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Abstract 

Background  Danggui-Shaoyao-San (DSS) is a classic Chinese medicine formula that has been extensively studied 
for its efficacy in treating Alzheimer’s disease (AD). However, its mechanism of action is still unclear.

Methods  In this study, UHPLC-Q Exactive-Orbitrap-MS was used to analyze and identify the compounds in DSS. Net-
work pharmacology was used to analyze the common targets of drug-containing serum chemistries and AD, as well 
as the AD pathways in which drug-containing serum chemistries may be involved. The 27-OHC-induced SH-SY5Y/C6 
coculture cell injury model was used to explore the mechanism of action of DSS in the treatment of AD.

Results  UHPLC-Q Exactive-Orbitrap-MS analysis identified 73 chemical constituents in DSS aqueous extract and 39 
compounds in drug-containing serum. According to network pharmacology analysis, DSS and AD share 181 common 
targets, with interleukin-6 (IL-6) and tumor necrosis factor (TNF) being the main effective targets. Furthermore, DSS 
may treat AD through the modulation of lipid metabolism-related pathways and the interleukin-17 (IL-17) signaling 
pathway. 27-hydroxycholesterol acid (27-OHC) significantly reduced the viability of SH-SY5Y cells and C6 cells in vitro, 
while DSS administration upregulated the expression of cytochrome P450 46A1 (CYP46A1) and cytochrome P450 
7B1 (CYP7B1) enzymes and reduced cholesterol levels in SH-SY5Y cells. Additionally, DSS decreased reactive oxygen 
species (ROS) levels and increased glutathione (GSH) levels in coculture systems. DSS downregulated the expression 
of IL-17 in 27-OHC-injured SH-SY5Y cells and downregulated the expression of TNF-α, IL-6 and transforming growth 
factor-β1 (TGF-β1) in 27-OHC-injured C6 cells.

Conclusion  This study revealed the effective components, targets and mechanisms of DSS in the treatment of AD, 
highlighting the significant potential of DSS in treating this disease.
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Introduction
Alzheimer’s disease (AD) is the most common form 
of dementia, and the associated pathological changes 
include abnormal amyloid deposition, accumulation of 
phosphorylated tau protein [1–3], and neuronal degen-
eration [4, 5]. The World Health Organization estimates 
that by 2050, there will be 2.1 billion people aged 60 and 
older, with 426 million aged 80 and older [6]. Age is a 
major risk factor for AD. The World Health Organization 
(WHO) projects that as global populations continue to 
age, the number of individuals diagnosed with dementia 
will increase to 139 million by 2050 and that the cost of 
treatment will reach more than US $2.8 trillion by 2030 
[4], posing a serious challenge to global public health and 
social development. Although there have been significant 
advances in the diagnosis and treatment of AD in recent 
years, a cure for this disease has not yet been found.

The Danggui-Shaoyao-San (DSS) used in this study was 
obtained from Zhang Zhongjing’s Jingui Yaolue. Clini-
cally, DSS can improve the symptoms of patients with 
AD and vascular dementia (VD) [7]. DSS can reduce the 
content and deposition of amyloid beta (Aβ) in the brains 
of mice [8, 9], reduce amyloidosis [10], and improve spa-
tial memory and learning ability in mice. In addition, 
DSS can regulate neuronal apoptosis induced by oxida-
tive stress and Aβ1-42 [11–13]. DSS has been shown to 
improve central cholinergic nervous system dysfunction, 
increase acetylcholine (Ach) levels and protect neurons 
[14, 15]. We discovered that DSS can enhance cognitive 
function in APP/PS1 double transgenic AD mice by regu-
lating the metabolism of docosahexaenoic acid (DHA) in 
the brain. Additionally, it can regulate blood lipid levels 
to improve cognitive impairment induced by a high-cho-
lesterol diet in mice [16]. Although several studies have 
reported the therapeutic effects of DSS on AD, the spe-
cific molecular mechanisms through which DSS affects 
AD have not been determined.

High-performance liquid chromatography combined 
with mass spectrometry (UHPLC/MS) is a widely used 
tool for qualitative and quantitative analysis in all stages 
of drug development [17]. It is highly effective at detect-
ing and identifying drug components and metabolites 
[18]. Network pharmacology analysis is a multidiscipli-
nary research method characterized by its integrity, sys-
tematization, and comprehensiveness [19, 20]. It has been 
widely used in the study of traditional Chinese medicine 
compounds. In this study, the chemical components of 
DSS were analyzed qualitatively and quantitatively using 

UHPLC/MS, and the drug target network of the chemical 
components of DSS drug-containing serum was analyzed 
by network pharmacology to target AD. To provide more 
experimental basis for clinical drug treatment of AD, we 
further conducted experiments to investigate the role 
and mechanism of DSS against AD.

