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Clinical trials targeting the gut microbiome to mitigate ocular disease are now on the horizon. A review of clinical data thus far is
essential to determine future directions in this novel promising field. This review examines recent clinical trials that support the
plausibility of a gut-eye axis, and may form the basis of novel clinical interventions. PubMed was queried for English language

clinical studies examining the relationships between gut microbiota and ocular pathology. 25 studies were extracted from 828

candidate publications, which suggest that gut imbalance is associated with ocular pathology. Of these, only four interventional
studies exist which suggest probiotic supplementation or fecal microbiota transplant can reduce symptoms of chalazion or uveitis.
The gut-eye axis appears to hold clinical relevance, but current data is limited in sample size and design. Further investigation via

longitudinal clinical trials may be warranted.

Eye (2023) 37:2877-2885; https://doi.org/10.1038/541433-023-02462-7

INTRODUCTION

The human microbiome is a diverse ecosystem that has been
attributed to play a major role in the health of cardiovascular and
neurologic organ systems over the past decade [1-3]. Emerging
evidence also supports the presence of a gut-eye axis, suggesting
alterations of the gut microbiome as a potential contributing
factor to ocular pathology [4, 5]. Gut dysregulation can be defined
by various metrics; the ratio of the taxonomic phyla Firmicutes to
Bacteroides (F/B), total species richness, total species diversity, or
alterations in bacterial marker profiling on the genus or species
level [6, 7]. These metrics have been studied in various pre-clinical
models examining the gut-eye-axis with supporting results.

Nakamura et al. and Horai et al. examined mouse models of
uveitis in antibiotic treated and germ-free specimens, respectively.
Both studies found decreases in experimental autoimmune uveitis
scores in the antibiotic and germ-free models, suggesting gut
microbiota contribute to the pathogenesis of uveitis models [8, 9].
Rowan et al. in 2017 examined mouse models of Age-related
Macular Degeneration (AMD), finding AMD phenotypes were
associated with increased Clostridiales and decreased Bacteroidetes
[10]. With respect to glaucoma, mouse models have shown an
absence of retinal degeneration when raised under germ-free
conditions compared to mice with intact gut microbiota [11].
Murine models of diabetic retinopathy have also shown altera-
tions in gut microbial composition relative to control mice [12].
These preclinical studies linked ocular health to gut microbial
diversity and health, however, the therapeutic potential remains
to be established.

Therapeutic protocols have been implemented in murine
models targeting the gut microbiome to improve ocular
pathologies. Restructuring the microbiome by intermittent fasting
in diabetic mouse models, reduces activation of retinal microglia

and development of acellular capillaries, which is theorized to
protect the retina against diabetic damage [13]. Additionally,
engineered probiotics have been shown to act as effective vectors
for the delivery of therapeutic proteins to protect against retinal
and systemic damage [14].

Based on murine experimentation, clinical studies examining
the human microbiome and its relationship with ocular pathology
have begun. Pathologies such as uveitis, age-related macular
degeneration, glaucoma, dry eye syndrome, and chalazions are
being explored, with hopes of expanding the therapeutic frontier.
This systematic review aims to summarize known clinical studies
examining the gut-eye-axis, with a focus on potential therapeutics
aimed at modifying the microbiome to mitigate ocular pathology.

MATERIALS/SUBJECTS AND METHODS

PubMed and Cochrane databases were searched with the
following query: ((microbiome) AND (“eye” OR *“ocular” OR
“ophthalmology”)). Inclusion criteria were as follows: English
language, study of human subjects, and focused on the impact
of gut-microbiota on ocular health. Exclusion criteria were as
follows: studies not addressing the impact of gut microbiota on
ocular health. Literature reviews, editorials, conference abstracts,
correspondence, and notes were also excluded. The full text of
each article was reviewed independently by BLK and MWR.
Additional articles were identified from a manual search of
reference lists within included articles. Disagreements were
resolved by AKW.

Clincialtrials.gov was searched using “eye disease” as a disease
and other terms (“microbiome” OR “probiotics” OR “FMT”). Only
ongoing trials utilizing oral probiotics for management of
ophthalmic diseases were reviewed.
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RESULTS

After screening 828 candidate publications, a total of 25 studies
were included. A PRISMA diagram can be found in Fig. 1.
Microbes associated with disease states can be found in Table 1.
In the 21 studies that performed sequencing for microbiome
assessment, 20 studies noted gut-microbial change compared to
healthy control patients (Table 2). Twelve studies examined
retinal pathology, nine studies examined autoimmune condi-
tions or uveitis, and four studies examined either corneal or
anterior ocular pathology. Four studies assessed interventions
targeting the gut-microbiome in attempt to mitigate ocular
pathology. Quality of evidence of studies is outlined in Table 3
according to modified Oxford Centre for Evidence Based
Medicine Levels of Evidence guidelines (Table 3) [15]. Info-
graphic depicting studies examining microbiome and ocular
pathology can be seen in Supplementary Fig. 1. Two ongoing
clinical trials were found in the clinical trial database, examining
probiotics in management of blepharitis and Allergic Rhinocon-
junctivitis (NCT04742855, NCT04898686) [16, 17].

