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Background and Aim: Previous studies of our research group have shown that Chuanxiong Renshen Decoction (CRD) has the effect 
of treating AD, but the exact mechanism of its effect is still not clarified. The aim of this study was to investigate the effect and 
mechanism of CRD on AD neuroinflammation.
Materials and Methods: Morris Water Maze (MWM) tests were employed to assess the memory and learning capacity of AD mice. HE 
and Nissl staining were used to observe the neural cells of mice. The expression of Iba-1 and CD86 were detected by immunohistochemical 
staining. Utilize UHPLC-MS/MS metabolomics techniques and the KEGG to analyze the metabolic pathways of CRD against AD. 
Lipopolysaccharide (LPS) induced BV2 microglia cells to construct a neuroinflammatory model. The expression of Iba-1 and CD86 were 
detected by immunofluorescence and flow cytometry. The contents of TNF-α and IL-1β were detected by ELISA. Western blot assay was used 
to detect the expression of PPARγ, p-NF-κB p65, NF-κB p65 proteins and inflammatory cytokines iNOS and COX-2 in PPARγ/NF-κB 
pathway with and without PPARγ inhibitor GW9662.
Results: CRD ameliorated the learning and memory ability of 3×Tg-AD mice, repaired the damaged nerve cells in the hippocampus, 
reduced the area of Iba-1 and CD86 positive areas in both the hippocampus and cortex regions, as well as attenuated serum levels of 
IL-1β and TNF-α in mice. CRD-containing serum significantly decreased the expression level of Iba-1, significantly reduced the levels 
of TNF–α and IL-1β, significantly increased the protein expression of PPARγ, and significantly decreased the proteins expression of 
iNOS, COX-2 and p-NF-κB p65 in BV2 microglia cells. After addition of PPARγ inhibitor GW9662, the inhibitory effect of CRD- 
containing serum on NF-κB activation was significantly weakened.
Conclusion: CRD can activate PPARγ, regulating PPARγ/NF-κB signaling pathway, inhibiting microglia over-activation and 
reducing AD neuroinflammation.
Keywords: Alzheimer’disease, Chuanxiong Renshen Decoction, UHPLC-MS/MS, neuroinflammation, PPARγ

Introduction
A progressive cognitive dysfunction and mental disorders characterize AD, a widespread central neurodegenerative 
disorder.1 Age spots, with extracellular β-amyloid protein (Aβ) deposition as the nucleus, neurofibrillary tangles caused 
by hyperphosphorylation of intracellular tau protein, and neuron loss are the primary pathological alterations in the brain 
of AD patients.2 Currently, there is a dearth of satisfactory therapeutic drugs for AD, and it is still necessary to find new 
therapeutic drugs for complex diseases with unclear etiology and multi-factor correlation.

More and more studies have confirmed that neuroinflammation is an indispensable key link in the upstream of AD 
pathogenesis3 and may be the deeper root cause of neurodegenerative diseases.4 The inflammatory response has now 
been extensively demonstrated in multiple studies of postmortem tissue samples from Alzheimer’s disease.5–8 Many 
studies have highlighted that persistent inflammation in the brain can accelerate the progression of cognitive impairment, 
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triggering AD.9,10 Microglia are the main immune regulatory cells in the brain, and microglia and neuroinflammation 
play an important role in the occurrence and development of Alzheimer’s disease.11

CRD is a traditional Chinese medicine compound that has been clinically proven to have therapeutic effects on AD. 
We previously predicted through network pharmacology that CRD might regulate the MAPK pathway by intervening in 
the inflammatory response and other processes, possibly by down-regulating the CASP3 and EGFR targets to reduce the 
level of inflammation, so as to have therapeutic effects on Alzheimer’s disease.12

Quantitative analysis of all metabolites in organisms, known as metabolomics, is a component of systems biology,13 which 
seeks to uncover the correlation between metabolites and pathological changes. In recent years, metabolomics techniques have 
been widely used for early screening of neurodegenerative diseases, such as AD, and to identify metabolic changes associated 
with disease progression.14 At present, metabolomics technology has detected a variety of biological metabolic markers 
related to AD, and has been widely used to explore the regulatory effects of Chinese medicines and compound formulas on 
related metabolic markers.15,16 UHPLC-MS/MS is one of the most widely used metabolomics techniques that can detect 
a large number of metabolic signatures from biological samples with high throughput and sensitivity.17

In this study, 3×Tg-AD mice were used as AD model mice and given CRD for three months. We used UHPLC-MS 
/MS to detect serum metabolites, and analyzed the potential serum biomarkers of CRD and the changes of related 
metabolic pathways. Then, the neuroinflammation model of BV2 microglia cells were established to verify the anti- 
inflammatory effect and mechanism of CRD in vitro.

Materials and Methods
Materials
Panax ginseng C. A. Meyer, Ligusticum chuanxiong hort, Pueraria lobata, Polygonum multiflorum Thunb. and Ginkgo 
biloba L. were all purchased from East China Medicine Co., LTD., lot No. 20210208. The samples were thoroughly 
verified by Associate Professor Yao Ying from the School of Pharmacy at Hangzhou Medical College, in accordance 
with the Chinese Pharmacopoeia 2020. The five herbs were crushed with a grinder and mixed according to the ratio of 
1:2:2:2. The mixed herbs were heated with 8 volumes of (W/V) 60% ethanol for reflux 2 times for 2 hours each time.12 

Use a rotary evaporator to concentrate to the final concentration of 1.44 g/mL.

Animals and Treatment
Shanghai Nanfang Model Biotechnology Co., LTD. provided 3×Tg-AD mice and wild-type C57BL/6 mice, both 
weighing 25±5 g. From Hangzhou Medical College’s Animal Experimental Center, 200±20 g male Sprague- 
Dawley rats were procured. Feeding conditions: constant temperature, temperature 22±1°C, light alternates every 
12 hours, humidity 50%-60%, wind changes frequency 15–20 times/hour. Zhejiang Experimental Animal Center 
Experimental Animal Welfare Ethics Committee gave their approval for all the animal experiments conducted. 
C57BL/6 mice and SD rats both have the ethical approval number ZJCLA-IACUC-20020056 and ZJCLA-IACUC 
-20010190, respectively. All the animal procedures were performed in accordance with the Guidelines for Care 
and Use of Laboratory Animals of the National Institutes of Health.

