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Background: Accumulating evidence suggests that cardiotoxicity is one of the main manifestations of aconitine (AC) poi-
soning. However, the molecular mechanism of AC-induced cardiotoxicity remains unclear, there is little direct
evidence for therapeutic targets and drugs of AC-induced cardiotoxicity.

Material/Methods: Zebrafish were exposed to AC to evaluate cardiotoxicity by calculating the heart rates and observing the chang-
es of cardiac and vascular structure. RNA-seq (RNA sequencing) and bioinformatics analysis were used to ob-
tain differentially expressed genes (DEGs). The anti-AC cardiotoxicity compound was identified via connectiv-
ity map (CMAP) analysis and molecular docking.

Results: AC-induced cardiotoxicity in zebrafish predominantly included arrhythmias, extended sinus venous and bulbus
arteriosus (SV-BA) distance, and larger pericardial edema aera. A total of 1380 DEGs were identified by RNA-seq
and bioinformatics analysis. cyclin-dependent kinase-1 (CDK1) was screened as the hub gene and the most po-
tential therapeutic target due to its significant downregulation in cardiotoxicity based on protein-protein inter-
action (PPI) and drug-gene interaction (DGldb) network analysis. Cell cycle signal pathway was the most signif-
icant pathways identified in the Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG)
enrichment analysis. Furthermore, the expression of CDK1 was validated in the Gene Expression Omnibus (GEO)
database GSE71906, GSE65705, and GSE95140. Finally, heptaminol was identified as a novel anti-AC cardio-
toxicity compound via CMAP analysis and molecular docking.

Conclusions: Totally, hub genes and key pathways identified in this study can aid in the understanding of the molecular
changes in AC-induced cardiotoxicity. Meanwhile, we provide a systematic method to explore drug toxicity pre-
vention and treatment.
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Background

Aconitum carmichaelii Debeaux (Fuzi in Chinese) has been fre-
quently employed in traditional Chinese medicine for thou-
sands of years to treat inflammation, pain, neurologic diseas-
es and cardiovascular diseases [1,2]. With the development of
pharmacological research, aconitine (AC) has been identified
as one of the main active compounds in aconitum with a va-
riety of pharmacological activities such as analgesia and anti-
inflammatory and anti-tumor activities [3,4]. However, the clin-
ical efficacy and toxicity features of AC coexist [5], which limits
its clinical application [6]. In addition, the treatment outcome
for AC poisoning is unsatisfactory because of limitations in the
antidote for AC poisoning [7].

Cardiotoxicity is one of the most prominent lethal causes of
acute AC poisoning [8]. The typical symptoms of cardiovascu-
lar manifestations of acute AC poisoning include hypotensive
and bradycardic actions, palpitations, chest pains, sinus or ven-
tricular tachycardia, and ventricular fibrillation [9-11]. Current
research on AC cardiotoxicity has mainly focused on arrhyth-
mia and blood pressure, and the discussion of the mechanism
of cardiotoxic effects has mainly focused on the regulation of
ion channels and energy metabolism, and oxidative stress in-
jury [12-14]. However, the toxicity of AC to the cardiac struc-
ture has rarely been explored and the specific mechanism is
not well understood, and thus needs further study. Based on
certain advantages of zebrafish for cardiovascular studies and
the development of high-throughput sequencing technologies,
we investigated the cardiac structural toxicity of AC and the
underlying molecular mechanism.

The zebrafish is one of the most important vertebrate models
used to study the mechanism of toxicology for cardiovascu-
lar disease [15]. Firstly, the hearts of zebrafish can be imaged
under the microscope because their embryos and the young
fish bodies are transparent, so the heart rates and blood cir-
culation are visible and easy to observe. Secondly, the zebraf-
ish share similar physiological and biochemical characteris-
tics with mammals. The similar genome between humans and
zebrafish is up to 87%, therefore it can be applied to inves-
tigate the molecular mechanism of human diseases or high-
throughput drug screening [16]. Thirdly, cardiac fluorescence
transgenic (cmlc2: GFP) zebrafish emit green under a fluores-
cence microscope, which makes it accurate and convenient
to observe its heart structure changes [17]. Taken together,
zebrafish have certain benefits for studying the effect of drugs
on cardiovascular disease.

