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Introduction: Recently the role of gut microbial dysbiosis in many ocular

disorders, including but not limited to uveitis, age-related macular

degeneration (AMD), diabetic retinopathy (DR), dry eye, keratitis and

orbitopathy is a hot research topic in the field. Targeting gut microbiota to

treat these diseases has become an unstoppable trend. Bibliometric study and

visualization analysis have become essential methods for literature analysis in the

medical research field. We aim to depict this area's research hotspots and future

directions by bibliometric software and methods.

Methods: We search all the related publications from the Web of Science Core

Collection. Then, CiteSpace was applied to analyze and visualize the country

distributions, dual-map overlay of journals, keyword bursts, and co-cited

references. VOSviewer was employed to identify authors, co-cited authors,

journals and co-cited journals and display the keyword co-occurrence networks.

Results: A total of 284 relevant publications were identified from 2009 to 2023.

The number of studies has been small in the first five years and has grown steadily

since 2016. These studies were completed by 1,376 authors from 41 countries

worldwide, with the United States in the lead. Lin P has published themost papers

while Horai R is the most co-cited author. The top journal and co-cited journal

are both Investigative Ophthalmology & Visual Science. In the keyword co-

occurrence network, except gut microbiota, inflammation becomes the

keyword with the highest frequency. Co-citation analyses reveal that gut

dysbiosis is involved in common immune- and inflammation-mediated eye

diseases, including uveitis, diabetic retinopathy, age-related macular

degeneration, dry eye, and Graves' orbitopathy, and the study of microbiomes

is no longer limited to the bacterial populations. Therapeutic strategies that

target the gut microbiota, such as probiotics, healthy diet patterns, and fecal

microbial transplantation, are effective and critical to future research.

Conclusions: In conclusion, the bibliometric analysis displays the research

hotspots and developmental directions of the involvement of gut microbiota in

the pathogenesis and treatment of some ocular diseases. It provides an overview

of this field's dynamic evolution and structural relationships.

KEYWORDS

gut microbiota, eye disease, inflammation, probiotics, fecal microbial transplantation,
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1 Introduction

The commensal microbiota is a collective term for

microorganisms colonizing the skin or mucous membranes,

including the gastrointestinal tract, respiratory tract, oral cavity,

conjunctiva, and vagina, most of which are located in the intestine.

It is estimated that there are around 1014 microorganisms in the gut,

the collective genome of which is much larger than the human

genome, consisting of bacteria, fungi, viruses, protozoa, and archaea

(Sekirov et al., 2010; Szablewski, 2018). Among them, bacterial

communities dominate. Firmicutes and Bacteroidetes are the

prominent bacterial phyla; and the rest include Actinobacteria,

Proteobacteria, Verrucomicrobia, Fusobacteria, and other bacterial

phyla (Hu et al., 2016).

As the largest symbiotic microbiota, the intestinal commensals

have become indispensable to the human body. They play multiple

physiological functions, including promoting food digestion and

absorption (Fang et al., 2022), regulating the host’s immune system

(Shi et al., 2017), protecting from pathogens (Pickard et al., 2017),

synthesizing amino acids, and vitamins (Brunkwall and Orho-

Melander, 2017), and metabolizing oral drugs (Kumar et al.,

2019). Lots of factors can contribute to changes in the

composition of the gut microbiota, including internal factors such

as the interaction of gut microbiome with the innate and adaptive

immune system, external factors like diet, drug use such as

antibiotics, toxin exposure, and various diseases (Gritz and

Bhandari, 2015). Under the influence of these factors, intestinal

dysbiosis occurs when there is a severe imbalance between

beneficial and pathogenic microbes (Robles Alonso and Guarner,

2013). In such a dysbiotic condition, harmful bacteria or

conditional pathogenic groups multiply to promote the

occurrence of a series of diseases (Diez-Sainz et al., 2021).

Currently, dysbiosis of the intestinal microbiota has been reported

in various conditions, including inflammatory bowel disease

(Gianchecchi and Fierabracci, 2019), ankylosing spondylitis

(Ciccia et al., 2017), multiple sclerosis (Berer et al., 2011),

Alzheimer’s disease (Hu et al., 2016), and diabetes (Dedrick et al.,

2020; Yang et al., 2021).

In recent years, the role of gut microbial dysbiosis in many

ocular disorders, including but not limited to uveitis (Kodati and

Sen, 2019), age-related macular degeneration (AMD) (Lima-Fontes

et al., 2022), diabetic retinopathy (DR) (Thakur et al., 2022), dry eye

(Bai et al., 2023b), keratitis (Jayasudha et al., 2018) and orbitopathy

(Biscarini et al., 2023), has also attracted more attention from

researchers and become a hot research topic. Targeting gut

microbiota to assist in treating diseases has become an

unstoppable trend. Therapies including antibiotics (Nakamura

et al., 2016), probiotics (Kim et al., 2017; Bai et al., 2023a), dietary

modifications (Rowan et al., 2017; Beli et al., 2018), and fecal

microbial transplantation (FMT) (Watane et al., 2022) have made

initial advances in animal models or clinical trials of eye diseases.

Recently, bibliometric study and visualization analysis have

become essential methods for literature analysis in the medical

research field. Bibliometric analysis can summarize the existing

publications and analyze the research structure and quantitative

information in a specific research field. Meanwhile, visualization
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maps can provide the relative contributions from different

countries, authors, and journals and the internal correlation

between citing and co-cited papers. Consequently, these analyses

can outline the current overall framework and show the focus and

development trends of the field (Guler et al., 2016; Gu et al., 2021). As

stated previously, gut microbiota has been found to be associated with

the eye. Therefore, we aim to depict this area’s research hotspots and

future directions by bibliometric software and methods.
2 Materials and methods

2.1 Search strategies and data collection

The Web of Science (WoS) Core Collection database was

searched for all literature on gut microbiota and ocular diseases.

All searches were completed on the same day to avoid bias in the

number of documents due to database updates. We broadened the

searches by adding some terms of eye diseases that had been

reported to be associated with the gut microbiota (Cavuoto et al.,

2019). The final retrieval strategies are integrated as follows: TS=

(“gut microb*” or “intestinal microb*” or “gut microflora” or

“intestinal microflora” or “gut microorganism” or “intestinal

microorganism” or “probiotics” or “prebiotics” or “synbiotics”)

AND TS= (“eye” or “ocular” or “ophthalm*” or “retin*” or

“uveitis” or “keratitis” or “age-related macular degeneration” or

“glaucoma” or “orbitopathy”) AND Timespan: 1900-01-01 to 2023-

04-03. A total of 858 publications were identified from WoS, and

574 irrelevant publications were excluded after manual screening by

reading all titles and abstracts and skimming the full text of some

ambiguous documents. Finally, 284 publications were included in

the bibliometric analysis, containing 155 articles, 83 reviews, 40

meeting abstracts, 5 editorial materials, and 1 news item (Figure 1).

Eligible publications were saved and exported as plain text files,

including titles, authors, keywords, institutions, countries,

publishing journals, references, and citations.
2.2 Bibliometric analyses

All exported data were imported into CiteSpace version 6.2.R2

(Drexel University, Philadelphia, United States) (Chen, 2006) and

VOSviewer version 1.6.19 (Leiden University, Leiden, Netherlands)

(van Eck and Waltman, 2010). We used the “Remove Duplicates”

function in CiteSpace to eliminate potentially duplicate records.

