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Background: Nasopharyngeal carcinoma (NPC) is a major global health issue, especially in Southeast Asia. Solamargine (SM), an
alkaloid from natural plants, inhibits various cancer cells. This study evaluates SM’s effects on invasion, migration, EMT markers,
angiogenesis, and related pathways in the NPC-specific C666-1 cell line.

Methods: In vitro assays, including wound healing, Transwell invasion, Western blot, and tube formation, were used to assess SM’s
impact on C666-1 NPC and HUVEC cells. SM concentrations were 2 uM and 5 pM, with axitinib (4 uM) as the control. Network
pharmacology and GO-KEGG enrichment analyses were conducted to explore SM’s targets and mechanisms in NPC.

Results: SM significantly inhibited C666-1 NPC cell invasion and migration by reducing EMT markers Vimentin and Snail. In
HUVEC cells, SM decreased viability, invasion, migration, and tube formation, likely through VEGF signaling inactivation, EZH2
inhibition, and miR-203a-3p upregulation. Network pharmacology and GO-KEGG analyses identified key targets and pathways,
suggesting SM’s anti-NPC effects through multiple mechanisms.

Discussion: SM inhibits NPC cell invasion and migration by regulating EMT, suppressing angiogenesis, and modulating key
pathways. These findings highlight SM’s potential as an anti-cancer agent for NPC and provide new insights into its mechanisms.
Network pharmacology and GO-KEGG analysis further identify its therapeutic targets, offering valuable directions for future drug
development.
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Introduction
Nasopharyngeal carcinoma (NPC) exhibits varying incidence rates globally, with a higher prevalence in East Asia and
Southeast Asia due to regional genetic backgrounds, environmental factors, and unique dietary habits.'* NPC spreads
early and metastasize to other body parts, increasing the treatment complexity.>> The primary pathogenic factors of this
cancer include persistent infection with Epstein-Barr virus (EBV) and interactions with diverse environmental factors,
forming a complex disease mechanism.®® Clinically, NPC patients often miss the optimal treatment window due to late
diagnosis and mild symptoms, leading to unfavorable outcomes.” "' Moreover, angiogenesis plays a crucial role in NPC
development, supporting tumor growth and metastasis and becoming a research focus.'>" Active angiogenesis sustains
rapid tumor growth by establishing an abnormal vascular network, primarily driven by various angiogenic factors
secreted by cancer cells such as vascular endothelial growth factor (VEGF).'*1¢

Current NPC treatment methods mainly involve radiotherapy, chemotherapy, and surgery, yet these approaches often
have significant limitations and side effects.'” ' While radiotherapy remains a cornerstone treatment for NPC by
effectively controlling local lesions, it may cause damage to surrounding healthy tissues, leading to post-treatment
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sequelae like swallowing difficulties and dry mouth.'®2%?! Although chemotherapy can partly control systemic disease
spread, its side effects, including nausea, vomiting, and leukopenia, cannot be overlooked.?? Furthermore, activating the
VEGF and its receptor pathways plays a critical role in NPC, posing a challenging obstacle to treatment by promoting
endothelial cell growth, migration, and survival.”> While several VEGF pathway inhibitors are approved for treating
cancer and related diseases, the treatment outcomes vary among individuals, limiting the universal efficacy of anti-VEGF
strategies.”*2°

Solamargine (SM), a natural compound extracted from the eggplant plant, shows promising application prospects in
cancer research.”’ Through various mechanisms, such as modulating apoptosis-related proteins, inhibiting cell cycle
progression, and intervening in specific signaling pathways, SM effectively inhibits the growth and metastasis of multiple
cancer cells.”®*° In models like liver cancer and breast cancer, SM demonstrates apoptotic and autophagic induction
actions, partly achieved through its regulation of the LIF/miR-192-5p/CYR61/Akt signaling pathway.** % Additionally,
the impact of SM on the immunostimulatory tumor microenvironment, particularly its role in modulating factors
associated with tumor growth and metastasis, is a crucial aspect of research into its candidacy as an anticancer drug.>
Preliminary experimental data in NPC research indicates that SM effectively inhibits the interaction of IncRNA CCAT1,
miR-7-5p, and SP1, revealing its potential as a therapeutic approach against NPC.**

This study extensively explores the application potential of solamargine in NPC treatment, focusing on its impact on
angiogenesis and metastasis processes. miR-203a-3p is a microRNA that inhibits tumor proliferation, migration, and
invasion, while promoting apoptosis,>> making it a potential therapeutic target. Notably, in retinal degeneration models,
miR-203a-3p suppresses angiogenesis by targeting VEGFA, HIF-1a, and LncRNA MALAT1.?**7 Given its potential role
in angiogenesis inhibition, this study aims to evaluate whether SM can suppress NPC cell invasion and migration through
modulation of these pathways. Through detailed in vitro experiments and meticulous molecular-level analysis, we aim to
elucidate the specific mechanisms of SM on NPC angiogenesis and how it modulates the tumor microenvironment to
slow down or prevent disease progression. These research findings are expected to provide new perspectives and
strategies for the clinical treatment of NPC, especially when traditional treatment modalities are limited, offering more
effective treatment options.

