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Diabetic retinopathy (DR) is one of the leading causes of blindness. Periodontitis is one of the highest oral incidences and has been closely related to various systemic conditions through Porphyromonas gingivalis (P. gingivalis). P. gingivalis OMVs, derived from P. gingivalis, can cause endothelial dysfunction and potentially affect microvascular diseases. Current epidemiological studies provide limited evidence suggesting that periodontitis is associated with DR. However, there is a lack of basic research elucidating how periodontitis affects the severity of DR. This study aimed to explore the potential of P. gingivalis OMVs to contribute to the pathogenesis of DR and explore how it affect the retinal microvascular endothelium. The results demonstrated that P. gingivalis OMVs accelerated the blood-retinal barrier damage in DR mice. In vitro studies showed that the expression of inflammatory factors in human retinal microvascular endothelial cells (HRMECs) was increased after P. gingivalis OMVs stimulation, and the increased reactive oxygen species production, mitochondrial dysfunction, apoptosis, and altered endothelial permeability were observed in HRMECs under P. gingivalis OMVs stimulation. In addition, we found that protease-activated receptor-2 (PAR-2) regulated OMVs-induced TNF-α, MMP-9 mRNA expression, cell death, and endothelial permeability. Overall, we suggested that P. gingivalis OMVs induced mitochondria-related cell death of HRMECs and accelerated endothelial dysfunction, thus aggravating DR, in which PAR-2 plays a potential role. This study is the first research report to delineate the potential molecular mechanism of P. gingivalis OMVs on DR pathogenesis, which uniquely focused on elucidating the possible impact of periodontal pathogen derivatives on DR progression.
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1. Introduction

Diabetic retinopathy (DR) is one of the most common microvascular complications of diabetes mellitus (DM). Because of its irreversible damage to visual function, it is one of the leading causes of blindness in humans. In all types of diabetic patients, the prevalence of DR is 22.27% (Yau et al., 2012; Teo et al., 2021). The rapidly growing global aging population, the increasing lifespan of people living with DM, and diet habit changes lead to an increased risk for DR. It is predicted that the global DR population will increase by 55.6% from 2020 to 2045, reaching 700 million (Teo et al., 2021). While the classic risk factors for DR are hyperglycemia, hypertension, dyslipidemia, etc., there is evidence that many DM patients without these risk factors still develop DR. Study has shown that glycosylated hemoglobin accounts for only 6.6% of the risk of DR (Hirsch and Brownlee, 2010). Therefore, identification of new DR risk factors remains critical for disease prevention and treatment. The fundamental cause of DR pathogenesis is the disorder of microcirculation. Among a variety of complex factors, oxidative stress-mitochondrial damage and increased inflammation are considered to play a critical role in the development of this blinding disease (Forrester et al., 2020). Increased levels of oxidative stress lead to intracellular production of high levels of reactive oxygen species (ROS), leading to cellular inflammation, mitochondrial damage, and release of proapoptotic substances (Kang and Yang, 2020). On the other hand, pro-inflammatory cytokines, such as TNF-α, IL-1β, IL-6, IL-8, and ICAM-1, play a promoting role in inflammatory response in DR (Forrester et al., 2020).

Periodontitis is one of the chronic diseases with the highest oral incidence and has been closely related to various systemic conditions (Nazir, 2017). Current clinical and epidemiological studies provide preliminary evidence suggesting that periodontitis is associated with diabetic retinopathy (Rosenthal et al., 1988; Noma et al., 2004; Amiri et al., 2014; HR et al., 2018). However, there is a lack of mechanistic research in this area elucidating how periodontitis affects the severity of DR. Porphyromonas gingivalis (P. gingivalis) is one of the key pathogens in periodontitis and has been suggested playing a crucial role in vascular diseases (Deshpande et al., 1998). With the advancement of the related research on this microorganism, P. gingivalis-derived Outer Membrane Vesicles (P. gingivalis OMVs) has gained increased attention on its potential pathogenicity. Furthermore, OMVs is stable because they have an intact membrane structure and are not affected by host-derived proteases (Zhang et al., 2020). Studies have shown that P. gingivalis OMVs can cause endothelial dysfunction and is associated with cardiovascular disease (Farrugia et al., 2020). The pathogenesis of DR is characterized by changes in the endothelial dysfunction of the retinal microvascular endothelium with increased levels of adhesion molecules and inflammatory factors (Yang et al., 2022). These series of changes demonstrate similarities with other vascular diseases affected by P. gingivalis OMVs. Therefore, P. gingivalis OMVs may contribute to DR pathogenesis through inducing endothelial dysfunction.

