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Background: The interaction of small molecules with direct targets constitutes the mole-
cular initiation events of drug efficacy and toxicity. Aconitine, an active compound of the
Aconitum species, has various pharmacological effects but is strongly toxic to the heart. The
direct targets of aconitine-induced cardiotoxicity remain unclear.

Methods: We predicted the toxic targets of aconitine based on network pharmacology and
followed a novel proteomic approach based on the “drug affinity responsive target stability”
technology combined with LC-MS/MS to identify the direct targets of aconitine. The
identified targets were analysed from the perspective of multilevel and multidimensional
bioinformatics through a network integration method. The binding sites were investigated via
molecular docking to explore the toxicity mechanism and predict the direct targets of
aconitine. Finally, atomic force microscopy (AFM) imaging was performed to verify the
affinity of aconitine to the direct targets.

Results: PTGS2, predicted by network pharmacology as a toxic target, encodes cycloox-
ygenase 2 (COX-2), which is closely related to myocardial injury. Furthermore, cytosolic
phospholipase A2 (cPLA2) is the upstream signal protein of PTGS2, and it is a key enzyme
in the metabolism of arachidonic acid during an inflammatory response. We determined
cPLA2 as a direct target, and AFM imaging verified that aconitine could bind to cPLA2 well;
thus, aconitine may cause the expression of PTGS2/COX-2 and release inflammatory factors,
thereby promoting myocardial injury and dysfunction.

Conclusion: We developed a complete set of methods to predict and verify the direct targets
of aconitine, and cPLA2 was identified as one. Overall, the novel strategy provides new
insights into the discovery of direct targets and the molecular mechanism of toxic compo-
nents that are found in traditional Chinese medicine.

Keywords: aconitine, cardiotoxicity, direct targets, drug affinity responsive target stability
technology, atomic force microscopy

Introduction

Aconitum is a type of traditional Chinese medicine (TCM) in the Ranunculaceae family
with a long medicinal history in China. Aconitums, represented by Aconiti Lateralis
Radix Praeparata, Aconite Radix, and Aconiti Kusnezoffii Folium, have high medicinal
value.! Specifically, Aconitums cure rheumatism and show anti-inflammatory and
analgesic properties; thus, they are highly regarded by physicians and pharmacists of
various dynasties.” Modern pharmacological investigations have revealed that

Aconitum species possess various therapeutic effects, such as anti-inflammatory,
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analgesic, antitumour, cardiotonic, and vasodilative effects.’
Aconitine is an alkaloid, representative of those in
Aconitums, that has significant therapeutic effects and toxi-
city simultaneously. Specifically, it shows various pharma-
cological effects, such as analgesic, cardiotonic, antitumour,
and immunosuppressive effects.* However, countless poi-
soning cases caused by aconitine have been reported in
recent years.” If it is used irrationally and the therapeutic
window is exceeded, aconitine can cause cardiotoxicity.
Furthermore, aconitine can cause vagus nerve stimulation,
promote the release of acetylcholine, reduce the self-
regulation of the sinoatrial node, and cause sinus bradycar-
dia. In severe cases, it can cause sinus arrest and seriously
damage the heart system, which greatly limits the clinical
application of Aconitum species.® The mechanisms of aconi-
tine-induced cardiotoxicity are multifaceted, and aconitine
can cause different degrees of heart damage by affecting ion
channels, damaging DNA, affecting energy metabolism, and
causing cell apoptosis.” '® However, the direct target of
aconitine is still unclear and research on the initial events of
toxicity is not thorough enough. Hence, identifying the key
targets of aconitine and revealing the underlying mechanism
of aconitine-induced cardiotoxicity has become a critical
issue in the toxicity research and clinical application of
aconitine.

The target protein is an irreplaceable starting point for
drugs to exert therapeutic or toxic effects in vivo. Small
compounds reach the target organs and interact with direct
target proteins, which signifies the molecular initiation
event of their efficacy or toxicity. The key and difficult
point in this study was the discovery of the direct target
proteins of small molecules. Determining the direct targets
of active compounds is needed to explain the pharmaco-
logical action and toxic effects of herbal medicine; how-
ever, this is a difficulty faced in the current research on
Chinese medicine.'' At present, there are two main strate-
gies for the discovery and identification of drug direct
targets, viz. virtual screening and experimental research.
Virtual screening has the advantages of being intuitive,
convenient, and efficient, which can significantly shorten
the experimental cycle, reduce research costs, and improve
the success rate of target screening. Virtual screening
based on network pharmacology has high throughput and
is easy to operate. Moreover, this method is sensitive and
does not need to consider the content of small molecules,
which could be used for the discovery of most drug
targets.'> TCM network pharmacology integrates system
biology and other disciplines, and it explores the relation-
ship between drugs and complex diseases from a holistic
perspective; it has the advantages of integrity, synergy, and
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dynamics, which complement the basic characteristics of
TCMs."? Furthermore, it is important in the screening of
potential effective or toxic compounds as well as the
research of target proteins.'?

With the development and progress of chemical biol-
ogy, experimental research on the direct targets of small
molecules currently includes click chemistry (CC), drug
affinity responsive target stability (DARTS), cellular ther-
mal shift assay (CETSA) and so on. The CC strategy
entails the design of small-molecule probes to reflect
changes in the functional state of target proteins in cells.
Through this method, it is necessary to introduce an alky-
nyl group to small molecules and then fish the correspond-
ing targets after modification.'> However, the CC strategy
is not suitable for molecules which are not easily modified
or whose activity changes after binding with an alkynyl
group. The principle of the DARTS assay is that the
protein structure changes in the direction of energy reduc-
tion and becomes more stable after binding with small
molecules to resist protease digestion. The DARTS tech-
nology does not require any chemical modification of
compounds and target proteins; it is easy to operate and
can be used together with proteomic analysis to identify
unknown target proteins of most small molecules.'®"”
Furthermore, the binding of small molecules to the targets
must be verified after identifying the direct targets. Some
verification methods, such as molecular docking, surface
plasmon resonance, atomic force microscopy (AFM), and
siRNA interference, can be used to explore the optimal
binding mode of small molecules and targets.'®"?