And then, the synonyms for terms in some areas, such as the

countries, keywords, and cited journals, were merged for more

accurate results. The citation report of WoS provided the

publication and citation trends from 2009 to 2023. CiteSpace was

applied to analyze and visualize the country distributions, dual-map

overlay of journals, keyword bursts, and co-cited references

(Figure 1). CiteSpace can perform co-citation analysis on

references and obtain cluster view and timeline view through a

similarity algorithm so that the history of knowledge evolution or

the historical span of documents in a certain cluster will be

described in the time dimension, and the development trends of
frontiersin.org
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the link between gut microbiota and the eye can be recognized.

VOSviewer was employed to identify authors, co-cited authors,

journals and co-cited journals and display the keyword co-

occurrence networks (Figure 1). Co-occurrence analysis can mark

keywords in graduated colors based on time course or divide them

into clusters with different colors.
3 Results

3.1 The publication and citation trends

The number of publications and citations may reflect the

progression and direction of studies in a field, and Figure 2A

shows the number and trends of publications related to gut

microbiota and eye diseases (There were 15 publications and 493

citations in 2023 till April 3, 2023, not shown in Figure 2A). It is

easy to discover that the number of articles published yearly was

fewer than five before 2015, while it has steadily increased since

2016. Especially in the past 2022, the number of publications and

citations peaked, with 70 documents and 1480 citations (Figure 2A).

The 284 publications are cited 4,928 times (3,645 times after

removing self-citation) in the WoS database, with an average of

17.4 citations (12.8 citations without self-citation) per publication.

This result indicates that the role of gut microbiota in eye diseases

has received more and more attention in recent years and is

gradually becoming a research focus.
3.2 Analysis of leading countries

The published studies are distributed in 41 countries worldwide,

and Table 1 lists the top 5 country distributions of publications.

Among them, studies from the United States (97, 34.155%) and the

People’s Republic of China (88, 30.986%) each accounted for about

one-third of the total, showing a prominent numerical advantage,
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followed by the United Kingdom (24, 8.451%) and Italy (22,

7.746%) (Table 1). In the country distribution network shown in

Figure 2B, the two core nodes are the United States and the People’s

Republic of China. It is worth noting that some nodes with purple

rings on the periphery, including the United States, the People’s

Republic of China, the United Kingdom, Italy, and Canada

(Figure 2B), have a high centrality, indicating that researches that

made significant contributions to this field or connected several

subfields under the topic are mainly from these countries.
3.3 Analysis of authors and
co-cited authors

A total of 1,376 authors are involved in the research about the

association between gut microbiota and eye disease, and Table 2

lists the top 10 authors and co-cited authors. Interestingly, more

than half of the authors and co-cited authors in the table are

American, suggesting that the United States plays a crucial role in

the field, consistent with the leading country analysis (Table 2). Lin

P, Rosenbaum JT, Nakamura YK, and Asquith M are all from

Oregon Health and Science University, United States, and often

collaborated on papers. At the same time, Horai R and Caspi RR

also come from the same laboratory (Laboratory of Immunology,

National Eye Institute, National Institutes of Health, USA) and co-

authored several related publications. These authors rank highly on

the author or co-cited author lists (Table 2).

VOSviewer automatically classified co-authors with over 15

citations into three sections (Figure 2C). The green section,

centered on Horai R and Nakamura YK, focuses on ocular

autoimmunity and autoimmune uveitis (Nakamura et al., 2017;

Horai and Caspi, 2019). Rowan S and Zinkernagel MS, who are

represented by well-marked red nodes, aim to explore the association

between gut microbiota, diet, and AMD (Zinkernagel et al., 2017;

Rowan et al., 2021). de Paiva CS and Kugadas A occupy a prominent

position in the blue part and are known for their research directions,
FIGURE 1

The flow chart of the included publications and methods used in the bibliometric analysis. A total of 284 publications were included in the
bibliometric analysis. CiteSpace was applied to analyze and visualize the country distributions, dual-map overlay of journals, keyword bursts, and co-
cited references, and VOSviewer was employed to identify authors and co-cited authors, journals and co-cited journals, and to display the keyword
co-occurrence networks.
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such as Sjogren’s syndrome, ocular surface mucosal barrier, and

ocular surface inflammation (de Paiva et al., 2016; Kugadas et al.,

2017). The enrichment and link of co-authors suggest the specific

research basis and progress of gut microbiota in ophthalmology.
3.4 Analysis of journals and
co-cited journals

The collected papers are published in 136 journals, of which

Investigative Ophthalmology & Visual Science (IOVS) is the leading
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journal published the most papers (40, 14.085%), followed by Scientific

Reports (10, 3.521%), Frontiers in Immunology (10, 3.521%),

International Journal of Molecular Sciences (9, 3.169%), and Frontiers

inMicrobiology (9, 3.169%) (Table 3; Figure 3A). These are well-known

journals in ophthalmology, immunology, microbiology, and

multidisciplinary science.

Co-citation analysis of journals can reveal the strength of

associations between journals or articles. In general, the higher the

co-citation frequency of a journal is, the greater its influence in the field.

Table 3 also displays the top co-cited journals that have been citedmore

than 200 times. In line with published journals, IOVS (786 times)
TABLE 1 Top 5 country distributions of publications.

Rank Country Centrality Counts (%) Citations

1 United States 0.55 97 (34.155) 2306

2 Peoples R China 0.40 88 (30.986) 1142

3 United Kingdom 0.32 24 (8.451) 633

4 Italy 0.31 22 (7.746) 545

5 Japan 0.02 17 (5.986) 467
fr
A B

C

FIGURE 2

Distribution of publications and citations from different years, countries and authors. (A) The citation report of the publication and citation trends
from 2009 to 2022. (B) Country distributions of the publications. Countries with purple rings on the periphery have a high centrality. (C) VOSviewer
visualization map of the co-cited authors. VOSviewer automatically classified co-authors with over 15 citations into three sections (the green, red,
and blue sections respectively).
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remains at the top of the list, accompanied by comprehensive journals

such as Plos One (483 times) and Nature (482 times). Similarly, in the

visualization analysis, VOSviewer clearly divided co-cited journals with

more than 20 citations into four clusters (Figure 3B). The green cluster,

where IOVS is regarded as the largest node, represents ophthalmology

journals, including important journals like Ophthalmology and

Experimental Eye Research. The red section is mostly made up of

journals closely related to nutrition and metabolism, such as Nutrients

and Diabetes. The yellow zone has several nodes and includes highly

cited comprehensive journals such as Nature, Proceedings of the

National Academy of Sciences of the United States of America

(PNAS). The blue part is mainly correlated with the field of

immunology, with Immunity as the representing journal.

The journal impact factor (IF) is also one of the indicators of a

journal’s impact and significance in particular fields, calculated as
Frontiers in Cellular and Infection Microbiology 05
the average citation counts of the journal’s publications in a specific

year. According to IF 2022, IF of Frontiers in Immunology (7.3) is

prominent among the top 11 published journals, andNature has the

highest IF (64.8) in the top 11 co-cited journals. Moreover, in terms

of the journal citation reports (JCR) in 2022 (Clarivate, United

Kingdom), most of the leading journals and co-cited journals are

listed in Quartile 1 (Q1), and no journals are in Q3 or Q4 (Table 3).

Simultaneously, CiteSpace was used to connect the citing

journals and cited journals and show their correspondence in the

dual-map overlay of journals (Chen et al., 2014). The left side

represents citing journals, and the right side indicates cited journals,

so the citation relationships are depicted as colored lines from the

left to the right. There are three main citation paths, containing one

orange path, one green path, and one pink path, respectively

(Figure 4). Notably, all three tracks end in Molecular/Biology/
TABLE 3 Top 11 journals and co-cited journals.

