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Alzheimer’s disease (AD) is the most common cause of neurodegenerative dementia and
one of the top medical concerns worldwide. Currently, the approved drugs to treat AD are
effective only in treating the symptoms, but do not cure or prevent AD. Although the exact
causes of AD are not understood, it is recognized that tau aggregation in neurons plays a
key role. Chuanxiong Rhizoma (CR) has been widely reported as effective for brain
diseases such as dementia. Thus, we explored the protections of CR in AD by a tau
pathogenesis–based network pharmacology approach. According to ultra-HPLC with
triple quadrupole mass spectrometry data and Lipinski’s rule of five, 18 bioactive
phytochemicals of CR were screened out. They were shown corresponding to 127 tau
pathogenesis–related targets, among which VEGFA, IL1B, CTNNB1, JUN, ESR1, STAT3,
APP, BCL2L1, PTGS2, and PPARG were identified as the core ones. We further analyzed
the specific actions of CR-active phytochemicals on tau pathogenesis from the aspects of
tau aggregation and tau-mediated toxicities. It was shown that neocnidilide, ferulic acid,
coniferyl ferulate, levistilide A, Z-ligustilide, butylidenephthalide, and caffeic acid can be
effective in reversing tau hyperphosphorylation. Neocnidilide, senkyunolide A,
butylphthalide, butylidenephthalide, Z-ligustilide, and L-tryptophan may be effective in
promoting lysosome-associated degradation of tau, and levistilide A, neocnidilide, ferulic
acid, L-tryptophan, senkyunolide A, Z-ligustilide, and butylidenephthalide may antagonize
tau-mediated impairments of intracellular transport, axon and synaptic damages, and
neuron death (especially apoptosis). The present study suggests that acting on tau
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aggregation and tau-mediated toxicities is part of the therapeutic mechanism of CR
against AD.
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INTRODUCTION

Conioselinum anthriscoides “Chuanxiong” (rhizome), also known
as Chuanxiong Rhizoma (CR), is one of the most important herbs
promoting the movement of qi and blood. CR has been widely
used to dispel the stasis of blood, release the stagnation of qi, drive
out feng, and relieve pain (Cai et al., 2014; Chen et al., 2018).
According to the literature, there were about 100 prescriptions
out of 520 Chinese patent medicines containing CR to treat
encephalopathy (Zheng et al., 2013). The dried rhizome of CR is
the main component of several traditional Chinese medicine
decoctions with preventive effects on dementia, such as
Chuanxiong Tianma San (川芎天麻散), Taohong Siwu
Decoction (桃红四物汤), and Yufeng Decoction (愈风汤).
From 104 kinds of traditional Chinese medicine decoctions for
the treatment of senile dementia, 147 Chinese herbs were
identified, and the medicine pair most used was CR and
Acorus tatarinowii (Zong et al., 2014; Yang et al., 2017). It was
also shown that CR is a commonmonarch herb for the treatments
of Alzheimer’s disease (AD) and vascular dementia (Han et al.,
2014; Wen et al., 2018).

As the most common cause of neurodegenerative dementia
and one of the top medical concerns worldwide, AD is
characterized by extracellular amyloid-β (Aβ) plaques,
intracellular tau aggregation into neurofibrillary tangles
(NFTs), neuronal synaptic dysfunction, and neuronal loss
(Hinz and Geschwind, 2017). Notably, deposition of tau was
evident many years before clinical symptoms appeared (Quiroz
et al., 2018), and the extent of tau lesions in the brain has been
shown to be closely related to the severity of dementia in AD
patients (Braak and Braak, 1991). Hyperphosphorylation is one
of the most prevalent posttranslational modifications found in
aggregated tau isolated from the brains of AD patients. Thus,
phosphorylated tau (p-tau) in cerebrospinal fluid has been used
as a biomarker for the diagnosis of AD (Dubois et al., 2014; Xia
et al., 2021). Cerebrospinal fluid p-tau such as that
phosphorylated at Thr181 (p-tau181) or phosphorylated at
Thr231 (p-tau231) has been significantly associated with
neocortical NFT pathology and hippocampal atrophy rates
(Hampel et al., 2005; Buerger et al., 2006). None of the
pharmacologic treatments (drugs) available today for AD
slow down or stop the damage and destruction of neurons
that cause AD’s symptoms. There are currently six drugs used
clinically to improve AD symptoms, such as cholinesterase
inhibitors, N-methyl-D-aspartic acid (NMDA) receptor
antagonist, and Aduhelm (aducanumab). Noteworthy,
Aduhelm is AD’s first targeted therapy drug based on the
Aβ hypothesis, which has received considerable suspicion
and controversy (Lalli et al., 2021; Rabinovici, 2021). Since
there are currently no drugs that can cure or prevent AD, it is of
great significance to find effective phytochemicals in CR against

the important pathological changes, such as tau aggregation,
in AD.

The various bioactivities of CR are attributed to its
phytochemicals. Among the numerous phytochemicals,
aromatic acids, phthalides, and alkaloids are the major
bioactive phytochemicals of CR (Donkor et al., 2016).
Phthalides are characteristic components of quality control in
CR, among which Z-ligustilide is often used as a marker
compound to evaluate the quality of CR. Aromatic acids
stimulate blood circulation and eliminate blood stasis by
preventing platelet aggregation and acting as antithrombotic
agents (Li et al., 2012). Tetramethylpyrazine (TMP), a
characteristic alkaloid isolated from CR, was reported to
reduce Aβ and tau pathology in several dementia animals (Lu
et al., 2017; Huang et al., 2021). Ferulic acid has free radical
scavenging and anti-inflammatory activities (Sakai et al., 1997;
Zhang et al., 2003). Senkyunolide has anti-cyclooxygenase
activity, and Z-ligustilide has antiproliferative activity
(Kobayashi et al., 1992; Momin and Nair, 2002). Z-ligustilide
also protects against Aβ25-35-induced neurotoxicity by regulating
the tumor necrosis factor α (TNFα)–activated nuclear factor κB
(NF-κB) signaling pathway (Kuang et al., 2009).
Butylidenephthalide provides neuroprotection by reducing the
release of various proinflammatory molecules from activated
microglia (Nam et al., 2013). But generally, the
phytochemicals of CR are numerous, and the pathogenesis of
AD is very complex, making it difficult to catch the key
phytochemicals and main action pathways of CR in AD
treatment.

