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Objective. To predict the main active ingredients, potential targets, and key pathways of Jiawei Chaiqin Wendan decoction treatment in
vestibularmigraine and explore possiblemechanisms by network pharmacology andmolecular docking technology.Methods.,e active
ingredients and related targets of Jiawei Chaiqin Wendan decoction were obtained from the Traditional Chinese Medicine Systems
Pharmacology Database and Analysis Platform (TCMSP).,e corresponding genes of the target were queried by UniProt database, and
the “drug-compound-target-disease” network was constructed by Cytoscape 3.7.2 software. GO functional enrichment analysis and
KEGG pathway enrichment analysis were carried out by R software and Bioconductor, and column chart and bubble chart were drawn
by Prism software and OmicShare database for visualization. Finally, the mechanism and potential targets of Jiawei Chaiqin Wendan
decoction in the treatment of vestibular migraine were predicted. Results. ,e “drug-compound-target-disease” network contains 154
active ingredients and 85 intersection targets. ,e key targets include AKT1, IL6, MAPK3, VEGFA, EGFR, CASP3, EGF, MAPK1,
PTGS2, and ESR1. A total of 1939 items were obtained by GO functional enrichment analysis (P<0.05). KEGG pathway enrichment
analysis screened 156 signal pathways (P< 0.05), involving PI3K-Akt signal pathway, AGE-RAGE signal pathway in diabetes com-
plications, MAPK signal pathway, HIF-1 signal pathway, IL-17 signal pathway, etc. Molecular docking results showed that quercetin,
luteolin, kaempferol, tanshinone IIa, wogonin, naringenin, nobiletin, dihydrotanshinlactone, beta-sitosterol, and salviolone have good
affinity with core target proteins IL6, PTGS2, MAPK1, MAPK3, and CGRP1. Conclusion. ,e active ingredients in Jiawei Chaiqin
Wendan decoction may regulate the levels of inflammatory factors and neurotransmitters by acting on multiple targets such as IL6,
MAPK3, MAPK1, and PTGS2, so as to play a therapeutic role in vestibular migraine.

1. Introduction

Vestibular migraine (VM) is a chronic and disabling disease
that is common and has a genetic tendency; the main
symptoms are recurrent dizziness/vertigo, which may be
accompanied by nausea and vomiting with or without
headache [1]. Studies have shown that VM is one of the
common causes of recurrent dizziness or vertigo [1,2]. VM
can occur at any age, and the ratio of male to female is 1 :
1.5–1 : 5, and it is more common in women [3]. VM is
generally regarded as a subtype of migraine. Since a new

hypothesis was published in the Lancet in 1979, it has been
proposed that trigeminal neurovascular system containing
neuropeptides plays an indispensable role in migraine. Up to
now, trigeminal neurovascular system has been widely
regarded as the basis of this highly complex nervous system
disease for 40 years [4]. At present, the pathogenesis of VM is
still not completely clear at home and abroad, and the basis
of pathogenesis may be associated with ion channel defect
and cortical spreading depression (CSD). CSD activates the
trigeminal neurovascular system, and the trigeminal gan-
glion releases calcitonin gene-related peptides (CGRP),
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substance P, and other neuropeptides, causing meningeal
vascular inflammation, and thus leading to migraine
symptoms. In addition, the overlap of the pathways re-
sponsible for pain and balance in the central nervous system,
the fibrous connection between the trigeminal nucleus and
the vestibular nucleus, and the trigeminal nerve innervating
the inner ear eventually lead to vestibular symptoms [5].

,e diagnosis of VM is mainly based on the charac-
teristics of the patient’s clinical onset and lacks specific
signs and objective diagnostic basis. In the past few de-
cades, uncertainty about the diagnosis of VM has limited
the progress of treatment [6]. ,ere is insufficient evidence
to support the use of drugs for VM treatment. Sometimes,
western drugs are effective in preventing migraine, but
their role in VM treatment is not clear, and the effect of
these drugs on VM prevention cannot be verified [7].
Recurrent dizziness or vertigo has a significant impact on
patients’ quality of life and their psychology. Extensive
examinations and long-term treatment impose a huge
economic burden on patients’ families and society. It is
obvious that further research on potential new treatments
for VM therapy is needed. Vestibular migraine is char-
acterized by dizziness or vertigo, visual rotation, instability,
and current or previous migraine, which can be classified as
“xuan yun” in traditional Chinese medicine. ,e earliest
description of “xuan yun” in traditional Chinese medicine
can be mentioned in the “Canon of Medicine.” Doctors of
various dynasties had different understandings of “xuan
yun,” with different emphasis on syndrome differentiation
and treatment. And to sum up, there are five aspects: wind,
fire, phlegm, deficiency, and blood stasis. In the treatment
of vertigo, traditional Chinese medicine has unique ad-
vantages. A study has compared the curative effect of TCM
syndrome differentiation treatment and conventional
western medicine treatment on patients with vertigo and
found that, compared with conventional western medicine
treatment, TCM syndrome differentiation treatment of
vertigo can more effectively improve the clinical symptoms
of patients [8].

Chaiqin Wendan decoction is made of Wendan de-
coction from Yao Sengyuan in the Southern and Northern
dynasties. ,e modified Chaiqin Wendan decoction
(JCWD) is an effective empirical prescription for the
treatment of vertigo in clinic. ,is prescription is composed
of Radix Bupleuri (Chaihu), Radix Scutellariae (Huangqin),
Pinellia tuber (Banxia), Dried tangerine Peel (Chenpi),
Fructus Aurantii Immaturus (Zhishi), Poria cocos (Fuling),
Radix Paeoniae Alba (Baishao), Angelica sinensis (Danggui),
Salvia miltiorrhiza (Danshen), Gastrodia elata (Tianma),
Uncariae Ramulus Cumuncis (Gouteng), and Shi Cassia
(Shijueming). At present, clinical observation indicates that
Chaiqin Wendan decoction has a significant effect on the
treatment of patients with dizziness and headache caused by
Triple Burner Congestion [9–11]. ,ere have been some
studies based on network pharmacology to reveal the mo-
lecular mechanism of TCM treatment of diseases. ,is study
aims to predict the potential target andmechanism of JCWD
in treating VM through network pharmacology and mo-
lecular docking methods.

2. Materials and Method

2.1. Acquisition of Active Ingredients and Targets of TCM.
,e TCMSP (http://tcmspw.com/tcmsp.php) [12] database
was used to search the TCM in JCWD formulae (Radix
Bupleuri, Radix Scutellariae, Pinellia tuber, Dried tangerine
Peel, Fructus Aurantii Immaturus, Poria cocos, Radix
Paeoniae Alba, Angelica sinensis, Salvia miltiorrhiza, Gas-
trodia elata, Uncariae Ramulus Cumuncis, and Shi Cassia),
with two parameters related to ADME (absorption, distri-
bution, metabolism, and excretion), namely, oral bioavail-
ability (OB greater than or equal to 30%) and class medicinal
(DL greater than or equal to 0.18) for screening of TCM
active ingredients. Based on TCMSP and DrugBank data-
bases, the targets of active ingredients were retrieved by Perl
software and UniProt KB (http://www.uniprot.org/), and
gene annotation was performed.

2.2. Obtain the Intersection Genes of TCM and Diseases.
Using GeneCards (https://www.genecards.org/) and OMIM
database (https://omim.org/) by retrieving “vestibular mi-
graine” look up vestibular migraine related genes and
remove duplicates. ,rough Venny2.1 software, the target of
active ingredients of traditional Chinese medicine obtained
above was intersected with disease-related genes.

2.3. Draw “Drug-Compound-Target” Network. ,e infor-
mation of drug name, drug active ingredient, gene target of
intersection between drug and disease, and the relationship
network among them were imported into Cytoscape3.7.2
software to construct the network diagram of “drug-com-
pound-target” for visual analysis.

2.4. Protein-Protein interaction (PPI) Network and Core Gene
Network. Multiple proteins were introduced into String11.0
(https://string-db.org/), and the species was selected as “Homo
sapiens,” with a medium confidence of 0.400 to predict the
associated PPI network. Download protein-protein interac-
tion TSV file, import Cytoscape3.7.2 software, and use
CytoHubba plug-in to screen core target proteins.

2.5. GO and KEGG Enrichment Analysis. ,ere is the core
target gene ID through the R software and Bioconductor
(http://www.bioconductor.org) to GO functional annotations
and KEGG pathway enrichment analysis. P< 0.05 was selected
for functional annotation clustering. In order to study the
biological effects of VM targets of drug therapy by regulating
specific pathways, the top 10 items were screened according to
the enrichment degree and a bar chart was drawn. Similarly,
P< 0.05 was selected as the significant pathway for cluster
analysis, and the top 20 items were screened according to the
enrichment degree to draw a bubble plot.

2.6. Molecular Docking. ,e 2D structures of key com-
pounds were downloaded in PubMed (https://www.ncbi.
nlm.nih.gov/pubmed). ,e 3D structures of ligands were
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generated by Chem3D software, and their energy was
minimized and exported to mol2 format. All compounds
were saved as ligand parameter files in pdbqt format by
AutodockTools-1.5.6 software. ,e 3D structure of the core
target protein was downloaded from PDB database (https://
www.rcsb.org/) and saved in PDB format. ,e solvent and
water molecules in the target protein receptor molecules
were removed by pymol software.,en, the protein receptor
molecules were hydrogenated and calculated by Auto-
dockTools software and saved in pdbqt format. After the
ligand and protein receptor molecular preprocessing is
completed, the appropriate box center and box lattice pa-
rameters are set by AutodockTools-1.5.6 software, the active
pocket sites that small molecular ligands may bind to are
included, and the parameter text file is set, and the other
parameters remain default. Molecular docking was carried
out by Autodock Vina, and 3D diagrams were drawn by
PyMol software for the docking results with the strongest
binding activity of each target protein to show the hydrogen
bond and hydrophobic effect formed by it.

3. Results

3.1. Collection of Active Components and Targets of JCWD.
A total of 221 active components of TCM, which were
OB≥ 30% and DL≥ 0.18 in JCWD formulae, were retrieved
by TCMSP database. ,e basic information of some active
components of JCWD is shown in Table 1. Based on TCMSP
and DrugBank database, a total of 3376 protein targets
related to the above active ingredients were obtained by Perl
software, and 1531 gene symbols were obtained after gene
annotation using UniProt KB.

3.2. Intersection Targets of JCWD and VM. In GeneCards
(https://www.genecards.org/) and OMIM database (https://
omim.org/) by retrieving “vestibular migraine” search re-
lated genes, a total of 826 were extracted after duplication.
,rough Venny2.1 software, the intersection of traditional
Chinese medicine target and disease genes was obtained, and
85 genes related to JCWD treatment of VMwere obtained, as
shown in Figure 1.

3.3. Construction of “Drug-Ingredient-Target” Network.
First, the intersection between drug targets and disease genes
is obtained, and then the information such as VM related
genes, active ingredient targets of traditional Chinese
medicine, and their interrelation network are imported into
Cytoscape3.7.2 software for visual analysis, and the “drug-
active ingredient-target” network diagram is constructed.
,e network consists of 249 nodes (10 TCM name nodes,
154active ingredient nodes, and 85 gene target nodes) and
915 edges, as shown in Figure 2. ,e average degree value of
this network is 7.66, and the top 10 active ingredients were
screened according to the degree value, as shown in Table 2,
among which the degree values of quercetin, luteolin,
kaempferol, tanshinone IIa, and wogonin are greater than or
equal to 16 (more than 2 times the average value). In ad-
dition, quercetin, luteolin, kaempferol, naringenin,

nobiletin, and β-sitosterol are the common active compo-
nents inmany TCMin JCWD, which can interact with 53, 21,
19, 13, 13, and 12 target proteins, respectively. ,e top 10
target genes in screening value were PTGS2, HSP90AA1,
SCN5A, AR, ADRB2, ACHE, ESR1, NOS2, PPARG, and
GABRA1, which could interact with 136, 91, 84, 70,62, 53,
43, 41, 35, and 28 active components, respectively.

3.4. Protein-Protein Interaction Network (PPI) and Core Gene
Network Were Constructed. Eighty-five JCWD gene targets
for VM treatment were introduced into String11.0 to
construct a Protein-protein interaction network (PPI), and
isolated nodes were removed, as shown in Figure 3.,en, the
top 20 key genes were screened out according to the Degree
value, as shown in Figure 4. ,e CytoHubba plug-in in
Cytoscape3.7.2 software was used to screen the 10 core
genes, as shown in Figure 5.

3.5. GO Functional Enrichment Analysis and KEGG Pathway
Enrichment Analysis. GO function enrichment analysis and
KEGG pathway enrichment analysis were carried out by R
software and Bioconductor database installation packages
such as clusterProfiler and enrichplot. 1939 GO enrichment
results were obtained (P< 0.05）, among which 1731 items
of biological processes (BP) were closely related to the re-
actions of metal ions, blood circulation, reactive oxygen
species, and oxidative stress, lipopolysaccharide, steroids,
and bacterial origin molecules. ,e 141 items of molecular
function (MF) are mainly related to protein phosphatase
binding, nuclear receptor activity, and steroid receptor ac-
tivity, transcription factor activity, cytokine activity, and
receptor binding, NO synthase regulator activity, etc. 67
results of cell composition (CC) are mainly related to
membrane microdomain, receptor complex, components,
and inherent components of synaptic membrane and vesicle
cavity, as shown in Figure 6.

In order to comprehensively study the role of JCWD in
the prevention and treatment of VM, 156 pathways were
screened by KEGG pathway enrichment analysis. It involves
PI3K-Akt signal pathway, AGE-RAGE signal pathway,
MAPK signal pathway, HIF-1 signal pathway, IL-17 signal
pathway in diabetic complications, and signal pathways
closely related to fluid shear stress and atherosclerosis,
endocrine resistance, endometrial cancer, prostate cancer,
etc., which mainly play an important role in inhibiting
inflammatory reaction, hormone, and endocrine regulation.
20 pathways were selected for visualization, and the diagram
is shown in Figure 7. In order to explore the role of JCWD in
the signal pathway, a gene target-signal pathway network is
constructed to identify the interaction between protein
targets and signal pathways. Figure 8 shows a target and
pathway network composed of 55 target genes and 20 key
pathways.,e results of network analysis show that there are
17 targets whose values are greater than the average value of
8.67, which may appear in multiple pathways. Nine path-
ways had degrees greater than 2 times the mean degrees,
which may also be regulated by multiple targets. In addition,
there are synergies between the pathways.
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189
(18.6%)

85
(8.4%)
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(73%)

VM

Figure 1: Venn diagram of the intersection target of JCWD and VM.

Table 1: Basic information of some active components of JCWD.

TCM MOL ID Molecule name OB (%) DL
Radix bupleuri MOL002776 Baicalin 40.12 0.75
Radix bupleuri MOL000449 Stigmasterol 43.83 0.76
Radix bupleuri MOL000354 Isorhamnetin 49.6 0.31
Radix bupleuri MOL000422 kaempferol 41.88 0.24
Radix scutellariae MOL001689 Acacetin 34.97 0.24
Radix scutellariae MOL000173 Wogonin 30.68 0.23
Radix scutellariae MOL002714 Baicalein 33.52 0.21
Radix scutellariae MOL002910 Carthamidin 41.15 0.24
Radix scutellariae MOL002914 Eriodyctiol (flavanone) 41.35 0.24
Pinellia tuber MOL002776 Baicalin 40.12 0.75
Pinellia tuber MOL000358 Beta-sitosterol 36.91 0.75
Pinellia tuber MOL000449 Stigmasterol 43.83 0.76
Pinellia tuber MOL005030 Gondoic acid 30.7 0.2
Dried tangerine peel MOL000359 Sitosterol 36.91 0.75
Dried tangerine peel MOL004328 Naringenin 59.29 0.21
Dried tangerine peel MOL005815 Citromitin 86.9 0.51
Dried tangerine peel MOL005828 Nobiletin 61.67 0.52
Poria cocos MOL000275 Trametenolic acid 38.71 0.8
Poria cocos MOL000279 Cerevisterol 37.96 0.77
Poria cocos MOL000283 Ergosterol peroxide 40.36 0.81
Poria cocos MOL000289 Pachymic acid 33.63 0.81
Radix paeoniae alba MOL001928 Albiflorin_qt 66.64 0.33
Radix paeoniae alba MOL001930 Benzoyl paeoniflorin 31.27 0.75
Radix paeoniae alba MOL000358 Beta-sitosterol 36.91 0.75
Radix paeoniae alba MOL000359 Sitosterol 36.91 0.75
Fructus aurantii immaturus MOL013276 Poncirin 36.55 0.74
Fructus aurantii immaturus MOL013277 Isosinensetin 51.15 0.44
Fructus aurantii immaturus MOL013279 5,7,4′-Trimethylapigenin 39.83 0.3
Fructus aurantii immaturus MOL013428 Isosakuranetin-7-rutinoside 41.24 0.72
Fructus aurantii immaturus MOL013430 Prangenin 43.6 0.29
Salvia miltiorrhiza MOL001659 Poriferasterol 43.83 0.76
Salvia miltiorrhiza MOL001771 Poriferast-5-en-3beta-ol 36.91 0.75
Salvia miltiorrhiza MOL001942 Isoimperatorin 45.46 0.23
Salvia miltiorrhiza MOL002651 Dehydrotanshinone II A 43.76 0.4
Angelica sinensis MOL000358 Beta-sitosterol 36.91 0.75
Angelica sinensis MOL000449 Stigmasterol 43.83 0.76
Uncariae ramulus cumuncis MOL000358 Beta-sitosterol 36.91 0.75
Uncariae ramulus cumuncis MOL000073 Ent-epicatechin 48.96 0.24
Uncariae ramulus cumuncis MOL008457 Tetrahydroalstonine 32.42 0.81
Uncariae ramulus cumuncis MOL008458 Angustidine 51.85 0.66
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3.6. Molecular Docking between Active Ingredients and Po-
tential Targets. It is generally believed that the lower the
binding energy of the molecular docking process, the better
the affinity between the receptor and the ligand. Molecular

docking results showed that the molecular docking affinity
of quercetin, luteolin, kaempferol, tanshinone Iia, wogonin,
naringenin, nobiletin, dihydrotanshinlactone, beta-sitos-
terol, and salviolone with core target proteins IL6, PTGS2,

MOL007130

MOL007145

MOL007141

MOL007132
MOL007125

MOL007124

MOL007122

MOL007120

MOL001942

MOL002651

MOL007045

MOL007050

MOL007058

MOL007152

MOL007059

MOL007143

MOL001601

MOL007041

MOL007154

MOL007036

MOL000569

MOL002222

MOL001771

MOL007155

MOL001659

MOL007064

MOL007048

MOL007150

MOL007156

MOL007151

MOL007049

MOL007127

Danshen

MOL007121

MOL007085

MOL007119

MOL007100

MOL007101

MOL007098

MOL007088

MOL007070

MOL007107

MOL007105

MOL007108

MOL007111

MOL007094

MOL007093

MOL007082

MOL007081

MOL007069

MOL007079

MOL007063

MOL007071

MOL007068

MOL007077
MOL007061

CYP1A2

MMP2PRKCA

ADRB2 ESR2

HIF1A

ESR1

VM

VEGFA

CYP19A1

CYP1B1

DRD5NPM1

PPARAEGF

GABRA1

HTR3A AR

EDNRA GSK3BIL1B

CHRM2 MOL001755

MOL006957

MOL002670

MOL000519

MOL006967

Banxia
COL3A1

STAT3CHUK

MET

BACE1

GRIA2

MOL008467

MOL008468

MOL008457

MOL008474

MOL008456

MOL008473

MOL008458

MOL008465

MOL008463

MOL008460

Gouteng

FOS

NGF

CCND1

THBD

APP

FASLG

ECE1

DRD2

COL1A1

PGR RASA1

HSP90AA1

MAPK3

MYC

CASP9

CACNA2D1

IL6NOS2

CYP3A4

CD40LG

MAPK1

CAV1

GJA1

CASP3

SLC6A2

HSPA5

SLC6A4

RASSF1

AKT1

EGFR

SOD1

SPP1

PTGS2

MOL008475

MOL008470

MOL008472

MOL008477

MOL008471

MOL008476

MOL008478

MOL008481
MOL008469

MOL008488

MOL008487

MOL008489

MOL008635

MOL008485

MOL008490

MOL008484
MOL008482

MOL001918

MOL001924

MOL000492

MOL000211

Chenpi

MOL005815

MOL001919

Baishao

ACHE

IL4

PPP3CA

CXCL10 GSTP1

BCL2

MOL005849

MOL001941

MOL001803 MOL013437

MOL000283MOL000296

MOL001798

MOL013436

Zhishi
MOL013435 Fuling

MOL013277

MOL007879 MOL013430

MOL009053 MOL013279

MOL000282

MOL002917

MOL002913

MOL002909

MOL002910
MOL002915

MOL000228

MOL012245

MOL008206

MOL002897

MOL012266

MOL000173

MOL001458

MOL012246

MOL001689

MOL002937

MOL002879

MOL000525

MOL001490

MOL000552

MOL002934

MOL002932

MOL002928

MOL002925

MOL002933

MOL002927

Huangqin

MOL004653

MOL004624

MOL004718

MOL013187

MOL004598

MOL000490

MOL004609

MOL000354

MOL001645

Chaihu

MOL000006

MOL000073

MOL005828

MOL005100

MOL004328

TIMP1

CRPNOS3 F3

RAF1 ADRB1ERBB2

ERBB3

CYCS

SLC6A3

NR3C1

PLAU

MMP9

MOL000098

MOL000449

MOL002914

MOL000359

MOL002714

MOL000422

MOL000358

common components

PPARG

PLAT IL1A

CYP1A1

PCNA

SCN5A

Figure 2: JCWD “drug-active compound-Gene Target” network diagram (where dark green represents the name of TCM, light green
represents active ingredients, pink substitutes gene targets, and red color represents the name of the disease).

Table 2: Top 10 active ingredients by degree value.

MolID Molecule name Degree Source
MOL000098 Quercetin 53 Radix bupleuri, uncariae ramulus cumuncis
MOL000006 Luteolin 21 Salvia miltiorrhiza, fructus aurantii immaturus
MOL000422 Kaempferol 19 Radix bupleuri, uncariae ramulus cumuncis, radix paeoniae alba
MOL007154 Tanshinone iia 16 Salvia miltiorrhiza
MOL000173 Wogonin 16 Radix scutellariae
MOL004328 Naringenin 13 Dried tangerine peel, fructus aurantii immaturus
MOL005828 Nobiletin 13 Fructus aurantii immaturus, dried tangerine peel
MOL007100 Dihydrotanshinlactone 13 Salvia miltiorrhiza

MOL000358 Beta-sitosterol 12 Radix paeoniae alba, pinellia tuber, radix scutellariae, angelica sinensis, uncariae ramulus
cumuncis

MOL007145 Salviolone 12 Salvia miltiorrhiza
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Figure 3: Protein-protein interaction network.
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MAPK1, MAPK3, and CGRP1 were all less than −5.0 kcal/
mol, and the results are shown in Table 3 and the docking
results of the interaction between target proteins and the
active components with the strongest binding activity, as
shown in Figure 9.

4. Discussion

According to the universally recognized pathogenesis of
VM, namely, the trigeminal neurovascular reflex theory, VM
can be considered as a proinflammatory disease. It has been
found that there is a close connection between the nervous
system and the immune system, and inhibiting the ex-
pression level of inflammatory factors can reduce the
symptoms of VM or the occurrence of VM [13].

Modern pharmacological studies have shown that
Wendan decoction has the effects of anti-inflammation and

regulating immune function [14]. Lin Huangguo et al. [15]
found that Wendan decoction could reduce the levels of NF-
κB, TNF-α, and IL-6 in metabolic syndrome rats, indicating
that Wendan decoction could inhibit the expression of
inflammatory factors. Liu et al. [16] proved that Huanglian
Wendan decoction could inhibit inflammatory reaction and
reduce the levels of serum TNF-α and IL-6 in rats with
metabolic syndrome. ,e research of Yu et al. [17] shows
that Wendan decoction can effectively regulate the ex-
pression of TNF-α, IL-6, IL-17, and IL-22 and other related
inflammatory cytokines in obese rats and improve the state
of inflammatory reaction in obese rats. Dou et al. [18] found
through experiments that modified Huanglian Wendan
decoction could significantly improve the impairment of
learning and memory and the pathological changes of
hippocampus in rats with vascular dementia, reduce the
expression of TNF-α and COX-2 in hippocampus, and play

response to oxidative stress

gland development

reactive oxygen species metabolic process

response to lipopolysaccharide

response to antibiotic

response to reactive oxygen species

response to oxygen levels

circulatory system process

blood circulation

response to metal ion

0 10 20

1.5e−13
1.0e−13
5.0e−14

p.adjust

(a)

integral component of synaptic membrane

vesicle lumen

intrinsic component of postsynaptic membrane

integral component of postsynaptic membrane

receptor complex

plasma membrane ra�

caveola

membrane region

membrane microdomain

membrane ra�

0 5 10 15

0.00012
0.00009
0.00006
0.00003

p.adjust

(b)

cytokine activity

ammonium ion binding

catecholamine binding

tetrapyrrole binding

protein phosphatase binding

heme binding

steroid hormone receptor activity

transcription factor activity, direct ligand regulated sequence−specific DNA binding

nuclear receptor activity

phosphatase binding

0.0 2.5 5.0 7.5 10.0 12.5

3e−06

2e−06

1e−06

p.adjust

(c)

Figure 6: GO enrichment analysis of 85 target genes. (a) Biological process enrichment analysis. (b) Cellular component enrichment
analysis. (c) Molecular function enrichment analysis.
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an inhibitory role in inflammatory response. Liu et al. [19]
found that, in a certain glutamic acid environment, the drug-
containing serum prepared with different doses of Wendan
decoction could increase the survival rate of primary as-
trocytes P38MAPK extracted from the cerebral cortex of SD
rats and upregulate the expression of P38MAPK phos-
phorylation and nonphosphorylation.

From the point of view of the active components of the
drug, quercetin can exert its anti-inflammatory effect by
inhibiting the production of IL-6, TNF-α and VEGF [20]. In
addition, quercetin can exert its anti-inflammatory effect by
inhibiting NF-κB and MAPK signal pathways [21].
Kaempferol is a flavanol compound, which has many

pharmacological effects, such as antioxidation and anti-in-
flammation. It can regulate the levels of NO and NOS and
protect endothelial cells from oxidative damage by inhibiting
the degradation of NO [22]. Luteolin mainly acts on tran-
scription factors such as Src in the nuclear transcription
factor-κB (NF-κB) pathway, MAPK in the activator protein-
1 pathway, and cytokine signal inhibitors in the signal
transduction and transcriptional activator 3 pathway, reg-
ulating inflammatory mediators and playing an anti-in-
flammatory role. Luteolin can inhibit all proinflammatory
cytokines, such as interleukin-1β, IL-2, IL-6, IL-8, IL-12, IL-
17, TNF-α, interferon-β(IFN-β), and granulocyte-macro-
phage colony stimulating factor and upregulate anti-
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Figure 7: KEGG enrichment analysis of 85 target genes. (a) Barplot of KEGG analysis. (b) Dotplot of KEGG analysis: the size of dots
indicates the number of target genes; the different color of dots indicates different P value ranges.
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inflammatory cytokine IL-10 [23]. Wogonin can inhibit the
activation of both MAPK pathway and NF-κB pathway,
inhibit the expression of inducible nitric oxide synthase
(iNOS), cyclooxygenase-2 (COX-2), TNF-α, IL-1β and IL-6,
and reduce the inflammatory response of spinal dorsal root
neurons induced by lipopolysaccharide [24,25]. Tanshinone
IIA can inhibit the degradation of IκB-α and the activation of
NF-κB induced by LPS by inhibiting the activation of NIK-
IKK and MAPKs (p38, ERK1/2, JNK) signal pathways, so as
to exert its anti-inflammatory activity [26].

Protein-protein interaction (PPI) network was used to
screen out 10 core genes by Matthews correlation coefficient
(MCC) algorithm. ,ey are VEGFA (vascular endothelial
growth factor A), MAPK3 (mitogen-activated protein kinase
3), MAPK1 (mitogen-activated protein kinase 1), EGF
(epidermal growth factor), EGFR (epidermal growth factor
receptor), IL-6 (interleukin-6), PTGS2 (prostaglandin en-
doperoxide synthase 2), STAT3 (signal transducer and ac-
tivator of transcription 3), MMP9 (matrix metalloproteinase
9), and MMP2 (matrix metalloproteinase 2). Vascular en-
dothelial growth factor (VEGF) has heparin active growth
factor, which can play a role in vascular endothelial cells to
cause the division and proliferation of vascular endothelial
cells, thus forming new blood vessels and improving vas-
cular permeability. ,e main causes of migraine include
vasodilation and protein exudation. In the onset stage of
migraine, patients’ serumVEGF level is abnormally elevated,
blood vessels dilate, and their permeability increases,
eventually leading to extravasation of plasma protein [27].
Epidermal growth factor receptor (EGFR), widely expressed
in the brain and aggregate distribution, is a functional re-
ceptor tyrosine kinase and, combined with neural regulatory
proteins, can be changed after the epidermal growth factor
receptor protein conformation, make its form dimers, and
activate the downstream phosphatidyl inositol kinase/pro-
tein kinase B signaling pathway, which mediated

Figure 8: Targets-pathway network (the size of the icon represents the size of the degree value, the green rectangle represents the target gene,
and the blue arrow represents the pathway.).

Table 3: ,e binding free energy of 10 small molecules with top 5
genes.

Molecule name
Affinity (kcal/mol)

IL6 PTGS2 MAPK1 MAPK3 CGRP
Beta-sitosterol −5.9 −9.2 −7.5 −8.7 −6.7
Dihydrotanshinlactone −7.8 −9.5 −8.9 −10.8 −8.2
Kaempferol −7.6 −9.2 −7.7 −9.3 −9.0
Luteolin −7.5 −10.0 −8.1 −9.4 −8.8
Naringenin −7.2 −9.3 −8.0 −9.3 −8.5
Nobiletin −6.2 −8.7 −6.9 −8.5 −7.9
Quercetin −7.7 −9.6 −7.5 −9.3 −9.2
Salviolone −7.2 −8.6 −9.1 −10.6 −7.7
Tanshinone iia −7.6 −9.9 −8.6 −11.5 −7.9
Wogonin −7.1 −9.4 −7.7 −9.3 −7.4
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inflammatory response [28]. MAPK is a class of intracellular
serine/threonine protein kinases, an important signaling
system that mediates extracellular signals to intracellular
responses, and plays a key role in cell proliferation, apo-
ptosis, inflammation, immunity, and angiogenesis [29].
Studies have observed changes in serum MMP9 levels in
patients with migraine in different periods and subtypes and
found that serum MMP9 was upregulated during the onset
of migraine, which may be one of the potential related
mechanisms of migraine [30]. IL-6 is a multipotent cytokine
with a wide range of functions; it can regulate the growth and
differentiation of many kinds of cells, regulate immune
response, acute phase response and hematopoiesis, and play
an important role in anti-infective immune response.
PTGS2, also known as cyclooxygenase-2 (COX-2), is an
enzyme that converts arachidonic acid into prostaglandins.
It is overexpressed in response to mechanical, chemical, and
physical stimuli and plays a key role in the promotion and
development of inflammatory response [31,32]. Some
studies have shown that COX-2 is involved in the patho-
genesis of migraine, and the presence of aura has no effect on
the level of serum COX-2, and some studies have suggested
that exercise may improve the symptoms of vestibular

migraine patients by inhibiting the COX-2 proinflammatory
pathway and reducing the levels of TNF-α, IL-2, IL-6, and
other proinflammatory factors [13].

,rough the analysis of KEGG pathway, it is found that
MAPK signal pathway, HIF-1 signal pathway, and IL-17
signal pathway are the main treatment pathways, which play
a synergistic anti-inflammatory effect. MAPK signaling
cascades include three different regulatory pathways: ex-
tracellular signal-regulated kinase (ERK1/2), c-jun N-ter-
minal kinase (JNK) and p38 protein (P38), which are
responsible for mitosis, proliferation, differentiation, and
survival of cells during development [33], as well as neuronal
plasticity and inflammation in adults [34]; in addition, these
pathways contribute to the onset and maintenance of in-
flammation and pain [35]. In vitro studies have found that
MAPK pathway can be involved in the upregulation of
calcitonin gene-related peptide (CGRP) expression in rat
trigeminal ganglion (TG) organ culture [36], and the release
of CGRP and other neuropeptides is closely related to
meningeal vascular inflammation and migraine symptoms.
In addition, the transcription of COX-2 ′s PTGS2 gene is
associated with multiple intracellular signals that come to-
gether to activate mitogen-activated protein kinase (MAPK)

(a) (b)

(c) (d)

(e)

Figure 9: ,e molecular docking results of the interaction of active ingredients with the protein. (a) Binding pattern between IL-6 and
dihydrotanshinlactone. (b) Binding pattern between PTGS2 and luteolin. (c) Binding pattern between MAPK1 and salviolone. (d) Binding
pattern between MAPK3 and dihydrotanshinlactone. (e) Binding pattern between CGRP1 and quercetin.
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[37]. Based on the above discussion, we speculate that the
possible mechanism of JCWD in the treatment of VM is
shown in Figure 10.

5. Conclusion

In this study, the active components of JCWD and the
potential targets and key pathways acting on vestibular
migraine were predicted by the method of network phar-
macology, which once again confirmed the process of
multicomponent, multitarget, and multipathway treatment
of diseases with traditional Chinese medicine compound
prescription. ,e active components such as quercetin,
kaempferol, luteolin, wogonin, and tanshinone II as in Jiawei
Chaiqin Wendan decoction may regulate the levels of in-
flammatory factors and neurotransmitters (such as CGRP)
by acting on IL6, MAPK3, MAPK1, PTGS2, and other
targets, thus playing a role in the treatment of vestibular
migraine. Due to the limitations of the database and the
software itself, the above results need to be further verified by
experiments.
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Background. Diabetic peripheral neuropathy (DPN) is a common complication of diabetes but its pathogenesis is not fully
clarified. Endoplasmic reticulum (ER) stress has been confirmed to be involved in the development of DPN. Dorsal root ganglion
neuron (DRGn) is the target cell of DPN injure in the peripheral neurons system. Schwann cell (SCs)-derived exosomes (SC-
EXOs) can carry IRE1α signal transduction factors in ER stress to DRGn. *e aim of this study is to investigate the effect of SC-
EXOs treated with paeoniflorin (PF) on DRGn stimulated by high glucose. Methods. SCs were divided into Control group
(Control), 150mM glucose group (HG), high osmotic pressure group (HOP), and low, middle, and high dose PF group (PF1,
PF10, and PF100). Exosomes were obtained from SCs by ultracentrifugation and identified according to marker proteins, in-
cluding CD63, Alix, Hsp70, and TSG101. ER stress initiating factor GRP78, the IRE1α pathway information transmission factor
IRE1α, and the phosphorylation level of IRE1α were detected by Western blot, DRGn is divided into Control group (Control),
50mM glucose group +Control exosomes group (HG+EXOs Control), 50mM glucose group (HG), and 50mM glucose
group + administration exosomes group (HG+EXOs PF1, HG+EXOs PF10, and HG+EXOs PF100); ERmorphology of primary
DRGn was observed by using the transmission electronmicroscope, the level of DRGn apoptosis was analyzed by TUNEL, and the
downstream proteins of ER stress including CHOP, XBP1S, JNK, and p-JNK in DRG and the expression of apoptosis-related
proteins Bcl-2, Bax, Caspase-3, and Caspase-12 were measured by Western blot. Results. Compared with the exosomes in the HG
group, the exosomes after the intervention of PF can significantly reduce the expression of GRP78, IRE1α, and the phos-
phorylation level of IRE1α (P< 0.05); compared with the DRGn in the HG group, the SC-EXOs treated with PF could regulate the
expression of proteins downstream of IRE1α pathway in ER stress (P< 0.05 or P< 0.01), improve the morphological integrity of
ER, and reduce apoptosis in DRGn (P< 0.05 or P< 0.01). Conclusion. PF regulates the information of ER stress carried by SC-
EXOs and further affects downstream of IRE1α pathway in DRGn, thus reducing ER stress-induced apoptosis. PF can interfere
with DPN through affecting information communication carried by EXOs between SCs and DRGn.

1. Introduction

Diabetic peripheral neuropathy (DPN) is one of the most
common long-term complications of diabetes, with a
prevalence of over 50%, and is characterized by sensory and
motor neuron damage [1, 2]. *e pathogenesis of DPN is
complex, including microvascular ischemia, polyol pathway,
oxidative stress, and endoplasmic reticulum stress (ER

stress) [3]. Our previous studies have shown that apoptosis
induced by ER stress is one of the important mechanisms of
the pathogenesis of DPN [4–6]. Endoplasmic reticulum (ER)
is an important organelle for protein synthesis, folding and
modification, lipid synthesis, and calcium storage. ER stress
is caused by the accumulation of unfolded or misfolded
proteins, interruption of lipid synthesis, or depletion of
calcium storage. High glucose stimulation can cause ER
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stress in cells, and the cells respond to ER stress through
unfolded protein response (UPR) to maintain ER homeo-
stasis. UPR mainly contains PERK, ATF6, and IRE1α signal
pathways [7]. IRE1α pathway is the most conservative
branch of UPR in evolution, which can reduce the protein
folding load and increase the ER proteins folding ability [8].

Dorsal root ganglion (DRG) is one kind of cell bodies, and
the susceptibility of dorsal root ganglion neurons (DRGn) to
high glucose concentration stress in vivo and in vitro is in-
volved in the occurrence and development of diabetic neu-
ropathy. At the same time, ER stress can also cause abnormal
DRGn ion channel function, gene expression, transcription
regulation, metabolism, and protein folding [9].

As a kind of lipid bilayer membrane vesicles involved in
cell-to-cell communication, exosomes play a key role in
intracellular communication [10]. Exosomes are wrapped in
bilayer membranes to protect their genetic material. In this
way, exosomes can be used as stable and effective carriers to
carry specific goods such as proteins, lipids, and genetic
materials, so they can be used as a promising tool to
transport anti-infective goods to target tissues or organs [11].
Extracellular pathway is an effective way to regulate apo-
ptosis, angiogenesis, and target cell inflammation [12]. *e
SC-EXOs can significantly promote axonal growth and
regeneration both in vitro and in vivo [13, 14]. Axon re-
generation is an important process for functional recovery
after being stimulated by high glucose [15, 16]. *erefore,
SC-EXOs may be used as carriers to participate in the
regulation of DRGn axon regeneration and growth and
promote the repair of peripheral nerves after injury [17].*e
study showed that the secretion of exosomes would increase
under ER stress, but in the IRE1α-deficient cells, the se-
cretion of exosomes did not increase. *is indicated that the
IRE1α pathway was involved in the release of exosomes [18].
At the same time, with ER stress, the endoribonuclease
activity activated by IRE1α will cleave XBP1 (X-box binding
protein 1) mRNA which could play the role of transcription
factor. *e IRE1α-XBP1 pathway was involved in insulin
resistance and dyslipidemia. It has been previously dem-
onstrated that IRE1α was essential for the release of exo-
somes from palmitate-treated liver cells [19, 20]. However,
the role of exosomes stimulated by IRE1a and the regulation
of the IRE1a pathway are still unclear.

Paeoniflorin (PF) is a monoterpene glycoside isolated
from Ranunculaceae plant Paeonia lactiflora, which acts as
antioxidant and anti-inflammatory and performs vasodila-
tation and other biological activities [21]. PF can block the
PERK pathway by inhibiting the expression of GRP78 and
finally reduce ER stress [22]. At the same time, the anti-
inflammatory effect of PF is achieved by inhibiting the
phosphorylation level of IRE1α [23, 24]. *erefore, this
article studies the effect of PF on SC-EXOs in IRE1α sig-
naling pathway of DRGn.

2. Materials and Methods

2.1. Primary DRGn Extraction and SCs Culture. DRGn was
prepared from SD neonatal rats regardless of gender (3–5
days old, Charles River Experimental Animal Technology

Co., Ltd.).*eDRG is taken from the intervertebral foramen
of both vertebrae. *e tail of the DRG is cut off, and its head
is retained.*e head is cut into pieces and incubated in 4mL
trypsin with 1% collagenase for 1-2 hours at 37°C. Disso-
ciated cells were seeded in Petri dish coated with poly-L-
lysine (PLL, Sigma-Aldrich), incubated for 7 days, and the
medium is replaced every 2-3 days [25, 26].

SCs line was cultured in DMEM complete medium
containing 10% fetal bovine serum (FBS) and 1% penicillin-
streptomycin. *e incubator was kept at 37°C and 5% CO2.
*ey were divided into Control group (25mmol/L glucose
DMEM＋ 10% FBS, Control), high glucose group
(150mmol/L glucose DMEM＋ 10% FBS, HG), high os-
motic pressure group (25mmol/L glucose DMEM＋
44.4mmol/L Mannitol＋ 10% FBS, HOP), PF low dose
group (150mmol/L glucose DMEM＋ 10%FBS + 1 μM PF,
PF1), PF medium dose group (150mmol/L glucose DMEM
＋ 10%FBS+10 μM PF, PF10), and PF high dose group
(150mmol/L glucose DMEM＋ 10%FBS+ 100 μM PF,
PF100). After 24 hours of modeling, the supernatant was
collected to extract exosomes.

2.2. Exosomes Extraction. SC-EXOs were extracted by ul-
tracentrifugation from the culture supernatants. SC-EXOs
were extracted by ultracentrifugation from the culture
supernatants. *e supernatants were collected and se-
quentially centrifuged firstly at 300× g for 10 min, then the
supernatants were collected and secondly at 2,000× g for 20
min. *en again they were collected; next 30 min with
10,000× g. *e supernatant was transferred into the 8.9mL
centrifugal tube (Beckman, USA) to ultracentrifugation at
100,000× g for 70min twice at 4°C to get the exosomes. Our
extraction method was the same as described in the previous
study [27]. After sucking out all the supernatant, the pre-
cipitate was dissolved in 200 μL PBS and collected in 1.5mL
centrifuge tube for follow-up experiments.

2.3. Cell CCK8Assay. 100 uL SCs suspension was inoculated
in each well of 96-well plate, and Control group (25mmol/L
glucose DMEM＋ 10% FBS), HG group (150mmol/L glu-
cose DMEM＋ 10% FBS, HG), and HOP group (25mmol/L
glucose DMEM＋ 44.4mmol/L Mannitol＋ 10% FBS) were
set up. Six multiple holes were set in each group. After 24
hours, 10 μl CCK8 solution was added to each hole. *e
culture plate was incubated in the incubator for 3 hours. *e
absorbance value was measured by enzyme labeling in-
strument at 450 nm. Cytoactive rate∗(%)� [(As−Ab)/
(Ac−Ab)]× 100%, where As is HG or HOP group absor-
bance; Ac is Control group absorbance; and Ab is Blank hole
absorbance.

2.4. Confocal Laser Microscopy. *e primary DRGn was
identified, and the SC-EXOs internalized by DRGn were
observed with immunofluorescence.

DRGn identification: DRG was extracted and inoculated
into cell climbing tablets and cultured for 7 days. DRGn was
stained with NF-H polyclonal antibody (18934-1-AP,
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Proteintech, NF200) for specific immunofluorescence
staining, and the morphology of DRGn was observed by
using laser confocal microscope.

DRGn internalized SC-EXOs: DRGn was stained by
immunofluorescence with NF-H polyclonal. *e exosomes
were labeled with PKH26 (MINI26-1KT, Sigma) and co-
cultured with DRGn for 24 hours. *e situation of SC-EXOs
internalized by DRGn was observed by
immunofluorescence.

2.5. Transmission Electron Microscopy. *e primary DRGn
was inoculated on a six-well culture plate and cultured for 7
days. DRGn collected by centrifugation was fixed with
glutaraldehyde for 2 hours, and the samples were rinsed 3
times with phosphate buffer. It is taken to Core Facility
Center of Capital Medical University. *e ER in DRGn was
observed by using the HT7700 transmission electron mi-
croscope (Hitachi, Japan). *e clear ER image was finally
obtained by using the CCD camera and the microscope host.

2.6. Western Blot. *e treated DRGn and SC-EXOs were
collected. Cellular protein was extracted by RIPA lysis buffer.
*e equal proteins were separated on an SDS-PAGE, and
then they are transferred to the PVDF membrane. *e
membrane was blocked with 5% nonfat dry milk for 1 hour.
*e PVDF membrane was incubated overnight at 4°C with
primary antibodies, including Alix (1 : 2000, ab275377,
Abcam), Hsp70 (1 : 2000, ab2787, Abcam), CD63 (1 : 2000,
ab134045, Abcam), TSG101 (1 : 2000, ab125011, Abcam),
GRP78 (1 : 2000, ab108613, Abcam), IRE1α (1 : 500, sc-
390960, Santa cruz), p-IRE1α (1 : 2000, ab124945, Abcam),
CHOP (1 : 500, sc-46661, Santa cruz), JNK (1 : 2000,
ab208035, Abcam), p-JNK (1 : 2000, ab124956, Abcam),
XBP1 (1 : 500, sc-8015, Santa cruz), Bcl-2 (1 : 2000, ab182858,
Abcam), Bax (1 : 2000, ab32503, Abcam), Caspase-3 (1 : 2000,
ab32351, Abcam), Caspase-12 (1 : 2000, ab62484, Abcam),
and β-actin (1 : 2000, ab8226, Abcam). *e membranes were
incubated with the appropriate horseradish peroxidase-
conjugated secondary antibodies. *e specific bands were
observed by using the hypersensitive ECL chem-
iluminescence kit (New Cell & Molecular Biotech Co., Ltd,
P10200).