Rank Journal Counts
(%)

JCR
(2022) Co-cited journal Citation

counts
JCR

(2022)

1
Investigative Ophthalmology &

Visual Science
40 (14.085) Q1 Investigative Ophthalmology & Visual Science 786 Q1

2 Scientific Reports 10 (3.521) Q2 PLoS One 483 Q2

3 Frontiers in Immunology 10 (3.521) Q1 Nature 482 Q1

4
International Journal of Molecular

Sciences
9 (3.169) Q1 Scientific Reports 386 Q2

5 Frontiers in Microbiology 9 (3.169) Q2
Proceedings of the National Academy of Sciences of the

United States of America
367 Q1

6 Nutrients 8 (2.817) Q1 Science 282 Q1

7 Experimental Eye Research 7 (2.465) Q2 Frontiers in Immunology 236 Q1

8
Frontiers in Cellular and Infection

Microbiology
7 (2.465) Q1 Cell 216 Q1

9 PLoS One 5 (1.761) Q2 Ophthalmology 215 Q1

10
Frontiers in Cell and
Developmental Biology

5 (1.761) Q1 Nutrients 213 Q1

11 Journal of Clinical Medicine 5 (1.761) Q2 Journal of Immunology 203 Q2
fro
Q1: Quartile 1 of JCR 2022.
TABLE 2 Top 10 authors and co-cited authors.

Rank Author Country Counts (%) Co-cited author Country Citation counts

1 Lin P United States 14 (4.930) Horai R United States 115

2 Rosenbaum JT United States 13 (4.577) Rowan S United States 88

3 Horai R United States 12 (4.225) Nakamura YK United States 79

4 Asquith M United States 11 (3.873) Lin P United States 58

5 Skondra D United States 11 (3.873) de Paiva CS United States 58

6 Caspi RR United States 9 (3.169) Rosenbaum JT United States 50

7 Shivaji S India 9 (3.169) Zinkernagel MS Switzerland 49

8 Grant MB United States 8 (2.817) Andriessen EMMA Canada 44

9 Huang XY Peoples R China 7 (2.465) Rinninella E Italy 44

10 Kim MK South Korea 7 (2.465) Scher JU United States 43
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A

B

FIGURE 3

Distribution of publications and citations from different journals. Visualization maps of the journals (A) and co-cited journals (B). Journals with the
more publications or the higher co-citation frequency are symbolized as the larger nodes. The top journal and co-cited journal are both
Investigative Ophthalmology & Visual Science.
FIGURE 4

The dual-map overlay of journals. The dual-map overlay of journals displays the associations between publications and citations, with dots representing
citing journals in the left and cited journals in the right, so that the citation relationships are depicted as colored lines from the left to the right.
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Genetics journals. That means, studies published in Molecular/

Biology/Immunology journals, Medicine/Medical/Clinical journals,

and Neurology/Sports/Ophthalmology journals, generally cited

papers in Molecular/Biology/Genetics journals (Figure 4).
3.5 Analysis of co-occurring keywords and
burst terms

To a certain extent, the analysis of keywords can demonstrate the

hotspots and focus of this research field. Before analyzing, we merged

some terms with the same meaning, including synonyms (e.g., “gut

microbiota” and “intestinal microbiota”), different expressions (e.g.,

“microbiota” and “microbiome”), and singular and plural forms (“risk-

factor” and “risk-factors”). The top 25 keywords are presented in

Table 4, which can be further divided into three main categories. The

first category is related to “gut” or “microbiota”, such as gut dysbiosis

and probiotics. The second category concerns ocular diseases, such as

autoimmune uveitis and diabetic retinopathy, and related ophthalmic
Frontiers in Cellular and Infection Microbiology 07
terms like the retina. The last involves pathogenic processes and

mechanisms, including inflammation (e.g., inflammation, oxidative

stress), immunity (e.g., T cells, autoimmunity), and metabolism (e.g.,

obesity), implying that the above processes or related pathways may

also be important targets for intervening with the gut microbiota in the

treatment of ocular diseases.

Figure 5A shows the keyword co-occurrence networks, where

color mapping by the average year of keyword occurrence is

employed to analyze the evolution of research trends. This

network diagram shows that before the average year of 2018, gut

microbiota was originally used to study autoimmune diseases such

as ankylosing spondylitis and inflammatory bowel disease. The

focus then slowly shifted to autoimmune uveitis, which is marked

by a prominent node in the network. This node may lie in the fact

that ankylosing spondylitis is frequently comorbid with immune-

mediated uveitis, which is also considered the primary ocular

manifestation of systemic immune diseases, such as Behcet’s

disease and Vogt-Koyanagi-Harada disease (Fu et al., 2021),

making the “gut-eye” association begin to attract the attention of

researchers. Subsequently, Sjogren’s syndrome and dry eye disease,

also mediated by autoimmunity, were gradually appreciated in this

topic. As research advanced, the role of gut microbiota in other

inflammatory and immune-related eye diseases, including DR,

AMD, and Graves’ orbitopathy (GO), has been constantly

reported in recent years (especially after 2021) (Figure 5A).

The top 20 keywords with the strongest citation bursts

generated by CiteSpace are illustrated in Figure 5B. Like the

keyword co-occurrence network, the burst keywords can reflect

the evolution process and development trend of the studies,

providing reference and experience for future research. These

burst terms can be broadly divided into several categories,

including immune-mediated extraocular/systemic diseases

(ankylosing spondylitis, inflammatory bowel disease, autoimmune

disease, Crohn’s disease, and Sjogren’s syndrome), ocular-related

(autoimmune uveitis, ocular surface), immune/inflammatory-

related (HLA-B27 transgenic rats, induction, regulatory T cells, B

cell, HLA-B27, and oxidative stress), microbial-related (bacteria,

diversity), and treatment-related (protection, management). In the

early years (2013-2017), multiple autoimmune diseases and

intestinal inflammatory diseases suddenly emerged. Since 2015,

“bacteria” and “diversity”, which mean the composition and

properties of gut microbiota, have been mentioned. Following

that, “regulatory T cells”, “HLA-B27”, “ocular surface”, and

“Sjogren’s syndrome” became bursts (Figure 5B). This trend is

consistent with the keyword co-occurrence analysis, indirectly

revealing the essential part of gut microbiota in the pathogenesis

and therapeutics of immune and inflammatory diseases.
3.6 Analysis of co-cited references

3.6.1 Top co-cited references
Cited references are the theoretical basis and knowledge

framework of a scientific research subject. If two references are

simultaneously cited by one paper, their contents may be related.

The more times they are co-cited, the stronger the correlation is.
TABLE 4 Top 25 keywords.

Rank Keywords Counts

1 Gut microbiota 193

2 Inflammation 62

3 Disease 39

4 Gut dysbiosis 36

5 Autoimmune uveitis 36

6 Diabetic retinopathy 34

7 Probiotics 33

8 Age-related macular degeneration 29

9 Obesity 28

10 Mouse model 28

11 T cells 26

12 Activation 24

13 Association 22

14 Autoimmunity 21

15 Dry eye 21

16 Retina 20

17 Cells 20

18 Macular degeneration 18

19 Ocular diseases 18

20 Pathogenesis 17

21 Bacteria 17

22 Oxidative stress 17

23 Gut-retina axis 16

24 Health 16

25 Risk-factors 16
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Therefore, statistical analysis of co-cited references is instructive.

