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Do epigenetic changes caused by

commensal microbiota contribute to
development of ocular disease? A review of
evidence

Ashima Nayyar1†, Sofya Gindina1†, Arturo Barron1, Yan Hu1 and John Danias1,2*
Abstract

There is evidence that genetic polymorphisms and environmentally induced epigenetic changes play an important
role in modifying disease risk. The commensal microbiota has the ability to affect the cellular environment
throughout the body without requiring direct contact; for example, through the generation of a pro-inflammatory
state. In this review, we discuss evidence that dysbiosis in intestinal, pharyngeal, oral, and ocular microbiome can
lead to epigenetic reprogramming and inflammation making the host more susceptible to ocular disease such as
autoimmune uveitis, age-related macular degeneration, and open angle glaucoma. Several mechanisms of action
have been proposed to explain how changes to commensal microbiota contribute to these diseases. This is an
evolving field that has potentially significant implications in the management of these conditions especially from a
public health perspective.
Background
Many chronic non-infectious diseases like Alzheimer’s
disease (AD), age-related macular degeneration (AMD),
autoimmune uveitis (AU), and open angle glaucoma,
have multifactorial etiologies that frequently include the
interaction of environmental risk factors and genetic
predisposition. Despite decades of linkage and family
studies, only a limited number of polymorphisms or mu-
tations have been identified which have a causative role
in these conditions [40]. Even then, such genetic alter-
ations account for only a small portion of disease preva-
lence [79].
In an effort to understand how the genetic background

affects disease susceptibility and possibly determine en-
vironmental factors that contribute to such susceptibil-
ity, attention has been focused in recent years on the
role of the human microbiome. The human microbiome
project was established by the National Institutes of
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Health in order to identify the microbial composition in
different body regions (e.g., oral, intestinal, nasopharyn-
geal, urogenital, and skin) [11, 69, 95]. Such attention is
warranted as the microbiome accounts for 1–3% of hu-
man body weight and in aggregate comprises more than
100 trillion cells [113]. Furthermore, the microbiome is
complex, dynamic, and potentially host specific [11].
The microbiome is comprised of diverse bacterial, viral,
and eukaryotic species involved in host-microbe and
microbe-microbe interactions [11, 113]. The commensal
microbiome modulates nutrient acquisition, provides en-
zymes, adjusts immune system development, and serves
as a protective barrier to foreign/opportunistic patho-
gens by competitive exclusion and production of anti-
microbial substances [113].
Under physiologic conditions, commensal homeostasis

is maintained via cross-regulation between the host and
the resident microbiota [28, 61, 113]. Commensal micro-
biota constitution is determined by genetic inheritance
and environmental factors (e.g., diet, smoking, antibiotic
exposure, infection, and disease) [11, 65, 113]. For ex-
ample, high fiber diets are linked to greater diversity of
gut commensal microbiota, which limits the colonization
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by pathogenic bacteria that are associated with inflam-
matory bowel disease and colorectal cancer [13]. Simi-
larly, the microbiome composition differs between
babies delivered vaginally and via cesarean section; vagi-
nal births allow for exposure to maternal vaginal and
fecal bacteria causing subsequent predominance of Bifi-
dobacterium species that is important for postnatal im-
mune development [63].
Commensal bacteria help maintain a symbiotic rela-

tionship often with host cells via epigenetic modifica-
tions of host genes. For example, the intestinal
microbiome can directly impact the intestinal epithelial
cells (IECs), which line the large intestine lumen,
through epigenetic changes in toll-like receptors (i.e.,
5’CpG methylation) in order to prevent the triggering of
an excessive inflammatory reaction [108]. IECs serve as
both a physical barrier and frontline defense against
pathogens by secreting antimicrobials and producing cy-
tokines that regulate and recruit immune cells [108].
In recent years, the pathogenesis of diabetes mellitus,

inflammatory bowel syndrome (IBS), atherosclerosis,
obesity, liver disease, and cancer have been associated
with a disbalance of commensal microbiota homeostasis
[11, 113]. This homeostatic disbalance has been termed
“dysbiosis.” Although originally the term dysbiosis was
used to describe altered pathogenic bacteria in the gut, it
is currently defined as “... qualitative and quantitative
changes in microbial flora, their metabolic activity and
their local distribution” [4, 44].
Dysbiosis can induce or exacerbate disease via toxic ef-

fects from direct invasion/infection or via epigenetic
changes to host cells. At the cellular level, commensal
microbiome-induced epigenetic changes commonly
occur via either histone acetylation/deacetylation or
DNA methylation [68].
Histone acetylation usually promotes active gene tran-

scription while deacetylation represses gene expression.
Bacteria can regulate histone acetyl modifications via
production of short chain fatty acids (SCFAs) (such as
acetic, butyric, and propionic acid), which are trans-
ported into the cell via monocarboxylate transporters.
There they are metabolized and can function as sub-
strates for acetylases or as inhibitors of histone deacety-
lases (HDAC) [15]. Acetate is known to promote
acetylation of histone tail lysine residues [32] while bu-
tyrate can have an inhibitory effect on HDAC activity;
both resulting in histone modifications and transcrip-
tional regulation [89]. As an example of such epigenetic
changes induced by bacteria, it has been shown that in-
creasing dietary fiber is able to enhance gut colonization
by butyrate-producing bacteria [30], which induce anti-
inflammatory activity and beneficial effects in preventing
obesity and insulin resistance by inhibiting intestinal
macrophage HDAC activity [23].
SCFAs and other bacterial metabolic products (e.g.,
folate) can also cause DNA methylation. For example,
SCFAs have been reported to correct aberrant expres-
sions of adiponectin and resistin in high-fat diet-induced
obesity by promoter methylation [71].
Epigenetic changes caused by bacterial metabolites

may occur at sites remote from the site that the bacteria
are actually present. For example, folate produced by
Bifidobacterium species in the gut can enter the circula-
tion and serve as a co-factor of DNA methyltransferases
in many tissues around the body. Epigenetic changes,
however, can also be caused by the microbiome indir-
ectly through modulation of the immune or neural sys-
tems. SCFAs affect dendritic cells and macrophages for
example, inducing IL-10 and retinoic acid which are
known to have inhibitory actions on histone deacetylase
activity [53] while they enhance T regulatory cell (Treg)
expression leading to enhanced production of anti-
inflammatory cytokines, modulation of antigen present-
ing cell (APC) function, and their ability to induce apop-
tosis in effector immune cells [72].
Similarly, commensal bacteria can cause secondary

epigenetic changes by affecting neural activity. It is
known that the gastrointestinal microbiota can influence
cognitive function and behavior by direct reprogram-
ming of the hypothalamus pituitary adrenal (HPA) axis
[74]. Such changes in central nervous system (CNS)
function may occur through gamma-aminobutyric acid
(GABA), tryptophan, and monoamines such as sero-
tonin, histamine, and dopamine produced by bacteria
that can bind to receptors on neuronal and immune
cells [12, 63, 74, 112].
The current review focuses on the eye for two reasons:

1. The eye is an immune privileged organ with little
direct contact (except on its surface) with bacteria,
fungi or viruses.

2. The eye is part of the CNS and thus understanding
the underlying relationships and mechanisms in this
organ can provide insights into the role of
microbiome in other CNS pathologies.

We summarize evidence that links a number of im-
portant ocular pathologies with the microbiome, discuss
possible mechanisms, and articulate some of the topics
that need further exploration.

Main text
Anatomy of eye
Anatomically, the eye (Fig. 1) is comprised of the anter-
ior segment (cornea, iris, ciliary body, and lens) and the
posterior segment (vitreous humor, retina, choroid,
sclera, and optic nerve). The anterior segment is respon-
sible for focusing incoming light and for regulating



Fig. 1 Anatomy of eye (adapted from National Eye Institute) [81]
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intraocular pressure (IOP) via modulation of aqueous
humor drainage. The posterior segment of the eye is re-
sponsible for visual perception and is comprised of a
vascular layer (choroid) and the retina. The retina is
composed of several neuronal cell layers and contains
the photoreceptor cells responsible for light perception,
with cones responsible for color perception and rods for
black and white vision [39, 45]. Photons induce photo-
receptor activation and hyperpolarization and this signal
is transmitted to bipolar and horizontal cells followed by
amacrine and ultimately ganglion cells [39, 45]. Retinal
ganglion cell axons traveling within the optic nerve (cra-
nial nerve II) relay this signal to the brain; thus the ret-
ina and optic nerve are part of the CNS.
As with the rest of CNS, the eye is immune privileged.