2.7. TUNELAssay. DRGn was cultured in groups on the cell
climbing slice; the cells were fixed by 4% paraformaldehyde,
0.1%TritonX-100 permeated through the membrane, drip-
ped with TUNEL reaction solution (G1501-50T, Servicebio),
and incubated at 37°C for 2 h. *e nuclei were stained with
DAPI and then sealed with antifluorescence quenchant.
Under the 880 Airyscan laser confocal microscope (Zeiss,
Germany), 8 visual fields were randomly selected in each
group, the number of apoptotic cells and total cells were
counted, and the percentage of apoptosis was calculated.

2.8. Statistical Analysis. *e software used to process data
includes GraphPad Prism8.0 and Image J. *e results are
shown as mean± standard error of mean (SEM). Differences

were analyzed by one-way ANOVA followed by Tukey’s
multiple comparisons test. Student’s unpaired t-test was
used to analyze data between 2 groups. P< 0.05 was con-
sidered statistically significant.

3. Result

3.1."e Cytoactivity of SCsWasNot Affected byHighOsmotic
Pressure. Compared with Control group, the cytoactivity in
HG group was significantly decreased (P< 0.01), while the
HOP group had no significant difference (Figure 1). *is
experiment confirmed that high osmotic pressure had no
effect on cell cytoactivity. *e changes in SCs and SC-EXOs
were caused by high glucoses concentration, not osmotic
pressure.

3.2. Identification of SC-EXOs Incubated in High Glucose.
Figure 2 shows the results of Western blot. *e exosomes
specific proteins Alix, Hsp70, CD63, and TSG101 were
detected. *ey were expressed in the exosomes of each
group. *e expression of the marker protein indicated the
presence of exosomal components which proved that SCs
can secrete exosomes, and using the ultracentrifugation to
extract exosomes was reliable.

3.3. Identificationof PrimaryDRGnand Internalizationof SC-
EXOs. Identification of primary DRGn: in order to verify
whether the primary DRGn could be grown adherently after
extracting the DRG by our method, we used the currently
recognized DRGn specific antibody NF200 for identifica-
tion. Cultured for 7 days, the immunofluorescence results
showed that the adherent cells could appear green fluo-
rescence, indicating that the adherent cells could bind to the
specific antibody NF200, and the cells also showed the
characteristics of DRGn: the whole cell was triangular and
had slender axons (Figure 3(a)). *is proved that our ex-
traction method is correct, and the cell was primary DRGn.

*e DRGn showed green fluorescence, and the nucleus
showed blue fluorescence by using the laser confocal mi-
croscope. *e exosomes showed red fluorescence. After
merging, the red exosomes were located in the cytoplasm of
green DRGn cells and distributed around the blue DRGn
nucleus (Figure 3(b)). *is proved that DRGn can inter-
nalize exosomes.

3.4. PF Regulated GRP78 and IRE1α in SC-EXOs Incubated in
High Glucose. Compared with the Control group, the ex-
pression of GRP78 in the HG group increased (P< 0.05);
compared with the HG group, the expression of the PF1
group decreased (P< 0.05; Figure 4(b)). Compared with the
Control group, the expression of IRE1α and p-IRE1α in the
HG group increased (P< 0.01); compared with the HG
group, the PF10 group decreased (P< 0.05; Figures 4(c) and
4(d)). *us, it could be seen that high glucose can lead to ER
stress, PF can play a role in anti-ER stress, and exosomes
participate in the information transmission of IRE1α
pathway.
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3.5. Effect of PF Intervention of SC-EXOs on the Downstream
Protein Expression of IRE1α Signal Pathway in DRGn.
CHOP, XBP1s, C-Jun N-terminal kinase (JNK), and p-JNK are
regarded as the downstream indexes of ER stress IRE1α
pathway [28, 29]. We verify their expression by Western blot.
Compared with the Control group, the expression of CHOP,
JNK, and p-JNK increased, and the expression of XBP1s de-
creased in the HG group (P< 0.05 or P< 0.01). Compared
with the HG group, the expression of CHOP, JNK, and p-JNK
significantly decreased and the expression of XBP1s increased
in the exosomes intervention group (P< 0.05 or P< 0.01;
Figures 5(b)–5(e)). *is proved that the exosomes after the
intervention of PF can reduce the ER stress.

3.6. Effect of PF Intervention of SC-EXOs on theMorphological
Integrity of ER in DRGn. We can see that the shape of ER in
the Control group is uniform (Figure 6(a)). After 24 hours of

50mM glucose intervention, the morphology of ER was
partially enlarged, broken, and fragmented (Figure 6(c)). In
the 50mM glucose + EXOs PF group, the structure of ER
tended to be intact (Figures 6(d) and 6(e)). *is can explain
that the PF interferes with SC-EXOs to maintain the intact
morphology of ER. *e morphology of ER in SC-EXOs
PF100 and SC-EXOs Control group has improved but the
effect was not obvious (Figures 6(b) and 6(e)).

3.7. PF Interfered with SC-EXOs to Reduce Apoptosis of DRGn

3.7.1. PF Interfered with SC-EXOs on Apoptosis of DRGn in
High Glucose Concentration by TUNEL Kit. *e TUNEL kit
method is currently recognized as one of the methods to
detect the level of apoptosis. Compared with the Control
group, a large number of green fluorescence appeared in the
HG group (Figure 7(a)), and the level of apoptosis increased
in the HG group (P< 0.01; Figure 7(b)). Compared with the
HG group, different doses of PF interfere with the SC-EXOs
to reduce apoptosis of DRGn (P< 0.01; Figure 7(b)).
Compared with the HG+EXOs PF1 group, the apoptosis
rate of DRGn in the HG+EXOs PF10 group and
HG+EXOs PF100 group was significantly decreased
(P< 0.01). *e intervention effect of PF with doses of 10 μM
and 100 μM was the best.

3.7.2. PF Interfered with SC-EXOs on DRGn Apoptotic
Protein in High Glucose Concentration. In addition to using
the TUNEL kit to detect the degree of apoptosis in DRGn, we
also verified the expression of anti-apoptotic protein Bcl-2
and pro-apoptotic protein Bax and Caspase family proteins
Caspase-12 and Caspase-3 by Western blot. Compared with
the Control group, the expression of Bax, Caspase-3, and
Caspase-12 was significantly increased and the expression of
Bcl-2 was decreased in the HG group (P< 0.05 or P< 0.01);
compared with the HG group, the expression of Bax,
Caspase-3, and Caspase-12 was significantly decreased and
the expression of Bcl-2 was significantly increased in the
HG+EXOs PF group (P< 0.05 or P< 0.01; Figures 8(b)–
8(e)). Western blot showed that EXOs interfered with PF
could inhibit the expression of apoptotic protein in DRGn,
which was consistent with the results of the previous TUNEL
kit. It was more confirmed that EXOs after the intervention
of PF can reduce the apoptosis induced by high glucose.

4. Discussion

In diabetic peripheral neuropathy, the research group has
found that exosomes could play the role of antioxidative
stress through information communication and then im-
prove DPN.*ere was a variety of pathogenesis of DPN.*e
studies have shown that exosomes can improve DPN by
regulating the communication between SCs and DRGn. ER
stress is one of the pathogenesis of DPN [30]. PF can im-
prove the apoptosis of SCs in high glucose concentration by
reducing ER stress and has the potential to interfere with
DPN [6]. However, can PF interfere with DPN by improving
the communication between SCs and DRGn? What is the
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Figure 1: Determination of SCs high glucose and high osmotic
pressure cell cytoactivity by CCK8 ★★ P< 0.01 vs. Control, n� 6 for
each group.
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Figure 2: Exosomes marker protein of SC-EXOs. Western blot
showed specific markers Alix, CD9, Hsp70, CD63, and TSG101 in
exosomes.
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Figure 3: Identification of the DRGn and the internalization of SC-EXOs. (a) NF200 specific identification of DRGn (× 200), scale bar,
100 μm. (b) DRGn internalized SC-EXOs (× 400), scale bar, 50 μm.
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Figure 5: *e effect of PF interfered with SC-EXOs on the downstream proteins of ER stress in DRGn. (a) *e expression of ER stress
downstream protein in DRGn. *e expression level of (b) CHOP, (c) JNK, (d) p-JNK, and (e) XBP1s was determined by Western blotting,
n� 4 for each group. *e results are expressed as the mean± standard error.
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specific way of action? *ese have not been fully clarified at
present. Our study confirmed that PF can reduce the apo-
ptosis of DRGn by regulating the signal proteins related to
ER stress in SC-EXOs.

In this study, ER stress was used as a breakthrough point
to further explain the role of SC-EXOs. We used an in vitro
model to verify this hypothesis. *e results of this study are
as follows: (1) SC-EXOs can carry ER stress initiating factor
and IRE1α pathway initiating factor; (2) the hyperosmotic
condition does not affect the activity of SCs and the SC-
EXOs; (3) DRGn can internalize the SC-EXOs and use the
exosomes communication mechanism to transmit infor-
mation; (4) high glucose can aggravate the ER stress and
change the morphology of ER in DRGn; and (5) SC-EXOs
under the intervention of PF can reduce the apoptosis of
DRGn in high concentration.

DPN as a disease of the peripheral nervous system, high
glucose stimulation can cause damage to SCs and DRGn
axons [31]. SC-EXOs can promote the activity of nerve cells
[32]. At the same time, the SC-EXOs also can significantly
promote axonal growth and axonal regeneration. Axon
regeneration is an important process of functional recovery
after peripheral nervous system injury [33]. *erefore, the
SC-EXOs may be involved in the axonal regeneration and
growth regulation of DRGn and promote the repair of
peripheral nerve injury. *en, the molecular mechanism of
SC-EXOs is explained to promote DRGn axonal growth, and

thus ER stress is inhibited to reduce cell apoptosis; this is the
core problem solved in this study.

We previously found that hyperglycemia can cause
axonal damage in DRGn and trigger DPN.*e degeneration
of distal sensory axons in DRGn is the main cause of DPN
[34, 35]. SCs can interact with the axons of DRGn, and SCs
in the normal concentration can secrete exosomes to pro-
mote the proliferation of injured DRGn [36]. SC-EXOs were
internalized by DRGn axons, and miR-27a in exosomes
promoted neurite growth of diabetic DRGn [30]. Our results
showed that DRGn could internalize SC-EXOs, and exo-
somes were involved in the recovery of damaged DRGn.
However, our results showed that the exosomes under the
intervention of PF significantly alleviated the ER stress and
apoptosis of DRGn. SC-EXOs under normal conditions can
have a therapeutic effect on DRGn stimulated by high
glucose, but the results are not significantly different.
*erefore, it can be shown that PF intervention can help
exosomes carry IRE1α pathway information to inhibit
apoptosis.

It has been proved that the condition of high glucose
concentration can increase the number of exosomes and
interfere with the biological activity of exosomes [37]. SCs
with axonal damage can also release a large number of
exosomes [38]. *erefore, it is proved that high glucose
concentration can affect the exosomes, and we have pre-
viously proved that high glucose concentration can increase

(a) (b) (c)

(d) (e) (f )

Figure 6: Ultrastructural observation of ER (7,000x). *e yellow arrow refers to the ER. (a–f) *e Control group, HG+EXOs Control
group, HG group, HG+EXOs PF1 group, HG+EXOs PF10 group, and HG+EXOs PF100 group.
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Figure 7: Continued.
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the expression of exosomal marker protein CD63 compared
with the Control group [39], which is consistent with our
experimental results. In order to eliminate the effect of other

conditions on the exosomes derived from SCs, we also
treated SCs with high osmotic pressure. At the same time, we
tested the SCs and SC-EXOs after intervention and found
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Figure 7: *e apoptosis level of DRGn was detected by immunofluorescence (× 200) dcale bar, 100 μm. *e green fluorescence was the
apoptotic cells stained by TUNEL kit, and the blue fluorescence was the nucleus. Blue-green overlap was the apoptotic cells. n� 6 for each
group.
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Figure 8: *e effect of PF interfered with SC-EXOs on the apoptotic proteins in DRGn. (a) *e expression of apoptotic protein in DRGn.
DRGn apoptosis protein expression for (b) Bax, (c) Bcl-2, (d) Caspase-3, and (e) Caspase-12 was determined by the western blot. *e results
were expressed as the mean± standard error, n� 4 for each group.
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that high osmotic pressure did not affect the activity of SCs
and the information transmission between exosomes and
DRGn.

*e research group previously proved that DPN was
characterized by demyelination caused by SCs apoptosis
induced by ER stress. *e pathogenesis of DPN is com-
plicated, but ER stress is closely related to apoptosis. In the
process of UPR, IRE1α dissociates with GRP78 and then
undergoes autophosphorylation to activate downstream
reactions [40]. *e results showed that both IRE1α and
GRP78 were expressed in exosomes, and their expression
increased significantly in high glucose concentration, in-
dicating that exosomes can carry information transmission
factor and activate IRE1α signal pathway. At the same time,
the expression of both exosomes decreased after the in-
tervention of PF. C/EBP homologous protein (CHOP), as a
downstream protein of ER stress, is upregulated in SCs of
the diabetic nephropathy rat model. Under ER stress, ac-
tivated IRE1α can no longer regulate the expression of
transcription factors CHOP and Caspase-12 and further
activate the expression of Caspase-3, aggravating apopto-
sis-mediated DPN damage. All these are consistent with
our experimental results. CHOP played a key role in cell
apoptosis induced by ER stress. It was considered to play a
central role in cell apoptosis induced by ER stress. It is
strongly induced by IRE1α signal. Inhibiting the expression
of IRE1α can inhibit the expression of CHOP [41]. At the
same time, in the diabetic model, the expression level of
XBP1s in hippocampus decreased significantly, suggesting
that the decrease in XBP-1s expression is closely related to
the damage of the peripheral nervous system caused by
diabetes [42]. Excessive or persistent ER stress can also
activate the phosphokinase activity of IRE1α. Activated
ASK1 induces and increases the expression of JNK by
increasing the transcription of JNK. It has been found that
the expression of JNK is significantly decreased after the
application of IRE1α phosphokinase inhibitor [43]. Our
results of Western blot also show that PF interferes with
SC-EXOs to affect the expression of ER stress downstream
factors in DRGn, inhibits the expression of apoptotic
factors Caspase-12 and Caspase-3, reduce apoptosis, and
alleviates ER stress by exosomes.

In summary, our study shows that SCs can release
exosomes, and the method of extracting exosomes by ul-
tracentrifugation is feasible. Exosomes can carry ER stress
initiating factor and IRE1α signaling pathway information
transmission factor for cell-to-cell information exchange.
High glucose concentration will affect SCs secretion of
exosomes, while high osmotic pressure will not affect SCs
activity and exosomes secretion. PF can improve the ER
stress of DRGn and affect the expression of downstream
proteins such as JNK and CHOP; improve the morphology
in ER of DRGn damaged by high glucose; and increase the
expression of anti-apoptotic protein Bcl-2, decrease the
expression of pro-apoptotic protein Bax, inhibit the ex-
pression of Caspase family Caspase-12 and Caspase-3, and
ultimately improve DPN. As a carrier of cellular commu-
nication, exosomes provide new ideas for the treatment of
DPN, diabetes, and its complications.

5. Conclusion

*is study proved that SCs can secrete exosomes. PF can
affect the expression of IRE1α and GRP78 which were the
key proteins of IRE1α signal pathway in exosomal ER stress.
DRGn can absorb SC-EXOs. PF carries ER stress infor-
mation by exosomes, which plays the role of anti-ER stress
and reduces DRGn apoptosis, thus ameliorating DPN. Our
research provided a new method for the treatment of DPN
from the molecular mechanism level.
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Amyotrophic lateral sclerosis (ALS) is caused by selective the loss of spinal motor neurons by multifactorial pathological
mechanisms and results in muscle atrophy. Incidence rates of ALS are increasing over time, but there are no effective treatments at
present due to limitations on approved therapies (riluzole and edaravone). )erefore, this study investigated whether combined
treatment with Bojungikgi-tang and riluzole could act synergistically in transactive response DNA-binding protein 43 (TDP-43)
stress granule cells. To examine the effect of combined treatment on oxidative stress-induced cell death, the CCK8 assay was
performed for the detection of cell viability. )e expression of oxidative stress-induced proteins was determined by Western blot.
Quantification of sodium arsenite-induced reactive oxygen species (ROS) was measured in TDP-43 stress granular cells using 2,7-
diacetyl dichlorofluorescein diacetate. To investigate the effect of combined treatment on TDP-43 aggregation, immunofluo-
rescence and immunoblotting were performed in TDP-43 stress granular cells. )is combined treatment alleviated oxidative
stress-induced cell death by increasing the expression levels of antioxidation proteins, such as heme oxygenase-1 and B cell
lymphoma-2-associated X protein. Furthermore, it reduced oxidative stress-induced TDP-43 aggregates and lowered the levels of
autophagy-related proteins, including p62, light chain 3b, and ATG8, in TDP-43-expressing cells. Our results suggest that this
combined treatment could be helpful for autophagy regulation in other neurodegenerative diseases.

1. Introduction

Amyotrophic lateral sclerosis (ALS) is caused by selective
loss of spinal motor neurons by multifactorial pathological
mechanisms and results in muscle atrophy [1]. ALS-related
genes include mutations in superoxide dismutase 1, fused in
sarcoma (FUS), transactive response DNA-binding protein
43 (TDP-43), C9orf72, optineurin, sequestosome 1, ubiq-
uilin 2, dynactin, MATR3, and valosin-containing protein
(VCP) [2]. )e pathological mechanisms of ALS include
excitotoxicity, apoptosis, inflammation, and oxidative stress
at the cellular level [2]. TDP-43 is involved in fronto-
temporal lobar degeneration (FTLD), and ALS and its
pathological mechanisms include oxidative stress [3], neu-
roinflammation [4], and mitochondrial dysfunction [5]. In
particular, oxidative stress activates pathological pathways
leading to neuronal degeneration and motor neuron death

[6]. Furthermore, TDP-43 has been associated with the
RNA-related metabolism, stress granule formation, the
ubiquitin-proteasome system (UPS), autophagy, and mito-
chondrial dysfunction [7]. )e TDP-43 protein is a signif-
icant component of the characteristic ubiquitinated
neuronal inclusions [8, 9]. Abnormal TDP-43 is displaced
from the nucleus to the cytoplasm and forms aggregates due
to defects in the machinery regulating protein homeostasis,
such as the autophagy-lysosome pathway and UPS [10]. )e
research is inconsistent as to whether the aggregation of
TDP-43 protein is beneficial or induces neurotoxicity. Xu
et al. and Wegorzewska et al. have shown that mutant TDP-
43 protein is toxic to neurons in several TDP-43 animal
models [11, 12]. However, Vander Broeck et al. suggested
that the loss of TDP-43 induces TDP-43-related proteino-
pathies rather than toxic effects by aggregates [13]. Signif-
icant research has focused on finding a drug to prevent or
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alleviate TDP-43-related disease conditions. )e multiple
complex pathomechanisms have complicated finding an
effective drug for ALS. Although riluzole has been used to
treat patients with ALS, it does not appear to extend patients’
survival. Furthermore, riluzole does not improve neuro-
pathology in TDP-43 expressed animal models [14, 15].

Herbal medicines, such as the Huolingshengji formula
and Jiawei Sijunzi, have been shown to improve neurological
and muscle function in patients with ALS [16, 17]. In pa-
tients with ALS, herbal medicines, such as the Huoling-
shengji formula and Jiawei Sijunzi, have been shown to
improve neurological and muscle functions [16, 17]. Chang
et al. showed that berberine could be a potential therapy as
an activator of mTOR-autophagy signals TDP-43-related
neuropathology [18]. Bojungikgi-tang (BJIGT) is a tradi-
tional herbal medicine in traditional Chinese medicine
(TCM), is known as Bu Zhong Yi Qi Tang (BZYQT) in
Chinese and Hochuekkito in Japanese, and comprises eight
herbs. Several studies have demonstrated the effects on
tumor suppression [19], chronic fatigue syndrome [20], and
immune function [21]. Furthermore, we have shown that
BJIGT treatment improved motor activity with anti-in-
flammatory and antioxidative effects in the spinal cord and
gastrocnemius muscle of the hSOD1G93A animal model [22].
We have investigated the effects of combined treatment with
BJIGT and riluzole in TDP-43 stress granular cells to ex-
amine the synergistic effect of combined treatment. )e
combined treatment reduced oxidative stress-induced cell
death and regulated autophagy dysfunction compared with
sodium arsenite (SA) only-treated TDP-43 cells. From those
findings, we suggest that combined treatment could be
helpful for aggregate clearance in other neurodegenerative
diseases.

2. Methods

2.1. Cell Subculture and Drug Preparation. TDP-43 stress
granules cells were purchased from Innovative Technologies
in Biological Systems (Innoprot, Spain). )e TDP-43 stress
granules cells were maintained in Dulbecco’s MEM/Nut
MIX F-12 medium (Sigma Aldrich, USA) supplemented
with 10% fetal bovine serum ()ermo Fischer Scientific, CA,
USA) and 5 μg/mL puromycin ()ermo Fischer Scientific,
CA, USA) and 80 μg/mL hygromycin ()ermo Fischer
Scientific, CA, USA). Cells were grown at 37°C and 5% CO2
incubator and subcultured every 3 days. For the induction of
fluorescent TDP-43 expression, 50% confluence cells were
added 5mM isopropyl β-d-1-thiogalactopyranoside (IPTG)
in a complete medium. For the study, BJIGT and riluzole
were purchased from Hankookshinyak (Chungnam, Korea)
and Millipore (Billerica, MA, USA). BJIGT was dissolved
with distilled PBS (dPBS) and filtered with 0.45 μm syringe
filter. Riluzole was dissolved in dimethyl sulfoxide (Sigma
Aldrich, USA).

2.2. Cell Viability (CCK-8Assay). Cell viability was observed
using the Cell Counting Kit-8 (CCK-8) (Sigma Aldrich,
USA). TDP-43 stress granules cells were subcultured in a 96-

well plate, pretreated with 100 μg/mL BJIGT or 50 μM
riluzole or combined BJIGT (100 μg/mL) and riluzole
(50 μM), and then exposed to 150 μM sodium arsenite (SA)
for 18 h or sterilized water as a solvent control. Treated cells
were added 10 μL of CCK-8 solution. )e assay was repeated
three times. )e optical density value was measured at
absorbance 450 nm by a microplate reader (SpectraMAX
340, molecular devices, USA) for cell viability.

2.3.WesternBlot. After incubation with 150 μM SA for 18 h,
the cells were rinsed twice with PBS. We used radio-
immunoprecipitation assay (RIPA) buffer (50mM Tris-HCl,
pH 8.0, 150mM NaCl, 1% NP-40, 0.5% sodium deoxy-
cholate, and 0.1% sodium dodecyl sulfate (SDS)), which
included phosphatase and protease inhibitors (GenDEPOT,
Barker, TX, USA), to lyse the cells; this sample was called
“RIPA-soluble.” )e lysed cells were centrifuged at 4°C at
12,000 rpm for 20min. We evaluated the supernatants with
the bicinchoninic acid (BCA) protein assay ()ermo Fischer
Scientific, CA, USA) to determine the protein concentration
of the lysates. )e RIPA-insoluble pellets were lysed with
10% SDS buffer, sonicated, and supplemented with SDS-
polyacrylamide gel electrophoresis (PAGE). )e soluble and
insoluble proteins were separated on 4–12% SD-PAGE gels
and transferred to PVDF membranes. PVDF blocked with
5% skim milk for elimination of nonspecific binding and
then incubated with the following primary antibodies: heme
oxygenase (HO) 1, ATG7, and tubulin (Abcam, Cambridge,
MA, USA); B cell lymphoma-2-associated X protein (Bax)
and green fluorescent protein (GFP) (Santa Cruz Biotech-
nology, Santa Cruz, CA, USA); microtubule-associated
protein 1A/1B light chain (LC) 3b and P62 (Cell Signaling
Technology, Danvers, MA, USA); and ubiquitin (Vector
Laboratories, Burlingame, CA, USA) at 4°C overnight. After
rinsing with 0.1% Tween in Tris-buffered saline, the PVDF
was incubated with anti-rabbit of anti-mouse IgG antibodies
(Santa Cruz Biotechnology). For chemiluminescent detec-
tion, the membrane was incubated with SuperSignal West
Femto Substrate Maximum Sensitivity Substrate ()ermo
Fisher Scientific, CA, USA). Immunoblots were detected
using a ChemiDoc Imaging System (BioRad), and quanti-
fication was performed using ImageJ software (National
Institutes of Health, Bethesda, MD, USA).

2.4. Determination of Reactive Oxygen Species Generation.
Quantification of SA-induced reactive oxygen species (ROS)
was measured in TDP-43 stress granular cells using 2,7-
diacetyl dichlorofluorescein diacetate (DCFH-DA). DCFH-
DA penetrates the intracellular matrix of cells and oxidizes
DCFH-DA, depending on ROS, and then forms fluorescent
DCF. TDP-43 stress granular cells (4×103/mL) were treated
with DCFH-DA (5 μM) and incubated at 37°C for 10min.
Stained cells were rinsed with dPBS and added trypsin to
remove excess DCFH-DA. Fluorescent intensity was per-
formed with excitation, and emission filters were set at
490 nm and 535 nm, respectively, using SpectraMax i3
(Molecular devices, San Jose, USA).
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2.5. Immunofluorescence and Aggregation Analysis.
TDP-43 stress granular cells were treated with 70% ice-cold
ethanol on ice for fixation. Permeabilized cells with PBST
(PBS, 0.5% Triton X-100) were blocked with 5% bovine serum
albumin. After blocking, TDP-43 stress granular cells were
incubated with anti-GFP, at 4°C overnight. TDP-43 stress
granular cells were treated with Alexa Fluor 488-conjugated
goat anti-mouse immunoglobulin G secondary antibody (1 :
500; Invitrogen).)e cell images were observed on an Eclipse
Ti-U (Nikon, Tokyo, Japan) fluorescence microscope. For
quantification of aggregates in cells, three representative
microscopy fields per sample were analyzed. )e aggregated
cells by SA treatment were calculated by the number of GFP-
positive aggregated cells/total number of cells.

2.6. Statistical Analyses. Statistical analysis was analyzed
using GraphPad Prism 9.0 (GraphPad Software, San Diego,
CA, USA), and barplot presented with the mean± standard
error of the mean (SEM) were indicated. Statistical signif-
icance of Western blotting, CCK8 assay, and ROS assay were
analyzed using one-way analysis of variance followed by the
Newman–Keuls test.

3. Results

3.1. Combined Herbal Medicine and a Drug Prevented SA-
Induced Cell Death of TDP-43 Stress Granular Cells. We
examined cell viability as a function of the concentration of
riluzole and BJIGTin TDP-43 stress granular cells to determine
cell toxicity. We observed a 14% reduction of cell viability with
100μM riluzole comparing with the control group (p< 0.01
and p< 0.001, Figures 1(a) and 1(b)). BJIGTdid not reduce cell
viability for doses up to 200μg/mL for 24h in TDP-43 stress
granular cells (Figures 1(a) and 1(b)). To investigate the
combined treatment effect on SA-induced cell death, we
preincubated cells with BJIGT (100μg/mL), riluzole (50μM),
and combined BJIGT (100μg/mL) and riluzole (50μM) for 6h
before treatment with SA (150μM) over 18h. BJIGT and
riluzole treatment increased cell viability by 1.7- and 1.8-fold,

respectively, compared with SA-treated TDP-43 stress granular
cells. )e combined treatment inhibited SA-induced cell death
by 2.1-fold compared with the SA-treated group (p< 0.05 and
p< 0.01, Figure 2). Our results suggest that combined treat-
ment could have synergistic effects in the regulation of ALS
pathology.

3.2. Combined Treatment Regulates Oxidative Stress-Induced
Mechanism in TDP-43 Stress Granular Cells. To find the
molecular mechanism of the combined treatment, we in-
vestigated the effects of oxidative stress-related proteins in
SA-treated TDP-43 stress granular cells. As shown in
Figures 3(a) and 3(b), we observed the reduction in HO1 and
Bax protein levels by 2- and 3.2-folds, respectively, in BJIGT
pretreatment in SA-treated TDP-43 expressing cells
(p< 0.05). In addition, riluzole pretreatment reduced the
expression of HO1 and Bax proteins by 3.1- and 8.7-folds,
respectively, compared with SA-treated TDP-43 stress
granular cells. Furthermore, the combined treatment sig-
nificantly decreased the levels of HO1 and Bax proteins by 6-
and 10.9-folds, respectively, compared with SA-treated cells
(p< 0.05). To confirm the antioxidation effect of the com-
bined treatment, we performed a DCFDA assay in SA-
treated TDP-43 cells in the presence or absence of BJIGTand
riluzole.)e level of ROS generation using DCF fluorescence
intensity increased by 1.2-fold in SA-treated cells compared
with the generation in control (p< 0.05 and p< 0.01,
Figures 3(c) and 3(d)). Interestingly, BJIGT and riluzole
treatment reduced ROS production by 1.2- and 1.1-folds,
respectively, compared with the SA-treated group. )e
combined treatment reduced 1.3-fold fluorescence intensity
induced by SA treatment in TDP-43 stress granular cells
(p< 0.01, Figures 3(c) and 3(d)).

3.3. Combined Treatment Regulated SA-Induced Auto-
phagy Dysfunction in TDP-43 Stress Granular Cells.
Ubiquitinated or hyperphosphorylated TDP-43 is detected
in the nucleus due to oxidative stress or inflammation. It
interacts with autophagy and UPS-related ubiquitin [9, 23].
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Figure 1: Cell viability under differing BJIGT and riluzole concentrations. TDP-43 stress granular cells incubated with riluzole (a) and
BJIGT (b) at indicated concentrations for 24 h. Barplots are represented as a percentage of the control value. BJIGT, Bojungikgi-tang.
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To investigate the effect of combined treatment on TDP-
43 aggregation, we performed immunofluorescence and
immunoblotting in TDP-43 stress granular cells. As shown
in Figure 4, we found TDP-43 aggregates in SA-treated TDP-
43-expressed cells. )e combined treatment significantly
reduced the aggregates by 2.9-fold in SA-treated TDP-43
expressed cells (p< 0.001, Figures 4(a) and 4(b)). Further-
more, we found that combined treatment reduced ubiq-
uitinated high molecular proteins in SA-treated TDP-43
expressing cells compared with SA-treated TDP-43
expressing cells (p< 0.001, Figure 4(c)). )ese findings
suggest that combined treatment can regulate SA-induced
autophagy dysfunction in TDP-43-expressed cells.

To demonstrate the combined treatment effect on
autophagy function, we investigated the levels of autophagy-
related proteins, including P62, LC3b, and ATG7, in TDP-
43-expressing cells. SA treatment significantly increased the
expression levels of P62, LC3b, and ATG7 by 2.2-, 2.7-, and
2.3-folds, respectively, compared with the control in TDP-43
stress granular cells (p< 0.05, Figures 5(a) and 5(b)).
However, combined treatment reduced P62, LC3b, and
ATG7 protein levels by 2.8-, 3.4-, and 2.4-folds, respectively,
compared with SA-treated TDP-43 stress granular cells
(p< 0.05, Figures 5(a) and 5(b)).

4. Discussion

TDP-43 is important for regulating RNA biogenesis, such as
splicing, translation, and stability [7]. However, TDP-43
overexpression and displacement to the cytoplasm are related

to neurodegeneration, including motor nerve degeneration,
as observed in ALS. Furthermore, TDP-43 proteinopathy
induces neurodegenerative pathomechanisms, such as auto-
phagy dysfunction [10], neuroinflammation [4], and mito-
chondrial dysfunction [5]. Several researchers have tried
unsuccessfully to find an effective treatment or therapy for
TDP-43-induced ALS. Although riluzole has been treated for
patients with ALS, it is limited by improving survival for only
2-3 months [24], an unclear mechanism of action and adverse
effects, such as nausea, asthenia, and gastrointestinal prob-
lems [25].

TCM has been used for disease treatment for centuries in
China, Japan, and South Korea. BJIGT is a traditional herbal
formula of TCM that has been known as BZYQT in Chinese
and Hochuekkito in Japanese and comprises eight herbs.
Several studies have demonstrated the effects on tumors [19],
chronic fatigue syndrome [20], and immune function [21].
In our previous study, we demonstrated the anti-inflam-
matory and antioxidative effects of BJIGT in the muscle of
the spinal cord of hSOD1G93A mice [22]. In addition, Yu
et al. showed that cotreatment with BZYQT and cisplatin
enhanced apoptosis and autophagy, leading to increased
intracellular ROS levels in human lung carcinoma A549/
DDP cells (cisplatin-resistant cells) [26]. )ey suggested that
BZYQT could be a potential chemotherapy sensitizer to
reverse cisplatin resistance.

Oxidative stress is induced by excessive production of
ROS by disruption of the antioxidant systems, leading to
protein misfolding and causing inflammation and mito-
chondrial dysfunction [8]. In ALS, oxidative stress is a
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Figure 3: Oxidative stress effects of BJIGT combined with riluzole in TDP-43-expressed stress granular cells. TDP-43 stress granular cells
were pretreated with BJIGT (100 μg/mL), riluzole (50 μM), and combined BJIGT (100 μg/mL)/riluzole (50 μM) for 6 h before treatment of SA
(150 μM) for 18 h. (a) Representative data of HO1 and Bax expression in TDP-43 stress granular cells. SA-induced oxidative stress-related
proteins (HO1 and Bax) were reduced by BJIGT/riluzole in TDP-43-expressed stress granular cells. Tubulin was used as loading control. (b)
Quantification of immunoblots. Bars represent themeans± SEMs of more than three independent experiments. ∗P< 0.05 vs. the SA-treated
control group. (c) TDP-43 stress granular cells were treated with SA (150 μM) for 18 h in the absence or presence of BJIGT (100 μg/mL),
riluzole (50 μM), and combined BJIGT (100 μg/mL)/riluzole (50 μM), and then incubated with 5 μMDCFH-DA. Cells were captured with a
fluorescent microscope (40× magnification). (d) Relative fluorescence was quantified with a microplate reader. Bars represent the
means± SEMs of more than three independent experiments. ∗P< 0.05 and ∗∗p< 0.01 vs. the SA-treated group. C, control; SA, sodium
arsenite; BJIGT, Bojungikgi-tang; RI, riluzole.
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critical factor driving disease progression and disease
pathogenesis [27]. TDP-43 is expressed as stress granules
under cellular oxidative stress [28]. Liu et al. demonstrated
that antioxidant oxidation resistance 1 extended survival and
disease progression in an SOD1-mediated ALS animal
model [29]. Edaravone was shown to remove lipid peroxide
and hydroxyl radicals for neuronal protection and nitro-
sative stress in ALS [30]. However, acetylcysteine and cre-
atine, as antioxidants, did not affect ALS symptom recovery

[31]. )is finding implies that oxidative stress is related to
other pathological mechanisms, such as mitochondrial
dysfunction, protein aggregation, and cytoskeletal dys-
function in ALS. )erefore, multiple target treatments are
needed to improve complex diseases, such as ALS.

In this study, we investigated the effects of combined
treatment with BJIGT and riluzole on SA-induced oxi-
dative stress in TDP-43 stress granular cells. We found
that combined treatment significantly reduced the
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Figure 4: Aggregation effects of BJIGTcombined with riluzole in TDP-43-expressed stress granular cells. TDP-43 stress granular cells were
pretreated with BJIGT (100 μg/mL), riluzole (50 μM), and combined BJIGT (100 μg/mL) and riluzole (50 μM) for 6 h before treatment with
SA (150 μM) for 18 h. (a) )e cells treated with anti-GFP immunofluorescence, the primary antibody, and captured with a fluorescent
microscope (200× magnification). (b) Quantification of inclusions. )ree representative microscopy fields per sample were analyzed. )e
aggregated cells by SA treatment were calculated by the number of GFP-positive aggregated cells/total number of cells. (c) Cell lysates
identified with immunoblots using antiubiquitin. Con, control; SA, sodium arsenite; BJIGT, Bojungikgi-tang; RI, riluzole.
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expression levels of oxidative stress-induced HO1 and Bax
proteins, as well as ROS generation. )ese findings suggest
that cotreatment with BJIGT and riluzole could help the
regulation of mitochondrial dysfunction in ALS. Zuo et al.
demonstrated that TDP-43 aggregation induced by oxi-
dative stress leads to mitochondrial imbalance [32].
SOD1-, TDP-43-, FUS-, and C9orf72-associated ALS
causes toxicity by ubiquitin inclusions and is a common

pathological feature of familial ALS or sporadic ALS
[33, 34].

TDP-43 is expressed in the nucleus but represents cy-
tosolic mislocalisation in a ubiquitinated or hyper-
phosphorylated form by oxidative stress or inflammation
and interacts with autophagy and UPS-related ubiquitin
[9, 23, 35]. Usually, autophagy and the UPS are important
cellular mechanisms to clear protein aggregation. However,
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Figure 5: Autophagy function effects of BJIGTcombined with riluzole in TDP-43-expressed stress granular cells. Cell lysates were used to
detect P62, LC3b, and ATG7 expression by Western blots. Combined treatment reduced SA-induced autophagy dysfunction in TDP-43
stress granular cells. (a) Representative data of autophagy-related protein expressions (P62, LC3b, and ATG7) in TDP-43 stress granular
cells. Tubulin was used as loading control. (b) Quantification of immunoblots. Bars show the means± SEMs of more than three independent
experiments. ∗P< 0.05 vs. the SA-treated control group.
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these functions are disrupted by oxidative stress in AD, PD,
and ALS [36]. ALS genes are related to autophagic systems,
such as p62, optineurin, VCP, ubiquilin 2, and TANK-
binding kinase 1 (TBK1) [37]. Tanji et al. demonstrated that
the interaction between TDP-43 and p62 was disrupted in
the cerebral cortex of patients with FTLD-TDP [38].

As autophagy dysfunction is a critical pathological
feature in ALS, AD, PD, and HD, Cipolat Mis et al. have
investigated autophagy-regulating molecules in ALS
models [39]. )e autophagy inducer rapamycin is mTOR-
dependently reduced protein aggregation, although it is
only effective at the early stage of SOD1G93A mice [40].
However, mTOR inhibition by rapamycin worsens the
disease, although phosphatidic acid (an mTOR agonist)
improved movement and developmental viability in a
TDP-43-depleted Drosophila model [41]. Trehalose re-
duced SOD1 aggregation to prevent neuronal loss in
SOD1G93A mice [42] and induced TDP-43 clearance by
autophagic activation in TDP-43 expressing SH-SY5Y cells
[43]. )ese autophagic inductors, including rapamycin and
trehalose, showed positive or negative effects in a non-
clinical ALS model. )us, further studies are needed in
various experimental models before clinical translation.
Our study found that combined treatment reduced insol-
uble ubiquitinated proteins, and TDP-43 aggregates via
modulation of autophagy dysfunction under oxidative
stress. )ese findings suggest that combined treatment
could induce TDP-43 clearance via the autophagic deg-
radation pathway. However, it is necessary to investigate
autophagy regulation by combined treatment in other ALS-
related animal models, such as hSOD1G93A and FUS.
Further studies will be performed to determine whether
combined treatment activates mTOR-dependent or inde-
pendent pathways in TDP-43-expressing cells. Further-
more, the interaction between BJIGTand riluzole should be
investigated for translation into clinical studies.

5. Conclusion

In conclusion, this is the first study demonstrating that
pretreatment with BJIGT and riluzole alleviates SA-induced
oxidative stress and regulates autophagy in TDP-43 stress
granule cells.
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Objective. To explore the therapeutic targets, network modules, and coexpressed genes of Radix Rhei Et Rhizome intervention
in cerebral infarction (CI), and to predict significant biological processes and pathways through network pharmacology. To
explore the differential proteins of Radix Rhei Et Rhizome intervention in CI, conduct bioinformatics verification, and initially
explain the possible therapeutic mechanism of Radix Rhei Et Rhizome intervention in CI through proteomics. Methods. +e
TCM database was used to predict the potential compounds of Radix Rhei Et Rhizome, and the PharmMapper was used to
predict its potential targets. GeneCards and OMIM were used to search for CI-related genes. Cytoscape was used to construct a
protein-protein interaction (PPI) network and to screen out core genes and detection network modules. +en, DAVID and
Metascape were used for enrichment analysis. After that, in-depth analysis of the proteomics data was carried out to further
explore the mechanism of Radix Rhei Et Rhizome intervention in CI. Results. (1) A total of 14 Radix Rhei Et Rhizome potential
components and 425 potential targets were obtained. +e core components include sennoside A, palmidin A, emodin,
toralactone, and so on.+e potential targets were combined with 297 CI genes to construct a PPI network.+e targets shared by
Radix Rhei Et Rhizome and CI include ALB, AKT1, MMP9, IGF1, CASP3, etc. +e biological processes that Radix Rhei Et
Rhizome may treat CI include platelet degranulation, cell migration, fibrinolysis, platelet activation, hypoxia, angiogenesis,
endothelial cell apoptosis, coagulation, and neuronal apoptosis. +e signaling pathways include Ras, PI3K-Akt, TNF, FoxO,
HIF-1, and Rap1 signaling pathways. (2) Proteomics shows that the top 20 proteins in the differential protein PPI network were
Syp, Syn1, Mbp, Gap43, Aif1, Camk2a, Syt1, Calm1, Calb1, Nsf, Nefl, Hspa5, Nefh, Ncam1, Dcx, Unc13a, Mapk1, Syt2, Dnm1,
and Cltc. Differential protein enrichment results show that these proteins may be related to synaptic vesicle cycle, vesicle-
mediated transport in synapse, presynaptic endocytosis, synaptic vesicle endocytosis, axon guidance, calcium signaling
pathway, and so on. Conclusion. +is study combined network pharmacology and proteomics to explore the main material
basis of Radix Rhei Et Rhizome for the treatment of CI such as sennoside A, palmidin A, emodin, and toralactone. +e
mechanismmay be related to the regulation of biological processes (such as synaptic vesicle cycle, vesicle-mediated transport in
synapse, presynaptic endocytosis, and synaptic vesicle endocytosis) and signaling pathways (such as Ras, PI3K-Akt, TNF,
FoxO, HIF-1, Rap1, and axon guidance).
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1. Introduction

Cerebral infarction (CI) or ischemic stroke (IS) mainly
results from blood supply disturbances in local brain tissue
areas, leading to necrosis of ischemic hypoxic lesions in the
brain tissue, which results in the manifestation of corre-
sponding neurological deficits [1]. Epidemiological studies
have shown that stroke has become the disease with the
highest mortality rate in China [2, 3]. CI is divided into
cerebral thrombosis, cerebral embolism, and lacunar in-
farction according to the different pathogenesis. Among
them, cerebral thrombosis is the most common type of CI,
accounting for about 60% [4]. Timely thrombolysis to re-
store blood supply after infarction is the most important
measure to save the ischemic area. Although reperfusion
after ischemia can restore its function, ischemia-reperfusion
injury makes the irreversible damage to the brain tissue after
the blood flow restored [5–7]. Cerebral ischemia-reperfusion
injury (CIR) is mainly related to the formation of free
radicals (oxygen and lipid free radicals), oxidative stress,
energy metabolism disorders, apoptosis, excitatory amino
acid toxicity, calcium overload, inflammation, and so on
[6–9]. Currently, the preventive and therapeutic drugs for
CIR include excitatory amino acid-regulating drugs, neu-
rotrophic growth factors, free radical scavengers, nitric oxide
synthase inhibitors, intracellular calcium overload inhibi-
tors, and natural plant active compounds (flavonoids, sa-
ponins, polysaccharides) [8, 10–13]. Of particular
importance is that natural plant active compounds are be-
coming potential CIR drugs.

Radix Rhei Et Rhizome is an important part of the
traditional Chinese medicine (TCM) formulas for the
treatment of CI in the acute phase, which has a long history
of medicinal use [14–18]. Modern medical research proves
that rhubarb aglycones have significant protective effects on
ischemic brain tissue: it can maintain the integrity of the
blood-brain barrier, reduce inflammation, inhibit apoptosis,
and protect nerves [15–19]. However, its specific mechanism
is still unclear. +erefore, this research hopes to propose a
new method to analyze the regulatory mechanism of Radix
Rhei Et Rhizome on CI biological networks. +e develop-
ment of high-throughput omics and chemoinformatics has
given the opportunity to analyze the mechanisms of natural
plant components for disease treatment [20–24]. +erefore,
based on previous research, this study will integrate pro-
teomics and chemoinformatics strategies to further explore
the molecular mechanism of Radix Rhei Et Rhizome’s in-
tervention in CI and provide reference information for new
drug development and its clinical application. +e idea and
process of this research are shown in Figure 1.

2. Material and Methods

2.1. Construction of Pharmacodynamic Molecular Database
and Radix Rhei Et Rhizome’s Compounds Prediction. All
compounds of Radix Rhei Et Rhizome were obtained from
the traditional Chinese medicine database and analysis
platforms TCMSP database (http://lsp.nwu.edu.cn/) [25]
and TCM@Taiwan (http://tcm.cmu.edu.tw/zh-tw/) [26]. In

order to obtain potential active compounds from these
compounds, this study used drug-likeness (DL), Caco-2
permeability, and oral bioavailability (OB) indicators
[20–24, 27–30] and combined literature [31] to predict
potential pharmacological compounds in Radix Rhei Et
Rhizome. +e standard was OB≥ 30%, DL≥ 0.18, and Caco-
2 permeability>−0.4. After the potential compound pre-
diction, a total of 9 Radix Rhei Et Rhizome’s potential
compounds were obtained: (-)-catechin, aloe-emodin, beta-
sitosterol, daucosterol, eupatin, mutatochrome, palmidin A,
rhein, and toralactone. Meanwhile, due to the limitation of
the pharmacokinetic parameter model, in order to avoid the
omission of potential compounds, a large number of studies
related to Radix Rhei Et Rhizome were searched to sup-
plement its active compounds. Finally, according to refer-
ences [32, 33], a total of 5 oral absorbable compounds with
bioactivity were supplemented: chrysophanol, danthron,
emodin, sennoside A, and physcion. +e 3D structure of all
screened compounds was saved in mol2 format.

