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Natural panax notoginseng-derived
nanovesicles trigger multiple cell death
mechanisms and reprogram chemokine
signaling to impede oral squamous cell
carcinoma progression
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Abstract

Oral squamous cell carcinoma (OSCC) remains one of the most aggressive malignancies of the oral epithelium,
with limited therapeutic options effectively targeting both tumor growth and metastasis. Plant-derived
nanovesicles have emerged as natural, biocompatible nanomedicines with potential applications in cancer therapy.
Here, we systematically screened nanovesicles from ten medicinal plants and identified Panax notoginseng-derived
nanovesicles (PNNVs) as the most potent inhibitors of OSCC. PnNVs exhibited favorable safety profiles and intrinsic
tumor-homing ability, selectively accumulating in orthotopic tongue tumors. In vivo, they markedly suppressed
primary tumor growth and lymphatic metastasis. Mechanistically, PnNVs disrupted redox homeostasis by inhibiting
the p38-MAPK/NRF2 signaling pathway, thereby inducing ferroptosis, autophagy, and PANoptosis. In addition,
PnNVs impaired cancer cell migration by modulating chemokine-associated signaling pathways critical for tumor
dissemination. Multi-omic analyses further revealed synergistic contributions of RNA cargos and metabolite
components to their multi-target anticancer efficacy. Collectively, our findings establish PnNVs as a natural,
multifunctional therapeutic candidate with dual anti-proliferative and anti-metastatic activity, providing a promising
preclinical strategy for OSCC treatment.
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Highlights
PnNVs act as potent natural inhibitors of oral squamous cell carcinoma.PnNVs target tongue tumors, suppressing

growth and lymphatic metastasis in vivo.PnNVs trigger ferroptosis, autophagy, and PANoptosis via p38-MAPK/NRF2
signaling.PnNVs impair tumor migration via modulation of chemokine signaling pathways.Multi-omics reveal synergistic

RNA and metabolite cargos driving anticancer efficacy.
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Introduction Natural products from medicinal plants have histori-

Oral squamous cell carcinoma (OSCC) is one of the most
prevalent and lethal malignancies of the head and neck,
accounting for over 90% of oral cancers [1, 2]. Despite
advances in surgery, radiotherapy, and chemotherapy,
prognosis remains poor, with five-year survival rates
stagnating at ~50% [1, 3, 4]. Survival declines sharply
with disease progression: approximately 80% for localized
tumors, 60% for regional metastasis, and only 30% for
distant metastasis, reflecting the heavy prognostic bur-
den of cervical lymph node metastasis (LNM) involve-
ment. Multiple evidence further demonstrates that LNM
occurs in distinct cervical patterns in OSCC, emphasiz-
ing the clinical need to curb metastatic dissemination
[5, 6]. However, Current treatment strategies, including
combination chemotherapy and EGFR-targeted agents
such as cetuximab, provide limited benefit, and treat-
ment-related toxicities further compromise patient qual-
ity of life [7-12]. These challenges underscore the need
for novel, low-toxicity therapeutics capable of simultane-
ously restraining OSCC growth and metastasis.

cally provided valuable anticancer agents, including pacli-
taxel and vincristine, which are already used in OSCC
chemotherapy [13-15]. Compared with single-target
therapies, plant-derived medicines often exert multi-tar-
geted effects with fewer side effects. Several formulations
have shown potential in suppressing OSCC proliferation
and metastasis [16], and meta-analyses in other cancers,
such as hepatocellular carcinoma and gastric cancer,
demonstrate that herbal medicine or integrative regi-
mens can reduce recurrence and improve patient survival
[17-19]. These findings highlight the translational value
of exploring plant-based therapeutics for OSCC.
Recently, plant-derived nanovesicles (PDNVs) have
emerged as a novel class of natural nanomedicines. Iso-
lated from edible and medicinal plants, PDNVs are
bilayer nanostructures enriched with RNAs, proteins,
lipids, and metabolites [20, 21]. Evidence indicates that
nanovesicles may account for a major portion of the
bioactivity in traditional herbal decoctions, suggest-
ing they could represent key bioactive carriers under-
lying herbal efficacy [22, 23]. PDNVs display excellent
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biocompatibility and intrinsic biological activities, and
accumulating studies have reported anticancer effects in
diverse contexts [24—26]. For example, ginseng-derived
nanovesicles have been shown to enhance antitumor
immunity, bitter melon-derived nanovesicles to alleviate
OSCC chemoresistance, and tea flower-derived nanoves-
icles to inhibit breast cancer metastasis through microbi-
ome modulation [27-30].

Despite these advances, the roles of PDNVs in OSCC
remain largely unexplored. Whether specific PDNVs
can simultaneously inhibit both OSCC proliferation and
metastasis has not been investigated. To explore this pos-
sibility, we systematically screened nanovesicles from
ten medicinal plants and identified Panax notoginseng-
derived nanovesicles (PnNVs) as the most effective can-
didates. We further evaluated their therapeutic efficacy
in orthotopic OSCC models and dissected their molecu-
lar mechanisms through integrated transcriptomic and
metabolomic analyses. This study demonstrates the dual
anti-proliferative and anti-metastatic potential of PnNVs
and provides a foundation for developing natural nano-
medicines for OSCC therapy.

Materials and methods

Cell culture

The cell lines used in this study included LN4 cells (estab-
lished in our lab through four rounds of in vivo selec-
tion from Cal-27 cells and verified by STR profiling [31]),
SCC7 mouse squamous cell carcinoma cells (Yimo Bio-
tech, China), NIH3T3 fibroblasts (Haixing Biotech),
HEK293T cells (Cyagen OriCell), human umbilical vein
endothelial cells (HUVECs, iCell Bioscience) , and lym-
phatic endothelial cells (Punosai Biotech). All cell types
were maintained in high-glucose DMEM supplemented
with 10% FBS, and endothelial cell medium (ECM) for
endothelial cells. Cells were cultured at 37 °C with 5%
CO,, subcultured at ~ 80% confluence, and cryopreserved
in 10% DMSO-containing medium at - 80 °C or in liquid
nitrogen.

Isolation and characterization of PDNVs
Ten medicinal plants were selected based on clinical rele-
vance and geographical representation, and sourced from
certified farms across China to ensure batch consistency:
Hedyotis diffusa [32], Lobelia chinensis [33], and Scutel-
laria barbata [34] (Jieyang, Guangdong); Gynostemma
pentaphyllum [35] (Pingdingshan, Henan); Fritillaria
[36] (Enshi, Hubei); Panax notoginseng [37] (Wenshan,
Yunnan); Rehmannia glutinosa [38] (Jiaozuo, Henan);
Polygonatum [39] (Honghe, Yunnan); Cirsium japonicum
[40] (Fuzhou, Fujian); and Ficus carica L. [41] (Chengdu,
Sichuan).

Plant materials were rinsed with tap water followed by
sterile distilled water. Tissues were harvested as follows:
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entire herbs for Hedyotis diffusa, Lobelia chinensis, and
Scutellaria barbata; stems and leaves for Gynostemma
pentaphyllum; roots/rhizomes for Panax notoginseng,
Fritillaria, Rehmannia glutinosa, and Cirsium japonicum.
Samples were homogenized in pre-chilled PBS (1:1, w/v)
using a high-speed blender, followed by sequential cen-
trifugation at 2,000 x g (10 min), 5,000 g (20 min), and
10,000 x g (30 min) at 4 ‘C to remove debris. The super-
natant was ultracentrifuged at 100,000 x g for 30 min to
pellet nanovesicles, which were then washed with PBS
and filtered through 0.45 pm and 0.22 pm membranes.

Purified PDNVs were either stored at 4 ‘C (<1 week) or
snap-frozen in liquid nitrogen and preserved at —80 C
for long-term use. Vesicle protein content was quanti-
fied using a BCA assay. Morphology was examined via
transmission electron microscopy (TEM), while particle
size and zeta potential were analyzed using dynamic light
scattering (DLS).

Cell proliferation assay
Cells were seeded into 96-well plates and treated with
various concentrations of different PDNVs for 24 or 48 h.
Cell viability was measured using the CCK-8 assay (10 uL
reagent + 90 pL serum-free medium/well, incubated for
1 h). Absorbance at 450 nm was read using a microplate
reader. Cell viability (%) was calculated as:

Cell  viability (%)= ((OD_treatment- OD_blank)/
(OD_control - OD_blank)) x 100%.

