
REVIEW

The Gut–Eye Axis: Lessons Learned from Murine
Models

Jason L. Floyd . Maria B. Grant

Received: May 13, 2020 / Published online: July 2, 2020
� The Author(s) 2020

ABSTRACT

A healthy gut microbiota is essential in main-

taining the human body in a homeostatic state

by its functions in digestion and immune tol-

erance. Under states of aberrant microbial

composition or function (dysbiosis), the gut

microbiota induces systemic inflammation that

can lead to the onset of many diseases. In this

review, we describe some evidence, largely from

rodent studies, that supports the possible role of

a dysbiotic gut microbiota in the onset and

exacerbation of ocular diseases, primarily dia-

betic retinopathy, age-related macular degener-

ation, choroidal neovascularization, and

uveitis. Furthermore, we examine several

potential therapeutic measures that show pro-

mise in restoring the gut microbiota to a eubi-

otic state, preventing the aforementioned

disease pathologies.

Keywords: Age-related macular degeneration;

Choroidal neovascularization; Diabetic

retinopathy; Diet; Fecal microbiota transplant;

Glaucoma; Gut microbiota; Intermittent

fasting; Probiotic; Uveitis

Key Summary Points

The gut microbiota is integral in health

maintenance.

Aberrations in the gut microbiota have

been shown to be associated with ocular

diseases in both human and animal

studies.

Cellular and antibiotic therapies,

intermittent fasting, and altered diet have

been shown to restructure the gut

microbiota and decrease ocular

pathologies.

Future studies of the gut microbiota and

its relationship with ocular disease will

increase our understanding of the gut–eye

axis and lead to innovative therapeutic

approaches to treating ocular diseases.

INTRODUCTION

The trillions of viruses, protists, and bacteria in

the human small and large intestines that

comprise the gut microbiome are integral to
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maintaining health. The primary roles of these

microbes include assisting the body in digestion

and facilitating the function of the immune

system. Without this complex ecosystem, the

human body would fail to function. Thus, pre-

serving appropriate composition of these

microbes, specifically the bacteria, is essential in

promoting health and maintaining homeosta-

sis. Following shifts in gut bacterial composi-

tion, the immune system surpasses microbial

tolerance and progresses to an inflammatory

state, which can induce tissue damage

throughout the body and promote disease

pathogenesis. The focus of this brief review is to

describe the alterations in the gut microbiota

that may exacerbate ocular phenotypes,

including diabetic retinopathy, age-related

macular edema, choroidal neovascularization,

uveitis, and Sjögren’s disease. The following

search terms were used in PubMed and Google

Scholar: [(‘‘gut microbiota’’ OR ‘‘gut micro-

biome) AND (‘‘diabetic retinopathy’’ OR ‘‘DR’’

OR ‘‘age related macular degeneration’’ OR

‘‘AMD’’ OR ‘‘choroidal neovascularization’’ OR

‘‘CNV’’ OR ‘‘uveitis’’ OR ‘‘Sjögren’s disease’’)].

The resultant articles were filtered by publica-

tion date, with all publications prior to the year

2000 being omitted.

Here, we investigate interactions between

the gut microbiota and ocular pathology and

their implications for progression of disease,

and propose several potential therapeutic

approaches aimed at promoting gut microbial

homeostasis and reducing adverse ocular out-

comes. This article is based on previously con-

ducted studies and does not contain any studies

with human participants or animals performed

by any of the authors.

The Gut Microbiota

The human intestine is home to approximately

1014 microbes, comprising over 4000 species.

The concentration of microbes increases from

the stomach to the distal colon [1, 2]. The

normal human gut microbiota consists primar-

ily of organisms from two bacterial phyla, Fir-

micutes and Bacteroidetes, representing 65%

and 23% of organisms, respectively [3]. (Fig. 1)

Interestingly, it has been well documented that

the human gut microbiota is highly variable

between individuals [3–5]. Under homeostatic

conditions, these bacteria function during

development and in digestion, metabolism, and

immune defense/tolerance [5, 6]. The massive

complexity of this system is necessary to prop-

erly maintain the aforementioned functions.