In this study, we first predicted the potential toxic
targets of aconitine based on network pharmacology and
subsequently identified the direct targets using a novel
proteomic approach based on DARTS and LC-MS/MS.
The potential direct targets and toxicity mechanisms of
aconitine were explored through network integration ana-
lysis. The binding sites between aconitine and its direct
targets were investigated via molecular docking analysis.
Finally, the affinity of aconitine to the target protein was
verified via an AFM assay, thereby forming a complete set
of direct target exploration and verification systems
(Figure S1). The new strategy predicted several direct
targets of aconitine and explained the potential mechanism
of aconitine-induced cardiotoxicity. This study not only
provided a theoretical foundation for the safe and effective
clinical use of aconitine but also inspired a new perspec-
tive for research on the toxicity mechanism of TCM:s.

Materials and Methods

Materials and Reagents

Aconitine (302-27-2, purity > 98%) was purchased from
Chengdu Herbpurify Co., Ltd. (Chengdu, China). Foetal
bovine serum (FBS), Dulbecco’s Modified Eagle Medium
(DMEM), trypsin, and a penicillin—streptomycin mixed
solution (100x double antibody) were obtained from
Gibco (Gaithersburg, MD, USA). Dimethyl sulfoxide
(DMSO) and 3-(4,5-dimethylthiazol-2-yl1)-2,5-diphenylte-
trazolium bromide (MTT) were purchased from Sigma-
Aldrich (St. Louis, MO, USA). The recombinant human
protein cytosolic phospholipase A2 (cPLA2) was obtained
from Shanghai Kanglang Biotechnology Co., Ltd.
(Shanghai, China). Phosphate-buffered saline (PBS) (1x,
pH=7.2-7.4), M-PER cell lysate, and other reagents were
obtained from Beijing Solarbio Science & Technology
Co., Ltd. (Beijing, China). A pure water system (Thermo
Fisher Scientific, USA) and a 5415D small high-speed
centrifuge (Eppendorf, Germany) were used. The LC-MS
/MS analysis was performed using a quadrupole Orbitrap
mass spectrometer coupled with liquid chromatography
(Thermo Scientific, San Jose, CA, USA). The data files
were searched using MASCOT software (Matrix Science,
Boston, MA, USA) to obtain qualitative identification
information of the target proteins and peptide molecules.
Discovery Studio software (2017 R2 client) was used for
molecular docking to explore the interaction between aco-
nitine and its direct target proteins. Finally, a Bruker
Dimension® Icon™ atomic force microscope (Bruker,
Germany) was used.

Network Pharmacology Analysis

Target Prediction of Aconitine

The 3D structure of aconitine was acquired from the
PubChem database (https://pubchem.ncbi.nlm.nih.gov/).

Target genes of aconitine were obtained by importing the
3D structure of aconitine into the SwissTargetPrediction
(http://www.swisstargetprediction.ch/) and PharmMapper

(http://lilabecust.cn/pharmmapper/) databases. The gene

official symbol format was acquired using the UniProt
database (https://www.uniprot.org/). Finally, the predicted

target genes of aconitine were obtained by merging and
deleting duplicate items.

Acquisition of Target Genes Related to
Aconitine-Induced Cardiotoxicity

Information about cardiotoxicity-associated target genes
was searched in the CTD (http://ctdbase.org), TTD
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(http://bidd.nus.edu.sg/group/cjttd/), Drugbank (https://

www.drugbank.ca/), Genecards (https://www.genecards.

org/), and OMIM (http://www.omim.org/) databases after
injury”,
“Cardiotoxicity”, and “Arrhythmia”. The obtained targets

entering  the  keywords “Myocardial
were normalised using the Retrieve/ID mapping of the
UniProt database to obtain their official symbols. Next,
the potential target genes were identified using the Venn
online platform. In addition, the reported target genes were
collected from PubMed, CNKI, Web of Science, and other
databases. After merging and deduplication, the potential

core target genes were identified.

Construction of Protein—Protein Interaction
Network Between Core Targets

The main function of the STRING database (https://string-
db.org/) is to provide physical and functional protein-
protein association data and construct the relationship
between targets. The protein-protein interaction (PPI) net-
work was constructed by inputting the potential core target
genes in the STRING database. Then, the TSV format of
the PPI network was saved and imported into the Network
Analyser module of Cytoscape 3.6.1 to construct and
analyse the target network relationship. The correlation
degree among common targets of drug—disease was ana-
lysed based on the degree of nodes, and the key targets in
the PPI network were screened via topological analysis
and number sequencing. Finally, a PPI network diagram
was constructed by defining the node size and degree
centrality of colour-sort reflection.

Gene Ontology and KEGG Pathway Enrichment
Analysis

To investigate the biological function of aconitine on poten-
tial target genes related to cardiotoxicity, we imported the
candidate targets into the Metascape database for gene ontol-
ogy (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway enrichment analysis. GO terms and
KEGG pathways with p < 0.05 were considered statistically
significant. GO analysis divides gene function into three
parts: cellular component, molecular function, and biologi-
cal process, which screens out pathways related to targets.
The pathway database in the KEGG database integrates the
functional information of genes, proteins, and metabolites.
The top 20 relevant KEGG pathways were visualised as
bubble plots using the Omicshare cloud platform. To analyse
the association among aconitine, candidate targets, and car-
diotoxicity-related pathways, an “aconitine—targets—path-
ways” network was constructed using Cytoscape 3.6.1.