With the maturity and development of transcriptome se-
quencing technology, high-throughput platforms have been
widely applied for gene expression analysis, especially in
the study on pharmacology and toxicology of different herb
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monomers [18,19]. However, the data from high-throughput
sequencing is huge, so it requires analysis by bioinformatics
technology [20]. Screening for hub genes and key signal path-
ways played a key role in pharmacology and toxicology studies.

In the field of biomedical research, the ultimate objective is
to link human diseases to the genes that clarify them and
drugs that cure them. A druggable genome can be used to pre-
dict the drug-gene interactions, which are helpful to identify
drugs that might inhibit or otherwise modulate those genes.
The DGIdb (drug-gene interaction) and CMAP (connectivity
map) databases provide the potential to discover the rela-
tionship among drugs, genes, and diseases [21,22], and there
have been many studies on therapeutic targets and drugs for
diseases screened from these databases, including ischemic
stroke, obesity, osteonecrosis, and cancer [23-25].

The purpose of this study was to verify the cardiotoxicity of
AC and investigate the potential therapeutic targets, mecha-
nisms, and drugs. In this work, the zebrafish was used as a
vertebrate model for evaluating the AC-induced cardiotox-
icity by observing the changes in heart rates, cardiac mor-
phology, and the sinus venous and bulbus arteriosus (SV-BA)
distance. Furthermore, RNA-seq was applied to detect the dif-
ferentially expressed genes (DEGs) of AC-induced cardiotoxic-
ity in zebrafish. Next, hub therapeutic targets and key signal-
ing pathways were obtained via bioinformatics and network
analysis of DEGs. Finally, we identify the prospective drug for
AC-induced cardiotoxicity through the DGIdb and CMAP data-
bases and verify the relationship between drugs and targets
by molecular docking.

Material and Methods

Chemicals and reagents

Aconitine with purity >98% was bought from Chengdu Cdmust
Bio-Technology Co., Ltd. (Chengdu, China). Dimethyl sulfoxide
(DMSO0) were obtained from WAK-Chemie (Steinbach, Germany)
to facilitate dissolution.

Establishment of the zebrafish model

Zebrafish, transgenic (cmlc2: GFP) Tiibingen (TU) strain, belong-
ing to the Danio family of Cyprinidae, were provided by the
Institute of Pediatrics, Children’s Hospital of Fudan University.
The heart of a young zebrafish glows green under a fluores-
cence microscope, which facilitates the observation of zebrafish
hearts and the measurement of related indicators. Adult zebraf-
ish were bred in a water temperature of 28°C, at a pH of 7.0 to
7.5, and conductivity of 400-600 ps/cm. Zebrafish were fed 3
times a day, and exposed to fluorescent light for 14 hours and
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to darkness for 10 hours [26]. All procedures were approved
by the Children’s Hospital of Fudan University.

Cardiotoxicity evaluation of AC on zebrafish

The embryos were submerged in culture medium with cau-
tious use of a needle and placed in an incubator. A previous
study showed that at 72 hours post-fertilization (hpf), the half-
maximal effective concentration (EC50) of the cardiac toxic-
ity of AC to zebrafish embryos was 14.49 mg/L. AC has even
been used as the method to prepare cardiac arrhythmic mod-
els in modern heart research [27,28]. At 48 hpf, the embryos
were divided into an AC 15 mg/L group and a Control group
(contained cultivated water with 0.2% DMSO). The timing of
drug intervention ranged from 48 hpf to 72 hpf in zebrafish.

The embryos were subsequently adjusted to a side-lying posi-
tion with cautious use of a needle. Ten embryos were collect-
ed in each treatment group. The heartbeats of the embryos
were recorded by counting beats per minute on a live video,
as previously described [29], and SV-BA distance, which could
reflect the drug influence on the heart of zebrafish quantita-
tively [30], was measured by Image) (http://www.rsb.info.nih.
gov/ij/) as previously described [31]. Images and videos were
recorded at 48 hpf and 72 hpf.

