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Introduction: Garcinia mangostana L. a widely used tropical fruit, has been historically valued as a medicinal plant. Modern
pharmacological research has identified several compounds in its pericarp, such as alkaloids, flavonoids, and phenolic acids, which
possess antioxidant and anticancer properties. Recent studies have shown that various medicinal and edible plant-derived nanovesicles
(MEPNs) exhibit potent anti-tumor effects. However, the impact of Garcinia mangostana L.-derived exosome-like nanoparticles
(GELNVs) in treating glioma remains insufficiently explored.

Methods: GELNVs were isolated from the rind of Garcinia mangostana L. using an environmentally sustainable method. The
chemical composition of GELNVs was systematically characterized through both qualitative and quantitative analyses via UPLC-MS/
MS. Network pharmacology was utilized to identify potential anti-glioma targets, with a focus on the PI3K-Akt signaling pathway.
Subsequently, in vitro experiments were conducted to assess the uptake of GELNVs by glioma cells and their anti-tumor effects,
including apoptosis induction, cell proliferation suppression, and effects on microglial polarization.

Results: Using a sustainable extraction method, GELNVs were successfully isolated and chemically characterized by UPLC-MS/MS.
Network pharmacology and molecular docking identified key anti-glioma targets, particularly AKT1 within the PI3K-Akt signaling
pathway. In vitro experiments demonstrated that GELNVs were effectively internalized by GL261 glioma and BV2 microglial cells,
showing significant anti-glioma activity by inducing apoptosis and inhibiting cell proliferation. Additionally, GELNVs promoted the
activation of M1-type microglia while inhibiting M2 polarization induced by IL-4 and glioma cells. This was evidenced by the
upregulation of inflammatory mediators, including iNOS, TNF-a, IL-6, and IL-1f at the mRNA level.

Conclusion: Our findings demonstrate that GELNVs represent a potential therapeutic strategy for glioma by inducing apoptosis in
tumor cells and inhibiting their proliferation through suppression of the PI3K-Akt signaling pathway. Furthermore, GELNVs show
promise in modulating microglial polarization, further highlighting their potential as a glioma treatment.

Keywords: plant-derived exosome-like nanoparticles, glioma, microglia, Akt, network pharmacology, molecular docking

Introduction

Glioma is a highly heterogeneous and aggressive form of primary malignant tumor in the central nervous system,
accounting for 30% to 50% of all primary brain neoplasms.' Its high recurrence rate and low 5-year survival rate pose a
serious threat to human health.® Temozolomide (TMZ), the first-line chemotherapy drug and a precursor alkylating agent
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for glioma, is widely used due to its stability, solubility, oral availability, and ability to cross the blood-brain barrier
(BBB).*> However, the development of drug resistance and associated toxic side effects severely limit its therapeutic
efficacy,’ emphasizing the need for more effective treatment options. In contrast to other solid malignancies, the glioma
microenvironment is characterized by a highly immunosuppressive phenotype with notable absence of T-cell infiltration.”
Immunotherapeutic strategies targeting the glioma immune microenvironment, including immune checkpoint inhibitors,
oncolytic viruses, cancer vaccines, and CAR-T cell therapies, represent a promising avenue for advancing glioma
treatment.® Microglia, as resident immune cells in the brain, represent potential therapeutic targets for glioma
immunotherapy.’ The glioma microenvironment is predominantly populated by M2-polarized microglia, which promote
tumor progression, angiogenesis, and invasion through secretion of cytokines including IL-10 and TGF-p, whereas M1-
polarized microglia exhibit tumor-suppressive functions.'® In summary, the concurrent cytotoxic targeting of tumor cells
and reprogramming of microglia towards an M1-polarized phenotype represents a promising therapeutic strategy.
Accumulating evidence suggests that exosomes are involved in the pathogenesis and progression of tumors, sourced
from various organisms including animals,'' plants,'? and microbes.'> Exosomes possess unique properties such as high
bioavailability, the ability to penetrate the BBB, and low immunogenicity, making them promising candidates for cancer
therapy. Recent studies have highlighted the therapeutic potential of natural compounds in addressing human diseases.
Specifically, significant progress has been made in the development of medical and edible plant-derived nanovesicles
(MEPNSs). MEPNSs are a class of lipid bilayer-enclosed nanovesicles isolated from medicinal and edible plants through

methodologies encompassing polyethylene glycol precipitation, ultracentrifugation, size-exclusion chromatography, and
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so on.'* These nanostructures encapsulate bioactive constituents including proteins, lipids, RNA, and active compounds,
and are actively involved in multifaceted physiological processes such as intercellular communication, tumorigenesis and
metastasis, and immune responses.'> MEPNs have been extracted from numerous common plants, such as grapes,
lemons, ginger, garlic, Catharanthus roseus, and tea leaves.'® '’ Due to the varying active components in these plants,
MEPNs exhibit distinct biological functions and therapeutic effects. For instance, Zhao et al demonstrated that garlic-
derived exosome-like nanovesicles, rich in amino acids and their derivatives, alleviate acute liver failure by inhibiting
CCR2/CCRS5 signaling and suppressing NLRP3 inflammasome activation.”’ Similarly, Chen et al found that tea leaf-
derived exosome-like nanoparticles, abundant in polyphenols and flavonoids, induce the generation of reactive oxygen
species and promote apoptosis in tumor cells.'® Ginseng-derived exosome-like nanoparticles, notable for their ginseno-
side content, have been shown to enhance BBB penetration and modulate the tumor microenvironment, making them
valuable for cancer treatment.>' Furthermore, MEPNs demonstrate superior therapeutic efficacy in disease treatment
compared to isolated single active compounds from the same botanical source.** This enhanced performance is primarily
attributable to the nanoscale dimensions and membrane architecture of MEPNs, which collectively improve the
bioavailability of encapsulated active components and enable synergistic interactions among multiple constituents.'®
Moreover, MEPNs exhibit reduced immunogenicity and enhanced stability, thereby establishing a crucial foundation for
their clinical translation.”®

