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Background: Periodontitis is a chronic inflammatory disease that leads to alveolar bone loss, with a complex pathogenesis closely
associated with excessive local inflammation and metabolic dysregulation in periodontal tissues. Unfortunately, effective therapeutic
strategies targeting inflammation and improving cellular metabolism remain lacking. Garlic-derived exosome-like nanovesicles
(GaELNSs), as a natural therapeutic agent, have demonstrated significant therapeutic effects in conditions such as colitis, liver
dysfunction, osteoarthritis, and adipose tissue inflammation, yet their potential in treating periodontitis has not been explored.
Methods: In this study, GaELNs were extracted using a simplified and rapid method and characterized for their morphology
and concentration. Metabolomic analysis was conducted to determine the bioactive components within GaELNs. In vitro
experiments using human gingival fibroblasts assessed GaELNs’ cellular uptake, effects on cell proliferation, migration, VEGF
expression, and their ability to attenuate lipopolysaccharide-induced oxidative stress and pro-inflammatory cytokine expres-
sion. Additionally, a mouse periodontitis model was employed to evaluate the in vivo effects of GaELNs on local inflammation
and bone resorption.

Results: GaELNs exhibited typical exosome-like characteristics with sufficient concentration and high batch-to-batch reproducibility.
Metabolomic analysis revealed that GaELNs are enriched with bioactive components possessing anti-inflammatory, antioxidative, and
regenerative properties. In vitro, GaELNs were efficiently internalized by human gingival fibroblasts, significantly enhancing their
proliferation, migration, and VEGF expression, while markedly reducing LPS-induced oxidative stress and pro-inflammatory factor
expression. In the mouse periodontitis model, local administration of GaELNs significantly reduced gingival inflammation and
alveolar bone resorption. These therapeutic effects were mediated by upregulation of PHGDH, activation of the PI3K/AKT signaling
pathway, increased expression of mTOR and Nrf2, and inhibition of NF-«kB activity, which together contributed to improved
mitochondrial function and metabolic reprogramming under inflammatory conditions.

Conclusion: GaELNs demonstrate potent anti-inflammatory, antioxidative, and metabolism-enhancing properties, offering significant
therapeutic potential for the treatment of periodontitis by modulating the PHGDH/PI3K/AKT pathway.

Plain Language Summary: Dr Luan’s team report that garlic-derived exosome-like nanovesicles (GaELNSs) can reduce inflamma-
tion, oxidative stress, and damage to mitochondria by activating a specific cell signaling pathway known as PHGDH/PI3K/AKT. This
process helps prevent tissue damage caused by periodontitis, a common gum disease. GaELNs offer a promising natural treatment to

protect against periodontal tissue loss and improve oral health, making them an exciting option for future therapies.
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Graphical Abstract
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GaELNs alleviate cellular inflammation, oxidative stress and mitochondrial dysfunction by activating the PHGDH/PI3K/AKT path-
way, thereby mitigating tissue loss associated with periodontitis.
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Introduction

Periodontitis is a chronic inflammatory disease induced by bacterial infection, with its pathogenesis closely associated
with metabolic dysregulation and inflammatory responses.' > As a primary component of periodontal tissue, gingival
fibroblasts are the first to detect bacterial accumulation and initiate a localized inflammatory response through the
secretion of inflammatory mediators and cytokines.* ® Under sustained infection and inflammatory stimuli, mitochondrial
metabolism becomes impaired, causing a shift from aerobic metabolism to glycolysis. This shift provides rapid energy in
the short term, supporting the ongoing inflammatory response.”® Concurrently, mitochondrial dysfunction leads to the
accumulation of reactive oxygen species (ROS).'® When glycolytic metabolites and ROS reach a decompensated level,
the inflammatory response becomes uncontrolled, osteoclast activity increases and alveolar bone resorption occurs,
resulting in periodontal tissue destruction.''

The interplay between metabolic dysregulation and inflammatory responses renders periodontitis a complex, meta-
bolism-associated chronic disease. The PI3K/AKT signaling pathway plays a crucial role in this process, acting as
a double-edged sword. It can activate downstream pathways, such as Nrf2 and mTOR, which mitigate oxidative stress,
promote immune cell proliferation to clear pathogens, and support tissue repair and regeneration during the resolution
phase of inflammation.'>'* However, it can also activate the NF-kB pathway, leading to excessive glycolytic metabolism,
thereby sustaining and exacerbating inflammation.'* This escalation results in increased cell death and substantial
destruction of periodontal tissues. Therefore, restoring normal cellular metabolism and reducing inflammatory responses
offer promising strategies for treating periodontitis. However, the primary non-surgical treatments for periodontitis
currently remain mechanical debridement combined with localized or systemic antibiotic administration, an approach
that is far from satisfactory and poses risks such as antibiotic overuse and bacterial resistance. Therefore, it is crucial to

develop strategies that directly suppress inflammation and improve the metabolic function of periodontal tissues.'>'¢
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Plant-derived exosome-like nanovesicles are nanoscale vesicles isolated from plant cells that contain various
bioactive substances.'”"'® Compared to animal-derived exosome-like nanovesicles, plant-derived nanovesicles are cost-
effective and easier to produce.'® Plant-derived exosome-like nanovesicles also demonstrate higher safety profiles,
making them more readily accepted by regulatory agencies and patients.”** Garlic, beyond its widespread use as
a culinary spice, is recognized for its potential in preventing and treating various diseases. Previous studies have
demonstrated that garlic and its extracts possess anti-cancer, antioxidant, anti-inflammatory and antibacterial properties,
establishing it as a key therapeutic agent in both traditional and modern medicine.>> > Furthermore, GaELNs have been
shown to significantly reduce the secretion of inflammatory factors, inhibit the NF-kB pathway and alleviate cellular
oxidative stress, thereby demonstrating substantial therapeutic effects on conditions such as colitis*®, liver dysfunction,?”
osteoarthritis?® and inflammation in adipose tissue.”’ However, their potential application in the field of periodontitis
remains unexplored.

The significance of exploring natural therapeutic agents for disease treatment is profound. Therefore, the main
objective of this study is to extract natural GaELNs using a simple, contamination-free method and to characterize
their biological properties, including morphology, size, and protein distribution. Metabolomic approaches are then
employed to identify the bioactive components of GaELNs, analyze their potential biological effects, and
investigate the signaling pathways involved. Further, the study explores whether GaELNs can induce metabolic
reprogramming to mitigate cellular inflammatory responses, reduce excessive oxidative stress, and restore mito-
chondrial function under lipopolysaccharide (LPS) stimulation. Simultaneously, the impact of GaELNs on inflam-
matory bone loss is assessed in a ligature-induced murine periodontitis model. This research provides valuable
insights and support for the development of novel natural therapeutic agents and strategies for treating
periodontitis.

Materials and Methods

Antibody

The following antibodies were used for WB or immunofluorescence labeling: HO-1 Rabbit mAb (A21911), Nrf2 Rabbit
mADb (A21176), NQO1 Rabbit mAb (A23486), GAPDH Rabbit mAb (A19056), PHGDH Rabbit mAb (A22129), mTOR
Rabbit pAb (A2445), NF-kB p65 Rabbit mAb (A19653), TOM20 Rabbit mAb (A19403), TFAM Rabbit mAb (A3173),
FITC-conjugated Goat anti-Rabbit IgG (AS011), Cy3-conjugated Goat anti-Mouse IgG (AS008) were purchased from
ABclonal Biotech Co., Ltd (Wuhan, China); anti-VEGFA Antibody (ab1316) and anti-p-NF-kB p65 Antibody (ab32536)
were obtained from Abcam (Cambridge, UK); PI3K p85 Mouse mAb (#13666) p-PI3K p85 (#4228), Akt Rabbit mAb
(#4691), p-Akt Rabbit mAb (#4060) and p-mTOR Antibody (#2971) were sourced from Cell Signaling Technology
(Danvers, MA, USA).

