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Abstract: Oral squamous cell carcinoma (OSCC) is a common malignancy. Isoliensinine, a bisbenzylisoquinoline 
alkaloid from Nelumbo nucifera Gaertn, exhibits diverse biological activities, but its microRNA-mediated regulation 
of the MAPK pathway in anti-OSCC remains unreported. Therefore, this study took OSCC cell lines HSC-3 and HSC-4 
as research objects to explore the biological activity and the molecular mechanism of isoliensinine on OSCC. The 
CCK-8 results revealed that isoliensinine inhibited the proliferation of HSC-3 and HSC-4 cells in a time and drug 
concentration-dependent manner. Analysis of mRNA and small RNA sequencing revealed that isoliensinine induced 
significant differences in the expression of 1878 genes and 77 microRNAs (miRNAs) in HSC-3 cells. The GO and 
KEGG analyses of these differentially expressed genes and miRNAs unveiled their potential role in modulating MAPK 
signaling. Flow cytometry analysis demonstrated that isoliensinine significantly increased reactive oxygen species 
(ROS) levels, reduced mitochondrial membrane potential (MMP), induced apoptosis, and caused G2 phase arrest 
in HSC-3 and HSC-4 cells. Western blot results indicated that isoliensinine upregulated the expression of p-p38, p-
SAPK/JNK, p-cdc2, p-cdc25C, Bax, cleaved caspase-9/-3, and cleaved PARP, and downregulated the expression of 
p-ERK1/2, Bcl-2, and Cyclin B1 in HSC-3 and HSC-4 cells. The results demonstrate that isoliensinine induces apop-
tosis in OSCC cells via ROS-mediated mitochondrial pathways and cell cycle arrest, a process associated with MAPK 
signaling pathway activation. Transcriptome analysis further revealed that isoliensinine modulates multiple miRNAs 
that target the MAPK pathway, suggesting that miRNA regulation may mediate its activation of MAPK signaling.

Keywords: Isoliensinine, oral squamous cell carcinoma, MAPK signaling pathway, reactive oxygen species, 
MicroRNA, apoptosis

Introduction

Oral cancer is a common malignant tumor. 
According to Global Cancer Statistics 2022, 
new cases of and deaths from oral cancer are 
increasing [1]. Oral squamous cell carcinoma 
(OSCC) counts for approximately 90% of all 
types of oral cancer and is classified as one of 
the most invasive malignant tumors due to its 

high incidence, metastasis, recurrence, and 
mortality rates [2]. The survival rate of OSCC 
patients is largely dependent on the clinical 
stage. According to the statistics of the US 
National Institutes of Health [3], the five-year 
relative survival rate for oral cancer patients 
whose tumors are confined to the primary site 
at diagnosis is approximately 88.4%, whereas 
the five-year relative survival rates of oral can-
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cer patients whose tumors have regional lymph 
node metastasis or distal metastasis at diag-
nosis have decreased to 69.4% and 36.9%, 
respectively. Worryingly, the proportion of oral 
cancer patients who were found to have region-
al lymph node metastasis or distal metastasis 
at diagnosis was approximately 67%.

Surgery is one of the selectable treatment 
modalities for OSCC [4]. However, incomplete 
resection and the size of the resection margins 
have the potential to increase the recurrence 
rate of OSCC, and subsequently diminish pa- 
tient survival rates [5]. To improve patient sur-
vival rates, adjuvant radiotherapy or chemo-
therapy is often administered after surgery. 
Among these options, antitumor drugs have 
received widespread attention due to their 
diverse antitumor activities and their potential 
to enhance the efficacy of surgery or radiother-
apy as adjunctive treatment options [6]. A retro-
spective study found that simultaneous radio-
therapy and chemotherapy increased overall 
survival by approximately 20% compared with 
radiotherapy alone [7]. Regrettably, commonly 
used anti-OSCC drugs, such as 5-fluorouracil 
and cisplatin, face the issue of tumor resis-
tance, which greatly reduces the therapeutic 
efficacy of anti-tumor drugs [8]. It is urgently 
necessary to find novel and effective active 
drugs for the therapy for OSCC. Compounds 
from edible plants, which are characterized by 
diverse biological activities, low side effects, 
and easy accessibility, are excellent candidates 
for clinical antitumor drugs [9].

Many natural alkaloids, such as Paclitaxel, Vin- 
cristine, and Berberine have been developed 
and successfully used in clinical therapy [10]. 
According to the basic structure of alkaloids, 
they can be subdivided into several categories, 
among which the isoquinoline alkaloids are the 
most common. Isoliensinine is a bisbenzyl-iso-
quinoline alkaloid extracted from the green 
germ of mature seeds of Nelumbo Nucifera 
Gaertn. It is considered a highly promising natu-
ral compound with various biological activities, 
such as cardiac arrhythmia prevention, blood 
vessel protection, and antitumor effects [11]. 
Notably, isoliensinine has been shown to inhibit 
the proliferation of various tumor cells, includ-
ing hepatocellular carcinoma, cervical carcino-
ma, and breast cancer cells by modulating 
nuclear factor kappa-B (NF-κB) signaling [12], 

the protein kinase B (AKT) pathway [13], the 
p38 kinase (p38) pathway and the stress-acti-
vated protein kinase (SAPK)/c-Jun N-terminal 
kinase (JNK) pathway [14]. However, the mol- 
ecular mechanism which isoliensinine induc- 
es tumor cell death through the regulation of 
miRNA expression and extracellular signal-
related kinase (ERK) signaling has not been 
studied.

