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Proteomics identifies new potential therapeutic targets of diabetic retinopathy
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ABSTRACT
Retinal pigment epithelium (RPE) is an important component of the outer blood-retinal barrier 
and plays a critical role in maintaining retinal homeostasis. Alterations in RPE can be detected 
during the early stages of diabetic retinopathy (DR). However, the molecular mechanisms under-
lying these early changes remain unclear. We investigated the molecular changes induced in the 
RPE by high glucose concentrations by constructing a high glucose-induced ARPE-19 cell injury 
model simulating the DR environment in vitro. Proteomic analysis was conducted to measure 
differences in protein expression between cells treated with normal (5 mM) and high (25 mM) 
glucose concentrations, and bioinformatics techniques were used to analyze the mechanism of 
action. The results of the proteomic analyses were validated using western blotting. High glucose 
levels inhibited the proliferation of ARPE-19 cells. We identified 88 upregulated proteins and 114 
downregulated proteins. Six of these proteins were selected for further validation. Changes in the 
proteome mainly affected the lysosome and cell cycle pathways. Proteomic differences between 
ARPE-19 cells treated with normal and high glucose concentrations indicate that damage to the 
RPE in DR may be caused by specific mechanisms. Our study verified protein changes in ARPE-19 
cells in a high-glucose environment and may provide new strategies for understanding the 
molecular mechanisms underlying DR.
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1. Introduction

Diabetic retinopathy (DR) is a leading cause of irre-
versible blindness in working-age adults. The esti-
mated global prevalence of vision-threatening DR is 
10.2% and increases as the duration of diabetes melli-
tus (DM) increases [1]. DR is caused by long-term 
exposure to hyperglycemia, which occurs in almost all 
patients with type 1 diabetes and in most patients with 

type 2 diabetes. DR severely reduces the quality of life, 
results in considerable economic expenses, and causes 
serious medical and health burdens [2–4]. Due to the 
limited curative effect and potential adverse reactions 
of current DR treatments, new therapies based on 
novel DR biomarkers need to be developed.

DR progression is associated with the destruc-
tion of the inner blood-retinal barrier (iBRB) and 
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the outer blood-retinal barrier (oBRB) [5]. 
Multiple studies have been conducted on iBRB, 
but research on the regulation of oBRB is limited. 
The oBRB is composed of the retinal pigment 
epithelium (RPE) that controls the flow of solutes 
and fluids from the choroidal vasculature to the 
retina [6,7] and maintains the stability of the ret-
inal environment [5]. RPE provides nutrients and 
removes waste from the retina. RPE also maintains 
the selective permeability of the oBRB and regu-
lates the ionic environment [8] and is essential for 
maintaining the survival and function of retinal 
photoreceptor cells [5].

Changes in RPE are observable in the early 
stage of DR. Electron microscopy showed the 
loss and degeneration of RPE and disruption of 
the RPE layer in diabetic rats. Many RPE orga-
nelles are morphologically altered in high- 
glucose environments [9–12]. The electroreti-
nogram (ERG) c-wave can be used to assess 
RPE function and a reduction in the amplitude 
of the c-wave was observed in diabetic rodents 
[13,14]. The apoptosis of RPE cells was 
induced by hyperglycemia and related factors 
[15,16]. Owing to the critical role of RPE in 
the retina, RPE impairment and death caused 
significant DR dysfunction, leading to severe 
visual consequences [5].

In this study, we constructed a high-glucose- 
induced RPE injury model simulating DR 
in vitro and Streptozotocin (STZ) – induced 
Sprague Dawley (SD) rat model in vivo. We 
aimed to analyze the effect of high glucose 
levels on protein expression in ARPE-19 cells 
and explored possible molecular mechanisms 
with new therapeutic potential.