2.2. Potential Targets Prediction and CI Gene Collection.
In addition to screening the active components of Radix Rhei
Et Rhizome, determining the targets of the active ingredients
is also an important step to clarify the biological basis of
TCM.+e PharmMapper server platform (http://lilab-ecust.
cn/pharmmapper/) was used to predict potential targets.
After importing the “mol2” format file, the number of
returned targets was set to 300, and the pharmacophore
model was selected as the setting condition [34].+e PDB ID
of the protein target was imported into UniProt KB (https://
www.uniprot.org/uniprot/), with the species restricted to
“Homo sapiens” (for potential targets) (Table S1) or “Rattus
norvegicus” (for proteomics data) (Table S2), to obtain the
official symbol of Radix Rhei Et Rhizome potential target.

+e keyword “cerebral infarction” was entered into the
GeneCards database (http://www.genecards.org/) [35] and
the OMIM database (http://www.ncbi.nlm.nih.gov/omim)
[36] to search for reported CI-related genes. +e genes in the
GeneCards database with relevance score >1 were selected.
After removing duplicate genes and false positive genes, the
CI gene set was obtained (Table S3).

2.3. Network Construction and Analysis Methods. In system
pharmacology, the construction and analysis of biological
network diagrams are very important for TCM pharmaco-
logical analysis. +e network formed by nodes and edges
(connections between nodes) is a mathematical-based and
quantifiable mapping of various regulatory relationships under
complex biological systems. String 11.0 (https://string-db.org/)
was used to query protein-protein interaction (PPI) relation-
ships [37]. +e results were saved in TSV format, and the
node1, node2, and Combinedscore information in the file was
retained and imported into Cytoscape 3.7.1 software to draw
the relevant network [38]. +e “NetworkAnalyzer” plugin that
comes with Cytoscape software was used to analyze the degree
and betweenness of the network. +ese two parameters are
often used to illustrate the importance of nodes, that is, the
higher the degree and betweenness, the more important the
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node in the network.+e clusters of networks were detected by
MCODE (Cytoscape’s plugin). +e MCODE algorithm was
originally a clustering algorithm designed to detect protein
complexes in PPI networks, which can detect tightly connected
regions (i.e., molecular complexes) in large-scale protein in-
teraction networks [38]. +is method can now also be used to
detect clusters in other types of networks.

2.4. Gene Ontology (GO) Enrichment, Pathway Enrichment,
andReactomeEnrichmentAnalysis. DAVID ver. 6.8 (https://
david-d.ncifcrf.gov) was used for the GO enrichment analysis
of targets and genes in clusters and for the pathway en-
richment analysis of targets and genes in PPI networks [39].
+e Reactome Pathway Database (https://reactome.org/) was
used for reactome pathway enrichment [40].

3. Results and Discussion

3.1. Potential Compound-Potential Target Network of Radix
Rhei Et Rhizome. A total of 14 components and 425 targets
were used to construct the potential compound-potential
target network of Radix Rhei Et Rhizome. In this network,
nodes near the center have a greater degree than nodes near
the periphery (Figure 2).

3.2. Radix Rhei Et Rhizome-CI PPI Network Analysis

3.2.1. Radix Rhei Et Rhizome-CI PPI Network Construction.
+e Radix Rhei Et Rhizome-CI PPI network is composed of
645 nodes (371 potential target nodes, 231 CI gene nodes,

and 43 Radix Rhei Et Rhizome-CI target nodes) and 14,119
edges. +e following are the top 20 nodes in the network: (1)
Radix Rhei Et Rhizome targets: EGFR (203 edges), SRC (201
edges), MAPK1 (193 edges), and MAPK8 (167 edges). (2) CI
genes: INS (292 edges), IL6 (273 edges), VEGFA (244 edges),
TNF (241 edges), TP53 (235 edges), EGF (210 edges),
CXCL8 (178 edges), IL10 (163 edges), IL1B (160 edges),
CCL2 (159 edges), and APP (157 edges). (3) Radix Rhei Et
Rhizome-CI targets: ALB (302 edges), AKT1 (266 edges),
MMP9 (191 edges), IGF1 (182 edges), and CASP3 (170
edges) (Figure 3). +e preliminary enrichment results of
biological processes and signaling pathways are shown in
Figures 4 and 5.

In this study, a total of 14 Radix Rhei Et Rhizome
compounds and 425 potential targets were predicted for
analysis using the network pharmacological method. Al-
though the number of predicted targets for each potential
compound is different, the overlap of the target set of some
compounds is large. In other words, Radix Rhei Et Rhi-
zome’s compounds have common targets probably because
these compounds come from the same structural parent. For
example, rhein, aloe-emodin, chrysophanol, physcion, and
emodin are known as rhubarb aglycones.

In terms of the blood-brain barrier, studies have
shown that emodin can maintain the integrity of the
blood-brain barrier, reduce inflammation, and inhibit
apoptosis [41–45]. In another study, emodin reduced
blood-brain barrier permeability and reduced infarct size
by inhibiting the expression of connexin 43 (Cx43) and
aquaporin 4 (AQP4) in cerebral ischemia/reperfusion
model rats [46]. In terms of inhibiting inflammation,

Radix Rhei
Et Rhizome

Targets
Radix Rhei Et
Rhizome-CI
PPI Network

GO and
pathway

enrichment
analysis

CI Genes

Proteomics
Proteins
Analysis Enrichment

Analysis

Combined with DSYM targets Proteomics Proteins verification

Combined with AS genes

Network Analysis

Figure 1: +e idea and process of this research.
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emodin can inhibit transforming growth factor (TGF)-β,
tumor necrosis factor (TNF)-α, interleukin (IL)-1β, and
intercellular adhesion molecule 1 (ICAM-1), so as to
protect the brain [42]. Chrysophanol inhibits the in-
flammatory response by reducing the expression of IL-1β,
caspase-1, and NALP3, thereby improving neurological
deficits, infarct volume, cerebral edema, and blood-brain
barrier permeability in mice with ischemia-reperfusion
injury. Chrysophanol can also improve the survival rate,
nervous system score, and motor function of mice with
middle cerebral artery occlusion by reducing the ex-
pression of TNF-α, IL-1β, and NF-κB p65 [47]. In terms of
inhibiting apoptosis, emodin can inhibit neuronal apo-
ptosis [43, 44, 48]. Its specific mechanism may be that

emodin can increase Bcl-2 and inhibit caspase-3 and Bax
expression to reduce glutamate-induced HT22 cell apo-
ptosis [43]. Rhein increases the expression of mature brain-
derived neurotrophic factor (BDNF) and phosphorylation
of Akt and cAMP response element binding protein
(CREB), which improves the behavior and function of CI
mice [49]. Rhein also reduced the expression of BAX,
caspase-9, caspase-3, and cleaved caspase-3 and increased
the expression of Bcl-2, thereby reducing the infarcted area
of cerebral ischemia-reperfusion injury mice [50]. In ad-
dition, chrysophanol can inhibit NO-related neuronal cell
death by attenuating nitrite and nitrate (NOx-) and 3-
nitrotyrosine (3-NT) levels and reducing lysed caspase-3
protein expression [51].
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Figure 2: Potential Compound-Potential Target Network of Radix Rhei Et Rhizome (Blue hexagons stand for potential targets. Red circles
stand for potential compounds.).
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In terms of oxidative stress, emodin inhibits the apo-
ptosis of primary rat cortical neurons induced by hydrogen
peroxide (H2O2) [44]. It was also found that emodin can
inhibit the apoptosis of neurons after oxyglucose deprivation
and reduce the damage of PC12 nerve cells by increasing the
expression of activin A [45]. Chrysophanol also increases
total superoxide dismutase (SOD) and manganese-depen-
dent SOD (MnSOD) activities in cerebral ischemia-reper-
fusion injury models and inhibits the production of reactive
oxygen species (ROS) [51]. In addition, rhein can reduce
malondialdehyde (MDA) and increase the activities of
SOD, catalase (CAT), and glutathione peroxidase (GSH-
Px) and improve neurological function scores [50].

Chrysophanol can improve endoplasmic reticulum (ER)
stress by reducing ER stress-related factors (such as glu-
cose-regulated protein 78 (GRP78), phosphorylated
eukaryotic initiation factor 2α (p-eIF2α), CCAAT-en-
hancer-binding protein homologous protein (CHOP),
caspase-12, and NF-κB/κB-α) [52].

In terms of various compound combinations and syn-
ergies, rhubarb aglycones (aloe-emodin, rhein, emodin,
chrysophanol, and physcion) can improve disorders of
amino acid, energy, and lipid metabolism caused by cerebral
ischemia-reperfusion injury [15]. Further research shows
that rhubarb aglycones can reduce IgG content and increase
type IV collagen (CoLIV) and laminin (LN) levels, thereby
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Figure 3: Radix Rhei Et Rhizome-CI PPI network (Red, yellow, and orange circles stand for CI genes, Radix Rhei Et Rhizome targets, and
Radix Rhei Et Rhizome-CI targets, respectively. +e larger the node size, the higher the degree of the node. +e thicker the line, the greater
the edge betweenness of the node.).
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reducing cerebral microvascular basement membrane
damage caused by thrombolysis [53]. Pharmacokinetic
studies have shown that in CI model rats, the maximum
plasma concentration (C max), half-life (t 1/2), and area
under the curve (AUC 0-t) increased significantly, but the
overall clearance (CL) value decreased significantly, indi-
cating that rhubarb anthraquinones are more easily absor-
bed after coadministration [54].

3.2.2. Biological Processes of Radix Rhei Et Rhizome-CI PPI
Network. Eighteen (18) clusters returned after analyzed by
MCODE (Table 1 and Figure 6). +e cluster score (complex

score) is defined as the product of the complex subgraph,
C� (V, E), density, and the number of vertices in the
complex subgraph (DC× |V|). +e higher the score, the
denser the cluster.

+e potential targets and CI genes in the cluster were
introduced into DAVID for GO enrichment analysis. +e
biological process of the top 10 clusters is taken as an ex-
ample (Table S4). For example, cluster 1 is related to GO:
0045429, GO:0031663, GO:0048661, GO:0071260, GO:
0045944, GO:0008217, GO:0006954, GO:0043066, GO:
0002576, GO:0070374, and GO:0051092; cluster 2 is asso-
ciated with GO:0002576, GO:0070374, GO:0043066, GO:
0030335, GO:0001934, GO:0010628, GO:0042730, GO:
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Figure 4: +e preliminary enrichment results by ClueGO.
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0030168, GO:0007165, GO:0043406, and GO:0043065; and
cluster 3 is involved in GO:0042632, GO:0019433, GO:
0042157, GO:0017187, GO:0007584, GO:0034375, GO:
0043691, GO:0019915, GO:0006465, and GO:0070328. +e
details of clusters and biological processes are shown in
Table S4. Since the biological processes in cluster 1 are
representative, the main biological processes of cluster 1 are
shown as an example (Figure 7).

3.2.3. Signaling Pathways of Radix Rhei Et Rhizome-CI PPI
Network. Nineteen (19) CI-related signal pathways were
returned. +e relationship among signaling pathways,

targets, and components is shown in Figure 8. +e details of
signaling pathways are shown in Figure 9 and Table S5. +e
number of targets regulated by the components of Radix
Rhei Et Rhizome is shown in Table 2.

3.2.4. Reactome Pathways of Radix Rhei Et Rhizome-CI PPI
Network. Ninety-three (93) CI-related signal pathways were
returned. +e relationship among reactome pathways, tar-
gets, and components is shown in Figure 10. +e details of
reactome pathways are shown in Figure 11 (Table S6). +e
number of targets regulated by the components of Radix
Rhei Et Rhizome is shown in Table 3.
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Figure 5: +e Metascape results: (a) top biological processes, signaling pathways, and reactome pathways and (b) PPI network colored by
enrichment results or P-values.
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Table 1: Clusters of Radix Rhei Et Rhizome-CI PPI network.

Cluster Score Nodes Edges Targets and genes

1 44 67 1452

IGF1, NOS3, SERPINE1, MMP2, CRP, CCL5, VWF, PTEN, CASP8, MYD88, CD40, TLR4, MMP1, PLG,
NGF, CTGF, HRAS, HSPA4, HIF1A, MMP9, RHOA, ANXA5, CREB1, SOD2, REN, CYCS, GRB2,

MAPK1, MMP3, BCL2L1, IL2, TGFB1, ADIPOQ, AGT, FGF2, SELE, CD40LG, PTGS2, ALB, IL10, IL1B,
HGF, MAP2K1, CCL2, IL4, ACE, CAT, THBS1, CXCL8, PPARG, AR, JAK2, ESR1, HMOX1, MMP7,

CSF3, EDN1, BDNF, EGFR, SELP, MAPK14, CDC42, ICAM1, MMP13, STAT1, APOE, APP

2 25.821 79 1007

AKT1, XIAP, PIK3CA, SRC, F13A1, ALDOA, F3, NFKB1, AKT2, PTPN11, FGA, FGG, AGTR1, NR3C1,
AIF1, PPBP, HSP90AA1, SERPINF2, NQO1, NOS2, ABL1, FGB, SOCS3, CD34, MIF, BMP2, PDGFRB,
PDGFB, MET, HMGB1, IL6, KIT, PGF, MDM2, HPGDS, TEK, MBP, LGALS3, ENG, SOD1, MAPK8,
TNF, PLAU, GFAP, PTK2, INS, RAF1, IL1A, GSK3B, TP53, CASP3, FAS, PTPN1, PROS1, TGFB2,
VEGFA, HRG, ELANE, IGFBP3, TLR3, MAPK10, PGR, NCF1, CCNA2, CASP1, FGF1, IGF1R, F8,

PLAUR, RETN, ADAM17, LDLR, KDR, CFD, MMP14, F5, PARP1, S100B, EGF

3 6.846 27 89 PAH, LPL, ARSA, RNASE2, APCS, CTSK, IMPDH1, CTSL, PON1, FABP4, RBP4, LPA, BPI, CST3,
PROZ, RNASE3, SCARB1, F7, LIPG, FABP5, GM2A, PROC, HMGCR, GC, HABP2, HEXB, APOA1

4 5.706 35 97
F11, SERPINC1, HP, APOM, AKR1B1, HK1, HSP90AB1, SERPINA1, APOB, ENO2, ABCA1, OLR1,
ATIC, PIK3CG, PLA2G7, CDK6, F10, ANG, SERPIND1, ZAP70, RHEB, LCAT, BACE1, HCK, MMP12,

BTK, TTR, COG2, LIPC, ITGAL, AURKA, SYK, BRAF, APOC2, F12

5 4.783 24 55 PNP, BHMT, HADH, NR1I3, NT5M, SHMT1, YARS, TPI1, RAN, STS, UCK2, UCP3, ACADM, TYMS,
RXRA, AHCY, LDHB, IVD, CYP1A1, PDE3B, PSPH, ADK, SULT1A1, AKR1C3

6 4 21 40 G6PD, MAP2, RAC2, GLRX, PTGER3, GSTP1, RHOB, RHOD, ASAH1, DCX, PSAP, CHIT1, CALM1,
CRYZ, CTSS, CDA, PRDX1, HTR1A, LTA4H, QPCT, NPY

7 4 8 14 GLO1, GMPR, APRT, APEX1, IMPDH2, UMPS, DTYMK, TK1
8 4 4 6 RXRB, THRB, RARG, RARB
9 4 5 8 GALE, GNPDA2, UAP1, GALK1, GNPDA1

10 3.818 34 63
APOH, FBN1, TIMP3, THBD, HSPA8, EPHA2, INSR, PF4, ADAM10, PLAT, F2, RAC1, APAF1,

PIK3R1, ERBB4, GSR, CASP7, CDK2, CHEK1, NOS1, EIF4E, HSPA1A, ESR2, CCL11, CYBA, FGFR2,
ARG1, JAK3, APOA2, CSK, LCK, TGFBR1, MMP8, LCN2

11 3.75 17 30 GSTO1, CYP2C8, AGXT, GSTA1, FCAR, PCK1, BST1, ADH1C, P2RY12, ITK, ITGB2, CYP3A5,
ADH1B, PYGL, NR1H4, HLA-DRB1, CYP2C9

12 3.571 15 25 SLC9A1, FABP1, KAT2B, SAA1, APOA5, TBXA2R, PPARA, ACTA2, TGFBR2, PRKACA, CPB2, RARA,
EDNRA, COL3A1, NR1H3

13 3.333 4 5 GSTM2, SOD3, GSTA3, GSTM1
14 3 3 3 GPI, PKLR, ALDOB
15 3 3 3 SMARCA1, DOT1L, HDAC8
16 3 3 3 MAOA, PNMT, MAOB
17 3 3 3 AMY1A, AMY1B, AMY1C
18 2.889 10 13 GART, DCK, HFE, FECH, DHFR, PDE4B, ALAD, CLPP, PDE4D, DHODH

1

8 9 10 11 12 13 14 15 16 17 18

2 3 4 5 6 7

Figure 6: Clusters of Radix Rhei Et Rhizome-CI PPI network (Blue, pink, and purple circles stand for CI genes, Radix Rhei Et Rhizome
targets, and Radix Rhei Et Rhizome-CI targets, respectively.).
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+e main biological processes, signaling pathways, and
reactome pathways are shown in Figures 7, 9, and 10, re-
spectively. Current studies have found that the occurrence
and development of CI have slowed blood flow and vascular
sclerosis in the cerebral vessels [55]. Astrocytes, endothelial
cells, and pericytes constitute the neurovascular units re-
quired for neuronal metabolism [56, 57]. When CI occurs,
the neurovascular unit is abnormal: hypoxia results in the
dysfunction of the endothelial cell barrier of the blood-brain
barrier, leading to a decrease in intracellular cAMP levels
and an increase in vascular permeability [58, 59]. Ischemia
and reperfusion cause various cells in the neurovascular unit
to initiate cell death programs, including apoptosis, auto-
phagy-related cell death, iron death, cell scoring, and ne-
crosis [60, 61]. During CI, these cells contribute to
postischemic inflammation at multiple stages of the is-
chemic cascade [62]. In the inflammatory response,
microglia and astrocytes and infiltrating immune cells
release a variety of inflammatory factors, including cyto-
kines, chemokines, enzymes, and free radicals, which not
only cause brain damage but also affect brain tissue repair
[63, 64]. Recent studies have also shown that anti-in-
flammatory is an important treatment strategy for CI [65].
After thrombolysis, oxidative stress becomes the central
link in cerebral ischemia-reperfusion. During reperfusion,

oxygen is replenished, which is essential for maintaining
the viability of neurons [66]. However, prooxidase and
mitochondria also use oxygen as a substrate, and a large
amount of oxygen free radicals (oxidants) are generated
during reperfusion. Endogenous antioxidant enzymes,
including SOD, can clear oxidants and reduce oxidant-
induced brain damage [67, 68].

+e network pharmacology strategy was used above to
predict the mechanism of Radix Rhei Et Rhizome inter-
vention in CI. In order to further explore it, the previous
proteomics data were analyzed in depth. +e proteomics
data come from reference [69].

3.3. Bioinformatics Analysis of Proteomics Proteins

3.3.1. Proteomics Proteins’ PPI Network. +e proteomics
proteins of reference [69] are shown in Table S2. A total of 76
proteins were input into String for PPI data. +e proteomics
proteins’ PPI data were composed of 76 proteomics protein
nodes and 182 edges (Figure 12).

3.3.2. Enrichment Analysis Results. DAVID and Metascape
(http://metascape.org/gp/index.html#/main/step1) were
utilized to analyze the proteins in the proteomics proteins’
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Figure 7: Bubble chart of biological processes (+e X-axis is fold enrichment.).
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PPI network (Figure 13). +e details of biological processes,
signaling pathways, and reactome pathways are shown in
Table S7. +e clusters are shown in Figure 14.

+e top 20 proteins in Figure 12 were Syp, Syn1, Mbp,
Gap43, Aif1, Camk2a, Syt1, Calm1, Calb1, Nsf, Nefl, Hspa5,
Nefh, Ncam1, Dcx, Unc13a, Mapk1, Syt2, Dnm1, and Cltc.
+ese proteins may be the key targets of Radix Rhei Et
Rhizome in the treatment of CI. As a specific marker protein
of synaptic vesicles, synaptophysin (SYP) is a sign of synapse
occurrence. Its density and distribution can indirectly reflect
the number and distribution of synapses in the body [70, 71].
Studies have found that after CI in rats, the synaptophysin

immune response was significantly enhanced compared
with the sham operation group, and the expression reached a
peak at 2 weeks after cerebral ischemia, and it significantly
decreased at 3 weeks [72]. +is experimental study found
that after Radix Rhei Et Rhizome treatment, its expression
was significantly increased compared with the model group,
indicating that Radix Rhei Et Rhizome may resist synapse
damage or promote synaptic regeneration after cerebral
ischemia. Synapse protein I gene (SYN1) mainly mediates
the delivery of synaptic vesicles and circulation [73] and
plays an important role in neurodegenerative diseases [74],
such as Alzheimer’s disease, Parkinson’s disease, and

Figure 8: Signaling pathways of Radix Rhei Et Rhizome-CI PPI network (Red circles stand for signaling pathways. Dark blue circles stand for
Radix Rhei Et Rhizome targets. Light blue circles stand for CI genes. Yellow circles stand for Radix Rhei Et Rhizome-CI targets. Green circles
stand for Radix Rhei Et Rhizome compounds.+e larger the node size, the higher the degree of the node.+e thicker the line, the greater the
edge betweenness of the node.).
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amyotrophic lateral sclerosis. +is study suggests that SYN1
may be a potential drug target for neurodegenerative dis-
eases caused by CI, among which Radix Rhei Et Rhizome can
reduce CI by interfering with SYN1.

GAP-43 is a calmodulin-binding phosphoprotein that
has been isolated and identified in recent years [75]. In the
process of neuron development and regeneration, GAP-43 is

synthesized in large quantities along with the growth of
axons and is a marker of axon growth. +e expression
product is mainly located on the plasma membrane surface
of the axon growth cone [76]. Studies have shown that the
increase in GAP-43 content in the penumbra of the ischemic
penumbra of onemiddle cerebral artery 3 to 14 days after the
embolization of the middle cerebral artery is synchronized
with the recovery of the function of the affected limb [77].
Another study found that the expression of GAP-43 in the
brain increased significantly after cerebral infarction, peaked
at 1 week after ischemia-reperfusion, and began to decrease
after 2 weeks [78, 79].+is experiment found that Radix Rhei
Et Rhizome can significantly enhance the expression of GAP-
43 in the cortical ischemic penumbra, suggesting that Radix
Rhei Et Rhizome can effectively promote the regeneration of
axons in CI model rats and induce the recovery of nerve
function.

MBP is mainly located on the serosal surface of the
myelin sheath and is themain protein of themyelin sheath of
the central nervous system. Its main function is to maintain
the integrity and functional stability of the myelin sheath of
the central nervous system, and its neural tissue specificity is
high [80]. When acute cerebral infarction (ACI) occurs,
when the human central nervous system is damaged, the
blood-brain barrier function is unbalanced, which increases
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Figure 9: Signaling pathways of biological processes (+e X-axis is fold enrichment.).

Table 2: +e number of targets regulated by the components of
Radix Rhei Et Rhizome.

Components Number of targets
Sennoside A 103
Palmidin A 99
Emodin 98
Toralactone 96
Mutatochrome 96
Rhein 95
Physcion 95
Eupatin 93
(-)-Catechin 91
Aloe-emodin 88
Chrysophanol 86
Beta-sitosterol 85
Daucosterol 85
Danthron 53
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its permeability, andMBP can easily pass through the blood-
brain barrier and be released into the blood. At present, the
detection of serum NSE and MBP expression levels is of
great value in assessing the prognosis of ACI disease [81].
+e results of this study showed that the MBP level of the CI
group increased rapidly and the MBP level decreased after
Radix Rhei Et Rhizome treatment, suggesting that Radix
Rhei Et Rhizome treatment of the ACI rat model can
promote the disease outcome and reduce the MBP level.

Allogeneic inflammatory factor-1 (AIF-1) is a 17 kDa
cytoplasmic calcium-binding inflammatory response scaf-
fold protein, which is mainly expressed in immune cells [82].

AIF-1 affects the immune system at several key points,
thereby regulating inflammatory diseases [83]. AIF-1 pro-
motes the expression of inflammatory mediators such as
cytokines, chemokines, and inducible nitric oxide synthase
(iNOS) and promotes the proliferation and migration of
inflammatory cells. Current research shows that it regulates
central nervous system (CNS) damage [82, 83].+e results of
this study showed that the level of cerebral infarction (AIF-
1) increased rapidly, and the level of AIF-1 decreased after
Radix Rhei Et Rhizome treatment. It is suggested that Radix
Rhei Et Rhizome can promote the outcome of CI and reduce
the level of inflammation.
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+e alpha (CAMK2A) of calcium/calmodulin-depen-
dent protein kinase II (CaMKII) plays a key role in neuronal
plasticity and brain learning and memory [84, 85]. After
Radix Rhei Et Rhizome intervention, the expression of

CAMK2A was upregulated. +e main biological function of
Syt1 is to trigger vesicle fusion [86], which is related to the
molecular mechanism of neuronal endocytosis and exocytosis
coupling [87]. +is study found that Syt1 was upregulated
after Radix Rhei Et Rhizome intervention. Calmodulin 1
(CALM1) is highly expressed in the human brain tissue, and
its biological function is mainly related to axon transmission
[88]. In addition, the Calm1 signaling pathway is crucial for
the migration of precerebellar neurons in mice [89]. Calm1-L
plays a functional role in the central and peripheral nervous
system [90]. +is study found that Calm1 was upregulated
after Radix Rhei Et Rhizome intervention. A recent study also
showed that CALM1 rs3179089 gene polymorphism is as-
sociated with CI in Chinese Han population [91].

Calbindin 1 (Calb1) acts as a buffer, sensor, and
transporter of intracellular Ca2+. Different types of hippo-
campal neurons have different Calb1 concentrations. Since
Calb1 can inhibit the increase of free Ca2+, it accelerates the
collapse of the Ca2+ gradient after the influx of Ca2+ stops
[92, 93]. Current research shows that it plays a role in
neurotransmitter and hormone release, neuron differentia-
tion, brain wiring, and neuron development [94, 95]. +e
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Figure 11: Reactome pathways of biological processes (+e X-axis is FDR.).

Table 3: +e number of targets regulated by the components of
Radix Rhei Et Rhizome.

Components Number of targets
Palmidin A 222
Sennoside A 213
Toralactone 212
Emodin 209
Rhein 209
Eupatin 207
(-)-Catechin 205
Aloe-emodin 202
Physcion 202
Mutatochrome 193
Chrysophanol 178
Beta-sitosterol 171
Daucosterol 168
Danthron 116
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results of this study showed that the level of Calb1 was
downregulated in the CI group, and the level of Calb1 was
upregulated after Radix Rhei Et Rhizome treatment. It is
suggested that Radix Rhei Et Rhizome may promote disease
outcome through neurotransmitter and other methods.

N-ethylmaleimide-sensitive fusion protein (NSF) is an
ATPase that plays an important role in intracellular
membrane vesicle transport [96]. It is highly conservative in

evolution and participates in the secretion process of dif-
ferent species and different cell types [96, 97]. Current re-
search shows that it plays an important role in the process of
neurotransmitter release by synaptic vesicle exocytosis at
presynaptic nerve terminals [97, 98].+e results of this study
showed that the level of NSF in the cerebral infarction group
was downregulated and the level of NSF was upregulated
after treatment.
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Figure 12: Proteomics proteins’ PPI network.
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Neurofilament light chain (Nefl) belongs to one of the
main subtypes of neurofilament protein. It is the main
cytoskeleton structural protein of neurons, which is dis-
tributed in axons [99, 100]. Nefl is also an important in-
dicator for judging acute axonal injury [99]. In clinical studies
of relapsing multiple sclerosis, Nefl is used as an effective
evaluation index for drug anti-inflammatory therapy [101].
Recent studies have shown that emodin activates mTOR and
Notch pathways in hypoxic PC12 cells by inhibiting Nefl
[102]. In this study, the expression level of Nefl in CI model
rats was higher but decreased after intervention, indicating
that there is acute axon damage in acute stroke andRadix Rhei
Et Rhizome may be able to protect axons.

+e endoplasmic reticulum stress chaperone protein
HSPA5 is mainly related to endoplasmic reticulum stress.
Current studies have shown that endoplasmic reticulum
stress can induce autophagy activation [103]. Previous
studies have confirmed that in the mouse brain I/R model,
the expression of HSPA5 protein is increased, and it has a
neuroprotective effect [104]. At present, by injecting HSPA5
siRNA into the anterior ventricle of CI mice, the expression
of LC3-1/LC3-I is significantly reduced, and it will also lead
to the loss of nerve cells in the cerebral ischemic cortex of
mice and aggravation of neurobehavioral damage. +is is
similar to the effect of the autophagy inhibitor 3-MA, in-
dicating that HSPA5-mediated autophagy may play a
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neuroprotective effect in mouse I/R [105, 106]. +e results of
this study showed that the level of HSPA5 in the CI group
was downregulated, but after treatment, the level of HSPA5
was upregulated.

NCAM1 is a member of the cell adhesionmolecule family
and is a molecular cleavage of the immunoglobulin super-
family. NCAM1 is a membrane protein that includes three
subtypes: NCAM-120, NCAM-140, and NCAM-180. It is
mainly expressed in the nervous system and is involved in
regulating the function of nerve cells and neuron migration
[107]. NCAM1 is expressed in neural stem cells. In addition,
astrocytes also express many adhesion molecules, such as
VCAM1, NCAM1, and ICAM1, which represent many po-
tential drug targets for inflammatory diseases of the central
nervous system [108–110].+is study showed that the level of
NCAM1 in the CI group was downregulated. After Radix
Rhei Et Rhizome treatment, the level of NCAM1 was upre-
gulated, suggesting that Radix Rhei Et Rhizome may inhibit
adhesion molecules and is related to inflammatory factors.

Dcx is a microtubule-associated phosphoprotein,
which is specifically expressed in newborn neuroblasts

and immature neurons in DG [111, 112]. +erefore, Dcx
has been widely used to label the cell bodies, processes,
and growth cones of newborn neurons. Studies have re-
ported that after CI, Dcx strengthens the differentiation of
nerve cells in the DG area of the hippocampus and
promotes the rehabilitation of nerve function [113]. +is
study showed that the level of Dcx in the CI group was
downregulated, and after treatment, the level of Dcx was
upregulated, suggesting that Radix Rhei Et Rhizome may
regulate the generation of new neurons and promote the
outcome of CI.

+e limitation of this study is that although the phar-
macokinetic parameters are used to predict the composition
of Radix Rhei Et Rhizome and the composition was sup-
plemented as much as possible by searching the literature,
due to the limitations of the current detection technology,
there are still active ingredients that may not be included.
Since the intestinal flora may metabolize and secondary
modify the active components of Radix Rhei Et Rhizome,
these components may be traced in the blood. In the future,
better technology is needed to detect these components. In
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addition, although this study analyzed the main active
components of Radix Rhei Et Rhizome in the treatment of CI
through chemoinformatics and explored its possible syn-
ergistic effects, there is still a lack of in vivo and in vitro
experiments related to their intervention in CI. In the future,
we will explore the synergistic compatibility of these com-
ponents in the CI in vitro model and the CI in vivo model
and look forward to further development of new drugs for
the treatment of CI, laying the foundation for its clinical
application.

Our previous research evaluated the therapeutic effect of
Radix Rhei Et Rhizome on cerebral hemorrhage [114], while
this study explored the mechanism of Radix Rhei Et Rhizome
in the treatment of CI, and this study found that Radix Rhei Et
Rhizome may regulate the synaptic remodeling and the re-
generation of nerve cell axons after cerebral ischemia.
Compared with previous research [114], this study explored
the mechanism of Radix Rhei Et Rhizome intervention in CI.
+is study found that Radix Rhei Et Rhizome may treat CI
through biological process (such as platelet degranulation, cell
migration, fibrinolysis, platelet activation, hypoxia, angio-
genesis, endothelial cell apoptosis, coagulation, and neuronal
apoptosis), signaling pathways (such as Ras, PI3K-Akt, TNF,
FoxO, HIF-1, and Rap1), and reactome pathways (such as
inflammatory cytokines, platelet activation, response to ele-
vated platelet cytoplasmic Ca2+, and hemostasis).

4. Conclusion

Radix Rhei Et Rhizome may play the therapeutic role for CI
through regulating biological modules such as synaptic
vesicles and neurotransmitter secretion and transport, en-
ergy metabolism, neuronal programmed death (apoptotic
autophagy) module, calcium ion regulation of exocytosis
and cytoplasmic calcium ion release, endoplasmic reticulum
oxidative stress, and neuroplasticity (neuron and synaptic
plasticity).
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Poria is used as a traditional Chinese herbal medicine with anti-inflammatory, anticancer, and mood-stabilizing properties. Poria
contains triterpenoids and polysaccharides, which are reported to regulate the cytoplasmic free calcium associated with the N-
methyl-D-aspartate receptor and affect the cell function of neonatal rat nerve cells and hippocampal neurons. Although the
modulatory effects of Poria on neuronal function have been widely reported, the molecular mechanism of these effects is unclear.
Cell migration ability and the reorganization of actin filaments are important biological functions during neuronal development,
and they can be regulated mainly by the Rho signaling pathway.We found that the cell migration ability and actin condensation in
B35 cells enhanced by P. cocos (a water solution of P. cocos cum Radix Pini (PRP) or White Poria (WP)) might be caused by
increased RhoA and CDC42 activity and increased expression of downstream ROCK1, p-MLC2, N-WASP, and ARP2/3 in B35
cells. Similar modulations of cell migration ability, actin condensation, and Rho signaling pathway were also observed in the C6
glial cell line, except for the PRP-induced regulation of RhoA and CDC42 activities. Ketamine-induced inhibition of cell migration
and actin condensation can be restored by P. cocos. In addition, we observed that the increased expression of RhoA and ROCK1 or
the decreased expression of CDC42 and N-WASP caused by ketamine in B35 cells could also be restored by P. cocos. *e results of
this study suggest that the regulatory effects of P. cocos on cell migration and actin filament aggregation are closely related to the
regulation of RhoA, CDC42, and Rho signaling pathways in both B35 and C6 cells. PRP and WP have the potential to restore
neuronal cell Rho signaling abnormalities involved in some mental diseases.

1. Introduction

Poria cocos (Schw.) is a parasitic fungus that exists in various
species of Pinus. P. cocos cum Radix Pini (PRP; Sclerotium
Pararadicis, also known as Fu Shen in traditional Chinese
herbal medicine), and White Poria (WP; also known as Bai
Fu Ling in traditional Chinese herbal medicine) are me-
dicinal herbs from the dry sclerotium of Polyporaceae fungi
that have diuretic, sedative, and tonic effects [1]. *ey both
contain two major types of chemical substances, namely,
triterpenoids and polysaccharides. *eir other minor in-
gredients include histidine, amino acids, choline, steroids,

and potassium salts [2, 3]. P. cocos mediates its pharma-
cological anti-inflammatory properties via two triterpenoids,
namely, pachymic acid and dehydrotumulosic acid [4].
P. cocos also has immunomodulatory properties that can
alter immune function through dynamically regulated cy-
tokine expression [5, 6]. It has also been reported to possess
anticancer properties [2, 7–9]. Moreover, P. cocos has been
found to regulate the concentration of free calcium in the
cytoplasm of brain neurons in neonatal rats [10]. Water
extracts of P. cocos have been demonstrated to dose-de-
pendently increase cytosolic free calcium [2] and inhibit
glutamate-induced cytosolic free calcium [10] in cells.
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Similar results have been observed in the primary culture of
hippocampal neurons from neonatal rats. *us, P. cocos
water extracts can regulate cytoplasmic free calcium in brain
nerve cells by affecting a variety of glutamate receptors, such
as N-methyl-D-aspartate receptor (NMDAR) [10].

*e integration of the hippocampus and posterior
splenic cortex into a high-level cognitive circuit supports
learning and memory in the form of relationships (space,
context, and situation) [11]. Impairments in hippocampal
neuronsmight cause abnormal cognitive function in animals
[12]. Reduced hippocampal neuronal activities, caused by a
reduction in hippocampal neurogenesis or an abnormality
of the hippocampal neuronal structure, are always accom-
panied by cognitive impairments in NMDAR antagonist-
treated rats [13, 14]. Schubert et al. [15] reported that active
Ras homolog family member A (RhoA) interacts with
NMDAR, α-amino-3-hydroxy-5-methyl-4-iso-
xazolepropionic acid receptor, and metabotropic glutamate
receptor 1 at the excitatory postsynapsis to maintain
NMDAR stabilization and modulate spine actin remodeling
[15]. *ey also mentioned that the activation of RhoA can
induce dendritic spine morphology regulation in cultured
hippocampal neurons [15]. Cell division cycle 42 (CDC42)
levels and dendritic spine density have also been observed to
decrease in patients with schizophrenia. A recent report
revealed that ketamine can reduce the expression levels of
RhoA and Rho-associated coiled-coil containing protein
kinase 1 (ROCK1) while simultaneously reducing the pro-
portion of mushroom spines and increasing the proportion
of stubby spines in rat hippocampal neurons, which could be
involved in the cognitive impairments of schizophrenia [16].

*e formation of actin filaments in neuronal cells can
induce cytoskeletal rearrangement, which can lead to
changes in cell shape and cell function [17]. Cytoskeletal
rearrangement also induces synaptic spine elongation, cell
migration [18–20], and neuronal plasticity [21, 22], which
are important for neuron development and have the same
molecular mechanism, namely, the Rho signaling pathway.
Furthermore, various studies have mentioned that the cal-
cium concentration in cells plays important roles in regu-
lating Rho signaling regulation and further directional
movement, mesodermal sheet migration, cytoskeletal re-
organization, and cancer metastasis [18, 23–25]. Our pre-
vious study found that APDs might differentially regulate
Rho protein expression and activation to further modulate
cytoskeletal rearrangement by altering the expression of
proteins that are involved in the Rho signaling pathway in
B35 and C6 cells and APD-treated rat cortex [26]. We also
found that APDs could reverse MK801-induced Rho protein
regulation, migration, and actin filament (F-actin) con-
densation in B35 and C6 cells. In this study, we proposed
that P. cocos might also provide potential regulatory and
modulatory effects on neuronal cell activities by affecting the
NMDAR-mediated calcium-related Rho signaling pathway.
We aimed to determine whether PRP and WP can regulate
the expression and activity of Rho family proteins in B35 and
C6 cells. We also examined the effects of PRP and WP on
proteins related to Rho signaling. We further investigated
whether PRP and WP could enhance the migration ability

and F-actin condensation of B35 and C6 cells. Additionally,
ketamine-induced B35 cell migration inhibition, which was
used to mimic the damaging effect on neuronal cells, was
restored by PRP andWP. Ketamine-induced RhoA, CDC42,
N-WASP, and ROCK1 expression regulation was also re-
covered by PRP and WP. We concluded that PRP and WP
can modulate the Rho signaling pathway by regulating the
expression level and activity of RhoA and CDC42 but not
Rac1, thereby increasing cell migration and the F-actin
concentration.

2. Materials and Methods

2.1. Preparation of PRP and WP. Herbal powder extracts of
PRP and WP were obtained from Sun Ten Pharmaceutical
Company (New Taipei City, Taiwan). To prepare the PRP
and WP solutions, herbal powder extracts of PRP and WP
were added to sterilized double-distilled H2O and left at
room temperature for 6 h at a final concentration of 10mg/
ml. *e PRP and WP solutions were then centrifuged, and
the corresponding supernatants were collected and stored at
−20°C until use.

2.2. Cell Culture and PRP/WP Treatment. B35 and C6 cells
were obtained from the Bioresource Collection and Research
Center of the Food Industry Research and Development
Institute (Hsinchu City, Taiwan). B35 cells are a rat neu-
roblastoma cell line used to observe drug effects on neuronal
cells. Glial cells can provide nutritional and physiological
support, such as neurotransmitter reuptake and recycling to
neuronal cells. C6 cells are a glioblastoma cell line used for
observing drug effects on glial cells. C6 cells were also used to
compare the drug effects between B35 and C6 cells. B35 cells
were cultured in modified Eagle’s medium (Invitrogen Life
Technologies) with fetal bovine serum (10%) (Invitrogen Life
Technologies). PRP or WP was added once a day to a final
concentration of 10 μg/ml for seven days. To examine the
effects of PRP orWP on ketamine-treated B35 cells, B35 cells
were treated with ketamine (100 μg/ml) daily for seven days
followed by the addition of ketamine (100 μg/ml) and ket-
amine in combination with PRP (10 μg/ml) or WP (10 μg/
ml) daily for another seven days. C6 cells were cultured in
high-glucose Dulbecco’s modified Eagle’s medium (Invi-
trogen Life Technologies, Carlsbad, CA, USA) containing
L-glutamine (2mm), fetal bovine serum (2%) (Invitrogen
Life Technologies), and heat-inactivated horse serum (10%)
(Invitrogen Life Technologies). *e C6 cells were sub-
cultured when the cell density reached 70% confluence to
prevent abnormal S100 protein production. Both cell lines
were cultured in a CO2 incubator with 5% CO2 at 37°C. *e
cells were harvested for examination after they had been
treated with PRP or WP for seven days.

2.3. Total Protein Extraction and Western Blot Analysis.
B35 and C6 cells were lysed in mammalian protein ex-
traction buffer (GE Healthcare Bio-Sciences, Uppsala,
Sweden) to extract total proteins according to the manu-
facturer’s procedures. Protease inhibitor mix (GE
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Healthcare Bio-Sciences) and phosphatase inhibitors (2mm
NaF and 1mm Na3VO4) were added to the lysis buffer to
prevent protein degradation. In total, 10–50 μg of the total
protein extracts was analyzed using 8%, 10%, or 12.5%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
according to the molecular weight of the target proteins. *e
separated proteins were then transferred from the gels to
polyvinylidene difluoride membranes and blocked with
membrane blocking solution (Life Technology, Frederick,
MD, USA). β-Actin was used as an internal calibration
control for all of the target proteins. Specific primary an-
tibodies and horseradish peroxidase-conjugated goat anti-
mouse or anti-rabbit antibodies (cat. nos. 401215 and
401315; Calbiochem, Darmstadt, Germany) were used to
detect the target protein bands. An Amersham ECL kit
(Amersham, Bucks, UK) was then used to reveal the protein
bands.

2.4. RhoA/Rac1/Cdc42 Activity Assay. Rho protein activity
was analyzed using the RhoA/Rac1/Cdc42 activity assay kit
(Cell Biolab, San Diego, CA, USA). In brief, cells cultured in
a 10 cm dish were washed with PBS and lysed in 0.5mL of
lysis buffer containing protease inhibitor mix (GE Health-
care Bio-Sciences) and phosphatase inhibitors (2mm NaF
and 1mm Na3VO4). After centrifugation at 14,000× g for
5min, 300 μg of protein from each cellular lysate was ad-
justed to a total volume of 1ml with 1× assay lysis buffer.
*en, each sample received 40 μl of resuspended Rhotekin
RBD or PAK PBD agarose beads, and all assay mixtures were
incubated for one hour at 4°C with gentle shaking.*e beads
were then collected by centrifugation at 14,000× g for 10 s
followed by removing the supernatants and washing the
bead pellets three times with 0.5ml of 1× assay lysis buffer.
*e beads were resuspended in 40 μl of 2× SDS-PAGE
sample buffer and boiled for 5min. *e samples were then
analyzed by western blot and detected with anti-RhoA, anti-
CDC42, or anti-Rac1 antibodies.

2.5. Cell Migration Assay. To examine the migration ability
of B35 and C6 cells, they were treated with PRP or WP for
seven days followed by seeding 104 PRP- or WP-treated B35
cells and 5×103 PRP- or WP-treated C6 cells into a
Transwell insert (pore size, 8 μm) (Costar; Corning Incor-
poration, Kennebunk, ME, USA) set in a 24-well tissue
culture plate. *e cells were cultured for another 24 h with
PRP or WP for continuous stimulation. To examine the
effects of PRP or WP on the migration ability of ketamine-
treated B35 cells, B35 cells were treated with ketamine for
seven days, followed by treatment with ketamine, ketamine
with PRP, or ketamine with WP for another seven days. A
total of 104 drug-treated B35 cells were seeded into Transwell
inserts and cultured for another 24 h with ketamine, PRP, or
WP for continuous stimulation. *e migrated B35 and C6
cells were washed with 1× phosphate-buffered saline (PBS)
and fixed with methanol and stained with 50 μg/ml propi-
dium iodide solution (Sigma, Saint Louis, MO, USA) for
30min. *e number of cells on the membrane was then
counted under a microscope at 40×magnification. *e

experiments were performed in triplicate for statistical
analysis.