Materials and methods
Materials and reagents
The six herbs of DSS were purchased from Kangmei 
Pharmaceutical Co., Ltd. (Puning, China). All the herbs 
were identified by Zhao Wei, an associate researcher 
at the Science and Technology Innovation Center of 
Guangzhou University of Chinese Medicine, and all 
the samples were stored at the Science and Technology 
Innovation Centre of Guangzhou University of Chinese 
Medicine. Mass spectrometry-grade acetonitrile and 
mass spectrometry-grade methanol were purchased 
from Thermo Fisher Scientific Co., Ltd. (Waltham, MA, 
USA). All other reagents were of analytical grade. Total 
cholesterol, ROS and GSH assay kits were purchased 
from Nanjing Jiancheng Bioengineering Research Insti-
tute Co., Ltd. (Nanjing, China). Real-time quantitative 
PCR reagents were purchased from Sangon Biotechnol-
ogy (Shanghai, China). The rat TNF-α ELISA kit, rat IL-6 
ELISA kit, rat IL-17 ELISA kit, rat TGF-β1 ELISA kit, 
human TGF-β1 ELISA kit, human IL-10 ELISA kit and 
human IL-17 ELISA kit were purchased from CUSABIO 
(Wuhan, China).

Animals
Forty SPF-grade male Sprague‒Dawley rats weighing 
180–220  g were purchased from the Guangdong Medi-
cal Laboratory Animal Center (Certificate No. SCXK 
Guangdong, 44,007,200,103,712) and kept in an SPF-
grade laboratory of the Sanyuanli Animal Experiment 
Center, Guangzhou University of Chinese Medicine. The 
temperature of the room was kept at 25 ± 2 ℃, while the 
humidity was maintained between 55 and 65%. All rats 
were provided food and water ad  libitum. Before the 
experiment, the rats were adaptively fed for 1 week and 
randomly divided into a blank serum group and a DSS-
containing serum group, with 20 rats in each group. This 
study was approved by the Ethics Committee of Guang-
zhou University of Chinese Medicine and was conducted 
in accordance with the committee’s guidelines (Approval 
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No. 20210508001). All animal experiments reported in 
accordance with ARRIVE guidelines (https://​arriv​eguid​
elines.​org).

Sample preparation
According to the DSS recipe (Table  1) to weigh 130  g 
herbs, and soaked in 10 volumes of water, then heating 
refluxed for 1 h. The filtrate was collected, then the herbs 
added 8 volumes of water and was heating refluxed for 
1  h again. Finally, the collected filtrate was mixed with 
the filtrate of the first time. The filtrate was concentrated 
to 2 g (crude drug)/mL by rotary steaming at 50 °C, lyo-
philized and stored for later use. The lyophilized DSS 
powder (10  mg) was weighed and diluted in water to 
prepare a sample solution with a mass concentration of 
100 ng/ml.

Rats in the DSS-containing serum group were given 
2  g/mL DSS solution by gavage, and rats in the blank 
serum group were given the same volume of normal 
saline by gavage once a day for 7 days. The animals were 
fasted for 12  h before the last dose. Rats were anesthe-
tized with 2% isoflurane (EZVET, Beijing, China) 1  h 
after the last gavage, anesthesia was maintained with 2% 
isoflurane, and blood samples were collected from the 
abdominal aorta. Rats were euthanized by decapitation 
under anesthesia. After isolation, the serum was inac-
tivated in a water bath at 56  °C for 30  min and filtered 
through a 0.22  μm filter membrane. Three volumes of 
acetonitrile were added to the serum, which was then 
mixed and centrifuged at 12,000 rpm for 15 min at 4 °C. 
The supernatant was removed, dried under nitrogen, and 
the samples were redissolved in 100 μL of methanol. The 
fivefold enriched samples were obtained by centrifuging 
again for 15 min. The supernatant was collected for injec-
tion and analyzed in UHPLC-Q Exactive-Orbitrap-MS.

UHPLC‑Q Exactive Orbitrap‑MS analysis
Chromatography was performed on an ultrahigh-per-
formance liquid chromatograph (Vanquish Duo UHPLC 
system) (Thermo Fisher Scientific, Waltham, MA, 
USA). A Waters ACQUITY UPLC BEH C18 column 

(2.1  mm × 100  mm, 1.8  μM) was used with 0.1% formic 
acid aqueous (A)-0.1% formic acid-acetonitrile (B) as 
the mobile phase. The gradient elution sequence was as 
follows: 0–5 min with 2–5% B, 5–35 min with 5–40% B, 
35–50  min with 40–100% B, 50–53  min with 100% B, 
53–58  min with 100–2% B, and 58–60  min with 2% B. 
The column temperature was maintained at 35  °C, and 
the volume flow rate was set at 0.3  mL/min. The injec-
tion volume of the DSS extract solution was 2 μL, and the 
injection volume of the serum sample solution was 5 μL.

Mass spectrometry was performed using a Thermo Sci-
entific Q Exactive-Orbitrap high-resolution mass spec-
trometer (Thermo Fisher Scientific, Waltham, MA, USA). 
The data were collected and analyzed on an Xcalibur 
system workstation (Thermo, USA). Mass spectrometry 
was performed using an electron spray ionization (ESI) 
source in positive and negative ionization modes, and 
the data were collected from m/z 80–1200. The operat-
ing conditions of the ESI source were as follows: capillary 
temperature, positive and negative ion mode spray volt-
ages, sheath gas flow rate, and auxiliary gas flow rate were 
350 ℃, 3800 V, 3200 V, 35 arb, and 15 arb, respectively.