2. Materials and methods

2.1 Cell culture and treatment

The human RPE cell line ARPE-19 was obtained 
from the American Type Culture Collection 
(ATCC, USA) and cultured in Dulbecco’s modified 
Eagle’s medium/nutrient mixture F-12 containing 
10% fetal bovine serum and 1% antibiotics (100 U/ 
mL penicillin and 100 mg/ml streptomycin) at 37°C 
and under 5% CO2. Logarithmic phase cells were 
treated with various reagents [17].

2.2 Cell proliferation

ARPE-19 cells were incubated for 48 h with nor-
mal (5 mM) and high (25 mM) glucose concentra-
tion solutions [17]. The cells were then collected, 
stained with trypan blue, and counted under an 
optical microscope. Cell counting kit-8 (CCK-8) 
detection kit (Dojindo Laboratories, Japan) was 
used to treat cells and the plate incubated at 
37°C for 1 h following treatment with normal or 
and high glucose concentration solutions. Protein 
absorbance was measured at 450 nm using a mono-
chromator microplate reader [18]. The OD values 
reflected the proliferation ability of the ARPE-19 
cells.

2.3 Western blot assays

Equal protein quantities were resolved on 8–12% 
SDS–PAGE gels and then transferred to 
a nitrocellulose filter membrane. The membrane 
was blocked with 5% nonfat milk for 1 h, incubated 
with primary antibodies overnight at 4°C and then 
bound to horseradish peroxidase-conjugated sec-
ondary antibodies. The membrane was examined 
using scotography on an X-ray film [18].

2.4 Animal studies

The protocols of animal experiments have been 
reviewed and approved by the Animal Study 
Committee of The First Affiliated Hospital of 
USTC and conformed to the principles of the 
Declaration of Helsinki. Male 8-week-old Sprague- 
Dawley rats were intraperitoneally injected with 
60 mg/kg of Streptozotocin (STZ, Sigma, 
St. Louis, MO, United States) after fasting for 8 
h, and citrate buffer was injected into rats of the 
control group. 3 days after injection, blood glucose 
level was measured to evaluate the induction of 
diabetes (hyperglycemia >16.7 mM). The rats were 
euthanized three months after intraperitoneal 
injection of STZ for subsequent analysis [17].

2.5 Immunohistochemistry staining (IHC)

Briefly, according to previous research [18], tissue 
sections were deparaffinized with xylene and rehy-
drated with ethanol, followed by antigen retrieval. 
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Then, tissue sections were blocked by optimal 
serum. Primary antibodies were used to incubate 
tissue sections overnight at 4°C. After that, tissue 
sections were incubated with secondary antibody 
at room temperature for 1 h, followed by the 
Vectastain Elite ABC reagent for 30 min. The 
tissue sections were counterstained with hematox-
ylin after the peroxidase reaction with 
diaminobenzidine.

2.6 Statistical analysis

Data are shown as mean ± standard error of the 
mean (S.E.M.). Pairwise comparisons were con-
ducted using student’s t-test. Statistical analysis 
was conducted using GraphPad Prism 5 software 
and statistical significance was set at p < 0.05.

Proteomics experiments and bioinformatics meth-
ods are provided in the supplementary materials.

3. Results

In this study, we used mass spectrometry to ana-
lyze changes of the proteins related to the cell cycle 
and lysosomal of ARPE-19 cells damaged by high 
glucose. The down-regulation of CCND1, CHEK2, 
TTK, CDKN1A, PLK1, and ATR were verified by 
experiments in vivo and in vitro.

3.1 Effects of high glucose concentration on the 
proliferation of ARPE-19 cells

ARPE-19 cells were treated with 5 mM (normal) 
or 25 mM (high) glucose concentration solutions 
for 48 h. Cell counting and CCK-8 assays showed 
that treatment with high glucose concentrations 
significantly inhibited ARPE-19 cell proliferation 
(Figure 1(a,b)).