RESULTS

Microbial community changes in ocular pathologies

In general, the studies reviewed herein display a broad degree of
change across multiple pathologies and bacterial classifications
(Table 1). In diabetic retinopathy, major taxonomic phyla including
Bacteroidetes, Actinobacteria, Faecalibacterium, and Clostridium
were depleted compared to healthy controls [18-21]. In two
studies that assessed microbiome diversity in cohorts with
diabetic retinopathy, decreases in diversity were noted, consistent
with preclinical murine models [19, 20, 22]. One trial examining 12
patients with neovascular AMD (nAMD) noted “dysbiosis” present
in NAMD patients relative to controls [23]. Of note, increases in
Anaerotruncus were found, which have also been associated with

828 Studies recognized in

search
P
l—> 2 duplicates removed ]
N \
826 Studies screened
J

P
796 studies irrelevant ]

30 full-text studies
assessed for eligibility

p
l—» 5 studies excluded ]

25 studies included

J

Fig. 1 PRISMA diagram of study review and selection process.
From a total of 828 studies identified from the initial query, 25 were
ultimately included in the final analysis.
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increased inflammatory signaling in murine models, suggesting a
possible mechanism of action for gut microbial changes and
nAMD progression [24].

In glaucomatous patients, McPherson et al. found irritable
bowel syndrome a disease with broad microbiota dysregulation
significantly increases the odds of developing glaucoma (OR=
5.84) [25]. In addition to finding differences in bacteria profiles in
glaucomatous patients versus controls, Gong et al. also noted
visual outcomes to be negatively correlated with Megamonas and
Blautia genus abundance [26]. A final retinal study examined a
cohort of patients with idiopathic intracranial hypertension, again
finding microbiota differences compared to control groups.
Interestingly, patients treated with acetazolamide were found to
have increases in Lactobacillus, thought to be beneficial for gut
microbial health [27].

As shown in Table 1, a variety of bacteria may be altered or
disrupted in ocular pathologies. The reviewed studies support a
direct gut microbiome-eye axis, however the underlying, unpro-
ven assumption is a negative causal association: the missing
microbes cause the dysregulation.

Interfering axes

The gut microbiome is known to regulate changes in inflamma-
tory signaling. Therefore, if gut tissue is impacted resulting in a
systemic pro-inflammatory state, it is possible that ocular
consequences are secondary to or parallel the gut-inflammatory
axis, or perhaps differ in primary processes [28-30]. Chakravarthy
et al. examined gut dysregulation in the setting of uveitis, finding
reductions in various anti-inflammatory microorganisms [31].
Huang et al. also examined gut dysregulation in uveitis, but did
not note significant compositional differences between cases and
controls, suggesting bacteria may not be contributing to this
pathological state [32]. This possibility was further explored by
Jayasudha et al. who found increases in pathogenic Candida and
Aspergillus genera compared to control patients [33]. Chakravarthy
et al. and Jayasudha et al. also examined gut dysregulation in
patients with keratitis compared to control patients, both studies
finding marked bacterial community alteraions [34, 35]. These
studies examined changes in fungi as well, noting trends toward
increased pathogenic Aspergillus, Candida, and Malassezia which
have been shown to exhibit antifungal resistance and involvement
in other disease processes [36]. Two trials examined differences in
microbiota of patients with Behcet's disease with uveitis, finding
significant compositional differences between cases and controls
[36, 37]. Tercer et al. found significant decreases in microbiota
diversity in Behcet's disease patients compared to control patients
as well [38]. The above data suggest a possible link between gut
health and ocular pathology. However, it is not clear if fungi and
bacteria directly mediate ocular pathology, if the immune system
is additionally implicated, or if other, undiscovered pathways are
at play.