RNA sequencing

To assess the potential effects of AC on the heart of zebrafish,
embryos were exposed to system water or AC 15 mg/L (20 em-
bryos per Petri dish) from 48 to 72 hpf as described. All sam-
ples were stored at -80°C until total RNA extraction. Total RNA
extraction was performed with TRIZol reagents from Invitrogen
following the manufacturer’s instructions. RNA library construc-
tion was then performed by BGI Co., Ltd., Shenzhen, China
(http://www.genomics.cn/) and specific steps were followed
using the methods previously described [32].

Bioinformatic and network analysis of RNA-seq data

Raw data from Illumina HiSeq sequencing were filtered,
and clean reads were matched to the reference sequence.
Quantitative analysis was conducted on the known genes,
the PossionDis algorithm was applied to perform differential
gene detection and screened |log2(FoldChange)| >1&gvalue
<0.001 as the DEGs. Then the DEGs were analyzed by Database
for Annotation, Visualization and Integrated Discovery
(DAVID) database (https://david.ncifcrf.gov/) to explore the
Gene Ontology (GO) functional annotation and the Kyoto
Encyclopedia of Genes and Genomes pathways [33], followed
by clustering analysis [34], protein-protein interaction (PPI) net-
work prediction [35], and drug-gene interaction [36] to identify
the hub genes, key pathways, and potential therapeutic targets.
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Table 1. Heart rates and SV-BA of zebrafish in each group at
72 hpf (n=16).

Heart rates* (bpm V-BA# (um
o ! (bpm) s Qtsgu )
Control 163.7+3.1 131.1+3.5
CAC1SmgL 199.0+48 1638449
. %1 54
R 0000 0000

There was a significant difference between the control group
and the AC 15 mg/L group both in heart rates and SV-BA

(* t=—6.1, * P<0.0001) (* t=—5.4, # P<0.0001). AC - aconitine;
SV-BA — sinus venous and bulbus arteriosus.

Finally, the obtained gene target network was imported into
Cytoscape software (https://cytoscape.org/) for visual editing.

CMAP analysis and molecular docking

The current version of the Connectivity Map (CMAP) data-
base [37] (build02; www.broadinstitute.org/cmap/) contained
more than 7000 expression profiles representing treatments
from 1309 compounds. It was an in-silico drug screening ap-
proach based on gene expression profiles that had recently been
manifested as a prospective strategy for drug repositioning.

Molecular docking was used to verify the targeting association
between the compounds and proteins, and the Sybyl X-2.0 [38]
was applied to calculate the docking scores represented the
binding affinities and obtain detailed information about the
relationships between novel drugs and targets.

Data analysis

All data were plotted using GraphPad Prism 7.0. Data were ex-
pressed as mean+standard error of the mean (SEM), and the
statistical software SPSS24.0 was used for statistical analy-
sis. The t-test was used for comparison between the 2 groups.
A P-value <0.05 was considered statistically significant.

Results

Effects of AC on the heart rates and SV-BA distance

After zebrafish embryos exposed to AC, we found that heart
rates of larvae increased. As shown in Table 1, compared with
the control group, AC 15 mg/L significantly resulted in faster
heart rates at 72 hpf (* P<0.001) (Table 1). Over time, zebrafish
were still alive while ventricular arrest or irregular heartbeats
appeared. The blood enters the atrium via the SV and leaves
the ventricle via the BA. In the normal scenario, the atrium and
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Figure 1. Morphology and heart fluorescence images of zebrafish embryos on the effects of aconitine (AC). V — ventricle; A — atria.
AC group versus control group, significant pericardial edema and blood cell accumulation in AC-exposed zebrafish hearts

(marked with red arrow).

ventricle overlap from the side view. However, if abnormal de-
velopment appears, the position of the atrium and ventricle
changes and the distance between the SV and BA also chang-
es accordingly. AC 15 mg/L reliably increased SV-BA distance
relative to controls. (* P<0.001) (Table 1).