Divided into two groups, the 6-month-old 3×Tg AD mice were allocated to Model and CRD, each containing 8 mice. 
The WT group was chosen from eight C57BL/6 mice aged 6 months. The CRD group mice were orally given CRD (14.4 
g/kg/d), while the WT and Model groups of mice were administered an equivalent volume of physiological saline once 
daily for a duration of 3 months.18

After a 5-day period of adaptive feeding, 30 SD rats were randomly assigned into three groups (n=10 each): Normal 
rat serum group, CRD serum group, and Donepezil (DNPQ) serum group. The CRD serum group was given a dose of 10 
g/kg/d, the DNPQ serum group was given a dose of 1.76 mg/kg/d, and the Normal rat serum group received adminis-
tration of an equivalent volume of normal saline for a duration of 7 consecutive days.
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Cell Culture and Treatment
Mouse BV2 microglial cells, purchased from iCell Bioscience Inc (Shanghai, China), were cultured in DMEM medium 
with 10% fetal bovine serum (Gibco) and 1% penicillin-streptomycin (Gibco) at 37°C with 5% CO2. In the PPARγ 
inhibition experiment, BV2 microglia cells were pretreated with CRD-containing serum (10%) and 10 μM GW9662 
(Sigma, USA) for 2 hours and then stimulated with LPS (100 μg/mL) (Sigma, USA) for 22 hours.

Morris Water Maze (MWM) Test
Before administration, 1, 2, and 3 months after administration, the MWM test was employed to assess the learning and 
memory abilities of each group of mice. During the experiment, the water temperature was keeped at (22±2)°C.

Brain Tissue Staining
Hippocampus tissue was taken from mice and fixed using a 4% paraformaldehyde solution. Paraffin wax was used to 
embed the tissues, then they were divided into sections. Xylene was used to dewax sections, then distilled water was used 
to wash them and hematoxylin and eosin were used to stain them. Finally, under an optical microscope (Eclipse E100, 
Nikon, Japan), histopathological alterations of the hippocampus were witnessed.

The brain sections were dewaxed with xylene, washed with distilled water, and soaked in 1% toluidine blue solution 
in an incubator at 50–60°C for 30minutes. After dyeing, it was quickly differentiated with 95% ethanol, dehydrated with 
anhydrous ethanol, transparent with xylene and sealed with neutral glue.19 Finally, the optical microscope revealed the 
histopathological alterations of the hippocampus at last.

ELISA Analysis
The ELISA kit (ThermoFisher, USA) was employed to detect the IL-1β and TNF-α contents of the serum of mice in each 
group, as per the manufacturer’s instructions. The absorbance at 450 nm was detected by the cell imaging multifunctional 
detection system (CYTATION, BioTek, USA).

Immunohistochemical Assay
Paraffin sections of mouse brain tissue were roasted at 60°C for 20 minutes, then dewaxed and hydrated, and repaired 
with sodium citrate buffer (pH6.0) at high temperature and pressure.20 Incubating the slices in a 3%H2O2 solution at 
room temperature for 25 minutes away from light, endogenous peroxidase was eliminated. After 3 washings with PBS 
(pH7.4), the sections were sealed with 3%BSA and incubated with specific primary antibody Iba-1 (1:200, Abcam, USA) 
and CD86 (1:200, bioss, Beijing) at 4°C overnight. The primary antibody was recovered, the slices were rinsed 3 times 
with PBS and then incubated at room temperature for half an hour with the secondary antibody (1:400, Abcam, USA). 
Wash the slices 3 times, shake dry and add freshly prepared DAB color developing solution to develop color, rinse with 
running water and wipe dry. Sections were re-dyed with hematoxylin for 3 minutes, rinsed with running water, 
dehydrated and sealed, and images were taken with an optical microscope.

UHPLC-MS/MS Detection
Sample Collection and Pretreatment
After the last administration, 24 mice (WT group, Model group, and CRD group) were collected for orbital venous blood. 
Centrifugation at 3000 r/min for 15 minutes at 4°C yielded serum.

The centrifuge tube was filled with 100 μL of serum, followed by the addition of 400 μL of an extraction solution 
(methanol: acetonitrile = 1:1, v/v) containing the isotope labeling standard.21 The mixture was then vortexed for 
a duration of 30 seconds. After the vortex, the samples were ultrasounded in an ice water bath for 10 minutes, and 
then stood at −40°C for 1 hour. Centrifugation at 4°C and 12000 rpm for 15 minutes was conducted on the sample, and 
then the supernatants were placed into the sample bottles for testing. In addition, an equal quantity of supernatant was 
drawn from all specimens and blended into a Quality Control (QC) sample for machine examination.
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UHPLC-MS/MS Conditions
Vanquish ultra-high performance liquid chromatograph (UHPLC) (Thermo Fisher Scientific, USA) was used in this 
study.22 Using Waters ACQUITY UPLC BEH Amide liquid chromatography column (2.1 mm × 50 mm, 1.7 μm; 
Milford, MA, USA), the target compounds were divided. In liquid chromatography, the aqueous phase (Phase A) consists 
of 25 mmol/L ammonium acetate and 25 mmol/L ammonia water, while the organic phase (Phase B) is composed of 
acetonitrile.23 The temperature of the sample tray was set to 4°C, while maintaining an injection volume of 2 μL.

The Orbitrap Exploris 120 mass spectrometer was equipped with electrospray ion sources (ESI). ESI parameter 
setting: the flow rate of the sheath gas was 50 Arb, while the auxiliary gas was 15 Arb; the spray voltage in the positive 
ion mode was 3800 V, while the negative ion mode was −3400 V. The capillary temperature was 320°C.

Data Processing
ProteoWizard software transforms the raw data into mzXML format, then R program package (with XCMS kernel) is 
employed for peak recognition, extraction, alignment, and integration processing.24 Subsequently, it undergoes matching 
against the BiotreeDB (V2.1) self-constructed secondary mass spectrometry database for substance annotation, while 
setting the algorithm scoring cutoff value at 0.3.

The Effects of CRD-Containing Serum on BV2 Microglia Cells Were Detected
Preparation of the CRD-Containing Serum
After a 1-hour period of administering the last dose, the rats were subjected to anesthesia using pentobarbital sodium, and 
their abdominal aorta blood was then collected. Centrifugation of the blood at 3000 rpm for 15 minutes yielded serum 
after it had been left at room temperature for three hours. The serum was inactivated in a water bath at 56°C for 
30minutes, then sterilized by a 0.22 μm microporous filter and stored at −80°C for later use.

Cell Culture and Treatment
From iCell Bioscience Inc. in Shanghai, BV2 microglia cells were procured. Culturing of BV2 microglia cells with 
DMEM medium, supplemented with 1% penicillin/streptomycin and 10% fetal bovine serum, was conducted in an 
incubator with 5% CO2 at 37°C. In the PPARγ inhibition experiment, BV2 microglia cells were pretreated with CRD- 
containing serum (10%) and 10 μM GW9662 (Sigma, USA) for 2 hours and then stimulated with LPS (100 μg/mL) 
(Sigma, USA) for 22 hours.