The blood-retinal barrier (BRB) restricts free access of
immune cells, microorganisms, and some molecules into
the retina and is composed of the non-fenestrated capil-
laries of retinal circulation and the tight junctions be-
tween retinal pigment epithelial cells [98]. Similarly, the
anterior segment is protected by the blood-aqueous bar-
rier (BAB). Together, the BRB and BAB constitute the
blood-ocular barrier. Vascular dysregulation or inflam-
mation can lead to loss of such protection [73]. Blood
supply to the eye is provided by branches of the internal
carotid artery that progressively divide; the majority of
vascular beds are highly anastomotic to ensure contin-
ued blood supply in the event of occlusion. The venous
drainage of the eye occurs via vortex veins and the cen-
tral retinal vein that merge with the superior and inferior
ophthalmic veins to drain into the cavernous sinus [54].
The presence of lymphatics in the eye is controversial.
Until recently, it was believed that there is no lymphatic
outflow from the eye. However, recent research using
lymphatic endothelium markers, combined with intra-
cameral tracer injections, led to the discovery of lymph-
atic vessels in the corneal limbus and the ciliary body
and choroid of the human eye [119]. The functional sig-
nificance of these vessels under baseline conditions is
unclear. However, in the context of this review, these
lymphatic vessels may provide an alternative route for
bacteria or their products to come in contact with CNS
tissues. For example, signaling molecules secreted by
both gut and oral microbiota have been found to be
transferred via the lymphatic and systemic circulation
where they can eventually affect behavior and modulate
brain plasticity and cognitive function [27].

Ocular microbiome and its role in microbial dysbiosis
Though the eye is an immune privileged site, an ocular
microbiome does exist on its surface. Among healthy sub-
jects, a broad spectrum of bacteria residing on the ocular
surface have been identified. Twelve genera (e.g. Pseudo-
monas, Corynebacterium, Acinetobacter, Staphylococci,
Streptococcus, Streptophyta, Methylobacterium, Bradyrhi-
zobium, Propionibacterium, Brevundimonas, Aquabacter-
ium, and Sphyngomonas) comprise 96% of the ocular
microbiome [70]. However, recent studies have shown that
more than 500 genera of bacteria are present on the con-
junctiva [62]. The ocular surface microbiota can vary by
ethnicity of host or become altered by environmental in-
sults, and disease states [63, 78].
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The innate immune system provides separation of the
eye contents from the surface ocular microbiome via
anatomic barriers, the complement cascade, and im-
mune cells (i.e., macrophages and neutrophils). The tear
film, which lubricates the ocular surface epithelia, con-
tains antimicrobial compounds such as lysozyme, lacto-
ferrin, immunoglobulin A (IgA), and lipocalin [76, 105].
Disruption of the ocular surface corneal and conjunctival
epithelia can trigger ocular inflammation [16, 74]. A
number of ophthalmic diseases are linked to pathogenic
organisms. For example, corneal infiltrative events (CIE)
can be caused by colonization of soft contact lenses with
pathogenic bacteria, mainly Gram-negative species such
as Serratia marcescens and Haemophilus influenzae
[100]. Periocular bacteria can also enter the sterile intra-
ocular compartments of the eye during surgery and
cause diffuse infection and inflammation (i.e., post-
operative infectious endophthalmitis) [10]. Operative
conditions could also alter the ocular microbiota and
heighten the risk for intraocular infection by pathogenic
organisms [117]. However, by and large, bacteria do not
reach any of the tissues inside the eye under normal
conditions.

Uveitis
Uveitis (inflammation of the uvea) is a condition that
can acutely impair and endanger vision, thus requiring
prompt treatment. It is often classified based on ana-
tomic distribution (anterior, intermediate, and posterior),
causation (infectious, non-infections, autoimmune, and
drug induced), as well as chronicity (acute, recurrent,
and chronic) [34, 104]. Uveitis has a prevalence rate of
5.4 per 1000 subjects in the USA and is associated with
increased age and smoking history [38, 97]. Infectious
causes of uveitis represent a minority of cases, while
idiopathic/non-infectious/autoimmune uveitis, which
represents the bulk of causes, is sometimes linked to sys-
temic diseases [97].
The most common form of uveitis is acute anterior

uveitis (AAU), accounting for 85% of cases. It is often
associated with a leukocyte cell surface protein—human
leukocyte antigen B27 (HLA-B27) [49, 95]. HLA cell sur-
face proteins are responsible for presenting peptides to
T-lymphocytes and thus regulating the immune re-
sponse [95]. HLA variants are often associated with
unique pathologies; for example, HLA-DQ2 is linked to
the development of celiac disease. HLA-B27 is linked to
a constellation of ailments, besides AAU, including psor-
iasis, ankylosing spondylitis, inflammatory bowel disease,
Behcet’s disease, and reactive arthritis [5]. Thus, HLA
heterogeneity across the general population serves as a
marker for genetic predisposition for disease develop-
ment. Recent evidence suggests that HLA variants are
also associated with differences in the microbiome. For
example, HLA-DQ2-positive infants have a different
fecal microbiome when compared to infants that are
HLA-DQ2 negative [97].
Most of the evidence hinting at a link between the

microbiome and uveitis is based on decades-old clinical
observations that certain diets exacerbate chronic uveitis.
Recent analysis of clinical samples has provided evidence
of a unique fecal metabolic phenotype in patients with
AAU [49]. No significant quantitative differences in the
species of gut microbiota between cases and controls
were however detected, suggesting that metabolic differ-
ences reflect a change in microbiome function rather
than its population profile [49].
To understand whether these associations are im-

portant in the pathogenesis of uveitis, animal models
have been employed as they allow testing of specific
hypotheses. An investigation comparing HLA-B27-
positive transgenic rats and negative littermate con-
trols showed significant differences in intestinal bac-
terial composition between transgenic and control
animals, which was linked to pathology (with arthritis,
spondylitis, rashes, and diarrhea) at several months of
age [95]. Furthermore, the development of joint and
intestinal disease manifestations was significantly re-
duced when animals were raised in a germ-free envir-
onment [95].
The exact mechanism by which an alteration in the gut

microbiome can lead to AAU is unknown; however, there
are several potential (non-exclusive) models worth explor-
ing. For example, gut microbiome dysbiosis could cause
increased intestinal permeability and a loss of immune
homeostasis allowing the migration of bacterial bypro-
ducts or aberrantly activated immune cells to remote sites
[95]. Microbiome dysbiosis can also induce a loss of local
intestinal immune homeostasis leading to a lower activa-
tion threshold of immune cells and thus promoting a pro-
inflammatory response. The eye may be affected via a mo-
lecular mimicry process, where a microbial antigen having
homology with a self-antigen can induce an autoimmune
response; thus, causing loss of tolerance toward ocular an-
tigens that are normally sequestered behind the blood-
ocular barrier [50]. Finally, disruption in barrier function,
a known effect of bacterial cell wall components, can allow
for the migration of microbial products and immune cells
into the eye [50, 95].
To further understand how changes in the gut micro-

biome lead to uveitis development or progression, sev-
eral groups have used inducible and spontaneous
murine uveitis models (Phoebe [67, 96]). In the indu-
cible experimental autoimmune uveoretinitis (EAU)
model, mice are immunized with interphotoreceptor
retinoid binding protein (IRBP) that is a uveitogenic
antigen emulsified in complete Freund’s adjuvant [18, 25].
The intestinal permeability and microbiota composition
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were found to be altered during disease progression in
EAU mice immunized with IRBP when compared to
controls receiving adjuvant only [50]. Specifically, experi-
mental animals had relative enrichment of Prevotella,
Lactobacilli, and Clostridium species 2-week post-
immunization, while control animals had relative enrich-
ment of intestinal Ruminococcus and Proteobacteria spe-
cies [50]. EAU mice immunized with IRBP showed
associated changes in intestinal morphology and zonula-
occludens-1 expression that correlated to increased in-
testinal permeability [50]. Raising the mice in a germ-
free environment significantly reduced disease presenta-
tion and development [42]. Furthermore, oral, but not
intraperitoneal, administration of broad-spectrum antibi-
otics (ampicillin, metronidazole, neomycin, and vanco-
mycin) caused alteration of the intestinal microbiome
and resulted in attenuation of uveitis (Phoebe [67, 80]).
This broad-spectrum antibiotic combination is com-
monly used to reduce the intestinal bacterial load [26].
While ampicillin and metronidazole are well absorbed
from the gut, and thus become systemically available,
both neomycin and vancomycin are not absorbed from
the intestinal tract and only affect the gut microbiome
[26]. The use of antibiotics in this model was associated
with an upregulation of regulatory T cells and a reduc-
tion in effector T cells and inflammatory cytokines [80].
The use of oral neomycin or ampicillin in isolation did
not significantly reduce uveitis presentation nor upregu-
lated regulatory T cells; metronidazole or vancomycin
upregulated regulatory T cells, decreased inflammation,
and uveitis severity [80]. These results therefore suggest
a mechanism in which immune system modulation,
specifically through T cells, can predispose to disease
progression (P [66]; Phoebe [67, 80]). Antibiotics, affect-
ing specific bacteria, alter the intestinal microbiome and
thus reduce disease progression as described in this
study.
In the R161H spontaneous uveitis mouse model, mice