Preparation and Characterization of GaELNs
Fresh garlic (sourced from Pizhou, Jiangsu) was peeled and washed with PBS (pH = 7.2). It was then juiced in a high-
speed blender for 2 min at a ratio of 1 g garlic to 10 mL PBS. The resulting juice was filtered through a 300-mesh screen
to remove larger particles. The filtrate was then centrifuged at 10,000 g for 30 min at 4 °C and repeatedly centrifuged
until no visible precipitate remained. Subsequently, the supernatant was centrifuged at 100,000 g for 2 h at 4 °C. The
resulting pellet was resuspended in PBS, then passed through a 0.22 pm filter (Millipore, MA, USA) under sterile
conditions. The final sterile filtrate was collected as GaELNs and stored at —80 °C. Transmission electron microscopy
(TEM, Hitachi 7500, Tokyo, Japan) was employed to observe the morphology of GaELNSs. Briefly, approximately 10 puL
of GaELNs was placed on a copper grid for 5 min, stained with 2% (w/v) phosphotungstic acid for 3 min, and examined
using TEM to observe the exosomal structure.

The NanoSight NS300 instrument (Malvern, Worcestershire, UK) was utilized for nanoparticle tracking analysis
(NTA) to determine the size distribution and concentration of GaELNs particles. The protein concentration of GaELNs
was assessed using the Bicinchoninic Acid (BCA) Protein Assay Kit (Beyotime Biotechnology, Haimen, China).
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Additionally, polyacrylamide gel electrophoresis (PAGE) was employed to analyze the protein composition within the
GaELNSs.

Metabolomic Analysis of GaELNs

Three batches of GaELNSs, prepared at different times, were sent to Majorbio BioPharm Technology Co., Ltd. (Shanghai,
China) for metabolomic analysis. In brief, metabolite identification was conducted using an LC-MS/MS system with
a Thermo UHPLC-Q Exactive platform. Bioinformatic analyses of the results were performed using the free online
Majorbio Cloud Platform (cloud.majorbio.com).

HGF Culture

HGF was obtained from EallBio (Beijing, China). In this study, only in vitro experimental operations were performed on
this cell line. There was no direct research on humans, and no identifiable personal information data or biological
samples were used. According to Item 1 of Article 32 of the “Measures for Ethical Review of Life Science and Medical
Research Involving Human Subjects” in China dated February 18, 2023, which stipulates that “research is conducted
using legally obtained public data or data generated through observation without interfering with public behavior”, and
Item 2, which states that “research is carried out using anonymized information data”, this study meets the conditions for
exemption from ethical review.

Under sterile conditions, the tissue was cultured in DMEM (Gibco, Thermo Fisher Scientific, USA) supplemented
with 10% fetal bovine serum (Gibco) and 1% penicillin-streptomycin (Gibco) in a 37 °C incubator with 5% CO?, with
media changes every two days. Gingival fibroblasts from passages three to eight were used for subsequent experiments.
HGF from passages three to eight were used for subsequent experiments. In the cellular inflammation treatment model,
LPS was added to the culture medium at a concentration of 1 pg/mL and incubated for 24 h, followed by the replacement
with fresh medium and the addition of an appropriate concentration of GaELNs for further incubation.

The Experiment for Cellular Uptake of GaELNs

GaELNs were labeled with 3.3'-dioctadecyloxacarbocyanine perchlorate (DIO, Beyotime Biotechnology) for 5 min,
followed by centrifugation at 100,000 g for 90 minutes. The supernatant was discarded, and the pellet was resuspended in
PBS, repeating this step twice to ensure the removal of unbound dye. DIO-labeled GaELNs were co-cultured with HGF
at 37 °C for durations of 1, 6, 12 and 24 h. Subsequently, the cells were fixed with 4% paraformaldehyde (PFA) for
10 minutes, and then stained with DAPI (Beyotime Biotechnology) and 1.1°-dioctadecyl-3,3,3°,3’-
tetramethylindocarbocyanine perchlorate (DIL, Beyotime Biotechnology) to label the cell nucleus and membrane.
Observations were made using a fluorescence microscope.

Cell Viability Assay

The CCK-8 kit (Beyotime Biotechnology) was employed to assess cell viability and the cytotoxic effects of GaELNs at
predetermined time points. Briefly, the original culture medium was aspirated from the 96-well plate, and the wells were
washed once with PBS. Subsequently, 100 pL of the working solution was added to each well, and the cells were
incubated for 1.5 h. The absorbance of each sample was then measured at 450 nm using a microplate reader.

Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)

For cell samples, 1 mL of TRIzol RNA extraction reagent (Invitrogen) was added to each well of a 6-well plate, and the
mixture was carefully pipetted before transferring it to RNA-free EP tubes, followed by lysis on ice for 10 min. For
gingival tissue samples, 50-100 mg of tissue was homogenized in 1 mL of TRIzol RNA extraction reagent at 4 °C and
subsequently transferred to RNA-free EP tubes. Following the addition of 200 puL of chloroform, the mixture was
vortexed for 1 minute and centrifuged at 12,000 g for 10 min at 4 °C. The upper transparent phase was carefully extracted
and combined with an equal volume of isopropanol, mixed thoroughly, and incubated on ice for 10 min. Following
centrifugation at 12,000 g for 10 min at 4 °C, the supernatant was discarded, and 1 mL of 75% ethanol was added. The
mixture was shaken well until visible white mRNA precipitate appeared, followed by a 10-minute incubation on ice.
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After centrifugation at 12,000 g for 10 min at 4 °C, the supernatant was removed and allowed to air dry. A small volume
of DEPC-treated water was added to resuspend the mRNA, and the concentration was measured using a NanoDrop8000
(Thermo Scientific). Subsequently, the mRNA was normalized in concentration using DEPC-treated water and reverse
transcribed into cDNA using the primary script RT kit (Takara, Tokyo, Japan). The TB Green Premix Ex Taq kit (Takara)
was utilized for qPCR detection on an ABI QuantStudio 1 fluorescence quantitative PCR instrument (Thermo Scientific).
The sequences of the qPCR primers are provided in Table S1 (Shanghai Sangon Biotechnology, Shanghai, China).

ELISA

The ELISA kits were obtained from Solarbio (Beijing, China) and were used in accordance with the manufacturer’s
instructions. Briefly, the enzyme-linked immunosorbent assay (ELISA) plates were first soaked and then dried, followed
by the addition of standard samples and either cell culture supernatants or tissue homogenates, which were incubated at
room temperature for 2 h. After the incubation, the liquid was discarded, and the plates were washed four times with
wash buffer, then dried. Subsequently, the working solution was added, and the plates were incubated at room
temperature with gentle shaking for 1 h. Following this, the plates were washed four additional times with wash buffer,
and a chromogenic substrate solution (TMB) was added, allowing color development in the dark at room temperature for
20 min. The reaction was then terminated with a stop solution. Finally, the absorbance values of each well were measured
at 450 nm using a microplate reader. A standard curve was constructed based on the concentrations of the standard
samples and their corresponding absorbance values, which facilitated the calculation of the target substance concentra-
tions in the test samples.

Detection of Intracellular ROS

The DCFH-DA fluorescent probe (Beyotime) was utilized to detect intracellular ROS. In summary, the procedure was
conducted in accordance with the manufacturer’s instructions: after treatment, live cell samples were incubated with the
DCFH-DA working solution for 30 min, followed by two washes with PBS. Hoechst stain was used to label the cell
nuclei, and subsequently, observations were made using a fluorescence microscope.