Cell Viability Assay
The impact of CRD-containing serum on the viability of BV2 microglia cells was assessed using the MTT assay. The 
cells were inoculated at a concentration of 5000 cells per well into a 96 well plate, and set up a Normal rat serum group, 
a CRD serum group, and a Donepezil serum group. Each group cultured cells with 5 concentrations of serum (0%, 5%, 
10%, 15%, 20%). After 24 hours of cell culture, in accordance with the manufacturer’s directions, the MTT reagent 
(Beyotime, Shanghai, China) was employed to detect cell activity. The cell imaging multifunctional detection system was 
employed to gauge the absorbance at 490 nm.

Flow Cytometry
The expression of CD86 in BV2 microglia cells was detected by flow cytometry. BV2 microglia cells were inoculated 
into a six well plate, and set a control group (0 μg/mL), a LPS group (100 μg/mL), and a LPS group (200 μg/mL). After 
24 hours of LPS stimulation, BV2 microglia cells were collected in a centrifuge tube. The cells were incubated with 
APC-conjugated monoclonal mouse CD86 antibody (MultiSciences, Hangzhou, China) at 4°C for 30 minutes away from 
light. PBS was used to clean the cells, then 500 μL PBS was added to re-suspend them. Cell suspensions were detected 
using a FACscan flow cytometer (BD FACS Celesta, USA). We used the Flowjo V10 software to analyze the data.

Immunofluorescence Staining
BV2 microglia cells were inoculated onto a glass slide in a six well plate (5×105 cells/well), and set up a control group, 
a LPS group, a CRD group, and a Donepezil group. The cells of the control group and the LPS group were cultured with 
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Normal rat serum (10%) for 2 hours, and the cells of the CRD group and the Donepezil group were cultured with CRD- 
containing (10%) serum and DNPQ-containing serum (10%) for 2 hours, respectively. Then, except the control group, 
cells in other groups were stimulated with LPS (100 μg/mL) for 22 hours. After 30 minutes of pre-cooling with 4% 
paraformaldehyde, the treated cells were permeated with 0.5% Triton-X for 2 minutes, then closed with goat serum for 
a further 30 minutes. Incubating the cells overnight with either Iba-1 (1:400, Abcam, USA) or NF-κB p65 (1:400, CST, 
USA) at 4°C was done. Incubating the cells at room temperature for an hour with an anti-rabbit secondary antibody 
(1:800, Abcam, USA) on the second day was done. The cells were stained with DAPI (Sigma, USA) for 2 minutes. 
Fluorescence quencher was added, and the fluorescence intensity of Iba-1 and NF-κB p65 was observed by the cell 
imaging multifunctional detection system.

Western Blot Analysis
The BCA protein assay was employed to ascertain the protein concentration from the cell lysates collected. The sodium 
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was employed to separate the protein, which was then 
moved to polyvinylidene fluoride (PVDF) membranes. After a blocking solution had been incubated, PVDF membranes 
were left to be incubated overnight with specific primary antibodies. The next day, the membranes were incubated with 
anti-mouse or anti-rabbit secondary antibody (1:5000, proteintech, USA) at room temperature for 2 hours. The antibodies 
used were anti-COX-2 (proteintech, USA), anti-iNOS (proteintech, USA), anti-PPARγ (Cell Signaling Technology, 
USA), anti-phospho-NF-κB p65 (Cell Signaling Technology, USA), anti-NF-κB p65 (Cell Signaling Technology, 
USA), and anti-GAPDH (proteintech, USA). The images were captured and recorded by the high sensitivity chemilu-
minescence imaging system (Amersham ImageQuant 800, cytiva, USA). Analysis software of high sensitivity chemilu-
minescence imaging system was utilized for the purpose.

Statistical Analysis
The images and experimental data were processed using SPSS 24.0 software (IBM Corp., Armonk, NY, USA) and 
GraphPad Prism 10. The inter-group mean and statistical results were compared using one-way analysis of variance 
(ANOVA). The experimental data were expressed as mean ± SD. P<0.05 was considered statistically significant.

Results
CRD Ameliorated the Learning and Memory Ability of 3×Tg-AD Mice
The Model group’s escape latency was significantly greater than the WT group’s before administration (p<0.01), and 
their number of platform crossings was significantly less than that of the WT group (p<0.05) (Figure 1A). The CRD 
group’s escape latency was significantly decreased (p<0.01, p<0.01, p<0.05) (Figure 1B–D) after1, 2 and 3 months of 
administration, compared to the Model group, while the number of platform crossings was significantly augmented 
(p<0.05, p<0.05, p<0.01). Results showed that 3×Tg AD mice had significantly ameliorated their learning and memory 
abilities due to CRD.

CRD Repaired Hippocampal Neuronal Damage in 3×Tg AD Mice
The results of HE staining (Figure 2A) showed that hippocampal nerve cells in WT group had abundant cytoplasm, clear 
nuclear structure, and light staining. The Model group mice, aged nine months, exhibited a decrease in nerve cells, 
staining intensified, and the nuclear structure was indistinct. The CRD group’s cytoplasm of nerve cells was much more 
abundant, with a greater number and a clearer nuclear structure than the Model group, following a 3-month period of 
continuous administration.

Results from the Nissl staining of the mice hippocampus (Figure 2B) indicated a great abundance of neurons in the 
CA1 region of the WT group’s hippocampus. Compared with the WT group, the number of neurons in the hippocampus 
of the Model group was significantly reduced, the arrangement was loose, and the staining was deepened. After 3 months 
of constant administration, the CRD group’s hippocampal neuron count rose in comparison to the model group, and their 
nuclear structure was discernible.
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1 month after administration 1 month after administration

3 month after administration 3 month after administration

2 month after administration 2 month after administration

Before administration Before administration 

A

D

B

C

Figure 1 Effects of CRD on escape latency and number of times crossing platforms in 3×Tg-AD mice. (A) Before administration, (B) 1 month after administration, (C) 2 
month after administration, (D) 3 month after administration. Data are expressed as the mean from 8 mice per group, ##p<0.01 versus the WT group; *p<0.05, **p<0.01 
versus the Model group.
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CRD Decreased the Levels of Inflammatory Cytokines in Serum of 3×Tg-AD Mice
Investigation of the expression of inflammatory cytokines (IL-1β, TNF-α) was conducted through ELISA. The Model 
group’s levels of inflammatory cytokines were significantly higher than the WT group, as demonstrated by Figure 2C and 
D (p<0.01, p<0.01). After 3 months of administration, the levels of inflammatory cytokines were significantly decreased 
in the CRD group compared with the Model group (p<0.01, p<0.01).