Protease-Activated Receptor 2 (PAR-2) is a cell surface protein that is widely expressed in various tissues, including retinal and gingival tissues (Kumar VR et al., 2016; Rovai and Holzhausen, 2017). PAR-2 is known to be involved in various physiological processes including inflammation, angiogenesis, and wound healing. Studies have shown that PAR-2 may be involved in the pathogenesis of DR. Activation of PAR-2 leads to increased inflammation, which is a key feature of diabetic retinopathy (Zhu et al., 2006). Interestingly, P. gingivalis can activate PAR-2, leading to increased periodontal inflammation and bone resorption (Holzhausen et al., 2006). P. gingivalis OMVs are derived from P. gingivalis and contain most of the virulence factors of P. gingivalis. However, whether P. gingivalis OMVs can activate PAR-2 and accelerate the development of DR pathogenesis remains unknown.

The purpose of this study was to elucidate the molecular mechanism of P. gingivalis OMV-induced retinal microvascular endothelial cell dysfunction and investigate the effect of P. gingivalis OMVs on the pathological development of DR in a mouse model. Our results demonstrated that P. gingivalis OMVs exacerbate microvascular dysfunction in vivo and induce human retinal endothelial cell death in vitro. This study provided new insight into the potential link between periodontitis and pathological process of DR, and paved way for future comprehensive studies of the impact of periodontal pathogen-derived OMVs on DR and other systemic diseases.



2. Materials and methods


2.1. Porphyromonas gingivalis bacteria culture and OMVs isolation and quantification

Porphyromonas gingivalis 33277 (ATCC, United States) was subcultured in tryptic soy broth (TSB) medium with an anaerobic environment at 37°C for 24 h. The protocol of P. gingivalis OMVs isolation was modified according to the previously described procedure (Farrugia et al., 2020). Cultured bacteria were filtered through 0.22 μm polyvinylidene fluoride (PVDF) filters (Millipore, United States), then centrifuged at 160000 × g for 3 h at 4°C. The pellet was washed once with PBS and centrifuged at 160000 × g for 3 h at 4°C. According to the manufacturer’s instructions, BCA Protein Assay Kit (Thermo Scientific, United States) was used to quantify the protein concentration. The sizes of P. gingivalis OMVs particles were measured by NanoSight NS300 (Malvern Panalytical, U.K).



2.2. Animal model and treatment

Six-week-old male C57BL6/J mice (Vital River Laboratory, China) were housed in the SPF-level laboratory and were randomly divided into four groups: Control, Streptozotocin (STZ), OMVs, and STZ + OMVs (n = 8). The mice diabetes model was induced by intraperitoneal injection of 120 mg/Kg STZ. Three days after the injection, the blood glucose was determined by tail pricking with a blood glucose meter for three consecutive days (Piano et al., 2016). The mice with blood glucose lower than 16.7 mol/L were excluded. After 12 weeks, P. gingivalis OMVs (100 μg) was injected through the tail vein twice a week for 8 weeks according to previous study (Gong et al., 2022). This animal study was approved by the Institutional Animal Care and Use Committee of Capital Medical University (Beijing, China).



2.3. Optical coherence tomography (OCT)

OCT was performed on the Micron III OCT module (Phoenix Research Laboratories, United States). Mice were anesthetized by intraperitoneal injection of ketamine (80 mg/kg) and xylazine (10 mg/kg), then dilated with 1% tropicamide eye drops and covered with ofloxacin eye ointment. The retina was scanned along the same vertical axis.



2.4. Fundus fluorescein angiography (FFA)

Pathological changes in the fundus were detected using a Micron III retinal imaging microscope (Phoenix Research Laboratories, United States). The mice were stabilized on the microscope platform, and images were recorded after intraperitoneal injection of fluorescein sodium (10%, 75 mg/kg).



2.5. Retinal digestion

Mice were euthanized, eyeballs were collected and fixed in 4% paraformaldehyde. The retina was separated and digested by 1 mg/ml proteinase K and 3% trypsin for 2 h. Retinal microvascular tissue was transferred to glass slides. Entirely dried the slides and stained with hematoxylin/eosin solution. Images were taken using a microscope. For each retinal slide, pericyte and acellular capillary counts were performed in randomly selected regions of interest according to the evaluation criteria shown in Supplementary Figure S1. ImageJ software was used to measure microvessel diameter. Briefly, the regions of interest were selected from retinal slides randomly. The “Angle tool” was used to draw a line L1 along the direction of the microvessel, the mouse was moved along the vertical direction of L1 and stopped at the opposite edge of the microvessel to get a straight line L2. The angle between L1 and L2 was measured and the direction of L2 was adjusted to make the angle between L1 and L2 as close to 90 degrees as possible. The angle between L1 and L2 was saved. The length of L2 was defined as microvessel diameter and measured for 3 times. Mean microvessel diameter were calculated and finally normalized to micrometer units.



