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Abstract 

Background  Neuroblastoma, a prevalent solid tumor in children, often manifests with hidden onset sites, rapid 
growth, and high metastatic potential. The prognosis for children with high-risk neuroblastoma remains poor, high-
lighting the urgent need for novel prognostic models and therapeutic avenues. In recent years, puerarin, as a kind 
of small molecule drug extracted from Chinese medicine Pueraria lobata, has demonstrated significant anticancer 
effects on various cancer cell types. In this study, through bioinformatics analysis and in vitro experiments, the poten-
tial and mechanism of puerarin in the treatment of neuroblastoma were investigated, and a prognostic model 
was established.

Methods  A total of 9 drug-disease related targets were observed by constructing a database of drug targets 
and disease genes. Besides, GO and KEGG enrichment analysis was performed to explore the potential mechanism 
of its therapeutic effect. To construct the prognostic model, risk regression analysis and LASSO analysis were carried 
out for validation. Finally, the prognostic genes were identified. Parachute test and immunofluorescence staining were 
performed to verify the potential mechanism of puerarin in neuroblastoma treatment.

Results  Three prognostic genes, i.e., BIRC5, TIMP2 and CASP9, were identified. In vitro studies verified puerarin’s 
impact on BIRC5, TIMP2, and CASP9 expression, inhibiting proliferation in neuroblastoma SH-SY5Y cells. Puerarin 
disrupts the cytoskeleton, boosts gap junctional communication, curtailing invasion and migration, and induces 
mitochondrial damage in SH-SY5Y cells.

Conclusions  Based on network pharmacology and bioinformatics analysis, combined with in vitro experimental 
verification, puerarin was hereby observed to enhance GJIC in neuroblastoma, destroy cytoskeleton and thus inhibit 
cell invasion and migration, cause mitochondrial damage of tumor cells, and inhibit cell proliferation. Overall, puerarin, 
as a natural medicinal compound, does hold potential as a novel therapy for neuroblastoma.
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Background
Neuroblastoma, a childhood tumor originating in the 
sympathetic nervous system, is typically diagnosed 
around 17  months of age [1]. It is also one of the most 
common solid tumors in childhood, accounting for 
about 15 percent of pediatric tumor deaths [2]. The clini-
cal manifestations of neuroblastoma vary according to 
the location of the tumor and the severity of the disease 
[3]. Neuroblastoma can occur in various parts of the 
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sympathetic nervous system, including the neck, chest 
and abdomen. Tumor cell proliferation and metastasis 
pose significant challenges to treating the disease. Cur-
rent treatment options for children with neuroblastoma 
include surgery, chemotherapy, radiation therapy, immu-
notherapy, and hematopoietic stem cell transplantation 
(AHSCT) [4]. Despite the high survival rates for children 
with low and medium-risk neuroblastoma [5], outcomes 
for children with high-risk neuroblastoma remain poor, 
with 5-year survival rates of less than 50% [6, 7]. Most at-
risk children do not respond to first-line treatment or are 
at high risk of relapse in the first few years after treatment 
[8]. Therefore, discovering small molecule targeted drugs 
to treat neuroblastoma, inhibit tumor cell proliferation 
and metastasis, and extend the survival cycle of children 
with the disease is of utmost importance.

As society and medicine progress, Chinese herbal 
medicine has increasingly proven its worth in disease 
prevention and treatment. In recent years, numerous 
medicinal plants and herbal compounds have gained sig-
nificant attention in tumor drug research. Puerarin, for 
example, has shown promising intervention capabilities 
in treating nervous system diseases [9]. It is an isoflavone 
compound extracted from pueraria root, furnished with 
many pharmacological effects such as anti-inflammation, 
anti-cancer, anti-oxidation and anti-ischemia reperfu-
sion injury [10–13]. Previous studies have shown the 
positive anti-cancer effects of puerarin in a variety of 
cancers, including prostate cancer[14], lung cancer[15], 
and oral squamous cell carcinoma [16]. In addition, its 
protective effect on nervous system diseases by activat-
ing PI3K/Akt signaling pathway has also been confirmed, 
which also delays degenerative diseases of the nervous 
system [17, 18]. However, the role of puerarin in neuro-
blastoma remains unclear. To this end, the effects and 
mechanisms of puerarin in the treatment of neuroblas-
toma were hereby investigated using network pharmacol-
ogy and bioinformatics methods combined with in vitro 
experiments.

