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The impaired function of periodontal ligament stem cells (PDLSCs) impedes restoration of periodontal tissues.
The cGAS-cGAMP-STING pathway is an innate immune pathway that sensing cytosolic double-stranded DNA
(dsDNA), but its role in regulating the function of PDLSCs is still unclear. In this study, we found that mito-
chondrial DNA (mtDNA) was released into the cytoplasm through the mitochondrial permeability transition pore
(mPTP) in PDLSCs upon inflammation, which binds to ¢cGAS and activated the STING pathway by promoting the
production of cGAMP, and ultimately impaired the osteogenic differentiation of PDLSCs. Additionally, it is first
found that inflammation can down-regulate the level of the ATP-binding cassette membrane subfamily member
Cl (ABCC1l, a cGAMP exocellular transporter) and ectonucleotide pyrophosphatase/phosphodiesterase 1
(ENPP1, a cGAMP hydrolase), which further aggravated the accumulation of intracellular cGAMP, leading to the
persistent activation of the cGAS-STING pathway and thus the impaired the differentiation capacity of PDLSCs.
Furthermore, we designed a hydrogel system loaded with a mPTP blocker, an ABCC1 agonist and ENPP1 to
promote periodontal tissue regeneration by modulating the production, exocytosis, and clearance of cGAMP. In
conclusion, our results highlight the profound effects, and specific mechanisms, of the cGAS-STING pathway on
the function of stem cells and propose a new strategy to promote periodontal tissue restoration based on the
reestablishment of cGAMP homeostasis.

1. Introduction stem cells (PDLSCs), as mesenchymal stem cells (MSCs) located in

periodontal ligaments [4], are crucial for maintaining periodontal ho-

Periodontitis, a chronic inflammatory disorder, is mainly initiated by
the dysbiosis of oral microbial ecology [1,2]. Oral microorganisms
activate host and microbiota interactions, leading to an overactive and
persistent proinflammatory immune response, resulting in destruction
of the periodontium, and eventually tooth loss [3]. Periodontal ligament
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meostasis and promoting periodontal tissue regeneration and recovery
[5]. However, the inflammatory environment compromises the osteo-
genic differentiation ability of PDLSCs, thus impeding the restoration of
periodontal tissues even after removal of the inflammatory stimuli [6].
Therefore, there is an urgent need to elucidate the cellular and
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molecular mechanisms responsible for the impaired osteogenic differ-
entiation ability of PDLSCs in order to facilitate periodontal tissue
repair.

The cyclic GMP-AMP synthase (cGAS)-stimulator of interferon genes
(STING) signaling pathway is crucial for triggering innate immune
response and defending pathogens via sensing double-strain DNA [7,8].
Moreover, recently various studies evidenced that cGAS-STING pathway
also participate in many non-infectious diseases, even independent of
activating inflammation [9]. Those studies suggested that cGAS-STING
pathway holds novel exciting functions beyond immune regulation. It
has been reported that mtDNA released from damaged mitochondria
activates cGAS-STING pathway and leads to cellular injury [10,11]. Our
previous study also identified that impaired mitochondrial function and
mitophagy are responsible for the compromised osteogenic differentia-
tion ability of MSCs upon inflammatory stimuli [12]. However, whether
and how the cGAS-STING pathway participates in regulating the func-
tion of PDLSCs remains to be discovered.

When mtDNA released from mitochondria and sensed by cGAS, cGAS
stimulate the synthesis of the secondary messenger cyclic GMP-AMP
(cGAMP), which then activates the STING and mediates the down-
stream pro-inflammatory responses [13]. Notably, under physiological
conditions, cGAMP can be eliminated by several mechanisms to avoid
exaggerated inflammatory response. For example, some specific chan-
nels, such as those in the LRRC8 protein family [14,15] and ATP-binding
cassette transporter ABCCl [16], could extracellularly transport
cGAMP. And ectonucleotide pyrophosphatase/phosphodiesterase 1
(ENPP1) mediates the degradation of cGAMP [17]. Therefore, the pro-
cess from cGAMP production to cGAMP exportation and degradation
play a critical role in the regulation of the cGAS-STING signaling, sug-
gesting that targeting cGAMP homeostasis could be a novel therapeutic
strategy for diseases associated with cGAS-STING pathway activation,
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especially in the restoration of PDLSCs function and periodontal tissue in
periodontitis.

In this study, we clarified the activation of cGAS-STING pathway
impeded the osteogenic differentiation ability of PDLSCs. Mechanisti-
cally, we evidenced that inflammation not only resulted in the mtDNA
released from mitochondria into cytoplasm through mitochondrial
permeability transition pore (mPTP) channels, but also inhibited the
exportation and degradation of cGAMP. Both mechanisms contributed
to the over-activation of the cGAS-STING pathway and impaired the
osteogenic differentiation of PDLSCs. Therefore, we fabricated a linear
polyethylene glycol poly (azelaic acid glycerol ester) (PEGA) hydrogel
system loaded with cyclosporin A (CsA, a mPTP blocker), ABCC1 agonist
thiethylperazine (TT) and ENPP1(CsA-TT-ENPP1@PEGA) that could be
injected locally into periodontal tissue. This triple-functional hydrogel
system effectively reduced the level of cGAMP in PDLSCs upon inflam-
mation and showed significant promise as an effective therapy for
periodontal bone defects, with potential implications for the manage-
ment of other diseases via intervention of cGAMP homeostasis (Fig. 1).

2. Materials and methods
2.1. Reagents

All reagents were obtained commercially. «-MEM medium, Fetal
Bovine Serum (FBS), trypsin, streptomycin and penicillin were obtained
from Gibco (USA); Cell Counting Kit-8(CCK8, cat #C0037), Alkaline
phosphatase test kit (cat #P0321S), Mitochondrial separation reagent
(cat #C3601), BCA Protein Assay Kit (cat #P0010), Mitochondrial
transition pore assay kit (cat #C2009S) and Genomic DNA Purification
Mini Spin Kit (cat #D0063) were obtained from Beyotime (China); LPS
(cat #L2630), Cetylpyridinium chloride (CPC, cat #C0732), RU360 (cat
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Fig. 1. Schematic representation of how CsA-ABCC1-ENPP1@PEGA hydrogel restore the cGAMP homeostasis, and thus block cGAS-STING pathway to rescue the

