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Abstract 

Recent studies have demonstrated that microRNAs hold potential as diagnostic biomarkers and 
therapeutic targets for ophthalmic diseases. However, there is a lack of bibliometric research focused 
on the role of microRNAs in ophthalmology. In this study, we conducted a bibliometric analysis to 
examine the trends and research hotspots in the field of microRNAs in eye-related diseases, 
providing a visual map of both established and emerging trends. We retrieved publications from the 
Web of Science database covering the period from 1999 to 2025. Visual representations were created 
using VOSviewer, CiteSpace, Venn diagrams, UpSet RStudio, and Microsoft Excel to perform co-
occurrence and co-citation analyses, highlighting trends, hotspots, and contributions from authors, 
institutions, journals, and countries/regions. China and the United States emerged as the leading 
contributors, while Investigative Ophthalmology and Experimental Eye Research were the most 
prolific journals in this field. Over the past 26 years, the number of publications and citations has 
grown exponentially across various countries, organizations, and authors. Notably, we found that 
the dysregulation of let-7, miR-184, miR-181, miR-155, miR-146, miR-21, and miR-9 occurred most 
frequently in various ocular-related diseases. This study outlines the current trends, hotspots, and 
emerging frontiers in the field, offering new insights into the identification of diagnostic biomarkers 
and the design of future clinical trials for microRNAs in ophthalmic diseases. Additionally, 
international collaborations are essential for expanding and advancing research on microRNAs in 
eye-related diseases. 

Keywords: microRNAs; Eye-related diseases; Bibliometric analysis; VOSviewer; CiteSpace 
 

1. Introduction 

MicroRNAs (miRNAs) are short, non-coding RNA molecules that play a crucial role in post-
transcriptional gene regulation, influencing key biological processes such as development, 
tumorigenesis, and disease progression. Their evolutionary significance is evident in the highly 
conserved sequences and regulatory functions across species. By binding to target messenger RNAs 
(mRNAs), particularly in the 3′ untranslated region (UTR), miRNAs regulate gene expression 
through translational repression or mRNA degradation, thereby exerting widespread effects on 
cellular functions [1]. miRNAs were first discovered in 1993 in Caenorhabditis elegans through 
classical forward genetics, analyzing the key C. elegans mutants lin-4 [2] and lin-14 [3]. 
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Numerous studies have identified miRNAs as both diagnostic and prognostic biomarkers for 
various diseases, including cardiovascular diseases, neurodegenerative disorders, retinal diseases, 
and cancers [4-6]. miRNAs, which are endogenous non-coding RNAs, consist of small single-
stranded nucleotides (~22 bp in length) [7] and recognize and bind to specific target mRNA sequences 
to induce their degradation [8] or suppress their translation [9], thereby modulating gene expression 
through post-transcriptional regulation [10]. 

Bibliometrics focuses on analyzing literature systems and characteristics, statistically and 
mathematically examining publications such as books and periodicals [11]. This method is a reliable 
approach for analyzing scientific literature and characterizing research trends over time. 
Bibliometrics has been applied to research in cardiovascular diseases [12], gastrointestinal diseases 
[13], and diabetes [14]. The aim of the present study is to systematically evaluate the international 
publication productivity of microRNA research using the Web of Science (WoS) from 1999 to 2025, 
analyze the most productive countries, institutions, and journals, and measure the geographic and 
temporal distribution of literature related to miRNAs. 

2. Materials and Methods 

2.1. Patient and Public Involvement 

In this retrospective study, no patient or public involvement was available. 

2.2. Sources of Data and the Search Strategy 

We searched literature in the online version of Science Citation Index-Expanded (SCIE), Web of 
Science Core Collection (WoSCC), and Essential Science Indicator (ESI) databases on December 23, 
2025. We downloaded the data from a public database as secondary data, which did not involve 
ethical considerations. Thus, ethical approval was not applicable in this situation. 

We used the following search terms to identify publications primarily concerning miRNAs: TS 
= (“microRNA*” OR “miRNA*” OR “miR”) AND TS= (“eye-related diseases”) (For details see in 
Supplementary Table S1). We limited the search period to between 1 January 1999 and 23 December 
2025. Then, the document type was limited to original and review articles. The exclusion criteria are 
as follows. The types of publications are meeting abstract, editorial material, correction, and letter. 
The identified publications that met the inclusion criteria were exported as plain text files in the 
format of “Full Record and Cited References”. 

2.3. Mapping Analysis 

In this research, a visualized bibliometric analysis was generated using the VOSviewer software 
(www.vosviewer.com) version 1.6.17 [15]. This software facilitates the creation of visual bibliometric 
maps and node-link diagrams, encompassing research trend data, including countries, publications, 
and researchers, as well as network information from co-cited reference and co-authorship analyses. 
Keywords articulate the theme of scientific literature, and the clustering of analogous keywords 
resulted in co-occurrence keyword clusters, which can be utilized to investigate the knowledge 
structure and hotspots within this research domain. 

Full records and cited references of all publications in TXT format were obtained and assembled 
from WoSCC, subsequently imported into CiteSpace 6.3.3., 64 bits basic (Drexel University, 
Philadelphia, PA, USA), VOSviewer 1.6.20 (Leiden University, The Netherlands), Microsoft Excel 
2019, and one online platform (https://bibliometric.com), according to the software demanded for 
visual analysis and data analysis. 

This study examined country scientific production, three field plots (co-cited references, authors, 
keywords), author production over time, author impact (H-index), and thematic evolution utilizing 
the R language-based Bibliometrix Package (version 5.1.0), which can display the publications of the 
ten most prolific authors over the past 26 years and delineate the evolution of research topics. 
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In addition to the software referred to above, bibliometric analysis software 
(https://bibliometric.com/) was applied to study collaboration relationships among countries. We use 
Venn diagram and UpSet Rstudio to analyse all the intersection of microRNAs in different eye-related 
diseases as well as in each ocular segment diseases. Figure 1 summarizes the entire process of 
bibliometric analysis. 

 
Figure 1. A flowchart representing retrieval strategies for microRNA articles from the WOS SCI-Expanded 
database and the inclusion criteria for the study. 

3. Results 

3.1. General Data 

We initially retrieved a total of 3,476 publications from the Web of Science Core Collection 
(WoSCC) database, covering the period from 1 January 1999 to 23 December 2025 (Table 1). Next, the 
publication types were limited to original and review articles. Finally, 3,476 publications were 
included in this analysis. The analysis process and items are shown in Figure 1. A total of 1,589 articles 
were published in the previous five years, which accounted for approximately 45.71% of the included 
publications. There were 3,036 (87.34%) original articles and 440 (12.65%) review articles included in 
our analysis. The overall number of citations was 108,708, with an average of 38,882.43 citations per 
paper. Moreover, the following bibliometric parameters were determined: 79 countries or regions, 
3,237 organizations, 870 journals, 8,170 co-cited journals, 16,413 authors, 73,799 co-cited authors, 
11,273 keywords, and 119,681 references. The countries that published the most articles included 
China, the United States, and Italy (Figure 2A). 

Web of Science Core Collection
TS= ( microRNA or miRNA or miR ) AND TS= (eye-related diseases)

Search period: 2025/12/23

3,777 original search results

247 meeting abstracts, 8 letters,  23 editorial 
materials, 23 corrections were excluded.

3,476 publications remained
3,036 articles, 440 reviews

General data
Countries or

 regions Organizations Intstitutions Authors Journals References Keywords

Analysis tools:
Citespace, Vosviewer, Excel, Venn diagram, UpSet Rstudio, 

R bibliometrix package, Online platform
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Figure 2. Countries, trends in the growth of publications, and the number of cited articles related to microRNA 
research published worldwide from 1999 to 2025. (A) Distribution of main countries from 1999 to 2025 in the 
pupillometry field. The minimum number of a country�s number was set as 10. A total of 29 countries met the 
threshold of 69 countries. (B) Network map of the country distribution for pupillometry. (C) The annual 
publication and citation. (D) The annual publication in the top 10 countries. (E) The distribution world map of 
pupillometry. The minimum number of documents of an organization was set as 10. A total of 48 organizations 
of the 2,236 organizations met the threshold. 

Table 1. The quantity of microRNA analysis from 1999 to 2025 in the eye-related diseases in terms of year. 

Year Publications Citations 
1999 2 16 
2000 1 23 

2001 5 28 
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2002 1 35 

2003 1 34 

2004 5 43 

2005 1 49 

2006 12 99 

2007 12 269 

2008 15 555 

2009 24 867 

2010 46 1,334 

2011 63 1,662 

2012 96 2,327 

2013 91 3,055 

2014 108 3,532 

2015 150 4,068 

2016 159 4,533 

2017 215 5,532 

2018 196 5,651 

2019 297 7,610 

2020 382 9,559 

2021 382 11,538 

2022 386 11,640 

2023 286 11,401 

2024 258 11,181 

2025 277 11,745 

Total 3,476 108,708 

3.2. Global Research Contributions and Collaborative Networks 

Since 1999, researchers from 79 countries have contributed to miRNA studies (Figure 2B). China 
leads in both publication volume (1,896 publications) and total citations (40,916), followed by the USA 
(696 publications, 41,142 citations) and Italy (170 publications, 11,111 citations). While China 
dominates research output, the USA exhibits a higher citation impact per publication (59.11 citations/ 
document vs. China�s 21.58), highlighting the influence of US-based studies (Table 2A). 
Collaboration network analysis reveals strong domestic partnerships within China (total link 
strength (TLS = 252), whereas the USA leads in international co-authorship strength (TLS = 433) 
(Table 2A). Key contributing institutions include Nanjing Medical University (China), which has the 
highest publication count (107 articles) and records the highest citation impact (3,797 citations; 35.48 
citations per publication) (Table 2B, Figure 2C). Although China dominates in research output, 
fostering stronger international collaborations could enhance the field�s global impact (Figure 2D, 
Figure 2E). At the author level, Yan Biao leads with 27 publications and 2,084 citations, followed by 
Li Yan with 22 publications and 346 citations. Yan Biao also ranks highest in bibliographic coupling 
(TLS=138), reinforcing his foundational role in the field. Additionally, Bartel DP, known for his work 
on miRNA biogenesis, has the highest total citations (672) and remains a key figure in understanding 
miRNA function in pathology (Table 3A). 
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Table 2. A. The top 10 countries contributed to publications of microRNA analysis from 1999 to 2025 in the 
eye-related diseases. B. The top ten productive organizations from 1999 to 2025 in the microRNA analysis. 

A 

Rank Country Documen Citation Citation/ Document Centrality Total link 

1 China 1,896 40,916 21.58 0.18 252 

2 USA 696 41,142 59.11 0.37 433 

3 Italy 170 11,111 65.35 0.21 135 

4 German 102 4,882 47.86 0.09 127 

5 Japan 99 3,701 37.38 0.02 68 

6 Englan

d

94 4,058 43.17 0.27 143 

7 India 94 2,422 25.76 0.10 50 

8 Australi 85 3,035 35.70 0.06 90 

9 Iran 82 1,599 19.50 0.10 46 

10 Canada 77 4,873 63.28 0.04 74 

B 

Rank Organization 
Docume

nts 

Citation

s 

Citation/ 

Document (%) 
Centrality 

1 Nanjing Medical University 107 3,797 35.48 0.07 

2 Shanghai Jiao Tong University 106 2,627 24.78 0.20 

3 Fudan University 96 3,089 32.17 0.07 

4 Sun Yat Sen University  87 2,297 26.40 0.12 

5 Central South University  60 932 15.53 0.02 

6 Wen Zhou Medical University 60 1,192 19.86 0.03 

7 Zheng Zhou University 60 961 16.01 0.01 

8 Tian Jin Medical University 55 1,296 23.56 0.05 

9 Ji Lin University 51 1,334 26.15 0.02 

10 Capital Medical University 50 766 15.32 0.06 
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Table 3. A. The top ten productive authors and co-cited authors from 1999 to 2025 in the microRNA analysis. B. The top 10 journals and research areas in the study of microRNA from 1999 to 2025 
in the eye-related diseases. 

A 
Rank Author Documents Citations Total link strength Co-cited author Citations Total link strength 
1 Yan Biao 27 2,084 138 Bartel DP 672 13,333 
2 Li Yan 22 346 80 Wang Y 378 7,474 
3 Jiang Qin 19 1,508 86 Zhang Y 369 7,537 
4 Zhang Hong 19 350 23 Karali M 301 9,305 
5 Guan Huai Jin 18 251 112 Livak KJ 285 3,568 
6 Banfi Sandro 18 978 82 Li Y 248 5,428 
7 Liu Chang 17 2,003 96 Liu Y 237 5,057 
8 Zhang Jing 16 207 35 Xu SB 236 6,464 
9 Gonzalez Pedro 15 1,073 45 Zhang L 224 4,430 
10 Wang Yan 15 417 29 Ambros V 224 4,339 

B 

Rank Journal Country Documents (%)2024. Citations 
Total 
link 
strength 

IF (2024) Co-cited journal Citations Total link 
strength 

IF 
(2024) 

1 IOVS USA 150 (4.31) 5,432 1976 4.7 IOVS 7,324 541,486 4.7 
2 Experimental Eye Research USA 119 (3.42) 2,308 1115 2.7 Plos One 4,301 333,398 2.6 
3 International Journal of Molecular SciencesUSA 86 (2.47) 1,459 798 4.9 PNAS 4,043 322,014 9.1 
4 Plos One USA 79 (2.27) 3,036 670 2.6 CELL 3,610 274,554 42.5 
5 Scientific Reports England 69 (1.98) 1,342 623 3.9 NATURE 3,397 276,337 48.5 
6 Current Eye Research Netherlands 61 (1.75) 595 539 2.0 Experimental Eye Research 2,852 220,606 2.7 
7 Molecular Medicine Reports Greece 52 (1.49) 750 332 3.5 Journal of Biological Chemistry 2,447 209,467 3.9 
8 Molecular Vision USA 43 (1.23) 1,757 604 1.4 Nucleic Acids Research 2,365 158,511 13.1 
9 International Journal of Ophthalmology China 33 (0.94) 380 253 1.8 Scientific Reports 2,234 171,979 3.9 
10 Frontiers in Immunology Switzerland 31 (0.89) 1,120 259 5.9 International Journal of Molecular Sciences 2,122 165,181 4.9 

IOVS, Investigative Ophthalmology & Visual Science; PNAS, Proceedings of the National Academy of Sciences of the United States of America. 
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3.3. Influential Journals and Citation Impact 

Table 3B presents the most influential journals in miRNA research. Investigative 
Ophthalmology & Visual Science leads in publication volume (150 articles), and it holds the highest 
citation impact (5,432 citations) and centrality in co-citation networks (total link strength = 541,486). 
The prominence of Q1-ranked journals among the top-cited sources highlights the strong scientific 
recognition of miRNA research, particularly in translational applications (Table 3B). 