Method
Potential target acquisition in neuroblastoma
Therapeutically Applicable Research to Generate Effec-
tive Treatments (TARGET) (https://​ocg.​cancer.​gov/​progr​
ams/​target) is an open database for childhood cancers. 
Herein, the RNA sequencing data and corresponding 
clinical information of 244 neuroblastoma samples were 
obtained from the TARGET database, of which 213 were 
in the COG high risk group and 31 were in the COG low 
risk group. Differentially expressed mRNAs between the 
COG high and low risk groups were delved into using the 
limma package in R software[19]. Adjusted P < 0.05 and 
Log1.3 (Fold Change) > 1 or Log1.3 (Fold Change) <  − 1″ 

were defined as the threshold for the differential expres-
sion of mRNAs.

Drug‑disease related targets acquisition
Puerarin was analyzed using the TCMSP database 
(https://​old.​tcmsp-e.​com/​tcmsp.​php) to identify known 
drug targets, and Uniport database was employed to 
transform and standardize puerarin drug target data to 
construct a drug target gene database. Besides, Venny 
2.1.0 was utilized to map the targets of puerarin along-
side known therapeutic targets of neuroblastoma, estab-
lishing a Venn diagram for comparative analysis. After 
removing the repeat target for NB, the puerarin target 
was intersected with a potential therapeutic target for 
NB. These cross-over targets are defined as drug-disease 
related targets for the treatment of NB. Additionally, drug 
disease composite target network was constructed using 
Cytoscape (version 3.7.2, Boston, MA, USA). To explore 
the connections between key targets, the protein–protein 
interaction network was further mapped using the string 
database (https:// string-db.org /).

Functional enrichment
To explore the functions of drug-disease related targets, 
a functional enrichment analysis was conducted utiliz-
ing Gene Ontology (GO). This tool is commonly used 
to annotate genes with their molecular function (MF), 
biological pathways (BP), and cellular components (CC). 
Additionally, Kyoto Encyclopedia of Genes and Genomes 
(KEGG) Enrichment Analysis was employed as a practi-
cal resource for studying gene functions and associated 
high-level genome functional information. Subsequently, 
to visualize the results, the ClusterProfiler package (ver-
sion: 3.18.0) in R was utilized [19].

Correlation test between genes and survival
Herein, by using gene expression and clinical data from 
249 patients extracted from the TARGET database, an 
investigation was conducted to determine whether any 
drug-related target genes were linked to survival in neu-
roblastoma patients. Based on the expression of drug-
related target genes, these patients were divided into high 
and low groups, and 9 genes were individually analyzed. 
Besides, the log-rank test was conducted to compare 
survival differences between these groups. Additionally, 
timeROC (v 0.4) analysis was employed to compare the 
predictive accuracy of each gene. Subsequently, p-val-
ues and hazard ratios (HR) with 95% confidence inter-
vals (CI) for Kaplan–Meier curves were generated using 
log-rank tests and univariate Cox proportional hazards 
regression. A p-value less than 0.05 was considered sta-
tistically significant.

https://ocg.cancer.gov/programs/target
https://ocg.cancer.gov/programs/target
https://old.tcmsp-e.com/tcmsp.php
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Construction of prognostic model
Based on the RNA sequencing data (level 3) and cor-
responding clinical information of 249 neuroblastoma 
samples from the TARGET dataset, a log-rank test was 
conducted to compare the survival differences between 
the two or more groups in the KM survival analysis. 
Meanwhile, timeROC analysis was conducted to evalu-
ate the accuracy of the prediction model. The least 
absolute shrinkage and selection operator (LASSO) 
regression algorithm was used for feature selection, and 
tenfold cross validation was performed. The above analy-
sis was conducted using R software glmnet package. For 
the Kaplan–Meier curves, p-values and hazard ratios 
(HR) with a 95% confidence interval (CI) were obtained 
through log-rank test and univariate Cox regression. All 
the above statistical analyses and R software packages 
were executed using the version 4.0.3 of R software (R 
Foundation for Statistical Computing, 2020) [20], with a 
p-value less than 0.05 considered significant.

Cell culture
The human neuroblastoma SH-SY5Y cell line was used 
in this study, which was purchased from SUNNCELL 
(Wuhan, China) and cultured in DMEM medium (Gibco, 
USA) containing 10% fetal bovine serum (Gibco, USA) at 
5% CO2 at 37℃. The passage was conducted upon reach-
ing 90% cell confluence.