Network pharmacology analysis
The active ingredients of DSS target collection
The pubchem database (https://​pubch​em.​ncbi.​nlm.​nih.​
gov) was used to obtain the active ingredients and their 
Simplified Molecular Input Line Entry System (SMILES), 
and then the SMILES numbers were imported into the 
structural similarity prediction target database, Swiss 
Target Prediction, to predict the effective targets.

Identification of AD‑associated targets
The GeneCards database (http://​www.​genec​ards.​org) and 
the online Mendelian Inheritance in Man (https://​omim.​
org/) database were used, and the search terms ‘Alzhei-
mer’s disease’ and ‘AD’ were used. Online Venny software 
(https://​bioin​fogp.​cnb.​cic.​es/​tools/​venny/) was used to 
identify intersections between active ingredient targets 
and disease targets [21].

Construction of the DSS active ingredient‑target disease 
networks
A compound, target, disease, and drug name network 
was constructed using Cytoscape 3.9.2 software. The 
nodes represent compounds, targets, diseases, and drug 
names, and the edges represent interactions between 
nodes. The network revealed the interactions of the 
active ingredients of DSS with anti-AD targets.

PPI network construction and analysis
The intersections of the drug targets and AD-related tar-
gets were analyzed using the STRING platform (https://​

Table 1  DSS recipe

Components Dosage

Angelica sinensis (Oliv.) Diels 60 g

Paeonia lactiflora Pall 320 g

Ligusticum chuanxiong Hort 160 g

Poria cocos (Schw.) Wolf 80 g

Atractylodes macrocephala Koidz 80 g

Alisma orientale(Sam.) Juzep 160 g

https://arriveguidelines.org
https://arriveguidelines.org
https://pubchem.ncbi.nlm.nih.gov
https://pubchem.ncbi.nlm.nih.gov
http://www.genecards.org
https://omim.org/
https://omim.org/
https://bioinfogp.cnb.cic.es/tools/venny/
https://www.string-db.org
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www.​string-​db.​org) for protein‒protein interaction anal-
ysis [22]. A protein‒protein interaction (PPI) network 
was constructed, and the top 9 potential targets of DSS 
against AD were identified.

GO and KEGG enrichment analysis
The bioinformatics open source software Bioconductor 
(http: //www.​bioco​nduct​or.​org/) was utilized to perform 
Gene Ontology (GO) and Kyoto Encyclopedia of Genes 
and Genomes (KEGG) pathway analyses [23]. These 
analyses were also conducted to identify potential targets 
of DSS for the treatment of AD. KEGG pathway analy-
sis revealed signaling pathways that elucidate the mecha-
nism of the anti-AD effect.

In vitro protocol
Cell culture
Human neuroblastoma cells (SH-SY5Y) and rat astrocy-
toma (C6) cells were purchased from the Ek-Biosciences 
Cell Bank (Shanghai, China). SH-SY5Y and C6 cells were 
cocultured on inserted Petri dishes. SH-SY5Y cells were 
inoculated into 6-well plates at a density of 0.9 × 107 cells/
mL with 2.6 mL per well, while C6 cells were inoculated 
into microporous membranes (pore size of 0.4  μM) of 
inserted dishes at a density of 0.75 × 106 cells/mL with 
1.5  mL per well. After inoculation, the cells were incu-
bated at 37  °C in a 5% CO2 incubator for 4  h. Subse-
quently, the cells were seeded into a 6-well plate and 
incubated for 20 h for further experimentation.

Establishment of the 27‑OHC model
To prepare a 2  mmol/L reserve solution, 10  mg of 
27-hydroxycholesterol (27-OHC) (Shanghai Yuanye Bio-
Technology Co., Ltd., Shanghai, China) was dissolved in 
12.42 mL of anhydrous ethanol and mixed with the cul-
ture solution before use. A previous study was performed 
to investigate the effects of various concentrations of 
27-OHC on the activity of SH-SY5Y and C6 cells. Ulti-
mately, the optimal concentration of 27-OHC was deter-
mined to be 10 μM, which resulted in a 50–60% survival 
rate for both cell lines.

Determination of total cholesterol, ROS, and GSH content
SH-SY5Y/C6 cells were cocultured. After culture, SH-
SY5Y cells were collected and resuspended according to 
the instructions of the total cholesterol, ROS and GSH 
kits. The total cholesterol data are expressed as mmol/g 
protein; the ROS data are expressed as fluorescence 
intensity/mg protein; and the GSH data are expressed as 
μmol/g protein.

