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A B S T R A C T

Background: Intracerebral hemorrhage (ICH) is an acute cerebrovascular disease, which is also a principal
consideration for disability. Didang tang (DDT) is a classic traditional Chinese medicine formula for treating ICH.
However, its pharmacological mechanism of action has not been elucidated.
Materials and methods: The TCMSP and BATMAN-TCM databases were used to collect chemical compounds and
predict targets of DDT. Protein targets in ICH were identified by GeneCards, OMIM, and DrugBank databases. DDT
compounds-ICH targets and protein-protein interaction (PPI) networks were constructed for topological analysis
and hub-targets screening. Further, Key biological processes and signaling pathways were identified by GO and
KEGG enrichment analyses. Then, an ICH rat model and a Cobaltous Chloride (CoCl2)-induced PC12 cells model
were established. Cell viability and lactate dehydrogenase (LDH) release were detected using cck8 and LDH kits.
Apoptosis levels were detected by TUNEL assessment and flow cytometry. IL-1β levels were detected by ELISA,
while key protein expressions were determined by Western blot.
Results: A total of 126 active compounds related to DDT and 3,263 therapeutic targets for ICH were predicted. The
functional enrichment of the GO and KEGG pathways combined with literature studies suggested that DDT is most
likely to influence MAPK and apoptotic signaling pathways for ICH treatment. In vitro and in vivo experiments
have shown that DDT remarkably inhibited apoptosis and increased the expression of Bcl-2, while inhibiting Bax
and cleaved-Caspase 3. For other enriched core proteins, DDT suppressed the phosphorylation of Src and the
expression of c-Myc and IL-1β, and up-regulated the level of MMP-9. The further results showed that, DDT
decreased the phosphorylation of ASK1, MKK7, JNK and c-JUN.
Conclusion: Based on network pharmacology and experimental validation results, our in vivo and in vitro study
indicated that ASK1/MKK7/JNK pathway might be the critical target for DDT against ICH.
1. Introduction

Intracerebral hemorrhage (ICH) accounts for 12–20% of the world's
stroke incidence. ICH has extremely serious consequences, withmortality
rate of up to 40% in the acute phase, and 60%–80% of survivors have
severe neurological damage, which ranks first in acute cerebrovascular
disease [1]. Although the advance in minimally invasive endoscopic
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intracerebral hemorrhage evacuation has reduced mortality, the prog-
nosis of ICH is still unsatisfactory [2]. Therefore, scholars have turned
their attention to reducing the secondary brain injury induced by ICH,
which has crucial preclinical significance.

Neuronal apoptosis is widely considered as one of the primary
mechanisms for secondary nerve injury and neurological deficit after ICH
[3]. Inhibition of neuronal apoptosis may be a promising therapeutic
g).
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strategy for the treatment of ICH. It is generally regarded that the MAPK
pathway is closely related to regulating neuronal apoptosis [4]. MAPK
signaling, which directs cellular responses to various stimuli, acts as the
essential pathway in regulating cell proliferation and differentiation,
stress response and apoptosis [5]. Studies have shown that apoptosis
signal-regulated kinase 1 (ASK1) was ubiquitinated and phosphorylated
to play an active role after ICH [6]. Activated ASK1 can promote the
mitogen-activated protein kinase kinase (MAPKK) 7 phosphorylate,
which further activates Thr and Tyr residues of MKK7 to phosphorylate
JNK [7, 8]. A subset of activated JNKs directly regulate the activities of
apoptotic-related mitochondrial proteins. Another part transactivates
pro-apoptotic genes, including c-JUN, through specific transcription
factors [9].

The advantages of traditional Chinese medicine (TCM) in the treat-
ment of ICH have gradually become prominent [10, 11]. In Chinese
medicine, the pathological core of acute cerebral hemorrhage was
recorded as blood stasis [12, 13]. Didang Tang (DDT) is composed of
leeches (chinese name: Shuizhi, Latin name: Hirudo nipponica Whitman),
gadflies (chinese name: Mengchong, Latin name: Tabanus bivittatus
Mats.), peach seeds (chinese name: Taoren, Latin name: Prunus persica(L.)
Batsch) and rhubarbs (chinese name: Dahuang, Latin name: Rheum pal-
matum L.), which sources from Treatise on Febrile Disease. The initial
treatment of DDT was for severe blood accumulation, which is currently
extensively used to treat ICH [14, 15]. Clinical studies demonstrated that
DDT has outstanding effects in improving the clinical symptoms of ICH
patients, reducing the extent of neurological deficits, and promoting
absorption of hematomas [16, 17]. Neuroprotective effects of DDT were
also observed in rats with ICH, findings showed that DDT could increase
nerve growth factor expression, and inhibit neuronal apoptosis induced
by endoplasmic reticulum stress [18, 19]. Moreover, DDT can improve
hypoxia-induced neuronal endoplasmic reticulum stress, and inhibiting
aluminum chloride-induced neuronal oxidative damage [20, 21]. Peach
seeds, one of the components of DDT, inhibit BV-2 microglial activation
induced by LPS [22]. As a neuroprotective agent, emodin improves
antioxidant capacity and mitochondrial function in a variety of disorders
affecting the nervous system [23, 24, 25]. Hirudin exert neuroprotective
effects on patients who have sustained acute cerebral infarctions by
regulating serum matrix metalloproteinase 9 [26]. Thus, DDT was con-
jectured to have a protective effect on neuronal apoptosis after cerebral
hemorrhage. However, its mechanism of action remains unclear.