We count the top 10 co-cited references in Table 5. The first two are

both AMD-related studies. The most commonly cited reference

reported a lower-glycemia diet altered gut microbiota and microbial

co-metabolites, thus protecting against the features of AMD in a

wild-type aged-mouse model (Rowan et al., 2017). Metagenomic

sequencing found alterations in gut microbiome between AMD

patients and controls (Zinkernagel et al., 2017). Also worth noting,

the third co-cited reference, which contributed to the treatment of

DR, confirmed that intermittent fasting could reconstruct intestinal

flora composition and improve bile acid metabolism to prevent

retinopathy in db/db mice (Beli et al., 2018).
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3.6.2 Eight clusters of the co-citation network
The co-citation network can be carved into different clusters

according to the log-likelihood ratio (LLR) algorithm using

CiteSpace, and the cited papers from the same cluster are much

more closely related. Terms from the title field of the citing

documents within each cluster are used to define that cluster. We

can find the top 8 clusters in Figure 6A, which are #0 diabetic

retinopathy, #1 autoinflammatory uveitis, #2 age-related macular

degeneration, #3 microbiome-linked control, #4 dry eye, #5 fecal

transplant, #6 graves’ orbitopathy, and #7 bacterial microbiome,

respectively. Five of these clusters (#0, #1, #2, #4, and #6) are about

various eye diseases, whereas the other three (#3, #5, and #7) focus on
TABLE 5 Top 10 co-cited references.

Rank Citation
counts Author Reference title Journal Year

1 52 Rowan S
Involvement of a gut-retina axis in protection against dietary glycemia-induced age-related
macular degeneration

P Natl Acad
Sci USA

2017

2 44
Zinkernagel

MS
Association of the intestinal microbiome with the development of neovascular age-related
macular degeneration

Sci Rep 2017

3 42 Beli E
Restructuring of the gut microbiome by intermittent fasting prevents retinopathy and prolongs
survival in db/db mice

Diabetes 2018

4 41
Nakamura

YK
Gut microbial alterations associated with protection from autoimmune uveitis

Invest Ophth
Vis Sci

2016

5 39 Horai R
Microbiota-dependent activation of an autoreactive T cell receptor provokes autoimmunity in
an immunologically privileged site

Immunity 2015

6 29 Rinninella E
The role of diet, micronutrients and the gut microbiota in age-related macular degeneration:
new perspectives from the gut-retina axis

Nutrients 2018

7 29
Nakamura

YK
Short chain fatty acids ameliorate immune-mediated uveitis partially by altering migration of
lymphocytes from the intestine

Sci Rep 2017

8 29 de Paiva CS Altered mucosal microbiome diversity and disease severity in sjogren syndrome Sci Rep 2016

9 27
Andriessen
EMMA

Gut microbiota influences pathological angiogenesis in obesity-driven choroidal
neovascularization

Embo Mol
Med

2016

10 27 Huang XY Gut microbiota composition and fecal metabolic phenotype in patients with acute anterior uveitis
Invest Ophth

Vis Sci
2018
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FIGURE 5

The main keywords. (A) Keyword co-occurrence networks. The node size indicates the frequency of keyword occurrence, and the lines connecting
nodes represent the strength of the link between keywords. Color mapping by the average year of keyword occurrence is employed to analyze the
evolution of research trends. (B) The top keywords with the strongest citation bursts. The long blue line depicts the timeline (2009-2023), and the
short red line indicates the burst period of certain keyword.
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aspects of gut microbiota. Among them, co-cited references in cluster

#3 describe the control of immune homeostasis by the gut microbiome

and the regulation of the microbiome on autoimmune states, primarily

on uveitis, suggesting a close relationship with cluster #1.

3.6.3 Timeline map of clusters
A cluster map can be converted to a timeline view to observe

research dynamics and progressions in the listed clusters over the

timeline. Of note, autoinflammatory uveitis, also known as

autoimmune uveitis, was first used to study associations with gut

microbiota (Figure 6B). Consistent with what was mentioned above,

cluster #3, which has many apparent links with cluster #1, can be

regarded as a continuation of #1 over time. Interestingly, studies

related to FMT (cluster #5), a meaningful way to verify the causality

of the intestinal microbiome or the effectiveness of therapies by

modifying the microbiota, stagnated around 2018, indicating that

the use of FMT in ocular diseases is still minimal (Figure 6B). In

contrast, microbiome-linked studies about DR and AMD have

continued until recently (Figure 6B).

3.6.4 High betweenness centrality papers
In the timeline map of clusters (Figure 6B), several nodes are

marked by purple rings, representing a high “betweenness
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centrality”. With higher betweenness centrality, these references

act as vital bridges connecting different subfields. Table 6 displays

the top 8 references with the highest “betweenness centrality”

among the top 8 clusters, most of which are from clusters #1 and

#3, highlighting the importance of some immune processes, such as

molecular mimicry and immune cells, such as regulatory T cells, in

the involvement of gut microbiota in autoimmune diseases. The

remaining two papers are from clusters #6 and #5. In particular, the

article from cluster #6 (graves’ orbitopathy) (Berchner-

Pfannschmidt et al., 2016) has the highest betweenness centrality

in all co-cited papers, which assessed a TSHR A-subunit plasmid-

immunized preclinical model of GO in female BALB/c mice under

different environments, and may provide great convenience and

strong support for the study on the association between GO with

the intestine microbiome.
3.6.5 Details of cluster #1 (autoinflammatory
uveitis) and #3 (microbiome-linked control)

Clusters #1 and #3 are related to microbiome-linked control

over autoimmune and autoinflammatory uveitis (Table 7). Except

for one clinical research from China (Huang et al., 2018) and a

review article (Horai and Caspi, 2019), the remaining top-cited

references of the two clusters are all animal experiments. Nakamura
A B

FIGURE 6

The main co-citation clusters. (A) CiteSpace visualization clusters of the co-cited references. Terms from the title field of the citing papers within
each cluster are used as the definition of that cluster. (B) Timeline view of these listed clusters of the co-cited references.
TABLE 6 Cited references with the highest “betweenness centrality” among the top 8 clusters.

Rank Centrality References Cluster
#

1 0.17
Berchner-Pfannschmidt U (2016) Comparative assessment of female mouse model of graves' orbitopathy under different
environments, accompanied by proinflammatory cytokine and t-cell responses to thyrotropin hormone receptor antigen

6

2 0.16 Avni O (2018) Molecular (Me)micry? 3

3 0.15 Nakamura YK (2016) Gut microbial alterations associated with protection from autoimmune uveitis 3

4 0.14 Huang XY (2018) Gut microbiota composition and fecal metabolic phenotype in patients with acute anterior uveitis 3

5 0.14 Lin P (2014) HLA-B27 and human beta 2-microglobulin affect the gut microbiota of transgenic rats 5

6 0.13
Horai R (2015) Microbiota-dependent activation of an autoreactive T cell receptor provokes autoimmunity in an immunologically
privileged site

1

7 0.12 Atarashi K (2013) T-reg induction by a rationally selected mixture of Clostridia strains from the human microbiota 1

8 0.11 Arnold IC (2011) Helicobacter pylori infection prevents allergic asthma in mouse models through the induction of regulatory T cells 1
fro
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YK, the third top co-cited author in all references (Table 2), is one of

the authors of two animal studies that established B10RIII mouse

model of induced experimental autoimmune uveitis (EAU) by

active immunization with inter-photoreceptor retinoid-binding

protein (IRBP) emulsified in the complete Freund’s adjuvant

(Nakamura et al., 2016; Janowitz et al., 2019). In contrast, another

prominent cited author, Horai R, who ranks top in the co-cited

author list (Table 2), used a novel model of spontaneous uveitis. The

spontaneously uveitic R161H mouse could express an IRBP-specific

T cell receptor transgene on the B10.RIII background (Horai et al.,

2015). As for the citing articles, all these seven publications belong

to review articles, two of which were written by Rosenbaum JT

(Table 7) (Rosenbaum and Kim, 2013; Rosenbaum et al., 2016), an

author who has made a significant contribution to this field, as

previously stated.