express a transgenic T cell receptor targeting IRBP (J
[25]). This target antigen is sequestered in the immune
privileged eye. Thus, for uveitis to occur, T cells must be
exposed to IRBP and activated at an extraocular site
[47]. Experiments using the R161H mice have revealed
that antigens expressed by intestinal microbiota can lead
to the activation of retina specific T cells in the gut lam-
ina propria. T cells can then enter the eye to produce
damage in a molecular mimicry process [47, 84]. Oral
administration of broad-spectrum antibiotics (ampicillin,
metronidazole, neomycin, and vancomycin) slowed the
progression and attenuated the severity of uveitis and
was associated with reduced Th-17 cell levels. This pro-
vides further evidence that gut microbiota can modulate
the immune system causing T cell activation and a sub-
sequent autoimmune response [47].
Although, it is difficult to discern the original trigger
for uveitis, based on the data presented, it appears that
disease progression may be linked to intestinal perme-
ability and intestinal microbiome dysbiosis [50] through
modulation of T cell activity ([91]; P [66]; Phoebe [67,
80]). Although findings in mouse models of uveitis may
not necessarily translate to human disease, they provide
an experimental model that can be used to explore rela-
tionships between uveitis and the microbiome [46, 114].
At a molecular level, recent studies have suggested

that disease development in the EAU model is mediated
through epigenetic changes. Tbx21 and Rorc are master
transcription factors for differentiation of helper and
regulatory T cells; therefore, dynamic changes in their
expression would lead to alterations in the levels of these
immune cells [33, 60]. Hypomethylation of these tran-
scription factors was discovered in the retinas and RPE-
choroidal tissues of EAU mice and was associated with a
heightened production of Th1/Th17 specific cytokines
(IFNγ and IL-17) [90]. These changes were correlated
with a reduction in the expression of DNA methyltrans-
ferase (DNMT1) in these tissues [90]. Similarly, upregu-
lation of miRNA-223 was detected in the EAU rat model
[111]. miRNA-223 promotes inflammation through T
cells and myeloid dendritic cells; furthermore, altered
serum levels of miRNA-223 have been linked to micro-
biome dysbiosis [111]. In addition, comparisons of
serum miRNA profiles between cases and controls de-
tected a uveitis associated miRNA cluster [111]. This
cluster of six miRNAs is linked to inflammatory signal-
ing cascades, such as MAPK, FOXO, and VEGF [111].
Despite the studies cited above, our current understand-

ing of the disease process remains incomplete. For ex-
ample, it is unclear how primed T cells in the gut cause
inflammation in the eye, which is normally immunologic-
ally privileged [114]. In addition, if the mechanism uncov-
ered in mice is responsible for human disease, it is
unknown what antigens trigger T cell sensitization in
humans. Further investigation is required to determine
whether specific microbiome-mediated epigenetic changes
may trigger disease presentation in humans.
Age-related macular degeneration
Age-related macular degeneration (AMD) is a progres-
sive degenerative disorder leading to the loss of central
vision as the disease preferentially affects the macular re-
gion of the retina that subserves central vision. Approxi-
mately 30–50 million individuals are affected with AMD
globally with an estimated prevalence of 300 million by
2040 [93]. AMD is the most common form of maculopa-
thy making it the leading cause of visual disability in the
industrialized world and the third leading cause globally
[55, 116]. The pathophysiology of AMD is not fully
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understood. It is considered to be multifactorial, involv-
ing genetic, environmental, and metabolic causes.
The disease is categorized into dry or wet (neovascu-

lar) forms (Fig. 2). Dry AMD most often precedes the
development of wet AMD [7]. In dry AMD, cellular deb-
ris called drusen accumulates beneath the retinal pig-
ment epithelium (RPE) and Bruch’s membrane, which
serves to separate the RPE from the fenestrated endothe-
lium of the choriocapillaris [7, 106]. The RPE is com-
prised of non-dividing cells that transport nutrients and
ions essential for photoreceptor cell maintenance [7,
106]. The presence of drusen eventually causes damage
to the RPE leading to indirect photoreceptor cell death.
In wet AMD, there is choroidal neovascularization

which can cause subretinal and/or intra-retinal fluid ac-
cumulation, hemorrhage, and lipid exudates all leading
to RPE detachment and RPE and photoreceptor cell
death [14, 107]. The exudative process can also directly
damage photoreceptor cells [3, 7, 106].
Fig. 2 Schematic diagram of dry and wet forms of macular degeneration
The proliferation of aberrant vessels in wet AMD has
been linked to an enhanced immune and vascular (via
vascular endothelial growth factor stimulation) re-
sponse [7]. The pathophysiology of dry AMD has been
more difficult to discern, with several hypotheses pro-
posed. These include an accumulation of lipofuscin
(lipid-protein aggregates from incompletely degraded
contents of phagolysosomes) at RPE cells promoting
retinal oxidative damage [75, 92], mitochondrial de-
fects causing intracellular and extracellular toxin ac-
cumulation similar to that of other neurodegenerative
diseases [7], complement system dysregulation indu-
cing inflammatory cell damage [92], and immune cell
(microglia and macrophages) activation and infiltra-
tion [92]. Drusen components can induce nucleotide-
binding domain, leucine-rich repeat-containing family,
and pyrin domain-containing 3 (NLRP3) mediated
inflammasome activation, causing the release of IL-1β
and IL-18 in mouse retinal tissues [114].
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Complement polymorphisms have been genetically
linked to AMD [48, 114]. A variant of complement factor
H (CFHY402H) is prevalent among patients with a pre-
dominantly dry form of AMD in the Caucasian popula-
tion, whereas high temperature requirement factor A1
(HTRA1) is prevalent among those with a predominantly
wet/neovascular form of AMD in the Asian population
[48, 114]. Although the exact mechanisms through which
complement polymorphic variants lead to AMD is still
under investigation, it is believed that they allow for en-
hanced complement activation locally at the level of
Bruch’s membrane, leading to endothelial cell damage and
ischemia of the overlying RPE and retina [43].
In individuals not possessing high-risk complement poly-

morphic variants, it is hypothesized that AMD pathogen-
esis involves complement overactivation in response to
stimuli at the retina and choriocapillaris. Potential triggers
for the complement pathway include microbial colonizers.
Bacteria (Bacillus megaterium) were discovered in some
drusen of patients with AMD [114], though their origin
has not yet been identified and these findings have not
been confirmed by others. This pathogen is an aerobic fir-
micute ubiquitous to the environment. Intriguingly though,
subretinal administration of the bacterium in non-human
primates caused a drusen-like pathology to develop [114].
The discovery of bacteria at the site of pathology suggests
that direct invasion of bacteria in the choriocapillaris is
possible. Once in the local environment, these microbial
organisms may release byproducts that induce epigenetic
modifications and promote disease progression.
A link between pharyngeal microbiome dysbiosis and

AMD development has also been reported [43]. Patho-
gens in the nasopharynx (e.g., Neisseria meningitidis and
Streptococcus pneumoniae) are capable of enhancing the
immune response to drusen deposition at Bruch’s mem-
brane [43]. Although it is difficult to determine causality
from these studies, the pharyngeal microbiome may play
a role in AMD pathogenesis.
Known environmental risk factors associated with the

development of AMD include aging, smoking, dietary in-
take, hypertension, and atherosclerosis. Diet is one of
the modifiable risk factors for AMD. For example, fol-
lowing current dietary recommendations from the Age-
Related Eye Disease Studies (AREDS and AREDS2) can
reduce disease progression from dry to wet AMD for
some patient groups [17]. As dietary intake of nutrients
is affected by the intestinal microbiome, its composition
in patients with AMD has been compared to that in
controls without the disease. Patients with AMD have a
relative enrichment in Oscillibacter, Anaerotruncus,
Ruminococcus torques, and Eubacterium ventriosum spe-
cies, while controls have an enrichment in Bacteroides
eggerthii species [120]. It is interesting that Oscillibacter,
Anaerotruncus, and Eubacterium species are associated
with increased intestinal permeability, inflammatory
changes during aging and elevated cytokine (IL-6 and
IL-8) levels [120]. It was also reported that cases had ele-
vated levels of Streptococcus and Gemella species along
with reduced levels of Prevotella and Leptotrichia spe-
cies, when compared to controls. These microbiome
changes became more evident with increasing disease se-
verity. There is speculation that intestinal microbial pop-
ulations could potentially serve as a trigger for drusen
formation or progression [120].
Gut microbiome dysbiosis is often linked to chronic

inflammation and enhanced intestinal permeability, thus
allowing bacterial products and pathogen-associated mo-
lecular patterns (PAMPS) to enter the circulation and
interact with downstream pattern recognition receptors
(PRRs), such as Toll-like receptors (TLR), to activate the
innate immune response. Ocular cells, such as microglia,
macrophages, and RPE cells, express PRRs and can thus
become induced to an inflammatory state [120].
Alterations to the intestinal microbiome have also

been shown to cause exacerbations of choroidal neovas-
cularization in animal models. Experiments in mice were
used to test the association between diet, obesity, micro-
biome alterations, and choroidal neovascularization.
Mice fed either a regular diet or high-fat diet underwent
laser-induced choroidal neovascularization as a model of
AMD. Compared to regular diet fed controls, high-fat
diet mice had a significant increase in weight associated
with a 60% increase in the development of choroidal
neovascularization [8]. An investigation into the micro-
biome composition of high-fat diet and regular diet fed
mice revealed significant differences in Bacteroidetes/
Firmicutes ratio with the former having a lower ratio
than the latter. Furthermore, neomycin administration
in the drinking water of high-fat fed mice resulted in
changes to these gut microbial populations with a sig-
nificant increase in the Bacteroidetes/Firmicutes ratio
close to that of regular diet fed mice [8]. Despite high-
fat diet mice still gaining weight, choroidal neovasculari-
zation was attenuated in animals receiving neomycin
compared to those receiving vehicle [8]. In addition, oral
neomycin administration was able to reduce the pres-
ence of sub-retinal mononuclear phagocytes (microglia
and macrophages) in high-fat diet fed mice [8]. There-
fore, changes induced by oral neomycin on intestinal
bacterial flora could counteract the effects of a high fat
diet on choroidal neovascularization [41].
Thus far, the microbiome has been linked to retinal