CRD Inhibited the Activation of Microglia Cells in Cortex and Hippocampus in 
3×Tg AD Mice
Immunohistochemical staining of Iba-1 (Figure 3A) showed that compared with WT group, the percentage of Iba-1 
positive area in cortex and hippocampus of mice in Model group significantly increased (p<0.01), cell body enlarged, 
staining deepened and synapses thickened. After CRD administration, the percentage of Iba-1 positive area in cortex and 
hippocampus of mice significantly decreased (p<0.01), the cell body became smaller, and the synapses became thinner.

WT

WT Model

Model

CRD

CRD

A

B

C D

Figure 2 CRD repaired hippocampal neuronal damage in 3×Tg-AD mice. (A) HE staining showed the pathological changes of DG region in hippocampal tissue of mice in 
each group (n=6, Scale bar=50μm). (B) Nissl staining showed the pathological changes of CA1 region in hippocampal tissue of mice in each group (n=6, Scale bar=50μm). (C) 
Effect of CRD on levels of IL-1β in 3×Tg-AD mice serum. (D) Effect of CRD on levels of TNF-α in 3×Tg-AD mice serum. Data are presented as the mean ± SD (n=6), 
##p<0.01 versus the WT group; **p<0.01 versus the Model group.

Drug Design, Development and Therapy 2024:18                                                                             https://doi.org/10.2147/DDDT.S462266                                                                                                                                                                                                                       

DovePress                                                                                                                       
3215

Dovepress                                                                                                                                                             Hou et al

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Figure 3 Effect of CRD on activation of microglia in hippocampus and cortex of mice. (A) The expression of Iba-1 in the hippocampus and cortex of mice (Scale bar=20μm). 
(B) The expression of CD86 in the hippocampus and cortex of mice (Scale bar=20μm). Data are presented as the mean ± SD (n=5), ##p<0.01 versus the WT group; 
**p<0.01 versus the Model group.
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The percentage of CD86 positive area in Model group significantly increased (p<0.01) in comparison to WT group, as 
demonstrated by the results of CD86 immunohistochemical staining (Figure 3B). The cortex and hippocampus of mice 
experienced a marked decrease (p<0.01) in the percentage of CD86 positive area following CRD administration.

Effect of CRD on Metabolic Profile of 3×Tg AD Mice
QC for UHPLC-MS/MS Analysis
The total ion spectrum showed that both in POS (Figure 4A) and NEG (Figure 4B) modes, the peak RT and peak area of 
QC samples exhibit good overlap, indicating that the analysis system has good stability. The QC samples exhibited 
significant aggregation in the PCA score chart (Figure 4C and D), indicating good repeatability of the analysis system.

Multivariate Statistical Analysis of Serum Metabolomics
To identify the intrinsic differences between the WT, Model, and CRD groups, we performed a multivariate analysis 
using SIMCA software (V16.0.2, Sartorius Stedim Data Analytics AB, Umea, Sweden). The PCA score chart showed 
that the samples in the WT and Model groups was clearly separated, and the clustering effect was relatively obvious, and 
the measurements of all samples fell within the 95% confidence interval (Figure 5A). The samples in the Model group 
and CRD group also showed equally significant clustering effects (Figure 5B). In order to better discover true differences 
between groups and screen for efficacious differences metabolites, we constructed an OPLS-DA model for analysis. The 
scatter plot of OPLS-DA model scores (Figure 5C and D) exhibited a pronounced segregation between the WT group and 
Model group, as well as between the Model group and CRD group. In order to avoid overfitting of the OPLS-DA test 
model, a replacement test was carried out. The replacement test results showed that the intercepts of R2Y and Q2 were 
0.91 and −0.77, respectively, in the WT vs Model group (Figure 5E), and 0.93 and −0.63, respectively, in the Model vs 
CRD group (Figure 5F), indicating that the OPLS-DA model was not overfitting. The high quality and reliability of the 
OPLS-DA Model were validated, indicating that it was appropriate for this study to investigate the disparities between 
the WT and Model groups, as well as between the Model and CRD groups.

Identification of Differential Metabolites
An online database was used to screen metabolites with statistical differences. According to the conditions of p<0.05 and 
VIP>1, 3421 differential metabolites were screened in the WT vs Model group, of which 2693 showing up-regulated and 
728 displaying down-regulated. In the Model vs CRD group, 2936 differential metabolites were screened, of which 945 
showing up-regulated and 1991 displaying down-regulated. The screened differential metabolites were visualized by the 
volcano map (Figure 6A and B). We calculated the Euclidean distance matrix for the quantitative values of the 
differential metabolites, clustering the differential metabolites using the complete linkage method, and displaying them 
with thermal maps (Figures S1 and S2). The WT vs Model group clustered 161 differential metabolites, and the Model vs 
CRD group clustered 183 differential metabolites. Their intersection included 88 differential metabolites, which were 
shown using the Venn diagram (Figure 6C). Among them, 84 different metabolites were consistent with the change trend. 
Specific differential metabolite information is shown in Table 1. In addition L-phenylalanine,25,26 LysoPC(22:0), LysoPC 
(22:1(13Z)), LysoPC(14:0/0:0), LysoPC(24:1(15Z))27 may be related to the anti-AD neuroinflammatory effect of CRD.

Metabolic Pathway Analysis
The metabolic pathways of 84 potential biomarkers were analyzed using the Kyoto Encyclopedia of Genes and Genomes 
(KEGG) and MetaboAnalyst 5.0. As shown in Figure 6D, 15 metabolic pathways were collectively enriched by 
differential metabolites. Studies have found that metabolic pathways related to AD include Arginine biosynthesis,28 

Taurine and hypotaurine metabolism,29 PPAR signaling pathway,30 Glycerophospholipid metabolism,31 and Linoleic acid 
metabolism. Among them, the PPAR signaling pathway is closely related to neuroinflammation.32,33

Effect of CRD-Containing Serum on BV2 Microglia Cells
Effects of CRD-Containing Serum on the Viability of BV2 Microglia Cells
MTT assay revealed the viability of BV2 microglia cells. In the Normal rat serum group, the cell viability in the 20% 
Normal rat serum group was significantly higher than that in the 10% fetal bovine serum group (p<0.05), but no 
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noteworthy distinction was observed between the other groups and the 10% fetal bovine serum group (Figure 7A). In the 
CRD serum group and the Donepezil serum group, the cell viability of the 20% CRD serum group and the 20% 
Donepezil serum group was significantly higher than that of the 10% Normal rat serum group (p<0.01, p<0.01), while no 

Figure 4 QC of UHPLC-MS/MS analysis. (A) TIC (POS), (B)TIC (NEG); (C) Two-dimensional PCA for QC, (D) Three-dimensional PCA for QC.
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noteworthy divergence was observed between the other groups and the 10% Normal rat serum group (Figure 7B). 
Therefore, 10% CRD-containing serum and 10% Donepezil-containing serum were selected for subsequent experiments.