Western Blot

After the removal of the culture medium from the HGF samples, RIPA buffer containing a protease inhibitor (200 pL for
6-well plates) was added. Cells were thoroughly lysed on ice for 30 min using a cell scraper, and the lysate was then
transferred to an EP tube and centrifuged at 12,000 g for 5 min at 4 °C. The BCA Protein Assay Kit was employed to
determine the protein concentration in the supernatant. Subsequently, an appropriate volume of PBS and SDS-PAGE
loading buffer was added to standardize the protein concentration across the different groups. Using a precast gel, 5 uL of
a preset protein marker (Thermo Scientific) was loaded as a molecular weight reference standard, followed by the
samples for electrophoresis. Upon completion of the electrophoresis, the proteins in the gel were transferred to
a polyvinylidene fluoride (PVDF) membrane (Beyotime), which was then blocked with 5% non-fat dry milk at room
temperature for 1 h. Following this, the primary antibody was applied and incubated overnight on a shaker at 4 °C. Tris-
buffered saline was utilized to wash the membrane, and a secondary antibody was incubated for 90 min. The ECL
Western Blotting Detection Kit (Solarbio) was employed for chemiluminescent detection of the PVDF membrane.

Flow Cytometry

Following the manufacturer’s instructions, the processed cells were digested with trypsin to prepare a cell suspension.
After centrifugation and discarding the supernatant, the cells were resuspended in a medium containing the fluorescent
staining working solution and incubated at 37 °C. The cells were then washed with PBS to remove any unbound dye. The
labeled cells were subsequently analyzed using flow cytometry.

Construction of RNA Sequencing Libraries and Sequencing
The processed HGF samples were lysed using TRIzol reagent (Thermo Fisher Scientific) to extract total RNA. The RNA
quality was checked by Agilent 2200 and kept at —80 °C. The RNA with RIN (RNA integrity number) > 7.0 is acceptable
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for cDNA library construction. The cDNA libraries were constructed for each RNA sample using the VAHTS Universal
V6 RNA-seq Library Prep Kit for Illumina (vazyme, Inc.) according to the manufacturer’s instructions. Generally, the
protocol consists of the following steps: Poly-A containing mRNA was purified from 1 ug total RNA using oligo(dT)
magnetic beads and fragmented into 200—600 bp using divalent cations at 85 °C for 6 min. The cleaved RNA fragments
were used for first- and second-strand complementary DNA (cDNA) synthesis. dUTP mix was used for second-strand
cDNA synthesis, which allows for the removal of the second strand. The cDNA fragments were end repaired, A-tailed
and ligated with indexed adapters. The ligated cDNA products were purified and treated with uracil DNA glycosylase to
remove the second-strand cDNA. Purified first-strand cDNA was enriched by PCR to create the cDNA libraries. The
libraries were quality controlled with Agilent 2200 and sequenced by DNBSEQ-T7 on a 150 bp paired-end run.

Bioinformatics Analysis

Before read mapping, clean reads were obtained from raw reads by removing adaptor sequences and low-quality reads.
The clean reads were aligned to Human genome (GRCh38, Ensembl104) using the STAR software. HTseq was used to
get gene counts, and the RPKM method was used to determine gene expression levels. The DESeq2 algorithm was
applied to filter differentially expressed genes. After significant analysis, P-value and FDR analysis were subjected to the
criteria of Fold Change > 2 or < 0.5 and FDR < 0.05. Gene Ontology (GO) analysis was performed to elucidate the
biological implications of differentially expressed genes. GO annotations were downloaded from NCBI, UniProt, and the
Gene Ontology database. Fisher’s exact test was applied to identify significant GO categories with a P-value < 0.05.
Pathway analysis was used to find significant pathways of differentially expressed genes according to the KEGG
database. Fisher’s exact test was applied to select significant pathways with a threshold of significance defined by
P-value < 0.05.

Cell Immunofluorescence Staining

The processed HGF samples were fixed with 4% paraformaldehyde for 10 min. Subsequently, 0.1 Triton X-100
(Beyotime) was added and the cells were permeabilized at room temperature for 10 min. After washing, the samples
were blocked with 5% BSA (Beyotime) for 1 hour to reduce nonspecific binding. The appropriately diluted primary
antibody was then added and incubated overnight at 4 °C for 12 h. The following day, the samples were washed three
times with PBS, and fluorescently labeled secondary antibody was added and incubated at room temperature in the dark
for 1 h. To stain the cell nuclei, DAPI dye was added and incubated at room temperature for 5 min. After staining, the
cells were thoroughly washed. Finally, the samples were observed under a fluorescence microscope, and the desired

fluorescence signals were detected using appropriate filters.

Animal Experiment

All animal experiments were conducted in accordance with the ethical policies and procedures approved by the Ethics
Committee of Peking University Health Science Center (Approval No.LA2022424). Six-week-old male C57BL/6 mice
were purchased from the Animal Department of Peking University Health Science Center (Beijing, China). Mice were
randomly assigned to four groups and housed in ventilated animal cabinets under pathogen-free conditions, maintained at
25 °C with a 12 h light-dark cycle, with ad libitum access to food and water. After a three-day acclimatization period,
anesthesia was induced using sodium pentobarbital. For the periodontitis and treatment groups, 5-0 silk sutures were
placed around the cervical region of the bilateral first molars, while no ligation was performed in the control and GaELNs
groups. Subsequently, in the GaELNs group, at days 3, 5, 7, 9 and 11, GaELNs with a concentration of 100 pg/mL were
injected into four specific sites (buccal, lingual, mesial, and distal) in the periodontal area. Each site received an injection
volume of 10 pL. For the control and periodontitis groups, the same injection method was applied, but with an equal
volume of PBS instead. On day 14, the mice were cuthanized, and the mandible along with the gingival tissue

surrounding the first molars was collected for subsequent experiments.
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Micro-CT

After fixation with 4% paraformaldehyde, the mandibles of the mice were placed on the micro-CT scanning platform, and
their positions were adjusted to ensure that the scanning area focused on the periodontal tissues and alveolar bone
surrounding the first molars. Scanning was performed using a resolution parameter of 10 micrometers. Upon completion
of the scan, the image data were exported for quantitative analysis of bone density, bone volume fraction, and other
metrics to evaluate changes in the alveolar bone.

Histological Analysis

The mouse mandibles fixed in 4% paraformaldehyde were decalcified using a 10% EDTA solution for two weeks, with
daily changes of the EDTA solution. Subsequently, the tissues were embedded in paraffin and sectioned into
7-micrometer slices. For hematoxylin and eosin (H&E) staining, the slices were deparaffinized, rehydrated, stained
with hematoxylin for 10 min, rinsed with tap water, differentiated with hydrochloric acid-ethanol, and blued with
ammonia water, followed by eosin staining for 1 min, dehydration, clearing, and mounting. For TRAP staining, the
slices were deparaffinized and incubated with TRAP working solution according to the kit instructions for approxi-
mately 1 hour, with red staining indicating osteoclast activity, followed by dehydration and mounting. For immuno-
fluorescence staining, the slices were deparaffinized and rehydrated, subjected to antigen retrieval using citrate buffer
at 95°C for 20 min, cooled, and then incubated with blocking solution for 1 h. Subsequently, the primary antibody was
added and incubated overnight at 4 °C. After washing, the secondary antibody was applied and incubated in the dark
for 1 h, followed by DAPI staining for nuclear labeling. Finally, the slices were mounted using an anti-fade mounting
medium.