Network pharmacology is a subject based on biological systems to
discover the synergistic effect and potential mechanism of drug multi-
targets [27]. In this work, we utilized network pharmacology to
analyze the possible activities and molecular mechanisms of DDT to
alleviate ICH-induced CNS damage.

2. Materials and methods

2.1. Preparation of DDT and high-performance liquid chromatography
(HPLC) analysis

Herbal Slices in DDT were supplied by the Affiliated Hospital of
Changchun University of Traditional Chinese Medicine. As previously
described, DDT was extracted from 4 Chinese herbals (Table 1) [20].
Briefly, using 10 times volume of water to soak the mixed compound for
30 min, and then extract it at 100 �C for 30 min for 3 times, and combine
Table 1. Components of the DDT.

Chinese name English name Latin name

Da huang Rhubarb Rheum palmatum L.

Tao ren Peach seed Prunus persica(L.) Batsch

Meng chong Gadfly Tabanus bivittatus Mats., Tabanus mandarinus Schiner

Shui zhi Leech Hirudo nipponica Whitman, Whitmania pigra Whitman
Whitmania acranulata Whitman
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the extracts. Brownish powder is obtained by centrifuging, filtering and
freezing the supernatant. Quality control of DDT was analyzed by HPLC.
The mobile phase consists of 0.1% acetic acid in water (A), and
acetonitrile-water (B). The column temperature was 25 �C, and the flow
rate was 0.9 mL/min, with UV detection at 254 nm. Analyzing retention
time was conducted using Gallic acid, Amygdalin, Sennoside B, Rhei-
n-8-O-β-D-glucopyranoside, Sennoside A, Aloeemodin, Rhein, Emodin
and Physcion as the control (Figure 1A). We observed 9 peaks of DDT
based on retention time comparisons with standards (Figure 1B).
Following that, HPLC fingerprints of DDT were analyzed with Chinese
Medicine Chromatographic Fingerprint Similarity Evaluation System
(2012 Edition). For all 10 batches analyzed, the similarities were greater
than 0.98 overall, suggesting that our DDT has good reproducibility
overall (Figure 1C).

2.2. DDT chemical composition collection and target screening

Network pharmacology analysis was completed according to stan-
dard procedures recommended by Li's team [28]. Chemical compositions
of DDT were searched using TCMSP (http://tcmspw.com/tcmsp.php)
and Bioinformatics Analysis Tool for Molecular mechANism of TCM
(BATMAN-TCM, http://bionet.ncpsb.org/batman-tcm/) database. The
filter criteria for the chemical composition of DDT were oral bioavail-
ability (OB) �30% and drug-likeness (DL) �0.18. Unobtained target
components were supplemented with the help of the Swiss TargetPre-
diction database (http://www.swisstargetprediction.ch/). Finally, the
“component-target gene” network was visualized by the UniProt data-
base (https://www.uniprot.org/) and Cytoscape 3.8.2 software.

2.3. ICH targets screening

The targets of ICH were obtained using GeneCards (https://
www.genecards.org/), OMIM (https://www.ncbi.nlm.nih.gov/omim)
and DrugBank (https://go.drugbank.com/) database.

2.4. Active ingredients-targets network

We Used Weishengxin online platform (http://www.bioinformati
cs.com.cn) to obtain a Venn diagram that representing “DDT active
components-ICH disease targets”. Moreover, Cityscape 3.8.2 software
was used for later visualization and further topology analysis.

2.5. Protein-protein interaction (PPI) network

Protein interactions was obtained by the String database (https://st
ring-db.org/), which took Medium confidence>0.4 as the screening
condition. CytoNCA and string App plugin were provided support for
visualization.

2.6. Pathway enrichment analyses

Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment analysis of common target genes were fulfilled by the
omicshare platform (https://www.omicshare.com/), g:Profiler platform
(http://biit.cs.ut.ee/gprofiler/gost), and R language analysis. The
Family Plant part(s) Proportion Voucher specimen

Polygonaceae Root and rhizome 1 202109–23

Rosaceae Seed 3 202109–24

Tabanidae Whole body 1 202109–25

, Hirudunidae Whole body 1 202109–26

http://tcmspw.com/tcmsp.php
http://bionet.ncpsb.org/batman-tcm/
http://www.swisstargetprediction.ch/
https://www.uniprot.org/
https://www.genecards.org/
https://www.genecards.org/
https://www.ncbi.nlm.nih.gov/omim
https://go.drugbank.com/
http://www.bioinformatics.com.cn
http://www.bioinformatics.com.cn
https://string-db.org/
https://string-db.org/
https://www.omicshare.com/
http://biit.cs.ut.ee/gprofiler/gost