Given that the anti-proliferative effects of isoli-
ensinine on OSCC cells and its underlying mo- 
lecular mechanisms remain unexplored, this 
study investigated its biological activity using 
two established OSCC cell lines (HSC-3 and 
HSC-4) as model systems. Additionally, this 
study systematically investigated the molecu- 
lar mechanisms underlying the anti-OSCC 
effects of isoliensinine, with a particular focus 
on its ability to modulate miRNA expression 
and MAPK (including ERK/MAPK) signaling 
pathways. The findings of this study provide no- 
vel insights into the biological activity and anti-
tumor mechanisms of isoliensinine, potentially 
facilitating its development as a natural thera-
peutic agent against OSCC and offering critical 
knowledge for its potential clinical translation 
and rational development of derivative com-
pounds with improved antitumor properties.

Materials and methods

Materials

High-sugar DMEM and fetal bovine serum (FBS) 
were obtained from Gibco (USA). A Cell Count- 
ing kit-8 (CCK-8) and a reactive oxygen species 
(ROS) assay kit- for photooxidation-resistant 
DCFH-DA were obtained from Dojindo (Japan). 
A cell cycle and apoptosis analysis kit, an an- 
nexin V-fluorescein isothiocyanate (FITC)/prop-
idium iodide (PI) apoptosis detection kit, a  
mitochondrial membrane potential (MMP) as- 
say kit with JC-1, and RIPA lysis buffer were 
obtained from Beyotime Biotechnology (China). 
ProteinSafeTM phosphatase inhibitor cocktail 
and ProteinSafeTM protease inhibitor cocktail 
(EDTA-free) were obtained from TransGen Bio- 
tech (China). A BCA protein quantification kit 
was obtained from Vazyme (China). BSA albu-
min fraction V was obtained from Biosharp 
(China). Supersensitive ECL kit and RNA ex- 
traction reagent were purchased from Orisci- 
ence (China). The rabbit antibodies against cle- 
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aved caspase-9 (#9505), cleaved caspase-3 
(#9664), cleaved PARP (#5625), Bax (#5023), 
Bcl-2 (#3498), p-SAPK/JNK (#4668), p-ERK1/2 
(#4370), p-p38 MAPK (#4511), p-cdc25C 
(#4901), p-cdc2 (#4539), Cyclin B1 (#4138), 
cdc25C (#4688), cdc2 (#28439), SAPK/JNK 
(#67096), ERK1/2 (#4695), p38 MAPK 
(#8690) and GAPDH (#5174), and the HRP-
conjugated goat anti-rabbit antibody (#7074) 
were obtained from CST (USA). All the other 
chemicals were of analytical grade.

Isoliensinine was obtained from Must Biote- 
chnology (China) and had a purity of 99.58% 
(Lot: MUST-21042010). Isoliensinine was com-
pletely dissolved in dimethyl sulfoxide (DMSO) 
and stored at -80°C. 

Cell culture

The human OSCC cell lines HSC-3 and HSC-4, 
which have undergone STR authentication, we- 
re donated by Professor Mingbo Wu from the 
State Key Laboratory of Biotherapy of Sichuan 
University (China) and cryopreserved in a liquid 
nitrogen container. In accordance with the cul-
ture method recommended by the JCRB Cell 
Bank, HSC-3 and HSC-4 cells were cultured in 
high-sugar DMEM medium containing 10% FBS 
at 37°C with 5% CO2. Cells growing in the loga-
rithmic growth stage were used for subsequent 
experiments.

Cell viability analysis

HSC-3 and HSC-4 cells were inoculated in 
96-well cell culture plates at the same density. 
Following overnight incubation, isoliensinine at 
efficacy concentrations of 0, 10, 15, 20, 30, 
40, 60, and 80 μM was added for 24 h and 48 
h. Then, CCK-8 was added to each sample, and 
the mixture was incubated for another 2 h. A 
multimode plate reader (PerkinElmer VICTOR 
Nivo, USA) was used to measure the absor-
bance of each well at 450 nm. GraphPad Prism 
10.0 software was used to generate the growth 
inhibition curves of cells after treatment with 
isoliensinine and to calculate the half-maximal 
inhibitory concentration (IC50).