Wound healing assay
Cells were seeded in 12-well plates to~90% confluence.
A cross-shaped scratch was made using a 200 pL pipette
tip, followed by PBS washing and treatment with PDNVs
(25, 50, 100 pg/mL). Images were acquired at 0 h and
again when the wound in the control group had closed.
Wound area was quantified using Image].

Wound healing rate (%)= ((Area_Oh- Area_healing)/
Area_0h) x 100%.

Construction of dual-luciferase labeled LN4 stable cell line
A dual-luciferase plasmid was cloned, sequence-ver-
ified, and packaged into lentivirus in HEK293T cells by
co-transfection with psPAX2 and pMD2.G. Viral super-
natants were collected after 48 h, filtered (0.45 pm), and
used to transduce LN4 cells in the presence of polybrene
(40 pg/mL). Stable clones were selected using puromycin
(2 pg/mL) and validated by flow cytometry and biolumi-
nescence imaging.

Cellular uptake of panax notoginseng-derived nanovesicles
SCC7 and LN4 cells were incubated with DiO-labeled
PnNVs (4 mg/mL) for 24 h. After fixation and stain-
ing with phalloidin and DAPI, uptake was visualized by
confocal microscopy. Parallel uptake quantification at 1,
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12, and 24 h was conducted by flow cytometry based on
FITC signal intensity.

In vivo tongue cancer model establishment and
therapeutic intervention

All animal experiments were approved by the Ethics
Committee of Fujian Medical University (Approval No.
IACUC FJMU 2023-0238) and performed under spe-
cific pathogen-free (SPF) conditions. Male BALB/c-nu
nude mice (6—8 weeks old, Guangdong Yaokang Bio-
technology, China) were acclimatized for one week prior
to tumor inoculation. Bioluminescent LN4 OSCC cells
(2x10° in 15 pL serum-free medium) were injected into
the lateral border of the tongue under isoflurane anesthe-
sia. Mice were randomly assigned (n=10/group) based
on body weight and baseline fluorescence.

Tumor growth and cervical lymph node metastasis
were monitored by bioluminescence imaging on days
7 and 28 post-inoculation. To compensate for tumor-
induced feeding impairment, supplemental whole milk
was provided in addition to standard chow. D-luciferin
(150 mg/kg) was injected intraperitoneally 10 min before
imaging. Fluorescence intensities within regions of inter-
est (ROI) were quantified to assess primary tumor bur-
den and metastatic spread. PnNVs were administered
intraperitoneally at (200 pL, 2 mg/mL) every other day
for three weeks. At study endpoint, mice were euthanized
for collection of blood, tumors, lymph nodes, and major
organs for biochemical and histopathological analyses.
Blood was collected to analyze serum alanine amino-
transferase (ALT) and creatinine levels.

In vivo biodistribution of PnNVs

To assess biodistribution, orthotopic tongue tumor mod-
els were established using LN4 cells without fluorescent
reporters to avoid signal interference. Two weeks post-
inoculation, mice bearing visible tongue tumors received
intraperitoneal injections of DIR -labeled PnNVs (500 pL,
2 mg/mL). Unbound dye was removed by ultracentrifu-
gation and size-exclusion chromatography.

At 12, 24, and 48 h post-injection, mice were eutha-
nized and major organs—including the heart, liver,
spleen, lungs, kidneys, and tumor-bearing tongues—were
collected. Tissues were rinsed with cold PBS and gently
blotted dry. Ex vivo fluorescence imaging was performed
using a small animal imaging system, and fluorescence
intensities were quantified within ROIs defined for each
organ using the accompanying analysis software.

Tissue processing and H&E staining

At the experimental endpoint, organs, tongue tumors,
and cervical lymph nodes were harvested, rinsed with
PBS, and fixed in 4% paraformaldehyde for 48 h. After
ethanol dehydration and butanol clearing, tissues were
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embedded in paraffin and sectioned (3-5 pm). For
H&E staining, sections were deparaffinized, rehydrated,
stained with hematoxylin and eosin, dehydrated, and
mounted with resin before microscopic examination.

EdU incorporation assay

Cells were seeded in 24-well plates and treated with
PnNVs for 24 h. EAU reagent (1:1000) was added for 1 h,
followed by fixation, permeabilization, Click-iT™ reac-
tion, and Hoechst counterstaining. Fluorescent signals
were observed using confocal microscopy.

Live/dead cell staining assay

Cells were treated with PnNVs for 24 h, collected, and
stained with calcein-AM (live cells) and propidium
iodide (dead cells). Fluorescence signals were captured by
confocal microscopy.

Dead cell Pl staining assay

Cells were treated with intact PnNVs, depleted vesicles,
or isolated fractions for 24 h. PI (1:1000) was added
directly to the culture medium and incubated in the dark.
Both suspended and adherent cells were collected and
analyzed by flow cytometry.

TUNEL staining for apoptosis detection

Tissue sections were dewaxed, washed with PBS, and
permeabilized with Proteinase K (100 uL per section,
37 C, 30 min), then washed thoroughly with PBS. Posi-
tive controls were treated with DNase I (100 pL, 37 C,
30 min). For TUNEL reaction, slides were incubated
with TdT reaction buffer containing biotin-11-dUTP and
TdT enzyme (50 uL per sample) at 37 “C for 60 min in a
humidified chamber protected from light; negative con-
trols lacked TdT. After washing, slides were incubated
with streptavidin-TRITC (50 uL per section) at 37 ‘C
for 30 min in the dark. Nuclei were counterstained with
DAPI-containing antifade medium. Fluorescence was
visualized and recorded using confocal microscopy (exci-
tation 543 nm; emission 571 nm), with prompt image
capture to avoid signal loss.

Immunohistochemistry (IHC)

Paraffin-embedded tissue sections were deparaffinized
and rehydrated through graded ethanol. Antigen retrieval
was conducted by heating sections in citrate buffer
(1:1000) under pressure, followed by cooling and block-
ing of endogenous peroxidase with 3% hydrogen peroxide
(H,0,). Sections were then blocked with 50 pL normal
goat serum for 10 min.

The sections were incubated with the following pri-
mary antibodies: anti-Ki-67 (1:600, Abcam, Cat#
ab15580), anti-ZBP1 (1:500, Proteintech, Cat# 13285-1-
AP), anti-phospho-MLKL (p-MLKL) (1:50, Zen-bio,
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R382136), anti-Cleaved Caspase-3 (1:800, Proteintech,
Cat# 25128-1-AP), anti-GPX4 (1:100, Cell Signaling
Technology, 59735), anti-Cleaved GSDMD (1:500, Cell
Signaling Technology, 36425), and anti-Cleaved GSDME
(1:300, ABclonal, A26197). Primary antibody incubation
was performed at 37 °C for 1 h or overnight at 4 °C.

After washing with PBS, sections were incubated with
horseradish peroxidase (HRP)-conjugated secondary
antibody for 20 min at room temperature. Immuno-
reactivity was visualized using 3,3’-diaminobenzidine
(DAB), followed by hematoxylin counterstaining. Slides
were subsequently dehydrated, cleared, and mounted.
Images were acquired using a phase-contrast inverted
microscope.

RNA sequencing and transcriptomic analysis

LN4 cells were treated with PnNVs for 48 h. Total RNA
was extracted using TRIzol and sent to OE Biotech
(Shanghai, China) for library preparation and sequencing
on the Illumina platform. Differentially expressed genes
(DEGs) were identified and subjected to GO and KEGG
pathway enrichment analysis using standard bioinfor-
matics pipelines.

Apoptosis assay by PI/Annexin V staining

After 24 h of PnNVs treatment, floating and adherent
cells were harvested, stained with Annexin V and PI, and
analyzed by flow cytometry. Adherent cells were gently
trypsinized and incubated in serum-free medium before
staining to minimize false-positive signals.

Western blot analysis

Cells were seeded in 6-well plates at 1 x 10° cells/well and
treated with PnNVs (25 or 50 pg/mL for proliferation
assays; 12.5 or 25 pg/mL for migration assays) for 24 h.
After treatment, cells were washed twice with ice-cold
PBS and lysed in RIPA buffer containing protease and
phosphatase inhibitors (1 mM PMSEF, 1 mM Na;VO,, and
a protease inhibitor cocktail). Lysates were sonicated on
ice and centrifuged at 12,000 rpm for 10 min at 4 ‘C. Pro-
tein concentration was measured using BCA assay.

