
O R I G I N A L  R E S E A R C H

A Network Pharmacology Study on the Molecular 
Mechanism of Protocatechualdehyde in the 
Treatment of Diabetic Cataract

Xiao Cheng 
Zhihui Song 
Xin Wang 
Shanshan Xu 
Liming Dong 
Jie Bai 
Guangyao Li 
Chao Zhang

Department of Pharmacy, Beijing Tongren 
Hospital, Capital Medical University, 
Beijing, People’s Republic of China 

Purpose: Protocatechualdehyde (PCA) is a phenolic compound found in the roots of Salvia 
miltiorrhiza with anti-proliferative and antioxidant activities. At present, there are few 
studies on protocatechualdehyde against diabetic cataract (DC), and there is also lack of 
systematic research on the mechanism of protocatechualdehyde. Therefore, this study tried to 
comprehensively clarify the targets and complex mechanisms of PCA against DC from the 
perspective of network pharmacology.
Materials and Methods: Through collecting relevant targets from the databases, GO and 
KEGG enrichment analysis were performed on the potential targets. Moreover, core genes 
were identified by topological analysis of protein–protein interaction (PPI) network and 
gene–phenotype correlation analysis.
Results: The results indicated that protocatechualdehyde may be closely related to targets 
such as AKT1, MAPK3 and HDAC3, as well as signal pathways such as MAPK signaling 
pathway, PI3K-Akt signaling pathway and AGE-RAGE signaling pathway in diabetic 
complications.
Conclusion: Together, the present study systematically clarified the possible mechanisms of 
protocatechualdehyde in the treatment of diabetic cataract and provided new ideas for the 
drug research of this disease.
Keywords: protocatechualdehyde, diabetic cataract, network pharmacology, topological 
analysis, gene–phenotype correlation analysis

Introduction
Diabetic cataract (DC) is a common diabetic eye complication with an increasing 
incidence year by year. Cataract is one of the main causes of vision impairment in 
diabetic patients.1 According to reports, diabetic patients are 5 times more likely to 
develop cataract, especially in the early stages.2 Surgical removal of cataract is 
currently an effective treatment method. However, surgical treatment has many 
complications and high risks, which seriously affect the daily life and work of 
patients.2 Therefore, the search for drugs to prevent and treat DC has become 
a current research hotspot.

Protocatechualdehyde (PCA) is a phenolic compound found in the roots of 
Salvia miltiorrhiza with anti-proliferative and antioxidant activities.3,4 According 
to reports, protocatechualdehyde has strong protein glycosylation inhibitory 
activity,3,4 and has an inhibitory effect on the formation of AGEs-BSA in vivo 
and in vitro, and can inhibit the expression of AGEs and TGF-β1 receptors in 
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human lens epithelial cells cultured under diabetic 
conditions.5 In streptozotocin (STZ)-induced diabetic 
rats, oral PCA for 8 weeks could significantly improve 
the development of diabetic cataract,5 which indicated that 
PCA may be an effective drug for the treatment of diabetic 
complications.

Due to the rapid development of bioinformatics, net-
work pharmacology has become an emerging method that 
can effectively and systematically elucidate the molecular 
and pharmacological mechanisms of drugs.6,7 The concept 
of network pharmacology was clearly proposed by 
Hopkins in 2008,8 and it is defined as a branch of pharma-
cology that uses network methods to analyze the “multi- 
component-multi-target-multi-pathway” relationship 
between drugs, targets and diseases.6 In network pharma-
cology, a healthy body is maintained by a complex 
dynamic biological network, and the imbalance of the 
dynamic network will lead to the occurrence of diseases, 
that is, some targets or pathways in the network are in 
a state of functional imbalance.9 Therefore, when using 
network pharmacology to study the mechanism of 
a certain drug in the treatment of a certain disease, it is 
necessary to take the target in the biological network as the 
entry point, and analyze the association and dynamic 
changes between the molecules in the drug and the func-
tional imbalance targets in the network from the perspec-
tive of the dynamic stability of the overall network.9

According to the above research, it can be seen that 
protocatechualdehyde improves diabetic cataract through 
different targets and pathways. However, there is little 
relevant network analysis and systematic research for 
these therapeutic targets and pathways. To elucidate the 
effects of PCA on diabetic cataract, the study applied 
network pharmacology method to explore the closely 
related targets of PCA in the treatment of diabetic cataract.