Overexpression, abnormal modifications, and degradation
obstruction make tau protein accumulate in neurons, resulting
in a series of neurotoxic effects, such as organelle dysfunctions,
axon damages, synaptic loss and dysfunction, intracellular
transport disorders, and neuronal death. Therefore, we applied
a novel network pharmacology strategy to investigate the
phytochemicals in CR with potential therapeutic effects against
the above tau pathogenesis. To increase the credibility of the
phytochemical data source, the bioactive phytochemicals of CR
were obtained from recent studies based on ultra-
high–performance liquid chromatography (UHPLC) with
triple quadrupole mass spectrometry (UHPLC-MS/MS) (Yin
et al., 2019; Wang et al., 2020). According to the UHPLC-MS/
MS data and Lipinski’s rule of five (RO5), in CR, 18 bioactive
phytochemicals corresponding to 127 tau pathogenesis–related
targets were screened out. Furthermore, it was found that CR
targets tau hyperphosphorylation, promotes tau
lysosome–associated degradation, and antagonizes tau-
mediated impairments of intracellular transport, axon and
synaptic damages, and neuron death. This tau pathogenesis
network pharmacology study partially reveals the mechanism
of CR against AD.
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MATERIALS AND METHODS

Determination of the Main Phytochemicals
of CR and Evaluation of Pharmacological
Parameters
The composition of CR is complex and diverse. A total of 20
bioactive phytochemicals of CR were obtained from a recent
study using UHPLC-MS/MS (Wang et al., 2020). In addition,
TMP, a main bioactive phytochemical of CR, was also included
(Zhu et al., 2021; Lin et al., 2021). The chemical structures in
canonical SMILES format were extracted from the PubChem
database (https://pubchem.ncbi.nlm.nih.gov/) (Kim et al.,
2016). The 2D chemical structures were drawn with
ChemDraw Ultra 8.0 software. RO5, i.e., molecule weight
(MW) < 500, number of hydrogen bond donors (Hdon) ≤
5, number of hydrogen bond acceptors (Hacc) ≤ 10,
lipid–water partition coefficient (LogP) ≤ 5, and number of
rotatable bonds (Rbon) ≤ 10, has been extensively used to
evaluate bioavailability based on the structures of compounds.
Here, we employed the SwissADME web tool (www.
swissadme.ch) (Daina et al., 2017; Zeng et al., 2021a) to
evaluate the compounds according to RO5. The main
phytochemicals of CR consistent with RO5 were filtered out
for the follow-up studies. The Traditional Chinese Medicine
Systems Pharmacology Database and Analysis Platform
(TCMSP) database (https://tcmsp-e.com/) (Ru et al., 2014)
was used to evaluate the blood–brain barrier (BBB) score of the
bioactive phytochemicals of CR.

Evaluation of Toxicological Parameters
The contents of bioactive phytochemicals (mg/g) of CR were from
a recent report (Wang et al., 2020), in which 36 CR dried rhizome
samples from six different production origins (Dongpo, Meishan
City; Dujiangyan City; Pengshan, Meishan City; Pengzhou City;
Qionglai City; and Shifang City) in Sichuan Province, China, were
tested. Drug toxicology is one of the key fields of preclinical
research. The toxicological parameters of the identified CR
bioactive phytochemicals were determined via Protox II
webserver (https://tox-new.charite.de/protox_II/) (Banerjee et al.,
2018). The toxicological end points (hepatotoxicity,
carcinogenicity, immunotoxicity, and mutagenicity) are reported
in a binary format as active or inactive. Synthetic accessibility score
(SAscore) was calculated by the ADMETlab 2.0 (Xiong et al., 2021);
a SAscore >6 implies that it is difficult to synthesize and a SAscore
<6 implies easy to synthesize.

Collection of CR–Related Targets
As a web server for target prediction of bioactive small molecules,
the SwissTargetPrediction database (http://www.
swisstargetprediction.ch/) (Daina et al., 2019; Zeng et al.,
2021b) was used to collect the potential targets of the CR’s
main phytochemicals. Specifically, the canonical SMILES was
input into the SwissTargetPrediction, and the target species was
set as Homo sapiens. Subsequently, the target information was
collected and organized by the Microsoft Excel software (version
2019).

Analysis of Genes Correlated With Tau
Pathogenesis
The AlzData database (http://www.alzdata.org/), a widely used AD
database that collects current high-throughput omics data (Xu et al.,
2018), was used to analyze the relationship between the CR targets
and tau pathogenesis. The CR potential targets were used as input
into AlzData database (“CFG rank” module) for the correlation
analysis with tau pathogenesis. The Microsoft Excel software
(version 2019, Microsoft, Redmond, WA, United States) was then
used to collate the obtained results. The normalized expression levels
of the CR targets related to tau pathogenesis in the control and AD
groups in the Gene Expression Omnibus (GEO) data set were
analyzed with the “Differential expression” module of AlzData.
The AlzData database contains gene expression data of different
cell types from the human brain single-cell RNA-seq (GSE67835)
and was used to identify the target-related cell type in this study. The
GraphPad Prism software (version 8.0, San Diego, CA, United
States) was used for graphical visualization. We further
investigated the functional classification of the targets correlated
with tau pathogenesis by the Panther classification system (http://
pantherdb.org/) (Mi et al., 2007). The Sankey diagrams were plotted
using the OriginPro 2021 software (OriginLab Corporation,
Northampton, MA, United States).

Protein–Protein Interaction Network
Construction and Screening of Core
Targets
The PPI network maintains the proper function of all organisms.
The PPI network of the target proteins was constructed by the
STRING database (version 11.5, https://string-db.org/)
(Szklarczyk et al., 2019) and visualized by the Cytoscape
software (version 3.7.1) (Shannon et al., 2003). By default,
only PPIs with an interaction score exceeding the threshold of
0.4 (medium confidence) were included. In the PPI network,
degree refers to the number of other nodes directly connected to a
node. The core targets are defined as the targets in the top 20
ranked by the degree values calculated using Network Analysis (a
Cytoscape plugin). The larger a node’s degree is, the more
important the node is in the PPI network.

