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Introduction 

Glaucoma is the second leading cause of irreversible blindness worldwide [1-3]. It is pri-
marily characterized by progressive optic nerve degeneration with elevated intraocular 
pressure (IOP) leading to eyesight impairment [1]. Two major types, primary open-angle 
glaucoma (POAG) and angle-closure glaucoma (PCAG), are distinguished by the ana-
tomic configuration of the aqueous humor outflow pathway [4]. Among the various types 
of glaucoma, POAG is the most common, affecting 60%–70% of patients [1]. Similar to 
other types, POAG progresses quietly, and blindness is the final stage of the disease; ap-
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proximately 50% of glaucoma cases are not diagnosed until irrevers-
ible damage has occurred [1]. Epidemiologically, the majority of 
POAG cases are in the United States and Western Europe, while PCAG 
is mainly observed among Chinese and other Asian people [4]. 

Major risk factors for POAG include elevated IOP, older age, Af-
rican ethnic origin, family history of glaucoma, and myopia. Less 
pivotal risk factors in the progression of glaucoma include cardio-
vascular risk factors such as dyslipidemia, hypertension, diabetes 
mellitus, and high body mass index or obesity [2]. Since no neuro-
protective treatments are available, therapies are mainly limited to 
lowering IOP; therefore, system biology and computational analy-
sis could pave the way for improved diagnosis and hinder the pro-
gression of this and similar incurable disorders [5]. Three main 
treatment approaches are available for glaucoma: laser treatment, 
incisional surgery, and medication [6]. Additionally, diet plays a 
role in preventing and controlling POAG, with research indicating 
that consumption of specific foods is directly linked with the inci-
dence and progression of glaucoma via impact on IOP [7]. 
IOP-lowering medications have long been effective in controlling 
IOP in patients with glaucoma. Prostaglandin analogs are consid-
ered the gold standard treatment for POAG based on their efficien-
cy and safety [8]. Moreover, other candidate drugs with IOP-low-
ering effects are being investigated for the potential treatment of 
glaucoma. However, as science has progressed, the methods of 
study for such diseases have broadened enormously. For instance, 
the number of clinical trials on repurposed candidate drugs has in-
creased over recent decades [6]. This approach paves the way for 
understanding the role of drugs obtained from computational anal-
ysis. Notably, few studies have been dedicated to POAG biomarker 
identification and analysis and computational investigation [1]. 

Protein-protein interaction (PPI) network analysis is performed 
to extract the essential sub-modules from the PPI network. Inte-
grated computational analysis has been used to introduce novel 
potential drugs for the treatment of age-related macular degenera-
tion [9]. However, computational and bioinformatics studies are 
insufficient; instead, substantial additional clinical and laborato-
ry-based research is required to understand the exact role of each 
network and proposed drugs in the disease. This study was carried 
out to analyze microarray transcriptome data that included sam-
ples from patients with POAG and a healthy group. We conducted 
functional annotation and bioinformatics analysis to identify dif-
ferentially expressed genes (DEGs), and then constructed a PPI 
network to further evaluate the pathogenesis of and candidate 
genes for glaucoma. Lastly, we constructed a drug-gene network 
based on genes in the top module and suggested novel drugs that 
may contribute to POAG treatment. However, further medical 

and clinical investigations are required to confirm the roles of these 
proposed drugs. 

Methods 

Dataset and preprocessing 
Expression data with the accession number GSE27276 were 
downloaded from the National Center for Biotechnology Infor-
mation Gene Expression Omnibus (https://www.ncbi.nlm.nih.
gov/geo/). The samples, all obtained from trabecular meshwork 
tissue, included 17 from patients with POAG and 19 control sam-
ples (36 samples total) [10]. The chip analyzer platform was 
GPL2507 Sentrix Human-6 Expression BeadChip (Illumina, San 
Diego, CA, USA) [10]. Before preprocessing, the non-gene tran-
scripts were eliminated from the original file. Then, DEGs be-
tween control and disease samples were identified using the Lim-
ma package of R (version 4.0.2, R Foundation for Statistical Com-
puting, Vienna, Austria) from the Bioconductor project [11]. Ben-
jamini and Hochberg’s false discovery rate approach was utilized 
to adjust the p-values. Next, after removal of genes without IDs 
from the file, the genes were mapped to their IDs, and genes with 
p < 0.01 and |log fold change| > 0.3 were considered significant 
and included in further analysis. Then, these genes were used to 
construct the PPI network through the STRING database (ver-
sion 11.0; https://string-db.org/) [12].  