Cell viability assay
Puerarin was purchased from MedChemExpress (Amer-
ica, HY-N0145). ShSy-5Y cells were inoculated in 96-well 
plates at a density of 5000 cells per well and cultured in 
complete medium for 24  h. Subsequently, puerarin was 
added to the medium to achieve the final puerarin con-
centrations of 0, 25, 50, 75, 100, 150 and 200 µmol/L, and 
the cells were continuously cultured for 24 h. Each well 
was added with 10 μL CCK-8 solution (Abbkine, China) 
and incubated at 37℃ for 2 h. The absorbance at 450 nm 
was measured using enzyme-labeled instrument.

Wound healing test
SH-SY5Y cells were seeded in a complete medium at a 
density of 20,000 cells per well in a six-well plate and 
cultured until reaching 85% confluence [21]. A scratch 
was made to create a wound upon reaching this con-
fluence. After gentle washing, the cells were treated 
with puerarin at concentrations of 0, 50, 100, and 
150  µM in DMEM medium without FBS. The wound 
surface areas were measured for the next 24 h to evalu-
ate cell migration ability.

Transwell test
SH-SY5Y cells were seeded at a density of 50,000 cells/
well in the upper chamber of a transwell plate using 
serum-free DMEM diluted with puerarin at concentra-
tions of 0, 50, 100, and 150 µM [21]. The lower wells were 
filled with complete DMEM culture medium containing 
20% FBS to facilitate their migration. After a 24-h incuba-
tion in a cell culture container, the cells were fixed with 
4% paraformaldehyde for 10 min. Following fixation, the 
cells in the upper chamber were delicately removed using 
a cotton swab, leaving behind the migrated cells, which 
were subsequently stained with crystal violet and imaged 
under a microscope.

Colony‑forming assay
SH-SY5Y cells were seeded at a density of 500 cells per 
well in a six-well plate and cultured in complete cell cul-
ture medium for six hours to facilitate recovery. Different 
concentrations of puerarin, including end densities of 0, 
50, 100, and 150 µM were added to the medium. Follow-
ing two weeks of culture, the cells were gently washed, 
and the medium was aspirated. Subsequently, the cells 
were then fixed with 4% paraformaldehyde for 10  min, 
stained with crystal violet for 15 min, washed again, and 
finally observed under a microscope.

Parachute assay
Sh-SY5Y cells were inoculated in 24-well plates and pre-
cultured in complete medium containing puerarin at 
concentrations of 0, 50, 100, and 150 µM for 24 h. On the 
following day, some of the pores in each concentration 
were selected as donor cells. Calcein-AM was absorbed 
in complete culture medium containing 10 μmol/L Cal-
cein-AM (Solarbio, Beijing), and transformed into cal-
cein with green (530  nm) fluorescence signal. The cells 
were then incubated in darkness for 30 min. The recipi-
ent cells were cultured in 24-well plates until fully conflu-
ent. Following that, 500 Calcein-labeled donor cells were 
added to each well, and incubated in the dark for 3 h. [22] 
Then, the media containing donor cells were sucked away 
and rinsed 3 times with PSB. Fresh media was added, and 
random photos were taken using a fluorescence micro-
scope (ti2-u, Nikon, Japan).

Detection of mitochondrial membrane potential
The JC-1 kit from Beyotime, China was employed for 
mitochondrial membrane potential detection. SH-
SY5Y cells were seeded at 5 × 103 cells/well in a 96-well 
plate. After 24  h, the cells were stained using the kit 
and observed under a fluorescence microscope. In con-
ditions of high mitochondrial membrane potential, 
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JC-1 formed red fluorescent J-aggregates in the mito-
chondrial matrix, while under low mitochondrial mem-
brane potential, JC-1 remained in the green fluorescent 
monomeric form.