Disease Ontology, Gene Ontology, and the
Kyoto Encyclopedia of Genes and Genomes
Pathway Enrichment Analysis
DOannotates genes are based on human disease, andGO terms are
divided into three categories, namely, biological process (BP),
cellular component (CC), and molecular function (MF). In this
research, the DO, GO, and KEGG pathway enrichment analyses
were performed by DOSE Bioconductor (Yu et al., 2015) and
ClusterProfiler R package (version 3.12.0) (Yu et al., 2012). The p
values were adjusted using the Benjamini–Hochberg (BH)method.
The statistical significance was denoted if p value <0.05. Th rich
factor is the ratio of the gene numbers to all gene numbers
annotated in this term. The top 20 GO terms and KEGG
pathways sorted by the p value were visualized by an online
tool (http://www.bioinformatics.com.cn/) (Zeng et al., 2021c).
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Cell Culture and Proteomic Analysis
In our laboratory, 293 human embryonic kidney cells stably
expressing human full-length tau (HEK293/tau) or the vector
(HEK293/vec) were established (Li et al., 2007). The cells were
cultured in Dulbecco’s Modified Eagle’s Medium (DMEM,
Thermo Fisher Scientific, Waltham, MA, United States)
supplemented with 10% fetal bovine serum (FBS, Gibco BRL,
Gaithersburg, MD) and 200 mg/ml G418 (Thermo Fisher
Scientific, Waltham, MA, United States), and were grown in
37°C in a humidified atmosphere of 5% CO2.

As has been indicated previously (Fang et al., 2018; Shi et al.,
2020), the integrated approach to quantify the proteomic changes
in HEK293/tau cells included isobaric tags for relative and
absolute quantification (iTRAQ), HPLC fractionation, and
MS-based quantitative proteomics. The proteins were digested
by trypsin, and the obtained peptides were labelled by iTRAQ 6-
plex reagents and fractionated by high pH reversed-phase HPLC.
For HPLC/tandem MS analysis, the peptides were then dissolved
in 0.1% (vol/vol) formic acid, loaded onto a reversed phase pre-
column (Acclaim PepMap 100; Thermo Fisher Scientific) and
separated by a reversed-phase analytical column (Acclaim
PepMap RSLC; Thermo Fisher Scientific). The resulting
peptides were analyzed by a Q Exactive™ Plus hybrid
quadrupole–Orbitrap mass spectrometer (Thermo Fisher
Scientific). To identify and quantify proteins, the resulting MS/
MS data were analyzed by MaxQuant with an integrated
Andromeda search engine, and the tandem mass spectra were
searched against the UniProt human protein database. The
differentially expressed proteins were defined as 1.3-fold
changes (>1.30 or <0.77) and p < 0.05. The gene set
enrichment analysis (GSEA) was performed using
ClusterProfiler R package (version 3.12.0). For each GSEA, the
normalized enrichment score (NES) and p value were specified.
Using Venny 2.1 (https://bioinfogp.cnb.csic.es/tools/venny/
index.html), the molecules present in both the HEK293/tau/
HEK293/vec differentially expressed protein data set and CR
target data set were screened out.

Molecular Docking Simulations
Molecular docking is a computational method to study the
interaction between the receptor and its ligands. The 3D
molecular structures of CR’s key phytochemicals were
retrieved from the PubChem database, and the structure files
of the target proteins were acquired from the RCSB Protein Data
Bank (PDB database, http://www.rcsb.org/) (Westbrook et al.,
2002). The molecular docking was performed using the LeDock
program (http://www.lephar.com/software.htm) (Wang Z. et al.,
2016) with high accuracy in pose prediction. The receptor files
were processed by the LePro tool, and all parameters were set to
default for conformation sampling by a combination of simulated
annealing and evolutionary optimization. The docking scores
were calculated by the default scoring function. The PDB codes
are: human CTNNB1 (2GL7), JUN (5FV8), ESR1 (1ERE), STAT3
(6NJS), BCL2L1 (3SP7), PTGS2 (5F19), PPARG (1FM9),
NOTCH1 (2F8Y), CCND1 (2W96), TLR4 (3UL7), CXCL8
(1ILQ), MAPK1 (1PME), MAPK14 (1BL6), MMP2 (1CK7),
GSK3B (2O5K), RELA (3QXY), and ICAM1 (1IC1).

RESULTS

Main Bioactive Phytochemicals of CR and
Their Pharmacological Properties
We focused on 21main bioactive phytochemicals of CR identified
by UHPLC-MS/MS, namely, 12 aromatic acids, 8 phthalides, and
TMP (Wang et al., 2020; Yin et al., 2019). According to the
quantitative data (Wang et al., 2020), Z-ligustilide has the highest
content (7.16 ± 0.36 mg/g CR), followed by senkyunolide A (5.2 ±
0.36 mg/g CR) and coniferyl ferulate (1.98 ± 0.08 mg/g CR)
(Figure 1A). The content of TMP is very low (0. 60 to
11.75 μg/g CR) (Yin et al., 2018). A previous study (Li et al.,
2014) also measured the content of nine phytochemicals in CR
(Supplementary Figure S1). We utilized the SwissADME
database (Daina et al., 2017; Zeng et al., 2021a) to calculate
the physicochemical properties relevant to RO5. Three
ingredients, chlorogenic acid, cryptochlorogenic acid, and 3,5-
O-dicaffeoylquinic acid were shown to violate RO5 (Table 1).
Using the SAscore to assess the ease of synthesis of drug-like
molecules (Ertl and Schuffenhauer, 2009), it was shown that only
levistilide A was difficult to synthesize (Table 1). The BBB score
was evaluated and a score of ≥ −0.3 means that it is easy to cross
the BBB. A large majority of the phytochemicals of CR can cross
the BBB and enter the central nervous system, with senkyunolide
A, neocnidilide, butylidenephthalide, Z-ligustilide, and TMP
showing better BBB penetration. The prediction of the
potential side effects of drugs is an important part of the drug
development process. Hence, we used the Protox II webserver to
analyze the febrile toxicological parameters of these 21
phytochemicals, such as hepatotoxicity, carcinogenicity,
immunotoxicity, mutagenicity, and acute oral toxicity (LD50,
mg/kg). All the bioactive phytochemicals of CR have no
hepatotoxicity, and chlorogenic acid, cryptochlorogenic acid,
3,5-O-dicaffeoylquinic acid, and neocnidilide showed the
highest LD50 values (Figure 1B). Since chlorogenic acid,
cryptochlorogenic acid, and 3,5-O-dicaffeoylquinic acid violate
RO5 (Table 1), the follow-up studies were conducted on the
remaining 18 RO5-compliant CR phytochemicals.