changes at the tissue level that are potentially related to
AMD pathogenesis. Research on a connection between
the microbiome and intracellular modifications in AMD
is currently lacking. Epigenetic events associated with
AMD include post-translational modifications in the
form of DNA methylation and histone acetylation in the
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retina [29, 37, 87]. Retinas from AMD patients show
hypermethylation of the glutathione S-transferase P1
(GSTP1) promoter causing a reduction in mRNA ex-
pression of the two isoforms of GSTM (GSTM1 and
GSTM5) [29, 37, 87]. GSTM proteins serve as a scaven-
ger for reactive oxidative species and thus protect the
retina from damage [29, 37, 87]. Thus, epigenetic repres-
sion via hypermethylation could lead to an increase in
susceptibility to oxidative stress. Another epigenetic
change seen in AMD is the hypomethylation of the
interleukin 17 receptor C (IL17RC) promoter leading to
increased expression. This receptor has been shown to
promote pro-inflammatory cascades [29, 37, 87]. Finally,
histone deacetylation has been shown to limit the accu-
mulation of clusterin, a protein produced by the RPE
and found as a major constituent in drusen [29, 87].
Though the environmental trigger for these epigenetic
changes has not been defined, it is possible that the
microbiome and its byproducts may influence such
modifications.

Open angle glaucoma
Glaucoma is a group of diseases characterized by pro-
gressive irreversible optic neuropathy, with retinal
ganglion cell (RGC) axon and subsequent cell body
degeneration, that results initially in peripheral visual
field loss and can eventually lead to blindness [19].
More than 3 million Americans have glaucoma, of
which 2.7 million aged 40 and above have open angle
glaucoma (OAG), which is most prevalent in patients
of African descent [109]. Glaucoma prevalence is in-
creasing, with the number of patients having open
angle glaucoma estimated to reach 65.5 million by
2020 [91]. The pathophysiology of most glaucoma
forms involves an elevation in intraocular pressure
(IOP) that is associated with a reduction in aqueous
humor drainage in the anterior chamber of the eye.
In open angle glaucoma, the anterior chamber angle
(Fig. 1) is anatomically open but the outflow pathways
are dysfunctional, causing IOP elevation. Chronic IOP
elevation can lead to mechanical impairment, ische-
mia, oxidative stress, and inflammation within the
optic nerve [109]. Extracellular matrix remodeling has
also been shown at the lamina cribrosa and optic
nerve head [2, 35, 94].
Other risk factors that contribute to OAG develop-

ment include age, systemic diseases such as hypertension
or hypotension, hyperlipidemia, diabetes, obstructive
sleep apnea, thyroid disease, and genetic mutations ([77,
110]: [115, 118]). Mutations in the MYOC, CYP1BI,
FOXC1, PITX2, PAX6, and OPTN genes have been
associated with early onset glaucoma and appear to
be causative although they have variable penetrance
[20, 21].
A potential link between glaucomatous optic neur-
opathy and microorganisms has become a recent topic
of investigation. A higher rate of gastric Helicobacter
pylori infections was detected in glaucoma patients when
compared to non-glaucomatous controls [22, 57]. HP in-
fections had previously been detected in 88.2% of glau-
coma patients [56]. Several mechanisms have been
proposed to explain this correlation. H. pylori causes the
release of various inflammatory factors, such as cyto-
kines, ureases, and the neutrophil-activating protein
VacA [83]. These, in turn, activate immune cells to pro-
duce cytokines, chemokines, proteolytic enzymes, nitric
oxide, and reactive oxygen species. These effects cause
further activation of microglia and differentiation into
phagocytic macrophages at the optic nerve, ultimately
damaging the ganglion cells [6, 58, 82]. Interestingly, it
has also been reported that H. pylori eradication im-
proves IOP control in addition to improved visual per-
formance [58].
Other investigations into a possible relationship be-

tween microbiota and glaucoma detected a higher quan-
tity of oral bacterial organisms (e.g., Streptococci) and
worse oral health (fewer teeth) in patients with glaucoma
compared to controls [9, 88]. In addition, in a study in-
volving data from the Health Professionals Follow-up
study, tooth loss within the 2 years prior to glaucoma
diagnosis was associated with a 1.45-fold increased risk
of POAG occurrence. The multivariate relative risk
(MVRR) increased to 1.85 if tooth loss was accompanied
by periodontal disease with bone loss during the same
time period [85]. Thus, subclinical inflammatory pro-
cesses caused by microbiome oral dysbiosis may trigger
and potentially exacerbate glaucomatous damage based
on clinical observations.
Periodontitis is a chronic inflammatory destruction of

the gingival connective tissue attachment to the root
surface, cementum, and adjacent alveolar bone, caused
by complex polymicrobial dysbiotic subgingival biofilms
that grow underneath the gums. Periodontitis has been
linked to a number of other chronic human pathologies
and conditions such as atherosclerosis [121], Alzheimer’s
disease [52, 103], diabetes [99], rheumatoid arthritis
[101], systemic lupus erythematosus [102], and obesity
[99]. Reports of live periodontal bacteria detected in vas-
cular endothelial cells suggest that commensal oppor-
tunistic pathogens may gain transient access to the
vascular system during the course of the day [59, 64].
Periodontitis is also known to affect vascular reactivity

and cause endothelial cell dysfunction, both of which
have been suggested to play a role in glaucomatous neu-
rodegeneration [1]. Activation of the local immune sys-
tem within the retina and optic nerve head (ONH) in
glaucoma could be the result of vascular changes that
allow circulating immune components or bacterial
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components to gain access to these sites. Alternatively,
periodontal bacteria-activated immune system compo-
nents or circulating bacterial components could enter
the ONH through the normal fenestrated capillaries and
prime local microglia.
To test whether bacterial products could enhance glau-

comatous neurodegeneration, low dose subcutaneous bac-
terial lipopolysaccharide (LPS) was administered in the
hind foot pad in two separate glaucoma mouse models:
the microbead induced-IOP elevation model and the
spontaneous DBA/2J model [9]. This paradigm of LPS ad-
ministration is more akin to chronic peripheral inflamma-
tion similar to that caused by dysbiosis of commensal
microbiota [36]. LPS-activated Toll-like-receptor 4
(TLR4), which is associated with local inflammation and
complement activation thus worsening glaucomatous de-
generation (as measured by RGC and optic nerve axon
counts); this was partially alleviated by Naloxone (TLR4
inhibitor) administration [9]. LPS administration was also
associated with an increase in activated microglia in the
optic nerve, which correlated with RGC loss [9]. Thus,
bacterial products can lead to increased neurodegenera-
tion of optic nerve axons via activation of local microglia
[31].
Along with potential microglial involvement, T cells

have also been implicated in glaucoma pathology. It has
been shown that there is an elevation in anti-heat shock
protein (HSP) autoantibodies such as HSP-27 antibody
level and decreased antibody reactivity of α-enolase (a
member of heat shock protein family) in glaucomatous
human and animal tissues [51]. Furthermore, there is a
significant elevation in HSP-27 and HSP-60 responsive
T cells in human subjects with primary open angle glau-
coma and normal tension glaucoma, compared to con-
trols (H [24]). An inflammatory immune response can
be induced at the retina by CD4+ T cell infiltration fol-
lowing their activation by commensal microflora [24].
Experiments suggest a chain of events in which transient
IOP elevation induces infiltration of CD4+ T cells into
the retina. These T cells, which target bacterial heat
shock proteins (HSP’s), cross react with human HSP’s
leading to the development of optic nerve neurodegener-
ation that can persist despite IOP normalization (H
[24]).
At the molecular level, a number of epigenetic changes

have been identified in association with glaucomatous
optic nerve damage. These include abnormal histone
acetylation/deacetylation in retinal ganglion cells (RGCs)
that may be related to RGCs damage in glaucoma.
For instance, histone deacetylase 2 and 3 expression
were found to be significantly upregulated and his-
tone H4 acetylase was found to be downregulated in
RGCs [86]. This abnormal histone acetylation/deacety-
lation could potentially be caused either directly or
indirectly as a result of commensal bacteria dysbiosis
[16].
Thus, broadly speaking, inflammation caused by micro-

bial dysbiosis can potentially lead to microglial activation
within the retina and optic nerve via the following path-
ways: (1) direct (live) bacterial dissemination to the optic
nerve and/or retina, (2) bacterial product dissemination to
the optic nerve and/or retina, (3) effects secondary to
changes in the vascular system, and (4) effects secondary
to changes in the systemic immune system.

Conclusions
The role of the microbiome in modulating human dis-
ease is slowly beginning to emerge. However, a number
of critical barriers exist that hinder our ability to prove
its role. These include:

1. Knowing where to look: Understanding which
microbiome is important to individual pathologies.
Data from association studies provide some initial
clues, but often dysbiosis in a specific microbiome
is associated with changes at other microbiome
sites.