Figure 1. High-Performance Liquid Chromatography (HPLC) Analysis of DDT. (A) HPLC chromatograms of mixed standards with UV detection conducted at 254 nm.
1: Gallic acid, 2: Amygdalin, 3: Sennoside B, 4: Rhein-8-O-β-D-glucopyranoside, 5: Sennoside A, 6: Aloeemodin, 7: Rhein, 8: Emodin, 9: Physcion. (B) HPLC chro-
matogram of DDT. (C) HPLC fingerprints for 10 batches of DDT.
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enrichment process took p� 0.05, and species were choosing as as "Homo
sapiens" as the filter conditions.

2.7. ICH modeling

The research was conducted in accordance with the internationally
accepted principles for laboratory animal use and care in the European
Community guidelines (EEC Directive of 1986; 86/609/EEC), and was
approved by the Experimental Animal Committee of Changchun Uni-
versity of Traditional Chinese Medicine (NO. 2021125). Rats, provided
by the Animal Center of Jilin University, were randomly split into sham
group, ICH group and ICH þ different doses of DDT group (1.3 g/kg, 2.6
g/kg, 5.2 g/kg). For DDT group, intragastric administration was started 2
h after ICH, twice a day for a total of 5 days. Models for ICH were
established as described previously [29]. Briefly, rats were placed in a
stereotaxic frame after being anesthetized with isoflurane. A hole was
drilled three millimeters right and four millimeter posterior of the
bregma, and 50μl of 0.9% sterile saline or autologous blood were injected
into the skull at a depth of 6.5 m with a 26-gauge needle in 5 min. The
wound was sutured and the hole sealed with bone wax. Throughout the
procedure, the body temperature was maintained at 37 �C, and after
waking up, the rats had free access to food and water.

2.8. Tunel assay

Brain tissues were sectioned and stained with tunel assay according to
the instructions. Tunel-positive cells was photographed and calculated at
400� magnification in 5 randomly selected microscope fields [30].

2.9. IL-1β measurement by ELISA

Brain tissues from untreated and DDT-treated rats or culture
supernatant from PC12 cells were collected and the level of IL-1β was
determined using ELISA kits, according to the manufacturer's
instructions [31].

2.10. Western blot analysis

The lysed protein was, detected by BCA kit. Then, we used 10 % or 12
% SDS- PAGE to separate proteins (40 μg). After transferthem to the
PVDF membranes, they were blocked with 5 % BSA, and incubated with
specific primary antibodies (p- Src, Src, Cl-Caspase3, c-JUN, p-c-JUN, p-
ASK1, ASK1, p-MKK7, MKK7, Bcl-2, Bax, MMP-9, c-Myc, p-JNK, JNK,
GAPDH, 1:1,000) overnight at 4 �C. PVDF membranes were incubated
with 1:5000 secondary antibodies (1:5,000) for 1 h at room temperature
in the next day. Finally, we applied a chemiluminescent imaging software
(ProteinSimple, CA, USA) to visualize the protein bands and further
quantitative analysis [32].

2.11. Cell viability

The PC12 cell line was cultured within the RPMI-1640 medium with
5% FBS and 10% horse serum at 37 �C with 5% CO2. To build a hypoxia
injury model, 3� 103 cells were plated to each well of a 96-well plate and
continuous culture in differentiation medium, which containing 50 ng/
mL nerve growth factor (NGF), for 72 h. Different concentrations of
Cobaltous Chloride (CoCl2) were added into each well for 24 h. Cells
treated with CoCl2 were incubated with different concentrations of DDT
(25, 50 and 100 μg/mL) and examined with CCK8 [33].

2.12. Lactate dehydrogenase (LDH) activity

We used an LDH assay kit to measure the activity of LDH. Culture
mediums were collected and measured according to the manufacturer's
introduction [34].
4

2.13. Flow cytometry analysis

Apoptosis of PC12 cells treatment with DDT and/or CoCl2 was
analyzed using Annexin V-FITC/PI kit. Briefly, cells (4�105) was first
incubated with 6 μL FITC for 15 min, and then stained with 5 μL PI for
another 5 min. After washing with PBS, we used flow cytometry to
determine apoptotic rate [35].

2.14. Statistical analysis

Data were expressed as the mean � standard deviation. GraphPad
Prism software was conducted to examine all statistical analyses. One-
way ANOVA test (Turkey's post hoc) was used to examine statistical sig-
nificance. p < 0.05 was considered significant in statistics.

3. Results

3.1. Interaction networks of DDT active compounds and ICH therapeutic
targets

Altogether, 126 active compounds related to DDTwere obtained from
the published literature (Table 2). Further, we obtained 234 targets
corresponding of DDT through searching the TCMSP and BATMAN-TCM
database. Meanwhile, 3,263 disease targets for ICH were collected from
the OMIM, DrugBank and GeneCards databases. Through comparing the
targets of DDT and ICH, 124 common matched targets were acquired by
VENNY analysis (Figure 2A). With the help of Cytoscape, an interaction
network was builded to find out the intrinsic relationships between
corresponding compounds of DDT and ICH (Figure 2B), which contained
231 nodes and 581 edges.

