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MAPK8 and HDAC6: potential
biomarkers related to autophagy
in diabetic retinopathy based on
bioinformatics analysis
Ruotong Sun and Ling Zuo*

Department of Ophthalmology, The Second Norman Bethune Hospital of Jilin University,
Changchun, China
Introduction:One of themost common vascular diseases of the retina is diabetic

retinopathy (DR), a microvascular condition caused by diabetes. The autophagy

system transports and degrades cytoplasmic substances to lysosomes as part of

the intracellular degradation process. Autophagy appears to be an important

regulator in the development and progression of DR, but its mechanism and

potential role are unclear. The purpose of this study is to identify autophagy-

related genes in DR and find potential biomarkers associated with DR through

bioinformatics analysis.

Method: We retrieved the dataset GSE102485 from the Gene Expression

Omnibus (GEO) database and compiled a list of 344 autophagy-related genes.

Using the R software, bioinformatics analysis was used to identify the differentially

expressed autophagy-related genes (ARGs). Then, we identified the autophagy-

related hub genes (ARHGs) through a series of analyses including Gene Ontology

(GO) enrichment analysis, Kyoto Encyclopedia of Genes and Genomes (KEGG)

pathway analysis, correlation analysis, and protein-protein interaction (PPI)

network. In addition, the miRNA-gene-TF interaction network was generated

using the NetworkAnalyst platform. Potential therapeutic drugs were predicted

utilizing the Drug-Gene Interaction Database (DGIdb). Ultimately, DR was

simulated through the high glucose incubation of the retinal pigment

epithelium cell line (ARPE-19), and employing quantitative real-time

polymerase chain reaction (qRT-PCR) to verify ARHG expression. The

effectiveness of ARHGs in diagnosing DR was assessed by measuring the area

under the receiver operating characteristic (ROC) curve.

Results: Differential expression analysis identified 26 ARGs, of which 6 were

upregulated and 20 were downregulated. Through GO and KEGG enrichment

analysis, it was found that ARGs showed significant enrichment in autophagy-

related pathways. Using PPI network analysis, 7 ARHGs were identified. The

expression of MAPK8, HDAC6, DNAJB1 and TARDBP, in a model of DR were

confirmed by qRT-PCR. The ROC curve results showed that MAPK8, HDAC6,

DNAJB1 and TSC2 had high predictive accuracy and could be used as biomarkers

for DR.
frontiersin.org01

https://www.frontiersin.org/articles/10.3389/fendo.2025.1487007/full
https://www.frontiersin.org/articles/10.3389/fendo.2025.1487007/full
https://www.frontiersin.org/articles/10.3389/fendo.2025.1487007/full
https://www.frontiersin.org/articles/10.3389/fendo.2025.1487007/full
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fendo.2025.1487007&domain=pdf&date_stamp=2025-05-21
mailto:Zuoling@jlu.edu.cn
https://doi.org/10.3389/fendo.2025.1487007
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://doi.org/10.3389/fendo.2025.1487007
https://www.frontiersin.org/journals/endocrinology


Sun and Zuo 10.3389/fendo.2025.1487007

Frontiers in Endocrinology
Conclusion: Through bioinformatics analysis, we identified 26 genes that may be

associated with autophagy in DR. We suggest that the hub genes MAPK8 and

HDAC6 as biomarkers may be involved in autophagy in DR.
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1 Introduction

Diabetic retinopathy (DR) ranks as a prevalent microvascular

disease associated with diabetes. It is also the leading cause of

blindness in adults. Research forecasts that by 2030, the diabetic

population might ascend to 552 million, with over a third exhibiting

symptoms of DR (1). DR manifests as a range of pathological

alterations, including thickening of the vascular basement

membrane, impaired blood-retinal barrier function, capillary cell

death, cell-free capillary formation, neovascularization, and retinal

detachment (2). Many molecular mechanisms have been proposed

to explain the development of DR, including oxidative stress,

formation of advanced glycation end products, activation of

protein kinase C and polyol accumulation (3). Such processes

enhance the advancement of diseases through alterations in

cellular signaling and cell metabolism, which in turn lead to high

production of inflammatory factors and vascular endothelial growth

factor (VEGF). Notably, VEGF is known to be an important target

for the treatment of DR, age-related macular degeneration and

macular edema (4). Currently, the main treatments for DR are

intravitreal injections of anti-VEGF agents, total retinal laser

photocoagulation, and vitrectomy. For patient’s refractory to anti-

VEGF agents, intravitreal corticosteroid injections and macular

laser treatment may also be considered. However, there are still a

large number of patients with refractory DR, and these approaches

may not be able to fully prevent and treat DR, and the exact

pathogenesis and signaling pathways behind the disease are not yet

fully understood (2). Therefore, further research on the

pathogenesis of DR at the molecular level and the discovery of

new biomarkers are crucial for patient prognosis and quality of

life improvement.

Autophagy is a specialized catabolic pathway that maintains

homeostasis by degrading damaged organelles, abnormal proteins,

and breaking down cellular components (5). Stimulated by various

pathophysiological responses, such as hypoxia, growth factor

removal, nutrient deprivation, or enhanced ROS release, leading

to increased demand for intracellular nutrients and energy, the

process of autophagy needs to be augmented to meet cellular

demands (6). Recently, it has been shown that the autophagic

process plays an important role in the pathogenesis of DR and

that it can influence the progression of such diseases (7). Abnormal

levels of autophagy contribute to the progression of DR, including

processes that promote vascular endothelial cell injury, vascular
02
endothelial growth factor release, neovascularization, and even

retinal neuroepithelial injury (8, 9).

Retinal pigment epithelial (RPE) cells serve as part of the outer

blood-retinal barrier (BRB), and their role is to maintain the normal

structure of the retina and perform their own functions (10). The

primary cause of vision loss in patients with DR is macular edema,

and disruption of the blood-retinal barrier is the key to its

occurrence (11). In diabetes, disruption of the outer BRB is

associated with regulation of autophagy in RPE cells. In vitro

studies have demonstrated that ARPE-19 cells exhibit an increase

in autophagy in response to high glucose levels (12). However, the

exact mechanism of how autophagy in RPE cells contributes to the

progressive development of DR needs to be further explored.

Therefore, in this study, we analyzed datasets of patients with

DR and non-diabetic individuals to reveal differentially expressed

genes (DEGs) in the retina of patients with DR and controls.

Subsequently, we matched these genes with autophagy-related

genes to obtain differentially expressed autophagy-related genes

(ARGs), and, finally, performed functional enrichment analysis to

elucidate the their interactions and biological function. Immediately

after, we screened for autophagy-related hub genes (ARHGs)

through protein-protein interaction (PPI) network analysis and

further confirmed with qRT-PCR in the DR model. In addition,

we constructed an miRNA-gene-TF regulatory network and

predicted potential targets for pharmacotherapy based on ARHGs.

In summary, our results further reveal the role of autophagy

process in DR and its mechanism, and these ARHGs lay the

foundation for future studies of DR at the molecular biological

level, as well as provides a valid biomarker for its use in the

diagnosis and treatment of DR.
2 Materials and methods

2.1 Data acquisition and preprocessing

The flow chart of this study is shown in Figure 1. Download

GSE102485 by Li Y et al. (13) from the Gene Expression Omnibus

(GEO) database (14) (http://www.ncbi.nlm.nih.gov/geo/). GSE102485

was in GPL18573 platform. The GSE102485 dataset was selected for

its unique focus on human retinal tissues, which provides direct

insights into DR-related molecular alterations in the ocular

microenvironment. The dataset included 3 normal retina samples
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which were collected in 3 healthy controls, 2 retinal periphlebitis

samples, 3 branch retinal vein occlusion samples, and 22 DR

samples (DR group). DR and control group data were retained in

this study for analysis. We collected autophagy-related genes from

different databases. The Gene Cards database (15) (https://

www.genecards.org/): We used the terms “autophagy” as search

keywords, and only retained autophagy-related genes with relevance

score > 5.000 and “protein coding”tag. A total of 210 autophagy-

related genes were retrieved from the Gene Cards database. The

Human Autophagy Database (http://www.autophagy.lu/): We

obtained 232 autophagy-related genes from The Human

Autophagy Database. Finally, a total of 344 autophagy-related

genes were acquired after merging and deleting duplicates.
2.2 Differential expression analysis

We used R software (version 4.3.2) for data quality control,

background correction, standardization, and subsequent analysis.