Thus, alterations of the gut microbiota have

been implicated in the pathogenesis of many

acute and chronic diseases, such as diabetes,

obesity, inflammatory bowel disease, Crohn’s

disease, Alzheimer’s disease, anxiety, and

depression [5, 7–15]. It is necessary to further

delineate aberrations in gut microbial compo-

sition and function in order to understand how

these enhance or inhibit disease states.

Analysis of microbial populations and com-

munities, such as those within the gut, is per-

formed via various well-described methods. The

most common and cost-effective method for

taxonomic identification of bacteria within

Fig. 1 The effects of gut dysbiosis. A dysbiotic gut
microbiota, typically associated with an increased Firmi-
cutes/Bacteroidetes (F/B) ratio, results in thinning of the
intestinal mucus layer and disruption of the gut–vascular
barrier. Together, loss of these physiological barriers allows
for translocation of gut commensal bacteria and bacterial
products into the circulation, where they travel to tissues
and induce pathological inflammation
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desired fecal or gut mucosal samples is

sequencing of bacterial 16S rRNA. Bacteria 16S

rRNA is composed of nine hypervariable regions

(V1–V9) separated by nine conserved regions

[16]. The identification of taxa relies on the

hypervariable regions selected, with hypervari-

able regions 3 and 4 (V3–V4) enabling the

greatest taxa resolution and identification to

the genus level [17–19]. 16S rRNA sequences are

then grouped into operational taxonomic units

(OTUs), which are clusters of sequences that

differ by less than a fixed diminished threshold

(typically 3%) [20]. Other identification tech-

niques include shotgun metagenomics, offering

species- and strain-level classification. Shotgun

metagenomics also allows for inference of

functional relationships between bacteria and

host by determining the functional content of

samples directly. This method is more costly

and requires more advanced bioinformatics

[17]. Methods for defining the functional pro-

files of bacterial communities involve meta-

transcriptomic analysis of sample RNA

sequences [13, 18, 21, 22]. Extracted RNA is

sequenced and mapped to protein-coding

sequences from the KEGG Orthology database.

The resulting data are informative of the func-

tional gene families within a sample. Therefore,

one is able to infer the functional pathways that

are abundant within a sample. Taken together,

these methods allow for the identification and

characterization of taxonomic genera and

respective metabolic functions within a given

sample [13, 18, 21, 22]. These results are

important for understanding gut microbial

changes that occur under various disease states

and how the gut microbiota promotes or pro-

tects against said conditions.

Intestinal Immunity

The diversity of immune cells involved in

maintaining intestinal homeostasis is vast.

These cells, specifically macrophages, neu-

trophils, plasma cells, B cells, and a variety of T

cells, work together to ensure resolution of

inflammation and prevention of infections. Any

aberration in the intestinal immune response

may lead to systemic disease, sepsis, and under

the most extreme conditions even death.

Within the intestinal lamina propria, resident

macrophages exist in a state of inflammatory

anergy in which they reside in close proximity

to potentially pathogenic bacteria that would,

in any other part of the body, cause macro-

phages to engage a number of proinflammatory

signaling cascades with the purpose of destroy-

ing said bacteria. However, intestine resident

macrophages do not produce proinflammatory

cytokines such as IL-1, IL-6, IL-12, RANTES,

TGF-b, or TNF-a, but remain poised to combat

invading pathogens via their phagocytic and

bactericidal repertoires [23]. The purpose of in-

flammatory anergy is to prevent constant

immune activity in the intestine against the

commensal, physiologically protective gut

microbiota, a state which, if allowed to proceed

uninhibited, would destroy the very tissue the

macrophages were intended to protect.