Garcinia mangostana L., traditionally used to treat various diseases such as cancer, pain, neurodegeneration, diabetes,
and hyperlipidemia,”**> has garnered attention for its potent pharmacological properties. Our previous research demon-
strated that a B-mangostin derivative from Garcinia mangostana L. exhibits anti-glioma properties, along with fostering
an immune microenvironment that inhibits glioma growth.’® Given these promising findings, it is anticipated that
exosome-like nanoparticles derived from Garcinia mangostana L. (GELNVs) would also carry various bioactive
components, including flavonoids (eg, quercetin and its derivatives) and oxygenated anthraquinones (eg, -mangostin).
Metabolomics is a research approach that conducts quantitative analysis of all metabolites in an organism and seeks the
relative relationships between metabolites and physiological and pathological changes.”” Notably, the metabolomics
technology analysis has been proven to be highly effective for the identification of plant metabolites and the elucidation
of pathways in primary and secondary plant metabolism.”® To investigate the bioactive components in GELNVs, this
study isolated and detected small molecule compounds in GELNVs using a UPLC-ESI-MS/MS system and performed
identification by comparing with the self-constructed Metware Database (MWDB). MWDB is a manually curated
metabolite repository constructed through systematic integration of authentic chemical standards, public metabolite
databases, and literature-derived spectral data. This knowledgebase employs advanced UPLC-ESI-MS/MS fragmentation
pattern analysis, incorporating both collision-induced dissociation (CID) and higher-energy collisional dissociation
(HCD) profiles, to establish validated spectral libraries for confident metabolite annotation.

In this study, GELNVs were successfully isolated through continuous differential centrifugation and ultracentrifuga-
tion. An integrated approach combining metabolomics, network pharmacology, and experimental validation was
employed to evaluate the therapeutic potential of GELNVs against glioma cells. We found that nano-sized GELNVs,
containing a variety of chemical cargoes, promote apoptosis and inhibit proliferation in GL261 glioma cells via the PI3K/
Akt signaling pathway. Additionally, GELNVs were shown to remodel the function of M2-type microglia induced by IL-
4 and glioma cells, reactivating the anti-tumor immune response, contributing to an effective anti-glioma effect.

Materials and Methods
Isolation of GELNVs

Garcinia mangostana L. was purchased from a farmer’s market in Hangzhou, China. The fruit was thoroughly washed to
remove any dirt, and the red pulp of the rind was chopped and soaked in cold PBS (pH 7.4). It was then digested with
pectinase (Scientific Phygene, Fuzhou, China) (0.2 g/100 mL) and cellulase (2 g/100 mL).?’ The pH was adjusted to 7.4,
and the mixture was blended at high speed for 5 minutes, with a 1-minute pause after every minute of blending, to
produce Garcinia mangostana L. juice. The obtained juice was filtered to remove plant residues and then centrifuged
sequentially at 3000 x g for 30 minutes, 15,000 x g for 60 minutes, and finally ultracentrifuged at 120,000 x g for 90
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minutes.* The resulting pellets were diluted with PBS and centrifuged at 150,000 x g for 120 minutes using a sucrose
density gradient (8%, 15%, 30%, 45%, 60%) in 0.02M Tris-HCI to purify GELNVs.?! The final solution was washed
twice to remove sucrose, re-suspended in cold Tris-HCI, filtered through a 0.22 pm filter to obtain sterile GELNVs, and
stored at —80 °C for further characterization.

Characterization of GELNVs

10 pL sample was deposited onto a 2 mm copper grid and allowed to settle for 10 minutes until complete air-drying.
Subsequently, negative staining was performed by applying 3% phosphotungstic acid solution to the grid for 5 minutes.
The prepared specimen was then subjected to morphological characterization through transmission electron microscopy
(Hitachi, Tokyo, Japan) operating at an accelerating voltage of 90 Kv.'' Size distribution and zeta potential were analyzed
via dynamic light scattering (DLS) using a Zetasizer Nano ZSE (Malvern Instruments, UK). Protein concentrations were
measured with the BCA Protein Quantification Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA), using bovine
serum albumin as the standard.

Composition Analysis of GELNVs

Take the sample for vacuum freeze-drying. Then add 80% methanol internal standard extract precool at —20 °C, vortex
for 2 minutes. The samples are subjected to freezing and thawing using liquid nitrogen, repeated 3 times. Centrifuge at
12000 r/minutes for 10 minutes at 4 °C. Finally, extract the supernatant, filter it with a microporous filter membrane (0.22
pm), and store it in the injection bottle for LC-MS/MS detection. The chemical composition of GELNVs was analyzed
using an ultra-performance liquid chromatography (UPLC, ExionLC™ AD, https://sciex.com.cn/) system coupled with a
tandem mass spectrometry (MS/MS, QTRAP® 6500+ System, https:/sciex.com) system.*> The UPLC column used was
SB-C18 (1.8 pm, 2.1 mm X 100 mm, Agilent). The mobile phase consisted of phase A (ultrapure water with 0.1% formic

acid) and phase B (acetonitrile with 0.1% formic acid). The column temperature was maintained at 40 °C, with an
injection volume of 2 pL. Mass spectrometric analysis was conducted using a triple quadrupole mass spectrometer in
multiple reaction monitoring (MRM) mode.