The network diagram plotted in Figure 1E visually displays
the multidimensional regulation mechanism of aconitine-
induced cardiotoxicity in a complex system.

Study on H9c2 Myocardial Cell Injury

Induced by Aconitine

H9¢2 Cardiomyocyte Culture and Drug Treatment
The H9c2 cardiomyocyte cell line was purchased from
Beijing Beina Chuanglian Biotechnology Research
Institute (Beijing, China), and the relevant experiments
were approved by the Ethics Committee of Tianjin
University of Traditional Chinese Medicine. The cells
were cultured in DMEM containing 100 U/mL penicillin
and 100 pg/mL streptomycin supplemented with 10%
FBS. The cells were kept in a cell incubator at 37 °C
with 5% CO,. Aconitine was dissolved in DMSO to pre-
pare a stock solution with a concentration of 10 mM,
which was stored in a refrigerator at —20 °C after sub-
packaging and was diluted with DMEM before use. H9¢2
cells in the logarithmic growth phase were digested with
0.25% trypsin, resuspended in DMEM, seeded on 96-well
plates (approximately 3x10 cells), and cultured in a 5%
CO, incubator at 37 °C for 24 h. The cell groups were
divided into solvent control, normal, and aconitine treat-
ment groups. After incubation for 24 h, the culture med-
ium was removed. The solvent control group was then
replaced with a culture medium containing 3% DMSO,
the normal group was replaced with a normal culture
medium, and the aconitine-treatment group was replaced
with 100 pL of a culture medium with aconitine concen-
trations of 50, 100, 150, 200, 250, 300, and 400 umol/L.
Each group was incubated for 24 h.

Cell Viability Detection via MTT Assay

The cell viability of each group was determined based on
the MTT assay. After discarding the medium, 10 pL of
MTT reagent (5 mg/mL) and 90 pL. of DMEM were added
into each well of 96-well plates, and the cells were further
cultured at 37 °C for 4 h. Then, 150 uL. DMSO was added
to each well to dissolve the crystallisation after removing
the medium. The absorbance values were read at 570 nm
using a microplate reader (Bio-Rad, Hercules, CA, USA).

DARTS Assay

Extraction and Quantification of H9c2
Cardiomyocyte Protein

After discarding the medium, the cells were washed with
sterile PBS 1-2 times, and 0.25% EDTA-trypsin solution
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was added to digest the cells. PBS was added to resuspend
the cells after centrifugation at 100 rpm for 5 min; subse-
quently, the supernatant was discarded. Then, M-PER cell
lysate (containing phosphatase and protease inhibitor) was
added and placed on ice for 30 min. The cell lysate was
centrifuged at 12,000 rpm for 15 min at 4 °C, and the
supernatant was transferred into clean tubes. The protein
concentration was measured in accordance with the man-
ufacturer’s instructions using a BCA protein concentration
assay kit (Solarbio, Beijing, China).

Selection of Types and Concentrations of Protease
A key point of the DARTS technique is the addition of an
appropriate protease. Subtilisin, a thermophilic protease,
and Streptomyces protease can be applied to DARTS
technology, with Streptomyces protease being recom-
mended by the inventor of the DARTS technology.?’ >
The samples were divided into normal and aconitine
groups. Neither aconitine nor enzymes were added to the
normal group. For the aconitine group, three concentration
levels (100 uM, 200 puM, and 400 uM) were set, which
covered the toxicity concentration of the cell viability test.

Fifty microliters of protein solution were added to each
group. After incubating for 1 h, 2 puL of the corresponding
proportion of the digestive enzyme mixture pronase
(1:100, 1:500, 1:1000, 1:3000) was added to the aconitine
group and mixed. Two microliters of 1x TNC buffer were
added to the normal group. After digestion for 30 min at
25 °C, 0.5 M EDTA (pH 8.0) protease inhibitor was added
to terminate the enzyme reaction. Finally, loading buffer
was added and mixed using a vortex. The protein sample
was boiled for 5 min in a 95 °C water bath to denature the
protein. The effect of the protease was verified via sodium
dodecyl sulphate—polyacrylamide gel
(SDS-PAGE).

electrophoresis

Co-Incubation of Aconitine with Proteins

The H9c2 protein solution in the aconitine group was
supplemented with varying concentrations of aconitine
(100 uM, 200 puM, and 400 uM) and allowed to incubate
for 1 h at room temperature. In addition, the negative
control group was set, and the protein solution was incu-
bated with the same concentration of DMSO. Then, 2 uL
of pronase solution (1:100) was added to all experimental
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groups except the normal group for 30 min digestion at 25
°C. Finally, the reaction was terminated on ice, loading
buffer was added to the samples, and they were boiled and
analysed as mentioned above.

Electrophoresis and Identification of Differential
Proteins

The total protein sample was separated on a 12% gel via
SDS-PAGE and stained with a Coomassie Brilliant Blue
staining solution, and then decolourized until the blue
background was removed. The differential protein bands
in the aconitine group were analysed using the Odyssey
gel imaging system (LI-COR Biosciences, USA). After
reduction and alkylation, trypsin was used to hydrolyse
the differentially expressed proteins. Finally, LC-MS/MS
was used to analyse the samples. The qualitative informa-
tion of the target proteins was obtained using the
MASCOT software.

Integration Analysis of Potential Targets

of Aconitine

In this study, we performed a network integration analysis
of the targets predicted by network pharmacology and the
DARTS technology. The potential targets were imported
into the STRING database. The PPI network of the target
genes was generated from the STRING database, which
helps mine the relationship between targets. The direct
targets of aconitine were discovered via network analysis
as well as literature research.