Construction of Neuroinflammatory Model of BV2 Microglia Cells
The Iba-1 protein is specifically expressed in microglia cells of the central nervous system and serves as a marker for 
BV2 microglia cell activation.34,35 The results of immunofluorescence staining (Figure 8A) showed that compared with 
the 0 μg/mL LPS group, the fluorescence intensity of Iba-1 in BV2 microglia cells stimulated by 100 μg/mL or 200 μg/ 
mL LPS for 24 h was significantly enhanced (p<0.01, p<0.01).

Figure 5 Multivariate analysis of serum metabolomics. (A) PCA (WT vs Model), (B) PCA (Model vs CRD); (C) OPLS-DA (WT vs Model), (D) OPLS-DA (Model vs CRD); 
(E) statistical validation of OPLS-DA (WT vs Model), (F) statistical validation of OPLS-DA (Model vs CRD).
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Figure 6 Volcano plot for the differentially expressed metabolites. (A) WT vs Model, (B) Model vs CRD. (C) Venn diagram of metabolites in different comparison groups. 
(D) KEGG pathway enrichment map of differential metabolites.
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Table 1 Identification of Potential Biomarkers in Serum of Mice in WT Group, Model Group and CRD Group

NO. Metabolites RT m/z p value Trend

WT-Model Model-CRD WT-Model Model-CRD

1 L-Allothreonine 217.5385 118.0511 0.002444 0.03029319 ↑ ↓
2 Norvaline 190.0535 118.0862 0.026058 0.03931801 ↑ ↓
3 Allopurinol-1-ribonucleoside 137.02 269.0883 0.006935 0.003897122 ↑ ↓
4 DL-Phenylalanine 166.136 166.0861 0.019032 0.015682795 ↑ ↓
5 2-Hydroxy-3-methylbutyric acid 81.4176 117.056 0.028631 7.04E-05 ↑ ↓
6 2-Hydroxybutyric acid 122.425 103.0354 4.89E-05 0.000518341 ↑ ↓
7 L-Phenylalanine 166.982 164.0718 0.009389 0.008621751 ↑ ↓
8 L-Tyrosine 190.095 182.0812 0.00817 0.007704546 ↑ ↓
9 PC(22:5(7Z,10Z,13Z,16Z,19Z)/20:1(11Z)) 37.0286 862.629 0.001451 0.003469802 ↑ ↓
10 8-Hydroxy-2’-deoxyguanosine 168.239 282.085 0.007765 0.003518609 ↑ ↓
11 Pyrrolidine 190.044 72.08092 0.006199 0.028059356 ↑ ↓
12 1,3-Dihydro-(2H)-indol-2-one 19.04835 134.0599 0.002314 0.006063825 ↑ ↓
13 Guanosine 167.098 284.0987 0.007134 0.004426019 ↑ ↓
14 PC(22:6(4Z,7Z,10Z,13Z,16Z,19Z)/16:0) 39.54345 806.5712 0.021347 0.007364973 ↑ ↓
15 PE(16:0/18:2(9Z,12Z)) 44.67615 714.5098 0.019223 0.0275545 ↑ ↓
16 PC(16:0/14:0) 43.5875 706.5377 0.020289 0.048199391 ↑ ↓
17 PC(18:1(11Z)/14:0) 22.5024 732.5532 0.004938 0.006098751 ↑ ↓
18 PC(22:2(13Z,16Z)/14:1(9Z)) 22.36515 784.5823 0.006014 0.010709675 ↑ ↓
19 PC(20:2(11Z,14Z)/14:0) 136.3825 758.5704 0.003069 0.047220458 ↑ ↓
20 Taurine 223.7695 126.0221 0.000335 0.000250706 ↑ ↓
21 PC(P-18:1(9Z)/16:1(9Z)) 22.3569 742.5729 0.002467 0.013602206 ↑ ↓
22 Isobutyryl-L-carnitine 166.809 232.1545 0.040607 0.001399422 ↑ ↓
23 PC(20:3(8Z,11Z,14Z)/15:0) 42.269 770.569 0.026027 0.000854495 ↑ ↓
24 Perillic acid 33.2295 165.0925 0.00098 0.001005851 ↓ ↑
25 PC(18:2(9Z,12Z)/14:0) 42.9578 730.5375 0.025204 0.001032323 ↑ ↓
26 Propionylcarnitine 178.5075 218.139 0.03008 0.000852913 ↑ ↓
27 Phthalic acid 247.152 165.0198 7.03E-07 0.000472719 ↑ ↓
28 2-(Ethylamino)-4,5-dihydroxybenzamide 220.175 197.0894 0.002414 0.002566963 ↑ ↓
29 Alpha-dimorphecolic acid 29.4681 279.232 0.014275 0.036833374 ↑ ↓
30 2-Hydroxyethanesulfonate 110.626 124.9916 0.009527 0.01443377 ↓ ↑
31 9,10-DHOME 33.9849 313.2386 0.005067 0.006778288 ↑ ↓
32 Choline 165.049 104.1068 0.003772 0.002570521 ↑ ↓
33 PC(22:6(4Z,7Z,10Z,13Z,16Z,19Z)/20:5(5Z,8Z,11Z,14Z,17Z)) 144.0385 852.5667 0.001678 0.007281265 ↑ ↓
34 L-Glutamine 284.1265 147.0765 0.037817 0.003068495 ↓ ↑
35 13S-hydroxyoctadecadienoic acid 29.307 295.2281 0.030043 0.033862345 ↑ ↓
36 Maleic acid 233.681 115.004 0.001497 0.035246959 ↑ ↓
37 PC(20:1(11Z)/15:0) 41.1138 774.5986 0.00131 0.009092302 ↑ ↓
38 PC(24:1(15Z)/14:0) 42.1516 816.6426 0.01061 0.011522467 ↑ ↓
39 Nicotinamide N-oxide 75.36175 139.0503 0.002251 0.024271413 ↓ ↑
40 2-O-(4,7,10,13,16,19-Docosahexaenoyl)-1-O-hexadecylglycero-3-phosphocholine 38.046 792.5919 0.01516 0.02686344 ↑ ↓
41 N-Acetylserine 243.04 148.0606 0.013064 0.001413866 ↑ ↓
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Table 1 (Continued). 