The “limma” package (16) was used to screen for differential genes

between the control and DR groups. We considered genes with

adjusted p-values <0.05 and |log fold change|>1 as differentially

expressed genes. Next, we overlapped DEGs with autophagy-related
Frontiers in Endocrinology
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genes to obtain ARGs. To visualize the differential genes, the

“ggplot2” (17) “heatmap” (18) and “ggvenn” packages(https://

github.com/yanlinlin82/ggvenn) were employed to generate

volcano, heatmap, and Venn diagrams, respectively.
2.3 Correlation analysis and tissue-specific
expression

Correlation analysis of ARGs was performed using the

Spearman correlation in the “corrplot” package. We used the

BioGPS website (http://biogps.org) to study the tissue-specific

expression of ARGs.
2.4 Functional enrichment analysis

We analyzed and evaluated the function of ARGs by Gene

Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes

(KEGG) using the “clusterProfiler” software package (19). GO

analysis included biological processes (BP), cellular components

(CC) and molecular functions (MF) (20). KEGG analysis of possible

pathways involved in ARGs (21).
FIGURE 1

Overview of the research procedure of this study.
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2.5 Generation of a protein-protein
interaction network and identification of
hub genes

We constructed a PPI network of ARGs using the Search Tool

for Interactive Gene Retrieval (STRING) (22) (https://cn.string-

db.org/) to explain the interactions between ARGs. Visualize and

build PPI networks with Cytoscape v3.9.1 software (23). The top 10

genes in the PPI network calculated based on the maximum clique

centrality (MCC), degree, maximum neighbor component (MNC)

and maximum neighbor component density (DMNC) methods in

the cytohubba plug-in, respectively, and the overlapping genes were

determined to be the hub genes.
2.6 miRNA-gene-TF interaction networks

The NetworkAnalyst 3.0 platform (https://www.networkanalyst.ca)

was used to analyze the interactions between ARHGs, miRNAs, and

TFs (24).The miRNA-gene-TF network was visualized by

Cytoscape software.
2.7 Prediction of potential agents

The Drug-Gene Interaction Database (DGIdb) (https://

dgidb.org/) (25) was used to predict potential therapeutic agents

that target ARHGs. Using drug-gene interaction data, we can search

for potential drugs that can target specific target genes.
2.8 Culturing cells to model DR

The human retinal pigment epithelial cell line (ARPE-19) was

procured from Shanghai Zhong Qiao Xin Zhou Biotechnology in

China (PRI-H-00004). The cells were cultured in Dulbecco’s

Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F12)

medium supplemented with 10% fetal bovine serum (FBS)

(Zqxzbio, Shanghai, China) and 1% Antibiotic-Antimycotic

(Zqxzbio, Shanghai, China) at 37°C with 5% carbon dioxide.

ARPE-19 cells were cultured in high glucose medium containing

25 mM anhydrous glucose (Zqxzbio, Shanghai, China) for 72 h as

an in vitro diabetes model (26–28), and ARPE-19 cells were

cultured in normal medium containing 5 mM glucose for 72 h as

a control group. The culture medium was changed every 2 days.

When the cell density reached 80%, the cells were passaged at a ratio

of 1:3, washed with PBS (Zqxzbio, Shanghai, China) and treated

with 0.05% trypsin (Zqxzbio, Shanghai, China). In order to

guarantee the precision and reliability of the findings, the study

was conducted using 8-10 generations of cells. Cells were routinely

screened for mycoplasma contamination using a probe-based qPCR

assay (MeilunBio, MA0350).
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2.9 qRT-PCR and validation

Total RNA was extracted from cells in the DR group and

control group using the Total RNA Extraction Kit (Sevenbio,

Beijing, China) according to the manufacturer’s protocol. A

NanoDrop 2000c spectrophotometer (Thermo Fisher Scientific)

was used to test the concentration and purity of RNA. Then, the

total RNA was reverse transcribed with StarScript III RT kit

(Genstar, Beijing, China) to obtain cDNA, and qRT-PCR was

utilized with the StarScript III one-step qRT-PCR SYBR kit

(Genstar, Beijing, China), the above steps were performed

according to the manufacturer’s instructions. Sangon Biotech Co.,

Ltd (Shanghai, China) designed and synthesized the primers, and

the primers sequences are shown in Supplementary Table S1. The

relative expression level of the gene mRNA was normalized using b-
actin (12) as the reference gene and the calculation of mRNA

expression levels was performed using the 2-DDCt method. This in

vitro experiment was repeated three times. The GSE221521 (29)

dataset, obtained from the GEO database, contains 69 peripheral

blood samples from patients with DR and 50 from healthy

individuals. We used R software (version 4.3.2) for data quality

control, background correction, and standardization of the

GSE221521, and used the GSE221521 dataset to validate the

diagnostic efficacy of the hub genes. We built the receiver

operating characteristic (ROC) curve to assess the diagnostic

significance of ARHGs using the pROC package (30) in R. The

area under the ROC curve (AUROC) was used to represent the

magnitude of diagnostic efficiency.
2.10 Statistical analysis

The statistical analysis in this study were executed through the

utilization of the GraphPad Prism software (version 9.5.1)

Normality of data distribution was confirmed using the Shapiro-

Wilk test. All datasets met the normality assumption (P > 0.05). The

analysis of gene expression levels within the sample was conducted

employing the Student’s t-test, and the observed difference was

deemed to be statistically significant when P <0.05.
3 Results

3.1 Identification of differentially expressed
ARGs

Differential gene expression analysis was performed using gene

expression information from the GSE102485 dataset, comprising

22 DR retinal tissue samples and 3 normal retinal tissue samples. A

total of 2256 differentially expressed genes were identified,

including 211 up-regulated genes and 2045 down-regulated

genes, using the adjusted p-value < 0.05 and |logFC|>1 as
frontiersin.org
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criteria. Differential expression of these 2256 DEGs was plotted

using volcanic chart and heatmap (Figures 2A, B). According to the

GeneCards database and the Human Autophagy Database, a total

of 344 genes involved in the process of autophagy were obtained
Frontiers in Endocrinology 05
(Supplementary Table S2). After comparing 2256 DEGs with 344

autophagy-related genes, 26 overlapping genes were identified

(Figure 2C). Then, 26 ARGs in DR were obtained, including 6

upregulated genes and 20 downregulated genes (Table 1).
FIGURE 2

Identification of differentially expressed genes involved in autophagy in DRof GSE102485. (A) Volcano plot of 2256 differentially expressed genes in
the GSE102485 dataset. It contains 2211 significantly up-regulated genes, represented by red dots, and 2045 significantly down-regulated genes,
represented by blue dots, whereas gray dots represent stably expressed genes. (B) Heatmap of the top 50 significantly differentially expressed genes
in the GSE102485 dataset. The blue bars represent control specimen, denoted by “Control”, and the red bars represent specimens from patients with
DR, denoted by “DR”. (C) Venn showing 26 common genes between differentially expressed genes and autophagy-related genes. (D, E) 26
differentially expressed autophagy-related genes correlation heatmap. The color red is used to indicate a positive correlation, while the color blue is
used to indicate a negative correlation.
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3.2 Correlation analysis and tissue-specific
expression of ARGs

We performed a correlation analysis of 26 ARGs using

bioinformatics methods with the aim of investigating the correlation

between these genes. The analysis revealed a pronounced association

between the up-regulated and down-regulated genes (Figures 2D,

E).Meanwhile, we determined the expression of these 26 genes in

human retina utilizing the BioGPS, thereby enhancing the precision

and specificity of our findings Excluding CASP4, MALAT1, TAX1BP1,

and ULK3, the expression levels of the remaining 22 genes in the retina

surpassed the average levels observed across various systemic tissues

and organ systems, underscoring their distinct and potentially

significant roles within retinal physiology. Among the identified

genes, CALCOCO2, CTSB, CXCR4, FYCO1, and IKBKB displayed
Frontiers in Endocrinology 06
expression levels in human retina exceeding three-fold the median,

indicative of a notable enrichment of these autophagy-related genes

within retinal tissue, suggesting their pivotal roles in retinal

homeostasis and potentially disease processes (Table 2).
3.3 GO and KEGG pathway enrichment
analyses

Employing the GO and KEGG databases, we conducted a

comprehensive functional enrichment analysis of 26 ARGs,

providing insights into their biological roles and pathways in DR.

The results of GO enrichment analysis indicated that the differential

genes were significantly enriched in 404 biological processes (BP), 67

cellular components (CC), and 69 molecular functions (MF). Among

the most prominent terms identified, we observed significant

enrichment in: BP such as autophagy regulation, cellular response to

chemical stress, macroautophagy, macroautophagy regulation, and

starvation response; CC including cell leading edge, autophagosome,

and inclusion body; andMF encompassing heat shock protein binding,

phosphatase binding, Hsp90 protein binding, protein phosphatase

binding, and ATPase regulatory activity (Figures 3A–C). These are

all closely related to the occurrence of autophagy, indicating that

autophagy plays an important role in the development of DR.