Functional enrichment analysis of DEGs  
Additionally, a bioinformatics tool was utilized for functional en-
richment and pathway analysis of DEGs obtained by gene ontolo-
gy and Reactome pathways in the DAVID database (https://david.
ncifcrf.gov/), respectively [13]. Accordingly, disease-related bio-
logical processes and pathways were obtained at this stage. 

PPI network construction 
As previously mentioned, the STRING database K-means method 
(confidence level, 0.7) was used to construct the PPI network 
from DEGs with p < 0.01 and |log fold change| > 0.3. To visualize 
the data, Cytoscape version 3.8.2 (The Cytoscape Consortium, 
San Diego, CA, USA) was utilized. ClusterVis (Sequentix, Berlin, 
Germany) was used to perform cluster analysis. Different algo-
rithms exist for cluster analysis using ClusterVis. We selected the 
fast agglomerate edge clustering algorithm in this study. In this al-
gorithm, a coefficient is calculated for each edge in the networks; 
then, based on the clustering coefficients, the edges are sorted in a 
decreasing way. Next, protein complexes are identified according 
to the bottom-up condensation of the hierarchical clustering algo-
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rithm. Used to analyze large protein networks, the fast agglomerate 
edge clustering algorithm is beneficial because of its fast computa-
tional power and low complexity [14]. The parameters selected in 
this study were DefinitionWay: strong, In/OutThreshold: 7, and 
Overlapped: true. Three PPI clusters (that is, PPI complexes) 
were detected. 

Functional enrichment and enrichment analysis of top 
modules 
Then, further enrichment analysis was conducted for the top three 
modules for gene ontology and Reactome pathways (both per-
formed with DAVID v.6.8). 

Drug-gene network construction 
After selection of the significant subnetworks, the drug-gene net-
work was constructed. The Drug Gene Interaction Database (DG-
Idb) (https://www.dgidb.org/) was utilized to identify potential 
candidate drugs [15]. This comprehensive database includes drug-
gene interaction data from six databases (My Cancer Genome 39, 
TALC 40, TEND 41, PharmGKB 42, TTD43, and DrugBank 
44). The candidate drugs are potential treatments for POAG; 
however, they must be investigated through clinical and laboratory 
procedures. 

Results 

DEGs for control and POAG samples were obtained. The 
GSE27276 microarray dataset was analyzed to establish a list of 
important genes involved in POAG pathogenesis. We obtained 
1,350 significant DEGs (p < 0.01 and |log fold change| > 0.3) by 
comparing gene expression levels in POAG samples with controls 
(Supplementary Table 1). 

Enrichment analysis of DEGs 
Upregulated genes 
The significant pathways and functional enrichment information 
were extracted from the DAVID database. On the DEG list, the 
pathways of upregulated genes with p < 0.01 were selected as sig-
nificant. The most significant pathways or systems were extracellu-
lar matrix (ECM) organization, the immune system, integrin cell 
surface interactions, diseases of metabolism, regulation of insu-
lin-like growth factor transport and uptake by insulin-like growth 
factor binding proteins, post-translational protein phosphoryla-
tion, the adaptive immune system, and signaling by platelet-de-
rived growth factor (PDGF); many other pathways showed signif-
icant results as well (Supplementary Table 2). The results of the 

functional enrichment analysis are provided in Supplementary Ta-
bles 3–5. 

Downregulated genes 
A similar approach was utilized to study the significantly downreg-
ulated pathways, which included signal transduction, the immune 
system, ECM organization, cell junction organization, TP53 regu-
lation of transcription of additional cell death genes with uncertain 
roles in p53-dependent apoptosis, toll-like receptor cascades, and 
many other pathways (Supplementary Table S6). The results of 
functional enrichment analysis are provided in Supplementary Ta-
bles 7–9. Notably, most of these pathways were related to the im-
mune system. 