Evaluation of the IL‑6, TNF‑α, IL‑17, TGF‑β, and IL‑10 
concentrations
The concentrations of IL-6, TNF-α, IL-17, TGF-β, and 
IL-10 were measured using an ELISA kit. The absorb-
ance values of each standard and sample were measured 
at 450  nm using an enzyme labeling instrument. The 
concentration of each standard and absorbance value 
were used to fit a standard curve in Curve Expert soft-
ware (Thermo Fisher Scientific, Waltham, MA, USA). 
The concentrations of the samples were determined by 
subtracting the absorbance value of the S0 wells from the 
OD values of the sample wells.

Quantitative real‑time polymerase chain reaction (qRT–PCR)
After coculturing the SH-SY5Y and C6 cells, the cul-
ture mixture was removed, trypsin was added to collect 
the SH-SY5Y cells, and RNA was extracted using 1  mL 
of TRIzol. The RNA was then analyzed for quantity and 
purity using a spectrophotometer (Imolen, Germany). 
Subsequently, reverse transcription was performed to 
obtain cDNA using an RNA reversal kit, and the RNA 
was analyzed using a real-time fluorescence quantitative 
PCR instrument (Bio-Rad, USA). The primer sequences 
are presented in Table 2.

Statistical analyses
The data are expressed as the means ± standard devia-
tions ( X±S) and were compared using an independent 
samples t test or one-way ANOVA. A post hoc test was 
performed using the LSD method. Differences between 
means were considered significant at P < 0.05. The data 
were analyzed using IBM SPSS Statistics 22 software 
(IBM Corp., Armonk, NY, USA). Graphs were generated 
using GraphPad Prism 8.0.

Table 2  Primer sequence

Gene Primer sequence (5′-3′)

CYP46A1 F: TGC​TTT​TGG​AAA​AAG​GAT​GAGG​

R: AAC​AGG​TCC​ATA​CTT​CTT​AGCC​

CYP7B1 F: CAG​CAG​TGC​GTG​ACG​AAA​TTGAC​

R: TGT​TCT​CTG​GTG​AGG​TGG​ATGGG​

AP-N F: GAA​GGA​CAG​CCA​GTA​TGA​GATG​

R: GGA​TAA​GCG​TGA​TGT​TGA​ACTC​

AP-A F: CAA​TGC​CTT​ACR​CTG​TGA​TTCG​

R: CTA​ATG​ACT​TTG​GGG​TTA​CTGC​

https://www.string-db.org
http://www.bioconductor.org/
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Results
DSS component analysis
DSS UHPLC‑Q Exactive‑Orbitrap‑MS chromatograms
According to the chromatographic conditions, DSS-
treated rat serum samples (Fig. 1A, B), chromatograms of 
the DSS compound samples (Fig.  1C, D), and blank rat 
serum samples (Fig. 1E, F) were collected.

Analysis of DSS aqueous extract chemical composition
The exact mass-to-charge ratios (m/z) of the compounds 
were obtained by Q Exactive-Orbitrap-MS, and the sec-
ondary fragment ions of this mass were obtained by sec-
ondary mass spectrometry. Cholesterol MSP (https://​old.​
Trigl​yceri​de msp-e.com/triglyceridemsp.php), choles-
terol MID (https://​ngdc.​cncb.​ac.​cn/​datab​aseco​mmons/​
datab​ase/​id/​437), PubChem (https://​pubch​em.​ncbi.​
nlm.​nih.​gov/) and other databases were used to query 
the literature within the databases of China Knowledge 
(https://​www.​cnki.​net/) to establish the six Chinese herbs 
in the DSS compound formula. The information in the 
database included chemical composition, molecular for-
mula, secondary fragmentation information, etc., and 
the structures of the relevant compounds were analyzed 

qualitatively. Finally, the chemical components of the 
DSS compound were identified, and a total of 73 chemi-
cal components were obtained. The specific results are 
shown in Table 3.

Analysis of the chemical constituents of DSS‑containing 
serum
Based on the accurate relative molecular mass of the 
compounds, the fragmentation information of each com-
pound and the relevant literature and database informa-
tion, a total of 39 chemical components were identified in 
the DSS-containing serum. The DSS blood entry-related 
components mainly included organic acids, terpenoids, 
phenols, sesquiterpenoids, and sesquiterpene com-
pounds. In addition, we examined blank serum samples 
and identified proline, adenine, pyroglutamic acid, tyros-
ine, and 7-hydroxycoumarin not only as being derived 
from DSS but also as endogenous components inherent 
to the serum. The specific results of the chemical compo-
sition of the DSS-containing serum and the identification 
of the blank serum are shown in Table 3.