2.6. Phalloidin Staining of B35 and C6 Cell F-Actin.
Fluorescently labeled phalloidin can stably and specifically
bind to F-actin filaments in cells. To observe the F-actin
condensation induced by PRP and WP, B35 and C6 cells
(5×103) treated with PRP or WP for seven days were seeded
into a 6-well plate with poly-L-lysine-coated coverslips and
then cultured with PRP or WP for another two days ac-
cordingly. After the two-day incubation, the coverslips were
collected and washed with 1×PBS. Cells on the coverslips
were then fixed in methanol. Subsequently, the cells were
washed with 1×PBS and stained with 1× phalloidin solution
(CytoPainter Phalloidin-iFluor 488 Reagent, ab176753;
Abcam, Waltham, MA, USA) at room temperature for
90min. Residual phalloidin was washed off two to three
times with 1×PBS. *e coverslips were mounted and sealed
on glass slides and then viewed under a fluorescence
microscope.

2.7. Statistical Analysis. Student’s t-tests were performed to
analyze differences in the cell migration ability and nor-
malized expression levels of the examined target proteins
between the control cells and PRP- or WP-treated B35 and
C6 cells. SPSS 20.0 was used for statistical analysis. p values
of <0.05 (∗) and <0.01 (∗∗) were defined as statistically
significant.

3. Results

3.1. PRP and WP Induced Regulation of the Rho Family
Proteins. RhoA, CDC42, and Rac1 are major Rho family
proteins that can be regulated by RhoGDP-dissociation in-
hibitor 1 (RhoGDI1) and affect the modulation of Rho sig-
naling.We found that PRP andWP increased the expression of
RhoGDI1 (p< 0.05 for PRP and p< 0.01 for WP) in B35 cells
(Figures 1(a) and 1(b)). Moreover, PRP and WP increased the
expression of RhoA (p< 0.05 for PRP and p< 0.01 for WP)
and CDC42 (p< 0.05 for PRP and p< 0.01 for WP) in B35
cells (Figures 1(a) and 1(b)). Downregulation of RhoGDI1
(p< 0.05) was observed in C6 cells treated with PRP
(Figures 1(c) and 1(d)). PRP also reduced the expression of
RhoA (p< 0.01) and CDC42 (p< 0.01) in C6 cells
(Figures 1(c) and 1(d)). In contrast, WP increased the ex-
pression of RhoGDI1 (p< 0.05), RhoA (p< 0.01), and CDC42
(p< 0.01) in C6 cells (Figures 1(c) and 1(d)). Furthermore,
neither PRP nor WP affected Rac1 expression in B35 and C6
cells (Figure 1). A pulldown assay was also performed to ex-
amine the activation of the Rho family proteins by measuring
the expression of GTP form Rho family proteins. We observed
that the GTP forms of RhoA (activated RhoA; RhoA-GTP) and
CDC42 (activated CDC42; CDC42-GTP) were increased by
either PRP (p< 0.01) or WP (p< 0.05) in B35 cells
(Figures 2(a) and 2(b)). In C6 cells, PRP increased RhoA-GTP
(p< 0.05) and decreased CDC42-GTP (p< 0.05) levels, while
WP decreased RhoA-GTP (p< 0.05) and CDC42-GTP
(p< 0.05) levels (Figures 2(c) and 2(d)). No GTP form of Rac1
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(activated Rac1; Rac1-GTP) was detected in either the B35 or
C6 cells in this study.

3.2.PRPandWPModulatedF-ActinCondensationandRhoA-
Related Rho Signaling. Rho proteins, including ROCK1,
phosphorylated myosin light chain 2 (p-MLC2), and profilin
1 (PFN1), have been proposed to be able to regulate RhoA-
related signaling to further modulate F-actin assembly and
condensation. Usually, F-actin is evenly distributed in cells
(indicated with a blue arrow in Figure 3) and will be con-
densed (indicated with a red arrow in Figure 3) when
regulated. In this study, F-actin condensation in B35 cells
was induced by PRP and WP (Figure 3). In addition, PRP
and WP also induced F-actin condensation in C6 cells
(Figure 3). *e expression of ROCK1 was increased by PRP
(p< 0.01) and WP (p< 0.01) in B35 cells (Figures 4(a) and
4(b)). PFN1 expression was reduced by PRP (p< 0.05), but

not by WP in B35 cells (Figures 4(a) and 4(b)). An increase
in the expression of p-MLC2 induced by PRP (p< 0.01) and
WP (p< 0.05) was also observed in B35 cells (Figures 4(a)
and 4(b)). Moreover, PRP-induced increased expression of
ROCK1 (p< 0.05), PFN1 (p< 0.05), and p-MLC2 (p< 0.01)
in C6 cells (Figures 4(c) and 4(d)), whereas WP induced the
expression of ROCK1 (p< 0.05), PFN1 (p< 0.05), and
p-MLC2 (p< 0.05) in C6 cells (Figures 4(c) and 4(d)).

3.3. PRP and WP Modulated CDC42 Migration-Related Rho
Signaling. CDC42 signaling can modulate filopodia and the
migration of cells by regulating CDC42 and CDC42 sig-
naling-related proteins, including neuronal Wis-
kott–Aldrich syndrome protein (N-WASP), p21 (RAC1)-
activated kinase 1 (PAK1), and RhoA protein–modulated
actin-related protein 2/3 (ARP2/3). Activated CDC42 can
modulate cell migration by regulating N-WASP or PAK1.
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Figure 1: Poria cocos regulated RhoGDI1, RhoA, and CDC42 expression in B35 and C6 cells. *e expression levels of RhoGDI1, RhoA,
CDC42, and Rac1 were examined using western blotting in this experiment. B35 (a, b) and C6 (c, d) cells were treated with PRP (10 μg/ml) or
WP (10 μg/ml). *e bar charts were calculated based on triplicate western blot data from three batches of PRP- or WP-treated cells using
Student’s t-test (∗p< 0.05; ∗∗p< 0.01). C/CTRL: control; PRP: Poria cocos cum Radix Pini; WP: White Poria.
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Figure 2: Poria cocos induced activation of RhoA and CDC42 in B35 and C6 cells. *e expression levels of activated RhoA, CDC42, and
Rac1 were examined using western blotting in this experiment. B35 (a, b) and C6 (c, d) cells were treated with PRP (10 μg/ml) orWP (10 μg/
ml). *e GTP form of Rho protein was pulled down and analyzed. *e bar charts were calculated based on triplicate western blot data from
three batches of PRP- or WP-treated cells using Student’s t-test (∗p< 0.05; ∗∗p< 0.01). C/CTRL: control; PRP: Poria cocos cum Radix Pini;
WP: White Poria.
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Figure 3: Poria cocos induced actin filament condensation in B35 and C6 cells. B35 and C6 cells were treated with PRP (10 μg/ml) or WP
(10 μg/ml) for seven days and then stained with CytoPainter Phalloidin-iFluor 488 Reagent. *e blue arrows indicate uniformly distributed
F-actin, and the red arrows indicate condensed F-actin. C/CTRL: control; PRP: Poria cocos cum Radix Pini; WP: White Poria.
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N-WASP can modulate ARP2/3 to further manage actin
polymerization and subsequent cell migration. PAK1 can
regulate cofilin function to control actin polymerization
and cell migration. PRP- or WP-treated B35 and C6 cells
were seeded into a Transwell insert, incubated with PRP or
WP for another 24 h, and then analyzed to confirm PRP-
or WP-induced cell migration. As shown in Figure 5, PRP
and WP increased the migration ability of B35 (p< 0.01
for both PRP and WP) and C6 (p< 0.01 for both PRP and
WP) cells.

CDC42 signaling-related proteins were also analyzed
with western blotting. N-WASP expression in B35 cells was
enhanced by PRP (p< 0.05) andWP (p< 0.01) (Figures 6(a)
and 6(b)). Interestingly, PRP and WP reduced N-WASP
expression in C6 cells (p< 0.01 for PRP and p< 0.05 forWP)
(Figures 6(c) and 6(d)).*e expression of PAK1 was induced
by PRP and WP in B35 (p< 0.01 for PRP and p< 0.05 for
WP) (Figures 6(a) and 6(b)) and C6 (p< 0.05 for PRP and
p< 0.01 for WP) cells (Figures 6(c) and 6(d)). ARP2/3

expression was induced by PRP but inhibited by WP in
B35 cells. Both PRP (p< 0.01) andWP (p< 0.01) increased
the expression of ARP2/3 in C6 cells (Figures 6(c) and
6(d)).

3.4. PRP and WP Modulated c-jun Expression in B35 and C6
Cells. Rho proteins have been reported to regulate c-jun
expression and subsequently regulate apoptotic gene ex-
pression. As shown in Figures 6(a) and 6(b), increased
expression of c-jun was induced by PRP (p< 0.05) and WP
(p< 0.05) in B35 cells. c-jun expression in C6 cells was also
increased by PRP (p< 0.05) and WP (p< 0.01) (Figures 6(c)
and 6(d)).

3.5. PRP andWP Restored Cell Migration Inhibition and Rho
Signaling Regulation in Ketamine-Treated B35 Cells.
Ketamine has been reported to induce Rho family protein
regulation in vitro and in vivo. We treated B35 cells with
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Figure 4: Poria cocos induced RhoA-related Rho signaling regulation. *e expression levels of ROCK1, N-PFN1, and p-MLC2 were
examined using western blotting in this experiment. B35 (a, b) and C6 (c, d) cells were treated with PRP (10 μg/ml) orWP (10 μg/ml).*e bar
charts were calculated based on triplicate western blot data from three batches of PRP- or WP-treated cells using Student’s t-test (∗p< 0.05;
∗∗p< 0.01). C/CTRL: control; PRP: Poria cocos cum Radix Pini; WP: White Poria.
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ketamine followed by PRP orWP treatment to further clarify
the roles of PRP or WP in Rho signaling-related cytoskeletal
regulation in neuronal cells. As Figure 7 shows, B35 cell
migration was inhibited by ketamine and was restored by
either PRP or WP treatment. We also examined the ex-
pression level of some of the Rho signaling proteins in B35
cells treated with ketamine or in combination with PRP/WP.
We found that ketamine increased RhoA (p< 0.01) and
decreased CDC42 (p< 0.05) expression in B35 cells, while
both PRP and WP reversed ketamine-induced RhoA and
CDC42 regulation (Figures 8(a) and 8(b)). Ketamine en-
hanced Rock1 expression, while PRP (p< 0.01)/WP
(p< 0.01) reversed ketamine-induced ROCK1 induction in
B35 cells (Figures 8(c) and 8(d)). We also found that ket-
amine could induce a reduction in N-WASP expression,
which could be restored by PRP or WP treatment (both
p< 0.01) in B35 cells (Figures 8(c) and 8(d)). Ketamine-
reduced PAK1 expression (p< 0.05) was further reduced by
PRP (p< 0.01) but not WP in B35 cells (Figures 8(e) and
8(f)).

Postsynaptic density protein 95 (PSD-95) is a scaffold
protein that can promote excitatory synapse maturation of
neurons. *e expression and accumulation of PSD-95 in
postsynaptic dendrites is closely related to Rho protein-
dependent cell cytoskeleton regulation [15, 27].We observed
that ketamine decreased PSD-95 expression, which was
recovered by WP treatment in B35 cells (Figures 8(e) and
8(f)).

4. Discussion

P. cocos (Schw.) is a saprophytic fungus that parasitizes
various species of Pinus, such as Pinus densiflora and Pinus
massoniana [28]. Recent pharmacological research has
revealed that P. cocos polysaccharides have antinephritic,
immunomodulatory, anti-inflammatory, antioxidant, and
antitumor effects [29–31]. P. cocos has been proposed to treat
insomnia through the neurotransmitter c-aminobutyric acid
or by stimulating the c-aminobutyric acid AA receptor [32].

P. cocos water extracts have also been suggested as herbal
medicines for treating depression [33]. A recent study re-
ported that P. cocos polysaccharides exhibited neuro-
protective effects by regulating various cell functions in an
Alzheimer’s disease rat model [34]. P. cocos has also been
found to exhibit antioxidant ability against oxidative stress
and to prevent PC12 β-amyloid-induced cell death [35].

Rho protein signaling could modulate cell apoptotic
gene expression, migration, morphological modulation, and
cytoskeletal reorganization by regulating ROCK1 function
and downstream MLC2 phosphorylation [16]. *e phos-
phorylation of MLC2 will then induce myosin activation and
stress fiber contraction in cells [36, 37]. In addition, the
RhoA protein can regulate the expression of ARP2/3 to
control cell filopodia and migration [38, 39]. CDC42-in-
duced PAK1/N-WASP activation can also regulate ARP2/3-
mediated cytoskeletal remodeling [40]. Recent studies also
reported that, in addition to RAC1, PAK1 can be regulated
by CDC42 signaling to affect cell migration [41–43]. *ese
findings indicate that neuronal dysfunction caused by ab-
normal Rho protein expression/activation and downstream
Rho protein-mediated pathway signaling may be corrected
by reconstructing Rho protein signaling.

In this study, we found that PRP and WP could enhance
RhoA, RhoA-GTP, ROCK1, and p-MLC2 expression in B35
neuronal cells. We also observed that PRP and WP could
induce CDC42, CDC42-GTP, and N-WASP expression in
B35 cells. In addition, PRP and WP enhanced the migration
ability and induced F-actin condensation in B35 cells. *ese
results indicate that PRP andWP can regulate cell migration
and F-actin aggregation by regulating the Rho signaling
pathway, especially by affecting RhoA and CDC42 instead of
Rac1.

We also investigated whether ketamine inhibits the
migration ability of B35 cells and modulates RhoA, CDC42,
ROCK1, and N-WASP expression levels. Ketamine-induced
Rho signaling regulation has been linked to various mental
disorders. Our results show that PRP and WP can restore
ketamine-induced cell migration inhibition and can reverse
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Figure 5: Cell migration regulation induced by PRP and WP in B35 and C6 cells. (a) Propidium iodide staining revealed increased
migration of B35 and C6 cells treated with PRP or WP. (b) *e bar chart was calculated from three cell migration assays of PRP- or WP-
treated cells and analyzed using Student’s t-test (∗p< 0.05; ∗∗p< 0.01). C/CTRL: control; PRP: Poria cocos cumRadix Pini;WP:White Poria.
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the ketamine-induced expression regulation of RhoA,
CDC42, ROCK1, and N-WASP. *ese findings suggest that
PRP and WP have the potential to correct dysfunction in
impaired neurons by regulating abnormal Rho protein
signaling.

ROCK1 and PAK1 act as regulators of cofilin activity by
modulating LIM kinase activity. High expression levels of
ROCK1 and PAK1 can inhibit cofilin activity, leading to
further actin polymerization and F-actin stabilization
[44, 45]. Our results showed that the expression of ROCK1
and N-WASP induced by PRP/WP enhanced the expression
of p-MLC2 and ARP2/3, together with the expression of
ROCK1 and PAK1 induced by PRP/WP, leading to cell
migration, actin polymerization, and F-actin stabilization. In

addition, we found unstable PAK1 expression levels among
different control B35 samples and drug-treated B35 cells. We
propose that the expression levels of PAK1 might be dy-
namically controlled by some unrevealed factors. Further
studies should be performed to come to a reasonable con-
clusion about the unstable PAK1 expression.

We also found that WP exhibited effects on Rho protein
signaling regulation in C6 cells similar to those observed in
B35 cells. WP also induced ROCK1, PAK1, N-WASP, and
p-MLC2 expression. *ese findings suggest that WP could
enhance migration and F-actin aggregation in C6 cells by
controlling Rho protein expression. Interestingly, the
downregulation of RhoA and CDC42 expression induced by
PRP could still increase the expression of ROCK1, PAK1,
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Figure 6: Poria cocos induced CDC42/cell migration-related Rho signaling regulation and c-jun expression. *e expression levels of N-
WASP, PAK1, ARP2/3, and c-jun were examined using western blotting in this experiment. B35 (a, b) and C6 (c, d) cells were treated with
PRP (10 μg/ml) or WP (10 μg/ml). *e bar charts were calculated based on triplicate western blot data from three batches of PRP- or WP-
treated cells using Student’s t-test (∗p< 0.05; ∗∗p< 0.01). C/CTRL: control; PRP: Poria cocos cum Radix Pini; WP: White Poria.
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Figure 7: Poria cocos reversed ketamine-induced cell migration inhibition in B35 cells. *e bar chart was calculated from three batches of
cell migration assays. Data were calculated and analyzed by using Student’s t-test (∗p< 0.05; ∗∗p< 0.01). C/CTRL: control; PRP: Poria cocos
cum Radix Pini; WP: White Poria.
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Figure 8: Continued.
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N-WASP, and p-MLC2 in C6 cells and induce cell migration
and F-actin concentration.

*ere may be two reasons for these observations. First,
the feedback inhibition of RhoGDI1, RhoA, and CDC42, as
well as cross-talk between Rho protein signaling in C6 cells,
may be the possible regulatory mechanisms by which cells
maintain the signal balance between Rho proteins and re-
lated cell functions. Second, the lower expression levels of
RhoA and CDC42 in C6 cells may be because there are
components in PRP that are different from WP that can
specifically reduce the expression levels of RhoA and CDC42
in C6 cells.

5. Conclusions

In summary, we found that PRP and WP could enhance
migration and F-actin condensation in B35 and C6 cells. We
also observed that PRP and WP regulated Rho protein
signaling. Ketamine-induced cell migration inhibition and
some Rho signaling regulation can be reversed by PRP and
WP treatment. *ese findings suggest that PRP and WP
regulate cell migration and F-actin condensation by dif-
ferentially modulating Rho protein signaling in B35 and C6
cells. *ese results also show that PRP and WP can regulate
Rho protein signaling in neurons and glial cells and,
therefore, have the potential to further regulate abnormal
cell functions related to mental disorders.
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Background. Poststroke depression (PSD) is the most common and serious neuropsychiatric complication occurring after ce-
rebrovascular accidents, seriously endangering human health while also imposing a heavy burden on society. Nevertheless, it is
difficult to control disease progression.Gan-Mai-Da-ZaoDecoction (GMDZD) is effective for PSD, but its mechanism of action in
PSD is unknown. In this study, we explored the mechanism of action of GMDZD in PSD treatment using network pharmacology
and molecular docking.Material and methods. We obtained the active components of all drugs and their targets from the public
database TCMSP and published articles. -en, we collected PSD-related targets from the GeneCards and OMIM databases.
Cytoscape 3.8.2 was applied to construct PPI and composite target disease networks. In parallel, the DAVID database was used to
perform GO and KEGG enrichment analyses to determine the biological processes enriched in the treatment-related drugs in
vivo. Finally, molecular docking was used to verify the association between the main active ingredients and their targets. Results.
-e network pharmacological analysis of GMDZD in PSD revealed 107 active ingredients with important biological effects,
including quercetin, luteolin, kaempferol, naringenin, and isorhamnetin. In total, 203 potential targets for the treatment of this
disease were screened, including STAT3, JUN, TNF, TPT53, AKT1, and EGFR. -ese drugs are widely enriched in a series of
signaling pathways, such as TNF, HIF-1, and toll-like receptor. Moreover, molecular docking analysis showed that the core active
components were tightly bound to their core targets, further confirming their anti-PSD effects. Conclusion. -is prospective study
was based on the integrated analysis of large data using network pharmacology technology to explore the feasibility of GMDZD for
PSD treatment that was successfully validated by molecular docking. It reflects the multicomponent and multitarget charac-
teristics of Chinese medicine and, more importantly, brings hope for the clinical treatment of PSD.

1. Introduction

Poststroke depression (PSD) is one of the most common and
severe neuropsychiatric complications after stroke [1, 2]; it
often starts insidiously, with mild symptoms of malaise and
drowsiness in the early stages. Moreover, if patients with
PSD are unable to express their feelings clearly due to
language or cognitive impairment, the diagnosis is often
compromised, and treatment is delayed [3]. -is not only
poses a great challenge to clinical work but also adds a heavy

burden to the society and economy. A recent statistical study
showed that approximately 795,000 people suffer from
stroke each year in the United States. In detail, approxi-
mately 610,000 people experience stroke for the first time,
and approximately 185,000 people experience recurrent
stroke; more than 100,000 of these people die from stroke
[4]. A meta-analysis of longitudinal studies showed that the
prevalence of depression was 29% (95% CI 25–32) and
remained stable up to 10 years after stroke, with a cumulative
incidence of 39–52% within 5 years of stroke [5]. Studies
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have reported that the cross-sectional prevalence of PSD is
18% and 33% [5–8]. To date, tricyclic antidepressants
(TCAs) and selective serotonin reuptake inhibitors (SSRIs)
have been used to treat PSD. However, the lack of a timely
diagnosis, the adverse effects of these drugs on cardiovas-
cular function, and an increased risk of bleeding lead to
unsatisfactory treatment for patients with PSD [9, 10].

Traditional Chinese medicine (TCM) for PSD is char-
acterized by few side effects and individualized treatment
[11]. -erefore, the search for an herbal medicine for the
treatment of PSD has become a hot topic in contemporary
pharmacological research. Gan-Mai-Da-Zao Decoction
(GMDZD) is derived from Jingui Yaolue and is composed of
three Chinese herbal medicines: Glycyrrhiza uralensis Fisch.
(gancao in Chinese), Triticum aestivum L. (xiaomai in
Chinese), and Ziziphus jujuba Mill. (dazao in Chinese); it is
mainly used for sleep disorders and depression-related
psychiatric disorders [12]. A randomized controlled study
showed that GMDZD intervention for 2 and 4 weeks could
significantly improve the Hamilton Depression Rating Scale
(HAM-D) score in postpartum women in depressive states
[13]. Modern pharmacological studies have also confirmed
that GMDZD could increase central excitability, sedation
and hypnotism, antidepressant activity, and other phar-
macological activities [14–16]. However, the mechanism by
which the active ingredients in GMDZD alleviate depressive
symptoms is unclear.

TCM with multiple components, multiple targets, and
multiple pathways can bring very many new possibilities for
clinical treatment. Network pharmacology is the result of the
integration of multidisciplinary basic theories, such as those
from biology, computer science, multidirectional pharmacol-
ogy, molecular pharmacology, andmedicine, and research tools
that can systematically and comprehensively reflect the in-
terventionmechanisms of drugs through disease networks.-is
has strong convergence with the principle of the overall dy-
namics of TCM treatment for diseases and the characteristics of
multicomponent, multitarget, and multipathway interactions.
-erefore, network pharmacology can provide new and pow-
erful technical support for studying the mechanism of action of
TCM compounding, which can help to reveal the scientific
connotation of TCM compounding, discover drug targets, and
develop TCM theories [17]. -is study aimed to investigate the
mechanism of action of GMDZD in the treatment of PSD
through network pharmacology and molecular docking tech-
nology (Figure 1).

2. Materials and Methods

2.1. Screening Active Compounds and Predicting Putative
Targets. -rough the Traditional Chinese Medicine Systems
Pharmacology Database and Analysis Platform (TCMSP,
https://tcmspw.com/tcmsp.php), an authoritative public
database that contains a large number of active ingredients,
their related targets, and pharmacokinetic information [18],
we searched for the active ingredients of three Chinese
medicines and supplemented them with the published lit-
erature [19, 20]. Oral bioavailability (OB) is an important
indicator used to evaluate the rate and extent of drug

absorption into the human circulation, and drug-likeness
(DL) is an indicator used to evaluate the similarity of
a compound to a known drug [21, 22]. Based on these two
absorption, distribution, metabolism, and excretion
(ADME) mode values, we performed a preliminary screen of
active ingredients to obtain the active compounds and their
protein targets, where OB≥ 30% and DL≥ 0.18% were set as
the criteria [23]. After screening, to standardize protein
target information, the UniProt database (-e Universal
Protein Resource, https://www.uniprot.org/) was utilized to
standardize the protein targets on which compounds act,
resulting in more comprehensive target information such as
gene IDs and gene symbols.

2.2. Identifying Disease-Related Targets and Filtering Inter-
sectingTargets. Using “poststroke depression” as the keyword,
we mined the GeneCards database (https://www.genecards.
org/) and the OMIM database (https://omim.org/) for gene
targets related to PSD [24]. -e targets associated with PSD
were obtained by merging the targets of the two databases and
removing duplicates. -e common targets were then screened
by using Venny 2.1 (http://bioinformatics.psb.ugent.be/
webtools/Venn/), and the common targets were defined as
the potential targets of GMDZD in PSD.

2.3. Protein-Protein Interaction (PPI) Network Construction.
A PPI network was constructed by submitting common
disease-drug targets to the Search Tool for the Retrieval of
Interacting Genes database (STRING, https://string-db.org/)
[25]. -e organism species was set as “Homo sapiens,” and
the confidence score with a correlation degree was set as
≥0.950; meanwhile, disconnected nodes were hidden. -en,
the interaction information was further visually analysed by
Cytoscape 3.8.2. -e CytoNCA plug-in was used to analyse
the topological attributes of the data submitted to Cytoscape
[26, 27]. In this plug-in, betweenness centrality (BC),
closeness centrality (CC), and degree centrality (DC) are
used to estimate the importance of nodes in the network.-e
higher the quantitative value of these three numerical values,
the more important the node in the network. In the PPI
network, BC, CC, and DC are used as variables to screen out
the core targets and build a network relationship diagram of
the core targets based on the screening results.

2.4. GeneOntology (GO) andKyoto Encyclopedia ofGenes and
Genomes (KEGG) Pathway Enrichment Analyses. -e pre-
viously obtained GMDZD targets for the treatment of PSD
were imported into the DAVID database (https://david.
ncifcrf.gov/summary.jsp), a repository with comprehen-
sive annotation capability that is updated monthly with gene
annotation data to analyse the biological processes and
metabolic pathways in which they are enriched. We chose
“Homo sapiens” for the species, and terms with a p value
<0.05 were considered significant. -e results were saved
and visualized using Bioinformatics (http://www.
bioinformatics.com.cn/) to obtain a bubble map of the re-
sults of the GO and KEGG enrichment analyses. GO
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enrichment analysis covers three aspects of biology: cellular
component, molecular function, and biological process.
KEGG enrichment analysis can also suggest the biological
mechanisms of action of drugs in the human body and the
pathways involved in their regulation.

2.5. Network Construction. (1) Cytoscape 3.8.2 was imple-
mented to draw the disease-herb-component-target (D-H-
C-T) network to visualize the relationship between GMDZD
and PSD. -e different colours and shapes in the diagram
represent the disease, drug, component, and target, and the
“edges” represent the correlation between these parameters.
(2) To more visually reflect the relationships of the target
genes and the enriched pathways, a more complex but more
intuitive network was constructed by combining the pre-
vious network, which includes more comprehensive in-
formation on the drugs and their active ingredients, targets,
and pathways.

2.6. Molecular Docking Prediction

2.6.1. Preparation of Small-Molecule Ligands. To better
evaluate the reliability of the network predictions, the core
active ingredients were then molecularly docked to the core
gene targets. First, small-molecule ligands were prepared by
obtaining the 2D structures of their active ingredients in the
sdf format through the PubChem database (https://
pubchem.ncbi.nlm.nih.gov/) and then converting the 2D
structures into 3D structures in the mol2 format through
ChemOffice software. Finally, the results were imported into
AutoDockTools to convert to files into the pdbqt format [28].

2.6.2. Preparation of Protein Receptors. First, the core gene
targets were entered into the UniProt database to obtain
their UniProt IDs, and the 3D structures of the core gene
targets were retrieved and downloaded from the Protein
Data Bank database (PDB,http://www.rcsb.org/) in the pdb
format. PyMOL 2.3.4 software was used to dewater and

deligand the proteins, the core gene targets were hydroge-
nated and charge calculated using AutoDockTools [29], and
the results were saved in the pdbqt format. Upon comple-
tion, ligand-receptor molecular docking was performed
using AutoDockVina. Among the existing drugs that have
been used to treat PSD, SSRIs have shown high efficacy and
few side effects, with sertraline and escitalopram being the
representative drugs [9, 10]. Notably, to make the conclu-
sions more objective, we molecularly docked existing drugs
already used for the treatment of PSD with the potential core
gene targets we screened.

3. Results

3.1. Active Compounds and Targets of Gancao, Xiaomai, and
Dazao. We found a total of 442 drug-related components
from the TCMSP database as well as the available literature.
-en, screening was performed according to the criteria
DL ≥ 0.18 and OB≥ 30%, and the gene targets associated
with each active ingredient were obtained. Finally, dupli-
cate targets were removed after comparison and correction
by the UniProt database. A total of 109 active ingredients
and 239 gene targets were obtained, among which some
were derived from multiple drugs, reflecting the multi-
component and multitarget characteristics of TCM. Details
on the active ingredients are shown in Supplementary
Materials Table S1.

3.2. Gene Targets in PSD. In this study, 4733 PSD-related
gene targets were obtained from the GeneCards database,
and another 37 gene targets were obtained from the OMIM
database, in which there were 8 identical targets. After re-
moving duplicates, the total number of PSD-related gene
targets was 4762. Next, 203 interacting gene targets were
obtained by taking the intersection of the disease-related
gene targets and the drug-related gene targets (Figure 2(a)).
-ese targets were identified as the potential targets of
GMDZD against PSD (Table 1).

Completing PPI networks and
finding core targets with STRING
and Cytoscape

Potential Gene Targets
for TCM therapy PSD

Completer GO and KEGG
pathway enrichment analysis
using DAVID database

Access to disease-relevant targets
form GeneCards and OMIM

Obtaining the active ingredients and
targets of herbs from TCMSP

Docking resultsBuilding complex network
relationship graphs in
Cytoscape

Figure 1: Detailed process of research design.
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3.3. PPI Network Analysis. -e 203 intersecting gene tar-
gets were submitted to the STRING database, and then,
the data obtained from this platform were imported into
Cytoscape 3.8.2 for visualization and topological analysis
(Figure 2(b)). -e PPI network consisted of 139 nodes
and 426 edges. -e topological properties of the inter-
secting gene targets were analysed using the CytoNCA
plug-in, whose median BC, CC, and DC values were 22,
0.046184739, and 4, respectively. -e values of 49 gene
targets were above the median, and these genes were
considered important for the treatment of PSD with
GMDZD (Figure 2(c)). Among these genes, the values of
AKT1, STAT3, TP53, CTNNB1, CDKN1A, ESR1,
VEGFA, MAPK1, MAPK3, CASP8, CCND1, MAPK14,
RELA, TNF, EGFR, FOS, JUN, CXCL8, and STAT1 were
greater than the twofold median values of BC, CC, and
DC (286.3560165, 0.046954747, and 11), indicating that
these 19 genes are the core targets in the PPI network
(Figure 2(d)), where STAT3 has the highest degree value,
suggesting that it may be most relevant to this research.
Details from the STRING analysis are shown in Sup-
plementary Materials Table S2.

3.4. GO and KEGG Pathway Enrichment Analyses. -e top
20 terms and pathways retrieved from the DAVID database
were ranked according to their p value, and the data were
then transformed into a bubble chart for display. -e more
the genes that are enriched, the larger the bubble, the deeper
the colour, and the smaller the p value.

-emain biological process terms were as follows: response
to drug (GO: 0042493), response to lipopolysaccharide (GO:
0032496), positive regulation of transcription from RNA po-
lymerase II promoter (GO: 0045944), response to ethanol (GO:
0045471), and response to estradiol (GO: 0032355)
(Figure 3(a)). -e main cellular component terms were as
follows: extracellular space (GO: 0005615), cytosol (GO:
0005829), membrane raft (GO: 0045121), plasma membrane
(GO: 0005886), and integral component of plasma membrane
(GO: 0005887) (Figure 3(b)). -e main molecular function
terms were as follows: enzyme binding (GO: 0019899), identical
protein binding (GO: 0042802), protein heterodimerization
activity (GO: 0046982), drug binding (GO: 0008144), and
protein binding (GO: 0005515) (Figure 3(c)). All of the
abovementioned data suggest that GMDZD may treat PSD by
modulating multiple GO functions.

36 203 4559

DiseaseDrug

(a) (b)

(c) (d)

Figure 2: Drug-disease targets intersection Venn diagram and protein-protein interaction network. -e darker the color means the
larger the degree value, the more important it is in this network. (a) 203 intersection gene targets; (b) a protein-protein network from
STRING; (c) one protein-protein cluster with 49 nodes and 230 edges; and (d) one protein-protein cluster with 19 nodes and 76 edges.



KEGG pathway enrichment analysis yielded a total of
122 pathways, and the same criteria used for GO en-
richment analysis were used to obtain the top 20 path-
ways for graphic visualization. -e main pathways of the
relevant targets in PSD were as follows: hepatitis B
(hsa05161), pathways in cancer (hsa05200), pancreatic
cancer (hsa05212), bladder cancer (hsa05219), and the
TNF signaling pathway (hsa04668). Among these path-
ways, “pathways in cancer” had the highest degree of
target enrichment and were, thus, identified as an im-
portant critical pathway; similarly, “hepatitis B” had the
lowest p value and was also identified as an important
pathway (Figure 3(d)). Details on the GO and KEGG
enrichment analyses from the DAVID database are
shown in Supplementary Materials Table S3. Supple-
mentary Materials Table S4 shows the specific in-
formation on the targets in the top 20 pathways.

3.5. Network Construction. -ere were 314 nodes and 1825
edges in the D-H-C-T network, among which the potential
active ingredients icos-5-enoic acid (MOL004985) and
gadelaidic acid (MOL004996) were hidden because the
corresponding gene targets did not overlap with the disease
targets (Figure 4). Details are shown in Supplementary
Materials Table S5. -e pathway information was imported
into Cytoscape 3.8.2 and combined with the previous graph
to obtain a new network with 335 nodes and 2300 edges
(Figure 5).

3.6. Docking Results. -e nodes with high degree values in
the PPI network were considered core gene targets, and the
five core gene targets with the highest degree values in the
PPI network, namely, STAT3 (PDB ID: 6NJS), JUN (PDB
ID: 5T01), TP53 (PDB ID: 6WQX), AKT1 (PDB ID: 5WBL),

Table 1: Potential targets of Gan-Mai-Da-Zao decoction against poststroke depression (PSD).

No. Gene No. Gene No. Gene No. Gene No. Gene
1 PTGS1 42 PLAU 83 CDKN1A 124 THBD 165 CCNA2
2 DRD1 43 LTA4H 84 MMP9 125 SERPINE1 166 ESR2
3 CHRM1 44 MAOA 85 MAPK1 126 COL1A1 167 CDK2
4 DRD5 45 ADRB1 86 IL10RA 127 IFNG 168 MAPK10
5 SCN5A 46 BCL2 87 EGF 128 ALOX5 169 PYGM
6 CHRM5 47 BAX 88 RB1 129 IL1A 170 GRIA2
7 PTGS2 48 CASP9 89 TNF 130 MPO 171 OLR1
8 HTR3A 49 JUN 90 IL6ST 131 NCF1 172 IL4
9 RXRA 50 CASP3 91 AHSA1 132 ABCG2 173 HSD3B1
10 OPRD1 51 CASP8 92 TP53 133 GSTP1 174 IKBKB
11 SLC6A2 52 PRKCA 93 ELK1 134 NFE2L2 175 MAPK8
12 ADRA1A 53 PON1 94 NFKBIA 135 NQO1 176 PPP3CA
13 CHRM2 54 MAP2 95 POR 136 PARP1 177 AKR1C3
14 ADRA2B 55 CAT 96 ODC1 137 AHR 178 SLPI
15 ADRA1B 56 HAS2 97 TOP1 138 SLC2A4 179 MAPK3
16 SLC6A3 57 DRD4 98 RAF1 139 COL3A1 180 LDLR
17 ADRB2 58 ACHE 99 SOD1 140 CXCL11 181 BAD
18 CHRNA2 59 F7 100 HIF1A 141 CXCL2 182 MTTP
19 SLC6A4 60 CACNA1S 101 STAT1 142 NR1I3 183 APOB
20 DRD2 61 KDR 102 RUNX1T1 143 CHEK2 184 PLB1
21 OPRM1 62 AKT1 103 HSPA5 144 CLDN4 185 HMGCR
22 GABRA1 63 VEGFA 104 ERBB2 145 PPARA 186 CYP19A1
23 NR3C2 64 MMP2 105 ACACA 146 PPARD 187 UGT1A1
24 PPARG 65 MMP1 106 CYP1A1 147 HSF1 188 SREBF1
25 CYP3A4 66 HMOX1 107 ICAM1 148 CXCL10 189 GSR
26 NR1I2 67 CYP1A2 108 IL1B 149 CHUK 190 ABCC1
27 CYP2B6 68 CAV1 109 CCL2 150 SPP1 191 ADIPOR1
28 NOS2 69 CTNNB1 110 SELE 151 RUNX2 192 ABAT
29 KCNH2 70 MYC 111 VCAM1 152 E2F1 193 SOAT1
30 ESR1 71 CASP7 112 PTGER3 153 CTSD 194 BACE2
31 AR 72 F3 113 CXCL8 154 IGFBP3 195 STAT3
32 PRSS1 73 GJA1 114 PRKCB 155 IGF2 196 CDK4
33 PDE10A 74 MMP10 115 BIRC5 156 CD40LG 197 MDM2
34 MAOB 75 FASN 116 DUOX2 157 IRF1 198 APP
35 ADRA2A 76 DPP4 117 NOS3 158 ERBB3 199 PCNA
36 CA2 77 MMP3 118 HSPB1 159 HK2 200 TYR
37 ADRA2C 78 RELA 119 SULT1E1 160 RASA1 201 XIAP
38 ADRA1D 79 EGFR 120 IL2RA 161 GSTM1 202 PTGES
39 PGR 80 CCND1 121 CYP1B1 162 MAPK14 203 MET
40 ADH1C 81 BCL2L1 122 CCNB1 163 GSK3B
41 AKR1B1 82 FOS 123 PLAT 164 CHEK1



and TNF (PDB ID: 2E7A), were correlated with the 10 active
ingredients with the highest degree in the “D-H-C-T”
network (quercetin (MOL000098), luteolin (MOL000006),
kaempferol (MOL000422), 7-methoxy-2-methyl isoflavone
(MOL003896), naringenin (MOL004328), isorhamnetin
(MOL000354), formononetin (MOL000392), licochalcone
a (MOL000497), beta-sitosterol (MOL000358), and medi-
carpin (MOL002565)). -ese compounds were molecularly
docked, and their binding energies were calculated. On this
basis, we molecularly docked sertraline and escitalopram to
the core genes to refine the comparative analysis (Table 2,
Figure 6). Moreover, we graphically examined the specific
docking details of the top core genes (STAT3 and JUN) with
the top core components (quercetin, luteolin, kaempferol,

and 7-methoxy-2-methyl isoflavone) (Figure 7). -e lower
the binding energy of both the ligand and receptor, the more
stable the binding [30]. In general, a docking fraction value
of less than −4.25 kcal·mol−1 indicates some binding activity,
a value less than −5.0 kcal·mol−1 indicates good binding
activity, and a value less than −7.0 kcal·mol−1 indicates
strong binding activity [31]. A total of 60 groups of core
components were determined to have good binding activity
with the target proteins. -e comparative analysis clearly
showed that sertraline and escitalopram also showed good
binding activity, but some of the active ingredients screened
in this study showed higher binding activity with the core
gene target to some extent, which also provides direction for
the development of new drugs and subsequent research.
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Figure 3: Bubble maps of GO and KEGG pathway enrichment analysis of Gan-Mai-Da-Zao decoction for PSD. (a) GO: biological process;
(b) GO: cellular components; (c) GO: molecular functions; and (d) KEGG pathway enrichment analysis.



4. Discussion

Network pharmacology is a method used to predict the
ability of a drug to treat a certain disease by searching for
shared genes and identifying enriched pathways, which are
then confirmed through available experimental evidence.
Molecular docking can be used to predict the binding ac-
tivity of active ingredients to their target proteins, which
further confirms the therapeutic effect of the drugs. -e use
of these techniques has largely solved the great challenges
posed to research due to the multicomponent and multi-
target nature of TCM. -erefore, we used network phar-
macology and molecular docking to reveal the possible
mechanism of action of GMDZD in PSD.

In our study, the core active ingredients in the “D-H-C-
T” network were identified as quercetin, luteolin, kaemp-
ferol, naringenin, and isorhamnetin. In recent years, fla-
vonoids have been found to have significant effects on the
central nervous system, with neuroprotective, antidepres-
sant, and anxiolytic effects [32]. In our study, quercetin was
derived from Glycyrrhiza uralensis Fisch. and Ziziphus
jujuba Mill. A relevant animal study confirmed that quer-
cetin could reverse stress-induced depression and anxiety in
mice [33]. In addition, quercetin exerts antidepressant

effects by exerting antioxidant and anti-inflammatory ac-
tivities, decreasing cytotoxicity, and increasing 5-hydroxy-
tryptamine levels [34]. Luteolin is derived from Triticum
aestivum L. It has been reported that luteolin exerts an
antidepressant effect by suppressing the endoplasmic re-
ticulum [35] and inhibiting and downregulating plasma
membrane monoamine transporters (PMAT, Slc29a4) [36].
It has also been found that luteolin may improve cognitive
performance by inhibiting microglial activation and neu-
roinflammation in older mice [37]. Kaempferol, naringenin,
and isorhamnetin are all derived from Glycyrrhiza uralensis
Fisch. Kaempferol promotes the protein expression of brain-
derived neurotrophic factor (BDNF) and nerve growth
factor (NGF) in hippocampal tissue from aged rats with
chronic stress/depression, and these changes resulted in
neuroprotection and improved depression-like behaviour
[38]. Naringenin is a flavonoid compound with strong
antioxidant and anti-inflammatory effects. -e literature has
shown that naringin may produce functional behavioural
effects by enhancing cholinergic transmission and antioxi-
dant defence systems and inhibiting lipid peroxidation and
nitrosative processes [39]. -e application of isorhamnetin
potentiates nerve growth factor- (NGF-) induced neurite
outgrowth. In parallel, the expression of neurofilaments is

Figure 4: Disease-herb-compound-target (D-H-C-T) network of Gan-Mai-Da-Zao decoction against PSD. -e purple circles represent
genes, the green hexagons represent diseases, the pink V-shapes represent drugs, and finally, shades of blue rectangles represent active
ingredients, and the darker the color, the greater the degree value in the network, indicating greater importance.



Figure 5: Network diagram containing pathway enrichment analysis. -e different colored rectangles from top to bottom represent herbal
medicine, herbs, active ingredients, targets, disease, and pathways.



markedly increased in the cultures cotreated with NGF and
isorhamnetin.-is suggests that isorhamnetinmight be used
to some extent to treat neurodegenerative diseases, including
Alzheimer’s disease and depression [40]. -ese important
active ingredients are all sourced from GMDZD, and
multiple active ingredients work together to exert their ef-
fects in the treatment of PSD.

In addition, a total of 19 core targets of GMDZD in PSD
were screened in the PPI network: AKT1, STAT3, TP53,
CTNNB1, CDKN1A, ESR1, VEGFA, MAPK1, MAPK3,

CASP8, CCND1, MAPK14, RELA, TNF, EGFR, FOS, JUN,
CXCL8, and STAT1. Among them, EGFR is highly expressed
in a variety of malignancies, and depression is common in
oncology patients (four times more prevalent than in the
general population) [41, 42]. Moreover, EGFR-mutant non-
small-cell lung cancer can lead to depression by mediating
inflammatory factors [43]. Depressive-like behaviour can be
induced by forced swimming, and MAPK1 overexpression
in the hippocampus can exert antidepressant effects [44]. It
has been reported that estrogen regulates neurotransmitter

Table 2: Binding energies of 10 main compounds and 2 drugs that have been used to treat PSD to 5 potential targets.

No. Compound
Binding energy/kcal·mol−1

STAT3 JUN TP53 AKT1 TNF
1 Quercetin −7.5 −8.4 −8.3 −8.9 −6.8
2 Luteolin −7.8 −8.6 −8.2 −8.7 −8.9
3 Kaempferol −7.3 −7.8 −7.9 −8.4 −8.9
4 7-Methoxy-2-methyl isoflavone −7.6 −8.6 −9.0 −8.4 −6.7
5 Naringenin −7.7 −8.5 −8.5 −8.4 −8.6
6 Isorhamnetin −7.3 −7.8 −7.7 −8.7 −9.0
7 Formononetin −7.4 −7.8 −8.6 −8.3 −8.4
8 Licochalcone a −6.3 −7.0 −8.1 −7.0 −6.0
9 beta-Sitosterol −7.2 −6.6 −7.0 −7.3 −6.2
10 Medicarpin −7.3 −8.0 −8.1 −7.9 −8.4
11 Sertraline −6.1 −5.9 −6.6 −7.3 −5.6
12 Escitalopram −5.3 −6.4 −6.7 −7.1 −5.6
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Figure 6: -e heat map of the docking score.
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conversion and thus produces antidepressant effects. It is
thought that the biological function of estrogen is largely
mediated by the intracellular activation of its primary re-
ceptors, estrogen receptor alpha (ESR1), and estrogen re-
ceptor beta (ESR2). -us, genetic variation in ESR plays an
important role in the susceptibility of women to depression
[45, 46]. STAT3 is expressed in both hippocampal neurons
and glial cells and is closely related to neurodegenerative
diseases. It has been demonstrated that the pharmacological
treatment of PSD and an improvement in the depressive
state may be related to the inhibition of JAK2/STAT3 sig-
naling pathway-related gene and protein expression, which
promotes neural remodelling in the hippocampus [47].