The sole structural barrier between com-

mensal and potentially pathogenic bacteria in

the intestinal lumen is the intestinal single-cell

layer of epithelial cells and underlying vascular

endothelial cells, the so-called gut–vascular

barrier (GVB). The gut epithelium allows the

selective entry of substances present in the

lumen and prevents the entry of harmful ele-

ments, including bacteria and their bio-prod-

ucts, into the circulation [24]. However, not all

secreted microbial metabolites are harmful to

humans. For example, bacterial short-chain

fatty acids exert beneficial effects [25]. The

luminal surface of the intestinal epithelium is

covered with a sticky layer of mucus, secreted by

goblet cells, which traps luminal bacteria

attempting to traverse the GVB. Further, Paneth

cells, epithelial cells, and plasma cells secrete

antimicrobial peptides, cytokines, and anti-

bodies, respectively. These molecules act to

directly eliminate potentially pathogenic bac-

teria, recruit a number of immune cells, such as

neutrophils and T helper cells, to the site of

potential infection, or mark bacteria for

destruction by intestinal lymphocytes. How-

ever, these responses often result in damage to

the GVB, allowing for the translocation of gut

microbes or their secreted products across the

GVB and into the extraluminal system.

Ophthalmol Ther (2020) 9:499–513 501



Reduced integrity of the GVB allows the

translocation of gut microbial peptides, such as

peptidoglycan (PGN), a component of bacterial

cell walls, into the circulation [13]. Both Gram-

positive and Gram-negative bacteria disassem-

ble their PGN lattices during replication and

growth. Gram-negative bacteria, which consti-

tute the majority of the healthy gut microbiota,

import much of the shed PGN back into the cell

via the action of AmpG, a muropeptide perme-

ase [26]. Though the majority of this PGN is

recycled back into the cell to be used again,

some is lost into the extracellular space, where it

acts as a pathogen-associated molecular pattern

(PAMP) to activate pro-inflammatory pathways

of the host [27–31]. Specifically, PGN has been

implicated in the pathogenesis of diabetic

retinopathy [13].

THE GUT MICROBIOTA IN MODELS

OF OCULAR DISEASES

Diabetic Retinopathy

Diabetic retinopathy (DR) is a leading cause of

blindness in individuals between the ages of 20

and 74 years, and in 2010 was estimated to

affect more than one-third of diabetics world-

wide, or approximately 100 million persons

[32]. It is known that prediabetes and type 1 and

type 2 diabetes are associated with gut microbial

dysbiosis [33–38]. However, there has been

much confusion in the field as to whether this

association is inherent in the pathology of dia-

betes, or whether it is a secondary effect of

medications used to treat the disease. Several

studies have found that diabetic medications,

particularly metformin, influence the gut

microbiota, and medication has been identified

as a confounding variable in microbiota studies

of diabetic individuals [39, 40]. Therefore,

studies of diabetic subjects that aim to assess gut

microbial dysbiosis must be stratified to remove

confounding variables such as medication.

Type 2 diabetes (T2D), unlike T1D, is not the

consequence of autoimmunity, but the result of

progressive insulin intolerance. The gut micro-

biota has been shown to exacerbate the pro-

gression of insulin resistance [41]. Recent

studies in a murine model of T2D (db/db) have

demonstrated alterations of gut microbial

composition with increased generation of ben-

eficial secondary bile acids, namely taurour-

sodeoxycholate (TUDCA) [12]. TUDCA was

shown to provide a neuroprotective effect in the

retina via activation of its receptor, TGR5, pre-

venting exacerbation of DR [12]. T2D mice were

found to contain larger concentrations of bac-

teria in the Verrucomicrobia and Tenericutes

phyla, and decreased concentrations of bacteria

in the Bacteroidetes and Firmicutes phyla,

compared to control mice (db/m) [12]. However,

there was no difference in the Firmicutes/Bac-

teroidetes (F/B) ratio of the gut microbiota, a

measure which has been used as an indicator of

changes in the microbiota with obesity [42].

T2D was also associated with decreased abun-

dance of goblet cells, producers of intestinal

mucus, and increased concentrations of plasma

PGN. Furthermore, an altered gut microbiota in

T2D was associated with exacerbation of DR,

assessed by abundance of retinal acellular cap-

illaries [12] (Figs. 2 and 3).

