain of APP/PS1 Mice. A. 

Example images of various dendritic spine types. B. Representative images of Golgi staining of dendritic spines 

across groups. Scale Bar=10 μm. C. Statistical analysis of dendritic spine density per 10 μm dendrites (n=3). D, E. 

Representative immunoblots and quantitative analyses of SYN and PSD-95 expression in mouse brain tissues (n=3). 

F. Representative images of the hippocampal region in each group and the area of Aβ plaques in cortical areas. Scale 

bar=100 or 200 μm. G. Percentage area of Aβ plaques of the brain in mouse brain (n=3). Data are presented as mean 

± SEM. ###p< 0.01 compared with the WT group. ***p<0.01, **p<0.01, *p<0.05, compared with the APP/PS1 group. 



 

 

3.4 CDHP inhibited neuronal apoptosis in vivo and in vitro 

Neuronal cell death is a hallmark of neurodegenerative diseases, including PD and 

AD, with significant neuronal loss observed in key brain regions related to learning and 

memory (Chi et al., 2018). TUNEL staining was performed to assess neuronal apoptosis 

in the hippocampal region, and it showed a significantly higher number of apoptotic 

cells in APP/PS1 mice. The number of positive cells was lower in CDHP groups (Figure 

4 A). Additionally, CDHP treatment significantly enhanced the expression of Bcl-2/Bax 

and decreased the levels of Cleaved Caspase-12 in the brain of APP/PS1 mice (Figure 

4 B) and in HT-22 cells (Figure 4 C, D). These results suggest CDHP reduces neuronal 

apoptosis in APP/PS1 mice and Aβ25-35-induced HT22 cells especially in high does 

group. 
 

Fig. 4 CDHP inhibited neuronal apoptosis in vivo and in vitro. A. Representative images of TUNEL 

(green)/DAPI (blue) staining in the CA1 and CA3 regions of mouse mice (n=3). Scale bar=100 μm. Quantification 

of TUNEL-positive cells in each region. B. Representative immunoblots and quantitative analyses of Bcl-2, Bax, 

Cleaved Caspase-12, and GAPDH of mice brain (n=3). C. Representative immunoblots and quantitative analyses 

of Bcl-2, Bax, Cleaved Caspase-12, and GAPDH in HT-22 cells (n=3). D. Representative images with 

quantification of Hoechst 33258 staining in HT-22 cells (n=3). Scale bar=100 μm. Data are presented as mean ± 

SEM. ###p<0.001, ##p<0.01, compared with the WT or Control groups. ***p<0.001, *p< 0.05, compared to the 

APP/PS1 or Aβ25-35 groups. 

 

3.5 CDHP improved mitophagy through mitochondrial morphology and function 

in AD-like models  

Abnormal neuronal apoptosis is often associated with mitochondria dysfunction. 

Mitochondria are essential for providing energy necessary for neuronal survival. 

Damaged mitochondria adversely affect neuronal structure and function, leading to 

energy deficits and the release of harmful substances that promote neuronal apoptosis. 

TEM images indicated that the morphology of mitochondria in the hippocampus of 

APP/PS1 mice was different to wild type mice, with blurred membrane boundaries and 

ridge, as well as damaged mitochondria with content leakage. However, the incidence 

of abnormal mitochondria significantly decreased following CDHP treatment (Figure 5 



A). Additionally, in Aβ25-35-induced HT-22 cells, CDHP-H markedly increased the 

levels of COXIV, a marker of mitochondrial function, (Figure 5 B). Levels of ROS in 

Aβ25-35 treated cells were significantly decreased by CDHP in a dose dependent manner 

(Figure 5 C, D), suggesting that CDHP improves mitochondrial function in AD-like 

models. 

The clearance of damaged mitochondria is primarily facilitated through mitophagy. 

TEM revealed that mitophagy-autophagosomes were nearly absent in the hippocampus 

of APP/PS1 mice compared to WT mice (Figure 6 A). CDHP treatment, prevented the 

reduction in mitophagy-autophagasomes. The expression levels of mitophagy substrate 

protein p62 was high and the autophagy marker protein LC3B was low in APP/PS1 

mice compared to WT and Aβ25-35-induced HT-22 cells compared to control but CDHP 

treatment restored levels to those seen in the WT animals (Figure 6 B) and non-induced 

HT-22 cells (Figure 6 C). All of the results shows that the CDHP treatment promote the 

mitophagy in AD. 

 

Fig. 5 CDHP improved mitochondrial morphology and function in AD-like models. A. TEM results depicting 

mitochondrial morphology in the hippocampus (n=3). Scale bar =500 nm. B. Representative immunoblots and 

quantitative analyses of COX IV and GAPDH in Aβ25-35-induced HT-22 cells (n=3). C-D. Immunofluorescence was 

used to detect the levels of ROS in HT-22 cells (n=3). Scale bar =100 μm. Data are presented as mean ± SEM. 
###p<0.001 compared with the Control group. *p<0.05, compared with the Aβ25-35 group. 

 

Fig. 6 CDHP improved mitophagy in vivo and in vitro. A. Representative TEM images of mitophagy in APP/PS1 

mice (n=3). Scale bar=1 μm. B. Representative immunoblots and quantitative analyses of p62, LC3B and β-actin in 

mice (n=3). C. Representative immunoblots and quantitative analyses of p62, LC3B and β-actin in HT-22 cells. Data 

are presented as mean ± SEM. ###p<0.001, ##p<0.01 compared with the WT or Control groups. ***p<0.001, **p<0.01, 
*p<0.05, compared with the APP/PS1 or Aβ25-35 groups. 

 

3.6 CDHP enhanced PGAM5 and FUNDC1 in vivo and in vitro 

To uncover the potential for CHDP to stimulate mitophagy, we used molecular 

docking of CHDP constituents with the mitochondrial phosphatase, Phosphoglycerate 

mutase family member 5 (PGAM5), a key driver of mitophagy. Eight bioactive 

constituents of CDHP were identified by TCMSP, the 2D structure data structure of 

them also list in Table 2, they are sitosterol, myricanone, mandenol, wallichilide, 



senkyunone, perlolyrine, FA and stigmasterol. Subsequently, eight active ingredients 

were molecularly docked with PGAM5. Studies have shown that in molecular docking, 

when the affinity value is negative, it indicates that the molecule can bind to the protein. 

The smaller the value, the stronger the binding force between the two (Alsedfy et al., 

2024). When the affinity is less than -7, it has a strong binding ability (Cui et al., 2020). 

Among the eight bioactive ingredients, except for mandenol, the affinity is ≤-7 (Table 

3) (Figure 7 A). The data indicates that the bioactive ingredients of CDHP could exert 

therapeutic effects by interacting with PGAM5.  

To test the relationship between CDHP and PGAM5, the expression level of 

PGAM5 protein was measured. The brain tissue of APP/PS1 mice and HT-22 cells 

intervened by Aβ25-35 was detected, and it was found that as predicted above, the protein 

level of PGAM5 in the AD model decreased significantly, and after the administration 

of CDHP, the expression level of PGAM5 increased significantly (Figure 7 B,C). This 

result suggests that CDHP may exhibit neuroprotection through increasing PGAM5.  

Previous studies have indicated that the levels of mitophagy-related protein 

FUNDC1 diminished in AD cell models, and promoting FUNDC1-mediated mitophagy 

can protect neuronal function and mitigate stress-induced damage (Fang et al., 2019). 

Under normal conditions, the Ser13 and Tyr18 phosphorylation sites of FUNDC1 

remain highly phosphorylated, inhibiting its interaction with LC3 and thereby 

preventing mitophagy. During mitochondrial depolarization and hypoxia, these 

phosphorylation sites are dephosphorylated, activating FUNDC1 and promoting its 

binding to LC3, which facilitates mitophagy (Cai et al., 2021; Yang et al., 2024). The 

FUNDC1 was mediated by Casein Kinase 2, Steroid receptor coactivator, ULK1 or 

PGAM5 (Liu et al., 2022). The expression level of FUNDC1 was increased 

significantly with the administration of CDHP (Figure S2).To sum up, we presumed the 

CDHP improve the expression of PGAM5, which is medicated the FUNDC1 to 

promote the mitophagy in AD.  