2. Knowing when to look: Understanding the temporal
relationship between changes in a specific
microbiome and development or exacerbation of
disease. Cross-sectional studies are not ideal for de-
tecting such temporal relationships. Many of the
diseases in question develop over a period of
months to years. The development of biomarkers
that will measure long-term or past changes in the
microbiome are sorely needed.

3. Knowing what to look for: Understanding whether
specific bacteria/viruses/fungi are linked to
pathology or whether a mere shift in the normal
populations is more important. Association studies
can provide clues for hypothesis generation but
these need to be tested in well-controlled prospect-
ive studies.

Furthermore, disease heterogeneity, as well as, local and
temporal variations of the microbiome often caused by en-
vironmental conditions (i.e. diet, exercise, humidity, etc.)
compound the difficulty in establishing causal relationships.
Once an unequivocal relationship is established, un-

derstanding the mechanisms involved would become
more straightforward although this task is by no means
trivial. Use of animal models may be flawed because of
different physiology. At the same time, in vitro studies
often lack the complexity necessary to evaluate the inter-
action of multiple organ systems on the generation of
pathology.
Finally, even when a causative link between the micro-

biome and an eye disease is confirmed, it will still take
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much work to develop rational interventions. Our know-
ledge of how to specifically affect microbial populations
is limited at this time. Tools at our disposal (such as an-
tibiotics or probiotics) are rather crude and often have
significant side-effects. Improving our understanding of
the interactions between individual members of the
microbiome, and between them and the host will be crit-
ical in devising strategies to mitigate microbiome effects
on disease development or progression. It is encouraging
that research is rapidly expanding in all of the above
areas but there is still a lot to be learned.

Authors’ contributions
AN and SG contributed equally in writing the manuscript. JD conceived the
idea and suggested some more additions and several rounds of proof reads.
AB and YH assisted in identifying relevant articles and assembling the
bibliography. The author(s) read and approved the final manuscript.

Availability of data and materials
Not applicable.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 25 August 2019 Accepted: 6 February 2020

References
1. Abbayya K, Puthanakar NY, Naduwinmani S, Chidambar YS. Association

between periodontitis and Alzheimer's disease. N Am J Med Sci. 2015;7(6):241.
2. Acott TS, Kelley MJ. Extracellular matrix in the trabecular meshwork. Exp Eye

Res. 2008;86(4):543–61. https://doi.org/10.1016/j.exer.2008.01.013.
3. Al-Zamil WM, Yassin SA. Recent developments in age-related macular

degeneration: a review. Clin Interv Aging. 2017;12:1313–30. https://doi.org/
10.2147/cia.s143508.

4. Albenberg LG, Wu GD. Diet and the intestinal microbiome: associations,
functions, and implications for health and disease. Gastroenterology. 2014;
146(6):1564–72. https://doi.org/10.1053/j.gastro.2014.01.058.

5. Alipour S, Nouri M, Sakhinia E, Samadi N, Roshanravan N, Ghavami A,
Khabbazi A. Epigenetic alterations in chronic disease focusing on Behçet’s
disease. Biomed Pharmacother. 2017;91:526–33.

6. Álvarez-Arellano L, Maldonado-Bernal C. Helicobacter pylori and
neurological diseases: married by the laws of inflammation. World J
Gastrointest Pathophysiol. 2014;5(4):400.

7. Ambati J, Fowler BJ. Mechanisms of age-related macular degeneration.
Neuron. 2012;75(1):26–39. https://doi.org/10.1016/j.neuron.2012.06.018.

8. Andriessen EM, Wilson AM, 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(12):1366–79.
https://doi.org/10.15252/emmm.201606531.

9. Astafurov K, Elhawy E, Ren L, Dong CQ, Igboin C, Hyman L, et al. Oral
microbiome link to neurodegeneration in glaucoma. PLoS One. 2014;9(9):
e104416. https://doi.org/10.1371/journal.pone.0104416.

10. Barria von BF, Chabouty H, Moreno R, Ortiz F, Barria MF. Microbial flora
isolated from patient's conjunctiva previous to cataract surgery. Rev Chilena
Infectol. 2015;32(2):150–7. https://doi.org/10.4067/s0716-
10182015000300003.

11. Blum HE. The human microbiome. Adv Med Sci. 2017;62(2):414–20. https://
doi.org/10.1016/j.advms.2017.04.005.

12. Bravo JA, Forsythe P, Chew MV, Escaravage E, Savignac HM, Dinan TG, et al.
Ingestion of Lactobacillus strain regulates emotional behavior and central
GABA receptor expression in a mouse via the vagus nerve. Proc Natl Acad
Sci U S A. 2011;108(38):16050–5. https://doi.org/10.1073/pnas.1102999108.

13. Bultman SJ. Interplay between diet, gut microbiota, epigenetic events, and
colorectal cancer. Mol Nutr Food Res. 2017;61(1):1500902.

14. Bhutto I, Lutty G. Understanding age-related macular degeneration (AMD):
relationships between the photoreceptor/retinal pigment epithelium/Bruch’s
membrane/choriocapillaris complex. Mol Aspects Med. 2012;33(4):295–317.

15. Candido EPM, Reeves R, Davie JR. Sodium butyrate inhibits histone
deacetylation in cultured cells. Cell. 1978;14(1):105–13.

16. Carding S, Verbeke K, Vipond DT, Corfe BM, Owen LJ. Dysbiosis of the gut
microbiota in disease. Microb Ecol Health Dis. 2015;26:26191. https://doi.org/
10.3402/mehd.v26.26191.

17. Carneiro A, Andrade JP. Nutritional and lifestyle interventions for age-related
macular degeneration: a review. Oxid Med Cell Longev. 2017;2017:6469138.
https://doi.org/10.1155/2017/6469138.

18. Caspi RR, Roberge FG, Chan CC, Wiggert B, Chader GJ, Rozenszajn LA, et al.
A new model of autoimmune disease. Experimental autoimmune
uveoretinitis induced in mice with two different retinal antigens. J Immunol.
1988;140(5):1490–5.

19. Casson RJ, Chidlow G, Wood JP, Crowston JG, Goldberg I. Definition of
glaucoma: clinical and experimental concepts. Clin Exp Ophthalmol. 2012;
40(4):341–9. https://doi.org/10.1111/j.1442-9071.2012.02773.x.

20. Challa P. Genetics of adult glaucoma. Int Ophthalmol Clin.. 2011;51(3):37–51.
21. Challa P, Schmidt S, Liu Y, Qin X, Vann RR, Gonzalez P, Hauser MA. Analysis

of LOXL1 polymorphisms in a United States population with
pseudoexfoliation glaucoma. Mol Vis. 2008;14:146.

22. Chan CC, Smith JA, Shen D, Ursea R, LeHoang P, Grossniklaus HE.
Helicobacter pylori (H. pylori) molecular signature in conjunctival mucosa-
associated lymphoid tissue (MALT) lymphoma. Histol Histopathol. 2004;
19(4):1219.

23. Chang PV, Hao L, Offermanns S, Medzhitov R. The microbial metabolite
butyrate regulates intestinal macrophage function via histone deacetylase
inhibition. Proc Natl Acad Sci USA. 2014;111:2247–52.

24. Chen H, Cho KS, Vu THK, Shen CH, Kaur M, Chen G, et al. Commensal
microflora-induced T cell responses mediate progressive neurodegeneration
in glaucoma. Nat Commun. 2018;9(1):3209. https://doi.org/10.1038/s41467-
018-05681-9.

25. Chen J, Qian H, Horai R, Chan CC, Caspi RR. Mouse models of experimental
autoimmune uveitis: comparative analysis of adjuvant-induced vs
spontaneous models of uveitis. Curr Mol Med. 2015;15(6):550–7.

26. Croswell A, Amir E, Teggatz P, Barman M, Salzman NH. Prolonged impact of
antibiotics on intestinal microbial ecology and susceptibility to enteric
Salmonella infection. Infect Immun. 2009;77(7):2741–53.

27. De Haas EN, van der Eijk JAJ. Where in the serotonergic system does it go
wrong? Unravelling the route by which the serotonergic system affects
feather pecking in chickens. Neurosci Biobehav Rev. 2018;95:170–88. https://
doi.org/10.1016/j.neubiorev.2018.07.007.

28. DeGruttola AK, Low D, Mizoguchi A, Mizoguchi E. Current understanding of
dysbiosis in disease in human and animal models. Inflamm Bowel Dis. 2016;
22(5):1137–50. https://doi.org/10.1097/mib.0000000000000750.

29. Desmettre TJ. Epigenetics in age-related macular degeneration (AMD). J Fr
Ophtalmol. 2018.

30. Donohoe DR, Holley D, Collins LB, Montgomery SA, Whitmore AC, Hillhouse
A, et al. A gnotobiotic mouse model demonstrates that dietary fiber
protects against colorectal tumorigenesis in a microbiota-and butyrate-
dependent manner. Cancer Discov. 2014;4(12):1387–97.