Fig. 1  A, B Positive (A) and negative (B) peak ion flow chromatograms of UHPLC-Q Exactive-Orbitrap-MS of DSS rat drug-containing serum 
samples. C, D Positive (C) and negative (D) peak ion flow chromatograms of UHPLC-Q Exactive-Orbitrap-MS of DSS compound samples. E, 
F Positive (E) and negative (F) peak ion flow chromatograms of the positive (E) and negative (F) key peaks of the blank rat serum sample UHPLC-Q 
Exactive-Orbitrap-MS

https://old.Triglyceride
https://old.Triglyceride
https://ngdc.cncb.ac.cn/databasecommons/database/id/437
https://ngdc.cncb.ac.cn/databasecommons/database/id/437
https://pubchem.ncbi.nlm.nih.gov/
https://pubchem.ncbi.nlm.nih.gov/
https://www.cnki.net/
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Active ingredients and potential targets of DSS
The TCMSP traditional chinese medicine database 
revealed 13 valid targets in proline; 12 valid targets in 
choline, 5-hydroxymethyl-2-furaldehyde, adenine, gal-
lic acid, paeonidin E, paeoniflorin, 7-hydroxycoumarin, 
ligusticolide K, and butylphthalide; 9 valid targets in 
arginine; 13 valid targets in 5-hydroxymethylfurfural, 
ligustrazine, vanillic acid, and paeonol; 31 valid targets 
in pyrogallol; 15 valid targets in citric acid, pyroglutamic 
acid, phenylalanine, and ferulic acid; 19 valid targets in 
tyrosine kinase and 4,7-dihydroxy-3-butylphthalide; 11 
valid targets in desbenzoyl paeoniflorin, catechin, and 
paeonone-1-O-β-D-glucoside; 14 valid targets in dime-
thyl phthalate, paeonifloride, ligusticolide D, ligustrac-
tone; 18 valid targets in methyl gallate; 10 valid targets 
in salicylic acid and alisene epoxide; 17 valid targets in 
ligusticolide G and atractylodes lactone III; 20 valid tar-
gets in 3-n-butylphthalide; and 26 valid targets in z-ligus-
tilide. A total of 11,501 AD target genes were obtained 
from the GeneCards database, and 385 AD target genes 
were obtained from the OMIM database. After taking 
the top 1000 genes according to the GeneCards correla-
tion scores and the set of all target genes in the OMIM 
database and removing duplicates, disease targets for 
AD were obtained. The targets for DSS and AD were 
entered into Venny, and a total of 181 shared targets were 
obtained (Fig. 2A).

Protein‒protein interaction networks
Using the StringPlatform, a PPI network consisting of 55 
nodes and 265 edges was constructed based on the 181 
common targets for potential DSS-related anti-AD tar-
gets (Fig. 2B). By analyzing the topological parameters of 
the network, AKT serine/threonine kinase 1 (AKT1), jun 
proto-oncogene (JUN), heat shock protein 90 alpha fam-
ily class a member 1 gene (HSP90AA1), IL-6, TNF, estro-
gen receptor 1 (ESR1), mitogen-activated protein kinase 
1 (MAPK1), interleukin-1 beta (IL1B), epidermal growth 
factor receptor (EGFR) were found to play important 
roles in the network.

Active ingredient‑target‑disease network
Using Cytoscape 3.9.2 software, a network of 253 nodes 
and 554 edges was constructed between potential thera-
peutic targets of AD drugs and DSS (Fig. 2C). The built-
in network analyzer was used to analyze the degrees of 
the nodes, in which the degree-valued active ingredients 
associated with the most DSS-related targets were pyro-
gallol and z-ligustilide.

GO enrichment and KEGG pathway analysis
The GO enrichment and KEGG pathway analysis results 
revealed that DSS and AD shared 181 enriched targets. 

These targets were analyzed based on biological pro-
cesses, cellular components, and molecular functions. 
The results were related to “nuclear receptor activity,” 
“ligand-activated transcription factor activity” (Fig.  2D). 
According to the KEGG pathway analysis, “lipid and ath-
erosclerosis,” “AGE-RAGE signaling pathway in diabetic 
complications,” “fluid shear stress and atherosclerosis,” 
and “IL-17 signaling pathway” were the key pathways 
(Fig. 2E).

Effect of DSS on 27‑OHC‑induced cell damage in SH‑SY5Y/
C6 cocultures
Effect of DSS on 27‑OHC‑induced damage to SH‑SY5Y and C6 
cell viability
The MTT results showed that DSS administration sig-
nificantly improved the viability of 27-OHC-injured SH-
SY5Y and C6 cells (Fig. 3A, B). These results demonstrate 
that DSS protects SH-SY5Y and C6 cells by antagonizing 
the toxic effects of 27-OHC.

Effect of DSS on the cholesterol content of SH‑SY5Y cells 
in the 27‑OHC‑damaged coculture system
27-OHC caused cellular damage and elevated cholesterol 
levels in SH-SY5Y cells (P < 0.05), whereas a decrease 
in cholesterol content in SH-SY5Y cells was observed 
after treatment with different doses of DSS (Fig.  3C). 
As expected, DSS ameliorated the 27-OHC-induced 
increase in cholesterol.

Effect of DSS on CYP46A1 and CYP7B1 expression 
in 27‑OHC‑damaged coculture system‑generated SH‑SY5Y 
cells
To investigate the involvement of CYP46A1 and CYP7B1 
in regulating cholesterol metabolism, we used PCR to 
eliminate their mRNA expression. We observed that 
in the model group, the number of SH-SY5Y cells with 
CYP46A1 and CYP7B1 mRNA expression decreased 
(P < 0.001), the medium-dose DSS treatment significantly 
elevated the expression of CYP7B1 mRNA (P < 0.001), 
and the high-dose DSS treatment significantly increased 
the expression of CYP46A1 and CYP7B1 mRNA (Fig. 3D, 
E). These results support a critical effect of DSS in upreg-
ulating CYP46A1 and CYP7B1 enzyme expression.