Morphological toxicity

Cardiac structure defects were induced in zebrafish embryos by
AC exposure. The toxicity of AC to the cardiac structure main-
ly includes larger pericardial edema area and blood cell accu-
mulation in the sinus veins and the dorsal aorta. Moreover,
the heart structures in AC-treated embryos were elongat-
ed and stretched. Because of the less overlap of the atrium
and ventricle in the AC-treated group, the SV-BA distance be-
came longer than the looped and shaped hearts in the Control
group (Figure 1).

Differential expression analysis

Raw data obtained by Illumina HiSeq sequencing were filtered,
and clean reads were compared to the reference sequence.
DEGs were screened out by differential expression analysis ac-
cording to gene expression in different sample groups. A total
of 1621 DEGs were obtained, among which 696 genes were
upregulated and 925 genes were downregulated (Figure 2A).
The obtained DEGs were further transferred into the DAVID
database finally to get 1380 DEGs in official gene symbols.

The differences in gene expression levels in 2 comparison sam-
ples were rapidly examined by the volcano plot, which was a

type of scatter plot commonly used to display the results of a
differential gene expression analysis. The differential expres-
sion between the AC 15 mg/L group and the Control group in
the volcano plot are shown in Figure 2B.

GO and KEGG enrichment analysis of DEGs

GO was a major bioinformatics initiative used to unify the gene
attributes representation across all species. It contains a large
amount of experimentally verified and predicted associations
between genes and biological terms. The GO annotation sys-
tem which contains 3 main branches, namely, biological pro-
cess (BP), molecular function (MF), and cellular component (CC).
The top 20 items of our GO enrichment analysis are shown in
Figure 2C-2E. GO analysis revealed that AC-induced cardio-
toxicity was correlated to a significant enrichment of genes
mainly involved the regulation of the cell cycle phase transi-
tion in BP; DNA replication and DNA-dependent ATPase activ-
ity in MF; and nuclear chromatin and chromosomal region in
CC. The most important finding was the enrichment annota-
tion involved in BPs related to the regulation of cell cycle and
DNA replication.

Like the GO enrichment principle, KEGG pathway significance
enrichment can determine cellular behavior, important bio-
chemical and metabolic pathways, and signal transduction
pathways involved in DEGs. A scatter diagram (Figure 2F) is
a graphical presentation of our KEGG enrichment analysis re-
sults. The top 5 of them were Cell-cycle, DNA replication, p53
signaling pathway, Cellular senescence, and Nucleotide excision
repair. The top one item of GO and that of KEGG analysis were
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Figure 2. (A) Statistical chart of the number of DEGs. The horizontal axis represents a comparison of different samples, the vertical
axis represents the number of DEGs, red represents upregulation, blue represents downregulation. (B) Volcano plot of DEGs.
The figure contains an interactive scatter plot that displays the log2-fold changes and statistical significance of each gene
calculated by performing a differential gene expression analysis. Each dot in the volcano plot of DEGs represents a gene. Red
points indicate significantly upregulated genes, blue points indicate downregulated genes, and the black dots represent non-
differentially expressed genes. The axes display the significance versus fold-change estimated by the differential expression
analysis. The results of the GO and KEGG enrichment analysis of all DEGs. (C) Biological process. (D) Cellular component.

(E) Molecular function. (F) KEGG pathway. The size of the point represents the number of genes enriched, and the depth
of the color represents the size of the P-value. The X-axis is the name of the items arranged according to the degree

of enrichment, and the Y-axis is the size of the gene ratio. DEGs — differentially expressed genes; GO — Gene Ontology;
KEGG - Kyoto Encyclopedia of Genes and Genomes.
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KEGG pathway network of 136 druggable genes
Figure 3. (A) Core PPl network and hub genes identified by CytoNCA and Cytoscape. More important nodes received higher
quantitative values within the network. The list of the sequence of the top 20 genes. The shade of the color indicates the
degree of the gene. (B) Screen hub therapeutic target gene. drug-gene interaction network (left) and core PPl network (right).
(€) Key signal pathways. A network of KEGG-druggable genes (left) and top 20 KEGG items of DEGs (right). PPl — protein-

protein interaction; KEGG — Kyoto Encyclopedia of Genes and Genomes; DEGs — differentially expressed genes.
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Table 2. Topological parameters of the targets.