31. Erny D, Hrabe de Angelis AL, Jaitin D, Wieghofer P, Staszewski O, David E,
Keren-Shaul H, Mahlakoiv T, Jakobshagen K, Buch T, et al. Host microbiota
constantly control maturation and function of microglia in the CNS. Nat
Neurosci. 2015;18:965–77.

32. Evertts AG, Zee BM, DiMaggio PA, Gonzales-Cope M, Coller HA,
Garcia BA. Quantitative dynamics of the link between cellular metabolism
and histone acetylation. J Biol Chem. 2013;288(17):12142–51.

33. Fang D, Zhu J. Dynamic balance between master transcription factors
determines the fates and functions of CD4 T cell and innate lymphoid cell
subsets. J Exp Med. 2017;214(7):1861–76.

34. Forrester JV, Kuffova L, Dick AD. Autoimmunity, autoinflammation, and
infection in uveitis. Am J Ophthalmol. 2018;189:77–85. https://doi.org/10.
1016/j.ajo.2018.02.019.

35. Fuchshofer R, Welge-Lussen U, Lutjen-Drecoll E, Birke M. Biochemical and
morphological analysis of basement membrane component expression in

https://doi.org/10.1016/j.exer.2008.01.013
https://doi.org/10.2147/cia.s143508
https://doi.org/10.2147/cia.s143508
https://doi.org/10.1053/j.gastro.2014.01.058
https://doi.org/10.1016/j.neuron.2012.06.018
https://doi.org/10.15252/emmm.201606531
https://doi.org/10.1371/journal.pone.0104416
https://doi.org/10.4067/s0716-10182015000300003
https://doi.org/10.4067/s0716-10182015000300003
https://doi.org/10.1016/j.advms.2017.04.005
https://doi.org/10.1016/j.advms.2017.04.005
https://doi.org/10.1073/pnas.1102999108
https://doi.org/10.3402/mehd.v26.26191
https://doi.org/10.3402/mehd.v26.26191
https://doi.org/10.1155/2017/6469138
https://doi.org/10.1111/j.1442-9071.2012.02773.x
https://doi.org/10.1038/s41467-018-05681-9
https://doi.org/10.1038/s41467-018-05681-9
https://doi.org/10.1016/j.neubiorev.2018.07.007
https://doi.org/10.1016/j.neubiorev.2018.07.007
https://doi.org/10.1097/mib.0000000000000750
https://doi.org/10.1016/j.ajo.2018.02.019
https://doi.org/10.1016/j.ajo.2018.02.019


Nayyar et al. Human Genomics           (2020) 14:11 Page 11 of 12
corneoscleral and cribriform human trabecular meshwork cells. Invest
Ophthalmol Vis Sci. 2006;47(3):794–801. https://doi.org/10.1167/iovs.05-0292.

36. Ganal SC, Sanos SL, Kallfass C, Oberle K, Johner C, Kirschning C, Lienenklaus
S, Weiss S, Staeheli P, Aichele P, et al. Priming of natural killer cells by
nonmucosal mononuclear phagocytes requires instructive signals from
commensal microbiota. Immunity. 2012;37:171–86.

37. Gemenetzi M, Lotery AJ. The role of epigenetics in age-related macular
degeneration. Eye. 2014;28(12):1407.

38. González MM, Solano MM, Porco TC, Oldenburg CE, Acharya NR, Lin SC,
Chan MF. Epidemiology of uveitis in a US population-based study. J
Ophthal inflamm Infect. 2018;8(1):6.

39. Grossniklaus HE, Geisert EE, Nickerson JM. Introduction to the Retina. Prog
Mol Biol Transl Sci. 2015;134:383–96. https://doi.org/10.1016/bs.pmbts.2015.
06.001.

40. Hallak JA, Tibrewal S, Mohindra N, Gao X, Jain S. Single nucleotide
polymorphisms in the BDNF, VDR, and DNASE 1 genes in dry eye disease
patients: A casecontrol study. Invest Ophthalmol Vis Sci. 2015;56(10):5990–6.

41. He C, Cheng D, Peng C, Li Y, Zhu Y, Lu N. High-fat diet induces dysbiosis of
gastric microbiota prior to gut microbiota in association with metabolic
disorders in mice. Front Microbiol. 2018;9:639.

42. Heissigerova J, Seidler Stangova P, Klimova A, Svozilkova P, Hrncir T,
Stepankova R, et al. The microbiota determines susceptibility to
experimental autoimmune uveoretinitis. J Immunol Res. 2016;2016.

43. Ho EXP, Cheung CMG, Sim S, Chu CW, Wilm A, Lin CB, et al. Human
pharyngeal microbiota in age-related macular degeneration. PLoS One.
2018;13(8):e0201768. https://doi.org/10.1371/journal.pone.0201768.

44. Holzapfel WH, Haberer P, Snel J, Schillinger U, Huisin’t Veld JH. Overview of
gut flora and probiotics. Int J Food Microbiol. 1998;41(2):85–101.

45. Hoon M, Okawa H, Della Santina L, Wong RO. Functional architecture of the
retina: development and disease. Prog Retin Eye Res. 2014;42:44–84. https://
doi.org/10.1016/j.preteyeres.2014.06.003.

46. Horai R, Sen HN, Caspi RR. Commensal microbiota as a potential trigger of
autoimmune uveitis. Expert Rev Clin Immunol. 2017;13(4):291–3. https://doi.
org/10.1080/1744666x.2017.1288098.

47. Horai R, Zarate-Blades CR, Dillenburg-Pilla P, Chen J, Kielczewski JL, Silver PB,
et al. Microbiota-dependent activation of an autoreactive T cell receptor
provokes autoimmunity in an immunologically privileged site. Immunity.
2015;43(2):343–53. https://doi.org/10.1016/j.immuni.2015.07.014.

48. Horie-Inoue K, Inoue S. Genomic aspects of age-related macular
degeneration. Biochem Biophys Res Commun. 2014;452(2):263–75. https://
doi.org/10.1016/j.bbrc.2014.08.013.

49. Huang X, Ye Z, Cao Q, Su G, Wang Q, Deng J, et al. Gut microbiota
composition and fecal metabolic phenotype in patients with acute anterior
uveitis. Invest Ophthalmol Vis Sci. 2018;59(3):1523–31. https://doi.org/10.
1167/iovs.17-22677.

50. Janowitz C, Nakamura YK, Metea C, Gligor A, Yu W, Karstens L, et al. Disruption
of intestinal homeostasis and intestinal microbiota during experimental
autoimmune uveitis. Invest Ophthalmol Vis Sci. 2019;60(1):420–9.

51. Joachim SC, Wuenschig D, Pfeiffer N, Grus FH. IgG antibody patterns in
aqueous humor of patients with primary open angle glaucoma and
pseudoexfoliation glaucoma. Mol Vis. 2007;13(175):1573–9.

52. Kamer AR, Dasanayake AP, Craig RG, Glodzik-Sobanska L, Bry M, de Leon MJ.
Alzheimer's disease and peripheral infections: the possible contribution
from periodontal infections, model and hypothesis. J Alzheimers Dis. 2008;
13(4):437–49.

53. Kaisar MM, Pelgrom LR, van der Ham AJ, Yazdanbakhsh M, Everts B. Butyrate
conditions human dendritic cells to prime Type 1 regulatory T cells via both
histone deacetylase inhibition and G protein-coupled receptor 109A
signaling. Front Immunol. 2017;8:1429.

54. Kiel JW. Integrated systems physiology: from molecule to function to disease
the ocular circulation. San Rafael: Morgan & Claypool Life Sciences; 2010.

55. Klein R, Klein BE, Linton KL. Prevalence of age-related maculopathy. The
Beaver Dam Eye Study. Ophthalmology. 1992;99(6):933–43.

56. Kountouras J, Mylopoulos N, Boura P, Bessas C, Chatzopoulos D, Venizelos J,
Zavos C. Relationship between Helicobacter pylori infection and glaucoma.
Ophthalmology. 2001;108(3):599–604.

57. Kountouras J, Zavos C, Chatzopoulos D. Immunomodulatory benefits of
cyclosporine A in inflammatory bowel disease. J Cell Mol Med. 2004;8(3):317–28.

58. Kountouras J, Zavos C, Zeglinas C, Polyzos SA, Katsinelos P. Helicobacter
pylori-related impact on glaucoma pathophysiology. Invest Ophthalmol Vis
Sci. 2015;56(13):8029–30. https://doi.org/10.1167/iovs.15-17969.
59. Kozarov EV, Dorn BR, Shelburne CE, Dunn WA Jr, Progulske-Fox A. Human
atherosclerotic plaque contains viable invasive Actinobacillus
actinomycetemcomitans and Porphyromonas gingivalis. Arterioscler Thromb
Vasc Biol. 2005;25(3):e17–8. https://doi.org/10.1161/01.ATV.0000155018.67835.1a.

60. Lazarevic V, Chen X, Shim JH, Hwang ES, Jang E, Bolm AN, et al. T-bet
represses T H 17 differentiation by preventing Runx1-mediated activation of
the gene encoding RORγt. Nat Immunol. 2011;12(1):96.