function of PDLSCs to facilitate periodontal recovery.
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#557440) and Alizarin-Red S (cat #A5533) were obtained from Sigma
(USA); C-176 (cat #HY-112906), EtBr (cat #HY-D0021), CsA (cat #HY-
B0579), 8-OHdG (cat #HY-P81140), sodium pyruvate (cat #HY-
WO015913) and uridine (cat #HY-B1449) were obtained from Med Chem
Express (MCE, China); Collagenase Type I (cat #C8140), B-glycer-
ophosphate (cat #1G1340), ascorbic acid (cat #A8100), and dexa-
methasone (cat #D8040) were purchased from Solarbio (China); cGAMP
ELISA kits (FANKEW, China, cat #F11293-A); IL-6 (Cat#0049A), TNF-«
(Cat#0122A) and IFN-a (Cat#0464A) ELISA kits were purchased from
Jiangsu Meibiao Biotechnology Co.,Ltd; The primary antibody anti-
dsDNA mouse monoclonal was purchased from PROGEN (Germany,
cat#AC-30-10). Lipo3000™ Liposomal Transfection Reagent (cat
#1.3000008), MitoSOX detection kits (cat #M36009) and TMRM assay
kit (cat #134361) were purchased from Thermo Scientific (USA); RNA
isolation kit (Takara Biology, Japan), TB green PCR Master Mix (Takara,
Japan); Rhod-2 AM (cat #40776 ES, Yeasen, China). Primary antibodies:
cGAS (Cell Signaling Technology (CST), USA; cat #79978S), STING
(CST; cat #13647S), TBK1 (Abcam, USA; cat #ab40676), IRF3 (Abcam,
USA; cat #ab68481), p-IRF3 (Abcam, USA; cat #ab320082), VDAC
(PTM BIO, China; cat #PTM-6935), HK2 (PTM BIO, China; cat #PTM-
5371), BAX (PTM BIO, China; cat #PTM-5482), CD34 (Biolegend, USA,
cat #378602), CD90 (Biolegend, USA, cat #109502), CD44 (Biolegend,
USA, cat #109502), CD31 (Biolegend, USA, cat #109502), Anti-dsDNA
antibody (PROGEN, China, cat #AC-30-10), Alexa Fluor® 488 second-
ary antibody (cat #ab150077) and Alexa Fluor® 594 secondary anti-
body (cat #150080) were purchased from Abcam (USA); The HRP-
conjugated secondary antibody was purchased from ZSGB BIO (China,
cat #ZB-2306).

2.2. Cell culture

Consent forms were obtained before conducting this research proj-
ect. Healthy tooth samples were collected from 6 individuals, aged
18-30 years. Donor information is listed in Table S1 in the Supporting
Information. PDLSCs were isolated as previously described [18]. Briefly,
periodontal ligament tissue was scraped from the middle third of the
root surface, and then digested with collagenase I (3 mg/mL) at 37 °C for
60 min. Then the tissue fragments were cultured in a-MEM with 10 %
FBS, 100 mg/mL of streptomycin, and 100 units/mL of penicillin at
37 °Cin 5 % COs. The culture medium was refreshed every 3 days. To
verify the cells’ mesenchymal origin, PDLSCs at the third passage were
digested with trypsin and resuspended in PBS at a concentration of 2 x
10° cells/mL. The cells were incubated with CD34, CD90, CD44 and
CD31 in the dark at 37 °C for 60 min, according to the manufacturer’s
instructions. Then the cells were washed twice with PBS and analyzed
with a flow cytometer (BD Biosciences, USA). PDLSCs from passage 3 to
passage 5 were used in this study (H-PDLSCs). Based on our previous
work [19] and established protocols from other studies [20,21], LPS was
administered at a concentration of 10 pg/mL for 7 days to simulate the
inflammatory micro-environment in PDLSCs.

2.3. Osteogenic differentiation assay

Cells were cultured in 24-well microtiter plates and induced to
differentiate with mineralization induction medium, which was
composed of a-MEM medium, 10 % FBS, p-glycerophosphate (10 mM),
ascorbic acid (50 pM), and dexamethasone (0.1 pM). The medium was
changed every 3 days. After 7 days induction, alkaline phosphatase
(ALP) staining was performed. Alizarin red (AR) staining and semi-
quantitative analysis were performed after 21 days.

Before ALP and ARS staining, the cell samples were washed with PBS
and fixed with 4 % paraformaldehyde for 20 min. Then, the fixed cells
were stained with AR for 5 min at room temperature (RT) or stained with
ALP solution for 30 min at RT. For the quantification of mineralized
nodules, 300 pL 10 % CPC were added into each well for 15min at RT
and the absorbance at 570 nm was measured with a microplate reader
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(EnSpire, PerkinElmer, Singapore).
2.4. CCKS8 assay

To verify the cytotoxicity of TT, 5000 PDLSCs were seeded in the
wells of 96-well plates and incubated at 37 °C, 5 % CO» overnight. Then,
the culture medium was replaced with 100 pL o-MEM containing TT at
different concentrations (100, 50, 20, 10, 5, 1, or 0.5 pg/mL). After 24h
incubation, cells were washed with PBS and incubated with 100 pL fresh
a-MEM and 10 pL CCK8 solution at 37 °C for another 2-h. Finally, the
absorbance at 450 nm was measured using a microplate reader (EnSpire,
PerkinElmer).

2.5. Engyme-linked immunosorbent assay (ELISA)

To assess the concentrations of intracellular and extracellular
cGAMP, as well as the secretion of pro-inflammatory cytokines, such as
IL-6, TNF-a and IFN-« in each group of cells, the supernatant at day 1, 3,
5 and 7 were collected and assayed using ELISA Kkits according to the
manufacturer’s instructions. The absorbance at 450 nm was measured.
The concentrations of cGAMP, IL-6, TNF-a and IFN-a were calculated
based on a standard curve and normalized to the cell protein
concentration.

2.6. RNA interference

siRNA specifically targeting STING (siSTING) was obtained from
ObiO (China). Lipo3000™ Liposomal Transfection Reagent was used to
transfect the PDLSCs with the siSTING, according to the manufacturer’s
instructions, and a nonspecific siRNA provided by the same supplier was
used as a negative control. After transfection, gRT-PCR was conducted to
verify the transfection efficiency, and the transfected cells were stimu-
lated according to the experimental requirements. The specific siRNA
sequences used in this study are listed in Table S2.

2.7. Cytosolic DNA detection and quantification

To detect cytosolic DNA, cells stimulated with LPS (10 pg/mL for 7
days), or not, were seeded in confocal dishes overnight, and then incu-
bated with Mito-Tracker for 30 min at 37 °C. Subsequently, cells were
fixed with 4 % paraformaldehyde for 10 min, washed with PBS, and
maintained in blocking buffer (PBS containing 10 % goat serum and 0.3
% Triton X) for 30 min. Cell samples were then stained with anti-dsDNA
antibody (PROGEN, Germany, cat#AC-30-10) at 4 °C overnight and
stained with Alexa Fluor 488 goat anti-mouse IgG secondary antibody
(1:400) for 1 h at RT. Nuclei were visualized with a 15-min 4 0,6-diami-
dino-2-phenylindole (DAPI) stain. Images of cells were acquired with a
confocal microscope (Leica, Germany). The analyses of images were
performed using Image J (National Institutes of Health, USA).

To further verify the source of cytosolic DNA, we first extracted the
cytosolic DNA as previously reported [22]. In brief, mitochondrial sep-
aration reagent was used to remove mitochondria from PDLSCs, and
then a Universal Genomic DNA Purification Mini Spin Kit was used to
extract nucleic acid from the cells without mitochondria. We then
quantified the cytoplasmic mtDNA by qRT-PCR as previously reported
[23], a Dounce homogenizer was used to homogenize 1 x 107 cells
which were then centrifuged at 800 g for 5 min at 4 °C. The volume of
the supernatant was normalized according to the protein concentration,
and the mixture was then centrifuged at 10,000 g for 30 min at 4 °C to
generate a supernatant corresponding to the cytosolic fraction, and DNA
was isolated from 200 pL of the cytosolic fraction. qRT-PCR was con-
ducted on both the D-loop to measure mtDNA content and f2m to
measure genomic DNA content. The amount of D-loop and $2m DNA in
cytosolic extracts was normalized to Glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH) and calculated by the change-in-threshold
method [2°22CD], The sequences of the primers used are listed in
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Table S3.
2.8. Quantitative real-time PCR (qRT-PCR)

Total RNA was obtained with a total RNA isolation kit and used for
reverse transcription. qRT-PCR was then performed using TB green PCR
Master Mix. The target gene expression was normalized to the GAPDH
level and calculated by the change-in-threshold method [2°24€D], The
sequences of the primers used in the experiment are listed in Table S4.