3.2. PPI network construction

The core gene network of the intersection genes was constructed using
the STRING database and Cytoscape 3.8.2 software. CytoNCA plugin was
used for the first screening, and the thresholds were: CC > 0.44、EC >

0.04、BC > 62.02、LAC > 11.34、DC > 26.00、NC > 13.58. According
to the degree value, the top 35 key targets were screened and listed as hub
genes for DDT treatment in ICH (Figure 3A). Then, using the string App
plugin, set the Confidence (score) cutoff to 0.4 to draw a network of key
protein interactions. Combined with the literature and the pathological
process of ICH, 6 key core verification nodes were finally screened
(Figure 3B). Meanwhile, DDT showed a strong regulation of IL-1β, JUN,
SRC, CASP3, MMP9 and Myc, which involved apoptosis. Targets with
more than 40 neighboring nodes were listed, among which IL-1β protein
scored the highest for its connection with 110 adjacent nodes (Figure 3C).

3.3. GO and KEGG enrichment analyses

We performed GO and KEGG analysis on 124 intersecting genes to
obtain enriched functional clusters. For GO enrichment analysis, we ob-
tained 6,580 GO items. Among these items, BP, CC and MF accounted for
80.84%, 7.8% and 11.32%, respectively. Moreover, the proportions of p<

0.05 in these three parts were 59.73%, 51.55% and 60%, separately
(Figure 4A). Further, we depicted the top 20 GO items of BP, CC and MF.
Results demonstrated that targets of DDT for ICH in BPmainly participated
in positive regulation of the nutrient levels and metal ion. In the aspect of
CC, the targets primarily occurred in the synaptic membrane, mitochon-
drial matrix, and neuron spine. Obviously, the MF was mainly associated
with participating in DNA binding transcription factor binding, nuclear
receptor activity and neurotransmitter receptor activity (Figure 4B).

For KEGG enrichment analysis, we got 157 KEGG items. The Omic-
Share platform and the pathview package in the R language software
were utilized to visualize pathway diagram of DDT in the treatment of
ICH. The pathway annotation diagram in Figure 4C showed that, amino
acid metabolism, cell growth and death, nervous system and



Table 2. The active ingredients of DDT.

MOLnumber MOLname

MOL012955 3beta-cholesta-5,24-dien-3-ol

MOL012254 Campesterol

MOL009679 Delta(sup 7)-Cholestenol

MOL005449 L-Methionine, homopolymer

MOL005448 L-Leucine, homopolymer

MOL005402 Methyl Heptadecanoat

MOL003969 L-Serine, homopolymer

MOL002321 Proline, 5-oxo-, L-

MOL002302 Rhapontin

MOL002301 DLA

MOL002300 10beta-Hydroxy-6beta-isobutyrylfuranoeremophilane

MOL002299 DMR

MOL002297 Daucosterol_qt

MOL002295 Cinnamic acid

MOL002288 Emodin-1-O-beta-D-glucopyranoside

MOL002286 Laccaic acid D

MOL002285 1-O-Galloyl-glycerol

MOL002284 PIT

MOL002283 [(2R,3S,4S,5R,6S)-6-[4-[(Z)-2-(3,5-dihydroxyphenyl)ethenyl]phenoxy]-
3,4,5-trihydroxyoxan-2-yl]methyl 3,4,5-trihydroxybenzoate

MOL002281 Toralactone

MOL002280 Torachrysone-8-O-beta-D-(60-oxayl)-glucoside

MOL002279 Serotonin

MOL002267 Rhein diglucoside

MOL002268 3-O-p-coumaroylquinic acid

MOL002262 5-[(Z)-2-(3-hydroxy-4-methoxy-phenyl)vinyl]resorcinol

MOL002261 ZINC04081604

MOL002259 Physciondiglucoside

MOL002258 Physcion-9-O-beta-D-glucopyranoside_qt

MOL002256 1,8-dihydroxy-3-methoxy-2,6-dimethyl-9,10-anthraquinone

MOL002249 Gallocatechin

MOL002247 Emodin-6-glucoside

MOL002244 Chrysophanol glucoside

MOL002243 Anthraglycoside B

MOL002240 5-Carboxy-7-hydroxy-2-methyl-benzopyran-gamma-one

MOL002238 3-Hydroxy-25-norfriedel-3,1(10)-dien-2-one-30-oic acid

MOL002235 Eupatin

MOL002231 (�)-Epicatechin-pentaacetate

MOL002230 (þ)-Catechin-pentaacetate

MOL001986 β-sitosterol

MOL001880 OXL

MOL001794 MAE

MOL001780 L-Tryptophane

MOL001744 Uracil

MOL001732 Glycerol

MOL001729 Crysophanol

MOL001456 Citric acid

MOL001369 Grandidentatin

MOL001368 3-O-p-coumaroylquinic acid

MOL001366 MNN

MOL001363 GA97

MOL001362 GA95

MOL001361 GA87

MOL001360 GA77

MOL001359 GA70

MOL001358 Gibberellin 7

MOL001355 GA63

MOL001353 GA60

MOL001352 GA54

Table 2 (continued )

