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Abstract: Emerging evidence underscores an association between age-related macular degeneration
(AMD) and periodontal disease (PD), yet the biological basis of this linkage and the specific role
of oral dysbiosis caused by PD in AMD pathophysiology remains unclear. Furthermore, a simple
reproducible model that emulates characteristics of both AMD and PD has been lacking. Hence, we
established a novel AMD+PD murine model to decipher the potential role of oral infection (ligature-
enhanced) with the keystone periodontal pathogen Porphyromonas gingivalis, in the progression of
neovasculogenesis in a laser-induced choroidal-neovascularization (Li-CNV) mouse retina. By a
combination of fundus photography, optical coherence tomography, and fluorescein angiography,
we documented inflammatory drusen-like lesions, reduced retinal thickness, and increased vas-
cular leakage in AMD+PD mice retinae. H&E further confirmed a significant reduction of retinal
thickness and subretinal drusen-like deposits. Immunofluorescence microscopy revealed signifi-
cant induction of choroidal/retinal vasculogenesis in AMD+PD mice. qPCR identified increased
expression of oxidative-stress, angiogenesis, pro-inflammatory mediators, whereas antioxidants and
anti-inflammatory genes in AMD+PD mice retinae were notably decreased. Through qPCR, we
detected Pg and its fimbrial 16s-RrNA gene expression in the AMD+PD mice retinae. To sum-up,
this is the first in vivo study signifying a role of periodontal infection in augmentation of AMD
phenotype, with the aid of a pioneering AMD+PD murine model established in our laboratory.

Keywords: age-related macular degeneration; retinal inflammation; oxidative stress; antioxidants;
retinal degeneration; periodontal disease; therapeutic targets

1. Introduction

Nearly 11 million Americans have age-related macular degeneration (AMD) [1–5].
The National Eye Institute (NEI) reports that this number is expected to double by 2050,
and 1 in 20 people with early AMD is susceptible to having advanced AMD 10 years
later [6]. Worldwide, AMD is the third leading cause of blindness imposing high healthcare
and economic burden [3,7–9]. AMD is a late-onset neurodegenerative disease which chiefly
targets a small central area of light-sensitive cells in the retina responsible for sharp vision in
humans. The early stage of AMD is characterized by drusen deposits, the hallmark of AMD,
between the retinal pigment epithelial (RPE) cell layers and the Bruch’s membrane. The
late stage is presented as dry form and/or the formation of choroidal neovascularization
(CNV), which represents the wet or neovascular form (nAMD) [10,11]. Although, palliative
treatment is available for “wet” form of AMD, no proven therapy is available for the “dry”
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type. Major risk factors for AMD include advanced age, family history, smoking, high
blood pressure, and being Caucasian [6,12]. Smoking and body mass index are regarded as
the modifiable risk factors for progression to nAMD, characterized by uncontrolled growth
of new leaky blood vessels under the macula. However, genetics and other environmental
risk factors play a crucial role in the pathogenesis of AMD [13]. Whilst the specific etiology
of AMD still remains inexplicit, a growing body of evidence implicates the involvement
of low-grade chronic inflammation and altered immune components, oxidative stress,
mitochondrial dysfunction, and abnormal lipid metabolism [14–19]. Furthermore, an
infectious etiology is now implicated in the onset and progression of AMD [20–24]. The
specific microbiota of human nasopharynx, intestinal, and intraocular microbiota have
been identified to mediate the pathogenesis of AMD [21–24]. A high-antibody titer of gram-
negative bacteria like Chlamydia pneumoniae [25] and Helicobacter pylori [26] is reported in dry
and wet AMD patients [27]. Nonetheless, the sequelae of molecular or cellular events that
result in AMD are sparsely understood [28]. Owing to an escalating prevalence, complex
multifactorial etiology, and lack of effective cure, acquirement of a better understanding of
the pathophysiological mechanisms is indispensable for revealing new therapeutic targets.

Emerging studies imply periodontitis or periodontal disease (PD) as a risk factor
in the development of AMD [29–34]. PD is a microbially-induced chronic inflammatory
disease that affects both the soft and hard tooth-supporting tissues leading to tooth loss.
PD is a world-wide disease of epidemic proportions, with prevalence in the US reaching
nearly 50% [35]. PD has a bidirectional relationship with a myriad of systemic disorders
ranging from rheumatoid arthritis to Alzheimer’s disease [35–37]. The latest experimental
observations from our group and others suggest an association between PD and retinal
degenerative diseases, particularly AMD [20,28,38,39]. Chronic oral inflammation sus-
tained by dysbiosis of the “proximal gut”, i.e., the oral cavity and a leaky attachment
apparatus, induces aberrant systemic immune responses directly through the dissemina-
tion of periodontal pathogens or indirectly via the microbial biproducts into the blood
circulation from the damaged periodontal pockets [28,40]. The periodontal pathogens
are not confined to local inflammation but also impact serious systemic disorders of high
morbidity and mortality [35–37,41,42]. In the pathogenesis of many systemic diseases
including PD and AMD, the role of oxidative stress and antioxidants is significantly re-
marked. Several scientific studies have addressed the crosstalk between oxidative stress
and inflammation in AMD pathophysiology. The “oxidation-specific epitopes” generated
in response to pathological oxidative damage induce pro-inflammatory responses and
promoted macrophage infiltration and polarization [43,44]. Furthermore, oxidative stress
contributes to inflammation and angiogenesis and in turn, retinal neurodegeneration as
in the case of AMD. On the other hand, the periodontal pathogens activate neutrophils
which release the reactive oxygen species (ROS) and cause destruction of the periodontal
tissues [45]. Our and other studies with mouse models have shown that lack of antioxidant
genes have demonstrated AMD phenotypes such as subretinal deposits, RPE atrophy,
and neovascularization [46,47]. Antioxidants are useful elements in the management of
AMD as they are found to attenuate the progression of early AMD to advanced stages. In
this context, a positive correlation between antioxidant levels with attenuation of PD and
periodontal wound healing has been speculated [48]. A cross-sectional study by Chapple
et al. indicates that the total antioxidant capacity was significantly reduced in both gingival
crevicular fluid (GCF) and plasma of patients with PD relative to healthy controls [49].
AMD shares many common risk factors with PD which modify their onset and progres-
sion [12,27,50], but precise knowledge of the role of PD in the pathophysiology of AMD is
currently lacking.

Porphyromonas gingivalis (P. gingivalis/Pg) the primary pathogen in PD, is a dysbiotic
species renowned for its ability to influence the host directly by tissue infiltration and
damage and indirectly cause distal inflammation by hijacking the immune system through
its metabolic biproducts to support its survival and multiplication [28,51,52]. It expresses
an assortment of virulence factors that contribute to its pathogenic effects both locally



Antioxidants 2021, 10, 309 3 of 22

and systemically [53]. The primary factors include fimbriae, hemagglutinin, Arg- and Lys-
gingipains that degrade Ig and various components of complement system, and the outer-
membrane vesicles which aid in colonization and attachment. Also expressed by Pg is a
polysaccharide capsule and a unique lipopolysaccharide (LPS). These are typically involved
in modulation of host responses, host tissue damage, spreading infection, and fibrinolytic,
keratinolytic, and other hydrolytic activities [54,55]. From those listed, gingipains are major
virulence factors which exist as lysine-gingipain (Kgp), arginine-gingipain-A(RgpA) and
arginine-gingipain-B (RgpB) [38,56]. PD promote entry of bacteria into the blood stream,
which activates the host inflammatory response through several cascade mechanisms [57].
P. gingivalis binds to and invades epithelial cells [58–60], dendritic cells (DCs) [61], and
macrophages through diverse strategies [62]. Numerous animal studies have reported that
infection with P. gingivalis that impairs endothelial integrity, accelerates atherosclerosis,
and causes a significant increase in mortality due to cardiac rupture. The production of
high levels of nitric oxide [63], pro-inflammatory cytokines, cell adhesion molecules [64],
and chemokines by the infected endothelial cells have important effects on the vascular
function [65]. Farrugia et al. showed that the gingipains present on the outer-membrane
vesicles surface mediate the vascular events leading to increased vascular permeability,
involving endothelial cell–cell adhesins [66]. Following systemic dissemination, P. gingivalis
initiates several processes involved in atherosclerotic heart disease, including platelet
aggregation and leukocyte extravasation to subendothelial regions [66,67]. Moreover,
P. gingivalis were abundantly retrieved from healthy vascular tissue of atherosclerotic
patients [68].

We have previously confirmed a distinct two-hit process by which P. gingivalis using its
Mfa1(short) and FimA(long) fimbriae, induces DC-specific intercellular adhesion molecule-
3-grabbing non-integrin-mediated immunosuppression, and promotes chemokine-receptor
type4-mediated pathological angiogenesis [39]. Recently, we reported invasion and intracel-
lular survival of Pg in the RPEs in vitro [20]. However, there is no in vivo study available to
clarify the potential association between the pathogenesis of retinal degenerative diseases,
particularly AMD and PD. The purpose of the current pilot study is to investigate the
role of P. gingivalis in the pathophysiology of retinal degeneration and pre-existing AMD
phenotype. Herein, we established a unique AMD+PD murine model and observed aggra-
vation of AMD phenotypes including vasculogenesis, drusenoid deposits with activation
of inflammatory mediators, oxidative stress, and inactivation of key antioxidants molecules.
This is the first report to demonstrate the involvement of Pg and its biofilm consortium
members in the augmentation of AMD pathology, specifically neovascular changes and
retinal degeneration in AMD+PD mice retinae.

2. Materials and Methods
2.1. Bacterial Strains and Biofilm Culture

Wild-type Porphyromonas gingivalis-381 (Pg), Fusobacterium nucleatum (ATCC49256;
Fn), and Streptococcus gordonii DL1 (Sg) [69] were routinely cultured, and the growth curve
was established as described previously [38,39]. Briefly, both Pg and Fn were cultured
anaerobically (10% H2, 10% CO2, and 80% N2) in DifcoTM Anaerobe Broth MIC (BD
Biosciences San Jose, CA) in a Forma Scientific anaerobic system glove box, while Sg
established in aerobic condition at 37 ◦C. Bacterial suspensions were washed three times in
PBS and re-suspended for spectrophotometer reading of 0.11 for optical density at 660 nm,
which was previously determined to be equal to 5 × 107 colony-forming units (CFU) [70].
To prepare the polybacterial (biofilm) suspension for infection, the initial colonizer S.
gordonii was mixed with an equal quantity of F. nucleatum (intermediate colonizer) for
5 min; subsequently, P. gingivalis (late colonizer) were added to the culture tube, and
cells were mixed thoroughly and allowed to interact for an additional 5 min. P. gingivalis
or biofilm (Sg+Fn+Pg) suspension were then mixed with an equal volume of sterile 2%
carboxymethylcellulose (CMC; Sigma-Aldrich, St. Louis, MO, USA) in phosphate-buffered
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saline (PBS). This mixture was used for periodontal infection (1 × 109 CFU) in C57BL/6J
mice as described [12,17] below.

2.2. Animals

Wild-type C57BL/6J mice were purchased from the Jackson Laboratory (Bar Harbor,
ME). All mouse experimental procedures described in this study have been reviewed and
approved by the Augusta University Institutional Animal Care and Use Committee (AUP#:
2017-0836), in compliance with established federal and state policies. Mice were maintained
in individually ventilated cages and fed a normal chow diet. Mice were treated with a
week regimen of oral antibiotics (sulfamethoxazole/trimethoprim suspension 48 mg/mL)
to allow for P. gingivalis or biofilm-specific colonization. Mice were used for experiments at
the age of 10 weeks and were divided into four groups (1. CMC (−ve) control, 2. Laser-
induced choroidal neovascularization (Li-CNV; +ve) control, 3. Li-CNV+ligature+Pg, and 4.
Li-CNV+Ligature+biofilm) of six mice each (Figure 1). Two groups had their left maxillary
second molar tooth ligated, and two groups were left un-ligated as described below.
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Figure 1. Study design and establishment of unique age-related macular degeneration (AMD)+ periodontal disease (PD)
murine model. (A) Shows the complete experimental design involving four groups 1. CMC (−ve) control, 2. Laser-induced
choroidal neovascularization (Li-CNV), 3. Li-CNV+Lig+Pg, and 4. Li-CNV+Lig+Biofilm (detailed in the methods section).
(B,C) Establishment of unique AMD+PD murine model. After laser induction, mice were ligated followed by Pg or biofilm
infection and AMD+PD model established. Representative image demonstrating the laser induction (B), ligature placement
around the second maxillary molar (C-red arrow), and systematic noninvasive fundus fluorescein angiography (FFA) (D)
for AMD phenotype analysis.

2.3. Laser-Induced Choroidal Neovascularization (Li-CNV) AMD Model

The formation of laser-induced CNV in a mouse model simulates the exudative (neo-
vascular or wet) AMD in humans, so the Li-CNV model was established as we described
previously [71]. Briefly, 10-week-old male mice were anesthetized, and their were pupils
dilated after a week of antibiotics treatment. Mice were positioned on a rack connected
to a slit lamp delivery system. Four laser photocoagulation spots were made (75 µm spot
size, 75 ms, 90 mW power, Oculight Infrared Laser System 810 nm, IRIDEX Corporation) in
the area surrounding the optic nerve in the right eye of mice (left-intact non-CNV control).
The sites were visualized through a handheld contact lens and a viscous surface lubricant.
Only laser-induced burns with a bubble formation were included in the study. The mice
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were given lubricant ophthalmic ointment after laser treatment. Ligature induction were
performed as described below after laser treatment. CNV area was analyzed after 1 week.