Cell cycle assay

After being treated with 0, 20, 40, or 80 μM iso-
liensinine for 12 h, the HSC-3 and HSC-4 cells 
were collected and resuspended in 300 μL of 

precooled PBS. Then, 700 μL of precooled 
anhydrous ethanol was added, and the mixture 
was fixed at 4°C overnight. The ethanol was 
removed by centrifugation, and the cells were 
resuspended in staining buffer containing 
RNase-A and PI according to the kit instruc-
tions. Then, after being stained in the dark for 
30 min, the cells were washed and resuspend-
ed in PBS. The cell cycle distribution was sub-
sequently measured and analyzed by flow 
cytometry (FCM) (ACEA Biosciences NovoCyte 
Quanteon, USA).

Apoptosis assay

After being treated with isoliensinine for 24 h, 
HSC-3 and HSC-4 cells were collected and 
placed in staining buffer containing Annexin 
V-FITC and PI according to the kit instructions. 
After staining in the dark for 20 min, the propor-
tion of apoptotic cells was detected and ana-
lyzed via FCM.

Mitochondrial membrane potential assay

For the above methods, HSC-3 and HSC-4 cells 
were resuspended in staining buffer containing 
a JC-1 fluorescent probe according to the kit 
instructions. After staining in the dark for 20 
min at 37°C with 5% CO2, the proportion of  
cells whose red fluorescence shifted to green 
was detected by FCM to reflect changes of the 
MMP.

Reactive oxygen species analysis

After treatment with isoliensinine for 12 h, the 
HSC-3 and HSC-4 cells were collected via dig- 
estion and placed in staining buffer containing 
photooxidation-resistant DCFH-DA dye. After 
being stained in the dark for 30 min at 37°C, 
the change in ROS induced by isoliensinine was 
analyzed via FCM.

RNA sequencing analysis

HSC-3 cells were selected for RNA sequencing 
(RNA-seq) analysis on the basis of the CCK-8 
results. After the isoliensinine treatment for 12 
h, the HSC-3 cells were collected and 1 mL of 
RNA extraction reagent was added to blow the 
cells repeatedly to ensure that the cells were 
sufficiently lysed and released the RNA. The 
lysate was transferred into a cell-freezing tube 
and snap-frozen in liquid nitrogen for 30 min-
utes. Then, the tube was transferred to -80°C 
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for storage. Under dry ice, the prepared RNA 
samples were sent to Shanghai Majorbio Bio-
Pharm Technology Co., Ltd. (https://www.ma- 
jorbio.com/) for RNA extraction, quality detec-
tion, and RNA-seq analysis utilizing the Illumina 
NovaSeq 6000 sequencing platform and fastp 
software. Subsequently, gene alignment was 
conducted in the ensemble database (http://
asia.ensembl.org/Homo_sapiens/Info/Index) 
by HISAT2 software. Furthermore, RSEM soft-
ware was performed to analyze gene and tran-
script expression levels. The differentially ex- 
pressed genes identified through screening 
were subjected to systematic functional anno-
tation and pathway enrichment analysis. GO 
(Gene Ontology) functional annotation was per-
formed using the Blastgo software, which cat-
egorizes and annotates the DEGs across three 
dimensions - molecular function, cellular com-
ponent, and biological process - and reveals 
their potential biological functional characteris-
tics. KEGG (Kyoto Encyclopedia of Genes and 
Genomes) pathway enrichment analysis was 
implemented via the SciPy library in Python, 
identifying significantly enriched metabolic 
pathways and signaling networks through 
hypergeometric distribution tests. All analysis 
results were based on a significance threshold 
of P < 0.05 to ensure the statistical reliability of 
the data.

Western blot analysis

After being treated with isoliensinine for 24 h, 
HSC-3 and HSC-4 cells were dissolved in RIPA 
lysis buffer containing protease and phospha-
tase inhibitors, and the cell lysates were centri-
fuged at 13, 000×g for 20 min at 4°C. The BCA 
method was used to measure the protein con-
centration. Following the standardization of 
protein volume and concentration, 50 μg of 
total protein was fractionated via 12% sodium 
dodecyl sulfate-polyacrylamide gel electropho-
resis (SDS-PAGE). The proteins were subse-
quently transferred to polyvinylidene fluoride 
(PVDF) membranes via electrotransfer at 250 
mA. The membranes were blocked for 1 h with 
5% BSA at 37°C and incubated overnight at 
4°C with the respective primary antibodies, fol-
lowed by incubation with a secondary antibody 
conjugated to horseradish peroxidase (HRP)  
for 2 h. The blots were visualized with a super-
sensitive ECL chemiluminescence substrate, 
an enhanced chemiluminescence system (Bio-
Rad ChemiDocXRS, USA), and image-lab image 

acquisition software. The integrated optical 
density (IOD) values of the protein bands were 
analyzed via ImageJ analysis software. The rel-
ative expression levels of target proteins were 
expressed as the ratio of their IOD values to  
the IOD value of the reference protein GAPDH. 
Phosphorylation levels of proteins were deter-
mined by calculating the IOD ratio of the phos-
phorylated form to the corresponding total pro-
tein form.