2.6. Porphyromonas gingivalis arginine gingipain (Rgp) detection by ELISA

The blood and the eyeballs were collected immediately after the mice were euthanized. Isolated the serum. The cornea was pierced with a syringe to aspirate the aqueous humor. Retinal tissue was thoroughly homogenized, followed by centrifugation and supernatant collection. Rgp concentration was detected by Rgp specific ELISA kit (PYRAM, China) according to the manufacturer’s instructions. The ELISA was performed with the SpectraMaxiD3 microplate reader (Molecular Devices, United States) and absorbance values were recorded at 450 nm wavelength.



2.7. Cell culture and stimulation

Primary human retinal microvascular endothelial cells (HRMECs) were purchased from Cell systems company (United States) and cultured in MCDB 131 Medium (Thermo Scientific, United States) including 10 ng/mL Epidermal Growth Factor (EGF, Thermo Scientific, United States), 1 μg/mL Hydrocortisone (Sigma-Aldrich, Germany), 10 mM Glutamine (Thermo Scientific, United States), 100 U/mL of penicillin (Gibco, United States), 100 μg/mL of streptomycin (Gibco, United States), 0.25 μg/mL of Amphotericin B (Gibco, United States) and 10% FBS (Gibco, United States). HRMECs were cultured in a 5% CO2 incubator at 37°C.

For P. gingivalis OMVs stimulation, 0.5 × 106 cells were subcultured in a 6-well plate to 70% confluence. Based on previous studies, we adjusted the P. gingivalis OMVs as a final concentration of 50 μg/ml to stimulate HRMECs and incubated for 24 h (He et al., 2020). In some experiment, AZ3451 (Sigma-Aldrich, United States), as a PAR-2 antagonist, was added into the culture at the final concentration of 20 μM. Cells were harvested for testing after 24 h stimulation.



2.8. Total ROS assay

For the total ROS assay, Rosup (50 μg/mL) in a separate well was added as the positive control. Fluorescent dye 2′,7′-dichlorodihydrofluorescein diacetate (H2DCFH-DA) was used to analyze the ROS production level in HRMECs. Observe and record under a fluorescent microscope after 30 min of incubation using a total ROS kit (Biosharp, China) and according to the manufacturer’s instructions. Fluorescence intensity analysis was performed with ImageJ.



2.9. Mitochondrial membrane potential detection

The mitochondrial membrane potential of HRMECs was measured using a JC-1 kit (Biosharp, China). Briefly, JC-1 dye was added in each well and incubated in a 37°C 5% CO2 incubator for 20 min. Cells incubated with 10 μM Carbonyl cyanide 3-chlorophenylhydrazone (CCCP) for 20 min were used as a positive control. The images were recorded using a fluorescence microscope at 530 nm and 595 nm wavelengths.



2.10. Dextran leakage assay

The fluorescence intensity of the leaked dextran was analyzed in a Transwell system (Corning, United States) to assess changes in endothelial permeability. The method was modified from previous reports (Ye et al., 2022). Briefly, HRMECs were cultured in the Transwell inserts. 50 μg/mL P. gingivalis OMVs were added in the presence or absence of 20 μM AZ3451 in the upper compartment. After 24 h, the culture medium was aspirated and replaced with fresh culture medium containing 100 μg/mL Alexa Flour 488-dextran 3,000 MW (Thermo Scientific, United States) into the upper compartment. After 3 h of incubation, the medium from the lower compartment was obtained and measured by the FilterMax F5 microplate reader (Molecular Devices, United States).



2.11. Cell apoptosis by flow cytometry

The ratio of apoptotic cells to total cells was assessed using the violet ratiometric membrane asymmetry probe/dead cell apoptosis kit (Thermo Scientific, United States) followed by flow cytometry. HRMECs were incubated with 4’-N,N-diethylamino-6-(N,N,N-dodecyl-methylamino-sulfopropyl)-methyl-3-hydroxyflavone (F2N12S) and SYTOX AADvanced for 5 min. The data was collected on BD LSRFortessa X-20 (BD Biosciences, United States) according to the manufactory’s recommended settings. The ratio of apoptotic cells was analyzed by Flowjo 10.8.1.



2.12. Real-time qPCR

Using TRIzol and PureLink RNA Mini Kit (Invitrogen, United States) for total RNA isolation. RNA was reverse transcribed to complementary DNA (cDNA) using a Verso cDNA Synthesis Kit (Thermo Scientific, United States). SYBR green was used for PCR reaction. The levels of gene expression were calculated using the 2 − ΔΔCt method and normalized to GADPH levels. Sequences of primers used in RT-qPCR are presented in Table.1.



TABLE 1 Primers for RT-qPCR.
[image: Table1]



2.13. Statistical analysis

Data in this study were presented as mean ± standard deviation and analyzed by GraphPad Prism 9. ANOVA was used to analyze differences between groups. An unpaired-
t
-test was used to evaluate the difference between two conditions. Results were considered statistically significant when p < 0.05.