2.4. Ligature-Enhanced Periodontitis (PD) in Pre-Existing CNV (AMD) Model

To test the influences of Pg or biofilm consortium members in pathological neovas-
cularization, we established the ligated periodontitis model [72,73] with the Li-CNV (wet
AMD) mouse as described above, 3 days post laser treatment. This model emulates
the human AMD+PD. The animals underwent general anesthesia with a combination of
ketamine/xylazine (80 mg/kg + 5 mg/kg body weight, respectively) administered via
intraperitoneal injection. The ligature model was obtained by placing a sterilized 5–0 silk
thread (Roboz Surgical Instrument Co., MD, USA) around the maxillary upper-left second
molar and tied mesiobuccally for groups 3. Li-CNV+Lig+Pg and 4. Li-CNV+Lig+Bio to
compare to the untreated groups (1. CMC control, 2. Li-CNV control—no ligature or
bacteria). Suture was applied and tied gently to prevent damage to the periodontal tissue.
The ligatures remained in place in all mice throughout the experimental period without
the necessity of replacement. Mice were challenged by oral application of vehicle (2%
CMC in PBS, no bacteria) or the P. gingivalis alone and biofilm (1 × 109 CFU) at the buccal
surface of the maxillary vestibule for 6 weeks on alternative days with 1 week of rest before
study completion. Mice were analyzed noninvasively by fundus photography, Optical
coherence tomography, and fluorescein angiography at 1 and 6 weeks as described below.
After 6 weeks of chronic infection, mice were sacrificed at the 7th week, and the eyes were
removed for RNA isolation, H&E, and immunostaining analysis (Figure 1).

2.5. Fundus-Imaging Analysis

One and six weeks after the oral infection course, fundus images were obtained
in all groups to compare the CNV lesion and chorio-retinal vascular changes. In brief,
each mouse received an intramuscular injection of rodent anesthesia cocktail (ketamine
80 mg/kg, xylazine 5 mg/kg) in 0.1–0.2 mL of phosphate-buffered saline (PBS). Next the
pupils were dilated with 1.0% tropicamide (Alcon, Fort Worth, TX, USA), and their corneas
locally anesthetized with 0.5% proparacaine (Alcon). A retinal-imaging microscope system
(Micron IV, Phoenix Research Labs, Pleasanton, CA, USA) was utilized for color fundus
photography, Fundus Fluorescein angiography (FFA), and image-guided optical coherence
tomography (OCT).

2.6. Optical Coherence Tomography (OCT)Analysis

To assess the presence of angiogenesis, imaging of eyes was performed after 1 and
6 weeks using OCT imaging device with a 25-diopter lens fitted on a 30-degree angle lens.
The pupils of the anesthetized mice were dilated with 1% tropicamide eye drops before
the images were acquired. A lubricant eye gel (GenTeal; Novartis Pharmaceuticals, East
Hanover, NJ, USA) was used throughout the procedure to maintain moisture and clarity in
the cornea. Three repeated-volume intensity projections were acquired for each eye. The
images consisted of 50–100 averaged B-scans.

2.7. Fundus Fluorescein Angiography (FFA) Analysis

To evaluate the retinal vasculature and permeability in vivo, one and six weeks after
oral gavage/infection with Pg and biofilm, mice were anesthetized using intramuscular
injection of the rodent anesthesia cocktail described above [74]. The pupils were dilated
with 1% tropicamide eye drops, and the mice were placed on the imaging platform of the
Phoenix Micron III retinal-imaging microscope (Phoenix Research Laboratories, Pleasanton,
CA, USA). Goniovisc 2.5% (hypromellose; Sigma Pharmaceuticals, LLC, Monticello, IA,
USA) was applied generously to maintain moisture in the eyes during imaging. Mice were
administered 10 to 20 µL 10% fluorescein sodium (Apollo Ophthalmics, Newport Beach,
CA, USA), and rapid acquisition of fluorescent images ensued for ∼5 min. Fluorescein
leakage manifests as indistinct vascular borders progressing to diffusely hazy fluorescence.
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Fluorescein leakage (CNV area) was compared between different groups by quantifying
the fluorescence intensities collected after 1, 2, and 3 min following fluorescein injection
using ImageJ software (National Institutes of Health, Bethesda, MD, USA).

2.8. Analysis of Retinal Thickness

Retinal-thickness analysis was performed as we described previously [47]. Briefly, the
eyes of Pg- and biofilm-infected and control mice were harvested after 6 weeks. To ensure
that the same locations of the eyes were analyzed and compared, a mark was placed at the
12:00 o’clock position of the corneal limbus of each eye. The eyes were then embedded
in optimal-cutting-temperature compound (Crystalgen Inc., Commack, NY, USA). Ten
micrometer frozen sections were cut in parallel to the 12:00 o’clock meridian through the
optic nerve and fixed in 4% paraformaldehyde and H&E stained. Retinal layer thickness
was measured in a blinded manner regarding the genotypes at six locations of each eye:
25% (S1), 50% (S2), and 75% (S3) of the distance between the superior pole and the optic
nerve, and 25% (I1), 50% (I2), and 75% (I3) of the distance between the inferior pole and
the optic nerve. Only the sections with the optic nerve visible were used for analysis. The
slides which contain 6 eye sections per slide from different groups were scanned. Digital
slide scanning was carried out using the Leica Aperio Versa and images analyzed by
Aperio ImageScope software from Leica (Microsystems Inc., Buffalo Grove, IL, USA). The
thickness of the ONL and IS/OS retinal layers was measured at 200× magnification using
Leica software and image analyzer. The similar procedures were used for the noninvasive
images taken from optical coherence tomography.

2.9. Immunofluorescence and Confocal-Imaging Analysis

Immunofluorescence analysis was performed using optimal-cutting-temperature com-
pound embedded-eye-tissues sections as we described previously [20,39]. In brief, after
fixing and permeabilizing, the tissues from mice retinae were blocked with 1X universal
power block (Biogenex Laboratories, Fremont, CA, USA) and incubated for 30 min at
room temperature. After blocking with permeabilization buffer and 2% BSA, slides were
then incubated with rabbit polyclonal collagen-IV alpha 1 primary antibody followed by
antirabbit FITC-conjugated secondary antibody (Novus Biologicals, Littleton, CO, USA).
After washing with PBS twice, subsequently, slides were mounted with prolong diamond
antifading mounting medium with the nuclear probe DAPI (Invitrogen, Carlsbad, CA,
USA). Images were acquired with a Zeiss LSM510 inverted meta scanning confocal micro-
scope. Specificity of the reaction was confirmed by omitting the primary antibody. For
quantitative analysis, images were collected from six sections per mouse of at least three
mice in each group and then analyzed using ImageJ software.

2.10. Quantitative PCR Assays

Total RNA was isolated as we described [38,39] using TRIzol reagent (Waltham, MA,
USA) and purified with RNeasy kit (Germantown, MD, USA) from orally infected with Pg
alone, biofilm, and uninfected control mice retinae. RNA quantity and integrity were tested
and only ratios of absorbance at 260 and 280 nm of 1.8–2.0 were included in this study. Anal-
ysis of gene expression in mice retinae orally infected by Pg and biofilm were performed
using RT-PCR as we described previously [39]. Complementary DNA was synthesized
from 1.0 µg RNA through a reverse-transcription reaction (Applied Biosystems, Foster City,
CA, USA). Quantitative PCR was performed on TaqMan® gene-expression primers and
probes for fast plates in triplicates for selected genes: Tnf-α (Assay ID: Mm00443258_m1),
Tgf-β1 (Assay ID: Mm1178820_m1), Il-1β (Assay ID: Mm00434228_m1), Il-6 (Assay ID:
Mm00446190_m1), Il-10 (Assay ID: Mm01288386_m1), Foxp3 (Assay ID: Mm00475162_m1),
18S-rRNA (Assay ID: Mm03928990_g1), and Gapdh (Assay ID: Mm99999915_g1). Gene
expression of specific bacterial strains including Pg381 (Assay ID: AIY9ZZ2), Mfa-1 (Assay
ID: AIX01UM), and FimA (Assay ID: AIY9ZZQ) were quantified using universal 16S-rRNA
(Assay ID: BQ04230899_s1) as housekeeping. qPCR was performed as well as reconfirmed
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with SYBR green methods for selected angiogenesis, oxidative stress, and antioxidant
genes (PCR primers are listed in Table S1). For each biological sample, three experimental
replicates were analyzed and repeated thrice. Fold regulations were calculated using the
2−∆∆Ct method as we described previously [38]; β-actin, Gapdh, and 18S-rRNA were used
as internal controls.

2.11. Statistical Analysis

Statistical analyses were carried out using the GraphPad Prism 8.4.3 software (Graph-
Pad, San Diego, CA, USA). The analysis of variance was performed by one-way ANOVA
and multiple comparisons using the Dunnett’s and/or Tukey’s test. Two groups were
compared to an unpaired Student’s t test and two-tail p value. All data were reported as
the mean ± standard error of the mean (SEM) obtained from at least three independent
experiments. P values less than 0.05 were considered statistically significant.

3. Results
3.1. Establishment of Experimentally Induced AMD+PD Murine Model

There are several independent PD [75] and AMD [76,77] animal models available
which emulate the “natural” pathogenesis of each of these human diseases. Thus far, a
simple reproducible model that incorporates the features of both AMD+PD in a single
model is presently unavailable. We established a laser-induced choroidal neovasculariza-
tion (Li-CNV) mouse model as shown in the study design (Figure 1A,B) [71,78,79]. The
Li-CNV mice were then ligated (Figure 1C) and orally infected with Pg alone and with
biofilm as illustrated (Figure 1A and methods section). We utilized this combined model
to test our hypothesis that chronic oral infection with P. gingivalis or biofilm exacerbates
pathological neovascularization and retinal degeneration in pre-existing AMD. This unique
reproducible model mimics human AMD+PD as shown in Figure 1B,C. This experimentally
induced animal model is a useful tool to study the influence of oral pathogens such as P. gin-
givalis (in mono- and polymicrobial infections) in the pathogenesis of AMD (Figure 1D).
We emphasize here that this is the first report of a combined AMD+PD pioneer model
established to study the impact of PD in pre-existing AMD.

3.2. Increased Vascular Leakage and CNV Area in AMD+PD Mice Retinae.

The noninvasive fundus image showed laser-burn spots in Li-CNV, Li-CNV+Ligature+Pg,
and Li-CNV+ Ligature+ Biofilm-infected groups compared to CMC control (Figure 2 A–D)
at one week. The spectral domain optical coherence tomography (SD-OCT) further con-
firmed the rupture of Bruch’s membrane induced by laser burn compared to CMC (−ve)-
control (Figure 2E–H; Figure S1D,H,L). We also observed reduced retinal thickness in
biofilm-infected mice retinae compared to CNV and CMC control (Figure 2H; Figure S1K,L).
Next, we analyzed induction of vascular leakage in AMD+PD mice retinae by fundus
fluorescein angiography (FFA). The FFA found pronounced blood leakage in both ligature-
enhanced P. gingivalis infection (alone) and biofilm-infected Li-CNV mice retinae at 1 week
compared to CNV and CMC controls (Figure 2I–L). The quantification analysis of CNV
areas showed significant increase in AMD+PD compared to CNV control retinae at one
week (Figure 2M). This data connotes that PD induces vascular modifications even within
a short duration of one week.