Cell Immunofluorescence and Mitochondrial Morphology Co-Staining

The processed cells were first incubated with Mito-Tracker working solution for 30 min, followed by gentle washing
three times with PBS buffer. Subsequently, the cells were fixed at room temperature with 4% paraformaldehyde for
10 min. After rinsing with PBS, 0.1% Triton X-100 was added to permeabilize the cells for 10 min, and then the cells
were blocked with 5% BSA at room temperature for 1 h. The primary antibody was then added and incubated overnight
at 4 °C. After washing with PBS, the cells were incubated with a fluorescence-labeled secondary antibody for 1 h at room
temperature. Finally, the nuclei were stained with Hoechst for 5 min, and images were captured under a fluorescence
microscope.

Mitochondrial ROS Detection

The treated HGF were incubated with Mito-SOX Reagent working solution for 10 min to label the ROS within the
mitochondria. Subsequently, the cells were washed three times with PBS to remove any unbound dye. The cells were
then fixed with 4% paraformaldehyde for 10 minutes, followed by another wash with PBS. Next, the cells were
permeabilized with 0.1% Triton X-100 for 10 min, and then incubated with a blocking solution at room temperature
for 1 h, followed by three washes with PBS. Finally, the cells were stained with Hoechst for 5 min, and the images were
captured using a fluorescence microscope.

Mitochondrial Membrane Potential Detection
The processed HGF cells were incubated with TMRM working solution for 30 min, followed by fixation with 4%
paraformaldehyde for 10 min. After washing with PBS, the cells were stained with Hoechst for 5 min. Fluorescent
microscopy was then employed to observe and capture images.

Quantification of Mitochondrial DNA in the Cytoplasm

The extraction of cytoplasmic DNA was performed using the QlAamp DNA Mini Kit (Qiagen, Germany) according to
the manufacturer’s instructions. The processed HGF were resuspended in an appropriate volume of cell lysis buffer and
incubated at room temperature for 5 min before transferring to the QIAamp column. Centrifugation was carried out,
followed by the addition of wash buffer to remove impurities; a subsequent centrifugation was performed, and the DNA
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was eluted using AE buffer. The extracted cytoplasmic DNA was quantified for concentration and purity using Nanodrop.
Subsequently, primers specific to the mitochondrial gene (ND1) were utilized to assess the levels of mtDNA in HGF,
with nuclear 18S rRNA serving as a loading control.

Statistical Analysis

Statistical analyses were conducted using GraphPad Prism (version 9.0.0). Data are expressed as mean + standard
deviation (SD). Unpaired two-tailed Student’s t-tests were employed for comparisons between two groups. For experi-
ments involving comparisons among three or more groups, ordinary one-way analysis of variance (ANOVA) was
applied, followed by post hoc tests for multiple comparisons. In multi-factor experiments with three or more groups, two-
way ANOVA was utilized, also followed by post hoc tests for multiple comparisons. A p-value less than 0.05 was
considered statistically significant.

Results

Characterization and Functional Screening of GaELNs

We developed a simplified method for isolating exosomes from fresh garlic (Figure 1A). Following peeling and
rinsing, fresh garlic was juiced and filtered to obtain the filtrate. Large particles were removed by repeated high-speed
centrifugation, while exosome-like nanovesicles were isolated via ultracentrifugation. Finally, a 0.22 um sterile filter
was employed to purify the exosome-like nanovesicles and eliminate bacterial contaminants. This protocol did not
require additional reagents beyond PBS and yielded approximately 300—400 mg of GaELNs per 100 g of garlic,
comparable to yields obtained by other methods.'? Furthermore, the Pearson correlation coefficients between the three
independently prepared GaELNs batches was consistently above 0.9, which further confirms the stability and
reliability of our GaELN isolation method®® (Figure S1). Nanoparticle Tracking Analysis (NTA) indicated a particle
concentration of 1x10! particles/mL, with an average particle diameter of 52 nm, ranging between 30-200 nm
(Figure 1B). Transmission Electron Microscopy (TEM) revealed that GaELNs exhibit a discoidal morphology with
central concavities (Figure 1C). SDS-PAGE analysis demonstrated that the protein content of GaELNs ranged between
20 kDa and 60 kDa (Figure 1D). GaELNs-Dio were readily internalized by gingival fibroblasts after 1 hour of co-
culture, with uptake significantly increasing over time (Figure 1E and F), confirming the successful isolation of
GaELNs and their excellent cellular compatibility. To further investigate the contents and potential biological effects of
GaELNSs, high-resolution mass spectrometry was employed, identifying a total of 847 metabolites, including amino
acids and derivatives (17.89%), lipids (19.3%), terpenes (7.49%), flavonoids (2.57%) and coumarin derivatives
(2.57%), among various other biologically active substances (Figure 1G). Representative compounds are listed in
Table S2; according to current research, their functions are closely associated with metabolic regulation, antioxidant
activity, anti-inflammatory properties, anti-tumor effects, neuroprotection, immune modulation and the promotion of
cell proliferation.’’ ** Additionally, KEGG enrichment analysis of the metabolite profile indicated associations with
tumor metabolism, mTOR signaling pathways and NF-«B signaling pathways (Figure 1H), strongly suggesting
a relationship with metabolic reprogramming.

GaELNs Promote Cell Proliferation and Migration

The appropriate concentration of GaELNs was screened through the CCK-8 assay (Figure 2A), which indicated that co-
culturing with cells for 48 h at 100 pg/mL significantly enhanced cell viability, whereas concentrations of 200 pg/mL and
above markedly inhibited cell viability. CFDA-SE fluorescent staining demonstrated cellular proliferation, revealing that
after normal culture for 48 h with GaELNSs, there was a pronounced increase in cell proliferation, exhibiting a concentra-
tion-dependent effect within the 100 pg/mL range (Figure 2B). The results of the scratch assay indicated that the healing
of cell scratches was significantly accelerated after the addition of GaELNs for both 24 and 48 h (Figure 2C), with
quantitative analysis showing that GaELNs at 100 pg/mL notably enhanced cell migratory capacity after 24 h of co-
culture, with this effect further amplified following 48 h of culture (Figure 2D). Additionally, the immunofluorescence
results for VEGF indicated weaker fluorescence intensity in the control group, reflecting low expression levels of VEGF
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Figure | Characterization and Metabolomic Analysis of GaELNs. (A). Protocol for GaELNs extraction process. (B). NTA analysis showing particle size distribution of
GaELNs. (C). TEM imaging depicting GaELNs morphology. Scale bar = 50 nm. (D). SDS-PAGE analysis illustrating the protein distribution in GaELNs. (M) maker. (E).
Fluorescence microscopy images displaying the localization of GaELNs in HGF cells at I, 6, 12 and 24 h. Scale bar = 10 um. (F). Semi-quantitative analysis of the green
fluorescent area representing GaELNs-Dio in cells (n=3). (G). Pie chart illustrating classification of metabolites contained within GaELNs (n=3). (H). KEGG pathway
enrichment analysis of GaELNs’ metabolite set. The red boxes highlight signaling pathways associated with inflammation, metabolism, tumor progression and neurological
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Figure 2 GaELNs Promote Proliferation, Migration and VEGF Expression in HGF. (A). CCK-8 assessing the effect of GaELNs on cell viability across concentrations ranging
from 50 pg/mL to | mg/mL, with incubation times of 12, 24 and 48 h (n=3). (B). Flow cytometry analysis of GaELNs’ effect on proliferation in CFDA-SE labeled HGF.
GaELNs-50: GaELNs 50 pg/mL. GaELNs-100: GaELNs 100 pg/mL. (€ and D). Scratch assay evaluating the impact of GaELNs on HGF migration capacity and semi-
quantitative analysis of migration distance (n=3). (E). Inmunofluorescence analysis of VEGF expression in HGF influenced by GaELNs. Scale bar = 20 um. (F). Semi-
quantitative analysis of VEGF fluorescence intensity (n=3). All data are expressed as mean + SD, *p < 0.05, **p < 0.01, ****p < 0.0001.
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in normal cells; both 50 pg/mL and 100 pg/mL GaELNs promoted VEGF expression in a concentration-dependent
manner (Figure 2E and F). These findings suggest that 100 pg/mL GaELNs exert a highly positive influence on cells. In
subsequent experiments, unless otherwise stated, 100 pg/mL GaELNs were utilized.