Within the most prominently enriched pathways, we identified a

cohort of 13 genes that play pivotal roles: ATF4, ARNT, FAS,

CASP1, HDAC6, MAPK8, STK11, TSC1, ULK3, FYCO1, TSC2,

CALCOCO2, and MAPT (Figures 3D). These genes are important

in regulating key pathways and provide us with deeper insights.

Furthermore, the KEGG analysis illuminated a notable enrichment

of ARGs primarily within the context of Salmonella infection,

autophagy in animals, lipid metabolism and atherosclerosis, Nod-like

receptor signaling cascades, as well as MAPK signaling pathways

(Figures 3E). This description not only reaffirms the critical role of

ARGs in these biological processes, but also provides a novel

perspective by emphasizing their complex interactions that may

influence DR development through the process of autophagy, setting

our findings apart from previous studies.
3.4 Constructing a PPI network and
identifying hub genes

The PPI network, constructed via the intricate interplay among

individual proteins, holds paramount significance in elucidating the

multifaceted functions and interconnectivity of proteins, thereby

advancing our comprehension of biological processes and

mechanisms (22, 31). To gain a deeper insight into the intricate

interplay among ARGs, we harnessed the STRING platform to

curate a PPI network, integrating these genes into a comprehensive

framework for analysis (Figure 4A). Subsequently, we derived a PPI

network comprising 25 distinct nodes interconnected by 52 edges,

yielding an average node degree of 4.16, indicative of a moderately

dense and intricately woven interaction landscape. Among the 26

genes under investigation, one solitary gene stands apart, exhibiting
TABLE 1 The 26 differentially expressed autophagy-related genes in
DRsamples compared to normal samples.

Gene
Symbol

logFC P-value
Adjusted
P-value

Changes

PFN1 3.94968 0.0000243 0.0018 UP

CXCR4 3.60314 0.000138527 0.00627 UP

CASP1 3.22422 0.000499268 0.01551 UP

CTSB 3.19115 0.001586652 0.03497 UP

CASP4 2.91775 0.000110479 0.00529 UP

FAS 2.19346 0.001068984 0.02646 UP

MAP2K7 -1.33203 0.001440462 0.03272 DOWN

STK11 -1.35821 0.000508236 0.01568 DOWN

TECPR2 -1.38652 0.000813711 0.02178 DOWN

MAPK8IP1 -1.45568 0.000657198 0.01875 DOWN

IKBKB -1.64286 0.002065839 0.04259 DOWN

ARNT -1.72436 0.000644245 0.01851 DOWN

ATF4 -1.78547 0.001071365 0.02649 DOWN

HDAC6 -1.80076 0.001925497 0.04062 DOWN

TARDBP -1.89154 0.002498207 0.04825 DOWN

MAPK8 -1.90305 0.000631113 0.01831 DOWN

TAX1BP1 -1.9412 0.0002422 0.00926 DOWN

MAPT -1.99935 3.6E-10 6.27E-07 DOWN

DNAJB1 -2.14703 0.000906395 0.02352 DOWN

TSC1 -2.30514 0.0000587 0.00339 DOWN

TSC2 -2.337 0.00000437 0.00052 DOWN

CALCOCO2 -2.34208 0.000000244 7.50E-05 DOWN

FYCO1 -2.40975 0.0000135 0.00118 DOWN

MALAT1 -2.84857 0.001197985 0.02883 DOWN

HSP90AA1 -2.99295 0.0000334 0.00224 DOWN

ULK3 -3.2608 0.0000251 0.00184 DOWN
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no discernible associations with other gene and thus failing to

contribute to the formation of a molecular network. (Figure 4B). To

delve deeper into our analysis, we leveraged the cytoHubba plug-in

within the CytoScape software, harnessing its advanced capabilities

for a more profound exploration of the data.These ARGs were

screened according to MCCmode, MNCmode, Degree and DMNC

mode, and the top ten hub genes were selected (Figures 5A–D,

Table 3). The genes that were consistently identified by the

intersection of the four employed algorithms were selected as the

ARHGs, thereby ensuring a rigorous and specialized approach to

gene selection. We obtained 7 ARHGs, among which MAPK8,

HDAC6, MAPT, TSC2, DNAJB1 and TARDBP are down-regulated

genes,CASP1 is an up-regulated gene (Figure 5E). We postulate that

alterations in these ARHGs may be intricately linked to the

initiation and progression of DR, underscoring their pivotal role

in the pathophysiological mechanisms. Furthermore, we conducted

a correlation analysis of these 7 genes utilizing a chord diagram,

which unveiled a robust interconnectivity among them, indicative

of their strong associative nature (Figure 5F).
3.5 Construction of a miRNA-gene-TF
interaction network

To gain further insights into the intricate interplay among genes,

miRNAs, and TFs in the context of DR, we devised a comprehensive
Frontiers in Endocrinology 07
miRNA-gene-TF interaction network, thereby facilitating a deeper

understanding of their dynamic regulatory landscape. Firstly,

leveraging the ARHGs as a foundation, we employed the

NetworkAnalyst 3.0 platform to forecast an intricate network

comprising 107 miRNAs, 72 TF, and 222 interconnected edges, thus

facilitating a comprehensive investigation of their regulatory

relationships. Our network revealed that MAPK8 is modulated by 6

miRNAs, CASP1 by 5 miRNAs, HDAC6 by 12 miRNAs, MAPT by 4

miRNAs,DNAJB1 by 28 miRNAs, and TARDBP being regulated by a

single miRNA. No direct miRNA regulation of TSC2 was observed

(Supplementary Table S3). The regulatory landscape of these genes

reveals intricate transcriptional control, with MAPK8 governed by 28

TFs, CASP1 by 6 TFs, HDAC6 by 13 TFs, MAPT by a notable 18 TFs,

TSC2 by 19 TFs, DNAJB1 by 7 TFs, and TARDBP displaying an

extensive regulatory network of 70 TFs. Ultimately, we visualized a

novel miRNA-Gene-TF interaction network using the Cytoscape

software platform, providing a comprehensive representation of the

complex regulation (Figure 6). The common hub genes were found in

this network, suggesting a profound interplay between TFs and

hub genes.
3.6 Target drug forecasting

Leveraging the extensive resources of DGIdb, we prospectively

identified potential therapeutic agents that may exert beneficial
TABLE 2 Expression levels of dierentially expressed autophagy-related genes identified by BioGPS in retinal tissues.

Gene Expression levela Medianb Gene Expression levela Medianb

>3×M

CALCOCO2 285.40 ± 86.95 69.9 CTSB 884.62 ± 332.09 46.8

CXCR4 16.83 ± 2.88 3.3 FYCO1 108.55 ± 40.13 16.3

IKBKB 68.75 ± 7.47 17.7

>1×M

ARNT 3.98 ± 0.310 3.2 ATF4 934.30 ± 64.650 848.1

CASP1 10.28 ± 0.360 9.1 DNAJB1 171.45 ± 4.630 116.1

FAS 6.43 ± 0.285 5.7 HDAC6 4.30 ± 0.200 3.5

HSP90AA1 2084.88 ± 686.59 1829.7 MAP2K7 8.53 ± 0.685 7.1

MAPK8 6.22 ± 0.390 5.23 MAPK8IP1 4.60 ± 0.250 3.8

MAPT 11.82 ± 1.49 5.6 PFN1 576.33 ± 154.28 257.5

STK11 2.20 ± 0.150 1.8 TARDBP 88.92 ± 16.34 60.9

TECPR2 17.90 ± 0.950 6.3 TSC1 174.60 ± 24.85 92.5

TSC2 4.62 ± 0.340 3.8

<1×M

CASP4 10.83 ± 0.635 11.3 MALAT1 226.57 ± 57.63 246

TAX1BP1 181.93 ± 20.43 191.1 ULK3 5.88 ± 0.090 6.1
aThe “Expression level” represents the expression level of ARGs in human retinal tissue; bThe “median” represents the average expression level of ARGs in all tissues of human and can be used as
a reference for assessing retina-specific enrichment in humans. All data above from BioGPS.
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effects on DR by specifically targeting ARHGs, thereby contributing

to the development of novel and targeted therapeutic strategies.