3.3. Exacerbation of Pathological Angiogenesis and Inflammation in AMD+PD Mice Retinae

Subsequently, to test the exacerbation of AMD, the mice were orally infected with
Pg alone and with biofilm consistently for 6 weeks (chronic infection) on alternate days.
Fundus showed an expanding laser burn with inflammatory lesion-like morphology or
drusen-like deposits in both Pg- and biofilm-infected AMD+PD retinae after 6 weeks
compared to CNV control (Figure 3A–C; Figure S2A–E). OCT imaging found apparent
drusen-like deposit in the subretinal area and obvious decrease of retinal thickness in
both Pg- and biofilm-infected Li-CNV mice at 6 weeks (Figure 3E,F; Figure S2G–J,L–O).
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We also observed chronic CNV lesions in Pg and biofilm after 6-weeks with vitreal and
subretinal angiogenesis, compared to CNV control (Figure S2H,M). Next, we analyzed
the vascular leakage in AMD+PD mice retinae by FFA. The results show increased blood
leakage at 6 weeks in time in both Pg- and biofilm-infected mice retinae compared to CNV
control (Figure 3G–I; Figure S2P–T). Interesting to note is that both Pg- and biofilm-infected
mouse revealed large hyperfluorescent progressive lesions (Figure 3H,I; Figure S2Q–T)
persistent after 6 weeks, relative to CNV-control (Figure 3G; Figure S2P). The quantification
analysis further confirmed significant and consistent increase of CNV areas in AMD+PD
mice retinae at 6 weeks compared to CNV-control (Figure 3K). These results suggest
advancement of laser injury and choroidal neovascularization, a hallmark pathology of
advanced wet AMD resulting from chronic PD.
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Figure 2. Increased retinal vascular leakage by oral pathogens in AMD+PD mice retinae. (A–D) Representative fundus
photography from mice before and after laser in a subsequent week. Fundus show (A) CMC-control group (2% CMC,
no bacteria) and spots of laser burn (B) Li-CNV control, (C) Li-CNV+Ligature+Pg, and (D) Li-CNV+Lig+Biofilm after
1 week (n=24). The green lines indicate the scan lines of SD-OCT sections. (E–H) Representative images of SD-OCT
and (I–L) fundus fluorescein angiography (FFA) after 1 week of CMC-control, Li-CNV-Control, Li-CNV+Lig+Pg, and
Li-CNV+Lig+Biofilm-infected mice retinae, respectively. (F–H) OCT shows rupture of Bruch’s membrane (BM, white
arrows) induced by laser burn compared to CMC-control. Refer the low-magnification image for the complete view
(Figure S1). Representative FFA images after injection of fluorescent dye 1 week post laser burn (J–L) and CMC-control
(I). FFA demonstrates increased blood leakage (white circle) in Pg (K) and biofilm (L) infected after 1-week compared
to Li-CNV-control (J). Refer Figure S1 for another set of representative FFA images. (M) Quantification analysis shows
increased CNV areas in Pg- and biofilm-infected mice retinae after 1 week compared to CNV control. Mean ± SEM analyzed
by one-way ANOVA followed by Dunnett’s multiple comparisons test (n = 18, **** p < 0.0001).
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Figure 3. Progression of AMD pathogenesis through oral pathogens in AMD+PD mice retinae. Representative images
of fundus (A–C), SD-OCT (D–F), and FFA (G–I) after 6 weeks of Li-CNV-Ctrl (A,D,G), Li-CNV+Lig+Pg (B,E,H) and
Li-CNV+Lig+Bio (C,F,I) infected mice retinae, respectively. (A–C) Fundus shows increased chronic CNV lesions and
drusen-like deposits in chronic Pg- (B) and biofilm (C)-infected retinae compared to CNV-control (A). Refer to Figure S2 for
another set of representative fundus images. The green lines indicate the scan lines for the OCT sections. (D–F) OCT images
further confirm chronic CNV lesion and drusenoid deposits located above the RPE in Pg- (E) and biofilm (F)-infected retinae
after 6 weeks with obvious reduction in retinal thickness and predominant vitreal (refer to Figure S2H,M, blue arrow) and
subretinal angiogenesis compared to CNV control (D, white arrow). Representative OCT scans show multiple subretinal
and cuticular drusen-like depositions (orange arrows). Refer to the low magnification in Figure S2 for a complete view.
(G–I) FFA shows increased blood leakage (dotted white circle) after 6 weeks compared to CNV and 1 week (Figure 1J–L).
Refer to Figure S2 for another set of representative FFA images. (J) Quantification of total retinal thickness in Pg- and
biofilm-infected mice at 1 and 6 weeks, compared to CMC and CNV controls. Total retinal thickness measured from the
nerve fiber layer to the RPE layer. Mean ± SEM analyzed by one-way ANOVA followed by Tukey’s multiple comparisons
test (n = 24; **** p < 0.0001; *** p < 0.001; and ** p < 0.01). (K) Quantification analyses show increased CNV areas in Pg- and
biofilm-infected mice retinae after 6 weeks compared to CNV control. Mean ±SEM analyzed by one-way ANOVA followed
by Dunnett’s multiple comparisons test (n = 18, **** p < 0.0001). (L) qPCR shows mRNA expression of Pg, FimA, and Mfa1 in
Pg alone and biofilm orally infected mice retinae and untreated controls, normalized with the internal (universal 16S-rRNA)
control and compared to Pg vs. Mfa1 and FimA genes (n = 12; ** p < 0.01).
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3.4. Pg 16S-rRNA Gene Expression in the Retinae of AMD+PD Murine Model

Next, we analyzed mouse retinae for the presence of Pg and their virulent fimbrial
gene expression in the orally infected (Pg and biofilm) mice retinae compared to CNV
control. Here, we show the expression of Pg and its fimbrial genes namely Mfa1 (short or
major fimbria) and FimA (long or minor fimbria) in the retinae of AMD+PD murine model.
We analyzed the mRNA of the retinae from AMD+PD and CNV control mice to determine
Pg and its fimbrial gene expression as they are critical in colonization and binding to other
biofilm species [51]. qPCR analysis using Pg, FimA, and Mfa1 16S-rRNA primers revealed
Pg and its fimbrial 16S-rRNA gene in the mice retinae, relative to CNV/CMC and negative
control, to rule-out PCR artifact in the Pg, FimA, and Mfa1 PCR results. Surprisingly, Pg,
FimA and Mfa1 fimbrial genes were detected, while Pg were expressed significantly more
than 1.5-fold in both Pg-alone and biofilm infected mice retinae compared to Mfa1 and FimA
(Figure 3L). We also observed nondetectable range of the cycle threshold of these bacterial
strains and Pg-fimbrial mRNA expression in majority of the controls. This suggests a role
of Pg in the in-vivo retinal environment, where it adapts and alter the AMD-key genes and
the course of vasculogenesis.

3.5. Reduced Retinal Thickness in AMD+PD Mice

Laser-induced CNV causes retinal degeneration in mouse models [77]. However, it
remains unknown whether PD plays a role in the aggravation of the retinal degeneration
in pre-existing AMD animal models. To explore this, we utilized the AMD+PD mice
model and investigated the morphology of the retinae by OCT imaging and quantified
by ImageScope analyzer for 1 and 6 weeks. We found that, at the first week of infection,
the thickness of the retinae of Li-CNV+Lig+Biofilm was significantly reduced compared
to CMC and CNV controls (Figure 2J; 1 week). While at 6 weeks of chronic infection,
the thickness of the retinae of both Pg and biofilm were significantly reduced (Figure 2J;
6 weeks). There was also a significant progressive decrease, falling to 99/94, and 94/76 % of
controls at 1, and 6 weeks, respectively (Figure 2J). To substantiate the reproducibility of the
retinal thickness reduction in AMD+PD mice, we further analyzed the H&E retinal sections
after 6 weeks at the completion of the experiments. H&E sections showed significant
reduction in retinal thickness in AMD+PD mice compared to CMC and CNV control
(Figure 4A–E; Figure S3A–D). In addition, we also observed morphological variations
including thickening of Bruch’s membrane and abnormal alteration of RPE layer in Pg and
biofilm infected mice retinae (Figure 4C,D; Figure S3C,D). Thinning was observed in nearly
all the retinal layers, including inner segment/outer segment (IS/OS), outer nuclear layers
(ONL) of Pg and biofilm infected were significantly reduced (Figure 4F,G). This result
was consistent with the noninvasive OCT imaging analysis (Figure 2J; 6 weeks). These
data suggest that infection with oral pathogens can exacerbate the retinal degeneration in
pre-existing AMD mice.

3.6. Subretinal Drusen-like Deposits in AMD+PD Mice

Next, we analyzed the H&E section since we observed drusenoid deposits located
above the RPE in the fundus and OCT images (Figures 3 and S2). Interestingly, the histology
demonstrated disintegrated RPE layer with ensuing damage and drusen-like deposits in
the subretinal region of the AMD+PD mice retinae (Figure 4H–J) after 6 weeks. This
data was consistent with the OCT imaging analysis (Figures 3E,F and S2G–J,L–O). In
addition, we also observed infiltration of immune cells in the choriocapillaris and CNV
area (Figures 4(H1,J1), and S3(C1,D1)). This data signifies that low-grade chronic infection
by the oral pathogens induce the formation of drusen-like deposits which could mimic
the human drusenoid lesion and might promote RPE damage and retinal degeneration
gradually. However, further study is warranted to confirm this phenomenal morphology.
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Figure 4. Decreased retinal thickness and formation of subretinal drusen-like deposits in AMD+PD mice. (A–D) H&E
staining shows total retinal thickness of Li-CNC+Lig+Pg and Li-CNV+Lig+Biofilm orally infected mice model after 6 weeks
compared to CMC and Li-CNV controls. (Scale bar: 20 µm). (B–D) White arrows indicate the CNV spots (empty space)
while yellow arrows show the infiltration of immune cells in choriocapillaris of the AMD+PD retinae. Refer Figure S3
for another set of representative images. (E–G) Quantification analysis shows that the thickness of the retinal layers of
AMD+PD mice was significantly reduced, including the outer nuclear layer (ONL), inner segment/outer segment (IS/OS).
Total retinal thickness measured from the nerve fiber layer to the RPE layer. Mean ± SEM analyzed by One-way ANOVA
followed by Dunnett’s and Tukey’s multiple comparisons test (n = 12; **** p < 0.0001, *** p < 0.001, ** p < 0.01, * p < 0.05).
(H–J) Representative H&E images show drusen-like deposits in the subretinal area (orange arrows) and disintegrated RPE
layer in Pg and Biofilm infected mice. Boxed areas in H and J show an enlarged region as H1 and J1 clearly demonstrate the
RPE damage (yellow arrows) and drusenoid deposits in the subretinal area (orange arrows), respectively.
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3.7. Increased Choroidal/Retinal Neovasculogenesis in the Retinae of AMD+PD Mice

The inference of aggravated angiogenesis and inflammatory lesions evidenced by FFA
and OCT results directed us to analyze the expression level of vasculogenic marker collagen-
IV (Col-IV) in the AMD+PD mice retinae. Immunofluorescence analysis demonstrated
increased Col-IV+ cells, which are common indicators of blood vessel presence in the
AMD+PD mice retinae and choroidal regions compared to CNV control (Figure 5A,B;
Figure S4(1–3)). Quantitative analysis showed significantly increased vasculogenesis in
AMD+PD compared to CNV control (Figure 5C). This result was consistent with the FFA
imaging analysis (Figures 2M and 3K). We also observed increased fibrovascular formation
in the AMD+PD mice retinae by FFA (Figure S1E,F). These data collectively suggest that
Pg promotes nAMD phenotype through inflammatory angiogenesis.

3.8. Increased Angiogenesis, Pro-Inflammatory and Decreased Anti-Inflammatory Mediators in
AMD+PD Mice Retinae

The earlier results prompted us to test the specific angiogenic, pro- and anti-inflamma-
tory mediators relevant to both PD and AMD conditions in AMD+PD mice retinae. qPCR
analysis reveals significant (p < 0.01) up-regulation of angiogenic (VEGF, IL-6 and IL-8) [80],
pro-inflammatory (Tnf-α, Tgf-β1, and Il-1β) [18,19] and immunosuppressive (Foxp3) genes,
while there was down-regulation of the anti-inflammatory (IL-10) gene [81] in Pg- and
biofilm-infected Li-CNV+ ligated mice retinae (Figure 5D), consistent with advanced AMD.
These results indicate that persistent insult with Pg, and chronic over-activation leads to
exacerbation of AMD phenotype by inflammatory mediators.

3.9. Up-Regulated Expression of Oxidative-Stress Genes and Down-Regulated Antioxidant Genes
in AMD+PD Mice Retinae

Since PD is associated with oxidative stress levels and antioxidants dysfunction [45],
we subsequently evaluated the mRNA expression of a group of oxidative stress and
antioxidant genes in AMD+PD mice retinae. Using real-time PCR assays, we found
that Pg and biofilm markedly up-regulated many oxidative stress genes, namely Atf6,
Perk, and Bip [82–85] (Figure 5E). P. gingivalis and biofilm down-regulated significantly
(p < 0.01) numerous critical antioxidative genes in the retinae of lasered ligature-induced
mice, including Nrf2 [86,87], Hmox1 (Ho-1), Gclc, Gclm [88], Gpx1, Sod1, and Prdx1 [47]
(Figure 5F). This data insists that Pg and biofilm can act as critical regulators of specific
oxidative stress and antioxidative genes involved in the exacerbation of AMD pathogenesis.
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Figure 5. Increased choroidal/retinal vasculogenesis, oxidative stress, inflammatory mediators, and decreased antioxidants
genes in the retinae of AMD+PD mice. (A–C) Immunofluorescence staining shows more Col-IV (angiogenic/vascular
marker) in the AMD+PD mice retinae and choroidal region compared to CNV control (A). (B) white arrows indicate newly
formed blood vessels. Note: Refer to Figure S4 for another set of representative images. (C) Quantification analysis shows
increased Col-IV+ cells in Li-CNV+Lig+Pg-infected retinae, relative to Li-CNV group. Two groups were compared, and data
were analyzed using unpaired Student’s t test (n = 6; *** p < 0.001). (Scale bar: 20 µm). (D–F) qPCR shows up-regulation of
pro-inflammatory (D), oxidative stress (E) genes and down-regulation of anti-inflammatory mediators (D) and antioxidants
(F) in Li-CNV+Lig+Pg, and Li-CNV+Lig+Bio relative to the average of CNV and CMC controls. Fold change in gene
expression normalized with internal controls, and ±1.5 fold was considered significant (n = 6, ** p < 0.01).

4. Discussion

Our laboratory recently reported that P. gingivalis invades and survives within retinal
epithelial cells (RPE), the main target of AMD, for a protracted period of time in vitro [20].
Here, we aimed to investigate the physiological association in vivo and the precise role
of periodontal pathogens in retinal pathologies, specifically AMD. Choroidal neovascu-
larization (CNV) is the foremost cause of vision loss while the most common cause of
CNV is macular degeneration. Although, neovascular AMD (nAMD) affects only a lesser
proportion (10–15%) of patients with AMD, it accounts for nearly 90% of severe vision
loss. The usage of antivascular endothelial growth-factor (anti-VEGF) agents have been the
gold-standard management for nAMD but with limitations in terms of treatment burden to
the patients [89]. Due to an obscure multidimensional etiology and asymptomatic progres-
sion, management of AMD remains a challenge. Hence, a methodical understanding of
the etiological mechanisms involved in the onset and progression of AMD is now a major
requisite in this regard.