Equal amounts of protein (1 mg/mL) were mixed with
5x SDS loading buffer, boiled at 100 C for 10 min, sepa-
rated by 4-12% SDS-PAGE, and transferred onto PVDF
membranes (400 mA, 40 min). Membranes were blocked
with 3% BSA for 30 min at room temperature and incu-
bated overnight at 4 C with primary antibodies diluted
1:1500.

Primary antibodies included Caspase-3 (#9662),
Cleaved-Caspase-3 (#9664), GAPDH (#5174), HSP90
(#4874), MAPK (#4695), phospho-MAPK (#4370), p38
(#9212), phospho-p38 MAPK (#4511), JNK (#9252),
phospho-JNK (#4668), SNAIL (#3879), SLUG (#9585),
CHD1 (#4351), CHD2 (#4170), Cleaved-GSDME
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(55879 T) , GPX4 (59735), (Cell Signaling Technol-
ogy); GSDMD (SY-R24514), Cleaved-GSDMD (R40133),
MLKL (R24989), phospho-MLKL (R382136), GSDME
(R24108), TERC (R383050), CCL5 (R382169), CXCL10
(R381735), CXCL11 (SY-R382999) (Zen Bioscience);
ZBP-1 (13,285-1-AP), FAK (66,258-1-Ig), p-FAK
(83,933—-1-RR) (Proteintech).

Membranes were incubated with HRP-conjugated sec-
ondary antibodies (anti-rabbit IgG 1:3000 or anti-mouse
IgG 1:5000) for 45 min at room temperature. After wash-
ing, signals were detected using ECL reagents (Thermo
Fisher Scientific). Band intensities were quantified with
Image].

Quantitative real-time PCR (qRT-PCR)
Total RNA was extracted from cells treated with PnNVs
for 24 h. RNA concentration was measured, and cDNA
was synthesized using a two-step reverse transcription
kit (Takara, Japan) following the manufacturer’s instruc-
tions: genomic DNA removal at 42 “C for 2 min, reverse
transcription at 37 ‘C for 15 min, and enzyme inactiva-
tion at 85 C for 5 s. cDNA was stored at —20 C until use.
qPCR was performed using TB Green® Premix Ex Taq
II (Takara) in 20 pL reactions containing 10 uL TB Green,
1 uL each primer (0.2 uM), 2 uL ¢cDNA, and 7 pL nucle-
ase-free water. Amplification was carried out on a Bio-
Rad CFX96 system using GAPDH as the internal control.
Relative gene expression was calculated by the 2744t
method.
Primer sequences are listed below:

Gene Forward Primer (5'-3") Reverse Primer (5'-3")

CD14  GTACTCCCGCCTCAAGGAAC  CGCAAGCTGGAAAGTGCAAG
NGFR  TCATCCCTGTCTATTGCTCCAT  TGTTGGCTCCTTGCTTGTTC

DUSP9  GGAGGCCATTGAGTTCATTGAT AGGTCATAGGCATCGTTGAGA
CXCLT  GGGAATTCACCCCAAGAACATC GGATGCAGGATTGAGGCAAGC
CcCL2 CAGCAAGTGTCCCAAAGAAGC TCGGAGTTTGGGTTTGCTTG

CCL20  GCAAGCAACTTTGACTGCTG  TTGGATTTGCGCACACAGAC

CXCL10 GTGGCATTCAAGGAGTACCTC  TGATGGCCTTCGATTCTGGATT

JC-1 mitochondrial membrane potential assay

Mitochondrial membrane potential (AWm) was assessed
using JC-1 staining. LN4 cells (5 x 10°/well) were seeded
in 6-well plates and divided into control, CCCP (50 pM,
20 min) positive control, and PnNVs-treated groups
(24 h). After washing with PBS, cells were incubated with
JC-1 working solution at 37 °C for 20 min. JC-1 fluores-
cence was visualized by laser scanning confocal micros-
copy. Red/green fluorescence ratios were quantified with
flow cytometry and analyzed using Flow]Jo.

Intracellular reactive oxygen species (ROS) detection

Intracellular ROS levels were detected using the DCFH-
DA fluorescent probe. Cells were seeded in 12- or 24-well
plates and divided into control, H,O,-treated (1:1000,
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30 min) positive control, and PnNVs-treated groups
(12 h). After incubation, cells were washed and stained
with DCFH-DA (1:1000 in serum-free medium) at 37 °C
for 30 min. ROS signals were assessed using confocal
microscopy and flow cytometry, and quantified with
Flow]Jo.

Transwell migration assay

Cell migration was assessed using 24-well Transwell
chambers with 8.0 pm pore size inserts (Corning, USA).
Cells were resuspended in serum-free medium (600 pL,
upper chamber), while the lower chamber contained 800
pL complete medium supplemented with PnNVs. SCC7
cells were incubated for 24 h and LN4 cells for 48 h at 37
‘C. Non-migrated cells on the upper membrane surface
were gently removed with a cotton swab. Migrated cells
on the lower surface were fixed with 4% paraformalde-
hyde for 10 min and stained with 0.1% crystal violet for
5 min. Images were acquired with a microscope.

Matrigel invasion assay

Matrigel-coated Transwell chambers (Corning, USA)
were coated with Matrigel, activated using poly-L-lysine,
and equilibrated in serum-free medium for 2 h at 37 C.
SCC7 (3x10% and LN4 (6 x 10%) cells were resuspended
in 600 pL serum-free medium and seeded into the upper
chambers. The lower chambers contained 800 puL com-
plete medium with PnNVs. After 48 h (SCC7) or 72 h
(LN4) incubation, non-invaded cells on the upper mem-
brane surface were removed. Invaded cells were fixed
with 4% paraformaldehyde and stained with 0.1% crystal
violet for 5 min. Images were captured with a microscope.

Cell adhesion assay

LN4 cells labeled with dual-luciferase and pretreated
with PnNVs were harvested and resuspended. Conflu-
ent monolayers of HUVECs, lymphatic endothelial cells,
or LN4 cells (2 x 10° cells/well) were prepared in 48-well
plates. Pretreated LN4 cells were added and allowed to
adhere for 15 min at 37 ‘C. Non-adherent cells were gen-
tly washed off. Adherent cells were fixed with 4% parafor-
maldehyde and imaged for quantification.

Component characterization and selective depletion in
PnNVs

To evaluate the functional contribution of individual bio-
molecules in PnNVs, total RNA, proteins, and lipids were
selectively extracted, characterized, and enzymatically
removed using standard protocols.

RNA was extracted using TRIzol reagent following
ultracentrifugation of freshly isolated PnNVs. Purity and
concentration were assessed with a NanoDrop spec-
trophotometer, and integrity confirmed via agarose gel
electrophoresis. For RNA depletion, nanovesicles (1 mg
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protein equivalent) were treated with RNase A (10 mg/
mL, 37 °C, 30 min), followed by ultracentrifugation and
PBS resuspension. Post-treatment RNA removal was val-
idated through gel electrophoresis.

Proteins were extracted using RIPA buffer and ana-
lyzed by SDS-PAGE with Coomassie staining. Protein-
ase K (20 mg/mL, 37 °C, 30 min) was used for depletion,
followed by ultracentrifugation and dialysis to remove
residual enzyme. Successful protein removal was con-
firmed through repeat SDS-PAGE.

Lipids were extracted using chloroform: methanol:
PnNVs (8:4:3, v/v/v), with the organic phase evaporated
at 65 ‘C. Resuspended lipids were subjected to TLC
(chloroform: methanol: acetic acid, 190:9:1) and visual-
ized with 8% CuSO, followed by heating. Bands were
documented with a gel imaging system.

These workflows enabled reliable profiling and func-
tional depletion of PnNVs components, allowing down-
stream evaluation of their individual roles in tumor cell
phenotypes.

miRNA sequencing analysis of PnNVs

miRNA sequencing was performed on three indepen-
dent PnNVs samples (Wuhan Jinkairui Bioengineering
Co., Ltd.). Total miRNA was extracted using the miR-
Neasy Mini Kit, followed by cDNA synthesis and library
construction with adapters containing a Qiagen-specific
sequence, a 12-nt UMI, and Illumina adapter sequences.
High-throughput sequencing was conducted, and reads
were aligned for miRNA identification and target predic-
tion. GO and KEGG pathway enrichment analyses were
performed.

