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Purpose: To investigate the role of royal jelly derived extracellular vesicles (RJEVs) as key active components contributing to the
anti-hepatocellular carcinoma (HCC) effects of royal jelly and to elucidate the underlying mechanisms.

Patients and Methods: This study used H22 tumor-bearing mice as an in vivo model. RIEVs were isolated and identified and their
effects were evaluated after oral administration. Analyses included the assessment of liver-targeting properties, immune and
antioxidant responses, gut microbiota composition (specifically Muribaculaceae abundance), and short-chain fatty acid metabolism.
This study also examined the influence of RJEVs on translation-related signaling networks and the Phosphatidylinositol 3-kinase
(PI3K) / Protein Kinase B (AKT) signaling pathway to determine their role in promoting tumor cell apoptosis.

Results: Orally administered RJIEVs exhibited liver-accumulating properties in H22 tumor-bearing mice and demonstrated moderate
antitumor efficacy. They enhanced immune and antioxidant responses, increased the abundance of Muribaculaceae, modulated gut microbiota
composition, and improved short-chain fatty acid metabolism. Mechanistically, RJEVs synergistically regulate translation-related signaling
networks and remodel the immune microenvironment, ultimately promoting tumor cell apoptosis via the PI3K/AKT signaling pathway.
Conclusion: These findings provide novel insights into the functional role of royal jelly by identifying RJEVs as important bioactive
constituents that contribute to the anti-HCC effects by modulating the immune microenvironment, gut microbiota, and PI3K/AKT
signaling. This offers both theoretical and methodological advances in research on the bioactive components of bee products.
Keywords: PI3K/AKT signaling pathway, gut microbiota, apoptosis, immunomodulation, antioxidant

Introduction

The therapeutic potential of bee-derived products and other natural compounds is increasingly recognized in modern
healthcare, with growing evidence supporting their pharmacological efficacy across diverse conditions." Among these,
royal jelly (RJ) —a secretion from the hypopharyngeal and mandibular glands of nurse honeybees (Apis mellifera)—
known for its rich biochemical composition and broad pharmacological properties. RJ contains proteins, carbohydrates,
lipids, vitamins, minerals, flavonoids, polyphenols, and multiple biologically active compounds.? As the sole nutritional
source for larvae and the adult queen, RJ underpins the queen’s unique physiological traits, including larger body size,
enhanced fertility, and extended lifespan compared to worker bees.>*

Beyond its role in sustaining honeybee biology, emerging evidence demonstrates that RJ exerts pleiotropic health benefits
in mammals, including antineoplastic, immunomodulatory, and metabolic regulatory effects, though the underlying molecular
mechanisms remain incompletely understood.” Our previous work revealed that RJ and selenium-enriched RJ suppress
hepatocellular carcinoma (HCC) progression by concurrently modulating PI3K/AKT survival signaling and VEGF-mediated
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angiogenesis.® However, those studies treated RJ as a complex whole substance, and the specific constituents responsible for
its antitumor activity remained unidentified.

Exosome-like nanoparticles (ENs), also referred to as extracellular vesicles (EVs), have emerged as key mediators of
intercellular communication through the transfer of proteins, nucleic acids, and bioactive 1ipids.7’8 Historically, research has
centered on EVs from bodily fluids, particularly for diagnostic applications.” More recently, food-derived EVs or ENs in
various dietary sources, including bovine colostrum, plant exudates, and apicultural products, have demonstrated tissue-
targeting capabilities and therapeutic potential.'®'* These dietary ENs are absorbed through the intestine, exert local effects,
and reach distant organs via systemic circulation. Notably, food-derived ENs are biocompatible, biodegradable, and non-
toxic, without adverse effects on intestinal barrier integrity or other organs.'® Their ability to regulate physiological and
pathological processes underscores their potential as safe natural therapeutic carriers.'® Given the growing recognition that
food-derived extracellular vesicles can mediate inter-kingdom communication and exert therapeutic effects, we hypothesized
that RJ-derived EVs (RJEVs) may represent a key bioactive fraction contributing to the anti-HCC activity of RJ.

HCC remains one of the most prevalent malignancies worldwide, with high incidence and mortality.'* Current multimodal
treatments—combining surgical resection with adjuvant chemoradiation—offer only modest survival improvements and are
associated with severe off-target toxicities, including myelosuppression, cardiotoxicity, and secondary cancers.'>'® These
limitations have driven interest in nutraceutical interventions, particularly food-derived bioactive compounds with selective
antitumor activity.'’"'® Recent studies show that plant- and food-derived ENs, such as those from black mulberry, ginger, and
asparagus, possess therapeutic efficacy in liver diseases, highlighting their potential application in HCC therapy.*

In bee products, EVs present in pollen, honey, and RJ contribute significantly to their antibacterial and pro-regenerative
effects.?'** Based on these findings and our previous work demonstrating the anti-HCC activity of crude RJ, we hypothesized
that RJEVs contribute significantly to the antitumor efficacy of RJ. In this study, we isolated and characterized RJEVs and
evaluated their anti-HCC activity. We demonstrated that RIEVs induce tumor cell apoptosis through inhibition of the PI3K/
AKT pathway both in vitro and in vivo. The primary goal of this work was to establish RIEVs as functionally important
bioactive constituents of RJ and to elucidate their mechanisms of action. And the liver-accumulating properties of RJEVs
observed in our biodistribution studies also suggest their potential as a natural nanoplatform for future development of HCC-
targeted drug delivery systems, although this application remains to be experimentally investigated. Material and methods.