3. Results


3.1. Porphyromonas gingivalis OMVs exacerbated DR microvascular pathology in vivo

To explore the potential impact of P. gingivalis OMVs on DR in vivo, C57 mice were injected with STZ to establish diabetes models. FFA was used to evaluate retinal pathology. Microaneurysms and fluorescein leakage were observed in 3 months diabetic mice after STZ injection (Supplementary Figure S2), suggesting the onset of DR pathology. After repeated injection of P. gingivalis OMVs for 8 weeks, OCT showed that hard exudates were observed in both STZ and STZ + OMVs group, as hyperreflective material in the outer retinal layers (Figure 1A). However, retinal pigment epithelium effusions were observed only in STZ + OMVs mice but not STZ alone mice (Figure 1A), indicating the increased permeability changes in the presence of P. gingivalis OMVs. FFA showed significant differences in microaneurysms in four groups, an increased number of microaneurysms was observed in the STZ + OMVs group than in the STZ group (Figures 1B,C). Retinal vascular digestion staining showed significant difference in pericytes count, acellular capillaries, and microvessel diameters between the different groups (Figures 1D–G). Fewer pericytes and microvessel diameters were observed in the STZ + OMVs group compared to the STZ group, and no statistical difference was observed in acellular capillaries (Figures 1D–G). The vessel diameter in OMVs group was lower than that in control group (Figure 1G). In addition, we measured the concentration of Rgp in serum, retinal and aqueous humor by ELISA. Compared with the OMVs group, higher Rgp concentrations were detected in the retinal and aqueous humor of the STZ + OMVs group, while there was no statistical difference in the serum (Figures 1H–J).

[image: Figure 1]

FIGURE 1
 (A) The representative fundus OCT images of mice in different groups, hard exudation (yellow arrow); retinal pigment epithelial fluid (red arrow). (B) The representative FFA images of mice after intraperitoneal injection of 75 mg/kg 10% fluorescein sodium. The yellow arrows indicate microaneurysms. (C) The number of microaneurysms in different groups was calculated based on FFA (n = 8). (D) The representative images of mice retinal digested slices in different conditions (H/E staining, 200×). (E–F) The number of pericytes (E), number of acellular capillaries (red arrow) (F), and Vessel diameter (G) in different conditions were calculated by retinal digested slices (n = 8). (H–J) The concentration of Rgp in different groups’ serum, retina, and aqueous humor was quantitatively detected based on ELISA (n = 3). # Below the lower limit of detection. Statistical analysis was calculated by ANOVA. Unpaired t-test was used to calculate the statistical difference between the two groups. The significance (value of p) is defined as * p < 0.05, ** p < 0.01, *** p < 0.001, and ns p > 0.05.




3.2. Porphyromonas gingivalis OMVs increased the expression of inflammatory cytokines, adhesion molecules, and chemokines in HRMECs in vitro

The particle size and morphology of the extracted P. gingivalis OMVs conformed to the distribution characteristics of P. gingivalis OMVs (Supplementary Figure S3). To determine the stimulating concentration of P. gingivalis OMVs, MTT assay was performed. The results showed that P. gingivalis OMVs at the final concentrations of 50 μg/mL and 100 μg/mL significantly inhibited the proliferation of HRMECs, while the 5 μg/mL and 10 μg/mL groups had no significant difference compared with the control group (Supplementary Figure S4). Therefore, 50 μg/mL P. gingivalis OMVs was selected as the stimulating concentration of HRMECs in subsequent experiments. In order to determine P. gingivalis OMV-induced cellular changes by HRMECs, gene expressions related to cellular inflammatory responses were evaluated by RT-qPCR. The mRNA levels of TNF-α, IL-1β, IL-6, MMP-9 and ICAM-1 were significantly increased in the OMVs group (Figures 2A–C,E,G), while Ve-cadherin, MMP -2 and TGF-β were not significantly different compared to the control group (Figures 2D,F,H).

[image: Figure 2]

FIGURE 2
 The effect of Porphyromonas gingivalis OMVs on HRMECs based on RT-qPCR. (A) TNF-α, (B) IL-1β, (C) IL-6, (D) MMP-2, (E) MMP-9, (F) TGF-β, (G) ICAM-1, (H) Ve-Cadherin mRNA expression are all reported. Data were shown as mean ± SD. Unpaired t-test was used to calculate the statistical difference between the two groups. When associated with the control group, significance (p value) was defined as ** p < 0.01, *** p < 0.001, and ns p > 0.05.