PPI network and clustering analysis 
The PPI network of 1,350 genes was derived from the STRING 
database (Fig. 1). Clustering analysis was utilized to find strongly 
interacting protein modules. Next, three protein modules were es-
tablished (Fig. 2). Additional analysis of PPI modules was con-
ducted with ClusterVis (see Table 1 for more information). 

Functional annotation and pathway enrichment analysis of 
PPI modules 
The DAVID database was used to perform an enrichment analysis 
of the genes in each module separately. Based on the Reactome 
pathway database, the most significant pathways of module 1 (p < 
0.01) were post-translational protein modification, nucleotide ex-
cision repair, and PTEN regulation (Supplementary Table 10). 
For module 2, Reactome pathway enrichment revealed pathways 
including complex I biogenesis, respiratory electron transport, 
ATP synthesis by chemiosmotic coupling, and heat production by 
uncoupling proteins and metabolism (p < 0.01) (Supplementary 
Table 11). In contrast, the Reactome pathways for module 3 were 
translation ribosomal RNA processing in the nucleus and cytosol, 
nonsense-mediated decay, regulation of expression of Slits and Ro-
bos, protein metabolism, nervous system development, cellular re-
sponses to stress, and cellular responses to stimuli (p < 0.01) (Sup-
plementary Table 12). 

The results of the gene ontology enrichment analysis of each 
module, including significant (p < 0.01) biological processes, mo-
lecular functions, and cell components, are indicated in Supple-
mentary Tables 13–15 (module 1), Supplementary Tables 16–18 
(module 2), and Supplementary Tables 19–21 (module 3). 

Drug-gene interaction network 
The DGIdb was used to identify drugs targeting the genes of the 
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modules. The selected modules’ genes were merged; then, these 
genes were then imported into the DGIdb, and approved drugs 
targeting these genes were extracted. After detecting drug-gene in-
teractions for the genes of all modules, the obtained interactions 
were utilized to construct a drug-gene network. Based on drug-
gene interactions, six drugs were detected. However, we found no 
drug targeting multiple genes in the PPI modules. Finally, Cytos-
cape (version 3.6) was used to visualize the drug-gene network 
(Fig. 3), and the drug metformin hydrochloride was found to tar-
get more than one gene. Bortezomib, ixazomib citrate, carfilzomib, 
carboplatin, and cisplatin targeted only a single gene each. The 
mentioned drugs can be repurposed to treat POAG. 

Discussion 

This study was performed to detect more effective drugs for 
POAG treatment, as well as to better understand POAG patho-
genesis. Accordingly, DEGs were obtained between POAG and 
control samples. A total of 1,350 genes with p < 0.01 and |log fold 
change| > 0.3 were categorized as DEGs. Biological pathway analy-
sis indicated that the upregulated DEGs were enriched in ECM or-
ganization, the immune system, neutrophil degranulation, ECM 
degradation, the innate immune system, PDGF signaling, and 
many other processes (Supplementary Table 2). The role of the 
ECM has been evaluated in outflow homeostasis and its related 
potential as a target for POAG treatment. Based on this study, the 

Fig. 1. Protein-protein interaction. Each node corresponds to a protein. Edges indicate experimentally validated physical interactions.
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Fig. 2. Obtained protein-protein interaction (PPI) modules from the PPI network. Blue ellipses denote PPIs in each module.

Table 1. List of cluster analysis results by ClusterVis

PPI module 1 PPI module 2 PPI module 3
Rank Rank 2 Rank 3 Rank 1
Nodes 16 9 13
Edges 20 20 33
Modularity 4 2.8 8.25

PPI, protein-protein interaction.