Lipid metabolomics

Lipid extraction and analysis were performed on PnNVs.
Samples were vortexed with 400 gL methanol for 1 min,
centrifuged (12,000 rpm, 10 min, 4 °C), and the super-
natant was collected, concentrated, and dried. Residues
were reconstituted in 150 pL of 80% methanol containing
2-chloro-L-phenylalanine (4 ppm), filtered (0.22 pm), and
transferred to vials. Samples were shipped on dry ice to
Suzhou Panomics Biomedical Technology Co., Ltd. for
quality control, mass spectrometry, and lipidomic data
analysis.

Statistics analyses

Data are expressed as meantstandard deviation. For
comparisons between two groups, either Student’s t-test
or Mann—Whitney U test was used based on data dis-
tribution. For multiple group comparisons, homogene-
ity of variance was first assessed; One-Way Analysis of
Variance (ANOVA) was applied for data meeting homo-
geneity, while the Kruskal-Wallis H test was used when
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(See figure on previous page.)

Fig. 1 Screening of PDNVs for anti-OSCC activity. (A) Schematic diagram illustrating the intervention in tumor cells by PDNVs. (B, D) Cell viability of LN4
cells treated with PDNVs for 48 h (B) and 72 h (D), measured by CCK-8 assay. (C) Wound healing assay of LN4 cells following treatment with PDNVs. (E) Ex-
perimental workflow of the orthotopic tongue tumor model and intraperitoneal administration of selected nanovesicles. (F-H) Bioluminescence imaging
(F), cervical lymph node metastasis incidence (G), and primary tumor fluorescence intensity (H) following treatment with PnNVs. (I) H&E staining shows
that tongue tumor volume is markedly reduced after PnNVs treatment, (J) accompanied by decreased proliferative activity as indicated by Ki67 immuno-
histochemistry. (K, L) TUNEL staining reveals elevated apoptosis in tumors from the PnNVs-treated group, evidenced by stronger red fluorescence signals
and corresponding quantitative differences. (M) Representative histological sections and (N) quantitative analysis demonstrate a significant reduction
in microscopic metastatic foci within tongue tissues following PnNVs administration. (O) H&E and PanCK staining further confirm a marked reduction
in lymph-node and peri-nodal metastatic lesions after PnNVs intervention. (Abbreviations: PDNVs, plant-derived nanovesicles; OSCC, oral squamous cell

carcinoma; CCK-8, Cell Counting Kit-8; PnNVs, Panax notoginseng-derived nanovesicles)

variances were unequal. A p-value less than 0.05 was
considered statistically significant.

Results

Screening identifies PNNVs as the potent inhibitors of
0scC

Nanovesicles isolated from ten medicinal plants tradi-
tionally associated with anti-cancer activity were first
evaluated for their ability to inhibit OSCC progression. In
vitro assays showed that several PDNVs, including those
from Panax notoginseng (PnNVs), Gynostemma pen-
taphyllum (GpNVs), and Rehmannia glutinosa (R-NVs),
exerted comparable inhibitory effects on OSCC cell pro-
liferation and migration, without a clear lead candidate
(Fig. 1A-D).

To further determine their therapeutic potential,
we next tested representative PDNVs in an orthotopic
tongue cancer model (Fig. 1E). Strikingly, PnNVs exhib-
ited the most pronounced anti-tumor activity in vivo,
significantly reducing primary tumor burden and cervi-
cal lymph node metastasis (Fig. 1F-H), whereas the other
PDNVs showed only partial or minimal effects (Figure
S1). These findings identified PnNVs as the optimal can-
didate for downstream mechanistic studies.

We further examined tumor progression in vivo fol-
lowing PnNVs treatment. Histological analysis showed
that the tongue tumors in the PnNVs-treated group were
markedly smaller than those in the PBS group (Fig. 1I).
In parallel, immunohistochemical staining revealed a
substantial reduction in Ki67 expression after PnNVs
administration (Fig. 1J). Consistently, TUNEL stain-
ing demonstrated a stronger red fluorescence signal in
PnNVs-treated tumors (Fig. 1K), accompanied by a sta-
tistically significant increase in TUNEL-positive cells
(Fig. 1L).

In addition to the indicators of tumor growth, we
focused on the presence of microscopic metastatic
lesions. Notably, the number of micro-metastatic foci in
the tongue tissue was significantly reduced in the treat-
ment group (Fig. IM and 1N), suggesting that PnNVs
may suppress the metastatic potential of OSCC. Biolu-
minescence imaging further showed a marked decrease
in cervical lymph node signals after treatment, which was
consistent with the findings observed upon dissection of

cervical tissues. Moreover, PanCK and H&E staining pro-
vided additional evidence for the pronounced reduction
of lymph-node and peri-nodal metastatic lesions follow-
ing PnNVs intervention (Fig. 10).

Physicochemical characterization, biodistribution, and
biosafety of PnNVs

Subsequently, we characterized the physicochemical
properties of PnNVs, confirming their nanoscale size,
stable surface charge, and typical bilayer vesicular mor-
phology (Fig. 2A—-C). Fluorescent tracing in multiple
OSCC cell lines revealed that PnNVs were internalized
in a time-dependent manner, indicating efficient and
progressive cellular uptake (Fig. 2D-I). In vivo, systemic
administration resulted in the natural accumulation of
PnNVs within tongue tissues, with clear enrichment at
the tumor site (Fig. 2]-K).

PnNVs also displayed a favorable safety profile. They
did not affect the viability of normal fibroblasts in vitro,
and repeated administration in mice caused no weight
loss, biochemical abnormalities, or histological damage
in major organs (Figure S2). Collectively, these results
highlight PnNVs as the most potent and safe candidate
for subsequent mechanistic studies.

PnNVs suppress malignant proliferation of OSCC cells by
inducing ferroptosis and PANoptosis
To further assess the inhibitory effects of PnNVs on
OSCC (Fig. 3A), we examined their impact on LN4 cell
proliferation using EdU incorporation assays. At 24 h
post-treatment, EdU staining revealed a significant
reduction in DNA synthesis in PnNVs-treated LN4 cells
(Figure S3A). A comparable antiproliferative effect was
observed in SCC7 cells, known for their higher prolif-
erative activity (Figure S3C-D). Notably, morphological
features of cell death were observed in PnNVs-treated
cultures, prompting further investigation. Live/dead
staining showed a substantial increase in dead (red) cells
within both LN4 and SCC7 populations (Figure S3B and
S2E), and flow cytometry analysis confirmed increased
PI-positive populations and elevated red fluorescence
intensity (Fig. 3B-C, S3F-G).

To elucidate the mechanisms underlying PnNVs-
induced cell death, we first performed transcriptomic
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profiling analysis on PnNVs-treated LN4 cells. Ferrop-
tosis emerged as one of the most significantly enriched
pathways (Figure S3H). Among ferroptosis-related genes,
the key suppressor glutathione peroxidase 4 (GPX4) [42]
was markedly downregulated, and transferrin recep-
tor (TFRC) was increased (Fig. 3D). Moreover, pretreat-
ment with the ferroptosis inhibitor Ferrostatin-1 partially

T T T T T
Con PaNVs Con PNV Can PNV

reversed the PnNVs-induced cytotoxic effect (Fig. 3E-F),
further substantiating the involvement of ferroptosis.

In addition to ferroptosis, transcriptomic and GSEA
analyses revealed significant enrichment of apoptosis
(hsa04210) (Figure S3I), the NOD-like receptor signal-
ing pathway(hsa04621) (Figure S3J), and necroptosis
(hsa04217) (Figure S3K), suggesting the concomitant acti-
vation of PANoptosis-related processes. At the protein
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Fig. 3 PnNVs suppress OSCC cell proliferation and induce multiple forms of cell death. (A) Schematic overview of the experimental strategy used to
evaluate the effects of PnNVs on LN4 cell proliferation and death. (B-C) Flow cytometry analysis showing Pl fluorescence intensity shift (B) and quan-
tification (C) in LN4 cells after treatment with various concentrations of PnNVs. (D) Western blot analysis showing decreased GPX4 and increased TFRC
expression after PnNVs treatment. Flow cytometry analysis showing Pl fluorescence intensity shift (E) and quantification (F) in LN4 cells after treatment
with PBS, PnNVs, Ferrostatin-1, and the group pretreated with Ferrostatin-1 followed by PnNVs. (G) Western blot analysis showing increased cleaved
Caspase-3 and decreased Bcl-2 expression after PnNVs treatment. (H) Western blot analysis showing decreased Cle-GSDMD and Cle-GSDME expression
after PnNVs treatment. (I) Western blot analysis showing increased phosphorylation of MLKL and elevated ZBP1 expression after PnNVs treatment. Flow
cytometry analysis showing Pl fluorescence intensity shift (J) and quantification (K) in LN4 cells after treatment with PBS, PnNVs, Z-VAD-FMK, and the
group pretreated with Z-VAD-FMK followed by PnNVs. Immunohistochemical (IHC) staining of cell death—related markers in tongue tumor tissues from
PBS- and PnNVs-treated mice. Representative images and statistics of positive areas show reduced (L, R) GPX4 expression and increased expression of
(M, S) cleaved Caspase-3, (N, T) cleaved GSDMD, (O, U) cleaved GSDME, (P, V) phosphorylated MLKL (p-MLKL), and (Q, W) ZBP1 in PnNVs-treated tumors
compared with PBS-treated controls. Scale bar, 50 um. (Abbreviations: EdU, 5-ethynyl-2'-deoxyuridine; P, propidium iodide; H&E, hematoxylin and eosin;
TUNEL, terminal deoxynucleotidyl transferase dUTP nick end labeling; GPX4, glutathione peroxidase 4; TFRC, transferrin receptor; Bcl-2, B-cell lymphoma