Materials and Methods
The flow chart of this study is depicted in Figure 1. First, 
potential targets of PCA against diabetic cataract were found 
through data mining based on multiple databases. Then, the 
OmicShare tool (http://www.omicshare.com/tools) was used 
to perform GO and KEGG pathway enrichment analysis on 
these potential targets,10 and the Metascape tool (www.metas 
cape.org/) was used to perform module-based network ana-
lysis on these targets.11 Next, for these potential targets, the 
Cytoscape software (http://cytoscape.org/) was used for 
topological analysis of protein–protein interaction (PPI) 
network,12 and the VarElect online tool (http://ve.gene 

cards.org) was used for gene–phenotype correlation 
analysis.13 The intersection targets of the above two analyses 
were likely to be the core targets of PCA against diabetic 
cataract. In addition, the key targets of PCA against diabetic 
cataract were verified by in vitro assays.

PCA-Related Target Collection
PubChem (https://pubchem.ncbi.nlm.nih.gov/),14 as a public 
resource library, can provide structural information about 
chemical substances and their biological activities. Through 
the PubChem database, 3D molecular structure of PCA can 
be obtained. Then, based on structure similarity and the 
ligand-based pharmacophore model, PCA-related targets 
can be predicted from the ChEMBL database (http://www. 
ebi.ac.uk/chembl/),15 the Comparative Toxicogenomics 
Database (http://ctdbase.org/), SwissTargetPrediction 
(http://www.swisstargetprediction.ch).16 After duplicate 
data were discarded, acquired targets were mapped to the 
UniProt database (http://www.uniprot.org/) for standardiza-
tion (Table S1).

Diabetic Cataract-Related Target 
Collection
DisGeNET (http://www.disgenet.org/) and the Comparative 
Toxicogenomics Database (http://ctdbase.org/) were 
accessed to obtain diabetic cataract-related targets using the 
search term “ diabetic cataract” on the platform.17 Duplicate 
targets were discarded and detailed information about the 
selected genes were described in the Supplementary 
Table S2.

PPI Network Construction
The intersection of PCA-related targets and diabetic catar-
act-related targets were considered to potential therapeutic 
targets of PCA against diabetic cataract. String database 
(https://string-db.org/, version 10.5) is a database for 
studying known and predicted protein–protein interactions 
(PPI).18 From here, the interaction of the intersection 
targets of PCA against diabetic cataract can be obtained, 
and the type is limited to “human”. It uses a confidence 
range to define PPI (low confidence: score <0.4; moderate: 
0.4 to 0.7; height:> 0.7). Based on these scores, this study 
retained a PPI with a comprehensive score > 0.9. 
Cytoscape (http://cytoscape.org/, version 3.5.1) is a tool 
for visualizing complex relationships.12 Based on the PPI 
from String database, Cytoscape software can be used to 
establish a network of relationships between targets.
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Figure 1 A flow chart of the entire study.
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GO and KEGG Enrichment Analysis
The important biological processes involved in the targets 
can be obtained by enrichment analysis, that is, the 
OmicShare database can be used for GO and KEGG 
enrichment analysis. OmicShare tool (http://www.omic 
share.com/tools) is a comprehensive set of functional 
annotation tool used to clarify the biological meaning of 
large gene data sets.10 It is often used for enrichment 
analysis of Gene Ontology (GO) and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) pathways. 
The enriched GO entries and pathways are defined as 
False Discovery Rate (FDR)<0.01. According to the bio-
logical process regulated by the targets, the mechanism of 
PCA against diabetic cataract can be analyzed.