 

Fig. 7 The bioactive ingredients in CDHP play a key role via PGAM5. A. Visualization results of molecular 

docking between bioactive ingredients in CDHP and PGAM5. B-C. Representative immunoblots and quantitative 

analyses of PGAM5 and β-actin in APP/PS1 mice brain and HT-22 cells (n=3). Data are presented as mean ± SEM. 



###p<0.001, compared with the WT or Control group. ***p<0.001, compared with the APP/PS1 or Aβ25-35 group. 

 

4 Discussion 

Here we show that CDHP treatment significantly ameliorated cognitive 

impairment in the APP/PS1 model of AD. CDHP treatment appeared to reverse 

neuronal atrophy by enhancing the number of dendritic spines and reducing the 

presence of Aβ plaques in the brain. CDHP treatment was associated with an increase 

in the expression of mitochondrial proteins and a rise in the number of mitophagy 

bodies following CDHP administration. Mitophagy is a particular form of autophagy, 

that clears damaged or dysfunctional mitochondria, thereby contributing to cellular 

health and viability. This process is particularly vital in high energy-demanding cells, 

such as neurons, and is associated with various pathologies, including AD and 

Parkinson's disease. Furthermore, CDHP promoted the expression of PAGM5 and 

FUNDC1, 2 important proteins involved in mitophagy, suggesting a mechanism by 

which CDHP may promote mitophagy. 

Angelica sinensis (Oliv.) Diels, a traditional Chinese medicinal herb, along with 

its root and extracts, has been shown to play a vital role in the treatment of various 

diseases, particularly those affecting the nervous system (Gao et al., 2023; Zeng et al., 

2022). Similarly, the Ligusticum sinense 'Chuanxiong' exhibits comparable therapeutic 

properties. Evidence suggests that Ligustilide, the primary active compound derived 

from Ligusticum chuanxiong hort and Angelica sinensis (Oliv.) Diels, has 

neuroprotective effects in models of cerebral ischemia-reperfusion injury (Mao et al., 

2022). Additionally, Polysaccharides, extracted different parts of Angelica sinensis root, 

have been reported to alleviate oxidative stress and exhibit anti-inflammatory and anti-

oxidative properties in LPS-induced IPEC-J2 cells (Zou et al., 2022). Another study 

indicated that Angelica sinensis polysaccharide, when combined with Cisplatin, 

inhibited the expression of the key gene GPX4, promoting the ferroptosis and limiting 

the migration and invasion of ovarian cancer cells (W. Guo et al., 2024). Furthermore, 

Ligusticum chuanxiong Hort has been shown to facilitate the proliferation of neural 

stem cell, neurogenesis, and the preservation of mature neuron (Yu et al., 2021), as well 



as to exert anti-neuroinflammation effects and stimulate the production of neural 

differentiation factor in rats following ischemia injury (Wang et al., 2020). Collectively, 

these findings support the protective effects of Angelica sinensis (Oliv.) Diels and 

Ligusticum sinense 'Chuanxiong' across various disease contexts. In this study, we 

assert that CDHP exhibits neuroprotective activity in APP/PS1 mice and Aβ25-35-

induced HT-22 cells. 

Our results demonstrate that CDHP ameliorates cognitive impairment and inhibits 

neuronal apoptosis in both APP/PS1 mice and HT-22 cells. Thus, we hypothesize a 

relationship between CDHP and mitochondrial function, which aligns with previous 

research findings. Mitophagy is a crucial mechanism for the removal of dysfunctional 

mitochondria and the maintenance of mitochondrial function, thereby ensuring 

intracellular homeostasis (Picca et al., 2023; Wang et al., 2023). Impaired mitophagy 

may exacerbate Aβ and tau pathologies through mechanisms involving oxidative stress, 

microglial activation, and chronic inflammation in AD (Song et al., 2021). Recent study 

has shown that long-term treatment with Urolithin A significantly enhances learning 

and memory functions in APP/PS1 mice by inducing mitophagy through the 

enhancement of cellular lysosomal functions (Hou et al., 2024). Similar findings have 

been reported for melatonin, which restored mitophagy by improving mitophagosome-

lysosome fusion, reducing Aβ pathology, and enhancing cognition in transgenic mice 

(Chen et al., 2021). In our work, we posited a connection between CDHP and 

mitochondrial function. Subsequent transmission electron microscopy and Western 

Blot analyses revealed reduction in the number of abnormal mitochondria and elevation 

in the expression of mitochondrial function proteins following CDHP treatment in 

APP/PS1 mice and Aβ25-35 induced HT-22 cells models. Interestingly, the number of 

mitophagy bodies increased in the hippocampus of APP/PS1 mice, while the levels of 

mitophagy substrate protein p62 decreased, and autophagy marker protein LC3B 

increased following CDHP treatment. Thus, we assert that CDHP enhances mitophagy 

in AD, and our data corroborate the notion that restored or improved mitophagy is 

beneficial for cognitive enhancement in this context.  Unlike other pharmacological 



agents or mechanisms, we propose that CDHP exerts its neuroprotective effects through 

mitophagy in AD. Traditional Chinese medicine has the characteristic of multi-target 

pharmacological effects. Therefore, our findings provide experimental evidence that 

CDHP treatment may alleviate cognitive dysfunction by improving mitophagy in AD. 

Dendritic spines serve as the primary sites for synapse formation between neurons, 

their alterations are indicative of synaptic plasticity, which is essential for learning and 

long-term memory processes (Barrantes, 2024). Recent studies have demonstrated that 

in psychiatric patients elevated expression of NISCH lead to changed dendritic spine 

morphogenesis and impaired working memory (Yang et al., 2023). Additionally, early 

tau-related deficits have been linked to the accumulation of hyperphosphorylated tau 

within normal dendritic spines (Hoover et al., 2010). In our study, we observed a 

decrease in the number of functional dendritic spines in APP/PS1 mice, accompanied 

by an increase in Aβ plaques in the brain. Notably, the average percentage of stubby 

and mushroom-like dendritic spines in mice with CDHP was higher than that in 

APP/PS1 mice, and the levels of SYN and PSD-95 also increased in CDHP groups.  

Mitophagy primarily involves two pathways, PINK1/Parkin-mediated pathway 

and the receptor-mediated pathway(Li et al., 2023). While PINK1/Parkin-mediated 

mitophagy pathway has been shown to play significant roles in neurodegenerative 

diseases in both murine models and Drosophila melanogaster with Parkin/PINK1 

deficiencies, the body can compensate through a receptor-mediated mitophagy pathway 

that primarily involves mitochondrial membrane receptor proteins, such as FUNDC1, 

BNIP3 and NIX (D’Arcy, 2024). Shen-fu Injection activates the HIF- 1α/BNIP3 

pathway to mediate mitophagy in ischemia-reperfusion injury(Chen et al., 2025), 

BNIP3-mediated mitophagy regulates the glycolytic shift and pro-inflammatory 

polarization in macrophages in obesity-related metabolic diseases(Kim et al., 2025), as 

well as NIX mediated mitophagy(X. Zhou et al., 2024). Thus, the receptor-mediated 

pathway is plays an essential role in diverse disease. FUNDC1 has been shown to 

preserve chondrocyte homeostasis by triggering mitophagy, with FUNDC1 knockdown 

or knockout leading to decreased mitophagy and exacerbated mitochondrial 



dysfunction in osteoarthritis progression (Fang et al., 2023). Actived PGAM5 

dephosphorylates FUNDC1 to initiate mitophagy. The reciprocal interaction of 

PGAM5 with FUNDC1 and BCL-xL, mediated by PGAM5 multimerization, work on 

mitophagy and apoptosis (Ma et al., 2020). Our dada shown that the CDHP treatment 

promoted mitophagy, and enhanced the expression of PGAM5 and FUNDC1.  