Molecular Docking
The 3D structure of aconitine was searched and down-
loaded from the PubChem database. Using the PDB data-
base (http://www.rcsb.org/),

we acquired the three-

dimensional crystal structures of proteins (cPLA2 [PDB:
1CJY], ORCS [PDB: 5UI7], CTNNA1 [PDB: 4EHP], and
GYS1 [PDB: 3CX4]) containing ligands with high resolu-
tion. The proteins and aconitine were prepared using the
Discovery Studio software (2017 R2 client) for the mole-
cular docking study. Before the molecular docking opera-
tion, it is necessary to verify whether the selected docking
procedure and parameters are suitable for the structure of
the receptor protein. The semi-flexible docking mode was
selected for the molecular docking analysis.

AFM Analysis

Recombinant human protein cPLA2 (50 pg) was dissolved
and diluted with 1x PBS (pH 7.2-7.4) to obtain a 400

pmol/L solution. A PBS solution containing 0.1% DMSO

was used to prepare the aconitine solution at
a concentration of 400 pmol/L. The protein solution was
then mixed with the aconitine solution at a ratio of 1:1 and
incubated for 30 min in a water bath at 37 °C. Ten micro-
liters of the resulting mixture and 10 pL of protein solution
were dropped onto a glass slide and placed at room tem-
perature to prepare the crystalline sample. Then, the crys-
tals of the protein and protein-aconitine complex were
scanned via ICON AFM in tapping mode. The morphol-
ogy, distribution, aggregation degree, and other morpholo-
gical characteristics of protein crystals on each slide were
recorded. The crystal images were processed using

NanoScope Analysis 1.8.

Statistical Analysis

All experimental data are presented as mean + SD.
Statistical analyses were conducted using the SPSS soft-
ware (version 13.0). One-way analysis of variance fol-
lowed by Tukey’s post hoc test was used for two-group
comparisons, and statistical significance was set at
p <0.05.

Results
Acquisition of Common Target Genes
Related to Aconitine and Cardiotoxicity

and PPl Network Analysis

By searching the Swiss Target Prediction and
PharmMapper databases, 526 target genes of aconitine
were acquired based on structural similarity and pharma-
cophore modelling. Similarly, 1241 cardiotoxicity-related
target genes were collected from the CTD, TTD,
Drugbank, Genecards, and OMIM databases. The over-
lapping targets were obtained using the Venn online plat-
form; 108 overlapping potential target genes were
identified. The Venn diagram is shown in Figure 1A. In
addition, 46 reported target genes (Table S1) were identi-
fied by searching databases. A total of 152 core targets
were obtained after removing the repetitive targets.
Furthermore, a PPI network diagram (Figure 1B) was
constructed using the STRING database to clarify the
relationship between core targets. Meanwhile, using the
Cytoscape 3.6.1 software, we screened out the top 14
target genes (ALB, AKTI, TNF, TP53, CASP3, EGFR,
MAPKS, MAPKI1, SRC, CAT, PTGS2, CYCS,
HSP90AA1, MTOR) with the highest degree value by

analysing the topological parameters and correlation
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between targets. Among them, PTGS2, also known as
cyclooxygenase 2 (COX-2), is upregulated when myocar-
dial cells are stimulated by inflammation. The upregulation
of COX-2 and the synthesis of prostaglandins promote the
release of MMPs and then regulate collagen metabolism
and the degree of fibrosis in myocardial tissue, which is
related to myocardial diseases.?*

GO and KEGG Pathway Enrichment
Analysis

To further reveal the related pathways and mechanisms of
aconitine-induced cardiotoxicity, the KEGG pathway and
GO enrichment analysis of 152 core targets were con-
ducted using the Metascape database. Specifically, the
GO functional enrichment analysis showed that aconitine-
induced cardiotoxicity is mainly involved in circulatory
and muscle system processes, as well as in the regulation
of blood circulation, transmembrane transport, and ion
transport. The enrichment results were ranked based on
the p-value, and the integrated GO analysis results are
shown in Figure 1C. KEGG enrichment analysis showed
that 152 targets were mainly concentrated in 181 pathways
(p <0.05), of which 41 were closely related to cardiotoxi-
city, such as the VEGF, calcium, TNF, MAPK, PI3K-Akt,
and mTOR signalling pathways, as well as gap junction,
apoptosis, and metabolism of arachidonic acid. The top 20
pathways are shown in Figure 1D. Meanwhile, the net-
work diagram of  “aconitine—targets—pathways”
(Figure 1E) was obtained using the Cytoscape 3.6.1 soft-
ware, in which the nodes are represented by different
colours and shapes; yellow represents aconitine, green
represents the targets, purple represents the signalling
pathways, and the edges represent the relationships
between nodes. The network contained 137 nodes, includ-
ing aconitine, 95 targets related to cardiotoxicity, and 41
pathways, which intuitively reveal the characteristics of
multiple targets and multiple pathways of aconitine.

Toxicity of Aconitine on H9c2

Cardiomyocytes
has a definite effect
dehydrogenase.>> Therefore, the MTT assay was applied

Aconitine on mitochondrial
to detect the effect of aconitine on cell viability and screen
the toxic concentration to lay a foundation for fishing
direct targets of aconitine. The viability of cells treated
with different concentrations of aconitine is shown in
Figure 2A. Compared with that in the normal group, the

cell viability in the aconitine-treated group significantly
decreased as the concentration increased (p < 0.01); this
indicated that aconitine inhibited the viability of H9c2
cardiomyocytes in a concentration-dependent manner.
The MTT assay revealed that the inhibition rate of aconi-
tine on H9¢2 cardiomyocytes was approximately 50% at
a concentration of 400 pM. Hence, 400 uM was selected
as the experimental concentration for the follow-up study.