Materials and Methods

Cell Culture and Treatment

NPC cells C666-1 and HNE2, as well as primary human umbilical vein endothelial cells (HUVEC), were obtained from
Sun Yat-sen Memorial Hospital in Guangzhou, Guangdong, China. C666-1 cells were cultured in RPMI-1640 medium
(11875101, Gibco, USA) containing 10% fetal bovine serum (16140089, Gibco, USA) and 1% penicillin-streptomycin
solution (15140148, Gibco, USA). HNE2 cells were maintained in DMEM medium (11966025, Gibco, USA) supple-
mented with 10% fetal bovine serum (16140089, Gibco, USA) and 1% penicillin-streptomycin solution (15140148,
Gibco, USA). HUVEC cells were cultured in an endothelial cell basal medium supplemented with endothelial cell
growth supplements. All cell lines were incubated at 37°C in a humidified atmosphere with 5% CO,. Dimethyl sulfoxide
(DMSO) (20688, Pierce, USA) was used to dissolve SM (C45H73NO1S5, purity >98%, Chengdu Maisto Biotechnology
Co., China) and Axitinib (S1005, Selleck, USA), which were diluted to working concentrations prior to use. Axitinib,
a receptor tyrosine kinase inhibitor, can inhibit the autophosphorylation of VEGFR and modulate VEGF-induced
endothelial cell viability, tubule formation, and downstream signaling pathways.*®

CCK-8 Assay for Cell Viability

Human umbilical vein endothelial cells (HUVECs) were seeded in a 96-well culture plate at a density of 5x10° cells per
well. After incubating at 37°C with 5% CO, for 24 hours for adherence, cells were treated with varying concentrations of
SM. Following treatment, 10 pL. of CCK-8 solution (C0037, Biyuntian Biotech, China) was added to each well to ensure
thorough mixing with the culture medium. The plate was then further incubated at 37°C with 5% CO, for 1 hour to allow
the CCK-8 solution to react with the cells, producing a quantifiable color product. After the incubation period, the
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absorbance (OD value) of each well at a wavelength of 450 nm was measured using a microplate reader to assess the
impact of SM on HUVEC cell viability.

Cell Cloning Experiment

A starting density of 500 human Umbilical Vein Endothelial Cells (HUVEC) per well was seeded in a 6-well culture
plate. In line with reported research, SM at concentrations of 2uM or 5uM effectively inhibited NPC cell growth.**
Axitinib, a well-recognized VEGF receptor inhibitor, is widely used in anti-angiogenesis research.?” Therefore, axitinib
(4 uM) was included as a positive control in this study. Once the cells reached stable growth after seeding, they were
treated with SuM SM and cultured for 9 days to ensure that most individual clones contained more than 50 cells. During
this period, the culture medium was replaced every three days, and regular observations of cell growth status were
conducted. Upon achieving the desired clone count, cells were gently washed once with Phosphate-Buffered Saline
(PBS) to remove the residual culture medium. Subsequently, a 4% paraformaldehyde solution was added to each well to
fix the cells for 30 minutes, followed by another wash with PBS to remove the fixative. Post-fixation, the cells were
stained with crystal violet staining solution for subsequent clone counting, and multiple washes with PBS were
performed to remove unbound dye. After completion of the staining and washing steps, the cells were air-dried at
room temperature, and then clones were counted in at least three different fields of view using a microscope produced by
Nikon (Tokyo, Japan) to assess the efficiency and quality of clone formation.

EdU Incorporation Experiment

The Cell-Light™ EdU DNA Cell Proliferation Assay Kit (C10310, RiboBio, Guangzhou, China) was employed to assess
the proliferation capability of HUVEC cells. HUVEC cells were seeded in a 96-well culture plate at a density of 1x10*
cells per well and allowed to adhere and grow for 24 hours at 37°C in a 5% CO, environment until reaching optimal
growth conditions. Subsequently, these cells were treated with culture media containing different concentrations of SM
(2uM and 5uM) to evaluate the impact of SM on HUVEC cell proliferation. After 24 hours, the original culture media
was removed from the wells, and fresh culture media containing 50uM EdU was added to each well. The cells were then
further incubated at 37°C in a 5% CO, environment for an additional 2 hours to facilitate the integration of EAU into the
cellular DNA.

The cells were gently washed twice with phosphate-buffered saline (PBS) to remove unincorporated EAU and other
debris. Subsequently, the cells were treated with a 0.5% Triton X-100 solution for 10 minutes to increase the permeability
of the cell membrane. The cells were then labeled with 1x Apollo staining reagent for 30 minutes to visualize cells
incorporating EdU. In addition, the cellular DNA was counterstained with Hoechst 33342 for 30 minutes to label the
nuclei of all cells.

Five random fields were selected for cell imaging using a fluorescence microscope (produced by Nikon, Tokyo,
Japan) at 400x magnification. By calculating the ratio of EdU-positive cells to all Hoechst-stained cells, the proliferative
capacity of the cells could be quantitatively assessed. The percentage of EdU-positive cells was calculated as follows:
EdU-positive cell percentage = (EdU-positive cells/total Hoechst-stained cells) x 100.

MicroRNA Transfection Experiment

Mimics of miR-203a-3p, corresponding negative controls, and inhibitors were purchased from Guangzhou Ribobio
Biotechnology Co., Ltd (miR10000264-1-5). These molecules were designed to modulate the expression levels of miR-
203a-3p within cells, where mimics enhance the functionality of miR-203a-3p, while inhibitors serve to reduce its
activity. Initially, HUVEC cells were seeded under suitable culture conditions to achieve a cell confluence of 70% to
80%. The aforementioned miRNA molecules (at concentrations of 50nM and 100nM) were transfected into the cells
using appropriate transfection reagents. Following transfection, cells were further incubated in a culture chamber. After
30 hours post-transfection, the cells were treated with a predetermined concentration of SM for 24 hours. The addition of
SM aimed to investigate further the role of miR-203a-3p in specific biological pathways and its impact on the cellular
response induced by SM.
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Cell Co-Culture Experiment

In order to investigate the effects of SM and Axitinib on nasopharyngeal carcinoma cell line (C666-1) on the growth of
HUVECs, C666-1 cells were first treated in a culture medium containing appropriate concentrations of SM and Axitinib
for 24 hours. Subsequently, cells underwent starvation treatment for 24 hours by culturing them in a serum-free medium
to reduce extracellular signaling and more accurately assess the impact of SM and Axitinib on C666-1 cells. After
starvation treatment, a conditioned medium (CM) from the treated C666-1 cells containing cell-secreted factors was
collected. This CM was then mixed in a 1:1 ratio with fresh culture medium containing complete nutritional components
to simulate the nutritional and signaling states in the tumor microenvironment while providing essential nutrients for the
growth of HUVEC:s. Lastly, the aforementioned mixed culture medium was used to co-culture with HUVECs to study the
influence of C666-1 cells under SM and Axitinib treatment on HUVEC behavior. During the co-culture period,
subsequent assessments, such as cell proliferation, migration, and tube formation abilities, were conducted to evaluate
the angiogenic potential of HUVECs.