2; GSDMD, gasdermin D; GSDME, Gasdermin-E; MLKL, mixed lineage kinase domain-like protein; ZBP1, Z-DNA binding protein 1)

level, cleaved Caspase-3 was elevated while total Cas-
pase-3 remained unchanged, and anti-apoptotic B-cell
lymphoma 2 (Bcl-2) was significantly downregulated,
supporting apoptosis activation (Fig. 3G). For pyroptosis,
both cleaved Gasdermin D (GSDMD) [43] and cleaved
GSDME [44, 45] were upregulated (Fig. 3H). In paral-
lel, the necroptosis execution marker phosphorylated
mixed lineage kinase domain-like protein (p-MLKL)
[46], was also significantly increased (Fig. 3I). Strikingly,
expression of Z-DNA binding protein 1 (ZBP1), a central
regulator of PANoptosis [47], was markedly upregulated
(Fig. 3I), suggesting concurrent activation of apoptosis,
necroptosis, and pyroptosis. Furthermore, pretreatment
with the pan-caspase inhibitor Z-VAD-FMK attenuated
the PnNVs-induced cell death phenotype (Fig. 3]-K),
confirming the involvement of caspase-dependent pro-
grammed cell death pathways.

Subsequently, immunohistochemical staining was per-
formed on tongue tumor tissues following PnNVs treat-
ment to evaluate multiple cell death-related markers.
Compared with PBS-treated control tumors, PnNVs-
treated tumor tissues exhibited a marked reduction in
GPX4-positive staining (Fig. 3L and 3R), whereas the
expression of cleaved Caspase-3 (Fig. 3M and 3S), cleaved
GSDMD (Fig. 3N and 3T), cleaved GSDME (Fig. 30
and 3U), p-MLKL (Fig. 3P and 3V), and ZBP1 (Fig. 3Q
and 3W) was significantly increased, as evidenced by
enhanced brown immunoreactive signals. These results
indicate that PnNVs treatment is associated with the
activation of multiple regulated cell death pathways in
vivo. Collectively, these results demonstrate that PnNVs
induce ferroptosis and PANoptosis -associated cell death
programs, which may collectively contribute to the sup-
pression of OSCC cell proliferation and malignancy.

PnNVs suppress MAPK and NRF2 signaling pathways to
trigger ROS-dependent autophagic cell death in OSCC
To investigate the molecular mechanisms underlying
the anti-proliferative effects of PnNVs on OSCC cells,
we performed transcriptomic profiling PnNVs-treated
LN4 cells. Heatmap visualization revealed widespread

transcriptional alterations (Figure S4A). Gene ontology
(GO) enrichment analysis indicated that the differentially
expressed genes (DEGs) were primarily associated with
chemokine-mediated signaling and the mitogen-acti-
vated protein kinase (MAPK) signaling pathway (Figure
S4B). GSEA further confirmed significant enrichment of
these two pathways (Fig. 4A, 4F).

We first examined whether changes in the chemokine
signaling pathway contribute functionally to PnNVs-
induced cytotoxicity. RT-qPCR and western blot analysis
confirmed the downregulation of several key chemokine
genes and proteins, including C—C motif chemokine
ligand 5 (CCL5) and C-X-C motif chemokine ligand 10
(CXCL10) (Fig. 4B—C). However, conditioned medium
collected from PnNVs-treated LN4 cells failed to induce
cytotoxicity in untreated cells, as shown by PI and PE
staining assays (Fig. 4D-E). These results suggest that
although PnNVs suppress chemokine-mediated intercel-
lular signaling, this pathway is unlikely to be the primary
driver of cell death. In contrast, the MAPK signaling
pathway appeared functionally involved in PnNVs-medi-
ated cytotoxicity. Transcriptomic and protein-level anal-
yses revealed significant suppression of MAPK pathway
components, including p-p38 and p-ERK (Fig. 4G-H).
Importantly, treatment with dehydrocorydaline chloride
(DC) [48], a MAPK agonist, partially rescued the cell
death phenotype induced by PnNVs (Fig. 4I-]), indicat-
ing that MAPK inhibition contributes to the anti-prolif-
erative effects of PnNVs.

Given that our previous results showed that PnNVs
induce PANoptosis and ferroptosis in OSCC cells—both
of which can be triggered by disrupted cellular redox
homeostasis [49]—we next investigated the role of reac-
tive oxygen species (ROS). GSEA revealed enrichment
of nuclear factor erythroid 2-related factor 2 (NRF2)
and autophagy-related pathways (Fig. 5A-B). Western
blot analysis demonstrated a reduction in NRF2 expres-
sion and an increase in microtubule-associated protein
1A/1B-light chain 3 beta (LC3B) levels following PnNVs
treatment, indicating activation of autophagy (Fig. 5C).
Functional inhibition of autophagy using chloroquine
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ERK, extracellular signal-regulated kinase; DC, dehydrocorydaline chloride)

(CQ) [50], a lysosomal inhibitor, partially reversed
PnNVs-induced cell death (Fig. 5D-E), confirming the
involvement of autophagy in this process.

Furthermore, 2',7'-dichlorodihydrofluorescein diace-
tate (DCFH-DA) staining followed by fluorescence
microscopy and flow cytometry revealed significant ROS

accumulation in PnNVs-treated cells (Fig. 5F, 5H-I).
5,5',6,6'-Tetrachloro-1,1’,3,3’ - tetraethylbenzimidazolylca
rbocyanine iodide (JC-1) staining indicated a marked loss
of mitochondrial membrane potential, implicating mito-
chondrial dysfunction as a major source of ROS (Fig. 5G,
5]). Collectively, these results demonstrate that PnNVs
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induce ROS-dependent autophagic cell death in OSCC
cells in association with reduced phosphorylation of
p38 MAPK and decreased NRF2 expression. These find-
ings highlight the MAPK/NRF2-ROS-autophagy axis
as a potential mechanism contributing to the antitumor
effects of PnNVs.

PnNVs suppress OSCC cell dissemination by modulating
adhesion and disrupting chemokine-mediated migration
To investigate the effect of PnNVs on the metastatic
potential of OSCC cells, we first assessed their influ-
ence on cell motility (Fig. 6A). In scratch wound heal-
ing assays, PnNVs significantly inhibited the migratory
capacity of LN4 and SCC7 cells even at low concentra-
tions (Fig. 6B-E), indicating a robust and stable anti-
migratory effect. These findings were further supported
by transwell migration and invasion assays, where
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PnNVs-treated cells exhibited markedly reduced pen-
etration through both uncoated and Matrigel-coated
membranes (Fig. 6F-M).

Given that alterations in signaling pathways alone may
not fully account for the observed impairment in migra-
tion, we next turned our attention to cell adhesion behav-
iors, which play a pivotal role in metastasis by regulating
tumor—tumor and tumor—endothelium interactions [51,
52]. PnNVs significantly enhanced homotypic adhesion
among LN4 cells (Fig. 7A-B), while simultaneously reduc-
ing their adhesion to vascular endothelial cells (HUVECs)
and lymphatic endothelial cells (LNCs) (Fig. 7C-F). This
dual regulatory effect suggests that PnN'Vs may stabilize
tumor cell clustering while also impeding dissemination
into distant tissues.