Effect of DSS on oxidative stress in 27‑OHC‑damaged 
cocultured cells
The results showed a significant increase in the ROS 
content in both the SH-SY5Y and C6 cells in the model 
group (P < 0.001) (Fig.  4A, C). However, treatment with 
DSS at low, medium, or high doses resulted in a signifi-
cant reduction in the ROS concentration in both cell 
lines (P < 0.001) (Fig. 4A, C).
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The model group showed a significant decrease in GSH 
content in both the SH-SY5Y cells and C6 cells (P < 0.001) 
(Fig. 4B, D). In contrast, the GSH content in the SH-SY5Y 
cells in the low-, medium-, and high-dose DSS groups 
significantly increased (P < 0.001) (Fig. 4B). The DSS low- 
and high-dose groups also showed an increase in GSH 
content in C6 cells (P < 0.05) (Fig.  4D). These findings 

suggest that DSS can increase glutathione levels, reduce 
ROS levels, and alleviate oxidative stress.

Effect of DSS on inflammatory factor expression 
in the 27‑OHC‑injured coculture system
An increase in TNF-α levels (P < 0.001) and a decrease 
(P < 0.001) were detected in the model group and DSS 
medium- and high-dose groups of C6 cells, respectively 

Fig. 2  A Drug-disease Venn diagram for DSS and AD. B PPI network diagram for DSS against AD. C Drug target-AD network plot for DSS. D Potential 
target enrichment analysis for GO analysis of DSS (BP: biological process, CC: cellular component, MF: molecular function). E Potential target 
enrichment analysis for DSS (KEGG analysis)
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(Fig. 4E). The IL-6 concentration increased in the model 
group (P < 0.05) and decreased in the DSS low-dose group 
(P < 0.05) (Fig.  4F). The TGFβ1 concentration decreased 
in the model group (P < 0.05), while the TGFβ1 concen-
tration increased in the middle-dose DSS group (P < 0.01) 
(Fig.  4H). There were no significant differences in the 
IL-17 concentration among the groups (Fig. 4G).

An assay of SH-SY5Y cells revealed that the IL-17 con-
centration was elevated in the model group (P < 0.001) 
and decreased in the low-, medium-, and high-dose 
DSS groups (P < 0.01) (Fig.  4I). The IL-10 concentration 
decreased in the model group (P < 0.01), while there was 
no significant change in the IL-10 concentration in the 
DSS dose groups (Fig. 4K). Moreover, there was no sig-
nificant change in the TGF-β1 concentration among the 
groups (Fig. 4J). These results indicate that DSS has some 
anti-inflammatory effects.

Discussion
Abnormal lipid metabolism is a significant factor in the 
pathogenesis of AD, as the brain is the most lipid-rich 
organ [37, 38]. Hypercholesterolemia resulting from lipid 
dysregulation is a high risk factor for neurodegenerative 

diseases that can lead to AD-like pathology [39–41]. 
Research has demonstrated that hypercholesterolemia 
induced by a high-cholesterol diet can lead to oxidative 
stress in cells. This can also accelerate the accumulation 
of Aβ and phosphorylation of tau proteins, increase the 
level of inflammatory factors, and cause spatial learning 
and memory deficits, ultimately accelerating the progres-
sion of AD [42]. Clinical studies have shown that DSS is 
effective at treating dyslipidemia [43] and can be used to 
treat AD [44]. Studies have also demonstrated that DSS 
can reduce serum cholesterol, triacylglycerol (TG), and 
low-density lipoprotein cholesterol (LDL-C) levels while 
increasing high-density lipoprotein cholesterol (HDL-C) 
levels in rats fed a high-fat diet [45]. In a previous study, 
we found that DSS can improve cognitive function in 
APP/PS1 double transgenic AD model mice by regu-
lating docosahexaenoic acid (DHA) metabolism in the 
brain [16]. However, the mechanism of action of DSS to 
improve AD by improving lipid metabolism has not been 
clarified.