2.9. Western blot (WB) analysis

Cells were lysed in a RIPA lysis buffer containing a protease inhibitor
cocktail (Beyotime, China), and the protein concentration in the lysates
was measured with a BCA Protein Assay Kit. Equivalent amounts of
proteins sample were loaded onto 10 % SDS-PAGE gels for electropho-
resis, and then electroblotted onto 0.45 mm PVDF membranes (Milli-
pore, USA) at 220 mA. Membranes were blocked with 5 % skim milk for
2h at RT, and then incubated with primary antibodies overnight at 4 °C.
Next, the membranes were incubated with HRP-conjugated secondary
antibodies for 1 h at RT. Finally, the immunoreactive bands were visu-
alized by an Immobilon Western HRP Substrate (Millipore, USA). Image
J (NIH, USA) was used for the grayscale analysis of western blots.

2.10. Mitochondrial function assay

The mitochondrial membrane potential (MMP) was measured with a
TMRM assay kit. Briefly, PDLSCs were incubated with 100 nM TMRM for
30 min at 37 °C. For mitochondrial ROS detection, cells were loaded
with 4 mM MitoSOX for 30 min according to the manufacturer’s in-
structions. Following staining, cells were resuspended in PBS and
analyzed with a flow cytometer (BD Biosciences, USA). Representative
live-cell images were captured using an EVOS microscope.

The oxygen consumption rate (OCR) and extracellular acidification
rate (ECAR) was measured using an XF24 Extracellular Flux Analyzer
(Agilent Technologies, USA). Briefly, cells were loaded onto XF24 cell
culture microplates and subjected to the Mito Stress Test or Glycolysis
Stress Test using the protocol provided (Agilent Technologies, USA). For
the Mito Stress Test, basal respiration was measured, then the mito-
chondria were treated sequentially with 10 mM adenosine diphosphate
(Sigma), 2 pM oligomycin (Agilent Technologies), 5 pM carbonyl
cyanide-p-trifluoromethoxy phenyl-hydrazone (Agilent Technologies),
and then a mixture of rotenone and antimycin A (0.5 puM; Agilent
Technologies). As for the Glycolysis Stress Test, the basal glycolysis was
measured, then the mitochondria were treated sequentially with 10 mM
glucose (Agilent Technologies), 1 pM oligomycin (Agilent Technolo-
gies), 10 mM 2-deoxidation glucose (Agilent Technologies).

2.11. Mitochondrial permeability transition pore assay

To analyze mPTP opening, cells treated as indicated (10 pg/ml LPS
with 50 pM RU360 or not) were assessed using a mitochondrial transi-
tion pore assay kit. Briefly, cells were stained with 1 mM calcein ace-
toxymethyl ester (calcein-AM), 1 mM Hoechst, and 4 mM CoCl, for 30
min at 37 °C. After washing twice with PBS, fluorescence intensity was
determined using a flow cytometer (BD Biosciences, USA), and the im-
ages were acquired with a Zeiss confocal microscope.

2.12. Detection of mitochondrial Ca®" levels

The mitochondrial Ca®* concentration was measured by the fluo-
rescence intensity of the mitochondrial calcium-specific fluorescent
probe Rhod-2 AM. Briefly, cells were stained with Rhod-2 AM (4 uM) for
30 min at 37 °C. Following the incubation, the cells were washed with
PBS for three times and then incubated for an additional 30 min at 37 °C.
Then, the Ca®" fluorescence intensity was detected by flow cytometry
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and representative images were acquired with a Zeiss confocal
microscope.

2.13. Transmission electron microscopy (TEM)

To collect cells for TEM, PDLSCs were centrifuge for 10 min at 10000
g, and then fixed with 2 % glutaraldehyde. Following the fixation, the
cells were dehydrated in a graded ethanol series, embedded in situ in
epoxy resin and cut into 10 uM sections, afterwards, ultrathin sections
were stained with uranyl acetate for 30 min and lead citrate for 10 min,
and observed by an FEI Tecnai G12 Spirit BioTwin transmission electron
microscope (FEI Company, USA).

2.14. Mitochondrial DNA-depleted cells

Depletion of mtDNA was performed using a relevant culture medium
containing 100 ng/mL EtBr, 100 pg/mL sodium pyruvate and 50 pg/mL
uridine as previously described [23]. PDLSCs were cultured in this
medium for one day. The depletion was analyzed using real-time
qRT-PCR to measure the expression of mitochondrial genes or nuclear
genes. The primer sequences used are provided in Table S3.

2.15. Immunofluorescence (IF) staining

Cell was fixed in 4 % paraformaldehyde for 15min, and then per-
meabilized with 0.1 % Triton X-100 for another 15 min. Subsequently,
samples were incubated with anti-STING or 8-OHdG antibodies over-
night at 4 °C, followed by incubation with the corresponding secondary
antibody and DAPI. The IF images were captured using a Zeiss confocal
microscope. 3D surface plots were analyzed with Image J (NIH, USA).
Higher peaks indicated more robust infiltration.

2.16. RNA sequencing

Cells from the group of H-PDLSCs and H-PDLSCs + LPS were
collected with Trizol for transcriptome analysis. RNA extraction, puri-
fication, reverse transcription, library construction, and sequencing
were all performed by NovelBio Corp. Laboratory (Shanghai, China).
Differentially expressed genes (DEGs) were screened out by “limma”
package based on the comparison of expression profiles between H-
PDLSCs samples and H-PDLSCs + LPS samples. The screening criteria for
DEGs were as follows: log2 fold-change (FC) should be greater than 1 or
less than —1 and p-value <0.05. Heatmaps based on differentially
expressed genes were drawn by the software TB tools (Version 2.096).
Functional enrichment analysis of DEGs and gene set enrichment anal-
ysis (GSEA) was performed by the R package “clusterProfiler” (Version
4.12.0).

2.17. Preparation of double bonded polyether dilated poly (azelaic acid)
fatty triol esters

Azelaic acid and tetrabutylammonium hydroxide were added to 95
% ethanol at a molar ratio of 1:2, and the reaction was stirred at
40-70 °C (preferably 50-55 °C) for 20-40min (preferably 25-35 min),
and the ethanol and water were removed at the end of the reaction to
obtain product 1. Subsequently, under the protection of a nitrogen at-
mosphere, azelaic acid, polyether diol diglycidyl ether and product 1
with the molar ratio of 1:1:0.006 were dissolved in anhydrous N, N-
dimethylformamide, and the reaction was stirred at 80-150 °C (pref-
erably 90-120 °C) for 48-96h (preferably 60-84h), to obtain the prod-
uct 2. Dialysis of the product 2 was carried out to obtain the desired
precursor polymer: Polyether dilated poly (azelaic acid) fatty triol ester.