Tau Pathogenesis–Associated Targets of
CR’s Main Bioactive Phytochemicals
Based on the 18 CR phytochemicals and their structures, a total of
376 potential targets were obtained by the SwissTargetPrediction
database (Daina et al., 2019). To determine the human disease
relevance of these 376 targets, we assessed the functional
enrichment by DOSE Bioconductor packages with default
parameters for DO (Yu et al., 2015). The DO terms with
adjusted p values <0.05 were considered significantly enriched,
and a total of 555 DO terms were significantly enriched in our
study. As shown, the primary enriched DO terms were nutrition
disease (DOID: 374), obesity (DOID: 9970), Alzheimer’s disease
(DOID: 10652), tauopathy (DOID: 680), and atherosclerosis
(DOID: 1936) (Figure 2A). Tauopathy was significantly
enriched (adjust p value = 7.68E-22), in which 70 targets were
involved. Furthermore, the AlzData database (Xu et al., 2018) was
used to screen out the tau pathogenesis–associated CR targets,
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and 70 CR targets were correlated with tau pathology. After all the
extracted CR targets were pooled, a total of 127 CR targets were
obtained (Supplementary Table S1) and formed a PPI network

with 127 nodes, 967 edges, and an average node degree of 15.2
(Figure 2B). Accordingly, 20 targets, namely, VEGFA, IL1B,
CTNNB1, JUN, ESR1, STAT3, APP, BCL2L1, PTGS2, PPARG,

FIGURE 1 | The content and toxicological parameters of bioactive phytochemicals in Chuanxiong Rhizoma (CR). (A) The contents of chemical constituents in CR
dried rhizome samples from different origins in the Sichuan Province, China. The data were derived from in a recent report (Wang et al., 2020) and expressed as mean ±
standard errors of the mean (SEM). (B) The toxicological parameters of 21 phytochemicals in CR, such as hepatotoxicity, carcinogenicity, immunotoxicity, mutagenicity,
and acute oral toxicity (LD50, mg/kg). The red and green circles represent active or inactive toxicological end points, respectively.

TABLE 1 | 21 Main phytochemicals in CR and their properties.

Compound Formula MW (g/mol) Hdon Hacc Rbon LogP SAscore BBB

Protocatechuic acid C7H6O4 154.12 3 4 1 0.65 1.71 −0.17
p-Hydroxybenzoic acid C7H6O3 138.12 2 3 1 1.05 1.38 0.21
L-Tryptophan C11H12N2O2 204.23 3 3 3 0.17 2.30 −0.17
Vanillic acid C8H8O4 168.15 2 4 3 1.08 1.54 0.09
Gallic acid C7H6O5 170.12 4 5 1 0.21 2.10 −0.54
Chlorogenic acid C16H18O9 354.31 6 9 5 −0.38 3.87 −1.71
Caffeic acid C9H8O4 180.16 3 4 2 0.93 2.04 0.11
Vanillin C8H8O3 152.15 1 3 2 1.2 1.82 0.41
Ferulic acid C10H10O4 194.18 2 4 3 1.36 1.87 −0.03
Cryptochlorogenic acid C16H18O9 354.31 6 9 5 −0.32 3.59 −1.73
3,5-O-Dicaffeoylquinic acid C25H24O12 516.45 7 12 9 0.76 4.21 −2.04
Senkyunolide I C12H16O4 224.25 2 4 2 1.17 4.24 0.5
Senkyunolide H C12H16O4 224.25 2 4 2 1.18 4.24 —

Coniferyl ferulate C20H20O6 356.37 2 6 8 3.25 2.34 −0.16
Senkyunolide A C12H16O2 192.25 0 2 3 2.71 3.28 1.34
Butylphthalide C12H14O2 190.24 0 2 3 2.81 2.56 —

Z-Ligustilide C12H14O2 190.24 0 2 2 2.75 3.61 1.25
Butylidenephthalide C12H12O2 188.22 0 2 2 2.94 2.45 1.27
Neocnidilide C12H18O2 194.27 0 2 3 2.87 3.62 1.32
Levistilide A C24H28O4 380.48 0 4 4 4.73 6.33 —

Tetramethylpyrazine C8H12N2 136.19 0 2 0 0.03 1.97 1.05

MW, molecule weight; Hdon, number of hydrogen bond donors; Hacc, number of hydrogen bond acceptors; Rbon, number of rotatable bonds; LogP, lipid–water partition coefficient;
SAscore, synthetic accessibility score; BBB, blood–brain barrier.
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NOTCH1, CCND1, TLR4, CXCL8, MAPK1, MAPK14, MMP2,
GSK3B, RELA, and ICAM1, ranked by degree, were identified as
the core targets (Figure 2C). It is noteworthy that we also

analyzed the degree value ranking of the above core targets in
the PPI network formed by all 376 targets in CR, and the results
showed that the core targets are very important in the mechanism

