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Introduction: Diabetes has been recognized as an independent risk factor for periodontitis. Increasing evidences indicate that
hyperglycemia aggravates inflammatory response of human periodontal ligament cells (hPDLCs). Carbon monoxide-releasing
molecule-3 (CORM-3) is a water-soluble compound that can release carbon monoxide (CO) in a controllable manner. CORM-3 has
been shown the anti-inflammatory effect in different cell lineages.

Methods: We stimulated periodontal ligament cells with LPS and high glucose. The expression of inflammatory cytokine was
detected by ELISA. RT-qPCR, Western blot and immunofluorescence were used to detect the expression of TLR2, TLR4, RAGE and
the activation of NF-xB pathway. We performed silencing and overexpression treatment of RAGE targeting the role of RAGE. We
performed the immunostaining of paraffin sections of the periodontitis model in diabetes rats.

Results: The results showed that CORM-3 significantly inhibited the expression of inflammatory cytokine in hPDLCs stimulated with
LPS and high glucose. CORM-3 also inhibited LPS and high glucose-induced expression of RAGE/NF-«kB pathway and TLR2/TLR4/
NF-kB pathway. Silence of RAGE resulted in significantly decreased expression of proteins above. Overexpression of RAGE
significantly enhanced the expression of these factors. CORM-3 abrogated the effect of RAGE partially. In animal model, CORM-3
suppressed the inflammatory response of periodontal tissues in experimental periodontitis of diabetic rats.

Discussion: Our research proved CORM-3 reduced the inflammatory response via RAGE/NF-kB pathway and TLR2/TLR4/NF-xB
pathway in the process of high glucose exacerbated periodontitis. These findings demonstrated the role of RAGE in the process of high
glucose exacerbated periodontitis and suggested that CORM3 be a potential therapeutic strategy for the treatment of diabetes patients
with periodontitis.

Keywords: carbon monoxide-releasing molecules, periodontitis, diabetes, receptor for advanced glycation end products,
lipopolysaccharide

Introduction

Periodontitis, triggered by the pathogenic bacteria residing in the subgingival plaque, features a chronic inflammation in
periodontal tissues, leading to connective tissue destruction, alveolar bone resorption and tooth loss eventually.' In
response to bacterial and its products, multiple immunocytes including monocyte/macrophages and lymphocytes are

recruited from peripheral blood to local periodontal tissue, in which they release a series of inflammatory cytokines
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resulting in periodontal tissue destruction.” A number of studies have shown a bi-directional relationship between
periodontitis and diabetes. There is a significant rise in incidence of periodontitis for diabetic patients, on the other
hand, the relative risk of developing diabetes is also significantly increased for patients with periodontitis.>* Diabetes
may lead to morphological and epigenetic changes in the periodontium, altering the defense status of the tissue and
increasing the susceptibility of the host to periodontal disease.” Studies showed that patients with type 2 diabetes and
periodontitis who received nonsurgical periodontal therapy had significantly lower level of HbAlc and fasting plasma
glucose than those with no periodontal treatment. Periodontal therapy directly improves periodontal health and reduces
HbAlc level, thereby reducing the likelihood of inflammation-induced prediabetes in patients with chronic
periodontitis.®® Both type 1 and type 2 diabetes induce the increased expression of inflammatory cytokines in human
periodontium.” However, the mechanism by which periodontitis is aggravated by diabetes remains unclear.
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The possible association mechanism between diabetes and periodontal disease includes the release of advanced
glycation end (AGE) products due to hyperglycemia, and a series of common predisposing factors of genetic, microbial
and lifestyle properties.'” AGE has been determined as an independent risk indicator of severe periodontitis.'' AGEs
mainly bind to specific receptor for advanced glycation end products (RAGE). RAGE, a multi-ligand transmembrane
receptor belonging to the immunoglobulin superfamily, has been reported to be able to regulate innate immunity.'* As
a pattern recognition receptor (PRR), RAGE has a high affinity for AGEs and mediates the effect through receptor-
dependent pathway.

RAGE has a variety of ligands, such as HMGB1, AGEs, S100/calcium granule protein family, and Mac-1p Lamellar
fibrils. Lipopolysaccharide (LPS) mainly combine with the V domain of RAGE. More and more evidences show that the
interaction of AGEs and the receptor (RAGE) leads to oxidative stress, inflammatory response, formation of blood clots
and calcification in arterial walls. In this way, AGE products are involved in the aging of blood vessels and numerous
damages.'*'* After ligand binding, RAGE activates multiple intracellular signal pathways, involving NFkB, mitogen-
activated protein kinase (MAPK), guanine nucleotide triphosphatase (GTPases), and phosphocreatine 3-kinase (PI3-K)/
Akt, etc, initiating the transcription of a cluster of pro-inflammatory genes including adhesion molecules (ICAM-1,
VCAM-1), cytokines (IL-1, IL-6, TNF-a), and enzymes related to oxidative stress. RAGE is expressed in a variety of cell
types, including endothelial cells, vascular smooth muscle, cancer cells, monocytes/macrophages, granulocytes and
adipocytes. It is reported that the expression of RAGE is up-regulated in diabetes, atherosclerosis, rheumatoid arthritis,
Alzheimer’s disease (AD), cardiovascular disease (CVD) and immune/inflammatory diseases. Increased expression of
RAGE has also been proved to be related to the development and progress of cancer.'

AGEs bind to the receptor RAGE on the cell surface and up regulate its expression, which is aggravated by the
positive feedback loop in diabetes.'® Due to the co-localization of AGEs and RAGE, the increased accumulation of
AGEs up-regulates the expression of RAGE through the activation of NF«kB-p65 mainly.” In addition to activating
NFkB and mediating inflammation, RAGE also regulates the expression of TNF-a and VEGF, and modulates the
oxidative stress and endothelial dysfunction in type 2 diabetes.'® It has been reported that anti-RAGE antibody improves
diabetes retinopathy in Wistar rats through hypoglycemic and anti-inflammatory effect.'”