MOLnumber MOLname

MOL001351 Gibberellin A44

MOL001349 4a-formyl-7alpha-hydroxy-1-methyl-8-methylidene-4aalpha,4bbeta-
gibbane-1alpha,10beta-dicarboxylic acid

MOL001347 GA16

MOL001345 Methyl-alpha-D-fructofuranoside

MOL001344 GA122-isolactone

MOLX Hirudin

MOL001342 GA121-isolactone

MOL001340 GA120

MOL001338 GA118

MOL001335 WLN: Q1R

MOL001333 7-dehydroavenasterol

MOL001332 RMN

MOL001331 Amygdalinic acid

MOL001330 2,3-didehydro GA9

MOL001329 2,3-didehydro GA77

MOL001328 2,3-didehydro GA70

MOL001327 2,3-didehydro GA69

MOL001323 Sitosterol alpha1

MOL001321 D-mandelonitrile

MOL001320 Amygdalin

MOL001316 Campesterol-3-O-β-D-glucopyranoside_qt

MOL001315 Campesterol-3-O-β-D-glucopyranoside

MOL001301 Cis-Zimtsaeure

MOL001237 O-Acetyltoluene

MOL000953 Cholesterol

MOL000666 Hexanal

MOL000513 3,4,5-trihydroxybenzoic acid

MOL000493 Campesterol

MOL000476 Physcion

MOL000472 Emodin

MOL000471 Aloe-emodin

MOL000421 Nicotinic acid

MOL000397 Cis-p-Coumarate

MOL000358 Beta-sitosterol

MOL000346 Succinic acid

MOL000296 Hederagenin

MOL000295 Alexandrin

MOL000131 EIC

MOL000096 (¡)-catechin

MOL000071 L-Histidine, homopolymer

MOL000069 Palmitic acid

MOL000068 Isoleucine

MOL000067 (S)-Valine

MOL000065 L-aspartic acid

MOL000059 Uridine, labeled with tritium

MOL000054 L-Arginine, homopolymer

MOL000052 L-Glutamic acid, homopolymer (9CI)

MOL000050 Glycine

MOL000041 Phenylalanine (VAN)
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neurodegenerative diseases were highly enriched pathways related to
DDT for ICH. Results demonstrated that the MAPK signaling pathway
(has:04010) and the apoptosis signaling pathway (has:04210) were
closely related to the treatment of ICH with DDT (Figure 4D and E).

3.4. DDT relieves nerve damage of ICH

In the light of the network pharmacology results, we speculated that
DDTmainly exerted its protective effect by inhibiting neuronal apoptosis.
Moreover, IL-1β also played an essential role in PPI analysis. Based on



Figure 2. The construction of DDT-target-ICH. (A) Venn diagram describing targets distribution of DDT and ICH. (B) DDT-target-ICH network. The outer circle
represents target proteins associated with ICH, and the inner circle refers to DDT active ingredients.

Figure 3. Protein-protein interaction (PPI)
network of DDT target for the treatment of
ICH. (A) Hub genes of DDT for ICH. The top
35 key targets were screened by degree value
using the CytoNCA plugin. (B) STRING
analysis of the PPI network of DDT targets
for treating ICH. Different colored spheres
represent target genes, with protein struc-
tures inside. Lines indicate interactions be-
tween protein targets. The thicker lines
represent the more considerable degree of
the target node. (C) Statistical analysis of (B)
The X-axis represented the name of the pro-
tein, and the Y-axis represented the number
of network neighbor nodes.

J. Lu et al. Heliyon 8 (2022) e11407

6



Figure 4. GO and KEGG Enrichment Analyses. (A) Three types of GO gene and gene product attributes in the database were shown (blue, cellular component;
green, molecular function; yellow, biological process). (B) GO annotation analysis for the top 20 targets. (C) KEGG annotation analysis for the top 20 targets. (D) The
most correlated signaling pathway related to DDT treatment of ICH in KEGG mapper - MAPK signaling pathway (has:04010) and apoptosis signaling
pathway (has:04210).
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these results, we established a rat model of ICH, in which the anti-
apoptotic and anti-inflammatory effects of DDT were evaluated by
tunel staining and Elisa analysis (Figure 5A). Figure 5B and C illustrated
that in contrast to the ICH group, 2.6 g/kg and 5.2 g/kg of DDT treatment
markedly inhibited the number of tunel positive cells. Elisa assay indi-
cated that 1.3 g/kg, 2.6 g/kg and 5.2 g/kg of DDT suppressed the level of
IL-1β (Figure 5D). We demonstrated that DDT could significantly relieve
nerve damage caused by ICH.