3.3. Porphyromonas gingivalis OMVs increased intracellular ROS levels and induced mitochondrial dysfunction in HRMECs

A major feature of cell death is elevated ROS levels (Villalpando-Rodriguez and Gibson, 2021). Therefore, we detected the ROS levels in HRMECs treated with P. gingivalis OMVs. The results showed a higher ROS level in OMVs group than in the control (Figures 3A,B). An key mechanism in DR progression is the elevation of ROS triggered by mitochondrial dysfunction, which causes cell death (Zheng et al., 2022). Therefore, we performed mitochondrial membrane potential assays to investigate mitochondrial outer membrane permeabilization. Based on the fluorescence staining, the higher fluorescence intensity of the JC-1 monomeric was observed after P. gingivalis OMVs stimulation (Figures 3C,D), suggesting increased mitochondrial dysfunction in HRMECs.

[image: Figure 3]

FIGURE 3
 (A) The representative images showing the effect of the P. gingivalis OMVs on oxidative stress in HRMECs. Rosup was used as a positive control, and H2DCFH-DA fluorescence indicated the total ROS level in cells. (B) H2DCFH-DA fluorescence intensities for total ROS assay (n = 3). (C) The representative images of JC-1 staining of HRMECs after OMVs stimulation. Normal mitochondria are labeled with Aggregates fluorescence (red), and Monomeric fluorescence (green) positive areas indicate changes in mitochondrial membrane potential. Cells were treated with CCCP as a positive control. (D) The ratio of monomeric/aggregates fluorescence for mitochondrial membrane potential assay (n = 4) in each group are measured by ImageJ and shown as mean ± SD; significance was calculated by ANOVA. An unpaired t-test was used to calculate the statistical difference between the two groups was indicated as * p < 0.05 and *** p < 0.001.




3.4. Porphyromonas gingivalis OMVs increased apoptosis and gene expressions of mitochondria-related cell death (MCD)

Next, we examined whether P. gingivalis OMVs cause endothelial cell death. The violet ratiometric membrane asymmetry probe/dead cell apoptosis assay was used to distinguish apoptotic cells by flow cytometry. The ratio of apoptosis cells to total cells in each group are measured. Compared with the control group, P. gingivalis OMVs significantly increased the apoptosis (Figures 4A,B). We further verified the mRNA expression of MCD-related genes by RT-qPCR. The mRNA expression of Bax, Caspase-1, and Caspase-7 is upregulated in OMVs group compared to the control group. An decreased in Bax/Bcl-2 gene expression rate was observed in OMVs group (Figure 4J). There is no significant difference in mRNA expression of FAS, FASL, Caspase-3 between the two groups (Figures 4C–I).

[image: Figure 4]

FIGURE 4
 (A) Effect of P. gingivalis OMVs on HRMECs apoptosis. Flow cytometry was performed after staining with F2N12S and SYTOX AADvanced. SYTOX® AADvanced™ dead cell stain fluorescence was plotted against a derived ratio parameter from the two emission bands (585/530 nm) of F2N12S. The gate in the lower left area shows the percentage of apoptotic cells in total cells. (B) The percentage of apoptotic cells in HRMECs after OMVs stimulation, significance calculated by unpaired t-test is indicated as ** p < 0.01 (n = 3). (C–I) Relative mRNA expression of factors related to cell death in HRMECs stimulated by P. gingivalis OMVs based on RT-qPCR. (J) The ratio of Bax mRNA expression to Bcl-2 mRNA expression based on RT-qPCR. Statistical analysis was calculated by unpaired t-test (n = 3). When associated with the control group, significance (value of p) is defined as ** p < 0.01, *** p < 0.001, and ns p > 0.05.