To further elucidate the molecular basis of this
adhesion remodeling, we analyzed key transcription
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Fig. 6 PnNVs regulate OSCC metastatic potential. (A) Schematic illustration showing the proposed mechanism by which PnNVs suppress OSCC metas-
tasis. (B-C) Scratch wound healing assay showing reduced migratory capacity of LN4 cells after PnNVs treatment. (D-E) Scratch wound healing assay
showing reduced migratory capacity of SCC7 cells after PnNVs treatment. (F-G) Transwell migration assay showing decreased migration of LN4 cells
after PNNVs exposure. (H-1) Transwell invasion assay showing suppressed invasion following PnNVs intervention. (J-K) Transwell migration assay showing
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factors associated with epithelial-mesenchymal transi-
tion (EMT) as well as core components of adhesion sig-
naling. PnNVs treatment significantly downregulated the
expression of EMT inducers SLUG [53] and SNAIL [54],
while E-cadherin and N-cadherin levels remained largely
unchanged (Fig. 7G-H). In addition, focal adhesion kinase
(FAK) [55, 56] —a critical regulator of cell-substrate
adhesion and cytoskeletal stability—was reduced follow-
ing PnNVs exposure (Fig. 7I), suggesting that enhanced
adhesion dynamics may contribute to the suppression of
cell migration and dissemination.

Based on these observations, we further explored the
underlying molecular mechanisms, focusing on chemo-
kine and MAPK signaling pathways, which were among
the most significantly downregulated in our transcrip-
tomic analysis. Conditioned medium (CM) derived from
PnNVs-treated cells significantly impaired the migration
of untreated LN4 cells in scratch assays (Fig. 7J-K), sug-
gesting that PnNVs may interfere with chemokine-medi-
ated intercellular communication and thereby attenuate
collective cell migration. Although MAPK signaling was
concurrently suppressed (Fig. 4F-H), co-treatment with
the MAPK agonist DC failed to restore the migratory
ability of PnNVs-treated cells (Fig. 7L-M), indicating that
MAPK inhibition does not play a central role in mediat-
ing the anti-migratory effects of PnNVs.

Collectively, these results demonstrate that PnNVs
inhibit OSCC cell dissemination through a dual mecha-
nism: by enhancing homotypic tumor cell adhesion to
limit detachment and dispersion, and by disrupting
chemokine-mediated communication and tumor—endo-
thelial adhesion to impair the metastatic cascade. These
findings reveal a multifaceted regulatory role for PnNVs
in tumor cell migration and provide a theoretical basis for
their potential as an anti-metastatic therapeutic strategy.

Multi-omic profiling reveals synergistic RNA-metabolite
cargos underlying the multi-targeted anticancer effects of
PnNVs

PnNVs exert multi-faceted antitumor activities against
OSCC, yet the functional cargos responsible for these
effects remain to be fully elucidated. PDNVs are known
to contain diverse biomolecules, including metabolites,
lipids, RNAs, and proteins [21]. Upon uptake, these car-
gos are released into the cytoplasm, where they regulate
gene and protein expression, ultimately reshaping cellular
behaviors (Fig. 8A). To dissect the active constituents, we
systematically examined PnNVs after selective depletion
of distinct cargo classes.

Proteinase K treatment effectively removed vesicular
proteins (Figure S5A). Strikingly, protein depletion had
no impact on the pro-apoptotic or anti-migratory prop-
erties of PnNVs, suggesting proteins are dispensable for
these effects (Figure S4B, S5C, S5E, and S5F). Similarly,
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total lipid extracts (Figure S4H) failed to reproduce the
cytotoxic or anti-migratory phenotypes of intact vesicles,
indicating that lipids alone are insufficient drivers (Figure
S5I-L).

We next focused on RNA cargos. Agarose gel elec-
trophoresis confirmed abundant RNA in PnNVs, which
was efficiently depleted by RNase A treatment (Fig. 8B).
RNase-treated vesicles displayed a markedly reduced
ability to trigger apoptosis in LN4 cells, highlighting a key
role for RNA in the anti-proliferative activity of PnNVs
(Fig. 8C and 8D). However, RNase treatment did not
abolish their anti-migratory effects, implying that RNA
is not the primary determinant of metastasis suppression
(Fig. 8E-8F). Given the regulatory capacity of microR-
NAs (miRNAs) 78] we performed miRNA sequenc-
ing and identified a wide repertoire of vesicular miRNAs
(Fig. 9G). GO enrichment of their predicted targets
revealed associations with cell cycle regulation, prolifera-
tion, and differentiation (Fig. 8H). KEGG analysis further
showed enrichment in signaling cascades such as p38
MAPK (Fig. 8I), aligning with the cellular phenotypes
observed.

Considering these results, we hypothesized that metab-
olites may also contribute to PnNVs’ activity. Untargeted
metabolomic profiling revealed a broad spectrum of
metabolites (Fig. 8]). Functional enrichment of predicted
metabolite—target interactions implicated pathways
linked to cell cycle arrest, apoptosis, adhesion, necrosis,
MAPK signaling, autophagy, and ferroptosis (Fig. 8K).
These findings mirror the effects observed in functional
assays.

Collectively, the data support a model in which PnNVs
act through synergistic interactions between miRNAs
and metabolic cargos. This combinatorial regulation fine-
tunes oncogenic gene networks, thereby coordinating the
suppression of OSCC proliferation and migration.

Discussion

PDNVs have emerged as a promising class of natural bio-
nanomaterials due to their wide availability, favorable
biocompatibility, and intrinsic cargo of bioactive com-
pounds [21, 59]. While prior studies have largely focused
on their anti-inflammatory potential, modulation of the
gut microbiome, or their utility as drug delivery vehicles
[60, 61], the intrinsic anti-tumor properties of PDNVs
remain underexplored—particularly in the context of
aggressive solid tumors such as OSCC. To address this
gap, we systematically screened PDNVs isolated from
ten medicinal plants, guided by both traditional Chinese
pharmacopeia and modern pharmacological literature.
Among these, PnNVs exhibited the most potent anti-
OSCC activity. Building on the observation that PnNVs
significantly inhibited OSCC cell proliferation and
migration both in vitro and in vivo (Fig. 1), we further
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Fig. 8 Multi-omic dissection of PnNVs cargos underlying OSCC suppression. (A) Schematic illustration of the multi-component regulatory effects of
PnNVs on OSCC malignant phenotypes. (B) Agarose gel electrophoresis confirming RNA content in PnNVs before and after RNase A treatment. (C, D)
Flow cytometry analysis and quantification of apoptotic LN4 cells treated with control or RNase-treated PnNVs. (E, F) Wound healing assays and quantifi-
cation of migration in LN4 cells treated with control or RNase-treated PnNVs. (G) Top 20 most abundant miRNAs identified in PnNVs. (H) GO enrichment
of predicted target genes of the top 20 miRNAs. (I) KEGG pathway enrichment of the top 20 miRNAs. (J) Top 50 metabolites identified by untargeted

metabolomics. (K) GO enrichment of target genes associated with high-abundance metabolites

integrated transcriptomic, miRNA, and metabolomic
analyses with cargo depletion experiments to construct
a mechanistic framework. This framework delineates a
coordinated, multi-target anti-cancer mechanism exerted
by PnNVs. By shifting the research paradigm from obser-
vational phenotypes to mechanistic dissection, our study
not only advances the fundamental understanding of

PDNVs but also establishes a novel translational strat-
egy for applying plant-derived nanotherapeutics in solid
tumor treatment.

The anti-tumor efficacy of PnNVs was validated
through both in vitro functional assays and an ortho-
topic mouse model of tongue carcinoma. At the cellular
level, PnNVs treatment significantly reduced OSCC cell
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proliferation (Fig. 3), impeded scratch closure, and sup-
pressed migration (Fig. 6), indicating their potential for
early-phase intervention against tumor cell motility. In
vivo, PnNVs administration led to markedly reduced
tumor burden and lymphatic dissemination in mice
implanted with highly metastatic LN4-luc-GFP OSCC
cells (Fig. 1F and 2C, 2D, and 2G). Notably, a subset of
PnNVs-treated animals exhibited complete absence
of lymph node metastasis. Furthermore, biodistribu-
tion analysis revealed a degree of PnNVs accumulation
in tumor tissue (Fig. 2J-K), suggesting a passive tumor
tropism. Although not equivalent to the enhanced per-
meability and retention (EPR) effect observed in che-
motherapeutics, this enrichment underscores the dual
potential of PnNVs as both innate therapeutics and engi-
neerable carriers. Taken together, these results highlight
PnNVs as a biocompatible, dual-functional platform
capable of local enrichment and molecular intervention,
offering a natural and low-toxicity therapeutic strategy
for OSCC.