5 Conclusion  

In summary, CDHP has been shown to improve cognitive deficits and exert 

neuroprotective effects in APP/PS1 mice and Aβ25-35-induced HT-22 cells. These effects 

correlate with a stimulated increase in mitophagy in vivo, and increased expression of 

PGAM5/FUNDC1. Our data highlight a potential mechanism for the neuroprotective 

effect of CDHP in AD and uncover a potential avenue for future therapeutic approaches.  
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Fig. S1 A. Non-toxic concentration of CDHP on HT-22 cells (n=6). B. Concentrations of Aβ25-35 
intervention in the HT-22 cell model (n=6). C. Effects of different concentrations of CDHP on HT-22 
cells with Aβ25-35 intervention (n=6). Data are presented as mean ± SEM. ###p<0.001, ##p<0.01, #p<0.05 
compared with the Control group. ***p<0.001 compared with the Aβ25-35 group. 
 

 

Fig. S2 Representative immunoblots and quantitative analyses of FUNDC1, PGAM5 and β-actin (n=3). Data are 

presented as mean ± SEM. ###p<0.001 compared with the WT or Control groups. **p<0.01, *p<0.05, compared with 

the APP/PS1 or Aβ25-35 groups. 
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ABSRTACT: 

Ethnopharmacological relevance: Disruption of receptor-mediated mitophagy 

contributes to neuronal damage in Alzheimer's disease (AD). Chuanxiong-Danggui 

herb pair (CDHP) is classic herbal pair applied to treating neurodegenerative diseases 

including AD, Amyotrophic Lateral Sclerosis, Parkinson's disease. Though studies 

have demonstrated the neuroprotective effects of CDHP, the underlying mechanisms 

by which CDHP attenuates neuronal impairment of AD remains to be elucidated. 

Aim of the study: The objective of this work was to investigate the anti-AD 

mechanism of CDHP in APP/PS1 mice. 

Materials and methods: Behavioral assessments were conducted on C57BL/6J 

and APP/PS1 mice following CDHP treatment, alongside an evaluation of neuronal 

morphology in the hippocampal region. In vitro, HT-22 cells were induced by Aβ25-35 

before being treated with CDHP. The mechanisms of CDHP were investigated using 
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transmission electron microscopy, Golgi staining, immunofluorescence, siRNA, and 

Western blot analysis. 

Results: Results from the passive avoidance test and the Morris water maze 

(MWM) indicated that CDHP significantly mitigated cognitive deficits of APP/PS1 

mice, accompanied by a reduction of pathological damage in the CA1 and CA3 regions 

of hippocampus. Further testing found that a significant reduction in dendritic spines 

density was rescued by CDHP.  Synaptophysin (SYN) and postsynaptic density 

protein 95 (PSD-95) were elevated in the CDHP group, while Aβ (β-amyloid) plaques 

deposition was significantly reduced. Simultaneously, CDHP markedly inhibited 

neuronal apoptosis through a decrease of the levels of Cleaved Caspase-12 and 

enhanced expression of Bcl-2/Bax, both in vivo and in vitro. Additionally, CDHP 

improved mitochondrial morphology and function in the AD model by decreasing 

abnormal mitochondria and increasing the expression of COXIV. Transmission electron 

microscopy (TEM) revealed that clear mitophagy-autophagosomes were nearly absent 

in APP/PS1 mice, while the expression of p62 and LC3B were elevated following 

CDHP treatment. Furthermore, CDHP increased the expression of the FUNDC1 and 

PGAM5 in APP/PS1 mice and AD-like cell models. 

Conclusion: These findings suggest that CDHP mitigated cognitive dysfunction 

in APP/PS1 mice by enhancing mitophagy to reduce neuronal injury. 

Keywords: Mitophagy, Alzheimer's disease, CDHP, FUNDC1,PGAM5 

 

Highlight 

1. Chuanxiong-Danggui herb pair (CDHP) alleviated cognitive deficits in an AD animal 

model. 

2. CDHP promoted mitophagy in vivo and in vitro. 

3. CDHP enhanced the expression of FUNDC1 and PGAM5 in vivo and vitro. 

 

1. Introduction 

Mitochondrial dysfunction is associated with various synaptic impairments, 

including axonal conduction, neurotransmitter release and reuptake, which may 

manifest in the early stages of AD (Skaper et al., 2017). Neuronal activity is 



significantly reliant on functional mitochondria and the metabolic cost of normal 

neuronal function is high. Mitochondrial dysfunction exacerbates the pathological 

progression of AD and it is evident that mitochondrial deficits initiate neuronal damage, 

representing a critical pathological link in AD. Mitophagy serves as a vital mechanism 

for the clearance of damaged and dysfunctional mitochondria, thereby playing an 

essential role in maintaining mitochondrial functional homeostasis and neuronal 

synaptic plasticity (Mary et al., 2022). Research shows that mitochondrial dysfunction 

contributes to neurodegeneration in AD patients, while mitophagy enhancement has 

been shown to mitigate tau hyperphosphorylation and alleviate memory deficits in 

animal models (Fang et al., 2019).  

Disruption of mitophagy is a significant mechanism leading to neuronal damage. 

Mitophagy, a form of selective autophagy, removes damaged or excess mitochondria 

and is facilitated mainly by the autophagosome-lysosome system (Y. Zhou et al., 2024). 

The process is crucial for mitochondrial quality control and mitigates damage by 

reactive oxygen species, which results in progressive accumulation of mitochondrial 

DNA (mtDNA) mutations and ultimately cell death. Impaired mitophagy has been 

associated with AD, potentially exacerbating the Aβ and tau pathologies through 

mechanisms involving in oxidative stress, chronic neuroinflammation and microglial 

activation (Song et al., 2021). A small-molecule that induces mitophagy has 

demonstrated therapeutic efficacy in both cellular and mouse models of AD (Um et al., 

2024). In addition, ligands for the mitochondrial translocator protein, TSPO, have been 

shown to enhance P62/SQSTM1 gene expression and attenuate mitophagy deficits in 

cellular models (Fairley et al., 2024). Consequently, mitigating mitochondrial 

dysfunction and promoting mitophagy may be beneficial in reducing cognitive 

impairments associated with AD. Therefore, the protection of neurons, by enhancing 

mitophagy, has emerged as a novel target in the development of therapeutic strategies 

for AD (Katayama et al., 2020). 

Mitophagy primarily involves two pathways, the PTEN-induced kinase 1/Parkin 

(PINK1/Parkin) or receptor mediated mitophagy (Wang et al., 2023). Although 

PINK1/Parkin mediated mitophagy is recognized for its role in various diseases, 



including cerebral ischemia-reperfusion injury (X. Li et al., 2024), endometrial cancer 

(Wei et al., 2024) and neurodegenerative diseases (Yi et al., 2024), the significance of 

receptor-mediated mitophagy in the process of mitophagy is gaining increasing 

attention . Key receptors involved in this process include FUNDC1, Bcl-2/adenovirus 

E1B 19 kDa interacting protein 3 (BNIP3), BNIP3-like protein (NIX), Bcl-2 like 13 

protein (Bcl2l13), Autophagy/Beclin-1 regulator-1 (AMBRA 1) (Schmid et al., 2022), 

FK506-binding protein 8 (FKBP8), Sorting and assembly machinery component 50 

(SAMM50) and mitochondrial ferritin (FTMT) (Lee et al., 2018; Poole and Macleod, 

2021). FUNDC1 is a critical receptor in the receptor-mitophagy pathway, directly 

binding to and recruiting LC3, thereby promoting mitophagy through the coordination 

of mitochondrial fission or fusion processes (Chen et al., 2016). Numerous studies have 

reported that FUNDC1-mediated protective mitophagy participates in the recovery 

process of various diseases, including heart failure, cardiovascular diseases, kidney 

disease and cerebral ischemia reperfusion injury (K. Li et al., 2024; Tian et al., 2022), 

indicating its significant role in addressing supply disorders (Li et al., 2021). 