Detection of Protein Expression by Western Blot Analysis

Cell lysis was performed using RIPA buffer containing protease inhibitors (20—188, Millipore, USA), and the protein
concentration in the cell lysates was determined using the Quick Start™ Bradford Protein Assay Kit (5000201, BIO-
RAD, USA). Subsequently, protein separation was carried out on 10% SDS-PAGE gels, then transferred onto a PVDF
membrane (IPVHO08100, Millipore, USA) using a semi-dry transfer apparatus. The PVDF membrane was blocked in 5%
BSA for 1 hour and then incubated overnight at 4°C with primary antibodies against EZH2 (1:3000) (5246, Cell
Signaling Technology, USA), VEGFR2 (1:1000) (2479, Cell Signaling Technology, USA), Snail (1:1000) (3879, Cell
Signaling Technology, USA), Vimentin (1:1000) (5741, Cell Signaling Technology, USA), VEGFA (1:1000) (ab46154,
Abcam, USA), B-Tubulin (1:1000) (2128, Cell Signaling Technology, USA), or B-Actin (1:5000) (4970, Cell Signaling
Technology, USA). Following washing, the membrane was probed with an HRP-conjugated secondary antibody (1:4000)
(7074, Cell Signaling Technology, USA) for 1 hour, and protein bands were detected using ECL solution (36208ES60,
Yeasen Bio, Shanghai, China) with the ChemiDoc XRS Gel Imaging System from Bio-Rad.

Detection of miRNA and mRNA Levels Using RT-qPCR Experiment

RNA was extracted from collected samples using Trizol reagent (T9424, Sigma-Aldrich, USA). To analyze the expres-
sion patterns of miRNA, the first-strand cDNA was synthesized from the extracted RNA using the miRNA First Strand
cDNA Synthesis Kit (MR101-01, Nanjing Novozymes, China). This kit is specifically designed for efficient reverse
transcription of miRNA to cDNA, ensuring the accuracy and reproducibility of miRNA expression analysis. For the
cDNA preparation in mRNA expression level analysis, Hiscript® III RT SuperMix (R323-01, Nanjing Novozymes,
China) was utilized. This SuperMix contains optimized reverse transcriptase and reaction buffers to enhance the reverse
transcription efficiency of mRNA and the overall accuracy of qPCR analysis. Real-time quantitative PCR (qPCR)
analysis was performed using ChamQ Universal SYBR qPCR Master Mix (Q711-02, Nanjing Novozymes, China) and
ABI ViiA7 Real-Time PCR System (Applied Biosystems, USA). All qPCR experiments followed the standard operating
procedures provided by the manufacturer, with each sample undergoing at least three independent analyses to ensure data
reproducibility and reliability. The primer sequences used in this study are listed in Table 1.

Scratch Assay to Assess Cell Migration

C666-1 and HUVEC cells were seeded in a 6-well plate and allowed to grow to confluency. Subsequently, a scratch
wound was created in the monolayer of cells using the sterile tip of a 200 pL pipette. After wound formation, the cells
were gently washed twice with PBS to remove any floating cells and debris. Next, the cells were further incubated for
16 hours in starvation media containing different concentrations of SM (2 uM and 5 uM) and Axitinib (4 pM). Cell
migration was evaluated using an Olympus microscope (100x) with a high-definition digital camera. The experiment was
independently repeated three times to ensure the reproducibility and statistical significance of the results.
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Table | Primers Used in the Study

Gene Name | Forward/Reverse Sequence

GAPDH Forward 5- CTCCTCCTGTTCGACAGTCAGC-3
Reverse 5’-CCCAATACGACCAAATCCGTT-3

VEGFA Forward 5’-TACCTCCACCATGCCAAGTG-3’
Reverse 5-ACTTCGTGATGATTCTGCCCTC-3’

HIF-la Forward 5’-CATAAAGTCTGCAACATGGAAGGT-3’
Reverse 5-ATTTGATGGGTGAGGAATGGGTT-3’

ueé Forward 5’- ATTGGAACGATACAGAGAAGATT-3’
Reverse 5-GGAACGCTTCACGAATTTG-3

miR-203a-3p Forward 5’-GUGAAAUGUUUAGGACCACUAG-3’
Reverse 5-AGUGGUCCUAAACAUUUCACUU-3

Abbreviations: GAPDH,Glyceraldehyde-3-Phosphate Dehydrogenase; VEGFA, Vascular Endothelial
Growth Factor A; HIF-1a,Hypoxia Inducible Factor | Subunit Alpha.