ECM is a promising target for future glaucoma treatment [16]. 
Identifying ECM molecules is a key challenge, as these must be 
therapeutically targeted for improving the extracellular environ-
ment [17]. Separately, previous studies have indicated that im-
mune system regulation is strongly involved in the fates of glial and 
retinal ganglion cells that cause glaucomatous optic nerve degen-
eration. Therefore, an improved understanding of the varied roles 
of the immune system in any glaucomatous optic nerve degenera-

tion will help advance neuroprotective strategies for glaucoma 
[18]. Neutrophil penetration and degranulation occur on the ocu-
lar surface. Degranulation and neutrophil extracellular trap devel-
opment (termed NETosis) indicate that autophagy in neutrophils 
is involved in the pathogenesis of ocular surface diseases. Under-
standing the role of neutrophils on the ocular surface is necessary 
[19]. 

Environmental factors and genetics have also been reported to 
contribute to the enhanced risk of glaucoma. Evidence now indi-
cates that epigenetics may also play a critical role, offering potential 
novel therapeutic targets. Furthermore, several pathways are in-
volved in the progression of this disease, such as Rho kinase, trans-
forming growth factor-β, JNK, mitogen-activated protein kinase, 
PTEN, Bcl-2, brain-derived neurotrophic factor, calcium-calpain 
signaling, and phosphoinositide 3-kinase/Akt caspase. These 
pathways result in the upregulation of proapoptotic gene expres-
sion, the downregulation of neuroprotective and survival factors, 
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and the generation of fibrosis at the trabecular meshwork, which 
may block the aqueous humor drainage system. Novel therapeutic 
agents targeting each component of these pathways have shown 
initial success in animal models and even human trials, indicating 
potential for preserving retinal neurons and vision [20]. Addition-
ally, numerous studies have shown the role of the PDGF family in 
ocular disorders involving degeneration of neuronal and vascular 
retinal cells. This supports the importance of model study and 
analysis of this gene family and targeting-related cascade in the ef-
fort to cure neurodegenerative ocular disorders [21]. 

Downregulated DEGs were mainly involved in biological path-
ways including signal transduction, ECM organization, the p53 
apoptotic cascade, and toll-like receptor cascades. Importantly, 
pathways related to various forms of signal transduction, ECM or-
ganization, and the immune system were noted among both up-
regulated and downregulated DEGs. However, for p53, under-
standing the apoptosis pathway and key genes involved in this pro-
cess is crucial. For example, p53 may control the expression level 
of proapoptotic and antiapoptotic genes, with diseases caused by 
its downregulation of apoptotic processes [22]. 

However, the results could differ completely based on geograph-
ical context. For instance, a cohort study in Iran revealed that a 
polymorphism of p53 (Arg72Pro) was correlated with POAG, 
while another study of Japanese patients demonstrated no relation 
between p53 polymorphisms and the disease; thus, these studies 
have drawn inconsistent conclusions [23,24]. 

Toll-like receptor 4 is an active component of the innate im-
mune system that was repeatedly mentioned in the pathway en-
richment analysis. Similarly, it is involved in cell death, and its 
downregulation could impact the cell survival of retinal ganglion 

cells through decreasing transforming growth factor β2–induced 
fibrosis [25]. Based on these pathways, more studies are needed to 
understand the key targets for POAG treatment. 

We constructed a PPI network based on DEGs between patients 
with POAG and control samples, with both sets of samples taken 
from the trabecular meshwork. Further investigations were based 
on three modules of proteins that were most correlated with 
POAG. Generally, the main goal of this study was to discover nov-
el therapeutic candidate drugs for gene regulation in POAG cases. 
Hence, we constructed a gene-drug network, and we identified 
several drugs, including metformin hydrochloride (which targets 
multiple genes); bortezomib, ixazomib citrate, and carfilzomib 
(which target the PSMC1 gene); and carboplatin and cisplatin 
(which target the EIF3A gene) for potential repurposing. Clinical 
and laboratory studies should be conducted to confirm their effec-
tiveness in POAG treatment.  