In our study, the chemical constituents of DSS were 
analyzed by UHPLC-Q Exactive-Orbitrap-MS. A total of 
73 chemical constituents were identified in DSS aqueous 

Fig. 3  A Effect of DSS on SH-SY5Y cell viability. B Effect of DSS on C6 cell viability. C Effect of DSS on the cholesterol content of SH-SY5Y cells 
in the 27-OHC-injured coculture system. D, E Effects of DSS on CYP46A1 and CYP7B1 mRNA expression in 27-OHC-injured SH-SY5Y cells. DSS(%): 
the content of DSS-containing serum; BS(%): the content of blank serum. Compared with the control, #P < 0.05, ##P < 0.01, and.###P < 0.001; compared 
with the model, *P < 0.05, **P < 0.01, and ***P < 0.001. All values are presented as the mean ± standard deviation. n = 3
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extract, and 39 chemical constituents were identified 
in the DSS drug-containing serum. This study utilized 
network pharmacology to analyze the chemical compo-
nents of DSS drug-containing serum. DSS had 181 com-
mon targets associated with AD, including IL-6, TNF, 
IL1B, AKT1, and EGFR, which are closely related to lipid 
metabolism and inflammation [46–49]. KEGG analy-
sis indicated that DSS has the potential to treat AD by 
targeting lipid metabolism-related and IL-17 signaling 
pathway-related pathways. Thus, our conducted in vitro 
experiments to further explore the mechanism of action 
of DSS to improve AD.

Hypercholesterolemia is one of the high risk factors for 
neurodegenerative diseases, and hypercholesterolemia 
causes AD-like pathology [39–41]. Cholesterol is a cru-
cial lipid in the brain. Although peripheral cholesterol 
cannot directly penetrate the blood‒brain barrier, it can 
enter the brain by synthesizing 27-OHC via cytochrome 
P450 27A1 (CYP27A1). The investigation of AD 

pathology in rabbits on a high cholesterol diet and high 
levels of 27-OHC showed a significant decrease in leptin 
expression levels, along with an increase in the hyper-
phosphorylated content of Aβ and tau proteins [50]. 
There are also studies that show that mice injected with 
27-OHC had increased brain deposition of Aβ and amy-
loid A-serum amyloid A (SAA) precursors and exhibited 
poorer cognitive function in the water maze [51]. Investi-
gation of the relationship between 27-OHC and choles-
terol homeostasis revealed that ApoE epsilon4 transgenic 
mice injected with 27-OHC had reduced cognitive func-
tion and upregulated levels of cholesterol-transporting 
proteins in the brain, such as apolipoprotein E (ApoE), 
low-density lipoprotein receptor (LDLR), and LDLR-
associated protein 1 (LRP1), which was ameliorated by a 
27-OHC synthetase inhibitor [52]. In exploring the tox-
icity and mechanisms of AD-like pathology induced by 
27-OHC, it was found that 27-OHC activated the TGF-β/
NF-κB signaling pathway in C6 cells [53], increased the 

Fig. 4  A Effect of DSS on ROS in SH-SY5Y cells. B Effect of DSS on the GSH in SH-SY5Y cells. C Effect of DSS on ROS in C6 cells. D Effect of DSS 
on the GSH in C6 cells. E, F, G, H Effects of DSS on TNF-α, IL-6, IL-17, and TGF-β1 in C6 cells. I, J, K Effects of DSS on IL-17, TGF-β1, and IL-10 
in SH-SY5Y cells. DSS(%): the content of DSS-containing serum; BS(%): the content of blank serum. Compared with the control, #P < 0.05, ##P < 0.01, 
and.###P < 0.001; compared with the model, *P < 0.05, **P < 0.01, and ***P < 0.001. All values are presented as the mean ± standard deviation. n = 3
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level of ROS, and decreased the levels of total superoxide 
dismutase (T-SOD), reduced GSH, and glutathione per-
oxidase (GSH-PX) [54], which contributed to neuronal 
inflammatory and oxidative stress damage. Therefore, to 
explore the molecular mechanisms of DSS against AD, 
we next used a 27-OHC-induced SH-SY5Y/C6 co-culture 
cell injury model to further explore the mechanisms of 
DSS against AD.

27-OHC is present in large amounts in the blood and 
can enter the brain from the periphery and is a major 
cause of memory impairment induced by a high choles-
terol diet [55]. This process can lead to disrupted lipid 
metabolism, neuronal damage, and neuronal apoptosis, 
ultimately resulting in cognitive dysfunction [56, 57]. One 
pathway of cholesterol metabolism in the brain involves 
its conversion to 24-hydroxycholesterol acid (24-OHC) 
through CYP46A1, which then enters the peripheral cir-
culation [58]. Autopsy results have shown a significant 
decrease in 24-OHC levels and a significant increase in 
27-OHC levels during the late stages of AD [59], with an 
increased 24-OHC/27-OHC ratio. In experiments com-
paring normal and knockout CYP46A1 mice on a high 
cholesterol diet, researchers found that the expression 
levels of activity-regulated cytoskeletal-associated pro-
teins were reduced in normal mice. However, the expres-
sion levels of cytoskeletal-associated proteins were not 
significantly altered in knockout CYP46A1 mice due to 
the reduced conversion to cholesterol, which protects the 
brain tissue [56, 60]. 24-OHC and 27-OHC are consid-
ered biomarkers for diagnosing AD [61]. Changes in the 
levels of the enzymes CYP46A1 and CYP7B1 can reflect 
lipid metabolism [62]. The results of this study showed 
that DSS administration upregulated the expression of 
CYP46A1 and CYP7B1 mRNA in 27-OHC-injured SH-
SY5Y cells and reduced the cholesterol content in SH-
SY5Y cells. This may be one of the mechanisms by which 
DSS can treat AD by regulating lipid metabolism as 
shown in network pharmacology results.