Gene symbol ] o BC Closeness
CDK1 192 148 0.92
"""" PLKI 154 73 089
""" AURKE 147 69 090
©opeNA w7 st 084
a2 132 e 088
 ToP2A 128 53 083
"""" FENT 126 58 084
"""" YMs 123 52 086
"""" POLAL 121 55 08
"""" RRM1 119 23 087

BC — betweenness centrality; DC — degree centrality.
The topological properties were calculated though CytoNCA.

both associated with the cell cycle-related biological process-
es and signaling pathways.

Screening of hub therapeutic targets and key signal
pathways

The most significant therapeutic targets were selected among
the DEGs. Above all, DEGs were input into the STRING data-
base (http://string-db.org/) to obtain the PPl network which
revealed the interactions of genes at the protein level. Next,
CytoNCA [39], a Cytoscape plugin, was used to obtain clus-
ters of core PPI networks by analyzing the topological proper-
ties and calculating betweenness centrality (BC) and degree
centrality (DC). With the limiting conditions DC >61 and BC
>50, a core PPl network with 27 genes was obtained as de-
picted in Figure 3A.

Crucially, the drug-gene interaction network of DEGs was
screened via the DGIdb database (http://www.dgidb.org/)

LAB/IN VITRO RESEARCH

aiming to identify druggable targets. A total of 136 genes were
identified to be druggable molecular targets for AC-induced
cardiotoxicity. The core PPl network and drug-gene interaction
network were intersected to get the hub genes in AC-induced
cardiotoxicity. A total of 10 intersection genes were generat-
ed including CDK1, PLK1, AURKB, PCNA, CCNA2, TOP2A, FENT,
TYMS, POLA1, RRM1 (Table 2). Evidently, the aforementioned
analysis illustrated that CDK1 was identified as the hub gene
target having the highest protein interaction level (DC=192,
BC=148) and drug ability (Figure 3B).

To further explore the key signal pathways, 136 druggable genes
were used in GO and KEGG enrichment analysis. The results
demonstrated that these genes were enriched into 8 signal-
ing pathways (count >5) and the vital GO item was Cell-cycle
DNA replication. Compared with the GO and KEGG analysis of
all DEGs in the previous step, Cell-cycle and DNA replication
signaling pathway were identified as key signal pathways of
AC cardiotoxicity. (Figure 3C).

Validation of the expression of CDK1 in the GEO database

Myocardial infarction eventually leads to myocardial cell ne-
crosis, which is one of the most severe manifestations coro-
nary artery disease, and a leading cause of death among cor-
onary artery disease patients, so it was particularly important
to initiate repair and protection of ischemic myocardium [40].
Controlling the heart rate is one of the key points to reduce
the infarct size [41]. The present study demonstrated that ze-
brafish heart injury via AC exposure was similar to the perfor-
mance of myocardial infarction. Therefore, we used 3 methods
(cloud and local) and 3 types of samples (mouse tissue, human
tissue, and single cell) to verify the regulation CDK1 in AC car-
diotoxicity and myocardial infarction (Table 3).

Firstly, Biojupies (http://biojupies.cloud) that is a web automat-
ed generation application in the cloud was used to obtain the
gene expression table, using the method described earlier [42].

Table 3. Validation the expression of CDK1 using different method and tissues.