3.4. Active Authors 

In this study, we analyzed the top 10 prolific authors and co-cited authors, as shown in Table 
3A. Sorted by the number of publications, Yan Biao, Li Yan, and Jiang Qin had published 27, 22, 19 
articles in this field, respectively. However, Yan Biao�s citations and average citations were the 
highest among the top 10 prolific authors. In terms of co-citations, Bartel DP, Wang Y and Zhang Y 
formed the top three (Table 3A). Among the 55 authors who had published more than ten articles, 
29 authors had collaborated with others. Initially, we visually analyzed the cooperative relationships 
between these 29 authors according to cluster (Figure 3A). There were five clusters in total. Yan Biao 
frequently co-operated with other authors and had the biggest total link strength. Based on the 
average publication years, we created an overlay map (Figure 3B). Li Xiu-Miao, Liu Chang, Shan Kun 
and Zhao Chen authored the earliest publications, whereas Li Na, Liu Yan, Xie Ping and Shao Yi 
authored the most recent publications. 

 

Figure 3. Analysis of authors and references involved in this field. (A) The co-authorship network visualization 
map of authors related to this field. (B) The overlay visualization map between authors. (C) Top 25 references 
with the strongest citation bursts involved in the pupillometry field. 

A B

C
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3.5. Key Studies and Citation Dynamics 

Among the top 10 most-cited references in the field, an analysis of the most-cited references 
identifies Bartel DP et al. (399 citations) (Bartel DP et al., 2004) and Livak KJ et al. (284 citations) (Livak 
KJ et al., 2001) as leading contributions to the field (Table 4). These studies highlight genomics, 
biogenesis, mechanism, and function of microRNAs, and analysis of relative gene expression data 
(Bartel DP et al., 2004; Livak KJ et al., 2001). Notably, 20% of the top 10 cited references are authored 
by Bartel DP, highlighting his significant contributions to genomics, biogenesis, mechanism, target 
recognition and regulatory function of microRNAs research (Bartel DP et al., 2004; Bartel DP et al., 
2009). Several key studies emphasize miRNAs as therapeutic targets, providing evidence for their 
role in diabetic retinopathy (Kovacs B et al., 2011; Mcarthur K et al., 2011). Besides, the 100 most co-
cited references in microRNA analysis from 1999 to 2025 in the eye-related diseases were extracted 
(Supplementary Table 2). 

The prevalence of open-access journals among the most-cited references suggests that 
accessibility may be a key driver of citation impact in this field. Using Citespace analysis, we 
identified the top 25 co-cited references with the strongest citation bursts spanning 1999 to 2025 
(Figure 3C). The initial burst (2007–2011) corresponds to early investigations into expression of 
miRNAs in mammalian ocular tissues, while the latest burst (2023–present) signals a growing focus 
on prediction of miRNA functions by integrative analysis of target prediction and Gene Ontology 
data. Among the burst-detected studies, Bartel DP et al. (burst strength = 25.02) (Bartel DP et al., 2009,) 
and Kovacs B et al. (23.04) (Kovacs B et al., 2011) were prominently highlighted, study target 
recognition, regulatory functions of MicroRNAs, and identify miRNAs involved in early diabetic 
retinopathy (DR) and to characterize their roles in the pathogenesis of DR. 

Table 4. Top ten co-cited references in microRNA analysis from 1999 to 2025 in the eye-related diseases. 

Rank Cited reference Title Journal Citations Total link 
strength 

1 
bartel dp, 2004, cell, v116, p281, 
doi 10.1016/s0092-8674(04)00045-5 

MicroRNAs: genomics, biogenesis, mechanism, 
and function 

CELL 399 4,628 

2 
livak kj, 2001, methods, v25, p402, 
doi 10.1006/meth.2001.1262 

Analysis of relative gene expression data using 
real-time quantitative PCR and the 2(-Delta Delta 
C(T)) Method 

Methods 284 2,001 

3 
bartel dp, 2009, cell, v136, p215, 
doi 10.1016/j.cell.2009.01.002 

MicroRNAs: target recognition and regulatory 
functions 

CELL 209 2,669 

4 
ambros v, 2004, nature, v431, 
p350, doi 10.1038/nature02871 

The functions of animal microRNAs NATURE 155 1,754 

5 
lewis bp, 2005, cell, v120, p15, doi 
10.1016/j.cell.2004.12.035 

Conserved seed pairing, often flanked by 
adenosines, indicates that thousands of human 
genes are microRNA targets 

CELL 149 2,111 

6 
kovacs b, 2011, invest ophth vis 
sci, v52, p4402, doi 
10.1167/iovs.10-6879 

MicroRNAs in early diabetic retinopathy in 
streptozotocin-induced diabetic rats 

IOVS 141 2,817 

7 
xu sb, 2007, j biol chem, v282, 
p25053, doi 
10.1074/jbc.m700501200 

MicroRNA (miRNA) transcriptome of mouse 
retina and identification of a sensory organ-
specific miRNA cluster 

Journal 
of 
Biologica
l 
Chemistr
y 

136 3,068 

8 
shen jk, 2008, mol ther, v16, p1208, 
doi 10.1038/mt.2008.104 

MicroRNAs regulate ocular neovascularization 
Molecula
r 
Therapy 

126 2,606 

9 
lee rc, 1993, cell, v75, p843, doi 
10.1016/0092-8674(93)90529-y 

The C. elegans heterochronic gene lin-4 encodes 
small RNAs with antisense complementarity to 
lin-14 

CELL 122 2,819 

10 
mcarthur k, 2011, diabetes, v60, 
p1314, doi 10.2337/db10-1557 

MicroRNA-200b regulates vascular endothelial 
growth factor-mediated alterations in diabetic 
retinopathy 
 

Diabetes 113 2,437 
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3.6. Thematic Evolution and Emerging Research Frontiers 

Next, we obtained the research hotpots and trends by analyzing the co-occurrence of keywords. 
This bibliometric information was analyzed by VOSviewer as follows: there were 11,273 keywords 
in total, of which 122 appeared a minimum of 40 times, with a total of five clusters (Figure 4A). Next, 
we initially analyzed the frequently used keywords and found they mainly included “expression” (n 
= 1,104), “microRNAs” (n = 548), “microRNA” (n = 539), “o apoptosis” (n = 473), “proliferation” (n = 
429), “cancer” (n = 377), “diabetic retinopathy” (n = 374), “cells” (n = 322), “retinoblastoma” (n = 289), 
and “miRNA” (n = 282). 

The keywords above also reflected the major themes associated with the investigators. In our 
overlay visualization map (Figure 4B), the light shade represents the most recent phase, and the dark 
shade represents the early phase. The following keywords reflected the recent attention of scholars 
in this field: “diabetic retinopathy”, “glaucoma”, “extracellular vesicles”, “microglia”, “circular 
RNA” and “lncRNA” (Figure 4B). In addition, Citespace was also used to identify the major topics 
by detecting burst keywords during a particular period (Figure 4C). Figure 4D exhibits the top 25 
keywords alongside the strongest citation bursts, of which “in vivo” was the keyword with the 
longest burst duration, and the burst strength of “gene expression” was the highest. Also, the top 50 
co-occurrence keywords related to microRNA analysis in eye-related diseases were extracted 
(Supplementary Table 3). 
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Figure 4. Keyword-related mapping, strongest citation burst, and evolution in studies of the microRNAs. (A) 
Network visualization map of keyword co-occurrence analysis using VOS viewer. (B) The overlay map of 
keywords. (C) Top 25 references with the strongest citation bursts involved in the pupillometry field. (D) 
Evolutionary pathway in the study of pupillometry: The position of each node represents when it first appeared, 
and the lines between nodes represent relationships between keywords. The node colors represent different 
years, from cold to warm means the period from 1999 to 2025. Bluish purple indicates the previous keyword, 
and red indicates the latest keyword. Longer colored segments indicate a larger reference time span. The flow 
of knowledge between clusters from cool to warm colors can also be observed over time. 

3.7. Hotspot Analysis of microRNAs in Eye-Related Diseases 

Table 5A shows that several microRNAs are dysregulated in various corneal diseases, including 
let-7, miR-21, miR-29, miR-124, miR-142, miR-146, miR-181, miR-182, miR-183, miR-184, miR-199, 
miR-204, miR-205, miR-222, and miR-223. Notably, miR-184 is simultaneously dysregulated in CSCC, 
CNV, HEK, FK, and KTC. Additionally, several microRNAs exhibit regulatory abnormalities in 
various conjunctival diseases, such as let-7, miR-16, miR-20, miR-21, miR-30, miR-34, miR-130, miR-

B

A C

D
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142, miR-145, miR-146, miR-147, miR-150, miR-155, miR-181, miR-184, miR-200, miR-203, miR-222, 
miR-223, miR-302, and miR-4427. Among these, miR-184 is simultaneously dysregulated in PTG, CL, 
CM, and TRC, while miR-155 is dysregulated in AC, CL, TRC, and SS. Furthermore, miR-30 is 
simultaneously present in CL, CM, TRC, and SS, and miR-146 is dysregulated in AC, CM, DED, and 
SS (Table 5A, Figure 5A). 

 

Figure 5. The analysis of microRNAs in ophthalmic diseases. (A) The intersection of microRNAs in different 
corneal diseases. (B) The intersection of microRNAs in various conjunctival diseases. (C) The intersection of 
microRNAs in different retinal diseases. (D) The intersection of microRNAs in various optic nerve diseases. (E) 
The intersection of miRNAs in various ocular segment diseases. 

We also identified the intersection of miRNAs across different retinal diseases, such as let-7, miR-
9, miR-20, miR-21, miR-22, miR-25, miR-27, miR-30, miR-34, miR-98, miR-126, miR-138, miR-140, 
miR-146, miR-155, miR-181, miR-195, miR-200, miR-223, miR-320, miR-330, miR-335, miR-363, miR-
374, miR-502, and miR-708. Among these, miR-146 is dysregulated in AMD, DR, AU, and RP, while 
miR-9 and miR-181 are dysregulated in AMD, RB, RP, and PCV (Table 5A, Figure 5B). Additionally, 
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several microRNAs are dysregulated in various optic nerve diseases (LHON/PEX/GLC/NMODS), 
such as miR-548, miR-200, miR-126, miR-122, miR-30, let-7, miR-4667, miR-637, miR-4490, miR-1253, 
miR-3190, miR-3173, miR-608, miR-4725, miR-4448, miR-323, miR-4538, miR-3913, miR-3159, miR-
4663, miR-4767, miR-4724, miR-1306, miR-181, miR-433, and miR-6777, as shown in Table 5A and 
Figure 5C. Table 5B illustrates the intersection of miRNAs in various ocular segment diseases. 
Among these, let-7 and miR-21 show regulatory abnormalities in CND, CJD, RD, ON, OD, RE, and 
HED, while miR-146 shows regulatory abnormalities in CND, CJD, LD, RD, OD, RE, and HED 
(Figure 5D and Figure 6). 

Notably, the co-occurrence analysis of microRNAs, conducted using VOSviewer, revealed that 
miR-146 had the highest frequency (co-occurrence = 76), followed by miR-126 (53), miR-155 (52), miR-
34 (45), miR-21 (43), miR-204 (41), miR-29 (39), miR-184 (24), miR-200 (23), miR-124 (31), let-7 (28), 
miR-223 (15), miR-182 (13), miR-214 (12), miR-9 (12), miR-181 (11), miR-96 (9), miR-183 (8), miR-142 
(7), miR-145 (7), miR-150 (7), miR-192 (7), miR-30 (7), miR-132 (6), and miR-23 (5), as shown in Table 
6. These findings support the intersection analysis of microRNAs in Table 5, highlighting the 
significance and emerging trends of these microRNAs in ophthalmology research. 

 
Figure 6. Dysregulation of microRNAs in various ocular segment disorders (Each microRNA at least associated 
with three or more ocular segments: cornea, conjunctiva, lens, retina, optic nerve). 
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Table 5. MicroRNAs in ophthalmology. A| The intersection of MicroRNAs in different eye-related diseases. B The intersection of MicroRNAs in each ocular segment disease. 

A 
Disease microRNA Disease microRNA Disease microRNA Disease microRNA 

AMD|DR 
let-7, miR-21, 
miR-200, miR-
138 

AMD|PCV 
miR-374, miR-22, 
miR-502 

TRC|DED|SS miR-142, miR-203 HEK|BK let-7, miR-182, miR-183 

AMD|RB miR-708, miR-
330 

AMD|RP|PCV miR-335 CL|TRC|SS miR-150 HEK|KTC miR-181, miR-222 

AMD|RP miR-25 AMD|RB|PCV miR-140 AC|DED|SS miR-223 CNV|FK miR-204 

DR|RB 
miR-363, miR-
320, miR-98 

AMD|RB|RP|PC
V miR-9, miR-181 CL|DED|SS let-7 CSCC|KTC miR-205 

DR|AU miR-30 AMD|DR|PCV miR-20 PTG|CL|CM|TRC miR-184 KTC|FECD miR-199 
DR|RP miR-126 PTG|SS miR-21, miR-145 AC|CL|TRC|SS miR-155 LHON|PEX miR-548 
AMD|DR|AU miR-155 CL|SS miR-16, miR-222 CL|CM|TRC|SS miR-30 GLC|NMODS miR-200 
AMD|DR|RP miR-27 CM|SS miR-34, miR-302 AC|CM|DED|SS miR-146 PEX|NMODS miR-126, miR-122, miR-30 

AMD|RB|RP miR-34 TRC|SS miR-181, miR-147 CSCC|CNV|HEK|FK|KT
C 

miR-184 GLC|PEX 

let-7, miR-4667, miR-637, miR-
4490, miR-1253, miR-3190, miR-
3173, miR-608, miR-4725, miR-
4448, miR-323, miR-4538, miR-
3913, miR-3159, miR-4663, miR-
4767, miR-4724, miR-1306, miR-
181, miR-433, miR-6777 

AMD|AU|RP miR-223 DED|SS miR-130, miR-20 HEK|FK|KTC miR-146     
AMD|DR|AU|RP miR-146 PTG|CL miR-200 HEK|FECD miR-29     

DR|PCV miR-195 CM|DED miR-4427 HEK|FK 
miR-21, miR-124, 
miR-142, miR-223     

B 
Disease MicroRNA Disease MicroRNA Disease MicroRNA 

CJD|RD 
miR-218, miR-150, miR-342, miR-485, 
miR-153, miR-365, miR-503, miR-106, 
miR-186, miR-191 

ON|HED miR-375 CND|CJD|LD|OD miR-183 

RD|ON miR-1307, miR-637, miR-382, miR-1253 CJD|RD|ON miR-10, miR-26, miR-424, miR-
708, miR-374 