Among the 20 pathways screened by KEGG enrichment
analysis, some are closely related to PSD, including the TNF
and toll-like receptor signaling pathways. -e immune-in-
flammatory response is an important pathogenic mecha-
nism of PSD. Elevated levels of various inflammatory
biomarkers, such as IL-6 and TNF-α, and increased high-
sensitivity C-reactive protein (CRP) concentrations were
found to be present in patients with mild to moderate de-
pression six months following stroke [48, 49]. It has also
been shown that an improvement in depression in rats under
acupuncture intervention may be closely related to the
significant downregulation of differentially expressed genes
involved in the toll-like receptor pathway and TNF signaling
pathway in the hippocampus, frontal lobes, and pituitary
gland [50]. Additionally, pathological mechanisms, such as
neuronal apoptosis and nerve growth disorders, are involved
in some pathways that also play an important role in the
development of PSD. -e efficacy of current antidepressants
has been linked to the Ras signaling pathway, which may be
involved in the onset and development of depression-related
disorders by indirectly affecting neurotrophic factors or
directly affecting neuroplasticity [51]. Furthermore, anti-
depressants not only upregulate cAMP levels in receptor
cells but also activate protein kinase A (PKA) to phos-
phorylate PKA, which then activates the cAMP-response
element-binding protein (CREB) signaling pathway, altering

functional protein activity and gene expression patterns to
form new synapses, thus exerting antidepressant effects [52].

5. Conclusions

In summary, network pharmacological analysis showed that
there are as many as 203 possible targets of GMDZD in the
treatment of PSD. Several pathways may be very closely
related to the treatment of PSD, including the TNF and toll-
like receptor signaling pathways, and the 19 core gene targets
screened from the PPI network are also enriched in these
important pathways. -erefore, the results of this study
provide evidence for follow-up research and a basis for the
clinical application of GMDZD in the treatment of PSD [53].
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MTHFR and ESR1 gene polymorphisms are associated with
the risk of depression in menopausal women,” Maturitas,
vol. 84, pp. 42–54, 2016.

[46] E.-C. Tan, H.-W. Lim, T.-E. Chua, H.-S. Tan, T. Lee, and
H. Chen, “Investigation of variants in estrogen receptor genes
and perinatal depression,” Neuropsychiatric Disease and
Treatment, vol. 14, pp. 919–925, 2018.

[47] H. P. Liu, “-e effect of YinaoJieyu prescription on the in-
tervention of JAK2 and STAT3 proteins in the hippocampus
of post-stroke depressed rats,” Master -esis, Beijing Uni-
versity of Chinese Medicine, Beijing, China, 2020.

[48] D. Shinar, C. R. Gross, T. R. Price, M. Banko, P. L. Bolduc, and
R. G. Robinson, “Screening for depression in stroke patients:
the reliability and validity of the center for epidemiologic
studies depression scale,” Stroke, vol. 17, no. 2, pp. 241–245,
1986.

[49] W. Zhang and X.-A. Zhang, “A novel urinary metabolite
signature for non-invasive post-stroke depression diagnosis,”
Cell Biochemistry and Biophysics, vol. 72, no. 3, pp. 661–667,
2015.

[50] Y. Wang, Study on the antidepressant mechanism of acu-
puncture based on whole-transcriptome sequencing, PhD



-esis, Beijing University of Chinese Medicine, Beijing,
China, 2017.

[51] F. Wang, C. Zhang, and Y. R. Fang, “Ras signaling pathway
and neural plasticity mechanism of depression,” Journal of
Shanghai Jiaotong University, vol. 35, p. 1556, 2015.

[52] J. M. Wang, Y. Yang, X. Y. Liu, and C. L. Chen, “Research
progress on mechanism and signaling pathway regulation of
Chinese materia medica on depression,” Chinese Archives of
Traditional Chinese Medicine, vol. 39, pp. 115–118, 2021.

[53] Z. C. Ding, F. F. Xu, Q. D. Sun et al., “Exploring the
mechanism of action of herbal medicine (Gan-Mai-Da-Zao
decoction) for post-stroke depression based on network
pharmacology and molecular docking,” 2021, https://www.
researchsquare.com/article/rs-508953/v1.

https://www.researchsquare.com/article/rs-508953/v1
https://www.researchsquare.com/article/rs-508953/v1


Review Article
The Combination of Tradition and Future: Data-Driven
Natural-Product-Based Treatments for Parkinson’s Disease

Zhijun Miao,1,2 Jinwei Bai,3 Li Shen ,1 and Rajeev K. Singla 1,4

1Institutes for Systems Genetics, Frontiers Science Center for Disease-related Molecular Network, West China Hospital,
Sichuan University, Chengdu 610041, Sichuan, China
2Department of Urology, Suzhou Dushu Lake Hospital, Suzhou, China
3Library of West-China Hospital, Sichuan University, Chengdu 610041, China
4iGlobal Research and Publishing Foundation, New Delhi 110059, India

Correspondence should be addressed to Rajeev K. Singla; rajeevsingla26@gmail.com

Received 26 March 2021; Revised 29 June 2021; Accepted 6 July 2021; Published 14 July 2021

Academic Editor: Xue-Rui Wang

Copyright © 2021 Zhijun Miao et al. +is is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Parkinson’s disease (PD) is a neurodegenerative disorder in elderly people. +e personalized diagnosis and treatment remain
challenges all over the world. In recent years, natural products are becoming potential therapies for many complex diseases due to
their stability and low drug resistance. With the development of informatics technologies, data-driven natural product discovery
and healthcare is becoming reality. For PD, however, the relevant research and tools for natural products are quite limited. Here in
this review, we summarize current available databases, tools, and models for general natural product discovery and synthesis.
+ese useful resources could be used and integrated for future PD-specific natural product investigations. At the same time, the
challenges and opportunities for future natural-product-based PD care will also be discussed.

1. Introduction

Parkinson’s disease (PD) is a neurodegenerative disorder
(NDD) commonly seen in the elderly. +e prevalence of PD
is increasing with age, of which the lifespan risk is 2% for
men and 1.3% for women [1]. Many factors have been
revealed to tightly relate to PD, including genes, gut mi-
crobes, the living environment, and lifestyle [2–4]. In the
past decades, efforts have been made both in mechanism
investigations and clinical treatments. A large number of
molecules have been reported for their therapeutic potential
against Parkinson’s disease, such as levodopa [5], ubiqui-
none [6], and creatine [7]. +e efficacy, however, is rather
limited along with uncontrolled side effects [8]. Since several
years ago, natural products have drawn more and more
attention, which are considered as potential breakthroughs
for PD treatments.

Natural products are a class of chemical compounds or
substances produced by living organisms, the sources of
which can be plants, animals, fungi, and bacteria [9].
Compared to synthetic drugs, natural products tend to have

unique structures that are rather difficult to be synthesized in
the lab. Nevertheless, the stabilities and efficacies sometimes
are better [10]. Meanwhile, components in natural products
are usually in the form of a mixture. Interactions among
them result in weaker toxicity, side effects, and drug re-
sistance [11,12]. Considering these advantages, an increasing
number of research has been focusing on improving PD
treatments with natural products. In a recent study, for
example, gardenin A has shown its role in neuroprotection
against environmental-toxin-induced Parkinson’s disease
pathogenesis [13]. Another study by Haruka et al. pointed
out that sesaminol may increase Nrf2 expression and then
activate the Nrf2-ARE signaling pathway and decrease the
expression level of α-synuclein, indicating its preventative
effect on PD [14]. Besides, Liu et al. also found that a fu-
marate salt form of dimethylaminomicheliolide called
ACT001 derived from parthenolide can prevent the over-
expression of α-synuclein induced by 1-methyl-4-phenyl-1,
2, 3, 6-tetrahydropyridine, which could serve as a good
concomitant drug for L-3, 4-dihydroxyphenylalanine (L-
DOPA) to lower the intake dose and its side effects [15].
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+ese gathering evidence show a great therapeutic potential
of natural products in PD treatments.

Traditional drug discovery is mainly based on two ap-
proaches: ligand-based drug design and structure-based
drug design [16]. Computational technologies are frequently
applied during this period, which is usually known as
Computer-Aided Drug Discovery (CADD). Over the past
decades, the innovations in chemistry, biomedical science,
and engineering, as well as high-throughput screening, have
rapidly improved the efficiency of a huge number of com-
pounds’ screening for 1–3 specific targets. Numerous tools,
databases, and models are constructed with accumulating
data [17], bringing current drug discovery into the “big data
era.” +ere are five intrinsic characteristics for big data,
including volume, variety, value, velocity, and veracity [18],
as shown in Figure 1. Compared to traditional CADD
methods, a successful big-data-based CADD strategy firstly
needs a standard for integration of multilevel data. At the
same time, high-speed algorithms are required for data
mining, structuring, and analysis in order to ensure the
efficiency and accuracy for drug-target interaction simula-
tion. Finally, the main roles for most previous databases are
storage and reference.+e density of data value is pretty low.
How to utilize updated technologies and algorithms to figure
out the real value of data will be very essential for novel drug
discovery. In summary, it is necessary to develop novel
approaches that systematically address the high-volume,
multidimensional, and highly sparse data sources needed for
drug efficacy and adverse effect prediction and evaluation.

In recent years, some studies have already employed
computational methods on natural product identification
and characterization. +ese resources could be quite valu-
able for PD-related natural product discovery. In this review,
we will summarize available data sources, databases, com-
putational tools, and models and, last but not the least, the
future challenges and chances for data-driven natural
product discovery for PD treatments.

2. Natural Product Databases for Data Sharing
and References

Biomedical studies have made great advances with the de-
velopment of omics and informatics technologies. Accu-
mulating scientific data, including omics data, clinical data,
and other biological data, are extremely valuable research
resources. +us, data standardization, annotation, sharing,
and integration are becoming quite essential. +e well-
structured databases can not only store and manage existing
data but also can be utilized for data sharing and integrated
analysis. Good examples for such databases in PD research
include NDDVD [19], Gene4PD [20], and PDmethDB [21].
Natural products have a broad range of compounds, and a
large number of diseases can be treated by them. +e es-
tablishment of relevant databases can greatly facilitate our
understanding towards the mechanisms by which a certain
natural product works on its target diseases, and clinicians
can also get advised for precision treatments [22]. To date,
there are already quite a few published natural-product-
specific databases. Although Sorokina et al. have constructed

a database named COCONUT (https://coconut.
naturalproducts.net) where they collected a part of free
available databases for natural products [23], we will make
up and summarize some nonincluded databases for refer-
ence, the list of which is shown in Table 1.

2.1. Databases of Different Traditional Medicine Systems.
Traditional medicine can be divided into several medical
systems according to the regions, such as traditional Chinese
medicine (TCM), traditional Indian medicine (also known
as Ayurveda), and traditional Islamic medicine. Although
there are overlaps between different traditional medical
systems, they also have their own unique features. From a
systemic view, databases and knowledge bases to share and
annotate these medical systems is the first step for integrated
analysis and natural products screening. Efforts have been
made in the past decades. For example, Fang et al. built a
comprehensive database for traditional Chinese medicine
called HERB, in which the basic herb information, effective
targets, and gene-gene interactions are provided [24]. An-
other TCM-related database is SymMap, which could be a
good support for HERB as it contains not only prescriptions
but also symptom mappings for users [32]. +e Indian
Medical Plants, Phytochemistry And +erapeutics
(IMPPAT) is a curated database for Indian traditional
medicine that shares the standardized names and usages of
some traditional Indian herbs [33], and for Irian traditional
medicine, there is also a similar database called Universal
Natural Product Resource (UNaProd) [29]. A direct evi-
dence among these databases is Atropa acuminata, which
was reported to be a potential natural product medicine for
PD. +e effective compound named atropine is demon-
strated to remarkably reduce raclopride-induced muscle
rigidity through the activation of the ventral region of the
striatum [39]. Meanwhile, there are also some indirect clues.
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Figure 1: “5V” characteristics of big data.
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For instance, isorhynchophylline, which is the compound of
Uncaria sessilifructus, Uncaria tomentosa, and Semen Cav-
aliae, can significantly promote autophagy of neuronal cells
and avoid the accumulation of α-synuclein by targeting
SCNA [40]. Curcumin derived from Acorus calamus and
Radix Angelicae sinensis can notably inhibit the activity of
LRRK2 kinase and suppress PD-like phenotypes [41]. Taken
together, these databases are mainly from a clinical view,
data from which may provide us with potential traditional
medicine prescripts for PD treatments. At the same time,
integrated analysis of them may give novel insights to re-
searchers and clinicians from different regions. Real-time
update, thus, is quite essential.

2.2. Databases of Different Natural Product Sources.
Natural products have multiple sources. An unfractionated
extract from these sources may contain a range of structurally
diverse and often novel chemical compounds [42]. +e bi-
ological diversity contributes to the chemical diversity in the
nature; in other words, researchers have to collect samples all
over the world for natural product screening and novel drug
discovery [43]. During this period, databases for such data
collection are highly demanded. +ere are two main roles for
these databases. First, they are data containers. Second, they
can serve as references. Once potential natural products are
identified, a comparison could be conducted with known
products in the databases between their compounds, struc-
tures, and so on [44]. Also, advanced molecular-level analysis

can be performed for further mechanism investigation and
target screening. In the past decades, several such databases
have been already constructed, including NPASS [44],
NANPDB [45], and Super Natural II [46], most of which were
included or introduced in COCONUT. Recently, there are
several newly published resources which are good supple-
mentary for natural product source databases. For example,
Xu et al. built a relationship database called Natural Products
& Biological Sources (NPBS), which is an online resource that
contains relationships between natural products and bio-
logical sources [26]. Compared to previous natural product
databases, NPBS not only provides molecular properties and
biological sources of natural products but also shows prop-
erties of biological sources. +ere are some other databases
which focus on specific classes of natural products. For in-
stance, the Comprehensive Marine Natural Products Data-
base (CMNPD) is a database for marine-sourced natural
products, whereas the Pseudomonas aeruginosa Metabolome
Database (PAMDB) is a resource for Pseudomonas aeruginosa
metabolome [28,34]. Network analysis and ontology analysis
are inserted. +ese databases could serve as good references
when we do novel natural product screenings for PD
treatments.

3. Computational Models and Tools for PD
Natural Product Investigation

Computational modeling is a powerful method for PD di-
agnosis, treatments, and drug discovery. Statistical tests,

Table 1: A summary on natural product databases which are not included in COCONUT.

Name Description Url Pmid References

HERB
A traditional Chinese medicine database providing basic herb

information, effective targets, expression profiling, and interaction
networks

https://herb.ac.cn 33264402 [24]

PSC-db A 3D database for plant secondary compounds https://pscdb.appsbio.utalca.
cl 33672700 [25]

NPBS A database containing relationships between natural products and
biological sources

https://www.organchem.
csdb.cn/scdb/NPBS 33306802 [26]

BiG-FAM A biosynthetic gene cluster families database https://bigfam.
bioinformatics.nl 33010170 [27]

CMNPD A database of marine natural products https://www.cmnpd.org 32986829 [28]

UNaProd A natural products data resource for Iranian traditional medicine https://jafarilab.com/
unaprod 32454857 [29]

TeroKit A database for terpenome academic research https://terokit.qmclab.com 32286817 [30]

MedPServer A database for therapeutic targets screening of natural products https://bif.uohyd.ac.in/
medserver 30381914 [31]

SymMap A database for Chinese traditional medicine with symptom mapping https://www.symmap.org 30380087 [32]

IMPPAT An Indian medical plants, phytochemistry, and therapeutics database https://cb.imsc.res.in/
imppat 29531263 [33]

PAMDB A database of Pseudomonas aeruginosa metabolome https://pseudomonas.
umaryland.edu 29106626 [34]

TriForC A database for plant triterpene biosynthesis https://bioinformatics.psb.
ugent.be/triforc 29045755 [35]

DEREP-NP A database for rapid dereplication of known natural products https://github.com/clzani/
DEREP-NP 28616931 [36]

TMDB A database for small-molecule compounds from tea https://pcsb.ahau.edu.cn:
8080/TCDB/index.jsp 25224438 [37]

3DMET A database for 3D structures of natural metabolites https://www.3dmet.dna.
affrc.go.jp 23293959 [38]
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such as t-test, Wilcoxon signed-rank test, and eBayes, are
commonly used for dysfunctional molecule identification
[47]. Combined with network-based analysis, these signif-
icantly dysfunctional molecules can be further investigated
for their potential as biomarkers or therapeutic targets for
PD [22]. In recent years, with the assistance of deep learning,
the drug target screening has entered into a new era.
AlphaFold, for example, is a deep-learning-based prediction
tool for protein folding, which remarkably increased the
target discovery efficiency [48]. How to integrate and utilize
these resources well will be the key for future natural product
investigation and PD care [49].

3.1.Models for Natural Product Synthesis. +e production of
natural products via extraction from biological organisms is
often limited several factors, including slow growth, low
yield, extraction and purification efficiencies, and weather
and climate change. Laborious synthesis could be a quite
accessible way for high-volume natural product production.
However, it is always a challenge for computer-aided organic
synthesis. Although there are already some tools and al-
gorithms which are capable of completely autonomous
planning, these programs can only execute one step at a time.
In most cases, the computer-aided drug design and target
screening are limited to relatively simple targets. Chematica,
which was designed by Mikulak-Klucznik et al., is a tool for
complex natural product syntheses route design [50]. With
the input of reactants, steps, and target products, a highly
efficient synthesis route can be designed in seconds. Com-
pared to the reported synthesis routes, the steps taken in
newly designed routes are less and the efficiency is higher,
and the cost is lower as well [51]. Another route design tool
developed by Waller et al. is in a different way [52]. Monte
Carlo tree search was applied in this system for retro-
synthetic route discovery, as shown in Figure 2. With the
assistance of symbolic artificial intelligence, this new AI tool
does not require chemists to input any rules, but learns the
rules of chemical transformation on its own and then
performs fast and efficient inverse synthesis analyses based
on reported one-step reactions. When asked to design a
synthetic route for a target molecule, this AI system can
make selections and judgements by itself and select the most
promising precursor molecule based on the design rules.
Feasibility of the synthesis will be further evaluated until a
best route is found. +is is a sensational innovation as it can
create new strategies to find the best way for target molecule
syntheses, totally without relying on any existing experience
or strategies. Taken together, these tools discussed above
could serve as strong tools for natural product laborious
synthesis design.

3.2. Models for Precise Natural Product Medication.
Network is an important physics theory which has been
applied into many fields [53]. +e application of that in
biomedicine enables us to measure different molecule in-
teractions at the systemic level [54]. Previous biomedical
studies tended to utilize biological networks to investigate the
consequences to the whole systems brought by dysfunctional

molecules [55]. A more functional application is to use
protein-protein interaction, gene-gene interaction, or coex-
pression network for complex disease biomarker discovery
and drug target screening [56–59]. In the “Genomic Era,”
DNA/RNA sequencing has enabled rapid identification of
new targets and reuse of approved drugs to treat heteroge-
neous diseases by “precise” targeting of personalized disease
modules [60]. +e network-based approach makes it possible
for drug retargeting and combination therapy by measuring
the proximity of disease proteins in the human protein in-
teraction group. Cheng et al. developed a genome-wide po-
sition system named Genome-wide Positioning Systems
network (GPSnet), which can reuse drugs via specific disease
module targets derived from an individual patient’s DNA and
RNA sequencing profiles mapped to the human protein-
protein interactome network [61]. Two main functions are
included in GPSnet: cancer specific disease module identi-
fication and computational drug repurposing. Random walk
with restart process was applied for cancer-specific disease
model identification, after which network distance between
node s and nearest disease protein twasmeasured through the
following formula:

d(S, T) �
1

‖T‖

t∈T

mins∈Sd(s, t). (1)

Here, S is the set of disease proteins, and T is the set of
drug targets. +e significance of the network distance
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Figure 2: +e Monte Carlo tree search algorithm for synthesis
route design.
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between a drug and a given disease was further evaluated by
setting a reference distance distribution. GPSnet may be a
promising tool for natural product discovery, synthesis, and
precise usage in PD treatments. Besides, there are also
studies which applied network theory for natural products’
potential in human health. Cao et al. employed a metab-
olome- and metagenome-wide association network to dis-
tinguish microbial natural products and microbial
biotransformation products in human microbiota [62].
Chamberlin et al. analyzed a natural product-target inter-
action network and claimed that natural products show
target family groupings both distinct from and in common
with cancer drugs, showing tremendous potential of natural
products in cancer therapy [63]. Another study by Gogoi
et al. also provides similar evidence via pharmacology
network analysis [64]. Although there are still no studies
which applied network analysis to PD-specific natural
product investigation, with the help of could computing and
the evidence above, there could be great chances in the
future.

4. Perspectives on Big-Data-Based PD Natural
Product Medicine

In the big data era, PD care barely depends on clinical
treatments. +e involvement of informatics technologies has
tightly combined basic research and advanced technologies
in hardware development and clinical medicine, together
promoting PD care into the “precision medical care era”
[65]. In the last decade, technologies such as virtual reality
and augmented reality, robot, and wearable devices have
developed numerous strategies for PD prevention, diagnosis,
and treatment [66], which has become an indispensable part
for big-data-based PD medicine. Figure 3 shows a blueprint
for future informatics-assisted PD care. First, huge databases
for multilevel data storage, including omics data, clinical
data, lifestyle data, environment data, and natural product
data, are demanded. +ese data resources may provide
references and knowledge for AI training. A well-trained AI
system based on them will then play 2 main roles. On one
hand, the system can be utilized for novel natural product
screening and precise drug recommendation, which is
slightly similar to GPSnet. On the other hand, with real-time
physiological data as references, the system can monitor
patients’ health status and work as an alarming system.
Meanwhile, daily analysis on the cloud platform can also
provide PD care suggestions for PD patients. To realize such
health care scheme, however, there are still several challenges
need to be solved.

4.1. Databases and Knowledge Bases for PD-Specific Natural
Products. Current natural product databases only stored

very limited candidates for PD treatments. As the relevant
research data accumulate, however, a PD-specific natural
product database is urgently needed for future therapeutic
compound screening. Since PD is a complex disease, a
systematic analysis should be integrated into the database as
well. As data are gathered from a different level, such as
effective compounds in natural products, supportive mol-
ecules, targets, environments, and other PD-associated
factors, a knowledge base could be further constructed,
which will draw a multilayered landscape for PD care. Based
on the constructed knowledge bases, a knowledge graph,
which is a resource that integrates one or more expert-
derived sources of information into a graph where nodes
represent biomedical entities and edges represent relation-
ships between two entities, will be a good support, giving
novel and clear insights for both clinical decision and basic
research [67].

4.2.AI-Based SystematicModeling forHighlyEfficientNatural
Product Screening. Since PD is the product of a dynamic
interaction between the patient’s genetics, modeling for the
evolution of PD and dynamic simulation of the effects of
natural products on PD patients is the key for the AI
system. To identify the key factors for PD development and
figure out highly efficient natural products will be a
challenge [68]. Meanwhile, as data accumulate, how to
improve the accuracy and efficiency of AI systems for
natural product screening and precise medication is an-
other challenge. Under this situation, training data quality,
feature extraction, algorithm selection and optimization,
and validation are the most important parts for im-
provements. A standard for data collection and data clear is
essential as well.

4.3. Integration of Cross-Level Data to Assist Precision PD
Treatments. PD research and medication covers a broad
range of data types, which are frommolecular phenotypes to
clinical phenotypes. +e connections between them tend to
be quite complex. At present, studies usually focus on only
few parts and the data generated are isolated. +e linkage
between molecular phenotype and clinical phenotype are
important for disease systemic modeling. An example is that
a certain natural product is utilized and positive changes are
noticed in the molecular level but nothing happened on
patients’ clinical phenotypes. +us, if molecular-clinical
paired data are collected over time, the progression of PD
can be, therefore, simulated and modeled. +ere are already
several mature paradigms such as +e Cancer Genome Atlas
(TCGA) and International Cancer Genome Consortium
(ICGC), which could be excellent references for PD data
integration.
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Many Bangladeshi medicinal plants have been used to treat Alzheimer’s disease and other neurodegenerative diseases. In the present
study, the anticholinesterase effects of eight selected Bangladeshi medicinal plant species were investigated. Species were selected
based on the traditional uses against CNS-related diseases. Extracts were prepared using a gentle cold extraction method. In vitro
cholinesterase inhibitory effects were measured by Ellman’s method in 96-well microplates. Blumea lacera (Compositae) and Cyclea
barbata (Menispermaceae) were found to have the highest acetylcholinesterase inhibitory (IC50, 150± 11 and 176± 14µg/mL,
respectively) and butyrylcholinesterase inhibitory effect (IC50, 297± 13 and 124± 2µg/mL, respectively). Cyclea barbata demon-
strated competitive inhibition, where Blumea lacera showed an uncompetitive inhibition mode for acetylcholinesterase. Smilax
guianensis (Smilacaceae) and Byttneria pilosa (Malvaceae) were also found to show moderate AChE inhibition (IC50, 205± 31 and
221± 2µg/mL, respectively), although no significant BChE inhibitory effect was observed for extracts from these plant species.
Among others,4unbergia grandiflora (Acanthaceae) andMikania micrantha (Compositae) were found to display noticeable AChE
(IC50, 252± 22 µg/mL) and BChE (IC50, 314± 15 µg/mL) inhibitory effects, respectively. Molecular docking experiment suggested
that compounds 5-hydroxy-3,6,7,3′,4′-pentamethoxyflavone (BL4) and kaempferol-3-O-α-L-rhamnopyranosyl-(1⟶6)-β-D-glu-
copyranoside (BL5) from Blumea lacera bound stably to the binding groove of the AChE and BChE by hydrogen-bond interactions,
respectively. (erefore, these compounds could be candidates for cholinesterase inhibitors. (e present findings demonstrated that
Blumea lacera and Cyclea barbata are interesting objects for further studies aiming at future therapeutics for Alzheimer’s disease.

1. Introduction

Alzheimer’s disease (AD) is a devastating neurodegenerative
disorder linked with the two most common symptoms,
memory dysfunction and cognition impairment. In the

neuropathological symptoms of AD, cognitive deficit is
consistent with the presence of cholinergic deficit, due to the
degeneration or atrophy of cholinergic neurons in the basal
forebrain, including senile plaques and neurofibrillary
tangles [1]. Acetylcholine (ACh), the brain’s important
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natural neurotransmitter, plays a critical role in forming
memories, verbal and logical reasoning, and the ability to
concentrate. However, ACh’s activity is greatly hindered by
both acetylcholinesterase (AChE) and butyrylcholinesterase
(BChE) enzymes.

Inhibition of the cholinesterase enzymes (AChE and
BChE) can boost ACh levels in several parts of the brain and
symptoms associated with the progressive loss of cholinergic
function in AD improve [2]. Studies also showed that in-
creased ACh concentration in the brain increases the ex-
pression of nicotinic ACh receptors related to cognitive
function [3, 4]. (is phenomenon might help AD patients
generating new memories and remembering the older ones.
(us, AChE and BChE inhibition has been established as a
primary therapeutic target based on this “cholinergic
hypothesis.”

Pharmacological treatment of AD is largely based on
treating symptoms and severity with advanced stages rather
than targeting the etiological mechanisms. (e currently
approved medications for AD are mostly cholinesterase
inhibitors, including donepezil, rivastigmine, galantamine,
and NMDA antagonist memantine [5]. Among the com-
monly prescribed AChE inhibitors, only donepezil was
approved for the treatment of all stages of AD. However, this
drug has some severe side effects, including gastrointestinal
disturbance, liver-associated problems, and GIT-related
abnormalities [6]. Considering all these limitations, it is
worthy to find new lead compounds from different sources,
including plant-derived natural products.

Natural products have already proven to be promising
sources of useful acetylcholinesterase (AChE) inhibitors [7].
(e currently approved drugs for AD, galantamine and
rivastigmine, are plant-derived alkaloids, which offer
symptomatic relief from AD [8]. In addition to these ap-
proved natural products, many potent cholinesterase in-
hibitors have been reported in literature [7]. Some reported
potent cholinesterase inhibitors are nevertheless presented
in Figure 1.

Our study is an attempt to identify and compare po-
tential candidates from the following eight selected plant
species (family affiliations of all species in Table 1) Blumea
lacera (Burm.f.) DC., Byttneria pilosa Roxb., Cleroden-
drum infortunatum L., Cyclea barbata Miers, Mikania
micrantha Kunth, Smilax guianensis Vitman, Spermacoce
articularis L.f., and 4unbergia grandiflora Roxb. for an-
ticholinesterase activity in rejuvenating and improving the
memory and cognitive function. A study of ethno-
pharmacological background of the selected species is
presented in Table 1.

2. Materials and Methods

2.1. Chemicals. Acetylcholinesterase (AChE) from electric
eel (Electrophorus electricus) (type VI-s, lyophilized powder),
acetylthiocholine iodide (ATCI), butyrylcholinesterase
(BChE) from equine serum (lyophilized powder), butyr-
ylthiocholine iodide (BTCI), and 5,5′-dithio-bis-(2-nitro-
benzoic acid) (DTNB) were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Trizma hydrochloride (Tris-HCl) and

bovine serum albumin (BSA) were obtained from Sigma-
Aldrich (Steinheim, Germany). Deionized water was pro-
duced using a Milli-Q water purification system (Millipore,
Bedford, MA, USA).

2.2. Plant Materials. All samples, except Clerodendrum
infortunatum, were collected from Chittagong Hill Tracts,
Bangladesh. (e plant materials were certified by one of the
authors, Taxonomist Prof. Dr. Sheikh Bokhtear Uddin. All
voucher specimens have been deposited in the Department
of Botany, University of Chittagong (Supplementary Ma-
terial, Figure S1). (e leaves of Clerodendrum infortunatum
were collected from Pabna, Bangladesh, and authenticated
by Prof. Dr. A.H.M. Mahbubur Rahman, Department of
Botany, University of Rajshahi. Botanical names along with
accession numbers are presented in Table 1 (Supplementary
Material, Figure S1).

2.3. Extraction of Plant Materials. Freshly collected plant
leaves were dried in the shade and then pulverized. To
prepare the extract, 10 g of each plant part was extracted in
50mL solvent employing the cold extraction method as
described in Table 1, at room temperature. Solvent polarity
has been selected on the nature of phytochemicals present in
the plant species [17]. Filtered extracts were dried in a rotary
evaporator under reduced pressure at 35°C temperature.

2.4.Determination ofCholinesterase (AChE/BChE) Inhibitory
Activities. ChE inhibitory activity was measured based on
Ellman’s method [18] as reported in a previous study [19]. In
the inhibition of AChE activity, the enzyme hydrolyzes the
substrate acetylthiocholine resulting in the product thio-
choline, which reacts with Ellman’s reagent (DTNB) to
produce 2-nitrobenzoate-5-mercapto-thiocholine and 5-
thio-2-nitrobenzoate, detectable at 405 nm. In this assay,
25 μL of acetylthiocholine iodide (5mM), 125 μL of DTNB
(3mM), 50 μL of buffer B (50mMTris-HCl, pH 8 containing
0.1% BSA), and 25 μL of each test extract solution at the
different concentrations or negative control (25% DMSO in
MeOH) were mixed and incubated for 10min at 37°C. (e
reaction was started by adding 25 μL of 0.05U/mL AChE.
(e absorbance was measured at 405 nm, and the reaction
rates were calculated by MARS Data analysis software
(SPECTROStar NANO, BMG Labtech, Germany). Estima-
tion of BChE inhibition was performed in a similar way
described above using 25 μL of 5mM butyrylthiocholine
iodide as substrate and 0.05U/mL of BChE as an enzyme.
Galantamine was used as a positive control for both en-
zymes. (ree independent assays were performed in trip-
licate at different concentrations.

2.5. Mode of Inhibition and Kinetic Parameters. To investi-
gate the type of inhibition of the effective extracts, the en-
zyme activity was determined in the presence of increasing
concentrations of substrate ATCI (0.16–20mM) and the
absence or presence of two/three concentrations of each
extract. (e analysis of the type of inhibition of AChE
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activity was determined by the Lineweaver-Burk (LB) plot,
whereas the kinetic parameters km and Vmax were obtained
by curve fitting according to the classical Michaelis-Menten
equation by using GraphPad Prism version 6.

2.6. Molecular Docking Protocol. (e crystal structure of
cholinesterase enzymes has been collected from RCSB PDB
(rcsb.org) [20]. PDB ID 4EY7 [21] and 4AQD [22] were
assigned for AChE and BChE, respectively. (e proteins
were prepared in Swiss PDB Viewer [23] and PyMOL.

Nine compounds (Figure 2) from Blumea lacera [24–29]
were selected for molecular docking study considering their
chemical nature and action on cholinesterase [30, 31]. (e
structures were drawn in ChemDraw and Chem3D. (e
geometry optimization of all structures was carried out by
the semiempirical PM6 method in Gaussian 09 [32]. (e
optimized structures were collected in PDB format suitable
for molecular docking. (e molecular docking of all com-
pounds against AChE and BChE was performed in PyRx
Virtual Screening Tool (Version 0.8) [33]. (e compounds
were saved in AutoDock ligand format (PDBQT) before
docking. (e grid box center and dimensions were set ac-
cordingly to cover the substrate-binding sites of the protein.
For AChE, the grid box center was reserved at X� −2.0303,
Y� 38.0503, and Z� 29.9752, and the dimension (angstrom)
was X� 42.2467, Y� 50.5623, and Z� 41.3235. In case of
BChE, the grid box center was fixed at X� 1.6818,
Y� −1.3768, and Z� −10.0914 and the dimension (ang-
strom) was X� 39.1883, Y� 39.4042, and Z� 33.0087. (e

docking process was performed in triplicate for every ligand
and the average of the binding affinities has been presented.
Furthermore, the extracted ligand from the crystal structure
was docked with the optimized protein following the same
protocol, which validated our docking protocol [34]. (e
docked ligand-protein complexes were visualized in BIO-
VIA Discovery Studio (Version 4.5) to detect the non-
covalent interactions.

2.7. Statistical Analysis. Data are given as the mean± SD
(n� 3). IC50 values were calculated via nonlinear regression
analysis using GraphPad Prism v. 6.0 (GraphPad Software
Inc., USA). One-way analysis of variance (ANOVA) and
Tukey test were used to compare means among extracts; an
observation was considered statistically significant if the p

value is less than 0.05 (p< 0.05).

3. Results and Discussion

(e extracts of eight plant species used as herbal medicine in
different disorders were tested for AChE and BChE inhib-
itory activity using Ellman’s method. (e results are shown
in Table 2, representing the IC50 values for the eight extracts
prepared. (e lowest IC50 AChE inhibitory activity was
found for Blumea lacera followed by Cyclea barbata, Smilax
guianensis, Byttneria pilosa, and 4unbergia grandiflora
displayed values of 150± 11, 176± 14, 205± 30, 221± 2, and
252± 22 µg/mL, respectively. Figure 3 displays the activity of
extracts at various concentrations, where AChE inhibition
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increases in a dose-dependent manner. Galantamine was
used as a standard AChE inhibitor showing IC50 of
0.92± 0.02 µg/mL (2.49± 0.05 µM).

In the BChE inhibitory activity, Cyclea barbata extract
showed the highest inhibition against BChE followed by
Mikania micrantha, Blumea lacera, and Byttneria pilosawith

their IC50 values of 124± 2, 216± 24, 297± 13, 358± 32, and
536± 23 µg/mL, respectively (Table 2). (e IC50 value of
reference standard galantamine for BChE assay was
5.97± 0.97 µg/mL (16.2± 2.6 µM). (e inhibition of BChE is
also increasing corresponding to the concentration of ex-
tracts (Figure 4). Our results demonstrated a dual activity of
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Figure 2: (e selected compounds isolated from leaves of Blumea lacera for molecular docking with AChE and BChE. (a) 5,4′-dihydroxy
6,7,3′-trimethoxyflavone (BL1), (b) 3,5,4′-trihydroxy 6,7,3′-trimethoxyflavone (BL2), (c) 5,3′,4′-trihydroxy 3,6,7-trimethoxyflavone (BL3),
(d) 5-hydroxy 3,6,7,3′,4′-pentamethoxyflavone (BL4), (e) Kaempferol-3-O-α-L-rhamnopyranosyl-(1⟶6)-β-D-glucopyranoside (BL5), (f )
Kaempferol-3-O-(2″,6″-di-O-α-L-rhamnopyranosyl)-β-D-glucopyranoside (BL6), (g) Campesterol (BL7), (h) 19α-hydroxyurs-12-ene-
24,28-dioate 3-O-β-D- xylopyranoside (BL8), (i) 25R)-3β-{O-β-D-glucopyranosyl-(1⟶ 4)-O-α-L-rhamnopyranosyl-(1⟶ 4)-[O-α-L-
rhamnopyranosyl-(1⟶ 2)]-α-L-rhamnopyranosyl}-22αN-spirosol-5-ene (BL9).

Table 2: Anticholinesterase inhibition (IC50, µg/mL) of eight plant extracts and galantamine (positive control).

Species name AChE inhibition assay BChE inhibition assay
IC50 (µg/mL) IC50 (µg/mL)

Blumea lacera (Burm.f.) DC. 150± 11a 297± 13c
Byttneria pilosa Roxb. 221± 2a,b 536± 23d
Clerodendrum infortunatum L. 598± 50d 971± 77e
Cyclea barbata Miers 176± 14a 124± 2a
Mikania micrantha Kunth 314± 15b 216± 25b
Smilax guianensis Vitman 205± 31a >1000f
Spermacoce articularis L.f. 460± 126c >1000f
4unbergia grandiflora Roxb. 252± 22a,b 576± 64d
Galantamine 0.92± 0.02 (2.49± 0.05 µM) 5.97± 0.97 (16.2± 2.6 µM)
Values are expressed as mean± SD (n� 3). Different letters indicate statistically significant differences (p < 0.05, Tukey test). IC50 represents the half-maximal
inhibitory concentration; AChE, acetylcholinesterase; BChE, butyrylcholinesterase.
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Blumea lacera, Cyclea barbata, and Byttneria pilosa extracts.
Since AChE is mainly located in the central nervous system
(CNS) and BChE is more abundant in the peripheral system,
the potency toward both ChE found in the extracts is of
paramount importance.(ese findings could activate mostly
the central as well as peripheral cholinergic transmission to
improve the mental abilities of AD patients. Among the
eight screened extracts, Blumea lacera, Cyclea barbata,
Smilax guianensis, and Byttneria pilosa were selected as
efficacious candidates as sources of strong ChE (AChE and
BChE) inhibitors. Due to the multifactorial pathogenesis of
AD, multitargeted drugs will be preferred as the effective
therapeutic strategy against AD.

Blumea lacera, a widely distributed herb in Bangladesh,
is locally known as Kukursunga or Shimura. B. lacera is used
to cure spasms, fever, and bronchitis and alleviate burning
sensation [9]. Leaves of the plant are astringent, stimulant,
anthelmintic, antiscorbutic, and diuretic [9, 27] and they are
also used as antidysenteric and anti-inflammatory remedies
[9]. Acetone extract of leaves of B. lacera showed an IC50
value of 150± 11 and 297± 13 μg/mL for AChE and BChE
inhibition, respectively; efficacy of these leaves on enhancing
cognitive functions might be due to the presence of terpe-
noids [35]. Acetone-water (70 : 30) extract of B. lacera
displayed lower activity (IC50 value of 197 and 1040 µg/mL
for AChE and BChE inhibition, respectively) compared with
acetone extract.

Cyclea barbata is a tropical indigenous plant widely
distributed in Asia, especially in Bangladesh. (is climber is
traditionally used against various diseases such as headache,

epilepsy, allergy, asthma, lipoma, tetanus, and throat sore
[9]. Acetone-water (70 : 30) extract of Cyclea barbata
exhibited IC50 value of 176± 14 and 124± 2 µg/mL for AChE
and BChE inhibition, respectively, which might be owing to
its high alkaloid contents [36].

Smilax guianensis, locally known as Kumarika, is be-
lieved to possess CNS-modulating properties and is used in
many herbal formulations. S. guianensis is also used in the
treatment of epilepsy, venereal and skin diseases, fever,
swellings, sores, and abscesses [9, 37]. Young stem is used to
improve memory loss. (e root is used for the management
of rheumatism and pain in the lower extremities [15, 38].
Dried leaves of S. guianensis methanolic extract inhibited
AChE with an IC50 value of 205± 31 μg/mL which might be
due to the presence of steroidal saponin glycosides [39],
while no significant inhibition on BChE was observed.

Byttneria pilosa, a large woody climber, is widely dis-
tributed in Chittagong, Bangladesh. Leaves and stems of this
species are usually used to treat snakebite by the traditional
healers and indigenous people in Chittagong hill tracts,
Bangladesh. It is also used to cure scabies, bone fracture, and
elephantiasis [9, 12, 13]. Methanolic extract of B. pilosa
leaves revealed its AChE and BChE inhibitory potentials
with an IC50 value of 221± 2 and 536± 23 μg/mL, respec-
tively, because of the presence of favorable anticholines-
terase natural products such as alkaloid, saponin, and
terpenoid [13].

Both acetylcholinesterase and butyrylcholinesterase are
the key enzymes in the cholinergic nervous system. (er-
apies designed to reverse the cholinergic deficit in AD are
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Figure 3: Inhibition of AChE activity of plant extracts. Column represents the inhibition percentage obtained with Blumea lacera (BL),
Byttneria pilosa (BP), Clerodendrum infortunatum (CI), Cyclea barbata (CB), Mikania micrantha (MM), Smilax macrophylla (SM),
Spermacoce articularis (SA), and4unbergia grandiflora (TG). IC50 (µg/mL) of positive control galantamine for AChE inhibition assay was
0.92± 0.02 µg/mL. Mean values of three independent experiments have been plotted.
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mostly based on inhibitors of AChE. Several studies revealed
that cholinesterase inhibitors could act on multiple thera-
peutic targets such as preventing the formation of β-amyloid
plaques, antioxidant activity, and modulation of APP pro-
cessing [40]. Moreover, AChE inhibition is also considered a
promising therapeutic strategy for other types of dementia,
myasthenia gravis, glaucoma, and Parkinson’s disease [41].
Nonetheless, there is still a need to explore the nature of
newer potent and long-lasting ChE inhibitors with minimal
side effects. Natural products have already been proven to be
promising sources of useful ChE inhibitors [7, 42]. Bioassay-
guided approaches have studied many plants for the search
of new AChE inhibitors with lower toxicity and higher CNS
penetration.

(e kinetic study revealed the potential mechanism of
enzyme inhibition. (e relationship between substrate
concentration and reaction velocity was in good agreement
with Michaelis-Menten kinetics. In absence of inhibitors,
the km value of the substrate ATCI was 10.4± 1.8mM, and
the Vmax was 12.4± 1.1mM/min for the electric eel ace-
tylcholinesterase. Galantamine was used as positive control
showing a competitive inhibition. (e extracts Blumea
lacera, Byttneria pilosa, and Smilax guianensis showed un-
competitive inhibition in which inhibitor only binds to
enzyme-substrate complex (Table 3). Figure 5 represents the
enzyme kinetics of Blumea lacera. In the uncompetitive
pattern, both Vmax and km decrease, and the kinetic pattern
produced parallel lines with increasing extract concentra-
tion. (e mode of inhibition of Cyclea barbata seemed to be

ambiguous at lower concentration while Vmax and km both
increased, whereas at higher concentration, it reflected
competitive inhibition (km increased and Vmax remained
unchanged) (Figure 6). (ese types of inhibition could be
due to the presence of various phytochemicals typical in
medicinal plants. (e kinetic study against BChE demon-
strated an ambiguous inhibition mode.

In silico molecular docking is an efficient tool in recent
structure-based drug design. In this anticholinesterase
screening study, Blumea lacera exhibited the highest inhi-
bition among the eight plant species. Here, the docking
study was conducted to identify the responsible compounds
from Blumea lacera on anticholinesterase potential. How-
ever, the binding affinity and binding pose of selected
compounds (Figure 2) with the AChE and BChE could be
considered as proof of our claimed biological outcome. All
the ligands showed good binding affinity where some of
them interacted with the catalytic site of proteins (Table 4).
BL1, BL2, and BL7 demonstrated the highest binding affinity
(kcal/mol) with AChE, whereas BL5, BL6, and BL8 reflected
the highest binding affinity with BChE.

Ligands’ interaction with the catalytic triad residues of
acetylcholinesterase is essential to inhibit enzymatic activity.
We analyzed all the ligands binding poses to investigate the
interaction of the ligands with the AChE.(emajority of the
ligands did not interact with the catalytic triad residues of
AChE that validated the uncompetitive inhibition mode in
the experimental result (Figure 5; Supplementary Material,
Figure S2) of Blumea lacera. (ree out of nine compounds
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Figure 4: BChE inhibition activity of plant extracts. Column represents the inhibition percentage obtained with Blumea lacera (BL),
Byttneria pilosa (BP), Clerodendrum infortunatum (CI), Cyclea barbata (CB), Mikania micrantha (MM), Smilax guianensis (SG), Sper-
macoce articularis (SA), and 4unbergia grandiflora (TG). IC50 (µg/mL) of positive control galantamine for BChE inhibition assay was
5.97± 0.97 µg/mL. Mean values of three independent experiments have been plotted.
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interact with both catalytic and peripheral anionic site (PAS)
residues of AChE (Figure 7). All ligands except BL9 interact
with the catalytic site residues of BChE (Figure 8; Supple-
mentary Material, Figure S3).

(e active site of both AChE and BChE consists of two
subsites [43, 44]. (e esteratic site (also called catalytic triad)
of human AChE consists of three essential amino acids
Ser203, Glu334 and, His447, while the PAS is composed of
five residues Tyr72, Asp74, Tyr124, Trp286, and Tyr341. (e

catalytic triad of human BChE is comprised of Ser198,
His438, and Glu325, whereas the PAS contains Asp70,
Phe329, Trp82, Tyr128, and Tyr332 [45–48].(e binding of a
ligand highly regulates the cholinesterase enzyme inhibition
at the catalytic site. (e aromatic ring in the ligand forms a
few pi-alkyl, pi-pi, pi-pi T-shaped interactions with the
amino acid residues of the protein. (e 5,4′-dihydroxy-
6,7,3′-trimethoxyflavone (BL1), 5-hydroxy-3,6,7,3′,4′-pen-
tamethoxyflavone (BL4), and campesterol (BL7) interact

Table 3: Enzyme kinetics of the extracts on AChE activity.