The electrospray ionization (ESI) source was set to a temperature of 550 °C, with an ion spray voltage of 5500 V
(positive ion mode) or —4500 V (negative ion mode). The nebulizer gas (GS1) was set to 50 psi, turbo-gas (GS2) to 60
psi, and curtain gas (CUR) to 25 psi.

Metabolite Qualitative and Quantitative Analysis

Utilizing the self-constructed MWDB V4.4 (Metware Biotechnology Co., Ltd. Wuhan, China) for compound identifica-
tion, we conducted qualitative analysis based on secondary mass spectral data. During this process, isotopic signals,
redundant signals containing K, Na", and NH4" ions, as well as redundant fragment ion signals originating from larger
molecules, were excluded. Quantitative analysis was performed using the multiple reaction monitoring (MRM) mode on
a triple quadrupole mass spectrometer.

Screening of GELNVs for Potential Active Ingredients and Collection of Related

Targets

Based on the chemical composition of GELNVs obtained through UPLC-MS/MS, the compounds were queried using the
PubChem database (https://pubchem.ncbi.nlm.nih.gov/). The corresponding simplified molecular input line entry system
(SMILES) strings were then downloaded, and these SMILES strings were imported into the online Swiss ADME
database (http://www.swissadme.ch/) to further screen for active ingredients and predict their ADME parameters. The

screening criteria were as follows: high gastrointestinal (GI) absorption for pharmacokinetic selection, BBB permeability,
and three or more compounds with “YES” in the five drug-likeness rules (Lipinski, Ghose, Veber, Egan, Muegge) can be
regarded as active ingredients. It is indicated that compounds adhering to the five drug-likeness rules exhibit superior
pharmacokinetic properties, demonstrating higher bioavailability during metabolic processes within biological organ-
isms, and therefore are more likely to become oral medications.>® Lipinski/Ghose: Limits molecular size and lipid
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solubility to ensure that compounds can penetrate cell membranes; Veber/Egan: Drug Absorption and Bioavailability;
Muegge: Further rule out structures that are difficult to drug; Violation of the Muegge principle may indicate a toxic
hazard.** Compounds that satisfied both conditions were considered active. The SMILES strings of the active ingredients
were subsequently imported into the Swiss TargetPrediction database (http://swisstargetprediction.ch/) for target predic-

tion, and compounds with a predicted probability > 0.1 were considered relevant targets for GELNVs.

Screening of Targets of GELNVs Against Glioma
Glioma-related targets were identified using the GeneCards (https://www.genecards.org/), DisGeNet (https://www.dis

genet.org/), and BrainBase (https://ngdc.cncb.ac.cn/brainbase/index) databases. After removing duplicates and filtering

the results, a glioma-related target database was constructed. To ensure result accuracy, we selected targets from the
DisGeNet and GeneCards databases with a score > 0.5 and a relevance score > 5. The targets related to GELNVs were
then intersected with the disease-related targets using Venny 2.1.0 (http://www.liuxiaoyuyuan.cn/). The intersecting

targets were mapped to identify the anti-glioma targets of GELNVs.

Analysis of Protein-Protein Interactions

Protein-protein interactions (PPI) reveal the relationships between different proteins. The identified intersecting genes
were imported into the Search Tool for the Retrieval of Interaction Gene/Proteins (STRING) database (https://cn.string-
db.org/), with the species set to Homo sapiens and a confidence score > 0.4, while unrelated nodes were hidden. The data
were then visualized using Cytoscape 3.9.1, resulting in a PPI network diagram. Centiscape 2.2 (a plug-in for Cytoscape)
was used to calculate three topological network parameters for each node: Closeness, Degree, and Betweenness. The
nodes were filtered based on their Degree values, and the top 10 targets were considered the key targets of GELNVs for
glioma treatment. Nodes with higher parameter values were identified as more significant, leading to the construction of a
refined PPI network.

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG)

Pathway Enrichment Analysis

To investigate the biological functions and pathways involved in the anti-glioma effects of GELNVs, Gene Ontology
(GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses were performed to explore
the core mechanisms and pathways of all potential targets. The intersecting genes were imported into the Database for
Annotation, Visualization and Integrated Discovery (DAVID) database (https://david.ncifcrf.gov/) to predict gene func-
tions across Molecular Function (MF), Biological Process (BP), Cellular Component (CC), and KEGG pathways. The
results were visualized using the online tool (http://www.bioinformatics.com.cn/).

Molecular Docking

The binding efficacy between the active compounds in GELNVs and the core target was analyzed using molecular
docking techniques. Structural files for both receptors and ligands were sourced, with ligand structure data file (SDF)
structures retrieved from the PubChem database and 3D structures of receptors obtained from the Research Collaboratory
for Structural Bioinformatics Protein Data Bank (RCSB PDB) database (https://www.rcsb.org/). Subsequent processing

of the ligands involved the addition of hydrogen atoms and charge assignment. Receptor proteins were prepared through
dehydration, ligand removal, and the definition of docking sites. AutoDock Tools 1.5.6 was utilized to perform the
docking simulations. Typically, a docking energy below —5 kcal/mol was considered indicative of binding affinity
between the target and the compound.’® Pymol 2.4.0 was employed to visualize the docking results, ensuring a
comprehensive analysis of the interactions between the components of GELNVs and the core targets.