3.2 Quantitative intracellular proteome analysis 
of ARPE-19 cells following treatment with high 
glucose concentrations

Proteomic analysis was performed to determine 
the biological changes and mechanisms of 
ARPE-19 cells treated with normal and high 
concentrations of glucose. A total of 6152 pro-
teins were identified across three sets of 

biological replicates of the normal and high glu-
cose concentration groups by LC-MS/MS. 
A total of 202 proteins showed at least 1.2X 
differential expression (p < 0.05) between the 
normal and high glucose concentration groups. 
Of these, 88 proteins were upregulated while 114 
proteins were downregulated (Figure 1(c,d)). 
Analysis of heatmaps showed similar trends 
across the three biological replicates 
(Figure 1(e)).

3.3 Gene Ontology (GO) analysis and Clusters of 
Orthologous Groups/Eukaryotic Orthologous 
Group of proteins (COG/KOG) analysis of 
ARPE-19 cells following treatment with high 
glucose concentration

The differentially expressed proteins were classi-
fied according to biological process, cellular 
component, and molecular function using GO 
analysis. The upregulated proteins associated 
with biological processes were mainly concen-
trated in cellular processes, biological regulation, 
and metabolic processes. In the cellular compo-
nent, differentially expressed proteins were 
mainly enriched in cellular and intracellular 
components. Molecular function was mainly 
associated with binding and catalytic activity 
(Figure 2(a)) while for subcellular location clas-
sification, differentially expressed proteins were 
mainly concentrated in the extracellular space 
(Supplementary Fig. S1a). The downregulated 
proteins showed a pattern similar to that of 
upregulated proteins in biological processes, cel-
lular components, and molecular functions 
(Figure 2(b)), while in subcellular location clas-
sification, nearly half of the differentially 
expressed proteins were in the nucleus 
(Supplementary Fig. S2a). COG/KOG category 
analysis showed significant differences between 
upregulated and downregulated proteins. 
Upregulated proteins were mainly enriched in 
cellular processes and signaling, signal transduc-
tion mechanisms, posttranslational modification, 
protein turnover, and chaperones 
(Supplementary Fig. S1b). Cellular processes, 
signaling, and information storage and 
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processing were mainly concentrated in down-
regulated proteins (Supplementary Fig. S2b).

3.4 Bioinformatics analysis of differentially 
expressed proteins

GO functional enrichment GO analysis of the 
three categories: cellular component, molecular 
function, and biological process showed that upre-
gulated proteins were concentrated in growth fac-
tor binding and extracellular matrix organization 

and were mainly located in the extracellular region 
(Figure 3(a)). Downregulated proteins play a role 
in the response to gamma radiation and cellular 
response to ionizing radiation in biological pro-
cesses, are concentrated in DNA primase activity 
of molecular function, and are located mainly in 
the alpha DNA polymerase primase complex 
(Figure 3(b)).

Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathway analysis showed that upregulated 
proteins were enriched in the lysosome signaling 

Figure 1. High glucose inhibited ARPE-19 cells proliferation and quantitative intracellular proteome analysis of ARPE-19 cells As 
shown in the figure, ARPE-19 cells were treated with normal glucose (5 mM) and high glucose (25 mM) for 48 h. (a) and (b) Cell 
proliferation was detected with cell counting and CCK-8 assay kits. Each experiment had at least 3 repetitions. Values are presented 
as mean ± SEM. **P < 0.01, ***P < 0.001. (c) The double sample T test method was used to calculate the p value. When the p value 
was less than 0.05, the change of differential expression was more than 1.2 times as the threshold of significant change. The 
histogram showed the number of differential proteins. Orange indicated up-regulation proteins and green indicated down- 
regulation proteins. (d) The horizontal axis of the volcano plot was the logarithmically converted value of the relative quantitative 
value of the protein, and the vertical axis was the value of the logarithmically converted p-value after the log-log conversion. The 
Orange dot indicated the significant differential expression of the up-regulated protein, and the green dot indicated the significant 
differential expression of the down-regulated protein. (e) The heatmap showed the results of three independent repeated 
experiments, and the trend was basically the same, indicating that the repeatability was good. Orange indicated up-regulation 
proteins and green indicated down-regulation proteins.
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pathway (Figure 3(c)) while downregulated proteins 
were concentrated in the cell cycle, amino acid bio-
synthesis, and p53 signaling pathways (Figure 3(d)).