Genes cdkl cdkl CDK1 CDK1
Tissue Zebrafish Mus musculus Human Human
Our data GSE71906 GSE65705 GSE95140
Methods RNA-seq RNA-seq RNA-seq Sg;\iii:“
Clogrc R o001 o236 o761
CRegulaon ~ Down  Down  Down  Down

Comparing the myocardial injury tissue of mouse and human from the GEO database (GSE71906, GSE65705 and GSE95140) with the
zebrafish heart injury in present study, the expression of CDK1 is all downregulated in 3 types of samples. GEO — Gene Expression

Omnibus; CDK1 - cyclin-dependent kinase-1.

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)

€924092-7

Indexed in:
[ISI Journals Master List]
[Chemical Abstracts/CAS]

[Index Medicus/MEDLINE]

[Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]
[EMBASE/Excerpta Medica]



LAB/IN VITRO RESEARCH

Wang M. et al.:
Molecular mechanisms and drugs for aconitine-induced cardiotoxicity
© Med Sci Monit, 2020; 26: €924092

Table 4. Top 10 most significant compounds based on CMAP for AC-induced cardiotoxicity.

CMAP name Mean n
Phenoxybenzamine -0.834 4
Parthenolide o787 4
Tanespimycin - 0448 62
TrichostatnA - 0385 182
Thioridazine o512 20
' Heptaminol 0665 5
 Adiphenine o679 5
Tranexamicaqd 0602 5
Vorinostat 0521 12
294002 0283 61

Enrichment p Specificity
—-0.982 0 0
""""""""" 0% o o
""""""""" 038 0 0218
""""""""" 038 o 0505
""""""""" 0507 000002 01505
"""""""""" 0919 000004 o
"""""""""" 087 000008 00053
"""""""""" o84 000008 o0
""""""""" 0597 000018 02655
""""""""" 0268 00002 04233

CMAP — connectivity map; AC — aconitine.

The dataset GSE65705 was retrieved using myocardial infarc-
tion and human tissue as key search words.

The dataset GSE71906 that is the gene expression matrix of
myocardial infarction heart tissue in mouse (https://www.ncbi.
nlm.nih.gov/geo/query/acc.cgi?acc=GSE71906) was screened
from the GEO database and then we performed differential
gene expression analysis based on the R limma package [43]
to further validate the expression of CDK1. The results sug-
gested that in myocardial infarction heart tissue of mouse and
human, CDK1 was downregulated, while the degree was low-
er than that of zebrafish heart injury.

Furthermore, single-cell sequencing, aiming at individual cells
genome, was different from ordinary sequencing. Consequently,
results of ordinary sequencing would inevitably be affected by
different cell heterogeneity, while single-cell sequencing could
better help us understand the differences between cells. We
screened human myocardial injury single-cell sequencing data-
set GSE95140 (https://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc=GSE95140) from the GEO database. Consistent with
the aforementioned results, CDK1 was also downregulated in
single-cell sequencing. These results supported the hypothe-
sis that CDK1 was downregulated in different species of heart
tissue after heart damage in zebrafish, mouse, and human.

Candidate anti-cardiotoxicity compounds via CMAP
analysis

136 druggable genes were divided into upregulated and
downregulated genes and then uploaded to CMAP to deter-
mine potential drugs for cardiotoxicity. The top 10 most
significant potential compounds were phenoxybenzamine,
parthenolide, tanespimycin, trichostatin A, thioridazine,
heptaminol, adiphenine, tranexamic acid, vorinostat, and

LY-294002 (Table 4). The chemical structures of these com-
pounds were also downloaded (Figure 4A) from the ZINC
database (http://zinc15.docking.org). Among these small com-
pounds, previous studies have proven that heptaminol [44,45]
and tranexamic acid [46] can be used in cardiovascular dis-
eases, while the others have the effects of anti-tumor or anti-
inflammatory, etc.