Module-Based Network Analysis
A module-based network analysis can be conducted 
through Metascape (www.metascape.org/),19 which is 
a powerful gene function annotation analysis tool. It uses 
the mature MCODE algorithm to find densely connected 
protein groups in the network of targets and annotates the 
biological functions of each group.

Topological Analysis of PPI Network
Cytoscape can be used to calculate the topological para-
meters of all nodes in the above PPI network. For each 
node in the interactive network, three indices can be cal-
culated to evaluate its topological characteristics. 
“Degree” is defined as the number of edges of the node 
i; “Betweenness Centrality” means the number of shortest 
paths between the pair of nodes through the node run; 
“Closeness Centrality” is the reciprocal of the sum of the 
distances from the node i to other nodes. Generally, the 
highest-ranking nodes based on the parameters of degree, 
betweenness centrality, and closeness centrality can be 
confirmed as the core targets.

Gene–Phenotype Correlation Analysis
The VarElect tool (http://ve.genecards.org) is a free web-based 
phenotype-dependent variant/gene prioritizer.13 VarElect 

employs GeneCards’ powerful search and scoring functions, 
and its algorithm provides inferred direct as well as indirect 
links between uploaded genes and inputted disease/phenotype. 
Therefore, the online tool affords a robust facility for ranking 
genes and pointing out their likelihood to be related to specific 
diseases.13 In this research, we analysed the correlation 
between potential therapeutic targets of PCA against diabetic 
cataract and the “diabetic cataract” phenotype.

Validation of Key Targets by in vitro 
Assays
The SRA01/04 cell line was purchased from the Cell 
Resource Center, Institute of Basic Medical Sciences, 
Chinese Academy of Medical Sciences & Peking Union 
Medical College (Beijing, China). 25 mM high glucose 
(HG) was accessed to induce human lens epithelial cells 
SRA01/04 to establish a DC cell model. After the model 
was successfully established, 10 μM PCA was used for drug 
intervention, and the non-administered group was given an 
equal volume of culture medium. The experiment was divided 
into three groups: normal control group, 25 mM high glucose 
treatment group, and 25 mM high glucose + 10 μM PCA 
group. After drug intervention for 24 hours, discard the super-
natant, add 1mL TRIzol to each petri dish. The procedure of 
RNA extraction was referenced previously.20 The primers 
included AKT1, MAPK3, HDAC3 and β-actin. Primer 
sequences were shown in Table 1. The RNA was reversely 
transcribed into cDNA with PrimeScript™ RT reagent Kit. 
Then 2 μL cDNA templates were subjected to real-time PCR 
using SYBR® Premix Ex Taq II. According to the relative 
quantification of 2–ΔΔCt method, the expressions of target 
genes of AKT1, MAPK3 and HDAC3 could be determined 
when using β-actin as internal reference.

Results
PPI of Potential Targets of PCA Against 
Diabetic Cataract
A total of 366 PCA-related targets were obtained by search-
ing the ChEMBL database, the Comparative Toxicogenomics 
Database, and SwissTargetPrediction. In addition, a total of 

Table 1 Primer Sequences of AKT1, MAPK3 and HDAC3

Genes Forward Primer Reverse Primer

AKT1 CAGGATGTGGACCAACGTGA AAGGTGCGTTCGATGACAGT
MAPK3 ACTCCAAAGCCCTTGACCTG CCGTCGGGTCATAGTACTGC

HDAC3 GACAGGACTGATGAGGCTGATG CCCCAGCAAGCCTATTGAAAGT
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1363 diabetic cataract-related targets were acquired from 
DisGeNET and the Comparative Toxicogenomics Database. 
After duplicate data were discarded, the intersection genes 
were 344 potential targets of PCA against diabetic cataract. 
According to the confidence range of defining PPI in String 
database, 174 targets were reserved with a confidence score > 
0.9 out of all the intersection targets. Based on the PPI from 
String database, Cytoscape software can be used to establish 
a network of relationships among targets. After removing 
nodes with few edges in the PPI network, 105 targets were 
finally retained for the following study (Figure 2). The 
detailed topological parameters of 105 targets were shown 
in the Supplementary Table S3.