Our primary focus of this study was to examine whether Pg or oral-biofilm infection
impact pathological neovascularization and retinal degeneration in a pre-existing AMD
model. In studying the pathogenesis of macular degeneration, the laser-induced CNV
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mouse models are most widely employed to explore pathogenic angiogenesis in nAMD.
Laser-induced models [71,78,79,90] are deemed as valuable tools in proof-of-concept exper-
iments and successfully induced in rodents [91,92] and various nonhuman primates [93,94].
Laser-induced rupture of Bruch’s membrane and subsequent angiogenesis in the chori-
ocapillaris is useful for modeling the features of vascular lesions in nAMD. Similarly,
the ligature-enhanced PD model in rodents provides promising disease correlates [72,95].
However, a simple reproducible model that recapitulates the combined characteristics of
both AMD and PD is presently unavailable. Therefore, we established, for the first time, an
experimentally induced novel murine model representing both AMD+PD human diseases.
Here, we employed the Li-CNV (as pre-existing AMD) + ligature-enhanced periodontitis
(PD) model to analyze the vascular alterations in terms of CNV and leakage. We initiated
and utilized this blended model to explore the link between AMD and PD in a physiological
setting and to assess the disease comorbidity and resolution effects. The limitations of this
model are attributed to the maintenance and integrity of the ligature in the oral cavity of
mice throughout the experimental period. Nonetheless, this pioneering in vivo model is
expected to be a good asset not only in understanding the molecular aspects of AMD, but
also other ocular diseases.

The aggregated data from our current study highlights that chronic mono- or polymi-
crobial infection by the dysbiotic periodontal pathogens aggravate AMD phenotypes,
specifically reduction of retinal thickness, subretinal and cuticular drusenoid lesions, sus-
tained CNV, angiogenesis, and activation of inflammatory mediators. The analysis of
vascular leakage in AMD+PD mice retinae by FFA demonstrated prominent blood leakage
in both ligature-induced P. gingivalis (alone) and biofilm-infected Li-CNV retinae compared
to the controls, markedly within a short duration of one week. It is interesting to note
that there were large hyperfluorescent progressive vascular lesions persistent at 6 weeks,
as visualized by FFA, which insist that chronic exposure to the oral dysbiotic pathogens
will exacerbate pathological angiogenesis in the choroidal and retinal area. Other studies
have reported the occurrence of hard exudate or drusen-like deposits in laser-induced mice
models [77]. The type, size, and composition are useful biomarkers for analyzing the dis-
ease progression. This observation is coherent with our results, but strikingly, both Pg- and
biofilm-infected AMD+PD retinae demonstrated progressively enlarged laser burn with
extensive distribution of drusen-like deposits at 6 weeks of consistent exposure. Interest-
ingly, this study found that up until 3 weeks, no phenotype was evident, but unpredictable
rudiments of drusenoid deposits were initiated at the 4th week which gradually increased
at 6 weeks in the subretina of AMD+PD mice. This suggests that Pg adapts to the retinal
environment and alters retinal homeostasis culminating in perpetual retinal tissue damage.
Evident from OCT imaging is an apparent reduction in the retinal thickness at the lesioned
spots initially marked at the end of first week, which progressed uninterrupted at 6 weeks
of time. These data altogether support the notion that oral pathogens can mediate the
vascular alterations leading to initiation of drusen deposits, increased vascular permeability
and angiogenesis in the CNV-lesioned retinae in a chronic condition.

The noninvasive imaging procedures further confirmed the disruption of Bruch’s mem-
brane at multiple regions of the AMD+PD-infected mice retinae. The immune-privileged
status of the retina is compromised by the disordered integrity of the Bruch’s membrane,
an important site of drusen genesis, and the outer retinal barrier. We speculated that the
compromised Bruch’s membrane and propagating angiogenesis in the choriocapillaris
facilitate further entry of periodontopathogens and exacerbate the underlying neovascu-
lar changes in the AMD retinae. These results from our study denote that Pg/biofilm
infections sustain laser injury and perpetuate CNV, a hallmark of advanced wet AMD.
In a similar context, chronic systemic inflammation instigated by PD is correlated with
neuroinflammation seen in Alzheimer’s disease (AD), where Pg has been detected in the
brain of postmortem samples from AD patients [96], invading the brain tissue through com-
promised blood–brain barrier [97–101]. Interestingly, in the orally infected (Pg and biofilm)
mice retinae, we detected significant expression of Pg and Pg-fimbrial 16S-rRNA genes
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which are critical in colonization and binding to other biofilm species. Pg was detected
more than 1.5-fold in both P. gingivalis (monobacterial)- and biofilm (polybacterial)-infected
mice retinae. This suggests the intriguing possibility that Pg disseminated through sys-
temic circulation, adapted physiologically and genetically to the in vivo choroidal/retinal
environment, where they altered immune homeostasis and key inflammatory mediators
of AMD [28]. However, further study is warranted to demonstrate the host–pathogen
interaction and the fimbrial ligand–receptor binding activities of P. gingivalis in different
retinal cell types.

Several studies have noted that specific inflammatory and angiogenic factors were
significantly up-regulated in AMD eyes [80]. Remarkably, our present analysis of inflamma-
tory mediators relevant to both PD and AMD in AMD+PD mice retinae revealed significant
(p < 0.01) up-regulation of pro-inflammatory [Tnf-α (≥6 folds), Tgf-β1 (≥7 folds), Il-1β
(≥3 folds)] and decreased expression of anti-inflammatory (Il-10; 0.8-fold) markers con-
sistent with advanced AMD. TNF-α is an important target molecule in the treatment of
CNV in mice as it promotes CNV by up-regulating the production of Vascular endothe-
lial growth factor (VEGF) through reactive oxygen species (ROS)-dependent β-catenin
activation [102,103]. TNF initiate the angiogenic environment of active CNV lesions by
reducing the levels of bone morphogenetic protein-4, which are the members of TGF-β
super family [104]. Besides, TGF-β plays a vital role in the formation and development
of CNV through Smad2/3-VEGF/TNF-α signaling pathway in wet AMD [105]. Similarly,
IL-1β is a pro-angiogenic factor which stimulates VEGF, the most essential factor involved
in both physiological and pathological neovascularization. Likewise, IL-10, a multifunc-
tional molecule, may act as an anti-inflammatory and may be reported in reduction of
angiogenesis, RPE cell apoptosis and in limiting cell proliferation and migration, by regu-
lating the expression of VEGF [106]. In our study, IL-10 is significantly down-regulated,
which could be attributed to vasculogenesis and progression of CNV in AMD+PD mice
retinae, possibly by activation of VEGF. In wet AMD, the injured RPE cells have been found
with augmented expression of IL-8 in addition to VEGF and monocyte chemoattractant
protein-1 which attract monocytes from the choriocapillaris resulting in the breakdown of
the blood–retina barrier and angiogenesis [107]. The activation of STAT3 by IL-6 receptor, a
key mediator in subretinal fibrosis, promotes CNV and the levels of IL-6 is correlated with
the size and activity of CNV in AMD patients [108,109]. Studies showed that dysbiosis
of gut leads to increased intestinal permeability and a chronic low-grade inflammation
characteristic of inflammaging, with elevated levels of IL-6, IL-1β, TNF-α, and VEGF-A
leading to exacerbation of pathological angiogenesis [108,110,111]. Moreover, oxidative
stress may also up-regulate VEGF expression in the retina and induce CNV. It is noteworthy
that VEGF is shown to be elevated in patients with PD [112]. Interestingly, our results
show that the vasculogenic factor VEGF and the angiogenic factors IL-6 and IL-8 were
significantly increased more than 4- and 3-fold, respectively. Furthermore, we previously
noted that P. gingivalis promotes immunosuppression and angiogenesis through a two-hit
receptor–ligand process involving DC-SIGN+hi/CXCR4+hi and IDO+hi/FOXP3+hi-driven
pathway [39]. The current data shows significantly increased Foxp3 expression in the
AMD+PD mice retinae, underscoring that PD incite an immunosuppressive state in the
AMD retinae [113]. This data is highly consistent with other findings and signifies that PD
could be a key promoter of the exacerbation of AMD pathology.

Intriguingly, a growing body of evidence highlights the strong association of in-
flammation and elevated oxidative stress (OS) in PD [114–116]. The pathogens in the
inflamed periodontal pocket trigger the release of reactive oxygen species (ROS), namely
hydrogen peroxide and superoxide by activation of the polymorphonuclear neutrophils
and macrophages, which is crucial for the survival of anaerobic bacteria such as P. gingi-
valis [117,118]. Similarly, multitudes of investigations have highlighted the central role of
oxidative damage in the retina contributing to inflammation and CNV, observed in AMD
phenotype [119]. However, there is no evidence to associate this link in the etiopathogen-
esis of these chronic inflammatory diseases of our interest. Hence, we postulated that
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experimental PD may exacerbate AMD through OS and investigated a specific group of
OS and antioxidant genes in AMD+PD mice retinae. Interestingly, in the retinae of lasered
ligature-induced mice, Pg and biofilm markedly up-regulated many OS-related genes
including Perk, Atf6 and Bip, whereas it down-regulated antioxidative genes specifically
Nrf2, Ho-1, Gclc, Gclm, Gpx1, Sod1, and Prdx1, which are elemental in AMD pathophysi-
ology. Recently, several studies have indicated that in AMD, elevated cellular stress in the
RPEs can induce prolonged stress in endoplasmic reticulum (ER), which in turn triggers an
excessive expression of VEGF and consequently CNV. This remains a crucial step in the
conversion from dry form of AMD to a wet type. An extensive crosstalk occurs between
the mediators of oxidative stress and unfolded-protein stress; protein-kinase-like ER kinase
(Perk), activating transcription factor-6 (Atf6) transducers in the regulation of VEGF expres-
sion, which is highly significant in CNV formation and eliciting AMD-related pathological
changes [84,88,120,121]. Moreover, chronic overexpression of binding immunoglobulin
protein (BiP) can trigger neovascularization [122]. Our study demonstrates significantly
increased expression of Atf6 (>3 folds), Perk (>2 folds), and Bip (>1.5 folds) in the reti-
nae of AMD+PD mice, thereby insisting contribution of PD in the etiology of oxidative
stress-induced neovascularization.

As a cellular defense against inflammation and oxidative insults, the nuclear fac-
tor erythroid 2-related factor 2 (Nrf2) acts as a versatile transcription factor through an
orchestrated expression of specific antioxidant genes [87,123]. Upon stimulation, Nrf-2
upregulates heme oxygenase-1 (Ho-1), Gclc and Gclm subunits, which are the antioxidant
response elements target genes [124–126]. Under oxidative stress, the expression of Nrf2
mRNA was impaired in the RPE of aged mice than in younger mice [127,128] and amplified
the susceptibility to oxidative stress in the RPE [129,130], while Nrf-2 knockout mice have
been reported to develop conditions analogous to AMD [46]. In addition, Nrf-2 regulates
the production of glutathione in the RPE, through Gclc and Gclm [131], and renders protec-
tion against photooxidation. Nrf-2 also plays a protective role in the periodontal tissues by
enhancing cytoprotective effects as it decreases the inflammatory signaling and oxidative
damage in tissues [132]. Notably, our results showed (≤ 3-fold) reduced expression levels
of Nrf-2, Gclc, and Gclm in the retinae of AMD+PD mice, while Ho-1 is more than 8-fold
significantly (p < 0.01) down-regulated. Glutathione peroxidase-1 (Gpx-1) is a gatekeeper
in counteracting ROS and a major intracellular antioxidant enzyme playing important roles
in AMD [47] and is shown to exacerbate retinal neovascularization in mice [47,133]. The
levels of Gpx have also been correlated with the activities of periodontal pathogens and the
progression of PD [134]. Similarly, superoxide dismutase (SOD) is an important component
of the endogenous antioxidant defense system in the retina, playing a significant role in
protecting the photoreceptors and RPE cells from oxidative damage [116,135,136]. We have
previously demonstrated that VEGF-B treatment up-regulated Gpx1, Sod1, and Prdx1 and
down-regulated many oxidative stress genes in the retinae of rd1 mice [47]. Here we found
Gpx1, Sod1, and Prdx1 were significantly (≤−2 folds) down-regulated in the PD+AMD
mice retinae. These findings imply that PD confers a role in the up-regulation of important
oxidative stress and dysregulation of antioxidative genes, involved in exacerbation of neo-
vascularization and AMD pathogenesis. It is striking that although Pg alone in low-grade
numbers provides a consistent activation of the above-mentioned biomolecules, it expresses
a synergistic effect in the polymicrobial consortium in a combined inoculum. With this
background, it is important to underscore the pathogenic role of periodontopathogens
and oral dysbiosis that it induces, in instigating chronic aberrant retinal inflammation, as
in AMD.

5. Conclusions

Age, chronic inflammation, and common life-style risk factors could be the bridging
elements in the pathophysiology of PD and AMD, thereby advocating a justifiable correla-
tion between these inflammaging diseases. Given this, we comprehend that oral dysbiosis
through periodontal infection could be a persistent source of low-grade inflammation and
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pathological angiogenesis in AMD. Collectively, the data from this current study denotes
that persistent insult with key periodontal pathogens and chronic over-activation leads
to exacerbation of retinal vascular events through stimulation or regulation of inflamma-
tory, angiogenic, oxidative stress, and antioxidant molecules, and may contribute to the
pathophysiology of AMD. The present data will advance our existing knowledge of the
etiopathology of AMD, while denoting that counteracting adverse inflammatory effects and
oxidative stress by prevention of PD will be an effective therapeutic target for management
of this vision-threatening disease.