Preparation of R}
RJ was harvested from 10 healthy sister bee colonies at the Shandong Agricultural University experimental apiary
(36.16° N, 117.16° E) following our previously described protocol and stored at —20 °C until use.®

Isolation of RJEVs

Based on the characteristics of RJ, we slightly modified the method for separating RJEVs, based on the separation of honey,
RJ, and grapefruit vesicle-like nanoparticles (Figure 1A).'%?'2? Briefly, 1.5 g RJ was diluted to 10 mL with cold PBS and
homogenized by vortexing. The suspension was sequentially centrifuged at 1000 x g for 20 min, 3000 x g for 20 min, and
12,000 x g for 1 h at 4 °C. The resulting supernatant was ultracentrifuged at 70,000 x g for 1 h at 4 °C and filtration through
0.8 um, 0.45 pm, and 0.22 pm filter membranes. The filtrate was ultracentrifuged at 130,000 g for 1.5 h at 4 °C. The pelleted
nanoparticles were washed with PBS, re-ultracentrifuged (130,000 x g, 1.5 h, 4 °C), resuspended in 500 puL. PBS, and stored at
— 80 °C until further use. The final protein concentration of the RJEV suspension was determined using a BCA Protein Assay
Kit (CoWinBioscience, Jiangsu, China). All isolation procedures were performed under sterile conditions to prevent microbial
contamination.

Characterization Analysis of RJEVs

For transmission electron microscope (TEM) analysis, 15 pL. of RJIEVs was placed on a copper grid and incubated with
15 puL of 2% uranyl acetate aqueous solution for 15 min at room temperature. The number and size distribution of RIEVs
were determined using nanoparticle tracking analysis (NTA) with a ZetaView system (Partilce Metrix, Munich,
Germany).
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Figure | Isolation and characterization of RJEVs. (A) Schematic showing the isolation, administration, and antitumor functions of RJEVs in vitro and in vivo. (B) Representative
ultrastructure TEM image of RJEVs. (C) Size distribution and concentration of RJEVs measured using nanoparticle tracking analysis (NTA). (D) Protein profile of RJEVs analyzed
by SDS-polyacrylamide gel electrophoresis (SDS-PAGE). (E) Lipid profile of RJEVs analyzed by TLC.
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RIEV lipids were extracted with n-hexane for 10 min, after which half of the volume of water was added to the
filtrate. The organic phase was collected, dried, and separated on silica gel thin-layer chromatography (TLC) plates using
n-hexane/ethyl acetate (8:1) as the developing solvent.

Cells

HepG2 and H22 cell lines (Shanghai Zhong Qiao Xin Zhou Biotechnology Co., Ltd., Shanghai, China) were cultured in
tissue culture plates containing Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% heat-inactivated
fetal bovine serum (FBS), 100 U/mL penicillin, and 100 pg/mL streptomycin at 37 °C in a 5% CO, atmosphere. Cell
lines were authenticated by short tandem repeat (STR) profiling and routinely tested for mycoplasma contamination. All
experiments were performed using cells within 10 passages after thawing. H22 cells were used exclusively for the in vivo
tumor model due to their high tumorigenicity and compatibility with Kunming mice. HepG2 cells were selected for
in vitro experiments because their adherent growth.

Mice
Kun-Ming mice (18-22 g) were obtained from Shandong Taibang Biological Products Co., Ltd. (Tai’an, Shandong, China)
and housed in a specific pathogen-free (SPF) facility with ad libitum access to deionized water and chow. H22 tumor-bearing
mice were generated as previously described.® The mice were assigned to five groups (n = 6 per group): (i) normal control
(NCO), (ii) model control (MC), (iii) positive control (PC), (iv) RJ treatment group (RJ), and (v) RJEV treatment group (RJEV).
Mice in the PC group received an intraperitoneal injection of 0.2 mL 5-fluorouracil (20 mg/kg body weight, BW). In the RJ
group, mice were gavaged with 0.5 mL RJ solution (3000 mg/kg BW). In the RJEV group, mice were gavaged with a 0.5 mL
RJEV suspension (800 mg protein’kg BW). The MC and NC groups received the same volume of PBS via oral gavage. The
800 mg protein/kg dose of RJEVs corresponds to 2000 mg pellet/kg, which is the vesicle fraction isolated from approximately
88.9 g/kg of fresh RJ. A matching crude RJ dose was not feasible due to the physical constraints of oral gavage administration.
All treatments were administered once daily for 10 d. At the end of the treatment period, feces were collected under sterile
conditions, and the mice were weighed and anesthetized with tribromoethanol. The mice were then sacrificed, and the serum,
tumors, liver, and spleen were collected, weighed, and stored for subsequent analysis.

All animal experiments complied with the Animal Research: Reporting of in vivo Experiments (ARRIVE) guidelines
and were performed in compliance with the Animal Welfare Committee guidelines and were approved by the Ethics
Committee of Shandong Agricultural University (Approval No. SDAU-2019-065).

Preparation of DiR-Labeled RJEVs and Distribution in vivo

To evaluate the in vivo biodistribution, RIEVs were labeled with the near-infrared dye DiR (1,1'-dioctadecyl-3,3,3’,3'-
tetramethylindotricarbocyanine iodide; MedChemExpress, Shanghai, China) Briefly, and 2 mg of purified RJEVs
suspended in 1 mL PBS was incubated with 1 pL of 1 mM DiR at 37 °C for 20 min, following the manufacturer’s
protocol. Excess dye was removed by ultracentrifugation at 130,000 x g for 1.5 h. For biodistribution analysis, H22
tumor-bearing mice received a single oral gavage of DiR-labelled RJEVs (800 mg/kg). Whole-body fluorescence
imaging was performed 6, 12, and 24 h post-administration using an IVIS Lumina III imaging system (PerkinElmer).
At 24 h, the mice were euthanized, and the major organs (liver, spleen, and kidney) and tumors were excised for ex vivo
fluorescence quantification. Signal intensities were analyzed using Living Image 4.5 software (PerkinElmer) and normal-
ized to the tissue weight.

Tumor Suppression Rate
Antitumor efficacy was evaluated as tumor inhibition rate, calculated as: Inhibition ratio (%) = (1 — tumor weight (g) of
treatment group / tumor weight (g) of model control group (MC)) x 100.