GaELNs Attenuate LPS-Induced Cellular Inflammatory Responses and Oxidative

Stress

gPCR and ELISA assays were employed to investigate the transcription and expression of inflammation-associated
factors modulated by GaELNs in LPS-induced cells. As shown in Figure 3A-D, the mRNA level of pro-inflammatory
factors CXCL-12, CXCL-5, CXCL-6 and IL-12 significantly increased following LPS stimulation, while a substantial
reduction in mRNA levels was observed in the LPS + GaELNs group. ELISA results further demonstrated that the
addition of GaELNs effectively reduced the secretion of these pro-inflammatory cytokines following LPS stimulation.
(Figure 3E-H), demonstrating the potent anti-inflammatory properties of GaELNs. Subsequently, we examined the
oxidative stress status within the cells. The DCFH-DA fluorescent probe was used to monitor changes in intracellular
ROS levels. ROS accumulation remained low under normal conditions or upon treatment with GaELNs alone; however,
ROS levels markedly increased following LPS treatment, while the LPS + GaELNs group showed a significant reduction
in ROS (Figure 3I). Additionally, qPCR results revealed that the transcription levels of oxidative stress-protective factors
CAT, GSR, HO-1 and NQO1 were notably decreased in the LPS group, with this effect partially reversed in the LPS +
GaELNs group (Figure 3J-M). Western blot (WB) analysis corroborated the qPCR findings, showing that the expression
of HO-1, Nrf2 and NQO1 was significantly downregulated in the LPS group, while significantly upregulated in the LPS
+ GaELNs group (Figure 3N—Q). These results demonstrate that GaELNs exhibit pronounced anti-inflammatory and
antioxidant effects by suppressing pro-inflammatory factor expression and reducing ROS levels. Through upregulation of
antioxidant genes and proteins, GaELNs contribute to mitigating LPS-induced cellular inflammation and oxidative stress.

GaELNs Alleviate Bone Resorption and Gingival Inflammation in Mice with

Periodontitis

A classical model of experimental periodontitis was established by ligating the bilateral mandibular first molars of mice for
two weeks, during which freshly prepared GaELNs or PBS were administered via local injection around the first molars
a total of five times. None of the groups caused visceral lesions or toxicity in the mice (Figure S2). Micro-CT 3D
reconstruction of the mandibles revealed that alveolar bone height in mice receiving GaELNs alone was comparable to
the control group, whereas the Perio group exhibited significant bone height reduction and notable furcation defects; in
contrast, the Perio + GaELNs group demonstrated marked restoration of alveolar bone height with partial bone fill in the
furcation region (Figure 4A). Quantitative analysis of the cementoenamel junction-to-alveolar bone crest (CEJ-ABC)
distance confirmed that this metric was significantly increased in the Perio group compared to the control and GaELNs
groups, while it was significantly reduced in the Perio + GaELNs group relative to the Perio group (Figure 4B). Additionally,
bone volume fraction (BV/TV) and bone mineral density (BMD) were significantly reduced in the Perio group compared to
control and GaELNSs groups, whereas marked improvements were observed in the Perio + GaELNs group (Figure 4C and D).
Histological analysis further examined periodontal changes across the four groups. H&E staining indicated a notable increase
in periodontal ligament width in the Perio group, while the Perio + GaELNs group showed partial reversal of periodontal
defects and reduction in alveolar bone resorption (Figure 4E). Analysis of the distance between the furcation roof and
alveolar crest demonstrated a significant reduction in the Perio + GaELNs group compared to the Perio group (Figure 4F).
Moreover, tartrate-resistant acid phosphatase (TRAP) staining revealed a significant increase in TRAP+ osteoclasts in the
Perio group, while the Perio + GaELNs group exhibited reduced TRAP+ cell numbers (Figure 4G and H), suggesting that
GaELNs may inhibit osteoclastogenesis and thereby mitigate periodontitis-associated bone resorption. Additionally, we
assessed local gingival inflammatory cytokines; both qPCR and ELISA results showed significantly lower expressions of
TNF-a, CXCL-12, CXCL-5 and IL-12 in the Perio + GaELNs group compared to the Perio group (Figure 41-P). In summary,
local administration of GaELNSs significantly attenuates inflammatory responses and bone loss associated with periodontitis.
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Figure 3 Inhibitory Effects of GaELNs on LPS-Induced Inflammation and Oxidative Stress in HGF. (A-D). qPCR analysis of mRNA levels of pro-inflammatory factors CXCL-
12, CXCL-5, CXCL-6 and IL-12 under different treatments in HGF (n=3). (E-H). ELISA quantification of extracellular secretion levels of CXCL-12, CXCL-5, CXCL-6 and
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mRNA levels of oxidative stress-related factors CAT, GSR, HO-1 and NQO| in HGF cells under different treatments (n=3). (N). WB analysis of HO-1, Nrf2, NQOI and

GAPDH expression levels in whole cell lysates. (O-Q). Relative expression levels of HO-1/GAPDH, Nrf2/ GAPDH and NQO|/GAPDH determined from band intensities.
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Figure 4 Therapeutic Effects of GaELNs on Periodontitis in Mice (n=5). (A). 3D reconstructed images of mouse mandibles using Micro-CT. Perio: periodontitis. Scale bar =
I mm. (B-D). Quantification of the distance from the cementoenamel junction (CEJ) to the alveolar bone crest (ABC) (ABC-CEJ), bone volume fraction (BV/TV) and bone
mineral density (BMD) (n=5). (E). Representative H&E-stained sections of the first molar region in mouse mandibles. ALB, alveolar bone. Scale bar = 150 um (F).
Quantification of the distance between the furcation roof and the alveolar bone crest (vertical height of furcation [V-HOF]) (n=5). (G and H). TRAP staining showing
osteoclast numbers in alveolar bone across groups, with semi-quantitative analysis (n=5). Scale bar = 150 um. (I-L). qPCR analysis of mRNA levels of pro-inflammatory
factors TNF-a, CXCL-12, CXCL-5 and IL-12 in gingival tissue. (M—P). ELISA analysis of pro-inflammatory factor levels for TNF-a, CXCL-12, CXCL-5 and IL-12 in gingival

tissue. All data are expressed as mean % SD, *p < 0.05, *p < 0.01, ***p < 0.001, ****p < 0.0001.
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Omics Analysis Revealed That GaELNs Alleviate Inflammatory Responses Through