Correlation between CDK1 and compounds via molecular
docking

A molecular docking study was performed to verify the associa-
tion between the molecules and targets. Using the SYBYL X 2.0
software, the top 10 compounds identified via CMAP analysis
were docked with the hub gene CDK1 to obtain docking scores
(Table 5) including Total-score and C-score; C-score >3 was
considered high binding affinity [47]. Among the top 10 com-
pounds, trichostatin A (Figure 4B) and heptaminol (Figure 4C)
had the highest binding affinity to CDK1, which was mutually
confirmed by previous studies [48]. Furthermore, heptaminol
has been proven to treat cardiovascular system problems such
as anti-hypotensive action, right heart failure, and cardiogenic
edema [49,50], therefore it was selected as the key drug.

Overall, through the aforementioned comprehensive analysis,
GO enrichment analysis results suggested that high-enrichment
biological process was the regulation of cell cycle phase tran-
sition; Then KEGG enrichment analysis demonstrated that the
key signal pathway was the cell-cycle signal pathway. Besides,
the hub gene screening results illustrated that CDK1 was the
crucial therapeutic target. Besides preliminary verification of
the expression of CDK1 was performed in the GEO database.
Eventually, to demonstrate the molecular mechanism and ther-
apeutic targets of AC-induced cardiotoxicity more intuitively,
a new Hub Genes-Key Pathways interaction network was
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Figure 4. (A) The chemical structures of top 10 compounds via CMAP analysis. (B) Binding of trichostatin A and CDK1. (C) Binding of
heptaminol and CDK1. CMAP — connectivity map; CDK1 — cyclin-dependent kinase-1.

constructed as shown in Figure 5. Based on this system frame,
the hub genes and key signaling pathways of AC-induced car-
diotoxicity in zebrafish were clearly labeled.

Discussion

The safety evaluation of chemical drugs, biological agents and
especially herbs has always been one of the most crucial issues
in pharmacological research. The innovative, well-designed, and
systematic safety studies should be carried out step by step to

achieve a comprehensive exploration of morphology-molecu-
lar mechanisms-gene targets in drug toxicity. The continuous
advancement of high-throughput sequencing, bioinformatics
analysis, and network pharmacology [51,52] provide new re-
search ideas for pharmacology and toxicology.

With the widespread clinical application of AC, the studies on
its toxicity become increasingly urgent. Consistent with pre-
vious studies [53], our study, based on the established zebraf-
ish models, demonstrated that cardiotoxicity was the main
feature of AC poisoning including atrioventricular arrhythmia,
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Table 5. Molecular docking results via Sybyl-X 2.0.

Name Total-Score Crash Polar C-score
Trichostatin A 4.6014 -1.5507 3.383 4
Heptaminol a4 0794  3asu s
Vorinostat 3932 -o5783 29081 5
 Adiphenine 33728 o858 o 5
Tranexamicaqd 3336 -ol%7 3059 2
 Phenoxybenzamine 2989 0832 o 3
Parthenolide 2617 04027 o 5
Thioridazine 221758  -09797 o 2
Tanespimycn 2200  -2662 28124 2
Clv-294002 1551 -02973 o 2

Degree
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Figure 5. A new hub genes-key pathway network. A systematic understanding of the mechanism of AC cardiotoxicity. The depth of
the color represents the number of genes enriched in the pathway. CDK1 and cell-cycle signal pathway play a key role in
aconitine-induced cardiotoxicity. CDK1 — cyclin-dependent kinase-1; AC — aconitine.

conduction block, and heart arrest. Then, the increase in heart
rate caused myocardium overloaded. Besides, it also result-
ed in myocardial damage, pericardial edema, atria-ventricles
dilating, and led to functional and organic damage on the ze-
brafish heart.

Previous studies revealed that the ion channel, neurotransmit-
ter, energy metabolism, and cell damage of cardiomyocytes
may be the mechanism of AC-induced cardiotoxicity [54-56].