Uptake of GELNVs

Efficient cell internalization of GELNVs is a prerequisite for exerting anti-tumor effects. GL261 or BV2 cells were
seeded into 24-well plates with a density of 5% 10* cells per well. To detect the direct transfer of GELNVs into cells, the
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GELNVs were labeled with the DiL dye and incubated with BV2 and GL261 cells for 24 hours. The fluorescence signals
were then detected using a confocal microscope equipped with a digital image analysis system (Leica, Wetzlar,
Germany).

Cell Viability Assay

Cell viability was assessed using the CCK-8 assay. GL261 or BV2 cells were seeded into 96-well plates with a density of
5000 cells per well. Cells were incubated with varying concentrations of GELNVs (0, 25, 50, 100, 150, 200, 300, and
400 pg/mL) for 24 hours. After the incubation period, 10 pL of CCK-8 solution (Vazyme, Nanjing, China) was added to
each well, followed by an additional 2-hour incubation. Absorbance was then measured at 450 nm using a microplate
reader (Biotek, Winooski, VT, USA).

Cell Proliferation Assay

Cell proliferation was detected by the EAU assay. GL261 cells were seeded into 24-well plates with a density of 5x10*
cells per well. Cells were incubated with 5 pM doxorubicin (DOX), 17.82 uM B-mangostin (B-mgs), and varying
concentrations of GELNVs (50, 100, and 200 pg/mL) for 24 hours.?*>¢ After the incubation period, 10 pM of EdU
solution (Beyotime, Shanghai, China) was added to each well, followed by an additional 2-hour incubation. The Click
Additive Solution is then formulated and added to each well. Finally, EdU staining was observed under a fluorescence
microscope (Invitrogen, Carlsbad, CA, USA).

Cell Migration Assay

Cell Migration was detected by the wound healing assay. GL261 cells were seeded into 24-well plates with a density of
6x10° cells per well and allowed to grow to 90% confluence. 200 pL pipetting head was used to scratch the cells in the
plate Cells were incubated with 5 pM doxorubicin (DOX), 17.82 uM B-mangostin (B-mgs), and varying concentrations of
GELNVs (50, 100, and 200 pg/mL) for 24 hours. Collect images under an inverted microscope (Olympus, Tokyo,Japan)
at 0 h and 24 h.

Cellular Apoptosis Assay by Flow Cytometry

Apoptosis of GL261 glioma cells was assessed using an Annexin V-FITC apoptosis detection kit (Lianke, Hangzhou,
China) following the manufacturer’s protocol. GL261 cells were seeded into 6-well plates with a density of 4x10° cells
per well. After 24 hours of incubation with 100 pg/mL GELNVs, the cells were washed three times with pre-cooled PBS,
trypsinized, and collected by centrifugation at 1000 x rpm for 3 minutes. The cells were then resuspended in Binding
Buffer, and 5 pL of Annexin V-FITC and 10 pL of PI were added. The mixture was gently vortexed and incubated in the
dark at room temperature for 5 minutes. Fluorescence intensity at the corresponding wavelengths was quantitatively
measured using flow cytometer (Agilent Technologies, Santa Clara, CA, USA).

Western Blotting

Total proteins were extracted from GL261 cells treated with 50, 100, and 200 pg/mL GELNVs and 4 pg/mL SC79.
Proteins from each sample were separated by SDS-PAGE and transferred to PVDF membranes, which were blocked with
5% non-fat dry milk for 2 hours. The membranes were then incubated overnight at 4°C with the primary antibody
(HUABIO, Hangzhou, China): AKT1 (ET1609-47), p-AKT1 (ET1607-73), BAX (ET1603-34), BCI-2 (ET1702-53), and
GAPDH (ET1601-4). After washing with TBST, membranes were incubated with HRP-coupled secondary antibody
(HUABIO, Hangzhou, China). Specific protein bands were detected using a chemiluminescence and gel imaging system
(Bio-Rad, USA).

Co-Culture
BV2 cells were cultured in the lower chamber of Transwell™ 6-well chambers (Corning, NY, USA) with a density of
4x10° cells per well. Then, GL261 cells were seeded into the upper chamber with a density of 2x10° cells per well. After
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24 hours of incubation with 100 pg/mL GELNVs, BV2 cell supernatants and cells were collected for NO, PCR, and flow
cytometry detection.

Quantitative Real-Time PCR

Cells were collected and lysed using Trizol reagent for RNA extraction, followed by reverse transcription to synthesize
cDNA. Quantitative real-time polymerase chain reaction (PCR) was conducted on an Applied Biosystems 7500 Real-
Time PCR system (Applied Biosystems, Waltham, MA, USA). The primers used in the PCR were synthesized by Sunya
Biotech Corporation (Hangzhou, China), and the details of the primers utilized in this study are provided in
Supplementary Table 1.