Mechanisms of Metabolic Reprogramming

To elucidate the molecular mechanisms underlying the biological effects of GaELNs, we performed transcriptome sequencing
on the control, GaELNs, LPS and LPS+GaELNSs groups, and conducted an integrated analysis with the metabolomics data of
GaELNs. Compared to the LPS group, the LPS+GaELNs group exhibited 492 downregulated genes and 625 upregulated
genes (Figure 5A), while the LPS group versus the control group showed 3,554 upregulated and 3,025 downregulated genes
(Figure S3A), and the GaELNs group had 2,257 downregulated and 86 upregulated genes (Figure S3B). Notably, pro-
inflammatory genes, including MMP3, CXCL6, IL12A and CXCLS, were significantly upregulated by LPS stimulation but
markedly downregulated in the LPS+GaELNs group. Additionally, genes involved in regulating cellular metabolism,
promoting proliferation and inhibiting inflammation and oxidative stress, such as FTH1P, PDK2, TIMP1 and PHGDH,
were significantly upregulated with GaELNs treatment (Figure S3C). To identify potential target genes of GaELNs, we
intersected the LPS-downregulated gene set, the GaELNs-upregulated gene set and the LPS+GaELNs-upregulated gene set,
identifying 12 overlapping genes (Figure 5B), among which PHGDH showed the most pronounced expression changes across
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Figure 5 GaELNs Treat Periodontitis by Activating the PHGDH/PI3K/AKT Pathway.(A). Volcano plot showing differentially expressed genes between the LPS + GaELNs and
LPS groups. (B). Venn diagram illustrating the overlap among gene sets “GaELNs vs Control upregulated” “LPS vs Control downregulated” and “LPS + GaELNs vs Control
upregulated” with 12 genes common to all three groups. (C). KEGG pathway analysis of genes upregulated in the LPS + GaELNs group compared to the Control group. The
red boxes highlight signaling pathways associated with inflammation. Down: downregulated. (D). KEGG pathway analysis of genes downregulated in the LPS + GaELNs group
compared to the Control group. The red boxes highlight signaling pathways associated with inflammation and metabolism. Up: upregulated. (E). CCK-8 showing cell viability
changes over time with different concentrations of NCT-503 co-cultured with HGF. (F). qPCR analysis of PHGDH mRNA levels in HGF under different treatment
conditions. (G). WB analysis of PHGDH, PI3K, p-PI3K, AKT, p-AKT and GAPDH expression levels in whole cell lysates. (H-J). Relative protein expression levels of PHGDH/
GAPDH, p-PI3K/PI3K and p-AKT/AKT based on band intensities (n=3). (K). Immunofluorescence staining for PHGDH and PI3K in tissue sections of the first molar of the
mouse mandible. Gray solid lines were used for fluorescence colocalization analysis of PHGDH and PI3K. Scale bar = 200 pum. (L and M). Semi-quantitative analysis of red
fluorescence for PHGDH and green fluorescence for PI3K (n=5). (N). Colocalization analysis of PHGDH red fluorescence and PI3K green fluorescence along the grayscale
line. All data are expressed as mean * SD, *p < 0.05, *p < 0.01, **p < 0.001, ****p < 0.0001.
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groups. PHGDH, a key enzyme in the serine biosynthesis pathway, catalyzes the conversion of the glycolytic intermediate
3-phosphoglycerate to 3-phosphohydroxypyruvate, thereby supplying non-essential amino acids like serine for cellular energy
metabolism.>>*® PHGDH also enhances antioxidant production via the serine synthesis pathway, helping to maintain
intracellular redox balance, reduce mitochondrial oxidative stress and preserve mitochondrial function.>”** Furthermore,

studies have shown that PHGDH itself can directly regulate cellular metabolism, proliferation and immune inflammation,**°

enhancing the PI3K/AKT signaling pathway to promote cell proliferation,*'*?

support cellular growth and ameliorate
abnormal inflammatory states. Moreover, KEGG pathway analysis revealed that in comparison to the LPS group, the LPS
+GaELNs group demonstrated a significant downregulation in pro-inflammatory signaling pathways, including the NF-xB
signaling pathway, Apoptosis, TNF signaling pathway and IL-17 signaling pathway, while showing significant upregulation in
the PI3K/AKT signaling pathway and metabolism-related pathways (Figure SC and D), which aligns with the metabolomics
findings of GaELNs. The PI3K/AKT pathway is closely associated with cell survival, proliferation, migration and metabolic
reprogramming. Its notable upregulation may indicate cellular entry into a repair and regeneration state following inflamma-
tion reduction and it promotes cell survival and improved metabolism through downstream effectors, such as mTOR and
Nrf2.*5 GSEA further illustrated gene expression changes within specific pathways, showing that, relative to the LPS
group, the pyruvate metabolism pathway, amino acid biosynthesis and mitochondrial autophagy-related genes were signifi-
cantly upregulated following GaELNs treatment, while the NF-kB signaling pathway was significantly downregulated (Figure
S3D). Collectively, sequencing results indicate that the biological effects of GaELNs are closely associated with metabolic
reprogramming, with PHGDH and the PI3K/AKT signaling pathway potentially playing critical roles in these effects.

GaNELs Promote the Expression of PHGDH, Which Shows a Significant Positive

Correlation with the PI3K/AKT Pathway

To further investigate the relationship between GaELNs and the PHGDH/PI3K/AKT signaling pathway, including down-
stream effectors, we utilized NCT-503 to inhibit PHGDH expression. At a concentration of 15 pg/mL, NCT-503 exhibited
clear cytotoxicity at 48 h, while concentrations of 10 pg/mL and below showed no cytotoxic effects (Figure 5E); therefore,
10 pg/mL NCT-503 was selected for subsequent experiments. Under normal conditions, GaELNs significantly increased
PHGDH mRNA level, while the addition of NCT-503 effectively inhibited PHGDH mRNA level (Figure 5SF). WB analysis
showed that the band intensity for PHGDH was approximately 2.5 times higher in the GaELNs group compared to the control,
with no significant change observed in the LPS group. Upon NCT-503 treatment, PHGDH expression was notably suppressed.
Additionally, we examined the levels of activated and phosphorylated PI3K and Akt. Interestingly, both GaELNs and LPS
increased phosphorylated PI3K and Akt expression, with the highest expression observed in the LPS + GaELNs group,
consistent with multi-omics results. The addition of NCT-503 reduced GaELNs-induced expression significantly, while the
LPS-induced expression remained unaffected. This suggests that phosphorylated PI3K and AKT expression is closely linked
to PHGDH (Figure 5G-J). Immunofluorescence results from mandibular bone sections of mice were consistent with WB
findings, showing low expression of PHGDH and PI3K in periodontal tissues of the control group, while expression was
markedly elevated in the GaELNs and Perio + GaELNs groups, with only PI3K expression elevated in the Perio group
(Figure 5SK—M). Co-expression analysis indicated weak co-expression of PHGDH and PI3K in the control and Perio groups,
but strong co-expression in the GaELNs and Perio + GaELNs groups (Figure 5N). Similar results were also observed in the
mRNA levels of the gingival tissues of mice. After local injection of GaELNSs, the expressions of PHGDH, PIK3CA, and
AKT1 were upregulated (Figure S4A-S4C). These findings indicate that GaELNs likely exert their biological effects by
elevating PHGDH expression, thereby activating the PI3K/AKT pathway.