Protein domain enrichment analysis identified 
several upregulated proteins that are closely asso-
ciated with cell homeostasis, including human 
growth factor-like EGF, calcium-binding EGF 
domain, and cadherin domain (Supplementary 
Fig. S3a). On the other hand, downregulated pro-
teins were enriched in the high mobility group that 
is mainly associated with cell cycle regulation 
(Supplementary Fig. S3b).

3.5 Cluster analysis

We divided the differentially expressed proteins 
into four groups: Q1 to Q4, and then conducted 
GO classification, KEGG analysis, and protein 
domain enrichment in each group. We then 

conducted cluster analysis to measure functional 
correlation among differentially expressed pro-
teins. A histogram of the distribution of differ-
entially expressed proteins divided into Q1 to 
Q4 based on multiple differences (Figure 4(a)). 
Hierarchical clustering was used to group pro-
teins with related functions and a heatmap was 
generated to visualize the relationship. The hor-
izontal heatmap shows the enrichment test 
results of the different groups, and the vertical 
map represents differentially expressed enrich-
ment-related functions (GO, KEGG pathway, 
protein domain). The differentially expressed 
proteins in the different groups and the color 
blocks corresponding to the functional descrip-
tions indicate the degree of enrichment. Red 
represents a strong degree of enrichment, and 
blue represents a weak degree of enrichment. 
The Q enrichment analyses of biological 

Figure 2. GO analysis of ARPE-19 cells after treatment with high glucose (a) The biological processes, cellular component, and 
molecular function of the GO-annotation distribution of the up-regulated proteins in ARPE-19 cells treated with high glucose and 
normal glucose. The bars represent the numbers of proteins involved in the processes. (b) GO-annotation distribution of the down- 
regulated proteins.
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Figure 3. Bioinformatics information of differentially expressed proteins (a) GO-based enrichment analysis of up-regulated proteins. 
(b) GO-based enrichment analysis of down-regulated proteins. (c) KEGG pathway-based enrichment analysis of up-regulated 
proteins. (d) KEGG pathway-based enrichment analysis of down-regulated proteins. Red indicates up-regulated differential protein 
while blue indicates down-regulated differential protein.
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processes, cellular components, and molecular 
functions are shown in Figure 4(b), 
Supplementary Figure S4a, and Supplementary 
Figure S4b, respectively. Figure 4(c) and 
Supplementary Figure S4c show the 
Q-enrichment analysis of the KEGG pathway 
and protein domain, respectively.

3.6 Representative analysis of KEGG pathway 
enrichment

KEGG pathway analysis of enriched differentially 
expressed proteins showed that lysosomal signal-
ing (Figure 5(a)) and cell cycle (Figure 5(b)) path-
ways ranked higher, suggesting that high glucose 
concentrations may affect ARPE-19 cell prolifera-
tion through lysosomal and cell cycle pathways. 

We found six key proteins (CCND1, CHEK2, 
TTK, CDKN1A, PLK1, and ATR) that were down-
regulated in ARPE-19 cells following treatment 
with high glucose concentrations.

3.7 Analysis of protein-protein interaction (PPI)

The PPI database was used to verify and visualize 
interactions between differentially expressed pro-
teins. In the PPI network, blue represents down-
regulated proteins, while red represents 
upregulated proteins. The size of the circle repre-
sents the number of proteins interacting with each 
other. The larger the circle, the higher the number 
of proteins that interact, indicating increased 
importance of the proteins in the network. Six 
cell cycle-correlated proteins (PLK1, TTK, 

Figure 4. Cluster analysis (a) The histogram showed the number of differentially proteins classified by Q-category analysis. (b) 
Q-category analysis based on GO enrichment in biological process. (c) Q-category analysis based on KEGG pathway enrichment.