With the exception of DNAJB1, our analysis founded 651 drug

candidates that were associated with 6 ARHGs, showing the breadth
Frontiers in Endocrinology
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of potential therapeutic avenues explored through this targeted

approach. Table 4 enumerates the agents that have achieved a query

score of 5 or greater, or in the case of the target gene, the highest

query score.
FIGURE 3

GO and KEGG enrichment analysis of 26 differentially expressed autophagy-related genes. (A) Bar plot of enriched GO terms. (B) Bubble plot of
enriched GO terms. (C) Eight Diagrams of enriched GO terms. (D) Common genes in the most top enriched pathways. (E) Bar plot of enriched KEGG
terms. GO, Gene Ontology; BPs, biological processes; CCs, cellular components; MFs, molecular function. KEGG, Kyoto Encyclopedia of Genes
and Genomes.
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3.7 Verification

To corroborate the robustness of our findings derived from the

GSE102485 (13) dataset, we employed qRT-PCR as a validation

strategy, ensuring the integrity and accuracy of our analytical

outcomes. Firstly, ARPE-19 cells were cultivated under two

distinct conditions: a hyperglycemic milieu comprising 25 mmol/

L of anhydrous glucose and a normoglycemic setting. The ARPE-19

cells exposed to elevated glucose concentrations were employed as

an in vitro model of DR. Conversely, ARPE-19 cells maintained in

normal glucose media served as the control group, providing a

baseline for comparison and elucidating the specific effects of high

glucose exposure. Then, we conducted a detailed quantification of

the expression of the 7 ARHGs through the utilization of qRT-PCR.

Ultimately, resemble to the mRNA microarray findings reported in

the GSE102485 dataset, our study observed a pronounced

downregulation of mRNA expression levels for MAPK8, HDAC6,

DNAJB1, and TARDBP in ARPE-19 cells subjected to high glucose

treatment. This result emphasizes the specific and consistent effects

of hyperglycemic status on these genes, thus providing a new

molecular basis for RPE dysfunction in DR. Intriguingly, despite

predictions from our bioinformatics analysis that CASP1, MAPT,

and TSC2 expression would be upregulated, these genes exhibited

no significant alterations in their expression levels in ARPE-19 cells

subjected to high glucose treatment, in contrast to the control cells.

This demonstrates the complexity of gene regulation in DR in

response to hyperglycemic stimuli and emphasizes the need for

further research into the mechanisms behind the occurrence of this

condition (Figure 7).

Subsequently, we delved into the diagnostic potential of these

seven genes in DR, constructing ROC curves to evaluate their

discriminatory power and clinical utility. The analysis of ROC
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curves revealed that in GSE221521(peripheral blood samples), the

AUROC of MAPK8, CASP1, HDAC6, MAPT, TSC2, DNAJB1 and

TARDBP were 0.650, 0.500, 0.637, 0.504, 0.777, 0.783 and 0.585

respectively, when differentiating patients with DR from controls

(Figure 8).Our finding indicate that MAPK8, HDAC6, TSC2, and

DNAJB1 have some diagnostic benefits as new biomarkers of DR,

suggesting their potential as invaluable tools for early detection and

prognosis assessment.
4 Discussion

Diabetes has long been recognized as a pervasive public health

challenge on a global scale. DR emerging as a distinct microvascular

complication that poses a significant threat to vision, accounting for

a substantial proportion of blindness cases in numerous countries.

This highlights the necessity to address DR as a significant public

health concern that requires innovative strategies for prevention,

early detection, and effective management (2, 32). The etiology of

DR is multifaceted, with the prevailing paradigm positing DR as a

neurovascular disorder of the retina, characterized primarily by

microvascular alterations (1). In its early stages, DR presents with a

myriad of pathological transformations, encompassing retinal

neurodegeneration, endothelial dysfunction, and notably,

angiogenesis, which serves as a hallmark of DR, subsequently

progressing to fibrovascular proliferation and hemorrhage.

Prolonged hyperglycemia acts as a pivotal driver, fostering the

thickening of retinal microvascular basement membranes,

endothelial cell depletion, heightened vascular permeability, and

the induction of neovascularization (33). This intricate interaction

indicates the necessity of a nuanced understanding of the

pathogenesis of DR in order to facilitate the development of
FIGURE 4

The protein-protein interaction network of 26 differentially expressed autophagy-related genes. (A) The PPI network of 26 differentially expressed
ARGs was constructed by using String database. It contains 25 nodes and 52 edges. The average node degree is 4.16, and the PPI enrichment P-
value is less than 3.68e-12. (B) The PPI network processed with CytoScape software consists of 26 ARGs. Blue represents downregulated genes, and
red represents upregulated genes. Rhombic shape represents the hub genes; ellipse represents others. PPI,protein-protein interaction; ARGs,
differentially expressed autophagy-related genes.
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targeted therapeutic interventions. Recent investigations have

illuminated a pivotal role for autophagy in the initiation and

progression of DR (7). Despite the intricate molecular

mechanisms underlying DR remaining largely unravelled, a

growing body of evidence underscores the intricate interplay

between autophagy and factors such as oxidative stress, hypoxia,

endoplasmic reticulum stress, and other diabetes-related

perturbations, all of which are implicated in the pathogenesis of

DR (34). The intersection of these pathways highlights the potential

of modulating autophagy as a novel therapeutic pathway in the

treatment of DR and suggests the need to further explore the role of

autophagy in DR.

Autophagy is a fundamental cellular mechanism that maintains

the stability of the intracellular environment and external

homeostasis by selectively degrading intracellular components.

This complex process is coordinated by a series of signaling

cascades, most notably the activation of mammalian target of

rapamycin (mTOR) and AMP-activated protein kinase (AMPK)

signaling pathways (35). Autophagy occurs in most retinal cells in

patients with DR. However, autophagy is a double-edged sword:

while moderate autophagy is a protective mechanism that

strengthens retinal cells against the deleterious effects of reactive

oxygen species (ROS), inflammatory cascades, and traumatic injury,
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excessive enhancement of autophagy triggers aberrant cell death,

and a delicate balance must be maintained in this complex process

(34). Some scholars believe that tumor necrosis factor-a (TNF-a)
released by Müller cells activates the epidermal growth factor

receptor (EGFR)/p38 cytokine-activated protein kinase (MAPK)/

nuclear factor-kB (NF-kB)/p62 pathway, which increases

mitochondrial autophagy and apoptosis in retinal pigment

epithelial (RPE) cells under high glucose conditions. This damage

to the RPE accelerates the development of DR, suggesting that a

complex interaction between autophagy and DR is critical for the

development of DR (36). In addition, Liu et al. found an interesting

observation that the expression of glial cell maturation factor-b
(GMFB) was significantly up-regulated in the vitreous humor of

patients diagnosed with early DR. Notably, as a stress-responsive

protein, extracellular GMFB plays a key role in regulating

autophagy and iron homeostasis, which ultimately affects the

important physiological functions of RPE cells. The role of

autophagy activation in RPE cells highlights its potential to

accelerate the pathological progression of DR, providing new

insights into the complex mechanisms of this disease (37). In

conclusion, the role of autophagy in various types of retinal cells

during the development of DR highlights the complexity of the

underlying mechanism, which remains enigmatic. In order to reveal
FIGURE 5

Identification and correlation analysis of hub genes. (A-D) The top 10 hub genes were identified through the protein-protein interaction network
map using four algorithms: maximal clique centrality (MCC), maximal neighborhood centrality (MNC), degree, and density-based maximal clique
(DMNC). (E) Venn shows 7 autophagy-related hub genes (ARHGs) obtained by four algorithms. (F) Chord diagram of 7 ARHGs. Red represents
positive correlation, blue represents negative correlation, and the darker the color or the thicker the line, the higher the correlation intensity.MCC,
maximal clique centrality; MNC, maximal neighborhood centrality; DMNC, density-based maximal clique; ARHGs, autophagy-related hub genes.
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the exact role of autophagy in the pathogenesis of DR, more in-

depth explorations are necessary to gain a more nuanced

understanding of the dynamic interactions between the

autophagic pathway and the DR environment.

In our study, we identified 26 ARGs by analyzing the DR dataset

and autophagy-related genes using a bioinformatics approach.

Subsequently, we performed correlation analyses of these 26

ARGs, and the results revealed strong correlations among them.