CND|RD|ON|OD miR-320 

CND|RD miR-195, miR-363, miR-25 CND|CJD|RD miR-335, miR-155, miR-20 CJD|LD|RD|RE miR-214 
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LD|RD miR-377, miR-148, miR-24 CJD|RD|OD miR-27, miR-502 CND|CJD|ON|RE miR-145 
LD|ON miR-210, miR-630 CJD|ON|RE miR-122, miR-302 CJD|LD|ON|RE miR-143 
CJD|OD miR-130, miR-484 CJD|LD|RD miR-421 CND|CJD|RD|HED miR-138 
CJD|RE miR-500, miR-539, miR-18 CND|RD|ON miR-451 CJD|LD|RD|HED miR-184 
CND|CJD miR-1246, miR-132 RD|ON|OD miR-192 CND|CJD|LD|RD|ON miR-181, miR-23 
CJD|LD miR-19, miR-4728 CND|CJD|RE miR-127 CND|CJD|LD|RD|RE miR-16, miR-223 
ON|RE miR-1306, miR-671 CND|LD|RE miR-338 CND|CJD|LD|RD|OD miR-182 
CJD|HED miR-7977, miR-31 CND|CJD|HED miR-205 CJD|LD|RD|ON|RE miR-125 
CJD|ON miR-548 CND|LD|HED miR-193 CND|CJD|RD|OD|RE miR-142 
CND|OD miR-96 LD|RD|HED miR-224 CND|CJD|LD|RD|HED miR-204 
RD|OD miR-129 CJD|ON|HED miR-1260 CND|CJD|LD|RD|ON|OD miR-22, miR-144 
LD|RE miR-216 CND|CJD|LD|RD miR-15, miR-221 CND|CJD|LD|RD|OD|RE miR-199 
RD|RE miR-98 CND|CJD|LD|ON miR-222, miR-92 CND|CJD|LD|ON|OD|RE miR-29 
OD|RE miR-101 CJD|RD|ON|RE miR-200, miR-126 CND|CJD|LD|RD|ON|HED miR-30 

CND|HED miR-7 CND|LD|RD|ON miR-124 CND|CJD|RD|ON|OD|RE|HE
D let-7, miR-21 

LD|HED miR-211 CJD|LD|RD|ON miR-34 
CND|CJD|LD|RD|OD|RE|HE
D 

miR-146 

Corneal squamous cell carcinoma (CSCC), Corneal neovascularization (CNV), Fuchs endothelial corneal dystrophy (FECD), Herpes epithelial keratitis (HEK), Herpes stromal keratitis 
(HSK), Fungal keratitis (FK), Bacterial Keratitis, Pterygium (PTG), Allergic conjunctivitis (AC), Conjunctival lymphoma (CL), Conjunctival melanoma (CM), Keratoconjunctivitis (KC), 
Trachoma (TRC), Diabetic RD (DR), Age-related macular degeneration (AMD), Polypoidal choroidal vasculopathy (PCV), Glaucoma (GLC), Pseudoexfoliation syndrome (PEX), 
Neuromyelitis optica spectrum disorder (NMOSD), Autoimmune uveitis (AU), Dry Eye Disease (DED), Sjögrenʹs syndrome (SS), Keratoconus (KTC), Retinoblastoma (RB), Retinitis 
pigmentosa (RP). Corneal Disorders (CND), Conjunctival Disorders (CJD), Lens diseases (LD, Cataract), Retinal disorders (RD), Optic neuropathy (ON), Refractive error (RE, Myopia), 
Orbital diseases (OD, Gravesʹ ophthalmopathy), Hereditary eye diseases (HED, EDICT syndrome, Aniridia). 
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Table 6. The top 25 co-occurrence analysis of keywords in the microRNAs. 

MircoRNA MircoRNA MircoRNA 
miR-146 (76) let-7 (28) miR-150 (7) 
miR-126 (53) miR-223 (15) miR-192 (7) 
miR-155 (52) miR-182 (13) miR-30 (7) 
miR-34 (45) miR-214 (12) miR-132 (6) 
miR-21 (43) miR-9 (12) miR-23 (5) 
miR-204 (41) miR-181 (11)  
miR-29 (39) miR-96 (9)  
miR-184 (24) miR-183 (8)  
miR-200 (23) miR-142 (7)  

miR-124 (31) miR-145 (7)  
The numbers in brackets represent the frequency of keywords according to the co-occurrence. 

4. Discussion 

4.1. Evolving Role of miRNAs in Eye-Related Diseases: Insights and Emerging Themes 

The number of annual publications can reflect the development of a particular field. Our analysis 
included 3,476 articles, which had been published between 1999 and 2025, from a total of 79 
countries/regions, 3,237 institutions, 870 journals, 8,170 co-cited journals, 16,413 authors, 73,799 co-
cited authors, 11,274 keywords, and 119,681 references. These numbers indicate that this research 
field has received significant global attention. Indeed, the top three countries with the highest 
numbers of publications were China (n = 1,896), the United States (n = 696), and Italy (n = 170). In 
particular, China published a large number of articles after 2020. Of the top 10 prolific institutions, 
all ten were located in China. Nanjing Medical University was the most prominent contributor and 
had the highest number of publications and total citations, while Shanghai Jiao Tong University 
ranked second. Investigative Ophthalmology and Visual Science (n = 150; 5,432 citations), 
Experimental Eye Research (n = 119; 2,308 citations), and International Journal of Molecular Sciences 
(n = 86, 1,459 citations) were the top three journals with the most publications in this field. 

The role of miRNAs in eye-related diseases is rapidly evolving, with growing evidence 
supporting their involvement in key regulatory processes such as inflammation[16], 
neovascularization[17], retinal ganglion cell survival [18], and neurodegeneration[19]. This 
bibliometric analysis provides a comprehensive evaluation of research trends, thematic hotspots, and 
future directions in miRNA of eye-related diseases research. The dramatic rise in related publications 
over the past two decades reflects the increasing recognition of miRNAs not only as diagnostic and 
prognostic biomarkers but also as potential therapeutic agents in eye care [20-22]. 

4.2. MicroRNAs in Neurodegenerative Diseases (NDs) 

MicroRNAs (miRNAs) regulate gene expression at the post-transcriptional level. Disruption of 
gene regulation has been implicated in numerous neurodegenerative diseases (NDs) and their animal 
models [23-25]. NDs are characterized by the progressive degeneration of neuronal structures and 
functions, ultimately leading to neuronal loss, which underlies most neurological impairments [26]. 
Presently, NDs represent a major global health issue, primarily due to the aging population. 
Unfortunately, despite extensive research, NDs remain incurable and irreversible. Disorders such as 
Alzheimer�s disease, Parkinson�s disease, glaucoma, age-related macular degeneration, amyotrophic 
lateral sclerosis, and Huntington�s disease share common cellular mechanisms and histopathological 
features, beyond mere neuronal dysfunction or death [27]. While the underlying causes of individual 
NDs vary, common pathobiological characteristics and mechanisms are consistently observed across 
these diseases. Recent studies have shown that miRNA expression is significantly altered during the 
pathogenesis of NDs and contributes to the dysfunction of neurons [24,28]. However, systematic 
overviews of miRNA expression changes and their regulatory roles across different NDs are limited 
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[29,30]. Identifying common miRNA dysregulation patterns across NDs may help elucidate 
conserved molecular pathways affected in these diseases and reveal novel therapeutic targets. 
Camille A et al. [31] identified commonly dysregulated miRNAs across multiple NDs. Specifically, 
miR-9-5p, miR-21-5p, the miR-29 family, miR-124-3p, miR-132-3p, miR-146a-5p, miR-155-5p, and 
miR-223-3p were found to be predominantly dysregulated in 12 ND classes and their representative 
animal models. Among these, miR-146a-5p, miR-155-5p, and miR-223-3p were predominantly 
upregulated. They also summarized the pathways targeted by these dysregulated miRNAs, such as 
Aβ generation, autophagy, homeostasis, apoptosis, and NF-κB signaling. Furthermore, they 
highlighted the functional overlap of these miRNAs and suggested that they may act synergistically 
to directly or indirectly influence their targets. 

4.3. MicroRNAs in Ophthalmic Diseases (ODs) 

4.3.1. Corneal Disorders 

Corneal squamous cell carcinoma 

Corneal squamous cell carcinoma (CSCC) is a malignant tumor originating from the corneal 
epithelium. It may arise de novo from normal corneal epithelial cells or develop from corneal 
intraepithelial neoplasia (carcinoma in situ) following disruption of the epithelial basement 
membrane and subsequent invasion into the underlying stroma. The phosphatidylinositol 3-kinase 
(PI3K)/Akt signaling pathway promotes cell proliferation and inhibits apoptosis, thereby playing a 
critical role in tumor initiation and progression. Src homology 2 domain–containing inositol 
polyphosphate 5′-phosphatase 2 (SHIP2) negatively regulates the Akt pathway and suppresses tumor 
cell proliferation [31]. 

Yu et al. [32] used TargetScan bioinformatic prediction and luciferase reporter assays to 
demonstrate that SHIP2 is a direct target of miR-205 and that miR-205 promotes squamous cell 
carcinoma progression by inhibiting SHIP2 expression. Corneal epithelium–specific miR-184 
competitively inhibits the binding of miR-205 to its target genes, thereby attenuating the suppressive 
effect of miR-205 on SHIP2, maintaining SHIP2 expression levels, and exerting a tumor-suppressive 
effect. In situ hybridization analysis revealed that miR-184 was expressed in the corneal epithelium 
but not in the limbal epithelium, whereas miR-205 was expressed in both tissues. 
Immunohistochemical analysis further demonstrated that SHIP2 staining was markedly weaker in 
the limbal epithelium than in the corneal epithelium, supporting the notion that miR-184 preserves 
SHIP2 expression by antagonizing miR-205. Notably, this study was the first to report that one 
miRNA can maintain the expression level of a target protein by negatively regulating another 
miRNA. These findings suggest that synthetic miR-205 antagonists or overexpression of miR-184 to 
inhibit miR-205 activity may represent potential therapeutic strategies for advanced squamous cell 
carcinoma. 

Corneal neovascularization 

The normal cornea is avascular, a feature essential for maintaining corneal transparency. Under 
pathological conditions, such as infection, trauma, or immune responses, capillaries originating from 
the limbal vasculature invade the cornea, leading to corneal neovascularization (CNV). Although 
neovascularization may facilitate infection clearance, wound healing, and prevention of corneal 
melting, it disrupts the corneal microenvironment and compromises the immune-privileged status 
of the anterior segment. Consequently, CNV represents a major risk factor for immune rejection 
following corneal transplantation. Newly formed vessels are fragile and susceptible to leakage and 
inflammatory cell infiltration, often resulting in hemorrhage, exudation, and secondary fibrosis, 
which can ultimately cause visual impairment or blindness. CNV remains one of the leading causes 
of vision loss worldwide. 

In recent years, studies investigating miRNAs associated with CNV have been limited. Previous 
findings indicate that miR-184 is highly and specifically expressed in the cornea and limbus [33] but 
is significantly downregulated in ischemia-induced retinal neovascularization. Zong et al. [34] 
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established a rat corneal suture model to induce neovascularization and evaluated changes in miR-
184 expression. In vivo overexpression of miR-184 significantly attenuated suture-induced CNV. In 
vitro experiments involving the upregulation or downregulation of miR-184 in human corneal 
epithelial cells and human umbilical vein endothelial cells (HUVECs) demonstrated that the 
intrinsically high expression of miR-184 in the cornea may contribute to its avascular and transparent 
properties. Mechanistically, miR-184 appears to inhibit endothelial cell biological functions through 
modulation of the Wnt signaling pathway. Xiaoping Zhang et al. [35] investigated the interaction 
between dexamethasone (Dex) and miR-204 in a mouse alkali burn–induced CNV model and found 
that the therapeutic effect of Dex in attenuating CNV was partially mediated by miR-204. These 
findings suggest that miR-204 may serve as a potential therapeutic target in alkali burn–induced 
CNV. 

Jingjing Qian et al. [36] reported that functional knockdown of miR-335 suppressed the 
migration and angiogenesis of basic fibroblast growth factor (b-FGF)–treated HUVECs, whereas miR-
335 overexpression produced the opposite effect. Mechanistically, miR-335 directly interacted with 
epidermal growth factor receptor (EGFR) and negatively regulated its expression. Rescue assays 
further confirmed that miR-335 modulates the migration and angiogenic capacity of b-FGF–treated 
HUVECs via EGFR signaling. In addition, miR-204 expression is reduced in vascularized corneas and 
inhibits CNV progression by targeting vascular endothelial growth factor (VEGF) and VEGF receptor 
2 (VEGFR2) [35]. Elevated expression of miR-1275 and miR-1246 has also been shown to suppress 
HUVEC angiogenesis, highlighting their potential as promising biomarkers and therapeutic targets 
for CNV [37]. 

Endothelial dystrophy 

Fuchs endothelial corneal dystrophy (FECD) is a rare, bilateral, progressive disorder 
characterized by corneal opacity and visual impairment [38]. It results from the loss of endothelial 
cell function, leading to stromal edema and corneal scarring [39]. Several microRNAs (miRNAs) have 
been implicated in the pathogenesis of FECD. Pan et al. [40] reported that miR-199b is significantly 
hypermethylated in the endothelium of FECD patients. This hypermethylation leads to the 
downregulation of miR-199b, which directly targets and downregulates two zinc-finger transcription 
factors, Snai1 and ZEB1. These transcription factors are involved in the deposition of extracellular 
matrix (ECM) components in FECD. The downregulation of miR-199b causes an upregulation of 
Snai1 and ZEB1, resulting in aberrant ECM deposition. Consequently, miR-199b may serve as a 
potential therapeutic target for FECD. 

In a related study, Matthaei et al. [41] identified 87 miRNAs that are downregulated in the 
endothelium of FECD patients compared to healthy controls. Their research focused on three 
members of the miR-29 family: miR-29a-3p, miR-29b-2–5p, and miR-29c-5p. The miR-29 family is 
known to play a crucial role in ECM homeostasis and has been reported to exert an antifibrotic effect 
in ocular tissues. In a subsequent experiment by Toyono et al. [42], transfection of immortalized 
endothelial cells from FECD patients with miR-29b led to a significant reduction in the expression of 
abnormal ECM components, including collagen type I alpha 1, collagen type IV alpha 1, and laminin 
gamma 1. These findings suggest that miR-29b could represent a promising therapeutic approach for 
FECD. 

Herpes Epithelial Keratitis (HEK) 

Herpes epithelial keratitis (HEK) is caused by a herpes simplex virus (HSV) infection of the 
corneal epithelium, leading to the formation of dendritic lesions and geographic ulcers [43]. This 
condition can result in a loss of corneal sensation, photophobia, and visual impairment due to corneal 
scarring [44]. A recent study analyzed the tear miRNA profile of patients with HEK and found 
significant upregulation of 23 miRNAs in the tears of HEK patients compared to controls. These 
miRNAs include miR-15b-5p, miR-16-5p, miR-20b-5p, miR-21-5p, miR-23b-3p, miR-25-3p, miR-29a-
3p, miR-30a-3p, miR-30d-5p, miR-92a-3p, miR-124-3p, miR-127-3p, miR-132-3p, miR-142-3p, miR-
145-5p, miR-146a-5p, miR-146b-5p, miR-155-5p, miR-182-5p, miR-183-5p, miR-221-3p, miR-223-3p, 
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and miR-338-5p. The elevated expression of these miRNAs suggests they may play critical roles in 
herpes infection and host immunity [45]. 