Histological Analysis
For histological evaluation, liver and tumor tissues were fixed in 4% paraformaldehyde, embedded in paraffin, sectioned
at 3 um, stained with hematoxylin and eosin (H&E), and examined under a light microscope (Nikon 80i).
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Enzyme-Linked Immunosorbent Assay (ELISA)

Serum cytokine IL-2 and TNF-a levels were quantified using ELISA kits (Shanghai Enzyme-linked Biotechnology Co.,
Ltd, Shanghai, China) according to the manufacturer’s instructions. Briefly, serum samples were centrifuged at 300 x g and
the protein concentrations of the supernatants were measured using a BCA Protein Assay Kit (CoWinBioscience, Jiangsu,
China). Standards and samples were added to antibody-coated 96-well plates and incubated at 37 °C for 30 min in the dark.
After three washes, the avidin—Horseradish Peroxidase (HRP) conjugate and substrate were sequentially added.
Absorbance was measured at 570 nm using a microplate reader (SN209595; Agilent BioTek, California, USA).

For oxidative stress analysis, ~0.1 g of liver tissue was homogenized in PBS (1:9, w/v) and centrifuged at 3000 rpm
for 10 min at 4 °C. Protein concentrations in the supernatants were measured and total antioxidant capacity (T-AOC),
superoxide dismutase (SOD), malondialdehyde (MDA), glutathione peroxidase (GSH-Px), and reduced glutathione
(GSH) were determined using commercial kits (Shanghai Enzyme-linked Biotechnology Co., Ltd., Shanghai, China).

Gut Microbiota Analysis

Genomic DNA was extracted from fecal samples using the CTAB method and was used as a template for amplification of
the 16S rRNA gene. The V3-V4 regions were amplified by PCR using primers 341F (5'-CCTACGGGNGGCWGCAG
-3") and 806R (5'-GGACTACHVGGGTATCTAAT-3"). Sequencing libraries were prepared using the TruSeq® DNA
PCR-Free Sample Preparation Kit (Illumina, USA) and sequenced on an Illumina NovaSeq platform, generating 250 bp
paired-end reads at Novogene Technology Co., Ltd. (Beijing, China). Sequences with >97% similarity were clustered
into operational taxonomic units (OTUs) using Uparse (v7.0.1001). Representative sequences were taxonomically
annotated against the Silva database (https://www.arb-silva.de/) using Mothur algorithm. Taxonomic composition and

abundance at different ranks (phylum, class, order, family, genus, and species) were determined using the Mothur method
and SILVA132 SSU rRNA database. The relative abundance of the bacterial species was visualized using the R software.
For differential abundance analysis, the Kruskal-Wallis test was used to compare taxonomic abundances among groups.
To control for multiple testing, the Benjamini-Hochberg false discovery rate (FDR) procedure was applied, and adjusted
p-values were considered statistically significant.

Short-Chain Fatty Acids Analysis in Feces

Short-chain fatty acids (SCFAs), including acetic, propionic, isobutyric, butyric, isovaleric, and valeric acids, were
quantified as the key intestinal metabolites. The SCFA standards (0.1250 g each) were precisely weighed, diluted with
ether, and used to establish calibration curves using a gas chromatography—mass spectrometry (GC-MS) system (Trace
ISQ 7000, Thermo Fisher, MA, USA). For sample preparation, 0.05 g of mouse feces was dissolved in 10% phosphoric
acid, extracted with ether, and centrifuged at 4000 rpm for 15 min. The ether phase was collected for GC-MS analysis
and SCFA concentrations were quantified based on standard curves.

Liver Enzymes Analysis
Serum alanine aminotransferase (ALT), aspartate aminotransferase (AST), and lactate dehydrogenase (LDH) levels were

measured using an automated biochemical analyzer (7020, Hitachi) with the corresponding standards.

Cell Proliferation

The inhibitory effect of RIEVs on HepG2 cells was evaluated using a Cell Counting Kit-8 (New Cell & Molecular
Biotech Co., Ltd., Jiangsu, China). Cells (1 x 10%/well in 96-well plates) were cultured in complete medium under 5%
CO; for 24 h and then serum-starved overnight in a 2% serum medium. Cells were treated with RIEVs (50—-1000 pg/mL)
for 24 h. Cell viability was assessed according to the manufacturer’s protocol and absorbance was measured at 460 nm
using a microplate reader. Each concentration was tested in six replicate wells, and the experiment was independently
repeated three times.
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Acridine Orange and Ethidium Bromide (AO/EB) Fluorescent Dual Staining
Live and dead HepG2 cells were assessed using the AO/EB Kit (Solarbio, Beijing, China). Cells (1 x 10well in 6-well
plates) were cultured and treated as in the proliferation assay, digested with trypsin, and resuspended in PBS at 1 x 10°

cells/mL. The cell suspension was stained with AO/EB solution and observed under an inverted fluorescence microscope
(TC-S-SR, Nikon).

Flow Cytometry

Apoptosis was evaluated by flow cytometry. HepG2 cells (1 x 10%well in 6-well plates) were cultured and treated as
described above. After digestion with trypsin, 1x10° cells were resuspended in 100 pL of Annexin V-binding buffer and
stained with Annexin V-AbFluor 488 and propidium iodide (PI) for 15 min at room temperature. Data were acquired on
a BD LSRFortessa (BD Biosciences, San Jose, CA, USA) and analyzed using FlowJo software. The experiment was
independently repeated three times. Early apoptotic cells were defined as Annexin V-positive/PI-negative, and late
apoptotic cells as Annexin V-positive/PI-positive.

Gene Activation and Inhibition

For pathway modulation, the PI3K agonist IGF-1 and inhibitor LY 194002 were obtained from MedChemExpress (New
Jersey, USA). HepG2 cells (1 x 10%well in 6-well plates) were cultured and treated in serum-free medium, as described
above. The cells were divided into six groups: (i) normal control (NC), treated with 0.5% dimethyl sulfoxide (DMSO);
(i1) agonist group (AG), 0.5% DMSO + IGF-1 (5 ng/mL); (iii) inhibitor group (IN), 0.5% DMSO + LY 194002 (50 uM);
(iv) RJEVs group, 0.5% DMSO + RJEVs (500 pg/mL); (v) RJEVs + inhibitor group, 0.5% DMSO + RJEVs (500 pg/mL)
+ LY194002 (50 uM); and (vi) RJEVs + agonist group, 0.5% DMSO + RJEVs (500 pg/mL) + IGF-1 (5 ng/mL). After
48 h, cells were collected for gene and protein expression analyses.