3.5. Porphyromonas gingivalis OMVs-induced inflammatory response and MCD of HRMECs Are mediated by PAR-2

In vasculature, activation of PAR-2 leads to cytokine and ROS overproduction by endothelial cells (Zhou et al., 2018; Bang et al., 2021), and previous studies indicated that activation of PAR-2 promotes inflammation and endothelial dysfunction (Zhou et al., 2018; Valencia et al., 2022). Here we investigated whether P. gingivalis OMVs accelerate the release of a series of inflammatory factors and promote apoptosis in HRMECs by activating PAR-2. AZ3451 was used as PAR-2 antagonist. The mRNA transcript levels of TNF-α, MMP-9, IL-1β, IL-6, and ICAM-1 were detected by RT-qPCR. Flow cytometry was used for the detection of cell apoptosis. RT-qPCR results showed significant difference of TNF-α, MMP-9, IL-1β, IL-6, and ICAM-1 mRNA expression in different groups. No changes in transcript level were observed when cells were treated with AZ3451 alone compared to the control group. The mRNA expressions of ICAM-1, TNF-α, MMP-9, IL-1β, and IL-6 were significantly upregulated when cells were treated with P. gingivalis OMVs compared with control (Figures 5A–E). The mRNA expression of TNF-α and MMP-9, but not IL-1β and ICAM-1, was significantly decreased in the OMVs+AZ3451-treated group as compared to OMVs group (Figures 5A–D). Interestingly, the mRNA level of IL-6 in the OMVs+AZ3451 group was higher than that in the OMVs group (Figure 5E). These results suggested that PAR-2 is involved in the process of P. gingivalis OMVs induced mRNA expression of TNF-α, MMP-9 and IL-6 in HRMECs. Meanwhile, the IL-1β and MMP-2 mRNA expression induced by P. gingivalis OMVs is independent of PAR-2. As TNF-α is upstream signal of mitochondrial dysfunction (Lv et al., 2022), and activation of MMP-9 disrupts mitochondrial homeostasis and increases retinal microvascular endothelial cell apoptosis (Kowluru and Mishra, 2017), we further determined whether PAR-2 is involved in P. gingivalis OMV-mediated mitochondrial dysfunction and cell apoptosis. RT-qPCR revealed that the expression of Bax, BCL-2, and Caspase-7 but not Caspase-3 was significantly different among the four groups. The mRNA levels of Bax, BCL-2, and Caspase-7 in OMVs+AZ3451 group were subsequently decreased with antagonism of PAR-2 under the P. gingivalis OMVs stimulation compared with OMVs group. (Figures 5F–I). Bax/Bcl-2 gene expression ratio was decreased in OMVs+AZ3451 group compared with OMVs group (Figure 5J). Based on the flow cytometry analysis, the P. gingivalis OMVs stimulation increase in the ratio of apoptotic cells was diminished in OMVs+AZ3451-treated group (Figures 5K,L).
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FIGURE 5
 P. gingivalis OMVs-induced inflammatory response, MCD, and endothelial permeability are mediated by PAR-2. AZ3451, with a final concentration of 20 μM, was used as a PAR-2 antagonist to observe the effect of OMVs on HRMECs through PAR-2. Relative mRNA expression of inflammatory factors (A–E) and cell death-related factors (F–I) quantified by RT-qPCR. (J) The ratio of Bax mRNA expression to Bcl-2 mRNA expression based on RT-qPCR. (K) Flow cytometry was performed after staining with F2N12S and SYTOX AADvanced. SYTOX® AADvanced™ dead cell stain fluorescence was plotted against a derived ratio parameter from the two emission bands (585/530 nm) of F2N12S. The gate in the lower left area shows the percentage of apoptotic cells in total cells. (L) The percentage of apoptotic cells in HRMECs in different conditions. (M) After HRMECs were cultured in Transwell insert under different conditions for 24 h, 100 μg/mL Alexa Flour 488-dextran was added to the inserts and incubated for 3 h. The fluorescence intensity in the medium in the lower chamber was detected and quantified by a plate reader. Statistical analysis was calculated by ANOVA. Unpaired t-test was used to calculate the statistical difference between the two groups (n = 3). The significance (value of p) is defined as * p < 0.05, ** p < 0.01, *** p < 0.001, and ns p > 0.05.




3.6. PAR-2 mediates Porphyromonas gingivalis OMVs-induced elevation of endothelial permeability in vitro

Increased microvascular endothelial permeability is the pathological feature of early DR. Therefore, we simulated and tested the potentially disruptive effect of P. gingivalis OMVs on endothelial permeability in vitro using the Transwell system. The results showed a significant difference in endothelial permeability between the different groups. The significant increased dextran leakage was observed in OMVs group after 24 h of P. gingivalis OMVs stimulation compared to the control. Decreased Dextran leakage was observed in the OMVs+AZ3451-treated group compared with the OMVs group (Figure 5M).




4. Discussion

DR is a microvascular complication of diabetes. Histologically, disruption of the blood-retinal barrier (BRB), with early pericyte loss and endothelial damage, is followed by capillary decellularization and capillary closure, resulting in decreased blood flow and ischemia. Loss of endothelial integrity results in blood leakage, neocapillaries, and microaneurysms (Rudraraju et al., 2020). Fundus fluorescein angiography is the gold standard in DR diagnosis. We observed an increase in the number of microaneurysms in the STZ + OMVs group compared to STZ group by Fundus fluorescein angiography (Figures 1B,C). In addition, the retinal vessel staining showed a decrease in vessel diameter and pericytes (Figures 1E,G). Compared with the control group, suggesting that P. gingivalis OMVs have a potential destructive effect on BRB by causing endothelial dysfunction. It is worth mentioning that we observed an increase in endothelial permeability after P. gingivalis OMVs stimulation both in vivo and in vitro. Endothelial permeability assays in HRMECs showed that higher dextran leakage was observed in the OMVs group (Figure 5M). On the other hand, Rgp can be detected in the aqueous humor in the OMVs group in vivo (Figure 1I), indicating that there are permeability changes in BRB. These results confirm previous epidemiological studies on the association between periodontitis and DR (Rosenthal et al., 1988; Noma et al., 2004; Amiri et al., 2014; HR et al., 2018), suggest that periodontal infection may promote DR by releasing P. gingivalis OMVs. Although these results are only based on mice, it is worth considering whether P. gingivalis OMVs also affect the progression of DR through the same mechanism in humans? We hope that some studies based on clinical samples will further confirm this conclusion in the future.