Overexpression FUNDC1 has been shown to markedly enhance locomotor activity in 

amyotrophic lateral sclerosis (ALS) transgenic mice，suggesting a novel strategy for 

targeting FUNDC1-mediated mitophagy to improve outcomes for patients with ALS 

(X. Guo et al., 2024). Research on cerebral ischemia-reperfusion injury has indicated 

that tissue-type plasminogen activator exerts neuroprotective effects by increasing 

FUNDC1 expression, thereby inhibiting apoptosis and enhancing mitochondrial 

function (Y et al., 2021). Given the involvement of mitophagy in the pathogenesis of 

AD, FUNDC1 may play a pivotal role in mitophagy dysfunction. 

Traditional Chinese medicine has been recognized for its therapeutic potential in 

treating neurodegenerative disorders. For instance, andrographolide has been shown to 

ameliorate cognitive impairment in an Apoe4 mouse model by initiating mitophagy and 

suppressing excessive neuroinflammation (Y. Zhou et al., 2024). Ginsenoside Rg1 may 

reduce β-amyloid (Aβ) deposits, restore mitophagy and ameliorate memory deficits in 

both cellular and animal models of AD via the classic PINK1-Parkin mitophagy 

pathway (N et al., 2023; She et al., 2024). Chuanxiong, Danggui, is derived from the 



root of Ligusticum sinense 'Chuanxiong' or Angelica sinensis (Oliv.) Diels. 

Chuanxiong-Danggui herb pair (CDHP) is frequently used in traditional Chinese 

medicinal formulations for treatment of conditions such as heart failure, stroke, cerebral 

ischemia reperfusion injury, AD and Parkinson's disease (PD) (Chen et al., 2018). The 

active ingredients of CDHP include ligustilide, senkyunolide, angelica sinensis 

polysaccharide, tetramethylpyrazine, 3-butylphthalide, ferulic acid, coumarin, and 

flavonoids. Numerous studies have highlighted the neuroprotective roles of these active 

ingredients in neurodegenerative diseases. Angelica sinensis polysaccharides exhibits 

neuroprotective effects by inhibiting LPS-induced inflammatory injury in HT-22 cells 

(Zhou et al., 2019), and ameliorates memory dysfunction in AD rat models by activating 

BDNF/TrkB/CREB pathway (Du et al., 2020). Ligustilide has been shown to mitigate 

neuronal injury and exert neuroprotective effects following cerebral ischemia-

reperfusion injury through promoting PINK1/Parkin-mediated mitophagy (Mao et al., 

2022). Tetramethylpyrazine has been reported to attenuate neuroinflammatory 

responses in both LPS-induced cellular models and animal models, potentially through 

the activation of SIRT1 and suppression of NF-kB pathway (Chen et al., 2023). Notably, 

some active ingredients of CDHP significantly influence mitochondrial metabolism. 

For example, Ferulic acid has protective effects against ferroptosis by inhibiting the 

activity of mitochondrial complex I and reducing mitochondrial respiration (Günther et 

al., 2023). Therefore, we proposed a scientific hypothesis that CDHP exerts a 

neuroprotective role and reduction cognitive deficit in AD by promoting FUNDC1-

mediated mitophagy. 

This work aims to investigate the therapeutic potential of CDHP in promoting 

mitophagy and alleviation of cognitive decline in AD, furthermore, to testify the CDHP 

play the neuroprotection mediated the PGAM5/FUNDC1 or not. APP/PS1 mice were 

employed to evaluate the effects of CDHP on cognitive function through behavioral 

assessments and morphological analyses. The underlying molecular mechanisms of 

CDHP were further elucidated using HT-22 cells in an AD-like model. 

2. Materials and methods 

2.1 Reagents, antibodies and drugs 



Aβ25-35 peptide was procured from Chinese Peptide Company (AMTD51). 

Preparation of Aβ25-35 peptide: 1 mg Aβ25-35 was mixed with 943 uL 

hexafluoroisopropanol with Aβ25-35 at room temperature for one hour. The peptide was 

dried by evaporation in 150 μL/unit aliquots. Froresuspensio, DMSO (15 μL) was 

added to each tube, followed by sonication in an ice bath for 10 mins. After addition of 

1470 μL of cold PBS the sample was mixed thoroughly and incubated at 4 ℃ for seven 

days to obtain Aβ25-35 oligomers. FUNDC1 antibody was purchased from ImmunoWay 

Biotechnology (YT5658, rabbit). β-actin (GB11001-100, rabbit), GAPDH (GB11002-

100, rabbit), Goat Anti-Rabbit IgG (GB23303) and Goat Anti-Mouse IgG (GB23301) 

antibodies sourced from Servicebio. COX IV (00081701, rabbit) antibody sourced from 

MultiSciences, BAX (50599-2-Ig, rabbit) antibody and phosphoglycerate mutase 

family member 5 (PGAM5) (68116-1-Ig, mouse) were acquired from Proteintech, LC3 

B (83506, mouse), Aβ (15126, mouse) and SQSTM1/p62 (5114S, rabbit) antibodies 

were obtained from Cell Signaling Technology. Bcl-2 (ab182858, rabbit), 

Synaptophysin (ab32127, rabbit) and Postsynaptic density protein 95 (PSD-95, 

ab13552, mouse) were purchased from Abcam. Aricept (2008002) acquired from Eisai 

(China) Pharmaceutical Company Limited. Angelica (220114-11) sourced from 

Chengdu Jiankang Pharmaceutical CO., Ltd, and Chuanxiong (2204104) purchased 

from Sichuan New Lotus Chinese Medical Drinks Co., Ltd. 

The herbal formulation of CDHP consists of two Chinese herbs, Chuanxiong 

Rhizoma and Radix Angelica sinensis, in a ratio of 1:1. Equal weights of both herbs 

were combined with 10 times their weight in water, soaked for 30 mins, and then 

subjected to reflux heating extraction using a volatile oil extractor. The mixture was 

boiled and subsequently maintained at a gentle boil for 2 h, with two reflux extraction 

cycles performed. Following each cycle, the volatile oil was collected, cooled, filtered, 

and the combined filtrate was concentrated via vacuum spinning and freeze-drying to 

yield a lyophilized powder. 

2.2 High Performance Liquid Chromatography (HPLC) 

The quality of CDHP was assessed using HPLC. Reference substances, including 

Chlorogenic Acid (AZ22011851, Alfa Biotechnology, CHN), Ligustrazine 



(AF8072604, Alfa Biotechnology, CHN), Caffeic Acid (AF21020856, Alfa 

Biotechnology, CHN) and Ferulic Acid (AF712632, Alfa Biotechnology, CHN) were 

accurately weighed, sonicated in methanol to prepare solutions at a concentration of 4 

mg/mL. Reference substrates (250 μL of each) were combined to create a mixed 

standard solution at 1 mg/mL, and used to prepare mixed standards at concentrations 

of 0.1 mg/mL, 0.01 mg/mL, and 0.001 mg/mL. The lyophilized CDHP powder was 

dissolved in 20% methanol to achieve a concentration of 50 mg/mL. HPLC analysis 

was performed using a C18 column (Ultimate AQ-C18, Welch Materials, CHN) with a 

mobile phase consisting of methanol (A) and 0.2% acetic acid aqueous solution (B). 

The detection wavelength was set at 290 nm, with an injection volume of 10 μL, a 

column temperature of 25℃, and a flow rate of 0.8 mL/min. 

2.3 Animals and Treatment 

All animal experiments were conducted with approval from the Animal Ethics 

Committee of the Institute of Material Medica Integration and Transformation for Brain 

Diseases at Chengdu University of Traditional Chinese Medicine (No. IBD2202006). 

The animals were maintained at 23±1°C temperature, 50±5% humidity and 12-hour 

light-dark cycle. Male C57BL/6J (n=10) and APP/PS1 (n=50, 11~12 mice of each 

group) mice, were purchased from SPF (Beijing) Biotechnology Co. LTD, and were 

aged three months (License No.: 110324220105681135 and License No.: 

110324220104497853). All animals were passed through an accommodation period, 

and APP/PS1 mice were randomly assigned to four groups: APP/PS1 group, Aricept 

group (0.92 mg/kg-d-1) (Cao et al., 2017), CDHP-Low group (1.5 g/kg-d-1), and CDHP-

High group (3 g/kg-d-1). CDHP lyophilized powder and Aricept were dissolved in 

purified water prior to administration. Dosages calculated based on the equivalent dose 

for mice and human as per the Chinese Pharmacopoeia. C57 BL/6J mice served as the 

wild-type (WT) group, which received pure water. All treatments, including drug 

administration and pure water, were conducted continuously for three months. 