RNA Extraction and Quantitative Real-Time PCR

Total RNA was extracted from RJEVs and murine tumors using a Total RNA Kit (Omega Bio-Tek, Norcross, GA, USA).
Briefly, 0.1 g of RJEVs or tumor tissue were disrupted in 1 mL of RNA-Solv Reagent and homogenized. The
homogenate was mixed with 200 puL of chloroform and centrifuged, after which ~600 pL of the upper aqueous phase
was collected, combined with 200 pL of ethanol, and loaded onto a HiBind® RNA Mini Column. Following centrifuga-
tion, the flow-through was discarded and the column was sequentially washed with Wash Buffer I and Wash Buffer II.
RNA was eluted with RNase-free water and its quality and concentration were assessed using a NanoDrop
spectrophotometer.

For mRNA expression analysis, first-strand cDNA was synthesized from 1 ug of total RNA using the Transcriptor
First Strand cDNA Synthesis Kit (Roche, Mannheim, Germany), following the manufacturer’s protocol. Quantitative
real-time PCR (qPCR) was performed using Top Green qPCR SuperMix (+Dye II; TransGen Biosystems, Foster City,
CA, USA). Gene expression was normalized to that of B-actin as an internal reference. All primers were designed and
synthesized by Sangon Biotech (Shanghai, China), their sequences are listed in Tables S1 and S2.

Immunofluorescence Analysis

The expression of P85, AKT, caspase-3, and VEGF in tumor tissues was examined by immunofluorescence, following
a previously described method.® Tumor tissues were fixed in 4% paraformaldehyde, paraffin-embedded, and sectioned.
After dehydration and antigen retrieval, nonspecific binding was blocked using bovine serum albumin (BSA). The
sections were incubated with primary antibodies overnight at 4 °C, followed by incubation with HRP-conjugated
secondary antibodies for 50 minutes at room temperature in the dark. Fluorescence labeling was performed using CY3-
TSA, FITC-TSA, and CY5 for sequential antibody detection with microwaving steps between incubations to remove
bound primary/secondary antibodies. Nuclei were counterstained with DAPI for 10 min at room temperature. Images
were captured using a Panoramic MIDI slice scanner (3DHistech). Antibodies (P85, AKT, caspase-3, and VEGF) and
related reagents were purchased from Wuhan ServiceBio Technology Co. Ltd. (Wuhan, China). Primary antibodies were
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used at the following dilutions: anti-P85 (1:200), anti-AKT (1:200), anti-caspase-3 (1:500), and anti-VEGF (1:200).
Secondary antibodies were used at a dilution of 1:500.

Western Blot Analysis and Commassile Blue Staining

Proteins from cells and tumor tissues were extracted using radioimmunoprecipitation assay lysis buffer (Beyotime
Biotechnology, Shanghai, China) supplemented with 1 mM PMSF. Separated proteins were either stained with
Coomassie Blue or transferred to nitrocellulose membranes for Western blotting, following a standard protocol. Rabbit
polyclonal antibodies against AKT (Cat # AA326), p-AKT (Cat # AA329), p-PI3K (Cat # AF5905), PTEN (Cat #
AF1462) and GAPDH (Cat # AF1186) were obtained from Beyotime (Shanghai, China). Protein bands were visualized
using NemECL Ultra detection reagents and imaged using a Fusion Fx System. Primary antibodies were used at the
following dilutions: anti-AKT (1:1000), anti-p-AKT (1:1000), anti-p-PI3K (1:1000), anti-PTEN (1:1000), and anti-
GAPDH (1:2000). HRP-conjugated secondary antibodies were used at a dilution of 1:5000. Protein bands were
quantified by densitometry using ImageJ software (NIH, USA).

Statistical Analysis
All statistical analyses were performed using the SPSS v22.0. Data are expressed as mean = SEM. Comparisons between
three or more groups were performed using one-way ANOVA followed by Tukey’s post hoc test. The Student’s ¢-test was
used for comparisons between two groups. Differences were considered statistically significant at p < 0.05. Partial
graphics in this document were created using BioRender.com and the necessary publication permission was obtained
(Supplementary Material).

Results
RJEVs are Isolated and Characterized

Considering the unique properties of RJ, we optimized EN isolation by modifying established protocols for other bee
products (Figure 1A).?! From 1 g of fresh RJ, approximately 22.5 mg of pelleted RJEVs (wet weight) was obtained. The
protein content of the RJEV pellet was approximately 0.4 mg protein per mg of pellet, yielding approximately 9.0 mg of
RJEV protein per gram of fresh RJ, as determined by BCA assay.

Comprehensive characterization using multiple complementary techniques. Transmission electron microscopy (TEM)
revealed numerous round or cup-shaped nanoparticles with characteristic lipid bilayer membranes (Figure 1B). The
background was relatively clean, with minimal visible amorphous material, further supporting the purity of the prepara-
tion. Nanoparticle tracking analysis (NTA) confirmed size distribution and concentration, yielding 4.8 x 10'? particles/
mL from 6 g of RJ. RIEVs displayed a peak particle size of 136.2 nm and a mean size of 126 nm, with 97.5% of particles
ranging from 76.5-132 nm (Figure 1C).

To further probe RIEV composition, we evaluated the protective capacity of the membranes against RNA degrada-
tion. Protein analysis using Sodium dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-PAGE) and Coomassie
staining revealed bands predominantly in the 50-60 kDa range (Figure 1D), and individual proteins were identified and
quantified (Table S3 and Figure S1). Thin-layer chromatography (TLC) analysis showed that RJEV lipids were less
diverse than those in the crude RJ (Figure 1E). Collectively, the presence of a characteristic lipid bilayer membrane

observed by TEM, the homogeneous nano-scale size distribution confirmed by NTA, and the distinct protein and lipid
profiles relative to crude RJ demonstrate that the isolated RJEVs are vesicular in nature and are not dominated by co-
isolated soluble proteins or non-specific aggregates.