NO. Metabolites RT m/z p value Trend

WT-Model Model-CRD WT-Model Model-CRD

42 16-Hydroxy hexadecanoic acid 30.00365 271.2284 0.030896 0.002849996 ↑ ↓
43 2,4-Dihydroxybenzoic acid 17.35725 153.0197 0.001247 0.005731883 ↑ ↓
44 L-Valine 208.442 116.072 0.00289 0.005169754 ↑ ↓
45 N-Acetylornithine 219.97 173.0935 0.002359 0.000232934 ↑ ↓
46 (alpha-D-mannosyl)7-beta-D-mannosyl-diacetylchitobiosyl-L-asparagine, isoform A (protein) 223.074 90.0551 0.025809 0.000414337 ↑ ↓
47 Eicosapentaenoic acid 24.3443 301.2173 0.000241 0.017730465 ↑ ↓
48 O-Acetyl-L-serine 243.1945 146.0461 0.043964 0.002218371 ↑ ↓
49 PC(20:4(5Z,8Z,11Z,14Z)/16:0) 345.5675 782.5676 0.043964 0.002218371 ↑ ↓
50 Hypotaurine 211.1025 110.0271 0.021223 0.00422521 ↑ ↓
51 1,2-Dihydroxy-3-keto-5-methylthiopentene 49.9043 163.0423 0.006833 0.00923327 ↑ ↓
52 2-Piperidone 30.85775 100.0758 0.004664 8.75E-05 ↑ ↓
53 2-Methoxy-4-vinylphenol 43.9167 149.0609 0.034126 0.047809685 ↑ ↓
54 Thymidine 41.1207 241.0833 0.009442 0.035061145 ↓ ↑
55 Stearidonic acid 22.0381 275.2022 2.65E-05 0.000342812 ↑ ↓
56 PC(22:5(4Z,7Z,10Z,13Z,16Z)/14:0) 22.2613 780.5538 6.29E-05 0.000347102 ↑ ↓
57 PC(14:0/20:1(11Z)) 260.645 760.5823 0.003042 0.039950931 ↑ ↓
58 N-a-Acetyl-L-arginine 224.507 217.1298 0.014987 0.002293792 ↑ ↓
59 LysoPE(18:1(9Z)/0:0) 135.204 478.294 0.000525 0.003125952 ↑ ↓
60 PC(18:0/14:1(9Z)) 42.1081 732.5539 0.004597 0.003424753 ↑ ↓
61 6-Hydroxy-1H-indole-3-acetamide 27.8273 191.0812 0.007355 0.043400792 ↓ ↑
62 Alanyl-Isoleucine 237.932 203.1393 0.000385 0.004485892 ↑ ↓
63 2-Acetylthiazole 186.6985 128.0177 0.031904 0.025061242 ↑ ↓
64 3-Methylglutarylcarnitine 242.212 290.1604 0.005477 0.037998048 ↓ ↑
65 PC(18:2(9Z,12Z)/16:0) 22.37705 758.5706 0.00329 0.02841967 ↑ ↓
66 Histidinal 52.5304 140.0817 0.007975 0.011018442 ↑ ↓
67 PC(14:1(9Z)/20:0) 23.05805 760.5815 0.000634 0.017865813 ↑ ↓
68 Proline betaine 173.0915 144.1021 0.009001 0.000368687 ↑ ↓
69 13-L-Hydroperoxylinoleic acid 118.284 311.2231 0.000985 0.031363989 ↑ ↓
70 L-Fucose 80.04135 163.0613 0.000149 0.003855631 ↑ ↓
71 Gallic acid 85.7831 169.0121 0.002258 0.015796487 ↓ ↑
72 N-gamma-Glutamyl-S-allylcysteine 220.883 291.1049 0.04429 0.040314785 ↑ ↓
73 8-isoprostaglandin E2 43.7292 351.2182 0.006177 0.002986768 ↑ ↓
74 L-Erythrulose 148.8405 119.0352 0.033307 0.020704188 ↑ ↓
75 Aspartame 211.049 295.1265 0.002292 0.012222709 ↑ ↓
76 Acetone cyanohydrin 47.912 86.06019 0.002292 0.012222709 ↑ ↓
77 PC(18:3(6Z,9Z,12Z)/15:0) 44.42255 742.5371 0.047825 0.042115246 ↑ ↓
78 LysoPC(22:0) 124.4945 580.4322 0.002754 0.012459694 ↑ ↓
79 Hypogeic acid 24.66475 253.2172 0.001009 0.034010889 ↑ ↓
80 LysoPC(24:0) 123.097 608.4655 0.001944 0.043663802 ↑ ↓
81 Inositol 1,3,4-trisphosphate 179.096 420.9712 0.022608 0.041980695 ↓ ↑
82 LysoPC(22:1(13Z)) 125.149 578.4185 0.003974 0.000258684 ↑ ↓
83 LysoPC(24:1(15Z)) 123.794 606.4475 0.000514 0.002538298 ↑ ↓
84 LysoPC(14:0/0:0) 135.053 468.3083 0.001328 0.001653896 ↑ ↓

Note: ↑: Differential metabolite up-regulation; ↓: Differential metabolite down-regulation.
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CD86 is a marker for proinflammatory microglia cells.36,37 The expression of CD86 was assessed using flow 
cytometry. The results demonstrated a significant upregulation of CD86 expression in BV2 microglia cells following 
24 hours stimulation with LPS at concentrations of 100 μg/mL and 200 μg/mL compared to unstimulated BV2 microglia 
cells (p<0.01, p<0.01) (Figure 8B).

The stimulation of LPS can lead to the translocation of NF-κB p65 into the nucleus. The expression of NF-κB p65 
was assessed via Western blot analysis. The results showed that compared with BV2 microglia cells without LPS 
stimulation, the expression of NF-κB p65 in the nucleus of BV2 microglia cells after 24 hours stimulation with 100 μg/ 
mL LPS was significantly increased (p<0.01) (Figure 8C). Therefore, LPS with a concentration of 100 μg/mL was 
selected to stimulate BV2 microglia cells for 24 hours as a neuroinflammatory cell model.

CRD-Containing Serum Inhibited the Activation of BV2 Microglia Cells
The expression of Iba-1 protein in BV2 microglia cells was detected by immunofluorescence assay. A comparison of the 
LPS group to the control group revealed a significant rise in Iba-1 protein expression (p<0.01) (Figure 9A and B). The 
CRD group’s expression of Iba-1 protein was significantly diminished in comparison to the LPS group (p<0.01). The 
results demonstrated that the activation of BV2 microglia cells was effectively inhibited by CRD.