3.6.6 Details of cluster #0 (diabetic retinopathy),
#2 (age-related macular degeneration), #4 (dry
eye), and #6 (graves’ orbitopathy)

In addition to uveitis, common eye diseases, including DR,

AMD, dry eye, and GO, have been reported to be closely associated

with intestinal microbiota (Moon et al., 2020c; Jiao et al., 2021;

Zhang et al., 2022; Li et al., 2023). In cluster #0 (diabetic

retinopathy) (Table 8), the top-cited study conducted on db/db

mice and published on Diabetes, explored how intermittent fasting

altered the composition of gut microbiota and consequently

reduced DR severity (Beli et al., 2018). Its influence goes far

beyond other references within the cluster, laying the groundwork

for studying the role of microbiota in DR. Moreover, the clinical

research conducted by Das T et al. (Das et al., 2021), the citing

article, and the cited reference, compared alterations in gut bacterial

microbiome among DR, diabetes mellitus, and healthy

control groups.
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Papers from Rowan S et al. (Rowan et al., 2017) and Zinkernagel

MS et al. (Zinkernagel et al., 2017) are the most cited references in

cluster #2 (age-related macular degeneration) (Table 8), also in all

clusters (Table 5), indicating the potential role of gut microbes in

AMD has attracted public attention. Diet and obesity have been

identified as vital environmental risk factors for AMD, and diet is

one of the critical factors in changing the gut microbiota (Nadeem

et al., 2022). Therefore, the impact of dietary patterns such as high-

fat diet (Andriessen et al., 2016) and a high-glycemia diet (Rowan

et al., 2017) on AMD has been extensively studied, and

micronutrient intake has also been reviewed (Rinninella et al.,

2018; Cao et al., 2022). Interestingly, clusters #2 and #4 (dry eye)

share the same citing article with the most coverage (Moon et al.,

2020c). The majority of the articles from cluster #4 are about the

regulation of ocular surface health and ocular surface diseases such

as Sjogren’s syndrome and dry eye syndrome (de Paiva et al., 2016;

Kugadas et al., 2017; Schaefer et al., 2022b). And over half of these

representative citing articles in this section (Table 8) were

completed by Moon J and colleagues, including two original

articles and one review (Moon et al., 2020a; Moon et al., 2020b;

Moon et al., 2020c). Of note, IRT5, a mixed probiotic consisting of

Lactobacillus casei, Lactobacillus acidophilus, Lactobacillus reuteri,

Bifidobacterium bifidum, and Streptococcus thermophilus, was

mentioned to potentially decrease the severity of experimental dry

eye model, which indicated that probiotics might be an effective

means to treat disease by intervening with the gut microbiota (Kim

et al., 2017; Moon et al., 2020b). In contrast, there is less attention to

cluster #6 (graves’ orbitopathy), which is isolated from other

clusters in the cluster map (Figure 6A). The cited references are

primarily about Graves’ disease (GD) (Ishaq et al., 2018; Su et al.,

2020), followed by GO (Masetti et al., 2018), while the citing articles

are reviews relevant to the field (Hou et al., 2021; Virili et al., 2021;

Li et al., 2023) (Table 8).
TABLE 7 Cited references and citing articles of cluster #1 autoinflammatory uveitis and #3 microbiome-linked control.

Clusters

Cited references Citing articles

Author (year) journal,
volume

Citation
counts Author (year) title Coverage

counts

#1 Autoinflammatory uveitis

Horai R (2015) Immunity, 43 39
Rosenbaum JT (2013) Innate immune signals in autoimmune and
autoinflammatory uveitis

26

Atarashi K (2011) Science, 331 6
Consolandi C (2015) Behcet’s syndrome patients exhibit specific
microbiome signature

19

Berer K (2011) Nature, 479 6 Rosenbaum JT (2016) The microbiome, HLA, and the pathogenesis of uveitis 10

#3 Microbiome-linked control

Nakamura YK (2016) Invest Ophth
Vis Sci, 57

41 Moon J (2020) Can gut microbiota affect dry eye syndrome? 34

Huang XY (2018) Invest Ophth Vis
Sci, 59

27 Xue W (2021) Microbiota and ocular diseases 24

Janowitz C (2019) Invest Ophth Vis
Sci, 60

25 Fu X (2021) The role of gut microbiome in autoimmune uveitis 20

Horai R (2019) Front Immunol, 10 23 Baim AD (2019) The microbiome and ophthalmic disease 17
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3.6.7 Details of cluster #5 (fecal transplant) and
#7 (bacterial microbiome)

Clusters #5 (fecal transplant) and #7 (bacterial microbiome) focus

on characterizing the gut microbiome (Table 9). In the citing reviews,

FMT is deemed as a potentially effective therapeutic strategy to

spondyloarthritis and uveitis by replacing the gut microbiome with

a normal one (Choi et al., 2018; Rosenbaum and Asquith, 2018),

although it has not yet been widely applied to clinical trials.

Historically, most of the work on gut microbiomes has focused on

the dominant bacterial communities, which outpaces that of viral and
Frontiers in Cellular and Infection Microbiology 11
eukaryotic communities (Shivaji, 2017). Cluster #7 is about gut

bacterial microbiome alterations in some extra-intestinal diseases,

including central nervous system disorders (multiple sclerosis) (Chen

et al., 2016), eye diseases (uveitis, keratitis, and retinitis pigmentosa)

(Horai et al., 2017; Jayasudha et al., 2018; Chakravarthy et al., 2018a;

Chakravarthy et al., 2018b; Kutsyr et al., 2021), and cardiovascular

disease (Tang et al., 2017). In the studies on keratitis, the interaction

networks between bacterial and fungal microbiomes in patients,

regardless of bacterial or fungal keratitis, were demonstrated

(Jayasudha et al., 2018; Chakravarthy et al., 2018b).
TABLE 8 Cited references and citing articles of cluster #0 diabetic retinopathy, #2 age-related macular degeneration, #4 dry eye, and #6 graves’ orbitopathy.