9922 H. ZHOU ET AL.



Figure 5. Representative analysis of KEGG pathway enrichment (a) Lysosome schematic representation of the KEGG pathway with 
significantly enriched differentially expressed proteins. (b) Cell cycle schematic representation of the KEGG pathway with significantly 
enriched differentially expressed proteins. Red indicates differentially up-regulated proteins while green indicates differentially 
down-regulated proteins.
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TACC3, ANLN, MELK, and CKAP2) (Figure 6(a)) 
were identified at the center of the PPI network. 
PPI analysis confirmed that high glucose levels 
affect the cell cycle in ARPE-19 cells.

3.8 In vitro and in vivo verification

To verify the LC-MS/MS results, we extracted 
whole cell lysates for western blot analysis and 
explored the expression of six differentially 

expressed cell cycle proteins (CCND1, CHEK2, 
TTK, CDKN1A, PLK1, and ATR) identified 
from the KEGG enrichment analysis. CCND1, 
CHEK2, TTK, CDKN1A, PLK1, and ATR levels 
decreased in the high glucose concentration 
treatment group compared with those in the 
normal glucose concentration treatment group 
(Figure 6(b)). The same result was observed in 
RPE layer of diabetic rats (Figure 6(c)). These 
results were consistent with the results of the 

Figure 6. PPI analysis and western blotting verification (a) The circles in the picture represent differentially expressed proteins. Blue 
colors represented differentially down-regulated proteins while red colors represented differentially up-regulated proteins. The 
number of lines represents the number of different proteins and the proteins they interact with. The more proteins that interact, the 
more important the protein is in the network. (b) Expression of proteins about cell cycle (CCND1, CHEK2, TTK, CDKN1A, PLK1 and 
ATR) analyzed by KEGG enrichment analysis in the high glucose and normal glucose treatment of ARPE-19 cells was examined by 
Western blot analysis. (c) Representative images of CCND1, CHEK2, TTK, CDKN1A, PLK1 and ATR IHC staining in control group and 
DM group. Scale bars, 100 μm.
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mass spectrometry analysis, suggesting that high 
glucose levels may affect cell growth and 
homeostasis.

4. Discussion

DM is a common metabolic disease with increas-
ing prevalence. The disease and its complications 
are associated with high health care costs and 
disability burden [1]. DR is a common complica-
tion of DM. Hyperglycemia is a major risk factor 
for developing DR [1]. iBRB dysfunction has been 
associated with DR [19,20], although little atten-
tion has been given to the effects of hyperglycemia 
on oBRB. RPE cells constitute the oBRB, regulate 
retinal paracellular diffusion, and facilitate diffu-
sion, active transport, transcytosis, and metabolic 
modification [5]. RPE cells are also essential for 
the survival and function of retinal photoreceptors 
[5]. Alteration and leakage of oBRB in the eye of 
individuals with DM have been demonstrated in 
early studies, indicating compromised RPE func-
tion [21]. RPE cells are crucial for maintaining 
retinal health. We used proteomic analysis to 
explore the intracellular molecular changes follow-
ing the treatment of ARPE-19 cells with high con-
centrations of glucose to help identify potential 
therapeutic targets for DR.

We initially observed that high glucose levels 
impeded ARPE-19 cell proliferation. We then 
used LC-MS/MS to explore the possible pathways 
and mechanisms of the effect of high glucose con-
centrations on ARPE-19 cells at the protein level 
across three sets of biological replicates. 
Additionally, high glucose concentrations resulted 
in differentially expressed proteins associated with 
cellular biological processes and accounted for the 
highest proportion of proteins in the nucleus, sug-
gesting that these differentially expressed proteins 
play a major cellular regulatory role in the nucleus. 
Lysosomal signaling and cell cycle pathways 
ranked highest in the KEGG pathway analysis, 
suggesting that these two pathways play an impor-
tant role in the ARPE-19 cell damage induced by 
high glucose concentrations.