Double bonded polyether dilated poly (azelaic acid) fatty triol esters
were obtained by replacing the side hydroxyl group on the precursor
polymer with a double bond-containing modifying substance. Specif-
ically, under the protection of a nitrogen atmosphere, the precursor
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polymer and triethylamine were dissolved in anhydrous N, N-dime-
thylformamide at a molar ratio of 1:1~1:2, and then 0.5-2 eq acryloyl
chloride was slowly added dropwise, and the reaction stirred at 0 °C for
12 h. At the end of the reaction, the extract was filtered, and settle with
ether, and then dialysis and purification, to obtain the said double-
bonded polyether-dilated poly (nonane dioic acid) fatty triol ester.

2.18. Preparation and characterization of PEGA hydrogel

To construct the hydrogel, solutions of PEGA and lithium phenyl-
2,4,6-trimethylbenzoylphosphinate (LAP; 0.07 %, 0.7 % or 7 % w/v in
deionized water) were mixed with deionized water at a volume ratio of
3:7 and ultrasonic cracking for 5 min to form a photocurable aqueous
solution. For the fabrication of drug-loaded PEGA hydrogel, 12 jig CsA, 1
pg TT and 0.1 pg ENPP1 were mixed with 30 uL PEGA hydrogel and
ultrasonic cracking for another 5 min. To characterize the hydrogel,
PEGA hydrogel with different LAP concentrations were imaged via SEM.
In brief, the samples were placed on the holders, and after gold sputter
coating (about 45s at 10 mA), the samples were imaged via SEM (Sigma
300, ZEISS, Germany) at 3 kV. EDS element mapping and spectra of the
samples were generated with an SEM equipped with EDS at 15 kV. FTIR
spectra (4000-400 c¢m 1) were collected on a FTIR spectroscope (Nicolet
iS20, Nicolet, USA), Raman analysis was performed with a confocal
Raman microscope (CRM) (Alpha300R, WITec GmbH, Germany)
equipped with a TEM single-frequency laser (A = 532 nm, laser power =
40 mW, WITec GmbH). FTIR and Raman data were recorded as absor-
bance units. Rheological tests were carried out using a rotational
rheometer (Haake Mars40, German) at 25 °C. The stiffness of different
PEGA hydrogels was investigated by testing the storage (G") and loss
(G’’) moduli over a range of 10-0.1 rad/s and 5 % strain amplitude over
time by a frequency sweep, as well as over a range of 6 rad/s and 5 %
strain amplitude by a time sweep. Moreover, the injectable property of
the hydrogel was demonstrated both in vivo and in vitro by filling with
different sizes and shapes.

2.19. Degradation analysis

For the swelling and degradation tests of PEGA hydrogel, 30 mg PEG
powder were gelled with LAP solution under blue light irradiation and
weighted (W1). Then, the hydrogel was soaked in 1 ml PBS and weighed
at a predetermined time point (W2). The swelling and degradation ratio
was calculated as described previously [24]:

Swelling and Degradation ratio (%) = (W2 — W1)/W1 x 100% (€8]

For the volumetric swelling tests of PEGA hydrogel, PEGA suspen-
sion was injected into a container and irradiated with blue light, then its
length (L), width (W) and height (H) were measured and calculated as
the original volume (V1). Afterwards, the hydrogel was soaked in 1 ml
PBS and measured at a predetermined time point (V2). The volumetric
swelling ratio was calculated as follows:

Volumetric swelling ratio (%) = (V2 — V1)/V1 x 100% (2)

2.20. Characterization of drug release from hydrogels

The release kinetics of the PEGA hydrogels were evaluated using
doxycycline (DOX). In brief, 10 pL. DOX (2 mg/mL) was mixed with 200
mg PEG to form a DOX-loaded PEGA hydrogel. Then, the drug-loaded
hydrogel was placed in PBS (500 pL, pH 7.4). At the predetermined
time points, 100 pL supernatant was collected and the same volume of
PBS added to maintain a constant volume. The absorbance at 480 nm
was measured to calculate the concentration of DOX, and the cumulative
release of DOX was calculated according to the following equation:
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Cumulative release ratio (%) = (M, + Mn-1+ ......4+M;) *V/M x 100%
3)

where M represents the total mass of the drug in the PEGA hydrogel, M,
represents the concentration of released drug during sampling at time n,
and V represents the replacement volume of PBS.

2.21. Experimental periodontitis model

C57BL/6 mice were purchased from the Animal Research center of
Chongqing Medical University and housed under specific pathogen-free
(SPF) conditions at the animal experimental center of the Stomatological
Hospital of Chongqing Medical University. As reported previously [25],
experimental periodontitis was induced in mice by placing a ligature
around the maxillary second molar for one week. The mice were
checked every day in case of loosening or displacement. One week later,
only those mice with obvious gingival swelling and alveolar bone
resorption were included in the subsequent study.

Mice with periodontitis were randomly divided into the following
four groups and treated according to their group (n = 5): (1) Control
group (no treatment), (2) Lig + Saline group (ligature-induced experi-
mental periodontitis and saline injection), (3) Lig 4+ CsA group (ligature-
induced experimental periodontitis and CsA injection (10 mg/kg)) [26,
27] and (4) Lig + C176 group (ligature-induced experimental peri-
odontitis and C176 injections, 750 nmol per mouse in 200 pL corn oil)
[28,29]. According to the group, 30 pl drug or PBS were injected at 6
sites (5 pL per site) around the maxillary second molar: in the mesio-
buccal gingiva, distobuccal gingiva, mesiopalatal gingiva, distopalatal
gingiva, mesial and distal gingival papilla [30]. All the above treatments
were repeated daily, and the mice were euthanized to harvest the
maxillary jaws of periodontitis mice for histological analysis after 7 days
treatment.

Mice with periodontitis were also randomly divided into the
following groups: Control group (no treatment), PEGA group (peri-
odontitis with simple hydrogel injection) and CsA-ABCCl-
ENPP1@PEGA group (periodontitis with CsA-ABCC1-ENPP1-loaded
hydrogel injection). The mixture of CsA, TT, ENPP1 and PEGA was
injected around the maxillary second molar and received blue light ra-
diation (about 5 s) to form the CsA-ABCC1-ENPP1@PEGA hydorgel.
After one week of healing, the mice were euthanized, and periodontal
tissue harvested to assess healing.

In another experiment, 8-week-old STING /'~ and WT C57BL/6 male
mice were divided into four groups (n = 5): (1) STING** control group
(WT with no treatment), (2) STING /"~ control group (STING /™ mice
with no treatment), (3) STING™* ligature group (WT with ligature-
induced experimental periodontitis), (4) STING ™/~ ligature group
(STING ™/~ mice with ligature-induced experimental periodontitis).
Experimental periodontitis was induced in mice with a ligature for 1
week and then they were allowed to recover for 1 week. After this, all the
mice were euthanized to harvest the maxillary jaws for histological
analysis.