Clusters

Cited references Citing articles

Author (year)
journal, volume

Citation
counts Author (year) title Coverage

counts

#0 Diabetic retinopathy

Beli E (2018) Diabetes,
67

42 Nadeem U (2022) Gut microbiome and retinal diseases: an updated review 23

Chakravarthy SK (2018)
Indian J Microbiol, 58

26 Bringer M (2021) The gut microbiota in retinal diseases 21

Das T (2021) Sci Rep, 11 22
Das T (2021) Alterations in the gut bacterial microbiome in people with type 2 diabetes
mellitus and diabetic retinopathy

15

Huang YH (2021) Front
Cell Infect Mi, 11

20 Jiao J (2021) Recent insights into the role of gut microbiota in diabetic retinopathy 14

#2 Age-related macular degeneration

Rowan S (2017) P Natl
Acad Sci USA, 114

52 Moon J (2020) Can gut microbiota affect dry eye syndrome? 38

Zinkernagel MS (2017)
Sci Rep, 7

44 Xue W (2021) Microbiota and ocular diseases 32

Rinninella E (2018)
Nutrients, 10

29 Scuderi G (2022) Gut microbiome in retina health: the crucial role of the gut-retina axis 18

Andriessen EMMA
(2016) Embo Mol Med,
8

27
Pezzino S (2023) Microbiome dysbiosis: a pathological mechanism at the intersection of obesity
and glaucoma

15

#4 Dry eye

de Paiva CS (2016) Sci
Rep, 6

29 Moon J (2020) Can gut microbiota affect dry eye syndrome? 27

Moon J (2020) PLoS
One, 15

19 Moon J (2020) Effect of IRT5 probiotics on dry eye in the experimental dry eye mouse model 15

Kugadas A (2017) Invest
Ophth Vis Sci, 58

17
Moon J (2020) Gut dysbiosis is prevailing in Sjogren’s syndrome and is related to dry eye
severity

14

Lin P (2018) Curr Opin
Ophthalmol, 29

17 Baim AD (2019) The microbiome and ophthalmic disease 12

Kim J (2017) Nutrients,
9

15
Schaefer L (2022) Gut microbiota from Sjogren syndrome patients causes decreased T regulatory
cells in the lymphoid organs and desiccation-induced corneal barrier disruption in mice

12

#6 Graves’ orbitopathy

Su XH (2020) J Clin
Endocr Metab, 105

8 Virili C (2021) Gut microbiome and thyroid autoimmunity 10

Masetti G (2018)
Microbiome, 6

7 Hou J (2021) The role of the microbiota in Graves’ disease and Graves’ orbitopathy 7

Ishaq HM (2018) Int J
Biol Sci, 14

7 Li Y (2022) The role and molecular mechanism of gut microbiota in Graves’ orbitopathy 7
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4 Discussion

In the field of ophthalmic diseases, there is an increasing interest

in relieving ocular symptoms by modulating the intestinal

commensals, as the commensals play a crucial role in innate and

adaptive immunity to achieve favorable control of diseases (Moon

et al., 2020c). To the best of our knowledge, this study is the first

bibliometric study and visualization analysis about the effects of gut

microbiota on ocular disorders.
4.1 Brief history of research on gut
microbiota in ocular diseases

The first article in this research field is a letter to the editor,

published in 2009, about gut microbiota’s influence on the lens and

retinal lipid metabolism. Thus, it opened up a new area connecting

gut microbiota with ocular health (Oresic et al., 2009).

In the following five years, fewer than ten papers were

published, mainly about HLA-B27, one of the main risk factors

for ankylosing spondylitis and spondyloarthritis-associated uveitis,

affecting the intestinal microbiome of transgenic rats (Lin et al.,

2013; Lin et al. , 2014), commensal microbiota in the

pathophysiology and treatment of irritable bowel, eye and mind

syndrome (Feher et al., 2014), and early optimal nutrition

improving neurodevelopmental outcomes in infants, including

but not limited to retinopathy of prematurity (Hsiao et al., 2014).

Notably, the idea of ameliorating EAU by altering the gut

microbiota began to be raised, albeit in the form of a conference

abstract in 2014 (Nakamura et al., 2014). Meanwhile, terms such as

ankylosing spondylitis, inflammatory bowel disease, autoimmune

uveitis, and HLA-B27 transgenic rats became burst keywords in
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2013 (Figure 5B). At this time, the involvement of the microbiota in

the eye was just in its infancy.

Subsequently, researches on this topic have grown steadily since

2016 (Figure 2A), just after the first report on the microbiota-

dependent activation of autoimmunity in the mouse model of

spontaneous uveitis in 2015 (Horai et al., 2015). In the years 2016

and 2017, the involvement of diet, gut microbiota, or microbial

metabolites such as short-chain fatty acids in immune-mediated

uveitis (Heissigerova et al., 2016; Nakamura et al., 2016; Nakamura

et al., 2017), Sjogren’s syndrome (de Paiva et al., 2016) and AMD

(Andriessen et al., 2016; Rowan et al., 2017; Zinkernagel et al., 2017)

was gradually emerging. These works are ground-breaking studies

in ocular diseases, mainly from the United States, Switzerland,

Canada, and the Czech Republic, most of which are also the top co-

cited references in Table 5. It was not until 2018 that the first data

on the effects of intermittent fasting on DR in db/db mice were

reported (Beli et al., 2018).
4.2 Leading countries, top authors, top
co-cited authors, and leading journals

From the perspective of countries, the United States has

absolute leadership in this field, with 2306 citations and the

highest centrality (Table 1), and more than half of the top

authors and co-cited authors are from the United States

(Table 2). This result may reflect the solid financial and

institutional support behind it. In second place is the People’s

Republic of China, with 1142 citations and a centrality of 0.40, from

which Huang XY, one of the productive authors in the area, comes.

It is followed by the United Kingdom, Italy, and Japan with similar

counts of citations, whereas there is a lower centrality in Japan
TABLE 9 Cited references and citing articles of cluster #5 fecal transplant and #7 bacterial microbiome.

Clusters

Cited references Citing articles

Author (year)
journal, volume

Citation
counts Author (year) title Coverage

counts

#5 Fecal transplant

Nakamura YK (2017) Sci
Rep, 7

29 Choi RY (2018) Fecal transplants in spondyloarthritis and uveitis: ready for a clinical trial? 17

Lin P (2014) PLoS One, 9 13 Rosenbaum JT (2018) The microbiome and HLA-B27-associated acute anterior uveitis 15

Costello ME (2015)
Arthritis Rheumatol, 67

13 Pedersen SJ (2019) The pathogenesis of ankylosing spondylitis: an update 6

#7 Bacterial microbiome

Horai R (2017) Expert
Rev Clin Immu, 13

9
Jayasudha R (2018) Alterations in gut bacterial and fungal microbiomes are associated with
bacterial keratitis, an inflammatory disease of the human eye

16

Shivaji S (2017) Gut
Pathog, 9

8 Chakravarthy SK (2018) Alterations in the gut bacterial microbiome in fungal keratitis patients 13

Chen J (2016) Sci Rep, 6 5
Chakravarthy SK (2018) Dysbiosis in the gut bacterial microbiome of patients with uveitis,
an inflammatory disease of the eye

11

Tang WHW (2017) Circ
Res, 120

5 Kutsyr O (2021) Retinitis pigmentosa is associated with shifts in the gut microbiome 5
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(Table 1). Shivaji S, Huang XY, and KimMK are three authors from

Asia on the list of top authors, yet there are no Asian authors in the

top co-cited author list (Table 2).

As for the top authors and top co-cited authors, there is a high

degree of overlapping (Table 2). Lin P is the most productive author

whose significant contributions lie in the studies of modifying the

gut microbiota to prevent EAU (Nakamura et al., 2016; Nakamura

et al., 2017; Janowitz et al., 2019) and exploring the potential role of

HLA-B27 in the process (Lin et al., 2013; Lin et al., 2014), as well as

follow-up reviews about the role of the gut microbiome in AMD,

another ocular inflammatory disease (Lin, 2018; Lin, 2019; Lin et al.,

2021). Moreover, Lin P, Rosenbaum JT, Asquith M, and Nakamura

YK have a close cooperative relationship; they are all scholars from

the same university, Oregon Health and Science University. Except

for Asquith M, they are also the top co-cited authors on this topic

(Table 2). Similarly, Horai R and Caspi RR are professors from the

same laboratory and work on the pathogenesis of commensal

microbiota in the model of spontaneous uveitis (Horai et al.,

2015; Zarate-Blades et al., 2017). At the same time, Horai R is the

first co-cited author in Table 2. Considering the distribution of

authors with their research direction, it can be inferred that studies

on uveitis are relatively mature, with the most significant number in

the whole subject.