Direct Target ldentification Based on
DARTS Technology

The extraction of protein from cells is a key step in fishing
the direct targets of aconitine in the DARTS technology.
However, the lysates used in the process of protein extrac-
tion directly affect the sensitivity and resolution of subse-
quent experiments.”® In this study, protein was extracted
from three bottles (75 cm?) of cells by adding 500 pL
M-PER lysate. A 5 pg/uL protein solution was obtained,
which met the requirements of the DARTS experiment. In
addition, the selection of a protease is a key operation in the
DARTS experiment. Pronase was selected for this experi-
ment, and the optimal digestion time was determined to be
30 min. The results of the investigation of enzyme concen-
trations (pronase-to-protein ratios: 1:100, 1:500, 1:1000, and
1:3000) are shown in Figure S2. The digestion ability of
pronase-to-protein ratios 1:100 and 1:500 was higher than
that of the 1:1000 and 1:3000 ratios. The protein bands were
clear in the normal group and became clearer when the
enzyme concentration decreased. Thus, a 1:100 pronase-to-
protein ratio was used for subsequent experiments. In this
case, the interference bands were smaller, which could help
detect differential protein bands. Then, DARTS was per-
formed in accordance with reported protocols.”” After incu-
bation with aconitine for 1 h, the protein was digested with
1:100 pronase to protein for 30 min. The whole protein
bands obtained via SDS-PAGE and Coomassie Brilliant
Blue staining are shown in Figure 2B-D. Furthermore, the
differential protein bands were compared to the negative
control group. The protein band of the aconitine group was
significantly deeper than that of the negative control group at
70 kDa, indicating that the protein band had a specific
affinity with aconitine and thus may be the target protein
of aconitine. Therefore, the differential band was accurately
cut for further enzymolysis and LC-MS/MS analysis (Figure
S3). By comparing the protein mass spectrometry data
between the normal and negative control groups, proteins
with molecular masses of approximately 70 kDa were

Drug Design, Development and Therapy 2021:15

4655

Dove!


https://www.dovepress.com/get_supplementary_file.php?f=335461.docx
https://www.dovepress.com/get_supplementary_file.php?f=335461.docx
https://www.dovepress.com/get_supplementary_file.php?f=335461.docx
https://www.dovepress.com
https://www.dovepress.com

Wei et al Dove
N 0
e s0
2 | 100
=
> = 150
8 . 200
250
Bl 300
400
0 50 100 150 200 250 300 400
Aconitine (uM)
B D
Pronase - + + + + Pronase - + + + + Pronase - + + + +
Drug - DMSO 100 pM 200 pM 400 pM  Drug - DMSO 100 pM 200 pM 400 pM Drug - DMSO 100 pM 200 pM 400 pM
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screened. The peptide sequence was identified from the
protein database, and 15 proteins of approximately 70 kDa
were identified (Table 1). The content of 15 target proteins in
the negative control group decreased sharply after the addi-
tion of protease. Aconitine increased the content of the
proteins in a dose-dependent manner, which indicated that
it can specifically bind proteins and improve their stability.

Integration Analysis of Direct Targets of

Aconitine

In this study, 152 core targets predicted by network phar-
macology and 15 direct targets from the DARTS experi-
ment were imported into the STRING database for protein
interaction analysis (Figure 3). According to literature
reviews and enrichment analysis of the KEGG function,
the direct targets cPLA2, GYS1, CTNNAI, and ORCS5
interact with network pharmacological targets and are
related to myocardial injury.

Glycogen synthase (GYS) is the rate-limiting enzyme
in glycogen synthesis, and it includes glycogen synthase 1
(GYS1) and 2 (GYS2). Shi et al found that GYSI-
mediated glycogen accumulation promotes FLS-mediated
synovial inflammation in rheumatoid arthritis by blocking
the activation of AMPK, thus demonstrating that glycogen
metabolism is associated with chronic inflammation.?®
Glycogen is the storage of glucose in many mammalian
tissues. The ability to synthesise glycogen in cardiac mus-
cles is crucial for the healthy development of the heart.
Impaired cardiac glycogen synthesis could be a significant
contributor to congenital heart disease.”’ In addition,
Zhang et al found that aconitine can inhibit the energy
metabolism of cardiomyocytes by reducing the contents of
glycogen,
¢ oxidase in cells.”® Recently, CTNNBI gene levels were

succinate dehydrogenase, and cytochrome

found to play an important rate-limiting role in the regula-

tion of insulin secretion. Thus, researchers have
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Table | The Information of Direct Target Proteins Fished by DARTS Technology
Accession Description Gene MW [kDa]
D3ZU40 Transmembrane protein 104 GN=Tmem104 55.6
D3ZNJ9 Tripartite motif-containing 7 GN=Trim7 56.9
AOAT40UHX9 CCZI| homolog B GN=Cczlb 55.6
D4AAD2 Serine protease 53 GN=Prss53 57.5
Q5XI07 Lipoma-preferred partner homolog GN=Lpp 68.2
D3ZWAS Kinesin-associated protein 3 GN=Kifap3 84.2
P50393 Cytosolic phospholipase A2 GN=cPla2 85.7
B4F7A2 Armc8 protein (Fragment) GN=Armc8 753
Q5M7U2 Origin recognition complex, subunit 5 GN=Orc5 50.1
AOAO0G2)YF7 Catenin alpha | GN=Ctnnal 89.3
POC6P7 Protein fem-1 homolog B GN=FemIb 70.2
AILIK3 Anaphase-promoting complex subunit 5 GN=Anapc5 81.7
Q6EHI2 Butyrophilin (Fragment) GN=Btnlal 57.0
D3ZABI Lactotransferrin GN=Ltf 79.8
A2RRUI Glycogen [starch] synthase, muscle GN=Gysl 84.0