Lipids are the main components of cell membranes, 
and when oxidative stress occurs during lipid peroxida-
tion, the structural integrity of cell membranes is dis-
rupted [63]. Moreover, highly reactive lipid peroxides can 
accelerate the formation of ROS [64], generating oxidized 
metabolites that are harmful to brain tissue and impair 
cognitive function [65–67]. Thus, an imbalance between 
oxidation and antioxidants affects cognitive function. 
ROS are primarily produced by microglia [68]. Oxidative 
stress caused by excessive ROS and reactive nitrogen spe-
cies (RNS) [69]  can lead to direct damage to lipids and 
cognitive dysfunction [70]. One way to treat oxidative 
stress caused by ROS is to increase the amount of free 
radical scavengers and antioxidants [68]. GSH is a cru-
cial component of the body’s nonenzymatic antioxidant 

system, and cognitive dysfunction is often accompanied 
by a loss of GSH in the brain [71]. The results of this 
study indicated that DSS can decrease ROS levels and 
increase GSH expression in SH-SY5Y and C6 cells in a 
27-OHC-induced injury model. These findings suggest 
that DSS can improve the level of oxidative stress in both 
neuronal and glial cells.

Neuroinflammation is an inflammatory response in 
the central nervous system caused by glial cell activa-
tion and is inextricably linked to the development of 
oxidative stress [72]. Glial cell activation produces many 
proinflammatory cytokines, such as interleukins (IL-1β, 
IL-6, and IL-18), TNF, and chemokines (CCL1, CCL5, 
and CXCL1) [73], which result in synaptic dysfunction, 
neuronal death, and the inhibition of long-term potentia-
tion, promoting cognitive impairment [74, 75]. Activated 
microglia not only release proinflammatory signaling 
molecules and neurotoxins but also form a vicious cycle 
of proinflammatory signaling molecules, which continu-
ously enhances neuroinflammation and promotes the 
development of AD [73, 76]. Through network pharma-
cology analysis, the results of this study identified numer-
ous targets related to inflammatory factors that could be 
potential anti-AD targets. In  vitro, DSS administration 
downregulated the expression of the inflammatory factor 
IL-17 in 27-OHC-injured SH-SY5Y cells and the inflam-
matory factors TNF-α, IL-6, and TGF-β1 in 27-OHC-
injured C6 cells. These findings suggest that DSS has 
anti-inflammatory effects on both neuronal and glial 
cells.

Although our study yielded encouraging results, 
importantly, the composition of DSS is complex, and we 
are still unable to determine which components of DSS 
play protective roles against 27-OHC injury in the cocul-
ture cell system.

To summarize this study, UHPLC-Q Exactive-Orbit-
rap-MS analysis was used to identify the chemical com-
position of DSS, and 73 compounds in the DSS aqueous 
extract and 39 compounds in the DSS drug-containing 
serum were preliminarily identified. Network pharma-
cological analysis was used in this study, and 181 com-
mon targets were found between DSS and AD, of which 
IL-6, TNF, IL1B, AKT1, and EGFR were the main effec-
tive targets. Additionally, DSS might treat AD through 
lipid metabolism and IL-17 signaling pathways. Addi-
tionally, this study used a SH-SY5Y/C6 coculture sys-
tem model of 27-OHC-induced injury to examine both 
neuronal and glial cells. In  vitro experiments revealed 
that DSS administration upregulated the expression 
of CYP46A1 and CYP7B1, reduced cholesterol lev-
els in neuronal cells, decreased ROS levels in neu-
ronal and glial cells, increased the expression of GSH, 
and decreased the expression of inflammatory factors. 
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These effects ameliorated neuronal cell injury induced 
by 27-OHC cholesterol.

To further investigate the potential regulatory mech-
anisms of DSS on the lipid and atherosclerosis pathway, 
we will hypothesise that impairment of 27-OHC may 
result in abnormal lipid metabolism, which in turn may 
contribute to the development of AD. We will then test 
the indicators of apolipoprotein E (ApoE), low-density 
lipoprotein receptor (LDLR) and low-density lipopro-
tein receptor-related protein 1 (LRP1) expression, with 
a view to gaining insights into the pharmacological 
effects of DSS in the treatment of AD.

Conclusions
In conclusion, our study utilized UHPLC-Q Exactive-
Orbitrap-MS to identify a total of 73 chemical con-
stituents in DSS aqueous extract, and 39 chemical 
constituents in the DSS drug-containing serum. 
Through network pharmacology analysis, DSS-con-
taining serum contains targets relevant to AD therapy 
and has the potential to treat AD by targeting lipid 
metabolism-related pathways. What’s more, further 
in vitro experiments have shown that DSS can mitigate 
27-OHC-induced neuronal cell damage by regulating 
cholesterol metabolism, reducing oxidative stress and 
inflammation. These findings suggest that DSS may be a 
potential clinical treatment for AD caused by abnormal 
lipid metabolism.
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