2.22. Micro CT analysis and quantitative bone resorption analysis

Mice were euthanized by CO2 hypoxia post-operation. The maxillae
were harvested and fixed in 4 % paraformaldehyde for 24 h, then
scanned by micro-CT (vivaCT80, SCANCO Medical AG, Switzerland)
and a 3D reconstruction was performed simultaneously. The region of
interest was a cuboidal alveolar bone encompassing the second molar,
with a length extending from the most distal aspect of the upper first
molar (M1) root to the most mesial aspect and upper second molar (M3)
root. The width extended from the most buccal to the most palatal aspect
of the M2 roots, and the height extended from the ABC to the M2 root
apical. The CEJ-ABC distance, BV/TV %, Tb.Th and Tb.N were quanti-
fied with the SCANCO VivaCT40 micro-CT software.
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2.23. Histological analysis

After Micro-CT analysis, the mandible bone samples were decalcified
in 17 % ethylenediaminetetraacetic acid (EDTA, pH 8.0) for 1 month
and then dehydrated by immersion in increasing concentrations of
ethanol (60-100 %). Subsequently, the specimens were embedded in
paraffin and cut into 6-um sections. Sections were de-paraffinized
following standard procedures, and then hematoxylin and eosin (H&E)
staining was performed to detect the alveolar bone loss. For immuno-
staining, tissue sections were incubated with primary antibodies at 4 °C
overnight and incubated with the corresponding secondary antibody for
1 h at RT on the next day, nuclei were stained with DAPI. All images
were acquired with a Zeiss confocal microscope, and relative quantita-
tive analyses were performed with Image-J.
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2.24. In vivo compatibility

To test the long-term safety of CsA, CsA and CsA-ABCC1-
ENPP1@PEGA were injected into the gingival for one month respec-
tively. Afterwards, the heart, liver, spleen, lung and kidney of mice in
the control group and the experimental group (injection of CsA or CsA-
ABCC1-ENPP1@PEGA) were collected and dehydrated by immersion in
increasing concentrations of ethanol (60-100 %). Subsequently, the
specimens were embedded in paraffin and cut into 6-pm sections. Sec-
tions were de-paraffinized following standard procedures and then
performed H&E staining to detect whether there were any abnormalities
in the major organs following the application of CsA.
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Fig. 2. The cGAS-STING pathway was activated in PDLSCs under inflammatory conditions. (a) Volcano plot of gene expression in H-PDLSCs and H-PDLSCs +
LPS. (b) The KEGG pathway enrichment analysis (¢) GO enrichment and (d) GSEA analysis after LPS treatment. (e) IF and quantitative analysis (f) of STING in H-
PDLSCs and H-PDLSCs + LPS. Scale bar, 100 pm. n = 30 cells in each group (10 cells quantified per replicate). (g) WB analysis of proteins involved in the cGAS-
STING pathway. (h) IF staining of PDLSCs (CD90, green) and STING (red) in periodontal tissueand. R: root, AB: alveolar bone. Scale bar, 50 pm. (i) Quantified the

expression of STING in (h).
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2.25. Statistical analysis

All experiments were repeated independently at least three times,
and the data were plotted as mean + standard deviation (SD). Data was
analyzed using IBM SPSS Statistics 22. The student’s t-test (two tailed)
and one-way analysis of variance (ANOVA) were used to determine the
statistical significance. Differences were considered statistically signifi-
cant at *P < 0.05, very significant for **P < 0.01, and the most signif-
icant for ***P < 0.001.

3. Results

3.1. The cGAS-STING pathway was activated in PDLSCs under
inflammatory conditions

In this study, PDLSCs were isolated from healthy periodontal liga-
ments (H-PDLSCs) (Fig. S1), and treated with lipopolysaccharide (LPS)
for 7 days to simulate a chronic inflammatory micro-environment (H-
PDLSCs + LPS). First, the transcriptomic analysis was performed to
elucidate the mechanisms underlying periodontitis. The volcano plot
showed that many genes were upregulated under inflammatory condi-
tions (Fig. 2a). The Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway enrichment analysis (Fig. 2b), gene ontology (GO) enrichment
(Fig. 2c) and GSEA (Gene Set Enrichment Analysis) analysis (Fig. 2d) of
the differentially expressed genes (DEGs) indicated that exposure to LPS
elevated the cytosolic DNA-sensing pathway, type 1 interferon signaling
pathway and interferon related innate immune response, which were
associated with cGAS-STING signaling pathway. Subsequently, we
investigated whether the cGAS-STING pathway was activated in in-
flammatory PDLSCs. IF staining confirmed that LPS stimulation pro-
moted the expression of STING (Fig. 2e and f). WB analysis also showed
that the protein expression of the cGAS-STING axis was increased in the
H-PDLSCs + LPS group (Fig. 2g). The sub-cellular localization of STING
is closely related to its activation status [31], and we observed an in-
crease of perinuclear translocation of STING after stimulated by LPS
(Fig. S2a). Moreover, the secretion of pro-inflammatory cytokines, such
as IL-6, TNF-a, IFN-a, was significantly increased in H-PDLSCs + LPS
(Fig. S2b). The expression of the STING in CD90 marked PDLSCs was
also elevated in mice with ligature-induced periodontitis (Fig. 2h and i).
Together, these results indicated the activation of the cGAS-STING
pathway in inflammation-induced PDLSCs.

3.2. Inhibiting cGAS-STING pathway improved PDLSCs osteogenic
differentiation and periodontal restoration

To confirm the role of the cGAS-STING pathway in PDLSC dysfunc-
tion, PDLSCs were transfected with small interfering RNA (siRNA) to
knockdown STING expression (Fig. S3a). As expected, knockdown of
STING significantly improved the differentiation ability of PDLSCs
under inflammatory conditions (Fig. 3a, Fig. S3b). Moreover, we also
applied STING knockout (STING /") mice to detect the effect of STING
inhibition in periodontal restoration (Fig. 3b). IF staining showed that
STING deletion significantly reduced the expression of IRF3 in CD90
marked PDLSCs in the mice with ligature-induced periodontitis (Fig. 3c,
Fig. S4a). Micro-computed tomography (micro-CT) was then conducted
to quantify alveolar bone loss after 14 days (ligature-induced peri-
odontitis for 7 days and removal of ligature for another 7 days). We
found that ligature-induced alveolar bone resorption was significantly
attenuated in STING ™/~ mice (Fig. 3d), with a decreased CEJ-ABC dis-
tance, increased BV/TV and increased trabecular numbers (Tb.N)
(Fig. 3e). Moreover, H151, a highly potent and selective small molecule
antagonist of STING, was used to evaluate the impact of STING inhibi-
tion on the osteogenic differentiation of PDLSCs in vitro. We found that
H151 significantly reduced the expression of STING and downstream
pathway proteins (Fig. 3f), and significantly alleviated the osteogenic
differentiation deficiency of PDLSCs under inflammatory conditions
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(Fig. 3g, Fig. S4b). To further explore the effect of pharmacological in-
hibitor of STING in periodontal restoration, C176 was injected into six
sites around the second molars of the mice after a week of periodontitis
induction (Fig. 3h). We found that C176 significantly attenuated alve-
olar bone loss in mice with periodontitis (Fig. 3i and j). Taken together,
the in vitro and in vivo experiments confirmed that the activation of the
cGAS-STING pathway is closely associated with periodontitis, and sup-
pression of STING has great potential for the treatment of periodontitis.

3.3. mtDNA released from damaged mitochondria is responsible for the
activation of cGAS-STING pathway in PDLSCs upon inflammation

Mitochondria are known to play a central role in cell differentiation
[32] and the progression of periodontitis [33]. Previous studies have
reported that mtDNA released from damaged mitochondria can activate
the cGAS-STING pathway [34]. Therefore, to investigate the mito-
chondrial function, Seahorse Bioscience XF Analyzer was applied to
examine the oxygen consumption (OCR) and extracellular acidification
rate (ECAR) as indicators of metabolic activity. The results showed that
LPS strongly impaired the oxygen consumption of PDLSCs (Fig. 4a)
while enhancing glycolytic activity (Fig. S5), indicating a shift in
mitochondrial metabolism from oxidative phosphorylation to glycolysis
under inflammatory conditions. Confocal microscopy images showed
disturbed mitochondrial network in H-PDLSCs + LPS with more and
prolonged mitochondria than in H-PDLSCs (Fig. 4b and c). Moreover,
mitochondrial reactive oxygen species (mtROS) are a vital indicator of
mitochondrial function, and we observed a significantly higher cellular
mtROS level in the H-PDLSCs + LPS group (Fig. 4d, Fig. S6a and b).
Consistent with the cellular mtROS level, the expression of antioxidant
genes in the H-PDLSCs + LPS group was also significantly lower than
that in the H-PDLSCs group (Fig. S7a), accompanied by decreased MMP
in PDLSCs upon inflammation (Fig. 4e, Fig. S6¢ and d).