GO and KEGG Enrichment Analysis of 
Potential Targets
In order to clarify the multiple mechanisms of PCA on 
diabetic cataract from the system level, we used 

OmicShare tool to perform GO and KEGG enrichment 
analysis on 105 targets. The following figure listed the 
top 20 biological process GO entries (p <0.05), molecular 
function GO entries (p <0.05), cellular components GO 
entries (p <0.05), and KEGG signaling pathways in which 
these targets were involved (Figure 3).

The results showed that the potential targets of PCA 
against diabetic cataract were closely related to the fol-
lowing cell components: protein-containing complex, 
cytoplasm and receptor complex; closely related to the 
following molecular functions: protein kinase activity, 
protein kinase binding and protein serine/threonine 
kinase activity; closely related to the following biologi-
cal processes: positive regulation of signal transduction, 
positive regulation of intracellular signal transduction, 
positive regulation of cell communication and positive 
regulation of cellular metabolic process. KEGG path-
ways mainly involved MAPK signaling pathway, PI3K- 

Figure 2 PPI network of potential targets of PCA to treat diabetic cataract.
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Akt signaling pathway and AGE-RAGE signaling path-
way in diabetic complications. These results suggested 
that PCA may act by participating in the above- 
mentioned biological processes, molecular functions, 
cellular components and signal pathways.

Module-Based Network Analysis of 
Potential Targets
A module-based network analysis was conducted through 
Metascape. The mature MCODE algorithm was applied to 
find densely connected protein groups in the network of 
potential targets and annotate the biological functions of 
each group. Seven functional modules were extracted from 
the above 105 targets (Figure 4). Pathway and process 

enrichment analysis were performed on the obtained mod-
ules, and the enriched function annotations included 
“Diseases of signal transduction by growth factor recep-
tors and second messengers”, “positive regulation of cell 
death”, and “Signaling by Interleukins”.

Topological Analysis of PPI Network
Cytoscape was used to calculate the topological character-
istics of all nodes in the above-mentioned PPI network. 
Generally, the highest-ranking nodes based on the topolo-
gical parameters of degree, betweenness centrality, and 
closeness centrality were confirmed as the hub targets. In 
this study, there were 14 possible hub genes. As shown in 
Figure 5 and Table 2, hub genes in the network included 

Figure 3 GO and KEGG enrichment analysis of potential targets of PCA for diabetic cataract treatment. (A) Cellular component enrichment of potential targets; (B) 
molecular function enrichment of potential targets; (C) biological process enrichment of potential targets; (D) KEGG pathway analysis of potential targets. The y-axis shows 
significantly enriched categories of the target genes, and the x-axis shows the rich factor (P < 0.05). Rich factor stands for the ratio of the number of target genes belonging 
to a term to the number of all the annotated genes located in all terms. The higher Rich factor represents the higher level of enrichment. The size of the dot indicates the 
number of target genes in the term, and the color of the dot reflects the different p value range.
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AKT1, APP, CASP3, CASP8, CREBBP, EP300, ESR1, 
HDAC1, HDAC3, HSP90AA1, MAPK1, MAPK3, 
PIK3CA, and SMAD3.