Periodontal ligament fibroblasts (PDLCs) account for the majority of the periodontal membrane. These fibroblasts fulfill
abundant functions including the maintenance of tissue homeostasis and the establishment of a collagenous extracellular
matrix by secreting structural proteins, as well as the regulation in the defensive responses of the innate immune system.*’
Under high-glucose conditions, PDLCs exhibit inhibited proliferation and differentiation potentials, and increased apoptosis,
which further disrupts the homeostasis and decreases the regenerative ability of periodontal tissues.>'*>

Carbon monoxide (CO) is a colorless and odorless gaseous molecule. It is an endogenous product of heme degradation by
heme oxygenase 1 (HO-1).* CO has long been considered as the poisonous agent since it disrupts oxygen delivery to the tissue
due to its high affinity for hemoglobin.** However, accumulating evidences suggest that CO is able to suppress inflammation,?

272 . . . 2
728 and destroy the pathogenic microorganisms.?*

modulate vasoactivity,’® attenuate ischemia-reperfusion injury,
Interestingly, as a product of HO-1, CO, in turn, can induce a high expression of HO-1.?>' Carbon monoxide-releasing molecules
(CORMs) are a group of transition metal carbonyl-based compounds able to deliver controlled quantities of exogenous CO
without elevating carboxyhemoglobin (COHDb) to toxic levels.*** As a member of CORMs family, CORM-3 [tricarbonylchloro
(glyconato) ruthenium (II)] is fully water-soluble and can rapidly release CO in a controllable manner’* when dissolved in
physiological solutions, which makes it a potential therapeutic strategy in the treatment of the disease. CORM-2 suppresses
TXNIP/NLRP3 inflammasome pathway and protects against LPS-induced lung injury. From this, it can be seen that carbon
monoxide may have anti-inflammatory effects on periodontitis.*

We previously reported that CORM-3 promotes the osteogenic differentiation of mesenchymal stems cells and
suppresses inflammatory cytokines release in lipopolysaccharide-stimulated human periodontal ligament cells, suggesting
the potential of CORM-3 in the treatment of inflammatory periodontal disease.*®” However, whether CORM-3 has
a beneficial effect on periodontitis concomitant with diabetes remains unknown. In this study, we used LPS and high
glucose costimulated human PDLCs as an in vitro model to mimic the cellular environment of periodontitis with diabetes
mellitus. We investigated the effect of CORM-3 on the inflammatory response in cells stimulated with LPS and high
glucose, and explored the possible mechanism underlying the regulatory effect of CORM-3. We also used diabetic rats
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with experimental periodontitis as an in vivo model to study the effect of CORM-3 on inflammatory responses in
periodontal tissues.

Materials and Methods

Cell Isolation and Culture

The study was approved by the ethics committee of the Stomatological Hospital of Shandong University (Jinan, China)
(approval number: 20220117). Periodontal ligamental tissues were separated from the premolars or third molars from 14
patients (6 males and 8 females) aged between 16 and 24 years for orthodontic treatment between August 2022 and
September 2023 in Stomatological Hospital of Shandong University. All patients were provided informed written consent
to participate in this study. The tissues were scraped and then cut into small pieces, and cultured in 25 cm?” culture bottles
(Corning Inc., NY, USA) supplemented with 1% 100x penicillin-streptomycin solution (HyClone, California, USA), 20%
heat-inactivated fetal bovine serum (FBS; Kibbutz Beit-Haemek, Israel) and 79% Dulbecco’s modified Eagle’s medium
(DMEM,; Biological Industries, Kibbutz Beit-Haemek, Israel) in humidified air with 5% CO, at 37°C. The hPDLCs were
collected and sub-cultured when they reached 80% confluence with the medium changed every 2 d. Cells between the 3rd
and 5th passages were used in the experiments.

Immunocytochemistry

Cells were fixed with precooled Paraformaldehyde for 30 min, incubated for 10 min with PBS containing either 0.1%
Triton X-100, incubate with 5% BSA for 60 min to block unspecific binding of the antibodies and then incubated with
vimentin (1:200; Abcam, Cambridge, UK), cytokeratin 17 antibodies (1:200; Proteintech, IL, USA), and rabbit anti-
human p65 (1:1000; Cell Signaling Technology, USA) antibody. After being washed with PBS for 3 times, the cells were
incubated with the FITC secondary antibody goat anti-rabbit IgG(H+L) (1:200; Proteintech, Chicago, USA) at room
temperature for 1 hour. Then, the cells were redyed with 4, 6-diamino-2-phenylindole (DAPI) (Solarbio, Beijing, China).
Images were taken with a Zeiss LSM 880 laser-scanning microscope and analyzed using the LSM Software ZEN 2009
(Carl Zeiss, Oberkochen, Germany).

Cell Treatment

Sub-cultured hPDLCs were divided into 4 groups as follows: Control group, in which the cells were cultured in control
medium (cell growing medium containing 5.6 mM D-glucose); LPS treatment group, in which the cells were incubated in
control medium containing 10 pg/mL LPS (Sigma-Aldrich, Missouri, USA); LPS + high glucose co-treatment group, in
which the cells were cotreated with high glucose medium containing 10 pg/mL LPS and 45 mM D-glucose (Sigma-
Aldrich, Missouri, USA); LPS + high glucose + CORM-3 group, in which the cells were pretreated with CORM-3 (400
uM; Sigma-Aldrich, Missouri, USA) for 24 h prior to incubation in high glucose medium containing 10 pg/mL LPS and
45 mM D-glucose.

ELISA Assay

For measurement of cytokine releasing, hPDLCs were incubated in 24-well plates for 48 h. The supernatant was
collected and stored at —20°C for use. Cytokine concentration of IL-1p, IL-6, IL-8 and IL-10 in the supernatant was
determined by sandwich ELISA (R&D systems, Minnesota, USA) using MaxiSorp plates (Nunck, Rochild, Denmark)
according to manufacturer’s instructions.