Samples Concentration Vmax (mM/min) km (mM) Mode of inhibition
Control — 12.4± 1 10.4± 2 —
Galantamine 0.01mg/mL 12.6± 2 16.2± 5 Competitive

Blumea lacera
0.50mg/mL 8.35± 4 8.7± 4 Uncompetitive
0.25mg/mL 10.4± 1 8.0± 2 Uncompetitive
0.10mg/mL 10.1± 1 5.27± 1 Uncompetitive

Byttneria pilosa 1.00mg/mL 5.23± 1 2.57± 1 Uncompetitive
0.25mg/mL 8.52± 2 5.54± 3 Uncompetitive

Cyclea barbata 0.50mg/mL 14.6± 4 14.7± 7 Competitive
0.10mg/mL 16.3± 4 17.8± 8 Ambiguous

Smilax guianensis 0.50mg/mL 6.22± 1 3.75± 2 Uncompetitive
0.25mg/mL 9.77± 1 6.70± 2 Uncompetitive
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Figure 5: Lineweaver-Burk plot in the absence (control) and presence of inhibitors (galantamine and acetone extract of Blumea lacera).
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Table 4: Binding affinity of the selected isolates of Blumea lacera with AChE (PDB ID: 4EY7) and BChE (PDB ID: 4AQD) enzymes.

Compound name Molecular
formula

Molecular
weight

Binding
energy (kcal/

mol)
AChE BChE

5,4′-dihydroxy 6,7,3′-trimethoxyflavone (BL1) C18H16O7 344.31 −9.4 −8.5
3,5,4′-trihydroxy 6,7,3′-trimethoxyflavone (BL2) C18H16O8 360.31 −9.4 −8.8
5,3′,4′-trihydroxy 3,6,7-trimethoxyflavone (BL3) C18H16O8 360.31 −6.8 −8.3
5-hydroxy 3,6,7,3′,4′-pentamethoxyflavone (BL4) C20H20O8 388.36 −8.7 −7.7
Kaempferol-3-O-α-L-rhamnopyranosyl-(1→6)-β-D-glucopyranoside (BL5) C27H30O15 594.51 −8.7 −10.4
Kaempferol-3-O-(2″,6″-di-O-α-L-rhamnopyranosyl)-β-D-glucopyranoside (BL6) C33H40O19 740.65 −8.3 −10.7
Campesterol (BL7) C28H48O 400.68 −10.9 −8.8
19α-Hydroxyurs-12-ene-24,28-dioate 3-O-β-D-xylopyranoside (BL8) C37H58O10 662.85 −8.7 −10.4
(25R)-3β-{O-β-D-Glucopyranosyl-(1→4)-O-α-L-rhamnopyranosyl-(1→4)-[O-α-L-
rhamnopyranosyl-(1→2)]-α-L-rhamnopyranosyl}-22αN-spirosol-5-ene (BL9) C51H83NO19 1014.20 −8.7 −9.9

Galantamine C17H21NO3 287.35 −9.4 −8.5
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Alkyl
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Carbon hydrogen bond
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Pi-Alkyl
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Conventional hydrogen bond
Carbon hydrogen bond
Pi-sigma

BL4

(b)

Figure 7: Continued.
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with the catalytic residues Ser203 and His447 of AChE
reflecting the competitive inhibition (Figure 7). BL1 and BL4
interact with most of the peripheral site residues of AChE,
while BL7 interacts only with Tyr124 and Tyr341. Despite
having a high binding affinity, 19α-hydroxyurs-12-
ene-24,28-dioate 3-O-β-D-xylopyranoside (BL2) does not
interact with the PAS and catalytic triad residues. BL1, BL4,
and BL7 displayed 16, 16, and 12 hydrophobic interactions
as well as three, ten, and one hydrogen bonds with AChE,
respectively (Table S1). Many agents could prevent the
formation of amyloidogenic protein through blocking the
peripheral binding site of AChE and offers additional
therapeutic benefits besides the inhibitory activity [49]. BL1
and BL4 acted as a dual-binding agent, blocking both the
peripheral and the catalytic binding sites of AChE simul-
taneously, and could offer additional benefits in AD
management.

All compounds, except BL9, exhibited a hydrogen
bond with the catalytic site of BChE. (e hydroxyl groups
in the ligands’ side chain have a crucial role in ligand-
protein interactions by forming a hydrogen bond with the
protein residues. Kaempferol 3-O-α-L-rhamnopyranosyl-
(1⟶6)-β-D-glucopyranoside (BL5) formed a hydrogen bond

with Ser198 and His438 with side-chain oxygen of BChE.
Kaempferol 3-O-(2″,6″-di-O-α-L-rhamnopyranosyl)-β-D-
glucopyranoside (BL6) interacted with the catalytic residues
and PAS residues with side-chain oxygen and hydrogen
atoms, forming hydrogen bonds with Asp70, Tyr332, Ser198,
and His438 (mixed inhibition). BL8 forms hydrogen bonds
with Ala277, Asn289, Ser287, Ala328, and(r284. BL5, BL6,
and BL8 formed 9, 7, and 6 hydrogen bonds with BChE,
respectively (Table S2). (e methyl groups in the side chain
of the ligands play a pivotal role in developing pi-alkyl
interaction with the amino residues of the protein.
Moreover, BChE has the ability to accommodate bulkier
compounds compared to AChE because the active site of
BChE has many aromatic residues replaced by residues
with aliphatic side chains, such as leucine (Leu) and valine
(Val) [49]. Due to space availability, BL5, BL6, and BL8
were able to accommodate and docked completely into the
base of the active site and held in place by the hydrogen
bond with Ser198 and His438. BL9 might not reach the
peripheral site or the catalytic site due to its large molecular
structure.

(e chemical structure of natural compounds reflects
their binding affinity as well as biological activity. It is

Pi-Pi stacked
Pi-anion
Pi-Pi T shaped

Pi-Alkyl
Alkyl
Amide-Pi stacked

Conventional hydrogen bond
Carbon hydrogen bond
Pi-sigma

BL7

(c)

Galantamine

Pi-Pi stacked
Pi-anion
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Pi-Alkyl
Alkyl
Amide-Pi stacked

Conventional hydrogen bond
Carbon hydrogen bond
Pi-sigma

(d)

Figure 7: Noncovalent interactions (2D and 3D) of the top three ligands from Blumea lacera with AChE (PDB ID 4EY7). In the 3D figure,
ligand molecule is represented as red and protein is dark silver (pose predicted by AutoDock Vina). (e redocked structure of the native
ligand (donepezil) binds to the protein with an RMSD of 0.004 Å. (is lower RMSD value validates the docking protocol.
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Figure 8: Noncovalent interactions (2D and 3D) of the top three ligands from Blumea lacera with BChE (PDB ID 4AQD). In the 3D figure,
the ligandmolecule and protein are shown in red and dark silver, respectively (pose predicted by AutoDock Vina).(e redocked structure of
the native ligand (donepezil) binds to the protein with an RMSD of 0.004 Å. (is lower RMSD value validates the docking protocol.
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noted that hydroxylation improves the inhibitory activ-
ities of flavonoids against ChE, while methoxylation may
decrease or increase these activities [50]. In docking study,
it has been observed that the methoxylation of flavonols
decreased the binding affinity for ChE; on the other hand,
glucose substitution decreased the binding affinity toward
AChE but enhanced the affinity for BChE. In case of
triterpenoids, glucosylation attenuated the binding af-
finity for AChE, while binding affinity has been increased
against BChE.

4. Conclusion

(e various traditionally used plant extracts were screened
for cholinesterase (AChE and BChE) inhibition assay. (e
currently approved therapies for AD are based on improving
cholinergic transmission via the inhibition of ChE which
only provide fair improvement in memory and cognitive
functions. (is study shows that, out of eight tested species,
the leaves of Blumea lacera, Cyclea barbata, Smilax guia-
nensis, and Byttneria pilosa can be selected as promising
sources of effective ChE inhibitors. (e cholinesterase in-
hibitory potential of Blumea lacera has also been established
by molecular docking studies. Since Blumea lacera and
Cyclea barbata extracts can act on both in vitro AChE and
BChE at a bit higher dose compared to galantamine, further
evaluation is required to identify the active ingredients and
assess their safety and bioavailability in animal models. With
AD being a multifaceted neurodegenerative disease, other
targets must be considered for future investigations on these
extracts or single compounds along with pharmacokinetic,
toxicity, and compound stability studies to establish dose-
activity/toxicity relationship and any side effects for po-
tential clinical application.
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[47] M. Bajda, A. Więckowska, M. Hebda, N. Guzior,
C. A. Sotriffer, and B. Malawska, “Structure-based search for
new inhibitors of cholinesterases,” International Journal of
Molecular Sciences, vol. 14, no. 3, pp. 5608–5632, 2013.

[48] N. Atatreh, S. Al Rawashdah, S. S. Al Neyadi,
S. M. Abuhamdah, and M. A. Ghattas, “Discovery of new
butyrylcholinesterase inhibitors via structure-based virtual
screening,” Journal of Enzyme Inhibition and Medicinal
Chemistry, vol. 34, no. 1, pp. 1373–1379, 2019.

[49] N. Jamila, M. Khairuddean, K. K. Yeong, H. Osman, and
V. Murugaiyah, “Cholinesterase inhibitory triterpenoids from
the bark of Garcinia hombroniana,” Journal of Enzyme In-
hibition and Medicinal Chemistry, vol. 30, no. 1, pp. 133–139,
2015.

[50] Y. Xie, W. Yang, X. Chen, and J. Xiao, “Inhibition of flavo-
noids on acetylcholine esterase: binding and structur-
e–activity relationship,” Food & Function, vol. 5, no. 10,
pp. 2582–2589, 2014.

14 Evidence-Based Complementary and Alternative Medicine



Review Article
Therapeutic Potential of Polyphenols in the Management of
Diabetic Neuropathy

Md. Tanvir Kabir,1 Nuzhat Tabassum,2Md. SahabUddin ,3,4 Faissal Aziz,5,6 TapanBehl,7

BijoMathew,8Md.HabiburRahman,3RaushanaraAkter,1AbdurRauf ,9andLotfiAleya10

1Department of Pharmacy, Brac University, Dhaka, Bangladesh
2Department of Pharmacy, East West University, Dhaka, Bangladesh
3Department of Pharmacy, Southeast University, Dhaka, Bangladesh
4Pharmakon Neuroscience Research Network, Dhaka, Bangladesh
5Laboratory of Water, Biodiversity & Climate Change, Cadi Ayyad University, Marrakech, Morocco
6National Centre for Studies and Research on Water and Energy (CNEREE), Cadi Ayyad University, Marrakech, Morocco
7Chitkara College of Pharmacy, Chitkara University, Rajpura, Punjab, India
8Department of Pharmaceutical Chemistry, Amrita School of Pharmacy, Amrita Vishwa Vidyapeetham,
AIMS Health Sciences Campus, Kochi 682041, India
9Department of Chemistry, University of Swabi, Anbar, Swabi, Khyber Pakhtunkhwa, Pakistan
10Chrono-Environnement Laboratory, UMR CNRS 6249, Bourgogne Franche-Comté University, Besançon, France

Correspondence should be addressed to Md. Sahab Uddin; msu-neuropharma@hotmail.com

Received 22 March 2021; Accepted 27 April 2021; Published 13 May 2021

Academic Editor: Rajeev K Singla

Copyright © 2021 Md. Tanvir Kabir et al. (is is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

Diabetic neuropathy (DN) is a common and serious diabetes-associated complication that primarily takes place because of
neuronal dysfunction in patients with diabetes. Use of current therapeutic agents in DN treatment is quite challenging because of
their severe adverse effects. (erefore, there is an increased need of identifying new safe and effective therapeutic agents. DN
complications are associated with poor glycemic control and metabolic imbalances, primarily oxidative stress (OS) and in-
flammation. Various mediators and signaling pathways such as glutamate pathway, activation of channels, trophic factors,
inflammation, OS, advanced glycation end products, and polyol pathway have a significant contribution to the progression and
pathogenesis of DN. It has been indicated that polyphenols have the potential to affect DN pathogenesis and could be used as
potential alternative therapy. Several polyphenols including kolaviron, resveratrol, naringenin, quercetin, kaempferol, and
curcumin have been administered in patients with DN. Furthermore, chlorogenic acid can provide protection against glutamate
neurotoxicity via its hydrolysate, caffeoyl acid group, and caffeic acid through regulating the entry of calcium into neurons.
Epigallocatechin-3-gallate treatment can protect motor neurons by regulating the glutamate level. It has been demonstrated that
these polyphenols can be promising in combating DN-associated damaging pathways. In this article, we have summarized DN-
associated metabolic pathways and clinical manifestations. Finally, we have also focused on the roles of polyphenols in the
treatment of DN.

1. Introduction

Diabetic neuropathy (DN) is a common disorder and a
microvascular complication of diabetes. Diabetic peripheral
neuropathy (DPN) is linked with significant morbidity,
mortality, and decreased quality of life [1].(e occurrence of

neuropathy in diabetic individuals is around 30%, while up
to 50% of diabetic individuals will develop neuropathy [2]. It
has been estimated that around 472 million people will be
affected by diabetes by 2030, while DPN will affect around
236 million individuals globally [3]. In general, DPN can be
classified into focal/multifocal varieties and generalized
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polyneuropathies [4, 5]. Furthermore, this generalized form
of DPN can also be divided into atypical and typical forms,
depending on the alteration in onset, duration, patho-
physiology, clinical manifestations, and associations. Indeed,
typical DPN is a progressive and symmetrical length-de-
pendent sensorimotor polyneuropathy.

In addition, typical DPN is the most common symptom
of diabetes-related injury of the peripheral nervous system
[6]. Since there is an increased rate of DN occurrence, it is
important to study DN pathophysiology and therapeutic
approaches in detail. DN can be developed on a hypergly-
cemia background and related metabolic imbalances, pri-
marily oxidative stress (OS). Further complications can take
place due to the hyperglycemia-mediated overgeneration of
free radicals. Various studies have detected main pathways
that are associated with DN, including the induced level of
polyol, advanced generation of glycation end products, and
other cascades of stress responses [7]. It has been identified
that OS plays a crucial role in DN development.

Despite advances in the therapy of diabetes complica-
tions including DN, still, there is a deficiency of effective
therapeutic agents. Furthermore, current drugs that are
available to treat DN involve various common and serious
adverse effects (Table 1). (ere is an increased need of
developing novel multitarget therapeutic agents to control
more destructive signaling mechanisms in patients with DN.
It has been reported that polyphenols [8] are multitarget
agents that exert effective antioxidant and anti-inflammatory
properties. It has been confirmed by various in vitro and in
vivo studies that natural phenolic compounds play impor-
tant roles in the management of type 2 diabetes via insulin-
dependent mechanisms (Table 2). Besides, polyphenols have
the efficacy to fight against various diseases including dia-
betes and diabetes-associated complications [8–10]. Poly-
phenols have been reported to exert potent neuroprotective
activities in case of diabetes [11].

In order to develop polyphenols as therapeutic agents to
treat DN, it is essential to understand the signaling mech-
anisms that are associated with the advancement of DN and
the mechanisms by which polyphenols avert the advance-
ment of these destructive mechanisms. In this article, we
have summarized metabolic pathways and clinical mani-
festations that are associated with DN. Moreover, we have
also focused on the roles of polyphenols in the treatment of
DN.

2. Diabetic Neuropathy Pathogenesis-
Associated Metabolic Pathways

It has been revealed that various mechanisms are associated
with the development of DN pathogenesis including im-
balances in the blood supply to peripheral nerves, gene
expression of calcium and sodium channels, vascular system
of the thalamic gland, and autoimmune disorders charac-
terized via glial cell activation [71]. (e main mediators and
signaling mechanisms that are linked with DN include
glutamate pathway, activation of channels, trophic factors,
inflammation, OS, advanced glycation end products (AGEs),
and polyol pathway [72–76].

2.1. Glutamate Pathway. Glutamate is important for various
processes including cell migration, cell death, cell differ-
entiation, and synapse plasticity [77]. In the central nervous
system (CNS), glutamate also has a significant contribution
to the peripheral transduction of sensory inputs [78].
Multiple studies have revealed that glutamate-induced
toxicity is present in case of both chronic and acute neu-
rodegenerative disorders of the CNS and peripheral nervous
system (PNS) [79]. It has been reported that glutamatergic
ligands can induce nociceptive behaviors, which indicates
that glutamate is associated with peripheral sensory trans-
duction and nociceptive pathways. In a mouse model of type
I diabetes, hyperglycemia markedly elevated the expression
of N-methyl-D-aspartate (NMDA) receptors [80]. In ad-
dition, activities of spinal NMDARs have been confirmed in
nerve injury-mediated pain [81]. Interestingly, spinal
NMDAR subunit 2B (NR2B) level was increased in both
protein and mRNA levels of STZ-mediated DN, which
further resulted in hyperactivity of spinal cord dorsal horn
neurons [82]. It has been observed that glutamate (partic-
ularly NR2B) induces various DN-associated pathways in-
cluding apoptosis, inflammation, and OS [83]. In order to
combat DN, targeting the glutamate pathway and NR2B as
upstream factors of apoptotic, inflammatory, and oxidative
mechanisms via phytochemicals is highly promising.

2.2. Activation of Channels. Transient receptor potential
vanilloid 1 (TRPV1) channel is associated with multiple
modalities of nociceptive stimuli. In a streptozotocin- (STZ-)
mediated DN model, the expression of TRPV1 was
markedly elevated in individuals with hyperalgesic skin in
comparison with the individuals with hypoalgesic and
normoalgesic skin [84, 85]. Various studies have revealed
that early stages of DN take place because of the TRPV1
upregulation via protein kinase C (PKC) and protein kinase
A (PKA) [86], which further indicates the contribution of
TRPV1 channels in hyperalgesia expression [86]. In case of
DN, other TRPV receptors are yet to be properly investi-
gated [87]. TRPV may be generally considered as an aus-
picious therapeutic target to develop new therapeutic agents
for DN. TRPV1 activation-induced [Ca2+] transients and
found to be commonly altered in hyperalgesia [86].
(erefore, voltage-gated calcium channels (CaVs) are sup-
posed to be associated with painful DN [88]. It has been
reported that the α2δ subunits elevated the trafficking and
expression of these channels, however might have a con-
tribution to synaptogenesis within the CNS and PNS [89].
Along with CaVs, an increased level of voltage-gated sodium
channels (Nav) was detected at the site of neuronal injury in
DN [90]. Furthermore, an increased level of methylglyoxal
has been identified in the serum of patients with painful DN.
Methylglyoxal resulted in mechanical and thermal hyper-
algesia when injected into the diabetic mouse models (but
not in Nav1.8 knockout mouse models) [91]. Collectively, all
these findings suggest the significance of CaVs, Nav, and
TRPV1 via multitarget phytochemicals in the DN devel-
opment (Figure 1). Besides, TRPV1 was found to be
coexpressed with glutamate receptors [92].
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2.3. Polyol Pathway. Polyol pathway exists in various tissues
including blood vessels and peripheral nerve and plays
significant roles in DN development [93]. (ere are two
major enzymes that are associated with the polyol pathway
including sorbitol dehydrogenase and aldose reductase
(AR). (ese enzymes are found in several tissues including
vascular cells, glomerulus, retina, lens, and nerve [94]. In-
creased levels of blood glucose can result in AR activation
that generates sorbitol from glucose. Indeed, this reaction
utilizes nicotinic acid adenine dinucleotide phosphate
(NADPH) and generates NADP+. Increased NADPH uti-
lization can decrease the concentration of a decreased level
of glutathione (GSH) and elevates its oxidized form GSH
disulfide. Since sorbitol is unable to cross the cell membrane,
sorbitol accumulation increases blood osmolality which
further results in the loss of electrolytes [74, 95]. Increased
level of osmosis can lead to injury of cells that are located
adjacent to peripheral neurons (Schwann cells) and results in
a schwannopathy-associated phenotype of DN [95, 96]. It
has been reported that sorbitol dehydrogenase can trigger
the conversion of accrued sorbitol into fructose through
oxidation and generation of nicotinic acid adenine dinu-
cleotide. Nonetheless, increased levels of fructose and sor-
bitol exert harmful actions in nerve cells because of various
causes including the reduced level of the osmolality regulator
(taurine), regulator of insulin sensitivity (myoinositol),
suppression of the Na+/K+ ATPase pump, intracellular Na+
accumulation, ionic homoeostasis through reducing the
PKC effect which results in swelling of the axon and axon-
glia dysfunction, and decreased level of nerve conduction
velocity (NCV) [72].

It has been revealed that accumulated glucose can enter
into the hexosamine biosynthesis pathway and generates
fructose-6-phosphate, which gets eventually converted into
uridine diphosphate-N-acetylglucosamine (GlcNAc). In
addition, GlcNAc is a sugar moiety that is utilized in O- or

N-glycosylation of such translated proteins (posttransla-
tional modification) since SP-1 transcription factor results in
plasminogen activator inhibitor-1 overexpression and
growth factor-β1 transformation. (erefore, these factors
result in nerve injury by generating mitochondrial super-
oxides [97]. In animal models, inhibitors of AR were found
to be very effective in reducing DN [98]. However, these
inhibitors were not that much effective in clinical studies
[99], which was partial because of the introduction of lower
doses as compared to in vivo studies. (us, inadequate levels
were available to avert the flux through the polyol pathway
[98].

2.4. Oxidative Stress and Advanced Glycation End Products.
In case of OS, oxidation surpasses antioxidant ability in cells
because of the imbalance in the level of enzymatic antiox-
idant catalase (CAT) and superoxide dismutase (SOD) or
nonenzymatic factor GSH [100]. In the polyol pathway,
NADPH consumption results in negative action in a de-
creased level of GSH. Increased level of reactive oxygen
species (ROS) including hydrogen peroxide (H2O2), hy-
droxyl radical (•OH), and superoxide (O2

•–) was found to
damage the proteins and lipid of cells. Furthermore, ROS
can result in injury of lipids in the myelin sheath [101]. In a
study, Edwards et al. [102] revealed that increased con-
centration of nitrosative products including nitrotyrosine
(NT) and peroxynitrite (ONOO−) in diabetic individuals is
positively associated with DPN. (erefore, the increased
lipid peroxidation, and damage rate of DNA and protein. It
has been reported that nonenzymatic reactions between the
damaged lipids, DNA, or proteins and aldehyde groups of
reducing sugars lead to AGEs, which further stimulate ROS
generation both during their formation and interaction with
the AGE receptor (RAGE) [103, 104]. In addition, advanced
lipoxidation end products are generated via an elevated level

Table 1: Common and serious adverse effects of currently available drugs that are used in the treatment of diabetic neuropathy.

Drug Common adverse effects Serious adverse effects References

Amitriptyline
Nausea, insomnia, headache, blurred vision,
dizziness, sedation, dry mouth, orthostatic

hypotension, urinary retention

Hyponatraemia, serotonin syndrome, suicidal
thoughts, hepatotoxicity, seizures, cardiac arrhythmias,

interstitial lung disease
[12–14]

Gabapentin
Dry mouth, peripheral oedema, somnolence,

gait disturbance, weight gain, headache,
dizziness

Suicidal thoughts and behavior, Stevens–Johnson
syndrome, seizures, hepatitis, withdrawal reactions,

confusion
[15]

Tramadol Nausea, headache, dizziness, sweating,
constipation, somnolence

Hallucinations, seizures, opioid abuse/misuse,
serotonin syndrome [16]

Duloxetine
Dizziness, nausea, headache, dry mouth,

diarrhoea, somnolence, sweating, insomnia,
constipation, tremor Hepatic failure, serotonin syndrome, hypertensive

crisis, urinary retention, interstitial lung disease,
hyponatraemia, Stevens–Johnson syndrome, seizures

[17–19]

Venlafaxine
Nausea, headache, insomnia, vomiting,

diarrhoea, sweating, dry mouth, anorexia,
somnolence

[20]

Pregabalin Dry mouth, dizziness, somnolence, weight
gain, weakness, headache, peripheral oedema

Seizures, angioedema, hepatotoxicity, rhabdomyolysis,
Stevens–Johnson syndrome, suicidal thoughts, cardiac
arrhythmia, pulmonary oedema, thrombocytopenia

[21, 22]

Tapentadol
extended release
(ER)

Nausea, headache, somnolence, dizziness,
sweating, constipation Same as tramadol and angioedema [23–26]
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Table 2: Antidiabetic properties of naturally occurring phenolic compounds.

Naturally occurring phenolic
compounds Effects References

Flavonoids

(i) Intestinal microbiota ↑
(ii) Digestive enzymes ↓
(iii) Glucose absorption ↓
(iv) Formation of advanced glycation end products (AGEs) ↓

[27–31]

Catechins

(i) Insulin sensitivity ↑
(ii) Fecal excretion of bile acids and cholesterol ↑
(iii) Activation of AMPK ↑
(iv) White fat depots ↓
(v) Blood lipid ↓
(vi) Glycaemia ↓
(vii) Pancreatic α-glucosidase and also α-amylase and maltase ↓
(viii) Generation of reactive oxygen species ↓
(ix) Na+-dependent glucose transporter ↓

[32–38]

Caffeoylquinic acids
(i) Insulin response ↑
(ii) Hepatic glucose-6-phosphatase ↓
(iii) Human pancreatic and salivary α-amylase ↓

[39–43]

Isoflavones

(i) Hypoglycemic effects through ameliorating insulin resistance and sensitivity ↑
(ii) Exerting anti-inflammation property ↑
(iii) Digestion of carbohydrate and uptake of glucose in the small intestine ↓
(iv) Protecting pancreatic β-cells ↑
(v) (e mechanism of renal interstitial fibrosis in diabetic nephropathic rat models
↓
(vi) Oxidative damage ↓
(vii) Maillard reaction and formation of AGEs ↓

[44–46]

Hydroxycinnamic acids

(i) Insulin resistance and glucose intolerance ↑
(ii) Glucokinase activity ↑
(iii) β-Cell activity ↑
(iv) Antioxidant properties and anti-inflammatory activities ↑
(v) Activation of AMP-activated protein kinase ↑
(vi) Phosphoenolpyruvate carboxykinase and glucose-6-phosphatase effects in the
liver ↓
(vii) Gluconeogenesis and adipogenesis ↓

[47–50]

Stilbenoids

(i) Metabolic control ↑
(ii) Pancreatic β-cell and hepatoprotective activity ↑
(iii) Insulin sensitivity ↑
(iv) DNA integrity ↑
(v) Level of digestive enzymes ↓
(vi) Oxidative stress and inflammation ↓

[51–57]

Tannins

(i) Uptake of glucose in adipose tissue through phosphorylation of IRS-1 ↑
(ii) Phosphorylation of AMPK ↑
(iii) Formation of AGEs and enzymatic action of sucrose, lactase, and maltase ↓
(iv) Activities of α-amylase and α-glucosidase ↓

[35, 58, 59]

Procyanidins

(i) Target digestive enzymes ↓
(ii) AMPK and insulin signaling pathways ↑
(iii) Cellular expression of NAD+ and SIRT1 levels ↑
(iv) Proinflammatory cytokine expression ↓

[60–63]

Anthocyanins and anthocyanidins

(i) Antioxidant ↑
(ii) Blood glucose regulation ↑
(iii) Anti-inflammatory activity ↑
(iv) Oxidative damage ↓
(v) Concentrations of cholesterol, low-density cholesterol, and triglycerides ↓

[64–67]

Curcumin

(i) Protecting pancreatic β-cells ↑
(ii) Diabetic cardiomyopathy ↓
(iii) Insulin resistance ↓
(iv) Oxidative damage ↓

[44, 68–70]

Note: ↑� induction; ↓� inhibition.
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of OS-stimulated lipid peroxidation along with altered lipid
metabolism [105].

Other enzymes including PKC-β, 12/15-lipoxygenase,
Na+/H+ exchanger, and NADPH oxidase are also associated
with ROS generation in DN individuals [106, 107]. Indeed,
PKC-β has a contribution to nerve activity and DN path-
ogenesis [108]. Interestingly, streptozotocin- (STZ-) induced
diabetic rat models revealed the positive outcomes of the
PKC-β inhibitor on DN in decreasing free radicals [109]. In
case of hyperglycemia, the mitochondrial membrane’s po-
tential is disturbed, and it secretes cytochrome c which then
causes activation of procaspase-9 along with apoptotic
protease activating factor-1 (Apaf-1) resulting in the cas-
pase-3 activation in neurons [110, 111]. In a STZ-induced rat
model of diabetes, Zherebitskaya et al. [112] revealed that an
increased level of glucose reduced manganese-containing
superoxide dismutase (MnSOD) and elevated level of ROS in
axons which predominantly resulted in the injury of dys-
trophic structures and axon outgrowth. Collectively, these
findings regarding OS indicate that regulating the level of
ROS in patients with diabetes might be a possible way of
preventing DN.

2.5. Inflammation. Inflammation is the response which is
activated via damage in the dorsal root ganglion (DRG),
spinal cord, skin, or nerve, which eventually leads to painful
sensation. Furthermore, it is linked with diabetes and in-
creased concentrations of inflammatory cytokines including
tumor necrosis factor-α (TNF-α) and C-reactive protein in

individuals with DN [113]. In a study, Conti et al. [114]
observed that STZ-induced diabetes resulted in the infil-
tration of immune cells including monocytes and macro-
phages, the neuronal overexpression of interleukin-1 beta
(IL-1β), and the expression of neurotrophin receptor p75
[114]. Moreover, the association of inflammation in DN was
demonstrated in a STZ-induced diabetic animal model. It
was observed that pioglitazone reduced the level of phos-
phorylated extracellular signal-regulated kinases (ERKs),
changed the protein kinase C-alpha expression level, and
reduced the number of accumulated macrophages in
Schwann cells [115]. Since a transcriptional factor comprises
2 subunits including p50 and p65, nuclear factor kappa B
(NF-κB) is located in the cytoplasm in an inhibitory state
bound to the inhibitor of nuclear factor-κB (IκB).

After the simulation, IκB is tagged through ubiquitin for
proteasomal degradation leaving active NF-κB. In the active
state, NF-κB is translocated to the nucleus, where it induces
the expression of various survival and inflammatory genes. It
has been revealed that the level of NF-κB’s p65 subunit is
increased in the myelin sheath of neurons in case of de-
myelinating polyneuropathies [116]. In a different study, Ha
et al. [117] revealed that hyperglycemia in glial cells induced
NF-κB activation, which further resulted in increased
concentration of various cell adhesion genes and inflam-
matory genes (TNF-α, cyclooxygenase-2 (COX-2), inducible
nitric oxide synthase, IL-1β, and interleukin 6 (IL-6)). In
another study, Bierhaus et al. [118] detected IL-6, receptor
for AGEs, and p65 subunit of NF-κB in sural nerve biopsies
obtained from people with diabetes. Collectively, these
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Figure 1: Diabetic neuropathy pathogenesis-associated metabolic pathways.
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results confirmed that inflammatory signaling pathways
have a significant contribution in DN pathogenesis which
makes them important pharmacological targets via phyto-
chemicals (Figure 1).

2.6. Neurotrophic Factors and Peroxisome Proliferator-Acti-
vated Receptors. Neurotrophic factors induce nerve regen-
eration, mediate normal physiological activities of surviving
neurons, and also elevate their resistance to damage. (ese
activities ameliorate the clinical conditions of patients with
DN [119]. It has been observed that deficiency of neuro-
trophin plays a role in DN pathogenesis. Interestingly, the
levels of ciliary neurotrophic factor, insulin-like growth
factors, neurotrophin-3/4/5, and brain-derived neuro-
trophic factor (BDNF) were decreased in the muscles of
patients with DN [120]. Indeed, nerve growth factor (NGF)
can decrease these neurotrophin imbalances [119]. Pre-
clinical experiments supported the idea that influencing
neurotrophic factors via phytochemicals may be a potent
therapeutic strategy for various types of peripheral nerve
disease.

It is known that peroxisome proliferator-activated re-
ceptors (PPARs) are a group of nuclear receptor proteins. By
binding with the lipophilic stimulant, PPAR mediates the
expression of proximal genes that are associated with
hepatocarcinogenesis, lipid hemostasis, proximal prolifera-
tion, and beta-oxidation of fatty acids [121–123]. (ere are 3
major subtypes of PPARs including α, β/δ, and c that have a
significant contribution in regulating inflammatory pro-
cesses, morphogenesis, glucose, mobilization of lipids,
storage, and metabolism [122, 124, 125]. PPARs work to-
gether with various cellular transcription factors including
activated protein-1 (AP-1), signal transducer/activator of
transcription-1, and NF-κB [125]. Furthermore, PPARs
suppress the expressions of chemokines and proin-
flammatory genes (interleukin 1 beta (IL-1β) and TNF-α)
and decrease the sensation of pain [126]. Agonists of PPAR
gamma (PPAR-c) including rosiglitazone and pioglitazone
are commonly suggested to treat insulin resistance and
hyperglycemia [127] and to reduce the activation of spinal
nociceptive neurons in type II diabetic rat models [128].
Furthermore, PPAR agonists have the future potential to be
used as novel analgesics in treating various chronic pain
conditions including DN. Nevertheless, their possible ad-
verse effects need to be carefully considered during targeting
PPAR signaling pathway as analgesics [129]. (us, there is a
growing research interest regarding the use of PPAR ago-
nists to decrease DN.

3. Clinical Manifestations of
Diabetic Neuropathy

DPN might present with various clinical signs and symp-
toms. In some cases, patients might be completely asymp-
tomatic; however, foot ulcer might be the first presentation.
Nevertheless, other individuals might exhibit one or mul-
tiple different symptoms including numbness, paresthesia,
and neuropathic pain (frequently stated as aching, shooting,

lancinating, or burning) which may range from mild to
severe, which can lead to severe suffering [130]. In addition,
these symptoms might be constant or sporadic. Interest-
ingly, sensory symptoms might persist for a short duration
before they vanish completely, or they might become
chronic.

Sensory signs and symptoms first appear in the distal
foot/toes. Pinprick and light touch of the distal foot is
normally impaired on first physical examination and then
more advanced motor (particularly loss of muscle bulk, loss
of ankle reflex, clawing of the toes, and weakness) and
sensory (specifically proprioception loss and vibration)
abnormalities. It spreads proximally up the leg before af-
fecting the upper limbs and fingertips as the disease ad-
vances. Physical examination for individuals with painful
DPN is typically unclear as compared to those without
neuropathic pain. Nonetheless, certain people might contain
pure small fiber neuropathy, which can lead to a loss of small
fiber modalities (particularly pinprick and loss of temper-
ature sensation) with normal large fiber activity [6]. It was
observed that a small number of individuals possess the so-
called “irritable nociceptor” phenotype with “positive”
sensory signs including hyperalgesia and allodynia
[131, 132].

4. Polyphenols in the Treatment of
Diabetic Neuropathy

It has been reported that around 800 plants might contain
antidiabetic properties. So far, various phytochemicals in-
cluding kolaviron, resveratrol, naringenin, quercetin,
kaempferol, and curcumin (Figure 2) have been adminis-
tered in patients with DN. However, it is essential to detect
the phytochemicals that can be used in the treatment of DN.
In the following sections, we have summarized the cellular
signaling pathways and pharmacological targets that are
associated with the therapeutic effect of polyphenols in DN.

4.1. Nonenzymatic and Enzymatic Antioxidant Performance.
In diabetic animals, hyperglycemia decreases the effect of
antioxidant enzymes with nonenzymatic glycosylation and
results in OS [133]. In DN development, stimulation of some
negative effects including generation of free radicals by OS,
lower GSH levels, Cu/Zn SOD, glutathione S-transferase,
decreased glutathione peroxidase (GPx), oxidations of leu-
kocytes and catecholamines, elevated mitochondrial leak,
perglycemia, and ischemia play a major destructive role
[133–136]. Various antioxidants, particularly polyphenols,
have exerted some promising activities in the experimental
DN treatment. In experimental DN, α-lipoic acid treatment
averted neurovascular irregularities. In diabetic rat models,
this treatment also attenuated GSH levels, digital nerve
conduction velocity, and nerve blood flow via increasing free
radical scavenging activity [137, 138]. Probucol is a strong
free radical scavenger and an inhibitor of low-density li-
poprotein oxidation that normalizes both electrophysiology
and nerve blood flow [139]. In a study, Al-Rejaie et al. [140]
revealed that naringenin contains antioxidant properties.
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Moreover, it inhibited the levels of nitric oxide (NO) and
thiobarbituric acid reactive substances (TBARS) and at-
tenuated the decreased concentrations of GPx and CAT in
STZ-induced diabetic rat models [140, 141].

Resveratrol (a polyphenolic compound) (Figure 2)
protected neural tissues from diabetes-mediated OS via
decreasing the levels of malondialdehyde (MDA), xanthine
oxidase (XO), and NO in the brain stem, spinal cord, cortex,
hippocampus, and cerebellum via increasing the level of
GSH in diabetic rat models [142]. In addition, apocynin and
curcumin attenuated the elevated spinal H2O2 level and level
of MDA and increased the level of SOD in STZ-induced
diabetic rat models. It has been confirmed that curcumin
suppressed the activation of spinal NADPH oxidases, the
major enzymes that generate ROS via reversing the upre-
gulation of phagocyte NADPH oxidase subunits (gp91phox
and p47phox) [143]. More related cellular signaling pathways
and pharmacological targets that are associated with the
antioxidant property of polyphenols have been summarized
in Table 3.

4.2. Prevention of the Inflammatory Response and Proin-
flammatory Cytokines. Proinflammatory alterations that are
seen in diabetes have a significant contribution to the
pathogenesis of retinopathy, nephropathy, neuropathy, and
atherosclerosis [175]. Production of hyperglycemia-medi-
ated ROS is directly associated with the DN pathogenesis.

Indeed, these ROS might trigger the generation of IL-1β and
TNF-α. In the CNS, insulin resistance and hyperglycemia are
linked with the TNF-α signaling pathway, which might
trigger pain and hyperalgesia in DN [176–178]. Various
studies have revealed that suppression of TNF-α decreased
hyperalgesia in models of painful DN [179]. It has been
confirmed that TNF-α intraplantar injection is linked with
thermal hyperalgesia andmechanical allodynia in rat models
[74, 176, 180]. IL-1β can be obtained from various cell types
including Schwann cells, endothelial cells, mononuclear
cells, synoviocytes, and fibroblasts and has a significant
contribution in triggering mechanical hyperalgesia. In the
mouse model of experimental neuropathy, it neutralized the
IL-1 receptors that further resulted in the reduction of pain-
related behavior [181, 182].

Increased lipid level and hyperglycemia resulted in ac-
tivation of NF-κB that has a significant contribution to the
generation of ROS and TNF-α, which further induces in-
flammatory demyelination. NF-κBmight increase metabolic
disorders including diabetes and trigger inflammation [183].
Inhibitor of NF-κB (IκB-α) and p65 are the subunits of NF-
κB that are overexpressed in sural nerve macrophages in
chronic and acute inflammatory demyelinating poly-
neuropathies [116, 184]. In STZ-induced DN rat models, it
has been confirmed that resveratrol exerts anti-inflamma-
tory property via reducing the expression of IκB-α and p65
and ameliorating the increased concentrations of NF-κB, IL-
6, COX-2, and TNF-α [169]. Furthermore, resveratrol
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Figure 2: Chemical structures of various polyphenolic compounds that can be effective in the treatment of diabetic neuropathy.
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Table 3: Polyphenols in the treatment of diabetic neuropathy.

Polyphenols Animal
models Duration Dosage Effects References

Diosmin STZ-induced
diabetic rats 4 weeks 50 and 100mg/kg/day

Increased tail-flick latency; decreased
traveling duration; increased concentration
of SOD and GSH; decreased levels of MDA

and NO

[144]

Hydroxytyrosol STZ-induced
diabetic rats 6 weeks 10 and 100mg/kg/day

Reduced thermal nociception; elevated paw
withdrawal threshold and Na+/K+ ATPase

activity; increased MNCV level
[145]

Kolaviron STZ-induced
diabetic rats 6 weeks 100 and 200mg/kg/day

Reduced level of OS, IL-1β, TNF-α, MDA,
and TBARS; elevated concentrations of GSH,

CAT, and GPx
[146]

Carvacrol STZ-induced
diabetic rats 7 weeks 25, 50, and 100mg/kg/day Increased SOD level; decreased

concentrations of IL-1β, MDA, and TNF-α [147]

Naringenin STZ-induced
diabetic rats 5 weeks 25 and 50mg/kg/day

Increased tail-flick latency and paw
withdrawal; elevated NGF and IGF-1 in

sciatic nerves; decreased IL-1β and TNF-α
levels; increased concentrations of CAT,

GSH, and GPx

[140]

Naringin STZ-induced
diabetic rats 4 weeks 40 and 80mg/kg/day

Reduced mechanotactile allodynia,
oxidative-nitrosative stress, and TNF-α level;
increased tail-flick latency and nociceptive
threshold; increased concentrations of

MNCV and SOD

[141]

Curcumin

STZ-induced
diabetic rats 6 weeks 100mg/kg/day

Decreased thermal nociception, levels of
TNF-α and IL-10; increased tail-flick latency

and paw withdrawal threshold
[148]

STZ-induced
diabetic rats 3 weeks 200mg/kg/day

Decreased mechanical allodynia and thermal
hyperalgesia; increased paw withdrawal
threshold; decreased AR, prostaglandin

peroxidase, and COX levels

[149]

STZ-induced
diabetic rats 14 days 200mg/kg/day

Increased paw withdrawal threshold and
SOD level; decreased levels of MDA and

H2O2 in the spinal cord
[143]

Curcumin and
gliclazide

STZ-induced
diabetic rats 5 weeks 100mg/kg/day

Increased mechanical hyperalgesia
threshold, hot-plate, and tail-flick latencies;
decreased levels of peroxynitrite, LPO, and

TNF-α

[150]

Curcumin and
resveratrol

STZ-induced
diabetic rats 4 weeks Curcumin� 60mg/kg/day;

resveratrol� 20mg/kg/day
Increased nociceptive threshold; decreased

levels of brain nitrite and TNF-α [151]

Astragaloside IV STZ-induced
diabetic rats 12 weeks 3, 6, and 12mg/kg/day

Increased myelinated fiber density,
myelinated fiber area, and segmental

demyelination; decreased levels of HbA1C;
increased levels of MNCV and GPx;

decreased AR level in erythrocytes; increased
activity of Na+/K+ ATPase in nerves and

erythrocytes

[152]

Epigallocatechin
gallate

STZ-induced
diabetic rats 10 weeks 2 g/L/day

Decreased mechanical allodynia and thermal
hyperalgesia; elevated paw withdrawal

pressure; decreased 8-OHdG
immunoreaction, numbers of Fos-

immunoreacted neurons, and colocalization
of 8-OHdG and Fos in laminae I–III

[153]

STZ-induced
diabetic rats 7 weeks 20 and 40mg/kg/day

Increased nociceptive threshold and tail-flick
latency; reduced formalin-mediated
nociceptive behavior; decreased

concentrations of nitrite, TBARS, and MDA;
elevated SOD level

[154]
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Table 3: Continued.

Polyphenols Animal
models Duration Dosage Effects References

Grape seed
proanthocyanidins

STZ-induced
diabetic rats 16 weeks 125, 250, and 500mg/kg/

day

Increased hot-plate latency and nerve
conduction velocity; decreased level of free
Ca2+; elevated activities of ATPase in sciatic

nerves

[155]

Bacosine STZ-induced
diabetic rats 30 days 5 and 10mg/kg/day

Diabetes-linked cognitive impairment;
decreased hyperalgesia; increased levels of
MNCV and SOD; decreased levels of AGEs,

ROS, MDA, TNF-α, and IL-1β

[156]

6-Methoxyflavanone STZ-induced
diabetic rats — 10 and 30mg/kg/day

Elevated paw withdrawal threshold and
latency; reduced thermal nociception;

involvement of GABA receptors; increased
flinching response threshold and latency by a
preference for the δ- and ĸ-opioid receptors

[157]

Chlorogenic acid STZ-induced
diabetic rats 14 days 100mg/kg/day

Increased threshold of mechanical
hyperalgesia; decreased formalin-mediated

nociceptive behavior
[158]

7-Hydroxy-3,4-
dihydrocadalin

STZ-induced
diabetic rats
and mice

— 0.3–30 and 30–300mg/kg/
day

Decreased mechanical hyperalgesia and
allodynia and formalin-evoked hyperalgesia;
increased withdrawal threshold; reduced

level of MDA

[159]

Mulberry flavonoids ALX-induced
diabetic rats 8 weeks 0.3 and 0.1 g/kg/day

Reduced myelin breakdown and myelinated
fiber cross-sectional area; decreased

peripheral nerve injury and numbers of
extramedullary fiber of sciatic nerves

[160]

Chromane STZ-induced
diabetic rats 30 days 5 and 10mg/kg/day

Decreased mechanical allodynia and thermal
hyperalgesia; increased paw withdrawal

threshold and MNCV level; decreased levels
of AGEs and ROS

[161]

Kaempferol STZ-induced
diabetic mice 3 weeks 25, 50, and 100mg/kg/day

Decreased formalin-mediated nociceptive
behavior in phases 1 and 2 and oedema size;
reduced hyperalgesia; elevated thermal pain
threshold; decreased levels of IL-1β, TNF-α,

LPO, and nitrite

[162]

Oryzanol STZ-induced
diabetic rats — 50 and 100mg/kg/day

Increased pain threshold, hot-plate latency,
and GSH; decreased flinching in diabetic rats
during both quiescent phase and phase 2 but
not in phase 1; reduced nitrite and MDA
levels; attenuated activity of Na+-K+ ATPase

[163]

Pepino polyphenolic
extract

STZ-induced
diabetic mice 12 weeks —

Decreased concentrations of IL-6, TNF-α,
AGEs, and ROS; increased GSH and GPx
levels; elevated fascicle with numerous small

myelinated fibers

[164]

Quercetin

STZ-induced
diabetic rats 2 weeks 40mg/kg/day

Increased hot-plate, tail-withdrawal latency,
and cold allodynia latency; reduced number

of foot slips
[165]

STZ-induced
diabetic rats 8 weeks 10, 20, and 40mg/kg/day

Reduced thermal hyperalgesia and
mechanical allodynia; increased

concentrations of MNCV, SOD, and GPx;
decreased levels of TNF-α and IL-1β

[166]

STZ-induced
diabetic rats 4 weeks 10mg/kg/day

Increased tail-flick latencies and nociceptive
threshold in both diabetic and nondiabetic

mice
[167]

STZ-induced
diabetic rats 4 weeks 10mg/kg/day

Decreased thermal nociception; elevated tail
withdrawal latencies and nociceptive

threshold
[168]
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markedly reduced the atherogenic index, serum glucose
level, and expression of cerebral COX-2 andMDA [171]. In a
study, Deng et al. [147] revealed that carvacrol reduced STZ-
mediated DN by reducing the level of NF-κB p65 subunit,
TNF-α, caspase-3, and IL-1β [147]. Kaempferia (a poly-
phenol) decreased STZ-induced DN via reducing the levels
of TNF-α and IL-1β and inhibiting the formalin-triggered
nociceptive behavior (Figure 3). Moreover, it improved li-
popolysaccharide-mediated inflammatory mediators (such
as ROS, IL-1β, TNF-α, phagocytosis, prostaglandins, and
NO) in microglial cells [162, 185].