Transwell Assay for Cell Migration

To investigate the migratory ability of C666-1 and HUVEC cells, both cell lines were cultured in a serum-free medium
for 12 hours to induce a state of starvation, thus minimizing the impact of external factors on cell migration.
Subsequently, a diluted Matrigel matrix (356234, BD Biosciences, USA) was coated on the upper chamber of the
Transwell device to mimic the extracellular matrix and facilitate cell migration. The lower chamber of the Transwell was
filled with a culture medium containing 20% fetal bovine serum (FBS) as a chemoattractant to stimulate cell migration.
C666-1 and HUVEC cells were suspended in a starvation medium containing specific treatment agents (SM and
Axitinib), and approximately 1x10° cells were seeded into each well in the upper chamber. After a 24-hour incubation
period, the cells in the lower chamber were fixed with 4% formaldehyde and stained with 0.1% crystal violet for
subsequent observation and counting under a microscope. Six random fields of view (at 200x magnification) were
selected, and cell counting was performed using a Nikon TI2-E microscope to assess changes in cell migration and
invasiveness. This experimental procedure was independently repeated three times to ensure the reproducibility and
accuracy of the results.

Formation of Tubular Structures for Testing the Angiogenic Ability of Cells

Matrigel was thawed at 4°C for 24 hours to ensure uniformity and removal of air bubbles. Subsequently, Matrigel was
diluted with serum-free culture medium at a 1:2 ratio to accommodate the growth needs of HUVEC cells. 200uL of the
diluted Matrigel was evenly distributed into each well of a 24-well plate and incubated at 37°C with 5% CO, for 2 hours
to promote gelation, creating a three-dimensional matrix conducive to cell attachment and growth. Next, appropriately
treated HUVEC cells were seeded at a density of 1.0x10* cells per well on the Matrigel-coated wells. Cells were then
cultured for an additional 24 hours at 37°C with 5% CO, to allow for cell migration and interconnection within the
Matrigel matrix, forming tube-like structures reminiscent of blood vessels. To quantitatively analyze the formation of
tubular structures, each well was examined and imaged under an Olympus microscope at 100x magnification. Three
random fields of view were selected per well to ensure data representativeness and repeatability. The number of nodes in
the selected fields was calculated to assess the angiogenic capacity of HUVEC cells.

Acquisition of Drug Active Targets and Screening of Disease Targets

Initially, a search was conducted on the active ingredient Solamargine of Datura metal through the Chinese Systems
Pharmacology Database and Analysis Platform (TCMSP, https://old.tcmsp-e.com/tcmsp.php) and the BATMAN-TCM
database (http://bionet.ncpsb.org.cn/batman-tcm/index.php) to collect information on its corresponding targets.

Subsequently, the GeneCards database (https://www.genecards.org/) was accessed, and a search was performed using

“nasopharyngeal carcinoma” as a keyword to screen for targets related to this disease.
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Protein-Protein Interaction (PPI) Network Analysis
A Protein-Protein Interaction (PPI) network was constructed using the String database (https://cn.string-db.org/) to

identify interactions between predicted targets of Solamargine, an active compound, and disease targets associated
with nasopharyngeal carcinoma. A confidence threshold of 0.4 was set to ensure the reliability of interactions within the
network.

GO and KEGG Pathway Enrichment Analysis

The common targets of Solamargine and nasopharyngeal carcinoma were subjected to GO functional enrichment and
KEGG pathway enrichment analysis using the online tool Metascape. A significance threshold of P < 0.05 was set to
identify biologically relevant processes, cellular components, molecular functions, as well as metabolic or signaling
pathways that may be implicated in drug action.

Topology Analysis Using Cytoscape and CytoNCA

The PPI network was imported into Cytoscape software for topological analysis. The CytoNCA plugin was employed to
conduct centrality analysis within the network, aiming to identify critical nodes or central targets. By analyzing
betweenness centrality and closeness centrality, crucial protein targets were selected to unveil their pivotal roles in the
antitumor process of Solamargine against nasopharyngeal carcinoma.

Statistical Analysis

The data from at least three independent experiments were presented as Mean + SD and analyzed using one-way
ANOVA and Student’s f-test (GraphPad Prism 5.0, GraphPad Software, USA). All statistical comparisons were
conducted between the experimental and corresponding control groups, with significance levels indicated by asterisks.
A p-value < 0.05 was considered statistically significant.

Results
SM Inhibits Invasion and Migration of C666-1 Nasopharyngeal Carcinoma Cells by
Modulating Epithelial-Mesenchymal Transition (EMT) Markers

Results from Transwell invasion and scratch assays demonstrated that SM significantly suppressed the migration and
invasion capabilities of C666-1 cells (Figure 1A and B). Furthermore, Western blot analysis revealed that SM reduced the
expression of EMT-associated proteins Vimentin and Snail, indicating that SM may inhibit the invasion and migration of
NPC cells by modulating the EMT process (Figure 1C and D). Cell migration, invasion capabilities, and marker protein
expression levels were quantitatively analyzed through microscopic cell counting and grayscale analysis of protein bands
(Figure 1E). Axitinib, used as the positive control, similarly exhibited inhibitory effects on C666-1 cells, further
confirming the efficacy of SM as a potential candidate for anticancer therapy.

Study on the Inhibitory Effect of SM on Angiogenic Function of HUVEC Cells

Through a series of in vitro experiments, this research assessed the influence of SM on the vascular formation capability
of HUVEC cells. The impact of SM on HUVEC cell viability was initially observed using the CCK-8 assay. The results
indicate that SM significantly inhibits the activity of HUVEC cells, with the dose-dependent inhibitory effect being
similar to what was previously observed in NPC cells (Figure 2A). The EdU staining experiment evaluated the effect of
SM on the proliferative capacity of HUVEC cells, demonstrating that SM effectively suppresses HUVEC cell prolifera-
tion, albeit slightly less than the positive control group CON (treated with the anti-cancer drug, axitinib) (Figure 2B).
Additionally, the study employed Transwell, scratch, and tube formation assays to further investigate the impact of SM
on the invasion, migration, and tubular structure formation abilities of HUVEC cells. As illustrated in Figure 2C-E, SM
treatment significantly hinders the invasion and migration of HUVEC cells and tube formation, with the inhibitory effect
comparable to the positive control drug axitinib. Cell migration and invasion abilities were quantitatively analyzed
through microscopic cell counting and protein band grayscale analysis (Figure 2F).