Statistical analysis

GraphPad Prism 10.0 software was applied for 
statistical analysis. Each group of experiments 
was independently repeated three times, and 
the experimental results are expressed as the 
means ± standard deviations. Differences be- 
tween multiple groups were compared by one-
way ANOVA and Dunnett’s test. Compared with 
the control group, P < 0.05 was considered sta-
tistically significant.

Results

Isoliensinine inhibits OSCC cell proliferation

CCK-8 assays demonstrated that isoliensinine 
inhibited the proliferation of HSC-3 and HSC-4 
cells in time- and dose-dependent manners 
(Figure 1). The calculated IC50 values revealed 
differential sensitivity between the cell lines, 
with HSC-3 cells showing greater susceptibility 
(24 h: 39.50 μM, R2 = 0.9112; 48 h: 21.10 μM, 
R2 = 0.9903) compared to HSC-4 cells (24 h: 
57.28 μM, R2 = 0.9470; 48 h: 43.31 μM, R2 = 
0.9842).

Isoliensinine modulates differentially ex-
pressed genes (DEGs) in HSC-3 cells

The inhibitory effect of isoliensinine on cell pro-
liferation was more obvious in HSC-3 cells than 
in HSC-4 cells. Therefore, HSC-3 cells were 
selected as the target for mRNA sequencing 
analysis. The DEGs were analyzed by DESeq2 
software with Benjamini-Hochberg (BH) correc-
tion and a threshold set at |log2FC| ≥ 1 and 
Padj < 0.05. The results revealed significant 
alterations in the expression of 1,878 genes in 
HSC-3 cells following isoliensinine treatment, 
with 657 genes being upregulated and 1,221 
downregulated. To visualize the analysis results, 
clustering heatmaps were drawn (Figure 2A). 
Clustering analysis was performed on the basis 
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Figure 1. The inhibitory effect of isoliensinine on OSCC cell proliferation. The chemical structure of isoliensinine (A). 
Growth inhibition curves of HSC-3 cells (B) and HSC-4 cells (C) after treatment with isoliensinine for 24 h and 48 h. 
Data points represent experimental results from three independent biological replicates (mean ± SD), with curves 
fitted using a four-parameter logistic model.

of the similarity of gene expression patterns, 
where genes with similar expression patterns 
were grouped closer together on the left br- 
anch, often indicating functional relevance. 

To investigate the effects of isoliensinine on the 
biological functions and signaling pathways of 
HSC-3 cells, GO functional annotation analysis 
and KEGG functional enrichment analysis were 
performed on the DEGs. GO analysis indicated 
that the DEGs were related to cellular transcrip-
tion regulatory activity, membrane part, and 
response to stimulus (Figure 2B). The KEGG 
analysis indicated that the DEGs may regulate 
signaling pathways such as p53, MAPK, and 
PI3K-AKT pathways; cell cycle; apoptosis; and 
miRNA expression in cancer (Figure 2C).

Isoliensinine regulates miRNA differential ex-
pression

The KEGG analysis of DEGs induced by isolien-
sinine in HSC-3 cells revealed that isoliensinine 
might influence miRNA expression in cancer. 
Based on the above information, a small RNA-
seq analysis was conducted. Differentially ex- 

pressed miRNAs (DEMs) were analyzed using 
DESeq2 software with BH correction, applying 
a significance threshold of Padj < 0.05. The 
results revealed that isoliensinine induced sig-
nificant expression differences in 77 known 
and novel miRNAs in HSC-3 cells, with 43 
upregulated and 34 downregulated (Figure  
3A). To comprehensively analyze the potential 
biological functions of the DEMs, the GO and 
KEGG databases were used to systematically 
annotate the predicted target genes and per-
form pathway enrichment analysis. The GO 
analysis revealed that these genes were asso-
ciated with cellular transcription regulatory 
activity, membrane part, and response to stim-
ulus (Figure 3B). KEGG analysis indicated that 
these genes may regulate signaling pathways 
such as the cAMP, MAPK, and TNF pathways 
(Figure 3C). 

Isoliensinine regulates the MAPK signaling 
pathway in OSCC cells

KEGG enrichment analysis revealed that the 
DEGs and DEMs induced by isoliensinine in 
HSC-3 cells were significantly enriched in the 
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Figure 2. The analysis of DEGs induced by isoliensinine in HSC-3 cells. The DEGs induced by isoliensinine in HSC-3 cells are shown by clustering analysis; red in-
dicates high expression, while blue indicates low expression (A). The GO annotation analysis (B) and the KEGG enrichment (C) analysis of DEGs. The vertical axis 
represents the GO terms or KEGG pathways, whereas the horizontal axis represents the number of genes or the rich factor.
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Figure 3. The effects of isoliensinine on miRNA expression in HSC-3 cells. The DEMs induced by isoliensinine in HSC-3 cells are shown by clustering analysis (A). GO 
annotation analysis (B) and KEGG enrichment analysis (C) of the target genes of the DEMs.
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MAPK signaling pathway. To validate this pre-
diction, the expression of key molecules in the 
MAPK pathway was further detected at the pro-
tein level. Western blot analysis of HSC-3 and 
HSC-4 cells treated with isoliensinine for 24 h 
revealed that isoliensinine significantly increa- 
sed the levels of p-SAPK/JNK in the MAPK/JNK 
pathway and p-p38 in the MAPK/p38 pathway, 
while inhibiting the expression of p-ERK1/2 in 
the MAPK/ERK pathway (Figure 4A-D). These 
findings suggest that the MAPK signaling path-
way is associated with the antiproliferative 
effect of isoliensinine on OSCC cells.