Lysosomes are an important center of cellular 
metabolism and play a variety of roles in nutrient 
degradation, gene regulation, secretion, plasma 
membrane repair, metal ion homeostasis, 

cholesterol transport, and immune response [22]. 
Abnormal regulation of the lysosomal pathway is 
closely associated with numerous diseases, includ-
ing diabetes, cancer, and epilepsy.

High-glucose levels can lead to mitochondrial 
damage, resulting in their fragmentation and 
delivery to lysosomes. The overload of damaged 
mitochondria in lysosomes can enlarge lysosomes, 
resulting to the fusion of lysosomes and autopha-
gosomes [23,24]. This leads to the instability of 
lysosomes and inactivation of acid hydrolases 
[25]. The enhancement of mitochondrial mem-
brane lipids and iron-sulfur complexes can lead 
to the formation of lipofuscin and lysosomal oxi-
dative stress through the Fenton reaction, produ-
cing highly active hydroxyl ions [26,27]. 
Destructive reactive hydroxyl ions interfere with 
the lysosomal membrane and increase its perme-
ability. Lysosomal cathepsins enter the cytoplasm 
and degrade proteins on the outer mitochondrial 
membrane [28]. This results in a deleterious cycle 
of mitochondrial damage-mitotic flux-lysosomal 
damage, leading to cell death through apoptosis 
or inflammatory pyroptosis. Autophagosome- 
lysosome fusion caused by lysosomal membrane 
destabilization increases damaged mitochondria 
and autophagosomes, leading to cytoplasmic 
crowding, reactive oxygen species (ROS) produc-
tion, and autophagic death [25].

Large quantities of ROS are produced by photo-
receptors in the early stages of DR [29], likely due 
to microvascular dysfunction [30]. Thus, we 
hypothesize photoreceptor damage, Muller cell 
activation, and microvascular injury may be the 
mechanisms underlying RPE dysfunction in early 
DR [31]. These pathological changes may be 
induced by oxidative stress, mitochondrial injury, 
unrestrained fission, mitotic flux, and lysosomal 
destabilization [32,33]. These events can decrease 
photoreceptor outer segment phagocytosis and the 
retinol cycle in RPE cells [25]. Interestingly, in 
most neurodegenerative diseases, such as 
Parkinson’s disease and Alzheimer’s disease, lyso-
some imbalance leads to mitochondrial breakage 
and bioenergy deficiency, and similar events may 
occur in diabetic retinal neurodegeneration 
[34,35].

The cell cycle is a complex process that is 
mainly influenced and regulated by the CDK 
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kinase family [36]. Cyclin D1 (CCND1) is a key 
regulator of the CDK kinase family. CCND1 forms 
a complex with and acts as a regulatory subunit of 
CDK4 or CDK6, and its activity is necessary for 
the G1/S cell cycle transition [37]. We observed 
that CCND1 expression decreased in the presence 
of high glucose concentration, which is likely to 
cause G1/S phase cell cycle arrest and affect ARPE- 
19 cell viability and proliferation.

5. Conclusion

Our study used proteomic techniques to analyze 
protein changes in ARPE-19 cells treated with high 
glucose concentration solutions in vitro. The 
results indicated that in a high-glucose environ-
ment, significant biochemical changes were 
induced in ARPE-19 cells, particularly in proteins 
associated with lysosomes and the cell cycle. These 
data provide new insights into the mechanisms 
underlying high glucose-induced RPE damage 
and provide a theoretical basis for further in- 
depth research and targeted clinical therapy.
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