Immunofluorescence (IF) staining
Cells were seeded onto slides in 24-well plates, and fixed 
in 4% paraformaldehyde for 20  min. Subsequently, they 
were immersed in 0.5% Triton-X in PBS for 10  min to 
enhance cell membrane permeability. The slides were 
then blocked with goat serum drops for 1 h at 37° C. Pri-
mary antibodies were added and left to incubate over-
night at 4  °C. The next day, the cells were washed three 
times with PBST before adding the corresponding sec-
ondary antibodies. The slides were then incubated for 
1  h at 37  °C. Subsequently, DAPI was used to label the 
nuclei. The cell slides were taken out of the 24-well 
plate and positioned on a glass slide pre-treated with an 
anti-fluorescence quencher. Finally, they were photo-
graphed under an upright fluorescence microscope for 
observation.

qRT‑PCR
Cells at different intervention concentrations were 
homogenized and extracted using the TRIzol™ reagent 
(Ambion, 155,596–026) as per manufacturer’s instruc-
tions. Reverse transcription was performed using Prime-
Script RT Master Mix (Vazyme, China). Then, qRT-PCR 
was carried out using AceQ qPCR SYBR Green Master 
Mix (Vazyme, China), with GAPDH taken as the inter-
nal parameter. All primers were purchased from Sangon 
Biotech (Shanghai, China). The sequences of the prim-
ers were as follows: GADPH, 5′-GCA​CCG​TCA​AGG​
CTG​AGA​AC-3′ (sense) and 5′-TGG​TGA​AGA​CGC​
CAG​TGG​A-3′(antisense); BIRC5 forward, 5′- ATT​
CGT​CCG​GTT​GCG​CTT​TCC -3′ (sense) and 5′- CAC​
GGC​GCA​CTT​TCT​TCG​CAG-3′(antisense); TIMP2 
forward, 5′-GCA​CAT​CAC​CCT​CTG​TGA​CT-3′ (sense) 
and 5′-CTG​GTG​CCC​GTT​GAT​GTT​CT-3′(antisense); 
CASP9 forward, 5′- GAG​GTG​AAG​AAC​GAC​CTG​
ACTG-3′ (sense) and 5′- CTC​AAT​GGA​CAC​GGA​GCA​
TC-3′(antisense); CX43 forward, 5′- TCT​GCC​TTT​CGC​
TGT​AAC​ACT-3′ (sense); and 5′- GGG​CAC​AGA​CAC​
GAA​TAT​GAT-3′(antisense).

Western blot
Protein samples were separated by sodium dodecyl sul-
fate–polyacrylamide gel electrophoresis and transferred 
to polyvinylidene difluoride (PVDF) membrane (Milli-
pore, USA). The membrane was blocked with 5% nonfat 
dry milk for 2 h at room temperature and then incubated 
at 4  °C overnight with a primary antibody. Blots were 
washed three times in TBST for 10  min and incubated 

with the secondary antibodies at room temperature for 
1  h. Protein detection was conducted using a Millipore 
ECL reagent with visualization achieved through the 
Tanon System, following three rounds of TBST washing. 
Quantification of data was achieved through GAPDH 
expression, and the analysis was performed using ImageJ 
software version 5.2.1. The antibodies used in this study 
are shown in Table 1.

Statistical analysis
SPSS 27.0 was used for data analysis. Quantitative data 
were expressed as the mean ± SD of at least three inde-
pendent experiments. Besides, one-way analysis of vari-
ance was conducted to compare the means. P < 0.05 was 
considered statistically significant.

Results
Potential target acquisition in neuroblastoma
RNA sequencing data and corresponding clinical infor-
mation of 213 COG high-risk group and 31 COG low-
risk group patients were obtained from the TARGET 
database, and the differentially expressed genes between 
the two groups were analyzed. A total of 1,451 differen-
tially expressed genes were ultimately obtained as poten-
tial targets for neuroblastoma. As shown in Fig. 1A, the 
red dots in the diagram represent significantly upregu-
lated genes, the blue dots represent significantly down-
regulated genes, and the gray dots represent insignificant 
genes. Differential gene expression heatmap is shown 
in Fig.  1B, where different colors represent expression 
trends in different tissues. Due to the large number of 
differential genes, the top 50 upregulated and downregu-
lated genes with the largest differential changes are sepa-
rately presented here.