RJEVs Exhibit Organ-Specific Biodistribution Patterns in H22 Tumor-Bearing Mice

Following oral treatment, DiR-labeled RJEVs were localized exclusively in the abdominal region of mice (Figure 2A).
Fluorescence peaked 12 h post-gavage and declined thereafter (Figure 2B). At 24 h, the results revealed preferential
accumulation of fluorescence signal in the liver and, to a lesser extent, in tumor tissues, whereas signals in the spleen and
kidney were negligible (Figure 2C). These observations indicate that RJEVs are capable of reaching the liver and tumor
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Figure 2 Biodistribution of orally administered RJEVs in vivo. (A) Biodistribution of RJEVs in mice at 6h, 12h, and 24 h post-oral administration. (B) Total fluorescence
intensity quantified using the in vivo imaging system. (C) Ex vivo images of major organs (tumor, spleen, kidney) and tumor tissues at 24 h post-administration. Data were
presented as mean * SEM (n = 3); *p < 0.05, **p < 0.01.

sites following oral administration. However, given the absence of a free DiR dye control, we cannot completely exclude
the possibility that a minor portion of the liver signal may originate from residual free dye; nonetheless, the prolonged
tissue retention and the detection of signal in subcutaneous tumor tissues support that the observed biodistribution
primarily reflects intact RJEVs. This dual tropism may underlie their hepatoprotective effects in tumor-bearing mice
while simultaneously inducing apoptosis in tumor cells.

RJEVs Exhibit Significant Antitumor Effects and Promote Tumor Cell Death Apoptosis

In VIVO

To evaluate the antitumor efficacy of RJEVs, we analyzed body weight before and after treatment, as well as liver and
spleen indices at the study endpoint (Figure S2). The tumor weight was measured in tumor-bearing mice, and the
suppression rate was calculated. RJEVs treatment significantly reduced tumor weight compared to the MC group
(p < 0.05), achieving a tumor inhibition rate of 41.15% (Table 1). This inhibition rate, while moderate compared to
the chemotherapeutic agent 5-FU (67.90%), was achieved through oral administration of unmodified natural nanove-
sicles. Notably, RIEVs demonstrated stronger tumor-suppressive activity than RJ did. Histopathological assessment
further confirmed that HE-stained tumor sections from the MC group showed densely arranged neoplastic cells with
distinct borders and prominent nucleoli, whereas the PC, RJ, and RJEVs groups exhibited varying degrees of necrosis,
characterized by disrupted membranes, pyknotic nuclei, and cytoplasmic vacuolation (Figure 3A). These histological
findings corroborated the suppression data, collectively highlighting the potent antitumor effects of the RJEVs.
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Table | Effects of Different Treatments on Tumor
Weight and Inhibition Rate of Tumor Growth in H22
Tumor-Bearing Mice

Group | Tumor Weight (g) | Inhibition Ratio (%)
MC 1.37+0.20 -

PC 0.44+0.06%* 67.90

R) 0.92+0.19 3247

RJENs 0.80+0.13* 41.15

Notes: Results are expressed as mean * SEM (n = 6). Data were
analyzed by one-way ANOVA and Tukey post-hoc test; *p < 0.05, *p
< 0.01, compared with the MC group.

RJEVs Ameliorated Hepatic Injury and Enhanced Both Antioxidant Capacity and

Immune Function in H22 Tumor-Bearing Mice
Serum ALT, AST, and LDH levels, key indicators of hepatic injury, were quantified to assess tumor-induced hepatotoxicity.*>
Tumor-bearing mice displayed elevated serum levels of all three markers compared to the NC group (Figure 3B), confirming
substantial liver damage. Importantly, RIEVs treatment significantly reduced ALT, AST, and LDH levels compared with those
in the MC group, demonstrating marked hepatoprotective activity. RJEVs also outperformed RJ in normalizing ALT and AST
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#p < 0.05, *p < 0.01, *=p < 0.001.
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levels, suggesting that RJEVs may represent a critical therapeutic fraction that mediates RJ’s antitumor efficacy of RJ
(Figure 3B). Collectively, these results demonstrated that RJEVs attenuated hepatic injury associated with subcutaneous
H22 hepatocellular carcinoma progression in mice.

Because antioxidant enzymes preserve hepatocyte integrity by eliminating reactive oxygen species (ROS) and
preventing lipid peroxidation, we further evaluated hepatic antioxidant capacity by quantifying T-AOC, SOD, GSH-
Px, and MDA levels. While 5-FU (PC) showed the strongest tumor-suppressive activity, RIEVs exhibited superior
antioxidant enhancement compared with the MC group. Specifically, RJEVs increased T-AOC and SOD activities and
decreased MDA content, thereby reinforcing hepatic antioxidant defenses in H22 tumor-bearing mice (Figure 3C-F).

We next examined the immunomodulatory role of RJEVs by measuring serum IL-2 and TNF-a, two cytokines central to
antitumor immunity.>* Tumor development markedly increased both cytokines, and although 5-FU failed to alter their levels
relative to the MC group, RJ and RJEVs significantly elevated them (Figure 3G). These findings indicate that RIEVs exert
antitumor effects partly through immunomodulation, a mechanism distinct from the direct cytotoxicity of 5-FU.

RJEVs Regulate the Gut Microbiota and SCFA Metabolism in Tumor-Bearing Mice

To investigate the impact of RIEVs on the gut microbiota, we performed family level taxonomic profiling. The top 10 most
abundant bacterial families revealed that both tumorigenesis and treatment markedly altered microbial composition (Table S4
and Figure 4A). Quantitative analysis of the dominant families (>5% relative abundance) identified five key groups:
Muribaculaceae, Lactobacillaceae, Bacteroidaceae, Lachnospiraceae, and Rikenellaceae (Figure 4B—F). Compared to NC
mice, the MC group showed an increased Lachnospiraceae and Rikenellaceae but a reduced Lactobacillaceae and
Bacteroidaceae. RIEVs intervention was associated with a partial restoration of the microbiota profile toward that of NC
mice (Figure 4C-F). Comparative analysis of RJ and RJEVs identified nine families with differential abundances.
Muribaculaceae, Lactobacillaceae, and Bacteroidaceae were the most abundant. RIEVs treatment was associated with
significantly higher relative abundances of Muribaculaceae and Bacteroidaceae compared with RJ treatment (Figure 4G).