3.5. DDT reduces neuronal apoptosis via ASK1/MKK7/JNK signaling
pathway in rats

To further confirm the beneficial impact of DDT in ICH rats, we
validated the key proteins obtained by hub gene analysis combined with
Figure 5. DDT relieves nerve damage of ICH. (A) Diagram of the animal study for t
staining of brain tissues (n ¼ 5, Original magnification �400). (C) Statistical analysi
0.001 vs. sham group; #p < 0.05, ###p < 0.001 vs. ICH model group.
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PPI analysis. The previous results found that the HD group had the best
therapeutic effect on ICH, so this group was selected for futher experi-
mental verification. Western blot results indicated that DDT suppressed
Src phosphorylation and the expression of c-Myc and IL-1β (Figure 6A).
Moreover, DDT up-regulated the expression of MMP-9 to 2.19 fold
(Figure 6A).

Previous results suggested that DDT might exert protective effects by
inhibiting apoptosis. As expected, our Western blot results demonstrated
that Bcl-2 with an anti-apoptotic effect showed an increasing trend with
DDT treatment. However, Bax and cleaved-Caspase 3 with pro-apoptotic
impact fell back to average level (Figure 6B).

Moreover, based on KEGG and PPI analysis, we speculated that the
JNK signaling pathway might be a critical pathway for DDT to regulate
apoptosis. In our study, DDT decreased the phosphorylation of ASK1,
he ICH model or the DDT treatment groups. (B) Representative images of tunel
s of tunel staining was shown. (D) IL-1β level was measured by Elisa kit. ***p <



Figure 6. DDT reduces neuronal apoptosis via ASK1/MKK7/JNK signaling pathway in rats. (A) Western Blotting analysis of p-Src (Sup F. 1), Src (Sup F. 2), c-Myc (Sup
F. 3), MMP-9 (Sup F. 4) and IL-1β (Sup F. 5). On the basis of normalization to GAPDH (Sup F. 6), the relative expression levels of each protein were calculated and is
shown on the right. (B) The expression of apoptotic related proteins Bcl-2 (Sup F. 7), Bax (Sup F. 8) and cleaved-Caspase 3 (Sup F. 9) by western blotting, with
quantitative analysis on the right (using GAPDH (Sup F. 10) as a control). (C) The expression of JNK signaling related proteins p-ASK1 (Sup F. 11), ASK1 (Sup F. 12), p-
MKK7 (Sup F. 13), MKK7 (Sup F. 14), p-JNK (Sup F. 15), JNK (Sup F. 16), p-c-JUN (Sup F. 17), c-JUN (Sup F. 18) by Western blot analysis. Quantitative analysis of the
protein production levels was shown on the right. *p < 0.05, **p < 0.01, ***p < 0.001 vs. sham group; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. ICH model group.
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MKK7, JNK and c-JUN (Figure 6C). We demonstrated that DDT
significantly inhibited apoptosis via ASK1/MKK7/JNK signaling
pathway.

3.6. DDT increased the cell viability and inhibited IL-1β release in CoCl2-
induced PC12 cells

To further confirm the protective impact of DDT on neurons, we
established a CoCl2-induced hypoxic injury model of PC12 cells. Results
showed that CoCl2 at the concentration from 31.25 to 1000 μg/mL
reduced cell viability and promoted IL-1β release in a dose-dependent
response (Figure 7A, B). And we choose 200 μg/mL as the modeling
condition for further experiments. Results showed that DDT can restore
the cell viability and alleviate IL-1β level induced by CoCl2 in PC12 cells
(Figure 7C, D).
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3.7. DDT protected against CoCl2-induced PC12 cells apoptosis

In order to study beneficial impact of DDT on CoCl2-induced PC12
cells, we firstly verified the key proteins enriched before. As shown in
Figure 6A, in contrast to the CoCl2 group, DDT treatment markedly
restrained the phosphorylation of Src and the expression of c-Myc and IL-
1β (Figure 8A, B). Meanwhile, DDT significantly increased the expression
of MMP-9 (Figure 8A, B).

In addition, we conducted a further study on the anti-apoptotic effect
of DDT. After simulation of CoCl2, the apoptosis rate increased to 25.83%
in contrast to control group, but normalized when treated with DDT
(Figure 8C, D). Moreover, DDT increased the expression of Bcl-2 and
decreased Bax and cleaved-Caspase 3 expression, respectively (Figure 8E,
F). Therefore, we confirmed that DDT could restrain the apoptosis of
PC12 cells induced by CoCl2.