Figure 7 Effect of CRD-containing serum on BV2 microglia cells viability. (A) Effects of the Normal rat serum on BV2 microglia cells viability. Data are presented as the 
means ± SD (n=6). (B) Effects of the CRD-containing and the Donepezil-containing serum on BV2 microglia cells viability. Data are presented as the mean ± SD (n=6). 
**p<0.01 versus the 10% Normal serum.
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CRD-Containing Serum Reduced the Expression of COX-2 and iNOS in LPS-Stimulating BV2 Microglia Cells
Regulatory factors iNOS and COX-2, of great significance in inflammatory response, foster the production of inflam-
matory mediators. Western blot results showed a marked up-regulation in the expression of COX-2 and iNOS in the LPS 
group compared to the control group (p<0.01, p<0.01) (Figure 10A–C). A significant down-regulation in COX-2 and 
iNOS expression was observed in the CRD group in comparison to the LPS group (p<0.01, p<0.01).

Figure 8 Effects of LPS on expression of Iba-1, CD86 and NF-κB p65 in BV2 microglia cells. (A) The expression of Iba-1 in LPS-induced BV2 microglia was detected by 
immunofluorescence assay (Scale bar=200μm). (B) The expression of CD86 in BV2 microglia cells induced by LPS was measured via flow cytometry. (C) The protein 
expression of NF-κB p65 in BV2 microglia cell nucleus induced by LPS were detected via Western blot analysis. Data are presented as the mean ± SD (n=5), **p<0.01 versus 
the 0 μg/mL LPS group.
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CRD-Containing Serum Reduced Neuroinflammation by Regulating the PPARγ/NF-κB Pathway
PPARγ plays a significant role in reducing neuroinflammation, and its agonists reduce the production of inflammatory 
cytokines.38 PPARγ sinificant decreased in protein expression in LPS stimulated BV2 microglia cells (p<0.01) 

Figure 9 Effect of CRD-containing serum on the expression of Iba-1 in BV2 microglia cells. (A and B) Immunofluorescence analysis of Iba-1 proteins in BV2 microglia cells 
(Scale bar=200μm). Data are presented as the mean ± SD (n=6), ##p<0.01 versus the control group; **p<0.01 versus the LPS group.
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(Figure 11A), while its expression was enhanced by CRD-containing serum (p<0.01). After inhibition of PPARγ with 
GW9662, the expression of PPARγ protein decreased significantly (p<0.01).

Research has revealed that LPS combines with Toll-like receptor 4 (TLR4) on microglia cells, thereby activating the 
NF-κB signaling pathway.39 As a major transcriptional regulator, NF-κB can induce the transcription of proinflammatory 
cytokines.40 A significant increase in NF-κB p65 phosphorylation was observed in the LPS group when compared to the 
control group (p<0.01), as demonstrated by Figure 11B. The CRD group showed a marked decrease in NF-κB p65 
phosphorylation when compared to the LPS group (p<0.01). However, after addition of PPARγ inhibitor GW9662, CRD- 
containing serum lost its regulatory effect on LPS-induced NF-κB pathway in BV2 microglia cells, showing that the level 
of NF-κB p65 phosphorylation was significantly increased (p<0.01).

Immunofluorescence was utilized to observe the relocation of NF-κB p65 from the cytoplasm to the nucleus. The red 
fluorescence in the nucleus of the LPS group was observed to be enhanced compared to the control group, as depicted in 
Figure 11C indicating translocation of NF-κB p65 from the cytoplasm to the nucleus. Compared with the LPS group, the 
red fluorescence in the nucleus of CRD group was weakened, indicating that CRD exhibits inhibitory effects on the 
translocation of NF-κB p65 into the nucleus. However, after addition of GW9662, CRD drug-containing serum lost its 
regulatory effect on LPS-induced NF-κB pathway in BV2 microglia cells, showing enhanced NF-κB p65 nuclear 
translocation.

Figure 10 Effect of CRD-containing serum on the expression levels of iNOS and COX-2 protein in BV2 microglia cells. (A) Western blot analysis of protein expression in 
BV2 microglia cells, the expression levels of (B) iNOS and (C) COX-2. Data are presented as the mean ± SD (n=5), ##p<0.01 versus the control group; **p<0.01 versus the 
LPS group.
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Figure 11 Effect of CRD-containing serum on PPARγ/NF-κB pathway. (A) The protein expression level of PPARγ in BV2 microglia cells was determined by Western blotting. 
(B) The protein expression level of NF-κB p65 and p-NF-κB p65 in BV2 microglia cells was determined by Western blotting. Data are presented as the mean ± SD (n=5), 
##p<0.01 versus the control group; **p<0.01 versus the CRD group. (C) Immunofluorescence analysis of p65 proteins in BV2 microglia cells (Scale bar=100μm).
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Discussion
3×Tg-AD mice, widely utilized in AD research, serve as a fundamental tool. The 6-month-old 3×Tg-AD mice exhibited 
cognitive decline, and Aβ plaques and neuroinflammation were detected in their hippocampus.41 Hence, in vitro 
investigations were conducted using 3×Tg-AD mice as AD animal models to elucidate the mechanistic for the anti- 
AD effects of CRD. MWM test, pathological section staining, inflammation detection and immunohistochemistry are all 
important methods to study anti-AD drugs.

In this study, the anti-AD effects of CRD on AD model mice were investigated. The results suggest that CRD can 
enhance memory and learning in mice, repair damaged hippocampal neurons, suppress microglial activation in the 
hippocampus and cortex, and reduce IL-1β and TNF-α levels in mouse serum. These findings imply that the anti-AD 
effect of CRD may be attributed to its anti-inflammatory properties. The anti-AD mechanism of CRD was further studied 
based on UHPLC-MS/MS metabolomics. The results showed that the differential metabolites screened were involved in 
the different mechanisms of action of CRD against AD. L-glutamine is involved in the glutamate-glutamine cycle, whose 
homeostasis is critical for synaptic function.42,43 The most relevant pathological factor of cognitive decline in AD 
patients is synaptic dysfunction that occurs at an early stage.44 We observed that the level of L-glutamine was 
significantly decreased in the Model group, and significantly increased after CRD treatment. This suggests that the anti- 
AD effect of CRD may be achieved by maintaining homeostasis of the glutamate-glutamine cycle.

The central cholinergic system is closely related to AD and is involved in learning and memory activities.45,46 AD 
related cholinergic dysfunction is characterized by decreased acetylcholine (Ach) content and choline acetylase (ChAT) 
activity and increased acetylcholinesterase (AchE) activity.47,48 This feature leads to elevated levels of choline in the 
blood circulation and synaptic gap. In this study, we found that the choline level of mice in the Model group was 
significantly increased, which is consistent with the above views. After treatment with CRD, choline levels decreased 
significantly, which predicted that CRD might enhance ChAT activity and weaken AchE activity, thus promoting the 
synthesis of Ach and inhibiting the decomposition of Ach.