investigated whether the binding partner CTNNAI also
plays a role in this process. The results showed that
CTNNA1-mediated actin remodelling may be involved in
the regulation of insulin secretion.®’ The origin recogni-
tion complex (ORC) is encoded by the latheo gene, it
consists of six isoforms, (ORC1-ORCS6), and it is involved
in DNA biosynthesis in the cell cycle pathway. ORCS has
been associated with hepatocellular carcinoma and colon
cancer; thus, it is a new candidate biomarker for the
survival monitoring of patients with hepatocellular
carcinoma.”® Furthermore, cPLA2 has a wide range of
biological activities, such as playing a leading role in
arachidonic acid release, initiating prostaglandin signalling
cascade, participating in membrane phospholipid remodel-
ling, and regulating inflammation and various related phy-
siological and pathological processes.”® In the failing
heart, sSPLA2 migrates into the myofibrillar membrane,
whereas cPLA2 accumulates in the cytoplasm.**

Molecular Docking

Based on the target proteins that overlapped between PPI
and the KEGG network topology analysis, we tested the
docking precision between aconitine and the following
potential direct targets: cPLA2 (PDB: 1CJY), GYSI
(PDB: 3CX4), ORCS (PDB: 5U17), and CTNNA1 (PDB:
4EHP). Method validation must be performed before the
molecular docking of aconitine and proteins. The root-
mean-square deviation (RMSD) value was used as the
evaluation standard. For RMSD < 2.0 A, the smaller the
value, the more accurate the docking result. The RMSD

values of the four direct target proteins, cPLA2, GYSI,
ORCS, and CTNNAI, were 1.1874 A, 0.7458 A, 1.3682
A, and 0.4265 A, respectively, which are less than 2.0 A.
Thus, the method selected in this study is reliable and can
be used in follow-up virtual screening research. Molecular
docking was carried out using the CDocker module in the
Discovery Studio software. CDocker is a semi-flexible
docking program based on the CHARMM force field.
Virtual computer screening was performed using this pro-
gram. After docking, we checked the docking scores
(cdocker-interaction-energy) and predicted the affinity
and binding mode of drugs and proteins. A higher score
suggested stronger binding activity of the ligand with the
receptor. Based on the CDocker interaction energy scores
(Table S2), aconitine had a good binding activity with four
potential direct proteins (cPLA2, GYS1, CTNNAI, and
ORCS); 3D and 2D diagrams present the molecular dock-
ing models of aconitine with those direct target proteins
(Figure 4). The receptor-ligand interactions primarily
included van der Waals forces and hydrogen bonds. For
example, aconitine could match with cPLA2 by forming
a stable hydrogen bond at the HIS62 and ASN64 sites
(Figure 4A). Meanwhile, aconitine produced various
degrees of van der Waals forces with ASN95, ALA94,
and ASN65 amino acid residues in cPLA2 and formed
hydrocarbon bonds with TYR96 and ASN64. The results
indicated that aconitine is in a reasonable cavity of cPLA2,
and it can stably bind to this receptor protein. Similar to
the case of cPLA2, the combination of aconitine with
GYSI1 revealed both van der Waals forces and hydrogen
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Figure 3 PPl network diagram of 152 core targets from network pharmacology and 15 direct targets from DARTS.

bond interactions. However, the hydrogen bonding sites
were ARG300, HIS96, and ASP331, whereas the sites of
the van der Waals interactions were HIS161, ASP137, and
THR16 (Figure 4B). In addition, the benzene ring of
aconitine formed pi—cation and pi—alkyl interactions with
HIS139 and TYRI165 residues, respectively. Moreover,
CTNNA1 bound to aconitine mainly by forming hydrogen
bonds with SER252, THR251, and GLUI128. Aconitine
also interacted with the receptor through van der Waals
forces produced by LEU124 and other amino acid residues
(Figure 4C). ORCS5 combined with aconitine through two
stable hydrogen bonds with GLU502 and ALAS542 and
various van der Waals forces with amino residues, such
as VALS535 and PROS505. In addition, alkyl interactions
existed between the ligand and residues ILE689 and
LEU723 (Figure 4D). These data suggest that the four
target proteins can be considered direct targets of aconi-
tine-induced cardiotoxicity.

cPLA2 as a Potential Direct Target of

Aconitine

To further screen the direct targets of aconitine-induced
cardiotoxicity, literature investigations were carried out
from the perspective of biological pathways. The direct
target cPLA2 was found to be the upstream signal protein
of key target PTGS2 predicted by network pharmacology; it
is also an important starting material and key metabolic
enzyme of arachidonic acid metabolism. The molecular
docking results showed that aconitine has a strong binding
ability to the active cavity of cPLA2. The metabolism of
arachidonic acid by cyclooxygenase (COX-1 and COX-2) is
a key step in the synthesis of prostaglandins, such as PGI2,
PGD2, and PGE2, which are also the most reported meta-
bolic pathways of arachidonic acid. Arachidonic acid and its
metabolite-mediated inflammation are associated with the
occurrence and development of myocardial injury, and they
can be enriched in the KEGG pathway of network

https://doi.org/10.2147/DDDT.S33546 1
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Figure 4 Molecular docking models of aconitine with 4 direct target proteins in 3D and 2D diagram. Aconitine with (A) cPLA2 (PDB: ICJY); (B) GYSI (PDB: 3CX4); (C)

CTNNAI (PDB: 4EHP); (D) ORCS (PDB: 5U17).