Zysset-Burri et al. examined Retinal Artery Occlusion (RAO),
finding an increase in various taxonomic genus of bacteria
compared to healthy control patients. This study also examined
Trimethylamine-N-oxide (TMAO), a microbiota derived metabolite
which has been found to be an independent risk factor for
adverse cardiovascular events, mortality, and thrombosis [39-41].
TMAO was found to be significantly increased in RAO patients
compared to control patients. In this study, a positive correlation
was found between TMAO and Akkermansia abundance, suggest-
ing a potential mechanistic link between microbiota and RAO.
However, it must be noted in other studies Akkermansia was
found to be negatively associated with TMAO concentrations
suggesting the findings by Zysset-Burri et al. may not be causative
[42, 43]. Alternatively, TMAO could function as an intermediary or
principle player itself in ocular pathology. This study, as the above,
are not powered or designed to prove a link and simply postulate
the existence of one.
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Table 1. Microorganisms highlighted in dysbiosis of disease states.

Disease category

Diabetes and Diabetic
Retinopathy

Implicated microorganisms

Age related Macular
Degeneration

Retinal Artery Occlusion
Retinopathy of Prematurity 1 Enterobacteriaceae
Glaucoma

Idiopathic intracranial
hypertension

Uveitis
Bacteroides

Behcet Syndrome
Sjogren Syndrome

1 Bacteriodes:Firmicutes: ratio. | Bacteroidetes, Actinobacteria, Faecalibacterium, Clostridium, Escherichia-
Shigella, Coriobacteriaceae, Veillonellaceae, Streptococcaceae. t Bifidobacterium, Burkholderiaceae
1 Ruminococcus, Oscillibacter, Anaerotruncus, Eubacterium

1 Actinobacter,Bifidobacterium, Bacteroides, Faecalibacterium

1 Prevotellaceae, Enterobacteriaceae, Escherichia coli | Megamonas, Bacterioides
| Lactobacillus, Atopobium, Megamonas, Ruminococcus, Streptococcus

1 Malassezia, Candida,Candida, 1 Aspergillus gracilis |Faecalibacterium, Lachnospira, Ruminococcus,

1 Veillonellaceae, Succinivibrionaceae, | Bacteroidaceae
1 Bacteriodetes: Firmicutes: Bacteroidetes ratio | Faecalibacterium, Prevotella, and Ruminococcus,

Actinobacteria, Bifidobacterium, Dorea, Agathobacter
1 Alistipes, Streptococcus, Prevotella, Odoribacter, Actinomycetaceae, Eggerthellaceae, Lactobacillaceae,
Akkermanciaceae, Coriobacteriaceae, and Eubacteriaceae

Keratitis

| Bifidobacterium, Lactospira, Faecalibacterium, Lachnospira, Ruminococcus, Mitsuokella Megasphera

Lachnospiraceae, Dialister, Faecalibacterium, Firmicutes, Veillonellaceae,

Clinical trials

Four clinical studies (<23 patients) to date have examined the effect
of targeting the gut-microbiota through Faecal Microbiota Trans-
plant (FMT) or probiotic supplementation for management of ocular
pathology. Watane et al. [44] in 2021 examined FMT in 10 patients
with Sjogren syndrome complicated by dry eye. Three months after
FMT, no side effects were reported and the patient self-reported dry
eye symptoms were reduced in half of the cohort [44].

Filippelli et al. in 2021 and 2022 examined probiotic supplemen-
tation and its efficacy in treating chalazion in 10 adult and 13
pediatric patients. In both studies, a probiotic containing Strepto-
coccus thermophilus, Lactococcus lactis, and Lactobacillus delbrueckii
was used. All adult patients receiving the probiotic formulation
experienced significant reductions in time to resolution of the
chalazion, while this effect held true for children with only small
Chalazion of less than 2.0 mm [45, 46]. Napolitano et al. [47] in 2021
reported a case of probiotic supplementation in a patient with a
three-year history of anterior Uveitis. The patient was given a
probiotic supplement containing Bifidobacterium lacti, Bifidobacter-
ium bifidum, and Bifidobacterium breve. After two months, this
patient was noted to experience increases in visual function and
decreased clinical signs of uveitis [47]. Notably, probiotic formula-
tions did not consist of the species that were noted to be absent
from microbiomes of patients studies in observational trials.

DISCUSSION

Multiple studies postulated a link between gut imbalance and
common ocular pathologies. No single species was frequently
implicated, and directionality of association remains to be clarified.
Furthermore, the complexity of the microbiome presents unique
challenges on reporting microbial alterations as dysbiosis may be
attributed to simultaneous overgrowth or loss of a multitude of
species. A well-studied approach is to assessing changes in large
microbial communities reporting on the variety and abundance of
organisms in a community over time (alpha diversity) [48].

The studies reviewed herein opted to focus on species level
change, either reporting changes in species or ratios lie the F/B
ratio. In effect, this describes a changed microbiome not a
dysbiotic microbiome.