Double-stranded DNA (dsDNA), including damaged mtDNA,
released into the cytoplasm, are critical factors that activate the cGAS-
STING pathway. 8-Hydroxy-2-deoxyguanosine (8-OHdG), an indicator
for DNA oxidative damage, was highly expressed in the H-PDLSCs + LPS
group (Fig. 4f). Consistently, the expression of the DNA oxidative
damage repair enzyme 8-Oxoguanine DNA glycosylase 1 (OGG1) was
significantly lower in PDLSCs after LPS stimulation (Fig. S7b). More-
over, the co-localization of dsSDNA and mitochondria decreased in the H-
PDLSCs + LPS group (Fig. 4g and h), qRT-PCR further suggested that
there was more mtDNA released into the cytoplasm upon inflammation
(Fig. 4i).

To further clarify whether the activation of ¢cGAS-STING pathway
and the PDLSC dysfunction was associated with mtDNA leakage, we
depleted the mtDNA of PDLSCs with ethidium bromide (EtBr), a com-
pound that is used to block the replication of mtDNA rather than nuclear
DNA [35]. We found that EtBr treatment significantly reduced mtDNA
copy number (Fig. S8a), and inhibited the activation of the cGAS-STING
pathway in the H-PDLSCs + LPS group (Fig. 4j). More importantly, EtBr
treatment partially alleviated the osteogenic differentiation deficiency
of PDLSCs in the inflammatory micro-environment (Fig. 4k, Fig. S8b).
These results indicated that inflammatory stimulation induced mtDNA
damage and release into the cytoplasm, which further activated the
cGAS-STING pathway and resulted in PDLSCs dysfunction.

3.4. mtDNA released into the cytosol via the mPTP channel in PDLSCs
upon inflammation

It has been reported that apoptosis can induce the Bak/Bax per-
meabilization of the outer mitochondrial membrane and result in
mtDNA leakage [36]. However, we did not observe a significant increase
in apoptosis or in expression of BAX in LPS-treated cells in this study
(Fig. 5a and b). On the contrary, the expression of mPTP related proteins
HK2 and VDAC were significantly increased (Fig. 5b), suggesting that
inflammation stimulation may alter the mPTP status. It is well known
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that mitochondrial Ca®" signaling profoundly influences mitochondrial
homeostasis, such as mitochondrial oxidative phosphorylation, and ROS
production [37]. In addition, mitochondrial Ca%* overloading can in-
crease mPTP activation, which permits mtDNA release into the cyto-
plasm [38]. Therefore, we sought to determine whether Ca®* dynamics
were disturbed in this study by stimulating inflammation. TEM indi-
cated that LPS induced swelling and elongation of mitochondria, and
increased ER-mitochondrial membrane apposition (Fig. 5c). In addition,
we also observed matrix granules in H-PDLSCs + LPS cells, which is an
important indicator of cationic poisoning (Fig. 5c, green arrows) [39].
Based on these observations, we measured the mitochondrial matrix
Ca?" concentration in H-PDLSCs and H-PDLSCs + LPS by Rhod-2 AM
staining, and found that cells from the H-PDLSCs + LPS group exhibited
significantly higher Ca®* levels than those from the H-PDLSCs group
(Fig. 5d). To investigate whether Ca?* overloading induced mPTP
opening, we performed Calcein-CoCl; staining. The confocal images and
flow cytometric analysis revealed decreased calcein fluorescence in-
tensity in the H-PDLSCs + LPS group, indicating increased mPTP
opening (Fig. 5e). Importantly, RU360, which blocks Ca®* uptake into
mitochondria, effectively inhibited mPTP opening (Fig. S9), which
demonstrated that Ca?" overload induced mPTP opening in PDLSCs
under LPS stimulation. In agreement with this, pharmacological block-
ing of mPTP opening with CsA prevented cGAS-STING axis activation to
some extent in H-PDLSCs + LPS cells (Fig. 5f), and alleviated the oste-
ogenic differentiation defect of PDLSCs under inflammation conditions
significantly (Fig. 5g, Fig. S10). In addition, we examined the thera-
peutic effect of topical CsA application in mice with ligature-induced
periodontitis. We found that CsA prevented the alveolar bone loss
(Fig. 5h), as shown by the significantly lower CEJ-ABC distance, and the
increase in BV/TV and Tb.Th in CsA treated mice (Fig. 5i). Moreover,
given that CsA is an immunosuppressant, we also examined the
long-term safety of CsA application at the animal level, results showed
no obvious histopathological changes in the major organs after topical
oral application of CsA (Fig. S11). Thus, we concluded that in inflam-
matory conditions, the increased colocalization of the ER and mito-
chondria results in mitochondrial Ca®* overloading, which induces
mPTP opening and cytosolic mtDNA leakage, and thus activates the
cGAS-STING pathway.

3.5. ¢cGAMP homeostasis disturbance results in the continuous activation
of cGAS-STING pathway in PDLSCs

After cGAS binds to cytosolic mtDNA, it catalyzes the formation of
the innate immune secondary messenger cGAMP, which is an immu-
notransmitter that activates innate immunity. Under physiological
conditions, the immune system strikes a careful balance between
launching a robust response to threats and avoiding over-activation as it
could trigger devastating inflammation when not properly regulated.
Therefore, we measured the intracellular and extracellular concentra-
tions of cGAMP at different time points upon LPS stimulation using a
sensitive cGAMP ELISA kit. We found that the extracellular concentra-
tion of cGAMP in the H-PDLSCs + LPS group was much lower than that
of the H-PDLSCs group on day 3, 5, 7, whereas the intracellular cGAMP
concentration for the H-PDLSCs + LPS group was significantly higher
than that of the H-PDLSCs group on day 5, 7 (Fig. 6a). These findings
indicated that the balance of cGAMP homeostasis in PDLSCs was
severely disrupted. Possible mechanisms for the alterations in cGAMP
levels are reduced transport and/or decreased extracellular degradation
of cGAMP which would expose PDLSCs to high cytosolic cGAMP con-
centrations and cause cGAS-STING activation and cell dysfunction.