pharmacology. Furthermore, cPLA2 and sPLA2 isozymes
were detected in the cytoplasm of normal cardiomyocytes
by Mchowat et al. In the failing heart, SPLA2 migrated into
the myofibrillar membrane, whereas cPLA2 accumulated in
the cytoplasm.** PTGS2 gene encodes COX-2, whose
expression increases when cells are stimulated by inflam-
mation; this is a decisive factor of inflammation-mediated
cytotoxicity.” Bolli et al found that COX-2 and its meta-
bolites increased following 24 h ischemia in a rabbit ische-
mia/reperfusion injury model.>® Saito et al found that strong
immune activity of COX-2 can be detected in myocardial
cells after acute myocardial infarction. The addition of
a COX-2 inhibitor can significantly reduce the infarct size
and improve myocardial contractility. These results showed

that the expression of COX-2 promotes myocardial injury
and dysfunction.’” COX-2 is an important rate-limiting
enzyme that catalyses the conversion of arachidonic acid
to PGE2. PGE2 is an effective mediator of inflammation,
and it is widely involved in ischemia-induced neuronal
damage, inflammatory response, and neurodegenerative
diseases.*® Aconitine has a two-way regulatory effect on
anti-immunosuppression. At low dosages, it promotes the
expression of PEG2 via the PEG2/COX-2 signalling
pathway.>® Based on comprehensive analysis, we speculate
that aconitine induces cardiotoxicity by activating the direct
target cPLA2, mediating the release of arachidonic acid, and
promoting the release of inflammatory factors via the
PGE2/COX-2 pathway. Therefore, cPLA2 may be
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Figure 5 Potential toxicity mechanism of aconitine by acting on direct target
cPLA2.

a potential direct target of aconitine-induced cardiotoxicity.
The potential mechanism of aconitine toxicity is shown in
Figure 5.

AFM Analysis

AFM technology is used to verify the binding of bioactive
small molecules to proteins from the perspective of ima-
ging, which offers intuitive image results of intermolecular
interactions. In the AFM assay, the aggregation of proteins
can prove that bioactive molecules bind to proteins.
Bioactive molecules can affect the activity and function
of proteins by changing their structure and state. The 2D
configuration analysis in the AFM assay showed that the
cPLA2 protein adsorbed on the quartz surface was a chain-
like structure and was relatively dispersed before binding
with aconitine (Figure 6A). The cPLA2 protein was aggre-
gated and expanded violently after binding with aconitine
under the same scanning conditions, and there were
cPLA2 protein clumps on the quartz surface. Meanwhile,
the length of the chain structure formed between cPLA2
proteins was shortened (Figure 6B). As shown in the 3D

A [

image, the surface of the cPLA2 protein is large, rough,
loose, and dispersed, whereas ¢cPLA2 became compact,
smooth, and aggregated after binding with aconitine.
When aconitine was bound to the protein, the degree of
protein aggregation and height changed significantly; the
latter reached approximately 1.1 times the initial height.
AFM imaging confirmed that aconitine could bind to
cPLA2 protein well, indicating that cPLA2 might be
a potential direct target of aconitine. The combination of
aconitine and cPLA2 may affect the function of proteins,

leading to toxic effects.

Discussion

Members of the Aconitum species, such as Aconiti
Lateralis Radix Praeparata, Aconite Radix, and Aconiti
Kusnezoffii  Folium, are widely used in the clinic.
Aconitine, a major bioactive alkaloid of Aconitum roots,
has analgesic, anti-inflammatory, and antitumour effects.”
Aconitine is also the main toxic component of Aconitum
plants, potentially causing varying degrees of cardiac
injury by affecting energy metabolism, causing apoptosis,
affecting ion channels, and via other mechanisms.
However, the direct target proteins of aconitine-induced
cardiotoxicity remain unclear. Target proteins are the key
active components of TCMs that exert curative effects
in vivo. The clarification of direct targets (ie, molecular
initiation events) is the key to explaining the mechanism

of drug efficacy or toxicity. Hence, the present study aimed
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Figure 6 AFM analysis. AFM images (2D and 3D) of (A) cPLA2 and (B) aconitine acting on the protein.
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to develop a new strategy for the identification and valida-
tion of potential direct targets of aconitine-induced cardi-
DARTS
technology were used to explore the potential targets of

otoxicity. Network pharmacology and the
aconitine-induced cardiotoxicity. The obtained targets
were screened via network integration analysis using the
STRING database. Molecular docking was used to explain
the possible binding sites between aconitine and related
direct target proteins. Further literature investigation and
AFM imaging confirmed that cPLA2 is a potential direct
target of aconitine-induced cardiotoxicity.

In this study, the potential targets of aconitine-induced
cardiotoxicity were predicted via network pharmacology;
152 common targets involving 41 closely related pathways
were identified. The results of the degree value of targets
and pathway analysis showed that aconitine may exert
toxic effects through the PI3K-Akt, mTOR, and MAPK
signalling pathways and the metabolism of arachidonic
acid. Furthermore, aconitine can promote the release of
inflammatory factors and further accelerate the inflamma-
tory reaction, ultimately leading to myocardial injury. The
PI3BK/Akt/mTOR signalling pathway is required for the
prosurvival signalling cascade, which participates in and
regulates the apoptosis of cardiomyocytes.*® Transforming
growth factor-B1 (TGF-B1) regulates the growth, develop-
ment, and apoptosis of cardiomyocytes.*' Fuzi extracts can
upregulate the expression of PI3K, p-Akt, mTOR, and
TGF-p, and induce inflammation and apoptosis in cardio-
myocytes; this indicates that Fuzi extracts exert cardio-
toxic effects by activating the PI3K/Akt/mTOR and TNF-p
signalling pathways and thus inducing cardiomyocyte
apoptosis.*? Furthermore, reducing the expression of
PI3K/Akt and mTOR can ameliorate myocardial hypertro-
thereby
apoptosis.*> Tumour necrosis factor o (TNF-0) is an