FIGURE 2 | PPI network of CR targets associated with tau pathogenesis. (A) Top 20 significantly enriched Disease Ontology (DO) terms are shown as a bubble
diagram. DO terms with corrected p value <0.05 were considered significantly enriched. The x-axis, rich factor (the ratio of targets in the background terms). Bubble size,
the number of genes enriched. Bubble color, p value. (B) 127 targets related to tau pathogenesis were utilized to construct the PPI network. The color of the node
correlates with its degree value. (C) The top 20 targets ranked by degree value were identified as the core targets. The red numbers in the bar chart represent the
degree value ranking of the core targets in the CR’s 376 target PPI network. (D) Differentially expressed core targets of CR related to tau pathogenesis in the temporal
cortex of the control (n = 39) and AD group (n = 52). Data are plotted as individual data points overlaid with mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001. (E) Docking
score (kcal/mol) of CR phytochemicals with their corresponding core targets.
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of action of CR. Specifically, the core targets CTNNB1, VEGFA,
IL1B, JUN, ESR1, and STAT3 ranked in the top 10 in the degree
of the PPI network formed by all targets in CR (Figure 2C, red
numbers). The AlzData database was used to understand the
relationship between these 127 targets and cell types in the human
brain. It was also found that 43 targets were localized in neurons,
38 targets in astrocytes, 35 targets in endothelial cells, 34 targets in
microglia, and 28 targets in oligodendrocytes, indicating that CR
may act on these major types of cells in the brain (Supplementary
Figure S2).

Based on the “Differential expression” module of the AlzData
database, we analyzed the normalized expression values of the CR
core targets related to tau pathogenesis in the healthy control and
AD groups in the GEO database (Figure 2D). It was shown that
ICAM1 and TLR4 were significantly upregulated, and APP,
GSK3B, MAPK1, PPARG, and PTGS2 were significantly
downregulated in the AD temporal cortex (Figure 2D). To
investigate the possibility of the core targets binding to their
corresponding CR phytochemicals, we performed the molecular
docking analysis. The results showed that all the core targets were
well combined with the corresponding phytochemicals
(Figure 2E). Among them, levistilide A showed the highest
binding energy with ESR1 (score value −6.94 kcal/mol),
MAPK14 (score value −6.81 kcal/mol), CCND1 (score value
−5.94 kcal/mol), and STAT3 (score value −5.24 kcal/mol). By
studying the phytochemicals corresponding to the 127 tau
pathogenesis–related CR targets, we found that levistilide A
(43 targets), neocnidilide (40 targets), ferulic acid (28 targets),
senkyunolide A (25 targets), butylidenephthalide (23 targets),
coniferyl ferulate (23 targets), and Z-ligustilide (22 targets) have
the highest number of targets (Figure 3A). The chemical
structures of the CR phytochemicals with the top 10 anti-tau
pathogenesis targets are presented in Supplementary Figure S3.
All 18 main bioactive phytochemicals of CR are associated with
tau pathogenesis, and most of them correspond to multiple
molecules associated with tau pathogenesis (Figure 3A).

Major Effects of CRMain Bioactive Phytochemicals on
Tau Aggregation
In principle, the synthesis, folding, posttranslational processing,
and degradation affect the intracellular homeostasis of tau.
Inappropriate posttranslational modifications, such as (but not
limited to) phosphorylation, glycosylation, acetylation,
ubiquitination, glycation, SUMOylation, methylation, and
nitration, have long been recognized as contributing to the
aggregation and toxicity of tau. Among all posttranslational
modifications of tau, phosphorylation is the most studied. It is
widely believed that tau undergoes hyperphosphorylation before
accumulating into AD-associated aggregates. GO functional
enrichment showed that in the regulation of protein
phosphorylation (GO: 0001934), there are 28 targets involved
(Figure 3B). In this research, the protein functional classification
revealed that 29 of 127 tau pathogenesis–associated targets were
protein-modifying enzymes (PC00260). To screen the protein-
modifying enzymes that can directly interact with tau, we further
used the STRING database (version 11.5) (Szklarczyk et al., 2019)
to construct a PPI network. It was found that tau (encoded by

MAPT) hyperphosphorylation involved protein kinases GSK3B,
MAP2K1, MAPK1, MAPK11, MAPK14, and RPS6KB1 were the
major tau modification-related targets of CR (Figures 3C,D). The
present data did not show any effects of CR on other
posttranslational modifications of tau. The possible regulators
of tau hyperphosphorylation were suggested according to the
number of related targets (Figure 3E). Neocnidilide, ferulic acid,
coniferyl ferulate, levistilide A, and Z-ligustilide were the top five
tau hyperphosphorylation regulators. In addition, it was shown
that the amyloid precursor protein (APP) sequential cleavage-
associated proteases APH1A, BACE1, BACE2, CTSB, PSEN1,
and PSEN2 were also the targets of CR (Figure 3D).

Insufficient degradation promotes tau aggregation. There are
two main pathways for tau degradation, the
ubiquitin–proteasome pathway and lysosomal proteolysis
(Wang et al., 2009). The KEGG enrichment analysis revealed
that 127 CR targets were significantly enriched in the lysosome
(hsa04142, p = 2.71E-04, CTSB, CTSC, CTSH, CTSK, and CTSS),
but not proteasome pathway (Figure 3F). Cathepsins (CTSs) are
mainly lysosomal hydrolases and comprise 15 proteolytic
enzymes, which are classified into three distinct groups,
namely, serine (CTSA and CTSG), cysteine (CTSB, CTSC,
CTSH, CTSF, CTSL, CTSK, CTSO, CTSS, CTSV, CTSX, and
CTSW), and aspartate (CTSD and CTSE). There were 23 tau
pathogenesis–associated targets having direct interactions with
CTSB, CTSC, CTSH, CTSK, and CTSS (Figure 3F), indicating
that CR may promote tau degradation through the lysosomal
pathway. The possible regulators of the tau lysosomal degradation
are suggested to be butylidenephthalide, butylphthalide,
L-tryptophan, neocnidilide, senkyunolide A, and Z-ligustilide
(Figure 3G).