GaELNs Promote Cell Proliferation by Enhancing mTOR and VEGF Expression via
PHGDH/PI3K/AKT

The PI3K/AKT signaling pathway is capable of activating various downstream signaling molecules to execute distinct
functions. mTOR is a classical downstream effector, and following the addition of GaELNSs, the expression ratio of
p-mTOR was significantly elevated. In contrast, when NCT-503 was administered, the expression ratio of p-mTOR
showed no significant difference compared to the control and LPS groups, indicating that GaELNs upregulated the
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Figure 6 GaELNs Promote Cell Proliferation and Migration by Upregulating mTOR and VEGF Expression via the PHGDH/PI3K/AKT Pathway. (A). WB analysis of mTOR,
p-mTOR, VEGF and GAPDH expression levels in whole cell lysates. (B and C). Relative protein expression levels of p-mTOR/mTOR and VEGF/GAPDH based on band intensities
(n=3). (D). CCK-8 assay showing changes in HGF cell viability following the addition of GaELNs and NCT-503. (E). Flow cytometry analysis of GaELNs and NCT-503 effects on the
proliferation of CFDA-SE-labeled HGF. (F). Scratch assay evaluating the impact of GaELNs and NCT-503 on HGF migration. Scale bar = 50 um. (G). Immunofluorescence analysis of
VEGF expression in HGF following treatment with GaELNs and NCT-503. Scale bar = 20 um. (H). Semi-quantitative analysis of cell migration distance (n=3). (I). Semi-quantitative
analysis of VEGF fluorescence intensity (n=3). All data are expressed as mean + SD, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

activity of the mTOR pathway through PHGDH/PI3K/AKT. Additionally, the expression trend of vascular endothelial
growth factor (VEGF) was consistent with the changes in p-mTOR, further supporting the interrelationship between the
two in the process of cell proliferation. (Figure 6A—C). Concurrently, results from the CCK-8 assay and CFDA-SE
fluorescence staining indicate that the addition of NCT-503 suppresses the increase in cell viability and proliferation
capabilities mediated by GaELNs (Figure 6D and E). Furthermore, cell scratch assays and subsequent semi-quantit ative
analyses indicated a slight decrease in cell migration capacity in the GaELNs + NCT-503 group compared to the GaELNs
group at both 24 and 48 h (Figure 6F and H). Immunofluorescence results reveal a relative decrease in VEGF expression
in the GaELNs+NCT-503 group compared to the GaELNs group (Figure 6G and I). Collectively, these results indicate
that the effect of GaELNs in promoting cell proliferation is closely associated with PHGDH, potentially involving the
activation of the PI3K/AKT pathway and its downstream signaling molecules, mTOR and VEGF.

GaELNs Reduce Inflammation and Oxidative Stress and Improve Mitochondrial
Function via the PHGDH/PI3K/AKT Pathway by Downregulating NF-xB and
Upregulating Nrf2

NF-«B and Nrf2 are also considered downstream signaling molecules of the PI3K/AKT pathway, with NF-kB being

a classical inflammatory signaling pathway and Nrf2 closely associated with the alleviation of oxidative stress and
enhancement of mitochondrial function. WB results indicated that LPS significantly increased the expression ratio of
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p-p65 and decreased Nrf2 expression. In contrast, the addition of GaELNs significantly increased Nrf2 expression and
notably reduced the elevated expression of p-p65 induced by LPS. The effects of GaELNs were significantly diminished
upon the addition of NCT-503. In addition, after local injection of GaELNs, the mRNA level of Nfe212 in the gingival
tissues of mice was also significantly increased, while the level of RelA was significantly decreased. Immunofluorescence
staining of the periodontal tissues demonstrated that the expression of Nrf2 was restored and the expression of p65 was
reduced after the injection of GaELNs (Figure S4D-S4G). These results further demonstrate the close correlation with the
PHGDH/PI3K/AKT pathway (Figure 7A—C). In addition, intracellular ROS levels showed that, compared to the GaELNs
+LPS group, the GaELNs+LPS+NCT-503 group had relatively higher intracellular ROS levels (Figure 7D), indicating
that PHGDH plays a critical role in this context.

Intracellular oxidative stress significantly impacts mitochondrial function. To further elucidate the effects of GaELNs
and PHGDH on mitochondrial function, we performed co-staining with PHGDH immunofluorescence and Mito-Tractor. In
the control group, mitochondria in normal cells exhibited a reticular or elongated morphology; however, following LPS
stimulation, the normal mitochondrial structure was lost, presenting instead as punctate and more diffusely distributed, with
no apparent PHGDH fluorescence signal observed in either group. In contrast, the GaELNs+LPS group showed a marked
increase in normal mitochondrial morphology, along with a significant upregulation of PHGDH expression. Upon addition
of NCT-503, PHGDH expression was reduced in the LPS + GaELNs + NCT-503 group and the prevalence of abnormal
mitochondrial morphology increased (Figure 7E). We further assessed mitochondrial superoxide levels and membrane
potential changes. As shown in fluorescence staining and flow cytometry results (Figure 7F—I), LPS markedly increased
mitochondrial superoxide and decreased mitochondrial membrane potential, while GaELNs administration significantly
reduced mitochondrial superoxide and partially improved membrane potential. When NCT-503 was used, the beneficial
effects of GaELNs were markedly suppressed. Additionally, LPS stimulation induced substantial mtDNA release, leading
to an increase in cytoplasmic mtDNA. GaELNs mitigated this effect, although the addition of NCT-503 attenuated
protective impact of GaELNSs, leading to increased mtDNA release (Figure 7J). Furthermore, we analyzed the expression
of TOM20 and TFAM, key proteins involved in mitochondrial protein homeostasis and mtDNA synthesis. WB results
indicated that LPS significantly downregulated TOM20 and TFAM expression, while GaELNs partially restored their
levels. However, following NCT-503 addition, TOM20 and TFAM expression levels did not differ significantly from those
seen with LPS alone (Figure 7K—M). These results suggest that GaELNs substantially ameliorate mitochondrial dysfunc-
tion under inflammatory conditions, a process closely associated with PHGDH/PI3K/AKT.

Discussion
Periodontitis is a chronic infectious disease of the periodontal tissues caused by dental plaque biofilms, which, once
established, is irreversible and represents a significant global burden.*® The application of local drug therapy is
considered an important adjunct to mechanical debridement in the treatment of periodontitis; however, current drugs
for periodontitis lack direct anti-inflammatory effects and the ability to promote tissue health restoration.*” Therefore, the
development of novel, locally applicable anti-inflammatory drugs hold significant promise. Traditional drug develop-
ment, however, involves lengthy timelines and presents uncertainties in both safety and efficacy. Exosome-like nanove-
sicles derived from natural plant sources offer advantages such as low cost, high safety, broad action profiles, strong
targeting capabilities and scalability for mass production, making them a rapidly expanding area of research and
a burgeoning focus of interest.**** Among these, GaELNs possess potent anti-inflammatory and antioxidant properties
and have been studied in conditions such as colitis, hepatitis and osteoarthritis, though their effects on periodontitis
remain unexplored. In this study, we extracted GaELNSs using an innovative and rapid physical method, revealing through
multi-omics analysis that GaELNs contain numerous bioactive compounds capable of promoting cell proliferation
through metabolic reprogramming, reducing pro-inflammatory cytokine secretion in LPS-stimulated cells, mitigating
cellular oxidative stress and enhancing mitochondrial function. These effects ultimately contribute to mitigating tissue
loss associated with periodontitis.

Metabolic reprogramming plays a pivotal role in various diseases, including cancer, immune disorders, tissue
regeneration and infections, and is considered one of the most promising approaches for treating periodontitis.’* >
The excessive immune-inflammatory response of local periodontal tissues to bacterial LPS and similar stimuli is

International Journal of Nanomedicine 2025:20 hetps: 5567


https://www.dovepress.com/article/supplementary_file/510417/510417.docx
https://www.dovepress.com/article/supplementary_file/510417/510417.docx