Supplementary Materials: The following are available online at https://www.mdpi.com/2076
-3921/10/2/309/s1, Table S1: List of mouse primers for SYBR Green-qPCR analysis; Figure S1:
Oral pathogens augmented vascular leakage in AMD+PD mice retina; Figure S2: Advancement of
AMD pathogenesis in AMD+PD mice retinae; Figure S3: Reduced retinal thickness and infiltration
of immune cells in the CNV area and choriocapillaris of AMD+PD mice; Figure S4: Intensified
neovasculogenesis in the choroidal and retinal area of AMD+PD mice.

Author Contributions: Conceptualization, Investigation, Supervision, Writing—original draft, P.A.,
Methodology, P.A., R.S., J.Y., M.E., A.T., and T.M.; Data curation, Formal analysis, P.A., R.S., J.Y., A.T.,
and T.M.; Resources, P.A., M.A.-S., T.M., P.M.M., and C.W.C.; Software, Validation, Visualization,
P.A., R.S., J.Y., A.T., M.A.-S., and P.M.M.; Writing—review and editing, P.A., R.S., and C.W.C. All
authors have read and agreed to the published version of the manuscript.

Funding: Supported by the DCG Startup Fund and AU Intra-Mural Grant (to P.A.), Mason Trust
Foundation-20000-02122000-12100-64050-MASON00002 (to C.W.C.).

Institutional Review Board Statement: The animal experimental procedures have been reviewed
and approved by the Augusta University Institutional Animal Care and Use Committee (AUP#:
2017-0836).

Data Availability Statement: The datasets generated and analyzed during the current study are
available from the corresponding authors on request.

Acknowledgments: We are thankful for the technical support (optical coherence tomography) pro-
vided through the NIH Grant 5 R01 EY029751-03.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Friedman, D.S.; O’Colmain, B.J.; Muñoz, B.; Tomany, S.C.; Mccarty, C.; De Jong, P.T.V.M.; Nemesure, B.; Mitchell, P.; Kempen, J.

Prevalence of age-related macular degeneration in the United States. Arch. Ophthalmol. 2004, 122, 564–572. [CrossRef]
2. Pennington, K.L.; DeAngelis, M.M. Epidemiology of age-related macular degeneration (AMD): Associations with cardiovascular

disease phenotypes and lipid factors. Eye Vis. 2016, 3, 34. [CrossRef] [PubMed]
3. Wong, W.L.; Su, X.; Li, B.X.; Cheung, C.M.G.; Klein, B.E.; Cheng, C.-Y.; Wong, T.Y. Global prevalence of age-related macular

degeneration and disease burden projection for 2020 and 2040: A systematic review and meta-analysis. Lancet Glob. Health 2014,
2, e106–e116. [CrossRef]

4. Javed, F.; Sculean, A.; Romanos, G.E. Association between age-related macular degeneration and periodontal and peri-implant
diseases: A systematic review. Acta Ophthalmol. 2020. [CrossRef] [PubMed]

5. Jonas, J.B.; Cheung, C.M.G.; Panda-Jonas, S. Updates on the epidemiology of age-related macular degeneration. Asia-Pac. J.
Ophthalmol. 2017, 6, 493–497. [CrossRef]

6. NEI. Age-Related Macular Degeneration (AMD) Data and Statistics. Available online: https://www.nei.nih.gov/learn-about-
eye-health/resources-for-health-educators/eye-health-data-and-statistics/age-related-macular-degeneration-amd-data-and-
statistics (accessed on 19 December 2020).

7. Brown, M.M.; Brown, G.C.; Lieske, H.B.; Tran, I.; Turpcu, A.; Colman, S. Societal costs associated with neovascular age-related
macular degeneration in the United States. Retina 2016, 36, 285–298. [CrossRef] [PubMed]

8. Hernández-Zimbrón, L.F.; Zamora-Alvarado, R.; La Paz, L.O.-D.; Velez-Montoya, R.; Zenteno, E.; Gulias-Cañizo, R.; Quiroz-
Mercado, H.; Gonzalez-Salinas, R. Age-related macular degeneration: New paradigms for treatment and management of AMD.
Oxidative Med. Cell. Longev. 2018, 8374647. [CrossRef]

9. Lane, J.; Rohan, E.M.F.; Sabeti, F.; Essex, R.W.; Maddess, T.; Dawel, A.; Robbins, R.A.; Barnes, N.; He, X.; McKone, E. Impacts of
impaired face perception on social interactions and quality of life in age-related macular degeneration: A qualitative study and
new community resources. PLoS ONE 2018, 13, e0209218. [CrossRef] [PubMed]

https://www.mdpi.com/2076-3921/10/2/309/s1
https://www.mdpi.com/2076-3921/10/2/309/s1
http://doi.org/10.1001/archopht.122.4.564
http://doi.org/10.1186/s40662-016-0063-5
http://www.ncbi.nlm.nih.gov/pubmed/28032115
http://doi.org/10.1016/S2214-109X(13)70145-1
http://doi.org/10.1111/aos.14629
http://www.ncbi.nlm.nih.gov/pubmed/32996717
http://doi.org/10.22608/apo.2017251
https://www.nei.nih.gov/learn-about-eye-health/resources-for-health-educators/eye-health-data-and-statistics/age-related-macular-degeneration-amd-data-and-statistics
https://www.nei.nih.gov/learn-about-eye-health/resources-for-health-educators/eye-health-data-and-statistics/age-related-macular-degeneration-amd-data-and-statistics
https://www.nei.nih.gov/learn-about-eye-health/resources-for-health-educators/eye-health-data-and-statistics/age-related-macular-degeneration-amd-data-and-statistics
http://doi.org/10.1097/IAE.0000000000000717
http://www.ncbi.nlm.nih.gov/pubmed/26428606
http://doi.org/10.1155/2018/8374647
http://doi.org/10.1371/journal.pone.0209218
http://www.ncbi.nlm.nih.gov/pubmed/30596660


Antioxidants 2021, 10, 309 18 of 22

10. Ambati, J.; Atkinson, J.P.; Gelfand, B.D. Immunology of age-related macular degeneration. Nat. Rev. Immunol. 2013, 13, 438–451.
[CrossRef] [PubMed]

11. Ambati, J.; Fowler, B.J. Mechanisms of age-related macular degeneration. Neuron 2012, 75, 26–39. [CrossRef]
12. Heesterbeek, T.J.; Lorés-Motta, L.; Hoyng, C.B.; Lechanteur, Y.T.E.; Hollander, A.I.D. Risk factors for progression of age-related

macular degeneration. Ophthalmic Physiol. Opt. 2020, 40, 140–170. [CrossRef]
13. Evans, J.R. Risk factors for age-related macular degeneration. Prog. Retin. Eye Res. 2001, 20, 227–253. [CrossRef]
14. Cascella, R.; Ragazzo, M.; Strafella, C.; Missiroli, F.; Borgiani, P.; Angelucci, F.; Marsella, L.T.; Cusumano, A.; Nov-

elli, G.; Ricci, F.; et al. Age-related macular degeneration: Insights into inflammatory genes. J. Ophthalmol. 2014, 582842.
[CrossRef] [PubMed]

15. Chen, M.; Forrester, J.V.; Xu, H. Dysregulation in retinal para-inflammation and age-related retinal degeneration in CCL2 or
CCR2 deficient mice. PLoS ONE 2011, 6, e22818. [CrossRef] [PubMed]

16. Anderson, D.H.; Mullins, R.F.; Hageman, G.S.; Johnson, L.V. A role for local inflammation in the formation of drusen in the aging
eye. Am. J. Ophthalmol. 2002, 134, 411–431. [CrossRef]

17. Hageman, G.S. An integrated hypothesis that considers drusen as biomarkers of immune-mediated processes at the RPE-Bruch’s
membrane interface in aging and age-related macular degeneration. Prog. Retin. Eye Res. 2001, 20, 705–732. [CrossRef]

18. Hoare, A.; Soto, C.; Rojas-Celis, V.; Bravo, D. Chronic inflammation as a link between periodontitis and carcinogenesis. Mediat.
Inflamm. 2019, 2019, 1029857. [CrossRef] [PubMed]

19. Kauppinen, A.; Paterno, J.J.; Blasiak, J.; Salminen, A.; Kaarniranta, K. Inflammation and its role in age-related macular degenera-
tion. Cell. Mol. Life Sci. 2016, 73, 1765–1786. [CrossRef] [PubMed]

20. Arjunan, P.; Swaminathan, R.; Yuan, J.; Al-Shabrawey, M.; Espinosa-Heidmann, D.G.; Nussbaum, J.; Martin, P.M.; Cutler, C.W.
Invasion of human retinal pigment epithelial cells by Porphyromonas gingivalis leading to vacuolar/cytosolic localization and
autophagy dysfunction in-vitro. Sci. Rep. 2020, 10, 7468. [CrossRef] [PubMed]

21. Ho, E.X.P.; Cheung, C.M.G.; Sim, S.; Chu, C.W.; Wilm, A.; Lin, C.B.; Mathur, R.; Wong, D.; Chan, C.M.; Bhagarva, M.; et al. Human
pharyngeal microbiota in age-related macular degeneration. PLoS ONE 2018, 13, e0201768. [CrossRef]

22. Zinkernagel, M.S.; Zysset-Burri, D.C.; Keller, I.; Berger, L.E.; Leichtle, A.B.; Largiadèr, C.R.; Fiedler, G.M.; Wolf, S. Association
of the intestinal microbiome with the development of neovascular age-related macular degeneration. Sci. Rep. 2017, 7, 40826.
[CrossRef] [PubMed]

23. Rowan, S.; Taylor, A. Gut microbiota modify risk for dietary glycemia-induced age-related macular degeneration. Gut Microbes
2018, 9, 452–457. [CrossRef] [PubMed]

24. Wen, X.; Hu, X.; Miao, L.; Ge, X.; Deng, Y.; Bible, P.W.; Wei, L. Epigenetics, microbiota, and intraocular inflammation: New
paradigms of immune regulation in the eye. Prog. Retin. Eye Res. 2018, 64, 84–95. [CrossRef] [PubMed]

25. Nakata, I.; Nagahama Study Group; Yamashiro, K.; Kawaguchi, T.; Nakanishi, H.; Akagi-Kurashige, Y.; Miyake, M.; Tsujikawa, A.;
Yamada, R.; Matsuda, F.; et al. Calcium, ARMS2 genotype and Chlamydia pneumoniae infection in early age-related macular
degeneration: A multivariate analysis from the Nagahama Study. Sci. Rep. 2015, 5, 9345. [CrossRef]

26. Miller, D.M.; Legra, J.M.; Dubovy, S.R.; Suner, I.J.; Dix, R.D.; Sedmak, D.D.; Cousins, S.W. The association of exudative age-related
macular degeneration with prior infection. Investig. Ophthalmol. Vis. Sci. 2003, 44, 1747.

27. Karesvuo, P.; Gursoy, U.K.; Pussinen, P.J.; Suominen, A.L.; Huumonen, S.; Vesti, E.; Könönen, E. Alveolar bone loss associated
with age-related macular degeneration in males. J. Periodontol. 2013, 84, 58–67. [CrossRef]

28. Arjunan, P. Eye on the enigmatic link: Dysbiotic oral pathogens in ocular diseases: The flip side. Int. Rev. Immunol. 2020,
1–24. [CrossRef]

29. Wagley, S.; Marra, K.V.; Salhi, R.A.; Gautam, S.; Campo, R.; Veale, P.; Veale, J.; Arroyo, J.G. Periodontal disease and age-related
macular degeneratioN. Retina 2015, 35, 982–988. [CrossRef]

30. Shin, Y.U.; Lim, H.W.; Hong, E.H.; Kang, M.H.; Seong, M.; Nam, E.; Cho, H. The association between periodontal disease and
age-related macular degeneration in the Korea National health and nutrition examination survey. Medicine 2017, 96, e6418.
[CrossRef] [PubMed]

31. Sun, K.-T.; Hsia, N.-Y.; Chen, S.-C.; Lin, C.-L.; Chen, I.-A.; Wu, I.-T.; Palanisamy, K.; Shen, T.-C.; Li, C.-Y. Risk of age-related
macular degeneration in patients with periodontitis. Retina 2020, 40, 2312–2318. [CrossRef] [PubMed]

32. Brzozowska, A.; Puchalska-Niedbal, L. Stan jamy ustnej pacjentow chorych na zwyrodnienie plamki zwiazane z wiekiem
(AMD)—Doniesienie wstepne [Oral status as a potential source of infection in AMD patients—Introduction]. Klin. Oczna 2012,
114, 29–32.