Although the molecular mechanisms of cGAMP export have not been
fully revealed, plenty of evidence indicates that the ATP-binding
cassette transporter ABCC1 could mediate cGAMP exportation [40].
Therefore, we measured the expression of ABCC1 and found that LPS
exposure significantly decreased the ABCC1 expression (Fig. 6b). WB
further verified the significant declined expression of ABCC1 (Fig. 6¢
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and d). In addition, the expression of ENPP1, the extracellular hydrolase
of cGAMP, in the H-PDLSCs + LPS group was also significantly reduced
(Fig. 6e). Based on these findings, we hypothesized that the deficiency of
ABCCl-mediated exportation and ENPPl-mediated degradation of
cGAMP resulted in the accumulation of intracellular cGAMP, thereby
triggering the sustained STING signaling activation in PDLSCs. Then, an
ABCC1 agonist, TT [40], was applied to enhance cGAMP exportation. To
do this, we initially checked the cytotoxicity of TT in PDLSCs using a
CCK-8 assay, and found that concentrations of 1.0 pg/mL TT and below
showed minimal toxicity towards PDLSCs (Fig. S12a). Additionally, 1
pg/mL TT significantly increased the extracellular cGAMP as shown in
Fig. 6f. We then treated PDLSCs with 1 pg/mL TT and different con-
centration of ENPP1 protein, and found that the combination of 1 ug/mL
TT and ENPP1 (0.2, 0.1, 0.05 pg/mL) significantly rescued the intra-
cellular cGAMP stress (Fig. S12b), and we finally chose 1 pg/mL TT and
0.1 pg/mL ENPP1 for further experiments (Fig. 6g). We found that the
combination of 1 pg/mL TT and 0.1 pg/mL ENPP1 not only effectively
inhibited the activation of cGAS-STING pathway (Fig. 6h), but also
rescued the osteogenic ability of PDLSCs (Fig. 6i, Fig. S12c). Overall,
these findings suggested that the disturbance of cGAMP homeostasis
resulted in the continuous activation of STING signaling and thus
impeded the function of PDLSCs.

3.6. Restoring cGAMP homeostasis via CsA-TT-ENPP1@PEGA hydrogel
inhibits cGAS-STING pathway and facilitates periodontal recovery in vivo

Based on our findings of cGAMP homeostasis related dysfunction of
PDLSCs, we synthesized drug-loaded hydrogel system to precisely
reestablish ¢cGAMP homeostasis via manipulating its production,
exocytosis and degradation for effective therapy of periodontitis. In
brief, we prepared the PEGA based delivery system by mixing PEGA
powder and photo initiator lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP) and then ultrasonic cracking 5
min to form a photocurable aqueous solution. Subsequently, the mixture
loaded with drug was cured under blue-light irradiation for 5 s (Fig. 7a).
To evaluate the effect of the LAP concentration on the mechanical
properties of the PEGA hydrogel, we mixed PEGA with LAP at different
concentrations (0.07 %, 0.7 %, 7 %). We found that the LAP concen-
tration had no significant influence on the storage modulus (G) or loss
modulus (G”’) of the PEGA hydrogel (Fig. 7b and c. Fig. S13a). In
addition, we also characterized the micro-structure of the PEGA
hydrogel with different LAP concentrations (0.07 %, 0.7 %, 7 %) by
scanning electron microscopy (SEM), and observed that the LAP con-
centration did not affect the pore size or the porosity ratio (Fig. 7d,
Fig. S13b). Therefore, we chose 0.07 % LAP to form the PEGA hydrogel.
Energy dispersive spectrometry (EDS) analysis demonstrated the pres-
ence of four elements (C, N, O and Cl) in PEGA (Fig. 7e). To assess
whether the PEGA hydrogels could maintain injectability and gelation
properties to accommodate the defects with irregular shapes in peri-
odontal tissues, both in vivo and in vitro tests were carried out. The
hydrogels were injected into a 3D mold and rat skin tissues with
different defect shapes. We found that after injection, the hydrogel so-
lution filled the 3D models precisely (Fig. 7f). Additionally, the hydrogel
quickly filled the defects and solidified following blue light radiation in
vivo (Fig. S14). These results evidenced that the drug delivery hydrogel
could easily adapt to irregularly shaped periodontal defects, enabling
accurate filling and drug delivery. Fourier transform infrared spectros-
copy (FTIR) of PEG powder showed that the absorption peaks at 2861
em! overlapped each other, which was attributed to the C-H stretching
vibration, and the absorption peaks at 1466 em™ Y, 1343 cm™ !, and 962/
841 cm™! were related to the bending vibration mode, out-of-plane, and
in-plane rocking vibration modes of the PEG methylene group, respec-
tively. The absorption peak at 1100 cm™! was due to the stretching vi-
bration of the C-O bond in PEG. In addition, there were two obvious
absorption peaks at 1732 cm ™! and 1651 cm ™, which are typical of the
stretching vibration of the acid ester compound carbonyl C=0O group.
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Compared with the PEG powder, however, the C-O absorption peak at
1059 cm™! and 1147 em™! of the PEGA hydrogel powder was shifted
sharply, which may be due to the destruction of hydrogen bonds and
other weak interactions between PEG molecules during the solidifica-
tion process, but the infrared spectrum of the PEGA hydrogel still
showed the typical characteristics of PEG (Fig. 7g). Raman spectra
analysis also showed typical characteristics of PEG, but the relative in-
tensity of the C=C or C=0 signals at 1633/1569 cm~! was weakened
and the peak position was changed in the PEGA hydrogel, indicating that
C=C or C=0 bonds had participated in the reaction during the solidi-
fication process (Fig. 7h). To test the swelling of the PEGA hydrogel, we
soaked the hydrogel in phosphate buffered saline (PBS) and observed
that the hydrogel swells to the maximum weight and volume within 2 h
and degrades slowly over a period of a week (Fig. 7i, Fig. S15). Based on
the degradability of the PEGA hydrogel, we then tested the drug release
properties and observed that about 36 % of the drug doxycycline was
released in the first day and about 60 % in a week, which showed that
after a rapid initial release, the PEGA hydrogel could release drug slowly
and uniformly (Fig. 7j). These results indicated that the PEGA hydrogel
is an ideal scaffold for localized drug release in irregular periodontal
defects, as it can achieve good filling of periodontal defects, it degrades
appropriately, and after initial rapid dosing has a slow and uniform drug
release pattern.

Based on our findings, we then tested the in vivo therapeutic effect of
combination of CsA, TT and ENPP1 in mice with ligature-induced
periodontitis. We first examined the long-term safety of CsA-TT-
ENPP1@PEGA in vivo. H&E staining showed no significant differences
in the major organs after CsA-TT-ENPP1@PEGA injection for one
month, suggesting the good biosafety of CsA-TT-ENPP1@PEGA
(Fig. S16). Afterwards, CsA, TT and ENPP1 were added to the PEGA to
fabricate the CsA-TT-ENPP1@PEGA hydrogel, and then injected into the
periodontal tissue of periodontitis mice. Micro-CT examination indi-
cated that there was much more osteogenesis in the CsA-TT-
ENPP1@PEGA hydrogel group of mice than in the PEGA hydrogel
alone group (Fig. 7k). In addition, the CEJ-ABC distance in the CsA-TT-
ENPP1@PEGA hydrogel group was shorter than that in the PEGA
hydrogel group (Fig. 71). The BV/TV % and Tb.Th in CsA-TT-
ENPP1@PEGA hydrogel group were also improved compared to the
PEGA hydrogel group (Fig. 7m). In addition, IF showed that in the CsA-
TT-ENPP1@PEGA hydrogel group, the expression of STING and IRF3 in
CD90 marked PDLSCs was significantly extenuated (Fig. 7n and o). All
the results confirmed that local cGAS-ABCC1-ENPP1 delivery could
relieve periodontal tissue inflammation and promote alveolar bone
regeneration. To summarize, we found that the cGAMP homeostasis
plays a vital role in periodontitis, and restoring cGAMP homeostasis has
great potential for the treatment of periodontitis.