61. Lee D, Albenberg L, Compher C, Baldassano R, Piccoli D, Lewis JD, Wu GD. Diet in
the pathogenesis and treatment of inflammatory bowel diseases.
Gastroenterology. 2015;148(6):1087–106. https://doi.org/10.1053/j.gastro.2015.01.007.

62. Leger AJ, Caspi RR. Visions of eye commensals: the known and the unknown
about how the microbiome affects eye disease. Bioessays. 2018;40(11):1800046.

63. Li H, Cao Y. Lactic acid bacterial cell factories for gamma-aminobutyric acid.
Amino Acids. 2010;39(5):1107–16. https://doi.org/10.1007/s00726-010-0582-7.

64. Li L, Michel R, Cohen J, Decarlo A, Kozarov E. Intracellular survival and
vascular cell-to-cell transmission of Porphyromonas gingivalis. BMC
Microbiol. 2008;8:26. https://doi.org/10.1186/1471-2180-8-26.

65. Lin L, Zhang J. Role of intestinal microbiota and metabolites on gut
homeostasis and human diseases. BMC Immunol. 2017;18(1):2. https://doi.
org/10.1186/s12865-016-0187-3.

66. Lin P. The role of the intestinal microbiome in ocular inflammatory disease. Curr
Opin Ophthalmol. 2018;29(3):261–6. https://doi.org/10.1097/icu.0000000000000465.

67. Lin P, Metea C, Asquith M, Gruner H, Rosenbaum JT, Nakamura YK. The role
of the gut microbiota in immune-mediated uveitis. Invest Ophthalmol
Visual Sci. 2015;56(7):870–0 Retrieved from http://dx.doi.org/.

68. Liu MM, Chan CC, Tuo J. Epigenetics in ocular diseases. Curr Genomics.
2013;14(3):166–72. https://doi.org/10.2174/1389202911314030002.

69. Lloyd-Price J, Mahurkar A, Rahnavard G, Crabtree J, Orvis J, Hall AB, et al.
Strains, functions and dynamics in the expanded Human Microbiome
Project. Nature. 2017;550(7674):61–6. https://doi.org/10.1038/nature23889.

70. Lu LJ, Liu J. Human microbiota and ophthalmic disease. Yale J Biol Med.
2016;89(3):325–30.

71. Lu Y, Fan C, Liang A, Fan X, Wang R, Li P, Qi K. Effects of SCFA on the DNA
methylation pattern of adiponectin and resistin in high-fat-diet-induced
obese male mice. Br J Nutr. 2018;120(4):385–92.

72. Luo A, Leach ST, Barres R, Hesson LB, Grimm MC, Simar D. The microbiota
and epigenetic regulation of T helper 17/regulatory T cells: in search of a
balanced immune system. Front Immunol. 2017;8:417.

73. Luo X, Shen YM, Jiang MN, Lou XF, Shen Y. Ocular blood flow
autoregulation mechanisms and methods. J Ophthalmol. 2015;2015.

74. Lyte M. Probiotics function mechanistically as delivery vehicles for neuroactive
compounds: Microbial endocrinology in the design and use of probiotics.
Bioessays. 2011;33(8):574–81. https://doi.org/10.1002/bies.201100024.

75. Mazzitello KI, Arizmendi CM, Family F, Grossniklaus HE. Formation and
growth of lipofuscin in the retinal pigment epithelium cells. Phys Rev E.
2009;80(5):051908.

76. McDermott AM. Antimicrobial compounds in tears. Exp Eye Res. 2013;117:
53–61. https://doi.org/10.1016/j.exer.2013.07.014.

77. McKay GJ, Patterson CC, Chakravarthy U, Dasari S, Klaver CC, Vingerling JR,
et al. Evidence of association of APOE with age-related macular
degeneration: a pooled analysis of 15 studies. Hum Mutat. 2011;32(12):
1407–16. https://doi.org/10.1002/humu.21577.

78. Miller D, Iovieno A. The role of microbial flora on the ocular surface. Curr
Opin Allergy Clin Immunol. 2009a;9(5):466–70. https://doi.org/10.1097/ACI.
0b013e3283303e1b.

79. Motulsky AG. Genetics of complex diseases. J Zhejiang Univ Sci B. 2006;7(2):
167–8.

80. Nakamura YK, Metea C, Karstens L, Asquith M, Gruner H, Moscibrocki C, et al. Gut
microbial alterations associated with protection from autoimmune uveitis. Invest
Ophthalmol Vis Sci. 2016;57(8):3747–58. https://doi.org/10.1167/iovs.16-19733.

81. National Eye institute. (2015). Facts about glaucoma (Article). Retrieved from
https://nei.nih.gov/health/glaucoma/glaucoma_facts.

82. Neufeld AH. Microglia in the optic nerve head and the region of parapapillary
chorioretinal atrophy in glaucoma. Arch Ophthalmol. 1999;117(8):1050–6.

83. Nomura A, Stemmermann GN, Chyou PH, Perez-Perez GI, Blaser MJ.
Helicobacter pylori infection and the risk for duodenal and gastric
ulceration. Ann Intern Med. 1994;120(12):977–81.

84. Pascolini D, Mariotti SP. Global estimates of visual impairment: 2010. Br J
Ophthalmol. 2012;96(5):614–8. https://doi.org/10.1136/bjophthalmol-2011-300539.

85. Pasquale LR, Hyman L, Wiggs JL, Rosner BA, Joshipura K, McEvoy M, et al.
Prospective study of oral health and risk of primary open-angle glaucoma in

https://doi.org/10.1167/iovs.05-0292
https://doi.org/10.1016/bs.pmbts.2015.06.001
https://doi.org/10.1016/bs.pmbts.2015.06.001
https://doi.org/10.1371/journal.pone.0201768
https://doi.org/10.1016/j.preteyeres.2014.06.003
https://doi.org/10.1016/j.preteyeres.2014.06.003
https://doi.org/10.1080/1744666x.2017.1288098
https://doi.org/10.1080/1744666x.2017.1288098
https://doi.org/10.1016/j.immuni.2015.07.014
https://doi.org/10.1016/j.bbrc.2014.08.013
https://doi.org/10.1016/j.bbrc.2014.08.013
https://doi.org/10.1167/iovs.17-22677
https://doi.org/10.1167/iovs.17-22677
https://doi.org/10.1167/iovs.15-17969
https://doi.org/10.1161/01.ATV.0000155018.67835.1a
https://doi.org/10.1053/j.gastro.2015.01.007
https://doi.org/10.1007/s00726-010-0582-7
https://doi.org/10.1186/1471-2180-8-26
https://doi.org/10.1186/s12865-016-0187-3
https://doi.org/10.1186/s12865-016-0187-3
https://doi.org/10.1097/icu.0000000000000465
http://dx.doi.org/
https://doi.org/10.2174/1389202911314030002
https://doi.org/10.1038/nature23889
https://doi.org/10.1002/bies.201100024
https://doi.org/10.1016/j.exer.2013.07.014
https://doi.org/10.1002/humu.21577
https://doi.org/10.1097/ACI.0b013e3283303e1b
https://doi.org/10.1097/ACI.0b013e3283303e1b
https://doi.org/10.1167/iovs.16-19733
https://nei.nih.gov/health/glaucoma/glaucoma_facts
https://doi.org/10.1136/bjophthalmol-2011-300539


Nayyar et al. Human Genomics           (2020) 14:11 Page 12 of 12
men: data from the health professionals follow-up study. Ophthalmology.
2016;123(11):2318–27. https://doi.org/10.1016/j.ophtha.2016.07.014.

86. Pelzel HR, Schlamp CL, Nickells RW. Histone H4 deacetylation plays a critical
role in early gene silencing during neuronal apoptosis. BMC Neurosci. 2010;
11(1):62.

87. Pennington KL, DeAngelis MM. Epidemiology of age-related macular
degeneration (AMD): associations with cardiovascular disease phenotypes
and lipid factors. Eye and vision. 2016;3(1):34.

88. Polla D, Astafurov K, Hawy E, Hyman L, Hou W, Danias J. A pilot study to evaluate
the oral microbiome and dental health in primary open-angle glaucoma. J
Glaucoma. 2017;26(4):320–7. https://doi.org/10.1097/ijg.0000000000000465.

89. Qin Y, Wade PA. Crosstalk between the microbiome and epigenome:
messages from bugs. J Biochem. 2017;163(2):105–12.

90. Qiu Y, Zhu Y, Yu H, Zhou C, Kijlstra A, Yang P. Dynamic DNA methylation
changes of Tbx21 and Rorc during experimental autoimmune uveitis in
mice. Mediators Inflamm. 2018;2018:9129163.

91. Quigley HA, Broman AT. The number of people with glaucoma worldwide
in 2010 and 2020. Br J Ophthalmol. 2006;90(3):262–7. https://doi.org/10.
1136/bjo.2005.081224.

92. Rickman CB, Farsiu S, Toth CA, Klingeborn M. Dry age-related macular
degeneration: mechanisms, therapeutic targets, and imaging. Invest
Ophthalmol Vis Sci. 2013;54(14):ORSF68-80.

93. Rinninella E, Mele MC, Merendino N, Cintoni M, Anselmi G, Caporossi A,
et al. The role of diet, micronutrients and the gut microbiota in age-related
macular degeneration: new perspectives from the gut(-)retina axis.
Nutrients. 2018;10(11). https://doi.org/10.3390/nu10111677.