Yu et al

A p-p65/p65 c Nrf2/GAPDH E
LPS - - 4+ 4 - - + & S g Hoechst PHGDH Mito-Tractor Merge
GaELNs - + - + - + - + 8 .
NCT-503 - - - - + + + + ¥ £
PE5 W - - - — - 2 i @
. gt R 5
p-p65 g FErErryrany
Nrf2 - - ——— — a_(,» ‘if\i‘ {; &
GAPDH == == s s = s o - ”&fo
&
LPS+GaELNs
D GaELNs +LPS  +NCT-503
I %)
% o
(0] .}
= &
== pd
.}
w
< ©
a O
E g
O 59
a D3
}—
® Q0
> nZ
[} o +
= 4
F  Hoechst  MitoSOX  Tubulin Merge G Hoechst  TMRM Merge
o}
g g _§ Control
§ 3 Zz LPS
©
o GaELNs+LPS
A LPS+GaELNs
(£ & | M, +NCT-503
— = S R I
MitoSOX
1
»
%)
0 a
i 7
2 (] o Control
5 z @
w o e
B © 5 LPS
o 1) =
2 K
Z o 9 2 8 GaELNs+LPS
‘5 o . LPS+GaELNs
8 = ®© — M +NCT-503
) 0o ey ey
nZ + z o @ .t o
o+ o+ TMRM
-
M
J K . TFAM
LPS - - + + - - + + 5 °° s
S GaELNs - + - + - + - + B o6 ® o,
& @ o 2
@ NCT-503 - I e 2
© Q04 Q.
< TOM20--—-———- % ]
2 TFAM = s« e Qo2 Q
© 00 D o.
(4 > 4
<,°°0’b

Figure 7 GaELNs Reduce Inflammation and Oxidative Stress and Improve Mitochondrial Function by Downregulating p65 and Upregulating Nrf2 via the PHGDH/PI3K/AKT
Pathway. (A). WB analysis of p65, p-p65, Nrf2 and GAPDH expression levels in whole cell lysates. (B and C). Relative protein expression levels of p-p65/p65 and Nrf2/
GAPDH based on band intensities (n=3). (D). DCFH-DA staining to assess intracellular ROS levels in HGF under different treatments. Scale bar = 20 pm. (E).
Immunofluorescence and Mito-Tractor staining to observe PHGDH expression and mitochondrial morphology in HGF following different treatments. Scale bar = 10 um.
(F). MitoSOX fluorescence staining to measure mitochondrial ROS levels in HGF under different treatments. Scale bar = 10 pm (G). TMRM fluorescence staining to assess
mitochondrial membrane potential in HGF under different treatments. Scale bar = 10 um (H). Flow cytometry analysis of MitoSOX fluorescence intensity. (I). Flow
cytometry analysis of TMRM fluorescence intensity. (J). Ratio of cytoplasmic ND1 to 18s rRNA levels (n=3). (K). WB analysis of TOM20, TFAM and GAPDH expression
levels in whole cell lysates. (L and M). Relative protein expression levels of TOM20/GAPDH and TFAM/GAPDH based on band intensities (n=3). All data are expressed as
mean % SD, *p < 0.05, *p < 0.01, ***p < 0.001, ****p < 0.0001.
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a primary cause of periodontal tissue loss. During this process, inflammatory factors damage the mitochondrial electron
transport chain, resulting in substantial ROS production.”® As mitochondrial function is compromised, other intracellular
energy metabolism pathways, such as glycolysis, become markedly upregulated to rapidly meet high energy demands.
Concurrently, the pentose phosphate pathway (PPP) becomes more active to produce additional NADPH, helping to
maintain redox balance in response to oxidative stress.>* Excessive energy metabolism imbalance and ROS accumulation
ultimately lead to cell death. Therefore, metabolic reprogramming aimed at restoring energy metabolism and reducing
oxidative stress holds great therapeutic promise.”> We observed that the introduction of GaELNs significantly upregu-
lated PHGDH expression and further activated the PI3K/AKT pathway, with a strong correlation between PHGDH and
PI3K/AKT expression, consistent with recent findings.*' PHGDH, a critical rate-limiting enzyme in serine synthesis, is
essential for nucleotide, lipid and amino acid synthesis and for maintaining redox balance. Recent studies indicate that
PHGDH can directly inhibit inflammatory responses by reducing M1 macrophages and promoting M2 macrophage
differentiation via suppression of the p38-JAK-STAT1 pathway.*’ Additionally, the PI3K/AKT signaling pathway plays
an essential role in metabolic reprogramming, exerting various biological functions through the regulation of distinct
downstream signaling molecules. Our study demonstrated that co-culture with GaELNs markedly upregulated mTOR,
VEGF and Nrf2, while significantly downregulating P65 expression. Activation of mTOR, a key step in PI3K/AKT-
mediated metabolic reprogramming, promotes protein and lipid synthesis and regulates autophagy, which is vital for
mitochondrial function and energy metabolism, ensuring sufficient energy supply under stress conditions.® VEGF,
a crucial pro-angiogenic factor, not only promotes angiogenesis but also enhances cellular adaptation to stress environ-
ments by improving tissue oxygen metabolism.”” Nrf2 is a central regulator of cellular antioxidant responses, upregulat-
ing various antioxidant enzymes, such as superoxide dismutase (SOD) and glutathione peroxidase (GPx), thereby
enhancing the cell’s ability to counteract oxidative stress.’® In contrast, NF-kB is a core regulatory molecule of pro-
inflammatory factors and its inhibition can reduce the secretion of inflammatory cytokines, thereby alleviating
inflammation.>”

Mitochondria play a central role in metabolic reprogramming, functioning not only as the hub of energy metabolism
but also as the primary source of intracellular ROS. Under inflammatory conditions, mitochondrial fission increases,
resulting in a fragmented, granular structure, with disrupted electron transport along the oxidative phosphorylation
(OXPHOS) chain. This obstruction reduces proton reflow, lowers membrane potential and impairs ATP synthesis. When
the electron transport chain is compromised, electrons leak and combine with oxygen to form superoxide, raising ROS
levels.®® Concurrently, decreased expression of TFAM and TOM20 disrupts mitochondrial DNA replication and normal
mitochondrial protein translocation. Consequently, cells fail to produce sufficient ATP, ROS generation escalates and
antioxidant capacity diminishes, leading to a state of oxidative stress.®' This, in turn, exacerbates mitochondrial damage
in a vicious cycle that intensifies inflammation. Additionally, mtDNA released due to mitochondrial damage can directly
drive the progression of inflammation. Extensive research has shown that mitochondrial dysfunction is closely linked to
the pathogenesis and progression of periodontitis.> Our findings indicate that the addition of GaELNs significantly
ameliorates mitochondrial dysfunction, a process closely associated with PHGDH. PHGDH contributes to mitochondrial
protein synthesis, NADPH production and glutathione-based antioxidant defenses, enhancing mitochondrial resistance to
oxidative stress. Furthermore, the PI3K/AKT signaling pathway activated by PHGDH is crucial in regulating mitochon-
drial function. High Nrf2 expression and NF-kB inhibition markedly reduce mitochondrial oxidative stress, decrease the
abundance of damaged mtDNA and proteins, while AKT and mTOR promote the expression of TFAM and TOM20,
regulating mitophagy and mitochondrial turnover to improve mitochondrial quality, function and stability. In summary,
the diverse bioactive substances within GaELNs activate the PI3K/AKT pathway via PHGDH, suppressing cellular
inflammation and oxidative stress through metabolic reprogramming, promoting mitochondrial function and cellular
proliferation to restore periodontal health and support periodontal tissue regeneration.

However, several issues must be addressed before GaELNs can be applied in clinical settings, such as quality control
and consistency across different varieties and sources of GaELNSs, the establishment of systematic safety evaluation
protocols and the current lack of extensive clinical studies. Nonetheless, we are confident that GaELNs hold significant

promise and are poised to make a profound impact in the field of medicine.
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Conclusion

In summary, this study demonstrates that GaELNs significantly enhance mitochondrial function, reduce inflammation and
oxidative stress and promote cell proliferation by activating the PHGDH/PI3K/AKT signaling pathway. These effects
ultimately lead to a reduction in bone resorption and tissue loss associated with periodontitis. As a novel and effective
therapeutic strategy for periodontitis, GaELNs exhibit promising potential for clinical application.
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