4.3. Antinociceptive Activities. Hyperglycemia-induced ROS
generation and lipid peroxidation in sciatic nerves decreased
endoneurial blood flow and induced sciatic nerve dys-
functions in case of DN. Indeed, neuropathic pain is a
common diabetes-associated complication that takes place
due to the induction of the abnormal activity of the CNS or
PNS, which further leads to central sensitization, alterations
of primary afferent nerves, and sensory abnormalities.
Various studies have already confirmed the efficacy of tra-
madol, dextromethorphan, lamotrigine, phenytoin, pre-
gabalin, gabapentin, tricyclic antidepressants (TCAs),
gamma-aminobutyric acid (GABA), and opioids in the
treatment of painful sensory neuropathy. Even though these
therapeutic agents may relieve the pain by 30 to 50%, their
uses are often limited because of marked side effects [175].
(us, there is an increased need of using polyphenols as
alternative therapies. In a plantar heat hyperalgesia test,

quercetin (Figure 2) significantly suppressed the increase of
paw withdrawal threshold (PWT) in STZ-induced diabetic
rat models which was assessed through Hargreaves’ test. On
a Randall–Selitto paw pressure device, quercetin also
markedly elevated mechanical PWT as compared to STZ-
induced diabetic control rats [141]. In addition to this,
quercetin elevated the tail withdrawal latency in both
nondiabetic and diabetic mouse models [167]. In a dose-
dependent manner, it also has markedly elevated the paw
and tail withdrawal latency and reduced the number of foot
slips of STZ-induced diabetic rat models in comparison with
the normal control [154, 165, 186].

As compared to the control group, Kaur et al. [161]
revealed that chromane markedly corrected the reduced
PWT of STZ-induced diabetic rat models in hot-plate and
tail immersion tests [161]. In diabetic rat models, 6-
methoxyflavanones and chlorogenic acid elevated me-
chanical and thermal PWT, respectively [157, 158]. In a
different study, in STZ-induced diabetic rat models, Attia
et al. [150] showed that combined administration of gaba-
pentin and curcumin resulted in a marked rise inmechanical
PWT along with tail-flick and hot-plate latencies. Interest-
ingly, curcumin significantly elevated the pain threshold,
reaction times, and tail-flick latencies [148]. As compared to
untreated diabetic rat models, curcumin treatment increased
the antinociceptive effect in hot-plate and allodynia tests in
STZ-induced DN by elevating the pain threshold [149]. It
has been reported that diosmin and oryzanol markedly
elevated the tail-flick latency in the tail immersion test and
decreased thermal hyperalgesia in STZ-induced diabetes

Table 3: Continued.

Polyphenols Animal
models Duration Dosage Effects References

Resveratrol

STZ-induced
diabetic rats 2 weeks 10 and 20mg/kg/day

Increased tail-flick latency and paw
withdrawal pressure; elevated concentrations
of MNCV and CAT; reduced MDA level

[169]

STZ-induced
diabetic rats 2 weeks 10 and 20mg/kg/day

Increased MNCV level; decreased
concentrations of p65, MDA, NF-κB, IκB-α,

TNF-α, IL-6, and COX-2
[170]

STZ-induced
diabetic rats 6 weeks 20mg/kg/day Decreased cerebral MDA and COX-2;

increased cerebral level of IL-4 and GSH [171]

STZ-induced
diabetic rats >6 weeks 10mg/kg/day

Decreased concentrations of MDA, XO, and
NO; increased level of GSH in the cortex,
hippocampus, brain stem, cerebellum, and

spinal cord

[142]

STZ-induced
diabetic rats 2 weeks 20mg/kg/day Elevated tail withdrawal threshold and

latencies [172]

Silymarin STZ-induced
diabetic rats 8 weeks 100 and 200mg/kg/day

Elevated tail-flick latency; decreased
nociceptive scores in both phases of the

formalin test
[173]

Morin STZ-induced
diabetic rats 3 weeks 15 and 30mg/kg/day

Increased paw withdrawal and tail-flick
latency; elevated NGF and IGF-1 in sciatic
nerves; decreased levels of IL-1β, TNF-α, and

LPO

[174]

8-OHdG: 8-hydroxy-2′-deoxyguanosine; AGEs: advanced glycation end products; ALX: alloxan; AR: aldose reductase; CAT: catalase; COX: cyclooxygenase;
DNP: diabetic neuropathy; GABA: gamma-aminobutyric acid; GPx: glutathione peroxidase; GSH: glutathione; HbA1C: hemoglobin A1c; IGF-1: insulin-like
growth factor; IL-10: interleukin-10; IL-1β: interleukin 1 beta; LPO: lipid peroxidation; MDA: malondialdehyde; MNCV: motor nerve conduction velocity;
NGF: nerve growth factor; NO: nitric oxide; NOS: nitric oxide synthase; OS: oxidative stress; ROS: reactive oxygen species; SOD: superoxide dismutase; STZ:
streptozotocin; TBARS: thiobarbituric acid reactive substances; TNF-α: tumor necrosis factor-α; XO: xanthine oxidase.
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[163]. In diabetic rat models, treatment with diosmin also
markedly ameliorated the shortening of time on walking
function tests [144]. In a study, Kumar et al. [169] confirmed
that resveratrol treatment significantly corrected the re-
duction of PWT and tail-flick latency in hot and cold im-
mersion performance [169]. In addition, two polyphenols
including 7-hydroxy-3,4-dihydrocadalin and silymarin
resulted in a marked reduction of pain scores of the formalin
test [159, 173].

4.4. Enhancement of Nerve Growth Factors. Multiple com-
plex processes are associated with DN including various
molecular changes and sensory modalities. In the nervous
system, various neurotrophic factors (especially NGF) affect
the population of certain neurons [118]. DN might be
regulated via neurotrophins including transient receptor
potential ion channels, such as vanilloid receptor 1 andNGF,
including its receptors p75 and tyrosine kinase A (TrkA) and
their downstream signaling pathways. NGF exerts signifi-
cant neuroprotective activity, and it causes axonal growth.
Indeed, pathological conditions that change NGF levels can
induce neurons to lose their activity and die. Following nerve
injury and inflammation, NGF level elevates in the nervous
system and mediates pain and hyperalgesia that can be
decreased via anti-NGF therapy. Interestingly, the complex
of TrkA and NGF sensitizes VR1 thereby elevating pain.
After the binding of NGF with TrkA, several processes in-
cluding cell survival, nerve regeneration, and neurite growth
pathways will start [187]. IGF-1 is structurally similar to
insulin, and it has a significant contribution to cellular
growth and proliferation. IGF-1 is also a potent apoptosis
inhibitor. In addition, it regulates the development and
growth of DNA synthesis and nerve cells [174]. In morin-
treated diabetic animals, levels of IGF-1 and NGF in sciatic

nerves significantly increased as compared to the negative
control group [174].

In diabetic rat models, Methycobal and mulberry fla-
vonoids lessened the inhibition of the average optical density
of the myelin sheath and myelinated extramedullary fiber
cross-sectional area. Interestingly, animals pretreated with
0.3 g/kg mulberry flavonoids exhibited ultrastructural
properties of myelin, significantly decreased the level of
myelin breakdown, and also caused significant axonal im-
provement [160]. In diabetic rat models, astragaloside IV (a
polyphenol) inhibited a reduction in the myelinated fiber
area and density and segmental demyelination via reducing
the levels of AR and hemoglobin A1c (HbA1C) in eryth-
rocytes, which further increased the plasma insulin con-
centrations and GPx function in nerves. In STZ-induced
diabetic rat models, astragaloside IV increased Na+/K+-
ATPase activity in both erythrocytes and nerves [152].
Treatment with grape seed proanthocyanidins ameliorated
the abnormal activity of the peripheral nerve and impaired
nerve tissues. It also decreased the level of nerve conduction
velocity (NCV) and the level of free Ca2+, which further
increased the activity of Ca2+-ATPase in sciatic nerves [155].
In diabetic rat models, curcumin treatment gradually re-
covered cyclooxygenase function in the sciatic nerve [149].

4.5. Glutamate Pathway and NMDA Receptors. In experi-
mental DN models, glutamate receptors and ligands are
supposed to be associated with nociceptive behaviors. Be-
sides, it is regarded that glutamate and N-methyl-D-as-
partate (NMDA) receptors are associated with peripheral
sensory transduction and nociceptive pathways [188].
NMDA receptors also couple with mitogen-activated pro-
tein kinase (MAPK) and extracellular signal-regulated ki-
nase (ERK) phosphorylation and activation in the superficial

Mitigate nociceptive pain

Decrease neurotrophin
imbalances Decrease hyperglycemia

Protection against
glutamate neurotoxicity 

Protect against
oxidative damage

Enhanced nerve blood supply
Promote myelination

Effects of polyphenols 

Figure 3: Possible effects of polyphenols in the management of diabetic neuropathy.
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laminae of the spinal cord that could be inhibited via
treatment with NMDA receptor antagonists [83, 189, 190].
NMDA receptor ion channel-induced entry of calcium has a
significant contribution to the activation of extracellular
signal-regulated kinase (ERK) and MAPK pathways in
painful DN [188]. It has been reported that resveratrol
prevented glutamate injuries via blocking the NMDA re-
ceptor and inhibited glutamatergic neurotransmission
[191, 192]. It also markedly reduced glutamine expression,
transportation, synthetase to avert diabetic retinopathy
[193]. Resveratrol also suppressed impairments in Na+/K+-
ATPase, intracellular ROS generation, mitochondrial dys-
function, and activation of microglia [194, 195]. Further-
more, it decreased the level of glutamate-induced tissue
plasminogen activator through ERK and AMPK/mamma-
lian target of rapamycin signaling pathways and reduced the
activation of MAPK, which eventually inhibited the activity
of the voltage-dependent Ca2+ channel and suppressed in-
duced release of glutamate [196, 197]. Like resveratrol,
piceatannol stimulated the expression of nuclear factor
erythroid 2-related factor 2-dependent and heme oxygenase-
1 and thus protected HT22 neuronal cells from glutamate-
mediated cell death [198].

Chlorogenic acid (a polyphenol) protected against glu-
tamate neurotoxicity via its hydrolysate, caffeoyl acid group,
and caffeic acid via controlling the entry of calcium into
neurons [199, 200]. Epigallocatechin-3-gallate mediated
protection of motor neurons which was found to be linked
with the regulation of glutamate concentration [201]. Fur-
thermore, it suppressed glutamate dehydrogenase in pan-
creatic β-cells and activated adenosine monophosphate-
activated protein kinase to positively influence diabetes
[202]. Like quercetin, epigallocatechin-3-gallate also de-
creased glutamate-mediated raised level of calcium via at-
tenuating PKC and influx of ionotropic Ca2+ [203–205]. In
diabetic rat models, curcumin prevented intracellular ele-
vation of calcium [206], improved both NR2B gene ex-
pression and glutamate level [207, 208], and attenuated
excitotoxicity mediated by the NMDA receptor [209]. It also
influenced the PI3K/AKT signaling pathway and down-
stream signaling pathways via BDNF and TrKβ, perhaps via
reducing the activation of MAPK/ERK [210, 211]. It was
revealed that naringin, chlorogenic acid, and apigenin 8-C-
glucoside control glutamate pathways [212, 213]. Kaemp-
ferol and astragaloside IV attenuated OS and glutamate-
induced toxicity [214, 215]. (erefore, these polyphenols
might be good options in preventing complications related
to DN (Figure 2).

5. Future Research Directions

DN is one of the most distressing diabetes-associated
complications that affects over 30% of diabetic people
worldwide. In addition, there are increasing types of dia-
betes-mediated peripheral nerve damages including mon-
oneuritis multiplex, mononeuropathy, radiculopathy,
diabetic amyotrophy, and autonomic and small fiber neu-
ropathy. DN pathogenesis is multifactorial, and its main
categories include ischemic and metabolic. In the treatment

of neuropathic pain, even though opioid therapy and
neuromodulating drugs, including anticonvulsants and
TCAs, are effective treatments, these treatments are ex-
pensive. Because of the lack of safe and consistently effective
therapies for DN, there is an increased need to develop novel
herbal therapies to ameliorate the quality of life of DN
individuals [216]. Various findings suggested that poly-
phenols exert protective activities by anti-inflammatory and
antioxidant pathways. Indeed, polyphenols have the po-
tential to fight against various chronic diseases including
diabetes and diabetes-associated complications with less
toxic effects in in vitro and animal models [9, 10]. In nu-
trition, these aforementioned properties have made poly-
phenols a promising area of research interest [217, 218].

6. Conclusion

Polyphenols are potent natural compounds that can be
useful to combat DN via influencing various signaling
mechanisms with fewer side effects. It has been confirmed
that herbal therapies with various polyphenols can exert a
positive effect on DN management. Further research re-
garding novel pathogenicity signaling mechanisms of DN,
safety, and efficacy of polyphenols in humans may reveal
more effective applications of polyphenols in the manage-
ment, prevention, and treatment of DN. Nonetheless, more
studies are required to develop more effective therapeutic
agents for DN.
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[177] J. M. González-Clemente, D. Mauricio, C. Richart et al.,
“Diabetic neuropathy is associated with activation of the
TNF-α system in subjects with type 1 diabetes mellitus,”
Clinical Endocrinology, vol. 63, no. 5, pp. 525–529, 2005.

[178] D. M. Shafer, L. Assael, L. B. White, and E. F. Rossomando,
“Tumor necrosis factor-α as a biochemical marker of pain
and outcome in temporomandibular joints with internal
derangements,” Journal of Oral and Maxillofacial Surgery,
vol. 52, no. 8, pp. 786–791, 1994.

[179] J. Satoh, S. Yagihashi, and T. Toyota, “(e possible role of
tumor necrosis factor-α in diabetic polyneuropathy,” Ex-
perimental Diabesity Research, vol. 4, no. 2, pp. 65–71, 2003.

[180] N. Cameron and M. Cotter, “Pro-inflammatory mechanisms
in diabetic neuropathy: focus on the nuclear factor kappa B
pathway,” Current Drug Targets, vol. 9, no. 1, pp. 60–67,
2008.

[181] J. Copray, I. Mantingh, N. Brouwer et al., “Expression of
interleukin-1 beta in rat dorsal root ganglia,” Journal of
Neuroimmunology, vol. 118, no. 2, pp. 203–211, 2001.

[182] J. M. Cunha, F. Q. Cunha, S. Poole, and S. H. Ferreira,
“Cytokine-mediated inflammatory hyperalgesia limited by
interleukin-1 receptor antagonist,” British Journal of Phar-
macology, vol. 130, no. 6, pp. 1418–1424, 2000.

[183] M. Bujalska, J. Tatarkiewicz, A. de Cordé, and
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Objective. -e purpose of this study was to investigate the mechanism of action of the Chinese herbal formula Buyang Huanwu
Decoction (BYHWD), which is commonly used to treat nerve injuries, in the treatment of spinal cord injury (SCI) using a network
pharmacology method.Methods. BYHWD-related targets were obtained by mining the TCMSP and BATMAN-TCM databases,
and SCI-related targets were obtained by mining the DisGeNET, TTD, CTD, GeneCards, and MalaCards databases. -e
overlapping targets of the abovementioned targets may be potential therapeutic targets for BYHWD anti-SCI. Subsequently, we
performed protein-protein interaction (PPI) analysis, screened the hub genes using Cytoscape software, performed Gene
Ontology (GO) annotation and KEGG pathway enrichment analysis, and finally achieved molecular docking between the hub
proteins and key active compounds. Results. -e 189 potential therapeutic targets for BYHWD anti-SCI were overlapping targets
of 744 BYHWD-related targets and 923 SCI-related targets.-e top 10 genes obtained subsequently included AKT1, IL6, MAPK1,
TNF, TP53, VEGFA, CASP3, ALB, MAPK8, and JUN. Fifteen signaling pathways were also screened out after enrichment analysis
and literature search. -e results of molecular docking of key active compounds and hub target proteins showed a good binding
affinity for both. Conclusion. -is study shows that BYHWD anti-SCI is characterized by a multicomponent, multitarget, and
multipathway synergy and provides new insights to explore the specific mechanisms of BYHWD against SCI.

1. Introduction

Spinal cord injury (SCI) is a group of disorders in which the
integrity and continuity of the spinal cord are disrupted by
trauma, tumor, hypoxia, inflammation, and other factors [1].
According to the World Health Organization (WHO) re-
port, about 250,000 to 500,000 people worldwide suffer from
SCI every year, and the population is mainly under 30 years
old [2]. -e Beijing SCI Epidemiology Survey Group re-
ported in 2002 that the incidence of SCI in Beijing was about
60/106, an increase of nearly 10 times compared to the late
1980s, and that the per capita hospitalization cost was
27819.3 CNY [3]. -e high disability rate and high

consumption of SCI have imposed a heavy burden on the
families of patients and society, while how to protect and
restore injured neurons after SCI has been considered a great
challenge in clinical and experimental research [4]. -ere is
still a lack of effective treatment for SCI, but it is known that
traditional Chinese medicine (TCM) has a long history and
rich practical experience, which may be explored for the
treatment of SCI [2].

Modern Chinese medicine scholars classify SCI as “Ti
Duo” and “Wei Zheng” based on the TCM classics “Ling Shu
Jing-Han Re Bing” and “SuWen-Wei Lun” [3]. Based on the
analysis of the etiology and pathogenesis of SCI by TCM, as
well as the pathological changes of the damaged Governor
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Vessel and the symptoms corresponding to SCI, the main
treatment of TCM is to unblock Governor Vessel and
strengthen “Yang Qi,” supplemented by tonifying the kidney
and filling the essence, strengthening the tendons and bones,
activating blood circulation and removing blood stasis, and
warming the meridians [3]. Buyang Huanwu Decoction
(BYHWD), recorded in “Yi Lin Gai Cuo” by Wang Qingren
in the Qing Dynasty, has been used in China for hundreds of
years to treat stroke-related disabilities and improve the
recovery of neurological function [5]. -e whole formula of
BYHWD consists of seven herbs: Chishao (Radix Paeoniae
Rubra), Chuanxiong (Rhizoma Chuanxiong), Danggui
(Radix Angelicae Sinensis), Dilong (Pheretima), Huangqi
(Radix Astragali), Honghua (Flos Carthami), and Taoren
(Semen Persicae) [5]. Studies have shown that BYHWDmay
promote the repair of SCI by upregulating the expression of
Notch1 gene [6], and BYHWD combined with bone marrow
mesenchymal stem cells (BMSCs) transplantation can
promote the recovery after SCI by saving axotomized red
nucleus neurons in rats [4]. Although some progress has
been made in the study of BYHWD for SCI, the complexity
of herbal prescriptions with multiple components, targets,
and pathways makes the study of the specific mechanism of
action of BYHWD for SCI difficult to clarify.

In the last decade, with the development of modern
multiomics theories such as genomics, proteomics, and
metabolomics, the introduction of a systems biology per-
spective, and the application of bioinformatics, the concept
of network pharmacology has emerged. According to the
network basis of drug action, network pharmacology
methods, including protein-protein interaction (PPI) net-
work, Gene Ontology (GO) annotation, and Kyoto Ency-
clopedia of Genes and Genomes (KEGG) pathway
enrichment analysis, are applied to infer the specific path-
ways of multimolecular drug action in the human body,
which is consistent with the multicomponent, multitarget,
and multipathway synergy of Chinese herbal medicine and
helps to clarify the mechanism of action of BYHWD
(Figure 1).

2. Materials and Methods

2.1. Acquisition of BYHWD-Related Targets and SCI-Related
Targets. -e compounds related to BYHWD were obtained
by searching “Chishao or CHI SHAO or Radix Paeoniae
Rubra,” “Chuanxiong or CHUAN XIONG or Rhizoma
Chuanxiong,” “Danggui or DANG GUI or Radix Angelicae
Sinensis,” “Dilong or DI LONG or Pheretima,” “Huangqi or
HUANGQI or Radix Astragali,” “Honghua or HONGHUA
or Flos Carthami,” and “Taoren or TAO REN or Semen
Persicae” in Traditional Chinese Medicine Systems Phar-
macology (TCMSP, version 2.3, https://tcmspw.com/tcmsp.
php) database [7], and then the active compounds that met
the criteria (oral bioavailability (OB)≥ 30 and drug-likeness
(DL)≥ 0.18) were further screened by the absorption, dis-
tribution, metabolism, and excretion (ADME) principle
[8, 9], and the corresponding target protein information of
the active compounds was also obtained. Subsequently, by
using the UniProt database (https://www.uniprot.org/)

(species should be set to “Homo sapiens”), the target protein
name is converted into the corresponding gene name and
UniProt ID [10]. -e compounds and targets related to
BYHWD were also obtained directly by searching the above
keywords in the BATMAN-TCM platform (http://bionet.
ncpsb.org/batman-tcm/) according to the set criteria (score
cutoff >25, adjusted P value< 0.05) [11]. Finally, the results
of the two databases are summarized, integrated, and
deduplicated to obtain BYHWD-related targets.

DisGeNet database (https://www.disgenet.org/, v7.0)
(score≥ 0.01) [12], GeneCards (https://www.genecards.org/)
(relevance score≥ 20) [13], MalaCards (https://www.
malacards.org/) [14], Comparative Toxicogenomics Data-
base (CTD) (http://ctdbase.org/, last update by June 2020)
(inference score≥ 20) [15], and-erapeutic Target Database
(TTD) (http://db.idrblab.net/ttd/, last update by June 1,
2020) [16] were used to screen out potential targets related to
SCI by searching for the keyword “Spinal cord injury or
Spinal cord diseases.” -e results of the five databases are
summarized, integrated, and deduplicated to obtain SCI-
related targets.

2.2. Acquisition of Potential 1erapeutic Targets for BYHWD
Anti-SCI. Potential therapeutic targets of BYHWD in the
treatment of SCI should be derived from the overlapping
targets of BYHWD-related targets and SCI-related targets
obtained from the Venn online tool (http://www.
bioinformatics.com.cn/). Subsequently, we used Cytoscape
software (version 3.7.2) to construct a network diagram of
“BYHWD-active compounds-target genes-SCI” [17].

2.3. Construction of PPI Network and Acquisition of Hub
Genes. PPI is composed of proteins that interact with each
other to participate in various aspects of life processes such
as biological signaling, regulation of gene expression, energy
and material metabolism, and cell cycle regulation [18]. -e
potential therapeutic targets of BYHWD against SCI were
analyzed by a PPI network using the STRING database
(http://string-db.org/; version 11) with the species set to
“Homo sapiens” and a confidence level greater than 0.4 [19].
Subsequently, the PPI network was visualized by Cytoscape
software (version 3.7.2).

To obtain the hub genes for BYHWD anti-SCI, we use
the CytoHubba plug-in in Cytoscape software, which pro-
vides 12 topological analysis methods, including Degree,
Maximal Clique Centrality (MCC), BottleNeck, Between-
ness, ClusteringCoefficient, Closeness, Density of Maximum
Neighborhood Component (DMNC), EcCentricity, Edge
Percolated Component (EPC), Maximum Neighborhood
Component (MNC), Radiality, and Stress [20, 21].

2.4. GO and KEGGPathway Enrichment Analysis of Potential
1erapeutic Genes for BYHWD Anti-SCI. R is commonly
used for statistical analysis and plotting software, and its
open-source and free features have been favored by many
programming enthusiasts, resulting in the birth of many
convenient and efficient packages, such as the
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ClusterProfiler package for GO annotation and KEGG
pathway enrichment analysis [22–24]. In this study, we used
ClusterProfiler package (adjusted P value< 0.05) to explore

the biological processes (BP), cellular components (CC),
molecular functions (MF), and signaling pathways associ-
ated with BYHWD anti-SCI.
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Figure 1: -e overall flowchart of this study.
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2.5. Molecular Docking of Hub Genes and Key Active
Compounds. Based on the previously mined BYHWD-re-
lated targets and related active compounds, the active
compounds and herbs corresponding to the top 10 hub
genes need to be sorted out. -e interrelationship between
“herbs in BYHWD-active compounds-top 10 hub genes”
was visualized by a Sankey diagram (http://sankeymatic.
com/). In the following, we will select key active com-
pounds as small molecule ligands and corresponding large
molecule receptors (proteins encoded by the top 10 hub
genes) for molecular docking analysis. -e raw files of key
active compounds (MOL2 format) can be downloaded from
PubChem database (https://pubchem.ncbi.nlm.nih.gov/),
and the raw files of the top 10 core genes (PDB format) can
be downloaded from the RCSB protein data (http://www.
rcsb.org/), and after corresponding processing by AutoDock
Tool [25], they are finally converted to PDBQT format for
molecular docking in Pymol software (https://pymol.org/2/;
version 2.4.1) [26]. -e molecular docking score reflects the
binding affinity, with smaller values representing higher
affinity for the binding of small molecule ligands and large
molecule receptors [27].

3. Results

3.1. Acquisition Results of BYHWD-Related Targets and SCI-
Related Targets. A total of 775 compounds (BATMAN-
TCM: 219; after deduplication: 189) in BYHWD were
preliminarily retrieved from the TCMSP database and
BATMAN-TCM platform (score cutoff >25; adjusted P
value< 0.05), of which 119 (BATMAN-TCM: 8) were from
Chishao, 189 (87) were from Chuanxiong, 125 (77) were
from Danggui, 87 (23) were from Huangqi, 189 (22) were
from Honghua, and 66 (2) were from Taoren. Relevant
compounds and targets’ information for Dilong was not
retrieved in either database. After setting the ADME criteria
(OB≥ 30% and DL≥ 0.18), a total of 103 active compounds
(after removing duplicates and nontarget compounds: 60)
were screened from the TCMSP database, of which 29 (After
removing nontarget compounds: 14) were from Chishao, 7
(6) were from Chuanxiong, 2 (2) were from Danggui, 20 (17)
were fromHuangqi, 22 (17) were fromHonghua, and 23 (19)
were from Taoren. -e BATMAN-TCM platform provides
the gene names directly, while the TCMSP database first
provides the target protein names of the active compounds
and therefore needs to be converted to gene names via the
UniProt database. Finally, after integrating the results of the
two databases, we obtained 244 BYHWD-related active
compounds and 744 BYHWD-related targets.

After deduplication, a total of 923 SCI-related targets
were obtained by mining the DisGeNET (number: 84), TTD
(number: 5), CTD (number: 553), GeneCards (number:
432), and MalaCards (number: 19) databases.

3.2. Acquisition Results of Potential 1erapeutic Targets for
BYHWD Anti-SCI. -e overlapping targets of BYHWD-
related targets and SCI-related targets were considered as
potential therapeutic targets for BYHWD anti-SCI. As

shown in Figure 2, we screened the overlapping targets of
both by constructing a Venn diagram, and a total of 189
targets were obtained. -rough multiple databases mining
and construction of the Venn diagram, we obtained
BYHWD-related compounds and potential therapeutic
targets for BYHWD anti-SCI and finally used Cytoscape
software to construct a “BYHWD-active compounds-target
genes-SCI” network (Figure 3). In Figure 3, the lines between
two nodes represent the existence of mutual relationships,
and the larger the node is, the more relationships exist.

3.3. Acquisition Results of Hub Genes for BYHWD Anti-SCI
and PPINetworkConstruction. In the STRING database, we
first set the species to “Homo sapiens” and then entered 189
potential therapeutic targets for BYHWD anti-SCI to obtain
the PPI network (Figure 4(a)), which involved 189 nodes and
3717 edges. -e obtained TSV files were then imported into
Cytoscape software (version 3.7.2) for further analysis and
visualization (Figure 4(b)). To obtain the hub genes for
BYHWD anti-SCI, based on the above the PPI network, we
used the CytoHubba plug-in of Cytoscape software, which
currently contains 12 topological analysis methods. We
targeted the top 10 hub genes for BYHWD anti-SCI, and the
results of the 12 algorithms each contained 10 genes. We
integrated and analyzed the results to obtain a total of 45
different genes, which were then sorted by the number of
algorithms to which they were attributed. Table 1 shows the
basic information on hub genes for BYHWD anti-SCI. -e
top 10 hub genes (AKT1, IL6, MAPK1, TNF, TP53, VEGFA,
CASP3, ALB, MAPK8, and JUN) sorted are completely
consistent with some algorithms (Degree, Closeness, and
MNC) (Figure 4(c)).

3.4. Results of GO and KEGG Pathway Enrichment Analysis.
GO and KEGG pathway enrichment analysis are important
tools to explore the biological processes and signal pathways
involved in clinical drug therapy for diseases, as well as key
genes. -rough the ClusterProfiler package in R, we per-
formed GO enrichment analysis on the 189 potential
therapeutic targets for BYHWD anti-SCI and obtained 2842
GO items (after adjustment, P< 0.05), including 2567 BP
items, 99 CC items, and 176MF items. We combined the top
10 enrichment results for each of GO-BP, GO-CC, and GO-
MF by a bar graph (Figure 5). -e basic information of the
top 10 GO enrichment items is shown in Table 2.

In the same way, through the ClusterProfiler package in
R, we performed KEGG pathway enrichment analysis on the
189 potential therapeutic targets for BYHWD anti-SCI and
obtained 177 KEGG pathways (after adjustment, P< 0.05).
-e top 20 KEGG enrichment pathways are listed below,
including AGE-RAGE signaling pathway in diabetic com-
plications (hsa04933), Fluid shear stress and atherosclerosis
(hsa05418), Prostate cancer (hsa05215), IL-17 signaling
pathway (hsa04657), Hepatitis B (hsa05161), TNF signaling
pathway (hsa04668), Kaposi sarcoma-associated herpesvirus
infection (hsa05167), Human cytomegalovirus infection
(hsa05163), Hepatitis C (hsa05160), Human T-cell leukemia
virus 1 infection (hsa05166), Small cell lung cancer
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Figure 2: Venn diagram for BYHWD-related targets and SCI-related targets.

Figure 3: BYHWD-active compounds-target genes-SCI” network.-e purple diamond represents the herbs contained in BYHWD; the red
octagon represents SCI; the cyan rectangle represents the potential therapeutic targets for BYHWD anti-SCI; the light green ellipse
represents the active compounds contained in BYHWD; the blue ellipse represents the common active compounds of the herb.
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Figure 4: Continued.
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(hsa05222), Pancreatic cancer (hsa05212), Measles
(hsa05162), Epstein-Barr virus infection (hsa05169), Non-
alcoholic fatty liver disease (hsa04932), Influenza A
(hsa05164), Endocrine resistance (hsa01522), Bladder cancer
(hsa05219), Platinum drug resistance (hsa01524), and Ap-
optosis (hsa04210). -e visualization of the abovementioned
KEGG enrichment pathway is realized in Figure 6. More
KEGG pathways were enriched, and another fine screening
of the pathways was required. -erefore, the SCI-related
literature was searched in the PubMed database, and then
the retrieved potentially relevant pathways were compared
with the enriched 177 pathways, and finally, 15 relatively
relevant pathways for SCI were obtained. Subsequently, we
used Cytoscape software to visualize the network relation-
ship between potential therapeutic targets for BYHWD anti-
SCI and pathways (Figure 7). Table 3 shows the basic in-
formation of 15 pathways that may be relevant for SCI.

3.5. Results ofMolecularDocking ofHubGenes andKeyActive
Compounds. Sankey diagram was used to establish one-to-
one correspondence between the top 10 hub genes (AKT1,
IL6, MAPK1, TNF, TP53, VEGFA, CASP3, ALB, MAPK8,
and JUN) for BYHWD anti-SCI and BYHWD-related
compounds, providing the basis for the next molecular
docking analysis. Among them, the gene that targets the
most active compounds is TNF, and the key active com-
pounds that target the most hub genes are quercetin and
luteolin (Figure 8). As seen in the Sankey diagram, 6 of the 33
active compounds (quercetin, luteolin, beta-carotene,
kaempferol, baicalein, and beta-sitosterol) targeted more
hub genes, so we decided to perform the molecular docking
between these 6 active compounds and top 10 hub genes.
-e results of the molecular docking score are presented as a

heat map (Figure 9), with a range of −6.4 to −10.9 kcal·mol−1,
representing the large molecule protein receptor (hub genes)
that binds well to the small molecule ligand (key active
compounds). As shown in Figure 10, the molecular docking
process of each key active compound and its corresponding
protein encoded by the hub gene with the best docking
affinity was visualized using Pymol. Table 4 shows the basic
information of active compounds targeting hub genes in
BYHWD.

4. Discussion

According to the report of the National SCI Statistics Center,
there are about 17,000 new cases of SCI in the United States
each year, and the annual incidence of SCI is about 54 cases
per million people [1]. Over the past century, advances in
understanding the mechanisms of SCI have changed the
clinical management strategies for SCI, including surgical
procedures, supportive measures, and rehabilitative training
that have improved neurological outcomes and reduced
morbidity in SCI patients [1]. However, there is still a lack of
effective treatments for SCI and thus has been stimulating
the desire of researchers to explore and try to find effective
treatments, including drugs, surgical methods, and reha-
bilitation programs. As we all know, TCM has a long history
of being used to treat various diseases in China and other
Asian countries [28]. Among them, BYHWD, Jisuikang,
single herb, and Governor Vessel electroacupuncture have
all been shown in relevant studies to be used in the treatment
of SCI [4, 5, 28–30].

BYHWD, which comes from Qing Dynasty medical
classics, consists of seven herbs: Chishao, Chuanxiong,
Danggui, Dilong, Huangqi, Honghua, and Taoren [5]. Based
on the theory of TCM,Huangqi is themain ingredient in this
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Figure 4: PPI network and top 10 hub genes for BYHWD anti-SCI. (a) PPI network constructed with STRING. (b) PPI network constructed
with Cytoscape software (the darker the node color, the higher the number of connected proteins). (c) Top 10 hub genes for BYHWD anti-
SCI were obtained by using the Degree algorithm.
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formula, which has the function of tonifying Qi and
nourishing blood, eliminating blood stasis without harming
the proper function; Danggui is the secondary herb, which
has the effect of invigorating blood and harmonizing blood;
Chishao, Chuanxiong, Dilong, Honghua, and Taoren are the
adjuvant herbs in this formula; all the five herbs have the
function of activating blood circulation and removing blood
stasis, promoting the flow of Qi and blood circulation; the
combination of the five herbs not only activates blood
circulation and removes blood stasis but also helps the Qi

and blood that the main herbs benefit to reach the whole
body [3, 31]. Studies have shown that BYHWD in combi-
nation with neural stem cells (NSCs) attenuates the process
of demyelination or improves the recovery of myelin and
exerts a synergistic effect on the neurological function re-
covery [5]. It has been shown that BYHWD restores hin-
dlimb motor function in rats with SCI, and the
neuroprotective effect is associated with the regulation of
apoptosis-related protein expression [32]. BYHWD rescues
axotomized neurons and promotes functional recovery after

Table 1: Basic information of hub genes based on 12 topological algorithms.

UniProt ID Gene symbol Protein names Algorithms
P31749 AKT1 RAC-alpha serine/threonine-protein kinase (1), (2), (3), (4), (5), (8), (10), (11), and (12)
P05231 IL6 Interleukin-6 (1), (2), (3), (4), (5), (8), (10), (11), and (12)
P28482 MAPK1 Mitogen-activated protein kinase 1 (1), (2), (3), (5), (8), (9), (10), (11), and (12)
P01375 TNF Tumor necrosis factor (1), (2), (3), (4), (5), (8), (10), (11), and (12)
P04637 TP53 Cellular tumor antigen p53 (1), (2), (3), (4), (5), (8), (10), (11), and (12)
P15692 VEGFA Vascular endothelial growth factor A (1), (2), (3), (4), (5), (8), (10), (11), and (12)
P42574 CASP3 Caspase-3 (1), (2), (3), (5), (8), (10), (11), and (12)
P02768 ALB Albumin (1), (3), (5), (8), (10), (11), and (12)
P45983 MAPK8 Mitogen-activated protein kinase 8 (1), (2), (4), (5), (8), and (10)
P05412 JUN Transcription factor AP-1 (1), (2), (5), (10), and (11)
P04040 CAT Catalase (3), (4), and (12)
P99999 CYCS Cytochrome c (3) and (12)
P09238 MMP10 Stromelysin-2 (6) and (7)
P07101 TH Tyrosine 3-monooxygenase (4) and (9)
P37023 ACVRL1 Serine/threonine-protein kinase receptor R3 (6)
P01019 AGT Angiotensinogen (9)
P09917 ALOX5 Polyunsaturated fatty acid 5-lipoxygenase (6)
P01185 AVP Vasopressin-neurophysin 2-copeptin (9)
Q07812 BAX Apoptosis regulator BAX (6)
O15392 BIRC5 Baculoviral IAP repeat-containing protein 5 (6)
P55211 CASP9 Caspase-9 (7)
P20248 CCNA2 Cyclin-A2 (7)
P14635 CCNB1 G2/mitotic-specific cyclin-B1 (7)
P13073 COX4I1 Cytochrome c oxidase subunit 4 isoform 1, mitochondrial (9)
P02741 CRP C-reactive protein (4)
P02778 CXCL10 C-X-C motif chemokine 10 (7)
P00533 EGFR Epidermal growth factor receptor (11)
P15407 FOSL1 Fos-related antigen 1 (6)
P15408 FOSL2 Fos-related antigen 2 (6)
Q13224 GRIN2B Glutamate receptor ionotropic, NMDA 2B (9)
Q16665 HIF1A Hypoxia-inducible factor 1-alpha (9)
P04792 HSPB1 Heat shock protein beta-1 (7)
P05362 ICAM1 Intercellular adhesion molecule 1 (7)
P35225 IL13 Interleukin-13 (7)
P05112 IL4 Interleukin-4 (7)
P01374 LTA Lymphotoxin-alpha (6)
P01106 MYC Myc proto-oncogene protein (8)
P29474 NOS3 Nitric oxide synthase, endothelial (9)
O14684 PTGES Prostaglandin E synthase (6)
P35354 PTGS2 Prostaglandin G/H synthase 2 (2)
Q15858 SCN9A Sodium channel protein type 9 subunit alpha (4)
P16581 SELE E-selectin (7)
P07204 THBD -rombomodulin (6)

Q8NER1 TRPV1 Transient receptor potential cation channel subfamily V member
1 (9)

P11473 VDR Vitamin D3 receptor (9)
(1): Degree, (2): Maximal Clique Centrality (MCC), (3): Betweenness, (4): BottleNeck, (5): Closeness, (6): ClusteringCoefficient, (7): Density of Maximum
Neighborhood Component (DMNC), (8): Edge Percolated Component (EPC), (9): EcCentricity, (10): Maximum Neighborhood Component (MNC), (11):
Radiality, and (12): Stress
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spinal cord injury in rats. A study published in 2008 showed
that BYHWD protected the injured neurons and promoted
functional recovery after SCI in rats [33]. However, since the
specific mechanism of BYHWD for the treatment of SCI is
still unclear due to its complex composition and wide range
of effects, we decided to use a network pharmacology ap-
proach to investigate in this study and to lay the foundation
for the next in-depth study.

In the first step, BYHWD-related compounds and re-
lated targets were obtained. We obtained relevant com-
pounds and targets by mining two herbal-related databases,
TCMSP and BATMAN-TCM.-e mining methods of these
two databases are different: TCMSP database (ADME
principle: OB≥ 30 and DL≥ 0.18) first obtains BYHWD-
related compounds, then obtains related target proteins, and

finally needs to be converted into standard gene names by
UniProt database; BATMAN-TCM platform (score cutoff
>25, adjusted P value <0.05) directly obtains BYHWD-re-
lated compounds and target genes. -e screening process of
TCMSP database is divided into five steps: (1) the relevant
compounds of each component of BYHWD are directly
obtained (Chishao: 119, Chuanxiong: 189, Danggui: 125,
Huangqi: 87, Honghua: 189, Taoren: 66, and Dilong: 0); (2)
the relevant compounds of each component are screened by
ADME criteria (Chishao: 29, Chuanxiong: 7, Danggui: 2,
Huangqi: 20, Honghua: 22, Taoren: 23, and Dilong: 0); (3)
the above compounds are screened again by removing the
null targets (Chishao: 14, Chuanxiong: 6, Danggui: 2,
Huangqi: 17, Honghua: 17, Taoren: 19, andDilong: 0); (4) the
above compounds are finally screened by removing
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Figure 5: -e bar chart of top 10 GO (BP, CC, and MF) enriched items.
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Table 2: Top 10 items of Gene Ontology (GO) enrichment analysis.

GO items ID Description P value Adjusted P
value

Gene
number

Biological process GO:
0010038 Response to metal ion 2.68739E−45 1.20529E−41 52

Biological process GO:
0031667 Response to nutrient levels 2.05974E−40 4.61896E−37 54

Biological process GO:
0032496 Response to lipopolysaccharide 5.34106E−38 7.98488E−35 45

Biological process GO:
0002237 Response to molecule of bacterial origin 3.1151E−37 3.4928E−34 45

Biological process GO:
0062197 Cellular response to chemical stress 1.44121E−35 1.29277E−32 44

Biological process GO:
0046677 Response to antibiotic 2.54411E−34 1.90172E−31 42

Biological process GO:
0006979 Response to oxidative stress 3.05284E−34 1.956E−31 47

Biological process GO:
0000302 Response to reactive oxygen species 9.13447E−34 5.12101E−31 37

Biological process GO:
0007584 Response to nutrient 2.40193E−33 1.19696E−30 36

Biological process GO:
0034599 Cellular response to oxidative stress 6.07803E−32 2.726E−29 39

Cellular
component

GO:
0045121 Membrane raft 3.92204E−13 7.60946E−11 22

Cellular
component

GO:
0098857 Membrane microdomain 4.18102E−13 7.60946E−11 22

Cellular
component

GO:
0098589 Membrane region 8.84519E−13 1.07322E−10 22

Cellular
component

GO:
0031983 Vesicle lumen 4.00266E−10 3.64242E−08 19

Cellular
component

GO:
1902911 Protein kinase complex 5.90811E−10 4.10759E−08 12

Cellular
component

GO:
0090575 RNA polymerase II transcription regulator complex 7.53142E−10 4.10759E−08 14

Cellular
component

GO:
1902554 Serine/threonine-protein kinase complex 7.89922E−10 4.10759E−08 11

Cellular
component

GO:
0034774 Secretory granule lumen 2.08462E−09 9.48503E−08 18

Cellular
component

GO:
0060205 Cytoplasmic vesicle lumen 2.53536E−09 1.02541E−07 18

Cellular
component

GO:
0005667 Transcription regulator complex 3.48128E−09 1.26718E−07 20

Molecular
function

GO:
0061629

RNA polymerase II-specific DNA-binding transcription factor
binding 1.80793E−11 7.91763E−09 20

Molecular
function

GO:
0140297 DNA-binding transcription factor binding 2.70226E−11 7.91763E−09 22

Molecular
function

GO:
0046906 Tetrapyrrole binding 4.34881E−11 8.49468E−09 15

Molecular
function

GO:
0020037 Heme binding 1.91194E−10 2.801E−08 14

Molecular
function

GO:
0009055 Electron transfer activity 2.62858E−10 3.08069E−08 13

Molecular
function

GO:
0004879 Nuclear receptor activity 1.43492E−09 1.20123E−07 9

Molecular
function

GO:
0098531 Ligand-activated transcription factor activity 1.43492E−09 1.20123E−07 9

Molecular
function

GO:
0044389 Ubiquitin-like protein ligase binding 5.74415E−09 4.20759E−07 18

Molecular
function

GO:
0003707 Steroid hormone receptor activity 7.34487E−09 4.78232E−07 9

Molecular
function

GO:
0097110 Scaffold protein binding 1.18514E−08 5.67261E−07 9
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duplicates (total number of active compounds: 60); and (5)
the target proteins corresponding to the obtained active
compounds are converted into gene names (total number of
targets: 227). And the screening process of BATMAN-TCM
platform is divided into two steps: (1) the relevant com-
pounds and targets of each component of BYHWD are
directly obtained (Chishao: 8, Chuanxiong: 87, Danggui: 77,
Huangqi: 23, Honghua: 22, Taoren: 2, and Dilong: 0), and (2)
the relevant compounds of each component are screened
after deduplication (total number of active compounds: 189;
the total number of targets: 586). -e results of the two
databases were integrated and deduplicated to finally obtain
244 BYHWD-related active compounds and 744 BYHWD-
related targets. In the second step, a total of 923 SCI-related
targets were acquired by mining 5 disease databases, in-
cluding DisGeNET (number: 84), TTD (number: 5), CTD
(number: 553), GeneCards (number: 432), and MalaCards
(number: 19). Next, the Venn diagram of BYHWD-related
targets and SCI-related targets was plotted by the website
online tool to obtain 189 potential therapeutic targets of
BYHWD against SCI.