Given the role of gut microbiota—derived SCFAs in modulating host immunity, we quantified fecal SCFAs.?> Tumor
development markedly disrupted SCFA profiles (Figure 4H-M). RJEVs did not reverse most tumor-induced alterations
(acetic, propionic, isobutyric, butyric, isovaleric, and valeric acids) except for butyric acid. Instead, RJEVs further
increased propionic acid, isobutyric acid, and valeric acid concentrations. Comparative analysis revealed that, despite
RJEVs being derived from RIJ, their effects on SCFA profiles diverged substantially, underscoring the mechanistic
differences in their biological activities.

To further clarify the relationship between gut microbiota and short-chain fatty acids (SCFAs) in mice, we performed
Pearson correlation analyses between SCFAs and gut microbial families with a relative abundance of >1%. The results
showed that fecal concentrations of acetic acid and butyric acid were positively correlated with Bacteroidaceae,
Helicobacteraceae, and Prevotellaceae. In contrast, propionic, isobutyric, isovaleric, and valeric acids were positively
associated with Muribaculaceae abundance. Notably, propionic acid and isobutyric acid were negatively correlated with
Lactobacillaceae and Staphylococcaceae (Figure 4N). Collectively, these correlative findings suggest that RIEVs may
modulate the gut microbiota and SCFA metabolism as part of a systematic, multifaceted antitumor process; however,
causal relationships between specific microbial changes and antitumor outcomes remain to be established through
interventional approaches.

RJEVs Exert Antitumor Effects Through the PI3K/AKT and VEGF Pathways

To further determine whether the tumor cell death observed by histology involved apoptosis, building on our previous
observation that RJ exerts antitumor effects through the PI3K/AKT and VEGF pathways, we systematically examined the
regulatory role of RJEVs on these oncogenic cascades.® Compared with the MC group, both the PC and RIEVs groups
markedly altered the expression of PI3K/AKT- and VEGF-related genes and proteins (Figure 5). Specifically, P85, AKT,
COX-2, and VEGF expressions decreased, whereas Bax expression increased in the PC and RJEVs groups (Figure SA—-H).
In contrast, RJ alone had no significant effect on P85, AKT, caspase-9, caspase-3, PTEN, Bax, COX-2, or VEGF expression
(Figure SA—H). Comparative analysis revealed that RIEVs significantly upregulated caspase-3 expression (Figure 5D).

10 https: International Journal of Nanomedicine 2026:21


https://www.dovepress.com/article/supplementary_file/609268/609268_Supplementalry%20files%20CLEAN.docx

Chi et al

>
=
3
;

Others B C
B Erysipelotrichaceae
— Tannerellaceae
S 75 B Prevotellaceae
° [ Helicobacteraceae . <45
153 < 80 X
= Staphylococcaceae < g
3 [ Rikenellaceae 3 o 36
= . < 60 H
=5 50 Lachnospiraceae s S
o . B c 27
< Bacteroidaceae 340 2
] [ Lactobacillaceae ® o 18
g "] Muribaculaceae 220 2
=~ B s 9
s 251 L] K]
M Q Q
%0 %o
NC MC PC RJ RJEVs NC MC PC RJ RJEVs
0 G 5% confidence intervals [ RY EEEHIRJEVS
NC MC PC RJ RIJEVs ) — ooz
D E F ctnctcens [E) b oo
3 36+ Hkk _ —_ P “-WE —0 0028
= W X < 157 Tm\gr«mll -0 ooie
@ 304 ry Y b4 Fkx °
H sk 2 g ool lequummnmh —® oos §
8 241 ok 5 S 104 swcnmmorsone | ol
H sk = 5 5
| 181 8 2 I """*Wl bt oo
g 124 g 2 54 Wlaﬂmmml —_— % <0001
56 3 5 S —
7] T [} [}
€ ol [4 © ol o - G 45w o .
Means in groups Difference between groups
NC MC PC RJ RIEVs NC MC PC RJ RJEVs
6007 - 4007 —F—
5 T S (X3 " Muribaculaceae
2 e * R |
£ 400 - 2 w0, e Lachnospiraceae
E 'g 200+ _ Rikenellaceae
8 -
£ 200+ £ 100 . Oscillospiraceae 0.5
o o
Tannerellaceae 0
0- 0- 0 -
NC MC PC RJ RJEVs NC MC PC RJ RJEVs NC MC PC RJ RJEVs Clostridiaceae I.o‘s
M Helicobacteraceae
700- sk 20 = Bacteroidaceae
[ S— 3k
5 600 — S i - S Prevotellaceae
3 5004 — S 151 ) '
E iy [ - S S Lactobacillaceae
= 4004 ot = =
€ 300 oxx* e £ 107 = < Staphylococcaceae
5 2001 5 = E o :
el 3 51 b % o o O, S0, 4,
100 %% 2y % % 6 7
- - 0 X % O, Yo T S,
NC MC PC RJ RJEVs NC MC PC RJ RJEVs NC MC PC RJ RJEVs O g O o
% % %

Figure 4 Gut microbiota profiling and short-chain fatty acid (SCFA) analysis in H22 tumor-bearing mice. (A) Taxonomic composition of fecal microbiota at the family level.
(B-F) Relative abundance of Muribaculaceae, Lachnospiraceae, Bacteroidaceae, Lactobacillaceae, and Rikenellaceae in different treatments. (G) Differential abundance
analysis of bacterial taxa between R and RJEVs treatment groups at the family level. (H-M) Content of acetic acid, propionic acid, isobutyric acid, butyric acid, isovaleric, and

valeric acid with different treatments. (N) Correlation analysis between the abundance of gut microbiota at the family level and content of SCFA in feces. Data were
presented as mean + SEM (n = 6); *p < 0.05, **p < 0.01, ***p < 0.001.