Programmed cell death represents a central therapeu-
tic target in anti-cancer strategies [62, 63]; however, solid
tumor cells often exhibit adaptive resistance to mono-
typic death pathways [64, 65]. In this study, we systemati-
cally demonstrated that PnNVs induce OSCC cell death
through a multifaceted mechanism involving PANopto-
sis, ferroptosis, and a ROS—autophagy axis—forming a
coordinated “multi-pathway lethal network” to overcome
tumor resilience.

We first identified that PnNVs activate PANoptosis, a
recently defined, integrated form of programmed cell
death that encompasses features of apoptosis, necrop-
tosis, and pyroptosis [66—68]. Western blotting revealed
significant upregulation of cleaved caspase-3, phosphor-
ylated-MLKL, cleaved-GSDMD, and cleaved GSDME
upon PnNVs treatment, accompanied by increased
expression of the upstream sensor ZBP1 (Fig. 3I), indicat-
ing the assembly of a PANoptosome complex [69]. This
integrated death pathway is particularly effective against
heterogeneous cell populations and can bypass apoptotic
tolerance, thus offering notable advantages for targeting
aggressive solid tumors.

Secondly, we observed a classic oxidative stress-medi-
ated cytotoxic profile. DCFH-DA and JC-1 staining indi-
cated markedly elevated ROS levels and mitochondrial
depolarization following PnNVs exposure (Fig. 5F-]).
Concurrently, NRF2, the master antioxidant regulator
[70], was significantly downregulated at the protein level,
while the autophagy marker LC3B [71] was upregulated.
Partial rescue of cell viability by chloroquine further
supports the activation of a ROS-driven, autophagy-
dependent death pathway (Fig. 5C-E). This ROS—NRF2—
autophagy axis imposes metabolic strain and bypasses
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classical apoptosis, ultimately pushing tumor cells toward
stress collapse and energy depletion.

Importantly, transcriptomic analysis further implicated
ferroptosis as a third axis of PnNVs-induced cytotoxicity.
Enrichment of ferroptosis-related pathways was identi-
fied in RNA-seq data, with concurrent downregulation
of GPX4 and SLC7A11, hallmark indicators of ferroptotic
activity [72]. Given that ferroptosis triggers cell death
through lipid peroxidation independently of mitochon-
drial signaling, its coordination with PANoptosis and
oxidative autophagy enables a layered and redundant
execution mechanism. Collectively, these findings reveal
that PnNVs do not rely on a singular mode of action, but
rather orchestrate a convergent network of PANoptosis,
ferroptosis, and ROS-autophagy signaling to enhance
tumor cell sensitivity to death stimuli. This multi-axial
strategy expands the mechanistic repertoire of PDNVs-
induced tumor suppression and highlights the transla-
tional promise of natural vesicle-based therapeutics in
overcoming drug resistance through multi-targeted cell
fate disruption.

Traditionally, tumor metastasis is predominantly
driven by the epithelial-mesenchymal transition (EMT),
a process characterized by downregulation of epithelial
markers such as E-cadherin and upregulation of mesen-
chymal markers such as N-cadherin, thereby facilitat-
ing loss of polarity and enhanced cellular motility [73,
74]. However, our study revealed that the anti-migratory
effect of PnNVs on OSCC cells is not mediated via clas-
sical EMT modulation, but rather through an alternative
mechanism involving enhanced adhesion and structural
anchoring. Western blot analysis showed no significant
changes in E-cadherin or N-cadherin protein levels fol-
lowing PnNVs treatment, suggesting that PnNVs do
not induce a canonical EMT reversal. Nevertheless, the
expression of key EMT transcriptional repressors, SNAIL
and SLUG, was markedly downregulated (Fig. 8G-
H), while focal adhesion kinase (FAK), a mediator of
cell-cell and cell-matrix adhesion [75], was reduced
(Fig. 7I). These changes imply that PnNVs enhance cel-
lular adhesion strength rather than reprogram epithelial
identity. This interpretation was further supported by
fluorescence imaging, which showed tighter intercellular
boundaries and more cohesive cell arrangements after
treatment, indicative of reduced motility. These results
suggest that PnNVs suppress tumor cell migration by
promoting mechanical anchoring and cytoskeletal stabi-
lization, rather than through phenotypic switching.

In OSCC, metastatic dissemination is shaped not only
by tumor-intrinsic motility but also by the dynamic
interplay between tumor cells and the lymphatic—vascu-
lar interface [76]. Lymphovascular invasion represents a
pivotal step that enables tumor cells to access lymphatic
channels and is strongly associated with occult lymph



Chen et al. Journal of Nanobiotechnology (2026) 24:348

node metastasis, serving as one of the most reliable
pathological predictors in clinical practice [77]. More-
over, metastatic or tumor-reactive lymph nodes undergo
substantial microenvironmental remodeling, includ-
ing lymphangiogenesis, high endothelial venule (HEV)
restructuring, and shifts in immune-cell composition,
collectively creating a permissive niche that facilitates
tumor colonization and further dissemination [78]. In
this context, our findings that PnNVs reduce the adhe-
sion of OSCC cells to lymphatic and vascular endothelial
cells—while simultaneously strengthening tumor cell-
tumor cell cohesion (Fig. 7A-F)—suggest that PnNVs-
mediated anchoring may hinder the initial intravasation
step required for lymphatic spread. These adhesion-
related alterations, together with the suppression of key
chemokine gradients, indicate that interventions capable
of disrupting migratory cues or modifying cell-endothe-
lium interactions may indirectly influence the likelihood
of lymph node involvement in OSCC. Importantly, tumor
metastasis is not solely determined by intrinsic cellular
motility but also by the intercellular chemokine signaling
networks that mediate tumor—stroma—immune interac-
tions [79, 80]. Chemokine axes such as CCL5—CCRS5 and
CXCL10-CXCR3 have been implicated in migration,
immune evasion, and directional lymphatic invasion [81,
82]. To investigate whether PnNVs interfere with these
pathways, we analyzed transcriptomic and GSEA data,
which revealed significant downregulation of chemo-
kine signaling following PnNVs treatment, with CCL5
and CXCL10 showing the most prominent suppression.
qPCR and Western blotting confirmed that both chemo-
kines were significantly downregulated at the mRNA and
protein levels (Figs. 4B-C).

Functionally, conditioned media derived from PnNVs-
treated OSCC cells failed to promote scratch wound
healing in OSCC cells (Fig. 7J-K), despite lacking direct
cytotoxicity. This indicates that PnNVs alter the tumor
cell secretome, disrupting paracrine signaling essen-
tial for collective migration. This disruption of the “che-
mokine—receptor—paracrine” axis further reinforces
the anti-metastatic effect of PnNVs and reveals their
potential role in modulating tumor microenvironment
communication.

As naturally derived, multi-component nanovesicles,
PDNVs are known to contain complex bioactive cargo—
including miRNAs, metabolites, proteins, and lipids [21].
Historically, mechanistic studies have predominantly
adhered to a “dominant component” hypothesis, attrib-
uting biological effects to a single class of molecules,
such as specific miRNAs or active phytochemicals
[24, 29]. However, our study is the first to demonstrate
through systematic cargo depletion experiments that
the anti-tumor efficacy of PnNVs in OSCC does not rely
on any single component, but rather emerges from the
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synergistic actions of multiple molecular entities, partic-
ularly RNA and metabolite classes.

We employed a series of component elimination and
selective extraction strategies [83] to dissect the contri-
bution of each cargo type. Functionally, RNase-treated
PnNVs, which retained their vesicular morphology
and size, exhibited a significant reduction in apoptosis-
inducing capacity (Fig. 8B-D), highlighting the critical
role of RNA cargo in regulating programmed cell death.
In contrast, depletion of proteins and extraction of lip-
ids did not notably impair PnNVs function, suggesting
that metabolites are likely key bioactive contributors.
Importantly, none of the depletion strategies resulted in
a complete loss of function, reinforcing the notion that
PnNVs activity is governed by a modular, network-based
mechanism rather than a linear, single-target paradigm.
This “multi-factor, multi-target, multi-pathway” model
aligns with the pharmacological characteristics of natural
botanical products and supports the emerging concept of
PDNVs as modular multi-effector units. These insights
not only broaden our understanding of PDNVs-medi-
ated mechanisms but also set new benchmarks for the
rational optimization, engineering, and quality assess-
ment of plant-derived nanotherapeutics. Future research
should prioritize the identification and integration of
complementary functional modules, rather than focus-
ing solely on the purification or enrichment of individual
bioactives.