Microglia Polarization Assay by Flow Cytometry

Cells were stained with Fixable Viability Stain 510 (BD Bioscience, San Diego, CA, USA) and blocked with Fc block in
turn, followed by incubation with anti-CD11b and anti-CD86 (BioLegend, San Diego, CA, USA). After fixation/
permeabilization, cells were stained with anti-CD206. Cell fluorescence was analyzed using flow cytometer (Agilent
Technologies, Santa Clara, CA, USA).

Statistical Analysis

Data analysis for this study was conducted using GraphPad Prism 9.5 software (CA, USA). Trials were performed three
times, and outcomes were articulated as mean + standard deviation. The Shapiro—Wilk test was used to determine
whether the data were normally distributed. If the data conform to a normal distribution, the statistical mean difference
was assessed using an unpaired -test or one-way ANOVA to determine significance. Significant changes were defined as
*p < 0.05 and extremely significant changes as **p < 0.01.

Results
Physicochemical Characterization of GELNVs

To achieve a high degree of purification for GELNVs, we employed a multi-step process involving pectinase and
cellulase digestion, ultrafiltration, and sucrose density gradient centrifugation for nanovesicle isolation (Figure 1A). The
distribution of various sucrose density layers is shown in Figure 1B, revealing nanoparticle accumulation in the 8—15%
(G1), 15-30% (G2), and 30-45% (G3) sucrose solutions. The particle sizes of GELNVs from these layers increased with
density, all remaining below 200 nm in diameter, in accordance with the 2023 guidelines of the International Society for
Extracellular Vesicles (MISEV2023).37 Specifically, the size distributions for G1, G2, and G3 were 66.8 nm, 90.5 nm,
and 102.5 nm, respectively (Figure 1D). The zeta potentials of the GELNVs were measured at —=7.93 mV for G1, —4.81
mV for G2, and —4.05 mV for G3 (Figure 1C), consistent with the negative potential characteristic of exosomes. Notably,
further morphological analysis using transmission electron microscopy (TEM) revealed typical cup-shaped exosome
structures with minimal impurities in G3, which was subsequently selected for follow-up experiments (Figure 1E-G).
These results demonstrate the successful isolation of structurally intact, exosome-like nanoparticles derived from

Garcinia mangostana L.

Composition Analysis of GELNVs

To investigate the biological and pharmacological properties of GELNVs, we employed a comprehensive targeted
metabolomics strategy using UPLC-MS/MS to elucidate their chemical composition. Metabolite detection and analysis
were performed in both positive and negative ionization modes. The superimposed total ion chromatograms (TIC) of
pooled quality control (QC) samples, along with the constructed multiple reaction monitoring (MRM) chromatograms,
demonstrated consistent retention times and peak intensities, indicating high reproducibility. This stability ensures the
repeatability and reliability of the data, providing critical assurance for research outcomes (Supplementary Figure 1). The

total ion chromatograms of the samples in both positive and negative ion modes revealed the full composition of
GELNVs (Figure 2A and B). In total, 1,555 compounds were identified and categorized into 12 distinct classes
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(Figure 2C). Notably, the top 200 compounds, ranked by relative abundance, accounted for 95.28% of the total
compounds identified, prompting their selection for further analysis (Supplementary Table 2). These predominant

compounds were primarily flavonoids, amino acids and their derivatives, alkaloids, and phenolic acids (Figure 2D).

5414 https: International Journal of Nanomedicine 2025:20


https://www.dovepress.com/article/supplementary_file/514930/Supplementary+data_1.docx

Luo et al

7.8e7
7.5e7

7.0e7

6.0e7

5.5e7

5.0e7

4.5e7

4.0e7

Intensity, cps

3.5e7

3.0e7

2.5e7

2.0e7

1.5e7

1.0e7 |

5.0e6

1.21

0.0

40

120 13.0

3.0e7

Intensity, cps

5.0e6

10.32

4.0 70
Time, min

M 12.16% Amino acids and derivatives D
M 9.58% Phenolic acids
M 3.92% Nucleotides and derivatives
W 24.63% Flavonoids
M 1.22% Quinones
W 4.82% Lignans and Coumarins
1 12.7% Others
W 0.2% Tannins
M 6.75% Alkaloids
1 7.14% Terpenoids
3.22% Organic acids
W 13.57% Lipids

m 15% Amino acids and derivatives
® 9% Phenolic acids
® 1.5% Nucleotides and derivatives
= 23% Flavonoids
® 1% Quinones
M 2.5% Lignans and Coumarins
= 20% Others
= 11.5% Alkaloids
2% Terpenoids
8.5% Organic acids
" 6% Lipids

Figure 2 Metabolomic analysis of GELNVs. Total ion flow diagrams for the GELNVS positive (A) and negative (B) ion models. (C) The relative content classification ratio of
all GELNVs components. (D) The classification ratio of the top 200 GELNVs components.
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Screening of Active Components and Target Predictions

Based on the drug target database, a total of 434 potential target genes associated with the active components of GELNVs
were predicted. Additionally, 503 glioma-related target genes were retrieved from the disease target database. A Venn
diagram revealed 45 overlapping targets between GELNVs and glioma, which were identified as potential therapeutic
targets for GELNVs in glioma treatment (Figure 3A). These common targets were imported into Cytoscape 3.9.1
software to construct a visual network of GELNVs-active components-key targets-glioma, excluding components with-
out intersections (Figure 3B and C).