In mouse models, significant upregulation of mmu-miR-184-3p and mmu-let-7d-5p has been 
observed, while mmu-miR-329-3p is downregulated. It has been suggested that miR-329 functions as 
a pro-viral miRNA by disrupting TLR9 signaling, thereby facilitating HSV-1 replication. Inhibition 
of miR-329 enhances TLR9-mediated antiviral responses, highlighting the potential for targeting host 
miRNAs as a therapeutic strategy for managing viral keratitis. However, miR-184-3p mimic and let-
7d-5p mimic did not exhibit any biological impact on HSV-1 entry [46]. Additionally, a study by Cui 
et al. showed that miR-181b-5p, miR-338-3p, miR-635, and miR-222-3p were upregulated in primary 
human corneal epithelial cells infected with HSV-1. These findings provide insights into differentially 
expressed circRNAs and miRNAs during HSV-1 infection, shedding light on the potential role of 
circRNA-miRNA interactions in herpes simplex keratitis pathogenesis [47]. Monitoring these 
miRNAs may offer valuable insights into the development of HEK and highlight the importance of 
proper patient classification in describing disease-stage miRNA fluctuations. 

Herpes Stromal Keratitis (HSK) 

Herpes stromal keratitis (HSK) is a leading cause of vision loss or blindness following herpes 
simplex virus (HSV)-1 infection. The vision impairment associated with HSK is primarily due to 
corneal scarring and neovascularization resulting from inflammation. Upon HSV infection of the 
cornea, the virus triggers innate and adaptive immune responses in host cells, leading to the release 
of inflammatory cytokines, chemokines, microRNAs, and other regulatory factors that modulate 
tissue responses. 

HSV-1 infection in the cornea induces the production of inflammatory cells and substance P (SP) 
and upregulates miR-155, which promotes overexpression of inflammatory cytokines and 
chemokines. This, in turn, enhances Th1 and Th17 immune responses, contributing to more severe 
corneal opacity and angiogenesis [48]. MiR-155, expressed in activated CD4+ T cells, suppresses the 
levels of phosphatidylinositol-3,4,5-trisphosphate 5-phosphatase 1 (SHIP1) and IFN-γ receptor α-
chain (IFN-γRα), but viral replication is not associated with the induction of increased miR-155 
expression [48]. Increased expression of miR-132 is also detected following HSV-1 infection, and miR-
132 has been shown to promote corneal neovascularization (CNV) [49]. Interestingly, VEGF 
upregulates the expression of miR-132 in the corneas of HSV-1-infected mice. In vivo silencing of 
miR-132 in HSV-infected mice results in reduced corneal neovascularization and diminished stromal 
keratitis (SK) lesions [49]. 

Fungal Keratitis (FK) 

Fungal keratitis (FK) is commonly caused by filamentous fungi, such as Fusarium, Aspergillus, 
Phaeohyphomycetes, and Scedosporium apiospermum, as well as yeast-like fungi such as Candida 
albicans and other Candida species. FK is characterized by rapid progression, corneal ulceration, and 
a stromal inflammatory infiltrate [50,51]. Despite the use of polyene antifungals, such as natamycin 
and amphotericin B, as the primary treatment for FK, 15–27% of patients require surgical 
intervention, which often has a relatively poor prognosis [51,52]. 

Recent studies suggest that microRNAs (miRNAs) play a role in the pathogenesis of fungal 
keratitis. Deep RNA sequencing of corneas from five FK patients with a positive culture for 
Aspergillus flavus and three normal controls revealed that 75 miRNAs were differentially expressed 
between the infected and healthy corneas. Functional annotation of these dysregulated miRNAs, 
including miR-511-5p, miR-142-3p, miR-155-5p, and miR-451a, indicated their involvement in 
regulating inflammation and wound healing processes [51]. Notably, increased expression of miR-
451a in FK correlated with a decrease in the expression of its target gene, macrophage migration 
inhibitory factor (MIF), suggesting a potential regulatory role. Further studies are needed to confirm 
whether miR-451a targets MIF in specific cell types and how this regulation affects the pathogenesis 
of FK. This may provide insights into the role of miR-451a as a potential therapeutic target for fungal 
keratitis. 
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Several studies have also demonstrated significant upregulation of miR-223-3p [53] and miR-
665-3p [54] in FK. Notably, miR-665-3p may be involved in Fusarium solani keratitis in mice by 
regulating autophagic pathways and inflammation. Likewise, miR-223-3p may regulate autophagy 
by targeting ATG16L1 in experimental F. solani keratitis, contributing to the inflammatory response. 
Both miR-223-3p and miR-665-3p may serve as potential therapeutic targets for FK. 

Bacterial Keratitis 

Bacterial keratitis (BK) is most commonly associated with complications arising from extended 
contact lens use in industrialized countries. Pseudomonas aeruginosa (PA), a Gram-negative 
bacterium and a significant human pathogen, remains the leading cause of contact lens-related 
keratitis in developed countries. It is also one of the most rapidly progressing and destructive causes 
of corneal blindness [55]. 

Pioneering studies have identified that miR-155 [56] is upregulated, while let-7b [57,58] is 
downregulated in human corneal epithelial cells (HCECs) treated with both tear fluid and PA, 
compared to those treated with PA alone [59]. This suggests that miR-155 and let-7b may play 
important roles in modulating tear-induced gene expression changes during PA infection. Recent 
studies have also demonstrated that the conserved miRNA cluster miR-183/96/182 modulates the 
corneal response to PA infection at multiple levels. Prophylactic knockdown of miR-183C has been 
shown to protect against PA keratitis by regulating innate immunity, corneal innervation, and 
neuroimmune interactions [60]. 

4.3.2. Conjunctival Disorders 

Pterygium 

Pterygium is a common ocular surface disease characterized by the abnormal growth of wing-
shaped fibrovascular tissue from the limbus and conjunctiva onto the adjacent cornea [61]. This 
condition affects a significant portion of the global population [62]. As it progresses, pterygium can 
lead to significant visual impairment and a reduced quality of life; however, the exact pathogenic 
mechanisms underlying its formation and progression remain largely unclear [63]. 

The downregulation of the miR-200 family, which is known to regulate epithelial-mesenchymal 
transition (EMT), suggests that EMT may play a role in the pathogenesis of pterygium [64]. Wu et al. 
[65] further reinforced the role of miR-200a in EMT and pterygium pathogenesis. β-catenin, a 
multifunctional protein involved in cell development, has been implicated in pterygium 
pathogenesis in conjunction with EMT [66]. İçme G et al. [67,68] explored the hypothesis that the 
expression levels of miR-182-5p, miR-183-5p, and miR-184 are increased, while β-catenin, miR-221, 
and its downstream target, p27Kip1, are correlated with the pathogenesis of pterygium. In ocular 
surface pterygium fibroblasts, miR-215 has been shown to inhibit fibroblast proliferation, while in 
human pterygium epithelial cells, miR-218-5p inhibits cell migration and proliferation [69,70]. 
Investigating the role of apoptosis in pterygium pathogenesis, miR-122 has been reported to inversely 
regulate the expression of Bcl-w, an anti-apoptotic protein, leading to abnormal cell apoptosis and 
contributing to the development of pterygium [71]. 

MiR-21, a cancer-promoting miRNA, is upregulated in pterygium and its expression increases 
with the severity of the condition. MiR-21 promotes pterygium cell differentiation through the 
PTEN/AKT pathway, and its inhibition suppresses fibroblast proliferation and induces apoptosis 
[72]. Additionally, miR-3175 has been shown to promote proliferation, migration, invasion, and EMT 
in human conjunctiva and pterygium by directly inhibiting Smad7 [73]. Furthermore, TGF-β1-
induced subconjunctival fibrosis is mediated by microRNAs 143/145, primarily through SMAD-
independent pathways. Inhibition of TGF-β1-induced expression of miR-143/145 in human Tenon�s 
fibroblasts (HTFs) may represent a novel strategy to prevent subconjunctival fibrosis [74,75]. 

Allergic Conjunctivitis (AC) 

Allergic conjunctivitis (AC) is an inflammation of the conjunctiva in response to an allergen. It 
is one of the most common ocular conditions encountered in clinical practice. Although type 1 
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hypersensitivity, immunoglobulin E (IgE)-mediated, and non-IgE-mediated mechanisms are 
believed to contribute to its development, the pathophysiology of ocular allergy is complex and 
multifactorial, involving various mediators, chemokines, cytokines, receptors, and regulatory 
pathways. 

Sun et al. [76] developed an in vivo pollen-induced mouse model of AC and an in vitro 
lipopolysaccharide-stimulated inflammatory model using human corneal limbal epithelial cells. In 
these models, it was observed that eosinophils and total inflammatory cells were highly expressed, 
and the expression of miR-146a was significantly reduced, while the levels of thymic stromal 
lymphopoietic protein (TSLP) and its downstream molecules were enhanced [76]. A similar study 
conducted two years later in a murine model demonstrated that miR-146a also contributes to the 
development of AC by regulating the inhibitory effect of regulatory T cells on conventional T cells 
and modulating the nuclear factor-κB (NF-κB) signaling pathway [77]. 

Additionally, a study in a murine AC model showed reduced levels of miR-19b, while the levels 
of TSLP and phosphorylated signal transducer and activator of transcription 3 (STAT3) were 
increased. This suggests that miR-19b reduces conjunctival inflammation by modulating STAT3 
signaling via TSLP downregulation [78]. Moreover, a recent study elucidated the role of miR-155 in 
AC. MiR-155 was upregulated in AC models, and its inhibition reduced AC-induced injury by 
inhibiting the phosphorylation of P65 [79]. Furthermore, Zhang et al. [80] found that the 
downregulation of miR-223 plays an important role in the pathology of allergic conjunctivitis. 

Conjunctival Lymphoma 

Conjunctival lymphoma (CL) is a malignant ocular surface tumor originating from B-cell 
lymphocytes, accounting for approximately 25% of ocular adnexal lymphomas (OALs), which 
include the orbit, eyelids, conjunctiva, lacrimal glands, and lacrimal sac [81]. 

MicroRNA (miRNA) profiling of mucosa-associated lymphoid tissue (MALT) lymphoma, the 
most common subtype of OALs, and adjacent normal tissues by Cai et al. [82] revealed dysregulation 
of several miRNAs. Specifically, miR-150 and miR-155 were upregulated, while miR-184, miR-200a, 
b, c, and miR-205 were downregulated. The study further demonstrated that dysregulation of the 
miR-200 family could be linked to the pathogenesis of conjunctival MALT lymphoma [82]. 
Additionally, a study by Hother C et al. [83] found that miRNAs such as let-7g, miR-16, miR-27a, 
miR-27b, miR-29a, miR-29b, miR-29c, miR-30e, miR-199a, miR-222, and miR-1248 were 
downregulated in OALs. These findings suggest that miRNA expression differs between extranodal 
marginal zone lymphoma (EMZL) and aggressive diffuse large B-cell lymphoma (DLBCL), primarily 
due to differences in MYC and NF-κB regulatory pathways [83]. 

Conjunctival Melanoma 

Conjunctival melanoma (CM) presents as a raised pigmented or non-pigmented lesion on the 
ocular surface [84]. Genetic studies have revealed mutations in somatic genes such as BRAF, NRAS, 
NFI, KIT, and TERT, suggesting that CMs share more similarities with skin and mucosal melanomas 
than other ocular melanomas[85,86]. 

A 2016 study employing microarray analysis compared CMs with normal conjunctival samples 
and revealed 24 upregulated and one downregulated miRNA in the conjunctival samples [87]. 
Several miRNAs were associated with tumor thickness and specific stages of CM (T1 and T2). 
Additionally, miR-3687 and miR-3916 were found to correlate with an increased risk of regional 
recurrence. The study highlighted the similarities between CM, mucosal melanoma, and cutaneous 
melanoma [87]. Another recent study investigated the miRNA profile in primary tumors from non-
metastasizing and metastasizing CMs. Differential expression of miRNAs in these two forms 
suggested their potential role in predicting metastatic progression. Notably, miR-184 was 
downregulated in the progressive stages of CM, implicating its role in driving tumor cells toward 
more severe metastatic forms [88]. 

Vernal Keratoconjunctivitis 
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Vernal keratoconjunctivitis (VKC) is a chronic, inflammatory condition of the conjunctiva with 
an unclear pathogenesis [88]. While the disease is self-limited, it can lead to corneal scarring and 
significant visual impairment [89]. In a recent study, 51 tear miRNAs were found to be differentially 
expressed in VKC patients. Specifically, the expressions of miR-1229-5p, miR-6821-5p, miR-6800-5p, 
miR-4466, miR-3665, miR-4530, miR-7110-5p, miR-1207-5p, miR-6875-5p, miR-762, miR-4741, miR-
6740-5p, and miR-4298 were significantly upregulated, while miR-7975, miR-7977, and miR-1260a 
were significantly downregulated in VKC patients compared to healthy controls. These findings 
suggest that these differentially expressed miRNAs could play a role in VKC pathogenesis [90]. 
However, the small sample size (n = 4 per group) may limit the reproducibility of these results. 

MiR-4530 has been associated with the suppression of cell proliferation and regulation of 
inflammatory processes [91,92]. The upregulation of this miRNA in VKC patient tears may reflect a 
response to pro-inflammatory species and stressors present during the disease. MiR-762, which was 
overexpressed in human corneal stromal cell exosomes in keratoconus patients, was also detected in 
the tears of VKC patients [59]. This upregulation may indicate miR-762�s involvement in corneal 
surface integrity. Additionally, a study by Ueta M et al. [93] found that miR-628-3p was upregulated 
in atopic dermatitis (AD) patients with atopic keratoconjunctivitis (AKC), suggesting that plasma 
miR-628-3p levels may serve as a marker to predict the presence of severe AKC in AD patients. 

Trachoma 

Trachoma is a contagious bacterial infection caused by Chlamydia trachomatis that primarily 
affects the eyes and is a leading cause of preventable blindness worldwide [94]. The initial symptoms 
include mild itching and irritation, which gradually progress to swelling and pus discharge. 
Persistent forms of trachoma are believed to drive the continuous scarring process even in the absence 
of active C. trachomatis infection [95]. 

Recent reports suggest that host microRNAs (miRNAs) play a role in the pathogenesis and 
progression of trachoma [96,97]. miRNA expression profiling in conjunctival swabs from patients 
with follicular trachoma, an early stage of the disease, revealed differential expression of at least nine 
miRNAs (miR-155, -150, -142, -181a/b, -342, -132, -4728, and miR-184) between trachomatous 
follicular inflammation (TF) (with or without detectable C. trachomatis) and normal controls [96,98]. 
Among these, miR-155 and miR-184 showed a direct relationship with the degree of clinical 
inflammation: miR-155 was upregulated, while miR-184 and miR-4728 were downregulated as the 
severity of inflammation increased [96,98]. These findings may reflect the host immune response to 
C. trachomatis infection and the wound healing process during the early stages of trachoma. 

Furthermore, a study by Derrick T et al. identified the upregulation of miR-10a, miR-30c, miR-
32, miR-147b, miR-203, miR-1285, and miR-1305 in trachomatous scarring. Notably, the expression of 
miR-147b and miR-1285 was significantly increased in inflammatory trachomatous scarring, 
highlighting major pathways under the control of these miRNAs in the conjunctival epithelium. The 
study suggests that dysregulation of these miRNAs could lead to the activation of the TGF-β 
signaling pathway in trachomatous disease [97,98]. 