RT-qPCR

Total RNA was extracted using TRIzol (Invitrogen, CA, USA) according to the manufacturer’s instructions. The purity
and concentration of the extracted RNA were analyzed using the NanoDrop (Thermo Fisher Scientific, Waltham, MA,
USA). Complementary DNA (cDNA) was synthesized from 1 pg total RNA using an Evo M-MLV Reverse transcription
Kit (Accurate Biology, Changsha, Hunan, China) following the manufacturer’s protocol. RT-qPCR reactions were
performed in a Light Cycler II Real-time PCR system (Roche, Basel, Switzerland) using the SYBR Premix Ex Taq
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(Roche, Basel, Switzerland) to detect mRNA levels of related molecules. Thermocycling conditions consisted of 95°C
for 30s, followed by 45 cycles of denaturation at 95°C for 5 s and annealing at 60°C for 30s. The primers used (Accurate
Biology, Changsha, Hunan, China) were as follows:
homo-TLR2: Forward 5’-ACCGTTTCCATGGCCTGTG-3’
Reverse 5’-GATGTTCCTGCTGGGAGCTTTC-3’
homo-TLR4: Forward 5’-TTATCACGGAGGTGGTTCCTA-3’
Reverse 5’-TCAGGTCCAGGTTCTTGGTTG-3’
homo-RAGE: Forward 5’-GACTCTTAGCTGGCACTTGGAT-3’
Reverse 5’-GTCTCCTGGTCTGTTCCTTCAC-3’
homo-MyD88: Forward 5’-CTTGGTTCTGGACTCGCCTTG-3’
Reverse 5’-AGCACAGATTCCTCCTACAACGA-3’
homo-p65: Forward 5’-GACGCATTGCTGTGCCTTC-3’
Reverse 5’-TTGATGGTGCTCAGGGATGAC-3’
homo-p50: Forward 5’-AGCCTCCAGCCCAGTGAAGA-3’
Reverse 5’-CACCACTGGTCAGAGACTCGGTAA-3’
homo-IkBa: Forward 5’-GAAGTGATCCGCCAGGTGAA-3’
Reverse 5’-CTCACAGGCAAGGTGTAGGG-3’
homo-GAPDH: Forward 5’-GCACCGTCAAGGCTGAGAAC-3’
Reverse 5’-TGGTGAAGACGCCAGTGGA-3’
Each sample was tested in triplicate and gene expression levels were analyzed using LightCycler 480 software 1.5

2*AACt

(Roche Diagnostics). Data were calculated using the method, and presented as fold-change relative to the control.

Western Blot

The hPDLCs were lysed using radioimmunoprecipitation assay lysis buffer (Beyotime Institute of Biotechnology, Shanghai,
China) containing protease inhibitor (1:100) and stored at —80°C for later use. The protein concentrations were determined by
measuring the absorbance at 562 nm using a BCA protein assay solution (Beyotime Institute of Biotechnology, Shanghai,
China). Protein samples were firstly boiled at 100°C for 5 min with loading buffer (1:4) added, and then further separated on
10% SDS-polyacrylamide gel electrophoresis gels in migration buffer (Solarbio Science & Technology, Beijing, China), and
transferred onto polyvinylidene difluoride membranes (PVDF; Amersham Pharmacia Biotech, Piscataway, NJ, USA).
Membranes were blocked using 5% skimmed milk for 1 hour and further incubated with primary antibodies for 16 hours at
4°C. The antibodies used were rabbit anti-human TLR2 (1:1000; Abcam, UK), rabbit anti-human TLR4 (1:1000; Abcam,
UK), rabbit anti-human p65 (1:1000; Cell Signaling Technology, USA), rabbit anti-human P-p65 (1:1000; Cell Signaling
Technology, USA), rabbit anti-human p50 (1:1000; Absin, China), rabbit anti-human P-p50 (1:1000; Absin, China), rabbit
anti-human IxkBa (1:1000; Cell Signaling Technology, USA), rabbit anti-human P-IxBa (1:1000; Cell Signaling Technology,
USA), rabbit anti-human RAGE (1:1000; Abcam, UK), and HRP-GAPDH (1:10000; Proteintech, USA). After washing three
times with 1xTBST, the membranes were incubated with secondary antibodies for 1 hour at 20°C. The secondary antibodies
used were goat anti-mouse immunoglobulin G (IgG)-horseradish peroxidase (HRP; 1:1000; Proteintech, USA), or goat anti-
rabbit IgG-HRP (1:1000; Proteintech, USA). Immunoreactive bands were revealed by chemiluminescence (Millipore,
Billerica, MA, USA) and a ChemiScope Western Blot Imaging System (Clinx Science Instruments, Shanghai, China).
Protein band densities on scanned films were analyzed using the Image J software. GAPDH was used as a loading control.

Silent Expression and Overexpression of RAGE
RAGE siRNA, RAGE siRNA NC, RAGE overexpression vector and empty vector were designed and constructed by
Jinan Boshang biological Inc. The design sequences displayed in the supporting information (Figure S1).

The hPDLCs of passage 3-5 in good growth condition were seeded into 6-well plates with 4x10° cells per well. 6 pL
lipo2000 transfection reagent (Invitrogen, California, USA) was added to 150 pL opti-MEM (Gibco, California, USA), 3
png RAGE siRNA/overexpression vector and 3 pg siRNA NC/empty vector were added to another 150 pL opti-MEM,
respectively. The RNA containing solution was dropwise added to the solution containing transfection reagent in
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a volume ratio of 1:1. After 5 min incubation at room temperature, 250 uL mixed solution was added to one well and
cultured in incubator. After 6 h, fresh culture solution was replaced.