33. Pockpa, Z.; Struillou, X.; Coulibaly, N.; Weber, M.; Soueidan, A.; Badran, Z. Potential relationship between periodontal diseases
and eye diseases. Med. Hypotheses 2017, 99, 63–66. [CrossRef]

34. Pockpa, Z.A.D.; Struillou, X.; Kone, D.; Mobio, G.S.; Soueidan, A.; Badran, Z. Periodontal diseases and age-related macular
degeneration: Is there a link? A review. Perm. J. 2019, 23. [CrossRef]

35. Eke, P.I.; Borgnakke, W.S.; Genco, R.J. Recent epidemiologic trends in periodontitis in the USA. Periodontology 2000 2020, 82,
257–267. [CrossRef] [PubMed]

36. Winning, L.; Linden, G.J. Periodontitis and systemic disease: Association or causality? Curr. Oral Health Rep. 2017, 4, 1–7.
[CrossRef] [PubMed]

http://doi.org/10.1038/nri3459
http://www.ncbi.nlm.nih.gov/pubmed/23702979
http://doi.org/10.1016/j.neuron.2012.06.018
http://doi.org/10.1111/opo.12675
http://doi.org/10.1016/S1350-9462(00)00023-9
http://doi.org/10.1155/2014/582842
http://www.ncbi.nlm.nih.gov/pubmed/25478207
http://doi.org/10.1371/journal.pone.0022818
http://www.ncbi.nlm.nih.gov/pubmed/21850237
http://doi.org/10.1016/S0002-9394(02)01624-0
http://doi.org/10.1016/S1350-9462(01)00010-6
http://doi.org/10.1155/2019/1029857
http://www.ncbi.nlm.nih.gov/pubmed/31049022
http://doi.org/10.1007/s00018-016-2147-8
http://www.ncbi.nlm.nih.gov/pubmed/26852158
http://doi.org/10.1038/s41598-020-64449-8
http://www.ncbi.nlm.nih.gov/pubmed/32366945
http://doi.org/10.1371/journal.pone.0201768
http://doi.org/10.1038/srep40826
http://www.ncbi.nlm.nih.gov/pubmed/28094305
http://doi.org/10.1080/19490976.2018.1435247
http://www.ncbi.nlm.nih.gov/pubmed/29431583
http://doi.org/10.1016/j.preteyeres.2018.01.001
http://www.ncbi.nlm.nih.gov/pubmed/29357307
http://doi.org/10.1038/srep09345
http://doi.org/10.1902/jop.2012.110643
http://doi.org/10.1080/08830185.2020.1845330
http://doi.org/10.1097/IAE.0000000000000427
http://doi.org/10.1097/MD.0000000000006418
http://www.ncbi.nlm.nih.gov/pubmed/28383406
http://doi.org/10.1097/IAE.0000000000002750
http://www.ncbi.nlm.nih.gov/pubmed/31895093
http://doi.org/10.1016/j.mehy.2016.12.011
http://doi.org/10.7812/TPP/18.260
http://doi.org/10.1111/prd.12323
http://www.ncbi.nlm.nih.gov/pubmed/31850640
http://doi.org/10.1007/s40496-017-0121-7
http://www.ncbi.nlm.nih.gov/pubmed/28303212


Antioxidants 2021, 10, 309 19 of 22

37. Chiu, C.-J.; Chang, M.-L.; Taylor, A. Associations between periodontal microbiota and death rates. Sci. Rep. 2016, 6, 35428.
[CrossRef] [PubMed]

38. Arjunan, P.; El-Awady, A.; Dannebaum, R.; Kunde-Ramamoorthy, G.; Cutler, C. High-throughput sequencing reveals key genes
and immune homeostatic pathways activated in myeloid dendritic cells by Porphyromonas gingivalis 381 and its fimbrial mutants.
Mol. Oral Microbiol. 2015, 31, 78–93. [CrossRef] [PubMed]

39. Arjunan, P.; Meghil, M.M.; Pi, W.; Xu, J.; Lang, L.; El-Awady, A.; Sullivan, W.; Rajendran, M.; Rabelo, M.S.; Wang, T.; et al. Oral
pathobiont activates anti-apoptotic pathway, promoting both immune suppression and oncogenic cell proliferation. Sci. Rep.
2018, 8, 16607. [CrossRef]

40. Hajishengallis, G. Periodontitis: From microbial immune subversion to systemic inflammation. Nat. Rev. Immunol. 2015, 15,
30–44. [CrossRef]

41. Eke, P.I.; Wei, L.; Borgnakke, W.S.; Thornton-Evans, G.; Zhang, X.; Lu, H.; McGuire, L.C.; Genco, R.J. Periodontitis prevalence in
adults ≥ 65 years of age, in the USA. Periodontology 2000 2016, 72, 76–95. [CrossRef]

42. Eke, P.I.; Dye, B.A.; Wei, L.; Slade, G.D.; Thornton-Evans, G.O.; Borgnakke, W.S.; Taylor, G.W.; Page, R.C.; Beck, J.D.; Genco, R.J.
Update on prevalence of periodontitis in adults in the united states: NHANES 2009 to 2012. J. Periodontol. 2015, 86, 611–622.
[CrossRef] [PubMed]

43. Datta, S.; Cano, M.; Ebrahimi, K.; Wang, L.; Handa, J.T. The impact of oxidative stress and inflammation on RPE degeneration in
non-neovascular AMD. Prog. Retin. Eye Res. 2017, 60, 201–218. [CrossRef]

44. Du, Z.; Wu, X.; Song, M.; Li, P.; Wang, L. Oxidative damage induces MCP-1 secretion and macrophage aggregation in age-related
macular degeneration (AMD). Graefes Arch. Clin. Exp. Ophthalmol. 2016, 254, 2469–2476. [CrossRef]

45. Chapple, I.L.C.; Matthews, J.B. The role of reactive oxygen and antioxidant species in periodontal tissue destruction. Periodontology
2000 2007, 43, 160–232. [CrossRef]

46. Zhao, Z.; Chen, Y.; Wang, J.; Sternberg, P.; Freeman, M.L.; Grossniklaus, H.E.; Cai, J. Age-related retinopathy in NRF2-deficient
mice. PLoS ONE 2011, 6, e19456. [CrossRef] [PubMed]

47. Arjunan, P.; Lin, X.; Tang, Z.; Du, Y.; Kumar, A.; Liu, L.; Yin, X.; Huang, L.; Chen, W.; Chen, Q.; et al. VEGF-B is a potent
antioxidant. Proc. Natl. Acad. Sci. USA 2018, 115, 10351–10356. [CrossRef] [PubMed]

48. Trivedi, S.; Lal, N. Antioxidant enzymes in periodontitis. J. Oral Biol. Craniofacial Res. 2017, 7, 54–57. [CrossRef] [PubMed]
49. Chapple, I.L.C.; Brock, G.; Eftimiadi, C.; Matthews, J.B. Glutathione in gingival crevicular fluid and its relation to local antioxidant

capacity in periodontal health and disease. Mol. Pathol. 2002, 55, 367–373. [CrossRef]
50. Genco, R.J.; Borgnakke, W.S. Risk factors for periodontal disease. Periodontology 2000 2013, 62, 59–94. [CrossRef]
51. Lamont, R.J.; Hajishengallis, G. Polymicrobial synergy and dysbiosis in inflammatory disease. Trends Mol. Med. 2015, 21, 172–183.

[CrossRef] [PubMed]
52. Hajishengallis, G. Porphyromonas gingivalis-host interactions: Open war or intelligent guerilla tactics? Microbes Infect. 2009, 11,

637–645. [CrossRef]
53. Nakayama, M.; Ohara, N. Molecular mechanisms of Porphyromonas gingivalis-host cell interaction on periodontal diseases. Jpn.

Dent. Sci. Rev. 2017, 53, 134–140. [CrossRef]
54. Kimura, S.; Nagai, A.; Onitsuka, T.; Koga, T.; Fujiwara, T.; Kaya, H.; Hamada, S. Induction of experimental periodontitis in mice

with Porphyromonas gingivalis—Adhered ligatures. J. Periodontol. 2000, 71, 1167–1173. [CrossRef]
55. Tikoo, P.; Bali, D.; Changela, R.; Gugnani, S.; Pandit, N. Porphyromonas gingivalis: Its virulence and vaccine. J. Int. Clin. Dent. Res.

Organ. 2015, 7, 51. [CrossRef]
56. Takii, R.; Kadowaki, T.; Baba, A.; Tsukuba, T.; Yamamoto, K. A functional virulence complex composed of gingipains, adhesins,

and lipopolysaccharide shows high affinity to host cells and matrix proteins and escapes recognition by host immune systems.
Infect. Immun. 2005, 73, 883–893. [CrossRef] [PubMed]

57. Hajishengallis, G.; Darveau, R.P.; Curtis, M.A. The keystone-pathogen hypothesis. Nat. Rev. Microbiol. 2012, 10, 717–725. [CrossRef]
58. Tribble, G.D.; Lamont, R.J. Bacterial invasion of epithelial cells and spreading in periodontal tissue. Periodontology 2000 2009, 52,

68–83. [CrossRef] [PubMed]
59. Boisvert, H.; Lorand, L.; Duncan, M.J. Transglutaminase 2 is essential for adherence of Porphyromonas gingivalis to host cells. Proc.

Natl. Acad. Sci. USA 2014, 111, 5355–5360. [CrossRef] [PubMed]
60. Duncan, M.J.; Nakao, S.; Skobe, Z.; Xie, H. Interactions of Porphyromonas gingivalis with epithelial cells. Infect. Immun. 1993, 61,

2260–2265. [CrossRef]
61. Ezzo, P.J.; Cutler, C.W. Microorganisms as risk indicators for periodontal disease. Periodontology 2000 2003, 32, 24–35. [CrossRef]
62. Hajishengallis, G.; Wang, M.; Liang, S.; Triantafilou, M.; Triantafilou, K. Pathogen induction of CXCR4/TLR2 cross-talk impairs

host defense function. Proc. Natl. Acad. Sci. USA 2008, 105, 13532–13537. [CrossRef] [PubMed]
63. Sun, W.; Wu, J.; Lin, L.; Huang, Y.; Chen, Q.; Ji, Y. Porphyromonas gingivalis stimulates the release of nitric oxide by inducing

expression of inducible nitric oxide synthases and inhibiting endothelial nitric oxide synthases. J. Periodontal Res. 2010, 45,
381–388. [CrossRef] [PubMed]

64. Roth, G.A.; Moser, B.; Roth-Walter, F.; Giacona, M.B.; Harja, E.; Papapanou, P.N.; Schmidt, A.M.; Lalla, E. Infection with a periodon-
tal pathogen increases mononuclear cell adhesion to human aortic endothelial cells. Atherosclerosis 2007, 190, 271–281. [CrossRef]

65. Xie, M.; Tang, Q.; Yu, S.; Sun, J.; Mei, F.; Zhao, J.; Chen, L. Porphyromonas gingivalis disrupts vascular endothelial homeostasis in a
TLR-NF-κB axis dependent manner. Int. J. Oral Sci. 2020, 12, 28. [CrossRef]

http://doi.org/10.1038/srep35428
http://www.ncbi.nlm.nih.gov/pubmed/27748442
http://doi.org/10.1111/omi.12131
http://www.ncbi.nlm.nih.gov/pubmed/26466817
http://doi.org/10.1038/s41598-018-35126-8
http://doi.org/10.1038/nri3785
http://doi.org/10.1111/prd.12145
http://doi.org/10.1902/jop.2015.140520
http://www.ncbi.nlm.nih.gov/pubmed/25688694
http://doi.org/10.1016/j.preteyeres.2017.03.002
http://doi.org/10.1007/s00417-016-3508-6
http://doi.org/10.1111/j.1600-0757.2006.00178.x
http://doi.org/10.1371/journal.pone.0019456
http://www.ncbi.nlm.nih.gov/pubmed/21559389
http://doi.org/10.1073/pnas.1801379115
http://www.ncbi.nlm.nih.gov/pubmed/30249667
http://doi.org/10.1016/j.jobcr.2016.08.001
http://www.ncbi.nlm.nih.gov/pubmed/28316923
http://doi.org/10.1136/mp.55.6.367
http://doi.org/10.1111/j.1600-0757.2012.00457.x
http://doi.org/10.1016/j.molmed.2014.11.004
http://www.ncbi.nlm.nih.gov/pubmed/25498392
http://doi.org/10.1016/j.micinf.2009.03.009
http://doi.org/10.1016/j.jdsr.2017.06.001
http://doi.org/10.1902/jop.2000.71.7.1167
http://doi.org/10.4103/2231-0754.153496
http://doi.org/10.1128/IAI.73.2.883-893.2005
http://www.ncbi.nlm.nih.gov/pubmed/15664930
http://doi.org/10.1038/nrmicro2873
http://doi.org/10.1111/j.1600-0757.2009.00323.x
http://www.ncbi.nlm.nih.gov/pubmed/20017796
http://doi.org/10.1073/pnas.1402740111
http://www.ncbi.nlm.nih.gov/pubmed/24706840
http://doi.org/10.1128/IAI.61.5.2260-2265.1993
http://doi.org/10.1046/j.0906-6713.2003.03203.x
http://doi.org/10.1073/pnas.0803852105
http://www.ncbi.nlm.nih.gov/pubmed/18765807
http://doi.org/10.1111/j.1600-0765.2009.01249.x
http://www.ncbi.nlm.nih.gov/pubmed/20337893
http://doi.org/10.1016/j.atherosclerosis.2006.03.018
http://doi.org/10.1038/s41368-020-00096-z


Antioxidants 2021, 10, 309 20 of 22

66. Farrugia, C.; Stafford, G.; Murdoch, C. Porphyromonas gingivalis outer membrane vesicles increase vascular permeability. J. Dent.
Res. 2020, 99, 1494–1501. [CrossRef]

67. Hajishengallis, G. Oral bacteria and leaky endothelial junctions in remote extraoral sites. FEBS J. 2020. [CrossRef]
68. Mougeot, J.-L.C.; Stevens, C.B.; Paster, B.J.; Brennan, M.T.; Lockhart, P.B.; Mougeot, F.K.B. Porphyromonas gingivalis is the most

abundant species detected in coronary and femoral arteries. J. Oral Microbiol. 2017, 9, 1281562. [CrossRef] [PubMed]
69. Ronert, M.A.; Hofheinz, H.; Manassa, E.; Asgarouladi, H.; Olbrisch, R.R. The beginning of a new era in tissue expansion: Self-

filling osmotic tissue expander—Four-year clinical experience. Plast. Reconstr. Surg. 2004, 114, 1025–1031. [CrossRef] [PubMed]
70. Cutler, C.W.; Kalmar, J.R.; Arnold, R.R. Phagocytosis of virulent Porphyromonas gingivalis by human polymorphonuclear leukocytes

requires specific immunoglobulin G. Infect. Immun. 1991, 59, 2097–2104. [CrossRef]
71. Zhang, F.; Tang, Z.; Hou, X.; Lennartsson, J.; Li, Y.; Koch, A.W.; Scotney, P.; Lee, C.; Arjunan, P.; Dong, L.; et al. VEGF-B is

dispensable for blood vessel growth but critical for their survival, and VEGF-B targeting inhibits pathological angiogenesis. Proc.
Natl. Acad. Sci. USA 2009, 106, 6152–6157. [CrossRef]