4.3.3. Lens Diseases and Refractive Error 

Cataract 

Cataract is the leading cause of vision impairment worldwide. It results from changes in the 
composition of the aqueous humor, altered permeability of the lens capsule, and metabolic 
disturbances, which cause denaturation of lens proteins and subsequent opacity of the normally 
transparent lens. Previous research has proposed that the lens is an ideal biological model for 
investigating fibrotic processes due to its unique biological properties [99]. Lens fibrotic disorders, 
such as anterior subcapsular cataract (ASC) and posterior capsule opacification (PCO), are common 
causes of visual impairment globally. Therefore, using the lens as a model for fibrosis not only 
provides direct insights into lens fibrotic disorders but also serves as a valuable experimental tool for 
understanding fibrosis more broadly. 
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Wei et al. [100] and Liang et al. [101] reported that miR-26a can inhibit cardiac fibrosis and 
idiopathic pulmonary fibrosis by targeting collagen I, CTGF, and HMGA2, respectively. Recent 
studies have also shown that miR-26b is significantly decreased in PCO tissues from patients [102], 
and overexpression of miR-26b can inhibit lens epithelial cell (LEC) epithelial-mesenchymal 
transition (EMT) by targeting Smad4 and COX-2 [103]. However, the role of miR-26a in lens fibrosis 
remains unknown. Xiaoyun Chen et al. focused on miR-26a and miR-26b to further explore their 
functions in fibrosis using the lens as a model. They employed gain- and loss-of-function assays in 
various models to demonstrate that miR-26a and miR-26b act as EMT suppressors in lens fibrosis. 
Importantly, they revealed a novel mechanism in which miR-26a and miR-26b inhibit EMT by 
directly targeting Jagged-1 and suppressing Jagged-1/Notch signaling. Furthermore, the use of 
Jagged-1 siRNA and the Notch pathway-specific inhibitor DAPT was shown to reverse LEC-EMT 
and ASC development, suggesting that the miR-26 family and pharmacological targeting of the 
Notch pathway could be therapeutic in preventing ASC, PCO, and other organ fibroses [104]. 

Tian et al. further confirmed by luciferase assay that Bin3 is the target gene of miR-184. The 
expression of miR-184, the transcriptional level of Bin3, and cataract formation are closely correlated 
[105]. Previous studies have shown that miR-184 is specifically and highly expressed in the germinal 
region of epithelial cells in the lens cortex and may play a critical role in the development of posterior 
capsular opacification (PCO). After cataract extraction, excessive proliferation and migration of 
stromal epithelial cells in the peripheral and equatorial regions of the anterior capsule (the 
germinative area of the lens epithelium), as well as epithelial-mesenchymal transdifferentiation and 
collagen secretion, form the biological basis for PCO development [106,107]. Furthermore, Hoffmann 
et al. [108] used a mouse cataract model and found that miR-184 was upregulated in vivo. Addition 
of miR-184 inhibitors to an in vitro model delayed the development of secondary cataract, inhibiting 
stromal epithelial expansion, migration, and reducing epithelial-mesenchymal cell transformation 
(such as a-SMA expression). These findings suggest that the complex competitive network involving 
miR-184 and other miRNAs plays a crucial role in regulating cataract occurrence and progression. 

Myopia 

Myopia, also known as short- or near-sightedness, occurs when the eye axis elongates 
excessively, causing light from distant objects to focus in front of the retina, resulting in blurred 
vision. It is a prevalent ocular condition worldwide. High myopia (defined as a refractive error 
greater than −6.00 D) significantly increases the risk of sight-threatening complications, including 
open-angle glaucoma, retinal detachment, chorioretinal atrophy, and choroidal neovascularization, 
which can lead to irreversible vision loss and severely impact the quality of life, particularly during 
an individual�s most productive years [109,110]. 

The spatially distinct expression levels of miRNAs at various stages of myopia suggest that 
miRNAs play diverse regulatory roles in the development of the condition. Single nucleotide 
polymorphisms (SNPs) in miR-29a have been linked to high myopia [111]. Zhu et al. examined miR-
29a expression levels in the aqueous humor (AH) and peripheral plasma of 21 high myopia patients 
and eight control patients with cataracts using quantitative polymerase chain reaction (qPCR). While 
no significant difference was observed in peripheral blood, the miR-29a expression level in the AH 
of the high myopia group was significantly higher than in the cataract control group [112]. 
Additionally, Zhu et al. found that 249 mature miRNAs and 17 novel miRNAs were differentially 
expressed in myopic eyes. The expression levels of let-7i-5p, miR-127-3p, and miR-98-5p were 
significantly higher in the myopic group compared to controls [113]. 

In recent years, several studies have used bioinformatics analysis to identify differentially 
expressed miRNAs in myopia. Liu et al. (2022) indicated that mmu-miR-1936, mmu-miR-338-5p, and 
mmu-miR-673-3p were upregulated in eyes with form-deprivation myopia (FDM), suggesting their 
involvement in myopia development through post-transcriptional gene regulation[114]. 
Additionally, Metlapally et al. found increased expression of let-7a and miR-16-2 in the eyes of 
C57BL/6J mice with FDM, with scleral miRNAs showing differential expression linked to myopia, 
supporting the role of miRNAs in eye growth regulation [115]. In an induced myopia study, 
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Tkatchenko et al. explored 53 differentially expressed miRNAs in the retina (37 upregulated and 16 
downregulated) and found no differences in miRNA expression in the sclera of C57BL/6J mice after 
10 days of visual form deprivation [116]. In a study by Mei F and colleagues, 8 miRNAs were found 
to be upregulated, which may influence the progression of myopia by disrupting related pathways 
or biological processes. Notably, miR-466h-5p and miR-466j were significantly enriched in synaptic 
transmission-related biological processes [117]. 

4.3.4. Retinopathy 

Diabetic retinopathy 

Diabetic retinopathy (DR) is a common complication of diabetes that can lead to retinal vascular 
and nerve degeneration, ultimately resulting in blindness in many patients. Neurodegeneration and 
vascular degeneration of the retina are associated with hyperglycemia, involving mechanisms such 
as apoptosis, oxidative stress, inflammation, and endothelial dysfunction, although the exact 
pathways remain unclear. Therefore, it is crucial to explore the mechanisms linking retinal 
neurodegeneration and vascular degeneration in hyperglycemic states, to identify significant 
therapeutic targets and develop strategies to halt the progression of DR in its early stages [118]. 

Furthermore, fluctuations in microRNA expression due to changes in the hyperglycemic 
environment are implicated in oxidative stress and apoptosis in the retina. Overexpression of Methyl-
CpG binding domain protein 2 (Mbd2) via miR-345-5p plays a pro-apoptotic role in high-glucose-
induced retinal cell death [119]. Studies have suggested that miRNAs such as has-miR-421, has-let-
7g-5p, has-miR-30e-5p, has-let-7c-5p, has-let-7a-5p, has-miR-363-3p, has-miR-30c-5p, has-miR-98-5p, 
has-miR-224-5p, and has-miR-155-5p regulate three important inflammation-related genes: Caspase-
3, Toll-like receptor 4, and Guanylate Binding Protein 2 [120]. Downregulation of miR-590-3p 
promotes cellular focal death through the NOX4/ROS/TXNIP/NLRP3 pathway [121]. Increased 
expression of miR-138-5p in retinal pigment epithelial (RPE) cells in high-glucose environments leads 
to reduced activity of Silent Message Regulator 1/Nuclear Factor E2-related Factor 2 (SMR1/NRF2), 
decreased expression of antioxidant response-related molecules, and increased ferroptosis, thereby 
promoting cell death [122]. Circ_0000615 affects high-glucose-induced apoptosis, inflammation, and 
oxidative stress in human RPE cells via the miR-646/YAP1 axis [123]. Upregulation of miR-200a-M 
inhibits Keap1/NRF2 signaling, which may attenuate hyperglycemia-induced inflammation and 
endothelial dysfunction [124]. These findings suggest that microRNAs influence retinal cell apoptosis 
and oxidative stress through a complex network of cytokines. 

The critical role of NF-kB signaling in metabolic disorders is well established. NF-kB is an 
important regulator of inflammatory chemokines and cytokines in various metabolic tissues [125]. 
The NF-kB signaling pathway plays a pivotal role in inflammation, and many microRNAs are 
involved in modulating this pathway. Increased expression of miR-146a downregulates the NF-kB 
downstream gene Intercellular Adhesion Molecule-1 (ICAM-1), reducing the production of pro-
inflammatory factors and preventing retinal microvessel leakage. miR-146a�s negative feedback 
regulation of NF-kB activation may play a role in Tr-iBRB endothelial cells [126]. Downregulation of 
miR-377 inhibits the NF-kB pathway and suppresses the release of pro-inflammatory cytokines by 
upregulating Silent Information Regulator 1 (SIRT1) [127]. miR-518d negatively regulates the 
expression of Peroxisome Proliferator-Activated Receptors (PPARs), leading to the nuclear 
translocation of NF-kB and phosphorylation of pathway-associated proteins, triggering 
inflammatory responses [128]. Thus, the NF-kB inflammatory pathway is a crucial component in how 
many miRNAs affect retinal neuropathy and angiopathy. 

MicroRNAs modulate diabetic retinopathy by regulating vascular endothelial factors. Vascular 
endothelial growth factor (VEGF) is a key angiogenic growth factor that increases vascular 
permeability and promotes the proliferation of vascular endothelial cells. Overexpression of miR-351 
significantly reduces VEGF and Angiotensin II expression levels [129]. Inhibition of miR-93-5p or 
overexpression of Sirt1 in the retina of rats with type 2 diabetes (T2DM) reduced VEGF levels and 
pro-inflammatory cytokines while enhancing antioxidant activity [130]. miR-148a-3p increases cell 
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viability and reduces apoptosis by targeting Transforming Growth Factor Beta 2 (TGFB2) and 
Fibroblast Growth Factor 2 (FGF2), protecting the blood-retinal barrier and inhibiting angiogenesis 
[131]. Overexpression of miR-21 promotes angiogenesis in retinal vascular endothelial cells (RVECs) 
of DR rats by activating the PI3K/Akt/VEGF signaling pathway. miR-21 also influences the expression 
of superoxide dismutase 2, affecting the antioxidant response system [132]. Downregulation of miR-
126-3p in diabetic rat retina attenuates experimental diabetic retinopathy by targeting Polo-like 
Kinase 4 (PLK4), inhibiting endothelial cell proliferation and migration [133]. miR-126-5p promotes 
endothelial proliferation by inhibiting Delta-like 1 (Dlk1), ultimately preventing atherosclerosis [134]. 
miR-126 is reduced in diabetes [135], and delivery of functional miR-126-3p promotes vascular 
endothelial repair [136]. Downregulation of miR-222 by metformin maintains endothelial integrity 
and provides cardioprotective effects. miR-15a/16 maintains the retinal endothelial cell barrier by 
reducing TGFβ3/VEGF signaling and increasing tight junction protein levels [137]. Low expression 
of miR-15b promotes the proliferation of retinal capillary endothelial cells and pericytes by 
upregulating VEGFA in diabetic rats [138]. 

Studies have shown that miR-184 regulates ischemia-induced retinal neovascularization by 
modulating the expression of the classical Wnt receptor, Frizzled7. Takabashi et al. studied mice with 
oxygen-induced retinopathy models and found that miR-184 expression was very low, while Wnt 
signaling was activated. However, overexpression of miR-184 blocked Wnt signaling by targeting 
Frizzled7, inhibiting ischemia-induced retinal neovascularization [139]. Additionally, upregulation 
of miR-150, miR-155-5p, miR-20a-5p, miR-20b-5p, and miR-451a was observed in DR patients [140-
142], while downregulation of hsa-miR-195-5p, hsa-miR-27b-3p [142], and miR-320a [143] was found. 
The correlation between specific circulating miRNAs and intraretinal hyper-reflective spots was 
demonstrated, confirming these miRNAs as prognostic biomarkers and potential pharmacological 
targets, warranting further clinical evaluation for the development of novel therapies for diabetic 
retinopathy [142]. 

Macular degeneration 

Both age-related macular degeneration (AMD) and diabetic retinopathy (DR) are commonly 
associated with oxidative stress, and the use of antioxidant agents may serve as co-adjuvant therapies 
for these diseases. MicroRNAs (miRNAs) are involved in the regulation of angiogenesis, oxidative 
stress, immune responses, and inflammation in both AMD and DR [144]. miR-205-5p is modulated 
by oxidative stress and regulates vascular endothelial growth factor A (VEGFA)-mediated 
angiogenesis [145]. Therefore, miR-205-5p is proposed as a potential candidate for targeting eye-
related proliferative diseases [145]. 

The retinal pigment epithelium (RPE) is regularly exposed to high levels of pro-oxidative 
stimuli. Inhibition of miR-144 enhances Nrf2-dependent antioxidant signaling in the RPE, preventing 
oxidative stress-induced AMD [146]. VEGFA enhancement and neovascular overgrowth are 
hallmark features of AMD [147,148]. VEGFA is produced by retinal cells, including the RPE [149]. 
Activation of the Nrf2 signaling pathway protects RPE cells from oxidative damage, and miR-125b 
targets the Nrf2/hypoxia-inducible factor-1α (HIF-1α) pathway to protect RPE from oxidative 
damage [150]. 

Moreover, miR-9 is associated with the nuclear factor-kappa B (NF-κB) signaling pathway and 
the pathogenic mechanism of complement factor H (CFH) deficiency, which leads to inflammatory 
neurodegeneration [151]. Upregulation of miR-9-3p may play a crucial role in the inflammatory and 
oxidative mechanisms of typical AMD. Studies suggest that miR-20a levels in serum increase 
angiogenesis in patients with typical AMD. miR-20a, which is upregulated under hypoxic conditions, 
targets VEGF [152,153]. In contrast, a previous study reported that the downregulation of miR-335 in 
blood plasma was inconsistent with the finding that hsa-miR-335-5p was upregulated in typical AMD 
groups [154]. These differences suggest that inferring the expression of ocular cell-specific miRNAs 
from those found in blood plasma may be challenging. Activation of miR-335 plays an important role 
in inducing p53-dependent cell cycle arrest after DNA damage [152]. p53 is known to induce RPE 
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apoptosis in age-related RPE disorders, such as typical AMD. Taken together, these observations 
imply that miR-335 and miR-20a may play critical roles in the apoptosis mechanisms of typical AMD. 

In the study by Yeong A. Choi et al. [155], hsa-miR-22-5p was found to be the most abundant 
miRNA in the typical AMD group. The study also showed that hsa-miR-708-5p was overexpressed 
in the typical AMD group. miR-708-5p regulates rhodopsin in the retina and alleviates protein folding 
stress by reducing the flow of rhodopsin into the stressed endoplasmic reticulum (ER) [156]. These 
results suggest that the upregulation of miR-708-5p may be related to the oxidative stress pathway 
in typical AMD. 

Furthermore, several miRNAs were dysregulated both in AMD animal models and AMD 
patients, such as let-7, miR-146, miR-155, miR-17-5p, miR-20a-5p, miR-24-3p, miR-106a-5p, and miR-
223-3p, which were upregulated [151,157-159], while miR-126, miR-106b, miR-152, miR-21-3p, miR-
21-5p, miR-25-3p, miR-140-3p, miR-146b-5p, miR-192-5p, miR-335-5p, miR-342-3p, miR-374a-5p, 
miR-410, miR-574-3p, and miR-660-5p were downregulated [158-161]. These findings suggest that 
these miRNAs represent potential biomarkers and new pharmacological targets for AMD. 