4884 https: Journal of Inflammation Research 2025:18


https://cn.string-db.org/

Tang et al

>
=1

C666-1

- 3
=3 L
o o

Invasive cells percentage
(of control, %)
'3
o

B C666-1 C666-1 g
SM (2uM) SM (5uM) g
- A : @
: o B ‘ 8
\ { 2
£
Oh 2
B
g
Snail
16h ¥ i O8I
55 31 HNE2
£% 1.0
c2
e
I3
£3057 3
C D 2
C666-1 HNE2 -

= ; - Vo p—— CON  AXI  SM2yM SM5uM
Vimentinw — | 54kDa Vimentin _ 54kDa W H
- | Vimentin

pacin [ 20 f-ocin (S 20 " —f
N . §§ [ HNE2
Snail h e «I 29kDa Snail m 29kDa  &%1.0
2 " ﬂ i
B-actin M 42kDa  B-actin P—————| 42kDa 2§
530.5—
AXI —  + — = AXI — + — — £%
SM (2uM) — - * = SMQ2uM) — — + -— 0.0-

CON AXI  SM2uM SM5uM

SM (5uM)  — - - + SM (5uM) —  — — 4

Figure | SM Inhibits Invasion and Migration of C666-1 Cells.

Note: (A) Transwell experiment to evaluate the impact of 5uM SM on the migration of C666-1 cells. (B) Wound healing assay investigating the effects of different
concentrations of SM (2uM and 5uM) on the invasive ability of C666-1 cells. (C and D) Western blot analysis of Vimentin and Snail protein expression in C666-1 and HNE2
cells treated with varying concentrations of SM (2uM and 5uM). (E) Quantitative analysis and graphical representation of cell migration, scratch assay, and Western blot
results were conducted through cell counting and analysis of Western blot protein band grayscale values. All cell experiments were performed in triplicate, with data
presented as mean * standard deviation. *: P < 0.05, **: P < 0.0] compared to the control (CON) group.

SM Suppresses Angiogenic Capacity of HUVEC Cells by Inactivating VEGF Signaling
Pathway and Upregulating miR-203a-3p

Our results demonstrate that SM treatment leads to the inactivation of the VEGF signaling pathway, including the
downregulation of VEGFA, VEGFR2, and HIF-1a, thereby inhibiting the angiogenic ability of ECs (Figure 3A—C).
Furthermore, we noticed that SM could suppress the expression of EZH2, a critical transcription factor involved in
cancer angiogenesis and metastasis. Inhibition of EZH2 by SM treatment further impacts the angiogenic process.
Importantly, we discovered that SM treatment upregulates the expression of miR-203a-3p in HUVEC cells
(Figure 3D).
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Figure 2 The Inhibitory Effect of SM on the Growth, Invasion, Migration, and Tube Formation of HUVEC Cells.
Note: (A) Cell viability of HUVEC cells treated with SM was assessed using CCK-8 assay. (B) EdU analysis was performed to evaluate the proliferation of HUVEC cells
(scale bar: 50 pm). (C and D) Transwell and scratch assays were employed to assess the migration and invasion of HUVEC cells under SM treatment. (E) Tube formation
assay was conducted to evaluate the tube formation ability of HUVEC cells. (F) Quantitative analysis of cell proliferation, migration, and invasion experiments was
performed. All cell experiments were repeated three times. *' P<0.05, **: P<0.0| compared to the CON group.

Impact of SM on HUVEC Tube Formation Induced by C666-1 Cells and Related
Molecular Expression

The conditioned medium from C666-1 cells was collected and co-cultured with HUVEC cells to mimic angiogenesis in the
tumor microenvironment. The experimental results indicate that the conditioned medium of C666-1 cell culture significantly
enhanced the tube formation of HUVEC cells, an effect that was notably diminished upon SM treatment (Figure 4A).
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Note: (A) Changes in the EMT markers and VEGF signaling pathway in HUVEC cells after SM treatment were assessed using Western blot analysis. (B) Analysis of protein
band grayscale values by Western blot. (C and D) q-RT-PCR analysis of the levels of VEGFA, HIF-1o. mRNA, and miR-203a-3p in HUVEC cells after SM treatment (scale bar:
50 pm). All cellular experiments were replicated three times. *: P < 0.05, **: P < 0.01, significant differences compared to the CON group.

Furthermore, molecular analysis revealed that the conditioned medium of C666-1 culture promoted the expression of EZH2,
VEGFR2, and VEGFA proteins (Figure 4B and C) while simultaneously reducing the expression of miR-203a-3p (Figure 4D).
In contrast to the expression pattern induced by the conditioned medium of C666-1 culture, SM treatment significantly
suppressed the expression of EZH2, VEGFR2, and VEGFA while increasing the levels of miR-203a-3p.

MiR-203a-3p Modulates the Regulatory Effects of SM on HUVEC Angiogenesis by
Regulating EZH2 and VEGFA Expression

Experimental findings demonstrated that miR-203a-3p mimics significantly inhibited HUVEC cell viability and
enhanced the inhibitory effects of SM on HUVEC cell growth, while miR-203a-3p inhibitors promoted cell growth.
Furthermore, SM was able to neutralize the pro-growth effects induced by the inhibitors in HUVEC cells
(Figure 5A). These findings are consistent with previous studies indicating that miR-203a-3p inhibits VEGFA and
HIF-1a expression by targeting their 3’UTR. This study further confirmed that miR-203a-3p mimics decreased the
protein expression of EZH2 and VEGFA (Figure 5B), whereas inhibitors increased the expression of these proteins
(Figure 5C). Importantly, SM also suppressed the induction of EZH2 and VEGF expression by the inhibitors in
HUVEC cells (Figure 5D).