Network topology analysis indicated that butyl isobutyl phthalate, disobutyl phthalate, danthron, lauryldiethanola-
mine, embelin, azelaic acid, des-o-methyllasiodiplodin, dibutyl phthalate, abscisic acid, 2-hydroxycinnamic acid, hamil-
tone A, oleamide, and vertixanthone are the major active components, each connected to multiple targets. This suggests
that these compounds likely play significant roles in anti-glioma activity, potentially through multifaceted mechanisms.

To further explore the interactions among these targets and identify core target proteins, the 45 intersecting genes
were uploaded to the STRING database. Using Cytoscape 3.9.1 software for topological analysis and visualization, we
constructed a PPI network, where larger node sizes represent higher degree values, and deeper colors indicate higher
node ranks, signifying greater importance in the network. Centiscape 2.2 in Cytoscape identified 10 potentially
significant targets: AKT1, CTNNBI1, EGFR, CASP3, BCL-2, CCND1, ERBB2, MMP9, PTGS2, and PPARG
(Figure 3D-F, Table 1).

GO and KEGG Pathway Analysis
The top 10 enriched GO terms (p < 0.01) and the top 20 enriched KEGG pathways (p < 0.01) are shown in Figure 4. The
results indicate that the primary biological processes involve protein phosphorylation, angiogenesis, regulation of cell
proliferation, and apoptotic processes (Figure 4A). Additionally, cellular component (CC) enrichment analysis shows that
GELNVs predominantly exert their effects in the nucleus, cytoplasm, and cytosol. The molecular functions (MF) mainly
include protein binding and kinase activity.

Among the KEGG pathways associated with these targets, GELNVs primarily impact the PI3K-Akt, MAPK, Ras, and
Rapl signaling pathways (Figure 4B). Notably, the cancer pathway and the PI3K-Akt signaling pathway were highly
significant, with 26 and 20 intersecting genes, respectively.

Results of Molecular Docking

Through molecular docking analysis, we selected active compounds from GELNVs to dock with the core target protein
(AKT1) (Table 2). The molecular docking energy scores for the 13 active compounds with the key target protein are
detailed in Supplementary Table 3 Lower binding energy indicates greater binding stability. The results showed that the

active compounds exhibited good binding energies with AKT1. In particular, hamiltone A, des-o-methyllasiodiplodin,
and vertixanthone demonstrated the lowest docking energy scores. Figure 5 illustrates the three-dimensional docking
conformations of these compounds with the target protein.

In vitro Cellular Uptake and Anti-Tumor Activities of GELNVs
The biological activity of GELNVs is fundamentally dependent on their cellular uptake. Our results demonstrate that
GELNVs were efficiently internalized by both BV2 and GL261 cells, with predominant localization in the cytoplasm
(Figure 6A). To assess the impact of GELNVs on apoptosis-related cellular events, we employed various methods. First,
cell viability after GELNVs treatment was evaluated in GL261 and BV2 cells using the CCK-8 assay. The IC50 values
were determined to be 148.0 pg/mL for GL261 cells and 450.0 pg/mL for BV2 cells, indicating favorable biocompat-
ibility (Figure 6B). Additionally, the anti-proliferation effects of GELNVs on GL261 glioma cells were quantitatively
assessed via EdU assay. As shown in Figure 6C and D, GELNVs inhibit GL261 cell proliferation dose-dependently (p <
0.01). Moreover, GELNVs inhibit GL261 cell migration dose-dependently (p < 0.01, Supplementary Figure 2).

Flow cytometry with Annexin V-FITC/PI staining revealed a higher proportion of apoptotic cells, especially in the

late apoptosis stage, in the group treated with 100 pg/mL GELNVs compared to the control (p < 0.01, Figure 6E and F).
To further confirm the induction of apoptosis by GELNVs in GL261 glioma cells, we assessed the protein expression
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Figure 3 PPl analysis of targets of GELNVs against glioma. (A) Venn diagram of targets from GELNVs and glioma. (B) The construction of the GELNVs-active components-
key targets-glioma network. (C) Targeted protein interaction networks in Cytoscape software. (D) Screening of core genes in PPl networks. (E) The degree value of the key
active ingredient. (F) Top 10 potential targets based on degree values.
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Table | Analysis of the Topological Characteristics of Protein-
Protein Interactions. (the top 10 Degrees)

Rank Name Betweenness | Closeness Degree
| AKTI 109.9453991 0.022222222 39
2 CTNNBI 83.65528366 0.021739130 38
3 EGFR 91.19531388 0.020833333 36
4 CASP3 55.81712933 0.020408163 35
5 BCL2 45.16714402 0.020408163 35
6 CCNDI 42.40334312 0.020000000 34
7 ERBB2 37.0795954 0.019607843 33
8 MMP9 32.40028398 0.019230769 32
9 PTGS2 53.55680335 0.018181818 29
10 PPARG 116.9160943 0.018181818 29

levels of apoptosis-related genes BAX and BCL-2. The results showed an upregulation of BAX and a downregulation of
the anti-apoptotic gene BCL-2, indicating that GELNVs promote apoptotic processes in glioma cells.

Network pharmacology analysis suggests that the PI3K-Akt pathway plays a crucial role in GELNVs’ anti-glioma
effects. To verify this, glioma cells were treated with different concentrations of GELNVs, and AKT1 and p-AKT]1 levels
were measured via Western blotting. The results demonstrated that GELNVs decreased p-AKT1 levels in glioma cells
(Figure 6G). To functionally validate this pathway, rescue experiments were subsequently performed using SC79 (a
specific AKT agonist that enhances AKT1 autophosphorylation®®) to interrogate whether activation of AKT signaling
could reverse GELNVs-mediated apoptotic effects. Western blotting analysis revealed that promotion of p-AKTI via
SC79 significantly upregulated BCL-2 expression while concurrently suppressing BAX levels (Supplementary Figure 3).