Polypoidal Choroidal Vasculopathy 

Polypoidal choroidal vasculopathy (PCV) is an exudative maculopathy characterized by 
abnormal aneurysmal dilatations and a branching vascular network in the choroid [162]. In Yeong A. 
Choi et al.�s study [155], the top four miRNAs related to angiogenesis (hsa-miR-374a-5p, hsa-miR-9-
3p, hsa-miR-374b-5p, and hsa-miR-20a-5p) were selected for the PCV group. The study found that 
hsa-miR-9-3p, hsa-miR-20a-5p, hsa-miR-335-3p, and hsa-miR-22-5p were commonly overexpressed 
in PCV, suggesting that these overexpressed miRNAs may be involved in the common 
pathophysiology of PCV. Additionally, hsa-miR-374a-5p was the most highly overexpressed miRNA 
in the PCV group and was one of the most abundant angiogenesis-related miRNAs. Tasharrofi et al. 
[163] demonstrated that miR-374a inhibits Fas-induced apoptosis in human primary RPE cells by 
targeting Fas under oxidative conditions. This suggests that oxidative conditions induce 
upregulation of miR-374a, leading to inhibition of Fas-induced apoptosis and protection of RPE cells 
against oxidative stress in PCV. hsa-miR-374b-5p is also overexpressed in patients with PCV. 
Gutiérrez et al. [164] showed that upregulation of miR-374b promotes angiogenesis. Therefore, miR-
374b may contribute to angiogenic processes in PCV. Further in vivo and in vitro investigations are 
needed to confirm which miRNAs in the miR-374 family are associated with PCV. Taken together, 
these results suggest that the pathogenesis of PCV may be linked to angiogenesis, oxidative stress, 
and inflammatory processes involving these miRNAs. 

4.3.5. Optic Neuropathy 

Glaucoma 

Glaucoma is a neurodegenerative disorder that affects the visual system and ultimately leads to 
global and irreversible vision loss [165]. Currently, glaucoma affects millions of people worldwide 
and is projected to affect 111.8 million people by 2040 [166]. A characteristic feature of glaucoma is 
the slow loss of retinal ganglion cells (RGCs) and their axons [167]. Glaucoma is classified into open-
angle glaucoma (OAG) and closed-angle glaucoma (CAG). OAG is the most common type, 
accounting for approximately 90% of all glaucoma cases [168], with primary open-angle glaucoma 
(POAG) and exfoliation glaucoma, a secondary form, being the most prevalent subtypes [169]. 
Among the various types, POAG is the most common, particularly in individuals of European and 
African descent. It is typically bilateral, although its severity is often asymmetric [166]. CAG is less 
common, affecting fewer than 20% of patients in the Americas. Primary angle closure glaucoma 
(PACG) represents the most severe form of closed-angle disorders [170]. 

Numerous miRNAs are dysregulated in glaucoma and may play a critical role in the underlying 
pathogenesis of POAG [168]. Additionally, miRNAs may serve as diagnostic and prognostic 
biomarkers for glaucoma. For example, several miRNAs have been identified in patient-derived 
samples from POAG cases [171], and they also play a role in the trabecular meshwork (TM) [172], 
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retina [173], and aqueous humor (AH) [174]. Certain miRNAs are involved in the delicate balance of 
extracellular matrix synthesis and deposition, which is regulated by chronic oxidative stress in 
POAG-associated tissues [175]. Many miRNAs are abundantly expressed in ocular tissues. The 
expression of miRNAs in the normal human ciliary body, cornea, and trabecular meshwork has been 
studied to better understand their function and role in disease [176]. 

Various miRNAs could serve as biomarkers for the early diagnosis of POAG. Intraocular 
pressure (IOP) is the primary risk factor for blindness in glaucoma patients. The expression of miR-
143 and miR-145 is enriched in the smooth muscle and trabecular meshwork of the eye. Targeted 
deletion of miR-143/145 in mice results in a significant reduction in IOP [177]. Aqueous humor (AH) 
is a dynamic intraocular fluid that supports the vitality of tissues regulating IOP. The eye 
continuously produces a small amount of AH, which flows out through the trabecular meshwork of 
the drainage angle. An imbalance in AH production and drainage can lead to elevated IOP. Exosomes 
are a major component of AH [178]. The expression profiles of miRNAs in the AH of glaucoma 
patients were compared with those of controls [174]. A total of 334 and 291 discrete miRNAs were 
detected in AH samples from patients with exfoliation glaucoma (PEX) and normal tension glaucoma 
(NTG), respectively. In PEX glaucoma patients, two significantly upregulated miRNAs (hsa-miR-
30d-5p and hsa-miR-320a) and ten significantly downregulated miRNAs (hsa-miR-3156-5p, hsa-miR-
4458, hsa-miR-6717-5p, hsa-miR-6728-5p, hsa-miR-6834-5p, hsa-miR-6864-5p, hsa-miR-6879-5p, hsa-
miR-877-3p, hsa-miR-548e-3p, and hsa-miR-6777-5p) were identified. In NTG patients, ten miRNAs 
were significantly upregulated (hsa-let-7a-5p, hsa-let-7c-5p, hsa-let-7f-5p, hsa-miR-192-5p, hsa-miR-
10a-5p, hsa-miR-10b-5p, hsa-miR-375, hsa-miR-4510, hsa-let-7b-3p, hsa-miR-222-3p) and two were 
downregulated (hsa-miR-4639-5p, hsa-miR-6777-5p). Notably, only hsa-miR-6777-5p was commonly 
downregulated in both PEX and NTG glaucoma patients [179]. 

Oxidative stress-induced damage to trabecular meshwork cells leads to the release of 
extracellular miRNAs, including miR-21, miR-450, miR-149, and miR-107, as established in vitro and 
in glaucoma AH samples [180]. Overexpression of miR-144-3p promotes proliferation and invasion 
of human trabecular meshwork cells by inhibiting fibronectin 1 expression under oxidative stress 
conditions, making miR-144-3p a potential therapeutic target for glaucoma treatment [181]. Silencing 
miR-29b-3p can protect human trabecular meshwork cells against oxidative injury by upregulating 
RNF138, activating the extracellular signal-regulated kinase (ERK) pathway [182]. Furthermore, 
numerous other miRNAs were dysregulated in glaucoma, including miR-21, miR-24, miR-26a, miR-
27a, miR-124, miR-125b, miR-126, miR-141-3p, miR-155, miR-182, miR-4295, miR-92b-3p, miR-99a-
5p, miR-486, miR-1260a, miR-451a, miR-3196, miR-4667-5p, miR-99b-3p, miR-637, miR-4490, miR-
1253, miR-3190-3p, miR-3173-3p, miR-608, miR-4725-3p, miR-4448, miR-323b-5p, miR-4538, miR-
3913-3p, miR-3159, miR-4663, miR-4767, miR-4724-5p, miR-1306-5p, miR-181b-3p, and miR-433-3p, 
which were upregulated [183-196], while miR-7, miR-93, miR-100, miR-187, and miR-144-3p were 
downregulated [197-201]. Additionally, miR-138-3p, miR-323b-5p, miR-146a, the miR-200 family, 
hsa-miR-210-3p, miR-125b-5p, miR-302d-3p, and miR-451a were also differentially expressed in 
glaucoma [202-206]. These differentially expressed miRNAs in glaucoma samples highlight the 
potential role of miRNAs in the pathogenesis of glaucoma and suggest that pathogenic mechanisms 
may differ across different types of glaucoma, as summarized in Supplementary Table 4. 

Pseudoexfoliation Syndrome 

Pseudoexfoliation syndrome (PEX) is a significant systemic disorder of the extracellular matrix, 
commonly associated with advancing age. What distinguishes PEX as a systemic disease is the 
presence of granular amyloid-like protein fibers that aggregate in various tissues and organs, 
including the anterior segment of the eye, meninges, blood vessels, connective tissue, skin, heart 
muscle, liver, gallbladder, bladder, kidneys, and lungs [207]. 

In 2018, Drewry et al. conducted a differential analysis of microRNA (miR) expression in the 
aqueous humor of patients with primary open-angle glaucoma (POAG) and pseudoexfoliation 
glaucoma (PEXG) [206]. The control group consisted of cataract patients. The researchers identified 
298 miRs, focusing on those with significantly different expression between the groups. They found 
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decreased expression of miR-125b-5p in POAG compared to the control group and increased 
expression of miR-302d-3p and miR-451a. In the PEXG group, five miRs exhibited significantly 
altered expression compared to the control group. Notably, miR-122-5p, miR-3144-3p, miR-320e, and 
miR-630 showed significantly higher levels, while miR-320a was significantly lower. Interestingly, 
the expression of miR-302d-3p was significantly lower in PEXG compared to POAG [206]. 

In 2020, it was found that miR-122-5p was significantly upregulated as PEX advanced to later 
stages, including PEXG. Among the miRs identified as differentially expressed in PEX, the authors 
highlighted those involved in regulating TGF-β1, protein binding, and extracellular matrix-related 
processes. Specifically, miR-124-3p, miR-424-5p, and miR-122-5p were upregulated in PEXG, 
targeting these pathways. The material was isolated from blood, and miR profiling was performed 
using PCR arrays [208]. In 2022, a study utilizing next-generation sequencing identified four miRs 
with statistically significant differential expression. These miRs—miR-671-3p, miR-374a-5p, miR-
1307-5p, and miR-708-5p—were collected from anterior lens capsules during cataract extraction and 
may play a significant role in the etiopathogenesis of PEX [209]. Polymorphisms rs3742330 in the 
DICER1 gene and rs10719 in the DROSHA gene were analyzed in blood samples, with a significant 
genetic association found between the rs3742330 variant in DICER1 and PEXG [210]. 

Another study [179] analyzed miR profiles in aqueous humor samples from Korean patients 
with PEXG and normal-tension glaucoma (NTG), compared to healthy controls. Ten downregulated 
miRs (miR-3156-5p, miR-4458, miR-6717-5p, miR-6728-5p, miR-6834-5p, miR-6864-5p, miR-6879-5p, 
miR-877-3p, miR-548e-3p, and miR-6777-5p) and two upregulated miRs (miR-30d-5p and miR-320a) 
were found in PEXG patients compared to controls. RNA sequencing was performed on 26 aqueous 
humor samples. Additionally, numerous other miRNAs associated with PEX, including let-7b, miR-
29a, miR-34a, miR-126, miR-181a-5p, miR-3161, miR-1304, miR-1268a, miR-4667-5p, miR-99b-3p, 
miR-637, miR-4490, miR-1253, miR-3190-3p, miR-3173-3p, miR-608, miR-4725-3p, miR-4448, miR-
323b-5p, miR-4538, miR-3913-3p, miR-3159, miR-4663, miR-4767, miR-4724-5p, miR-1306-5p, miR-
181b-3p, and miR-433-3p [195,196,211], were identified. These miRNAs may be involved in pathways 
previously implicated in PEX or PEXG, suggesting their potential as biomarkers for disease 
pathogenesis, as outlined in Supplementary Table 4. 

Neuromyelitis Optica Spectrum Disorder (NMOSD) 

Neuromyelitis optica spectrum disorder (NMOSD) and multiple sclerosis (MS) are 
inflammatory demyelinating diseases of the central nervous system (CNS) with distinct 
pathogeneses. The immunoglobulin G antibody against aquaporin-4 (AQP4-IgG) is a highly specific 
biomarker for NMOSD, present in over 80% of patients [212]. AQP4-IgG targets aquaporin-4, 
inducing astrocytic damage through antibody-dependent cellular cytotoxicity mechanisms [213], and 
also induces damage to non-AQP4-expressing cells via bystander killing mechanisms [214]. 

Chen et al. [215] demonstrated that the level of exosomal hsa-miR-122-3p was significantly 
elevated in the serum of acute NMOSD patients compared to remitting patients and healthy controls. 
Exosomal hsa-miR-122-3p expression correlated with the Expanded Disability Status Scale (EDSS) 
score, suggesting that serum exosomal hsa-miR-122-3p could serve as a marker for NMOSD relapse. 
Furthermore, a study showed that hsa-miR-200a expression was significantly reduced in rituximab-
treated NMO patients, with a fold change of 0.21 relative to untreated patients [216]. However, no 
differences in the expression of hsa-miR-122-3p and hsa-miR-200a-5p were found between NMOSD 
patients and healthy controls in serum and whole blood [217]. 

MiR-324-3p, known to target NRG1 in various diseases such as diabetic nephropathy, 
Alzheimer�s disease, and chronic renal conditions, has not been thoroughly investigated for its role 
in regulating NRG1 in MS or as a potential differential marker between NMOSD and MS. To explore 
this, the relative copy number (RCN) of miR-324-3p was measured across MS, NMO, relapsing-
remitting MS (RRMS), secondary progressive MS (SPMS), and healthy control groups [218]. Chen et 
al. [215] also found that hsa-miR-200a-5p expression was significantly higher in acute NMOSD 
patients compared to those in remission. Previous studies have reported dysregulation of miR-23a, 
miR-155, miR-572, miR-22b-5p, miR-30b-5p, and miR-126-5p in NMOSD patients, suggesting that 
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exosomal miRNAs could be used as potential biomarkers for differential diagnosis of NMOSD [219-
221]. 

4.3.6. Autoimmune Diseases 

Graves’ Ophthalmopathy 

Graves� Ophthalmopathy (GO) is a debilitating autoimmune inflammatory disorder affecting 
the orbit, occurring in approximately 40% of patients with Graves� disease (GD). The prevalence of 
GD is 3% among women and 0.5% among men [222], though these figures can vary across different 
racial and ethnic groups. Given the variable specificity and sensitivity of existing biomarkers, there 
is a critical need for novel biomarkers that can improve early diagnosis, predict treatment responses, 
and guide personalized therapies [223,224]. 

Circulating microRNAs (miRNAs) have emerged as promising biomarkers in autoimmune and 
inflammatory diseases, including GO [224]. miRNAs are key regulators in immune modulation, 
adipogenesis, and tissue remodeling, all of which play critical roles in the pathophysiology of GO 
[225]. Notable miRNAs such as miR-146a and miR-155 are involved in the regulation of immune 
responses in GO. miR-146a, known for its anti-inflammatory properties, dampens immune activation 
by targeting genes in the NF-κB signaling pathway, a central driver of cytokine production and 
immune cell activation [225,226]. Studies have consistently shown that miR-146a is downregulated 
in GO, particularly in patients with active disease, suggesting its potential as a biomarker for disease 
activity [227,228]. In contrast, miR-155 is upregulated in GO, enhancing pro-inflammatory signaling 
via the toll-like receptor (TLR) pathway and contributing to the chronic inflammation characteristic 
of the disease [4,229]. 

A comparison between GO patients and healthy individuals revealed that miR-96 and miR-183 
were upregulated in GO patients [230], while miR-146a was downregulated [231]. In comparisons 
between GO and GD patients, both miR-199 and miR-146a were downregulated [232,233]. When 
investigating glucocorticoid responses in GO patients, 90 miRNAs did not show significant changes, 
but two (miR-4474–3p and miR-615–3p) were downregulated, and one (miR-885–3p) was 
upregulated [233,234]. In glucocorticoid-resistant GO patients, miR-224 was found to be 
downregulated [235]. 