2.4 Cell Culture 

HT-22 cells purchased from iCell Bioscience Inc (Shanghai, China). The cells were 

maintained in a high-glucose complete medium supplemented with 10% fetal bovine 



serum, 1% Penicillin-Streptomycin. Cells were cultured at 37°C in a 5% CO2 incubator. 

Cell viability was assessed by CCK-8 assay. Cells were seeded into 96-well plates at a 

density of 10,000 cells/well and set the groups as control, Aβ25-35, Aβ25-35+2.5 μg/mL 

CDHP, Aβ25-35+5 μg/mL CDHP, and Aβ25-35+10 μg/mL CDHP. Cells were treated with 

25 μM Aβ25-35 for 24 h, in the absence or presence of CDHP. After incubation, medium 

was removed, and replaced with 100μL of DMEM containing 10μL CCK-8 (BG0025, 

BIOGROUND, CHN). After 1 h at 37°C, the absorbance at 450 nm was measured using 

a microplate reader. 

2.5 Behavioral Tests 

2.5.1. Passive avoidance test（PAT） 

The ability of mice to recall unpleasant experiences evaluated using the PAT system 

(TechMan Soft, CHN). The apparatus consisted of two compartments, one illuminated 

and the other dark and electrified. On the first day, mice were allowed to explore both 

compartments for 4 mins, with the dark compartment remaining unpowered. Following 

this acclimatization, the baffles were closed, and the dark compartment was electrified. 

Animals were then placed in the bright compartment, and the time taken for the mice 

to enter the dark compartment (escape latency) and the total number of shocks received 

(number of errors) recorded, with a maximum escape latency of 300 seconds. The 

procedure was repeated on the second day(Liu et al., 2014). 

2.5.2. Morris Water Maze (MWM) 

MWM apparatus (NOLDUS, Netherlands) were used to measure the spatial 

memory capacity of mice. During the training phase, a platform was positioned in the 

center of the third quadrant. Mice was placed in the maze and the time taken to find the 

platform recorded. If a mouse failed to find the platform within 2 mins, they were 

guided to the hidden platform and left there for three seconds. In the spatial exploration 

phase, the platform was removed, and the time and swimming path taken by mice and 

the duration of time within the target quadrant over a 120-second period was 

recorded(Costa-Mattioli et al., 2005). 

2.6 Histopathological Analysis 

Post-experiment, the brain of mice extracted and fixed with 4% paraformaldehyde 



for one week, embedded and sectioned into 4-μm slices. After dewaxing, sections were 

stained with hematoxylin, eosin and Nissl. In brief, the sections underwent gradient 

dehydration using ethanol following dewaxing in xylene, were washed with water, and 

immersed in the hematoxylin and eosin or Nissl staining solutions. Finally, all sections 

sealed with neutral gum and visualized by microscope. 

2.7 Immunohistochemistry (IHC) 

Paraffin sections were dewaxed and hydrated, and 1 × Sodium citrate solution was used 

to repair the antigen at 100℃ for 20 mins. After cooling to room temperature and 

washing with PBS, the sections were treated with 3% H2O2 at room temperature for 5 

mins. After washing, Aβ (1:800) was added dropwise and incubated at room 

temperature for 1 h. After washing by PBS, the secondary antibody in the 

immunohistochemistry kit (SV0004, Wuhan Boster) used for incubation and color with 

DAB solution. After washing with PBS, the nucleus was stained with hematoxylin. 

Finally, all sections were sealed with neutral gum and visualized by microscope. 

2.8 Golgi staining   

Fresh brain tissues excised and washed multiple times with purified water, and then 

stored in potassium dichromate solution and Mercury dichloride solution at room 

temperature. The solution replaced with fresh solution and maintained for two weeks. 

The tissue transferred to potassium chromate solution and exposed to light for a 

minimum of 72 hours. Sections were cut into 100-μm slices using a vibrating slicer, 

and stained according to the super Golgi kit (PK401, FD Neuro Technologies, INC, 

USA). 

2.9 TUNEL Staining 

Neuronal apoptosis was detected using a TUNEL kit (C1088, Beyotime 

Biotechnology, CHN) on paraffin-embedded mouse brain sections. Sections were 

incubated with 20 μg/mL DNase-free proteinase K at 37℃ for 20 mins. Following 

three washes with PBS, the preconfigured TUNEL solution was added dropwise and 

incubated at 37℃ for one hour. After three additional washes with PBS, sections were 

treated with an autofluorescence quencher containing DAPI (S2110, Solarbio, CHN), 



and photographed using a fluorescence microscope. 

2.10 Western Blot 

Brain tissues of mice or HT-22 cells were homogenized in cold RIPA lysate buffer 

(CR2407036, Servicebio, CHN) containing phosphatase and protease inhibitors, and 

centrifuged (12,000 rpm/min) for 10 mins at 4°C. The concentration of total protein 

was quantified using BCA kit (BL521A, Biosharp, CHN). Proteins were denatured and 

subjected to electrophoresis on a 12% SDS-PAGE gel and transferred to polyvinylidene 

difluoride (PVDF) membranes. Membranes were blocked with 5% skimmed milk for 

one hour at room temperature, followed by overnight incubation with primary 

antibodies diluted in TBST with milk: FUNDC1 (1:800), β-actin (1:1000), COX IV 

(1:1000), SYN (1:200,000), PSD-95 (1:1000), SQSTM1/p62 (1:1000) PGAM5 

(1:10000) and LC3 B (1:1000) were diluted by TBS. After washing with TBST three 

times, the PVDF membranes were incubated with the appropriate secondary antibody 

(1:1000) for one hour at room temperature. Membranes were imaged using the e-Blot 

system and images analyzed with Image-J. 

2.11 Transmission electron microscopy (TEM)  

Hippocampal regions of mice, approximately 1 mm3 in size, were isolated on ice 

cleaned with saline, and put into electron microscope fixative. The tissue was fixed at 

room temperature for two hours using 1% osmium tetroxide. Following rinsing, 

gradient dehydration was performed, and then tissue was infiltrated and embedded at 

60℃ using an acetone-812 embedding agent. Uranium-lead double staining performed 

after obtaining 60-80 nm sections, which dried overnight. Images were obtained using 

transmission electron microscopy. 

2.12 Immunofluorescence of LC3B/TOM20 co-staining and reactive oxygen 

species (ROS) 

HT-22 cells were co-stained with mouse anti-LC3B (1:200, #83506, CST, Cell 

Signaling Technology, USA) and rabbit anti-TOM20 (1:400, #GB111481, Servicebio, 

CHN) antibodies to observe co-localization. Cells were blocked for 30 mins at room 

temperature with 5% BSA solution, followed by overnight incubation with primary 



antibodies at 4℃. Subsequently, cy3 goat anti-mouse (1:200, #GB21301, Servicebio, 

CHN) and 488 Goat anti-rabbit (1:200, #GB25303, Servicebio, CHN) were added and 

incubated for 2 h at room temperature. After washing, the samples treated with DAPI 

stain (#C0065, Solarbio, CHN) for 10 mins at room temperature. Following sealing, the 

fluorescence intensity of LC3B (red) and TOM20 (green) observed by a fluorescence 

microscope.  

Reactive oxygen species were quantified using a detection kit (CA1410, Solarbio, 

CHN), DCFH-DA was diluted with serum-free medium at 1:10000 to a final 

concentration of 1 μmol/L in advance. After the cells were treated in 24-well plates, the 

culture medium was removed, and 200 μL/well diluted DCFH-DA was added and 

incubated in at 37 ℃ for 10 mins. The cells were gently washed three times with a 

serum-free medium to remove fully the DCFH-DA that did not enter the cells. Finally, 

observed by a fluorescence microscope. 