72. Abe, T.; Hajishengallis, G. Optimization of the ligature-induced periodontitis model in mice. J. Immunol. Methods 2013, 394,
49–54. [CrossRef]

73. Elashiry, M.; Elashiry, M.M.; Elsayed, R.; Rajendran, M.; Auersvald, C.; Zeitoun, R.; Rashid, M.H.; Ara, R.; Meghil, M.M.;
Liu, Y.; et al. Dendritic cell derived exosomes loaded with immunoregulatory cargo reprogram local immune responses and
inhibit degenerative bone disease in vivo. J. Extracell. Vesicles 2020, 9, 1795362. [CrossRef]

74. Ibrahim, A.S.; Mander, S.; Hussein, K.A.; Elsherbiny, N.M.; Smith, S.B.; Al-Shabrawey, M.; Tawfik, A. Hyperhomocysteinemia
disrupts retinal pigment epithelial structure and function with features of age-related macular degeneration. Oncotarget 2016, 7,
8532–8545. [CrossRef] [PubMed]

75. Oz, H.S.; Puleo, D.A. Animal models for periodontal disease. J. Biomed. Biotechnol. 2011, 754857. [CrossRef] [PubMed]
76. Pennesi, M.E.; Neuringer, M.; Courtney, R.J. Animal models of age related macular degeneration. Mol. Asp. Med. 2012, 33,

487–509. [CrossRef]
77. Ibbett, P.; Goverdhan, S.V.; Pipi, E.; Chouhan, J.K.; Keeling, E.; Angus, E.M.; Scott, J.A.; Gatherer, M.; Page, A.; Teeling, J.L.; et al. A

lasered mouse model of retinal degeneration displays progressive outer retinal pathology providing insights into early geographic
atrophy. Sci. Rep. 2019, 9, 7475. [CrossRef] [PubMed]

78. Hou, X.; Kumar, A.; Lee, C.; Wang, B.; Arjunan, P.; Dong, L.; Maminishkis, A.; Tang, Z.; Li, Y.; Zhang, F.; et al. PDGF-CC blockade
inhibits pathological angiogenesis by acting on multiple cellular and molecular targets. Proc. Natl. Acad. Sci. USA 2010, 107,
12216–12221. [CrossRef]

79. Kumar, A.; Hou, X.; Lee, C.; Li, Y.; Maminishkis, A.; Tang, Z.; Zhang, F.; Langer, H.F.; Arjunan, P.; Dong, L.; et al. Platelet-derived
growth factor-DD targeting arrests pathological angiogenesis by modulating glycogen synthase kinase-3β phosphorylation. J.
Biol. Chem. 2010, 285, 15500–15510. [CrossRef]

80. Nahavandipour, A.; Nielsen, M.K.; Sørensen, T.L.; Subhi, Y. Systemic levels of interleukin-6 in patients with age-related macular
degeneration: A systematic review and meta-analysis. Acta Ophthalmol. 2020, 98, 434–444. [CrossRef]

81. Tawfig, N. Proinflammatory cytokines and periodontal disease. J. Dent. Probl. Solut. 2016, 3, 012–017. [CrossRef]
82. Jing, G.; Wang, J.J.; Zhang, S.X. ER stress and apoptosis: A new mechanism for retinal cell death. Exp. Diabetes Res. 2012, 589589.

[CrossRef] [PubMed]
83. Jiang, X.; Wei, Y.; Zhang, T.; Zhang, Z.; Qiu, S.; Zhou, X.; Zhang, S. Effects of GSK2606414 on cell proliferation and endo-

plasmic reticulum stress-associated gene expression in retinal pigment epithelial cells. Mol. Med. Rep. 2017, 15, 3105–3110.
[CrossRef] [PubMed]

84. Rana, T.M.; Shinde, V.M.; Starr, C.R.; Kruglov, A.A.; Boitet, E.; Kotla, P.; Zolotukhin, S.; Gross, A.K.; Gorbatyuk, M.S. An activated
unfolded protein response promotes retinal degeneration and triggers an inflammatory response in the mouse retina. Cell Death
Dis. 2014, 5, e1578. [CrossRef]

85. Gorbatyuk, M.; Gorbatyuk, O. Review: Retinal degeneration: Focus on the unfolded protein response. Mol. Vis. 2013, 19, 1985.
86. Bellezza, I. Oxidative stress in age-related macular degeneration: Nrf2 as therapeutic target. Front. Pharmacol. 2018, 9, 1280.

[CrossRef] [PubMed]
87. Chiu, A.; Al Saigh, M.; McCulloch, C.; Glogauer, M. The role of NrF2 in the regulation of periodontal health and disease. J. Dent.

Res. 2017, 96, 975–983. [CrossRef] [PubMed]
88. Salminen, A.; Kauppinen, A.; Hyttinen, J.M.T.; Toropainen, E.; Kaarniranta, K. Endoplasmic reticulum stress in age-related

macular degeneration: Trigger for neovascularization. Mol. Med. 2010, 16, 535–542. [CrossRef]
89. Samanta, A.; Aziz, A.A.; Jhingan, M.; Singh, S.R.; Khanani, A.M.; Chhablani, J. Emerging therapies in neovascular age-related

macular degeneration in 2020. Asia-Pac. J. Ophthalmol. 2020, 9, 250–259. [CrossRef]
90. Ryan, S.J. The development of an experimental model of subretinal neovascularization in disciform macular degeneration. Trans.

Am. Ophthalmol. Soc. 1979, 77, 707–745.
91. Dobi, E.T.; Puliafito, C.A.; Destro, M. A new model of experimental choroidal neovascularization in the rat. Arch. Ophthalmol.

1989, 107, 264–269. [CrossRef]
92. Tobe, T.; Ortega, S.; Luna, J.D.; Ozaki, H.; Okamoto, N.; Derevjanik, N.L.; Vinores, S.A.; Basilico, C.; Campochiaro, P.A. Targeted

disruption of the FGF2 gene does not prevent choroidal neovascularization in a murine model. Am. J. Pathol. 1998, 153,
1641–1646. [CrossRef]

http://doi.org/10.1177/0022034520943187
http://doi.org/10.1111/febs.15510
http://doi.org/10.1080/20002297.2017.1281562
http://www.ncbi.nlm.nih.gov/pubmed/28326156
http://doi.org/10.1097/01.PRS.0000135325.13474.D3
http://www.ncbi.nlm.nih.gov/pubmed/15457009
http://doi.org/10.1128/IAI.59.6.2097-2104.1991
http://doi.org/10.1073/pnas.0813061106
http://doi.org/10.1016/j.jim.2013.05.002
http://doi.org/10.1080/20013078.2020.1795362
http://doi.org/10.18632/oncotarget.7384
http://www.ncbi.nlm.nih.gov/pubmed/26885895
http://doi.org/10.1155/2011/754857
http://www.ncbi.nlm.nih.gov/pubmed/21331345
http://doi.org/10.1016/j.mam.2012.06.003
http://doi.org/10.1038/s41598-019-43906-z
http://www.ncbi.nlm.nih.gov/pubmed/31097765
http://doi.org/10.1073/pnas.1004143107
http://doi.org/10.1074/jbc.M110.113787
http://doi.org/10.1111/aos.14402
http://doi.org/10.17352/2394-8418.000026
http://doi.org/10.1155/2012/589589
http://www.ncbi.nlm.nih.gov/pubmed/22216020
http://doi.org/10.3892/mmr.2017.6418
http://www.ncbi.nlm.nih.gov/pubmed/28358434
http://doi.org/10.1038/cddis.2014.539
http://doi.org/10.3389/fphar.2018.01280
http://www.ncbi.nlm.nih.gov/pubmed/30455645
http://doi.org/10.1177/0022034517715007
http://www.ncbi.nlm.nih.gov/pubmed/28617616
http://doi.org/10.2119/molmed.2010.00070
http://doi.org/10.1097/APO.0000000000000291
http://doi.org/10.1001/archopht.1989.01070010270035
http://doi.org/10.1016/S0002-9440(10)65753-7


Antioxidants 2021, 10, 309 21 of 22

93. Miller, H.; Miller, B.; Ishibashi, T.; Ryan, S.J. Pathogenesis of laser-induced choroidal subretinal neovascularization. Investig.
Ophthalmol. Vis. Sci. 1990, 31, 899–908.

94. Miller, J.W.; Adamis, A.P.; Shima, D.T.; D’Amore, P.A.; Moulton, R.S.; O’Reilly, M.S.; Folkman, J.; Dvorak, H.F.; Brown, L.F.;
Berse, B.; et al. Vascular endothelial growth factor/vascular permeability factor is temporally and spatially correlated with ocular
angiogenesis in a primate model. Am. J. Pathol. 1994, 145, 574–584. [CrossRef] [PubMed]

95. Graves, D.T.; Fine, D.; Teng, Y.-T.A.; Van Dyke, T.E.; Hajishengallis, G. The use of rodent models to investigate host-bacteria
interactions related to periodontal diseases. J. Clin. Periodontol. 2008, 35, 89–105. [CrossRef]

96. Dominy, S.S.; Lynch, C.; Ermini, F.; Benedyk, M.; Marczyk, A.; Konradi, A.; Nguyen, M.; Haditsch, U.; Raha, D.; Griffin, C.; et al.
Porphyromonas gingivalis in Alzheimer’s disease brains: Evidence for disease causation and treatment with small-molecule
inhibitors. Sci. Adv. 2019, 5, eaau3333. [CrossRef]

97. Dioguardi, M.; Crincoli, V.; Laino, L.; Alovisi, M.; Sovereto, D.; Mastrangelo, F.; Russo, L.L.; Muzio, L.L. The role of periodontitis
and periodontal bacteria in the onset and progression of Alzheimer’s disease: A systematic review. J. Clin. Med. 2020, 9, 495.
[CrossRef] [PubMed]

98. Olsen, I.; Singhrao, S.K. Is there a link between genetic defects in the complement cascade and Porphyromonas gingivalis in
Alzheimer’s disease? J. Oral Microbiol. 2020, 12, 1676486. [CrossRef] [PubMed]

99. Singhrao, S.K.; Olsen, I. Are Porphyromonas gingivalis outer membrane vesicles microbullets for sporadic Alzheimer’s disease
manifestation? J. Alzheimer’s Dis. Rep. 2018, 2, 219–228. [CrossRef] [PubMed]

100. Singhrao, S.K.; Olsen, I. Assessing the role of Porphyromonas gingivalis in periodontitis to determine a causative relationship with
Alzheimer’s disease. J. Oral Microbiol. 2019, 11, 1563405. [CrossRef]

101. Poole, S.; Singhrao, S.K.; Kesavalu, L.; Curtis, M.A.; Crean, S. Determining the presence of periodontopathic virulence factors in
short-term postmortem Alzheimer’s disease brain tissue. J. Alzheimer’s Dis. 2013, 36, 665–677. [CrossRef] [PubMed]

102. Wang, H.; Han, X.; Wittchen, E.S.; Hartnett, M.E. TNF-α mediates choroidal neovascularization by upregulating VEGF expression
in RPE through ROS-dependent β-catenin activation. Mol. Vis. 2016, 22, 116–128.

103. Shi, X.; Semkova, I.; Müther, P.S.; Dell, S.; Kociok, N.; Joussen, A.M. Inhibition of TNF-α reduces laser-induced choroidal
neovascularization. Exp. Eye Res. 2006, 83, 1325–1334. [CrossRef]

104. Xu, J.; Zhu, D.; He, S.; Spee, C.; Ryan, S.J.; Hinton, D.R. Transcriptional regulation of bone morphogenetic protein 4 by tumor
necrosis factor and its relationship with age-related macular degeneration. FASEB J. 2011, 25, 2221–2233. [CrossRef] [PubMed]

105. Wang, X.; Ma, W.; Han, S.; Meng, Z.; Zhaoyang, M.; Yin, Y.; Wang, Y.; Yanling, W. TGF-β participates choroid neovascularization
through Smad2/3-VEGF/TNF-α signaling in mice with Laser-induced wet age-related macular degeneration. Sci. Rep. 2017, 7,
9672. [CrossRef]

106. Kohno, T.; Mizukami, H.; Suzuki, M.; Saga, Y.; Takei, Y.; Shimpo, M.; Matsushita, T.; Okada, T.; Hanazono, Y.; Kume, A.; et al.
Interleukin-10-mediated inhibition of angiogenesis and tumor growth in mice bearing VEGF-producing ovarian cancer. Cancer
Res. 2003, 63, 5091–5094.

107. Lopez, P.F.; Sippy, B.D.; Lambert, H.M.; Thach, A.B.; Hinton, D.R. Transdifferentiated retinal pigment epithelial cells are
immunoreactive for vascular endothelial growth factor in surgically excised age-related macular degeneration-related choroidal
neovascular membranes. Investig. Ophthalmol. Vis. Sci. 1996, 37, 855–868.