Transfection efficiency was tested by RT-qPCR and Western blot. Sub-cultured hPDLCs were divided into 5 groups as
follows: Control group, in which the cells were incubated with 10 pg/mL LPS and 45 mM D-glucose (Sigma-Aldrich); siRNA
NC/empty vector group, in which the cells were transfected with siRNA NC/empty vector and incubated with LPS and high
glucose; siRNA NC/empty vector + CORM group, in which the cells were transfected with siRNA NC/empty vector and
incubated with LPS, high glucose and 400 uM CORM-3; RAGE siRNA/overexpression vector group, in which the cells were
transfected with RAGE siRNA/overexpression vector and incubated with LPS and high glucose; RAGE siRNA/overexpression
vector + CORM group, in which the cells were transfected with RAGE siRNA/overexpression vector and incubated with LPS,
high glucose and CORM-3.

Establishment of Animal Models

The animal experimental protocol was approved by the ethics committee of Stomatological Hospital of Shandong
University (approval number: 20210610). Twenty 6-week-old male Wistar rats (Weitonglihua, China) weighing
around 180g were purchased for in vivo experiments. All experimental animals were kept in the SPF level
experimental animal center, ensuring a comfortable living environment such as drinking water, diet, and tempera-
ture for the experimental animals. The animals were divided into 4 groups as follows: Control group, healthy rats
without any treatment; Chronic periodontitis (CP) group, experimental periodontitis rat model; Diabetes mellitus
(DM) + CP group, experimental periodontitis model in diabetes rats; CORM + DM + CP group, experimental
periodontitis model in diabetes rats, CORM-3 solution (10 mg/kg) was injected intraperitoneally every other day.

Establishment of diabetes rat model: 2% STZ solution was prepared with 0.1 mol/L sodium citrate buffer (pH 4.5).
Experimental diabetes rats were fed with high sugar and high fat diet for 2 weeks. They were injected with 2% STZ
solution intraperitoneally at a dose of 30 mg/kg every other day with three times in total. The blood glucose of tail vein
was measured 3 days after the last injection. The rats with blood glucose >16.65 mmol/L were determined as
experimental diabetes rats. If the blood glucose is not up to the standard, STZ solution was injected with the same
dose and frequency as before until the blood glucose reached the standard.

Establishment of the periodontitis model in diabetes rats: The neck of the right maxillary second molar of the diabetes
rat was wrapped with 4-0 surgical suture, and the knot was tied on the buccal side. The suture was put into the gingival
sulcus, and 20 pL. Pg solution was injected into the buccal-lingual gingival sulcus of the right maxillary second molar.
The clinical criteria for the success of experimental periodontitis rat model include gingival inflammation, loss of
attachment, alveolar bone resorption, and increased probing depth.

Immunohistochemical Staining

Two weeks after the establishment of periodontitis, the maxillary tissues were isolated. After the heart perfusion, the
right maxillary tissues were placed in paraformaldehyde fixed solution for 24 hours, and then placed in 10% EDTA
decalcification solution. The sample was then dehydrated, embedded in paraffin, and sectioned on a microtome along
the buccal-lingual direction. Labeled streptavidin biotinylated antibody method was used for the detection of the
expression of RAGE. Rabbit monoclonal antibody against RAGE (1:500; Abcam, UK) was used for the primary
reaction. For the subsequent reaction, we used labeled streptavidin biotin kit (ZSGB-BIO, Beijing, China). For the
expression of NF-kB p65, samples were incubated with rabbit anti-human p65 (1:1000; Cell Signaling Technology,
USA) at 4°C overnight. After being washed with PBS for 3 times, the cells were incubated with the FITC secondary
antibody goat anti-rabbit [gG(H+L) (1:200; Proteintech, Chicago, USA) at room temperature for 1 hour. Then, the
cells were redyed with 4,6-diamino-2-phenylindole (DAPI) (Solarbio, Beijing, China). Images were taken with a Zeiss
LSM 880 laser-scanning microscope and analyzed using the LSM Software ZEN 2009 (Carl Zeiss, Oberkochen,
Germany).
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Statistical Analysis

Data are expressed as means =+ standard deviation. All experiments were replicated at least three times. Data analyses and
the significance of different groups were assessed using GraphPad Prism 6 software (GraphPad, CA, USA). Statistical
significance was determined using one-way ANOVA followed by Tukey’s multiple comparison test and p values of less
than 0.05 were considered significant.

Results
Identification of hPDLCs

The expression of Vimentin and Cytokeratin 17 is shown in Figure 1A. The positive expression of Vimentin and the
negative expression of Cytokeratin 17 demonstrated the typical characteristics of mesenchymal derived periodontal
ligament cells.

CORM-3 Reduces LPS-Induced Release of Inflammatory Cytokines from hPDLCs in

the Presence of High Glucose

Firstly, we screened the concentration of LPS and conducted CCK-8 and ELISA of IL1B. We found that LPS had no
effect on the proliferation of hPDLC within a concentration range of no more than 10 pg/mL, while concentrations
greater than 10 pg/mL had a significant toxic effect on hPDLC (Figure S2A). Meanwhile, there was a significant
promotion of IL1p expression and release within a concentration range not exceeding 10 pg/mL, with 10 pg/mL having
the most significant pro-inflammatory effect (Figure S2B). Our previous study indicated that 400 pM CORM-3 was
capable of suppressing the expression of LPS-induced inflammatory cytokines without cytotoxicity to cells.** Based on
the pre-experimental Results and the results of CCK8 (Figure S3), 400 pM was selected as the working concentration of
CORM-3 for the following experiments. At the same time, we also selected the pre-treatment time for CORM-3 and
found that it can reduce the release of inflammatory factors within 12 hours, reaching its lowest point at 24 hours. With
the extension of time, there was no significant difference in the release of inflammatory factors (Figure S4). To determine
of effects of CORM-3 on the inflammatory response of hPDLCs induced by LPS and high glucose, the expression of IL-
1B, IL-6, IL-8 and IL-10 in cell supernatant was examined. As shown in Figure 1B-D, the protein levels of IL-1f, IL-6
and IL-8 secreted by hPDLCs were significantly increased with LPS stimulation. However, as an anti-inflammatory
cytokine, the expression of IL-10 was significantly down-regulated, as shown in Figure 1E. Co-treatment of high glucose
further enhanced the release of IL-1f, IL-6, IL-8 and inhibited the release of IL-10, compared with LPS treatment alone.
With CORM-3 pretreatment, the increased expression levels of IL-1p, IL-6, IL-8 induced by LPS and high-glucose were
partially abrogated, and a retrieve of IL-10 expression was also observed (Figure 1B—E). These results revealed that
CORM-3 inhibited the enhanced inflammatory response of hPDLCs induced by LPS and high glucose.