However, there was little direct evidence for potential thera-
peutic targets and biomarkers of AC-induced cardiotoxicity. In
the present study, we provided mechanistic insight into previ-
ous findings that CDK1 was a promising molecular target and
cell-cycle was the most critical biological process and signal-
ing pathway for AC-induced cardiotoxicity using RNA-seq and
bioinformatics analysis.
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The cell cycle is an ordered event in which a cell replicates its
genome, growth, and division. It is regulated by multiple pro-
teins, including cyclins, cyclin kinases, and cyclin kinase inhib-
itors. Cell cycle is also the basis for life growth, development,
and reproduction [57], which includes G1, S, G2, and M phases.
CDK1, as a cell-cycle regulator, is crucial in the transition from
G1to S and G2 to M phase [58]. Previous studies have dem-
onstrated that CDK1 and cell-cycle signaling pathways play an
important role in arrhythmias and myocardial damage regard-
less, in patient, mammalian, or zebrafish research. For exam-
ple, a clinical study suggested that propranolol used to con-
trol heart rates could upregulate the cell-cycle related genes
in the heart [59]. Another in vitro research of atrial fibrillation
revealed that phosphorylation of paxillin at Ser244 by CDK1
was a key mechanism of fibroblast differentiation and ulti-
mately caused atrial fibrosis in the cardiac fibroblasts [60].

In a study of cardiomyocyte injury, the activation of CDK1 pro-
moted the re-intervention of cardiomyocyte cell-cycle to en-
hance cell survival, which induced angiogenesis and reduced
the size of infarction. Therefore, the cardiac structure and
function were jointly improved in mice with myocardial in-
farction [61]. A recent investigation of the cardiomyocyte il-
lustrated that overexpression of CDK1 activated proliferation
of postmitotic cardiomyocytes. It also enhanced cardiac func-
tion and increased cardiomyocyte proliferation after myocar-
dial infarction [62]. Overall, in light of our study results and
previous research, we can conclude that AC inhibited the cell-
cycle signaling pathway by downregulating the expression of
CDK1 which resulted in myocardial injury and cardiac rhythm
changes. The regulation of cell-cycle related genes stimulat-
ed adult cardiomyocyte proliferation and cardiac regenera-
tion. It supported the notion that cell-cycle reactivation used
carefully may be effective as a therapeutic strategy for car-
diac repair [63].

Pharmacogenomics encompassed potentially clinically action-
able gene-drug associations, which may greatly accelerate the
process of drug development. According to our screening and
prediction through the CMAP database and molecular docking,
heptaminol was one of the key compounds for anti-AC cardio-
toxicity. Meanwhile, our study also found that cardiac injury
induced by AC exposure in zebrafish mainly included pericar-
dial edema and atrial enlargement. Heptaminol was widely
recognized for the treatment for right heart failure, coronary
heart disease, and cardiogenic edema, which can improve

LAB/IN VITRO RESEARCH

atrioventricular node excitability, excite the conduction sys-
tem, and restore its normal function [44,45,64].

Unexpectedly, we found that AC could result in the downreg-
ulation of PLK1, CCNB1, etc. However, these genes were dem-
onstrated to be overexpressed in cancer samples in previous
studies [65-67]. Furthermore, part of the top 10 small mole-
cules selected via our CMAP analysis possessed an anti-tumor
effect. Therefore, our data supported the hypothesis that AC
had potential anticancer activity, which provides references
for herbal drugs to treat cancer in the future.

Even if the current study has proposed drug candidates for
augmenting the present management of AC cardiotoxicity,
several limitations need to be resolved for future improve-
ments. First, although zebrafish have certain advantages in
the study of heart disease, future experimental studies will
need to be expanded to include rats, cells, and other models
to explore the pharmacological and toxicological mechanisms
of AC in different species. Second, the potential drugs identi-
fied in the current study need to be validated in further in vi-
tro and in vivo experiments.

Conclusions

In conclusion, we investigated the manifestation and analyzed
the possible mechanism of AC-induced cardiotoxicity in zebraf-
ish. Furthermore, the AC cardiotoxicity-related genes identi-
fied via RNA-seq and bioinformatics analysis will attract more
related research. The candidate drugs screened through the
CMAP database and molecule docking may offer innovative
treatment perspectives of drug toxicity and provide a system-
atic bioinformatics method to illustrate the molecular mech-
anisms of toxicology.
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