phy and fibrosis, reducing cardiomyocyte
inflammatory cytokine produced in acute inflammation,
which is related to the intracellular signal transduction
pathway and can cause cell necrosis or apoptosis.** Peng
et al investigated the effects of aconitine on inflammation,
apoptosis, and viability of H9c2 cardiomyocytes, and they
found that aconitine upregulates the expression of FADD,
cleaved-caspase 3; and inflammatory factors TNF-a, cas-
pase-1, and IL-1 B; and it activates the cytochrome C and
NLRP3 inflammasome. The results suggested that aconi-
tine induced cardiomyocyte injury by attenuating BNIP3-
dependent mitophagy and the TNF-a-NLRP3 signalling
axis.*> In the inflammatory pathway, the metabolism of

arachidonic acid is related to the occurrence and

development of myocardial injury. Its metabolism in myo-
cardial tissue is regulated by phospholipases such as
cPLA2 and sPLA2.***’ PTGS2, also known as cycloox-
ygenase, has a high degree value in the analysis of key
targets; its expression increases when cells are stimulated
by inflammation. The upregulation of COX-2 and synth-
esis of prostaglandins promote the release of MMPs and
further regulate collagen metabolism and the degree of
fibrosis in myocardial tissue.**

Target proteins are the origin and biological basis of drug
efficacy and toxicity. Aconitine reaches the target organs and
acts on direct targets, which is the key molecular initiation
event of its toxic effect. New strategies have been applied to
identify the target proteins of natural products without any
chemical modification, such as DARTS, CETSA, stability of
proteins from rates of oxidation (SPROX), and thermal pro-
teome profiling (TPP). CETSA can be used to study the
effects of small molecules on the thermal stability of proteins
in whole-cell lysates, cells, and tissues. However, the heating
treatment may affect the permeability of the cell membrane,
resulting in false positives, and subsequently affect the
screening of target proteins. The limitation of SPROX tech-
nology is that it can only detect the binding of proteins that
contain methionine to small molecules. In addition, not all
methionine residues show different oxidation rates; thus, the
interaction between proteins and ligands cannot be fully
confirmed. TPP is an advanced CETSA method, which can
be used to identify proteins that exhibit ligand-induced ther-
mal stability at higher temperatures. However, some proteins
are broken down at low temperatures or dissolved at high
temperatures, which cannot be reproduced. By comparison,
the DARTS technology is simple to operate and does not
require washing or setting a temperature gradient. It can
compensate for the shortcomings of SPROX, CETSA, and
TPP and can be successfully applied to target screening with
low affinity; thus, it has become the most popular method for
identifying direct targets.*® Hence, based on the toxic con-
centration of aconitine-induced cardiomyocyte damage,
a novel proteomic approach based on DARTS combined
with LC-MS/MS was utilised to fish the direct target proteins
of aconitine from myocardial cells, and the mechanism of
toxicity was explored. The proteins directly interacting with
aconitine were enriched from the total proteins of H9c2
cardiomyocytes via a molecular target fishing technique,
and 15 potential direct targets were identified using LC-MS
/MS. The 15 direct targets and targets predicted via network
pharmacology were integrated and analysed using the
STRING database. Through network topology analysis of
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PPI and KEGG, four direct target proteins (cPLA2, GYSI,
CTNNAI1, and ORCS) were screened as interactive. The
molecular docking results showed that aconitine was bound
to the active cavity of proteins via van der Waals forces or
hydrogen bonds, and cPLA2 was identified as a direct target
of aconitine based on literature investigation and biological
pathway analysis. Moreover, cPLA2 is the upstream signal
protein of PTGS2, and aconitine is speculated to act directly
on the target protein cPLA2, which mediates the release of
arachidonic acid, promotes the expression of PTGS2/COX-
2, and further accelerates the release of inflammatory factors,
ultimately leading to myocardial injury and dysfunction.
Meanwhile, the immune activity of COX is strengthened,
and COX-2 and its metabolites increase when myocardial
ischemia or infarction occurs.>®*” Moreover, aconitine can
promote the expression of PGE2 via the PGE2/COX-2 sig-
nalling pathway, thereby promoting the release of inflamma-
tory factors and causing myocardial injury.*> AFM imaging
verified that aconitine can bind to ¢cPLA2 well. Thus, we
further confirmed that cPLA2 is a direct target of aconitine-
induced cardiotoxicity. However, the mechanism of aconi-
tine-induced cardiotoxicity through the direct targets of
GYS1, CTNNAI1, and ORCS5 remains unclear and will
become the focus of our later studies. We also will verify
the mechanism of aconitine-induced cardiotoxicity in vivo in
the succeeding study. The present study not only contributes
to understanding the process of aconitine acting on direct
targets but also has great scientific significance in clarifying
the mechanism of aconitine-induced cardiotoxicity and
revealing its toxic nature.

Conclusion

In this study, we established a new strategy for the rapid
identification of the direct targets of aconitine based on the
DARTS technology and network integration analysis.
Moreover, molecular docking, literature investigation,
and AFM imaging were used to screen and verify the
key direct targets. Four potential direct targets (cPLA2,
GYS1, CTNNAI1, and ORC5) were discovered by inte-
grating and analysing the results of the DARTS technology
and network pharmacology using the STRING database.
The results of molecular docking showed that aconitine
could bind to the four proteins well. Further studies have
shown that cPLA2 is directly related to aconitine-induced
cardiotoxicity. Finally, AFM imaging was used to verify
the binding effect of cPLA2 and aconitine, which proved
that cPLA2 was the key direct target of aconitine. By
exploring the initial event of aconitine toxicity, we

comprehensively explained the toxicity mechanism. The
established research strategy laid a foundation for the
target fishing of other toxic drugs.
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