CORM-3 Reduces LPS-Induced TLR2 and TLR4 Expression in hPDLCs in the

Presence of High Glucose

Toll-like receptors play a crucial role in pathogen recognition and immunoresponse activation by delivering signals to the
immune cells. Here, we tested the TLR2 and TLR4 expression in hPDLCs in response to LPS in the presence or absence
of high glucose. The results showed that both the mRNA and protein expression of TLR2 in hPDLCs stimulated with
LPS were significantly increased as compared with that in control group (Figure 2A and C), and the similar change trend
was also observed for TLR4 (Figure 2B and D). Combined application of high glucose with LPS significantly enhanced
TLR2 and TLR4 expression induced by LPS. Pretreatment with CORM-3 significantly inhibited the expression of TLR2
and TLR4 induced by cotreatment of LPS and high-glucose (Figure 2A—D), which indicated that TLRs expression might
be involved in the regulatory effect of CORM-3 on LPS and high glucose-induced inflammatory response.
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Figure | CORM-3 reduces LPS-induced release of inflammatory cytokines from hPDLCs in the presence of high glucose.

Notes: (A) hPDLCs were fixed with 4% Paraformaldehyde and incubated with vimentin and keratin antibody. Goat anti-rabbit IgG (Alexa Fluor® 488) was used as the secondary
antibody. Nuclei were stained blue with DAPI. Images were taken with a Zeiss LSM 880 laser-scanning microscope (Carl Zeiss, Oberkochen, Germany). (B—E) hPDLCs were
divided into 4 groups as follows: Control group, in which the cells were cultured in control medium (cell growing medium containing 5.6 mM D-glucose); LPS treatment group, in
which the cells were incubated in control medium containing 10 pg/mL LPS; LPS + high glucose co-treatment group, in which the cells were cotreated with high glucose medium (45
mM D-glucose) containing 10 pg/mL LPS; LPS + high glucose + CORM-3 group, in which the cells were pretreated with CORM-3 (400 pM) for 24 h prior to incubation in high
glucose medium (45 mM D-glucose) containing 10 pg/mL LPS. IL-IB, IL-6, IL-8 and IL-10 concentrations were determined by ELISA kit among 4 groups. Data were presented as

mean + SD. #p<0.05, #p<0.01, ##p<0.001, #*#p<0.0001 vs experimental groups; *p<0.05, *p<0.01, ***5<0.001, *p<0.0001 vs control group.
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Figure 2 CORM-3 reduces LPS-induced TLR-2 and TLR-4 expression in hPDLCs in the presence of high-glucose.

Notes: hPDLCs were divided into 4 groups as follows: Control group, in which the cells were cultured in control medium (cell growing medium containing 5.6 mM
D-glucose); LPS treatment group, in which the cells were incubated in control medium containing 10 pg/mL LPS; LPS + high glucose co-treatment group, in which the cells
were cotreated with high glucose medium (45 mM D-glucose) containing 10 pg/mL LPS; LPS + high glucose + CORM-3 group, in which the cells were pretreated with
CORM:-3 (400 uM) for 24 h prior to incubation in high glucose medium (45 mM D-glucose) containing 10 pg/mL LPS. mRNA expressions of TLR2 (A) and TLR4 (B) were
detected by RT-qPCR among 4 groups above. Protein expressions of TLR2 (C) and TLR4 (D) were measured by Western Blot among 4 groups above. Data were presented
as mean * SD. #p<0.05, ##p<0.001, "*<0.0001 vs experimental groups; *p<0.01, ¥5<0.0001 vs control group.
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CORM-3 Reduces LPS-Induced RAGE Expression and NF-kB Pathway Activation in

the Presence of High Glucose
RT-gPCR and Western blot analysis showed that both the mRNA and protein expression of the surface receptor RAGE
stimulated with LPS were significantly increased compared with that in control group (Figure 3A and D). The mRNA

expression of its downstream molecule MyD88 was also significantly increased with LPS stimulation (Figure 3B). With the
co-stimulation of LPS and high glucose, the expression of RAGE mRNA and protein was significantly higher than that of
LPS group. The mRNA expression of its downstream molecule MyD88 was also significantly increased. These results
indicated that the high glucose environment significantly increased the expression of RAGE. However, after CORM-3
pretreatment, both the mRNA and protein expression of RAGE stimulated with LPS and high glucose decreased
significantly. Meanwhile, we confirm that CORM-3 per se has no effect on the expression of RAGE (Figure S5). The
mRNA expression of its downstream molecule MyD88 was also significantly reduced by CORM-3. As for NF-«kB pathway,
the mRNA and protein expression of the molecule IxBa, p65 and p50 increased significantly in the presence of LPS and
high glucose, and the expression of their phosphorylated proteins P-IkBa, P-p65 and P-p50 also increased significantly
(Figure 3C and E), indicating the activation of NF-«B pathway. After pretreatment with CORM-3, the expression of these
NF-«xB pathway-related factors induced with LPS and high glucose was significantly inhibited. The same trend was also
demonstrated in the expression of phosphorylated proteins P-IkBa, P-p65 and P-p50.