Numerous studies have unequivocally substantiated the key role of Aβ theory in the nosogenesis of AD, and the 
accumulation of Aβ outside nerve cells to form age plaques, also known as amyloid plaques, is one of the main 
pathological characteristics of AD.49,50 Under normal circumstances, a homeostatic equilibrium is maintained between 
the production and degradation of Aβ. However, in AD symptoms, too much Aβ is produced, and when it is not cleaned 
up in time, amyloid plaques form in brain tissue.51 Gallic acid (GA), a phenolic molecule, mitigated cognitive decline in 
APP/PS1 transgenic mice by reducing Aβ1-42 aggregation and neurotoxicity.52–54 In this study, gallic acid levels were 
significantly reduced in the Model group, while significantly enhanced in the CRD group.

Numerous recent studies have elucidated the key role of neuroinflammation in the onset and progression of AD, and 
chronic inflammation in the brain is one of the pathological characteristics of AD.55,56 In the state of inflammation, 
microglia cells are activated and discharge pro-inflammatory factors, such as IL-1β and TNF-α, which damage peripheral 
neurons and ultimately lead to impaired learning and memory ability.

Therefore, reducing inflammation is considered to be an important way to treat AD. Lysophosphatidylcholine (LPC) 
is a molecule related to neurodegeneration and demyelination generated by the hydrolysis of phosphatidylcholine (PC) 
through phospholipase A2 (PLA2),57 which can cause activation of inflammasomes (NLRP3, NLRC4) in microglia cells 
and astrocytes.58 Research has shown that PLA2 levels increase under pathological conditions in AD.59,60 As a product 
of PLA2 activity, the level of LPC increases under AD pathology,61,62 thus increasing the formation of Aβ oligomers,63 

which directly leads to neuroinflammation and neurodegeneration.64 In this study, the levels of LysoPC (22:0), LysoPC 
(22:1 (13Z)), LysoPC (14:0/0:0) and LysoPC (24:1 (15Z)) in the Model group were significantly increased, consistent 
with previous studies. After treatment with CRD, the levels of these metabolites significantly decreased, suggesting that 
the anti-AD neuroinflammation effect of CRD is related to lipid and amino acid metabolism. We found that CRD could 
reduce the levels of IL-1β and TNF-α in serum of 3×Tg-AD mice, which predicted the anti-AD neuroinflammation effect 
of CRD.

In vitro, we prepared CRD-containing serum from rats and used LPS-induced BV2 microglia cells as neuroinflam-
matory model to explore the anti-inflammatory effects of CRD. Immunofluorescence analysis and Western blot analysis 
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showed that CRD-containing serum could inhibit the expression of Iba-1 and CD86, markers of BV2 microglia cells 
activation, and the expression of pro-inflammatory cytokine COX-2 and iNOS. Therefore, we conclude that CRD- 
containing serum alleviates neuroinflammation by inhibiting microglial activation and excessive release of pro- 
inflammatory mediators.

NF-κB is a critical element in both in vivo and vitro neuroinflammatory activity, and plays a pivotal role in the 
pathogenesis of neurodegenerative diseases through its regulation of microglia-mediated neuroinflammation.65 Abnormal 
regulation of NF-κB in BV2 microglia cells is associated with overproduction of pro-inflammatory mediators.66 When 
BV2 microglia cells are stimulated by LPS, NF-κB p65 transpositions into the nucleus and regulates gene transcription of 
the pro-inflammatory mediators COX-2 and iNOS.67 Our results suggest that CRD-containing serum reduces the 
phosphorylation level and nuclear translocation of NF-κB p65. Therefore, we conclude that CRD-containing serum 
improves neuroinflammation by inhibiting NF-κB signaling.

The nuclear transcription factor PPARγ, activated by a ligand, regulates the transcription of multiple genes and is 
implicated in anti-inflammatory processes.68 PPARγ can reduce the expression of COX-2 and iNOS, so as to reduce 
neuroinflammation.69 In this study, we found that PPARγ protein expression was down-regulated in LPS-induced BV2 
microglia cells, while CRD-containing serum treatment significantly increased PPARγ protein expression.

In Beas-2B cells and rat lung tissue, the inhibitory effect of curcumin on NF-κB was dependent on up-regulation of 
PPARγ activity.70 Histone deacetylase 3 (HDAC3) inactivates NF-κB by upregating PPARγ, thereby reducing inflamma-
tion and inhibiting atherosclerosis.71 By inhibiting the activation of NF-kB, the PPARγ activator (+) - (R, E)-6A1 exhibits 
anti-inflammatory effects.72 Strychnine significantly inactivates PPARγ, and then NF-κB is activated, reducing the 
release of pro-inflammatory factors.73 It can also mediate NF-κB degradation and promote NF-κB export from the 
nucleus. In this study, we found that CRD-containing serum inhibited the activation of NF-κB pathway in LPS-induced 
BV2 microglia cells. After treatment with PPARγ inhibitors, CRD-containing serum did not inhibit the activation of NF- 
κB pathway in LPS-induced BV2 microglia cells.

In summary, our study showed that after CRD treatment, the learning and memory ability of 3xTg-AD mice was 
significantly ameliorated, the number of positive cells of Iba-1 and CD86 in hippocampus and cortical regions was 
significantly reduced, and the levels of proinflammatory mediators COX-2 and iNOS in serum were significantly 
decreased. Serum metabolomics analysis by UHPLC-MS/MS suggested that the mechanism of CRD against AD 
neuroinflammation may be realized through PPAR signaling pathway. The results of cell experiments showed that CRD- 
containing serum significantly reduced the number of Iba-1 positive cells in BV2 microglia cells, decreased the 
expression levels of COX-2 and iNOS proteins, significantly increased the expression of PPARγ protein, and inhibited 
the activation of NF-κB pathway in BV2 microglia cells. To sum up, CRD has an anti-AD effect, and its mechanism of 
action is through the activation of PPARγ, thereby inhibiting NF-κB pathway.

There are still some limitations in our study. We only used one neuroinflammatory cell model to study. After that, we 
will construct AD cell models with Aβ1-42 and Okadaic acid (OA) induced cells respectively to further verify the anti- 
AD effect of CRD and make the experimental results more convincing. In addition, we will also establish a co-culture 
system of microglia and neuronal cells to assess the effect of CRD on activating microglia-mediated neuronal apoptosis.

Conclusion
CRD can improve the learning and memory of 3×Tg-AD mice and neuroinflammation in the brain. The mechanism may 
be through regulating the activation of PPARγ, regulating the PPARγ/NF-κB signaling pathway, inhibiting the over- 
activation of microglia, and reducing the neuroinflammation of AD.
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