In terms of published journals, IOVS, one of the most influential

ophthalmology journals, published the most papers, followed by

Scientific Reports and Frontiers in Immunology. Among these co-

cited journals, IOVS is also the most cited, followed by Plos One and

Nature, which are well-known comprehensive journals (Table 3).

The studies from these journals broaden and deepen the perception

of the interaction between the eye and the gut and provide the

possibility for applying the therapeutic strategy, which targets gut

microbiota, to clinical scenarios.
4.3 Keywords analysis

Co-occurrence and burst analyses of keywords could offer

insight into research conditions, hotspots of different directions,

and the evolution of frontiers in this area. In our study, co-

occurrence networks are broadly consistent with the trends

shown by the analysis of burst terms (Figures 5A, B). The

concern for the intestinal flora stemmed from its performance in

inflammatory bowel disease and ankylosing spondylitis

(Thompson-Chagoyán et al., 2005; Scanlan et al., 2006; Lin et al.,

2014; Costello et al., 2015). Autoimmune uveitis was gradually

becoming another focal point, presumably because it is the most

common ocular manifestation of systemic immune diseases

(Rosenbaum and Kim, 2013; Consolandi et al., 2015; Thomas and

Lin, 2016; Sharma and Jackson, 2017). In these uveitis-related

studies, the hypothesis and discovery by Horai R et al. (Horai

et al., 2015) and Nakamura YK et al. (Nakamura et al., 2016)

regarding the involvement of gut microbiota in the pathogenic

mechanism have given considerable impetus to the advancement of

this field. From this, a research boom was set off in the “gut-eye”

axis research. Since bacteria are the prominent and most known

component of the gut microbiota, the frequency of bacteria and
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diversity (including bacterial a diversity and b diversity) also

exploded in a period. Subsequently, regulatory T cells became a

high-frequency keyword because commensal microbes mainly

regulate intestinal and parenteral immunity by balancing

regulatory T cells and Th17 cells, and Th17 cells can induce

inflammatory responses while regulatory T cells are essential in

suppressing excessive inflammation (Nakamura et al., 2016;

Nakamura et al., 2017; Rosenbaum and Asquith, 2018; Zamvil

et al., 2018). The role of microbiota in maintaining ocular surface

health and barrier, as well as preventing immune-mediated ocular

surface diseases such as dry eye manifestations caused by Sjogren’s

syndrome, also began to be valued (Figure 5B) (de Paiva et al., 2016;

Kugadas et al., 2017).
4.4 Graves’ orbitopathy (GO) mouse
model paper has the highest
betweenness centrality

In the analysis of co-cited references, “betweenness centrality” is

the ability of every reference to mediate between other papers in an

interaction network. The greater the betweenness centrality, the

stronger the ability to connect different sections (Lin et al., 2022).

Surprisingly, while the number of documents on gut dysbiosis and

GO is limited, the paper with the highest betweenness centrality

among all the co-cited references comes from cluster #6 (graves’

orbitopathy) (Table 6) (Berchner-Pfannschmidt et al., 2016). This

document established a preclinical model of experimental GO in

female BALB/c mice and evaluated changes in pro-inflammatory

cytokines and T cell immune responses at two research centers.

Although alterations in the intestine were not mentioned, the

establishment of this animal model undoubtedly provides

excellent convenience and solid supports for the study of the

underlying mechanism of GO, including the association with

the intestine microbiota. It is the probable reason why it owns the

highest betweenness centrality. Indeed, the subsequent study used

this mouse model to see the correlation of gut microbiota changes

with the clinical presentation of GO under different environments

(Masetti et al., 2018). Most of the other literature with high

betweenness centrality comes from clusters #1 (autoinflammatory

uveitis) and #3 (microbiome-linked control) about uveitis or

regulatory T cells (Arnold et al., 2011; Atarashi et al., 2013; Horai

et al., 2015; Nakamura et al., 2016; Avni and Koren, 2018; Huang

et al., 2018).
4.5 The mechanisms of gut dysbiosis in the
pathogenesis of autoimmune uveitis

Moreover, cluster analysis divides co-cited references into

several typical clusters (Figure 6A). For autoimmune diseases and

autoinflammatory diseases, there is a relatively vague distinction.

Autoimmune diseases occur when the adaptive immune system’s

immune tolerance to autoantigens is disrupted, while

autoinflammatory diseases develop when the innate immune

system is defective or dysregulated (Ben-Chetrit et al., 2018;
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Molzer et al., 2021). Classic autoimmune diseases include multiple

sclerosis (Choileain et al., 2020), type 1 diabetes (Dedrick et al.,

2020), and rheumatoid arthritis (Manasson et al., 2020), while

inflammatory bowel disease and ankylosing spondylitis are

classified as probable autoinflammatory diseases (Vural et al.,

2020). In many cases, uveitis, whose cause can be direct or

ind i r e c t , i s r ega rded a s e i the r an au to immune or

autoinflammatory disease (Forrester et al., 2018; Molzer et al.,

2021). Thus, although cluster #1 is named “autoinflammatory

uveitis” in the map, many cited papers in this cluster and our

study do not make a strict distinction between the two categories.

As repeatedly emphasized before, uveitis is the first ocular

abnormality found to be associated with gut microbiota, including

EAU mouse models and acute anterior uveitis patients (Huang

et al., 2018), and it plays a pivotal role in mechanistic research.

Clusters #1, #3, and the timeline map also keep verifying this

notion (Figure 6B).

Various possible mechanisms mediated by intestinal dysbiosis

have been proposed autoimmune uveitis. First, bacteria can regulate

the balance of Th17 cells and regulatory T cells in the gut, leading to

loss of immune homeostasis (Zhuang et al., 2017). Increased Th17

cell and decreased regulatory T cells predispose to immune-

mediated diseases. For instance, a variety of Klebsiella strains

were reported to promote the production of Th cells in the gut of

mice (Atarashi et al., 2017). Second, intestinal bacterial antigens can

induce cross-reaction by mimicking autoantigens, thus activating

adaptive immune responses (Avni and Koren, 2018). In the

spontaneously uveitic R161H mice model, the gut commensal

microbiota is possible to activate retina-specific T cells by

mimicking IRBP to cause disease (Horai et al., 2015). The

presence of cross-reactivity of microorganisms is also confirmed

in systemic lupus erythematosus. Propionibacterium propionicum

and Bacteroides thetaiotaomicron, two of the identified commensal

microorganisms, were regarded to activate Ro60-specific CD4+

memory T cells in lupus patients (Avni and Koren, 2018; Greiling

et al., 2018). Third, dysbiosis of gut microbiota may cause the

alteration in intestinal permeability. This change in permeability

allows some bacterial products (such as lipopolysaccharides, b-
glucans) to spread into blood vessels and tissues and stay in tissues

like synovium or uvea, which could trigger the immune response to

induce arthritis or uveitis (Rosenbaum and Asquith, 2018;

Parthasarathy et al., 2023). Finally, promoting the migration of

immune cells to extra-intestinal regions may also be one of the

critical pathogenic mechanisms (Morton et al., 2014). It was found

that at the peak of inflammation (about two weeks after

immunization) in EAU model, the pathogenic bacteria,

represented by Prevotella, increased significantly, accompanied by

an increase in the transportation of leukocytes between the intestine

and the eye (Nakamura et al., 2017).
4.6 Therapeutic strategies targeting gut
microbiota to treat ocular diseases

Concomitantly, in both DR (cluster #0) and AMD (cluster #2)

studies, the positive effects of diet on disease control have been
Frontiers in Cellular and Infection Microbiology 14
described, whether the modifications in dietary style (intermittent

fasting) or improvements in dietary patterns (high-fat diet and

high-glycemia diet) (Andriessen et al., 2016; Rowan et al., 2017; Beli

et al., 2018). Oral probiotics like IRT5 have been reported to have a

certain effect in experimental dry eye (cluster #4) models by

changing microbiota composition (Kim et al., 2017; Choi et al.,

2020; Moon et al., 2020b). These suggest that dietary modification

and oral probiotics are significant ways to treat and alleviate gut

microbiota-related diseases. GD- and GO-related (cluster #6)

studies started late in this area, in which more animal

experiments and clinical trials are needed.