The Modulatory Effect of CORM-3 on the Expression of TLR2 and TLR4 and NF-xB

Pathway-Related Factors After RAGE Silencing or Overexpression

RT-gPCR and Western blot were used to detect the transfection efficiency by examining the mRNA and protein
expression of RAGE after transfection. The mRNA and protein expression of RAGE decreased significantly in RAGE
siRNA transfected cells, and increased significantly in RAGE overexpression plasmid transfected cells. No significant
difference between the transfected NC group and the blank control group was found, indicating that the transfection
experiment per se had no effect on the expression of each factor, as shown in Figures 4A and 5A.

RAGE siRNA transfection significantly decreased the mRNA and protein expression of TLR2, TLR4, MyD88, IxBa,
p65 and p50. The expression of the factors described above in the silent+CORM group also decreased, showing the
important role of RAGE in LPS- and high glucose-induced response. Nevertheless, there was no statistical difference in
the expression of the factors in the transfected cells in the presence or absence of CORM-3, suggesting that the effect of
CORM-3 was abrogated in the absence of RAGE. The expression of phosphorylated protein P-IxBa, P-p65 and P-p50
decreased significantly in cells transfected with RAGE siRNA, indicating that RAGE silencing significantly inhibited the
activation of NF-kB pathway (Figure 4B and C).

RAGE overexpression vector plasmid transfection significantly enhanced the mRNA and protein expression of TLR2,
TLR4, MyD8S, IxBa, p65 and p50. CORM-3 significantly reduced the expression of RAGE and the expression level of
above factors in RAGE overexpressed cells (Figure 5B and C). Immunohistochemical staining showed the translocation
of NFkB-p65 into the nucleus in cells of the control group and NC group, but no nuclear translocation of p65 was found
in NC+CORM group, silent group, and silent+CORM group (Figure 4D). CORM-3 significantly inhibited RAGE-
induced NFkB-p65 nuclear transport (Figure 5D).

CORM-3 Suppresses the Inflammatory Response of Periodontal Tissues in

Experimental Periodontitis of Diabetic Rats

The blood glucose index of every group were detected after completing STZ injection cycle (Figure S6). In the healthy
group, the gingival sulcus floor was located at the neck of the tooth, and the gingival epithelium, the epithelium in the
sulcus, and the junctional epithelium were intact, the epithelial nail processes were short and neat, and the alveolar bone
below was not obviously absorbed. In CP group and DM+CP group, attachment loss occurred. The bottom of the
periodontal pocket was located in the middle 1/3 of the root. Gingival hyperplasia was soft. The gingival epithelium and
the inner wall epithelium of the periodontal pocket were damaged discontinuously. The epithelial nail process was
elongated and irregular after inflammatory stimulation. Alveolar bone resorption occurred. There were inflammatory cells
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Figure 3 CORM-3 reduces high-glucose-promoted RAGE expression and NF-kB pathway activation in LPS-induced hPDLCs.

Notes: hPDLCs were divided into 4 groups as follows: Control group, in which the cells were cultured in control medium (cell growing medium containing 5.6 mM D-glucose); LPS
treatment group, in which the cells were incubated in control medium containing 10 ug/mL LPS; LPS + high glucose co-treatment group, in which the cells were cotreated with high
glucose medium (45 mM D-glucose) containing 10 pig/mL LPS; LPS + high glucose + CORM-3 group, in which the cells were pretreated with CORM-3 (400 uM) for 24 h prior to
incubation in high glucose medium (45 mM D-glucose) containing 10 pg/mL LPS. mRNA expressions of RAGE (A), MyD88 (B) and NF-«xB pathway molecules (C) were detected by
qRT-qPCR among 4 groups above. Protein expressions of RAGE (D) and NF-kB pathway molecules (E) were measured by Western Blot among 4 groups above. Data were
presented as mean # SD. *p<0.01, *##p<0.001, #*p<0.0001 vs experimental groups; **p<0.001, *¥%p<0.0001 vs control group.
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Figure 4 The modulatory effect of CORM-3 on the expression of TLR2 and TLR4 and NF-kB pathway-related factors after RAGE silencing.

Notes: hPDLCs were divided into 5 groups: Control group, in which the cells were incubated with medium containing 10 pg/mL LPS and 45 mM D-glucose; siRNA NC, in
which the cells were transfected with siRNA NC and incubated with LPS and high glucose; siRNA NC + CORM group, in which the cells were transfected with siRNA NC
and incubated with LPS, high glucose and 400 uM CORM-3; RAGE siRNA group, in which the RAGE siRNA transfected cells were incubated with LPS and high glucose;
RAGE siRNA + CORM group, in which RAGE siRNA transfected cells were incubated with LPS, high glucose and CORM-3. (A)
RAGE specific siRNA constructed in vitro was successfully transfected into hPDLCs. (B) mRNA expressions of TLR-2, TLR-4, MyD88 and NF-kB pathway molecules
after RAGE silencing were detected by RT-qPCR. (C) Protein expressions of TLR-2, TLR-4, MyD88 and NF-kB pathway molecules after RAGE silencing were measured by
Western Blot. (D) Immunofluorescence showed the nuclear penetration of NFkB-p65. Data were presented as mean % SD. #p<0.05, #p<0.01, #p<0.001, #*#5<0.0001 vs
experimental groups; *p<0.05, **p<0.01, ***p<0.001, ****<0.000| vs control group.

in the lamina propria but not obvious. In CORM+DM+CP group, attachment loss and alveolar bone resorption also
existed, the epithelium was complete and continuous, the epithelial nail process was thickened and orderly, and no
obvious inflammatory cells were found in the lamina propria (Figure 6A). We measured attachment loss based on HE
staining slices (Figure S7). Collagen fibers proliferated in the lamina propria of CP group compared with that in the
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Figure 5 CORM-3 reduces the expression of receptors and pathway-related molecules after RAGE overexpression.