4. Discussion

The ¢cGAS-STING pathway is involved in a variety of inflammation-
related diseases, such as AMD [41], systemic lupus erythematosus
[42], Parkinson’s disease [43] and acute kidney injury [44]. Most
studies highlight the pro-inflammatory effect of the cGAS-STING
pathway in immune cells [45]. MSCs are crucial for immune modula-
tion and tissue regeneration in the inflammatory micro-environment
[46,47]. However, the effect of the cGAS-STING pathway on the func-
tion of MSCs has not been completely elucidated. In the present study,
we found that the cGAS-STING pathway was activated in inflamed
PDLSCs, which are tissue specific MSCs, and genetic or pharmacological
suppression of STING could prevent the osteogenic differentiation defect
of inflamed PDLSCs. STING-disrupted mice were protected from
ligature-induced periodontitis unlike control mice. Topical application
of C176 could also facilitate periodontal tissue regeneration in mice.
Together, these results indicate that STING plays an important role in
PDLSC function and suggest that the cGAS-STING pathway is a potential
therapeutic target for enhancing the osteogenic capability of PDLSCs.

68

Bioactive Materials 48 (2025) 55-70

Mitochondrial homeostasis is an essential prerequisite for normal
stem cell differentiation [48-50]. Recently, several studies have
demonstrated that mitochondrial damage plays a crucial role in the
compromised function of PDLSCs [51,52], however, the underlying
mechanisms are not completely understood. Consistent with our previ-
ous study, we found that LPS induced mitochondrial membrane poten-
tial depolarization, ROS accumulation, and mitochondrial Ca%*
overload [12]. We also found mtDNA leakage into the cytoplasm fol-
lowed by mitochondria damage, which suggested that the activation of
the cGAS-STING pathway is associated with cytosolic mtDNA accumu-
lation. In addition, mtDNA depletion by EtBr alleviated the PDLSC
osteogenic differentiation defect. These results supported our hypothesis
that mtDNA cytosol translocation caused the activation of the
c¢GAS-STING pathway in PDLSCs which impeded alveolar bone regen-
eration in periodontitis. Thus, PDLSC function is linked to mitochondria
related innate immune dysregulation.

Current evidence indicates that different channels allow the efflux of
mtDNA under different stress conditions and thus mediate the down-
stream signaling events. For instance, it has been reported that recruit-
ment of BAX and BAK to the outer mitochondrial membrane (OMM)
releases mtDNA by forming macropores in the OMM [53,54]. Also,
under some stress conditions, such as mitochondrial Ca?* overload [55],
mitochondrial inner membrane instability may induce the mPTP chan-
nel to open followed by mtDNA release into the cytoplasm. Oligomeri-
zation of the VDAC channel could also mediate mtDNA release during
oxidative stress [56]. Our previous study demonstrated that PDLSC
dysfunction in inflammatory environments was accompanied by mito-
chondrial Ca?" overload [12], which can activate the mPTP opening
[57,58]. Here, in this study, we demonstrated that LPS induced mPTP
opening, which increased mitochondrial permeability and permitted
mtDNA release in PDLSCs. Furthermore, the inhibition of mPTP opening
with CsA downregulated the cGAS-STING pathway and rescued the
PDLSC osteogenic differentiation. These results indicated that LPS
induced mtDNA leakage through mPTP. It is important to note here that
CsA is an immunosuppressant. In this study, the 10 mg/kg dose of CsA
used in vivo was chosen based on previous studies [26,27,59], and the
CsA treatment was administered locally via periodontal injection for a
short duration (10 mg/kg/day for only 7 days). No side effects, such as
flora imbalances or fungal infections, were observed at this dose, as
reported in prior studies and our own research. Moreover, both CsA
injection alone and CsA loaded in CsA-TT-ENPP1@PEGA demonstrated
good biosafety. However, we will continue to monitor these factors in
future studies.

cGAMP is a key component in cGAS-STING pathway activation and is
synthesized by cGAS upon stimulated by cytosolic DNA [60]. After
confirming mtDNA release under inflammatory stimuli, we measured
the cGAMP levels both inside and outside the cell. We found elevated
levels of intracellular cGAMP, but the extracellular cGAMP concentra-
tion decreased over time. The extracellular cGAMP can be hydrolyzed by
ENPP1 [61]. However, we found that ENPP1 was decreased in inflamed
PDLSCs, indicating that the reduction in cGAMP may be due to its
transportation. Intriguingly, the cGAMP transport channel ABCC1 was
significantly downregulated under inflammatory conditions, suggesting
that the transportation of cGAMP was inhibited when the production of
cGAMP was increased by mtDNA release.

Currently, many therapeutic approaches target the STING pathway,
e.g., by activating the STING pathway in immune cells or in tumor cells
to activate the immune killing of tumors [62]. However, few therapeutic
strategies are aimed inhibiting the STING pathway. Recently, a nano-
material, Platinum-doped positively charged carbon dots (Pt-CDs), has
been designed to treat psoriasis by inhibiting the cGAS-STING pathway
via removing upregulated cell-free DNA (cfDNA) as well as ROS in the
inflammatory environment [63]. Existing studies have only focused on
activating the upstream components of the cGAS-STING pathway, while
the question of how ¢cGAMP, which has is generated by cfDNA stimu-
lation, can be scavenged remains to be addressed. Indeed, the
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accumulation of cGAMP is precisely the key to the sustained activation
of the cGAS-STING pathway. In this study, based on our discovery of the
mechanism of cGAMP homeostatic imbalance in inflammatory PDLSCs,
we constructed a drug-loaded hydrogel that can be locally injected in the
periodontium and promote periodontal recovery. Although the injection
of C176 can attenuate periodontal damage by inhibiting STING activa-
tion, it does not fully block the upstream mechanisms that trigger STING
activation. Consequently, continuous injection of C176 is required to
sustain its therapeutic effects. In contrast, the CsA-TT-ENPP1@PEGA
hydrogel provides a more comprehensive approach by regulating
c¢GAMP production, transport, and degradation, thus more effectively
modulating STING activation. By restoring cGAMP homeostasis, the
hydrogel enhances stem cell function and prevents chronic STING
activation, addressing the underlying cause of inflammation. Moreover,
the hydrogel forms at the target site and enables sustained, controlled
release of CsA, TT, and ENPP1, offering long-term therapeutic effects
with a single administration. This not only reduces the frequency of
dosing but also ensures more stable local drug concentrations,
enhancing treatment efficacy over time. Therefore, while both the
CsA-TT-ENPP1@PEGA hydrogel and C176 show similar therapeutic
outcomes, the hydrogel’s ability to more comprehensively block up-
stream STING activation, combined with its convenient, long-term de-
livery profile, positions it as a more promising solution for periodontal
tissue regeneration and long-term disease management.

5. Conclusion

In this work, we have established a link between the cGAMP ho-
meostasis and the function of MSCs. Furthermore, it is first found in this
study that inflammation can induce mtDNA cytosolic release, down-
regulate the expression of ABCC1 and decrease the level of ENPPI,
which are responsible for the accumulation of cGAMP, thereby leading
to the persistent activation of the cGAS-STING pathway and impaired
the differentiation capacity of PDLSCs. This study not only introduces
novel methodologies for periodontal regeneration but also proposes
innovative strategies for the management of other inflammation-related
diseases.
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