This molecular intervention effectively counteracted the pro-apoptotic effects mediated by GELNVs. These findings
further demonstrate that GELNVs induce glioblastoma cell apoptosis through inhibition of AKT1 phosphorylation-
dependent pathways (Figure 6H).

A B
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Figure 4 GO and KEGG enrichment analysis of intersection targets. (A) GO shows the top 10 GO terms for BP, CC and MF (p < 0.05). (B) KEGG enrichment analysis of
the top 20 signaling pathways (p < 0.05).
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Table 2 Information of 13 Active Components From GELNVs

Number Compounds Formula CAS Structure
| Hamiltone A CgH80¢ 6626-61-5 o
T 3
o
oo S
e O
HO
o 0
H4C
2 Lauryldiethanolamine C¢H3sNO, 1541-67-9
HSC/\/\/\/\/\?N\/\OH
OH
3 Des-O-Methyllasiodiplodin Ci6H204 32885-82-8 oH 0 cH
3
()
HO
4 Butyl isobutyl phthalate C¢H204 17851-53-5 o
3
o0 o) CHs
Hye” N0
5 Dibutyl phthalate C¢H204 84-74-2 o
o~
O~
o
6 Abscisic acid Ci5H2004 21293-29-8 o
Og_OH
NP
OH
7 Oleamide C,gH3sNO 301-02-0 o
\/WVWLNH2
8 2-Hydroxycinnamic acid CyHgO3 583-17-5 o oH
HO)‘\/\©
9 Disobutyl phthalate Ci6H204 84-69-5 -
3
o)
o CHa
O ch,
© CHj
(Continued)
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Table 2 (Continued).

Number Compounds Formula CAS Structure
10 Danthron C4HgOy4 117-10-2 OH O OH
o]
I Embelin Ci7H2604 550-24-3 o
HO
OH
(¢]
12 Azelaic acid CoH 604 123-99-9 o o
HOJJ\/\/\/\/U\OH
13 Vertixanthone CisH 1005 120461-93-0 cH
3
I
OH O °
CLC

GELNVs Active M| Polarization of Macrophages

Given that M2-type microglia are prevalent near gliomas and promote their growth,>® we investigated the role of
GELNVs in the immune process (Figure 7A). Our analysis confirmed that GELNVs selectively influence M2 polariza-
tion in BV2 cells, as evidenced by flow cytometry detection of the M1 marker CD86 and the M2 marker CD206. Co-
culture with GL261 cells or treatment with M2-conditioned IL-4 typically increased CD206 expression in BV2 cells
while reducing CD86 levels. However, GELNVs treatment significantly decreased the M2/M1 ratio (p < 0.05, Figure 7B
and C).

Additionally, we evaluated NO secretion capacity (p < 0.01, Figure 7D) and the mRNA expression levels of M1/M2
macrophage-associated markers and pro-inflammatory cytokines across the different groups (p < 0.01, Figure 7E-I). The
results demonstrated that pre-treatment with GELNVs significantly increased the levels of the inflammatory mediator NO
and upregulated mRNA expression of pro-inflammatory mediators, including iNOS, IL-1B, IL-6, and TNF-a, while
downregulating the expression of the M2 macrophage polarization marker Arg-1. Collectively, these findings suggest that
GELNVs play a crucial role in suppressing glioma growth and inhibiting M2 macrophage polarization within gliomas.

Discussion

MEPNs can bind to drugs through endocytosis or receptor-mediated mechanisms, enabling efficient penetration of the
blood-brain barrier while bypassing the P-glycoprotein (P-gp) drug efflux system, thereby achieving stable and prolonged
drug delivery.'>* Furthermore, the extraction process of MEPNs does not involve organic solvents and leaves no toxic
residues.*! Collectively, MEPNs demonstrate superior biocompatibility, long-distance targeting capability, in vivo
stability, and bioavailability compared to natural compounds extracted from plants. Additionally, compared to animal-
derived exosomes, MEPNSs possess distinct advantages including readily available raw materials, low production costs,
and environmental sustainability,** as exemplified in this study by GELNVs derived from agricultural-waste mangosteen
peel. MEPNs have garnered significant attention for their anti-tumor effects, primarily through mechanisms such as cell
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Des-O-Methyllasiodiplodin-AKT1
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Hamiltone A-AKT1
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Vertixanthone-AKT1
-7.85 kcal/mol

Figure 5 Docking results of active compounds and the core targets. 3D and 2D visualization of molecular docking of AKT| protein with Hamiltone A (A and B) Des-O-
Methyllasiodiplodin (€ and D) and Vertixanthone (E and F).
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cycle arrest and mitochondrial damage.'® Furthermore, several studies have highlighted that MEPNs can regulate tumor
growth by modulating tumor-associated macrophage polarization.*>** Our previous research demonstrated that p-
mangostin, a xanthone compound extracted from Garcinia mangostana L., targets and suppresses glioma by activating
the STING pathway and polarizing tumor-associated microglia.”® However, it remains unclear whether GELNVs possess
similar functional properties. This study utilized a comprehensive approach integrating metabolomics, network pharma-
cology, molecular docking, and experimental validation to investigate the chemical characteristics, evaluate the anti-
glioma effects, and elucidate the underlying mechanisms of GELNVs. Our results indicate that GELNVs inhibit
proliferation and induce glioma cell apoptosis via the PI3K-Akt signaling pathway, and promote the polarization of
microglia towards the M1 phenotype.