Notes: hPDLCs were divided into 5 groups: Control group, in which the cells were incubated with medium containing 10 pg/mL LPS and 45 mM D-glucose; empty vector
group, in which the cells were transfected with empty vector and incubated with LPS and high glucose; empty vector + CORM group, in which the cells were transfected
with empty vector and incubated with LPS, high glucose and 400 uM CORM-3; RAGE overexpression group, in which the RAGE overexpression vector transfected cells
were incubated with LPS and high glucose; RAGE overexpression + CORM group, in which RAGE overexpression vector transfected cells were incubated with LPS, high
glucose and CORM-3. (A) RAGE specific overexpression vector constructed in vitro was successfully transfected into hPDLCs. (B) mRNA expressions of TLR-2, TLR-4,
MyD88 and NF-kB pathway molecules after RAGE overexpression were detected by RT-qPCR. (C) Protein expressions of TLR-2, TLR-4, MyD88 and NF-«B pathway
molecules after RAGE overexpression were measured by Western Blot. (D) Immunofluorescence showed the nuclear penetration of NFkB-p65. Data were presented as
mean % SD. #p<0.05, #p<0.01, ##p<0.001, #*#H<0.0001 vs experimental groups; *p<0.05, *¥p<0.01, #*4p<0.001, ¥**4p<0.0001 vs control group.

healthy group. Collagen fibers proliferated more significantly in DM+CP group than in CP group. The degree of blue
staining in the lamina propria of CORM+DM+CP group was similar to that of the healthy group, and there was no
obvious collagen fiber proliferation (Figure 6B).
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control CP+DM+CORM

Figure 6 CORM-3 suppresses the inflammatory response in experimental periodontitis of diabetic rats.

Notes: The rats were divided into 4 groups as follows: Control group, healthy rats without any treatment; Chronic periodontitis (CP) group, experimental periodontitis rat
model; Diabetes mellitus (DM) + CP group, experimental periodontitis model in diabetes rats; CORM + DM + CP group, experimental periodontitis model in diabetes rats,
CORM:-3 solution (10 mg/kg) was injected intraperitoneally every other day. Two weeks after the establishment of periodontitis, the maxillary tissues were isolated. HE and
Masson staining was applied to examine the inflammatory response of periodontal tissues of the rats. (A) HE staining showed the inflammation of periodontal tissue. (B)
Masson staining showed fibroproliferation.

Immunohistochemistry showed that RAGE was expressed in the upper cortex of healthy rats to a certain extent.
RAGE expression was found in the entire epithelial layer of CP group rats, and there was no significant difference
compared with the healthy group. RAGE expression in DM+CP group was significantly increased compared with that in
CP group and healthy group. CORM-3 treatment significantly suppressed the RAGE expression in periodontal tissues in
diabetes rats with experimental periodontitis. RAGE expression was concentrated on the surface of granular layer and
acanthous layer, while RAGE expression in basal layer was weak (Figure 7A).

Immunofluorescence showed that NF-kB p65 was much expressed in periodontal tissue in CP group and DM+CP
group than in control group, but decreased in CORM+DM+CP group (Figure 7B).

Discussion and Conclusion

Hyperglycemia is associated with increased severity of periodontitis and poor periodontal outcomes even after period-
ontal therapy. In the present study, we demonstrated that high-glucose concentrations aggravated LPS-induced cell
viability decrease and upregulated LPS-induced inflammatory response in hPDLCs, while CORM-3 effectively reversed
the adverse impacts on hPDLCs imposed by LPS and high glucose. Our results showed that in addition to the positive
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Figure 7 CORM-3 reduced the expression of RAGE and NFkB-pé5 in experimental periodontitis of diabetic rats.
Notes: The rats were divided into 4 groups as follows: Control group, healthy rats without any treatment; Chronic periodontitis (CP) group, experimental periodontitis rat

model; Diabetes mellitus (DM) + CP group, experimental periodontitis model in diabetes rats; CORM + DM + CP group, experimental periodontitis model in diabetes rats,
CORM:-3 solution (10 mg/kg) was injected intraperitoneally every other day. Two weeks after the establishment of periodontitis, Inmunohistochemical staining was used to
detect the expression of RAGE and NF-kB p65. (A) Immunohistochemical staining of RAGE showed the expression of RAGE in periodontal tissue. (B) Immunofluorescence
showed the expression of p65 in periodontal tissue. Data were presented as mean * SD. #p<0.05, *#p<0.0001 vs experimental groups; ***p<0.0001 vs control group.
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effects exerted by CORM-3 against inflammatory response in LPS-treated hPDLCs, this compound also plays an anti-
inflammation role in hPDLCs under hyperglycemic conditions.

A blood glucose concentration beyond 5.6 mM is regard as diabetes according to the criteria from American Diabetes
Association.®® Clinical studies showed that blood glucose levels among diabetes patients have a wide distribution, ranging from
5.6 mM to even 60 mM.* It has been reported that 25 mM glucose treatment significantly impaired the cell viability of
hPDLCs.* Therefore, in the present study, a concentration of 45 mM was considered as high-glucose and 5.6 mM was used as
control.