Further studies comparing active and inactive GO patients found significantly lower levels of 
miR-146a in both groups compared to healthy controls, with active GO patients having even lower 
levels than those with inactive disease [236]. miR-21-5p was significantly elevated in patients with 
GO, compared to both healthy individuals and patients with elevated TSHR-Abs without GO [237]. 
A study analyzing 3431 miRNAs across various autoimmune thyroid diseases found that in GO 
patients, miR-96–5p and miR-301a-3p were upregulated, while miR-Let7d was downregulated [235]. 
Among 3025 miRNAs analyzed between healthy individuals, GD, and GO patients, two miRNAs 
(Novel:19_15038 and Novel: hsa-miR-27a-3p) were significantly upregulated in GO, while miR-22–
3p was significantly downregulated in both GD and GO [230]. These proteomic and miRNA analyses, 
combined with bioinformatics, have identified circulating biomarkers that can diagnose GD, predict 
GO disease status, and optimize patient management. 

Autoimmune Uveitis 

Uveitis, a form of intraocular inflammation primarily involving the retina and uvea, is a major 
cause of blindness due to retinal photoreceptor degeneration from mitochondrial oxidative stress 
[238,239]. This oxidative damage primarily affects the retinal photoreceptors [240,241]. Experimental 
Autoimmune Uveitis (EAU) is a well-established animal model used to study uveitis and evaluate 
the efficacy of novel anti-inflammatory therapeutics [242]. The development of EAU requires 
activation of the innate immune response, leading to T cell-mediated autoimmune processes directed 
at the retina. 

Recent target prediction analyses suggest that a significant number of innate immune response 
genes are directly regulated by microRNAs [243,244]. Sindhu Saraswathy et al. investigated miRNA 
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expression profiles in the retinas of EAU mice treated with αA crystallin. Their findings revealed 
upregulation of certain miRNAs in the treated retina, with significant downregulation in untreated 
EAU retinas, suggesting that αA crystallin might upregulate specific miRNAs. However, additional 
studies are needed to confirm this potential role [245]. Bioinformatics analyses of upregulated 
miRNAs, in combination with validated targets, identified miR-146a and miR-155 as significant in 
modulating immune-reactive genes, contributing to the alleviation of inflammation in uveitis [246-
248]. miR-146a was also shown to reduce intraocular inflammation in Experimental Autoimmune 
Anterior Uveitis (EAAU) in rats by inhibiting NFκB [249]. 

Transgenic mice with altered miRNA expression have been successfully used to study miRNA 
function. These mice are designed to target miRNA expression during specific developmental stages 
and in a tissue- or cell-type-specific manner [250,251]. Sindhu Saraswathy�s study demonstrated the 
protective function of miR-146a in EAU using miR-146a knockout (KO) mice. Their results revealed 
that miR-146a KO mice experienced severe inflammation compared to wild-type (WT) mice, 
supporting the role of miR-146a in suppressing uveitis. The absence of this miRNA led to heightened 
intraocular inflammation and retinal damage [245]. Previous studies have identified upregulation of 
miR-379-5p [252] and downregulation of miR-223-3p [253], miR-30b-5p [254,255], miR-182-5p [256] 
in EAU, highlighting the role of autophagy in uveitis pathogenesis. These miRNAs regulate 
autophagy and inflammation, indicating that targeting miRNAs could offer a promising therapeutic 
strategy for treating uveitis. 

Dry Eye Disease 

Dry Eye Disease (DED) is a multifactorial condition affecting both the tear film and ocular 
surface, leading to tear film instability and potential ocular surface damage [257]. Diagnosing DED 
can be time-consuming and delayed due to variations in disease severity, the need for detailed 
examinations, and evaluation of patient history [258]. As DED directly impacts the tear film, 
understanding how it alters its composition could reveal novel targets for both diagnosis and 
treatment. 

Literature on profiling tear miRNAs in DED patients is limited, with only two studies reported. 
One study identified nine tear miRNAs (miR-127-5p, miR-1273h-3p, miR-1288-5p, miR-130b-5p, miR-
139-3p, miR-1910-5p, miR-203b-5p, miR-22-5p, and miR-4632-3p) linked to inflammation, which were 
upregulated in the tears of DED patients [259]. Another study found that four miRNAs (miR-450b-
5p, miR-1283, miR-5700, and miR-3671) were significantly upregulated in tears from dry eye patients 
compared to healthy controls, while 28 miRNAs (including miR-4673, miR-890, miR-576-5p, and 
others) were significantly downregulated [258]. Notably, there was no overlap between the altered 
miRNAs identified in these two studies. This discrepancy may be due to differences in research 
methods, such as the use of microarray hybridization vs. RNA-Seq, different collection techniques 
(saline wash vs. capillary tubes), and variations in sample sizes (n = 5 per group in Pucker et al.�s 
study vs. n = 138 per group in Wang et al.�s study). These factors contribute to the variability across 
studies and examining the impact of each may provide insights into improving reproducibility in 
future research. Additionally, due to high interpersonal variability in tear miRNA levels, studies with 
larger sample sizes are necessary to generate more reliable findings. 

Historically, tear miRNAs have been under-studied because obtaining enough tear samples for 
comprehensive analysis is challenging. However, Kim et al. recently demonstrated differential 
expression of miRNAs in the tears of Sjögren�s Syndrome (SS) patients, although there was no overlap 
with the miRNAs identified in the current DED study [260]. Approximately 90% of free-floating 
extracellular miRNAs are protected from degradation by proteins like high-density lipoprotein 
(HDL), while about 10% are protected by extracellular vesicles [261]. This theory is supported by 
previous findings that HDL components have been detected in tears [262]. However, future studies 
are needed to further clarify the nature of miRNAs in the tear supernatant. 

Many miRNAs associated with DED (miR-1288-5p, miR-130b-5p, miR-139-3p, miR-22-5p, miR-
203b-5p, and miR-450b-5p) have been primarily studied in the context of cancer [263-268]. One study 
also found elevated expression of miR-1910-5p in human retinal pigment epithelium (APRE-19) cells 
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under hydrogen peroxide-induced oxidative stress [269]. Environmental factors such as exposure to 
ultraviolet radiation and pollutants are known to increase oxidative stress and ocular surface 
inflammation in DED [270]. miR-127, which was elevated in tears from DED patients, has also been 
shown to promote pro-inflammatory M1 macrophage development in murine models of lung 
inflammation [271]. Furthermore, higher expression of miR-203 in monkey tears compared to sera 
suggests a potential involvement of miR-203 in ocular homeostasis [272]. Additionally, studies have 
identified the dysregulation of miR-328, miR-223-3p, miR-125b, let-7b, miR-6873, and miR-214-3p in 
DED, indicating that their dysregulated expression may play a role in DED pathogenesis and could 
serve as new therapeutic targets [273-277]. 

Sjögren’s Syndrome 

Sjögren�s syndrome (SS) is a chronic autoimmune disorder characterized by lymphocytic 
infiltration of exocrine glands, particularly the salivary and lacrimal glands [278]. Diagnosis typically 
relies on a combination of patient-reported symptoms (e.g., dry mouth/eyes), ocular and oral dryness 
measurements, and antinuclear antibody blood tests. These symptoms often overlap with other 
inflammatory diseases, which can delay diagnosis and treatment. Identifying reliable tear biomarkers 
for SS can accelerate diagnosis and prevent mismanagement. 

A recent study found that four miRNAs (miR-16-5p, miR-34a-5p, miR-142-3p, and miR-223-3p) 
were significantly upregulated, while ten miRNAs (miR-30b-5p, miR-30c-5p, miR-30d-5p, miR-92a-
3p, miR-134-5p, miR-137, miR-302d-5p, miR-365b-3p, miR-374c-5p, and miR-487b-3p) were 
significantly downregulated in patients with SS compared to healthy controls [260]. However, since 
this study measured the expression of only 43 pre-selected miRNAs using a custom PCR array, it 
may not capture all the miRNAs significantly altered in SS. Many of these miRNAs play roles in 
regulating inflammatory pathways. miR-16 and miR-223 have been found elevated in minor salivary 
gland tissue and peripheral blood mononuclear cells of SS patients [279]. miR-16 has also been linked 
to decreased salivary flow rates [280]. miR-16, miR-142, and miR-223 families are essential for 
hematopoietic lineage differentiation and play roles in immune cell development [260,281]. 
Upregulation of miR-223-3p has been associated with increased detection of pro-inflammatory 
cytokines TNF-α and IL-1β in the corneas of mouse models of fungal keratitis [53]. 

Cortes-Troncoso et al. found that miR-142-3p, expressed in the salivary glands of SS patients but 
not healthy controls, is transferred from activated T-cells into glandular cells. Here, it restricts cAMP 
production and alters intracellular Ca2+ signaling [282]. These processes are critical for fluid and 
enzyme secretion from exocrine glands. Attenuating elevated miR-223, miR-16, and miR-142 levels 
could alleviate the heightened immune response in SS patients and relieve symptoms. However, 
further studies are necessary to clarify their precise regulatory roles. miR-34a is associated with T-
cell activation regulatory networks [283]. Inducing miR-34a expression in T-cell receptors has been 
shown to decrease the killing capacity of primary CD4+ and CD8+ T cells, ultimately downregulating 
NF-κB signaling through a proposed feedback loop [284]. Elevated activity of CD4+ and CD8+ T cells 
is common in SS patients, and dysfunction in this miRNA pathway may contribute to the damage of 
glandular epithelial cells by cytotoxic CD8+ T cells, leading to the increased miR-34a expression 
detected in the tears of SS patients [285,286]. 

Furthermore, downregulation of miR-92 is linked to the overexpression of innate defense genes 
in human corneal epithelial cells under excessive inflammation [59]. miR-92a expression in minor 
salivary gland tissue samples from SS patients correlates inversely with SS severity [287]. However, 
murine models with elevated miR-17-92 cluster expression in lymphocytes developed 
lymphoproliferative disease and autoimmunity, with enhanced proliferation of both T and B cells 
[288]. The miR-30 family, known for negatively regulating B-cell activating factor (BAFF) [289], was 
downregulated in the tears of SS patients. BAFF is crucial for B-cell maturation, proliferation, and 
survival. Murine studies have shown that excessive BAFF expression can lead to autoimmune-like 
manifestations [290]. Elevated BAFF expression has also been observed in B lymphocytes infiltrating 
the salivary glands of primary SS patients [289]. Other miRNAs dysregulated in SS include miR-31-
5p, miR-130a, miR-708, miR-23b-3p, miR-155, miR-203-3p, miR-181b-5p, and miR-146a-5p, 
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suggesting that differences in miRNA expression profiles may improve the understanding of 
immune regulatory mechanisms and contribute to diagnosing SS (see Supplementary Table 4). 

4.3.7. Hereditary Diseases 

Keratoconus 

Keratoconus (KC) is a degenerative corneal disease characterized by progressive corneal ectasia. 
Despite extensive research, the etiology of KC remains poorly understood. Recent studies have 
focused on characterizing the microRNA (miRNA) profile in patients with KC, particularly at the 
level of the ocular surface. Several miRNAs have been suggested to potentially play a role in the 
disease�s etiology. 

In 2022, Zhang and colleagues conducted a study analyzing miRNA patterns in the aqueous 
humor of keratoconic eyes. They found four miRNAs (hsa-miR-7–5p, hsa-miR-193b-5p, hsa-miR-195–
3p, and hsa-miR-199a-5p) to be upregulated, while ten miRNAs (hsa-miR-28–3p, hsa-miR-222–3p, 
hsa-miR-363–3p, hsa-miR-95–3p, hsa-miR-181a-5p, hsa-miR-novel-chrX_13407, hsa-miR-320a-3p, 
hsa-miR-22–3p, hsa-miR-423–5p, and hsa-miR-185–5p) were downregulated. This resulted in a total 
of 14 miRNAs with differential expression between KC eyes and normal eyes. Pathways potentially 
involved in the disease include antigen response, endocytosis, and mismatch repair [291]. 

miR-195 has been linked to oxidative stress pathways [292], which could contribute to corneal 
stromal degradation. miR-199 appears to regulate vascular endothelial growth factor (VEGF) 
expression [293], though its role in KC is still unclear. miR-193 has been shown to regulate collagen 
production in other tissues [294]. miR-181�s altered expression in keratoconic corneas was associated 
with TGF-beta-induced gene expression and collagen type IV degradation pathways [295]. In 
previous studies, Wang and colleagues also reported altered expression of miR-181, miR-28, and miR-
195 in corneal epithelial samples, both harvested after surgery and collected through impression 
cytology, alongside seven other miRNAs (hsa-miR-151a-3p, hsa-miR-138–5p, hsa-miR-146b-5p, hsa-
miR-194–5p, and others) [296]. 

One well-studied miRNA in KC is miR-184, which is highly expressed in the human cornea. 
Mutations in miR-184 have been linked to ectatic corneal diseases [176]. Specifically, mutations in a 
single base of miR-184 are associated with keratoconus, often alongside other ocular abnormalities 
[297]. miR-184 is involved in the Wnt signaling pathway, which plays an important role in immune 
cell maintenance, renewal, and cell homeostasis. The increased expression of miR-184 in the healthy 
human cornea, coupled with its association with KC, suggests its involvement in corneal disease 
progression [298]. A study by Anne E. Hughes and colleagues found upregulation of both miR-205 
and miR-184 in familial severe keratoconus, highlighting the potential of miRNAs in identifying 
susceptibility genes and new therapeutic targets for both rare and common ocular diseases [299]. A 
summary of upregulated and downregulated miRNAs in KC is provided in Supplementary Table 
4. 

EDICT Syndrome 

EDICT syndrome (Endothelial dystrophy, iris hypoplasia, congenital cataract, and stromal 
thinning) was first identified in a Swedish family in 1951 [300]. It is an autosomal dominant genetic 
disorder characterized by abnormal anterior segment development, including corneal endothelial 
dystrophy, iris dysplasia, congenital cataracts, and corneal stromal thinning. Iliff et al. [301] analyzed 
venous blood from family members with a history of genetic diseases and controls, extracting DNA 
to detect candidate genes and pre-miRNAs. Their comparative studies revealed that members with 
a family history of genetic diseases had a mutation from C to T in the seed regions of miRNA-184. 
This mutation (+57 C>T) was speculated to alter the stability of pre-miRNA-184 and its interaction 
with RNA polymerase, contributing to the pathogenesis of EDICT syndrome. However, the exact 
mechanism behind the pathogenesis of EDICT syndrome due to this mutation requires further 
experimental validation. 
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Yelena Bykhovskaya et al. [302] reported that the clinical symptoms of congenital cataracts 
combined with bilateral keratoconus in a family from Northern Ireland closely resembled those of an 
affected family with EDICT syndrome [303]. Further genetic testing revealed the presence of the c.57 
C>U mutation in miR-184 in all maternally related affected family members, suggesting that this 
mutation could be responsible for the observed corneal and lens abnormalities. This supports genetic 
testing for the MIR184 c.57 C>U mutation in patients with familial corneal and lens defects [304]. 