Gene–Phenotype Correlation Analysis of 
Anti-DC Targets of PCA
VarElect’s algorithm provides direct as well as indirect 
links between genes and disease/phenotype. After analyz-
ing the correlation between potential therapeutic targets 
and the diabetic cataract phenotype, the direct (orange 

nodes in the center) and indirect genes (blue nodes in the 
periphery) associated with the diabetic cataract phenotype 
were shown in the following figure (Figure 6). The results 
showed that among the 105 potential targets, 78 were 
directly associated and 27 were indirectly associated with 
the DC phenotype (Figure 6). The darker the color of the 
orange nodes, the larger the area of the blue nodes, indi-
cated the closer the correlation with the disease phenotype. 
Besides, the top ten directly and indirectly associated 
genes were shown in Table 3. The higher the Average 

Figure 4 Module-based network analysis of potential targets of PCA against diabetic cataract. (A–G) Different functional modules in targets of PCA against diabetic 
cataract; (H) enriched annotations of functional modules across the inputted target genes.
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Disease Causing Likelihood, the closer the relationship 
between the target and DC disease.

Validation of Key Targets by in vitro 
Assays
Validation of key targets was carried out by in vitro assays. 
25 mM high glucose was used to induce SRA01/04 cell to 
establish a DC cell model. Compared with the control 
group, the transcriptional levels of AKT1, MAPK3 and 
HDAC3 in HG-induced human lens epithelial cells were 
significantly increased (all P<0.01, Figure 7). However, 

PCA treatment significantly inhibited mRNA levels of 
AKT1, MAPK3 and HDAC3 in HG- induced cells (all 
P<0.01, Figure 7).

Discussion
Clinically, diabetic cataract occurs earlier than senile cat-
aract, and the course of the disease progresses faster. 
Therefore, it is of great significance to find effective 
drugs to inhibit or delay diabetic cataract. However, the 
pathogenesis of DC is very complex, including the activa-
tion of aldose reductase (AR) receptors, the accumulation 

Figure 5 Topological analysis of PPI network. Red nodes on the inner circle indicate hub genes.
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of sorbitol, galactitol and advanced glycation end products 
(AGEs), and oxidative stress damage activated by reactive 
oxygen species (ROS).21–24 At present, the effective treat-
ment for various types of cataracts is still surgery, and 
there is still no medicine that can effectively inhibit or 
delay the occurrence and development of DC. The reason 
is that the purification methods of the drugs studied in 
these experiments are not uniform, or the way of action 
of drugs on diabetic cataract is relatively single, so it may 
be weak for the drugs on the effect of diabetic cataract 
with complex pathogenesis in actual clinical conditions. 
PCA is a phenolic compound with anti-proliferative activ-
ity, antioxidant activity, protein glycosylation inhibitory 
activity,3,4 and can prevent the expression of AGEs and 
TGF-β1 receptors in human lens epithelial cells cultured 
under diabetic conditions.5 According to the above studies, 
it can be found that PCA can improve disease progression 
through multiple pathways and targets, which is exactly 
a characteristic of therapeutic drugs for complex diseases.

Network pharmacology is a systematic research 
method that integrates systems biology, omics and compu-
tational biology, and is based on the interaction network 
between components, diseases, and targets. It can system-
atically reveal the mechanism of action of drugs to treat 
diseases.25 PCA has the characteristics of multi-target and 
multi-pathway effects on diseases. Compared with tradi-
tional test methods, network pharmacology can compre-
hensively explain the potential mechanism of action of 
drugs using scientific analysis methods.26 Based on the 

method of network pharmacology, this study analyzed 
the possible targets of PCA in the treatment of DC, and 
conducted in vitro verification experiment to improve the 
reliability of the results.