Isoliensinine arrests the cell cycle of OSCC 
cells at G2 phase

KEGG analysis of the DEGs indicated that  
the isoliensinine-mediated inhibition of HSC-3 
cell proliferation was associated with cell cy- 
cle regulation. To investigate the molecular 
mechanism, the cell cycle distribution was ana-
lyzed by FCM with PI staining in HSC-3 and 
HSC-4 cells treated with isoliensinine for 12 h. 
The results revealed that the cell cycle was  
significantly arrested in G2 phase (Figure 
5A-D). After treatment with 0, 20, 40, or 80  
μM isoliensinine, the percentages of HSC-3 
cells in G2 phase were (19.86±1.74)%, (26.29± 
0.52)%, (43.08±1.12)%, and (67.69±2.18)%, 
respectively, and those of the HSC-4 cells  
were (15.68±0.71)%, (21.61±0.82)%, (31.94± 
0.27)%, and (25.98±1.49)%, respectively. 

To further elucidate the driving factors of G2 
phase arrest, key regulatory molecules of the 
G2/M checkpoint were detected at the protein 
level. The Western blot results revealed that 
after 24 h of isoliensinine treatment, the levels 
of p-cdc25C and p-cdc2 increased in HSC-3 
and HSC-4 cells, while Cyclin B1 expression 
was downregulated (Figure 5E-H). These results 
further confirmed that isoliensinine inhibits 
OSCC cell proliferation by arresting the cell 
cycle at the G2 phase.

Isoliensinine induces OSCC apoptosis

RNA-seq analysis demonstrated that the acti-
vation of apoptotic pathways constitutes a key 
mechanism underlying the antiproliferative eff- 
ects of isoliensinine in HSC-3 cells. To probe 
the mechanism of by which isoliensinine induc-
es OSCC cell death, HSC-3 and HSC-4 cells 
were stained with Annexin V-FITC/PI fluores-

cence after treatment with isoliensinine for  
24 h. The FCM detection results indicated that 
isoliensinine induces OSCC apoptosis (Figure 
6A-D). After treatment with 0, 20, 40, or 80  
μM isoliensinine, the percentages of apopto- 
tic HSC-3 cells were (2.79±1.88)%, (25.55± 
1.62)%, (40.37±0.45)%, and (91.04±6.61)%, 
respectively, and those of the HSC-4 cells were 
(2.27±0.43)%, (11.69±0.42)%, (21.85±0.92)%, 
and (64.75±1.13)%, respectively.

Furthermore, Western blot was performed to 
measure the expression levels of apoptosis-
associated proteins. The results indicated that 
isoliensinine could upregulate the expression 
of cleaved caspase-9/-3 and cleaved PARP in 
HSC-3 and HSC-4 cells (Figure 6E-H). These 
results further confirmed isoliensinine inhibits 
OSCC cell proliferation by inducing apoptosis.

Isoliensinine triggers apoptosis in OSCC via the 
mitochondrial pathway

A decrease of the MMP is a significant event  
in the early stage of apoptosis. Treated with iso-
liensinine for 24 h, JC-1 staining followed by 
FCM analysis revealed a significant increase  
in the proportion of cells exhibiting decreas- 
ed MMP in HSC-3 and HSC-4 cell lines (Figure 
7A-D). Compared with the control group, after 
treatment with 80 μM isoliensinine, this propor-
tion increased from (2.97±0.21)% to (91.31± 
1.91)% in HSC-3 and from (4.16±0.28)% to 
(64.43±1.00)% in HSC-4 cells.

The stability of the MMP is regulated by Bcl-2 
family related proteins in the mitochondrial 
pathway. After being treated with isoliensinine 
for 24 h, the expression of Bcl-2 family proteins 
in HSC-3 and HSC-4 cells was detected via 
Western blot. The results demonstrate that iso-
liensinine upregulate the expression of the pro-
apoptotic protein Bax and downregulate the 
expression of the anti-apoptotic protein Bcl-2 
(Figure 7E-H). These results further confirmed 
that isoliensinine induces OSCC apoptosis 
through the mitochondrial pathway. 