Research reviewed here centers on immune mediated ocular
reactions; it is possible that ocular consequences are secondary to
or parallel the gut-inflammatory axis, or perhaps differ in primary

Eye (2023) 37:2877 - 2885

processes [28-30]. The current literature does not parse out
causality. Moreover, current trials involve nonspecific interventions
such as FMT, which may not be needed. A 17-week randomized,
prospective study of 36 patients demonstrated comparable effects
on immune function could be achieved by less drastic measures
such as gradual introduction of fermented foods [49]. Recent
literature has also challenged the idea that increased microbial
diversity is beneficial. Rao et al examined 30 patients with
aggressive probiotic use increasing microbial diversity, showing
they developed SIBO and D-lactic acidosis from this supplementa-
tion. Patients’ symptoms were reduced upon initiation of
antibiotic therapy (P=0.005) [50]. These recent findings suggest
that interventions aimed at improving systemic health through
microbiome modification ought to be carefully employed.
Furthermore, current ophthalmic clinical interventions remain
limited to three small pilot studies and one case report, leaving
the effect of microbiome modification on ocular pathology largely
unknown (Table 2). While 11 ocular pathological states have been
examined to exhibit gut-microbiota change, only three of these
pathologies have been studied with respect to microbiome-
targeted therapy to mitigate symptoms (Table 2). Larger powered
prospective clinical trials examining the effects of probiotic
supplementation across a wide variety of ocular pathologies are
essential to further elucidate the efficacy of these interventions.
Two ongoing prospective clinical trials are designed to investigate
the effects of oral probiotics in management of Blepharitis and
Allergic Rhinoconjunctivitis [16, 17]. While the trial examining
probiotic supplementation in Blepharitis is observational,
NCT04898686 examines probiotic supplementation in Allergic
Rhinoconjunctivitis is randomized, blinded, and placebo con-
trolled, allowing for higher quality of evidence to be obtained.
Future studies may consider referring to NCT04898686 and
other randomized controlled trials (RCTs) which have demon-
strated the benefit of probiotic supplementation in reducing
clinical symptoms of Irritable Bowel Syndrome, dental health,
insulin resistance, and depression [51-54]. RCTs investigating FMT
therapy have also shown clinical benefit in patients with metabolic
syndrome, hepatic encephalopathy, irritable bowel syndrome, and
Clostridium difficile induced diarrhea. [44, 55-57] Small molecule
inhibitors targeting the gut microbiota are currently in develop-
ment, but have not yet reached clinical trials [58]. Many of these
studies utilized 12 week treatment protocols, placebo or sham
treatments, and recruited over 30 patients per arm to achieve

SPRINGER NATURE
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Table 3. Quality of evidence in studies examined.

Author, Date Study type Quality of
Evidence
Watane et al. [44] Nonrandomized 2
clinical trial
McPherson et al. [25] Prospective cohort 2
Das et al. [18] Cross-sectional 4
Filippelli et al. [47] Prospective pilot 2
Berkowitz et al. [27] Case-Control 3
Filippelli et al. [45] Prospective pilot 2
Moubayed et al. [59] Cross-sectional 4
Napolitano et al. [47] Case Report 5
Huang et al. [20] Cross-sectional 4
Jayasudha et al. [33] Cross-sectional 4
Chakravarthy et al. [34] Cross-sectional 4
Zysset-Burri et al. [42] Cross-sectional 4
Skondra et al. [60] Cross-sectional 4
Jayasudha et al. [35] Cross-sectional 4
Chakravarthy et al. [34] Cross-sectional 4
Khan et al. [61] Case-Control 3
Yasar Bilge et al. [38] Case-Control 3
Moon et al. [62] Case-Control 3
Gong et al. [26] Case-Control 3
Ye et al. [19] Case-Control 3
Zinkernagel et al. [23] Cross-sectional 4
Huang et al. [32] Cross-sectional 4
Tecer et al. [37] Case-Control 3
Jayasudha et al. [21] Cross-sectional 4
Mendez et al. [63] Case-Control 3

statistical power. To establish a causative therapeutic relationship
between gut microbiota and mitigation of ocular pathology,
future studies may consider employing FMT, probiotic supple-
mentation in 12 week protocols with sample sizes over 30
patients. Trials may seek to isolate microbiome-immune-ocular
mediated effects from purely microbiome -ocular effects. Addi-
tionally, these trials may consider employing more targeted
intervention as they become available rather than FMT and
probiotic supplementation.

Taken together, recent clinical trials examining the connection
between gut microbiota and ocular pathology have shown an
association between the two systems. Additionally, limited early
therapeutic investigations aimed at targeting the microbiome to
mitigate ocular pathology appear to show beneficial responses.
Large-scale randomized controlled clinical trials may provide further
proof of this link and clarify areas for novel therapeutic targets.
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