Drug‑disease related targets acquisition
Herein, 48 potential targets for puerarin were identified 
from the TCMSP database. Through the Venny R pack-
age, 9 key-target genes were extracted and illustrated in 

Table 1  The antibodies and dilution ratios used for experiments

Antibody Company Batch number

JAML abcam ab183714

Cx43 abcam ab312836

ROCK1 abcam ab134181

RhoA Proteintech 10,749–1-AP

MLCK abcam ab232949

p-CX43 Bioss bs-3098R

GAPDH Huabio ET1601-4
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Fig. 1  A A volcano plot drawn based on Fold change and corrected p-values. B Differential gene expression heatmap. C Venn diagram 
of the effective targets of Puerarin and potential therapeutic targets of neuroblastoma. D Drug-disease related targets containing 9 genes. E 
Protein–protein interaction (PPI) network of the common targets of puerarin and neuroblastoma. F, G KEGG and GO analysis of drug-disease related 
targets
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a Venn diagram (Fig.  1C). Additionally, the outcomes 
were visualized as a complex drug-disease target network 
(Fig. 1D).

Construction of the PPI network
To further understand the relationship between various 
drug-disease related targets, a STRING database and the 
restricted species Homo sapiens were employed to obtain 
a PPI network (Fig. 1E).

GO and KEGG pathway enrichment analyses
In this study, 9 key-target genes were analyzed using the 
Bioconductor library in R for GO and KEGG pathway 
enrichment analyses. The top 10 results were obtained 
and visualized as bar charts and bubble charts. As shown 
in Fig.  1F, KEGG analysis obtained Gap junction, Tight 
junction, cell cycle, etc., while GO analysis obtained cell 
population proliferation, response to cytokine, proteoly-
sis, etc., as shown in Fig. 1G.

Correlation test between genes and survival
The correlation between 9 key target genes and survival 
was tested, and the results showed that 6 genes were 
significantly associated with neuroblastoma survival 
(Fig.  2B). As shown in Fig.  2A, BIRC5 was negatively 
correlated with survival, while CASP9, TIMP2, PLAT, 
CDKN1B and LEPR demonstrated a positive correlation 
with survival.

Construction of a prognostic model
LASSO COX regression analysis of these 6 genes dem-
onstrated stable and robust performance (Fig.  3A, B). 
In order to obtain the optimal results, multivariate 
COX regression analysis was performed on 6 key-tar-
get genes, and 3 genes associated with neuroblastoma 
were identified, i.e., BIRC5, TIMP2 and CASP9. A risk 
score was calculated for each patient based on mRNA 
expression levels and risk coefficients for 3 key target 
genes. According to the median risk score, patients 
with higher than the median score were divided into 
the high-risk group and the low-risk group to predict 
the prognosis of neuroblastoma patients (Fig. 3C). As 
shown in Fig.  3D, the mortality rate of the high-risk 
group was observed to be higher than that of the low-
risk group, while the survival rate was lower than that 
of the low-risk group. Subsequently, the expression 
heat maps of 3 key target genes in high-risk and low-
risk groups were constructed. As shown in Fig. 3E, the 
expression of BIRC5 in the high-risk group was higher 
than that in the low-risk group, confirming these genes 
as high-risk ones. Meanwhile, the expression of TIMP2 
and CASP9 in the high-risk group was lower than that 

in the low-risk group, demonstrating these genes as 
low-risk ones. Kaplan–Meier analysis showed that the 
survival rate of the high-risk group was lower than that 
of the low-risk group at any time (Fig. 3F). In order to 
further evaluate the predictive effect of the prognos-
tic model, the ROC curve changing over time was used 
for analysis. As shown in Fig. 3G, the 1-year AUC was 
0.686, the 2-year AUC was 0.678, and the 3-year AUC 
was 0.682, indicating the good predictive ability of the 
model.

Puerarin inhibiting the activity and proliferation 
of SH‑SY5Y cells
Cell viability was hereby assessed using the CCK8 
method, and the results showed that with the increase 
of concentration, the activity of SH-SY5Y cells decreased 
gradually and reached IC50 at 174.4 μM (Fig. 4A). There-
fore, in order to prevent cell death from impacting the 
outcomes of other experiments, 150  μM was chosen as 
the highest experimental concentration to ensure cell 
viability. Besides, colony formation experiments were 
performed to evaluate the effect of puerarin on the pro-
liferation of SH-SY5Y cells, and colony formation experi-
ments were carried out to assess the effect of puerarin 
on the proliferation of SH-SY5Y cells. As expected, com-
pared with the 0 µM puerarin group, the cell colony num-
bers of 50, 100, and 150  µM groups were significantly 
reduced (P < 0.05) (Fig. 5A), thereby proving the efficacy 
of puerarin in inhibiting the proliferation of SH-SY5Y 
cells.