ROS participate in the induction of apoptosis 
by isoliensinine in OSCC cells

As triggers for the mitochondrial pathway, ROS 
can induce variations in the localization and 
expression levels of Bcl-2 family proteins, and 
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Figure 4. The effect of isoliensinine on the MAPK signaling pathway. After being treated with isoliensinine for 24 h, 
Western blot was employed for assessing the expression levels of MAPK signaling pathway-associated proteins in 
HSC-3 cells (A) and HSC-4 cells (C). The differential expression levels of MAPK signaling pathway-related proteins 
in HSC-3 cells (B) and HSC-4 cells (D) were analyzed statistically using GraphPad Prism 10.0 software. Data are 
expressed as mean ± SD (n = 3). Statistical significance was determined by one-way ANOVA followed by Dunnett’s 
post-hoc test, with *P < 0.05 considered significant compared to the control group (0 μM isoliensinine).

promote apoptosis. Following 12 h of isolien- 
sinine treatment, OSCC cells were loaded with 
DCFH-DA. FCM analysis revealed a marked 
increase in DCF fluorescence in HSC-3 and 
HSC-4 cells, confirming that isoliensinine en- 
hances ROS production (Figure 8A-D). Com- 
pared with those in the 0 μM isoliensinine 
group, after treatment with 80 μM isoliensi-
nine, the ROS levels in HSC-3 cells increased 
from (3.33±0.13)% to (37.28±0.33)%, and in 
HSC-4 cells increased from (3.46±0.45)% to 
(17.31±0.24)%. These results indicated that 
isoliensinine might induce OSCC apoptosis th- 
rough the ROS-mediated mitochondrial path- 
way. 

Discussion

The dibenzylidene isoquinoline alkaloids abun-
dant in lotus germ, including isoliensinine, lien-
sinine, and neferine, have been demonstrated 
to possess broad-spectrum antitumor activity. 
Despite structural similarity, their biological ac- 
tivities exhibit differences across various can-
cers [15]. For instance, in breast cancer stud-
ies, isoliensinine demonstrated stronger prolif-

eration-inhibiting capabilities than liensinine 
and neferine [14]. In lung and liver cancer re- 
search, neferine has been extensively studied 
due to its potent induction of autophagy and 
apoptosis [16, 17]. However, compared with 
the relatively well-studied neferine, far less is 
known about the pharmacological effects and 
mechanisms of isoliensinine, particularly in 
OSCC. This study demonstrated that isoliensi-
nine effectively inhibits the proliferation of 
OSCC cells in a time- and concentration-depen-
dent manner. This finding not only aligns with 
previous conclusions regarding the broad-spec-
trum antitumor activity of this compound class 
but also highlights its research innovation in 
the specific context of OSCC. 

Increasing ROS levels within cancer cells has 
been identified as an effective strategy for can-
cer treatment [18]. Isoliensinine has been dem-
onstrated to induce cell death in breast and 
colorectal cancer by increasing intracellular 
ROS levels [14, 19]. In this study, the results of 
DCFH-DA fluorescence staining revealed that 
isoliensinine can increase ROS levels in the 
OSCC cells. ROS-induced apoptosis is closely 
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Figure 5. The effect of isoliensinine on OSCC cell cycle. After being treated with isoliensinine for 12 h, HSC-3 cells 
(A) and HSC-4 cells (C) stained with PI were collected by FCM for cell cycle distribution analysis. GraphPad Prism 
10.0 software was adopted to statistically analyze the proportions of HSC-3 cells (B) and HSC-4 cells (D) in the G2 
phase. After being treated with isoliensinine for 24 h, Western blot was served as assessing the expression level of 
cyclin in HSC-3 cells (E) and HSC-4 cells (G). The differences of cyclin expression in HSC-3 cells (F) and HSC-4 cells 
(H) were statistically analyzed by GraphPad Prism 10.0 software. Data are expressed as mean ± SD (n = 3). Statisti-
cal significance was determined by one-way ANOVA followed by Dunnett’s post-hoc test, with *P < 0.05 considered 
significant compared to the control group (0 μM isoliensinine).

associated with mitochondrial outer membrane 
permeability, a process primarily regulated by 
the Bcl-2 protein family, in which Bax plays a 
central role [20]. Studies have shown that ROS 
can promote the translocation of Bax to the 
mitochondrial outer membrane, whereas the 
anti-apoptotic protein Bcl-2 directly antagoniz-
es the pro-apoptotic function of Bax by forming 
heterodimers with it, thereby maintaining mito-
chondrial membrane stability [21]. We found 

that isoliensinine significantly increased the 
expression of Bax, while decreasing the expres-
sion of Bcl-2 in OSCC cells. Furthermore, it re- 
duced the MMP, upregulated cleaved caspa- 
se-9/-3 and cleaved PARP, and ultimately in- 
duced apoptosis.