Interactions Between SM and NPC: Network Pharmacology Analysis

In order to delve into the potential mechanisms of Solamargine (SM) against NPC, this study utilized network
pharmacology methods (Figure 6A) to predict and analyze the interaction targets of SM with NPC. Initially, a search
in the TCMSP and BATMAN-TCM databases was conducted for target identification related to “SM”, resulting in
identifying 27 known and predicted targets. Subsequently, using the GeneCards and OMIM databases, 2882 and 193
NPC-related targets were identified, respectively. Following deduplication, a total of 3015 NPC-related targets were
consolidated. Through the intersection analysis of the 27 SM and 3015 NPC targets, 20 common targets potentially
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Figure 4 Stimulation of Tube Formation in HUVEC Cells by Secretion of Pro-Angiogenic Factors from C666-1 Cells.

Note: (A) Tube formation experiments were conducted to measure the effects of conditioned media from C666-1 cells (with or without SM) on tube formation in HUVEC
cells. (B) Expression of EZH2, VEGFR2, and VEGFA proteins was assessed by Western blot. (C and D) Expression of VEGFA, HIF-10a, and miR-203a-3p was evaluated using
qRT-PCR. All cellular experiments were repeated three times. *: P < 0.05, **: P < 0.01 significant difference compared to the CON group. #: P < 0.05, ##: P < 0.0 significant
difference compared to the CM group.
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Figure 5 Regulatory Effects of miR-203a-3p on EZH2 and VEGFA Expression in SM-Treated HUVEC Cells.

Note: (A) Impact of miR-203a-3p mimics and inhibitors on the viability of HUVEC cells post-SM treatment. (B) Influence of miR-203a-3p mimics on the protein levels of
EZH2 and VEGFA in HUVEC cells. (C) Effect of miR-203a-3p inhibitors on the protein levels of EZH2 and VEGFA in HUVEC cells. (D) SM suppresses the induced
upregulation of EZH2 and VEGFA expression by miR-203a-3p inhibitors. All cell experiments were repeated three times. *: P < 0.05, **: P < 0.01, indicating significant
differences compared to the CON group. #: P < 0.05, ##: P < 0.01, indicating significant differences compared to the NC group. & P < 0.05, &&: P < 0.01, indicating
significant differences compared to the NC group. @: P < 0.05, indicating significant differences compared to the mimic group. %: P < 0.05, %%: P < 0.01, indicating significant
differences compared to the inhibitor group.

involved in the anti-NPC effects of SM were identified (Figure 6B). Employing the PPI network constructed using
the String database with a confidence level of 0.400, the network comprised 20 nodes and 73 edges. Enrichment
analysis of the PPI network indicated a p-value less than 1.33e-05, confirming the statistical significance of the
network. Topological analysis was conducted using Cytoscape in conjunction with CytoNCA, and based on the
Betweenness Centrality criterion, 10 core targets were determined, namely ACTB, TNF, AKT1, CASP3, ACTCl,
TFRC, BCL2, ACTA1, PKM, and ACTGI (Table 2, Figure 6C).
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Note: (A) Workflow of the network pharmacology analysis of the interaction targets and pathways between SM and NPC; (B) Venn diagram showing the shared targets
between SM and NPC; (C) Analysis of the target interactions between SM-NPC using String and Cytoscape/CytoNCA.

GO-KEGG Enrichment Analysis of SM Target Genes in NPC Reveals Potential

Therapeutic Mechanisms

This study comprehensively analyzed the core target interaction between SM and NPC through gene ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis. It delved into the potential biological
processes, cellular components, and molecular functions underlying the anti-NPC effects of SM, as well as related
biological metabolism and signaling pathways (Table 3).

In the Biological Process (BP) category, Figure 7 illustrates significant enrichments in processes such as “striated muscle
cell differentiation” (GO:0051146), “response to metal ion” (GO:0010038), “muscle cell differentiation” (GO:0042692), and
“response to decreased oxygen levels” (G0O:0036293). It indicates that SM may exert its anti-NPC effects by modulating
specific cell differentiation pathways and responses to environmental changes. In the Cellular Component (CC) category,
notably enriched terms include “blood microparticles” (GO:0072562), “actin filaments” (GO:0005884), and “leading edge
membrane” (GO:0030027), suggesting that SM may intervene in the physical properties and intercellular communication of
NPC cells by affecting the cell cytoskeleton and extracellular components. The Molecular Function (MF) category analysis
highlights the significance of functions such as “cellular cytoskeleton structure” (G0O:0005200) and “protein binding”

Table 2 Paramters of Top-10 Key Targets from Network

Nodes

Targets | Betweenness Centrality | Closeness Centrality
ACTB 45.535713 0.3272727
TNF 40.769047 0.31578946
AKTI 16.369047 0.31578946
CASP3 7.20238I 0.31034482
ACTCI 4.8333335 0.2769231
TFRC 4.766667 0.29032257
BCL2 3.2690477 0.30508474
ACTAI 3.1666667 0.27272728
PKM 2.6 0.29508197
ACTGI 2.1190476 0.2769231

Note: Targets were ranked by Betweenness Centrality analyzed using
cytoNCA.