Puerarin inhibiting the migration and invasion ability 
of SH‑SY5Y cells
The wound healing experiment can reflect the migration 
ability of SH-SY5Y cells under different concentrations of 
stimulation. The results showed that the migration dis-
tance of SH-SY5Y cells decreased significantly with the 
increase of puerarin concentration (P < 0.05) (Fig.  4 B). 
Similarly, Transwell results showed that compared with 
the 0µMpuerarin groups, the cells on the lower surface of 
the 50,100 and 150µMpuerarin groups were significantly 
reduced, the higher the concentration of puerarin, the 
less the number of cells on the lower surface (P < 0.001). 
(Fig. 4C, D) This indicated that puerarin could inhibit the 
migration ability of SH-SY5Y cells.

Puerarin increased mitochondrial damage in SH‑SY5Y cells
Mitochondria serve as vital organelles for biological 
energy production and biosynthesis, playing a crucial 
role in tumor cell metabolism, growth, and survival. 
To assess puerarin’s impact on mitochondrial function, 
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SH-SY5Y cells were hereby stained with JC-1 at differ-
ent intervention concentrations. As shown in Fig.  5B, 
with the increase of dose, the fluorescence intensity of 
aggregate JC-1 decreased gradually, and the number of 
cells labeled red decreased as well. The results showed 
that puerarin caused mitochondrial damage to SH-
SY5Y cells.

Puerarin downregulating the expression of BIRC5 
while upregulating that of TIMP2 and CASP9 in SH‑SY5Y 
cells
As shown in Fig.  5C, puerarin could significantly 
down-regulate the expression of BIRC5 while sig-
nificantly up-regulating the expression of TIMP2 and 
CASP9 in SH-SY5Y cells. The trend was increasingly 

Fig. 2  A Distribution of KM survival curves of 6 drug-disease related genes related to survival in the TARGET dataset. B Association of 9 drug-disease 
related genes with neuroblastoma survival
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obvious with the increase of puerarin concentration 
within 150 µmol/L.

Puerarin enhancing gap junction intercellular 
communication of SH‑SY5Y cells
Since gap junction was identified as significant in the 
KEGG analysis, the impact of puerarin on this pathway 

was further investigated. Gap junctional intercellular 
communication (GJIC) serves as one of the most com-
mon forms of communication between cells. GJIC is 
closely related to tumor, with most tumor cells exhib-
iting decreased or impaired GJIC capability, reduced 
connexin expression, or abnormal cellular localization. 
The shedding, invasion and metastasis of tumor cells 

Fig. 3  A, B The coefficients of selected features are shown by lambda parameter. The abscissa represents the value of lambda, and the ordinate 
represents the coefficients of the independent variable. D Scatterplot represents the Riskscore from low to high. C Scatterplot distribution 
represents the Riskscore of different samples correspond to the survival time and survival status. E Heatmap of the gene expression 
from the signature. F KM survival curves of the prognostic model in the Target dataset. G ROC curves and AUC values of prognostic model at 1, 3 
and 5 years
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are all linked to the abnormality of GJIC, while restora-
tion of GJIC can impede tumor progression. As shown 
in Fig.  6A, the number of receptor cells receiving cal-
cein signals increased with the increase of puerarin con-
centration. This showed that GJIC of SH-SY5Y cells was 
progressively strengthened with increasing puerarin 
concentration.

Puerarin weakening the cytoskeleton of SH‑SY5Y cells
Cytoskeletal proteins are involved in the migration and 
invasion of tumor cells. In order to further investigate 
the mechanism of inhibiting the migration and inva-
sion of SH-SY5Y cells by pularin, immunofluorescence 
staining was hereby performed on F-actin cytoskeleton 
protein and Connexin 43 gap junction protein to iden-
tify the changes of cytoskeleton and GJIC. As shown in 
Fig. 6B, the cytoskeleton of the blank group was clear and 
arranged in an orderly way, and the pseudopod structure 
was extended around the cells to facilitate cell movement. 
The fluorescence expression of CX-43 appeared weak and 
primarily localized within the cells, with limited distribu-
tion at cell junctions initially. However, as the concen-
tration of puerarin increased, the cytoskeleton became 
blurred and disordered, the pseudopod structure around 

the cells diminished, and the fluorescence intensity of 
CX-43 intensified. Additionally, abundant expression of 
CX-43 was observed at the cell junctions.