Dysfunction of the renin–angiotensin sys-

tem (RAS) is associated with diabetes and vas-

cular dysfunction, particularly diabetic

retinopathy [43–51]. This effect is largely

mediated by the loss of angiotensin-converting

enzyme 2 (ACE2), the primary protein respon-

sible for shifting the effects of RAS between its

vasoprotective and vasodeleterious arms by its

action on the MAS receptor and ATR1/ATR2,

respectively [52–54]. Duan et al. demonstrated

that ACE2 deficiency in a murine model of T1D

(ACE2-/y-Akita) was associated with a restruc-

turing of the gut microbiota. Of particular

interest, ACE2-/y-Akita mice were shown to

possess a gut microbiota with increased PGN

biosynthesis. Via GVB disruption, initiated by

the effect of hyperglycemia on intestinal

epithelial cells, PGN from the intestinal lumen

is able to translocate into the circulation and

travel to the retina [13]. In retinal endothelial

cells, PGN was shown to activate a noncanoni-

cal TLR2-mediated MyD88/ARNO/ARF6 signal-

ing cascade, exacerbating DR by compromising

retinal endothelial cell adherens junctional

integrity [13] (Figs. 2 and 3). It is, however,

important to note that murine models of
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diabetic retinopathy are limited in their trans-

latability to human disease, as mice only

develop mild disease pathology and do not have

a macula. Thus, the pathology that is observed

cannot be directly translated to human disease

in particular vision-threatening diabetic

retinopathy such as diabetic macular edema

and proliferative diabetic retinopathy.

Age-Related Macular Degeneration

Age-related macular degeneration (AMD), the

leading cause of irreversible blindness in

industrialized countries, is a disease in which

the central area of the retina, the macula, is

damaged, leading to progressive central vision

loss, particularly in people over the age of 55

[55–57]. Obesity is a risk factor for AMD [58, 59].

In fact, Adams et al. showed that male subjects

with an increase of 0.1 in waist/hip ratio had a

13% and 75% increase in the probability of

developing early and late AMD, respectively

[59]. As diet is known to be a primary contrib-

utor to the development of obesity, Rowan et al.

examined the effect of high- and low-glycemic

diets on the gut microbiota and development of

AMD. It was determined that aged mice fed a

high-glycemic (HG) diet developed retinal

pathology similar to AMD (AMDf), whereas

mice on a low-glycemic (LG) diet did not

[60, 61] (Fig. 3). Interestingly, in mice raised on

an HG diet and switched to an LG diet late in

life, this AMDf phenotype was arrested or

reversed. Furthermore, alterations in the gut

microbiota were determined to be associated

with the AMDf phenotype. Specifically, risk for

AMDf is associated with increases in gut abun-

dance of bacteria within the Clostridiales order,

while protection from AMDf is associated with

the Bacteroidetes order [60] (Fig. 3). The above

studies yield important associations between

alterations of the gut microbiota and AMD;

however, these studies are limited in their

translatability and applicability to the human

condition, as no single murine model exists

which exhibits all features of human AMD.

Choroidal Neovascularization

Choroidal neovascularization (CNV), which is

seen as the vascular pathology associated with

wet AMD [62], is classified into multiple types

based on vessel growth pattern: type 1—be-

tween the retinal pigment epithelium (RPE) and

Bruch’s membrane, type 2—between the retina

and RPE, or a combination of both (combined

pattern) [62]. Using a murine model of CNV via

rupture of Bruch’s membrane with an argon

Fig. 2 The effects of cellular and nutritional therapies on
the prevention of diabetic retinopathy. a In a model of
type 1 diabetes with ACE2 deficiency (ACE2-/y-Akita),
intraperitoneal injection of FACS-sorted wild-type (WT)
bone marrow myeloid angiogenic cells (MACs) was shown
to restructure the gut microbiota and repair the gut–vas-
cular barrier (GVB). The intact GVB resulted in a decrease
in the levels of systemic peptidoglycan (PGN), inhibiting a
noncanonical TLR2-mediated signaling cascade in the
retina, reducing retinal barrier dysfunction. b In a model of
type 2 diabetes (db/db), intermittent fasting on an
alternate-day regimen was shown to restructure the gut
microbiota and activate production of beneficial secondary
bile acids, specifically tauroursodeoxycholate (TUDCA), in
the liver. TUDCA prevented progression of DR via
activation of its receptor, TGR5, in the neural retina
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laser, Andriessen et al. investigated the interac-

tion between diet, gut microbiota, and CNV

pathophysiology. In concordance with previous

findings, a high-fat diet (HFD, 60% kcal fat, 26%

kcal carbohydrate, 14% kcal protein) induced

gut dysbiosis compared to mice fed standard

chow (RD, 16% kcal fat, 63% kcal carbohydrate,

21% kcal protein) (Fig. 3). Specifically, HFD

induced decreased abundance of Bacteroidetes

and increased abundance of Firmicutes,

increasing the F/B ratio. Interestingly, HFD-fed

mice experienced exacerbated CNV [63]. HFD-

fed mice showed increased gut–vascular per-

meability. HFD-fed mice also had increased

systemic inflammation by elevated pattern

recognition receptor (PRR) activation [63–67].