To further elucidate the regulatory landscape of PnN'Vs
in OSCC, we conducted integrated multi-omics analy-
ses, including transcriptomic, miRNA, and metabolo-
mic profiling, and established a multidimensional map
of enriched pathways. This cross-omics approach not
only enhances the reliability of mechanistic insights but
also reveals the systemic and complex nature of PDNVs-
mediated tumor regulation. Transcriptomic and GSEA
results showed that PnNVs significantly suppressed
multiple cancer-associated pathways, including MAPK,
cytokine signaling, and chemokine axes, all of which
are intimately linked to tumor cell survival, migration,
immune evasion, and stress adaptation [84, 85]. Of note,
although MAPK signaling appeared to exert partial cyto-
protective effects in some death contexts, its downstream
pro-migratory functions were not restored, suggesting
that MAPK is involved in PnNVs-induced cell death but
is not the primary mediator of anti-migratory activity.

The miRNA sequencing analysis revealed a repertoire
of enriched plant miRNAs potentially targeting key onco-
genic pathways, including MAPK, NF-«xB, and autoph-
agy-related genes. These findings are highly consistent
with our observed activation of PANoptosis and the
ROS-autophagy axis. Complementary metabolomic pro-
filing identified several enriched phytochemicals within
PnNVs, including notoginsenosides Rgl, Re, and Rd, as
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well as various isoflavones. These compounds have been
previously reported to regulate oxidative stress, autoph-
agy, and ferroptosis, suggesting that they may serve as
the chemical basis for the death-inducing phenotypes we
observed.

Collectively, the multi-omics datasets converge to sup-
port a unified regulatory framework, wherein PnNVs
modulate three major functional modules in OSCC: cell
fate programming, motility suppression, and intercellular
signaling disruption. This systemic model highlights the
intrinsic advantages of PDNVs as natural, multi-target
therapeutic agents and offers a structural blueprint for
the future development of PDNVs-centric omics data-
bases and predictive targeting platforms.

Against the backdrop of increasing demand for pre-
cise and low-toxicity cancer therapies [86], PnNVs
demonstrated favorable pharmacological efficacy and
biocompatibility, highlighting their translational poten-
tial. Panax notoginseng, the botanical source of PnNVs,
is a well-documented medicinal herb with a long history
of clinical use and established safety profiles [87]. In this
study, we employed standardized and scalable extraction
protocols, yielding vesicles with consistent morphol-
ogy, size, and zeta potential—essential prerequisites for
large-scale production and quality control. In our animal
models, PnNVs administration did not cause significant
weight loss or histopathological abnormalities in major
organs (Fig. 2). Blood biochemistry and H&E stain-
ing also revealed no overt toxicity, underscoring their
favorable biosafety profile. Additionally, in vivo imaging
suggested that PnN'Vs exhibit a natural tendency to accu-
mulate in tumor tissues (Fig. 2), likely owing to the com-
patibility between their membrane components and the
tumor microenvironment—providing a foundation for
future targeting modifications.

It is worth emphasizing that PDNVs intrinsically com-
bine therapeutic and delivery functionalities [88]. This
dual property allows for two distinct translational paths:
(i) as standalone therapeutic agents, harnessing endog-
enous miRNAs and metabolites to exert multi-target
anti-tumor effects [89]; and (ii) as biocompatible deliv-
ery platforms [23], amenable to surface functionalization
or exogenous cargo loading for combination therapies
involving small molecules or siRNAs. Such plasticity will
significantly broaden the application landscape of PDNVs
across nanomedicine, localized oral drug delivery, and
immunotherapy.

In conclusion, PnNVs represent a highly promising
candidate in the PDNVs pipeline, offering multiple trans-
lational advantages—from botanical resource origin and
scalable manufacturing to multifunctional therapeutic
potential and delivery compatibility. Despite the system-
atic elucidation of the multi-pathway anti-tumor mech-
anisms of PnNVs in OSCC and the validation of their
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functional effects at cellular, molecular, and in vivo levels,
several critical issues remain to be addressed.

First, the mechanistic understanding of PnNVs cargo
remains at a correlative level. Although RNA and metab-
olite depletion assays have preliminarily demonstrated
a synergistic multi-component mechanism, the precise
molecular targets and downstream pathways of spe-
cific miRNAs and metabolites have yet to be delineated.
Future studies should incorporate CRISPR interfer-
ence systems, miRNA mimics/inhibitors, and metabolic
pathway blockers to dissect direct causal relationships
between key components and phenotypic outcomes.
Such approaches would facilitate the transition of PnNVs
research from enrichment and prediction toward mecha-
nistic precision and target validation.

Second, the in vivo biodistribution, retention kinetics,
and clearance pathways of PDNVs require more tem-
porally and spatially resolved investigation. While we
employed DiR fluorescence labeling for preliminary bio-
distribution analysis, this method does not fully capture
clinically relevant delivery dynamics. Advanced strate-
gies such as near-infrared live imaging, spatial transcrip-
tomics, and nanoparticle tracking could be employed to
construct a multiscale delivery atlas encompassing “tis-
sue—cell-subcellular” resolution, thereby deepening our
systems-level understanding of PDNVs fate in vivo.

Third, the impact of the tumor immune microenvi-
ronment on PDNVs efficacy warrants further explora-
tion. Our current study focused primarily on tumor
cell-intrinsic phenotypes and did not examine whether
PDNVs modulate tumor-associated macrophages
(TAMs), dendritic cells (DCs), or T lymphocytes. Nota-
bly, our mechanistic data indicate that PnNVs-induced
PANoptosis includes a pyroptotic component, and
GSDMD-dependent pyroptosis is well known to trigger
the release of pro-inflammatory cytokines such as IL-1p
and IL-18, thereby activating both innate and adaptive
immune responses. Multiple studies have demonstrated
that nanoplatform-induced GSDMD/GSDME-mediated
immunogenic cell death can enhance antigen presenta-
tion, promote dendritic-cell maturation, and synergize
with PD-1/PD-L1 blockade to achieve improved antitu-
mor efficacy [43, 45]. In parallel, Panax notoginseng and
its bioactive constituents have been widely reported to
possess immunoregulatory properties, including the
modulation of cytokines such as TNF-a, IL-1p, IL-6,
and IFN-y [90]. These observations together suggest
that PDNVs may not only promote antitumor immu-
nity through the induction of immunogenic cell death
but may also reshape the OSCC immune landscape via
their intrinsic plant-derived immunomodulatory fea-
tures. Integrating cytokine profiling, immune-cell acti-
vation analyses, and approaches such as single-cell
RNA sequencing and immunohistochemistry will help
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delineate a more complete picture of PDNVs—immune
system interactions.

In summary, while this study offers several innovative
insights into the intrinsic mechanisms, synergistic cargo
interactions, anti-metastatic effects, and paracrine mod-
ulation capacities of PDNVs, their clinical translation still
requires overcoming key technical and validation chal-
lenges. Future efforts should simultaneously advance in
four major directions—mechanistic refinement, cargo
standardization, delivery optimization, and indication
expansion—to accelerate the bench-to-bedside transition
of PDNVs in cancer therapy.

Conclusion

In summary, this study unveils a novel mechanistic
framework through which PnNVs exert multifaceted
anti-tumor effects against OSCC. By orchestrating a
synergistic inhibition of chemokine-driven intercellular
signaling, redox defense systems, and survival-related
pathways, PnNVs effectively suppress tumor prolifera-
tion, migration, and lymphatic dissemination. The dis-
covery that PnNVs induce ROS-mediated PANoptosis
and autophagic cell death, independent of canonical
EMT modulation, establishes them as unique bioactive
nanotherapeutics capable of bypassing classical resis-
tance mechanisms. Furthermore, our multi-omics-based
cargo-function analyses highlight the inherent complex-
ity and cooperative functionality of vesicular RNAs,
metabolites, and proteins in modulating tumor behavior.
Together, these findings position PnNVs as a promising
natural nanoplatform for precision cancer therapy, offer-
ing both standalone efficacy and combinatorial poten-
tial with current therapeutic modalities. Future work
aimed at dissecting specific cargo-target interactions and
immunomodulatory roles will further accelerate their
translational development in oral oncology and beyond.
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