To evaluate the effects of PCA on diabetic cataract 
treatment, the network pharmacology analysis was car-
ried out. First, a total of 105 potential targets of PCA 
against diabetic cataract were obtained from PPI network 
by searching for different databases. After that, in order 
to clarify the multiple mechanisms of PCA on diabetic 
cataract, GO and KEGG enrichment analysis were per-
formed on these targets. The GO results showed that the 
potential targets of PCA against diabetic cataract were 
closely related to the following molecular functions: pro-
tein kinase activity, protein kinase binding and protein 
serine/threonine kinase activity; closely related to the 
following biological processes: positive regulation of 
signal transduction, positive regulation of intracellular 
signal transduction, and positive regulation of cellular 
metabolic process. The above results indicated that 
many of these targets may be protein kinases or protein 
serine/threonine kinases, and they may play a role in 
signal transduction and participation in metabolic pro-
cesses, which is consistent with the results of the core 
targets screened out later. Moreover, the results of KEGG 
enrichment analysis revealed that signal pathways 
involved in these targets mainly include MAPK signaling 
pathway, PI3K-Akt signaling pathway and AGE-RAGE 
signaling pathway in diabetic complications. Gong et al 
proposed that long-chain non-coding RNA in diabetic 
cataract promotes the apoptosis and oxidative stress of 
lens epithelial cells through the p38/MAPK signaling 
pathway.27 TGFb/PI3K/Akt signalling in the DC patho-
logical process could invoke the onset and progression of 
EMT.28 AGEs are glycosylation products formed by non- 
enzymatic reactions with the amino groups of large bio-
molecules under the stimulation of chronic 
hyperglycemia.29 Recent studies have confirmed that 
AGEs play an important pathogenic role in the develop-
ment of diabetic cataract.30,31 In addition to depositing in 
the extracellular matrix, AGEs also bind to the AGEs 
receptor (RAGE) to activate NADPH oxidase (Nox) and 
NF-κB,32,33 thus starting the vicious circle of oxidative 
stress and inflammation.34,35 Since the formation of 
AGEs cannot be reversed, even if hyperglycemia is 
improved, their accumulation in the lens will continue 
to cause oxidative stress.36 Based on the above results, 
we found that the therapeutic effects of PCA on diabetic 

Table 2 Topological Parameters of Hub Genes in the PPI 
Network

Number Gene 
Symbol

Betweenness 
Centrality

Closeness 
Centrality

Degree

1 AKT1 0.238233 0.395437 17

2 APP 0.093616 0.333333 10
3 CASP3 0.092159 0.363636 10

4 CASP8 0.069105 0.364912 10

5 CREBBP 0.074224 0.364912 18
6 EP300 0.100024 0.38806 21

7 ESR1 0.086457 0.40625 14
8 HDAC1 0.046814 0.332268 14

9 HDAC3 0.00531 0.289694 9

10 HSP90AA1 0.127896 0.407843 14
11 MAPK1 0.142703 0.407843 19

12 MAPK3 0.111773 0.4 18

13 PIK3CA 0.117702 0.375451 12
14 SMAD3 0.07162 0.383764 14
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cataract not only involve multiple targets, but also multi-
ple pathways and mechanisms. Besides, according to 
other reports, there were many protein kinases involved 
in the MAPK signaling pathway and PI3K-Akt signaling 
pathway.37 This suggested that, consistent with the results 
of GO enrichment, KEGG pathway enrichment analysis 
also shows that many potential targets are probably pro-
tein kinases, and they play an important role in the treat-
ment of DC.

Next, in order to confirm the core targets of PCA 
against diabetic cataract, we performed topological analy-
sis of PPI network and gene–phenotype correlation analy-
sis of anti-DC targets of PCA. The intersection targets of 
the above two analyses were very likely to be the core 
targets of PCA against diabetic cataract. They were AKT1, 
MAPK3, and HDAC3. Same as the GO enrichment results 
mentioned above, AKT1 and MAPK3 were both protein 
kinases, and AKT1 belonged to the PI3K-Akt signaling 