2.13 Molecular docking 

Based on the criteria of oral bioavailability (OB) 30% and drug-likeness (DL) 0.18 

(Gao et al., 2024), the bioactive constituents of CDHP were identified using Traditional 

Chinese Medicine Systems Pharmacology Database and Analysis Platform (TCMSP, 

https://www.tcmsp-e.com/tcmspsearch.php). The 2D structure data of these compounds 

were obtained in sdf format from PubChem database 

(https://pubchem.ncbi.nlm.nih.gov/) and subsequently converted to mol2 format using 

Open Babel software (version 3.1.1). The 3D crystal structure of the target protein was 

obtained from Protein Data Bank database (PDB, https://www.rcsb.org/) and the protein 

structure was processed using PyMol software (version 3.0.3) to remove excess ligands 

(e.g., water molecules, Mg2+, Cu2+). The format of molecules and the protein were 

converted to pdpqt format using AutoDockTools software (version 1.5.6). Molecular 

docking was performed using Autodock software. The 3D docking results were 

visualized by PyMol. 

2.14 Statistical analysis 

Data shown are mean ± Standard Error of Mean (SEM) and were analyzed using t-

tests or Two-Way ANOVA, as appropriate. Statistical significance was taken at p < 0.05 



level.  

3. Results 

3.1 Analysis of active ingredients in CDHP using HPLC 

Quality control assessment of the components in CDHP was conducted through 

HPLC. It was found that there were four peaks in the sample with the same retention 

time as the standards, confirming the presence of compounds that aligned with the 

mixed standards (chlorogenic acid, ligustrazine, caffeic acid, and ferulic acid). Notably, 

the ferulic acid content was quantified at 0.5824 mg/g (Figure 1) (Table 1), which 

complies with the standards set forth by the Chinese Pharmacopoeia (2020), thereby 

affirming the quality of CDHP. 

 

Fig. 1 Analysis of active ingredients in CDHP. The four active ingredients constituents expected in 
CDHP: 1, Chlorogenic Acid, 2, Ligustrazine, 3, Caffeic Acid, and 4, Ferulic Acid, were evaluated using 
HPLC assays. The black, blue, yellow and green peaks represent mixed standards with varying 
concentration gradients, while the red peaks correspond to CDHP. 

 

3.2 CDHP ameliorated cognitive impairment and pathologic morphology in 

APP/PS1 Mice 

Behavioral assessments were performed to evaluate the impact of CDHP in 

APP/PS1 mice. In the passive avoidance experiment, APP/PS1 mice exhibited a 

significantly shorter escape latency and a higher number of errors compared to WT 

mice. However, following CDHP administration, the escape latency for APP/PS1 mice 

entering the dark box increased, and the number of errors decreased (Figure 2 A, B). In 

the MWM test, CDHP significantly enhanced the spatial memory capabilities of 

APP/PS1 mice, reducing the time taken to locate the platform and increasing the 

frequency of platform crossing, particularly in CDHP-H group (Figure 2 C-G). 

Additionally, histological evaluation via HE staining revealed the CA1 and CA3 

regions of hippocampus in APP/PS1 mice atrophied compared to WT mice (Figure 2 

H, I). Importantly, CDHP mitigated neuronal atrophy in this mouse model and 

ameliorated cognitive deficits. 

 



Fig. 2 CDHP ameliorated cognitive impairment and brain pathology in APP/PS1 mice. A-B. Error counts 

and escape latency in the passive avoidance test (n=8). E. The escape latency of the training phase in the MWM test. 

（F (16, 178)=1.739, P=0.0432）. C, D, F. Frequency of platform crossing, total swimming distance and escape 

latency of the spatial exploration phase in the MWM test (n=8). G. Representative traces of each group in the MWM 

test. H. Representative images from HE analysis of the hippocampal CA1 and CA3 regions (n=5). Scale bars=100 

μm. I. The width of CA1 and CA3 regions (n=5). Data are presented as mean ± SEM. ###p<0.001 compared with the 

WT group. ***p<0.01, **p<0.01, *p<0.05, compared with the APP/PS1 group. 

 

3.3 CDHP increased dendritic spine density and reduced Aβ plaques in the brain 

of APP/PS1 Mice 

Dendritic spines, which are protrusions on dendritic branches, serve as primary 

sites for synapse formation. Early synaptic dysfunction associated with tau pathology 

occurs in in dendritic spines in AD. The presence of stubby and mushroom-shaped 

dendritic spines are linked to memory function (Kasai et al., 2023). Golgi staining 

results showed that a significant reduction in spines density per 10 μm of dendrites in 

APP/PS1 mice, which were markedly ameliorated by CDHP treatment (Figure 3 A-C). 

Notably, the average percentage of stubby and mushroom-like dendritic spines in 

CDHP groups were higher than that of APP/PS1 mice (Figure 3 B). Furthermore, SYN 

and PSD-95 levels were markedly enhanced in the CDHP-H mice compared to 

APP/PS1 mice (Figure 3 D, E). Aβ plaques were detected in hippocampal and/or 

cortical region of all groups except WT mice, however, Aβ plaque deposition was 

significantly reduced in CDHP groups (Figure 3 F, G). These findings imply CDHP 

exerts neuroprotective effects by reducing Aβ plaque deposition in the brain of 

APP/PS1 mice. 

 

Fig. 3 CDHP increased dendritic spine density and reduced Aβ plaques in the brain of APP/PS1 Mice. A. 

Example images of various dendritic spine types. B. Representative images of Golgi staining of dendritic spines 

across groups. Scale Bar=10 μm. C. Statistical analysis of dendritic spine density per 10 μm dendrites (n=3). D, E. 

Representative immunoblots and quantitative analyses of SYN and PSD-95 expression in mouse brain tissues (n=3). 

F. Representative images of the hippocampal region in each group and the area of Aβ plaques in cortical areas. Scale 

bar=100 or 200 μm. G. Percentage area of Aβ plaques of the brain in mouse brain (n=3). Data are presented as mean 

± SEM. ###p< 0.01 compared with the WT group. ***p<0.01, **p<0.01, *p<0.05, compared with the APP/PS1 group. 



 

 

3.4 CDHP inhibited neuronal apoptosis in vivo and in vitro 

Neuronal cell death is a hallmark of neurodegenerative diseases, including PD and 

AD, with significant neuronal loss observed in key brain regions related to learning and 

memory (Chi et al., 2018). TUNEL staining was performed to assess neuronal apoptosis 

in the hippocampal region, and it showed a significantly higher number of apoptotic 

cells in APP/PS1 mice. The number of positive cells was lower in CDHP groups (Figure 

4 A). Additionally, CDHP treatment significantly enhanced the expression of Bcl-2/Bax 

and decreased the levels of Cleaved Caspase-12 in the brain of APP/PS1 mice (Figure 

4 B) and in HT-22 cells (Figure 4 C, D). These results suggest CDHP reduces neuronal 

apoptosis in APP/PS1 mice and Aβ25-35-induced HT22 cells especially in high does 

group. 
 

Fig. 4 CDHP inhibited neuronal apoptosis in vivo and in vitro. A. Representative images of TUNEL 

(green)/DAPI (blue) staining in the CA1 and CA3 regions of mouse mice (n=3). Scale bar=100 μm. Quantification 

of TUNEL-positive cells in each region. B. Representative immunoblots and quantitative analyses of Bcl-2, Bax, 

Cleaved Caspase-12, and GAPDH of mice brain (n=3). C. Representative immunoblots and quantitative analyses 

of Bcl-2, Bax, Cleaved Caspase-12, and GAPDH in HT-22 cells (n=3). D. Representative images with 

quantification of Hoechst 33258 staining in HT-22 cells (n=3). Scale bar=100 μm. Data are presented as mean ± 

SEM. ###p<0.001, ##p<0.01, compared with the WT or Control groups. ***p<0.001, *p< 0.05, compared to the 

APP/PS1 or Aβ25-35 groups. 

 

3.5 CDHP improved mitophagy through mitochondrial morphology and function 

in AD-like models  

Abnormal neuronal apoptosis is often associated with mitochondria dysfunction. 

Mitochondria are essential for providing energy necessary for neuronal survival. 