We used BioGPS to determine the expression of the above 26 genes

in the human retina. The analysis showed that CALCOCO2, CTSB,

CXCR4, FYCO1 and IKBKB were significantly enriched in retinal

tissue. This finding highlights the potential association of these

genes with retinal function and homeostasis. The results of GO and

KEGG enrichment analyses emphasize the profound association of

these genes with important biological processes, including in

particular the regulation of autophagy, regulation of

macroautophagy, and macroautophagy. This finding emphasizes

the central position of these genes in the autophagy network. In

addition, KEGG pathway analysis revealed the involvement of these

ARGs genes in the Nod-like receptor signaling pathway and MAPK

signaling pathway. Evidence from DR studies suggests that these

pathways have critical functions, in perfect agreement with our

predictive analysis (38–40). Autophagy is a regulator of

inflammasome activation through downregulation of NF-kB and

related signaling cascades. A seminal study by Piippo N, et al.

demonstrated that autophagy inhibition in RPE cells promotes

extracellular release of NOD-like receptor protein 3 (NLRP3) and

subsequent inflammasome activation, thereby clarifying

autophagy’s central role in modulating ocular inflammatory

responses (41, 42). Subsequently, 7 ARHGs with DR were
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identified, including MAPK8, CASP1, HDAC6, MAPT, TSC2,

DNAJB1, and TARDBP. After comprehensive analysis using the

PPI network and cytoHubba, we identified seven autophagy-related

hub genes (ARHGs) that are significantly associated with DR. These

genes, namely MAPK8, CASP1, HDAC6, MAPT, TSC2, DNAJB1,

and TARDBP, represent a unique set of biomarkers that may hold

the key to unraveling the involvement of autophagy in the

pathogenesis of DR.MAPK8 has been demonstrated to activate

the FoxO signalling pathway, which plays a pivotal role in the

pathogenesis of DR by regulating antioxidant enzymes to maintain

cellular redox homeostasis (43). Yu et al. unveiled a significant

upregulation of the lncRNA myocardial infarction-associated

transcript (MIAT) in human pericytes under DR conditions. This

upregulation promoted heat-induced apoptosis in pericytes under

DR conditions through a mechanism involving the regulation of

miR-342-3p, a microRNA targeting CASP1. This complex

regulatory cascade underscores the contributory role of CASP1 in

the pathogenesis of DR (44). Furthermore, a series of studies

demonstrated that the upregulation of CASP1 in an in vitro

model of DR is intricately intertwined with the signaling cascade

of vascular endothelial growth factor receptor 1 (45, 46).

Additionally, evidence indicates that HDAC6 levels are elevated

in the retinas of diabetic rats relative to healthy controls, with this

elevation occurring concurrently with oxidative stress-mediated

damage-induced autophagy. GLP-1 treatment attenuated

oxidative stress-induced autophagy in DR via the GLP-1R-ERK1/

2-HDAC6 signaling pathway, suggesting that HDAC6 plays a role

in DR (47). Yi et al. showed that depletion of the TARDBP gene-

encoded TAR DNA binding protein 43(TDP-43) in the DR protects

RGC-5 cells from oxidative stress-mediated apoptosis and

autophagy through inhibition of its target HDAC6 (48). Next, we

constructed a miRNAs-Genes-TFs interaction network of seven

hub genes. Finally, we utilized HG-treated ARPE-19 cells as an in

vitro model of DR to ascertain whether hub genes exhibited

differential expression. The expression of four key genes, namely

MAPK8, HDAC6, DNAJB1, and TARDBP, were found to be

differentially expressed in DR samples compared to controls by

RT-qPCR, thereby confirming previous bioinformatics predictions.

Furthermore, MAPK8, HDAC6, DNAJB1, and TSC2 may serve as

promising biomarkers for DR, exhibiting high diagnostic sensitivity

and specificity, as corroborated by ROC curve analysis.

Mitogen-activated protein kinase 8 (MAPK8), colloquially

referred to as c-Jun N-terminal kinase (JNK), stands as a pivotal

member within the MAPK superfamily, orchestrating a broad

spectrum of physiological processes such as inflammatory

cascades, cellular differentiation, proliferation, and apoptosis.

Aberrant regulation of MAPK8 has garnered attention as a

contributing factor in a myriad of pathological conditions,

encompassing diabetes mellitus, oncogenesis, autoimmune

disorders, cardiac hypertrophy, and asthmatic phenotypes,

thereby underscoring its pivotal role in maintaining cellular

homeostasis and disease pathogenesis (49, 50). Prior research has

demonstrated that in vitro model of diabetic rats, EPO maintains

the integrity of the outer blood-retina barrier by down-regulating

JNK signalling and thus up-regulating the expression of ZO-1 and
TABLE 3 Top ten hub genes obtained by four algorithms of Cytohubba.

MCC MNC Degree DMNC

HSP90AA1 HSP90AA1 HSP90AA1 DNAJB1

MAPK8 MAPK8 MAPK8 TARDBP

CASP1 CASP1 CASP1 CTSB

IKBKB IKBKB IKBKB MAPT

HDAC6 HDAC6 HDAC6 CXCR4

MAPT MAPT MAPT HDAC6

TSC2 TSC2 TSC2 TSC2

CXCR4 CXCR4 DNAJB1 CASP1

DNAJB1 DNAJB1 TARDBP MAPK8

TARDBP TARDBP TSC1 TSC1

HSP90AA1 HSP90AA1 HSP90AA1 DNAJB1

MAPK8 MAPK8 MAPK8 TARDBP

CASP1 CASP1 CASP1 CTSB

IKBKB IKBKB IKBKB MAPT

HDAC6 HDAC6 HDAC6 CXCR4

MAPT MAPT MAPT HDAC6
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occludin in RPE cells, which may be a potential therapeutic target to

slow down the progression of DR (51). In a study conducted by

GumaM. et al., intravitreal injection of a targeted JNK inhibitor was

observed to significantly reduce retinal vascular endothelial growth

factor (VEGF) expression while attenuating pathological retinal

neovascularization. This study highlights the central role of JNK1 in

retinal neovascularization and points to its potential as an

innovative pharmacological target for the treatment of a wide

range of diseases characterized by aberrant angiogenesis,

including DR. As a result, therapeutic strategies for the disease

are being advanced (52). The results of our study suggest that
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MAPK8 may be associated with autophagic processes in DR.

However, further research is needed to elucidate the precise role

of MAPK8 in DR.

Histone deacetylase 6 (HDAC6) is a class IIb histone

deacetylase that plays a significant role in regulating the

acetylation state of nuclear and cytoplasmic proteins, thereby

exerting important biological functions (53). The full implications

of HDAC6 on DR have yet to be fully elucidated. It is noteworthy

that HDAC6, as an epigenetic regulator of histone deacetylases, is

closely related to autophagy. This suggests that it plays a key role in

regulating retinal homeostasis and potentially influencing the
FIGURE 6

Network of miRNAs-genes-TFs interacting with hub genes. Rectangles represents miRNAs; Diamond shape represents TFs; Circles represents
hub genes.
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pathogenesis of DR (54). Some scholars have proposed that GLP-1

may alleviate DR by reducing autophagy via the GLP-1 R-ERK 1/2-

HDAC6 signaling pathway, indicating that the HDAC 6 signaling

pathway may be a crucial factor in DR (47). In a study conducted by

Leyk and colleagues, HDAC6 was observed to have pro-oxidative

properties in an animal model of retinal neurodegenerative disease.

This finding suggests that HDAC6 may be associated with retinal

diseases characterized by oxidative stress, particularly DR (55).

Furthermore, there is compelling evidence that HDAC6
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expression and activity are elevated in human diabetic retinas

obtained from postmortem donors, as well as in an experimental

model of streptozotocin (STZ)-induced DR in rats. Consequently,

HDAC6 may serve as a pivotal regulator in the pathogenesis of DR.

Furthermore, HDAC6 activation has been demonstrated to

modulate hyperglycemia-induced oxidative stress in the retina,

which can result in retinal microangiopathy and may even

precipitate DR (56). Interestingly, our study indicates that based

on bioinformatics analysis, HDAC6 expression is diminished in the

DR group and may be implicated in the process of autophagy in DR.

This finding may be the result of a limited number of samples or the

balance of multiple processes involved such as autophagy. However,

the specific mechanism of HDAC6 involvement in DR deserves

further investigation.

The DNAJ heat shock protein family member B1 (DNAJB1), an

integral constituent of the 40-kDa heat shock protein cohort, has

emerged as a multifaceted regulator implicated in diverse cellular

machineries. Its functions include pivotal roles in the proteasome-

mediated protein degradation pathway, coordination of the

endoplasmic reticulum stress response, and, more intriguingly,

recent findings have associated DNAJB1 with the progression of

neoplastic disorders, emphasizing its significance as a versatile

modulator of cellular homeostasis and disease pathogenesis (57–

59). It has been demonstrated that elevated levels of DNAJB1 are

linked to insulin resistance (60). Additionally, DNAJB1 levels are

reduced in response to euglycemia, indicating that heat shock

proteins are responsive to basal stress. Currently, no studies of

DNAJB1 in DR have been identified. Further investigation is

required to elucidate the specific mechanism of DNAJB1

involvement in DR.
TABLE 4 Potential therapeutic agents targeting ARHGs.