Major Effects of CRMain Bioactive Phytochemicals on
Tau-Mediated Toxicities
Tau is normally enriched on the microtubules within the neuron.
Tau aggregation andmislocalization alter Ca2+ homeostasis impair
the intracellular transport such as axonal transport, induce synaptic
loss and dysfunction, impair the structures, trafficking, and
functions of the organelles, and lead to neuron death,
underlying the tau-mediated toxicities (Bok et al., 2021; Zhang
et al., 2021). To provide an insight into tau-mediated toxicities, we
conducted a proteomic profiling of the HEK293/tau cells and
HEK293/vec cells (n = 3/group). A total of 5,044 proteins were
identified, of which 539 proteins were upregulated and 461
proteins were downregulated proteins in the HEK293/tau cells
(Figure 4A). By the GSEA analysis with higher repeatability and
accuracy than the KEGG and GO analysis, a total of 41 KEGG
pathways were significantly enriched (p < 0.05). A significant
enrichment in KEGG_ALZHEIMERS_DISEASE (NES = 1.64,
p = 0.0137) (Figure 4B) was shown. Furthermore, the
KEGG_LYSOSOME (NES = 2.97, p < 0.001),
KEGG_OXIDATIVE_PHOSPHORYLATION (NES = 2.07, p <
0.001), KEGG_PEROXISOME (NES = 2.09, p < 0.001), and
KEGG_PROTEASOME (NES = −2.89, p = 0.001) were also
significantly enriched (Figures 4C–F). Among these pathways,
the number of proteins involved in the
KEGG_ALZHEIMERS_DISEASE was the largest (87 proteins),
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FIGURE 3 | CR targets related to tau aggregation. (A) 18 main bioactive phytochemicals of CR and the numbers of their targets associated with tau pathogenesis.
The bar diagram displays the numbers of tau pathogenesis–related targets targeted by the phytochemicals. (B)GO biological process analysis of CR targets associated
with tau pathogenesis. BP terms with a p value < 0.05 were considered significant. The bar diagram displaying the numbers of tau pathogenesis–related targets of CR
enriched in the different biological processes. (C) The PPI network showing the CR targets associated with the modification of tau (encoded by MAPT). Red circle
node: MAPT. Cyan and green nodes represent protein modification enzymes directly or indirectly acting on MAPT, respectively. (D) Classification of protein modifying
enzymes directly acting on tau protein. (E) CR phytochemicals involved in tau modification ranked according to the numbers of targets. (F) PPI network of CR targets
associated with the lysosome pathway (hsa04142). The color of the node correlated with its degree value. (G) CR phytochemicals corresponding to targets involved in
the lysosome pathway.
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followed by KEGG_OXIDATIVE_PHOSPHORYLATION (72
proteins), and KEGG_LYSOSOME (67 proteins). We also used
Venny 2.1 to sort the common proteins of the HEK293/tau
differentially expressed protein data set and CR target data set,
and a total of 25 common targets were obtained, namely, CTSB,
SCARB1, SQLE, NCSTN, COMT, HIBCH, EPHA2, SRC, PDK1,
SLC16A1, CA2, ABL1, BRD3, MEN1, PLAA, PARP1, RPS6KA5,
POLA1, and AURKB (Figure 4G). Among these targets, ALDH2,
COMT, EPHA2, HIBCH, MAOA, and PARP1 were also
differentially expressed in the temporal cortex of the AD patients
and had the same change trends (Supplementary Figure S4).

To explore the effect of CR on tau-mediated toxicities, we
performed functional enrichment of 127 targets by GO BP terms.
The top 20 enriched GO BP terms ranked by the count are shown
in Supplementary Table S2 and Figure 3B. The primary
enriched BP terms were synaptic signaling (GO: 0099536),
regulation of protein phosphorylation (GO: 0001934),
apoptotic signaling pathway (GO: 0097190), regulation of
transmembrane transport (GO: 0034762), neuron death (GO:
0070997), axonogenesis (GO: 0007409), and axon guidance (GO:
0007411). In the apoptotic signaling pathway (GO: 0097190), 24
targets are involved and formed a complex PPI network with 24

FIGURE 4 |Gene set enrichment analysis (GSEA) of the proteins in HEK293/tau cells (stable overexpressing humanwild-type full-length tau) andHEK293/vec cells.
(A) Volcano plot showing the differentially expressed proteins, which were as differentially expressed when fold change >1.3 and p < 0.05, between HEK293/tau cells
and HEK293/vec cells. GSEA of the proteins identified by proteomics. KEGG_ALZHEIMERS DISEASE (B), the KEGG LYSOSOME (C), KEGG OXIDATIVE
PHOSPHORYLATION (D), KEGG PEROXISOME (E), and KEGG PROTEASOME (F) were significantly enriched. (G) The common proteins of the differentially
expressed protein data set (HEK293/tau vs HEK293/vec cells) and CR target data set. The size of each bubble point represents the corresponding p value.
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nodes and 99 edges (Figure 5A). Based on Figure 3B and
Figure 5B, 35 targets are involved in synaptic signaling (GO:
0099536), 20 in regulation of transmembrane transport (GO:
0034762), 11 in axonogenesis (GO: 0007409), and six in axon
guidance (GO: 0007411). In these targets and the STRING
database (version 11.5)–based PPI network (Figure 4B), the top
10 targets are CTNNB1, APP, VEGFA, IL1B, NOTCH1, GSK3B,
SLC6A4, STAT3, PTGS2, and FYN (Figure 5C). Further analysis
showed that the main contributors to these targets are levistilide A
(16 targets), neocnidilide (15 targets), ferulic acid (12 targets),
L-tryptophan (10 targets), senkyunolide A (10 targets),
Z-ligustilide (9 targets), and butylidenephthalide (9 targets)
(Figure 5D). In addition, six targets of neocnidilide (DRD4, F2,
GSK3B, IL1B, MAPK14, and PTGS2) act both in tau aggregation
and tau-mediated toxicities (Figure 5E). The degree ranking of these
targets in the PPI network formed by 376 targets of CR is also
displayed in Figure 5F. All these data suggest that themain bioactive
phytochemicals of CR antagonize tau-mediated impairments of
intracellular transport, axon and synaptic damages, and neuron
death (especially apoptosis).