Damaged mitochondria adversely affect neuronal structure and function, leading to 

energy deficits and the release of harmful substances that promote neuronal apoptosis. 

TEM images indicated that the morphology of mitochondria in the hippocampus of 

APP/PS1 mice was different to wild type mice, with blurred membrane boundaries and 

ridge, as well as damaged mitochondria with content leakage. However, the incidence 

of abnormal mitochondria significantly decreased following CDHP treatment (Figure 5 



A). Additionally, in Aβ25-35-induced HT-22 cells, CDHP-H markedly increased the 

levels of COXIV, a marker of mitochondrial function, (Figure 5 B). Levels of ROS in 

Aβ25-35 treated cells were significantly decreased by CDHP in a dose dependent manner 

(Figure 5 C, D), suggesting that CDHP improves mitochondrial function in AD-like 

models. 

The clearance of damaged mitochondria is primarily facilitated through mitophagy. 

TEM revealed that mitophagy-autophagosomes were nearly absent in the hippocampus 

of APP/PS1 mice compared to WT mice (Figure 6 A). CDHP treatment, prevented the 

reduction in mitophagy-autophagasomes. The expression levels of mitophagy substrate 

protein p62 was high and the autophagy marker protein LC3B was low in APP/PS1 

mice compared to WT and Aβ25-35-induced HT-22 cells compared to control but CDHP 

treatment restored levels to those seen in the WT animals (Figure 6 B) and non-induced 

HT-22 cells (Figure 6 C). All of the results shows that the CDHP treatment promote the 

mitophagy in AD. 

 

Fig. 5 CDHP improved mitochondrial morphology and function in AD-like models. A. TEM results depicting 

mitochondrial morphology in the hippocampus (n=3). Scale bar =500 nm. B. Representative immunoblots and 

quantitative analyses of COX IV and GAPDH in Aβ25-35-induced HT-22 cells (n=3). C-D. Immunofluorescence was 

used to detect the levels of ROS in HT-22 cells (n=3). Scale bar =100 μm. Data are presented as mean ± SEM. 
###p<0.001 compared with the Control group. *p<0.05, compared with the Aβ25-35 group. 

 

Fig. 6 CDHP improved mitophagy in vivo and in vitro. A. Representative TEM images of mitophagy in APP/PS1 

mice (n=3). Scale bar=1 μm. B. Representative immunoblots and quantitative analyses of p62, LC3B and β-actin in 

mice (n=3). C. Representative immunoblots and quantitative analyses of p62, LC3B and β-actin in HT-22 cells. Data 

are presented as mean ± SEM. ###p<0.001, ##p<0.01 compared with the WT or Control groups. ***p<0.001, **p<0.01, 
*p<0.05, compared with the APP/PS1 or Aβ25-35 groups. 

 

3.6 CDHP enhanced PGAM5 and FUNDC1 in vivo and in vitro 

To uncover the potential for CHDP to stimulate mitophagy, we used molecular 

docking of CHDP constituents with the mitochondrial phosphatase, Phosphoglycerate 

mutase family member 5 (PGAM5), a key driver of mitophagy. Eight bioactive 

constituents of CDHP were identified by TCMSP, the 2D structure data structure of 

them also list in Table 2, they are sitosterol, myricanone, mandenol, wallichilide, 



senkyunone, perlolyrine, FA and stigmasterol. Subsequently, eight active ingredients 

were molecularly docked with PGAM5. Studies have shown that in molecular docking, 

when the affinity value is negative, it indicates that the molecule can bind to the protein. 

The smaller the value, the stronger the binding force between the two (Alsedfy et al., 

2024). When the affinity is less than -7, it has a strong binding ability (Cui et al., 2020). 

Among the eight bioactive ingredients, except for mandenol, the affinity is ≤-7 (Table 

3) (Figure 7 A). The data indicates that the bioactive ingredients of CDHP could exert 

therapeutic effects by interacting with PGAM5.  

To test the relationship between CDHP and PGAM5, the expression level of 

PGAM5 protein was measured. The brain tissue of APP/PS1 mice and HT-22 cells 

intervened by Aβ25-35 was detected, and it was found that as predicted above, the protein 

level of PGAM5 in the AD model decreased significantly, and after the administration 

of CDHP, the expression level of PGAM5 increased significantly (Figure 7 B,C). This 

result suggests that CDHP may exhibit neuroprotection through increasing PGAM5.  

Previous studies have indicated that the levels of mitophagy-related protein 

FUNDC1 diminished in AD cell models, and promoting FUNDC1-mediated mitophagy 

can protect neuronal function and mitigate stress-induced damage (Fang et al., 2019). 

Under normal conditions, the Ser13 and Tyr18 phosphorylation sites of FUNDC1 

remain highly phosphorylated, inhibiting its interaction with LC3 and thereby 

preventing mitophagy. During mitochondrial depolarization and hypoxia, these 

phosphorylation sites are dephosphorylated, activating FUNDC1 and promoting its 

binding to LC3, which facilitates mitophagy (Cai et al., 2021; Yang et al., 2024). The 

FUNDC1 was mediated by Casein Kinase 2, Steroid receptor coactivator, ULK1 or 

PGAM5 (Liu et al., 2022). The expression level of FUNDC1 was increased 

significantly with the administration of CDHP (Figure S2).To sum up, we presumed the 

CDHP improve the expression of PGAM5, which is medicated the FUNDC1 to 

promote the mitophagy in AD.  

 

Fig. 7 The bioactive ingredients in CDHP play a key role via PGAM5. A. Visualization results of molecular 

docking between bioactive ingredients in CDHP and PGAM5. B-C. Representative immunoblots and quantitative 

analyses of PGAM5 and β-actin in APP/PS1 mice brain and HT-22 cells (n=3). Data are presented as mean ± SEM. 



###p<0.001, compared with the WT or Control group. ***p<0.001, compared with the APP/PS1 or Aβ25-35 group. 

 

4 Discussion 

Here we show that CDHP treatment significantly ameliorated cognitive 

impairment in the APP/PS1 model of AD. CDHP treatment appeared to reverse 

neuronal atrophy by enhancing the number of dendritic spines and reducing the 

presence of Aβ plaques in the brain. CDHP treatment was associated with an increase 

in the expression of mitochondrial proteins and a rise in the number of mitophagy 

bodies following CDHP administration. Mitophagy is a particular form of autophagy, 

that clears damaged or dysfunctional mitochondria, thereby contributing to cellular 

health and viability. This process is particularly vital in high energy-demanding cells, 

such as neurons, and is associated with various pathologies, including AD and 

Parkinson's disease. Furthermore, CDHP promoted the expression of PAGM5 and 

FUNDC1, 2 important proteins involved in mitophagy, suggesting a mechanism by 

which CDHP may promote mitophagy. 

Angelica sinensis (Oliv.) Diels, a traditional Chinese medicinal herb, along with 

its root and extracts, has been shown to play a vital role in the treatment of various 

diseases, particularly those affecting the nervous system (Gao et al., 2023; Zeng et al., 

2022). Similarly, the Ligusticum sinense 'Chuanxiong' exhibits comparable therapeutic 

properties. Evidence suggests that Ligustilide, the primary active compound derived 

from Ligusticum chuanxiong hort and Angelica sinensis (Oliv.) Diels, has 

neuroprotective effects in models of cerebral ischemia-reperfusion injury (Mao et al., 

2022). Additionally, Polysaccharides, extracted different parts of Angelica sinensis root, 

have been reported to alleviate oxidative stress and exhibit anti-inflammatory and anti-

oxidative properties in LPS-induced IPEC-J2 cells (Zou et al., 2022). Another study 

indicated that Angelica sinensis polysaccharide, when combined with Cisplatin, 

inhibited the expression of the key gene GPX4, promoting the ferroptosis and limiting 

the migration and invasion of ovarian cancer cells (W. Guo et al., 2024). Furthermore, 

Ligusticum chuanxiong Hort has been shown to facilitate the proliferation of neural 

stem cell, neurogenesis, and the preservation of mature neuron (Yu et al., 2021), as well 



as to exert anti-neuroinflammation effects and stimulate the production of neural 

differentiation factor in rats following ischemia injury (Wang et al., 2020). Collectively, 

these findings support the protective effects of Angelica sinensis (Oliv.) Diels and 

Ligusticum sinense 'Chuanxiong' across various disease contexts. In this study, we 

assert that CDHP exhibits neuroprotective activity in APP/PS1 mice and Aβ25-35-

induced HT-22 cells. 