Drugs Targets Query score Interaction score FDA approval

TANZISERTIB MAPK8 2.87 1.03 not approved

PRALNACASAN CASP1 8.61 5.38 approved

VERMISTATIN CASP1 8.61 5.38 not approved

BELNACASAN CASP1 8.61 5.38 not approved

CHEMBL415893 CASP1 8.61 5.38 not approved

BENZOHYDROXAMATE HDAC6 12.91 4.76 not approved

VALPROPYLHYDROXAMICACID HDAC6 8.61 3.17 not approved

CHEMBL569419 HDAC6 8.61 3.17 not approved

NICOXAMAT HDAC6 8.61 3.17 not approved

RICOLINOSTAT HDAC6 6.46 2.38 not approved

CHEMBL2181040 MAPT 8.61 0.28 not approved

CHEMBL2181046 MAPT 8.61 0.28 not approved

CHEMBL2181039 MAPT 8.61 0.28 not approved

CHEMBL2181041 MAPT 8.61 0.28 not approved

EVEROLIMUS TSC2 0.44 6.34 approved

ESFLURBIPROFEN TARDBP 4.3 0.55 not approved
FIGURE 7

qRT-PCR experiment to verify the expression of 7 autophagy related
hub genes of interest in the in ARPE-19 cells. P-values were
calculated using Student’s t-test. **P < 0.01; ***P < 0.001; ns, non-
significant. Blue bars represent the control group, denoted by
“CON”, and red bars represent the DR group, denoted by “DR”. qRT-
PCR, quantitative real-time polymerase chain reaction; ARPE-19,
retinal pigment epithelial cell line.
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It is of the utmost importance to acknowledge the inherent

limitations of this study. To begin with, the sample size procured

from public databases for gene expression profiling is somewhat

constrained, which may introduce biases from individual variability

that could compromise the broad applicability of our analytical

findings. In addition, while our study identified MAPK8 and

HDAC6 as autophagy-related biomarkers in DR, several limitations

should be acknowledged. First, our analyses utilized retinal tissue

datasets and an in vitro model lacking clinical staging data, which

precludes determination of their phase-specific predictive utility (e.g.,

non-proliferative vs. proliferative DR). Second, while the ARPE-19

high-glucose model recapitulates key DR features, it does not fully

capture the dynamic progression of humanDR across distinct clinical

stages. To address these gaps, future studies should incorporate
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longitudinal cohorts with stratified DR severity to delineate stage-

dependent biomarker roles. Additionally, single-cell RNA sequencing

of staged human retinal tissues could resolve autophagy heterogeneity

among cellular subpopulations during DR progression. Finally, their

specificity relative to other retinopathies (e.g., AMD) remains to be

investigated. Future studies comparing multi-disease cohorts and

single-cell sequencing of retinal cell subtypes will help disentangle

shared versus DR-specific autophagy mechanisms.
5 Conclusions

The present study commenced with a preliminary identification

of pivotal autophagy-associated genes, namely MAPK8, HDAC6,
FIGURE 8

ROC curves of the 7 autophagy-related hub genes for the diagnosis when distinguishing DR from normal (A–G). AUC, Area Under Curve.
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and DNAJB1, in the context of DRthrough rigorous bioinformatic

analyses. This initial screen was subsequently validated in an in vitro

model of diabetes utilizing qRT-PCR, thereby offering a novel

perspective into the intricate molecular mechanisms governing

autophagy during DR pathogenesis. Nevertheless, the precise

contributions of these autophagy-related genes to DR remain

unclear and require further investigation through comprehensive

in vivo and in vitro experimentation. This will advance our

understanding of this complex disease process.
Data availability statement

Publicly available datasets were analyzed in this study. This data

can be found here: http://www.ncbi.nlm.nih.gov/geo/.
Author contributions

RS: Conceptualization, Formal Analysis, Methodology,

Validation, Visualization, Writing – original draft, Writing –

review & editing. LZ: Conceptualization, Funding acquisition,

Resources, Supervision, Writing – review & editing.
Funding

The author(s) declare that financial support was received for the

research and/or publication of this article. This work was supported by

science and technology department of jilin province (20200404109YY).
Frontiers in Endocrinology 15
Acknowledgments

The authors would like to express their sincere gratitude to all

study participants and to all those involved in the development,

revision, and direction of the study. The final manuscript was read

and approved by all authors.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fendo.2025.

1487007/full#supplementary-material
References
1. Cheung N, Mitchell P, Wong TY. Diabetic retinopathy. Lancet. (2010) 376:124–
36. doi: 10.1016/s0140-6736(09)62124-3

2. Tan TE, Wong TY. Diabetic retinopathy: looking forward to 2030. Front
Endocrinol (Lausanne). (2022) 13:1077669. doi: 10.3389/fendo.2022.1077669

3. Wang W, Lo ACY. Diabetic retinopathy: pathophysiology and treatments. Int J
Mol Sci. (2018) 19:1816–29. doi: 10.3390/ijms19061816

4. Arrigo A, Aragona E, Bandello F. Vegf-targeting drugs for the treatment of retinal
neovascularization in diabetic retinopathy. Ann Med. (2022) 54:1089–111.
doi: 10.1080/07853890.2022.2064541

5. Levine B, Kroemer G. Biological functions of autophagy genes: A disease
perspective. Cell. (2019) 176:11–42. doi: 10.1016/j.cell.2018.09.048

6. Mizushima N, Komatsu M. Autophagy: renovation of cells and tissues. Cell.
(2011) 147:728–41. doi: 10.1016/j.cell.2011.10.026

7. Fu D, Yu JY, Yang S, WuM, Hammad SM, Connell AR, et al. Survival or death: A
dual role for autophagy in stress-induced pericyte loss in diabetic retinopathy.
Diabetologia. (2016) 59:2251–61. doi: 10.1007/s00125-016-4058-5

8. Reiners JJ Jr., Caruso JA, Mathieu P, Chelladurai B, Yin XM, Kessel D. Release of
cytochrome C and activation of pro-caspase-9 following lysosomal photodamage
involves bid cleavage. Cell Death Differ. (2002) 9:934–44. doi: 10.1038/sj.cdd.4401048

9. Mao XB, You ZP, Wu C, Huang J. Potential suppression of the high glucose and
insulin-induced retinal neovascularization by sirtuin 3 in the human retinal endothelial
cells. Biochem Biophys Res Commun. (2017) 482:341–5. doi: 10.1016/j.bbrc.2016.11.065

10. Tonade D, Kern TS. Photoreceptor cells and rpe contribute to the development
of diabetic retinopathy. Prog Retin Eye Res. (2021) 83:100919. doi: 10.1016/
j.preteyeres.2020.100919

11. Feng L, Liang L, Zhang S, Yang J, Yue Y, Zhang X. Hmgb1 Downregulation in
Retinal Pigment Epithelial Cells Protects against Diabetic Retinopathy through the
Autophagy-Lysosome Pathway. Autophagy. (2022) 18:320–39. doi: 10.1080/
15548627.2021.1926655
12. Shi H, Zhang Z, Wang X, Li R, Hou W, Bi W, et al. Inhibition of autophagy

induces il-1b Release from arpe-19 cells via ros mediated nlrp3 inflammasome
activation under high glucose stress. Biochem Biophys Res Commun. (2015)
463:1071–6. doi: 10.1016/j.bbrc.2015.06.060
13. Li Y, Chen D, Sun L, Wu Y, Zou Y, Liang C, et al. Induced expression of vegfc, angpt,

and efnb2 and their receptors characterizes neovascularization in proliferative diabetic
retinopathy. Invest Ophthalmol Vis Sci. (2019) 60:4084–96. doi: 10.1167/iovs.19-26767
14. Barrett T, Wilhite SE, Ledoux P, Evangelista C, Kim IF, Tomashevsky M, et al.