In addition to dietary modifications and the use of probiotics,

FMT (cluster #5) is another method of manipulating the microbiota

and has been reported to be effective in the treatment of colitis

caused by recurrent Clostridium difficile infection (van Nood et al.,

2013; Cheng et al., 2019). Several review articles have also described

and looked forward to the potential effectiveness of FMT for the

treatment of extra-intestinal diseases, including ocular disorders

(Choi et al., 2018; Rosenbaum and Asquith, 2018; Baim et al., 2019;

Fu et al., 2021; Hou et al., 2021). Specially, a recent clinical trial

published in the American Journal of Ophthalmology used FMT to

treat dry eye patients. 10 recipients received two FMTs from a single

healthy donor via enema (Watane et al., 2022). Despite being

limited by the small sample size, only short-term microbial

composition close to the donor, and subjective reported symptom

improvement, this study undoubtedly promoted advances in FMT

for autoimmune eye diseases. Moreover, some studies transplanted

the feces of patients into germ-free or antibiotic-treated mouse

models of the corresponding disease, and found that this

exacerbated their current disease manifestations (Andriessen

et al., 2016; Su et al., 2020; Ye et al., 2020; Schaefer et al., 2022b),

indirectly demonstrating the role of intestinal dysbiosis in the

pathogenesis. The application of FMT still needs to be improved,

and there is a long way to go before FMT can be generally applied in

clinical treatment.

Apart from gut microbiota itself, microbial metabolites are also

an important target. Short-chain fatty acids (SCFAs) are the most

commonly found beneficial bacterial metabolites, including acetic

acid, propionic acid, and butyric acid. A recent study showed that

fenofibrate, a lipid-lowering drug, can reduce retinal inflammation

in high-fat diet-induced mice and reverse the decline of SCFAs in

serum, retina, and feces (Wang et al., 2022). At the same time, the

number of lipopolysaccharide-associated bacteria was reduced,

such as Desulfovibrionaceae family, Acetatifactor, Flavonifractor,

Oscillibacter, and Anaerotruncus genus, while SCFA-associated

bacteria increased, including Porphyromonadaceae family,

Barnesiella, Alloprevotella, and Bifidobacterium genus (Wang

et al., 2022). Likewise, intra-peritoneal injected SCFAs can be

detected in the eye by crossing the blood-eye barrier and

inhibiting lipopolysaccharide-induced intraocular inflammation

(Chen et al., 2021). Oral propionic acid has been reported to

inhibit the migration of gut-spleen effector T cells and prevent

the transport of leukocytes between the intestine and extra-

intestinal tissues, thereby alleviating the severity of uveitis in EAU

mice (Nakamura et al., 2017). Similarly, gut-derived butyrate was

proposed to potentially suppress ocular surface inflammation,
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which is beneficial to the dry eye mouse model (Schaefer et al.,

2022a). Besides, in the feces of acute anterior uveitis patients, Huang

et al. (Huang et al., 2018) identified seven elevated metabolites

which are associated with certain inflammatory or immune-

mediated diseases, such as inflammatory bowel disease and non-

alcoholic fatty liver disease. Still, the link to the eye needs further

discovery. Since commensal microbiota produces thousands of

metabolites, our understanding of them must be clarified.

Identifying ophthalmic-specific metabolites and the regulatory gut

microbes may be one direction of future efforts.
4.7 Fungal mycobiome may play a role in
ocular diseases

By now, dysbiosis in the bacterial microbiome (cluster #7) is the

most studied and described. However, other agents, such as viral

and fungal communities, are also resident in the intestine, and their

dysregulation can lead to various diseases. However, sequencing

studies of fungal microbiota are gradually emerging. Alterations in

bacterial and fungal microbiomes, as well as their interaction

networks, were analyzed (Jayasudha et al., 2018; Chakravarthy

et al., 2018a; Chakravarthy et al., 2018b; Jayasudha et al., 2019).

In the future, the gut virus and the fungal microbiota deserve more

findings to improve our knowledge and understanding of

gut dysbiosis.

Overall, based on bibliometric methods, by integrating nearly

15 years of relevant literature, our study displays the research

process, research hotspots, and developmental research directions

of the involvement of gut microbiota in the pathogenesis and

treatment of ocular diseases and provides an overview of the

dynamic evolution and structural relationships in the field. The

link between the eye and commensals in the gut has further

significance and value. With the addition of more high-quality

results, future research on microbiota and eye disorders will be

conducted continuously and dynamically.
4.8 Limitations of this study

There are some limitations in our study. (1) All publications we

included come only from the WoS Core Collection database, and

other commonly used databases, such as Scopus, PubMed, Embase,

and Medline, may help provide more comprehensive literature

coverage. (2) The study of intestinal microbiota is an emerging

field, so the number of articles we have retrieved and the

corresponding time still need to be improved, and the analysis

and prediction of trends and hotspots also need to undergo a more

extended period of verification. (3)Our bibliometric study and

visualization analysis mainly rely on two software, CiteSpace, and

VOSviewer. The software algorithm sometimes has some

deviations. For example, in the cluster analysis, references from

clusters #1 and #3 have a strong correlation in content, and it can be

seen that the documents of the two clusters are continuous on the

timeline. But in the cluster diagram, these documents are divided

into two non-overlapping parts (Figures 6A, B).
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We are amidst an explosion of research on gut microbiota in

ocular diseases. The United States, where most prominent authors

come from, is leading the way in this field. Papers or abstracts

published in the ophthalmology journal IOVS, receive the most

attention. Intestinal dysbiosis is involved in various common

immune- and inflammation-mediated ocular diseases, including

but not limited to uveitis, diabetic retinopathy, age-related macular

degeneration, dry eye, and Graves’ orbitopathy. With the deepening

of the understanding of gut microbiota, other eye diseases, such as

glaucoma, retinopathy of prematurity, retinitis pigmentosa and

retinal artery occlusion, on which related studies are still limited.

Indeed, the relationship between these ocular diseases and gut

dysbiosis needs to be further investigated.

Meanwhile, the study of microbiomes is no longer limited to

bacterial populations. Several studies suggested that the gut fungal

mycobiome may be involved in the development of uveitis and

keratitis. Even though fungi are much less than bacteria in the gut,

commensal fungi have essential roles in human health and disease,

and their role in ocular diseases should be carefully explored. In

terms of the therapeutic strategies that target the gut microbiota,

including probiotics, healthy diet patterns, FMT, and SCFAs, these

data are mainly from experimental animal models, and there is a

need for more human-based clinical trials to determine their

efficacy in clinical settings.
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