Figure 7. DDT increased the cell viability and
inhibited IL-1β release in CoCl2-induced PC12 cells.
(A) The neurotoxic effect of CoCl2 with different
concentrations (31.25, 62.5, 125, 250, 500, and 1000
μg/mL) for 24 h was determined by an CCK8 assay.
(B) After 24 h incubation with CoCl2, IL-1β level was
measured by Elisa. (C) After treatment with DDT and/
or CoCl2, cell viability of PC12 was assessed by an
CCK8 assay. (D) IL-1β level was measured using an
Elisa assay kit. *p < 0.05, **p < 0.01, ***p < 0.001 vs.
Ctrl group; #p < 0.05, ##p < 0.01, ###p < 0.001 vs.
CoCl2 model group.
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3.8. DDT ameliorated CoCl2-induced PC12 cells apoptosis via ASK1/
MKK7/JNK signaling pathway

We further investigated the related proteins of JNK signaling. Results
displayed that CoCl2 facilitated the phosphorylation of ASK1, MKK7, JNK
and c-JUN visibly, which were decreased by treatment of DDT
(Figure 9A, B). Moreover, we selected SP600125, a JNK-specific inhibi-
tor, to probe whether the JNK signaling pathwaymediated the key role of
DDT in CoCl2-induced apoptosis. We found that incubation with
SP600125 suppressed the DDT effect on CoCl2-induced p-JNK, Bax and
cleaved-Caspase 3 (Figure 9C, D). These consequences revealed that DDT
protected PC12 cells from CoCl2-induced apoptosis by regulating the
ASK1/MKK7/JNK signaling pathway.

4. Discussion

DDT is a classic prescription for the treatment of ICH. Network
pharmacology is an effectivemethod to discover the relationship between
drugs, targets and diseases [27]. Modern research mainly uses it to build
multicomponent-multitarget-multipathway networks and predict the
mechanism of TCM in various illnesses. In this research, we used Network
pharmacology to find that the mechanism of DDT in the treatment of ICH
is related to apoptosis mediated by the MAPK pathway. Furthermore, we
used ICH rat modeling and CoCl2-induced PC12 cells model to verify the
antiapoptosis activity of DDT. Results showed that DDT inhibits neuronal
apoptosis after ICH by regulating ASK1/MKK7/JNK signaling pathway.
These results laid a strong foundation upon which to build further
research to reveal the mechanism of DDT.

On the basis of the number of nodes in the “DDT-target-ICH” network,
35 hub genes were screened. By further combining the relationship be-
tween key proteins and the pathological process of cerebral hemorrhage,
we finally screened six key cores, which are IL-1β, JUN, SRC, CASP3,
MMP-9 and c-Myc, respectively. Studies have shown that MMP-9 and
CASP3 are directly involved in apoptosis after ICH [36]. Furthermore,
c-Myc and c-JUN participated in regulating neuronal apoptosis through
dimerization, respectively [37, 38]. Src, as a proto-oncogene, is one of
the non-receptor protein tyrosine kinase family [39]. As an inflammatory
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factor, IL-1β can also promote apoptosis by promoting an inflammatory
response [40]. Meanwhile, GO and KEGG enrichment analyses indicated
that apoptosis was the essential part in the biological processes and
signaling pathways. Therefore, we determined the beneficial impact of
DDT on neuronal apoptosis in the ICH rats model and the CoCl2-induced
PC12 cells model. As expected, DDT inhibited the calculation of apoptotic
cells (Figure 5B, C and Figure 8C). For the key proteins enriched, DDT
treatment markedly inhibited the phosphorylation of Src and the
expression of c-Myc and IL-1β. Meanwhile, DDT significantly increased
the expression of MMP-9 (Figure 6A and Figure 8A, B). Furthermore,
DDT increased the expression of Bcl-2 and decreased cleaved-Caspase 3
and Bax expression, respectively (Figure 6B and Figure 8E, F). Thus, the
consequences demonstrated that DDT could remarkably restrain nerve
cell apoptosis and improve nerve cell damage after intracerebral
hemorrhage.

KEGG pathway analysis showed that the MAPK signaling pathway
was significantly enriched. MAPKs regulate numerous biological pro-
cesses, especially cell proliferation and death in response to external
stimuli. Besides, MAPKs activate signaling cascades upon phosphoryla-
tion, which induce conformational changes in MAPKs that ultimately
lead to enhanced catalytic activity [41, 42]. Our finding indicated that
the phosphorylation levels of ASK1, MKK7 and JNK were increased after
ICH injury (Figure 6C and Figure 9A, B). Studies have shown that various
apoptosis stimulators can activate ASK1 and phosphorylate MKK7, ulti-
mately resulting in JNK activation, which induces apoptosis. In addition,
phosphorylated JNK is transported to the nucleus by an oblique pathway,
where c-JUN is activated by phosphorylation to induce further apoptosis
[43, 44, 45]. According to our PPI analysis, c-JUN is one of the key targets
for DDT to exert protective effects (Figure 3B, C). Therefore, we speculate
that DDT can inhibit the ASK1/MKK7/JNK signaling pathway and acti-
vate c-JUN through an indirect pathway, thereby inhibiting neuronal
apoptosis. Indeed, our results confirmed this inference, treatment with
DDT significantly reduced the phosphorylation of ASK1, JNK, MKK7 and
c-JUN (Figure 6C and Figure 9A, B). JNK inhibitor, SP600125, was also
applied to validate our results. Results showed that the addition of
SP600125 further improved DDT-induced suppression of p-JNK, Bax and
Cl-Casp3 levels (Figure 9C). Our findings suggest that DDT treatment