108. Tan, W.; Zou, J.; Yoshida, S.; Jiang, B.; Zhou, Y. The role of inflammation in age-related macular degeneration. Int. J. Biol. Sci. 2020,
16, 2989–3001. [CrossRef]

109. Izumi-Nagai, K.; Nagai, N.; Ozawa, Y.; Mihara, M.; Ohsugi, Y.; Kurihara, T.; Koto, T.; Satofuka, S.; Inoue, M.; Tsubota, K.; et al.
Interleukin-6 Receptor-mediated activation of signal transducer and activator of transcription-3 (STAT3) promotes choroidal
neovascularization. Am. J. Pathol. 2007, 170, 2149–2158. [CrossRef]

110. Andriessen, E.M.; Wilson, A.M.; Mawambo, G.; Dejda, A.; Miloudi, K.; Sennlaub, F.; Sapieha, P. Gut microbiota influences
pathological angiogenesis in obesity-driven choroidal neovascularization. EMBO Mol. Med. 2016, 8, 1366–1379. [CrossRef]

111. Cheng, S.-C.; Huang, W.-C.; Pang, J.-H.S.; Wu, Y.-H.; Cheng, C.-Y. Quercetin inhibits the production of IL-1β-induced inflamma-
tory cytokines and chemokines in ARPE-19 cells via the MAPK and NF-κB signaling pathways. Int. J. Mol. Sci. 2019, 20, 2957.
[CrossRef] [PubMed]

112. Vladau, M.; Cimpean, A.M.; Balica, R.A.; Jitariu, A.A.; Popovici, R.A.; Raica, M. VEGF/VEGFR2 axis in periodontal disease
progression and angiogenesis: Basic approach for a new therapeutic strategy. In Vivo 2015, 30, 53–60.

113. Chauhan, S.K.; Saban, D.R.; Dohlman, T.H.; Dana, R. CCL-21 conditioned regulatory T cells induce allotolerance through
enhanced homing to lymphoid tissue. J. Immunol. 2014, 192, 817–823. [CrossRef]

114. Shapira, L.; Borinski, R.; Sela, M.N.; Soskolne, A. Superoxide formation and chemiluminescence of peripheral polymorphonuclear
leukocytes in rapidly progressive periodontitis patients. J. Clin. Periodontol. 1991, 18, 44–48. [CrossRef]

115. Liu, C.; Mo, L.; Niu, Y.; Li, X.; Zhou, X.; Xu, X. The role of reactive oxygen species and autophagy in periodontitis and their
potential linkage. Front. Physiol. 2017, 8, 439. [CrossRef]

116. Vo, T.T.T.; Chu, P.-M.; Tuan, V.P.; Te, J.S.-L.; Lee, I.-T. The promising role of antioxidant phytochemicals in the prevention
and treatment of periodontal disease via the inhibition of oxidative stress pathways: Updated insights. Antioxidants 2020,
9, 1211. [CrossRef]

117. Henry, L.G.; McKenzie, R.M.E.; Robles, A.; Fletcher, H.M. Oxidative stress resistance in Porphyromonas gingivalis. Future Microbiol.
2012, 7, 497–512. [CrossRef] [PubMed]

http://doi.org/10.1097/00006982-199515020-00021
http://www.ncbi.nlm.nih.gov/pubmed/7521577
http://doi.org/10.1111/j.1600-051X.2007.01172.x
http://doi.org/10.1126/sciadv.aau3333
http://doi.org/10.3390/jcm9020495
http://www.ncbi.nlm.nih.gov/pubmed/32054121
http://doi.org/10.1080/20002297.2019.1676486
http://www.ncbi.nlm.nih.gov/pubmed/31893014
http://doi.org/10.3233/ADR-180080
http://www.ncbi.nlm.nih.gov/pubmed/30599043
http://doi.org/10.1080/20002297.2018.1563405
http://doi.org/10.3233/JAD-121918
http://www.ncbi.nlm.nih.gov/pubmed/23666172
http://doi.org/10.1016/j.exer.2006.07.007
http://doi.org/10.1096/fj.10-178350
http://www.ncbi.nlm.nih.gov/pubmed/21411747
http://doi.org/10.1038/s41598-017-10124-4
http://doi.org/10.7150/ijbs.49890
http://doi.org/10.2353/ajpath.2007.061018
http://doi.org/10.15252/emmm.201606531
http://doi.org/10.3390/ijms20122957
http://www.ncbi.nlm.nih.gov/pubmed/31212975
http://doi.org/10.4049/jimmunol.1203469
http://doi.org/10.1111/j.1600-051X.1991.tb01118.x
http://doi.org/10.3389/fphys.2017.00439
http://doi.org/10.3390/antiox9121211
http://doi.org/10.2217/fmb.12.17
http://www.ncbi.nlm.nih.gov/pubmed/22439726


Antioxidants 2021, 10, 309 22 of 22

118. Strand, K.R.; Sun, C.; Li, T.; Jenney, F.E.; Schut, G.J.; Adams, M.W.W. Oxidative stress protection and the repair response to
hydrogen peroxide in the hyperthermophilic archaeon Pyrococcus furiosus and in related species. Arch. Microbiol. 2010, 192,
447–459. [CrossRef]

119. Jarrett, S.G.; Boulton, M.E. Consequences of oxidative stress in age-related macular degeneration. Mol. Asp. Med. 2012, 33,
399–417. [CrossRef] [PubMed]

120. Noailles, A.; Maneu, V.; Campello, L.; Lax, P.; Cuenca, N. Systemic inflammation induced by lipopolysaccharide aggravates
inherited retinal dystrophy. Cell Death Dis. 2018, 9, 350. [CrossRef] [PubMed]

121. Salminen, A.; Kauppinen, A.; Suuronen, T.; Kaarniranta, K.; Ojala, J. ER stress in Alzheimer’s disease: A novel neuronal trigger
for inflammation and Alzheimer’s pathology. J. Neuroinflamm. 2009, 6, 41. [CrossRef]

122. Dong, D.; Ni, M.; Ligaya, P.; Xiong, S.; Ye, W.; Virrey, J.J.; Mao, C.; Ye, R.; Wang, M.; Pen, L.; et al. Critical role of the
stress chaperone GRP78/BiP in tumor proliferation, survival, and tumor angiogenesis in transgene-induced mammary tumor
development. Cancer Res. 2008, 68, 498–505. [CrossRef]

123. He, F.; Ru, X.; Wen, T. NRF2, a transcription factor for stress response and beyond. Int. J. Mol. Sci. 2020, 21, 4777. [CrossRef]
[PubMed]

124. Aberami, S.; Nikhalashree, S.; Bharathselvi, M.; Biswas, J.; Sulochana, K.N.; Coral, K. Elemental concentrations in Choroid-RPE
and retina of human eyes with age-related macular degeneration. Exp. Eye Res. 2019, 186, 107718. [CrossRef]

125. Dias, I.H.K.; Chapple, I.L.C.; Milward, M.; Grant, M.M.; Hill, E.; Brown, J.; Griffiths, H.R. Sulforaphane restores cellular
glutathione levels and reduces chronic periodontitis neutrophil hyperactivity in vitro. PLoS ONE 2013, 8, e66407. [CrossRef]

126. Loboda, A.; Damulewicz, M.; Pyza, E.; Jozkowicz, A.; Dulak, J. Role of Nrf2/HO-1 system in development, oxidative stress
response and diseases: An evolutionarily conserved mechanism. Cell. Mol. Life Sci. 2016, 73, 3221–3247. [CrossRef]

127. Sachdeva, M.M.; Cano, M.; Handa, J.T. Nrf2 signaling is impaired in the aging RPE given an oxidative insult. Exp. Eye Res. 2014,
119, 111–114. [CrossRef]

128. Abokyi, S.; To, C.-H.; Lam, T.T.; Tse, D.Y. Central role of oxidative stress in age-related macular degeneration: Evidence from a
review of the molecular mechanisms and animal models. Oxid. Med. Cell. Longev. 2020, 2020, 7901270. [CrossRef] [PubMed]

129. Lambros, M.L.; Plafker, S.M. Oxidative stress and the Nrf2 anti-oxidant transcription factor in age-related macular degeneration.
Adv. Exp. Med. Biol. 2016, 854, 67–72. [CrossRef] [PubMed]

130. Cano, M.; Thimmalappula, R.; Fujihara, M.; Nagai, N.; Sporn, M.; Wang, A.L.; Neufeld, A.H.; Biswal, S.; Handa, J.T. Cigarette
smoking, oxidative stress, the anti-oxidant response through Nrf2 signaling, and age-related macular degeneration. Vis. Res.
2010, 50, 652–664. [CrossRef] [PubMed]

131. Velmurugan, G.V.; Sundaresan, N.R.; Gupta, M.P.; White, C. Defective Nrf2-dependent redox signalling contributes to microvas-
cular dysfunction in type 2 diabetes. Cardiovasc. Res. 2013, 100, 143–150. [CrossRef]

132. Sima, C.; Aboodi, G.M.; Lakschevitz, F.S.; Sun, C.; Goldberg, M.B.; Glogauer, M. Nuclear factor erythroid 2-related factor 2
down-regulation in oral neutrophils is associated with periodontal oxidative damage and severe chronic periodontitis. Am. J.
Pathol. 2016, 186, 1417–1426. [CrossRef] [PubMed]

133. Tan, S.M.; Stefanovic, N.; Tan, G.; Wilkinson-Berka, J.L.; De Haan, J.B. Lack of the antioxidant glutathione peroxidase-1 (GPx1)
exacerbates retinopathy of prematurity in mice. Investig. Ophthalmol. Vis. Sci. 2013, 54, 555–562. [CrossRef] [PubMed]

134. Almerich-Silla, J.M.; Montiel-Company, J.M.; Pastor, S.; Serrano, F.; Puig-Silla, M.; Dasí, F. Oxidative stress parameters in saliva
and its association with periodontal disease and types of bacteria. Dis. Markers 2015, 2015, 653537. [CrossRef] [PubMed]

135. Lu, L.; Oveson, B.C.; Jo, Y.; Lauer, T.W.; Usui, S.; Komeima, K.; Xie, B.; Campochiaro, P.A. Increased expression of glutathione
peroxidase 4 strongly protects retina from oxidative damage. Antioxid. Redox Signal. 2009, 11, 715–724. [CrossRef]

136. Tokarz, P.; Kaarniranta, K.; Blasiak, J. Role of antioxidant enzymes and small molecular weight antioxidants in the pathogenesis
of age-related macular degeneration (AMD). Biogerontology 2013, 14, 461–482. [CrossRef] [PubMed]

http://doi.org/10.1007/s00203-010-0570-z
http://doi.org/10.1016/j.mam.2012.03.009
http://www.ncbi.nlm.nih.gov/pubmed/22510306
http://doi.org/10.1038/s41419-018-0355-x
http://www.ncbi.nlm.nih.gov/pubmed/29500424
http://doi.org/10.1186/1742-2094-6-41
http://doi.org/10.1158/0008-5472.CAN-07-2950
http://doi.org/10.3390/ijms21134777
http://www.ncbi.nlm.nih.gov/pubmed/32640524
http://doi.org/10.1016/j.exer.2019.107718
http://doi.org/10.1371/journal.pone.0066407
http://doi.org/10.1007/s00018-016-2223-0
http://doi.org/10.1016/j.exer.2013.10.024
http://doi.org/10.1155/2020/7901270
http://www.ncbi.nlm.nih.gov/pubmed/32104539
http://doi.org/10.1007/978-3-319-17121-0_10
http://www.ncbi.nlm.nih.gov/pubmed/26427395
http://doi.org/10.1016/j.visres.2009.08.018
http://www.ncbi.nlm.nih.gov/pubmed/19703486
http://doi.org/10.1093/cvr/cvt125
http://doi.org/10.1016/j.ajpath.2016.01.013
http://www.ncbi.nlm.nih.gov/pubmed/27070823
http://doi.org/10.1167/iovs.12-10685
http://www.ncbi.nlm.nih.gov/pubmed/23287791
http://doi.org/10.1155/2015/653537
http://www.ncbi.nlm.nih.gov/pubmed/26494938
http://doi.org/10.1089/ars.2008.2171
http://doi.org/10.1007/s10522-013-9463-2
http://www.ncbi.nlm.nih.gov/pubmed/24057278

	Introduction 
	Materials and Methods 
	Bacterial Strains and Biofilm Culture 
	Animals 
	Laser-Induced Choroidal Neovascularization (Li-CNV) AMD Model 
	Ligature-Enhanced Periodontitis (PD) in Pre-Existing CNV (AMD) Model 
	Fundus-Imaging Analysis 
	Optical Coherence Tomography (OCT)Analysis 
	Fundus Fluorescein Angiography (FFA) Analysis 
	Analysis of Retinal Thickness 
	Immunofluorescence and Confocal-Imaging Analysis 
	Quantitative PCR Assays 
	Statistical Analysis 

	Results 
	Establishment of Experimentally Induced AMD+PD Murine Model 
	Increased Vascular Leakage and CNV Area in AMD+PD Mice Retinae. 
	Exacerbation of Pathological Angiogenesis and Inflammation in AMD+PD Mice Retinae 
	Pg 16S-rRNA Gene Expression in the Retinae of AMD+PD Murine Model 
	Reduced Retinal Thickness in AMD+PD Mice 
	Subretinal Drusen-like Deposits in AMD+PD Mice 
	Increased Choroidal/Retinal Neovasculogenesis in the Retinae of AMD+PD Mice 
	Increased Angiogenesis, Pro-Inflammatory and Decreased Anti-Inflammatory Mediators in AMD+PD Mice Retinae 
	Up-Regulated Expression of Oxidative-Stress Genes and Down-Regulated Antioxidant Genes in AMD+PD Mice Retinae 

	Discussion 
	Conclusions 
	References