In total, Cytoscape software was used four times in this
study: (1) the “BYHWD-active compounds-target genes-
SCI” network was constructed, involving 410 nodes and 1571
interactions; (2) the PPI network obtained from the STRING
database was reconstructed here, involving 189 nodes and
3717 interactions; (3) the top 10 hub genes (AKT1, IL6,
MAPK1, TNF, TP53, VEGFA, CASP3, ALB, MAPK8, and

JUN) of BYHWD against SCI were obtained based on 12
topological analysis methods (Degree, MCC, Stress, Clus-
teringCoefficient, EcCentricity, BottleNeck, Closeness,
Radiality, Betweenness, EPC, DMNC, and MNC) contained
in the CytoHubba plug-in; (4) the “potential therapeutic
targets-pathways” network was constructed, involving 347
nodes and 2650 interactions. Studies have shown that the
protein encoded by TP53 and other factors regulate the
regeneration, germination, and functional recovery of axons
after central nervous system injury [34]; the rapid upre-
gulation of CASP3 mRNA seen after SCI in rats may be
associated with cell death in the spinal cord [35]; inflam-
matory mediators such as TNF-α and IL6 mediate the re-
cruitment of inflammatory cells to the site of injury and by
targeting these cytokines may be a potential strategy to
reduce secondary injury in SCI [36, 37]; by targeting
MAPK1, the overexpression of miRNA-433-5p protects
motor dysfunction and inflammation after SCI [38].

-e Sankey diagram was used once, mainly to show the
correspondence between the top 10 hub genes and the
corresponding active compounds contained in BYHWD
(quercetin, luteolin, beta-carotene, kaempferol, baicalein,
beta-sitosterol, carvacrol, O-cresol, anisic acid, 1-methyl-2-
dodecyl-4-(1h)-quinolone, 4-ethylresorcinol, angelicin,
astragaloside I, astragaloside II, caffeic acid dimethyl ether,
cibarian, cordycepin, dihydropinosylvin, dodecenoic acid,
ellagic acid, ethyl-P-methoxycinnamate, formononetin,
linoleic acid, M-cresol, M-ethylphenol, O-ethylphenol, oleic

Apoptosis

Platinum drug resistance

Bladder cancer

Endocrine resistance

Influenza A

Nonalcoholic fatty liver disease

Epstein−Barr virus infection

Measles

Pancreatic cancer

Small cell lung cancer

Human T-cell leukemia virus 1 infection

Hepatitis C

Human cytomegalovirus infection

Kaposi sarcoma−associated herpesvirus infection

TNF signaling pathway

Hepatitis B

IL−17 signaling pathway

Prostate cancer

Fluid shear stress and atherosclerosis

AGE−RAGE signaling pathway in diabetic complications

0 10 20 30
1.428279e − 14

1.071209e − 14

7.141394e − 15

3.570697e − 15

2.240630e − 31
Adjust P

Figure 6: -e bar chart of top 20 KEGG enriched pathways.
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acid, paeoniflorin, P-cresol, P-ethylphenol, sebiferic acid,
sucrose, and thymol). Among them, quercetin targeted six
hub genes, luteolin targeted six hub genes, beta-carotene
targeted five hub genes, kaempferol targeted four hub genes,
baicalein targeted three hub genes, beta-sitosterol targeted

two hub genes, anisic acid targeted two hub genes, and the
others targeted one hub gene. -e experimental results
showed that quercetin exerts a protective effect on the spinal
cord by inhibiting the activation of the p38MAPK/iNOS
signaling pathway in SCI rats and subsequently regulating

Figure 7: Potential therapeutic targets-pathways” network.-e blue diamond represents the top 10 hub genes; the cyan rectangle represents
the potential therapeutic targets for BYHWD anti-SCI; the yellow ellipse represents potential SCI-related pathways supported by literature;
the green ellipse represents possible pathways related to SCI.

Table 3: -e enriched 15 possible related pathways for SCI.

ID Description P value Adjusted P value Gene number
hsa04933 AGE-RAGE signaling pathway in diabetic complications 8.58479E−34 2.24063E−31 35
hsa04668 TNF signaling pathway 8.83261E−24 3.84219E−22 29
hsa04210 Apoptosis 1.13129E−15 1.42828E−14 24
hsa05022 Pathways of neurodegeneration - multiple diseases 1.12387E−14 1.0476E−13 41
hsa04620 Toll-like receptor signaling pathway 5.71758E−14 4.52208E−13 20
hsa04151 PI3K-Akt signaling pathway 1.43931E−13 1.00595E−12 34
hsa04066 HIF-1 signaling pathway 1.4646E−13 1.00595E−12 20
hsa04010 MAPK signaling pathway 5.84978E−12 3.39287E−11 29
hsa04064 NF-kappa B signaling pathway 7.32616E−12 4.1568E−11 18
hsa01521 EGFR tyrosine kinase inhibitor resistance 1.25843E−09 5.13202E−09 14
hsa04012 ErbB signaling pathway 3.21508E−08 1.0622E−07 13
hsa04630 JAK-STAT signaling pathway 4.40433E−07 1.27726E−06 16
hsa04310 Wnt signaling pathway 0.000748937 0.001515292 11
hsa04152 AMPK signaling pathway 0.001230137 0.002407294 9
hsa04150 mTOR signaling pathway 0.002091493 0.003927191 10
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secondary oxidative stress [39]; the combination of luteolin
and palmitoylethanolamide reduced autophagy in SCI [40];
beta-carotene effectively reduced the course of secondary
damage events after SCI by blocking NF-κB pathway acti-
vation [41]; baicalein may alleviate the harm caused by SCI
by activating PI3K and inducing autophagy to reduce
neuronal apoptosis [42].

Based on the results of the Sankey diagram, we per-
formed molecular docking of the top 10 genes and the top 6
compounds in terms of the number of targeted genes
(quercetin, luteolin, beta-carotene, kaempferol, baicalein,
and beta-sitosterol). -e results of molecular docking of 60
cohorts of hub target proteins and key active compounds
showed a good binding affinity for both. We used R software
twice, once to present the scores of the above molecular
docking as a heat map, and another time to perform GO and
KEGG pathway enrichment analysis using the ClusterPro-
filer package.

-e top 10 results of the GO enrichment analysis of 189
potential therapeutic targets for BYHWD anti-SCI, based on
the adjusted P value (from small to large), are as follows:

response to metal ion (GO-BP:0010038), response to nu-
trient levels (GO-BP:0031667), response to lipopolysac-
charide (GO-BP:0032496), response to molecule of bacterial
origin (GO-BP:0002237), cellular response to chemical stress
(GO-BP: 0062197), response to antibiotic (GO-BP:0046677),
response to oxidative stress (GO-BP: 0006979), response to
reactive oxygen species (GO-BP:0000302), response to nu-
trient (GO-BP:0007584), cellular response to oxidative stress
(GO-BP: 0034599), membrane raft (GO-CC:0045121),
membrane microdomain (GO-CC:0098857), membrane
region (GO-CC:0098589), vesicle lumen (GO-CC: 0031983),
protein kinase complex (GO-CC: 1902911), RNA poly-
merase II transcription regulator complex (GO-CC:
0090575), serine/threonine-protein kinase complex (GO-
CC:1902554), secretory granule lumen (GO-CC: 0034774),
cytoplasmic vesicle lumen (GO-CC: 0060205), transcription
regulator complex (GO-CC: 0005667), RNA polymerase II-
specific DNA-binding transcription factor binding (GO-MF:
0061629), DNA-binding transcription factor binding (GO-
MF:0140297), tetrapyrrole binding (GO-MF:0046906),
heme binding (GO-MF:0020037), electron transfer activity

Figure 8: Sankey diagram of “herbs-active compounds-hub genes.” -e band between the two bars represents a targeting relationship.
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−9.80 −6.70 −7.50 −9.50 −8.70 −7.00 −7.90 −8.70 −9.70 −8.60 Quercetin

−9.30 −6.90 −8.00 −9.50 −8.00 −6.70 −7.80 −8.50 −9.00 −7.90 Kaempferol
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Figure 9: Heatmap of the scores of molecular docking in this study.

(a) (b) (c)

(d) (e) (f )

Figure 10: Results of molecular docking between hub genes and key active compounds. (a) Quercetin to AKT1. (b) Kaempferol to TNF. (c)
Beta-sitosterol to AKT1. (d) Beta-carotene to AKT1. (e) Baicalein to AKT1. (f ) Luteolin to MAPK8.
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Table 4: Basic information of active compounds targeting hub genes in BYHWD.

Molecule ID Molecule name PubChem
CID

OB
(%) DL 2D Structure Source

database Source Targeted hub
genes

MOL000098 Quercetin 5280343 46.43 0.28 HO

OH

OH

OH

OH

O

O TCMSP Honghua;
Huangqi

AKT1,
CASP3, IL6,

JUN,
MAPK1, and

VEGFA

MOL000006 Luteolin 5280445 36.16 0.25 HO

OH

OH

O

OH

O

TCMSP Honghua

AKT1,
CASP3, IL6,

JUN,
MAPK1, and

VEGFA

MOL002773 Beta-carotene 5280489 37.18 0.58 TCMSP Honghua

AKT1,
CASP3, ALB,
JUN, and
VEGFA

MOL000422 Kaempferol 5280863 41.88 0.24
HO

OH

OH

O

OH

O

TCMSP Honghua;
Huangqi

AKT1,
CASP3, JUN,
and MAPK8

MOL002714 Baicalein 5281605 33.52 0.21

O
H

O
H

O
H O

O

TCMSP Chishao;
Honghua

AKT1,
CASP3, and
VEGFA

MOL000358 Beta-sitosterol 222284 36.91 0.75 O
H

TCMSP

Chishao,
Danggui,

Honghua, and
Taoren

CASP3 and
JUN

MOL001002 Ellagic acid 5281855 43.06 0.43

HO

O

O

O

O

HO
OH

OH

TCMSP Chishao VEGFA

MOL001924 Paeoniflorin 442534 53.87 0.79

HO

HO

HO

OH

OH

OO
O

O
O

O

TCMSP Chishao IL6

MOL000392 Formononetin 5280378 69.67 0.21

HO O

O

O

TCMSP Huangqi JUN

— Anisic acid 7478 — —

HO

O

O BATMAN-
TCM Danggui TNF and

TP53

— Caffeic acid dimethyl
ether 717531 — —

O

O

O

HO

BATMAN-
TCM Chuanxiong TNF
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Table 4: Continued.

Molecule ID Molecule name PubChem
CID

OB
(%) DL 2D Structure Source

database Source Targeted hub
genes

— Cibarian 100275 — —

O
O

HO

HO OH

O
O

N+

O–

O

N+

O
O

O BATMAN-
TCM Chuanxiong ALB

— Linoleic acid 5280450 — —
HO

O

BATMAN-
TCM Chuanxiong TNF

— O-Cresol 335 — —

OH

BATMAN-
TCM Chuanxiong TNF

— O-Ethylphenol 6997 — —

OH

BATMAN-
TCM Chuanxiong TNF

— Oleic acid 445639 — —
HO

O

BATMAN-
TCM Chuanxiong TNF

— -ymol 6989 — —

OH

BATMAN-
TCM Chuanxiong TNF

— 1-Methyl-2-dodecyl-
4-(1h)-quinolone 5319601 — —

O

N

BATMAN-
TCM Danggui JUN

— 4-Ethylresorcinol 17927 — —

OH

OH

BATMAN-
TCM Danggui TNF

— Angelicin 10658 — —

O

O

O

BATMAN-
TCM Danggui AKT1

— Carvacrol 10364 — —

O
H

BATMAN-
TCM Danggui TNF

— Dihydropinosylvin 442700 — —

HO

OH

BATMAN-
TCM Danggui TNF

— Dodecenoic acid 96204 — — HO

O

BATMAN-
TCM Danggui TNF

— Ethyl-P-
methoxycinnamate 5281783 — —

O

OO

BATMAN-
TCM Danggui TNF
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(GO-MF: 0009055), nuclear receptor activity (GO-MF:
0004879), ligand-activated transcription factor activity (GO-
MF:0098531), ubiquitin-like protein ligase binding (GO-MF:
0044389), steroid hormone receptor activity (GO-MF:
0003707), and scaffold protein binding (GO-MF:0097110).
-e first 20 results of the (adjusted P value based) KEGG
pathway enrichment analysis of 189 potential therapeutic
targets of BYHWD against SCI have been presented, and we
screened the enriched pathways again to find possible rel-
evant pathways for SCI. By searching the relevant literature,

we screened a total of 15 pathways with strong relevance, as
follows: AGE-RAGE signaling pathway in diabetic com-
plications (hsa04933) [43], TNF signaling pathway
(hsa04668), Apoptosis (hsa04210) [44], Pathways of neu-
rodegeneration-multiple diseases (hsa05022), Toll-like re-
ceptor signaling pathway (hsa04620) [45], PI3K-Akt
signaling pathway (hsa04151) [46], HIF-1 signaling pathway
(hsa04066) [47], MAPK signaling pathway (hsa04010) [48],
NF-kappa B signaling pathway (hsa04064) [49], EGFR ty-
rosine kinase inhibitor resistance (hsa01521) [50], JAK-

Table 4: Continued.

Molecule ID Molecule name PubChem
CID

OB
(%) DL 2D Structure Source

database Source Targeted hub
genes

— M-Cresol 342 — —
OH

BATMAN-
TCM Danggui TNF

— M-Ethylphenol 12101 — —
OH

BATMAN-
TCM Danggui TNF

— P-Cresol 2879 — — OH BATMAN-
TCM Danggui TNF

— P-Ethylphenol 31242 — — OH BATMAN-
TCM Danggui TNF

— Sebiferic acid 5321206 — —
O

OH BATMAN-
TCM Danggui TNF

— Astragaloside I 13996685 — —

O

O O

O

O

O

O

HO

HO

OH

OH

OH

OH

HO

O

O

BATMAN-
TCM Huangqi ALB

— Astragaloside II 13996693 — —

O

OH

O

O

O

O

HO

HO

OH

OH

OH

OH

HO

O

O

BATMAN-
TCM Huangqi ALB

— Sucrose 5988 — —

OH

OHHO

OH
OH

HO

HO

HO

O

O O BATMAN-
TCM Huangqi TNF

— Cordycepin 6303 — — N
N

NH2

N
N

OH

OH

O

BATMAN-
TCM Taoren AKT1

OB, oral bioavailability; DL, drug-likeness.
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STAT signaling pathway (hsa04630) [51], Wnt signaling
pathway (hsa04310) [43], AMPK signaling pathway
(hsa04152) [44], and mTOR signaling pathway (hsa04150)
[46]. -e above pathways and hub genes are not in a dis-
connected relationship; rather, many hub genes are im-
portant components of some of the pathways. Taking PI3K-
Akt signaling pathway as an example, it contains AKT1,
MAPK1, IL6, TP53, and VEGFA. Based on the results of the
above network pharmacological analysis, we hypothesize
that the key active compounds of BYHWD may exert anti-
SCI effects through the above pathways and hub genes.

4.1. Limitations. -is study still has some limitations. First,
the corresponding experimental validation is lacking. Sec-
ond, the compounds, targets, and pathways contained in
these databases may not be exhaustive. Finally, compounds
screened based on ADME principles may be missing other
important compounds.

4.2. Future Perspectives. -is study uncovered the multi-
compound, multitarget, and multipathway characteristics of
BYHWD through a network pharmacology approach.
Among them, the key compounds include quercetin,
luteolin, beta-carotene, kaempferol, baicalein, and beta-si-
tosterol; the hub genes include AKT1, IL6, MAPK1, TNF,
TP53, VEGFA, CASP3, ALB, MAPK8, and JUN; and the
important pathways are the 15 related pathways mentioned
above. -ese results clearly give a general direction for SCI-
related researchers, and there is no doubt that the anti-SCI
mechanism of BYHWD is much more than the above-
mentioned research directions, and we will find more ac-
curate targets and pathways while exploring them one by
one.

5. Conclusion

Using a network pharmacology approach, we explored the
potential mechanism of BYHWD as a classical herbal formula
for treating nerve injury in the treatment of SCI.-e top 10 core
genes among the potential therapeutic targets for BYHWDanti-
SCI include AKT1, IL6, MAPK1, TNF, TP53, VEGFA, CASP3,
ALB, MAPK8, and JUN. Key active compounds of BYHWD
against SCI include quercetin, luteolin, beta-carotene, kaemp-
ferol, baicalein, and beta-sitosterol. In addition, combining the
KEGG pathway enrichment results and reviewing SCI-related
literature, we obtained 15 SCI potentially relevant pathways,
mainly including PI3K-Akt signaling pathway,MAPK signaling
pathway, NF-kappa B signaling pathway, TNF signaling
pathway, Apoptosis, Toll-like receptor signaling pathway, HIF-1
signaling pathway, JAK-STATsignaling pathway,Wnt signaling
pathway, AMPK signaling pathway, and mTOR signaling
pathway. -e above analysis results demonstrated the multi-
target, multicomponent, and multipathway characteristics of
BYHWD in treating SCI, which laid the foundation for us to
carry out specific experimental validation in the next step, and
provided new ideas for researchers dedicated to the treatment of
SCI with herbal extracts.
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Stroke is the second leading cause of death and a main cause of disability worldwide.+e majority (approximately 80%) of strokes
are ischemic. Saffron (Crocus sativus L.) has been considered for medicinal purposes since ancient times. Pharmacological effects
of saffron are attributed to the presence of crocin, crocetin, picrocrocin, and safranal. In the present review, we summarized the
reported neuroprotective effects of saffron and its active constituents against cerebral ischemia stroke. Saffron and its components
exert its beneficial effects as an antioxidant, anti-inflammatory, and antiapoptotic agent though inhibition of biochemical,
inflammatory, and oxidative stress markers. Taken together, this review indicates that saffron and its ingredients could be a potent
candidate in the process of new drug production for the treatment of ischemia stroke.

1. Introduction

Stroke is the second leading cause of death and amajor cause
of long-term disability worldwide [1]. Over recent decades,
the burden of stroke has been highly increased in many
regions of the world and, particularly, in developing
countries [2]. Notably, as societies are getting older, the
demand for long-term care for such illnesses is rising [1].
Ischemic stroke accounts for the highest percentage of all
strokes, approximately 80%. +e remaining 20% of strokes
are hemorrhagic in nature [2, 3]. Cerebral ischemic stroke is
the interruption of blood flow to the brain resulting from
blood vessel blockage by vascular thrombus formation [4, 5].
Ischemic stroke contributes to tissue damage, neurological

deficits, impairment of motor function, epilepsy, and
poststroke dementia and may lead to death [6–8]. To date,
the number of efficient curative treatments for ischemic
stroke is limited. Currently, thrombolytic therapy with tissue
plasminogen activator is the most effective treatment, which
must be administered within 4.5 hours from ischemic stroke
onset [9, 10]. Medicinal plants are invaluable source for the
discovery of new therapeutic agents for a wide variety of
human ailments [11–13]. +e complex pathogenesis of
stroke and multifactorial effect of herbal drugs and their
active ingredients may indicate the promising future of
herbal medicine for stroke treatment. Neuroprotective, anti-
inflammatory, antioxidant, antiapoptotic, and vascular
protective properties of herbal drugs are believed to be
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efficacious in treating stroke [11, 14–16]. Saffron has been
extensively used for many medicinal purposes such as a pain
reliever and expectorant, as well as for treatment of in-
flammation, wounds, and abscesses in folk medicine [17, 18].
Recent studies showed the value of saffron and its com-
ponents in ischemia stroke. +erefore, in the current study,
we aimed to review the anti-ischemic activities of saffron.
Table 1 shows experimental studies assessing the effect of
saffron and its bioactive ingredients on cerebral ischemic
stroke.

2. Research Methodology

A comprehensive search of Embase, PubMed, Scopus, and
Google Scholar databases was carried out. Different relative
keywords including Crocus sativus, safranal, stroke, neu-
roprotection, herbal medicine, and crocin were searched.
+e search included the papers published up to August 2020.

3. Saffron

Saffron is a valuable dietary spice derived from the flowers of
Crocus sativus (Iridaceae). Saffron has been known since a
long time as an herbal medicine [18, 19]. Saffron is now likely
to be such an agent that has aroused physicians’ interest [20].
At present, modern pharmacological investigations have
demonstrated that saffron and its ingredients have a lot of
therapeutic effects such as anticancer [21], antimicrobial
[22], antineuropathic pain [23], hypolipidemic [24], anti-
diabetic [25], antianxiety [26], antitussive [27], antiobesity
[28], antitremor [29], hypotensive [30], anticonvulsant [31],
antidepressant [32], and antiarthritis effects [33]. Also,
gastric ulcer healing [34], memory improvement [35], and
management of metabolic syndrome [36] have been re-
ported for this medicinal plant.

3.1. Bioactive Principles of Saffron. +e main ingredients of
saffron are water, nitrogenous matter, anthocyanins, gly-
cosides, monoterpenes, aldehydes, flavonoids, vitamins
(especially riboflavin: 56–138 μg/g and thiamine: 0.7–4 μg/g),
volatile oil, proteins, amino acids, carbohydrates, minerals,
raw fibers, and gums. Furthermore, picrocrocin (responsible
for the bitter taste) and apocarotenoids ingredients such as
crocetin, crocin (responsible for the color), and safranal
(responsible for odor and aroma) are considered to be the
main bioactive constituents [37, 38]. High-quality saffron
has approximately 30% crocins, 5 to 15% picrocrocin, and
2.5% volatile compounds, including safranal [39].

4. Experimental Studies Conducted on the
Effects of Saffron on Ischemia Stroke

Zhong et al. utilized the ischemic rat model to explore the
neuroprotective effects of saffron on late cerebral ischemia
injuries. Sprague-Dawley rats were subjected to focal cere-
bral ischemia induced by middle cerebral artery occlusion
(MCAO). Rats were then assigned to six groups: sham,
MCAO, Edaravone (as a positive control), and saffron ex-
tract (30, 100, and 300mg/kg for 42 days). Saffron effectively

reduced the levels of IL-6 and IL-1β and expressions of glial
fibrillary acidic protein (GFAP), neurocan, and phosphocan,
quantified by ELISA and Western blot, respectively. It also
reduced neurological problems and spontaneous move-
ments as well as anxiety-like behaviors and cognitive im-
pairment, examined by elevated plus maze (EPM), marble
burying test (MBT), and novel object recognition test
(NORT). Besides, saffron showed anticerebral ischemia
properties by reducing the infarct volume and glial scar
formation [20].

Abdel-Rahman et al. designed a study to examine the
role of vascular endothelial growth factor (VEGF) in the
neuroprotective effect of saffron against cerebral ischemia/
reperfusion injury (IR) in rats. Focal cerebral ischemia was
induced by left MCAO. Wistar rats received only normal
saline or saffron at doses of 100 and 200mg/kg. Saffron was
administrated intraperitoneally three weeks before surgery
and then administered four times (60min before surgery,
during the surgery, and on 1 day and 2 days post-IR). A
significant reduction in the latency to move their bodies and
to fall in animals treated with saffron in relation to the
control group was observed. According to the findings of
this study, reducing oxidative stress and apoptotic proteins
and exertion of vascular protection are among the main
mechanisms mediating the neuroprotective effect of saffron.
Also, the modulation of VEGF by saffron was considered as a
pathway arbitrating its neuroprotective and antiapoptotic
properties [40].

5. Experimental Studies Conducted on the
Effects of Crocin on Ischemia Stroke

In one study, the anti-ischemic effect of crocin in male rats,
which underwent a two-hour right MCAO, was investigated.
Male rats were randomly divided into four groups: the sham-
operated group, the MCAO group, and the crocin groups
that were administrated 50 and 100mg/kg of crocin orally.
+e treatments were applied for seven days, and rats were
operated two h after the last administration. +e results
showed that the infarction areas and the neurological score
decreased in crocin groups. Besides, crocin reduced the level
of autophagy following cerebral ischemia by activating
mTOR, which is a downregulator of autophagy processes.
+e results obtained from in vitro study showed that oxygen-
glucose deprivation/reoxygenation significantly enhanced
the proportion of apoptotic cells. Moreover, transmission
electron microscope images demonstrate that the amount of
autophagosome increased after oxygen-glucose deprivation/
reoxygenation but decreased after treatment with 50 μM
crocin [41].

Huang and Jia examined the neuroprotective effect of
crocin in the mouse model of hypoxic-ischemic encepha-
lopathy. C57BL/6J mice were subjected to left common
carotid artery ligation, and, after one-hour recovery, mice
were treated by either hypothermia, crocin (10mg/kg), or
combined treatment. Results displayed that crocin treatment
alone decreased brain damage and inflammation after
hypoxia-ischemia. Combined treatment of crocin and hy-
pothermia demonstrated increased therapeutic effect
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Table 1: Experimental studies assessing the effect of saffron and its bioactive ingredients on cerebral ischemic stroke.

Product Animal type Stroke model Dose
administration

Duration of
administration Major effects References

Saffron
hydroalcoholic
extract

Male
Sprague-
Dawley rat

MCAO
30, 100, and
300mg/kg/day

orally

2 h at the first day and
once daily from day 2 to
day 42 after ischemia

(1) ↓Body weight loss,
neurological deficit,
spontaneous activity,
infarct volume, and
glial scar formation.

[20]

(2) ↓GFAP, neurocan,
and phosphocan in
ischemic boundary
zone.
(3) ↓Contents of IL-6
and IL-1β in ischemic
boundary zone.
(4) ↑Content of IL-10
in ischemic boundary
zone.

Saffron
hydroalcoholic
extract

Male Wistar
rat MCAO

100 and 200mg/
kg/day

intraperitoneally

3 successive weeks
before being subjected
to left brain I/R and

then administered four
times (60min before
surgery, during the

surgery, and 1 day and 2
days after the I/R)

(1) ↓Latency to move
the body.

[40]

(2) ↓MDA and NO in
brain tissue.
(3) ↑VEGF in brain
tissue.
(4) ↓BNP in brain
tissue.

Crocin

Adult male
SD rats of
specific

pathogen-
free (SPF)
grade

MCAO 50 and 100mg/kg/
day orally

7 days before MCAO
induction

(1) ↓Neurological
score, infarct volume.

[41]

(2) ↓p-AMPK/
AMPK, LC3-II/I, and
ULK1 in brain tissues.
(3) ↑p-mTOR/mTOR
and p62 in brain
tissues.

Crocin C57BL/6J
mice

Hypoxic-ischemic
encephalopathy 5, 10, and 20mg/kg

Every 12 h, starting
immediately or at 2 h
after hypoxia-ischemia.

(1) ↓Tissue loss and
brain infarction.

[42]
(2) ↓iNOS and COX-2
mRNA expression in
the brain tissues-
neurological function
recovery.

Crocin 24-month-
old male rat MCAO 10, 20, 40, and

60mg/kg, orally

Every two days for 2
months before

induction of MCAO

(1) ↓Infarct volume.

[43]

(2) ↑BBB integrity.
(3) ↓Loss of tight
junction proteins.
(4) ↓Enhanced
NADPH oxidase in
brain tissues.
(5) ↓MMP-2 and
MMP-9 level in brain
tissues.

Crocin
Adult female
Sprague-

Dawley rats
BCCAO 40mg/kg/day

orally
10 days before CCAO

induction

(1) ↓Ischemic lesions.

[44]

(2) ↓Hippocampal
TUNEL-positive cells.
(3) ↑TAS in brain
tissues.
(4) ↓OSI in brain
tissues.
(5) ↓Caspase-3 and
HIF-1α in brain
tissues
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compared with single treatment, resulting in markedly less
brain injury, decreased oxidative and inflammatory re-
sponses, and improved functional outcome. +eir result
demonstrated the beneficial effect of crocin as a part of
combined therapy to enhance the neuroprotective effect of
hypothermia and reduce hypoxia [42].

+e therapeutic effect of crocin in improving the blood-
brain barrier (BBB) disruption following MCAO was
evaluated. 24-month-old rats randomly received either ve-
hicle (controls) or crocin (10, 20, 40, or 60mg/kg) every
alternate day for two months before ischemia induction. In
the presence of cerebral ischemia, crocin saved the BBB
function. Besides, loss of tight junction complexes, the ac-
tivity of matrix metallopeptidase (MMP), and increased
NADPH oxidase were all attenuated in the crocin-treated

group. +ese findings revealed that the antioxidant capacity
of crocin could ameliorate the ischemia-induced damage
[43].

Another study showed that crocin pretreatment (40mg/
kg for ten days) once daily attenuated apoptosis, probably
mediated by decreasing oxidative stress index and increasing
total antioxidant capacity (TAC) induced by reactive oxygen
species (ROS) generation and inhibiting the protein ex-
pression of HIF-1α, TUNEL, and caspase-3 in a rat global
cerebral IR induced by bilateral common carotid artery
occlusion (BCCAO), followed by 30-minute reperfusion
[44].

Crocin treatment (30, 60, and 120mg/kg) markedly
reduced infarct volume by 64%, 74%, and 73%, respectively,
in a rat model of transient focal cerebral ischemia. Indeed,

Table 1: Continued.

Product Animal type Stroke model Dose
administration

Duration of
administration Major effects References

Crocin Adult male
Wistar rat MCAO

15, 30, 60, and
120mg/kg

intraperitoneally

At the start and 1, 3, and
6 hours after MCAO

induction

(1) ↓Neurological
deficit and infarct
volume.

[45]

(2) ↑SOD, GPx, and
TAC in the cortex of
the brain tissue.
(3) ↓Brain water
content.
(4) ↓MDA level in the
cortex of the brain
tissues.

Crocin Adult male
Wistar rat MCAO 50 and 80mg/kg

intraperitoneally At the start of ischemia

(1) ↓Neurological
deficit and infarct
volume.

[46](2) ↓Axonal
fragmentation, fiber
demyelination, and
prenecrotic neurons
number.

Crocin Male ddY
mice MCAO 10mg/kg

intravenously
Before and 3 hours after

MCAO induction ↓Infarct volume. [49]

Safranal Adult male
NMRI rat

Global cerebral
ischemia was

induced using the
four-vessel

occlusion method

727.5, 363.75,
145.5, and
72.75mg/kg

intraperitoneally

5 min prior to
reperfusion and the
administration was
continued every 24

hours for 72 hours after
the induction of

ischemia

(1) ↓MDA level in
brain tissues.

[51]

(2) ↑Antioxidant
capacity in brain
tissues.
(3) ↑Total thiol
concentration in
brain tissues.

Safranal Adult male
Wistar rat MCAO 72.5 and 145mg/kg

intraperitoneally
0, 3, and 6 hours after
induction of MCAO

(1) ↓Neurological
score, infarct volume,
and hippocampal cell
loss.

[50](2) ↓MDA level in
brain tissue.
(3) ↑Antioxidant
capacity in brain
tissue.

SD, Sprague-Dawley; MCAO, middle cerebral artery occlusion; BCCAO, bilateral common carotid artery occlusion; GFAP, glial fibrillary acidic protein;
MDA, malondialdehyde; GPx, glutathione peroxidase; NO, nitric oxide; TAC, total antioxidant capacity; VEGF, vascular endothelial growth factor; BNP,
brain natriuretic peptide; BBB, blood-brain barrier; ULK, Unc-51 like autophagy activating kinase; NADPH, nicotinamide adenine dinucleotide phosphate;
MMP, matrix metallopeptidase; SOD, superoxide dismutase.
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the most effective dose of crocin was 60mg/kg and suggested
that higher doses do not have more protective effect. Ad-
ministration of crocin (60mg/kg) 1 hour before, at the start,
or 1 hour after ischemia decreased brain edema by 48%, 52%,
and 51%, respectively. Furthermore, crocin (60mg/kg)
markedly decreased the level of malondialdehyde (MDA)
and enhanced activity of glutathione peroxidase (GPx) and
superoxide dismutase (SOD) in the ischemic cortex [45].

Using an MCAO rat model, Sarshoori et al. explored the
histopathological manifestations of transient focal cerebral
ischemia in response to crocin intraperitoneal injection.
Briefly, Wistar rats were treated by intraperitoneal injection
of 50 and 80mg/kg of crocin at the start of ischemia. A
significant decrease in infarct volume was evident in the
cortex and striatum at the right hemispheres of the crocin
group 24 hours after ischemia. However, 80mg/kg of crocin
exerted a higher efficacy. Another histopathological finding
was that crocin effectively reduced axonal fragmentation,
fiber demyelination, and prenecrotic neurons number in the
ischemic areas. +is study concluded that crocin is sufficient
to suppress ischemia-induced damage by preventing the
alternations of histopathological parameters [46].

Transient global cerebral I/R markedly promoted the
generation of nitric oxide (NO) and the activity of nitric
oxide synthase (NOS). +e reperfusion led to serious edema
with mitochondrial injuries in the cortical microvascular
endothelial cells, as well as increased membrane G protein-
coupled receptor kinase 2 (GRK2) expression, and decreased
cytosol GRK2 expression. Besides, increased phosphoryla-
tion of extracellular signal-regulated kinase1/2 (ERK1/2)
and reduced expression of MMP-9 were detected in cortical
microvessels after I/R (20min/24 h). As well as the positive
control crocin (20mg/kg, 21 days), pretreatment with
Weinaokang, which contains active compounds of Ginkgo,
Ginseng, and saffron, on ischemic injuries (20, 10mg/kg, 21
days) significantly inhibited nitrative injury and modulated
the ultrastructure of cortical microvascular endothelial cells.
Besides, Weinaokang inhibited GRK2 translocation from
cytosol to the membrane (at 20mg/kg) and decreasedMMP-
9 expression and ERK1/2 phosphorylation in cortical
microvessels [47].

Zhang et al. [48] showed that oral administration of crocin
had better effectiveness in cerebral protection than an intra-
venous injection. Crocin and its metabolite crocetin were not
detected in the brain of cerebral I/R rats, indicating a target site
of periphery. After oral administration of crocin instead of
intravenous injection, abundant crocetin was found in plasma.
Indeed, oral administration of crocetin displayed similar ce-
rebral protection to that of crocin, but this effect was not clearly
found by intravenous crocetin administration, representing the
importance of crocetin in gut. Furthermore, orally administered
crocin demonstrated less cerebral-protective effect in pseudo-
germ-free MCAO rats.

Among saffron’s ingredients, crocin was the most ef-
fective in promoting mRNA expression of gamma-gluta-
mylcysteine synthase, which contributes to glutathione
synthesis as the rate-limiting enzyme, and the carotenoid
markedly decreased infarcted areas caused by MCAO in
mice [49].

6. Experimental Studies Conducted on the
Effects of Safranal on Ischemia Stroke

Sadeghnia et al. utilized the rat models of transient MCAO,
which continued by 24 hours of reperfusion. Safranal (72.5
and 145mg/kg) was administrated intraperitoneally by 0, 3,
and 6 hours after reperfusion. Compared with the control
animals, the level of MDA significantly decreased in safranal
groups, while total sulfhydryl (SH) and antioxidant power
showed a considerable increase. +e percentages of
degenerated hippocampal cells, mean infarct volume, and
neurological deficits were reduced with both doses of
safranal. Collectively, safranal exerted an explicit neuro-
protective effect on transient focal cerebral ischemia [50].
One study showed that administration of safranal increased
the total SH contents and antioxidant capacity in hippo-
campus of rats with transient global cerebral ischemia.
Besides, administration of safranal reduced theMDA level in
hippocampus of rats with transient global cerebral ischemia
[51].

In a recent study by Forouzanfar et al. [52], oxygen-
glucose deprivation exposure decreased the cell viability and
enhanced intracellular ROS production, apoptosis, and
oxidative DNA damage, in comparison with untreated
control PC12 cells. Pretreatment with safranal (40 and
160 μM) markedly attenuated cell death, apoptosis, and
oxidative damage induced by oxygen-glucose deprivation in
PC12 cells. Additionally, safranal significantly decreased the
overexpression of Bax/Bcl-2 ratio and active caspase-3 fol-
lowing oxygen-glucose deprivation.

7. Human Studies Conducted on the Effects of
Saffron on Ischemia Stroke

Fifty ischemic stroke patients with specific severity of
symptoms at admission (National Institute of Health Stroke
Scale (NIHSS) score� 5–20) and less than 24 h since the
onset of stroke were randomly assigned to receive either
routine stroke care (control group) or routine care plus
aqueous extract of saffron capsule (200mg/day) (saffron
group). Patients in both groups were monitored for the
study days including four days of hospital stay and the
following three months. In saffron group, the severity of
stroke during the first four days was reduced compared to
the control group. Compared to the concentrations on the
first day, serum neuron specific enolase and s100 levels were
markedly reduced and brain-derived neurotrophic factor
(BDNF) level was enhanced in the saffron group on the
fourth day. At the end of the three-month follow-up period,
the mean Barthel index was markedly higher in the saffron
group compared to the control group [53].

A recent study has been conducted to evaluate the role of
aqueous extract of saffron in decreasing oxidative stress
among patients with ischemic stroke. Forty ischemic stroke
patients with NIHSS score� 5–20 less than 24 h since the
onset of stroke were randomly divided into two groups:
control group and saffron group. +e patients in control
group received routine stroke care and the patients in saffron
group received routine care plus capsule of saffron 400mg/
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day (200mg twice daily) over a period of four days. On the
fourth day after the onset of ischemic stroke, the saffron-
treated group had higher levels of antioxidant enzymes
activities and GSH and TAC levels than the control group,
while MDA concentration was lower. Furthermore, the
severity of stroke was markedly decreased after 4 days in the
saffron-treated group. +e severity of stroke was negatively
associated with the GSH and TAC concentrations and
positively associated with the MDA concentration [54].

8. Possible Mechanism of Neuroprotective
Potency of Saffron and Its Ingredients in
Ischemia Stroke

Several investigations attempted to clarify the mechanisms
underlying the neuroprotective function of saffron and its
active derivatives in ischemia stroke. Oxidative stress is
caused by an imbalance between prooxidants and antioxi-
dants, resulting in overproduction of ROS. ROS are biphasic
and are involved in natural physiological processes as well as
in a number of disease processes, thereby mediating damage
to cellular structures such as lipids, membranes, proteins,
and DNA [55, 56]. +e cerebral vasculature is a main target
of oxidative stress which plays a major role in the patho-
genesis of ischemic brain injury after cerebrovascular attack
[55, 56]. Consequently, oxidative stress contributes directly
to necrosis and apoptosis via a number of pathways in is-
chemic tissue [57, 58]. Previous studies showed that saffron
exhibited a potential antioxidant and antiapoptotic property,
which is attributed to the bioactive ingredients of saffron
[40, 50, 59]. Brain edema, as a result of ischemic stroke,
could be attributed to the elevated brain natriuretic peptide
(BNP) level [60]. Saffron has exhibited a substantial effect on
decreasing BNP in brain of I/R rats. It is suggested that
saffron-induced BNP lowering may be due to its antioxidant
properties [40].

Recently, it has been reported that saffron effectively
enhanced the expression of VEGF in ischemic boundary
zone, which plays a critical role in cerebral protection after I/
R injuries [40]. Indeed, VEGF confers neuroprotection and
promotes neurogenesis and cerebral angiogenesis [61]. Brain
ischemia leads to an acute and prolonged inflammatory
process, characterized by rapid activation of resident cells
(mainly microglia), production of proinflammatory medi-
ators, and infiltration of numerous types of inflammatory
cells (including neutrophils, different subtypes of T cells,
monocyte/macrophages, and other cells) into the ischemic
brain tissue [62, 63]. Recent experiment has found that
saffron could attenuate inflammation in the ischemic brain
[20, 42].

9. Conclusion

Collectively, the data from the referred experiments provide
insight into the beneficial effect of saffron and its derivatives,
particularly safranal and crocin, against neural injuries in the
cerebral ischemia. +e studies indicated that administration
of saffron or its ingredients could make a notable contri-
bution to the prevention of histopathological alternation as

well as improvement of neurological deficit. However,
several investigations have noted that the downregulation of
apoptosis, inflammation, and autophagy, alleviation of glial
scar formation, prevention of oxidative stress, and reduction
of brain edema are among the most mentioned mechanisms
mediating the saffron efficacy. +us, saffron and its active
constituents can be a candidate as therapeutic agent, either
alone or in a combined form, with current strategies for
ischemia stroke treatment.
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between total antioxidant capacity and mortality in ischemic
stroke patients,” Annals of Intensive Care, vol. 6, no. 1, p. 39,
2016.

[9] R. E. Hughes, P. Tadi, and P. C. Bollu, TPA:erapyStatPearls
Publishing, Treasure Island, FL, USA, 2019.

[10] Y. Shi, R. K. Leak, R. F. Keep, and J. Chen, “Translational
stroke research on blood-brain barrier damage: challenges,
perspectives, and goals,” Translational Stroke Research, vol. 7,
no. 2, pp. 89–92, 2016.

[11] B. P. Gaire, “Herbal medicine in ischemic stroke: challenges
and prospective,” Chinese Journal of Integrative Medicine,
vol. 24, no. 4, pp. 243–246, 2018.

6 Evidence-Based Complementary and Alternative Medicine

http://downloads.hindawi.com/journals/ecam/2021/6643950.f1.docx
http://downloads.hindawi.com/journals/ecam/2021/6643950.f1.docx


[12] A. K. Shakya, “Medicinal plants: future source of new drugs,”
International Journal of Herbal Medicine, vol. 4, no. 4,
pp. 59–64, 2016.

[13] A. E. Al-Snafi, T. A. Talab, and W. J. Majid, “Medicinal plants
with central nervous activity-an overview (Part 1),” IOSR
Journal of Pharmacy, vol. 9, no. 3, pp. 52–102, 2019.

[14] G. Deng, C. Ma, H. Zhao et al., “Anti-edema and antioxidant
combination therapy for ischemic stroke via glyburide-loaded
betulinic acid nanoparticles,” :eranostics, vol. 9, no. 23,
pp. 6991–7002, 2019.

[15] Z. Pan, M. Cui, G. Dai et al., “Protective effect of anthocyanin
on neurovascular unit in cerebral ischemia/reperfusion injury
in rats,” Frontiers in Neuroscience, vol. 12, p. 947, 2018.

[16] S. Asgharzade, R. D. E. Sewell, Z. Rabiei, F. Forouzanfar,
S. Kazemi Sheikhshabani, and M. Rafieian-Kopaei, “Hydro-
alcoholic extract of Anchusa italica protects global cerebral
ischemia-reperfusion injury via a nitrergic mechanism,” Basic
and Clinical Neuroscience Journal, vol. 11, no. 3, p. 323, 2020.

[17] T. Ziaee, B. M. Razavi, and H. Hosseinzadeh, “Saffron reduced
toxic effects of its constituent, safranal, in acute and subacute
toxicities in rats,” Jundishapur Journal of Natural Pharma-
ceutical Products, vol. 9, no. 1, pp. 3–8, 2014.

[18] A. R. Khorasany and H. Hosseinzadeh, “+erapeutic effects of
saffron (Crocus sativus L.) in digestive disorders: a review,”
Iranian Journal of Basic Medical Sciences, vol. 19, no. 5,
pp. 455–469, 2016.

[19] S. Z. Mousavi and S. Z. Bathaie, “Historical uses of saffron:
identifying potential new avenues for modern research,”
Avicenna Journal of Phytomedicine, vol. 1, no. 2, pp. 57–66,
2011.

[20] K. Zhong, R. X. Wang, X. D. Qian et al., “Neuroprotective
effects of saffron on the late cerebral ischemia injury through
inhibiting astrogliosis and glial scar formation in rats,” Bio-
medicine and Pharmacotherapy, vol. 126, p. 110041, 2020.

[21] F. I. Abdullaev, “Cancer chemopreventive and tumoricidal
properties of saffron (Crocus sativus L.),” Experimental Bi-
ology and Medicine, vol. 227, no. 1, pp. 20–25, 2002.

[22] H. Vahidi, M. Kamalinejad, and N. Sedaghati, “Antimicrobial
properties of Crocus sativus L.” Iranian Journal of Pharma-
ceutical Research, vol. 1, no. 1, pp. 33–35, 2010.

[23] H. A. Safakhah, T. Taghavi, A. Rashidy-Pour et al., “Effects of
saffron (Crocus sativus L.) stigma extract and its active
constituent crocin on neuropathic pain responses in a rat
model of chronic constriction injury,” Iranian journal of
pharmaceutical research: IJPR, vol. 15, no. 1, pp. 253–261,
2016.

[24] S. M. B. Asdaq and M. N. Inamdar, “Potential of Crocus
sativus (saffron) and its constituent, crocin, as hypolipidemic
and antioxidant in rats,” Applied Biochemistry and Biotech-
nology, vol. 162, no. 2, pp. 358–372, 2010.

[25] J. Bajerska, S. Mildner-Szkudlarz, T. Podgórski, and
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