To more intuitively observe the expression of proteins associated with the PI3K/AKT and VEGF signaling pathways,
immunofluorescence was used to analyze the expression levels of P85, AKT, and caspase-3 in tumor tissues. Optical
density quantification confirmed that RJEVs and PC treatment significantly downregulated P85 and AKT while

upregulating caspase-3 (Figure 51-O). These results demonstrated consistent regulatory trends in gene and protein
expression.

RJEVs Induced Apoptosis in HepG2 Cells Through PI3K/AKT Signaling Pathway

in vitro

Given the in vivo evidence of RJEV-mediated apoptosis in hepatocellular carcinoma (HCC), we performed mechanistic
in vitro studies using HepG2 cells. A series of assays, including CCK-8, AO/EB dual staining, flow cytometry, and live/
dead staining, were conducted to determine the optimal apoptotic concentration of RJEVs. Across independent experi-
ments, RIEV-induced apoptosis in HepG2 cells showed no clear dose dependency (0—1000 pg/mL). However, 500 pg/mL

produced the strongest anti-proliferative and pro-apoptotic effects (Figure 6A, M and N; Figure S3) and was therefore
selected for subsequent experiments.
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Figure 5 Expression level of gene and protein in the PI3K/AKT signaling pathway in H22 tumor-bearing mice. (A-l) Relative expression levels of P85, AKT, caspase9,
caspase3, PTEN, Bcl-2, Bax, COX-2 and VEGF genes in different treatments. (J-M) Mean optical density of P85, AKT, caspase3 and VEGF protein. (N and O) The expression
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Figure 6 Optimization of RJEVs concentration in HepG2 cells and regulatory mechanisms on the PI3K/AKT signaling pathway. (A) CCK-8 assay for screening optimal
dosage of RJEVs in vitro. (B—H) The expression level of P85, AKT, caspase 9, caspase 3, PTEN, Bax and Bcl-2 genes in HepG2 cells following the administration of inhibitors
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To verify whether the PI3K/AKT pathway mediates RJEV-induced apoptosis, HepG2 cells were treated with PI3K
agonists and inhibitors. Gene expression analysis showed that pathway activation or inhibition modulated downstream
targets. RJEVs significantly suppressed P85 expression and enhanced Bax expression. Co-treatment with agonists or
inhibitors reversed the agonist-driven effects on P85, AKT, Bax, Bcl-2, and caspase-3 while synergistically amplifying
the inhibitory effect on Bcl-2. At the protein level, RIEVs reduced AKT and p-AKT levels, while upregulating PTEN
expression. Importantly, RIEVs combined with inhibitors produced more pronounced regulatory effects than RJEVs
alone (Figure 6B-L and O).

Discussion

Our findings provide evidence that RIEVs represent a functionally important fraction contributing to the antitumor and
other pharmacological activities of RJ. Although RJEVs have a simpler composition than whole RJ, their anti-HCC
effects in mice involve complex synergistic processes that integrate immune modulation, metabolic reprogramming, and
gut microbiota regulation. These systemic effects ultimately converge on PI3K/AKT signaling, driving apoptosis in HCC
cells. This study opens new avenues for exploring the molecular mechanisms by which insect- or plant-derived ENs
communicate with mammalian systems. Although we did not investigate the specific regulatory components of RJEVs
(eg, miRNAs) at a mechanistic level, we established their systemic antitumor efficacy and multilayered regulatory roles
in vivo. Importantly, the demonstrated modulation of PI3K/AKT signaling provides a strong theoretical foundation for
future research on miRNA-targeted delivery and the use of RJEVs as natural nanocarriers.

The present findings build directly upon our previous work, in which we demonstrated that crude RJ and selenium-
enriched RJ suppress HCC progression through the PI3K/AKT and VEGF pathways in the same H22 tumor-bearing
mouse model.® However, that study treated RJ as a complex whole substance and did not identify which specific
constituents were responsible for the observed antitumor activity. The current study advances this finding by isolating and
functionally characterizing RJEVs as a specific nanoscale fraction that contributes significantly to the anti-HCC effects of
RJ. This represents a logical progression from studying crude mixtures toward identifying purified bioactive constituents,
analogous to the historical development of natural product pharmacology.

Exosomes or exosomes-like nanoparticles are produced by most organisms, including animals, plants and microbes.*®
Current preparation methods for food- or plant-derived ENs include ultracentrifugation, ultrafiltration, size-exclusion
chromatography, and immunoaffinity enrichment, among others.?” The choice of isolation method often depends on the
source material, though differential ultracentrifugation combined with density gradient centrifugation remains the most
widely used strategy. Fresh RJ is a viscous nutrient-rich substance that contains proteins, carbohydrates, lipids, and other
bioactive molecules. In our experiments, we evaluated multiple methods to isolate RJEVs. Ultrafiltration and immu-
noaffinity enrichment proved to be inadequate for the removal of abundant protein impurities. By adapting ultracen-
trifugation protocols originally developed for the isolation of milk exosomes, we obtained high-purity RJEVs using
a 70,000 x g ultracentrifugation step coupled with gradient filtration membranes.*®

Although previous studies have reported exosome-like vesicles in RJ and analyzed their antibacterial and pro-regenerative
activities, our morphological characterization of RIEV's showed partial discrepancies with earlier findings.?' Using both TEM
and NTA, we confirmed that RJEVs have an average diameter of ~130 nm, consistent with exosomal size profiles.” High-
resolution TEM imaging further revealed the detailed morphological features of RJEVs. Biochemical analysis confirmed that
RJEVs contain proteins and lipids, with the latter forming a bilayer structure essential for vesicle stability, uptake, and other
biological functions.?**° Unlike typical exosomes, which contain diverse transmembrane and membrane-associated proteins,
RJEVs exhibit a simpler protein composition and a more homogeneous lipid profile relative to whole RJ. This streamlined
molecular makeup facilitates mechanistic studies and supports the notion that the physiological functions of RJ may depend on
specific nanovesicle components, rather than on the crude mixture.