Figure 8. DDT protected against CoCl2-induced PC12 cells apoptosis. (A) Western Blotting analysis of p-Src (Sup F. 19), Src (Sup F. 20), MMP-9 (Sup F. 21), c-Myc
(Sup F. 22), IL-1β (Sup F. 23) and GAPDH (Sup F. 24). (B) Expression ration of p-Src, Src, MMP-9, c-Myc and IL-1β. (C, D) Typical histogram of apoptosis ratio was
determined by flow cytometry. (E) Western blotting of Bcl-2 (Sup F. 25), Bax (Sup F. 26) and cleaved-Caspase 3 (Sup F. 27) with GADPH (Sup F. 28) as the internal
control. (F) Quantitative analysis of the protein production levels. *p < 0.05, **p < 0.01, ***p < 0.001 vs. Ctrl group; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. CoCl2
model group.
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may exert a neuroprotective effect by reducing apoptosis via
ASK1/MKK7/JNK signaling pathway.

Our network pharmacological analysis found that the core proteins
enriched of DDT treatment in ICH were most closely related to apoptosis
and inflammation. DDT is composed of rhubarbs, peach seeds, leeches
and gadflies. It has been reported that rhubarb has anti-an inflammatory
effect, which may relate to aloe emodin, emodin and other substances
[46, 47]. Aloe emodin and emodin belong to anthraquinone compounds,
which have stronger hydrophobic effects, and resulting in a greater
anti-inflammatory activity [48, 49]. Moreover, the anti-inflammatory
and antioxidant activities of peach seeds are mainly due to their rich-
ness in phenols [50, 51]. For example, flavonoids, an important class of
natural polyphenols, play important roles in inhibiting neuro-
inflammation, repairing the blood-brain barrier, and inhibiting brain
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damage [52, 53]. Leeches, as the most potent natural thrombin inhibitor,
can inhibit oxidative damage and apoptosis induced by tissue ischemia
[54, 55]. Research showed that hirudin can reduce the accumulation of
leukocytes in the brain and shift microglia to the anti-inflammatory
phenotype [56]. Therefore, hirudin plays a vital role in repairing the
loss of neurons in the cerebral cortex. The main components of gadfly
include fatty acids, ribonucleosides, pyrimidines, glycerol and de-
rivatives. These components have been reported to modulate microglial
polarization or inhibit lipid peroxidation levels from suppressing cellular
inflammatory responses and apoptosis, stabilizing the balance of micro-
vascular integrity, and reducing secondary brain injury [57, 58]. In
summary, the anthraquinones, flavonoids, amino acids, unsaturated fatty
acids and other compounds contained in DDT may be medicinal sub-
stances that exert anti-apoptotic and anti-inflammatory effects. Our



Figure 9. DDT ameliorated CoCl2-induced PC12 cells apoptosis via ASK1/MKK7/JNK signaling pathway. (A) The expression of JNK signaling-related proteins p-ASK1
(Sup F. 29), ASK1 (Sup F. 30), p-MKK7 (Sup F. 31), MKK7 (Sup F. 32), p-JNK (Sup F. 33), JNK (Sup F. 34), p-c-JUN (Sup F. 35), c-JUN (Sup F. 36) by Western blot
analysis. (B) Quantitative analysis of the protein production levels of (A). (C) PC12 cells were pretreated with the JNK inhibitor, SP600125 (20 μM) for 1 h, followed
by exposure to CoCl2, and/or DDT for 12 h. p-JNK (Sup F. 37), JNK (Sup F. 38), Bax (Sup F. 39) and cleaved-Caspase 3 (Sup F. 40) were evaluated by Western blot
analysis with GADPH (Sup F. 41) as the internal control. (D) Densitometric results for Western blot are resented in the right panels. **p < 0.01, ***p < 0.001 vs. Ctrl
group; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. CoCl2 model group. △△△p < 0.001 vs. DDT group.
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interaction network analysis showed the intrinsic relationships between
corresponding compounds of DDT and ICH (Figure 2B), in which emodin,
aloe emodin, beta-sitosterol, succinic acid, hirudin, DLA, L-histidine may
be the core ingredients.

5. Conclusion

To sum up the above, network pharmacology revelated the potential
mechanism of DDT in the treatment of ICH. We identified 124 related
targets, from which 6 nodes (including IL-1β, JUN, SRC, CASP3, MMP-9
and c-Myc) and two signaling pathways (MAPK and Apoptosis pathway)
were elected as our central targets through topological feature analysis
integrated with enrichment results. These enriched targets focused our
attention on apoptosis. Subsequently, experimental validation in vitro
and in vivo supplied convincing evidence that DDT exerted a neuro-
protective effect by regulating ASK1/MKK7/JNK to inhibit neuronal
apoptosis. Ultimately, our study will further demonstrate the efficacy and
mechanism of action of DDT to guide its development as an effective
treatment for ICH.
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