Furthermore, choroidal inflammation was

exacerbated via increased quantities of

Fig. 3 The gut–eye axis in ocular diseases. Alterations in
the gut microbiota have been shown to be associated with
multiple ocular diseases, including diabetic retinopathy,
age-related macular degeneration, choroidal neovascular-
ization, and uveitis. Various groups have shown that

restructuring the gut microbiota by cellular and antibiotic
therapies, intermittent fasting, and dietary intervention
have potential therapeutic benefits in preventing/treating
ocular diseases
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mononuclear phagocytes, microglia, Il6 mRNA,

Tnf mRNA, and Vegfa mRNA [63]. These data

suggest that a high-fat diet plays a role in

exacerbating the pathogenesis of CNV by

increasing inflammation as a result of an

increase in the F/B ratio in the gut microbiota.

Studies of the gut microbiota of individuals

with neovascular AMD revealed an enrichment

in Anaerotruncus, Oscillibacter, Ruminococcus tor-

ques, and Eubacterium ventriosum compared to

control subjects [68]. This study also found that

the gut microbiota of said subjects was enriched

in genes related to L-alanine fermentation, glu-

tamate degradation, and arginine biosynthesis,

and reduced in genes related to fatty acid

elongation [68]. Additional studies are needed

to understand the impact of the gut microbiota

on the complex pathogenesis of human neo-

vascular AMD. It is important to take into con-

sideration the limitations of the rodent laser-

induced CNV model. In particular, this model

has features of wound healing and does not take

into account aging. However, despite these

limitations, the laser-induced CNVmodel is one

of the most widely used animal models which

mimics the angiogenic aspects of neovascular

AMD [69].

Uveitis

Uveitis (UVT) is an inflammatory condition of

the eye affecting the iris, ciliary body, and

choroid, but may involve other ocular tissues

such as the retina, optic nerve, and vitreous

humor [70]. UVT is a common ocular disease

primarily affecting middle-aged individuals and

accounting for 10% of legal blindness in the

United States and approximately 25% in the

developing world [70]. UVT is generally associ-

ated with either a systemic infection or

immunological disease; however, approxi-

mately 50% of uveitis cases affect only the eye

and do not have a known etiology, so-called

idiopathic uveitis [71].