Through metabolomics analysis, we identified the chemical composition of GELNVs and found that these nanopar-
ticles are rich in various bioactive compounds, including B-mangostin, danthron, quercetin-3-o-alloside, embelin, des-o-
methyllasiodiplodin, hamiltone A, and oleamide. These compounds likely work in synergy, collectively enhancing the
therapeutic potential of GELNVs’ anti-tumor effects.*>*® Similar studies have shown that cucumber-derived nanove-
sicles containing cucurbitacin B exhibit potent tumor-suppressing capabilities, positioning them as a promising ther-
apeutic option for non-small cell lung cancer treatment.*’ Likewise, sulforaphane compounds found in broccoli-derived
nanoparticles have been demonstrated to effectively inhibit the progression of various cancers. Knockout and knock-in
experiments with sulforaphane have validated its significant role in mediating the biological effects of PELNs.’>' These
findings support the notion that MEPNSs inherit the therapeutic properties of their source plants and contain bioactive
compounds with potential in cancer treatment, positioning GELNVs as promising candidates for glioma therapy.

To explore the underlying mechanisms, we employed network pharmacology, identifying 10 key genes associated
with cell proliferation, including AKT1, CTNNBI, EGFR, CASP3, BCL-2, CCND1, ERBB2, MMP9, PTGS2, and
PPARG. These genes are involved in critical processes such as tumor cell proliferation, invasion, metastasis, angiogen-
esis, and apoptosis inhibition.’*>> Among them, AKT1 was identified as the most crucial target, suggesting a pivotal role
in GELNVs’ anti-glioma mechanism. Molecular docking results revealed that des-o-methyllasiodiplodin, hamiltone A,
and vertixanthone exhibited strong binding affinities with AKT1. Both hamiltone A and vertixanthone, being flavonoids,
demonstrated similar binding scores, likely due to their shared parent ring structures. AKT1 encodes a serine/threonine
protein kinase, a critical component of the PI3K-Akt signaling pathway, which regulates multiple cellular functions,
including cell survival, growth, and metabolism. AKT1 upregulation is closely related to the poor prognosis of glioma
patients.”*>’

To further verify the anti-glioma effects of GELNVs, we performed in vitro experiments on GL261 glioma cells. The
results demonstrated that GELNVs significantly inhibited glioma cell proliferation and migration while promoting
apoptosis, without exerting adverse effects on BV2 cells, exhibiting a larger therapeutic window compared to B-
mangostin. Treatment with an AKT agonist was carried out to verify that GELNV induced apoptosis of glioma cells
by activating the PI3K - Akt signaling pathway predicted by network pharmacology. Plant-derived exosomal vesicles
from the traditional Chinese medicinal herb Brucea javanica (L). Merr. (BF-Exos) induce apoptosis in breast cancer cells
through modulation of the PI3K/Akt/mTOR signaling pathway.'? Therefore, the anti-tumor effects of GELNVs in other
malignancies merit further exploration.

We also explored the effects of GELNVs on microglia polarization, as microglia play a crucial role in glioma
progression. Cytokines secreted by glioma cells can activate microglia, thereby promoting tumor growth.”® M1-type
microglia secrete pro-inflammatory cytokines, proteinases, and reactive oxygen species, including NO, which exert toxic
effects on glioma cells, contributing to their destruction.’®®® Conversely, M2-type microglia promote glioma cell
proliferation by secreting anti-inflammatory cytokines and suppressing anti-tumor immunity. Our data showed that
GELNVs promoted M1-type microglia activation and inhibited the M2 polarization of BV2 cells, consistent with our
previous research.

In conclusion, GELNVs have demonstrated the ability to regulate tumor cell growth and influence the polarization of
tumor-associated microglia, making them a promising therapeutic strategy for glioma treatment. However, the present
study has some limitations, most notably the lack of in vivo experimental validation. Although we have established the
potential therapeutic effects and mechanisms of GELNVs in vitro, these predictions and findings need to be confirmed in

5424 https: International Journal of Nanomedicine 2025:20



Luo et al

more complex biological systems. Future research should focus on in vivo experiments to further validate these
mechanisms and explore the clinical relevance of GELNVs as a novel therapeutic approach for glioma treatment.

Conclusion

This study represents the first attempt to extract exosome-like nanoparticles from Garcinia mangostana L., focusing on
identifying the active ingredients in GELNVs that can be used to treat glioma. We demonstrated that GELNVs hold
potential as a therapeutic strategy for glioma by inducing apoptosis in tumor cells and inhibiting their proliferation
through the suppression of the PI3K-Akt signaling pathway. Additionally, we highlighted their potential role in
modulating microglial polarization. These findings pave the way for the further utilization of Garcinia mangostana L.
rind as a valuable resource and provide a solid foundation for future research into the anti-glioma effects of GELNVs.

Highlights
» First study to extract exosome-like nanoparticles from Garcinia mangostana L. rind.
* Active components of GELNVs for glioma treatment explored through integrated strategy.
* GELNVs induce tumor cell apoptosis and inhibit proliferation via PI3K-Akt pathway.
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