Discussion
A summary of this study is shown in Figure 6. Overexpression,
abnormal modifications, and degradation obstruction make tau
proteins accumulate in the neurons, resulting in a series of
neurotoxic effects, such as organelle dysfunctions, axon
damages, synaptic loss and dysfunction, intracellular transport
disorders, and neuronal death. By analyzing tau
pathogenesis–associated targets of CR bioactive
phytochemicals and their effects on tau aggregation and tau-
mediated toxicities, it is shown that CR targets tau
hyperphosphorylation, promotes tau degradation through the
lysosomal pathway, and antagonizes tau-mediated impairments
of intracellular transport, axon and synaptic damages, and
neuron death (especially apoptosis). As shown in Figure 6, the
major bioactive phytochemicals of CR targeting tau pathogenesis
include neocnidilide, ferulic acid, ferulic acid, Z-ligustilide, and
butylidenephthalide.

There are many challenges in network pharmacology studies.
First, the chemical composition of a traditional Chinese
medicine compound is the material basis of its efficacy, but it

FIGURE 5 |Major effects of CR main bioactive phytochemicals on tau-mediated toxicities. (A) The PPI network of 24 CR targets involved in the apoptotic signaling
pathway (GO: 0097190). (B) Sankey diagram of CR targets involved in synaptic signaling (GO: 0099536), regulation of transmembrane transport (GO: 0034762),
axonogenesis (GO: 0007409), and axon guidance (GO: 0007411). (C) The PPI network was constructed for 50 targets of CR associated with tau-mediated toxicities.
The darker the node color, the higher degree it represents. The thickness of the edge denotes the combined score. The red number below the node represents the
top 10 core targets ranked by degree. (D) CR phytochemicals involved in tau-mediated toxicities ranked according to the numbers of their targets. (E) Neocnidilide acts
in both tau modification and tau-mediated toxicities via DRD4, F2, GSK3B, IL1B, MAPK14, and PTGS2. (F) In the PPI network of 376 CR targets, the degree value
ranking of the six targets associated with (E).
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is worth noting that the traditional Chinese medicine
compound acts as a whole, and its chemical composition is
not a simple addition of the effects of a single herb. Therefore, it
is very unconvincing to add the chemical constituents of single
herbs contained in a traditional Chinese medicine compound
using public databases as compound ingredients. Second,
current research generally uses the oral bioavailability and
drug likeness properties of chemical components to screen
bioactive phytochemicals and rarely considers the dose–effect
relationship of traditional Chinese medicine phytochemicals.
Third, the use of public databases to obtain disease targets
ignores the pathophysiological process of disease
development and increases subjectivity. Fourth, the toxicity
of phytochemicals, such as hepatotoxicity, is not considered.
Fifth, the existence of non-intersection drug targets is ignored
after the intersection of drugs and disease targets, and the
importance of intersection targets for drugs and diseases is
not proved. Sixth, current research usually only considers the
target proteins corresponding to phytochemicals and rarely
considers the combination of phytochemicals and other
biological function molecules.

Compared with the previous studies, this study has the
following improvements. First, we used a novel strategy to
uncover the key phytochemicals of CR associated with tau
pathogenesis. This avoids the subjectivity of directly focusing
on the symptoms and end-pathological changes of AD in
obtaining the targets using public databases. Second, the
present study is based on the active CR phytochemicals
determined by UHPLC MS/MS studies, namely, aromatic
acids, phthalides, and TMP (Wang et al., 2020; Yin et al.,
2019). It is noteworthy that the distribution of the main
bioactive phytochemicals of CR focused in this study is
highly specific, such as butylidenephthalide, neocnidilide,
senkyunolide A, and Z-ligustilide, which are only present

in 3, 6, 10, and 13 herbs, respectively, including CR (data
from HERB, http://herb.ac.cn/) (Fang et al., 2021). In stark
contrast, numerous network pharmacology studies have
identified quercetin (related to 341 herbs), kaempferol
(related to 248 herbs), luteolin (related to 181 herbs), and
β-sitosterol (related to 567 herbs), among others, as candidate
phytochemicals for different diseases (Wang Y. et al., 2021;
Zhou et al., 2021). These widely distributed phytochemicals
are highly unlikely to be the herb-specific active ingredients.
Third, we also assessed the contents of the identified CR
bioactive phytochemicals and the toxicological parameters
and used the human high-throughput omics data to
validate the targets of CR related to tau pathogenesis in the
AD brain. Undoubtedly, this study has some limitations. First,
the results of this study need to be further validated, especially
in AD transgenic animal models and related cell models.
Second, we also found that RO5-violating CR
phytochemicals (chlorogenic acid, cryptochlorogenic acid,
and 3,5-O-dicaffeoylquinic acid) have some neuroprotective
effects (Kwon et al., 2010; Heitman and Ingram, 2017; Ji et al.,
2021). This suggested that overemphasizing RO5 has the
dangerous potential to overfilter compounds that may
otherwise be good drug candidates and this inevitably
results in reduced productivity for discovering new drugs.
Notably, the above three RO5-violating CR phytochemicals
exhibited the worst BBB penetration (with the smallest BBB
parameter).

TMP, the most studied bioactive phytochemical of CR, is
widely used to treat brain impairments caused by infarction/
reperfusion (Liao et al., 2004; Fan et al., 2006). However, we
found that only two of TMP targets (VEGFA and TBXAS1) were
associated with tau pathogenesis, suggesting it might have no
therapeutic significance for tau disease. Some studies have found
that reduced levels of VEGFA protein in the serum and