Our results demonstrate that CDHP ameliorates cognitive impairment and inhibits 

neuronal apoptosis in both APP/PS1 mice and HT-22 cells. Thus, we hypothesize a 

relationship between CDHP and mitochondrial function, which aligns with previous 

research findings. Mitophagy is a crucial mechanism for the removal of dysfunctional 

mitochondria and the maintenance of mitochondrial function, thereby ensuring 

intracellular homeostasis (Picca et al., 2023; Wang et al., 2023). Impaired mitophagy 

may exacerbate Aβ and tau pathologies through mechanisms involving oxidative stress, 

microglial activation, and chronic inflammation in AD (Song et al., 2021). Recent study 

has shown that long-term treatment with Urolithin A significantly enhances learning 

and memory functions in APP/PS1 mice by inducing mitophagy through the 

enhancement of cellular lysosomal functions (Hou et al., 2024). Similar findings have 

been reported for melatonin, which restored mitophagy by improving mitophagosome-

lysosome fusion, reducing Aβ pathology, and enhancing cognition in transgenic mice 

(Chen et al., 2021). In our work, we posited a connection between CDHP and 

mitochondrial function. Subsequent transmission electron microscopy and Western 

Blot analyses revealed reduction in the number of abnormal mitochondria and elevation 

in the expression of mitochondrial function proteins following CDHP treatment in 

APP/PS1 mice and Aβ25-35 induced HT-22 cells models. Interestingly, the number of 

mitophagy bodies increased in the hippocampus of APP/PS1 mice, while the levels of 

mitophagy substrate protein p62 decreased, and autophagy marker protein LC3B 

increased following CDHP treatment. Thus, we assert that CDHP enhances mitophagy 

in AD, and our data corroborate the notion that restored or improved mitophagy is 

beneficial for cognitive enhancement in this context.  Unlike other pharmacological 



agents or mechanisms, we propose that CDHP exerts its neuroprotective effects through 

mitophagy in AD. Traditional Chinese medicine has the characteristic of multi-target 

pharmacological effects. Therefore, our findings provide experimental evidence that 

CDHP treatment may alleviate cognitive dysfunction by improving mitophagy in AD. 

Dendritic spines serve as the primary sites for synapse formation between neurons, 

their alterations are indicative of synaptic plasticity, which is essential for learning and 

long-term memory processes (Barrantes, 2024). Recent studies have demonstrated that 

in psychiatric patients elevated expression of NISCH lead to changed dendritic spine 

morphogenesis and impaired working memory (Yang et al., 2023). Additionally, early 

tau-related deficits have been linked to the accumulation of hyperphosphorylated tau 

within normal dendritic spines (Hoover et al., 2010). In our study, we observed a 

decrease in the number of functional dendritic spines in APP/PS1 mice, accompanied 

by an increase in Aβ plaques in the brain. Notably, the average percentage of stubby 

and mushroom-like dendritic spines in mice with CDHP was higher than that in 

APP/PS1 mice, and the levels of SYN and PSD-95 also increased in CDHP groups.  

Mitophagy primarily involves two pathways, PINK1/Parkin-mediated pathway 

and the receptor-mediated pathway(Li et al., 2023). While PINK1/Parkin-mediated 

mitophagy pathway has been shown to play significant roles in neurodegenerative 

diseases in both murine models and Drosophila melanogaster with Parkin/PINK1 

deficiencies, the body can compensate through a receptor-mediated mitophagy pathway 

that primarily involves mitochondrial membrane receptor proteins, such as FUNDC1, 

BNIP3 and NIX (D’Arcy, 2024). Shen-fu Injection activates the HIF- 1α/BNIP3 

pathway to mediate mitophagy in ischemia-reperfusion injury(Chen et al., 2025), 

BNIP3-mediated mitophagy regulates the glycolytic shift and pro-inflammatory 

polarization in macrophages in obesity-related metabolic diseases(Kim et al., 2025), as 

well as NIX mediated mitophagy(X. Zhou et al., 2024). Thus, the receptor-mediated 

pathway is plays an essential role in diverse disease. FUNDC1 has been shown to 

preserve chondrocyte homeostasis by triggering mitophagy, with FUNDC1 knockdown 

or knockout leading to decreased mitophagy and exacerbated mitochondrial 



dysfunction in osteoarthritis progression (Fang et al., 2023). Actived PGAM5 

dephosphorylates FUNDC1 to initiate mitophagy. The reciprocal interaction of 

PGAM5 with FUNDC1 and BCL-xL, mediated by PGAM5 multimerization, work on 

mitophagy and apoptosis (Ma et al., 2020). Our dada shown that the CDHP treatment 

promoted mitophagy, and enhanced the expression of PGAM5 and FUNDC1.  

5 Conclusion  

In summary, CDHP has been shown to improve cognitive deficits and exert 

neuroprotective effects in APP/PS1 mice and Aβ25-35-induced HT-22 cells. These effects 

correlate with a stimulated increase in mitophagy in vivo, and increased expression of 

PGAM5/FUNDC1. Our data highlight a potential mechanism for the neuroprotective 

effect of CDHP in AD and uncover a potential avenue for future therapeutic approaches.  
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intervention in the HT-22 cell model (n=6). C. Effects of different concentrations of CDHP on HT-22 
cells with Aβ25-35 intervention (n=6). Data are presented as mean ± SEM. ###p<0.001, ##p<0.01, #p<0.05 
compared with the Control group. ***p<0.001 compared with the Aβ25-35 group. 
 

 

Fig. S2 Representative immunoblots and quantitative analyses of FUNDC1, PGAM5 and β-actin (n=3). Data are 

presented as mean ± SEM. ###p<0.001 compared with the WT or Control groups. **p<0.01, *p<0.05, compared with 

the APP/PS1 or Aβ25-35 groups. 
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Table 1 Soluble Quantity of the Corresponding Standard in CDHP 

 Chemical Compound 

 
Chlorogenic 
Acid 

Ligustrazine Caffeic Acid Ferulic Acid 

Soluble Quantity 
(mg/g) 0.8744 0.6845 0.3772 0.5824 

 

 

 

Table 2 The Bioactive Compounds of CDHP 

Mol ID Molecule 
Name 

2D Structure WM OB (%) DL 

MOL000359 sitosterol 

 

414.79 36.91 0.75 

MOL002135 myricanone 

 

356.45 40.60 0.51 

MOL001494 mandenol 

 

308.56 42.00 0.19 

MOL002157 wallichilide 

 

412.57 42.31 0.71 

MOL002151 senkyunone 

 

326.52 47.66 0.24 

MOL002140 perlolyrine 

 

264.30 65.95 0.27 

MOL000433 FA 

 

441.45 68.96 0.71 

MOL000449 stigmasterol 

 

412.77 43.83 0.76 
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Table 3 The Affinities of Bioactive Constituents of CDHP with PGAM5 

Molecule Name Affinity (kcal/mol) rmsd l.b. rmsd u.b. 
sitosterol -8.1 0.000 0.000 

myricanone -7.5 0.000 0.000 

mandenol -5.3 0.000 0.000 

wallichilide -7.4 0.000 0.000 

senkyunone -7.4 0.000 0.000 

perlolyrine -7.0 0.000 0.000 

FA -8.2 0.000 0.000 

stigmasterol -8.2 0.000 0.000 

 



Declaration of Interest Statement 

The authors declare that they have no known competing financial interests or personal relationships 

that could have appeared to influence the work reported in this article. 

 

Keting Pu, Simin Yang, Ruilin Sheng, Jie Chen, Yuan Dai, Ian C Wood, Zhanqiong Zhong, Shijun 

Xu 

 

Declaration of interest statement