Bacteria stimulate the host’s chronic inflammatory status by releasing OMVs into the bloodstream and enable virulence factors into deep tissues (Bomberger et al., 2009). Thus, P. gingivalis OMVs influence the pathogenesis and progression of periodontitis and contribute to systemic disease associated with P. gingivalis infection. The low-grade inflammation underlies vascular complications of DR (Forrester et al., 2020). Various molecules play a role in inducing BRB damage through multiple signaling pathways, including adhesion molecules, matrix metalloproteinases, and inflammation factors (Forrester et al., 2020). P. gingivalis, the major pathogen of periodontitis, is known to cause chronic low-grade systemic inflammation. In this study, P. gingivalis OMVs stimulation significantly increased the expression of inflammatory factor TNF-α, IL-1β, IL-6 in HRMECs (Figures 2A–C). Meanwhile, we observed significant increases in MMP-9 after P. gingivalis OMVs stimulation (Figure 1E
)
. These results suggest that P. gingivalis OMVs may promote the progression of DR through upregulating this characteristic inflammatory factor. Previous studies have indicated that P. gingivalis OMVs can increase permeability by regulating intercellular junction proteins (He et al., 2020; Gong et al., 2022; Nonaka et al., 2022). Researchers found that P. gingivalis OMVs can change the expression of Ve-cadherin in endothelial cells at the protein level (Farrugia et al., 2020; Nonaka et al., 2022). Our results showed no differences in mRNA expression levels of Ve-cadherin (Figure 2H), which suggest that the regulation of P. gingivalis OMVs on Ve-cadherin may through post-transcriptional processes, such as the direct hydrolysis of proteins (Farrugia et al., 2020). Here, we explored the direct effects of P. gingivalis OMVs on HRMECs. In addition, the recruitment of immune cells and inflammatory response also play a key role in the progression of DR. Some studies have pointed out that OMVs can induce the recruitment and activation of immune cells (Ha et al., 2020; Lim et al., 2022). The increasing ICAM-1 expression in endothelial cells is considered the initial event of DR that promotes the adhesion of leukocytes (Hirano et al., 2010; Tang et al., 2021). Our results demonstrated that P. gingivalis OMVs stimulation increased the expression of ICAM-1 in HRMECs (Figure 2G). Therefore, are immune cells involved in the process of P. gingivalis OMVs affecting DR, and what role do they play? This is a question worth pondering in the future.

P. gingivalis OMVs promote endothelial dysfunction in a variety of systemic diseases (Furuta et al., 2009; Hijiya et al., 2010; Singhrao and Olsen, 2018; Seyama et al., 2020). Endothelial dysfunction caused by endothelial cell death is closely related to the occurrence and development of DR (Gui et al., 2020). The immediate manifestation is the BRB disruption due to increased endothelial permeability. Endothelial dysfunction occurs early in DR, with high ROS and mitochondrial dysfunction. ROS can up-regulate the expression of pro-inflammatory cytokines and intercellular adhesion factors in endothelial cells, which participate in the process of increased vascular permeability. A significant increase in ROS levels was observed in the OMVs group (Figures 3A,B), suggesting altered oxidative stress levels in HRMECs. Studies have pointed out that ROS is a by-product of mitochondrial metabolism, and unregulated oxidative and reductive stresses could result in severe cellular damage and cell death (Zorov et al., 2014; Rizwan et al., 2020). It is indicated that P. gingivalis OMVs can induce inflammation by activating cell death pathways, such as regulating BCL-2 family to cause mitochondrial dysfunction and trigger cell apoptosis (Deo et al., 2020). In our study, the expressions of Bax was upregulated after P. gingivalis OMVs stimulation (Figure 4C) while Bcl-2 mRNA was downregulated (Figure 4D), and Bax/Bcl-2 was decreased accordingly (Figure 4J). Meanwhile, the mitochondrial dysfunction (Figures 3C,D) and the ratio of apoptotic cells (Figures 4A,B) were increased, suggesting an elevated mitochondria-associated cell death in HRMECs. The up-regulation of Caspase-7 expression further strengthened this notion (Figure 4H). However, no statistical difference of Caspase-3 was observed between the control group and the OMVs group (Figure 4G). Some researchers pointed out that Caspase-3 and Caspase-7 play different roles in apoptosis; caspase-3 is responsible for limiting the production of ROS, and caspase-7 may contribute to the production of ROS (Brentnall et al., 2013). It suggested that the OMV-induced ROS production is mediated by Caspase-7 but not Caspase-3. The cell death signal triggered by P. gingivalis OMVs in HRMECs may not be mediated by FAS and FAS-L, since no changes in their expression were observed (Figures 4E,F). Notably, the expressions of Caspase-1 and IL-1β were elevated in the OMVs group (Figures 4I, 2B), indicating that pyroptosis may also be the outcome of HRMECs after P. gingivalis OMVs stimulation (Zeng et al., 2019). These results suggest that P. gingivalis OMVs can induce mitochondrial dysfunction in HRMECs and trigger cell death through multiple pathways. Overall, we proposed a possible mechanism for P. gingivalis OMVs to promote DR: elevated inflammatory factors led to mitochondrial dysfunction and increased ROS levels, thereby promoting the retinal microvascular endothelial cells death, resulting in endothelial dysfunction.