Western blot
Western blot analysis was conducted to detect changes 
in the expression levels of key GJIC proteins. The results 
showed that puerarin could increase the expression of 
CX-43 in SH-SY5Y cells and inhibit its phosphorylation. 
Within 150 µmol/L, the trend became more obvious with 
the increase of puerarin concentration (Fig. 6C).

The Rhoa/ROCK1 signaling pathway is believed to reg-
ulate myoglobin and thereby regulate cytoskeletal remod-
eling and cell migration. In this study, the Western blot 
results showed that Rhoa, ROCK1 and MLCK gradually 
decreased with the increase of puerarin concentration. 
This suggested that puerarin might inhibit the motility 
of SH-SY5Y cells by inhibiting Rhoa/ROCK1 signaling 
pathway (Fig. 6D).

Discussion
Neuroblastoma, among the most prevalent solid tumors 
in children, is marked by a concealed onset site, rapid 
tumor proliferation, and susceptibility to metastasis. 

Fig. 4  A With the increase of puerarin concentration, SH-SY5Y cells activity decreased gradually and reached IC50 at 174.4 μM. B Puerarin inhibited 
SH-SY5Y cell migration in wound healing tests. C and D Transwell experiment showed that puerarin could inhibit the invasion ability of SH-SY5Y 
cells, ***P < 0.001
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Fig. 5  A Colony formation experiment showed that puerarin could inhibit the proliferation of SH-SY5Y cells, and the inhibitory ability became 
stronger with the increase of concentration within 150 µmol/L* P < 0.05, ** P < 0.01, and ***P < 0.001. B As the dose of puerarin increased, 
the fluorescence intensity of aggregated JC-1 gradually diminished, accompanied by a reduction in the number of cells labeled red. C Puerarin 
could significantly down-regulate the expression of BIRC5 in SH-SY5Y cells while significantly up-regulating the levels of CX43, TIMP2 and CASP9
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Many children with high-risk neuroblastoma exhibit 
either no response to initial treatment or a high likeli-
hood of relapse [8]. Therefore, it is particularly important 
to explore new drug small molecules for the treatment 
of neuroblastoma and establish a new differential gene 
prognosis model. As society and medicine evolve, tra-
ditional Chinese medicine has increasingly showcased 
its therapeutic benefits in disease treatment. Puerarin, 
as a small molecule drug extracted from Puerarin, has 
been shown to induce apoptosis of tumor cells, interfere 
with mitochondrial regulation, and damage mitochon-
dria in a variety of tumors [23, 24]. However, its effects 
in neuroblastoma still need to be further explored and 
verified. Therefore, network pharmacology and bioin-
formatics methods, combined with in vitro experiments, 
were hereby utilized to analyze the possibility of puera-
rin application in neuroblastoma, and a prediction model 
was established.

The main puerarin targets were identified through the 
drug-ingredient-target interaction network. As indicated 
by KEGG analysis, the effect of puerarin on neuroblas-
toma might be realized by influencing Gap junction, 
Tight junction, cell cycle, etc. The GO analysis results 
suggested that, the effect of puerarin on neuroblas-
toma might be related to cell population proliferation, 
response to cytokine, proteolysis, etc. Therefore, it was 
hereby speculated that puerarin’s impact on neuroblas-
toma might involve the inhibition of cell migration and 
movement through gap junctions, thereby suppressing 
neuroblastoma cell proliferation. Besides, multivariate 
COX regression analysis was carried out to obtain three 
genes related to the prognosis of neuroblastoma, namely 
BIRC5, TIMP2 and CASP9. Among them, BRIC5 is a 
high-risk gene, while TIMP2 and CASP9 are low-risk 
genes. Prior research has demonstrated that BIRC5 is 
notably up-regulated in neuroblastoma, and the down-
regulation of BIRC5 induces apoptosis in neuroblastoma 
through mitotic catastrophe [25]. TIMP2 belongs to the 
family of Tissue inhibitors of metalloproteinases, and 
there are conflicting reports on its role in cancer, which 
is closely related to the invasion and migration of tumor 
cells [26]. Meanwhile, CASP9 is one of the key proteins 
in cell apoptosis, and its lack of expression can cause the 
development of various tumors and poor prognosis [27, 

28]. Herein, the research results showed that puerarin 
could significantly down-regulate the mRNA expres-
sion levels of BIRC5 while significantly up-regulating 
the mRNA expression levels of TIMP2 and CASP9 in 
SH-SY5Y cells, which was consistent with the prediction 
model proposed.