94. Rohen JW, Witmer R. Electrn microscopic studies on the trabecular
meshwork in glaucoma simplex. Albrecht Von Graefes Arch Klin Exp
Ophthalmol. 1972;183(4):251–66.

95. Rosenbaum JT, Asquith M. The microbiome and HLA-B27-associated acute
anterior uveitis. Nat Rev Rheumatol. 2018;14(12):704–13. https://doi.org/10.
1038/s41584-018-0097-2.

96. Rosenbaum JT, Davey MP. Time for a gut check: evidence for the hypothesis that
HLA-B27 predisposes to ankylosing spondylitis by altering the microbiome.
Arthritis Rheum. 2011;63(11):3195–8. https://doi.org/10.1002/art.30558.

97. Rosenbaum JT, Lin P, Asquith M. The microbiome, HLA, and the
pathogenesis of uveitis. Jpn J Ophthalmol. 2016;60(1):1–6. https://doi.org/10.
1007/s10384-015-0416-y.

98. Runkle EA, Antonetti DA. The blood-retinal barrier: structure and functional
significance. Methods Mol Biol. 2011;686:133–48. https://doi.org/10.1007/
978-1-60761-938-3_5.

99. Saito T, Shimazaki Y. Metabolic disorders related to obesity and periodontal
disease. Periodontol. 2007;2000(43):254–66. https://doi.org/10.1111/j.1600-
0757.2006.00186.x.

100. Sankaridurg PR, Sharma S, Willcox M, Naduvilath TJ, Sweeney DF, Holden
BA, Rao GN. Bacterial colonization of disposable soft contact lenses is
greater during corneal infiltrative events than during asymptomatic
extended lens wear. J Clin Microbiol. 2000;38(12):4420–4.

101. Scannapieco FA, Cantos A. Oral inflammation and infection, and chronic
medical diseases: implications for the elderly. Periodontol 2000. 2016;72(1):
153–75. https://doi.org/10.1111/prd.12129.

102. Sete MR, Figueredo CM, Sztajnbok F. Periodontitis and systemic lupus
erythematosus. Rev Bras Reumatol Engl Ed. 2016;56(2):165–70. https://doi.
org/10.1016/j.rbre.2015.09.001.

103. Shaik MM, Ahmad S, Gan SH, Abuzenadah AM, Ahmad E, Tabrez S, et al.
How do periodontal infections affect the onset and progression of
Alzheimer’s disease? CNS Neurol Disord Drug Targets. 2014;13(3):460–6.

104. Sng CC, Ang M, Barton K. Uveitis and glaucoma: new insights in the
pathogenesis and treatment. Prog Brain Res. 2015;221:243–69. https://doi.
org/10.1016/bs.pbr.2015.06.008.

105. Sohn JH, Bora PS, Jha P, Tezel TH, Kaplan HJ, Bora NS. Complement, innate
immunity and ocular disease. Chem Immunol Allergy. 2007;92:105–14.
https://doi.org/10.1159/000099261.

106. Strauss O. The retinal pigment epithelium in visual function. Physiol Rev.
2005;85(3):845–81. https://doi.org/10.1152/physrev.00021.2004.

107. Tadayoni R. Choroidal neovascularization induces retinal edema and its
treatment addresses this problem. J Ophthalmic Vision Res. 2014;9(4):405.

108. Takahashi K, Sugi Y, Nakano K, Tsuda M, Kurihara K, Hosono A, Kaminogawa
S. Epigenetic control of the host gene by commensal bacteria in large
intestinal epithelial cells. J Biol Chem. 2011;286:35755–62.
109. Tham YC, Li X, Wong TY, Quigley HA, Aung T, Cheng CY. Global prevalence
of glaucoma and projections of glaucoma burden through 2040: a
systematic review and meta-analysis. Ophthalmology. 2014;121(11):2081–90.
https://doi.org/10.1016/j.ophtha.2014.05.01.

110. Topouzis F, Anastasopoulos E, Augood C, Bentham GC, Chakravarthy U, de
Jong PT, et al. Association of diabetes with age-related macular
degeneration in the EUREYE study. Br J Ophthalmol. 2009;93(8):1037–41.
https://doi.org/10.1136/bjo.2008.146316.

111. Verhagen FH, Bekker CP, Rossato M, Hiddingh S, de Vries L, Devaprasad A,
et al. A disease-associated microRNA cluster links inflammatory pathways
and an altered composition of leukocyte subsets to noninfectious uveitis.
Invest Ophthalmol Visual Sci. 2018;59(2):878–88.

112. Wall R, Cryan JF, Ross RP, Fitzgerald GF, Dinan TG, Stanton C. Bacterial
neuroactive compounds produced by psychobiotics. In: Microbial
endocrinology: The microbiota-gut-brain axis in health and disease. New
York: Springer; 2014. p. 221–39.

113. Wang B, Yao M, Lv L, Ling Z, Li L. The Human Microbiota in Health and Disease.
Engineering. 2017;3(1):71–82. https://doi.org/10.1016/J.ENG.2017.01.008.

114. Wen X, Hu X, Miao L, Ge X, Deng Y, Bible PW, Wei L. Epigenetics,
microbiota, and intraocular inflammation: New paradigms of immune
regulation in the eye. Prog Retin Eye Res. 2018;64:84–95. https://doi.org/10.
1016/j.preteyeres.2018.01.001.

115. Wiggs JL. Genetic etiologies of glaucoma. Arch Ophthalmol. 2007;
125(1):30–7. https://doi.org/10.1001/archopht.125.1.30.

116. Wong WL, Su X, Li X, Cheung CM, Klein R, Cheng CY, Wong TY. 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(2):e106–16. https://doi.org/10.1016/s2214-
109x(13)70145-1.

117. Xie L, Zhai H, Zhao J, Sun S, Shi W, Dong X. Antifungal susceptibility for
common pathogens of fungal keratitis in Shandong Province, China. Am J
Ophthalmol. 2008;146(2):260–5. https://doi.org/10.1016/j.ajo.2008.04.019.

118. Xu L, Wang H, Wang Y, Jonas JB. Intraocular pressure correlated with arterial
blood pressure: the beijing eye study. Am J Ophthalmol. 2007;144(3):461–2.
https://doi.org/10.1016/j.ajo.2007.05.013.

119. Yucel YH, Johnston MG, Ly T, et al. Identification of lymphatics in the ciliary
body of the human eye: a novel “uveolymphatic” outflow pathway. Exp Eye
Res. 2009;89:810–9.

120. Zinkernagel MS, Zysset-Burri DC, Keller I, Berger LE, Leichtle AB, Largiader
CR, et al. Association of the intestinal microbiome with the development of
neovascular age-related macular degeneration. Sci Rep. 2017;7:40826.
https://doi.org/10.1038/srep40826.

121. Zoellner H. Dental infection and vascular disease. Semin Thromb Hemost.
2011;37(3):181–92. https://doi.org/10.1055/s-0031-1273082.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

https://doi.org/10.1016/j.ophtha.2016.07.014
https://doi.org/10.1097/ijg.0000000000000465
https://doi.org/10.1136/bjo.2005.081224
https://doi.org/10.1136/bjo.2005.081224
https://doi.org/10.3390/nu10111677
https://doi.org/10.1038/s41584-018-0097-2
https://doi.org/10.1038/s41584-018-0097-2
https://doi.org/10.1002/art.30558
https://doi.org/10.1007/s10384-015-0416-y
https://doi.org/10.1007/s10384-015-0416-y
https://doi.org/10.1007/978-1-60761-938-3_5
https://doi.org/10.1007/978-1-60761-938-3_5
https://doi.org/10.1111/j.1600-0757.2006.00186.x
https://doi.org/10.1111/j.1600-0757.2006.00186.x
https://doi.org/10.1111/prd.12129
https://doi.org/10.1016/j.rbre.2015.09.001
https://doi.org/10.1016/j.rbre.2015.09.001
https://doi.org/10.1016/bs.pbr.2015.06.008
https://doi.org/10.1016/bs.pbr.2015.06.008
https://doi.org/10.1159/000099261
https://doi.org/10.1152/physrev.00021.2004
https://doi.org/10.1016/j.ophtha.2014.05.01
https://doi.org/10.1136/bjo.2008.146316
https://doi.org/10.1016/J.ENG.2017.01.008
https://doi.org/10.1016/j.preteyeres.2018.01.001
https://doi.org/10.1016/j.preteyeres.2018.01.001
https://doi.org/10.1001/archopht.125.1.30
https://doi.org/10.1016/s2214-109x(13)70145-1
https://doi.org/10.1016/s2214-109x(13)70145-1
https://doi.org/10.1016/j.ajo.2008.04.019
https://doi.org/10.1016/j.ajo.2007.05.013
https://doi.org/10.1038/srep40826
https://doi.org/10.1055/s-0031-1273082

	Abstract
	Background
	Main text
	Anatomy of eye
	Ocular microbiome and its role in microbial dysbiosis
	Uveitis
	Age-related macular degeneration
	Open angle glaucoma

	Conclusions
	Authors’ contributions
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	References
	Publisher’s Note