FIGURE 6 | Schematic diagram of the mechanisms of CR treatment of AD based on tau pathogenesis. CR phytochemicals related to the modification (①),
degradation (②), and toxicities (③) of tau.
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cerebrospinal fluid are associated with an increased risk of AD
and cognitive decline (Hohman et al., 2015; Moore et al., 2020).
A previous study indicated that after oral administration of CR,
13 phytochemicals were absorbed into the rat plasma in
prototype form (Zuo et al., 2011). Among them, the ferulic
acid, butylidenephthalide, levistolide A, neocnidilide,
senkyunolide A, senkyunolide I, and Z-ligustilide analyzed
in this study are included. An isobenzofurans organic
compound of CR, neocnidilide, has a variety of biological
activities such as insecticidal activity (Tsukamoto et al.,
2005) and anti-fungal activity (Marongiu et al., 2013). Here,
we showed that it is important in treating tau-related diseases,
as it acts in both tau modification and tau-mediated toxicities
via its targets DRD4, F2, GSK3B, IL1B, MAPK14, and PTGS2.
As one of these six key targets of neocnidilide, GSK3β is a
widely expressed serine threonine kinase in the brain, and its
expression increases in aging and AD (Lee et al., 2006). GSK3β
activation has been directly linked to neurodegeneration by
promoting tau hyperphosphorylation, memory consolidation,
neurogenesis, synaptic plasticity, long-term potentiation, and
also neuroinflammation (Lauretti et al., 2020). Therefore, it is
considered to be an important target for AD prevention and
treatment. Levistilide A, a bioactive phytochemical of CR with
anti-inflammatory activities and potential P-gp modulation, is
currently being used for treating cancer (Guo et al., 2018). In 6-
month-old APP/PS1 transgenic mice, 4 months of
intraperitoneal injection with levistilide A (2 mg/kg/day)
rescued memory deficits via decreasing Aβ aggregation, tau
hyperphosphorylation, and synapse loss (Qu et al., 2021).
Senkyunolide A, a standard compound for the quality
evaluation of CR, has the vasorelaxation activity in
contractions to various contractile agents in rat isolated
aorta (Chan et al., 2007). Furthermore, recent studies have
also indicated that senkyunolide A shows anti-bacterial (Kim
et al., 2020) and immunomodulatory activities by inhibiting
activating protein-1 (AP-1) and NF-κB (Lei et al., 2019).
Z-ligustilide exerts various pharmacological properties, such
as neuroprotection, anti-inflammation, and anti-oxidization
(Xie et al., 2020). In vitro studies suggest that Z-ligustilide
protects against Aβ fibrils–induced neurotoxicity by inhibiting
p38 and activating the PI3K/Akt signaling pathway (Xu et al.,
2016). Therefore, more attention should be paid to these key
phytochemicals of CR in the treatment of tau-related diseases
in the future.

The tau protein has 85 putative phosphorylation sites
(Hanger et al., 2009), which are regulated by a series of
protein kinases and phosphatases (Carroll et al., 2021).
Hyperphosphorylation is the most documented
posttranslational modification in tau pathogenesis. Tau
undergoes hyperphosphorylation before aggregating. In
this study, we showed that GSK3β is a target of
neocnidilide, butylidenephthalide, and butylphthalide.
GSK3 regulates more than 40 putative tau phosphorylation
sites, of which at least 29 are hyperphosphorylated in the AD
brain (Hanger et al., 2009). Butylidenephthalide significantly
reduced activated GSK3β–induced tau hyperphosphorylation
at serine 396 in neurons (Chang et al., 2015). Furthermore,

GSK3β is implicated in the regulation of neuronal apoptosis.
Transgenic mice overexpressing GSK3β exhibit tau
hyperphosphorylation, disrupted microtubules, and
neuronal apoptosis (Lucas et al., 2001). The core target
CTNNB1 encodes β-catenin, which is an important
downstream of GSK3β. The Wnt/β-catenin signaling
regulates multiple distinct pathways in the pathogenesis of
AD such as synaptic plasticity, neuronal survival,
neurogenesis, BBB integrity, tau phosphorylation, and Aβ
production (Jia et al., 2019). Protein phosphatases such as the
major phosphatase dephosphorylating tau, protein
phosphatase 2A (PP2A), were not shown to be regulated
by CR in this study. Notably, ERα (encoded by ESR1)
localizes to neurofibrillary tangles in the AD brain and has
increased interaction with tau, which likely resulted in a large
amount of ERα being sequestered in the paired helical
filaments and neuritic tau pathology in the AD brain
(Wang C. et al., 2016). The clearance of physiological and
pathological tau is mainly mediated by the ubiquitin
proteasome system and autophagy/lysosomal degradation
pathway. In AD patients, the neuronal lysosome system
was dysregulated (Sundelof et al., 2010; Wang X. M. et al.,
2021; Liu et al., 2021; Hamano et al., 2021). The results of this
study show that CR promotes the degradation of pathological
tau mainly through the lysosome system rather than the
proteasome system. Ca2+ homeostasis imbalance,
impairments of the intracellular transport such as axonal
transport, synaptic loss and dysfunction, impairments of the
structures, trafficking and functions of organelles, and
neuron death are reported as tau-mediated toxicities (Bok
et al., 2021; Zhang et al., 2021). This study shows that the
main bioactive phytochemicals of CR antagonize tau-
mediated impairments of intracellular transport, axon and
synaptic damages, and neuron death.

Conclusion
In this study, we present a novel network pharmacology
approach based on disease-specific pathophysiological
processes and screen out a total of 18 bioactive phytochemicals
in CR that corresponded to 127 targets correlated with tau
pathogenesis. VEGFA, IL1B, CTNNB1, JUN, ESR1, STAT3,
APP, BCL2L1, PTGS2, and PPARG were identified as core
targets that play an important role in the treatment of tau
pathogenesis. Neocnidilide, ferulic acid, coniferyl ferulate,
levistilide A, Z-ligustilide, butylidenephthalide, and caffeic acid
were identified as the key phytochemicals regulating tau protein
modification, while neocnidilide, senkyunolide A, butylphthalide,
butylidenephthalide, Z-ligustilide, and L-tryptophan were
identified as the key phytochemicals regulating tau protein
degradation, and levistilide A, neocnidilide, ferulic acid,
L-tryptophan, senkyunolide A, Z-ligustilide, and
butylidenephthalide were identified as the key phytochemicals
regulating tau-mediated toxicities. Taken together, this study
screened a variety of candidate drugs strongly associated with
tau pathogenesis and provides a basis for the use of CR
phytochemicals as a therapeutic for tau pathology–related
neurodegenerative diseases.
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