Abbreviations: ACTB, B - actin; TNF Tumor Necrosis Factor; AKTI, AKT
Serine/Threonine Kinase |; CASP3, Caspase-3; ACTCI, Cardiac a-Actin; TFRC,
Transferrin Receptor; BCL2, B-Cell Lymphoma 2; ACTAI, Skeletal Muscle
Alpha-Actin; PKM, Pyruvate Kinase M; ACTGI, Gamma-Actin.
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Table 3 GO-KEGG Enrichment Analysis for Key Targets of Solamargine Against NPC

Ontology ID Description GeneRatio | p value | p.adjust
BP GO:0051146 Striated muscle cell differentiation 6/10 2.11e-09 | 3.19e-06
BP GO:0010038 Response to metal ion 6/10 8e-09 6.05e-06
BP GO:0042692 Muscle cell differentiation 6/10 1.43e-08 | 7.22e-06
BP GO:0033138 | Positive regulation of peptidyl-serine phosphorylation 4/10 2.03e-07 | 7.02e-05
BP GO:0036293 Response to decreased oxygen levels 5/10 2.32e-07 | 7.02e-05
cC GO:0072562 Blood microparticle 5/10 5.43e-09 | 5.05e-07
cC GO:0005884 Actin filament 4/10 2.14e-07 | 9.97e-06
CcC GO:0030027 Lamellipodium 4/10 2.19e-06 | 6.8e-05
cC GO:0005869 Dynactin complex 2/10 2.8e-05 0.0006
CcC GO:0044305 Calyx of Held 2/10 3.57e-05 | 0.0006
MF G0O:0005200 Structural constituent of cytoskeleton 3/10 2.04e-05 0.0009
MF GO:0099186 Structural constituent of postsynapse 2/10 2.06e-05 0.0009
MF GO:0098918 Structural constituent of synapse 2/10 4.52e-05 | 0.0009
MF G0:0002020 Protease binding 3/10 4.56e-05 | 0.0009
MF GO:0032813 | Tumor necrosis factor receptor superfamily binding 2/10 0.0003 0.0051
KEGG hsa04210 Apoptosis 6/9 1.54e-09 | 2.52e-07
KEGG hsa05132 Salmonella infection 6/9 5.9e-08 | 4.8le-06
KEGG hsa05418 Fluid shear stress and atherosclerosis 5/9 1.59e-07 | 8.63e-06
KEGG hsa05 164 Influenza A 5/9 4.48e-07 | 1.82e-05
KEGG hsa05205 Proteoglycans in cancer 5/9 I.1e-06 3.6e-05

Abbreviations: BP, Biological Process; CC, Cellular Component; MF, Molecular Function; KEGG, Kyoto Encyclopedia of Genes and Genomes.

(GO:0002020), indicating that SM regulates the survival and proliferation of NPC cells through these molecular functions.
KEGG pathway analysis reveals that signaling pathways like “apoptosis” (hsa04210), “salmonella infection” (hsa05132), and
“fluid shear stress and atherosclerosis” (hsa05418) may play crucial roles in SM’s treatment of NPC.
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Figure 7 Enrichment Analysis of SM on NPC Targets Reveals Potential Therapeutic Mechanisms.
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Discussion

This study demonstrates that SM significantly inhibits the migration and invasion of NPC cells by reducing the key EMT
markers Vimentin and Snail. This finding is consistent with previous research on other anticancer drugs, such as Gefitinib,
which also modulates EMT markers, but SM exhibits certain unique mechanisms.***' Unlike relying solely on the common
cytotoxicity of anti-tumor drugs, SM appears to achieve its inhibitory effects through more refined molecular regulatory
pathways, like directly modulating the activity of specific transcription factors.**** Furthermore, the action of SM on NPC
cells may also involve influencing intracellular signaling, a less common phenomenon in previous EMT-related treatment
studies.*>* Therefore, the unique anti-metastatic properties of SM offer a new perspective for NPC treatment and may also
present potential therapeutic avenues for other tumors with EMT characteristics.*’**

Regarding angiogenesis, experimental results on HUVEC cells show that SM significantly inhibits cell viability,
invasion, migration, and tubular structure formation.**>' This effect is similar to anti-angiogenic drugs currently used,
such as Axitinib, but SM demonstrates uniqueness in its mechanism of action, affecting not only the VEGF signaling
pathway but also involving other molecules like EZH2 inhibition and upregulation of miR-203a-3p.>* It suggests that SM
may influence angiogenesis through a multi-signaling pathway network, offering potential advantages in treatment by
targeting multiple points.”> > In comparison to conventional therapies, the multifaceted intervention of SM may enhance
its ability to combat NPC angiogenesis while potentially reducing issues of drug resistance stemming from reliance on
a single target.*’**

Within its anti-tumor activity, the impact of SM on the VEGF signaling pathway is particularly crucial.’®>” The
VEGF signaling pathway is a key regulator of angiogenesis and has been shown to promote tumor growth and
metastasis in various cancers.’®’ In this study, SM significantly inhibits the invasiveness of NPC cells and the
angiogenic potential of HUVEC by deactivating this pathway. This finding aligns with previous research, as several
studies have reported that anti-VEGF therapies effectively suppress tumor angiogenesis and metastasis.®®
However, while regulating the VEGF pathway, SM also involves other signals, such as EZH2 and miR-203a-3p
modulation, potentially explaining its complex and diverse effects in inhibiting tumorigenesis.****%* This multi-
layered signaling regulation strategy may provide a new approach to addressing the issues of drug resistance and

side effects in current anti-VEGF therapies.”>**>%¢

miR-203a-3p is crucial in various biological processes, including cell proliferation, migration, and angiogenesis.®”%®
In this study, SM upregulates miR-203a-3p to inhibit NPC angiogenesis and metastasis, consistent with the mechanism of
action of miR-203a-3p in other cancer treatments, such as in breast and liver cancer studies where upregulation of miR-
203a-3p is associated with tumor growth inhibition. However, further molecular-level research is needed to elucidate how
precisely SM regulates miR-203a-3p and how this regulation intricately affects the pathological processes of NPC.*%7°
Additionally, exploring the interaction of miR-203a-3p with the specific signaling network of NPC will contribute to
a more comprehensive understanding of SM’s anticancer mechanisms.”'