Ncbi geo: archive for functional genomics data sets–update. Nucleic Acids Res. (2013)
41:D991–5. doi: 10.1093/nar/gks1193
15. Stelzer G, Rosen N, Plaschkes I, Zimmerman S, Twik M, Fishilevich S, et al. The

genecards suite: from gene data mining to disease genome sequence analyses. Curr
Protoc Bioinf. (2016) 54:1.30.1–1.3. doi: 10.1002/cpbi.5

16. Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W, et al. Limma powers
differential expression analyses for rna-sequencing and microarray studies. Nucleic
Acids Res. (2015) 43:e47. doi: 10.1093/nar/gkv007

17. Ginestet C. Ggplot2: elegant graphics for data analysis. J R Stat Soc Ser A: Stat
Soc. (2011) 174:245–6. doi: 10.1111/j.1467-985X.2010.00676_9.x

18. R Core Team. R: A language and environment for statisticalcomputing. Vienna,
Austria: R Foundation for Statistical Computing. (2022). Available online at: https://
www.R-project.org/

19. Wu T, Hu E, Xu S, Chen M, Guo P, Dai Z, et al. Clusterprofiler 4.0: A universal
enrichment tool for interpreting omics data. Innovation (Camb). (2021) 2:100141.
doi: 10.1016/j.xinn.2021.100141

20. Ashburner M, Ball CA, Blake JA, Botstein D, Butler H, Cherry JM, et al. Gene
ontology: tool for the unification of biology. Gene Ontology Consortium. Nat Genet.
(2000) 25:25–9. doi: 10.1038/75556
frontiersin.org

http://www.ncbi.nlm.nih.gov/geo/
https://www.frontiersin.org/articles/10.3389/fendo.2025.1487007/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fendo.2025.1487007/full#supplementary-material
https://doi.org/10.1016/s0140-6736(09)62124-3
https://doi.org/10.3389/fendo.2022.1077669
https://doi.org/10.3390/ijms19061816
https://doi.org/10.1080/07853890.2022.2064541
https://doi.org/10.1016/j.cell.2018.09.048
https://doi.org/10.1016/j.cell.2011.10.026
https://doi.org/10.1007/s00125-016-4058-5
https://doi.org/10.1038/sj.cdd.4401048
https://doi.org/10.1016/j.bbrc.2016.11.065
https://doi.org/10.1016/j.preteyeres.2020.100919
https://doi.org/10.1016/j.preteyeres.2020.100919
https://doi.org/10.1080/15548627.2021.1926655
https://doi.org/10.1080/15548627.2021.1926655
https://doi.org/10.1016/j.bbrc.2015.06.060
https://doi.org/10.1167/iovs.19-26767
https://doi.org/10.1093/nar/gks1193
https://doi.org/10.1002/cpbi.5
https://doi.org/10.1093/nar/gkv007
https://doi.org/10.1111/j.1467-985X.2010.00676_9.x
https://www.R-project.org/
https://www.R-project.org/
https://doi.org/10.1016/j.xinn.2021.100141
https://doi.org/10.1038/75556
https://doi.org/10.3389/fendo.2025.1487007
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Sun and Zuo 10.3389/fendo.2025.1487007
21. Kanehisa M, Goto S. Kegg: kyoto encyclopedia of genes and genomes. Nucleic
Acids Res. (2000) 28:27–30. doi: 10.1093/nar/28.1.27

22. Szklarczyk D, Kirsch R, Koutrouli M, Nastou K, Mehryary F, Hachilif R, et al.
The string database in 2023: protein-protein association networks and functional
enrichment analyses for any sequenced genome of interest. Nucleic Acids Res. (2023)
51:D638–d46. doi: 10.1093/nar/gkac1000

23. Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, Ramage D, et al. Cytoscape:
A software environment for integrated models of biomolecular interaction networks.
Genome Res. (2003) 13:2498–504. doi: 10.1101/gr.1239303

24. Zhou G, Soufan O, Ewald J, Hancock REW, Basu N, Xia J. Networkanalyst 3.0: A
visual analytics platform for comprehensive gene expression profiling and meta-
analysis. Nucleic Acids Res. (2019) 47:W234–w41. doi: 10.1093/nar/gkz240

25. Freshour SL, Kiwala S, Cotto KC, Coffman AC, McMichael JF, Song JJ, et al.
Integration of the drug-gene interaction database (Dgidb 4.0) with open crowdsource
efforts. Nucleic Acids Res. (2021) 49:D1144–d51. doi: 10.1093/nar/gkaa1084

26. Zhou H, Xu Q, Li H, Hu Y, Kuang H. Proteomics identifies new potential
therapeutic targets of diabetic retinopathy. Bioengineered. (2022) 13:9916–27.
doi: 10.1080/21655979.2022.2062185

27. Ravera S, Bertola N, Puddu A, Bruno S, Maggi D, Panfoli I. Crosstalk between
the rod outer segments and retinal pigmented epithelium in the generation of oxidative
stress in an in vitro model. Cells. (2023) 12:2173–87. doi: 10.3390/cells12172173

28. Huang HW, Yang CM, Yang CH. Beneficial effects of fibroblast growth factor-1
on retinal pigment epithelial cells exposed to high glucose-induced damage: alleviation
of oxidative stress, endoplasmic reticulum stress, and enhancement of autophagy. Int J
Mol Sci. (2024) 25:3192–214. doi: 10.3390/ijms25063192

29. Xiang ZY, Chen SL, Qin XR, Lin SL, Xu Y, Lu LN, et al. Changes and related
factors of blood ccn1 levels in diabetic patients. Front Endocrinol (Lausanne). (2023)
14:1131993. doi: 10.3389/fendo.2023.1131993

30. Robin X, Turck N, Hainard A, Tiberti N, Lisacek F, Sanchez JC, et al. Proc: an
open-source package for R and S+ to analyze and compare roc curves. BMC Bioinf.
(2011) 12:77. doi: 10.1186/1471-2105-12-77

31. Tomkins JE, Manzoni C. Advances in protein-protein interaction network
analysis for parkinson’s disease. Neurobiol Dis. (2021) 155:105395. doi: 10.1016/
j.nbd.2021.105395

32. Schiborn C, Schulze MB. Precision prognostics for the development of
complications in diabetes. Diabetologia. (2022) 65:1867–82. doi: 10.1007/s00125-022-
05731-4

33. Rezzola S, Loda A, Corsini M, Semeraro F, Annese T, Presta M, et al.
Angiogenesis-inflammation cross talk in diabetic retinopathy: novel insights from
the chick embryo chorioallantoic membrane/human vitreous platform. Front Immunol.
(2020) 11:581288. doi: 10.3389/fimmu.2020.581288

34. Yang X, Huang Z, Xu M, Chen Y, Cao M, Yi G, et al. Autophagy in the retinal
neurovascular unit: new perspectives into diabetic retinopathy. J Diabetes. (2023)
15:382–96. doi: 10.1111/1753-0407.13373

35. Galluzzi L, Green DR. Autophagy-independent functions of the autophagy
machinery. Cell. (2019) 177:1682–99. doi: 10.1016/j.cell.2019.05.026

36. Liu Y, Li L, Pan N, Gu J, Qiu Z, Cao G, et al. Tnf-A Released from retinal müller
cells aggravates retinal pigment epithelium cell apoptosis by upregulating mitophagy
during diabetic retinopathy. Biochem Biophys Res Commun. (2021) 561:143–50.
doi: 10.1016/j.bbrc.2021.05.027

37. Liu C, Sun W, Zhu T, Shi S, Zhang J, Wang J, et al. Glia maturation factor-B
Induces ferroptosis by impairing chaperone-mediated autophagic degradation of acsl4
in early diabetic retinopathy. Redox Biol. (2022) 52:102292. doi: 10.1016/
j.redox.2022.102292

38. Lim RR, Wieser ME, Ganga RR, Barathi VA, Lakshminarayanan R, Mohan RR,
et al. Nod-like receptors in the eye: uncovering its role in diabetic retinopathy. Int J Mol
Sci. (2020) 21:899–922. doi: 10.3390/ijms21030899

39. Atef MM, Shafik NM, Hafez YM, Watany MM, Selim A, Shafik HM, et al. The
evolving role of long noncoding rna hif1a-as2 in diabetic retinopathy: A cross-link axis
between hypoxia, oxidative stress and angiogenesis via mapk/vegf-dependent pathway.
Redox Rep. (2022) 27:70–8. doi: 10.1080/13510002.2022.2050086

40. Du Y, Tang J, Li G, Berti-Mattera L, Lee CA, Bartkowski D, et al. Effects of P38
mapk inhibition on early stages of diabetic retinopathy and sensory nerve function.
Invest Ophthalmol Vis Sci. (2010) 51:2158–64. doi: 10.1167/iovs.09-3674
Frontiers in Endocrinology 16
41. Piippo N, Korkmaz A, Hytti M, Kinnunen K, Salminen A, Atalay M, et al.
Decline in cellular clearance systems induces inflammasome signaling in human arpe-
19 cel ls . Biochim Biophys Acta . (2014) 1843:3038–46. doi : 10.1016/
j.bbamcr.2014.09.015

42. Piippo N, Korhonen E, Hytti M, Skottman H, Kinnunen K, Josifovska N, et al.
Hsp90 inhibition as a means to inhibit activation of the nlrp3 inflammasome. Sci Rep.
(2018) 8:6720. doi: 10.1038/s41598-018-25123-2

43. Zhang S, Ge Q, Chen L, Chen K. Studies of the anti-diabetic mechanism of
pueraria lobata based on metabolomics and network pharmacology. Processes. (2021)
9:1245. doi: 10.3390/pr9071245