Organisms maintain homeostasis and suppress oncogenic transformations through coordinated immune responses, antiox-
idant defense, and other systemic regulatory processes. The tumor inhibition rate of RIEVs (41.15%) exceeded that of crude RJ
(32.47%), despite the fact that the RIEV dose corresponded to the vesicle fraction isolated from approximately 88.9 g/kg of fresh
RJ—nearly 30-fold higher than the crude RJ dose of 3 g/kg actually administered. This substantial dose difference, arising from
the physical impossibility of administering crude RJ at a matched dose due to its viscosity and volume, underscores the potency
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and enrichment of bioactivity in the vesicle fraction. It should also be noted that the tumor inhibition rate of approximately
41.15% achieved by RJEVs is moderate compared to that of the conventional chemotherapeutic agent 5-FU (67.9%). However,
these two treatments appear to act through fundamentally different mechanisms. The anti-metabolite 5-Fu, long established as
a chemotherapeutic agent, exerts cytotoxicity by generating active metabolites that inhibit thymidylate synthase and incorporate
it into DNA and RNA, thereby disrupting mitosis and blocking cell proliferation.'** This explains why 5-Fu did not enhance the
immune function in tumor-bearing mice. In contrast, RJEVs simultaneously enhanced host immune function, improved hepatic
antioxidant capacity, and modulated the gut microbiota—effects that are not captured by the tumor inhibition rate alone. This
multimodal activity profile suggests that RJEVs may be particularly suitable for development as part of combinatorial strategies,
such as an adjuvant to conventional chemotherapy or as a component of integrative oncology approaches. Biodistribution studies
have revealed a substantial hepatic accumulation of RJEVs, accounting for their pronounced effects on liver-related biomarkers.
Moreover, RIEVs exhibited superior antitumor efficacy compared to whole RJ. Although RJ’s antitumor activity of RJ has been
well documented, its mechanisms have rarely been explored at the nanovesicle level.™* Our findings suggest that RJEVS serve
as functional carriers that mediate RJ’s pharmacological effects of RJ.

The gut microbiota analysis in this study was not designed as an isolated experiment, but was intended to illustrate
that the antitumor effects of RJEVs involve a systematic, multifaceted process extending beyond direct tumor cell killing.
The liver is tightly linked to the gut microbiota through the gut-liver axis, which governs homeostasis and contributes to
liver disease pathogenesis.** Patients with hepatocellular carcinoma (HCC) display distinct microbial signatures com-
pared with non-HCC controls, supporting the role of microbiota-driven pathways in HCC development.’*>*® Among
commensals, Muribaculaceae have gained attention for their beneficial roles in host health.>’” Our data showed that
RJEVs significantly increased Muribaculaceae abundance in tumor-bearing mice. This family specializes in degrading
complex polysaccharides into short-chain fatty acids (SCFAs), such as acetate and propionate.’®>° RJEVs treatment
markedly increased fecal levels of propionate, butyrate, and valerate, and correlation analyses confirmed strong positive
associations between Muribaculaceae abundance and SCFA concentrations. Conversely, in our dataset, the families
Lachnospiraceae and Rikenellaceae positively correlated with tumorigenesis. Comparative analyses revealed that RIEVs
outperform RJ in promoting Muribaculaceae enrichment and SCFA production. Collectively, these correlative results
suggest that RJEVs may influence the gut-liver axis, and this potential modulation warrants further investigation.
Interventional studies, such as fecal microbiota transplantation or antibiotic depletion experiments, will be necessary
to determine whether RJEV-induced changes in gut microbiota and SCFA metabolism directly contribute to the antitumor
effects or represent secondary phenomena.The PI3K/AKT signaling pathway is a key oncogenic transduction cascade
that amplifies the Warburg effect, thereby promoting tumor growth and metastasis.*® Dysregulation of PI3K is among the
most frequent events in tumorigenesis, with particularly high expression observed in HCC tissues.*'** In the present
study, we detected marked hyperactivation of the PI3K regulatory subunit P85 in the PC group, consistent with tumor-
driven signaling alterations. Our previous work demonstrated that RJ induces tumor cell apoptosis via the PI3K/AKT axis
and suppresses tumor angiogenesis through the VEGF pathway.® Building on this, we now show that RIEVs exert
antitumor activity by concurrently inhibiting the PI3K/AKT and VEGF signaling pathways. Mechanistic validation was
achieved by culturing HepG2 cells in vitro and modulating the PI3K/AKT activity through pharmacological activation
and inhibition. Since aberrant activation of PI3K/AKT occurs in nearly 50% of HCCs, our findings highlight the
therapeutic promise of RJEVs for designing targeted PI3K/AKT inhibitors and developing safe and effective treatment

strategies for patients with advanced HCC ineligible for resection.*?

Conclusion

In conclusion, RJEVs exhibited significant antitumor efficacy in both in vivo and in vitro models, with effects that were
comparable to or exceeded those of crude RJ across multiple parameters. These findings position RIEVs as important
bioactive constituents that contribute to the anticancer effects of RJ and highlight the value of studying specific nanoscale
fractions of natural products to identify potent bioactive components. Unlike the single-target mechanism of 5-FU,
RJEVs act through a multifaceted regulatory process: enhancing systemic antioxidant and immune responses, reshaping
gut microbiota and its metabolites, and ultimately inducing tumor apoptosis via PI3K/AKT signaling. The moderate
tumor inhibition rate, coupled with the multifaceted systemic benefits observed, suggests that RJEVs may have particular
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value as part of integrative or combinatorial therapeutic strategies. Importantly, EVs or ENs can facilitate interspecies
communication by transferring diverse cargoes, including proteins, lipids, and nucleic acids, from plant or insect cells to
mammalian cells. However, the precise components of RIEV that drive their antitumor effects remain to be elucidated.
Given the natural origin and biocompatibility of RJ, RJEVs hold promise as biofunctional delivery nanoplatforms for
future development. While the present study focuses on the endogenous bioactivity of RJIEVs, their demonstrated ability
to reach the liver and tumor tissues following oral administration provides a foundation for future engineering of RJEV-
based therapeutics with targeted and multifunctional applications in cancer therapy.
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