To further verify the conjecture, wound healing experi-
ment and transwell experiment were conducted to con-
firm the effects of puerarin on the migration and invasion 
of SH-SY5Y cells. The results showed that the migration 
distance of SH-SY5Y cells decreased significantly with 
the increase of puerarin concentration in wound healing 
experiment. In the transwell experiment, puerarin also 
inhibited the migration of SH-SY5Y cells. At the same 
time, CCK-8 and colony formation experiments were also 
carried out to verify whether puerarin could affect the 
cell proliferation of neuroblastoma. The findings revealed 
that as the concentration of puerarin increased, the cell 
viability of SH-SY5Y cells gradually declined, accompa-
nied by a significant reduction in the number of colony 
formations. These results indicated that puerarin could 
inhibit the proliferation and migration of SH-SY5Y cells.

Based on the KEGG results, it was further speculated 
that the effect of puerarin on the migration ability of 
neuroblastoma might be mediated by the regulation 
of Gap junction. To further investigate the mechanism 
by which puerarin inhibited neuroblastoma migration, 
Parachute Assay and immunofluorescence staining 
were performed. The results showed that the num-
ber of positive cells in Parachute Assay increased with 
the increase of puerarin concentration, demonstrat-
ing the gradual recovery of GJIC with the increase of 
puerarin concentration in SH-SY5Y cells. According to 
the morphology and distribution of cytoskeleton and 
CX-43, immunofluorescence staining showed that the 
cytoskeleton could inhibit the cell motility of SH-SY5Y 
cells, while the intercellular expression and distribution 
of CX-43 could be up-regulated. This might enhance 
intercellular connections and mitigate neuroblastoma 
metastasis. Additionally, the effects of puerarin on 
mRNA expression of CX43 were detected by q-PCR, 
and it was found that with the increase of puerarin 
concentration, the expression level of CX43 mRNA in 
SH-SY5Y cells increased. These results indicated that 

Fig. 6  A Parachute assay showed that the number of receptor cells receiving the calcein signal increased with the increase of puerarin 
concentration. B Immunofluorescence showed that with the increase of puerarine concentration, the cytoskeleton became blurred and disordered, 
the pseudopod structure around the cells decreased, the fluorescence intensity of CX-43 increased, and abundant expression of CX-43 
was observed at the cell junction. C Puerarin could enhance the expression of CX-43 in SH-SY5Y cells and inhibit its phosphorylation. The 
image is cropped, full-length blots are presented in Supplementary Figure WB. D Puerarin inhibited the expression of Rhoa, ROCK1 and MLCK 
in the RhoA-ROCK1 signaling pathway. The image is cropped, full-length blots are presented in Supplementary Figure WB

(See figure on next page.)
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Fig. 6  (See legend on previous page.)
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puerarin could promote the mRNA expression of CX43. 
This might be attributed to the regulatory function 
of RhoA/ROCK signaling pathway on CX43 expres-
sion [29]. Furthermore, Western blots results of RhoA, 
ROCK1 and MLCK confirmed that puerarin could 
inhibit the activity of RhoA/ROCK signaling pathway 
in SH-SY5Y cells. These results indicated that puerarine 
could increase the expression of CX43 by regulating 
RhoA/ROCK signaling pathway, and thus enhance the 
GJIC of SH-SY5Y cells.

Previous reports have suggested that puerarin 
induces mitochondrial damage, contributing to its anti-
tumor effects. In the present study, as puerarin dosage 
increased, JC-1 fluorescence intensity declined, accom-
panied by a reduction in red-labeled cells, indicating 
mitochondrial damage in SH-SY5Y cells.

Conclusions
In summary, based on network pharmacology and bio-
informatics analysis, combined with in  vitro experi-
mental verification, puerarin was hereby observed to 
enhance GJIC in neuroblastoma, destroy cytoskeleton 
and thus inhibit cell invasion and migration, cause 
mitochondrial damage of tumor cells, and inhibit cell 
proliferation. Overall, puerarin, as a natural medicinal 
compound, does hold potential as a novel therapy for 
neuroblastoma. However, its mechanism of action war-
rants further investigation and exploration.
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