The gut microbiota has been implicated in

the severity of UVT. A recent study by Chakra-

varthy et al. found alterations in the gut

microbiota of a cohort of Chinese patients with

UVT compared to healthy controls. In

particular, those with UVT demonstrated

decreases in operational taxonomic units

(OTUs) of several anti-inflammatory bacteria,

including Faecalibacterium, Bacteroides, Lach-

nospira, and Ruminococcus, and increases in col-

onization by Prevotella and Streptococcus

organisms [72]. Furthermore, oral administra-

tion of combinatorial broad-spectrum antibi-

otics [metronidazole (1 g/L) ? vancomycin

(500 mg/L) ? ampicillin (1 g/L) ? neomycin

(1 g/L)] and single oral administration of

metronidazole (1 g/L) or vancomycin (500 mg/

L) resulted in a reduction in uveitis clinical

scores in an interphotoreceptor retinoid-bind-

ing protein (IRBP) peptide-induced model of

experimental autoimmune uveitis (EAU) in

B10.RIII mice [73] (Fig. 3). Broad-spectrum

antibiotic administration in this model altered

gut microbial composition by a reduction in

Bacteroidetes spp., Firmicutes spp., Alphapro-

teobacteria, and Gammaproteobacteria. The

IRBP-induced EAU model in B10.RIII mice

accurately reproduces the histopathological

features of human uveitis; however, this model

is limited in that it is triggered by introduction

of a retinal antigen which is not believed to be

present in naturally occurring forms of the dis-

ease. The gut microbiota has been shown to

influence uveitis via activation of retinal T cells

before the onset of clinical uveitis. With this in

mind, Horai et al. developed a spontaneous

uveitis model in which transgenic mice express

a T-cell receptor for IRBP, the R161H model of

uveitis, which is pathologically similar to the

IRBP-induced EAU model [74]. The onset of

uveitis was shown to be reduced when R161H

mice were raised under germ-free conditions,

supporting the notion that the gut microbiota

negatively regulates uveitis onset [74]. A recent

study by Janowitz et al. demonstrated that the

gut of EAU mice exhibit reduced alpha diversity

compared to non-immunized mice prior to

onset of ocular inflammation. At peak uveitis

pathology in EAU mice, the gut microbiota

contained increased abundance of Prevotella,

Lactobacillus, Anaeroplasma, Parabacteroides, Fir-

micutes, and Clostridium species [75]. Further-

more, EAU mice experienced increased

production of ileal antimicrobial peptides, such

as Reg3c, S100A8, and lipocalin, compared with
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non-immunized mice [75]. The aforementioned

studies support a role for the gut microbiota in

the onset and severity of autoimmune uveitis.

However, additional studies using models

which more closely represent human disease are

still warranted [74, 76].

Glaucoma

Primary open-angle glaucoma (POAG) is an

ocular neurodegenerative disease characterized

by loss of retinal ganglion cells which causes

irreversible blindness and affects approximately

79.6 million people worldwide [77]. A recent

study by Gong et al. found that the gut micro-

biota of subjects with POAG, compared to

healthy subjects, had increased abundance of

Prevotellaceae, Enterobacteriaceae, and Escher-

ichia coli and decreased abundance of Mega-

monas and Bacteroides plebeius [78].

Furthermore, they found that mean visual acu-

ity was negatively correlated with bacteria of

the Megamonas genus, visual field mean defect

(VF-MD) was negatively correlated with mem-

bers of the Faecalibacterium genus, and average

retinal nerve fiber layer (RNFL) thickness was

positively correlated with members of the

Streptococcus genus. [78] In a study of 1999

African American subjects (1217 with POAG

and 782 controls), Collins et al. found that

variants in two mitochondrial DNA (mtDNA)

haplogroups, L2a1 (m.15784T[C) and L2 hap-

logroups (m.16390G[A), were enriched in DNA

pools of POAG subjects compared to controls

[79]. These variants were associated with the

composition of the gut microbiota. Specifically,

the variant m.15784T[C was associated with

members of the Firmicutes phylum, whereas the

variant m.16390G[A was associated with

members of the Proteobacteria phylum [80].

Additionally, murine models have shown

that the gut microbiota may play a role in the

development of glaucoma. Specifically, Chen

et al. demonstrated that DBA/2J mice, which

spontaneously develop increased intraocular

pressure (IOP) and glaucoma by 6–8 months of

age, exhibit an absence of glaucomatous neural

degeneration at 12 months of age when raised

under germ-free conditions. DBA/2J mice raised

under specific-pathogen-free (SPF) conditions,

on the other hand, exhibit progressive retinal

ganglion cell (RGC) and axon loss by * 25%

and * 50% at 8–10 months and 12 months of

age, respectively [81] (Fig. 3). Together, the

aforementioned studies provide support for the

involvement of an altered gut microbiota in

glaucoma; however, additional work is required

to further elucidate this association and to

determine whether there is a definitive role for

the gut microbiota in glaucoma progression.