Protease-activated receptors (PARs) are members of the G protein-coupled receptor family. Four types of PARs have been identified in mammalian genomes. PAR-2 is the only one not activated by thrombin but activated by trypsin and tryptase (Okamura et al., 2021). Interestingly, the Gingipain derived from P. gingivalis has the potential to activate PAR-2 (Holzhausen et al., 2006), which is also one of the main virulence factors of P. gingivalis OMVs. PAR-2 is ubiquitously expressed in a variety of cells including vascular endothelial cells, and its functions involve increased vascular permeability, vasodilation, granulocyte infiltration, and cytokine release (Peach et al., 2023). There is some evidence that activation of PAR-2 is involved in the development of DR (Zhu et al., 2006). The activation of PAR-2 leads to the secretion of pro-inflammatory factors such as IL-6, TNF-α, and MMP-9, and mediates cell death (Huang et al., 2019; Carroll et al., 2021; Li et al., 2021). The up-regulated MMP-9 in mitochondria increases mitochondrial membrane permeability and promotes the entry of the pro-apoptotic protein Bax into mitochondria (Bassiouni et al., 2021; Liu et al., 2022). Our results showed that the expressions of TNF-α, MMP-9, and Caspase-7 were attenuated by PAR-2 antagonist AZ3451 (Figures 5B,C). In addition, the pro-apoptosis factor Bax/Bcl-2 was decreased (Figure 5J), and a reduced rate of apoptosis in HRMECs and improved endothelial permeability were subsequently observed after antagonized PAR-2 (Figures 5K–M). These results suggest that the increased endothelial permeability induced by P. gingivalis OMVs-induced inflammation and cell death is partially mediated by PAR-2, which may be the underlying mechanism by which P. gingivalis OMVs exacerbate DR progression. Unlike previous studies (Dekita et al., 2017; Huang et al., 2019), there is no changes in ICAM-1 were observed, and the mRNA level of IL-6 in the OMVs+AZ3451 group was higher than that in the OMVs treatment group (Figures 5A,E). This may be due to differences in antagonism methods and cell lines, and the P. gingivalis OMVs containing multiple products that elevate the expression of IL-6 and ICAM-1 through other receptors. The expression of IL-6 can be activated from the Toll-like 4 receptor (TLR-4) signaling pathway (Xiao et al., 2023). It is well known that P. gingivalis OMVs contain LPS, which can activate TLR-4. Several studies have investigated the possible connection between PAR-2 and TLR4-mediated signaling pathways. For example, concurrent activation of PAR-2 and TLR4 amplifies NF-κB activation and IL-6 production in endothelial cells, respectively (Chi et al., 2001). In contrast, TLR4-mediated inflammatory response is involved in the suppression of PAR-2 signaling (Moretti et al., 2008). Thus, signaling crosstalk between PAR-2 and TLR4 has the potential to augment or mitigate an ongoing inflammatory response when both receptors are accessible.

It is noted that our animal model was established based on studies on microcirculatory dysfunction and adopted tail vein injection of P. gingivalis OMVs to assess the effect in a relatively controlled time. Therefore, the results of this study are not intended to be extrapolated to fully simulate the clinical situation, where both DR and periodontitis are chronically developed conditions. Despite the limitations, this is still a viable animal model with considerable value for mechanistic studies. Future clinical investigations will be very valuable to assess the effect of P. gingivalis OMVs on the retinal microvascular endothelial barrier in patients with DR under chronic periodontitis conditions.



5. Conclusion

Our study suggested that P. gingivalis OMVs induced mitochondria-related cell death of HRMECs and accelerated endothelial dysfunction, thus aggravated DR, in which PAR-2 plays a potential role. To our knowledge, this study is the first research report to delineate the potential molecular mechanism of P. gingivalis OMVs on DR pathogenesis, which uniquely focused on the elucidation of possible impact of periodontal pathogen derivatives on DR progression. It provides a model system for expanded research in the field of microbial OMVs as a link between oral and systemic diseases.
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