Through network pharmacology and GO-KEGG pathway enrichment analysis, this study unveils the core targets
of SM interacting with NPC and the related biological metabolism and signaling pathways. AKTI1, a serine/
threonine protein kinase, as a crucial component of the PI3K/AKT signaling pathway, regulates the expression of
angiogenic factors such as nitric oxide and vascular endothelial growth factor. Activation of AKT1 has been
reported to induce the generation of structurally abnormal vessels and distortion of tumor vasculature,’? promoting
the survival of NPC tumor cells and resistance to cell apoptosis.”> PKM (Pyruvate Kinase M) is a key enzyme in the
glycolysis process, and its isoform PKM2 can translocate to the nucleus to influence the activity of HIF-la
(hypoxia-inducible factor la), a crucial transcription factor in angiogenesis, by promoting the expression of
VEGF and other angiogenesis-related genes.”*

Furthermore, ACTB (Beta-Actin) plays a crucial role in cellular skeletal composition and movement. Aberrant expression
of ACTB may affect the migratory and invasive capabilities of NPC tumor cells.”> TNF (Tumor Necrosis Factor) is an
important regulator of inflammation and immune response, exerting anticancer effects by promoting cell apoptosis and
inhibiting tumor growth. However, prolonged TNF signaling may lead to tumor environment inflammation, thereby promot-
ing tumor growth and metastasis.”® CASP3 (Caspase-3) is a key enzyme in the execution phase of cell apoptosis, participating
in the cell death signaling pathway. Activation of CASP3 may be an effective strategy to induce tumor cell death.”” Aberrant
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expression of ACTC1 (Cardiac a-Actin) in some cancers is associated with tumorigenesis and progression. TFRC (Transferrin
Receptor) is involved in iron uptake and regulation; iron is essential in many cellular metabolic processes. Increased TFRC
expression may promote tumor growth.”®”® BCL2 (B-Cell Lymphoma 2) is an anti-apoptotic protein that promotes tumor cell
survival by inhibiting cell death. In NPC, overexpression of BCL2 may be associated with chemotherapy resistance. ACTA1
(Skeletal Muscle Alpha-Actin) expression is typically associated with muscle tissue and may impact the mobility and
invasiveness of tumor cells.** ACTG1 (Gamma-Actin) participates in the assembly and remodeling of the cellular skeleton,
crucial for maintaining cell morphology and facilitating cell movement. The role of ACTG1 may be associated with NPC cell
migration and metastasis.”'

This approach provides a comprehensive view for understanding the complex mechanisms of SM and under-
scores the importance of computational biology tools in modern drug development.®*** Unlike conventional drug
screening heavily reliant on empirical methods, this study predicts and validates SM’s target effects through
systematic network analysis, enhancing understanding its anti-NPC effects. This strategy not only expedites the
discovery of drug targets but also boosts the scientific rigor and accuracy of research.®**¢ A recent study utilized
network pharmacology to predict the effects of solamargine on lung adenocarcinoma and experimentally validated
its impact on immune evasion via signaling pathways.®” The experiments included colony formation, EDU staining,
wound healing, Transwell assays, Hoechst staining, flow cytometry, as well as molecular signaling analysis through
WB and RT-qPCR. While network pharmacology can predict drug-disease interaction targets, these predictions must
be experimentally validated to confirm their efficacy. Future studies may provide further experimental evidence to
support or refute these predictions.

Given the capabilities shown by SM in this study to inhibit NPC cell invasion and migration, as well as its inhibitory
effect on angiogenesis, SM holds the potential to become a significant drug in NPC therapy. Particularly in preclinical
models, if further confirmation of these effects can be achieved, they could usher in a new paradigm shift in NPC
treatment strategies.*® Considering the constraints of current NPC treatments, such as side effects and individual
variations in treatment outcomes, the comprehensive regulatory mechanism of SM offers the potential for synergistic
therapeutic effects, especially when combined with existing therapies, potentially demonstrating synergistic or additive
effects.?%!

SM effectively inhibits NPC cell invasion and migration by regulating EMT and suppressing angiogenesis,
enhancing our understanding of its anticancer mechanism and providing a scientific basis for clinical application.
However, this study has limitations, primarily relying on in vitro experiments, and further validation through animal
studies and clinical trials is needed. SM has been shown to inhibit human NPC cell growth34 and suppress HBV by
binding to myeloid zinc finger 1 (MZF1).”> While the EBV-positive C666-1 cell line was used, whether SM induces
or inhibits EBV reactivation remains unclear, which warrants further investigation. Additionally, the safety and
potential side effects of SM need further evaluation. Previous studies indicate that SM inhibits tumor growth in lung
adenocarcinoma and melanoma without significant toxicity (PMID: 38552432, 34,612,163). However, if SM exhibits
strong cytotoxicity toward HUVEC cells, concerns about its clinical safety may arise. Further studies are required to
assess its impact on normal endothelial cells and explore potential solutions such as dose adjustments or more
selective analogs.

Conclusion

The study demonstrates that SM effectively inhibits NPC cell invasion and migration by regulating EMT markers and
suppressing angiogenesis. Key mechanisms include the downregulation of EMT-related proteins such as Vimentin and
Snail, suppression of the VEGF signaling pathway, and upregulation of miR-203a-3p. These findings highlight the
therapeutic potential of SM in targeting multiple pathways involved in NPC progression and angiogenesis (Figure 8). SM
emerges as a promising candidate for developing novel anti-cancer and anti-angiogenic therapies, warranting further
investigation for its clinical application.
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Figure 8 Mechanistic Schematic of Solorazin’s Action on Nasopharyngeal Carcinoma through Modulation of EMT Markers and Inhibition of Angiogenesis.
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