MAPK serves as a central hub for various sig-
naling pathways and plays crucial roles in cell 
growth, development, and death. Excessive 
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Figure 6. Isoliensinine induces apoptosis in OSCC cells. After treatment with isoliensinine for 24 h, HSC-3 cells (A) 
and HSC-4 cells (C) stained with Annexin V-FITC/PI were subjected to FCM for apoptosis analysis. GraphPad Prism 
10.0 software was performed to statistically analyze the proportions of apoptotic HSC-3 cells (B) and HSC-4 cells 
(D). Western blot was adopted to assess the expression levels of apoptosis-associated proteins in HSC-3 cells (E) 
and HSC-4 cells (G). The differences of apoptosis-associated protein expression in HSC-3 cells (F) and HSC-4 cells 
(H) were statistically analyzed by GraphPad Prism 10.0 software. Data are expressed as mean ± SD (n = 3). Statisti-
cal significance was determined by one-way ANOVA followed by Dunnett’s post-hoc test, with *P < 0.05 considered 
significant compared to the control group (0 μM isoliensinine).

activation of the MAPK/ERK signaling pathway 
has been found to promote tumor initiation and 
progression [22]. The MAPK/p38 and MAPK/
JNK signaling pathways can participate in regu-
lating the death receptor pathway and mito-
chondrial pathway through transcriptional regu-
lation and posttranscriptional modification and 
upregulate the expression of p53, TNF-α, and 
Bcl-2 family proapoptotic proteins to promote 
apoptosis [23]. Isoliensinine can activate the 
p38 and JNK signaling pathways to induce 
apoptosis in breast cancer cells [14]. In line 
with prior research, our findings suggest that 

isoliensinine can increase the expression of 
p-SAPK/JNK and p-p38 in the OSCC cells. 
Notably, isoliensinine also appears to reduce 
the expression of p-ERK1/2 in OSCC cells. 
These studies suggest that isoliensinine could 
effectively induce apoptosis in OSCC cells by 
activating the MAPK signaling pathway. 

It is reported that the MAPK signaling path- 
way is implicated in governing the cell cycle by 
modulating the activity and expression of di- 
verse cell cycle-associated proteins, while also 
impacting the activity of transcription factors 
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Figure 7. The effect of isoliensinine on the mitochondrial pathway in OSCC cells. After 24 h of treatment with isolien-
sinine, changes in MMP levels in HSC-3 (A) and HSC-4 (C) cells were analyzed via FCM. Primary single-cell popula-
tions were delineated using FSC/SSC scatter plots to exclude debris interference. Background thresholds for JC-1 
monomer (green fluorescence) and JC-1 aggregate (red fluorescence) channels were established using unstained 
samples. Based on the distribution of control cells in the fluorescence plot, irregular polygonal gates were estab-
lished to identify and delineate the P2 subpopulation exhibiting enhanced green fluorescence and reduced red 
fluorescence, representing cells with decreased MMP. A unified gating strategy was applied across all samples to 
determine the percentage of cells with reduced MMP in each treatment group. GraphPad Prism 10.0 software was 
applied to statistically analyze the percentage of cells with MMP in HSC-3 cells (B) and HSC-4 cells (D). Western blot 
was adopted to assess the expression levels of mitochondrial pathway-associated proteins in HSC-3 cells (E) and 
HSC-4 cells (G). The differences of the mitochondrial pathway-associated protein expression in HSC-3 cells (F) and 
HSC-4 cells (H) were statistically analyzed by GraphPad Prism 10.0 software. Data are expressed as mean ± SD (n 
= 3). Statistical significance was determined by one-way ANOVA followed by Dunnett’s post-hoc test, with *P < 0.05 
considered significant compared to the control group (0 μM isoliensinine).

[24]. The results of fluorescence staining with 
PI revealed that isoliensinine induces G2 phase 
arrest in OSCC cells. The cyclical progression of 
cells is tightly modulated by a range of cyclins 
and cyclin-dependent kinases (CDKs). The G2 
phase is regulated mainly by cdc25C and CDK1 
(cdc2). Cdc25C has phosphatase activity, which 
plays a pivotal role in the dephosphorylation of 
p-cdc2 in the inactivated state [25]. Depho- 
sphorylation of p-cdc2 can activate the cdc2/
cyclin B complex and promote cell entry into the 
M phase from the G2 phase. Our results dem-

onstrated that isoliensinine could upregulate 
the expression of p-cdc25C and p-cdc2 in 
OSCC cells. 