High levels of glucose have been reported to suppress viability of periodontal ligament fibroblasts and increase apoptosis
4142 which is reconfirmed by our results that the proliferation of hPDLCs in LPS+HG group was further
inhibited compared with in LPS group. More importantly, as one of the primary effects of diabetes on periodontal tissue,

of these cells,

highly upregulated inflammation directly contributes to periodontal ligament destruction and alveolar bone resorption. In the
present study, high glucose significantly increased inflammation, as evidenced by enhanced levels of pro-inflammation
cytokines including IL-1B, IL-6 and IL-8. In periodontitis patients with poorly controlled diabetes, the level of pro-
inflammatory factors such as IL-1p, IL-6 and IL-8 in gingiva is significantly increased, and the level of anti-inflammatory
factors such as IL-10 in gingiva is significantly decreased, which may be one of the ways that diabetes aggravates
periodontitis.** Mechanistic links between periodontitis and diabetes involve elevations in IL-1f, tumour necrosis factor-a,
IL-6, receptor activator of NFxB ligand/osteoprotegerin ratio, oxidative stress and TLR2/4 expression.**

Exogenous CO has been reported to protect many tissues, including cardiovascular, respiratory and digestive systems,
against ischemia/reperfusion injury by its anti-ischemic and anti-inflammatory activities.*>*” Our previous study indicated
that CORM-2, another member of CORMs, reduced periodontal inflammation and alveolar bone loss in rat model of
experimental periodontitis.*® As a consequence, CORM-3 might be of therapeutic interest by delivering CO in precise
amounts to periodontal tissue in a controllable manner. In the absence of extensive experimental evidence, the potential toxic
effect of CORM-3 on hPDLCs remains unclear. Based on the results of our previous studies, a concentration of CORM-3 at
800 uM significantly inhibited cell viability, and 400 uM CORM-3 inhibited the expression of LPS-induced inflammatory
cytokines without cytotoxicity to cells. A 400 uM was therefore selected as an appropriate concentration for CORM-3 in this
study.

TLR2 and TLR4 are important immune-related transmembrane proteins expressed by various cell types including
hPDLCs.*’ They recognize pathogen-associated molecular patterns (PAMPs) including LPS and induce the production of
proinflammatory cytokines via several signaling pathways, which activates hosts’ immune response to periodontal
pathogenic agents.’®>" Here, we show that high glucose increased LPS-induced TLR2 and TLR4 expression, while
CORM-3 pretreatment significantly prohibits the increase of TLR2/4 on hPDLCs in LPS+HG group. Considering the
facts that TLRs function upstream of inflammatory cytokines, and the suppression of TLR2/4 expression by CORM-3, it
is supposed that CORM-3 inhibits inflammation by decreasing the expression of TLR-2 and TLR-4 on hPDLCs.

A number of researches show that RAGE plays an important role in LPS-induced NF«B activation and endothelial
barrier dysfunction.>® Further studies showed that overexpression of NAG-1/GDF15 could suppress renal and systemic
inflammation in mice, decreased AGE/RAGE axis related downstream inflammatory molecules and adhesion molecules,
and inhibited the activation of TLR4/MyD88/NF«B signal pathway.> In addition, there is accumulated evidence showing
a synergistic interaction between RAGE and TLR family in host immune response. RAGE and TLR share three ligands,
HMGB, S100 and LPS. Though the mechanism or physicochemical conditions for selecting ligands to preferentially bind
RAGE or TLR are not clear, more and more evidences support their potential synergistic effects on downstream signaling
pathways and the results of these interactions on inflammatory response.’* High concentrations of AGEs are considered
as endogenous “danger signals”, which lead to the activation of TLR/MyD88/NF«B pathway and further aggravates the
inflammatory response combined with the receptor RAGE. The expression of TLR-2 and TLR-4 was up-regulated by
AGE-RAGE axis, and MyD88 signal pathway was induced. This further activates the inflammatory mediator NFxB
pathway, which mediates the secretion of pro-inflammatory cytokines.>”

In order to explore the possible mechanism, we investigated TLR2/TLR4/NF-kB pathway and AGE/RAGE/NF-kB
pathway in consideration of the related signal pathways stimulated by LPS and high glucose. Our data showed that
CORM-3 had a significant inhibitory effect on the inflammatory pathway after RAGE silencing. In the RAGE overexpression
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transfection experiment, CORM-3 significantly inhibited the activation of NF-kB pathway enhanced by RAGE overexpres-
sion. At the same time, overexpression of RAGE induced the increase of the expression of TLR2 and TLR4. Based on the data
that overexpression of RAGE promoted the expression of TLR2 and TLR4, it can be speculated that high glucose may work
with LPS, resulting in a synergistic effect on the expression of TLR2 and TLR4, and RAGE. Two pathways jointly promote
LPS and high glucose-induced hPDLCs inflammatory response. CORM-3 reduces the activation of NF-kB pathway by
downregulating the expression of TLR2, TLR4, and RAGE, which can inhibit inflammation. It cannot be ruled out that NF-xB
pathway is enhanced by high expression of RAGE and there is feedback regulation on the expression of TLR2 and TLR4, so it
is worth further discussing the crosstalk between TLR2/TLR4/NF-kB pathway and AGE/RAGE/NF-kB pathway. It is worth
further exploring whether the reduction of TLRs expression after RAGE knockdown is a direct or indirect effect, and whether
the silence of TLRs affects RAGE expression. CORM-3 has a significant inhibitory effect on this crosstalk, but the specific
action site and the upstream—downstream relationship are still unclear. The exact mechanism by which CORM-3 functions
within cells and affects TLRs, RAGE, and NF-kB pathway remains unclear.

The inhibitory effect of CORM-3 on inflammation was demonstrated to be mediated by release of CO, which has
been shown in a variety of cell types.”® Our unpublished data also revealed that deactivated CORM-3, which is prepared
by dissolving CORM-3 in water for more than 24 h, did not suppress inflammatory response of hPDLCs induced by LPS
and high glucose. Moreover, another study of our research team showed that heme oxygenase-1 (HO-1) pathway was
tightly involved in CORM-3 mediated anti-inflammation effect in hPDLCs. Mitogen-activated protein kinase (MAPK)
and glutathione signaling pathways have also been pointed to participate in physiological roles of CO.>’

In conclusion, our data show that LPS-induced decline in cell proliferation and increase in inflammatory response in
hPDLCs are further aggravated by high glucose treatment. The pretreatment of CORM-3 significantly inhibited the
enhanced inflammatory response of hPDLCs induced by LPS and high glucose. These results suggest CORM-3 as a new
therapeutic strategy for the treatment of inflammatory periodontal diseases.
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