Aniridia 

Aniridia is a rare congenital panocular disease characterized by varying degrees of iris 
hypoplasia or complete absence of iris tissue [305,306]. The condition is typically caused by mutations 
or deletions in the PAX6 gene, which leads to haploinsufficiency of this gene [307,308]. The incidence 
of congenital aniridia ranges from 1 in 64,000 to 1 in 100,000, and it can occur either as an isolated 
condition or in association with other syndromes [309,310]. 

A study by Latta et al. found evidence of altered miRNA expression patterns in conjunctival cells 
of patients with aniridia compared to healthy controls, using miRNA microarrays [311]. This study 
identified 21 significantly deregulated miRNAs (including miR-204-5p) in the conjunctival cells of 20 
subjects with congenital aniridia. These alterations were associated with neovascularization in the 
corneas of patients with severe aniridia-associated keratopathy (AAK). Additional studies have 
highlighted the significant role of miRNAs in corneal angiogenesis [312], corneal wound healing 
[313], corneal neovascularization [314], and corneal differentiation [315]. 

Through microarray profiling, Mahsa Nastaranpour et al. identified a novel miRNA, miR-138-
5p, which was upregulated in aniridia samples. The expression of its target genes, FOXC1, CASP3, 
and CCND1, was reduced. Key signaling pathways related to miR-138-5p included PI3K-Akt, Hippo, 
Wnt, focal adhesion, cAMP, p53, IL-17, Jak-STAT, and MAPK [316]. Kevin Yongblah and colleagues 
found that miR-7 and miR-375 were upregulated in pancreatic islets from mice with aniridia, 
suggesting that RNA-based therapies targeting miRNAs may offer potential treatments for the 
progressive defects associated with aniridia [317]. 

Retinoblastoma 

Retinoblastoma (RB) is a retinal tumor that affects approximately 1 in 16,000 live births and is 
typically diagnosed during the early years of a child�s life. About 60% of RB cases involve both alleles 
of the RB1 gene being altered locally within the affected retina. In certain cases (40%), a germline 
predisposition involving the RB1 gene, followed by somatic inactivation of the second allele, leads to 
hereditary RB [318]. 

In RB cells and tissues, the expression of miR-140-5p is significantly downregulated, which is 
associated with poor patient survival and adverse clinicopathological features. miR-140-5p plays a 
role in inhibiting cell proliferation following cell cycle arrest and induction of apoptosis. These 
suppressive effects are achieved through inhibition of the c-Met/AKT/mTOR signaling pathway 
[319]. Another important miRNA in RB is miR-598, whose expression is reduced. Increasing miR-598 
expression suppresses RB cell metastasis and survival. miR-598 directly targets the transcription 
factor E2F1 and exerts repressive effects on cell survival. Furthermore, miR-598 inactivates the AKT 
signaling pathway, promoting cell apoptosis. As a result, miR-598 suppresses metastasis and survival 
of RB cells by inactivating AKT signaling and inhibiting E2F1 expression [320]. In contrast, RB cells 
exhibit higher expression of miR-320a compared to healthy retinal cells. miR-320a directly targets 
and negatively regulates the tumor suppressor candidate 3 (TUSC3). Overexpression of TUSC3 is 
associated with decreased RB cell viability and induction of apoptosis. Inhibition of miR-320a, along 
with targeting TUSC3, suppresses cell proliferation and induces apoptosis in RB cells [321]. 

The Wnt/β-catenin signaling pathway, which depends on Wnt3A, plays a critical role in the 
growth, differentiation, and metastasis of cancer cells. miR-485 has been shown to suppress Wnt/β-
catenin signaling and Wnt3A activity in RB cells. Downregulation of miR-485 in RB cell lines and 
tissue samples leads to increased cell invasion, migration, proliferation, and resistance to 
chemotherapy, as well as epithelial-to-mesenchymal transition (EMT). Increased expression of miR-
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485 results in the reversal of these effects, highlighting its potential role in controlling RB cell behavior 
[322,323]. 

Furthermore, RB cell lines overexpress Disheveled-Axin domain-containing protein 1 (DIXDC1), 
a protein associated with increased cell invasion and proliferation. Silencing of DIXDC1 inhibits these 
processes and Wnt signaling. miR-186 targets DIXDC1 and can reverse its effects by increasing its 
expression. In this context, DIXDC1 acts as an oncogene, and inhibition of DIXDC1 by miR-186 
suppresses the proliferation and invasion of RB cells [324]. MiR-9 dysregulation has been observed 
in various cancers, including RB. In RB, miR-9 expression is reduced in both tissue and blood samples. 
Increased levels of miR-9 suppress cell migration, viability, and tumor formation. miR-9 exerts its 
tumor-suppressive effects by targeting PTEN, which is reduced by miR-9 mimic transfection. 
Therefore, miR-9 inhibits RB progression and proliferation through PTEN targeting, suggesting its 
potential as a therapeutic target for RB treatment [325,326]. 

Retinitis pigmentosa 

Retinitis pigmentosa (RP) is a genetically diverse group of retinal disorders that lead to 
progressive vision loss due to the degeneration of photoreceptors (PRs), ultimately resulting in 
blindness. Although rod PRs are predominantly affected in RP, their degeneration triggers secondary 
processes that lead to the death of cone PRs [327]. Additionally, the progressive alterations in the RP 
retina extend beyond the PRs, affecting other retinal cell types, such as the retinal pigment epithelium 
(RPE) [327,328]. The RPE plays a critical role in retinal function by transporting nutrients and 
maintaining the outer segments of PRs [329,330]. RP pathology can impair RPE function, thereby 
exacerbating disease progression. 

Recent studies have revealed that miR-181a/b is highly expressed in the human retina [331], and 
it has been implicated in the reprogramming of cancer metabolism [332,333]. Specifically, 
downregulation of miR-181b-5p suppressed glycolysis in gallbladder cancer by upregulating PDHX, 
which decreased cancer cell viability [333]. Furthermore, overexpression of miR-181a promotes colon 
cancer cell proliferation by activating the PTEN/AKT pathway, which enhances glycolysis in tumor 
cells [334]. Early investigations into the therapeutic potential of miR-181a/b downregulation for 
inherited retinal diseases (IRDs) have demonstrated improvements in disease phenotypes, including 
enhanced mitochondrial morphology and function. These improvements were associated with 
increased mitochondrial biogenesis and turnover, as well as reduced mitochondrial fragmentation 
[335,336]. However, the role of miR-181a/b in regulating retinal cell metabolism remains 
underexplored. Bruna Lopes da Costa et al. shed light on this aspect, showing that downregulation 
of miR-181a/b in RPE cells improved their morphology and reduced glycolytic activity. This 
reduction in aerobic glycolysis is particularly significant for treating IRDs, as it suggests increased 
glucose availability for PRs, which is beneficial for their function [337,338]. 

In a study by Donato et al. [339], the expression of miRNAs was compared between two groups 
of RPE cells: one untreated and the other exposed to oxidized low-density lipoprotein (oxLDL). In 
the treated samples, 23 miRNAs exhibited altered expression, targeting genes involved in various 
biochemical pathways, many of which are associated with RP. Additionally, five RP causative genes 
(KLHL7, RDH11, CERKL, AIPL1, and USH1G) were identified as confirmed targets of five altered 
miRNAs (hsa-miR-1307, hsa-miR-3064, hsa-miR-4709, hsa-miR-3615, and hsa-miR-637), suggesting a 
connection between oxidative stress and RP development and progression. These findings may 
uncover novel mechanisms underlying RP pathogenesis. Downregulation of miR-181a/b has also 
shown therapeutic promise in neurodegenerative disorders, including RP caused by mutations in the 
Rhodopsin (Rho) and Phosphodiesterase 6β (Pde6β) genes. The use of an adeno-associated viral 
vector (AAV) carrying a miR-181a/b complementary sequence, known as a “sponge,” improved 
mitochondrial morphology and function in PR cells. Notably, using a ubiquitous promoter for 
transduction of both PRs and RPE cells resulted in a more significant rescue effect compared to cell-
type-specific expression of the miR-181a/b “sponge” in rods or RPE cells alone. This suggests that 
simultaneous downregulation of miR-181a/b in multiple retinal cell types is essential for achieving 
optimal therapeutic outcomes [335,336]. 
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In a healthy human retina, miR-204 is expressed in the ganglion cell layer (GCL), inner nuclear 
layer (INL), outer nuclear layer (ONL), retinal pigment epithelium (RPE), and ARPE-19 cell lines 
[340]. A pathogenic variant in miR-204 was first identified in a case of retinal degeneration associated 
with ocular coloboma, characterized by keyhole-shaped defects in the iris, sometimes accompanied 
by congenital cataract [341]. The n.37C>T variant in the seed region of miR-204 was found in six 
members of a five-generation family of white British descent, with the associated disease termed 
‘retinal dystrophy and iris coloboma with or without congenital cataract� (MIM #616722) [341]. 
Clinical instances of RP caused by miRNA gene variations are rare, and the co-occurrence of RP and 
macular abnormalities (MAC) is even less common. This report describes a Chinese family with RP 
and iris coloboma linked to the miR-204 gene variation (n.37C>T), inherited in an autosomal 
dominant pattern [342]. In 2023, this pathogenic variant was also observed in a Czech family, where 
it was associated with congenital glaucoma, as well as RP and iris coloboma [343]. In a study by 
Zhang Lei, whole-exome sequencing (WES) identified the miR-204 n.37C>T variant. Both the proband 
and his mother exhibited iris coloboma and cataracts, with the variant inherited from his mother, 
who had congenital iris coloboma in both eyes. The variant was also present in the proband�s son, 
who displayed iris coloboma. Pedigree analysis of the miR-204 (n.37C>T) variant suggests a dominant 
inheritance pattern [344]. Furthermore, several studies have highlighted the dysregulation of miR-
6937-5p, miR-6240-p3_2, miR-9-5p, and miR-214-3p in RP. These studies suggest that miRNA 
expression analysis in oxidative stress-induced RPE cells may uncover novel regulatory functions, 
potentially leading to new strategies for regulating the pathogenesis of RP [345-348]. 

Leber Hereditary Optic Neuropathy 

Leber hereditary optic neuropathy (LHON) was the first disease to be attributed to maternal 
inheritance, named after Dr. Theodore Leber, who first described it in 15 patients from four families 
[349]. As one of the most common inherited optic neuropathies, LHON has a prevalence ranging 
from 1 in 50,000 to 1 in 25,000 in Europe, predominantly affecting males (80%-90% of cases) [350]. 
LHON is caused by point mutations in complex I of the mitochondrial electron transport chain, 
leading to the selective degeneration and death of retinal ganglion cells (RGCs), which are responsible 
for transmitting visual signals from the eyes to the brain, ultimately resulting in vision loss [351]. 

Yi-Ping Yang et al. demonstrated that miRNAs have a negative relationship with 
circRNA_0087207 in LHON-derived RGCs, with circRNA_0087207 acting as a sponge for miR-548c-
3p. The study also found that miR-665 may have a high affinity for circRNA_0087207. In their 
validation experiments using transfected cells, the authors identified PLSCR1 and TGFB2 as potential 
downstream targets of miR-548c-3p. Notably, these mRNAs were upregulated in circRNA_0087207-
overexpressing RGCs and downregulated in circRNA_0087207-knockdown RGCs. Overexpression 
of circRNA_0087207 sponges miR-548c-3p, thereby releasing elevated levels of PLSCR1 and TGFB2. 
This pathway, in conjunction with the ND4 mutation, increases apoptosis levels in LHON-derived 
RGCs, leading to the death of a critical number of RGCs and resulting in vision loss. Furthermore, 
the authors were the first to demonstrate that the circRNA_0087207/miR-548c-3p/PLSCR1-TGFB2 
axis may cooperate with the ND4 mutation to regulate apoptosis levels in LHON-derived RGCs, 
revealing a novel mechanism of this disease [352]. 

4.4. The Promise and Challenges of miRNA Biomarkers 

MicroRNAs show great potential as biomarkers for eye diseases due to their ability to be 
detected in non-invasive body fluids (e.g., blood, tears, aqueous humor), enabling early diagnosis 
and monitoring of conditions like glaucoma, AMD, and diabetic retinopathy. miRNAs can also track 
disease progression and response to therapy and could be used for targeted therapies by regulating 
specific genes involved in eye diseases. However, there are methodological challenges: inter-patient 
variability, inconsistent sampling times, normalization techniques, and influences from 
comorbidities or environmental exposures. These include the lack of standardized detection 
methods, the complexity of miRNA regulation, and difficulty in establishing causality in disease. 
Validation through large-scale, long-term studies is needed, as well as overcoming regulatory and 
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ethical concerns. Additionally, efficient delivery of miRNA-based therapies to specific eye tissues 
remains a major obstacle. The field must prioritize reproducibility, consistent analytical pipelines, 
and integration with clinical workflows to unlock their full potential. 

3.7. Limitations and Future Directions 

We used bibliometric and visualized analyses to formulate the research actuality in the field of 
miRNAs in glaucoma research, which enabled this research to be comparatively exhaustive and 
objective. Nevertheless, this research still contains some inevitable limitations. First, a significant 
constraint of this study is the predominance of English-language publications, which represents a 
limitation in capturing the full scope of pupillometry research. Many valuable contributions may be 
published in journals written in other languages, which were not fully represented in this analysis. 
Second, it is essential to recognize the inherent differences between bibliometric data and real-world 
research findings. For instance, older articles typically accumulate a greater number of citations, 
while newer, high-quality articles may not receive the same attention due to their relatively lower 
citation frequency. Third, while the SCI Expanded database is adequate for conducting bibliometric 
analyses, the document retrieval counts are only marginally different between SCI Expanded and 
WoSCC. Since different databases have distinct properties, such as variations in citation frequency 
counts, document classification, and export formats, combining multiple databases may not always 
yield optimal results [353]. Finally, some bibliometric experts recommend using the “front page” 
filter to refine the analysis and exclude unrelated documents, thus improving the relevance and 
quality of the bibliometric assessment [354]. 

The dynamic and fast-paced nature of scientific discovery means that new research, 
technological advances, and clinical applications may emerge rapidly. Periodic re-evaluation and 
longitudinal bibliometric tracking will be essential to maintain an up-to-date understanding of the 
field�s progression. Despite these limitations, our study provides a strong foundation for identifying 
key research hotspots, influential contributors, and emerging directions in miRNA-stroke research. 
By addressing the outlined limitations, future studies can further refine and expand the landscape, 
ultimately supporting the translation of bibliometric insights into clinical and scientific 
advancements. 

5. Conclusions 

In conclusion, the number of annual publications on microRNAs in eye-related disease research 
has steadily increased over the past two decades. China is a leading country in this field, making 
significant contributions to miRNA research in glaucoma. Institutional and individual collaboration 
is crucial for advancing research on miRNAs in glaucoma and will serve as the foundation for future 
studies. This research provides a basis for new frontiers in miRNA studies in ophthalmology by 
summarizing publication trends, research hotspots, collaborative relationships, and emerging topics, 
thereby enabling readers to quickly access valuable information. Notably, we found that the 
dysregulation of let-7, miR-184, miR-181, miR-155, miR-146, miR-21 and miR-9 occurred most 
frequently in various ocular related diseases. These findings will help the research community 
explore novel topics and mechanisms, offering guidance for future clinical trials involving miRNAs 
in eye-related diseases. 
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