Sjögren’s Syndrome

Sjögren’s syndrome (SS) is an autoimmune

condition characterized by lymphocytic infil-

tration in exocrine glands, particularly the

lacrimal glands, causing dry eyes [82, 83]. Moon

et al. recently published a study in which

changes in the gut microbiota were found to be

associated with SS in human subjects compared

to healthy volunteers and subjects with envi-

ronmental dry eye syndrome (DES) [82]. SS was

associated with a decreased F/B ratio, decreased

Actinobacteria, and decreased abundance of

members of the Bifidobacterium, Blautia, Dorea,

and Agathobacter genera, with increased abun-

dance of members of the Prevotella, Odoribacter,

and Alistipes genera [82]. Furthermore, severe

dysbiosis, as assessed by the Dysbiosis Index

score (DIS), was prevalent in subjects with pri-

mary SS (pSS). pSS subjects with severe dysbiosis

(DIS = 5) had higher disease activity as assessed

by the European League Against Rheumatism

(EULAR) Sjögren’s Syndrome Disease Activity

Index (ESSDAI) and Clinical ESSDAI (Clin-

ESSDA) [84]. However, dysbiosis severity was

not associated with disease duration or EULAR

Sjögren’s Syndrome Patient Reported Index

(ESSPRI) total score [84].

POTENTIAL THERAPEUTICS

Intermittent Fasting

Intermittent fasting (IF), the restriction of food

intake to specific days or times of day, has

shown many beneficial effects in human and
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animal studies, including facilitating regenera-

tion and tissue repair [85]. There are currently

three intermittent fasting regimens reported to

have beneficial health outcomes: alternate-day

fasting—alternation of fasting and feeding days;

modified fasting—consumption of 20–25% of

recommended energy needs on fasting days,

usually 2 nonconsecutive days per week, with 5

days of ad libitum feeding; and time-restricted

fasting—allowance of ad libitum feeding during

specific time frames, typically 8 h per day [86].

Studies on the IF in both rodent and human

models have proposed the following mecha-

nisms for its beneficial effects including regula-

tion of inflammation, insulin levels, lipid levels,

and satiety hormones via modification of the

gut microbiota, circadian rhythms, and lifestyle

factors such as diet, activity, and sleep [86]. In

rodent models, within 1 week of starting an

alternate-day fasting regimen, IF has been

shown to reduce blood pressure and heart rate,

both of which are known risk factors for ocular

vascular diseases such as DR [87]. This effect is

suggested to be due to increased brain-derived

neurotrophic factor signaling by increasing the

activity of brainstem cholinergic neurons

[88–90]. Furthermore, Sutton et al. performed

the first supervised controlled feeding trial in

which early time-restricted feeding (eTRF, ad li-

bitum feeding from 8 a.m. to 2 p.m. and fasting

for the remaining 18 h) was shown to decrease

postprandial insulin, blood pressure, oxidative

stress, and evening appetite while increasing

insulin sensitivity and b-cell function in human

subjects [91]. This study and others further

support the beneficial effects of intermittent

fasting and suggest it may have therapeutic

potential in ocular vascular diseases by

decreasing blood pressure and insulin sensitiv-

ity [91–93].

It was recently shown that alternate-day

fasting for 7 months increased the quantity of

intestinal mucus-producing goblet cells and

decreased concentrations of plasma PGN, indi-

cating improved GVB integrity. IF was shown to

restructure the gut microbiota by an increase in

the F/B ratio in db/db-IF compared to db/m-IF

[12]. Furthermore, IF altered bile acid metabo-

lism in db/db–IF by increased generation of

beneficial secondary metabolites, such as

tauroursodeoxycholate (TUDCA), which was

shown to cross the blood–retinal barrier and

activate its receptor, TGR5, reducing retinal

inflammation, compared to db/db mice on an

ad libitum diet (db/db-AL) [12]. Finally, IF

improved DR pathology by reducing the num-

ber of retinal acellular capillaries in db/db-IF

mice compared to controls (db/db-AL) [12]

(Fig. 3). It is important to note that the benefi-

cial effects observed in this study were glucose-

independent, as no difference in glycated

hemoglobin was found between db/db-AL and

db/db-IF mice. Thus, the beneficial effects of IF

on DR progression in the db/db mouse model of

T2D was attributed to changes in the gut

microbiota that modulated the production of

secondary bile acids, and not improvement in

glucose control.

Fecal Microbial Transplant

Fecal microbial transplant (FMT) describes the

method of transferring the gut microbiota of

control or healthy donors into that of unheal-

thy recipients. The goal of such a transplant is

to colonize the gut of the recipient with a

microbiota which is considered ‘‘normal’’. Sev-

eral murine studies have been performed in this

regard in which the gut microbiota of disease-

state mice are transplanted into germ-free (GF)

mice, those lacking a gut microbiota [94–96].