Phytochemicals have been shown to inhibit 
tumor cell proliferation by regulating miRNAs, 
which are crucial in tumor development [26, 
27]. Compared with miRNA mimics or inhibi-
tors, phytochemicals can simultaneously the 
expression of multiple miRNAs [28]. This makes 
them highly attractive for the biotreatment of 
tumors caused by multiple gene dysregula-
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Figure 8. The effect of isoliensinine on intracellular ROS levels in OSCC cells. After being treated with isoliensinine for 12 h, HSC-3 cells (A) and HSC-4 cells (C) 
stained with a DCFH-DA probe were detected by FCM to analyze the change of intracellular ROS. GraphPad Prism 10.0 software was applied to statistically analyze 
the change of ROS in HSC-3 cells (B) and HSC-4 cells (D). Data are expressed as mean ± SD (n = 3). Statistical significance was determined by one-way ANOVA fol-
lowed by Dunnett’s post-hoc test, with *P < 0.05 considered significant compared to the control group (0 μM isoliensinine).
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tions. KEGG enrichment analysis of DEGs in- 
duced by isoliensinine in HSC-3 cells revealed 
that isoliensinine may regulate miRNA expres-
sion in cancer. Notably, the regulatory effects of 
isoliensinine on tumor-related miRNAs, particu-
larly in OSCC, remain unreported to date. On 
the basis of these findings, we further conduct-
ed small RNA-seq analysis and found that 77 
miRNAs whose expression significantly differed 
were induced by isoliensinine in HSC-3 cells. 
These miRNAs with significant expression dif-
ferences may be potential targets by which iso-
liensinine inhibits OSCC cell proliferation. GO 
and KEGG analyses revealed that the target 
genes of these miRNAs whose expression sig-
nificantly differed were associated with cellular 
transcriptional regulatory activity, membrane 
components, and signaling pathways such as 
the MAPK and TNF pathways. These results 
align with the GO and KEGG analysis results of 
DEGs induced by isoliensinine, suggesting that 
isoliensinine may impact gene expression by 
modulating miRNA expression, thereby exerting 
an inhibitory effect on OSCC cell proliferation.

Here, it must be acknowledged that there are 
limitations in this study, and follow-up research 
is needed to address them. Firstly, the current 
findings are based on limited cell line experi-
ments and have not yet been validated in ani-
mal models. To comprehensively evaluate its 
antitumor potential and translational pros-
pects, subsequent studies should incorporate 
more representative cell lines and systemati-
cally validate its in vivo efficacy and safety 
through animal experiments. Secondly, it war-
rants further investigation whether isoliensi-
nine exhibits a selective mechanism of action 
against cancer cells. This selectivity may stem 
from inherent differences between normal cells 
and cancer cells in the expression of relevant 
miRNAs and the regulation of MAPK signaling 
pathways [29]. In cancer cells, isoliensinine 
may induce stronger and sustained MAPK acti-
vation via miRNAs.

In fact, the clinical translation of isoliensinine 
still faces significant challenges, primarily stem-
ming from its cytotoxic mechanism based on 
elevated ROS levels - while it can selectively tar-
get tumor cells undergoing metabolic stress, 
imprecise control may pose risks of oxidative 
damage to normal tissues [30]. Furthermore, 
constrained by the inherent limitations of natu-

ral alkaloid-based drugs, this compound gener-
ally exhibits issues such as low oral bioavail-
ability, rapid systemic clearance, and insuffi-
cient tumor accumulation [31]. To overcome 
these limitations, a multidimensional develop-
ment strategy is required: improving solubility, 
metabolic stability, and selectivity through 
rational structural modifications; and utilizing 
advanced delivery systems such as tumor-tar-
geting nanocarriers to optimize biodistribution, 
promoting selective accumulation of the drug 
at tumor sites while reducing systemic expo-
sure [32].

And we should recognize that combination ther-
apy represents a key direction for enhancing 
the clinical applicability of isoliensinine. As elu-
cidated in this study, its mechanism of action 
suggests that isoliensinine may exhibit syner-
gistic potential with conventional therapies for 
OSCC across multiple pathways. For example, 
isoliensinine can significantly lower the apop-
totic threshold of tumor cells by modulating 
apoptosis-related proteins. When combined 
with chemotherapeutic agents such as plati-
num-based drugs, 5-fluorouracil, or paclitaxel, 
the apoptotic signaling pathways induced by 
isoliensinine synergize with the DNA damage or 
microtubule disruption effects triggered by 
these chemotherapeutic drugs, thereby further 
promoting terminal apoptosis of tumor cells 
[33]. Moreover, since the MAPK pathway is a 
key downstream component of EGFR signaling, 
isoliensinine may act as a sensitizer to over-
come resistance to EGFR-targeted drugs such 
as cetuximab [34]. 

Conclusion

In conclusion, our findings indicate that isolien-
sinine inhibits the proliferation of the OSCC 
cells in vitro. This inhibitory effect is associated 
with the differential expression of 1878 genes 
and 77 miRNAs, which can regulate cell signal-
ing pathways such as the MAPK signaling path-
way. Further experimental studies have demon-
strated that isoliensinine exerts anti-OSCC 
effects by modulating the MAPK signaling path-
way, triggering the ROS-mediated mitochondri-
al pathway and G2 phase arrest, ultimately cul-
minating in apoptosis. Compared with existing 
research, this study not only provides a new 
direction for research on the antitumor mecha-
nism of isoliensinine, but also establishes a 
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new theoretical framework for the use of the 
miRNA-MAPK regulatory network in OSCC treat-
ment, providing an important theoretical basis 
and innovative ideas for the development of 
targeted treatment strategies based on natural 
compounds.
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