Figure 6 Gene–phenotype correlation analysis of anti-DC targets of PCA. Intersection genes were categorised as directly (orange nodes in the center) or indirectly (blue 
nodes in the periphery) associated with the diabetic cataract phenotype. The darker the color of the orange nodes, the larger the area of the blue nodes, indicates the closer 
the correlation with the disease phenotype.
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pathway in the KEGG enrichment result, and MAPK3 
belonged to the MAPK signaling pathway in the KEGG 
enrichment result. AKT1 plays an important role in reg-
ulating cell survival, and can be activated by PI3K in 
diabetic cataract [28]. MAPK, mitogen-activated protein 
kinase, is an important substance that transmits signals 
from the cell surface to the inside of the nucleus, partici-
pates in the regulation of cell proliferation and differentia-
tion, and plays a key role in cell proliferation-related 
signal pathways.37 HDAC3 (Histone deacetylase 3) is 

a type of protease, which plays an important role in chro-
mosome structural modification and gene expression reg-
ulation. HDAC is activated in age-related cataract, and the 
formation of cataract is alleviated by HDAC inhibition.38– 

40 It is possible that ocular HDAC increases in ocular 
diabetic complications.41 These 3 core targets exerted 
their anti-DC disease effects through different mechan-
isms, which pointed that the therapeutic effects of PCA 
may be multifaceted.

Finally, verification of key targets was carried out by 
in vitro assays. As shown in Figure 7, the transcriptional 
levels of AKT1, MAPK3 and HDAC3 in HG- induced 
human lens epithelial cells were significantly increased, 
and PCA treatment significantly inhibited mRNA levels of 
AKT1, MAPK3 and HDAC3 in HG- induced cells. The 
above results demonstrated that these three targets are 
likely to be the key targets for PCA to treat diabetic 
cataract, and further experimental studies are needed in 
the future.

This study tried to clarify some of the key targets and 
mechanisms of PCA for the treatment of DC, but there 
were still some limitations. Although we have collected 
a large number of databases to obtain PCA-related targets 
and DC-related targets, the data was certainly incomplete 
and some of the latest research had not been unearthed. 
Secondly, for the complex network of PCA regulating DC, 
more experiments should be still needed to verify these 
targets and key pathways.

Conclusion
In general, this study revealed that PCA may exert 
a therapeutic effect on diabetic cataract through a variety 
of targets and signaling pathways. Although further 
research is needed to clarify the exact mechanism, the 
current research provides a systematic and comprehensive 

Table 3 Top Ten Targets Directly or Indirectly Associated with 
the DC Phenotype. The Average Disease-Causing Likelihood 
Indicates the Closeness Between Genes and the Phenotype

Number Gene 
Symbol

Relationship Average Disease 
Causing Likelihood

1 PPARD Direct 0.933
2 SMAD2 Direct 0.911

3 AKT1 Direct 0.908

4 PRKCA Direct 0.894
5 BCL2L1 Direct 0.877

6 AKT3 Direct 0.876
7 MDM2 Direct 0.862

8 TGFBR1 Direct 0.849

9 MAPK3 Direct 0.847
10 VIM Direct 0.832

11 KDM1A Indirect 0.884

12 GRIN2B Indirect 0.872
13 WDR5 Indirect 0.853

14 ITK Indirect 0.8

15 PTPN1 Indirect 0.798
16 CARM1 Indirect 0.756

17 RCOR1 Indirect 0.749

18 LDHB Indirect 0.733
19 HDAC3 Indirect 0.692

20 PLK4 Indirect 0.684

Abbreviations: PCA, protocatechualdehyde; DC, diabetic cataract; PPI, protein– 
protein interaction; STZ, streptozotocin; GO, Gene Ontology; KEGG, Kyoto 
Encyclopedia of Genes and Genomes; HG, high glucose.

Figure 7 Validation of key targets by in vitro DC cell model. (A) mRNA level of AKT1 on SRA01/04 cell in DC model; (B) mRNA level of MAPK3 on SRA01/04 cell in DC 
model; (C) mRNA level of HDAC3 on SRA01/04 cell in DC model. Data were represented as mean ± SD (n = 3). ##P<0.01 vs control group; *P<0.05,**P<0.01 vs HG group.
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overview of possible targets and signaling pathways 
related to PCA against DC.
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