Bäckhed et al. showed that GF mice colonized

with the microbiota of their counterparts

experienced weight gain and increased insulin

resistance [41]. Furthermore, weight gain was

observed in GF mice with reconstituted gut

microbiota of obese (ob/ob) donor mice [42].

These studies demonstrate the ability of the gut

microbiota to transfer disease states. A number

of human studies have been conducted using

FMT as a method for altering the microbiota in

patients with various diseases. Of note, FMT

increased the alpha diversity, i.e., species rich-

ness, in patients with Crohn’s disease and

pediatric ulcerative colitis [97, 98]. To our

knowledge, no studies have been performed in

which FMT is used as treatment for ocular dis-

ease. However, this technique may prove useful

in restructuring the gut microbiota and
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improving the pathophysiology of individuals

with the aforementioned ocular conditions.

Pre- and Probiotics

Prebiotics are nondigestible short-chain carbo-

hydrates which function as metabolic substrates

for gut bacteria such as Lactobacillus and Bifi-

dobacterium species. These compounds are nat-

urally occurring and exert their positive health

benefits by improving gut immunity and gut

barrier function [99]. Prebiotics have been

shown to restructure the microbiota; however,

increased efficacy has been observed when

combined with a probiotic, a live microbial

supplement, in human fecal sample studies

[99]. Probiotics have been shown to improve

intestinal health via inhibition of pathogenic

species colonization, improvement of gut bar-

rier function, and modulation of gut immunity

[99]. As mentioned previously, diabetic mice

exhibit decreased intestinal levels of ACE2

[13, 51]. It is hypothesized that probiotic

replenishment of ACE2 via oral administration

of live bacteria which produce ACE2 will

improve gut barrier function, restructure the

gut microbiota to homeostatic levels, and pre-

vent pathological translocation of PGN into the

circulation [100]. Together, this treatment has

the potential to reduce DR pathology, as these

have all been shown to play a role in the pro-

gression of DR in mouse models of type 1 and

type 2 diabetes [13, 51]. Pre- and probiotic

interventions show promise in that they are a

less invasive therapeutic option with minimal

risk for complications.

Antibiotics

Antibiotics have been used for modulation of

the microbiome experimentally and as a ther-

apy. Orally administered combination broad-

spectrum antibiotics [ampicillin (1 g/L), neo-

mycin (1 g/L), metronidazole (1 g/L), and van-

comycin (500 mg/L)] were shown to reduce

mean uveitis clinical scores in EAU mice [73]

(Fig. 3). Administered alone, metronidazole or

vancomycin were shown to decrease mean

uveitis clinical scores. Combinatorial broad-

spectrum antibiotics induced phyla-level and

class-level alterations in gut microbial compo-

sition, assessed by quantitative polymerase

chain reaction (qPCR), as follows: decreased

quantities of Bacteroidetes, Firmicutes, and

Alphaproteobacteria, and increased quantities

of Gammaproteobacteria [73]. Antibiotics have

also been found to influence the gut microbiota

in models of neurodegeneration, autism, anxi-

ety, Alzheimer’s disease, hepatic encephalopa-

thy, and obesity [101–104].

CONCLUSION

A eubiotic gut is essential to the maintenance of

human health. Under aberrant composition,

the gut microbiota induces pathological

inflammation via stimulation of both the

innate and adaptive arms of the immune sys-

tem. This inflammation may proceed to destroy

tissues throughout the body. Of particular

interest, pathological inflammation induces

disruption of the ocular tissues, exacerbating

the progression of diabetic retinopathy, age-

related macular degeneration, choroidal neo-

vascularization, uveitis, glaucoma, and Sjögren’s

syndrome. Much work remains to be done to

understand the mechanisms involved in regu-

lating the gut–eye axis. This review highlights

key studies which link various models of ocular

diseases with alterations in the gut microbiota;

however, further studies are required to deter-

mine whether direct mechanistic links exist

between an aberrant gut microbiota and initia-

tion, progression, or exacerbation of, or protec-

tion from, ocular diseases.
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