44. Yu X, Ma X, LinW, Xu Q, Zhou H, Kuang H. Long noncoding rna miat regulates
primary human retinal pericyte pyroptosis by modulating mir-342-3p targeting of
casp1 in diabetic retinopathy. Exp Eye Res. (2021) 202:108300. doi: 10.1016/
j.exer.2020.108300

45. He J, Wang H, Liu Y, Li W, Kim D, Huang H. Blockade of vascular endothelial
growth factor receptor 1 prevents inflammation and vascular leakage in diabetic
retinopathy. J Ophthalmol. (2015) 2015:605946. doi: 10.1155/2015/605946

46. Peng H, HanW, Ma B, Dai S, Long J, Zhou S, et al. Autophagy and senescence of
rat retinal precursor cells under high glucose. Front Endocrinol (Lausanne). (2022)
13:1047642. doi: 10.3389/fendo.2022.1047642

47. Cai X, Li J, Wang M, She M, Tang Y, Li J, et al. Glp-1 treatment improves
diabetic retinopathy by alleviating autophagy through glp-1r-erk1/2-hdac6 signaling
pathway. Int J Med Sci. (2017) 14:1203–12. doi: 10.7150/ijms.20962

48. Yi EH, Xu F, Li P, Guo JQ. Transactive response DNA binding protein of 43/histone
deacetylase 6 axis alleviates H (2) O (2) -induced retinal ganglion cells injury through inhibiting
apoptosis and autophagy. J Cell Biochem. (2019) 120:4312–20. doi: 10.1002/jcb.27717

49. Kumar A, Singh UK, Kini SG, Garg V, Agrawal S, Tomar PK, et al. Jnk pathway
signaling: A novel and smarter therapeutic targets for various biological diseases.
Future Med Chem. (2015) 7:2065–86. doi: 10.4155/fmc.15.132

50. Weston CR, Davis RJ. The jnk signal transduction pathway. Curr Opin Cell Biol.
(2007) 19:142–9. doi: 10.1016/j.ceb.2007.02.001

51. Zhang C, Xie H, Yang Q, Yang Y, Li W, Tian H, et al. Erythropoietin protects
outer blood-retinal barrier in experimental diabetic retinopathy by up-regulating zo-1
and occludin. Clin Exp Ophthalmol. (2019) 47:1182–97. doi: 10.1111/ceo.13619

52. Guma M, Rius J, Duong-Polk KX, Haddad GG, Lindsey JD, Karin M. Genetic
and pharmacological inhibition of jnk ameliorates hypoxia-induced retinopathy
through interference with vegf expression. Proc Natl Acad Sci U S A. (2009)
106:8760–5. doi: 10.1073/pnas.0902659106

53. Liang T, Fang H. Structure, functions and selective inhibitors of hdac6. Curr Top
Med Chem. (2018) 18:2429–47. doi: 10.2174/1568026619666181129141822

54. Valenzuela-Fernández A, Cabrero JR, Serrador JM, Sánchez-Madrid F. Hdac6: A
key regulator of cytoskeleton, cell migration and cell-cell interactions. Trends Cell Biol.
(2008) 18:291–7. doi: 10.1016/j.tcb.2008.04.003

55. Leyk J, Daly C, Janssen-Bienhold U, Kennedy BN, Richter-Landsberg C. Hdac6
inhibition by tubastatin a is protective against oxidative stress in a photoreceptor cell
line and restores visual function in a zebrafish model of inherited blindness. Cell Death
Dis. (2017) 8:e3028. doi: 10.1038/cddis.2017.415

56. Abouhish H, Thounaojam MC, Jadeja RN, Gutsaeva DR, Powell FL, Khriza M,
et al. Inhibition of hdac6 attenuates diabetes-induced retinal redox imbalance and
microangiopathy. Antioxidants (Basel). (2020) 9:599–617. doi: 10.3390/antiox9070599

57. Yamazaki S, Uchiumi A, Katagata Y. Hsp40 regulates the amount of keratin
proteins via ubiquitin-proteasome pathway in cultured human cells. Int J Mol Med.
(2012) 29:165–8. doi: 10.3892/ijmm.2011.826

58. Lenna S, Farina AG, Martyanov V, Christmann RB, Wood TA, Farber HW, et al.
Increased expression of endoplasmic reticulum stress and unfolded protein response
genes in peripheral blood mononuclear cells from patients with limited cutaneous
systemic sclerosis and pulmonary arterial hypertension. Arthritis Rheum. (2013)
65:1357–66. doi: 10.1002/art.37891

59. Honeyman JN, Simon EP, Robine N, Chiaroni-Clarke R, Darcy DG, Lim II, et al.
Detection of a recurrent dnajb1-prkaca chimeric transcript in fibrolamellar
hepatocellular carcinoma. Science. (2014) 343:1010–4. doi: 10.1126/science.1249484

60. Atkin AS, Moin ASM, Al-Qaissi A, Sathyapalan T, Atkin SL, Butler AE. Plasma
heat shock protein response to euglycemia in type 2 diabetes. BMJ Open Diabetes Res
Care. (2021) 9:e002057. doi: 10.1136/bmjdrc-2020-002057
frontiersin.org

https://doi.org/10.1093/nar/28.1.27
https://doi.org/10.1093/nar/gkac1000
https://doi.org/10.1101/gr.1239303
https://doi.org/10.1093/nar/gkz240
https://doi.org/10.1093/nar/gkaa1084
https://doi.org/10.1080/21655979.2022.2062185
https://doi.org/10.3390/cells12172173
https://doi.org/10.3390/ijms25063192
https://doi.org/10.3389/fendo.2023.1131993
https://doi.org/10.1186/1471-2105-12-77
https://doi.org/10.1016/j.nbd.2021.105395
https://doi.org/10.1016/j.nbd.2021.105395
https://doi.org/10.1007/s00125-022-05731-4
https://doi.org/10.1007/s00125-022-05731-4
https://doi.org/10.3389/fimmu.2020.581288
https://doi.org/10.1111/1753-0407.13373
https://doi.org/10.1016/j.cell.2019.05.026
https://doi.org/10.1016/j.bbrc.2021.05.027
https://doi.org/10.1016/j.redox.2022.102292
https://doi.org/10.1016/j.redox.2022.102292
https://doi.org/10.3390/ijms21030899
https://doi.org/10.1080/13510002.2022.2050086
https://doi.org/10.1167/iovs.09-3674
https://doi.org/10.1016/j.bbamcr.2014.09.015
https://doi.org/10.1016/j.bbamcr.2014.09.015
https://doi.org/10.1038/s41598-018-25123-2
https://doi.org/10.3390/pr9071245
https://doi.org/10.1016/j.exer.2020.108300
https://doi.org/10.1016/j.exer.2020.108300
https://doi.org/10.1155/2015/605946
https://doi.org/10.3389/fendo.2022.1047642
https://doi.org/10.7150/ijms.20962
https://doi.org/10.1002/jcb.27717
https://doi.org/10.4155/fmc.15.132
https://doi.org/10.1016/j.ceb.2007.02.001
https://doi.org/10.1111/ceo.13619
https://doi.org/10.1073/pnas.0902659106
https://doi.org/10.2174/1568026619666181129141822
https://doi.org/10.1016/j.tcb.2008.04.003
https://doi.org/10.1038/cddis.2017.415
https://doi.org/10.3390/antiox9070599
https://doi.org/10.3892/ijmm.2011.826
https://doi.org/10.1002/art.37891
https://doi.org/10.1126/science.1249484
https://doi.org/10.1136/bmjdrc-2020-002057
https://doi.org/10.3389/fendo.2025.1487007
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	MAPK8 and HDAC6: potential biomarkers related to autophagy in diabetic retinopathy based on bioinformatics analysis
	1 Introduction
	2 Materials and methods
	2.1 Data acquisition and preprocessing
	2.2 Differential expression analysis
	2.3 Correlation analysis and tissue-specific expression
	2.4 Functional enrichment analysis
	2.5 Generation of a protein-protein interaction network and identification of hub genes
	2.6 miRNA-gene-TF interaction networks
	2.7 Prediction of potential agents
	2.8 Culturing cells to model DR
	2.9 qRT-PCR and validation
	2.10 Statistical analysis

	3 Results
	3.1 Identification of differentially expressed ARGs
	3.2 Correlation analysis and tissue-specific expression of ARGs
	3.3 GO and KEGG pathway enrichment analyses
	3.4 Constructing a PPI network and identifying hub genes
	3.5 Construction of a miRNA-gene-TF interaction network
	3.6 Target drug forecasting
	3.7 Verification

	4 Discussion
	5 Conclusions
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