Metformin hydrochloride targets several genes from the NDUF 
family. The role of metformin in glaucoma, especially primary-an-
gle, has been well established. Although a cohort study revealed no 
positive relationship between this drug and POAG, other research 
has indicated a strong association between decreasing risk of glau-
coma progression and metformin uptake [26]. Another study de-
clared that among all diabetic drugs, only this drug positively im-
pacts sight-threatening diseases, including POAG [27]. Addition-
ally, the mechanism of action of metformin could be varied; it may 
improve glycemic control, or it may affect other mechanisms such 
as neurogenesis, inflammatory systems, or longevity pathways. 
However, all past researchers have studied the role of metformin 
alone, and no information is available regarding the drug we noted 
(metformin hydrochloride). 

Fig. 3. Drug-gene interaction network. Purple octagons represent drugs, while blue ellipse nodes denote genes in the protein-protein 
interaction module.

https://doi.org/10.5808/gi.220706 / 8

Zavarzadeh PG and Zahra Abedi Z • Drug discovery for Primary-Open Angel Glaucoma

https://doi.org/10.5808/gi.22070


The ubiquitin-proteasome system (UPS) is an adaptive proteo-
lytic system that controls numerous cellular processes, including 
protein degradation, DNA repair, stress responses, and cell prolif-
eration [28]. Dysfunction of this system is directly linked with the 
incidence and progression of human cancers and neurodegenera-
tive disorders such as glaucoma [29]. Therefore, drugs that target 
this system could have positive impacts in controlling the related 
disease. Three drugs obtained from our data analysis (bortezomib, 
ixazomib citrate, and carfilzomib) have been mentioned as protea-
some inhibitors, and the US Food and Drug Administration has 
approved bortezomib based on its impact on the UPS [29]. Later, 
two other drugs (ixazomib and carfilzomib) were also approved 
for preventing resistance to bortezomib [29]. 

Moreover, other drugs with proteasome-inhibiting activities 
have been investigated for the treatment of hematological malig-
nancies and solid tumors [29]. Notably, that study also indicates 
that one contributor to POAG is the pathological remodeling of 
trabecular meshwork cells, leading to obstructed outflow of aque-
ous humor; this is due to the dysfunction of the UPS in enhancing 
apoptosis in trabecular meshwork cells (the tissue exclusively stud-
ied in the present study) [29]. Nevertheless, as with metformin 
hydrochloride, no specific information is available, particularly re-
garding the role of ixazomib citrate in POAG. 

Although no information is available about the impact of cispla-
tin in POAG, one study assessed the role of this drug to obtain the 
relationship between the impact of this drug and specific methyla-
tion patterns of individuals. This research indicated that specific 
mitochondrial DNA patterns are associated with different respons-
es to cisplatin treatment [30]. 

Lastly, little data are available from the phase I/II clinical trial 
study of subconjunctival carboplatin injection on retinoblastoma 
and eye-related disorders. Although they described carboplatin as 
encouraging, those authors still recommended enucleation when 
the patient lacks functional vision, such as in cases of large tumors, 
long-standing retinal detachment, and neovascular glaucoma [31]. 
In such cases, while surgery is far more efficient, drug treatment is 
beneficial to prevent metastasis, especially in eye-related cancers. 

Overall, since most of the drugs obtained in this study are relat-
ed to cancer in general or eye-related cancers in particular, their 
administration in glaucoma has been insufficiently investigated. 
Therefore, in accordance with our study’s aims, we propose that 
drugs including metformin hydrochloride, ixazomib citrate, and 
cisplatin are novel and warrant further clinical and laboratory in-
vestigations of their potential in treating glaucoma. 

Here, we aimed to compare the trabecular meshwork tissue of 
healthy patients with that of patients with POAG. We identified 

1,350 DEGs, then constructed a PPI network based on significant 
DEGs (p < 0.01 and |log fold change| > 0.3). Lastly, we recon-
structed a drug-gene network for the genes of the PPI modules. 
However, our study consisted of computational analysis and 
lacked experimental methods to confirm the findings. In particu-
lar, the candidate drugs obtained in this study require in vitro and 
in vivo validation of each drug's safety and usefulness. In that case, 
the drugs proposed in this study could pave the way to under-
standing life-threatening disorders such as cancer and eye disease.  
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